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ABSTRACT: The initial step of infection of blood cells with the human immunodeficiency virus, HIV, is

the formation of a complex of the viral envelope protein gp120 and its human receptor CD4. We have
examined structural features of recombinant soluble CD4 (sCD4) by chemical modification of arginine
residues with hydroxyphenylglyoxal and subsequent analysis by matrix-assisted laser desorption/ionization
and electrospray ionization mass spectrometry. As R58, R59, R131, R134, R219, R240, R293, and R329
could be derivatized free in solution, these arginine residues were exposed on the surface of the protein.
In the noncovalent complex of sSCD4 with HéMgp120, only R58, R131, R134, R219, R240, R293, and
R329 were accessible for the derivatizing agent. R59 was shielded from hydroxyphenylglyoxal and was,
therefore, considered to be part of the interaction site with gp120. This indicates that the carbohydrate
moieties and the flexible variable loops of the glycosylated full-length gp120 from HIV strain SF2 do not
induce a reorganization of CD4 in its binding to gp120 and, therefore, do not appear to significantly
affect the structural orientation of the primary receptor in complex with the HIV envelope protein as
compared to the binding observed in the crystal structure of CD4 with truncated deglycosylated gp120.

Following the era of genomics, proteomics has evolved site with another protein. By this means, the surface topology
with the aim to identify all of the proteins that are expressed of proteins can be probed3{5), epitopes in antigen
in a cell under certain conditionsl)( Post-translational  antibody complexes mappe@, ), and functionally essential
modifications, such as glycosylation or phosphorylation, alter amino acid residues in the binding site of regulatory proteins
the one-dimensional structure of a polypeptide and, thereby,identified @, 9). We have used this approach to probe the
influence the function of a protein or its regulation. The tertiary structure of glycosylated soluble CD4 free in solution
tertiary structure of a protein and the protein’s interaction and in a complex with glycosylated full-length HIV gp120.
with other components, however, connect structure and The formation of this noncovalent complex of human CD4
function. Noncovalent complexes are involved in various and the glycoprotein gp120 from the human immunodefi-
aspects of biological reactions (e.g., multimeric protein ciency virus, HIV, represents the first step of the virus entry
complexes in metabolic processes, recepligand com- into its target cell.
plexes in signal transduction, and antigemtibody com- CD4 is located on the surface of various circulating T cells,
plexes in immune response). The complexity of structural including most helper/inducer T cells, monocytes, and
interactions and the importance of this information neces- macrophages, and has been shown to function as the primary
sitates the development of methods that allow for the receptor for HIV (0, 11). This glycoprotein, with a relative
characterization of complexes of native full-length, post- molecular weight of 55 kDa, consists of an N-terminal
translationally modified proteins with low sample consump- extracellular portion, one transmembrane segment, and a
tion within a relatively short time. C-terminal intracellular tail12). The extracellular residues

For an initial characterization of proteins with unknown 1—371 form four immunoglobulin-like domains (B1D4)
structure or a complementary description of a native protein and are often recombinantly expressed to yield a soluble CD4
with structural information available for its truncated form, (SCD4) @3). Crystal structures have been reported for the
chemical derivatization of the constituent amino acid residues human D}-D2 fragment {4, 15) and the D}+-D4 fragment
and subsequent analysis of the sites of modification by mass(16).
spectrometry provides a relatively fast approach to analyze Recently, the structure of the BD2 fragment bound to
tertiary structural feature®?), Under conditions that retain ~ HIV gp120 in complex with the antigen-binding fragments
the native conformation of the protein, this method permits of a neutralizing antibody was determined by X-ray crystal-
differentiation of surface exposed residues and residues

buried in the core of a protein or as part of an interaction ! Abbreviations: ESI-QTOF/MS, electrospray-ionization quadrupole
time-of-flight mass spectrometry; F, phenylalanine; HIV, human
immunodeficiency virus; HPG, hydroxyphenylglyoxal;, K, lysine;
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MATERIALS AND METHODS

Proteins and Chemical ReagenBecombinant soluble
CD4 (sCD4) was obtained in solution through the AIDS
Research and Reference Reagent Program, NIAID, NIH,
from R. Sweet, SmithklineBeecham. It was produced in
Chinese hamster ovarian (CHO) cells and consisted of the
amino acids +369 of the mature proteirl8). The buffer,
which contained histidine, mannitol, and polysorbate 80, was
exchanged with a sodium phosphate buffer by centrifugation
~ of sCD4 (2 min, 1316, at 25°C) through a microcolumn

\ e (Compact Reaction Columns, USB, Cleveland, OH) filled

b with BioGel P-2 (45-90 um, fine; BioRad Laboratories,

~ \ Hercules, CA) which had been equilibrated in a 20 mM
- - sodium phosphate buffer (pH 7.5). Subsequently, the actual
\ \ protein concentration of the sample was determined by a

