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Abstract 

A Comprehensive Study of the Physical Properties of Isolated Zymogen Granules 

Using Scanning Transmission X-Ray Microscopy 

by 

Kaarin Kerr Goncz 

Doctor of Philosophy in Biophysics 

University of California at Berkeley 

Professors StephenS. Rothman and Harold Lecar, Chairs 

1 

Zymogen granules isolated from pancreatic acinar cells were observed at 50 nm 

resolution using scanning transmission X-ray microscopy. Granules were suspended in 

isosmotic medium at pH 6.0 immediately after isolation and, using a specially designed 

environmental sample chamber, individual granules were imaged periodically over time 

for up to 4 hours without the use of stains or fixative. In other experiments, granules were 

exposed to different solutions - isosmotic sucrose, hyperosmotic sucrose, water, isosmotic 

salt - and 0.025% & 0.05% Triton X-100, 5J.LM Nigericin and two concentrations of 

chymotrypsinogen all in isosmotic sucrose - perfused through the sample chamber and 

again individual granules were imaged repeatedly over the time course. The solutions (pH 

6.0) were: In addition, the effects of glutaraldehyde were studied by comparing fresh to 

fixed granules. 

The diameter, protein content (mass) and concentration of each granule was measured 

from the images. The rate of protein efflux from individual granules was determined. On 

average, granules continuously decreased in size and protein mass towards a final protein 

concentration characteristic of the preparation. An increase in protein mass and diameter 

was observed for granules expose to solutions containing chymotrypsinogen. The 
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decrease (or increase) in size and protein varied with the particular solution. Protein was 

determined to be released (or taken up) by the granule according to mass action and the 

permeability of the granule membrane. Lysis of the granules, or sudden loss of protein 

content, was not observed. 

The protein permeability coefficient (P) for individual granules was calculated and an 

average permeability coefficient of 2-7 x I0-6 em/sec estimated. The relatively larg~ 

value of P suggests that a protein transport mechanism exists in the granule membrane. A 

single aqueous channel large enough to allow single file diffusion of protein through the 

membrane gives a similar value. Currently, there are two reports of pores in granule 

membrane large enough to accommodate proteins; although their function remains to be 

shown. These results provide direct visual and quantitative confirmation· of the hypothesis 

that the membrane enclosing this object is permeable to its various contained proteins, 

although the mechanism of transport remains to be proven. 

Stephen'S. Rotliman 
;-" / 

. / 
I ' 

Harold Lecar 
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Introduction 1 

Introduction 

In the examination of this thesis, I would ask the reader to keep in mind that there are 

two purposes to this particular project. The first was to design an experiment. that would 

help resolve a biological question. This question concerned the permeability of isolated 

zymogen granules from the acinar cell of the exocrine pancreas to their contained 

proteins. But, because this experiment involved the new and relatively untested technique 

of X-ray microscopy, the second goal, which actually predated the first goal, was to be 

able to adapt the experiment to the physical constraints of the machine and understand its 

limitations and benefits well enough to be able to perform the experiments. 

In this chapter, I would like to briefly introduce the particular question about zymogen 

granules that we sought to answer and why we chose the X-ray microscope as an 

investigative instrument. The final section is a brief overview of the chapters contained in 

the thesis. 

What about Zymogen Granules? 

For three hundred years it has been known that the mammalian pancreas secretes a 

juice into the small intestines, via a duct, and that this juice is associated with the 

digestive function (Thomas, 1930). One hundred years ago, Heidenhain (1875) was the 

first to identify and characterize the cells of the pancreas. By performing extensive 

research using the light microscope on fixed and stained dog pancreas he observed the 

acinar cells and identified features within these cells. Some features were common to 

other mammalian cells, such as the nucleus, but he also discovered that a large volume of 

each acinar cell was occupied by dense spherical granules (-lJ.lm in diameter) clustered 

at one end of the cell, the apical region. He also observed that many of these cells would 

group together with their apical ends oriented towards the center of the cluster forming 

what he called an acinus. The center of this cluster surrounds a lumen which is a duct 

leading into the small intestine. 
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He compared changes in appearance of acinar cells from fasted and fed dogs and 

noted that the size and number of these granules were different. Fasted animals had many 

large granules and fed animals appeared to have fewer granules that were smaller. From 

these observations and many other experiments, he concluded that the granules within the 

acinar cell were the site of storage for the digestive enzymes that the pancreas produced 

and that upon stimulation (e.g. eating) the enzymes were released from the granules into 

the duct and passed into the small intestine. The granules were called ~·-zymogen 

granules" because Heidenhain believed that they contained only the precursors 

(zymogens) of the active digestive enzymes; although, it was not until the 1940's and the 

development of biochemistry that this could be verified (Northrop and Kunitz, 1948). 

It is obvious that understanding the mechanisms by which the zymogen granule 

accumulates, stores and releases the digestive enzymes is critical to our understanding of 

the function of the acinar cell and the process of digestion. But on a much larger scale, 

the acinar cell is only one of many different secretory cells in the mammalian system. 

There are many other secretory cells in epidermis, endocrine and nervous systems. 

Therefore, by understanding the mechanisms of protein transport in the acinar cell we 

learn something about the general process of protein transport. This information can then 

be applied to the many other fields of research concerning these and other cells in 

general. 

In the past 100 years, there have been many technological advances which have 

contributed to our understanding of the process of protein transport. The first widely 

accepted model of the process of protein transport through the acinar cell was based in 

part on the results of the electron microscopic autoradiography techniques (Jamieson and 

Palade, 1971). This model, which will be described in greater detail in chapter I, proposed 

that the digestive enzymes are manufactured in the endoplasmic reticulum (ER) of the 

cells, transported to the Golgi apparatus and from the Golgi apparatus, transported to the 
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condensing vacuoles, which are precursors to zymogen granules. The condensing 

vacuoles undergo condensation and are transformed into the mature zymogen granules 

that were originally identified by Heidenhain. It was proposed that the enzymes are then 

released into the duct lumen by a process called exocytosis. When the acinar cell is 

stimulated to secrete, the zymogen granule membranes fuse with the apical membrane of 

the cell and the granule extrudes its contents. 

Although this model of protein transport through the cell is still generally accepted, 

there are a variety of experimental observations that challenge the exocytosis model of 

secretion. The primary alternative being what is called "the equilibrium model" 

(Rothman, 1975). This model is based in part on the observ~tion that when isolated 

zymogen granules are suspended in isosmotic solution (0.3M sucrose, pH 6.0) for a 

period of time (0-4hr) enzymes can be detected in the suspending solution using enzyme 

assay techniques. Based on this observation and many others, including in situ 

experiments (which are described in chapter 1), Rothman and colleagues proposed that 

the zymogen granule membrane is permeable to its enclosed proteins and protein 

molecules can move through the cell individually, in response to mass action. The 

equilibrium model was not presented as an alternative to the exocytosis model, but as 

another possible route for protein transport. The two models are shown in figure 1. 

There were .two major criticisms of Rothman's proposal and the measurements. The 

frrst was that, at the time, it was considered highly unlikely that a large polar protein 

molecule (average MW -35,000) would be able to pass through the hydrophobic 

membrane. And the second was that because the measurement of protein release was 

indirect (e.g. as detected by an enzyme assay and not directly observed) it was impossible 

to be certain how individual granules were releasing protein. Theoretically, the same 

results could have been attained if some of the granules in the population lysed (i.e. broke 

open and released their contents into the suspending solution) while the other granules 
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remained intact instead of all of the granules responding to mass action. At the time, there 

was no technique that could distinguish between the two possibilities. Light microscopy 

does not provide the resolution to adequately observe 1 J.lm sized objects. The electron 

microscope (EM) offers the needed resolution, but it is not possible to observe the same 

granule over a period of time. Therefore, the proposal that the zymogen proteins could 

cross the enclosing membrane of the granule remained speculative in the eyes of many 

scientists. The observations were discounted as artifact even though, as mentioned .above, 

there were other in situ experiments that supported this conclusion. 

Figure 1 A schematic drawing of two views of the secretion process. The exocytosis 
model is outlined on the right, showing protein products being moved through a series 
of membrane bound compartments, culminating in the exocytosis of the granule 
(inset). The equilibrium model is shown on the left, and shows individual proteins 
crossing the membrane of the zymogen granule and the cell. In this model, some 
proteins destined for secretion may not necessarily be stored in the zymogen granule 
but instead pass directly through the cell membrane (inset). 

Recently, it has been become evident that the direct trans-membrane transport of 

proteins is a common process; for example in mitochondria and the pucleus. With the 
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discovery of specialized pores through which proteins can pass, membrane porter 

molecules for proteins and cytoplasmic helper molecules or chaperones; there is a 

growing realization that the complex physically and chemically diverse structures of bio

membranes and proteins are variously adapted to carry out protein transport functions. 

There is even evidence of a 5nm pore in the zymogen granule membrane (Cabana, 1988). 

and work is currently underway to isolate a large membrane protein that may be this pore 

(Tseng). 

So, given that there is now much evidence indicating that direct membrane transport 

of proteins is possible, we were interested in addressing the second point of contention 

regarding Rothman's proposal - the uncertainty regarding the mode of protein release 

from zymogen granules. Our intention was to re-examine isolated zymogen granules, but 

by direct observation on a visual and quantitative level and follow individual granules as 

they released their contained proteins. We would witness lysis, if it occurred. The newly 

developed technique of X-ray microscopy, at least in theory, offered us the opportunity 

to make these type of observations and test Rothman's observation. 

Why X-ray microscopy? 

The concept of using X rays as the light source for a microscope has been around for 

many decades (Lamarque, 1936). It is an attractive alternative to both light and electron 

microscopy for a variety of reasons. First, because the resolution of any microscopy 

ultimately depends on the wavelength of the illuminating source, and because X-rays 

have a shorter wavelength than with visible light, we can expect to achieve a higher 

resolution than light microscopy, although not as high as with the electron microscope. 

Second is that in the range of X-ray wavelengths (2.3 - 4.4nm, called the water window) 

water transmits X rays by a factor of 10 more efficiently than organic material (primarily 

carbon). This results in a natural contrast in a biological specimen between its organic 
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content and water. Therefore, samples can be imaged in vitro without the use of t_he 

stains that are necessary for EM. 

A graph of the absorption of water and protein in the water window is shown in figure 

2. The final advantage of X-ray microscopy is that there is a quantitative relationship 

between the number of X-ray photons that are transmitted through a sample and the 

amount of material that is present, making it possible to calculate the exact amount of a 

specific material in our sample. 
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Figure 2 The mass absorption coefficients versus the wavelength for both protein and 
water. We can see that in the range between 2.3 and 4.4nm, the mass absorption 
coefficient is approximately a factor of 10 greater than water. This means that protein 
will absorb more X-ray photons than water which results in a natural contrast between 
biological samples and their aqueous environments without the use of stains. This 
wavelength region is referred to as the "water window." The data from this graph is 
from Kirz and Rarback (1985). 
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These three aspects of X-ray microscopy offered us the possibility of making the 

needed measurements on the zymogen granules by 1) providing high resolution, - 50 nm 

currently (Howells et. al., 1991), which is high enough to observe the morphologic 

consequences of protein release from individual granules, 2) allowing the needed aqueous 

environment and ambient pressure and temperature in which to suspend whole granules 

so that protein release can occur and 3) permitting the simultaneous quantitative 

measurement of protein release from individual granules on the order of femtograms. 

It has only been the availibility of two relatively recent technological advances - high 

brightness, partially coherent soft X-ray radiation sources (e.g., synchrotrons) and 

diffractive X-ray lenses capable of focusing such radiation to a small spot size- that make 

high resolution X-ray microscopy a practical reality. When we first began our work in 

1988, there were 11 soft X-ray microscopes in the world (Howells, 1985) and biological 

research was on the level of imaging diatoms or dried, fixed biological samples (Sayre et. 

al., 1988). While it was clear that the microscopes could produce images of certain 

biological samples, it was not known whether we would be able to image individual 

zymogen granules over a period of time as our experiment required. 

Rothman et al. (1988, 1989) had done some previous preliminary work examining 

zymogen granules at one of the facilities mentioned above (Rothman, 1988, 1989). This 

facility, located at the NSLS synchrotron in Brookhaven National Lab (BNL) on Long 

Island, New Y otk, is one of three facilities that have X -ray microscopes which have been 

committed to development for biological experiments, The other two are the Daresbury 

synchrotron in England and the BESSY synchrotron in Berlin, Germany. 

In this preliminary work, freshly isolated zymogen granules suspended in 0.3M 

sucrose (pH 6.0) were imaged by sandwiching the specimen between two silicon nitride 

membranes sealed with epoxy cement in order to maintain a fluid environment. The 

microscope at that time was in a state of development and they were only able to take a 
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few images of granules at a resolution of -100 nm. So, while X-ray microscopy offered 

promise as a technique to resolve the zymogen granule permeability question, the 

evidence that it could work was not to be had. As a result, we spent as much time 

developing the techniques for executing the experiments as we did actually carrying them · 

out. 

Since we began our experiments in 1988 at BNL, there has been a tremendous 

increase in the number of biological studies performed using X-ray microscopy. The 

latest conference on X-ray microscopy was held September 20-24, 1993 in Moscow and 

the number of biological experiments that have been performed has increased 20 fold 

since 1988. We are pleased to see that the pioneering effons presented in this thesis (as 

well as those performed by others at the same time) are now receiving general acceptance 

and the field of X-ray microscopy is growing by leaps and bounds. 

Review of Thesis 

From the previous sections, it is clear that the challenge of this thesis project was to 

improve and apply the technique of X-ray microscopy in order to shed light on the twenty 

year old question of whether or not the membrane of isolated zymogen granules are 

permeable to their enclosed proteins. The first chapter is a review of the current 

knowledge concerning the function, composition and characteristics of the zymogen 

granule and in it is described the experiments that were originally performed on isolated 

granules which motivated this thesis work. The second chapter describes the scanning 

transmission X-ray microscope (STXM) that we used in the research. The third chapter 

explains the digital images that STXM produces and presents the image processing and 

mathematical manipulations that we performed on them. The founh chapter is a 

description of the sample chamber which we developed for use in STXM. The fifth 

chapter presents our methods for isolating the zymogen granules, performing the 
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experiments and our imaging protocols. Included in this chapter is a brief discussion on 

our considerations of radiation damage to our sample but a more complete description of 

X-ray damage to biological specimens is given in the seventh chapter. In the sixth chapter 

are the results of our experiments. And the eighth chapter is the discussions and 

conclusions from our experiment. 
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Chapter I. An Introduction to zymogen granules 

Zymogen granules are spherical organelles, -l~m in diameter found in the acinar 

cells of the exocrine pancreas. These cells are adapted for the synthesis and secretion of 

digestive proteins that are used in the small intestine to digest the food that we eat. And, 

the zymogen granules function as "storage vesicles" for these proteins within the cell. 

The protein secretory mechanisms of this particular cell have been and still are the subject 

of extensive studies and many of our ideas about these processes in other types of cells 

have been derived from these studies. The acinar cells have the ability to secrete the 20 or 

so digestive enzymes they manufacture in varying proportions in response to a variety of 

stimuli or secretagogues (or to no stimuli). While it is known that zymogen granules have 

the role of storing and releasing the digestive enzymes, the mechanisms that underlie 

these processes are still not well understood and require further investigation. 

What is currently understood about these mechanisms comes from many different 

types of experiments, from general research on the process of protein secretion to specific 

studies on isolated zymogen granules. In the first part of this chapter we will review some 

of this research, starting with the broad topic of protein secretion. We will also disucss 

specific observations on the behavior of zymogen granules during secretion in situ in 

acinar cells. And, finally we will present some of the characteristic properties of zymogen 

granules, their morphological and chemical structure. 

The specific results of some of the isolation experiments suggested one type of 

mechanism by which the zymogen granule could accumulate, store and release protein 

(Rothman, 1975a). But at the time, these results were considered artifactual by many 

workers. Over the years, however, evidence has accumulated that has made it difficult, 

although not impossible, to discount these original observations. X-ray microscopy, at 

least in theory, offered to shed new light on these old experiments. We were thus 
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motivated to use this technique to attempt to either confirm the results and give credence 

to this mechanism of protein transport into and out of the zymogen granule first 

suggested by Rothman (1975a), or to demonstrate its falsity. Therefore, in the final 

section of this chapter, we will specifically discuss the isolation experiments that had 

been performed on isolated zymogen granules and the results that provide the background 

and objective for our experiments. 

1.1 The process of protein secretion 

The processes of protein manufacture, intra-cellular transport and extra-cellular 

secretion are found, to at least some degree, in almost all types of eukaryotic cell. These 

mechanisms were first studied in the acinar cell and given the ubiquity of these processes, 

many of our ideas about how these same mechanisms work in other cells has been 

derived from these studies. In this section, we will present the original model for the 

pathway of protein secretion in the acinar cell. From this model, what is known as the 

exocytosis mechanism by which zymogen granules release protein, was proposed. 

However, evidence for this mechanism in the acinar cell was sorely lacking, although it 

appeared to occur in other types of secretory system. Additionally, it could not wholly 

account for observations of "non-parallel" protein secretion from the acinar cell. We will 

explain what is meant by "non-parallel'' secretion and present the subsequent 

modifications to the originally proposed exocytosis mechanism, by which zymogen 

granules may release their protein that have been proposed for the acinar cell. 

1.1.1 The secretory pathway and the vesicular model of protein transport 

The general pathway for secretory proteins from their site of initial translation within 

the cell to their secretion outside of the cell was first proposed by Palade ·and his 

collaborators from their studies on the acinar cells of guinea pig (Jamieson and Palade, 

1967, 1971a,b, 1977; Palade, 1975; Siekevitz and Palade, 1960). Using a combination of 

morphological, autoradiographic and cell fractionation studies they proposed the 



Chapter I 15 

following model. Secretory proteins are first synthesized on the endoplasmic reticulum 

(ER) and simultaneously translocated into its cisternae. From here, they are transported to 
I 

the Golgi apparatus. Although, their studies did not establish the route taken by secretory 

products through the Golgi apparatus, their autoradiographic findings demonstrated that 

the secretory products are transported to condensing vacuoles (CV) located on the trans 

side of the Golgi stack. The CV s are filled with secretory product and are converted into 

mature zymogen granules (ZGs), where the· secretory product remains until an 

appropriate stimulus causes the release of their content from the acinar cell. This fina). 

step was proposed to occur through a process called exocytosis in which the zymogen 

granule membrane would fuse with the apical membrane of the cell and th~ contents 

would be released into the lumen of a duct system which eventually leads to the small 

intestine. The reader is referred to a review article by Case (1978) for a further discussion 

of this model. 

Evidence for this pathway through the cell (ER --> Golgi -->secretion granules) for 

proteins that are destined for secretion has accumulated for many types of cells I (Burgess 

and Kelly, 1987). However, the mechanisms by which the secretory protein is transported 

from organelle to organelle within the cell that were originally suggested (there was no 

direct evidence) in this model are still the subject of intense investigation in the acinar 

and other cells. For example, in order for protein to pass from the ER to the Golgi, 

Jamieson and Palade proposed that microvesicles containing the protein would bud off 

from the ER and shuttle to the Golgi, where they would fuse and release the protein into 

the lumen of the Golgi apparatus. There was no direct eVidence for this process at the 

1 It is important to understand that this ·pathway is what is known today as the "regulated pathway" of 
secretion because a stimulus is required for protein secretion. The acinar cell is also known to have a 
"constitutive pathway" by means of which proteins are secreted spontaneously and without being stored in 
the zymogen granules. We will not discuss the constitutive pathway in this chapter and the reader is refered 
to a review of this pathway in the pancreas by Beaudoin and Grondin (1991). Reviews of both the regulated 
and constitutive pathways in other cells can be found in Chung et al. (1989) and Burgess and Kelly (1987). 
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time, or for many years, although some recent immunocytochemical observations now 

support this theory (Posthuma, et al., 1988). Also, the route taken by secretory proteins 

through the Golgi stack from the cis side to the trans side was not addressed by Jamieson 

and Palade, but ha:s since been studied in detail by J. Rothman (1975) and others, who 

have described many of the chemical changes that the proteins undergo within this 

organelle. The mechanism by which the CVs are filled in the acinar cell is also still not 

well understood. It may be that the CVs originate as distention's of the Golgi membrane, 

but contrary to evidence for some hormonal cells, the CV s do not stay attached to the 

Golgi and continue to fill with secretory product. Instead, the CV s in the acinar c~ll are 

separate entities. It has been proposed that again, microvesicles may play a role by 

shuttling protein from the Golgi to the CVs in order to fill them. Empty microvesicles 

would then bud off the CV membrane and return to the Golgi in order to recycle the 

membrane. There is some relatively recent evidence that supports this hypothesis 

(Beaudoin and Grondin, 1987). 

And finally, while the process of exocytosis proposed by Palade and collaborators 

was based on electron micrograph images that suggested granules fusing with the apical 

membrane, there has since been little additional evidence supporting this mechanism in 

the acinar cell. Geuze and Poort (1973) measured an increase in the length of the apical 

membrane of an acinar cell after it had been stimulated to secrete for 2hrs, during which 

90% of the granules were discharged. The increased length of the apical membrane was 

interpreted as indicating that the granules fused with this membrane. However, in 30 

years of research on this system, this is the only report of an increase in the surface area 

of the apical membrane. But while the evidence for exocytosis in acinar cells is not 

overwhelming, this process has been observed in other types of cells; e.g., mast cells 

(Zimmerberg, 1993), chromaffin cells (Patzak and Winkler, 1986) and neurons (von 

Wedel et al., 1981). 
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Thus, although there is a substantial literature that provides a range of evidence that is 

consistent with the pathway of intracellular transpon first laid out by Palade and 

collaborators for the acinar and other types of cells, what we can see is that the 

mechanisms within this pathway that transpon protein from organelle to organelle and 

eventually out of the cell are not well understood and may be different from cell type to 

cell type. Specifically, the evidence that exocytosis occurs in acinar cells is substantially 

less than from other types of cells. This leaves open the possibility of alternative 

mechanisms by which the zymogen granule may release its contained proteins. Indeed, 

this idea is reinforced from panicular observations on protein secretion from the acinar 

cell, explained below, that are not consistent with an exocytosis mechanism. As a result, 

the exocytosis model for the release of protein from the acinar cell has been re-evaluated 

and modified. 

1.1.2 Non-Parallel protein transport 

One of the main problems with the Jamieson-Palade model of protein secretion as 

originally envisioned was that it could not explain observations of non-parallel secretion 

of enzymes from the pancreas. Non-parallel secretion means that the pancreas is able to 

secrete its twenty or so enzymes in differing proportions in response to different stimuli. 

The exocytosis model, as originally proposed, could not account for this observation 

because it predicted, and there was no reason to think otherwise, that each granule 

contained an undefined mixture of the digestive enzymes and that upon stimulation, the 

granules would randomly fuse with the apical membrane of the acinar cell and release 

their contents en masse . The secretory product of the pancreas therefore, would contain, 

on average, proponional or "parallel" amounts of the different enzymes. But Rothman 

(1967a) observed that the hormone pancreozymin, differentially enhanced the secretion 

of trypsinogen and chymotrypsinogen (two of the 20 enzymes) from an in vitro pancreas. 

And in subsequent experiments (Rothman, 1967b, 1969, 1970, 1974a), it was confirmed 
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that different enzymes (commonly trypsinogen, chymotrypsinogen and amylase were 

measured) were indeed secreted in varying proportions in response to a variety of 

different secretagogues. The observation of non-parallel secretion from the pancreas was 

later observed by other investigators (Singh, 1982; Sommer and Kasper, 1981; Dagom, 

1978). Rothman and Isenman (1974) proposed that there must be at least one other pool 

of digestive enzymes, in addition to the zymogen granules, that could be affected by a 

stimulus in order to account for this observation. They suggested that the relative 

contribution to secretion from each pool is altered by stimulants thus producing non

parallel secretion. 

Rothman's experiments actually confirmed observations of non-parallel secretion 

that had been made much earlier by Pavlov and Walther (Pavlov, 1910). In these 

experiments, it was proposed that the proportions of different digestive enzymes found in 

pancreatic juice and in the intestines varied in a substrate-related manner. But later, 

Babkin ( 1950) was not able to confmn these results and they were considered an artifact; 

results of the misuse of enzyme assays. It was not until the development of more sensitive 

enzyme assay techniques that the process of non-parallel secretion could be confmned. 

In any event, the observation of non-parallel secretion meant that the original model 

of protein secretion by en masse exocytosis of zymogen granules needed to be modified. 

There were two approaches to take - one involved addressing the basic assumption of the 

process of exocytosis by which proteins leave the cell (the equilibrium model) and the 

other attempted to modify how exocytosis might occur (vesicular models). 

1.1.3 Non-parallel secretion and the equilibrium model 

Rothman's original observation of non-parallel secretion led to his proposal that some 

secretory proteins in the acinar cell were actually free to move independently of each 

other in response to particular stimuli. This was "the equilibrium model" of protein 

secretion. Instead of all of the proteins being constrained to move en masse by zymogen 
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granule exocytosis, they moved separately (Rothman, 1975a). In this manner, even 

though different type proteins were all stored in zymogen granules, particular enzymes 

would be influenced to leave this pool upon stimulation and pass through the cytoplasm 

before crossing the cell membrane into the duct. The driving force responsible for moving 

the proteins once they were released from the storage pool was simple concentration 

gradients and transport occurred by a reversible process capable of equilibrium 

behaviour. This model did not preclude the possibility of exocytosis but proposed an 

additional pathway whereby the ratios of the different types of secreted digestive 

enzymes could be varied. 

Rothman developed this model on the basis of several observations on the movement 

of secretory protein, in addition to non-parallel transport itself, that suggested that these 

proteins could move independently. One of the more interesting observations was that 

acinar cells secreted protein even when there were no visible zymogen granules 

(Rothman, 1975b). He also found evidence that digestive enzyme was present in the 

cytoplasm (Rothman, 1970) and that exogeneously added chymotrypsinogen entered the 

cell, was found in the cytoplasm and accumulated in zymogen granules (Liebow and 

Rothman, 1974). These experiments suggested that indeed granule proteins could move 

independently through the cell. 

But, perhaps the most important experiment, for our purposes, was that isolated ZGs 

released their contained protein into the suspending solution (Liebow and Rothman, 

1972; Burwen and Rothman, 1972; Rothman, 1972, 1971). These experiments suggested 

that the granule proteins were able to cross membranes, at least the enclosing membrane 

of the zymogen granule, and therefore suggested a mechanism by which the proteins 

could independently move through the cell. Moreover, the experiments confirmed that 

proteins moved in response to concentration gradients since protein moved from the 

zymogen granule to the suspending solution, where there was no protein. However, over 
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time as the protein concentration increased in the suspension medium, the rate of protein 

release from the granules was measured to decrease, suggesting that the ·system was 

approaching an equilibrium or stationary steady-state; the protein efflux rate was the 

same as the influx. As such, this phenomenon also suggested a process by which the 

zymogen granules could be filled. Protein from the cytoplasm could enter the granules 

and be bound to the osmotically inactive aggregate that was already accepted to be a part 

of the structure of the granules. As these aggregates did not contribute to. the protein 

concentration within the granule, protein would continue to move into the granule until 

f"illing was complete, i.e. additional binding to the aggregate was no longer possible. But, 

the model did not gain much support at the time because there was a reluctance to accept 

its premise that secretory proteins could "diffuse" through membranes. 

1.1.4 Non-parallel secretion and the exocytosis model 

Researchers reluctant to accept that proteins were able to cross cell membranes, 

especially since there was no established mechanism by which this could occur, 

concentrated their efforts on understanding how non-parallel secretion could occur by 

exocytosis. Two general hypothesis have resulted from these efforts - one in which the 

process of exocytosis is controlled at the cellular level and one where it is controlled at 

the zymogen granule level. 

At the cellular level, it was proposed that although the pancreas appears to be 

composed of homogeneous acinar cells it is actually a heterogeneous organ, a mixture of 

different types of secretion cells, which respond differently to different stimuli. These 

different cells would individually produce secretory proteins in different proportions and 

so non-parallel secretion would occur as a result of different cells being stimulated. The 

attraction of this model was that the original notion of exocytosis as a random process is 

maintained; granules would be filled "normally" and, the only difference would be that 

only certain stimulated cells would secrete at a given time. But naturally, this model 
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requires the existence of different types of acinar cells that would produce more of one 

type of enzyme than another in some sort of ordered fashion. Since it was known that all 

of the enzymes are present in all of the cells (Bendayan et al., 1980; Kraehenbuhl et al., 

1977), the enzyme production for all of the various enzymes would have to be regulated 

in each cell. It has been shown that there are variations in the rate of synthesis of different 

secretory proteins at the ER level (Scheele and Tartakoff, 1985; Geuze and Slot, 1980), 

and that rates of synthesis of each protein can be affected by different secretagogues 

(Rausch et al., 1985; Schick et al., 1984). This would have a long term effect on the 

proportions of enzymes in each cell (see reviews by Pfeffer and Rothman (1987); 

Rothman (1987)). So, it is possible for different cells to produce different amount of the 

enzymes, but is there evidence for a heterogeneous population of cells within the 

pancreas? There has always been a natural distinction between acinar cells that are 

located near islets of Langerhans and those found further away. These cells are called 

"peri-" and "teleinsular" cells, respectively. The peri-insular cells are actually larger on 

average and have more zymogen granules. Several groups have reported finding 

differences in the proportions of enzyme in situ in these cells as compared to the 

teleinsular region (Gingras and Bendayan, 1992; Malaisse-Lagae et al., 1975). However, 

there are also reports that show no difference between them (Beaudoin et al., 1981). But 

even if there are such differences,. given the small percentage of peri-insular cells relative 

to the total population of acinar cells, they make up only -1% of the cells of the 

pancreas, it is not likely that their contribution to the secretory product would result in a 

measurable non-parallei effect. Moreover, it would limit the notion of non-parallel 

secretion to a single type of non-parallel effect (peri- versus teleinsular) and the evidence 

indicates a variety of non-parallel responses. There is also a report that there are two 

different types of acinar cells, this time distinguished by different blood group antigens . 

These different cell types are distributed more uniformly throughout the pancreas (Uchida 
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et al., 1986). But these cells have yet to be evaluated for difference in their enzyme 

content. 

For non-parallel secretion by exocytosis to be controlled at the zymogen granule 

level, there should be multiple kinds of zymogen granules containing different amounts 

of the digestive enzymes. Each granule would be stimulated to exocytotic activity in 

response to a different stimulus. Moreover, all cells would contain these various types of 

granules. The attraction of this hypothesis is that it does not require the existence of the, 

as yet unproven, different types of acinar cells. On the other hand, it does require the 

existence of an intracellular mechanism by which the different enzymes would be 

packaged from the Golgi into different zymogen granules. Although, it is possible that the 

granules would be differentially packaged as a result of the different synthesis rates of 

enzymes mentioned above, e.g. granules would be filled with whatever enzyme was 

currently being synthesized and as their synthesis rates are different, granules would be 

differentially filled over time. However, immunocytochemical studies (discussed below) 

indicate that each granule contains all of the enzymes, therefore somehow all of the 

proteins would still have to be packaged in a granule regardless of the synthesis rate. 

Furthermore, while there is some evidence that zymogen granules do contain different 

proportions of the 20 digestive enzymes (Tobler et al., 1991; Adelson and Miller, 1989; 

Mroz and Lechene, 1986), there is also evidence that they don't (Gingras and Bendayan, 

1992). Even if there were different zymogen granules, there is still the problem of the 

mechanism by which different granules would be released in response to different· 

stimuli. 

In any event, for either the cell or the granule model, quite complex mechanisms 

would be required to differentially cause secretion from either different cells or zymogen 

granules given the number of stimuli already known to cause or alter protein secretion: -

amino acids, fatty acids and glucose, cholecystokinin (CCK), vasoactive intestinal 
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polypeptide (VIP), gastrin inhibiting polypeptide (GIP), secretin, chymodenin, histamine, 

cholinergic agents, insulin, glucagen and so forth (Grendell, 1981). Many different 

receptors and target molecules would be required and there is no evidence that this is so. 

1.2 Zymogen granule behavior during secretion in situ 

From the above discussion of the equilibrium and exocytosis models, we can see 

that it is our lack of knowledge about how the zymogen granules actually accumulate and 

are able to release their enclosed secretory proteins that prevents us from understanding 

non-parallel secretion. One way that we can try to better understand these processes is by 

observing the behavior of zymogen granules during the process of secretion. Doing so 

was what originally led Heidenhain to his conclusion that zymogen granules were the site 

of protein storage in 1875. He observed dog pancreas under the light microscope both 

before and after feeding and noticed that the size and number of the granules decreased as 

a result of feeding. 

In the mature rat pancreas, zymogen granules normally occupy between 5-25% of the 

cell volume and are usually concentrated in the apical region of the cell. The volume of 

the cell that the ZGs occupy, which is a combination of their number and their size, is 

greatly influenced by the physiological condition of the animal. If the animal has been 

fasted, there are apparently more granules with larger diameters than if the animal has 

been stimulated to secrete. The volume that the granules occupy can change as much as 

95% after stimulation (Rothman, 1975b)! Whether this volume change is a result of a 

decrease in the number of granules alone, or if it is due to a decrease in their size with the 

actual number of granules remaining the same, can help distinguish between the 

equilibrium and exocytosis models. The exocytosis model predicts that after stimulation, 

the number of granules should decrease because some of them would be "lost" to 
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exocytosis; whereas the equilibrium model predicts a change in the size and protein 

content as each granule lost protein. Studies by Ermak and Rothman (1981} demonstrated 

a shift in the size frequency distribution of granules of rat pancreas after feeding, while 

the number of granules remained unchanged. This result was confirmed in response to 

hormonal 'Stimulation as well (Beaudoin et al., 1984; Aughsteen and Cope, 1987). But 

while Ermak and Rothman proposed that the evidence was consistent with granules 

shrinking as their contents are released by diffusion like processes (the equilibrium 

model), Beaudoin et al. (1984) proposed that this shift is due to a selective discharge of 

large granules and the concomitant formation of smaller new granules. This view was 

shared by Aughsteen and Cope (1987). 

However, these new small granules would have to be formed rather quickly 

particularly if the total number of granules is to stay the same. Regranulation is thought to 

be much slower than granule depletion (Geuze and Kramer, 1974; Cope and Williams, 

1980, 1981). New granules usually begin to appear about 3-4 hr after the onset of 

secretion, then their volume rises sharply for the next 4-6 hr, during which time the rate 

of accumulation falls off, with complete restitution of granule stores after 12-16 hr (Cope 

and Williams, 1980, 1981). If this is true, then in conjunction with the observations of 

Ermak and Rothman ( 1981 ), it would appear that granules are shrinking during the course 

of secretion. 

We have already mentioned that unfortunately, it has not been possible to observe the 

process of exocytosis in the acinar cell. However, it is possible to indirectly observe 

granule behavior in situ by tracking the granule membrane with membrane markers. If 

exocytosis occurs, then the markers will appear in the cell membrane. This technique has 

been successful in other types of cells and reinforces the idea that exocytosis occurs in 

some cells, e.g. the parotid gland (Williams and Cope, 1981 ). However, the results of 
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similar experiments in acinar cells are ambiguous (Beaudoin and Grondin, 1991) and as 

such, the evidence for exocytosis in the acinar cell is as yet unresolved. 

While the evidence of granule behavior in situ presented supports the equilibrium 

model, because these results are based on EM images or indirect measurements, it is 

difficult to conclude with as much certainty as we could if we were actually watching the 

process, that granules are shrinking and losing protein content. It may well be that these 

results are inconclusive because both processes, exocytosis and equilibrium, are 

occurring. 

1.3 Characteristics of Zymogen Granules 

To better understand the zymogen granule, we can study the structural and chemical 

characteristics of isolated granules. 

1.3.1 Morphology 

A typical EM image of a cross section of an acinar cell is shown in Fig. 1.1. We can 

see that the granules appear as circular, uniformly dense objects and are roughly -1J..UD in 

diameter. Measurements of the diameter of the zymogen granules have been made in two 

ways - from EM images and using light scattering methods. It is difficult to characterize 

an "average" size for the granule because their size varies widely in response to 

physiological state, e.g. fed or fasted. In general, studies that rep<;>rt values for granules 

from fasted animals (maximizing granule number and size) show an approximately 

Gaussian size distribution around an average diameter of 1.0 J.Lm (Liebow and Rothman; 

Nadelhaft, 1973; Warashina, 1981; Beaudoin et al., 1984; Aughsteen and Cope, 1987). 

