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Abstract

Backbone dynamics of uniformly15N-labeled free barnase and its complex with unlabelled barstar have been
studied at 40◦C, pH 6.6, using15N relaxation data obtained from proton-detected 2D {1H}- 15N NMR spec-
troscopy.15N spin-lattice relaxation rate constants (R1), spin-spin relaxation rate constants (R2), and steady-state
heteronuclear {1H}- 15N NOEs have been measured at a magnetic field strength of 14.1 Tesla for 91 residues
of free barnase and for 90 residues out of a total of 106 in the complex (excluding three prolines and the N-
terminal residue) backbone amide15N sites of barnase. The primary relaxation data for both the cases have been
analyzed in the framework of the model-free formalism using both isotropic and axially symmetric models of the
rotational diffusion tensor. As per the latter, the overall rotational correlation times (τm) are 5.0 and 9.5 ns for
the free and complexed barnase, respectively. The average order parameter is found to be 0.80 for free barnase
and 0.86 for the complex. However, the changes are not uniform along the backbone and for about 5 residues
near the binding interface there is actually a significant decrease in the order parameters on complex formation.
These residues are not involved in the actual binding. For the residues where the order parameter increases, the
magnitudes vary significantly. It is observed that the complex has much less internal mobility, compared to free
barnase. From the changes in the order parameters, the entropic contribution of NH bond vector motion to the free
energy of complex formation has been calculated. It is apparent that these motions cause significant unfavorable
contributions and therefore must be compensated by many other favorable contributions to effect tight complex
formation. The observed variations in the motion and their different locations with regard to the binding interface
may have important implications for remote effects and regulation of the enzyme action.

Abbreviations:2D, two-dimensional; R1 (= 1/T1), spin-lattice relaxation rate; R2 (= 1/T2), spin-spin relaxation
rate; NOE, nuclear Overhauser effect; S2, generalized order parameter;τm, overall rotational correlation time;τe,
effective correlation time for internal motions; Rex, exchange contribution to line shape;ω, Larmor frequency; D,
diffusion constant; CSA, chemical shift anisotropy; HSQC, heteronuclear single quantum coherence.

Introduction

Specific protein-protein interactions have been known
for a long time to be of primary importance for many
biological functions inside a living cell. A substantial
understanding of these interactions has been obtained
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during the past decades, thanks to the possibility
of determination of three-dimensional structures of
macromolecules and their complexes by physical tech-
niques such as X-ray crystallography and NMR. This
knowledge has led further to the design of molecules
with altered functions as per one’s desire. While the
information on three-dimensional structures of macro-
molecules has thrown light on the finer details of the
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interactions between them, it is envisaged that many of
the regulatory functions and enzyme mechanisms may
have subtle dependence on their dynamical properties
(Kim et al., 1998). Now, it is well known that proteins
have various motions covering a wide range of am-
plitudes and time-scales ranging from picoseconds to
hours. These movements may correlate with protein
function, e.g. enzyme action (Epstein et al., 1995),
protein-protein interaction (Carr et al., 1997), protein-
ligand interaction (Fushman et al., 1994; Stivers et al.,
1996; Hodsdon and Cistola, 1997) and protein-DNA
interactions (Lefèvre et al., 1996; Slijper et al., 1997;
Werten et al., 1999), etc., but the relative contribu-
tions of the various motions to function are yet to be
known. Therefore, it is anticipated that detailed inves-
tigations of dynamics of proteins may provide better
insights into the fundamental relationship between
protein structure and function.

In the above respect NMR offers a great advan-
tage over all the other techniques and enables detailed
characterization of sequence specific local and global
dynamical properties of proteins in aqueous solu-
tion. Heteronuclear15N and 13C relaxation studies
have thus been used extensively during the last few
years to characterise the backbone/side-chain dynam-
ics and motional properties of many protein molecules
(Palmer et al., 1996; Kay, 1998; Malmendal et al.,
1999; Prompers et al., 1999, Ye et al., 1999). Although
the physical concepts and the techniques for the in-
terpretation of relaxation data are evolving taking into
consideration the shapes and isotropic or anisotropic
motions of the molecules (Tjandra et al., 1997), the
analyses have proved successful in providing qual-
itative trends in the local behaviors and these are
expected to be of great help in understanding enzyme
functions (Epstein et al., 1995; Mine et al., 1999).

