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Abstract: In the previous paper in this issue we have demonstrated that it is possible to measure the five
different relaxation rates of a deuteron in **CH,D methyl groups of '3C-labeled, fractionally deuterated
proteins. The extensive set of data acquired in these experiments provides an opportunity to investigate
side-chain dynamics in proteins at a level of detail that heretofore was not possible. The data, acquired on
the B1 domain of peptostreptococcal protein L, include 16 (9) relaxation measurements at 4 (2) different
magnetic field strengths, 25 °C (5 °C). These data are shown to be self-consistent and are analyzed using
a spectral density mapping procedure which allows extraction of values of the spectral density function at
a number of frequencies with no assumptions about the underlying dynamics. Dynamics data from 31 of
35 methyls in the protein for which data could be obtained were well-fitted using the two-parameter Lipari—
Szabo model (Lipari, G.; Szabo, A. J. Am. Chem. Soc. 1982, 104, 4546). The data from the remaining 4
methyls can be fitted using a three-parameter version of the Lipari—Szabo model that takes into account,
in a simple manner, additional nanosecond time-scale local dynamics. This interpretation is supported by
analysis of a molecular dynamics trajectory where spectral density profiles calculated for side-chain methyl
sites reflect the influence of slower (nanosecond) time-scale motions involving jumps between rotameric
wells. A discussion of the minimum number of relaxation measurements that are necessary to extract the
full complement of dynamics information is presented along with an interpretation of the extracted dynamics
parameters.

Introduction describing the quadrupolar relaxation of the five modes,

In the previous paper in this issue (referred to in what follows (longitudinal magnetization)D+ (transverse in-phase magne-
as paper 1), we presented NMR experiments for measuring thetization), D+? (double-quantum magnetization)Dg — 2
relaxation rates of deuterium double-quantum and antiphase(quadrupolar order), anB-Dz + DzD- (transverse antiphase
transverse magnetization, along with the relaxation of deuterium Mmagnetization), show that their decay rates depend on a spectral
quadrupolar order i®®CH,D methyl groups of3C-, fractionally density function evaluated at only three distinct frequericies
2H-labeled proteins. In combination with previously published (se€ eq 1, of paper 1). It therefore becomes possible to uniquely
methodology for obtaining decay rates of longitudinal and in- determine these spectral density values, via a process referred
phase?H transverse magnetizatidrthese experiments allow 0 as spectral density mapping, and ultimately to elucidate the
measurement of the five different quadrupolar relaxation rates fundamental features of the dynamics of the system.
associated with a single spin-1 particle. We have shown that Spectral density mappif§ is an important tool in NMR
the five rates measured for the B1 immunoglobulin binding Studies of biomolecular dynamics since a set of measured
domain of peptostreptococcal proteir? at a number of different relaxation rates can be interpreted directly without any a priori
temperatures and spectrometer fields are internally consistent@ssumptions about the character of the underlying motions. The
Satisfied that we can measure the five relaxation rates accuratelymethod, therefore, can be used in the study of both constrained
we now turn our attention to the interpretation of these data in backbone dynamics in folded protefrisor large-amplitude
terms of protein side-chain dynamics. The measurement of atmotions in partially or completely unfolded protein steté®ata
least five rates per deuteron, and more if additional fields are recorded at multiple magnetic fields can be combined in a
employed, presents an opportunity to study side-chain dynamicsstraightforward fashion to allow better sampling of the spectral
in proteins in a way previously not possible. The equations
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density function. Fitting motional models directly to the spectral Spectral Density Mapping and Self-Consistency of ’H
density function readily allows one to assess whether the dataRelaxation Rates

are overfitted (see below). Spectral density mapping has been 5, experimental data set for protein L measured at@5

routinely }Jsed to analyze rglaxation of bac",béaglmls and has been obtained which is comprised of 16 deuterium relaxation
13C14.15gpins. However, despite a number of significant advances parameters. These includB(D,), R(D.), and R(D.2)

in methods for the measurement of side-chain relaxation measured at 400, 500, 600, and 800 MHz as weR¥8D,2
rates}*5*7the number of relaxation parameters measured atany _ 5y 514 RY(D.D, + D,D.) at 500 and 600 MHz. The

particular site in the §ide chai_n has remaineq insufficient t0 o avation rates obtained at any given field can be expressed
§upport spectral density mapping analyses, with a few excep-y;5 three spectral density values at the angular frequencies 0
tions:® o wp, and 2p (see eq 1 of paper 1), whee, is the deuterium
Here we present for the first time the results of a compre- | 4imor frequency. The entire set of 16 measured relaxation
hensive spectral density mapping study of side-chain methyl ra¢e5  therefore, is a function of 8 spectral density values

deuterons in proteins. Relgxation data in protein L have been (considering that the zero frequency value is sampled at each
recorded at spectrometer fields of 400, 500, 600, and 800 MHZ, ¢a14 and that 2 at 400 MHz coincides witip at 800 MHz).

corresponding to deuterium resonance frequencies of 61, 77
92, and 123 MHz, respectively, and spectral density profiles g|axation rates constitutes tispectral density mappingro-

have been obtained for a total of 35 side-chain methyl groups ¢eqyre which, in contrast to many previous studies of backbone
in the protein. Three versions of the model-free approach of dynamics, is highly overdetermined in this case.

