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ABSTRACT: CD4 is an important component of the immune system and is also the cellular receptor for
HIV-1. CD4 consists of a cytoplasmic tail, one transmembrane region, and four extracellular domains,
D1-D4. Constructs consisting of all four extracellular domains of human CD4 as well as the first two
domains (CD4D12) have previously been expressed and characterized. All of the gp120-binding residues
are located within the first N-terminal domain (D1) of CD4. To date, it has not been possible to obtain
domain D1 alone in a soluble and active form. Most residues in CD4 that interact with gp120 lie within
the region 21-64 of domain D1 of CD4. On the basis of these observations and analysis of the crystal
structure of CD4D12, a mutational strategy was designed to express CD4D1 and region 21-64 of CD4
(CD4PEP1) inEscherichia coli. KD values for the binding of CD4 analogues described above to gp120
were measured using a Biacore-based solution-phase competition binding assay. MeasuredKD values
were 15 nM, 40 nM, and 26µM for CD4D12, CD4D1, and CD4PEP1, respectively. All of the proteins
interact with gp120 and are able to expose the 17b-binding epitope of gp120. Structural content was
determined using CD and proteolysis. Both CD4D1 and CD4PEP1 were partially structured and showed
an enhanced structure in the presence of the osmolyte sarcosine. The aggregation behavior of all of the
proteins was characterized. While CD4D1 and CD4PEP1 did not aggregate, CD4D12 formed amyloid
fibrils at neutral pH within a week at 278 K. These CD4 derivatives should be useful tools in HIV vaccine
design and entry inhibition studies.

CD4 is a 55-kDa glycoprotein expressed on approximately
60% of the peripheral blood T lymphocytes (1). CD4 is also
expressed at lower levels on macrophages, dendritic cells,
Langerhans cells, hematopoietic stem cells, and microglial
cells. CD4 consists of four extracellular domains (residues
1-371), a transmembrane segment (residues 372-395), and
a short cytoplasmic tail (residues 396-433). It activates T
lymphocytes by binding to the nonpolymorphic region of
the major histocompatibility complex (MHC) class-II anti-
gens expressed on the surface of antigen-presenting cells (2).
CD4 is a very important component of the immune system,
and new functional roles of CD4 are still being discovered
(3, 4). In humans, CD4 is the primary receptor of HIV
(human immunodeficiency virus) (5), binding with high
affinity to the viral envelope glycoprotein gp120 (6). It is
required for viral attachment and subsequent entry into host
cells. The crystal structures of the entire extracellular four
domains of human CD4 (7), the two N-terminal domains of
human CD4 (hereafter referred to as CD4D12)1 (8-10), and

complexes of CD4D12 with class-II MHC (11) as well as
with the HIV envelope protein gp120 (12) are known.

HIV entry into T cells is mediated by the binding of the
gp120 subunit of Env with CD4. The interaction of gp120
with CD4 leads to conformational changes in the Env protein
and its subsequent binding with coreceptor CCR5 and/or
CXCR4. Although viral isolates that do not require CD4 for
entry into host cells have been identified (13), their clinical
significance is uncertain. There have been several attempts
to use rsCD4 as an inhibitor of HIV binding to gp120 (14,
15). The CD4-binding epitope of gp120 is highly conserved
among different viral isolates and therefore is an important
target for both therapeutic strategies and vaccination. It has
been shown that,in Vitro, the rsCD4 protein efficiently
inhibits virus infection and virus-mediated cell fusion (16).
Unfortunately, administration of rsCD4in ViVo does not
block infection of primary HIV-1 isolates. This is in part
because of the short serum half-life of rsCD4 (17) (ap-
proximately 30 min). It was also found that a 1000-fold
higher concentration of recombinant soluble four-domain
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relative to tissue-culture-adapted strains (18) and that lower
concentrations of rsCD4 enhance the infectivity of primary
isolates (19). This is of primary concern because of the short
serum half-life of rsCD4. Recently, cross-linked complexes
of rsCD4 with gp120 were used as immunogens in rhesus
macaques (20). The resulting sera were able to neutralize
diverse strains of HIV-1. In a subsequent study, single-chain
derivatives of gp120 linked to the first two domains of CD4
were used as immunogens in guinea pigs (21). The resulting
sera showed broad neutralization. However, it was shown
that this was primarily due to the anti-CD4 antibodies.
Because only residues in a restricted region of CD4D1 are
involved in contacting gp120, it was of interest to design a
smaller version of CD4 with similar gp120-binding affinity
to CD4D12, to minimize the immune response against CD4
in the corresponding single-chain analogues. Other potential
applications of such constructs would be in the inhibition of
viral entry and also as reagents to help elucidate the functions
of the various domains of CD4. Recently, lactobacilli
expressing soluble CD4 have been shown to inhibit HIV
entry and are being considered for microbicidal use (22).
We have therefore attempted to produce and characterize
various soluble derivatives of the gp120-binding region of
CD4.

