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Abstract

Model-free analysis has been extensively used to extract information on motions in proteins over a wide range
of timescales from NMR relaxation data. We present a detailed analysis of the effects of rotational anisotropy
on the model-free analysis of a ternary complex for dihydrofolate reductase (DHFR). Our findings show that the
small degree of anisotropy exhibited by DHFR; (D, = 1.18) introduces erroneous motional models, mostly
exchange terms, to over 50% of the NH spins analyzed when isotropic tumbling is assumed. Moreover, there is
a systematic change ir’Sas large as 0.08 for some residues. The significant effects of anisotropic rotational
diffusion on model-free motional parameters are in marked contrast to previous studies and are accentuated by
lowering of the effective correlation time using isotropic tumbling methods. This is caused by the preponderance
of NH vectors aligned perpendicular to the principal diffusion tensor axis and is readily detected because of the high
quality of the relaxation data. A novel procedure, COPED if@@rison of Pedicted and Eperimental Dffusion

tensors) is presented for distinguishing genuine motions from the effects of anisotropy by comparing experimental
relaxation data and data predicted from hydrodynamic analyses. The procedure shows excellent agreement with the
slow motions detected from the axially symmetric model-free analysis and represents an independent procedure
for determining rotational diffusion and slow motions that can confirm or refute established procedures that rely
on relaxation data. Our findings show that neglect of even small degrees of rotational diffusion anisotropy can
introduce significant errors in model-free analysis when the data is of high quality. These errors can hinder our
understanding of the role of internal motions in protein function.

Abbreviations:DHFR, Escherichia colidihydrofolate reductase; T longitudinal relaxation time constant;,T
transverse relaxation time constant; CPMG, Carr—Purcell-Meiboom-Gill; NOE, nuclear Overhauser effect; 2D,
3D, two-, three-dimensional; DHNADPH, 5,6-dihydronicotinamide adenine dinucleotide phosphate, reduced;
EDTA, ethylenediaminetetraacetic acid; DTT, dithiothreitol; ns, nanosecond; ps, picose&mndjcrosecond;

ms, millisecond; PDB, Protein Data Bank.

Introduction and elastic incoherent neutron scattering. However,
conclusive evidence of a functional role for motions

Many treatises have recently appeared championing aremains speculative, due in part to the mechanistic

functional role for motions in proteins (Cannon et al., interpretation of the experimental results and the ac-

1996; Young and Post, 1996; Frauenfelder and McMa- curacy of the motional models chosen to describe

hon, 1998; Zhou et al., 1998) based primarily on data internal dynamics.

from a variety of biophysical techniques such as NMR The model-free formalism of Lipari and Szabo
(1982a, b) has been extensively used to extract de-
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ation data (T, T2 and {{H}-X NOE). This formalism b, 1996; Mandel et al., 1996; Luginblhl et al., 1997;
describes internal dynamics in terms of an overall Gagné et al., 1998).

rotational diffusion tensor for the molecule, and a gen- In this paper, model-free analyses assuming
eralized order parameter{Sand internal correlation  isotropic and axially symmetric diffusion tensors are
time (t¢) for each nuclear spin. The order parameter presented for relaxation data on a ternary com-
provides a direct physical interpretation of dynamics, plex of dihydrofolate reductase (DHFR) with folate
and for this reason, the model-free analysis has beenand 5,6-dihydroNADPH (DHNADPH). Assumption
preferred over other methods, such as direct mapping of isotropic tumbling in this weakly anisotropic sys-

of the spectral density function (Peng and Wagner, tem (D/D; = 1.18) results in the attribution of
1992; Farrow et al., 1995), to analyze NMR relaxation erroneous motions, mostly exchange contributions, to
data. ~50% of the residues. There is also a significant

The integrity of the results from model-free change in the Sfor residues requiring erroneous ex-
analyses, specifically the assignment of motions on change terms. Thus, accurate characterization of the
timescales that are potentially important for protein diffusion tensor is a necessary prerequisite for ob-
function, has recently been questioned. For well- taining reliable results from the model-free analysis.
structured proteins, nuclear relaxation is dominated by Methods for determining the degree of rotational dif-
the overall tumbling which can be described by the fusion anisotropy from relaxation data (Briischweiler
rotational diffusion tensor. Accurate determination of et al., 1995; Tjandra et al., 1995b; Zheng et al., 1995;
the diffusion tensor is crucial for separating the effects Lee et al., 1997) depend on recognition and exclusion
of overall motion from internal motions and hence ex- of residues displaying significant internal motion from
tracting reliable model-free parameters. Thus, Korzh- the analysis. This is usually achieved usingTh ra-
nev et al. (1997) have demonstrated that an incorrecttios, but is difficult in non-isotropic systems (Kroenke
overall correlation time ) can be derived from the et al., 1998). In this paper, we introduce a novel
T41/T2 ratios when motions in a protein are extensive procedure for identifying genuine motions in the pres-
and are dominated by fluctuations on the nanosec- ence of anisotropic tumbling. This procedure, termed
ond timescale: these motions can go undetected in COPED (CQnparison of Pedicted and Eperimental
the subsequent model-free analysis. The assumptionDiffusion tensors), identifies motions by comparing
of isotropic rotational diffusion in model-free analyses diffusion coefficients determined from relaxation data
is commonly made to simplify the model-free spectral and from hydrodynamic analyses. Motions identified
density function. It has recently been shown, however, from the COPED analysis are in excellent agreement
that neglect of anisotropic tumbling in the model-free with motions determined from the axially symmetric
analysis can result in the introduction of erroneous model-free analysis for the ternary DHFR complex.
motional models on both the ns and ms+timescales,
depending on the orientation of the NH vector with
respect to the principal axis of the rotational diffu- Theory
sion tensor (Barbato et al., 1992; Schurr et al., 1994;

Tjandra et al., 1995a, b, 1996; Mandel et al., 1996; Axially symmetric model-free spectral density
Luginbiihl et al., 1997; Gagné et al., 1998). It is still function

unclear, however, to what extent inaccuracies in the The model-free method (Lipari and Szabo, 1982a, b)
description of overall rotational diffusion can affect has been used extensively to extract information on
the model-free analysis and how genuine motions can motional amplitudes and timescales. For proteins that
be distinguished from artifacts resulting from use of display axial symmetry, the R and By components

an incorrect diffusion model. of the diffusion tensor are equal, and overall rotational

Previous model-free analyses assuming isotropic diffusion can be described by three parameterthe
diffusion for systems that tumble anisotropically sug- angle the NH vector makes with the principal axis of
gest that the effects of neglecting the anisotropy are the diffusion tensor, and Pand Dy, the diffusion
only moderate, leading to a small number of erroneous coefficients parallel and perpendicular to the principal
motions on the ns or mgss timescales. Moreover, the  axis of the diffusion tensor, respectively (Woessner,
value of $ seems to be largely unaffected (Barbato 1962). These terms are related to the model-free spec-
etal., 1992; Schurr et al., 1994; Tjandra et al., 1995a, tral density function for axially symmetric overall ro-

tational tumbling, e.g. (Halle and Wennerstrém, 1981;
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Hydrodynamic analyses based on atomic coordinates
represent an alternative procedure for estimating the
diffusion tensor (Woessner, 1962; Garcia de la Torre,
1981). In this procedure, all motions are assumed to
be fast. Thus, differences in the local diffusion co-
efficients determined experimentally from relaxation
data and predicted from hydrodynamic calculations
can potentially distinguish genuine motions from the

Lipari and Szabo, 1982a,b; Schurr et al., 1994; Zheng relies on excluding spins undergoing slow motions
etal., 1995): (te > 100 ps. Note that in this paper slow motions
3 refer to both ns and mgs motions) from the analysis
J(0) = 2 52 Z AR and on the distribution of NH bond vector orienta-
S) a1+ wzr,f tions in the diffusion frame (Lee et al., 1997; Kroenke
3 At et al., 1998). Identification of residues exhibiting slow
+ (1 _ 52> [ Z %” (1) motions can be difficult using methods based primar-
k=13 14 (01)) ily on T1/T> ratios, particularly when the protein is
. . . . dominated by slow motions (Korzhnev et al., 1997)
in which Ay = (3/4)sir’6, Az = 33|r?6_co§ o, or displays anisotropic rotational diffusion (Kroenke
Az = (3co¥6 — 1)2/4, and the correlation times etal., 1998)
11, 12 and T3 depend on the rotational diffusion co- v '
efficients by the relationst; = (4D +2D1)7% T2 Detecting motions in the presence of anisotropy —
= (D +5D1)"%, 13 = (6D1)"". The generalized ~popgp
order parameter & describes the amplitude of the
internal motion and can range from O for unrestricted
motion to 1 for a fixed vectorx;( is the effective
correlation time and is dependent og the internal
correlation time for fast internal motionsd <« tk):
‘C;( = tte/(tk + Te). If Te is fast and the internal
motion is in the extreme narrowing limityte <« 1,
Equation 1 becomes:

2 3 A effects of anisotropy. In the principal axis frame of the

2 kT . IS .
J(@)=¢198 > 1T o2 2) axially symmetric diffusion tensor, differences can be
k=1.3 k easily evaluated from the linear relationship (Lee et al.,

For isotropic tumbling, the three components of 1997):

the diffusion tensor are equal {9 = Dz; = Dyy = .
Dyx) and the effective rotational correlation time is D = Diso — (3 cog 0 — 1) (Dy = DL)/G ®)

constant, described by a single correlation timg (5 which Digg= (2D, + Dy) /3. Using Equation 3,

