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Abstract

Major urinary protein (MUP) is a pheromone-carrying protein of the lipocalin family. Previous studies by
isothermal titration calorimetry (ITC) show that the affinity of MUP for the pheromone 2-methoxy-3-
isobutylpyrazine (IBMP) is mainly driven by enthalpy, with a small unfavourable entropic contribution.
Entropic terms can be attributed in part to changes in internal motions of the protein upon binding. Slow
internal motions can lead to correlated or anti-correlated modulations of the isotropic chemical shifts of
carbonyl C¢ and amide N nuclei. Correlated chemical shift modulations (CSM/CSM) in MUP have been
determined by measuring differences of the transverse relaxation rates of zero- and double-quantum
coherences ZQC{C¢N} and DQC{C¢N}, and by accounting for the effects of correlated fluctuations of
dipole–dipole couplings (DD/DD) and chemical shift anisotropies (CSA/CSA). The latter can be predicted
from tensor parameters of C¢ and N nuclei that have been determined in earlier work. The effects of
complexation on slow time-scale protein dynamics can be determined by comparing the temperature
dependence of the relaxation rates of APO-MUP (i.e., without ligand) and HOLO-MUP (i.e., with IBMP
as a ligand).

Introduction

Many macromolecular interactions occur with
concomitant changes in enthalpy and entropy,
reflecting the fundamental tendency of a system to
seek its lowest Gibbs energy. Inspection of high-
resolution structures of protein complexes often re-
veals a large number of favourable interactions, like

hydrogen bonds and closely-packed hydrophobic
residues, which suggest that enthalpic contributions
to binding must be significant. Yet intermolecular
affinity can also be determined, at least in part, by
entropic effects associated with changes in internal
mobility, and recent work has underscored the
importanceofproteinflexibility ingoverningaffinity
and specificity (Kay et al., 1998; Zı́dek et al., 1999;
Lee et al., 2000; Krı́zová et al., 2004).

Mouse major urinary protein (MUP) is an
abundant pheromone-binding protein found in
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male mouse urine, where subtle recognition of a
series of related compounds is essential to biolog-
ical function. Stone, Sklenar and their co-workers
(Zı́dek et al., 1999; Krı́zová et al., 2004) have
shown that the backbone flexibility undergoes a
slight increase upon binding of MUP with a
hydrophobic pheromone, 2-sec-butyl-4,5-dihydro-
thiazole. They monitored changes in flexibility at
high frequencies in terms of backbone order
parameters S2, obtained by ‘model-free’ analysis
(Lipari and Szabo, 1982a, b). These order
parameters slightly decrease upon binding, so that
the backbone conformational entropy appears to
increase upon binding. Homans and co-workers
(Bingham et al., 2004) conducted a thorough
investigation of the thermodynamic aspects of the
binding affinity of MUP to various ligands by
isothermal titration calorimetry (ITC). The overall
entropy DS was found to decrease upon binding,
so that binding must be driven by enthalpy, but
differences in binding affinity for different ligands
may be explained in part by entropic effects.
Homans and coworkers (Bingham et al., 2004)
also applied the ‘model-free’ analysis (Lipari and
Szabo, 1982a, b) to both APO-MUP and HOLO-
MUP, i.e., the complex with 2-methoxy-3-isobu-
tylpyrazine (IBMP), and found that the overall
backbone conformational entropy slightly de-
creases upon binding, in contrast to the findings of
Stone, Sklenar and their co-workers (Zı́dek et al.,
1999; Krı́zová et al., 2004). These contradictory
observations call for a more detailed analysis
of the changes in internal mobility upon
complexation. Indeed, fast internal motions on ns–
ps time scales, which can be picked up with
backbone order parameters S2, only represent a
subset of all dynamical processes in a protein.
Slow motions on ls to ms time scales can lead to
fluctuations of the isotropic chemical shifts, lead-
ing to so-called Rex contributions to the line-
widths. Frueh et al. (2001) detected slow motions
that simultaneously affect the shifts of both Ca and
Cb nuclei in the side-chains of proteins. The dif-
ference between the auto-relaxation rates of zero-
quantum coherences ZQC(Ca

