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ABSTRACT. We have previously shown usidgN nuclear relaxation measurements that the concentration-
dependent rotational correlation time and chemical exchange broadening for selected resonances of rat
CD2 domain 1 (CD2d1) are consistent with a model of low-affinity self-association of the protein molecules.
The exchange broadening data, which at high protein concentrations highlight selected nuclei in the major
C'—C—F—G f-sheet face of the immunoglobulin fold, implicate a surface reminiscent of the major lattice
contact within crystals of the intact CD2 ectodomain. In a separate study, we have also demonstrated that
the 3-strand C surface-exposed residue Glu4l possesses an anomalously elevated acidity cadgtant (p

= 6.7 at a protein concentration of 1.2 mM). Mutagenesis studies showed that the close contact of residue
Glu41 with Glu29 g-strand C) is the primary cause of the higkspHowever, the measuredp of

Glu41l also shows a weak dependence on protein concentration, implicating Glu41 in the mechanism of
CD2d1 self-association. In the study presented here, we demonstrate a correlation of the pH dependence
of the chemical shift anéPN nuclear relaxation parameters measured for wild-type and mutant forms of
CD2d1 with pH and the protonation state of Glu4l. Self-association of CD2d1 molecules is promoted
whenever the side chain charge of residue 41 is neutralized. These observations are consistent with a
model for CD2d1 self-association that corresponds to the crystal structure lattice contact where the
interatomic distances are consistent with Glu41 being in the protonated state. This study reinforces the
conclusion that residue-specific chemical exchange broadening of protein resonances can arise from weak
self-association phenomena. In addition, the electrostatic profile of rat CD2 interfacial residues parallels
that of the homologous human CD2 in a manner that suggests a rationalization of similar exchange
broadening observations.

The analysis of protein hydrodynamic behavior by ex- molecules is characterized as an isotropic molecular reori-
amination of heteronuclear relaxation measuremehtg)( entation correlation timez{). Internal motions are param-
is an increasingly routine component of biomolecular NMR  etrized in terms of generalized order paramet& &nd
investigations. Such measurements are useful not only forinternal correlation timesz{) for motions on a time scale
assessing the likely signal-to-noise ratio of particular mul- much faster than overall tumbling, and phenomenological
tidimensional NMR experiments but also for providing a chemical exchange contributionRef) for motions on the
residue-by-residue profile of internal mobility that informs time scale of the inverse of the chemical shift difference for
the subsequent analysis of solution structure determinationsresonances of the different conformations that are involved
and functional properties. In the simplest form of the (5, 6).
commonly adopted framework of the Lipai®zabo model- Application of the I—S MF formalism and the interpreta-

free (L—S MF) formalism 8, 4), the overall motion of the 5" of the output parameters are often straightforward.
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Complications can arise, however, under a variety circum-
stances, for example, when the molecule under investigation
does not tumble isotropically, perhaps because of the
segmental flexibility of connected globular domains (e.g.,
in modular proteins), or because for nonglobular states the
separation of overall and internal motion time scales implied
by the L—S MF formalism does not hold. In the latter case,
the “extended” =S MF formalism ) is often adopted
which treats internal motions as those occurring on “fast”
and ‘“intermediate” time scales, characterized by order
parametersS?> and S? and time constants; and s,
respectively. A particular challenge can arise in cases of
“excess” transverse relaxation rates. Where these rates cannot
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be rationalized on the basis of a more complex model of NMR SpectroscopySpectra were recorded using Varian
molecular rotation by the introduction of anisotropic diffu- UnityPlus spectrometers equipped with three RF channels
sion, these contributions t8, are interpreted as chemical and triple-resonancg-axis pulsed field gradient probes. All
exchange line broadening, denot&d. In a number of N nuclear relaxation experiments (500 MHz fét) were
published examplesx phenomena have been ascribed to measured and the data analyzed in the manner described
intermediate-to-slow time scale concerted motions of second-previously (6). **C chemical shifts were measured during
ary structure element8{12). titrations at &H frequency of 600 MHz using constant-time

We have been engaged in the study of the strueture HSQC experimentsl@) with a T delay of 13.6 ms. The
function relationship of the T-cell adhesion molecule CD2. spectral widths were 10 000H) and 3500 Hz {¢C).

