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Abstract
CD4 interactions with class II major histocompatibility complex (MHC) molecules are essen-

tial for CD4+ T cell development, activation, and effector functions. While its association

with p56lck (Lck), a Src kinase, is important for these functions CD4 also has an Lck-inde-

pendent role in TCR signaling that is incompletely understood. Here, we identify a con-

served GGxxG motif in the CD4 transmembrane domain that is related to the previously

described GxxxG motifs of other proteins and predicted to form a flat glycine patch in a

transmembrane helix. In other proteins, these patches have been reported to mediate

dimerization of transmembrane domains. Here we show that introducing bulky side-chains

into this patch (GGxxG to GVxxL) impairs the Lck-independent role of CD4 in T cell activa-

tion upon TCR engagement of agonist and weak agonist stimulation. However, using For-

ster’s Resonance Energy Transfer (FRET), we saw no evidence that these mutations

decreased CD4 dimerization either in the unliganded state or upon engagement of pMHC

concomitantly with the TCR. This suggests that the CD4 transmembrane domain is either

mediating interactions with an unidentified partner, or mediating some other function such

as membrane domain localization that is important for its role in T cell activation.

Introduction
T cell development, activation, differentiation and effector functions are driven by signals gen-
erated by the recognition of peptides bound to major histocompatibility complex molecules
(pMHC) on the surface of antigen presenting cells (APCs). The T cell receptor (TCR) is central
to this process. It binds the composite surface formed by the peptide and MHC and relays
information about the duration of these interactions to the immune receptor tyrosine-based
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activation motifs (ITAMs) within the intracellular domains of the associated CD3 signaling
modules (CD3γε, δε, and zz,) [1, 2]. Information about peptide binding is then converted to
chemical signals when the ITAMs are phosphorylated by the Src kinases p56lck (Lck) or p59fyn

(Fyn) [3, 4]. The class II MHC co-receptor CD4 plays an important role in this process due to
its association with Lck, but CD4 also makes an Lck-independent contribution to TCR signal-
ing that is incompletely understood [5, 6].

The CD4 extracellular domain (ECD) has been structurally characterized to bind invariant
portions of class II MHC via its D1 domain, while the intracellular domain (ICD) mediates
interaction with Lck [7–14]. Previous studies have shown that a C-terminally mutated CD4,
which lacks the cysteine clasp that mediates interactions with Lck, can nevertheless enhance
TCR signaling in vitro [5]. C-terminally truncated CD4 can also rescue thymocyte develop-
ment and selection in CD4-deficient mice. This provides further evidence for the multi-func-
tional role of CD4 in TCR signaling that is isolated to the ECD and/or TMD [6].

The mechanisms underlying this Lck-independent function of CD4 are unclear. The affinity
of the CD4 D1 domain for MHC is very weak, with estimates ranging from 200μM to 2mM,
suggesting that it is unlikely to make a significant impact on the affinity of TCR interactions
for pMHC [15]. This has led to the hypothesis that CD4 participates in homotypic or hetero-
typic interactions with additional cellular factor(s) via its ECD or TMD, or both, to mediate
Lck-independent functions. We therefore searched for potential protein interaction motifs in
CD4 that may contribute to this activity.

The GGxxG sequence in the CD4 transmembrane domain (TMD) represents one such
motif (Fig 1A). The spacing of the glycines forms a side-chain free patch along one side of the
TMD α-helix that allows tight packing of helices and possibly hydrogen bonding between pep-
tide backbones of TMDs. Such patches have been reported to mediate homotypic or hetero-
typic interactions in a wide assortment of transmembrane proteins, including glycophorin A
(GpA), scavenger receptor class B, type I (SRBI), and the human papilloma virus L2 transmem-
brane domain [16–18]. The conservation of this sequence in the CD4 TMD of a wide range of
vertebrates suggested to us that it might play an important role in T cell activation (Fig 1A).

In this study, we investigated if the highly conserved GGxxG motif of the CD4 TMD con-
tributes to T cell activation and CD4 dimerization. We report that the addition of bulky side
chains to this surface (GVxxL), to introduce steric clashing at this putative dimerization inter-
face, has no impact on CD4 expression but impairs its Lck-independent contribution to T cell
activation in response to agonist and weak agonist TCR-pMHC interactions. Using Förster’s
resonance energy transfer (FRET) we found that mutating the GGxxG motif does not inhibit
homotypic CD4 interactions. This suggests that the CD4 TMDmay mediate heterotypic inter-
actions with other molecules involved in T cell activation or may serve an additional unknown
function in the contribution of CD4 to TCR signaling.

Materials and Methods

Constructs
All constructs used in this study were built using the MSCV-based retroviral expression vectors
pP2 (IRES-puromycin resistance) and pZ4 (IRES-zeocin resistance) [19, 20]. The proteins
encoded by the constructs used in this study are described by amino acid (aa) number begin-
ning at the start methionine (UniProt convention). The 5c.c7 TCR, which is specific to MCC
88–93 presented in I-Ek, was used as the TCR for all experiments. Full-length CD3δ, ε, γ and z
were encoded on a poly-cistronic construct as previously described [20, 21]. C-terminally trun-
cated CD4, CD4T (amino acids: 1–421), was used to study the Lck-independent function of
CD4 in order to restrict our study to the ECD or TMD of CD4 since this has previously been
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established to function in CD4 T cell development [6]. Site-directed mutagenesis was used to
generate the CD4TTMD (G403V/G406L) mutant. Mutations in the CD4 MHC class II binding
domain (CD4TΔbind) were made by changing residues 68–73 (KGVLIR) to DGDSDS [13, 14].
For FRET experiments, the extracellular and transmembrane domains of wild-type or mutant
CD4T (amino acids: 1–421), CD28 (amino acids: 1–179), and PD1 (amino acids: 1–199) were
fused to mEGFP or mCherry via a short flexible linker (GSAAA). For expression of Ek-MCC,
Ek-T102S and Ek-HB in or M12 cells [22], the full I-Ek alpha subunit was expressed along with
a full I-Ek beta subunit expressed as a fusion with the mouse hemoglobin d allele peptide (Hb
64–76), moth cytochrome c (MCC 88–103) peptide or T102S peptide at the N-terminus, via a
short linker similarly to Kappler and colleagues [23].