þC
b
�) and double-

quantum coherences DQC(Ca
þC

b
þ) is due to

contributions from cross-correlated isotropic
chemical shift modulations (CSM/CSM), cross-
correlated fluctuations of dipolar interactions
(DD/DD) and cross-correlated anisotropic
chemical shift interactions (CSA/CSA). More

recently, Dittmer and Bodenhausen (2004) mea-
sured the relaxation rates of ZQC(N+HN

�) and
DQC(N+HN

þ) and Wist et al. (2005) those of
ZQC(C0þN)) and DQC(C0þN+). The latter method
appears most appropriate to reveal the effects on
internal motions of binding of pheromones to
MUP.

Materials and methods

Both APO-MUP and HOLO-MUP samples
(Bingham et al., 2004) were dissolved in 10%
D2O/90% H2O, and the pH was adjusted to 7.4
with phosphate saline buffer. Sequential assign-
ments were obtained by 3D HNCO/HNCA (Kay
et al., 1990) and CBCA(CO)NH methods
(Grzesiek and Bax, 1992; Muhandiram and Kay,
1994). Transverse 15N relaxation rates were
measured with de- and re-focusing intervals
s=1 ms. The details of the DQC and ZQC
methods are described elsewhere (Pellecchia
et al., 1999; Wist et al., 2004, 2005). The data
were acquired at T=308 K using Shigemi tubes
with two Bruker DMX-600 spectrometers in
Paris and Lausanne, both equipped with triple
resonance TBI probes with triple axis gradients.
A cryoprobe was used for the temperature-
dependent study. For the DQC and ZQC
methods, each matrix consisted of 64 and 512
points in the t1 and t2 dimensions. The spectral
widths were 1824 and 8389 Hz in the x1 and x2

dimensions. For each t1 increment 64 scans were
accumulated with a relaxation delay of 1.2 s.
The relaxation intervals T were 1, 6, 14, 24, and
36 ms. The experimental time required for each
2D experiment was 2.5 h. Data processing has
been performed using the GNU Package
NMRPipe/NMRDraw/NlinLS (Delaglio et al.,
1995). Backbone assignment was carried out
using the Sparky 3 software package (T. D.
Goddard and D. G. Kneller, University of Cal-
ifornia, San Francisco, USA). Relaxation rates
were obtained by least-squared fitting of the
decays to exponential functions (Matlab, 1992,
Matlab Reference Guide, Natick, Massachu-
setts). Errors of the decay rates were estimated
by Monte-Carlo analysis using 500 synthetic
data points. Errors in the rates were then
obtained by error propagation. A table of rates
is available in the Supplementary Material.
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Theory

To determine the auto-relaxation rates of
ZQC(C0þN)) and DQC(C0þN+), we used the pulse
sequences (Wist et al., 2005) of Figure S1 (see
Supplementary Material) that are closely related
to experiments proposed by Zuiderweg and co-
workers (Pellecchia et al., 1999), although in the
present case they are used for monitoring internal
dynamics in addition to CSA effects. For each pair
of neighbouring residues (i)1, i), one can deter-
mine the ‘raw’ difference of the experimental decay
rates of DQC(C0þN+) and ZQC(C0þN)):

Rexp
i ¼ 1=2 RiðDQCÞ � RiðZQCÞ½ � ð1Þ

Relaxation theory shows that three cross-cor-
related fluctuations contribute to this rate (Frueh
et al., 2001; Dittmer and Bodenhausen, 2004):

Rtheor
i ¼ R

CSM=CSM
i þR

CSA=CSA
i þR

DD=DD
i ð2Þ

The first two terms are proportional to B2
0,

while the third one is essentially field independent.
The CSA/CSA and DD/DD cross-correlation
terms (the latter comprising sums over all pairs of
neighbouring nuclei) are roughly proportional to
sc (which is on the order of 10 ns), while the CSM/
CSM terms depend only on slow internal motions
with a time-scale sint (typically in a range be-
tween ls and ms). These rates arise from slow
modulations of the isotropic chemical shifts of C¢
and N that are due to structural fluctuations,
notably to variations of the dihedral angles / and
w in the protein backbone, as shown by ab initio
calculations (Arnold and Oldfield, 2000). Only
when sint>>sc do the resulting modulations of the
isotropic shifts affect the relaxation of the coher-
ences ZQC(C0þN)) and DQC(C0þN+) (Frueh
et al., 2001).

