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ABSTRACT Backbone dynamics of uniformly
15N-labeled barstar have been studied at 32°C, pH
6.7, by using '’N relaxation data obtained from
proton-detected 2D {*H}-'°N NMR spectroscopy. °N
spin-lattice relaxation rate constants (R,), spin-spin
relaxation rate constants (R,), and steady-state het-
eronuclear {*H}-'>’N NOEs have been determined for
69 of the 86 (excluding two prolines and the N-
terminal residue) backbone amide '°N at a magnetic
field strength of 14.1 Tesla. The primary relaxation
data have been analyzed by using the model-free
formalism of molecular dynamics, using both isotro-
pic and axially symmetric diffusion of the molecule,
to determine the overall rotational correlation time
(7,), the generalized order parameter (S?), the effec-
tive correlation time for internal motions (7,), and
NH exchange broadening contributions (R_.,) for
each residue. As per the axially symmetric diffusion,
the ratio of diffusion rates about the unique and
perpendicular axes (D/D ) is 0.82 = 0.03. The two
results have only marginal differences. The relax-
ation data have also been used to map reduced
spectral densities for the NH vectors of these resi-
dues at three frequencies: 0, wg , and wy, where wy,n
are proton and nitrogen Larmor frequencies. The
value of 7,, obtained from model-free analysis of the
relaxation data is 5.2 ns. The reduced spectral den-
sity analysis, however, yields a value of 5.7 ns. The
Tm determined here is different from that calculated
previously from time-resolved fluorescence data (4.1
ns). The order parameter ranges from 0.68 to 0.98,
with an average value of 0.85 = 0.02. A comparison of
the order parameters with the X-ray B-factors for
the backbone nitrogens of wild-type barstar does
not show any considerable correlation. Model-free
analysis of the relaxation data for seven residues
required the inclusion of an exchange broadening
term, the magnitude of which ranges from 2 to 9.1
s™1, indicating the presence of conformational aver-
aging motions only for a small subset of residues.
Proteins 2000;41:460-474. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Barstar is an 89 amino acid protein produced intracellu-
larly by Bacillus amyloliquefaciens and acts to inhibit
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barnase, the ribonuclease secreted by the same bacte-
rium.’ Starting from Hartley and Smeaton’s seminal
work? barstar has been regarded as an important protein
for a number of reasons. (a) The 1:1 interaction between
barstar and barnase has been known to be one of the most
high-affinity protein-protein interactions with a K4 of 2 X
10~ 14 M.23 This serves as a model system to study various
physical and chemical determinants of protein-protein
interactions. Indeed, the complex of barstar and barnase
has been examined by both X-ray crystallography* and
NMR spectroscopy.® (b) Barstar has been used in neutral-
izing the cytotoxic effects of heterologous expression of
barnase in genetic engineering applications.®” (c) Re-
cently, barstar has been more extensively used as a model
protein to study polypeptide folding and stability and the
effects of structure on backbone amide hydrogen exchange
(see, e.g., Refs. 3, 8,and 9).

These considerations have aroused interest in the atomic
structure of the protein. Lubienski et al.”-'° have assigned
the C, '*N, and 'H resonances in the NMR spectra of the
wild-type protein and reported the restrained minimized
mean structure in solution. Recently, Wong et al.!! de-
scribed the NMR solution structure of the C40/82A mutant
of barstar. The structures of the wild-type and the mutant
protein have been found to be superimposable. A model
diagram of the wild-type barstar 1BTA” is presented in
Figure 1. It is composed of three a-helices packed against a
three-stranded parallel B-sheet and a small helix. This
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| Helix 4

Fig. 1. A Molscript®® ribbon diagram of barstar based on NMR solution
structure.” All residues forming helix 2 and the ones shown by circles are
involved in barnase binding. The highlighted residues preceding helix 2
are Tyr 29, Tyr 30, Glu 31, and E 32. Residues 33—43 form helix 2. Trp 44,
Val 45, and Glu 46 form part of the turn following helix 2, and GIn 73 and
Glu 76 are from helix 4.

small helix is positioned between the second B-strand and
the third major a-helix. The X-ray structure of the barstar-
barnase complex has implicated residues 29-46, and 73
and 76 of barstar in making contacts with barnase.* In this
article these residues will be referred to as barnase-
binding residues.

Because wild-type barstar with the two cysteines, Cys
40 and Cys 82, was suspected to aggregate, and because
the heterogeneity of the oxidation state appeared to ham-
per X-ray studies, Fersht and colleagues chose to use
C40/82A for a number of folding and structural studies.
While the present work on the backbone dynamics of the
wild-type barstar was in progress, Wong et al.’! reported
the solution structure and backbone mobility of C40/82A.
Both of these studies have used '°N relaxation measure-
ments using heteronuclear {*H}-'®°N spectroscopy to study
backbone dynamics by extended model-free calcula-
tions,’>* and reduced spectral density mapping.'®~'®
Thus, in addition to reporting on the backbone dynamics of
wild-type barstar, the availability of dynamics data on the
C40/82A mutant provides an opportunity to compare the
present results with those for the mutant. We have
analyzed the data by using both axially symmetric and
isotropic molecular diffusion models. The results pre-
sented in the text are for the axially symmetric molecular
diffusion model; however, the results obtained for both
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diffusion models are given in the supplementary material
(http://www.interscience.wiley.com/jpages/0887-3585/sup-
pmat/index.html).

In the present study, the overall molecular tumbling
correlation time of wild-type barstar has been determined
to be 5.2 ns from the extended model-free analysis and 5.7
ns from reduced spectral density mapping. The extended
model-free analysis shows that 42 backbone NH vectors
exhibit fast internal motion, and 7 NH vectors, of which 4
belong to the barnase-binding loop and 3 other contiguous
residues define the loop between the third and the fourth
helix, have exchange contribution to R,. In the spectral
density map, 15 residues are identified with slower inter-
nal motions. The map also indicates higher mobility NH
vectors in the N- and C-termini of the polypeptide. We
have also compared the X-ray B-factors of the backbone
nitrogens with the order parameters and have not found
any considerable correlation. The present results are not
fully comparable with those for the mutant, C40/82A. The
dynamics of the latter, relative to those of the wild-type
protein, appear to be characterized by a somewhat rigid
backbone and by slow conformational exchanging motions
spread over many residues. These results are important
because they tend to indicate that the backbone dynamics
of the wild-type and the mutant protein are not quite
similar, even though the solution structures of the two
proteins have been reported to be superimposable.**

MATERIALS, METHODS, AND THEORETICAL
CONSIDERATIONS

Culture Growth and Protein Purification

The plasmid encoding the barstar gene (pMT316) was
transformed into E. coli strain MM294. '°N isotopically
enriched barstar was produced by using M9 minimal
medium prepared with *’NH,CI (1 g/L) as the sole source
of nitrogen. Cells were grown at 37°C for about 20 h. After
8 h of inoculation, protein expression was induced by
adding IPTG to a final concentration of 0.1 mM. The
procedure for purification of the protein was described
previously.'® The yield of uniformly '°N-labeled barstar
was approximately 5 mg/L of culture.

