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ABSTRACT: Cyanovirin-N (CVN) is an 11 kDa pseudosymmetric cyanobacterial lectin that has been shown to inhibit
infection by the human immunodeficiency virus by binding to high-mannose oligosaccharides on the surface of the viral envelope
glycoprotein gp120. In this work, we describe rationally designed CVN variants that stabilize the protein fold while maintaining
high affinity and selectivity for their glycan targets. Poisson—Boltzmann calculations and protein repacking algorithms were used
to select stabilizing mutations in the protein core. By substituting the buried polar side chains of Ser1l, Ser20, and Thr61 with
aliphatic groups, we stabilized CVN by nearly 12 °C against thermal denaturation, and by 1 M GuaHCI against chemical
denaturation, relative to a previously characterized stabilized mutant. Glycan microarray binding experiments confirmed that the
specificity profile of carbohydrate binding is unperturbed by the mutations and is identical for all variants. In particular, the
variants selectively bound glycans containing the Mana(1—2)Man linkage, which is the known minimal binding unit of CVN.
We also report the slow denaturation kinetics of CVN and show that they can complicate thermodynamic analysis; in particular,
the unfolding of CVN cannot be described as a fixed two-state transition. Accurate thermodynamic parameters are needed to

describe the complicated free energy landscape of CVN, and we provide updated values for CVN unfolding.

he 11 kDa lectin cyanovirin-N (CVN), originally isolated
from the freshwater cyanobacterium Nostoc ellipsosporum,
has generated interest as a potential antiviral agent. Therapeutic
interest in CVN stems from its ability to potently and
irreversibly inactivate both laboratory-adapted and naturally
occurring strains of the human immunodeficiency virus (HIV).!
This irreversible inhibition involves tight binding of CVN to the
high-mannose oligosaccharides on the viral envelope glyco-
protein gp120.”> The binding event affects the flexibility of
gp120 and is thought to hinder the conformational changes that
are required for proper interactions with the cell membrane
receptor CD4 and coreceptors CCRS and CXCR4, which are
essential for subsequent gp41-mediated membrane fusion.*
The presence of glycans on gp120 is crucial to the ability of
HIV to evade detection by the immune system. The dense
glycan coating of gp120 gives rise to what has been termed a
“glycan shield” because of its masking of the underlying
immunogenic protein epitopes.” In fact, most of the surface of
the proteins exposed on the extraviral side of the envelope is
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covered by carbohydrates. CVN, along with a number of other
lectins, represents an example of a novel class of therapeutic
carbohydrate-binding agents against enveloped viruses. The
antiviral activity of such molecules has a dual mechanism; first,
they are able to bind to the glycans of the viral envelope and
block virus entry, and second, long-term exposure to such
agents leads to a progressive deletion of the glycosylation sites
on the viral surface as an adaptive response to antiviral pressure.
In the case of HIV, the deletion of the glycan shield is thought
to reveal previously obscured epitopes and allow enhanced
detection and neutralization of the virus by the immune
system.>® CVN has also been shown to inhibit transmission by
several other enveloped viruses; in addition to HIV, CVN
inhibits infection by Ebola and herpes simplex virus by binding
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to their respective envelope glycoproteins”® and infection by
influenza by binding to hemagglutinin.”

Wild-type CVN possesses modest stability and has a
tendency to form domain-swapped dimers.'” These factors
complicate its clinical use and can make biophysical and
biochemical studies of the protein difficult. The most promising
clinical application of CVN is as a topical microbicide, with the
hope of reducing HIV transmission in sub-Saharan Africa. It
must thus be stable under a wide range of conditions and
possess a long shelf life under harsh conditions. The interest
in developing CVN as a microbicide has led to investigations
of large-scale production of the protein using bacterial,
yeast, and plant expression systems.'' " Stabilization of CVN
has implications for recombinant production of the protein as a
therapeutic, and can aid in recombinant protein purification. In
addition, the availability of stabilized CVN variants facilitates
studies of mutations that significantly disturb the stability of the
protein fold, such as previously characterized binding site
knockouts'*™'® or designed protein oligomers."

We set out to design variants of CVN that are more stable to
chemical and thermal unfolding but retain the full biological
activity of the wild-type protein. Here, we present CVN variants
that are more stable than the wild-type protein yet retain the
native fold and carbohydrate specificity. The designed
homologues represent a new background that is amenable to
binding site redesign or engineering, because of their increased
tolerance of higher temperatures and denaturant concentrations
compared to wild-type CVN.

Protein stabilization has previously been achieved using a
variety of approaches: improving core packing,20 removal of
buried polar side chains or unsatisfied salt bridges,"*
homology-based strategies,23 mutation of charged surface
residues,”* introduction of new disulfide bonds,® turn rede-
sign,”*™*® modulation of unfolded state entropy,” and rational
considerations of unfolded state interactions.’® Often, the
substitutions increase stability via a mixture of effects, such as
optimized core packing and increased burial of hydrophobic
surface area, which may be difficult to deconvolve.*" In this work,
we employed a rational design strategy that removes buried polar
groups and improves the packing within the protein core to yield
increased stability.

We found that kinetic denaturation by guanidine hydro-
chloride (GuaHCl) is very slow and that CVN folding is not a
two-state process. Previous studies of CVN folding thermody-
namics were misled by the slow unfolding, and we provide
updated thermodynamic parameters for CVN. Such data are
essential for a description of CVN’s complicated free energy
landscape.

B MATERIALS AND METHODS

Continuum Electrostatic Calculations. Electrostatic
contributions of CVN side chains to protein stability were
obtained using standard methods** by solving the linearized
Poisson—Boltzmann equation®*** using a multigrid finite-
difference solver (M. D. Altman and B. Tidor, unpublished
work) distributed with the Integrated Continuum Electro-
statics (ICE) software package (D. F. Green, E. Kangas, Z. S.
Hendsch, and B. Tidor, available for licensing through the
Massachusetts Institute of Technology Technology Licensing
Office). Dielectric constants of 2 and 80 were used for the
solute and solvent, respectively. The dielectric boundary was
defined by the molecular surface usinsg a 1.4 A radius probe,
with radii optimized for this purpose.>> The ionic strength was

set to 145 mM, with a 2.0 A ion exclusion layer. A 129-unit grid
was used with overfocusing boundary conditions (the longest
dimension of the molecule occupying 23%, then 92%, and
finally 184% of one edge of the grid).

The electrostatic contribution of a side chain at position i to
the unfolded state was modeled by its interactions with the
carbonyl(i — 1)—(i)—amino(i + 1) “tripeptide” in the absence
of any other protein groups. The conformation of the tripeptide
was unchanged from that of the folded protein. Electrostatic
calculations were performed on 201 snapshots extracted
from a 200 ns explicit-solvent molecular dynamics simulation
of CVN (Y. K. Fujimoto and D. F. Green, manuscript in
preparation).