We demonstrated by NMR methods that the structure of  a|| spectra were processed with nmrPige) FIDs were
domain 1 of rat CD2 (CD2d1) is a member of the immu-  my|tiplied with a Gaussian window function i, with a
noglobulin superfamily (IgSF)1@), and that the CD48 |ine broadening of 2.0 Hz and a weighting factor of 0.01.
ligand-binding interface (the ' ©€C—F—G f-sheet face of  |nterferograms inF, were first extended by 64 complex
the V-type immunoglobulin fold) corresponds to the major points (from 200 measured) by linear prediction using eight
lattice contact in crystals of the intact rat CD2 ectodomain coefficients followed by apodization with a sine-squared
(14, 15). However, for a long time, we were unable to secure fynction shifted by 80 and zero filling to 512 points.

a consistent analysis of the hydrodynamic properties of the Baseline correction was performed R and F, using a
CD2d1 molecule by*N or **C nuclear relaxation measure- second-order polynomial function. Spectra were analyzed
ments. In the meantime, Wagner and co-workers reportedwith ANSIG version 3.3 21), AZARA (22), and XEASY
that the structural homologue human CD2d1 provided (23). All assignments used in this work are as published in
evidence for extensive exchange broadening that they at-ref 18 and can be obtained from the BioMagResBank
tributed to pervasive motions of the majérsheet face of  Jatabase (accession number 4109).

the molecule 9). A breakthrough in the analysis of our data Data Analysis 1N transverseR,) and longitudinal R,)

for rat CD2d1 came with the serendipitous discovery that relaxation rates angtH} 15N cross-relaxation (heteronuclear

the chemical shifts of numerous resonances were exquisitely, ; o
" . : . NOE) data were analyzed according to the Lip&zabo
sensitive to both protein concentration and sample pH in the ) y g

; model-free formalism3) with its extension to motions on
pH range 0f5.7' Subsequent studies ha\_/_e now demonstratedan intermediate time scal@)(as described recentlyl ).
that undter St”?ltly co?ttr_olletq pH cgndmons (Ft)l'-'b 6t'_0) the  The pH dependence &iC and'®>N chemical shift variations
apgarin o_verla rci_(?trre aflon | |mte 3” mady, contribu 'O?S | was analyzed using home-written Mathematica scripts based
and chemical Shilts o selected resonances areé srongly,, yne HendersonHasselbalch equation. Chemical shift
dependent on the protein concentration alone. These obse

. ; . . ariation as a function of pH was fit to curves correspondin
tions have been interpreted in terms of a low affinky & b P 9

- o t [ Kpval i i-
3—6 mM) yet structurally specific self-association of the rat Oouglr;e(lc;r) more independenkpvalues as described previ

CD2 domain 1 moleculedl§). In a separate studyLq), we
have characterized the acidity constants of all Glu and Asp rResyLTS
residues in the protein and discovered that residue Glu4l
(B-strand C) presents an anomalously elevatéd as a result pH Dependence of the Rotational Diffusion Beioa of
of the proximity of the side chain carboxyl group of Glu29 CD2d1.We assessed the rotational diffusion characteristics
to the neighboring strang{strand C). At a protein concen-  of wild-type CD2d1 over the pH range of 28.5 by
tration of 1.2 mM, the K, of Glu41 was found to be 6.7, performing a series 0N R; and R, and {*H}!5N NOE
but this value was also found to be weakly dependent on measurements at a constant protein concentration (1.2 mM).
protein concentration (. = 6.4 at 0.1 mM CD2d1). The These data were analyzed using the extended® LMF
study presented here combines these and additional result$ormalism to extract estimates of the isotropic rotational
to indicate conclusively that the self-association of wild-type correlation time £) from averageR,/R; ratios, and residue-
and mutant rat CD2 domain 1 molecules, evidenced by specific parameters that characterize internal motions on
changes in NMR observables and derived hydrodynamic different time scales. Over this pH range, the generally
parameters, is correlated with the charge status of residueexcellent dispersion of théH resonances of the CD2d1
41. Moreover, the results of this analysis are readily spectrum is retained with no indication of a loss of stability
understood within the context of the model of the self- or partial unfolding of the protein chain. At each titration
associated CD2d1 state provided by the major lattice contactpoint, a good fit of the relaxation data to a model of a
in crystals of the rat CD2 ectodomain, which we argue shows globular protein undergoing isotropic rotational diffusion was
the Glu41 residue in the protonated state. obtained with only a handful of residues being excluded on
the grounds of the data being incompatible with an essentially
MATERIALS AND METHODS ordered chain (e.g., small or negative heteronuclear NOEs,
Sample PreparationWild-type and mutant rat CD2d1  or largeRe contributions to the measur@d relaxation rate).
protein samples for this study were prepared as describedAs was noted in previous studies of the concentration
previously (6, 18). If not otherwise noted, spectra were dependence of the relaxation parameters for CD2d)}, (
recorded using samples containing 1.2 mM CD2d1 in 20 no statistically significant evidence was found that warrants
mM phosphate buffer. pH values were adjusted by adding the application of an anisotropic rotational diffusion model
small amounts©l N NaOH or HCI to the final sample. pH  for rat CD2d1. Therefore, the following description of the
values are mean values of the pH measured immediatelyhydrodynamic characteristics of rat CD2d1 is cast in terms
before and after NMR data acquisition. of an isotropic model for molecular reorientation.
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Ficure 1: Dependence of rotational correlation time of CD2d1 on
pH at 25°C and 1.2 mM protein'd, 500 MHz).
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Ficure 2: Dependence of? for CD2d1 residues as a function of
pH at 25°C (*H, 500 MHz). Colors are yellow for pH 3, red for
pH 4, cyan for pH 5, blue for pH 6, black for pH 7, pink for pH
7.9, and green for pH 8.5.
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The apparent rotational correlation time of CD2d1 was
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Ficure 3: Dependence of the phenomenological exchange con-
tribution Rey for the backbone amides of Thr37, Thr79, Val80, and
Glu29 on pH at 25C and 1.2 mM protein'd, 500 MHz).

