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Abstract

The NMR spin-lattice relaxation rate (R;) and the rotating-frame spin-lattice relaxation rate (R;,) of amide 5N and carbonyl
13C (13C’) of the uniformly '*C- and '*N-labeled ubiquitin were measured at different temperatures and field strengths to inves-
tigate the temperature dependence of overall rotational diffusion and local backbone motion. Correlation between the order
parameter of the N-H vector, Sx;;, and that of the carbonyl carbon, Sz, was investigated. The effective S was estimated from
the direct fit of the experimental relaxation rates and from the slope of 2R, — R; vs. B> using Lipari-Szabo formalism. The aver-
age S%\IH decreased by 5.9%, while the average Sé, decreased by 4.6% from 15 to 47 °C. At the extreme low and high temperatures
the difference in the temperature dependence of the order parameters vanishes. At the intermediate temperatures they do not
change by the same amount but they follow the same trend. On the same peptide plane along the protein sequence, Szc/ and
Si]H are highly correlated. The results suggest that fast local motion experienced at the site of the N-H vector and carbonyl
nucleus is more complicated than previously thought and it cannot be easily described by one single type of motion in a broad

range of temperature.
Published by Elsevier Inc.
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1. Introduction

Nuclear magnetic resonance (NMR) is a powerful
tool for elucidating molecular structure and dynamics.
Detailed information about biological processes and
molecular events can be extracted from the spin relax-
ations [1-7]. The fast ns—ps motion and slower ms—pus
conformational exchange of the protein backbone are
routinely investigated using '°N relaxation. In general,
spin nuclei other than '°N such as carbonyl '*C’, amide
'H, and 'C,, are potential candidates for probing back-
bone dynamics. However, severe spin diffusion from
efficient dipolar interactions among the proton network
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complicates the interpretation of 'H data [8,9]. In a
fully '*C- and '’N-double-labeled protein accurate
13C, relaxation rates are difficult to obtain due to
homo-nuclear J coupling and cross-correlation interfer-
ence from adjacent carbons [10]. Although the '*C’
relaxation involves several neighboring nuclei and com-
plicated relaxation pathways, simplified interpretation
can be constructed based on the dominant C’ chemical
shift anisotropy (CSA) term. Furthermore, the three-
bond 3Jo @ is relatively small and the impact of
homo-nuclear isotropic mixing can be minimized by
positioning the carrier frequency away from the center
of the spectrum [11]. Several studies have appeared in
the literature using auto-correlated carbonyl relaxation
to investigate protein backbone motion in both the fast
dynamics regime (picosecond to nanosecond) [12-17]
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and slow dynamics regime (microsecond to millisecond)
[11,18].

Recently there has been great interest in studying the
asymmetric fast motion of the peptide plane [16,19-23].
Because the '*C’ CSA tensor has different orientation
with respect to the N-H vector, experimental utilization
of 13C’ relaxation in combination with '°N relaxation
has become popular for probing such asymmetry. Con-
currently the Gaussian axial fluctuation (GAF) model
has been proposed as a sophisticated motional model
[22]. The GAF model offers a promising framework
providing insight into the anisotropy of fast local mo-
tion. One observation from the GAF molecular dynam-
ics (MD) simulation suggested that the largest angular
fluctuation occurs along the ¢, axis, that is, in the
C; |,—C! direction. However, the qualitative and quanti-
tative agreement between the GAF MD simulation and
experimental NMR relaxation were not satisfactory as
shown in the study of ubiquitin by Lienin et al. [16].
Furthermore, the fitted GAF parameters obtained by
Carlomagno et al. [23] using cross-correlated relax-
ations suggested that in the case of ubiquitin, g,5 was
larger than ¢, which is a total contradiction to the re-
sults from Lienin et al.,, where auto-correlated relaxa-
tion rates were measured. Adopting a different
approach, Wang et al. [19] addressed the asymmetry
of motion by studying the temperature dependence of
the effective order parameters of '*C'-'*C,, vector and
I>N-H vector derived from the auto-correlated, cross-
correlated, and cross-relaxations involving '°N, By,
and ’C, nuclei. Based on the observation of the differ-
ential temperature dependence of the order parameters,
they concluded that the '*C’-'3C,, vector experienced a
larger motion than the ">’N-H vector. This result chal-
lenged the widely believed crane-shaft type of motion
for backbone dynamics. Currently, there is no coherent
representation of asymmetric motion in the peptide
plane.