Sample Preparation and NMR Spectroscopy

For NMR experiments, 600 pL of 1 mM *N-enriched
barstar was prepared in 20 mM sodium phosphate
buffer, pH 6.7, containing 15% D,0. All NMR experi-
ments were performed at 32°C on a Varian Unity plus
spectrometer operating at a 'H frequency of 600.051
MHz, equipped with a Performa II pulsed field gradient
unit and an actively shielded triple resonance z-gradient
probe. Relaxation measurements were performed by
using inversion recovery for T;,2° Carr-Purcell-Meiboom-
Gill sequence for Ty,?' and steady-state "H-'*N NOE??
using the sequences devised by Farrow et al.,?® which
used pulse field gradients for coherence transfer path-
way selection combined with sensitivity enhance-
ment.?*?5 Quadrature detection along the indirectly
detected dimension was achieved via the States-TPPI
method.?® T, and T, spectra were recorded as 90 X 2,048
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Fig.2. Aportion of the *H-*>N HSQC 2D NMR spectrum of barstar at pH 6.7, 32°C. The peaks marked * are
from side-chain indole **N-*H correlations and are excluded from analysis.

complex matrices with 16 scans per complex t, point and
spectral widths of 2,000 and 8,500 Hz along the w; and
w, dimensions, respectively. A recycle delay of 1.5 s
(including the acquisition time) was used for T; and Ty,
measurements. For R; measurement, spectra were re-
corded with eight inversion recovery delays in the range
from 36 to 1,296 ms, and for R, spectra were recorded at
seven CPMG delays in the range from 15 to 191 ms. The
spectra were duplicated at three different time points
for each measurement as indicated by X2 below. The
eight inversion recovery delays are as follows: 36 ms, 77
ms (X2), 178 ms, 296 ms (X2), 397 ms, 598 ms, 799 ms
(X2), and 1,296 ms. 'H 180° pulses were inserted during
the inversion recovery times to eliminate the effects of
cross-relaxation time as described previously.?’2? The
seven CPMG delays for R, measurement were 15 ms
(X2),31ms, 46 (X2) ms, 78 ms, 115 (X2) ms, 138 ms, and
191 ms. {*H}-'?N NOE spectra of 80 X 2,048 complex
matrices with 48 scans for each complex t, point were
recorded with and without proton saturation during
relaxation delay. NOE experiments were duplicated to
establish the error in measurement. Spectral widths

along the w,; and w, dimensions were the same as used in
T, and T, measurements. A recycle delay of 5 s was used
for the spectrum recorded in the absence of proton
saturation, whereas a 2-s recycle delay followed by a 3-s
period of proton saturation was used with the NOE
experiment. 'H saturation was achieved by the use of
120° 'H pulses at 5-ms intervals.?°

Data Processing

All spectra were processed by using FELIX 2.30 (Biosym
Technologies). To improve resolution, spectra were linear-
predicted by twice the number of acquired points along v,
dimension before Fourier transformation. All spectra were
zero-filled to 1,024 complex points along w; and 4,096
complex points along w,. Resolution enhancement was
achieved by applying a Lorentz-Gauss window along w,
and a 60°-shifted square sine bell function along w;. The
final size of the matrices were 2,048(w,) X 1,024(w,). Most
of the peaks were well resolved for peak height measure-
ments (shown in Fig. 2), and peak height measurement is
more reliable.!
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Determination of >N Relaxation Parameters
R, R,, and NOE)

Intensities (in arbitrary units) for the amide °N-'H
cross peaks were determined by measuring height of the
peaks using FELIX software. Uncertainty in the peak
height was measured from the duplicate spectra. After
obtaining peak heights and their errors, the above time
series can be fitted to a single exponential decay function

I(t) = A + Be ™ (D

to extract R; and R,, where I(¢) is the intensity (obtained
from peak height measurements) at recovery delay ¢ (ms)
used for measurements of R; and R, . A + B is the intensity
at time ¢ = 0, and A is the steady-state value that is the
intensity at ¢ = «. Errors in R, and R, were estimated as
standard errors in R; and R, from the Lovenberg-
Marquardt fitting routine. The errors could also be deter-
mined by generating Gaussian random distributions of the
peak intensities and repeating the fits many times. Given
the good sensitivity of experiments, the errors determined
with and without the use of Monte Carlo simulations are
not significantly different.

The {*H}-'*N heteronuclear NOE was calculated from
the equation:

sat

NOE = I,

(2)

q

where I, and I,, are the intensities of a peak in the
spectra collected with and without proton saturation,
respectively. Next, two duplicate spectra were analyzed in
an identical manner (i.e., Eq. 2) to derive uncertainty of

measurements.

Model-Free Analysis

The major sources of relaxation for amide "N nuclear
spins in proteins are dipolar coupling with the attached
proton and anisotropy of the '’N chemical shift. The
movement of the NH bond axis is characterized by the
spectral density function J(w), which is related to three
parameters that describe the relaxation of the »N spin:
the longitudinal relaxation rate (R,), the transverse relax-
ation rate (R,), and the steady-state NOE enhancement
(NOE).3?