Barnaseis an extracellular ribonuclease with 110
amino acid residues and its enzyme action is inhib-
ited by a protein, barstar, which has 89 residues. For
both proteins crystal as well as solution structures are
known (Mauguen et al., 1982; Bycroft et al., 1991;
Lubienski et al., 1994). Barnase has two N-terminal
α-helices and a five-stranded anti-parallelβ-sheet. The
main hydrophobic core is formed by the packing of
the first α-helix against theβ-sheet. On the other
side of theβ-sheet a broad shallow groove runs along
almost the entire length of the molecule. Residues
His-102, Glu-73 and Arg-87, which are strictly con-
served within the family of ribonucleases, are located
in the shallow groove and form the active site. Barnase
rapidly forms a tight 1:1 complex (Kd = 10−14M)

with barstar on mixing the two components and this
complex is stable for a long period of time (Jones
et al., 1993). A 2.6 Å resolution X-ray structure of
the complex of barnase with the barstar double mutant
C40,82/A (Guillet et al., 1993) gave the first descrip-
tion of the barstar fold and structural details of its
interaction with barnase. The inhibitor, barstar, was
found to bind the enzyme in the shallow groove of the
enzyme. Extensive protein folding studies have been
carried out on wild type and mutant systems of this en-
zyme and the relative stabilities of the various mutants
have been investigated (Matouschek et al., 1992). The
thermodynamics of folding has been studied and the
intermediates in the folding pathways have been iden-
tified (Fersht, 1993). Protein engineering studies have
shown that barnase contains two nucleation sites for
folding, situated in the first helix and in theβ-pleated
sheet (Arcus et al., 1995; Freund et al., 1996). Fersht
has described the folding of barnase as a process in
which two foldons form independently and form a
stable intermediate (Fersht, 1997). At high protein
concentrations and acidic conditions the association
of foldons from different monomers becomes more
favorable, resulting in stable oligomers (Sanz et al.,
1994). However, we observed that detailed dynamics
studies on this system are lacking. In view of this we
report here a comparative study of the internal dy-
namics of barnase and its complex with its specific
inhibitor barstar. To our knowledge this is the first
report on the backbone dynamics of a protein when
it is bound to another protein, of approximately equal
size. Our results reveal that the enzyme has a fairly
rigid structure and, on average, the rigidity increases
on complex formation. We also see some interesting
changes near the active site and also in other locations
along the polypeptide backbone.

Materials and methods

15N labeling and sample preparation

For barnasethe efficient method of overproduction
and purification as described by Okorokov et al.
(1994) was followed.15N labeling was achieved by
growing the cells in minimal M9 media containing
15NH4Cl (1 g/l) as the sole source of nitrogen. Final
purification was done by FPLC using a Resource S
column loaded in 50 mM ammonium acetate buffer,
pH 4.5 and eluted by a gradient of ammonium ac-
etate buffer, pH 8.0. The yield of U-15N barnase was
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15 mg per liter of minimal medium. Unlabelled barstar
purification was as given by Khurana et al. (1994)
and the yield was 100 mg from a liter of culture.
The complex was prepared by titrating U-15N bar-
nase with unlabelled barstar to reach a final ratio of
1:1.2. The formation of the complex was monitored
by recording15N-1H HSQC spectra at different stages
of titration. The peak due to N58 shifts substantially
(∼ 1.35 ppm in HN chemical shift) on complex forma-
tion (Jones et al., 1993). The extinction coefficients of
barstar and barnase are 20 200 and 22 100 M−1 cm−1,
respectively (Fitzgerald and Hartley, 1993) and the
concentrations of barstar and barnase were measured
from the O.D. at 280 nm.

NMR measurements

For NMR experiments, 600µl of 2 mM 15N-enriched
barnase and complex were prepared separately in
20 mM sodium phosphate buffer, pH 6.6, contain-
ing 10% D2O. All NMR experiments were done at
40◦C on a Varian Unity plus spectrometer operating
at a1H frequency of 600.051 MHz, equipped with a
Performa II pulsed field gradient unit and an actively
shielded triple resonance z-gradient probe. For both
the samples relaxation measurements were performed
by recording R1, R2 and NOE relaxation spectra ac-
cording to the established methods (Kay et al., 1989;
Skelton et al., 1993; Farrow et al., 1994), which use
pulsed field gradients for coherence transfer pathway
selection combined with sensitivity enhancement (Ca-
vanagh et al., 1991; Palmer et al., 1991). Quadrature
detection along the indirectly detected dimension was
achieved by the States-TPPI method (Marion et al.,
1989). R1 andR2 HSQC spectra were recorded as
90× 2048 complex matrices with 16 scans per com-
plex t1 point and spectral widths of 2000 and 9000 Hz
along theω1 andω2 dimensions, respectively. A recy-
cle delay of 1.5 s (including the acquisition time) was
used for R1 and R2 measurements. For R1 measure-
ment, spectra were recorded with 8 inversion recovery
delays in the range 36 ms to 1296 ms andR2 spectra
were recorded at 7 CPMG delays in the range from
15 ms to 191 ms. The spectra were duplicated at three
different time points for each measurement as indi-
cated by×2 (see below). The 8 inversion recovery
delays were: 36 ms, 77 ms (×2), 178 ms, 296 ms
(×2), 397 ms, 598 ms, 799 ms (×2) and 1296 ms.1H
180◦ pulses were inserted during the inversion recov-
ery times and CPMG delays to eliminate the effects
of cross relaxation and cross correlation as described

