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ABSTRACT: CD4 is present on the surface of T-lymphocytes and is the primary
cellular receptor for HIV-1. CD4 consists of a cytoplasmic tail, one
transmembrane region, and four extracellular domains, D1—D4. A construct (.«
consisting of the first two domains of CD4 (CD4D12) is folded and binds gp120
with similar affinity as soluble 4-domain CD4 (sCD4). However, the first domain
alone (CD4D1) was previously shown to be largely unfolded and had 3-fold
weaker affinity for gp120 when compared to sCD4 [Sharma, D.; et al. (2005)

Biochemistry 44, 16192—16202 ]. We now report the design and characterization

of three single-site mutants of CD4D12 (G6A, L511, and V86L) and one multisite mutant of CD4D1 (G6A/LS11/LSK/F98T).
G6A, L511, and V86L are cavity-filling mutations while LSK and F98T are surface mutations which were introduced to minimize
the aggregation of CD4D1 upon removal of the second domain. Two mutations, G6A and V86L in CD4D12 increased the
stability and yield of the protein relative to the wild-type protein. The mutant CD4D1 (CD4D1a) with the 4 mutations was
folded and more stable compared to the original CD4D1, but both bound gpl20 with comparable affinity. In in vitro
neutralization assays, both CD4D1a and G6A-CD4D12 were able to neutralize diverse HIV-1 viruses with similar ICsgs as 4-
domain CD4. These stabilized derivatives of human CD4 can be useful starting points for the design of other more complex viral

entry inhibitors.

he HIV-1 envelope glycoprotein (env) consists of a trimer

of dimers of two subunits, gpl20 and gp4l. These
subunits are involved in receptor binding and fusion,
respectively. The binding of HIV-1 gp120 to CD4, its primary
cellular receptor on the surface of T-lymphocytes, is the first
step in the entry of the virus into target cells." CD4 is a 35 kDa
glycoprotein that consists of four extracellular domains, D1—
D4 (residues 1—371), one transmembrane domain (residues
372—-395), and a cytoplasmic tail (residues 396—433) and is an
important component of the immune system. It is expressed on
T-lymphocytes as well as various other cells of the immune
system. CD4 binds to gp120 with high affinity,” and the
interaction takes place through its two N-terminal extracellular
domains, D1 and D2, out of which only regions of domainl
(residues 25—85) make direct contact with gplZO.3 This
interaction leads to a conformational change in gp120, resulting
in exposure of previously hidden epitopes known as CD4-
induced epitopes (CD4;). The conformational change allows
subsequent binding of gp120 to its cellular coreceptors CCRS
or CXCR4. Since virtually all strains of HIV-1 use the same
receptor for viral entry, CD4 binding regions of gpl20 are
highly conserved among different clades of HIV-1, thus
providing an ideal target for viral entry inhibition and broad
neutralization activity. Recombinant, soluble four-domain CD4
(rsCD4) as well as two-domain CD4 (CD4D12) has been
shown to bind to gp120 with high affinity and inhibit viral
infection in vitro.>~” However, rsCD4 does not block infection
of primary viral isolates in vivo.® This could be due to the short
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serum halflife of rsCD4 (~30 min)’ as well as the lower
affinity of CD4 for trimeric env on the surface of primary
isolates. Residues on gpl20 that contact CD4 are relatively
conserved, and monomeric gpl20 from primary, hard to
neutralize viruses has similar affinity to CD4 as gp120 from T-
cell line adapted, easily neutralized viruses. Hence, it is likely
that the higher ICsos for soluble CD4 inhibition of primary
viruses are because of the lower accessibility of the CD4
binding site on the trimeric envelope spike. More recently, it
was reported that stabilization of a CD4D12—gp120 complex
through interchain disulfide exchange led to an increase in the
efficacy of viral entry inhibition. '’

Previous studies have described the design and character-
ization of immunogens consisting of single-chain derivatives of
gp120 linked to the first two domains of human CD4 (gp120—
CD4D12) that elicited a broadly neutralizing immune
response.' "> However, this broad neutralization was found
to be exclusively due to anti-CD4 antibodies.'” Therefore, it
was postulated that construction of a minimized CD4 construct
might help in reducing the immune response to CD4 in single-
chain analogues. In a subsequent study, the design and
characterization of several bacterially expressed and truncated
derivatives of soluble CD4 (sCD4) protein were carried out.
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These include CD4D12 corresponding to the two N-terminal
extracellular domains (D1 and D2) of human CD4 (consisting
of amino acids 1—183) and CD4D1 corresponding to the N-
terminal domain, D1 of human CD4 (amino acids 1—99) with
a few designed mutations at the D1:D2 interface.”> CD4D12
bound to gp120 with similar affinity as full-length four-domain
soluble CD4. However, CD4D1 bound with around a 3-fold
reduction in affinity (Kp = 40 nM). This was possibly due to
the fact that the designed CD4D1 is largely unfolded.
Therefore, we hypothesized that the design of improved
CDA4D1 and CD4D12 constructs with increased stability might
result in stronger binding with gp120 (for CD4D1) and
increased bioavailability, hence leading to an improvement in
viral entry inhibition in vivo. Steric restrictions in the trimeric
envelope spike may be responsible for the relatively high ICso
values for soluble 4-domain and 2-domain CD#4 for primary
isolates observed previously.*'* Hence, it would be interesting
to measure the ICs, for these isolates with a well-folded version
of the smaller CD4D1 molecule, which might face fewer steric
restrictions.