Sophisticated models and methodologies, in conjunc-
tion with accurate experimental data, will be eventually
required to address the subtlety of these questions. In
this study, we demonstrated that useful dynamics infor-
mation can still be preserved through a simplified
model-free approach. We measured temperature- and
field-dependent >N and '*C’ auto-correlated relaxation
rates and demonstrated that the effective carbonyl order
parameter S¢. can be estimated from the direct fit of
relaxation rates and by the field-dependent 2R, — R va-
lue. We also investigated the correlation of Sg and Sy
From there, the asymmetric motion of the peptide plane
was addressed. Based on the temperature dependence of
the order parameters at the site of N-H vector and car-
bonyl carbon, the fast motion exhibits small asymmetry
at temperatures between 27 and 40 °C. At the very low
and high temperatures the isotropic motions seem to
dominate.

2. Materials and methods
2.1. Sample preparation

13C- and '"N-labeled ubiquitin was purchased from
VLI Research (PA, USA). The sample for NMR relax-
ation studies contained 6 mg protein in 300 ul water
with 5% D,O and the final pH was adjusted to 4.75.

2.2. Measurement of the N NMR R; and R, , relaxation
rates

The NMR !N relaxation experiments at 15, 20, 27,
35, 40, and 47 °C were performed on a Bruker DRX
600 MHz spectrometer for the '*C- and '°N-labeled
ubiquitin sample. The temperature for each measure-
ment was calibrated by the chemical shift difference be-
tween the proton signal of HOD and the proton signal
of 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt
(TSP). The spectrometer was equipped with a shielded
X, y, z-pulsed-field gradient, triple resonance 5 mm
probe. The States—TPPI quadrature detection in the ¢,
dimension was used for all experiments. The '°N and
"H carrier frequencies were set to 116.5 ppm and the
water frequency, respectively. The NMR data were pro-
cessed using NMRPipe [24] and analyzed with PIPP
software packages [25].

The standard R; and R, pulse sequences [26] were
modified to include WATERGATE solvent suppres-
sion [27], pulsed-field gradients, and a semi-constant
time evolution period in #; [28]. '*C, and '*C’ were
decoupled during #; evolution by 180° pulses posi-
tioned at 56 and 177 ppm, respectively. A spin-lock
field strength of 2500 Hz was applied for all R;, exper-
iments. The R;, measurements with different relaxation
delays were collected in an interleaved fashion. Each
relaxation delay was sampled alternately every two
scans. The cross-correlated effects were suppressed by
180° 'H , '3C’, and *C, pulse trains during the relax-
ation period. Eight relaxation delays per experiment
were chosen between 30 and 1300 ms for R; experi-
ments and between 5 and 235 ms for R;, experiments.
The relaxation time constants were calculated by fitting
the delay-dependent peak intensities to an exponential
decay curve using the Levenberg-Marquardt method
[29]. The R, values were subsequently calculated from
the corresponding R;,, R;, spin-lock field strength,
and offset frequency. The uncertainty in the relaxation
rate was estimated by using 300 Monte Carlo simula-
tions [29].

2.3. Measurement of the > C-carbonyl carbon R ; and R,
relaxation rates

Temperature-dependent '*C’ relaxation experiments
were performed at 15, 20, 27, 35, 40, and 47 °C on a
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Bruker Avance 800 and a DRX 600 MHz spectrometer.
At 27 °C, extra relaxation datasets were acquired on a
Bruker 500 and a 360 MHz spectrometer. The tempera-
ture was calibrated as described in the '°N relaxation
experiments. HNCO type pulse sequences (see support-
ing materials) were used with the evolution period #; on
13C" nuclei [11]. During the 7, evolution, the protons
were decoupled with WALTZ-16 scheme. The cross-cor-
related relaxations between '*C’ CSA and ""N-'*C’ or
"H-"3C’ dipolar interaction were suppressed by 'H and
SN 180° pulses during the relaxation delay of R, exper-
iment. For the R;, experiment, WALTZ was used to
decouple 'H throughout the evolution period and relax-
ation delay. The alignment of the nuclear spin magneti-
zation with the effective field was achieved by adiabatic
rotations using an amplitude and frequency modulated
tanh/tan pulse [11,30,31]. The adiabatic ramps were
4 ms with a maximum field strength of 2500 Hz for
experiments carried out at 14.1 T and 3333 Hz at
18.8 T. To minimize the effect of three-bond '*C’-'3C’
J couplings, the offset of the carrier was temporarily
shifted 750 and 1000 Hz down field for measurements
at the spectrometer frequencies of 600 and 800 MHz,
respectively, during the adiabatic ramps and the spin-
lock period [11]. A >N 180° pulse was applied during
the relaxation delay to suppress the N-H/C’' CSA
cross-correlation effect. Spin-lock field strengths of
2500 and 3333 Hz were applied on '*C’ for R, mea-
sured at the 600- and 800-MHz spectrometer frequen-
cies, respectively. Eight relaxation delays between 8§
and 250 ms were chosen for each measured R;, and
eight relaxation delays between 10 and 1800 ms were
chosen for R;. Relaxation times were determined by fit-
ting the delay-dependent peak intensities to an exponen-
tial function using the Levenberg-Marquardt method
[29]. R, values were calculated from the corresponding
Ry, Ry, spin-lock strength, and offset frequency. The er-
ror in the relaxation rate was estimated using 300 Monte
Carlo simulations.

