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Abstract

Backbone dynamics of mouse major urinary protein I (MUP-I) was studied by >N NMR relaxation. Data
were collected at multiple temperatures for a complex of MUP-I with its natural pheromonal ligand, 2-sec-4,5-
dihydrothiazole, and for the free protein. The measured relaxation rates were analyzed using the reduced spectral
density mapping. Graphical analysis of the spectral density values provided an unbiased qualitative picture of the
internal motions. Varying temperature greatly increased the range of analyzed spectral density values and therefore
improved reliability of the analysis. Quantitative parameters describing the dynamics on picosecond to nanosecond
time scale were obtained using a novel method of simultaneous data fitting at multiple temperatures. Both methods
showed that the backbone flexibility on the fast time scale is slightly increased upon pheromone binding, in
accordance with the previously reported results. Zero-frequency spectral density values revealed conformational
changes on the microsecond to millisecond time scale. Measurements at different temperatures allowed to monitor

temperature depencence of the motional parameters.

Introduction

Binding of mouse pheromones to major urinary pro-
teins (MUPs) represents a typical example of interac-
tions between lipocalins and their small hydrophobic
ligands (Flower, 1996). Although the biological role
of the variety of MUPs is still a matter of investiga-
tion (Beynon et al., 2002; Hurst et al., 2001; Marie
et al., 2001; Novotny et al., 1999), structure of these
proteins and of their complexes with ligands has been
studied by NMR and X-ray crystallography (Bocskei
et al., 1992; Zidek et al., 1999b; Liicke et al., 1999;
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Timm et al., 2001; Kuser et al., 2001). Binding of
various pheromones and pheromone analogs to several
MUP isoforms has been also studied by isothermal
titrational calorimetry (Sharrow et al., 2002). In our
previous study (Zfdek et al., 1999a), we observed that
the backbone flexibility of MUP isoform I (MUP-I) in-
creased slightly upon pheromone binding, in contrast
to the decreased flexibility expected for induced-fit in-
teractions (Stone, 2001). Such an increase in flexibility
may entropically favor the process of ligand binding.
On the other hand, results of isothermal titrational
calorimetry showed that the pheromone binding to
MUPs is enthalpy-driven (AH = 46.9 £ 0.4 kJ mol~!
at 25 °C) and accompanied by a decrease in total
entropy (AS = 39 #+ 2 kJ mol™'K~! 25 °C and
—TAS = 11.7 £ 0.4 kI mol~! at 25 °C) (Sharrow
et al., 2003). As the dynamics of the protein backbone
plays an important role in the protein-ligand interac-
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tions, we decided to investigate the backbone motions
in more detail.

NMR relaxation of N of the peptide bond
provides the most popular probe of the protein back-
bone dynamics on a time-scale ranging from pico-
seconds to milliseconds. Currently, there are two
commonly used methods of analyzing the relaxation
data, model-free analysis (Lipari and Szabo, 1982a,
b; Clore et al., 1990) and reduced spectral density
mapping (Farrow et al., 1995a; Peng and Wagner,
1995; Ishima and Nagayama, 1995; Lefevre et al.,
1996). Model-free analysis is attractive because its
results are expressed as quantities directly related to
the spatial restriction and time-scale of the molecular
motions. However, deciding which parameters should
be fitted represents a difficult statistical task and may
lead to false description of the motions (Schurr et al.,
1994; d’ Auvergne and Gooley, 2003; Idiyatullin et al.,
2003).

Regardless of the method of analysis, limiting the
experimental data to the three common parameters —
the N R; and R, and the heteronuclear {lH}ISN
NOE - restricts the number of independent dynam-
ics parameters available by data fitting. It is therefore
advisable to extend the variability of data by chan-
ging the external conditions. One possibility is to
acquire spectra at several magnetic fields, taking ad-
vantage of the field dependence of the relaxation (Peng
and Wagner, 1995). Another possibility is to repeat
the measurements at various temperatures. There are
numerous examples of temperature-dependent stud-
ies of NMR relaxation in literature (for example, see
Mandel et al., 1996; Landry et al., 1997; Bracken
et al., 1999; Evenis et al., 1999; Bertini et al., 2000;
Spyracopoulos et al., 2001; Ramboarina et al., 2002).

As the dependence of relaxation parameters on the
magnetic field is well understood, the use of sev-
eral field strengths is very useful and convenient for
data interpretation. The temperature dependence of
molecular motions cannot be described so easily, but
measuring relaxation parameters at various temperat-
ures is attractive for several reasons. First, temperature
dependence of motional parameters provides new in-
sight into the protein dynamics, second, monitoring
temperature changes does not require access to sev-
eral expensive spectrometers, and third, all data can
be acquired using the same spectrometer and probe,
reducing the problem of compatibility.

In this article, we present relaxation data collec-
ted for both the free and pheromone-bound forms
of MUP-I over a range of temperatures at 14.1 and

11.75 T. The data at each temperature are analyzed
according to the reduced spectral density approach. In
addition, we introduce fitting the multiple-temperature
data to mathematical models that resemble the Lipari—
Szabo formalism but which also incorporate the
temperature-dependence of the usual model-free para-
meters. We discuss dynamical differences between the
free and pheromone-bound forms of MUP-I.