Burial of hydrophobic residues and high packing density in
protein interiors make important contributions to protein
stability. Hydrophobic cores of proteins have packin% densities
comparable to crystals of small organic molecules,">"® though a
few cavities remain in the core of proteins. Several studies on
cavity creating mutations have shown that these lead to loss in
van der Waals contacts and decreased stability.'”>' Attempts
have therefore been made to stabilize proteins through cavity
filling mutations. Previous attempts to increase the stability of
T4 lysozyme by filling interior cavities failed due to unfavorable
steric interactions™” that resulted from the mutations. In the
case of hen lysozyme (HEL), although cavity filling mutations
have stabilized the enzyme, they have restricted the internal
motion of the molecule, resulting in an increase in temperature
for optimal enzymatic activity.”>** Cavity filling mutations in
the hydrophobic core of the neutral protease of Bacillus
stearothermophilus resulted in marginal stability of the
molecule.”® On the other hand, for RNase HI and c-myb,
cavity filling mutations increased the stability of the
molecule.®*™ In the case of the metastable protein al-
antitrypsin, the conformational stability of the molecule
increased linearly with increasing volume of the side chains of
cavity filling mutations but led to decreasing serine protease
inhibitor activity of the molecule.*®*" The challenge in such
studies is to introduce mutations without accompanying steric
clashes or conformational strain.

In this study, we report the design and characterization of
three single site cavity filling mutants of CD4D12 (G6A, L51],
and V86L) and one multisite mutant of CD4D1 (G6A/V86L/
LSK/F98T). These mutations were based on predictions made
by the ROSETTADESIGN algorithm®® as well as the
MC_CAVITY program® and were intended to increase
protein stability. Stabilized and well-folded versions of
CD4D12 and CD4D1 could be obtained, and both showed
neutralization activity against a variety of HIV-1 strains with
ICso values ranging from 0.13 to 50 ug/mL. However,
decreasing the size of the molecule from CD4D12 to CD4D1
did not substantially improve the ICs.

B EXPERIMENTAL PROCEDURES

Construct Descriptions. Wild-type CD4D12 (wt-
CD4D12) refers to the first two N-terminal domains D1 and
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D2 (amino acids 1—183) of human CD4 (hCD4). As
mentioned earlier,' according to the SCOP definition,>*
domain D1 corresponds to residues 1—97 of CD4; however,
residues 98 and 99 interact with several residues within 1-97.
In the present work, D1 refers to amino acids 1-99 and D2
refers to amino acids 100—183 of hCD4. CD4D1 (amino acids
1-99) is an engineered version of D1 with additional mutations
described previously.'”> CD4Dla is the redesigned version of
CDA4D1 described in the present work.

ROSETTADESIGN and MC_CAVITY Calculation. Mod-
eling of the mutations in CD4D12 and CD4D1 and associated
energy calculations were done using the program ROSETTA-
DESIGN (version 2.3.0).>* The version of ROSETTADESIGN
used (Rosetta SmallRadii)** had the atomic radii scaled by
0.95 relative to standard CHARMM 19 radii. For cavity filling
mutations the protein backbone was allowed to move, but in
the case of mutations at the D1:D2 interface, the protein
backbone remained fixed. For the movable backbone module
the stereochemical parameters of the original PDB file were
idealized before use. In the movable backbone module, the
following command was used: rosetta.gcc -s pdbfilename
-design -mvbb -paths pathsfilename -resfile resfilename -exl
-ex2 -ex3 -ex4 -nstruct S -pdbout pdbprefixname. In the fixed
backbone module the following command was used: rosetta.gcc
-s pdbfilename -design -fixbb -paths pathsfilename -resfile
resfilename -exl -ex2 -ex3 -ex4 -nstruct S -pdbout pdbpre-
fixname. To detect cavities inside the protein molecule, the
program MC_CAVITY was used.>

Construction and Expression of CD4D12 Constructs
and CD4D1a. An E. coli codon-optimized version of the

CD4D12 gene was synthesized and cloned into the pET28a(+)
vector (Novagen) between the Ndel and Xhol sites and
contained an N-terminal His tag. Three mutations were
introduced individually in wt-CD4D12, namely G6A, LS1],
and V86L. DNA encoding CD4D1 containing the mutations
LSK, G6A, V86L, and F98T (referred to as CD4Dla) using
overlap PCR was generated from CD4D12. The CD4Dla
overlap product was then cloned into the pET28a(+) vector by
restriction digestion and ligation of the 339 bp fragment
obtained by overlap PCR. The rationale for these choices of
mutation is described in a different section. E. coli strain
BL21(DE3) cells transformed with the pET28a(+) plasmids
were grown in 1 L of Luria-Broth (LB) at 37 °C until an OD of
0.6. Cells were then induced with 1 mM IPTG (isopropyl-f-
thiogalactopyranoside) and grown for another 6 h at 37 °C for
CD4D12 constructs and overnight at 30 °C for CD4D1
constructs. Cells were harvested at 3500g and resuspended in
30 mL of phosphate buffered saline (PBS), pH 7.4. The cell
suspension was lysed by sonication on ice and centrifuged at
15000g. The supernatant was discarded, and the pellet was
washed in 30 mL of 0.2% Triton X-100, PBS (pH 7.4) and
subjected to centrifugation at 15000g. The pellet was
solubilized in 25 mL of 8 M guanidine hydrochloride
(GdnCl) in PBS (pH 7.4) overnight at room temperature.
The solution was centrifuged at 15000g for 30 min. The
supernatant was bound to S mL Ni-NTA beads (GE
Healthcare) and washed with 30 mL of 50 mM imidazole
containing 8 M guanidine hydrochloride in PBS. Denatured
protein was eluted with 8 M GdnCl in PBS containing 500 mM
imidazole at room temperature.