Protein Design Calculations. We used a hierarchical
design procedure® based on the Dead-End Elimination and A*
algorithms®”~** to find low-energy sequences compatible with
the CVN fold. The protein backbone was kept fixed, and the
“penultimate” rotamer library of Richardson and colleagues®
was used for side-chain rotamers. Energies were calculated by
the CHARMM potential** with the PARAM?22 force field.*’

All CHARMM energy terms (bond, angle, dihedral, impro-
per, Lennard-Jones, and electrostatic) were used in the search.
Changes to protein stability upon mutation or side chain
rearrangement were approximated from the energetic difference
between the folded and unfolded states based on isolated
model side chains. The isolated side chains were acetylated at
the N-terminus and N-methylamidated at the C-terminus.
Rotamers that clashed with the backbone or with neighboring
side chains were eliminated. Sequences more than 15 kcal/mol
above the global minimum energy configuration were
discarded. Ten top-scoring configurations for the remaining
sequences were reranked using Analytical Continuum Electro-
statics,*® as implemented in CHARMM. Software written in
collaboration with Tidor and colleagues®®” (available for
licensing through the Massachusetts Institute of Technology
Technology Licensing Office) was used for the search.

Cloning, Protein Expression, and Protein Purifica-
tion. Mutants were constructed starting with the synthetic
gene encoding cyanovirin-N (DNA 2.0, Menlo Park, CA)
cloned into the pET-26b(+) vector (Novagen) using the Ndel
and Xhol restriction sites. Round-the-horn site-directed
mutagenesis (S. Moore, unpublished work) was performed
using the Phusion High-Fidelity polymerase chain reaction
(PCR) kit. Briefly, nonoverlapping primers, with one encoding
the desired mutation, were phosphorylated at the 5’ end using
T4 polynucleotide kinase. The phosphorylated primer mix was
then added to the PCR mixture, and extension followed for
30-35 cycles. The purified PCR product was then ligated at
16 °C overnight with T4 DNA ligase and transformed into
XL1-Blue Competent cells (Novagen). A typical transformation
yielded 50—200 colonies. Restriction enzymes, Phusion
polymerase, polynucleotide kinase, and ligase were purchased
from New England Biolabs. The identity of the mutants was
confirmed by DNA sequencing.

Plasmids bearing the appropriate mutations were trans-
formed into Escherichia coli strain BL21(DE3) (Novagen).
Cells were grown at 37 °C until the ODy, reached 0.8, and
protein expression was induced by addition of 1 mM isopropyl
D-thiogalactoside for 4—S5 h. The cells were pelleted by
centrifugation at 7500¢ and frozen at —80 °C until they were
purified.

With the exception of AM, the proteins were purified under
denaturing conditions. The cell pellet was resuspended in
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buffer A [6 M GuaHCI, 20 mM imidazole, and 20 mM Tris-
HCI (pH 8.0)] using 10 mL/g of cell paste. The cells were
disrupted by four passes through a French press high-pressure
homogenizer. The insoluble fraction was immediately pelleted
by ultracentrifugation at 100000g. The supernatant was loaded
onto a S mL His-Trap FF column (GE Healthcare, Piscataway,
NJ), connected to an AKTA Explorer 10 FPLC system (GE
Healthcare), and eluted over 10 column volumes using a
gradient of buffer B [6 M GuaHCl, 300 mM imidazole, and
20 mM Tris-HCI (pH 8.0)]. Dithiothreitol was added to a final
concentration of S mM.

The proteins were refolded by overnight dialysis against
buffer C [10 mM Tris-HCI (pH 8.0)] at room temperature,
changing the buffer once. The precipitate was removed by
ultracentrifugation, and the soluble fraction was incubated at
37 °C for 24—48 h to enhance the interconversion of the
domain-swapped dimer to monomeric protein. The proteins
were concentrated by centrifugation and loaded onto a
Superdex 75 26/60 gel filtration column (GE Healthcare)
pre-equilibrated with buffer D [20 mM sodium phosphate (pH
6.0)]. The monomeric proteins were stored at 4 °C until they
were characterized.

The identity and purity of the recombinant proteins were
confirmed by matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometry; all of the overex-
pressed proteins were found to have an N-terminal methionine
residue. Protein concentrations were determined by measuring
A,go in 6 M GuaHCl using a calculated extinction coefficient of
10220 M~ cm™.

Determination of the Oligomerization State. Analyt-
ical gel filtration was performed on a Superdex 75 (10/300 GL)
column (GE Healthcare). Samples (100 L) were injected onto
the column pre-equilibrated in 20 mM sodium phosphate and
200 mM sodium chloride (pH 7.5) and were eluted in the same
buffer at a rate of 0.5 mL/min.

Equilibrium Denaturation Studies. Solutions for equili-
brium denaturation studies were prepared as follows. Typically,
32 samples (2 mL) containing 10 #M protein in buffer D with
the appropriate concentration of GuaHCl were incubated at
room temperature for 72 h. The concentration of GuaHCI in
each sample was determined by refractometry. Samples were
analyzed by fluorescence and circular dichroism spectroscopies,
described below.

Spectroscopic Analysis. Intrinsic tryptophan fluorescence
spectra were collected at 25 °C on a PTI (Birmingham, NJ)
spectrofluorometer equipped with a Peltier temperature
controller. Protein concentrations were 10 4M in buffer D.
The excitation wavelength was set to 290 nm, and fluorescence
emission was collected from 300 to 400 nm. To facilitate
comparison with earlier work, the intrinsic I33/I34 tryptophan
fluorescence ratio was also recorded for each sample for 60 s
and averaged to yield the final value.

Circular dichroism measurements were taken on a Chiroscan
spectrometer (Applied Photophysics, Surrey, UK.) equipped
with a Peltier temperature controller. Far-UV spectra were
recorded from 90 to 260 nm in 0.5 nm steps using a path length
of 1 mm. Spectral measurements were taken with a bandwidth
of 2 nm, with a data acquisition time of 1s. For thermal
denaturation studies, protein concentrations were 15 yM in
buffer D. The sample was heated at a rate of 2 °C/min in steps
of 1 °C from 5 to 90 °C. Thermal unfolding was measured by
following the transition at 200 nm, with a data acquisition time
of § s at each temperature. 6,4, was chosen for consistency with

previous work and because it shows a near-maximal signal
difference upon heat denaturation (Supporting Information).

Thermal denaturation curves were fit to a two-state model as
previously described*”*® using a custom nonlinear least-squares
regression routine, implemented in the statistical environment
R.* Both the pre- and post-transition regions were allowed a
linear baseline.

Equilibrium denaturation far-UV spectra in the presence of
GuaHCl were recorded from 215 to 245 nm in 0.5 nm
increments using 10 uM protein and a path length of 5 mm.
The data analysis is discussed below.

NMR spectra were recorded at 293 K on a Varian Inova 600
MHz spectrometer. All samples contained 150 yM protein in
20 mM sodium phosphate (pH 6.0) and 10% D,O. DSS (4,4
dimethyl-4-silapentane-1-sulfonic acid) was included as an
internal reference. Spectra were processed with NMRPipe*®
and analyzed with Sparky (T. D. Goddard and D. G. Kneller,
SPARKY 3, University of California, San Francisco, CA).

