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Abstract

Nuclear spin relaxation monitored by heteronuclear NMR provides a useful method to probe the overall and in-
ternal molecular motion for biological macromolecules over a variety of time scales. Nitrogen-15 NMR relaxation
parameters have been recorded for the N-terminal domain of the rat T-cell antigen CD2 (CD2d1) in a dilution
series from 1.20 mM to 4QAM (pH 6.0, 25°C). The data have been analysed within the framework of the model-

free formalism of Lipari and Szabo to understand the molecular origin of severely enhanced transverse relaxation
rates found for certain residues. These data revealed a strong dependence of the derived molecular correlation
time t. upon the CD2d1 protein concentration. Moreover, a number of amide NH resonances exhibited exchange
broadening and chemical shifts both strongly dependent on protein concentration. These amide groups cluster
on the majomB-sheet surface of CD2d1 that coincides with a major lattice contact in the X-ray structure of the
intact ectodomain of rat CD2. The complete set of relaxation data fit well to an equilibrium monomer—dimer
exchange model, yielding estimates of exchange rate constaNs£5000 M1 s1; korr = 7s 1) and a
dissociation constant (K ~ 3—6 mM) that is consistent with the difficulty in detecting the weak interactions for

this molecule by alternative biophysical methods. The self-association of CD2d1 is essentially invariant to changes
in buffer composition and ionic strength and the associated relaxation phenomena cannot be explained as a result
of neglecting anisotropic rotational diffusion in the analysis. These observations highlight the necessity to consider
low affinity protein self-association interactions as a source of residue specific exchange phenomena in NMR
spectra of macromolecular biomolecules, before the assignment of more elaborate intramolecular conformational
mechanisms.

Introduction mode of analysis of such data, namely the ‘model-free
approach’ of Lipari and Szabo (1982a,b) and variants
The use of heteronucled&?N and3C nuclear relax-  thereof, the mostreadily accessible derived parameters

ation measurements is a generally accepted tool for the— including the generalised order parametetsasd
analysis of biomolecular dynamics over a broad range

of timescales ranging from picoseconds to seconds sypplementary material: Lists of residue-specifig, R, and
(Peng and Wagner, 1992; Lane and Lefévre, 1995; NOE values for CD2d1 in 10 mM phosphate buffer, pH 6.0, and
Dayie et al., 1996; Jardetzky, 1996; Palmer et al., concentrations of 4aM, 0.1, 0.2, 0.4, 0.8 and 1.2 mM as well

. as at [CD2d1}= 1.2 mM in 10 mM Bis-Tris/HCI, pH 6.0, and in
1996; Kay, 1998). In the most commonly adopted 4 1\ ohosphate, pH 6.0, with 150 and 300 mM NaCl added can

- be obtained from the corresponding author, as well as two figures
*To whom correspondence should be addressed. E-mail: showing the distribution of NH angles with the three principal axes
driscoll@biochem.ucl.ac.uk. of the inertia tensor of monomeric and dimeric CD2d1.
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fast local motion correlation timeg, — describe the ~ (Chen et al.,, 1999), we have characterised the hy-
amplitude and timescale of very fast internal vibra- drodynamic and polypeptide dynamics properties of
tional and librational motions. These parameters are rat CD2d1 usind®N nuclear relaxation measurements
of interest to probe fundamental questions concerning over an extensive range of sample conditions. One of
protein stability and plasticity (Yang and Kay, 1996). the main outcomes of this analysis is confirmation of
On the other hand, protein function and protein— substantial line broadening for a subset of resonances,
ligand interactions are often effected by motions on in a manner similar to those reported for the homol-
much slower timescales ranging from microseconds ogous human CD2d1 protein (Wyss et al., 1997). In
to seconds (Lane and Lefévre, 1995; Jardetzky, 1996;this report we show that the exchange broadening
Palmer et al., 1996). In the Lipari-Szabo formalism for rat CD2d1 is strongly dependent upon the protein
the evidence of this class of motions emerges only concentration and that the broadened resonances also
via the introduction of ‘exchange’ terms (R as cor- display considerable concentration-dependent chemi-
rection factors, which are less reliably identified and cal shift variation. These findings, together with the
difficult to interpret (Clore et al., 1990a). The use of observation of concentration-dependent values of the
spectral density mapping as an alternative mode of rotational correlation time,, allow us to identify low
analysis (Peng and Wagner, 1992) does not neces-affinity self-association of CD2d1 as a major contrib-
sarily improve the level of insight, since the excess utory factor in the explanation of its hydrodynamic
R> relaxation rates are rebranded as contributions to behaviour. Instances of protein self-association effects
the J(0) spectral density term. Even when exchange as reported in the literature have mainly focused on
contributions to the Rrelaxation rate are addressed evaluation oft. values (Grzesiek et al., 1997; Fush-
more explicitly, for example with newly developed manetal., 1998; Gryk etal., 1998; Zhang et al., 1998).
spectroscopic methods (Szyperski et al., 1993; Akke In contrast, for rat CD2d1 concentration-dependent
and Palmer, 1996; Zinn-Justin et al., 1997; Mul- linewidth effects are observed for the resonances of
der et al., 1998), the interpretation of their physical a specific limited region of the protein surface, which
origin in atomic and mechanistic terms is challeng- is remarkably coincident with a major intermolecular
ing. Therefore, slow motions detected in heteronuclear contact in crystals of the complete extracellular por-
relaxation experiments are often attributed to com- tion (ectodomain) of the CD2 protein (Jones et al.,
plex conformational rearrangements (LeMaster and 1992). The data illustrate that residue-specific ex-
Kushlan, 1996; Banci et al., 1998; Volkman et al., change broadening 8PN NMR resonances can arise
1998). In principle the comparative examination of nu- from molecular association phenomena, a situation
clear relaxation rates and long computer simulations in which the requirement to invoke elaborate mech-
could yield further insights, but at present the lim- anisms of conformational change of the polypeptide
ited duration of even the longest dynamics trajectories chain is minimized.
available, ca. jus (Duan et al., 1998), means that it
is difficult to test the veracity of proposed exchange
mechanisms.