Cell lines and flow cytometry
M12 cells [22] expressing peptide:I-Ek and 58α-β- cell lines [24] expressing the 5c.c7 TCR, full-
length CD3 subunits and CD4 were generated as previously described [19, 25]. Multiple inde-
pendent 58α-β- cell lines were generated and tested in the functional and FRET assays to ensure
that any phenotypes were as a consequence of the mutations and not cell culture divergence
from the parental cells. Surface expression levels of CD4 (mAb clones GK1.5 e450, eBios-
ciences) and TCRβ VβC (mAb clone KJ25 PE, BD Bioscience) were assessed by low cytometry
as indicated in Figures. Chinese Hamster Ovarian cells expressing I-Ek were previously
described [26].

Fig 1. The CD4 TMD contains highly conserved glycine residues. (A) CD4 transmembrane domain
(TMD) sequence alignment showing highly conserved glycine residues shaded red. (B) Ribbon diagram
model or (C) space-filled model of the CD4 TMD with alanine and glycine residues of interest highlighted in
magenta (generated with PyMol).

doi:10.1371/journal.pone.0132333.g001
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Functional assays
For CHO I-Ek co-culture experiments 5 X 104 58α-β- cells were co-cultured with 1 X 105 CHO
I-Ek cells and a titration of MCC 88–103 peptide in 96-well flat-bottom plates. Alternatively,
2.5 X 104 58α-β- cells were co-cultured with 1 X 105 M12 cells expressing I-Ek tethered to
MCC, T102S or HB in 96-well round-bottom plates. For both assays supernatants were col-
lected after 16 hours of co-culture at 37°C IL-2 was quantitated by ELISA. Anti-mouse IL-2
(clone JES6-1A12, Biolegend) was used as a capture antibody and biotin anti-mouse IL-2
(clone JES6-5H4, Biolegend) was used as the secondary antibody. Streptavidin-HRP and TMB
substrate (Biolegend) were used for detection.

Lipid bilayers
Bilayers were prepared similarly to previous studies [20, 27]. In brief, liposomes composed of
97.5 mol % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1 mol % 1,2-dioleoyl-sn-gly-
cero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt), 1 mol %
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) and 0.5 mol % 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (ammonium
salt) were prepared by extrusion and injected onto a glass coverslip. Bilayer mobility was assed
by photoablation recovery of streptavidin conjugated to PE. Each well received 0.05μg of MCC
I-EK and 0.08μg ICAM-1 to produce an agonist peptide density of approximately 60mol/
micron2 [27].

Soluble proteins for bilayers
Soluble class II pMHCmonomers were generated with the baculovirus expression vector back-
bone pAcGP67A (Pharmingen). The full extracellular domain of I-Ek alpha (aa: 26–216) was
expressed as a fusion with the acidic leucine zipper, a BirA acceptor peptide, and a 6X his tag
similarly to the approach of Teyton and colleagues [28]. The I-Ek beta extracellular domain
(31–225) was expressed as a fusion with the moth cytochrome c (MCC 88–103) peptide at the
N-terminus, similarly to previous designs [23], and at the C-terminus with a basic leucine zip-
per and 6X his tag [28]. Purification was performed with Ni-NTA affinity resin (Qiagen) fol-
lowed by size exclusion on an S200 (GE) via FPLC. ICAM-1 was produced as previously
described [20].

Microscopy
TIRFM was performed at 37°C, 5% CO2, and 50% relative humidity. Cells were adhered to the
glass coverslip or lipid bilayers for 10 minutes and then imaged for 30–40 minutes following
adhesion. TIRF images were acquired with a Zeiss fluorescent microscope using a 63X Zeiss
TIRF objective coupled to a Zeiss motorized TIRF slider (NA 1.46). TIRFM was performed
with a Laser Stack (3I) containing 50mW 488nm and 561nm solid-state lasers set at 20%
power output. Photo ablation of mCherry was performed with a Vector high-speed point scan-
ner at 75% 561nm laser output within a 25.8μm2 region of interest (412 pixels). All images
were collected with 100-millisecond exposure at 500 millisecond intervals (Photometrics
Evolve EMCCD; 100 intensification; 1 pixel = 0.25μm (H) x 0.25μm (V) at 63x).

Image Analysis
Median mEGFP and mCherry intensity for the region of interest targeted for mCherry ablation
were background subtracted using SlideBook6 (3I) and exported. Background subtracted
mEGFP values for the time points immediately before and after photobleaching were used to
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calculate FRETE = 1- (Q/DQ) where Q (quenched) is the mEGFP intensity prior to mCherry
ablation and DQ (dequenched) is the mEGFP intensity following ablation as previously
reported [29, 30]. mCherry ablation was calculated as the ratio of post to pre bleach mCherry
intensity, Abl = mCh(postbleach)/mCh(prebleach). Cells with mCherry ablation below 0.125
were considered for analysis. Only cells with an mEGFP to mCherry ratio centered around 1
and ranging from 0.5 to 1.5 were considered for analysis. Further subset analysis was based on
equivalent mean mEGFP and mCherry intensities.

Statistical Analysis
All statistical analyses were performed with Prism 5.0 (GraphPad Software, Inc). The experi-
ments involved normalized data or non-normally distributed cell populations. The Mann-
Whitney t test or Kruskal-Wallis one-way analysis of variance (ANOVA) with a Dunn’s multi-
ple comparison’s post-test using were performed where appropriate.

Results

Conserved glycines in the CD4 TMD contribute to T cell activation
To better understand the Lck-independent role of CD4 we looked for conserved amino acid motifs
that are known to play a role in protein-protein interactions. We identified a GGxxGmotif in the
CD4 TMD that is absolutely conserved in humans, monkeys, dogs, cats, horses, rats and mice (Fig
1A). The conserved glycines in this motif are predicted to form a patch with limited steric hin-
drance along one interface of the CD4 transmembrane helix (Fig 1B and 1C). Modeling of the
TMD revealed that Gly 403, while not part of a canonical GxxxGmotif, also lies along the same
face of the helix and would contribute to a larger glycine patch on one side of the CD4 TMD.