Glycan Array Screening. Fluorescein-labeled samples of
CVN variants were prepared by incubating 0.5 mg of purified
protein in 50 mM borate (pH 8.5) with a 15-fold molar excess
of NHS-fluorescein (0.3 mg) at room temperature for 1 h.
Unreacted dye was removed by desalting on a HiTrap 5 mL
column (GE Healthcare), and samples were further dialyzed
against PBS overnight in the dark at 4 °C. We determined
protein concentrations by measuring Ay, and A, and
correcting for fluorophore absorbance.

Samples were submitted to the Consortium for Functional
Glycomics, where 70 L of a 200 pg/mL solution was spotted
onto Mammalian Printed Array version 4.1 containing 465
carbohydrates.

Data Analysis. GuaHCl-induced denaturation data were fit
as follows. The decomposition of spectroscopic data into basis
states and their fractional populations can be represented as a
matrix multiplication. CD spectroscopy obeys Beer’s law (ie., the
observed data are a linear combination of the basis spectra
weighted by their fractional populations). If one records a
spectrum over m wavelengths over n experimental conditions
(denaturant concentrations), the data populate an m X n matrix.
Decomposition of this data into k thermodynamic states (in our
case, k = 3) is equivalent to the following matrix product:

T
Aan = smxk'FnXk )

The columns of matrix S contain the spectra of the
thermodynamic states, while the columns of F' are the
fractional populations of the thermodynamic states under
each experimental condition. The data are obscured by an E,,,
matrix of experimental noise. Assuming the linear extrapolation
(LEM) model, in which the free energy of denaturation is linear
with respect to denaturant concentration, the relative free
energies of the thermodynamic states at any denaturant
concentration are given by four thermodynamic parameters
(AG°y_p, My, AG°y_p, and my_p), which are defined in
Table 4. If the relative free energies of the three states at a
particular denaturant concentration are known, their fractional
populations are given by the partition function, and the matrix
F is fully specified. Matrix S is then obtained by taking the
pseudoinverse:

s=A(F) )

The goal is to minimize the error between the experimental
data A and the model SF”. The objective function in our model
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Figure 1. (A) Ribbon representation of cyanovirin-N based on Protein Data Bank entry 11IY.*" Domain A is colored purple and domain B green.
Disulfide bonds are shown in licorice representation, and Ser11, Ser20, Thr61, and Ala71 are shown in space-filling representation. The fractional
side-chain solvent accessibility of these residues is indicated in parentheses. Solvent accessibility was computed with Naccess.”" (B) Sequence logo
representation of the CVN family rendered with WebLogo 3.0.°> The height of the letter stack at each position is proportional to the level of
sequence conservation, while the height of the letters within a stack is scaled to relative amino-acid frequency. The numbers below the logo are
position indices in the sequence alignment. The first and second repeats are aligned to emphasize the tandemly repeated nature of CVN. The

sequence of the PS1G mutant of CVN is shown.

is as follows:

IA — SETIl, + aliSll, 3)

The operation II-ll, is the matrix 2-norm. Our objective
function is a combination of an error term and a weighted (a =
0.01) regularization term. The inclusion of a regularization term
was necessary to obtain physically meaningful solutions.
Without it, the optimization returns spectra that can be nearly
infinite in magnitude but low in fractional population. The
regularization weight was set to 0.01, as this value allowed the
accurate recovery of thermodynamic parameters in a synthetic
data set. The objective function was minimized using the
Nelder—Mead simplex algorithm, as implemented in the
optim() function of the statistical environment R.*’

Bl RESULTS

Cyanovirin-N is composed of two tandem repeats of 50 and 51
amino acids that are 32% identical in sequence (Figure 1A).%!
These repeats give rise to two pseudosymmetric domains,

termed domain A (residues 1—39 and 90—101) and domain B
(residues 40—89). Each domain contains a carbohydrate binding
site®” and is stabilized by an internal disulfide bond. The two
domains make extensive contacts and share a hydrophobic core.
Despite the structural pseudosymmetry of the two domains,
domain A is not contiguous in sequence and contains both
amino and carboxy termini, while the structurally equivalent
residues within domain B are connected by a short linker (Lys48-
Trp49-GlnS0-ProS1-Ser52-AsnS3).

We designed mutants using the Pro5S1Gly (PS1G) mutation
as background. This mutation, located in the linker region of
domain B, has previously been shown both to stabilize
monomeric CVN and to increase the yield of monomeric
protein relative to the domain-swapped dimer, a metastable
state that is formed when the protein is refolded at high
concentrations.'® Wild-type CVN lacking this mutation forms a
domain-swapped dimer under crystallographic conditions. The
crystal structure of domain-swapped CVN shows significant
rearrangement in the linker region and exhibits changes in the

dx.doi.org/10.1021/bi201411c|Biochemistry 2011, 50, 10698—10712
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Table 1. Calculated Electrostatic Contribution of CVN Amino-Acid Side Chains to Protein Stability”

molecular group AAG® AAG® e AAG® AAGierpartner
Serll 292 + 0.02 —4.25 + 0.09 —1.33 + 0.08 —3.08 + 0.06
Ser20 2.96 + 0.02 —3.39 £ 0.08 —0.43 + 0.08 —3.08 + 0.06
Ser11 and Ser20 5.88 + 0.03 —4.56 + 0.09 1.32 + 0.09

Thr61 2.30 + 0.02 —2.51 + 0.08 —0.21 + 0.08 0.03 + 0.01
Ala71 0.03 + 0.01 0.20 + 0.01 0.23 + 0.01 0.03 + 0.01
Thr61 and Ala71 2.33 + 0.02 —2.34 + 0.08 —0.01 + 0.08

“Values were calculated for 201 molecular dynamics snapshots and averaged. The standard errors of the mean are provided as a measure of

uncertainty. All free energy values are in kilocalories per mole.

¢ and y torsion angles, which are most profound for Ser52 and
Asn53.>® The P51G substitution is thought to stabilize CVN by
alleviating backbone strain induced by ProS1, which imparts a
positive ¢ angle on Ser52 and places it into a disfavored portion
of the Ramachandran plot. In molecular dynamics simulations
of wild-type CVN, we observed significant rearrangements in
this linker region, including formation of a cis peptide bond
between ProS1 and SerS2 (Y. K. Fujimoto and D. F. Green,
manuscript in preparation).

Buried Polar Residues (Ser11, Ser20, and Thré61)
Provide Targets for Rational Design. Initial insight into
stabilizing CVN came from the observation that the domain A
side chains of Serll and Ser20 are buried within the
hydrophobic core of the protein, with solvent accessibilities
of 3.3 and 12.2%, respectively, relative to the Ser side chain in
an Ala-Ser-Ala tripeptide (Figure 1B). While the average NMR
structure (Protein Data Bank entry 1IIY) does not show a
hydrogen bond between these groups, the interaction is nearly
always formed in molecular dynamics simulations of CVN.