£ in the high-pH range. However, the average variation of
< over the pH range does not exces@.06 and is only
slightly greater than the average statistical uncertainty for
<. In addition, the general sequence-specific variations of
& such as the “dip” in& values around residues Asn20
Asp25 corresponding to the loop connectfigtrands B and
C are similar at all pH values.

Residue-specific motional models including dynamics on
a fast to intermediate time scal@ (vere consistently required
for only the first eight residues in the protein sequence. For
the rest of the chain, intermediate time scale dynamics are
only found for pH values around 7.0. The order parameters
for the intermediate time scale dynamics are uniformly
around 0.8 with the exception of only the first eight residues
where S? drops slightly to 0.6. Only small, nonsystematic
variations are seen in the magnitudes of the effective internal
motion correlation times that are between 20 and 80 ps for
the fast motionst) and between 0.5 and 3.5 ns for the fast
to intermediate time scale motions)(for the whole range
of the titration.

Among all the residue-specific relaxation parameters, the

found to be strongly dependent on the sample pH as shownmost striking effect of pH is seen for the phenomenological

in Figure 1. A maximum value of; (7.52 + 0.04 ns) was
found at pH 6.0. The derived value of drops to 5.67+
0.04 ns when the pH is decreased to 2.0. The valug f
also diminished (to 6.8% 0.03 ns) as the pH is increased
from 6.0 to 8.5. Due to the detrimental effects of the base-
catalyzed exchange of water with amide protons (leading to
a loss of signal intensity), it was not possible to probe the
dynamics in a global manner at a pH higher than 8.5.
Residue-Specific Relaxation Parametehsdetailed ac-

exchange contribution tB,, Rex (see Figure 3). For a small
number of residues, a significant variation is seen across the
pH range. Most notable is Thr37 which possesseRa0f

22 st between pH 5.0 and 6.0, which drops¢@ s * toward

both pH 2.0 and pH 8.(Re variations following the same
overall pattern were observed for residues clustered in the
Glu29—-Ala40 (B-strand C-C') and Thr79-Thr86 (3-strand

F) regions of the polypeptide chain. In contrast, a few
residues, e.g. 1188, show significant but smaller exchange

count of the model-free analysis of the relaxation parametersbroadening £3 s1) that is essentially independent of pH.

at pH 6.0 and a protein concentration of 1.2 mM has already
been reported1). Therefore, in the following, we focus
on pH-dependent variations in the relaxation parameters.
Complete lists of all relaxation parameters obtained in this
study can be found in the Supporting Information.

For the most part, the derived residue-specific relaxation

For all other residuesiex Was found to be less than 1.5's
and essentially independent of pH.

The variation int; andRex terms with pH indicates that at
minimum two transitions in hydrodynamic behavior exist
across the pH range that was examined. We have previously
interpreted the concentration dependence @it a constant

parameters characteristic of fast internal motions are insensi-pH of 6.0 in terms of a self-association CD2d1 monotner

tive to alterations in the sample pH. For the majority of
residues, a continuous small increase in the valu& a$
observed when the pH is increased from 2.0 to 7.0, after

dimer equilibrium. We now propose that the pH dependence
of the relaxation parameters is a reflection of variation in
the magnitude of the CD2d1 homodimer dissociation con-

which the value remains constant as shown in Figure 2. For stantKp. At the low-pH and high-pH extrema of the titration,