2.4. Calculation of overall correlation time ..

The overall rotational diffusion correlation time was
determined using the '>N relaxation R,/R; ratio at
14T as described previously [26,32]. Under the
assumption of fast internal motion, this ratio is
approximately independent of internal motion. For
13C-, " N-labeled ubiquitin, the relaxations caused by
the ""N-C’ and the '"N-C, dipolar interaction must
be taken into account. Although the ""N-C’ and the
ISN-C, vectors do not generally experience the same
local motion as the "’N-H vector does, the deviation
introduced in the determination of 7, by assuming a
uniform order parameter is negligible. Residues with
unusual R,/R; values (deviation larger than 1.5 times
standard of deviation) or R, field dependent, possibly

due to chemical exchange, were excluded from the
analysis [32]. The overall rotational diffusion of ubiqui-
tin can be approximated as isotropic [32]. The isotropic
assumption introduces approximately 0.6 and 10%
deviation in the order parameter and deviation in the
time constant compared to an axially symmetric model
[32]. The correlation time was obtained by minimizing
the target function E:

R REN?

The index i in the equation represents the residue num-
ber; the upper index exp and cal represents experimen-
tal data and calculated relaxation rates; and o
represents the propagation of error in R,/R,. The error
of the rotational diffusion coefficient was estimated
from the standard deviation of twenty 7. values that
were calculated by randomly excluding ten R,/R,
points in the minimization. The S%;, and 7y were then
determined by fitting R; and R, values using the opti-
mized 7.

The overall rotational diffusion constant can also be
independently derived from 13C’ Ry, and R, rates at
two fields, which will be described in the following
section.

2.5. Dynamics analysis of carbonyl carbon relaxation

The general expressions for CSA and dipolar (DD)
contribution to the spin—lattice relaxation rate R;, and
the spin-spin relaxation rate R, for spin 1/2 nuclei are
given below [33]:

1
RS = ooz = 17B3(65 () @)
1
CSA 1 1 5ol cs 4 cs
RS = TGS :EijO & (w)+§g2 )], (3)
2
DD 1 22521
RY® = o = 175”387 (01 — ws) + &7 (1)
1
+4§«w%wd}, )
11 4 1
RYP = @ = Eﬁyﬁhz {3&0(0) +§g§’(a}1 — o)

+£mau£wgmﬁw+m%<ﬂ

where the function g(w) is defined in Table 1 [33], 4 is
Planck’s constant divided by 2m, y is the gyromagnetic
ratio. The indices CSA and DD represent contribution
from the chemical shift anisotropy and dipolar inter-
action, respectively. The equations in Table 1 describe
the relaxation contribution of an asymmetric interac-
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Table 1
The components of g(w)
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o, 3, and y are the eulerian angles transforming the interaction coordinate to the diﬁ“usion coordinate
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no internal motion; g;(w) = Zk:l”k{um .

g(o) =

tion tensor under an asymmetric overall rotational dif-
fusion. The equations reduce to simpler forms when
there is symmetry in the diffusion tensor or coupling
tensor. For example, when the coupling tensor is axi-
ally symmetric, 1, =0; when the diffusion tensor is
axially symmetric, #p =0 and 4 =1; and when the
diffusion tensor 1is isotropic, #p=0, A=1, and
D*=0.

For uniformly *C-, '*N-double-labeled proteins, the
relaxation rate of '*C’ is the summation of the C’ CSA
interaction, and dipolar interaction from nearby spins,
such as C'-N, C'-C,, C'-Hs, etc.

R = RCSA _’_RDD,C'—N _’_RDD,C’—CCL + ZRDDC'—H. (6)

In our calculation, all protons within 6 A to the *C’
atom were included. This essentially accounts for 99%
of the dipolar contribution from protons in the protein
according to our simulation based on a rotational diffu-
sion correlation time of 5 ns at 14.1 T. A full analysis re-
quires each interaction to have its own spectral density
in order to describe the local motion. However, it is
practically impossible to determine all the motional
parameters from a limited number of experimental
relaxation rates. Because the major contribution to the
relaxation rates comes from the carbonyl CSA interac-
tion by first order approximation, we apply an effective

) —1
1+(J2 Z ) Te

—3
ij

n, =0 for dipolar interaction;

=15 Ty r;l in the presence of internal motion.

order parameter and correlation time to describe all
interaction vectors.