In proteins, polar groups are more frequently found on the
surface than in the core and often pay significant desolvation
penalties upon burial.>* Thré61 and Ala71, which are the domain
B symmetric counterparts of Serl1 and Ser20, pack against one
another, are within van der Waals contact of Phe54, and
contribute to the hydrophobic core of the protein. These packing
interactions are absent in domain A, despite the proximity of
Phe4 (the symmetric equivalent of Phe54) to Ser11 and Ser20.>®

Serll and Ser20 are among the least solvent-exposed side
chains in the protein (Supporting Information). The side chains
of these two residues appear to make a direct hydrogen bond in
the solution structure of CVN, and this favorable interaction
may compensate for the desolvation penalty they pay for
being buried within a hydrophobic environment.””*® Thré1,
like Ser11, is also excluded from solvent and exposes only 2.5%
of the side chain surface area, when compared to a reference
tripeptide. Unlike its symmetry-related counterpart, Thr61 does
not form a buried hydrogen bond. We hypothesized that
replacement of Serll, Ser20, or Thr61 with an appropriate
hydrophobic isostere would stabilize the protein, as replace-
ment of Ser with Ala, and of Thr with Val, was previously
shown to be favorable in buried positions within T4 lysozyme.”!

Continuum Electrostatic Calculations Reveal a Desta-
bilizing Buried Polar Bridge. We performed Poisson—
Boltzmann (PB) continuum electrostatic calculations to estimate
the contribution of these groups to protein stability. The
calculations afforded the desolvation penalty and the strength of
the pairwise electrostatic interactions between the side chains of
our target positions (Serll, Ser20, and Thr61) and other groups
in the protein. Ala71, the symmetry-related partner of Ser20, was
also included as a control. The calculations evaluate the effect of

substituting a side chain with a hydrophobic isostere having the
same size and shape but devoid of charge.22’56

Domain A side chains of Serl1 and Ser20 pay a 2.92 and 2.96
kcal/mol desolvation penalty (AAG®,,), respectively, upon
burial within the core of CVN (Table 1). For each side chain,
the desolvation penalty is opposed by the favorable electrostatic
interactions with the other groups in the protein. These
interaction free energies (AAG®,,,,) sum to —4.25 and —3.39
kcal/mol for Serll and Ser20, respectively. The major portion
of these interactions comes from the direct interaction between
the two groups of —3.08 kcal/mol.

To evaluate whether a polar group or its hydrophobic isostere is
more favorable to the stability of a protein fold, we calculate the
mutation free energy AAG®,,, which is tabulated as the sum of
AAG®, and AAG®... In our model, AAG®, corresponds to
“turning on” the partial charges on the molecular group of interest.
A negative value of AAG®,, thus indicates that a group
contributes more favorably in the charged state than in the
hydrophobic state. For Ser11 and Ser20, an isosteric substitution is
unfavorable by 1.33 and 043 kcal/mol, respectively (Table 1). A
single isosteric substitution is unfavorable at either position 11 or
20 because the remaining group has lost a significant electrostatic
interaction partner yet still pays a desolvation penalty for burial.
However, the simultaneous replacement of Serll and Ser20 with
hydrophobic isosteres is predicted to be favorable with an
estimated effect of —1.32 kcal/mol. Figure 2A shows the complete
in silico thermodynamic cycle that follows the replacement of either
or both serine side chains with hydrophobic isosteres (denoted S°).

We set out to compare the magnitude of the electrostatic
interactions to that of van der Waals interactions experienced
by Serll and Ser20 using the coordinates taken from a
molecular dynamics simulation of CVN. While the electrostatic
interactions of the two side chains with the rest of the protein
are favorable, the hydrogen bond between these two groups
results in overlap of their van der Waals radii, and an
unfavorable direct interaction of 0.85 kcal/mol. These results
suggest that the direct interaction between the side chains of
Serll and Ser20 is mainly electrostatic in nature.

In domain B, we found that Thr61 pays a desolvation penalty
of 2.30 kcal/mol. This penalty is computed to be nearly
petfectly offset by favorable electrostatic interactions with the
rest of the protein of —2.51 kcal/mol, and the overall effect of
replacing Thr61 with a hydrophobic isostere is only slightly
unfavorable by 0.21 kcal/mol (Table 1). As expected, the
nonpolar Ala71 does not participate in significant electrostatic
interactions with Thr61.

The incorporation of an exact hydrophobic isostere for Ser into
CVN is not possible. Among naturally occurring amino acids, Ala
is the most conservative nonpolar substitution for Ser and is the
closest to an isosteric substitution. We thus designed a mutant

10702 dx.doi.org/10.1021/bi201411c|Biochemistry 2011, 50, 10698—10712
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Figure 2. (A) Calculated effect of replacing the side chains of Serll
and Ser20 with hydrophobic isosteres. All values shown are AAG®,,
in kilocalories per mole, with details provided in Table 1. (B) Heat
map summary of protein design calculations on domain A of CVN.
Amino acid substitutions as positions 11 and 20 as well as AAG®
values for each sequence are shown. The AAG® values are referenced
to the wild type (Serll and Ser20). Sequences corresponding to the
entries colored white were determined to be “dead ends” in the design
procedure.

termed AATA. In our nomenclature, a protein variant is identified
by a four-letter name that designates its amino acid identity at
positions 11, 20, 61, and 71. For example, the PS1G variant with
no other changes would be denoted SSTA, and AATA is PS1G
with Serl1Ala and Ser20Ala mutations (Table 2). We next

Table 2. CVN Variants Discussed in This Work®

S1 11 20 61 71
wild type Pro Ser Ser Thr Ala
PS1G (SSTA) Gly Ser Ser Thr Ala
AATA Gly Ala Ala Thr Ala
VATA Gly Val Ala Thr Ala
IATA Gly Ile Ala Thr Ala
VAVA Gly Val Ala Val Ala
1AIA Gly Tle Ala Ile Ala

“Numbered columns show the amino acid at that position.

employed protein design calculations to determine if other
combinations of naturally occurring amino acids could lead to an
increased level of stabilization of CVN.