One study has reported a bimodal distribution of granule diameters, with a second minor 

peak between 0.8 and l.OJ..UD (Sato and Take, 1975). This was confirmed by Yoshimura 

(1977), who noticed, however that only the pancreata of some rats had two populations of 

granules while others had only the one. 
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Figure 1.1 An EM image of a cross section of the pancreas. The acinar cells are visible 
and can be seen to contain many dark, round objects at the apical end of the cell. These 
zymogen granules are -1 J.Lm in diameter. The apical ends of several cells are oriented 
towards a central region that forms the duct where the secretory product passes to the 
small intestine. 

A bimodal distribution was also been observed in stimulated pancreas by Beaudoin 

and Grondin (1987) with the lower peak at between 2-3J.Lm and the upper peak was at · 

7J.Lm. From the previous section, it was reported that Beaudoin and Grondin attributed 

this new peak to the presence of newly formed _zymogen granules. However, Ermak and 

Rothman showed that the diameter distribution of granules before and after stimulation 

was Gaussian. And, therefore a bimodal peak could occur from combining populations of 

granules, some which have released protein and some which have not. We cannot 

definitively distinguish between either model based on these results. 
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Figure 1.2 Reticulated granule containing a meshwork of electron-dense material. 
Reticular strands (-50nm thick) make attachments to the granule membrane and outline 
spherical spaces (-100 nm in diameter) and larger polymorphic spaces. x65,000. 

As mentioned above, the granules appear as uniformly dense spheres with no 

apparent internal structure. But, another study by Ermak and Rothman (1978) showed in 

EM images of isolated granules that had been partially or fully depleted of their protein 

contents, a reticular meshwork of electron dense strands criss-crossing the granule 

matrix. The reticulum outlined spherical and polygonal spaces and was attached at 

discrete points to the internal surface of the intact granule membrane. It was suggested 

that this reticulum provided the framework for the bonding of the digestive proteins 

within the granule. The bonding interactions were shown to be electrostatic in nature (as 

opposed to hydrophobic). As mentioned above, proteins would bind to the aggregate 

according to their individual binding properties (Rothman et al., 1974). 
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1.3.2 Chemical Contents 

This section presents the basic chemical composition of zymogen granules and is 

divided into the following sub-sections; the digestive enzymes, other internal proteins, 

and elemental distribution. 

1.3.2a The digestive enzymes 

In the previous section, we reported that the acinar cell manufactures 20 or so 

different enzymes that are used in digestion and that each zymogen granule contains an 

unknown mixture of these enzymes. These enzymes have been characterized by many 

investigators over the years. In recent work by Schick et al. (1984), proteins were pulse 

labeled with a mixture of 15 14C amino acids administered into pancreatic lobules in vitro 

for 2 hours. The soluble proteins extracted with alkaline buffer from a purified ZG 

fraction were separated by two-dimensional isoelectric focusing (IEF)/sodium dodecyl 

sulfate (SDS) polyacrylamide gel electrophoresis. Their results are shown in Table 1.1 for 

the rat pancreas. Different species contain the same types of proteins, they vary in 

molecular weight, isoelectric point and mass proportion (e.g. guinea pig, Scheele, 1975). 

The fact that the proteins have different isoelectric points implies that each protein 

will have unique binding or solubility properties depending on the local pH or other 

environmental conditions. As such, this supports the equilibrium model as a mechanism 

by which non-parallel secretion could occur because, depending on the internal 

environment of the cell, different proteins would be more likely to be in solution, 

depending upon their isoelectric point. The environment of the cell could easily be 

affected differently by various secretagogues. Once the protein was in solution within the 

granule, then in response to mass action, it would leave the granule and eventually, be 

secreted. 
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Table 1.1. The digestive enzymes produced by the acinar cell of rat pancreas. 

Molecular Isoelectric Mass 
Zymogen Weight Point Proportion 

Ribonuclease 14000 9.2 0.6 
Trypsinogen 1 21000 4.3 13.2 
Trypsinogen 2 21000 4.4 1.6 
Trypsinogen 3 22500 8.0 6.9 
Chymotrypsinogen 1 25000 4.8 11.9 
Chymotrypsinogen 2 25000 9.0 4.4 
Proelastase 1 26000 4.9 2.5 
Proelastase 2 28500 9.2 3.6 
Procarboxypeptidase A1 49000 4.4 5.8 
Procarboxypeptidase B 1 47000 4.3 5.3 
Procarboxypeptidase B2 47000 4.5 3.7 
Procarboxypeptidase B3 47000 4.6 1.7 
Lipase 1 50000 6.8 4.5 
Amylase 1 55000 8.6 10.6 
Amylase2 53000 8.9 15.9 
unidentified 13000 5.0 1.8 
unidentified 54000 5.4 0.9 
unidentified 56000 5.4 1.6 
unidentified 77500 4.7 2.4 

It is known that the enzymes that are held within the granule are in an inactive form 

(pro-enzyme or "zymogen", hence the name zymogen granule) and that once they are 

secreted, they become active after modification by one or more specific proteolytic 

cleavages (Neurath and Walsh, 1976). However, current research being performed using 

high resolution mass spectroscopy, which can determine the mass of molecules to the 

order of a few amino acids, has found that there are small differences between the mass 

of specific enzymes from the zymogen granules and their pro-enzyme_ form in secretion, 

before they are proteolytically cleaved (Tseng). This result implies that the proteins have 

been slightly modified during their transport to the exterior of the cell and as such, cannot 

be explained by the exocytosis model since proteins would be simply released. And 

although it is still unclear what this result indicates, it has been suggested that the 

proteins are being slightly modified in order to more easily cross the internal membranes 

of the cell. 
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I.3.2b Other Internal Zymogen Granule Proteins 

The digestive enzymes are not the only proteins found within the zymogen granule 

although they do account for -85-90% of the protein contents of the granule (Greene et 

al., 1963; Hokin, 1955). Sulphated glycosaminoglycans have been found in the zymogen 

granules of guinea pig (Reggio and Palade, 1978a; Reggio, 1978b) and have a molecular 

weight of -250,000 MW. These molecules may by involved in the aggregation of the 

digestive enzymes within the granule because they have an excess of negative charge. 

Considering that Ermak and Rothman (1978) concluded that the structural components 

they found in the zymogen granule probably held the granule proteins in an aggregated 

state via the use of electrostatic interactions, these sulphated glycans are prime candidates 

for the observed structural components. 

Other research has produced evidence that gamma aminobutyric acid (GABA) and its 

regulating enzymes, L-glutamate decarboxylase (GAD) and gamma aminobutyrate-a

ketoglutarate transaminase are present in zymogen granules (Garry et al., 1988). GABA 

has been found to have a role in activating ligand-gated Cl- channels. The zymogen 

granule membrane contains one, possibly two Cl- channels (discussed below). 

I.3.2c Elemental Distribution within the Zymogen Granule 

Energy dispersive X-ray micro-analysis has been used to detect Na, Mg, P, S, Cl, K 

and Ca in the zymogen granule. The results are shown in Table 1.2 from various 

references and the amounts are given in mM!kg dry weight of pancreatic tissue. None of 

the samples had been stimulated to secrete and cryoprotectant was used in all except for 

the studies of Tobler ( 1992) and Roos (1988, 1989). 
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Table 1.2. The distribution of ions in the zymogen granules. Quantities are given in 
mM/kg dry weight of pancreas. 

Na Mg p s Cl K Ca Ref 

21±3 23±3 49±9 284±7 36±2 65±4 17±1 Tobler, 1992 

33±6 15±1 Wolters, 1979 

36±12 29±5 166±16 173±7 105±9 342±17 16±2 Roomans, 1982 

105±9 39±2 126±14 674±21 96±8 121±6 54±2 Roomans,_1985 

105±7 39±4 126±12 674±10 96±4 120±6 54±2 Roos, 1988 

128±8 53±3 171±15 287±9 190±9 213±11 18±2 Roos, 1989 

The wide variance in elemental composition reported above may be due to various 

influences including: individual sample variations, physiological state of the organ and, 

of course, preparation. From this method it is not possible to tell whether the element is in 

a bound or ionic state or is part of a molecule. The amounts of all of the elements are 

significantly less than found in the cytoplasm of the cell , except for sulphur - which is 

higher in the granule, and calcium- which is similar (Tobler, 1992). The amount of Ca 

detected in the granule was higher than in any other organelle. The same measurements 

were made on stimulated animals and it was shown that the amounts of the elements Na, 

Cl and K increased in the granules after stimulation. As the granule is known to have ion 

transporters in the membrane (see below) this may indicate that ions are being transported 

into the granule during stimulation. Although, it is still unclear how the influx of ions is 

related to the process of secretion. It was proposed that this influx of ions could cause the 

granule to swell which would enable the granule to fuse with the cell membrane for 

exocytosis, but subsequent experiments were not able to confirm this observation (Green, 

1987). The influx of ions in all likelihood does contribute to the partial dissolution of the 

protein aggregate which would result in the solubilization of enzymes (different enzymes, 

depending on their charge distribution, would be solubilized at different rates) within the 
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granule. The "free" proteins could then be individually transported across the granule 

membrane, as suggested by the equilibrium model. 

There has been precious little research performed on the elemental content of isolated 

granules. In one study (Burwen, 1972) found that isolated granules contained at most 1-

2mEq/L of sodium and potassium, and 2-3mEq/L of chloride. This is far less than seen 

above in the energy dispersive X-ray micro-analysis. It would be interesting to perform 

the energy dispersive X-ray micro-analysis on a preparation of isolated¥-granules to 

confirm the amount of these ions that may be lost during the isolation procedure. 

1.3.2d Membrane proteins and ion permeability properties 

The membrane of the zymogen granule contains many proteins. Ultrastructural 

examination of the ZG membrane, from isolated granules, by rapid-freezing and freeze

fracture techniques reveals that the external membrane side has a density of 

intramembrane particles (IMPs) of 44 per J.Lm2 showing diameters of 9-18nm (Cabana, 

1988). And, the side of the membrane exposed to the cytoplasm has even more IMPs. In 

this study, two new undescribed types of IMPs were found on both sides of the 

membrane. The first was a population of 13nm particles with an electron-lucent center 

and the second was a population of large IMPs (15nm)which was characterized by what 

appeared to be a large pore (5nm in diameter), subdivided by a delicate cross-shaped 

structure. This pore structure is large enough for the passage of proteins contained in the 

granule. 

Several membrane proteins have been identified: 3 glycoprotein: y-Glutamyl

transferase (GGT), thiamine pyrophosphatase(TPPase), ATP-diphosphorylase, protein 

disulfide isomerase, ADP-ribosylated protein and a GTP-binding protein. 

GP2 (MW-80 kDa), one of the glycoproteins was trrst identified by MacDonald and 

Ronzio (1974) and later corroborated by Paquet et al. (1982). There appears to be two 

forms of GP2 found in association with the ZG. Using biochemical methods in isolated 



Chapter! 33 

ZG, Rindler and Hoops (1990) found that 60% of the total GP2 content was associated 

with the membranes (GP2m) while the other 40% was found in the content (GP2c). It has 

been suggested (Rindler and Hoops, 1990 and Paquet et al., 1986) that GP2m is linked to 

the membrane via glycosyl phosphatidylinositol (GPI) and GP2c is the released form of 

this protein. GP2 is also found on the cisternal leaflet of the trans-Golgi. Freedman et al. 

(1990) have suggested that GP2 plays a role in the assembly of CVs. y-Glutamyl-

transferase (GGT) is another glycoprotein found in the ZG membrane of rat pancreas 

(Castle et al., 1985) although its function is unknown. 

Several other enzymes have been found associated with ZG membranes using 

cytochemical, immunological and biochemical methods, including TPPase (Paquet et al., 

1982) andATP-diphosphohydrolase (LeBel et al., 1980; Laliberte et al., 1982). TPPase is 

found in ZG membranes but not CV membranes (Beaudoin et al., 1983) and AcPase (acid 

phosphatase) is found in CV membranes but not in ZG membranes. Because the CV is 

presumed to be the precursor to the ZG, these chemical differences require that-the 

AcPase be removed from the CV membrane and TPPase be added during its conversion 

to a ZG. It has been proposed that in the conversion step, micro-granules that contain the 

AcPase, bud off of the CV membrane. Not only would these micro-granules serve to 

remove this phosphatase, but it has also been proposed that they actually transfer the 

protein product they contain to the cell membrane and secrete it (Beaudoin and Grondin, 

1987). This secretion pathway has been called the para-granular pathway and is thought 

to be a form of constitutive secretion. 

The ADP-ribosylated protein (25 kDa) was identified by Lambert et al. (1990) who 

also confirmed the presence of a G protein (28 kDa) originally found by Padfield et al. 

(1990). Lambert suggests that the G protein could be involved in protein transport 

between intracellular compartments along the secretory pathway and/or exocytosis. A 

protein disulfide isomerase (Akagi et al., 1988), is also located on the ZG membrane, 
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which is unusual, because it is almost exclusively located in the ER and catalyzes the 

formation of disulfide bonds during synthesis of secretory proteins. According to the 

equilibrium model, proteins are able to cross the zymogen granule membrane and if they 

are unfolded in order to cross (this process is discussed further in the Discussion and 

Conclusions chapter) then these enzymes would have a role in reforming the disulfide 

bonds after the protein was transported. And, finally, work currently in progress has 

characterized a large protein that is -170kDa and that western blot analysis has identified 

as the cystic fibrosis transmembrane regulator (Tseng). 

While it is not known what the function is of all of the proteins in the membrane, 

some of them are ion transporters. This was inferred from the electrolyte permeability of 

zymogen granules. DeLisle and Hopfer (1986), using suspensions of zymogen granules 

isolated from resting rat pancreas, found that the decrease in optical density of the 

suspension was directly related to the permeability of the ZG membrane to various 

electrolytes. Ionophores were also used (CCCP2, monensin3 , nigericin 4, valinomycin5 

and nonactin6) to discern whether the effect was a result of cation or anion permeability. 

The results suggested that the ZGs possess an anion exchange and an anion conductance 

pathway. The anion exchanger could be blocked with 2mm DIDS7. The granules also 

showed some slight permeability to cations, especially K which was confmned by Gasser 

et al. (1988) using similar techniques. 

It has been suggested that zymogen granule permeability to ions maintains a 

particular internal pH, although, interestingly enough, there are no A TP-driven H+ pumps 

present on the ZG membrane (Laliberte et al., 1982). Niederau (1986a) found that ZGs 

2carbonylcyanide-m-chlorophenylhydrazone: a protonophore. Had no effect up to l3J.1g/ml 
3cation exchange ionophore- increased the amount of granule lysis (5- to 50-fold) in 150 mM NaCl 
4cation exchange ionophore - increased the amount of granule lysis (5- to 50-fold) in 150 mM NaCl 
5electrogenic K+ specific ionophore- effective in promoting lysis in 150 mM KCl 
6electrogenic cation ionophore - increased the amount of granule lysis (5- to 50-fold) in 150 mM NaCl 
7 4.4' -diisothiocyanostilbene -2,2' -disulfonic acid 
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were acidified in comparison to other parts of the acinar cell. And, this result was 

confirmed by Lebel (1988) who measured the presence of a pH gradient between the cell 

cytoplasm of -isolated acinar cells and the inside of the zymogen granules. The cell 

cytosol was measured to be at -pH 7.0 and the interior of the ZG was less than pH 5.7. 

Maintenance of this acidic intragranular pH may be important in the condensation and 

inactivation of the zymogens within the granule (Rothman, 1971). 

1.4. A re-analysis of the equilibrium model 

From this review, we can see that although the mechanism(s) by which the zymogen 

granule in the acinar cell releases its protein is still not completely determined, there is 

substantial evidence that supports Rothman's original proposal that the proteins destined 

for secretion are able to move independently through the cell and cross membrane 

barriers (the equilibrium model). And although other secretory cells are known to release 

their protein by an exocytotic process, it has been surprisingly difficult to confirm this 

process' existence in the acinar cell. 

Some of the most convincing evidence that proteins were able to cross the enclosing 

membrane of the zymogen granule came from Rothman and collaborator's original 

experiments on isolated granules, as mentioned earlier. In these experiments, protein was 

detected in the suspending medium when isolated granules were suspended in various 

solutions. In this section, we will briefly review the experiments that led to the 

development of the equilibrium model. We will also address the reasons why these 

observations were originally discounted but how now, the results from these experiments 

can no longer be considered artifacts. As such, they merit a re-examination and in the 

following section, we will propose an alternative technique by which to perform these 

experiments and confirm the original results. · 
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1.4.1 Protein release from isolated zymogen granules 

Since Hokin (1955) was first able to isolate zymogen granules from the acinar cell 

using differential centrifugation, it has been possible to study the properties of the 

zymogen granules in vitro. Hokin's basic procedure is still currently the most widely 

used and a modified version of the procedure is described in Chapter V. Hokin observed 

that granules retained their morphological structure for long periods of time when stored 

in isosmotic sucrose at 4oC at a pH between 4.5 and 6.5. But, if the pH was raised to 7.2 

or above, they apparently "dissolved" and the suspending solution became clear (a 

suspension of granules is normally cloudy in appearance). This observation was difficult 

to understand because the granules are quite stable within the acinar cell cytoplasm which 

has a pH of7.0 (Preissler and Williams, 1981). 

In his first experiment, Rothman (1971) investigated this pH instability by measuring 

me amounts of chymotrypsinogen, trypsinogen, amylase and total protein released into 

the suspending solution at pHs ranging from 4-8.5 (0.3M sucrose, for 30min at 24°C) by 

enzyme assay technique . He found that when pH was plotted against the percentage of 

enzyme released from the granules, there were different release curves for the different 
' 

enzymes (see figure 1.3) This could not occur if, as generally believed at the time, 

granule "instability" was a result of the granules breaking open, or lysing, and releasing 

their contained protein into the solution. As such, since each granule supposedly 

contained a mixture of all of the digestive enzymes, all of the enzymes would be present 

in the suspending solution in the same ratios (although not necessarily in the same 

amounts) at the different pH values. However, as can be seen in the figure, this is not the 

case - and the proportions of the different enzymes present in the solution varied as a 

function of pH. Therefore, it appeared that lysis was not an appropriate explanation for 

the observation, and it appeared that proteins were able to independently move into the 

solution from the granule and their solubilization rate depended on the pH of the solution. 
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Figure 1.3. The release of protein, trypsinogen, amylase and chymotrypsinogen from 
suspensions of zymogen granules at various pHs'. Percent release refers to the 
percentage of the total enzyme activity or protein recovered in a supernatant after 
centrifugation at lOOOOg for lOmin. The total yield of enzyme and protein was not 
altered by pH in the range presented in this figure. Results are taken from Rothman 
(1971) 

Subsequent experiments, with different solutions, showed that the relative amounts of 

different enzymes detected in the suspending solution also varied with the ion content of 

the solution (Burwen and Rothman, 1972). The amount of release for protein, 

chymotrypsinogen and amylase were measured for a variety of ionic solutions (150mM 

NaCl, KCl; 100 mM CaCI2, MgC12, BaCh, SrCI2) as well as for different osmotic 

strength solutions (water, 0.3M sucrose and 0.3M urea). It was found again that the 

release curves for different proteins were not the same for a given ionic solution. 
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The above experiments certainly suggested that the various proteins that were 

.contained within the granule were able to be released from the granule independently of 

one another. As such, this observation provided a mechanism by which non-parallel 

secretion could occur. In further experiments, Rothman and collaborators explored the 

::!llechanisms by which protein was released from the granule. Experiments done by 

-.~iebow and Rothman (1972, 1976) confumed that the amount of protein released from 

the granule was affected by simple concentration gradients. It was already shown in the 

Rothman (1971) paper that the rate of release of protein reached a steady-state value after 

the granules had been suspended for over one-half hour. This implied that the protein 

release rate was affected by the increased protein concentration in the solution, as protein 

was released from other granules, and the rate of protein loss reached an equilibrium. In 

the Liebow and Rothman (1972, 1978) experiments, this theory was addressed by 

suspending granules at lower density numbers man the initial isolation procedure called 

for. If the proteins were indeed released according to the concentration of protein in 

~olution, then an increased rate of protein release should be observed at lower density 

lumbers since the protein concentration in the suspending solution would be reduced due 

to the larger suspending volume. They measured the release rates for chymotrypsinogen 

at two different pHs (5.5 & 7.0) and for different degrees of dilution (up to 100 times) of 

the original suspension. A tenfold increase in the amount of chymotrypsinogen released 

was detected accompanying a tenf~ld increase in dilution. These experiments not only 

_showed that protein was being released from the granules, but that it was released 

according to concentration gradients that existed across the membrane. 

Additionally, these experiments also addressed the question that if protein could be 

released from the granule, then uptake might be possible. The uptake of 

chymotrypsinogen was measured relative to a marker protein (albumin) and it was found 

that chymotrypsinogen was preferentially taken up by the granules. As sucp,_ the 
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equilibrium model was proposed by Rothman (1975) and suggested that granule protein 

was able to independently cross the enclosing membrane of the granule and that each type . 

of enzyme did so in response to concentration gradients. 

1.4.2 Artifact? 

Unfortunately, the results of all of these experiments were considered by many 

workers in this area to be artifactual. The protein that was detected in the solution was 

assumed to be a result of the granule's lysing or breaking open and releasing their content 

into the suspending solution. That lysis occurred was based on two assumption; the first 

was that granules were not stable once they were isolated and the second was that at the 

time, it was considered unlikely that proteins were able to cross membranes and therefore 

the only manner by which protein could be detected in the solution was if the granules 

were preaking op~n or lysing. 

As mentioned above, Hokin only considered the granules to be "unstable" at high 

pH; he found that they were stable at pH values less than 7 and would retain their 

morphological characteristics for long periods of time. A current explanation as to why 

granules may not be stable at high pH is that they have lost a "stabilizing" factor during 

isolation. This was frrst proposed by O'Conner and Matthews (1980), and Rogers et al. 

(1987) have reported isolating a soluble cytosolic factor which increases the stability of 

the ZG preparations at high pH. LeBel et al. (1988) have proposed that the "stabilizing" 

factor is some-how involved in regulating the internal pH of the granule. As discussed 

above, zymogen granules in situ have a low internal pH (~ 5.7). When this factor is 

"lost", the granule no longer has the ability to maintain this low pH. They concluded that 

isolated granules are stable if they are resuspended in· a solution with a pH ~ 7 .2, because 

the Donnan equilibrium is sufficient to produce the necessary internal low pH. But if the 

suspending solution has a higher pH, the Donnan equilibrium is no longer sufficient to 

provide an internally low pH and the granules become unstable. The missing stabilizing 
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factor may help control the permeability of the membrane to protons and Cl- ions and 

therefore be able to help produce the necessary pH gradient. 

The instability of the granule was also attributed to the process of differential 

centrifugation itself damaging the granules in some manner which made them particularly 

unstable at neutral pH. DeLisle et al. (1984) developed an isolation procedure using 

isosmotic Percoll density gradients that they claimed produced granules that were stable 

in common electrolyte solutions such as NaCl or KCl and at neutral pH. But, Rogers et 

al. (1987) concluded that Percoll particles were actually binding to the granules and were 

probably contributing to their stability at the higher pH. Two other papers that critically 

examined this technique and the technique of differential centrifugation (Rothman and 

Liebow, 1985; Neiderau, 1986b) showed that granules isolated using Percoll density 

gradients at pH 7.0 were no more "stable" than those isolated using differential 

centrifugation at pH 6.0 

Therefore, we can conclude that isolated granules are stable in solutions with pH < 7 -

however, there is still the question of lysis to be considered. Although, it is difficult to 

reconcile the results of Rothman and collaborator's experiments with a lysis model. As 

explained above, one would expect to see parallel amounts of protein released into 

solution. Additionally, in the dilution experiment, if lysis was the cause of protein 

release, then why would increasing the volume of the suspending solution produce 

proportional increases in the amount of protein released? Lysis would only happen to a 

certain number of granules from a preparation depending on the particular granule's 

"stability;" it is difficult to envision how increasing the volume of the suspending 

solution would affect granule stability. 

Recently, Rothman and collaborators have using light scattering theory to attempt to 

resolve the lysis issue. As mentioned above, enzyme assay techniques were often used to 
' 

detect the amount of protein released into a suspending solution of isolated granules, but 
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it was not mentioned that it is also possible to determine the amount of protein that has 

been released into the solution by measuring the light scattering properties of a solution. 

The change in light scattering, or optical density as measured by a spectrophotometer, is 

directly related to the amount of protein that can be detected in the solution. According to 

Mie light scattering theory of small particles (Van de Hulst, 1981) and Beer's law, the 

change in optical density can be attributed to a change in one or all three or the following 

characteristics of the particles; their number, diameter and refractive index (in our case, 

protein concentration). Therefore, it is theoretically possible to determine if protein is 

being released into the solution by lysis (a change in the number of the particles) or from 

crossing the granule membrane and leaving the granule intact, which would mean that the 

size and/or protein concentration of the granules was changing. Traditionally, a change in 

the optical density of a solution of isolated granules has been attributed to lysis (e.g. 
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However, even though these results indicate that isolated granules may be decreasing 

in diameter and/or protein concentration and lysis is not necessarily the mechanism by 

which protein can be detected in the suspending solution, the problem with using Mie 

theory is that it is not able to definitively determine which process is occurring, only that 

a combination of the processes are occurring. This is a general problem with indirect 

techniques for measuring biological processes and as a result it is left to the direct 

techniques to provide the defmitive answer. 

1.5 Thesis Goals 

From this review, we can see that there are still many unresolved questions 

concerning the mechanism, or mechanisms, of protein secretion from the acinar cell of 

the pancreas. One of these observations, the detection of non-parallel secretion from the 

pancreas in response to a variety of stimuli, led to the proposal that secretory proteins 

might be able to move through the cell as independent molecules, not en masse, and cross 

the cell and granule membranes in the process. A . variety of evidence supports this 

model, including results of studies performed on isolated zymogen granules. 

Unfortunately, the results were widely attributed to lysis of the granules. 

However, in light of the fact that these results do not have to be attributed to lysis, 

according to Mie theory and the growing body of evidence concerning the ability of 

proteins' to cross membranes (this will be considered in the Discussion and Conclusion 

chapter) we were motivated to repeat experiments on isolated granules using the newly 

developed technique of scanning transmission X-ray microscopy (STXM) in an attempt 

to provide direct evidence concerning the modality of protein release. We hoped to be 

able to directly observe the morphologic sequel to protein release as it occurred in 

STXM. We also hoped to be able to correlate such observations simultaneously with the 

quantitative measurement of protein flux out of single granules. 
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STXM could at least in theory; 1) provide a resolution -5 times better than light 

microscopy, 2) allow for the needed aqueous environment in which to suspend whole 

granules and 3) permit the simultaneous quantitative measure of the protein contents of 

individual granules on the order of femtograms. 

If we could apply this in practice, we planned to: 

1) Measure the characteristics of diameter, protein mass and concentration of freshly, 

isolated zymogen granules that are suspended in 0.3M sucrose (pH 6.0) and 

observe individual granules over time as they released their contents, looking for 

any signs of lysis and changes in the diameter, protein mass and concentration 

that might occur. 

2) If the granules were observed to change in their characteristics, we planned to 

characterize the permeability of the granule membrane to its enclosed proteins for 

individual granules. 

3) In addition, we planned to explore the effects of glutaraldehyde fixation on zymogen 

granules detectable at STXM resolution and study the effects of radiation 

exposure on our specimen. 

4) Finally, we had a more general goal in mind. We hoped that through these studies we 

would help in the development of X-ray microscopic methods for research in 

biology as well as better understand its potential utility and shortcomings. 
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Chapter ll. X-Ray microscopy 

In this chapter, we will the discuss the design and use of the scanning transmission X-. 
ray microscope (STXM). The first section will review the different designs of X-ray 

microscopes and why we chose to use STXM. The second section will describe the basics 

in the design ·of the STXM microscope at Brookhaven National Laboratory. Because it is 

a developing experimental microscope, many of its features have changed over the years 

in which we have been using it Therefore, the discussion here will focus more on how 

the microscope works as opposed to the specific design parameters. The third section 

describes the use of STXM in practice. 

ll.l X-ray Microscopes- An overview 

We mentioned in the introduction that the concept of using X rays as the light source 

for microscopy has been around for many decades (Lamarque, 1936). The main 

advantages of using X rays to image biological specimens are: a higher resolution than 

light microscopy can be achieved; specimens can be imaged in an aqueous environment; 

and quantitative information about the amount of material in the specimen can be 

determined from the X-ray transmission information. These aspects of X ray microscopy 

are discussed in the following sources (Rothman, 1990; Hasnain, 1989; Attwood, 1992, 

1988; Robinson, 1987; Kirz and Rarback, 1985; Stuhrmann, 1982; Parsons, 1980). 

There are three general designs of microscopes I that have successfully used X-rays as 

the illuminating source- contact microscopy; imaging microscopy, where the sample is 

located between the condenser and objective lenses and scanning transmission 

microscopy, which uses a focused spot of light to scan the sample (figure 2.1). The 

information in this section is based on the references (Howells et al., 1991, 1985; Kirz 

1 In tenns of imaging specimens. holographic techniques are also emplyed using X -rays. While we will not 
discuss this method here. the reader is refered to Jacobsen et al. (1988) and Howells et al. (1987) for further 
material. 
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and Rarback, 1985) and the reader is referred to further discussions on the development 

of these microscopes at specific facilities in the conference proceedings of the series of 

X-ray microscopy meetings that have been held every 3 years since 1984 (Schmal and 

Rudolph, Eds., 1984; Sayre et. al., Eds., 1988; Michette et. al., Eds, 1992 and Erko, Ed., 

1993). While the basic design for the different types of X-ray microscopes is no different 

than those for light or electron microscopy, the difficulty in their construction has been in 

our ability to manufacture optics that can focus and collect the X-rays and the ability to 

produce a high flux source of X-rays. 

A CONTACT MICRORADIOGRAPHY 

RESIST (PMMA) RESIST RELIEF MAP 

B X-RAYBEAM IMAGING X·RAY MICROSCOPE 

SAMPLE ------------- } IMAGE 

FIELD --" ------
MICRO-ZONE - -- - - _ 
PLATE 

DETECTOR...--

c SCANNING X·RAY MICROSCOPE 
SAMPLE HOLDER 

E WITHX-Y 
SAMPL RASTER SCAN 

~~{ 

Figure 2.1 Three types of microscopy that use X rays as the illuminating source: 
contact microscopy (A), imaging (B) and scanning transmission (C). 
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The simplest microscope, which requires no X-ray optics at all, is contact microscopy 

(figure 2.1A). The specimen is placed on an X-ray sensitive layer (resist) and then 

exposed to X rays. Currently, PMMA (polymethylmethacrylate) is used as the resist 

material and, upon exposure to X-rays, it is damaged by chain scissions or cross-linking. 

After the exposed resist is "developed," the damaged material is removed leaving a relief 

pattern on the surface of the resist. The resolution of this method could be as low as 5nm. 

But there are several problems in attaining the full resolution. The first is choosing an 

appropriate technique to read the resist and magnify the image without compromising the 

resolution. Currently, scanning and transmission electron microscopy (SEM and TEM) 

and atomic force microscopy (AFM) have been used. Another problem is the actual 

development time of the resist material. Like a photograph. the resist can be over- or 

under-developed which in tum can produce features in the resist that are not in the 

sample, "artifacts." And the third problem is the X-ray exposure or "dose" required for an 

image which is typically of order 103 Mrad (the reader is referred to Chapter VII for a 

thorough explanation of dose). The good news is that if a very bright source of X-rays is 

used, then the sample can be imaged in microseconds. This is fast enough to eliminate 

any blurring that may occur due to normal motion in the specimen and so live, fresh 

specimens can be imaged. But, specimens can be imaged only once since after receiving 

the dose of the initial image they are permanently damaged. The inability to image the 

specimen more than once was the main reason that we did not choose this technique for 

our experiments. Further information on contact X-ray microscopy can be found in 

(Cheng et al .• 1986; Feder et al .• 1986; Feder and Sayre. 1980). 

The imaging microscope and the scanning transmission microscopes both require 

optics· that have the ability to focus X-rays. Traditional optical materials, such as glass or 

quartz lenses. are highly opaque to X rays and so X-ray refraction through such lenses is 

not a viable option for focusing X rays. The X-ray optics that have been designed rely on 
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the diffractive properties of X-rays and the fact that at very small glancing angles, X rays 

can be reflected and it is only through recent technological advances that these optics are 

able to be manufactured (Ceglio, 1989; Underwood, 1978; Underwood and Attwood, 

1984). Diffractive lenses, called Fresnel zone plates, have been constructed which give a 

diffraction limited focus spot of 20nm. They will be described in more detail in the next 

section. Reflective optics have also been developed using mirrors with special coatings 

but they do not work well in the range of wavelengths in the water window and so we 

will not consider them here (see Underwood et al., 1986). The imaging microscopes 

(figure 2.1B) require two zone plates - a condensing and an imaging lens - just as in a 

typical light microscope. Because the diffraction efficiency of the zone plates is 

extremely low ( < 8%) the incident X-ray flux must be extremely high for enough photons 

to pass through both zone plates and the specimen to be detected. The development of 

synchrotron sources and laser plasma X-ray sources has enabled the production of 

extremely bright and coherent X-rays so that imaging microscopes can be constructed 

(DaSilva, 1992; Attwood, 1985). 

The advantage of the imaging microscope is that the entire sample can be imaged 

using one "shot" of X-rays. Unfortunately, in order to compensate for the loss of X-ray 

flux through the imaging zone plate in this design, the sample receives an extremely high 

dose of X rays akin to that of contact microscopy. This high dose to the sample makes it 

currently impossible to image fresh samples, although fixed and material science 

specimens are routinely imaged. A recent description of the imaging microscope at the 

BESSY synchrotron in Berlin, mentioned in the introduction, is given in Schmahl et al. 

(1993). 

The scanning transmission microscope (figure 2.1 C) only requires one zone plate to 

focus the X-rays to a small spot. This spot is scanned over the sample and the transmitted 

photons are detected, usually with a gas flow proportional counter. Because the optics are 
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only placed before the sample, it is not necessary to expose the sample to high doses of 

X-rays. And, depending on the sensitivity of the photon detector, the sample can actually 

be imaged with a relatively low dose of X-rays. The disadvantages to this technique are 

that 1) it requires that the illuminating X-rays be coherent so that the optics will form a 

diffraction limited probe and 2) scanning the specimen takes a fmite amount of time. The 

first problem has been addressed by the use of insertion devices in synchrotron rings that 

produce coherent X-rays (described in the next section). And, the second problem 

imposes a limit on the type of sample that is being investigated. Objects that move 

rapidly are out of the question. 

As mentioned above, all three types of microscopes are currently in use. We chose to 

use the scanning transmission X-ray microscope because it was the only technique with 

which we could image our specimens with a low enough dose to allow multiple imaging. 

II.2 The Scanning Transmission X-ray Microscope at BNL 

11.2.1 The production of X rays 

We have been using the STXM2 located at National Synchrotron Light Source 

(NSLS) in Brookhaven National Laboratory (BNL) on Long Island, NY(Kirz eta., 1990; 

Rarback et al., 1990a&b, 1988 ). Since 1989 we have been using about 8 weeks of beam 

time a year at this facility. 

The synchrotron at NSLS is an electron storage ring with a diameter of 50ft that 

accelerates the electrons to an energy of 2.5GeV. It operates at a working current of -220 

rnA which decays exponentially to lOOmA at which time a new flU of electrons is 

injected. A flll can last between 8-12hrs, if there are no unscheduled beam dumps during 

the period. When we first began our experiments, the stability of the electron orbit was 

2 The other functioning STXM, as mentioned in the introduction, is located at the Daresbury synchrotron 
facility in England. A description of that microscope can be found in Morris et al. (1991) 
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subject to failure and beam dumps were quite common. Today, the expected duration of 

the electron fill is rarely interrupted. 

X-rays are radiated from the electron beam as it passes through magnetic insertion 

devices installed in the ring. The insertion device at BNL is called an undulator and is a 

periodic array of magnets that wiggles the electron beam as it passes through. This 

acceleration and deceleration of the electron beam causes the electrons to radiate energy. 