1
R, = 1 d¥J(wy — wy) + 3J(wy) + 6J(wy + oy} + c2J(0y)
3)

R, = % dH4J(0) + J(wy — wy) + 3J(wy) + 6J(0g)

2

+ 6J(wg + wy)} + % {4J(0) + 3J(wp)} + R, (4)

2

NOE—d—-E{GJ( + wy) — J(og — wy)} ! 5)
_4R1 -~ Wy T Wy Wy — Wy,

where
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h
d = 4= i 5 i) ®)

where 1, is the permeability of the free space, vy and vy
are the gyromagnetic ratios of 'H and N (2.6752 x 108
and —2.712 X 107 rad s~ ' T %, respectively); oy and oy
are the Larmor frequencies of 'H and '°N, respectively,
rnp is the N-H bond length (taken here to be 1.02 A), and
J(w,;) are the spectral densities at the angular frequencies
o;. An axially symmetric chemical shift tensor has been
assumed for '’N with o, — ¢, = —160 ppm.?? R,, has been
included in Eq. 4 to accommodate chemical exchange and
other pseudo-first-order processes that contribute to the
decay of transverse magnetization.>* The R_, term in Eq. 4
represents line broadening due to chemical exchange
and/or conformational averaging on a timescale slower
than the overall rotational correlation time, 7.

The amplitudes and effective correlation times of the
internal motions of protein are determined from the
relaxation data by using the model-free formalism pio-
neered by Lipari and Szabo'®'? and extended by Clore et
al.1*35 In this analysis, the spectral density function, J(w),
is modeled differently depending on whether the rota-
tional diffusion tensor is isotropic or anisotropic. In the
former case, when the internal motions of the NH bond
occur on two fast but significantly different timescales so
that they are characterized by two effective correlation
times, 7;and 7, with 7, << 7, <<7_,**

v 2] S-Sy S-St
© =5 T o2 T+ T 1+ @] ©
in which,
1 1 1
111 ©)
Tf Tf Tm
1 1 1

Ts Ts Tm

S? = 8782 is the square of the generalized order parameter
characterizing the amplitude of internal motions of each
NH bond, and S7 and S? are the squares of the order
parameters for the internal motions on the fast and slower
time scales, respectively. The model-free spectral density
function in Eq. 8 assumes that the overall tumbling motion
of the molecule is isotropic. Motions represented by the
generalized order parameter will be referred to as dynam-
ics on the ps to ns timescale. The order parameter specifies
the degree of spatial restriction of the NH bond; S? = 1 for
completely restricted motion, and S? = 0 for completely
free motion. S? can also have a value of zero when the NH
bond vector is static and points along the magic angle with
respect to the principal diffusion axis.

For the corresponding model-free expressions for a
system that experiences anisotropic rotational diffusion,
more complicated expressions have been described.?¢—3%
However, in the case of axially symmetric tensor, simplifi-
cation occurs, and the spectral density function is approxi-
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TABLE 1. Model-Free Spectral Density Functions Used for

Relaxation Data Analysis
Model Spectral density functions Optimized parameters
2 s Aka
I 2
1 J) =¢|S E T+ @ T S
o[ & am 1-8
N kT 2
2 Jw =58 E T+ (n)? 1+ (i T 8%
2 [ i Aka
el 2
3 J(w) 5 S kzzl 1+ ((x)’Tk)Z + Rex T S 7Rex
o[ & Am  a-sn
I 2
4 J(w) 5 S kzzl 1+ (u)Tk)Z + 1+ ((m_)z + R, T S75 Tos Ry

mated for the situations where the internal motions are
much faster than overall tumbling rate as:3”

1 g i Am,  (1-8)r 1
(w) = 5 1+ (w7,)? + 1D

k=1

1+ (wr)?

where A; = (1.5 cos®a — 0.5)%, A, = 3 sinacos?a and A; =
0.75 sin*a. « is the angle between the NH bond vector and
the unique axis of the principal frame of the diffusion
tensor, 7, = (6D,)"", 7, = (D, + 5D,)" ", 13= (4D, +
2D,) ', and 7! = 6D + 7.~ *. D is the isotropic diffusion
constant, D, and D, are the components of the diffusional
tensor parallel and perpendicular to the principal axis of
the axial symmetry, respectively. The isotropic correlation
time, 7, is related to D by the equation: 7, = (6D)"*. We
have conducted the analysis of the relaxation data by
using both approaches.

Dynamic Model Selection and Parameter
Estimation

For selection of dynamic model describing internal mo-
tion in a residue-specific manner, and to estimate the
involved parameters for a model, the numerical optimiza-
tion procedure of Mandel et al.? was used. In this exercise,
the spectral densities for the isotropic and axially symmet-
ric diffusion tensors would be of course different. The
actual spectral density functions for different dynamic
models along with the parameters optimized in the case of
axially symmetric diffusion of the molecule are given in
Table I. The expression for J(w) in each model contains 7,
and not more than three additional internal motional
parameters. 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 mini-
mum number of parameters was preferred. After selecting
the best model in this manner, 7, was optimized along
with the other model parameters again by using the grid
search method. All optimization involved minimization of
the xZ function:*®

X2=2T,=> X (E;— SyYo? (12)
i i J

where the index i refers to an amide *°N site with n being
the total number of sites, and T, is the sum-squared error
for site i. m; represents the number of experimentally
determined relaxation parameters for the ith site. E,;, S;,
and o,;, respectively, are experimental relaxation parame-
ters, simulated relaxation parameters, and the experimen-
tal uncertainty in the jth relaxation parameter.

The model calculations were performed by using the
program Model-free (version 4.1) provided by Dr. Arthur
G. Palmer. To determine random error in the model-free
parameters arising from experimental uncertainties, 500
simulated data sets were generated by Monte Carlo simu-
lation, assuming that the standard error in the measured
relaxation parameters follow Gaussian distributions. The
errors in other parameters (e.g., D/D ,, 6, and ¢) were also
estimated from Monte Carlo simulation.

Reduced Spectral Density Mapping

The model-free approach of analyzing the relaxation
data assumes that the spectral density function is a sum of
two Lorentzian functions containing S?, 7, and 7,214
Peng and Wagner'®'® described the calculation of power
spectral density functions by the use of six 'H and °N
relaxation rates. The analysis is independent of any form
of time dependence of the autocorrelation function, nor
does it require any specific form of the rotational diffusion
tensor of the molecule. More recent descriptions of reduced
spectral density mapping use only three '°N relaxation
parameters,*°~*® and provides a convenient method to
obtain protein motional information with the assumption
that at high frequencies, the spectral density functions:
Jog) ~ Jlog + oy) ~ Jlog — oy). We adopted the
procedure described in Lefevre et al.'® to first calculate the
spectral densities JJ(0), J(wy), and J(wyy), and then exam-
ine the linear correlation between J(0) and J(wy), and J(0)
and J(wg). By using the above approximation /(0), J(wy),
and J(wy;) can be expressed in the '°N transverse (R,) and
longitudinal (R,) relaxation rates and heteronuclear {*H-
15N} NOEs.