Design of a Stabilizing Network of Mutations. The PB
analysis provides information about isosteric substitutions but does
not consider changes in packing that may result from nonisosteric
mutations. Thus, we went on to examine potential effects of varying

the size and shape of the side chain at positions 11 and 20. To
determine if the structure of CVN can accommodate other amino-
acid side chains at positions 11 and 20, we used a computational
protein design algorithm in which the design positions were
allowed to simultaneously vary in sequence to {Ala, Ser, Thr, Val,
Phe, Leu, Ile}. These substitutions were selected because of their
nonpolar nature or their occurrence within wild-type CVN at the
chosen positions. Neighboring residues Phe4, Leul8, Ile34, Leu36,
Leu87, 1le91, and Leu98 were allowed to, if necessary, adopt a
different rotamer to accommodate larger side chains at the design
positions. The protein backbone, as well as the remaining side
chains, was kept fixed. The design algorithm computed the stability
of a conformational arrangement of amino-acid side chains relative
to an unfolded state approximation in which the free energy of the
unfolded polypeptide is taken as a sum of energies of the individual
amino acid residues in its primary structure.>*>’

The computational design calculations suggested that a number
of mutants would be more stable than the wild-type protein
(Figure 2B). In particular, S11V.S20A, S111.5204, and S11A.S20A
were calculated to be more stable than the wild type by —12.5,
—9.0, and —8.6 kcal/mol, respectively. The results suggest a clear
preference of alanine over serine at position 20, with X11.520
always worse energetically than X11.A20 for every substitution X
considered. The insights from the protein design calculations led
to mutants VATA and IATA (Table 2). It is worth noting that in
the interpretation of these results the energetic trends are more
meaningful than the magnitudes. The computational procedure
uses a discrete representation of the configurational space and
employs an approximate energy function, which ignores important
contributions to protein stability (such as side chain configura-
tional entropy). Thus, we do not expect the magnitudes of
stabilization from computational design to be quantitatively
predictive, but the calculations do reveal potentially stabilizing
replacements and complement the PB analysis.

Lessons from CVN Homologues. When CVN was
originally discovered, it showed no sequence similarity to any
other protein. The structure of CVN revealed a novel fold, which
possessed only distant (domain level) topological similarity to
known protein folds. More recently, CVN homolo%ues have been
discovered in other prokaryotes®® and in eukaryotes.” Pfam release
24.0 lists 116 putative CVN domain sequences across 22 species.a)
These genomic data suggest that the CVN domain is a module that
often exists within larger multidomain proteins, the function of
which is presently unknown.” There is evidence, however, that
these domains adopt structures similar to that of wild-type CVN
and are functional lectins. The solution structures of CVN
homologues from Tuber borchii, Ceratopteris richardii, Neurospora
crassa, Microcystis aeruginosa PCC7806, and Magnaporthe oryzae
have recently been characterized, and all adopt the same fold.®~®*

A SeqL0g064 representation of a multiple-sequence align-
ment of a subset of CVN homologues is shown in Figure 1B.
This sequence alignment revealed that across the CVN family,
the position corresponding to Serll is frequently Val or Ile,
while the equivalent of Ser20 is most commonly Ala. Thr61, the
domain B symmetric equivalent of Serll, is often substituted
with Val or Ile. Unfortunately, the size of the CVN family is not
yet large enough to determine whether substitutions at these or
other positions within the CVN domain are independent or
correlated in their conservation.®>%

The sequence conservation data are consistent with both
computational and intuition-based insights and reveal a strong
preference for nonpolar side chains at core positions 11, 20, 61,
and 71. We thus designed additional symmetrizing mutants,
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Figure 3. Far-UV (A) and near-UV (B) circular dichroism spectra of CVN mutants confirm mutants possess identical secondary and tertiary
structure. Far-UV spectra were recorded at a protein concentration of 10 M using a 1 mm path length cuvette. Near-UV spectra were recorded at
100 #M in a 10 mm path length cuvette. Any discrepancies of signal intensity are attributed to errors in determining protein concentration.

VAVA and IAIA, to incorporate the hydrophobic side chains of
Val and Ile at position 61 (Table 2) in the background of
putative stabilizing mutations in domain A. The distance
between the design positions in the two domains of CVN led
us to hypothesize that the effect of substitutions at position 61
in domain B would be additive with the effect of substituting
positions 11 and 20 in domain A.

Consistency of the Expression Construct with That in
Previous Work. The biophysical, structural, and inhibitory
properties of CVN have been characterized by a number of
different laboratories, with some variation in the exact amino-acid
sequence of the protein being studied, in particular in the N- and
C-terminal regions. The first source of variation is the identity of
the N-terminal amino acid. When the protein is expressed
cytoplasmically using E. coli strain BL21, it accumulates in
inclusion bodies. Consequently, the N-terminal Met residue
cannot be processed by the E. coli methionine aminopeptidase
(confirmed by mass spectrometry) and is retained on the
polypeptide chain. To facilitate disulfide bond formation, CVN
has also been successfully expressed as a folded protein in the
periplasmic space, and the removal of the localization tag leaves
Leu as the N-terminal residue.””® In addition, other biophysical
studies used CVN variants with an additional N-terminal Gly-
Ser-His-Met-Gly sequence that remained after thrombin
cleavage. CVN containing these five additional animo acids at
the N-terminus exhibited anti-HIV activity that is indistinguish-
able from that of the wild-type protein'®**” yet may have
thermodynamic properties different from those of the wild type.

Because of the proximity of the Glul01 side chain to the N-
terminus in the solution NMR structure of CVN, it is likely that a
salt bridge is formed between these two groups at the experimental
pH of 6.0. We hypothesized that the addition of a methionine or a
longer linker at the N-terminus could thus have an effect on protein
stability by altering the salt bridge geometry or by interfering with
its formation. To evaluate this, we expressed the P51G variant in
the E. coli periplasm using the PelB localization tag. This variant
(termed AM) is identical in sequence to PS1G, except it is one
residue shorter because of the removal of the leader tag.

A second source of variation in the sequence of CVN is the
presence of a C-terminal His tag (the complete sequence being
Leu-Glu-Hisg). The thermodynamic parameters of non-His-
tagged and His-tagged wild-type CVN are identical,'* and a
number of additional studies have used this construct.”" For
ease of purification, our variants contain this C-terminal His
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tag; the amino-acid sequences of the proteins in this study are
given in the Supporting Information.

Designed Variants Adopt the Wild-Type Fold and Are
More Stable. Designed CVN homologues were expressed
recombinantly in E. coli and (with the exception of AM)
purified from inclusion bodies under denaturing conditions.
The proteins possess identical secondary and tertiary structure,
as judged by far- and near-ultraviolet (UV) CD spectroscopy
(Figure 3). The far-UV CD spectra of the variants were similar
to previously published spectra for wild-type CVN.” In
addition, the intrinsic tryptophan fluorescence emission for
each variant was blue-shifted 20 nm compared to the
fluorescence of GuaHCl-denatured protein (not shown),
indicating the burial of the unique Trp in CVN (Trp49). All
variants were judged to be monomeric by analytical gel filtration
chromatography (Supporting Information) over a range of
concentrations up to 141 yM. To further confirm conservation
of the CVN fold upon mutation, we recorded HSQC spectra of
PS1G and of IAIA. The spectra (Supporting Information) show
comparable resonance dispersion in both proton and nitrogen
dimensions for both proteins and are consistent with a well-
folded structure.