\ \ BCA protein assay (Pierce, Rockford, IL). Recombinant
FIGURE 1: Zoomed view of the interaction site of CD4 (yellow HIV-1se2 glycoprotein gp120 was purchased from Austral
ribbon) with truncated deglycosylated Hixgcgp120 (blue sur- Biologicals (San Ramon, CA). This protein was produced
face), as derived from the crystal structu®r)( R59 of CD4 in CHO cells and covered amino acids-3308 of the HIV-1
g\égzggz v:;hs%gtgo while R58 does not, with both arginine residues (_St_rain SF2_) en\{e|0pe proteii22). Bovine_sgru_m album_in

(initial fractionation by cold alcohol precipitation, fraction
V) anda-cyano-4-hydroxycinnamic acid were obtained from
Sigma (St. Louis, MO), trifluoroacetic acid (TFA) and
hydroxyphenylglyoxal from Pierce (Rockford, IL), formic
acid (96%) and dithioerythritol from Aldrich Chemical Co.
(Milwaukee, WI), and the endoproteinases AspN and LysC
from Roche Molecular Biochemicals (Indianapolis, IN).
PNGaseF was purchased from Oxford GlycoSciences (Wake-

To crystallize the trimeric CD4/gp120/antibodfragment f'el_d’ '_V_IA) ar_ld acetonitrile (HPLC grade) from Fisher
complex, recombinant gp120 of the HIV-strain HXBc2 had Scientific (Fair Lawn, NJ). )
to be significantly modified by deleting the variable loops ~ Sample Preparatiorf-or the formation of the noncovalent
V1/V2 and V3 and essentially deglycosylating the protein complex, sCD4 and gp120 were incubated in a molar
(17). In a more recent study, 14 peptide-proximist stoichiometry of 1:1 fo6 h at 37°C unde_r s_Io_w rotation
acetylglucosamine residues at the sites of N-glycosylation (23). The complex sCD4/gp120 and the individual compo-
in gp120 of HIV strains HXBc2 and YU2 were found to be nents sCD4 and gp1203 free in solutlon,_were incubated at a
ordered in the crystal structur@). However, Zhu et al.  final protein concentration of 3 pmall with hydroxyphe-
(20) determined 25 of 26 conserved glycans of recombinant NYlglyoxal (HPG) ranging from 0 to 10 mM in 25 mM
gp120 HIV strain SF2 to consist of various carbohydrate NaHCQ; for 15 h at 25°C in the dark under slow rotation.
constituent blocks, such a¢-acetylglucosamine residues,  Native Polyacrylamide Gel Electrophoresis (PAGBJ)i-
mannose residues, fucose residues, and so forth, resultingluots of 10 pmol/protein of the samples incubated with HPG
in a heterogeneous highly branched modification of the or as a control in buffer without HPG were applied to an
gp120 protein. Therefore, the question arises as to whethel8—25% gradient polyacrylamide gel for the PhastSystem
these carbohydrate moieties sterically hinder the binding of (Pharmacia LKB Biotechnology, Uppsala, Sweden). Native
CD4 to gp120 when the proteins resemble a more native PAGE was performed according to the instructions of the
state and, thereby, impose a “tilted” orientation on CD4 with manufacturer at a temperature of I and a run time of 60
respect to the orientation found in the X-ray structure of CD4 min. Subsequently, gels were stained with Coomassie fol-
with deglycosylated gp120. According to the X-ray structure, lowing the protocol “Development Technique File No. 200
arginine residue R59 of CD4 is one of the residues that from Pharmacia. Essentially, the gels were stained in 0.1%
interacts with gp120, while the adjacent R58 does not (Figure PhastGel Blue R solution in 30% methanol and 10% acetic
1). Tilting the CD4 molecule would affect the accessibility acid, destained with 30% methanol and 10% acetic acid, and
of both arginine residues, with either R58 being more finally incubated in preserving solution which consisted of
submerged into the binding pocket or R59 being more 13% glycerol and 10% acetic acid.
exposed. Sample PurificationAfter derivatization, samples with a

Here, we present the chemical modification of arginine protein content of less thar@ were diluted with deionized
residues and subsequent analysis by mass spectrometry asater to 1 pmo}iL to increase the volume and separated
an example to gain specific information on the tertiary from excessive HPG by a size exclusion chromatography.
structure of a noncovalent complex consisting of two fully For this, microchromatography columns (Compact Reaction
glycosylated proteins with low sample consumption. This Columns, USB) were prepared with Sephadex G-10 (size
approach adds insight to the structure of the native proteinsof 100-1800 Da; Pharmacia), swollen in deionized water
versus the structure of the truncated proteins elucidated byto give a bed volume 10 times the sample volume. The
X-ray crystallography. sample was loaded on the column and eluted by centrifuga-

lography (7). HIV gp120 is the envelope glycoprotein
located on the surface of the virus. It consists of five
conserved regions (CAC5) and five variable regions (1
V5), with V1-V4 forming loops on the surface of the protein
(17-19). As both variable and conserved regions are
extensively glycosylated, approximately 50% of the mass
of gp120 can be attributed to carbohydrate moietl®s Z0).



