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CD4 and the immunoglobulin superfamily
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SUMMARY

The CD4 membrane glycoprotein was one of the first cell surface antigens to be identified using
monoclonal antibodies. It was shown to have a central role in the control of the recognition of foreign
proteins by T lymphocytes and later as a receptor for the human immunodeficiency virus (HIV). The
analysis of the amino acid sequence of CD4 showed that the extracellular region comprised four regions
with sequence similarities to immunoglobulin domains. The structure of domains 3 and 4 of CD4 has
been determined by X-ray crystallography and, like domains 1 and 2 previously determined, these have
typical immunoglobulin-like folds. The results are discussed with respect to the identification of other
domains with immunoglobulin-like folds from amino acid sequence data, and the evolution of CD4.

1. INTRODUCTION

The term CD stands for ‘clusters of differentiation’
and was introduced as a simple method to group
together monoclonal antibodies (mAb) that recog-
nized the same antigen at the surface of human
leucocytes (Bernard et al. 1984). This nomenclature is
now widely used to describe both the antibody
recognizing the antigen and the antigen itself. It is
also used to describe homologues in species other than
humans. The antigen now known as CD4, was first
identified in the rat by the W3/25 mAb and was one of
the first three new antigens to be defined by mono-
clonal antibodies (Williams e/ al. 1977). The W3/
25 mAb was of particular interest as it was the first
marker for the sub-population of T lymphocytes with
‘helper’ activity (now generally described function-
ally as restricted to MHC class IT antigens) (White et
al. 1978). The W3/25 mAb was also used to show the
first effect of a monoclonal antibody on a functional
assay in vitro, the inhibition of a mixed lymphocyte
reaction (Webb et al. 1979) and also in vivo in the
inhibition of the model autoimmune disease, experi-
mental autoimmune encephalomyelitis (EAE) (Bros-
toff & Mason 1984). The human homologue of CD4
was identified with the mAb T4 (Reinherz et al. 1979)
and later was shown to be the receptor for the HIV
that causes AIDS (Dalgleish et al. 1984; Klatzmann et
al. 1984).

The amino acid sequence of CD4 was determined at
the cDNA level by transfecting human genomic DNA
into a mouse cell line and isolating a CD4 positive
transformant. Human ¢cDNA prepared from this cell
line was enriched by subtractive hybridization and
used as a probe to isolate CD4 cDNA from cDNA
libraries prepared from T lymphocytes (Maddon et al.
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1985). This cDNA was then used as a probe to obtain
the sequences of CD4 from several other species. The
predicted amino acid sequence of CD4 indicated that
it had a single transmembrane domain and the
extracellular region comprised four domains with
sequence similarities to immunoglobulin domains
(Maddon et al. 1985; Clark et al. 1987; Maddon e/ al.
1987) In this article we summarize studies to deter-
mine the structure of CD4 by X-ray crystallography
and their implications for the validity of the concept of
the immunoglobulin superfamily (IgSF).

2. ANALYSIS OF SEQUENCE SIMILARITIES
AND SUPERFAMILIES

Amino acid sequences often show similarities to those
in other proteins and Dayhoff used the terms ‘family’
for very closely related sequences with greater than
509, amino acid identity and ‘superfamily’ for those
below 509, identity (reviewed in Barclay e/ al. 1993).
Superfamilies are predicted to be related in evolution
and to have similar structures and types of function.
The predicted domain structure of CD4 was contro-
versial in that the first domain was recognized im-
mediately as being Ig-like but the remainder was not
classified (Maddon et al. 1985). Further analysis
indicated that there were possibly four IgSF domains,
but domain 2 appeared to be particularly truncated
(Clark et al. 1987; Maddon et al. 1987, Williams &
Barclay 1988). Claims that there were regions related
to the J regions in Ig (and T cell receptor) were weak
(Maddon et al. 1987).