Figure 4 shows the thermal denaturation of CVN
homologues monitored by CD spectroscopy, and the extracted

Fraction Unfolded

50 60 70 80 90
Temperature (°C)
Figure 4. Thermal denaturation of CVN mutants followed by CD
spectroscopy at 200 nm. The raw data were converted to fraction

unfolded; only the transition region is shown for the sake of clarity.
The solid lines are a nonlinear least-squares fit to the data.
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Table 3. Apparent Equilibrium Denaturation Parameters®

variant T, (°C) c? (m)

PS1G 64.3 + 0.1 2.3 £ 0.02
AATA 69.6 + 0.3 2.6 + 0.01
VATA 69.8 + 0.2 2.8 + 0.01
IATA 71.1 + 0.1 3.1 +0.01
VAVA 745 £ 0.2 3.0 + 0.01
TAIA 75.8 £ 0.3 3.5 £ 0.01
AM 66.6 + 0.2 2.6 + 0.02

e cSP (M) mCP
2.6 + 0.05 2.2 + 0.02 2.5 £ 0.09
2.5 £ 0.05 2.5 £ 0.02 24 +0.14
2.6 + 0.06 2.8 £ 0.02 2.6 £0.21
2.3 £ 0.05 3.1 £ 0.02 2.0 £ 0.11
2.1 + 0.06 29 +0.03 17 £0.12
2.1 + 0.06 3.3 £ 0.02 1.7 = 0.09
19 £ 0.11 2.5 £ 0.02 2.0 £ 0.10

“The parameters are derived from direct fitting of circular dichroism and fluorescence data. The data were fit to a simple two-state model, as
discussed in the text. The provided measures of uncertainty are standard errors of the fit.

thermodynamic parameters are listed in Table 3. The
parameters determined from thermal denaturation represent
apparent values, because thermal denaturation of CVN is not
fully reversible, as judged by recovery of the CD signal upon
heating and recooling. For some variants, such as PS1G, the
signal recovery was close to 90%. However, the denaturation of
the more hydrophobic variants was less reversible, and visible
aggregation within the cuvette was observed.

For P51G, the midpoint of thermal denaturation was 64.3 °C,
consistent with previous studies of His-tagged CVN variants."”
Each of the designed variants were more thermostable than
P51G, with thermal stabilization ranging from 5.2 °C for AATA
to 11.5 °C for IAIA. In general, greater stabilization was achieved
by larger amino acid substitutions at the design positions. In
particular, AATA was less thermostable than VATA, which in
turn was less thermostable than JATA. The AM variant was
more thermostable than P51G by 2.3 °C.

To further characterize the stability of the designed variants,
we undertook unfolding studies using the chaotrope guanidine
hydrochloride (GuaHCl). To facilitate comparison with earlier
work, we followed denaturation using the ratio of the intensity
of fluorescence emission at 330 nm and at 360 nm, I;30/Is4.
We observed that PS1G and other CVN variants took longer
than 48 h to fully unfold when exposed to moderate
concentrations of GuaHCI at room temperature. For example,
incubation of P51G overnight with increasing concentrations of

GuaHCl yielded a biphasic denaturation profile. In contrast,
complete equilibration could be achieved over the course of
72 h, and at equilibrium, a single sigmoidal transition was
observed (Figure SA). This is an important observation,
because it directly demonstrates that a lengthy equilibration
time is required to obtain accurate unfolding curves. The data
collected with the shorter overnight equilibration could be
forcibly fit to a single unfolding transition but would yield an
apparent stability significantly higher than the actual value. We
believe that these effects may have complicated some prior
analyses of CVN thermodynamics.

To determine the incubation time needed for complete
equilibration, we investigated the denaturation kinetics of PS1G
by following the intrinsic tryptophan fluorescence after addition
of 3 M GuaHClI (Figure SB). At this denaturant concentration,
the protein appears to be <10% folded at equilibrium but is
60—70% folded after an overnight incubation at 25 °C, as
judged by the fluorescence emission intensity. The recorded
denaturation kinetics were complex and could not be modeled
by a single-exponential decay or by a sum of two decays, as
judged by the nonrandomness of the residuals. This implies
that P51G denaturation proceeds through at least one kinetic
intermediate state, the decay of which is slow. These
experiments allowed us to determine the apparent half-life of
denaturation (13 h) at 3 M GuaHCl and the time for complete
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Figure S. (A) Denaturation profile of PS1G monitored by Trp fluorescence emission, after 16 and 72 h incubations at room temperature in the
presence of GuaHCI. The 16 h profile is biphasic, with dashed gray lines showing the apparent denaturation midpoints of the two phases when they
are fitted separately. The numerical derivative of the 16 h denaturation profile showed two inflection points, at the apparent midpoints of the two
phases (not shown). In contrast, the 72 h denaturation profile shows a single transition. These data suggest the presence of a kinetic intermediate in
CVN denaturation by GuaHCl. (B) Fluorescence-monitored denaturation kinetics of PS1G after addition of 3 M GuaHCL. A solid line is the fit of
the data to a biexponential decay. The apparent half-life of unfolding is 14 h. Note that the data could not be adequately fit by a single or double

exponential, as judged by the randomness of the residuals.
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equilibration of CVN variants; 72 h was adequate to completely
equilibrate all proteins discussed in this work.

To investigate the equilibrium stability of CVN variants to
chemical denaturation, we monitored their intrinsic protein
fluorescence and circular dichroism signal. The two techniques
allowed us to monitor two probes, with fluorescence monitoring
the burial of the unique Trp fluorophore of CVN and CD
monitoring the state of the polypeptide backbone. Figure 6 shows

-5

0 (Millidegrees)

240 245

Wavelength (nm)

Figure 6. Far-UV CD wavelength scans of PSIG taken at increasing
concentrations of GuaHCI after equilibration at 25 °C and pH 6.0 for
72 h. The spectra are from 0 (blue) to 6 M denaturant (red). The
absence of an isodichroic point at equilibrium demonstrates that the
denaturation of CVN by GuaHCI is not a strictly two-state process.

far-UV circular dichroism spectra of PS1G recorded at equilibrium
as a function of an increasing concentration of GuaHCI. These
spectra lack an isodichroic (isosbestic) point, indicating that the
equilibrium folding is also not a two-state process,”” but rather that
the equilibrium unfolding of CVN by GuaHCl is complicated and
populates intermediate states. While both kinetic and equilibrium
experiments revealed the presence of multiple states, it is unknown
whether intermediate states present in the kinetic and equilibrium
denaturation of CVN are structurally related.

To extract the thermodynamic parameters from the far-UV CD
spectra of CVN variants, we employed a thermodynamic model
that decomposes spectroscopic data into the spectra of three
thermodynamic states and their fractional populations, as given by
their free energy differences.”>””> The data were fit globally at all
wavelengths to obtain the most reliable parameters. We note that
no single far-UV wavelength exhibited a clear biphasic transition.
When the data were fit to a simple two-state model, the derived
thermodynamic parameters were dependent on the choice of
wavelength; for instance, a plot of the apparent fraction unfolded

at 6,,, was noncoincident with the fraction unfolded at 0,55 (data
not shown). Fluorescence spectroscopy was not sensitive to the
presence of an equilibrium intermediate, and thus, tryptophan
emission spectra were not used in the thermodynamic model.