= 1/6Diso). Since rotation of a sphere will be ran- e show that genuine motions in the ternary DHFR
dom, there is no dependence 6nthe value of A complex can be distinguished from the effects of
is meaningless and the equation reduces to the well- anisotropy by Comparison of the local diffusion co-
known isotropic model-free spectral density (Lipari efficients calculated from relaxation data and from

and Szabo, 1982a,b). hydrodynamic analyses, a procedure we term COPED.
_ . _ . Application of COPED to the ternary DHFR complex
Detection of anisotropic tumbling studied here shows that COPED is superior to the

The degree of anisotropy can be determined ex- isotropic model-free analysis for identifying motions
perimentally from the local diffusion coefficients in the presence of anisotropic tumbling. The results
(Di=1/6t¢i) (Bruschweiler et al., 1995; Lee et al., from COPED are in excellent agreement with a model-
1997) or R/Ry ratios (Tjandra et al., 1995b; Zheng free analysis assuming axially symmetric rotational
et al., 1995). Expressions for transforming the struc- diffusion.

tural coordinates from the molecular reference frame

to the diffusion reference frame for isotropic, axially

symmetric and anisotropic diffusion models based on Materials and methods

local diffusion coefficients have been described by

Brischweiler et al. (1995) and Lee et al. (1997). For Sample preparation

the axially symmetric diffusion tensor, values of D 1®N-labeled DHFR was expressed i coli BL21

D; and6 are determined by non-linear least squares (DE3) cells using a pET-22b-derived plasmid (kindly
optimization, and are used to describe the diffusion provided by S.J. Benkovic) in minimal medium con-
tensor in the axially symmetric model-free analysis taining (°NH4)>S0y (2 g/l). Expression and purifica-
(Equation 1). The accuracy of the diffusion tensor tion were performed as described previously (Miller
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and Benkovic, 1998). The NMR sample was prepared
by exchange into argon-saturated NMR buffer (0.1 M
KCl, 1 mM EDTA, 1 mM [2H]DTT, 50 mM potas-
sium phosphate, pH 6.8) by elution from NAP-5 or
NAP-25 columns and concentrated to a volume of
~300pL. DHFR concentration was determined spec-
trophotometrically using a molar extinction coefficient
of 31100 M1 cm™! (Epstein et al., 1995). Stock
0.1 M samples of folate (Sigma) and DHNADPH
(kindly provided by S.J. Benkovic and G.P. Miller)
were prepared in NMR buffer, and added to the DHFR

sample so that both cofactor and substrate were in ap-

proximately sixfold excess. The final concentration of
DHFR in the NMR sample was'1.7 mM.

NMR spectroscopy and data processing
The 15N relaxation parameters,;T T2, and steady-
state £H}-°N NOEs, were acquired using pulse

Isotropic model-free analysis

Model-free analysis assuming isotropic rotational dif-
fusion was performed using the method described by
Mandel et al. (1995). Five motional models were used
to fit the relaxation data after initial estimation of
from the average T, ratio. These are: Model 1 {§
Model 2 (£ andte); Model 3 (£ and Ry); Model 4

($?, 1e and Ry); Model 5, the extended model pro-
posed by Clore et al. (1990a). Relaxation data were fit
to the dynamic models using the program ModelFree
(version 3.1; Palmer et al., 1991) by minimizing the
x2 error function, as previously described by Mandel
et al. (1995). Five hundred Monte Carlo simulations
were used to obtain statistical uncertainties. The good-
ness of fit between the experimental data and motional
model was assessed by comparing the minimal value
of the x2 function at the 95% confidence level (the
a 0.05 critical value) of thex? distribution de-

sequences described by Farrow et al. (1995) on Brukertermined from Monte Carlo simulations. F-statistical

DRX and AMX Il spectrometers operating ¥ Lar-
mor frequencies of 600.13 and 500.37 MHz, respec-
tively. Spectra were recorded at 306.4 K (calibrated
with neat methanol (Orbons et al., 1987PN T, and
NOE data were acquired at both frequenciésl T,
data were acquired at 600 MHz only. Ten differeat T
relaxation delay time points were collected at 10, 50,
100, 200, 400, 700, 1000, 1500, 2000 and 3000 ms.
Duplicate data sets were acquired for delays of 10,
400, and 1500 ms. ThezTdata were acquired at 6,
22, 42, 70, 122, 162, 202, 282 and 362 ms, with

testing as described by Mandel et al. (1995) was used
to select the appropriate motional model for each spin.
The more complicated model was rejected where the
reduction ofy? was less than the = 0.10 critical
value for random statistical improvement. The internal
parameters for the selected models of each NH vector
were then simultaneously optimized with the global
correlation time. If necessary, the selection procedure
was cycled to obtain a convergent, self-consistent de-
scription of the data. We note that other workers (Phan
etal., 1996) have excluded Model 5 from model selec-

duplicate measurements at 6, 70 and 202 ms. The de-tion since this model can introduce erroneous motions
lay betweent®N 180 pulses in the CPMG sequence to compensate for anisotropic tumbling. Thus, in addi-
was 1 ms. The H}-1°N steady state heteronuclear tion to F-testing, spins were assigned to Model 5 when
NOE was acquired in an interleaved manner in which the next best fit model (normally Model 2) exhibited a
each individual FID was collected with and without large value forg? (normally in excess of 40).
proton presaturation. Theé'f}- 1°N NOE experiment
was repeated four times. Recovery delays of 2.5 s, Structure coordinates
2.5sand 4.0 swere employed forthg T,,andNOE A 3D structure for the ternary DHFR:folate:
measurements, respectively. DHNADPH complex has not been reported. A re-
Data were processed using Felix95 (Molecular cent survey by Sawaya and Kraut (1997) on over 45
Simulations, Inc.). Time domain data were zero-filled X-ray structures o. coli DHFR complexes showed
once and apodized with exponential, cosine-squaredthat the 3D structures are highly conserved except in
or Lorentzian-to-Gaussian window functions, depend- regions involving loop 1 (residues 9-24), and fife
ing on the degree of resonance overlap, T, and BG loop (residues 117-131). The loop 1 region adopts
NOE values were determined from peak heights as three distinct conformations, termed open, closed and
described by Stone et al. (1992, 1993) using in-house occluded in various crystalline forms. These three con-
macros and/or programs provided by A.G. Palmer. formations are characterized by the coordinate sets
Uncertainties in NOEs were calculated as described designated 1ra2, 1rx2, and 1rx7, respectively in the
by Nicholson et al. (1992). Brookhaven Protein Data Bank and these were used
as inputs for hydrodynamic and inertia tensor calcu-
lations. Hydrogen atoms were added using Insightll



(Molecular Simulations, Inc.) and the resulting struc-
tures were subjected to 50 cycles of Powell minimiza-
tion to alleviate poor non-bonded contacts.

Hydrodynamic calculations and inertia calculations
Hydrodynamic modeling and inertial tensor calcula-
tions were performed on the X-ray coordinates using
an in-house program, MASH (written by Ishwar Rad-
hakrishnan), which incorporates the HYDRO suite of
programs of Garcia de la Torre (1981). Each residue
was modeled as a single bead centered on the C
atom. The viscosity was that of water at 306.4 K.
The C* bead radius was altered until the error func-
tion, I’ = Zniz, was minimized, wherai2 compares
the goodness of fit of the calculated local diffusion
coefficients (Dpreg) with the experimentally deter-
mined local diffusion coefficient (Rxp). Values and
errors for Deexp Were obtained from T, ratios at
600 MHz using the ‘tmest’ program (Palmer, 2000).
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subsequent fitting of the diffusion tensor described in
the next section. Spins undergoing ms-or ns—ps
timescale motions were identified from negative or
positive values, respectively, ofilp — Dipred, in
addition to exhibiting large values of.

Calculation of the diffusion tensor from/IT» ratios

The principal components ¢ Dxx, Dyy), D1 and

Dy, and the orientation of the diffusion tensor relative
to the molecular frame were calculated using the pro-
gram quadric_diffusion kindly provided by Dr. Arthur
Palmer (Lee et al., 1997; Palmer, 2000). In the ab-
sence of a structure for the specific ternary complex
studied herein, we fittedRyp to the three coordinate
sets 1rx2, 1rx7 and lra2. Residues undergoing sig-
nificant internal motions on the ps—ns timescales and
ms—u.s timescales were identified by COPED and ex-
cluded from the calculations. F-statistical testing was
used to evaluate the significance of the isotropic, ax-

If desired the COPED procedure can be repeated afterially symmetric and anisotropic tensor models in the

removal of residues exhibiting slow motions; however,

this is generally unnecessary since the diffusion tensor

from hydrodynamic modelling is largely independent
of the relaxation data (see Results below). Coordi-
nates of the structure are output within the frame of
reference of the diffusion tensor. Other output from
the program includes the locéland¢ angles for NH

or other bond vectors (with respect to the diffusion
tensor frame), the local correlation time; and the
principal components of the global rotational diffusion
tensor.