Materials and methods

Recombinant MUP-I and 2-sec-butyl-4,5-dihydro-
thiazole were prepared as described elsewhere (Zidek
et al., 1999b; Novotny et al., 1995). Samples of
1.8 mM uniformly '>N-labeled MUP-I in 50 mM so-
dium phosphate buffer, pH 6.3 (uncorrected reading),
containing 7.7% *H,O were used in the presence or
absence of twofold molar ratio of 2-sec-butyl-4,5-
dihydrothiazole. The N relaxation data were ac-
quired on Bruker Avance 600 MHz and 500 MHz
instruments equipped with 5-mm, z-gradient, triple
resonance TXI probes. Standard 77, 7>, and NOE
experiments (Farrow et al., 1994) were run with the
following relaxation delays: 71, 11, 55, 133,233, 377,
555, 888 and 1332 ms; 7>, 17, 33, 67, 100, 150, 200
and 238 ms. The last two T, time points were replaced
with 118 and 178 ms for the two lowest temperat-
ures at 14.1 T. The overall delay in NOE experiments
was 9 s. The delay in the CPMG pulse train was
set to 0.45 ms. Software NMRPipe (Delaglio et al.,
1995) was used for spectra processing and exponential
fitting.

Values of the reduced spectral density function
were calculated from Equation 1 (Lefevre et al., 1996):
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where d> = (wohynyn)?/(161*%) and 2 =

wIZ\IAcz /3. Values of amide bond length r =
0.102 nm, N chemical shift anisotropy Ac =
—160 ppm, and N angular velocity wn = 3.82 x
1078 rads~! (at 14.1 T) or 3.185 x 1078 rads~!
(at 11.75 T) were used in this study. The program
GNUPLOT (T. Williams and C. Kelley) was utilized
for graphical analysis of the results and nonlinear
fitting to theoretical models.

Changes of spatial restriction upon the ligand
binding were qualitatively identified in the following
manner. First, the J(wyN) vs. J(0) correlations were
plotted for all temperatures for individual residues
of pheromone-bound and free MUP-I. Second, the
temperature dependences of the plotted points was
approximated with curves b (pheromone-bound) and
f (free). Third, the rigidity change index (RCI) was
defined as B/ B+ F/F; — 1, where B is the number of
data points of pheromone-bound MUP-I above curve
f, F is the number of data points of free MUP-I below
curve b, and By, F; are the total number of data points
available for the residue.

The model-free parameters were obtained by fit-
ting the reduced spectral density function values to
equations derived from the following general model
(Ishima and Nagayama, 1995; Mandel et al., 1996):
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The temperature dependence of 1o was treated as

n 298K

W)= 71298 K)
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where 1 is viscosity of pure water at given tem-
perature, and t; was considered to be temperature-
independent. The temperature dependence of ap was
modeled as (Mandel et al., 1996)

3T

1—ay=A+ Xk (6)
where A is an empirical intercept of the linear depend-
ence and T* is the characteristic temperature defining
the force constant of an axially symmetric parabolic
potential E(6) = RT*62. The individual models were
defined by selection of equations used (Equations 2—4
or Equations 3—4) and of the fit parameters. Table 1
lists the models examined in this study. The model
nomenclature introduced in Table 1 is derived from
the nomenclature by Mandel et al. (1995). Letters a
and b distinguish whether the temperature dependence
of ap was taken into account, prime indicates that tg
was fitted individually for each residue (Schurr et al.,
1994), and circle indicates that only Equations 3 and 4
were used for the fit. The parameters not fitted in the
individual models were set to zero with the exception
of 19 that was set to the average of 1o values determ-
ined in previous fits. Therefore, models marked with
prime had to be examined first in order to provide the
1o values for the remaining models.

Translational diffusion coefficients D were meas-
ured using PFGLED pulse sequence (Waldeck et al.,
1997) with WATERGATE water suppression (Piotto
et al., 1992) (omitted for measurements of water self-
diffusion). Only the samples of 0.5 mM and 1.8 mM
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Table 1. Motional parameters obtained by fitting J(w) to
various mathematical models

Model  Used J(w) Fit parameters

la J(0), J(wN), J(0.87wy)  ag

2a J(0), J(wN), J(0.87wy)  ag, T1

1b J(0), J(oN), J(0.87Twy) A, 1/T*

2b J(0), J(oN), J(0.870y) A, 1/T* 1

1a’ J(0), J(wN), J(0.87wyH) T, ag

24’ J(0), J(oN), J(0.87wy) T, aq, T

v’ J(0), J(oN), J(0.870y) T, A, 1/T*
2 J(0), J(oN), J(0.870y) 10, A, 1/T*, 14
1a° J(oN), J(0.87wy) ap

2a° J(oN), J(0.87wy) ap, 1|

1b° J(oN), J(0.87wy) A, 1/T*

2b° J(oN), J(0.87wy) A 1/T*,

3a J(0), J(oN), J(0.87wH)  ap, Aex, Eex
4a J(0), J(oN), J(0.87wH)  ag, Aex, Eex, 11

free MUP-I were used as the presence of pheromone
obscured the most intense peaks of protein in 'H
spectra. The pulsed-field gradients were calibrated
with a Teflon phantom of known length. The overall
rotational correlation time t. was determined using
Equation 7 (Korzhnev et al., 2001)

kgT 2
A < il ) 2D @
Viscosity 1 was estimated from measured selfdif-
fusion coefficients of water.
Program HYDRONMR (Bernadé et al., 2002) was
used to calculate hydrodynamic behaviour of MUP-L.
The PDB entry 1106 and optimized atomic element

radius of 0.30 nm (Bernad¢ et al., 2002) were used in
the calculations.

Results

The relaxation parameters (77, 7> and NOE) were ob-
tained for free and pheromone-bound MUP-I at 283,
288, 293, 298, 303 and 308 K at the magnetic field of
14.1 T (600 MHz). The data were complemented with
the relaxation parameters measured at 291, 297, and
302 K at the magnetic field of 11.75 T (500 MHz).
The temperature control was checked by monitoring
chemical shift changes of selected peaks. No sample
overheating was observed as a result of applying radi-
ofrequency pulses. The inspection of chemical shifts

showed that the temperature deviated from the expec-
ted value during measurements with the free protein
at 293 K and 14.1 T. The values of J(w) measured at
these conditions were also inconsistent with the rest of
the data and therefore excluded from further analysis.
Data potentially affected by (partial) spectral overlaps
were also excluded from the analysis. Intensity of
some peaks was substantially lower than the average,
resulting in a large experimental error of the measured
relaxation data. Five residues of the pheromone-MUP-
I complex and eight residues of the free protein were
excluded from analysis for this reason. These residues
were mostly found in regions 41-43 and 152-160. The
observed decrease in signal intensity may reflect in-
creased dynamics and/or solvent accessibility of these
backbone amides.