Structural as well as sequence alignments show that CD4
belongs to the immunoglobulin superfamily (IgSF). Only
domain 1 of CD4 (CD4D1) makes direct contact with the
class-II MHC molecule or with gp120. Most of the residues
important for binding to gp120 lie between residues 25-85
of domain 1. Isolated V domains of antibodies have been
expressed and well-characterized in terms of their stability
and folding behavior (23). However, thus far, it has not been
possible to express and isolate CD4D1 to homogeneity. An
earlier approach to produce secreted CD4-immunoglubulin
chimeras failed with D1 or D3 fused to Cκ (immunoglobulin
constant region of mouse), whereas D1.D2 or D1.D2.D3.D4
fused to Cκ was well-secreted, suggesting that the isolated
D1 domain is unstable in the absence of D2 (24, 25). This
is probably because domains D1 and D2 pack closely against
one another with a large hydrophobic interface (700-800
Å2). The last strand of D1 continues into the first strand of
D2 with residue 98 forming a hydrogen bond within a sheet
of D1 and residue 99 forming a hydrogen bond in a sheet of
D2. This tight connectivity between domains 1 and 2 (26)
presumably makes it difficult to express well-folded CD4D1
alone. Domains 1 and 2 are thought to be involved in the
interaction with MHC II molecules (27), although the crystal
structure suggests that only D1 is involved in the physical
interaction with MHC II. D3 and D4 domains possibly play
a role in the interaction of CD4 with the T-cell receptor (28).
The cytoplasmic domain of CD4 is noncovalently associated
with the protein tyrosine kinase p56lck (29).

In this study, we report the rational design and charac-
terization of the following derivatives of soluble CD4: (1)
CD4D12 consisting of amino acids 1-183 of human CD4
(hCD4), (2) CD4D1 (amino acids 1-99 of hCD4), (3)
CD4PEP1 (amino acids 21-64 of hCD4), and (4) Trx-
CD4PEP1 having CD4PEP1 inserted in one of the surface
loops ofEscherichia coli, thioredoxin. All constructs were
expressed inE. coli and purified to homogeneity. The
aggregation behavior of all of the constructs was character-
ized. CD4D12 alone was found to form amyloid-like fibrils

at neutral pH within 5-6 days at room temperature. The
binding affinity of each CD4 derivative for gp120 was
measured using surface plasmon resonance. In all cases,
binding was shown to expose the epitope on gp120 for
binding the monoclonal antibody 17b.

MATERIALS AND METHODS

DNA Sequencing and Mass Spectrometry.The identities
of all of the mutants and constructs described below were
confirmed by DNA sequencing. In all cases, the entire coding
region was sequenced. ESI-MS was carried out using an
esquire3000

plus instrument from Bruker-Daltonics.
Construct Descriptions.CD4D12 refers to the first two

N-terminal domains (amino acids 1-183) of hCD4. D1 refers
to domain 1 (amino acids 1-98) and D2 refers to domain 2
(amino acids 98-183) of hCD4. CD4D1 (amino acids 1-99)
is an engineered version of D1 with additional mutations
and an additional residue at the C terminus. CD4PEP1
encodes residues from 21 to 64 of hCD4 containing several
mutations. TrxCD4PEP1 contains CD4PEP1 inserted in one
of the exposed loops ofE. coli thioredoxin.

Construction and Expression of CD4D12 and CD4D1.
CD4D12 was expressed and purified as described previously
(21). After purification, the protein was dialyzed against 5%
acetic acid and then against a buffer containing 10 mM each
of citrate, glycine, and HEPES (CGH10) at pH 4.0 and stored
at -70 °C. CD4D1 was obtained from CD4D12 as follows.
The following mutations were introduced: V3T, L5A, I76T,
L96A, and F98A. The rationale for these choices is described
in a later section. Mutagenesis was done by overlap PCR.
Wild-type D1 without additional mutations was also cloned
into the pET9a vector. However, the protein expressed from
this construct was highly aggregation-prone and could not
be refolded. CD4D1 was expressed and purified using a
procedure similar to that described above for CD4D12. The
approximate purified yields of CD4D1 was 7 mg/L.

Construction and Expression of CD4PEP1 and Trx-
CD4PEP1.CD4PEP1 was constructed and cloned using a
procedure similar to that used for CD4D1. The following
mutations were introduced: I24T, F26A, W28A, and L51A.
CD4PEP1 was initially cloned into pET9a and subsequently
into pMMHa (30) to generate pET9a-CD4PEP1 and pMM-
CD4PEP1, respectively. CD4PEP1 was also inserted between
codons 74 and 75 of His-taggedE. coli thioredoxin using
overlap PCR in the construct pBAD-NhisTrxCD4PEP1.

TrxCD4PEP1 was expressed from the soluble fraction
using the pBAD-NhisTrxCD4PEP1 vector in theE. coli
strain DH5R. In this construct, amino acids 21-64 of CD4
have been inserted between amino acids 74 and 75 ofE.
coli thioredoxin. The construct also contains an N-terminal
histidine tag to facilitate purification. After Ni-NTA affinity
purification, the sample was extensively dialyzed against
phosphate-buffered saline (PBS) to remove imidazole. The
protein was found to be 80% pure. Further purification
(>95%) was achieved using a Resource Q anion-exchange
column. From the insoluble fraction, TrxCD4PEP1 fusion
protein was purified using essentially the same procedure
as described for CD4D12. The total yield of the purified
protein was 3 mg/L from the soluble fraction and 3-4 mg/L
from the insoluble fraction.

CD4PEP1 from plasmid pET9a-CD4PEP1 was purified
from the soluble fraction using a procedure similar to that
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described above for TrxCD4PEP1. Resource Q purification
was not carried out as the peptide purified from Ni-NTA,
and subsequent dialysis was approximately 90% pure. The
yield of the purified peptide from this system was ap-
proximately 0.2-0.4 mg/L.

