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Abstract

Cyanovirin-N (CVN) is an 11-kDa lectin originally isolated from the
cyanobacterium Nostoc ellipsosporum during a high-throughput screen for novel anti-
HIV activities. In addition to having anti-HIV activity, CVN has since been shown to
neutralize a number of other enveloped viruses including influenza and Ebola. This
antiviral activity is attributed to two homologous carbohydrate binding sites that
specifically bind a(1-2)-linked oligomannose glycosylation sites present on many
envelope glycoproteins. Because of its broad ability to neutralize enveloped viruses,
CVN is a promising target as a potential therapeutic or prophylactic.

In this work, we oligomerized CVN to determine whether an increase in the
number of carbohydrate binding sites has an effect on its viral neutralization activity. To
create obligate dimers, we covalently linked multiple copies of CVN through flexible
polypeptide linkers. Using HIV-1 as our viral system, we found that a tandem repeat of
two CVN molecules (CVN,) increased the efficacy of HIV-1 neutralization by up to 10-
fold. An additional benefit was not seen when CVN was trimerized. We also show here
that CVN and the CVN, variants show extensive cross-clade reactivity and higher
neutralization efficacy than the most broadly reactive neutralizing antibodies. To
determine whether any major structural changes or differences in domain swapping
occurred because of the linkage, we solved the crystal structures of three dimeric variants
and showed that all variants are intramolecularly domain-swapped.

Additionally, we present in this thesis a novel CVN-Fc chimera, a “lectibody,”
which shows antiviral activity similar to wild-type CVN. This variant is dimerized

through the Fc region of an antibody and has the additional benefit of incorporating Fc-
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mediated effector functions, which may be therapeutically advantageous. Initial results on
the lectibody indicate that domain swapping of CVN has an integral role in the antiviral
function as well as in the overall folding and stability of the molecule. Future work on
this variant to assay the effector functions as well as create a monodispersive, stable
variant are underway.

Although CVN is already a promising candidate for antiviral therapeutics, we
show here that engineering CVN to add additional functionalities or creating variants
with an increased number of active sites can significantly enhance the potential benefit of

these molecules.
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Viruses are subcellular agents that rely on the molecular machinery of a host cell
to replicate. They have evolved to infect almost every organism and are increasingly
being employed in scientific research. Although viruses contain very small genomes
encoding only a few necessary proteins, they have adapted to evade immune systems and
transmit efficiently from host to host.? While viruses come in different shapes, sizes, and
types of genomic information, here, we are specifically interested in enveloped viruses.
Enveloped viruses are a class of viruses that bud from the plasma or internal membrane
of plants or animals during their replication.” The newly budded viral particle contains
the genomic material inside a protein capsid, which in turn is surrounded by membrane
from the host and envelope proteins. Envelope proteins are often heavily glycosylated by
the host machinery, and therefore are often not immediately recognized by the immune
system. The envelope glycoproteins are usually responsible for interactions with cellular
receptors on target host cells, triggering membrane fusion and infection.

Enveloped viruses cause many well known diseases, including influenza, Ebola,
chicken pox, SARS (severe acute respiratory syndrome), small pox, and AIDS."” Human
immunodeficiency virus (HIV), the virus that causes AIDS, affects approximately 33
million people throughout the world and causes approximately 2 million HIV-related
deaths per year.” While current retroviral therapies have extended the length and quality
of life of those infected with HIV, resistant strains are becoming increasingly common,
and additional treatments and a broad vaccine are necessary to prevent additional
infections. Although influenza does not typically cause the mortality of HIV, it is a highly
contagious virus that can be lethal, usually in the very young and very old and in those

with immune deficiencies. Moreover, influenza pandemics, such as the one in 1918 when
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an estimated 40 million people worldwide were killed, are capable of causing a
significant number of deaths, including in healthy young adults.>*

Current treatment for viral infection varies widely for different viruses. Effective
vaccines are available for smallpox, measles, hepatitis, and varicella-zoster (chicken pox)
viruses, among others.” Influenza vaccines are typically effective against the strains
included in the vaccine, but must be readministered every year due to the rapid mutation
rate of the virus.” For some enveloped viruses, however, there is no vaccine and therefore
treatment of the infection is the primary clinical goal. There are currently no vaccines
available for Ebola virus, herpesviruses, hanta viruses, HIV, and many other potentially
deadly viruses. For many of these diseases, treatment is administered to make the patient
more comfortable, provide symptom relief, or decrease the viral load to allow the
immune system to more easily fight off the infection.>®’

Efforts to develop a vaccine for HIV have been met with limited success, with
promising laboratory results thus far leading only to failures in clinical trials.®"
Although an effective vaccine has not yet been developed, researchers have isolated some
broadly neutralizing anti-HIV antibodies from non-progressing patients, leading to hope

that a vaccine may be possible.''™'*

While research continues on developing an effective
and cross-reactive vaccine, patients currently rely on antiviral drugs to decrease their
viral load and prolong their lives. HIV antiviral therapy usually consists of three or more
antiretroviral drugs from at least two inhibitory classes in a therapeutic regimen known as
highly active antiretroviral therapy (HAART)."*!® As of 2008, 32 antivirals have been

approved by the FDA for treatment of HIV-1 infections. These mostly small molecule

drugs can be divided into six categories: nucleoside reverse transcriptase inhibitors
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(NRTIs), nonnucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors,
fusion inhibitors, entry inhibitors, and integrase inhibitors. Although HAART has been
quite successful at reducing the viral load of patients, the rapid mutation rate of HIV
often eventually leads to drug resistant strains, rendering antiviral treatment ineffective."
New and improved small molecule and protein-based therapeutics that limit the
development of drug resistant strains, along with the creation of effective vaccines, will
greatly improve the outlook for currently infected patients as well as those at high risk for
becoming infected.

Unlike for HIV, there is a very effective vaccine for influenza.> However, the
inconvenience and cost of yearly immunization, as well as the unpredictable mutation of
influenza, means that millions of people are susceptible to infection every year.'™'” In
addition, the recent emergence of a highly lethal HSNI strain (“bird flu”) has led to
concerns that this strain could become easily transmittable from human to human or
weaponized, creating a massive influenza pandemic.'®?' Influenza A, including H5N1
strains, can be treated with antiviral medications, including oseltamivir (Tamiflu) and

o 122,23
zanamivir (Relenza),

although resistance to oseltamivir and other common influenza
antivirals have already been reported in H5N1 cases.”*”’ Additional anti-influenza
therapeutics and prophylactics would be beneficial in the case of a pandemic, especially
for medical personnel and first-line defenders.

Cyanovirin-N (CVN), a potent antiviral lectin, is uniquely positioned to become a
novel therapeutic and prophylactic for enveloped virus treatment and prevention. CVN is

a small 11-kDa protein that was originally isolated from the cyanobacterium Nostoc

ellipsosporum during a high-throughput screen intended to discover novel anti-HIV
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activities. CVN was shown to be active against various strains of HIV, including primary
isolates of HIV-1, T-lymphocyte-tropic strains, macrophage-tropic strains, and HIV-2.%®
This study also showed that CVN specifically interacts with the HIV envelope
glycoprotein, gp120. Because of the great potential of CVN as an antiviral therapeutic, a
number of additional studies quickly elucidated that CVN is a lectin with two
carbohydrate binding sites that specifically bind to a(1-2) linked oligomannose moieties

within Man-8 or Man-9 glycosylation sites.”

Interestingly, high mannose glycosylation
is very uncommon in mammalian oligosaccharides, but is often seen on the surface of
viruses and microorganisms, creating an important distinction between the recognition of
pathogens during potential treatment with CVN.?® The two carbohydrate binding sites in
CVN show distinct affinities for Man-9: the “high affinity” binding site has a K, of 7.2 x
10° M, and the “low affinity” binding site has an approximately 10-fold lower affinity.”
Later studies confirmed that both binding sites are important for HIV neutralization, and

3% These two binding

the destruction of either site renders the CVN variant inactive.
sites provide a mechanism for high affinity and high avidity interactions with
glycosylated envelope proteins on viruses.

In addition to its potent activity against HIV,***"** CVN has also been shown to

1041 Epola, >+ hepatitis c,* herpesvirus 6, and measles

effectively neutralize influenza,
virus.* In each case, CVN binds specifically to high mannose glycosylation sites on
envelope glycoproteins and inhibits vital interactions between the virus and the host cell.
To date, CVN has shown no antiviral activity against any non-enveloped viruses,

. . . . . . 40 . . .
including rhinoviruses and enteric viruses, ~ and also appears to be inactive against some

. . . . . 45
enveloped viruses, including vaccinia.



6

In the case of influenza, CVN interacts with glycosylation sites on hemagglutinin,
one of the two surface glycoproteins expressed on influenza particles. CVN showed
highly potent antiviral activity against strains of influenza A, including HIN1 and N3N2,

. . . . . . 4041
exhibited moderate neutralization against influenza B strains,

and was able to protect
mice from a highly fatal strain of influenza when administered before infection.*®
Unfortunately, there was no apparent activity against H5N1 strains (“bird flu).*!
However, with increased understanding of the specific interactions between CVN and
hemagglutinin, engineered variants may provide increased neutralization of HS and other
strains, allowing a broad and potentially successful method for preventing infection in the
case of an influenza outbreak in the absence of an effective vaccine.

Similarly to the mechanism for influenza neutralization, CVN inhibits HIV by
binding to glycosylated surface proteins. In this case, CVN binds specifically and with
high affinity to glycosylated gp120*® and with significantly lower affinity to gp41.*” CVN
binds with approximately 5:1 stoichiometery to soluble gp120, indicating that there are
not only multiple sites of glycosylation to which CVN can bind, but that avidity may also
play a significant role in the neutralization of HIV.*’ Additionally, studies have shown
that CVN does not bind to a single glycan on gp120, but instead three to five separate N-
linked glycosylation sites must be mutated before CVN resistance is incurred.’”***
Although CVN-treated gp120 can still bind to soluble CD4,”* membrane-bound CD4
binding is inhibited, probably due to steric constraints.””° CVN also blocks the
interaction between gpl20 and the CCRS5 coreceptor, adding a secondary inhibitory

effect.”” These two mechanisms together make CVN an efficient inhibitor of the pre-

membrane fusion event of HIV infection.
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The structure of CVN has been extensively studied to attempt to elucidate a
mechanism for its broad antiviral activity. CVN exists in solution mainly as a monomer,
but a trapped, metastable domain-swapped dimer can be formed.”' In crystal form,
however, wild-type (WT) CVN is only seen as a domain-swapped dimer (Figure 1-1).
The monomer contains two pseudo domains that display high sequence homology.
Interestingly, however, the gene does not appear to result from a simple gene duplication
since the first domain contains residues 1-39 and 90-101, and the second domain contains
residues 39-89.> Instead, there was probably a gene duplication then rearrangement or an
uneven recombination event that resulted in the CVN gene. Monomeric CVN also
contains two native disulfide bridges: between residues 8 and 22, and between residues
58 and 73. These two disulfide bridges are located near each end of the molecule and
anchor the secondary structure. The dimer contains the same topology, but is domain-
swapped at residues 51-53.> In the dimeric structure, the first domain of one chain (A)
forms a “monomer-like” structure with the second domain of the other chain (B’) in an
almost symmetric domain swapping (Figure 1-1B). The two quasi-monomers can sample
different orientations relative to each other due to the flexibility of the domain-swapped
region, and the orientation appears to be pH dependent in crystal structures.'>>>*

A number of groups have attempted to modulate the domain swapping of CVN to
determine whether this property is a crystallographic artifact or a biologically relevant
state. Because the domain-swapped dimer of WT CVN is metastable at physiological
temperatures, purified dimer quickly converts to monomer during the course of a
neutralization assay.”' Variants have been generated that stabilize both the monomeric

55,56

state’' and the dimeric state. However, the effect of dimerization remains unclear,



8

since some groups have concluded that the dimeric state is more active than monomeric
WT CVN> and others have shown that monomeric and dimeric variants have the same
antiviral activity.>®

CVN has great potential therapeutic value both as a prophylactic as well as a
treatment for viral infection. In fact, CVN is currently in clinical trials as a prophylatic
gel (Cellegy Pharmaceuticals, Inc.) and has been shown to be effective against both rectal
and vaginal SIV/HIV-1 transmission in non-human primate studies when used as a
topical microbicide.’’”® Additionally, it has been shown that CVN has limited toxicity in

28,45,57 -

. . 43,46,58,59
tissue culture, in mice, 7

and in non-human primate models,””®

although a
recent study indicates that CVN can increase the levels of chemokines in treated cells and
potentially allow much higher susceptibility for viral replication after CVN is removed.®”
Additionally, CVN can be prepared in large quantities, is stable for long periods of time,
and is extremely resistant to degradation.”®*"®> It was also demonstrated that WT CVN
can be specifically PEGylated to increase the serum half-life while retaining most of the
anti-HIV activity.”

Although the viral neutralization activity of CVN is important in the prevention of
infection, this function may prove even more beneficial as a potential therapeutic.
Because CVN specifically targets glycosylation on viral envelopes, escape variants will
likely appear rapidly upon treatment with this lectin. Under evolutionary pressure by
CVN***1*4 and other carbohydrate-binding proteins,**® HIV and influenza have both
been shown to eliminate N-linked glycosylation sites on their envelope proteins to escape
neutralization. However, HIV-1 and other viruses use glycosylation to prevent

67

recognition by the innate and adaptive immune systems.”” With the removal of
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glycosylation and the exposure of antigen, these viruses may become more sensitive to

6870 1) fact, Reitter ef al. found this to

neutralization and clearance by the immune system.
be true when rhesus monkeys were infected with SIV (simian immunodeficiency virus,
an HIV homolog) lacking various glycosylation sites. In this case, the viruses were
significantly more susceptible to antibody neutralization.”' Additionally, glycosylation of
these viral proteins is often necessary for their proper folding and function, and therefore
treatment with CVN or other lectins may decrease their viability.*"">"

Various attempts to increase the HIV neutralization of CVN have met with some
success. Mori et al. showed that a chimera of CVN and an exotoxin from Pseudomonas
had enhanced cytotoxicity to HIV-infected cells.”* Another chimera between CVN and an
allosteric peptide inhibitor of HIV-1 fusion also showed synergy between the two
components, creating a more effective compound against HIV.” Attempts to engineer
CVN itself, however, have not resulted in variants with increased potency.

Although the Mayo lab has typically used computational methods to study and
engineer proteins, for the last few years I have worked on a non-computational project
involving engineering CVN to create variants with increased antiviral potency. As
described above, the information we gathered through characterizing these variants has
led us to believe that they have potential therapeutic as well as scientific value. In
Chapter 2 of this thesis, I describe the generation and characterization of dimeric and
trimeric CVN variants that display increased HIV neutralization activity. Although we

showed that these variants exhibit increased potency, a mechanism was elusive. We

therefore solved four crystal structures of three CVN; variants to determine whether
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structural changes or differences in domain swapping could account for the increase in
activity. These data and results are presented in Chapter 3.

In Chapter 4 I discuss a chimeric CVN-Fc construct, which we have termed a
“lectibody” because it is a fusion of a lectin (CVN) and the constant region of an
antibody (Fc). This construct may have therapeutic value as a molecule that not only
neutralizes free viral particles through the CVN domain, but also functions as part of the
human immune system through the Fc, inducing immune response against infected cells
which are budding new virus.

While the vast amount of research has been focused on CVN projects, I also had
the opportunity to work on some computational protein design projects that are presented
as chapters in the Appendix of this thesis. One project involved designing calmodulin
(CaM) to optimize the protein-peptide surface and provide specificity between two high-
affinity native CaM peptide partners (Appendix A). While this research did not ultimately
result in a variant that displayed increased specificity, the groundwork was set for future
CaM designs and experiments that may prove more successful.

I also had the opportunity to collaborate with Jonathan Kyle Lassila on the design
and characterization of various chorismate mutase variants (Appendices B, C). The goal
of this project was to investigate the role of secondary active site residues in an enzyme
(these residues do not directly contact substrate but instead interact with active site
residues). We used our protein design software (ORBIT) to generate a variant that
showed a modest increase in catalytic efficiency and to identify other mutations that were
consistent with activity. We also performed site-saturation mutagenesis on six secondary

active site residues and characterized each active variant. This data allowed us to
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determine the tolerance for mutation in a natural enzyme system and use that information

for future computational studies involving functional proteins.
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Figure 1-1. Wild-type (WT) CVN structures. In solution, WT CVN exists mainly as a
monomer (A),”® while it always crystallizes as a domain-swapped dimer (B).”” CVN is
shown in green and cyan ribbons to indicate protein chains. Carbohydrates bound in the
high-affinity site are shown with orange carbons (present only in A), and carbohydrates
bound in the low affinity site are shown with blue carbons (present in both A and B). The
monomer and the left half of the dimer are in approximately the same orientation.
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Chapter 2

Engineered cyanovirin-N oligomers show enhanced HIV
neutralization
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Abstract

Cyanovirin-N (CVN), a protein originally isolated from the cyanobacterium
Nostoc ellipsosporum, has been shown to bind specifically to glycosylated gp120 on HIV
particles, preventing viral fusion and neutralizing the virus. Here, we present dimeric and
trimeric variants of CVN that display increased potency for neutralizing HIV-1. The
molecules were expressed and purified to homogeneity and then assessed for their ability
to prevent HIV-1 infection in a cell culture-based neutralization assay. We found that
covalently linking two CVN monomers (CVN;) through a flexible polypeptide linker
decreased the concentration of protein at which 50% of the virus was neutralized (ICs)
up to ten-fold compared to wild-type CVN. The addition of a third CVN monomer
(CVN3), however, showed minimal further neutralization enhancement. Our data also
suggest a linker-length dependence in the neutralization activity, although variability in
the assays masks a definitive trend. In addition, CVN and dimeric variants displayed
significant cross-clade and cross-strain reactivity against 33 strains of HIV-1 and
neutralized most strains with decreased ICsos compared to the most effective broadly
neutralizing antibody tested.

The increased neutralization exhibited by these linked CVN variants provides a
novel path to improve our understanding of how CVN prevents HIV infection, and the
broad cross-strain reactivity holds promise for the future therapeutic utility of these and

other engineered CVN variants.
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Introduction

Treatment and prevention of HIV-1 have proven to be difficult and complex
problems. Vaccines thus far have been unsuccessful in generating broadly reactive
neutralizing antibodies that confer immunity to the virus, partly because of HIV-1's rapid
mutation rate and partly because of the lack of epitopes on its envelope proteins. The
HIV-1 envelope is composed mainly of two proteins: gp4l and gpl120, which are
products of a single precursor protein, gp160. gp41 contains a transmembrane region,
which anchors the envelope protein to the membrane, as well as a region that interacts
specifically with gp120; gp120 contains binding sites for the primary receptor, CD4, and
coreceptors, CCRS and CXCR4. These gp41-gp120 dimers form trimers on the surface of
the virus, creating the envelope spikes." While gp41 and gp120 by nature must contain
some invariable regions, these conserved regions are typically masked or difficult to
access. For example, the CD4 binding site is located in a cleft in the protein, allowing this
region to evade the human immune system,*” and the binding sites for the coreceptors are
revealed only after a conformational change induced by CD4 binding.* Additionally,
gpl120 and gp41 are both heavily glycosylated, obscuring many potential epitopes. In
fact, approximately 50% of the apparent molecular weight of gp120 is attributed to
complex carbohydrates.” This “silent face” of the HIV envelope is fairly resistant to the
human immune system because it is generated by the host and often recognized as “self.”

In addition to the lack of functional epitopes on the envelope proteins of HIV-1,
HIV is a retrovirus, and therefore has a very high mutation rate due to the error-prone
reverse-transcriptase. Because of this rapid mutation rate, there is a great deal of variation

in HIV viruses within an individual, between individuals, and geographically. A
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successful treatment or vaccine must therefore induce a broadly neutralizing response
such that it affects many strains and many clades. Thus far, however, only a few broadly
neutralizing antibodies have been isolated that are capable of neutralizing primary
isolates of HIV-1."" To date, four broadly neutralizing antibodies have been discovered
and extensively studied. The first, IgG1b12, recognizes a conserved, recessed area of
gpl20 that overlaps with the CD4 binding site.” IgG1b12 is capable of neutralizing
approximately half of HIV-1 strains tested, including some strains from each clade.®’”’
The monoclonal antibodies 4E10 and 2F5 both recognize conserved areas of gp41, near
the viral membrane,'"'? but differ in their abilities to neutralize HIV-1. 4E10 is the most
broadly reactive of these neutralizing antibodies, neutralizing all 93 strains tested from 12
different clades. Unfortunately, although it is able to neutralize broadly, it does so with
only modest potency.” 2F5, on the other hand, is not capable of neutralizing most viruses
from clade C and is effective against only approximately 50% of clade D viruses.”” The
final anti-HIV antibody is 2G12. 2G12 differs from the other broadly neutralizing
antibodies in that it recognizes the carbohydrates on gp120 and not the actual protein
itself."® In contrast to the standard “Y” structure of antibodies, the Fabs of 2G12 form a
domain-swapped structure that allows it to bind two carbohydrate chains approximately
35 A apart." 2G12 is mostly effective against viruses from clade B and exhibits limited
or no neutralization of viruses from other clades.®”’

Cyanovirin (CVN), a lectin from the cyanobacterium Nostoc ellipsosporum, is
uniquely suited to play a role in HIV treatment and prevention.”” CVN, like the 2G12

antibody, binds specifically to ol-2 oligomannose molecules,'® which are highly

expressed on gpl20, and neutralizes enveloped viruses including HIV," Ebola,'” and
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influenza.'® Also like 2G12, CVN contains two carbohydrate binding sites per molecule,
indicating there is a potential avidity effect upon binding.'® CVN is also distinctive in its
small size. The 11-kDa protein is much smaller than even a single-chain Fv fragment
(scFv) and therefore has the ability to bind to areas on gp120 that are sterically occluded
from scFv, Fab, or IgG binding."” Additionally, unlike 2G12, which is specific to
carbohydrates on specific residues,” CVN is specific only to the type of linkage and
therefore less sensitive to escape mutations that eliminate a single glycosylation site. In
fact, glycosylation on gp120 has been shown to increase over the course of infection®
and act as a mechanism for escape from neutralizing antibodies.”’ CVN may be an
optimal therapeutic in these cases due to its reaction to a broad range of high mannose
carbohydrates.

We are interested in studying the effects of oligomerization on CVN to see
whether increasing the number of binding sites and varying the distances between those
sites increases the efficacy of neutralization for HIV-1 and other enveloped viruses.
Previous studies of 2G12 indicated that higher order oligomers are more effective at

222 West et al. showed that natural dimers of 2G12 are up to 80-fold

neutralizing HIV.
more potent than the monomer,”” and the oligomeric 2G12-IgM engineered antibody
tested by Wolbank er al. exhibited up to 28-fold greater efficacy than 2G12-IgG.”
Although CVN can also exist in a domain-swapped form,** it is unclear whether the
domain-swapped dimer exhibits similar increases in neutralization to 2G12, since

25,26
d.”

differing accounts have been publishe By dimerizing or trimerizing CVN, we not

only increase the number of binding sites and therefore potentially affect the avidity of
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binding, we can also effectively increase the separation of binding sites and therefore
possibly crosslink glycosylation sites that are separated by a greater distance.