The 15N/1H HSQC spectra of the APO and
HOLO forms (see Supplementary Material) re-
veal surprisingly large shifts for many residues.
The published X-ray diffraction studies of the
APO and HOLO forms (PDB entry codes Ber-
man et al., 2000: 1QY0 and 1QY1) seem to
indicate that the structures are very similar. In
fact however, the APO form used for crystal-
lography was not truly empty, since the binding

site was occupied by a cryoprotectant (Bingham
et al., 2004). Accurate measurements of 15N R1

and R2 relaxation rates in two laboratories (Paris
and Lausanne) show that the overall tumbling
correlation time is sc=8.9 ns for HOLO-MUP
and sc=7.1 ns for APO-MUP at 308 K. These
measurements stand in contrast to earlier findings
by Sklenar and co-workers (Krı́zová et al., 2004)
(who considered a different pheromone) and by
Bingham et al. (2004) (who used lower concen-
trations and hence had larger errors). A two-fold
dilution of the HOLO-MUP sample does not
lead to any difference in sc, so that a propensity
for partial dimerization can be excluded (Poggi,
L., unpublished data). The reasons for the dis-
crepancy between the present work and that from
other laboratories are under investigation.
Meantime, however, small differences in struc-
tures possibly implied by the rotational correla-
tion times do not have an adverse bearing on the
flow of our arguments, since accurate knowledge
of the structures is not essential (vide infra).

The dipolar contributions to the decay rates
of the DQC(C0þN+) and ZQC(C0þN)) coherences
are due to a combination of auto- and cross-cor-
related effects (Frueh, 2002). The average auto-
correlated C¢-N/C¢-N dipole–dipole rates can
be estimated to be RDD=DD

� �
=0.027 s)1 in HOLO-

MUP (sc=8.9 ns at 308 K) and RDD=DD
� �

=0.033 s)1 in APO-MUP (sc=7.1 ns at 308 K),
making the worst-case assumption that the back-
bone is rigid (all local order parameters set to
S2
i =1). These auto-correlated DD contributions

can thus be safely neglected. On the other hand,
several cross-correlated dipolar mechanisms that
involve external nuclei may contribute to R

DD=DD
i ,

i.e., C¢–X/N–X or C¢–X/N–Y, where X and Y can
stand for a proton (HN, Ha, Hb, etc.) or a carbon-
13 nucleus (e.g., Ca). Using bond distances and
angles extracted from the X-ray structures of the
HOLO form, we estimated the cross-correlated
contributionsRDD/DD at 308 K (represented by red
bars in the histogram of Figure S3 and Table S3,
Supplementary Material). For most residues, the
main contributions to this rate are due to the amide
proton (X=HN), so that the estimated rates
RDD/DD do not critically depend on the precise
knowledge of the structure (Bytchenkoff et al.,
2005).

