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ABSTRACT: The ligand-binding surface of the T-lymphocyte glycoprotein CD2 has an unusually high
proportion of charged residues, and ionic interactions are thought to play a significant role in defining the
ligand specificity and binding affinity of CD2 with the structurally homologous ligands CD48 (in rodents)
and CD58 (in humans). The determination of the electrostatic properties of these proteins can therefore
contribute to our understanding of structure-activity relationships for these adhesion complexes that
underpin T-cell adhesion to antigen-presenting cells. In this study, we investigated the pH titration behavior
of the carboxyl groups of the N-terminal domain of rat CD2 (CD2d1) using the chemical shifts of backbone
amide nitrogen-15 (15N) and proton NMR resonances, and carboxyl carbon-13 (13C) signals. The analysis
revealed the presence of a glutamate (Glu41) on the binding surface of rat CD2 with an unusually elevated
acidity constant (pKa ) 6.73) for CD2d1 samples at 1.2 mM concentration. pH titration of CD2d1 at low
protein concentration (0.1 mM) resulted in a slight decrease of the measured pKa of Glu41 to 6.36. The
ionization of Glu41 exhibited reciprocal interactions with a second glutamate (Glu29) in a neighboring
location, with both residues demonstrating characteristic biphasic titration behavior of the carboxyl13C
resonances. Measurements at pH 5.5 of the two-bond deuterium isotope shift for the13C carboxyl resonances
for Glu41 and Glu29 [2∆Cδ(OεD) ) 0.2 and 0.1 ppm, respectively] were consistent with the assignment
of the anomalous pKa to Glu41, under the strong influence of Glu29. The characterization of single site
mutations of CD2d1 residues Glu41 and Glu29 to glutamine confirmed the anomalous pKa for Glu41,
and indicated that electrostatic interaction with the Glu29 side chain is a significant contributing influence
for this behavior in the wild-type protein. The implications of these observations are discussed with respect
to recent structural and functional analyses of the interaction of rat CD2 with CD48. In particular, CD2
Glu41 must be a candidate residue to explain the previously reported strong pH dependence of binding
of these two proteins in vitro.

The T-cell antigen CD2 is one of the best characterized
of all the molecules involved in cell adhesion and cell-cell
recognition (1-5). CD2 is involved in the adhesion interac-
tion between T-cells and antigen-presenting target cells, and
it appears to facilitate the dynamic interaction of T-cell
receptor (TCR)1 and antigen-loaded major histocompatibility

complex (MHC) proteins by separating the cells at an optimal
distance at the spatially segregated adhesion and signaling
within what has been called the “immunological synapse”
(6-8). CD2 may also be directly implicated in transmem-
brane signaling during T-cell activation (1, 2, 9). The
physiological binding partner of CD2 has been shown to be
CD48 in rodents (10, 11) and CD58 in humans (12, 13).
The relatively low binding affinity of the interaction of CD2
with its ligand differs significantly from the well-character-
ized high-affinity protein-protein interactions of many
soluble proteins and antigen-antibody complexes. This type
of intermolecular association, which is characteristic of many
cell-adhesion molecules, has been suggested to be essential
to maintain the transient, reversible, and highly dynamic
interaction between T-lymphocytes and antigen-presenting
target cells (14, 15). In general, the dissection of the binding
characteristics of these proteins should provide valuable
insight into the physicochemical basis of cell-cell adhesion,
and therefore the biochemical and biophysical properties of
CD2 have been the subject of a number of studies in recent
years (15-20).

CD2 is comprised of two extracellular immunoglobulin
superfamily (IgSF) domains and an intracellular C-terminal
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domain linked by a single transmembrane helix. It has been
shown that the adhesion function of CD2 resides solely in
the N-terminal domain, denoted CD2d1 (21-23). The
structure of the CD2 ectodomain has been determined by
X-ray crystallography (24, 25), and the solution structures
of the isolated N-terminal domain have been examined in
detail by NMR spectroscopy (26, 27), for both rat and human
forms. CD2, together with its structurally homologous
adhesion ligands CD48 and CD58, forms a subset of
molecules within the IgSF that is suggested to have evolved
from a common precursor involved in primordial homophilic
interactions (28, 29). A putative model of such homophilic
interaction can be observed in the packing within crystals
of both rat and human CD2, each of which exhibits a head-
to-head homodimer interaction with extensive lattice contacts
involving the N-terminal domain GFCC′C′′ â-sheet (24, 25).
The characteristics of the crystal contact have also been put
forward as a model for the physiological heterophilic
association of CD2 and CD48 (24). Evidence to support this
model has been provided by a number of experimental
studies using mutational analysis (7, 15, 30) and NMR
spectroscopy (16) which identified the CD2 residues impli-
cated in CD48 binding. These residues form a contiguous
binding “patch” that extends across an area that corresponds
closely to the crystal contact. Most recently, Reinherz,
Wagner, and colleagues have made a significant advance in
the analysis of human CD2-human CD58 interactions by
NMR spectroscopic examination of the structure of a highly
mutated soluble form of CD58 domain 1 (31) and the co-
crystallization of the CD58 domain with a mutated form of
human CD2 domain 1 (32). The structure observed for the
human CD2/CD58 complex, which is presumed to be
homologous to that of rat CD2/CD48, possesses the basic

features predicted by the previous models proposed on the
basis of mutagenesis studies and the lattice contacts in the
crystals of CD2 alone.