a few residues, there is a slight diminution in the value of

the association of the CD2d1 monomers is weaker than at
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cp2™d . cp2™d a sample concentration of 1.2 mM, more than half of these
signals (181) showed a significant pH-dependé@tchemi-
high cal shift difference between pH 3.0 and 5.4, with 98
pKa " pKa™? . S . e 1 .
o - igh demonstrating a significad®C chemical shift difference in
Co2™" < c:z < °:2 the high-pH range. The experiment was then repeated at a
PH<4 _ PH-6 PH>735 protein concentration of 0.1 mM. At this lower concentration,
low pH transition high pH transition

a total of 155 resonances yielded a chemical shift difference
FicurRe 4: Schematic representation of the proposed solution jn the |ow-pH window and 64 resonances in high-pH
equilibria between the different charge states of rat CD2d1 that |, . ; PR

are required to rationalize the derived hydrodynamic and exchanger.nc.jOW.' The gr_eater number .Of Chem.'cal.Sh'f.t dlffergnces
contributions to theé®N relaxation rates. arising in the high-concentration pH titration is consistent

with the model in which the extent of CD2d1 self-association

the middling pH value of 5.5. To rationalize this pattern of IS both pH- and concentration-dependent. _
behavior, we require the CD2d1 molecules to adopt a 10 separate the chemical shift differences resulting from
minimum of three separate states that we will denote here Structurally “local” side chain acidbase titration influences
(for simplicity) the low-pH state, CD2&?" (for behavior ~ from chemical shift differences effected by molecular self-
below pH~4); the middle-pH state, CD28 (for behavior association, the data obtained at high and low protein
at pH~6.0); and the high-pH state, CD2t! (for behavior concentrations were then compared to each other. The
above pH~7.5). It is the middle-pH state that is character- difference in the absolute chemical shift differercgo was

ized by enhanced self-association and an elevated value ofxtracted by subtracting the pH-dependent chemical shift
Rex terms (see Figure 4). differences for the two protein concentrations for each of

Therefore, elucidation of the molecular identity of these the two pH ranges that were considered.

three states and the mechanism of self-association remains,
Clearly, as the interconversion of the different states requiresAAé = |A([CD2d1]= 1.2 mM) — |A([CD2d1]=
a change in pH, CD2dY, CD2dI"d, and CD2d 9" must 0.1 mM)

represent different charge states of the protein that are )
separated by two protonation equilibria (“pH transitions”), = Adain, a threshold fofAAJ| of >0.07 ppm was adopted

which w with K% and d<mien hown in Eiqur to identify all those resonances with a.significant pH-
4 ch we equate withig, ™ and (K;™, as sho gure dependent chemical shift only at high protein concentrations.

Our hypothesis is that these resonances are derived from

hemical Shifts h ous| d th residues that are located in, and immediately around, the self-
Chemical ShiftsWe have previously reported that some  yqqciation intermolecular interface. For the low-pH range,

CD.Zdl residues.display con;iderable chapgé’ét\lru:hemical a total of 37 nuclei were identified in this category, arising
shifts as a function of protein concentration at pH 6.6)( from residues 127. R31. W32 E33. R34. G35 T37. L38
These changes can be attributed to the alteration in thev39 E41. L50 KE;l T6§ V7é T7g’ Y81,T83 ,T86 ,R87 ,
chemical environment between the monomeric and dimeric xg>' 414 93 ,(usiné the one-letter ,code),. The 20 residues
self-associated states on CD2, the populations of Which ot haye resonances that exhibit a significant chemical shift
change as a function of protein concentration. With an in the high-pH range are D28, R31, R34, S36, T37, L38
estimatedKp of 3—-6 mM, the proportion of CD2d1 g44 K45 M46. P48. L50 K51, 552’ T69 ’N77 ’T79 ’Y81 ,
molecules present in the homodimer is estimated to vary T86, R87, andll88. 1I'hes,e tWO’ sets, of at,oms ,are d’epict;ad
_between 5 and 3.0% over the concentration range sampledseparately on the structure of CD2d1 in Figure 5. All carbon
in the NMR experiments (0.051.2 mM) (16). We have now  5i4mg that have been shown to demonstrate a pH-dependent
extended our chemical shift analysis to probe the effect of chemical shift (between pH 3.0 and 5.0 and between pH 5.0
pH on main and side chafiC resonances. The pH titration ;4 g 4) only at the high protein concentration are indicated
was performed twice, at protein concentrations of 0.1 and j, ye in the structure of CD2d1. These atoms clearly cluster
1.2 mM. By comparison of the titration curves of individual on the surface of the protein, comprising the major C—

resonances at the two concentrations, it was then possiblg-_ 5 p-sheet face which corresponds to the major lattice
to separate the effects on the CD2d1 chemical shifts of pH- ., nact in crystals of the intact CD2 ectodomain. None of

dependent self-association and protonation equilibria. the atoms with a significark A are situated on the opposite
The analysis of chemical shift variations was focused on side of the protein. That the two sets of residues with

the two pH transitions of Figure 4. Consequently, chemical significant chemical shifts both strongly populate the same