Initially, the relaxation data at each field strength
and temperature were analyzed using one of the
standard five mathematical models of the (extended)
Lipari—Szabo formalism (Lipari and Szabo, 1982a, b;
Clore et al., 1990). However, the x2 and F-statistical
analyses, used for selection of mathematical model in
Modelfree software (Mandel et al., 1995), depend on
the conditions that influence the experimental error of
the relaxation data. As a consequence, comparing res-
ults between different temperatures, between the free
and bound forms, and between the current and previ-
ous data sets is difficult. This is a common problem
in the comparison of multiple relaxation data sets for
different forms of the same protein (Seewald et al.,
2000; K. Mayer et al., manuscript submitted to Nat.
Struct. Biol.). Therefore, we chose to analyze all the
data using the reduced spectral density approach, then
to determine the model-free parameters most globally
consistent with the reduced spectral densities.

Use of the reduced spectral density mapping has
the advantage that the values of spectral density func-
tion J at the appropriate frequencies are given as linear
combinations of the measured relaxation rates and can
be obtained without non-linear data fitting. The only
assumption required for reduced spectral density map-
ping is that the values of spectral density function at
frequencies wy — wN, wy, and wy + wN are almost
identical and can be replaced with a single average
value J(0.87wy) (Farrow et al., 1995b). Graphical
analysis of the spectral density function thus gives an
unbiased qualitative picture of the motions. In addi-
tion, values of J can be further analyzed in a manner
similar to the model-free approach, at the price of
loosing generality of the description.



Reduced spectral density mapping

The values of J(0), J(wnN), and J(0.87wgy), determ-
ined as described in the Materials and methods section,
are plotted in Figure 1 as a function of the amino-acid
sequence. The values of J(0) (Figure 1C) are relat-
ively stable along the sequence, with the exception
of a drop at the flexible C-terminus and several elev-
ated values suggesting slow conformational exchange,
most notably for residue 62. The temperature depend-
ence of J(0) is mostly given by the dependence of the
overall tumbling on the viscosity-to-temperature ratio
(n/T) for rigid residues. Therefore, the effect of tem-
perature can be compensated for by multiplying J (0)
with T nref/N Trer, Where Trer is a chosen reference tem-
perature (298 K in this study) and ngef is viscosity at
this temperature. Assuming that the protein concen-
tration affects only the parameter Dy in the empirical
formula describing the temperature-dependent self-
diffusion coefficient of water D(H,O) = Do(T/Ts —
)Y (Ts = 215 K, y = 2.06; Holz et al., 2000), ratios
of viscosities tabulated for pure water can be used.
The plot of the temperature-corrected J (0,298 K)
(Figure 1D) facilitates identification of deviations in-
dicating conformational motions.

The sequence and temperature dependence of
J(0.87wy) (Figure 1A) mirrors the course of J(0).
In addition to the large increase of J(0.87wp) in the
C-terminal regions, slightly increased J(0.87wy) was
observed in certain regions of the sequence, most
clearly for residues 60—65, 74-77, and 110-114.

The values of J(wn) (Figure 1B) exhibit an inter-
mediate pattern between J(0) and J(0.87wpy). Devi-
ations from average values are negligible along the
sequence. The temperature dependence of J(wy) is
close to that of J(0.87wy) with the exception of
the C-terminus, where residue 162 exhibits the re-
verse dependence (resembling J(0)) and residue 160
corresponds to an isosbestic point.

Graphical analysis of spectral densities

The values of spectral density functions available at
three frequencies can be visualized as points in a 3D
space of dimensions J(0), J(wn), and J(0.87wy).
The possibilities of analyzing the spectral density cor-
relation graphs follow from the following considera-
tions. Assuming that the dynamics of the studied N-H
groups can be described by m independent motional
modes, characterized by correlation times 1, the spec-
tral density function is given as a sum of m Lorentzians
(Ishima and Nagayama, 1995):
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m—1
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where the coefficients a; represent relative contribu-
tion of individual motional modes and therefore

m—1
Sa=1. ©)
j=0

If the dynamics is limited to a single motion, Equa-
tion 8 is reduced to a single Lorentzian. In such case,
J(0) = 0.4x, and the correlation between J (0) and the
spectral density at frequency w is given simply as

J(0)
1+ 6.25(wJ (0))2°

J (o) = (10

Figure 2A illustrates the basic ideas of the analysis
for the J(0) vs. J(wn) correlation. Solid curves in
Figure 2 are defined by Equation 10 and therefore rep-
resent all possible positions of points corresponding to
the case of dynamics reduced to a single motion, and
are effectivelly plots of J as a function of t. Point P
represents an N—H bond motion completely dominated
by the overall isotropic tumbling. The J (0)-coordinate
of P is thus equal to two-fifths of the overall rota-
tional correlation time. Similarly, point Q represents
an N-H bond completely dominated by a fast internal
motion. Realistic values of measured spectral dens-
ity functions describing the picosecond-to-nanosecond
dynamics should be found between these two limits,
as represented by point R. The situation can be fur-
ther complicated by conformational motions on the
microsecond-to-millisecond time scale that increase
J(0) by a value of 2Rex/(9d? + 3¢?) (point S), where
Rex is the conformation exchange contribution to the
relaxation rate constant Ry (Mandel et al., 1996). The
real data provide a large set of points measured for
many residues at several temperatures instead of a
single point R (or S) shown in Figure 2A. The ana-
lysis can focus on the shape of the complete ‘cloud’
of data points (Approach I), on sets of points obtained
for an individual residue at various temperatures (Ap-
proach II), on sets of points measured for all residues
at a single temperature (Approach III), or on individual
points obtained for one residue at one temperature
(Approach IV).
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Figure 1. Values of J(0.87wp) (A), J(wN) (B), J(0) (C), and J(0, 298 K) = (TNyef/NTref)J (0) for Tier = 298 K (D), obtained at 14.1 T for
pheromone-bound MUP-I, as functions of the residue number. The following color-coding was used: 283 K, blue; 288 K, cyan; 293 K, green;