The dynamics parameters were obtained by minimiz-
ing the target function E,

Rcal Rexp ) 2

Nk Tk ) ijk
=y Bl

ijk llk

()

where RZ’;‘) , Rf;‘kl, and o, are the experimental relaxa-
tion rate, the theoretically calculated relaxation rate,
and the standard deviation of relaxation rate i (R;
and R;) at field j for residue k. The parameters to
be optimized are the overall correlation time 7., the
order parameter S;, and the internal correlation time

Tf k-

2.6. Isolation of CSA contribution from field-dependent
2R, — R; values

The value 2R, — R can be calculated from Eqgs. (2)-
(5). The expression is shown in Eq. (8):

4
2R, — Ry = 5“/1 B3g5°(0)

Z 71 /éhz [

+ 2gD (,US
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where
372\’ 0’
0 =35 (34) (1+%)s" ©)
o+ 0 3
A= - = 2 — 1
O-ZZ 2 20-227 ( 0)
Oy — Oxx
nm = Wo , 0<n, <1, (11)
and
3 1St
25 (ws) = To"1s T+ (12)

The o,,, 6,,, and o are the three principal components
of the traceless C’ CSA tensor. The first term of Eq. (8)
is the field-dependent CSA contribution at zero fre-
quency and the second term contains small field depen-
dence contributions from all the dipolar interactions. By
neglecting the field dependence of the second term in the
bracket, a plot of 2R, — Ry vs. the square of the field
strength gives rise to a straight line with its slope propor-
tional to the spectral density at zero frequency and the
CSA tensor. The C’ order parameter can then be esti-
mated if the overall correlation time and the CSA are
available.

3. Result
3.1. Overall correlation times of ubiquitin

The overall correlation times of ubiquitin determined
using >N R,/R; ratio measured from the *C-, ’N-la-
beled sample at 15, 20, 27, 35, 40, and 47 °C were esti-
mated to be 5.40+0.01, 4.80+0.01, 4.02+0.01,
3.41 +0.01, 3.05 £ 0.01, and 2.68 4+ 0.01 ns, respectively
(Fig. 1). The correlation time at 27 °C is consistent with
the previously published result (4.09 ns) using '°N-la-
beled protein [32]. It is important to note that slight
inconsistencies in NMR sample conditions (such as
pH, ionic strength, and/or residual solvent) can exist
as a result of individual sample purification and prepa-
ration. These inconsistencies can potentially lead to
undesirable effects when comparing NMR datasets ac-
quired from two different samples. Therefore it is prefer-
able to measure both '°N and '*C’ relaxation rates using
the same double-labeled sample. Alternatively, 7. can be
obtained by analyzing '*C’ R, and R, relaxation. How-
ever, using C’' R,/R, ratio for determination of t. intro-
duces significant errors when the internal motion has a
time constant of around 50-100 ps, which is the case
for our study. Engelke et al. [13] using a different
approach reported a higher than average effective
correlation time for *C’ around 350 ps. Our simulations
indicated that at 14.1 T for t.=4ns, $>=0.8, and
7= 50 ps, the *C’ R,/R, approach introduced a 5%

o]

Tc (nS)

0.002 0.0025 0.003 0.0035 0.004
WT(cP/K)

Fig. 1. Temperature dependence of isotropic overall correlation time
7. of ubiquitin calculated from >N R,/R, ratio (open circle) and from
direct fit to '*C Ry and R, rates (filled square). An error of +0.01 ns
was estimated using Monte Carlo simulation.

error, and for 7= 100 ps a 10% error in R,/R, ratio,
while the >N R,/R, approach only introduced a 3% er-
ror when 7¢= 100 ps. Thus, for 13C’ relaxation data, t.
has to be optimized simultancously with the internal
motion parameters S° and 7. The 7. values estimated
from '*C’ relaxation were 5.28 +0.01, 4.75+0.01,
4.04 +0.01, 3.334+0.01, 3.02 +0.01, and 2.70 + 0.01
at 15, 20, 27, 35, 40 and 47 °C, respectively (Fig. 1).
The overall correlation times that were calculated are
in good agreement with each other from the two inde-
pendent datasets and analysis.

3.2. Temperature dependence of N—H order parameters

The order parameters of N-H bonds were calculated
from the R; and R, relaxation rates measured at 14.1 T
using the double-labeled ubiquitin sample. The results
from four temperatures are shown in Fig. 2A. The
average order parameters S, were 0.807 & 0.003,
0.795 + 0.003, 0.775 4+0.004, 0.778 +0.003, 0.776 +
0.003, and 0.759 + 0.004 at 15, 20, 27, 35, 40, and 47 °C,
respectively. The uncertainties were estimated from 100
Monte Carlo simulations. A 5.9% drop in the average or-
der parameter is observed over the 32 °C range. Average
order parameters were calculated only for residues with
a signal present in all datasets, including both '°N and
13C’ relaxation. Excluding C-terminal residues (residues
71-76), the average time constants were 38, 43, 40, 41,
31,and 37 ps at 15, 20, 27, 35, 40, and 47 °C, respectively.

