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EPIGRAPH

We know nothing in reality; for truth lies in an abyss.

Democritus, Greek Philosopher (c. 420 BCE)

The important thing in science is not so much to obtain new facts
as to discover new ways of thinking about them.

Sir William Bragg, British physicist (1862 - 1942)

There is no area of the world that should not be investigated by scientists.
There will always remain some questions that have not been answered.
In general, these are the questions that have not yet been posed.

Linus Pauling, American Chemist (1901-1994)

Let me tell you the secret that has led me to my goal.
My strength lies solely in my tenacity.

Louis Pasteur, French biologist & bacteriologist (1822 - 1895)
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ABSTRACT OF THE DISSERTATION

The Molecular Mechanisms Behind Receptor Signaling

Katherine Yoshie Blain
Doctor of Philosophy in Biology
University of California, San Diego, 2010

Professor Senyon Choe, Chair
Professor Tony Hunter, Co-Chair

Cell membranes are a crucial component to the life of a cell. The membrane
defines boundaries, provides structural elements, and contains proteins that serve as
sensor receptors to transmit external cues across the phospholipid bilayer, either from the
environment to the cell’s interior or from the cytosol to a particular sub-cellular

compartment. One type of proteins found spanning these lipid bilayers are known as the
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integral membrane proteins (IMPs). Since the dysfunction of this class of proteins has
been associated with multiple disease states, a large initiative has developed to target

them for new pharmaceutical therapeutics.

Unfortunately, many obstacles have slowed the progression of IMP research.
Some of these deterrents include low IMP over-expression levels, detergent selection,
and detergent extraction. The drawbacks to studying IMPs can account for the small

percentage of IMP structures that have been deposited in the PDB.

Here I describe the structural and functional studies of multiple receptors from
different classes. The first study includes analysis of the chemokine CCL14 and the G
protein-coupled receptor CCRS and provides new information for the potential to use
chemokines in CCRS receptor targeted HIV-1 therapeutics. Other studies presented here
include the structure determination of hIMP3, the NH,-terminal domain of a glutamate
receptor, and an adenoviral protein and can aid in the development of drugs related to

human neurological diseases and cancer.

To speed the progression of IMP studies, there is a current need for the
improvement of existing methods and for the creation of new ones. Previous studies have
been compiled here to summarize the creation of histidine kinase receptor chimeras and
the benefits of engineering new receptor signal transduction circuits. Moreover, I discuss
the Mistic-fusion system for use in boosting IMP expression levels while maintaining
functionality of the fused receptor EnvZ. Lastly, I illustrate that by combining cell-free
expression, the CDL-strategy, and the use of fast NMR analysis, the structure of hIMP3

was solved within a few months. By using new techniques and determining the structures

Xxviii



of IMPs and their signaling partners, we can gain a better understanding of the molecular

mechanisms behind receptor signaling.
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CHAPTER 1I:

Introduction



Reproduced in part with permission from Blain, K. Y., Kwiatkowski, W., Zhao,
Q., La Fleur, D., Naik, C., Chun, T.W., Tsareva, T., Kanakaraj, P., Laird, M. W., Shah,
R., George, L., Sanyal, 1., Moore, P. A., Demeler, B., and Choe, S. Structural and
functional characterization of CC Chemokine CCL14. Biochemistry. 2007; 46(35):
10008-15. Copyright 2007 American Chemical Society. Reproduced in part with
permission from Blain, K.Y., Kwiatkowski, W., Choe, S. The functionally active Mistic-
fused histidine kinase receptor, EnvZ. Biochemistry. 2010; 49 (42): 9089-9095.
Copyright 2010 American Chemical Society. Reproduced in part with permission from
Xie, W., Blain K.Y., Kuo, M.M., Choe, S. Protein engineering of bacterial histidine
kinase receptor systems. Protein Pept Lett. 2010; 17(7):867-73. Copyright 2010 Bentham

Science Publishers Ltd.

1.1 Introduction

Constituting about 30% of both prokaryotic and eukaryotic proteomes, are the
integral membrane proteins. These proteins play a vital role in mediating a cell’s
interaction with its surrounding environment by first sensing extracellular signals then
transmitting them into the cell to create a specific response. Alterations to their natural
function can be correlated to multiple disease states and thus a large interest has
developed in targeting these proteins for pharmaceutical therapeutics (/-6).
Unfortunately, many bottlenecks hamper the progression of research in this field, such as
integral membrane protein over-expression, detergent extraction, and detergent selection
for structural and functional analysis. Such obstacles have accounted for the fact that only

261 unique membrane protein structures have been determined (October 2010,



http://blanco.biomol.uci.edu/Membrane Proteins xtal.html) as per the Stephen White
laboratory, while about 1288 structures of transmembrane proteins and their fragments
were deposited to the PDB according to PDBTM (October 2010, http://pdbtm.enzim.hu/.)
(7, 8), and 1066 structures solved according to Membrane Protein Data Bank (MPDB,

http://www.mpdb.tcd.ie/) (9).

Due to this demand for a better understanding of integral membrane proteins,
structural and functional studies were completed and presented here on multiple receptors
from different classes. One of the first systems I studied, covered in Chapter 2, was that
of the human G protein-coupled receptor CCR5 and the CC Chemokine CCL14.
Determining the structure and analysis of the function of CCL14, has yielded insights in
oligomerization and has provided a basis for the use of this chemokine in CCRS5 targeted
HIV-1 therapeutics. Moreover, the information provided from the NMR and
crystallographic membrane protein structures presented here of hIMP3 and GluN1 NTD
contain structural insights valuable to the scientific community for the design and
creation of new drugs used in the treatment of many widespread human diseases. I also
illustrate that protein crystallography can be a powerful tool in regards to other types of
proteins such as the adenoviral protein E4-ORF3. The crystal structure has provided us
with a means to visually recognize 3D structural motifs that cannot be determined from
the sequence alone, yielding insight into the mode of higher oligomerization and function
of this protein. Collectively, these results have provided us with a look at atomic
resolution into these different protein systems, offering us a new perspective into the

molecular mechanisms behind receptor signaling and protein function.



Since there are many obstacles that hinder the study of membrane proteins there is
a current need for the improvement of existing methods and the creation of new methods
to aid in membrane protein structure determination and in the study of membrane protein
function. In Chapter 3, I compiled some of the current studies that have been completed
on protein engineering on histidine kinase receptors to create new signal transduction
systems within cells. These studies cover the methodology of creating chimeras to
investigate the signal transduction circuits of two-component systems and explore the
possibilities of creating new unique synthetic systems that can be utilized for medical and

industrial use.

In addition to the current methods used to study protein function and engineer
new pathways, we have employed new techniques to improve the efficiency of structure
determination of membrane proteins. One of these techniques is the use of the Bacillus
subtilis protein, Mistic, as a fusion partner of membrane proteins during expression.
Although previous studies have shown that Mistic’s ability to boost eukaryotic and
prokaryotic membrane protein expression levels (/0, 11), the functional state of the fused
membrane protein remained unknown. In Chapter 4 we address this question by utilizing
the prokaryotic two-component system involving the histidine kinase receptor EnvZ and
its cognate response regulator OmpR. This study illustrates that in the case of EnvZ, the
Mistic-fusion system can be used to increase expression levels of a receptor and to
maintain functionality both in vivo and in vitro of the cargo protein, providing an
alternate means to address the problem of low expression yields. Another newly

developed technique that I have utilized is coupling cell-free expression, the CDL-



strategy, and the use of paramagnetic probes for acquiring long distance information, to
determine the structure of a human integral membrane protein. Utilizing this new
technique I show in Chapter 5 that the hIMP3 solution structure was determined within
just a few months time. Thus illustrating the benefits of exploring new methods to
improve the efficiency and speed of membrane protein structure determination. Lastly, in
order to improve the use of current techniques in structural biology it is important to
address problems that are encountered during structure determination. In Chapter 5, I
address the obstacles that were faced during our ineffective attempts at solving the crystal
structure of GluN1 NTD using molecular replacement, and provide possible answers as
to why this method yielded unsuccessful results. By utilizing new techniques and solving
the structures of membrane proteins and their signaling components, we can gain a better
mechanistic understanding of signaling systems that are not well understood and thus can

be a very important contribution to structure based-drug design.

1.2 The G-protein coupled receptor CCRS and the CC Chemokine CCL14

Chemokines are small secreted proteins that activate seven transmembrane G
protein-coupled receptors (GPCR) in order to play an important role in the immune and
inflammatory response systems (/2, 13). These small 8-10 kDa proteins have been
associated with immunological disease states such as asthma (/4), arteriosclerosis (735),
and rheumatoid arthritis (/6, /7). The role of chemokines have also been associated with
Acquired Immune Deficiency Syndrome (AIDS), since both chemokines and Human

Immunodeficiency Virus Type -1 (HIV-1) utilize the same GPCR CC Chemokine



Receptor 5 (CCRS) for entry into cells (/8-23). Certain chemokines such as MIP-1a
(CCL3), MIP-1B (CCL4), MCP-2 (CCLS), and RANTES (CCL5) have been previously
shown to inhibit HIV-1 entry into cells (24-26). Thus illustrating the potential for
targeting CCRS with chemokines for HIV-1 therapeutics.

CC Chemokine Ligand 14, CCL14, is a human CC chemokine that is of recent
interest because of its natural ability, upon proteolytic processing of the first eight NH»-
terminal residues, to bind to and signal through HIV-1 co-receptor CCRS5. We report X-
ray crystallographic structures of both full-length CCL14 and signaling-active, truncated
CCL14 [9-74] determined at 2.23 A and 1.8 A, respectively. Although CCL14 and
CCL14 [9-74] differ in their ability to bind CCRS5 for biological signaling, we find that
the NH,-terminal eight amino acids [residues 1 through 8] are completely disordered in
CCL14 and both show an identical mode of dimeric assembly characteristic of the CC
type chemokine structures. However, analytical ultracentrifugation studies reveal that the
CCL14 is stable as a dimer at a concentration as low as 100 nM, whereas CCL14 [9-74]
is fully monomeric at the same concentration. By the same method, the equilibrium
between monomers of CCL14 [9-74] and higher-order oligomers is estimated to be of
EC;4=4.98 uM for monomer-tetramer conversion. The relative instability of CCL14 [9-
74] oligomers as compared to CCL14 is also reflected in the Ky’s that are estimated by
the surface plasmon resonance method to be ~9.84 nM and 667 nM for CCL14 and
CCL14 [9-74], respectively. This ~60-fold difference in stability at a physiologically
relevant concentration can potentially account for their different signaling ability.
Functional data from the activity assays by intracellular calcium flux and inhibition of

CCR5-mediated HIV-1 entry show that only CCL14 [9-74] is fully active at these near-



physiological concentrations where CCL14 [9-74] is monomeric and CCL14 is dimeric.
These results together suggest that the ability of CCL14 [9-74] to monomerize can play a

role for cellular activation.

1.3 Protein engineering on histidine kinase two-component systems and the use of

chimeras to study new receptor signaling mechanisms

Two-component systems involving the His-Asp phosphotransfer are commonly
utilized for signal transduction in prokaryotes in which the two essential components are
a sensor histidine kinase receptor and a response regulator. The histidine kinase receptor
usually receives a signal and autophosphorylates on a conserved histidine residue and
subsequently transfers this phosphoryl group to a conserve aspartate on the response
regulator. The response regulator generally acts as a transcription factor, where upon

phosphorylation turns on or off the transcription of genes.

Histidine kinase receptors contain a conserved topology consisting of two
transmembrane domains separated by an extracellular sensor domain, and a COOH-
terminal cytoplasmic domain. The cytoplasmic domain can further be divided into two
domains: (A) an NH,-terminal dimerization and histidine phosphotransfer (DHp) domain
and (B) a COOH-terminal catalytic and ATP-binding (CA) domain. Typically, a
conserved a-helical linker, HAMP (Histidine kinase, Adenyl cyclase, Methyl-accepting
protein and Phosphatase) domain, is found connecting the second transmembrane domain

to the cytoplasmic domain.



Despite great efforts in structural and functional characterization of signal
perception mechanisms, the exact signaling mechanisms remain elusive for many two-
component systems. Mimicking the natural two-component system signaling pathways,
chimeric receptor kinases and response regulators have been constructed through the
process of swapping modular domains of related two-component systems. To design
chimeras with new signaling pathways, domains from different proteins that have little
relationship at the primary structural level but carrying desirable functional properties can
be conjoined to engineer novel two-component systems. These chimeras maintain the
ability to respond to environmental stimulants by regulating protein phosphorylation to
produce downstream output signals. Depending on the nature of external signals,
chimeric two-component systems can serve as a novel tool not only to examine the
natural signaling mechanisms in two-component systems, but also for industrial and

clinical applications.

1.4 Utilizing the benefits of Mistic while maintaining functionality of the histidine

kinase receptor EnvZ

Integral membrane proteins are required for major cellular functions and account
for about 30 % of all proteins in both prokaryotic and eukaryotic organisms and are thus
important targets for therapeutics (/-4). However, one major obstacle to overcome when
working with this family of proteins is their tendency to express at low levels. To
overcome this problem alternate means of expression are often utilized. One such method

that has been shown to boost both prokaryotic and eukaryotic membrane protein



expression levels is the use of Mistic-fusion system (/0, /7). Mistic is a small Bacillus
subtilis protein that is of current interest to the field of structural biology and
biochemistry because of its unique ability to increase integral membrane protein yields in
Escherichia coli expression. Although Mistic’s ability to increase membrane protein
yields has been shown, its ability to preserve functionality of the fused membrane protein
remained unknown. I chose to address this question by studying the prokaryotic two-
component system, EnvZ-OmpR.

Using the osmo-sensing histidine kinase receptor, EnvZ, an E. coli two-
component system, and its cytoplasmic cognate response regulator, OmpR, we provide
the first evidence that a Mistic-fused integral membrane protein maintains functionality
both in vitro and in vivo. When the purified and detergent-solubilized receptor EnvZ is
fused to Mistic, it maintains the ability to autophosphorylate on residue Hisys3 and
phosphotransfers to residue Aspss located on OmpR. Functionality was also observed in
vivo by means of a [-galactosidase assay in which RU1012 [®(ompC-lacZ)10-15,
AenvZ::Km'] cells transformed with Mistic-fused EnvZ led to an increase in downstream
signal transduction events detected by the activation of ompC gene expression. These
findings illustrate that Mistic preserves the functionality of the Mistic-fused cargo protein
and thus provides a beneficial alternate approach to study integral membrane proteins by

not only improving expression levels but also for direct use in functional characterization.

1.5 Rapid determination of the solution NMR structure of hIMP3

The histidine kinase receptor EnvZ was my initial target in trying to solve the

solution structure by NMR. I first tried to truncate it into fragments that would be more
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likely to contain uniform structural properties needed to acquire good quality NMR
spectra. After locating certain domains of EnvZ I decided to create constructs that
included the first two transmembrane domains and the periplasmic sensor domain. After
optimizing parameters such as detergent type and concentration, salt content, temperature
and pH, EnvZ 1-190 appeared to yield the best quality spectra; however, it was not
sufficient enough to begin assignment. The EnvZ (1-190) spectra contained two different
types of signals, sharp and round (most likely the periplasmic domain) and broad and
unresolved (most likely the transmembrane region). This inconsistency in signal-type
confirms non-uniform dynamics behavior of the periplasmic domain and the
transmembrane regions of EnvZ (1-190), such that further improvement of the parameters

will need to be tested to improve the quality of the spectra.

With the creation of a newly developed technique that combines cell-free
expression and rapid NMR analysis (27) to determine the structures of transmembrane
proteins, we decided to solve the structure of a two transmembrane human integral
membrane protein, which due to our preparation for publication, I will refer to as human
integral membrane protein 3 (hIMP3). This newly developed technique overcomes many
of the difficulties found in NMR membrane protein structure determination by utilizing a
cell-free combinatorial dual-labeling (CDL) strategy. Within a day after 6 hIMP3 CDL
samples were expressed using the p-CF system and ['H-""N]-TROSY-HSQC and 'H-""N
plane of HNCO spectrum were collected, 26 % of the protein backbone assignment was
completed for unique amino acid pairs in the sequence. By analyzing 3D-HNCA, -

HNCOCA and -HNCACB spectra using the initial unambiguous assignments as anchor
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points for further sequential assignment, we currently have 71 % of the protein assigned.
Within just a few months the paramagnetic relaxation enhancement (PRE) effect (28, 29)
was utilized to determine distances and determine the structure of hIMP3. The speed and
efficiency of the CDL strategy combined with cell free expression and fast NMR analysis
provides a new technique that can be used to quickly determine structures of integral
membrane proteins. Here I have shown that a human integral membrane protein can be
solved in a short period of time and thus this technique can be an important tool that will
provide new structural insights in receptor signaling and therapeutic design and

development.

1.6 Crystallographic structure and analysis of the NMDA receptor GluN1 NTD

N-methyl-D-aspartate (NMDA) receptors are one of the three subfamilies that
comprise the ionotropic glutamate receptors (iGluRs). These receptors are found in the
mammalian brain and are involved in the development and function of the brain (30, 31).
Impaired function of the NMDA receptors has been related to many neurological and
psychiatric disease states, such as epilepsy, neuropathic pain, schizophrenia, seizure,
stroke, Alzheimer’s and Parkinson’s disease and are thus important therapeutic targets
(32, 33). Therefore it is of current interest to solve the structure of these receptors for a
better mechanistic understanding behind NMDA receptor signaling, which could lead to

insights into structure based therapeutics.

In addition to the benefits obtained in the medical community by determining a
new protein structure through the method of X-ray crystallography, there are also benefits

to the scientific structural biology community, in gaining a better understanding of the
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problems encountered during the steps taken to determining the structure. Here we
address a problem during molecular replacement and find ways to explain the cause and
identify the commonality of this occurrence in previous glutamate receptors solved and in

the structures deposited in the Protein Data Bank.

We have determined the X-ray crystallographic structure of the NMDA receptor
GluN1 NH,-terminal domain (NTD) to 3.4 A resolution. Initial attempts to first solve the
phases using molecular replacement yielded unsuccessful results and led us to solve the
structure using a combination of SIRAS and SAD with iodine signal. The final solution
contains 3 molecules in the asymmetric unit which are arranged in the primitive
hexagonal crystal system, space group P3;21 with unit cell dimensions a = b =164.7, ¢ =
147.3, a = = 90.0, y = 120.0, and a high solvent content of 71 %. The monomeric
GluN1 NTD structure contains a clamshell-like architecture that is similar to the
structures of other glutamate receptor domains and is further divided into two sub-
domains, R1 and R2 that are connected by three loops. Four GluN1 NTD monomers
create two unique dimers that together form a tetrameric arrangement, the biological

relevance of this structure will still need to be investigated.

After solving the structure we found that the solution contains 3 molecules in the
asymmetric unit, where molecular replacement solutions predicted 4-5 molecules, and
could account for the failed attempts at molecular replacement. Molecular replacement
programs utilize the Matthews coefficient to predict the number of molecules in the
asymmetric unit based on solvent content, unit cell dimensions and the molecular weight

of the molecules within that unit cell. After completing a search of the Protein Data Bank
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(http://www.rcsb.org/pdb/) for high solvent structures determined, and finding other
glutamate NTD structures solved with high solvent content (34, 35), we determined that
this was not such an uncommon occurrence. Moreover, another contributing factor to the
unsuccessful endeavor at molecular replacement could have been due to the differences
between the search models that we chose and GIuN1 NTD. Although the overall clam-
shell like motif appears similar to other glutamate receptor search models that we used,
when overlaid, the major differences are visualized in not only the loop regions, but also

in the Ca backbone trace.