Because GxxxG motifs and glycine patches are often involved in functionally important pro-
tein-protein interactions, we hypothesized that this GGxxG motif is important for CD4’s Lck-
independent function in TCR signaling [16–18]. To test this hypothesis, we generated con-
structs encoding a wild type (CD4WT) or C-terminally truncated version of CD4 (CD4T).
CD4T lacks the cysteine clasp that mediates interactions with Lck but has been reported to
have Lck-independent function that can mediate CD4+ T cell development [6]. This molecule
also lacks Cys 421 that has been reported to be palymitoylated, although mutation of this resi-
due does not impact lipid raft localization of human CD4 [31, 32]. To verify that CD4T makes
an Lck-independent contribution to T cell activation, we generated 58α-β- T cell hybridomas
expressing the 5c.c7 TCR, which recognizes a peptide from moth cytochrome c (MCC 88–93)
in the context of I-Ek, along with either CD4WT, CD4T, or no CD4. We observed a significant
increase in IL-2 production from cells expressing CD4T relative to cells lacking CD4 expression
when stimulated with M12 cells expressing I-Ek tethered to the agonist MCC peptide (Fig 2A).
These data indicate that CD4T does contribute to T cell activation in an Lck-independent man-
ner. This response trended lower than that of CD4WT cells, indicating that Lck-association
with CD4 enhances T cell activation (Fig 2B).

Having established a readout for the Lck-independent function of CD4, we generated a con-
struct encoding a mutant of CD4T, referred to here as CD4TTMD, in which two of the glycines
in the GGxxG motif were mutated to valine (G403V) or leucine (G406L) to introduce bulky
side-chains at this surface (Fig 3A). As a negative control, we also generated a CD4T mutated
in the region known to bind MHC class II (CD4TΔbind) [13, 14]. To test the function of these
mutants we generated 58α-β- T cell hybridomas expressing the 5c.c7 TCR along with CD4T,
CD4TTMD, or CD4TΔbind. Cell surface expression of the TCR and CD4 were assessed by flow
cytometry to ensure that the cell lines expressed equivalent levels of these proteins in order to
assign any phenotype to the mutations rather than unmatched expression (Fig 3B).
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First, we assessed the response of the CD4TTMD mutant to stimuli of different affinity using
the well-characterized altered peptide ligand (APL) for MCC, T102S, which has been previ-
ously characterized as a weak agonist [33, 34]. Here, we used M12 cells as APCs that expressed
I-Ek tethered to MCC or T102S, or to a null peptide from mouse hemoglobin d allele peptide
(Hb 64–76). In this assay, CD4TTMD cells produced less IL-2 upon co-culture with APCs
expressing Ek-MCC or Ek-T102S (Fig 3C). This was consistently observed with multiple inde-
pendently generated sets of control and mutant cell lines (Fig 3D), demonstrating that the
GGxxG motif plays a role in T cell activation.

We next assessed the response of the cell lines to stimulation with a titration of cognate anti-
gen in the presence of Chinese Hamster Ovary (CHO) cells ectopically expressing I-Ek (CHO
Ek). Cells expressing CD4TTMD produced less IL-2 in response to agonist pMHC stimulation
than did those expressing CD4T (Fig 3E), thus providing additional evidence for a functional
role of the GGxxG motif in T cell activation.

The CD4 TMDGGxxGmotif does not mediate dimerization at steady-
state
CD4 has been reported to form homodimers upon crystallization due to contacts in the D4
domain of the ECD [35]. This interaction has been confirmed for human CD4 by mutagenesis
coupled with both biochemical approaches and FRET, and has been shown to be functionally
relevant [36, 37]. Additionally, other studies have shown involvement of the CD4 ICD in
dimerization or multimerization [38, 39]. Since the glycine patches formed by GxxxG motifs
often mediate homotypic interactions, we postulated that the CD4 GGxxG motif might consti-
tute a portion of a dimerization interface.

FRET was employed to determine if the GGxxG motif contributes to CD4 dimerization.
Since CD28 forms a disulfide-bonded homodimer, it served as a positive control, while PD1 is
not reported to dimerize and thus served as a negative control. CD4WT, CD4T, and CD4TTMD

were fused to mEGFP or mCherry via a short flexible linker and expressed in 58α-β- T cell
hybridomas with the 5c.c7 TCR. C-terminally truncated forms of CD28 (CD28T) and PD1

Fig 2. CD4T contributes to T cell activation. (A) 58α-β- T cell hybridomas were retrovirally transduced with the 5c.c7 TCR and either CD4WT, CD4T or no
CD4. IL-2 secretion from CD4T 58α-β- T cell hybridomas after 16 hours of co-culture with MCC:I-Ek+ M12 cells was normalized to the matched no CD4
controls within the same experiment to determine a relative IL-2 concentration. Bars represent mean values +/- SEM from four independently generated
matched sets of cell lines. (B) IL-2 secretion after 16 hours of co-culture with MCC:I-Ek+ M12 cells normalized to matched CD4WT controls within the same
experiment to determine relative IL-2 concentration. Bars represent mean values +/- SEM from four independently generated matched sets of cell lines.
(*p<0.05; Mann-Whitney).

doi:10.1371/journal.pone.0132333.g002
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Fig 3. Mutating the CD4 transmembrane domain GGxxGmotif impairs T cell activation. (A) Alignment of the wild-type CD4 TMD with the CD4 TMD
mutant (G403V/G406L). Mutated residues are highlighted in red. Bulky side chains were introduced to disrupt the glycine patch. (B) 58α-β- T cell hybridomas
were retrovirally transduced with the 5c.c7 TCR and either CD4T, CD4TTMD or CD4TΔbind, which is mutated in the region known to bind MHC class II. Surface
expression of TCR and CD4 were assessed by flow cytometry as labeled. (C) IL-2 secretion from 58α-β- T cell hybridomas after 16 hours of co-culture with
M12 cells expressing agonist (MCC), weak agonist (T102S), or null (HB) peptide tethered to I-Ek. Data are representative of four independent experiments
with independently generated cell lines. (D) IL-2 secretion from four independently generated CD4TTMD 58α-β- T cell hybridomas after 16 hours of co-culture
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(PD1T) were also fused to mEGFP or mCherry via the same short flexible linker and expressed
with the 5c.c7 TCR in independent cell lines.