The first four eluted fractions (5 mL each) were pooled
together and dialyzed extensively against PBS (pH 7.4) and 1
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mM EDTA to remove the denaturant. Protein was ~90% pure
as assessed by SDS-PAGE. The dialyzed protein was
concentrated to a final concentration of 0.5 mg/mL and
flash-frozen in liquid nitrogen and stored in aliquots at —70 °C.
The average yield for wtCD4D12 and V86L-CD4D12 was 20
mg/L of culture; for G6A-CD4D12 it was 25 mg/L of culture,
and for CD4Dla it was 10 mg/L of culture. The yield was
determined by densitometry analysis from SDS-PAGE using
standard proteins of known concentrations. The concentrations
of the proteins were also estimated by absorbance at 280 nm
using extinction coefficients of 18240 and 12615 M~ cm™
calculated from the amino acid sequence®® of CD4D12 and
CDA4D1a, respectively.

Gel Filtration Analysis of wt-CD4D12 and CD4D1a.
Approximately SO ug of each protein was analyzed by gel
filtration chromatography in PBS buffer at room temperature
on a Superdex-75 analytical gel filtration column. A standard
curve of the elution volume versus the log of the molecular
weight was generated using albumin (67 kDa), ovalbumin (43
kDa), carbonic anhydrase (29 kDa), and ribonuclease A (13.7
kDa) as molecular weight markers.

Surface Plasmon Resonance (SPR) Experiments. All
SPR experiments were performed with a Biacore 2000 (Biacore,
Uppsala, Sweden) optical biosensor at 25 °C. 1000 resonance
units (RU) of JRFL gpl20 was attached by standard amine
coupling to the surface of a research grade CMS chip. A sensor
surface (without gpl20 or any antibody) that has been
activated and deactivated served as a negative control for
each binding interaction. Various CD4 derivatives were passed
over each sensor surface in a running buffer of PBS, pH 7.4,
containing 0.01% P20 surfactant. Analyte concentrations
ranged from 25 to 200 nM for 4-domain CD4 and CD4D1
and from 25 to 150 nM for CD4Dla. Both binding and
dissociation were measured for 100 s, respectively, at a flow rate
of 30 yL/min. In all cases, the sensor surface was regenerated
between binding reactions by one to two washes with 4 M
MgCl, for 30 s at 30 L/min. Each binding curve was corrected
for nonspecific binding by subtraction of the signal obtained
from the negative-control flow cell. The kinetic parameters
were obtained by fitting the data to the simple 1:1 Langmuir
interaction model by using BIA EVALUATION 3.1 software.

Far-UV Circular Dichroism (CD) and Fluorescence
Spectroscopy. Circular dichroism (CD) spectra were
recorded on a Jasco J-715C spectropolarimeter flushed with
nitrogen gas. The concentration of protein sample was 15 uM,
and buffer used was PBS, pH 7.4. Measurements were recorded
in a 1 mm path length quartz cuvette with a scan rate of 50 nm/
min, a response time of 4 s, and a spectral bandwidth of 2 nm.
Each spectrum was an average of three scans. Mean residue
ellipticities (MRE) were calculated as described previously.'?
Buffer spectra were also acquired under similar conditions and
subtracted from protein spectra, before analysis. Thermal
denaturation of the proteins were studied by measuring the CD
signal at 222 nm from 20 to 95 °C in PBS (pH 7.4) buffer. Data
were fit to a two-state thermal unfolding model as described
previously.>” The protein concentration and scan rate were 15
uM and 1 °C/min, respectively.

All fluorescence spectra were recorded at 25 °C on a SPEX
Fluoromax3 spectrofluorimeter. For intrinsic fluorescence
measurements, the protein concentration used was 2 pM.
The excitation was at 280 nm, and emission was recorded from
300 to 400 nm. The excitation and emission slit widths were 3

7893

and 5 nm, respectively. All fluorescence experiments were
carried out in PBS at pH 7.4. For chemical denaturant induced
unfolding studies of CD4D12 constructs and CD4Dla, 2 uM
proteins were incubated in increasing concentrations of urea in
PBS overnight at 25 °C and intrinsic fluorescence was
measured at 350 and 365 nm for CD4DI12 and CD4Dl
proteins, respectively.