Lastly, the number of N-linked glycosylation sites was determined through
SELDI TOF mass spectrometry. Through this analysis we found that there are a total of 6
glycosylation sites. In the GluN1 NTD sample that was used to set up crystal trays we
had a mixture of one population of GIuN1 NTD which contained 5 sites of glycosylation
where all 5 sites were de-glycosylated after treatment with endo-H, and another
population where we had 6 sites of glycosylation where 5 of the 6 sites were de-
glycosylated after treatment with endo-H. This corresponds well to our crystal structure

where we see 5 sites of glycosylation at Asng;, Asnygs, Asnasg, Asnyze, and Asnszg,

1.7 Utilizing protein crystallography to understand oligomerization in the DNA

tumor viral protein, E4-ORF3

The tumor-suppressor p53 is a protein that is constitutively expressed in normal

cells, where activation signals like DNA damage can cause stabilization of p53 and a rise
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in p53 levels which eventually lead to an inhibition of cell growth (36, 37). It has been
found that in many types of cancer p53 is inhibited either through point mutations, gene
losses or rearrangements (38-40). Similarly, tumor mutations and DNA tumor virus
proteins deregulate the same targets and mechanisms that subsequently cause abnormal
cell proliferation (47). Thus viral proteins are of current interest for finding new targets

that are deregulated in cancer and for designing new viral cancer therapies (42).

One such viral protein is E4 open reading frame 3 (E4-ORF3), which is one of
many proteins encoded by adenovirus early region 4 and is responsible for regulating the
viral lytic program along with other cellular processes (43, 44). Current studies
performed by the O’Shea laboratory have shown that E4-ORF3 forms a novel and
dominant epigenetic structure that silences p53-transcription (45). They have shown that
E4-ORF3 assembles into a high-order oligomer creating a nuclear scaffold that prevents
p53 from binding to DNA at p53 target promoters through the formation of H3K9me3

heterochromatin formation at p53 target promoters.

I have solved the crystallographic structure of E4-ORF3 to 2.06 A resolution in
four different space groups and analyzed its architecture to gain a better understanding of
function from a structural perspective. Comparison of E4-ORF3 to other 3 dimensional
structures of proteins contained in the Protein Data Bank (http://www.rcsb.org/pdb/)
using the program DALI (46), revealed that E4-ORF3 contains similar conserved features
found in the RNA recognition motif (RRM). Although sequence similarity was low, this
search revealed a similar RRM architecture to that of ISHp60S§ TnpA transposase.

Through analysis of the crystal structure I propose a possible mode of fiber formation
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where the dimer composes the basic building block. I also suggest mutations based on the
structure that can be created in future studies to disrupt and recover the hydrophobic core
of E4-ORF3. Collectively these results will shed light on the mystery behind E4-ORF3’s
ability to form a high order nuclear scaffold that prevents p53 from binding to target

promoters.
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2.1 Introduction

Chemokines (chemotactic cytokines) are small secreted proteins of 8 to 10 kDa
that are widely known for their participation in the immune and inflammatory response
systems. Their ability to recruit and activate leukocytes to sites of injury or infection is
made possible through the activation of specific seven transmembrane G protein-coupled
receptors (GPCR) (7, 2). Chemokines are generally grouped into the following three
subfamilies based on function: ‘homeostatic’, ‘inflammatory’, and ‘dual function’.
Homeostatic chemokines are constitutively produced and secreted, whereas inflammatory
chemokines are produced when there is a stimulus or during an infection and they cause
the migration of leukocytes to the injured or infected site. The subfamily ‘dual function’
refers to the chemokines which have dual abilities of the first two subfamilies (3).
Structurally, these chemokines are classified into the following four categories based on
the position of the first two cysteine residues: CC, CXC, C and CX3C (4, 5). Currently
28 mammalian CC chemokines have been discovered, with 25 of these found in humans,
making the CC chemokines the largest subfamily (6). The CXC chemokines Platelet
Factor 4 (CXCL4) (7) and Interleukin 8 (CXCLS) (8-10) were the first chemokines for

which a three-dimensional structure was solved. Currently, the structures of several
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chemokines have been elucidated through the methods of both NMR and X-ray
crystallography. These studies revealed that chemokines share a common structural
scaffold consisting of three anti-parallel B-strands and a COOH-terminal a-helix (/17), but
they also showed dissimilarities in the mode of assembly into dimers among different
subfamilies. Within the same subfamily, the mode of dimeric assembly is identical.

Due to their role in the immune response, chemokines have been linked to the
regulation of many different immunological disorders such as asthma (/2),
arteriosclerosis (/3), and rheumatoid arthritis (/4, 15). Pertaining further medically is the
role of certain chemokines to Acquired Immune Deficiency Syndrome (AIDS). HIV-1
initiates infection of target cells by fusion of both the viral and target cell membranes.
This action is mediated by the binding of the viral envelope glycoprotein (Env) and a
CD4 receptor on human target cells. Critical to the efficient infection is the presence of a
co-receptor. The importance of the co-receptor provided the explanation underlying
HIV-1 tropism by which certain individuals are not readily infected by the virus. In the
body two chemokine receptors, CCRS5 and CXCR4, are known as the co-receptors for
effective HIV entry (/6). Macrophage-tropic (M-tropic) strains of HIV primarily utilize
CCRS as their co-receptor for entry into cells (/7-21), where as T cell line-tropic (TCL-
tropic) strains are selective for CXCR4 (22). The specific chemokines that have been
shown to interact with CCRS are MIP-1a (CCL3), MIP-1 (CCL4), MCP-2 (CCLS8), and
RANTES (CCLS5). All of these chemokines have been shown to inhibit HIV-1 entry into
cells (23-25). In addition, small-molecule CCRS5 antagonists such as vicriviroc (SCH-D,

Schering-Plough) and maraviroc (UK-427,857, Pfizer) have been shown to significantly
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reduce viral load in HIV-1 patients, demonstrating the therapeutic utility of targeting
CCRS as a means to treat HIV-1/AIDS patients (26).

Originally isolated from the hemofiltrate of chronic renal failure patients,
plasmatic hemofiltrate CC chemokine 1 or CC Chemokine Ligand 14 (CCL14) is a
prototypical CC-type chemokine. @CCL14 is found in human plasma at high
concentrations (1.5 — 10 nM) and is constitutively expressed in many different tissues
(27). CCL14 utilizes CCR1, CCR3, and CCRS5 for chemotaxis and is involved in the
activation of eosinophils, monocytes, and T lymphoblasts. The full-length CCL14 of 74
amino acids is naturally turned into a high-affinity ligand for CCRS through proteolytic
processing by urokinase plasminogen activator and plasmin (28). This cleaved form,
CCL14 [9-74], has been shown to block HIV entry and replication (29, 30), whereas the
CCL14 itself has not. Likewise, the CCL14 [9-74] is able to signal by inducing Ca** flux
and migration of different leukocytes (29), whereas CCL14 is not, consistent with the
difference in their CCRS5 binding affinity.

In our study, we report the high-resolution crystal structures of CCL14 and
CCL14 [9-74]. Combined with data from analytical ultracentrifuge and BIAcore studies,
we demonstrate that CCL14 [9-74] can convert to a monomer more readily than CCL14
at physiological concentrations. In vitro assays confirm that CCL14 [9-74], not CCL14,
is able to induce calcium flux and to inhibit HIV entry at a concentration where CCL14

[9-74] is a monomer and CCL14 is a dimer.
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2.2 Crystal Structures of CCL14 and CCL14 [9-74]

The structures of CCL14 and CCL14 [9-74] have been solved by molecular
replacement using the program Phaser (31-33), at a resolution of 2.2 A for CCL14 in
space group C2, and 1.8 A for CCL14 [9-74] in space group P2,2,2, (Table 2.1). The
monomeric subunits of these structures are characterized by the general CC chemokine
fold, consisting of a 3-stranded anti-parallel B-sheet in a Greek key motif, connected by
loops and followed by a C-terminal a-helix (Figure 2.1A). These structures also contain

some common chemokine features such as a NH,-terminal B-strand (BN,,,,.), from Ser'* to

Cys'’, followed by a short 03,, helix, Arg”’ to Arg”, which directly precedes the first -
strand of the 3-stranded anti-parallel B-sheet. The three B-strands that create the anti-
parallel B-sheet are comprised of residues Ile to Glu®™ (B1), lle* to Thr* (B2), and Gly>*
to Thr'' (B3). The C-terminal o-helix is formed by residues Lys® to Met’' (Figure 2.1A).
Two disulfide bridges are formed between the following four cysteine residues: Cys'’-
Cys* and Cys'-Cys™. These two disulfide bridges link the NH,-terminal region with B3
and with the hairpin loop between 1 and P2, stabilizing the monomeric structure.

Interactions between two antiparallel -strands (BN,.,,,- PN..,) stabilize the dimer without

term
a covalent bond between them (Figure 2.1B). The two homodimers (A-B and C-D of
CCL14 or E-H and F-G of CCL14 [9-74]) assume the same intermolecular interaction
resulting in the same dimeric configuration. At this high resolution it is very clear that

the first nine amino acids on the NH,-terminus are not present in the electron density of

any monomers in the CCL14 structure, indicating high mobility in this region.
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2.3 Crystal Structures reveal higher order oligomers for CCL14 and CCL14 [9-74]
Although both CCL14 and CCL14 [9-74] are similar in monomeric and dimeric

structures, they differ slightly among those found in the asymmetric unit. CCL14 forms a
tetramer in the asymmetric unit and by two-fold symmetry creates an octamer. In all four
monomers (A, B, C, D) in CCL14, the first nine residues, Thr' to Glyg, were not present
in the electron density maps. Lys’® to Asn’* in monomer A and Asn’™ in monomer D are
also disordered (Figure 2.2A). CCL14 [9-74] also packs as a tetramer (monomers E, F,
G, H) in the asymmetric unit, but in contrast to the octameric quaternary state of CCL14,
it does not form a higher order oligomer with any symmetry mates. In monomers F, G,
and H of CCL14 [9-74], the COOH-terminal residues Lys’> to Asn’* are disordered
(Figure 2.2B).

To test if the difference in quaternary structure plays a role in the activity of the
chemokine, we designed two point mutants: CCL14 E15A and CCL14 [9-74] E15A. The
CCL14 [9-74] E15A mutation was designed to destabilize the tetramer assembly by
placing a point mutation in the dimer interface at residue Glu" (Figure 2.2), and CCL14
E15A was created as a control. Interestingly, the point mutation did alter the tetrameric
arrangement of CCL14 [9-74] to that of CCL14 forming the octameric packing, and as
illustrated below, CCL14 E15A remained inactive, but CCL14 [9-74] E15A increased

HIV inhibition by 10- and 50-fold (IC50 and IC90) compared to that of wild-type.

2.4 Concentration Dependent Inhibition of HIV-1 Entry and Ca** Flux Activity

The ability of the CCL14 proteins to inhibit entry of HIV-1 was performed by

testing their efficacy to block entry of a CCRS tropic recombinant HIV-1 virus containing
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the luciferase reporter gene into activated CD4 T-cells. While both CCL14 [9-74] and
CCL14 [9-74] EI15A mediated greater than 95% inhibition of HIV-1 entry, neither
CCL14 nor CCL14 E15A demonstrated any dose-dependent inhibition of HIV-1 entry as
shown for a representative donor in Figure 2.3A. The IC50 and IC90 concentrations for
CCL14 [9-74] were 146 nM and 6.3 uM respectively, while for CCL14 [9-74] E15A they
were 14.2 nM and 260 nM. Hence introduction of the E15A mutation reduces the IC50
and IC90 concentrations by 10- and 50-fold.

Ca® flux assays were completed in parallel to test the ability to signal through
CCRS5 by inducing an increase in intracellular Ca** concentrations. Correlating with the
data from the HIV-1 infectivity assay, the truncated CCL14 [9-74] and CCL14 [9-74]
E15A were able to induce high levels of intracellular Ca**, demonstrating their ability to
bind to CCRS5 and signal. In contrast, mobilization of intracellular Ca®* was not detected
by CCL14 and CCL14 E15A (Figure 2.3B). We also note that there is an insignificant
difference between CCL14 [9-74] and CCL14 [9-74] E15A in the calcium flux assay.
Although this contrasts to the CCL14 [9-74] E15A data showing an increased inhibition
of HIV-infectivity, as reflected in the ~10-fold reduction of the IC-50 concentration
compared to CCL14 [9-74], alteration of the tetrameric assembly of CCL14 [9-74] by the
introduction of E15A mutation is an observation potentially useful in developing anti-

HIV therapeutics.

2.5 Monomer Dissociation Rates Determined by Analytical Ultracentrifugation

Crystal structures of CCL14 and CCL14 [9-74] dimers do not show

conformational difference between the two to account for the difference in functional
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binding. Since CCL14 is found in human plasma at a concentration around 10 nM (27),
sedimentation equilibrium absorbance analytical ultracentrifugation experiments were
used to measure the oligomeric state at low concentrations. By measuring absorbance at
220 nm in 10 mM phosphate buffer, CCL14 and CCL14 E15A remain homogeneously as
a dimer in solution at a concentration as low as 100 nM, indicating that the K, for the
monomer-dimer equilibrium must be far less than 100 nM. This analysis is insufficient
to show if they will form monomeric states (Table 2.2), when diluted to in vivo
concentration. However, data for CCL14 [9-74] and CCL14 [9-74] E15A were fit very
well to a monomer-dimer-tetramer model using the program UltraScan (34), and the
equilibrium concentration (EC) of the dissociation of tetramers to monomers was found
to be in the low micromolar concentrations, with EC,,’s of 4.98 uM and 2.36 uM for
CCL14 [9-74] and CCL14 [9-74] E15A, respectively (Table 2.2, Figure 2.4).

Since absorbance-based analytical ultracentrifugation is not suitable to derive the
monomer-dimer equilibrium constants smaller than 100 nM for full-length CCL14 (Table
2.2), surface plasmon resonance (BIAcore) analysis was performed as an alternative
method to estimate the binding affinities of the chemokines CCL14 and CCL14 [9-74].
We assumed that at very low concentration, the non-covalent CCL14 dimers must
dissociate into monomers. In these experiments, each chemokine was immobilized at a
low concentration where it was extensively diluted to a monomeric state on the BIAcore
chip surface. A blank surface in flow cell 1 was used as a control. At these low
concentrations, therefore, protein binding of CCL14 and CCL14 [9-74] in the eluent can
simulate dimerization as measured as their ability to bind to their corresponding

immobilized partner. The equilibrium dissociation constants, K,’s, for CCL14 and
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CCL14 [9-74] are 9.84 nM and 667 nM, respectively, and the K,’s for CCL14 E15A and
CCL14 [9-74] E15A are 15.3 nM and 664 nM, respectively. These results show that the
dimerization stability of CCL14 is about 60-fold higher than that of CCL14 [9-74], and

CCL14 E15A is about 40-fold higher than that of CCL14 [9-74] E15A.

2.6 Discussion

Proteolytic processing of the first eight amino acids activates CCL14 prior to its
binding to CCRS5 (29, 30, 35). X-ray crystallographic analysis shows that CCL14 and
CCL14 [9-74] do not have conformational differences in their monomeric fold and
dimeric assemblies, thus also revealing similarities to other CC chemokine structures
such as CCL5 (36, 37), CCL4 (38) and CCL2 (39). A study on NH,-terminal processing
through the creation of CCL14 variants with lengths ranging from CCL14 [6-74] to
CCL14 [12-74] has shown that only CCL14 [9-74] and CCL14 [10-74] block HIV
infectivity (30). Furthermore, it is well known that certain residues in the NH,-terminal
region of many other CC chemokines are involved in controlling receptor binding and
activation (/1, 40-44). Many have also revealed that NH,-terminal modifications to
chemokines can result in antagonistic, agonistic or super-agonistic properties. A recent
study on the NH,-terminally modified CCL14 analog n-Nananoyl-CC Chemokine Ligand
14, shows the induction of the internalization of CCR3 and desensitization of CCR3-
mediated calcium release (45). The amino acids directly adjacent to the first eight
residues in CCL14 may also be important for identification by the receptor such that the
first eight amino acids need to be removed in order for binding and correct recognition to

occur. However, in light of our structural analysis it is unclear how the flexibility of the
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first eight or nine amino acids may be an important property that affects the ability of
CCL14 to bind to CCRS.

Here we suggest that CCL14’s ability to monomerize affects its activity. Using
analytical ultracentrifugation studies, performed at low concentrations which were closer
to those found in vivo, the dissociation of dimers to monomers of CCL14 [9-74] happens
at near physiological concentration. If we assume that the monomerization of CCL14 is a
step in activation, it is unclear how the flexible NH,-terminal eight residues contribute to
the stability of the dimer. The possibility that the monomer is the active form of
chemokines was first proposed when the functional unit of a chemically synthesized
analog of the CXC chemokine IL-8, was shown to be a monomer (46). Since then many
studies have been carried out on different CC chemokines including CCL1 (47), CCL2
(40, 47), CCL3 (48, 49), CCL4 (41, 42), CCL7 (50), and CCLS8 (50), all suggesting that
the monomer is important for binding and activation of chemokine receptors. Some
analogues of other CC chemokines obtained by modification to their NH,-terminus still
bind to their receptors but do not signal and thus act as antagonists. Therefore, additional
mechanisms of activation caused by NH,-terminal alterations may also play a role (517).

The chemokine activity assays, analytical ultracentrifugation data, and BIAcore
data presented here show that inactive CCL14 forms an approximately 60-fold more
stable dimer than that of active CCL14 [9-74]. Together, these results suggest how the
CCL14 dimer may result in the active CCL14 [9-74] monomer at physiological
concentration. Although CCL14 is found circulating in the blood at 10 nM (27), it is well
known that chemokines form gradients when they home to sites of infection. With this in

mind, CCL14 is probably at concentrations that are higher than 10 nM at the time of



32

activation and are near the concentration where CCL14 is dimeric and CCL14 [9-74] is

monomeric and thus may account for their difference in activity.

2.7 Materials and Methods

Crystallization and Data Collection.

Crystals of CCL14 were grown at room temperature by hanging drop vapor
diffusion. Each drop contained equal volumes of protein solution and reservoir solution.
CCL14 crystals were grown by mixing equal volumes (2 pl each) of protein (20 mg/ml,
in 0.2 M NaCl, 10mM MES, pH 6.0) and reservoir solution. CCL14 crystals grew
overnight in solution No. 21 from the Hampton PEG/Ion screen containing 0.2 M Sodium
Formate, 20% w/v Polyethylene glycol 3,350 (PEG 3350). CCL14 [9-74] crystals were
grown by mixing equal volumes (2 pl each) of protein (14 mg/ml, in 0.25 M NaCl, 20
mM MES, pH 6.2) and reservoir solution. CCL14 [9-74] crystals grew after two days in
solution No. 18 from the Hampton Screen 1 containing 0.2 M Magnesium acetate
tetrahydrate, 0.1 M Sodium cacodylate trihydrate, pH 6.5 and 20% PEG 8000. For X-
ray diffraction experiments, crystals were taken directly from the droplets with a fiber
loop and flash frozen in liquid N, with no cryo-protectant. The diffraction data for
CCL14 were collected at beamline 9.1 at the Stanford Synchrotron Radiation Laboratory
and the CCL14 [9-74] diffraction data were collected at the Advanced Light Source on
beamline 8.2.1. X-ray data sets were integrated and scaled using the program HKL-2000
version 0.98.692i (52). The space group of CCL14 was found to be C2 with unit cell

dimensions a =94.35,b =78.07,¢c =59.64, 0 =90, B = 121.65,y = 90°. The space group
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of CCL14 [9-74] was found to be P2,2,2, with unit cell dimensions a = 56.14, b = 57.55,

c=8544,0=P=7y=90°.

Crystal Structure Determination and Refinement.

The crystal structures of CCL14 and CCL14 [9-74] were solved by molecular
replacement with the program Phaser (3/-33) in the CCP4 program suite (53). The
search model for CCL14 was the AOP RANTES dimer (PDB code: 1B3A) (54). A
rotation and translation search using the dimer of AOP RANTES identified two dimers in
the asymmetric unit, which by two-fold crystallographic symmetry form an octameric
packing assembly. The molecular replacement search for CCL14 [9-74] had a solution
for two dimers in the asymmetric unit, which did not generate the same octameric
assembly of full-length CCL14. The protein chain models were built using the programs
ARP/WARP version 6.1 (55, 56), O (57) and Coot version 0.2 (58, 59). The program
Refmac5 version (53, 60) was used to refine both structures.

