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Abstract

Recombinant soluble human CD4 (rsCD4) has been used in iodinated form to study the interaction of CD4 with its
ligands. However, the utility of [**°I]-rsCD4 is limited because rsCD4 is inefficiently iodinated and the iodinated protein is
poorly active. The iodination properties of rsCD4 most likely reflect the poor accessibility of the tyrosine residues, apparent
from the available X-ray structures. We have generated an iodinatable mutant of rsCD4 by substituting Tyr for Phe,,4 in the
flexible, solvent-exposed C-terminal region of rsCD4,g,, a truncated form of CD4 that consists of the first 183 residues of
CD4 and includes the binding sites for HIV-1 gp120 and MHC class I molecules. When F179Y rsCD4,g, is iodinated under
trace-labeling conditions, the efficiency of 125 incorporation and the percentage of iodinated molecules that are active are
much enhanced compared with WT rsCD4. Moreover, trace-labeled ['*°I1]-F179Y rsCD4,4, has the same affinity for HIV-1
rgp120 as unlabeled WT rsCD4. The improved activity of trace-labeled ['*°1]-F179Y rsCD4,4, appears to be due to effective
competition by Y179 for reactive iodine species that, in WT rsCD4, react with traces of denatured protein and/or with
residues critical for activity or conformational integrity. The incorporation of accessible tyrosine residues may improve the
iodinatibility of a protein both by introducing a readily iodinatable residue and by protecting sensitive proteins from adverse
reactions. © 1997 Elsevier Science B.V.
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PBS, 20 mM potassium phosphate pH 7.4, containing 130 mM CD4 is a 55 kDa transmembrane glycoprotein
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molecules during antigen-driven T-cell activation. In
T-cell activation, binding of CD4 to MHC class Il
molecules requires formation of an oligomeric cell
surface complex in which D1D2 of CD4 interact
with MHC class Il molecules and D3D4 of CD4
participate in formation of CD4 oligomers (Konig et
al., 1995; Sakihama et a., 1995; Wu et a., 1997).
CD4 present on CD4" T-cells dso acts as a receptor
for human immunodeficiency virus type 1 (HIV-1),
which attaches to CD4 through its envelope glyco-
protein gp120 (reviewed in Littman, 1995). Binding
of CD4 to gpl20 is thought to induce a conforma
tional change in gpl120 which leads to virus—host
cell fusion and viral entry, a process which requires
the interaction of gpl20 with specific chemokine
receptors on the host cell surface (reviewed in Broder
and Dimitrov, 1996). Binding of cell-surface CD4 to
HIV-1 gp120 is of high affinity, ranging from 1 to
30 nM for different variants of gp120 (Ivey-Hoyle et
al., 1991; Moehius et a., 1992b), and involves only
CD4 D1, as shown using soluble rsCD4 constructs
(Arthos et al., 1989). Site-directed mutagenesis stud-
ies have shown that the C'C” loop region of CD4 D1
isthe primary binding site for gp120 and that residues
K35, F43, K46 and R59 are particularly important
for this interaction. These residues of the C'C”" re-
gion are also involved in binding of MHC class I,
although the binding site is more extensive than that
of gp120 (Moehius et a., 1992a,b, 1993; Houlgatte
et al., 1994).

For molecular studies of the interactions of CD4
with its natural ligands or with small molecules
designed to block those interactions, it would be
desirable to have radiolabeled rsCD4 of high specific
activity that is fully active. Site-specific labeling of
the carbohydrates in rsCD4 D3 with [*H] has been
achieved (Terhorst et al., 1980; Chamow et a.,
1992), but is applicable only to CD4 molecules
carrying sialic acid. Given the importance of lysine
residues in the binding sites for gp120 and MHC
class I, labeling of lysine residues is undesirable,
and indeed modification of rsCD4 with a succin-
imide-based reagent has been shown to result in
impaired activity (Chamow et a., 1992). CD4 has
been iodinated by means of lysine-directed reagents
such as the Bolton—Hunter reagent (Portoles et al.,
1990; Ivey-Hoyle et al., 1991). However, 50% of
rsCD4 iodinated with the Bolton—Hunter reagent

was inactive in immunoprecipitation with gp120
(Ivey-Hoyle et al., 1991). Human CD4 is not readily
iodinated by other methods (Sayre and Reinherz,
1985). In general, iodinated CD4 has been used
under conditions where less than 20% is bound to its
ligand, so that the degree of inactivation cannot be
evauated (Arthos et al., 1989; Fenouillet et 4.,
1989; Davis et al., 1992; Autiero et al., 1995).