One method that has been widely used to evaluate
putative IgSF sequences is to compare the test
sequence with many other IgSF sequences both by
visual alignment and statistical analysis as described
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Figure 1. Schematic view of recombinant forms of soluble CD4 expressed in CHO cell lines. sCD4 corresponds to the
complete extracellular region of CD4 and C1, C2, and CO represent mutant forms lacking glycosylation at the site in
domain 3, the site in domain 2 and both sites respectively. Glycosylation sites are indicated by (9). V and C2
represent the type of IgSF domain. These constructs were expressed at 25-150 mg 17! (Davis et al. 19906; Brady et al.

1993).

in (Williams 1987; Williams & Barclay 1988). The
extent of the putative IgSF domain is first identified
by inspection and comparison with other IgSF
domains. This region is then compared with many
different IgSF domains using the ALIGN programme
(Dayhoft et al. 1983). Immunoglobulin V- and C-
domains differ considerably in length making statisti-
cal analysis difficult and indeed the evolutionary
relationship between V- and C-domains was contro-
versial until their structures were determined. A
second smaller domain type (C2set) was distinguished
by sequence characteristics from classical C-domains
(the Clset is found in Ig constant regions, T cell

Table 1. ALIG N scores for CD4 domains I and 3 against other
Vset domains

(The IgSF domain of CD8beta and domain 1 of CD2
are included for comparison. A sequence from the
CD45 antigen that includes two Cys residues separated
by a similar number of residues in IgSF domains is
included as a negative control. The scores are given in
standard deviations with a score of 3 representing the
cut-off for likelihood of significance (Dayhoft et al. 1983;
Williams & Barclay 1988). Good scores were obtained
for CD4 domain |, CD2D1 and CD8a« but CD4D3 was
marginal. The negative control CD45 gave consistently
low scores as had been obtained previously (Williams
& Barclay 1988). The residues aligned are shown in
figure 2 together with abbreviations. rCD45, rat CD45
antigen (Swissprot database accession P04157; residues
270-371).)

hCD4 D1 rCD4 D3 rCD2 D1 CD8beta

hCD4 D1 2.1 2.8 7.2
rCD4 D3 2.1 2.5 0.9
rCD2 D1 2.8 2.5 1.3
rCD8beta 7.2 0.9 1.3

rCD8alpha 6.8 —-0.5 1.7 7.3
Ig lambda 5.2 0.7 3.0 9.9
Ig kappa 6.5 2.2 2.2 7.0
Ig heavy 49 1.5 0.6 8.1
TcRbeta 4.1 1.0 2.1 8.0
TcRalpha 6.5 2.2 3.2 10.7
Thy-1 2.1 0.1 1.2 2.0
rCD45 0.5 —0.1 —-0.5 0.7

receptor chains, beta2-microglobulin and MHC anti-
gens). Thus a number of residues seem to be present in
virtually all Clset domains but are absent from C2set
domains which themselves often have patches of
sequence around predicted beta strand F similar to
those found in V-domains. These sequence differences
are discussed in detail in (Williams 1987; Williams &
Barclay 1988). The ALIGN scores were determined
with these three subsets of the IGSF and the extracel-
lular region of CD4 was predicted to have two V and
two G2set IgSF domains organized as illustrated in
figure 1.

The ALIGN analysis of the sequences of domains of
CD#4 is given in tables 1 and 2. Domain 1 gave a high
percentage of scores of 3 or more s.d. and this is
typical for the analysis of IgSF members. Domains 2
and 4 gave moderate scores but domain 3 was more
marginal. Examination of the sequences showed that
they had many similarities with other IgSF members
and these are often concentrated in the regions likely
to form the beta sheets that make up the Ig fold
(figures 2 and 3). Domain 3 lacks the normally
conserved disulphide bond between the two beta

Table 2. ALIG N scores for CD4 domains 2 and 4 against other
1gSF C2set domains

(For comparison domain 2 of CD2 is also included. The
scores are given in standard deviations with a score of 3
representing the cut-off for likelihood of significance.
Both domains give several reasonable scores in agree-
ment with the assignment of these domains to the IgSF.
The residues aligned are shown in figure 3 together with
abbreviations.)