Concentration Dependence of pH-Induced Variation of

shift changes were monitored by comparifigf*H]-HSQC region of the CD2d1 molecule is consistent with the
spectra recorded between pH 3.0 and 5.5 fit?p and hypothesis that at the extrema of the pH titration the CD2
spectra recorded between pH 5.5 and 8.4 fKE'gﬁ. To molecules are tending toward the fully dissociated (monomer)
simplify the analysis, a threshold was established to define state.

a “significant” absolute chemical shift differenci\d| Effects of the E41Q and E29Q Mutations on CD2d1

between two pH values as0.07 ppm. A nucleus with a  Dynamics Parameterdt is notable that the residues impli-
chemical shift difference of at least this much accumulated cated by these results in the CD2 homodimer interface are
in either of the pH ranges, i.e., between pH 3.0 and 5.0 or clustered around Glu41 (see Figure 5), a residue which we
between pH 5.0 and 8.4, was considered to show an influencehave shown exhibits an anomalously elevatid (18), and

of pH. Of 463 carbon resonances assigned at pH B3) (  additional acidic residues, including Asp28, Glu29, and
309 could be followed in two-dimensional (2D) constant- Glu33. A sensible hypothesis is that the protonation equi-
time ['3C'H]-HSQC spectra throughout the pH titration. At librium for Glu4l provides the origin of the high-pH
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Ficure 6: Dependence af; on pH for the E29Q and E41Q CD2d1
FicURe 5: Map of pH-dependent carbon chemical shift variations mutants at 25C (*H, 500 MHz).

on the structure of rat CD2d1 (from PDB entry 1HNG). The

molecule is oriented with the'€C—F—G S-sheet face facing the i ; i idi
front (left) and rotated around 18@round its principal axis (right). S:TOSt as quickly as for the wild type when going to acidic

Carbon atoms shown in red exhibit a chemical shift variation above ) ) ) .
the threshold of 0.07 ppm in the indicated pH range. The amino  The behavior of these mutants is broadly consistent with

acids in the CD2 ectodomain crystal lattice contact are colored the expectation of our hypothesis for the molecular identity
green. of CD2d1°¥, CD2d1"d, and CD2d%¢" (Figure 4). Namely,
the E41Q mutant which “locks in” the uncharged status of
residue 41 retains an elevatedin the middle-pH range,
suggesting that self-association of the mutant protein is
retained. At low pH, E41Q returns diminished valueg of
presumably arising from a lowered level of self-association

pH 5.0-8.4

transition of Figure 4, with perhaps other acidic residues with
more standard values of the acidity constant providing the
basis for the low-pH transition. On this basis, the CD2t1
state corresponds to molecules with all Glu and Asp residues

in their protonated (COOH) form and CD2W!corresponds 54 the gther acidic side chains are protonated. For the E29Q

to molecules with all G_lu and ifSp residues in their mutant, the pH profile of rotational correlation times is much
deprotonated (COQ state; CD2dT corresponds to mol-  gater than for both the wild type and the E41Q mutant. Such
ecules in which all Asp and Glu residues are deprotonatedyenayior is consistent with the removal of the primary cause

except for Glu41 which is in the protonated form. of the elevated K, of Glu41 that confers its special status
To test this model, we examined the behavior of mutant within the context of the self-association process.