We engineered a more readily iodinatable form of
human CD4 by substituting tyrosine for phenyl-
aanine 179 in the C-terminal region of a truncated
form of CD4, rsCD4,g,. rSCD4,4, contains the N-
terminal 183 residues, which form the first 2 do-
mains (D1D2). The F179Y mutation is distal to the
gp120 and MHC-binding sites and the structure of
D1D2 shows that it is in a flexible, solvent-exposed
region, likely to be readily accessible for labeling.
The engineered CD4 protein incorporated iodine
more readily than WT CD4 and the labeled form was
more active than the WT iodinated protein. Our
studies suggest that the improved labeling and activ-
ity of F179Y rsCD4,g, result from effective competi-
tion by Y179 for active iodine species that partici-
pate in undesirable reactions with the WT protein.
Therefore, the judicious incorporation of tyrosine
residues into a protein is likely to be useful for other
proteins that are poorly active upon iodination.

2. Materials and methods
2.1. Expression of rsCD4

The hu rsCD4,4, coding sequence was cloned and
expressed in E. coli strain BL21 (DE3) as described
(Kelley et al., 1995), using vector pET-9a (Novagen,
Madison, WI). Cells were grown without induction
in 2X YT medium at 37°C, resulting in high-level
production of rsCD4 (Kélley et a., 1995). The F179Y
rsCD4,,, nucleotide sequence was constructed by
PCR mutagenesis and expressed in vector pHN1
(MacFerrin et al., 1990) as follows. An oligonucleo-
tide encoding the EcoRI restriction site and an ATG
start codon (CGCGCGAATTCAGGAGGAATT-
TAAAATGAGGAAAGTGGTGC), and an oligo-
nucleotide encoding the Hindlll restriction site and
the mutant F179Y (TTC to TAC) mutant codon
(GCGCGCAAGCTTTTAGGAGGCCTTCTG-
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GTAAGCTAG) were used as the 5 and 3 PCR
primers, respectively. The PCR was carried out using
the WT rsCD4,4; nucleotide sequence as the tem-
plate. The mutant sequence was cloned into vector
pHN1, utilizing the added restriction sites, and the
plasmid was transformed into E. coli strain XA 90
F' lacl® (MacFerrin et al., 1990). The resulting
clones were screened for rsCD4 production by SDS-
PAGE analysis of whole cell protein (Kelley et d.,
1995). For production of rsCD4,4, F179Y protein,
cells were grown in a5 | fermentor vessel (B. Braun
Biotech, Melsungen, Germany) at 37°C in 2X YT
medium to OD,, = 0.8, induced with 0.5 mM B-D-
thiogal actopyranoside (IPTG) and harvested 16—-18 h
later.

The hu rsCD4,,, cDNA was derived from the
four-domain cDNA sequence encoding the soluble
portion of CD4 (Maddon et a., 1985). A 5 BamH1
site and a 3 EcoR1 site were engineered onto the
sequence by PCR and the amplified DNA was then
cloned into those sites in the baculovirus expression
vector pVL 1393 (Pharmingen, San Diego, CA). The
recombinant vector was then transfected into Sf9
insect cells using the BaculoGold™ transfection sys-
tem (Pharmingen) to select for recombinant bac-
ulovirus. For production runs, Sf9 cells were grown
at 28°C in serum-free medium (SF 900 Il medium,
Gibco BRL, Gaithersburg, MD) in 8-1 spinner flasks
(Béllco Glass, Vineland, NJ) and infected with re-
combinant baculovirus at a multiplicity of infection
of 5. Cell supernatant was harvested 72 h post
infection.

2.2. Purification of rsCD4,4,

Tergitol-treated inclusion bodies (Garlick et a.,
1990) were washed with 50 mM sodium phosphate
buffer pH 7.0 containing 1 M guanidine hydrochlo-
ride and 1 mM EDTA, and dissolved in 50 mM
sodium phosphate buffer pH 7.0, containing 6 M
guanidine hydrochloride and 1 mM EDTA, a a
protein concentration of 10-20 mg/ml as deter-
mined by a Coomassie-based protein assay (BioRad
Laboratories, Richmond CA). The extract was clari-
fied by centrifugation at 10,000g for 30 min and
reduced with 4 mM DTT at room temperature for 1.5
h. The protein was refolded at 4°C for 16 h by
dilution to 0.1 mg/ml protein in 0.1 M Tris/Tris—
HCI buffer pH 8.0, containing 1 mM EDTA, 0.3 mM