The dissociation constant (KD) for CD2 interaction with
its ligands has been determined to be 10-20 µM for human
CD2/CD58 (33) and 60-90µM for rat CD2/CD48 (34), with
an exceptionally fast off-rate of∼7.8 s-1 for rat CD2 (17).
These weak interactions of CD2 are nevertheless highly
specific. The binding sites of human and rat CD2 possess
broadly similar characteristics, but these proteins demonstrate
little cross-species binding to the respective ligands: human
CD2 does not bind rat CD48, and rat CD2 does not associate
with human CD58 (5, 35). The low-affinity and high-
specificity binding characteristics of CD2 have been at-
tributed to unusual features of its ligand-binding surface (15).
The binding surfaces of rat and human CD2 are both
relatively flat and highly charged (see Figure 1). The flatness
of the surface suggests that the binding of CD2 relies less
on surface-shape complementarity but rather on the spatial
pattern of charges on the binding surface. 35% and 70% of
the residues on the binding surfaces of rat and human CD2,
respectively, are charged, compared with∼19% for the
average solvent-exposed protein surface (36). Mutagenesis
studies of rat CD2 in which the surface residues are altered
to residues with the opposite charge result in the loss of CD2
binding to CD48. For the Glu41fArg mutant of CD2, the
binding capability is restored if a residue on CD48 is
similarly mutated for complementary charge reversal (CD48
Arg31fGlu), suggesting that electrostatic complementarity
maybe important to the binding interaction (7). Against this,
the CD48 Arg31fGlu mutant on its own can still bind to
wild-type CD2, indicating that it is difficult to unravel the
relative contributions of charge-charge, hydrogen bond, and

FIGURE 1: Structure of rat CD2 domain 1 illustrating (A) a face-on view of the majorâ-sheet ligand-binding surface of the domain, the flat
nature of which is emphasized in the side-on view of the whole domain in (B). The atomic coordinates used are derived from the X-ray
structure of the rat CD2 ectodomain (Protein Data Bank code 1HNG). Charged residues are colored according to the following scheme:
arginine and lysine, blue; aspartic acid and glutamic acid, red; and histidine, green. The characteristicâ-strand labeling (strands C′′, C′, C,
F, and G) is indicated in (A).
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van der Waals interaction forces involved. It has been argued
that the charged residues contribute little to the overall
binding energy due to the unfavorable effects of desolvation
upon complex formation (15). It has therefore been proposed
that these residues play a dominant role in rat CD2 ligand
recognition by ensuring that the binding strength is of the
appropriate magnitude (i.e., not excessively strong) while
maintaining high specificity of ligand recognition. The human
CD2/CD58 cocrystal structure shows that the intermolecular
interface includes few hydrophobic contacts and is dominated
by interdigitating charged amino acid side chains which form
a complex pattern of ionic and hydrogen bond interactions
(32).

These studies have highlighted the significance of elec-
trostatic interactions to the function of this class of adhesion
molecules. A detailed understanding of the electrostatic
properties of CD2 would therefore provide invaluable insight
into the high specificity and low affinity of its ligand-binding
characteristics. Our previous work has suggested that there
is a distinct pH dependence of rat CD2/CD48 binding in
vitro (16). The CD2/CD48 binding appears markedly reduced
below pH 6, indicating the presence of one or more titrating
residues for one or both of the CD2 and CD48 binding
surfaces that may be crucial in mediating the binding
interaction. The determination of ionization constants by
monitoring the pH-dependent chemical shifts of1H, 15N, and
13C NMR resonances is well-established (for a selection, see
refs 37-43). 13C NMR in particular has been shown to be
an excellent method of the accurate determination of the acid
dissociation equilibria of carboxylic acids (44-47). In this
study, the pH-dependent chemical shift changes of rat CD2d1
13C, 15N, and 1H resonances were examined in order to
provide a comprehensive evaluation of the charge status of
the ligand-binding surface relevant to the rationalization of
the structure-activity profile of the CD2/CD48 interaction.

EXPERIMENTAL PROCEDURES

Sample Preparation.Isotope-labeled recombinant rat
CD2d1 (residues 1-99) was expressed inE. coli expression
strain BL21(DE3) using a pET-CD2 plasmid construct. The
protein was purified as previously described (48). The
purified protein was concentrated slowly due to a tendency
for the CD2d1 to precipitate at high concentration, especially
between the range of pH 5 and 6. The concentration of
protein sample was quantified by UV absorbance measure-
ment at 280 nm using an extinction coefficientε280 ) 13 940
M-1 cm-1 as determined by the method of (49) and the purity
(>99%) assessed by discontinuous SDS-PAGE. Unless
stated otherwise, all protein samples used for the pH titration
were at a concentration of 1.2 mM in 20 mM potassium
phosphate with 10% D2O, and contained 0.5 mM EDTA and
0.1 mM PMSF. The protein samples used for the titration
were initially at pH 7.5, and the pH was lowered or raised
by the appropriate addition of small aliquots of 0.2 mM HCl
or NaOH. The pH was measured both before and after
acquisition of the NMR spectrum at each titration point, and
the average of the two values was used for the analysis. The
pH showed little variation at most pH titration points ((0.05
pH unit). However, above pH 8.5, where the solution is not
well buffered by phosphate, the pH sometimes differed
significantly before and after the experiment (up to 0.4 pH
unit difference) due to an undetermined slow process. As a

result of this variability, titration points at pH higher than
8.5 were not used for pKa determination. For experiments
in D2O solution, the protein was lyophilized and then
resuspended in 99.96% D2O and the pH adjusted with
aliquots of NaOD. The pH quoted for protein samples in
D2O has not been corrected for the deuterium effect on the
glass electrode.

Mutagenesis. The CD2d1 mutants were constructed using
a modified method of site-directed mutagenesis of Ito et al.
(50). This method utilizes four oligonucleotides, one mu-
tagenic primer specific for each mutagenesis reaction, and
three invariant pimers for all the different mutant constructss
T7 promoter primer, T7 terminator primer (both from
Novagen), and a “knock-out” primer that destroys bothXhoI
andBamHI restriction sites with the sequence 5′-GAGCTC-
GAATTCGGATTCTTATTCGAGAATCCTCAAG. In the
first step of this modified method, the mutagenic primer was
used as a forward primer for PCR together with the T7
terminator primer, while the knock-out primer was used as
a reverse primer for polymerase chain reaction (PCR)
together with T7 promoter primer. One microliter of the
products from each PCR was used for a second round of
PCR using T7 promoter and terminator primers. This DNA
amplification product was then digested and inserted into
the expression vector pET21b betweenNdeI and XhoI or
BamHI restriction sites. The DNA constructs were sequenced
to confirm the presence of the mutations.