. . 20 1 . . . -

Lipari and S;ab%? .have been sub.se'quently used to f'f[ Fhe To illustrate the spectral density mapping approach in some
spe_ctral d_enS|ty p_roﬂles. For the majority of me_thyl-contaln!ng detail, we consider the case where the 5 independeint
residues in protein L (31 methyls) adequate fits are obtained g|axation rates have been measured at a single spectrometer

using the simple LipartSzabo model where a single order ey | paper 1, we have shown that the measured relaxation
parameter and correlation time? &ndts, respectively, describe ratesT1&" = R(1,C;D7) — R(17Cy), T2 = R(1,C,D4) —

the local dynamics with an overall tumbling correlation time, R(17Cy), T2t = R(1,CA2D,2 — 1}) — R(1,C5), and[,&xPt =
TR, Obtained from>N spin relaxation measurements. However, R(IZCZ{,D+DZ + D/D4}) — R(:Cy) approximate RR(D7)

the spectral density profiles of the remaining four methyls are RR(D.), R(3D2 — 2), andR(D;D;z + DDy) to better than

clearly incompatible with this two-parameter Lipazabo 5, gyer a wide range of motional parameters. It has also been
model. The spectral density profiles for these residues can begpovn that the measured double-quantum relaxation rate

We!l_m using a §|mple ex.ten5|on of the standarq mode'- where contains nonnegligible contributions from dipolar interactions
TR is replaced with a variable effective correlation timegf. according to

The correlation timer# describes the combined effect of the

overall tumbling and slow-time-scale (nanosecond) rotameric .2 = R1.C.D.2) — RI.C.) — S R2. ~ RYD.2) +
interconversions occurring in the individual side chain. Molec- ~ ° (126D, — R kzz” DI 0+

ular dynamics data presented in the Appendix illustrate the appli- 80,1 J1:5(0) + 8015 J15(0) + 80ep I (0)
cability of thez 2 model for treatments of side-chain dynamics. 1o=ID oD cbTeb

The use of a comprehensive deuterium relaxation data Selgeq oq 10 of paper 1) with the right and left hand sides of this
acquired on protein L allows the study of side-chain dynamics equality agreeing to better than 0.5%. Recall fiat; Rglk is

ar: a.(;eve'lf'of ('1eta|:c that was p:je\{lously n|0t fea'S|bIe,T|rr]1cIud|ng the contribution to the relaxation of the methyl deuteron from
the identification of nanosecond-time-scale motions. The correct proton spins external to the methyl group, which can be

identification of such motion requires ad_ditione_ll relaxation times accurately calculated from the measuremenRA5Cy) (see
beyondT; andTa, values recorded at a single field. The number paper 1), andigq = (1/10)(uo/47)2(y ¢y e/ Toq 0.

of relaxation rates that are required for the analysis of side- . arar ad
chain dynamics is discussed along with the different models
that can be used to extract the motional parameters.

'Determination of these 8 spectral densities from 16 measured

On the basis of eq 1 of the previous paper in this issue and
the expression foFs®*Pt, we can write

| ] |
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17) SI)_ZeGMllaster, D. M.; Kushlan, D. MJ. Am. Chem. Sod.996 118 9255- 4/05 00
(18) Mayo, K. H.; Daragan, V. A.; Idiyatullin, D.; NesmelovaJl.Magn. Reson. I
200Q 146, 188-95. Note that the relatively small dipolar contributions to the
(19) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4559-4570. : y P JHIMER
(20) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559. relaxation of théH double-quantum mode originating from the

6450 J. AM. CHEM. SOC. = VOL. 124, NO. 22, 2002



Nanosecond Time-Scale Side-Chain Motions ARTICLES

C—D and|-D interactions £5—10%) can, with good accu- eters are estimated from a series of calculations using subsets
racy, be expressed with only th¥0) spectral density term  of the full experimental data set (see Materials and Methods
describing the dynamics of tHé—D bond vector sincdp(0) for details of the procedure).
~ (9/4)Jcp(0) (see paper 1). Hence, the set of three spectral
densities in eq 1 is sufficient to describe both dominant
quadrupolar contributions and secondary dipolar terms that
contribute to double-quantum relaxation. Multiplication of the ~ We begin this section by reviewing the motional processes
elements in eq 1 by &), whereo, is the average experimental ~that can be important for spin relaxation of deuterium in the
error in the measurement d‘fpexptl, ensures that the biggest side-chain methyl pOSitiOﬂS of proteins. Four main dynamic
weight is given to thos&,®®! values that have been measured Processes can be identified, including (i) fast methyl spinning,
with the highest accuracy. (ii) fast side-chain motion (torsional librations, bond angle
Equation 1 assumes that the quadrupolar tensor of a deuteriunfluctuations, and fast rotameric transitions), (iii) slow side-chain
spin residing in a methyl group is axially symmetric. An motion (rotameric transitions, including concerted transitions,
additional contribution from the small rhombic component of with characteristic times from hundreds of picoseconds to tens
the quadrupolar tens8ris expected to remain below 2%, even  Of nanoseconds), and (iv) overall tumbling (isotropic or aniso-
though this term is largely unaffected by the fast spinning of tOPIC). In practice, fast motional processes (i) and (ii) cannot
the methyl group. Assuming axial symmetry we have recently be separated in a reI!abIe manner on the basis of thg rglaxa}tlon
established that the quadrupolar coupling constants of methyl(llat"jl presented in this paper, since both occur on similar time
2H spins are essentially site-independent and estimated theSc!€S,~10-100 ps, that cannot be effectively probed by

average?Qg/h value to be 167 kH#2in good agreement with spectral density mapping of data. measured af current spectrom-
related solid-state studi@%This value is used in what follows gter field strengths. Hence, a smglg charaqterlsnc correla.tlon
to evaluate eq 1. time, T, mgst be used to characterize fast internal dynamics.
Equation 1 can be readily generalized to include measure-Assur.nlng ideal tetrahedral geometry for methyllgroupg, the
ments at several spectrometer fields as well as partial data set combined order parameter from dynamic modes (i) and (ii) can

. . e written as 1/92, where the factor of 1/9 originates from
in cases where less than 5 relaxation rates are measured p A 5 .