oxidized glutathione, 3 mM reduced glutathione and
a final guanidine hydrochloride concentration of 0.2
M. Refolded material was treated with 0.1 mM of
the protease inhibitor AEBSF (Cabiochem, San
Diego, CA), exchanged into PBS using a 5,000
MWCO Pellicon membrane (Millipore, Bedford,
MA) and purified by immunoaffinity chromatogra-
phy on anti-CD4 mAb 19Thy5D7 (Moebius et al.,
1992b, 1993) coupled to Fast-Flow Immobilized
rProtein A (Repligen Corp, Cambridge, MA) at a
concentration of 7 mg mAb/ml resin as described
(Harlow and Lane, 1988). rsCD4,5, was eluted with
50 mM citric acid/sodium citrate buffer pH 3.0,
neutralized, treated with 0.1 mM AEBSF and further
purified on a 2.6 X 110 cm Sephacryl S1I00HR col-
umn (Pharmacia Biotech, Piscataway, NJ) in 50 mM
HEPES pH 7.9. The purified rsCD4 was stored at
—70°C at a concentration of 5-10 mg,/ml.

2.3. Other reagents

Anti-CD4 D1 mAb Leu3a was obtained from
Becton-Dickinson (San Jose CA). Anti-CD4 D1
mAbs 19Thy5D7 (mouse |gG2a) and 18T3A9 (mouse
IgG1) (Moebius et al., 1992b, 1993) and Procept
anti-gp120 mAb 803-15.6 (mouse 1gGl) directed
againgt the C-terminal peptide of gp120 (K.L.G.,
unpublished results) were purified from serum-free
culture supernatant on protein A- or protein G-Sep-
harose (Pharmacia Biotech). mAbs 18T3A9 and 803-
15.6 were coupled to Fast-Flow Immobilized rPro-
tein A at 2 mg mAb/ml resin as described (Harlow
and Lane, 1988). rsCD4,,, produced in the bac-
ulovirus system was purified by affinity chromatog-
raphy on mAb 19Thy5D7-coupled affinity resin.
Traces of immunoglobulin were removed by absorp-
tion with protein A- and protein G-Sepharose. HXB2
gp120 cDNA was the gift of Dr. Dan Littman (Page
et a., 1990). HXB2 gpl120 produced in the bac-
ulovirus system using serum-free medium (SF900 I1
medium, Gibco BRL) was purified by affinity chro-
matography on mAb 803-15.6-coupled affinity resin
followed by rsCD4,4,-Sepharose.

2.4. Protein characterization

The purity and structure of purified rsCD4 was
analyzed by reduced and non-reduced SDS-PAGE,
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size excluson HPLC on a 75X 600 mm TSK
G2000SW column (10 wm), electrospray mass spec-
trometry on a Micromass Platform Il (Micromass,
Beverly, MA), and amino acid analysis. The confor-
mation of purified rsCD4 was analyzed by competi-
tion ELISA with gp120 and mAbs that recognize
conformational epitopes on CD4. For competition
ELISA, rsCD4,,, (0.1 ml, 1 pug/ml in PBS) was
coated on Immulon-2 plates (Dynatech Inc, Chan-
tilly, VA) for 16 h at 4°C. Control wells were coated
with PBS aone. The plate was blocked for 2 h at
4°C with 0.2 ml PBSTB. All ELISAs were per-
formed in a total volume of 0.2 ml PBSTB per well.
Anti-CD4 mAbs (5 ng/ml) or HXB2 gp120 (15
ng/ml) and soluble CD4 samples (0-100 nM) were
added to the rsCD4,,-coated plate and incubated for
16 h at 4°C. After washing five times with PBST,
bound gpl20 was probed by incubation with 200
ng/ml anti-gp120 mAb NEA9205 (NEN Dupont,
Boston, MA) for 2 h at 4°C. Bound mAbs were
detected by incubation with alkaline phosphatase-
labelled secondary antibodies (Southern Biotech,
Birmingham, AL). Protein concentrations were de-
termined by A 4, using the following g&ne/m! & cm:
0.90 for WT rsCD4,g4;, 0.95 for F179Y rsCD4,g,,
1.54 for rsCD4,,, and 0.62 for HXB2 gp120.