The CSA/CSA contributions in Equation (2)
are also affected by complexation, since both the
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correlation time sc and the CSA tensors of many
C¢ and N nuclei are significantly modified upon
complexation. The HSQC spectrum in Figure S2
(Supplementary Material) shows that the isotropic
shifts of many N and HN nuclei are affected.
Similar changes are also observed for the isotropic
C¢ shifts (data not shown). A recent study of 14
complementary cross- and auto-correlation rates
in Ubiquitin (Loth et al., 2005) indicates that some
of the principal components of CSA tensors of C¢,
N and HN are nearly invariant from one amino-
acid to another, while other components are pro-
portional to the isotropic shifts. The site-specific
CSA tensors have been determined in Ubiquitin
using different motional models: (a) isotropic
wobbling-in-a-cone; (b) three-dimensional Gauss-
ian Axial Fluctuations (3D-GAF) with a common
correlation time around all three orthogonal axes;
(c) a model which allows the amide protons to
move out of the peptide plane with an internal
correlation time sint=40 ps; (d) the same model
with sint=400 ps; and (e) the same as (d), but
where the nitrogen CSA tensors are assumed to
follow the motions of the amide protons. These
five models lead to five slightly different estimates
of the site-specific CSA tensors of the C¢ and N
nuclei. In accordance with Loth et al. (2005) we
prefer the 3D-GAF model (‘model b’) to extract
the CSA tensors of Ubiquitin. For the CSA
tensors of C¢ nuclei, the ryy components are
roughly proportional to the isotropic shifts
(ryy � 3riso � 334:9 ppm), while the other two
components are almost invariant (rxx � 251:2 ppm;
rzz � 83:6 ppm). Likewise, for the CSA tensors of N
nuclei, both rxx and ryy components are
roughly proportional to the isotropic shifts
(rxx � riso þ 105:5 ppm; ryy � 2riso � 163:2 ppm),
while the third component is almost invariant
(rzz � 57:7 ppm). These empirical rules, the details
of which are given by Loth et al. (2005) could in
principle be verified for MUP, but the consistency
of our observations in Ubiquitin leads us to as-
sume that the same relations can be used for APO-
and HOLO-MUP. The R

CSA=CSA
i rates can thus be

estimated for APO- and HOLO-MUP from the
knowledge of the isotropic shifts and the correla-
tion times, as represented by blue bars in the his-
togram of Figure S3 and Table S2 (Supplementary
Material). Note that the knowledge of the
structure is immaterial. We can now subtract
the estimated rates R

CSA=CSA
i and R

DD=DD
i from the

‘raw’ experimental relaxation rates of Equation (1)
to obtain the CSM/CSM contributions shown in
Figure 2b:

R
CSM=CSM
i ¼ Rexp

i � R
CSA=CSA
i � R

DD=DD
i ð3Þ

Note that the CSM/CSM cross-correlation
rate on the left-hand side is a hybrid quantity,
since the first term on the right-hand side repre-
sents ‘raw’ experimental rates, while the last two
rates are estimated from (imperfect) knowledge
of isotropic shifts, CSA tensors, and rotational
correlation times, bearing in mind that uncer-
tainties about the structure have little effect.
Ideally, the CSM/CSM cross-correlation rate
thus obtained should not be affected by any CSA
and DD contributions, and be due only to slow
fluctuations of the isotropic chemical shifts (see
Equations (88, 89) in the work of Frueh, 2002).
If the internal motions can be modelled (as
usually assumed) in terms of instantaneous jumps
between two different conformations A and B
with populations pA and pB, and if these jumps
are fast enough so that one cannot distinguish
two distinct resonances for the two conforma-
tions (traditionally called the ‘fast exchange limit’
of chemical exchange processes, although the
exchange between conformations is of course
much slower than the Larmor frequency), the
rate can be described by (Frueh, 2002):

R
CSM=CSM
i ¼ 2pApBsexDxC0

ABDxN
AB ð4Þ

where sex ¼ 1=ðkAB þ kBAÞ is inversely propor-
tional to the sum of the forward and backward
exchange rates between the conformations A and B
in the APO form, andDxC0

AB ¼ xC0

A � xC0

B and
DxN

AB ¼ xN
A � xN

B are the changes in isotropic
chemical shifts experienced by the C¢ and N nuclei
when jumping between conformations A and
B. Likewise, there may be two different conforma-
tions A¢ and B¢ in the HOLO form, with
s0ex ¼ 1=ðkA0B0 þ kB0A0 Þ, leading to a HOLO rate

R0i
CSM=CSM defined in analogy to Equation (4). The

rates Ri
CSM=CSM (APO) and R0i

CSM=CSM (HOLO)

may be either positive or negative depending on
whether the isotropic shifts of the C¢ and N nuclei
are correlated or anti-correlated, i.e., whether local
motions cause chemical shifts to move in the same
or in opposite directions upon a jump between
conformations A and B, or between A¢ and B¢.
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Equation (4) is analogous to the behaviour of ex-
change contributions to the line-widths of single-
quantum spectra. In fact, the CSM/CSM rate is
analogous to an Rex/Rex cross-correlation rate.