3.3. Lipari-Szabo model-free analysis of carbonyl carbon
relaxation

The C’ R, and R, relaxation rates were acquired at
15, 20, 27, 35, 40, and 47 °C and at 18.8 and 14.1T.



48 S.-L. Chang, N. Tjandra | Journal of Magnetic Resonance 174 (2005) 43-53

o 8

5 8
Bo g o
§§e95 g¢ £ 8

o

2 ool 4
gegggﬁ~@?eo@?P o850 5 808y o8
ot 8 )

& 89

2% o
0.8 £ °.%2

8 Q<

) 0.6
SNH

0.2

0.0 L L L

08{¢

0.6 1 i
S’
0.41

0.2

0.0

0 20 40 60 80
Residue No.

Fig. 2. Effective order parameters of N-H vector (A) and C’ (B). The
circle, square, diamond, triangle up, triangle left, and triangle down
denote order parameters at 15, 20, 27, 35, 40, and 47 °C, respectively.

Two parameters were used to describe the local motion
of C’: one for the effective order parameter and one for
the effective correlation time. The overall correlation
time was optimized using a grid search approach. The
values of the C' CSA principal components (o, 0yy,
and o..) and the angle (), which is the angle of ¢, axis
relative to C-N bond on the peptide plane, were taken
from solution NMR measurements [34], and were deter-
mined to be —74.7, —11.8, and 86.5 ppm and 38°,
respectively. For molecules that undergo isotropic over-
all tumbling, the f angle has no effect on the contribu-
tion to the relaxation. The optimal overall correlation
times were reported in the previous section. The calcu-
lated order parameters are shown in Fig. 2B. The aver-
age order parameters Sé were 0.848 + 0.008, 0.835 £+
0.006, 0.842 + 0.005, 0.844 4+ 0.006, 0.836 + 0.006, and
0.809 + 0.007 at 15, 20, 27, 35, 40, and 47 °C, respec-
tively. A 4.6% drop in order parameter was observed
from 15 to 47 °C. The average time constants, excluding
the protein tail (residues 71-75), were 80, 101, 74, 70, 76,
and 63 ps at 15, 20, 27, 35, 40, and 47 °C, respectively.
The time constant here is slightly larger than that of
the N-H vector but not as large as reported in the study
of Engelke et al. [13].

3.4. 3C order parameters estimated from field-dependent
2R, — R,

Simulation (with 7. =5 ns, S?2=0.8, 7,=200 ps at
14.1 T) indicates the average field-dependent dipolar
contribution to the slope of 2R, — R vs. B is less than
2% within the field range from 2.35 to 23.5 T (proton
frequency from 100 MHz to 1 GHz). This guarantees
the CSA g(0) term obtained by estimating 2R, — R,
vs. B® is essentially “free” of a dipolar contribution.

Further simplification can be made by dropping the fast
motion term (1 —S%)t/(1 4+ w’c?), which contributes
about 1% to the CSA g(0). The remaining term in
g(0) is directly proportional to 7., 4*(1+ 5?*/3), and
S¢. Thus, a “pure” effective S& can in turn be extracted,
when the 7, and CSA components are known. In prac-
tice, however, the slope of 2R, — R; vs. B> determined
from this approach is susceptible to the inconsistency
of the experimental conditions for datasets acquired at
different instruments. Note that the temperature de-
tected at the sensor can deviate from the real tempera-
ture in the sample, especially for pulse sequences
containing intensive continuous wave proton decoupling
and '*C spin-lock. This can be verified by calibrating the
temperature using a TSP sample while switching on the
decoupling and spin-lock pulses.

As a proof of concept, we first calculated the order
parameter using only two fields of 14.1 and 18.8 T.
The result (Fig. 3) shows a positive deviation in the
order parameter obtained from direct fit to relaxation
rates. This systematic error is likely due to a slightly
higher than the expected temperature for the 600-MHz
dataset or a slightly lower than the expected temperature
for the 800-MHz dataset. That in turn gives a higher
slope of 2R, — R; vs. B?, and hence a larger order
parameter. By acquiring datasets at multiple fields, sys-
tematic errors of this kind can be reduced. When we
incorporated two extra datasets from 8.5 and 11.7 T,
the order parameters that were calculated became more
consistent with the direct fit to relaxation rate result.
Typical field-dependent 2R, — R; is shown in Fig. 4.
Residues undergoing conformational exchange will ex-
hibit an unusually large slope as we found for residues
E24 and ES51, which were excluded from our analysis.

s 7.

R p Al f Po R
< nA AR 2 NI P L ENVAN
N, Y e e VS ¢ Pom® 41
A I S A SN T

0.0 . . .
0 20 40 60 80

Residue No.