Live cells were imaged by total internal reflection fluorescence microscopy (TIRFM) after
binding to glass coverslips [20]. This allowed us to limit our analysis to molecules at the cell
surface without engaging the TCR or CD4 molecules. FRET efficiency values (FRETE) were
quantified by measuring donor recovery after bleaching of the acceptor [29, 30]. In these exper-
iments, ablation averaged greater than 90% for all analyzed populations and did not differ sig-
nificantly from each other (Fig 4A and 4B). Furthermore, the analyzed cells were matched in
their range of donor and acceptor intensities at the cell membrane as well as for their mean
GFP and mCherry intensities. As expected, the positive control disulfide-bonded CD28TG/Ch

cells had a significantly higher FRETE value compared to the negative control PD1TG/Ch cells
(Fig 4C). By comparison, the FRETE values for the CD4T

G/Ch cells were significantly higher
than the negative control cells, but significantly lower than those of the positive control cells.
These data indicate that, while dimerization can occur, a low frequency of CD4 molecules
dimerize or multimerize at equilibrium in these cells; thus, homotypic CD4 interactions are
likely to be weak (Fig 4C). Of note, no significant difference was observed in the FRETE value
between lines expressing CD4WTG/Ch or CD4TG/Ch (Fig 4D). We then compared CD4TTMD-G/Ch

cells to CD4TG/Ch cells and did not observe decreased FRETE values, implying that G403 and
G406 are not involved in stabilizing CD4 dimerization at steady-state (Fig 4E).

The CD4 TMDGGxxGmotif does not mediate dimerization upon TCR
engagement
Previous studies using human CD4 have shown that CD4 dimerization increased upon TCR
engagement [37]. Because we observed no decrease in FRETE values of CD4T

TMD-G/Ch cells at
steady-state compared to CD4TG/Ch, but observed a functional decrease in T cell activation
with CD4TTMD cells compared to CD4T cells, we hypothesized that the TMD glycine patch
may contribute to the increase in CD4 dimerization that has been reported when both CD4
and the TCR engage pMHC. To test this hypothesis we imaged live cells using TIRFM on
mobile lipid bilayers containing agonist (MCC-Ek) pMHC. To ensure bilayer mobility, lipids
were spiked with a lipid with a biotinylated head group. Streptavidin-PE was added to the
bilayers and an area was bleached. Emission of PE was measured before and after bleaching to
measure the ability of the bleached area to fill in with new PE molecules (Fig 5A). Similar to
what we observed in cells with unengaged TCRs, the positive control CD28TG/Ch cells had
significantly higher FRETE values than the negative control PD1TG/Ch cells. CD4TG/Ch cells
had FRETE values lower than CD28TG/Ch cells but significantly higher than PD1TG/Ch cells
(Fig 5B). No difference in FRETE was observed between cells expressing CD4WTG/Ch and
CD4TG/Ch (Fig 5C). Likewise, CD4TTMD-G/Ch cells had equivalent FRETE values compared to
CD4TG/Ch cells, indicating that even after TCR engagement the CD4 TMD glycine patch is not
involved in CD4 dimerization (Fig 5D). Of note, these hybridomas do not form classic immu-
nological synapses on bilayers with a central cluster of TCR-CD3 complexes and we do not
observe obvious segregation of TCR-CD3 and CD4 molecules after extended incubation on the
bilayers, as has been reported for T cell lines or ex vivo T cell blasts [40, 41]. Since we did not

with MCC:I-Ek+ M12 cells normalized to matched CD4T controls within the same experiment to determine relative IL-2 concentration. (E) IL-2 secretion from
58α-β- T cell hybridomas after 16 hours of co-culture with Chinese hamster ovary (CHO) cells ectopically expressing I-Ek (CHO Ek) pulsed with MCC peptide
at the indicated concentrations. Data are representative of three independent experiments with independently generated cell lines. (*p<0.05; Mann-
Whitney).

doi:10.1371/journal.pone.0132333.g003
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observe any obvious differences in FRET between the various CD4 lines tested we think it
unlikely that differences in segregation have impacted our analysis or interpretation.

Discussion
The CD4 co-receptor for class II MHC plays an important role in TCR signaling. This is due,
in part, to recruiting the Src kinase Lck to the TCR-CD3 complex [10–12]. However, there is

Fig 4. Mutating the CD4 TMDGGxxGmotif does not impair dimerization at steady-state. (A) Grey-scale images of mCherry (top) and GFP (bottom)
intensities pre and post mCherry ablation for representative cells. (B) Plot of relative mCherry values pre- and post-ablation for all cells analyzed. The
average ablation of all populations was below 10% and did not differ significantly from each other. (C) FRETE values for CD28

GFP/Ch, PD1GFP/Ch and
CD4TGFP/Ch cells. Representative of two experiments with independently generated cell lines. (D) FRETE values for CD4WTGFP/Ch vs. CD4TGFP/Ch cells.
Concatenated data from two independently generated cells lines is shown because the CD4WTGFP/Ch cells had a broader range of donor and acceptor levels
that limited the number of cells available for subset analysis (methods). (E) FRETE values for CD4TGFP/Ch vs. CD4TTMD-GFP/Ch cells. Representative of two
experiments with independently generated cell lines. Matched expression for analysis was based on median pre-bleach intensity. Dots represent single cells
and green bars represent median values (*p<0.05, **p<0.001; ***p<0.0001; Mann-Whitney).

doi:10.1371/journal.pone.0132333.g004
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also a well established but poorly defined role of CD4 in TCR signaling that is independent of
Lck recruitment [5, 6]. To begin to understand the Lck-independent role of CD4 we first
sought to identify conserved protein motifs that may contribute to this activity. In this study,
we identified a highly conserved GGxxG motif in the CD4 transmembrane domain and show
evidence that this glycine patch has an important functional role in T cell activation. Mutating
two glycines in the CD4 TMD glycine patch reduced T cell hybridoma activation in response
to a titration of agonist peptide as well as to weak agonist stimulation, indicating these residues
are important for the Lck-independent function of CD4.

