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The Solution Assembly of Biological Molecules using Ion 
Mobility Methods: From Amino Acids to Amyloid β-Protein

Christian Bleiholder1 and Michael T. Bowers2

1Department of Chemistry and Biochemistry, Institute of Molecular Biophysics, Florida State 
University

2Department of Chemistry and Biochemistry, University of California, Santa Barbara

1 Introductory Remarks

The focus of this review is assembly of biologically important systems. We are excluding 

protein-ligand binding and will present a number of case studies that deal exclusively with 

self-assembly. In a way this topic goes back to the roots of ion mobility spectrometry-mass 

spectrometry (IMS-MS) as developed at UCSB. The broad scope of that work has recently 

been reviewed (1) and self-assembly has played a key role in IMS studies at UCSB from the 

beginning. The first in depth application of IMS-MS to any system was to the self-assembly 

of carbon in carbon arcs 25 years ago. (2–5) Carbon clusters were a very hot topic at the 

time, especially the formation of Fullerenes (6,7) which were being touted as a new form of 

carbon and lead to a Nobel Prize for Smalley, Curl and Kroto in 1996. The primary 

contribution of the Bowers group was the determination of the structural evolution as the 

carbon clusters increased in size and the determination of the mechanism of Fullerene 

formation for sizes larger than 30 atoms. Specifically, they showed that carbon grew from 

linear structures to rings to Fullerenes and that Fullerenes arose from the annealing of large 

carbon planar ring systems (2,4,8,9).

Not long after the carbon cluster studies, the Bowers group initiated studies on the structure 

and assembly of biological molecules (10,11) but the real breakthrough came with the 

development of a new electrospray IMS instrument (12). The results from this instrument, 

and a later higher resolution instrument with an ultra-soft ion source (13), will provide most 

of the data for the case studies coming next. Before we discuss these case studies, however, a 

few general points need to be emphasized. The first of these is to understand the type of 

assembly that is occurring in solution and how best to capture it using IMS-MS. One of the 

requirements is to pay attention to the natural (native) charge state the biological system 

under study has in solution. For example, our first case study will be on the amyloid β-

protein systems that are responsible for Alzheimer’s disease. We started on this problem in 

2003 but we had no experience dealing with rapidly assembling biological systems. Hence 

we took our Aβ samples and used positive ion nano ESI and tuned to maximize signal. We 

felt we had to do this since our primary target, Aβ42 would assemble so fast it rapidly 

clogged out spray tip shutting down the experiment. After more than a year of experiments 

we had no useful, reproducible data. We then decided to back up and rethink our approach. 

We realized that Aβ42 had a minus 3 charge in solution at physiological pH. We decided we 

had to learn to work with this system using negative ion electrospray so that we could 
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directly sample both monomer structures and assembled oligomers in their native charge 

states. Negative nano ESI was rarely used in those days and it took us a year to figure out 

how to obtain usable and reproducible signal. The beautiful results we obtained (14) will be 

summarized in our first Case Study later in this paper.

The second general point to be made is “softness”. If you are interested in studying the self-

assembly of a biological system in which the oligomers are weakly bound non-covalent 

complexes you absolutely must eliminate all factors that energize these complexes during 

the IMS-MS measurement. Both of the nano ESI instruments that were used to record the 

data discussed in case studies 1 through 3 (12,13) are “soft” but our high-resolution 

instrument is “ultra-soft” (13). In part this is a lucky accident since we built the source to be 

at essentially the same pressure as the drift tube (10 to 15 torr) with no intervening segments 

that could energize the oligomers captured from solution. More will be said about the 

physical principles that underlie “softness” below.

A third crucial point is insuring that the oligomer distributions and the structures of the 

individual, size selected oligomers that we analyze by IMS correspond to those originally 

formed in solution. This is an interesting issue of sufficient importance that it deserves an 

entire Annual Review article on its own and, in part, is related to both of the points made 

above as will be apparent shortly. Most of the effort put into this topic to date has focused on 

individual peptides or proteins (see ref. (15) for a recent example and good summary of the 

literature). Hence, even though our emphasis here is on assemblies it is important to 

comment on this long standing issue of monomer folding since “solution” structures have 

been observed for even smallish monomer peptides like Aβ42 (16) and human isle amyloid 

polypeptide (hIAPP), a 37-residue hormone involved with type 2 diabetes (17).

One final point: IMS methods are ideally suited for the kinds of studies discussed here. 

Traditional spectroscopic methods are poorly matched to the study of solutions with multiple 

oligomers present that are in a state of dynamic growth. Such methods yield average results 

for all oligomers present in solution. IMS-MS on the other hand can directly sample solution 

oligomer distributions and size selected oligomer structures since these vary in mass-to-

charge ratio (m/z) and in shape (cross section). The power of IMSMS was first demonstrated 

in the analysis of carbon arcs as discussed earlier. This commentary focuses on the non-

covalent assembly of amino acids and peptides, systems at the heart of the amyloid process 

that plays a central role in a number of devastating diseases (18–20). In the case studies that 

follow we will start with the largest example (the 42 residue Aβ42 peptide), followed with 

several “model peptide systems (5 to 11 residues), and finish with assembly of individual 

amino acids. While this ordering may seem counter intuitive, it first highlights an important 

system responsible for Alzheimer’s disease and follows with our efforts to more 

fundamentally and mechanistically understand the amyloid process on a molecular level. 