Proteolytic Digestion of wt-CD4D12, G6A-CD4D12,
V86L-CD4D12, and CD4D1a. Proteolytic digestion of the
above listed proteins and reduced carboxymethylated RNaseA
(rcam-RNaseA) was carried out using trypsin at a protease/
substrate molar ratio of 1:500. A total of 100 ug of protein was
digested in 200 uL of digestion buffer (final concentration S0
mM HEPES, pH 8.0, 2 mM CaCl,) at 37 and at 20 °C. At
various times, 20 uL of sample was removed and trypsin was
deactivated with S uL of 0.5% formic acid. 5 uL of SDS-PAGE
gel-loading buffer (final concentration 50 mM Tris-HCI at pH
6.8 containing 2.0% SDS, 0.1% bromophenol blue, and 5% p-
mercaptoethanol) was added; samples were boiled for 10 min
and stored at —20 °C until use. Samples collected at different
time points were subjected to analysis using 12% SDS-PAGE
for CD4D12 constructs and 15% SDS-PAGE for CD4Dla
followed by staining with Coomassie Brilliant Blue R250.

Serum Stability Check. To check the stability of the
protein in serum, 30 ug of His-tagged CD4Dla (in 100 uL)
was incubated in 100 L of serum at 37 °C in the presence of
20 uL of Ni-NTA beads, and 40 uL aliquots were removed
from the reaction mixture at different time points. For every
time point, the beads were spun down, and both the
supernatant and beads were subjected to 15% SDS-PAGE
analysis.

Neutralization Assays. G6A-CD4D12 and CD4D1a were
sent to Monogram Biosciences, Inc.,, for neutralization assays
against clade B HIV-1 viruses (SF162, BAL, JRCSF, NL4-3)
and clade C HIV-1 virus 98IN022. The assay used measures
neutralization of HIV as a function of reductions in luciferase
reporter gene expression after a single round of infection in
U87 cells essentially as described previously.”®*® Briefly, virus
stocks are made by transfecting an envelope expression plasmid
and a second plasmid that expresses the entire HIV-1 genome
(except envelope) as well as an integrated reporter gene for
firefly luciferase. Pseudovirions are treated with 3-fold serial
dilutions of CD4 analogues, starting from 100 ug/mL for
CD4D1a and 200 pug/mL for G6A-CD4D12 and subsequently
incubated with U87 cells (engineered to express CD4 and
CCRS/CXCR4). After 72 h, cells are washed and lysed, and the
amount of luciferase produced is quantitated by adding the
luciferin substrate. The degree of infection is directly
proportional to the amount of RLUs measured. aMLV Env-
expressing pseudo virions were used as negative controls. The
ICs is the concentration of CD#4 inhibitor at which infection is
reduced by 50%.

B RESULTS AND DISCUSSION

Design of Mutant CD4D12. Most of the residues
important for binding gp120 reside in the D1 domain (residues
1-99) of CD4 and lie between residues 25 and 64 (Figure 1A).
D1 and D2 domains pack closely against each other with a large
interfacial hydrophobic surface area (607 A?), and it has been
shown previously that several mutations in the D1 domain of
CD4 interfere with the gpl120—CD4 interaction. Earlier we
have reported the E. coli expression, purification, and
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Figure 1. Locations of cavity filling and interface mutations in
CD4D12. (A) Structure of CD4D12 (chain C of PDBID 1G9M).
Domain D1 (residues 1—-99) is shown in light pink, and domain D2
(residues 100—183) is shown in yellow-orange. The locations of the
three cavity filling mutations G6A, L511, and V86L are highlighted in
red. The hydrophobic interface residues 3V, SL, 761, 96L, and 98F are
highlighted in blue, and gp120 interacting residues of CD4 are
highlighted in green. (B—D) Structure of D1 domain of CD4 shows
residues mutated to fill the cavity in red and residues which interact
with gp120 in green. A cartoon diagram is shown in the left panel, and
a corresponding surface diagram is shown in the right panel. The
orientation of D1 in (A) and (B) is identical. The residues highlighted
are 6G, 86V, and S1L in (B), (C), and (D), respectively. The magenta
spheres in (B) and (D) indicate the position of the nearby cavity
detected by the program MC_CAVITY.