MS Analysis of HPG-Modified sCD4

tion (2 min, 131@, 25 °C). Samples with a protein amount
of more than 1Qug were purified by high-pressure liquid
chromatography using a Protein-C4 column (4.6 w250
mm; Vydac, Hesperia, CA), equipped with a Protein-C4
guard column (Vydac). Solvent A consisted of 0.1% TFA
in deionized water, and solvent B was 0.085% TFA in aceto-
nitrile. The sample was loaded on the column which had
been previously equilibrated with 5% solvent B, washed with
5% solvent B for 5 min, and eluted with a linear gradient of
5-90% solvent B in 50 min at a flow rate of 1 mL/min.
Fractions were collected for 1-min intervals, lyophilized, and
resuspended in a small volume of 50% (v/v) acetonitrile and
0.09% (v/v) TFA. Fractions that contained sCD4 and gp120,
respectively, were combined to give a total volume of 50
ul.

Digest and Deglycosylatioi€ombined fractions of sCD4
modified free in solution (SCD4e), and sCD4 modified as
part of the noncovalent complex sCD4/gp120 (S&d24),
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settings were used, and 100 shots were summed for each
spectrum.

The relative abundances of peptides were calculated from
their peak height (mean value of 3 measuremenssandard
error), assuming similar characteristics for the desorption/
ionization process of a specific ion in the sample s¢D4
and sCD4oung respectively. The sum of the signals for
unmodified and modified peptides was defined as 100%
abundance.

Liquid Chromatography with Mass Spectrometric (LC/MS)
and Tandem Mass Spectrometric (LC/MS/MS) Detecliba.
peptide sample was first diluted 1:1 with deionized water to
reduce the concentration of acetonitrile to 5% and then loaded
on a reversed-phase microcolumn for liquid chromatography
(PepMap C18, um, 75um x 150 mm; LC Packings, San
Francisco, CA), which had been equilibrated with 95/5
solvent A/B. Solvent A consisted of 0.1% formic acid in
deionized water, and solvent B was 0.1% formic acid in

were subjected to cleavage by endoproteinases. For this, the,cetonitrile. The amount of peptides injected on the column

concentration of acetonitrile was reduced to 10% by a 5-fold
dilution of the samples with buffer to give a final concentra-
tion of 10 mM NHHCO; and a protein concentration of
approximately 3.5 pmall. Endoproteinase AspN was added

was approximately 4 pmol. Peptides were washed with 5%
solvent B for 5 min and eluted with a gradient from 5% to
60% solvent B in 45 min and from 60% to 90% in 10 min
at a flow rate of approximately 200 nL/min. The microcol-

at a ratio of proteinase/substrate of 1:50, and the samples;mn was connected to an electrospray ionization source on

were incubated for 17 h at 282. Subsequently, the endo-
proteinase was inhibited by 2 mM EDTA (pH 7.5). The
sCD4-derived peptides were deglycosylated by incubation
with PNGase F for 8.5 h at Z& under slow rotation. Further

a quadrupole/time-of-flight (ESI-QTOF) hybrid mass spec-
trometer (Micromass, Altrincham, U.K.), which allowed

online analysis of the eluting peptides. For the analysis of
positively charged ions in the MS mode, the capillary voltage

cleavage of the peptides was achieved by incubation of ay 55 set to 2832 V, the cone voltage to 20 V, and the source

5-ug aliquot of the AspN/PNGaseF-treated samples with
endoproteinase LysC under slow rotation for 17 h at@5

temperature to 80°C. Total ion chromatograms were
recorded for the mass-to-charge range of -28000. The

at a stoichiometry of proteinase/substrate of 1:25. Aliquots rg|ative abundances of peptides were calculated from the
of the peptide samples after ASpN/PNGaseF treatment andiniegrated signals of the various charge states in the selected
AspN/PNGaseF/LysC treatment, respectively, were incubated;q, chromatograms, with the sum of integrated signals of

with 2.5 mM dithioerythritol for 36-60 min at 25°C directly

unmodified and modified peptides defining 100% (mean

before analysis by mass spectrometry. The remaining sample§gjue of two measurements standard error). For the

were stored at-70 °C.

Matrix-Assisted Laser Desorption/lonization Mass Spec-
trometry (MALDI/MS). Aliquots of the protein samples
purified by gel filtration or by HPLC were cocrystallized
on the MALDI target with an equal volume of a saturated
solution ofa-cyano-4-hydroxycinnamic acid (in acetonitrile/
deionized water/formic acid, 60/30/10, v/v) according to the
dried-droplet method2d). Peptides from the digests were
diluted 1:1 with deionized water to reduce the concentration
of buffer and then cocrystallized 1:1 with matrix solution.

Proteins and peptides were analyzed by MALDI/MS under
positive ion conditions on a Voyager DE STR Super equip-
ped with a nitrogen laser (Applied Biosystems, Framingham,
MA). The masses of the proteins were determined in the
linear mode usig a 2 mflight path, an accelerating voltage
of 25 kV, a grid voltage of 90%, and an extraction delay

detection of ions in the tandem MS mode (MS/MS), the
capillary voltage was 2832 V, the cone voltage 20 V, and
the source temperature 8C. The MS/MS spectra were
acquired over a mass range of-58000 amu. Fragmentation
was induced by collision with argon gas in the collision cell
at a collision energy ranging from 4 to 30 V. Data were
acquired using MassLynx 3.4 (Micromass, Altricham, U.K.)
and deconvoluted via MaxEnt3. (For the nomenclature of
fragment ions see ref25 and 26.)