First, however a more detailed discussion of instrumental “softness” and why it is required if 

we are to study solution structures of any type and hence relate our results to structural 

biology. We will focus these remarks on monomeric peptide/protein folding since this topic 

is of widespread interest. However virtually all of the points we make are equally valid for 

the assembly of these systems with differences pointed out where appropriate.
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2 Softness of IMS-MS measurements: the ability to study biologically 

relevant structures of proteins and their assemblies.

How closely the structure of biological ions measured by IMS-MS methods reflects the 

biologically relevant structure present in solution is currently an active area of research.

Protein folding in solution has been subject of an overwhelming body of research in the past 

three decades and many excellent reviews and perspectives are available (21–25). Figure 1a 

depicts a simplified picture of the energy landscape that governs protein folding in solution. 

This energy landscape involves a funneled energy landscape comprising an ensemble of 

compact, folded native protein structures, an ensemble of transition state conformations, and 

unfolded structures. The free energy difference between the folded and unfolded 

conformations is typically on the order of 5–20 kcal/mol. The driving force for formation of 

the folded, native conformations are interactions between the various functional groups 

present in the protein and between these groups and the water solvent (26,27). At neutral pH, 

proteins and peptides carry a number of ionic groups, including the carboxylate (R-CO2
−), 

guanidinium (Gd+), and ammonium (R-NH3
+) groups. These groups strongly bind several 

water molecules on the order of ~10 to 15 kcal/mol (28). The binding enthalpy of each 

single water molecule is thus comparable to the free energy required to unfold a native 

protein structure. By contrast, hydrophobic side chains of e.g. leucine or phenyl-alanine 

residues do not favorably interact with water. As a consequence, the enthalpy of protein 

conformations is minimized when ionic/hydrophilic groups are exposed to water on the 

protein’s surface while hydrophobic side chains cluster together to form a hydrophobic core 

on the interior of protein. When proteins do expose hydrophobic patches to the solvent, these 

patches often serve as inter-protein binding-sites resulting in a “hydrophobic collapse” and 

aggregation of the protein (29), a process that is the focus of the Case Studies discussed 

below in this Review. In the absence of solvent, ionic groups with localized charges become 

‘charge-solvated’ by other groups in the protein through hydrogen-bonded interactions 

(30,31). Hence, in a solvent-free environment, a “natively” folded bare protein is expected to 

bury polar groups in its interior while exposing hydrophobic residues on its surface (32). 

Such folded, gas-phase structures of biomolecules are often referred to as “inside-out” 

structures (32). However, the charged side chains in a metastable, desolvated solution type 

structure, as often encountered in ESI, will “self-solvate” with any side chains in its 

immediate area with little change in backbone structure due to the high barriers of backbone 

rearrangement and formation of the “inside out” structure (15,32–39). Since these 

interactions depend on the charges on the amino acid residues, it is important to choose the 

polarity of the ESI process to match the native solution charge state of the protein (complex) 

under investigation in order to capture the native solution like structures using IMS-MS. For 

the case of Aβ40 and Aβ42, this issue had turned out to be pivotal, as will be detailed further 

below.

Consider a peptide or protein sprayed using ESI that is gently desolvated without changes its 

native structure. Ions formed from ESI are expected to be subthermal due to evaporative 

cooling (40) and hence must become energetically activated if they are to structurally 

rearrange. Ion activation can occur in an IMS-MS experiment when translational energy is 
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converted into internal (vibrational) energy via inelastic collisions between the ion and 

buffer gas particles. This collisional heating process reaches a steady state between 

activating and de-activating collisions and the internal energy distribution of the ion 

population can be characterized by an (effective) internal temperature Tint, which increases 

with increasing energy transfer per collision (41–43). Basic physics (44) indicate that the 

amount of translational energy that is converted into internal energy through collisions, δE is 

given in Eqn (1)

δE = γ
mbg

m + mbg
Elab (1)

where Elab is the translational energy of an analyte ion with mass m in the laboratory frame, 

mbg the mass of a buffer gas particle, and γ he inelasticity parameter of the collision that 

depends on the densities of states of the buffer gas particle and the analyte ion and on the 

strength of the ion-neutral interaction potential. A second important factor in Eqn. (1) is the 

mass mbg of the buffer gas particle. For heavy analytes with mass m ≫ mbg, energy transfer 

occurs approximately seven times more effectively in collisions with nitrogen (mbg = 28 Da) 

than helium (mbg = 4 Da). Hence, helium is a much “softer” buffer gas for ion mobility 

spectrometry experiments than the more commonly used nitrogen. This increased “softness” 

of helium is one reason why helium buffer gas is used for any of the structural study of 

biological analyte ions at UCSB (12,13) that we discuss in the following sections in this 

Review. At FSU, nitrogen buffer gas is used as our trapped IMS measurement (45,46) 

requires a constant flow of buffer gas through the instrument which would be prohibitively 

costly with helium.