biophysical characterization of wt-CD4D12 and a derivative of
CD4D1 with mutations at the DI1:D2 interface.'>'®> Wt-
CD4D12 could be refolded from inclusion bodies. However,
the protein was prone to aggregation and amyloid fibril
formation upon storage at 4 °C or upon thawing of frozen
solutions.”> To increase the stability of wt-CD4D12, in the
present work the sequence of the protein was optimized using
the program ROSETTADESIGN using a procedure similar to
that of Dantas et al.>> All sequence positions were allowed to
vary with the constraint that only polar to polar/charged and
nonpolar to nonpolar substitutions were allowed. It was
observed that substitutions were consistently seen at three
buried positions (G6, LS1, and V86). We next used the
previously described program MC_CAVITY™ to examine if
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there were cavities in the neighborhood of the above residues in
CDA4D12. The program detected cavities near residues 6G and
S1L (Figure 1B,D). Although no cavity was detected by the
program near 86V, by visual inspection it was apparent that a
small cavity was present (Figure 1C). Next, each of these three
nonpolar residues were allowed to vary in identity to other
nonpolar residues to fill the buried cavities, and the best
substitution was selected on the basis of the calculated energy
values and visual inspection. These mutations and energy
calculations were done using the program ROSETTADESIGN
(version 2.3.0). For each modeled residue at each position, four
energy terms were calculated—Eatr = Lennard-Jones attractive
energy, Erep Lennard-Jones repulsive energy, Esolv
Lazaridis—Karplus solvation energy, Ehbond energy of
hydrogen bonding—and were summed up to get Etotal. Each
of the energy terms are the difference between measured
energies minus expected energies. Expected energies are
derived by calculating the average energies of the same amino
acid with a certain number of neighbors in a large set of
proteins in the PDB (see http://www.rosettacommons.org/
guide/Design). Hence, Etotal is not the energy difference
between mutant and wild-type protein, but rather a measure of
the energy of the given residue in CD4, relative to the average
energy of the same residue in a similar environment, averaged
over multiple protein structures in the PDB. In all the three
positions the mutated nonpolar residue was chosen from the
list by visual inspection of the modeled structure, subjected to
the constraint that the chosen mutant had a value of Etotal less
than 2 Rosetta energy units and a size increase of less than 3
methylene groups relative to the wild-type residue. The
program ROSETTADESIGN tends to place amino acids with
similar chemical properties near each other (see http://
rosettadesign.med.unc.edu/documentation.php).This is primar-
ily because polar residues can form hydrogen bonds to each
other, and hydrophobics can pack without burial of hydrogen
bonding groups. Sometimes polar groups are buried without a
hydrogen bonding partner. The energy function has been
parametrized to try and avoid this, but there is no filter that
prevents it; hence, visual inspection is necessary. In case of
positions S1 and 86, Met was not chosen even though it had
low values of Etotal because it is a flexible side chain. The final
cavity filling mutations incorporated individually into CD4D12
were G6A, V86L, and LS1I, and calculated energy values are
shown in Table SI.

Design of CD4D1a. Previously, a construct consisting of
the D1 domain of CD4 that included residues 1—99 along with
the following mutations at the D1:D2 interface was purified and
biophysically characterized by us. The interface mutations were
V3T, LSA, I76T, L96A, and F98A. The nonpolar residues at the
interface was all mutated to Ala (to reduce the hydrophobicity)
with the exception of I76, which was mutated to the polar
threonine residue. No energy calculations were employed in
this earlier study. This protein bound gp120 with 3-fold lower
affinity compared to wt-CD4D12. The far-UV CD spectrum of
the protein showed a peak with negative ellipticity at 205 nm
and a fluorescence emission maximum of around 355 nm (with
280 nm excitation) and showed a broad peak in analytical gel
filtration." Besides, this protein was prone to degradation, even
upon storage at —70 °C. All of these observations indicated that
the earlier CD4D1 construct was substantially unfolded. To
increase the structure and stability of the protein, the two cavity
filling mutations G6A and V86L were introduced into CD4D1.
Since the D1 and D2 domains of CD4 pack against each other
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with a large hydrophobic interface (~600 A?), the absence of
the D2 domain leads to the exposure of hydrophobic residues
on the protein surface, leading to the aggregation of the protein.
CDA4D1 has a total accessible surface area (ASA) of 5878 A2, of
which 607 A? is involved in interaction with D2. This consists
of five hydrophobic nonpolar residues (Val3, LeuS, Ile76,
Leu96, Phe98) (Figure 1A) and four hydrophilic polar amino
acids (Lys7, Lys8, Ser79, GIn94). Using the program
ROSETTADESIGN, each hydrophobic residue in D1 having
AASA (AASA = ASA in the absence of domain D2- ASA in
presence of domain D2) value greater than 15 A% was allowed
to vary in identity to all polar residues separately. For each
modeled residue at every single position, the total energy was
calculated by summing up the four energy terms, as described
above (Etotal = Eatr + Erep + Esolv + Ehbond). For the
interface residue SL the mutation with lysine was chosen based
on the lowest energy substitution. In case of 98F, we avoided
the introduction of another charged residue, since already one
charged mutation had been introduced at SL in the vicinity of
98F. Among the uncharged polar residues threonine was
selected, as visual inspection showed a possible hydrogen bond
with the backbone of Val97 and the value of Etotal for this
substitution was less than 2 Rosetta energy units.

This construct with the four mutations listed above (LSK,
G6A, V86L, F98T) is named CD4Dla to distinguish it from
the partially unfolded CD4D1 construct described previously.'

Protein Purification and Gel Filtration. G6A-CD4D12,
V86L-CD4D12, L511-CD4D12, and CD4D1la were cloned in
the pET28a(+) vector with an N-terminal His-tag and
expressed in E. coli BL21(DE3) cells. Following cell growth
and lysis, proteins were purified from resolubilized inclusion
bodies using Ni-NTA affinity chromatography and refolded by
dialysis against PBS. The yield was about 25 mg/L of culture
for G6A-CD4D12, 20 mg/L of culture for V86L-CD4D12 and
wt-CD4D12, and 10 mg/L of culture for CD4D1 and CD4D1a.
LS1I-CD4D12 was prone to degradation. Hence, it was not
studied further. SDS-PAGE analysis confirmed that the proteins
were at least 90% pure.

