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Abstract

Although an accurate description of global tumbling of a protein is essential for correct analysis of internal motions,
proper distinction between the effects of anisotropic rotational diffusion and conformational exchange has remained
a challenge. We present a novel two-part filtering procedure designed specifically to distinguish between the effects
of anisotropy and conformational exchange. The efficacy of this method is assessed using synthetic data sets. The
method is then applied to two proteins of dramatically different size and shape, OspA and SH3. The large size and
extreme anisotropy of OspA provide a challenging case, where conformational exchange is a small perturbation of
the effects of anisotropy on transverse relaxation rates. Conversely, in the chicken c-Src SH3 domain, with its small
size and nearly spherical shape, anisotropy is a small perturbation of the effects of conformational exchange on
transverse relaxation rates. Accurate extraction of the global tumbling parameters for each protein allows optimal
characterization of conformational exchange processes, as well as ps—ns time scale motions.

Abbreviations: NOE, nuclear Overhauser effect; SH3, Src homology domain 3; OspA, Outer surface protein A;
exp, experimental; calc, calculated; NORMAdyn, NMR Optimized Relaxation Modeling with Anisotropy, for
dynamics analysis; CPMG, Carr-Purcell-Meiboom-Gill pulse sequence.

Introduction

ISN spin relaxation parameters have been widely used
to characterize the motions of individual backbone N-
H bonds within proteins, and have provided a powerful
tool for probing the internal dynamics of proteins. The
I5N spin relaxation parameters (T, T, T1, and NOE)
contain information on both the global and internal
motions of N-H bond vectors. Hence, proper evalu-
ation of site-specific internal motions relies upon an
accurate description of the rigid body global tumbling
of the protein. It has been widely recognized that cor-
rect characterization of global tumbling is hampered
by the difficulty in distinguishing between the effects
of anisotropy and conformational exchange on mea-
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sured transverse relaxation rates (Schurr et al., 1994,
Tjandra et al., 1995; Mandel et al., 1996; Kroenke
et al., 1998; Andrec et al., 1999; de Alba et al., 1999).

Conformational exchange can be independently
identified by measuring the dependence of the re-
laxation times on the static magnetic field strength
(Phan et al., 1996), by rotating frame spin relaxation
measurements (Akke and Palmer, 1996) or by trans-
verse and longitudinal cross-correlation measurements
(Kroenke et al., 1998). Since, however, these measure-
ments require additional experimental resources (e.g.,
spectrometer time, deuterium labeling), initial inves-
tigations are often performed using only Ty, T, (or
equivalently, T,) and NOE at a single field strength.
Since these initial investigations are often used to mo-
tivate the application of other methods, the accurate
distinction between the effects of anisotropy and con-
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formational exchange on transverse relaxation rates
remains an important challenge.

The standard approach to global tumbling analysis
using PN spin relaxation parameters is to use a subset
of transverse and longitudinal relaxation times (T and
Ty) to obtain the rotational diffusion parameters that
best fit the data. In the absence of significant internal
motion, all measured T; and T, values could be used
for determining the parameters that describe global
tumbling of the molecule. However, when appreciable
internal motions are present, the effects of these mo-
tions must be carefully separated from the effects of
global tumbling (Schurr et al., 1994). More than one
method has been proposed to address the separation
of internal and global motions for accurate character-
ization of anisotropic tumbling. For auto-relaxation
data collected at a single field strength, a common
method for identifying and excluding residues with
large-amplitude motions on the ps—ns time scale or
affected by conformational exchange on the ps—ms
time scale is that of Tjandra et al. (1995), hereafter
referred to as the ‘standard filter’. As recently pointed
out, this method can falsely identify residues affected
by anisotropic tumbling as residues experiencing con-
formational exchange (Andrec et al., 1999; de Alba
et al., 1999). Removal of these residues from the data
set used to fit the global tumbling can skew the results
toward a more isotropic fit, since they hold the most
information regarding the effects of anisotropic diffu-
sion (Kroenke et al., 1998). Hence, a critical aspect of
separation of global and internal motions is the ability
to distinguish between the effects of anisotropy and
chemical exchange.

In this paper we propose an alternate method that
takes advantage of the correlated changes in Ty and
T, induced by anisotropic tumbling. Effective separa-
tion of anisotropic tumbling from internal motions is
accomplished in a two-part process in which residues
with significant internal motions are removed from the
global tumbling analysis without eliminating residues
that contain critical information regarding anisotropic
tumbling. The proposed procedure also ensures that
the fit of site-specific internal motions is not underde-
termined. A comparison of experimental T, and Tj,
values is used to guard against bias from systematic
errors in either parameter.

The efficacy of the proposed method is demon-
strated by application to synthetic data sets, generated
to simulate proteins with varying degrees of axially
symmetric anisotropy, from nearly isotropic to sig-
nificantly anisotropic. Performance of the proposed

method is also compared to that of the standard filter.
The method is then demonstrated on experimental data
obtained for two proteins of different size and extent
of anisotropy, OspA (Outer surface protein A) and
SH3 (the SH3 domain of pp60°~5). OspA is a large
(28 kDa), highly anisotropic protein that is a major
surface antigen of the Lyme disease spirochete, Borre-
lia burgdorferi. The high-resolution (1.8 A) structure
of OspA has been solved by X-ray crystallography
(Li et al.,, 1997), and NMR and small-angle X-ray
scattering analyses have shown that the solution con-
formation of free OspA is similar to the crystal struc-
ture (Bu et al., 1998; Pham and Koide, 1998). For a
protein the size of OspA, the rate of decay of trans-
verse magnetization (Rp=1/T2) is rapid. For axially
symmetric anisotropic diffusion, Ry varies with the
angle (o) between the N-H bond and the unique axis
of the diffusion tensor, Ry(a). Consequently, the in-
fluence of conformational exchange (manifested as a
relaxation rate, Rex) on the measured rate of trans-
verse magnetization decay is particularly difficult to
characterize, since it is typically a small fraction of
the measured decay rate (Ry(a) + Rex). The SH3 do-
main derived from the non-receptor tyrosine kinase
pp60°~S™ is a small (8.4 kDa), relatively spherical
domain that plays important regulatory roles in in-
tracellular signal transduction. The SH3 structure has
been extensively studied and measurement of hydro-
gen bonds in solution (Cordier et al., 2000) shows
remarkable agreement with the 1.5 A resolution X-
ray structure of nearly intact Src (Xu et al., 1999). For
proteins the size of SH3 that have small anisotropy, R
is smaller and varies only slightly with a. Hence, the
influence of Rex on the measured transverse relaxation
rate is more pronounced, since Rex is independent of
the global tumbling rate and hence of molecular size.
In this case, anisotropic tumbling is more difficult to
distinguish, and can be misinterpreted in terms of in-
ternal motions. Therefore, it is of critical importance
for both large and small proteins to clearly distin-
guish between the effects of chemical exchange and
anisotropy on transverse relaxation rates in order to
correctly interpret global and internal motions.