hCD4 D2 rCD4 D4 hCD2 D2

hCD4 D2 4.7 0.8
rCD4 D4 4.7 4.3
hCD2 D2 0.8 4.3

mL1 D3 4.3 3.9 2.6
rMAG 2.9 3.3 2.8
dAMAL 1.9 3.0 3.5
cNCAM 2.5 4.2 3.1
hCEA 4.4 2.7 1.0
mFcR 3.5 3.1 4.7
hCD3E 2.0 2.2 2.3

Phil. Trans. R. Soc. Lond. B (1993)


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

CD4 and the immunoglobulin superfamily

A. N. Barclay and others 9

A B c c c

ncp4D1 AAT[QGKKVVLGKK[GD TVELT T A[SJQKK - - - - STQFHWKNSN- - - -QIKILGNQG- - - SFLTK[GPSKL

D4D3 GFASTSITAYKSEGESAEFSFPLNLGE-ESLQGELRWKAEKAPSSQSWITFSLN--QKVSVQKSTS

1CD2DI  ADCRDSGTVWGAL[GHGINLINIPNFQMTD- -DIDEV Rlgs- - - - - TLVAEFKRKMKPFLKS[G- - - -

Iglambda AVVTQES AlL]T TS P|G[E T RS[S|TGAV TTSNYANWVQQKP - -DHLFTGLIGG- - TNNRAP|GV - - -

Igkappa  QMT[QS PJs S|L{S A S V|G]D QAlS|QD - - - - ISTFLN QKPG-KAPKLLIYDA- - - SKLEAGV - - -

IgGheayy QLE|QS[GPGLVRPSQT-LS[LTCTV[S|GS--TFSNDYYT QPPG-RGLEWIGYVFYH- - GTSDDTTPL

TeRbeta GV I[QSPIRHEVTE QETL CKPISGH-----NSLF QTMM-RGLELLIYFN-- NNVPIDDSGMP

TeR alpha NVQSPESlVPEGARTSLNCTFDS----ASQYF QHSG-KAPKALMSIFS-- NGEKE- - - - -

rD8beta AL LQT|P[S S|L{LVQTNQTAKMS|CJEAKTFPK- - -GTTIYWLRELQDSNKNKHFEFLASR- - TSTK[GIKY -

rCD8alpha QL QL S|P[KKVDAE I[GQEMKLTCJEVLRDTS - - - -QGCSMLFRNSSSELLQPTFIIYVSSSRSKLNDILD
D E F G

hCD4D1  NDRADSRRSLWD- QGNFP[LI[TKNLKIEDsDTMI[JEVE- - -- - - - - - - DQKEEVQLL

1CD4 D3 -PLT|LIQI[PQVSLQFAGSGNLTLTLDR- - - - - GlLYQEVNLV

«D2D1 - -AFEILA------- NGDILK/IKNLTRDDSGT[Y[NVTYS TNG- - - - - TRILDKALLRIL

Ig lambda - - - - GNKAALT|I[TGAQTE[DE[A]I VL

lgkappa P S|RE/SGTGS- - - - GTDFTET[1|S S LQP E[D{I|AIT G KVDFK

IgGheavyy RS|RVTMLVDTS- - KNQFS[IJRLS SVTAADT[A]V QoS L v 1iV)s

TcRbeta  ED[RF|SAKMPNA- - - s Fs T(L|k[T]Q P S E P RID|s[alv S TVV

TcRalpha EGRFTIHLNKA- - SLHF S|L|HI{RDS QP s|D{s{alL T stx

fCD8beta GERIVKKNMTLSFNSTLPF|LIK|I]MDVKPE[D|S G F T LTv|v

fCD8alpha PNL[FJSARKE- - - - NNKYI|LTLSKFSTKNQG SPLVPVFQK

Figure 2. Alignment of CD4 domains 1 and 3 with IgSF Vset domains. Residues identical in five sequences are boxed.
The approximate positions of the beta strands are indicated by the bar above the sequences. The sequences are h(CD4
D1; human CD4 domain 1 (21-123); rCD4 D3, rat CD4 domain 3 (206-315) rCD2 D1, rat CD2 domain 1 (20-120);
rCD8beta, rat CD8 beta (21-134); rCD8alpha, rat CD8 alpha (27-138); Ig lambda, mouse Ig V lambda MOPC 104E
(21-128); Igkappa, human Ig V kappa chain (Roy) (3-107); Igheavy, human Ig heavy chain V region (Newm) (3-