previously (Palmer et al., 1991; Farrow et al., 1994;
Peng et al., 1994). In the CPMG experiments, the de-
lay (τ) between the 180◦ pulses was 550µs. The 7
CPMG delays forR2 measurement were 15 ms (×2),
31 ms, 46 (×2) ms, 78 ms, 115 (×2) ms, 138 ms and
191 ms. {1H}- 15N NOE spectra of 80× 2048 complex
matrices with 48 scans for each complex t1 point were
recorded with and without proton saturation during the
relaxation delay. Spectral widths along theω1 andω2
dimensions were the same as used inR1 andR2 mea-
surements. A recycle delay of 6 s was used for the
spectrum recorded in the absence of proton saturation,
whereas a 3 s recycle delay followed by a 3 s period of
proton saturation was used with the NOE experiment.
1H saturation was achieved with a burst of 120◦ 1H
pulses at 5 ms intervals (Peng and Wagner, 1994).

Data processing

All spectra were processed using FELIX 95.0 (Biosym
Technologies). To improve resolution, spectra were
linear-predicted to twice the number of acquired points
along theω1 dimension prior to Fourier transforma-
tion. All spectra were zero-filled to 1024 complex
points alongω1 and 4096 complex points alongω2.
Resolution enhancement was achieved by applying a
Lorentz-Gauss window alongω2 and a 60◦-shifted
sine square bell function alongω1. The final sizes of
the matrices were 2048 (ω2) × 1024 (ω1). Most of
the peaks were well resolved for peak height measure-
ments (Skelton et al., 1993).

15N relaxation parameters (R1, R2, and NOE)

Intensities (in arbitrary units) for the amide15N-1H
cross peaks were determined by measuring the heights
of the peaks using FELIX software. Uncertainty in the
peak height was measured from the duplicate spec-
tra and this was extrapolated to the remaining time
points. After obtaining peak heights and their errors,
the above time series was fitted to a single exponential
decay function:

I (t) = A+ Be−R1,2t (1)

whereI(t) is the intensity (obtained from peak height
measurements) at recovery delayt (ms),A+ B is the
intensity at timet = 0, andA is the steady state value
which is the intensity att = ∞. Errors inR1 andR2
were estimated as standard errors from the Levenberg–
Marquardt fitting routine.
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The {1H}- 15N heteronuclear NOE was calculated
from the equation:

NOE= Isat

Ieq
, (2)

whereIsat and Ieq are the intensities of a peak from
the spectra collected with and without proton satura-
tion, respectively. Next, two duplicate spectra were
analyzed in a similar way (i.e., Equation 2) to derive
the uncertainty of the measurement.

Model free analysis

The major sources of relaxation for amide15N nuclear
spins in proteins are dipolar coupling with the attached
proton, and anisotropy of the15N chemical shift. The
movement of the NH bond axis is characterized by
the spectral density functionJ(ω), which is related to
three parameters that describe the relaxation of the15N
spin: the longitudinal relaxation rate (R1), the trans-
verse relaxation rate (R2), and the steady-state NOE
enhancement (η) (Abragam, 1961). The relaxation pa-
rameters of15N are related toJ(ω), at five different
frequencies by the following equations.

R1 = 1
4d

2{J (ωH − ωN)+ 3J (ωN)
+6J (ωH + ωN)} + c2J (ωN)

(3)

R2 = 1
8d

2{4J (0)+ J (ωH − ωN)+ 3J (ωN)
+6J (ωH)+ 6J (ωH + ωN)}
+c

2

6
{4J (0)+ 3J (ωN)} + Rex

(4)

NOE= d2

4R1

γH

γN
{6J (ωH + ωN)

−J (ωH − ωN)} + 1
(5)

where

d = µ0

4π
γHγN

h

2π
(r−3
NH ) (6)

c = ωN(σ|| − σ⊥)/
√

3 (7)

whereµ0 is the permeability of the free space,γH
and γN are the gyromagnetic ratios of1H and 15N
(2.6752× 108 and−2.712× 107 rad s−1 T−1, re-
spectively);ωH andωN are the Larmor frequencies of
1H and15N respectively,rNH is the N–H bond length
(taken here to be 1.02 Å) and J(ωi ) are the spectral
densities at the angular frequencyωi . An axially sym-
metric chemical shift tensor has been assumed for15N
with σ|| − σ⊥ = −160 ppm (Hiyama et al., 1988).