In addition to determining the effect of oligomerization on CVN efficacy, we are
interested in testing these variants against a large number of HIV-1 strains to ascertain
their cross-clade neutralization. Toward these goals, we have successfully created linked
dimers (CVN;) and trimers (CVN3) of CVN and assayed their HIV neutralization
function against 33 viruses from three clades. These variants contain a polypeptide linker
of varying length (LO to L20) connecting the C-terminus of one CVN to the N-terminus

of another (Table 2-1, Figure 2-1).

Methods

Construct generation. The gene for wild-type (WT) CVN was constructed using a
recursive PCR method with 40-mer synthesized oligos,”” and cloned into the Ndel and
BamHI sites of pET11a. The protein contained an N-terminal 6-histidine purification tag
followed by a Factor Xa protease cleavage site. CVN, L5 and CVN,; L10 were
constructed using PCR-based cloning to insert a tandem repeat of the WT CVN gene into
the WT plasmid. The CVN3; L5 gene was created by inserting an Escherichia coli-
optimized WT CVN DNA sequence between the two existing copies of the WT gene in
CVN; LS. Other dimeric and trimeric genes of varying linker lengths were constructed
using the QuikChange Site-Directed Mutagenesis Kit to insert or delete codons
corresponding to linker amino acids (Stratagene). All constructs were verified through

DNA sequencing and restriction analysis to ensure the correct sequence and number of

CVN repeats.
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Expression and purification. WT CVN and all oligomeric variants were expressed
in BL21(DE3) E. coli cells in LB including ampicillin. The cultures were induced with 1
mM ITPG when the cells reached mid-log and grown for an additional 3-5 hours at 37°C.
The harvested cells were lysed using an EmulsiFlex-C5 (Avestin, Inc.) and the insoluble
fraction was resuspended in buffer containing 6 M GnHCI and 10 mM imidazole and
centrifuged to remove debris. The solubilized CVN was then purified using a denatured
protocol on a Ni-NTA gravity column (Qiagen). The protein was eluted in buffer
containing 6 M GnHCI and 250 mM imidazole and transferred to dialysis tubing with a
MWCO of 5,000 Da. WT CVN and all variants were refolded by dialyzing the Ni-NTA
eluate against native buffer overnight at room temperature.® Following refolding, the
solution was filtered to remove any precipitant and concentrated using Amicon 5000
MWCO centrifugal concentrators to approximately 0.5 mL (Millipore). The proteins
were then additionally purified on a Superdex-75 column and eluted in 25 mM sodium
phosphate pH 7.4, 150 mM NaCl. Pure protein was concentrated or stored as eluted at
4°C. Attempts to cleave the His-tag using Factor Xa were unsuccessful under several
conditions, so the tag was left intact for the studies described here.

Amino acid analysis was performed on WT CVN, CVN; L5, CVN;, L10, CVN;
L5 and CVN; L10 to determine extinction coefficients at 280 nm (Jinny Johnson, Texas
A&M University). These experimentally determined extinction coefficients (WT: 10471
M'em™, CVN,s: 20800 M'em™, CVNss: 32000 M'em™) were used to calculate the

protein concentration.
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Surface plasmon resonance (SPR) assays. SPR (Biacore) experiments were
performed on a T100 instrument (Biacore). Approximately 30 response units (RUs) of
WT CVN were immobilized on flow cells 2 through 4 of a CMS5 chip through standard
amine coupling. Flow cell 1 was reserved as a control. All assays were conducted in
HBS-EP buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 0.0005% v/v Surfactant P20, 1
mM EDTA; Biacore). Various analytes were injected over the surface for 60 seconds at a
flow rate of 30 uL/min. The chip was regenerated with two pulses of 50 mM NaOH. In
some cases, complete regeneration was not achieved and a new chip was created. The

data were analyzed for binding or lack of binding based on the sensorgram.

Cell viability assays. Cellular toxicity was assayed using an XTT cell proliferation
kit (MD Biosciences). This assay is based on the observation that live cells can reduce
XTT and other tetrazolium salts, resulting in a colored solution. Cells that are not
metabolically active, however, are not able to reduce XTT and therefore there is no color
change after the addition of the reagent. WT CVN or a variant protein was incubated with
approximately 5000 Tzm-BI cells in D-MEM high glucose medium with L-glutamine,
sodium pyruvate, 50 ug/mL gentamicin, and 10% heat inactivated BSA at 37°C in a CO,
incubator for 48 hours. The prepared XTT reagent was added to each well and incubated
for an additional two hours. The plates were shaken gently and the absorbance at 450 nm
(the absorbance of the reduced XTT product) was measured on a Safire’ plate reader
(Tecan). Each protein was assayed in triplicate, and the average absorbance values were
used to determine the percent of cells that were viable (%/Viable) using Equation 2-1,

where Acyy 1s the absorbance of the well containing cells and CVN, Acgusive 1S the average
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absorbance of wells containing no cells or protein, and A4..; is the average absorbance of
wells containing cells but no CVN. The percent of viable cells was plotted as a function

of the CVN concentration.

BViable = 2on = Bresane 11 (2-1)
cell — egative

HIV neutralization assays. HIV neutralization assays were performed by Priyanthi

Peiris, a technician in Prof. Pamela Bjorkman’s lab, according to the methods by Li et
al.® The assays used Tzm-Bl cells, a HeLa cell line that expresses CD4 and the HIV-
coreceptors CCR5 and CXCR4 and contains a viral Tat-induced luciferase reporter gene.
Only when infected by the HIV-1 pseudovirus will these cells express luciferase,
allowing a high-throughput measurement of neutralization. HIV-1 pseudovirus particles
from pseudotyped primary virus strains were prepared as described.®*' The SC422661.8
strain (clade B) was used for all assays unless otherwise noted. One column of 8 wells in
a 96-well plate contained cells but no virus and was used to determine the background
level of luminescence (cell control). Additionally, one column contained cells and virus
but no inhibitory compound, acting as both a positive control and a maximal signal of
infection (viral control). In the remaining wells, approximately 250 TCIDs, of virus was
incubated with varying amounts of CVN or CVN variant in triplicate for one hour at
37°C. Each plate contained WT in triplicate as an internal control. Typically eight three-
fold dilutions starting with 200 nM protein were tested to create a neutralization curve.
Approximately 10,000 freshly trypsinized cells were added to each well and the plate was

incubated for 48 hours. The cells were then lysed using Bright Glo Luciferase Assay
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Buffer (Promega), which was diluted 4X. The lysate was then transferred to a new plate
and the luminescence was measured on a Victor’ Multilabel Counter (PerkinElmer, Inc.).
To determine the ICsy of neutralization, the luminescence corresponding to a
given protein concentration was first averaged across the three replicates, then the percent
neutralization (%oNeutralization) was calculated based on Equation 2-2, where RLU is the
average relative luminescence for a given concentration, CC is the average luminescence
from the cell control wells, and V'C is the average luminescence from the viral control
wells. The percent of virus neutralized was then plotted as a function of neutralizing
protein in Kaleidograph (Synergy Software) and fitted to Equation 2-3, where /Cs is the
concentration of CVN at which 50% of the virus is neutralized and C is the concentration
of CVN. The reported error is the error associated with the curve fit to the experimental

data.

%Neutralization = (1 - M) #100 (2-2)
VC-CC
% Neutralization = 100 (2-3)
IC,,
I+ —=

To minimize the plate-to-plate deviations between assays, we normalized each
variant’s ICso compared to WT ICsy on the same plate. These data are presented as “ICs:
fold lower than WT” and were calculated by dividing the ICso for WT by the ICs for the
variant. Each variant was independently tested between one and five times. Error bars
were calculated by propagating the error from the WT and variant curve fits as well as

multiple trials if applicable, according to standard methods.
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In addition to the assays done here at Caltech, WT and two dimer variants were
tested against multiple envelopes from various HIV-1 clades by Professor Michael
Seaman’s lab at Harvard Medical School through the Collaboration for AIDS Vaccine
Discovery (CAVD) Neutralizing Antibody Laboratory. These assays were performed
according to the same protocol described above, but 33 pseudoviruses from clades A, B,
and C were tested to determine the cross-clade reactivity. The data were analyzed as

described above.

Results

Dimer and trimer variants. To directly assay the effects of dimerization and
trimerization on the activity of CVN, we generated proteins consisting of two or three
tandem repeats of CVN (Figure 2-1). The resulting proteins had one copy of the protein
linked through its C-terminus to the N-terminus of the next copy through a flexible
polypeptide linker encoded in the gene. In this study, we tested dimers (CVN,s) with 14
different linkers ranging from 0 to 20 amino acids (all Gly or Ser) for their ability to
neutralize HIV in a cell-based assay. In addition, we assayed trimers (CVN3s) with three

linkers comprised of 0, 5, or 10 amino acids (Table 2-1).

Expression and purification. WT and all CVN variants were expressed into
inclusion bodies at 37°C using standard E. coli expression protocols. After solubilizing
the proteins in 6 M GnHCI and running a Ni-NTA purification step, the proteins were
refolded by dialyzing against native buffer. Most of the refolded protein solutions,

including those for WT, CVN, L0, CVN, L10, and CVNj; variants, had little or no
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precipitation after dialysis, indicating the conditions were sufficient for refolding without
favoring aggregation. Some variants, however, including CVN, L1 and CVN, L3,
experienced significant precipitation during the refolding step. These solutions were
filtered before continuing with the purification protocol. Gel filtration was performed on
the refolded proteins to separate the desired species (WT: monomer; CVNys: dimer;
CVNGis: trimer) from higher molecular weight species including domain-swapped dimers
or tetramers and aggregates. WT CVN eluted at approximately 0.59 CV, CVN,s eluted at
approximately 0.54 CV, and CVNss eluted at approximately 0.50 on the gel filtration
column. Reinjection of purified sample indicated the protein was stable in its purified

oligomeric state for weeks to months when stored at 4°C.

Surface plasmon resonance (Biacore) assays. To assess the efficacy of the
refolding protocol, WT CVN was assayed for its ability to bind gp120. WT CVN was
immobilized to a Biacore chip and 100 nM gp120HxBc2 was flowed over. Significant
binding was observed at all surface densities tested and the binding was virtually
irreversible (data not shown). Various regeneration conditions including low pH, high
pH, and high concentrations of NaCl were used, but the chip was never fully regenerated.
We therefore concluded that WT CVN was properly folded and able to bind specifically
to gp120, but kinetic and binding constants could not be obtained using this method.

We also tested for domain-swapping and aggregation on the surface. WT CVN
was immobilized and WT and various CVN; proteins were analyzed for binding. No

binding was observed for WT, CVN, L0, CVN; L1 or CVN;, L10 (data not shown).
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These proteins did not aggregate on the surface or bind to WT CVN. We were not able to

observe any intermolecular domain-swapping under these conditions.

HIV neutralization assays. WT CVN was tested for its ability to neutralize HIV
pseudovirus in cell culture. The ICsy of CVN is reported to be in the low nanomolar
range.”**>! In our assays, WT CVN neutralized HIV envelope SC422661.8 with ICsos
between 2 and 14 nM over 16 independent trials, consistent with published values.
Because of the variation we saw in these experiments and to minimize any plate-to-plate
deviations due to incubation conditions, viral particle preparation, or other systematic
differences, we report all variant data relative to the WT ICsy from the same 96-well
plate.

Dimeric CVN; proteins were also tested for their ability to neutralize HIV strain
SC422661.8 (Figure 2-2). All variants displayed 1Csos lower than WT CVN, showing
enhanced neutralizing compared to WT. For CVN, L0 and CVN, L10, the increase in
efficacy is nearly ten-fold. While there appears to be a linker-length dependence to the
data, this may be an artifact of the complicated biological assay and not a reflection of
actual differences in activities.

To test the hypothesis that more binding sites make better neutralizing variants,
we created and assayed trimeric CVN3 molecules. Similar to the CVN, results, these
variants were significantly more effective at HIV neutralization than WT. However,
compared to the CVN, variant, adding an additional CVN repeat did not increase the

efficacy of HIV neutralization, and the three variants tested (CVN; LO, CVN; L5, and
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CVN;3; L10) did not have significantly different activities from their CVN, counterparts

(Figure 2-3).

After identifying CVN, LO and CVN; L10 as the best performing oligomeric
variants against the SC422661.8 strain, we assayed these proteins as well as WT for their
cross-clade reactivity. The proteins were tested against a total of 33 viruses from three
clades of HIV (Table 2-2). One of the most difficult obstacles in developing HIV
neutralizing monoclonal antibodies (NAbs) is their lack of cross-clade reactivity. Most
NAbs effectively neutralize viruses from one or two clades, but often are not effective
against other clades. It is important for a potential therapeutic to be effective against as
broad a range of viruses as possible. In the case of WT CVN and the dimeric mutants, all
33 of the HIV pseudoviruses were neutralized with 1Csps less than 300 nM (Figure 2-4,
Table 2-2). Only the 4E10 NAb was as cross-clade reactive, while 2G12 and 2F5 were
not effective at neutralizing clade C viruses, and [gG1b12 was not effective against clade
A viruses.

In addition to the broad cross-clade reactivity of WT CVN and the CVN; variants,
we were interested in the overall efficacy of the CVN proteins as compared to the NAbs.
To simplify the analysis, we chose the NAb with the lowest I1Csy for each individual
envelope and compared WT CVN, CVN; L0, and CVN; L10 to that variant (Figure 2-5).
This comparison therefore indicates how effective the CVNs are against the best broadly
neutralizing antibody for each strain. For many strains, WT CVN is less effective than the
best NADb, as indicated by bars with negative values. However, by dimerizing the protein,
we increased the efficacy of neutralization and generated variants that exhibit better

neutralization than the best NAb against a given HIV strain. In fact, CVN; LO is better
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than the best NAb for every virus tested except for 4 out of 31 cases (2 of the 33 viruses

did not have corresponding NAb data). Although it is only moderately more effective
against some strains, CVN, L0 is at least 5-fold better than the best NAb against 19 out of
31 envelopes and at least 10-fold better against 11 envelopes. Additionally, CVN, L0 has
an ICsy 215-fold lower than the NAbs in one case (clade B, TRJO4551.58). Through
dimerization, we have created a variant that is not only broadly cross-clade reactive, but
is also more effective at neutralizing HIV-1 than the commonly studied NAbs.

Similarly to the results from neutralization assays on SC422661.8, the cross-clade
data indicate that the dimerized variants are significantly more effective at neutralizing
various strains of HIV-1 than WT CVN (Figure 2-6). Specifically, CVN, L0 neutralized
with a lower I1Csp than CVN; L10 in 32 out of 33 cases, and CVN, L10 neutralized with a

lower ICso than WT in all 33 cases.

Cell viability assays. An alternative explanation to our HIV neutralization assay
data is that CVN is not in fact neutralizing HIV, but instead killing the host cell. In this
case, the cell would not express luciferase upon infection because its cellular machinery
would be nonfunctional. To test this hypothesis, we checked WT CVN, CVN, L5, and
CVN; L10 for toxicity against Tzm-BlI cells using an XTT cell proliferation assay. We
tested concentrations up to 25-fold higher than the highest concentration used in the HIV
neutralization assays. Our data indicate that at the concentrations relevant for the
neutralization assays, CVN and the CVN, variants are not toxic (Figure 2-7). We did,
however, see limited toxicity both by the XTT assay as well as visual inspection of the

cells at protein concentrations above 1 uM. This result is consistent with published
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1332 and indicates the activity we see against HIV is in fact neutralization of the

reports

virus and not toxicity to the host cell.

Discussion

We successfully created dimeric and trimeric CVN variants that have enhanced
anti-HIV activity compared to WT CVN. These variants show excellent cross-clade and
cross-strain reactivity and are more effective at neutralizing HIV than the most broadly
neutralizing HIV antibodies.

Although the dimeric and trimeric variants show significant improvement in HIV
neutralization, the mechanism responsible for the enhancement has thus far proved
elusive. We hypothesize that differences in domain swapping may lead to an increase in
efficacy. Previous reports are divided about whether the domain-swapped form of WT

2326 However, because of the meta-stable

CVN is more active than the monomeric form.
state of domain-swapped WT, it is difficult to assay the dimerized form in current
biological assays. Our variants, however, because they are covalently linked at their
termini, have a much higher local concentration of CVN and therefore may be more
stable as a domain-swapped dimer, even at physiological temperatures. Additionally, for
variants with short linker lengths, the link may force a domain-swapped structure and
may sterically hinder a monomeric-like form. Because the tandem CVN repeats are
covalently attached, however, it is difficult to determine whether the molecule is in a
monomeric-like dimer form or a domain-swapped dimer (Figure 2-1). We can effectively

remove any inter-molecularly domain-swapped protein using the gel (filtration

purification step, but intra-molecularly domain-swapped variants are difficult to
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distinguish using standard purification protocols. We plan to investigate the domain-
swapped nature of the variants to determine whether this may play a role in the increased
activity. NMR-based experiments may allow us to see long-range interactions that are
consistent with domain-swapping. Alternatively, we could introduce a protease cleavage
site in the linker and determine whether after cleavage the protein is still dimeric or shifts
to a monomeric molecular weight.

In addition to potential differences in domain swapping, the simple increase in
carbohydrate binding sites may increase the avidity of the CVN-gp120 interaction. WT
CVN itself has a very high affinity for gp120,">*’ but an increase in avidity in the CVN,
variants may provide an extra force to prevent possible dissociation and escape of the
virus. An alternate mechanism for increased neutralization is that the CVN,s, with
binding sites that are further apart than in WT CVN, are able to crosslink glycosylation
sites on a single gp120 or crosslink multiple gp120 subunits on an envelope spike or, less
likely, multiple spikes. This crosslinking would sterically hinder more gp120 subunits
from binding to CD4 than would be blocked by WT CVN, thus decreasing the ICso. An
interesting note is that in the domain-swapped structure of WT CVN, every pair of
carbohydrate binding sites is approximately 30 to 40 A apart (Figure 2-8). The
neutralizing antibody 2G12, which also binds the glycosylation site on gp120 and is also
domain-swapped, has carbohydrate binding sites that are also approximately 35 A apart."
Perhaps by stabilizing the domain-swapped structure of CVN, the carbohydrate binding
sites of the CVN, variants are optimally positioned to interact with gp120 and neutralize

the virus.
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While addition of a second CVN molecule increases the efficacy of HIV

neutralization significantly, the addition of a third CVN repeat (CVN;) does not
significantly increase it further. Although the mechanism for enhanced activity is not yet
understood, if increased domain-swapping is involved, an unpaired, third CVN may not
significantly increase the neutralization. To test this hypothesis, tetrameric CVN
molecules can be engineered and tested for increased HIV neutralization. Alternatively,
due to the close proximity of the N- and C-termini in the WT structure and their
proximity to the low affinity carbohydrate binding site, the third CVN molecule may
sterically prohibit access to some of the carbohydrate binding sites in the molecule,
rendering those sites nonfunctional and therefore not conveying any additional effect.

WT CVN and the CVN, molecules show excellent cross-clade and cross-strain
reactivity. This property is promising for the development of these or other variants for
therapeutic use as they can be used potentially throughout the world. In addition, CVN
variants could be used in combination therapy to direct gp120 evolution toward decreased
glycosylation. Glycosylation itself has been shown to be important in the folding and
function of viral glycoproteins®™ and in the case of HIV, deglycosylation of gpl120
diminishes the binding to CD4, making the virus less infective.”*> Alternatively,
deglycosylation of gpl120 could merely reveal more protein epitopes that can be
recognized by the adaptive immune system, allowing our own bodies to fight off
infection more effectively.

Although these initial results are promising, more work needs to be done to
elucidate a mechanism for the increased efficacy that we see for the dimeric and trimeric

variants. It is probable that multiple mechanisms are at work to affect the neutralization
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activity. Toward this goal, we have solved crystal structures of CVN, L0, CVN; L1, and

CVN; L10 to determine whether any structural differences can account for changes in
activity (Chapter 3 of this thesis). We also hope to employ a biophysical-based assay
such as surface plasmon resonance or isothermal calorimetry to determine whether there
are specific differences in the carbohydrate binding affinities between the CVN, variants
and WT that explain the differences in HIV neutralization.

Additionally, we are testing our variants against other enveloped viruses including
influenza, Andes virus (a highly lethal hantavirus), and vaccinia virus (a small pox
model) to determine whether the increase in efficacy for the dimeric variants applies to

all or most enveloped viruses or is specific to HIV.
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Table 2-1. CVN; and CVN3 linker sequences.

Variant Linker Sequence
CVN; LO N/A

CVN; L1 G

CVN; L3 GSG
CVN; L5 GGSGG
CVN; L6 GSGGSG
CVN, L7 (GGNS),G
CVN; L8 (GGS),GG
CVN; L9 GGSGGGSGG
CVN; L10 (GGSGG),
CVN; L11 (GGS);GG
CVN; L13 GGS(GGGS),GG
CVN; L15 (GGSGQG);
CVN, L17 GGS(GGGS);GG
CVN, L20 (GGSGG)4
CVN; LO N/A

CVN; L5 GGSGG
CVN; L10 (GGSGG),
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Table 2-2. ICs¢s (nM) of CVN and HIV neutralizing antibodies” against various
envelopes in HIV clades A, B, and C.

Clade Envelope 4E10 2G12 2F5 IgG1b12 | CV-N CVN,LO  CVN,L10
Clade A®
DJ263.8 N/A N/A N/A N/A 7.48 0.46 0.48
Q23.17 108.75 >300 46.25 >300 15.4 1.35 2.59
Q842.d12 87.5 >300 53.75 >300 19.1 2.83 3.34
Q259.d2.17 89.375 >300 66.25 >300 162.6 13.79 411
3718.v3.c11 71.875 >300 21.25 >300 64.33 4.01 8.89
0330.v4.c3 36.25 4.375 59.375 >300 2.69 0.11 0.25
3415.v1.c1 146.875 13.125 227.5 156.25 5.69 0.28 0.44
Clade B°
SF163.LS 1.875 3.75 0.625 0.0625 16.43 1.05 1.69
PV0.4 40.625 75 >300 >300 4.09 0.23 0.49
CAAN5342.A2 16.875 >300 225 >300 34.29 9.49 14.61
WIT04160.33 1.875 6.875 3.75 19.375 1.85 0.1 0.12
AC10.2.29 1.875 >300 8.125 11.875 5.01 0.27 0.79
SC422661.8 5.625 13.125 4.375 1.25 4.21 0.24 0.42
6535.3 1.25 12.5 11.875 8.75 18.26 1.35 2.56
THRO4156.18 1.875 >300 >300 3.125 7.75 0.59 0.74
REJO4541.67 4.375 >300 3.75 4.375 11.48 0.5 0.68
TRJO4551.58 28.125 >300 >300 >300 4.48 0.13 0.35
QH0692.42 8.75 17.5 6.25 1.875 14.32 1.02 2.39
TRO.11 1.875 25 >300 >300 9.57 0.53 0.85
RHPA4259.7 43125 >300 75 0.625 11.57 1.14 2.04
Clade C*
MW965.26 N/A N/A N/A N/A 7.06 04 0.89
ZM197M.PB7 3.125 >300 76.875 124.375 4.34 0.41 0.49
ZM249.PL1 13.125 >300 >300 20 22.93 1.93 2.31
ZM53M.PB12 4375 >300 >300 161.875 19.24 1.41 342
ZM214M.PL15 25 >300 >300 18.75 29.35 1.46 2.59
Du156.12 1.25 >300 >300 5 24.32 1.99 3.8
Dud42.1 4.375 >300 >300 1.25 5.02 0.28 0.48
Du172.17 1.875 >300 >300 6.25 3.31 0.33 0.38
CAP45.2.00.G3 16.25 >300 >300 4.375 1.21 0.17 0.41
CAP210.2.00.E8 75 >300 >300 1275 16.75 143 1.03
ZM233M.PB6 75 >300 >300 >300 4.56 0.24 0.29
ZM109F.PB4 3.75 >300 >300 >300 18 2.77 549
ZM135M.PL10a 3.75 >300 >300 >300 16.79 1.89 3.08

* A molecular weight of 160,000 g/mol was used to convert neutralizing antibody data
(4E10, 2G12, 2F5, IgG1b12) from ug/mL to nM.