The energy at which they radiate can be regulated depending on the design constraints of 

the undulator. For a further discussion of the theory of undulators and other types of 

insertion devices see (Hofmann, 1978). The undulator that is used for STXM at BNL is 

located at beamline XlA. It is a 35 period device and the magnetic field is generated by 

samarium-cobalt permanent magnets. It has been designed to produce X rays between 

200 and 800eV (1.7- 7.0nm). By adjusting the gap between the magnetic components of 

the undulator, we can tune the peak X-rays. The spectral brightness of X-rays produced 

by the undulator is -lxi017photons/[{sec)(mm2)(mrad2)(0.1%bandwidth)] at our working 

wavelength. Figure 2.2 shows the spectral brightness of the XlA undulator as well as 

other X-ray sources that are currently in use. 

The X-rays produced from the undulator are radiated tangentially from the orbit of 

the electrons. The natural direction of these X-rays defines what are called "beam-lines" 

and there are about 30 beamlines at BNL. At the end of each beam-line is a scientific 

station. The electron storage ring is operated at ultra-high vacuum -I0-11 Torr and the X 

rays that are generated from the insertion devices are also kept in vacuum along the 

beamlines at about I0-7 Torr. Typically, scientific endstations are -20 meters from the 

insertion devices. 
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Figure 2.2 The spectral brightness for several synchroton radiation sources and 
conventional X-ray tube sources as a function of wavelength. The source for the 
microscope that we used is labeled NSLS Xl. We can see that the brightness of X
rays from this source is many magnitudes higher than that from conventional X-ray 
tube sources which use particular emission lines from atoms as the X-ray source (C, 
Al, Cu & Mo K-lines and Cu L-line). We can also see that the newly built ALS 
synchrotron at Lawrence Berkeley Laboratory will contain an undulator that is 
capable of producing even brighter X-ray than at NSLS. 

The direction of the X rays from the insertion device (ID) also defines the coordinate 

system of the beamline. The direction from the (ID) towards the endstation is considered 

"downstream, (+z) with the opposite direction being "upstream, (-z). Looking upstream 

from the endstation, the direction t<? one's left is "inboard, (+x) and to the right is 

outboard (-x). Then there is "up, (+y) and "down, (-y). This is diagrammed in figure 2.3. 

The components of the beamline downstream of the undulator, shown in figure 2.3, are 

designed to extract from this spectrum of X rays, a spot of spatially and temporally 
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coherent X rays that can be directed onto the focusing optics of the microscope. 
) 

Immediately downstream of the undulator is a water cooled mirror which is responsible 

for splitting the X rays into two beamlines - XlA and X lB. XlB is a spectroscopy 

beamline and can be operated simultaneously with XlA, as long as both groups agree on 

the undulator gap setting. Further downstream in the XlA beamline is a spherical grating 

bichrometer (SGB). The bichrometer selects a narrow bandwidth of energy from the 

spectrum that the undulator produces. The width of the band defines the temporal 

coherence of X rays. The SGB selects both the fundamental and second harmonic of 

undulator energy. Because of the difference in wavelength, the two harmonics undergo 

different angular deviation at the grating thus forming two new beamlines, the XlA long 

wavelength and short wavelength branches. The long wavelength branch is essentially the 

fundamental peak of the undulator while the short wavelength branch is at the second 

harmonic of the undulator. They are able to operate at the same time. Typically the long 

wavelength branch operates at 350eV (3.5nm) and the short at 700eV(1.8nm). STXM is 

located at the end of the long wavelength branch and so the following discussion will be 

concerned with the components of this branch. 
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components to 
as seen from above - components are not drawn to scale although the distance 

from the undulator to STXM is 24 meters. The coordinate system is also shown. The 
components are described in the text. Everything downstream of the SiN (silicon 
nitride exit window) is in vacuum; upstream of the exit window is in air. 

Downstream of the SOB, the X-rays pass through an exit slit. The slit can be adjusted 

from 25 - 400 J.lm and contributes to the spatial coherence of X rays. There is one more 

mirror downstream of the exit slit, called the long wavelength branch mirror (LWB), that 

can be adjusted to help direct the X rays onto the exit window of the beamline. The exit 

window is a 120nm silicon nitride window about 250J.1m2. After the X rays pass through 

the exit window, they are no longer in vacuum and because X-rays are quickly absorbed 

in air, the microscope is located immediately downstream from the exit window. Directly 

upstream from the exit window is the last component of the microscope in vacuum, and 
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that is a shutter. It. can be automatically opened and closed at the beginning and end of an 

image. 

ll.2.2 The microscope 

A schematic of the microscope is shown in figure 2.4. The four main components of 

the microscope are the zone plate. the order sorting aperture (OSA). the sample stage and 

the X ray detector or proportional counter (PC). The microscope is enclosed in a 

Plexiglas box and there are helium gas inlets into the general area of the microscope. The 

helium presents a relatively non-absorbing environment to X rays as compared to air, 

around the microscope. The box also serves as a barrier to fluctuating air currents. 

SiN exit window 

'--- Order sorting aperature 
:Mce. sample 

proportional counter 

Figure 2.4 A schematic of components 
environment of the beamline at the silicon nitride exit window. are then focused 
by the zone plate. pass through the order sorting aperature and the spot of X-
rays is directed onto the sample. Transmitted X-rays are detected by a gas flow 
proportional counter. Separations between objects are not drawn to scale. Helium is 
flowed around the microscope and a plexi-glass box surrounds the microscope which 
maintains this environment. 
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All of the components of the microscope are separately mounted mechanically, with 

independent x, y and z micrometers or stepper and piezoelectric (PZT) drivers. This is so 

the microscope can be aligned and focused. Some of the movements ate manually 

controlled and some are computer controlled. This will be discussed in further detail as 

each component of the microscope is addressed. 

The most critical component of the microscope is the Fresnel zone plate (figure 2.5) 

(Vladimirsky et al., 1988). This ingenious device is able to focus X rays into a small spot 

- no small feat because X rays are significantly absorbed by most materials and are not 

easily reflected. The zone plate is a circular structure with alternating opaque and 

transparent zones. It is designed to focus X-rays using diffraction and since every other 

zone is transparent, the X-rays that pass through these zones constructively interfere. 

Figure 2.5 A scanning electron microscope image of a Fresnel zone plate. The 
diameter of this zone plate is 35J.Lm and the width of the outermost zone 30nm. It has 
300 zones and the central region of the zone plate is apodized, as will be explained in 
the text 
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The formula for the radius of each zone (rn) is derived so that the phase over one zone 

varies by 180° and is described by the equation 

rn2 = ro2 + nAf when ro << f and nf << f 

where r0 is the radius of the first zone, n is the number of zones, A is the wavelength of X 

rays and f is the focal length of the lens. 

The focal length, focal spot size (S) and depth of focus (dF) are dependent on the 

number of zones that the zone plate contains, the diameter of the zone plate (D), the 

width of the outermost zone (o) and the wavelength of light. 

f= D•o /A 

S = 1.22 • Af/D = 1.22•o 

dF = ± 112 • (f/o)2 

The numerical aperture (N.A.) of the lens can also be defined as 

N.A. = (o/f) 

The zone plates that are used at BNL are manufactured at IBM using e-beam 

lithography (Anderson and Kern, 1992; Anderson, 1989). When we first began using the 

microscope, the zone plates were constructed of gold. Fifty percent of the incident light 

was initially absorbed by the opaque zones and the remaining fifty percent of the X rays 

was divided between the different ordered focal points (remember that the zone plate is a 

circular diffraction grating). Theoretically, we could only expect to receive 10% of the 

incident light at the 1st order focal spot and it was more like 7%. The efficiency of the 

zone plates has been improved by using phase shifting material in their construction 

instead of just opaque and transparent zones. The material used was nickel and it shifted 

the phase of light that passed through the opaque zones enough so that it constructively 

interfered with light from the transparent zones. Theoretically, these zone plates should 

direct 18% of the incident light into the first order; the zone plates we used had a practical 
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efficiency of 13% (Jacobsen, 1991). This relatively low efficiency of the zone plate is one 

of the reasons that extremely bright X rays are required. 

A typical Ni zone plate that we worked with had the following parameters 

Diameter (D) 90 J.lm 

Number of zones (n) 300 
width of outer zone (o) 

Depth of zones 
focal length (A.=3.6nm) 

spot size (A.=3.6nm) 

depth of focus (A.=3.6nm) 

N.A. (A.=3.6nm) 

45nm 

100nm 

1113 J.lm 

-50nm 

2.7 J.lm 

0.0404 

As mentioned above, zone plates are able to focus X rays by diffraction but only 

-10% of the light is directed into the first order focal spot and so we need to block the 

light from the other focal orders so as not to contaminate the image. The zeroth order 

light is blocked by an opaque central stop on the ZP that is 45J.lm in diameter. The other 

orders of light are blocked using the second component of the microscope, an order 

sorting aperture (OSA). Its function is to block X rays from the other orders and only let 

light through from the first order. The OSA is essentially a pinhole with a diameter (24 

J.lm) that is only large enough to let the first order focus X rays through. This is more 

easily seen in figure 2.6. 

The sample stage is located after the OSA. At this point, we remind the reader that 

because X rays are produced in a beam that is horizontal to the ground, instead of moving 

the mountain to Mohammed, our sample stage is in a vertical position instead of the 

traditional horizontal one. This is rather awkward because it requires that we fight the 

force of gravity in order to image our specimens. There is a magnetic mount on the 

sample stage to hold the sample chamber vertical. But affixing one's specimen to the 

sample chamber is the great challenge for the scientist and we will discuss our solution to 

this problem in the next section. The stage can be moved both in the x and y direction 
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with either coarse steps (the steppers) or fine steps (PZTs). The stepper motors are able to 

move in micron steps and their range is 25mm. The PZTs can move in o:snm steps and 

have a range of 7 5 J.l.m. The ranges determine the maximum size of the image that can be 

formed. 

zone plate order sorting aperature 

Figure 2.6 The zone plate and the order sorting aperature. From this schematic, we 
can see that the zone plate is able to focus several different orders of X-rays (because 
it is a diffraction lens). So that only the 1st order light illuminates the sample, the 
order sorting aperature (OSA) blocks out the other orders, as well as the non-focused 
zero order. The diameter of the hole in the OSA is 24J.l.m. The distance between the 

zone plate & OSA is -800J.l.m (A=3.6nm) and between the OSA and the focal spot, it 

is - 300J.1m. We can see that there is very little working distance between the OSA and 
where the sample sits, at the focal spot. 
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Immediately behind the sample stage is the X-ray detector. A high rate, gas flow 

proportional counter (PC) is used at XlA. It runs in saturation mode with a 90% Ar : 10% 

C02 gas mixture and an aluminized silicon nitride entrance window. We expect a >95% 

quantum efficiency in counting single photons for count rates around lMHz although the 

counter will saturate at 3MHz. 

There is also a visible light microscope (VLM) mounted behind the proportional 

counter. This microscope allows the user to view the components of the microscope when 

aligning and also to see the sample. The PC has to be raised when using the VLM. 

A STXM image is attained by scanning the stage across the focused spot of X rays 

and the number of transmitted photons are detected and recorded. This is accomplished 

through an interactive software package called "STXM" that enables the user to choose 

the imaging parameters for each image. These include 1) number of pixels in a scan, 

which will determine the dimensions of the scan depending on their size; 2) The size of 

each pixel which is effectively the distance the sample stage motors are told to move 

between photon collecting points; 3) the dwell time or the time that the motors are held 

constant at a particular photon collection point. Changing the dwell time effectively 

changes the exposure time and the number of photons that are counted at the PC. The 

images are constructed pixel by pixel on the computer screen as the microscope is 

scanning so we have the advantage of real time imaging. 

11.3 STXM in practice 

11.3.1 Aligning the Microscope 

Preparing the microscope for use requires adjusting all of the components of the 

beamline and microscope that have been mentioned in the previous sections in order to 

focus the X rays. Control of these components is divided between computer control and 

manual adjustments. There are two VAX station 3200 computers that interact with 
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CAMAC controllers that actually move the components; "BNLXl" controls the SOB, 

water-cooled mirror and the undulator positions and "BNLXlL" controls the long 

wavelength branch mirror, the shutter and some of the motors for the microscope 

components in the - z direction for the zone plate and the x &y directions for the sample 

stage. 

The first step is an initial choice of wavelength. We generally chose to work at 3.6nm 

because the second harmonic of this wavelength was compatible with the group who was 

working on the short wavelength branch. Although, occasionally we used 3.4 or 3.5nm. 

The wavelength was adjusted by changing the undulator gap via BNLXl software. The 

SGB position also had to be adjusted in order to direct the selected wavelength down the 

long wave branch. Directing the X-rays onto the exit window was achieved by adjusting 

the LWB mirror, controlled by BNLXlL. There is one mirror that has three independent 

mounts so that it can be moved in all three dimensions. There is a phosphor coating 

surrounding the exit window, and so a rough approximation of the position of the beam 

can be achieved by observing the fluorescence of this spot. But after this rough 

adjustment is done, the rest of the alignment is achieved by imaging the focusing optics. 

Using STXM, the exit window is imaged to ensure that it is uniformly illuminated. 

We use a 5J..1m diameter pinhole mounted on the sample stage to image the exit window 

so as not to oversaturate the counter. If the window is not evenly illuminated, then it is 

possible to fine tune the illumination with slight adjustments of the L WB mirror. When 

the exit window appears uniformly illuminated, the zone plate is inserted. The zone plate 

is mounted on a silicon nitride window which in turn is on a magnetic holder which holds 

the zone plate to the exit window. The zone plate is imaged, again with the pinhole, and 

adjusted manually so that it too appears uniformly illuminated. Next, the OSA is inserted. 

It is mounted on micrometers that move it in all three dimensions. The distance the OSA 

needs to be from the zone plate (in the z direction) in order to block out the unfocused 
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light can be calculated geometrically (figure 2.6). This distance is determined using the 

VLM. The VLM has a micrometer that notes its position in z. The position when the zone 

plate is in focus is noted and then the VLM is moved the calculated distance that is 

required between the zone plate and OSA. When the OSA is inserted, its z position is 

adjusted until it appears in focus in the VLM. 

The alignment of the OSA in the x&y planes is then checked by imaging the OSA. 

From figure 2.6, the reader is reminded that the zone plate diffracts the X-rays into a 

conical shape the apex of which is the focal spot. Therefore, if we image a cross section 

of this cone of X-rays, we will see a donut shape. If the OSA is misaligned with respect 

to this focal cone, then the donut appears to have a bite taken out of it (flatfoots on the 

loose). The x andy positions can then be adjusted by hand using the micrometers. This 

alignment step can be particularly harrowing because of the close fit of the OSA to the 

cone of X rays and we generally only have about± 1.5~ of slack. 

Once this alignment step is completed, the microscope is essentially ready to go. The 

last check is to adjust the position of the PC so that it is detecting as many photons as 

possible. The alignment of the beam can take anywhere from 15 minutes to literally 

hours. Sometimes the electron beam itself is not very stable and this in turn can affect our 

alignment accuracy. Also, if the position of the beam has changed from fill to fill, the 

components of the microscope have to all be realigned. It is also a fact that aligning at 3 

in the morning takes 3 times as long as it does during the day! After the alignment is 

complete, we are ready to insert the sample. 

11.3.2 Imaging with STXM 

Once we have aligned the microscope, we are ready to image a specimen. The 

specimen has to first be mounted on some sort of "slide" that has a magnetic backing so 

that it can be attached to the sample stage. The stage can then be moved in the x&y 

directions so that it is in line with the zone plate/OSA. This step is usually performed 
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using the VLM which offers a direct line-of-sight down the microscope. The VLM also 

allows us to look at our specimen and choose an area that might be of interest to image. 

This, of course, only works if our specimen is large enough to be visible in the VLM. At 

this point, the sample stage is located quite a distance from the focal plane of the zone 

plate so that we do not run the risk of misaligning the optics by bumping them with the 

specimen. The next step will be to move the specimen into the focal plane, which we 

remember from the previous section is only -300J.Lm from the OSA! Not a lot or working 

distance. At this point, we are back to imaging the specimen in order to find the focus. 

The VLM will be removed and the PC inserted. 

In order to move into the focal plane, the specimen theoretically has to be moved 

upstream. But the STXM design at BNL actually moves the ZP/OSA downstream in z. It 

is a matter of perspective, but something to keep in mind. In focusing, the initial images 

are done using the stepper motors with short dwell times in order to minimize the 

exposure of the sample to X rays. In our experience, we have found it extremely useful to 

have focusing spots on our sample window. These will be described in the next section in 

further detail, but are essentially lOJ.Lm sized gold squares that are -lJ.Lm high. Not only 

do they have good sharp edges tofocus on, but they sustain no radiation damage. When 

the spots are roughly in focus, we do a finer focus using a routine built into the STXM 

software. This routine will perform a line scan across the object one is focusing on and 

then move a distance in Z and repeat the scan. From the resulting image, one is able to 

chose, by comparison, the Z position that has the best focus. The ZP/OSA is moved to 

this position and we are now ready to image. Inserting the sample and focusing takes -15 

minutes. 

From this point on, we are in a search and find mode in order to image our specimen. 

Our methodology for finding images and the parameters that we used for imaging them is 

discussed in further detail in the Methods - Chapter V. 
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Chapter III. STXM Images, Computer Processing and Calculations 

As mentioned in Chapter II, the STXM images are digital recordings of the number of 

photons transmitted through the sample at each pixel point. In this chapter, we will 

discuss the basis of resolution, contrast and noise sources inherent in these images. We 

will also discuss the computer techniques we used to display, process and print 

hardcopys of each image from this digital information. In addition, we will also describe 

the software used to perform calculations on the raw data of these images in order to 

measure the diameter, protein mass per pixel, total protein mass and protein concentration 

of each zymogen granule. 

111.1 STXM Images 

In this section, we will discuss in more detail the characteristics of STXM images. 

This involves defining the resolution, the basis of contrast and the noise inherent in this 

type of imaging. 

111.1.1 Resolution 

The resolution of STXM is limited by the diffraction efficiency of the zone plate and 

can therefore be described using the Rayleigh criteria. In order obtain diffraction limited 

performance, the zone plate illumination must have sufficient temporal and spatial 

coherence and the zone plate must meet certain manufacturing constraints. Jacobsen 

(1991) has discussed in depth these criteria and has concluded that the resolution of the 

Ni zone plate used at XlA is indeed diffraction limited. 

The Rayleigh criteria essentially defines the resolution of a microscope based on the 

Airy pattern of the diffracted light. For a zone plate with > 100 zones, the 1st order 

diffraction pattern (spot) is approximately an Airy function (Michette, 1986). During 

imaging, we are essentially moving our specimen over the focal spot and the image is the 

X-ray absorption pattern of the sample convoluted with the Airy pattern of the focal spot. 



Chapter III 78 

By the Raleigh criteria, we will be able to just distinguish two points in our specimen if 

the first maximum of the convoluted Airy pattern from the first point falls on the first 

minimum of the convoluted Airy pattern from the second point. This distance, or 

resolution (R) is defined traditionally as R=1.22 0../d where dis the diameter of the lens. 

For zone plates with no obstructed zones (e.g. no central stop), 

R = 1.22 0../d = 1.228 (3.1) 

where (8) is the width of the outermost zone of the zone plate. The Rayleigh 

resolution for the Ni zone plate with 8=45nm is 55nm. 

The spatial resolution of the zone plate has often been confirmed using high 

resolution test objects. A typical test object is 70nm thick, with 36nm minimum width 

gold features (85% opaque when A.=3.6nm) on a lOOnm thick silicon nitride membrane. 

These objects were manufactured using the same electron beam lithography system used 

for zone plates. From images taken of these test objects at X1A, it is possible to see the 

36nm features of the test object, although they are extremely faint. Recently, work has 

been done to deconvolute the zone plate point spread function from these images and this 

has the effect of essentially increasing the contrast of the small features so that they are 

more visible. Using this technique, the 36 nm features in the test object are much more 

visible in the image (Jacobsen, 1991). 

The maximum resolution limit of the microscope is attained when the diffraction 

patterns of the focal spot overlap as the specimen is scanned so that the maximum of one 

is located at the minimum of the other. In other words, each pixel should be half the size 

of the Rayleigh resolution. And, actually, if we have the zone plate point spread function 

we can decrease the pixel size even more in order to attain additional resolution 

information. But, we were not usually interested in using the maximum resolution limit of 

the microscope for a variety of reasons. The main reason being that applying such a 

technique oversamples the image and this increases the radiation dose. Moreover, 
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although we may gain resolution information, we do not increase our sensitivity in 

detecting the amount of material present in the image. Generally, we imaged our samples 

with a pixel size that was of order the spot size of the ZP. This means that the entire 

sample was exposed to the X-rays once, and the image contains all of the absorption 

information. It was also useful to undersample. In other words, using pixel sizes much 

larger than the focal spot size. In this case, even though the image looks uniform, it is not 

uniformly illuminated. Undersampling was routinely done to give a general (low 

resolution) view of the specimen without exposing the sample to a substantial radiation 

dose. 

Ill.1.2 The basis of contrast 

The images that are produced from the X-ray microscope have a natural contrast 

resulting from the differential absorption of X-rays by biological material and the 

suspending solution. This natural contrast can be explained by understanding the 

absorption of the X-ray photons with different materials. In the energy range of photons 

that we used the absorption of the photon by an inner shell electron can be expressed by 

the Beer-Lambert Law in terms of the transmitted intensity (I) and the incident intensity 

(Io) of photons as 

I = I0 e-()..lp t) (3.2) 

The variables are: )..l (cm2fg), the mass absorption coefficient; p (g/cm3), the density; and 

t (em), the thickness of material. If more than one element is present in the material, then 

the contribution of each element (i) is summed in the exponent 

I = I0 e-:E()..lp t)i (3.3) 

The mass absorption coefficient is unique for each element and also depends on the 

energy of the photons. Fortunately, we can apply the Henke Tables (Henke et al., 1982) 

which have calculated mass absorption coefficients for the elements Z = 1-94 and the 

energy range of E=100-2000eV. The mass absorption coefficient of protein is 
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approximately 10 times that of water, which is one of the reasons why there is good 

contrast between a biological sample and a water background (see figure 2 in the 

Introduction). Of course, the amount of material present also determines photon 

absorption. As can be seen in figure 3.1, the relationship between the thickness (assuming 

uniform concentration) of the sample (t) and its relative transmissivity (I/Io) is not linear. 

This means that by visual inspection of the image alone, we cannot judge the relative 

thickness of the sample. But, as can be seen in figure 3.1, for the range of protein 

thickness that we have worked with, the relationship is relatively linear and so it is still 

possible to get a rough idea of the relative amounts of protein present by looking at the 

images. In any event, to measure how much material is present, mathematical 

manipulations on the data are performed and these will be discussed in the next section. 

Protein Concentration (mg/ml) 

200 400 600 800 
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Figure 3.1 The relative X-ray transmission through a biological sample as a function 
to the depth (or protein concentration) of protein in the sample. We can see that in the 
range of protein concentrations that we can expect in our sample, that the this 
relationship is roughly linear and so by simple inspection of our images, we can get a 
general idea of the differences in protein concentration throughout the sample. 
However, in order to determine more exactly how much protein is present, 
mathematical manipulations of the images are required. 
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Even though we can expect good contrast using this technique, we are interested in a 

quantitative way of establishing what the best contrast is for our system. Ultimately, the 

level of contrast visible in an image is a function of how good the signal is as compared 

to the noise level. In STXM, our signal (Ns) is the number of photons that are detected at 

each pixel. And the noise, because we are dealing with Poisson statistics in counting the 

number of photons, is shot noise (N). Shot noise can be expressed in terms of the signal 

as N = -JNs. The standard criteria for establishing a certain contrast level is called the 

Rose criterion (Rose, 1948) and it states that a feature will be detectable if the contrast 

(C) is at least 5 times the noise to signal ratio, or 

N 
C>5*-

Ns 
(3.4) 

We can define the contrast between the protein (p) in our sample and the background (b) 

using the following formula: 

[(A)p- (A)b] 
C=----- (3.5) 

(A)b 

where "A" represents the absorption of X rays. From equation 3.3, we can determine the 

absorption of the protein and background; 

I 
A= 1 -transmission= 1 - - = 1 - e-:E(Jlp t)i (3.6) 

Io 

and therefore determine the contrast for different densities (p). 

Obviously, from equation 3.4, the bigger the signal we detect the more sensitive our 

contrast measurements are. Unfortunately in STXM, an increased signal corresponds to 

exposing the sample to a higher radiation dose. As a result we are interested in 

determining what the best contrast is that could be attained with a given signal. From our 

previous experience and that of other investigators, we tried to keep the radiation dose 

below 50Mrad and as close to 5Mrad as possible. This corresponds to counting a signal 

of -1000 photons at our detector (for further discussion, see the Radiation Damage 
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Chapter VII). Using this signal value (Ns) in equation 3.4, we determine that the minimal 

detectable contrast would be 0.158 or 15.8% between our sample and the background. To 

determine what protein concentration this corresponds to, we solve equation 3.5. In doing 

so, we assume that the background is a 0.3M sucrose solution (our most common 

suspending solution) and that we are interested in determining what the protein 

concentration is within the depth of a zymogen granule (diameter - 1~m) that can be 

detected "above" an equivalent depth of the background solution. From equation 3.5 and 

3.6 we get 

C = {[1 - exp-[(~p t)p + (~p t)b]]- [1 - exp-(~p t)b]} I [1 - exp-(~p t)b] (3.6) 

We have determined the values of~ for protein and 0.3M sucrose using the Henke 

Tables. These and the value for the density of 0.3M sucrose is given in Table 3.2. Using a 

thickness (t) of 1~m, we get (for A.=3.6nm) 

C = {[1- exp-[(1.97p )p + 0.49]]- [1- exp-(0.49)b]} I [1- exp-(0.49)b] 

= {[1- exp-[(1.97p )p + 0.49]]- 0.36} I [0.36] 

where C = 0.158 so, 

0.584 = exp-[(1.97p )p + 0.49] 

applying the natural log to both sides, we get 

0.538 = 1.97(p)p + 0.49 

(P)p = 24 mg/ml at 3.6nm 

Thus we can determine the minimum protein concentration that we can expect to 

detect using the Rose criterion for an average signal of 1000 photons. 

ll.l.3 Noise 

There are three main sources of noise in the STXM images. We discussed the shot 

noise in the previous section. The other sources of noise come about because it takes a 

finite time for an image to be generated. In this time, if there are beam fluctuations or 

variations in the gas environment around the microscope, they appear on the image. The 
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beam fluctuation noise is due to beam oscillations during the imaging time. They can be 

seen in figure 3.2A and often appear as stripes across the image. It is still not clear what 

the cause of these oscillations at BNL are. Everything from electrical noise from other 

machines in the facility to vibrations from the reactor located at BNL were taken into 

consideration in determining the source, but their appearance was still random. During 

later runs, we were able to reduce their appearance by careful alignment of the beam on 

the mirrors. Because they are quite regular in frequency, -60Hz, these stripes can easily 

be removed through image processing techniques. The variations in gas flow, which are 

usually due to motion around the stage, e.g. people walking by, appear as streaks in the 

image. See figure 3.2B. This problem was greatly reduced when the microscope was 

entirely encased in a Plexiglas box. 

B 
A 

Figure 3.2 The appearance of noise in our STXM images. In (A) we can see stripes 
across the image that are a result of beam oscillations. In (B) we can see variations in 
the intensity of the image as a result of air or helium fluctuations around the 
microscope. 

While these noises are inherent to the technique of scanning X-ray microscopy, they 

can be greatly reduced so as not to substantially affect the quality of the image. The shot 
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noise is less noticeable by counting more photons per pixel. The beam fluctuation noise 

can be essentially eliminated by proper alignment of the microscope components. And, 

the gas fluctuation noise is greatly reduced by encasing the microscope. 

ill.2 Computer Processing 

The image files generated by STXM are stored in Brookhaven Standard Image 

Format (BSIF) on the VMS Vax station at Brookhaven National Laboratory. These files 

can be readily transferred to our Sun system via FTP. A typical file is 320kbytes for an 

image that is 400x400 pixels in size. We _chose to use the software package IDL for 

displaying and processing the images. 

IDL has built in routines that allow the user to display and manipulate the image from 

the command line or by using a scripting language. We constructed a software program 

call "Cell," using these routines in conjunction with the built in scripting capabilities to 

perform some of the more complex mathematical manipulations on the images. These 

procedures will be described later in the chapter. 

We have chosen to display most of the images in the thesis with no image processing. 

This is done in order to present the reader with an accurate description of the primary 

images that STXM produces. Some of nosier images have been subjected to a Smooth 

Robert's Edge Enhancement (SREE). This routine first smooths the variations in the 

background by dynamically adding radially adjacent pixels; the radius being user 

selected, and then performs a weighted average with the center pixel. The value of this 

pixel is replaced with the computed result and the result is a reduction in high frequency 

background noise. Next, a Robert's edge enhancement subtracts the trrst derivative of an 

image from itself, thereby enhancing areas in the image that change from light to dark, 

i.e. edges. 
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In figure 3.3 we see a primary image of a group of graimles and then the same image 

after two image processing routines have been performed on it. In the first image (figure 

3.3A) the background has been smoothed by a standard deviation routine which first 

calculates an average value of the background pixels and then replaces the value of all 

pixels that are ± 2 standard deviations, with this average value. The SREE routine has 

then been performed and we can see this in the second image (figure 3.3B). As can be 

seen, the background in smoothed and the edges are clearer. This sort of processing 

clearly enhances distinctions in contrast within an object. Image processing is obviously a 

powerful technique but at the same time, it can be distracting and so we have limited the 

amount of processing performed on these particular images. Any image processing that 

was performed is noted in the figure caption. Images were printed out on a Kodak printer 

with a grey scale of 0-255 at 200 dots/inch. 
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c 

Figure 3.3 Using image processing to enhance the STXM images. In this figure, the 
original image has been processed using several routines described in the text. The 
original image can be seen in A. The image has undergone a standard deviation 
routine in B and we can then see in C, after smoothing and a Robert's Edge 
Enhancement, how easily we can determine the edges of the granule and variations in 
density. 
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ill.3 Computer Calculation 

111.3.1 Calculating the diameter, protein mass and concentration of 

zymogen granules 

As mentioned earlier, STXM not only offers high resolution images of natural 

biological specimens but is a digital record of the number of photons that are transmitted 

through the specimen. Equation 3.3 shows the relationship between the number of 

photons that are transmitted through a specimen (I) and the amount of biological material 

that is present in the specimen (pt =density • thickness). Therefore by using STXM 

images and equation 3.3, we should be able to determine the amount of biological 

material contained within the granules. 

Unfortunately, in order to use equation 3.3 as presented, we need to know both the 

number of photons incident on the sample (Io) and the number transmitted through the 

sample (I); as illustrated in figure 3.4 (A). STXM does not have an Io detector and the 

photons that the proportional counter (PC) does count have not only passed through the 

sample but have also passed through other elements in the microscope. This is shown in 

figure 3.4(B). 
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Figure 3.4 Transmission of X-rays. The circles represent zymogen granules. A 
diagrams what is meant in equation 3.3 by transmitted intensity (I) and incident 
intensity (Io) where z is the thickness of the zymogen granule the X-rays pass 
through. B diagrams what photons STXM is actually recording. The X-ray detector 
(PC) records the number of photons that have passed through the silicon nitride 
windows (SiN) of the sample chamber, solution in the chamber, the sample itself 
(ZG) and the He filled space between the sample chamber and the PC. Photons that 
have passed through the sample are designated Is and those that have qnly passed 
through the background solution are designated lb. 

For these reasons, we have redefined the variables I and Io from equation 3.3 in terms 

of the photons that STXM actually records. The variables in the following equations are 

explained in figure 3.4 except for "t" which represents an undefined thickness. 

Let Is= I (through sample) 

= Io * exp-(J.!p t)siN * exp-(J.l.P t)sol * exp-(J.l.P t)He * exp-(J.l.P t)zG (3.7) 

or, 

Is= Io *[exp-(J.!p t)]siN[exp-(J.!p(d-z))]sol[exp-(J.l.P t)]He[exp-(!J.p Z)]zG (3.8) 

and let Io be the number of detected of photons (Ib) from regions in the image that are 

clear of any sample i.e., where there is only background solution present so that, 

Ib =I (through sol)= Io *[exp-(J.l.P t)]siN[exp-(llP d)Jsoi[exp-(J.l.P t)]He (3 .9) 
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If we then divide Is by Ib, the variables for SiN and He, as well as the unknown value 

(Io ), are canceled out, and we get a simplified equation 

!(sample) I !(Background)= [exp-(~p(d-z))]sol[exp-(~p Z)]sample I [exp-(llP d)] sol 

(3.10) 

The values for~ and p for both the solution and the sample can be determined (this 

will be discussed shortly) thus allowing us to solve for z, which is the thickness of the 

zymogen granule. From this value we were able to determine the mass of material within 

the granule by solving for the density (mass = thickness * density). But the zymogen 

granule is not composed of one solid material; it contains both organic material and 

internal, empty spaces filled primarily with the suspending solution and dissolved solutes. 

The organic material is composed of 90% protein (digestive enzymes); the remainder is 

lipid and carbohydrates. But for our calculations, we assume that the organic material is 

composed entirely of protein. Because we want to know the mass of the protein within 

the granule, we divide the thickness "z" of the granule into the thickness of protein "a" 

and the thickness of solution within the granule "z-a". This is diagrammed in figure 3.5 

protein 

z 

Model Zymogen Granule 
Figure 3.5 Model zymogen granule. Zymogen granules are known to contain a 
combination of protein and "water" (suspending solution). In a model granule, we can 
call the tothl thickness of protein "a". 



Chapter III 90 

In this figure, all of the protein is on one side of the granule. This is not usually the case 

in a real granule, but we can use this type of representation in the equation since the X

rays are not influenced by the spatial position of the protein; they are only affected by 

how much protein is present. Thus equation 3.10 becomes 

!(sample) I !(background) = [exp()J.P z)]sol[exp-(~p z)]sample 

= [expC~p Z)]sol[exp-(~p a)]protein[exp-~P (z-a))]sol 

= [expC~p a)]soi[exp-(~p a)]protein (3.11) 

We can now solve for "a"- the thickness of protein and by multiplying this value times 

the density of protein, we will get the mass of protein. 

[I (sample) I I (background)] 
a= In-----------

[ ( J.LP ) back - ( J.LP }protein] 
(3.12) 

The values for the mass absorption coefficients (~ ) for the solution and protein 

depend on the elemental composition of the material and the energy of the X-rays used. 

They are derived from the Henke Tables and are shown below in Table 3.1, along with 

density values (p). We have used a generic formula for animal protein 

(C313H498Nss0101S3) because the protein within each zymogen granule is an unknown 

combination of the 20 or so different digestive enzymes they contain. 
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Table 3.1 Mass Absorption Coefficients. The values for the mass absorption 
coefficients are given for the different materials and solutions that were used in the 
experiments. These values were calculated from the Henke Tables based on the 
molecular formula of the material. The density values of materials were obtained 
from the CRC except for protein (Bohm). 

Density Mass Absorption Coefficient (cm2/g) 

(g/cm3) 3.4nm 3.5nm 3.55nm 3.6nm 

Materials 

protein 1.2 16940 18080 18660 19740 

SiN 3.44 12080 12960 13410 14250 

Helium 2.00 X lQ-4 1430 1564 1633 1765 

Solutions 

water 1.00 2716 2922 3027 3224 

0.3M sucrose 1.10 3787 4064 4205 4468 

0.6M sucrose 1.20 4680 5015 5188 5505 

50mg/ml 1.15 4284 4594 4751 5045 
ChTgl 

250mg/ml 1.35 6933 7419 7668 8130 
ChTgl 
1 bovine a-chymotrypsinogen (Sigma). Cns7H2378N3I80585S22. in 0.3M sucrose solution 

Using the appropriate mass absorption coefficients- we can solve equation 3. 12 for the 

depth of protein per pixel = a 

mass of protein per pixel = m = a • Pprotein • pixel area 

total mass of the granule = M = 'Lm 

The Cell program automates the above mathematical expressions. The program 

prompts the user to select a region of the image to be used as !(background) and then 

averages the pixel values in this region to obtain a final value. Next, the program provides 

a movable/resizable circle with which the user selects a granule. The diameter of the 

circle can be increased or decreased until the best fit is found. Once the granule has been 
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selected, Cell performs the calculation of equation 3.12. The diameter of the granule, 

average mass per pixel, total mass of the granule and granule protein concentration (total 

mass divided by volume of the granule) are given by the program. One other calculation 

that is performed is the protein concentration of each pixel. This value is calculated by 

dividing the mass per pixel by the volume of the pixel (or voxel) passing through the 

granule. By using a perfect spherical model of the granule and some basic geometry, we 

can determine what the chord length through the sphere of the granule would be by the 

location of the pixel on the 2-D projection that is the image of the granule. 