The final crystallographic R factor and free R factor for CCL14 are 18.7% and
23.4%, respectively, for reflections within 56-2.2 A. Moreover, the final crystallographic
R factor and free R factor for CCL14 [9-74] are 17.4% and 22.8%, respectively, for
reflections within 46.9-1.8 A. The root mean squared deviations in bond lengths and
bond angles for CCL14 are 0.021 A and 1.69 A, respectively. The root mean squared
deviations in bond lengths and bond angles for CCL14 [9-74] are 0.013 A and 1.24 A,
respectively. The Ramachandran plot calculated for the final CCL14 model using the
program PROCHECK (617) shows the conformations of 96.9% of residues are located

within the most favored regions and 3.1% of residues are located within the additionally
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allowed regions. The Ramachandran plot calculated for the final CCL14 [9-74] model
shows the conformations of 95.9% of residues are located within the most favored
regions and 4.1% of residues are located within the additionally allowed regions. All

water molecules have densities of 1 O or greater in the final 2F -F_ map.

Sedimentation Equilibrium Ultracentrifugation

All protein samples were dialyzed in 10 mM Na,P0,, 150 mM NaCl at pH 7.5,
Sedimentation equilibrium analytical ultracentrifugation experiments were performed
using a Beckman Optima XL-I analytical ultracentrifuge (Beckman, CA) at 20 °C and
six-channel centerpieces. Three pairs of blanks and protein samples at three different
concentrations were loaded at a volume of 120 ul each and were centrifuged against 130
ul of the equivalent buffer blank. Centrifugation was performed at rotor speeds and
durations of 20,000 rpm for 19 h, 27,500 rpm for 18 h, 35,000 rpm for 17 h, 42,500 rpm
for 15 h, and 50,000 rpm for 13 h. At each speed the cells were scanned across their
radius at 280 nm or 220 nm. To confirm equilibrium, a second scan was taken one hour
later and compared to the first scan. Since low concentrations are required to measure an
accurate K, absorbances were measured at 220 nm for all samples. The protein loading
concentrations used were 2.4 uM, 3.2 uM, 6.4 uM for all samples.

Analysis was performed by a global non-linear least squares method using the
program UltraScan version 9.1 (34). For CCL14 and CCL14 E15A, data was fitted to a
one-component ideal model, and for CCL14 [9-74] and CCL14 [9-74] E15A, the data
was fit to a monomer-dimer-tetramer equilibrium model. 95% confidence intervals were

estimated by Monte Carlo analysis. CCL14 EI15A and CCL14 [9-74] E15A are single-
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point mutants replacing Glul5 to Ala. The mutation was predicted to disrupt the
tetrameric assembly interface where Glul5 is found. The molecular weights that were
calculated from the fit indicated the oligomeric state of the protein under the specific
solution condition. The density was calculated based on the composition of the buffer
used, via the buffer calculation module within UltraScan (34). The partial specific
volume (Vv) was calculated based on its primary amino acid sequence and the

temperature (20 °C).

Surface Plasmon Resonance Analysis (BIAcore)

CCL14, CCL14 [9-74], CCL14 E15A and CCL14 [9-74] E15A binding analyses
were performed on a BIACore 1000 instrument (BIAcore). Primary amine coupling was
used to immobilize CCL14 on a CM4 and CMS5 sensor chip (BIAcore) in flow cell 2 and
to immobilize CCL14 [9-74] (BIAcore) in flow cell 3. Flow cell 1 was used as a
reference surface. The chemokines were immobilized at a concentration of 5 pg/ml, in
filtered 10 mM Na acetate buffer at pH 5.0. The proteins were immobilized by pulsing
the injection of chemokine over the chip surface at a flow rate of 10ul per min until the
desired number of response units (500 RU) was reached. The binding assays were
performed in filtered 10 mM HEPES pH 7.5, 150 mM NaCl, 3 mM EDTA, and 0.005%
Tween 20 at a flow rate of 30 pl per min for a total of 2 minutes. Seven different
concentrations, including a zero concentration, of each chemokine were run. Global fits
to binding curves using a 1:1 binding with mass transfer model and separate fits of the

association (k,,) and dissociation (k) rate constants were used, both yielding similar

0
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results. The overall K, was then calculated using the BIAEVALUATION Ver. 4.1

software (Biacore).

Calcium Flux Assay

CCRS transfected 293 T were detached from T-75 cell culture flask using cell
dissociation buffer and after washing two times with HBSS buffer, cells were
resuspended at 2.5X10° cells/ml. The cells were then labeled with Fluo-4AM (Molecular
Probe # P-3000MP) at a final concentration of 4 ug/ml for 60 minutes at RT in dark. The
labeled cells were washed twice in HBSS buffer and resuspended at 2.5X10° cells/ml.
150 ul of labeled cell suspension was transferred to a polyD lysine coated 96-well plate
(Biocoat # 359109) and centrifuged at 500 rpm for 1 minute. 50 ul of various
concentrations of CCL14 and CCL14 mutants were added and the increase in

intracellular calcium was determined using FLIPR.

HIV infectivity Assay

PBMCs were isolate from buffycoats from HIV-seronegative donors. Cells were
stimulated with anti-CD3 antibody and IL-2 for 48 h followed by depletion of CD8+ T
cells. Then, 150,000 cells were seeded per well in 96-well flat bottom plates. Cells were
pre-incubated with CCL14 protein in triplicate at a range of concentrations up to 1600
nM. After 2 h pre-incubation, cells were infected with luciferase HIV pseudotyped with
the CCRS tropic JRFL envelope protein that is capable of a single round of viral entry
and infection (62). Following 48 h of incubation, cells were lysed and assayed for

luciferase activity in a luminometer. % Entry is calculated for each dose tested by the
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following formula: (level of luciferase activity observed in the absence of CCL14
protein/level of luciferase observed in presence of CCL14 protein) x 100%. The level of
inhibition is plotted against concentration and an IC50 (amount of protein required to

block 50% entry) and IC90 (amount of protein required to block 90% entry) calculated.
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2.8 Figures

COOH

Figure 2.1: Secondary Structure of the CCL14 Monomer and Dimer.

(A) The CCL14 monomer shows similarities to the conserved CC-type chemokine fold
characterized by three anti-parallel B-sheets followed by a c-terminal a-helix. Where -
strands are illustrated in blue and green, and helices are shown in yellow and pink,
cysteines which form the two disulfide bonds are shown in yellow. (B) The dimer
interface is composed of amino acid contacts between the NH,-terminal strands BNierm of
each monomer. Two disulfide bonds formed by the four highly conserved cysteine
residues, which help stabilize the overall structure, are oriented in a similar fashion
between CCL14 and CCLS5. As seen here the three stranded anti-parallel B-sheet and
COOH-terminal o-helix are the core structural scaffold of the CC chemokine family.
Individual monomers are presented in blue and yellow. Figures were prepared and
rendered using Molscript Version 2.1.2 (63) and POV-Ray (64).
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Figure 2.2: CCL14 and CCL14 [9-74] Crystal Structures.

(A) The CCL14 crystal structure is illustrated where each color represents monomers A,
B, C, and D in the asymmetric unit. The asymmetric unit consists of a tetramer which is
built by two dimers such that dimer 1 is composed of the monomers A-B (red-blue) and
dimer 2 is composed of monomers C-D (yellow-teal). By a two-fold symmetry
operation, the two tetramers form an octameric assembly. (B) The CCL14 [9-74] crystal
structure is illustrated where each color represents monomers E, F, G, and H in the
asymmetric unit. This tetrameric assembly differs from that of the CCL14 structure
shown in (A), There can be no octamer assembly that can be formed by any symmetry
mates of CCL14 [9-74] in the crystal. Two dimers are shown, where dimer 1 is
composed of monomers E-H (teal-yellow) and dimer 2 is composed of monomers F-G
(blue-red). The figure on the right of the tetramer zooms into the core of the tetrameric
assembly where residue Glul5 resides. The numbers in the zoomed-in window represent
the monomer (F or H) followed by the residue number. Figures were prepared and
rendered using Molscript Version 2.1.2 (63), and POV-Ray (64).
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Figure 2.3: HIV Entry Inhibition and Calcium Mobilization by CCL14 proteins.

(A) Inhibition of CCRS5-tropic HIV-1 virus infection of activated human PBMCs by
CCL14 proteins was determined. CCL14 [9-74] and CCL14 [9-74] E15A blocked greater
than 90% of HIV infection while full-length CCL14 proteins had no dose-dependent
effect. CCL14 [9-74] demonstrated an IC50 of 146 nM and an IC90 of 6.3 uM while
CCL14 EI15A [9-74] demonstrates IC50 and IC90 of 14.2 nM and 260 nM. (B)
Intracellular Ca*" levels were measured in the presence of CCL14 and mutants at four
different chemokine concentrations (bottom row). Ca lonomycin and buffer only, were
used as positive and negative controls, respectively. Ca Ionomycin controls are
illustrated in the left four boxes in the first row and the buffer only control is shown in the
right four boxes in the first row. Full-length CCL14 and CCL14 E15A do not produce an
increase in intracellular Ca*" levels (top two rows under controls). Truncated CCL14 [9-
74] and CCL14 [9-74] EI5A show an increase in intracellular Ca®" levels at
concentrations from 0.2 uM to 1 pM (bottom two rows). Their effective concentrations
are approximately similar to each other.
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Figure 2.4: Self-Association Profiles for CCL14 [9-74] and CCL14 [9-74] E15A.
Self-association curve-fit profiles were generated for (A) CCL14 [9-74] and (B) CCL14
[9-74] E15A from the analytical ultracentrifuge data using the program UltraScan (34).
See methods for analytical details. The lines represent the different oligomeric states
present in the samples as follows: black (monomer), blue (dimer), red (tetramer).
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Table 2.1: Data collection and refinement statistics.
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Data collection and model refinement statistics

CCL14 CCL14 [9-74]
space group C2 P212121
unit cell parameters (2\, deg) a=943 a=56.1
b=78.1 b=57.6
c=596 c=854
p=121.7 £=90.0
data collection statistics
Beamline 9.1 SSRL 8.2.1 ALS
wavelength (A) 1.000 1.000

resolution range (A)
observed reflections
unique reflections
Redundancy

Rmerge (%)
Mean I/o (I)
completeness (%)

refinement statistics
R cryst (% )

Rfree (%)a
average B factor (A%)

root mean square deviation
bond lengths (A)
bond angles (A)

number of atoms total:
Protein
Water

number of missing residues

ramachandran plot (%):
most favored
additional allowed
generously allowed

50-2.23 (2.31-2.23)
74369

17814

42 (42Y

39 (10.0)
3098 (14.3)"
98.9  (99.2)

18.7
234

37.739

0.021
1.685
2314
2130
184
40

96.9
3.1
0.0

50-1.82 (1.89-1.82)
203161

25453

80  (7.3)

54  (170)
3532 (11.2)°

99.6 (96.3)

17.35
22.786

14.096

0.013
1.243
2467

2102

365

9

959
4.1
0.0

“calculated from 5% of data not used in refinement. ” Numbers in parentheses
correspond to highest resolution shell (A).
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Table 2.2: Equilibrium sedimentation analytical ultracentrifugation analysis.

Equilibrium Sedimentation Analytical ultracentrifugation analysis of CCL14 and CCL14 [9-74]

Sample MW Kai2 Kaia best fit model
CCL14 1.628 x 10* Da ideal one
(+85/-67)° component
CCL14E15A 1.677x10*Da ideal one
(+68/-71)" component
CCL14[9-74] 8284 Da 12.32 uM 1235x 107 M’ monomer-

(+665/-496)" (+52.34/-9.33)"  (+9.94x 10"7/-6.56 x 10" dimer-tetramer

(EC,.4= 4.98 uM)”

CCL14 [9-74] 8336 Da 10.00 uM 1.319x 107"M° monomer-

E15A (+879/-1036)"  (+14.60/-3.90)°  (+1.25x 10"7/-0.678 x 10")*  dimer-tetramer
(EC14=2.36 uM)”

“The numbers in parenthesis represent the 95% confidence intervals for the determined

Earameters.

EC represents the equilibrium concentration.
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3.1 Introduction

A TCS is typically comprised of a sensor histidine kinase (HK) receptor and a
response regulator (RR). The HK functions as the signal-sensing receptor and auto-
phosphorylates the conserved histidine residue on itself upon signal recognition and
subsequently transfers this phosphoryl group to a conserved aspartate residue on the RR.
In general, the RR is a transcription factor and once phosphorylated, it binds to DNA to
activate or repress the transcription of corresponding genes. HK/RRs are probably the
most commonly used bacterial sensory systems in nature. The topology of a HK begins
with a short cytoplasmic fragment followed by a membrane-spanning helix (TM1) and an
extracellular (or periplasmic) sensor domain that is connected to a C-terminal cytosolic
portion via a second transmembrane helix (TM2) (Figure 3.1 A) (/). While the
periplasmic domain varies in sequence and length, reflecting the need to respond to
different environmental stimuli, the cytoplasmic portion of the HK typically consists of
an array of more conserved modular structures, which in turn folds into two distinct
domains: (A) a N-terminal dimerization and histidine phosphotransfer (DHp) domain and
(B) a C-terminal catalytic and an ATP-binding (CA) domain. A conserved alpha-helical
region known as the HAMP (Histidine kinase, Adenyl cyclase, Methyl-accepting protein
and Phosphatase) linker domain connects the TM2 helix to the cytosolic domain and its

linkage has been considered to play a central role in transmitting signals across the
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membrane (2, 3). The DHp domain is responsible for the dimerization of HKs and
contains the critical phosphor-accepting histidine residue whereas the CA and DHp
domain is responsible for molecular recognition of its cognate RR as well as the

hydrolysis of ATP.

The similar modular architectures of HKs and RRs with such a broad variety of
signal recognition capabilities allow for the coupling of a wide variety of input signals to
appropriate output responses through a conserved phosphotransfer pathway. A handful
of chimeric TCSs have been used to explore their functions. The successes of these
examples may be generalized to study the molecular events of signal transduction across
membranes. Due to the limited scope of this mini-review, it is impossible to provide a
comprehensive report, yet we will recapitulate the representative work that has provided

substantial understanding of the structure-function relationship of these chimeric systems.

Past work completed on the engineering of receptor kinases mainly employed a
domain-swapping strategy where a receptor protein and a HK each contributed a
functional module. Among these chimeric systems, the fusion between a chemoreceptor
and a HK is the most common. The ability to move toward favorable environmental
conditions, called chemotaxis, is common among motile bacteria. There are five
bacterial methyl-accepting chemotaxis proteins (MCPs): Tsr, Tar, Tap, Trg and Aer (4,
5). Each of these chemoreceptors recognizes different chemical attractants or repellents
and responds to a change in the concentration of these periplasmic chemoeffectors. With
the exception of Aer, the other four are transmemberane receptors that have a similar

structure to many HKs like EnvZ, which makes domain-swapping relatively easy.
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3.2 Tar-EnvZ Chimeras: Tazl and Tezl

The EnvZ-OmpR pair is a well-studied phosphorelay system in E. coli (6-8). It
involves an inner membrane histidine kinase receptor, EnvZ, that responds to changes in
medium osmolarity through a series of autophosphorylation, phosphotransfer and
phosphatase activities in conjunction with its cognate cytoplasmic response regulator,
OmpR. Together this TCS transduces a yet unknown signal through the inner membrane
and ultimately regulates the expression of the two major outer membrane porin genes,
ompF and ompC (9-14). Another well-known E. coli inner membrane protein, Tar, is
classified in the family of methyl-accepting chemotaxis proteins, MCPs.  The
chemoreceptor Tar mediates cell chemotaxis by responding to a variety of different
ligands including the amino acid aspartate. Although lacking in primary sequence
similarity, Tar has a structural organization comparable to that of EnvZ where both
consist of three domains: the periplasmic receptor domain, two transmembrane domains,
and the cytoplasmic domain (72, 15). Since the specific ligand for EnvZ is unknown, two
chimeras have been created, Tazl and Tezl, where particular domains of EnvZ and Tar
have been fused differently to characterize the signal transduction mechanism in response

to aspartate.

The chimera Tazl is created by fusing the periplasmic sensor domain,
transmembrane domains, and the cytoplasmic HAMP domain of Tar to the cytoplasmic
DHp, and CA signaling domains of EnvZ (Figure 3.1 B) (/6). Instead of responding to
changes in osmolarity, Tazl senses the presence of aspartate and in turn activates the
transcription of the ompC gene. An ompC-lacZ reporter gene assay indicates that the

binding of one Asp molecule to the Tar receptor in Tazl is sufficient to trigger signal
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transduction when the concentration of Asp molecule is in the range of 10 M, a much
less sensitive detection limit than the Tar receptor alone (~ 10° M). The production of a
functional fusion protein suggests a common mechanism of transmembrane signaling
shared by both Tar and EnvZ. The Tar receptor forms a dimer where the two Asp-
binding pockets are formed by the interfaces of two subunits. Mutations are introduced
in the Asp-binding pocket of Tar (to disrupt the Asp binding capacity) and in the DHp or
G1l, G2 domains of EnvZ (to eliminate autophosphorylation or the ATP binding
capacity). Through different combinations of these mutations, interesting phenotypes
have been observed and analyzed (/7). These experiments demonstrate that one Asp-
binding pocket and one EnvZ active site is sufficient to regulate the cellular concentration
of OmpR-P upon Asp binding. However, in two other mutant constructs Asp fails to
elicit an induction of ompC-lacZ (17). These results may have stemmed from a
conformational change in helix 4 in the Tar receptor upon Asp binding (78, 19). Helix 4
forms part of the Asp-binding pocket and transduces the conformational change through a
“swinging-piston” motion to TM2 (18, 19), which propagates to the EnvZ cytoplasmic
domain through the HAMP domain. This Asp-dependent regulation is detected only
when the functional His243- residue and the functional ATP-binding pocket are both
present. These studies on the Tazl chimera contributed a better understanding of how
signal transduction across the membrane occurs, by illustrating how specific subunits

within the different domains in a receptor dimer function in response to a ligand.

Similar to the structural composition of Tazl, the chimera Tezl is also a fusion

between Tar and EnvZ, except that the cytoplasmic HAMP domain of EnvZ replaces that
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of Tar (Figure 3.1 C). Although the structural organization is similar to that of Tazl,
Tezl does not respond to aspartate (20), illustrating that the HAMP domain is critical for
proper transduction. The NMR structure of a dimeric HAMP domain from the
hyperthermophilic bacterium A. fulgidus (21) indicates that it forms a parallel four-helical
coiled-coil fold with each subunit contributing two helices. The HAMP domain of Tar
does not share a high sequence identity with that of EnvZ, but both structures are
predicted to form the conserved helix—turn—helix motif. Interestingly, the Tar HAMP
domain possesses only one extra residue than that in EnvZ. Since the initial chimeric
protein has a nonregulatable phenotype, extensive mutational analysis such as deletion,
addition, or random mutagenesis in the EnvZ HAMP domain of Tezl has been carried
out. It is found that a single Ala insertion at the beginning of the HAMP domain rescues
the Asp-nonregulatable phenotype. Moreover, the position and the nature of the residue
type are important since the Ala residue is necessary required to fully restore the
phenotype. Missense mutations TezP185Q or TezR184Q identified by the error-prone
PCR method also enable the chimera to respond to Asp. As observed in the Ala insertion
experiment, the substitution by Gln at these two positions is quite specific (20). Therefore
the region leading to helix I in the EnvZ HAMP domain is crucial for its function. These
studies illustrate that the HAMP domains share a similar molecular mechanism of signal
transduction. More importantly, it suggests that the HAMP domains are finely tuned and

slight changes in configuration can influence their functions.
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3.3 Trg-EnvZ Chimera: Trzl

Analogous to Tazl and Tezl, another EnvZ chimera known as Trzl, is also
created through the fusion of the two transmembrane domains, the ribose- and galactose-
binding protein-sensing domain, and the cytoplasmic HAMP domain of the chemosensor
Trg to the cytoplasmic DHp and CA domains of EnvZ (22). This hybrid receptor has
been shown to be functional, where upon recognition of the ligand-occupied ribose-
binding protein by the sensor domain causes the activation of the ompC promoter. Using
an ompC-lacZ reporter gene assay, Baumgartner and colleagues demonstrate that in the
presence of ribose there is concentration dependent B-galactosidase activity that is more
than 20-fold higher than that in the absence of ribose (22). Furthermore, alignment of the
primary sequences of EnvZ, Tar, and Trg reveal a few common residues of interest
located in the TM1 and HAMP domains, which again highlights the importance of these

regions.