Because GxxxG motifs often mediate dimerization and multimerization of transmembrane
domains and CD4 has been reported to form weak homodimers, we tested whether the CD4
TMD glycine patch was involved in such interactions [16–18, 38, 39]. Using FRET we con-
firmed that CD4 does form weak dimers, but our CD4 mutants, in which the TMD glycine
patch was disrupted, did not have significantly lower FRET values than wild-type controls.
This suggests that the glycine patch may be involved in heterotypic interactions with another
protein or it may mediate some other function in TCR signaling.

Fig 5. Mutating the CD4 TMDGGxxGmotif does not impair dimerization upon TCR engagement. (A) Mobility of lipid bilayers was assessed by
measuring recovery of streptavidin-PE molecules into a bleached region of the lipid bilayer and normalized to a reference region that was not bleached. (B)
FRETE values for CD28

GFP/Ch, PD1GFP/Ch and CD4TGFP/Ch cells imaged by TIRFM on mobile bilayers containing agonist pMHC (MCC-Ek). Data are
representative of those obtained with two independently generated cell lines. (C) FRETE values for CD4WTGFP/Ch vs. CD4TGFP/Ch cells imaged by TIRFM on
mobile bilayers containing agonist pMHC (MCC-Ek). Data is concatenated from two independently generated cell lines as in Fig 4D. (D) FRETE values for
CD4TGFP/Ch vs. CD4TTMD-GFP/Ch cells imaged by TIRFM on mobile bilayers containing agonist pMHC (MCC-Ek). Data are representative of those obtained
with two independently generated cell lines. Analysis was performed as for Fig 4. Dots represent single cells and green bars represent median values
(*p<0.05, **p<0.001; ***p<0.0001; Mann-Whitney).

doi:10.1371/journal.pone.0132333.g005
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The literature suggests several potential heterotypic interactions. CD4 has been suggested to
interact directly with the TCR-CD3 complex, and it is possible that the CD4 TMD glycine
patch contributes to this interaction [2, 42]. For example, the mouse CD3γ subunit TMD con-
tains a GxxxA motif that is closely related to the GxxxG motif and may allow tight packing of
α-helices and potential hydrogen bonding between peptide backbones of two or more helices.
In addition, it has been reported that an AxxxG motif in the HIV gp41 fusion peptide interacts
with a conserved motif in the TMD of the TCR alpha subunit to disrupt TCR signaling [43], so
CD4 may also interact with this TCR motif. Furthermore, because CD4 is the receptor for HIV
cellular entry [44] the AxxxG motif in HIV gp41 fusion peptide may somehow interact with
the CD4 GGxxG motif and aid in HIV fusion with host cells. Alternatively, the GGxxG motif
may facilitate interactions between CD4 and an unidentified protein, in which case CD4 may
serve as a bridge to either stabilize interactions with the TCR-CD3 complex or help recruit
CD4 in close proximity to the TCR-CD3 complex. Another possibility is that this motif may
not specifically mediate interactions with another protein, but may be important for allowing
another protein to approach CD4 and assume a close proximity while interacting specifically
via a different domain. In such a case, our mutations may prevent this close association. These
possibilities will be explored in future studies.

Finally, the GGxxG motif may contribute to CD4-assisted TCR signaling via some mecha-
nism that does not involve protein-protein interactions. For instance, glycines are very flexible
and may introduce conformational flexibility intoα-helices [45]. Thus, the glycines in the CD4
TMDmay contribute flexibility into the CD4 TMD that assist in the Lck-independent contri-
bution of CD4 signaling in some unknown way. Biochemical data have shown that, prior to
TCR engagement, CD4 and the TCR inhabit distinct membrane domains and this may be
important for their function [46]. There are several proteins whose TMD is required for their
localization within distinct membrane domains. For example, CD40 and CD44 are both tar-
geted to detergent resistant microdomains via their transmembrane domain [47–49]. Addi-
tionally, a GxxxG motif in mouse MHC class II I-Ak TMD has been shown to localize it to lipid
rafts [50]. It is therefore possible that the TMD of CD4 plays an important role in its proper
membrane localization. Heterotypic interactions or conformational flexibility mediated by the
GGxxG motif could help facilitate this process.

In closing, the data presented here show that the CD4 TMD GGxxG motif contributes to
the Lck-independent role of CD4 in T cell activation. Interestingly, this contribution is not due
to dimerization of CD4 along this motif, indicating that it plays a distinct role in CD4-assisted
T cell activation. Future work will be aimed at determining whether the CD4 GGxxG motif is
important for mediating direct interactions with the TCR-CD3 complex to aid in signaling.

Acknowledgments
We thank Mark Lee for critical feedback on the manuscript. We also thank Drs. Jeffrey Frelin-
ger, Joyce Wu, and Dominik Schenten as well as members of their labs for feedback. We also
thank Drs. Matthew Krummel and Peter Beemiller for technical input on bilayer preparation.

Author Contributions
Conceived and designed the experiments: HLP CRGMSK. Performed the experiments: HLP
CRG. Analyzed the data: HLP CRGMSK. Contributed reagents/materials/analysis tools: HLP
CRGMMKMPB NRDMSK. Wrote the paper: HLP CRGMPB NRDMSK.

Lck-Independent Function of CD4 Linked to GGxxGMotif

PLOS ONE | DOI:10.1371/journal.pone.0132333 July 6, 2015 11 / 14



References
1. BirnbaumME, Dong S, Garcia KC. Diversity-oriented approaches for interrogating T-cell receptor rep-

ertoire, ligand recognition, and function. Immunol Rev. 2012; 250(1):82–101. doi: 10.1111/imr.12006
PMID: 23046124; PubMed Central PMCID: PMC3474532.

2. Kuhns MS, Badgandi HB. Piecing together the family portrait of TCR-CD3 complexes. Immunological
Reviews. 2012; 250.

3. Kane LP, Lin J, Weiss A. Signal transduction by the TCR for antigen. Curr Opin Immunol. 2000; 12
(3):242–9. PMID: 10781399.

4. Reth M. Antigen receptor tail clue. Nature. 1989; 338(6214):383–4. PMID: 2927501.

5. Vidal K, Daniel C, Hill M, Littman DR, Allen PM. Differential requirements for CD4 in TCR-ligand interac-
tions. J Immunol. 1999; 163(9):4811–8. PMID: 10528181.