Finally, Eqn. (1) reveals that the increase in internal energy δE of the analyte ion depends 

decisively on the translational (kinetic) energy Elab of the analyte ion. The kinetic energy of 

an ion in an ion mobility experiment depends on the energy uptake from the electric field 

between two collisions with the buffer gas, ΔElab In traditional drift tube IMS instruments, 

ions are accelerated between two ion-neutral collisions by a uniform DC electric field 

(47,48). Under these drift conditions, the gain in translational energy ΔElab of an ion from 

the electric field EDC between two collisions with neutrals is given in Eqn (2)

ΔElab ≡ ΔElab
DC = m

2 Δv2 = m
2 ∫

0

δt
FDC

m dt

2

=
qEDCδt 2

2m (2)

where m and q are the mass and charge of the analyte ion, Δv is the velocity gained by the 

analyte ion from the acceleration by the force EDC = qEDCin the electric field EDC within 

time interval δt between two collisions. A radially confining radio-frequency (RF) field—

present in the trapped IMS setup (45,46) used at FSU and the traveling wave instruments of 

Waters (49)—contributes to the acceleration of the analyte ion between two ion-neutral 

collisions. Tolmachev and Smith have shown (43) that the mean kinetic energy of an ion 

induced by an RF-field within a single RF period increases quadratically with charge q and 
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RF-field strength ERF. Thus, on a qualitative level, the energy uptake from the RF-field and 

that from a DC-field are similar: the higher the strength of the RF-confining field, the more 

an ion is accelerated.

Since δt depends on the pressure in the IMS tube, Eqn (2) tells us that to prevent effective 

ion heating the pressure should be fairly high so to have many, but low-energy, collisions. 

Measurements in the drift tubes at UCSB are typically carried out in helium gas at pressures 

in the order of 4–15 torr (12,13). Such pressures correspond to mean free paths between 

collisions of approximately 0.4 μm to 0.1 μm. At FSU, where we carry out measurements at 

~3 mbar in nitrogen buffer gas (50,51), the mean free path is in the order of 0.6 μm. In 

travelling-wave instruments, which are typically operated at 0.5mbar to 1mbar (49), mean 

free paths are on the order of 3.6 μm, resulting in energy transfer that is ~36 and ~1237 more 

effective than in our TIMS setup at FSU and the high-resolution drift tube at UCSB, 

respectively. An example of how this can affect the measured cross sections, and hence 

structures, of the small protein ubiquitin is given in Fig (2).

Figure 2A compares cross sections recorded on different instruments for several ubiquitin 

charge states to the cross section expected for the ubiquitin x-ray structure (52). The data 

recorded at UCSB (15,53) show low charge states with cross sections consistent with the x-

ray structure and high charge states with much larger cross sections that correspond to 

denatured ubiquitin ions. The data recorded on the trapped IMS system at FSU agrees 

essentially numerically with these data but only after careful “soft-tuning” of the operating 

conditions by down tuning the DC and RF electric fields as well as the source conditions 

(needle potential, desolvation gas temperature) (50). The cross sections of charge states 6,7, 

and 8 are significantly larger—indicative of substantial collision-induced unfolding of 

ubiquitin ions during the measurement—when high DC and RF fields are used and the ESI 

desolvation gas is heated in excess of 370K in a trapped IMS device (54). Charge states 4 

and 5, which are not generally observed under native conditions (50,53), should not be 

considered indicative of the ubiquitin solution structure as cross sections of their “inside-

out” gas-phase structures are not distinguishable from that of the ubiquitin solution structure 

(55).

Here we have discussed energizing collisions only in the IMS cell. Of course the entire 

instrument must be extremely soft, not just the IMS cell, when studying non-covalent 

assemblies of peptides. An illustrative example is m/z 1060 of bradykinin. The instruments 

at UCSB show monomer (1/1), dimer (2/2), and trimer (3/3) species (12,13). In these 

instruments, mass analysis occurs in a quadrupole directly attached to the IMS drift tube, 

effectively preventing any reactions of the assemblies to take place between IMS and mass 

analysis. In the trapped IMS system used at FSU ions traverse a quadrupole and a collision 

cell between IMS and mass analysis (45,46,50,51). We find that the presence of triply-

charged bradykinin trimers depends significantly on the energy used to injected the 

assemblies into the collision cell (not shown). Further, spectra recorded with and without 

precursor ion selection in the quadrupole can differ substantially when the collision energy 

isn’t carefully tuned (Figure 2B). These observations underscore that great care must be 

taken to avoid energizing analyte ions in the source, the transport region before the IMS cell 

and following the cell before mass analysis and ion detection. In the instruments used to 
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obtain the data discussed in the following Case Studies, all of these sections provide 

negligible ion activation, which is what made the studies possible even though the details 

will not be pointed out in the narratives.

3 Case 1: Amyloid β-protein and Alzheimer’s disease (AD)

Alzheimer’s is a complex disease that has resisted every attempt to both understand its 

detailed mechanism and to establish even a minimally effective therapy. It is finally being 

recognized as a priority in the USA and elsewhere due to the aging of our population and 

due to the current and projected human and financial cost (~$1,000,000,000,000/year by 

2050) (56). The literature dealing with various aspects of AD is vast and cannot even be 

summarized here. Our focus will be on the molecular basis of AD, especially how IMS-MS 

can make unique contributions to our understanding of it. For a very long time AD was felt 

to be an amyloid disease (20) with research emphasis on the terminal fibrillar constructs 

produced by the amyloid cascade. However, about the turn of the 21st century the 

community began to realize that the initial oligomers formed in the amyloid cascade may be 

the most important, not the terminal fibrils themselves (56). It was this realization that 

sparked our interest since IMS-MS is uniquely suited to the study of dynamic oligomer 

formation but incapable of studying the terminal fibrils.