The His-tagged TrpE-CD4PEP1 fusion protein expressed
from plasmid pMMCD4PEP1 was purified under denaturing
conditions using Ni-NTA chromatography. The eluted sample
was extensively dialyzed against 5% acetic acid. The dialyzed
sample was lyophilized. CNBr cleavage [1:2 (w/w) ratio of
sample/CNBr] was performed in 70% formic acid in the dark
at room temperature for 12 h. The CNBr-cleaved sample
was again lyophilized and then dissolved in 5% acetic acid
to remove denaturant and imidazole. The sample was then
extensively dialyzed against double-distilled water. The
dialyzed sample was then collected, and pH was increased
to 7.4 using 10× PBS to precipitate the cleaved leader
sequence. The solution was spun at 9000g at 4 °C for 30
min. The supernatant was collected, and the purity of the
peptide was characterized using SDS-PAGE and mass
spectrometry. The concentration of peptide was estimated
by absorbance at 280 nm using an extinction coefficient of
5500 M-1 cm-1 calculated from the amino acid sequence
(31). The peptide was found to be>99% pure. The total
yield of the purified peptide from this system was around
100-120 mg/L.

Synthesis and Purification of M33 and M9.CD4M9 (M9)
is derived from a short scorpion toxin, scyllatoxin, and
reproduces the gp120-binding region of CD4 (32). CD4M33
(M33) is derived from CD4M9 and is known to bind to
gp120 with a higher affinity than M9 (33). M33 and M9
were synthesized as described previously (32, 33). Peptides
were dissolved in aqueous acetonitrile and diluted to 0.1 mg/
mL in Tris buffer at pH 8.0. Peptides were oxidized in the
presence of GSH/GSSG and purified using reverse-phase
high-pressure liquid chromatography (HPLC) on a C18
reverse-phase column. The final purified peptides were
>95% pure. Mass spectrometry confirmed that all Cys
residues were oxidized to disulfides in the final purified
product.

Gel-Filtration Analysis of CD4D12, CD4D1, TrxCD4PEP1,
and CD4PEP1.Approximately 50-150 µg of protein was
analyzed under nondenaturing conditions by gel-filtration
chromatography in PBS buffer using a Superdex-75 analyti-
cal gel-filtration column. A standard curve of the elution
volume versus the log of the molecular weight was generated
using a set of protein standards. This curve was then used
to calculate the apparent molecular weight of the above-listed
proteins.

Biacore Experiments.Biacore experiments were performed
with a Biacore2000 (Biacore, Uppsala, Sweden) optical
biosensor at 25°C and pH 7.4. The 17b-binding assay for
gp120 complexed to CD4 analogues was performed as
reported previously (21). The affinity of the various ana-
logues for gp120 was quantitated using a competition binding
assay described below.

The binding phase of a sensorgram can be described by
the equation (BIAtechnology handbook, edition June 1994)

where [A] is the concentration of the analyte,Rmax is the

maximum RU of A that the surface-immobilized ligand (B)
can bind,R is the response in RU that is proportional to the
concentration of AB,ka is the association rate constant, and
kd is the dissociation rate constant.Rmax, the maximum value
of R at saturation, is a fixed parameter that depends upon
the amount of B immobilized and molecular weight of A. If
the same chip surface with a fixed amount of B is used to
examine the binding of different A values that have similar
molecular weights, thenRmax is essentially a constant.

In the initial phase of the binding curve,R is negligible
compared toRmax (typically 2-3% of Rmax in experiments
reported here), and hence, the above equation can be
approximated to dR/dt ) r init ≈ k[A], wherek is the product
of ka and Rmax and is a constant when various different A
values have the same value ofka and similar molecular
weights and the same chip surface is used.

The initial 30 s of the binding phase of a sensorgram can
be fit to a straight line to obtain the rate of dR/dt in the initial
phase, which is henceforth referred to asr init. Becauser init

) k[A], k can be obtained by a linear fit ofr init as a function
of [A]. k obtained in this way can then be used to calculate
[A] in a sample of unknown concentration from the measured
value of r init ([A] ) r init/k).

Principle and Methods of the F105 Competition Binding
Assay.In the present study, the CD4-binding-site antibody
F105 (34) was used to measure theKD of the binding of
CD4D12 and other CD4 analogues to gp120. F105 binds to
the CD4-binding site and hence out competes CD4 binding
to gp120. In this assay, the concentration of free gp120 in a
solution containing a mixture of gp120 and CD4D12/CD4
analogues was determined by injecting it over a F105 surface.
In this assay, 1000 RU of F105 antibody was immobilized
on a CM5 research-grade chip with amine-coupling chem-
istry. Different concentrations of gp120 (50 nM, 25 nM, 12.5
nM, and 6.25 nM) were passed over the F105 surface to
obtain binding sensorgrams. The first 30 s of the binding
phase was fitted to a straight line to obtain ther init values as
a function of the gp120 concentration. Theser init values were
plotted against the gp120 concentration and fit to a straight
line to obtaink. Next, 50 nM gp120 was incubated with
different concentrations of CD4 analogues and injected over
the same F105 surface. Because, both F105 and CD4D12
bind at the same site on gp120, only free gp120 will bind to
the F105 surface. The dissociation rate constant of CD4D12
bound to gp120 is approximately 10-4 s-1, and the residence
time of the solution over the chip is 0.1 s; therefore, no
dissociation of the complexed gp120 occurs in the time scale
of the experiments. Hence, the amount of free gp120 present
in a mixture of free and complexed gp120 could be measured
from the values ofr init obtained as function of the added
CD4 analogue and the known value ofk. The concentration
of free gp120 was then used to calculate theKD for the
binding to gp120 of the CD4 analogue using the equation

where [gp120free] is the concentration of free gp120 obtained
from the measured value ofr init and thek value. [gp120]T is
the total concentration of gp120 in the solution (50 nM),
and [L]T is the total concentration of the CD4 analogue in
the solution. It was found that theKD values for binding were

dR/dt ) ka[A] Rmax - (ka[A] + kd)R (1)

KD ) ([gp120free])([L] T - ([gp120]T - [gp120free]))/

([gp120]T - [gp120free]) (2)
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quite reproducible at concentrations of the CD4 analogue
where the inhibition was 40-60%. TheKD at very low and
very high concentrations of the CD4 analogues were not
reliable and hence were not used for calculating the average
KD.