3

1 3
J(0) = 9@d 1 o) [*§R1+RQ*5RW]

(13)
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Jn) = 5o [Rl - ng] (14
J(oy) = L,R (15)
B’ Tvnoe
where
R, = ({'"H = "NINOE — DR, * (Yx/vn) (16)

The constants ¢’ (= ¢®) and d’ (= d%/4) are approximately
equal to 1.25 X 10° (rad/s)®* and 1.835 X 10° (rad/s)?
respectively, at 14.1 T.2° Errors for the spectral density
functions were calculated from the error in the relaxation
parameters and by solving Eqs. 13-15, as given above.

RESULTS AND DISCUSSION
15N R,, R,, and NOE of Barstar

A sample 2D HSQC spectrum of barstar at 305 K, pH 6.7
used to measure "N relaxation is shown in Figure 2.
Excluding Pro 27, Pro 48, and the N-terminal residue from a
total of 89 amino acids of barstar, 86 cross peaks should be
resolved. Exchange broadening has been implicated in nonob-
servation of signals for certain residues, including Ile 86, Leu
88, and Ser 89.”!! Consistent with the previous report on the
assignment of N resonances in barstar we identify 75
H-15N backbone cross peaks, of which 69 nonoverlapping
peaks were chosen for further analysis. Examples of decay of
cross peak intensities as a function of inversion recovery
delays in T; experiments and CPMG delays in T, experi-
ments are shown in Figure 3 for three resonances, Ala 25,
Cys 40, and Cys 82. The solid lines through the data are
single-exponential fits according to Eq. 1.

The calculated R, and R, values and NOEs for all 69 '°N
sites are shown as bar graphs in Figure 4 and are also
supplied as Supporting Information (Table I). As is ob-
served commonly for native proteins, the R, values are
fairly constant throughout the sequence and cannot be
used directly to sense the motional properties of the
protein chain. The R, values are also uniform except for
residues Ile 13, Glu 28, Tyr 29, Gly 31, Asn 33, Arg 54, Glu
57, Thr 63, Asn 65, and Gly 66, which show larger values of
R,. Particularly striking are residues Tyr 29 and Thr 63,
the R, values of which are twice the average of the
remainder of the residues. Large values of R, most likely
originate from chemical exchange when the exchange rate
is faster than the CPMG repetition rate.

In the absence of conformational exchanging motions, and
provided that the extreme narrowing condition for fast
internal motions (w,1,<1, where o, is the Larmor frequency,
and T, is the correlation time for the internal motion of the ith
NH vector) is satisfied, the correlation frequencies for inter-
nal motions affect R, and R to the same extent. Under these
conditions the R,:R; ratio depends only on the overall
molecular tumbling correlation time, 7,,,.*>*6 Thus, the R,:R,
ratio provides a useful initial estimate of 7,,,. Residues with
large-amplitude internal motions in a timescale longer than
a few hundred picoseconds, which can be identified by low
NOE values, must be excluded from this analysis. In addi-
tion, the residues for which R,:R, ratio > 1.5 SD, where SD is
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Fig. 3. '°N relaxation data for the measurement of R, and R,. a: T,
relaxation data. b: T, relaxation data. Data for A25 (@), C40 (m) and C82
(A) are shown. Intensities in arbitrary units are plotted against relaxation
delays. The solid lines represent least-squares nonlinear exponential fits
of the data to single exponential.

standard deviation, also must be excluded from the above
calculation, because these are likely to have conformational
exchange contribution to the R, values. By following the
above procedures, the mean R,:R, ratios were found to be
3.7 = 0.29. The ratio yielded the initial estimate of 7, of
5.14 + 0.28 ns for barstar, which was optimized later.?°
Figure 5 shows the R,:R; ratio as a function of the amino acid
sequence of barstar. Because R, values are fairly uniform
across the sequence but R, values are not, the R,:R, ratio is
not expected to be uniform. Higher values are observed for
residues Glu 28, Tyr 29, Gly 31, Asn 33, Tyr 47, Arg 54, Thr
63, Asn 65, Gly 66, and Thr 85.
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Model-Free Analysis of R, R , and NOE
Isotropic versus axially symmetric models for
rotational diffusion of barstar

Parameters defining the dynamics of the protein chain
were extracted from extended model-free analysis of the
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Fig. 5. R,R, ratio for individual residues as a function of residue
number in the protein sequence of barstar.

primary relaxation data.'®>'* If the rotational diffusion is
anisotropic and not included in the analysis, erroneous
conclusions would be arrived at exchange rates. The errors
introduced have been estimated by fitting simulated data,
and it is observed that for a rigid nonspherical body, R, is
underestimated by 20% for anisotropies with D|/D , equal
to 2.0.%6 For moderate anisotropies, estimates of order
parameters may be tolerant to the assumptions of isotropic
motions, but the internal correlation time (t.) may be
overestimated and the exchange contribution may be
artificial, because both conformational exchange and aniso-
tropic motion contribute to the measured R, values.
Barstar is an axially symmetric ellipsoid with the over-
all molecular dimension of 29 X 22 X 21 A.” The values for
barstar are D,, = 1.0, D,, = 0.75, and D, = 0.78. The
diffusion tensor constants parallel and perpendicular to
the unique axis of the diffusion tensor are given by D, =
D,,=1.0,and D, = 0.5(D,, + D,,) = 0.765. The tensor is
thus axially symmetric with diffusion anisotropy DD, ~
1.3. From the existing structural data of barstar (1bta.pdb),
the initial estimates of the principal components of the
inertial tensors, calculated by the program pdbinertia 1.0,
are 1.0:0.91:0.68. These values vary significantly from a
sphere. The asymmetry was verified further by using the
program R2R1_1.1, which uses the approach of Tjandra et
al.?” to determine the diffusion tensors for spherical and
axially symmetric motional modes from experimental *°N
spin relaxation data. The program indicates a statistically
better fit for the relaxation data (R,:R; ratios here) by
using the axially symmetric model over the isotropic model
(F-statistics = 3), with the values for 7,,, D/D ,, 6 and ¢ as



BACKBONE DYNAMICS OF BARSTAR

5.22 = 0.31 ns, 0.81%x 0.33, 1.53 = 0.09° and 3.36 = 0.1°,
respectively. Furthermore, in both cases no statistically
significant improvement in the fully anisotropic model
over axially symmetric diffusion was observed.