The parameters derived from the spectral decomposition are
summarized in Table 4. We found that substitutions at positions
11, 20, and 61 stabilized both the native and intermediate states.
Substitutions of Serll and Ser20 with Ala stabilized the native
state by 0.94 kcal/mol relative to PS1G, in agreement with the
computational prediction. Further substitutions at position 11 to
Val and Ile stabilized the native state by 1.03 and 2.56 kcal/mol,
respectively, relative to PS1G.

Substitutions at position 61 (VAVA and IAIA) were accom-
panied by significant changes in the m value. The m value for the
native to intermediate transition for VAVA is 1.65, while it is 2.32
for the P5S1G background and 2.1 for AM. For VAVA, the free
energy difference between the native and denatured states
(AG°\_p) is 6.75 kcal/mol, which is comparable to the stability
of the AM variant (6.78 kcal/mol). However, the denaturant
(GuaHCl) concentration at which the VAVA unfolding transition
is 50% complete is 04 M higher than that of AM. This is
illustrated in Figure 7, which shows the equilibrium denaturation

1.0 - P51G
AATA
VATA
0.8 - IATA
s VAVA
2 IAIA
3 06 AW
g
2
S 04 4
8
[
02 - .
0.0 | -

[GuaHCI]

Figure 7. Fractional populations of CVN variants derived from
decomposition of circular dichroism spectra acquired at increasing
concentrations of GuaHCI. Solid lines show the fractional populations
of the native state; matching dashed lines show the fractional
populations of the equilibrium intermediate state for each variant. The
dotted gray line indicates 50% population and is provided for visual
reference. The details of the thermodynamic models used to generate
these populations are described in the text.

profiles for the designed CVN homologues. The profiles are
generated from the equilibrium thermodynamic parameters and

Table 4. Equilibrium Denaturation Parameters for CVN Variants®

variant AG°x_; MN1 AG°\_p
PS1G 5.55 2.32 6.45
AATA 5.56 2.10 7.39
VATA 6.34 2.12 7.48
IATA 7.28 2.27 9.01
VAVA S5.44 1.65 6.75
TAIA 6.83 191 8.49
AM 5.80 2.10 6.78

My_p AAG°_(PS1G) AAG®_(PS1G)
2.70

2.64 0.01 0.94

2.57 0.79 1.03

2.71 173 2.56

2.13 —0.11 0.30

2.41 128 2.04

241 0.25 0.33

“The parameters derived from global decomposition of circular dichroism spectra taken as a function of denaturant concentration. The data were fit
to a three-state model, as discussed in the text. All free energy values are in kilocalories per mole.
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Figure 8. (A) Glycans bound by CVN mutants, ranked by decreasing average fluorescence among designed variants. The raw fluorescence intensity
of binding to the microarray is shown in points. The average fluorescence of all mutants is shown as a thick gray line. The glycan ID corresponds to
glycans found on the Consortium for Functional Glycomics (CFG) mammalian printed array (version 4.1). The dashed vertical line indicates the
cutoff for the 10 carbohydrates determined to bind CVN variants. No additional carbohydrates gave rise to a signal distinguishable from the
experimental noise. (B) Glycans bound by CVN variants on the carbohydrate microarray (shaded in black). For each glycan, the ID is given, as well
as the substructure of Man, to which the glycan corresponds; Man, is shown as a light gray background. Mannose residues are represented by circles
and GIcNAc residues by squares. The dashed box contains two examples of Mang core carbohydrates that were not bound by any of the CVN
variants discussed here; these are included to illustrate the specificity of binding to Mana(1—2)Man disaccharides.

give the fractional populations of the native and intermediate states
for all CVN variants as a function of GuaHCI concentration. We
found that the equilibrium intermediate state remains significantly
populated for all variants at the highest denaturant concentrations
tested (up to 6 M GuaHCl) and that all variants populate the
intermediate state up to 25% under some experimental conditions.
Carbohydrate Microarray Binding Analysis Shows
That Variants Retain Native Binding Specificity. To
assess the function of our designed variants, we conducted
fluorescence-detected glycan microarray binding experiments”®
with P51G included as a control. The variants (AM not included)
were heterogeneously labeled with NHS-fluorescein at a surface
lysine side chain, with the amount of labeling estimated to be
approximately 0.5 dye molecule per protein molecule.

10707

Microarray binding experiments confirmed that the designed
variants retain the exquisite carbohydrate binding specificity of
wild-type  CVN. The Consortium for Functional Glycomics
(CFG) mammalian printed array (version 4.1) contains 465
diverse carbohydrates, both linear and branched. Consistent with
previous microarray studies, we observed that the designed
mutants bound exclusively to carbohydrates containing the
Mana(1—2)Man disaccharide, which has been previously
demonstrated to be the minimal carbohgfdrate recognized by the
two independent binding sites of CVN.®"”® Figure 8A shows the
raw fluorescence signal for our CVN variants. For all variants, the
fluorescence emission followed a decaying profile when ranked by
the average intensity across all variants, and we observed binding
to 10 distinct carbohydrates, shown in Figure 8B. Each of the
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bound carbohydrates, with the exception of compound 212,
corresponds to a substructure of MangGlcNAc,, the largest
(triantennary) N-linked high-mannose oligosaccharide present on
the viral surface. Compound 212 is equivalent to the D3 arm of
ManyGlcNAc, extended by an additional Mana(1—2)Man
disaccharide at the nonreducing end.

As expected, the designed homologues bound to oligosaccha-
rides corresponding to the D1, D2, and D3 arms of ManyGIcNAc,;
the highest fluorescence was observed for glycan 314, which
contains all three arms. The second-highest fluorescence was for
glycan 212, and the five largest signals were seen for carbohydrates
containing the Mana(1—2)Mana(1—2)Man trisaccharide. This is
consistent with the oligosaccharide specificity previously observed
in a computational study of CVN—carbohydrate binding.”” We
must note that the fluorescence intensity cannot be interpreted as
affinity for a particular carbohydrate, because of the possibilities of
a nonuniform degree of labeling and potential differences in the
density and presentation of various carbohydrates on the
microarray slides.

Our stabilized CVN variants showed specificity identical to
that of P51G. The proteins did not bind to the large majority of
the carbohydrates present on the microarray. Two such
compounds (49 and 214) represent the core of ManyGlcNAc,
and are shown in Figure 8B. Consistent with previous studies,’"”®
our mutants specifically bound to the terminal arms of Man,,
and not the glycan core. The full identities of the glycans bound
by our CVN variants are given in the Supporting Information.