As part of a long term aim to better understand \jaterials and methods
the basis of protein—protein interactions in immune
response (Davis et al., 1998), we have been engaged
in the characterisation of the solution behaviour of the Sample preparation
N-terminal domain of the rat T-cell adhesion protein Rat CD2d1 protein samples for this study were pre-
CD2 (CD2d1) (Driscoll et al., 1991, 1993; McAlister  pared as described recently (Chen et al., 1998). If not
et al., 1996; Chen et al., 1998). Previously the ap- otherwise noted, spectra were recorded using samples
plication of nuclear relaxation analysis for rat CD2d1 containing CD2d1 at concentrations between 4\
in our hands failed to yield consistent values for the and 1.2 mM in 10 mM phosphate buffer. CD2d1 con-
fundamental hydrodynamic molecular rotational cor- centrations higher than 1.7 mM tended to cause precip-
relation time parameter (Kieffer and Driscoll, 1992; itation and were therefore not used in this study. The
Crawford, 1994). Following the report d°N ex- solution pH was adjusted by adding small amounts of
change broadening observed for human CD2d1 (Wyss 1N NaOH or HCI to the final sample. The pH values
etal., 1997) and serendipitous observation of unusual given are the mean of pH meter readings taken before
acidic residue acidity constants (pKin rat CD2d1 and after acquisition of the spectrum.



309

NMR spectroscopy because of the low inherent sensitivity. NOE values

Spectra were recorded on Varian UnityPlus spec- were taken from the measurement at 0.2 mM to per-
trometers equipped with three radio frequency chan- form the complete Lipari-Szabo analysis (there was
nels and trip|e resonance Z-axis pu|sed field gradient no detectable trend in the variation of NOE values over
probes. All the relaxation experiments were measured the entire concentration range). Control experiments
at a'H frequency of 500 MHz. The sample temper- Wwere performed with a sample of rat CD2d1 at a con-
ature was set to 25.0C (actual sample temperature, centration of 1.2 mM in Bis-Tris/HCI buffer (10 mM),
calibrated with ethylene glycol standardyN relax- pH 6.0, as well as in 10 mM phosphate buffer, pH 6.0,
ation was studied using standard pulse sequences fowith 150 and 300 mM NaCl, respectively. All spectra
15N R; and H]-15N heteronuclear NOE (Kay et al., were processed with NMRPipe (Delaglio et al., 1995).
1989: Barbato et al., 19921)5.’N R, was measured us-  Free induction decays (FIDs) were multiplied with a
ing a modified sequence to suppress cross-correlationGaussian window function i twith a line broaden-
effects of chemical shift anisotropy (CSA) and dipolar ing of 2.0 Hz and a weighting factor of 0.01 while
interactions (Kay et al., 1992b). The delays used in the @ squared sine function shifted by °8@as used in
CPMG sequence of thesRexperiment were 0.9 ms.  ti. No zero filling was applied inxtprior to Fourier
Spectra were acquired with 1024 Comp|ex points and transformation while FIDs injtwere extended by 32

a spectral width of 10000 Hz in F2 and 128 complex complex points (from 128 measured to 160) by linear
points, 1600 Hz in F1. The spectra were recorded prediction using 8 coefficients followed by zero filling
using States-TPPI (States et al., 1982) phase cyclingto 512 points prior to Fourier transformation. A second
combined with gradient coherence selection sensitiv- order polynomial baseline correction was performed
|ty enhancement (Pa|mer et al.,, 1991; Kay et al., both in F1 and F2. Spectra were analysed with AN-
1992a). Series of 2D spectra were recorded with re- SIG v3.3 (Kraulis, 1989), AZARA (Boucher, 1995)
laxation time delays of 10.05, 60.29, 130.62, 231.09, and XEASY (Bartels et al., 1995) . All resonance as-
341.62, 482.28, 743.52, 1065.04 and 1507.13 ms for Signments used in this work are as published (Chen
R; and 0, 16.87, 33.73, 50.59, 67.45, 84.32, 118.05 etal., 1998) and can be obtained from the BioMagRes
and 151.78 ms for Rmeasurements. Recycle de- databank, accession number 4109.

lays were 2 s in both Rand R experiments. To
assess the reproducibility of the spectral intensities
the measurement for a relaxation time of 482.28 ms
was repeated for the jRseries and for 33.73 ms in  Residue-specifid®N relaxation data were analysed
the R, series. The heteronuclear NOE was measured according to the Lipari-Szabo model-free formalism
with experiments based on polarisation transfer het- (Lipari and Szabo, 1982a,b) with its extension to
eronuclear single quantum coherence (HSQC) spectramotions on an intermediate time scale (Clore et al.,
as reported previously (Barbato et al. 1992). Alter- 1990b)in a manner similar to that described by Palmer
nate experiments were measured with and without and co-workers (Mandel et al., 1995). All numerical
saturation of protons for a time of 3 s in a total re- analysis was performed in MATHEMATICA (Wol-
cycle delay of 3.6 s between scans. Each of thesefram, 1988) using the Levenberg—Marquardt method
two experiments was recorded twice to estimate the (Wolfram, 1988) for parameter fitting. Estimation of
reproducibility. Noise levels were estimated from the molecular rotational correlation times. was per-
root mean square (rms) intensities in regions of the formed along established lines ((Barbato et al., 1992)
spectra void of signals. Complete relaxation datg (R from the mean value of residuexfR; ratios using

R2, NOE) were obtained for CD2d1 at six different data for a subset of residues not implicated in large-
protein concentrations between 1.2 mM andp4d. amplitude local motions (resonance selection criteria:
Measurements were started with a sample at 1.2 mM |[(|R2 — (R2)])/({R2)) — (|R1 — (R1)])/({(R1))| > 1.5
which was subsequently diluted with sample buffer to SD and heteronuclear NOE 0.65).