forms of CD2d1 in which either Glu29 or Glu4l is
substituted with a GIn residue. The isosteric Glu41GIn DISCUSSION
(E41Q) mutant of CD2d1 eliminates the titratable group at
this position. Since in the wild type the origin of the elevated ~ pH Dependence of CD2d1 Self-Associatiath parameters
pK, of Glu41 is its proximity to the side chain of Glu29, the used in this NMR study*fC chemical shifts!*N exchange
isosteric Glu29— GIn (E29Q) mutant has the effect of both  line broadeningRe,), and rotational correlation times.]
removing the titratable group at the residue 29 position and unambiguously point to a strongly pH dependent self-
depressing thel, of Glu41 from 6.7 to a more normal value  association of CD2d1 which is strongest at $8.0. A peak
(5.0) 7). in all these parameters implies that self-association is linked
15N nuclear relaxation measurements were carried out for to two titration events: one withk?™ ~ 4.3 and another
both E29Q and E41Q at a protein concentration of 1.2 mM with ng'gh ~ 6.5 (Figure 4). The extensive pH-dependent
for three pH values (pH 3.0, 6.0, and 8.0). The variations of 1C chemical shift data presented here and l&geontribu-
the sequence-specific profile of the derived order parameterstions to the™N resonances of Thr37, Thr79, and other
& as a function of pH for the two mutants are essentially residues 16) implicate the C—C—F—G j-sheet face as the
the same as for the wild type (data not shown), indicating intermolecular interface of the weakly associated CD2
that the substitutions at residue positions 29 and 41 do nothomodimer. We have previously interpreted the concentra-
undermine the integrity of the protein fold. The variation of tion-dependenR.x contributions td°N line widths for wild-
model-free formalism-derived. with pH is depicted in type CD2d1 in terms of the model of a CD2 homodimer
Figure 6. The most striking difference with respect to the provided by the major lattice contact in the crystal structure
wild type is seen for the E29Q mutant. At pH 6.0, theof of the intact CD2 ectodomainl), in which the exposed
the mutant is reduced by more than 1 ns. In additiongthe  predominantly polar side chains of the-€C—F—G S-sheet
stays constant at pH 6 and drops only slightly over the pH face of one protomer are packed against the corresponding
range of 6-3 (ca. 0.4 ns compared to 1.6 ns for the wild face of another protomer. In addition, the-C' loop of one
type). The E41Q mutant behaves like E29Q in the high-pH protomer makes backbone H-bond interactions with th&F
side of the titration by demonstrating only very little variation loop of the opposing protomer. The interface buries ca. 700
in 7. between pH 6.0 and 8.0. However, this mutant has a A2 of surface area per protomet5). A remarkable aspect
close to that of the wild type at pH 6.0, and the value drops of this interface is that it is retained in aberrantly folded forms
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of the CD2d1 that give rise to a metastable domain-swapped
homodimer under certain conditions of protein expression
(24, 25). When these observations are taken as a whole, it
seems reasonable to adopt the crystal lattice contact as a
model with which to rationalize the solution NMR solution
parameters.

We have recently established that Glu41, which resides
in the center of the predicted CD2d1 homodimer interaction
surface, has an elevatel yof 6.7 (17), making this residue
the prime candidate for the origin of the high-pH transition
in the equilibrium of Figure 4. His12, the only other residue
with a similar K, [the directly measured value is 6.87]],
can be excluded from consideration as it is on the opposite
site of the protein fold and pH chemical shift changes in the
neighborhood of His12 are independent of protein concentra-
tion as shown in Figure 5 (and the table in the Supporting
Information). The assignment oK§?" to the side chain of
Glu4lis reinforced by the weak dependence of the measured: g ze 7: Detailed depiction of the interaction of charged residues

value of the [, for this residue on protein concentration in the CD2d1 homodimer interface in the crystal lattice contact.
(17), suggesting that the elevatedpis in part due to Glutamate and aspartate residues are shown in red, and arginine

intermolecular interactions at higher protein concentrations. @nd lysine residues are shown in blue. Distances between the

: e charged groups of these residues short enough for hydrogen bonds
The pattern of altered dynamic properties in the E41Q and or charge-charge interactions are represented with dotted lines in

E29Q CD2d1 mutants is also consistent with thi€ap  cyan for intermolecular and orange for intramolecular contacts.
assignment. We have shown previously that Glu29's proxim-

ity to Glu41 is the major factor contributing to the elevation Of Glu29 and Glu41 is between Glu2&Dand Glu41 @2,

of the K, of the latter residuel(7). The E29Q mutant has @ distance (2.92 A) that is consistent with the formation of
a lower value ofr. at all pH values (Figure 6), indicating a & hydrogen bond between the two atoms. In addition, the
weakened tendency for dimerization, which is due to the O¢l atom of Glu29 is in the proximity of the side chairf N

removal of the influence of the Glu29 carboxylate on the Of Lys43 (2.89 A), consistent with the presence of a salt
pK, of Glu4l. bridge H-bond. These observations suggest that Glu29 resides

in the deprotonated state within the crystal structure, while
Glu41 must be in the protonated statesPOH tautomer) to
rationalize the predicted intramolecular H-bond with Glu29.
The proximity of Glu29 and Glu41 has been used to explain
the elevated I§, of Glu4l. The proximity of Lys43 and
Glu29 possibly leads to a compensation of the depression
of the K, of Glu29 that might be predicted on the basis of
an isolated interaction between two chemically equivalent
titrating groups 17). Lys43 NC is 2.88 A from the @2 atom
of Asp28, suggesting that these two groups are also in an
intramolecular salt bridge H-bond contact.