Fig. 3. Comparison of the carbonyl order parameters obtained from
direct fit to relaxation rates and the order parameter from 2R , — R,
vs. B? approach. Open circle, order parameter from direct fit; open
diamond, order parameter from 2R, — R, vs. B> approach using two
field strengths (14.1 and 18.8 T); and filled square, order parameter
from 2R, — R, vs. B* approach using four field strengths (8.5, 11.8,
14.1, and 18.8 T). The order parameters from two different approaches
agree better when datasets from multiple field strengths are available
for 2R, — Ry vs. B approach.
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Fig. 4. Typical 2R, — R, values as a function of B Filled circle, K27;
open square, G53; and filled diamond, T9. It is obvious from the figure
that if the slope is determined only from two data points, the deviation
can be very significant.

4. Discussion

4.1. The effect of *J o and °J o, couplings on T;, in
ubiquitin

Magnetization transfer through isotropic mixing
caused by three-bond *J¢c and *J ¢, coupling becomes
efficient for near-degenerate resonances and for reso-
nances positioned symmetrically with respect to the
spin-lock frequency [11]. By moving the carrier fre-
quency away from the center of the carbonyl dimension,
the latter case can be circumvented [11]. In ubiquitin,
neighboring residue pair A28-K29 at 15, 20, 27, 35,
and 40 °C, and residue pair Q62-K63 at 15 and 20 °C
have near-degenerate shifts (<0.1 ppm). Nevertheless,
none of the four residues exhibits perceivable distorted
relaxation curves resulting from Hartmann—-Hahn
matching. This can be explained by the relatively small
3Joe values within the helical and coiled region. The
3J e constants for A28-K29 and Q62-K63 are unfor-
tunately unavailable [35]. Of the five Asp residues
(D21, D32, D39, D52, and D58) and two Asn residues
(N25 and N60) that contain three-bond coupling
*Joc,, D58 at 15, 20, 27, and 35 °C displayed significant
distortion due to isotropic mixing, and D21 at 15, 27,
and 35 °C also displayed undesired effects. Both residues
have a large 3JC/CV constant of 4.5 Hz [35]. Due to the
change in the chemical shift difference between the car-
bonyl and carboxyl carbons under various tempera-
tures, D21 and D58 did not suffer from the same
effect throughout the whole temperature range. The res-
idues subjected to strong isotropic mixing transfer were
not excluded from our calculation of the average order
parameter because the errors introduced by these resi-
dues can be neglected.

4.2. Correlation between S¢. and Sy, and temperature
dependence

The determination of S¢ requires the knowledge of
the '>C’ CSA tensor. The average orientation and the
traceless components of the CSA tensor measured in
solution [34,36,37] and in solid-state [38-43] have been
reported. Our calculations were based on the average
3C’ CSA values estimated from residual chemical
shifts reported by Cornilescu and Bax [34], where
p=138° o =—747ppm, 6,,=—11.8 ppm, and o.. =
86.5 ppm. The choice of different average CSA values
affects the absolute value of S&. The offset we observe be-
tween S¢ and S3;; may be partly due to an underesti-
mated CSA value or N-H bond length. The use of an
average CSA value does not account for possible varia-
tion in individual residues that may be located in differ-
ent secondary structures and involved in different
hydrogen bonding pattern. Nevertheless, the correlation
coefficients between the order parameter SZC/<n_1) and
SIZ\IHW on the same peptide plane along the protein se-
quence are significant, which are 0.95, 0.95, 0.95, 0.94,
0.92, and 0.91, at 15, 20, 27, 35, 40, and 47 °C, respec-
tively. Considering the possible variation in CSA values
A*(1+ 1*/3) along the sequence, the correlation here
represents the “minimum” correlation. The correlation
between g, a1y and S We observed here seems much
better than what Engelke and Rueterjans found in their
study on ribonuclease 77 [13].

Alternatively, if we assume the motion of peptide
plane is isotropic, meaning S¢.(, |, and 83, are identi-
cal, the “maximum” percentage standard deviation of
BC A%(1 + #*/3) will be equal to the variation in the
S2,<n71>/SIZ\IH.(n) (or Si,H(n)/SZC,(nflo)) ratio along the se-
quence, which is about 7%. Using three cross-correla-
tion measurements and an assumption that motion of
the peptide plane is isotropic, Cisnetti et al. [37] calcu-
lated residue specific CSA components and orientation
for ubiquitin. The percentage standard deviation of
A*(1+ #?/3) is about 13%, which is higher than our
7% based on the similar argument. It is significant that
the effective order parameter used in their work was ta-
ken from measurements for N-H vectors [32].

