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Helper T-cell activation generally requires the coreceptor CD4,
which binds MHC class II molecules. A remarkable feature of the
CD4–MHC class II interaction is its exceptionally low affinity, which
ranges from KD = w200 μM to >2 mM. Investigating the biological
role of the much lower affinity of this interaction than those of
other cell–cell recognition molecules will require CD4 mutants with
enhanced binding to MHC class II for testing in models of T-cell
development. To this end, we used in vitro-directed evolution to
increase the affinity of human CD4 for HLA-DR1. A mutant CD4
library was displayed on the surface of yeast and selected using
HLA-DR1 tetramers or monomers, resulting in isolation of a CD4
clone containing 11 mutations. Reversion mutagenesis showed
that most of the affinity increase derived from just two substitu-
tions, Gln40Tyr and Thr45Trp. A CD4 variant bearing these muta-
tions bound HLA-DR1 with KD = 8.8 μM, compared with >400 μM
for wild-type CD4. To understand the basis for improved affinity,
we determined the structure of this CD4 variant in complex with
HLA-DR1 to 2.4 Å resolution. The structure provides an atomic-
level description of the CD4-binding site on MHC class II and
reveals how CD4 recognizes highly polymorphic HLA-DR, -DP,
and -DQ molecules by targeting invariant residues in their α2
and β2 domains. In addition, the CD4 mutants reported here con-
stitute unique tools for probing the influence of CD4 affinity on
T-cell activation and development.

The analysis of leukocyte surface molecules involved in cell–
cell recognition has been critical to advancing our under-

standing of immunological phenomena, such as T-cell activation.
From the wide range of interactions examined to date, it has
emerged that leukocyte surface molecules interact with remark-
ably low affinities, with dissociation constants (KD’s) generally
between 1 and 100 μM, mainly due to fast off-rates (koff >1 s−1)
(1–3). For example, T-cell receptors (TCRs) bind cognate pep-
tide–MHC (pMHC) complexes with KD’s between 1 and 100 μM,
compared with w10 nM for typical antibody–antigen inter-
actions. The low affinities and rapid kinetics (both on- and off-
rates) of TCR binding to pMHC are believed to allow T cells to
scan with high speed and sensitivity the numerous self-pMHC
complexes on antigen-presenting cells (APCs) to detect and re-
spond to antigens expressed at low numbers (4).
Of all leukocyte cell–cell recognition molecules characterized

so far, the T-cell coreceptor CD4 is the most enigmatic in terms
of its binding properties (1). The interaction of CD4 with MHC
class II molecules greatly augments cytokine production by
helper T cells (5) and substantially reduces the number of anti-
genic peptides on APCs required for T-cell triggering (6). Sur-
prisingly, however, CD4 binds MHC class II with exceptionally
low affinity compared with other cell–cell recognition molecules
(KD = 1–100 μM) (1–3), including the T-cell coreceptor CD8,
which binds MHC class I molecules. For the CD4–MHC class II
interaction, KD’s have been variously estimated to range from
w200 μM (for human CD4 binding to mouse MHC class II) (7)
to >2 mM (for human CD4 binding to human MHC class II) (1).
By comparison, the affinity of CD8 for MHC class I ranges from

w10 μM (for mouse CD8 binding to mouse MHC class I) (8, 9)
tow200 μM (for human CD8 binding to humanMHC class I) (10).
The striking difference in the binding properties of the CD4

coreceptor compared with other cell–cell recognition molecules
is likely to be of considerable importance for regulating T-cell
activation and development. One hypothesis is that evolution has
finely tuned the affinity of CD4 for MHC class II to enable pe-
ripheral T cells to respond effectively to the very low abundance
of foreign pMHC molecules on APCs (sensitivity), yet avoid
activation by the far greater number of self-pMHC molecules
(discrimination), which could result in autoimmunity. In addi-
tion, evolution may have calibrated the affinity of CD4 to help
ensure that developing T cells undergo appropriate thymic
selection whereby weak interactions with self-pMHC promote
T-cell survival (positive selection), and strong interactions induce
apoptosis (negative selection) (11, 12).
A direct approach to addressing the biological role of the re-