2.5. lodination

lodination was carried out using the lodogen
method (reviewed in Parker, 1990). For standard
trace-labeling with *?°I, 5 g protein in 50 wl 50
mM sodium phosphate buffer pH 7.4, containing 100
mM NaCl (final concentration 5 uM for rsCD4 4.,
25 uM for rsCD4,,,) were iodinated in a tube
coated with iodogen (Pierce Chemical Co.) with 50
wCi [2°INa (2,100 Ci/mmol, final concentration
0.5 uM carrier free ®°1) (Amersham Corp., Arling-
ton Hts, IL) for 10 min a room temperature. The
best results were obtained by centrifuging rsCD4
before iodination and omitting agitation of the iodi-
nation tube, as rsCD4 is sensitive to shear. Following
iodination, [**°1]-labeled rsCD4 was separated from
free °| using a PD10 column (Pharmacia Biotech,
Piscataway, NJ) equilibrated with PBS containing
0.1% Tween-20 (Sigma Chemicals Co., St. Louis,
MO) and 0.05% sodium azide. [**°1]-labeled protein
was recovered in a volume of 1.6 ml. lodinated

samples were counted on a Micromedic Systems
28036 gammacounter (ICN, Costa Mesa CA) with a
counting efficiency of 76%. For measurement of
protein recovery in mock iodinations, [**°I]-labeled
rsCD4 was diluted 50-fold into 0.1 mg,/ml unlabeled
rsCD4 and treated as above except that no *°I was
added. y-Glu-Tyr (Sigma Chemical Co., St. Louis,
MO) (£,50 = 1,200 M ~* cm™*) was used as a 3 mM
stock solution in water.

2.6. Immunoprecipitation of [**°(]-labeled rsCD4

For immunoprecipitation assays determining the
maximal binding of [**°I]-labeled rsCD4 to mAbs
and gp120, [**°I]-labeled rsCD4 was added to a total
volume of 1 ml PBSTB containing 10 wl packed
affinity resin (coupled with 19Thy5D7, 18T3A9, or
803-15.6). In the case of mAb 803-15.6 resin, 17 nM
HXB2 gp120 was added concurrently with rsCDA4.
The samples were rotated end-over-end for 3 h at
room temperature, which was shown to be sufficient
for full equilibration. To determine the affinity of
[*1]-labeled rsCD4 and gp120, a titration of 0—10
nM [**°I]-labeled and unlabeled rsCD4 was used
with a constant amount of HXB2 gp120 (0.75 nM)
and 803-15.6 affinity resin (5 ul) and an incubation
time of 5 h. After incubation, samples were cen-
trifuged for 2 min at 2,000g and half of the super-
natant (0.5 ml) was withdrawn (0.5S). The cpm in
this supernatant and in the remaining contents of the
reaction tube (R), representing the pellet and the
remaining half of the supernatant, were counted. The
fraction of total cpm that bound to the resin was
cdculated as (R— 0.59) /(R + 0.5S). Controls with-
out beads, with protein A resin aone, or with mAb
803-15.6-coupled affinity resin alone showed no de-
tectable non-specific binding of [***I]-labeled rsCD4.

3. Results

3.1. Purification and characterization of WT and
F179Y hu rsCD4,g,

Both WT and F179Y rsCD4,4, were produced in
E. coli as inclusion bodies. The yields were 0.87 +
0.12 mg/g cell paste for WT rsCD4,4, (7 experi-
ments) and 0.40 + 0.08 mg/g cell paste for F179Y
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Table 1
Competition ELISA analysis of unlabeled rsCD4

1C50,/nM
Competition F179Y WTrs rsCD4,,,
ELISA rsCD4,g, CD4,4,
mAb 18T3A9 58+0.8[8 55+10[6] 6.4+0.9[6]
mAb 19Thy5D7 5.0+0.4[6] 4.6+08[4] 4.1+08[4]

mAb Leu3a
HXB2 rgp120

0.13+0.01[6] 0.16+0.02[4] 0.19+0.03[4]
0.65+0.09[6] 0.66+0.12[4] 0.80+0.10[4]

For al competition ELISA’s, rsCD4,,, was coated in the wells at
1 wg/ml. The mAb indicated, or gp120 was added for 16 h at
4°C, in the absence or presence of the different types of CD4 in
solution. The IC50 of the solution phase CD4 was determined as
the concentration resulting in 50% decrease in signal relative to
the signa in the absence of CD4. The mean IC50 and standard
error of the mean for each type of CD4 are shown, with the
number of assays in square brackets.