NMR Spectroscopy. Chemical shifts of backbone and side
chain amide resonances were followed during pH titration
via two-dimensional (2D) [15N,1H]-heteronuclear single
quantum coherence (HSQC) experiments (51, 52). For the
carboxyl resonances, a modified 2D [13C,1H]-H(C)CO ex-
periment was used (53). However, due to severe line
broadening, in particular of Glu29 and Glu41 signals, a
nonconstant time version of the H(C)CO experiment was
adopted for the titration. The spectra were recorded on a 600
MHz Varian UnityPlus NMR spectrometer equipped with a
5 mm triple-resonance probehead from Nalorac Cryogenics
Corp. (Martinez, CA), and the data were processed using
Felix version 2.3 (BIOSYM Inc., San Diego, CA) and
nmrPipe (54). The side chain13C carboxyl resonances were
assigned using a combination of 2D and 3D [13C,1H]-H(C)-
CO spectra combined with a 2D [13C,1H]-H(C)CO-1H-
TOCSY experiment which provided connectivities between
the side chain carboxyl13C′ in Asp or Glu, respectively, with
the HR proton (53). The [15N,1H]-HSQC experiments were
recorded with 2048 points in F2 and 256 complex points in
F1 with spectral widths of 10 000 Hz (F2) and 1700 Hz (F1).
For the 2D H(C)CO experiments, the spectral width was
8000 and 2000 Hz in F2 and F1, respectively, with 2048
points in F2 and 60 complex points in F1. The number of
transients recorded pert1 increment ranged from 32 up to
400 to compensate for the line broadening of some reso-
nances in the range 4.5< pH < 7.5. 2D {1H}-15N
heteronuclear nuclear Overhauser effect (NOE) experiments
were measured and analyzed as described previously (55).
All NMR experiments were performed at a temperature of
25 °C.

Determination of pKa Values. The pKa values of the
carboxyl groups were determined by following the NMR
chemical shift changes as a function of pH. The titration data
for 13C, 15N, and 1H chemical shifts (∼800 in all) were
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analyzed using Mathematica (Wolfram Research) and Ka-
leidograph (Synergy Software). For data that showed a single
titration event, the curve-fitting was performed using a
nonlinear least-squares method according to the equation
derived from the Henderson-Hasselbalch equation (56):

whereδ is the instantaneous chemical shift in ppm,δacid is
the chemical shift of the protonated form, andδbase is the
chemical shift of the deprotonated form. For titration data
that indicated multiple protonation events and therefore did
not yield a good fit to this simple relationship, the number
of pKa values used to fit the curves was increased. Fitting
was done in all cases assuming that the protonation equilibria
were noninteracting (40): each titration curve was treated
as the simple sum of all individual titrating events experi-
enced by an atom. In all cases, no more than five pKa values
were required to adequately fit the curves. In principle, it is
possible to preselect the number of pKas used to fit the curve
based upon the number of charged residues present around
the target atom in the three-dimensional structure. However,
we opted for an unbiased method for assessing the number
of pKas required to fit a titration curve by using theF-statistic
(57). The chi-square (ø2) values obtained from each fit were
used to calculateF-values for each change in the number of
degrees of freedom associated with allowing additional
titration events. The total number of degrees of freedom in
the fit was assumed to be the number of titration data points
(pH values), reduced by three degrees of freedom for each
pKa used in the fit (corresponding to one pKa value and two
end-point chemical shifts). The significance of the resulting
F-value was then evaluated by reference to a normal
distribution. A value ofp < 0.01 was taken to indicate that
the F-value is significant, and therefore the use of an
increased number of pKa values in the curve-fitting was
considered justified.

Structural Analysis of CD2.The 2.8 Å resolution crystal
structure of rat CD2 (Protein Data Bank code 1HNG) (24)
was used as the template for the structural analysis. The
solvent-accessible surface area of the residues in CD2 was
calculated using the NACCESS program with a probe size
of 1.4 Å (58). The hydrogen bond network was analyzed
using HBPLUS (59).

RESULTS

NMR Resonance Assignment.The1H, 15N, and13C NMR
resonance assignments of CD2d1 have been reported recently
(48) and are available at BMRB accession code 4109.
Chemical shift values were deposited for three different pH
values: pH 3.0, pH 5.0, and pH 7.0. The assignments include
the side chain carboxyl carbon resonances of aspartic acid
and glutamic acid side chains, obtained from 2D [1H,13C]-
H(C)CO and H(C)CO-TOCSY spectra. A selected region
of the 2D [1H,13C]-H(C)CO spectra of CD2d1 at three
different pH values is shown in the Supporting Information.
The resonance frequencies of most of the carboxylates lie
within the expected limits. For protonated aspartic acid and
glutamic acid, the carboxyl13C resonances are located
between 176 and 177 ppm and 178-180 ppm, respectively,
while the signals from the ionized forms are∼3-5 ppm
downfield (44-47). The aspartic acidâ-CH2 protons and

glutamic acidγ-CH2 protons lie in the ranges 3.0-2.7 and
2.6-2.2 ppm, respectively, and displayed a typical upfield
shift of 0.2-0.3 ppm upon carboxyl deprotonation (47, 60).
In contrast to this general pattern, at pH 5.0 an unusual
upfield δ-carboxyl chemical shift was seen for Glu41, at a
position more typical of a protonated glutamate. Similar but
less pronounced chemical shift variances were also seen for
Glu29, Asp28, and Asp72. These observations suggested the
presence of at least one residue with an anomalously high
acidity constant.

pH Titration and CurVe-Fitting of the 2D H(C)CO Data.
2D H(C)CO spectra were recorded at a total of 31 titration
points between pH 2.0 and pH 10.0 in order to adequately
sample the titration behavior of the acidic side chains. CD2d1
has five glutamic acid residues and eight aspartic acid
residues as well as the C-terminal backbone carboxylate
group. The pH-dependences of the chemical shifts of the
carboxyl 13C resonances for all of these groups are shown
in Figure 2. Most of the carboxyl groups showed essentially
monophasic titration behavior. A few, however, exhibited
minor inflections on the titration curves and slight deviations
from the monophasic model due to influences from nearby
ionizable groups. For example, the data for C-terminal
residue Glu99 could be curve-fit to two independent titration
events with separate pKas, which are attributed to the
influence of both its side chain and its backbone carboxylate
groups. The most pronounced deviation from the monophasic
model can be seen in the titration curves Glu29 and Glu41,
both of which show a distinct biphasic titration behavior
(Figure 2).