the target concentration. Protein concentrations were  The concentration dependences of apparent (iso-
checked at each step by measuring the UV absorptiontropic) rotational correlation times, chemical shift
at 280 nm. The number of transients pgirtcrement variations and exchange broadening of resonance lines
was increased from 16 at a CD2d1 concentration of were analysed within the framework of an equilib-
1.2 mM to 128 at a concentration of #0M. No NOE rium between monomeric CD2d1 (A) and a symmetric
measurements were performed at 0.1 mM angd KD CD2d1 homodimer (4) according to:

Data analysis
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Over the range of CD2d1 concentrations used, the
observed chemical shifts were treated as population-
weighted averages of the free monomer and intact
dimer values, allowing the extraction of the difference
in chemical shiftsA8 = |3(dimer) — 8(monomer)|

and a value of the dissociation constan Ky simple
non-linear least square fit of the data for each residue.

The variation in relaxation rates as a function of
protein concentration was analysed to extract limit-
ing values for the rotational correlation time of the
monomeric CD2d1 at infinite dilution,and the puta-
tive intact homodimer CD2d1 at high concentration.
In order to perform this estimation, consideration must
be given to the appropriate averaging of observables.
Since the apparent is not a linear function of Rand
Ro> decay rates, or even thexR; ratio, the apparent
1. for a given concentration is not a simple weighted
average of the monomer and dimer values. In practice,
therefore, the analysis of as a function of concentra-
tion had to be performed by non-linear fit of measured
and predicted RR; ratios, usingt.(monomer) and
t.(dimer) as the variables to be optimized, and with
population weighting based uporpkas a further vari-
able to be optimised as described previously (Grzesiek
etal., 1997).

In the case of interconverting monomer and dimer
species, the observed Bnd R decay rates are strictly
expected to be biexponential. Fitting of such biex-
ponential decay to the single exponentials usually
employed in the analysis 3PN relaxation would be
expected to degrade the quality of the fit and lead to
bias in favour of the slower relaxation rate. However,
in the case of dimerization of molecules below 50 kDa
the difference in the relaxation rates is too small to

Rex = (Aw)z *PAPAy 'kexl'
kextcPmG

[1 2 tanh( >:|
kexTcPMG 2

pa andp,, are the mole fractions of monomeric
and dimeric CD2,Aw is the difference in chemi-
cal shift for a certain resonance between monomer
and dimer andecpy is the CPMG refocusing pe-
riod used in the R pulse sequence. The values for
PADPA, as a function of concentration were calculated
using the K, values obtained from the fitting results
of chemical shift variation against CD2d1 concentra-
tion. Equation 3 was then fit against experimentally
derived values of R at different concentrations to de-
termine kyn, Ko rr andAw. Exchange rate constants
k.x were related to on- and off-rates according to the
following equations ([A], concentration of monomer;
kon, rate of association; &rp, rate of dissocia-
tion; t42, exchange lifetime of dimert4, exchange
lifetime of monomer):

-1
ex

®3)

TA - TA2

TA + TA2
-1 -1

= kg - [A]

= Ty =
4

-1
T2 =kopp

For Equation 3 the on- and off-rates were intro-
duced throughk: as calculated for each concentration
with Equation 4.

As part of the analysis of nuclear relaxation rates,
an assessment was made of the impact of anisotropic
rotational diffusion upon the profile of derived dy-
namic parameters. For the rat CD2d1 this check was
performed in the following manner. The monomeric
model rat CD2d1 structure was derived from residues
1-99 of chain A of the crystal structure of rat CD2
(entry 1HNG in the Protein Data Bank (Jones et al.,
1992)). Hydrogen atom coordinates were generated
using the HBUILD command of X-PLOR (Brunger,
1993) followed by a 1000 steps of energy minimiza-
tion in which all heavy atoms were kept fixed. The

lead to a significant error. Furthermore, as was noted homodimer model of CD2d1 was taken as the struc-
recently (Fushman et al., 1998), often the averaging ture represented by the major crystal lattice contact
of the monomer and dimer relaxation occurs on a time between the N-terminal domains of adjacent CD2
scale much faster than the duration of the NMR exper- molecules, involving the ©©FG B-sheet faces (Jones
iment to measure the relaxation rates. Consequently,et al., 1992). The principal moments of the diffusion
nuclear relaxation experiments yield monotonic expo- tensor for each of the monomer and dimer CD2d1
nential decays characterised by population weighted models were obtained with the program PDBINER-
average relaxation rates. TIA (Lee et al., 1997). The model coordinates were
Exchange line broadening was estimated accord- then transformed to a Cartesian frame coincident with
ing to (Luz and Meiboom, 1963): the directions of the principal axes of the diffusion ten-
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Figure 2. Exchange contribution R along the polypeptide chain
for rat CD2d1 at 10 mM phosphate buffer, pH6.0, T= 25°C,
proton resonance frequency of 500 MHz, protein concentrations of
0.1 mM (black bars) and 1.2 mM (grey bars).
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Figure 1. Results of the Lipari-Szabo model free analysis for

CD2d1 at 10 mM phosphate buffer, pH 6.0,=¢ 1.2 mM and . . . . _
T = 25°C. Left, from top to bottom ar&°N relaxation parameters For comparison, rotational diffusion coefficients

Ry, R» and heteronuclear NOE. Right are the major derived parame- were also calculated using a bead model as imple-
ters of the Lipari-Szabo model-free analysis, from top to bottdm S mented in the program HYDRO (Luz and Meiboom,

Rex and the local correlation time. Where the simple Lipari-Szabo . : ; :
model was chosen this ig in the ps range. When the extended 1963; de la Torre and Bloomfield, 1981)' Amino acids