3.4 Tar-ArcB Chimera-Tab

In addition to the discoveries made by the creation of a variety of different
chimeras using the EnvZ kinase, functional characterization using other HKs has also
been completed. The ArcB/A TCS is in charge of anoxic redox control and through a
sophisticated phosphorelay process can regulate the expression of more than 30 operons
depending on the redox conditions of growth (23-25). ArcB bears a complex cytosolic
structure in that it consists of three catalytic domains: a primary transmitter domain with
a conserved His residue at position 292, a receiver domain with a conserved Asp at
position 576, and a secondary transmitter domain with a conserved His at position 717

(Figure 3.2) (26, 27). Under reducing conditions, ArcB undergoes autophosphorylation at
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His292. The phosphoryl group is then transferred to ArcA via a
His292/Asp576/His717/Asp54 phospho-relay process (28-30). Under oxidizing
conditions, the reverse reaction will occur and the enzyme catalyzes the
dephosphorylation of ArcA-P (37). Another unorthodox structural feature of ArcB is the
lacking of an apparent periplasmic domain, consisting of only 16 amino acid residues
(32). An initial construct of Tar-ArcB or Tabl is created by an in-frame fusion of the N-
terminus of Tar (residues 1-212 ending immediately after TM2) and the cytosolic
domains of ArcB (residues 78-778) and the hybrid kinase is highly active as an
autokinase even under aerobic conditions (33). In order to evaluate the significance of the
relative orientations of the two ArcB segments set by the dimeric membrane anchor, a
series of hybrids are constructed in which the TM2 of Tar is extended with progressively
longer C-termini: Tarl-213-ArcB78-778 (Tab-2), Tarl-214-ArcB78-778 (Tab-3), and
Tar1-215-ArcB78-778 (Tab-4). Each extra residue of Tar added twists to the helical
wheel of the ArcB kinase by an angle of 100° due to the rigid helical nature of TM2 that
protrudes into the cytoplasm. As a result, each construct represents a different spatial
relationship between the Tar anchor and the cytosolic ArcB portion and different
phenotypes are observed. Tab-2, with one more residue of Tar at the hybrid junction than
Tab-1, is constitutively inactive under both aerobic and anaerobic growth conditions, as
shown by the -galactosidase activity assay. Tab-3, with one additional residue than Tab-
2, behaves like the wildtype ArcB, displaying a wildtype phenotype. Tab-4, possessing
another additional residue than Tab-3, has a relative relationship between the two ArcB
moieties similar to that of Tab-1. This dimer once again is active as a kinase, being

constitutively turned “on”.
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Based on the completely different catalytic properties of various Tab constructs, it
is proposed that the signal transduction process of ArcB occurs via a rotation-dependent
mechanism caused by its cytosolic portion. This mechanism is in disagreement with the
piston-like displacement employed by Tar, whose vertical displacements between the two
transmembrane segments within the same subunit is believed to regulate the catalytic

activity of the cytosolic domain upon ligand binding.

3.5 Cph1-EnvZ Chimera: Cph8

Chemoreceptors are not the only proteins that have been fused to HK receptors to
create functional chimeras. A previous study has shown that the light sensing
phytochrome Cphl from cyanobacterium can be fused to the cytoplasmic domain of
EnvZ to create the chimera, CphS8, and still maintain functionality (34). Like histidine
kinase TCSs, a phytochrome is composed of an extracellular sensor domain and an
intracellular response-regulator (35), but in contrast, the phytochrome response regulator
cannot regulate gene expression directly. However, when fused to EnvZ and
transformed, along with specific phycocyanobilin genes that are required for proper
functioning of the photoreceptor domain, into a AEnvZ E. coli strain with an ompC-lacZ
gene fusion, Cph8 demonstrates a strong response to light as detected by light repressed
gene expression (34). In the presence of red light, Cph8 remains in a state where
autophosphorylation is inhibited and gene expression is repressed. In the absence of light
Cph8 is activated and can be visualized through the addition of the -gal substrate S-gal,
which upon catalysis yields a black precipitate. In this example, the TCS chimera Cph8

possesses an image-processing role with its protein-engineered circuit by which bacteria
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can now function as biological films producing high-definition images. The research on
this engineered HK photoreceptor allows for a better understanding of signal transduction
within TCS systems and provides possibilities for potential application in such fields as

biological materials and bacterial microlithography.

3.6 TGF-B receptor-EnvZ Chimera: TB-EnvZ

A human TGF-f3 receptor protein consists of a ligand-sensing extracellular
domain (ECD), a transmembrane helix and a cytoplasmic kinase domain. They can be
expressed in E. coli using an N-terminal Mistic fusion (36). This technique would enable
us to create novel chimeric TCSs in E. coli that are able to sense an array of human TGF-
beta ligands and then trigger downstream responses in a ligand-restricted manner.
Although such a TGF-B-sensible E. coli system has not been created, one can
conceivably adopt the native EnvZ/OmpR signaling system as the starting point for
engineering. As an example, an E. coli strain carrying an antibiotic resistance gene can be
created as a template strain for in vivo genetic selection. In this modified strain, the
chromosomal ompc gene downstream to the EnvZ/OmpR signaling pathway (normally
expressed at high osmolarity) is replaced by an antibiotic resistant gene. Once the
engineered cell is confirmed to show antibiotic resistance in high osmolarity conditions,
it could be further engineered to delete the chromosomal EnvZ gene to prevent the
signaling through the native EnvZ/OmpR pathway. For a TGF-B-EnvZ chimera, TB-
EnvZ, the N-terminal TM1 and extracellular sensor domain of native EnvZ is to be

replaced with the ECD of a TGF-f3 receptor. A library of TB-EnvZ constucts can be
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created and transformed into the template E. coli strain for genetic selection using the
antibiotics. Once functional TB-EnvZ chimeras are isolated, other genes of interest can
replace the antibiotics resistance gene. To create novel specificity, new amino acids can
be introduced by random mutagenesis to create E. coli that can respond to other ligands,
and expand to introduce into other organisms to “synthesize” organisms with novel

biological functionalities.

3.7 Engineering on Response Regulators

In addition to the manipulation of HK receptors, engineering on response
regulators has also been carried out in some mechanistic studies of TCSs. The RR is
usually comprised of two domains: the highly conserved receiver domain that interacts
with HKs and accepts the incoming phosphoryl group, and the effector domain that
outputs the signal, through regulation of gene transcription. Like their kinase
counterparts, engineering on RRs is mainly accomplished through a ‘domain-swapping’
method based on the modular nature of RR (37). Specifically, it involves the fusion of the
receiver domain from one response regulator with an output (DNA-binding) domain from

another.

3.7.1 OmpR — PhoB chimera
The PhoR—PhoB two-component regulatory system is required to allow E. coli to
sense environmental inorganic phosphate levels (38). Under limiting phosphate

conditions, the PhoRB TCS activates the transcription of the phosphate (Pho) regulon,
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which is responsible for the uptake of phosphorus-containing compounds. The RR, PhoB
is highly homologous to OmpR - both in sequence and structure. OmpR and PhoB belong
to the winged-helix-turn-helix family of DNA binding proteins (39, 40) (Figure 3.3 A)
and their C-terminal structures superimpose well (40). However, the process by which
OmpR and PhoB regulate their effector domains is quite different. Phosphorylation of the
N terminus in OmpR boosts the DNA binding affinity of the C terminus, whereas
phosphorylation of the N-terminus in PhoB relieves the inhibition of the C terminus so
that it can bind to cognate DNA more easily. In either case, the interdomain linker
appears to play an indispensable role. To better understand the activation and regulation
mechanisms, chimeras between OmpR and PhoB containing either interdomain linker are
constructed (4/). When the PhoBnx-OmpR¢ chimeras are expressed in the ompR null
reporter strains containing ompF-lacZ or ompC-lacZ operon fusions (42), both chimeras
are impaired in activating the transcription of OmpR-dependent genes, although the level
of phosphorylation (by PhoR) of the chimeras is comparable to that of PhoB alone.
Consequently, the lack of transcriptional activation is not a result of under-
phosphorylation. Interestingly, the OmpRy-PhoB¢ chimeras are constitutively active in
an envZ null strain, as demonstrated by their abilities to activate the transcription of the
PhoB-specific reporter gene phoA. Hence, OmpRy does not exert an inhibitory effect on
the binding of PhoB¢ to DNA. In addition, in the envZ" background, the RRB chimera
(the construct containing the OmpR linker) is able to induce a threefold increase of phoA
transcription while that for RBB chimera (the construct containing the PhoB linker)
remains the same. It therefore can be concluded that the activation of PhoB¢ requires the

OmpR linker. Further studies show that a functional chimera requires a linker of defined
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length and composition, because specific substitutions for certain amino acids lead to an
ompF(Con) ompC null phenotype, while changes in the linker length have a large
influence on the activation efficiency. Altogether, this work indicates that regulation of

effector domain by either N terminus requires its cognate interdomain linker (47).

3.7.2 PhoP’-’YycF chimera

Like the PhoR—PhoB TCS, PhoR-PhoP system activates or represses Pho regulon
genes to overcome a phosphate deficiency. YycG-YycF is a highly conserved TCS in
many Gram-positive bacteria and is essential for the viability of B. subtilis (43). However
the characteristics of the YycF regulon and the exact functions of YycG-YycF system are
yet to be identified. In this example, the PhoR/PhoP TCS is used to investigate the
unknown functions of the YycG-YycF TCS and the hybrid gene PhoP’-’YycF fusing the
receiver domain from phoP with the linker and the output domain from yycF is created
(44). Bacteria bearing the hybrid regulator gene are grown under phosphate-limiting
conditions to induce expression of the PhoP’-’YycF chimera. In response to phosphate
limitation, the PhoR kinase phosphorylates the receiver domain of PhoP in the hybrid,
and then YycF in the hybrid regulator binds to its specific DNA promoter. To examine
the transcriptome contents, total RNA of the B. subtilis cells is extracted, reverse-
transcribed and analyzed by a macroarray system. The result demonstrates that, during
phosphate-limiting growth, the PhoP’-’YycF hybrid is capable of eliciting a response and
activates the expression of yocH, which encodes a potential autolysin (45). The binding

and affinity of YycF for yocH have been characterized by gel mobility shift and DNase I
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footprinting assays. Subsequent Northern blotting analysis shows that this activation only
occurs in the presence of PhoR kinase, indicating that PhoR/PhoP’-’YycF is a functional
hybrid TCS.

Using the same strategy, Howell and colleagues also construct YycF’-’PhoP,
fusing the receiver domain of YycF and the output domain as well as the linker of PhoP
(44). This reverse hybrid response regulator is also active, suggesting the domains
between PhoP and YycF are inter-changeable. This study represents a new approach to

systematically engineer RRs to create TCSs of novel functions.

3.8 Discussion

In summary, HK and RR proteins are two major protein components that are
excellent candidates for modular rearrangements. The fusion systems reviewed here
allow us to gain insights into TCS signaling pathways. As more crystal structures of HK-
RR or RR-DNA promoter complexes are reported (46-50) (Figure 3.3), systematic
approaches in engineering TCSs begin to emerge. In a recent crystal structure of a HK-
RR complex, the molecular mechanism of the phosphorelay from the transmitting domain
of HK853 and the receiver domain of its cognate RR468 is described (46). With the
detailed knowledge of these interactions, the reprogramming of a TCS pathway is
possible through rational design of the cytoplasmic domain of a HK to change its
specificity for the response regulator. For instance, the substrate specificity of EnvZ has
been changed through mutational studies guided by a computational approach (57).
Additionally, one can even swap the effector domain of a RR with that from a paralog

within or across species barriers to create transcriptional regulatory machinery using an
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evolutionarily unrelated set of genes and ultimately monitor or control gene expression.
These synthetic organisms equipped with the ‘rewired’ signaling pathways will find wide

use in future research and in clinical and industrial applications.
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3.9 Figures
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Figure 3.1: The diagram of Tar-EnvZ chimeras.

(A) The illustration of EnvZ dimeric structure. The domains are represented as follows by
bold italic letters and numbers: / for TM1, 2 for TM2, P for periplasmic domain, H for
HAMP domain, D for DHp, C for cytosolic kinase domain. The N and C termini are
represented by red bold italic letters N and C respectively while the phosphor-accepting
histidine is shown by regular bold letter H. (B) The Tazl construct is composed of the
DHp and CA domains from EnvZ and a periplasmic domain, transmembrane domain, and
the HAMP domain from Tar. H denotes for His243 in DHp domain. (C) The Tezl
construct with the HAMP domain of Tazl replaced with EnvZ HAMP domain. In (b) and
(c), domains from Tar are shown in blue and purple while domains from EnvZ are shown
in brown and cyan (52).
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H1

D1
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ArcB architecture

Figure 3.2: The modular domains of the HK ArcB.

ArcB is composed of a short periplasmic segment between the 2 TM helices and a
complex cytosolic portion where it consists of three catalytic domains following the PAS
domain: a primary transmitter domain HI, a receiver domain D1, and a secondary
transmitter domain H2 (52).
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C.

Figure 3.3: The ribbon representations of different DNA-binding modes illustrated
by crystal structures of RR-DNA complexes.

(A) The OmpR/PhoB winged-helix domain. (B) The NarL/FixJ four-helix helix-turn-
helix domain. (C) The P fold of AgrA LytTR domain (52).
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Reproduced, in part, with permission from Blain, K.Y., Kwiatkowski, W., Choe,
S. The functionally active Mistic-fused histidine kinase receptor, EnvZ. Biochemistry.

2010; 49 (42): 9089-9095. Copyright 2010 American Chemical Society.

4.1 Introduction

Accounting for approximately 30% of all proteins in both prokaryotic and
eukaryotic organisms are the integral membrane proteins. They are required for major
cellular functions and are thus important pharmaceutical targets (/-4). Unfortunately,
structural and biochemical studies of integral membrane proteins are hampered in part by
low levels of expression. Therefore, a heterologous expression system is often employed
to overcome this setback. Mistic is a 13 kDa, 110-amino acid Bacillus subtilis protein
that has unique structural and functional properties. The NMR structure of Mistic has
illustrated that it consists of a four a-helical bundle with a hydrophilic surface (5). Mistic
differs from other membrane-integrated proteins in that it appears to interact with the
lipid bilayer and can bypass the traditional cellular translocon machinery for membrane
integration. Previous studies illustrate that both prokaryotic and eukaryotic membrane
protein expression levels were boosted when target proteins are fused to Mistic (6, 7).
Despite the utility of this Mistic-fusion system in improving expression levels of
membrane proteins, the critical question still remains whether the overexpressed cargo
protein remains functional as a fusion partner to Mistic. In this study, we chose to
analyze the prokaryotic two-component signal transduction system EnvZ-OmpR to
address this question.

Prokaryotic organisms utilize two-component signal transduction systems as their

principal mode for adapting to various environmental stresses (8). One of the most
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widely studied and best characterized two-component systems involves the interaction
between the osmo-sensing histidine kinase receptor, EnvZ and its cytoplasmic cognate
response regulator, OmpR (8-10). EnvZ is a 450-amino acid inner membrane protein
consisting of an NH,-terminal cytoplasmic tail, periplasmic sensor domain, two
transmembrane domains, and a COOH-terminal cytoplasmic domain. The cytoplasmic
domain is further divided into a HAMP-linker (histidine kinases, adenylyl cyclases,
methyl-accepting chemotaxis proteins, and phosphatases), DHp (dimerization and
histidine phosphotransfer) domain and the CA (catalytic and ATP-binding) domain (/1-
14) (Figure 4.1 A). Upon activation EnvZ will autophosphorlyate on His,,; (/5) and
phophotransfer the phosphoryl group to residue Aspsson OmpR. Phosphorylated OmpR,
OmpR-P, functions as a transcription factor and subsequently controls the expression of
the genes for the two major outer membrane porins OmpF and OmpC (/6-18). Like the
majority of other histidine kinases, EnvZ has two major functions, possessing not only
kinase activity but also the ability to act as a phosphatase when complexed with OmpR
(16, 18), where it dephosphorylates OmpR-P and in turn regulates the concentration of
OmpR-P in the cytoplasm (/9).

In addition to its use in studies involving two-component phosphorelays, EnvZ
has also been exploited for various protein engineering purposes (20). In the past, EnvZ
has been utilized to create many different chimeras which involve domain swapping with
different chemoreceptors such as Tar (27, 22) and Trg (23) in order to study the signaling
mechanisms behind two-component systems. More recently, EnvZ has been fused to the
cyanobacterium light sensing phytochrome, Cphl, to create a chimera which functions in

a unique system with an image processing role, thus permitting bacteria to exhibit
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properties like that of film (24). In this study we have used EnvZ to test if the Mistic
fusion affects its catalytic and signaling capabilities (Figure 4.1 B). Here we provide the
first report which illustrates that the E. coli histidine kinase receptor, EnvZ, maintains its
transmembrane signaling abilities when fused to Mistic, based on the data from both in
vitro assays, through autophosphorylation and phosphotransfer to OmpR, and from in

vivo assays through activation of ompC-lacZ gene expression, with Mistic-fused EnvZ.

4.2 Expression and Purification of EnvZ, Misticated EnvZ and OmpR

One major challenge of studying membrane proteins is the ability to overexpress
and isolate a pure homogeneous sample. With the use of a Mistic fusion (Figure 4.1 B),
approximately 19 mg of pure homogenous Misticated EnvZ was obtained by Ni-NTA
affinity and size exclusion chromatography from a liter of cultured media. In contrast,
EnvZ expressed without Mistic fusion yielded approximately 7 mg of pure homogeneous
protein per liter of culture. The soluble response regulator OmpR also expressed to large
quantities as well, yielding approximately 7 mg of pure homogenous protein by Ni-NTA

affinity and size exclusion chromatography (Figure 4.2).

4.3 Autophosphorylation and Phosphotransfer of EnvZ and Misticated EnvZ in
vitro.

[v-32P] ATP kinase assay was used to test EnvZ and Misticated EnvZ’s ability to
autophosphorylate in vitro. Here purified EnvZ and Misticated EnvZ samples were
incubated in the presence of Mg** and [y-32P] ATP. Autoradiography was performed

after running samples on a 10 % acrylamide gel. The soluble cytoplasmic domain
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demonstrated the ability to autophosphorylate in the absence of the sensor and
transmembrane domains and confirmed the location of autophosphorylation as previously
shown (17, 25), (Figure 4.3, lane 1).

Figure 4.3, lane 3 and 9, illustrate that both purified full-length EnvZ and
Misticated EnvZ, when solubilized in FC-12, are also able to autophosphorylate. To
demonstrate that this autophosphorylation event occurs on the predicted site of
phosphorylation, His,,;, the point mutant H243V was created which has been previously
shown to knock out kinase activity (/7). Figure 4.3 (lanes 6 and 12) shows that no
autophosphorylation takes place for EnvZ H243V, indicating that the
autophosphorylation is dependent on residue His,,;.