Surface Accessibility of Arginine Residugée exposed
areas of arginine residues were calculated from the crystal
structure of CD4 with gpl120 and the fragments of a
neutralizing antibody X7, 21) with CD4 docked and un-
docked to gp120, respectively, using AREAIMOL version
4.1 27).

time of 400 ns. For each spectrum, 200 shots were combined ResyLTS

An external calibration was performed using the singly and

doubly charged ions of bovine serum albumin (mass accuracy Modification of sCD4 and sCD4/gpl2@®ecombinant
of 0.02%). Peptides were analyzed in both the linear and expressed soluble CD4 (sCD4) contains nine arginine

the reflector mode. In the linear mode, the accelerating
voltage was 25 kV, the grid voltage 94%, and the extraction
delay time 300 ns. In the reflector mode (3 m flight path),

the accelerating voltage was set to 20 kV, the grid voltage
to 65%, the mirror voltage ratio to 1.12, and the extraction
delay time to 400 ns. In both modes, default calibration

residues according to Deen et &l3) (Figure 2). Surface
accessible arginine residues were derivatized on sCD4 free
in solution (sCD4.¢), on sCD4 noncovalently complexed
with gp120 (sCD#oung as well as on gpl2Q. and on
gp12Qeunqusing 5 and 10 mM hydroxyphenylglyoxal (HPG),
and the proteins were subsequently purified by gel filtration.
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s Cmﬁ;KKVVLGKKGD TVELTCTASQ KKSIQFHWKN SNQIKILGNQ ( A
SCDAbou 6000- -
“GSFLTKGPSK LNDRADSRRS LWDQGNFPLI IKNLKIEDSD peptide G
56-62 + 1 HPG +2 HP!
“TYICEVEDQK EEVQLLVFGL TANSDTHLLQ GQSLTLTLES
' PPGSSPSVQC RSPRGKNIQG GKTLSVSQLE LODSGTWTCT 4000
'YLONQKKVEF KIDIVVLAFQ KASSIVYKKE GEQVEFSFPL
*'AFTVEKLTGS GELWWQAERA SSSKSWITFD LKNKEVSVKR
*YTQDPKLOMG KKLPLHLTLP QALPQYAGSG NLTLALEAKT 2000]
*GKLHQEVNLV VMRATQLQKN LTCEVWGPTS PKLMLSLKLE
**NKEAKVSKRE KAVWVLNPEA GMWQCLLSDS GQVLLESNIK
*YLPTWSTPV® 0
. . i 960 9'50 1 600 1 0'50 1 1'0() 1 1'50 i 2|00
Ficure 2: Amino acid sequence of soluble CD4 (amino acids /
1-369), as derived from the cDNA-sequence according to Deen miz
et al. @3) with arginine residues highlighted with bold characters. B
Sequence coverage as found by MALDI/MS of the peptides derived ( )
from modified SCD4e¢ (solid line) and modified sCD#unq(dotted peptide
line) is shown by the underlined amino acids. 3000] 56-62 +1HPG +2HPG
(B) H ? |
HO—< >—C—C
1|
HN NH
L ¥
C+
(A) 00 £
[
—_ = I
HO-{ }-C-c-H &y i
éHz 900 ~ 950 1000 1050 1100 1150 1200
| m/z
CH2 . .
] Ficure 4: Representative MALDI mass spectra of the peptide
-HN-CH-CO-—- mixture of derivatized (A) sCDde and (B) sCD4oung after the

Ficure 3: (A) Chemical structure of hydroxyphenylglyoxal, HPG, digest with endoproteinase AspN.

and (B) the product of an equimolar reaction of HPG with an ) _
arginine residue, as proposed by Wood et g). ( which covered 66% of the cDNA-derived sequence of CD4

(amino acid +369). In sCD4.ung the peptides detected in
Analysis by MALDI/MS showed that the extent of modifica- the MALDI mass spectra could be assigned to 74% of the
tion was similar for gpl2Q. and gp12@ung for both sequence. To identify modified peptides, an increase in mass
concentrations. This indicated that there was a sufficient corresponding to the label was used as an indication. A mass
molar excess of the reagent present, and, therefore, saturatinghift of 132 Da was observed for only those peptides that
conditions for the derivatization reaction. At both concentra- contained at least one arginine residue (average mass
tions of HPG, the sCD4/gp120 noncovalent complex was accuracy of 0.02%). In the peptide mixture from sGRA
stable after derivatization of the arginine residues, as four arginine-containing peptides were found in both their
demonstrated by native PAGE (data not shown). unmodified and modified forms. A shift in mass was