Lipari-Szabo model had to be employed a very short valuefor ~ Were replaced by spheres of 2.5 A radius placed on
was assumed and, which is in the ns range, is displayed. The the position of the ¢ atoms. Water molecules were

horizontal scale represents residue numbers. replaced by spheres of 1.6 A radius placed on the po-
sition of the oxygen atom. CD2d1 was hydrated by
first placing the structural model that was obtained as
sor. Angles of NH vectors relative to the principal axis described above in a box of equilibrated TIP3P wa-
of the diffusion tensor were calculated independently ter with subsequent removal of those water molecules
for monomer and dimer models with home written  clashing with atoms in the protein (i.e. within a cut-
programs. Analysis of relaxation data was limited to off distance of 2.3 A from protein heavy atoms) and
the assumption of axially symmetric diffusion as de- energy minimization for 500 steps allowing only wa-
scribed recently (Tjandra et al., 1995, 1996). The ter molecules to move and keeping the protein atoms
subset of residues used for the analysis was identi- fixed. A hydration shell was created by keeping only a
cal to that used in the isotropic analysis. Using the subset of all water molecules from the hydration step
rotational correlation time andID as variable in- within a cutoff distance from protein heavy atoms.
put parameters, calculated values of R, based on  Cutoff distances between 2.6 and 3.8 A were used,

a spectral density for overall tumbling extended to |eading to hydration shells populated by 78 to 298
incorporate axially symmetric anisotropic rotational water molecules.

diffusion (Woessner, 1962), were fit to the experimen-

tally determined R/R; ratios. The potential impact

of CD2d1 dimerization at higher concentrations was Results

accounted for by fitting residue-specifie/R; ratios

with the population weighted average of anisotropic Residue-specific relaxation parameters

Ro/R; ratios calculated separately for monomer and The 1°N relaxation of rat CD2 domain 1 has been
dimer. This calculation was based on the NH vector characterised over an extensive range of protein con-
angles derived separately for the monomer and dimer centration and sample conditions. Here the results of
diffusion tensor coordinate frames, and the assump- a Lipari-Szabo model-free analysis are described in
tion that the rotational correlation time for the intact detail for relaxation data obtained with a sample at
dimer is twice that of the monomer. [CD2d1] = 1.2 mM, pH= 6.0 (10 mM phosphate
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buffer), T= 25°C and 500 MHz proton frequency.

Effects of protein concentration on residue-specific

An overview of the measured relaxation rates and the relaxation parameters

results of the model-free analysis is shown in Figure 1.
With the exception of the four residues at the N-
terminus and the C-terminal residue Glu99, all amino
acids in CD2d1 exhibit rather uniform relaxation pa-
rameters (average values dRy) = 1.92+ 0.08 s'1,
(Ro) = 10.00+ 1.38 s'1 and <heteronuclear NOE
=0.71+ 0.04). An apparent molecular rotational cor-
relation timet, = 7.524 0.05 ns is obtained from the
average R/R; ratio for these residues. The results of
the model-free analysis are correspondingly uniform
with most residues having?S- 0.6, indicating a fairly
rigid overall structure. The mear? ®f 0.81+ 0.07

is in accordance with values widely reported in the
literature for highly ordered regions of protein struc-
ture (Kay et al., 1989). In four short stretches of the
polypeptide chain theSvalues are slightly smaller,

with values between 0.6 and 0.8. These regions oc-

cur at the long loop connectingrstrands B and C

Similar model-free analyses of the relaxation data ob-
tained for CD2d1 at a range of concentrations down
to 40 M were also performed (data not shown). The
majority of residue-specific relaxation parameters is
not significantly affected by the protein concentration.
For most residues,Js greatest at the higher values
of protein concentration with slightly lower values es-
timated from the data at low concentrations. Maximal
differences for the Sover the concentration range are
around+ 0.04, within the order of magnitude of the
uncertainty of the derived values. All variations seen
for the fast local motions are within the error limits,
and the same is true for the time constants for the
motions on an intermediate time scale.

The only substantial variations detected in this
dilution series are in the profile of R exchange con-
tributions to R, as shown in Figure 2. The values
of R, in the regions around Glu29-Trp32, Thr37

(residues Asn20—-Asp25), the loop between strands Cand Thr79-Thr86 all show a strong dependence on
and C (residues Gly35-Thr37), the loop connecting CD2d1 concentration. While these residues exhibit
strand Cto C’ (residues Lys45-Lys47), and the hair- |arge R, terms at high protein concentration, these
pin turn connecting strands D and E (residues Leu58—yalues systematically drop to very small values in
Asn60). The derived estimates of the internal motion the more dilute samples. At the lowest protein con-
correlation times are uniformly smal(50 ps), per-  centration studied (4Q.M) the relaxation data for a
haps indicating fast thermal vibrations. Intermediate- number of those residues with,Rterms at high con-
fast timescale dynamics (Clore et al., 1990a) had to be centration (e.g. residues Val30, Trp32, Ser36, Val39,
assumed in certain instances, most notably for the first phe42) can be satisfactorily fit without recourse to an
eight residues of the chain. Here the local correlation exchange contribution. On the other hand, a small
times have values around 0.8-1.5 ns and the order pa-number of residues, e.g. Thr69, Thr86 and Leu88
rameters for the fast timescale motiorfss 0.7 (data have values of R ~ 2 s1 throughout the dilution
not shown). series. A representation of the residues which exhibit
A small number of residues — most notably Thr37 concentration-dependent,Rterms is indicated in the
and Thr79 — show very large deviations in theg@nel  ribbon diagram (Figure 7) of the domain 1 interaction
(Figure 1) whilst displaying R and heteronuclear  seen in the crystals of the intact extracellular portion of
NOE values close to average values. In the Lipari- CD2 (Jones et al., 1992). The disposition of residues
Szabo analysis these outlier values in the transversewhich exhibit concentration-dependent,Rerms is
relaxation rate are accounted for by the invocation of consistent with the notion that the exchange terms
exchange contributions topRfor Thr37 R, = 2271, arise from weak dimerization of the CD2d1 molecule.
for Thr79 R, = 8 s71). A more detailed view is The magnitude of R terms for Thr37 (22 3!
shownin Figure 1in the panel displaying the estimated and Thr79 (8 s1) is exceptionally large, outside the
R, contributions across the polypeptide chain. Here it range that could be accounted for by neg|ect or un-
is apparent that several other residues exhibit smaller derestimation of rotational diffusion anisotropy, and
but nevertheless significant values of,R- 1.5 s°2, very strongly dependent of protein concentration. The
including Glu29, Val30, Ser36, Val39, Lys43, Val80, concentration dependence of the exchange broadening
Asn84, Thr86 and Leu88. for these residues is presented in Figure 3. A reason-
ably good fit for the R, values is obtained within a
monomer—dimer equilibrium model using Equations 3
and 4. The value of s necessary to calculate the frac-
tional amounts of monomer and dimer in Equation 3 is
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Figure 3. Variation of 15N line-broadening as a function of protein concentration for Thr37 (left) and Thr79 (right) at 10 mM phosphate buffer,
pH = 6.0 and T= 25°C. The upper panels show the experimental data plus a curve obtained from fitting the data to the function defined by
Equation 3. The lower panels display the residuals from the fit.