Our efforts began with a collaboration with Prof. David Teplow in 2003 (initially at Harvard 

Medical School but now at UCLA), a collaboration that has born much fruit and that 

continues to this day. In addition to providing abundant and ultrapure Aβ samples of many 

varieties, Dave was essential in bringing us up to speed on the outstanding issues in AD, 

particularly those we could attack using IMSMS methods. Of crucial importance is the fact 

that AD appears to be primarily caused by early oligomers of Amyloid β-protein, peptides 

that are cleaved from the much larger amyloid precursor protein (APP) that is over 700 

residues long. The primary cleavage products are Aβ40 and Aβ42 shown below in Scheme I.

Aβ40 makes up about 90% of the cleavage products and Aβ42 9%; however the plaques 

found in AD patients are formed primarily from Aβ42 monomers (57,58). Early work 

indicated that Aβ40 and Aβ42 oligomers assembled by different mechanisms (59) but it was 

not understood why Aβ42 was so much more neurotoxic than Aβ40 (60) nor were the two 

assembly mechanisms understood. Perhaps most important, while Aβ oligomers were 

implicated in the aetiology of AD there was little or no information on the identity, 

formation mechanism and structure of the neurotoxic agent(s). Hence, our initial goals were 

to determine the assembly details for Aβ40 and Aβ42, to determine the identity and 

structure of the toxic agent(s), and to develop possible therapeutic strategies for treatment of 

AD. A summary of our initial results and mechanistic conclusions is given in Figure 3.

On the top left of the figure are negative ion mass spectra of 10 μM solutions of Aβ42 and 

Aβ40. From these data alone it would be difficult to say much about either species. 

However, the arrival time distributions (ATDs) at the top right of the figure are much more 

revealing. These are taken for the z/n = – 5/2 mass spectral peaks and hence must represent 

even numbered oligomers (n is the oligomer number and z is the charge). The assignments 

of the features in the ATDs have been established elsewhere (14,61). For Aβ42 the – 5/2 

Bleiholder and Bowers Page 6

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2018 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peak contains dimer, tetramer, hexamer and dodecamer while for Aβ40 only dimer and 

tetramer are observed. Coarse grain structures are given above each of the features in the 

ATDs. These were obtained by comparing the experimentally measured cross section with 

cross sections obtained from model structures (61). Of importance is the fact the tetramer of 

Aβ42 is an open structure which is able to add a dimer to form hexamer while the tetramer 

for Aβ40 is a closed structure that could add a dimer only with difficulty. These tetramer 

structures are pivotal in determining the oligomer assembly of the two alloforms and 

consequently the aetiology of AD. The Aβ42 hexamer is planar and cyclic while the 

dodecamer is composed of two stacked hexamers. Of interest is the fact a third hexamer 

doesn’t stack which probably indicates the hydrophobic cores of the individual hexamers 

composing the dodecamer interact leaving relatively non-bonding top and bottom surfaces. 

Also of interest is the fact that no octamer is observed. Consideration of these facts, and 

others available to us at the time, lead to the assembly mechanism given at the bottom of the 

figure.

One interesting point is the fact that mixed tetramers of Aβ42 and Aβ40 do not further 

oligomerized (62). This result implies that Aβ40 is effective in inhibiting Aβ42 assembly 

and thus is over all protective against AD (see below). It is also interesting that only the 2×2 

tetramer is observed (62) indicating that oligomer growth occurs primarily by dimer addition 

supporting the mechanism given in Figure 3. There is support for the dodecamer as the 

primary neurotoxic agent in AD from mouse model studies (63,64): Transgenic mice with 

the human APP gene were found to develop memory loss before plaques were detected. The 

dominant Aβ agent found was termed Aβ56* as it was approximately 56 kD in mass which 

is the approximate mass of the Aβ42 dodecamer.

While the IMS-MS data appear to be unambiguous, it is important to verify them by 

independent means and to gain further insight into the fibril formation mechanism. In this 

regard we have recently published work in collaboration with Professor Steve Buratto at 

UCSB on the Aβ-peptide systems using ultra high resolution atomic force microscopy with 

the data summarized in Figure 4 (65).

The top two images show data taken from a 1 μM solution of Aβ42 drop cast onto a freshly 

cleaved mica surface following solution incubation times of 5 and 10 minutes. The 5 min 

image shows primarily circular shaped objects, which line cuts indicate are either 0.75 or 1.5 

nm high and 10 to 15 nm in diameter. These dimensions are fully consistent with cross 

sections measured for the hexamers and docamers using IMS-MS and the structures given in 

Figure 3 (14,61). In the 10 min image an important new feature is observed; a long (> 200 

nm) filament like species 0.75 nm in height and 10 nm in width, consistent with the expected 

dimensions of pre-protofibrils previously reported (66). The bottom left image in Figure 4 is 

a blowup of a segment of the filament shown in the 10 min image. It is apparent the filament 

appears to be growing out of the bottom hexamer of a dodecamer as depicted in the cartoon 

in the bottom right of Figure 4. A search of the surface indicated all such filaments are 

associated only with dodecamers similar to what is shown in Figure 4. While the dodecamer 

is becoming accepted as an important neurotoxic agent in AD, it now appears it is also the 

seed assembly for initiation of fibril growth, which is currently viewed as protective in AD. 
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Hence the dodecamer appears to be the central figure in the assembly of Aβ42 and possibly 

in the aetiology of the disease.