. . . ast methyl spinning an&? reflects fluctuations of the methyl
deuteron. In our case the size of the matrix corresponding to

. . . i (o — averaging axis. Note, however, that this identification is tentative
thhe ont;e in eq 1is 16(; 8 i'_n(;le 16r‘§xp d(p éd16) \t/alues ¢ 8since a single decay time;, is assumed for both processes.
ave ?Zn m_e_as_urs J whic Ea; 89 Ee_scr:]rl be '? erlms 0 In the presence of fast ff ii) and slow (iii) local dynamics
spectral densitiegq = J(wy) (q = 1...8). Eight best-fit values in addition to the overall tumbling (iv), the spectral density

of Fhe SPec”a' densitiefy", are ol.Jt.ained by solving this sygtgm function can be modeled following the approach developed by
using singular value decompositiéhThese spectral densities Clore and co-worker® Assuming that the three motional

can be subsequently S“bSt'fti:Jted into an analogue of eq %x:)(ttl) backyocesses listed above are independent, the correlation func-
calculate relaxation rate§*. The correlation betweeh, tion of interest,g(t), can be written agy(t) = {(1/9)S? +

andT,ft provides a measure of the consistency of the experi- 1 — (1/9)3) exptm)}S2 + (1 — S?) exp(tr)}-

mental data and can be viewed as a generalized form of the{ exp(—t/zr)}. The resulting spectral density function is
consistency relationships discussed in paper 1.

Model-Free Approaches to Analysis of Spectral
Densities

Figure 1 shows the correlations between experimental and 1. 2.2 To 1.5 5 7,
fitted relaxation rates when all 16 relaxation rates, comprising Jw) = 9 S 1+—22 - 53 Q-5 )W +
the complete data set for protein L at 25, are included in the @ To !
analysis. Overall, the quality of correlations is excellent, with Ssz(l _ 132) T2 4 (1 _ 132)(1 _ 552) 73
values of the systematic biascalculated as the averagg, et 97 )1+ w2 9 14+ w? 32
— Tt/ pe*P! ratio, indicated in each panel. For 10 out of 16
measured relaxation ratéds below 1%, and for another three 1ty = 1hy
rates it does not exceed 2%. The worst systematic bias, which
amounts to 5%, is obtained for the double-quantum relaxation 1, = (Lhg) + (i) (2)
rate measured at 400 MHz (third panel in the top row). More
specifically, it appears that both this rate and RD;) rate 1, = (1itg) + (1)
measured at 400 MHz have a small degree of bias, with the
discrepancy more evident for the double-quantum data set since 1y = (1hg) + Ay + (L)

it has a bigger experimental uncertainty and therefore is fitted

more loosely. Since even a very small systematic bias in certainwhere the slower internal motions are parametrizeddgnd
pieces of data may affect the outcome of the spectral densityS2. Note that eq 2 assumes the independence of internal
mapping procedure, we have implemented a jackknife algo- dynamics and overall tumbling; however, no assumptions about
rithm?> whereby the uncertainties in extracted values of the the relative magnitude afs andtr are needed. (See reference
spectral density function and model-dependent motionalparam-26 for further details).

Consider now the situation where the time scale of slow local
(21) Muller, C.; Schajor, W.; Zimmerman, H.; Haeberlen,JJMagn. Reson. dynamics,rs, is similar to the time scale of overall tumbling,

1984 56, 235-346.
(22) Mittermaier, A.; Kay, L. EJ. Am. Chem. S0d.999 121, 10608-10613.

(23) Burnett, L. H.; Muller, B. HJ. Chem. Phys1971, 55, 5829-5831. (25) Mosteller, F.; Tukey, J. WData Analysis and Regression: A Second Course
(24) Press: W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T. in Statistics, Addison-Wesley: Reading, MA, 1977.
Numerical Recipes in @Cambridge University Press: Cambridge, U.K.,  (26) Clore, G. M.; Szabo, A.; Bax, A.; Kay, L. E.; Driscoll, P. C.; Gronenborn,
1988. A. M. J. Am. Chem. S0d.99Q 112 4989-4991.
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Figure 1. Correlations between experimental deuterium relaxation rates of protein L ,25°®!, horizontal axes, and the rates calculated using the
best-fit spectral density values obtained from the spectral density mapping procgdureertical axis. A total of 16 rates have been interpreted using 8

independent spectral densities. The definitionEpdre given in the text, and the respective deuterium spin operators and magnetic field strengths (expressed

as proton resonance frequencies in MHz) are indicated in the top left-hand corners of each panel. The dedattutated as the averagE P! —
Tp)/Txe*Pl ratio, is also shown.