Gel-filtration chromatography was carried out for all mutants
to assess their aggregation state. Both CD4D12 mutants and
CD4D1a eluted as monomers under native conditions (PBS,
pH 7.4) with sharp peaks (Figure 2) (data not shown for the
CD4D12 mutants). This is in contrast to the CD4D1 construct
reported previously. That was shown to elute as a broad peak
under the same conditions due to the presence of significant
amounts of both folded and unfolded species in rapid
equilibrium with each other.'* Therefore, the G6A and V86L
mutations have improved the stability of the native state of the
protein as intended.

Spectroscopic Characterization. The secondary struc-
tures of the mutants were analyzed by far-UV CD spectroscopy
(Figure 3). The CD spectra of the two CD4D12 mutants were
quite similar to the wt-CD4D12 protein with minima at 218
nm for the G6A and at 210 nm for the V86L mutant that is
characteristic of f-sheet proteins. However, for G6A-CD4D12,
the increase in positive ellipticity at 200 nm as well as a red shift
of the negative ellipticity peak relative to wt-CD4D12 and
V86L mutant is indicative of a higher secondary structure
content for the G6A mutant, relative to wild-type and V86L
mutant of CD4D12. CD4Dla also showed a well-defined
secondary structure with a minimum at 225 nm. This is in
contrast to the CD spectra reported for the earlier CD4D1
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Figure 2. Gel-filtration analysis of CD4D12 and CD4Dla on an
analytical Superdex 75 gel-filtration column in PBS at room
temperature: (A) wt-CD4D12 (—) and CD4Dla (---). The
absorbance at 220 nm is shown as a function of the elution volume.
The plot shows that both proteins elute at the expected position for
the respective monomer. CD4D12 mutants had identical elution
profiles to wt. (B) Calibration curve using standard marker proteins
albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa),
and ribonuclease A (13.7 kDa).

protein,'® which had a minimum at 205 nm that is characteristic
of proteins with short, irregular # strands.

The tertiary structure of the mutants was further analyzed by
measuring the intrinsic fluorescence emission spectra of the
proteins in native buffer and in the presence of 8 M urea
(Figure 4). The native fluorescence emission spectra of the
CD4D12 mutants showed an emission maximum at 340 nm,
which is similar to the emission maximum of wt-CD4D12."
The presence of 8 M urea leads to a red shift to 358 nm and an
increase in the fluorescence intensity. The red shift indicates
exposure of tryptophan residues of CD4D12 to the solvent
upon denaturation and the increase in intensity indicates that
one or more of these tryptophan residues are quenched in the
native structure. The native and 8 M urea fluorescence emission
spectra of CD4D1a showed emission maxima at 348 and 360
nm, respectively, in contrast to CD4D1 which showed an
emission maximum at 355 nm in the absence of denaturant.'?

Thermal and Chemical Denaturation. The thermody-
namic stabilities of the mutants were determined by thermal
melts, monitored by following the ellipticities at 222 nm over a
temperature range of 20—95 °C (Figure S). Both CD4D12
mutants showed apparent two-state transitions with midpoints
of the thermal transitions (T,) at 76 °C for the G6A mutant
and at 75 °C for the V86L mutant. This shows that both G6A-
CD4D12 and V86L-CD4D12 mutants are more stable
compared to wt-CD4D12 (T, of 67 °C). It was also observed
that while the G6A-CD4D12 mutant formed irreversible
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Figure 3. Far-UV CD spectra of (A) wt-CD4D12 (-+), GGA-CD4D12
(—), and V86L-CD4D12 (---) and (B) CD4Dla. Spectra were
obtained with 15 yM protein solution in PBS (pH 7.4), 298 K, with a
0.1 cm path-length cuvette.
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Figure 4. Fluorescence emission spectra for CD4D12 and CD4Dla.
Protein samples were at a final concentration of 2 yM either in PBS
(—) or in 8 M urea (---) at 25 °C and pH 7.4. Spectra were obtained
with excitation at 280 nm and emission from 300 to 400 nm. (A) wt-
CD4D12; (B) CD4D1a. CD4D12 mutants had identical spectra to wt.

aggregates at higher temperatures similar to wt-CD4D12, the
V86L-CD4D12 mutant did not form aggregates, and its thermal
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Figure S. Thermal denaturation of (A) CD4DI12 proteins and (B)
CD4D1a in PBS (pH 7.4). The CD signal at 222 nm was recorded as a
function of temperature. Data were converted to fraction unfolded
(Fu) as described.*” Protein concentration was 15 yM, time constant
was 4 s, and the scan rate was 1 K/min.

melt was reversible. CD4D1a mutant showed a slightly broader
thermal transition with a midpoint (T,,) of about 57 °C,
indicating a stable but less cooperative transition compared to
the CD4D12 proteins. CD4D1 did not show a clearly defined
cooperative thermal transition (data not shown). Therefore, the
G6A and VB86L mutations appear to have improved the
structure and stability of the CD4D1la construct compared to
CD4D1.