® Clade A neutralizing antibody data, personal communication, Prof. Michael Seaman.*
¢ Clade B neutralizing antibody data from Li et al., 2005.°

4 Clade C neutralizing antibody data from Li et al., 2006.
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Figure 2-1. Model of generic CVN; protein. The CVN repeats are shown in green and
cyan and the flexible polypeptide linker is shown in orange. The N-terminal His-tag is
depicted as HHHHHH. The CVN; structures may adopt a linked monomer structure (A)
or a linked domain-swapped structure (B). These representations were created using
solved WT CVN structures'®** and are not based on any structural data (see Chapter 3 for
structural information).
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Figure 2-2. HIV neutralization assay results. (A) Typical neutralization data for WT
CVN and two variants run on the same plate. The data are analyzed and fit as described
in the methods. (B) Summary of ICsos from various CVN,s of differing linker lengths as
compared to WT on the same plate. CVN, L0, CVN, L5, and CVN, L10 show the largest
increase in efficacy over WT. All linked dimers, however, are at least two-fold more
effective than WT.
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Figure 2-3. CVN; HIV neutralization data. The CVNj3 variants are all significantly more
effective at neutralizing HIV than WT, but there is no significant difference between
CVN;s (red bars) and CVN3s (blue bars) of these linker lengths.
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Figure 2-4. WT CVN cross-clade reactivity compared to broadly HIV neutralizing
antibodies. WT CVN effectively neutralized all of the HIV pseudoviruses from clades A,
B, and C. The 2G12 HIV neutralizing antibody neutralized some clade A and clade B
viruses, but is not effective against any clade C viruses. The 2F5 neutralizing antibody
works against only a few clade C envelopes and the IgG1B12 antibody is not fully
effective against clade A envelopes. 4E10 is the only HIV neutralizing antibody with
comparative cross-clade reactivity to WT CVN, neutralizing all viruses tested.
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Figure 2-5. Engineered CVN; variants neutralize most HIV pseudoviruses with a lower
ICso compared to the most effective broadly neutralizing antibody (NAb). For each
envelope, the neutralizing antibody with the lowest ICsy was chosen for comparison (see
Table 2-2). CVN, CVN; L0, and CVN; L10 were evaluated against this best NAb from
each envelope. CVN ICsps that were lower than the NADb ICsy were treated as described in
the methods (“Fold lower than WT”). For variants with higher ICsos than the NADb, the
“Fold worse than best NADb” is the negative inverse of “Fold lower than WT” to provide
clarity in the plot. Variants that have ICsos lower than the best NAb are shown with
positive bars and those with ICsgs higher than the best NAb are shown with negative bars.
(A) Clade A envelopes. (B) Clade B envelopes. (C) Clade C envelopes.
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Figure 2-6. Engineered CVN variants are more effective at neutralizing various HIV
pseudoviruses than WT CVN. For every virus tested, CVN, L10 neutralized with a lower
ICso than WT CVN. For all viruses except one (a clade C envelope), CVN, LO
neutralized with a lower ICso that CVN, L10. CVN; L0 was up to 35-fold better at
neutralizing HIV as compared to WT. CVN; L10 was at most 15-fold better neutralizing
than WT.
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Figure 2-7. Cellular toxicity assay of CVN and CVNys. An XTT-based assay was used to
determine whether CVN and CVN, variants are toxic to Tzm-Bl cells in culture. The
CVNs s are not toxic at the concentrations used in the HIV neutralization assay (up to 200
nM), but some toxicity was observed at higher concentrations.



Figure 2-8. Carbohydrate binding site spacing in CVN and the 2G12 anti-HIV Fab. (A)
Each of the four carbohydrate binding sites in the WT CVN crystal structure (P4,2,2
space group)’’ is approximately 30 to 40 A from the other sites. (B) The 2G12 Fab,
which is specific to carbohydrates on gp120 and is broadly neutralizing, has an unusual
domain-swapped form in the crystal structure.'* This domain-swapping rigidifies the
carbohydrate binding sites with respect to each other and holds them approximately 35 A
apart.
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Chapter 3

Structural characterization of engineered cyanovirin-N dimers
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Abstract

Cyanovirin-N (CVN) is an antiviral protein that has broad specificity for
enveloped viruses. It specifically binds carbohydrates expressed on envelope proteins and
prevents the virus-host cell interactions that are necessary for infection. In the previous
chapter, we described dimeric CVN variants (CVN,s) that contain a tandem repeat of
CVN linked through a flexible polypeptide linker. These variants showed up to 10-fold
greater efficacy against HIV in a cell-based HIV neutralization assay and also showed
broad specificity for different strains and clades of HIV. To investigate the mechanism
for this increase in biological function, we have solved four crystal structures of three of
these dimeric variants. The structures show that CVN, L0, CVN, L1, and CVN, L10 are
all intramolecularly domain-swapped and have a great degree of similarity to wild-type
(WT) CVN domain-swapped structures. Although we were able to see some density for
the linker in each case, the structures were complicated by the fact that only half of the
CVN; dimer was in the asymmetric unit in three out of four cases. In the fourth case, a
CVN; L1 structure, we could clearly distinguish the free termini from the linked termini.
Unfortunately, there were no major differences between the linked dimers and WT CVN,
and therefore major structural changes do not contribute to the increase in HIV
neutralization. We can, however, conclude that linking the termini of two CVN
molecules does not adversely affect the structure or function and that the molecules are
intramolecularly domain-swapped. Additionally, in the domain-swapped form, the
distance between carbohydrate binding sites in CVN become more consistent and these

distances are similar to the distance between the binding sites in the broadly neutralizing
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anti-HIV antibody, 2G12. By stabilizing this domain-swapped form, we may be

positioning the binding sites at the ideal geometric position to best neutralize HIV.
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Introduction

Cyanovirin-N (CVN) is a lectin originally isolated from the cyanobacterium
Nostoc ellipsosporum that has been shown to effectively neutralize various enveloped
viruses, including HIV,' influenza,® and Ebola.’ CVN specifically binds al-2 linked
oligomannose glycosylation® sites on the envelope proteins of these viruses and blocks
critical interactions between the virus and the host cell, thus preventing infection.’

CVN exists in solution both as a monomer and a domain-swapped dimer (Figure
3-1). The monomer consists of two pseudo-domains that display high sequence
homology. The first domain contains residues 1-39 and 90-101, and the second domain
contains residues 39-89.° CVN includes a three-stranded antiparallel f sheet and a f
hairpin in each pseudo-domain. The pseudo-domains are connected through two helical
turns. CVN also contains two native disulfide bridges: between residues 8 and 22, and
between residues 58 and 73. These two disulfide bridges are located near each end of the
molecule and anchor the first strand of the [ sheet to the second strand. The dimer
contains the same topology, but is domain-swapped at residues 51-53.7 In this case, the
first domain of one chain (A) forms a “monomer-like” structure with the second domain
of the other chain (B’) in an almost symmetric domain swapping (Figure 3-1B). The two
quasi-monomers can sample different orientations relative to each other due to the
flexibility of the domain-swap region, and the orientation appears to be pH dependent in
crystal structures.®

CVN contains two carbohydrate-binding sites of differing affinities for al-2
mannose: one at each end of the molecule (Figure 3-1A). The high affinity site, located

distal from the N- and C-termini, has a dissociation constant in the low nanomolar range,
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whereas the lower affinity site has approximately 10-fold weaker affinity.” To date, no
crystal structures have been solved of CVN with carbohydrate bound to the high affinity
site. This is probably due to crystallographic packing, which obstructs this binding site.
However, numerous structures have been solved with carbohydrate bound to the low
affinity sites, and these structures are very similar to the NMR structures.'""'

In solution, CVN exists mainly as a monomer, and NMR structures have been
solved of monomeric CVN, both free® and bound to carbohydrates.* However, all crystal
structures of the wild-type (WT) protein to date have yielded domain-swapped structures,

a proposed artifact of the crystallographic process.”'*'*"?

The domain-swapped form is
metastable in solution and rapidly coverts to the more stable monomer at physiological
temperatures, but is stable for long periods of time at low temperature.'> However, in the
crystallographic conditions of high protein concentration, extreme pH, and high
precipitant concentration, the equilibrium is shifted from the purified monomer to the
crystallized dimer. Solution structures of isolated dimer are similar to those solved using
crystallography.'? Various constructs have been engineered to modulate the domain-
swapping, including variants that preferentially form monomers'? and those that form
dimers in solution.'>'*'* One of these variants, a five-fold mutant including the P51G
mutation, which stabilizes the monomeric state, was solved recently as a monomer using
crystallography.''

Although a great deal of work has been done to change the preference for
monomeric or dimeric protein, there is still a controversy about the effect of dimerization

on the antiviral activity of CVN. Because WT domain-swapped dimer converts to

monomer during the course of a viral neutralization assayi, it is difficult to assay the effect
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of dimerization directly. Therefore, various mutants have been generated to try to
elucidate the relationship between oligomerization and activity. Kelley ef al. created an
obligate domain-swapped dimer by deleting one of the residues in the domain-swap
region and observed a 3.5-fold reduction in the concentration at which half of the viral
particles are neutralized (ICso) of HIV fusion. They also showed a similar 3.5-fold
reduction in the ICsy for purified WT dimer.'* However, Barrientos et al. tested WT
monomer, WT dimer, and various engineered mutants and found that regardless of the
oligomerization state, all molecules had essentially the same activity against both HIV
and Ebola Zaire."” Differences in the incubation time and assay conditions could explain
the discrepancy, but the question still remains whether dimeric CVN is more effective at
neutralizing viruses than monomeric CVN.

In Chapter 2, I described the creation and characterization of obligate dimeric
CVN molecules (CVN,s). These proteins consist of two copies of WT CVN linked with a
flexible linker of varying length. We tested linker lengths ranging from 0 amino acids
(LO) to 20 amino acids (L20) and found that some of the variants displayed up to 10-fold
better HIV neutralization than WT. Specifically, CVN, L0, CVN, L5, and CVN;, L10
were significantly more effective than WT. By adding only one amino acid between the
N- and C-termini, however, the CVN, L1 variant displayed only approximately five-fold
better neutralization than WT. While this difference could easily be explained by
experimental error in the biological assay, we wanted to investigate the mechanism for
the increase in efficacy for CVN, L0, CVN; L1, and CVN; L10 and determine whether
there was a structural explanation for the increase in activity. We therefore solved crystal

structures of these three variants. We hypothesize that differences in the structures of the
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proteins, including potential domain-swapping differences, could account for the changes

in activity.

Methods

Protein expression and purification. CVN,; L0, CVN; L1, and CVN; L10 were
expressed and purified as described in Chapter 2. After gel filtration, the proteins were
concentrated using 5,000 MWCO Amicon Ultra concentrators (Millipore) to 25-30

mg/mL.

Crystallization. Crystallization conditions were set up using a Mosquito
automated nanoliter pipettor (TTP Labtech) in the Molecular Observatory at Caltech.
Screening was done with 480 conditions in 96-well sitting drop plates using 0.3 x 0.3 uL
drops. Each protein crystallized under many conditions, and suitable crystals were found
for data collection from these initial screens. The best diffracting CVN, LO crystals were
grown in 0.1 M sodium HEPES pH 7.5, 0.8 M potassium dihydrogen phosphate, 0.8 M
sodium dihydrogen phosphate. CVN; L1 data sets were collected on crystals from 0.1 M
phosphate-citrate pH 4.2, 2.0 M sodium/potassium phosphate (P3,21 structure) and from
0.1 M CHES pH 9.5, 0.2 M lithium sulfate and 1 M potassium/sodium tartrate (P4,2,2
structure). The CVN, L10 data set was collected on a crystal grown in 0.2 M sodium

fluoride and 20% PEG-3350.

Data collection and refinement. All crystals except the CHES CVN; L1 crystal

were cryoprotected in TMP oil. CVN; L1 crystals grown in the CHES/tartrate condition
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were cryoprotected using the reservoir condition including 20% glycerol. Data for the
CVN; L0 and L1 structures were collected using a MicroMax-007HF X-ray generator
with an RAXIS IV++ detector (Rigaku Corp.). The CVN, L10 data set was collected on
the 12-2 beam line at the Stanford Synchrotron Radiation Lightsource (SSRL). All data
were processed using CrystalClear (Rigaku Corp.) and Mosflm.'® The indexed and scaled
data were further evaluated using CCP4i.'” The molecular replacement for data sets
indexed to the P3,21 space group were done using 3EZM as the starting model.” The
molecular replacement of the CVN, L1 data in the P4,2,2 space group was done using
2721 as the starting model.'' Phaser version 1.3.3 was used for the molecular
replacement.'® Further refinement was done using Coot'” and Refmac®’ and omit maps

S.2'? Figures were made using PyMOL.*

were created using CN
Results
Crystallization. CVN, L0, CVN; L1, and CVN, L10 were chosen for structural
characterization. As described in Chapter 2, CVN, L0 and CVN, L10 were the most
active of the engineered dimers, while CVN, L1 was less active than CVN; LO due to the
single amino acid linker. We therefore solved crystal structures of these proteins to
determine whether any major structural differences could explain the changes in the HIV
neutralization activity that we observed. All of the proteins were crystallized in 96-well
plates with 0.6 uL drops. CVN, LO crystallized in approximately 20 out of the 480
conditions tested. Most of these conditions contained sulfate or phosphate as the
precipitant and low pH buffers, although the protein also crystallized well in 20% PEG

3350. CVN; L10 crystallized in similar conditions to CVN, L0, and crystals were
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observed in approximately 35 conditions. CVN;, L1 crystallized in approximately 35

conditions as well, but in addition to crystal forms seen for CVN, LO or CVN; L10, new
crystal forms were observed in high pH conditions. Approximately half of the crystal
conditions for CVN, LO were above neutral pH, while the CVN, L10 conditions were
only about one-third above neutral pH. The structure for CVN, L1 was therefore
determined from both a low pH condition (P3,21 space group) and a high pH condition
(P4,2,2 space group). CVN, LO and CVN; L10 structures were solved using the only

well-diffracting crystals available, which were from low pH conditions (P3,21 space

group).

Crystal structure refinement. All of the P3,21 space group structures were solved
using the domain-swapped WT structure 3EZM.pdb’ as the model for molecular
replacement (Table 3-1). This WT structure was solved from the same space group, and
the molecular replacement provided a good initial model. Further refinement on all
structures yielded domain-swapped models that fit the density well. Omit maps were
calculated for each of the structures, which agreed well with the models. The omit maps
did not indicate any major differences for either the backbone or the side chains of the
structure. Solvent molecules, including waters and sodium ions, were added to each
structure when there were appropriate electron density and hydrogen bonding partners.

The structures solved from P3,21 space group crystals contained only half of the
CVN; dimer in the asymmetric unit, and the second tandem repeat of CVN was generated
through crystallographic symmetry. However, because the two copies of CVN are

covalently linked through a flexible polypeptide linker, this caused difficulty in the
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refinement. In order to properly model the termini as well as the linkage, the linker
residues are at 50% occupancy. This is because half of the proteins are oriented in a way
that the free termini are in a specific location, while the other half of the proteins have the
linkage in that same location. The protein crystallized in both orientations with
approximately the same frequency, resulting in symmetry with 50% occupancy of the
termini. In the case of CVN; L0, as described below, we have not yet been able to fully
resolve the linkage. We suspect that the free termini and the linked termini have
significantly different conformations that are difficult to distinguish in the density.

In addition to the low pH structure, the CVN, L1 structure at high pH (P4,2,2
space group) was also determined (Table 3-1). A molecular replacement with 3EZM.pdb
was suboptimal, giving a solution and electron density map that did not correlate.
However, replacement with a monomeric five-fold variant of WT CVN (2Z21.pdb'")
gave a model and map that were reasonable. Upon inspection of the map, it was clear that
the structure was in fact domain-swapped, similarly to the P3,21 structures. The structure
model was modified to reflect the domain-swapping of the electron density, and solvent
molecules were added.

To confirm that the crystallized protein in each case was in fact CVN, and not
contamination from WT CVN, we ran an SDS-PAGE gel on crystals grown in the same
conditions as those the data sets were collected on. The crystals were rinsed to remove
any non-crystallized protein before being denatured. The gel showed that all of the
crystals were indeed CVN, with no WT contamination (data not shown), allowing us to

conclusively determine that indeed only half of the molecule was present in the
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asymmetric unit in the P3,21 space group cases and that it was reasonable to model in the

linker at 50% occupancy.

CVN; LO structure. CVN, LO is a domain-swapped dimer under low pH
crystallographic conditions (Figure 3-2). Its structure is remarkably similar to WT CVN,
with an RMSD of 0.239 A. Although the refinement is not complete, we can state with
certainty that there are no major disruptions of the structure by directly linking two CVNs
together without a linker. There are, however, minor differences in the domain-swapped
area compared to WT CVN.

Because only one half of the CVN, L0 was in the asymmetric unit, as described
above, the electron density at the termini is a composite from both the free and the linked
termini. A view of the electron density fit to a free N- and C-terminus shows positive
electron density between them (Figure 3-3A), indicating the model does not fit well in
this area. We hypothesize that the free termini are in a significantly different
conformation from the termini that are linked and that the electron density is a
combination of these. Future rounds of refinement will be done to model both
conformations separately at 50% occupancy in order to fit the experimental data.

We can clearly see from the electron density that CVN, L0 is a domain-swapped
dimer under these conditions (Figure 3-3B). Molecular replacement with a monomeric
WT CVN resulted in density that also showed clear domain-swapping, indicating that

model bias is not responsible for this density.
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CVN, L1 structures. CVN; L1 crystallized with two major morphologies. Because

of the difference in the shape of the crystals and because they were indexed to different
space groups, we solved two structures of CVN; L1: one from the P3,21 space group and
the other from the P4,2,2 space group. Upon molecular replacement, it became clear that
both structures were WT-like domain-swapped structures with slightly different
orientations of the domains relative to each other (Figure 3-4). It has been shown
previously that WT CVN crystallizes in different space groups and different
morphologies depending on the pH of the crystallization condition.® This appears to be
the case here as well.

The P3,21 structure, solved from a low pH condition, is very similar to the WT
low pH structure, with an RMSD of 0.283 A. Like the other P3,21 structures, there are
minor deviations in the domain-swap area, but overall there are no major structural
perturbations by linking two termini. The P4,2,2 also does not appear to be significantly
different from WT CVN when compared to a structure solved at high pH (Figure 3-4B).'?
The RMSD between WT CVN and the P4,2,2 is 0.407 A. In this case as well, there are
no major structural changes to CVN, L1 that would explain the vast increase in biological
activity.

Clear density was visible for a single glycine linker between the termini of the
P3,21 structure (Figure 3-5A). However, due to the fact that only half of the molecule is
in the asymmetric unit, we have modeled the linker in at 50% occupancy. We believe that
the free termini have significantly different conformations from the termini that are

linked. We have not yet modeled the free termini and trust that this will increase the
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reliability of the model. Forty-five water molecules and two sodium ions were placed in
the structure with high confidence.

In the P4,2,2 structure, 104 water molecules were added. There was also a CHES
molecule near the high affinity carbohydrate binding site of one CVN domain, which
broke the symmetry of the molecule, causing the entire CVN; L1 to be in the asymmetric
unit, unlike the P3,21 structures. The free termini and the linked termini were clearly
distinguishable in the initial electron density map, and therefore, we were able to model
them separately (Figure 3-6). In addition to different conformations for the linked
residues, there was also clear density for the single glycine in the linker.

In both crystal forms, CVN; L1 forms a domain-swapped dimer similar to WT
CVN (Figure 3-5B, Figure 3-6C). The conformations of residues involved in the swap in
the P4,2,2 structure are almost identical to the WT structure, but there are small
differences in the conformations from the P3,21 structure compared to WT. While these
differences may be real, we do not expect that they explain the significant increase in
activity of CVN;, L1 over WT CVN in the neutralization assay, as described in Chapter 2.

Both CVN; L1 structures have unexpectedly high Ry values (Table 3-1). Omit
maps on each structure indicate that there were no major problems with either the
backbone or the side chains. Because the termini and the linkage are somewhat
unstructured and the model is not perfectly matched to the electron density in this area,
we may be getting some model bias. However, we do not expect these small deviations to
have a significant impact on the overall structures. The addition of more water and

solvent molecules may also decrease the Rgee and give more reasonable statistics.



66
CVN; L10 structure. The crystal structure of CVN; L10 indicates that this protein

is also very similar to WT CVN (Figure 3-7). The two structures have an RMSD of 0.353
A and the only significant differences between the two structures are in the domain-swap
area and some of the backbone phi and psi angles of the f strands. The CVN, L10
structure forms more optimal [ strands in many cases than previously solved WT
structures.

Like all of the other P3,21 structures, only half of the CVN,; L10 molecule is in
the asymmetric unit. However, because the 10 amino acid linker is long and flexible, the
N- and C-termini appear to be identical when free and when linked. We were therefore
able to fit four of the linker residues (two glycines on each terminus) at 50% occupancy
while leaving Leul and GlulO1 as 100% occupied (Figure 3-8A). There was no clear
density for the six residues in the center of the linker, so they are not included in the
structure.

CVN; L10 is also definitively domain-swapped and contains several structural
water molecules to stabilize this conformation (Figure 3-8B). The CVN; L10 data set was
molecularly replaced with a monomeric CVN model, and domain-swapping density was
clear, indicating in this case, as in the previous cases, the domain swapping is not an

artifact of the replacement and refinement process.

Conclusions
We solved four crystal structures of three different CVN, variants with linkers
containing zero, one, and ten amino acids. We had hoped that significant structural

changes or differences in the domain-swapping of the variants would partially explain the
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increase in biological activity described in Chapter 2. However, the structures are all
remarkably similar to domain-swapped WT CVN crystal structures. All four structures
are intramolecularly domain-swapped and show varying amounts of density for the
flexible polypeptide linker. The RMSDs for the structures as compared to WT were all
less than 0.5 A and the minor differences were typically observed in the domain-swap
region.

Complicating the structure refinement was the fact that three of the four structures
contained only half of the CVN, molecule in the asymmetric unit. In these cases, the
molecule could align in two possible orientations: one with the free termini in a given
location and another with the linked termini in the same location. This led to an
additional plane of symmetry where the two halves of the CVN, were generated by
crystallographic symmetry and the free and linked termini were each represented by the
same density at 50% occupancy each.