298 K, yellow; 303 K, orange; and 308 K, magenta.

The J(wN) vs. J(0) and J(0.87wgy) vs. J(0) pro-
jections for free MUP-I data measured at 14.1 T are
shown in Figures 2B and 2C, respectively. Applic-
ation of Approach I to all available spectral density
values of pheromone-bound MUP-I at 14.1 T (Fig-
ures 2A and 2B) show that the correlation graphs
exhibit a typical pattern of rigid proteins. Most points
are clustered close to the single-Lorentzian limit, de-
scribed by Equation 10, that is indicative for a rigid
particle rotation (Lefevre et al., 1996; Barthe et al.,
1999). Points shifted to the right from the single-
Lorentzian limit suggest conformational changes on a
ps—ms time scale while few points of high J(0.87wy)
and low J(0) correspond to the flexible ends of the
molecule (see below). Very similar plots were ob-
tained for the free protein at 14.1 T and for both
samples at 11.75 T (not shown).

A good qualitative picture of site-specific dynam-
ics can be obtained by constructing plots introduced in
Figure 2 for individual residues (Approach II). Based
on such graphs, amino acids can be classified into
three basic categories.

The first category can be described as flexible
residues with little restriction of the backbone N-H
vector motions. Such residues are manifested by low
J(0) and high J(0.87wpg). Only residues 160 and 162
(Figure 2D) can be classified in this way (spectral
peaks of C-terminal residues 159 and 161 overlap with
each other and with peaks of residues 132 and 147,
the spectral peak of residue 2 overlaps with those of
residues 34 and 49).

The second category represents largely rigid
residues exhibiting no obvious sign of a slow con-
formational exchange. Most amino acids of both free
and ligand-bound MUP-I belonged to this category.
Gly 111 as an example is presented in Figure 2E.
The points of the free protein lie closer to the single-
Lorentzian limit in most cases, indicating higher rigid-
ity of free MUP-I compared to the protein-pheromone
complex, as observed in our previous study (Zidek
et al., 1999a). In order to monitor the flexibility
increase in a qualitative but unbiased manner, the
rigidity change index (RCI) was introduced (see Ma-
terials and methods). Values of RCI can vary from
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Figure 2. Graphical analysis of spectral density values. (A) illustrates the description of graphical analysis discussed in the text. All available
values of J(wyn) and J(0.87wp) as functions of J(0) for the pheromone-bound MUP-I at 14.1 T are shown in (B) and (C), respectively. (D)
to (F) show values of J(wnN) vs. J(0) for selected residues of the pheromone-bound (filled circles) and free (open circles) MUP-I at 14.1 T
(Glu 162, (D); Gly 111, (E); and Glu 62, (F)). Solid line represents the limit case of J given by a single Lorentzian (Equation 10). Curves b and
£ used in the RCI method (see Materials and methods), were provided by mathematical model 2a’. The RCI value for Gly 111 was —1.0. The

same color-coding was used as described for Figure 1.

+1 (all data points indicate rigidity increase upon
pheromone binding) to —1 (all data points indicate
rigidity decrease upon pheromone binding). Forty per-
cent residues exhibited RCI lower than —0.5 while
only 7% residues exhibited RCI higher than 0.5. It
should be noted that although the curves b and f dis-
played in Figure 2E were obtained using model 2a’
(see below), use of arbitrary curves that match the
distribution of data points reasonably well is possible.
Therefore, the RCI method is independent of selection
of a mathematical model.

The third category represents residues experien-
cing conformational exchange on ps—ms time scale.
The conformational exchange results in increasing val-
ues of J(0) without affecting J(wnN) or J(0.87wp).

The largest effect of the conformational exchange was
observed for residue 62 (Figure 2F). Small exchange
contributions can be obscured by the increased flexib-
ility on the ps—ns time scale. It is therefore desirable
to take into account other indications of conforma-
tional exchange than the elevated J(0) values. Here,
the J(0) values obtained at 14.1 and 11.75 T were
compared because J(0) is independent of the field
strength, except for the exchange term. Also devi-
ations of the temperature-corrected J (0, 298 K) values
were inspected as potential signs of the conforma-
tional exchange. Although the data did not always
allow a clear distinction between the second and third
category, the following residues were classified as
exhibiting signs of conformational exchange in the
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pheromone-bound MUP-I: 5, 6, 13, 16, 27, 33, 43,
57, 62, 79, 90, 95, 99, 133, 134, 143, 152 and 153.
Similar results were obtained for the free protein, with
the exception of residues 95 and 133. On the other
hand, residue 37 exhibited signs of the conformational
exchange in the free protein. In addition, residues 20
and 58, partially overlapped in the spectrum of the
pheromone-bound MUP-I, exhibited conformational
exchange in the free protein.