Rex has been included in Equation 4 to accommo-
date chemical exchange and other pseudo-first-order
processes that contribute to the decay of transverse
magnetization (Bloom et al., 1965). TheRex term in
Equation 4 represents line broadening due to chem-
ical exchange and/or conformational averaging on a
time scale slower than the overall rotational correla-
tion time,τm. This is actually treated as a variable and
adjusted to fit the experimental data (see later).

The amplitudes and effective correlation times of
the internal motions of a protein are determined from
the relaxation data by using the model-free formalism
pioneered by Lipari and Szabo (1982a,b) and extended
by Clore et al. (1990a, b). In this analysis, the spectral
density function,J(ω), is modeled differently depend-
ing upon whether the rotational diffusion tensor is
isotropic or anisotropic. In the former case, as per the
modification by Clore (Clore et al., 1990b) when the
internal motions of the NH bond are considered to oc-
cur on two fast but significantly different time scales
characterized by two effective correlation times,τf
andτs , with τf � τs � τm (Clore et al., 1990b),

J (ω) = 2

5

 S2τm

1+ (ωτm)
2
+
(
1− S2

f

)
τ′f

1+
(
ωτ′f

)2

+
(
S2
f − S2

)
τ′s

1+ (ωτ′s
)2

 (8)

in which,

1

τ
′
f

= 1

τf
+ 1

τm
(9)

1

τ
′
s

= 1

τs
+ 1

τm
(10)

whereS2 = S2
f S

2
s is the square of the generalized

order parameter characterizing the amplitude of in-
ternal motions of each NH bond, andS2

f andS2
s are

the squares of the order parameters for the internal
motions on the fast and slower time scales, respec-
tively. The model-free spectral density function in
Equation 8 assumes that the overall tumbling motion
of the molecule is isotropic. Motions represented by
the generalized order parameter will be referred to as
dynamics on the ps to ns time scale. The order para-
meter specifies the degree of spatial restriction of the
NH bond. Assuming that the motion of the NH bond
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can be described by diffusion in a cone of semiangle
θ, S2 is given by:

S2 = cos2 θ (1+ cosθ)2

4
(11)

Thus, S2 = 0(θ = π/2), for isotropic internal
motions, andS2 = 1(θ = 0), for no motion.

For the situation when the rotational diffusion ten-
sor is anisotropic, more complicated expressions have
been described (Schurr et al., 1994; Tjandra et al.,
1995; Zheng et al., 1995; Fushman et al., 1997).
However, for the case of an axially symmetric tensor,
simplifications occur and the spectral density function
is approximated, for the situations when the internal
motions are much faster than the overall tumbling rate
(Tjandra et al., 1995), as:

J (ω) = 2

5

[
S2

3∑
k=1

Akτk

1+ (ωτk)
2 +

(
1− S2

)
τ

1+ (ωτ)2

]
(12)

whereA1 = (1.5 cos2 α− 0.5)2,A2 = 3 sin2 α cos2 α,
andA3 = 0.75 sin4 α.

α is the angle between the NH bond vector and
the unique axis of the principal frame of the diffu-
sion tensor,τ1 = (6D⊥)−1, τ2 = (D|| + 5D⊥)−1,
τ3 = (4D||+2D⊥)−1 andτ−1 = 6D+τ−1

e whereD is
1
3 the trace of the diffusion tensor,D|| andD⊥ are the
components of the axially symmetric diffusion tensor,
parallel and perpendicular to the axis of symmetry, re-
spectively. The isotropic correlation timeτm is related
to D by the equation:τm = (6D)−1. We have carried
out the analysis of the relaxation data using both the
approaches.

Dynamical model selection and parameter estimation

For selection of a dynamical model describing internal
motion, in a residue specific manner, and to estimate
the involved parameters for a model, the procedure de-
scribed by Mandel et al. (1995) was followed. In this
exercise, the spectral densities for the isotropic and
axially symmetric diffusion tensors would be of course
different. Those for the axially symmetric case for dif-
ferent models are given in Table 1. In the first stage,
the best model for a residue was selected by fitting the
experimental data to the different models separately
and the one with the minimum number of parameters
was preferred. After selecting the best model in this
mannerτm was optimized along with the other model
parameters, again using the grid search method. All

optimization involved minimization of theχ2 function
(Mandel et al., 1995):

χ2 =
n∑
i

0i =
n∑
i

mj∑
j

(
Eij − Sij

)2
/σ2

ij (13)

where the indexi refers to an amide15N site with N
being the total number of sites, and0i is the sum-
squared error for sitei. mj represents the number of
experimentally determined relaxation parameters for
the ith site. Eij , Sij , and σij , respectively, are ex-
perimental relaxation parameters, simulated relaxation
parameters, and the experimental uncertainty in thejth
relaxation parameter.