Another factor that might contribute to the offset be-
tween SZC,OH) and S3(n) is the N-H bond length. A
longer N—H bond results in a smaller dipolar contribu-
tion. The consequence is that smaller overall correlation
times or larger internal order parameters are expected in
order to fit the original experimental relaxation data.
Since the overall rotational diffusion correlation times
were determined by the ratio of T and 75, the effect
of N-H bond length was insignificant due to a partial
cancellation. Therefore, the variation of N-H bond
length will mainly be absorbed by the internal motion
parameters. By changing the length from 1.02 to
1.03 A, at 15°C, we observed slight changes in the
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average fast correlation time, and the average Sy, will
increase from 0.807 to 0.841, which is closer to the aver-
age S

Besides a high correlation between S, ;) and S3y
both average St and Sy, decreased by comparable
amounts, 5.9% for S3;; and 4.6% for S¢, within the tem-
perature range from 15 to 47 °C. The change of average
order parameter from 20 to 47 °C, with respect to the or-
der parameter at 15 °C, is given in Fig. 5. The difference
in the order parameters from 15 to 40 °C is small. De-
spite the small range of the variation, two independently
measured and analyzed datasets for two nuclei followed
interestingly similar temperature dependence at the ex-
tremes of temperatures (20 and 47 °C). At the intermedi-
ate temperatures the S¢ and Sy, did not show the same
temperature dependence. This would suggest a more
anisotropic motion in this range of temperature. How-
ever they have similar trend. We observed a smaller de-
crease in both order parameters at 35 °C relative to 27
and 40 °C. While at very low or high temperatures the
amplitudes of the internal motions are scaled by the
same factor, perhaps indicating a more isotropic mo-
tion. Our finding qualitatively agrees with the result
found in the cross-correlated relaxation study by Wang
et al. [19] over the temperature range between 15 and
35 °C. Both results show that '*C’ order parameter has
different temperature dependence than '°N order
parameter. However quantitatively our data differ from
Wang et al. While they found the SZC, to decrease more
rapidly than the Sy, we found quite the opposite. Wang
et al. measured cross-correlation and NOE rates that
pertain predominantly to the motion of the C'-C,, vec-
tor, while our study report on the motion of the rhombic

-0.02 | }
-0.04 | }

-0.06

AS?

-0.08

25 35 45
Temperature (°C)

Fig. 5. Average order parameter changes as a function of temperature.
The reference point is the order parameter at 15 °C. Filled square, N—
H order parameter and open circle, carbonyl order parameter. The
general trend is the order parameter decreases as temperature
increases. The N-H and C’ order parameter decreased by 5.9 and
4.6% in the 32 °C range, respectively. In the region from 27 to 40 °C, a
slight increase followed by a decrease in order parameter were
observed for both N-H and C'.

carbonyl CSA tensor which intermixes motions in the
C'-C,, direction (o,,) with those of the N-H direction
(d,,). Since there is no precedence to assume that the
motions along these various directions are correlated,
it is conceivable that the differences between the S¢.
and S, in the two studies may not be the same.

Both studies however support the conclusion that the
3C’ relaxation reports on a differential temperature
dependence of anisotropic motions of the peptide plane
at the intermediate temperatures. It is of interest to note
that Wang et al. [19] found the same effect for other
small proteins. Interestingly we found that the difference
between the two order parameters vanishes at higher
temperature. This is indicative that more isotropic mo-
tions dominate at higher temperatures, at least for ubiq-
uitin. These observations are of great importance to the
modeling of fine details of local motion.

While interesting from the theoretical point of view,
the mentioned motional anisotropy is small at all tem-
peratures studied. Thus, it may be concluded that the
>N and '*C’ relaxation measurements are in practice
equally valid and good probes of local molecular
dynamics. Importantly, we demonstrate a clear correla-
tion between the order parameters found for '*C’ and
5N. In contrast, the '*C’ cross-correlation measure-
ments used by Wang et al., while precise, are not a very
accurate indicators of dynamics on a site-by-site basis.
This is most likely due to the fact that the '*C'-C,
cross-correlation rates are more sensitive to variations
in the '*C’ tensor direction than the auto-correlation
rates. Overall, it may thus be concluded that our ap-
proaches are the method of choice for the measurements
over overall >C’ dynamics; the methods of Wang et al.
are of interest when studying the details of local motion.