Materials and methods

Preparation of OspA NMR sample

The N-enriched OspA NMR sample was prepared
as described previously (Pham and Koide, 1998),
and was composed of a 1 mM solution of 'SN-



labeled OspA in sodium phosphate buffer (10 mM,
pH 6.0 at room temperature) containing sodium chlo-
ride (50 mM), EDTA (50 wM) and sodium azide
(0.02%) in 95% H,0/5% D, 0.

NMR experiments and data processing

NMR experiments on OspA were performed at 45 °C
on a Varian Unity INOVA 600 spectrometer using
a 5 mm self-shielded triple resonance probe with a
z-axis pulsed field gradient. The temperature in the
sample region of the probe was calibrated using a
100% methanol sample and verified using a 100%
ethylene glycol sample (Raiford et al., 1979). NMR
experiments on chicken c-Src SH3 at 25°C will be
described elsewhere (Wang, C. et al., unpublished
results).

Backbone amide 'H-'>N NOE and >N Ty, Ty,,
and T2 (CPMG) values were measured for OspA using
published procedures (Farrow et al., 1994; Yamazaki
et al., 1994). The T, relaxation decay was sampled at
9 different time points (0.0110, 0.0220, 0.0550, 0.110,
0.220, 0.385, 0.550, 0.826, and 1.10 s), with dupli-
cate spectra recorded at 0.011 and 0.110 s. The Ty,
decay was sampled at 8 different time points (0.008,
0.016, 0.024, 0.032, 0.040, 0.056, 0.072, and 0.096 s),
with duplicate spectra recorded at 0.008, 0.072, and
0.096 s. A SN spin-lock field strength of 2.3 kHz was
used for the T, measurements. The T, decay was
sampled at 9 different time points (0.0165, 0.0331,
0.0496, 0.0662, 0.0827, 0.0993, 0.116, 0.149, and
0.182 s), with duplicate spectra recorded at 0.0165
and 0.0662 s. The interpulse delay between N 180°
pulses in the CPMG sequence was 0.9 ms. All experi-
ments were performed using spectral widths of 2.13 x
9.00 kHz in the #; x > dimensions. T and T, measure-
ments used a recycle delay of 1 s; Ty, measurements
used a recycle delay of 2.5 s; NOE measurements used
arecycle delay of 4.6 s. Ty, Ty, and T, experiments
were performed using a total of 16 transients per #] ex-
periment, NOE experiments were performed using 32
transients. For T, T», and NOE, 400 x 1024 complex
points were acquired in the 71 x #, dimensions. For Ty,
360 x 1024 complex points were acquired. Resonance
assignments for OspA have been previously reported
(Pham and Koide, 1998). NMR data were processed
using NMRPipe.

Analysis of N relaxation data

Backbone amide '°N Ty, T1p, and T, relaxation times
were determined by fitting of peak volumes as a func-
tion of relaxation decay time to a single-exponential
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decay function using conjugate gradient minimization
(Nicholson et al., 1992). Peak volumes were obtained
using nonlinear least squares analysis of peak line-
shapes as implemented by nlinLS (Frank Delaglio,
NIH/NIDDK). Uncertainties associated with Ty, Ty,
and T, values were estimated by Monte Carlo simula-
tion as described elsewhere (Nicholson et al., 1992).
Steady-state NOE values were determined from the
ratio of the peak intensities with and without proton
saturation (Grzesiek and Bax, 1993). Uncertainties in
peak height measurements were estimated from noise
in the baseplane, and uncertainties in NOE values were
obtained by propagation of errors (Nicholson et al.,
1992).

Data filtering

A new procedure is proposed for filtering out residues
for which internal motions, in particular conforma-
tional exchange, significantly affect the measured re-
laxation parameters. The novel aspect of this method
is in the first part of the filtering process, in which a
coarse data filter is applied to the set of relaxation pa-
rameters obtained for the protein. As described below,
the unique criterion of this filter optimizes retention
of residues that hold important information regarding
anisotropic tumbling. For a prolate ellipsoid these are
the residues for which the N-H bond lies close to the
unique axis of the diffusion tensor. The motivation for
each filtering step is discussed below, in the order in
which it is applied. The total filtering process requires
the following steps:

Part one: Coarse filter

(1a) Residues with NOE < (.65 are removed from the
data set.

(1b) Residues with low values of T (T2 < (T2) — o7,)
are removed from the data set, unless their correspond-
ing T values are high (T1 > (Th) + ch), indicating
that they may be affected by anisotropic tumbling
(vide infra).

Part two: Fine filter

(2a) An initial estimate of the global tumbling is
determined, using residues surviving the coarse filter.

(2b) All residues are evaluated for the quality of fit
to the Lipari—Szabo model of internal motion (Lipari
and Szabo, 1982), using the initial estimate of global
tumbling from step 2a. Residues that do not fit the
Lipari-Szabo model (vide infra) are removed from
the global tumbling data set. In addition, residues
for which vt > 600 ps are removed from the data
set since these residues are likely to violate the fast
internal motion assumption necessary for use of the
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T1/T> ratio in determination of the global tumbling
and would not necessarily be removed by the NOE
filter (step la). The remaining residues are used to
calculate the optimal global tumbling parameters.

For a protein the size of OspA, the first step (1a)
eliminates flexible residues. For example, residues for
which S? = 0.7 that undergo motions on a time scale
between ~ 20 ps and 2 ns are eliminated. For residues
for which S2 = 0.90, the corresponding time range
eliminated is between ~ 70 ps and 1 ns. It should be
noted that for residues undergoing motion on a time
scale close to the proton T1 minimum (ca. 300 ps),
the NOE values are dramatically reduced. Specifically,
the NOE cutoff of 0.65 will eliminate residues with
S2 as large as 0.95, but for a more narrow range of
time scales (~230-370 ps for OspA). As indicated, the
range of time scales eliminated becomes increasingly
broad as S? decreases. Assuming a typical distribu-
tion of time scales of internal motion, the bulk of the
residues removed in larger proteins will be those that
experience large-amplitude motions. However, for a
protein the size of SH3, the corresponding time scale
range in which NOE < 0.65 is ~ 30 ps—1.9 ns for
§%? = 0.7, and ~ 150-600 ps for S*> = 0.90. For a
protein the size of SH3 with S2 =~ (.95, no residues
have NOE values that fall below the NOE < 0.65
cutoff. Therefore, extremely rigid residues or residues
experiencing either very fast or very slow motions will
be retained. Hence, although the NOE cutoff value
of 0.65 is commonly used, it has different effects for
each protein, with a more narrow range of time scales
eliminated for smaller proteins.

The cutoff value of 0.65 is used here for consis-
tency with the standard filtering approach. This value
could be adjusted for an individual protein based on an
estimate of the isotropic global tumbling time from,
for example, Stokes’ Law (Cavanagh et al., 1996).
In addition, a second NOE filtering step could be
introduced following filter step 2a, using the coarse
estimate of the global tumbling time to determine an
appropriate NOE cutoff value.