Identifying genuine motions using COPED for
estimation of the diffusion tensor

The calculated diffusion tensor from the program
MASH was used to predict the effects of axially
anisotropic tumbling on local diffusion coefficients
(Di(preg) by solving the linear relationship given in
Equation 3. The experimental local diffusion coeffi-
cient (D(exp) for each NH spin was plotted versus
the value of6 determined from the MASH analysis
to graphically identify residues undergoing motions.
The goodness of fit between diffusion coefficients,
calculated from the relaxation data and the predicted
diffusion tensor, was estimated by statistic (N.B.:

to prevent confusion with thg? error function used in
the program ModelFree, the symb¢ is used here)
defined asm? = (Diexp — Dipred/0)?, Whereo is
the uncertainty in Rexp. Residues exhibiting small
values ofni2 were identified as having fast motions
(see Results for further details) and included for the

analysis.

Axially anisotropic model-free analysis

The program ModelFree (version 4.01; Palmer, 2000)
was used to optimize Equation 1 based on the fol-
lowing relaxation data sets:1®&o0, T2600, T2(500.
NOEegog and NOEsqq. Initial, fixed, values of the
diffusion tensor §, D, and O;) were obtained from
the rotational diffusion analyses. Based on these val-
ues, models were selected for Models 1 to 4 in an anal-
ogous manner to the isotropic model-free approach.
We note that no theoretical derivations have been re-
ported for axially symmetric overall diffusion and a
spectral density function for Model 5. Thus, spins
requiring the two-timescale model were confirmed us-
ing other means (e.g. failing the linear relationship in
Equation 3).

Based on the selected motional models, the overall
rotational diffusion tensor (fb, D;/D1, and6) was
optimized simultaneously with the internal motional
parameters for each spin. We optimized the diffusion
tensor based on spins fit with Models 1 to 4 and a sub-
set of these spins which satisfied the data according to
thea = 0.05 critical level.

Relaxation data simulations

Relaxation data (R Rz and NOE) were simulated us-
ing in-house programs. Simulations assumed either an
isotropic or an axially symmetric diffusion tensor. In
general, random values 6f and/or internal motional
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parameters within a specified range were used. Spe- !
cific details for the simulated data sets are given in the =T
Results section. ¥ ¥ =
* - i i -'-h i = L f' kg o I
2T AR Y e
] i

L

Reduced spectral density mapping

The reduced spectral density provides values (@),
J(wn) andJ(0.87wy) from the relaxation data by as-
suming that the variation id (w) is smooth between iy
J(oH + on) andJ (o — wn). In the present case, we

solved the modified spectral density equations using

L T
the method proposed by Farrow et al. (1995). Values of iyl #ﬁﬁ L) '1- Wiy, 'w.:;i
. F"'.H" 3 »i,

s
LY

S? were estimated from the reduced spectral densities &
as described previously (Leféevre et al., 1996; Bracken
etal., 1999). : ’ : 1 o

Results and discussion Ly

Myt g s ante s daly ,l-ﬁv:'ﬁﬂ.
- o

R1, Rz, and NOE data . 5 |
The assignments for the ternary DHFR:folate: iy d
DHNADPH complex will be described elsewhere : : !
(M.J. Osborne and P.E. Wright, in preparation). At Nl
600 MHz, 115 of the backbontH-15N cross peaks  Figure I1. PlﬁtSEOf @ ?* (b) Rz% an_old (©) the b%H}; l5Nh het-
were sufficiently well resolved to allow accurate in- eDrgE‘;zc_?;;te_DHf\‘;gP‘;”gg‘r’;‘pI‘(’EX_reDS;t:ea:quﬂegrlmolfréqi;ﬁf”ary
tensity measurements; at 500 MHz, this number was cies of 600 MHz and 500 MHz are shown as black and red circles,
85. respectively.

The relaxation data are shown in Figure 1 as a

function of residue number. Standard errors obtained ) ) ) o
from multiple data sets show the data to be of high The effects of anisotropic rotational diffusion on the

quality: the average errors are 1.2% for theeBy model-free analysis, however, are highly dependent
data set; 1.7% and 1.6% for thexfo and Rysoo, on the distribution ob for the NH vectors (Lee et al.,
data sets, respectively, and 3.5% and 4.5% for the 1997). The maximum change ir; predicted for the

NOEgopand NOEsoo data sets, respectively. These anisotropies described in Table 149.77 ns. This _is
errors are small and are unlikely to bias the selection MUch larger than the average error associated wjth

procedure in the model-free analysis towards the sim- (~ 0-13 ns), indicating that the relaxation data Wi!l be
pler model when internal motions are present (Mandel Influenced by the anisotropy (Tjandra et al., 1996; Lee
etal., 1995). et al., 1997). Given the relative spatial arrangement

of the secondary structure elements in DHFR, an even
Hydrodynamic and inertia tensor calculations distribution of NH vectors with respect to the diffusion

The diffusion parameters calculated by hydrodynam- tensor is expected. Thg present data, therefore, pr_ovide
ics for the three representative sets of coordinates of an egcellen.t op_portumty to study. the effects of slight
DHFR complexes are shown in Table 1. A Gead rotatlopaldlffusmn anisotropy on isotropic model-free
radius of 3.19 A was required to minimigefor each analys!s and compare t_he results to. thg quel—free
coordinate data set. The inertia and diffusion tensors analysis assuming an axially symmetric diffusion ten-
are almost collinear (data not shown). The predicted sor model. Moreover, the data will test the usefulness
anisotropy for DHFR is small and, based on previous .Of the COPED procec_iure for identifying slow motions
studies, is not expected to greatly influence the model- in the presence of anisotropy.

free analysis under the assumption of an isotropic

diffusion tensor (Barbato et al., 1992; Schurr et al.,

1994; Tjandra et al., 1995a, b, 1996; Mandel et al.,

1996; Luginbihl et al., 1997; Gagné et al., 1998).

NiA
L]
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Table 1. Calculated diffusion parameters from hydrodynamic anafy/ses

PDB ch (ns) 2D12/(DXX + Dyy) Dxx/Dyy Rexc nS—p§|

1rx2  9.02 1.16 1.06 58, 9, 52, 94, 112, 2,16, 18, 19, 34, 47, 57, 59, 6467, 68, 69, 77, 78,
127,128 133 79, 81, 83, 8688, 107,120, 121, 140,143 150,159

1rx7  9.05 1.16 1.06 538, 9, 94, 112,127, 2, 16, 18, 19, 34, 47, 59, 6267, 68, 69, 77, 78, 79,
128 133 81, 83,86, 88, 107,120, 121, 140,143 150,159

lra2  9.07 1.16 1.06 58, 9, 94, 112127, 2,16, 18,19, 34, 47, 59, 6267, 68, 69, 77, 78, 79,
128 133 81, 83,86, 88, 107,120, 121, 140,143 150,159

aTo minimizeT a value of 3.19 A was required for thé*®ead radius for all sets of coordinates.

brc = (6Diso) L, Diso = (Dzz + Dxx + Dyy)/3.

Determined from residues with a negative value fgef) — Di(preg and satisfying]i2 > 6 (all residues) an@h2 > 15 (bold).
dpetermined from residues with a positive value fQrey — Dipreg and satisfying]i2 > 6 (all residues) ancﬂi2 > 15 (bold).

Model-free analysis assuming isotropic tumbling

The global, isotropic correlation timg was estimated

_ 4 B B4 ' :
Estimation oftc ., TaaAl e o
s A -'H';t‘i‘ 5 *"’.' .}':‘;'h'ﬁ

from the To/T> ratios of residues exhibiting fast mo- ) ' '
tions. Exchange contributions for residues 8, 9, 94, W '

128 and 133 were identified using the procedure of - | 4
Tjandra et al. (1996). Residues undergoing motions : ] .
slower than 100 ps and faster thenwere identified [

from low NOE values £ 0.65 at 600 MHz) (Kay et al.,
1989b).1. was then estimated to be 8.980.05 ns
from the mean T/T> ratio of the remaining residues;
the 10% trimmed weighted mean /T, ratio yielded
a very similar value of 9.0% 0.05 ns.

Model selection . i
Isotropic model-free analyses were performed at two =

fields for the 85 residues that could be resolved at both = .
500 and 600 MHz. A single field analysis for the 115 L O gé §
residues resolved at 600 MHz was also performed. The . et o F

e

model-free parameters reported are for the data cal- ; F i 1
culated at two fields unless the amide resonance was Mesidar Numbr
not resolved at 500 MHz; in this case, the single field Figure 2. Plots of the isotropic model-free internal motional pa-

600 MHz) values are reported erms are quoted rameters 3 (a) and Ry (b) as a function of residue number for
1Eor 600 M|2|Z P ek q the ternary DHFR—folate—_DHNADPH complex. Black circles cor-

) ) o respond to values obtained using model selection for an initial
To obtain a convergent, self-consistent description rotational correlation timet) of 8.98 ns obtained from the;TT>

of the data it was necessary to cycle the model- ratio (see text). Red circles describe internal motional parameters
selection process three times. Table 2 summarizes theselected for a rotational correlation time:) of 8.70 ns, which was
) . . the final optimized value, obtained after the third cycle of the model

selected mOdels at (j_lffereqt cycles of the analysis for sejection procedure (see text). For clarityRialues <8 s-1 are
both two-field and single-field (600 MHz) analyses. displayed (b). Residue 9 has ag,Ralue greater than 10°$ for
Figure 2 shows values foP%ind Ry calculated after ~ both analyses and is not represented in panel b.
optimization at the initiak¢ (8.98 ns) and the final;
(8.70 ns).