4.3. Implications from the extraction of St using the
2R> — R, vs. B approach

We indicated that even slight inconsistency in temper-
ature during the experiment for datasets measured at
different fields can lead to significant errors in the esti-
mate of the slope of 2R, — R; vs. B> This kind of sys-
tematic error can be easily spotted by the observation
that the intercept of the 2R, — R; vs. B> curve becomes
physically unreasonable, either with a large positive or
even with a negative value. Note that the value of the
intercept comes from the residual terms of dipolar con-
tribution. The systematic error of this kind not only
biases the absolute value but also introduces unpredict-
able deviation among the order parameters of the resi-
dues in the sequence. The error can be reduced by
careful calibration, which is experimentally difficult
when high power decoupling and spin-lock is present,
or by incorporating datasets from as many fields as pos-
sible. As we have demonstrated, when the 2R, — R; val-
ues at four fields were included, the order parameter



S.-L. Chang, N. Tjandra | Journal of Magnetic Resonance 174 (2005) 43-53 51

approached the value we obtained from direct fit to the
relaxation rates. Since the slope of 2R, — R; vs. B? curve
is directly proportional to the product of the A%(1 + #?/
3) term and the order parameter, the CSA components
chosen for calculation will have a direct impact on the
absolute value of S¢.. On average, the ratio S&/Sxy
we obtained was about 1.064, yielding a S value
approximately 6.4% larger than Sy,. It is still unclear
if such an offset is physically real. The offset is not due
to the isotropic overall tumbling, because using an axi-
ally symmetric model will only introduce less than 1%
deviation. However, as mentioned previously, deviation
in the 4%(1 + 1%/3) term may significantly contribute to
the offset. To remove the offset, the A%(1 + 5?/3) term
will have to be increased by 6.4%. Several studies on
the magnitude of CSA components give variable range
values of the A%(1 + 5?/3) term. Taken the result from
Cornilescu and Bax [34] as 1, the 4%(1 + 5?/3) term from
Pang and Zuiderweg [36] is 0.704, from Stark et al. [43]
is 0.930. In other words, when using the results from
Pang and Stark, the offset in the S¢. and Sy, will become
even larger. The 4%(1 + 1?/3) value relative to Cornile-
scu’s result from the study of Cisnetti et al. [37] using
ubiquitin X-ray structure is 1.003 and using NMR struc-
ture is 1.012. The values from Cisnetti and co-workers
are not suitable in our calculation because earlier pub-
lished S, values for ubiquitin [32] were used to derive
their CSA parameters, which would become a circular
argument for us. However, it is interesting to note that
higher A% (1 + 5?/3) values were indeed obtained in their
study under an isotropic assumption. From this aspect,
the Cornilescu’s result is more consistent with the view
of an isotropic peptide plane motion, since it gives the
least offset between Sz, and Syy. Interestingly, Mark-
wich and Sattler [45] recently formulated a simple model
for the carbonyl CSA based on the DFT NMR carbonyl
shielding tensor calculations. According to their formu-
lation, the average calculated value of 4%(1 + 5?/3) for
ubiquitin increases by 4%, which will draw the values
of the S¢ and Sy, even closer. Residue specific CSA val-
ues obtained by the same method can also be applied to
derive the Sé,. This however did not result in any appar-
ent change in the correlation between Sg, and Sy,

It is also worth mentioning that either the CSA term
or the order parameter can be extracted when the other
is assumed as a priori knowledge. Therefore, cautions
also have to be taken when methods based on field-de-
pendent 2R, — R; are used to estimate CSA values
[44]. Systematic errors or large variation could be pro-
duced when there is inconsistency in the temperature
for datasets from different instruments.

In this study we have limited ourselves to the analysis
of order parameters. We also have chosen to use the
simplest analysis possible. There are no fundamental
reasons why a more complicated motional model, such
as the GAF model cannot describe the temperature

dependence of order parameters that we observed. The
only practical limitation is the number and accuracy of
the available data sets needed to quantitatively evaluate
the model. Our result showed no clear dependence of ¢
on temperature for both '>N and '*C’. So far there is no
consensus in published results on the behavior of fast
correlation times as a function of temperature. One
challenging issues for better determination of 1 is very
accurate measurements of NOE values. This is already
quite difficult to achieve for the 'HN-'°N. It is even
harder to obtain in the case of '*C’. In addition reported
values as large as 350 ps for '*C’ 7, points to the need for
a better understanding of the physical nature of this
parameter.

5. Conclusion

The C’ CSA is the dominant contributor to carbonyl
relaxation. Using this dominant term, the C’ auto-corre-
lated rate constants can be reasonably approximated
and still retain all of the useful dynamical information.
The simplest approach of using model-free formalism
could still provide meaningful clues to possible ampli-
tudes of motions at wide range of temperatures. We
demonstrated that the effective order parameter S¢.
can be extracted using a direct fit to relaxation rates at
two fields and by the 2R, — R, vs. B* approach. Along
the protein sequence, Sé, is highly correlated with S%\IH.
The overall temperature dependence of these order
parameters is small in the range of temperatures studied.
Some of their features however could still be extracted.
At very low and very high temperatures both order
parameters have similar temperature dependence. This
would indicate either the motions are different but they
scale the same way as a function of temperature or the
motions are isotropic. They show different dependence
in the intermediate temperatures suggesting the presence
of anisotropic motions. Our results hint at a more com-
plicated peptide plane motions than what was previously
proposed.

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/
j.jmr.2005.01.008.
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