In this paper, we shall focus attention on
changes in cross-correlation rates upon complex
formation:

DRCSM=CSM
i ¼ R0i

CSM=CSM
(HOLO)

� R
CSM=CSM
i (APO) (5)

which amounts to:

DRCSM=CSM
i ¼ 2pA0pB0s

0
exDxC0

A0B0DxN
A0B0(HOLO)

� 2pApBsexDxC0

ABDxN
AB(APO)

ð6Þ

Clearly, to the extent that Equation (4) is appli-
cable, changes DRCSM=CSM

i can arise either from
changes in ‘dynamic’ parameters (populations pA,
pB and residence time sex) or from changes in
‘static’ parametersDxC0

AB and DxN
AB that arise

either from structural differences between the
conformations A and B or A¢ and B¢ in the APO or
HOLO forms, or from chemical shift changes in-
duced by ligand binding. The latter need not nec-
essarily involve changes in structure between the
APO and HOLO forms.

If it is assumed that the ‘static’ parameters
DxC0

AB andDxN
AB are independent of temperature

(Palmer et al., 2001), while the dynamic parame-
ters pA, pB and sex obviously depend on the tem-
perature, the temperature dependence of the

R
CSM=CSM
i rates allows one to separate dynamic

and static factors. The temperature dependence of

the R
CSM=CSM
i rates can be determined from the

measurement of experimental rates Rexp
i (T) as a

function of temperature, followed by the subtrac-

tion of R
CSA=CSA
i (To) and R

DD=DD
i (To) at each

temperature. Ideally, one should measure the

temperature dependence of the isotropic shifts of

both C¢ and N nuclei in order to determine the

CSA parameters as a function of T, and one

should determine the (slight) variations of struc-

ture as a function of temperature. In practice

however, we have found that it is sufficient to

scale the R
CSA=CSA
i (To) and R

DD=DD
i (To) rates

estimated at T0=308 K according to the ratio of

the correlation times sc(T)/sc(T0). The temperature

dependence of the correlation time can be derived

from the Stokes–Einstein relationship:

sc ¼
4p gwr

3
H

3kBT
ð7Þ

According to Atkins (1994), the viscosity of
water gw as a function of the temperature t [�C]
can be expressed by gw(t)=exp (B/A) � gw (20)
with A=1.37023(t)20)+8.36 Æ 10)4 (t)20)2 and
B=109+t. If the hydrodynamic radius rH is
assumed to be independent of temperature, the
correlation time can be considered to be a linear
function of T over the range of interest, i.e.,
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Figure 1. Three experimental decays of DQC(C0þN+) (red
squares) and ZQC(C0þN)) (blue circles) for His57, Thr58 and
Val59, in APO-MUP (left) and HOLO-MUP (right), i.e., with
the pheromone IBMP as ligand.
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sHOLO
c ðTÞ ¼ �0:12Tþ 45:19 ns and sAPO

c ðTÞ
¼ �0:09Tþ 36:08 ns.

Results and discussion

Figure 1 shows some typical experimental decays
of double- (red squares) and zero-quantum
coherences (blue circles) recorded at 308 K.

Figure 2a shows the ‘raw’ experimental
relaxation rates Ri

exp for all accessible residues in
APO-MUP (blue circles) and HOLO-MUP (red
squares). TheR