The MALDI mass spectra of sCR4 and sSCD4ound observed for peptide 21829 containing R219, peptide
derivatized with 5 mM HPG and subsequently purified by 230-243 containing R240, and peptide 27322 containing
HPLC showed a mass difference of 352 Da between theseR293. Peptide 5662 contains two arginines at positions 58
two proteins. Although phenylglyoxal and its derivatives can and 59, and a singly derivatized as well as a doubly
react with the guanidino group of arginine via different derivatized peptide could be detected. In the peptide mixture
mechanisms to yield different final produc®, 28, mass  of sCD4.una peptides 5662, 218-229, 236-243, and
spectrometric analyses of peptides derived from modified 277—-322 were present as unmodified and singly derivatized
sCD4 indicated that a homogeneous reaction mechanism wageptides. The ion corresponding to doubly derivatized peptide
involved which resulted in a mass increase of 132 Da per 56—62 could only be observed at a very low relative
derivatized arginine residue (Figure 3). Consequently, on abundance (Figure 4). Peptide-585 with R54 could not
average, 2.7 of the 9 arginine residues were shielded frombe detected because its singly charged iomaf361.18 Da
the derivatizing agent HPG when sCD4 was complexed with was too low for detection by MALDI/MS because of
gp120. chemical background.

Localization of Deriatized Arginine Residues by MALDI/ As the digest of the proteins with AspN resulted also in
MS.Soluble CD4, modified with 5 mM HPG free in solution  several arginine-containing peptides that had a relatively high
as well as bound to gp120 and subsequently purified by mass ¢&6000 Da), further cleavage into smaller fragments
HPLC, was digested with endoproteinases and analyzed bywas necessary to obtain additional information on these
MALDI/MS to identify modified peptides. In the digest with  peptides. Therefore, the peptide mixture obtained from the
endoproteinase AspN, peptide ions of sGlwere observed  endoproteinase AspN digest was further digested with



MS Analysis of HPG-Modified sCD4 Biochemistry, Vol. 41, No. 6, 20021763

Table 1: Relative Abundances (Mean VattieStandard Error, in 100
Percent) of Arginine-Containing Peptides-5& and 236-243 in 1 -f
Their Unmodified and Modified Forms as Determined by

80
ESI-QTOF/MS and MALDI/MS . &
SCD4ee SCD4uns
peptide ES-QTOF MALDI ESI-QTOF MALDI
5662 64107 5+3 366+01 40+4

56-62+ 1 HPG 60.6£0.8 58+3 61.7£0.2 58+4
56—62+ 2 HPG 33.0:0.1 37+4 1.7+0.1 2+2
230-243 65.1+6.9 623 56.7+2.3 58+t4
230-243+1HPG 34.9+-6.9 38+3 43.3+23 42+4

endoproteinase LysC, which cleaves C terminal of lysine
residues. The sequence coverage resulting from the ions
detected in the MALDI mass spectra was 56% for sgp4
and 69% for sCD#ghung respectively. In addition to the
fragment 56-62, which had also been observed in the AspN AspN-digest AspN/LysC-digest

digest, peptides 329344 with R329, 207224 with R219,  Fgure 5: Relative abundances (mean vattiestandard error, in
283—299 with R293, and 105136 with R131 and R134  percent) of arginine-containing peptides from s@Rédashed bars)
were detected. In sCR4 and SCD4wung all peptides and sCD{JU_und(white bars) in their unmodified and modified forms,
containing one arginine residue were modified once; in both s determined by MALDI/MS.

samples, peptide 16536, which contains two arginine peptides 207224 and 283299 was decreased by8% and
residues, was detected as a singly and a doubly derivatized~12%, respectively. For peptide 18536 which contains
peptide. Again, the spectrum of peptide-3& with R58 R131 and R134, the monoderivatized peptide dominated.
and R59 showed signals for the singly and doubly derivatized Ratios for the abundances of the peptide with 0, 1, and 2
peptide for sCDge wWhereas in sCD#ug the doubly  HPG labels were-20:50:30 for SCDgke and~17:56:27 for
derivatized peptide was barely detectable above backgroundsCD4,,,ng indicating similar surface accessibility of the
(signal-to-noise ratio of 2.25). Taking the information arginine residues before and after interaction with gp120.
provided by the AspN digest and the AspN/LysC double For peptide 56-62 containing arginines at positions 58 and
digest together, a combined sequence coverage of 97% foi59, significant changes in the relative abundance could be
SCD4ee and 96% for sCDghung Was obtained (Figure 2).  detected; in sCD#e the unmodified form of the peptide
Only the N-terminal peptide 19 and the peptide 5355 contributed only~5%, the monoderivatized form58%, and
with R54 were not observed in the MALDI spectra of either the diderivatized form~37%. Upon binding of gp120 to
sample. A total of eight arginine residues could be identified sCD4 the relative abundance of the peptides changed to
as sites of modification. However, only the relative reactivity ~40% for the peptide without HPG labek58% for the

of R58 and R59 in peptide 562 seemed to be differentin  peptide with one label and onk2% for the peptide with

230-243+1HPG
2832004 1HPG oy

207-224
283-299

230-243

relative abundance (%)
c 8. 5 8
"
207-224+1HPG I

56-62+1HPG
56-62+2HPG

5662

SCD4;ce versus sCDghund two labels.