The coarse filter, in particular step 1b, is designed
to separate the effects of anisotropic tumbling from the
effects of internal motion. The basis for the design of
step 1b is summarized in Table 1. This filtering step
is based on the fact that, although both anisotropic
tumbling and internal motions can cause T; and T>
to deviate from the average across the protein, the rel-
ative directions of the changes are indicative of their
source. When the source is anisotropic tumbling, T
and T, can be either higher or lower than the average

across the protein (Figure 1a,b), depending on the an-
gle (o) between the N-H bond vector and the unique
axis of the diffusion tensor (Figure 1c). For a prolate
ellipsoid, T will be higher and T, will be lower if « is
less than the magic angle, 54.7°, reflecting the larger
effective correlation time experienced by N-H bonds
with larger projections along the unique axis of diffu-
sion (Figure 1d). Similarly, T will be lower and T,
will be higher if o is greater than 54.7°, reflecting the
smaller effective correlation time experienced by N-
H bonds perpendicular to the unique axis of diffusion.
Hence, anisotropic tumbling causes T and T to shift
in opposite directions from each other in a correlated
manner (Figure 1d). The effects on T and T, are re-
versed for an oblate ellipsoid (Table 1). For internal
motion on the ps—ns time scale, the direction of the
expected changes in T and T, can be predicted based
on the heteronuclear NOE, as illustrated in Table 1.
For internal motion on the ps—ms time scale, T, may
be lower than average, while T is unaffected by these
motions.

Step 1b of the filter is applied by calculating
the average <T;> and standard deviation (oT,) of
the T; (i=1,2) values across the protein. Residues
with a low value of Ty (T2 < (T2) —op,) are cut,
unless they have a corresponding high value of T;
(T1 > (Th) + OTI). Using this criterion, residues with
a low value of T, due to anisotropic tumbling are pre-
served, while residues with a low value of T, due to
a significant contribution from chemical exchange are
excluded.

Part two of the filtering process, the fine filter,
requires that an initial estimate of the global tum-
bling be determined. This initial estimate is carried
out in step 2a. This step requires knowledge of the
orientation of the N-H bond vectors with respect to
an arbitrary reference frame. For the synthetic data
sets, N-H bond vector orientations were generated as
described below. For the experimental data, the orien-
tations were extracted with respect to the moment of
inertia tensor for the respective structures of OspA (Li
et al., 1997) and SH3 (Xu et al., 1999). The moment
of inertia tensor was calculated using standard proce-
dures, and the orientation of this tensor relative to the
molecular frame was used as a starting point in fitting
global tumbling parameters to the data.

The global tumbling parameters for the data sur-
viving the coarse filter were determined by minimizing
the error-weighted difference between the experimen-
tal and calculated T;/T, ratios, xé (Palmer et al.,
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Table 1. Deviations in measured >N relaxation parameters from their average values as a result of N-H bond vector
orientation or internal motion, and criteria of the coarse filter

Anisotropic tumbling Coarse filter? Internal motion Internal

Prolate Oblate NOE <0.65 ps—ns motion

a<547° a>547° a<547° oa>54.7° NOE <0.65 NOE=>0.75 ps-ms
T{  higher lower lower higher same or lower  higher lower same
T,  lower higher higher lower lower higher lower lower

4Residues are cut by the coarse filter if NOE < 0.65 or if both T and T, deviate by more than one standard deviation from
their average values as shown in the coarse filter column. This effectively separates residues affected by anisotropic tumbling
from residues affected by internal motion on either the ps—ns or jLs—ms time scales.

a ,.L b
2.0
0.065F D,/D,= 1.0
1.4
1.6
0.06 F
To(s) 5L
1.2 T (s)
1oL Du/D= 1.0 0.055 F
0.25 0.5 0.75 1  1.25 1.5 §.25 0.5 0.75 1 1.25 1.5
o (rad) o {(rad)

d 1.75

1.25
T1 ; T2

© s

0.25

Te (ns)

Figure 1. Effect of anisotropy on T and T, for prolate ellipsoids. (a) T as a function of a, for four values of D/D . (b) T, as a function of
a, for four values of D|/D . For a sin(a) probability distribution of N-H bond orientations, the average value of Ty or T, corresponds to the
average value of o =~ 1 rad (57.3°). Therefore, for proteins with a spherical distribution of N-H bonds, the average value of T or T, will be very
similar to the value for residues at the magic angle (54.7°), which is also very similar to the value for isotropic tumbling (D/D = 1). Note
that the effect of anisotropic tumbling is more readily apparent in the T and T, values of residues with a ~ 0° than in residues with o & 90°.
(c) Ellipsoid corresponding to a prolate diffusion tensor showing three possible orientations of an N-H bond vector: along the principal axis of
diffusion (a = 0°), perpendicular to the principal axis of diffusion (a0 = 90°), and at an arbitrary angle from the principal axis of diffusion. (d)
T; and T, as a function of <, for isotropic global tumbling (S2 = 1). The vertical lines show that the values of T and T, for residues with
a = 0°and a = 90° in a protein with D /D = 2.1, tc = 13.7, are significantly different, reflecting the large difference in effective correlation
time experienced by these N-H bonds.



154
1991):
2
()@
2 ( T2 exp T2 ] cale

Xg:z 2

i=1 i

where o; is the error in T1;i/T,; obtained by propaga-
tion of errors (Nicholson et al., 1992) for residue i, and
N is the number of residues used in the analysis. The
theoretical T;/T; ratio was calculated from standard
analytical equations (Kay et al., 1989), using the form
of the spectral density function for anisotropic global
tumbling given by Woessner (1962). The value of xé
was calculated for each of three global tumbling mod-
els: isotropic, axially symmetric anisotropic, and fully
anisotropic. The fully anisotropic model is described
using six parameters: the principal axes of the diffu-
sion tensor (Dxx, Dyy and D), and the Euler angles
(¢, 6 and ) describing the rotational transformation
from the inertia frame to the diffusion frame. For the
axially symmetric model, Dyx = Dyy, and only 6 and ¢
are required to describe the rotation. For the isotropic
model, Dxx = Dyy = D, and no rotation is required,
since no orientation is preferred.

For efficiency in searching parameter space, a
simulated annealing approach was employed, using
xé as the potential function. Once the minima were
identified, the best minimum was ‘polished’ using a
combination of conjugate gradient minimization for
the principal axes of the diffusion tensor, and a grid
search over the angular parameters. After the mini-
mum xé was determined for each model (isotropic,
axially symmetric anisotropic, and fully anisotropic),
the appropriate model was selected using the statistical
F-test to determine the significance of the differences
in xé:

2 2
Kev=m) = Xgav—m) NV — 1)

F = 3
(n— m)Xg(N_n)

where N is the number of data points, m is the
number of fitted parameters in the first model, and
n is the number of fitted parameters in the second
model (n > m). Large values of F justify inclusion of
additional terms in the fit. The probability that the im-
provement in the fit is obtained by chance when going
from one model to a more elaborate model is given by
P(F; n — m, N — n) (Bevington and Robinson, 1992).
Values of P < 0.01 are typically considered highly
significant (Taylor, 1982; Tjandra et al., 1996).