Ill.3.2 Accuracy of the calculations 

This section is divided into two parts. In the first part is a discussion of the accuracy 

of our calculations for diameter, protein mass and concentration from the data in our 

STXM images. Accuracy in this sense refers to the absolute measurement of these 

characteristics using STXM and any error is a systematic error for all of our values. 

However, as we were primarily interested in comparing these properties between 

populations of granules, the second section discusses how precisely we can reproduce 

each measurement and to what degree we can determine whether or not two populations 

have significantly different characteristics. 

The most significant source of error in the accuracy of our measurements as 

calculated by the Cell program from the STXM images is in the selection of the granule 

to be analyzed. As we mentioned earlier, a granule is chosen by fitting a circle around the 

circumference. The program then calculates the diameter of the granule and then the 

protein concentration and mass as described earlier. As the images are pixelated, it can be 

difficult to exactly fit a circle around the granule. We have determined the limits to the 

error in our choice of the diameter of the circle (granule) to be ± one, two or three pixels, 

depending on the pixel . size. The larger the pixel, the more confident we are that the 

diameter we have selected is the best possible fit. We have then calculated the protein 
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mass and concentration for 10 granules using 3 different pixel sizes in order to determine 

to what extent this error in diameter will affect these characteristics. This error, in terms 

of a percentage, is shown in Table 3.2 below. 

Table 3.2 The error in the accuracy of our calculations for diameter, protein mass and 
concentration as determined from the error in the initial selection of the diameter of 
the granule from a STXM image. 

Pixel size Error in Diameter Error in Mass Error in Cone. 
(fg) (mg/ml) 

18.8 nm ± 3 pixels +7 I -10% -121 +6% 

39.9 nm ± 2 pixels +5 I -6% -111 +14% 

63.3 nm ± 1 pixels +5 I -6% -61+15% 

From the table, we can see that for a 1Jlm diameter granule, the maximum error in the 

diameter is about ±6% for all three pixel sizes. The error in the protein mass is similar, 

however we can see that the error in the protein concentration is higher. This is because 

the protein concentration has been calculated by dividing the total mass by the total 

volume (as determined by the diameter), which propagates the error. Three other sources 

of error that affect the accuracy of our calculation are the shot noise in the image, the 

minimum amount of protein we can detect in our image and our choice of the mass 

absorption coefficient for protein. As we are counting -1000 photons per pixel in our 

images, the error in the value for the transmitted intensity (I) at each pixel is shot noise, 

and as mentioned earlier can be expressed as,-~woo/ or -3%. From our discussion !woo 

on the Rose criteria earlier, we determined that we could detect a minimum of -24mg/ml 

protein in a pixel. This means that any amount below this value, would not be detected 

above the background and if we add up this amount of protein from each pixel in an 

average image, then we determine that our total protein mass value could b~ lower, on 

average, by -9fg; an accuracy error of -6% for the average protein mass values. Finally, 

the accuracy of our measurements in determining the amount of material present in our 



Chapter ill 94 

object depends on our ability to determine the correct mass absorption coefficient to be 

used in equation (3.12). As we do not know the actual mixture of the 20 different 

erizymes that are contained in the zymogen granule, we cannot exactly determine what 

the mass absorption coefficient is. However, by using the mass absorption coefficient of 

generic protein, we have calculated the protein mass and concentration of granules to be 

in the range of those reported using other methods (see results Chapter VI.1) and 

therefore we can conclude that this approximation is reasonable for determining the 

protein mass for the granules. Further discussions on the potential accuracy of this 

technique for determining the amount of a specific material present in a sample can be 

found in Sayre et al. (1977) and Gilbert (1992). 

As mentioned above, we were primarily interested in comparing these characteristics 

between populations, and so the absolute accuracy of the measurements was not as 

relevant to our results as how reproducible our technique was in determining these 

characteristics. In other words, taking into account the systematic errors , to what 

certainty could we determine if there was a significant difference between the measured 

characteristics of two granules or two populations of granules. As I performed all of the 

data reduction, the selection of the granule diameters was therefore "observer consistent" 

and highly reproducible. That is, I would consistently choose the same defining border of 

a granule. I estimate the potential error in this determination from object to object was, at 

most ±1 pixel; and in images that had larger pixels (i.e. 63.3nm) I would consistently 

chose exactly the same defining region of the granule. 

Therefore, we have determined that at the 95% confidence level, we can statistically 

determine whether the characteristics of diameter, protein concentration or mass are 

significantly different between either two granules or two populations of granules and 

have applied parametric statistics accordingly. 
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Chapter IV. The Sample Chamber 

In order to image the zymogen granules and perform our experiments using STXM 

we frrst had to design a special specimen holder specifically for our experiments. This 

was because there were no standardized samples holders and moreover, prior to our 

studies no other group had tried imaging specimens suspended in an aqueous 

environment while changing the experimental conditions of the experiment during 

imaging. So, besides the previous work that had been done on zymogen granules 

(Rothman, 1988, 1989) we had little to go on in designing the holder. Primarily fixed and 

dried or non-biological specimens requiring no special environmental conditions had 

been imaged in these microscopes either on electron microscope grids or in sealed, 

inaccessible chambers (Morrison et al., 1992; Rudolph et al., 1992). Although, concurrent 

with our experiments, another group (Gilbert, 1992) was imaging whole cells. They 

designed a sample chamber that was capable of maintaining a humid as opposed to 

aqueous environment for their sample during imaging. Their sample chamber is 

especially well suited for cell culture. 

In designing our sample holder, we had to keep certain specifications in mind. These 

are: 

1: The working distance between the sample holder and the focusing optics could be no 

more that 250 Jlm. This is akin to the distance that an 1 OOx oil immersion objective 
\ 

requires. This constraint is dictated by current manufacturing methods for zone plate 

lenses. To increase the working distance it is necessary to fabricate larger lenses with the 

same, accurately placed small zones. Although attempts have been made to do this, it is a 

difficult technical task and one that is still in a state of research and development. 

2: There must be a thin viewing window penetrable by X rays that is large enough to 

provide a substantial viewing area, and yet strong enough to support the sample and its 
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fluid environment. It would also be helpful if cells in culture could be grown on these 

windows. 

3: In order to perform our experiments on suspended, isolated zymogen granules, the 

sample holder must have the capability of containin~ fluid in small amounts that will not 

evaporate and which can be changed conveniently while viewing. 

4: The water d~th within the chamber must be minimal, of the same order of thickness 

as the sample itself, to allow penetration of the sample by X rays (a 3.4 Jlm thick water 

layer absorbs 63% of 3.5 nm X rays). 

5: Because we have to work with a vertical stage we needed a method of attaching our 

specimen to the viewing window or otherwise immobilize it so that it would not settle 

due to gravity. 
K-RAVS 

MM 

, D. Ei MM .··.··/f 
11.1 MM 

CDMPDHEHTS FOR THE FLDEHSIDE 

Figure 4.1: An isometric drawing of the two silicon wafers which comprise the LBL
WC. The "top" wafer lies between the focusing optics and the sample and therefore 
must be very thin because of the short working distance . . However; there is no 
thickness constraint on the "bottom" wafer so it supports the V-grooves and other 
structural fabrications. The V -grooves serve as inlet and outlet ports after the sample 
chamber is assembled. 
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We were able to meet these specifications by modifying an earlier design of a sample 

chamber that was used by our group to image samples wholly suspended in water 

(Rothman, et. al, 1989). Whereas the previous design was a sealed chamber, our sample 

holder (called the Lawrence Berkeley Lab Wet Cell or, LBL-WC) provided both an 

aqueous environment for the sample and allowed the investigator to change that 

environment during periods of observation 

Although the LBL-WC is also a sealed chamber, it contains an inlet and outlet port 

through which a sample in suspension can be flowed (figure 4.1). The components of the 

LBL-WC are fabricated from silicon wafers using lithographic microfabrication methods 

(done at Lawrence Livermore Laboratory by Dino Ciarlo). The chamber body is made by 

sealing together two silicon wafers (Goncz et al., 1992). 

A 60 nm silicon nitride film is deposited on both sides of the wafers using a low 

pressure chemical vapor deposition system (LPCVD). And, the viewing windows, 400 

J..Lm x 400 J..Lm, are formed by etching through one side of each silicon wafer until the 

silicon nitride layer is reached. The result is that each wafer contains a window that is 

flush with one surface ("front" surface) and recessed from the other ("back" surface). The 

front surfaces face each other when the LBL-WC is sealed together. X-ray transmission 

of silicon nitride membranes is shown in figure 4.2 for various thicknesses at varying 

wavelength. The effectiveness of the LBL-WC is crucially dependent upon the windows 

being sufficiently transmissive. Beam attenuation through both VIe entrance and exit 

windows must be kept to a minimum. Our measurements indicate that the windows we 

have used are approximately 60 nm thick, and have ranged from about 40 to 100 nm, 

depending upon fabrication conditions. While a thin window is desirable from the 

standpoint of X-ray penetration, such very thin windows are, of course, quite fragile. We 

have found that for windows approximately 50-100 nm thick with areas as great as one 

mm2 are sufficiently sturdy (will hold a pressure differential of about one atmosphere). 
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Figure 4.2: A graph of the transmissivities of various thicknesses of silicon nitride 
membranes to different wavelengths of X rays. The values are calculated and assume a 
silicon nitride density of 3.44 g/cm3. The nitrogen absorption edge is located at 3.1 nm. 
We have been using a 60 nm thick silicon nitride membrane at a wavelength of 3.5 nm. 

In order to define the internal spacing of the chamber we used "spacer bars" as shims. 

Gold is evaporated onto the front surface of one of the wafers, over the silicon nitride 

layer and a 10 nm chromium adhesion layer, and is etched to form the bars. These spacers 

are set at 2 IJ.m height. This meant that we had a 2 IJ.m thick layer of water within the 

LBL-WC at all times. The attenuation of the X rays through this layer was acceptable. 

Constructing inlet and outlet ports was difficult because we were limited by the 

availability of tubes to fit into the ports. The smallest tubes that were useful were 31 

gauge (0.25 mm OD, 0.13 mm ID) stainless steel tubes (Small Parts Inc., Miami, FL.). 

These are much larger than the internal spacing of the LBL-WC and so it was necessary 
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to etch grooves into one of the silicon wafers into which the tubes would fit without 

affecting the internal spacing. Etching was accomplished by a KOH etching procedure; 

an anisotropic method that produces a characteristic V -groove angle in the silicon 

substrate. Other areas of the silicon piece are protected from the etching with resist. 

Figure 4.3 is a scanning electron micrograph of a double V-groove. Because of the 

grooves, the silicon wafer into which the grooves were etched had to be 600 J..Lm thick. 

This is too thick to fit between the sample stage and the focusing optics. But, since we 

only needed one wafer to hold the tubes, the other wafer could be much thinner, 100 J..Lm, 

so that we would have sufficient working distance. The spacer bars were also placed on 

the thick wafer located just lateral to the V -grooves, so that the entering fluid is directed 

over the windows as it flows through the chamber. 

Figure 4.3: A scanning electron micrograph of the double V -groove located on the 
"bottom" wafer (magnification = x30). The window where the silicon nitride 
membrane is located can also be seen and the spacer bars are located just lateral to the 
V -grooves so that the flow of fluid is directed over the windows. 

Focusing squares were placed on the windows of both of the wafers. They were 

formed by evaporating a 250 nm layer of gold (over a 5 nm layer of chromium) directly 
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onto both windows on the front surfaces of the pieces. The gold was then chemically 

etched, through a mask, to form small objects, usually squares and rectangles (10 nm x 20 

nm), that are convenient for focusing on. This etching is carried out before the silicon 

nitride windows themselves are formed. Double sided alignment is used to assure that the 

focusing objects are located in the center of the window. Figure 4.4 shows the entire 

fabrication sequence. 

starting silicon wafer 

600A silicon nitride 

soA Cr - 2500A Au 

double sided resist 

etch Cr/Au and nitride 
for windows 

resist for v-grooves 

etch nitride for v-grooves 

etch silicon to within 
4-mils of nitride window 

saw parts to size, not 
all the way through 

complete etch, cleave 
individual parts 

Figure 4.4: Steps in the fabrication of the "bottom" component of the LBL-WC. The 
starting silicon wafer is 0.6 mm thick, single side polished. The "top" wafer is double 
side polished and goes through the same treatment except for the V -grooves and the 
gold spacer bars. 
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Figure 4.5: The specially designed fixture for assembling the LBL-WC. A normal 
force is applied to the LBL-we by tightening the screw in the center of the fixture. 
The Teflon piece is flexible enough so that the pressure does not crack the silicon 
wafers and while in place, the edges of the LBL-we can be glued without 
contaminating the front surface. 

In order to assemble the LBL-we, a specially designed assembly fixture was 

designed (figure 4.5). The two silicon wafers are pressed together with a Teflon press, 

until the spacers on the thick piece are touching the front surface of the thin silicon wafer. 

The Teflon piece on the end of the fixture is flexible enough not to shatter the silicon 

when pressure is applied. Spacing can be checked in the visible light microscope through 

a hole in the fixture. Light interference fringes will be visible when the windows are 

within about 3 J.Lm of each other. The tubes are then inserted into the holes formed from 

the V -grooves. The edges of the LBL-we are sealed with a 5 minute epoxy cement and 

allowed to dry for 2-4 hours. Epoxy does not adhere to Teflon, and by making the Teflon 

piece slightly larger than the silicon pieces, only the edges of the chamber are exposed to 
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the glue. In this way the epoxy cannot be deposited on the top (or optics-facing) surface 

of the LBL-we. This is important. Because of the very short working distance, even a 

small amount of substance on the surface of the silicon wafer can prevent proper 

positioning of the chamber. The LBL-we is also simultaneously attached to a piece of 

aluminum (5 em x 1.8 em) which acts as a mounting plate. On the back of the mounting 

plate is a piece of steel by which the whole assembly is magnetically attached to the 

STXM stage. 

Initially, we were concerned about the effect of gravity on the positional stability of 

our sample, but fortunately we found that our particular specimens adhered relatively 

well to clean silicon nitride windows. However, this it is not a general solution to the 

problem of holding samples in place within the LBL-We. Individual specimens require 

developmental work to determine how they can best be immobilized. 

For use in STXM, the specimen is intrqduced into the chamber via the tubes using a 

peristaltic pump. These tubes can be primed with other solutions that may be used during 

an experiment. 

We experimented with recycling the LBL-we components after the chamber was 

used for an experiment. It was possible to dissolve the epoxy, holding the wafers 

together, using laboratory glassware detergent. Then we attempted to clean the wafers 

with a pirhana bath (four parts concentrated sulphuric acid to one part 30% hydrogen 

peroxide). Although the silicon nitride windows looked clean in the light microscope, the 

transmission through the silicon nitride membranes appeared changed in STXM and 

objects looked fuzzy. We believe that this was a result of a film of epoxy being deposited 

on the windows. In the future a better method for cleaning the components should be 

developed in order to save time and effort in making the wafers. 
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Chapter V. Experimental Methods 

The first section of this chapter includes the zymogen granule isolation procedure, a 

discussion of the different experiments we performed on the granules and how we 

physically accomplished these experiments in the microscope. The second section 

discusses our protocol for imaging the sample with STXM. 

V.l Experimental Protocol 

V.l.l Zymogen Granule Isolation 

The zymogen granule sample was prepared from acinar cells of rat pancreas. Male 

Sprague-Dawley rats (Taconic Farms, Germantown, NY), 200-225g, were fasted prior to 

removal of the pancreas. The rats were anesthetized with C02 and sacrificed quickly and 

painlessly by cervical dislocation. The pancreas was then quickly dissected out. Fat, 

lymph nodes and connective tissue were removed as much as possible. The resulting 

tissue was weighed and homogenized (1:10 w/v) in 0.3M sucrose (5mM NaHP04, pH 

6.0) in a glass mortar with a motor-driven glass-embedded teflon pestle (clearance 0.11-

0.13mm) at an average speed of 4,000 rpm. Homogenization was complete with 4 to 5 

passes of the pestle. The homogenate was centrifuged at 600g, 4·c, for 10 minutes to 

sediment nuclei, intact cells and cell debris. The supernatant was decanted from the 

sediment and then centrifuged at 1000g, 4·c, for 10 minutes. The result is a whitish pellet 

(zymogen granules) with a yellowish edge. The yellowish edge is removed by adding 

1ml of sucrose solution to the pellet , gently swirling and pouring off the solution. The 

remaining pellet is resuspended in the sucrose solution (1 :5 w/v) and centrifuged at 

1000g, 4·c, for 10 minutes. The final pellet is again resuspended in the sucrose solution 

(1:2.5w/v). The average rat pancreas was -lg, leaving us with -5ml of a suspension of 

granules at a number density of -1 x 1 Q9 /ml. This procedure for the isolation of granules 
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is essentially the same as that used by many different investigators over many years: e.g. 

Hokin (1955), Jamieson and Palade (1967), Meldolesi et al. (1971) and Rothman (1971). 

The constitution of the pellet has been examined by electron microscopy and by 

chemical composition. A few mitochondria are seen when examining the upper layers of 

the pellet, and an occassional nucleus is found at its base. No microsomes are present. 

Nuclear and microsomal contamination is chemically insignificant based on nucleic acid 

measurements. Overall the purity of the pellet is estimated to be -95% zymogen granules 

(Rothman, 1971). 

After isolation, the zymogen granule suspension was kept on ice until it was used in 

an experiment. The suspension would then be removed from ice and the experiments 

were all carried out at room temperature, 24"C. Currently, we have no means of 

controlling the temperature of the specimen, besides maintaining a constant room 

temperature, while using STXM. 

V.1.2 Fresh Granule Experiments 

The general purpose of these experiments was to observe individual granules in a 

fluid environment over a period of time using STXM. Based on the results of the 

experiments on isolated granules presented in Chapter I (Neiderau et al., 1986a&b, 

Liebow and Rothman, 1972, 1976; Burwen and Rothman, 1972; Rothman, 1972, 1971), 

we expected to observe granules decreasing in protein mass and possibly size over the 

time course of the experiment. This loss rate would depend on the particular solution or 

conditions the granules were exposed to. 

The experiments differed primarily in the particular fluid to which the granules were 

exposed. This simple manipulation of the experimental situation lent itself well to 

developing an experimental protocol that could be reproduced exactly for each different 

experiment. Ten different solutions that we used were: 1) the original suspension, or 

"control"(0.3M sucrose, 5mM NaHP04, pH 6.0), 2&3) 0.3M & 0.6M sucrose (5mM 
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NaHP04, pH 6.0), water, 4&5) 0.025% & 0.05% Triton-X in 0.3M sucrose (5mM 

NaHP04, pH 6.0), 6&7) 50 & 250 mg/ml chymotrypsinogen A (bovine, Sigma) in 0.3M 

sucrose (5mM NaHP04, pH 6.0 ), 8) 150mM NaCl (pH 6.0), 9) 5J.LM Nigericin in 0.3M 

sucrose (5mM KHP04, pH 6.0 ) and 10) 1 1/2% glutahaldehyde in 0.3M sucrose (5mM 

NaHP04, pH 6.0 ). 

A fraction of the zymogen granules suspension is drawn from the original preparation 

and introduced into the LBL-WC by use of a peristaltic pump (Gilson, Middleton, WI.) 

and through fine surgical tubing attached to the stainless steel tubes of the LBL-WC. 

Care must be taken not to introduce air bubbles into the LBL-WC when attaching the 

peristaltic pump tubing to the stainless steel tubes. The viewing window is 

simultaneously examined in a light microscope as the specimen is flowed into the 

chamber. Typical volume flows are -1 J.Ll/min, which is slow enough to observe objects 

moving past the viewing window. When a large enough sample population adheres to the 

window, the chamber is ready to be inserted into STXM. 

If the experiment calls for granules to be exposed to some other solution besides the 

initial suspending medium, then the surgical tubing was primed with the particular 

solution and attached to the LBL-WC. In this way, when the time came, we could flow 

the new solution past the granules without having to take the LBL-WC out of the 

microscope. It would have been impossible to find the original field of granules if it were 

necessary to reposition the chamber. 

Once the LBL-WC was loaded and inserted into the microscope, the Plexiglas box 

was sealed around the microscope (although the peristaltic pump was located outside of 

the box). The routine for bringing the viewing window into focus was described in the 

previous section. After the viewing window was in focus in STXM, we chose an initial 

field(s) of granule(s) to image. Our method for selecting a field of granules to image will 

be described in the following section. 
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Once an initial field(s) of granules was chosen, this same field would be imaged 

sequentially for a period of time. We usually tried to perform the experiment over 4 

hours, imaging the field once every hour. If the protocol called for a new solution to be 

flowed past the granules, we would begin this flow after the initial image was taken. In 

calibration experiments, it was determined that a pump rate of 3rpm for 10 minutes would 

ensure that the old fluid within the chamber had been completely replaced with the new 

fluid. Both the inlet and outlet ports were connected to the pump at the "push" and "pull" 

ends respectively, so that a constant volume of fluid is always being moved since a small 

increase in the internal pressure can cause the windows to bow outwards which thickens 

the water layer and reduces X-ray transmission. 

V.1.3 Fixed Granules 

The general purpose of this experiment was the same as for the fresh granules, but 

instead of observing individual granules over a period of time after their initial isolation 

and resuspenstion in 0.3M sucrose (5mM NaHP04, pH 6.0 ), we performed population 

studies on different groups of granules that had been kept at room temperature for 

different periods of time to see how the population characteristics changed. We used 

fixation to "arrest" the zymogen granules after they had been at room temperature for 

their alloted time period. All of the different specimens came from the same preparation. 

After the final resuspension of the pellet in 0.3M sucrose (pH 6.0), the material was 

divided into 5 aliquots, each -1ml in volume. The aliquots were treated as follows: 

aliquot no. name treatment 

1 Ohr fixed immediately 

2 1/2 hr left at 24°C for 1/2 hour, then fixed 

3 4hr left at 24°C for 4 hours, then fixed 

4 4i hr left at 4 oc for 4 hours, then fixed 
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Fixation was performed by adding glutahaldehyde to the suspension of granules to a 

final concentration of 1 1/2% and the specimen was left overnight. 

V .1.4 Radiation Damage Studies 

Granules were loaded into the LBL-WC as described in the previous section and an 

initial image of a field(s) was taken. Granules were exposed to large X-ray doses by 

directing the focused spot of X-rays onto a particular region in a granule. 

V.2 Imaging Protocol 

The description of the imaging protocol consists of two parts. The first part describes 

our technique for finding possible fields of fresh granules to image within the imaging 

window as quickly as possible and the second part presents the imaging parameters we 

used when imaging these fields in order to minimize the radiation exposure to the 

specimen. 

Because the goal of our experiments with the fresh granules was to be able to observe 

changes over time, it was critical to take the initial image as soon as possible after the 

specimen had been taken off of ice. The viewing window of the LBL-WC could be 

quickly brought into focus, using the techniques described in the previous chapter, 

because of the focussing spots on the window. A stepper image of the window, 200x200 

pixels and lJ.lm pixel size could be imaged in -40 sec using a dwell time of lmsec per 

pixel. This pixel size insured that we could identify the granules (their diameters are 

-lJ.lffi) as black dots in the STXM image while receiving only a minimal exposure of X-

rays. From the initial image, we chose a region that contained as many granules as 

possible. The software for the microscope allows the user to "click" on a particular spot 

of an image and the stage motors will move to that spot. These areas can also be saved 

and often we saved several areas so that we would have a few different fields of granules 

to observe. We would then immediately take a higher resolution image of the field and 
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this would be our initial image. Refocussing on the specimen was not generally required 

because the depth of focus of the microscope is of order 2J..Lm and from the stepper image, 

we knew that the gold squares were in focus. 

We tried to include as many granules in an initial image as possible. Unfortunately, 

the adherence properties of the granules was not always reliable and whereas sometimes 

we had experiments where the granules were virtually covering the silicon nitride 

window, in others granules were few and far between. This density of granules would 

dictate the size of our initial image. From the initial stepper image, we could get a rough 

idea of the size of the field that was to be imaged. Then we would have to decide how 

many pixels and what size the pixels should be in order to image as many granules as 

possible in as little time as possible. We were limited to image sizes of no more than 

516x516 pixels, using the PZTs, and we generally would use pixel sizes of between 20 

and 60nm, so with these parameters, our image fields range between lOx lOJ..Lm 2 to 

30x30J..Lm2. Generally between 2-5 intial fields of granules were taken during the first 

hour after being taken off of ice and the locations of all the fields were saved in the 

software. After the intial images were taken, then the experimental solution was flowed 

past the granules. Subsequent images of the same fields of granules were taken, usually 

about an hour apart, for up to 5 hours. These fields were easily revisited because their 

location was saved in the STXM software. 

As discussed in Chapter III, we attempted to image our sample consistently using 

1000 counts/pixel. This gave us minimal exposure with sufficient statistics for our 

purposes. 
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V.3 Analysis of Data 

The images were analyzed as described in Chapter III. The data for each granule 

diameter, protein mass and concentration was transfered to an excel spreadsheet (version 

4.0) and analyzed on a Macintosh Ilfx. Statistics were performed on the data using 

statistical routines in Excel. Plots were done using the Passage program (version 2.1) 

which also supplied the least square fit curves. 
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Chapter VI: Results 

In this chapter, the results of our experiments are presented. Our data set consists of 

the diameter, protein mass and concentration values for individual zymogen granules. 

These characteristics were obtained by analyzing the STXM images generated from each 

experiment, according to the protocol described in Chapter ill. The first section provides 

a general description of isolated zymogen granules; their appearance in STXM images, 

the identification of two sub-classes of granules and the measured population averages of 

diameter, protein mass and concentration. In the second section we show how these 

characteristics change over the time course for different experimental protocols. The third 

section looks at how fixation with glutaraldehyde affects the zymogen granules as seen 

by STXM. And the fourth section presents the calculated permeability coefficient of the 

zymogen granule membrane to its enclosed protein as derived from our data. 
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VI.l A STXM description of granules - The General Population 

Every new scientific technique allows us to "see" nature from a new perspective; 

scanning transmission X-ray microscopy (STXM) is no exception and we will use this 

section to familiarize the reader with what typical images of zymogen granules look like 

and the range of values we measured from these images for the characteristics (diameter, 

protein concentration and mass) of a population of isolated granules studied. We will also 

discuss some of the basic relationships that exist between these characteristics of 

zymogen granules. 

Several STXM images are shown in figure 6.1. The granules are easily identifiable 

and stand out clearly from the background. As expected from electron microscopy (EM) 

studies (figure 6.2), they appear roughly circular in shape with a diameter of -l~m. From 

Chapter I, we discussed that EM images also show the granules as being uniformly dense 

or dark in appearance. No discernible internal structures are visible at this high 

magnification. However, the STXM images paint a different picture. While some of the 

granules appear uniformly dark or dense (figure 6.1, granules marked "UG"), others only 

have regions that are dense. The remaining regions are lucent in appearance. If the 

variations between the dense and lucent areas in the granule are frequent, the granule 

takes on a honey-comb or reticulated appearance (figure 6.1, granules marked "NUO"). If 

the variations are less frequent, the granules appear clumpy (figure 6.1, granules marked 

"CO") and in extreme cases, the dumpiness is located on only one edge of the granule 

(figure 6.1, granules marked "EO"). 

That granules may have more of a heterogeneous appearance than normal EM images 

suggest, has already been addressed. Ermak and Rothman (1978) showed EM images of 

granules with reticulated structures (see figure 1.2) not unlike our STXM images. The 

reticulation was made visible by suspending isolated granules in large volumes of an 

isosmotic solution to cause the release of protein. It is possible that these structures are 
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only visible in electron micrographs when granules contain less protein (e.g. as a result of 

release of protein) because the normally high concentration of protein combined with the 

effects of staining and fixation, necessary for EM, mask these reticular structures. We 

discuss how fixation affect the appearance of fresh granules in STXM in the third section 

of this chapter. Nevertheless, the difference in appearance allowed an initial separation of 

the population into two broad sub-groups of granules- uniform (UG) and non-uniform 

(NUG). The NUG granules included all granules in which we could see any obvious 

variation in the density across the granule. That we properly can sort granules into these 

two types is reinforced in the analysis that follows. 

Table 6.1 contains the measured characteristics of 388 isolated granules imaged 

within 1 hour of being taken off ice. These granules were prepared by the protocol 

described in Chapter III and were suspended in isosmotic solution (0.3M sucrose, pH 

6.0). The table shows the average values (± standard error of the mean, s.e.m) for the 

diameter, protein concentration and mass of the each of the two classes of granules, UG 

and NUG, as well as the combined average. 

Table 6.1. General Population. This table presents the average values for the 
characteristics of a population of zymogen granules. The granules have been divided 
into two sub-classes; uniform and non-uniform. Values with the same letter between 
UG and NUG groups are not significantly different (P>0.05, t test). 

Diameter (J.lm) Protein Protein Mass 
Concentration (fg) 

average± (s.e.m.) (mg/ml) 
average± (s.e.m.) average + (s.e.m.) 

Uniform (N=300) 1.00 + 0.01 294+ 17 153 +sa 

Non-Unif. (N=88) I 1.36 ± 0.04 115±6 142 + 10a 

All (N=388) I 1.08 ±0.02 253±7 I 150±4 

From the table we can see that the NUG granules represent about 23% of the 

population of granules. They have a much larger average diameter value, 36% bigger 
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than the UG granules and a lower protein concentration, ~40%. Consequently, as can be 

seen, the protein mass for both populations is not significantly different. 

We can compare the characteristics of the population taken as a whole ("All") to 

results from other techniques mentioned in Chapter I. The best average range of protein 

concentration for a preparation of isolated zymogen granules has been measured using 

specific activity enrichment to be 135-270 mg/ml (Ho and Rothman, 1983). Additionally, 

Burwen (1972) measured the protein concentration of isolated granules using. a Petroff 

Hauser chamber to be 280mg/ml. And, the average diameter for our General Population 

is within the range of results attained by other investigators, as mentioned in the first 

chapter, at around 1J..1.m. However, because both of these characteristics depend on the 

state of the animal (fasted or fed) it is difficult to directly compare values. Nonetheless, 

the STXM technique has a distinct advantage over other methods in measuring these 

characteristics because it is possible to directly measure the diameter and protein mass of 

each individual granule. This is the first time such direct measurements have been made 

on bio-objects this small! 

Diameter 

A histogram of the distribution of diameter values for all of the granules is shown in 

figure 6.3. Also shown is a normal curve based on the average diameter of the population 

taken as a whole and its standard deviation. As can be seen, the curve is not a very good 

fit to the data. If instead we acknowledge the UG and NUG granules as two separate 

populations, in figure 6.4, we can see that a normal distribution now fits both populations 

relatively well. From the work of others, we expect the diameters to fit a normal 

distribution (Liebow, 1973). One final point to notice is that while both types of granules 

have different diameter distributions, the range of values within those distributions is 

about 3 fold for both. The UG granules range from 0.56-1.80J..1.m and the NUG granules 

range from 0.73- 2.37J..1.m. 
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Protein Concentration 

A histogram of the distribution of protein concentration for both types of granules is 

shown in figure 6.5. From the figure, we can see that although the two distributions are 

statistically distinct, they share a region of overlapping values, between 100 and 250 

mg/ml. This overlap is a consequence of combining several preparations in one graph. 

For the results presented later in this chapter, where one or two preparations were used 

for each experiment, the distinction between the protein concentration distributions of the 

two types of granules is much clearer (see for example figure 6.19). 

We can examine the distribution of protein concentration further for both types of 

granules by graphing the data in two other plots, figure 6.6 and figure 6.7. Figure 6.6 is 

protein concentration plotted against diameter. We have divided the ranges of diameter 

and protein concentration in half resulting in a graph with 4 quadrants that represent A: 

large granules (diameter> 1.4~m) with high protein concentrations (> 300 mg/ml), B: 

small granules high protein concentration, C: small granules with low protein 

concentration and D: large granules with low protein concentration. Immediately we 

notice that there are no granules in quadrant A, large granules with high protein 

concentration. There are only small granules with high protein concentrations (quadrant 

B) and these are exclusively UG granules. Both types of granules are equally represented 

in quadrant C, small granules with low protein concentration. And, in quadrant D, the 

majority of the granules are the NUG type. 

The other graph, figure 6. 7, plots protein mass against volume for all of the granules. 

This type of plot is particularly useful because the slope of a straight line drawn through 

the origin will represent a specific protein concentration. Data points above the line have 

a protein concentration greater than the slope, and those lying below the line a lower 

protein concentration. Lines that designate values of 25, 100 and 600mg/ml are shown. 

These lines were chosen because, as we can see, they represent the limits of the protein 
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concentration values for the UG and NUG granules; the UG granules lie exclusively 

between 100 and 600mg/ml and most of the NUG granules lie between 100 and 25mg/ml. 

This is a concentration range of some 25 fold overall and is due to pooling the results 

from multiple preparations. We will see that in experiments where only 1 or 2 

preparations of granules are used, the range of protein concentration of the granules is 

considerably less. 
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Figure 6.1 Four STXM images of freshly isolated zymogen granules suspended in 
0.3M sucrose (pH 6.0). All of the images are from different preparations. We can 
identify four types of granules- UG (uniform), NUG (non-uniform), CG (clumpy) 
and EG (edge clumpy). The CG and EG granules are considered to be NUG granules 
in the presentation of the data. Different pixel sizes were used for each of the images: 
A-27nm, B-18.8nm, C&D-31.6nm. 
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Figure 6.2 Low magnification electron micrograph of zymogen granule pellet, obtained 
from the protocol described in Chapter V, illustrating the morphology of the granules. 
The granules have a circular profile and a relatively homogeneous, dense content. 
Magnification: x9 ,000 
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represents a protein concentration value. Three lines have been drawn showing 
protein concentration values of 25, 100 and 600mg/ml. 
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Vl.2 Time Resolved Studies on Zymogen Granules. 

This section presents the results of the time-resolved experiments that were performed 

using STXM on isolated zymogen granules suspended in various aqueous solutions as 

described in Chapter V. The characteristics of diameter, protein concentration and mass 

of each individual granule in the experiment were measured several times over the time 

course of the experiment and the results pooled for the granule population in each 

experiment. From the results of similar experiments performed on isolated granules using 

different techniques as discussed in Chapter I, we expected the characteristics of diameter 

and protein mass of each granule to steadily change over time, and that this rate of change 

would depend on the particular solution in which the granules were suspended. 

The experimental protocol was described in Chapter V, but we will briefly review it 

here. Isolated granules were introduced into the sample chamber (LBL-WC) and an initial 

image of several fields of granules were taken. If we were interested in observing the 

effect of a different solution than the original isolation, suspension solution on the 

granules, then after the initial image was taken, the experimental solution was flowed into 

the LBL-WC until it displaced the original solution. Another image of each field of 

granules was taken afterwards and then subsequent images were taken, approximately 

once every hour for the duration of the time course. In most of the experiments, unless 

otherwise noted, time was measured from the point that the granule suspension was 
' 

taken off ice and introduced into the LBL-WC. The initial image was generally taken 

within 1 hr. In order to compare the data from all the images, we have binned the time 

points as follows: time 1 means that the image was taken between 0 and 1 hour after the 

suspension was taken off of ice, time 2 is between 1 and 2 hours, time 3 is between 2 and 

3 hours, time 4 is between 3 and 4 hours and time 5 is between 4 and 5 hours. 
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In these experiments we did not observe lysis, or the sudden loss of mass from any 

individual granule. All of the granules were observed to individually change in their 

diameter and/or protein mass over the time course of the experiment; although as 

mentioned above, the combined results for all of the granules in the experiment are 

presented. Additionally, the rates of change of the characteristics of diameter and protein 

mass were different for the various experimental solutions to which the granules were 

subject. The results from these different solutions are presented in the following 

subsections- control (original suspension), 0.3M & 0.6M sucrose (5mM NaHP04, pH 

6.0 ), water, 0.025% & 0.05% Triton-X in 0.3M sucrose (5mM NaHP04, pH 6.0 ), 50 

& 250 mg/ml chymotrypsinogen A (bovine, Sigma) in 0.3M sucrose (5mM NaHP04, 

pH 6.0 ), l5J.1M Nigericin in 0.3M sucrose (5mM KHP04, pH 6.0 ) and 150mM NaCI 

(pH 6.0). STXM images of only some of the experiments are shown. 