DD=DD
i andR

CSA=CSA
i rates, esti-

mated at 308 K as discussed above, and given in
the Supplementary Material, are shown schemati-
cally as histograms in Figure S3. Of a total of 117
observable residues in the APO form, 16 had to be
discarded because of overlapping signals, and 12
because of poor signal-to-noise, so that 89 residues
could be retained. The ‘raw’ experimental rates in
the APO form range between )12.9 and +2.8 s)1.
Applying the same criteria for the HOLO form, 23
of the 133 observable residues had to be excluded
because of overlapping signals, and 2 because of
poor signal-to-noise, so that 108 rates could be
analysed. The ‘raw’ experimental rates of the
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Figure 2. (a) ‘Raw’ experimental rates Rexp
i as defined in Equation (1) for APO-MUP (blue circles) and HOLO-MUP (red squares)

measured at T= 308 K and 600 MHz; (b) Contributions R
CSM=CSM
i due to correlated isotropic chemical shift modulations obtained by

subtracting estimated R
DD=DD
i and R

CSA=CSA
i rates from experimental relaxation rates according to Equation (3). The R

CSM=CSM
i rates

are only shown for APO-MUP (blue circles) and for HOLO-MUP (red squares) for all amino-acids that can be resolved in both HSQC
spectra.
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HOLO form lie in a range between )16.9 to
+4.5 s)1. Figure 2b shows ‘corrected’ relaxation

rates Rcs/csT =R
CSM=CSM
i at 308 K after subtrac-

tion of the R
DD=DD
i and R

CSA=CSA
i contributions

according to Equation (3) for APO-MUP (blue
circles) and HOLO-MUP (red squares).

As discussed above, it is not possible to derive
dynamic information directly from the difference
DRCSM=CSM

i between the APO and HOLO forms,
since these comprise an admixture of ‘dynamic’
parameters (populations pA, pB and residence time
sex) and ‘static’ parameters DxC0

AB and DxN
AB. How-

ever, if it is assumed that the static parameters
are independent of temperature (Palmer et al.,

2001), the derivative dR
CSM=CSM
i (T)/dTwith respect

to temperature provides information about changes
in dynamics between the APO and HOLO forms.

Figure 3a shows the temperature dependence
of the experimental rates RCS=CSðTÞ ¼ Rexp

i (T) of
Lys14 in APO- and HOLO-MUP. In this exam-
ple, the subtraction of the estimated dipolar and
CSA contributions according to Equation (3)
leads to the conclusion that the corrected rates
R

CSM=CSM
i (T) in Figure 3b vanish for both APO-

and HOLO-MUP over the full temperature range
that could be investigated. This means that for
this residue there are no significant dynamic ef-
fects on the time-scale of interest. Other residues
have rates whose absolute value decreases with
increasing temperature, in analogy to the Rex

contribution to transverse 15N relaxation in the
fast exchange regime. In His57 (Figure 3c), the
temperature dependence of both APO- and
HOLO-MUP forms are very pronounced, but
complexation has no visible effect. In Thr58
(Figure 3d), the temperature dependence is less
pronounced and the slopes are conserved, but the
intercepts are clearly affected by complexation. In
Phe100 (Figure 3e), both slopes and intercepts are
modified upon complexation with the pheromone.
Finally, Gln44 (Figure 4f) shows a linear tem-
perature dependence in APO-MUP and a highly
non-linear behaviour in the HOLO form, indi-
cating that some dynamic process is dramatically
affected by complexation at 295.6 K. In principle,
if the logarithms of the rates were plotted as a
function of 1/T, the slopes would correspond to
activation energies, but the quality of the data
does not allow one to draw quantitative conclu-
sions at this stage.

It is instructive to examine the rates R
CSM=CSM
i

for APO and HOLO MUP (Figure 2b): His57
resides within the ‘C–D’ loop, while Val59 is
adjacent to it. This loop has been proposed to be
the site of interaction with a cell-surface receptor
in the structurally related retinol-binding protein
(Sivaprasadarao and Findlay, 1994). Interest-
ingly, dR

CSM=CSM
i (T)/dT remains large for these

residues in both forms of the protein (Figure 4a),
suggesting that the rates can be attributed to slow
time-scale dynamics.

Moreover, the dynamics of Val 59 differ
markedly between the APO and HOLO forms
(Figure 4b), which is consistent with an earlier
observation based on conventional 15N relaxation
measurements (Bingham et al., 2004) that residues
in this region of the protein ‘melt’ on binding with
the IBMP ligand. Thus the dynamics of this region
of the protein are perturbed over a wide range of
time scales on ligand binding.