The crystal structures of three CVN, molecules showed no major differences from
WT CVN. Because the structures are remarkably similar, we can be confident that
linking two repeats of CVN does not negatively affect the structure and does not cause
any major perturbations. In addition, the linkage stabilizes the domain-swapped form
over the monomeric form due to the steric restraints provided by a short linker and the
increase in local concentration and therefore the proteins form obligate domain-swapped
dimers. All of the structures are intramolecularly domain-swapped, and we feel confident
that this is the biologically relevant conformation in solution. If the crystals had contained
intermolecularly domain-swapped CVN, protein, we could have inferred that the

molecule in solution was monomeric-like. We know by gel filtration that the protein is
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monomeric or intramolecularly domain-swapped because we can effectively separate
intermolecularly domain-swapped CVN,. Although we are confident that the proteins are
indeed domain-swapped in solution, additional studies are necessary to confirm this
finding. We hope that NMR experiments will help determine the solution state of the
molecules. In addition, we are looking into cleavage assays in which the protein is
cleaved at the linker and then run on a gel filtration column. If the protein is indeed
forming a domain-swapped dimer in solution, as expected, we would see dimer elute
from a gel filtration column. If, on the other hand, the protein contains two independent
monomer-like domains, we would expect that after cleavage, each would elute as a
monomer on a gel filtration column.

By stabilizing the domain-swapped dimer, we believe we are rigidifying the
distances between the four carbohydrate binding sites in CVN,. Although the two
domains may sample various conformations with respect to each other, as demonstrated
by the differences between the P3,21 and P4,2,2 structures, the carbohydrate binding
sites in both cases are brought together and held in close proximity in the domain-
swapped form. For example, in the domain-swapped dimer crystal structure of WT CVN
in the P4,2,2 space group, each of the four carbohydrate binding sites is approximately
30 to 40 A from the other sites (Figure 3-9). This geometry may be ideal for interacting
with gp120 glycosylation, and by stabilizing this form we may be increasing the affinity
of interaction. Additional support for this mechanism comes from the crystal structure of
2G12, a broadly neutralizing anti-HIV antibody that is also specific to the glycosylation
on gp120.** Unlike the standard “Y” shaped antibodies, 2G12 contains a domain swap in

the Fab region, which brings the two carbohydrate binding sites approximately 35 A
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apart, a similar distance to the distances in domain-swapped CVN (Figure 3-9B).”
Instead of being highly flexible, the antigen binding region of 2G12 is fixed to enhance
the interaction with gp120. The similarity in the spacing between binding sites in domain-
swapped CVN and 2G12 indicates that 30 to 40 A spacing may be biologically relevant
for gp120 glycosylation binding and that efficacy may be increased by stabilizing the

domain-swapped form of CVN.
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CVN; LO

CVN; L1

CVN; L1

CVN; L10

Data collection
Space group

Cell dimensions

P3,21

P3,21

P4:2,2

P3,21

a,b,c (A) 47.9, 47.9, 78.7 47.5,47.5,78.6 60.6, 60.6, 147.6 48.0, 48.0, 79.3

o,B,y (deg) 90, 90, 120 90, 90, 120 90, 90, 90 90, 90, 120
Resolution (R) * 2.0 (2.11 - 2.0) 2.0 (2.11 - 2.0) 2.1 (2.21-2.1) 1.75(1.84 - 1.75)
No. reflections 42309 50188 206257 59304

Unique reflections 7456 7347 16878 11158
Rmerge (%) 5.1 (22.8) 3.7 (10.8) 4.3 (27.6) 10.3 (38.4)
I/ol * 23.6 (5.6) 33.3 (13.5) 42.9 (9.2) 12.7 (4.2)
Completeness (%) " 100.0 (100.1) 99.9 (99.9) 100.0 (100.0) 100.0 (100.1)
Redundancy " 5.7 (5.7) 6.8 (6.7) 12.2 (12.3) 5.3 (5.2)
Refinement
Resolution (A) 23.9-2.0 28.4-2.0 27.1-2.1 36.8-1.75
No. reflections

Working set 6687 6642 15109 10060

Test set 341 340 851 528
Ruork/Riree 22.0 / 24.9% 21.8/ 27.4% 22.0 / 28.8% 18.8 / 21.2%
No. atoms

Protein 796 785 1567 823

Solvent 60 47 118 89
B-factors

Protein 31.2 31.0 32.4 19.3

Water 34.0 34.5 34.9 28.6
R.m.s. deviations

Bond lengths (&) 0.012 0.011 0.011 0.011

Bond angles 1.375 1.307 1.215 1.351
Ramachandran plot

Favored (%) 89 90.2 88.3 98.2

Allowed (%) 11 9.8 12 10.8

aGli,”ﬁéZ“(si/yo) 0 0 0 0

Disallowed (%) 0 0 0 0

" Last shell is shown in parentheses.



Figure 3-1. Wild-type CVN structures. In solution, CVN can exist as either a monomer
(A)* or a domain-swapped dimer (B)."” CVN is shown in green and cyan ribbons to
indicate protein chains. Carbohydrates bound to the high affinity site are shown with
orange carbons (present only in A) and carbohydrates bound to the low affinity site are
shown with blue carbons (present in both A and B). The monomer and the left half of the
dimer are in approximately the same orientation.



Figure 3-2. CVN; LO crystal structure compared to WT CVN. The CVN; L0 crystal
structure (green) and domain-swapped WT CVN (3EMZ.pdb’) (blue and cyan) have an
RMSD of 0.239 A. The structures are very similar with small deviations in the f strands
and the domain swap area.
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Figure 3-3. CVN; LO structure. Only half of the CVN, dimer was found in the
asymmetric unit. The other half is generated through crystallographic symmetry, and the
linker and free termini are each 50% occupied. The 2Fo-Fc electron density map is
shown as gray mesh. (A) The termini of CVN, L0 are not well defined. There is positive
density where the linkage may occur. Further refinement is necessary to fit the model to
the data. Additionally, the free N- and C-terminal residues probably have very different
conformations from those that are linked. Positive density from the Fo-Fc map is shown
in green, and negative density is shown in red. (B) CVN; LO is domain-swapped in the
crystal structure. The density in the swapped area is clear and definitive.
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Figure 3-4. CVN, L1 crystal structures compared to WT CVN. CVN; L1 structures are
shown in purple and the WT CVN structures are shown in blue and cyan. (A) CVN; L1
in the P3,21 space group, solved in low pH conditions, overlaid with domain-swapped
WT CVN (3EZM.pdb).” The RMSD of these structures is 0.283 A, and the major
differences are seen in the domain swap area. (B) CVN, L1 in the P4,2,2 space group,
solved in high pH conditions, overlaid with domain-swapped WT CVN (1L5B.pdb)."
These structures have a 0.407 A RMSD. The one residue linker can be seen in the P4
structure in the domain on the left.
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Figure 3-5. CVN; L1 P3,21 structure. Only half of the CVN, molecule was in the
asymmetric unit. The free termini and the linked termini are both represented with the
same density, at 50% occupancy each. (A) The N- and C-termini of CVN, L1 with a 2Fo-
Fc electron density map contoured at 1 o showing clear density for the single glycine
residue linker. Gly0 shown in the figure is only 50% occupied. (B) The CVN, L1 in this
crystal structure is clearly domain-swapped as evidenced by clear electron density in the
domain swap region.
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Figure 3-6. CVN, L1 P4,2,2 structure. The entire CVN, L1 dimer was within the
asymmetric unit in the P4,2,2 crystal structure. The free termini were clearly
distinguishable from the linkage as determined by the 2Fo-Fc electron density contoured
to 1.0 0. (A) The free N- and C-termini of CVN; L1. (B) The linked N- and C-termini of
CVN; L1 and clear density for the single glycine linker. (C) Well defined density is seen
in both chains for the domain swap residues 51 through 53.
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Figure 3-7. CVN, L10 structure compared to WT CVN. CVN, L10 is shown in orange
and the domain-swapped WT CVN (3EZM.pdb)’ is shown in blue and cyan. These
structures have an RMSD of 0.353 A. Four of the ten linker residues have electron
density and are shown in the left domain of the structure. The other six residues are
presumed to be disordered and are therefore not modeled in this structure.



Figure 3-8. CVN, L10 structure. Only one copy of CVN was in the asymmetric unit of
this structure, therefore the linker residues are only 50% occupied. (A) The termini of the
crystal structure with the 2Fo-Fc map contoured to 1.0 o. Leul and GlulOl are both
occupied at 100%, whereas the four linker residues with visible density are at 50%
occupancy. (B) This structure is domain-swapped as evidenced by the clear electron
density in the domain-swapping region (residues 51-53).



Figure 3-9. Carbohydrate binding site spacing in CVN and the 2G12 anti-HIV Fab. (A)
Each of the four carbohydrate binding sites in the WT CVN crystal structure (P4,2,2
space group)'’ is approximately 30 to 40 A from the other sites. (B) The 2G12 Fab,
which is specific to carbohydrates on gp120 and is broadly neutralizing, has an unusual
domain-swapped form in the crystal structure.”> This domain-swapping rigidifies the
carbohydrate binding sites with respect to each other and holds them approximately 35 A
apart.
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Chapter 4

Lectibody: Design and characterization of a cyanovirin-N — F¢
chimera
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Abstract

Cyanovirin-N (CVN) is a protein that is a broadly potent inhibitor of many
enveloped viruses, including HIV, Ebola, and influenza. It acts to neutralize these viruses
by binding to glycoproteins on the viral envelope and preventing viral fusion to the host
cell. Although CVN has already been shown to be quite effective against these viruses,
we hope to make a variant that has more potential therapeutic value by recruiting
activities of the human adaptive immune system. We present here a CVN-Fc chimeric
fusion protein. This protein, termed a “lectibody” for its fusion of a lectin (CVN) and the
constant region (Fc) of an antibody, is designed to incorporate the viral neutralization
properties of CVN with Fc-mediated effector functions, such as antibody-dependent cell-
mediated cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), increased
serum half-life, and antibody-dependent cell-mediated phagocytosis (ADCP). Here, we
show that a CVN lectibody has similar neutralization activity to wild-type CVN in an
anti-HIV assay and that there is significant higher order oligomerization of the protein
that is due in some part to domain swapping of CVN. This new class of antiviral protein
could act to neutralize free viral particles as well as invoke an immune response

surrounding virus-infected cells.
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Introduction

Antibodies are a vital component of the mammalian adaptive immune system.
They are responsible for neutralizing infectious particles by binding to them and directly
inhibiting them as well as by recruiting other components of the immune system,
including macrophages, neutrophils, and natural killer (NK) cells, to the site of an
infection."” An antibody consists of two major regions, the variable region (Fab) and the
constant region (Fc). The Fab portion of the antibody is highly variable and is specific to
the antigen, whereas the relatively conserved Fc portion contains binding sites for Fc
receptors (FcRs) and engages the immune effector functions. There are five major
isotypes of antibodies: IgM, IgA, IgD, IgE, and IgG; these differ in their heavy chain
sequence and oligomerization state and mediate different responses. While all of these
isotypes are important in an immune response, IgG is the most abundant antibody type
found in humans, has the longest serum half-life, and is involved in most of the major
effector functions.' For these reasons, the Fc of IgG1 was chosen for this study.

In addition to direct neutralization of potential pathogens via the Fab regions of an
antibody, effector functions mediated through Fc binding are vital to a normally
functioning immune system. The Fc of IgG1 specifically interacts with FcRn and Fc
receptors specific to the y chain (FcyR), including FeyRI, FeyRIL and FeyRIIL'>™ These
receptors act as messengers, linking antibody-mediated responses to cellular responses.
The interaction between Fc and FcRn is involved in recycling antibodies, thereby
extending their lifetime in vivo, and in transporting antibodies across epithelial

4,6-8

barriers. The other FcyRs, when complexed with antigen-bound IgG1, can mediate

antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cell-
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mediated phagocytosis (ADCP), and endocytosis.”” In addition to FcR-mediated cellular

responses, Fc can also activate the complement pathway, which leads to cell lysis or
phagocytosis.'’

Due to their simple protein A-based purification, extended in vivo lifetime, and
Fc-mediated effector functions, Fc fusion proteins have become increasingly popular.'®"?
In a recent review, Jazayeri and Carroll report that at least six Fc fusion proteins are
currently used clinically for several indications, including asthma, psoriasis, and
rheumatoid arthritis.'* In addition, countless other fusions have been made for both
pharmaceutical and basic research purposes. While many researchers are interested in the

increased lifetime of small, soluble proteins that is conferred by addition of an Fc,'>'* F

C
fusions have also been used to display Fc in a reverse orientation in order to study Fc-
mediated effector functions,'> to investigate protein-protein interactions,'® and as
potential therapeutics for various diseases or conditions.'”'> One particularly relevant Fc
fusion is CD4-Fc.'”'® Various constructs combining the soluble portion of the HIV
receptor CD4 with the Fc domain of an antibody were investigated for inhibition of HIV
in vivo. Unfortunately, the results of clinical trials on these specific constructs were
disappointing, but the constructs were able to induce ADCC of HIV-infected cells in
culture and were efficiently transferred across the placenta in non-human primates. '’

The ability to incorporate extended in vivo lifetimes and activation of cell-
mediated effector functions is a very compelling reason to engineer Fc fusion proteins.

Additionally, these Fc-mediated functions can be modulated through mutations in the Fc

region to either increase or abrogate the response, providing more flexibility to the

20,21 22,23

system. Various studies have indicated that single point mutations or changes in
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the Fc-linked carbohydrate composition’*?’

can dramatically increase the ADCC
response by increasing the affinity for FcyR. Engineered mutations in the Fc have been
shown to increase activation of the complement pathway.*® Alternatively, Lazar et al.
showed that a point mutation could destroy the ability for an Fc to activate complement-
dependent cytotoxicity (CDC) while retaining or enhancing ADCC and other effector
functions.”* Extending the lifetime of Fc fusions has also been extensively studied. Even
though Fc-fused proteins often already have longer in vivo lifetimes than the unfused
molecule, any improvements in the circulatory half-life of a molecule is a possible benefit
for potential therapeutics. A 2- to 2.5-fold increase in the half-life of Fc fusions was

accomplished by either a single or double point mutation in the Fc.”"?®

The incorporation
of one or more of these mutations allows researchers to specifically study the effects of
ADCC, complement, and half-life on a particular system.

The protein of interest in this study, cyanovirin-N (CVN), is a small
cyanobacterially-derived protein that inhibits infection by various enveloped viruses
including HIV,* Ebola,” and influenza.’’ CVN is a lectin that specifically binds ot1-2
linked high-mannose molecules.’>> This type of carbohydrate linkage is found in high
concentrations on the envelope proteins of these viruses, including gp120 on HIV.**?°
CVN effectively neutralizes HIV by binding with high affinity and avidity to the
glycosylation on gp120 and blocking interactions with the host cell receptor, CD4, and
coreceptors.3 7

Here, we report the generation of a CVN-Fc fusion that retains wild-type (WT)

CVN-like HIV neutralization activity. We have termed this construct a “lectibody” as it is

a fusion between a lectin (CVN) and the Fc of an antibody (Figure 4-1). Similarly to the
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CVN; dimers discussed in Chapter 2, we hope that we can improve the efficacy of HIV

neutralization by dimerizing the CVN through the Fc domain. The CVN lectibody also
has the potential for Fc-mediated effector functions as described above. Previous studies
have shown that ADCC plays a role in protection against HIV>® and that ADCC and other

39-42
even when

FcR-mediated effector functions provide some protection against viruses
associated with non-neutralizing antibodies.”** We also anticipate that this lectibody
construct will have a longer half-life in vivo. A study on CVN showed that after
subcutaneous injection in mice, WT CVN was mostly cleared from the bloodstream after
7 to 24 hours.” Since a daily injection to maintain therapeutic levels would most likely
not be feasible, a variant with a longer half-life would make a potential therapeutic more
practical. This construct would also benefit from a potential pulmonary delivery route, as
Fc fusions have been shown to be effectively transported across the pulmonary epithelial

barrier in both humans and non-human primates through FcRn-mediated transcytosis.®®

Here, we present initial data showing the viability of a CVN-Fc fusion: a lectibody.

Methods

Construct generation. Lectibody constructs were created by subcloning the WT
CVN sequence or the CVN, LO sequence described in Chapter 2 including DNA that
encodes a five-amino acid linker (GGSGG) between CVN and the Fc of human IgG1 into
the baculovirus expression vector pAc-k-Fc using the Xhol and Spel restriction sites
(Progen Biotechnik). Sequencing on this construct revealed that the Fc portion was
missing the last eight residues and included two point mutations. To rectify this, the last

eight Fc residues were added during the second cloning step in which the secretion
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signal, CVN, and Fc were subcloned using PCR-based techniques into the mammalian
expression vector pcDNA3.1 (Invitrogen) or pTTS5S (NRC Biotechnology Research
Institute), and the mutations were reversed to give the WT Fc sequence. Human-codon
optimized CVN sequences were determined using the Custom Gene Synthesis program
from IDT (Integrated DNA Technologies, Inc). The optimized gene was assembled via
recursive PCR* and ligated into the pcDNA3.1 or pTT5 vector already containing the
secretion leader sequence and the Fc sequence. Point mutations were introduced into the
lectibody constructs using the QuikChange Site-Directed Mutagenesis kit (Stratagene).
All constructs were verified through DNA sequencing.

Bacterially expressed constructs were created as described in Chapter 2. Point
mutations for bacterially expressed variants were introduced using the QuikChange Site-

Directed Mutagenesis kit (Stratagene).

Expression and purification. Lectibody constructs were expressed in transiently
transfected, suspended HEK293-T or HEK293-6E cells (NRC Biotechnology Research
Institute). The cells were transfected with 1 mg of plasmid DNA per liter of culture using
a polyethylenimine-mediated transfection protocol (PEI). The secreted protein was
harvested from the cell supernatants after 6-8 days and buffer exchanged into 100 mM
sodium phosphate buffer pH 7.5, 150 mM NaCl. The protein was purified on a Protein A
column, eluted in pH 3.0 elution buffer (Pierce) and immediately neutralized with Tris-
base. A second purification step on a Superdex-200 gel filtration column (GE Healthcare)

in 25 mM sodium phosphate pH 7.4, 150mM NaCl was used to separate high molecular
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weight aggregates from smaller species. Protein was stored as eluted or concentrated in a
10,000 MWCO centrifugal concentrator (Millipore) then kept at 4°C.

Deglycosylation of lectibody proteins was accomplished using PNGase F (New
England Biolabs). The protein was denatured, then PNGase F was added according to the
manufacturer’s protocol. Complete deglycosylation was achieved after 1-2 hours. After
removing the carbohydrates, the apparent molecular weights of the proteins were
assessed by SDS-PAGE.

Bacterial expression and purification of non-Fc fusion constructs were performed

as described in Chapter 2 of this thesis.

Circular dichroism. Circular dichroism (CD) spectra were obtained on an Aviv
62DS spectrometer with a 1 mm path length cell. Samples were 50 uM protein in 25 mM
sodium phosphate buffer, pH 7.4, 150 mM NaCl. Wavelength scans were collected at
various temperatures between 200 and 250 nm with a 1 nm step size. A single scan was
collected for each variant with an averaging time of 5 sec. Temperature denaturation was
monitored at 233 nm from 1°C to 99°C. The sample was equilibrated at each temperature
for a minimum of 2 minutes before the data was averaged for 30 seconds and recorded.
The denaturation curves were not reversible and therefore thermodynamic parameters
could not be determined. Instead, the data were fit to a two-state model®’ to estimate the

midpoint of thermal denaturation (Ty,), an estimate of thermal stability.

Neutralization assays. Neutralization assays were performed as described in

Chapter 2 of this thesis.* All variants were tested against strain SC422661.8 from clade
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B and compared to WT CVN from the same 96-well plate unless otherwise noted. Due to
the low concentrations of various constructs, some assays were performed with twice the

standard volume of protein to increase the final concentration in the well.

Surface plasmon resonance (SPR). SPR experiments were conducted on a T100
instrument from Biacore. Approximately 30 response units (RUs) of bacterially
expressed WT CVN were immobilized on a CMS5 chip using standard amine coupling.
All assays were conducted in HBS-EP buffer (10 mM HEPES pH 7.4, 150 mM NacCl,
0.0005% v/v Surfactant P20, 1 mM EDTA; Biacore). Various analytes were injected over
the surface for 60 seconds at a flow rate of 30 uL/min. The chip was regenerated with
two pulses of 50 mM NaOH. Complete regeneration was not achieved after lectibody
variants were analyzed and therefore proteins injected later may have exhibited binding
to the unregenerated surface and not to the surface itself. We therefore repeated the assay
on a new surface and tested the samples in reverse order to confirm the results of the first
experiment. The data were analyzed for binding or lack of binding based on the

sensorgram.

Results

Mammalian expression. All CVN-Fc (lectibody) constructs were expressed and
secreted in mammalian cell culture. Yields were typically low for the pcDNA constructs
with Escherichia coli-optimized CVN sequences (between 100 and 500 ug protein per L
of cell culture). For comparison, a similar construct containing only the expression leader

sequence and Fc expressed approximately 4 mg/L. To try to resolve this problem, we
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made various constructs intended to increase protein expression. We found that changing
the vector from pcDNA3.1 to pTTS5 did not significantly improve the expression and in
multiple trials actually produced a larger fraction of degradation product. We did find,
however, that changing the codons of the CVN gene to correspond with optimal human
codon usage produced an approximately 10% increase in soluble expression. These yields

were sufficient for the assays in this study, but are still much lower than desired.

Glycosylation. After Protein A purification, the initial lectibody construct, CVN-
Fc, appeared to migrate much slower on an SDS-PAGE gel than expected (data not
shown). Therefore, we deglycosylated the protein to confirm the expected molecular
weight. However, upon deglycosylation, it became clear that the protein contained two
separate N-linked glycosylation sites instead of only the expected site on the Fc. The
NetNGlye 1.0 Server” was used to predict potential N-linked glycosylation sites and
found a highly probable site at position 30 of the CVN sequence in addition to the known
glycosylation site in the Fc. This potential glycosylation site in CVN is located on the
surface of the protein and has the sequence N-T-S, which is consistent with the N-X-
(S/T) consensus sequence for N-linked glycosylation (where X is any amino acid except
proline).”® Visual inspection of the NMR and crystal structures indicated that
glycosylation of residue 32 may interfere with substrate binding since this residue is near
one of the binding sites of CVN. This result was confirmed by HIV neutralization assays,
which showed that CVN-Fc had no neutralization activity (data not shown).

To remove the non-native glycosylation site in CVN, we constructed four variants

in the bacterially expressed WT background to assess their effect on the structure and
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function of CVN. Both N30 and S32 make side chain-backbone hydrogen bonds in the

crystal structure, so we constructed two variants for each position, an Ala mutation that
deleted the side chain and a polar mutation that may be able to satisfy the hydrogen bond
(N30S and S32N). An S32T mutation would have possibly satisfied the hydrogen bond
requirement, but it would have also met the glycosylation consensus and therefore would
not have destroyed the site.

The four glycosylation deletion variants were assayed for changes in their
secondary structure and thermal stability by CD, and their HIV neutralization abilities
were compared to WT (Figure 4-2). No significant differences were seen in the CD
wavelength scans of the four variants compared to WT CVN, indicating that the
secondary structure was not affected by the mutation (Figure 4-2A). We did see slight
differences in the midpoint of thermal denaturation (T,,) of the variants, however (Figure
4-2B). WT and the two N30 mutants had T,,s that were within experimental error (48.8°C
to 49.8°C), whereas S32A and S32N were destabilized by approximately 5°C and 8°C,
respectively. The results indicate that the physiological temperatures at which the HIV
neutralization assays are performed may partially denature the S32N variant, making it
less than ideal for our purposes. The neutralization assays showed that the N30A variant
was slightly less active than WT, whereas the other three variants were WT-like in their
HIV neutralization (Figure 4-2C). All this data together indicated that N30S was the best
mutation to incorporate into the lectibody construct. N30S in the background of WT
CVN had WT-like HIV neutralization activity, secondary structure, and thermal stability.