markably low affinity of CD4 for MHC class II involves gener-
ating animals transgenic for high-affinity CD4 mutants. Would
expression of such mutants result in deletion of T cells in the
thymus that would otherwise have been positively selected?
Conversely, would the presence of T cells in the periphery
expressing high-affinity CD4 increase the incidence of autoim-
mune disease? However, no CD4 mutants with enhanced bind-
ing to MHC have been described. Accordingly, we used in vitro-
directed evolution by yeast surface display (YSD) to increase the
affinity of human CD4 for the MHC class II molecule HLA-DR1
to the low micromolar range. These variants represent unique
tools for investigating the influence of CD4 affinity on T-cell
activation and development in animal models.
To understand the basis for improved binding, we determined

the structures of two affinity-matured CD4 mutants in complex
with HLA-DR1 to high resolution (<2.5 Å). The only previous
structure of a CD4–MHC class II complex is for human CD4
bound to the mouse MHC class II molecule I-Ak (13). However,
its low resolution (4.3 Å) precluded a detailed description of the
CD4–MHC class II interface. The CD4–HLA-DR1 structures
reported here permitted us to define the CD4-binding site on
HLA-DR1 at the atomic level and to explain the ability of CD4
to recognize highly polymorphic HLA-DR, -DP, and -DQ mol-
ecules, which is central to CD4 function (5).
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Results and Discussion
Yeast Display of CD4 and Design of Mutant Library. The YSD system
for affinity maturation relies on expression of a library of
mutants on the surface of yeast, followed by selection of variants
with improved affinity (14). The extracellular portion of CD4
consists of four Ig-like domains (D1–D4). To display CD4 on
yeast, we fused CD4 to the C terminus of the yeast agglutinin
protein Aga2p (14). We first tested the D1 domain of CD4 alone
for yeast display, because D1 is the only CD4 domain directly
involved in binding MHC class II (13). However, only weak
staining was observed with the conformation-dependent anti-
human CD4 D1 domain monoclonal antibody (mAb) RPA-T4
(Fig. S1). In marked contrast, a CD4 construct comprising
domains D1 and D2 reacted strongly with this mAb, which
confirmed proper folding of CD4 D1–D2 on the yeast cell sur-
face. We therefore carried out directed evolution using the CD4
D1–D2 construct.
The structure of human CD4 D1–D2 bound to mouse I-Ak

(13) served as a guide for designing CD4 mutant libraries for
affinity maturation. In the complex, the C99 strand and DE helix
of CD4 D1 interact with the α2 and β2 domains of I-Ak. On the
basis of this information, 12 CD4 residues in the presumed in-
terface with HLA-DR1 were mutated by overlap PCR with de-
generate primers to create a CD4 D1–D2 mutant library of 4 ×
107 clones. These residues were at CD4 positions 35, 40, 42–48,
59, 60, and 63.

Affinity Selection of CD4 Mutant Library. Because the affinity of the
CD4–MHC class II interaction is exceedingly low (1, 7), we
sorted the CD4 library by flow cytometry using fluorescent-
labeled HLA-DR1 tetramers, rather than monomers, to aug-
ment the avidity of the selecting ligand. Following two rounds of
sorting with decreasing concentrations of HLA-DR1 tetramers
(1 μM, then 0.1 μM), the library was subjected to one more
round of sorting with HLA-DR1 monomers (4 μM) (Fig. 1A).
After three rounds of sorting, most yeast cells bound HLA-DR1,
and these were plated to obtain single clones. DNA sequencing
showed that a single CD4 mutant clone (A1) dominated this
enrichment process and that all other mutants differed only
slightly from A1. Remarkably, the A1 clone contained mutations
in 11 of 12 putative HLA-DR1–contacting residues (Fig. 1B).