VI.2.1 Control Experiments 

In the control experiments, we observed changes in the diameter, protein mass and 

concentration over time in isolated zymogen granules that had been resuspended in an 

isosmotic solution of 0.3M sucrose (pH 6.0) according to the standard isolation protocol. 

The results of four experiments are presented in this section. 

The first experiment used fixation to arrest the granules at a particular time point after 

they had been resuspended and then the granules from each "time population" were 

observed in STXM and their diameter, protein concentration and mass were measured. 

The following three experiments were performed on fresh granules. Isolated granules 

were introduced into the LBL..:WC and initial images were taken. These same granules 

were then imaged once every hour for the time course. 
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VI.2.la Control Experiments - Fixed 

In this experiment, a preparation of isolated zymogen granules was divided into 4 

aliquots; three remained at room temperature for different amounts of time (Ohr, l/2hr 

and 4hr) and one was held for 4 hours at 4"C. All of the "time populations" were fixed 

with 1 1/2% glutaraldehyde overnight and then examined in STXM. We expected to 

observe the characteristics of diameter and/or protein mass gradually decrease for the 

time populations - except for the 4hr-4"C population. Because this population was 

maintained at a low temperature, it was assumed that its transport processes should have 
(' 

been arrested or slowed down and we would therefore expect that the characteristics of 

diameter, protein mass and concentration of this population would not be significantly 

different from the Ohr population. 

Figure 6.8 shows a typical STXM image of each zymogen granule time population. 

From this figure, we can easily identify the two populations of granules, UG and NUG 

granules, that were mentioned in the General Population section (VI.l). Table 6.2 shows 

the measured characteristics for the UG and NUG granules for the different time points. 

The 339 granules from the Ohr time point come from 24 separate images with 63.3nm 

pixel sizes, the 210 granules from the l/2hr time point came from 10 separate images 

with 63.3nm pixel sizes, the 66 granules from the 4hr time point came from 9 separate 

images that had 31.6nm pixel sizes and the 72 4hr-4"C granules came from 13 separate 

images with 63.3nm pixel sizes. Table 6.2 shows the average (± s.e.m.) of the 

characteristics- diameter, protein concentration and mass for each population. A notation 

is made on the chart when particular characteristics are not shown to be statistically 

significantly different between either the two groups of granules at a particular time point, 

or between the time points for a particular type of granule (UG or NUG). 
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Table 6.2. The characteristics of fixed granules for the different time groups 
mentioned in the text. All granules came from the same preparation. Values with the 
same letters are not significantly different (P>0.05, t test). 

Diameter (Jlm) Protein Protein Mass 
Concentration (fg) 

average± (s.e.m.) (mg/ml) 
average ± (s.e.m.) averag_e ± (s.e.m.) 

Uniform 
t=Ohr (N=251) 1.06 ± 0.01 267±5 175 ± 5f,g 
t=ll2hr (N=167) 1.03 ± o.o2a 300±5 180 ± 7f,h 
t=4hr (N=52) 1.00 ± o.o2a,b 388 ±9 

I 
211 ± 13 

t=4hr-4u (N=52) 0.98 ±0.02b 348 ±9 181 ± 12g,h 
Non-Uniform 

I I t=Ohr (N=88) 1.57 ± 0.03C 74±4e 152 ± 10i 
t=l/2hr (N=43) 1.49 ± 0.05C 96±6 163 ± 13i 
t=4hr (N=14) 1.10 ± 0.07d 152 ± 14 105 ± 16 
t=4hr-4° (N=20) 1.13 ± 0.05d 81 ±6e 69± 11 
All 
t=Ohr (N=339) 1.19 ± 0.02 217 ± 6 169±5 
t=ll2hr (N=210) 1.13 ± 0.02 256±7 176±6 
t=4hr (N=66) 1.02 ±0.02 388 ± 14 189 ± 12 
t=4hr-4o (N=72) 1.02 ±0.02 274 ± 16 150± 11 

From the table we can see that the initial characteristics of diameter, protein mass and 

concentration for this population of granules overall ("All") are similar to those of the 

General Population. Also, we see that NUG granules represent a similar fraction of the 

population as in the General Population (20 & 23% respectively) and in this study, they 

are also larger in diameter and have a lower protein concentration than UG granules. 

What is interesting to note is that we can now see that these properties, just mentioned 

between NUG and UG granules, remain the same even over the time course of the 

experiment. The NUG granules represent 20, 20, 21 and 28% of the population of 

granules for the respective time points. They also have a larger average diameter than UG 

granules for all of the time points, although the difference becomes less pronounced over 

time. For Ohr they are 48% larger but by 4hr they are only 10% larger. The protein 

concentration for NUG granules is lower than UG granules for all time points, but again 
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the difference becomes smaller at the later time point. At Ohr the UG granules are 3.5 

times more concentrated than the NUG granules but by 4hr the difference is only 2.5 

times. We also see that the protein mass for both populations remains approximately the 

same for the respective time points. 

Over time (0, 1/2 and 4hr time points) the average diameter of both types of granules 

progressively decreases and as expected we see that NUG granules decrease in protein 

mass (;._30% from Ohr to 4hr). However, UG granules showed an unexpected small, but 

significant increase in protein mass over the time course. This result may occur because 

some granules take up protein that has been released into solution by other granules. This 

phenomenon is expected, as results from (Liebow and Rothman, 1972) show that 

granules are able to take up exogeneously added protein. 

The results from the 4hr-4 ·c experiment are intriguing. On the one hand, we can see 

that the protein mass of UG granules at Ohr is not significantly different from that at 4hr-

4 ·c which implies that maintaining these granules at 4 ·c prohibits the uptake (or release) 

of protein. However, NUG granules at 4hr-4·c show a significant difference in protein 

mass than at Ohr and it appears that at 4 ·c protein release occurs even faster than at room 

temperature ( 4hr). Temperature does not appear to affect the rate of diameter decrease as 

UG and NUG granule diameters are not significantly different between 4hr and 4hr-4·c. 

Diameter 

Histograms of the distributions of diameters for the initial and final time points (0 & 

4hr) are shown in figure 6.9. As can be seen, a normal distribution seems to fit both 

populations at both time points. The initial (t=Ohr) range of diameter values, for both UG 

and NUG granules is, as expected, smaller than for the General Population because only 

one preparation has been used in this experiment (-2.5fold as compared to 3 fold). These 

initial ranges for both types of granules decrease between Ohr and 4hr; from 0.63-1.71Jlm 

to 1.00-1.33Jlm and 0.89-2.34Jlm to 0.57-1.51Jlm respectively. For UG granules, this is 
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due to an increase in the size of the smallest granules as well as a decrease in the size of 

the largest; whereas for NUG granules both upper and lower limits decrease with the 

upper limit falling by a greater extent. By 4 hr, the ranges of both types of granules 

overlap, although the NUG granules have a wider range of diameters. Although, because 

we are dealing with population statistics, the differences may be at least in part 

attributable to sampling differences. 

Protein Concentration 

Histograms of the distribution of protein concentration for the initial and final time 

points (0 & 4hr) are shown in figure 6.10. The difference between the protein 

concentration ranges of NUG and UG granules for both time points is obvious and clearer 

than in the General Population of pooled data (see figure 6.5). We can also see that the 

range of protein concentration is smaller for both types of granules, especially UG 

granules. In the General Population, UG granule concentration ranged almost 7fold and 

in. this population, we see that the range is only 3fold. Once again this is because the 

results from only one preparation are used here. 

The protein mass versus granule volume plots for each time point are shown in figure 

6.11 as well as the calculated least squares function. The UG granules show quite a tight 

fit to the calculated line for all of the time points as compared to the General Population 

(see figure 6.6), although NUG granules still show a substantial variability. We can see 

that the relationship between protein mass and volume appears to be maintained 

irrespective of the fact that the granules have lost (or gained) protein and decreased in 

diameter over time as they have been sitting at room temperature or 4"C. However, 

because this is a population study, it remains to be shown in the following sections that 

this relationship is also maintained for individual granules over time. 
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• D 

Figure 6.8. Typical STXM images of the 4 different groups of fixed granules. UG 
and NUG granules are visible in all of the images and are marked. A shows the Ohr 
population; B shows the 1/2hr population; C shows the 4hr population and D shows 
the 4hr-4°C population. All of the images were taken with 63.3nm pixel sizes except 
C which used 31.6nm pixel sizes. 
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Figure 6.9 Distribution of the diameter for fixed UG and NUG granules from Ohr and 
4hr groups. A normal curve fit to the average value for the diameter and the standard 
deviation of each group is also shown. 
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from the Ohr and 4hr groups. 
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Figure 6.11. Protein mass versus granule volume for each time point. Lines drawn 
are least squares best fit. The correlation coefficient (r) for each of the lines is as 
follows: UG(Ohr)=0.79, NUG(Ohr)=0.60, UG(l/2hr)0.92=, NUG(l/2hr)=0.70, 
UG(4hr)=0.91, NUG(4hr)=0.87, UG(4hr-ice)=0.91, NUG(4hr-4.C)=0.92 (P << 0.01 
for all of the data). 
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VI.2.2 b Control- Fresh Granules 

As mentioned above, the control experiments entail observing granules over a period 

of time in the same suspending solution they were originally isolated in and the changes 

in their diameter and protein mass noted. The results of the previous section were 

obtained by examining populations of granules that had been fixed at particular time 

points after the initial isolation and was therefore a "population study." In this section 

(and the remaining sections), we observe the changes in diameter, protein mass and 

concentration of individual fresh granules over the time course of the experiment. 

The first experiment on fresh granules was performed in May 1990, and was 

essentially a trial run to establish that we could indeed image the same granules over a 

period of time. We have included it for historical interest because it was the first time we 

were able to take multiple images of the same granule over time and observe changes in 

the characteristics. These experiments set the stage for further investigation. The second 

experiment was performed in June 1991 and the third experiment was performed in 

December of 1991 and is reported separately for reasons that will be explained in that 

section. 

May Control 

The results from the five zymogen granules that were analyzed for the control 

experiments in May 1990 are shown in Table 6.3. All of the granules, except one -

may29 .002, were from the same preparation and were contained within the same LBL

WC. All of the granules were imaged in separate fields with pixel sizes of 31.6nm. The 

granules were distinctly visible in each image and the imaging did not appear to change 

the structural appearance of the granules, e.g. they maintained their circular appearance 

and we did not observe any holes or artifacts in the granules. This was the first time that 

an unfixed object suspended in an aqueous environment had been imaged more than 

twice using STXM. 
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From Table 6.3, we can see that all of the granules decreased substantially, although 

slowly in protein concentration and mass over time. Moreover, four of the five granules 

were observed to decrease slightly in diameter over time and one granule was not 

observed to change at all. Protein loss is not necessarily correlated with a change in 

diameter. 

Table 6.3. Results from the May control experiment. Each granule's characteristics 
are reported separately. 

Granule In it. Final Initial Final Initial Final Initial Final 
Image Time Time Diam. Diam. Con. Con. Mass Mass 

(hr) (hr) (Urn) (~m) (mg/ml) (mg/ml) (fg) (fg) 

may25.006 0.73 4.85 1.36 1.36 127 60 166 79 

may25.007 0.78 4.90 1.55 1.52 77 41 150 74 

may29.002 0.85 1.18 1.52 1.45 52 43 95 69 

may25.012 1.48 5.17 1.04 0.88 114 62 68 23 

may25.013 1.65 5.05 1.01 0.98 120 82 65 40 

Figure 6.12 shows the percent mass loss as a function of time for each granule. From 

the figure, we can see that the rate of mass loss is not the same for all granules and is 

independent of the frequency of imaging. May25.012 was imaged 6 times whereas 

may25.013 was imaged only twice in the same period of time and they show a similar 

rate of protein loss. 
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Figure 6.12 Percent mass loss for the May control experiment. All of the granules 
decreased in protein mass over time. Three of the granules (may25.006, may25.007 
and may25.013) were imaged long enough to show that the rate of protein loss 
appears to approach a steady-state. 

June Control 

The June control data set consisted of 49 granules, observed in 8 different fields from 

2 different granule preparations once every hour over a period of 4 hours from the initial 

image. All of the images were taken with 39.9nm pixels. Figure 6.13- 6.16 show four of 

these fields at each of the time points during the experiment. By looking at the figures, 

we can see that individual granules are easily recognized and can be identified in each of 

the images through the time series. Only granules that were present in images of all of the 

time points were selected for analysis. The two types of granules, UG (uniform) and 

NUG (non-uniform) are present in these fields and what is interesting to note is that their 

gross structure does not change over the time course, although they are obviously 
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shrinkingl. Figure 6.17 shows protein density contour maps of four granules from figure 

6.13. The internal protein density of each granule was calculated on a pixel by pixel basis 

as described in Chapter III. From these images, it can be more clearly visualized how the 

distribution of protein changes within each granule over time. In general, we can see that 

all of the regions within the granules become more dense, and that the lucent areas in the 

initial images appear to become smaller. 

Table 6.4 shows the diameter, protein concentration and mass data for the 49 granules 

over the time course. The data from the UG and NUG granules are reported separately as 

well as in combined form. From the table we can see that NUG granules represent 16% of 

the total population, which is slightly smaller than from the General Population (23% ). 

They are as expected, significantly different than the UG granules in diameter and protein 

concentration. The NUG granules are on average 33% bigger than the UG granules for all 

of the time points and the UG granules remain twice as concentrated for all of the time 

points. The protein mass for both types of granules is similar throughout the experiment. 

This particular population of granules shows significantly higher initial diameters and 

lower protein concentrations for both NUG and UG granules than the General Population 

(GP) - although, the protein mass values are similar (June-all 152 ± 10 fg and GP 150 ± 4 

fg). We will see that granule preparations for each experiment can be quite different in 

terms of their initial characteristics. 

Both types of granules in this experiment decreased in diameter and protein mass 

over the time course, although protein concentration increased. A notation is made on the 

chart when particular characteristics are not shown to be statistically significantly 

1 Unfortunately, some of these images show streaks which may have been a result of uneven He flow 
around the sample chamber. At this point, STXM was not isolated from the environment by the Plexiglas 
box that exists now and for some reason, the gas flow was particularly uneven. This is one of the problems 
with performing time sensitive experiments using STXM. That is, if something is wrong with the image, it 
is not possible to retake it because 1) that particular time point has passed and 2) it is important to expose 
the sample as little as possible to the X rays. 
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different between either the two groups of granules at a particular time point, or between 

the time points for a particular type of granule (UG or NUG). 

Table 6.4 Results from the June control experiment. Values with the same letters are 
not significantly different (P>0.05, t-test) 

Diameter (J..Lm) Protein Protein Mass 
Concentration (fg) 

average ± (s.e.m.) (mg/ml) 
average± (s.e.m.) average± (s.e.m.) 

Uniform 
(N=41) t=1hr 1.21 ± 0.03 159 ± 6 151 ± 12b 

t=2hr 1.06 ± 0.03 229±7 145 ± 11b 
t=3hr 0.98 ±0.03 267 ±7 I 138 ± 10C 
t=4hr 0.95 ± 0.02 287 ±9 134± 10C,d 
t=5hr 0.92±0.02 312±9 132 ± 10 d 

Non-Uniform 
(N=8) t=1hr 1.64 ± 0.09 76± 10 158 ± 11 

t=2hr 1.40 ± 0.07 106± 11 145 ± 11e 
t=3hr 1.31 ± 0.05 123 ± 12 141 ± 14e,f 
t=4hr 1.24 ± 0.04 138 ± 10a 136 ± 15f 
t=5hr 1.21 ± 0.05 140± 17a 126± 18 

All 
(N=49) t=1hr 1.28 ± 0.04 145 ±7 152± 10 

t=2hr 1.11 ± 0.03 209±9 145±9 
t=3hr 1.04 ± 0.03 244± 10 138±8 
t=4hr 1.00 ± 0~03 262± 11 135±9 
t=5hr 0.97 ±0.03 284 ± 12 131 ±9 

Diameter 

The distribution of diameter for UG and NUG granules for four of the time points is 

shown in figure 6.18. The UG granules range in diameter values from 0.76-1.68j.lm for 

the initial time point to 0.64-1.28j.lm for the final time point. The NUG granules range in 

diameter values from 1.28-2.16j.lm for the initial time point to l.00-1.44j.lm for the final 

time point. We can see that for both types of granules, the diameter ranges decrease over 

time, in other words the variance of the values decreases and the diameter range gets 

tighter. From the figure, we can also see that over time, the two distributions begin to 

overlap in diameter . 
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Protein Concentration 

The distribution of protein concentration for UG and NUG granules for four of the 

time points is shown in figure 6.19. The UG granules range in protein concentration from 

103-258mg/ml for the initial time point to 214-431mg/ml for the final time point. The 

average value of protein concentration increased over time by a factor of two. The 

distribution also became "tighter" and the variance of protein concentration between the 

initial and final time point were significantly different (P<0.05, F test). The NUG 

granules range in protein concentration from 26-123mg/ml for the initial time point to 49-

183mg/ml for the final time point. On average, they too became more concentrated over 

time by a factor of 1.8, although the variance remained the same. 

A plot of protein mass versus granule volume is shown in figure 6.20. We can see that 

the UG and NUG granules are well correlated and have distinctive distributions. 

Overtime, the slope (which is in units of protein concentration) of the best fit line changes 

as the average protein concentration of the population increases but we can see that the 

relationship between the protein mass and granule volume still holds for both types of 

granules. This indicates that decreases in protein mass and granule diameter over time 

occur in a manner that maintains the relationship between protein mass and volume. The 

protein concentration of the population is tightly grouped around the average value for 

each time point and this average value increases progressively for each time point, as can 

be seen by the slope of the best fit line in each graph. Previously, in the control-fixed 

section, we could only show that different populations were correlated in this fashion for 

all time points (figure 6.12), but not individual granules. Furthermore, the distinction 

between the two populations is maintained through the time course indicating that the UG 

and NUG are unique groups. This phenomenon will be discussed further in the 

Discussions and Conclusion chapter (VIII). 
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Protein Mass and Diameter Change 

Protein mass and diameter loss over time is shown for both types of granules in figure 

6.21 expressed as a percent of the initial value. On average, both types of granules 

decrease in protein mass and diameter between the initial and the final time. However, 

from looking at Table 6.4, we can see that the protein mass values for UG and NUG 

granules are not significantly different (P>0.05, t test) between adjacent time points 

indicating that protein loss in this control experiment occurs slowly. The protein loss rate 

appears to reach a "semi-equilibrium" state at the end of the experimental period. Overall, 

UG granules decreased in diameter to 76 ± 1% (ave.± S.E.M) of the initial value and the 

NUG granules to 74 ± 1% over the 4 hours of study. This is a decrease of- 6.5%/hr and 

-7%/hr, respectively. The UG granules decreased in mass to 89 ± 2% of the initial values 

and NUG granules to 77 ± 6% over the 4 hours. This is equivalent to a mass loss rate of 

-2.5%/hr and -6%/hr, respectively. 
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Figure 6.13. Field 1 from the June control experiment. As can be seen, all of the 
granules that are in the initial image can be seen throughout the time course. We also 
can see both UG and NUG type granules. The four granules that are indicated in the 
initial image are shown as protein density contour maps in figure 6.17. Pixel size = 
39.9nm, image size 250x250 pixels. These images have been processed with a 
Robert's Edge Enhancement routine (see Chapter ill). 
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Figure 6.14. Field 2 from the June control experiment. As can be seen, all of the 
granules that are in the initial image can be seen throughout the time course. We also 
can see both UG and NUG type granules. Pixel size = 39.9nm, image size 250x250 
pixels. These images have been processed with a Robert's Edge Enhancement routine 
(see Chapter III). 
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Figure 6.15. Field 3 from the June control experiment. As can be seen, all of the 
granules that are in the initial image can be seen throughout the time course. We also 
can see both UG and NUG type granules. Pixel size= 39.9nm, image size 250x250 
pixels. These images have been processed with a Robert's Edge Enhancement routine 
(see Chapter Ill). 
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Figure 6.16. Field 4 from the June control experiment. As can be seen, all of the 
granules that are in the initial image can be seen throughout the time course. We also 
can see both UG and NUG type granules. Pixel size= 39.9nm, image size 250x250 
pixels. These images have been processed with a Robert's Edge Enhancement routine 
(see Chapter III). · 
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time= I 2 3 4 

Figure 6.17 The protein density distributions of 4 granules from the June control 
experiment shown for the first 4 time points (for a total of 3 hours). The grey scale is 
uniform for all of the images and black represents protein densities that are between 
350-400mg/ml and the lightest areas are between 0-50mg/ml. 
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Figure 6.18. Distribution of diameters for both types of granules (UG and NUG) for 
four of the time points (1, 2, 4 and 5hr). We can see that over time that both 
distributions move toward smaller diameter values and merge. 
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Figure 6.19. Distribution of protein concentration for both types of granules (UG and 
NUG) for four time points (1, 2, 4 and 5hr). Both distributions move towards higher 
protein concentrations over time and separate slightly in their range values. 
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Figure 6.20 Protein mass versus granule volume for both types of granules for four 
time points (1, 2, 4 and 5hr.) The correlation coefficient and the slope (r,m) for each 
of the least squares lines are as follows: UG(lhr)=0.86, 140mg/ml; NUG(lhr)=0.57 
(P<O.lO), 80mg/ml; UG(2hr)=0.93, 207mg/ml; NUG(2hr)=0.66(P<0.05); 114mg/ml; 
UG(4hr)=0.89, 243mg/ml; NUG(4hr)=0.81(P<O.Ol), 142mg/ml; UG(5hr)=0.91, 
284mg/ml; NUG(5hr)=0.82 (P<O.Ol), 154mg/ml- (P << 0.01 for UG granules at all 
time points). The least squares fit through the NUG granules does not include the 
point from the granules with the largest diameter value. 
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December Control 

153 

We consider the results from the December and the June control experiments 

separately for two reasons. The first is that, because of a beam dump just as we were 

beginning the December experiment, the granules were at room temperature for 2 hours 

before we were able to begin imaging. Therefore, the initial time period is really "2" as 

opposed to "1." As we have seen, however, the delayed starting time only changes the 

initial characteristics of the population. The second reason is that there was also a slight 

flow of solution through the LBL-WC during the experiment. We had been experiencing 

evaporation problems and the constant flow alleviated this problem. Because we were 

circulating the suspending solution internally , including other granules in suspension, 

and not introducing a new solution into the LBL-WC, we still considered this a control 

experiment (that is, one in which the environmental conditions were not changed). 

Table 6.5 shows the diameter, protein concentration and mass data for 15 granules 

over the time course. The granules were observed in 5 different fields from two different 

granule preparations; all of the images were taken with 18.8nm pixel sizes. The data from 

UG and NUG granules are reported separately as well as combined. From the table we 

can see that in this small sample, NUG granules represent 33% of the total population. 

They were not significantly different from UG granules in diameter for any of the time 

points (P>0.05, t test) although protein concentration differed. The UG granules are -1.5 

times as concentrated as the NUG granules for all of the time points. Both types of 

granules were observed to decrease in diameter and protein mass over time, although 

protein concentration increased. A notation is made on the chart when particular 

characteristics are not shown to be statistically significantly different between either the 

two groups of granules at a particular time point, or between the time points for a 

particular type of granule (UG or NUG). 
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Table 6.5. Results from the December control experiment. Values with the same 
letters are not significantly different (P>0.05, t test). 

Diameter (J.!m) Protein Protein Mass 
Concentration (fg) 

average± (s.e.m.) (mg/ml) 
average± (s.e.m.) average± (s.e.m.) 

Uniform 
(N=lO) t=2hr 0.80±0.05 385 ± 25 106± 18 

t=3hr 0.73 ±0.04 435 ±21 93 ± 16f 
t=4hr 0.71 ±0.04 465 ± 22C 92± 15f 
t=Shr 0.69±0.04 447 ±28C 83 ± 14 

Non-Uniform ;..:~ •,_. 

(N=5) t=2hr 1.06 ± o.wa 251 ± 23d 166 ± 41g 
t=3hr 0.97 ± o.o9a,b 262 ±27d 147 ± 49g,h 
t=4hr 0.94±0.08b 293 ± 27e 140± 40h,i 
t=Shr 0.90±0.09 313 ± 26e 130 ± 35i 

All 
(N=15) t=2hr 0.88 ±0.06 340±25 126± 19 

t=3hr 0.81 ± 0.05 378±27 111 ± 20 
t=4hr 0.79 ±0.05 I 408 ±27 108 ± 17 
t=Shr 0.76±0.05 403±26 99± 15 

Diameter 

The distribution of diameter for initial and final time points for the UG granules is 

shown in figure 6.22. The NUG granules are not shown because only 5 were examined. 

They ranged in value from 0.79-1.28Jlm for the initial time point to 0.66-l.l3Jlffi for the 

final time point. The UG granules diameter ranged from 0.55-1.09Jlm for the initial time 

point to 0.53-0.92Jlm for the final time point. No difference in variance of the diameter 

was observed (P>0.05, F test) between the time points. 

Protein Concentration 

The distribution of protein concentration for initial and final time points for UG 

granules is shown in figure 6.23. The NUG granules are again not shown. They ranged 

from 169-307mg/rnl for the initial time point to 240-403mg/rnl for the final time points. 

The NUG protein concentration in this population is relatively high as compared to the 
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General Population. The UG granules ranged in protein concentration from 313-

535mg/ml for the initial time point to 324-656mg/ml for the final time point. The 

variance in these values was not significantly different (P>0.05, F test) between the time 

points. On average, protein concentration increased by a factor of 1.2. We can see from 

the figure that the initial distribution of protein concentration shifted to a distribution 

around a higher value. The NUG granules also became more concentrated by a factor of 

1.2 over the time course. 

A plot of protein mass versus granule volume is shown in figure 6.24. All of the time 

points for both populations of granules are shown on this graph as well as two lines with 

slopes that represent protein concentration values of 100 and 600 mg/ml. We do not see 

the distinction between NUG and UG granule distributions which was apparent in the 

June control experiment. This is because the protein concentration values of UG and 

NUG granules were initially more similar than in the June experiment. 

Protein Mass and Diameter Change 

Protein mass and diameter loss for both types of granules over time is shown in figure 

6.25. The UG granules decreased in diameter to 88 ± 3% of the initial value and the NUG 

granules to 85 ± 4% over the 4 hours in which they were studied. This is a diameter loss 

rate of -5%/hr for both granule types. The UG granules decreased in mass to 79 ± 4.5% 

of the initial value and the NUG granules to 79 ± 8.5% over the 4 hours. This is a mass 

loss rate of -7.5%/hr and -12.5%/hr, respectively. 
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Figure 6.22 The diameter distribution for UG granules from the December control 
experiment for initial and final time points. The distribution shifted from an average 
diameter of 0.80 ± 0.05J.1m (± s.e.m.) to 0.69 ±0.04J.1m. 
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VI.2.2c Summary of Control Experiments 

The results of the control experiments confirm that zymogen granules release their 

enclosed protein into an isosmotic solution without the occurrence of lysis. Additionally, 

we observed that the granules changed in diameter and protein concentration over time. 

This was first shown in the fixation experiment by observing that the characteristics 

of diameter and protein mass for populations of suspended, isolated granules - changed as 

a function of the amount of time the granules were held at room temperature. If protein 

was not released from individual granules then the population characteristics of the 

granules we observed in STXM would be the same no matter how long the granules were 

maintained at room temperature. From this experiment, we also saw that the protein that 

was released into solution was probably taken up by other granules in the population 

since the average protein mass of the UG granules increased for the different time points. 

However, because each time point in this experiment was from a different population of 

granules (although from the same initial preparation) we could not say for certain that 

particular individual granules took up or released protein . 

However, in the fresh granule experiments, where we were able to observe individual 

granules over time, we see that on average, the granules in the May, June and December 

experiments lost protein over time. If we look at each granule individually in the June

control (data not shown), all NUG granules decreased in protein content over time 

whereas, some UG granules show an increase in protein mass. This confirms the 

observation from the fixed experiment that some granules take up protein released by 

other granules. 

The low rate of protein release from the June-control experiment is similar to that 

measured using other techniques (Liebow and Rothman, 1976; Rothman, 1972). This 

small rate of release confim1s that the granules are in a semi-equilibrium state with 

protein in the suspending solution and as we mentioned above, some granules are even 
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taking up protein. That the December control experiment shows a higher mass loss rate 

even though they too were suspended in the initial isolation solution, is because the 

suspending solution was circulated within the LBL-WC and the granules were not in a 

constant environment. The large mass loss rate from the May control experiment (-40% 

of the initial mass was lost) is also a result of the flow of the solution. At this time 

however, we were using pressurized gas to flow solutions through the LBL-WC. The 

flow rates were much greater than with the peristaltic pump, which was used in all other 

experiments, and as a result, the mass loss rate was higher. The difference between UG 

and NUG protein loss rate will be discussed in the summary of the next section. 

In both June and December control experiments, protein concentration of both types 

of granules increased over the time course, even as the granules lost protein. The May 

control experiments did not show this same phenomenon, perhaps as a result of the large 

mass loss associated with the flow of solution during this experiment. In general, as we 

will see in other experiments, zymogen granules increase in protein concentration as they 

release protein. The distribution of protein concentration for the population in each 

experiment are easily visualized in the protein mass versus granule volume graph. We 

saw that, as compared to the General Population, the distributions for the June and 

December control experiments were relatively tight and this is a result of the fact that we 

used only one or two preparations of zymogen granules for these experiments. As the 

average protein concentration increased over time for these granule populations, the 

distribution remained tight and the relationship between protein mass and granule volume 

was maintained regardless of protein loss (or gain) or diameter loss. A discussion of this 

observation and diameter loss for all the experiments is given in the Discussion and 

Conclusion chapter (VIII). 
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VI.2.2 Dilute Isosmotic and Different Osmolarity Solutions 

The experiments in this section were performed in order to observe the effects of 

dilution of the original suspension of granules as well as dilution plus an increase or 

decrease in the osmolarity of the suspending solution, on the diameter, protein mass and 

concentration of the granules. In this sense, dilution refers to increasing the volume of 

suspending solution to granule number and was accomplished by perfusion of a solution 

of isosmotic 0.3M sucrose, pH 6.0past the granules after an initial image. This solution 

displaced the original suspension medium already in the LBL-WC and established an 

essentially infinite reservoir of isosmotic solution to the granules that were already 

adhered to the silicon nitride windows. To increase osmolarity, a solution of 0.6M 

sucrose (pH 6.0) was used and to decrease osmolarity, water (pH 6.0) was used. Previous 

experiments have suggested that the granules do not behave as typical osmometers, i.e. 

like red blood cells that swell and lyse when suspended in water, or that shrink 

proportionately under osmotic stress in hyperosmotic solutions. Instead, they seem to be 

"osmotically inactive," although they do lose some of their protein content over time 

(Burwen and Rothman, 1972). After each type of solution was perifused through the 

LBL-WC (isosmotic, hyperosmotic and hyposmotic), the same fields of granules 

examined initially were re-imaged over time and changes in their diameter, protein 

concentration and mass were noted. 

VI.2.2a 0.3 M Sucrose - Isosmotic Solution 

As discussed in Chapter I, according to the equilibrium theory of protein release from 

granules (Rothman, 1975), protein efflux should increase in response to an increase in the 

protein concentration gradient across the granule membrane. From the previous chapter, 

we observed that protein loss from granules suspended in the original isolation solution 

was - 2.8%/hour (for UG granules, averaged over the entire observation time). In the 

isosmotic experiment we expect the rate of protein loss to increase because released 
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protein in the suspending solution is removed by perfusion maximizing the concentration 

gradient from the granules to the medium. 

Table 6.6 shows the diameter, protein concentration and mass for 18 granules over the 

time course. These granules came from two different preparations and four different 

fields, the pixel size was 58.6nm for each image. All of the granules were initially 

identified as UG granules. The granules were observed to decrease in diameter and 

protein mass over the time course of the study although the protein concentration values 

increased. Values in this table compare to those seen for the General Population. 

Table 6.6. The results of the dilution in isosmotic solution. All of the granules are of 
the UG type. The characteristics of the t=lhr time point are from the initial image 
where the granules are suspended in the original isolation solution. The experimental 
solution is flowed past the grariules after this first time point and the characteristics of 
the other time points are measured when granules are suspended in this experimental 
solution. Values with the same letter are not significantly different (P>0.05, t test). 

Diameter (J.lm) Protein Protein Mass 
Concentration (fg) 

average± (s.e.m.) (mg/ml) 
average± (s.e.m.) average± (s.e.m.) 

(N=l8) t=lhr 0.93 ±0.05 337 ± 23a 147 + 24 

t=2hr 0.87 ±0.05 355 ± 29a 126 ± 19 

t=3hr 0.82±0.05 I 383 ± 30 116 ±19 

Diameter 

The distribution of diameters for the initial and final time points is shown in figure 

6.26. The diameter ranged from 0.64-1.35J.1m for the initial time point and 0.58-1.35J.Lm 

for the final time point. Variance in diameter did not change (P>0.05, F test) between the 

time points. 

Protein Concentration 

The distribution of protein concentration for initial and final time points are shown in 

figure 6.27. The granules range in protein concentration from 172-466mg/ml for the 



Chapter VI 163 

initial time point to 193-557 mg/ml for the final time point. The average value of protein 

concentration increased over time by a factor of 1.15, somewhat less than observed in the . 

control studies (1.8 and 1.2% for the June and December experiments, respectively). The 

variance did not change (P>0.05, F test). 

A plot of protein mass versus granule volume is shown in figure 6.28. Again all of the 

data for all of the time points have been plotted together as well as two lines with slopes 

that represent protein concentrations of 600 and 100 mg/ml. We can see that the 

relationship between protein mass and granule volume is retained despite protein loss. 

Although there is substantial scatter in the plot, the average protein concentration did not 

change very much over time; not even significantly between the 1st and 2nd time point 

(P>0.05, t test). 

Protein Mass and Diameter Change 

Protein mass versus diameter loss is shown in figure 6.29. Over the time course, 

protein mass and diameter decreased. The granules decreased in diameter to 88 ± 1.5% 

(ave.± S.E.M) of the initial value; a loss rate in diameter of -6%/hr. And, the granules 

decreased in mass to 77 ± 3% of the initial value or a rate of mass loss of -12%/hr. In 

this case, the average values of diameter and protein mass were significantly different 

(P>0.05, t test) between all time points. 
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Figure 6.26 The distribution of diameter for initial and final time points for the 
isosmotic solution experiment. The peak does not change between the time points, 
although there is a shift towards smaller diameters. 
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VI.2.2b 0.6 M sucrose flow - Hyperosmotic Solution 

Table 6.7 shows the diameter, protein concentration and mass data for 18 granules 

over the time course. These granules came from one preparation and three imaging fields. 

The pixel size in each field was 39.9nm. The data from the UG and NUG granules are 
' 

reported separately as well as combined. From the table we can see that NUG granules 

represent 33% of the population. The NUG granules are larger than UG granules for all of 

the time points and UG granules are on average twice as concentrated as the NUG 

granules for all of the time points. Both types of granules were observed to decrease in 

diameter and protein mass over the time course although protein concentration values 

generally increased. A notation is made on the chart when particular characteristics are 

not shown to be statistically significantly different between either the two groups of 

granules at a particular time point, or between the time points for a particular type of 

granule (UG or NUG). 
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Table 6. 7. The results from the hyperosmotic solution experiment. The characteristics 
of the t=1hr time point are from the initial image where the granules are suspended in 
the original isolation solution. The experimental solution is flowed past the granules 
after this first time point and the characteristics of all of the other time points are for 
granules in this solution. Values with the same letter are not significantly different 
(P>0.05). 