7r. The tail of the correlation function in this case is comprised In this modelr " represents the combined effect of slow local
of two exponentials with similar decay times, and ;. Even
a small amount of noise makes it exceedingly difficult to on a similar time scale (e.g. on a time scale of several
separate the contributions from two decay processes with similarnanoseconds). In the Appendix we present correlation functions
rates. On the other hand, the product of the two can be well- calculated from a 50 ns molecular dynamics trajectory which
approximated with a single exponential, leading to the sim- lend support to the simplified model involving™. In particular,
plified expression forg(t), gt) ~ {(1/9)32 + (1 — (1/9)S9)
exp(t/r)}{exp(t/izM}, and consequently fak(w):

9" 1+ 0¥z

eff

[

ff\2
<)

[

9

1 T

2
)l + 0’ )

1= (™ + (k)
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dynamics and overall tumbling, which are assumed to proceed

we show that slow time-scale (nanosecond) rotameric transi-
tions observed in the MD trajectory for a number of side chains
give rise to spectral densities consistent with eq 3. Note that in
the limiting case, whes? = 0, eq 2 rigorously reduces to eq

3 with 78" and 7 identified with 7; and 73, respectively. The
order paramete®? is fully expected to be small in mobile side
chains because of 3-fold rotameric transitions involving one or
more dihedral angles along the side chain (i.e. for the same
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reason that the fast methyl spinning gives rise to a low order A

parameter of 1/ 9) 400 $%=0.84[0.83-0.86] §2=0.73[0.70-0.75]
Finally, if slow local dynamics is absent, theg = 7r and r24ps [22-27] TrS4es [51-60]

eq 3 is reduced in a trivial manner to the conventional Lipari

Szabo spectral density:

400

1l R (1 T
J(w)—gswazTRﬁ(l 5 @

[ 50 100 150 200 250 ¢ 50 100 150 200 250

— 520.88 [0.86-0.92] 400 $220.77 [0.75-0.78}
it = (Lhg) + (A i '

200 7,=39ps [35-44] =29ps [26-33]

Expressions fod(w), eqgs 2-4, involve four{ §,71,S%1¢, three
{S211,75M, and two{S2,7¢} fitting parameters, respectively,
with the overall tumbling timergr known from 15N relaxation
measurements. In what follows these three models rooted in
the work of Lipari and Szati82° are referred to as LS-4, -3,
and -2, according to the number of fitting parameters contained 9 S0 w0 10 20 2% 0o S W 1% w0
therein. All models describe the dynamics of a vector that e P T ey
coincides with the €H bond of the methyl group; these models

can also be applied to the"eW—C (or C"etY-S) bond if the e
factor (1/9) in the respective expressions is replaced with 1.
The meaning of the best-fit order parametg§fextracted from 100
fits using the LS-2 and -3 models in cases where slow side-
chain dynamics is present is discussed below. Theoretical |
treatments which draw the connection between the model-free ¢ s 00 150 200 250 © S 100 150 200 250

J(w) [ps]

J() [ps)

o o . /27 [MHz] w/2r [MHz]
parameters and more fundamental quantities describing side- g
chain torsional dynamics have been presented in a number of 5 $-0520050.050) ? $2-052 1030032
recent pape@z—SO =85ps [83-89) 5 =38ps [36-40]

Spectral Density Mapping of Methyl Sites in Protein L
As discussed above, the extensive set of deuterium relaxation

data obtained for protein L at 2% allows the determination 100

of spectral densitiejg, = J(wq) at eight distinct frequencies,. o s g °
As a first step, the spectral density profilds,) were fitted e
using the conventional LipariSzabo modéf-2°adapted for the e P
case of rapidly rotating methyl groups.eq 4. The overall 4 47ps [45-50] ? 5005 46-52]

00

molecular tumbling timegg, used in the analyses has been
determined by standarfN relaxation measuremefts(see
Materials and Methods), withr = 4.05 ns for protein L at 25
°C.

Figure 2 shows values d{w) (circles in the plots) together
with LS-2 best-fit curves (solid line) for a number of residues. oL L2
The best-fit values of; andS? are also indicated in each panel. T S R v
Uncertainties in the fitted parameters have been estimated onrigure 2. Results of the spectral density mapping procedure described in
the basis of a jackknife procedure in which a series of reduced the text using the standard Lipai$zabo spectral density functié?°LS-
data sets comprised of L4 relaxation rates per methy group areZ ©f SHSCEd e nprofey L ot he e corespondtore
fitted. To ensure that the magnitudes of the errors are not geuterium relaxation rates and the curves have been generated by fitting
exaggerated, reduced data sets were constructed in such &hese spectral densities to eq 4. The best-fit valuei?atndzs along with
manner that they remained overdetermined with respect to all their uncertainties are indicated in the upper right-hand corner of each panel.

tral d iti d ibed in detail in Material d Part A (top six panels) shows the results for selected methyl sites that are
spectral densiueés as described n detall In Materials ana gieq well with the LS-2 model (class A side chains). Part B (bottom four

J(@) ips)

Methods. The error bars represent the entire rangé(cof) panels) shows the results for all methyl sites that are fitted poorly with the
values that are obtained with the jackknife procedure. LS-2 model (class B side chains). A jackknife procedteas been used
to determine average spectral density values, associated error bars, and

(27) Bremi, T.; Brischweiler, R.; Ernst, R. RI. Am. Chem. Sod.997, 119, uncertainties in the fitted parameters, as described in Materials and Methods.