Reversion Mutagenesis of Affinity-Matured CD4. To pinpoint which
of the 11 mutations in CD4 A1 had been selected because they
improved binding to HLA-DR1, and not for other reasons (e.g.,
because they increased surface expression of CD4), we per-
formed reversion mutagenesis. Thus, each mutated residue in
CD4 A1 was individually converted to the corresponding wild-

type residue. Yeast cells displaying each reversion mutant were
then tested for binding to HLA-DR1 tetramers by flow cytom-
etry. Surprisingly, replacement of Trp45 in CD4 A1 by the wild-
type threonine residue (W45T) completely abolished binding
(not shown), indicating that this mutation was critical for in-
creased affinity. The 10 other single amino acid changes had much
less pronounced effects on binding to HLA-DR1 tetramers, al-
though the mutants showed some variation.
To test the CD4 reversion mutants under more stringent

conditions, we next examined binding to HLA-DR1 monomers,
rather than tetramers, to eliminate avidity effects (Fig. 2A). For
each mutant, we plotted the ratio of binding relative to the pa-
rental CD4 A1 clone (Fig. 2B). The mutations were divided into
three categories. In the first category were P35K, Y40Q, L43F,
W45T, and L48P, which reduced binding to HLA-DR1 mono-
mers by >80%, as well as S47G, which reduced binding by 56%.
Mutations at these six positions therefore contribute substan-
tially to the improved affinity of CD4 A1. In the second category
were R46K, R60S, and R63D, which decreased binding to
a lesser extent (15–25%), but which are nevertheless involved in
affinity maturation. In the third category were G42S, which had
no effect on binding, and T44L, which actually increased binding
by CD4 A1 about twofold and is by inference detrimental to
affinity maturation. The rank order of the observed maturation
mutations is therefore the following: T45W >> Q40Y, P48L >
K35P, F43L > G47S > K46R, S60R, D63R > S42G > L44T.
On the basis of these results, we sought to identify the mini-

mum number of mutations in CD4 required for reasonably tight
(low micromolar) binding to MHC class II. First, mutations
Q40Y and/or P48L were introduced into CD4 T45W, and HLA-
DR1 binding was tested on the yeast surface. Whereas Q40Y/
T45W (designated CD4-DM, for double mutant) could bind
HLA-DR1 tetramers, T45W/P48L could not (Fig. 3A). Because
Q40Y/T45W/P48L bound no better than CD4-DM, we next in-
troduced six other mutations (K35P, F43L, K46R, G47S, S60R,
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Fig. 1. Affinity maturation of human CD4 by yeast surface display. (A) The
CD4 mutant library was sorted by 1 μM HLA-DR1 tetramer for round 1 (Rd1),
0.1 μM HLA-DR1 tetramer for round 2 (Rd2), and 4 μM HLA-DR1 monomer
for round 3 (Rd3). The positive population (boxed) is shown in the gate. (B)
Amino acid sequence alignment of wild-type (WT) CD4 and the dominant A1
mutant from Rd3 around the positions targeted for mutagenesis (residues
35, 40, 42–48, 59, 60, and 63). Mutated residues are shaded; only Arg59 is
wild type.
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Fig. 2. Reversion mutagenesis of affinity-matured CD4. (A) Dot plots
showing labeling of yeast cells displaying wild-type CD4, affinity-matured
CD4 A1 mutant, or CD4 A1 reversion mutants by 1.5-μM SAPE-conjugated
HLA-DR1 monomer. Each of the 11 mutated residues in CD4 A1 was in-
dividually back-mutated to wild type (A1/position/wild type). (B) Fluores-
cence intensity of each CD4 A1 reversion mutant was normalized by that of
the parental CD4 A1 clone and plotted against the mutation.
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D63R) individually into CD4-DM and tested their ability to confer
binding to HLA-DR1 monomers (Fig. 3B). Surprisingly, S60R and
D63R, the two mutations expected to be least important on the
basis of reversion mutagenesis, increased binding the most, and,
when combined, appeared to act cooperatively. Therefore, Q40Y/
T45W/S60R/D63R (designated CD4-TM, for tetramutant) and
CD4-DM were chosen for further characterization.
We also tested affinity-matured human CD4 mutants for

cross-reactivity with mouse MHC class II molecules. However,
yeast cells displaying CD4 A1 and CD4-DM did not bind I-Ad or
I-Ek tetramers (Fig. S2), indicating that affinity maturation was
specific for the selecting ligand HLA-DR1.