The number of residues requiring ns motions
(Model 5) is independent of the value of (Table 2).
This is due, in part, to the stringent criteria used in

assigning spins to Model 5 (for other reasons, see

below). The most striking feature of the analyses is
the influence of the rotational correlation timg, on

the selection of motional models and hence on the
assignment of internal motions to individual spins.
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Table 2. Model selection for isotropic model-free analysis

Two field Single field
Cyce tw(s) & P FPRx FPreRx RKF whs) F FPre FPRx SPteRex RS
Initial 8.98 23 19 23 10 10 8.98 40 32 24 8 11
2 8.83 13 15 36 11 10 8.82 34 16 44 10 11
3 8.70 13 9 38 15 10 8.69 29 12 49 14 11
Diff -0.28 -10 —-10 +15 +5 0 -029 -11 —-20 +25 +6 0
L de
-
nan Yo7 3 w
i * R ﬂ!l e g
0.78 L Pttt ariay
-
y 0.76 i ‘ * "-‘ h.-“l.
r_ il 51 - T i *
* BT | " Py - N
0,74 a5’ R, 7, = R i Sy ey
Bt ' ; - S,
0.72 .y
(I +
] bl L5 1
2.50 +
-
(hi "
2.00 H
i o= ! - -
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Figure 3. The effects of the rotational correlation timgand axially symmetric rotational diffusion anisotropy oh(8), Rex (b) and the error
function, X2 (at thea = 0.05 critical value) (c) on the isotropic model-free analysis. Relaxation dataRRRand NOE) were simulated for
100 spins with internal motional parameters 6fS 0.8, Rex = te = 0. § was randomly assigned a value between 0 arfd 8@ degree

of axially symmetric anisotropy, /D was set to 1.3 and 1/6fy = 8.98 ns. Errors for R, R, and NOE were 1.2%, 1.7% and 3.5%,
respectively. The vertical dashed line represents the isotropic case £.64.7°). Solid circles represent model-free parameters obtained by
fitting the simulated relaxation data to Model 1 (optimizir?gc&ly) for correlation times of 8.98 ns (black circles) and 8.70 ns (red diamonds).
Model-free parameters obtained using Model %Qﬁd R.x) are represented by green circleg & 8.98 ns) and blue diamonds(= 8.70 ns).

The simulated data were fitted assuming isotropic tumbling.
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A decrease it markedly increases the number of the remaining four models. Errors foriRRp, and
spins requiring exchange contributions and amplifies NOE were set to 3%, 2.5% and 3.5%, respectively.
the magnitude of the & term for residues initially =~ Using the criteria of Tjandra et al. (1996), ngferms
assigned to model 3. At the final value of, 58% were detected and the estimatedrom the T;/T» ra-
of the spins require an exchange term for an ade- tio yielded an elevated. value of 9.47 ns. Isotropic
guate fit. Moreover, inclusion of & is accompanied = model-free analysis (at the elevated fit 81% of the
by a reduction in the value of the order parameter for residues to Model 1 and only 11% of the residues to
residues requiring thedRterm (e.g. residues 23-44, Model 3. Thus, the elevated value compensates for
Figure 2). Alternatively, residues requiring ns motions the exchange contributions to; and most residues
(fits to Model 5) exhibit an increased value & \Bith with genuine Ry terms are described by the simplest
decreasingt; (e.g. residues 67-69, Figure 2). No- model.
tably, order parameters are unaffected for residues fit  Thus, model-free analyses using the simulated data
by Models 1 or 2 for both values of; (e.g. 76-86, demonstrate that inaccurate description of the diffu-
Figure 2). In addition to the substantial increase in sion tensor (even for isotropic tumbling) gives rise
the number of exchange terms, 22 spins display statis-to erroneous motions. For anisotropic tumbling the
tically significant differences (at the 95% confidence diffusion tensor can be calculated from the depen-
level) in 2 between the two data sets and these are dence of T and T, data on the angles of the NH
generally associated with a change in model selection. bond vectors relative to the axes of the diffusion ten-
The behavior observed in the isotropic analysis of sor (Brischweiler et al., 1995; Tjandra et al., 1995a;
the experimental data can be rationalized by isotropic Zheng et al., 1995; Mackay et al., 1996; Lee et al.,
model-free fits to simulated relaxation data shown in 1997). However, it is essential to exclude residues
Figure 3 (see figure legend for details). The simu- exhibiting slow motions from these calculations to ob-
lated data are fit equally well (as shown g¥) by tain an accurate diffusion tensor (Lee et al., 1997,
Model 3 with the correctc (8.98 ns) or with areduced  Kroenke et al., 1998). Novel NMR experiments and
1¢ (8.70 ns). The graph also shows the substantial procedures have appeared attempting to detect slow
errors in $ that result from neglect of anisotropic tum- motions (Akke et al., 1996, 1998; Zinn-Justin et al.,
bling, which are discussed in detail in a later section. 1997; Fushman and Cowburn, 1998; Fushman et al.,
However, even when tumbling is isotropic, i.e. when 1998, 1999; Kroenke et al., 1998; van Tilborg et al.,
(3co¥6 — 1)/2 = 0 in Figure 3, failure to identify ~ 1999; de Alba et al., 1999), but these require addi-
the correcttc leads to the assignment of erroneous tional relaxation data, which can be time-consumingto
motions and a change irf 3n this case, an &term is acquire, and require highly stable samples. Addition-
required to fit the data to compensate for the effective ally, procedures have been developed for improving
increase in 3 at the lower, incorrect; value. The the estimation ofcc (Mandel et al., 1996; Lee et al.,
issue for the present experimental data for DHFR is 1997; Yao et al., 1998), but these largely neglect the
whether the observed exchange terms are genuine oreffects of rotational diffusion anisotropy. The COPED
are artifacts arising from an incorrect description of analysis provides a simple procedure for identifying
the diffusion tensor. slow motions in the presence of anisotropy to help
The diagnostic proposed by Tjandra et al. (1996) better define the diffusion tensor and corroborate or
predicts that only six residues in DHFR exhibit ex- refute model-free results. The procedure requires only
change contributions. It is important to note, however, T1 and T, data, and therefore places no extra demands
that the protocol of Tjandra et al. (1996) and other on sample stability. Additionally, since the diffusion
procedures based on /T, ratios can break down in  tensor determined from COPED is insensitive to the
identifying Rex terms for a protein that is dominated relaxation data, it represents an independent proce-
by ms-us fluctuations. In such a casgwill be over- dure for confirming the experimentally determined
estimated from the i/T> ratio, and most of the spins  diffusion tensors and for detecting motions.
displaying smaller exchange terms will be fit to Model
1 during model selection. This was verified using ldentifying genuine motions in proteins that tumble
simulated data for an isotropically tumbling protein anisotropically using COPED
(tc = 8.96 ns) for which 70% of the residues had Table 1 reports the predicted degrees of anisotropy
exchange terms ranging from 0.3 to 2:5'sThe re- for the open, closed and occluded conformations of
maining residues were randomly assigned to one of DHFR based on hydrodynamic calculations using the
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Figure 4. Graphical representation of the COPED analysis for the
DHFR—folate-DHNADPH complex. (a) Diffusion coefficients de-
rived from hydrodynamic modeling using the program MASH are
plotted as a function of3cof6 — 1)/2 (solid line). Experimental
diffusion coefficients, Rexp), calculated from the /T, ratio are
shown as open circles. The valuesbofiere obtained after rotating
the structural coordinates (1rx2 in this example) to the principal axis
frame of the diffusion tensor determined using MASH. Residues
identified as having slow motions fall above and below the pre-
dicted diffusion tensor for ns and mss-timescales, respectively.
(b) The black line shows diffusion coefficients determined from the
diffusion tensor calculated from experimental relaxation data, for
residues identified as undergoing fast motions by COPED, using
the program quadric_diffusion (Lee et al., 1997). The diffusion
coefficients predicted from the MASH analysis are shown for com-
parison (red line). Rexp values for NH bond vectors exhibiting
fast motions are represented by open circles.

program MASH. The predicted linear relationship
between the Pand (3co$6 — 1)/2 (Equation 3),
assuming axially symmetric rotational tumbling, is il-
lustrated graphically in Figure 4a. {Dalues derived
from the coordinates for the closed conformation,
1rx2, are plotted. Similar results were obtained for
coordinates representing the open and occluded con
formations.) The experimental values of (Djexp)
are also shown in Figure 4a for valuesafetermined
from the hydrodynamic calculations.

The agreement of the relaxation parameters pre-
dicted from hydrodynamic calculations and the ex-

perimental data is excellent (Figure 4a, Table 1) and
clearly indicates that the prevalent slow timescale
(Rex) motions required to describe the relaxation data
in the isotropic model-free analysis are incorrect. Ad-
ditionally, the relaxation data are accurately described
by the angle® for the majority of spins, justifying the
inclusion of such data as restraints in structural cal-
culations for residues that are known to undergo fast
motions (Tjandra et al., 1997; Cordier et al., 1998). In-
deed, the good agreement for the majority of residues
indicates that the ternary DHFR complex studied in
this paper does not differ considerably in solution from
the X-ray coordinates, and vindicates their use as input
structures in the following model-free analyses. Fig-
ure 4a can be used to distinguish genuine motions from
the effects of anisotropy, since the linear relationship
described in Equation 3 only holds true for residues
undergoing very fast motions. Thus residues with D
values that lie above the predicted line are likely to
exhibit motions on the ps—ns timescale whereas val-
ues below the predicted line will havesRterms. In
Table 1 we list residues exhibiting > 6 for all three
sets of DHFR coordinates and use this criterion to
identify slow motions (Note that the valueqﬁ is sys-

tem dependent and does not allow for a general cutoff
value to be recommended. A more detailed discus-
sion is presented later.) The COPED analysis predicts
that only eight to nine residues in the ternary DHFR—
folate—DHNADPH complex exhibit motions on the
ms—.s timescale. Importantly, repeating the COPED
procedure after excluding the slow motions identified
above did not alter the Cbead radius or the degree
of diffusion, although the value df was substantially
decreased.