Diameter (J.lm) Protein Protein Mass 
Concentration (fg) 

average ± (s.e.m.) (mg/ml) 
average± (s.e.m.) average ± (s.e.m.) 

Uniform 
(N=12) t=lhr 1.09 ± 0.06 305 ±21 216± 26 

t=2hr 0.93 ±0.06 383 ± 23a 164±20 
t=3hr 0.90±0.06 369 ± 17a,b 148 ± 21 
t=4hr 0.87 ±0.06 378 ± 19b 136± 19 

Non-Uniform I 
(N=6) t=lhr 1.36 ± 0.11 156 ± ua 211 ± 38 

t=2hr 1.12 ± 0.11 184 ± 15a,b 154 ± 38 
t=3hr 0.98 ±0.09 179 ± 15b,c 100±29d 
t=4hr 0.92±0.08 203 ± lQC 90 ± 19d 

All 
(N=18) t=lhr 1.18 ± 0.06 255 ±22 215 ± 20 

t=2hr 1.00 ± 0.06 316± 28 160 ± 18 
t=3hr 0.93 ± 0.05 I 305 ±25 132 ± 16 
t=4hr 0.89 ±0.04 320±24. 120 ± 15 

Diameter 

The distribution of diameters for the initial and final time points for the UG granules 

is shown in figure 6.30. The NUG granules are not shown because only 6 were examined. 

They ranged in size from l.00-1.68J..Lm for the initial time point to 0.68-1.12J..Lm for the 

final time point. The UG granules ranged in diameter from 0.64-1.48J..Lm for the initial 

time point to 0.52-1.20J..Lm for the final time point. The variance in diameter did not 

change (P>0.05, F test). 

Protein Concentration 

The distribution of protein concentration for initial and final time points for the UG 

granules is shown in figure 6.31. The NUG granules are not shown, but they ranged in 

value from 124-186mg/ml for the initial time point to 158-226mg/ml for the final time 
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point. The UG granules ranged in protein concentration from 171-397mg/ml for the 

initial time point to 284-529mg/ml for the final time point. The range of protein 

concentration shifted significantly between the initial and final time points. Both 

populations of granules became more concentrated over time; the UG granules increased 

in protein concentration on average by a factor of 1.2 and the NUG granules by a factor 

of 1.3. 

A plot of the protein mass versus the granule volume is shown in figure 6.32. All of 

the time points for both populations of granules are shown on this graph. We can see that 

both types of granules show distinct distributions. The protein concentration values for 

both populations did not change dramatically between time points and, as we can see in 

Table 6.7, there was no significant change in the values (P>0.05, t test) between any of 

the time points for the NUG granules, although the values did increase overall from the 

initial to the final period for both UG and NUG granules. 

Protein Mass and Diameter Change 

Protein mass and diameter loss for both types of granules are shown in figure 6.33. 

The UG granules decreased in diameter to 82 ± 2% of the initial value and NUG granules 

to 77 ± 1.5% over the 3 hours of study. This is a diameter loss of -4%/hr and -8%/hr, 

respectively. The UG granules decreased in mass to 62 ± 4% of the initial values and 

NUG granules to 42 ± 3.5% over the 3 hours. This is a mass loss rate of -13%/hr and 

-19%/h.r, respectively. 
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Figure 6.30 The distribution of granule diameter values for initial and final time 
points for the hyperosmotic solution experiment. The peak of the distribution shifts 
from l.l!J.m at the initial time point to 0.91J.m for the final time point. 

c 
0 40 i 
::s 
c. 
0 c.. -0 
- 20 c 
Cl) 
C.) ... 
Cl) 

c.. 

0 

100 

c::J initial time 
- finaltime 

200 300 400 

Protein Concentration (mg/ml) 

500 

6 .., 
""' CD .c 
c 
CD 

4 ::s 
(') 

'< 
0 -"'C 
0 

2"C c 

0 

I» 
~ 
0 
::s 

Figure 6.31 The distribution of protein concentration for initial and final time points 
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VI.2.2c Water- Hyposmotic Solution 

This data set consists of 61 granules observed in 2 different fields from the same 

granule preparation once every hour over a period of 3 hours after the initial image. The 

pixel size was 63.3nm. The fields are shown in figures 6.34 and 6.35. We did not 

observe any lysis during the experiment and all of the granules that were in the initial 

field can be accounted for in the final field. 

Table 6.8 shows diameter, protein concentration and mass data for the 61 granules 

over the time course. The data from the UG and NUG granules are reported separately as 

well as combined. From the table we can see that NUG granules represented 13% of the 

total population. They were not significantly different than the UG granules in diameter 

values for any of the time points (P>0.05, t test). Both populations were different in their 

protein concentration. Initially the UG granules were 2.2 times more concentrated that the 

NUG granules, but unlike the previous experiments, this factor did not stay constant and 

by the final time point the UG granules were only 1.6 times more concentrated because 

the final concentration of UG granules decreased. Both types of granules decreased in 

diameter and protein mass over the time course. The NUG granules increased in protein 

concentration, but the UG granules initially decreased in protein concentration after the 

immediate exposure to water and then slowly increased. A notation is made on the chart 

when particular characteristics are not shown to be statistically significantly different 

between either the two groups of granules at a particular time point, or between the time 

points for a particular type of granule (UG or NUG). 
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Table 6.8 The results from hyposmotic solution experiment. The characteristics of 
the t=1hr time point are from the initial image where the .granules are suspended in 
the original isolation solution. The experimental solution is flowed past the granules 
after this first time point and the characteristics of the other time points are measured 
when granules are suspended in this experimental solution. Values with the same 
letter are not significantly different (P>0.05) 

Diameter (Jlm) Protein Protein Mass 
Concentration (fg) 

average ± (s.e.m.) (mg/ml) 
average± (s.e.m.) average± (s.e.m.) 

Uniform 
(N=53) t=lhr 0.93 ±0.02 430± 10 183 ±9 

t=2hr 0.87 ±0.02 352± 12 129 ±7 
t=3hr 0.82±0.02 380± l2C 117±7 
t=4hr 0.78 ±0.02 391 ± 13C 104±6 

Non-Uniform 
(N=8) t=lhr 1.00 ± o.o7a 195 ± 16d 109 ± 19 

t=2hr 0.94± o.o7a 202 ± 16d 91 ± 15f 
t=3hr 0.86±0.06b 247 ±26e 79± uf 
t=4hr 0.82±0.06b 251 ± 24e 71 ± 11 

All 
(N=61) t=lhr 0.94±0.02 399 ± 14 173 ± 68 

t=2hr 0.88 ±0.02 332± 13 124±7 
t=3hr 0.83 ±0.02 362 ± 13 112±6 
t=4hr 0.79±0.02 372 ± 13 100±6 

Diameter 

The distribution of diameters for the initial and final time points for the UG granules 

is shown in figure 6.36. The NUG granules are not shown because only 8 were examined. 

They ranged from 0.76-1.391J.m for the initial time point to 0.63-1.14Jl.I11 for the final time 

point. The UG granules range in diameter values from 0.70-1.201J.m for the initial time 

point to 0.51-1.081J.m for the final time point. 

Protein Concentration 

The distribution of protein concentration for initial and final time points for the UG 

granules is shown in figure 6.37. The NUG granules are not shown. They ranged in value 

from 139-246mg/ml for the initial time point to 149-326mg/ml for the final time points. 
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The UG granules range in protein concentration values from 266-684mg/ml for the initial 

time point to 224-680mg/ml for the final time point. The protein concentration of the UG 

granules decreased by 20% after the first exposure to water and then gradually increased 

to 90% of the original value. Although, between the 3rd and 4th time point, there is no 

significant difference in the values (P>0.05, t test). We can see from figure 6.36 that the 

protein concentration distribution remains compact over time. 

Protein mass versus granule volume plots are shown in figure 6.38 for each of the 

time points and for both types of granules. We can see that in the first time point, the UG 

and NUG granules show distinct distributions. But, as time goes on, even though the 

relationship between protein mass and granule volume is maintained, the two 

distributions merge. This is because the UG granules become less concentrated and the 

NUG granules become mo:re concentrated. 

Protein Mass and Diameter Change 

The protein mass and diameter loss over time for both types of granules is shown in 

figure 6.39. Overall, UG granules decreased in diameter to 85 ± 1.5% of the initial value 

and NUG granules to 81 ± 3% over the 3 hours of study. This is a diameter loss of 

-5.5%/hr for both types of granules. The UG granules decreased in mass to 58 ± 2.5% of 

the initial values and NUG granules to 68 ± 4.5% over the 3 hours. This translates to a 

mass loss of -17%/hr and -10%/hr, respectively. 
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Figure 6.34 STXM images of all of the time points for the first field of granules in 
the water experiment. All of the granules that were present in the initial image can be 
found in the final image. The pixel size was 63.3nm. 
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Figure 6.35 STXM images of all of the time points for the second field of granules in 
the water experiment. All of the granules that were present in the initial image can be 
found in the final image. The pixel size was 63.3nm. 
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Figure 6.36 The distribution of diameters for UG granules in the hyposmotic solution 
experiment for initial and fmal time points. The distribution shifts to smaller diameter 
values over the time course. 
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Figure 6.37 Protein concentration distribution for UG granules from the hyposmotic 
solution experiment the initial and final time points. In this case, the distribution shifts 
to lower protein concentration values over the time course. This is the only 
experiment in which we observe a drop in protein concentration. 
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Figure 6.38 Plot of protein mass versus granule volume for all of the time points and 
both types of granules. In the first graph (time 1) we see that the distributions of UG 
and NUG granules are separate, but by the final graph, these distributions tend to 
merge. This is a result of the UG granules becoming less concentrated and the NUG 
granules becoming more concentrated. 
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VI.2.2d Summary of Dilution and Osmotic Experiments 

The results from these experiments confirm that the rate of release of protein from 

isolated zymogen granules is affected by the nature of the suspending solution. By 

perifusing isosmotic, hyperosmotic or hyposmotic solutions past an initial field of 

granules, we observed that the rate of release of protein from these granules increased 

above that of the control experiments; e.g. no perfusion. 

In order to compare these experiments to the controls, the results are compiled in 

Table 6.9 below. Both the initial rate of protein loss (the percent of the initial mass that 

the population of granules lost between the first and second image, when perfusion 

occurred) and the subsequent rate of protein loss (the average percent of mass lost per 

hour over the remainder of the experiment) are shown for UG and NUG granules from 

each experiment presented so far. 

Table 6.9 The protein mass loss rates for the experiments we performed on isolated 
granules using STXM. The initial mass loss is the percent of the initial mass that the 
population of granules lost between the first and second image. The "subsequent" 
mass loss rate is rate at which the granules continued to lose protein after the second 
image and until the end of the time period of the study. Values shown are the 
averages for the population. 

Experiment UG 2ranules NUG 2ranules 
Initial mass "Subsequent" Initial mass "Subsequent" 

loss mass loss rate loss mass loss rate 
June-control 1.5% I 3.0%/hr 9.2% 4.8%/hr 
Dec.-control 10.7% 5.6%/hr 18.4% 0.5%/hr 
Isosmotic 14.0% 10.3%/hr (0.3M sucrose) --- ---
Hyperosmotic 23.0% 9.4%/hr 31.7% 17.8%/hr (0.6M sucrose) 
Hyposmotic 29.2% 8.8%/hr 13.9% 10.2%/hr (water) 

From the table, we can see that perfusing isosmotic solution past the granules results 

in a higher initial rate of protein loss (UG-14.0%) than no perfusion (June-control; UG-

1.5%). We can also see that circulating the suspending solution (December-control) has a 
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similar affect on the rate of release of protein as perfusion (10.7 versus 14% respectively, 

for UG granules). It would appear that the rate of release of protein from the granules is 

enhanced by exchanging the solution surrounding the granules. This result is expected as 

granules have been shown to release a greater proportion of their contents in response to 

an increase in the volume of the suspending solution (Liebow and Rothman, 1972). As 

both perifusion (or circulation) and a volume increase effectively decrease the 

concentration of protein released from other granules, it is apparent that the rate-of release 

of protein from the granules is affect by local protein gradients. 

The rate of protein loss was also affected by an increase in the osmolarity of the 

suspending solution. By perfusing a hyperosmotic solution (0.6M sucrose), the initial rate 

of protein release (23.0% for UG granules) was observed to increase over the isosmotic 

experiment (14.0% for UG granules). This was probably the result of "solvent drag." In 

other words, water that left the granule due to the osmotic forces carried with it protein in 

solution. 

However, in the hyposmotic experiment, the increase in the rate of protein loss over 

the isosmotic experiment (29.2 versus 14%, respectively for UG granules) cannot be 

accounted for by solvent drag as water would enter the granule. In this case, water may 

have caused the release of protein from the internal aggregate by affecting its binding 

properties and therefore, more protein was able to be released from the granule. In this 

experiment, there was a possibility that we would have observed the granules swell as 

water entered the granules as the protein concentration within the granules was higher 

than outside. However, the fact that we did not observe this phenomenon indicates that 

protein in solution, which would contribute to an increase in the osmolarity of the granule 

interior, must quickly leave the granule and any remaining protein would remain in an 

aggregated form. The rate of protein release we observed in this experiment was similar 

to that measured by Hokin (1955) under similar circumstances. 
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In all of the experiments, except the hyposmotic, NUG gra~ules lost a greater 

percentage of their protein than UG granules. This result is probably due to the fact that 

more protein is in solution within NUG granules than in UG granules, where it is 

primarily held in an aggregated form. As solubilized protein can more readily leave the 

granule, we would expect to observe a greater rate of protein release from NUG granules, 

even though, on average, they contain similar amounts of protein to UG granules. That 

this observation is reversed in the hyposmotic experiment is probably a result the water 

causing a partial dissolution of the aggregate in UG granules, as mentioned above, 

producing a greater percentage of solubilized protein. 

In all likelihood, the above explanation accounts for the observed decrease in protein 

concentration for the hyposmotic (and the May control) experiment. This initially high 

rate of protein release without a simultaneous decrease in diameter, as observed in the 

hyperosmotic experiment, results in a decrease in the measured protein concentration. In 

all of the other experiments, the concentration increases over time. This increase in 

protein concentration and the observed changes in diameter will be discussed further in 

the Discussion and Conclusions Chapter (VIII). 
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. VI.2.3 Triton X-100 

In the Triton X-100 experiments, an initial image of a field of granules was taken and 

then a solution of either 0.025% or 0.5% Triton X-100 in 0.3M sucrose (pH 6.0) was 

flowed through the LBL-WC. The granules were then observed over a period of time and 

changes in their diameter, protein concentration and mass were noted. We were interested 

in how the changes in diameter, protein concentration and mass of granules were affected 

when granules were exposed to detergent at both a low concentration (0.025%) and a 

concentration that is known to solubilize the enclosing membrane of the granule. 

Unfortunately, we cannot show quantitative results for the 0.5% Triton-X experiment 

because, after the initial image, when the detergent solution was flowed past the granules, 

there were no granules left to image a second time. There were, what appeared to be, 

remnants of granules; clumps of indistinguishable biological material. We can conclude 

from this result that this concentration of detergent caused the dissolution of the granules 

because we know from other studies on populations of granules that the detergent causes 

the complete release of granule contents almost immediately, although it cannot be 

excluded that intact granules were released from the SiN windows by the detergent and 

were no longer visible. 

Table 6.10 shows the diameter, protein concentration and mass data for 9 granules 

over the time course. All of the granules came from the same preparation and were 

imaged in three separate fields. The images had different pixel sizes, either 30.5 or 

58.6nm. All except one granule was identified as an UG granule. The granules were 

observed to decrease in diameter and protein mass over time, although again protein 

concentration increased. 
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Table 6.10. Results from the 0.025% Triton X-100 experiment. The characteristics of 
the t=lhr time point are from the initial image where the granules are suspended in 
the original isolation solution. The experimental solution is flowed past the granules 
after this first time point and the characteristics of the other time points are measured 
when granules are suspended in this experimental solution. Values with same letter 
are not significantly different (P>0.05, t test) . 

• 
Diameter (J..lm) Protein Protein Mass 

Concentration (fg) 

average ± (s.e.m.) 
(mg/ml) 

average ± (s.e.m.) average± (s.e.m.) 
Uniform 
(N=9) t=1hr 0.94 ± o.o5a 291 ± 30 126 ± 19 

t=3hr 0.80±0.o5a 362±25b 99 ± 15 
· t=4hr 0.75 ±0.05 364±23b 83 ± 12 

Non-Uniform 
(N=1) t=1hr 1.04 115 70 

t=3hr 0.92 146 59 
t=4hr 0.82 173 51 

All 
(N=10) t=1hr 0.95 ±0.05 271 ± 34 119 ± 19 

t=3hr 0.81 ± 0.05 338 ± 33 95± 15 
t=4hr 0.76±0.05 343 ± 30 80± 12 

Protein Concentration 

The UG granules ranged in protein concentration from 178-425mg/ml at the initial 

time point to 278-468mg/ml at the end of the study. On average they increased in protein 

concentration by a factor of 1.2. Although this increase took place between the 1st and 

the 3rd time point because there is no significant difference between the protein 

concentration values between 3rd and last time point (P>0.05, t test) 

Figure 6.39 shows the plot of protein mass versus granule volume for all of the time 

points. The lone NUG granule is shown also. We can see that Triton X-100 at this 

concentration does not seem to affect the relationship although the variability of the data 

is somewhat greater than control and other experiments. 
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Protein Mass and Diameter Change 

Protein mass and diameter loss for both types of granules are shown in figure 6.40. 

The UG granules decreased in diameter to 81 ± 2% of the initial value over the 3 hours 

of study. This is a diameter loss rate of -9.5%/hr. The uniform granules decreased in 
• 

mass to 70 ± 7% of the initial value. This translates to a rate of mass loss -18%/hr. 

Summary 

The initial and subsequent rates of protein loss in the 0.025% Triton X-100 

experiment are not significantly different from the rates we observed in the isosmotic 

0.3M sucrose experiment (P>0.05, t test). As the 0.025% Triton X-100 is also in a 0.3M 

sucrose solution and we can conclude that at this concentration, the detergent is not 

sufficient to affect the permeability of the membrane of the granule and change the rate of 

protein release. It would have been interesting to try a detergent concentration between 

the two concentrations of 0.025 and 0.05%, however we did not have the opportunity. 
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Figure 6.40 Protein mass is plotted against granule volume for all of the time points 
for both the UG and the lone NUG granule. The NUG granule show a correlation 
between protein mass and granule volume over the time course. The UG granules 
appear more variable in this experiment. 
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Figure 6.41 The percent loss of protein mass and diameter for the UG granules over 
the time course of the 0.025% Triton X-100 experiment. Error bars are± s.e.m. 
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VI.2.4 Protein Uptake 

All of the experiments in section VI.2&3 were designed to promote the release of 

protein from granules. We were interested in whether this was reversible and if the 

granules would take up protein if the concentration in the suspending solution was high 

enough. Re-uptake of chymotrypsinogen and total protein has been shown by Lie bow and 

Rothman in granule suspensions (Liebow and Rothman, 1972, 1978). We chose to study 

only chymotrypsinogen, one of the 20 proteins contained within the granule. In these 

experiments, an initial image of a field of granules was taken and then a solution of either 

50mg/ml or 250mg/ml a-chymotrypsinogen (bovine, Sigma) in 0.3M sucrose (pH 6.0) 

flowed into the LBL-WC. The granules were then observed over a period of time and the 

changes in their diameter, protein concentration and mass were noted. 

VI.2.4a 50 mg/ml Chymotrypsinogen 

Table 6.11 shows the diameter, protein concentration and mass data for 19 granules 

over the time course. These granules came from the same preparation and were imaged in 

two fields both of which had a pixel size of 58.6nm. All of the granules were identified as 

UG type. The granules decreased in diameter and increased in protein concentration until 

the 3rd time point, at which point they no longer changed significantly (P>0.05, t test). 

Protein mass decreased initially after the introduction of the 50mg/ml chymotrypsinogen, 

but remained unchanged for the remainder of the study. 
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Table 6.11 The results from the 50 mg/ml chymotrypsinogen experiment. The 
characteristics of the t=lhr time point are from the initial image where the granules 
are suspended in the original isolation solution. The experimental solution is flowed 
past the granules after this first time point and the characteristics of all of the other 
time points are measured when granules are suspended in this experimental solution. 
Values with the same letter are not significantly different (P>0.05, t test) 

Diameter (~m) Protein Protein Mass (fg) 

average± (s.e.m.) Cone. (mg/ml) average± (s.e.m.) 
average± (s.e.m.) 

(N=19) t=l 1.05 ± 0.05 183 ± 13 104± 10 
t=2 0.85 ±0.04 252± 16 84± 1Qd 
t=3 0.81 ±O.o4a 292 ± 19C 84± 1Qd 
t=4 0.80 ± o.o5a,b 299 ± 14C 84 ± 10d 
t=5 0.79±0.Q4b 306 ± 16C 82± 1Qd 

Diameter 

A histogram of initial and final diameters for these granules is shown in figure 6.42. 

They ranged in diameter from 0.59-1.46~m for the initial time point to 0.47-1.00~ for 

the final time point. As can be seen in the figure, there is quite a substantial shift in the 

range of diameter values between the initial and final time point towards smaller sizes. In 

other words, the final time point does not have the same distribution of large diameter 

values as the initial time point 

Protein Concentration 

A histogram of protein concentration for the initial and final time points is shown in 

figure 6.43. The granules ranged in protein concentration from 93-348mg/ml at 1hr. to 

193-440mg/ml at t=5hr. The change in concentration occurred mainly between the 1st 

and 2nd time point (a factor of 1.4) and did not change significantly at all between the 3rd 

& 5th time points. 

Figure 6.44 shows protein mass versus granule volume for the initial and final time 

points. We can see that for both time points, the relationship between protein mass and 

granule volume holds, but suspension in 50mg/ml chymotrypsinogen increases the slope 

of the function or the average protein concentration in the granules. 
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Protein Mass and Diameter Change 

Protein mass and diameter loss is shown in figure 6.45. The decrease in diameter was 

76 ± 1.5% of the initial value over the 4 hours. This is a diameter reduction of -6%/hr. 

The decrease in mass was 79 ± 4% of the initial value or a mass loss of -5%/hr. 

Although, as mentioned before, most of the loss in both protein mass and diameter 

occurred between the 1st and 2nd time points. 



Chapter VI 

c: 
0 
;: 
]! 
:::::1 
c. 
0 c. -0 -c: 
Cl) 
(J .... 
Cl) 

c. 

30 

20 

10 

0 

0.0 

c:=J initial time 
- finaltime 

0.5 1.0 

Diameter (IJ.m) 

1.5 

6 

4 

"T 
'"'I 
<D .c 
c: 
:::::1 
<D 
~ 
'< 
0 .... 
"t 
0 

2 "'C c: 

0 

189 

Figure 6.42 The diameter distribution for the 50mg/ml chymotrypsinogen· experiment 
for initial and final time points. The final time point distribution is truncated in that 
there are no granules with diameters larger than lmicron. In the original distribution, 
50% of the granules had diameters greater than lmicron. 
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Figure 6.43 The protein concentration distribution for the 50mg/ml 
chymotrypsinogen experiment for initial and final time points. In the initial 
distribution less than 30% of the granules had a protein concentration greater than 200 
mg/ml, but in the final distribution 95% of the granules had concentrations greater 
than 200 mg/ml. 
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Figure 6.44 Protein mass versus granule volumes for initial and final time points for 
the 50mg/ml chymotrypsinogen experiment. While the relationship between the two 
variables holds for both time points, the distribution has shifted to higher 
concentrations at the end of the study. 
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Figure 6.45 The protein mass and diameter loss curves for the 50mg/ml 
chymotrypsinogen experiment. Error bars are± s.e.m. 
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VI.2.4b 250 mg/ml Chymotrypsinogen 

In these experiments we increased the concentration of chymotrypsinogen in solution 

to 250 mg/ml. Table 6.12 shows the diameter, protein concentration and mass data for 35 

granules taken from 3 different preparations and 7 different fields. The pixel size in all of 

the fields was 58.6nm. In the first experiment, oct22, the granules increased in protein 

mass and diameter, although there was an overall decrease in protein concentration. In the 

second experiment, oct28, granules increased in both diameter and protein mass while 

protein concentration stayed relatively unchanged. In a third experiment (apr), an increase 

in mass is again observed but there was a decrease in the diameter and an increase in 

protein concentration. 

Table 6.12 250 mg/ml chymotrypsinogen. Results from three different experiments. The 
characteristics of the t=1hr time point are from the initial image where the granules are 
suspended in the original isolation solution. The experimental solution is flowed past the 
granules after this first time point and the characteristics of all of the other time points are 
measured when granules are suspended in this experimental solution. Values with the 
same letter are not significantly different (P>0.05, t test) 

Diameter (J.!m) Protein Protein Mass 
Concentration (fg) 

average± (s.e.m.) (mg/ml) 
average ± (s.e.m.) average± (s.e.m.) 

oct22 t=1 0.87 ± 0.05 175 ± 14 67 ± 12 
(N=13) t=2 1.30 ± 0.10 58±4 86± 17 
oct 26 t=l 1.09 ± 0.08 223 ± 35b 158 ± 32 
(N=6) t=2 1.36± 0.13 240± 14b 332± 68 

t=3 1.30 ± 0.11 226± llb 278 ±56 
apr t=l 1.20 ± 0.07 186± 14 167 ± 18d 
(N=16) t=2 1.04 ± o.osa 283 ± l7C I 177 ± 21d 

t=3 1.07 ± o.osa 312 ± 24C 217 ± 28 

Figure 6.46 shows the protein mass versus granule volume for all of the granules for 

all of the time points. We can see that the general relationship again holds regardless of 

protein mass gain, diameter loss/gain or protein concentration loss/gain. The only points 

not grouped with the others are from the second time point in the oct22 experiment. 
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These granules decreased in protein concentration by a factor of 3 (Table 6.12) and 

therefore show a different distribution. 
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Figure 6.46 The protein mass for all of the 250mg/ml chymotrypsinogen experiments 
plotted against granule volume. Although there is a wide distribution of values, we 
still see that a relationship exists between these two variables. The granules from the 
oct22 experiment are no longer in this broad distribution after they were exposed to 
the chymotrypsinogen flow, because their protein concentration values fell 
dramatically (see Table 6.12). 

VI.2.4c Summary of Protein Uptake 

In the 50 mg/ml chymotrypsinogen study, while we did not observe the net uptake of 

protein in any of the granules after the solution had been flowed into the LBL-WC, we 

also did not observe any significant release of protein from the granules after the first 

time period. There was also no significant change in the diameter or protein concentration 
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of the population of granules. These results suggest the attainment of an equilibrium state 

between granules and the suspending solution, in that the flux of protein into the granule 

was the same as the efflux. 

However, we did observe that granules increased in protein mass after exposure to the 

250 mg/ml chymotrypsinogen solution - on average for all of the experiments between 

the first and the second time point by 30 ± 7% (±s.e.m), confirming that granules are able 

to take up exogeneously added protein (as opposed to protein released from other 

granules) as first seen by Liebow and Rothman (1978). This result indicates that protein 

is able to cross into and out of the granule across the membrane. 

As protein entering the granule would also involve an influx of water in response to 

the increase in osmolarity within the granule, we would generally expect the diameter of 

the granules to increase and the protein concentration to decrease. And indeed, this 

phenomenon is observed ~n the oct22 experiment. However, it appears that some of the 

exogeneously added protein may also be taken up by the protein aggregate within the 

granule because in the other two experiments, the average protein concentration either 

stays approximately the same (oct26) or increases (apr) with a simultaneous increase in 

protein mass. This result indicates that excess water leaves the granules once protein is 

bound to the osmotically inactive aggregate. As such, we can see ·that as a result the 

average diameter value does not increase as much in the oct26 experiment (-20%) as it 

did in the oct22 experiment (-50%). Furthermore, in the apr experiment where we 

observe the largest increase in protein concentration, we also find that diameter decreases, 

probably as a result of water exclusion. 
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VI.2.5 NaCI 

This experiment was designed to study the effect of suspending the granules in an 

ionic isosmotic solution (150mM NaCl, pH 6.0) instead of the usual nonionic isosmotic 

solution (0.3M sucrose). From previous work (Burwen and Rothman, 1972) is was 

demonstrated that -36% of the total protein was released from granules after incubation 

in 150mM NaCl for 15min (3TC). Table 6.13 shows the average diameter, protein 

concentration and mass for granules suspended in NaCl in comparison to the General 

Population (GP) granules. 

Table 6.13. Results of the experiments from resuspending isolated granules in 
150mM NaCl, pH 6.0. Values with the same letter are not significantly different 
(P<0.05, t test) 

Diameter (J.lm) Protein Protein Mass 
Concentration (fg) 

average± (s.e.m.) (mg/ml) 
average± (s.e.m.) average ± (s.e.m.) 

Gen. Pop. (N=388) 1.08 ± o.o2a 253±7 150±4 

NaCl (N=19) 1.06 ± o.o6a 138 ± 14 86± 13 

From the table we can see that comparing the results to the GP population, the diameter 

values are not significantly different, but protein concentration and mass values are 

significantly less than the GP population. The NaCl population has an average protein 

mass that is -57% of the GP population. The protein concentration of the granules 

suspended in NaCl is also less than the General Population. This result may reflect the 

fact that NaCl causes the dissociation of protein from the internal granule aggregate, 

which is maintained by means of electrostatic interactions, so that much of the protein is 

in solution within the granule. This would explain the substantial release of protein from 

the granules and it would also explain their appearance compared to controls in STXM; 

which is uniform but of low density. 
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VI.2.6 Nigericin 

Nigericin is a cation exchange ionophore that exchanges K+ for H+. It readily inserts 

itself into membrane bilayers and can be used to increase the internal pH of a membrane 

bound organelle by suspending said organelle in a solution containing free K+. This 

technique has been used on isolated zymogen granules (LeBel, 1988) to study the 

"stability" of the granules as their internal pH increases. LeBel et al. observed that the 

optical density of a suspension of granules decreased after the addition of Nigericin and 

they concluded that the granules lysed as a result of the increased internal pH. The 

present experiments were carried out to determine if granules lysed or if the decrease in 

optical density was a result of either a decrease in diameter or refractive index (protein 

concentration) as predicted by Mie scattering theory (see Chapter I). The results are 

shown in Table 6.14. Two populations of granules were imaged from the same 

preparation. One group was the control to the other population to which 15J..LM Nigericin 

was added Then we imaged as m~ny granules as we could in an hour (Pixel size:lOOnm). 

Table 6.14 The results from the Nigericin experiment. Values with the same letter are 
not significantly different (P>0.05, t test) 

Diameter (J..Lm) Protein Protein Mass (fg) 
Concentration 

(mg/ml) average ± (s.e.m.) 

average± (s.e.m.) average ± (s.e.m.) 

Control (N=16) 1.07 ± o.o1a 164± 15 112 + 21 

Nigericin (N=l2) I 0.97 ±O.o6a 110 ± 16 48±6 

From the table, we can see that although the diameters of both populations were not 

significantly different, the protein concentration and mass values were. The control 

sample has a protein concentration 50% greater than the Nigericin group and a protein 

mass that was slightly more than a factor of two bigger. These results demonstrate clearly 

that the change in optical density observed in a suspension of isolated granules upon the 
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addition of Nigericin was the result of a change in the refractive index of the granules 

(protein concentration) not to a reduction in the number of granules (lysis) as originally 

proposed LeBel (1988). 

VI.3 The Effect of Fixation 

Much of what we currently know about the size and structure of zymogen granules 

has come from electron microscopic (EM) studies. The standard EM procedure requires 

specimens to be stained, fixed and dried (usually with plastic substitution); -techniques 

which may alter the natural structure of biological material on a sub-micron leveL From 

section VI.1, "A general description of fresh zymogen granules," we have seen that 

STXM images of fresh zymogen granules seem different from EM images of fixed 

zymogen granules in that the fresh granules are heterogeneous in appearance. In some we 

can identify structures, or at least clumps of protein, giving a non-uniform appearance. 

But, conclusions about the effects of fixation are difficult to make based on experiments 

using two different techniques. So, here we examine the changes in appearance, diameter, 

protein mass and concentration of granules in the X-ray microscope before and after 

fixation. 

This section contains two studies. The first compares a population of fixed granules to 

a population of fresh granules. The second presents the results of experiments in which 

fresh granules were imaged and then an isosmotic solution containing 1 1/2% 

glutaraldehyde was flowed past the granules - fixing them in place. 

VI.3.1 As compared to the General Population 

Appearance 

We have already seen many STXM images of fresh granules (figures. 6.1, 6.13-6.16 

and 6.34, 6.35) and figure 6.8 showed four images of fixed granules. From figure 6.8, it is 

immediately apparent that the two populations of granules that were originally identified 
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in the fresh granule image are again seen in these images (UG and NUG). However, there 

are some slight differences. While the UG granules in the fresh granule images were 

uniform in appearance, it was generally possible to distinguish at least some slight 

variations in the density across the granule. In the fixed images, UG granules are 

extremely uniformly dark in appearance - almost to the point of being indistinguishable 

from each other. Their sphericity is also much more perfect than the fresh UG granules, 

which were "generally" round. This is consistent with the fact that fixation causes protein 

cross-linking to membranes and each other. Moreover, in UG granules, since they already 

have such a high concentration of protein, it is not difficult to imagine that fixation cross 

links all of the protein within the granule giving the granules a very appear uniform 

appearance. This would also "smooth" the edges of the granule making them more 

circular in appearance. 

Given that we are still able to identify NUG granules, we can conclude that the 

fixation is not able to cross link and draw together the protein clumps that we see in NUG 

granules, into one uniformly dark clump. Fixation, however, does appear to have the 

effect of making the clumps and reticulations within NUG granules stand out more 

clearly and this is probably the result of cross-linking within the clumps. 

From these observations, it appears that fixation has the effect of smoothing the 

appearance of some features, e.g. eliminating slight variations in density that are visible 

in UG granules. That we could see these variations in fresh granules when we were 

imaging at resolutions at -50nm implies that fixation may eliminate our ability to 

distinguish features that are about 50nm due to cross linking whatever the resolution of 

the method may be. 

Diameter, Protein Concentration and Mass 

Fixation had the effect of enhancing the affinity of the granules for the silicon nitride 

windows. This facilitated being able to image hundreds of granules. Table 6.15 shows 
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the diameter, protein concentration and mass data for the 210, 1/2hr time point fixed 

granules taken from Table 6.22 compared to granules from General Population (GP -

Table 6.1). The data is divided into UG, NUG and the combined results for fixed and 

fresh granules. 

From the table below we can see that the NUG granules represent a similar fraction of 

the total population for the fixed and fresh populations, 20% and 23% respectively. We 

can also see that for both populations the NUG granules are bigger than the UG granules 

and have lower protein concentration and mass values. 

Table 6.15. Fixed and fresh granules. This table presents the average values for the 
characteristics of a fixed populations of granules and from Table 6.1 General 
Population) for comparison. The granules have been divided into two sub-classes; 
uniform and non-uniform. Values with the same letter are not significantly different 
(P>0.05) 

Diameter ()lm) Prot. Con. (mg/ml) Protein Mass (fg) 

ave. ± (s.e.m) ave.± (s.e.m) ave. ± (s.e.m) 

1/2hr Fixed 
Uniform (N=167) 1.03 ± o.o2a 300 ± 5C 180±7 
Non-Unif (N=43) 1.49 ± 0.05 96±6 163 ± 13e 
All 1.13 ± 0.02b 256±7d 176±6 

GP 
Uniform (N=300) 1.00 ± o.o1a 294± 7C 153±3 
Non-Unif. (N=88) 1.36 ± 0.04 115±6 142 ±we 
All 1.08 ± 0.02b I 253 ± 13d 150±4 

From the table, we can see that the diameter and protein concentration for the 

combined data of each population (fresh and fixed) and UG granules are not significantly 

different (P>0.05, t test). Although, the same cannot be said of the protein mass. It would 

appear from this population study that fixation may increase the mass of the granules, 

presumably by the binding of glutaraldehyde within the granule. However, as this is a 

2 As mentioned in chapter 3, the 1/2hr time point refers to the population of granules that were left at room 
temperature for 1/2hr after their isolation. They were then fixed with 1 1/2% glutahaldehdye at 4C 
overnight. The results from this particular population of fixed granules are used here so that a comparison 
can be made with the GP population that was also at room temperature on average for 1/2hr before 
imaging. 
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population study, it is impossible to determine if individual granules increased in mass, 

thus we performed the following real time experiments to observe the affects of fixation 

on individual granules. 