Additionally, mutation at N30 guarantees the elimination of the N-linked glycosylation,
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whereas mutation at position 32 leaves the Asn to which glycosylation would be attached

intact, giving rise to a small possibility that glycosylation could still occur.

CVN-Fc N30S. After determining the ideal mutation to remove the non-native
glycosylation site from CVN-Fc, we expressed and purified CVN-Fc N30S. This variant,
similarly to the WT lectibody, had a significantly higher apparent molecular weight than
expected as assayed by gel filtration chromatography, due to higher order oligomers or to
aggregation (Figure 4-3). The expected elution volume for dimeric lectibody was
approximately 0.60 CV. Although the majority of the protein elutes in the void volume,
there was a small peak approximately corresponding to dimeric lectibody. Although
Protein A purified protein and fractions containing high molecular weight species showed
WT-like HIV neutralization activity, this fraction contained no activity (Figure 4-3B).
We therefore sought to solve this unwanted higher order oligomerization problem to
obtain monodispersive samples for assaying.

We hypothesized that the low pH elution from the Protein A column may cause
some partial denaturation of the CVN portion of the lectibody. We therefore assessed the
secondary structure, potential changes in oligomerization, and HIV neutralization of WT
bacterially-expressed CVN at various pHs (data not shown). These experiments showed
no significant differences between protein in pH 7.4 buffer and protein in buffers down to
pH 2.0, including the actual Protein A elution buffer (Pierce). We therefore conclude that
WT CVN does not show a pH dependence for the general secondary structure, HIV

neutralization, or oligomerization.
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Another possibility for the higher order oligomers formed by the lectibodies was

that CVN, a carbohydrate binding protein, was binding the glycosylation on Fc and
therefore causing large complexes of protein specifically bound to other lectibodies. To
test this hypothesis, we expressed the lectibody with an additional mutation (N181A,
equivalent to position 297 in a full length heavy chain) that eliminates the native Fc
glycosylation site. This variant (CVN-Fc noglycos) behaved similarly to CVN-Fc N30S,
and most of the protein eluted near the void volume of the gel filtration column,
indicating it was almost completely composed of higher order oligomers. There was no
apparent molecular weight shift upon deglycosylating this sample, indicating that we did,
indeed remove all of the N-linked glycosylation sites. Although almost entirely
oligomerized, CVN-Fc noglycos that was eluted from the Protein A column had
approximately WT-like activity (as compared to bacterially expressed WT CVN) in the
HIV neutralization assay, indicating that glycosylation is not necessary for the proper
folding of the protein or for the activity, as expected. We also tested whether glycosylated
Fc could bind WT CVN in an SPR assay (Figure 4-4). We saw no evidence of binding to
immobilized CVN and therefore concluded that CVN does not bind the glycosylation on
Fc. Interestingly, as seen in Figure 4-4, we saw significant amounts of binding of CVN-
Fc N30S and CVN-Fc noglycos to the WT CVN surface. Because we know that the Fc is
not responsible for the binding, we deduce that the CVN component of the lectibody is
aggregating on the surface. WT CVN, on the other hand, shows no evidence of binding
the CVN surface. This evidence suggests that the lectibody, although it contains some
active and therefore properly folded protein, probably contains some misfolded protein,

which has a tendency to aggregate. Additionally, the lectibody could have alternate



96

domain-swapping properties for the CVN component, leading to intermolecular domain

swapping, with either WT CVN or another lectibody protein.

Domain-swapping variant lectibodies. To assess whether domain swapping of
CVN is contributing to the formation of higher order oligomers, we created and assayed
two new constructs, CVN, LO-Fc and N30S/P51G-Fc. In Chapter 2 of this thesis, I
describe the dimeric variants of CVN that we created to test the effects of oligomerization
on the efficacy of HIV neutralization. We hypothesize that by covalently linking the
termini of two copies of CVN we are stabilizing the domain-swapped dimeric form of
CVN, which in the context of WT is only metastable.’' If this hypothesis is true, the
CVN; LO variant described in Chapter 2 should be stably domain-swapped and should
not interact with other molecules to form intermolecularly domain-swapped complexes.
While the CVN2 LO-Fc variant showed a significantly lower proportion of high
molecular weight species, this protein was not active against HIV. When we added the
N30S mutation to this construct, the majority of protein was shifted to high molecular
weight and it remained inactive in the HIV neutralization assay. The second domain-
swapping variant appears to hold more promise. In this case, the P51G mutation was
added to CVN-Fc N30S. P51G has been shown to shift the equilibrium toward
monomeric protein and destabilize the domain-swapped form.' N30S/P51G-Fc
expressed much more readily in the mammalian expression system, although when it was
neutralized after the Protein A column, a significant amount of protein precipitated and
was lost. The remaining protein, when separated on a gel filtration column, produced a

broad peak around 0.44 CV that contained N30S/P51G-Fc as assayed by SDS-PAGE and
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showed WT-like activity in the HIV neutralization assay (Figure 4-5). A second large

peak at 0.58 CV was attributed to contamination by BSA from the expression process.
This peak contained no anti-HIV activity. Although the N30S/P51G-Fc did not elute at
the expected volume, it is not forming the very high order oligomers of previous
constructs. This indicates that domain swapping is a concern in the lectibody constructs

and is an issue that must be overcome.

Discussion

We have successfully created a chimeric CVN-Fc¢ variant that shows WT-like
anti-HIV activity. We have shown that a non-native glycosylation site is present in CVN
and glycosylated in mammalian tissue culture and that that site must be removed for
efficient viral neutralization activity. In addition, we have shown that the lectibody
constructs are prone to formation of higher order oligomers, which can in part be
prevented by using a variant that stabilizes the monomeric state of CVN over the domain-
swapped dimer.”' Although more work is required to create completely monodispersed
lectibody, we have shown that it is possible to modulate the oligomerization through
simple mutation. Additional obstacles to overcome include solving a potential misfolding
problem that allows the lectibodies to bind to WT CVN, as evidenced by the Biacore
experiments.

Unlike in the case of the dimeric CVN molecules (CVN,s) described in Chapter 2
of this thesis, we do not see a significant increase in the anti-HIV activity of the lectibody
as compared to WT CVN attributable to the dimerization. This may be due to the fact that

we have yet to isolate pure dimeric lectibody and the samples may be significantly
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contaminated by partially or fully unfolded, nonfunctional protein. Additionally, some of
the carbohydrate binding sites on CVN could be sterically inhibited by the high order
oligomerization that we are seeing. By generating a variant that is monodispersed and
dimeric, we hope to resolve these issues. It is also possible that the conformation of the
Fc does not allow the CVNs to interact in a way that they are able to in the pure CVN,
samples, perhaps not allowing the proper domain-swapping interactions.

Our success in generating a functional lectibody is only partially complete. In
order to fully realize the goals of this project, we must assay the Fc effector function and
in vivo half-life. Although we expect the lectibody to exhibit all the potential functions of
the Fc, we hope to assay both antibody-dependent cell-mediated cytotoxicity (ADCC)

and complement functions in the near future to verify.
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Figure 4-1. Model of the CVN-Fc lectibody. The CVN monomers are shown in magenta
attached to the Fc (cyan and green) through flexible polypeptide linkers shown in orange.
The Fc glycosylation is shown in stick representation with blue carbons. This model was
created by combining a monomeric NMR structure of CVN>? and the Fc from the
IgG1b12 crystal structure (1IHZH)** in Adobe Photoshop and is not a solved structure of
this variant.
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Figure 4-2. Assessment of glycosylation site deletion variants. (A) CD wavelength scans
of the four variants compared to WT CVN. (B) Thermal denaturation of WT and the
variants monitored by CD at 233 nm. (C) HIV neutralization curves of glycosylation site
variants and WT.
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Appendix A

Toward computationally designed calmodulin variants with
enhanced peptide binding specificity
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Abstract

Calmodulin (CaM) is a second messenger protein that binds a wide variety of
natural protein and peptide substrates. Although these interactions are of high affinity,
CaM shows little specificity among its native substrates. We used computational design
including explicit negative design to engineer CaM variants that preferentially bind one
natural peptide substrate over another. By specifically modeling the structures in complex
with both the desired and undesired substrates, negative design methods allow us to
predict variants that will bind the desired substrate (smMLCK peptide) with high affinity
and the undesired substrate (CaMKI peptide) with lower affinity. We found that one of
our variants (M51Y) showed a 10-fold preference for smMLCK,, over CaMKI, in a
fluorescence assay, as predicted from the negative design calculation. Additionally, we
show that a surface plasmon resonance (SPR)-based method is more effective at
determining the dissociation constants for these high affinity interactions than the
commonly used fluorescence-based assay. These initial studies provide a strong

foundation for future work on the CaM-peptide system.
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Introduction

Protein-protein interactions. Protein-protein interactions are necessary for every
cellular process: from signal transduction to regulation of gene expression to apoptosis to
intracellular transport. The protein-protein interfaces involved in these interactions are,
by necessity, specific to the binding partners and exhibit vast diversity in their size, types
of interactions, and shape of the interaction surface. To better understand cellular
processes and the proteome, several groups have focused on modeling and predicting
protein-protein interactions.'> A complementary approach is to design novel or improved
protein-protein interactions to test our knowledge and understanding of the forces that are
important for both affinity and specificity.

The ability to design protein-protein interfaces with high affinity and specificity
could be valuable in developing new or improved protein therapeutics as well as in
advancing basic scientific research. Novel interfaces have already been generated to
create restriction enzymes with new DNA recognition sequences,”” new Ca®" sensors that
can be used in vivo to study variations in calcium concentration,’ and new orthogonal
protein-peptide pairs that can provide an alternative for current affinity purification and

pull-down assays.’

Design of protein-protein interactions. The importance of protein-protein
interactions in understanding biological systems has stimulated a vast amount of research
aimed at designing and modulating protein-protein interfaces. Various techniques have
been employed to optimize or alter protein-protein contacts, including selection schemes

. . . 8-10 . . .
to assay libraries of variants,*'® structure-based rational design,'' and computational
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methods. Computational design methods have become increasingly valuable for
modulating protein-protein interfaces because they allow researchers to screen many
more sequences than would be realistic using experimental methods. This technique has
led to the success of several designed protein-protein interfaces, including engineered
obligate heterodimeric endonucleases that recognize novel DNA targets,”” new
orthogonal interacting pairs with calmodulin® and PDZ domains,” protein-inhibitor

. . . . .. 12-14
interfaces with redesigned specificities,

and novel protein-protein interfaces from
monomeric proteins.'
Calmodulin-peptide complexes have proven to be useful systems for studying

6,18,19 .
5% Previous work from

specificity'®'” as well as for designing orthogonal interfaces.
our group showed that modest specificity enhancements could be obtained by stabilizing
one CaM-peptide structure without taking any negative design into account.'® Other
researchers showed that by designing both the peptide and the calmodulin surface, highly
specific interactions could be formed.® However, not all studies have found calmodulin
specificity to be easily modulated. Green et al. found that although they could design new
calmodulin-peptide pairs that display high affinity for each other, the designed molecules
did not show enhanced specificity."

Various strategies for optimizing or modulating interfaces have been employed in
computational protein interface design. A “knob-and-hole” strategy in which unfavorable
mutations are introduced into one binding partner and the other binding partner is
designed with compensating mutations is very common.'® This is an efficient method for

developing novel interfaces, but is less useful for altering specificity among native

substrates. Additionally, burial of more hydrophobic surface area® or increasing the
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amount of surface area in the interface®' have been valuable approaches for enhancing the
binding affinities of protein-protein or protein-peptide interactions; however, they do not
necessarily provide specificity of interaction.

Although much work has already been done, we still face a number of challenges
in the design of protein-protein interactions. While standard optimization methods can
lead to stabilized complexes and potentially slight increases in specificity, designs are

d.?*>?* Bolon et al. showed that

often more successful when negative design is include
although heterodimers could be designed using only positive design methods, the
resulting molecules were more specific if unfavorable structures (homodimers) were also
modeled and specifically selected against during the optimization.”

In this study, we investigated the specificity of the native calmodulin system. In a

117 e hoped to modulate the specificity

continuation of previous results from our group,
of calmodulin between two native peptide substrates by explicitly modeling both bound
states in our calculations. This work differs from previous studies in that our intention

was not to generate a new interface, but to impart specificity between two substrates that

already bind to the target protein with high affinity.

Computational protein design using ORBIT. ORBIT (Optimization of Rotamers
By Iterative Techniques) is a fully automated computational protein design software suite
developed in the Mayo laboratory. This method has been used with great success to
address a number of protein design problems. ORBIT was effectively used to design a
zinc finger motif without zinc, and the predicted sequence was subsequently shown to

adopt the expected fold.** Many proteins were designed to be more thermodynamically
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stable than their wild-type counterparts. More recently, ORBIT has been used to

modulate the function of proteins. In 2002, Datta ef al. used ORBIT to design a tRNA-
synthetase that allows an unnatural amino acid to be incorporated into proteins in vivo.*’
Modest success has been made in the area of enzyme design. ORBIT was used to design
an active site onto an inert protein scaffold and generate an “enzyme-like protein” that
exhibits catalytic activity,” and a more efficient variant was created by optimizing the
residues surrounding the active site of a native enzyme.>’

To reduce the combinatorial complexity inherent in computational design, ORBIT
optimizations begin with a fixed backbone taken from a high-resolution crystal structure.
In addition, discrete rotamers or conformers are used to model the flexibility of the side
chains within the protein. Rotamers are idealized versions of the average conformation of
rotamers found in protein structures in the Protein Data Bank (PDB, whereas
conformers are side-chain conformations that are the closest to the average conformation
within a defined area of phi/psi space.’’ These conformers are actual 3D coordinates from
structures and not idealized averages, and therefore may represent more realistic
conformations for side chains. A backbone-dependent or backbone-independent rotamer
library can be used to limit the computation time and select for more physically relevant
side-chain conformations.

The ORBIT scoring function is based on the DREIDING force field”; it
calculates the energy of a given conformation of a protein sequence, and incorporates
four physical forces that are believed to be important in protein design and folding. The

first component is a scaled van der Waals interaction energy that includes both a short-

range repulsive component as well as a long-range attractive component.”> Hydrogen
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bonding energies are calculated using a distance-, angle-, and hybridization-dependent
hydrogen bond scoring function. The third component is a distance-dependent
electrostatic potential.®® Finally, a surface area-based solvation potential is included that
applies a benefit for burial of non-polar surface area, a penalty for burial of polar surface

area, and a penalty for exposure of non-polar surface area.’* After the energies are

35-37 38-41

calculated using the scoring function, various deterministic and stochastic search
algorithms are used to find either the best sequence (the global minimum energy
conformation or GMEC) or other low energy sequences that are consistent with the
design and backbone.

Previous studies using ORBIT, including those on calmodulin,'®"” were
performed using only positive computational design. That is, a sequence is determined
using the scoring function and the desired structure in order to stabilize the fold specified.
In the case of calmodulin designs, this was a successful strategy for creating a variant that
showed specificity between some peptides, but not all of those tested. In this study, we
added a negative design component to the computational design in which we explicitly
model the undesired state (the protein bound to a different peptide) and select for
sequences that favor the desired structure while disfavoring the undesired one. By

incorporating this additional information, we hoped to validate our negative design

methods as well as develop methods for incorporating specificity into a protein system.

Calmodulin-peptide system. Calmodulin (CaM) is a highly conserved, ubiquitous
protein found in all eukaryotes. It is a calcium-dependent regulatory protein that binds to

and modulates the function of many cellular proteins including those involved in
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phosphorylation, muscle contraction, cell proliferation, and metabolism.*** CaM
regulates proteins in multiple ways, the most common of which is by relieving
autoinihibition of the target by binding to the autoinhibitory domain (AID).** Although
CaM binds with broad specificity to a vast array of different proteins, many of these
targets contain a basic amphiphilic a-helical peptide to which CaM can bind with high
affinity.** This natural high affinity and broad specificity makes CaM an ideal
candidate for studying protein-protein interactions, protein specificity, and negative
design.

Currently, over 15 high-resolution structures are available of CaM bound to
peptides in the most common conformation in which the two domains of CaM wrap
around the helical peptide (Figure A-1). When bound to a target peptide in this manner,
CaM forms a compact o-helical structure bound to four Ca*" ions which envelopes the
amphiphilic peptide. Within the protein-peptide interface, eight methionine residues and a
flexible central helix are thought to provide a great deal of conformational elasticity that
may allow the CaM to adjust to many different peptide substrates.****

For this study, we chose to investigate protein-peptide specificity using two CaM-
peptide structures: smMLCK,-CaM™® and CaMKI,-CaM.’® These high-resolution crystal
structures have very similar backbone orientations, with an RMSD of 1.4 A. However,
the peptides show little sequence homology with the exception of the tryptophan, which
anchors the peptide and is common in CaM-binding peptides (see Table A-1).
Additionally, it has been shown that CaM can distinguish between these and other
peptides by binding them with slight backbone differences to accommodate the peptide

48,51

side chains. These minor differences in structure lead us to believe that we can
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computationally design variants to show specificity between the two high affinity
substrates smMLCK,, and CaMKI, by using negative design techniques that explicitly

model both complexed structures.

Methods

ORBIT calculations. ORBIT optimization calculations were run on the protein-
peptide interface in both the smMLCK,-CaM cocrystal structure (1CDL)* and the
CaMKI,-CaM cocrystal structure (IMXE).”® To prepare the structures for calculations,
water molecules and calcium ions were removed from the pdb files for each structure and
Reduce, a program in the MolProbity suite, was used to add hydrogen atoms.” A side-
chain placement calculation was run to add side chains for residues 77 and 115, which
were missing from the 1CDL structure. In addition, 99 Phe and 143 Thr were placed in
the 1CDL structure to mutate the sequence from the human CaM to Drosophila CaM and
therefore be consistent with the IMXE sequence. All four of these residues are distal
from the protein-peptide interface and were therefore not expected to have an impact in
the ultimate design. 1CDL and 1MXE were minimized for 50 steps using the DREIDING
force field.*? Each residue was characterized as surface, boundary, or core based on the
distance of its Ca and Cp to the solvent-accessible surface.*

Positive designs were first conducted on both structures. Residues that were
within 4 A of the peptide in both structures, were defined as core, and were either
hydrophobic or glutamate (Glu) in the wild-type protein were allowed to vary in the
calculations. Residues 11, 12, 15, 18, 19, 32, 39, 55, 68, 84, 88, 91, 92, 105, 108, 112,

and 128 were allowed to sample Ala, Val, Leu, Ile, Phe, Tyr, and Glu amino acids.
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Residues 36, 51, 71, 72, 109, 124, 144, and 145 are methionine in the wild-type protein

and therefore were allowed to sample conformations of Met in addition to the amino
acids listed above. Wild-type CaM contains no tryptophans and Trp was not included in
the designs to simplify the binding analysis by Trp fluorescence. The side chains in the
peptides were allowed to change conformation but not identity.

Two positive designs were carried out on each structure. In the first set of designs,
a backbone-dependent rotamer library in which each rotamer was expanded by 1 standard
deviation around 1 and %2 was used (e2).”® These results are designated “peptide-e2.”
In the second set of designs, a backbone-independent conformer library was used.’!
Results from these calculations are designated “peptide-conf.”

Standard ORBIT parameters were used for these calculations™”* with the
exception of a decreased polar burial penalty (0.03 kcal/mol/A?) to not overly penalize
Glu rotamers, and a 100 kcal/mol cutoff energy. The increased cutoff energy allowed us
to keep rotamers that might be necessary in the negative design calculation. To place
more emphasis on the interactions between CaM and the peptides, we introduced a scale
factor to bias the intermolecular interaction energies.'” This scale factor resulted in
recovery of Glu84, which forms favorable interactions with the peptides but has
unfavorable electrostatics with the rest of CaM. The scale factors used were 1.3 (conf
designs) and 1.1 (e2 designs). Optimization of the positive designs was accomplished
using a modification of the FASTER algorithm, giving a single low-energy sequence, the
FMEC.**”

Negative designs were scored using a simple scoring function (Equation A-1),

where AE,s and AE,, are the energies of a given sequence in the context of the desired
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complex and the undesired complex, respectively. W is an arbitrary weighting factor used
to balance the desire for a good energy for the positive structure and a bad energy for the

negative structure. The weighting factor for these calculations was 0.2.

Score=AE, -w*AE, (A-1)

The negative design calculations were performed using the 1CDL structure (CaM-
smMLCK,) as the desired complex and the 1IMXE structure (CaM-CaMKI,) as the
undesired complex. The energy calculations from the positive designs (described above)
were used as input and the score was minimized according to Equation A-1 using
FASTER® with 200 trajectories. The single sequence with the lowest score was
investigated further. This protocol was completed for both the conformer library designs

and the standard rotamer library designs.

Construct generation. Wild-type Drosophila CaM and CaM8 (an eight-fold
mutant previously shown to have enhanced specificity) constructs in pET15b were
obtained from Julia M. Shifman.'®!” Variant constructs containing a single mutation were
created using inverse PCR mutagenesis,” and constructs with two or more mutations
were generated using the Quikchange multi-site mutagenesis kit (Stratagene). All

constructs were verified through DNA sequencing.

Protein expression and purification. Wild-type CaM and all variants were
expressed in E. coli BL21(DE3). All growth was conducted in LB supplemented with

100 wg/mL ampicillin. Expression was induced at ODggo = 0.6 with 1 mM IPTG and cells
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were grown for 2-4 hours at 37 °C. Cells were harvested at 5,000 x g for 10 minutes in a
centrifuge and the cell pellet resuspended in 25 mL of Lysis Buffer (50 mM Tris-HCl pH
7.5, 10 mM MgCl,, 5 mM CaCl,). Resuspended cells were frozen at -20 °C overnight.
After thawing, | mM PMSF, DNase, and RNase were added and the cells were lysed
using an Emulsiflex (Avestin) for 3-5 minutes. The lysate was clarified by centrifuging
for 30 minutes at 21,000 x g and filtered through a 0.22 um filter before chromatography
was conducted. The clarified lysate containing the CaM was first purified on a Phenyl
Sepharose HP HiLoad 16/10 column (General Electric) preequilibrated with Buffer A (50
mM Tris-HCI pH 7.5, 1 mM CaCl,), essentially as described.”* Briefly, the clarified
lysate was loaded on the column, washed with 4 CV of Buffer A, 2 CV of Buffer A
containing 500 mM NaCl, then an additional 2 CV of Buffer A. CaM was eluted with
Buffer C (50 mM Tris-HCI pH 7.5, 1 mM EDTA). The phenyl sepharose elution was
concentrated to approximately 0.5 mL using 5,000 MWCO Amicon Ultra concentrators
(Millipore), then loaded onto a SDX-75 column (General Electric) preequilibrated with
50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM CaCl,. Pure CaM eluted at approximately
0.53 CV and was collected and stored at 4 °C. Wild type (WT) CaM and the variants
were purified to > 95% purity as determined by SDS-PAGE. In addition, the molecular
weight for all proteins was verified through mass spectrometry.