The excellent agreement for the experimental and
predicted local diffusion coefficients also indicates
that the relaxation data are not significantly influenced
by site-specific differences in the CSA (Fushman and
Cowburn, 1999).

The COPED procedure generally predicts the same
residues with internal motions, irrespective of the co-
ordinate set used. This reflects the similar backbone
structures and hence similar orientation of NH bond
vectors. The few discrepancies observed can be at-
tributed to small differences in the X-ray coordinates.

“Significantly, residues comprising regions exhibiting
the largest structural differences, i.e. residues in loop
1 (16,18,19) and th@F-8G loop (120,121) are pre-
dicted to undergo large-amplitude ns motions for all
three sets of coordinates. It is unlikely, therefore, that
the different orientations for these residues in the three



219

structure coordinates will bias model selection in the free analyses. In contrast, COPED vyielded identical
anisotropic model-free calculations. In Figure 4a we diffusion tensors for relaxation data including and ex-
have labeled residues that exhibit extremely hiéh cluding slow motions (see above). This demonstrates
values and which are therefore unlikely to be assigned a major advantage of using the COPED analysis to
an erroneous motion due to inaccuracies inherent in complement direct methods based ofiTh to deter-
the hydrodynamics calculations. mine the diffusion tensor. Firstly, COPED identifies
slow motions which are important to exclude when
Excluding the formation of aggregates using COPED determining the diffusion tensor fromy/lT; methods.
Formation of dimers or higher aggregates can lead to Secondly, COPED serves as an independent method to
an increase in the rotational correlation time (see e.g. assess the accuracy of thg'T,-derived diffusion ten-
Farrow et al., 1994; Fushman et al., 1997; Fairbrother sor. When large discrepancies arise between the two
et al., 1998) and can adversely affect the model-free diffusion tensors, the experimenter must carefully as-
analysis (Schurr et al., 1994; Fushman et al., 1997). sess the data. For example, differences can occur due
COPED clearly excludes the presence of a monomer—to the formation of dimers or higher aggregates, the
dimer equilibrium or higher aggregates which signifi- presence of extensive slow motions or even differences
cantly affect the relaxation data in the present DHFR in the structural coordinates and the solution structure,
complex, since the formation of aggregated species all of which can be detrimental to model-free analysis.
would alter the hydrodynamic properties of the protein
and it would not be possible to fit the experimental re-
laxation data to Equation 3 based on the hydrodynamic Effects of complete anisotropy
properties of the monomer coordinates. The degree of complete anisotropy x({dDyy) pre-
dicted from hydrodynamic analysis (Table 14{IDyy
Diffusion tensor refinement using quadric_diffusion ~ ~ 1.06) differs from the values calculated from
The diffusion parameters for the three X-ray coordi- quadric_diffusion when slow motions are excluded
nate sets calculated from experimentalTh ratios from the calculation (Table 3; R/Dyy ~ 1.02).
using the quadric_diffusion program are shown in Moreover, F-testing indicates that an axially sym-
Table 3. Residues exhibiting slow motions were iden- metric diffusion model best describes the relaxation
tified by COPED and excluded from this calculation. data. This is not surprising, since the spins included
Figure 4b plots Rexp versus(3 cog 6 — 1)/2 for NH in fitting the diffusion tensor with quadric_diffusion
bond vectors exhibiting fast motions and shows that were chosen based on their fits to Equation 3, which
the bond vector orientations are uniformly distributed assumes axially symmetric diffusion. It has been re-
and can therefore be expected to accurately define theported that degrees of anisotropic diffusion as low as
diffusion tensor. The diffusion tensor determined from Dxx/Dyy = 1.05 can be detected when the relaxation
quadric_diffusion does not differ significantly from data is of high quality (Lee et al., 1997). In the prin-
that obtained using COPED (Figure 4b), and is best cipal axis system of the diffusion tensor for complete
described by an axially symmetric diffusion tensor anisotropy, Dis dependent on a second angje de-
with D /D ranging from 1.17 to 1.18 and a value of fined as the position of the NH vector on the x-y plane

1.84x 10" s1 for Diso (1c = 9.05 ns) (Table 3). relative to the x-axis:
The degree of anisotropy from quadric_diffusion (3co€6 — 1) (2D, — [Dyy + Dax])
is virtually identical for all three coordinate sets, as Di = Diso— —

indeed are the statistics of the fits. This reflects the 2 12
similarity of the orientation of the NH vectors for the _ Sim6cos (Drx = Dyy) (4)
three structures and the fact that the largest structural 4

differences between them are in regions which un- where Qso = (Dzz + Dxx + Dyy)/3. The completely
dergo motions on the ns timescale and which were anisotropic component of the diffusion tensokD-
therefore omitted from the calculations. If residues Dyy) is dependent on the function $iitos2. Fig-
with slow motions identified from COPED are in- ure 5a shows the effects of complete anisotropy pn D
cluded in the quadric_diffusion calculation (final rows for ¢ values of 0, 45 and 9(for anisotropic rotational
of Table 3), a significantly higher diffusion anisotropy ~diffusion of DHFR (Dso = 1.85x 10 571, 2D,,/(Dxx

of D;/D, = 1.28 is calculated, resulting in selection + Dyy) = 1.19, Dix/Dyy = 1.05) (see Table 4 and fol-
of erroneous motional models in subsequent model- lowing section). Whel = 0°, the effects of complete




220

Table 3. Diffusion parameters for X-ray coordinates of DHFR fréfN relaxation datar(l.2 <62

Diso (1077 s71)  2D;4/(Dxx + Dyy) Dxx/Dyy 6 (radf ¢ (radP ¥ (radf X F
1rx2.pdb®
Isotropic 1.84£0.01 392
Axial® 1.84+0.01 1.18:0.01 1.46£0.04  4.8%0.03 81 97
Anisotropid  1.84+0.01 1.18:0.01 1.02:0.01  1.46:0.10 —1.66+1.20 —0.08£0.52 79 0.94
1ra2.pdbP9
Isotropic 1.83£0.01 379
Axial® 1.84+0.01 1.18:0.01 0.1#0.03  5.580.33 93 79
Anisotropid  1.84+0.01 1.18:0.01 1.02:0.01 0.1#0.03 —0.76£0.37 —0.70£0.75 91  0.99
1rx7.pdbbh
Isotropic 1.84£0.01 400
Axial® 1.84+0.01 1.17:0.01 1.610.04  4.86:0.04 102 76
Anisotropid  1.84+0.01 1.17:0.01 1.0#0.01 153005  1.651.52  1.451.21 99  1.03
1rx2.pdbi
Isotropic 1.88+£0.01 2564
Axial® 1.87+0.01 1.29:0.01 1.65:0.03  4.78:0.02 1559 24
Anisotropid  1.87+0.01 1.22:0.01 1.090.01 1.650.05 —1.514+0.87  0.3%-0.03 1495 2.4

@NH spins undergoing fast motions were identified by COPED. Only residuemﬁviﬂ"ﬁ were included in these fits.

bThe angle®, ¢ andy define the orientation of the diffusion tensor with respect to the coordinate frame of the inertia tensor.
CValues of Dexp for 80 residues were fit using the local diffusion approach.
dDiSO = DZZ = DXX = Dyy
®Diso = (2D + Dy})/3, Djj = Dzz, D1 = Dxx = Dyy, Dj/D = 2Dzz/(Dxx + Dyy).
"Diso = (Dzz + Dxx + Dyy)/3.
9Values of Qyexp for 81 residues were fit using the local diffusion approach.
hvalues of Q(exp for 82 residues were fit using the local diffusion approach.

iDi(exp) values for all 115 NH spins (including residues undergoing slow motions).

Table 4. Diffusion parameters for X-ray coordinates of DHFR frdAN relaxation datar(i2 <152

Diso (107 s71)  2Dz/(Dxx +Dyy) Dxx/Dyy 6 (rady ¢ (radP ¥ (radp X F
1rx2.pdb®
Isotropic 1.85£0.01 638
Axial® 1.85+0.01 1.19:0.01 1.6%0.03  1.66:0.03 184 77
Anisotropid  1.85+0.01 1.19:0.01 1.05:0.01 1.59-0.04  1.68:1.41 —0.10+0.17 165 5.2
1ra2.pdb9
Isotropic 1.85£0.01 596
Axial® 1.85+0.01 1.19:0.01 0.090.03  5.82:0.34 187 67
Anisotropid  1.85+0.01 1.18:0.01 1.04-0.01 0.0Z0.03 —0.51£0.48 —0.50:0.68 173 3.6
1rx7.pdih
Isotropic 1.85£0.01 581
Axial® 1.85+0.01 1.18:0.01 1.56:0.03  4.73:0.04 176 70
Anisotropid  1.85+0.01 1.18:0.01 1.05:0.01 1.56:0.04 —1.56+152 —1.46:1.40 160 4.4

aNH spins included in the analysis were identified from COPED. Residuesnﬁ/ith 15 were included in these fits.
PThe angle®, ¢ andy define the orientation of the diffusion tensor with respect to the coordinate frame of the inertia tensor.
“Values of Qe for 98 residues were fit using the quadric_diffusion approach.
9Djso = Dzz = Dxx = Dyy.
eDi50: (ZDJ_ + D”)/3, D” == Dzz, DJ_ == DXX == Dyy, DH/DJ_ == 2DZZ/(DXX + Dyy)
"Diso = (Dzz + Dxx + Dyy)/3.
9values of Q(exp for 96 residues were fit using the quadric_diffusion approach.
Mvalues of Q(exp for 96 residues were fit using the quadric_diffusion approach.
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Figure 5. (a) The effects of complete anisotropy opfdr ¢ values

of 0°, 45° and 90 (black, red and green lines, respectively) and
anisotropic rotational diffusion defined by;dg = 1.85 x 107 s~1,
2Dz7/(Dxx + Dyy) = 1.19, Dx/Dyy = 1.05. Predicted Pval-

ues derived from the quadric_diffusion fit (Lee et al., 1997) of the
structural coordinates, 1rx2, to the completely anisotropic tensor
(Table 4) are shown as circles. Spins exhibitiq*@; < 15 from
COPED were included in the quadric_diffusion analysis. Residues
in helix E (77-86) predicted to be sensitive to the effects of
complete anisotropy are marked (see text). (b) Plot showing the
experimental values of fyp (circles) and a plot of Pversus