EnvZ’s ability to phosphotransfer to its cognate response regulator OmpR can
also be detected using this method. When solubilized in FC-12, both EnvZ and
Misticated EnvZ were incubated in the presence of OmpR and [y-32P] ATP and
exhibited the ability to autophosphorylate and phosphotransfer to OmpR (Figure 4.3,
lanes 3-4,9-10). When EnvZ H243V and Misticated EnvZ H243V were incubated in the
presence of OmpR, no phosphotransfer (Figure 4.3, lanes 7 and 13) took place,
demonstrating the dependence of these events on the initial autophosphorylation of EnvZ
His,,;. To determine if phosphorylation of OmpR is dependent on EnvZ, we repeated the
assay in the absence of EnvZ and Misticated EnvZ. No phosphorylation was dectected,
thus illustrating its dependence on the histidine kinase (Figure 4.3, lane 2). To confirm
the phosphorylation site, Aspss of OmpR, we created the point mutant D55Q which was
previously described to knock out phosphorylation (26). Figure 4.3 (lanes 5 and 11)

shows that EnvZ and Misticated EnvZ are not able to phosphotransfer to OmpR D55Q,
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confirming its residue specificity for residue Asps;. The reaction mixture alone, in the
absence of EnvZ, does not phosphorylate OmpR D55Q non-specifically (Figure 4.3, lane
8).

In this kinase assay there appears around a 2-fold difference in intensity between
equivalent bands in lanes 4 and 10 (Figure 4.3), but the relative ratio between EnvZ and
OmpR bands in each lane remains largely similar. To explain the intensity difference
between equivalent bands between lanes, there can be simply a minor calibration error
due to the varying amounts of protein loaded on the gel. More importantly, however, this
may be due to continuous phosphorylation on the kinase and phospho-transfer to OmpR,
then concurrent dephosphorylation, which eventually depletes phosphorus source in the
reaction mixture. Dephosphorylation occurs only in the EnvZ-OmpR complex, not on
EnvZ alone, thus autophosphorylation by EnvZ in the absence of OmpR can accumulate
its labeling. So there is a certain equilibrium that must be considered to trap its maximal
labeling. The reaction time was optimized to show the most phospho-labeling for the
phosphotransfer experiments. The Misticated EnvZ and OmpR phosphotransfer
experiment as well as the wild-type EnvZ and OmpR experiment were ran for the same

lengths of time.

4.4 B-galactosidase Assay Illustrates EnvZ and Misticated EnvZ Signaling in vivo

The ability of EnvZ and Misticated EnvZ to autophosphorylate and
phosphotransfer in vitro suggests that the CA domain and DHp domain are properly
oriented allowing for such activities to take place. However, this does not give insight

into the functionality of the periplasmic sensor domain, transmembrane domains, or the
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activity of all domains of EnvZ and Misticated EnvZ as a whole. In order to analyze the
activity of all the domains of EnvZ and to look at EnvZ’s ability to signal downstream to
the level of inducing porin expression, an in vivo B-galactosidase assay was performed.
Various EnvZ constructs were transformed into two different E. coli strains: RU1012
[D(ompC-lacZ)10-15, A envZ:Km'] (21) and MC4100 (lac’). In this assay we
electroporated cells with full-length EnvZ, Misticated EnvZ, EnvZ H243V, Misticated
EnvZ H243V, and Misticated KvPae, a voltage gated K* Channel-like protein from
Pseudomonas aeruginosa, as a negative control. In addition, cells were tested in the
absence of vector, as an additional negative control. Cells were grown to mid-log phase
at 37°C. 10 ml aliquots were harvested before the cells reached mid-log phase, and 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, and 20 h post mid-log phase. The samples were centrifuged,
frozen, and the Miller Assay was completed on all samples.

The MC4100 (lac’) E. coli cell strain was used as a control to ensure that any
activity seen in the Miller Assay was due to the production of B-gal. When the Miller
Assay was completed there was no significant B-gal activity, measured in Miller Units,
from any of the six samples (Figure 4.4 A). The use of the RU1012 [®(ompC-lacZ)10-
15, A envZ::Km'] (21) strain allows for the measurement of ompC gene expression as the
consequence of the downstream signal transduction events of EnvZ and Misticated EnvZ.
EnvZ- and Misticated EnvZ-transformed cells showed activity before mid-log phase with
a rise in activity up to 3 h post mid-log phase and continuing up to 20 h post mid-log
phase. The negative control which lacked a transformed vector exhibited a low level of

B-gal activity starting at 2 h post mid-log phase in comparison to EnvZ and Misticated
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EnvZ samples. Null mutants EnvZ H243V and Misticated EnvZ H243V exhibited the

lowest amount of activity than any other samples (Figure 4.4 B).

4.5 Discussion

In this study, we provide direct evidence that Mistic-fused full-length EnvZ is
active both in vitro and in vivo. By means of the in vitro [y-32P] ATP kinase assay, we
illustrate that EnvZ and Misticated EnvZ autophosphorylate residue His,,;, the conserved
site of phosphorylation. In addition, we show that EnvZ and Misticated EnvZ are both
able to phosphotransfer the phosphoryl group from EnvZ His,,; to OmpR Asps; in a site
specific manner. Results from these assays demonstrate that both full-length constructs
solubilized in the presence of the detergent FC-12 have a properly folded and functional
cytoplasmic domain.

To further address the functionality of the whole receptor as a transmembrane
signaling molecule, we performed an in vivo -galactosidase assay using RU1012 E. coli
cells, where EnvZ and Misticated EnvZ were tested to determine the activation of ompC-
lacZ gene expression through the binding of OmpR to the ompC promoter. The results
from this experiment illustrate that both EnvZ and Misticated EnvZ are active in their
natural cell environment and are able to transduce a downstream signal such that the
ompC promoter becomes activated. The lowest B-gal activity was found in the H243V
samples and might be caused by the physical presence of the null EnvZ receptor. The
expression of the non-functional EnvZ could possibly interfere or turn off alternative
pathways subsequently inhibiting the otherwise recoverable ompC gene expression.

When the negative control was tested in the absence of vector, a small rise in activity was
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seen 2 h post mid-log phase, which could be explained by the complexity of the gene
regulation system of the major E. coli outer membrane porins.

Since OmpC is one of the major E. coli outer membrane porins under complex
gene regulation (27), the slight rise in B-gal activity seen in our negative control of the in
vivo B-gal assay, could be due to the interference of other pathways attempting to
compensate for the absence of EnvZ. Both major E. coli outer membrane porins, OmpC
and OmpF, are under the control of a very intricate regulatory system comprised of many
components within the cell including sRNAs such as MicF (28-317), MicC (32), RseX
(33, 34), RybB (35, 36), and Ipex (34, 37, 38) which function by forming base pairs with
their target mRNAs in the translation start site region and thus prevent translation. There
are also numerous indirect/direct protein regulators some of which include: Rob, SoxS,
MarA, CpxR, Lrp, HU, IHF, and H-NS (Figure 4.5). Belonging to the AraC/XylS
family of transcriptional regulators are Rob, SoxS, and MarA, and they function by
repressing OmpF expression through activation of micF transcription (30, 39-48). The
histidine kinase receptor CpxA responds to different stimuli some of which include
misfolded proteins and alkaline pH and functions in conjunction with the response
regulator CpxR to positively and negatively regulate ompC and ompF, respectively (49-
51). The activity of the regulator Lrp increases when the cell is exposed to conditions of
limited accessibility to nutrients like that of minimal medium, where this protein
negatively regulates ompC and positively regulates ompF through repression of micF (52,
53). Histone-like proteins such as HU, IHF, and H-NS are also involved in the regulation
of OmpC and OmpF. The nucleoid protein HU partakes in porin regulation through its

involvement in a pathway which decreases OmpF levels through regulation of micF
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expression (54). IHF is a DNA-binding protein that functions by not only negatively
regulating the ompR-envZ operon but also by negatively regulating both ompC and ompF
by binding near their promoter region (55-58). The histone-like protein H-NS plays a
role through repression of ompC and affects OmpF expression through the regulation of
micF (59, 60). Due to the complexity of porin regulation it is possible that one of these
other pathways may take over the regulation of the ompC gene when EnvZ is absent.
Since there is an increasing demand to overcome the difficulties facing the
structural studies of integral membrane proteins, biochemists and structural biologists
have looked into alternative modes to not only increase the expression level of integral
membrane proteins, but also to ensure that these proteins are functionally active. We
describe in this study that the Mistic-fusion system provided one such alternative, by not
only increasing the expression level of EnvZ but also preserving its functional activity

both in vitro and in vivo.
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4.6 Materials and Methods

Strains and Plasmids:

All vector construction was Gateway (Invitrogen)- adapted. For the [y-32P] ATP
Kinase Assay, Mistic was fused to the NH,-terminus of all targets (referred to as
‘Misticated’), following an NH,-terminal octahistidine-tag in the Gateway-adapted
vector, pMis3.0E (5). The genes that were not Misticated were placed in frame in a
Gateway-adapted NH,-terminal nonylhistidine-tagged vector modified from pET28,
(referred to as ‘pHis9’, non-Misticated). A thrombin cleavage site is present between the
histidine tag and the target protein on each construct. The Gateway vector pDEST17
(Invitrogen) was used for expression of non-Misticated targets in the P-galactosidase
assay to keep the antibiotic resistance (Amp) consistent between Misticated and non-
Misticated samples.

E. coli BL21 (DE3) cells (Invitrogen) were used for expression of all samples.
Experimental E. coli RU1012 [®(ompC-lacZ)10-15, AenvZ::Km'] cells (courtesy of Dr.
Masayori Inouye) and control E. coli MC4100 cells (courtesy of Dr. Kit Pogliano) were

used for the B-galactosidase assay.

Expression and Membrane Isolation

Recombinant vectors were used to transform E. coli BL21 (DE3) cells
(Invitrogen). A 5 ml overnight culture was used to inoculate 1 L of Terrific Broth (EMD)
at a 1:1000 ratio. Cells were grown at 37°C to OD,,= 1. Temperature was decreased to
18°C and 0.5 mM IPTG was added to induce expression of EnvZ constructs. For the

soluble proteins OmpR and EnvZ cytoplasmic domain, cells were grown at 37°C to
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OD¢y=04. 1 mM IPTG was added to induce expression, the temperature was kept at
37°C and cells were harvested 3 h later.

The cell pellet was weighed and the lysis buffer was added at 4X the weight of the
cell pellet (20 mM Tris pH 8.0, 200 mM NaCl, 10 mM EDTA, 5 mM PMSF). The pellet
was resuspended, then 5 mM B-Me and 1 mg/ml lysozyme was added and the sample was
stirred at 4°C for 30 m. Cells were further lysed by sonication 3X on ice for a total of 1
m, pulses at 1 s on and 2 s off, in volumes of no more than 40 ml at a time. The sample
was then centrifuged at 100,000 x g for 2 h. The pellet was resuspended in lysis buffer
and centrifuged at 10,000 x g for 20 m. The supernatant was collected and centrifuged at
100,000 x g for 2 h. The membrane pellets were then re-suspended in cold salt wash
buffer (20 mM Tris pH 8.0, 500 mM NaCl, 5 mM BMe, 5 mM PMSF, 10 mM EDTA)
and stirred overnight at 4°C. The next day, the salt-washed membranes were centrifuged
at 100,000 x g for 2 h, the pellet was then re-suspended in cold storage buffer (20mM
Tris pH 8.0, 0.1 M NaCl, 5 mM BMe, 20 % v/v glycerol & protease inhibitor cocktail
tablets (Roche)). The homogenous membrane mixture was then aliquoted and frozen at -

80°C.

EnvZ Purification

Membranes were solubilized in solubilization buffer (20 mM Tris pH 8.0, 20 mM
FC-12,0.3 M NaCl, 1 mM MgCl,, 5 mM Me) and stirred overnight at 4°C. Solubilized
membranes were centrifuged 100,000 x g 2 h. The protein was purified on a Ni-NTA
column (Qiagen) and the detergent was exchanged by washing with Wash buffer (20 mM

Tris pH 8.0,0.2 M NaCl, 4 mM FC-12, 10 mM imidazole, 3 mM BMe). The protein was
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eluted with Elution buffer (20 mM Tris pH 8.0, 0.2 M NaCl, 4 mM FC-12, 0.3 M
imidazole, 3 mM [Me) and concentrated to 2 ml using a Vivaspin concentrator and
injected on a S200 16/60 size exclusion column (Pharmacia) with FPLC buffer (20 mM
Tris pH 8.0, 0.2 M NaCl, 1| mM DTT, 1 mM EDTA, 2 mM FC-12). To digest with
thrombin, a 1:200 molar ratio of thrombin:protein was added and the sample was
dialyzed overnight at 4°C, post Ni-NTA purification. Following cleavage on the next
day, the thrombin and uncleaved protein were removed by purification on a benzamidine
and Ni-NTA column, the protein was concentrated to 2 ml and purified via size exclusion

chromatography as stated above.

OmpR and EnvZ Cytoplasmic Domain Purification

Cells were lysed as stated above using Lysis buffer (20 mM Tris pH 8.8, 0.3 M
NaCl, 1 mM imidazole, 5 mM PMSF, 5 mM Me). Protein was purified on a Ni-NTA
column (Qiagen), washed with Wash buffer (20 mM Tris pH 8.8, 0.3 M NaCl, 20 mM
imdazole), and eluted with Elution buffer (20 mM Tris pH 8.8, 0.3 M NaCl, 0.25 M
imidazole, 2 mM CaCl,). Thrombin (Sigma) was added with a 1:2000 dilution, and
dialyzed overnight 4°C, 3500 MWCO tubing in dialysis buffer (20 mM Tris pH 8.8, 0.3
M NaC(l, 2.5 mM CaCl,). After thrombin cleavage, the protein was purified on Ni-NTA
and benzamidine resin to remove uncleaved protein and thrombin. The sample was
concentrated in a Vivaspin concentrator and injected on a S200 16/60 size exclusion
column (Pharmacia) with FPLC buffer (20 mM Tris pH 8.8,0.2 M NaCl, 5 mM DTT, 1

mM EDTA).
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[y-32P] ATP Kinase Assay

1 uM of protein was added to the reaction mixture (100 mM Tris pH 8.0, 100 mM
KCl, 10 mM MgCl,, 10% glycerol) along with 20 pM cold ATP, 10 pCi [y **P] ATP in a
total volume of 20 pl, and incubated at room temperature for 15 m. For EnvZ/OmpR
phosphotransfer, the complex was incubated at room temperature for 10 m before and
after addition of ATP. 10 ul of 2X SDS PAGE sample buffer was added to stop the
reaction. Samples were heated in a 95°C water bath for 2 m and loaded on a 10% SDS
polyacrylamide gel along with the Biorad precision plus pre-stained molecular weight
marker.  The gel was incubated with amberlite cation/anion exchange resin
(Polysciences, Inc., polylite MB-3) to absorb free [y *P] ATP, dried, then exposed to

KODAK BioMax XAR film for analysis.

[-galactosidase Assay

RU1012 cells or MC4100 cells were electroporated with the recombinant plasmid
of choice and spread. The next day colonies were picked and a 5 ml overnight culture
was made. Cells were diluted 1:100 into 150 ml Loria Broth (EMD). Cells were then
grown to mid-log phase and induced with 0.5 mM IPTG. 10 ml aliquots were taken out
before induction and 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, 3 h, and 20 h post induction, harvested
and frozen in -80°C.

Cells were thawed and resuspended in chilled Z buffer (0.06 M Na,P0,7H,0O,
0.04 M NaH,PO,H,0, 001 M KCl, 0.001 M MgSO,, 005 M BMe, pH 7.0) and
normalized to 0.2 ODy,,. A fraction of cells were taken out and diluted to about 1:2 with

Z buffer for a total of 1 ml, if this ratio did not yield a sufficient yellow color, the ratio
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was changed by the addition of more cells (or less cells if sample turned yellow too fast).
The cells were permeabilized by the addition of 100 pl chloroform and 50 pl 0.1% SDS,
then vortexed and equilibrated for 5 m in a 28°C water bath. The reaction was started by
the addition of 0.2 ml 4 mg/ml ONPG, followed by incubation at 28°C. The reaction was
terminated by the addition of 0.5 ml 1 M Na,CO, once a sufficient yellow color
developed. Cells were centrifuged at 17,000 x g for 5 m to remove chloroform and cell
debris. OD,,, and OD4,, was recorded for all samples to calculate the units of activity

61).
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4.7 Figures
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Figure 4.1: Schematic Representation of EnvZ’s Domain Organization.

(A) EnvZ is composed of two-transmembrane domains (blue), a periplasmic sensor
domain, and a cytoplasmic domain composed of a HAMP Linker (green), DHp (gold),
and CA domain (orange). (B) EnvZ domain organization when Mistic is NH2-terminally
fused.
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Figure 4.2: Purification of EnvZ, Misticated-EnvZ, and OmpR.

Size exclusion chromatogram profiles of EnvZ (A), Misticated EnvZ (B), and OmpR (C)
from a FPLC run on a S200 16/60 column, post Ni-NTA affinity chromatography.
Coomassie stained SDS-PAGE gels of the peak fractions are shown below each
chromatogram.

A. B
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9 10 11 12 13

Figure 4.3: [y-32P] ATP Kinase Assay Detecting Autophosphorylation and
Phosphotransfer of EnvZ and Misticated EnvZ.

Autoradiogram of samples which were incubated in the presence of [y-32P] ATP as
described previously. Lane 1: EnvZ cytoplasmic domain; Lane 2: OmpR; Lane 3:
EnvZ; Lane 4: EnvZ (upper band) and OmpR (lower band); Lane 5: EnvZ and OmpR
D55Q; Lane 6: EnvZ H243V; Lane 7: EnvZ H243V and OmpR; Lane 8: OmpR
D55Q; Lane 9: Misticated EnvZ; Lane 10: Misticated EnvZ (upper band) and OmpR
(lower band); Lane 11: Misticated EnvZ and OmpR D55Q; Lane 12: Misticated EnvZ
H243V; Lane 13: Misticated EnvZ H243V and OmpR.
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Figure 4.4: B-Galactosidase Assay using the MC4100 and RU1012 E. coli strains
illustrating EnvZ and Misticated EnvZ Activity.

(A) The MC4100 E. coli strain illustrating that any B-galactosidase activity (in Miller
Units) is a result of the production of B-galactosidase produced by the lac-Z reporter
gene. The following samples were tested: no vector control, EnvZ, EnvZ H243V mutant,
Mistcated EnvZ, Misticated EnvZ H243V, and Misticated KvPAE. 10 ml aliquots of
cells were harvested and frozen 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 20 h post mid log phase.
The Miller Assay was completed when all aliquots were collected.
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p-Galactosidase Assay using the MC4100 and RU1012 E. coli strains

illustrating EnvZ and Misticated EnvZ Activity.

Figure 4.4

(B) The experimental RU1012 [®(ompC-lacZ)10-15, A envZ:Km'] E. coli strain was

tested to measure downstream signaling of EnvZ and Misticated-EnvZ as a result of -
galactosidase activity (in Miller Units). The following samples were tested: no vector

10 ml aliquots of cells were harvested and frozen 0.5, 1.0, 1.5, 2.0,

2.5, 3.0, and 20 h post mid log phase. The Miller Assay was completed when all aliquots

control, EnvZ, EnvZ H243V mutant, Mistcated EnvZ, Misticated EnvZ H243V, and
were collected.