δ ) (δacid + δbase10pH-pKa)/(1 + 10pH-pKa)

FIGURE 2: Plot of the pH variation of CD2d1 carboxyl group13C
chemical shifts. The protein concentration used was 1.2 mM. The
chemical shift profiles were fit to a multicomponent Henderson-
Hasselbalch equation as described in the text.
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The pKa values of the carboxyl groups determined from
fitting the carboxyl13C chemical shifts are tabulated in Table
1. The majority of the carboxyl groups, with the notable
exception of Glu41, have a pKa similar to that expected from
model compounds. For aspartates, the average observed pKa

value is ca. 3.7, which is comparable to the standard quoted
value of 3.9-4.0 (61). For glutamate residues, the average
pKa of 4.66 is skewed by the pKa of Glu41 which is
abnormally high (see below), but nevertheless is still close
to the standard value of 4.3-4.4 (61). There appears to be
a reciprocal relationship between Glu41 and Glu29 reflected
by the inflections and amplitudes of the pH chemical shift
profiles obtained for these two residues (Figure 2). The
unusually high pKa of Glu41 is determined to be 6.73(
0.05 with an associated13C′ shift amplitude∆δ ) |δ(GluH)
- δ(Glu-)| ) 3.0 ppm. The titration profile for Glu41 also
included a more minor shift variation∆δ ) 0.8 ppm
corresponding to an ionization with pKa of 4.34( 0.06. The
pKa of Glu29 is determined to be 4.42( 0.04 associated
with a major shift change∆δ ) 2.8 ppm and an additional
minor∆δ ) 1.0 ppm corresponding to a pKa of 6.73( 0.09.
This reciprocal titration pattern of Glu41 and Glu29 is
characteristic of two closely interacting carboxyl groups (46,
62).

The pKa values of the CD2d1 carboxyl groups were also
determined from the pH-dependent chemical shift variation
of the immediately adjacent intraresidue protons, namely,
CâH2 for Asp and CγH2 for Glu (Table 1). Most of the values
obtained in this way correspond well with those obtained
from the carboxyl groups (agreement to within 0.1 pH unit).
However, in the case of close proximity of titrating acidic
residues, the protons are subject to multiple influences that
give rise to more complex titration curves that are more
difficult to interpret. For example, for the pH-dependent
chemical shift changes of Glu29 CγH, a slightly greater
influence is exerted by the ionization of Glu41 (∆δ ) 0.21

ppm) than that from its own intraresidue carboxyl group (∆δ
) 0.18 ppm) (see figure given in Supporting Information).
These observations reinforce the principle that caution should
be applied when attempting to assign the identity of the
residue giving rise to a specific inflection in the chemical
shift vs pH profile for proton resonances of closely interacting
side chains.

pKa Determination at Low Protein Concentration. The pH
titration monitored by 2D [1H,13C]-H(C)CO spectroscopy was
repeated at a CD2d1 concentration of 0.1 mM. Overall the
pattern of the ionization behavior was conserved at the lower
concentration, but some small shifts in the pKa values were
observed (Table 1). For example, the pKa of Asp28 increased
by 0.10 pH unit while that of Glu56 dropped by 0.18 pH
unit. Interestingly, the largest concentration-dependent change
in pKa was seen for Glu41, down from 6.74 to 6.36 (Figure
3). These changes were accompanied by some improvement
in the intensity of a subset of cross-peaks in the spectrum,
due to an apparent increase in transverse relaxation times.
These concentration-dependent phenomena point toward
possible pH-dependent protein-protein interactions at higher
protein concentration (55).

Deuterium Isotope Shifts.The 2D H(C)CO titration results
indicated that Glu41 should be mostly protonated and Glu29
deprotonated at pH∼5.5. The protonation state of these
residues was tested directly by examining the deuterium
isotope effect on the carboxyl carbon chemical shift,2∆Cδ-
(OD). In general, the chemical shift of a protonated carboxyl
13C resonance is shifted upfield when the solvent is changed
from H2O to D2O. The analysis of such isotope shifts is
complicated by the fact that the pH meter reading is lowered
in D2O, but at the same time acids are weaker in D2O. To
first approximation, one effect may therefore be compensated
by the other, but such an assumption may not always hold.
For studies in the acidic range, the pH reading can be taken
as a good approximation for pD (60). Nevertheless, adopting

Table 1: Acidity Constants (pKa Values) of Acidic Groups of Rat CD2d1 Determined from 2D [13C,1H]-H(C)CO Experiments

[CD2d1] ) 1.2 mM [CD2d1]) 0.1 mM solvent accessibility (Å2)e

residue pKa
a ∆δ (ppm)b Hâ/Hγc pKa

d nonpolar polar

Asp2 3.55( 0.04 3.77 3.46 3.48( 0.02 42.53 79.24
Asp25 3.53( 0.02 3.68 3.45, 3.61 3.50( 0.02 40.05 78.26
Asp26 3.58( 0.02 3.55 3.60, 3.55 3.57( 0.02 28.22 66.28
Asp28 3.57( 0.06 2.69 3.61, 3.96 3.53( 0.03 4.34 25.11
Asp62 4.15( 0.02 2.33 4.20, 4.19 4.02( 0.02 0.00 12.61
Asp71 3.18( 0.04 3.31 3.69, 3.01 3.30( 0.03 37.66 82.82
Asp72 4.14( 0.05 3.83 4.06, 3.82 3.97( 0.01 0.00 15.78
Asp94 3.87( 0.04 3.65 3.79 3.80( 0.02 8.43 35.55
Glu29 4.42( 0.04 2.66 4.66 4.39( 0.05 0.57 23.90
Glu33 4.16( 0.02 4.68 4.23 4.02( 0.01 7.45 50.67
Glu41 6.73( 0.05 3.00 6.88, 6.87 6.36( 0.02 1.91 18.73
Glu56 3.92( 0.01 3.80 3.99 3.74( 0.02 28.11 40.63
Glu99 4.25( 0.04 4.74 3.95 4.03( 0.01 77.20 99.11f