Examination of the interatomic distances between pro-
tomers in the lattice contact suggests the presence of
symmetrical salt bridge H-bonds between Arg31 (protomer

It is more difficult to specifically assign theKtﬁJW of
Figure 4 to a single residue, though it is within the range
that is typically observed for Glu or Asp side chains. Four
acidic residues contribute to the putative CD2d1 self-
association interface: Asp28, Glu29, Glu33, and Glu41. Of
these, Glu4l has already been identified as the origin of
pK"" The directly measuredips of Asp28, Glu29, and
Glu33 are 3.57 (3.53), 4.42 (4.39), and 4.16 (4.02) at 1.2
mM (0.1 mM), respectivelyX7), suggesting that the acid
base equilibrium for either or all of these residues has a role
in the low-pH transition; in the model, we propose that
Asp28, Glu29, and Glu33 must be deprotonated, while Glu41
is still protonated, for CD2d1 self-association to occur. The

dual Feq.“"eme”t on the protonation states Iimit_s self- A/B) and Glu29 (protomer B/A): the separation of Arg31
association to a narrow pH range, consistent with our N#2 and Glu29 @2 is just 2.65 A. The close contact between
observations of a peaking of the parameters that characterizeAr987 Nyl and Glu33 @1 (3.00 A) suggests another salt
the weak |_nteract|on. ) S bridge H-bond interaction. Intermolecular contacts at slightly
Mechanism and Dynamics of Self-Associatitinis in- greater separation distances are seen between Gk24ar@
structive to examine more closely the model for self- Glu29 Q-1 (3.56 A) and between Glu41<d and Lys43 N
association provided by the CD2 crystal lattice contact. The (3.37 A). Again, the pattern of distances is consistent with
central region of the lattice contact is shown in atomic a Glu41 side chain protonated or®
representation in Figure 7. This picture shows that the side | et us consider the likely effect of pH changes upon this
chains of Asp28, Glu29, Arg31, Glu41l, and Lys43 from each |attice contact. The opposing-sheet faces bring into
protomer contribute to the focus of the interface, with Glu33 proximity the fo"owing residues for each protomer: basic
and Arg87 more on the periphery. To aid clarity, we have residues Arg31, Lys43, and Arg87 and acidic residues Asp28,
also reduced the detailed atomic information contained within G|y29, Glu33, and Glu41. The acidic residues outnumber
the crystal structure to a schematic diagram given in Figure the basic residues. It is clear therefore that if all these side
8 that summarizes the principal features of tie C—F—G chains retained normal acidity constants then the structure
pB-sheet side chain interactions. of the lattice contact would predict an imbalance of negative
When intraprotomer contacts are considered first, it is charge over positive charge in the pH range above Kig p
noteworthy that the closest approach between the side chain®f the Asp and Glu residues, and below thé&gpof the basic
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gaz C Ficure 9: Dependence dRex on pH for the mutants E29Q (top)
- and E41Q (bottom) at 28 (*H, 500 MHz). Values of the exchange
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C E33 \ = indicated by red stars. Values for pH 3.0 are shown in green, for
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®e
n . . . . . . .
o2 | o ° o We associate §°" with the ionizations of other interfacial
0 g / | T LG’ e acidic residues which have been shown to possess more
E5 | Aretlx \ standard values. The structure of the self-associated ho-
< L S ey modimer in solution is likely to be closely similar to that
Esz C observed in the lattice contact of the CD2 ectodomain, which

we suggest shows the Glu41l side chain in the protonated
FiGurRE 8: Schematic representation of the interactions between state.
rat CD2d1 protomers focusing on the charged residues within the The detailed nature of this study was in part provoked by

crystal lattice contact betweeri-6C—F—G f-sheet faces. Two sets th | | b df lected id
of gray bars represent the opposifigsheets; thin lines indicate e very large values dRex observed for selected residues