CaM concentrations were calculated one of two ways. The first method measures
the absorbance of tyrosine in denatured CaM. A 1/10 dilution of protein into 8 M GnHCl
was incubated for 10 minutes before the absorbance at 278 nm was taken. The extinction
coefficient at 278 nm for WT and variants containing one tyrosine was 1400 M'ecm™ and

2800 M'em™ for variants containing two tyrosines.” The second method was used to
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calculate the concentration of protein under native conditions. Typically 1/3 dilutions of
CaM were made into 50 mM Tris-HCI pH 7.5, 1 mM CacCl, and the A,7¢ was measured.
An extinction coefficient of 1576 M'cm™ was used for proteins, including WT, that
contain only one tyrosine.”® The concentrations from both methods are typically within

5% of each other.

CaM-binding peptides. Unmodified peptides corresponding to the peptides bound
to CaM in the crystal structures 1CDL (smMLCK,) and IMXE (CaMKI,) were
purchased from PeptidoGenic Research and Co., Inc. or from Sigma Genosys at greater
than 95% purity. Biotinylated smMLCK and CaMKI peptides were purchased from
AnaSpec, Inc. at greater than 95% purity. The N-terminal biotin moiety was separated
from the peptide sequence by two 6-aminohexanoic acid linkers (LC) and a Gly-Gly-Ser-
Gly-Gly peptide linker. The sequences for all peptides used in this study can be found in
Table 5-1.

The molecular weight of each peptide was verified through mass spectrometry,
and amino acid analysis was performed on unmodified smMLCK and CaMKI peptides
(Jinny Johnson, Texas A&M University) to confirm the composition. The extinction
coefficient Asgo = 5690 M'cm™ was used to determine the concentration of all peptides

under denaturing conditions.>

Fluorescence binding assays. Fluorescence assays were conducted at 25 °C on a
QuantaMaster UV-Vis fluorimeter (Photon Technology International) essentially as

described.'® Samples (1 mL) were prepared with varying amounts of CaM (0 to 2.0 uM)
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and 1 uM peptide (unless otherwise noted) in 50 mM Tris-HCI pH 8.0, 100 mM NaCl, 2

mM CaCl,. Samples were allowed to equilibrate a minimum of 1 hour before
measurements were taken. Each sample was excited at 295 nm and the emission spectrum
was recorded between 310 nm and 460 nm. A 1 nm step size and 1 second averaging time
were used in all assays. The slit width on the excitation source and emission detectors
were adjusted to give a maximum signal near the limit of the detector, typically between
0.9 and 1.1 nm.

The fluorescence at 318 nm (unless otherwise noted) as a function of the CaM
concentration was plotted in Kaleidograph (Synergy Software). Data were fit to a 1:1
binding model to obtain the dissociation binding constant (Kp) (Equation A-2) where €ec
(the extinction coefficient for free peptide), epouna (the extinction coefficient for bound
peptide), and Kp are parameters that are fit during optimization, and [P] and [CaM] are
the concentration of peptide and CaM, respectively. In addition, a CaM concentration
factor was fit during the curve fitting procedure to correct for inaccuracies in the
determination of CaM concentrations. This fit value typically ranged between 0.9 and

1.1, indicating that our CaM concentrations were off by 10% or less.

Fluorescence = €, #[P1+ (€,,,4 = €4,,) ¥0.5% (K}, + [P]+[CaM] £ \/(KD +[P]+[CaM])’* - 4[CaM]%[P]) (A-2)

Surface Plasmon Resonance (SPR) assays. SPR (Biacore) experiments were
performed on a T100 instrument (Biacore). Approximately 3000-5000 response units of
streptavidin were immobilized to all four flow cells of a CMS5 chip through standard
amine coupling. Biotinylated peptide was captured by the streptavidin surface on flow

cells 2-4. Flow cell 1 was reserved as a control. All assays were conducted in HBS-P
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buffer (Biacore) with 1 mM CaCl, (10 mM HEPES pH 7.4, 150 mM NacCl, 0.0005% v/v

Surfactant P20, 1 mM CaCl,). The chip was regenerated with two 30-second injections of
10 mM EGTA unless otherwise noted.

Kinetics experiments for wild-type CaM were conducted on a chip with between
5 and 15 RUs of immobilized peptide. Samples containing serial dilutions between 2 uM
and 6.3 pM WT CaM were injected over the surface of the chip for 180 seconds at 100
uL/min then allowed to dissociate for 300 seconds before the surface was regenerated.
One sample in the series was repeated to confirm that the immobilized surface was
unchanged during the experiment. Sensorgrams were analyzed using the BiaEvaluation
software package (Biacore). Various fitting models were used to try to fit the data
accurately, including a 1:1 model, a multivalent model, and a mass-transport limited
model.

Equilibrium experiments were performed with approximately 20 RUs of peptide
immobilized on the streptavidin surface. Samples used to create binding curves were
either from a 2X dilution series containing 20 nM to 9.8 pM CaM in running buffer or a
24-point semi-log dilution series with the highest concentration of 50 uM. The flow rate
and contact time for each injection was varied in order to reach equilibrium binding. The
flow rates varied from 20 to 8 uL/min and the contact times ranged between 420 and
2500 sec. All concentration series were run from low to high concentration without
regeneration in order to expedite the equilibrium. After a complete concentration series,
the chip was regenerated with 5 pulses of 10 mM EGTA. In addition, a 2.5 nM WT CaM
reference sample was run after every two proteins in order to verify the stability of the

surface. The data were analyzed by plotting the equilibrium RU value as a function of the
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concentration of CaM injected. Data are shown as unfit curves and can only be ranked to
determine the relative affinities of the variants due to poor fits to a 1:1 model.
Approximately 120 RUs of biotinylated snMLCK peptide was immobilized to a
streptavidin CM5 chip for the competition assays. Samples containing 100 nM CaM (WT
or variant) and either no peptide or between 250 nM and 3.3 nM non-biotinylated peptide
were injected onto the chip at 50 uL/min with a 30 second association time and no
dissociation time. Two samples were repeated during the run to ensure that the
streptavidin/peptide surface was not being damaged or degraded. The surface was
regenerated after each injection. Data was exported from BiaEvaluation software and the
initial rate of signal increase for each sensorgram was determined by fitting the initial
seconds of injection to a linear regression in Excel (Microsoft). The dissociation binding
constant (Kp) was determined by plotting the initial slopes as a function of the log of the
concentration of competitive (non-biotinylated) peptide. Kaleidograph was used to solve
for Kp by fitting the data to Equation A-3 where [Ao] is the CaM concentration, Ry is the
initial rate with no competing receptor present, X is the log[Lo], where [Lo] is the

concentration of competitive peptide, and R is the initial rate at [Lo].”’

R= %([AO] ~107 =K, )+ /(K + 20107)(K ) + (107 + 2L A K, 2[4 107+ [A, ) (A-3)
0

Results

ORBIT calculations. We chose the structures for the smMLCK-CaM complex
(pdb ID 1CDL)* and the CaMKI-CaM complex (pdb ID 1MXE)* to incorporate explicit
negative design into our computational protocol. These complexes were chosen because

both have high-resolution structures available, both have very high CaM-peptide binding
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affinities, and smMLCK,, and CaMKI, both contain a tryptophan residue. As CaM

contains no Trps, the change in fluorescence of the peptide Trp can be monitored to
determine binding.'® In addition, these two structures are very similar: their RMSD is
only 1.4 A and the peptide is bound in a very similar orientation. Previous work in the
Mayo lab indicated that CaM can be engineered to have altered specificity without
including explicit negative design.'® We hoped to expand on this work and create a CaM
variant with increased specificity for the smMLCK peptide relative to the CaMKI
peptide.

The ORBIT protein design software suite was used to both optimize the peptide-
protein interface in the two CaM-peptide input structures as well as predict sequences
that would stabilize the smMLCK,-bound structure (1CDL) and destabilize the CaMKI,
structure (1IMXE). The resulting sequences are shown in Table A-2. The sequences are
split into two categories depending on the rotamer library used, as described in the
methods.

The positive designs for the smMLCK,-CaM structure (smMLCK-conf and
smMLCK-e2) contain four and five mutations, respectively, from wild-type CaM. V551,
VO1I, and V108I are found in both designs. These are very conservative mutations with
the extra methyl group predicted to fill small spaces in the protein-peptide interface.
Positions 18 and 51 were also mutated in one or both of these sequences; these mutations
will be discussed in the negative design results as they are also found in the negative
design sequences.

The positive designs for the CaMKI,-CaM structure (CaMKI-conf and CaMKI-

e2) contain five and three mutations, respectively. Many of the mutations are valine to
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phenylalanine or tyrosine. The CaMKI,-CaM structure is not as packed at the protein-
peptide interface as the smMLCK,-CaM structure, so there is additional room for larger
side chains to pack into the interface at positions 55, 91, and 108. Position 84 is also
mutated from a Glu to an Ile or Leu in these designs. In the smMLCK,-CaM structure,
Glu 84 makes electrostatic interactions with two arginine residues in the peptide.
However, in the CaMKI peptide these arginines have been replaced by an alanine and a
histidine that is not within hydrogen bonding distance. Therefore, in the CaMKI,-CaM
optimization, the electrostatics interactions with E84 are less stabilizing than the van der
Waals interactions between the hydrophobic Ile or Leu and the peptide.

Because the goal of the negative designs was to create a CaM variant that binds
smMLCK, with high affinity and CaMKI,, with reduced affinity, it was no surprise that
the sequences resulting from the negative design protocol are very similar to the
sequences for the smMLCK,-CaM positive designs. There are, however, two notable
exceptions that may convey specificity to the negative design variants. Those mutations
are L18I, found in both negative design solutions as well as in smMLCK-e2, and M51Y,
which was selected in the negative design calculation from the e2 rotamer library and the
positive design sequence smnMLCK-conf. Both L18I and M51Y are predicted to make
van der Waals clashes with the CaMKI peptide, but can be accommodated in the
smMLCK,, structure (Figure A-2). In the case of L18I, the clash between residue 18 and
Gln 305 of the peptide cannot be resolved through alternate conformations due to the
constraints on the peptide side chain. In the smMLCK,-CaM structure, however, the
lysine residue at the equivalent position in the peptide is predicted to sample a different

conformation that allows space for the isoleucine. In addition, the isoleucine rotamer
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chosen in the smMLCK structure is similar to the crystallographic orientation of the wild-
type leucine. M51Y is located in the protein-peptide interface near the C-terminus of the
peptide (Figures A-2C and A-2D). In the smMLCK, design, the tyrosine side chain
extends toward the solvent and is not sterically occluded by the serine residue at the end
of the peptide. The tyrosine in the CaMKI, structure is predicted to be blocked from
extending toward the solvent by the long arginine side chain near the end of the peptide
and therefore must take an alternate conformation in which it sterically clashes with Met
316 of the CaMKI peptide. These computational models suggest that both L18I and
MS51Y might be good candidates for incorporating specificity into CaM-peptide binding.
We therefore decided to construct variants containing either single or double mutations to
investigate the effects of these positions: L18I, L18I/M51F, L18I/M51Y, MS5SI1F, and

MS1Y.

Native purification. Native purification of CaM has been reported using

54,58-60 +
’ In the presence of Ca®’, a large

hydrophobic interaction chromatography.
hydrophobic surface on CaM is exposed and interacts with the column. After non-
hydrophobic proteins are washed off the column, CaM is eluted with a buffer containing
EDTA. The EDTA chelates the Ca®’, causing the CaM to undergo a conformational
change that buries the hydrophobic patch. This method has numerous advantages over the
non-native purification method previously used in the lab.'® First, the protein does not
need to undergo refolding and is exposed only to gentle, native conditions, resulting in

protein preparations that are less likely to be damaged. Second, only the CaM that

undergoes the necessary Ca’'-dependent conformation change is purified; damaged
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proteins will either be lost in the washes or remain bound to the column after elution.
Finally, only proteins with a Ca*" dependency will elute with the buffer containing
EDTA, so the protein is greater than 95% pure after a single purification step. We
performed an additional gel filtration step to exchange the buffer and ensure that the
protein was monodispersive and monomeric.

SDS-PAGE on the purified protein showed that it was more than 98% pure. A
double band was often seen when excess EDTA or Ca>" was not added before denaturing
the samples. The double band was shown to correspond to Ca*"-bound and Ca*'-free

versions of the protein,”’ which has been verified in our laboratory (data not shown).

Tryptophan fluorescence assays. Tryptophan (Trp) fluorescence is a convenient,
commonly used technique to determine the affinity of CaM-peptide interactions.'®!"¢2%*
The analysis is simplified because CaM contains no Trps. Fluorescence from the single
Trp in the peptide can be monitored to indicate movement from solvent-exposure to a
hydrophobic environment, giving a direct measurement of peptide binding to CaM.®
After excitation at 295 nm, the emission spectrum was monitored for samples containing
a fixed amount of Trp-containing peptide and varying amounts of CaM (Figure A-3).
Water emits a significant amount of fluorescence around 330 nm. When the background
was subtracted, the emission spectra clearly showed the expected blue-shift and increase
in intensity as CaM was titrated in, which is characteristic of the burial of the Trp (Figure
A-3B). To eliminate error due to sampling around the water peak, we determined that

monitoring emission at 318 nm gave results similar to those at 326 nm, but with smaller

error associated with the dissociation constant (data not shown). We therefore plotted
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fluorescence at 318 nm as a function of the CaM/peptide ratio in order to calculate Kp
(Figure A-3C).

Although the fluorescence-based assay is simple and straightforward, the low
intensity of Trp fluorescence emission makes it impossible to use low concentrations of
peptide. This is a problem because the Kps we are analyzing are around 1 nM and our
peptide concentration is 1 uM. This three orders-of-magnitude difference between the
expected Kp and the peptide concentration creates a great deal of error in the Kp
extrapolated from the data. We experimented with decreasing the concentration of
peptide and found that 0.3 uM peptide gave reasonable signal to noise, but that 0.1 uM
peptide gave poor data (data not shown). However, 0.3 uM peptide did not get us
significantly closer to the “10-fold above the Kp to 10-fold below the Kp” general rule
for concentrations in binding assays, so we continued the experiments with 1 uM peptide

to maximize the signal to noise.

CaM variants-peptide binding: Fluorescence assays. Eight computationally
designed variants and wild-type CaM were assayed for binding to both smMLCK,, and
CaMKI, as described in the methods. The results are shown in Table A-3. We
successfully reproduced the results from Shifman e al. for wild-type binding to both
smMLCK,, and CaMKIp.16 The Kp resulting from this experiment was two-fold weaker
than that reported by Shifman er al., but well within the limitations of the assay.
Unfortunately, most of the variants did not affect the specificity of binding as had been
anticipated from the designs. Four out of the five variants representing the negative

design calculations (L18I, M51F, L18I/MS5I1F, L18I/M51Y) did not show any specificity
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for smMLCK, over CaMKI,. In addition, the positive designs on the smMLCK,-CaM

structure did not alter the specificity significantly. These assays did result in some
interesting variants, however. First, the M51Y single mutant from the negative design
calculations showed a 10-fold preference for the smMLCK peptide over the CaMKI
peptide. This preference seems to result from an increase in affinity to smMLCK,, as
opposed to a decrease in affinity to CaMKI,, contrary to what was expected from the
negative design calculations. The variant corresponding to the positive design calculation
performed on the CaMKI,-CaM structure using the e2 library (CaMKI-e2) also showed
an approximately 10-fold preference for binding smMLCK,,. This result was unexpected,
as the calculation should have predicted mutations that stabilize the CaMKI,-CaM
interface. Finally, CaMKI-conf appeared to show a moderate specificity switch from a
two-fold preference for smMLCK,, for wild-type to a two-fold preference for CaMKI,,.
Although these results were far from definitive, we decided to investigate the results from
the two CaMKI,,-CaM structure positive designs further.

Five single mutation variants were created to investigate their effects on peptide
binding. We created a variant with each mutation found in either CaMKI-conf or CaMKI-
e2 that could have an affect on activity. We chose not to make L39I because it was also
seen in the negative design result; similarly, V108I was not made because it was seen in
both smMLCK,-CaM designs and both negative design results and had no effect in those
proteins. We therefore made V55F, E841, VO1F, VO1Y, and V108F constructs and tested
them in the Trp fluorescence assay. V55F was chosen during the optimization for both
CaMKI,-CaM positive designs. E841, VO1Y, and V108F were found only in the CaMKI-

conf positive design, which has higher affinity for CaMKI, than smMLCK,. The final
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mutation, VI1F, is derived from the CaMKI-e2 positive design sequence that has a 10-

fold preference for smMLCK,,. The results from the fluorescence assay show that V55F,
E841, and V108F mutations may create a slight preference for snMLCK,, (Table A-4).
These results, however, are inconsistent with their presence in the CaMKI-conf design,
which shows a switch toward better binding of CaMKI,. The V55F mutation may provide
some of the increased specificity in CaMKI-e2 binding to smMLCK,. Mutations at
position 91 had no effect on the binding to either smMLCK,, or CaMKI,, indicating that
this mutation is not the cause of the differences seen in the positive designs.

Because these results seemed counter in many ways to our computational designs
and had a great deal of error associated with them due to the large difference between the
Kps of interest and the concentrations of peptide used, we decided to further study these

variants using surface plasmon resonance (SPR, Biacore).

Biacore experiments to determine binding constants. Biacore has been used
previously to provide both kinetics and steady-state dissociation constants for CaM

binding to various peptides.®®®

We chose to immobilize our two biotinylated peptides
through streptavidin interaction. This allowed us to analyze multiple CaM variants at a
time without making new chips and oriented the peptides in a consistent way to minimize
the error associated with random orientation by amine coupling. Initial experiments
indicated that the kinetics for the wild-type CaM interaction with smMLCK,, and CaMKI,
could not be fit to a 1:1 binding model (Figure A-4A). A better fit was obtained using a

multivalent model (Figure A-4B). However, these complexes have been shown

previously to be 1:1 interactions, and fitting to a multivalent model is not
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164950 We therefore decided to obtain dissociation constants from equilibrium

appropriate.
experiments instead of analyzing the kinetics of the binding.

Equilibrium Biacore experiments measure the maximal response for a given
analyte concentration. No kinetics information is obtained, but when the equilibrium
binding response is plotted as a function of the concentration, a sigmoidal curve fit can
give a Kp of binding (Figure A-5). When wild-type data was plotted, however, the shape
of the curves was not as expected (Figure A-5B). At lower concentrations, the system
acted as predicted, but at high concentrations, the response did not level out to reach a
maximal value. Even at 50 uM CaM, maximal binding was not observed. This indicates
that the system is not an ideal 1:1 binding system and instead shows some self-binding or
aggregation at high concentrations.

Although the system did not act in an ideal fashion, we proceeded to evaluate the
designed variants via equilibrium binding studies. None of the data fit well to the 1:1
model, and therefore Kps could not be determined. Instead, we ranked the variants
relative to WT CaM (Figure A-6). The two smMLCK,-CaM structure positive design
variants (smMLCK-conf and smMLCK-e2) bound to both smMLCK, and CaMKI, with
approximately the same affinity as WT. The mutations in these two variants did not affect
the binding to either of these peptides. In addition, CaMKI-conf and CaM8, which had
previously shown improved specificity to other peptides, bound significantly worse to
both peptides as compared to WT. One or more of the mutations in these variants
significantly affected either the stability of the protein or the binding in a negative way
that was not peptide specific. One of the variants, CaMKI-e2, showed some specificity

between the peptides. This variant binds significantly worse than WT to smMLCK,, but
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binds similar to WT to CaMKI,,. This result is consistent with the purpose of the design:

to stabilize the CaMKI-CaM structure. Many of the single point mutants derived from
CaMKI-conf and CaMKI-e2 (see CaM variants-peptide binding: Fluorescence assays)
also bound with higher relative affinity to CaMKI, than smMLCK,, (Figures A-6C, A-
6D). The VIIF, VI1Y, and V108F mutations appear to convey some specificity toward
CaMKI,. The E84I mutation interferes with binding to both peptides, whereas V55F
affords some specificity toward smMLCK,.

Finally, because of the difficulty in getting Kp values from the equilibrium
binding experiments, we also attempted competition Biacore assays. These assays were a
proof-of-concept experiment and were not completed in full. Instead, only the binding
between variants and smMLCK,, was investigated and compared to the fluorescence
assays and the equilibrium Biacore assays. In the competition Biacore experiments, each
sample contains a constant amount of CaM or CaM variant and a variable amount of
competing peptide, in this case non-biotinylated smMLCK,. A set of sensorgrams for
each variant was collected and the initial rate of binding was plotted as a function of the
concentration of inhibiting peptide in the sample (Figure A-7).

The competition assays produced reasonable data with small error. The rankings
generally agree well with the rankings for the variants binding to smMLCK, in the
equilibrium experiment (compare Figure A-6E and Figure A-7C). The competition
experiment shows that, as expected, both positive designs modeled after the smMLCK,-
CaM structure have high affinity for snMLCK,. In contrast to previous experiments and
the expectation of the design, CaMKI-e2 binds smMLCK,, as well as WT. These results

also confirm the equilibrium experiment conclusion that CaMKI-conf and CaM8 both
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bind with significantly lower affinity than WT to smMLCK,. The single variant results

indicate that V108F is an unfavorable mutation for binding to smMLCK,,, and mutation at
position 91 slightly disrupts the interaction.

This proof-of-concept Biacore experiment could be expanded to test the variants
against CaMKI to determine whether any specificity changes have occurred and also to

test the negative design variants: L18I, M51F, M51Y, L18I/M51F, and L18I/M51Y.

Conclusions

Assaying CaM-peptide complexes. It was shown during the course of this work
that assaying CaM-peptide complexes by tryptophan fluorescence is not ideal. The
concentration of peptide that must be used to obtain a good signal to noise is too high to
evaluate affinities near 1 nM. Instead, we investigated assays using SPR technology
(Biacore). The CaM-smMLCK peptide complex does not exhibit 1:1 binding as expected
in the kinetics experiment, so we were forced to study the equilibrium binding to obtain
relative affinities between the variants. Even with the equilibrium studies, the CaM
complexes did not reach saturation even at 50 uM CaM, indicating that aggregation or
self-binding was occurring at high concentrations. We were, however, able to rank the
variants tested for their affinities to both the smMLCK and CaMKI peptides to test our
computational designs. Additionally, we provided proof-of-concept work that a
competition-based assay using the Biacore can provide more accurate data including Kps
for the interactions. Future work for CaM-peptide interactions of high affinity should be

investigated using the competition-based method.
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Evaluating computational designs. Because of the difficulty in assaying CaM-
peptide affinities, it was difficult to accurately assess our computational designs. We
were, however, able to predict variants that would destabilize binding to smMLCK,, by
using computational design to predict mutations that would stabilize a competing
structure, including V108F, which on its own as well as in CaMKI-conf acts to decrease
the affinity for smMLCK,. Also, one of our negative design variants, M51Y, shows a 10-
fold preference for smMLCK, over CaMKI,. Further work to characterize the negative
and positive design variants may provide more insight into the computational designs.
Additional work is also required to optimize the negative design scoring function, cutoff

parameters, and energy thresholds to obtain the best negative design results.