taken from the fit of the chemical shift vs. concentra- Figure 4 for the two residues with the largest varia-
tion of the corresponding residue (see below). These tion, Thr37 and Thr79. Curve fitting to a monomer—

estimated values of K are also used to relatepl;
and ky rr according to Equation 2. This reduces the
number of parameters that are optimised in the fitting
procedure ttAw and ky v, the latter in the form of,,
through Equation 4. From the curve fit for the data for
Thr37 we obtained values fakw/2n = 130+ 5 Hz

(~ 2.6 ppm), by = 4200+ 600 ML s Land kyrr
=94 2 s, The corresponding fit for Thr79 yielded
Awl2r =79+ 6 Hz (~ 1.6 ppm), oy = 4500+
1200Mtstandkyrr=5+2st

Concentration dependence of chemical shifts
Chemical shifts int>N-1H HSQC spectra of CD2d1
were monitored over a protein concentration range
from 1.2 mM to 40 uM. Extreme caution was
taken to maintain stable sample buffer conditions
(concentration and pH) over the dilution range. A
small number of residues demonstrated signifi¢aNt
chemical shift variation of up to 0.5 ppm over this

dimer equilibrium as described by Equation 3 yields
extrapolated CD2d1 dimer—monomer chemical shift
differences ofA3 = 1.97+ 0.11 ppm for Thr37 and
A3 = 1.12+ 0.2 ppm for Thr79. These values are
in good agreement with the values extracted from the
fitting of the concentration of dependence of Rerms
which areA8 = 2.6 ppm for Thr37 and 1.6 ppm for
Thr79, respectively. Dissociation constang Kalues
estimated from the curve fitting are 461.8 mM and
5.44 2.2 mM for Thr37 and Thr79, respectively.

Isotropic rotational diffusion of CD2d1

The apparent rotational correlation time of CD2d1 was
found to depend strongly on the protein concentra-
tion. The variation oft. with protein concentration,

obtained from independent analysis of relaxation data
sets for each dilution of the sample, is shown in
Figure 5. A substantial influence of the protein con-

range. The majority of these residues were amongst centration over the range from 4 to 1.2 mM upon

those which exhibit considerable exchange broaden-
ing at the higher concentrations of CD2 (see above).

Residues with the largest values in chemical shift vari-
ation cluster in two regions of the polypeptide chain,
around positions 28-46 and 78-90. Chemical shift
versus protein concentration plots are illustrated in

the derived value of. is seen, covering an interval
of approximately 2 ns. The variation in experimental
1. values was then fit to a monomer—dimer equilib-
rium model using Equation 1, as shown in Figure 5,
yielding extrapolated values for CD2d1 monomer and
dimer . of 5.02 + 0.1 ns and 10.09t 0.5 ns re-
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Figure 4. Variation of 15N chemical shifts as a function of CD2d1 concentration for Thr37 and Thr79 at 10 mM phosphate buffe.pH
and T= 25°C. The upper panels show the experimental data plus a curve obtained from a fit to a function representing the chemical shift as a
population average of monomer and dimer values. The lower panels display the residuals from the fit.

7.5 Table 1. Dependence of rotational correlation time of CD2d1 and
15N exchange line broadening of Thr37 on buffer conditions at pH
= 6.0, protein concentration of 1.2 mM,ZF25°C

7.0 %

Buffer condition ¢ /(ns) Thr37 Ry /(s™1)
m 6.5 10 mM phosphate 7.520.04 21.9+ 0.3
c 10 mM phosphate, 150 mM NaCl 7.670.05 27.1+ 0.8
\o 6.0 10 mM phosphate, 300 mM NaCl 7.410.06 24.1+ 2.0
e 10 mM Bis-Tris/HCI 7.81+0.05 23.2+:0.2
5.5
0.0 0.5 1.0 1.5 10 mM phosphate buffer, pH 6.0, and the same sample
0.041 /= with 150 mM NaCl and 300 mM NacCl added, respec-
-0.08 V e tively. Also shown in Table 1 is the result of a mea-
c/mM surement for 1.2 mM CD2d1 in 10 mM Bis-Tris/HCI

Figure 5. Dependence of the apparent rotational correlation time by.ﬁer' pH 6.0. The variation o_fc a_mongSt all CF)n-
of rat CD2d1 on protein concentration at 10 mM phosphate buffer, ditions for the high concentration is only marginally

pH = 6.0 and T= 25 °C. The upper panel shows the fit of to greater than the measurement error.

a monomer-dimer equilibrium (using Equation 1) assuming popula-

tion averaged, values. The lower panel shows the residuals of the . . . . .