Analysis of all residues at individual temperat-
ures (Approach III) can be used to extract information
about the global tumbling of the protein. In the case
of flexible proteins, data points are evenly distributed
between the rigid and flexible limit of the correlation
graph (points P and Q in Figure 2A, respectively). The
data then can be fitted to a linear function of J (0) (Le-
fevre et al., 1996) (red line in Figure 2A). The J(0)
coordinates of the intercepts of the obtained line with
the single-Lorentzian limit curve then provide global
external (point P) and internal (point Q) correlation
times (Lefévre et al., 1996; Barthe et al., 1999). The
lack of flexible residues in MUP-I prohibited exact
determination of the global internal correlation times
(point Q). However, good estimates of the second in-
tersections (point P), providing the overall tumbling
correlation times T, could be obtained in spite of the
poor definition of the slopes of the mentioned linear
correlations. Temperature dependence of the estimated
external correlation times, and of most data points in
general, essentially reflects variation of the viscosity-
to-temperature ratio (n/7) as is discussed below in
more detail.

Analysis of individual data points (Approach IV)
represents a graphical form of the Lipari—Szabo ana-
lysis. Although such approach potentially provides
the motional parameters for each temperature, it was
not used in this study. Instead, the motional para-
meters were obtained by a more precise simultaneous
fitting of spectral density values to mathematical mod-
els including the temperature dependence of the fitted
parameters, as described in the following section.

Model-free motional parameters

In order to obtain a more physically intuitive descrip-
tion of the backbone dynamics, the spectral density
values for each N-H group in each form of MUP-I
were interpreted using mathematical models similar to
the original and extended forms of Lipari—Szabo form-
alism (Lipari and Szabo, 1982a, b; Clore et al., 1990).
The relationships between the spectral densities and

the are given by Equations 2 to 4 (see Materials and
methods). Using the measured values of J(0), J(wN)
and J(0.87wg) for an individual residue at a specific
temperature, one can determine up to three model-
free dynamics parameters in Equations 2—4. However,
if the temperature dependence of these parameters is
known, one can simultaneously fit the spectral density
values determined at multiple temperatures, yielding
a larger number and/or higher reliability of the ob-
tained parameters. In this study multiple temperatures
were utilized to examine the temperature dependence
of the parameters. The overall rotational correlation
time should follow the Stokes—Einstein equation with
clearly defined temperature dependence. Therefore its
values can be used to check the consistency of the
experimental data. The internal motional parameters
vary with temperature in a less predictable manner.
Nevertheless, their temperature dependence should
fall into reasonable physical limits. Strong deviations
indicate erroneous data.

The mathematical models were derived from the
first two terms of the general multi-Lorentzian expan-
sions of J (Ishima and Nagayama, 1995) as described
in Materials and methods (Equations 2—4). In such ap-
proximation, the coefficient ag and correlation times
7o and T directly correspond to the generalized order
parameter and global and effective internal correla-
tion times of Lipari and Szabo (1982a), respectively.
It should be noted that the mathematical models also
introduce the question of the appropriate model selec-
tions, as it is known from the Lipari—Szabo approach.
The obtained motional parameters are no longer un-
biased as were the qualitative results of the graphical
analysis described above. The issue of model selec-
tion is not addressed in this study. Our goal was only
to present mathematitcal models providing motional
parameters by fitting temperature-dependent spectral
density values. Detailed discussions of the statistical
procedures employed to select the most appropriate
model can be found in literature (for example, see
d’ Auvergne and Gooley, 2003).

As the molecule of MUP-I is nearly spherical and
rotates almost isotropicly, single correlation time is
sufficient to describe its rotational diffusion within an
error of 5% (see below for discussion of anisotropic
effects). Therefore, the interpretation of t¢ as the cor-
relation time of the overall isotropic tumbling t. is
well justified. The overall rotational correlation time
was assumed to be proportional to /T, as expected
from the Stokes—FEinstein relationship (Seewald et al.,
2000).



The second correlation time, 1) = (tal + ti_l)_l,
can be approximated by the internal correlation time
T for fast internal motions when tg 3> ti. The energy
barriers of the fast motions are usually too low to al-
low the temperature dependence of t; to be estimated
(Mandel et al., 1996). Therefore, t; was treated as
temperature-independent in the fits.

The temperature dependence of the parameter ag
(interpreted as the generalized order parameter) is re-
lated to the heat capacity Cp of the N-H bond motions.
A simple model describing the temperature depend-
ence of ap by Equation 6 was proposed by Mandel
et al. (1996). A very small slope of the linear temper-
ature dependence assumed by Equation 6 is typical for
rigid residues while somewhat larger slope is usually
observed for flexible residues (Mandel et al., 1996;
Bertini et al., 2000). Two sets of fits were used in
this study, either defining ag as a single temperature-
independent parameter or using A and 1/7* as the
fitted parameters. Note that Equation 6 imposes the ad-
ditional assumption of an axially-symmetric parabolic
potential, somewhat limiting the ‘model-free’ nature
of this approach.

For each of the data analyses described below,
we performed global fits of the model-free dynam-
ics parameters to the spectral density values (three or
two times the number of temperatures) for a particu-
lar residue at a specific field strength, as described in
Table 1.

For the models using fixed tp, it was necessary
to obtain an estimate of the overall rotational correl-
ation time. This was calculated as an average of the
fitted 1o values from model 2a’, including only rigid
residues that exhibited no sign of conformational ex-
change (second category in the classification described
above), that had slowly exchanging amide protons
(negligible exchange observed after 24 h, data not
shown), and that had relaxation data measured at more
than two temperatures. The calculated average values
were 9.41 £ 0.36 ns for pheromone-bound and 9.38 £
0.45 ns (expressed for 298 K at 14.1 T). Somewhat
higher averages (9.94 &+ 0.36 ns and 10.22 £ 0.44 ns,
respectively) were obtained at 11.75 T. Similar val-
ues were reported in the previous study (9.8 ns and
9.7 ns , respectively, recalculated for 298 K, Zidek
et al., 1999a). The obtained values of ty were close
to the values of the overall rotational correlation time
calculated by the conventional model-free method for
model selection 2 (Mandel et al., 1995) (9.9 £ 0.9 ns
for pheromone-bound and 9.2 4 0.5 ns for free MUP-1
at 14.1 T). Average values of the translational diffu-
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sion coefficient D, measured at 298, 303, and 308 K,
provided estimates of t. at 298 K equal t0 9.6 £ 0.8 ns
for 1.8 mM MUP-I and 8.9+ 0.4 ns for 0.5 mM MUP-
I. Although the obtained values nicely fit the other
estimates of t., the results should be interpreted care-
fully as T is proportional to D~ and small systematic
errors in determination of D would have large effect
on the resulting ..