4272-4284.
(28) Mikhailov, D.; Daragan. V. A.; Mayo, K. H. Biomol. NMRL99S S, The standard LipariSzabo (LS-2) model produces good fits
(29) Mikhailov, D. V..; Washington, L.; Voloshin, A. M.; Daragan, V. A.; Mayo, ~ for a total of 31 out of 35 methyl groups in the protein and for

K. H. Biopolymers1999 49, 373-383. _ ioti i ;
(30) Wong. K B.. Daggett. VBiochemisiry1998 37, 11182-11192. these methyl$-test statistic® do ngt justify the use of more
(31) Kay, L. E.; Torchia, D. AJ. Magn. Reson1991, 95, 536-547. complex models (average probability of chance improvement,

(32) Farrow, N, & Muhandiram, R., Singer, A'Fgr'g;?fgfj My KﬁgyC-LMg p, greater than 85%). In these cases the best-fit curves are inside

Biochemistry1994 33, 5984-6003. or, on several occasions, just outside the span of the error bars
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for all J(wq) points. This is illustrated in Figure 2A (top six " "
panels) for selected methyl groups, one from each methyl type ** romgnen | 2° -
in protein L. In contrast, four methyl groupg'17, 146, L861, 300
and L&2—clearly cannot be fitted well with the LS-2 model,
Figure 2B (bottom four panels). In a preliminary discussion of
these results, it should be pointed out that three of the four .,
deviant methyl groups belong to residues with long side chains

200

LS-2

Jea) [ps]

200

100

T7

(0 positions of Leu and lle). In contrast, spectral density values = e ol
from all nine Ala methyls can be well-fit with the LS-2 model.
This suggests that the reason for the unusual behavior of the 4 o §7-0911081-0.94] 300 §-0.97 1082-1.04]

~18ps [16-25] 1=45ps [40-51]
23,7705 [3.64-4.20] ¢*-2.40ns [2.28-2.55]

methyl groups in Figure 2B lies in the large-amplitude motions
that can occur in longer side chains. In what follows, those

@
S
S

200

methyls (31 of 35) that are well-fit by the LS-2 model are i;zoo %
referred to aslass Amethyls, while the remaining 4 are referred 10
to asclass B(fit with the LS-3 model but not the LS-2 model; 1
see below). ol A50 L7
The separation of all methyl sites into two groups, as PRI EE 0 e e e
illustrated in Figures 2A and 2B, is not entirely clear-cut. Some $2-0.91(0.85-0.94] 200 $2-0.87 [0.92-1.00]
of the residues from the first group show a slight trend similar T8 [16-22) TSP 1S-S1l
to what is observed in the second group, indicating possible 8:3?7[?::;702233] 850;0{0[21702(271

200

side-chain mobility (see for example Leu 56 in Figure 2A). The %200 >
effect is, however, below the uncertainty level indicated by the ~ —
error bars. 100 .

As a next step, experimental spectral densities were fitted to | ase L7
the more complex LS-3 and LS-4 models that include the effects o ey o e

of ?low local dynamics. To compare the performanc_e of the Figure 3. Fits of J(w) values extracted from spectral density mapping of
various models, we have selected two methyl groups, including 16 experimental relaxation rates for two representative residues in protein

one from a class A side chain (Ala 50, first panel in Figure 2A, L at25°C obtained with three different versions of the LipaBizabo model,
fitted well with the LS-2 model) and another from a class B LS-2, LS-3, and LS-4 (top, middle, and bottom rows, respectively). Data

. . . . . Ifor the residues Ala 50 from class A and Thr 17 from class B (left and
side chain with suspected nanosecond time-scale internalignt columns, respectively) are presented.

dynamics (Thr 17, first panel in Figure 2B, fitted poorly with
the LS-2 model). The results are shown in Figure 3. discrepancy between the best-fit function and the experimental
For Ala 50, the use of the more complicated LS-3 and LS-4 data remains. This is not surprising since the model-free
models shows no statistically significant improvement over fits approach provides only an approximate description of what must
obtained using the simple LS-2 model (left column in Figure certainly be complex side-chain dynamics in many cases. In
3). Indeed, probabilities that the improved fits from the LS-3 fact, similar discrepancies are observed when the LS-3 model
and LS-4 models are due to chance are greater than 85%, ands used to fit spectral density values derived from MD simula-
the more complex models can therefore be rejetted. tions (results not shown). The order parameter obtained from
correlation time ofts = 3.77 ns is obtained with the LS-3  the LS-2 model,S? = 0.52, can only be viewed as a rough
model, with the range of uncertainty extending from 3.6 to 4.2 measure of side-chain mobility because of the poor quality of
ns. This interval encompasses #iN-derived value employed  the fit in this case. This value is also too low if one assumes
in the LS-2 fit, 7r = 4.05 ns. Likewise, the order parameters that S? reflects only small-amplitude fluctuations in the
S? obtained with LS-2 and LS-3 models are consistent within relatively short threonine side chain. On the other hand, the value
their respective uncertainty intervals. In contrast, application of 0.97 from the LS-3 model appears to be an overestimate
of the four-parameter LS-4 model to the Ala 50 data clearly which can be likely attributed to the approximate character of
leads to overfitting (lower left panel in Figure 3). The extracted the model, as discussed above. While fitting with the LS-3
value of the order paramet&¢ has a range of uncertainty from  model constitutes a substantial improvement over the fit obtained
0.0 to 1.0. Note that both order parameteg$,and S?, have with LS-2 (p < 0.01; see above), no further improvement is
been constrained in the LS-4 fitting procedure in an attempt to obtained when the LS-4 model is used, bottom right panel in
improve the stability of fitting, while no such constraints were Figure 3, as the? residuals obtained from fitting the spectral
needed for either LS-2 or -3 models. density profile with the LS-3 and LS-4 models are equal.
Representative fits of spectral densities from a class B side The trends illustrated in Figure 3 for Ala 50 and Thr 17 have
chain using LS-2, -3, and -4 are illustrated for Thr 17 in the been also observed for other class A and class B side chains,
right column of Figure 3. In this case, application of the LS-3 respectively. The LS-3 fitting of the spectral densities for class
model leads to significant improvement relative to the LS-2 A side chains results in an averagé™ of 3.7 ns, which is
model, with a less than 1% probability that the improvement is slightly lower thantg = 4.05 ns. In contrast, an average' of
obtained by chance. The correlation timg™ = 2.40 [2.3- 2.5 ns is obtained for the class B side chains, with an average
2.6] ns, is distinctly different fromg = 4.05 ns, indicating the range of uncertainty between 2.3 and 3.1 ns.
presence of nanosecond-time-scale motions in the side chain. Application of the LS-4 model to the analysis of class A side
While the LS-3 model is a clear improvement, a small chains in protein L invariably leads to overfitting. Values of
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the order parameté&? obtained in this manner have uncertain- spectral density profiles is considerably less extensive than in
ties ranging from 0.0 to 1.0 for 20 methyl sites with the the study carried out at 25C. At 5 °C, spectral densities
remaining 11 sites also showing excessively large variations. obtained for all of the methyl-containing side chains can be
Instability of fits with the LS-4 model have also been seen in adequately described using the LS-2 model, although fits of the
the analysis of MD-based simulated data (not shown). For the spectral densities for T17,#4 L8061, and L&2 show the same
four class B side chain§? = 0.0, with correlation timess trend as seen in Figure 2B (see Supporting Information).