The story is very different for Aβ40 (65). In this instance no hexamers or dodecamers are 

detected by AFM at early times, only smaller oligomers. At longer times (> 30 minutes) 

highly branched filaments appear that are 0.75 nm in height and 10 nm in width. At longest 

times these filaments compete with large spherical objects similar to those also observed in 

Aβ42 at long times. The results given by both the IMSMS and AFM studies clearly answer 

the questions about the very different assembly of Aβ40 and Aβ42 as well as why Aβ42 is 

so much more toxic than Aβ40. Further the results provide evidence for the first time that 

the Aβ56* toxic agent observed in mouse model studies is in fact an Aβ42 dodecamer 

composed of stacked, planar, cyclic Aβ42 hexamers. This information could not have been 

obtained by other means currently available.

Familial Alzheimer’s disease

The primary structure of Aβ42 given in Scheme I has notations where various mutations in 

the APP gene have been observed. These are often associated with a geographic region 

where the mutation has been found to occur in abundance. Formally each mutation leads to a 

somewhat different outcome and as such can have quite different symptoms from sporadic 

Alzheimer’s disease caused by wild type Aβ, often occurring with an earlier onset date 

(sporadic AD is known to ubiquitously begin close to age 65). For example, in a recent 

newspaper (June 29, 2016) it was reported that the iconic women’s basketball coach Pat 

Summit had died at age 64 from early onset Alzheimer’s disease. At UCSB, we have 

initiated studies on many of the mutants listed in Scheme I (67,68) but space limitation 

doesn’t let a detailed discussion be made of the results. What we have found so far, however, 

is that every mutant has profound effects on the assembly of both Aβ40 and Aβ42 leading to 

very different oligomer distributions and structures. Perhaps most important is the 

observation that the A2V and E22G mutations allow Aβ40 to form dodecamers of stacked 

cyclic hexamers and other mutations allow hexamers of Aβ40 to be formed. Since Aβ40 is 

10 times more abundant than Aβ42 such mutations may be very dangerous indeed. We 

continue to pursue these systems including AFM measurements to confirm what we see in 

our IMS-MS studies and to investigate the onset of fibril formation in each system.

4 Case 2: Peptide Assembly and the Amyloid Paradigm

An amyloid is a proteinaceous, extracellular deposit with β-sheet structure. Consequently, 

since AD patients are known to have such extracellular plaques, an early hypothesis for AD 

was the Amyloid Cascade Hypothesis (20). In recent years it has become much more likely 

that early oligomers are responsible for AD yet the name “amyloid β-protein” has become 

synonymous with the Aβ40 and Aβ42 peptides believed to be involved in AD (see Case 

Study 1). The Amyloid Paradigm is different from the Amyloid Cascade Hypothesis. In the 

Amyloid Paradigm the focus is on the initial steps in the assembly process. It is widely 

accepted that amyloid is formed from association of (perhaps misfolded) peptides or 

proteins that at some size range undergo a transition to a β-sheet assembly followed by rapid 

addition of monomer to form pre-fibrils, fibrils and (possibly) plaques. Historically 

Bleiholder and Bowers Page 8

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2018 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



traditional methods could be used to study isolated monomers (various spectroscopies) and 

the terminal fibrils (x-ray, NMR) but the interesting and important intermediate species 

could not be studied using these methods. However, IMSMS can be used to follow oligomer 

growth with a classic example given in Case Study 1. Hence, there is a possibility that the 

amyloid process can be followed from monomer to eventual β-sheet dominated structures. 

Here we show the first example of the observation of the complete amyloid process using 

model peptides extracted from larger amyloid forming systems.

The data for the assembly of the peptide NNQQNY are shown in Figure 5 (69). This peptide 

was chosen because it is known to form fibrils under certain controlled conditions (70). The 

mass spectrum of NNQQNY clearly shows extensive assembly with oligomers to n = 20 

readily observed. ATDs of each peak were taken and cross sections obtained for each feature 

in the ATDs. A plot of cross section versus oligomer number is shown in Figure 5. The 

green line is the prediction for isotropic growth. This curve follows the equation σn = n2/3σ1 

where σn is the cross section of the nth oligomer, and assumes the nth oligomer has a volume 

n-times the volume of the monomer. What is apparent from the plot is that NNQQNY 

assembles in an isotropic manner through n = 8 but beginning at n = 9 significant positive 

deviations from the isotropic curve occur. The blue line is the prediction of cross section 

growth of oligomers with structures taken from the x-ray data (70). The structures of the 

monomer and the β-sheet decamer (taken from the x-ray data) are shown in Figure 5. 

Amazingly the cross section of the most extended n = 10 oligomer observed in the IMS-MS 

experiment essentially exactly fits the structure found in the x-ray data. A variety of cross 

sections (structures) are observed between n = 9 and n = 16 but above n = 16 only β-sheet 

structures are found. The NNQQNY system represents the first observation of the complete 

amyloid paradigm assembly process from monomer to fully β-sheet oligomers.

In the same IMS study (69) the assembly of the opioid YGGFL was also reported. In this 

instance only isotropic growth was observed from monomer to the largest oligomer (n = 18). 