fit. Anisotropic rotational diffusion of CD2d1

Calculation of the principal axes of the inertia ten-
sor for the monomer and homodimer (derived from
spectively. The value of the dissociation constagt K  the major crystal contact) models for CD2d1 using a
obtained in this fit was found to be 2460.7 mM. bead model (de la Torre and Bloomfield, 1981; de la
Further measurements of CD2dl were per- Torre et al., 1994) indicates approximately cylindri-
formed in different buffers and salt concentrations to cal shapes of the monomer as well as the dimer. The
exclude spurious solvent or specific ion effects as a monomer model therefore predicts axially symmetric
source for the observed dynamics phenomena (see Tatumbling with values ofD; /D, = 1.41 for unhy-
ble 1). The value of. was measured at three values drated CD2d1 and values between 1.34 and 1.39 for
of the ionic strength: a sample of 1.2 mM CD2d1 in hydrated CD2d1, independent of the cutoff distance



for hydration (between 2.4 and 3.8 A, corresponding
to between 14 and 297 molecules of water). Essen-
tially identical D;/D, values (hydrated; /D
1.35 and unhydrate®, /D, = 1.42) were obtained
for the homodimeric models of CD2d1. However,
the orientation of the principal axis system with re-
spect to the molecular coordinates is different in the
monomer and dimer models of CD2d1. Therefore, for
a given residue the angle made by the NH vector to the
principal axis is considerably different in each case.
Analysis within the framework of axially symmetric
anisotropic rotational diffusion was performed for the
experimental®N relaxation data measured for CD2d1
at concentrations of 0.1 mM and 1.2 mM. At [CD2d1]
= 0.1 mM it was assumed that dimeric CD2d1 would
give only a marginal contribution to the measured data
(assuming a k around 2—4 mM gives only 5%
dimer at [CD2d1]= 0.1 mM). TheDy /D, ratio de-
rived from fitting the relaxation data was found to be
Dy/D; = 1.39+ 0.15, with the 95% confidence in-
terval ranging from 1.01 to 1.71. The improvement
in the x2 value of this fit compared with the fit to
an isotropic model is only modesxg = 1452;

2 niso
Kiso

1712). Consequently, according to an F-
statistic, this improvement in the fit is not significant
(F = 4.02, p= 0.104). To be considered statistically
significant, values of B> 5 and p« 0.01 are usually
required.

The relaxation data at [CD2d}} 1.2 mM were
analysed under the assumption of a significant contri-
bution of the dimer to the measured data (at 1.2 mM
and assuming a K around 2—4 mM there will be at
least~ 30% dimer present). A value faD /D
1.50 £ 0.21 with a 95% confidence interval from 1.1
to 1.71 was obtained for the monomer abgl/D; =
1.20+ 0.11 with a 95% confidence interval from 0.9
to 1.41 for the dimer. However, the result of the fitting
to an anisotropic model again compared poorly to the
result from the isotropic modekgmso = 19081 and
X2, = 22214). The reduction of thg? value leads
to F= 1.77 and p= 0.11, also not sufficient to be
considered statistically significant.

Effects of salt and buffer on residue-specific
relaxation parameters

Consistent with the behaviour af, only small vari-
ations were seen on the residue-specific level with
alteration of buffer and salt content. Order parame-
ters $ were largest in the sample without added
salt and dropped only slightly (by about 0.04) above
150 mM NaCl (data not shown). However, these
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Figure 6. Exchange contribution KR along the polypeptide chain

of rat CD2d1 at 10 mM phosphate buffer, pH6.0, T=25°C and

a proton resonance frequency of 500 MHz for samples with O (grey
bars) and 300 mM added NaCl (black bars).

changes were small and within the margin of ex-
perimental uncertainty for the majority of residues.
Larger changes in the values of $around 0.06)
were seen only for the highly mobile N-terminal
three residues. Internal motion correlation times were
uniformly smaller than 80 ps for fast motions and
between 1.0 and 4.0 ns for intermediate time scale
motions. No consistent trend of the dependence of
internal motion correlation time values on the
salt concentration could be identified. The pattern of
residues with substantial.Rterms is essentially un-
affected by changes in ionic strength as shown in
Figure 6. For most residues between Glu29-Lys47
and Asn77-11e88 there is a slight increase i Ral-

ues at 300 mM NacCl. Three residues (Lys45, Lys47,
Thr83) exhibit more elevated values of,R> 5 s1.

The residue-specific relaxation parameters measured
in Bis-Tris/HCI buffer are identical within the error
margin to those measured in phosphate buffer at sim-
ilar pH, buffer and protein concentrations (data not
shown).

Discussion

Line broadening and CD2d1 dimerization

Our measurements unambiguously demonstrate that
the very fastl°N transverse relaxation rates observed

for some residues in CD2d1, interpreted as a result
of specific exchange broadening, depend on the pro-
tein concentration (see Figures 2 and 3). The fact
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that only few residues are affected and that all of 1.4. Our NMR-derived experimental valuesiof/ D
these show a weak but detectable concentration depen-~ 1.5 + 0.2 for [CD2d1]= 0.1 mM andD;/D
dence of theit>N chemical shifts (Figure 4) rules out  (monomer)~ 1.2 + 0.1/Dy/D, (dimer) ~ 1.5 +

bulk solvent properties, such as variation in macro- 0.1 for [CD2d1] = 1.2 mM match quite well the
scopic sample viscosity, as a cause. The observedpredictions based on bead models. This good corre-
effects are also remarkably stable to changes in ionic spondence of the experimental data to the expectation
strength and type of buffer in the sample. Further is, however, undermined by the lack of statistical sig-
support for low-affinity CD2d1 self-association as the nificance in the result. There appear to be two main
cause for the unusual resonance line broadening isreasons for poor reliability of the anisotropy estimates:
derived from the observation that all concentration- the limited precision of the relaxation data, and poor
dependent NMR parameters can be fit reasonably well angular sampling of the diffusion tensor by the set of
to the homodimerization model with ag<of the order NH bond vectors (Lee et al., 1997). The latter ob-
of 3—-6 mM. The distribution of residues that exhibit servation seems of particular relevance in the case of
15N exchange broadening is illustrated in Figure 7. monomeric CD2d1 since more than 1/3 of the residues
The structure shown includes the major CD2d1 inter- have angles of their NH vectors to the main axis of the
protein crystal contact which comprises the apposition inertia tensor between 80—-10@ith another 15 each