rsCD4,4, (2 experiments). The fina proteins were
pure as determined by SDS-PAGE and native size
exclusion HPLC (data not shown). Comparative
amino acid analysis (data not shown) was consistent
with the presence of the human CD4 sequence plus
the expected N-terminal methionine (Ben-Bassat and
Bauer, 1987) and with the replacement of one
phenylalanine with a tyrosine residue in F179Y
rsCD4,5;. The molecular mass values obtained by
electrospray mass spectrometry were (20,388 + 2)
for WT and (20,404 + 2) for F179Y rsCD4,g,, which
agrees with the theoretical values (20,389 for WT
and 20,405 for F179Y). Correct refolding of WT
rsCD4,5; was confirmed by crystallization in the
same crystal form and under the same conditions as
described previously (Wang et al., 1990; Wang, per-
sona communication). Furthermore, WT and F179Y
rsCD4,,, proteins refolded from E. coli inclusion

Table 2
lodination of rsCD4

bodies had identical activity to baculovirus-produced
rsCD4,,, in four different competition ELISAS with
HIV-1 rgp120 and mAbs that bind to conformational
epitopes on D1 of CD4 (Table 1). Both F179Y
rsCD4,,, and WT rsCD4,,, could be stored at 4°C
for at least 2 weeks or frozen at —70°C for 2 years
without loss of activity.

3.2. lodination of rsCD4

Under the standard trace-labeling conditions, with
amolar | protein ratio of 1:10, an average of 40%
of input **°I was incorporated into F179Y rsCD4,g,
(Table 2). In two experiments where F179Y rsCD4,g,
was iodinated in paralel with purified mAb
19Thy5D7, the level of iodination achieved was
100 + 10% of that of the immunoglobulin. By con-
trast, WT rsCD4,4, and rsCD43E consistently gave
2-3-fold lower incorporation of **°| (Table 2).

The iodination of the rsCD4,4, species was char-
acterized in three ways. First, to quantitate iodine
incorporation on a molar basis, several control exper-
iments were performed. (i) Analysis by SDS-PAGE
followed by autoradiography showed that the radio-
label co-migrated with the rsCD4 band (data not
shown). (ii) Mock iodinations using 50 «Ci *°I but
no protein, showed that the amount of soluble **°|
recovered in the rsCD4 fraction was 0.9 + 0.2% of
the soluble cpm loaded (n=5). (iii) Mock iodina
tions using [*°1]-rsCD4,, as a tracer, but no soluble
12%| " showed that protein recovery for both F179Y
and WT rsCD4,5, was 46 + 4% (n=11). From
these control experiments, it can be calculated that
incorporation of 22 wCi *°I into F179Y and 10 uCi

lodination contion

[**1]incorporation / u.Ci

F179Y rsCD4,g, WT rsCD4,g, rsCD4;,,
50 uCi 1251 223+ 2.0[13] 10.0+ 1.2[9] 83+14[2]
50 uCi 251, 1 uM y-glu—tyr 156+ 4.1[2] 22+02[2]
200 uCi 251 26.9[1]
50uCi 1251 (24 pmol) + 2 nmol unlabeled iodide 2.0[1] 28+01[2]

The table shows uCi 125 incorporated in experiments under the indicated conditions. All experiments used iodogen-coated tubes and 5 ug
CD4 in avolume of 50 wl 50 mM potassium phosphate buffer, pH 7.2, containing 100 mM NaCl. Data are shown as mean + standard error
of the mean, with the number of experiments in square brackets. Data have not been corrected for soluble 125 cpm carried through the

desalting column, which was (0.9 + 0.2) % of the soluble cpm loaded.
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Table 3

Fraction of iodinated rsCD4 active in immunoprecipitation with mAb 19Thy5D7

CD4 sample F179Y rsCD4 44 WT rsCD4,g5 rsCD44,,
Labeled with 50 uCi [**°1] 70+ 5[6] 28 + 3[4] 21+5(2]
Labeled in presence of y-Glu—Tyr 74+ 3[2] 36+ 2[2]

Labeled with excess iodide 10[1] 13[1]

The table shows the % of |abeled molecules able to bind to 19Thy5D7 in the immunoprecipitation assay. |mmunoprecipitation was carried
out with 10 ul 19Thy5D7-coupled affinity resin in a total volme of 1 ml, rotated at room temperature for 3 h. Under these conditions,
F179Y rsCD4,45 is maximally bound. Data have been corrected for the small amount of soluble cpm in the labeled preparations.

into WT rsCD4,4, (Table 2) represents approxi-
mately 0.09 mol | /mol CD4 for F179Y and 0.04
mol 1 /mol CD4 for WT.