Congo Red and ThioflaVin T Binding Assays.The binding
of congo red to proteins was monitored using absorption
spectroscopy. A 5.0 mM stock of congo red was prepared
in PBS. Congo red (5µM) spectra were obtained in the
presence or absence of CD4D12 suspension (10µM).
Samples were incubated for 30 min before the absorption
measurement.

A total of 25 µM thioflavin T was incubated in the
presence and absence of 10µM protein solution in PBS.
Thioflavin T fluorescence was recorded from 460 to 500 nm
with an excitation at 450 nm and slits of 3.5 nm for both
excitation and emission.

Fluorescence and Circular Dichroism (CD) Measure-
ments.Fluorescence spectra were recorded at 25°C on a
SPEX Fluoromax3 spectrofluorimeter. For intrinsic fluores-
cence measurements, the excitation was at 280 nm and
emission was recorded from 300 to 400 nm. The excitation
and emission slit widths were 3 and 5 nm, respectively. ANS
fluorescence was measured with excitation at 365 nm and
emission from 400 to 600 nm. All experiments were carried
out in PBS at pH 7.4. Far-UV CD measurements were
performed on homogeneous protein samples at a concentra-
tion of 15 µM in 0.1 cm path-length cuvettes as described
previously (21). Photomultiplier voltage did not exceed 800
V in the spectral region analyzed. Data were corrected for
buffer contributions. The results are expressed as mean
residue ellipticity (MRE) calculated according to the proce-
dure described earlier (21). The population of folded CD4D1
molecules in aqueous solution (fN) was estimated as
described previously (35) by assuming that the MRE
corresponding to 100% folded CD4D1 was identical to that
of CD4D12 in aqueous solution. Therefore

where [θ]CD4D1,water is the MRE of CD4D1 at a given
wavelength in aqueous solution, [θ]CD4D1,GdnCl is the corre-
sponding MRE in 6 M guanidinium chloride (GdnCl), and
[θ]CD4D1,water is the corresponding MRE of CD4D12 in
aqueous solution.

For denaturation studies of CD4D12 and CD4D1, 8µM
protein was incubated in increasing concentrations of GdnCl
in PBS overnight at 25°C. The CD signal was measured at
215 nm in a 0.1 cm path-length cuvette to monitor the extent
of denaturation.

Proteolysis.Proteolytic digestion of CD4 analogues in PBS
were carried out using trypsin at a protease/substrate ratio
of 1:50 (w/w). A total of 15-25 µg of protein was digested
in 200 µL of buffer. Digestion was carried out both in the
presence and absence of sarcosine. We have previously
shown that the specific activity of trypsin is lowered by a
factor of 2 in the presence of 6 M sarcosine (36), and hence,
a 2-fold higher concentration of trypsin was used in the
presence of 6 M sarcosine. At various times, 50µL of sample
was removed and was immediately boiled in SDS-PAGE
gel-loading buffer (50 mM Tris-HCl at pH 6.8 containing

2.0% SDS, 0.1% bromophenol blue, and 5%â-mercapto-
ethanol) for 10 min and stored at-20 °C. Samples collected
at different time points were subjected together to SDS-
PAGE electrophoresis followed by staining with Coomassie
Brilliant Blue R250.

Electron Microscopy.CD4D12 was stained on carbon-
coated copper grids. Samples were adsorbed for up to 5 min,
briefly washed, and stained with a freshly filtered 2% uranyl
acetate solution. After drying, samples were viewed in an
electron microscope (Geol 100CXII; voltage, 80 000 V;
magnification, 40 000).

RESULTS

Design of CD4D1.Domains D1 and D2 pack against one
another with a large hydrophobic interface (700-800 Å2).
The last strand of D1 continues straight into D2 with residue
98 forming a hydrogen bond with a strand of D1 and residue
99 forming a hydrogen bond with a sheet of D2. Several
mutations in the D2 domain of CD4 have been shown to
interfere with CD4 binding to gp120 (37). However, all of
the residues directly interacting with gp120 appear to lie in
domain D1 of CD4 (38). These data suggest that there is a
strong interdomain interaction between the D1 and D2
domains.

Using accessible surface area calculations of residues in
CD4D12 described below, we identified all of the important
residues in the D1 domain, which interact significantly with
residues in the D2 domain of CD4 (Figure 1) as well as
residues that interact with gp120. Interacting residues of
CD4D12 with gp120 were identified on the basis of the
change in the accessible surface area of the residues of
CD4D12 in the presence and absence of gp120. Residues in
CD4D12 having an accessible surface area greater by 5 Å2