The model calculations were performed using the
program model-free (version 4.1) provided by Dr
Arthur G. Palmer, which has the options for choos-
ing the model describing rotational diffusion. To de-
termine random error in the model free parameters
arising from experimental uncertainties, 500 simulated
data sets were generated by Monte Carlo simulation,
assuming that the standard errors in the measured
relaxation parameters follow Gaussian distributions.

Results

15N assignments

Figure 1 shows illustrative 2D {1H-15N} HSQC spec-
tra of barnase (a) and its complex with barstar (b) at
313 K, pH 6.6 used to measure15N relaxation data.
The assignments indicated for the 106 residues of bar-
nase are mostly as per those reported by Jones et al.
(1993). But since the dispersion of peaks is better at
600 MHz (for 1H) spectrometer frequency, some of
the ambiguities in the reported assignments were re-
moved by analysing15N-edited TOCSY-HSQC and
NOESY-HSQC spectra of barnase. Following these
assignments, 911H-15N non-overlapping peaks have
been identified in the fingerprint region of the HSQC
spectra, a sample of which is shown in Figure 1a.
Similarly for the complex, initial assignments were
obtained by comparison with the published spectra
(Jones et al., 1993). S85, which was not assigned in
the complex, was assigned by elimination at the first
stage for the assignment of the complex. Subsequently
all the assignments were confirmed by the concerted
use of15N-edited TOCSY-HSQC and NOESY-HSQC
spectra. An HSQC spectrum of the complex with the
assignments is shown in Figure 1b.
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Figure 1. A portion of the1H-15N HSQC 2D NMR spectrum of (a)
barnase and (b) its complex with the polypeptide inhibitor barstar
at pH 6.6, 40◦C. The peaks marked∗ are from side-chain indole
15N-1H correlations and are excluded from the analysis.

15N R1, R2, and {1H-15N} NOE

To obtain the primary relaxation data the non-
overlapping cross peaks were analyzed by peak height
measurements. The backbone15N R1, R2 and NOE
could be measured for 91 and 90 non-overlapping
residues in the case of barnase and the complex,
respectively. For the rest of the residues in both bar-
nase and complex the relaxation parameters could not
be measured either due to overlap of peaks or the
intensities of the peaks were very low for reliable
measurement of the peak heights.

The calculatedR1,R2 values, and the NOEs for 91
backbone15N sites in case of barnase and 90 for the
complex are shown in Figure 2. Filled and open circles
are the data for barnase and the complex respectively.
Also two tables comprising theR1, R2, and the NOEs
for both barnase and complex, are available as sup-

Figure 2. Relaxation parameters for barnase and its complex with
barstar. The values ofR1, R2, and proton-irradiated NOE for in-
dividual residues are shown as a function of residue number in the
protein sequence. The filled and open circles are for barnase and the
complex respectively. Errors in the measured relaxation parameters
are also shown. Theα-helices andβ-strands are depicted as thick
lines and arrows respectively at the top of the figure.

porting material (Tables S1 and S2, respectively).
We notice that, on average, the R2 and NOE values
increase, whereasR1 decreases upon complex forma-
tion. The average values ofR2 and NOE increase by
∼89% (ca. from 6.445 to 12.181) and∼5.0% (ca.
from 0.770 to 0.81) respectively, whereas the average
value ofR1 decreases by∼30% (ca. from 1.778 to
1.248). It can also be noted that although there is an in-
crease/decrease in the average values, the trend is not
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similar along the backbone and the extent of variation
is different for different residues.

Model free analysis of relaxation parameters(R1, R2,
and NOE)

From the point of view of quantitative interpretation
of relaxation data (Figure 2), there has been exten-
sive discussion in the recent literature on the analysis
of such commonly available three relaxation para-
meters in terms of the dynamical variables (Beeser
et al., 1997; Fischer et al., 1997; Luginbühl et al.,
1997; Kroenke et al., 1998; Vis et al., 1998; Bhat-
tacharya et al., 1999; Lee et al., 1999; LeMaster,
1999; Prompers et al., 1999). The dynamical vari-
ables include the order parameters (S2), the internal
correlation time (τe), the global rotational correlation
time (τm), and conformational or chemical exchange
rates (Rex). A commonly used approach for this pur-
pose is the ‘Model-free analysis’ whose details have
been discussed in Materials and methods. It is a
phenomenological approach, involves certain types
of assumptions with regard to frequency, symmetry
and amplitudes of motions and the bottom line is to
fit the experimental data and obtain useful informa-
tion about the system. If the rotational diffusion is
anisotropic and if this is not included in the analy-
sis, erroneous conclusions would be derived for the
exchange rates. The errors introduced have been esti-
mated by fitting simulated data and it is observed that
for a rigid non-spherical body,R2 is underestimated by
20% for anisotropies withD||/D⊥ equal to 2.0 (Tjan-
dra et al., 1997). For moderate anisotropies, estimates
of order parameters may be tolerant to the assump-
tions of isotropic motions, but the internal correlation
times (τf andτs ) may be over-estimated (Luginbühl
et al., 1997; Tjandra et al., 1997) and the exchange
contribution may be artificial, since both conforma-
tional exchange and anisotropic motion contribute to
the measuredR2 values.