Misticated KvPAE.
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CpxA

Figure 4.5: The Complexity of OmpC and OmpF Porin Expression Regulation.
These are a number of the several different factors within the cell which are involved in
the regulation of OmpC and OmpF porin expression. Various constituents illustrated
include regulatory sRNAs (green circles), indirect and direct protein regulators (multi-
colored boxes). The — symbol represents gene activation and -| represents gene
repression.
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5.1 The NMR Solution Structure of Human Integral Membrane Protein 3

5.1.1 Introduction

The progression of structure determination of integral membrane proteins has
been hindered by the complexities associated with membrane protein overexpression,
solubilization, and purification. The ability to obtain quality X-ray crystal diffraction has
proven difficult due to the disordered nature of the membrane protein crystals. Moreover,
NMR spectra analysis has been hindered by signal broadening caused by intrinsic internal
mobility of the helical membrane proteins and low overall tumbling rate of large protein
detergent complexes, because of the need for detergent for protein solubilization. The
recent progress of structure determination of membrane proteins by methods such as X-
ray crystallography, NMR, electron diffraction and cryo-electron microscopy has been
slow. Only 1288 transmembrane protein structures has been determined according to
PDBTM (October 2010, http://pdbtm.enzim.hu/.) (/, 2), and 1066 membrane protein
structures  solved according to Membrane Protein Data Bank (MPDB,
http://www.mpdb.tcd.ie/) (3). The numbers reported by those databases include whole
membrane proteins, membrane protein fragments, and non-unique structures deposited to
the PDB. These numbers correspond to less than 3% of all protein structures deposited
into the PDB, and represent less than 1% of known structures of unique proteins. Where
as an even smaller number of 261 unique whole membrane protein structures have been
determined according to the Stephen White laboratory database (October 2010,
http://blanco.biomol.uci.edu/Membrane Proteins xtal.html). ~Although the number
reported by the Stephen White laboratory includes mostly crystal structures and excludes

some NMR structures this number is still rather small in comparison to the total number
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of protein structures that have been deposited into the Protein Data Bank, which is about
68,998 (November 2010). Due to these obstacles and the current need for new unique
membrane protein structures, for a better biological and biochemical understanding of
function and for structure based drug design, there is a large effort to find new methods to

overcome these bottlenecks.

One such newly developed technique that can be utilized to overcome these
difficulties is the cell-free combinatorial dual-labeling (CDL) strategy. The CDL strategy
combines of the efficient and fast cell-free (CF) expression and rapid NMR analysis to
quickly determine the structures of integral membrane proteins. This strategy has been
previously used to determine the backbone structures, within 8 months, of the
transmembrane domains of three classes of E. coli histidine kinase receptors, ArcB,
QseC, and KdpD (4). To gain a better understanding of this technique and because my
attempts at solving the solution structure of the 2 transmembrane domain and
extracellular domain of the histidine kinase receptor EnvZ were unsuccessful, I decided
to try and solve the structure of a human integral membrane protein, which due to our
preparation for publication, I will refer to as human integral membrane protein 3

(hIMP3).

5.1.2 EnvZ’s large periplasmic sensor domain and requirement for detergent
provided obstacles in obtaining quality NMR spectra
The histidine kinase receptor EnvZ is a 450 amino acid integral membrane protein

which was discussed in detail in chapters 3 and 4, and was my initial target in trying to
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solve the solution structure by NMR. Since EnvZ in whole is about 50 kDa in size, we
decided to truncate the protein and separate it into fragments that would be more likely to
possess uniform structural properties and dynamics behavior, necessary for success at
obtaining good quality NMR spectra. Since the NHj-terminal portion of EnvZ is
composed of an NH,-terminal cytoplasmic tail (AA1-15), two transmembrane domains,
TM1 (AA16-47) and TM2 (AA163-179), surrounding a periplasmic sensor domain
(AA48-162) we decided to include these secondary structural elements into our construct.
We thus created the boundary cut off at the charged residue of Glu190, which will result
in a construct containing two transmembrane domains and the periplasmic sensor domain

at a size of 22 kDa.

Multiple parameters were tested to obtain the highest quality NMR spectra
possible. Detergent type and concentration were two of the first parameters to be tested
and we found that EnvZ (1-190) behaved best in 50 mM FC-12 with a protein:detergent
molar ratio of about 1:500 to 1:1000. Salt concentration was also adjusted and we found
that removing the salt in the sample increases sensitivity and thus spectra quality. After
screening temperature and pH we found that the lower pH of 4.8 and a temperature of
45°C also aided in obtaining a better spectra. We have also created multiple truncated
constructs by varying the position of the COOH-terminal residue cut off such as creating

EnvZ (1-180) and EnvZ (1-158), however these samples did not show an improvement.

Although we optimized the conditions for EnvZ (1-190) by testing multiple
parameters to improve sample behavior and spectral data collection we were not able to

obtain spectra of sufficient quality to begin assignment. If we increased the detergent
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concentration, the peaks within the a-helical and transmembrane regions improved, but
caused the peaks within the p-sheet region to disappear (Figure 5.1.1). However, if an
insufficient amount of detergent is added to the sample, some peaks in the -sheet region
would appear, but the transmembrane domains appear to destabilize causing signal
broadening within the a-helical region. The high detergent concentration could cause the
soluble periplasmic domain to unfold, since we do not see the expected p-sheet cross-
peak pattern as seen in previous NMR studies (5) on the periplasmic domain of EnvZ
(region highlighted in blue Figure 5.1.1). Usually the dispersion and deviation from
random coil values (about ~8.1-8.5 ppm range for 'H) for B-sheets is much better, than
for a-helices; however, the dispersion in our EnvZ (1-190) spectra is not enough to
expect B-sheet structure. The EnvZ (1-190) spectra contain two types of signals, one
being sharp and rounded (most likely the periplasmic domain) and one being broad and
unresolved (most likely the transmembrane regions), which confirm non-uniform
dynamics behavior of the periplasmic domain and transmembrane regions of EnvZ (1-
190). Further improvement of the NMR parameters will need to be addressed to increase

the quality of the spectra before assignment can be initiated.

5.1.3 Expression, Data Collection, and Assignment of hIMP3

hIMP3 was synthesized by utilizing the precipitating CF (p-CF) expression mode
(6), where it was created as a precipitate that is subsequently solubilized by the lipid-like
detergent LMPG. LMPG is a detergent of choice because (1) it successfully solubilizes

most of the CF-expressed proteins from precipitant and (ii) it allows for the mobility of
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the protein inside the micelle thus sharpening the resonance lines (6, 7). The CF
expression system is very useful because it enables preparative scale expression of hIMPs
in combination with unique isotopical labeling possibilities. Further, it does not require
purification or the addition of affinity tags, and NMR studies can be completed directly
after expression and solublization. One batch yielded about 3 mg after an overnight

expression in 3 ml.

In order to speed up the NMR spectra assignment process that is completed by
sequential assignment of backbone resonances we exploited the CDL strategy that was
recently created for membrane proteins. With the use of the CDL strategy we designed a
combinatorial selective '°N- and 1-"*C-labeling scheme individually optimized for hIMP3
amino acid sequence. The scheme contains 6 samples with different sets of '°N- and 13C-
labeled amino acids. The combinatorial approach reduces the number of samples that are
required to assign the second ’N-labeled amino acid in every pair in a sequence, and
optimization of the scheme for particular protein sequence minimizes the spectral
complexity of every sample in the scheme. After 6 CDL samples were expressed using
the p-CF system, ['H-""N]-TROSY-HSQC and 'H-""N plane of HNCO spectra were
collected for each CDL sample. The spectra were then analyzed, and about 26 % of the
protein backbone assignment was completed within a day for a majority of unique amino
acid pairs in the sequence. These unambiguous assignments were used as valuable anchor
points for further sequential assignment of the remaining resonances by analyzing 3D-

HNCA, -HNCOCA and -HNCACB spectra.
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For some strongly overlapping and thus remaining more challenging cross-peaks
in the transmembrane regions we used single amino acid labeling in combination with
point-directed assignment which follows the same idea as CDL strategy by just using one
sample. Again, this is based on single amino-acid type selective dual-isotope ("°N-"°C)
labeling of two types of amino acids that are located consecutively in a protein sequence
(8). Cross-peaks in both the ['’N-'"H]-HSQC and the HNCO spectra will appear for every
pair of residues in which the first amino acid is labeled with *CO and the second is
labeled with ’NH (Figure 5.1.2). A 3D NOESY spectrum with a mixing time of 120 ms
was measured to facilitate sequential assignment and to obtain assignment of side chain
Ho, HB and Hy protons. Currently, we have approximately 71 % of the protein assigned

(Figure 5.1.3).

5.1.4 Structure Determination of hIMP3

A common method for deriving interatomic distance information is through use of
the Nuclear Overhauser effect (NOE) spectroscopy (NOESY), where the volumes of
cross-peaks relate to the distances between spatially close spins. However, there are
several limitations of NOE-based approach in membrane protein NMR: (i) only distances
below 6 A could be detected without special labeling (like partial deuteration of the
protein in order to reduce very fast relaxation of "H magnetization), which is much less
than an average distance from backbone HN group (usually used for direct detection) and
most of the 'H atoms on neighboring TM helix; (ii) therefore the sidechain-sidechain

NOEs are very important but they are very difficult to obtain because the strong and
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sharp 'H resonances from detergent interfere with analysis of these NOEs; (iii) internal
mobility of membrane protein TM domains in millisecond timescale (comparable with
mixing times) broadens resonances and averages NOE values. We therefore turned to an
alternate method known as the PRE (paramagnetic relaxation enhancement) effect to

determine distances.

The PRE approach relies on relaxation enhancement of the 'H atoms of a protein
caused by external or internal, covalently bound to the protein, paramagnetic label. The
most efficient approach, described (9, 10) uses paramagnetic spin labels attached to the
cysteine residues introduced into the protein of interest by mutagenesis. The PRE of 'H
atoms located within 14-25 A from the label can be measured and converted to the

distance restraints similar to the NOE data.

Six cysteine mutants were created, p-CF expressed and ['’N-'H]-TROSY-HSQC
spectra were taken for hIMP3 samples before labeling, with paramagnetic spin label, and
with sterically similar diamagnetic spin label. The integral intensities of the cross-peaks

were measured in these spectra and used to derive the long-range distance constraints as

described in (/0).

The structure was calculated by using the *C* and *CP chemical shift deviations
from the “random coil” values, which defined the torsion angle restraints for helical
regions (/1, 12), and the long-range distance constraints derived by analysis of the PRE
data. The backbone spatial structures of hIMP3 was calculated through an interactive
procedure that included structure calculation by the CYANA program (/3) followed by

the distance constraints refinement. The 20 conformers from the last CYANA calculation



110

cycle with the lowest target function were analyzed (illustrated in stereo in Figure 5.1.4).
The stable regions spanning residues 14-87 of the best 20 structures are shown
superimposed by the coordinates of the backbone atoms of hIMP3 helical regions 17-22,
30-46, and 65-82. The NMR solution structure of hIMP3 consists of two transmembrane
domains (residues 30-46 and 65-82) and an N-terminal cytosolic a-helix (residues 17-22)

(Figure 5.1.5).

5.1.5 Discussion

Although initial attempts at solving the solution NMR structure of EnvZ (1-190)
proved unsuccessful, I was able to rapidly assign NMR resonances for the 2-TM integral
membrane protein hIMP3 using the CDL strategy. This assignment was completed within
just a few weeks allowing us to build a preliminary 2 TM structure of hIMP3. The
development of the CDL strategy (4) has created a technique that can be used for the
rapid production of membrane proteins through CF expression and NMR analysis. With
only 20 human integral membrane protein structures known so far
(http://blanco.biomol.uci.edu/Membrane Proteins_xtal.html), this technique allows for a
potential increase in the number of membrane protein structures available. As I have
illustrated here, the structure of a human integral membrane protein can be solved using
this method within a only a few months time and can thus be a powerful tool for structure

based drug design.
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5.1.6 Materials and Methods

NMR experiments

High-resolution NMR spectra were recorded at 37° C on a Bruker 700 MHz
spectrometer, equipped with five radio-frequency channels and a triple-resonance Cryo-
probe with a shielded z-gradient coil. [°N, "H]-TROSY-HSQC and TROSY-based (/4)
HNCO experiments were measured for each selectively ['°N, *C]-labeled sample for
combinatorial assignment. TROSY-based experiments HNCA, HNCO (/5), HNCACB,
and HNCOCA (16), as well as 3D ""N-resolved TROSY-['H, '"H]-NOESY (mixing time
120 ms) were also used for sequential assignment of backbone 'H, "N, "°C, and side

chain 'H resonances.

The CDL strategy

The CDL strategy is composed of four steps: (i) designing the combinatorial
labeling scheme; (ii) parallel expression of CDL samples (p-CF expression system) (3.0
ml of reaction mixture for each CDL sample of hIMP3) and solubilization in the same
buffer which eliminates any differences in cross peak positions; (iii) short measurement
of ['H-""N]-TROSY-HSQC and 2D-HNCO spectra (about ¥ -1% hour per spectrum) for
each CDL sample, all the samples for the combinatorial assignment for hIMP3 were
measured in only 1-2 days; (iv) analysis of the spectra and assignment of "H-""N cross

peaks using the CARA program (/7).
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Point-directed assignment

The point-directed assignment is based on selective dual isotope ("°N and C)
labeling of two types of amino acids, located consecutively in a protein sequence. For
every pair of residues in which the first amino acid is labeled with *C° and the second
amino acid is labeled with >N, cross peaks in both the ['"N-'H]-HSQC and the HNCO
spectra arise (8). If the second amino acid in a pair is labeled with "N and the first
amino acid is not labeled with *C°, there will only be a cross peak in the HSQC
spectrum. For pairs in which the second amino acid is not labeled with '°N, there will be
no cross peaks in either spectrum. By analyzing the presence and absence of cross peaks
in the ["’N-"H]-HSQC and the HNCO spectra recorded from a selectively labeled sample
one can define the type of amino acids for backbone resonances participating in these
cross peaks, and assign them to a particular amino acid pair. If a pair is unique in the
sequence, an exact assignment of the 'H", "N, and *C° resonances to the residues that

comprise that pair is instantly made.

Paramagnetic Relaxation Enhancement

Measurement of the paramagnetic relaxation enhancement (PRE) effect was
performed as described (9, 10). ['°N, 'H] TROSY spectra were measured consequently
with all cysteine mutants before spin labelling, after the labelling with MTSL (oxidized
form) or DML (equivalent of reduced state). All the spectra were transformed identically,
and their integral intensities were calibrated against the intensities in the spectra of the

DML-labeled samples using 8-12 cross peaks with the minimal relative signal decrease.
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Distance constraints were derived from the measured PRE effect according to the

procedure described in reference (10).

Solution NMR analysis of H-D exchange

The stability of the secondary structure of the hIMP3 TM domains was studied by
exchange of backbone labile protons to solvent deuterons. The '*N-labeled protein was
expressed in the p-CF mode in 100% H»O and solubilized by 2% LMPG in 100% D,O.
The [N, 'H]-TROSY-HSQC spectra were collected starting at 10 minutes after
solubilization. Analysis of localization of the HN protons, demonstrating slow exchange
to solvent deuterons, showed that the majority of backbone amide hydrogen’s located in

the TM helices participated in stable hydrogen bonds.

Structure calculation and analysis

Torsion angle restraints were defined from the C® and BCP chemical shift
deviations from the “random coil” values (//, 12). The long-range distance constraints
were derived by analysis of the PRE effect as described above. An interactive procedure,
which included structure calculation by the CYANA program (/3) followed by the
distance constraints refinement, was used to calculate the backbone spatial structures of
hIMP3. The 20 conformers with the lowest target function of the last CYANA calculation

cycle were analyzed and presented in Figure 5.1.4.
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Figure 5.1.1: EnvZ (1-190) ["'N]-TROSY-HSQC NMR spectra in high detergent
concentration.

EnvZ (1-190) [15N]-TROSY-HSQC NMR spectra in 50 mM FC-12, 20 mM MES pH
4.8, at 45°C (318K) illustrates missing peaks in the expected [3-sheet region (blue).
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['H-"*N]-TROSY-HSQC ("°N-Arg)
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Figure 5.1.2: Overlaid ['"H-"N]-TROSY-HSQC NMR spectra of °N-Arg, 1-*C Met

labeled hIMP3.

The ['H-"’N]-TROSY-HSQC spectra (black) overlaid with the ['H-""N]-TROSY-HSQC
plane of an -HNCO experiment (red).
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Figure 5.1.3: Assignment of hIMP3 ['H-"*N]-TROSY-HSQC spectra.
The assignment of the HN cross-peaks to the specific residue in the hIMP3 sequence is
shown by blue numbers.
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A.

Figure 5.1.5: NMR solution structure of hIMP3.

hIMP3 consists of two transmembrane domains, illustrated in green and blue (residues
30-46, and 65-82), and one NH,-terminal cytosolic a-helix (residues 17-22) shown in
silver. (A) Depicts the front view of hIMP3 and (B) is rotated 90° around the y axis.
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5.2 The crystallographic structure of NH,-terminal domain of the NMDA receptor
GluN1

The following experiments were done collaboratively between Choe and

Nakagawa laboratories.

5.2.1 Introduction

The major excitatory neurotransmitter, L-glutamate is found in the mammalian
brain and plays an important role in brain development and function. When L-glutamate
is released from the presynaptic nerve terminals, it diffuses across the synaptic cleft and
activates a class of ligand-gated ion channels, known as the ionotropic glutamate
receptors (iGluRs), located in the post-synaptic membrane (/8, 79). Three subfamilies
constitute the iGluR family and are classified based on their selective agonist binding
properties and sequence similarity of the receptor subunits (20-22). These subfamilies are
the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) (GluA1-GluA4),
kainate (GluK1-GluKS5), and N-methyl-D-aspartate (NMDA) (GluN1, GIuN2A-GIuN2D,

GluN3A-GluN3B)(23-27).

In order to activate members of the NMDA receptor subfamily, both L-glutamate
and glycine agonists have to bind and membrane depolarization has to take place to
relieve a Mg”" block (28, 29). Signal transduction cascades that control synaptic strength
related to neuronal development and memory formation are activated when the NMDA
receptor opens causing the entry of Ca® into the postsynaptic space (30-32). These
receptor channels are the trigger for processes that lead to synaptic plasticity,
synaptogenesis and excitotoxicity (33-35). The dysfunction of these receptors has been

correlated with many different neurological and psychiatric disease states, such as
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epilepsy, neuropathic pain, schizophrenia, seizure, stroke, Alzheimer’s and Parkinson’s

disease, and are thus important therapeutic targets (36, 37).

The NMDA receptors are composed of a similar topology consisting of four
domains. The large extracellular domain is divided into two sub-domains, an NH;-
terminal (NTD) and a ligand binding domain (LBD). The LBD is responsible for
glutamate and glycine binding and initiates the opening of the channel. The channel pore
is composed of three transmembrane domains (TMD) containing a re-entrant pore loop
(38). The last domain is the cytoplasmic COOH-terminal domain (CTD), which is

responsible for interactions with cytosolic proteins and signal transduction cascades (39).

NMDA receptors are assembled as obligate heterotetramers (27) and most of
these receptors are composed of 2 GluN1 subunits coupled with 2 GluN2 subunits, or 1
GluN2 and 1 GIluN3 subunit (27, 40, 41). Here we report the crystallographic structure of
the GluN1 NTD, which was expressed and crystallized by Anthony N. Farina from
Terunaga Nakagawa laboratory. The GluN1 NTD structure was determined to 3.4 A
resolution limit and refined to R=21.6% and R;..=26.7%. We investigate why molecular
replacement was unsuccessful, and why a combination of SIRAS and SAD using iodine
signal had to be used. The GluN1 NTD crystals were also examined to explain why they
contained a high solvent content of 71% and if this is an outlier of the Matthews
coefficient distribution. The GluN1 NTD is an important part of NMDA receptors, and its

structure can lead to insights regarding biological function of glutamate receptors.
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5.2.2 Determining the phases using a combination of SIRAS and SAD

After collecting the native data set with gluN1-NTD crystals diffracting to 3.4 A
on our Rigaku MicroMax-007 home source X-ray, we first attempted to determine the
phases using molecular replacement. These initial attempts were to select search models
based on previous glutamate receptor NTDs, because they seem to be composed of a
conserved 2 sub-domain clam-shell motif. Searching the Protein Data Bank
(http://www.rcsb.org/pdb/) for previously solved glutamate receptors, the following
models were selected: the kainate receptor GluR6 NTD (PDBID-3H6G) (42), the AMPA-
receptor GluA2 NTD (PDBID-3KG2) (43), and the NMDA receptor NR2B NTD
(PDBID-3JPW) (44). However the molecular replacement program Phaser v. 2.1.4 (45,

46) output incorrect solutions that would not refine.