in the absence of gp120 than in the presence of gp120 were
considered to be interacting residues with gp120. Interacting
residues with gp120 lie primarily in the region 25-64.
However, many of the residues in the 25-64 region were
found to interact with the residues lying outside this region
within domain 1; therefore, expression of just this region is
not feasible. According to the SCOP definition (39), domain
D1 of CD4 comprises residues 1-97. However, we have
also included residues 98 and 99 because those were found
to be interacting residues with several other residues of
CD4D1. Accessible surface areas (ASA) of all of the residues
in D1 were calculated in the presence and absence of D2.
All of the residues with a change in ASA (∆ASA ) ASA
in the absence of domain D2- ASA in the presence of
domain D2) of greater than 10 Å2 were classified as the
residues involved in the interaction with D2. None of the
residues interacting with the D2 domain of CD4D12 also
interacted with gp120. Those hydrophobic residues in D1
that interact with D2 were mutated to either Thr or Ala. On
the basis of these observations and analysis, region 1-99
with the above-designed mutations was chosen as the
minimum region of CD4 that might be well-folded and
interact with gp120 with an affinity similar to CD4D12.
CD4D1 could be expressed and refolded in high yield. An
earlier study attempted to express the first 113 amino acids
of hCD4. However, the yield of purified refolded protein
was approximately 50-fold lower than in the present study,
and no biophysical characterization was reported (40).

fN (%) )
[θ]CD4D1,water- [θ]CD4D1,GdnCl

[θ]CD4D12,water- [θ]CD4D12,GdnCl

× 100 (3)
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Design of CD4PEP1.The crystal structure of core gp120
in a ternary complex with CD4 and 17bFab as well as
mutagenesis work reported previously (12, 41) show that
most of the residues important for the interaction with gp120
lie in the region from 25 to 64 (25, 27, 29, 33-35, 40-46,
48, 52, and 59-64) of CD4D12. Of a total of 970 Å2 buried
upon the interaction with gp120, the 25-64 region accounts
for approximately 965 Å2. To locate residues in 25-64 that
interact with residues lying outside the region 25-64,
accessible surface areas of all residues 25-64 were calculated
in the presence and absence of CD4D12. A cutoff of>10
Å2 for ∆ASA [∆ASA ) ASA in the absence of region
outside residue (25-64) - ASA in the presence of all of
the residues of domain D1] was used. Residues 21, 23, and
24 were found to interact with residues 62 and 63 in the
region 25-64 of CD4D12 (∆ASA ∼ 30 Å2 for each residue).
The CR-CR distance between residues 21 and 64 is 4.5 Å.
On the basis of these observations, region 21-64 was chosen
as the minimum region that could form a well-defined
structure (Figure 1). All of the hydrophobic residues within

region 21-64 with∆ASA > 10 Å2 and which do not interact
with gp120 (listed in the Materials and Methods) were
mutated to either Thr or Ala. However, I36 and L61 were
not mutated because these are adjacent to K35 and W62,
respectively, which have been shown to play an important
role in the binding of CD4D12 to gp120 (41). Designed
CD4PEP1 was initially cloned in the expression vector
pET9a and purified using Ni-NTA affinity purification as
described in the Materials and Methods. However, the yield
of the purified CD4PEP1 was too low for any further
characterization. CD4PEP1 was then inserted into one of the
loops of E. coli thioredoxin between residues 74-75. We
have recently shown (Chakraborty and Varadarajan, unpub-
lished results) that this site tolerates insertion better than the
active-site region used for peptide insertion in earlier studies
(42, 43). Fusion to thioredoxin has been shown to produce
many mammalian proteins in high yield inE. coli. The yield
of purified fusion protein in this case was 3 mg/L of culture.
We chose to insert the peptide into a loop region rather than
at the C terminus of thioredoxin to bring the N and C termini
of the peptide in close proximity. This should decrease the
magnitude of the unfavorable conformational entropy change
associated with folding. To further increase the yield,
CD4PEP1 was subcloned as a fusion with the Trp leader
sequence in pMMHa (30) and was purified as described in
the Materials and Methods.

Spectral Characterization of CD4D12 and CD4D1.Figure
2 shows the intrinsic fluorescence emission spectra of native
CD4D12 in buffer and in the presence of 6 M GdnCl. Native

FIGURE 1: Locations of CD4D1 and CD4PEP1 in the structure of
CD4D12. (A) Linear schematic shows the arrangement of four
extracellular domains of hCD4. (B) Two N-terminal domains of
hCD4. The region within the red circle in CD4D12 is the 99-residue
N-terminal domain (CD4D1) of CD4. Yellow regions correspond
to the gp120-interacting residues of CD4. The side chain of the
critical gp120-binding residue F43 is also shown. (C) CD4D1
domain. The CD4PEP1 region is shown in cyan, except for gp120-
interacting residues, which are in yellow. (D) CD4PEP1 fragment.
Exposed hydrophobic residues mutated in either CD4D1 or
CD4PEP1 are shown in gray.

FIGURE 2: Fluorescence emission spectra for CD4D12 and CD4D1.
Protein samples were incubated at a final concentration of 2µM
either in PBS (s) or in 6 M GdnCl (- - -) at 25°C and pH 7.4 for
2 h. Spectra were obtained with excitation at 280 nm and emission
from 300 to 400 nm. (A) CD4D12. (B) CD4D1.
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CD4D12 exhibited an emission maximum at 340 nm. The
presence of 6 M GdnCl leads to a significant red shift to
360 nm and an increase in intensity of fluorescence. The
shift to a longer wavelength indicates an increased exposure
of tryptophan residues of CD4D12 to the aqueous medium
upon denaturation. The increase in intensity upon denatur-
ation suggests that one or more of the tryptophan residues
in native CD4D12 are quenched. In the native state, Trp 28
is packed against a disulfide present in the first domain and
Trp 62 is located near the guanidinium group of Arg 59.
Both of these are potential quenchers (44, 45). For native
CD4D1, maximum emission intensity was observed at 350
nm and the presence of GdnCl leads to a red shift to 360
nm. Because the emission peak for CD4D1 is red-shifted
with respect to CD4D12, this shows that either or both of
the tryptophan residues at position 28 and 62 in some fraction
of CD4D1 molecules are partly exposed. There was a
significant increase in the fluorescence intensity and a red
shift of 10 nm upon unfolding for CD4D1, indicating that a
reasonable fraction of CD4D1 molecules is structured in
aqueous solution.