CaM-peptide complexes as a model system for specificity. In addition to the
difficultly in determining the binding affinities for CaM-peptide complexes, it is unclear
whether the CaM system is ideal for investigating protein-protein specificity. While CaM
binds many targets with high affinity, making it a seemingly good candidate, this broad
promiscuity may incorporate too much flexibility into the protein-protein interface. A
previous study from the Mayo lab showed that single mutations to glutamate residues
near the interface can significantly affect the binding to smMLCKp.17 It is likely,
however, that these mutations not only affect binding but also protein stability in general.
It would therefore be useful to probe the interface residues with a site-saturation
mutagenesis library to determine which residues are consistent with binding at each
position. This type of experiment would lead to a great deal of data that could be used to

inform the computational designs and perhaps greatly increase our understanding of
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protein-protein specificity. In addition, by incorporating mutations that destroy the
binding, we can gain insight into how much mutation is tolerable to the system. Ideally, a
model system for specificity would have some flexibility but also be very sensitive to
mutation in order to affect binding significantly. Calmodulin, because it binds so many
non-homologous native substrates, may have too much flexibility in the binding to be a
good model.

Although perhaps not ideal for protein-protein specificity, this system can be very
valuable for studying protein-protein interactions. Recently, Roger Tsien in collaboration
with David Baker designed a specific peptide-CaM interface using computational
design.® In this case, the peptide is a designed variation of smMLCKp that incorporates
bulky groups that clash with wild-type CaM, employing a “knobs-and-holes” approach.
CaM was then designed around this new peptide, giving a specific interaction. The CaM-
peptide system seems ideal for creating new interactions between protein and peptide,
taking advantage of the inherently high specificity and large flexibility in the system.
Future work to design other non-native peptide interactions with CaM may prove to be

quite successful.
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Table A-3. Kps for CaM variants as determined by fluorescence assays.

Variant Ko (nM)
smMLCK, CaMKI,
wrt' 1.8+1.3 1.7+0.7
WT 1.6 £0.9 35+1.2
L18I 5.0£3.1 6.2+22
MSI1F 1.2+0.9 1.9+14
MS51Y 0.4+0.8 44+1.5
L18I/M51F 58+£24 32+1.3
L18I/M51Y 0.4+0.7 09+14
smMLCK-conf 1.7+ 0.6 3.6 0.8
smMLCK-e2 0.6 0.8 02+0.5
CaMKI-conf 44+1.5 20+1.1

CaMKI-e2 0.6+0.6 7.0+ 1.9
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Table A-4. Kps for CaMKI, positive design-derived single mutant variants as determined
by fluorescence assays.

. K]) (HM)
Variant
smMLCK, CaMKI,
V55F 1.4+1.3 48+1.3
E841 04+0.7 26+1.7
VI1F 2.1+1.1 1.6 £0.9
V1Y 3.0+1.1 23+1.6

V108F 44+19 7.6+2.6
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Figure A-1. CaM-peptide structures. The CaM-smMLCK,, structure is shown in dark
blue (CaM) and dark gray (peptide), and the CaM-CaMKI,, structure is shown in cyan
and light gray. The Ca. RMSD between the two structures is 1.4 A. The peptide is bound
between the N- and C-terminal domains of CaM such that the peptide is almost
completely buried.
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Figure A-2. Negative design result structures. The CaM-CaMKI, structure (IMXE) is
shown in light colors (panels A and C), and the CaM-smMLCK,, structure (1CDL) is
shown in dark colors (panels B and D). The peptides are shown in gray, CaM is shown in
blue, and the designed residues of interest are shown in magenta. (A) An Ile at position
18 cannot be accommodated in the CaMKI,-bound structure due to Gln 305 in the
peptide. This creates an unfavorable van der Waals interaction, which is expected to
destabilize the complex. (B) In the smMLCKp structure, however, the Lys in the
equivalent position of smMLCK, takes on a conformation that does not clash with
position 18. (C) At position 51, a Tyr mutation in the negative design result from the e2
library clashes with M316 of CaMKI,,. The Tyr side chain is pointed inward toward the
peptide because it is hindered from pointing toward the solvent by the long side chain of
Arg 317. (D) The smaller Ser residue at position 814 (equivalent to R317) in the
smMLCK peptide allows the Tyr at position 51 to point toward the solvent, eliminating
the unfavorable interactions with the peptide that are seen in the CaMKI,, structure.
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Figure A-3. Tryptophan fluorescence assay data analysis. (A) Samples containing 1 mM
peptide and varying amounts of CaM are excited at 295 nm and the emission spectrum
from the tryptophan fluorescence is measured. The brown curve at the bottom of both
panels (A) and (B) is CaM alone with no peptide present. (B) The buffer is subtracted
giving smooth curves that show a blue-shift and increase in intensity, which indicates
burial of the tryptophan. (C) The fluorescence intensity at 318 nm is plotted as a function
of the ratio of CaM to peptide. This titration curve shows that the binding between CaM
and smMLCK, is 1:1 and the data can be fit to Equation A-2, giving a Kp of interaction.



150

Response
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Figure A-4. Biacore kinetics of wild type CaM and smMLCK,. Biacore data are shown
in black and model curve fits are shown in red. Approximately 15 response units of
biotinylated smMLCK,, was immobilized to streptavidin on a CMS chip. Various
concentrations of wild-type CaM were flowed over the peptide surface and binding was
monitored. BiaEvaluation software was used to fit the data to a (A) 1:1 model or a (B)
multivalent model. Neither model was a satisfactory fit due to previous work showing
that the complex should be 1:1.
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Figure A-5. Biacore equilibrium data. (A) Typical equilibrium data set. Multiple
concentrations of CaM are injected over the peptide surface for various amounts of time
until equilibrium binding is reached. (B) The equilibrium response value at each
concentration is plotted as a function of concentration. For the wild-type interaction with
both smMLCK, and CaMKI,, the interaction does not reach an Rmax. This indicates that
at high concentrations of CaM we are seeing a type of self-binding or aggregation.
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Figure A-6. CaM variants—peptide equilibrium binding data. (A) Positive design CaM
variants binding to smMLCK,,. (B) Positive design CaM variants binding to CaMKI,,. (C)
Single mutant CaM variants derived from CaMKI-CaM positive design constructs
binding to smMLCK,. (D) Single mutant CaM variants derived from CaMKI-CaM
positive design constructs binding to CaMKI,,. (E) Ranking of variants compared to WT
based on Biacore equilibrium experiments.
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Figure A-7. Competition Biacore assay. (A) Sensorgrams showing the binding of CaM to
the smMLCK,, surface and including increasing amounts of inhibiting smMLCK,,. As
competitor is added, the maximal response decreases, as expected. (B) A plot of the
initial binding rate as a function of the log of the competitor concentration. The initial
rates are calculated from the first few seconds of each sensorgram as seen in (A). The
data are fit to Equation A-3 to give a Kp. (C) Results of the competition assay. WT CaM
was run both at the beginning of the experiment and the end to confirm the stability of the
immobilized surface and for reproducibility.
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Appendix B

Computationally designed variants of Escherichia coli
chorismate mutase show altered catalytic activity

The text of this chapter has been adapted from a manuscript coauthored with Jonathan
Kyle Lassila, Peter Oelschlaeger, and Stephen L. Mayo.

Lassila, J.K., Keeffe, J.R., Oelschlaeger, P., and Mayo, S.L. (2005) Computationally
designed variants of Escherichia coli chorismate mutase show altered catalytic activity
Protein Engineering, Design, and Selection 18, 161-163.

Reproduced with permission from Lassila, J.K. ez al. (2005)
Protein Engineering, Design, and Selection 18, 161-163.
Copyright 2005 Oxford University Press.
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Abstract

Computational protein design methods were used to predict five variants of
monofunctional E. coli chorismate mutase expected to maintain catalytic activity. The
variants were tested experimentally and three active site mutations exhibited catalytic
activity similar to or greater than the wild type enzyme. One mutation, Ala32Ser,

showed increased catalytic efficiency.
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Introduction

The Claisen rearrangement of chorismate to prephenate (Figure B-1) is a rare
enzyme-catalyzed pericyclic reaction that proceeds through the same mechanism
uncatalyzed in solution. Chorismate mutases from various organisms provide rate
enhancements of around 10° despite strong dissimilarities in three-dimensional fold.'”
The metabolic importance of chorismate as the key branch point in the shikimate
pathway has prompted extensive experimental investigation of the chorismate-prephenate
rearrangement since the 1960s* and has driven complementation experiments to probe the
structural determinants of enzyme catalysis.” The concerted, unimolecular nature of the
rearrangement and the lack of covalent protein contacts have encouraged numerous
theoretical studies of the catalyzed and uncatalyzed reactions. The question of how
chorismate mutases achieve rate enhancement has been actively discussed in recent
years.6'10

We used computational protein design techniques to identify mutations within the
active site of the chorismate mutase domain (EcCM) of Escherichia coli chorismate
mutase-prephenate dehydratase (“P-protein”)'' consistent with catalytic activity. The
objective of the study was to evaluate the viability of a rotamer-based approach with an
empirical mechanics force field in modeling the active site. We report three active site
mutations that permit catalytic activity at or above the level of the wild type enzyme.

One of these appears to have enhanced catalytic efficiency relative to wild type.
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Materials and Methods

Computational design. An ab initio calculated transition state structure'” was
modeled at the position of a transition state analog in the ECCM crystal structure, PDB
code 1ECM.’ Translation (+ 0.2 A each axis) and rotation (+ 5° each axis) of the
transition state structure was allowed and all amino acids except glycine, proline,
cysteine, and methionine were permitted in the following positions: 28, 32, 35, 39, 46,
47,48, 51, 52, 55, 81, 84, 85, 88 (chain A); 7, 11, 14, 18 (chain B). Residues from both
chains compose each of the two active sites in this symmetric homodimer. A backbone-
dependent side chain rotamer library'® was used with expansion by one standard
deviation about 1 and 2 for all amino acids except arginine and lysine. The energy
function used in the ORBIT protein design software'* was based on the DREIDING force
field"® and includes a scaled van der Waals term,'® hydrogen bonding and electrostatic
terms,'’ and a surface-area based solvation potential.'® Transition state partial atomic
charges were obtained as previously reported.'? An additional energy penalty was applied
to effectively eliminate from consideration all sequences that could not maintain key
contacts between the transition state structure and Arg 11 and Arg 28. These contacts
were previously demonstrated to be necessary for catalysis.'” The HERO rotamer
optimization method was used to obtain the minimum energy amino acid sequence and
conformations.” Six mutations were predicted in the optimized structure: Leu7Ile,
Ala32Ser, Val35lle, Asp48lle, Ile81Leu, and Val85Ile. Visual inspection and subsequent
calculations indicated that four of the mutations were independent, so they were treated

separately.



158

Protein expression and kinetic characterization. The gene encoding EcCM
residues 1-109 of the bifunctional chorismate mutase-prephenate dehydratase (P protein)
was amplified from genomic DNA (ATCC 700926D) and inserted into the pTYB11
vector from the IMPACT-CN intein fusion system (New England Biolabs) between the
Sapl and Xhol sites. Inverse PCR mutagenesis®’ was used to construct five variants:
Leu7lle, Ala32Ser, Val35lle, Asp48lle, and Ile81Leu/Val85Ile. Constructs were verified
by DNA sequencing. Variant and wild type proteins were expressed in E. coli
BL21(DE3). Expression was induced with 1 mM IPTG at ODgo = 0.6 and cells were
grown for 18 hours at 22 °C. Cells were harvested and lysed by French press in 20 mM
Tris-Cl pH 8.0, 500 mM NaCl, 1 mM EDTA, 10 mM MgCl,, 1 mM PMSF, with DNase
and RNase. Chitin affinity purification was conducted with a column buffer containing
20 mM Tris-Cl, pH 8.0, 500 mM NaCl, and 1 mM EDTA. On-column cleavage
proceeded in 50 mM DTT at 25 °C for 18 hours. Mass spectrometry and SDS-PAGE
verified that this protocol results in successful cleavage and yields the expected product.
Wild type and variant proteins were further purified by gel filtration on a HiPrep
Sephacryl S-100 high-resolution column (Amersham Biosciences) with 20 mM Tris-Cl
pH 7.8, 100 mM NaCl as the running buffer and final storage buffer. Protein
characterization followed procedures recently reported for the same construct.”* Protein
concentration was determined by Bradford assay using BSA as a standard. Chorismate
mutase activity was determined by following the disappearance of chorismate with UV
absorbance at 275 nm. Activity assays were conducted at 37 °C and contained 20 nM
protein in 50 mM Tris pH 7.8, 2.5 mM EDTA, 20 mM fB-mercaptoethanol, and 0.01 %

BSA. Initial velocities were buffer-corrected and were determined with less than 6 %
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depletion of initial substrate concentration. All proteins were initially tested using a
substrate concentration range of about 50-500 uM. The wild type and the Ala32Ser
mutant were further assayed with substrate ranges of approximately 20-2000 pM and a
minimum of five trials including two separate protein preparations each. Kinetic

parameters were determined by non-linear fitting to the Michaelis-Menten equation.

Molecular dynamics simulations. Molecular dynamics simulations of EcCM and
mutant Asp48lle as free enzymes and in complex with the oxabicyclic transition state
analog™ were carried out using the Sander Program of the AMBER 7.0 software
package.* For symmetry, both chains were truncated to residues 6 through 95. The
transition state analog was minimized and the electrostatic potential surface was
calculated using DFT with B3LYP and the lacvp** basis set in the Jaguar 5.5 package
(Schrodinger LLC). Atomic charges were obtained with RESP. Parameters for the
transition state analog were defined according to similar structures in the AMBER
libraries. The binding sites of the free enzymes were filled with water by solvating the
molecules with a TIP3P* water shell using a closeness parameter of 0.4 in xLEaP. All
systems were then solvated by a truncated octahedron of TIP3P water 8 A around the
protein and neutralized with counter ions. The ffO2EP version of the ff99 force field***’
was used to represent the protein and the ligand. After minimization, all systems were
heated to 300 K with constant volume, starting at 10 K with three different initial
velocities. Molecular dynamics simulations were prolonged at 300 K and constant

pressure until the backbone RMSD reached a constant value of about 1.5 A compared to
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the first frame; this was observed after 500 to 800 ps. Average structures over 10 ps of

the equilibrated systems were generated and analyzed visually.

Results and Discussion

As seen in Table B-1, three of the five variants showed similar or greater catalytic
efficiency relative to the wild type enzyme. The Ala32Ser mutation results in a slightly
more efficient catalyst than wild type due to both a decrease in Ky and an increase in Acat.
The fact that substrate binding is enhanced in addition to catalysis is consistent with the
suggestion that factors stabilizing the transition state may be likely to contribute to
ground state stabilization in the catalyzed rearrangement.”® The rate enhancement
corresponds to a change in activation energy of less than 1 kcal/mol, making a detailed
structural explanation unwarranted. However, it should be noted that in the predicted
structure of this mutant, Ser 32 is capable of hydrogen bonding with GIn 88 (Figure B-2),
a residue that makes an essential contact to the ether oxygen of the breaking bond."

Val35Ile shows increased k., but also increased Ky, resulting in kca/ Ky similar to
wild type. The Leu7lle mutation also does not have a significant effect on catalytic
efficiency. Both mutations create slightly different hydrophobic packing environments
near the essential residue Arg 11 in the predicted structures. The double mutant,
Ile81Leu/Val85lle, was predicted to alter packing against the hydrophobic ring face of
the reacting molecule. This rearrangement of hydrophobic amino acids does not result in
substantial change in k.. However, the mutations result in increased Ky and reduced

catalytic efficiency. The relative insensitivity of the enzyme to changes in some amino
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acids is not surprising given the recent finding that the reaction is efficiently catalyzed by
a protein exhibiting all the characteristics of a molten globule.*

The Asp48lle mutation abolished measurable catalysis under the conditions
tested. This position makes backbone contacts to the hydroxyl group of the transition
state analog in the EcCM crystal structure. Hydroxyl contacts to a negatively charged
residue were suggested to create a favorable electrostatic gradient in the Bacillus subtilis
enzyme.”’ However, in the E. coli structure the Asp 48 side chain points away from the
active site and is distant from the transition state analog. Molecular dynamics
simulations provide some insight into a possible function of Asp 48 that this mutant
lacks. Averaged structures from equilibrated systems show Asp 48 hydrogen bonding to
Arg 11 in both the unliganded and inhibitor-bound enzyme. In simulations of unliganded
Asp48lle mutants, however, Arg 11 is dramatically displaced into solution, suggesting
that one role of Asp 48 may be to stabilize this key active site side chain in a
conformation compatible with substrate binding and catalysis.

While the choice of mutations in this experiment was based solely on
computational modeling and no sequence alignment information was used in the process,
a BLAST search’ using the EcCM sequence as the query showed that sequence
variations corresponding to the Ala32Ser, Val35lle, Val85lle, and Ile81Leu mutations
were observed in chorismate mutases from related organisms.

Our design procedure stabilizes a static active site configuration with a bound
transition state structure. Although the substrate of the reaction is not explicitly
considered, we expect that modeling interactions using the structure and charges of the

transition state should promote some degree of differential stabilization of the transition



162

state relative to substrate. The present study demonstrates that this approach can be used
effectively to represent the active site of a natural enzyme. In this case, the predicted
mutations were in residues not directly contacting the reacting molecule. The favorable
result from the Ala32Ser mutation suggests that such secondary contacts are important in
the enzyme design process. The complete loss of catalytic activity from the Asp48lle
mutation implies that improved treatment of electrostatics and consideration of the

unbound enzyme could offer some benefit in future design efforts.
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Table B-1. Kinetic parameters of wild type and mutant EcCCM*

keat Ky keat! Km %WT

min’! pM min™ uM'l kot Ky
WT 2332 +306 304 +52 7.8+1.0 100
Ala32Ser 2708 £ 364 220+ 29 124+£1.0 159
Val3slle’ 3046 + 172 365+59 85+ 1.1 109
Leu7Ile’ 2193 + 291 249 + 54 9.1+24 117
Tle81Leu/Val85Ile’ 2004 + 241 669 £+ 165 3.1+0.6 40

Asp48lle* - - - -

“ Reported errors are standard deviations from at least three trials.
” Three mutants were assayed with a limited substrate concentration range, see text.
“ Reaction rates with the Asp48Ile mutant were within error of the uncatalyzed solution reaction.
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Figure B-1. Claisen rearrangement of chorismate (1) to prephenate (2).
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Figure B-2. Predicted hydrogen bonding in the Ala32Ser chorismate mutase variant
Interactions in the wild type crystal structure are the same except for position 32A.
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Appendix C

Exhaustive mutagenesis of six secondary active site residues in
E. coli chorismate mutase shows the importance of
hydrophobic side chains and a helix N-capping position for
stability and catalysis

The text of this chapter has been adapted from a manuscript coauthored with Jonathan
Kyle Lassila, Peter Kast, and Stephen L. Mayo.

Lassila, J.K., Keeffe, J.R., Kast, P., and Mayo, S.L. (2007) Exhaustive mutagenesis of six
secondary active site residues in E. coli chorismate mutase shows the importance of
hydrophobic side chains and a helix N-capping position for stability and catalysis.
Biochemistry 46, 6883-6891.

Reproduced with permission from Lassila, J.K. ef al. (2007) Biochemistry 46, 6883-6891.
Copyright 2007 American Chemical Society.
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Abstract

Secondary active-site residues in enzymes, including hydrophobic amino acids,
may contribute to catalysis through critical interactions that position the reacting
molecule, organize hydrogen-bonding residues, and define the electrostatic environment
of the active site. To ascertain the tolerance of an important model enzyme to mutation of
active-site residues that do not directly hydrogen bond with the reacting molecule, all 19
possible amino acid substitutions were investigated in six positions of the engineered
chorismate mutase domain of the Escherichia coli chorismate mutase-prephenate
dehydratase. The six secondary active site residues were selected to clarify results of a
previous test of computational enzyme design procedures. Five of the positions encode
hydrophobic side chains in the wild-type enzyme and one forms a helix N-capping
interaction as well as a salt bridge with a catalytically essential residue. Each mutant was
evaluated for its ability to complement an auxotrophic chorismate mutase deletion strain.
Kinetic parameters and thermal stabilities were measured for variants with in vivo
activity. Altogether, we find that the enzyme tolerated 34% of the 114 possible
substitutions, with a few mutations leading to increases in the catalytic efficiency of the
enzyme. The results show the importance of secondary amino acid residues in
determining enzymatic activity and they point to strengths and weaknesses in current

computational enzyme design procedures.
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Introduction

Chorismate mutases catalyze the Claisen rearrangement of chorismate to
prephenate (Scheme C-1). This reaction is an essential step in the biosynthesis of
aromatic compounds including tyrosine and phenylalanine in plants, bacteria, and fungi.
Isotope studies have established that both solution and enzyme-catalyzed rearrangements
proceed through a chairlike transition state'” in a concerted, asynchronous [3,3]-
sigmatropic process.”

As an intramolecular reaction that appears to be catalyzed without intermediate
steps, covalent catalysis, or modification of the reaction pathway, the chorismate-
prephenate rearrangement has become an important model system for theoretical
approaches to the study of enzyme catalysis (recently reviewed in ref. 6). These same
features make the reaction a compelling model for evaluating procedures for
computational enzyme design. In earlier work,” we tested computational enzyme design
methods® through redesign of the active site of a chorismate mutase. Amino acid
identities and conformations were optimized for 18 active site residues in the presence of
an ab initio calculated transition state structure. The calculation returned wild-type
residues in 12 of 18 designed positions, and the six mutations predicted by the calculation
were to amino acids that do not make hydrogen bond contacts to the reacting molecule.
Because the active-site environment is likely to present significant challenges to protein
design energy functions that are typically tuned for global stability,”' we sought to better
define the consequences for both stability and catalysis of mutating these six secondary

active-site positions of the natural enzyme.
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Two structurally distinct chorismate mutase forms have been identified. While the
Bacillus subtilis enzyme (BsCM) and other AroH mutases adopt a homotrimeric pseudo-
a/p-barrel fold,"' the AroQ mutases from Escherichia coli and other organisms are all-

12-15

helical proteins. Chorismate mutases from E. coli are fused to their downstream

biosynthetic partners, yielding bifunctional chorismate mutase-prephenate dehydratase
(P-protein) and chorismate mutase-prephenate dehydrogenase (T-protein) enzymes.'®
Mechanistic investigations of the bifunctional T-protein enzyme were complicated by a
rate-limiting step other than the Claisen rearrangement.” However, truncated,
monofunctional constructs of the P-protein (Figure C-1A, referred to as EcCCM herein)
have permitted structural and mechanistic studies of an isolated AroQ chorismate
domain.'” The rearrangement catalyzed by EcCM shows expected patterns of kinetic
isotope effects and no sensitivity to viscosogens, strongly suggesting that the Claisen

>'% In contrast, BsCM appears to be limited

rearrangement is the rate-determining step.
partially by a diffusive process and partially by the chemical step.*'®

Previous mutagenesis and selection studies of both EcCCM and BsCM enzymes
have demonstrated that efficient catalysis depends on positively charged active site
residues poised to interact with substrate carboxylates and ether oxygen as well as
negatively charged side chains able to contact the substrate hydroxyl group.'***

The present work focuses on secondary active site side chains that do not
hydrogen bond with the reacting molecule, but nonetheless may participate in catalysis
by positioning the substrate, organizing charged and polar active site residues, or defining

26-31

the electrostatic environment of the active site. The impact of secondary active site

residues on catalytic activity is an important concern for de novo computational enzyme
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design efforts, because common methods strongly emphasize placement of primary

- - 8,32-35
catalytic residues.™

Secondary active site residues may also have special
consequences for enzyme stability. Prior mutagenesis studies have found inverse
relationships between changes in protein stability and changes in activity following the
mutation of active site residues, consistent with a notion that creation of a cavity with
specialized electrostatic properties opposes the normal driving forces of protein
stability.*®*

We have evaluated the effects of all 19 possible single mutations to the six EcCM
active site residues that were mutated in our previous computational design experiment:
Leu7, Ala32, Val35, Asp48, Ile81, and Val85 (Figure C-1B). Each of the 114 variants
was tested for complementation of the chorismate mutase deficiency of the auxotrophic
E. coli KA12/pKIMP-UAUC system of Kast, Hilvert, and co-workers.”> Biologically

active variants were purified and their in vitro thermal stabilities and steady-state kinetic

parameters were assessed.