6. Killeen N, Littman DR. Helper T-cell development in the absence of CD4-p56lck association. Nature.
1993; 364(6439):729–32. Epub 1993/08/19. doi: 10.1038/364729a0 PMID: 8355789.

7. Konig R, Huang LY, Germain RN. MHC class II interaction with CD4 mediated by a region analogous to
the MHC class I binding site for CD8. Nature. 1992; 356(6372):796–8. PMID: 1574118.

8. Cammarota G, Scheirle A, Takacs B, Doran DM, Knorr R, Bannwarth W, et al. Identification of a CD4
binding site on the beta 2 domain of HLA-DRmolecules. Nature. 1992; 356(6372):799–801. PMID:
1574119.

9. Konig R, Shen X, Germain RN. Involvement of both major histocompatibility complex class II alpha and
beta chains in CD4 function indicates a role for ordered oligomerization in T cell activation. J Exp Med.
1995; 182(3):779–87. Epub 1995/09/01. PMID: 7650484.

10. Veillette A, Bookman MA, Horak EM, Bolen JB. The CD4 and CD8 T cell surface antigens are associ-
ated with the internal membrane tyrosine-protein kinase p56lck. Cell. 1988; 55(2):301–8. PMID:
3262426.

11. Shaw AS, Amrein KE, Hammond C, Stern DF, Sefton BM, Rose JK. The lck tyrosine protein kinase
interacts with the cytoplasmic tail of the CD4 glycoprotein through its unique amino-terminal domain.
Cell. 1989; 59(4):627–36. PMID: 2582490.

12. Turner JM, Brodsky MH, Irving BA, Levin SD, Perlmutter RM, Littman DR. Interaction of the unique N-
terminal region of tyrosine kinase p56lck with cytoplasmic domains of CD4 and CD8 is mediated by cys-
teine motifs. Cell. 1990; 60(5):755–65. PMID: 2107025.

13. Jia-huai Wang RM, Xiong Yi, Liu Jin-huan, Sakihama Toshiko, Zhang Rongguang, Joachimiak Andrzej,
and Reinherz Ellis L. Crystal structure of the human CD4 N-terminal two-domain fragment complexed
to a class II MHCmolecule. PNAS. 2001; 98(19):10799–804. PMID: 11535811

14. Yin Y, Wang XX, Mariuzza RA. Crystal structure of a complete ternary complex of T-cell receptor, pep-
tide-MHC, and CD4. Proceedings of the National Academy of Sciences of the United States of America.
2012; 109(14):5405–10. Epub 2012/03/21. doi: 10.1073/pnas.1118801109 PMID: 22431638; PubMed
Central PMCID: PMC3325661.

15. Xiong Y KP, change H, Reinherz E. T cell receptor binding to a pMHCII ligand is kinetically distinct from
and independent of CD4. J Biol Chem. 2001; 27(8):5659–67.

16. Treutlein HR, LemmonMA, Engelman DM, Brunger AT. The glycophorin A transmembrane domain
dimer: sequence-specific propensity for a right-handed supercoil of helices. Biochemistry. 1992; 31
(51):12726–32. PMID: 1463744.

17. Gaidukov L, Nager AR, Xu S, Penman M, Krieger M. Glycine dimerization motif in the N-terminal trans-
membrane domain of the high density lipoprotein receptor SR-BI required for normal receptor oligomer-
ization and lipid transport. J Biol Chem. 2011; 286(21):18452–64. doi: 10.1074/jbc.M111.229872
PMID: 21454587; PubMed Central PMCID: PMC3099662.

18. Bronnimann MP, Chapman JA, Park CK, Campos SK. A transmembrane domain and GxxxGmotifs
within L2 are essential for papillomavirus infection. J Virol. 2013; 87(1):464–73. doi: 10.1128/JVI.
01539-12 PMID: 23097431; PubMed Central PMCID: PMC3536380.

19. Kuhns MS, Davis MM. Disruption of extracellular interactions impairs T cell receptor-CD3 complex sta-
bility and signaling. Immunity. 2007; 26(3):357–69. Epub 2007/03/21. doi: S1074-7613(07)00177-X
[pii] doi: 10.1016/j.immuni.2007.01.015 PMID: 17368054.

20. Kuhns MS, Girvin AT, Klein LO, Chen R, Jensen KD, Newell EW, et al. Evidence for a functional sided-
ness to the alphabetaTCR. Proc Natl Acad Sci U S A. 2010; 107(11):5094–9. Epub 2010/03/06. doi:
1000925107 [pii] doi: 10.1073/pnas.1000925107 PMID: 20202921; PubMed Central PMCID:
PMC2841884.

Lck-Independent Function of CD4 Linked to GGxxGMotif

PLOS ONE | DOI:10.1371/journal.pone.0132333 July 6, 2015 12 / 14

http://dx.doi.org/10.1111/imr.12006
http://www.ncbi.nlm.nih.gov/pubmed/23046124
http://www.ncbi.nlm.nih.gov/pubmed/10781399
http://www.ncbi.nlm.nih.gov/pubmed/2927501
http://www.ncbi.nlm.nih.gov/pubmed/10528181
http://dx.doi.org/10.1038/364729a0
http://www.ncbi.nlm.nih.gov/pubmed/8355789
http://www.ncbi.nlm.nih.gov/pubmed/1574118
http://www.ncbi.nlm.nih.gov/pubmed/1574119
http://www.ncbi.nlm.nih.gov/pubmed/7650484
http://www.ncbi.nlm.nih.gov/pubmed/3262426
http://www.ncbi.nlm.nih.gov/pubmed/2582490
http://www.ncbi.nlm.nih.gov/pubmed/2107025
http://www.ncbi.nlm.nih.gov/pubmed/11535811
http://dx.doi.org/10.1073/pnas.1118801109
http://www.ncbi.nlm.nih.gov/pubmed/22431638
http://www.ncbi.nlm.nih.gov/pubmed/1463744
http://dx.doi.org/10.1074/jbc.M111.229872
http://www.ncbi.nlm.nih.gov/pubmed/21454587
http://dx.doi.org/10.1128/JVI.01539-12
http://dx.doi.org/10.1128/JVI.01539-12
http://www.ncbi.nlm.nih.gov/pubmed/23097431
http://dx.doi.org/10.1016/j.immuni.2007.01.015
http://www.ncbi.nlm.nih.gov/pubmed/17368054
http://dx.doi.org/10.1073/pnas.1000925107
http://www.ncbi.nlm.nih.gov/pubmed/20202921