Filter step 2b is necessary for four reasons. First,
it allows detection of residues affected by internal mo-

tion whose relaxation times did not fall outside of one
standard deviation. Second, it enables identification
of residues for which T, is raised by anisotropy, but
lowered by chemical exchange, and that were there-
fore not detected by the coarse filter. Third, it detects
residues with ns internal motions. These residues may
cause T1/T to deviate significantly from the value at
the extreme narrowing limit (1 — 0). Depending on
the values of S2 and 1., the time scale of motions that
will not be detected by the NOE filter varies greatly.
For t, = 5.9 ns and S = 0.9, the value of T
above which the NOE exceeds the 0.65 cutoff value is
~ 600 ps. As S? decreases and T¢ increases, the value
of t¢ above which the NOE exceeds the 0.65 cutoff
value increases. Hence, 600 ps should serve as a con-
servative general cutoff value. Finally, step 2b deals
with the issue of underdetermined fitting. We define
a residue as underdetermined if it requires a three-
parameter model to fit the internal motions, and is also
used to fit the global tumbling parameters. Therefore,
in step 2b, any residues requiring three parameters to
describe their internal motion are removed from the
global tumbling data set.

To apply step 2b, the relaxation data (Ty, T,
and NOE) for each residue are fit using the estimated
global tumbling parameters from step 2a and the two
site-specific parameters of the ‘simple’ Lipari—Szabo
formalism (vide infra) by minimizing xz for each
residue:

s T (T Ty
% N 02 0’2
T T

| (NOE™® NOE®)?

ONOE

where the superscripts exp and calc denote the exper-
imental and calculated values of T, T, and NOE,
respectively. Residues for which x? indicates a poor
fit to the model (x> = 6.8, corresponding to the 99%
confidence limit) and residues with internal motions
on a time scale greater than 600 ps are then excluded
from the data set, and the global tumbling parameters
are fit to the new, more restricted, data set. This yields
the final, best fit, global tumbling parameters. Simi-
lar iterative approaches have been used by others (Lee
et al., 1997; Jia et al., 1999). Since three independent
data are measured for each residue, and only those
sites that are well described by a two-parameter model
of internal motion are used to determine the global
tumbling, the general problem of underdetermined fits
is avoided (Andrec et al., 1999).



Analysis of parameters of motion

After the global tumbling parameters have been de-
termined using the subset of the data that survived
the total filtering process, the parameters of internal
motion may be calculated for all residues in the pro-
tein, using the spectral density function for anisotropic
rotational diffusion (Tjandra et al., 1996; Lee et al.,
1997). The calculated values are obtained by using
three different models for internal motion: (1) the two-
parameter (Sz, tr) spectral density function (Lipari
and Szabo, 1982); (2) the two-parameter spectral den-
sity function and an additional parameter to describe
chemical exchange and other processes that contribute
to the decay of transverse magnetization, (Sz, Tf, Rex)
(Farrar and Becker, 1971); and (3) a three-parameter
(SZ, Sf, Ts) spectral density function (Clore et al.,
1990). Three-parameter models were invoked only if
the two-parameter model exceeded the 0.01 critical
value of the incomplete gamma function (y> > 6.8),
and if the three-parameter model could be fit with
x2 = 0 (Mandel et al., 1995; Nicholson et al., 1995).
All of the analysis, starting from values of T, T, and
NOE and ending with internal motion parameters, was
performed using a suite of programs collectively re-
ferred to as NORMAdyn (NMR Optimized Relaxation
Modeling with Anisotropy, for dynamics analysis)
(N.H.P. and L.K.N., Cornell University).

Construction of synthetic data sets

To assess the accuracy and reliability of the filter, its
performance was tested against synthetic data sets.
The sets were constructed to fit axially symmetric
anisotropic global tumbling, with two possible corre-
lation times, tc = 5.92 ns, and t. = 13.7 ns, and
three possible degrees of anisotropy, Dy/D; = 1.2,
1.6, and 2.0. The spectrometer field strength was set
to 600 MHz. The angles (a) of the individual N-H
bond vectors relative to the unique axis of the diffusion
tensor, and values of S2, 1t and Rex, were randomly
drawn from the following distribution functions:

P(a) =sin(a) - {H(0) — H(a—7w/2)}/ Ty

P(S?) = 07/2% {H(8?) — H(S? — 1)}/ T

P(ty) =e (0290 [ (1)/T;

P(Rex) =0.858(Rey) + 0.15 - ¢~ (Rex—R0)*/20%
“H(Rex)/ T4

where I'j (i=1,...,4) normalizes the probability, H(x)

is the Heaviside step function, 8(x) is the Dirac delta

function, S% = 0.85, os = 0.15, tp = 0.025 ns,

0w = 0.025 ns. Rex values and the associated stan-

dard deviations were scaled to reflect the observed
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values in experimental data. As noted earlier, the abil-
ity to observe Rex terms of a given size scales with the
tumbling time (size of Rex compared to Ry) and the
experimental error (size of Rex compared to the error
in Ry). Therefore, the values of Rex used in the syn-
thetic data sets were set to Rexg = 1.5 s~ ! with opex =
1.0 s7! for T, = 5.92 ns, and Rexg = 2.5 s~! with
ORex = 2.0 s71 for 1. = 13.7 ns. Large-amplitude
internal motions on a time scale greater than a few
hundred picoseconds (described using the extended
model of Clore et al. (1990)) are not considered in the
analysis of synthetic data for two reasons: first, be-
cause it has been shown that many such motions may
be artifacts of an isotropic analysis of an anisotropic
diffusor or transient dimer (Schurr et al., 1994; Phan
et al., 1996; Luginbuhl et al., 1997); second, because
it is assumed that residues undergoing large-amplitude
internal motions can be identified through low het-
eronuclear NOE values (filter step 1a) (Tjandra et al.,
1995; de Alba et al., 1999), through reduced T and T»
values (filter step 1b), through large values of ¢ (fil-
ter step 2b), or through failure to fit the Lipari—Szabo
model of internal motion (filter step 2b).

Values of T, To and NOE were calculated from
these parameters of global and internal motion, and
analyzed by the same filtering and analysis process as
applied to the experimental data. Two protein sizes
were considered, small (t. = 5.92 ns, with associ-
ated synthetic Ty, T> and NOE errors of 1.3%, 2.7%,
and 4.0%, respectively) and large (1o = 13.7 ns,
with associated synthetic Ty, To and NOE errors of
3.3%, 3.5%, and 7.7%, respectively). These synthetic
errors, required for minimization of xz, were based
on the average experimental errors of SH3 and OspA,
respectively. The input values of the global and inter-
nal motions were not used to direct the filtering and
analysis, but were compared at the end to determine
the accuracy of the analysis.

Results and discussion

Efficacy of the filter demonstrated using synthetic
data sets

The performance of the filters is assessed using only
prolate diffusion tensors. For an oblate diffusion tensor
and a spherical distribution of bond vectors, there will
be a high population of residues with low T, values,
since they will be close to 90° from the unique axis of
the diffusion tensor. Hence, due to the redundancy of
these residues, the estimate of anisotropic tumbling is
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Figure 2. Number of residues (N) with a < 30° remaining af-
ter application of the coarse filter (gray) or the standard filter
(T2) — To,)/{T2) — ((T1) — Ty »)/{T1) > 1.5 x SD (hatched)
(Tjandra et al., 1995), in comparison with the number of residues
for which NOE > 0.65 and Rex < 1 (black). The comparison is
shown for two protein sizes, Tc = 5.92 ns (a,c,e), and tc = 13.7 ns
(b,d,f), and three different degrees of anisotropy, DH/D =12
(a,b), D/DL = 1.6 (c,d), and D/D1 = 2.0 (e,f). All values of
Dy /D are greater than 1, since only prolate diffusion tensors were
considered.

less likely to be skewed by exclusion of a few residues
falsely identified as experiencing chemical exchange.
Therefore, while a careful separation of global and in-
ternal motions is always important, it is much more
important for the case of prolate diffusion tensors,
which have a low population of residues with low T»
values.