The secondary structures of both proteins were analyzed
by far-UV CD (Figure 3). CD spectra show that, under native
conditions, CD4D12 has a well-defined secondary structure;
however, CD4D1 shows a spectrum characteristic of proteins
with short irregularâ strands (46). The spectrum of CD4D1
differs from that of natively unfolded proteins (47, 48), which
have substantially more negative ellipticities (< -15 000°
cm2 dmol-1) at 200 nm than CD4D1. There was a significant
further decrease in the magnitude of MRE for both CD4D12
and CD4D1 when incubated in 6 M GdnCl. This indicates
that a fraction of CD4D1 molecules are structured in native
buffer (PBS). The fraction of folded CD4D1 was estimated
to be approximately 50% using eq 3 in the Materials and
Methods.

ANS-binding studies were carried out to compare the
structural compactness of these CD4 derivatives. ANS is a
polarity sensitive fluorescence probe and binds to hydro-
phobic surfaces in partially folded intermediates with much
higher affinity than to the native protein, resulting in a
marked increase in fluorescence emission spectra compared
with the emission of free ANS in aqueous solution. For
CD4D12, ANS did not bind to the native protein; however,
for CD4D1, appreciable binding of ANS was observed (see
curve 1 in Figure 1 of the Supporting Information).

Gel-Filtration Analysis and Denaturation Studies of
CD4D12 and CD4D1.To examine the aggregation state of
all of the proteins described above, size-exclusion chroma-
tography was performed. Both molecules eluted as monomers
in native conditions (PBS). Soluble CD4D12 eluted at 11.0
mL, corresponding to a molecular mass of 21 000 Da as
compared with globular protein standards (Figure 4). CD4D1
eluted at 12.7 mL, corresponding to an apparent molecular
mass of 11 000 Da. However, the CD4D1 peak was broader
than the CD4D12 peak, suggesting that it may be composed
of a mixture of folded and unfolded species in rapid
equilibrium. To confirm that an appreciable fraction of
CD4D1 molecules are folded at room temperature, denatur-
ation of CD4D12 and CD4D1 was monitored by measuring
the CD signal at 215 nm as a function of [GdnCl]. CD4D12
shows a transition with an apparent midpoint of 2 M. For
CD4D1, no native baseline is present but the protein appears
to be completely unfolded by 2 M GdnCl (Figure 5).

Amyloid Formation for CD4D12.Congo red is a diazo
dye that is widely used to identify amyloid deposits because
of its ability to bind preferentially to aggregated amyloid
peptides/proteins but not to native unassembled forms (49).
CD4D12 starts precipitating when stored at 4°C at pH 7.4
after 5-6 days. When the protein is thermally denatured at

FIGURE 3: Far-UV CD spectra of CD4D12 and CD4D1. Spectra
were obtained with 10µM CD4D12 and 20µM CD4D1 in PBS
without (s) or with 6 M GdnCl at pH 7.4 (- - -) with a 0.1 cm
path-length cuvette. (A) CD4D12. (B) CD4D1. FIGURE 4: Gel-filtration analysis of CD4D12 and CD4D1 on a

Superdex 75 gel-filtration column in PBS at room temperature. (A)
From bottom to top: CD4D12 (15µM) (s) and CD4D1 (50µM)
(- - -). (B) Calibration curve.
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85 °C, visible aggregates are rapidly formed. To determine
whether these aggregates are amyloid in nature, a congo red
binding assay was performed. Congo red binding to amyloid
is detected as a red shift in its absorbance spectrum. Figure
2A in the Supporting Information shows the absorption
spectrum of congo red in the presence and absence of
CD4D12 aggregates along with the corresponding difference
spectrum. A significant red shift from 494 to 550 nm
occurred upon binding of the dye to CD4D12 for both the
room temperature and thermally denatured protein.

CD4D1 did not form any visible aggregates upon storage
at 4 °C or when thermally denatured. CD4D1 also did not
exhibit congo red binding. Thioflavin T is a fluorescent dye
that detects amyloid fibril formation (50). The fluorescence
emission intensity of the dye increases significantly upon
binding to the linear array of theâ strands in amyloid fibrils.
Changes in the emission intensity of thioflavin T in the
presence of CD4D12 at pH 7.4 and at 25°C were
investigated. The emission intensity of the dye at 485 nm
increased 100-fold upon the addition of the CD4D12
aggregates in buffer containing free fluorophore without the
protein. There was no increase in intensity for thioflavin T
when incubated with solutions of CD4D1 (see Figure 2B in
the Supporting Information). Electron microscopy confirmed
the presence of amyloid-like fibrils for CD4D12 aggregates
at pH 7.4. These fibrils had a mean diameter of 20-30 nm
and a mean length of 700-950 nm. Most proteins that form
amyloids do so at extremes of pH/temperature and/or over
a period of several weeks (51, 52). Because CD4D12 forms
amyloid precipitates over a period of a week at neutral pH
and room temperature, it is a convenient model system to
study amyloid formation under physiological conditions.