Since molecular replacement did not yield successful solutions, alternative
methods for determining the structure were investigated. By growing the crystals in the
presence and in the absence of Nal, iodine incorporation into the crystal grown with Nal
was confirmed during the data processing step by comparing the %* values of equivalent-
reflections-merged data with Friedel pairs included and not included during the merging
process. The benefit of using iodine is that this heavy atom has a high anomalous
scattering signal (~7 electrons) at our home X-ray source (CuKa anode, wavelength
1.5418 A), in comparison many other heavy atoms. Bromine, for example, has as a low
anomalous scattering signal (~1.25 electrons) at CuKa wavelength and requires the use
of a tunable synchrotron X-ray source where you can tune the wavelength to the

absorption edge of bromine. Even after tuning the X-ray to the absorption edge of
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bromine at the synchrotron, bromine still emits almost 2X less anomalous scattering
signal (~3.7 electrons) when compared to iodine anomalous scattering signal on our
home X-ray source Figure 5.2.1. This high anomalous scattering signal allowed enabled
the single wavelength anomalous dispersion (SAD) phasing method. Additionally, by
collecting a data set from native crystals (crystals grown without Nal), a combination of
SAD and single isomorphous replacement with anomalous scattering (SIRAS) methods
of phasing could be used. The additional benefit of this procedure was that it allowed us
to be able to determine the structure without shipping the crystals to the synchrotron, or

subjecting them to radiation damage often caused by synchrotron radiation.

Using the autoSHARP (47, 48) program from the CCP4 suite (46), which
combined SIRAS and SAD with iodine signal, we were able to locate the iodine atom
sites and improve phases through solvent flattening, which yielded electron density maps
that permitted the manual building of the protein chains in COOT version 0.6.2-pre-1
(49). The final solution contains three molecules in the asymmetric unit, which are
arranged in space group P3;21 with unit cell dimensions a = b = 164.7, ¢ = 147.3. The
native data set was used for final refinement, which was completed after multiple cycles
of refinement using REFMAC V 5.5.0109 (50) utilizing non-crystallographic symmetry
(NCS) restraints between chains and converged to R=21.6% and Rp..=26.7% (Table

5.2.1).
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5.2.3 Crystal structure of NH; terminal domain of GluN1

The monomeric GIuN1 NTD possesses a clamshell-like architecture similar to the
structures of other glutamate receptor domains and is further divided into two sub-
domains, R1 and R2, that are connected by three loops (Figure 5.2.2 A). The NH,-
terminus begins with R1 and the COOH-terminus ends in the R2 domain where the loop
regions that compose domains R1 and R2 create three interdomain crossings. GluNI1
NTD contains six potential sites of N-linked glycosylation, in which five of these six N-
acetyl-glucosamine sites (Asng;, Asnpos, Asnpig, Asnyze, and Asnsg) are seen in the

electron density.

Four GIuN1 NTD monomers make up a tetrameric assembly in which each
monomer is listed as mA, mB, mC, mD (Figure 5.2.2 B). Two distinct dimers compose
the GIuN1 NTD tetramer. Dimer 1 is composed of monomers mA-mB and mD-mC
(Figure 5.2.3 A). In this dimer, the dimeric interface is composed of residues found
within the R1 sub-domains of each monomer. Dimer 2 is composed of monomers mB-
mC and mD-mA (Figure 5.2.3 B). Dimer 2 differs from dimer 1 in that the dimeric
interface is composed of residues found in the R1 and R2 sub-domains of one monomer
and the R2 sub-domain of the second monomer. The biological relevance of these

different oligomeric assemblies will still need to be investigated.

The packing arrangement of GluN1 NTD contains a basic repeating tetramer with
a pseudo two-fold axis of symmetry separated by large gaps of solvent in between

(Figure 5.2.4 A-B). Interestingly, by looking at the packing arrangement of the tetramers
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one can visualize the high solvent content of 71% contained within the GluN1 NTD

crystals. The high solvent content is addressed in a later section.

5.2.4 Why molecular replacement did not work

The root-mean-square deviation of the models from our solved structure, which
was calculated after we solved it by the combination of SIRAS and SAD, turned out to be
3.77 A for GluR6 NTD (42), 2.72 A for NR2B NTD (44), and 3.64 A for GluR2 NTD
(43), as determined by the program Superpose (5/) using structural alignment based on
secondary structure matching in the CCP4 suite (46). When these three structures were
superimposed using SSM in COOT version 0.6.2-pre-1 (49), we found that although the
overall clam-shell like motif is similar, there are major differences in not only the loop
regions, but also in the Ca backbone trace (Figure 5.2.5). These differences could be one
of the factors that caused our attempts at finding phases using molecular replacement to
fail. We attempted many different combinations of molecular replacement by creating
search models using poly-alanine chains, homology models, and searching for truncated

domains without loop and linker regions.

In addition to the problems with structural similarities between the structure and
the models used in molecular replacement, the high solvent content contributed to the
difficulties of obtaining the correct molecular replacement solution. Most of the
molecular replacement programs predicted 4-5 molecules in the asymmetric unit based
on the Matthews coefficient and the solutions did not have any clashes when symmetry
equivalent molecules were generated. However, such solutions would refine with a high

R-factor ~50%.
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5.2.5 Is having such a high solvent content an outlier of the Matthews coefficient
distribution?

In X-ray crystallography one of the first steps in structure determination is
estimating the number of molecules in the asymmetric unit. Solvent occupies a large
percentage of the volume of a protein crystal. In 1968 and 1976, Matthews noticed that in
the majority of structures the solvent occupied, on average, about 43% of the crystal
volume (52, 53). He found that the distribution of the Matthews Coefficient (V) was
useful in the analysis of protein crystals to estimate the number of molecules per
asymmetric unit, especially for crystals in the molecular weight range under 70 kDa.
Although decades have passed since Matthew’s original studies of solvent content in
protein crystals, the Matthews Coefficient is still used today for analysis of protein and
solvent content of the asymmetric unit. The solvent content and V,, of a crystal can be
calculated by two factors, the unit cell dimensions and the molecular weight of the
molecules within that unit cell (52). Solvent content is also important in SAD
experiments, in which it is needed in order to use the technique of solvent flattening (54-
56). Solvent flattening resolves phase ambiguity and improves the quality of the phases

and thus the electron density as well.

In 1968 Matthews observed that the average solvent content of protein crystals
was 43% (52) and a study completed in 2003 by Kantardjieff and Rupp comparing V,
and resolution of diffraction data suggests that crystals with a lower solvent content tend
to diffract to a higher resolution (57). However, our GIuN1 NTD crystals contained a

relatively high solvent content, 71%, in comparison to Matthew’s observed average of
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43%, and diffracted to 3.4 A on our home source and 3.0 A at the synchrotron. Initial
inspection of the Matthews Coefficient for our GluN1 NTD crystals based on Matthews
Vo distribution from 1968, one would assume that there were about 5 molecules per
asymmetric unit, yielding a Matthews Coefficient and solvent content of V,, =2.55 A*/Da,
51.73%. However, upon determining the structure for GluN1 NTD we discovered that
there were three molecules per asymmetric unit yielding a Matthews Coefficient of V,, =
4.24 A’/Da and 71.04% solvent. Besides the discrepancy between the models we used
and the final solution, the number of molecules in the asymmetric unit based on the
Matthews coefficient was another factor contributing to our unsuccessful attempts at

molecular replacement.

To determine how common this occurrence is in the Protein Data Bank
(http://www.rcsb.org/pdb/), we decided to perform a search for unique protein structures
(with a sequence identity cut off set at 90 %) solved with crystals containing a high
solvent content. After searching the PDB for structures with a solvent content above 71%
between the X-ray diffraction resolution of 1 A to 5 A resolution limit, we found that
there are over 1000 structures deposited (November 2010). The majority of these protein
structures lie between the X-ray resolution limit range of 2.5 A to 3.0 A, about the
resolution range of our GluN1 NTD crystals (Figure 5.2.6). Moreover, a large portion of
these structures, about ~ 36 %, diffract to 2.5 A limit or better. Interestingly, five of the
structures lie in the resolution limit range between 1.0 A to 1.5 A and include the
following PDBID’s: 3EOJ, 2FGQ, 1YBK, 1XUX, and 1LLM. These outlier structures

consist of proteins, peptides, protein-DNA complexes, and RNA.
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In addition to the many structures that have been deposited in the PDB with a
high solvent content, a previous study has shown a correlation between the solvent
content of a crystal and its symmetry. When 9081 protein crystal structures deposited in
the PDB were examined for solvent content, Matthews coefficient, and oligomeric state,
it was found that higher symmetry is related to higher solvent content (58). In this study it
was found that those crystallizing in higher crystal systems, such as the hexagonal and
cubic systems, the mean Matthews coefficient and solvent contents were V,, = 3.08
A3/Da, 57 % solvent content, and V,, = 3.44 A3/Da, 61 % solvent content, respectively.
When this study compared and ranked the Matthews coefficient and solvent content as a
function of the 28 most frequent space groups, P3;21 was ranked number 10, with an
average Matthews coefficient of ¥, = 2.96 A*/Da, 56% solvent content, and space group
P2,2,2; ranked at number 1. Space groups /4, 1422, 14122 and P63;22 had the highest
solvent content ranging from 57 % to 76 %. Similar to GluN1 NTD, other glutamate
receptor NH, terminal domain structures like NR2B NTD (44) and GluR6 NTD (42),
have also been solved in the high symmetry primitive hexagonal Bravais lattice and both
also contain a high solvent content of 77 %. The findings of this previous study correlates
not only with other glutamate structures but also with our GluNl NTD structure
crystallizing in the higher symmetry hexagonal crystal system with the space group

P3,21 and provides insight into the high solvent content in terms of symmetry.
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5.2.6 GluN1-NTD N-linked glycosylation sites determined by SELDI

Since GIuN1-NTD was expressed and treated with endoglycosidase H (Endo H)
before crystallization, we decided to determine the exact number of glycosylation sites in
the sample that was being crystallized. To do this we utilized surface-enhanced laser
desorption/ionization time of flight (SELDI-TOF) mass spectrometry to evaluate the
masses of purified GIuNI-NTD before and after treatment with EndoH. These
experiments yielded two peaks which represent two populations of GIuN1-NTD
glycosylated at a different number of sites. The first peak (labeled in red) illustrates a
mass shift from 53,000.3 Da to 46, 482.9 Da, and corresponds to the cleavage by Endo H
of 5 out of 6 sites of glycosylation. The second peak (labeled in blue) contains a mass
shift from 51,811.1 Da to 45,206.2 Da and correlates with the cleavage by Endo H of 5
out of 5 sites of glycosylation (Figure 5.2.7). The remaining peaks in the spectra belong
to GIuNI-NTD protein degradation products. This data agrees with the crystal structure
that we solved in that 5 of these cleaved glycosylation sites are resolved in the electron

density (ASH61, ASIl203, Asn 239, ASH276, and ASII3()()).

5.2.7 Discussion

Here we have determined the crystallographic structure of GluN1 NTD and
examined its architecture along with its tetrameric and dimeric oligomerization states. We
have also illustrated that SELDI-TOF mass spectrometry can be used to identify the
number of N-linked glycosylations on a purified sample which can be of potential use to

those attempting to crystallize proteins expressed in eukaryotic systems. Accurately
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assessing the homogeneity of a glycosylated sample could increase the likelihood of

obtaining crystals.

After solving the GluN1 NTD structure through a combination of SIRAS and
SAD, we examined the problems that were encountered with molecular replacement. We
found that the high solvent content of the crystals, most likely due to crystal symmetry,
created a high Matthews coefficient. Since molecular replacement programs estimate the
number of molecules in the asymmetric unit based on the Matthews coefficient, they
output solutions with four to five molecules per asymmetric unit, when actually the
solution contains three. This information is important because it may lead to faster

structure determination in cases in which there is a high solvent content.

5.2.8 Materials and Methods
Crystal Structure Data Collection, Determination, and Refinement.

The diffraction data were collected for iodine and native crystals at the Salk
Institute, SBL-C, on Rigaku MicroMax-007 at a resolution of 3.4 A. The iodine and
native X-ray data sets comprises 330111 and 192346 reflections, respectively and were
integrated and scaled using the program HKL-2000 version 0.98.692i (59). The space
group of GluN1-NTD was found to be P3,21 with unit cell dimensions a, b = 164.7, ¢ =
147.0, a, B =90, y=120. The Matthews coefficient for GluN1 was determined using the
program MATTHEWS COEF (52, 57) within the CCP4 suite by inputting the mass as

determined by SELDI-TOF.
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The crystal structure of GIuN1-NTD was solved by a combination of SIRAS
single isomorphous replacement with anomalous scattering and SAD —single wavelength
anomalous dispersion using iodine signal. Phase calculation was completed using the
autoSHARP (47, 48) software in the CCP4 program suite 6.1.13 (46). The iodine atom
sites were located with the program SHELXD (60) and solvent flattening was performed
in SOLOMON (56) yielding electron density maps that permitted the manual building of
the protein chains using the program COOT version 0.6.2-pre-1 (49). The final solution
contains 3 molecules in the asymmetric unit each containing 5 ASN linked NAG (N-
acetyl glucosamine) molecules. Using the native data set, refinement of the structure was
completed after multiple cycles of refinement using REFMAC V 5.5.0109 (50) utilizing
non-crystallographic symmetry (NCS) restraints and converged to R and Rge. of 21.6%

and 26.7%, respectively.

The final data processing and refinement statistics are listed in Table 5.2.1. The
root mean squared deviations in bond lengths and bond angles are 0.011 A and 1.522 deg,
respectively. The Ramachandran plot calculated for the final model using the
PROCHECK software (61) illustrates that the final conformations for 80% of the residues
are located in the most favored region and 14.7 % of the residues are located in the
additionally allowed regions. All water molecules have a density of 1 o or greater in the

2F,-F, map.
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SELDI-TOF MS - protein profiling and analysis

Each sample was analyzed on a reversed-phase hydrophobic H50 chip array. All
spots on the H50 chips were activated with 5 ul of 50% acetonitrile and allowed to dry. 5
ul of H50 buffer (Ciphergen Biosystems, Inc.) was added to each spot and incubated at
room temperature for 2 min., this was repeated once. Purified GluN1-NTD samples were
added after removal of the H50 buffer and the chip was incubated at room temperature in
a humid chamber for 30 min. with shaking. The protein sample was removed and the
chip was air dried for 5-10 min. Once dry, 1 ul of sinapinic acid (SPA) energy absorbing
molecules (EAM) (Bio-Rad Laboratories, Inc.) was applied to each spot twice. The chips
were allowed to air-dry and then placed into the Protein Biological System II-C mass
spectrometer reader (Ciphergen Biosystems, Inc.) and TOF spectra were collected by
averaging 200 laser shots with an intensity of 237 and a detector sensitivity of 8. The
optimization range was from 20,000 to 40,000 Da and the high mass was set to 180,000

Da.
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5.2.9 Figures and Tables
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Figure 5.2.1: Iodine vs. bromine absorption edge plot comparing £ and f” over X-
ray energy.

Iodine (purple) f* and f” is compared to bromine f* and ” (green). The anomalous signal
of iodine at the CuKa X-Ray energy is noted on the purple plot and the the absorption
edge of bromine is mnoted on the green plot. Figure created by
http://skuld.bmsc.washington.edu/scatter/ (62-65).
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Figure 5.2.2: GluN1 NTD crystal structure.

(A) Monomeric GluN1 NTD composed of R1 (gold) and R2 (rust) sub-domains
connected by 3 interdomain loops (gray). 5 N-acetyl-glucosamines are modeled
illustrated in gray. (B) Tetrameric GluN1 NTD composed of 4 monomers labeled mA
(blue), mB (yellow), mC (purple), and mD (green). R1 and R2 sub-domains are labeled in
blue. Figure was prepared and rendered using Molscript Version 2.1.2 (66) and POV-Ray
(67).
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Figure 5.2.3: GluN1 NTD dimer structures.

(A) GIuN1 NTD dimer 1, where the dimeric interface is composed of the R1 sub-
domains from monomer mA (blue) and monomer mB (gold). (B) GluN1 NTD dimer 2,
where the dimeric interface is composed of the R1 and R2 sub-domains of monomer mB
(gold) and R2 of mC (purple). R1 and R2 sub-domains are labeled in blue. Figure was
prepared and rendered using Molscript Version 2.1.2 (66) and POV-Ray (67).
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A.

Figure 5.2.4: The packing arrangement of the GluN1 NTD crystals arranged in the
primitive hexagonal Bravais lattice.

(A) The basic repeating unit is the GluN1 NTD tetramer (represented in red). Gaps filled
with solvent can be seen in between the tetramers. (B) Alternate view of GluN1 NTD
packing arrangement. Figure was prepared and rendered using using PyMOL v. 1.3.x
(Schrodinger LLC).
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Figure 5.2.5: Glutamate receptor search models superimposed on GluN1 NTD.
GluR6 NTD (cyan), NR2B NTD (yellow), and GluR2 NTD (navy) are overlaid onto
GluN1 NTD (red). Figure was created using SSM in COOT version 0.6.2-pre-1 (49) and
the image was prepared and rendered using Molscript Version 2.1.2 (66) and POV-Ray
(67).
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Figure 5.2.6: Histogram of the number of protein structure entries in the Protein
Data Bank with a solvent content above 71 % between the resolution ranges of 1 A
and 5 A.

X-ray resolution is listed on the X-axis and the number of entries in the PDB is listed on
the Y-axis. Multiple PDB entries with a sequence similarity of 90% are represented by a
single structure.
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Figure 5.2.7: GIuN1-NTD N-linked glycosylation sites determined by SELDI.
Purified GluN1-NTD samples were analyzed on a H50 protein chip array using SELDI-
TOF MS to compare masses of GIluN1-NTD before (top, - Endo H) and after (bottom, +
Endo H) treatment with Endo H. Masses labeled in red correspond to GIuN1-NTD
glycosylated at 6 sites, where as those labeled in blue correspond to GIuNI-NTD
glycosylated at 5 sites. The mass of the red peak shifts from 53,000.3 Da to 46,482.9 Da,
which correlates to the cleavage of 5 of the 6 sites of glycosylation post Endo H
treatment. The mass of the blue peak shifts from 51811.1 Da to 45206.2 Da, which
correlates with the cleavage of all 5 sites of glycosylation post Endo H treatment. All
other peaks in the spectra are protein degradation products.
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Table 5.2.1: GluN1 NTD data collection and refinement statistics for iodine and

native data sets.

Data collection and model refinement statistics

GIuN1-NTD GIluN1-NTD
(iodine) (native)
space group P3,21 P3,21
unit cell parameters (A, deg) a,b=164.7 a,b=164.7
c =1470 c =1473
a, =900 a =900
y =1200 y =1200

data collection statistics
Beamline

wavelength (A)
resolution range (A)
observed reflections
unique reflections
Redundancy

Ryerge (%)

Mean I/o (I)

completeness (%)
refinement statistics

Ry (%)

R (%)

average B factor (A?)

root mean square deviation
bond lengths (A)
bond angles (deg)
number of atoms total:
Protein
Water
Chlorine
Iodine
N-Acetyl Glucosamine
ramachandran plot (%):
most favored
additional allowed
generously allowed
disallowed allowed

Rigaku MicroMax-007
(The Salk Institute, SBL-C)
1.5418

100-3.40 (3.46-3.40)
330111

32227
102 (10.1)
173 (68.5)
150 (34)"

99.9  (100.0)

21.7
28.3

76.284

0.010
1.484
8983
8725
22

7

19
210

79.8
15.2
24
2.7

Rigaku MicroMax-007
(The Salk Institute, SBL-C)
1.5418

100-3.40 (3.46-3.40)
192346

32023
60 (58)
146  (63.1)
129 (2.8)"

99.9 (100.0)

21.6
26.7

74.395

0.011
1.522
8968
8725
25

8

0

210

80.0
14.7
2.8
2.6

“calculated from 5% of data not used in refinement. ” Numbers in parentheses correspond

to highest resolution shell (A).
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5.3 Crystallographic structure of Adenovirus E4-ORF

This work is a collaboration between Horng Der Ou from Clodagh O'Shea's

laboratory and the Choe laboratory.