The stabilities of all mutants were also monitored by
denaturant-induced equilibrium unfolding studies at 25 °C by
monitoring the intrinsic fluorescence emission in increasing
concentrations of urea (Figure 6). The unfolding transitions for
the CD4D12 mutants were broad and non-two-state, similar to
that observed for wt-CD4D12. Hence, it was not possible to
measure free energies of unfolding. The apparent midpoints of
the transition are at 5.6, 5.4, and 5 M urea for G6A-CD4D12,
V86L-CD4D12, and wt-CD4D12, respectively. Since clear
unfolded baselines could not be obtained, the apparent
midpoints were calculated assuming that the fluorescence
signal at 8 M urea is entirely due to unfolded protein and that
the unfolded baseline has a slope of zero. Therefore, it appears
that the G6A and V86L mutations have led to increased
stabilization of the protein. This agrees with the results from
the CD-monitored thermal melts carried out for these mutants.
CD4D1la also showed a broad unfolding transition with an
apparent midpoint of transition at S M urea.

Proteolysis and Stability in Serum. Proteolytic digestion
with trypsin was carried out to probe the stability of all the
constructs. Figure 7A shows the digestion profile of wt-
CD4D12, G6A-CD4D12, and V86L-CD4D12 by trypsin at 37
°C. In all cases, the protein was rapidly cleaved to give a
proteolytically stable fragment of slightly lower (~1 kDa)
molecular weight than the starting protein. This is likely to be
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Figure 6. Urea denaturation, monitored by Trp fluorescence of CD4
derivatives at 25 °C, pH 7.4: (A) wt-CD4D12, (B) G6A-CD4D12, (C)
V86L-CD4D12, (D) CD4D1a. Protein concentration was 2 yM. The
intrinsic fluorescence signal was monitored as a function of urea
concentration at 350 and 365 nm for CD4D12 and CD4D1 proteins,
respectively.

due to cleavage at the N-terminal His-tag by the protease.
Although there was no substantial difference in intensity of the
low molecular weight band for wt-CD4D12, G6A-CD4D12,
and V86L-CD4D12, from visual inspection G6A-CD4D12
seems to be slightly more resistant to proteolysis compared to
the wild-type and the V86L mutant. Similarly, as described
above, CD4D1a was also subjected to proteolysis by trypsin at
37 and 20 °C (Figure 7B). The protein was digested at 37 °C
within 15 min but was relatively stable to cleavage at 20 °C.
The stability of CD4D1a in serum was assessed by incubating
the His-tagged protein in serum at 37 °C in the presence of Ni-
NTA beads and then removing samples from the reaction
mixture at different time points. The supernatant and the beads
at the different time points were then analyzed by SDS-PAGE
(Figure 7D). Most of the CD4D1a protein was bound to the
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Figure 7. SDS-PAGE analysis of proteolytic digests of (A) CD4D12
derivatives, (B) CD4Dla, and (C) reduced carboxymethylated
RNaseA (at pH 8.0) by trypsin. Lanes 1—6 in panel A indicate
aliquots of the digestion mixture of wt-CD4DI2 at time points O
(undigested), S, 15, 25, 40, and 60 min, respectively at 37 °C. Lanes
7—12 in panel A indicate aliquots of the digestion mixture of G6A-
CD4D12 at time points 0 (undigested), S, 15, 25, 40, and 60 min,
respectively, at 37 °C, and lanes 13—18 contain aliquots of the
digestion mixture of V86L-CD4D12 at time points O (undigested), S,
15, 25, 40, and 60 min, respectively, at 37 °C. Lanes 19—24 in panel B
indicate aliquots of the digestion mixture of CD4D1la at time points 0
(undigested), S, 15, 25, 40, and 60 min, respectively, at 37 °C, and
lanes 25—30 indicate aliquots of the digestion mixture of CD4D]1a at
time points 0 (undigested), S, 15, 25, 40, and 60 min, respectively, at
20 °C. Lanes 31 and 32 contain digestion mixtures of reduced
carboxymethylated RNaseA at time points 0 (undigested) and S min,
respectively, at 20 °C. Proteolysis was stopped at the indicated time
points by addition of formic acid at a final concentration of 0.1%.
Samples were boiled with SDS-PAGE gel loading dye (final
concentration 50 mM Tris-HCl containing 2% SDS, 0.1%
bromophenol blue, and 100 mm DTT) prior to loading on the gel.
Following electrophoresis, proteins were visualized by staining with
Coomassie brilliant Blue R250. (D) SDS-PAGE analysis of CD4D1a
after incubation in serum. 30 pg of His-tagged CD4D1a (in 100 uL)
was incubated in 100 L of serum at 37 °C in the presence of 20 uL of
Ni-NTA beads, and 40 uL aliquots were removed from the reaction
mixture at different time points. For every time point, the beads were
spun down, and both the supernatant and beads were subjected to
SDS-PAGE. Lanes 33, 35, and 37 indicate beads after S min, 1 h, and 8
h, respectively. Lanes 34 and 36 indicate supernatant after S min and 1
h, respectively. The gel shows that CD4D]la is stable in serum. The
arrow indicates the position of CD4Dla.
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Ni-NTA beads even after 8 h of incubation, indicating that the
protein is stable in serum. No further degradation was observed
even after 24 h of incubation.