This result is consistent with the fact that YGGFL forms 3-dimensional isotropic crystals 

and not β-sheet fibrils (71). Hence not all systems form fibrils and the question remains as to 

why some do and why some don’t under biological assembly conditions.

There have been several approaches developed to attempt to predict the probability a 

particular primary structural sequence will assemble into β-sheet oligomers/fibrils (72–74). 

Perhaps the most successful of these is termed PASTA (72), an algorithm developed from a 

statistical analysis of β-sheet regions of folded proteins found in the protein data bank (75). 

The Bowers group has systematically mutated NNQQNY and YGGFL (76,77) and 

compared their assembly results with predictions of PASTA and other algorithms (76,77). 

The results indicate the various algorithms do not do a good job predicting the changes 

observed in assembly due to mutation of the peptides. More will be said on this topic in 

Case Study 3 on Amino Acid Assembly.

Two additional points on peptide assembly will be briefly discussed. First the Eisenberg 

group put forth a creative suggestion that there may be metastable assembly of peptides and 

proteins into specific structures that would be conducive to cell membrane disruption. They 

termed these structures “cylindrins”. They provided evidence that a specific eleven residue 
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fragment of α-B crystalline assembles into a cylindrical β-barrel structure composed of 6 

monomers aligned in off register anti-parallel β-sheets (78). They chose this fragment for a 

variety of reasons but, practically speaking, the most important was its relatively slow 

assembly rate that allowed them to isolate and crystalize the hexamer and to obtain its 

structure using xray methods.

These are exciting and potentially important results. In a collaborative effort with the 

Eisenberg group we chose to apply the IMS-MS technique to a series of eleven residue 

fragments of the Aβ42 peptide: Aβ(24–34), Aβ(25–35) and Aβ(26–36). The Aβ(25–35) 

peptide fragment is known to exist in the brain and to be cytotoxic (79) and has been studied 

by our group previously for different purposes (80). The great advantage of IMS-MS is that 

essentially any system can be studied and individual oligomers analyzed regardless of how 

complex the mixture of oligomers in solution. Most systems do not lend themselves to the 

isolation/crystallization of specific oligomers in a dynamic assembly environment. While 

space does not allow the details to be given here, our efforts on all three systems were 

successful and the combination of IMS-MS and high level molecular modeling confirmed 

that cylindrins were formed by the hexamers of all 3 systems (46). Also, following 

Eisenberg’s lead, the 11 residue Aβ fragments were attached head to tail by -GG- linkers 

and the trimers of these 24 residue peptides also readily formed cylindrins (81). The 

structures of all six systems are given in Figure 6.

These results are very encouraging and indicate that the cylindren/β-barrel structure 

proposed by Eisenberg is worthy of further research to see how general it is.

Finally, the growth of β-sheet content as peptides assemble leads to cross sections larger 

than isotropic as n increases. It should be possible to observe this growth using infrared 

spectroscopy as there are characteristic β-sheet absorbtions in the Amide I infrared band. 

What is needed is a high resolution IMS system (13) for conformational selection coupled to 

an MS for mass selection coupled to a free electron laser/MS detector for spectroscopy of 

the shape and mass selected oligomers. Such a system has been assembled in the lab of Gert 

von Helden at the Fritz Haber Institute in Berlin in a collaborative effort of the von Helden, 

Bowers and Kevin Pagel (Free University in Berlin) groups (82). An initial study has been 

undertaken of the VEALYL fragment of Insulin that prior work has suggested forms β-sheet 

oligomers at relatively small oligomer sizes (69). Two scrambled sequences of VEALYL 

were included; YVEALL and VELYAL. IMS-MS studies indicated the first of these behaved 

similar to VEALYL, with early oligomers more extended than expected from isotropic 

assembly, and that the second assembled in an isotropic manner and hence could act as a 

negative standard. Again space constraints prevent the details from being given here. It was 

found that β-sheet onset was spectroscopically observed for both VEALYL and YVEALL 

with onset at n = 4 extending to n = 9 (the largest oligomer studied) but no β-sheet 

absorptions were observed for VELYAL in accordance of expectations from both IMS-MS 

and TEM results (83). This direct spectroscopic observation of β-sheet onset in oligomer 

growth is potentially a very important result and suggests that this type of investigation may 

be possible on systems of direct biological importance. In addition a direct correlation of the 

spectroscopic results with IMS measured cross sections was observed: The greater the 

positive deviation above the isotropic line the greater the percentage of β-sheet observed 
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spectroscopically directly vetting the IMS-MS method as a way to determine β-sheet content 

as peptides and proteins assemble (Figure 7). Key results for the onset of β-sheet in 

oligomers of the YVEALL peptide are given in Figure 8.

These results indicate the IMS-MS/FEL technique developed in the FHI in Berlin has a 

bright future in the analysis of the secondary structure of peptides and proteins and their 

assemblies adding a very powerful compliment to the ability of IMS-MS methods to directly 

measure tertiary structure of monomers and the quaternary structure of assemblies (36,83).