B DISCUSSION

CVN contains a number of polar side chains that are
sequestered from solvent. Of the 27 side chains that have a
calculated average solvent accessibility of <15%, 10 have polar
character (Supporting Information). These include the
disulfide-bonded Cys8—Cys22 and Cys58—Cys73 pairs,
Trp49, and Asn42 and Asn93, which expose 6% of the Asn
surface area. The latter two residues are highly conserved
(Figure 1B), and their side chains make key hydrogen bonding
interactions that stabilize the two domains of CVN.>® Poisson—
Boltzmann calculations suggest that both of these residues are
able to overcome their desolvation penalties of 4.30 kcal/mol
through favorable electrostatic interactions, and that replacing
either Asn42 or Asn93 with a hydrophobic isostere is disfavored
by 3.30 or 3.01 kcal/mol, respectively. The three remaining
buried polar groups are Serll, Ser20, and Thr61. Using
continuum electrostatic calculations, we quantified the desol-
vation penalty paid by Serll, Ser20, and Thr61 upon burial
within the core of CVN. The single replacement of any of the
three groups with a hydrophobic isostere was predicted to be
electrostatically unfavorable. However, the Ser11.Ser20 pair was
found to contribute unfavorably to CVN stability, and the
calculations suggested that the simultaneous replacement of the
two serine side chains with hydrophobic isosteres could lead to
an increased level of protein stabilization. This analysis
highlights the importance of considering multiple mutations
during protein design and is similar to observations made with
buried salt bridges. The replacement of a single residue in a salt
bridge or a polar unit is often highly destabilizing. For instance,
the substitution of any charged residue with Ala in a complex
“Arg-Glu-Arg” salt bridge triad within Arc repressor has been
demonstrated to have a detrimental effect on protein stability
and function. However, the simultaneous replacement of the
triad with the “Met-Tyr-Leu” triad yielded a variant that was
significantly more stable than the wild type.”® Pairs of buried

interacting polar residues can be considered analogous to
buried salt bridges, albeit with less overall charge density.

In contrast to Serll and Ser20, Poisson—Boltzmann calcula-
tions suggest that the electrostatic contribution of Thré1 to the
stability of CVN is neutral (Table 1). However, we found that
the protein could be stabilized by substitutions at position 61.
For example, VAVA was 4.7 °C more thermostable than VATA,
and TAIA was more thermostable than IATA by the same
amount. The observed stabilization may arise because of
enhanced van der Waals packing interactions or may indicate
an overestimation of intermolecular interactions with respect to
the desolvation penalty in the calculations.

In agreement with the sequence analysis of the CVN family,
the computational redesign of domain A successfully predicted
that the protein is able to accommodate Ile, Val, or Ala at
position 11. The computational redesign of domain B, where
Thr61 and Ala71 were allowed to vary in sequence, predicted
that only a single sequence (T61A.A71) was more favorable
than the wild type (by —2.4 kcal/mol). A number of additional
sequences, such as T61V.A71, were predicted to be significantly
worse (10.7 kcal/mol). This could indicate that domain B is
less tolerant of repacking or could highlight limitations of the
fixed backbone model. In this case, because experimental
characterization demonstrated stabilization with substitutions of
Thr61, the result is most likely an artifact of the fixed backbone
approximation, an effect that has been observed previously.”**°

The thermostabilization of our designed CVN variants
relative to P51G most likely includes contributions from
several factors. The initial 5.3 °C stabilization of AATA relative
to P51G likely arises primarily from the removal of the
unsatisfied polar groups at positions 11 and 20. Alanine is
smaller than serine in volume, so the substitutions are unlikely
to add van der Waals packing interactions. Intriguingly, VATA
does not have significantly improved thermostability relative to
that of AATA, despite the increased hydrophobicity and size of
the Val residue compared to Ala. The IATA mutant has the
largest side chain that we expected could be successfully
incorporated at position 11, and it showed improved
thermostability relative to that of AATA by 1.5 °C.

We found that the stabilization of the designed variants can be
qualitatively explained by considering the additional nonpolar
surface area introduced by the mutations.®" Table 5 gives

Table S. Predicted Thermodynamic Stabilization Based on
the Buried Nonpolar Surface Area”

variant SASA,, (A?) ASASA (A%) AAG, (kcal/mol)
PS1G 238 - 0.00
AATA 283 4S5 0.72
VATA 328 90 1.44
IATA 351 113 1.82
VAVA 367 129 2.07
TAIA 418 177 2.83

“The nonpolar surface area (SASABP) was calculated for the side
chains at positions 11, 20, 61, and 71 using standard parameters
provided with Naccess. ASASA is the estimated change in nonpolar
surface area upon mutation, relative to that of PS1G. The expected
change in the transfer free energy (AAG®) was calculated using the

method described in ref 81.

nonpolar surface areas calculated for all the mutants at positions
11, 20, 61, and 71, as well as the free energy difference (AAG® )
expected from the surface area change; AAG® is estimated

using the “atomic solvation parameter” of 16 cal A= mol™.*'
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Our kinetic denaturation studies of PS1G reveal that at room
temperature the protein requires nearly 3 days to fully reach
equilibrium at intermediate GuaHCl concentrations and
suggest that at least one kinetic unfolding intermediate is
populated. Equilibrium circular dichroism spectra recorded at
increasing GuaHCI concentrations showed an absence of an
isodichroic point and are also incompatible with a two-state
model of folding. Singular value decomposition” of GuaHCI-
dependent CD spectra revealed the presence of three
significant spectral components above the experimental noise
(Supporting Information), consistent with multistate equili-
brium denaturation.

A number of previous studies'®'*®> have examined the
equilibrium chemical denaturation of wild-type CVN, PS51G,
and several functional homologues using intrinsic protein
fluorescence. Those studies reached a different conclusion
about the stability of CVN; in particular, the denaturation of
CVN was deemed a two-state process. We believe that this
work provides thermodynamic parameters and apparent
stabilities more precise than those previously obtained, because
earlier studies measured protein stability after overnight
incubation with GuaHCI. Overnight incubation is insufficient
to allow the system to equilibrate, and this leads to estimated
stabilities that are larger than the actual thermodynamic
stability.' >

The structural reason for the slow denaturation of the PS1G
variant of CVN is unknown. While this variant does not contain
any proline residues, its disulfide bonds may contribute to the
slow denaturation kinetics, as cystine residues have strong
preferences for specific C—S—S—C dihedral angles and high
energetic penalties for deviation from them.*®> For example,
both CHARMM®** and AMBER®® molecular mechanics force
fields implement this dihedral angle as two isoenergetic minima
(rss = +84°) separated by a barrier height of 6.4 kcal/mol,
comparable to that of the rotation about the peptide bond.
Similarly slow unfolding kinetics have been observed for
disulfide-containing hen egg white lysozyme.*® However, the
slow unfolding kinetics may also be due to other structural
factors, having also been observed for the cystine-less four-helix
bundle Rop.®

We found that the presence of an N-terminal methionine
residue has a measurable effect on CVN stability. The AM
variant possessed increased stability when compared to PS1G
(Table 3). Biophysical studies of the Bl domain of staph-
ylococcal protein G (f1) reported a similar effect; the
methionine-containing and methionine-lacking forms of the
protein differ by 1.7 kcal/mol in stability.*® Similar effects have
been observed for a-lactalbumin.*”®° For CVN, the effect is not
as drastic yet is significant; we hypothesize that the difference
between the stability of PS1G and AM stems from the fact that
the native N-terminus, which has the methionine removed,
participates in favorable electrostatic interactions in the native
state.
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