However, we notice a discrepancy in the value of D/D |
calculated from structural data (1.3) on the one hand and
from the '°N relaxation data (0.81) on the other. In other
words, barstar rotates in solution as an oblate ellipsoid of
revolution and not as a prolate ellipsoid expected from the
shape of the molecule. But the description of barstar as a
prolate ellipsoid from structure itself is really an approxi-
mation. It just gives an idea of the degree of anisotropy. It
is possible that the molecule does rotate as an oblate
ellipsoid in solution. It also may appear that the observed
discrepancy is caused by the inability of the axially symmet-
ric model to distinguish between a prolate and an oblate
ellipsoid because more than one minimum may be present
in the conformational space.*” But in our case, of the two
minima observed during the fitting of R,/R; data of only
structurally well-defined residues, statistically better fit
was observed for the one with oblate ellipsoidal rotation of
barstar.

Starting from the above initial estimates of 7,,,, DyD ,, 6
and ¢, we analyzed the "N relaxation data by using both
the isotropic and axially symmetric models for rotational
diffusion tensor as described in Materials and Methods.
The parameters were iteratively refined along with S% and
T, parameters to fit the R;, R,, and NOE data according to
model selection procedure described by Mandel et al.®®
This comparative study of isotropic versus axially symmet-
ric models for rotational diffusion yielded the following
results. (a) In going from the isotropic to the axially
symmetric case, the average order parameters changed
from 0.84 to 0.85 for barstar. (b) Conformational exchange
was necessary for 12 residues in the isotropic case, whereas
it was only for 7 residues in the axially symmetric case. (c)
The results for the contribution of 7, were merely similar
in both the cases.

Keeping in mind the observation that the rotational
diffusion tensor is not isotropic and the axially symmetric
tensor yielded a better fit of the relaxation data, we discuss
below the results obtained for the axially symmetric case
only. The final optimized parameters 7,, and D/D, for
barstar was 5.2 = 0.03 ns and 0.82 = 0.03, respectively.
But the optimized values of 6 and ¢, 82.7 = 5.6 and 84.4 *
7.1, respectively, show large deviation from the inputs of
1.53 = 0.09° and 3.36 = 0.1°, estimated from the experimen-
tal R,/R, data by using the program R2R1_1.1. This
observation indicates substantial reorientation of the axis
during optimization by model-free analysis. We repeated
the optimization exercise with the same inputs, estimated
from R2R1_1.1, by using the program TENSOR developed
by Marion and coworkers. TENSOR optimizes values of
only three parameters, D/D ,, 6, and ¢, and the optimized
values for two minima are: minimum 1: D/D, = 0.87,6 =
62.39 + 17.2, ¢ = —66.56 + 17.07; Minimum 2: DD, =
0.80,6 = —14.93 *= 18.38, b = 75.27 * 25.62. These results
do indicate that the molecule rotates as an oblate ellipsoid,
but there is considerable uncertainty about the degree of
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orientation of the unique axis of the diffusion tensor.
Better values of 6 and ¢ could probably be obtained if the
limitation of using a relatively smaller set of NH vectors
for the estimation of the R,:R; ratio did not exist.

Four different spectral density functional models were
required to fit the experimental relaxation data. Model 1,
in which S? is the sole fitting parameter, best describes the
data for 20 NH vectors. Model 2, for which S? and 7, are the
parameters, best describes the relaxation of 42 NH vec-
tors. Model 3 includes S? and R_, and best describes the
relaxation of 5 NH vectors. Model 4, which includes S2, 7.,
and R_,, was needed to fit the relaxation of only two NH
vectors. The model-free parameters are plotted in Figure
6a, ¢, and d, and tables listing these values are supplied as
Tables II and III Supporting Information. Some of these
parameters are described below explicitly.

The internal correlation time parameter, 7,

Although all residues experience some degree of fast
internal motion, explicit inclusion of the internal correla-
tion time parameter, 7., was needed to model the relax-
ation of 44 NH vectors, and the values are in the range
10.13 = 6.02 ps to 143.74 = 44.17 ps (Fig. 6¢). In the
absence of a well-defined model of motion 7, is not readily
interpretable, because it is related to both the rate and
amplitude of internal motion faster than 7.

Overall rotational correlation time, ,,

Each of the four function models used in the analysis
contains 7, and its optimized value is 5.2 * 0.03 ns. The
isotropic value calculated for 20°C by the use of the
equation, 1,, = V,n/kT, where V, and v, respectively, are
hydrated molecular volume (6 X 10~ 22 cc) and the solution
viscosity (0.01 poise at 20°C)*® is 4.3 ns. The deviation of
the measured 7,, from the calculated one arises mainly
because native barstar is not exactly globular at neutral
pH. Persistence of some degree of diffusion anisotropy
(DY/D, ~ 0.82) has been discussed above. In previous
time-resolved measurements of decay of fluorescence an-
isotropy of wild-type barstar at pH 7.0, 25°C, a 7, value of
4.1 ns was reported.*® The reason for the discrepancy in
the values of 7., determined by nitrogen spin relaxation
and tryptophan fluorescence anisotropy is not clear. If the
surrounding of the tryptophan indole(s) is significantly
mobile, then it is possible that a lower value of T, will be
obtained. Another possible reason for the higher value of
7., found here could have been aggregation of barstar at
the NMR concentration (1 mM, pH 6.7). We, however, did
not observe any aggregation or precipitation of the protein
during the course of data collection in this study and in our
previous NMR experiments.®® Also, dynamic light-scatter-
ing measurements of the protein solution under conditions
used for NMR spectroscopy do not indicate protein aggre-
gation.

The R, term

In general, 'H-'°N dipolar and CSA relaxation mecha-
nisms can account for transverse relaxation of the °N
nuclei. The R, term is systematically added during data
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Parameters defining the backbone dynamics of barstar. The order parameter, S? (a), the X-ray

B-factors for backbone nitrogens (b), the internal correlation time 7 (c), and the chemical exchange
contribution, R, (d) for each amino acid residue is plotted as a function of residue number in the protein

sequence.

analysis to improve the overall agreement between theory
and experiment. Thus, the accuracy and significance of R
values are of concern. The model selection protocol that we
have followed does not robustly identify values of R_, < 0.5
s~ 1.59 The values for seven residues reported herein range
from a minimum of 1.96 + 0.41 s~ ' to a maximum of 9.1 +
0.75 s~ (Fig. 6d) and can be interpreted confidently.