R-CO2H 3.11( 0.05 2.30 3.49 -g

a pKa values were determined from the chemical shift variation of the carboxyl13C resonance of the acidic groups at a CD2d1 concentration of
1.2 mM, by curve-fitting to the Henderson-Hasselbalch equation as described in the text. If the curves indicated evidence of more than a single
pKa, only the value corresponding to the dominant∆δ value is given. This is taken to represent a direct measure of the intraresidue pKa. b ∆δ
represents the amplitude of chemical shift differences between protonated and deprotonated forms of the carboxyl group, obtained as part of the
fitting procedure.c pKa values determined from the chemical shift pH profile for the methylene group protons (Hâ for Asp residues, Hγ for Glu
residues) adjacent to the carboxyl group. A single pKa is reported if the methylene proton resonances are degenerate or if overlap for one these
signals with the amplitude of the variation in chemical shift is too small for a meaningful fit.d pKa values are reported from carboxyl13C chemical
shift pH profiles obtained at a CD2d1 concentration of 0.1 mM.e Absolute measures of solvent-accessible surface areas were estimated from the
rat CD2 crystal structure (PDB code 1HNG) using the program NACCESS and a probe size of 1.4 Å. The polar solvent accessibility corresponds
to the oxygen atoms of the carboxyl group. The nonpolar surface-accessible area is computed for all other atoms of the side chain, including the
CR atom. f This value includes the terminal backbone carboxylate group.g Value cannot be determined due to weak peak intensities.
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this approach does not preclude the possibility of systematic
error in the pH reading and introduction of a slight shift in
derived pKa values from the two solvent conditions (60, 63).
In the present case where the resonances of both Glu29 and
Glu41 are very sensitive to the precise H+ (or D+) concen-
tration, opportunity for experimental error enters the analysis
of the deuterium isotope shift effect. The CγH2 proton
chemical shifts, on the other hand, are less sensitive to the
deuterium isotope effect, and so these resonances were used
as a reference for monitoring the pH. The 2D H(C)CO
spectra of CD2 in 90% H2O and 99% D2O showed good
alignment of CγH2 proton chemical shifts at pH 5.5 (Figure
4). The chemical shifts of the majority of cross-peaks,
including those from fully deprotonated aspartic acid resi-
dues, were unperturbed by the change in solvent. The
chemical shift of the Gln22 Cδ carbonyl resonance was
slightly perturbed, in line with expectations for the two-bond
deuterium isotope shift for this type of side chain amide
group,2∆Cδ(ND) ) 0.07 ppm. In the 99% D2O spectrum,
an upfield shift2∆Cδ(OD) ) 0.20 ppm was observed for
the Glu41 carboxyl13C resonance compared to the spectrum
in 90% H2O, in line with values obtained from similar

observations for protonated vs deuterated carboxyl groups
(43, 64, 65). The Glu29 carboxyl showed an apparent smaller
isotope shift of 0.11 ppm (Figure 4). Given the proximity of
the Glu29 and Glu41 side chains in the CD2d1 structure,
the presence of the Glu41 deuteron in the vicinity might lead
to direct (e.g., H-bond) or indirect effects upon the Glu29
Cδ chemical shift (see Discussion).

CD2d1 pH Titration Monitored by [15N,1H]-HSQC Spec-
troscopy.The 2D [1H,15N]-HSQC experiment is a more rapid
and economical method of studying protein ionization
equilibria. We have therefore adopted this experiment to
monitor the effect of salts, buffering conditions, and CD2
mutations, where preparation of13C-labeled protein samples
would have been prohibitively uneconomic. For a given
amide group, the1H and 15N chemical shifts are very
sensitive to changes in the electronic environment due to
the high polarizability of N-H bonds (compared to C-H
bonds) (66), thereby reflecting the long-range electrostatic
influence of ionizable groups in the protein (67), as well as
perturbation by pH-dependent conformational changes. The
overall result is that titration curves for amide group
resonances can exhibit complex titration patterns. Care must
be taken in the analysis of these shift variations, in particular
for titrating residues, since the dominant pKa reflected in the
15N or 1H chemical shift variation need not necessarily
correspond to protonation of the intraresidue side chain.
However, since we had precisely established the pKa values
of all CD2d1 acidic groups via the carboxyl13C shifts, it
was straightforward to correlate the pattern of titration
behavior of the backbone amide resonances with these known
values. For example, for wild-type CD2d1, the titration
curves of the Glu29 backbone amide showed the effect of
protonation of the Asp28, Glu29, and Glu41 carboxyl groups,
with Asp28 exerting the greatest influence in the chemical
shift changes (Figure 5). A selection of the CD2d1 pKa values
determined from chemical shift variation in the 2D [15N,1H]-
HSQC titrations is tabulated in the Supporting Information.
The protonation of Glu41 with a pKa ∼ 6.7 gives rise to
readily detectable chemical shift effects on Asp28 (HN

resonance), Glu29 (HN and N), Glu41(HN), Lys43 (N), Ser52-
(N), and Thr79(N) (Figure 5). In addition to backbone amide
groups, the titration characteristics of side chain N-H cross-
peaks (e.g., Arg31, Arg70, Arg90, Asn17, Asn60) also
proved valuable, with downfield1H titration shifts (∼0.2-
0.5 ppm) giving indications of transient side chain H-bonding
interaction with acidic residues (68). For example, the
titration profile for the Arg31 Hε signal exhibited a biphasic
curve corresponding to measured pKa values of 6.68 (∆δ )
0.2 ppm) and 4.24 (∆δ ) 0.5 ppm) which respectively reflect
the ionizations of Glu41 and Glu29 at adjacent sites in the
structure (Figure 1). Collectively these backbone and side
chain groups therefore proved a reliable probe of the
protonation status of Glu41 as a function of different sample
conditions, and point mutation of CD2d1 (see Table 2).

pH Titrations with Different Buffer Conditions. Protein pKa

values can be strongly influenced by the ionic strength and
the choice of buffer (67, 69). In general, larger perturbations
from model compound pKa values might be expected at low
ionic strength (70). The [15N,1H]-HSQC pH titration of
CD2d1 was repeated in phosphate buffer with high salt
concentrations (100 and 300 mM NaCl) to probe the effect
of ionic strength (Figure 5A), and an additional titration was

FIGURE 3: Comparison of the pH dependence of the CD2d1 Glu41
carboxyl13C resonance in titrations performed at 0.1 mM (0) and
1.2 mM (b) protein concentration. The chemical shift profiles were
fit to a multicomponent Henderson-Hasselbalch equation as
described in the text.