21. Holst J, Wang H, Eder KD, Workman CJ, Boyd KL, Baquet Z, et al. Scalable signaling mediated by T
cell antigen receptor-CD3 ITAMs ensures effective negative selection and prevents autoimmunity. Nat
Immunol. 2008; 9(6):658–66. PMID: 18469818. doi: 10.1038/ni.1611

22. Kim KJ, Kanellopoulos-Langevin C, Merwin RM, Sachs DH, Asofsky R. Establishment and characteri-
zation of BALB/c lymphoma lines with B cell properties. J Immunol. 1979; 122(2):549–54. PMID:
310843.

23. Crawford F, Kozono H, White J, Marrack P, Kappler J. Detection of antigen-specific T cells with multiva-
lent soluble class II MHC covalent peptide complexes. Immunity. 1998; 8(6):675–82. Epub 1998/07/09.
PMID: 9655481.

24. Letourneur F, Malissen B. Derivation of a T cell hybridoma variant deprived of functional T cell receptor
alpha and beta chain transcripts reveals a nonfunctional alpha-mRNA of BW5147 origin. Eur J Immu-
nol. 1989; 19(12):2269–74. doi: 10.1002/eji.1830191214 PMID: 2558022.

25. Kuhns MS, Davis MM, Garcia KC. Deconstructing the Form and Function of the TCR/CD3 Complex.
Immunity. 2006; 24(2):133–9. PMID: 16473826.

26. Matsui K, Boniface JJ, Reay PA, Schild H, Fazekas de St. Groth B, Davis MM. Low affinity interaction
of peptide-MHC complexes with T cell receptors. Science. 1991; 254(5039):1788–91. PMID: 1763329

27. Beemiller P, Jacobelli J, Krummel MF. Integration of the movement of signaling microclusters with cellu-
lar motility in immunological synapses. Nat Immunol. 2012; 13(8):787–95. doi: 10.1038/ni.2364 PMID:
22751140; PubMed Central PMCID: PMC3902181.

28. Scott CA, Garcia KC, Carbone FR, Wilson IA, Teyton L. Role of chain pairing for the production of func-
tional soluble IA major histocompatibility complex class II molecules. The Journal of experimental medi-
cine. 1996; 183(5):2087–95. Epub 1996/05/01. PMID: 8642319; PubMed Central PMCID:
PMC2192579.

29. Xu C, Gagnon E, Call ME, Schnell JR, Schwieters CD, Carman CV, et al. Regulation of T cell receptor
activation by dynamic membrane binding of the CD3epsilon cytoplasmic tyrosine-based motif. Cell.
2008; 135(4):702–13. Epub 2008/11/18. doi: S0092-8674(08)01237-3 [pii] doi: 10.1016/j.cell.2008.09.
044 PMID: 19013279.

30. Zhang H, Cordoba SP, Dushek O, Anton van der Merwe P. Basic residues in the T-cell receptor zeta
cytoplasmic domain mediate membrane association and modulate signaling. Proceedings of the
National Academy of Sciences of the United States of America. 2011; 108(48):19323–8. Epub 2011/
11/16. doi: 10.1073/pnas.1108052108 PMID: 22084078; PubMed Central PMCID: PMC3228420.

31. Crise B, Rose JK. Identification of palmitoylation sites on CD4, the human immunodeficiency virus
receptor. J Biol Chem. 1992; 267(19):13593–7. PMID: 1618861.

32. Popik W, Alce TM. CD4 receptor localized to non-raft membrane microdomains supports HIV-1 entry.
Identification of a novel raft localization marker in CD4. J Biol Chem. 2004; 279(1):704–12. doi: 10.
1074/jbc.M306380200 PMID: 14570906.

33. Rabinowitz JD, Beeson C, Wülfing C, Tate K, Allen PM, Davis MM, et al. Altered T cell receptor ligands
trigger a subset of early T cell signals. Immunity. 1996; 5(2):125–35. PMID: 8769476

34. Reay PA, Kantor RM, Davis MM. Use of global amino acid replacements to define the requirements for
MHC binding and T cell recognition of moth cytochrome c (93–103). J Immunol. 1994; 152(8):3946–57.
PMID: 7511662.

35. WuH, Kwong PD, Hendrickson WA. Dimeric association and segmental variability in the structure of
human CD4. Nature. 1997; 387(6632):527–30. Epub 1997/05/29. doi: 10.1038/387527a0 PMID:
9168119.

36. Moldovan MC, Yachou A, Levesque K, Wu H, HendricksonWA, Cohen EA, et al. CD4 dimers consti-
tute the functional component required for T cell activation. J Immunol. 2002; 169(11):6261–8. PMID:
12444132.

37. Moldovan MC, Sabbagh L, Breton G, Sekaly RP, Krummel MF. Triggering of T cell activation via CD4
dimers. J Immunol. 2006; 176(9):5438–45. Epub 2006/04/20. doi: 176/9/5438 [pii]. PMID: 16622011.

38. Fournier M, Peyrou M, Bourgoin L, Maeder C, Tchou I, Foti M. CD4 dimerization requires two cysteines
in the cytoplasmic domain of the molecule and occurs in microdomains distinct from lipid rafts. Mol
Immunol. 2010; 47(16):2594–603. doi: 10.1016/j.molimm.2010.06.010 PMID: 20739067.

39. James JR, McColl J, Oliveira MI, Dunne PD, Huang E, Jansson A, et al. The T cell receptor triggering
apparatus is composed of monovalent or monomeric proteins. J Biol Chem. 2011; 286(37):31993–
2001. doi: 10.1074/jbc.M111.219212 PMID: 21757710; PubMed Central PMCID: PMC3173209.