Hydrodynamic calculations using the program HY-
DRONMR revealed an important source of the vari-
ability of the determined tp values. Figure 3 shows
comparison of 1y fitted to the spectral density values at
14.1 T and the harmonic mean values of rotational cor-
relation time calculated using program HYDRONMR.
The changes of the apparent correlation time along
the sequence, as predicted by the hydrodynamic cal-
culations, nicely fit the actual deviations of the data
obtained from the relaxation measurements. Note that
the only adjustable parameter in the hydrodynamic
calculations is the apparent atomic radius. The op-
timized value used in this study, 0.30 nm, is in the
typical range of 0.28 to 0.38 nm (Bernad¢ et al., 2002).
The obtained general anisotropic rotational tensor was
characterized by Dy/D1 = 2D;;/(Dxx + Dyy) =
1.139 and asymmetry (Dyx — Dyy)/D;, = 0.030,
corresponding to the following five correlation times:
9.86, 9.70, 9.54, 9.01 and 9.00 ns (harmonic mean
value 9.41 ns). The distribution of T calculated from
the previously reported (Zidek et al., 1999a) relaxation
parameters (data not shown) did not exhibit the obvi-
ous correlation with the results of the hydrodynamic
correlation, as shown for the current data.

Figure 4 presents an example of the internal mo-
tional parameters obtained by fitting spectral density
values. Comparison of some parameteres obtained us-
ing different models is shown in Figure 5. Note that
the values determined for residues exhibiting signs of
the slow conformational exchange are included in Fig-
ure 4 (open symbols) although these residues are not
well described by these particular models.

The absolute values of ag determined in this study
are higher than the previously reported values (Zidek
et al., 1999a). The difference in ag reflects the fact
that the measured relaxation rates were higher in this
study than in the previous work. Although the source
of the systematic difference between these two studies
remains unclear, one possibility is the bias intro-
duced by the exponential fitting errors. Such bias of
curve fitting methods has been recently discussed by
Viles and coworkers (Viles et al., 2001). The issue of
the systematic errors in determining relaxation para-
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Figure 3. Comparison of harmonic mean roational correlation times obtained from hydrodynamic calculations (crosses) and tq calculated
using model 2a’ (1a’ in cases when 1] < 0 was obtained) for pheromone-bound MUP-I (circles) at 14.1 T.

meters is important but it exceeds the scope of this
paper, dedicated to the temperature-dependent spec-
tral density analysis. A study focused on the origin
of errors and on improving reproducibility of relax-
ation measurements is currently in progress in our
laboratory.

Comparison of the ap values determined for free
and pheromone-bound MUP-I showed that ag de-
creased for most residues upon pheromone binding.
This finding is in a good agreement with the results
of the qualitative graphical analysis using RCI (see
above) and with the previously reported data (Zidek
et al,, 1999a, Figure 4). The previously reported
increase in flexibility upon pheromone binding was
thus reproduced in spite of the mentioned systematic
difference between the absolute values of ag.

Values of the characteristic temperature 7* (see
Figure 5) were larger than 450 K for most residues,
with the exception of terminal Glu 162 (T* = 190 K).
These values are in a good agreement with results of
Mandel and coworkers (Mandel et al., 1996) who re-
ported values of T* in a range from 170 K (flexible
residues) to 1000 K (rigid residues) for ribonuclease
H. Similar values were also recently published by
Spyracopoulos and coworkers, who monitored dy-
namics of the human cardiac troponin C regulatory
domain at eight temperatures (Spyracopoulos et al.,
2001).

The parameters Aex and E¢x were obtained with
a too large uncertainty to allow any conclusions for
most residues. The noteworthy exception was residue
62 that exhibited the largest exchange term with
well-defined temperature dependence (E.x = 34 %
11 kJ mol™! for model 3a). In spite of the uncertainty
in the exchange term, the obtained t; profiles were
similar and ag values almost identical to the output of
the corresponding exchange-free models.

As only J(0) is affected by the slow conform-
ational exchange, fits independent of this influence
can be obtained using only the values J(wyn) and
J(0.87wp). The penalty paid for this advantage is a
smaller number of parameters that can be fit. The es-
timated parameters ag and t; (together with the used
value of 1) can be used to simulate J(0) according
to Equation 2. The difference between the simulated
and experimental values of J(0) then provides the val-
ues of the exchange term. The exchange contribution
determined by this approach (Figure 6) corresponded
very well to the qualitative classification of residues
described above. In accordance with the results dis-
cussed above, the largest contribution of the conform-
ational exchange was observed for residue 62. In this
case, the relation included in Equation 2 could be ap-
plied and parameters Aqx and E¢x were determined.
For the pheromone-bound sample measured at 14.1 T,
where the best experimental data were available, the
determined values were Eex = 33.5 & 2.5 kJ mol™!,
Aex = —12.2 &£ 1.0 (model 2a°) and E.x = 31.7 £+
2.5kIJmol™!, Aex = —11.5 £ 1.0 (model 2b°). About
twofold higher E.x values were obtained for the free
protein. However, data measured at only three tem-
peratures were available for free MUP-I, so the latter
results must be interpreted with caution. In any case,
the determined values are virtually identical to those
obtained when fitting J(0), J(wn), and J(0.87wy)
simultaneously.