A second loop in the region of Phe100 exhibits
substantially enhanced relaxation only in the
HOLO form of the protein (Figure 2), and shows

an enhanced derivative dR
CSM=CSM
i (T)/dT upon

complexation (Figure 4b). This region of the pro-

tein is known from 15N relaxation measurements

(Bingham et al., 2004) to ‘freeze’ on ligand bind-

ing. In contrast, other dynamic differences between

APO and HOLO forms implied by the data in

Figure 4, e.g., regions surrounding Arg39, Gln44,

Gly121 and Leu126 are not observed in 15N

relaxation measurements, suggesting that slow

time-scale dynamic processes are dominant in

these cases. The enhancement of the derivative

dR
CSM=CSM
i (T)/dT for Gln44 is surprising in view

of the fact that this residue is buried within a

b-sheet region of the protein (Figure 5).

Conclusions

Upon binding to 2-methoxy-3-isobutylpyrazine
(IBMP), major urinary protein (MUP) undergoes
significant changes in slow internal dynamics. Our
observations, based on relaxation rates of C¢N
double- and zero-quantum coherences, provide
evidence of significant changes in correlated inter-
nal dynamics in the protein upon ligand binding,
on time scales that have not been explored so far.
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As with conventional backbone 15N relaxation
measurements on MUP (Bingham et al., 2004),
there are no obvious correlations between changes
in ratesR

CSM=CSM
i and the location of the residues

with respect to the binding site. However, these
slow time-scale dynamic changes will clearly
contribute to the entropy of ligand binding, and
quantitation of the magnitude of these contribu-
tions is currently under investigation.

Supporting information available

Decay ratesRexp
i (APO) andRexp

i (HOLO) mea-
sured at T=308 K and B0=14 T (600 MHz),
calculated contributions to the dipolar relaxation
rates R

DD=DD
i , and R

CSA=CSA
i rates estimated from

the isotropic shifts and the empirical rules derived
by Loth et al. (2005) for five different motional
models. Decays rates for APO- and HOLO-MUP
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Figure 3. (a) Experimental rates, RCS=CSðTÞ ¼ Rexp
i (T) for Lys14 in APO-MUP (blue circles) and HOLO-MUP (red squares)

measured at 600 MHz and T=294.5, 300, 304, 308 and 312 K. (b) Corrected ratesR
CSM=CSM
i (T) for Lys14 obtained after subtracting

estimated DD/DD and CSA/CSA rates with a temperature dependence given by Equation (7). In this example,R
CSM=CSM
i � 0 at all

temperatures, indicating the absence of any internal dynamics which is typical for many residues. (c)–(f) corrected ratesR
CSM=CSM
i (T)

for His57, Thr58, Phe100, and Gln44, obtained by subtracting estimated temperature-dependent DD/DD and CSA/CSA rates. For
His57 and Thr58, the slopes are not affected by complexation, while Gln44 and, to a lesser extent, Phe100 feature internal dynamics
that are strongly affected by the presence of the pheromone. Note that all ratesR

CSM=CSM
i (T) tend to vanish at high temperatures (fast

exchange); the signs are negative if the chemical shift modulationsDxC0 and DxN are anti-correlated.
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measured at five different temperatures: T=205.4,
300, 304, 308 and 312 K. Sequence used for the
determination of auto-relaxation rates of double-
and zero-quantum coherences involving the amide

nitrogen N of the ith amino acid and the carbonyl
carbon C¢ of the (i) 1)th residue. Partial 15N, 1H
correlation spectra (‘HSQC’) with some assign-
ments of APO- and of HOLO-MUP. Histogram

residue number
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Figure 4. (a) Derivatives dR
CSM=CSM
i (T)/dT for all amino-acids where the signals could be followed as a function of temperature for

both APO-MUP (blue circles) and HOLO-MUP (red squares). (b) Differences in the derivatives between the HOLO and APO
forms.

241



and tables showing estimated DD/DD and CSA/
CSA rates. This electronic supplementary material
is available at http://dx.doi.org/10.1007/s10858-
005-3355-y.
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