Characterization of TrxCD4PEP1 and CD4PEP1.Inser-
tion into a loop of thioredoxin greatly increased the yield
and purity of CD4PEP1. The molecular weight of the fusion

protein was confirmed using mass spectrometry (expected
mass of 19 436.8 Da and observed mass of 19 436.14 Da).
The gel-filtration studies show that the protein is monomeric
(data not shown). Far-UV CD showed (Figure 6A, - - -) that
the fusion protein had a well-defined secondary structure.
However, there was some alteration in the secondary
structural content of N-HisTrx after insertion of the peptide.
To confirm the activity of the fusion protein, both enzyme-
linked immunosorbent assay (ELISA) and surface plasmon
resonance were performed, which showed that the fusion was
able to interact with gp120. N-HisTrx did not show any
binding to gp120. To increase the yield further and to
characterize CD4PEP1 in the absence of thioredoxin,
CD4PEP1 was cloned and expressed in the pMMHa vector
as described in the Materials and Methods. Mass spectrom-
etry analysis confirmed the molecular weight of the purified
peptide (expected molecular weight of 4883.4 Da and
observed molecular weight of 4883.41 Da). The monomeric
state of the native peptide was confirmed by gel filtration.
The CD spectrum (Figure 6A, -‚‚-) of CD4PEP1 under native
conditions shows that it is not folded into a well-definedâ
sheet. However, there was an appreciable decrease in the
magnitude of the MRE when the CD spectrum was recorded
for the denatured peptide (Figure 6A,‚‚‚) in the presence of
6 M GdnCl, which shows that the peptide has some residual
secondary structure in aqueous solution. The tryptic digestion

FIGURE 5: Unfolding of CD4D12 (A) and CD4D1 (B) as monitored
by CD. The protein (8µM) was incubated overnight in an increasing
concentration of GdnCl at 25°C and pH 7.4. The CD signal was
measured at 215 nm in 0.1 cm path-length cuvette. Mean residue
ellipticity was plotted as a function of [GdnCl].

FIGURE 6: Characterization of 21-64 peptide derivatives of
CD4D12. (A) Far-UV CD spectra of 50µM CD4PEP1 in PBS
(-‚‚-) or in GdnCl (‚‚‚), 10 µM thioredoxin (Trx) (s), and
TrxCD4PEP1 (- - -). (B) Fluorescence emission spectra for CD4PEP1
(b andO) and TrxCD4PEP1 (2 and4) in the native (b and2)
and unfolded (O and4) states at pH 7.8. Protein was incubated in
native buffer (phosphate buffer at pH 7.8) or 6 M GdnCl for 3 h at
25 °C. Spectra were recorded with excitation at 280 nm.
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pattern of the peptide also confirms the presence of some
residual structure (see the later section).

Fluorescence emission spectra of these derivatives were
obtained in PBS with and without 6 M GdnCl (Figure 6B).
As with CD4PEP1 and CD4D1, there was an increase in

intensity of fluorescence in 6 M GdnCl but no red shift,
which indicates that, in the absence of the denaturant, the
Trp residues in a small fraction of CD4PEP1 molecules are
in a structured conformation where quenching by some
nearby residue occurs.

Biacore Experiments. KD values for gp120 binding to
CD4D12 as well as two synthetic miniprotein mimics of
CD4D12, M9 and M33, have been measured previously by
isothermal titration calorimetry for (CD4D12 and M33) (53,
54) and competition ELISA/Biacore for M9 (32, 33). The
affinity of gp120 for CD4 analogues in the present study
could, in principle, be measured by SPR after immobilization
of either binding partner on a chip surface. Unfortunately,
this was not possible because gp120 as well as the CD4
analogues became rapidly inactivated upon immobilization.
Hence, an alternate strategy using a solution-phase competi-
tion binding assay was employed (Figure 7). The results are
summarized in Table 1.KD values for M9 and M33 measured
using the competition binding assay were similar to previ-
ously published values and are listed in Table 1 of the
Supporting Information. The data indicate that CD4D1 binds
approximately 3-fold weaker than CD4D12. Although
CD4PEP1 binds gp120 relatively weakly, the affinity is
approximately 10-fold tighter than CD4-derived peptide
fragments studied previously (55). CD4PEP1 is also able to
trigger the appropriate conformational change in gp120 upon
binding as evident from the 17b binding assay (Figure 8).
The low affinity of CD4PEP1 is also less likely to be a
problem when it is used in a single chain context. In addition,
because CD4PEP1 is composed of naturally occurring amino
acids, the affinity can be potentially improved using phage
display.

FIGURE 7: (A) Sensorgram overlays for the binding of varying
concentrations of gp120 to surface-immobilized F105. Surface
density, 1000 RU; buffer, 10 mM phosphate (pH 7.4), 150 mM
NaCl, and 0.01% Tween20; flow rate, 30µL/min. Different
concentrations of gp120 [25 nM (1), 12.5 nM (2), 6.1 nM (3), 3.6
nM(4), and 1.8 nM (5)] were passed over the F105 surface. (B)
First 30 s of the association phase was fit to a straight line to obtain
the initial rate of binding (r init). As expected,r init depends linearly
upon the concentration of gp120 and the straight line represents
the best fit ofr init as a function of [gp120]. The slope of this line
can be used to calculate the concentration of gp120 from a measured
value ofr init as described in the text. (C) Sensorgram overlays for
the binding of gp120 preincubated with varying concentrations of
CD4D12 to surface-immobilized F105. Surface density, 1000 RU;
buffer, 10 mM phosphate (pH 7.4), 150 mM NaCl, and 0.01%
Tween20; flow rate, 30µL/min. A total of 12.5 nM gp120 was
incubated alone (1) or with 37 nM (2), 100 nM (3), 200 nM (4),
and 400 nM (5) CD4D12 for 30 min before passing over the F105
surface.