ranging from 5.5 to 7.9 ns. It is interesting that a recent solid-  |n this context it is important to discuss the requirements
state. NMR study of dynamics of Met side chains in the presented by the increasingly complex models of motion in
streptomyces  subtilisin inhibitor complexed to subti8in  terms of the requisite size of experimental data sets. In some
showed that these side chains had correlation times in the rangeases, it may not be possible to measure more #haf;*
of 10 ns, similar to what has been observed here. Noting that and Ty, 1 values at a single magnetic field strength (this issue
(i) for S? = 0 the LS-4 model is rigorously reduced to the LS-3  pecomes particularly relevant for applications involving proteins
model with 12" = (1/rr) + (1/s), that (ii) the more complex  of approximately 150 residues or more since the experiments
LS-4 model shows no improvement relative to the LS-3 model that measuréH doub]e_quantum, quadrupo|ar order and anti-
in terms of data fitting, and that (iii) fits with LS-4 tend to be  phase transverse relaxation rates are considerably less sensitive
unstable, we will not consider the LS-4 model any further. As than the schemes for obtaininf ! and Ti,”! values, as
an alternative to the LS-4 model used here, the more conven-described in paper 1). Two deuterium relaxation rates provide
tional four-parameter model due to Clore and co-wordtas g minimum data set that supports analysis with the LS-2 form
been tested, with results very similar to the LS-4 model. of spectral density function. The limitations of LS-2 analyses
As an additional point of interest we have considered how that arise from nanosecond time-scale local dynamics are further
anisotropic tumblingf—36 would affect the outcome of the (iscussed below.
analysis _described above. The pfirameters of the_diffusion tensor Thae minimum data set necessary for interpretation using the
‘;‘5” protein L have been determined on the basis of backbone| g 3 mdel consists of three deuterium relaxation rates mea-
N relaxation dat¥ (see Materials and Methods). Using these g, raq at a single field. This data set should include at least one
parameters, the effect of anisotropic tumbling?shrelaxation of the transverse rate®;, ! = R(D;) or RY(D.D; + D;D.),
in each methyl group was estimated using the so-called “quadricSO that the spectral derfsiﬂQO) can be accessed. Furthermore,
approximation™*3° Assuming that the structure of the protein  ; ig important that the dispersion region of thi@) profile be

in solut?on i_s rigi%ugjnd identical to the X-ray stru_ctu_rg, the sampled by the relaxation data, i.e., thate" ~ 1. Conversely,
correlation timezg®@@ can be calculated for each individual ¢ ., examplewpre >> 1, then both)(wp) and J(2wp) fall

mgthyllgroup asa functloq of Fhe orientation of theet/'-C on the plateau of the spectral density profile and effectively
axis with respect to thg dlﬁu3|oq .frame; see eq 14 of Lee et represent a single spectral density valder) ~ J(2wp), SO
fal'% Subsequently, r.eS|due-speC|f|c valgegrgiuadwere used that use of the LS-3 model leads to overfitting of the data. It is
|nste§1d of the generc valug = 4.05 ns in fitting the spectral worth noting that the most favorable conditions for studies of
density data with the LS-2 mod&h?° g nanosecond side-chain dynamics are whemns ~ 1 andrs <

We have found that the range o™’ values for methyl ., yractice, one should exercise caution using minimum data
groahsn protein L is rather narrow, 3:8.3 ns (for 23 methyls a5 comprised of three relaxation rates since the spectral density
Tz is confined to an even more narrow interval extending  manning procedure in this situation is not overdetermined. We
from 3.9 to 4.1 ns). As a result, usin§f““in place ofr in the have found that using five relaxation rates at a single field

LS-2 model leads to only very small changes in the parametersingiead of three can greatly improve the accuracy of the analyses
extracted from fits of the spectral densities. For example, for i, some cases.

the extreme case of Ala 61 use x&“ad: 3.8 ns results in an
increase ir§? from 0.60 to 0.65. In general, it should be noted
that usingzd‘®is appropriate for Ala residues. In contrast, for
long side chains that likely display some degree of conforma-
tional disorder, this approach is of questionable utility.