5.3.1 Introduction

Both tumor mutations and DNA tumor virus proteins deregulate the same cellular
targets and mechanisms, that drive abnormal cell proliferation (68). These small viral
proteins function by interacting with key cellular proteins that in turn alter normal protein
signaling pathways. Therefore viral proteins are of interest for identifying new targets
that are deregulated in cancer and for the design of new therapies based on viral and

cellular protein interactions (69).

The tumor-suppressor p53 is a protein that is constitutively expressed in normal
cells where degradation leads to its regulation (70). Activation signals such as DNA
damage causes a stabilization of p53 and a rise in p53 levels, leading to an inhibition of
cell growth (7/). In order to achieve normal cell growth and development, tight
regulation of p53 is required (72-74). Inactivation of p53 through rearrangements, gene

losses, or point mutations has been found in many types of cancer (75-77).

Adenovirus early region 4 (E4) encodes many proteins responsible for regulating
the viral lytic program and other cellular processes, one such protein is known as E4 open
reading frame 3 (ORF3) (78, 79). This 116 amino acid protein has been recently found
by the O’Shea laboratory to form a novel and dominant epigenetic structure that silences
pS3-transcription, regardless of p53 stabilization and phosphorylation (80). E4-ORF3

assembles into a high-order oligomer to create a nuclear scaffold that specifies
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heterochromatin formation at p53 target promoters, and prevents p53 from binding to
DNA. From these findings the oligomerization of E4-ORF3, which creates this nuclear

scaffold, appears to be critical for its function (80).

Here I present the crystallographic structure of E4-ORF3 that I have solved to
2.06 A resolution. Upon analysis of the crystal structure it appears that E4-ORF3 shares a
similar architecture to ISHp608 TnpA Transposase, where both contain a motif similar to
that of the RNA recognition motif. Based on the crystal structure we present a possible
mode of higher order oligomerization and fiber formation where the dimer composes the
basic building block. I also propose structure-based point mutations that could be created
to disrupt and recover the strong hydrophobic core found within E4-ORF3. Together
these findings will help us better understand how this viral protein assembles into these

higher-ordered oligomers that compose such an important nuclear scaffold.

5.3.2 Crystallographic structure of E4-ORF3

In order to block the fiber formation and increase solubility, mutations were
introduced in E4-ORF3. Crystals of the mutated protein were relatively easy to obtain.
The E4-ORF3 protein was expressed, purified and crystallized by Horng Der Ou from
Clodagh O'Shea's laboratory. Based on the sequence similarity we could not identify a
model for the molecular replacement in the PDB so direct phasing methods had to be
used. Many heavy metal soaks including K,PtCls, HgCl,, and samarium acetate hydrate
Sm (OOCCH2) x3 H,0, however, all yielded unsuccessful results. However crystals of

Se-Met protein grew and many of them were screened at SSRL to obtain good quality
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diffraction. Subsequently, using Se-Met Multiple —wavelength anomalous dispersion
(MAD) method, the crystal structure of E4-ORF3 mutant was solved in the space group
P2,2,2,. The protein crystallized in 3 other space groups, P2, P6,22, and C222,. These 3
crystal structures were all solved by molecular replacement. Structures in space groups
P2,2,2;, P2;, and P6,22 contained two molecules per asymmetric unit forming a
conserved dimer. The structure solved in space group C222; contained one molecule in
the asymmetric unit. However, through crystallographic symmetry it also formed the
same dimer as seen in all other solved mutant forms. Data was collected and the structure
was interpreted at 2.06 A (P2,2,2), 2.30 A (P2)), 2.84 A (P6,22), and 2.20 A (C222,)

resolution (Table 5.3.1).

The monomeric subunit of mutant E4-ORF3 is characterized by a 011002030134
topology, where the fold is composed of one 3-stranded anti-parallel 3-sheet and three a-
helices packed against the B-sheet forming a hydrophobic core (Figure 5.3.1). Residues
98-116 form a COOH-terminal 18 amino acid arm-like coil region containing 34 from
amino acids Phejgos to Leu;;;. When the sequence was compared to that of E4-ORF3
identified in 13 other human adenoviral serotypes using CLUSTALW (81, 82), 35% of
the sequence was fully conserved where the majority of the conserved residues were

located in B, a.;, and a3 (Figure 5.3.2).

From the crystallographic structures, we are able to see that the basic subunit of
E4-ORF3 is a conserved dimer that is present in all 4 crystal forms. The dimerization
interface is composed of f;-f3 from each monomer that together create a hydrophobic

core with multiple hydrogen bonds. The COOH-terminal 18 amino acid coil region



143

containing 4, forms an arm that crosses over the opposing open ends of the (;-p3
dimerization interface extending from p; of the first monomer to 3, of the second

monomer (Figure 5.3.1).

5.3.3 Similarity of E4-ORF3 to ISHp608 TnpA Transposase

Results from a DALI search (83), in which E4-ORF3 was compared to the three-
dimensional structure of proteins in the Protein Data Bank (http://www.rcsb.org/pdb/),
indicated that the E4-ORF3 monomer also contains conserved features found in the RNA
recognition motif (RRM). The RRM, also known as the RNA-binding domain (RBD) or
ribonucleoprotein domain (RNP), is one of the most abundant protein domains in
eukaryotes, but is also found throughout all life kingdoms (84, 8§5). Similar to E4-ORF3,
the RRM is composed of a f;0B2p302P4 topology as illustrated by the first structure
containing the RNA recognition motif, the NH-terminal RRM of Ul small nuclear
ribonuceloprotein A (PDBID- 10IA) (Figure 5.3.3) (86). However, E4-ORF3 contains
an additional o helix, o, located between o and f,, and it contains a 3-stranded anti-
parallel p-sheet, instead of a 4-stranded B-sheet. This conserved motif containing a

hydrophobic core may yield mechanistic insights in fiber formation.

One of the top search hits that was obtained from the DALI (83) 3D protein
structure search was the Helicobacter pylori protein DNA transposase ISHp60§ TnpA
(PDBID-2A6M) with a Z-score of 9.2, and RMSD of 2.9 (87). Like that of E4-ORF3,
ISHp608 TnpA also shares the similar conserved RRM motif. When E4-ORF3 was

superimposed on ISHp608 TnpA the RRM fold was apparent where E4-ORF3 B, o, B2,
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B3, and as secondary structures overlapped (Figure 5.3.4 A). When the sequences were
compared for secondary structure similarity based on the known coordinates using DSSP
(88) and DALI (83), only about 7.8% of residues were conserved between the two
proteins (Figure 5.3.4 B), 50% of these conserved residues are also conserved in other E4
ORF3 proteins found in 13 other human adenoviral serotypes as seen in the alignment
shown in Figure 5.3.2. The majority of these residues are hydrophobic and are

concentrated in o, B2, and o,

Although the E4-ORF3 monomer is similar to that of ISHp608 TnpA, the mode of
dimerization is quite different. The ISHp608 TnpA dimer is arranged in a head-to-tail
orientation, whereas the E4-ORF3 is oriented head-to-head. In the E4-ORF3 dimer, the
anti-parallel B-sheets from each monomer compose the dimeric interface, where
hydrogen bonds and multiple hydrophobic residues create a stable dimer that is seen in all
crystal structures solved. Since the dimeric interface is composed of such strong
interactions we believe that this dimer could be the basic building block of the fiber
scaffold. If we assume that this dimer is the building block of fiber formation, then one
possible explanation of how E4-ORF3 forms a fiber within the nucleus would be to create
a continuous hydrophobic core, in which multiple dimer subunits would dock to either
end. Contacts between dimers would be formed through continuation of the anti-parallel
[B-sheet, through B, and B4 of each dimer. For this to occur, the COOH terminal arm
composed of the last 18 amino acids would have to rotate enough to allow the exposure
of the hydrophobic core of the dimeric interface allowing for the B,-f4/B4-f32 interaction

between two different dimer subunits (Figure 5.3.5). According to this theory, the
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repeating unit in the hydrophobic anti-parallel -sheet between two dimers would be

BaP1P3P2:PaPiP3P. creating one side of the anti-parallel P-sheet and B2f3P1P4:$20301P4

composing the opposing side of the sheet, where “:” represents the interface between two

dimers.

5.3.4 Discussion

Here the crystal structure of mutant human adenovirus E4-ORF3 has revealed a
stable dimer which we assume to be the basic building block of fiber formation in the
nuclear scaffold that is seen in previous studies using high resolution confocal
microscopy (80). We have proposed one possible mechanism of fiber formation in which
there is a continuation of the hydrophobic core formed by the dimeric interface, by the
rotation of the COOH terminal arm such that another dimer can dock forming p,-f4
interactions, thus elongating the anti-parallel B-sheet on each side of the dimeric

interface.

To test the role of the internal hydrophobic core in fiber formation, mutations can
be made along the a,; and a; helices where hydrophobic interactions are created between
helices within the monomer. Residues that contribute to the interactions made between
these helices are listed in (Figure 5.3.6). Since residue Iles; on oy is a highly conserved
hydrophobic Ile residue both in other Adenovirus serotypes (Figure 5.3.2) and in
ISHp608 TnpA (Figure 5.3.4) mutating it may disrupt the hydrophobic core. Changing
Ile;; to either an Asp or a Glu would introduce both bulk and negative charge to the

hydrophobic core (Figure 5.3.7 A). The deletion of this conserved hydrophobic residue
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and the introduction of both charge and size of the side chain, may be enough to disrupt
the hydrophobic interactions. In order to recover this disruption of the two helices a
complementary mutation could be made on the opposing helix az. Residue Iless is
another conserved hydrophobic residue among Adenovirus serotypes (Figure 5.3.2);
however, it is a Ser in ISHp608 TnpA (Figure 5.3.4). If Ilegs was mutated to Sergs, the
decrease in size of the side chain along with the introduction of positive charge, may
complement the I31D and I31E point mutations, thus stabilizing the two helices and
hydrophobic core (Figure 5.3.7 B, C). The 184S mutations when modeled places the side
chain at a bonding distance at around ~3 A away from Ds; or E3;. Asps; and Glus; may
also make contact with Serg; thus providing additional stability to the two helices.
Therefore if the 131D or I31E mutation was made to o, then either mutation alone should
disrupt the hydrophobic core yet when coupled with the o3 mutation 184S it should regain
stability of the core through the compensating charge interactions made between Glu/Asp
and Ser. In that experiment one could potentially turn on and off fiber formation through

introduction of two point mutations.

5.3.5 Materials and Methods
Data Collection.

The diffraction data were collected for SeMet and native crystals at Stanford
Synchrotron Radiation Lightsource beamline 9-2 to 2.06 A (P2,2,2,), 2.30 A (P2,), 2.84
A (P6,22), and 2.20 A (C222,) resolution. The datasets were integrated and scaled using

the program HKL-2000 version 0.98.692i (1).
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Crystal Structure Determination and Refinement.

The crystal structure of E4-ORF3 was solved by MAD —multiple wavelength
anomalous dispersion using selenium signal. Phase calculation was completed using the
autoSHARP (2-3) software in the CCP4 program suite 6.1.13 (4). The selenium atom
sites were located with the program SHELXD (5) and solvent flattening was performed
in SOLOMON (6) yielding electron density maps that permitted the building of the
protein chains using the programs ARP/WARP v. 7.1.0 (50, 89-92) and COOT version
0.6.2-pre-1 (7). The final solution contains 2 molecules in the asymmetric unit except for
the dataset collected in the C222; space group which had only 1 molecule per asymmetric
unit. Refinement of the structure was completed after multiple cycles of refinement using
REFMAC V 5.5.0109 (8) utilizing various weighting terms and NCS (non-
crystallographic symmetry) restraints and converged to R and Rgee of 0.21 and 0.27
(P2,2,2), 0.22 and 0.28 (P2;), 0.24 and 0.31 (P6,22), and 0.27 and 0.35 (C222))

respectively.

The current data processing and refinement statistics are listed in Table 4.1.1. The
root mean squared deviations in bond lengths and bond angles are 0.025 A and 2.126 deg
(P2,2121), 0.022 A and 2.001 deg (P2;), 0.015 A and 1.847 deg (P6,22), and 0.019 A and
2.141 deg (C222,), respectively. All water molecules have a density of 1 o or greater in

the 2F,-F, map.
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5.3.6 Figures and Tables

Figure 5.3.1: Crytallographic structure of E4 ORF3 dimer.

The E4 ORF dimer is composed of two monomeric subunits represented in green and
blue. The COOH terminal arm containing 34 is represented in yellow. Figures were
prepared and rendered using Molscript Version 2.1.2 (66) and POV-Ray (67).
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Figure 5.3.2: E4-ORF3 Sequence Alignment.
Sequence alignment to E4-ORF3 from 13 other human adenoviral serotypes. E4-ORF3
from human adenoviral serotype 5 is listed on the last line above the consensus. Fully
conserved residues are represented green, identical residues are yellow, and similar
residues are cyan. Uniprot IDs (93, 94) are listed to the right of the serotype, and the
secondary structure of E4-ORF3 from AdO5 is list at the bottom. This figure was
generated using CLUSTALW(81, 82) and BOXSHADE v. 3.3.1 (K. Hofman and M.D.

Adl18 D3JIU8 ALLLFIEIRAVA
Baron).
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Figure 5.3.3: The RNA recognition motif as illustrated by the NH,-terminal RRM of
U1 small nuclear ribonuceloprotein A.

The RRM motif is composed of a Pioif2p300204 topology as illustrated by the first
structure containing the RNA recognition motif, the NH,-terminal RRM of Ul small
nuclear ribonuceloprotein A (PDBID- 10IA) (86). Figures were prepared and rendered
using Molscript Version 2.1.2 (66) and POV-Ray (67).
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Figure 5.3.4: E4-ORF3 shares similar motif as DNA transposase ISHp608 TnpA.

(A) E4-ORF3, represented in purple, superimposed on ISHp608 TnpA, represented in
blue (PDBID: 2A6M) (87). (B) Sequence alignment of E4-ORF3 (top) and ISHp608
TnpA (bottom) based on secondary structural elements determined from their

coordinates, where conserved residues are highlighted in green. Alignment created using
the programs DSSP (88) and DALI (83).
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Figure 5.3.5: E4-ORF3 proposed mechanism of fiber formation and dimer subunit
assembly.

Here an E4-ORF3 fiber is depicted through the assembly of 4 dimeric subunits oriented
end-to-end such that the COOH terminal arm is rotated allowing for the (3, of one dimer
to make contact with the 4 of the next dimer, resulting in the continuation of the anti-
parallel B-sheet and hydrophobic core. All four dimers are represented in a different
color: blue, cyan, light green, and green. This model was created using COOT version
0.6.2-pre-1 (49) and figures were prepared and rendered using Molscript Version 2.1.2
(66) and POV-Ray (67).
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Figure 5.3.6: Contacts made between residues in E4-ORF3 helices o and a.

o, represented in purple and as, represented as blue, are shown with contacts illustrated
as lines between residues in each helix.
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Figure 5.3.7: Point directed mutagenesis to manipulate E4-ORF3 hydrophobic core.
(A) Monomeric E4-ORF3 where Ile31 (yellow) located on a2 and Ile84 (green), Ser87
and Leu88 side chains are represented as ball-and-stick. (B) Models of the E4-ORF3
131D 184S double mutant and the (C) I31E 184S double mutant that illustrate possible
contacts made within the hydrophobic core. Figures were prepared and rendered using
Molscript Version 2.1.2 (66) and POV-Ray (67).
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Data collection and model refinement statistics

E4-ORF3 Mutant

E4-ORF3 Mutant

E4-ORF3 Mutant

E4-ORF3 Mutant

(SeMet) (native) (native) (native)
space group P2,2,2, P2, P6,22 C222,
unit cell parameters a =5643 a =43.6 a, b =81267 a =50.68
A, deg)
b =67.22 b =60.0 c =181.187 b =66.46
c =87.34 c =582 af =900 c =89.88
a B, y=90.0 a=y =90.0 y =120.0 a B, y=90.0
p =96.0
data collection statistics
Beamline SSRL BL9-2 SSRL BL9-2 SSRL BL9-2 SSRL BL9-2
wavelength (A) 0.979 0.979 0.979 0.979

resolution range (A)
observed reflections
unique reflections

Redundancy

Rierge (%0)

Mean I/o (I)

completeness (%)
refinement statistics

Reryst (%)

Riree (%)

average B factor (A2%)

root mean square
deviation
bond lengths (A)

bond angles (deg)

50.00-2.06 (2.10-2.06)
276893
21373

130 (82)
141 (57.8)
204 (29)°

99.6  (93.9)

20.94

26.45

31.86

0.025
2.126

100.0-2.30 (2.38-2.30)
43830

12223

3.6 3.0y

6.9 (28.7)"
176 (3.0)°

89.8  (67.1)

21.8

27.6

33.67

0.022
2.001

50.00-2.84 (2.94-2.84)
100511

8987

112 (109)

6.7 (31.4)
378 (1.6)°

999  (99.8)"

240

31.05

39.13

0.015
1.847

100.00-2.20 (2.28-2.20)
27633

6310

44 (300

8.1 (40.4)
158 (223)°

790  (49.1)°

26.84

34.65

50.02

0.019
2.141

“calculated from 5% of data not used in refinement. ” Numbers in parentheses correspond to highest resolution shell (A).
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Since the majority of drugs today target membrane proteins, it is clear that this
family of proteins is of vital importance to our medical and scientific communities.
Therefore it is to our best interest to gain an in depth understanding of how they function
so that we cannot only improve the pharmaceutical therapeutics that we currently use, but

also develop new ones.

Unfortunately, the progress of research in this particular field has been slow due
to integral membrane protein complexity and the many obstacles associated with working
with them. Although the three-dimensional structure of a protein is an essential
component for the understanding of their function, not many have been determined due to
the bottlenecks hampering these studies. However, here I have utilized protein
crystallography and NMR to determine structures such as CCL14, hIMP3, and Glul NTD
from different receptor signaling systems to gain a better understanding of biological
function and aid in the progression of research in this field. In addition, I utilized
crystallography to determine the adenoviral protein E4-ORF3 structure and propose a

potential mechanism of oligomerization.

To increase the efficiency of integral membrane protein research it is crucial to
improve the methods that we currently have and to exploit and develop new ways to
study them. Here I have gathered and reviewed past research that has been completed on
the protein engineering of bacterial histidine kinases to create chimeras through a
domain-swapping strategy. These studies have illustrated that we have the ability to
create new synthetic signal transduction circuits that can be useful in both medical and

clinical applications. In addition to the use of chimeras to study integral membrane
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proteins, I exploit the Mistic-fusion system to improve the levels of overexpression of the
histidine kinase receptor EnvZ. Moreover, I demonstrate for the first time that Mistic not
only boosts EnvZ expression levels, but maintains functionality both in vitro and in vivo.
These findings illustrate that the Mistic-fusion system can be used as beneficial method
to improve overexpression levels without diminishing the activity of the cargo protein. In
addition to the Mistic-fusion system I employed the newly developed method of coupling
cell-free expression, the CDL strategy, and fast NMR analysis to solve the structure of
hIMP3 in a short period of time. Despite the past efforts to determine the structures of
membrane proteins, only 20 human integral membrane protein structures are known so
far (http://blanco.biomol.uci.edu/Membrane Proteins xtal.html), thus illustrating the

power of utilizing new methods.

Gaining a better understanding of the current techniques used in today’s research
is also important so that we can increase the efficiency in the future. Here I examined the
problems that were encountered in molecular replacement during structure determination
of GluN1 and found that the high solvent content of the crystals could have been the
cause. Through the employment of new techniques and addressing the problems with
current techniques we can potentially increase the number of integral membrane protein
structures solved. This is of imperative need since the three-dimensional structures of
membrane proteins and their signaling partners can yield detailed information, at atomic

resolution, on the molecular mechanisms behind receptor signaling.