116); TcRbeta; human T cell receptor beta chain precursor V region (YT35) (22-35); TcRalpha; mouse T cell receptor
alpha chain precursor V region (2B4) (23-132); Thy-1, rat Thy-1 membrane glycoprotein precursor (18-128).

sheets that used to be considered the hallmark of the
Ig domain. However, subsequently many other IgSF
domains have been predicted to lack this disulphide
bond and these are particularly common in cytosolic
members of the IgSF such as twitchin and titin
(Benian et al. 1989; Labeit ¢f al. 1990). A functionally
active antibody lacking this disulphide bond has also
been characterized (Rudikoff & Pumphrey 1986).
The assignment of domain 2 was problematical
because it seemed to be separated from domain 1 by
more sequence than usual and was very truncated.
This was resolved by predicting an abnormal disul-
phide bond within the sheet rather than between the

A B
hCD4 D2 FGL.ANSD'I‘HLLQGQ s
tCD4 D4 QEVNLVVMK.TQPD v
hCD2 D2 QERVKE] KlSWTClN v
ML1D3 FPTN|S|SSRL ALQGQ A
tMAG WKP[T[VNGTV|VAVEGE T
dAMAL QIAVQR[PJKIAQMVSH V-
cNCAM RARQ[S]TMNATANLSQ A -
hCEA PFI NNSNPVEDED P
mFcR VVKLEPWIVLKED G
hCD3E GG IfTQrT YKS]SGT .

E

hCD4D2 - - - - - - GKT[L]SVSQL-ELQ
CD4D4 - - - - - - QEKVIQVQA---PEA
hCD2D2 - - - - - - - QRV I THKWT[T]-
MLID3 - - - - - HNKTLQLNV G E[E
MAG - - - - - - QL Q[L|E[L]P AlV|-[T]P|E
dAMAL SSSGTTTSV[LIRIDS|V|-GE[E
oNCAM - - - - - DGSE|L|{I I KK|V|-DKS
hCEA - - - - - D N R T|L|T[T]L s|V]- RN
mFeR - - - - - - QASYTFKA - -[TJVN
hCD3E - - - - - DEDH.S.KEFSEL

oo
o v

X
coom

[
T

[faanacaacaaacaanlim

sheets (Williams e al. 1989). This prediction was
based on the sequence analysis of other IgSF members
where this was likely, e.g. in CD33 and the myelin
associated glycoprotein (Williams et al. 1989). With
this alignment, moderate scores were obtained with
the ALIGN programme (table 2) and typical IgSF
sequences patterns were identifiable (figure 3).

3. STRUCTURE OF CD4

The determination of the atomic structure of CD4 was
an important step towards understanding the func-
tions of CD4 in antigen recognition in MHC class 11

@]
aQ

PGS S[PJSVQCRSPRG- - - - - - - - KNIQG - -
TS[PJKMRLILKQE - - - - - - - NQEAR[V]SR -
NGTD[PIELNLYQDG - - - - - - - - - KHLKLS -
GF[P]T|P T]1 KWLHPSDPMP - - - - TDR[V|[I YQN
SNPID|JP[TLTIFKEKQIL - - - - - - AT|V[I YES
GY[P|AIPT|VVWHK[NJGVPLQS - SRHHE[VJANT A
GF|P|JE|[P TIMTWTKDGEP IEQEDNEEKYSFNY
EIQNTITJYLWWV[N]JNQSLP---VSPRLQLSN
NPGNSSTQWFH|NGR - - - - - -« - - SIRSQV
QY[PJGSEILWQHNDKNIGGDEDDKNIGS - -
G