Affinity of Engineered CD4 Mutants for HLA-DR1. We used surface
plasmon resonance (SPR) to measure the affinity of CD4-TM
and CD4-DM for HLA-DR1. These mutants were produced as
full-length ectodomains (CD4 D1–D4) by secretion from bacu-
lovirus-infected insect cells. We also attempted to produce sol-
uble CD4 A1 by this method, but the protein was not secreted,
presumably due to one (or more) of the seven mutations not
present in CD4-TM. Biotinylated HLA-DR1 was directionally
coupled to a streptavidin-coated biosensor surface, and different
concentrations of soluble CD4-TM, CD4-DM, or wild-type CD4
were flowed over the surface. Wild-type CD4 showed no de-
tectable binding to HLA-DR1, even at concentrations as high as
400 μM (Fig. S3A), implying a KD of >400 μM. This result is
consistent with a previous SPR estimate of the affinity of human
CD4 for MHC class II (KD >2 mM) (1). In striking contrast,
CD4-DM and CD4-TM bound HLA-DR1 with KD’s of 8.8 and
5.3 μM, respectively (Fig. S3 B and C). For CD4-TM, this rep-
resents at least a 75-fold improvement in affinity, assuming a KD

of >400 μM for the wild-type interaction (or at least a 380-fold
improvement, assuming a wild-type KD of >2 mM). The finding
by SPR that CD4-TM effectively bound HLA-DR1 no tighter
than CD4-DM was unexpected, given our results for these
mutants displayed on yeast (Fig. 3B), but could reflect secondary
factors such as greater stability or expression of CD4-TM on the
yeast cell surface (14).

Structure of Affinity-Matured CD4 in Complex with HLA-DR1. All our
attempts to crystallize wild-type CD4 bound to HLA-DR1 yiel-
ded only crystals of the individual proteins, presumably due to
the extremely weak interaction between them (Fig. S3A). How-
ever, both CD4-TM D1–D2 and CD4-DM D1–D2 crystallized
readily with HLA-DR1. We determined the structures of the
CD4-TM–HLA-DR1 and CD4-DM–HLA-DR1 complexes to
2.1 and 2.4 Å resolution, respectively (Table S1). Superposition
of the two complexes gave a root mean squared (rms) difference
of 0.5 Å for 546 α-carbon atoms. Because CD4-DM contains only
two mutations relative to wild-type CD4, further analysis was based
on the CD4-DM–HLA-DR1 complex, unless stated otherwise.
The overall topology of the affinity-matured CD4–HLA-DR1

complex is similar to that of wild-type human CD4 D1–D2 bound
to mouse I-Ak (13): superposition of the two complexes gave an
rms difference of 2.1 Å for 519 α-carbon atoms. CD4 recognizes
HLA-DR1 through its membrane-distal D1 domain, which
contacts the membrane-proximal α2 and β2 domains of the MHC
class II molecule (Fig. 4A). No interactions were observed be-
tween CD4 D2 and HLA-DR1. The complex buries a total sol-
vent-accessible surface of 1230 Å2, of which 34% is contributed
by the HLA-DR1 α2 domain and 66% by the β2 domain. By
comparison, the complex between CD4 and HIV gp120 buries
a much larger surface area (2197 Å2) (15), even though HIV
gp120 and HLA-DR1 bind to overlapping sites on the CD4 D1
domain (Fig. S4), as noted previously (16). This difference in
buried surfaces at least partly explains the far higher affinity of
CD4 for HIV gp120 (KD = 5 nM) (17) than for HLA-DR1.
In the complex, 11 CD4 residues contact 14 HLA-DR1 resi-

dues through predominantly hydrophobic interactions, with no
bound water molecules in the interface (Table 1). All these
residues also interact with HIV gp120, which contacts an addi-
tional 10 residues on CD4 (Fig. S4) (15). CD4 uses two dis-
continuous regions to engage HLA-DR1 in a concavity formed
by the α2 and β2 domains (Fig. 4B). Region 1, composed of
β-strands C9 and C99, exclusively contacts the β2 domain. Nota-
bly, the CD4-DM mutations Gln40Tyr and Thr45Trp are located
on strands C9 and C99, respectively. Region 2, comprising a
short 310 helix between β-strands D and E, binds solely to the
α2 domain.
In region 1, β-strand C99 of CD4 is in an approximate anti-