The following criteria are used to evaluate filter
performance: retention of residues with large projec-
tions along the unique axis of the prolate diffusion
tensor, removal of residues from the global tumbling
data set that require three internal motion parame-
ters, accuracy of the extracted parameters of global
tumbling, and accuracy of the extracted parameters
of internal motion. These comparisons demonstrate
that the proposed filter shows increasing improvement
over the standard filter with increasing anisotropy, and
significant improvement for large anisotropy.

We first assessed the performance of the proposed
coarse filter versus the standard filter by comparing
the retention of residues with large projections along
the unique axis of the diffusion tensor (0 < ap < 30)
(Figure 2). These residues hold important information

regarding anisotropic tumbling (Figure 1a,b), and their
loss can skew the global tumbling analysis toward a
more isotropic fit. The filters were applied to syn-
thetic data sets for two protein sizes, T = 5.92 ns,
and t. = 13.7 ns, and for three different degrees of
anisotropy, Dy/D; = 1.2, 1.6, and 2.0 (Figure 2).
As shown in Figure 2, changes in the global tumbling
time alter the number of residues with NOE < 0.65,
as would be expected, but otherwise have little ef-
fect on the filter performance. For small anisotropy,
the two filters retain approximately the same number
of residues (Figure 2a,b). For intermediate anisotropy,
the difference in retention between the two filters be-
comes noticeable, with the proposed filter retaining
from 1.5-2 times as many of these critical residues
(Figure 2c,d). For large anisotropy, the difference be-
tween the two filters is striking, with the proposed
filter retaining from 2—4 times as many residues (Fig-
ure 2e,f). The underlying mechanism by which the
standard filter rejects more residues aligned near the
principal axis of the diffusion tensor is illustrated in
Table 2. As can be seen from the table, as anisotropy
increases, residues with small values of alpha (prolate
ellipsoid) or large values of alpha (oblate ellipsoid)
are increasingly likely to be cut (T, is lower and Ty
is higher than average). Residues with small contribu-
tions to chemical exchange are increasingly less likely
to be cut.

The clear trends in the ability of each filter to retain
residues with N-H bonds aligned near the principal
axis of diffusion (Figure 2) imply that the filters will
differ in their ability to accurately characterize global
tumbling. We have chosen to demonstrate the correla-
tion between retention of these residues and increased
accuracy in determination of parameters of motion
by examining the extreme cases of small anisotropy
(similar retention, Figure 2a) and large anisotropy
(dramatically different retention, Figure 2f). Hence,
we continue our analysis of filter performance using
synthetic SH3 (1 = 5.92 ns, Dy/D; = 1.22) and
synthetic OspA (t¢ = 13.7 ns, D)/D | = 1.99) as our
test cases.

We next asked whether application of the proposed
fine filter offered a significant improvement as com-
pared to the coarse filter step alone. A successful
application of the fine filter should have three results:
(1) an improvement in the estimate of the anisotropy
and global tumbling time; (2) continuing retention of
residues with N-H bond vectors close to the princi-
pal axis of diffusion; (3) removal of residues that do
not fit the Lipari—-Szabo model for internal motion,
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Table 2. Result of applying the standard filter in cases where T and/or T, deviate from average

T T () =T /(T2) (T1)—Ti,;/{T1) Result IfDy ~D;  Probable Probable
outcome desired
outcome
Lower  Lower +D3 +D]1’ D, — (+Dy) ~0 Kept Cut
Lower  Higher +D; —Dy D, — (-Dy) ~ 42Dy Cut Kept
Higher  Lower —D» +Dy —Dy —(+D;) ~-2Dy Kept Kept
Higher  Higher —D» —Dy —Dy —(=D;) ~0 Kept Cut
Lower  Average +Dj 0 D, -0 ~ 4Dy Cutorkept Cut

4D; describes the fractional deviation of T, from average, as given by (T2) — T» ; /(T5).

bp 1 describes the fractional deviation of Ty from average, as given by (T1) — Ty ; /{T1).
“Result from applying the standard filter, where a residue is cut if ((T2) — T»;)/{T2) — ({(Ty) — T1.;)/{T1) > 1.5 SD (SD is

the standard deviation of the left-hand side of the equation).

to prevent underdetermined fits of the internal motion
parameters. As shown in Table 3, the additional appli-
cation of the fine filter corrects the overestimates of the
anisotropy and of the tumbling time that remained af-
ter application of the coarse filter. In proceeding from
the coarse filter to the fine filter, a retrospective analy-
sis shows that the fine filter cut only those residues
that should have been cut, due to the presence of Rex.
Hence, the retention of residues that strongly reflect
anisotropic tumbling is maintained throughout the fil-
tering process. By contrast, adding a fine filter step
onto the standard filter is not expected to be particu-
larly helpful in correctly determining the global tum-
bling of proteins with moderate to large anisotropy,
since the residues that strongly reflect anisotropic tum-
bling have been irrevocably removed. The success of
the total proposed filter (coarse + fine) in avoiding
underdetermined fits is described below.

The performance of the total proposed filter and
the standard filter in reproducing the global tumbling
parameters was also compared (Table 3). For small
anisotropy, the proposed filter comes closer to the syn-
thetic values of D /D and 0, but the standard filter
comes closer to the synthetic global tumbling time.
For large anisotropy, the proposed filter better repro-
duces all of the synthetic tumbling parameters. In both
cases, the standard filter underestimates the anisotropy
as reflected by lower values of D|/D .

For measurements of T;, T, and NOE at a sin-
gle magnetic field strength, the ability of any filtering
approach to eliminate residues that require more than
two fitted internal motion parameters (S2, 1) is im-
portant for avoiding underdetermined fits. Residues
requiring three fitted parameters (Sz, Tf, Rex) are de-
scribed here as non Lipari—Szabo. The proposed filter
successfully identifies residues with Rex > 1 sl as

Table 3. Comparison of the synthetic® and calculated® global tum-
bling parameters resulting from different filtering approaches

D, (ns™1) Dy (s~ 1) Dy/Dy T (ns) 6°(°)

OspA

Synthetic?® 0.00913 0.0182 1.99 13.7 0
Calculated®

Proposed (coarse) 0.00891 0.0182 2.04 13.9 -2
Proposed (total)  0.00920  0.0183 1.99 13.6 0
Standard 0.00928  0.0174 1.88 13.9 -2
SH3

Synthetic? 0.0262 0.0321 122 592 0
Calculated®

Proposed (coarse) 0.0256 0.0321 1.25 6.00 -—10
Proposed (total)  0.0264 0.0321 1.21 5.89 —1
Standard 0.0263 0.0316 1.20  5.93 —4

4The synthetic values of the global tumbling parameters are chosen
as described in Materials and methods, and used to generate syn-
thetic values of Tq, Tp, and NOE.

bCalculated values of the global tumbling parameters are obtained
from the synthetic values of Ty, To and NOE, that survived the
indicated filtering process, as described in Materials and methods.