of the CCFG B-sheet surfaces together with pairwise between 60-80and 100-129 making it more than
reciprocal backbone-backbone H-bond formation be- 70% of all residues in a narrow region of angles (see
tween the C-Cloop (residues Arg34—Leu38) in one supplementary material for more details). The major-
monomer with the F-G loop (residues Val80—Asn84) ity of residues is thus expected to exhibit simila¥iRy

in the other. The residues with large,Rerms clus- ratios, leaving only a few residues to provide more
ter in the interfacial region of the crystal contact. The divergent values. The result of fitting such an uneven
crystal contact excludes some 600—7000k surface distribution of R/R;1 ratios might therefore produce
area for each rat CD2 molecule and has attracted at-a meaningful result but not in a statistical significant
tention as a model for the analogous physiological manner. An additional reason for a lack of detectable
interaction of CD2 with its homologous adhesion part- CD2d1 anisotropy at [CD2dH: 1.2 mM is found in
ners (CD48 in rat, CD58 in human) (Jones et al., the substantial difference of angles that the NH vectors
1992). For residues Thr37 and Thr79 in particular, the make with the principal axes of the inertia tensor in
magnitudes of the R values are so great that they each of the monomer and dimer states. In a sample
cannot be accounted for by the neglect or underesti- that contains comparable amounts of both monomer
mation of the rotational diffusion anisotropy (Tjandra and dimer thé°N nucleus of a given residue will relax
et al., 1995), anomalous variation in NH bond length, according to an averaged combination of different val-
or 15N CSA tensor magnitude or orientation (Fushman ues of R/R;. With a large difference in the orientation
et al.,, 1998). Attempts to detect self-association of of the principal axes of the inertia tensor in monomer
CD2 in solution by a range of biophysical techniques and dimer structures (in the case of the CD2d1 models
have so far failed (van der Merwe, 1993; Silkowski this is about 80), large values of RR; will be au-

et al., 1997). However, the relaxation data reported tomatically combined with small values, resulting in
here clearly suggest that CD2d1 self-association, al- an averaging out of the effects of diffusion anisotropy.
beit of low affinity, does take place at millimolar Only in situations where the principal axes of the in-

concentrations. ertia tensor coincide for monomer and dimer will it be
possible to reliably detect anisotropic diffusion in an

Analysis of CD2d1 rotational diffusion equilibrium between monomer and dimer states.

Because it has been illustrated that inappropriate in-  In the absence of statistically significant diffusion

terpretation oft>N R,, terms may arise from failure ~ anisotropy of CD2d1 we have analysed the variation
to take into account anisotropic rotational diffusion ©f derived isotropic relaxation parameters in terms of
(Tjandra et al., 1995, 1996) we sought to analyse & fast exchange dimerization equilibrium for CD2d1.
the CD2d1 relaxation data within such a frame- The isotropict, values for monomeric and dimeric
work. Analysis of structural models for monomeric CD2d1 extrapolated from the curve fit shown in Fig-
and dimeric CD2d1 exhibits considerable degrees of ure 5 are in good agreement with values calculated
anisotropy in the principal components of their inertia from the simple Stokes— Einstein relationship (includ-
tensors WithD“/DJ_ for both monomer and dimee ing a fractional hydration of 0.32 and assuming that
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Figure 7. CD2d1 dimer interface as seen in the rat CD2 crystal structure. For clarity the two monomers are shaded in different degrees of grey.
Residues with R. > 1.5 ™1 are marked by a sphere centred on the position of the corresponding backbone nitrogen. The radius of the sphere

is approximately proportional to the magnitude iR

the total molecular mass — including hydration — of
the dimer is twice that of the monomer). An excellent

sis of concentration-dependent chemical shift apd R
values, indicating that the mechanism behind both

agreement is obtained of the measured values of 5.02is identical and essentially driven by dimerisation.

4+ 0.1 and 10.02 0.5 ns with the theoretical values of
4.9 and 9.8 ns for monomer and dimer, respectively.
The values for the dissociation constang Kb-
tained from fittingt. (2.6 = 0.7 mM) and chemical
shift (average for Thr37 and Thr79 K= 5.0 +
2.0 mM) vs. concentration profiles are in good agree-
ment. However, it should be noted that the precision
of Kp measurements by any method is generally low
(Weber, 1992), as also indicated here by the much
larger fitting error for Ky than for the maximal chem-
ical shift difference ort. values. The average on-
and off-rates extracted from fitting.Rvalues for two
residues Thr37 and Thr79 gl ~ 5000 M~1 s~1 and
korr ~ 7 s1) compare well within the consider-
able error to the kinetic constants measured for the
analogous physiological high affinity CD2-CD48 in-
teraction (Davis et al., 1998)dg = 10° M1 s71,
korr = 8 s It appears that the lower affinity
for CD2d1 self-association is mainly a result of a
substantially reducedy rate constant.