parallel direction with β-strand D and the following peptide
segment of DR1 β2, from Val142 to Thr145 (Fig. 5A). At the
center of this region, the main-chain N and O atoms of CD4
Lys46 form hydrogen bonds to the main-chain O and N atoms,
respectively, of DR1 β2 Ser144, bringing strand C99 of CD4 into
close proximity to strand D of DR1 β2. As a consequence, CD4-
DM residues Leu44, Trp45 (Thr in wild type), Lys46, Gly47, and
Pro48 make numerous van der Waals contacts with DR1 β2
residues Val142, Val143, Ser144, and Thr145, mainly involving
main-chain atoms, that together account for more than half (27
of 42) of the total contacts between CD4 and DR1 β2 (Table 1).
The remaining contacts are mediated by the side chains of CD4-
DM residues Lys35, Tyr40 (Gln in wild type), and Phe43. The
aromatic ring of Phe43 at the start of the C99 strand inserts into
a hydrophobic pocket formed by the DR1 β2 residues Thr145,
Ile148, and Leu158, which are conserved across MHC class II
molecules (see below). In region 2 (Fig. 5B), CD4-DM residues
Arg59, Ser60, and Asp63 contact the DR1 β2 residues Glu88,
Thr90, and Lys176.

Conformational Changes in CD4 and HLA-DR1 upon Complex Formation.
Superposition of the D1 domain of free wild-type CD4 (18) onto
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Fig. 3. Mutagenesis of wild-type CD4. (A) Dot plots showing binding of
HLA-DR1 tetramers to yeast cells displaying wild-type CD4, affinity-matured
CD4 A1, or CD4 bearing the mutations Q40Y/T45W (CD4-DM), T45W/P48L, or
Q40Y/T45W/P48L. Yeast cells were labeled with SAPE-conjugated HLA-DR1
tetramers (1 μM) and anti–c-myc mAb 9E10, followed by AF488-conjugated
goat anti-mouse secondary antibody. The boxed populations show HLA-DR1
tetramer binding. (B) Dot plots showing binding of HLA-DR1 monomers to
yeast cells displaying wild-type CD4, CD4 A1, or CD4-DM (Q40Y/T45W) with
the mutations K35P, F43L, K46R, G47S, S60R, D63R, or S60R/D63R (CD4-TM).
Cells were labeled with SAPE-conjugated HLA-DR1 monomers (4 μM) and
anti–c-myc mAb 9E10.
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the D1 domain of CD4-DM in the complex with HLA-DR1 gave
an rms difference in α-carbon positions of 0.7 Å, indicating close
overall similarity. However, several side-chain rearrangements are
observed at the binding interface (Fig. S5). Thus, the side chain of
CD4 Phe43 is rotated byw60° around the Cα–Cβ axis to optimize
interactions with HLA-DR1. In addition, the side chain of CD4-
DM Tyr40 points in a different direction from that of Glu40
in unbound wild-type CD4 to avoid steric clashes with DR1
β2 Met160.
Similarly, there are no major conformational changes in HLA-

DR1 due to binding CD4; superposition of the α2 and β2
domains of free HLA-DR1 (19) onto the α2 and β2 domains of
HLA-DR1 in the complex with CD4 gave an rms difference in
α-carbon positions of 0.8 Å. The only notable structural adjust-
ment involves HLA-DR1 β-strand D and the following peptide
segment (residues 142–148), in which the peptide segment is
shifted by w1.5 Å away from CD4 to prevent steric clashes be-
tween DR1 β2 Val142 and CD4 Trp45 (Fig. S5).