Binding Studies. The binding of the sCD4 and CD4D1
proteins to gpl20 was determined in vitro using surface
plasmon resonance (SPR) (Figure 8). The Kp calculated for
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Figure 8. Sensorgram overlays for the binding of different
concentrations of CD4 to surface immobilized gp120. (A)
Commercial 4-domain CD4; (B) CD4D1; (C) CD4Dla. For (A)
and (B), 1, 2, 3, 4, and S respectively indicate CD4 concentrations of
200, 150, 100, 50, and 25 nM, respectively. For (C) 1, 2, 3, and 4
respectively denote 150, 100, 50, and 25 nM concentrations of
CDA4D1a. Surface density 1000RU; buffer 10 mM HEPES (pH = 7.4),
150 mM NaCl, 3 mM EDTA, 0.005% P20, flow rate, 30 yuL/min;
temperature 298 K.

G6A-CD4D12 (Kp = 5.6 nM) and V86L-CD4D12 (Kp = 6.9
nM) are quite similar to wt-CD4D12 (Kp = 6 nM) and sCD4
(Kp = 12.8 nM). The Kp calculated for CD4D1a was 31 nM,
which is similar to that of the CD4D1 protein (30 nM) (Table
1). This indicates that although the G6A and V86L mutations
resulted in a better folded and more stable protein, this did not
appear to have a substantial effect on gpl20 binding. The
CD4D1a protein has slightly higher ko, and k. rates compared
to CD4D1; however, the overall binding constant remains the
same, and it was ~3-fold lower compared to soluble 4-domain
CD4 (Kp = 12.8 nM).

Neutralization Studies. The ability of the CD4D12 and
CD4D1a proteins to inhibit viral entry was studied. Since G6A-
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Table 1. SPR Determined Kinetic Parameters for Binding of
sCD4, wt-CD4D12, Mutant CD4D12, CD4D1, and CD4D1a
to Surface Immobilized Full Length gp120

ligand kon (M71s71) kogr (s71) Kp (nM)
sCD4 7.2 % 10* 9.2 x 107* 12.8
wt-CD4D12 43 x 10* 2.6 x 1074 6
G6A-CD4D12 1.7 x 10° 9.6 x 107* 5.6
V86L-CD4D12 5.8 x 10* 4x107* 6.9
CD4D1 3.9 x 10* 1.17 x 1073 30
CD4Dla 5.4 x 10* 1.7 X 1073 31

CD4D12 was the most stable of the CD4D12 proteins studied
and had similar affinity for gp120 as wt-CD4D12, it was used in
the neutralization studies. For the in wvitro neutralization
experiments, four subtype B viruses (SF162, BAL, JRCSF,
and NL4-3) and one subtype C virus (98IN022) were used.
ICsp values obtained are shown in Table 2 and compared with

Table 2. Neutralization Titers (ICso in pg/mL) of G6A-
CD4D12, CD4D1a, and Soluble CD4 for Various HIV-1
Isolates

ICso (ug/mL)

virus CD4Dla soluble CD4 G6A-CD4D12
SF162 0.13 0.05% 0.19
BAL 0.10 0.14% 0.11
JRCSF 486 ~35¢ 88.5
NL4-3 0.08 0.19 0.08
98IN022 15 - 1.8
aMLV >100 >100 >100

9ICs, value obtained from ref 40. YICs, value for obtained from ref 14.
“ICso value for obtained from ref 8. dIC50 value obtained from ref 41.
“Not done. ICs value reported for N-terminal 2-domain CD4.

published values from the literature that were obtained with
soluble 4-domain CD4. The data show that both CD4D1a and
G6A-CD4D12 have ICsy values similar to those of
commercially available soluble CD4. Deletion of the D2
domain, therefore does not appear to affect the ability of
soluble CD4 to neutralize HIV-1.

B CONCLUSIONS

Different derivatives of wt-CD4D12 and CD4D1* have been
constructed and characterized. Two cavity filling mutations in
wt-CD4D12 (G6A and V86L) have been introduced. Both
proteins are monomeric, folded, and have increased stability
and yield relative to wt-CD4D12. CD4 residues interacting with
gp120 are all in the D1 domain. To generate a stable smaller
fragment of CD4, the two stabilizing cavity filling mutations
identified in CD4D12 as well as two surface mutations were
introduced into domain D1 to minimize the aggregation and
degradation of the protein. Biophysical characterization has
shown that this mutant protein (CD4D1a) is better folded and
more stable compared to CD4D1 described previously," but it
bound gp120 with similar affinity to the earlier molecule. Both
CD4D1la and G6A-CD4D12 were able to neutralize different
viruses, with similar ICsos as 4-domain soluble CD4. These
proteins are a useful starting point for the design of other, more
complex viral entry inhibitors. Furthermore, the present studies
show that cavity filling mutations are a viable approach to
stabilize domains of the IgG fold and therefore can potentially
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be used to stabilize monoclonal antibodies and other members
of this important fold.
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Energy values of cavity filling mutations in CD4D12 (Table S1)
and interface mutations of CD4D1la (Table S2) using the
program ROSETTADESIGN. This material is available free of
charge via the Internet at http://pubs.acs.org.
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B NOTE ADDED IN PROOF

While this paper was under review, another paper (42)
reported an alternative design for CD4D1 using phage display.
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