(3cog6 — 1)/2 from the axially symmetric diffusion tensor deter-
mined from quadric_diffusion (blue line). Note that the errors are
generally much larger than the predicted effects tér@m complete
anisotropy.

anisotropy are negligible and Equation 4 reduces to
the axially symmetric case. Complete anisotropy has
the largest effect on Dwhen6 = 90° and¢ = 0°

or 9¢°. When¢ = 45°, Equation 4 again reduces
to Equation 3 and tumbling can be described by an
axially symmetric diffusion tensor.

To compensate for possible errors introduced by
complete anisotropy in identifying fast motions us-
ing COPED, we relaxed the criteria of the fits so
that spins exhibiting]i2 < 15 were included in fit-
ting the diffusion tensor. Subsequent analysis with
qguadric_diffusion shows that the data are now best
described by a completely anisotropic diffusion ten-
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sor (Table 4). Indeed, the statistical F-test indicates
that the completely anisotropic tensor for values of
niz < 15 better describes the data than the axially
symmetric tensor for values Qf <6 (F~D5).

Local D values predicted from fitting the com-
pletely anisotropic diffusion tensor for DHFR (coordi-
nates 1rx2) using quadric_diffusion on spins identified
using COPED with a cutoff ofi? < 15 indicate that a
number of residues are expected to be influenced by
complete anisotropy (Figure 5a). For example, NH
vectors comprising the E-helix (77-86), marked on
Figure 5a, are aligned predominantly perpendicular
to the principal diffusion axis and display val-
ues close to 0, and are thus sensitive to the small
Dyx/Dyy component of 1.05 (Table 4). Small uncer-
tainties ¢~ 0.065 ns on average fag;) are associated
with the spins in helix E, which is lower than the
change int predicted from the R/Dyy component
of the diffusion tensor 4t; ~ 0.09 ns). Accord-
ingly, these residues are expected to exhibit elevated
values for D due to complete anisotropy, explain-
ing the assignment of ps timescale motions to these
residues Whermi2 > 6 is used to determine motions
in COPED (Table 1). For most residues, however, the
uncertainty of the measurements .13 ns on aver-
age for ) is greater than the effects of complete
anisotropy on the relaxation data (Figure 5b). Thus,
the effects of complete anisotropy are not expected to
be large when an axially symmetric diffusion tensor
is assumed. Indeed, inclusion of residues sensitive to
complete anisotropy propagates only minimal changes
in the axially symmetric diffusion tensors (Tables 3
and 4) and is unlikely to substantially affect the axi-
ally symmetric model-free analysis, as shown in the
following section.

Model-free analysis assuming axially symmetric
rotational diffusion anisotropy

Model selection was performed for the three DHFR
coordinate sets using the axially symmetric diffusion
tensors for the first three rows in Table 3. We found
that the relaxation data for a number of NH spins could
not be adequately described by any of the five models
using anx = 0.05 critical value of theg? distribution.
Most of these spins exhibited lower than average un-
certainties for the relaxation data. Model selection for
these residues was therefore repeated using the aver-
age uncertainty values calculated from all spins. It was
now possible to fit most of the spins to one of the five
models. Model selection (determined from F-testing)
was not altered in any of the cases and the parameters
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describing the internal motions were not significantly
changed. It is probable that the uncertainties in the re-
laxation data for these residues were underestimated
Spins expected to be sensitive to fully anisotropic tum-
bling (e.g. helix E) could not be described by any

model unless the uncertainties were relaxed. In the fol--

lowing analyses, the original uncertainty values were
used. To determine how the model-free analysis is af-
fected by the residues that are sensitive to the effects
of complete anisotropy, we fitted the diffusion tensor
simultaneously with the internal motional parameters
using two protocols. In the first method (a) we in-
cluded only those spins that gave acceptable fits to
models 1 to 4, i.e. within the = 0.05 critical value

of the x 2 distribution. For the second procedure (b),
all spins (regardless of whether or not they gave ac-

ceptable fits) except those described by Model 5 were*

used to fit the diffusion tensor. For both protocols, the
original uncertainty values were used. Procedure (a)
was applied to all three coordinate sets. Coordinates
for 1rx2 were used for procedure (b).

Model selection and the parameters describing the
final optimized diffusion tensors for procedures (a)
and (b) are summarized in the first and last rows, re-
spectively, of Table 5. Procedure (b) required 2 cycles
of model selection to obtain a stable diffusion tensor,
and therefore the tensor differs slightly from that ob-
tained in procedure (a) which remained at the initial
value. Figure 6 indicates that the effects of complete
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Figure 6. (a) Plot (black line) of [ versus(3 cof — 1)/2 for
the optimized axially symmetric diffusion tensor determined using
procedure a (see text for details). The experimental diffusion coef-
ficients used to determine the tensor in the final step of the axially
symmetric model-free analysis are shown as circles. (b) Plot (red
line) of D; versus(3 coé 06— 1)/2 for the optimized axially symmet-
ric diffusion tensor determined using all spins described by Models
1to 4 (procedure b). The plot obtained using procedure a is included

anisotropy are responsible for the observed differences (black line) for comparison. The inclusion in procedure b of residues
in the axial diffusion tensors. For procedure (b) spins Wwith small uncertainties that are sensitive to completely anisotropic
in helix E (residues 77—-86), which are influenced by tumbling (e.g. residues 77—-86 are marked) is the probable origin of

. . . . . the observed differences between the tensors. Residues 57 and 35
completely anisotropic tumbling (Figure 5a), are in-  equiring an extra B term to fit the data in procedure b are shown

cluded and their elevated; values in combination  (see text).
with their small uncertainties are responsible for the
larger degree of axial anisotropy (Figure 6b). Interest-
ingly, these residues do not require different motional
models to describe the data, although the quality of
the fits is slightly improved using procedure (b). De-
spite the differences in the diffusion tensor between
procedures (a) and (b), model selection is only mini-
mally affected (Table 5, first and last rows). In general,
procedure (b) requires some extra smadk Rerms
(<0.6 s'1) for residues 28, 35, 57 and 147 to fit the
data; this can be rationalized graphically by the in-

fit the tensor using procedure (b) (Figure 6). Values
of S are virtually unchanged; only the four residues
requiring extra exchange terms exhibit a statistically
different $ value at the 95% confidence level.

Comparison of different structural coordinates

Differences in model selection obtained using the
three different coordinate sets for the DHFR com-
plex are summarized in Table 5. The diffusion tensor

creased gradient displayed by the tensor for procedure(Table 3), model selection (Table 5), and model-free

(b) (Figure 6b). This plot also indicates that the spins

most likely to require a change in model to describe

the data will haved values approaching 90This is
demonstrated for spins 35 and FA&lues of 60 and
70, respectively), which require smalleRRterms to

parameters (data not shown) are largely unaffected by
the choice of X-ray structure. Changes if 1®sult-

ing from the use of different coordinate sets are so
small that they are within the uncertainties (assum-
ing 95% confidence in the data) for the majority of
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Table 5. Summary of model selection for axially symmetric model-free anafyses

PDBfile Dgo (107 s )P DB, P Pt P Rx FteRx FLts
1x® 1.84 (1.84) 1.18(1.18) 68 22 8 6 11
1ra® 1.84 (1.84) 1.18(1.18) 71 20 6 7 11
X7 1.84 (1.84) 1.17(1.18) 69 21 10 4 11
1A 1.86 (1.84) 1.21(1.18) 65 22 11 7 11

@Djso = (2D + Dy|)/3, Drat = D)|/D 1. Dj| = Dzz, D = Dxx = Dyy, D||/D = 2Dzz/(Dxx + Dyy).
PEinal value after optimization; initial value in parentheses.

CDetermined using protocol (a).

dpetermined using protocol (b).