Determination of the Relate Abundance of Peptideto To evaluate the significance of the values determined for
determine if the doubly derivatized peptide-5&2 of m/z the changes in relative reactivity, the ratios of the relative
1183.4 Da was reduced significantly in sGRgqas com- abundance of a specific peptide derived from s¢Dib the

pared to sCDde, We determined the relative abundance of relative abundance of the corresponding peptide derived from
various peptides in their modified and unmodified forms. sCD4,,,ngWere calculated. This calculation should compen-
The relative abundances of peptides from the AspN digestsate for any systematic experimental differences in the two
which have been analyzed by ESI-QTOF/MS were comparedsets of data (Figure 6). A ratio of 1.00 indicates that the
to the data obtained by MALDI/MS analysis (Table 1). surface accessibility was not affected upon binding gp120
Although the standard errors are much larger for small valuesto sCD4. Peptides 23243, 207224, 105-136, and 329

in the MALDI/MS measurements than in the ESI-QTOF/ 344 showed a ratio of 0.98% 0.116, 1.058t 0.253, 1.058

MS measurements, the relative distribution of modified and + 0.144, and 0.994+ 0.038 (mean valuet standard
unmodified peptides obtained by both techniques cor- deviation) for their unmodified and modified forms, with a
responded well. Therefore, the data from the AspN digest total of 1.028+ 0.128 averaged for all of these peptides.
were supplemented by the MALDI/MS results found for the These ratios indicate that there were no differences in the
AspN/LysC double digest (Figure 5). Peptides with one surface accessibility of the arginine residues contained in
arginine residue showed a higher abundance for theirthese peptides. The small standard deviations indicate that
unmodified form than for their modified form, with values there were no unexpected experimental errors introduced in
ranging from 50.3+ 1.2% to 74.3+ 4.3% of unmodified the course of the reactions. A moderate change was observed
peptide in sSCD#. and 58.0+ 4.2% to 86.3+ 4.2% in for the modified peptide 283299 with a ratio of 1.876 and
sCD4,,un¢ However, values are comparable for a specific for the unmodified peptide 5662 with a ratio of 0.124. The
peptide in SCD¢e and sCD4oung While peptide 329-344 ratio for peptide 56-62 in its doubly derivatized form with
showed almost no change in its relative reactivity in sgP4  18.7 indicated a significant alteration of the accessibility of
and sCD4ung binding of sCD4 to gpl20 increased the the arginine residues; one of the two arginine residues was
relative reactivity for R240 in peptide 23@43 by ~4%. highly protected from the derivatization agent in the non-
In the noncovalent complex, the abundance of modified covalent complex sCD4/gp120.
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FiGure 6: Ratio of the relative abundances of a specific peptide
derived from sCD¢k. to the relative abundance of the corresponding
peptide derived from sCDR4unas as calculated from the data shown
in Figure 5.

relative abundance

Determination of the Deritization Site in the Mono-
derivatized Peptide 5662. As shown for sCD¢., both
arginine residues R58 and R59 in peptide—6& are 0 b
accessible to HPG, which results in double derivatization. 100 200 300 400 500 600 700 800 900 1000 1100 m/z
To determine the actual site of derivatization on the mono- FIGURE 7: Tandem mass spectrum (LC/MS/MS) of the mono-
derivatized peptide 5662, these peptides from sCRdand de“Vf‘“ZEd peé)tlde 55?2t 0(‘; (A)t?lCtDﬁrle? and (B) S_CDlﬂouF]d Th% "

sSpectra were deconvoluted so that all ions are singly charged. e
SCDA"?“”(’ were analyzed by ta_ndem Mass SPeCtrometlry, ,qiarisk indicates a mass shift of 132 Da due to a derivatized
selecting the doubly charged ion ofiz 526.26 as the  arginine residue.
precursor ion. In sCDde, the b-series ions identified the o _ o
sequence RRSLW as part of the pepttd®SRRSLW?2 binding fragment of a neutralizing antibody provide insight
(Figure 7A). The b ions of band higher had a mass that into the interactions of these proteins, the information is
was shifted by 132 Da as compared to the correspondinglimited to deglycosylated gp120 with deleted variable loops
ions of the underivatized peptide 562. The k ion V1, V2, and V3 and a modified CD4 consisting of only the

corresponding to the fragmePDSR® was observed in an first. two of its four extracellular QOmainSL?, 21). On the
unmodified and a modified form. The analysis of y ions basis of t_he _structural data of this truncated gp120 anq t_he
revealed the presence of the ipn (°RSLWE?) with and characten;a‘uon of 25 of 26 conserved carb_ohydrate moieties
without an HPG label. These data show that the ionsvaf of recombinant expressed HIV gp120 strain SF2, Zhu et al.
1051.52 and 526.26 from sCR4 represent a mixture of (20) proposed a m_odel of.glycosylated_ f.uII—Ien.gth gp120.
two peptides, one of them carrying a label at position R58 Although asparagine residues as origin points for N-
and the other one with a modification at arginine residue gllycosylatlon are relatively far away from the CD4 binding
R59. The diversity of the pand y ions (modified and site (e.g., 17.14 A for @ of N370 to Gx of W394), some

e ; : carbohydrate chains (e.g., the 9-mannose chain of N370) are
tjhnerggdsliféendglsliiotﬁé(pl)\l/laslr/ll\s/l;hgprgé?:;vely low abundance of long enough to reach the binding site of CD4 (e.g., 4.10 A