FIGURE 4: Comparison of a portion of the 2D H(C)CO spectra
performed in 99% D2O and 90% H2O demonstrating the two-bond
isotope shifts of Glu41, Glu29 [2∆Cδ(OεD)], and Gln22 [2∆Cδ-
(NεD)]. Peaks marked with an asterisk (*) are indirect dimension
truncation artifacts.
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performed in 10 mM Bis-tris buffer in order to ascertain
whether the anomalous pKa of Glu41 is an artifact of specific
ion (e.g., phosphate) binding. With few exceptions, the
titration patterns of all the amides were little changed at
higher salt concentration, with only small shifts in the
observed pKa values (see Table 2 and Supporting Informa-
tion). The largest shift in pKa was seen for the resonances
of Asn60 which at low ionic strength report on the pKa of
Asp62. This pKa dropped from 4.4 at low ionic strength to
4.0 at 300 mM NaCl. The anomalous pKa of Glu41, however,
remained unaffected at the higher ionic strength conditions
(see Table 2) where there was screening of charge-charge
interactions. This result suggests that the short-range interac-
tion that exists between Glu29 and Glu41 may therefore
comprise a component which is not purely electrostatic in
origin. The pH titration experiment was also repeated in 10
mM Bis-tris buffer. The pKa values of most of the acidic
residues appeared to be largely unchanged, with only slight
shifts observed (see Supporting Information). In particular,

no significant difference was observed in the pKa of Glu41,
which remained at∼6.7, indicating that the unusual acidity
constant of this residue is not the result of specific ion
binding effects (Table 2).

Mutant Studies.To confirm the residue assignment of the
anomalous pKa, Glu41 was mutated to glutamine (E41Q
CD2d1), a change which removes the charge while maintain-
ing the overall shape and bulk of the side chain. The
backbone amide resonances of the E41Q mutant did not show
significant changes in chemical shift at low pH, indicating
that at low pH the protein fold and the disposition of the
side chains are largely unaltered. The assignment of the NMR
cross-peaks for the15N-labeled CD2d1 E41Q mutant was
therefore straightforward. Furthermore, the pH titration
curves obtained for the E41Q mutant, with only a few
exceptions such as that of the Gln41 substitution (Figure 5B),
are nearly identical compared to wild-type CD2 in the range
pH 2-5. The most significant change observed in the titration
of the E41Q mutant is the dramatic abolition of the shifts
which were seen for several wild-type CD2d1 resonances
between pH 5.5-7.5. This result reinforces the attribution
of the anomalous pKa of wild-type CD2d1 to Glu41. A
second mutant of CD2d1, in which Glu29 was similarly
mutated to a glutamine (E29Q CD2d1), was also character-
ized in a [15N,1H]-HSQC pH titration (Figure 5B). Selected
pKa values derived from the examination of these two CD2d1
mutants are listed in Table 2; a more complete compilation
is given in the Supporting Information. Compared to wild-
type CD2d1, the most notable change in these values is the
reduction of the pKa value of Glu41 by ca. 1.7 units to pKa

∼ 5.0 in E29Q CD2d1. This result suggests that a major
contributing factor to the elevated pKa of Glu41 in wild-
type CD2 is the presence of deprotonated Glu29 in an
adjacent location on the majorâ-sheet surface.

Heteronuclear NOE Experiments. A series of 2D hetero-
nuclear {1H}-15N NOE experiments were performed to
examine the mobility of the CD2d1 arginine side chains as

FIGURE 5: pH-dependent chemical shifts of selected backbone
amide resonances. (A) Comparison of the chemical shift pH titration
profiles for the amide HN proton of Glu41 and the amide15N
resonance of Glu29 illustrating the effect of increasing ionic
strength. The experiments were performed in 20 mM phosphate
buffer with no added salt (b), 100 mM added NaCl (]), and 300
mM NaCl (0). (B) Comparison of the pH titration curves for the
amide15N chemical shift of residues 29 and 41 for wild-type (Glu41
and Glu29) CD2d1 (b), and for the E41Q (0) and E29Q (2) CD2d1
mutants.

Table 2: Acidity Constants (pKa Values) for Rat CD2d1 Residues
Glu29 and Glu41 Determined from pH Titration Monitored by 2D
[15N,1H]-HSQC Experimentsa

pKa valuec

residueb
no added

NaCl
100 mM

NaCl
300 mM

NaCl
10 mM
Bis-tris

E41Q
CD2d1

E29Q
CD2d1

Glu29d 4.9 4.9( 0.1 4.7( 0.1 4.7( 0.1 4.5( 0.1 N/A
Glu41d 6.8( 0.2 6.7( 0.1 6.7( 0.1 6.7( 0.1 N/A 5.0( 0.1

a Effect of buffer conditions and point mutations.b Mean values of
the pKa values were derived from the averaging of the separate fits of
chemical shift pH profiles for multiple cross-peaks. Chemical shift pH
profiles were fit to the Henderson-Hasselbalch equation as described
in the text. Full details of the set of pKa values determined from the
2D [15N,1H]-HSQC pH titration data are given in the Supporting
Information. N/A: not applicable.c pKa values were determined for
wild-type CD2d1 at varying salt and buffer conditions as indicated,
and separately for the E41Q and E29Q CD2d1 mutants at low ionic
strength. All titrations were performed in 20 mM phosphate except for
the experiment in 10 mM Bis-tris buffer.d Inflections in the pH-
chemical shift profiles unambiguously attributable to the ionization of
Glu29 were observed for the following resonances: Glu41 HN, Lys43
N. The corresponding signals used for the estimation of the Glu41 pKa