ﬂz = . z | we are confident that the large-amplitude ns timescale
C L 3 ¥ . motions are genuine and are not artifacts of the value
"n'ﬁ'.‘.&{&? !f‘ﬂ; "‘l"ﬂ;"‘k of 6. ;
- .=f . e b |
s ! L . § Comparison of model-free analyses assuming
15 - ! isotropic and axially symmetric diffusion tensors
b m @ W T T T Figure 7 compares the internal motional parameters
an for DHFR determined from model-free analyses as-
- s = : suming isotropic and axially symmetric rotational dif-
s fusion tensors. Clearly, the assumption of isotropic
o an { rotational diffusion for the ternary DHFR complex

ap o - s & introduces a large number of erroneous motional pa-
g0 . :':_., - "‘ﬂf rameters, especially in &g Statistically significant
e -“: s differences (at the 95% confidence level) ot Rex
andte were observed for 57, 60 and 12 residues, re-

w ¥ o . K & i spectively. A total of 58 spins¢50% of the assigned
— . residues) were fit by different models in the two analy-
£ ses. This is summarized in Figure 8, where the model
Lol = selections for the isotropic and axially symmetric
& Ny sz s o e i model-free a_nalyses are mapped onto the cpordinates
W e .L- 2 -y .“m"- i *11-‘;5 . of DHFR (oriented so that the symmetry axis of the

Resdias Hummber diffusion tensor is vertical). The backbone NH bond
Figure 7. Comparison of the internal motional parameters deter- Vectors are also shown. The introduction of erroneous
mined assuming an isotropic (at the fing| 8.70 ns, black circles) Rex terms is closely related to the orientation of the
and axially symmetric (procedure a, red circles) model-free spectral NH vector with respect to the principal axis of the dif-
density function. Note the substantial increase in exchange terms . .
required to fit the data assuming an isotropic tumbling and the fusion tensf“ (Flgu_re 8). For example, the NH vectors
differences in 8 between the two analyses. of the B helix are aligned predominantly parallel to the
principal diffusion axis and largely requiresRterms
. . . to fit the data under the assumption of an isotropic dif-
residues. The only exceptions are some of the residuesfysjon model. The influence of anisotropic rotational
(18, 19, 22) in loop 1. Loop 1 undergoes the largest gjffusion anisotropy on relaxation data is well known
conformational changes between the open, closed, andschurr et al., 1994; Tjandra et al., 1995b; Luginbihl
occluded structures, resulting in differencesdifor etal., 1997). In published studies, however, the effects
the NH bond vectors in this region. For exampig) of incorrectly assuming isotropic tumbling in model-
between coordinate sets 1rx7 and 1ra2 for the NH of frge analysis have been minor? %as minimally af-
118 is 49.5 and this is associated with a change 1S fected and changes in motional models were detected
X-ray structures, these residues consistently require gt gJ., 1995b: Luginbuhl et al., 1997; Gagné et al.,
the same model (Model 5) to describe the data. Thus, 1998). The analysis presented here is the first case
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Axially Symmetric lsotropic

Figure 8. Summary of the model selections assuming isotropic and axially symmetric model-free spectral density functions. Motional models
are mapped onto the X-ray structure of DHFR (1rx2) oriented into the axially asymmetric diffusion tensor coordinate frame. The orientation of
the NH vectors for each analyzed spin is also shown. Residues requigirtgriis (Models 3 and 4) are colored cyan.

in which the neglect of anisotropic tumbling in the angles between 7Gnd 90, only 18 NH vectors have
model-free spectral density function results in major a value ofé between 0 and 30).

errors in the assignment of motional models: signif- Figure 3 shows the effects orf,SRex and x2 of
icantly, 52 residues (i.e. 45%) are assigned erroneousfitting relaxation data influenced by anisotropic ro-
Rex terms. The number of erroneous exchange terms istational diffusion at an incorrect; to the isotropic
surprising, considering the small degree of anisotropy tensor model-free analysis. Relaxation data were sim-
exhibited by DHFR. Furthermore, the NH bond vec- ulated assuming axial asymmetry|(ID; = 1.30)
tors are aligned predominantly perpendicular to the and $ = 0.8, and no internal motions (further de-
principal diffusion axis (Figure 4) and are predicted tails are given in the figure legend). The horizontal
to introduce motional errors on the ps—ns timescales line in panel ¢ of Figure 3 indicates an acceptable fit.
assuming isotropic motion (Schurr et al., 1994). We This figure readily explains the trends observed for
note, however, that this prediction assumes that the the isotropic model-free analysis of the DHFR ternary
correct value ofc¢ is used for model selection. In the complex. Thus, at the correet (solid circles), the
case of DHFR, the effective; is significantly reduced  expected influence of anisotropy is observed: values
during the optimization stage when an isotropic model of 6§ approaching D require Rx terms to fit the data

is used, due to the numerous NH vectors aligned per- (the value of which increases with a decreas®)in
pendicular to the symmetry axis (33 NH vectorshave and as® — 90°, ns timescale motions are required
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to fit the datd. At the decreased value af, spins J (0)eff — J (O)rue @and thus results in a greater need for
at intermediate values @fthat were originally fit by an exchange contribution to fit the data.
Model 1 now require an exchange term to compen- The errors in 3 that arise from the inappropriate
sate for an effective decrease ip dnd spins initially assumption of isotropic tumbling are important when
assigned erroneoussterms require even larger ex- detailed analyses of relaxation data are performed.
change terms to fit the data. Spins witlelose to 90 For example, changes ir® $iave been used to esti-
are now adequately fit by Model 1 at the reduced value mate the change in Gibbs free energyG) between
of t¢c. This explains the lack of ns—ps motions required two states (Akke et al., 1993). For DHFR, the dif-
to fit for our experimental data using isotropic model- ferences in 3 between model-free fits for isotropic
free analysis, despite the numerous spins Withose and anisotropic tumbling models correspond to a to-
to 9¢° (e.g. the E- and F-helices, Figure 8) and also tal difference inAG of 8.3 kcal/moP In other words,
explains the unexpectedly large number of exchange incorrect assumption of an isotropic diffusion tensor
contributions. would lead to large errors in thermodynamic para-
A relationship between%and Ry is also evident meters. Clearly in the present analysis, the greatest
from the simulated data of Figure 3. The deviation consequence of anisotropic rotational tumbling on the
of S? from the true value (5= 0.8) increases a8 isotropic model-free analysis is that is underesti-
approaches 0 when the data are fitted using a small,mated. It is this incorrect value af that gives rise to
incorrect value ofte (Figure 3a). Further, this error  erroneous model-free parameters.
is greatly amplified when an exchange term is in-
cluded to fit the data. We note that the quality of fits Comparison of axially symmetric model-free and
in an isotropic analysis is significantly improved by COPED analyses for identifying motions.
the inclusion of an B term when the value ofc The COPED (Table 1, Figure 4a) and axially symmet-
is underestimated (Figure 3c) and Model ¥ (Bus ric model-free analyses (Figures 7-9) show excellent
Rex) is therefore selected in the model-free analysis agreement for identifying slow motions. For ns—ps
after F-testing. As a consequence, significant errors motions, there are only two discrepancies between the
can be introduced into?SComparison of the isotropic  analyses assuming that valuestef > 30 ps in the
and axially symmetric model-free analyses (Figure 7) model-free analysis are reliable (Palmer et al., 1996)
clearly shows this dependence df & Rex (We note and using a cutoff above 15 fofi2 in the COPED
a similar dependence for residues fit to Model 5). The analysis. These discrepancies are residues 128 and
10% trimmed weighted mean difference ihf8r these 129, which were shown to exhibit both ns—ps and
residues is 0.036, with differences as large as 0.06—ms-1s motions in the axially symmetric model-free
0.08 observed for spins aligned parallel to the principal analysis. All residues with& > 0.5 s™1 in the axially
diffusion tensor axis. Conversely, spins assigned to symmetric model-free analysis were identified by the
Model 1 and Model 2 in both analyses do not exhibit COPED procedure when a cutoff value gf > 6
marked changes in?S the 10% trimmed weighted  was used. A lowem? value is required to identify
mean difference in Sfor these residues is 0.0037, ms—-S motions, probably due to the effects of com-
which is well within the uncertainties of the experi- p|ete anisotropy which increase the degree of axial
ments. Theoretically,Zand Ry should not be related anisotropy in the model-free analysis.
since the spectral density function does not contain  The value OfniZ is highly dependent on the errors
any information on motions slower than the rotational associated with the relaxation data (e.g. smaller val-
correlation time (Lipari and Szabo, 1982a,b). In prac- ues ofn? are associated with larger errors), which

tice, however, an effective spectral densiff@ef1) s therefore makes it impossible to recommend a stan-
implicitly fit during the model-free analysis which is  dard cutoff fom? with which to identify slow motions.
increased by exchange terndg0¥)eft = J (O)true+ Rex Moreover, possible errors introduced into the COPED

(Peng and Wagner, 1995). A decreaserdrinduces  procedure, for example from differences in the X-ray
a decrease in the ‘true/(0) and thus an increase in  and solution structures, possible effects of complete

INote that at the correa; the quality of fits is substantially worse amSOtrOpy_ (See ab_ove) and assumptlons in the hy-
for 6 = 0° than6 — 90° (Figure 3c), implying it is more likely o drodynamic modelling make the choice g system

erroneously fit msgs motions than ps—ns motions when the correct ——
value ofrc is used. 2A_AG =% —RT*In(1-S2/1-S2 ) summed over all
residues.
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dependent and non-trivial. Our experience has shown
itis prudent to visualise the results graphically to iden-
tify outliers and choose a value fcwi2 accordingly.
Alternatively, to account for the errors in the relax-
ation data a cutoff value Offiz can be chosen from a
weighted average, or trimmed weighted valueqf)f
As an example, one standard deviation above the 5%
trimmed weighted average fcwi2 yielded a cutoff for
n? of 7.4 for the present data, which did not alter
the subsequent diffusion tensor and axially symmetric
model-free analyses.