Basis for Increased Affinity of CD4 Mutants. Although the structure
of wild-type CD4 bound to HLA-DR1 is unknown, and that of
the CD4–I-Ak complex (13) is of too low resolution for detailed
analysis, the effects of mutations in CD4 on the binding interface
with HLA-DR1 may be understood by superposing wild-type
CD4 (18) onto affinity-matured CD4 mutants in the CD4-DM–

HLA-DR1 and CD4-TM–HLA-DR1 structures to construct
a hypothetical wild-type complex that assumes no conforma-
tional changes (Fig. S6A).
The β2 domain of HLA-DR1 is a two-layer β-sandwich that

exhibits the chain topology of I-set Ig domains, with the front
and back sheets composed of β-strands C9CFG and ABED, re-
spectively (Fig. 5A). CD4-contacting residues are distributed
across all four ABED strands, which together form a broad and
relatively flat binding surface. In the modeled wild-type CD4–
HLA-DR1 complex (Fig. S6A), there exists a deep groove on the
CD4 side of the interface that is not occupied by any HLA-DR1
residue. In the mutant CD4-DM–HLA-DR1 and CD4-TM–
HLA-DR1 structures (Fig. S6B), this groove is filled by Trp45
(Thr in wild-type CD4), which contributes most to increasing
affinity (see above). The bulky side chain of CD4 Trp45 makes
multiple hydrophobic contacts with the side chain of DR1 β2
Val143 (Table 1). In addition, CD4 Trp45 is located at the center
of the interface with HLA-DR1 (Fig. S6B), and it is well estab-
lished that central residues typically contribute substantially
more than peripheral ones to the energetics of protein–protein
interactions (20, 21). The second most important mutation for
tighter binding is CD4 Gln40Tyr. In the CD4-DM–HLA-DR1
and CD4-TM–HLA-DR1 structures, Tyr40 is surrounded by
apolar DR1 β2 residues Leu114, Val116, Leu158, and Met160
(Fig. 5A), resulting in increased hydrophobic interactions at the
mutation site relative to wild type. A hydrogen bond linking the
side chains of CD4 Tyr40 and DR1 β2 Ser104 provides further
stabilization (Table 1). Together, the Gln40Tyr and Thr45Trp
mutations in CD4 act to improve the geometrical fit with HLA-
DR1 on the basis of the calculations of the shape correlation
statistic (Sc) for this interface (22). Thus, the Sc value for the
mutant CD4-DM–HLA-DR1 complex is 0.74 (Sc = 1.0 for
interfaces with perfect fits), but only 0.68 for the modeled wild-
type complex.
Because CD4-DM and CD4-TM bind HLA-DR1 with virtu-

ally identical KD’s (8.8 and 5.3 μM, respectively) (Fig. S3 B and
C), the Ser60Arg and Asp63Arg mutations in region 2 of CD4-
TM (Fig. 5C) do not affect (increase or decrease) complex sta-
bility. This accommodation is surprising, given the nonconser-
vative nature of both substitutions. Although substitution of
Asp63 in CD4-DM by Arg63 in CD4-TM does not appreciably
alter contacts with HLA-DR1 (Fig. 5 B and C), replacement of
Ser60 by Arg60 results in the formation of three new hydrogen
bonds at the mutation site: CD4-TM Arg60 Nε–O DR1 α2
Pro86, CD4-TM Arg60 Nη2–O DR1 α2 Pro86, and CD4-TM
Arg60 Nη2–O DR1 α2 Lys111 (Fig. 5C). The lack of a net
contribution to complex stabilization by these hydrogen bonds
may be explained by their location at the periphery, rather than
at the center, of the protein–protein interface, because solvent-

Table 1. Interactions between CD4-DM and HLA-DR1

HLA-DR1

CD4-DM Hydrogen bonds Distance (Å) Van der Waals contacts

Lys35 Glu162β
Tyr40* Ser104β, Leu114β,

Val116β, Met160β
Phe43 Thr145β, Ile148β,

Leu158β
Leu44 Ser144β
Trp45† Val143β, Ser144β
Lys46 Lys46 N–Ser144 O 2.77 Val143β, Ser144β

Lys46 O–Ser144 N 2.78
Gly47 Val142β, Val143β
Pro48 Val142β
Arg59 Glu88α, Thr90β
Ser60 Glu88α
Asp63 Lys176α

*Gln40 in wild-type CD4.
†Thr45 in wild-type CD4.