In SCD4oua the b-series ions corresponding to the for the closest atom of the carbohydrate moiety w &

sequence RRSLW were observed in accordance to theW394; R. Bienstock; unpublished data). To gain additional

. . . . . information on the structure and, especially, the effect of
predicted amino acid sequence of the peptide (Figure 7B). I ’ y . .
The by ion was found exclusively as the HPG-derivatized the carbohydrate moieties of gp120 on the interaction with

form bs* at miz of 491.20 (calculatedvz = 491.19). The the primary receptor CD4, we chemically modified arginine

singly charged ion of ywas detected only as the unmodified residues in CD4 free in solution and as part of the non-

. covalent complex with gp120.
fragment ofm/z 561.32 (calculated/z = 561.31). Signals : : - :
for the underivatized ion of pand the derivatized ion of In the mass spectrometric analyses, eight arginine residues

" : : could be detected as sites of derivatization with HPG in sCD4
ya* were not observed. Therefore, the singly charged ion of o ifieq free in solution. Therefore, R58, R59, R131, R134,
m'z 1051.52 in sCDghung reflects a uniformly modified  po19 R240, R293, and R329 are exposed on the surface of
peptide with the derivatization localized only at position R58. the protein. A comparison with the calculated surface acces-
sibilitiy of arginine residues based on the X-ray crystal-
DISCUSSION lographic structure of CD4 with amino acids-369 (16)