The distribution of S®

Figure 6a displays sequence distribution of the SZ, the
order parameter for angular motion, as a bar graph. The
values range from 0.68 = 0.02 for G43 to 0.98 = 0.03 for
R54 and E57. The surprisingly high-order parameter for
R54 and E57 appear to indicate fully restricted motion of
the two NH vectors, because both isotropic and axially
symmetric models of rotational diffusion yielded similar

values of S2. But the possibility that such high values of S2
could be a reflection of limitations of the model selection
procedure in the model-free analysis is not precluded. The
corresponding semiangles of rotation of these vectors in
the “free diffusion in the cone” model,'%13:51:52 calculated
from the relation S? = [0.5 cos® (1+cos6)]?, range from
~28.6° to 6.6°. The average values of S? for different
secondary structural elements in the protein, and of the
set of barnase-binding residues and the set of completely
buried residues that comprise the hydrophobic core of the
protein are listed in Table II. In general, the order
parameter is fairly independent of secondary structures.
The average value of S is smallest for B-strand 1 (0.80 +
0.03) and smaller for B-strand 3 (0.83 = 0.09). The overall
average value of 0.85 (+£0.02) is close to those reported for
several other proteins, including Snase,’® eglin c,'® C.



BACKBONE DYNAMICS OF BARSTAR

469

TABLE II. Order Parameters for Secondary Structural Elements, the Barnase-Binding
Residues, and the Hydrophobic Core

Structure Sequence No. of residues averaged S?
B-strand 1 1-7 6 0.80 (+0.03)
a-helix 1 12-25 7 0.86 (+0.02)
a-helix 2 3344 10 0.85 (+0.06)
B-strand 2 49-54 5 0.86 (+0.07)
a-helix 3 55-63 6 0.86 (+0.08)
a-helix 4 66-81 16 0.86 (+0.05)
B-strand 3 83-89 3 0.83 (+0.09)
Barnase-binding 29-46,73,76 17 0.86 (+0.07)
residues
Hydrophobic core 3,5,10,16,20,24,26,34,37,41,45,49, 18 0.84 (+0.05)
residues 51,53,56,67,70,71,73,74,77,84,86

4

maxima trypsin inhibitor,>* and chymotrysin inhibi-

tor 2.5°

Comparison of S% Values With Crystallographic
B-Factors

The X-ray B-factors for the backbone nitrogens of wild-
type barstar, kindly made available by Dr. Y. Mauguen
and colleagues, are shown in Figure 6b. Several backbone
dynamics studies have searched for the inverse correlation
between NH order parameters and B-factors for backbone
atoms of the same protein. The degree of correlation varies
to a large extent. For example, in E. coli RNase H the
qualitative correlation between order parameters and
B-factors is moderately high.?® S? values correlate in-
versely with crystallographic B-factors in the case of
calbindin D9% also.’® On the other hand, little or no
correlation has been identified for E. coli thioredoxin,?”
and oxidized flavodoxin from A. nidulans.*® In the present
study also, we identify no apparent correlation, except that
a minor inverse correlation is noticeable along B-strand 1
(Table IT and Fig. 6a and b). Despite the existence of little
correlation between crystal B-factors and S? values,

the former are comparable with the NMR B-factors
2

8
(= %)(rmsd)2 for the backbone heavy atoms. The regions

of the large values of NMR for the backbone”!! coincide
with the major peaks in the crystal B-factor profile.
However, the dynamics of the barnase-binding residues
(residues 29-46, 73, and 76) are not particularly delin-
eated by B-factors of NMR or X-ray crystal structures. The
large X-ray B-factors for the backbone nitrogens of the loop
connecting helices 3 and 4 (residues 64—67) correlate most
strikingly with the observation of large root mean square
deviation of the backbone atoms from the mean atomic
NMR structure. This ill-defined loop is the worst defined
region of the structure of barstar.”

As has been suggested,?®*° the varying degrees of
inverse correlation between S? and B-factors arise mainly
from the insensitivity of order parameters to translational
displacements. In fact, because the frequency of Larmor
precession of nuclei match only the frequencies of rota-
tional motions, the faster processes including bond vibra-
tions do not affect the order parameter. NMR relaxation is

also limited to the detection of motions that are faster than
the overall correlation time. On the other hand, the
B-factor is primarily a consequence of effects other than
internal protein motions. The sources of the B-factor are
(a) crystal mosaicity, (b) dynamic disorder in the crystal
produced by the temperature-dependent vibrations of at-
oms, and (c) static disorder produced by nonequivalent
occupancy of protein molecules, or parts of molecules, in
different unit cells. The effect of static disorder on the
X-ray diffraction pattern is not distinguishable from the
effect of dynamic disorder unless intensity data at differ-
ent temperatures are collected.?®

Conformational Entropy of Wild-Type Barstar

Yang and Kay®® described relations between NMR-
derived order parameters and conformational entropy for
several models of bond vector motions. For the conforma-
tional entropy, S, arising from ps timescale motion of
the NH bond vectors, assuming the bond motion to be
confined to a cone, the following equation has been de-
rived.®

Seont = R In[m{3 — (1 + 85)*%}] a7

where R is the gas constant and S is the square root of the
order parameter. This formula assumes that the motions
of the individual NH vectors are independent, which may
lead to an overestimate of the entropy value. Furthermore,
the above equation is valid when the value of S% < 0.95.
Conformational entropies (may also be called librational
entropy) of 61 residues of barstar, for which S? < 0.95, are
shown in Figure 9c. The values range from —17.5 to —2.3
cal mol ! K™ !. In general, an increase in the order
parameter results in loss of entropy and vice versa.
Although this provides a simple picture of NH vector
motional contribution to entropy, and thus to free energy,
this number cannot be taken to imply an overall entropic
contribution, because (a) all the vectors in the molecule are
not considered because S? values are not available for all
residues, (b) the equation is applicable only for S? < 0.95,
(c) the motions of individual vectors are not necessarily
independent, (d) the order parameters do not reflect mo-
tions outside the ns-ps timescale, and (e) solvent ordering
(disordering) is not included.
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The entropic contribution of subnanosecond timescale
motions to the stability of a protein is the difference
between two absolute entropies. Here, we have values of
S.onr only for 61 residues of native barstar, which contrib-
ute 160 keal mol ' at 305 K to the residual entropy of the
protein. This indicates that the local residual entropy of a
protein can be large and arise from states interconverting
on fast timescale.