Fig. 4. Structure of the human CD4–
HLA-DR1 complex. (A) CD4 (yellow)
contacts both the α2 (cyan) and β2
(blue) domains of the MHC class II
molecule through its D1 domain. The
HA peptide bound to HLA-DR1 is red.
The strands of the β-sheets of the
interacting variable Ig-like domains
are labeled. (B) The CD4–HLA-DR1
binding interface. The two regions of
CD4-DM (region 1: residues 35–48;
region 2: residues 59–63) that contact
HLA-DR1 are drawn in stick repre-
sentation with carbon atoms in yel-
low, oxygen atoms in red, and nitro-
gen atoms in blue. The HLA-DR1
molecular surface that interacts with
CD4-DM is shown with the α2 do-
main in cyan and the β2 domain in
blue.
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exposed hydrogen bonds are typically weaker than buried hy-
drogen bonds and are sometimes even energetically neutral (23).

Basis for CD4 Recognition of Multiple MHC Class II Alleles. Poly-
morphism is a hallmark of MHC class II molecules, which, in
humans, are encoded by three separate loci—HLA-DR, -DQ,
and -DP. For HLA-DR, most variability derives from the
β-chain, with >700 known alleles at the population level, whereas
there are only three α-chain variants. In contrast, both α- and
β-chains of HLA-DQ and -DP are polymorphic (24). The CD4-
DM–HLA-DR1 structure readily explains the remarkable ability
of CD4 to recognize highly polymorphic MHC class II molecules.
Fig. 5D shows sequence alignments of the α- and β-chains of

selected HLA-DR, -DP, and -DQ alleles in the regions where
HLA-DR1 interacts with CD4-DM. For the β-chains, all 11

CD4-contacting residues are absolutely conserved in these hu-
man MHC class II molecules, with the sole exception of Val116,
which is Ile in HLA-DQ. However, Val116 makes only a single
van der Waals contact with CD4 in the CD4-DM–HLA-DR1
complex, which involves the side-chain hydroxyl group of the
mutant CD4 Tyr40 residue (Fig. 5A). In the case of wild-type
CD4, the shorter side chain of Gln40 would not be expected to
contact Val/Ile116 of the HLA-DR, -DP, or -DQ β-chain. For
the α-chains, all three CD4-contacting residues (Glu88, Thr90,
Leu176) are invariant across human MHC class II molecules. We
therefore conclude that the remarkable cross-reactivity of CD4 is
attributable to the exclusive targeting of nonpolymorphic resi-
dues in the concavity formed by the α2 and β2 domains of HLA-
DR, -DP, and -DQ. We further conclude that CD4 engages
HLA-DP and -DQ in the same manner as it does HLA-DR. Also

Fig. 5. The CD4–HLA-DR1 binding interface. (A) Close-up view of the interactions between region 1 of affinity-matured CD4-DM (yellow) and the HLA-DR1
β2 domain (blue). The side chains of interacting residues are shown in ball-and-stick representation with carbon atoms in brown (CD4) or green (HLA-DR1),
oxygen atoms in red, and nitrogen atoms in blue. The mutated Tyr40 and Trp45 residues of CD4-DM are in magenta. Hydrogen bonds are drawn as dotted
black lines. (B) Interactions between region 2 of CD4-DM (yellow) and the HLA-DR1 α1 domain (cyan). (C) Interactions between region 2 of affinity-matured
CD4-TM and the HLA-DR1 α1 domain. The mutated Arg60 and Arg63 residues of CD4-TM are in magenta. (D) Sequence alignment of the CD4-contacting
regions of the α- and β-chains of different human (DRA*0101/DRB1*0101, DPA1*0104/DPB1*01011, DQA1*01012/DQB1*0401) and mouse (I-Ak, I-Ek) MHC
class II alleles. Residues that contact CD4 in the CD4-DM–HLA-DR1 structure are denoted by triangles. White characters on a black background show residues
that are strictly conserved across human or mouse MHC class II molecules. The remaining residues are black.
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of note is that the cross-reactivity of human CD4 extends
to mouse I-A and I-E MHC class II molecules (25). For I-Ak, 11
of 14 putative CD4-contacting residues are identical to those
of HLA-DR1, whereas, for I-Ek, 12 of 14 are identical (Fig.
5D). Moreover, all nonidentical residues are conservatively
substituted in both molecules.