Second, to determine if 0.04 mol | /mol was the
maximum incorporation level for WT rsCD4,4, (such
as would be the case if it were incorporated into a
small fraction of denatured protein), the amount of
iodide present during iodination was increased. In-
corporation of *?°I was increased with increasing
iodide (Table 2). In the presence of an eight-fold
molar excess of unlabeled iodide, total iodide incor-
poration was in the range 0.5—1 mol | /mol CD4 for
both WT and F179Y rsCD4,g.

Third, the nature of the labeling reaction in WT
rsCD4,,, was probed by adding soluble y-Glu—Tyr
as a competitor. The presence of 1 uM y-Glu-Tyr

100

strongly depressed the level of iodination of WT
rsCD4,4,, With less effect on F179Y (Table 2).

3.3. Activity of iodinated rsCD4

To characterize the effect of iodination on the
activity of the recombinant CD4 proteins, severa
different methods were used. First, the fraction of
['*1]-labeled rsCD4 molecules in each preparation
that was able to bind to excess mAb 19Thy5D7-cou-
pled affinity resin was determined in immunoprecip-
itation assays. 70% of [*°1]-labeled F179Y rsCD4,,,
molecules were able to bind to 19Thy5D7, as com-
pared with only 28% of ['*°I]-labeled WT rsCD4,;,
and 21% of ['*°|]-labeled rsCD4,,, (Table 3).

The nature of the inactive material detected by
immunoprecipitation was further investigated by

F179Y SCD41 83

T

80

60 -

40 -

% cpm bound

WT SCD4183

WT SCD4371

pl mAb resin

T
10

pul mAb resin

pul mAb resin

Fig. 1. Immunoprecipitation of [**°|]-labeled CD4 constructs with anti-CD4 mAbs. Trace-labeled [*°1]-CD4 (10,000-50,000 cpm) was
nutated with the indicated volume of affinity resin (coupled with mAb 19Thy5D7, 18T3A9, or 803-15.6) in a total volume of 1 ml PBSTB
at room temperature for 3 h. In the case of 803-15.6 affinity resin, 17 nM HXB2 gp120 was aso present. The graph shows the % of total
cpm bound to the affinity resin. Left panel: F179Y rsCD4,g;; Middle panel WT rsCD4,4;; Right panel: rsCD4,,,. Symbols: O,
19Thy5D7-coupled resin; A, 18T3A9-coupled resin; @, HXB2 gp120 on 803-15.6-coupled resin.
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Fig. 2. Scatchard plots of [*2°|]-labeled CD4 binding to gp120. Trace-labeled [2°1]-F179Y rsCD4,q; wWas added to a total volume of 1 ml
PBSTB containing 5 ul packed affinity resin (coupled with mAb 803-15.6) and 0.75 nM HXB2 gp120. The sample was nutated for 5 h at
room temperature. The figure shows one of three experiments with similar results. (A) shows the binding titration of increasing amounts of a
[*%1]-labeled F179Y rsCD4,q, preparation alone. (B) shows the binding titration calculated for a constant amount of ['%°1]-labeled F179Y
rsCD4,45 (0.25 nM) in the presence of 0—7 nM unlabeled WT rsCD4, g5, assuming that the labeled and unlabeled materia are equally

active. The straight lines were fitted by linear regression.

comparing binding of [**°I]-labeled F179Y and WT
rsCD4 to 19Thy5D7, 18T3A9 and HXB2 gpl20
affinity resins (Fig. 1). These three conformational
probes, which bind to different epitopes of CD4, all
detected a large fraction of inactive [**°1]-labeled
material in WT rsCD4,4, and rsCD4,,, (Fig. 1).

To determine whether the reduced activity of
iodinated WT rsCD4 was specific to the labeled
fraction, the activity of the rsCD4 preparations was
measured in competition ELISA with mAb
19Thy5D7. This assay measures the overal activity
of the total population of rsCD4 molecules (both
unlabeled and labeled molecules) relative to an unla
beled rsCD4 standard of known concentration. We
found that the ELISA activities of the trace [**°I]-
labeled F179Y and WT rsCD4 preparations were
similar (ratio F179Y:WT =0.82 + 0.08 (3 experi-
ments)). Therefore, the unlabeled molecules in the
[*°I]-labeled WT rsCD4,,, preparation seemed as
active as those in F179Y.