An analysis similar to that described above has also been
carried out on the relaxation data recorded for protein L at 5
°C. In this case a data set comprised R#(Dz), R(D+),
RR(D+?), andRR(3D22 — 2) measured at 500 and 600 MHz as
well asR?(D+Dz + DzD+) obtained at 600 MHz is available.
The spectral density mapping procedure in this case amount

To attempt data fits using the LS-4 model, a set of deuterium
relaxation rates must be measured at no less than two different
magnetic field strengths. In principle, the combinatiorTef!
and Ty, ! measurements at two fields related by a factor of 2,
e.g. 400 and 800 MHz, provides enough data to support a four-
parameter fitting. In our experience the significant sensitivity
drop in the 400 MHz measurements (approximately 2-fold
relative to 500 MHz) is problematic, although data sets recorded
at lower fields are particularly useful since tlgvp) values
obtained are more likely to lie in the dispersion portion of the
. . " , - Sspectral density profile. In any event, as described above, it is
to extracting five spectral densities from nine experimentally important to ensure that the spectral density values obtained
measured relaxation rates. Since the data set does not includgvi” not be overfitted using the chosen model. The spectral

r_neasu_rements at_ 400 and 80.0 MHz and since the _correlat'ondensity mapping approach provides a nice visual check that this
times increase with the drop in temperature, sampling of the is indeed the case

(33) Tamura, A.; Matsushita, M.; Naito, A.; Kojima, S.; Miura, K. I.; Akasaka, In summary, in the present work we have tried to be
(34) 'ér.t'zfc?f\?\,ig"gfié%gga%yﬁ?‘ﬁgéht' P, ESciencel 995 265 886889, comprehensive in our study of side-chain dynamics and we have
(35) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax,JAAm. Chem. Sod995 therefore carried out measurements at as many magnetic fields
(36) {gf%?&ﬁi‘;ﬂ\m; Chazin, W. J.; Palmer, A Biomol. NMRLGS7 as possible. The results from the small globular protein, protein
9, 287-298. L, suggest that in many cases measurements at a single field
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Figure 4. Correlation between the methyl order parame®#getermined Figure 5. Distribution of §? values extracted from fits of spectral density
from experimental relaxation data recorded on protein L& $horizontal values obtained from 16 experimental relaxation rates measured on protein

axis) and 25°C (vertical axis).S? values were obtained from fitting of L at 25°C. The bars in the histogram are color coded according to the
spectral densities using the LS-3 model (four methyl sites from class B, number of dihedral angles between the backbomex@ the methyl carbon.
closed circles) or the LS-2 model (other methyl sites, open circles). Note

the substantial uncertainty in the LS-3-derived value§dat 5°C which L56 where very different order parameters (0.30 and 0.61,
is due to the limited sampling of the spectral density profiles at this respectively: the values farl andd?2 sites happen to be equal
temperature (see Supporting Information). . p y: . . .

in both cases) are obtained despite the fact that both residues

may be sufficient to extract the complement of information &€ I-ocated irﬁ-strqnds, havg no solyent exposure, and.form
available from relaxation experiments. For applications to other Multiple CO”taCtSZW'th other side chains. It has been previously
macromolecules, including unfolded proteins, the question of Pointed out tha&* may depend on the conformational state of

the minimum number of field strengths necessary will have to the side chain and the orientation of the averaging axis as well
be explored further. as on the rigidity of the local environmefit#>

) ) Analysis of order parameters in terms of molecular properties
Intzerpretatlon of the Fast Time-Scale Order Parameters, is predicated on their correct interpretation. It is therefore of
Si interest to evaluate how nanosecond-time-scale local dynamics

The fast motion order paramet&?, is an important measure  gfect the values o2 extracted from the LS-2 model. To
of internal mobility in proteins providing insight into molecular  aqdress this issue, a series of numerical simulations were carried
recognition event8**4°and protein stability!**for example. oyt where synthetic input data were generated using the LS-4
Using deuterium relaxation data from protein L, order param- model, eq 2, which explicitly includes nanosecond-time-scale
eters were obtained at two temperatures using either LS-2 orgynamics. In the first case, Figure 6A, the input data consisted
LS-3 spectral density models. An excellent correlation is f simylatedT; ! andTy, ! rates (600 MHz). These two rates
observed betwee§?(5°C) and $%25°C), Figure 4, with the  \yere subsequently fitted with egs 1a,c from paper 1 using the
low-temperature values on average higher by 12%, consistent| g_o model, and?, 7; values were recovered. The contour plot
with what has been observed by Lee and Wand in their study j, Figure 6A shows the deviation between the fitted order
of methyl dynamics in calmodulift. parameter values? (LS-2), and the target valug? = 0.8 as a

The statistical distribution o&® values from protein L at 25 fnction of the two slow (nanosecond) motion parameters used
°C is shown in Figure 5. As expected, high-order parameters ¢, generate the input data,andS2. A similar plot, Figure 6B,
are observed in methyls attached to short side chains, whilepas peen produced using input data consisting(@y, J(wo),
low-order parameters are usually noted in the long side ChainsandJ(zwD) values calculated from eq 2. Both plots demonstrate
(on average§® = 0.81 for Ala and 0.56 for Leu side chains,  that the presence of nanosecond-time-scale side-chain dynamics
for example). The distribution appears to have more than one may lead to a dramatic underestimatiorgfif the LS-2 model
maximum, reminiscent of the trimodal pattern described by Lee s ysed to interpret the data, consistent with the analyses of the
and Wand'! In general it has proven difficult to correlate the experimental data in the previous section. Clearly in this
order parameter&§?, with certain unique characteristic features situation S2 determined with the standard LipaSzabo
of the local environment such as the number of side-chain (LS-2) model cannot be considered as a measure of the
contacts'? solvent exposure, or secondary structure, as has beenamplitude of fast motion, but should rather be viewed as an
already pointed out by Mittermaier et ®.This difficulty is empirical parameter that absorbs the effects of both fast and
exemplified by the comparison betwe&g values for L8 and slow local dynamics.
(37) Kay, L. E.; Muhandiram, D. R.; Farrow, N. A.; Aubin, Y. Forman-Kay, When the LS-3 model is used to fit the three spectral densities