Thr37 and Thr79 chemical shift variation
Chemical shift differences for the two threonines
were obtained with good agreement from the analy-

The substantial chemical shift variations with pro-
tein concentration (Figure 4) must therefore result
from changes in the nuclear shielding between the
monomer and dimer states of CD2d1. It is notewor-
thy that for Thr37 and Thr79 there is an absence of
a comparable variation of the associatel proton
resonance frequency (data not shown). Recent the-
oretical considerations of the nature of amith
shielding parameters suggest that the major influences
arise from hydrogen bond formation, both by the NH
group itself and by the carbonyl group of the preced-
ing amino acid residue (Le and Oldfield, 1996), the
polypeptide backbone conformation (Le and Oldfield,
1994), metal ion coordination by the carbonyl group
(Biekofsky et al., 1998) and the-gauche effects of
the x 1 angle inf-branched amino acids (Le and Old-
field, 1996; Biekofsky et al., 1998). The increased
shielding of the Thr37 and Thr 9N chemical shifts

at higher CD2d1 concentration and the lack of a strong
perturbation of the M chemical shifts indicate that the
hydrogen bonding influence on the shift variation is
not dominant. In the CD2 crystal structure the Thr79
NH and Val78 CO groups make only intra-monomer
antiparallelp-sheet H-bonds. The Thr37 NH makes
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an intra-monomer H-bond with Arg34 CO inthe C-C  both proteins are clustered, albeit in slightly different
loop. The Ser36 CO group makes an inter-molecular arrangements, on this self-association surface.
H-bond with Arg87 of the opposing CD2 molecule

and therefore might be expected to give rise to a

deshielding effect for the Thr3%N resonance upon  Conclusions

dimerization. However, the upfield trend in theN

chemical shifts (see Figure 4) with increasing CD2d1 we have demonstrated a strong correlation of protein
concentration is opposite to that predicted for the cre- self-association and residue-specific exchange line
ation or Strengthening of H-bonds. Instead it is |IkE|y broadening as measured USH‘?@' relaxation data of
that the’>N chemical shifts for these two residues are rat CD2d1. This result demonstrates that protein self-
more strongly affected by alterations in thegauche  association has sizeable effects at the typical concen-
shielding effects from th@-branched threonine side trations used in NMR experiments. Even very low
chain that would accompany changes in fheside  affinity interactions, perhaps beyond the limit that can
chain torsion angle upon dimerization. be detected by other methods, should therefore not
be ignored in the interpretation of nuclear relaxation
data (Akke et al., 1998). It should also be pointed
out that because of the factgrn p4, in Equation 3
Wagner and co-workers have previously reported a a maximal effect of dimerization on exchange broad-
detailed study of the!>N relaxation properties of  eningis already achieved at concentrations well below
the homologous human CD2d1 domain (Wyss et al., Kp (the exchange broadening coefficignipa, has
1997). To facilitate comparison with our results on a maximum of 0.25 forpy = p4, = 0.5). More-

rat CD2d1 the raw relaxation data for human CD2d1, over, the effects of self-association need not appear
originally interpreted using the spectral-density map- as a non-specific effect (Fushman et al., 1998; Gryk
ping approach (Peng and Wagner, 1992; Wyss et al., et al., 1998) but rather can give rise to indications
1997), were re-analysed within the model-free formal- of localised and residue-specific exchange broaden-
ism (data not shown). Under similar solution condi- ing. This conclusion may prove to be of general
tions (human CD2d1 relaxation data were measured significance in efforts to ascribe specific conforma-
on a~ 1 mM protein sample in 20 mM acetate at tional mechanisms for exchange phenomena. In a few
pH = 4.5; rat CD2d1 1.2 mM protein concentration, cases, very detailed descriptions have been given for
10 mM phosphate buffer at pH 6.0; temperature- well-defined conformational rearrangements, such as
25°Cin both cases), a very similar dynamic behaviour isomerisation of disulfide bonds (Otting et al., 1993;
is seen for both proteins. The overall tumbling time LeMaster and Kushlan, 1996) and the backbone pep-
of human CD2d1 . = 8.8 ns) compares well with  tide bond of proline residues (Evans et al., 1989). In
the value . = 7.52 ns) obtained for rat CD2d1 since general, this type of conformational change results
human CD2d1 has a slightly longer polypeptide chain in resolution of distinct resonances in slow exchange.
and an N-linked glycan attached. Both proteins have In other cases rather unspecific descriptions of the
essentially identical average order parameters and themovement of surface loops or flexing of secondary
regions of the polypeptide chain with slightly lower or-  structure elements are linked to the exchange phenom-
der parameters superimpose almost perfectly (particu-ena (Wong et al., 1997; Akke et al., 1998; Banci
larly in the extended loop connecting the B-C strands et al., 1998; Volkman et al., 1998). Since surface loops
of theB-sheet). Most interestingly, similarly large.R and extended surfaces pfsheets and:-helices are
values are found in human CD2d1 for some residues candidate regions for exchange broadening from both
in the ligand-binding interface (Phe47 17's Glu50 protein self-association as well as true intramolecular
11 s71; Thr53 16 s1) very close in the sequence and conformational changes, it may be desirable to obtain
structure alignment to Thr37 and Thr79 (22'sand a more detailed description of the molecular details of
8 s1, respectively) in rat CD2d1. Crystals of human such movements. For example the attribution of ex-
CD2 possess a major crystal contact that is topolog- change broadening dfN resonances in the’CFG
ically identical to that observed for rat CD2, in spite p-sheet of human CD2d1 to flexibility of thesheet

of significant sequence differences between the con- (Wyss et al., 1997) may warrant further examination.
tact surfaces of the two proteins (Bodian et al., 1994). As the most simple precaution to avoid misinter-
All residues affected by°N exchange broadening in  pretation of exchange terms in the study of protein

Comparison of rat and human CD2d1 dynamics
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dynamics, nuclear relaxation measurements shouldfessor G. Wagner for providing the relaxation data for
preferably include a dilution series. In only a few human CD2d1.
previously reported cases has there been explicit con-
sideration of the effects of self-association upon nu-
clear relaxation rates (Grzesiek et al., 1997; Akke References
et al., 1998; Fushman et al., 1998), and rarely has
this included deliberate measurements of relaxation Akke, M. and Palmer, A.G. (1996). Am. Chem. Sacl118 911-
; o 912.
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