5 Case Study 3: Amino Acid Assembly

The fundamental building blocks of peptides and proteins are amino acids of which there are 

20 that are commonly found in living systems. The focus here will be on the non-covalent 

assembly of AAs, the resulting assembly structures and whether these structures are relevant 

to disease and to peptide/protein aggregation. The amino acid serine has historically been the 

most studied since early work by Cooks and coworkers indicated the serine octamer was a 

“magic number” cluster and it had a strong propensity for forming chirally pure structures 

(84,85). This observation stimulated great interest with other research groups focusing on 

the determination of the structure of the serine octamer (38,86–88) but the detailed structure 

remains undetermined to the present time. There have been reports of various levels of 

assembly of other AAs including arginine (89), tryptophan (90), proline (91), tyrosine (92) 

and phenylalanine (93–95). However, until recently there had been little effort to understand 

the non-covalent assembly of AA oligomers based on their chemical and physical properties, 

nor had this information been applied to help understand the aggregation of peptides and 

proteins (96). This latter point will be briefly addressed below. First, however, the assembly 

of Phe will be discussed.

Gazit and coworkers (93) were the first to investigate the assembly of non-covalent Phe 

oligomers under conditions similar to those common for patients suffering from the disease 

of phenylketonuria (PKU). They observed formation of amyloid like fibrils and using 

molecular dynamics simulations at high pH proposed a ladder like mechanism for forming 

the fibrils. In addition, they showed that Phe was cytotoxic at high concentrations and that 

they developed antibodies specific to Phe oligomers. This excellent and exciting work 

stimulated our interest in amino acid assembly and we chose phenylalanine as the first 

system to study (95).

At similar concentrations used by Gazit (5 mM) in our soft nano ESI instrument, we 

observed Phe oligomers to at least n = 60. The cross sections of the oligomers were measure 

and plotted versus the oligomer number n (Figure 9 top part) and compared to the prediction 

of isotropic assembly.

While early assembly appeared isotropic the fit was systematically off and above n = 30 

experimental cross sections were clearly larger than isotropic. The ladder mechanism of 

Gazit and coworkers did not fit the data, increasing too fast with n (Figure 9 top left). [As an 

aside, IMS data taken at pH 11 did show a minor component with cross sections close to 

those predicted from the ladder mechanism (95)]. Fortunately, as we were considering how 
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to interpret our data, Hansmann and coworkers published results of MD simulations of Phe 

assembly in pure water at pH 7. They found a pore like zwitterionic structure to be 

dominant. This structure is composed of 4 molecules in a plane with charged termini 

focused to the inside and the phenyl groups on the outside. Layers of these planes then 

stacked, stabilized by both ionic bonding in the interior and π-stacking of the phenyl groups 

on the exterior. Comparison of calculated cross sections of the model structures with the 

IMS experimental data gave reasonable agreement up to about n = 20. However, as n 

increased the model structures systematically overestimated the experimental cross sections. 

Our solution was to build first a double pore set of model structures starting with the single 

pore model of Hansmann and then a tetra pore model as n increased above n = 36 (Figure 9 

bottom). The fit with experiment for the “growing” pore models is excellent, as shown in the 

middle portion of Figure 9.

These are very surprising results. It is unusual for biological systems to assemble with the 

hydrophobic part on the outside and the hydrophilic part on the inside. However, in Phe 

oligomers this does seem to be the case. As a consequence, such oligomers are well suited 

for insertion into the cellular plasma membrane, possibly causing leakage across it. Further 

it makes sense that oligomers, not fibrils, be the neurotoxic agents in PKU since they are so 

much more mobile than fibrils. In addition, oligomers are more likely to form than fibrils at 

the concentrations of Phe in blood of the PKU patient. Finally, as noted in Case Study 1, 

oligomers and not fibrils are now widely believed to be the toxic agents in Alzheimer’s 

disease and many other amyloid related diseases. PKU appears to be fitting into this 

scenario.

One final comment will be made on the possible utility of AA assembly. As noted in Case 

Study 2 there is need to find a useful algorithm to predict amyloid propensity from stretches 

of primary structure in peptides and proteins. There have been several attempts to develop 

such an algorithm (72–74) but all have been unsuccessful when compared to data for peptide 

amyloid formation (76,77). In observing assembly of several AAs we noticed that 

hydrophilic AAs tended to assembly more compactly than isotropic and hydrophobic more 

extended than isotropic (96). Given this unexpected observation we developed a simple 

algorithm based on these tendencies. We have begun testing the algorithm by constructing 

peptides of the tested AAs and predicting how they would assemble. From this very limited 

set of data we found the new algorithm performed admirably, accurately predicting not only 

the propensity for amyloid formation but also resistance to amyloid formation resulting in 3-

d crystal formation instead (96). Work is continuing to further test and extend the reliability 

of this algorithm. What can be said at present, however, is that it appears the best way to 

establish what an AA will do when sequenced in a peptide or protein is to see how it 

interacts with itself without tethering it to other AAs.
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Figure 1. Simplified protein folding landscape (A) in solution and (B) in the absence of solvent.
(A) In the presence of solvent, protein folding is governed by a funneled energy landscape 

comprising an ensemble of compact, folded native protein structures, an ensemble of 

transition state conformations, and unfolded structures. The driving force for formation of 

the folded, native conformations is to minimize the enthalpy by exposing hydrophilic groups 

to the solvent (water) while burying hydrophobic side chains in its interior (“hydrophobic 

core). (B) In the absence of solvent, protein structures turn “inside-out” by exposing 

hydrophobic patches on the protein surface and charge-solvating ionic groups. For low 

charge-states, a significant activation barrier can separate the protein solution structure from 

the “inside-out” structure, making it possible that solution structures can be kinetically 

trapped in “soft” IMS-MS measurements.
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Figure 2. Observation of ion heating processes in IMS-MS measurement.
(A) Cross sections recorded for various charge states of ubiquitin in the drift tube at UCSB 

(red diamond), soft-tuned (yellow triangle), and untuned (black cross) trapped IMS systems. 