€ 0 is the angle between the unique axes of the inertia and diffusion
tensors.

non Lipari—Szabo 100% of the time, for both large (27
out of 27) and small (22 out of 22) anisotropy. While
the standard filter identifies 100% of these residues
(22 out of 22) for small anisotropy, it fails to identify
two residues with Rex > 1 s~! in the case of large
anisotropy (25 out of 27). Therefore, the proposed fil-
ter successfully avoids underdetermined fits for both
large and small anisotropy, while the standard filter
has underdetermined fits for two residues in the case
of large anisotropy.
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We then asked the question whether residues iden-
tified as non Lipari—Szabo could be satisfactorily fit
using the chemical exchange model. If the data were
fit perfectly, all non Lipari—Szabo residues in our syn-
thetic data sets would fit the chemical exchange model,
since the data were generated using either the Lipari—
Szabo two-parameter (Sz, 1r) model alone, or the
three-parameter (Sz, Tt, Rex) model describing chem-
ical exchange. For both filters, not all of the residues
correctly identified as non Lipari—Szabo could be fit
with the Rex model. For small anisotropy, the proposed
filter correctly identified 19 of the 22 non Lipari—
Szabo residues as requiring Rex terms, compared with
20 out of 22 for the standard filter. For large anisotropy
the proposed filter correctly identified 21 of the 27 non
Lipari—Szabo residues as requiring Rex terms, com-
pared with 15 out of 27 for the standard filter. This
shows that both filters perform similarly in identifica-
tion of Rex for small anisotropy, while the proposed
filter displays a significant improvement in this respect
over the standard filter for large anisotropy. The failure
to identify Rex is largely due to the imperfect charac-
terization of the global tumbling parameters. Hence,
as expected from the design of the proposed filter, the
successful distinction between Rex and anisotropy in
the filtering process results in more accurate modeling
of anisotropic global tumbling, which in turn allows
more accurate identification of residues significantly
affected by chemical exchange.

As a final assessment, the accuracies of the pro-
posed filter and the standard filter in reproducing the
internal motion parameters for synthetic OspA and
SH3 were compared (Table 4). As previously noted, an
isotropic analysis of a protein undergoing anisotropic
tumbling can lead to the false prediction of Rex. Here,
we are investigating the more subtle effects of under-
estimating the anisotropy. While we do not see a false
prediction of Rex, we do see changes in the values of
S2, 1, Rex and x2 that reflect compensation for the in-
accurate estimate of the anisotropy. Across the protein
both filters successfully reproduce S?, as demonstrated
by the small average rmsd between the synthetic and
modeled values across the protein. The accuracy is re-
duced, however, for those residues with synthetic Rex.
The least accurate prediction of S is for residues with
synthetic Rex, analyzed by the standard filter, in the
case of large anisotropy. For small anisotropy, both
filters successfully reproduce Rex to within the size of
the error in T,. For large anisotropy, the accuracy of
Rex is not as good as for small anisotropy. For the new
filter proposed here, the deviation of the Rex values

from their true values is slightly larger than the error
in T5. For the standard filter, the deviation of the Rex
values from their true values is more than twice the er-
ror in T». The largest difference in the accuracy of the
two filters is in extraction of t¢. For small anisotropy,
both filters reproduce t¢ with a deviation of less than
10% from the true values. For large anisotropy, the
standard filter produces values of t¢ with an overall
average deviation from the true values of up to 40%.
As noted above, this reflects compensation for the in-
accurate estimate of the anisotropy, and has been noted
by others (Luginbuhl et al., 1997).

In summary, the proposed filter shows increasing
improvement over the standard filter with increas-
ing anisotropy. The evaluation of the results of the
proposed filtering method against the synthetic data
shows that anisotropic tumbling parameters are re-
produced to within 1% of their true values for both
large and small anisotropy. In addition, for both large
and small anisotropy, residues with Rex > 1 are suc-
cessfully identified 100% of the time, S values are
reproduced with extremely high accuracy, and tr and
Rex values are reproduced with accuracies on the order
of the size of the errors in the synthetic data. This
analysis provides confidence in using this approach
for interpretation of the anisotropic tumbling and in-
ternal motion parameters obtained in the examination
of experimental relaxation data.

It should be noted that cases such as partially
folded proteins or proteins undergoing transient dimer-
ization can contain pervasive ns or jLs—ms timescale
motions and present a special challenge. However,
successive application of our proposed filter should
approach the true global tumbling in the case of jLs—ms
motions, provided sufficient data is retained to char-
acterize the diffusion tensor (Fushman et al., 2000).
We suggest that if significant changes occur in the
global tumbling parameters obtained from successive
applications of the filtering process, this indicates that
additional data (e.g. measurements at multiple field
strengths) are required for accurate distinction be-
tween chemical exchange and anisotropic tumbling.
In addition, as recently pointed out (Fushman et al.,
2000), a minimal sampling of N-H bond vector ori-
entations is necessary to accurately characterize the
diffusion tensor. If the minimal sampling requirement
is not met, then measurement of additional relaxation
parameters (e.g. 13C%) will be necessary.
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Table 4. Comparison of the accuracy of extracted internal motion parameters resulting from application of
the total proposed filter and the standard filter

Filter S2 rmsd® % devP wrmsd® % dev?  Rex rmsd® % dev?
OspA
All residues proposed  0.001 0.1 0.001 3
standard 0.002 0.2 0.003 10
SynRex > 1 only  proposed  0.003 0.3 0.001 4 0.1
standard 0.006 0.7 0.01 40 0.2 8
SH3
All residues proposed  0.001 0.1 0.001 4
standard 0.001 0.1 0.002 7
SynRex > 1 only  proposed  0.002 0.2 0.001 4 0.03 2
standard 0.001 0.2 0.001 4 0.03 2

4The rmsd is the average pairwise deviation between the synthetic and calculated values of the parameters.
PThe % dev is the average rmsd across the residues divided by the average value of the parameter across

those residues.