Reduced Spectral Density Mapping

The bar graphs in Figure 7 show the three spectral
densities as a function of amino acid sequence of barstar.
The interpretation of these results in molecular motions is
based on the shape of the spectral density curve, and the
distribution of relaxation parameters is a function of
frequencies of molecular motions. In a protein, the area
under the spectral density curve, a Lorentzian function of
frequency, is a constant and does not vary from one NH
vector to another.*®¢® Therefore, for a given NH vector,
the spectral density at the Larmor frequency o will
decrease as the NH reorientation rate becomes substan-
tially faster or slower than w. Thus, R;, R,, and {*H}-'*N
NOE are dominated, respectively, by J(wy), J(0), and
J(wyy). The constant value of the area under the J(w) curve
also requires that smaller values of J(0) are compensated
by larger values of spectral densities at higher frequen-
cies,?® suggesting that the residues having smaller J(0)
values indicate faster internal motions at frequencies
approaching wy and wg. As seen in Eq. 13, J(0) includes
the contributions from chemical exchange and other pseudo
first-order processes (R.,) to Ry, which is not considered
explicitly in the calculations. Thus, an increase in J(0) can
be caused by a relatively slower rotational fluctuation of
NH vector on an ns timescale and/or pseudo first-order
processes that occur on a micro- to millisecond timescale.
Residues Ile 13, Glu28, Tyr 29, Gly 31, Asn 33, Tyr 47, Arg
54, Glu 57, Lys 60, Thr 63, Glu 64, Asn 65, Gly 66, Glu 68,
and Ser 69 have distinctly higher values of J(0), indicating
that chemical exchange motions have significant contribu-
tions to the mobility of their NH vectors. This result is
consistent with the primary relaxation data (Fig. 4b) that
all these residues have larger values of R,,.

Determination of ,, from the reduced spectral
density map

A linear correlation between J(wy,;z) and corresponding
J(0) values has been proposed by Lefevre et al.'® Figure 8
shows these correlations for barstar. The solid lines are
linear least squares fit of the data according to J(wy,5) =
aJ(0) + B. The apparent scatter in the data arises from the
expansion of axes scales. The crowding of the data within a
narrow region in both plots simply indicates less inhomoge-
neity in NH mobility throughout the backbone, because
the magnitude of reduced spectral densities are affected
only by the values of the primary relaxation parameters
(Egs. 13-15). The a- and B- values from the plot of J(wy)
versus J(0) were found to be 0.0772 and 0.2182 ns/rad,
respectively, and were used to calculate 7, the overall

molecular tumbling correlation time, from the equation:®4°
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reduced spectral density mapping as a function of sequence number.
Y-axes of these plots have different scales.

20037, + BBwiTE, + 2(a — D)7,, + 5p =0 (18)

The correlation coefficient of the above regression analysis
was only 21.8 %. The solution of the above cubic equation,
yielded three values of 7,: —14.4, 0.6, and 5.7 ns, out of
which the most realistic value of 5.7 ns was chosen for 7.,
The value of 1, = 5.7 ns is greater than that determined
from the model-free analysis by 0.5 ns. This value is only



BACKBONE DYNAMICS OF BARSTAR

0.5 T T l T T T T T T T T ‘ T T LIS | T T
L .
=
g
S
@
721
=
Z
3
H - -
I a
0.2 1 1 1 1 ! 1 1 1 1 I 1 1 1 1 ‘ 1 [l
0.012 -l T I 17T 177 l 17 T T T LI I T I_
0.010 - ]
N * . ® o ]
= o [ S 1
2] ® p
£ o008 oo -
@ - ]
i C o ° * o® o ]
= 0.006 - . -]
38 s )
_- C ]
0.004 |- . -
C b -
0.002 —l 1 I ) N I 1 1! 1 1 l J I N | I L l_
1.4 1.6 1.8 2.0

J(0) nsec/rad

Fig. 8. Plots of (a) J(wy) versus J(0) with « = 7.72e-2, 3 = 0.2182; and
(b) J(wy,) versus J(0) with « = —1.656e-3, B = 1.046e-2. The correlation
coefficient for the fit is 21.8%. The residues with large J(0) values are not
included in the plots. The fit was obtained by linear regression. Here « is
slope and B is intercept along oy, or w,, axis.

~10% higher than those obtained by model-free analysis.
Similar increase has been found in the case of a backbone
dynamics study of barnase (unpublished result). The differ-
ence could be in part due to the lack of good correlation as
seen from Figure 8. Nonetheless, the reasonable concur-
rence between the two estimates provides certain degree of
validation of assumptions involved in both the ap-
proaches.*°

Comparison of Backbone Dynamics of Wild-Type
Barstar and C40/82A Mutant

We compare the present results on wild-type barstar (1
mM, 20 mM phosphate, pH 6.7, 32°C) obtained at a
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Fig. 9. A comparison of the values of S? (a), R, (b), and S, (c) for
the wild-type (closed symbols) and the C40/82A mutant (open symbols) of
barstar.

magnetic field strength of 14.10 T with the results of Wong
et al.'* who used '°N relaxation data at 11.74 T and 14.10
T to determine the dynamics of the C40/82A mutant of
barstar (2.0-3.5 mM, 10 mM phosphate, pH 6.7, 30°C).
The values of S? for wild-type and C40/82A mutant
proteins, plotted in Figure 9a, are generally higher for
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most residues of the mutant protein, several of which
appear to approach a value of 1.0. The mean values of S2,
averaged over 69 NH vectors of the wild-type and 61 NH
vectors of the mutant protein, are 0.85(+0.06) and
0.95(+0.05), respectively. The errors indicate that the
mean values of S? from the two studies may tend to
approach each other. Differences in values of S? of indi-
vidual NH vectors may originate from uncertainties in the
overall correlation time (5.2 ns for the wild-type and 5.5 ns
for the mutant protein,'* both determined from extended
model-free analysis) or the neglect of the anisotropic
diffusion in the case of the mutant. The plots in Figure 9a
show that differences in the patterns of the relative S?
values exist, clearly noticeable for residues 40—85, which
appear to suggest the existence of motional differences
between the two. However, all residues in both wild-type
and mutant proteins experience some degree of fast inter-
nal motion. Even those residues that yield S? = 1 (Fig. 9a)
are likely to experience fast internal motion, because a S?
value of 1.0 is unrealistically high and likely to be a fitting
artifact. We must mention that this comparison, based on
the data made available by Wong et al.,'' may not be
straightforward, given that the protein concentration for
NMR spectroscopy used by these authors is at least
twofold higher than used in this study. If there was any
aggregation of the mutant protein, the simple comparison
presented here will not be useful.