Conclusion
The ability of in vitro evolution to dramatically increase the af-
finity of CD4 for HLA-DR1 through just two mutations clearly
demonstrates that the CD4 scaffold is capable of much tighter
binding to MHC class II than is observed in nature. One in-
terpretation of this result is that increased CD4 affinity confers
no survival advantage to the host and is therefore not evolu-
tionarily selected in vivo. Alternatively, evolution may have
calibrated the affinity of CD4 for MHC class II to ensure that
developing T cells undergo appropriate thymic selection, such
that too high an affinity would result in deletion of T cells that
would normally be positively selected, thereby restricting the size
or diversity of the peripheral T-cell repertoire. It is also possible
that evolution has placed an upper limit on CD4 affinity to avoid
activation of peripheral T cells by self-peptides, which could
result in autoimmunity. These issues may now be addressed
in vivo by generating mice transgenic for the high-affinity human
CD4 mutants reported here. For this purpose, mice lacking en-
dogenous MHC class II and CD4 molecules, but expressing
various HLA-DR alleles, have been described (26).

Materials and Methods
Vector Construction and Yeast Transformation. Gene segments encoding CD4
D1 and CD4 D1-D2 were cloned into the yeast surface display vector
pCTCON2-2Sfi (gift of Zeev Pancer, University of Maryland School of Medi-
cine, Baltimore). The resulting constructs were used to transform yeast
EBY100 cells (SI Materials and Methods).

Construction of Targeted CD4 Mutant Library. CD4 residues (35, 40, 42–48, 59,
60, and 63) were mutated using degenerate primers. Yeast EBY100 cells
were transformed by electroporation with the mutated CD4 D1-D2 gene (SI
Materials and Methods).

Flow Cytometry of CD4 Mutant Library. The CD4 D1-D2 mutant library was
labeled with fluorescent HLA-DR1 tetramers and sorted on a BD FACSAria II
sorter (SI Materials and Methods).

Protein Expression and Purification. Soluble HLA-DR1 was prepared by in
vitro folding from bacterial inclusion bodies. Soluble human CD4 D1–D4 or
CD4 D1–D2 mutants were expressed in baculovirus-infected insect cells
(SI Materials and Methods).

Affinity Measurements. The binding of HLA-DR1 to CD4 (wild type or mu-
tants) was measured by SPR using a BIAcore T100 biosensor (SI Materials
and Methods).

Crystallization and Structure Determination. Purified HLA-DR1 and CD4 D1–D2
Q40Y/T45W/S60R/D63R mutant (CD4-TM) or CD4 D1–D2 Q40Y/T45W mutant
(CD4-DM) were concentrated to 10 mg/mL in 0.01 M Tris (pH 8.0) and 0.02 M
NaCl. Crystals of the CD4-TM–HLA-DR1 complex grew at room temperature
in 0.1 M sodium cacodylate (pH 6.5), 0.2 M ammonium sulfate, and 15% (wt/
vol) polyethylene glycol (PEG) 8000. Crystals of the CD4-DM–HLA-DR1 com-
plex grew under the same conditions, except with 12% (wt/vol) PEG 8000.
For data collection, CD4-TM–HLA-DR1 and CD4-DM–HLA-DR1 crystals were
cryoprotected with 25% (vol/vol) glycerol before flash cooling. X-ray dif-
fraction data were collected to 2.1 Å resolution for CD4-TM and 2.4 Å
resolution for CD4-DM at beamline X29 of the Brookhaven National
Synchrotron Light Source. All data were indexed, integrated, and scaled
with the program HKL2000 (27). The structures of the CD4-TM–HLA-DR1 and
CD4-DM–HLA-DR1 complexes were determined by molecular replacement
(SI Materials and Methods). Data collection and refinement statistics are
presented in Table S1.
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