Measured relaxation parameters for OspA strongly
reflect anisotropy

Experimental >N Ty, Ty,, T, and NOE values ob-
tained for OspA are shown in Figure 3. If an isotropic
model for OspA global tumbling were assumed, the
large variations in longitudinal and transverse relax-
ation times that appear in B-strands 5-13 might be
interpreted as evidence for large variations in ampli-
tudes of motion in this region. However, two pieces of
evidence suggest that these variations are not due to
large differences in amplitudes of motion, but rather
to anisotropic tumbling. As previously reported, the
crystal structure of OspA represents its predominant
conformation in solution (Bu et al., 1998; Pham and
Koide, 1998). Amide hydrogen exchange experiments
revealed that the entire OspA molecule is highly sta-
ble on the time scale of seconds to days (Pham et al.,
1998). The principal axes of the moment of iner-
tia tensor estimated from the crystal structure are
1.0:0.90:0.21, indicative of a prolate ellipsoid. In ad-
dition, a comparison between the !N relaxation times
and the angle between the N-H bond vectors and the
unique axis of the moment of inertia tensor, o, shows
a highly significant correlation. This correlation can
be seen qualitatively in Figure 3, where values of o
close to O correspond to high Ty and low T, and Ty,
values, and values of oj close to 90 correspond to low
Ty and high T> and T}, values. The correlation is most
easily observed in p-strands 5-13, where the largest
variations in oy occur. The values of the linear corre-
lation coefficients and the corresponding probabilities
of the null hypothesis (Table 5) quantitatively confirm
this correlation. Although the relationship between the

relaxation parameters and o is not strictly linear, it
is approximately linear between 0.25 and 1.25 radi-
ans (approximately 15°— 70°) (Figure la,b) and can
be used to gain insight into the degree of anisotropic
tumbling, as illustrated in Table 5.

I5N relaxation parameters for SH3 will be reported
elsewhere (Wang, C. et al., unpublished results).
Anisotropic tumbling is not as apparent in the raw
data for SH3 as it is for OspA. The principal axes
of the moment of inertia tensor for SH3, estimated
from the X-ray crystal structure of nearly intact Src
(Xuetal., 1999), are 1.0:0.93:0.70, and the correlation
of the >N relaxation times with ay is not statistically
significant (Table 5). Nevertheless, evidence for the
presence of anisotropic tumbling may be found by
comparing the relative size of the Ty, T» and NOE
correlations. This comparison is made after flexible
residues (NOE < 0.65) are removed from the data set,
since the relationship between relaxation times and
global tumbling is best observed for relatively rigid N-
H bonds. For an isotropically tumbling protein, none
of the relaxation times should be correlated with aj.
Since the NOE is relatively independent of the global
tumbling, it should remain largely uncorrelated with
ag in the case of anisotropic tumbling, while T; and
T, will be more highly correlated. Table 5 shows the
large difference in the correlation probabilities for T
and NOE of SH3 with aj, indicating the possibility
of anisotropic tumbling. When the diffusion tensor is
known, the correlation of the !N relaxation times with
ap can be determined. The correlation of Ty with ap
is significant (P < 0.05) (Taylor, 1982), and the cor-
relation of Ty, with ap is highly significant, as shown
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Figure 3. Experimental values of Ty, T, T2, NOE and o as a function of residue number for OspA. The ribbon diagram of OspA is shown
at the top. Note that when o is close to 0, T is higher than average and Ty, is lower than average, while the NOE value is uncorrelated with
ay, as shown statistically in Table 5.



Table 5. Correlation of experimental I5N relaxation data and S? values with
N-H bond vector orientations for OspA and SH3

T, T, NOE SZ(iso)  S2 (aniso)

OspA (NOE > 0.65)

Inertia r® 0.86 0.77 0.10 0.65 0.12
Inertia P© 33E-28 6.2E-23 0.20 40E-15 0.12
SH3 (NOE > 0.65) T1,

Inertia r? 0.38 0.26 0.19 0.27 0.085
Inertia P© 0.021 0.12 0.26 0.11 0.61
Diffusionr®  0.41 0.49 020 028 0.22
Diffusion P¢  0.012 0.0028 0.22 0.098 0.18

4Linear correlation coefficient, r, between a given variable and og, where o is
determined from the unique principal axis of inertia and defined between 0°
and 90°.

b1 inear correlation coefficient, r, between a given variable and ap, where ap
is determined from the unique principal axis of diffusion and defined between
0° and 90°.

“The probability of the null hypothesis that the two variables are uncorrelated,
as given by the complementary error function (Press et al., 1996). A small
value of P indicates that the two distributions are significantly correlated. Val-
ues of P were calculated using 164 data points for OspA and 37 data points
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for SH3 in Mathematica ™.

SH3 OspA

Figure 4. Application of filters to experimental data for SH3 (left)
and OspA (right). The number of residues (N) with o < 30° remain-
ing after application of the coarse filter (gray), total proposed filter
(white), or standard filter (hatched), is shown in comparison with
the number of residues remaining after the NOE filter alone (black).

in Table 5. When all of the evidence is considered,
it is clear that anisotropic tumbling is the appropriate
model for SH3, although its effects are much more
subtle than those observed for OspA.

OspA and SH3 tumble as prolate ellipsoids

The proposed filter was applied to the measured re-
laxation data for OspA and SH3 to obtain the optimal
global tumbling parameters. A comparison of the suc-
cess of the proposed and standard filters in retaining
residues with small values of o (Figure 4) shows that,
as with synthetic data sets, differences between the
two filters are more pronounced for large anisotropy.
As will be reported elsewhere (Wang, C. et al., un-
published results), the global tumbling of SH3 is best
described by a prolate ellipsoid. The optimized global

tumbling parameters obtained here for OspA (Table 6)
differ considerably from those obtained in a prelim-
inary characterization (Pham and Koide, 1998). As
expected, use of the standard filter in this preliminary
characterization underestimated the anisotropy, yield-
ing Dy/D1 = 1.75. Here, using the total proposed
filter, the reduced x2 value (xf,/v = 1.4, where v is
the number of degrees of freedom) and the F-test value
(F = 901) clearly indicate that the relaxation is best
described by an axially symmetric diffusion tensor,
with D /D1 = 2.12. As intuitively expected from the
elongated shape of OspA, the unique principal axis of
the diffusion tensor is oriented in the general direction
of the long axis of the molecule (Figure 5). The unique
axis of diffusion of SH3 is approximately aligned with
the ligand-binding groove (Figure 5).

Additional confirmation that the contributions of
global tumbling and internal motions to the 5N re-
laxation times have been effectively separated comes
from an examination of the correlation between values
of S$? and a, as shown in Table 5. An isotropic analysis
of OspA yields a statistically significant correlation
between S? and « (where o is measured relative to
the unique axis of the moment of inertia tensor). Fol-
lowing the anisotropic analysis, this correlation is no
longer significant, and is of the same order as the cor-
relation of NOE with a. An isotropic analysis of SH3
yields a larger correlation between S? and o than be-
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Figure 5. Ribbon diagrams of SH3 (left) and OspA (right) illustrating the relative orientation of each diffusion tensor. In each view the unique
axis of the diffusion tensor (z) is oriented as shown. The SH3 ligand binding groove is indicated by a row of arrows.

Table 6. Global tumbling parameters for OspA using three different tumbling models. The axially symmetric anisotropic

solution is statistically significant

Model P Dxx Dyy Dz, 0 A A P
)  ms7hH  @sThH  @sTh e e P
Isotropic 150 00111 00111 00111 - - - 350 - -
Axially symmetric ~ 13.7  0.00887  0.00887 0.0188 175 148 - 140 901 9.8x 10777
Asymmetric 137 0.00866 0.00917 00186 175 143 12 139 131 027

4At 45°C, in water. T off is calculated as (1/2)(Dxx +Dyy+DZZ)71, where the Dj;’s are the magnitudes of the principal

components of the diffusion tensor.