The transverse relaxation rates at 14.10 T for all resi-
dues in the mutant are larger than those for the wild-type
protein. The R, rates range from 7.2 to 26 s~ ' in the
mutant and from 5.71% 0.13 to 15.88 = 0.86 s ! in the
wild-type protein. Large R, values for residues Tyr 29, Asn
33, Arg 54, Thr 63, Asn 65, and Gly 66 were observed in
both of these studies. Thus, both studies provide evidence
for substantial chemical exchange motions in the barnase-
binding loop (residues 29-33) and in the loop connecting
the third and fourth helix (Thr 63, Asn 65, and Gly 66). The
general trend of relatively larger R, rates, if not due to a
systematic error, reported for all residues of C40/82A
suggests, however, the presence of conformational exchang-
ing motions throughout the backbone of the mutant. In the
model-free analysis of the relaxation data for the mutant
protein the R, term was used for 59 residues; the values
ranging from less than 1 s~ * for most NH vectors to ~13
s~ 1. Because of the neglect of anisotropy in the analysis
and errors associated with the determination of relaxation
rates, and therefore with the overall correlation time, the
exchange contribution of <1.0 s~ ! in the study of Wong et
al.'* may be considered insignificant. In Figure 9b the R,
values >1 s~ ' are compared for the mutant and the
wild-type protein. R., values for the residues in the
mutant protein are somewhat larger. Also, additional
residues in the mutant protein display exchanging motion.
The values of 1, obtained from model-free analysis are 5.5
and 5.2 ns for the mutant and the wild-type protein,
respectively. Reduced spectral density analysis of the
wild-type relaxation data in the present study yielded a T,
value of 5.7 ns.

S.C. SAHUET AL.

To facilitate a residuewise comparison of conformational
entropy of the wild-type and the C40/82A mutant, we
calculated S, values for the C40/82A mutant by using
the relaxation data published by Wong et al.!! Figure 9c
presents the comparison. In the case of wild-type barstar,
of 69 NH vectors for which the value of S? has been
calculated, 61 vectors have S2 < 0.95, whereas for the
C40/82A mutant, S2? is available for 61 residues, and for
most of them (43 residues) S = 0.95. Thus, in Figure 9c
only 18 NH vectors figure for the comparison of S, . Of
these 18, only 9 residues show significant difference in
librational entropy. It is possible to estimate the entropic
contribution of subnanosecond motion of NH vectors to the
stability difference between the wild-type and the mutant
barstar, but the availability of the S, value for only a
fewer residues precludes obtaining a useful estimate.

We point out that the relaxation data were collected at
30°C for the mutant'! and at 32°C for the wild-type
protein; the offset of 2°C existed because we had completed
data collection at the time the results of the mutant
protein'! were published. The temperature offset may
appear to contribute to the differences in the R, rates
observed for the two proteins, but the temperature differ-
ence is small and will make a minor contribution only.

These observations are interesting because solution
NMR structures of the wild-type and the C40/82A mutant
protein are superimposable.”'° The two proteins are simi-
lar in terms of stability: AG™29, the free energy of unfold-
ing in water as determined by urea denaturation experi-
ments, is 4.84 + 0.18 kcal mol ! for the mutant,® and 4.7 +
0.25 kcal mol ™! for the wild-type protein (unpublished
data). The mutant exhibits normal barnase inhibitory
activity. In the wild-type protein the two cysteines, C40
and C82, are relatively buried with solvent accesibilities of
5% and 25%, respectively, and mutations in these regions
of the protein appear to affect local dynamics throughout,
even though according to Wong et al.'' the Cys-to-Ala
replacement does not produce any significant structural
change. Similar observations in the case of thioredoxin
have been reported by Lorimier et al.®’ These authors
observe that the structures of wild-type thioredoxin and its
L78K mutant are largely similar, even though the mispack-
ing of the protein core in one location affects local dynam-
ics and stability throughout the backbone of the protein.
These observations raise the question: how does a slight
packing perturbation affect local NH rotational dynamics
at sites distant along the backbone?

Function and Backbone Dynamics of Barstar

Putting the backbone motional parameters in the per-
spective of the known biological functions of proteins is an
essential aspect of relaxation dynamics studies. The dy-
namic properties observed in this study do not appear to be
consistent with dynamics expected of the amino acids
forming the barnase-binding region (residues 29-46, 73,
and 76), given that barnase-barstar binding is extremely
tight.® Protein-protein and protein-ligand complexation
typically leads to a decrease in segmental flexibility;
accordingly, one may expect larger values of S? for the
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barnase-binding residues. The results, though, do not
show larger values for these residues (Figs. 6a and 9a).
However, as indicated by high R, values and the require-
ment of the R, term to model the relaxation data, only
three of the barnase-binding residues, Tyr 29, Gly 31, and
Asn 33, display millisecond-microsecond segmental mo-
tions. This finding suggests the absence of widespread
exchanging motions for the barnase-binding surface. Fur-
thermore, the X-ray B-factors for the backbone nitrogens
of barnase-binding residues have relatively smaller val-
ues. Thus, it appears that the barnase-binding surface on
barstar is largely rigid. As discussed elsewhere,® binding
site flexibility allows for broadened specificity. This may
come at the price of reduced affinity due to the loss of
conformational entropy on binding. Conversely, a rigid
binding site should result in narrow specificity and tight
binding for well-matched surfaces. The observation of
certain degree of rigidity of the barnase-binding residues
may contribute to the extremely tight binding between
barnase and barstar (Ky ~2 X 10~ '* M). It should also be
realized that the dynamic properties related to the protein
function cannot be described entirely on the basis of
backbone dynamics alone. A complete analysis of the
connection between dynamics and function will have to
wait for a study of the side-chain dynamics of the protein.
We have just concluded a *>N NMR relaxation study of the
dynamics of the barstar-barnase complex, the results of
which will shed considerable light to the dynamic proper-
ties of the binding interface.
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