The 15N R2/R1 ratio is to a good approximation
independent of rapid internal motions and of the mag-
nitude of the chemical shift anisotropy. Therefore it
provides a good measure of the global tumbling rate of
the NH vectors. Residues with large-amplitude inter-
nal motions on a time scale longer than a few hundred
picoseconds which can be identified by low NOE val-
ues, must be excluded from this analysis. In addition,
the residues which satisfy the condition,(〈T2〉 − T2,n

)
/ 〈T2〉

− (〈T1〉 − T1,n
)
/ 〈T1〉 > 1.5SD,

(14)

where SD is the standard deviation of the left hand
side, also must be excluded from the above calcu-
lation, since these are likely to have conformational
exchange contributions to the T2 values. Following the
above procedures, the meanR2/R1 ratios were found
to be 3.7± 0.3 and 10.2± 1.3 for free barnase and
complex, respectively. From theseR2/R1 ratios the
initial estimates ofτm were found to be 5.20± 0.29 ns
and 9.79± 0.69 ns, for barnase and complex, re-
spectively. These values were optimised later (Mandel
et al., 1995). From the reported structural data of
barnase (1bnr.pdb) and of complex (1brs.pdb), initial
estimates of the principal components of the inertial
tensors for barnase and the complex were derived to be
1.0:0.87:0.56 and 1.0:0.90:0.56, respectively. These
values vary significantly from a sphere. The asymme-
try was further verified using the program R2R1_1.1.
The program indicates a statistically better fit for the
relaxation data (R2/R1 ratios here) using an axially
symmetric model over an isotropic model with the val-
ues forτm, D||/D⊥, θ andφ as 5.01 ns, 1.09, 0.75
and 1.09 respectively for free barnase and 9.13 ns,
1.20, 1.22 and 0.23 respectively for the complex. Fur-
ther, for both the cases no significant improvement
in the fully anisotropic model over axially symmetric
diffusion has been observed.

Starting from the above initial estimates ofτm,
D||/D⊥, θ and φ, we analysed the15N relaxation
data residuewise using both the isotropic and axially
symmetric models for rotational diffusion tensor as
described in Materials and methods. The parameters
were iteratively refined along withS2 andτe parame-
ters to fit the15N, R1, R2 and NOE data according
to the model selection procedure described by Man-
del et al. (1995). This comparative study of isotropic
vs axially symmetric models for rotational diffusion,
yielded the following results:
(i) In going from the isotropic to the axially sym-

metric case, the average order parameters changed
from 0.78 to 0.80 for free barnase and for the
complex the value of 0.86 did not change. It is in-
teresting to note that, despite the larger anisotropy
of rotational diffusion in the complex (D||/D⊥ =
1.26), there is less effect on the derived order
parameters.

(ii) Conformational exchange was necessary in the
isotropic case for about 5 residues, whereas it was
completely absent in the axially symmetric case.

(iii) The results with respect to the contribution ofτe
were nearly similar in both the cases.
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Table 1. Model-free spectral density functions used during the
analysis.

Model Spectral density function

1∗ J(ω) = 2

5

S2
3∑
k=1

Akτk

1+ (ωτk)
2


2∗ J(ω) = 2

5

S2
3∑
k=1

Akτk

1+ (ωτk)
2
+ (1− S2)τ

1+ (ωτ)2


∗Model 3 and 4 are derived from Models 1 and 2 by explicitly
includingRex in the definition ofR2, as an optimizable para-
meter. In Model 1,S2 andτm are the optimized parameters and
in Model 2,S2, τm andτe are optimized.