The excellent results obtained here with COPED
have been mirrored for other protein systems in our

laboratory, suggesting that the procedure can be gen-

erally applied to proteins where accurate structural

coordinates are available, although testing on a wider

range of protein systems is required. We also note that
in the present analysis, the hydrodynamic calculations
were performed with each residue represented by a
single bead centred at thé® @osition to minimize
cpu time. Due to the excellent results obtained we did
not explore other hydrodynamic modelling options,
such as explicitly including all heavy atoms and wa-
ter molecules around the protein, although it would be
interesting to see how such modifications would affect
the COPED analysis.

The fact that COPED relies on hydrodynamic
modelling to obtain the diffusion tensor implies it
will not be susceptible to errors introduced by slow
motions or where the NH vectors are non-uniformly
distributed about, which can occur from direct1I'T,
methods (Lee et al., 1997; Kroenke et al., 1998). In
helical bundle proteins, for example the 16th spec-
trin repeat (Pascual et al., 1996, 1997), there is
generally a non-uniform distribution of NH vectors
(Figure 9a) such that the diffusion tensor cannot be
accurately described using direct/T, methods. For
the 16th spectrin repeat (Figure 9a) the small number
of residues that are not aligned parallel to the principal
diffusion axis are in loop regions (33—-38, 76—-81) and
exhibit motions (Pascual et al., 1996, 1997) which can
further define an inaccurate diffusion tensor. Clearly,
using averaged {f T ratios to exclude motions and
subsequently fit the diffusion tensor will lead to a
substantially underestimated degree of diffusion, and
additionally an underestimated value fQ{so. Appli-
cation of a procedure such as COPED, which does not
rely on relaxation data to define the diffusion tensor,
is advantageous in defining slow motions and accurate
rotational diffusion in these systems.

0.5

(b)
30

1.0
-0.5

0.5
(3cos’0-1)/12
Figure 9. (a) COPED analysis for simulated relaxation data (shown
as open circles). Data were simulated at 600 MHz for 70 NH
spins undergoing axially symmetric rotational diffusion described
by D;/D = 1.3 andtc = 8.96 ns. 50% of the spins were randomly

assigned By terms ranging from 0.5 to 74, 35% were assigned

to Model 1 (§) only. The remaining spins were assigned to Models
2 and 5. For each spin, a valuetdfetween 0 and S0was randomly
assigned. Errors associated with, R, and NOE were set to 3%,
2.5% and 3.5%, respectively. (b) COPED analysis for a represen-
tative NMR structure for the 16th spectrin repeat (Pascual et al.,
1996, 1997) (solid line). The best fit to the experimental relaxation
data (open circles) was determined by minimizihgy altering the

C* bead radius.

We have shown in a previous section that COPED
is less susceptible to defining an erroneous diffusion
tensor than direct T2 methods when residues un-
dergoing slow motions are included. It is not clear,
however, whether COPED can accurately define the
correct diffusion tensor when the dynamics of a pro-
tein are dominated by slow motions. That COPED
can reliably identify these motions for simulated re-
laxation data exhibiting axially symmetric anisotropic
rotational diffusion and B terms for 50% of the spins
is demonstrated in Figure 9b (see figure legend for
further details). The COPED analysis identified all 35
residues undergoing exchange (a low cutofﬂﬁfz 2
can be used since the data were simulated). We note
that the Tjandra method (1996) identified only 12 of
the 35 Ry terms present for these simulated data.
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Figure 10. Values of (b)J(0.87wy), (c) J(wN) and (d)J(0) derived from R, R, and NOE at 14.1 T using spectral density mapping. Panel (a)

shows $ values determined from the axially symmetric model-free analysis (black circles) and by the spectral density mapping method (red
circles). The red horizontal line is one standard deviation above the mean value in (b) and one standard deviation above and below the mean
value in (d).
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However, testing on experimental data sets will be re- as an example. First, we note that it is unlikely that the
quired to ascertain whether COPED can identify the slow motions will exhibit a linear relationship whose
correct diffusion tensor for ‘real’ proteins exhibiting gradient coincides with that predicted from hydrody-
such pathological motions. Nevertheless, the fact that namic modelling; thus, a largdr value is obtained

it is difficult to establish a single linear relationship, when only residues undergoing exchange terms are
as in Figure 9b, is in itself a good indication that included in the COPED analysis for the data in Fig-
a substantial proportion of residues exhibit slow mo- ure 9b. This is because the value gf{s relatively
tions. Indeed, in this respect, COPED has successfully insensitive to the value of the bead radius (e.gy 3
served one of its purposes, which is to identify mo- altered by 0.06 when the bead radius is altered from
tions, although not to specific residues. We can suggest2.2 to 3.2 A in DHFR). In contrast, § is dramat-
some general guidelines based on our practical expe-ically altered by the bead radiusi{, is 9.05 ns and
rience that can help to define the correct tensor, using 5.64 ns for bead radii of 3.2 A and 2.2 A, respectively
the data in Figure 9b, and our experience with DHFR for DHFR). Thus, knowledge of the global correlation
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time for the size of the protein under study will help be used to confirm that the correct diffusion tensor has
in deciding a correct bead radius. For example, the been defined in the model-free analysis.
Teiso Obtained from attempting to fit only exchange
residues in Figure 9b is 11.5 ns, which is 3.5 ns larger
than the correct value. Finally, our practical experience Conclusions
indicates that a €bead radius of 3.0 A is usually re-
quired to give excellent fits for well-behaved proteins. Dynamic information from NMR relaxation data is
This is a good initial estimate with which to commence often used to provide insights into protein function.
the COPED procedure, and any large deviation from Many studies have reported motional properties at
this value is unusual. functionally relevant sites in proteins or used com-
parisons of & values to measure changes in confor-
Reduced spectral density mapping mational entropy upon formation of a complex. For
The values ofJ(0), J(wn) and J(0.87wH) derived such applications to be valid, accurate and precise
from Ry, R, and NOE at 14.1 T are presented graph- interpretation of relaxation data is required.
ically in Figure 10. The reduced spectral density We have demonstrated that the moderate degree
analysis, which does not assume any model for the of anisotropy exhibited by the ternary DHFR com-
diffusion tensor, substantiates findings from the axi- plex (Dj/D. = 1.18) introduces significant errors
ally symmetric model-free analysis, both for residues in the internal motional parameters extracted from
exhibiting high frequency motions (characterized by the model-free analysis when rotational diffusion is
low values of/(0) and high/(0.87wn)) and exchange  assumed to be isotropic. Our results contrast with
contributions (based ot (0) values larger than one  previous studies, which suggested that anisotropic ro-
standard deviation above the mean). It is tempting to tational diffusion only marginally affects the selection
assign an B term to 194; however, its N-H is par-  of motional models and has little effect on the value
allel to the principal diffusion axis and the spectral of 2. Assumption of isotropic tumbling in the model-
density analysis is sensitive to rotational diffusion, e.g. free analysis of the ternary DHFR complex leads to
J(0) can change by 0.276 ns for an axial symmetry of the assignment of erroneous motions (on the ms—
1.3 (% = 08, te = Rex = 0) as a function ob. ps timescale) to 45% of the NH spins analyzed. In
This value is similar to the increase it{(0) predicted addition, this inappropriate assumption significantly
for an Ry of 1 s (0.28 ns). Spins requiring both  changes the value of?Sor spins fit to Models 3, 4
Rex and te contributions in the model-free analysis and 5. Deviations in %as large as 0.08 were observed
(residues 10, 52, 127, 131 and 158) aff#&(®) in op- for NH spins parallel to the principal axis of the diffu-
posing directions and thus show no obvious exchange sion tensor. A detailed analysis of the data shows that
contributions from the spectral density analysis. anisotropic tumbling reduces the valuergtiuring the

The £ values obtained from the axially symmetric

isotropic model-free analysis, due to the high quality

model-free analysis and reduced spectral density areof the relaxation data and the preponderance of NH

very similar for all spins fit by motional Models 1
and 2, but differ significantly when higher motional
models are involved (Figure 10a). We were able to
show from simulated data that the error iA &igi-

vectors aligned perpendicular or nearly perpendicular
to the principal diffusion axis. This in turn exaggerates
the effects of anisotropy for the remaining spins.

A novel procedure, COPED, has been developed

nates in the spectral density mapping analysis (data notto distinguish genuine motions from the effects of

shown). This is due to the effects of slow motions (ns—
ps and msgs) on the true/ (0) value, which need to be
subtracted out to obtain a correc, &nd the absence
of information fromJ (0.8 7wy) which contains infor-

rotational diffusion anisotropy. COPED represents a
powerful method for defining the correct diffusion ten-

sor from relaxation data and improving the accuracy
of the subsequent model-free analysis. Motions iden-

mation on ps—ns motions. The same simulated datatified from COPED show excellent agreement with
confirmed the excellent agreement observed in DHFR motions identified from the anisotropic model-free
for S? values obtained by spectral density mapping analysis for the ternary DHFR complex. COPED is
and axially symmetric model-free analysis for residues potentially applicable to any system for which a high-
described by Models 1 and 2. This suggests that com- resolution structure is available, including systems
parison of $ values obtained by the two methods can where the orientational distribution of the NH vec-



tors is non-uniform and where there are extensive slow
motions.

DHFR represents an extreme case in which ne-
glect of anisotropic tumbling leads to serious errors
in model selection and internal motional parameters

(even in $) in the model-free analysis. If left un-
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