To determine whether the affinity of trace-labeled
[**°I1]-F179Y rsCD4,4, for gpl20 was the same as
that of native unlabeled WT rsCD4, binding titra-
tions were performed in the immunoprecipitation
format, using mAb 803-15.6 affinity resin. A con-

stant amount of gp120 (0.75 nM) was titrated either
with unlabeled WT rsCD4,4; (0—7 nM) in the pres-
ence of a constant amount [**°l]-labeled F179Y
rsCD4,,, (0.25 nM), or with [**°|]-labeled F179Y
rsCD4,,, aone (0-9 nM). Both titrations gave linear
Scatchard plots (Fig. 2) and yielded similar binding
parameters in three experiments. For [**°I]-labeled
F179Y rsCD4,4; aone, K;=0.35+0.05 nM and
the number of binding sites per mol gp120 = 1.3 +
0.1. The competition experiment with unlabeled WT
rsCD4 4, gave K, = 0.30 + 0.04 nM and the num-
ber of binding sites per mol gp120= 1.4 4+ 0.1.

In contrast to trace-labeling, iodination with an
8-fold molar excess of iodide over rsCD4 caused
complete inactivation of both F179Y and WT
rsCD4,,,, as assayed both by immunoprecipitation
with 19Thy5D7 (Table 3) and competition ELISA
with 19Thy5D7 and mAb Leu3a (data not shown).

4. Discussion
Early immunochemica studies showed that hu-

man cell surface CD4 is not readily iodinated by
lactoperoxidase (Sayre and Reinherz, 1985). This
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was attributed to the small number of tyrosine
residues in the extracellular portion of human CD4
(Portoles et al., 1990). The three-dimensional struc-
tures of D1D2 of human rsCD4 and D3D4 of rat
rsCD4 have now been determined at high resolution
(Ryu et a., 1990; Wang et al., 1990; Brady et al.,
1993), and the structure of human rsCD4,, at mod-
erate resolution (Wu et a., 1997). The extracellular
region of human CD4 has three tyrosine residues:
Y82 in the F strand of D1 (Maddon et al., 1985; Ryu
et al., 1990; Wang et al., 1990) and Y 187 and Y 266
in D3 (Maddon et a., 1985; Brady et al., 1993; Wu
et a., 1997). Of these tyrosines, Y82 is the most
inaccessible. Although Y187 and Y266 are partially
solvent exposed, they are not fully accessible to a
probe sphere the size of an iodine atom (radius 2.0
A) (Wu et d., 1997, PDB accession number 1wio).
Our iodination data also suggest that the tyrosines in
D3 are not readily available for iodination, as there
was no improvement in iodination or activity of WT
rsCD4,,, as compared with WT rsCD4,g,.

To generate a construct of CD4 readily iodinat-
able at tyrosine, we made a conservative substitution
of tyrosine for F179 in the C-termina region of
rsSCD4,,,. The crystal structure of WT rsCD4,g,
(Wang et d., 1990; Ryu et al., 1990) shows that the
C-terminal region from F179 onward is disordered.
A mutation in this position would be expected to
have little effect on the conformation of CD4. Our
characterization of the unlabelled protein confirms
that the conformation of F179Y rsCD4,,, is very
similar to WT rsCD4,g, (Table 1). The high mobility
of F179 apparent from the structural data also sug-
gests that the corresponding tyrosine residue would
be freely accessible to iodination. Indeed, F179Y
rsCD4,5; gave consistently 2-3-fold higher iodine
incorporation than either WT rsCD4,g, or rsCD4,,,
(Table 2). In addition, this trace-labeled [*°I]-F179Y
rsCD4,,, was consistently much more active than
[°I'WT rsCD4,4, or rsCD4,,, (Table 3, Fig. 1).
The similar titration results with [*°1]-F179Y
rsCD4,5; alone and in competition with unlabeled
WT rsCD4,q, show that [**°I]-F179Y rsCD4,4, had
the same affinity for HIV-1 rgp120 as unlabeled WT
rsCD4 (Fig. 2).