Keeping in mind the observation that the rotational
diffusion tensor is not isotropic, and the axially sym-
metric tensor yielded a better fit to the relaxation data,
we discuss below the results obtained for the free bar-
nase and the complex, only for the axially symmetric
case. The final optimised parameters forτm andD||/
D⊥for barnase and complex were (4.99 ns, 1.1) and
(9.46 ns, 1.26) respectively. The values ofθ and φ

were−44.5± 1.0 and 52.3± 1.1 respectively for
barnase and−37.1± 2 and 33.1± 2.5, respectively,
for the complex. All the data could be fitted with the
dynamical models, Model 1 or Model 2 (see Table 1).
Model 1, in whichS2 is the sole fitting parameter, best
described the data for 73 NH vectors in the complex
and 51 vectors in free barnase. Model 2, for whichS2

and τe are the parameters, best described the relax-
ation of 16 NH vectors in the complex and 40 vectors
in free barnase. The model-free parameters thus ob-
tained are plotted in Figure 3. Tables listing these
values are also supplied in the supporting information
(see Tables S3 and S4) and some of these parameters
are described below.

Dynamic changes induced by complex formation

Overall rotational correlation time (τm)

The optimized value ofτm was 4.99±0.03 ns in free
barnase and this increased to 9.46±0.09 ns after com-
plex formation with barstar. This must be expected
considering that the complex is almost twice as mas-
sive as the free protein. The measured values are
reasonable for the sizes of the two systems (barnase
∼12 kDa and barnase-barstar complex∼22 kDa).

Figure 3. Parameters defining the dynamics of barnase and its
complex with barstar. The order parameter,S2 (a), the internal cor-
relation time,τe (b), the difference inS2 between the complex and
free barnase (c) and conformational entropy (d) for each amino acid
residue along with the errors are plotted as a function of residue
number in the protein sequence. Wherever both filled and open cir-
cles are present, the filled circles are for barnase and open circles are
for the complex. Theα-helices andβ-strands are depicted as thick
lines and arrows, respectively, at the top of the figure.

The distribution ofS2

The average values ofS2 in free and complexed bar-
nase are 0.80 and 0.86, respectively. This shows an
overall increase inS2 upon complex formation, and
suggests greater rigidity of NH vectors in the complex
as compared to that in free barnase. But as can be seen
from Figure 3 there are residuewise differences in the
order parameters of the complexed and free barnase
all along the barnase backbone. It is interesting to note
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Figure 4. Ribbon diagram of barnase-barstar (C40,82/A) complex based on the crystal structure (1brs.pdb). In barnase, the residues for which
S2 increases upon complex formation are shown as red, the residues for whichS2 decreases are shown as green, the residues for which there is
no significant change inS2 are shown in yellow and cyan indicates those residues for which data is not available.

that for about 5 residues (D22, W35, D75, T79 and
F82), there is a significant decrease in the order para-
meters upon complex formation. For 24 residues, there
is no change and for 49 residues there is an increase in
the order parameter. For the rest, the comparison was
not possible due to non availability of data for both
the systems. In this exercise, only those changes are
considered significant which are larger than the root
mean square error of 0.04 in the difference, calculated
as

dS2 = 1

N

∑[(
dS2
c

)2+
(
dS2
f

)2
]1/2

, (15)

whereN is the number of residues included in the cal-
culation, which is 78. This information is shown in a
color coded manner on the structure of the molecule
in the complex in Figure 4. Significant increases in
order parameters are seen for several residues in the
regions 4–19, 23–29, 33–37 (35 actually shows a large
decrease), 41–44, 48–53, 61–63, 84–91, and 95–106
(Figure 3 and Tables S3 and S4 of the supporting in-
formation). The first two of these are located in the
N-terminal helical regions while the others form part
of the β-sheets (Figure 3, top and Figure 4). The re-
gion 72–82 which shows a mixture of increases and
decreases in the order parameters lies adjacent to the

binding interface. These order parameter changes of
the different residues indicate, firstly, that the effects
of barstar binding on the dynamics of barnase are
not local in nature but extend also to other regions
having different secondary structural characteristics
(Figure 4), and secondly, the effects can be of different
types. These observations are of significance and sug-
gest possibilities of remote effects and relay of ligand
perturbations.

Table 2 lists the residues at the binding surface of
barnase with barstar and the order parameter changes
therein. It is seen that for A37, N84–R87, H102, and
Q104, there are significant increases in the order pa-
rameter on complex formation. On the other hand, for
F56, E60 and T103 for which the data are available,
the changes are insignificant. This may mean that the
specific nature of the interactions of the residues con-
tributes to the changes in the order parameters, i.e.
there can be increase or decrease in the mobility of
the NH vectors depending on the specific interactions.