40. Krummel MF, Sjaastad MD, Wulfing C, Davis MM. Differential clustering of CD4 and CD3zeta during T
cell recognition. Science. 2000; 289(5483):1349–52. Epub 2000/08/26. doi: 8770 [pii]. PMID:
10958781.

Lck-Independent Function of CD4 Linked to GGxxGMotif

PLOS ONE | DOI:10.1371/journal.pone.0132333 July 6, 2015 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/18469818
http://dx.doi.org/10.1038/ni.1611
http://www.ncbi.nlm.nih.gov/pubmed/310843
http://www.ncbi.nlm.nih.gov/pubmed/9655481
http://dx.doi.org/10.1002/eji.1830191214
http://www.ncbi.nlm.nih.gov/pubmed/2558022
http://www.ncbi.nlm.nih.gov/pubmed/16473826
http://www.ncbi.nlm.nih.gov/pubmed/1763329
http://dx.doi.org/10.1038/ni.2364
http://www.ncbi.nlm.nih.gov/pubmed/22751140
http://www.ncbi.nlm.nih.gov/pubmed/8642319
http://dx.doi.org/10.1016/j.cell.2008.09.044
http://dx.doi.org/10.1016/j.cell.2008.09.044
http://www.ncbi.nlm.nih.gov/pubmed/19013279
http://dx.doi.org/10.1073/pnas.1108052108
http://www.ncbi.nlm.nih.gov/pubmed/22084078
http://www.ncbi.nlm.nih.gov/pubmed/1618861
http://dx.doi.org/10.1074/jbc.M306380200
http://dx.doi.org/10.1074/jbc.M306380200
http://www.ncbi.nlm.nih.gov/pubmed/14570906
http://www.ncbi.nlm.nih.gov/pubmed/8769476
http://www.ncbi.nlm.nih.gov/pubmed/7511662
http://dx.doi.org/10.1038/387527a0
http://www.ncbi.nlm.nih.gov/pubmed/9168119
http://www.ncbi.nlm.nih.gov/pubmed/12444132
http://www.ncbi.nlm.nih.gov/pubmed/16622011
http://dx.doi.org/10.1016/j.molimm.2010.06.010
http://www.ncbi.nlm.nih.gov/pubmed/20739067
http://dx.doi.org/10.1074/jbc.M111.219212
http://www.ncbi.nlm.nih.gov/pubmed/21757710
http://www.ncbi.nlm.nih.gov/pubmed/10958781


41. Grakoui A, Bromley SK, Sumen C, Davis MM, Shaw AS, Allen PM, et al. The immunological synapse: a
molecular machine controlling T cell activation [see comments]. Science. 1999; 285(5425):221–7.
PMID: 10398592

42. Vignali DA, Carson RT, Chang B, Mittler RS, Strominger JL. The two membrane proximal domains of
CD4 interact with the T cell receptor. J Exp Med. 1996; 183(5):2097–107. Epub 1996/05/01. PMID:
8642320.

43. Faingold O, Cohen T, Shai Y. A GxxxG-like motif within HIV-1 fusion peptide is critical to its immuno-
suppressant activity, structure, and interaction with the transmembrane domain of the T-cell receptor. J
Biol Chem. 2012; 287(40):33503–11. doi: 10.1074/jbc.M112.370817 PMID: 22872636; PubMed Cen-
tral PMCID: PMC3460451.

44. Kwong PD, Wyatt R, Robinson J, Sweet RW, Sodroski J, Hendrickson WA. Structure of an HIV gp120
envelope glycoprotein in complex with the CD4 receptor and a neutralizing human antibody. Nature.
1998; 393(6686):648–59. doi: 10.1038/31405 PMID: 9641677.

45. Weinglass AB, Kaback HR. Conformational flexibility at the substrate binding site in the lactose perme-
ase of Escherichia coli. Proc Natl Acad Sci U S A. 1999; 96(20):11178–82. PMID: 10500150; PubMed
Central PMCID: PMC18007.

46. Xavier R, Brennan T, Li Q, McCormack C, Seed B. Membrane compartmentation is required for efficient
T cell activation. Immunity. 1998; 8(6):723–32. PMID: 9655486.

47. Nadiri A, Polyak MJ, Jundi M, Alturaihi H, Reyes-Moreno C, Hassan GS, et al. CD40 translocation to
lipid rafts: signaling requirements and downstream biological events. Eur J Immunol. 2011; 41
(8):2358–67. doi: 10.1002/eji.201041143 PMID: 21567389.

48. Perschl A, Lesley J, English N, Hyman R, Trowbridge IS. Transmembrane domain of CD44 is required
for its detergent insolubility in fibroblasts. Journal of cell science. 1995; 108 (Pt 3):1033–41. PMID:
7542666.

49. Bock J, Gulbins E. The transmembranous domain of CD40 determines CD40 partitioning into lipid rafts.
FEBS letters. 2003; 534(1–3):169–74. PMID: 12527381.

50. Dixon AM, Drake L, Hughes KT, Sargent E, Hunt D, Harton JA, et al. Differential transmembrane
domain GXXXGmotif pairing impacts major histocompatibility complex (MHC) class II structure. J Biol
Chem. 2014; 289(17):11695–703. doi: 10.1074/jbc.M113.516997 PMID: 24619409; PubMed Central
PMCID: PMC4002079.

Lck-Independent Function of CD4 Linked to GGxxGMotif

PLOS ONE | DOI:10.1371/journal.pone.0132333 July 6, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/10398592
http://www.ncbi.nlm.nih.gov/pubmed/8642320
http://dx.doi.org/10.1074/jbc.M112.370817
http://www.ncbi.nlm.nih.gov/pubmed/22872636
http://dx.doi.org/10.1038/31405
http://www.ncbi.nlm.nih.gov/pubmed/9641677
http://www.ncbi.nlm.nih.gov/pubmed/10500150
http://www.ncbi.nlm.nih.gov/pubmed/9655486
http://dx.doi.org/10.1002/eji.201041143
http://www.ncbi.nlm.nih.gov/pubmed/21567389
http://www.ncbi.nlm.nih.gov/pubmed/7542666
http://www.ncbi.nlm.nih.gov/pubmed/12527381
http://dx.doi.org/10.1074/jbc.M113.516997
http://www.ncbi.nlm.nih.gov/pubmed/24619409