When iodinating with high iodide to protein ra-
tios, both WT and F179Y rsCD4,4, were completely
inactivated with respect to binding of both mAb

19Thy5D7 and Leu3a, indicating that CD4 is sensi-
tive to adverse iodination or side reactions. The
possible mechanisms of inactivation can be analyzed
in terms of the known structure of rsCD4,g,.
rsCD4,4, is unlikely to be susceptible to the known
oxidative side reactions of iodination (Koshland et
al., 1963), as the only methionine is freely mobile at
the N-terminus and all three tryptophans are buried.
Histidine residues are known to be susceptible to
iodination (Wolff and Covelli, 1969; Tsomides and
Eisen, 1993; Sabatier et al., 1993) and rsCD4,4; has
two histidine residues which are both exposed: H27
in D1 close to the gp120 binding site, and H107 in
D2 distal to the gp120 binding site (Wang et al.,
1990). Mutation of H27 to a smaller alanine residue
is known to reduce binding of mAb 19Thy5D7
(Arthos et al., 1989; Moebius et a., 1992b) and the
effect of adding a bulky iodine atom may be more
extensive. The most likely mechanisms for inactiva-
tion a a high iodinerrsCD4 ratio are therefore that
iodination of H27 might interfere sterically with
binding of mAbs and gp120, or might change the
conformation of other residues important for binding.
Further studies would be needed to confirm this
hypothesis.

Under trace-labeling conditions, where rsCD4 is
in 10-fold molar excess over iodide, the predominant
effects of iodination may be different and the analy-
sis is more complex. The competition ELISA data
show that under these conditions, the unlabeled WT
rsCD4,,, molecules remained as active as F179Y,
whereas the labeled WT molecules, assayed by im-
munoprecipitation, were much less active. Since in-
activation by oxidative side reactions should affect
labeled and unlabeled molecules similarly, the data
confirm that oxidative side reactions cannot be re-
sponsible for the low activity of trace-labeled WT
[**°1]-rsCD4,55. The immunoprecipitation data show
that ['*°1]-labeled WT rsCD4,,, molecules comprise
an active and an inactive fraction, but that the inac-
tive fraction is much greater than for F179Y. Based
on the structural information, there are two possible
mechanisms that could generate a mixture of active
and inactive [*°I]-labeled WT rsCD4,,;, molecules:
(1) there may be a pre-existing small percentage
(< 10%) of non-native, inactive material which can
be labeled at Y82; (2) native molecules can be
iodinated on a residue other than Y82, such as H27
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and H107. These reactions can also occur in F179Y
rsCD4,4;. However, under trace-labeling conditions
where iodine is limiting, Y 179 presumably competes
intramolecularly for active iodine species that in WT
rsCD4,,, engage in these other reactions. Consistent
with this view, labeling of WT rsCD4,5, was much
more strongly reduced by competition with free -
Glu-Tyr than labeling of F179Y (Table 2), showing
that the residue being iodinated in WT rsCD4,g, iS
less reactive than Y179 or present in only small
amounts. As Y179 is accessible on native molecules
and is distant from the binding site, effective compe-
tition by Y179 for active iodine species results in
[*°I]-labeled F179Y rsCD4,,, preparations that are
much more active than [*°I]-labeled WT rsCD4,.
The device of introducing tyrosine residues into a
protein has also been successfully applied to bovine
interferon-7 (Li and Roberts, 1994). Trace-labeled
protein (0.07 mol | /mol) was completely inactive in
anti-viral assays, showing that this protein, in con-
trast to CD4, is highly susceptible to inactivation by
oxidative side-reactions. Incorporation of two ty-
rosines in the C-terminal peptide region generated a
protein that was more readily iodinated and retained
activity upon iodination. Combining the results of
that study with our results on rsCD4, we conclude
that several distinct mechanisms may be responsible
for apparent loss of activity upon iodination. The
introduction of tyrosine residues at the C-terminus
can improve the iodination properties of a protein
both by introducing an iodinatable residue distant
from the active site and by preventing the accumula-
tion of active iodine species that may engage in
undesirable iodinations or oxidative side reactions.
The F179Y rsCD4,4, construct clearly has im-
proved iodination properties relative to either
rsCD4,4; or rsCD4,,, and may prove useful in a
number of applications requiring radiolabeled CDA4.
For instance, recent studies have shown that CD4-
gpl20 complexes bind with nanomolar affinity to
chemokine receptors (Lapham et a., 1996; Trkola et
al., 1996; Wu et al., 1996) and that soluble rCD4 can
enhance the affinity of rgpl20 for these receptors
(Wu et a., 1996). Use of labeled CD4 in these
studies would obviate the need for chemical labeling
of gp120 with its potential effects on CD4-induced
conformational changes in gpl20. Other potential
applications include CD4-gp120 binding studies, gel

shift assays for inhibitors of CD4-gp120 binding, the
selection of CD4-binding phage from phage display
libraries in a plague lift assay (Tsui et al., 1992) and
on-bead screening of chemical diversity libraries (Wu
et al., 1994) for CD4-binding compounds.
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