Charge states +6, +7, and +8 measured on the UCSB drift tube and the soft-tuned trapped 

IMS system at FSU are consistent with the solution structure of ubiquitin while solution 

structures are not retained when the trapped IMS system is not carefully “soft”-tuned. (Note 

that cross sections of “inside-out” structures for charge states +4 or +5 are similar to the 

solution structure; see reference (55) for details.) Ubiquitin cross sections were taken from 

references (53), (50), and (54). (B) Trapped IMS spectra for m/z 1060 of bradykinin with 

and without mass selection in the quadrupole (red and black traces, respectively) comprises 

monomers and oligomers. Differences in the IMS spectra demonstrate that complicated ion 

optics between the IMS measurement and mass analysis/ion detection can obscure the 

interpretation of IMS sepctra when peptide or protein oligomers are present. (S. R. Kirk and 

C. Bleiholder, unpublished).
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Figure 3. Summary of amyloid β-protein structures and reaction mechanisms.
A and C, Mass spectra of Aβ42 and Aβ40 respectively at 10 uM concentration. B and D, 

arrival time distributions for the −5/2 peak of Aβ42 and Aβ40 repectively. The model 

structures given over the various ATD features are taken from ref (61). The mechanism in E 

summarizes the differences in reactivity for Aβ42 and Aβ40 and qualitatively represents the 

current understanding for Amyloid β-protein assembly.
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Figure 4. Ultra-high resolution atomic force microscopy of Aβ42 at a concentration of 1 μM drop 
cast on a freshly cleaved mica surface.
Panel A is at a solution incubation time of 5 minutes and panel B at a solution incubation 

time of 10 minutes. The blue lines indicate features that are characterized by line cuts to 

establish their height and width (see text). Panel C shows a blow up of the dodecamer 

features in region labeled A/B in the 10 minute image. The long filament is growing out of 

the lower hexamer of the dodecamer in this image (see text). A cartoon of the dodecamer-

filament connection is shown in panel D. The images are reconstructed from reference (65).
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Figure 5. A plot of collision cross section against the number of monomers in each oligomer for 
the peptide NNQQNY.
The data points are given as the orange squares. The green line is the isotropic growth curve 

given by the formula in the figure. The blue line is taken from the cross sections of the β-

sheet oligomers taken from the x-ray data of reference (70). The structures of the monomer 

and the β-sheet decamer are given. The cross section of the β-sheet decamer is given by the 

blue circle, in excellent agreement with the experimental data point. The cross section data 

were taken from reference (69).
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Figure 6. Cylindrin models of single-repeat Aβ hexamers and tandem-repeat GG trimers.
Each peptide chain is shown as a violet β-strand in CPK representation. The side chains 

inside the cylindrin cavities are shown in space filling representation. Both top views and 

side views are given for each system. The models are reconstructed from reference (81).
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Figure 7. Fraction of β-sheet in the amide I band of VEALYL (squares), VELYAL (triangles), 
and YVEALL (circles) oligomers as a function of relative deviation in collision cross section from 
the isotropic growth model.
Solid circles denote the polymorph pentamers (5/2 and 5/3, I–IV) of YVEALL, which are 

shown in Figure 6. Reconstructed from reference (83).
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Figure 8. Ion mobility spectrometry and conformer-selected IR spectroscopy of YVEALL 
oligomers.
(a) Collision cross sections of YVEALL oligomers as a function of the number of 

monomers n. The dashed line denotes isotropic growth. The statistical error of the measured 

cross sections is less than 1% and smaller than the symbol size. (b) The ATD of the triply 

protonated pentamer (5/3) for which multiple conformers with distinct cross sections are 

observed. The narrow peaks depicted in gray correspond to the portions of the oligomer 

distribution that were selected for IRMPD-spectroscopic analysis. (c) IRMPD spectra of the 

doubly-protonated pentamer (5/2) and the drift-time selected species (I–IV) of the triply 

protonated YVEALL pentamers (5/3). The amide I region (1600–1700 cm−1) was fitted by 

multiple Gaussian peaks. The blue and red Gaussians represent IR bands corresponding to 

turn-like (1660–1685 cm−1) and β-sheet structures (1610–1640 cm–1 and ~1690 cm−1), 

respectively. For details about the fitting procedure see reference (83) from which the figure 

was reconstructed.
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Figure 9. Plots of collision cross section versus oligomer number for the self-assembly of 
phenylalanine oligomers.
The dashed linear line in A is the predicted growth pattern of the ladder mechanism of 

reference 60. The black solid line is the isotropic growth line. Panel B is a blow up of panel 

A for n > 30. The data points in panels C, D, and E are from panel A. The solid linear lines 

are the cross sections generated from the various pore structures beneath the panels: single 

pore for panel C, double pore for panel D, and tetra-pore for panel E. The R2 values for the 

fits of the models to the data are given. The figure was reconstructed from reference (96).
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Scheme 1. 
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