were the following: Asp28 HN, Glu 29 HN, Glu29 N, Glu41 HN, Lys43
N, Ser52 N, and Thr79 N. Only those changes which give rise to
chemical shift amplitudes∆δ > 0.05 ppm for HN protons and∆δ >
0.5 ppm for15N chemical shifts were included.
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a function of the sample pH. The pH variation of the
heteronuclear NOE for some selected Arg NεH groups is
displayed in Figure 6. A negative value of the heteronuclear
NOE is indicative of a high degree of side chain flexibility
while a positive NOE suggests some degree of restriction
of the internal motion. Figure 6 shows that there are clearly
very different characteristics for different Arg side chains.
With the exception of Arg1 in the unstructured N-terminus,
all the Arg NεH cross-peaks were readily detectable in the
spectra from pH 2.0 to pH 6.0. At higher pH values, the
majority of these peaks are lost due to rapid solvent
exchange. The NεH cross-peak of Arg31, however, did not
show significant solvent exchange broadening until pH 8.5
and displayed the highest heteronuclear NOE values at all
pH titration points studied. This observation suggests that
the Arg31 NεH group is protected from exchange by
hydrogen bonding (perhaps to neighboring residues Glu29
and Glu41; see Figure 1) or partial burial (71). The only
other Arg residue with consistently positive NεH hetero-
nuclear NOE values was Arg44, which could reflect hydro-
gen bonding to the backbone carbonyl of Ile27 (as seen in
the crystal structure), as well as interactions with Asp25 and
Asp28. The NεH heteronuclear NOE values of Arg34, Arg87,
and Arg96 were consistently negative across the pH range
which indicates that they experience relatively little motional
restriction. The side chain of Arg70, while completely
flexible at low pH, showed a rising trend in heteronuclear
NOE values with pH that indicates decreasing flexibility,
most likely as a result of the formation of a salt bridge
interaction with deprotonated Glu99.

DISCUSSION

It emerged from the analysis of the protonation equilibria
for rat CD2d1 that the side chain carboxyl of Glu41 exhibits
an anomalous acidity constant. The pKa of the Glu41 was
determined from direct measurements of the carboxyl13C
chemical shifts to be 6.73( 0.05, which is unusually elevated
for a glutamic acid residue, and is particularly surprising in
light of its position on the surface of the protein (Figure 1).
The attribution of this pKa to Glu41 is supported by analysis
of the two-bond deuterium isotope shifts that demonstrate
Glu41 to be protonated at pH 5.5 (Figure 4). Further
confirmation of this assignment comes from site-directed
mutagenesis whereby mutation of Glu41 to glutamine
completely abolished the backbone amide chemical shift
changes previously seen for several resonances in wild-type

CD2d1 between pH 5.5 and 7.5, which derive from the
vicinity of the Glu41 side chain on the majorâ-sheet ligand-
binding face of the domain. The precise value of the acidity
constant for Glu41 is slightly dependent upon protein
concentration (Figure 3), which suggests that the self-
association of the protein may account for a minor compo-
nent of the elevation of the pKa value. It has recently been
shown that rat CD2d1 dimerizes weakly at pH 6.0 with a
KD ∼ 5 mM, so at 1.2 mM concentration less than∼30% of
CD2d1 is in a dimer state (55). Self-association at this
concentration is strongly pH-dependent and is near-maximal
at pH 6.0; no self-association is detectable at pH<4
(unpublished observations). At a concentration of 0.1 mM,
essentially all of the molecules are in the monomer state, in
which the Glu41 acidity constant retains an elevated value,
pKa ∼ 6.4. Therefore, the molecular origin for the unusual
characteristics of this side chain is not directly related to
self-association of the protein and therefore must be sought
in features of the monomeric protein structure.

Unusual pKa values have often been observed for many
residue types in a variety of proteins; these normally reside
within an active site and are implicated in catalytic function
(72, 73). They can also be found at ligand-binding sites (74)
as well as at points of protein-protein contact (75). Such
unusual pKa values may be the product of a number of
factors, such as charge-charge interactions between ioniz-
able groups, the effect of protein binding to specific buffer
components, and the degree of solvent accessibility of
charged side chains (69, 76). For CD2d1, no specific ion
effect from the buffer used was observed (Table 2), and the
elevated pKa of Glu41 is therefore a consequence of this
residue’s microscopic physicochemical environment. The
ligand-binding site of CD2d1 comprises a cluster of exposed
charged residues on the majorâ-sheet, including Glu41 (see
Figure 1). It is to be expected that side chains on this surface
will interact strongly with each other. The clear outcome of
our studies is that Glu29 exhibits evidence of interactions
with Glu41, as indicated by the biphasic nature and reciprocal
relationship of these residues’ pH titration curves (Figure
2), and the observation that the pKa of Glu41 is strongly
depressed (from 6.7 to ca. 5.0) in the E29Q mutant of CDd21
(Table 2). Similar examples of coupled titration behavior
have been observed for ribonuclease H1 (46) andBacillus
circulan xylanase (62), where the effects on the pKa values
were analyzed on the basis of consideration of the mutual
electrostatic repulsion of the acidic residues. Examination
of the 2.8 Å resolution crystal structure of rat CD2 reveals
that the side chain methylene groups of Glu41 and Glu29
are in van der Waals contact, and the carboxyl groups are
positioned such that charge-charge repulsion would be very
strong. The carboxyl Cδ atoms of these two residues are
separated by a distance of only∼5.6 Å. The positive
heteronuclear NOE values for the neighboring Arg31 and
Arg44 NεH groups (Figure 6) and the nondegeneracy of the
CγH2 proton resonances of Glu41 and Glu29 suggest that
the side chains of residues surrounding Glu41 have only
limited mobility, probably as a result of being held in position
by complex electrostatic interactions between the many
charged groups on this surface. As a result, the two
glutamates are prevented from rotating away from each under
the force of electrostatic repulsion. Two other carboxyl
groups, Glu33 and Asp28, are also close to Glu41 and, by