the approximate disposition of the side chains (compare with Figure in wild-type CD2d1 {6). The Rex exchange contributions
7). The charge states of the side chains are considered for differento R, that were detected for CD28 in the case of high
pH values: protonated Asp and Glu residues are indicated with H. concentrations of the wild-type protein are essentially
A . o oy abolished fo both mtants (see Figure ). The nlyresdues
surfaces neutralized. that exhibit values oR.x well above 1 s! correspond to
those that did not show a noticeable pH dependence for wild-
residues. If the K, of Glu4l were a standard value, then type CD2d1. Most importantly, in the two mutarfs, of
the intermolecular interface would have to accommodate anThr37 never exceeds 3sunder any condition that was
excess of two negative charge units per homodimer at pH studied, compared to a maximuRy, value of 22 s? for
~6. It is unlikely that under such circumstances the ho- this residue in the wild type. As we have shown before, and
modimer would be at all stable due to electrostatic repulsion. reinforced in this work, the highlighted wild-type CD2d1
Rather, it seems that only because of the anomalously highexchange broadening results largely from the self-association
pKa of Glu4l can the H-bonding network formed in the of the protein molecules1f). The weak affinity of this
crystal lattice contact be formed. In this manner, the potential interaction, provided by the very fast off-rate, combined with
for charge imbalance in the solvent-excluded interface is the extrapolated chemical shift differences for the monomer
removed because the side chain of Glu4l remains in theand homodimer states is in effect tuned to generate the large
uncharged carboxyl form. Under the terms of this model, R., contribution that we have observed. We also previously
both high and low pH values will favor the monomeric suggested that for Thr37 and Thr79, dimerization might be
species because of the charge imbalance enforced by eithegoupled to alteration of thg; side chain torsion angle in
protonation of Glu29 and other acid side chains (below pH such a manner that théN chemical shift differences
~4.3) or deprotonation of Glu41 (above p¥¥) (Figure 8). associated with the dimerization are maximizd®)( We
Taken together, these considerations of the crystal latticecan only speculate at this stage about whyRagterms are
contact fit well with the data obtained on both wild-type and not so large for the E29Q and E41Q mutants. Using the
mutant forms of CD2d1. Namely, the model proposed for maximal value ofr. (Figure 1) as a guide to homodimer
the pH- and concentration-dependent dynamic and hydro-affinity, we can estimate that both E29Q and E41Q form
dynamic characteristics in Figure 4 is appropriate for homodimers with dissociation constants higher than that of
encompassing the observations we have made. We equatehe wild-type. As a consequence, at a given protein concen-
pKQ'gh with the acidity constant for the Glu4l side chain tration and buffer pH, the fraction of homodimer present will
and CD2dT'd, the charge state of CD2d1 that is competent be considerably reduced for the mutants compared to the
to form weakly associating homodimers, with molecules wild type. As indicated in eq 3 of rel6, the exchange
where all acidic residues are deprotonated except for Glu41.broadening is maximal at a 1:1 monomer:dimer ratio. Even
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if the kinetics of self-association would be identical for the manner similar to the crystal contadtg], and that there is
mutants, we would expect the exchange broadening to beconservation of the interfacial charge profile between rat and

markedly reduced. human CD2 (this work), making it likely that a similar
mechanism exists for human CD2, our work would support
CONCLUDING REMARKS this view.

Our findings are consistent with previous results which
indicate that at physiological pH, the level of homodimeric
interaction is low and difficult to detect by other meaB4)(

In summary, we have completed an in-depth analysis of
the concentration- and pH-dependent dynamic and hydro-

dynamic processes that complicate % relaxation land- o resylts, however, also demonstrate that at lower pH, the
scape for the T-gell adhesion pr_oteln domain rat CD2d1. This propensity for CD2 dimer formation is increased, showing
contribution, which focuses mainly upon the pH dependence i the hinding properties of adhesion molecules can change

of the rotational correlation time, has reinforced our pre- it b1y “and this variation in adhesion properties may have
liminary conclusion that CD2d1 molecules can Self'assoc'ateimplications for the functioning of adhesion molecules in

to form a homodimeric structure in solution that POSSESSES yaneral. Low pH may be found in the acidic microenviron-

the hallmarks of the struc;ure found in related crystal ,ant of inflamed tissue and growing solid tumas), and
contacts, and metastable misfolded states of the moleculethe change in binding behavior of adhesion molecules may

These data confirm that fine control of pH and protein
concentration should be exercised in formulating hypothetical

mechanisms for_ rr:xtio_nalizin@eX exchange contributions to required to establish how the change in pH may affect the

the resonance line width. binding properties and functioning of different receptors in
Chemical exchange broadening'8i resonances corre-  the membrane-bound context in vitro and in vivo.

sponding to the C-C—F—G ligand binding face of the

homologous human CD2 domain has previously been ACKNOWLEDGMENT

reported 9). This phenomenon was ascribed to multiple

conformations fluctuating with millisecond to microsecond

motions. However, it is noteworthy that the intact ectodomain

of human CD2 crystallizes with a major intermolecular lattice  SUPPORTING INFORMATION AVAILABLE

contact that is essentially identical to that observed for rat ) ) )

CD2 (26). Namely, for both human and rat CD2, a molecular ~ Table of pH-dependerifC chemical shift changes. This

interface is constructed out of mainly polar residues on the material is available free of charge via the Internet at http://

C, C, F, and GB-strands. It is therefore conceivable that Pubs.acs.org.
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