The initial step of infection of human blood cells by HIV  confirms these results. Moreover, the crystal structure showed
is formation of the complex between the proteins human CD4 that R54 would not be accessible to HPG as this arginine
and HIVgp120. Although the data from X-ray crystal- residue is partly buried and the guanidino group is pointing
lography of gp120 in complex with sCD4 and the antigen- to the core of the protein; the mass of the peptide from the
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digests containing R54r{z 361.18 for the unmodified form)  shielded from the derivatizing agent, not by an unspecific
was too low for MALDI/MS detection because of chemical steric hindrance but by a specific interaction with gp120. In
background and, therefore, evaded analysis. contrast, R58 was still exposed on the surface and, therefore,
The relative abundances of peptides in their unmodified accessible to HPG. The close proximity of R58 to the binding
and modified forms showed that the derivatization reaction pocket of gp120 results in partial steric hindrance. Conse-
does not derivatize all arginine residues to the full extent, quently, the relative abundance of singly derivatized peptide
despite a large molar excess of HPG and a long incubation56—62 of sCD4un¢ Was reduced and, simultaneously, the
time of 15 h. Consequently, the difference in mass betweenrelative abundance of the unmodified peptide increased.
modified SCD4e and sSCD4ounadoes not permit the precise  Despite the high association constants of gp120 and CD4
calculation of the number of arginine residues shielded from with 1.4 x 10° M~ for HIV-1uxgsz and 1.7x 10° M1 for
the derivatizing agent but rather gives an average numberHIV-1yy (35), equilibrium between the two proteins free in
of residues that are not modified. The calculation of 2.7 solution and as part of the noncovalent complex may occur
arginine residues reflects, therefore, an average number ofduring the incubation time of 15 h. This small “contamina-
arginines that were unmodifed and probably overestimatestion” of CD4 free in solution would explain the abundance
the number of residues that are truely inaccessible as aof 2% of doubly derivatized peptide 562 in the sample
consequence of being buried in the core of the protein or of SCD40ung
interaction with gp120. Therefore, the calculation of the ratio  The crystallographic structure of the CD4/gp120/neutral-
of the relative abundance of a specific peptide derived from izing antibody complex showed that the main interactions
SCD4e. to the relative abundance of the corresponding with gp120 are formed by the amino acids F43 and R59 of
peptide derived from sCDR4unqs helps to determine the CD4 (17, 21), with R59 of CD4 having multiple contact
experimental error. Arginine residues R131, R134, R219, points with gp120. Conversely, the adjacent R58 does not
R240, and R329 showed only minor changes in their ratios, participate in the actual binding site. These results were found
which leads to the conclusion that the exposure of thesefor the terniary complex with gp120 from the laboratory-
amino acids was barely or not at all influenced by the binding adapted strain HXBc21() and from the primary isolate YU2
of gp120 to sCD4. The crystal structure of CD4 with the (21). Accessibility of R58 as determined from the crystal
extracellular domains DiD4 shows that R219, R240, and  structuresZ1) is barely affected by binding of gp120 to CD4
R329 are exposed on the surfat€)( however, dataonthe (101 A? for CD4 only as compared to 982Xor CD4 in
accessibility of these amino acids in CD4 bound to gp120 complex with gp120); in contrast, the exposed surface of
are not available for comparison. R59 is reduced to only half of the area when this arginine
The calculation of the accessibility of arginine residues residue interacts with gp120 (126 As compared to 607
from the crystal structure of the complek?( 21) revealed Moreover, R59 forms double hydrogen bonds with aspar-
that R131 and R134, respectively, are exposed on the surfaceate368 of gp120, thereby making the guanidino group of
to the same extent when calculations were performed for arginine not only structurally but also functionally inacces-
CD4 bound to gp120 and after reducing the structure to CD4 sible for HPG. The N-terminal domain of CD4 seems to be
only. Although the crystal structure of gp120 neutralizing rigidly held in the deep binding pocket of gp120, because a
antibody and domains D1 and D2 of CD47f limits the superposition of the domains of HIMVsls.2gp120 and HIV-
comparison to arginine residues 131 and 134, our data couldly,,gp120 resulted in a position of CD4 which only differs
be confirmed as both residues being exposed on the surfacéry 0.5-1.0 A. These data, however, were obtained with
of CD4 bound to gpl20. For peptide 28399 with the deglycosylated truncated gp120. Our study of sCD4 com-
surface arginine residue R293 of domain 28)( a moderate  plexed with glycosylated full-length HIVskgp120 showed
deviation from the average ratio of the relative abundancesthat R59 of sCD4 is protected from modification and that
was observed upon binding to gp120. Complex formation R58 is accessible for the derivatizing agent HPG, which leads
of CD4 and gp120 not only triggers conformational changes to the conclusion that R59 interacts with gp120, while R58
in the viral envelope proteir2@—32) but also in the primary  is still exposed on the surface. These results suggest that
receptor. Although gp120 binds to the CDR2-like loop, CD4 is, indeed, rigidly bound to gp120; neither the variable
corresponding to the'C" 8 hairpin and the end of strand  loops of gp120 nor any of the carbohydrate moieties in close
D in domain D1 of CD4 only 17), rearrangements of the  proximity to the binding site for CD4 seem to impose any
three-dimensional structure have been observed for varioussteric interference which would affect the structural orienta-
domains of soluble CD43@, 34). The decreased accessibility tion of the binding partners, thereby resulting in a signifi-
of R293 for HPG might, therefore, reflect a gp120-induced cantly altered binding of CD4 to gp120. These structural
conformational change. similarities between sCD4 bound to the truncated deglyco-
Peptide 56-62 was doubly modified with HPG when  sylated HIMixg.2gp120 and the primary receptor bound to
sCD4 was free in solution, which shows that a label on one the full-length glycosylated HI¥gp120 are further sup-
arginine residue does not impose steric hindrance to theported by thermodynamic measurements performed with
derivatization of the adjacent arginine residue. The decreasedeglycosylated truncated HIVias.2gp120 (core) and re-
in the relative abundance of doubly derivatized peptide 56 combinantly expressed glycosylated full-length HI\Wpd:-
62 from sCD4.unq reflects a significant alteration in the gpl120; the binding enthalpy changes were very simi&2
accessibility of one or both of the arginine residues upon kcal/mol and—63 kcal/mol CD4 for core and full-length
binding to gp120. Steric interference caused by the viral gp120, respectively3@)). Moreover, similar temperature
protein would result in a relatively nonspecific derivatization dependencies of the binding enthalpies were observed for
of either R58 or R59. However, the tandem mass spectraboth types of gp120. These data indicate a similar overall
showed a site-specific derivatization of R58, while R59 was binding mechanism for CD4 to gp12@2). Despite the
unmodified. This leads to the conclusion that R59 was similarities in the association of CD4 to deglycosylated
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truncated gp120 and glycosylated full-length gp120, CD4

dissociates more rapidly from core HI\(p&kc2gp120 than
from full-length gp120 (strain HIV-du10) with a 10-fold

decrease in affinity for core versus full-length protein. These
differences were assigned rather to the deletions of contact-
forming segments than to the deglycosylation of the protein

(32). In contrast to this, Ly and Stramatat@&6) found that
the extent of glycosylation of loop V2 in HIVsti69p120

affects binding to CD4 as determined by infectivity and
replication potential studies of various viruses with mutated
sites of glycosylation in the V2 loop. These contradictory
findings show the complexity of the problem: structural

alterations, such as the deletion of the variable loops of gp120
or the removal of the carbohydrate moieties, result in changes

of the kinetics, the stability, and the functionality of the
complex of CD4 with gpl120 37). To understand the
structure-function relationship in more detail, similar de-

rivatization experiments should be carried out to address
additional amino acids (e.g., acetylation of lysine residues)

with the aim to characterize the interaction of K29, K35,
and K46 of CD4 with gp120 as they are implicated in binding
(17). Moreover, the structure of the glycosylated full-length

gp120 needs to be characterized to complement the data

obtained for glycosylated sCD4 and, finally, give a better

insight into the interaction of the viral envelope protein and g

its human receptor. As examplified in this study on soluble
CD4 with domains D%+ D4 bound to glycosylated full-length
HIV-1s0gp120, chemical modification of specific amino

acids and subsequent analysis by mass spectrometry is an
approach that can provide information on the structure of

interacting post-translationally modified proteins in addition
to crystallographic data or NMR studies.
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