Materials and Methods
Materials and Strains. E. coli KA12 and plasmid pKIMP-UAUC have been

described previously.”**' Chorismic acid (97.5%) was purchased from Sigma-Aldrich.

Construction and in vivo evaluation of mutants. The chorismate mutase domain
(consisting of the 109 N-terminal residues of the P-protein) described by Ganem and co-
workers'’ was previously fused to the C-terminus of a self-cleavable chitin binding

domain-intein fusion construct (IMPACT-CN, New England Biolabs)’. The Quikchange
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multi-site mutagenesis kit (Stratagene) was used to create site-specific variants in this
construct by using single oligonucleotides bearing degenerate codons (i.e. NNK) in the
position of interest. After transformation of XL10-gold cells (Stratagene), DNA was
prepared directly from plated colonies and subsequently used to transform KA 12/pKIMP-
UAUC. Cells were plated on both selective media and non-selective media. M9c
minimal agar plates were prepared as described” except that 20 pg/mL L-Phe was
included in the selective plates (non-selective plates contained both L-Phe and L-Tyr).
To facilitate identification of active variants, mutagenesis reactions were performed with
inactive templates (i.e., stop codons in the position of interest) and DNA was sequenced
from viable colonies on selective media. Inactive variants were identified by performing
the mutagenesis reaction on a wild-type template and looking for colonies that were
nonviable when streaked onto selective media plates. To recover missing variants,
mutagenesis reactions with non-degenerate and less-degenerate oligonucleotides were
performed. Biological activity or inactivity was confirmed by retransformation of isolated
plasmid DNA and plating on selective and nonselective media. All reported constructs
were verified by DNA sequencing over the entire ECCM coding region.

Because the N-terminal gene fusion was not sequenced for each variant, we
investigated the possibility that disruption of activity might be caused by deleterious
mutations to the promoter region or the N-terminally fused chitin-binding/intein region
rather than by mutation of the enzyme itself. Evidence against such artifacts was provided
for some inactive variants by multiple independent occurrences of the same mutation
with identical behavior. For the remaining inactive variants, small-scale expression tests

followed by SDS-PAGE verified the presence of appropriately sized, overproduced
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protein. Any frameshift within the N-terminal fusion protein would encounter multiple
stop codons leading to a visibly truncated protein. Similar expression tests of the N-
terminal fusion protein alone showed that the size difference was readily apparent.

In position 48, some variants displayed ambiguous behavior, with only a few
colonies growing on selective media. For position 48 variants, an arbitrary threshold was
applied, such that a variant was considered biologically active if at least 10% of the
number of colonies were observed on selective media as on nonselective media when
equal amounts were plated. This resulted in a stringent test for activity, where active

variants exhibited at least 5% of wild-type kcat/ Knn.

Protein overproduction and purification. Biologically active constructs were
expressed in E. coli BL21 DE3. Overexpression was induced with 1 mM IPTG followed
by growth at room temperature. Cells were lysed using an Emulsiflex-C5 (Avestin) and
the fusion proteins were affinity purified with chitin agarose (New England Biolabs).
Affinity tag self-cleavage was induced with 50 mM DTT at 25 °C. Mass spectrometry
and SDS-PAGE previously indicated that this procedure results in the desired EcCM
construct.” Proteins were further purified by gel filtration in 50 mM Tris-HCI pH 7.8,
100 mM NaCl. A well-resolved dimer peak was collected, and variants with significant
higher-order aggregation were not further considered. We expected that affinity
purification followed by gel filtration would eliminate any significant catalytic
contribution of endogenous E. coli CM enzymes, since they do not have the affinity tag
and are considerably larger in size. In fact, no activity was detected when concentrated

extracts from cells harboring empty pTYB-11 fusion vector were subjected to identical
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purification steps and assay procedures. For consistency with previously published

7,23,43

kinetic studies of the same construct, protein concentration was determined by the

Bradford assay using BSA as a standard (Bio-Rad).

CD spectrometry and thermal denaturation. Far-UV circular dichroism (CD)
spectra were collected at the activity assay temperature of 37 °C. All variants showed
nearly superimposable wavelength scans. Thermostability was assessed by thermal
denaturation monitored by CD at 222 nm. CD was monitored using an Aviv 62DS
spectrometer and a 1 mm pathlength cell. Increments of 1 °C were used with an
equilibration time of 90 seconds and a signal averaging time of 30 seconds. Buffer
conditions were 50 mM Tris-HCl pH 7.8, 100 mM NaCl. Midpoints of thermal
denaturation (7,,) were obtained by fitting the data to a two-state model.** It should be
noted, however, that unfolding was not reversible and some samples showed clear
evidence of non-two-state behavior, so 7,, values should be taken as estimates of relative
stabilities rather than thermodynamic parameters. CD data were collected at 22 + 3 uM
protein. Variations in 7,, from different concentrations within the range were similar to

variations across multiple trials.

Kinetic assays. Activities were measured by following the absorbance of
chorismate at 275 nm (e = 2630 M em™).? Activity assays were performed at 37 °C in
50 mM Tris-HCI pH 7.8, 2.5 mM EDTA, 20 mM fB-mercaptoethanol, and 0.01 % BSA,
conditions used in prior studies of the same construct.”*>* Given pK,s for chorismate

and prephenate of < 4.5,% these conditions ensure that the reaction of chorismate® to
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prephenate” was monitored. A protein concentration of 20 nM was generally used;
however, less-active variants were assayed with 40 nM or 100 nM protein. For cases
where ke, and K, are reported, at least three trials with 9 or more data points each were
performed, and substrate concentration ranges of at least 0.3-3 times K,, were used.
Kinetic parameters were determined by non-linear fitting of the buffer-corrected initial

rates to the Michaelis-Menten equation.

Results

The effects of all possible single amino acid substitutions were evaluated in six
positions in the chorismate mutase domain of the E. coli P-protein (Table C-1). Each
construct was evaluated for its ability to complement the KA12/pKIMP-UAUC

2241
system,™™

which requires chorismate mutase activity for viability in media lacking
tyrosine and phenylalanine. Of the 114 mutants, 39 (or 34%) were scored as active.
EcCM variants promoting viability were purified and their in vitro stabilities and
kinetic parameters were evaluated. Of the mutants active in vivo, measured 7,, values
ranged approximately +10 °C relative to wild type, yet the average 7,, (61.6 °C) was
remarkably similar to that of the wild type (61.4 °C). In vitro enzyme activities were
reduced relative to wild type, except in a few cases. The greatest increase in activity
relative to wild type was found with the Ala32Ser mutation, previously reported as the

result of a computational design approach.” This mutation results in an approximately

60% increase in catalytic efficiency with less than 1 °C change in 7.
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Position 7. Based on the wild-type structure with bound transition state analog
(1IECM), Leu7 lies near the carboxylate of the enolpyruvyl moiety, and the catalytically
essential residue Argl1 is sandwiched between Leu7 and Arg51 from the adjacent helix.
Six relatively conservative side chain substitutions were tolerated in this position.
Substitution of Phe or Ile for wild-type Leu maintained catalytic efficiency within 10%,
and the Leu to Ile mutation increased 7, by 4.4 °C.

Position 32. Ala32 lies closest to the forming C-C bond and the cyclohexadienyl
face carboxylate, based on the IECM structure. Although six alternative side chains were
tolerated in position 32, only the Ala32Ser and Ala32Thr variants could be readily
purified without precipitation or aggregation. The Ala32Ser and Ala32Thr mutations
increased catalytic efficiency by 62% and 23%, respectively.

Position 35. Val35 is expected to pack against the enolpyruvyl moiety of the
reacting molecule. In addition, this residue closely neighbors the catalytically important
residues Lys39 and GIn88, both of which contact the ether oxygen of the breaking bond.
Six substitutions were tolerated in this position, with four leading to increased
thermostability. The Val35Met, Val35Leu, and Val35Ile mutations increased 7, by 7.5
°C, 5.3 °C, and 5.2 °C, respectively. All mutations led to increased Ky, and all led to
between 2- and 10-fold decreases in catalytic efficiency except for Val35lle, which
showed a 15% increase.

Position 48. In the wild-type structure, Asp48 hydrogen bonds with both the N-
terminus of the second helix in EcCM and Argll, a critical residue that contacts the

transition state analog in the crystal structure (Figure C-2). Four position 48 mutants were
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scored as biologically active, and all four showed reductions in 7, of 3-8 °C and large
increases in K.

Position 81. 1le81 is expected to pack closely against the cyclohexadienyl face
carboxylate of the reacting molecule. Six substitutions of this residue were tolerated,
although the cysteine, tryptophan, and valine mutants were prone to aggregation in vitro.
Aside from a 3.2 °C increase in stability with the Ile81Met mutation, the substitutions for
which data could be obtained led to reduced stability and catalytic efficiency.

Position 85. Val 85 lies adjacent to Ile§1 and close to the cyclohexadienyl face of
the reacting molecule at the breaking bond carbon, based on the 1ECM structure. Its Cot-
Cp vector is directed more towards solvent than that of [le81, however. Position 85 was
broadly tolerant of substitution, allowing 12 of 19 possible mutations. Interestingly, 9 of
the 11 mutants for which data were recorded resulted in increased 7, relative to wild

type, while all of the mutants yielded significant increases in Kip,.

Discussion
Tolerance to mutation. In this study, 34% of all single mutants were scored as

biologically active. While it is difficult to compare results across systems because of

46-48

variations in cellular requirements, expression levels, initial protein stability, and

various other factors, this value is consistent with other mutational studies. A sampling
from among the many exhaustive and random mutagenesis studies suggests that between
50 and 85% of single mutations typically maintain some level of function, while in

49-57

catalytic sites, 20-60% on average preserve some function. Thus, the amino acid



180

positions studied here have tolerances to single mutation that are similar to active site
residues in other enzymes.

Helix N-capping position. The N-termini of alpha helices are preceded by residues
with distinct preferences for side chains that can satisfy unpaired helical hydrogen bond
donors. These N-capping residues are reflected in protein database surveys, protein
stability measurements, and model peptide studies (reviewed in ref. 58). N-cap residues
can affect helix stability by as much as 4 kcal/mol®® and are found to be important
considerations in protein design.”” The 1ECM crystal structure suggests that Asp48
occupies an ideal geometry for simultaneous N-capping and salt bridge formation with
Argl1, a critical residue that contacts the transition state analog (Figure C-2). Mutational
studies have shown the importance of Argll to catalysis; the Argl1Lys and ArgllAla
mutations lead to 10°-fold and 10*-fold reduction in catalytic efficiency, respectively.?

The reduction in stability of all biologically active position 48 variants coincides
with previous studies placing Asp as one of the most favored N-capping residues.®’®® The
loss in activity upon mutation may suggest that the Asp48-Argl1 salt bridge is important
for positioning of the catalytically important arginine. Alternatively, the interaction may
have a role in the substrate binding process. The salt bridge spans the interface between
two helices proposed to offer entry into the binding pocket. Structural studies on related
enzymes suggest that these two helices move relative to each other, potentially opening
an entry pathway.'* Mutations in position 48 could conceivably interfere with the
substrate entry process, which may be reflected in the increased K., values. The fact that

Asp48Asn and Asp48GIn mutants were scored as active while Asp48Glu was not could
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suggest that a very precise geometric positioning is required for the catalytic process,
which may be compromised in a backbone-Glu48-Argl1 hydrogen bond network.

Comparison to other AroQ family members. Table C-2 shows the structural
equivalents of each of the six residues in crystal structures of AroQ chorismate mutases
from four other organisms. For each structure, sequence variations among closely related
homologs were determined by BLAST searches of the RefSeq database.®*®> A number of
the sequence variations seen in the homologs were found to retain wild-type-like or have
increased activity in the EcCM scaffold: Leu7lle, Ala32Ser, Ala32Thr, and Val35lle.
Four other mutations were also observed in the sequence alignments but led to
precipitated or aggregated protein in vitro: Ala32Val, Ala32Gly, Ala32Cys, and Ile81Val.
The majority of the alternative residues found in the sequence alignments, however, led
in EcCM to reduced in vitro activity or loss of function in the in vivo assay. Clearly,
sequence alignments provide information about possible substitution tolerances in a given
enzyme scaffold but activity is ultimately determined within the structural context of the
specific protein.

The considerable tolerance to mutation seen with position 85 is also reflected in
the sequence alignments. Related proteins feature alternatives including Glu, Lys, and
Arg, consistent with the higher solvent exposure of this position. While a previous
selection study reported the equivalent of position 85 in Methanococcus jannaschii CM
to be highly conserved,’® that observation may reflect interactions not present in the
EcCM structure. The equivalent position is occupied by Lys in the M. jannaschii
enzyme, as well as in the Saccharomyces cerevisiae and Pyrococcus furiosus enzymes,

where crystal structures show the lysine engaging in salt bridge interactions with a
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neighboring helix." Curiously, the equivalent of position 85 in the Mycobacterium
tuberculosis enzyme makes a catalytically important contact to the hydroxyl group of the
transition state analog that replaces the interaction made in EcCM by Glu52,'* again
suggesting that the role of this position may be strongly scaffold-dependent.

In position 48, the sequence alignments showed much more variation in amino
acid identity than was experimentally found to be compatible with EcCM function.
Changes in helix register in some of the homologs may be partially responsible for these
large variations.

Tradeoff between stability and activity. Various authors have considered the view
that evolutionary optimization of active site residues for binding of transition states

would lead to selection of residues that are not optimal for protein stability.***

Implicit
in the argument is the idea that stabilizing interactions that the enzyme devotes to the
reacting molecule are both unsatisfied and likely destabilizing to the protein when the
molecule is not bound. A laboratory-evolved chorismate mutase dramatically illustrated
this principle by transforming from an apparent molten globule into a more ordered
protein in the presence of a transition state analog.®”®®

Although a correlation was not seen between changes in stability and activity of
the chorismate mutase variants studied here (see supporting information), some of the
mutants are consistent with the notion of a stability-activity tradeoff. More mutants
(twenty) showed increased stability than decreased stability (twelve). In position 85 of
EcCM, all of the eleven biologically active mutants for which data could be obtained

showed reduced catalytic efficiency and an increased K, value and nearly all mutants

exhibited increased thermostability. Because Val85 participates in van der Waals
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interactions with both the transition state analog and residues from neighboring helices in
the 1ECM structure, chorismate binding and stability could be affected by altering the
shape of the binding pocket or by interfering with helix-helix interactions that contribute
to the structural fortitude of the active site. Specifically, movement of the neighboring
helix has been proposed to facilitate substrate entry'* and modified helix-helix interaction
could thus affect substrate affinity. Also, in position 35, all biologically active mutations
increased the K,. While not all of the mutations led to increased T, values, three showed
increases in thermostability of more than 4 °C. Val35 in the IECM structure appears to
participate in van der Waals interactions with the transition state analog, the catalytically
important residues Lys39 and GIn88, and some neighboring helix residues. While the
present study cannot be expected to determine the relative contributions of these
interactions to EcCM function, it clearly suggests that this residue contributes to the
catalytic process and the global stability of the protein.

Relationship to models of EcCM catalytic mechanism. Among theorists, differing
computational treatments of chorismate mutase systems have led to varied descriptions of
the origin of enzymatic catalysis of the reaction. Despite an observation that the chemical
step is not fully rate limiting in the BsSCM enzyme,'® the majority of work has modeled

69-87

that active site. The few computational investigations of EcCM have proposed, in

opposition to most of the other studies, that both enzymes accelerate the rearrangement
exclusively by restricting the conformational space of the substrate, and not by stabilizing

79,88-90

the transition state. These studies, and an earlier one,”' explicitly identified Val35

and I1e81 as mediators of substrate conformational restriction. Although we find that both
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positions tolerate a number of mutations, we do not expect the data provided here to
allow for differentiation between possible modes of EcCCM catalysis.

For example, the Val35Ile mutation leads to an increase in k.« and the Val35Ala
mutation leads to a decreased ke, value. While these mutations would be expected to
reduce and increase the conformational freedom of the bound substrate, respectively, the
changes in k¢, are relatively modest and could be attributed to any number of factors. In
addition to its close proximity to the reacting molecule, Val35 is within van der Waals
contact distance of the catalytically essential Lys39 and a number of other residues.
Perturbations to any of these interactions could have consequences for the geometry and
energetics of critical hydrogen bonds, leading to changes in relative stabilization of the
transition state. Simple continuum electrostatics calculations suggest that these mutations
could also lead to small changes in electrostatic potential at the reacting molecule. In
short, hydrophobic active site residues perform important functions in active sites, but it
is difficult to isolate their precise effects on catalysis.

Implications for enzyme design. In the computational design experiment
previously performed by our group,” the global minimum energy sequence for 18
designed EcCM active site residues contained mutations to only the six positions of the
present study: Leu7Ile, Ala32Ser, Val35lle, Asp48lle, Ile81Leu, and Val85Ile. Of these
six mutations, two were found to be the most active of all possible single substitutions for
the given amino acid position, and one was found to be the most stable variant of the
amino acid position.

While the five hydrophobic positions were generally modeled well, the strong

preference for aspartate in position 48 is not well represented by the molecular mechanics
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and rotamer library-based protein design approach. In typical energy models used for
design, repulsion of the charged Asp side chain with the carboxylate of the reacting
molecule results in disfavoring of the wild-type position 48 residue. Regardless of
whether Asp48 contributes to catalysis by positioning of the critical Argl1, solidifying
the local structure around the helix N-terminus, or contributing to substrate entry into the
binding site, the effect of this residue is likely due to complex and cooperative effects of
Asp48 that are difficult to model in a design calculation. Present computational protein
design models typically neglect explicit treatment of side-chain entropy, electron
polarization, the unbound state of the protein, and changes in backbone structure, any of
which could prove critical in defining the energetics that underlie the strong requirement
for aspartate in position 48. The present dataset will enable a more detailed evaluation of
the strengths and weaknesses of various energy functions for design.

Finally, the ability of EcCM to tolerate a number of mutations without reduction
in stability or activity is in accord with previous descriptions of active site plasticity.
Secondary active site positions that accept side chain substitutions can allow evolution or
design of enzymes with new substrate specificities and chemical mechanisms, sometimes

without disruption of the original function.”*®

These secondary positions offer rich
opportunities for testing and refining enzyme design methodologies through active site

redesign experiments.
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Table C-1. Results for complementation tests, kinetic parameters, and thermal stabilities”

pos 7

C/NC?

-1
kcat’ S

Km’ NM kcat/Kma M-ls-l

T, °C

Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu*
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

+ +

+ o+

36 +2
39+5

48 £2

36+3

> 750 1.0x 10*

1.2x10°
1.3 x10°

300 + 80
300 =50

44x 10*
14x10°

> 750
350+ 30

> 750 1.3x10*

700 £ 100 5x 10*

52.0

65.8
61.4£0.6

60.3

62.3

59.2

61.9

pos 32

C/NC?

kcat’ s

Km’ NM kcat/Kma M-ls-l

T, °C

Ala*
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His

Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

+

+ +

+

39+5

45+£6
61+4

300+ 50 1.3 x10°

2.1x10°
1.6x10°

220+ 30
380+ 70

61.4£0.6

aggr

aggr

aggr

61.7
62.8

aggr
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pos 35

C/NC?

kcat’ s

Ky pM

kcat/Km’ M-ls-l

Ton, °C

Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val*

20£2

18.6 £ 0.6

65+9

39+5

520+ 90

360 + 40

440 + 80
> 750

> 750

> 750

300 =50

3.9x 10*

5.2 x 10*

1.5x10°
1.3x10*

5.2 x 10*

2.0x 10*

1.3 x10°

61.2

61.8

66.6
66.7

68.9

56.5

61.4 £ 0.6

pos 48

C/NC?

-1
kcat’ S

Ky, pM

kcat/Km’ M-ls-l

Ton, °C

Ala
Arg
Asn
Asp*
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

39+5

> 750
300 £50
>750
> 750

> 750

79x 10°
1.3 x10°
1.8x10*
9.8x 10°

7.1x10°

56.5
61.4+0.6
53.8
55.5

57.7
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pos81  C/NC® Keats S Kp, 1M keat/ K, M 157! T, °C

Ala -

Arg -

Asn -

Asp -

Cys + aggr
Gln -

Glu -

Gly -

His -

Ile* + 39+5 300 =50 1.3x10° 61.4+0.6
Leu + > 750 55x10* 57.7
Lys -

Met + 2742 270 +20 1.0x 10° 64.6
Phe + > 750 8.7x 10° 59.0
Pro -

Ser -

Thr -

Trp + aggr
Tyr -

Val + aggr
pos85  C/NC® Keats S K, 1M keat/ K, M1s7! Ty, °C
Ala + > 750 1.2 x 10* 62.7
Arg + > 750 42x10* 66.9
Asn + > 750 1.2 x 10* 66.8

Asp -

Cys + 32+4 570 + 90 54x10* 54.7
Gln -

Glu -

Gly -

His -

Ile + 55+ 1 550 + 30 1.0x 10° 62.9
Leu + > 750 43x10* 62.2
Lys + > 750 13x10* 67.1
Met + > 750 1.5x 10* 65.6
Phe + > 750 2.1x10* 61.7
Pro -

Ser -

Thr + > 750 22x10* 62.1
Trp + aggr
Tyr + > 750 2.6x 10 65.7
Val* + 39+5 300 =50 1.3x10° 61.4+0.6

“ Assays were performed at 37 °C and pH 7.8; see materials and methods. Wild-type
residues are indicated with bold type and asterisks, and wild-type values differ by less
than 5% from published values for the same construct and conditions.”* aggr, protein
precipitated or aggregated during purification. Where uncertainties are indicated, the
means and standard deviations from at least three trials are reported.

? Variants complementing the deletion strain are indicated by +, non-complementing by -
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Scheme C-1. Claisen rearrangement of chorismate (1) to prephenate (2).
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Figure C-1: Truncated, monofunctional chorismate mutase domain from Escherichia
coli chorismate mutase-prephenate dehydratase in complex with a transition state analog
(dark gray carbons), from pdb code IECM. (A) Overall fold, showing the two chains of
the symmetric homodimer in teal and gold. The bound transition state analog is shown as
a CPK model. (B) Active site residues investigated in this study are shown with light gray
carbon atoms.
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Figure C-2: Interactions of Asp48 with the N-terminus of the second helix and with
Argll. The carbon atoms of the bound transition state analog are in gray, while those of
the side chains are colored in teal and gold to indicate their association with the
corresponding ECCM chain. Many side chains, protons, and other elements are omitted
for clarity.
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