FIGURE 6: Heteronuclear{1H}-15N NOE values of selected CD2d1
arginine side chain NεH groups at different pH values. The pH
profiles of the heteronuclear NOE values for the side chains of
Arg87 and Arg96 (not shown) are similar to that of Arg34.
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electrostatic repulsion, may contribute in a minor way to the
elevation of the pKa for this residue. There are two basic
groups (Arg31 and Lys43) located immediately adjacent to
Glu41 that could also have a strong influence. Any pairing
of these groups with Glu41, however, would be expected to
lower, rather than raise, the Glu41 pKa by charge attraction
(77, 78). It is intriguing that the proximity of Glu29 to Glu41
dominates the effects of these positively charged side chains.
The closest approach of the carboxyl Oε atoms of Glu41 and
Glu29 is∼2.9 Å, which is sufficiently close for a hydrogen
bond to be formed between a protonated Glu41 and a
deprotonated Glu29, a scenario which is consistent with the
elevation of the pKa of Glu41 and might suggest a physical
basis for the 0.11 ppm deuterium isotope shift observed for
the Glu29 carboxyl13C resonance (Figure 4). It is notable
that the coupling of Glu41 and Glu29 does not lead to a
substantial perturbation of the pKa of the latter residue. In
the crystal structure of rat CD2, the closest approaches to
the Glu29 carboxyl group by theú-amino group of Lys43,
the guanidino group of Arg31, and the carboxyl group of
Asp28 are 2.9, 4.5, and 5.2 Å, respectively (Figure 1).
Presumably, in contrast to the situation for Glu41, the balance
of additional side chains with positive and negative charges
in the immediate vicinity, together with its own relatively
low solvent accessibility (Table 1), leads to an overall neutral
effect on Glu29.

The extent of burial of charged groups can be a significant
contributory factor in determining pKa values (78). The data
presented in Table 1 for CD2d1 indicate some correlation
between solvent accessibility and the pKa. For example,
among the aspartic acid residues, Asp62 and Asp72 showed
both the lowest degree of solvent accessibility and the highest
pKa valuess4.15 and 4.14, respectively, compared with an
average of 3.55 for the remainder. The Asp62 and Asp72
acidity constants are not unusually elevated, but it is
interesting to note that in the CD2 crystal structure each of
these side chains forms a hydrogen bond with the backbone
amide of Ile18 and Thr69, respectively. Such hydrogen
bonding would be expected to have the effect of lowering
the pKa, as has been observed for the hydrogen-bonded
carboxyl groups of other proteins (41, 43, 77). The absence
of such a lowering of the acidity constants for these residues
in CD2 suggests that such H-bonding is more than compen-
sated by factors that favor the raising of the pKa, such as
reduced side chain solvent accessibility.

The present results suggest that unusually perturbed pKa

values may arise for proteins in solution, the basis for which
is not apparent from cursory inspection of their three-
dimensional structures. Certainly even when it became
evident that CD2d1 possessed a residue with an unexpected
acidity constant, we were unable to identify Glu41 by a priori
inspection of the CD2 crystal structure, nor were we able to
obtain an unambiguous prediction for this assignment with
protein pKa prediction software (unpublished observations).
It has been possible to identify Glu41 as the origin of the
anomalous pKa, and Glu29 as the major contributing influ-
ence, but only through this careful experimental analysis by
NMR and mutagenesis.

The unusually elevated pKa of Glu41 raises an interesting
question about this residue’s protonation state and its role
in ligand-binding interactions. Davis et al. (5) proposed that
the CD2/CD48 interaction is primarily mediated by hydro-

phobic residues on the CD2 binding surface such as Leu38,
Phe49, and Tyr81 while the charged residues contribute little
binding energy to the interaction. The role played by the
charged residues was postulated primarily to provide the
specificity of ligand binding without a concomitant increase
in binding strength, thereby maintaining the low affinity
necessary for the transient and reversible interaction of the
T-cell with other tissues. It has been separately argued from
a comparison of the proposed ligand-binding sites of human
and rat CD2 that the species- and ligand-specific binding
may be determined by just three residues: Thr37, Leu38,
and Glu41 (16). The involvement of Glu41 in the binding
interaction has been tested in a number of mutagenesis
studies. Charge reversal mutation of Glu41fArg abrogated
CD2 binding to CD48; complementary charge reversal
mutagenesis of CD48 residue Arg31fGlu restored the
binding capability (7). A CD2 Glu41fAla mutant, however,
could tolerate drastic substitution at Arg31 of CD48 and is
promiscuous in being able to bind to many CD48 variants
at this site. These results were taken as an indication that
the charge of Glu41 has the primary role of conferring ligand
specificity to the interaction of CD2 with CD48 (15). It is
interesting to consider whether the anomalous ionization
properties of CD2 Glu41 observed in the free form of the
protein would be retained in the complex formed with CD48.
In this context, it is noteworthy that the corresponding resi-
due in the structure of human CD2 (Gln46) is uncharged
and resides at the center of the CD2/CD58 interface revealed
by the cocrystal structure of these proteins (32). The Gln46
side chain in human CD2 sits opposite Leu27 on CD58,
representing an ‘island’ of nonpolar contacts surrounded by
polar and ionic salt bridge interactions. If the structure of
the rat CD2/CD48 complex is highly homologous to human
CD2/CD58, then Glu41 of rat CD2 would be sited opposite
Thr33 on CD48, and only obliquely juxtaposed with the
proposed salt bridge partner Arg31 on CD48 (7). A pre-
vious study reported a marked reduction in the binding of
CD2 to CD48 below pH∼6 (16), thereby implicating the
presence of one or more ionizable residues in the binding
interface region with a corresponding pKa ∼ 6. Thus, while
it may be that Glu41 is deprotonated in the functional
complex of rat CD2 with CD48, the anomalous pKa of Glu41
suggests that this residue should be considered a candidate
to rationalize the pH-dependent properties of this interaction.
Whether the anomalously high pKa of Glu41 described here
and the pH-dependent binding behavior of CD2 has any
bearing on the function of CD2 in vivo remains to be
established.

In summary, the electrostatic properties of the binding
surface are crucial to the definition of the binding affinity
and ligand specificity of the adhesion properties of CD2,
and changes in pH can have a significant effect on the
strength of binding. These observations will prove useful in
the rationalization of the structure-activity profile of this
component of the molecular T-cell/antigen-presenting cell
adhesion system, particularly in light of ongoing investiga-
tions of the complex of rodent CD2/CD48 complexes. In
addition, these pKa measurements should provide a useful
target for developers of the theoretical analysis of the
electrostatic properties of proteins (79).
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