Discussion

Temperature-dependent NMR relaxation of the back-
bone amide bond was analyzed in order to investigate
the interesting dynamic behavior of the complex of
MUP-I with 2-sec-butyl-4,5-dihydrothiazole revealed
in our previous study (Zl’dek etal., 1999a). As the con-
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Figure 4. Results of fitting J(0), J(wN), and J(0.87wy), obtained at 14.1 T, to the mathematical models including tg, ag, and ty. The

motional parameters were obtained using model 2a’ if the fit 1;

> 0, otherwise model 1a’ was used. Fitted values of ag are presented

in (A) (pheromone-MUP-I complex), (B) (free MUP-I), and (C) (change of ap upon pheromone binding). (E) and (F) show fitted values
of short t for pheromone-bound and free MUP-I, respectively. Filled circles represent residues exhibiting no sign of slow conformational
exchange, open circles represent residues undergoing slow conformational exchange, and half-filled circles represent cases when the slow
exchange was not clearly excluded or identified. The error bars correspond to the standard deviation of the multi-temperature fit. For the sake of
comparison, previously reported changes of the Lipari-Szabo generalized order parameter S 2 are shown in (D) (standard deviations calculated
by Monte-Carlo simulations are shown as error bars). Note that values in (D) are presented for all residues, including those that exhibited slow

conformational exchange in this study.

clusions of the previous article were based on rather
subtle changes in the order parameter, higher mag-
netic field, 3.6-fold higher sample concentration, and
repeated measurements at various temperatures were
employed in this study.

The data were analyzed according to the reduced
spectral density mapping approach, yielding paramet-
ers that are independent of the mathematical form of
the correlation function. Subsequently, the spectral
density values were interpreted using a novel global
analysis of the multiple-temperature data to yield con-
sensus values comparable to the Lipari—Szabo model-
free parameters. The estimated values of the overall
rotational correlation time exhibited the expected tem-

perature dependence, following the Stokes—Einstein
law. Small sequence-dependent deviations of the over-
all rotational correlation time from its average value
correlated well with the anisotropic behaviour pre-
dicted by hydrodynamic calculations (Figure 3).
Regardless of the level of sophistication, all mod-
els showed qualitatively (and in many cases also
quantitatively) identical picture of the molecular mo-
tions in MUP-I. It should be noted that low experi-
mental errors allowed us to obtain reasonable fits using
only J(wn), and J(0.87wp) so that the results were
not affected by the slow conformational exchange.
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Figure 5. Comparison of ag ((A)—(C)), 1/T* ((D)-(F)), and 1y ((G) and (H)) obtained from data acquired at 14.1 T using the following
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pheromone-bound MUP-I are presented in (A), (D) and (G), results for free MUP-I are presented in (B), (E) and (H), and changes of aq and
1/T* upon pheromone binding is shown in (C) and (F), respectively.
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Figure 6. The exchange contribution to J(0) calculated as a difference between the experimental value and the simulated value, calculated
from parameters obtained using model 2a° (or 1a°, when t; < 0 was obtained using model 2a°). Data for pheromone-bound (A) and free (B)
MUP-I, measured at 14.1 T, are color-coded as described in Figure 2.



Fast internal motions of MUP-1

The reduced spectral density mapping showed that
amides of almost all MUP-I residues are rigid in the
both free and pheromone-bound form (Figure 2). This
finding corresponds well to the compact structure of
the MUP-I molecule, dominated by a single p-barrel
(Figure 7). The interior of the B-barrel forms a bind-
ing site able to accommodate a variety of ligands
without changing the overall shape of the molecule.
The sequence-specific plots of J(w) revealed that only
two amino acids represent the category of highly flex-
ible residues on the fast time scale. Both of them are
located at the C-terminus (Ala 160 and the terminal
Glu 162). Although data for some residues are miss-
ing, the results clearly show that the backbone is relat-
ively rigid between residues 3 and 158. Nevertheless,
slightly higher values of J(0.87wp) indicate certain
enhancement of rapid motions in several regions of the
molecule (Figure 1). The same regions also displayed
slightly lower than typical values of the fitted ag para-
meters (Figures 4 and 5). In all cases, the increased
flexibility was observed in connections between sec-
ondary structure elements or in terminal regions of the
corresponding secondary structures. The most signi-
ficant increase of flexibility was observed for connec-
tions between long B-strands C and D, G and H, the
region between the long a helix and strand I, and for
the region preceding the C-terminal 31¢-helix. Note
that the mobile portions of strands C, D and H are
only partially involved in a hydrogen-bond network. It
should be noted that these conclusions regarding fast
internal motions were also confirmed by fitting only
J(wn) and J(0.87wq), implying they are not affected
by the slow conformational exchange.

Subtle changes of the fast internal dynamics
between the free and bound forms of MUP-I were
investigated by comparing the graphs of J(wN) as a
function of J(0) (Figure 2E). Most residues experi-
enced higher contributions of the fast internal motions
in the pheromone-bound form. Quantitative descrip-
tion of this phenomenon was obtained by fitting the
experimental data to several mathematical models.
Regardless of the model, increased contribution of
the rapid motions, given by the value of 1 — ay,
were observed upon pheromone binding. Although
the absolute values of the fitted ap were higher by
approximately 0.1 than the previously measured or-
der parameters, the estimated ag differences varied
with the amino-acid sequence in a reasonable gen-
eral agreement with the previously published values
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of the order parameter decrease (Zl’dek et al., 1999a).
Thus, the present study corroborates the previous evid-
ence that pheromone-binding slightly increases the
backbone flexibility of MUP-I. Although it is more
common to observe decreases in protein dynamics
upon ligand-binding, there is an increasing number of
cases (Stivers et al.,, 1996; Arumugam et al., 2003;
Fayos et al., 2003) in which flexibility increases in
specific regions of a protein, presumably providing
an entropic driving force for the binding interaction.
Interestingly, one would expect increased flexibility to
be associated with low specificity of binding, which is
the case for MUP-I (Sharrow et al., 2002).