VI.3.2 Real Time Fixation 

From the previous section, we saw that fixation appears to affect the appearance of 

granules at the level of resolution we can see in STXM but does not seem to affect the 

measured characteristics of diameter and protein concentration, and may increase the 

mass of the zymogen granules by -18%. These results are based on comparing different 

granules and are therefore subject to sampling variations, although a substantial number 

of granules was included in the comparison. We were therefore interested in observing 

the effects of fixation on individual granules. In this experiment an initial image of 

isolated granules was taken and then a solution of 1 1/2% glutaraldehyde was flowed past 

the granules and subsequent images made. The results from two of these experiments are 

presented here separately; oct1 and oct2. Images from both experiments used 31nm 

pixels. 

The diameter, protein concentration and mass values for the initial (t=0.63) and final 

time points (t=4) are shown in Table 6.16 for the three granules analyzed in the oct1 

image. 

Table 6.16 The results of the first fixation in real time experiment. Values with the 
same letter are not significantly different (P>0.05, t test) 

Diameter (Jlm) Protein Protein Mass 
Concentration (fg) 

average ± (s.e.m.) (mg/ml) 
average± (s.e.m.) average± (s.e.m.) 

octl (N=3) initial 0.86± 0.16a 231 + 37b 79 + 28C 

final 0.74±0.17a 297 ± 91b 54± 16c 
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From the table we can see that there was no significant change in the diameter, protein 

mass or protein concentration values between the initial image and 3 hours after the 

introduction of the glutaraldehyde. However, the number of observations (n=3) do not 

really allow a satisfactory statistical distinction and this experiment was performed again. 

The results of the second experiment (oct2) are shown in table 6.17, which shows the 

average diameter, protein concentration and mass for the initial (t=2.5hr)3 and final time 

(t=6hr) for the 8 granules studied. In this experiment, images were taken, on average, 

every ten minutes for the first half hour and then once every hour for 5 more hours. From 

the table we can see that the average diameter and protein mass decreased over the time 

course and protein concentration increased. 

Table 6.17 The results from the second real time fixation experiment, oct2. 

Diameter (1-lm) Protein Protein Mass 
Concentration (fg) 

average ± (s.e.m.) (mg/ml) 
average± (s.e.m.) average± (s.e.m.) 

oct2 (N=8) initial 0.83 ±0.09 165 ± 16 52± 13 

second 0.83 ±0.09 146± 15 47 ± 12 

third 0.76 ± 0.08 222± 28 46± 10 

final 0.70 ± 0.08 225±25 41 ± 10 

The percent protein mass and diameter change for all of the granules for all of the 

time points is shown in Figs. 6.47 and 6.48 respectively. In figure 6.47 we see an 

immediate and substantial decrease in protein mass. This decrease may be a result of the 

sudden flow of solution past the granules and not an effect of glutaraldehyde. 

3 The initial time point was at 2 1/2 hrs because the beam dumped just as we were beginning the 
experiment We decided to leave the granules at room temperature until we had beam again, and this was 2 
1(2 hrs after we had initially taken them off of ice. 
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The granules had been sitting at room temperature for 2 1/2 hours previous to the 

initial image were probably close to a "semi-equilibrium" state with the suspending . 

solution (as seen in the control experiments). This new flow of solution, after the initial 

image, changed the equilibrium state resulting in the initial large loss of mass we see at 

the second time point (similar to the isosmotic 0.3M sucrose experiment). Therefore, the 

average protein mass value at the second time point is considered to be our initial mass 

before the fixative was in the LBL-WC. 

After the second time point, we see an increase in protein mass. At this point the 

glutaraldehyde is in the LBL-WC. This mass increase may be either a result of 

glutaraldehyde binding directly to the granules or granule protein in solution binding to 

the granule surface via glutaraldehyde. Either way, the granules increased in mass above 

their original values but then proceeded to lose mass again slowly over time until the rate 

of mass loss appeared to reach a plateau by the 6hr time point. From table 6.17, we see 

that the final protein mass is not significantly different (P>0.05, t test) from the second 

protein mass value, or what we consider to be the initial protein mass. Figure 6.48 shows 

that the granule diameter values were not initially affected by the flow of solution but 

then changed dramatically at the third time point. After this abrupt change, diameter did 

not change significantly for the remainder of the experiment. 

From both of these experiments, it appears that fixation does not change the protein 

mass of the granules during the time period of the experiment. In the first study we saw 

that after 4 hours of fixation, the initial characteristics of diameter, protein mass and 

concentration were the same. In the second experiment, although we saw the diameter, 

protein mass and concentration changed after the first time point, this was probably not a 

result of the fixation and was probably due to the fact that the granules had been sitting at 

room temperature for 2 l/2 hours before the experiment. After the initial drop in these 
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characteristics, we see that they do not change significantly over the 6 hours that the 1 

1/2% glutaraldehyde was in the LBL-WC. 

However, as we did observe a significant increase in the protein mass of the 

population of fixed granules (NUG type) compared to the population of fresh granules 

(previous section), it is possible that in our system, the effect of glutaraldehyde fixation 

on the mass of an object are only apparent after an extended period of time. The 

enclosing membrane of the granule may serve as a barrier to the influx of glutaraldehyde. 

Indeed, recent results have shown that fixation with 1% glutaraldehyde for one hour at 

room temperature increased the mass of fixed chromosomes over fresh chromosomes by 

15% (Williams et al., 1993). This is comparable with the -18% greater protein mass we 

measured and as there is no enclosing membrane to the chromosomes, the increase in 

mass was observed after only 1hour of incubation time. 
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Figure 6.47 The percent diameter loss for the oct2 real time fixation experiment. The 
curves for all of the granules are shown. Glutaraldehyde was added after the initial 
image was taken but was probable not "seen" by the granule until the third time point. 
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Figure 6.48 The percent protein mass loss for the oct2 real time fixation experiment. 
The curves for all of the granules are shown. Glutaraldehyde was added after the 
initial image was taken but was probably not "seen" by the granule until the third time 
point. 
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VI.4 The Permeability Coefficient 

In this section we present the results of calculations which determine the permeability 

coefficient (P) of the zymogen granule membrane to its enclosed proteins. The 

permeability coefficient of a membrane to a particular molecular species is a commonly 

used phenomenological constant that can help relate the penetrability of different species 

to a membrane bilayer. For example, permeability coefficients for urea and glycerol to a 

particular lipid bilayer is -5 x 10-6 em/sec, considerably less than for water, 5 x lQ-3 

em/sec. This indicates that water moves more easily through the membrane than either 

urea or glycerol. 

The permeability coefficient can be calculated from the Pick equation which relates 

the efflux of protein from the granule to membrane permeability by 

Flux = P * A * (Cin - Cout) (6.1) 

where A is the membrane area and (Cin- Cout) is the protein concentration gradient that 

provides the driving force for protein efflux across the membrane. 

There has been little work done on calculating the permeability coefficients of bio

membranes to large proteins. However, the technique of STXM offers us the opportunity 

to measure the protein content of each granule, and therefore to determine the change in 

the protein content of the granule over time, or the flux and calculate P for the proteins 

enclosed within the granule. The area is determined from diameter values. Unfortunately, 

we still do not know the relevant concentration value within the granule. The 

concentration values that we have reponed in the previous sections were for the total 

amount of protein within the granule divided by the volume of the granule. But, most of 

this protein is bound in an aggregate (-90% according to Rothman, 1971) and is therefore 

not active and does not provide the driving force for transport. To determine the true 

concentration gradient, we need to know protein activity, not concentration, within the 

granule, that is, the concentration of solvated, unassociated protein solute. In order to 
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determine this value, we need to know the ratio of bound to free (active) protein. 

Fortunately, for granules at pH 6.0 it is already known. From the literature (Liebow and 

Rothman, 1976), we know that a suspension of granules is at equilibrium with the 

suspending solution when the protein concentration in the solution is -75 11g/ml. If we 

assume that the interior of the granule is at equilibrium with the medium, then the free 

protein concentration inside the granules must also be 75~-Lg/ml. Furthermore, if we 

assume that protein translocation out of the granule is the rate limiting step, then the 

interior of the granule will always be in equilibrium and will have a free protein 

concentration of 75~-Lg/ml no matter how much of the protein is bound in the aggregate. 

This will hold true as long as the state of aggregation is not changed, e.g. by pH or salt. If 

there is no, or minimal protein in the suspending solution, then (Cm-Cout) =75~-Lg/ml. 

In four experiments, protein in the suspending solution was minimal. These were the 

perifusion studies: 0.3M sucrose, 0.6M sucrose, water and 0.025% Triton-X. The control 

experiments had a significant amount of protein in solution because the suspending 

medium was not replaced and so protein lost from granules accumulated in the solution. 

From the four experiments just mentioned, we calculated an average P value for both 

populations of granules (UG and NUG) using equation 6.1. The flux rate used was that 

between the initial and second images in order to best estimate the initial rate of release. 
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Table 6.18. The permeability coefficient of the granule membrane to its enclosed 
proteins as calculated from equation 6.1 for the different experiments listed. The 
values were calculated using the protein efflux measured between the initial time 
point and the second time point. Values with the same letter are not significantly 
different (P>0.05, t test). 

Permeability Coefficient (ave. + S.D.) 

Experiment Uniform Non-Uniform 

0.3M sucrose 3.2 ± 0.5 x 10-6 cm/seca -----

0.025% Triton-X 2.5 ± 0.9 x 10-6 cm/seca -----

0.6M sucrose 5.4 ± 1.1 x 10-6 cm/secc,d 4.0 ± 1.1 x J0-6 cm/secd,e 

water 7.2 ± 0.7 x lQ-6 cm/secc 2.1 ± 0.6 x J0-6 cm/secd,e 

From the table, we can see that the permeability coefficients for the 0.025% Triton X-

100 and the 0.3M sucrose are not significantly different. This result confrrms our earlier 

observation that at this concentration of detergent the permeability of the granule 

membrane is not compromised and protein release from the granules is not affected. 

However, the permeability for the isosmotic solutions was significantly smaller than the 

non-isosmotic solutions of water and 0.6M sucrose. This indicates that the permeability 

of the granule membrane to its enclosed membranes is affected by the osmotic strength of 

the suspending solution. And as we saw earlier, the rate of protein release when granules 

are exposed to water or 0.6M sucrose is higher than in the 0.3M sucrose and 0.025% 

Triton X-100 experiments. 

Most interesting is the fact that the permeability coefficients for the 0.6M sucrose and 

water, were both elevated even though one solution was hyper-osmotic and the other 

hypo-osmotic. We can also see that the permeability of UG granules is substantially 

higher than that of NUG granules, at least for the water experiment. In figure 6.54 the 

distributions of the permeability coefficients for the granules for the two groups are 

shown: A=(0.3M sucrose/0.025% Triton X-100) and B=(0.6M sucrose/water). In Group 
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A, we see that the permeability coefficients are tightly distributed around the mean value. 

In group B, the distribution takes on more of a bimodal or even a trimodal appearance 

due to the permeability coefficients for NUG granules being similar to that of group A. 

By whatever mechanism protein is "normally" released from the granules, as shown by 

the distribution in A, it appears that this same mechanism exists in group B, however the 

nature of the solutions appears to have affected the mechanism in such a manner that the 

permeability of some granules is twice to three times normal. 

We can compare our calculated permeability coefficient to the permeability 

coefficients of other molecular species. For example, comparing it to that of water across 

a lipid bilayer, because our value is 3 orders of magnitude smaller than for water, this 

suggests that the granule membrane provides a substantial barrier to the release of 

protein. Thus, release is probably not occurring through large holes or breaks in the 

membrane. On the other hand, although the magnitude of the permeability coefficient for 

both for urea and glycerol across a lipid bilayer is similar to those we calculated for 

protein, because of the enormous electrical and mechanical barriers to transporting 

hydrophilic proteins though lipid bilayers, it is unlikely that proteins are able to cross the 

granule via the same mechanism as urea and glycerol. Therefore, we can conclude that 

there must be some mechanism within the granule membrane by which transport is 

accomplished. A discussion of potential mechanisms is given in the Discussion and 

Conclusion chapter (VIII). 
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Figure 6.49 Distribution of the permeability coefficients calculated from the 
experiments shown in Table 6.20. A is the combined values of the 0.3M sucrose and 
0.025% Triton X-100 in 0.3M sucrose experiment and B is the combined values of 
the 0.6M and water experiments. These values were combined because they were not 
significantly different (P>0.05, t test). 
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Chapter VII. Radiation Damage 

In the field of microscopy, it is a fundamental fact that in order to observe a specimen, 

the illuminating light or "radiation" must somehow interact with the object. This 

interaction can mean the absorption, reflection, diffraction, scattering or refraction of the 

light by the sample- all of which can involve the transfer of some of the light's energy to 

the sample. Understanding how this transferred energy can affect the structure and 

function of biological objects is the study of radiation damage and is extremely important 

because the type of damage incurred by a specimen can limit the use of that particular 

type of microscopy. For example, in visible light microscopy the sample may be damaged 

by heat through the absorption of radiation. In electron microscopy specimens are 

elaborately prepared with heavy metals in order to protect the structure from the radiation 

damaging effects of electrons. 

In X-ray microscopy, the radiation effects are from the interaction of soft X-rays with 

water and organic material. These have been addressed theoretically, but there is little in 

the way of experimental results. This is primarily because X-ray microscopy is still a 

relatively new field. Therefore, each researcher must establish for themselves the 

structural and functional constraints for their in~ividual specimens due to exposure to soft 

X rays in order to use the microscope successfully. This chapter presents the results of 

our studies on the damaging effects of soft X-ray radiation to the structure and function of 

zymogen granules. 

The first section discusses the method used to determine how much radiation our 

specimen received. This measurement of "dose" is used then in reference to actual 

structural and function damage. The second section presents experimental results on the 

damage that can occur to zymogen granules and how we determined the dose we 

eventually exposed the granules to. The third section is a discussion of the mechanisms 

by which X-rays interact with organic material and how these interactions may lead to the 
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type of damage that was observed, as well as "non-visible" damage. The final section is a 

review of the results of radiation damage studies performed by other researchers on their 

biological systems and how these results are beginning to defme some of the limitations 

for imaging biological specimens using X-ray microscopes. 

Vll.l Determining radiation exposure or "Dose." 

Traditionally, the amount of radiation that a sample is exposed to, or "dose," 

regardless of the type of radiation, is expressed as the amount of absorbed energy divided 

by the mass of the sample. The SI unit of absorbed dose is "gray," defined as 

absorbed dose: lgray = 100 erg/g = 6.25x1Ql5eV/g. (7.1) 

However, X-ray microscopists have been using units of "rad" instead of gray when 

reporting on radiation dose where 1gray = 100 rads. Therefore, in order to be consistent 

within the field, rad will be used. In the X ray wavelength range that we have used, the 

incident radiation is transmitted through the sample unattenuated, scattered, or the energy 

of the X ray photons is completely absorbed by sample. As the scattered photons are 

elastically scattered and do not transfer any energy to the sample they are counted by the 

proportional counter as "transmitted" photons 1. Therefore, the absorbed dose (Dab) can 

be easily calculated from the following relationship, 

(energy I photon ) 
Dab= N • ---------

(mass - of - sample) 
(7.2) 

where N is the number of absorbed photons. It would also be possible to calculate the 

abosrbed dose to our sample using the LET value for photons, however as the total LET 

is not significantly different than the LET of photoelectron absorption in this energy 

range (Cullen et al., 1989), we use equation. 

1 The scattered photons are still counted by the proportional counter because the proportional counter has 
such a large collection area that even though the photons are scattered to some degree relative to the 
transmitted photons, the proportional counter is still able to detect them. 
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In order to calculate the absorbed dose a sample receives in a scanning transmission 

X-ray microscope (STXM) image, we need to calculate the dose to each pixel in the 

image, and then the total dose to the sample is the average of the pixel values. We have 

already shown how we can calculate the mass of sample in each pixel for our STXM 

images, now all we need to do is determine the number of photons that were absorbed by 

the sample in each pixel (N s) and we can calculate the absorbed dose. 

We can determine (Ns) from the information in our STXM images and a few 

approximations. From Chapter III, we recall that the pixels in the STXM images are a 

record of the number of photons that have passed through the wet cell (LBL-WC) and 

have been detected by the PC. The number of transmitted photons through the sample in 

the LBL-WC at a particular pixel is designated as (Is) and the number of transmitted 

photons through the background suspending solution is (lb). This is schematically shown 

below in figure 7 .1. 

Wet 
cell 

ZG 

sample: 

2mm Proportional 
..... .------~ .. counter 

95% 
Helium 

ZG=zymogen granule 
Figure 7.1 The path of X-rays through the microscope before being finally counted 
at the proportional counter. l(b) represents the number of photons per pixel that have 
transmitted through the background solution in the wet cell. l(s) represents the 
number of photons per pixel that have passed through the sample. 

The difference between these two values, times a factor "{that corrects for the loss of the 

photons between the sample and the proportional counter, is the number of photons that 
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have been absorbed by the sample of thickness t (Ns) plus the number of photons that 

have been absorbed by an equal thickness of background solution (Nb) and can be written 

as 

Y<Ts-Tb)=Ns+Nb (7.3) 

We can get Ts and Tb from our STXM images, as mentioned above, but there are still 

2 unknown variables, Nb andy, that need to be dealt with before we can solve for Ns. 

The variable Nb is the number of photons absorbed by a thickness of the background 

solution that is the same thickness as the sample. The ratio of Nb toNs is the ratio of the 

absorption of X-rays by the background and the sample. The absorption factor (A) can be 

written from equation 3.3 as 

A= 1- transmission= 1- exp-(Jlpt) (7.4) 

where Jl is the mass absorption coefficient (cm2Jg), pis the density and tis the thickness 

of the material and so we can write 

Nb/Ns = Ab/As or Nb = Ns • (Ab/As) (7.5) 

We can calculate Ab and As for different thicknesses of the sample using the values for Jl 

and p from Table 3.2 and now equation 7.3 can be written as 

Y<Ts- Tb) = Ns + Ns • (Ab/As) = Ns (1 + Ab/As) (7.6) 

The second unknown variable, the correction factor y, is determined by approximating 

how much each structural element in the microscope downstream of the sample has 

contributed to the attenuation of the X rays detected at the PC. These elements are, as 

shown in figure 7.1, the suspending solution2, the LBL-WC SiN exit window, the 

pathlength of He between the exit window of the LBL-WC and the PC, and the PC SiN 

window. The attenuation of the X rays by these components can be calculated using 

equation 3.3 which describes relative transmission through a material: 

2Because we do not know if the zymogen granule is on the upstream or the downstream window, there 
could be as little as no suspending solution between the sample and the exit window or as much as lJ.l.ffi, so 
in calculating attenuation, we have used an average value of 0.5J.l.ITI. 
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transmission = exp- [ (~pt)b + (~pt)SiN +· (~pt)He] = y-1 (7.7) 

The variables are; ~.the mass absorption coefficient (cm2fg); p, the density and t, the 

thickness of the maierial. The subscripts are as follow: b=background suspending 

solution, SiN=silicon nitride and He=helium. The values for ~ and p for all of the 

elements are given in Table 3.2 for the different wavelengths and the values for the 

thicknesses are given below in Table 7.1. 

Table 7.1. Thicknesses of absorbing elements in the microscope. The components 
have attenuated the X ray beam and therefore the number of photons that are counted 
at the proportional counter are only a fraction of the total number that were incident 
on the sample. 

variable value error 

tcr 0.5~m ±100% 

t Si LBL-WC 60nm ±10% 

PC lOOnm ±10% 

tHe 2mm ±50% 

In Table 7 .2, we present the attenuation of the X rays between the sample and the PC by 

the absorbing elements as calculated by equation 7.4 for different wavelengths used and 

also the corresponding correction coefficient"(. The minimum and the maximum values 

for"(, which were calculated from the estimated errors shown in Table 7.1, are also 

shown. 

Table 7.2. The attenuation factor for the detected number of photons at the 
proportional counter and the corresponding correction factor y. 

wave- atten-
"{value 'Y 

wave- atten-
"{value length uation length uation 'Y 

min-max min-max 
range ran_g_e 

3.4nm 0.39 2.5 1.9- 3.4 3.55nm 0.36 2.8 2.0-4.0 

3.5nm 0.37 2.7 2.0- 3.8 3.6nm 0.33 3.0 2.1-4.3 

0 
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We are now in a position to solve equation 7.6 for Ns, the number of photons that are 

absorbed by the sample in each pixel, which we will do based on the characteristics of a 

model granule - diameter, 1.08 ± 0.01J.Lm, (± s.e.m.) and protein concentration, 253 ± 

7mg/ml - which has been taken from the General Population presented in Chapter VI. 

Equation 7.6 is rewritten below 

Ns = Y<Ts- Tb) / (1 + Ab/As) (7.8) 

For our model sample, the average protein concentration per pixel is 253 mg/ml and the 

average sample depth per pixeP is 0.15 Jlm. We can then calculate the variables in the 

above equation for the different wavelengths used and solve for Ns; this is shown in 

Table 7.3 

Table 7.3. The average number of photons that are absorbed in a pixel with a protein 
concentration of 253 mg/ml. The number of photons that were detected at the PC 
through the sample (Ts) was held at 1000 photons in order to expose the sample to as 
little radiation as possible while still collecting sufficient statistics to meet the Rose 
criterion, as discussed in Chapter III, for a minimum detection of -24mg/ml protein 
per pixel. 

wavelength Ab As Ab Ts Tb Ns 
(%) (%) - (photons) (photons) (photons) As 

3.4nm 6.0 26 0.23 1000 1276 561 

3.5nm 6.0 28 0.21 1000 1297 660 

3.55nm 7.0 29 0.24 1000 1307 693 

3.6nm 7.0 30 0.23 1000 1328 800 

From Table 7 .3, we can now calculate the average absorbed dose that a pixel in a STXM 

image of an average zymogen granule receives using equation 7 .2. The absorbed dose per 

pixel will vary depending on the size of the pixel. This is because the mass of sample in 

each pixel depends on the volume of that pixel even though the average protein 

concentration remains the same. Table 7.4 shows the average absorbed dose per pixel (in 

3 Calculated from the average protein concentration per pixel and the density of protein ( 1.2g~/ml) 
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Mrads) for different pixel sizes used and for the different wavelengths. The mass per 

pixel is calculated by multiplying the average protein concentration times the volume of 

the pixel. 

Table 7.4 Average absorbed dose for an average pixel in an average granule. The 
number of photons absorbed in each pixel is taken from Table 7 .3. These values are 
based on the average value of "{ from Table 7 .2. Given the error range of "(, we can 
expect the average absorbed dose given in this table to vary by ±40%. 

Average Absorbed Dose per Pixel Mrad 
pixel size ave 3.4nm 3.5nm 3.55nm 3.6nm 

(nm) mass/pix (364eV) (354eV) (349eV) (341eV) 
(fg) 

18.8 0.06 50.8 58.0 60.0 67.7 

27.0 0.13 24.6 28.1 29.1 32.8 

30.5 0.17 19.3 22.0 22.8 25.7 

31.0 0.18 18.7 21.3 22.1 24.9 

31.6 0.18 18.0 20.5 21.2 15.0 

39.9 0.29 11.3 12.9 13.3 9.8 

49.3 0.44 7.4 8.4 8.7 9.8 

58.6 0.63 5.2 6.0 6.2 7.0 

63.3 0.73 4.5 5.1 5.3 6.0 

From the table, we can see that the absorbed dose ranged from 4.5-67.7 Mrad depending 

primarily on pixel size. If the granule was imaged more than once, then the total absorbed 

dose was the addition of the absorbed dose per image. 

The actual absorbed dose that each granule received will of course vary depending on 

the protein mass and the actual number or photons (Ts) that were detected through the 

sample. But, to the degree that the current method of calculating the absorbed dose 

depends on the accuracy of our measurement for"{ (±40% ), it is not useful to calculate the 

dose for each granule however accurate it may seem. It is more informative to get a 

general idea of average absorbed dose. The problem of determining the absorbed dose 

more accurately for a sample is currently being addressed at BNL. 
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VII.2 Our experiments - the limits of Dose 

In the previous section, we presented our methodology for estimating the average 

absorbed dose that the granules received in STXM. In this section we will discuss how 

we decided the dose that was acceptable for our experimental purposes and what we 

considered an unacceptable dose. 

The !mal decision of how much X ray exposure was appropriate for our sample came 

from trying to minimize absorbed dose without greatly compromising the counting 

statistics (the number of photons detected at the proportional counter). Counting statistics 

were important because we were interested in calculating the protein mass of each 

granule and the accuracy of these calculations of course depends on the number of 

photons that are counted at each pixel (see Chapter III). Unfortunately, general radiation 

damage studies using soft X rays were not useful in trying to determine acceptable 

absorbed dose levels. In such studies, it was found that 400 Rads of 386eV photons can 

kill 90% of a cell population after three cycles of replication. Exposing our samples to 

400 Rads, would mean counting only -O.lphotons per pixel which is definitely not 

sufficient counting statistics. Moreover, we weren't concerned about killing cells or 

generational survival. We were only interested in observing the release of protein from 

the granules and no studies addressed at what level of absorbed dose this activity or 

"function" is affected. So, after some experimentation with different levels of exposure, 

we decided that counting -1000 photons/pixel gave us sufficient statistics for our 

quantitative work and a dose range that did not appear to affect the rate of protein release. 

That protein release is not affected by this exposure can be seen from the results of 

the June control experiments. In these experiments, granules were imaged over a period 

of 4 hours, each hour. From Table 7 .4, for the pixel size and wavelength used we can see 

that, on average, each granule received an absorbed dose of 9.8Mrad for each image. 

Over the course of the experiment, the granules lost an average of 10% of their initial 
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protein mass at rate of loss -2.5%/hour; approximately the same rate of release isolated 

granules measured by other techniques in the complete absence of radiation have shown 

(Rothman, 1971). Although some investigators have used mass loss as an indicator of 

radiation damage (see final section this chapter) this is not an appropriate symptom of 

radiation damage in our case because we expect to witness some degree of mass loss. The 

question is at what dose radiation increases the rate of protein release. And, mass loss is 

not always observed. In the June control experiments, the average mass of 48 granules 

did not change significantly (P>0.05, t test) between the lst&2nd and the 3rd&4th 

images after a final estimated total dose of 40Mrads. Moreover, protein loss tends to 

reach an equilibrium over time. If loss was the result of absorbed dose, then it would 

continue to decrease linearly as a function of the accumulated absorbed dose. This clearly 

does not occur. 

Additionally, protein release and granule structure were affected differentially by 

exposure to a variety of solutions (e.g., they showed different protein mass release rates). 

This implies that the mechanism by which protein is being released from the granules is 

influenced by the different environments, not the radiation. 

Although we are confident that protein loss in these studies is not due to radiation 

damage, this is not to say that the granules have not sustained any structural or functional 

damage. We are simply claiming that whatever structural or functional damage may 

occur, it does not cause the granules to release their contained proteins, nor produce 

change in the size of the object: 

We have measured the absorbed doses at which we can observe obvious, and 

sometimes not so obvious, structural damage that does affect protein loss and the results 

of these experiments are presented below. There are four experiments ranging from the 

extreme to the sublime. 
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Figure. 7.2 shows a series of images of the same group of zymogen granules over a 

period of forty-five minutes. The initial image was taken with 2. 7nm pixel sizes and from 

Table 7 .4, corresponds to each granule receiving an average dose per image of - 30Mrad. 

After the first image, the focused spot of X-rays (-50nm in diameter) was centered on 

granule (B) and the shutter left open for 5 min. As can be seen, the effect is quite 

dramatic and the granule is obviously structurally damaged We cannot calculate the 

absorbed dose that this granule received because as can be seen, there is no sample left 

where the focused spot of X rays was placed. But, that spot was exposed to X rays a 

factor of -l.Oxi05 times greater than the granules in the initial image. We were able to 

repeat the effect on granule (D), but when we attempted it on granule (A) it disappeared 

entirely although this was probably the result of its disassociation from the silicon nitride 

window. 
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Figure 7.2 A group of zymogen granules suspended in 0.3M sucrose. Mter the initial 
image (1) image, the focused beam ofX-rays was left on granule B for 5 min and. then 
the second image was taken. After this image, the X rays were then focused on 
granules D for 5 min and the third image was taken. Again, after this image, the X 
rays were focused on granule A for 5min and the final image was taken. The total 
time between the first and last image was 45 minutes. 
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Mass loss for these granules before they were subjected to the spot of focused X-rays 

is shown below in figure 7.3. The granules that are represented in the figure were not 

exposed directly to any more radiation than necessary to image them. Regardless, mass 

loss rate was much more rapid than would be expected for granules suspended in the 

original isolation solution, 0.3M sucrose (pH 6.0). This is probably a result of the indirect 

effects of radiation damage which will be discussed at the end of the third section. Even 

so, granule C, which received a cumulative dose of some 120Mrads, approaches a steady 

state with its mass still at 60% of the initial value. Which indicates that the accelerated 

rate of protein lose was due to an increase in the permeability of the membrane (hastening 

attainment of a steady state) and not mass loss due to "vaporization." 
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Figure 7.3 The mass loss rate for the granules shown in figure 7.2. 
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· After this dramatic performance, we were interested in determining what the 

maximum dose was that we could subject the granules to without observing any obvious 

structural damage to the zymogen granule. We experimented with leaving the focused 

spot of X-rays on different granules for 10, 5 and 2sec and the results are shown below. 

All of the experiments presented used granules from the same preparation and were 

imaged in the same LBL-WC. Figure 7.4 shows a series of a granule where the shutter 

was left open, exposing the center of the granule to the focused beam of X-rays for 1 Osee. 

The exposure time was -2500 times greater than for a regular image which is -30Mrads. 

We can see that the damage is not as severe as figure 7.3, although an obvious hole has 

been forined in the granule. The hole is -0.2J..liil in diameter which is larger than the 

focused spot of X -rays ( -0.05~) indicating that the radiation damage effects can spread. 

Figure 7.4 This is a series of images taken of the same zymogen granule suspended 
in 0.3M sucrose. After the first image was taken, the focused beam of X-rays was 
allowed to dwell on the granule for 10 sec and the second image was taken. The 
subsequent three images were taken within a half hour without any further 
overexposure. The pixel size in each image was 2.7nm. 
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Figure 7.5 shows the mass loss for this granule over the time course. As compared to 

figure 7 .3, we can see that the mass loss rate of this exposed granule is initially four times 

faster than granules that were not exposed in this manner. 
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Figure 7.5 The mass loss rate of the granule shown in figure 7 .4. The focused spot of 
X-rays was directed on the granule for lOsec after the initial image was taken. 

The next experiment involved exposing granules to the focused spot of X-rays with 

the shutter left open for 5 sec. The images from this experiment are shown in figure 7 .6. 

The initial image was again taken with 2.7nm pixels (-30Mrads). After this initial image, 

the focused spot of X-rays was directed onto granule A for 5 sec. The exposure time was 

-1250 times that of a regular image. We did not observe any obvious hole in the granul<?. 

after this, although as can be seen in figure 7. 7, mass loss increases noticeably after the 

exposure as compared to the controls. We exposed a second granule, E, to the focused 

spot of X-rays after the second image and in the third image it is possible to discern what 

might be a hole, although E does have a lucent area visible in the first image that may be 

what we think is a hole. Nonetheless, we can see in figure 7.7 that the exposure has 

resulted in an increased rate of mass loss. 
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Figure 7.6 After the initial image the shutter was left open for 5sec on granule A. A 
second image was taken 6 minutes later and then the shutter was left open for 5 sec on 
granule E. 
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We can see that the rate of mass loss of granule A was initially only 2.5 faster than the 

granules from figure 7.3 (recall that the granule from Figure 7 .5, which was exposed 

twice as long, had an initial mass loss rate that was 4 times as fast as those from figure 

7.3). We can also see that after granule E was exposed, its mass loss rate also increased 

by a factor of 2.5 from its initial rate between the 1st and 2nd image. 
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Figure· 7.7. Mass loss rate from figure 7 .6. Granule A had the spot of X rays left on it 
for 5 sec after the initial exposure and granule E, after the second exposure. We can 
see that after the irradiation, the mass loss rate increased dramatically, but then 
plateaus. 

The !mal experiment involved leaving the focused spot of X rays on a granule for 2 

sec, which is an exposure only 666 times greater than normal (again, -30Mrad). The 

series of images from this experiment is shown in figure 7.8. Granule B was chosen and 

was exposed for 2sec after the initial image. We cannot discern any obvious structural 

change in the granule in the second image. 
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Figure 7.K The initial image was taken with 2.7nm pixel sizes. After the initial 
image, the probe of X-rays was centered on granule B for 2 sec. Then two additional 
images were taken. We do not observe the type of structural damage that was visible 
in the previous studies. 

The rate of mass loss for these is shown in figure 7.9. We can see that the mass loss 

for the exposed granule B does not appear different from the mass loss rates of the other 

two granules in the image. And the average initial mass loss rate for all of the granules in 

this experiment is not remarkably different from the granules in figure 7.3 (18% versus 

14%, respectively in the first 10 minutes) but still greatly elevated as compared to the 

controls. 
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Figure 7.9 The mass.loss rate for the granules shown in figlire 7.8. Granule B was 
exposed for 2sec to the focused spot of X rays after the initial image. 



Chapter VII 228 

From the results of these experiments it would appear that we can expose areas of our 

granules to doses of X rays that are almost 1000 times higher than what other areas in the 

same granule receive and do not see any gross structural damage. There also doesn't 

appear to be a change in the release of protein from granules at these dose rates. For 

example, the protein mass loss rate from a granule exposed to a 2sec spot of focused X 

rays was similar to those in the same field that were not exposed. 

But in all of these experiments we observed a higher rate of protein loss, even from 

the granules than in control experiments; about 15 times higher! This is probably the 

result of oxidative damage to the membrane due to free radicals produced from the 

radiolysis of water molecules exposed to the focused spot of X rays and that diffused to 

the membrane from the site of their production. These indirect effects of radiation will be 

discussed in the next section. 
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VII.3 Damage Mechanisms 

From the previous section, we can see that, exposure to X rays can result in the 

structural and functional damage to a specimen. It is important to understand how the 

structural damage is occurring and what types of functional damage are possible in order 

to 1) understand the limitations of the method and 2) develop techniques that can be used 

to protect specimens. 

All of the damage to a specimen incurred by the X-ray photons in· STXM must be 

either a direct or indirect result of the absorption of the X ray photons by the sample. This 

is because in the energy range of X rays we are using, the scattered photons are elastically 

scattered and therefore do not transfer any energy to the sample and so photons are either 

innocuously transmitted through the sample or absorbed (Henke, 1981). The process of 

X-ray absorption involves the transfer of the energy of the photon to an orbital electron of 

an atom. If the photon contains sufficient energy, then the electron is ejected from the 

atom, now called a photo-electron, with an energy equal to the difference between the 

photon energy and the binding energy of the electron. This is a primary ionization 

process as the atom is left ionized. If there is not enough energy, then the electron is 

merely excited to a higher orbital state and the atom is considered excited. The formation 

of a photo-electron and the primary ionizations are a result of the direct effect of the 

absorption of the X ray photons. They in tum lead to a chain reaction of further 

ionizations at other atoms and more photo-electron production that propagates until the 

initial energy of the photon has been dispersed. These secondary processes are called the 

indirect effects of the absorption of X rays. 

We would like to know two things in order to predict the type of structural or 

functional damage that can occur as a result of these direct and indirect effects. The first 

is to understand the extent of the direct effect; what atoms are most likely to absorb the X 

rays? how does the primary ionization affect these atoms? and what is the energy of the 
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photoelectrons? And the second is to understand the indirect effects; how the primary 

ionization's affect other molecular species and what further damage do the photoelectrons 

inflict? 

We will address the direct effects first. We can predict the probability that a particular 

atom will absorb a photon based on the atomic subshell photoionization cross sections for 

that particular atom. Then, by knowing the binding energies of the electrons, we can 

determine the primary ionization state that the atom is left in after the absorption event 

and calculate the energy of the photo-electron. Table 7.5 shows the cross sectional values 

for the different shell electrons in som~ atoms that we would find in a typical biological 

system - H, C, N and 0 would be the most common atoms although we might find trace 

amounts of the other atoms listed - and the binding energies of the different shell 

electrons for a 350eV (3.5nm) photon. Silicon is also shown as a matter of interest 

because it is a major element in the windows used in the STXM. 