Internal motionτe

It is observed that internal motions in the complex are
quite small (16 residues) as compared to free barnase
(40 residues). Most of these are faster than 30 ps ex-
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Table 2. Comparison ofS2 of barnase residues interacting with barstar
in free and complexed form

Residue S2 of free barnase S2 of complexed barnase dS2∗

K27 0.84(±0.02) –

A37 0.82(±0.07) 0.95(±0.02) 0.13

S38 – 0.89(±0.05)

F56 0.83(±0.01) 0.85(±0.06) 0.02

N58 – 0.96(±0.04)

R59 – 0.84(±0.06)

E60 0.98(±0.04) 0.98(±0.04) 0.0

R83 0.80(±0.02) –

N84 0.74(±0.03) 0.85(±0.06) 0.11

S85 0.75(±0.05) 0.83(±0.04) 0.08

R87 0.78(±0.01) 0.86(±0.05) 0.08

H102 0.84(±0.02) 0.97(±0.04) 0.13

T103 0.86(±0.01) 0.90(±0.08) 0.04

Q104 0.84(±0.01) 0.93(±0.03) 0.09

∗dS2 is the difference in order parameters of complexed and free
barnase.

cept for a few residues (34 and 35) in the complex,
for which it is of the order of 100–130 ps. It is again
interesting to note that the residues 34, 35 lying near
the binding interface (residues A37, S38) get slowed
down on complex formation.

Conformational entropy changes due to complex
formation

Changes in the internal dynamics of protein molecules
on complex formation have important consequences
for the energetics of interaction, relay of information
through the molecule, etc. Recently, a method has
been described to relate theS2 values (Yang and Kay,
1996) to the conformational entropy arising out of ps
time scale motion of the NH bond vectors. Assuming
the bond motion to be confined to a cone, the following
equation has been derived (Sconf)

Sconf = R ln π[3− (1+ 8S)0.5], (16)

whereR is the gas constant and S is the square-root
of the order parameter. The validity of the equation
is limited to S2 < 0.95. Residue-wise conforma-
tional entropy changes on complex formation have
been calculated and these are shown in Figure 3 (bot-
tom panel). It is observed that there are large changes
in entropy on complex formation and this again varies
along the polypeptide chain. Since an increase in the
order parameter results in loss of entropy and vice
versa, it follows that some residues lose entropy, some

gain and for others there is no significant change.
Overall it turns out that complex formation leads to
an entropic loss of free energy to the extent of roughly
81 kJ/mol at 40◦C. While this provides a useful feel-
ing of NH vector motional contributions to free energy,
intuitively the number looks rather too large for a tight
binding complex. However, the above number cannot
be taken to imply an overall entropic contribution to
the free energy for the following reasons: (i) All the
vectors in the molecule are not considered; (ii) The
motions of the individual vectors are not necessarily
independent while the formula assumes them to be
so; (iii) The order parameters do not reflect motions
outside the ns-ps time scale; (iv) Solvent ordering (dis-
ordering) is not included; (v) Corresponding changes
due to barstar dynamics are not included. Now, for a
binding constant of 1014 M−1 for the barnase-barstar
complex, the total free energy change can be calcu-
lated to be (−RT lnK) ∼−82 kJ/mol. This implies
that the loss of entropy due to internal ordering of
the backbone bonds must be highly compensated by
other factors such as H-bond interactions, hydropho-
bic interactions, solvent disordering etc. From Table 2,
we notice that the residues involved in the interaction
with barstar are largely polar type, implying (i) pos-
sibility of H-bond interaction including electrostatic
interactions and (ii) increase in solvent entropy due to
release of the ordered water molecules to the bulk on
complex formation. Besides, structural changes away
from the site of interaction are also conceivable – just
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as there are order parameter changes at remote places,
and these may also contribute to favorable free energy
changes.

Conclusions

We have described in this paper backbone dynam-
ics of an enzyme barnase, in its free form and when
it is bound to its inhibitor barstar. We have mea-
sured the15N longitudinal, transverse and heteronu-
clear NOE relaxation parameters at a field strength of
14.1 Tesla and have analysed them using the model-
free approach. The overall rotational correlation time
of barnase was found to increase from∼5.0 ns to
∼9.5 ns upon complexation with barstar, which is a
consequence of increase in the molecular mass of the
protein. On average there is an increase in the order
parameters (S2) from 0.80 to 0.86, but the changes
are quite varied along the backbone of barnase. A
certain section of the protein, near the binding in-
terface, shows a decrease in the order parameter on
complex formation. Taken together, these observations
are very interesting and suggest the possibility of re-
mote effects on the interaction and relay of ligand
perturbation. We have calculated the residue-wise con-
formational entropies from the respective backbone
order parameters and these indicate that the NH vec-
tor motions on the ps-ns time scale make unfavorable
entropic contributions to the binding process. This,
however, does not represent the total entropic contri-
bution and several other factors may be expected to be
contributing favourably to the binding free energies.
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