In addition to supporting the previous conclu-
sion that the backbone flexibility of MUP-I in-
creases slightly upon pheromone-binding, the current
temperature-dependent data have the potential to shed
light on the contribution of conformational heat ca-
pacity to the binding process. Heat capacity C, is
defined as the partial derivative of entropy with respect
to the natural logarithm of temperature. In the current
study, the backbone motional amplitudes (ag values)
are related to conformational entropy, subject to the
assumptions discussed elsewhere (Stone, 2001). Thus,
the temperature-dependence of ag represented in our
analysis by the characteristic temperature 7%, is re-
lated to conformational heat capacity; higher values
of 1/T* (lower values of T) correspond to higher
capacity values.

Figure 5 shows the values of 1/7* for the free
and pheromone-bound forms of MUP-I as well as
the difference between the two forms. In most cases
the differences between the two forms are very small
and within the uncertainty of the measurements. Thus,
the data do not provide strong evidence for a change
in conformational heat capacity upon ligand-binding.
Nevertheless, on average 1/T* decreases slightly
upon binding, suggesting the possibility that conform-
ational fluctuations make a negative contribution to the
heat capacity of binding. Notably, the overall heat ca-
pacity of binding is also large and negative AC), =
—0.6940.04 T mol~! K, although the latter is likely
to be dominated by solvation effects rather than con-
formational fluctuations. Taken together, the previous
and current dynamics data suggest theat the back-
bone conformational entropy of MUP-I at 25-30°C
increases upon binding to the pheromone, but that
this entropy increase becomes slightly less dramatic
at higher temperatures. This thermodynamic profile is
reminiscent of the hydrophobic effect, in which re-
lease of ordered water from hydrophobic surfaces is
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Figure 7. Stereo ribbon diagram of MUP-I (PDB entry 1106 with the C-terminal residues added to the model). The § strands are color-coded
as follows: A, blue; B, yellow; C, green; D, magenta; E, cyan; F, red; G, black; and H, pink. Short strand I and helical regions are shown in

gray. Cystein side-chains forming disulfide bond are indicated with yellow.

associated with increased entropy and decreased heat
capacity. We previously speculated that the observed
enhancement of backbone flexibility might be coupled
to the release of ordered water from the binding cavity.
The current observations are consistent with this pro-
posal, althoush it remains to be better established for
example by crystallographic or NMR observations of
bound water.

Slow internal motions of MUP-I

The information about slow conformational changes,
occurring on the ps—ms time scale, was obtained
from the J(0) data. Differences between data ob-
tained at 14.1 and 11.75 T, thermal variations of the
temperature-corrected J (0,298 K) values, and un-
usually increased J(0) were taken as signs of the
slow conformational exchange. Alternatively, mo-
tional parameters were obtained by fitting only the
exchange-independent J(wn) and J(0.87wy) data
and their values were used to simulate J(0). The
difference between the simulated and measured J (0)
values was taken as the exchange contribution to J(0).
Both methods lead to identical selection of approxim-
ately 15% residues classified as mobile on the ps—
ms time scale. About the same number of residues
exhibited weaker indications of exchange at the bor-
der of experimental uncertainty (Figure 4). Most of
the residues undergoing the slow conformational ex-
change were located in the unstructured and helical
regions of the protein (Figure 8), with the exception
of Phe 90, located in the middle of strand F, and of
His 57 and Thr 58, located in strand C. Glu 62, located
in a B-turn connecting long strands C and D, exhibited

extremely high exchange contribution, uncomparable
to any other measured residue in MUP-I. Interestingly,
this region is covalently bound to the unstructured
C-terminus via disulfide bridge between Cys 64 and
Cys 157 (Figure 7). No significant differences between
the free and pheromone-bound MUP-I were observed.
Therefore, we did not pursue a more detailed char-
acterization of exchange rates, e.g. using relaxation
dispersion measurements.

Temperature dependence of the exchange contribu-
tion was discussed by Mandel and coworkers (Mandel
et al.,, 1996). They showed that the exchange term
increases with increasing temperature when the ex-
change is slower that the CPMG delay, and decreases
with increasing temperature when the exchange is
faster. If the exchange is sufficiently fast, the exchange
term is proportional to the inverse of the exchange
rate. The activation energy of the exchange can be
then estimated from the Arrhenius plot if the thermal
changes of chemical shift are neglected and the free
energy is assumed to be close to zero. The exchange
contributions were too small to determine reliable val-
ues of activation energy for most residues. The only
exception was Glu 62 for which the apparent activ-
ation energy of 30 kJ mol~! was estimated in the
protein-pheromone complex.

Conclusions

NMR relaxation parameters of free and pheromone-
bound MUP-I were measured at multiple temperatures
and a novel methodology of temperature-dependent
reduced spectral density mapping was introduced. Fast
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Figure 8. Stereo diagram of motional categories of MUP-I residues. Blue color indicates residues flexible on the fast time scale, green
color indicates residues relatively rigid on the fast time scale and showing no signs of slow conformational motions, orange color marks
residues exhibiting slow conformational exchange, and yellow color indicates possible signs of slow conformational motions at the border of
experimental significance. Glu 62, exhibiting extremely high contribution of the slow conformational exchange, is shown in red.

motions were described qualitatively using a graphical
spectral density analysis and quantitatively, yielding
motional parameters directly comparable to those ob-
tained by the Lipari—-Szabo method. In addition, the
spectral density values evaluated at zero frequency
provided information about the slow conformational
changes. The results showed that the dynamics of
the two forms of MUP-I are similar but that there
is a subtle increase in fast time scale flexibility in
the pheromone-bound form, in an agreement with the
previously reported data.
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