T NQAKKVEFKIDIVWLAF

L - -[GEEVvKMDS K IQV[LSsK

T K----VSKESSVEPVSC

L SLG-SARHAYYVTHEAA

\Y QY|Gl- QRATAEN[L]S|VIEF A

N KL|Gl- HADARLH|LIFQTVI

1 KAlGl- EQD AT I H|L|K[V]F AK

G ELSVDHSDPVI|LINVILYG

Q T---RLSDPVD|L|GV|]I sD

Y S--KPEDANFY[L[YLRAR

Figure 3. Alignment of CD4 domains 2 and 4 with IgSF C2set domains. Residues identical in four sequences are boxed.
The approximate positions of the beta strands are indicated by the bar above the sequences. The sequences are CD4 D2,
human CD4 domain 2 (123-204); rCD4 D4, rat CD4 domain 4 (309-391), hCD2 D2, human CD2 domain 2 (127-
203); mL1D3 mouse neural LICAM protein (243-331); rMAG, rat myelin associated glycoprotein (327-412);

dAMAL, drosophila amalgam domain 3 (231-327);

cNCAM, chicken NCAM (203-295);

hCEA, human

carcinoembryonic antigen (325-414); mFcR, mouse FcR II (37-117); hCDE, human CD3 epsilon chain (29-117).
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Table 3. Summary of crystallizations

resolution of

protein crystals diffraction
rat sCD4
1 sCD4 no —
2 sCD4.Cl no —
3 sCD4.C2 no —
4 sCD4.CO no —
5 sCD4.C0 domains 3,4
o papain fragment no —
6 sCD4D1D2 no —
7 sCD4D3D4 yes 28 A
— rat sCD4-Fab complexes
< >_‘ 1 sCD4:W3/25 IgGl1 Fab yes
> — Type 1 3.5-5.0 A
O s Type 2 8A
= 2 sCD4:W3/25 IgG2A Fab  yes )
3 U Type 1 3.5-5.0 A*
3 sCD4.C1:W3/25 Fab no —
I o 4 sCD4.C2:W3/25 FFab yes
= w Type 2 8 A
- 5 sCD4.C0:W3/25 Fab no —
<z 6 sCD4:0X35 Fab no —
Yo 7 sCD4:0X38 Fab no —
T 8 sCD4:0X67 Fab no o
5-5 W 9 sCD4:0X68 Fab no —
85} 0 10 sCD4D1D2:W3/25 Fab no —
g% human sCD4 R
uny.” 1 native yes >7A
B b= 2 desialated yes 45A

* Crystal disorder restricts resolution along 1 axis.
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restricted responses, in HIV binding and in regard to
the validity of structural predictions based on its
inclusion in the IgSF. The production of crystals
suitable for X-ray crystallography is not a straightfor-
ward process and satisfactory crystals of the complete
extracellular part of CD4 have so far not been
obtained (Davis et al. 1990a; Kwong et al. 1990). We
have expressed soluble forms of rat CD4 (sCD4) in
eucaryotic cells and in order to maximize the chances
of getting good crystals, mutants were made that
lacked one or other or both of the glycosylation sites.
The sCD4 proteins were produced by Chinese hamster
ovary cell lines using the glutamine synthetase ex-
pression system developed at Celltech Ltd., Slough by
C. Bebbington and colleagues. This expression system
gives the rapid production of stable cell lines expres-
sing very high levels of recombinant protein (Beb-
bington & Hentschel 1987; Cockett et al. 1990; Davis
et al. 1990b). Several different constructs were
expressed at around 100 mg 17! when the cell cultures
were grown to exhaustion (Davis ef al. 199056). The
various different constructs expressed are summarized
in figure 1.