Table 1: Dissociation Constants (KD Values) for the Interaction of
gp120 with Various CD4 Analogues

apparentKD (nM)

CD4 analogue present work previous studies

rsCD4 12( 5 5 (56)
CD4D12 15( 6 20 (53)
CD4D1 40( 10
TrxCD4PEP1 31( 4 (×103)
CD4PEP1 26( 3 (×103)

FIGURE 8: Sensorgram overlays for the binding of gp120 pre-
incubated with CD4D12 and CD4 derivatives to surface-im-
mobilized 17b. Surface density, 1000 RU; buffer, 10 mM phosphate
(pH 7.4), 150 mM NaCl, and 0.01% Tween20; flow rate, 30µL/
min. A total of 50 nM gp120 was incubated with 250 nM CD4D12
(1), 250 nM CD4D1 (2), and 5µM CD4PEP1 (3). gp120 did not
exhibit significant binding to 17b when incubated with 250 nM
CD4PEP1.
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Effect of Osmolyte on the Stability and Structure of CD4D1
and CD4PEP1.Steady-state fluorescence measurements were
carried out with CD4D12, CD4D1, and CD4PEP1 in the
presence and absence of sarcosine. In the presence of 6 M
sarcosine, there was a significant blue shift from 360 to 343
nm for CD4D1 (see curves 1 and 2 in Figure 3 of the
Supporting Information). There was no wavelength shift in
the case of CD4D12 in the presence and absence of sarcosine
(data not shown). The presence of sarcosine resulted in the
quenching of fluoresence spectra as shown by the decrease
in intensity of emission. The blue shift indicates that the
tryptophans contributing to this emission band are less
exposed than in the absence of sarcosine, suggesting an
increased amount of structure formation for CD4D1 in the
presence of sarcosine.

Proteolytic digestion was carried out to probe the protein
conformation by looking at the sensitivity of the protein to
trypsin cleavage in the presence and absence of sarcosine.

Figure 9 shows the tryptic cleavage pattern for CD4D12.
After 15 min, three major bands appeared (Figure 9A). One
of the bands was approximately the same size as that of the
full-length protein. The molecular weight of the second band
indicates that cleavage may be either near the N or C
terminus of the protein. There was no further change in the
cleavage pattern even after 1 h of trypsin digestion. An
appreciable fraction of CD4D1 was also not digested (Figure
9B) even after 1 h, confirming that CD4D1 has an ap-
preciable structure. However, no additional protection from
trypsin digestion in the presence of 6 M sarcosine could be
observed.

CD4PEP1 showed a blue shift in the fluorescence emission
spectra from 360 to 345 nm, indicating folding of the peptide
in the presence of sarcosine (see curves 3 and 4 in Figure 3
of the Supporting Information). For CD4PEP1, there was
some protection against trypsin cleavage in the presence of
6 M sarcosine. Even after 1 h, CD4PEP1 was not completely
digested in the presence of sarcosine; however, in the absence
of sarcosine, 30 min was sufficient to completely digest the
peptide (parts C and D of Figure 9). TrxCD4PEP1 was
completely digested within 15 min of incubation with trypsin
(data not shown).

CONCLUSIONS

Several derivatives of domain D1 of human CD4 have
been constructed and characterized. Mutations were intro-
duced into a fragment consisting of residues 1-99 of human
CD4, to minimize aggregation of the protein at exposed
hydrophobic sites. The resulting protein (CD4D1) was shown
to be monomeric and bound gp120 with an affinity ap-
proximately 3-fold weaker than CD4D12. In contrast, a
fragment consisting of residues 1-99 without the additional
mutations could not be refolded (data not shown). The small
reduction in gp120 affinity for CD4D1 relative to CD4D12
is probably because the entire population of CD4D1 is not
completely folded. Future studies will explore effects of
various engineered disulfides and other stabilizing interac-
tions on the stability and binding properties of CD4D1. A
shorter peptide consisting of residues 21-64 of CD4 was
also expressed in high yield and characterized. This fragment
is less structured than CD4D1 but still retains some residual
structure and binds gp120 about 1000-fold weaker than
CD4D12. Future studies will attempt to increase the stability
and gp120-binding affinity of the fragment. CD4D1 is a
useful reagent because it can be expressed to 5-10-fold
higher levels than CD4D12 and unlike CD4D12 does not
exhibit any tendency to form any amyloid precipitates.
Finally, the design strategies outlined in the present work
can be used to express single domains of other multidomain
proteins.
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SUPPORTING INFORMATION AVAILABLE

Dissociation constants (KD values) for the interaction of
gp120 with various CD4 analogues (Table 1), ANS-binding
studies with native CD4D12 and CD4D1 (Figure 1), CD4D12
aggregates to form amyloid-like fibrils (Figure 2), and effect
of osmolyte on the structure of CD4 derivatives in PBS at

FIGURE 9: SDS-PAGE of proteolytic digests of CD4D12, CD4D1,
and CD4PEP1 (at pH 7.8) by trypsin. Proteolysis was done at 37
°C. Samples were taken from the reaction mixtures at the indicated
time and mixed with 0.1% formic acid to stop the proteolysis.
Samples were boiled with 2% SDS and 100 mM DTT prior to
loading. The gel was stained with Coomassie blue. (A) CD4D12,
(B) CD4D1, (C) CD4PEP1, and (D) CD4PEP1 in the presence of
6 M sarcosine.
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pH 7.4 (Figure 3). This material is available free of charge
via the Internet at http://pubs.acs.org.
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