Table 7 .5. Cross section values for atom species encountered in our system. These 
values are taken from (Yeh and Lindau, 1985). The most commonly encountered 
species are H, C, Nand 0. The other atoms are only present in trace amounts. Si is 
shown because it is found in the silicon nitride windows. Values in parenthesis are the 
binding energies for the particular shell electron. 

atom Cross Section (Mb*) for Electron Shell for X ray photon = 350e V 

and binding energy [eV] for the electron 

ls I 2s I 2p I 3s I 3p 

H 4x1o-4 [13.61 

c 6x1o-1 f290.91 3xi0-2 [17.51 4x1o-3 [9.01 

N 4xlo-2 [23.1] 1x1o-2 [11.51 

0 I 6x1o-2 [29 2] I 3x10-2 [14 2) I 
Na 1xi0-1 [64.3) 2x1o-1 [36.3) 4xlo-3 [5.11 

Si 2xi0-1 [150.8] 7xlo-1 [108.21 2xio-2 [13.61 lxi0-2 [6.51 

s 3x10-1 [224.6) 1x1o-O [171.81 3xi0-2 [20.81 5xi0-2 [10.3) 

Cl 3x1o-I [266.2] 2x1o-0 [208.21 4x1o-2 [24.61 9x1o-2 [12.31 

K I 2x10-0 [299.4) I 6xl0-2 40.2 2x1o-1 23.6 ] I [ ] 
*Mb = 1x1o-18 cm2 
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From the table we can see that the most probable absorption event for 350e V photons 

is by the core shell electrons of carbon. This event has a probability of occurring 10 times 

more often (if there are equal numbers of atoms in the system) than the next most 

frequent event, which would be the absorption of the photon by the 2p electron shell of 

oxygen. The direct effect of absorption by the core shell electron of carbon leads to a 

double ionization of the atom; the production of an Auger electron and a very low energy 

photoelectron, 59 eV(Halpern, 1982). Whereas the direct effect of absorption by the core 

shell of oxygen leads to a single ionization of the atom and a photo-electron with energy 

of321 eV! 

Even though absorption by a carbon atom is the most probable event, it is not the 

most common one because we are not working in a system where there are equal 

numbers of all of the atoms. In our system, the average protein concentration of zymogen 

granules is 253 ± 7mg/ml (±s.e.m.). The depth of the sample chamber is -2Jlm which 

means that approximately half of the thickness is the suspending solution and half the 

granule (the average diameter being 1.08 ± 0.01 Jlm). Therefore, in a typical pixel 

volume, there is 10% protein by mass and 90% water. This is roughly the same situation 

found in hydrated cells so this discussion can be extended to include cells. The molecular 

formula for a typical granule protein (chymotrypsinogen) is Cns7H2378N3180sssS22 and 

it has a MW=25,000. From this information we can calculate that in a typical pixel 

volume, there is -20 times more oxygen than carbon atoms. Therefore, even though the 

probability of the photon being absorbed by an oxygen molecule is 10 times less than 

carbon, because there are so many oxygen atoms, the effective absorption with oxygen 

being favored is more like 2: 1. Or ill other words, if we consider only absorption by 

oxygen and carbon then 66% of the total absorbed photons would be absorbed by oxygen, 

primarily in water, and 33% would be absorbed by carbon, primarily in carbon. 
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For our typical pixel, from Table 7.4 we determined that 700 photons were absorbed 

solely by the sample, or essentially in carbon. As there are -5,000 protein molecules in 

this pixel (considering the average protein concentration is 253 mg/ml), this means that 

one carbon atom in every 8 protein molecules would be doubly ionized, producing an 

Auger and a low energy photo-electron. But, it was also determined that -1400 photons 

were absorbed by water (primarily in oxygen) and one of these ionization's would 

produce a photo-electron, as mentioned above, with energy of 321 eV! A photoelectron 

of this energy could ionize -10 more oxygen molecules. In effect the 1400 photons that 

are absorbed by water/oxygen could eventually ionize 11 *1400 oxygen molecules, which 

is one in every 7000 water molecules in the pixel. After the photo-electrons have 

dissipated most of their energy and are at -1 OOe V or less, they can be captured by the 

process shown in figure 7.10 or they can attract the permanent dipoles of several water 

molecules to form the hydrated electron, eaq-. This entity is more stable than the free 

electron. 

Of course, not only carbon and oxygen absorb photons. A more rigorous model of the 

probable absorption events, photo-electron production and subsequent ionization's 

would be overwhelming and clearly beyond the scope of this thesis. But, from this basic 

analysis, we can get a general idea of the maximum number of carbon and oxygen atoms 

that could be ionized by the absorption of X-ray photons. 

The next question is how does this ionization of atoms affect the structure and 

function of the biological system. First we will consider the effect of ionization on carbon 

atoms, or other atoms that are part of bio-molecules. The ionization has the effect of 

changing the original charge distribution of the mplecule and this is noted as (R•). The 

affected molecule may attempt to regain its original charge distribution by "stealing" 

from a neighboring molecule. This is called restitution and occurs by 

R• + R-SH --> R-H + R-S• 
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but it only has the effect of leaving a second molecule reactive. Structural damage can 

occur when R• attempts to regain its original charge distribution by stealing charge from 

a bond. This results in broken bonds and potentially "freeing" the molecule, or part of the 

molecule to diffuse away (note: this can only occur if there is a suspending solution). 

Functional damage can occur simply through intra-molecular charge redistributions 

that take place due to electrostatic repulsion as a result of the ionization of atoms within 

the molecule repelling one another. A doubly ionized atom (as occurs in the absorption 

of the photon by a carbon) will cause a tremendous shift in the original shape of the 

molecule and can lead to its dysfunction (Halpern, 1982). Functional damage can also 

occur through peroxidation if the damaged molecule grabs an oxygen molecule, and 

occurs as follows 

R• + 02 --> R•-peroxide 

The peroxidated radical cannot undergo restitution but is more stable than the original 

radical. 

The ionization of water affects the biology in our system because the species that are 

produced through the radiolysis of water can diffuse through the medium and attack the 

bio-molecule. So having a hydrated specimen, as opposed to a dry sample, increases the 

amount of radiation damage that can occur to the specimen. This is an unfortunate side

effect of attempting to perform experiments in a natural environment but the alternative is 

to avoid observations on the natural state we wish to learn about. Water radiolysis has 

been studied in detail and the following discussion is based on a review by Alpen (1990). 

The radical species formed as a result of either the direct absorption of X rays or a 

photoelectron (e-) produced from another atom, on water are shown below in figure 7.10 
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Event 
Excitations: 

Ionization: 

Propagation: 

234 

Radical Species 
H20* --> H• + OH• 

--> H++OH• 
--> H2o-
--> eaq-

e- + H+ --> H• 
Figure 7 .10. The products formed by the interaction of ionizing radiation with water. 
After the initial event, the excited or ionized water molecules dissociate to form the 
primary products shown. e· represents the photo-electron. These species react with 
water or hydrogen ions. The symbol (*) indicates an excited and ( •) indicates a radical 
species and(+) or(-) gives the charge of the atom. The radical species eaq- is also 
called a hydrated electron and was discussed in the text. 

Not all of these species will interact with bio-molecules. For one thing, they may be far 

away, i.e. in the bulk suspending medium. Reactive species may recombine before they 

affect other molecules. But if this does not occur within the first 10-llsec, then it won't 

happen because of diffusion. Although, they will react with other water molecules or with 

bio-molecules until stable products are formed. Some of the stable products formed from 

the interaction with other water molecules (or hydrogen) are H3+, H2, OH-, H02•, 02, 

Some possible reactions of radical species on bio-molecules are shown below in 

figure 7.11 where R represents the bio-molecule. 

Extraction of hydrogen atoms: 

Dissociation reactions: 

Addition reactions: 

R-H + H• --> R• + H2 
R-H + OH• --> R• + H20 

R-NH3+ + eaq- --> R• + NH3 
R-NH2 + H• --> R• + NH3 

R-CH=CH-R + OH• --> RCHOH-CH•-R 

Figure 7.11 The reactions that the radical species produced from the radiolysis of 
water can participate in with bio-molecules (R). 
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All of these reactions leave the molecule in a highly reactive state (R•) with an 

altered charge distribution. Thus, in general, water acts to increase the effectiveness of 

ionizing radiation in producing damage to the bio-molecule. 

We have already seen how water radiolysis increases the effectiveness of the indirect 

effects of the absorption of X rays in the radiation studies we presented in the previous 

section. In these studies, massive doses of X rays directed onto isolated granules 

probably caused the ionization of many water molecules. The radical species that were 

produced from this exposure diffused through the water and affected the rate of mass loss 

of other granules in the image. 

Unfortunately, while it is possible to predict the type of atoms that may be affected by 

the absorption of X rays and the subsequent number of ionization's and photoelectrons 

produced, given the range of reactions that can occur as reported above, it would be near 

impossible to predict how much structural and more importantly, what type of functional 

damage will come about as a result of the absorbed dose. And so, in the end, it is the 

result of actual experiments that have been performed that contribute to our 

understanding of the extent of radiation damage and relating the absorbed dose to either 

the observed structural damage or functional damage. 

VII . .4 Radiation Damage Experiments by Others 

There had been no radiation studies performed using scanning X-ray microscopes 

before we began our research at BNL, although there had been several theoretical studies 

(Sayre et al., 1977; Kirz, 1980). During the time period that we were at BNL, two other 

users were performing research that concentrated on the effects of radiation damage 

(Williams et al., 1993; Gilbert, 1992). Since then research has continued and at the latest 

X-ray Microscopy Conference, September 20-24 1993, Moscow, many new radiation 

damage studies were presented. In this section, we will review many of these studies and 
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discuss some of the similar results. The studies are of two types, those that measure mass 

loss as an indicator of radiation damage and those that observe functional changes as a 

result of absorbed dose. There have been no studies on the amount or type of molecular 

byproducts produced as a result of exposure. 

In terms of measuring the mass loss of samples as a result of exposure to X-rays, we 

report here three experiments, all on different systems. Gilbert (1992) has done a 

comprehensive study determining what the limits of STXM (at BNL) are in terms of the 

resolution and contrast in wet, fixed and fresh cells (chick fibroblasts), taking into 

consideration the amount of absorbed dose that these cells can sustain. Radiation damage 

was measured as a function of mass loss and he concluded that mass loss is a linear 

function with respect to the cumulative energy absorbed. This means that the damage that 

each photon does is independent of all other photons, and is consistent with what others 

have found when studying radiation inactivation of enzyme function (Kepner and Macey, 

1968). Gilbert calculated what he called a hardness factor "a= -0.78" which is in units of 

carbon atoms lost/ e V deposited. This factor translates to about 450 carbon atoms worth of 

absorption lost to each 3.6nm photon or about a 15% mass loss would be observed for an 

absorbed dose of 30Mrad in fixed, wet cells. 

Williams et al. (1993) studied the effect of radiation damage in STXM (at BNL) by 

measuring changes in the measured mass of isolated Vi cia faba (bean) chromosomes, wet 

and dry. All of the wet specimens were fixed with either glutaraldehyde, formaldehyde 

or osmium tetroxide. Williams et al. found that the dried samples were extremely 

resistant to mass loss and only after 150Mrad of absorbed dose, was there any noticeable 

change in mass. Wet chromosomes fixed with 0.1% glutaraldehyde retained 99.0-99.5% 

of their original mass during exposure to 5-lOMrad. At higher doses, 50Mrad, 95% of 

the initial mass was retained and 89% of the mass was retained after 100 Mrad. They 

noticed also that the type of fixative had an effect on the radiosensitivity of the sample; 
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chromosomes fixed with formaldehyde or osmium tetroxide were much more radiation 

sensitive and a complete loss of the sample was observed at 40Mrad. The concentration 

of glutaraldehyde also made a difference in the radiosensitivity of the sample. 

Chromosomes fixed in 1% glutaraldehyde at room temperature for one hour were more 

stable than those fixed at 0.1% for 24 hours at 4 ·c. Finally, Burge et al. (1993) have 

observed, using the STXM at Daresbury (England), a 20% mass loss in fresh, unfixed 

sarcomeres after 2Mrad. 

From these results it is apparent the mass loss of a sample as a result of exposure to 

soft X-rays depends on two things. The first of these is the state of the sample and 

whether its dry, wet or fixed. Dry samples are the most radioresistant and this is no 

surprise because as was discussed earlier, the indirect effects of the radiolysis of water 

can contribute greatly to the radiation damage of a sample. The fixed samples are also 

fairly radio-resistant although this can depend on the type of fixative and the 

concentration of the fixative due to the cross linking of molecules preventing diffusion. It 

is interesting to note that even though both samples are fixed, the mass loss rates are quite 

different for Gilbert's cells and Williams' chromosomes - 15% at 30Mrad and 5% at 

50Mrad respectively. Apparently particular types of samples are affected very differently 

under similar conditions. 

There have been two viability experiments performed using the scanning transmission 

microscope. The first was done by Foster et al. (1992) at Dares bury. In this experiment, 

hydrated myofibrils were exposed to various doses of soft X-rays. Afterwards, ATP and 

calcium were added to the suspension and the proportion of myofibrils that contracted 

was monitored in a light microscope. Approximately 70% of a population of myofibrils 

failed to contract after 2Mrad of radiation. The second experiment was performed by 

Jacobsen et al. (1993). Using the STXM at BNL, CHO (chinese hamster ovary) cells are 

exposed to various doses of soft X-rays. After the exposure, a vital dye is added to the 
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suspension and the cells are observed under a light microscope. The dye has the 

characteristic of only being able to enter through damaged membranes, and once inside 

the cell it changes color from green to red. From these experiments, they found that cells 

remain intact after -lMrad of absorbed dose. After several Mrads, the cells still appear 

intact, but after a period of time the dye enters the cells. After -lOMrad, the dye 

immediately enters the cells. Both of these experiments indicate that the kinetic aspects 

of cells can be extremely sensitive to dose. Although, once again we see that different 
\ 

aspects show different radiosensitivities. While many of the myofibrils fail to contract 

after 2Mrad, the membrane barrier of the cells remains unaffected. This difference in the 

sensitivity of each specimen is why it is so important to understand the effects of 

radiation system by system and not to generalize from single examples. 

These studies are just beginning to scratch the surface of our understanding of what 

limits soft X-ray radiation damage imposes on our ability to image biological specimens. 

Moreover, the limits are different depending on whether only high resolution images are 

the goal (no kinetic aspect) or if the experiment involves wet, hopefully viable samples. 

The damage that occurs in the later type of experiment is much easier to inflict. 

There is some hope in terms of increasing the resistance of samples to the effects of 

radiation and this is through the use of free radical scavengers. These molecules generally 

contain NO or R-SHH• groups and are particularly handy in "mopping up" the OH• and 

H • radicals produced by the radiolysis of water. In the myofibril experiment reported 

above (Foster et al., 1992) when 25% DMSO (dimethyl sulphoxide) was added to the 

buffer, 100% of the myofibrils were able to contract after the same 2Mrad of dose that 

resulted in 70% of the population being unable to contract in its absence. These free 

radicals also contribute to reducing the mass loss rate observed in a given specimen 

(Williams). 
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Chapter VITI. Discussion and Conclusions 

Using X-ray microscopy, we have been able to successfully image freshly isolated 

zymogen granules (diameter -lJ.l.m), from the acinar cell of the pancreas, suspended in 

isosmotic solution at a resolution thatis -3-5 times better than light microscopy without 

the use of stains or fixatives. We have also been able to follow individual granules over a 

period of time and monitor changes in the structure of these granules while changing the 

environmental conditions (suspending solution). In fact, this is the first time it has been 

possible to perform a direct time resolved experiment on such a small bio-object; not only 

obtaining visual images, but also quantitative information on the characteristics of 

diameter, protein concentration and mass of each object over the time course. The first 

section of this chapter will discuss what we have learned about zymogen granules from 

these studies and the second section will present our views on the general technique of X

ray microscopy. 

Vlll.l The zymogen granule 

The change in protein mass and granule volume 

Our measurements showing a change in the protein content of isolated zymogen 

granules and the images taken simultaneously provide direct evidence for the 

permeability of isolated zymogen granule membranes to the protein contained within the 

granules. As such, the measured change in mass of individual zymogen granules over 

time was taken to be a direct consequence of protein either leaving or being taken up by 

the granule. In addition, these observations invalidate the contention that protein is 

released from granules by lysis, or the breaking open of the granule and the releasing of 

all its contents at once. The granules in our experiments remained intact throughout the 

study and were observed to change in their measured protein mass over the time at a 

relatively slow and measurable rate. That the results are not due to damage from the X

ray microscope is verified by the fact that our measured rates of protein loss, mentioned 
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in the Results chapter (VI), are similar to rates measured using other techniques (Liebow 

and Rothman, 1976, 1972; Rothman, 1971; Hokin, 1955). 

The driving force behind the release of protein was determined to be simple mass 

action. In other words, protein moved in response to local protein gradients; from regions 

of high protein concentration to low concentration until, if possible, an equilibrium was 

reached. Granules suspended in isosmotic solution were observed to reach a quasi

equilibrium as the protein gradient between the interior of the granule and the suspending 

solution steadily decreased as a direct consequence of granules releasing their protein into 

the solution (June-control experiments). Moreover, the rate of protein release could be 

increased by increasing the protein gradient by either circulating the isosmotic 

suspending solution (December-control experiments) or perifusion (isosmotic dilution 

experiments). This increased rate of protein release was able to return to a quasi

equilibrium state once the protein gradient was decreased by halting the circulation of 

fluid (December-control). In the isosmotic dilution experiment, the elevated protein 

gradient was maintained and as expected, the rate of protein release remained linear and 

did not approach an equilibrium value. 

The release of protein from the granules is a reversible process and granules are able 

to take up protein when the concentration in the suspending solution is elevated. In the 

June-control experiment, some granules showed an increase in mass (data not shown) 

that could only be accounted for by these granules taking up "released" protein from 

other granules in the same suspension. As such, this indicates that a true equilibrium 

state can be achieved by isolated zymogen granules where the rate of protein efflux is 

balanced by the rate of influx of protein. Moreover, granules were also observed to take 

up exogeneously added protein (chymotrypsinogen). Thi$ bi-directional movement 

implies that a simple mechanism must be involved in the transport of protein across the 

membrane, possibly a pore such as will be discussed later. 
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In mass action processes, the amount of protein released from the granules depends 

on the concentration of soluble protein within the granule. However, in the zymogeri 

granules, this concentration is constant and so the rate of protein release from the 

granules is influenced more by the total amount of protein in solution - or the volume of 

the protein solution. The remaining volume within the granule is occupied by protein in 

an aggregated form. A standard by which we can calculate the percent volume of the 

granule occupied by soluble protein is given by the protein concentration of the granule; 

for example, a protein concentration of 600mg/ml indicates that the volumes of aggregate 

and soluble protein are equal, however for a protein concentration of lOOmg/ml, the 

soluble protein will occupy -90% of the granule volumel. As such, NUG granules, which 

on average have a low protein concentration and therefore a generous percentage of their 

volume in soluble protein, consistently show a higher rate of protein loss than UG 

granules. 

The observation that granules release protein at different rates actually requires 

further exploration in light of the fact that granule protein is able to move from an 

aggregated to a soluble form, and vice versa (Liebow and Rothman, 1976). As such, we 

would expect to observe the continuous release of protein from the granules as protein 

from the aggregate is solubilized and, given the existence of a concentration gradient. 

However, we observe that there is a limit to the amount of released protein as 

demonstrated in both the hyper- and hyposmotic experiment where the rate of protein 

release reached a quasi-equilibrium state (for both types of granules, UG and NUG) even 

though protein was still visible in the granules. Although some of this remaining protein 

is not enzymatic in nature and, as mentioned in the Chaper I, may be structural. 

However, as this type of protein accounts for only -5-10% of the total protein most of the 

remaining protein would be digestive enzyme. 

1 Assuming the density of protein to be 1.2 gm/ml and the concentration of protein in solution within the 
granule (as discussed in the results section) to be 75~g/ml. 



Chaptervm 244 

The different rates and the limit to protein release from the granules are, in fact, a 

consequence of the particular binding and solubility properties of the granule protein 

despite mass action; protein will only be released from the granule if it is in a soluble 

form. Although it is not currently known how proteins are bound in the aggregate or what 

are their binding and solubility properties, the binding has been shown to be electrostatic 

in nature (Rothman et al., 1974). Therefore, we would expect different solutions with 

different ionic properties to affect the electrostatic binding and to change the rate of 

protein release from the granules. Indeed, when granules are exposed to salt. (150mM 

NaCl) or the internal pH is increased by using the ionophore Nigericin, the rate of 

protein release from the granules is elevated . Additionally, when all of the soluble 

protein is released from the aggregate, the rate of protein release reaches an equilibrium 

value - as mentioned above. 

Moreover, because each protein has a different isoelectric point (see the Chapter I), 

we can assume that each of the 20 different enzymes that are known to be contained 

within the granules would have unique binding and solubility properties. As such, they 

would behave independently of each other and would either be bound or soluble 

depending on the nature of the environmental conditions. This suggests that under certain 

conditions, only particular proteins would be released from the aggregate and be free for 

release from the granule. In other words, release of protein from the granules would be 

non-parallel. 

The fact that we observed differences in the measured rate of protein release from 

individual granules under the same experiment conditions (data shown as statistical 

variation) may have been a direct result of this phenomenon. If each zymogen granule 

contained different proportions of each protein and some of the proteins were more 

solub~e in the particular environmental conditions of the experiment than others, then 

granules containing greater amounts of the soluble proteins would show a rate of protein 
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release that was relatively higher than other granules. As it has already been reported that 

granules appear to contain various amounts of the enzymes (Tobler et al., 1991; Adelson 

and Miller, 1989; Mroz and Lechene, 1986), the scenario described above appears 

plausible. It may be possible in the future to label individual enzymes and track their 

movement using STXM to further characterize the distribution of enzymes from granule 

to granule. 

The character of the protein aggregate, up to this point, has not truly been addressed 

and this is partially because it is not well understood. As mentioned above, each granule 

contains 20 different types of enzymes and it is yet unclear if such a heterogeneous 

aggregateis formed by enzyme-enzyme binding or by non-specific binding to each other 

or to structural proteins. In our experiments, we have noticed that for each preparation (a 

combination of two pancreases) the protein concentration values for all granules of a 

particular type (UG or NUG) are tightly grouped together. Additionally, if we plot the 

protein mass against the granule volume for each granule, all of the data fit a line, the 

slope of which is the average protein concentration, regardless of the size or "weight" of 

the granule (see for example, figure 6.20). However, if we combine the results of many 

different experiments, as in the General Population, we do not observe this relationship 

(figure 6.7). It would appear that the protein concentration of the granules is a 

characteristic of the particular pancreas and as such implies that all of the granules are 

subject to be filled equally and therefore have similar protein concentrations. Because it is 

known that the proportions of the different enzymes varies from granule to granule and 

since the characteristic protein concentration of a particular preparation is maintained, in 

all likelihood the proteins are bound non-specifically within the granules. 

The observed change in the diameter of the granules is influenced by both the change 

in protein content and the size of the protein aggregate. Protein release results in a 

decrease in the diameter as water, associated with the solubilized protein, leaves the 
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granule. As protein release occurs in isosmotic solutions, the decrease in diameter cannot 

be attributed to osmotic shrinking in this case. However, granules are sensitive to 

hyperosmotic forces as an increase in the osmolarity of the suspending solution will result 

in a decrease in the diameter of granules above that of the isosmotic solution. 

Alternatively, when granules take up protein, as observed in one of the chymotrypsinogen 

experiments, granules increased in mass and in diameter. The increase in volume can be 

attributed to the influx of water along with protein and a subsequent decrease in protein 

concentration is noted. 

In general, the protein concentration of the granules increases as granules lose protein. 

This indicates that granules are losing the aqueous region of their volume more than the 

protein aggregate. This is shown in figure 6.17 where protein density maps of granules as 

they lose protein and diameter indicate that the lucent regions in the granule are 

decreasing in size. However, there is no clear correlation between the amount of protein 

and volume lost in any of these experiments and granules do not increase in protein 

concentration in a manner suggesting volume loss is connected linearly with protein 

release. As such this implies that while a certain amount of water may be lost with each 

protein molecule released, the protein aggregate provides a substantial barrier to the 

shrinking of the granule volume. This result has previously been observed when granules 

did not to shrink as theoretically expected in response to an increase in osmotic strength 

of the suspending solution (Warashina, 1981). 

However, the protein aggregate does appear to be flexible and may be able to shrink 

(exclude water) and swell (take up water) according to the environmental conditions. 

That it shrinks can be seen in the granules shown figure 6.17. The general shape of high 

dense regions (the aggregate) appears to stay the same even though they get smaller. And 

that the aggregate may also be able to swell is shown in the NaCl and Nigericin 

experiments. In these cases, -50% of the protein was released after the granules were 
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exposed to these isosmotic solution but the diameters were not significantly different 

(P>0.05, t test). Given the electrostatic nature of these solutions, the aggregate's charge 

distribution may have been sufficiently altered changing its osmolarity and enabling it to 

take up water to compensate for the loss of protein. It is possible that the granule protein 

aggregate is a sol-gel. 

However, even though individual protein loss (or uptake) and osmotic strength both 

contribute to the decrease in the diameter of a granule, it appears that all granules in an 

experiment are affected in a similar manner such that, regardless of the change in mass or 

diameter, the relationship between protein content and granule volume is maintained over 

time (see for example figure 6.20). As mentioned above, this relationship appears to be a 

characteristic for a particular preparation of granules. 

The change in protein concentration of the granules can be diagrammed using the 

protein mass versus granule volume graphs and shown below in figure 8.1. 
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Figure 8.1 A graph diagramming the relationship between protein mass and granule 
volume. The slope of a line through the data point of granule ZG and the origin is the 
protein concentration of the granule. As either the volume or mass of the granule 
changes, so will the protein concentration. It is possible for the granule to become 
either less or more concentrated, or stay the same - as indicated by the shading of the 
granule. 
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From this figure, we can see that the protein concentration of a granule will increase 

when the decrease in volume of the granule dominates the decrease in mass and that the 

protein concentration will decrease when the decrease in mass dominates the decrease in 

volume. However, if the change in volume and mass vary together, the protein 

concentration will be maintained. The changes in protein mass and diameter occur, as 

mentioned aboved, as a result of mass action and the permeability of the granule 

membrane to its proteins. In the majority of our experiments, we observed an increase in 

the average protein concentration of a population of granules indicating that the rate of 

protein release was greater than the rate of diameter loss. And, as mentioned above, this is 

an indication that the structure of the protein aggregate limits the amount of granule 

shrinking. 

Thus, using STXM we have observed that isolated secretion granules are not inert 

objects. They can change in size, as well as protein mass; shrinking (or enlarging) in 

response to non osmotic disequilibrium states as they release (or increase) their protein 

contents. These experiments provide direct evidence for the permeability of granule 

membrane to its enclosed proteins. 

Many of our observations on isolated granules are consistent with similar 

observations made in situ. For example: (1) labeled chymotrypsinogen -~added to 

extracellular fluid accumulates in zymogen granules within the acinar cell (Liebow and 

Rothman, 1972), (2) the secretion of at least some of the 20 different proteins found in 

the zymogen granule can occur independently of each other (Rothman, 1985) and (3) 

granules are observed to shrink within the cell when secretion is augmented with a 

stimulant (Ermak and Rothman, 1981). These results indicate that zymogen granules are 

permeable to their enclosed proteins in situ. 
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Mechanisms of protein release 

However, the central question is now "what is the mechanism whereby protein is able 

to cross the membrane of the zymogen granule?" Currently, the topic of membrane 

protein transport, or how protein molecules pass through biological membranes is an 

active and growing area of research and there are a host of mechanisms that have been 

discovered in pro- and eukaryotic cells involved in the transport of proteins across 

membranes. 

It is generally considered that there are three mechanisms by which proteins are able 

to cross membranes; pores, chaperones and "dissolution" - the ability of the protein to 

cross through the membrane unaided. In the following section, we will briefly discuss the 

evidence for these mechanisms. 

The discovery of the nuclear pore (Bonner, 1978) was the first time it was shown that 

a pore was capable of transporting protein. Previously, it was though that pores were only 

capable of transporting ions and very small molecules. Since then, other protein 

transporting pores have been discovered. There is currently a family of proteins, called 

multi-drug resistant (MDR) proteins that have been shown to form pores in membranes 

(Bradley, 1988). These pores are able to engage in the protein transport of a variety of 

different proteins in a variety of pro- and eukaryotic cells. The evidence suggests that 

either single protein molecules, or perhaps oligmers, form the transmembrane pores 

through which other proteins can pass. 

The chaperones are molecular proteins and behave more as a helper in protein 

transport than an actual mechanism. They act to unfold certain proteins and as such 

prepare them for entrance into and transport across membranes (Pelham, 1989; 

Kumamoto, 1991). The unfolding may expose internal hydrophobic regions of the protein 

thus allowing the protein to pass through the hydrophobic membrane. Alternatively, as 

the unfolding process results in a smaller diameter protein, the protein may now be able 
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to cross through small diameter pores that were previously inaccessible to the tertiary 

structure of the protein. The chaperones may also function to retain proteins within a 

membrane enclosed region by holding onto or folding proteins once they enter a 

membrane bound compartment and therefore preventing them from being transported 

again. 

The fact that proteins are also able to cross membranes on their own (dissolution) is 

the most recently accepted mechanism by which proteins are able to cross membranes. As 

mentioned above, it may be that chaperones assist in this process by helping to unfold 

proteins and exposing hydrophobic regions of the protein which are more apt to pass into 

the lipid bilayer. However, recent experiments show that some proteins are able to 

"dissolve" through lipid bilayers without any assistance. The bacterial toxins, colicins, 

are known to exit bacterial cells and re-enter other of their species across the outer 

membrane either by apparently embedding themselves in the inner plasma membrane or 

passing through it (Cramer et al., 1990; Lazdunski et al., 1988). This has recently been 

proposed to occur without the need for any special processes (Shin et al., 1993). 

Apparently the outer amphipathic charge-containing segments of the protein adsorbs to 

the charged moieties on the bilayer's surface. And this is followed by penetration of the 

bilayer by the protein's internal hydrophobic helices. 

Unfortunately, when Rothman first proposed that proteins were able to cross bio

membranes, there was no evidence that any of these mechanisms existed and the theory 

was discounted. Possibly, had he made his observations today, even without direct 

evidence for a mechanism, the idea that proteins can cross membranes would not be 

quickly discounted. Currently, there is evidence that at least one, if not more, of the above 

·mentioned mechanisms exist in zymogen granules and can aid in protein transport. 

Of the three candidates for a mechanism by which the protein could cross the 

membrane; two of these are pores and the third is a chaperone. We have already 
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mentioned that a large pore, -5nm, was reported by Cabana (1988) to be visible in the 

membrane of the zymogen granule in EM images. This pore would be large enough to 

allow the passage of protein. However, since this report, there have been no further 

studies pertaining to this particular pore. There is also recent evidence that a Cystic 

Fibrosis Transmembrane Regulator (CFTR) protein may be present in the membrane of 

rat zymogen granules (Tseng). This is one of the family of MDR proteins, mentioned 

earlier, and is known to form a pore that could be a protein transporter. 

The third candidate is the chaperone and two such proteins have recently been 

discovered in the zymogen granule (Yeiaz-Granell et al., 1993). The authors of this 

abstract did not speculate as to the function the chaperone may serve in the granules, but 

in light of our results, it is possible that the chaperones could aid in the unfolding of the 

enclosed granule proteins and their subsequent transport across the ZG membrane. 

VIII.2 A discussion on the technique of STXM for biology 

The capability of imaging whole, viable biological samples in aqueous environments 

at high resolution has been a major driving force for the development of X-ray 

microscopy. And while this technique is still considered in the developmental stage, the 

results that we discussed reflect some of its potential for biologists. As such, our 

experience with zymogen granules enables us to raise some of the issues that need to be 

kept in mind if biologists are to obtain valuable results from the technique. 

In terms of the type of specimen best suited for STXM, the zymogen granule is ideal 

and, in general, the technique is probably best used for micron sized objects. One reason 

for this is because the depth of focus of STXM is -2 j.lm and an image of a thicker object 

would not be completely in focus. In addition, there is a size limit to the field of view of 

the microscope. When Gilbert (1992) imaged fibroblasts, multiple images had to be 

taken of different areas to construct a mosaic. The zymogen granule was also well suited 
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because it has a relatively simple structure; i.e. it predominately contains protein in 

various clumps and configurations. This is an advantage because the images are two

dimensional projections of three dimensional objects. If an object is complex and 

contains many different kinds of features at different depths, then interpreting what these 

features are or where they are in the sample is difficult. Furthermore, to quantitatively 

determine the amount of material present in the sample from the STXM image, we must 

know the type(s) and relative amount(s) of different materials present, such as nucleic 

acids and proteins. 

In using STXM, it is also important to keep in mind the effects that the absorption of 

X-ray radiation can have on the particular specimen. In the radiation damage chapter 

(VII) it was shown that live cells are sensitive to radiation damage and after tens of 

Megarads of absorbed dose, cells die (Jacobsen). However in our situation, the particular 

kinetics of the zymogen granule which we wanted to observe, release of the contained 

protein, did not appear to be affected by the dose of soft X-rays the granules received. 

This is not to say that there was no radiation damage, only that it did not interfere with 

the process we were investigating. 

Ultimately, the sensitivity of an object to damage due to interaction with soft X-rays 

dictates the experiments that can be performed with a particular sample using STXM. 

And, while is may be impossible to observe live cells functioning at high resolution in 

STXM over time, high resolution native state imaging or the ability to calculate amount 

of organic material present in an object may still be of value. For example, research is 

currently being performed on fixed cells that uses STXM to 1) map the calcium content 

of the cells (Buckley, 1993) and 2) detect at high resolution the location of fluorescence 

markers (Moronne, 1993). 

In order to perform experiments on zymogen granules with STXM, it was first 

necessary for us to design a sample chamber (LBL-WC). Our chamber allowed for the 
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sample to be suspended in an aqueous environment for the duration of the experiment as 

well as permitting the fluid environment to be exchanged during the course of an 

experiment. The LBL-WC is well suited for imaging any biological object that is <2~ 

in size and requires a fluid environment. Other sample chambers have been developed 

specifically for cell cultures (Gilbert, 1992). 

In our experiments, we relied on the affinity of zymogen granules for silicon nitride 

in order for our sample to remain still during imaging. In the future, the use of 

"biological glues," such as poly-L-lysine, to be coated on the viewing windows will aid 

in the adherence of samples . Another approach is to immobilize samples by using the 

thin, flexible silicon nitride windows as "tweezers." This is accomplished simply by 

placing a small negative pressure in the LBL-WC to pull the two windows closer 

together. This can be effective for samples as small as l~m in diameter. The newly 

developed method of optical tweezers may also prove to be a useful specimen 

manipulator in the future. Finally, although this technique is just now being tested in our 

laboratory, it may be possible to immobilize the specimen in agar gel. It would then be 

possible to flow solutions over thin slabs of the gel and allow solutes to diffuse towards 

the specimen. 

The primary problem with the development of this technique is its accessibility. 

Currently, there are only two STXM type microscopes that are performing biological 

experiments, Brookhaven and Daresbury in England, and one IXM (imaging X-ray 

microscope) located at BESSY in Berlin. Although recently, the Advanced Light Source 

synchrotron at Lawrence Berkeley Laboratory produced its first X rays and two more X

ray microscopes (a STXM and IXM) will be built there. All of the above mentioned 

microscopes require a synchrotron source in order to produce the X-rays. But X-ray 

microscopes are not limited to using these sources; the field of X-ray lasers has been 

growing making "table-top" X-ray microscopes a reality and there are other techniques in 
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the works which would use a laser plasma source (Hirsch). However, it is important to 

remember that the development of this technique is as much investigational as it is 

instrumental . The more biology that is performed using these microscopes, the faster the 

technique will be developed in terms of what kind of biological questions are best 

addressed using this method. 
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