Crystallization was attempted on the variants of
CD4 and to maximize chances of obtaining suitable
crystals for X-ray diffraction, complexes of sCD4 with
Fab from various monoclonal antibodies were made
and crystallization attempted. The various conditions
are summarized in table 3 which shows that most
protein forms did not give suitable crystals for X-ray
diffraction. It had been hoped that the removal of
carbohydrate sites would help crystallization but in
this case it actually prevented crystallization. One
complex of sCD4 with Fab gave moderate diffraction
but good diffraction was obtained with the two
domain form sCD4 D3D4. A structure for this protein

Figure 4. Ribbon diagram showing the folding pattern of human CD4 D1D2 compared to rat CD4 D3D4. Data from
Ryu et al. (1990); Wang et al. (1990); Brady ef al. (1993). The beta strands are labelled as in figures 2 and 3.
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at 2.8 A resolution has been determined (Brady et al.
1993). This confirmed that these two domains, like
those determined for human CD4 domains 1 and 2
(Ryu et al. 1990; Wang et al. 1990), have Ig-like folds
and are all members of the IgSF (figure 4).

As discussed above, the assignment of domains 2
and 3 into the IgSF was controversial because domain
2 required the prediction of a novel disulphide within
the sheet and domain 3 lacked any disulphide and also
gave ALIGN scores of marginal significance. The
finding that these domains have Ig-like folds adds
considerable weight to the argument that members of
the IgSF predicted by this type of sequence analysis
will have Ig-like folds. This argument is strengthened
further by other recent IgSF members where struc-
tures have been determined. These include the T cell
surface antigen CD2 which also contains a domain
lacking the intersheet disulphide bond, the T cell
antigen CD8 alpha chain (see also table 1) and the
first structure for a cytosolic member of the IgSF,
telokin (Holden et al. 1992; Jones et al. 1992; Leahy et
al. 1992).

4. THE EVOLUTION OF CD4

The solution of the structure by X-ray crystallography
of domains 3 and 4 of CD4 (Brady et al. 1993) shows
that there is a striking similarity between the struc-
tures of the pairs of domains, that is human D1D2 and
rat D3D4 (figure 4). For instance there is a continuous
beta strand between domains 1 (G strand) and 2 (A
strand) and a similar strand between domains 3 and 4
and this arrangement has not been found in any other
IgSF structures. There are other structural similarities
between the pairs of domains as discussed in Brady et
al. (1993) and these are compatible with evolution of
the four domains of CD4 via a two domain precursor.
This had been suggested on the basis of some patches
of sequence similarity between domain 2 with domain
4 and domain 1 with domain 3 (Williams et al. 1989).
For instance the sequence in beta strand F in the IgSF
almost invariably contains a Tyr Xaa Cys sequence.
However in CD4 domains 2 and 4 the Tyr is replaced
with a Trp in CD4 in all species except cat CD4 D2
(Norimine et al. 1992). To the best of our knowledge
the only other IgSF domain where this is found is the
LAG-3 protein which is present on activated T
lymphocytes and is a transmembrane glycoprotein
with four IgSF domains and like CD4, interacts with
MHC class IT antigen (Triebel et al. 1990; Baixeras et
al. 1992). LAG-3 shows limited sequence similarity to
CD4 in the extracellular domains but none in the
transmembrane and cytoplasmic regions. However
the extracellular domains of CD4 have diverged
rapidly in evolution and there is only 539, identity
between rat and human sequences for domains 1-4.
The presence of this unusual sequence in both
domains 2 and 4 together with the localization of both
genes to the same region of chromosome 12 is
compatible with the evolution of both CD4 and LAG-
3 from a common four IgSF domain precursor
(Triebel et al. 1990). It seems probable that in

Phil. Trans. R. Soc. Lond. B (1993)
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evolution a two IgSF domain structure was duplicated
to give a precursor for both CD4 and LAG-3.

The authors wish to acknowledge the special role of Alan
Williams in this project and the earlier work that led to it.
He will be especially remembered for his enthusiasm for
good science, clarity of thought and his support of his
colleagues.
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