5 The angles 6, ¢, and \ define the orientation of the diffusion tensor with respect to the moment of inertia frame of the

X-ray crystallographic structure of OspA.

€113 residues were used to fit the final global tumbling parameters. Values of v (number of degrees of freedom, i.e., number
of data points — number of fitted parameters) are therefore 112, 109 and 107 for the isotropic, axially symmetric and fully

anisotropic models, respectively.

tween NOE and a. Following the anisotropic analysis,
the correlation between S% and « is reduced, and is
of the same order as the correlation of NOE with a.
This provides additional confirmation that the changes
in longitudinal and transverse relaxation times due to
global tumbling have been appropriately accounted for
in both proteins.

Assessment of potential bias in To measurements

The CPMG pulse train used in measurement of T is
more sensitive to slower (tex > 30 ws) conformational
exchange processes than the continuous wave (CW)
pulse employed in measurement of Tj,, as shown in
Figure 6. For this reason, T measurements may be
preferred over Ty, for characterizing conformational
exchange processes, particularly in large proteins. For
large proteins such as OspA, Rex is a smaller fraction
of Ry, while the errors in Ry are often larger, due to
the smaller signal to noise ratio. However, as noted
by others, numerous problems such as off-resonance
effects can be associated with the CPMG pulse train
(Lee and Wand, 1999). Therefore, to prevent po-
tential bias introduced by systematic error associated

with the CPMG pulse train, Ty, values were also ob-
tained for OspA, and T1, and T, measurements were
compared. Residues for which T1, (T corrected for
off-resonance effects) (Akke and Palmer, 1996) and
T, values differ by more than the sum of their er-
rors can indicate either measurement error (random or
systematic), or the presence of slow conformational
exchange. In either case, the measured T, value can
bias the global tumbling analysis. To reduce the impact
of such bias, the estimated T, error (o12) for OspA
was increased for those residues for which |T1,—T5|
exceeded the sum of their errors, until the size of
the sum of the errors was the same as the differ-
ence in the measured values. The filtering process and
global tumbling analysis were then performed again.
The changes in global tumbling resulting from this
analysis, and an analysis in which these residues were
completely removed from the data set are shown in
Table 7. The minimal change in the global tumbling
parameters suggests that, at least for OspA, the use of
T, measurements did not significantly bias the global
tumbling analysis.
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Figure 6. Rex/(p1p2 Aw?) as a function of tex for the CPMG (solid line) and CW (dashed line) experiments. Plots generated in Mathematica
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employing standard equations (Farrar and Becker, 1971), using o = 2243 s~1, and Tep =9 % 1074 .

Table 7. Evaluation of potential bias in global tumbling para-
meters due to the use of T, versus Ty, data for OspA.

Dxx = Dyy Dy 0(°) ¢

0.0190 175 147
0.0188 175 146
0.0188 175 148

Proposed filter 0.00886
Proposed filter + Ty, cut® 0.00884
Proposed filter + Ty, errs® 0.00887

41n addition to those residues cut from the global tumbling data
set by the proposed filter, all residues for which Ty, and T,
differed by more than the sum of the errors were removed.

bIn addition to applying the proposed filter, for those residues
with Ty, and T, values differing by more than the sum of the
errors, the size of the T, errors was increased, as described in
the text.

Assessment of the effects of differences in N-H bond
orientations between the OspA crystal and solution
conformations

Since the X-ray crystal structure of OspA includes
an additional Fab fragment bound to its N-terminal
domain, the effects of possible discrepancies in o be-
tween the crystal and solution conformations were
examined. To ensure that putative motions on the
ps—ms time scale were not an artifact of differing do-
main orientations in the crystal and solution structures,
the parameters of global tumbling and internal mo-
tion were optimized for the C-terminal domain alone
(Skrynnikov et al., 2000). Optimizing the C-terminal
region alone did not significantly affect the global
tumbling parameters. In particular, the value of theta
changed by only 2° (from 175° to 173°) when the C-

terminal piece was considered separately. As would
be expected, this modest change in orientation did
not significantly change the number of residues requir-
ing Rex or the magnitude of the required Rex. Of the
residues subjected to the new round of optimization,
23 residues required Rex before, and 20 residues re-
quired Rex after. The average value of Rex was 3 g1
in both cases. We conclude, therefore, that the position
of the domains as established by the crystal structure
does not significantly differ from the average position
observed in solution, and does not result in significant
artifactual chemical exchange terms.

Conclusions

We have proposed a novel data filter for improv-
ing the distinction between chemical exchange and
anisotropic tumbling in the analysis of >N relaxation
parameters. This approach allows such distinction
to be obtained with measurements of T{, T, and
NOE at a single magnetic field strength. Methods for
identification and quantification of conformational ex-
change such as the use of multiple field strengths,
rotating frame spin relaxation measurements, or cross-
correlation measurements require significantly more
experimental resources, such as additional spectrom-
eter time and/or deuterium labeling. The method pro-
posed here improves the accuracy of investigations
of dynamics at a single field strength for proteins of
known structure with significant anisotropic tumbling,
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and allows an initial examination of pws—ms time scale
motions.

The efficacy of the proposed filter is evaluated
through comparison with a widely used data filter us-
ing both synthetic and experimental data sets. This
evaluation demonstrates that the proposed filter accu-
rately extracts the parameters describing global tum-
bling, with improved performance with increasing
anisotropy as compared with the standard filter. The
more accurate description of global tumbling allows a
more accurate description of internal motions, includ-
ing characterization of order parameters associated
with ps—ns time scale motions. Changes in S? upon
perturbation of the system (e.g. ligand binding) are
increasingly being interpreted in terms of the cor-
responding change in entropy or free energy (Akke
et al.,, 1993; Yang et al., 1997; Forman-Kay, 1999).
However, changes in the state of a system, such as
ligand binding, can change both the global tumbling
and the internal motions, as recently shown for the
SH3 domain of pp60°~S (Wang, C. et al., unpub-
lished results). As shown above, unless appropriately
accounted for, the calculated values of S will have
an artifactual dependence on the global tumbling that
could skew an entropic analysis. Hence, the proposed
filter allows more accurate assessment of entropic con-
tributions from the protein backbone to such processes
as ligand binding.

Functionally relevant motions include flexibility
on the ps—ms time scale (Palmer, A.G., et al., Meth-
ods Enzymol., submitted). For example, the tips of
the flaps that cover the active site of the HIV-1 pro-
tease undergo ps—ms time scale motions that may
facilitate substrate access and product release (Nichol-
son et al., 1995). More recently, inhibitor binding to
the protease was shown to increase motions on the
millisecond time scale of the B-sheet dimer interface,
motions that may enhance autoprocessing of the gag-
pol polyprotein (Ishima et al., 1999). Millisecond time
scale motions in the bacterial response regulator pro-
tein SpoOF have been shown to correlate with residues
that are critical for protein—protein interactions with
SpoOF signaling partners, implying that such motions
play a role in selection of binding partners (Feher and
Cavanagh, 1999). Hence, through minimizing artifacts
in identification of residues experiencing chemical
exchange, the proposed filtering approach will en-
able more accurate viewing of biologically relevant
motions.
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