J. D. Biochemistry1996 35, 361—368. calculated from eq 2, as described above, the accuracy of

(38) Kay, L. E.; Muhandiram, D. R.; Wolf, G.; Shoelson, S. E.; Forman-Kay, extractedS? values clearly improves relative to fits with the

J. D. Nat. Struct. Biol.1998 5, 156-163.
(39) Lee, A. L.; Kinnear, S. A,; Wand, A. Nat. Struct. Biol200Q 7, 72—77.

(40) Ishima, R.; Louis, J. M.; Torchia, D. Al. Mol. Biol. 2001, 305 515-21. (44) Mittermaier, A.; Kay, L. E.; Forman-Kay, J. D. Biomol. NMR1999 13,
(41) Lee, A. L.; Wand, A. JNature2001, 411, 501-504. 181-185.

(42) Desjarlais, J. R.; Handel, T. M. Mol. Biol. 1999 290, 305-318. (45) Yang, D.; Mittermaier, A.; Mok, Y. K.; Kay, L. EJ. Mol. Biol. 1998
(43) Kim, D. E.; Fisher, C.; Baker, Dl. Mol. Biol. 2000 298 971—-84. 276, 939-954.
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Figure 6. Errors in the order paramet&¢ extracted from fitting simulated
input data to the LS-2 (A, B) and LS-3 (C) models. The input data were
generated using the LS-4 spectral density function (eq 2) with the following
parametersrr = 4.0 ns;zr = 50 ps,S% = 0.8, proton frequency 600 MHz,
with 7s andS? varied as indicated by the labels on the axes of the contour
plot. The input data consisted of the two simulated quadrupolar relaxation
rates{T:™%, T, %} (A) or three values of the spectral density function
{J(0).J(wp),J(2wp)} (B, C). At each point in the contourplot, the difference
S2(LS-2) — S (or S3(LS-3) — S?) is plotted, whereS? is the target value
of the fast motion order parameter (0.8) a8&LS-2) (S3(LS-3)) is the
best-fit value extracted by fitting of the simulated data with the LS-2 (LS-
3) model. The point wheres = tr is indicated by a vertical dashed line.

LS-2 model. Accurat&? values are recovered for a wide range
of correlation timegs, 75 > 2.5 ns, Figure 6C. In comparison,
even very slow local dynamics with ~ 25 ns may compromise
the extracteds? values in the case of the LS-2 model, Figure
6B.

Finally, we wish to mention an alternative interpretation of
the LS-2-based order parame&4(LS-2). It can be viewed as
either an approximation of the original quantit§?, or as an
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Figure 7. Order parameter§3(LS-2) (A) andS%(LS-3) (B) as a measure

of amplitude of local dynamics, including fast and slow dynamics, that
approximates eithe®? or $2S2. The simulated input data are the same as
in Figure 6B,C. In part A, at each point in the contour plot the minimum
of the two quantitiesS3(LS-2) — S? and |S4(LS-2) — S2S is plotted,
whereS? and S2 represent the values used to generate the input data and
S%(LS-2) is the best-fit value obtained from fitting the synthetic input data
with the LS-2 model. Part B displays the same measure for the LS-3 model.

approximation of the produc&?S?2. For example, in the limiting
case in whichrs— 71, “slow” and “fast” local dynamics become
indistinguishable an&?(LS-2) ~ $2S2. To illustrate the quality

of this dual interpretation o&%LS-2), we have plotted the
minimum of the two deviationgS%(LS-2) — §?| and|S%(LS-

2) — §2S3, in Figure 7A. While the interpretation &2(LS-

2) in terms of eitheS? or $2S2 holds reasonably well in both
the low and high end of the;range, it is less accurate when
becomes comparable tg (dashed vertical line in the plot). In
general, this dual interpretation &2(LS-2) is useful since it
relatesS3(LS-2) to the amplitudes of local motions, irrespective
of their time scales. Figure 7B shows the analogous plot for
S2(LS-3) extracted using the LS-3 model. Finally, note that the
distinction between fast and slow time scales is somewhat
arbitrary. In the present example we havewet 50 ps ands

> 0.5 ns so that at least a factor of 10 separatésom 7.

Conclusion

Deuterium relaxation rates measured using the three new
relaxation experiments described in paper 1 in concert With
and Ty, rates measured using two previously described
experiments can be analyzed with spectral density mapping
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procedures to characterize side-chain dynamics in proteins.
Remarkably, the analysis is strongly overdetermined with respect

provides a clear and precise signature of local side-chain
dynamics in proteins. The information that is available through

to the spectral densities of interest (for example, measurementghese studies is expected to provide an important contribution

at the four magnetic fields400, 500, 600, and 800 MHzresult

in up to 20 experimentally determined relaxation rates which
depend on 8 distinct spectral densities). In this work we take
full advantage of the deuterium spin-1 probe that (i) relaxes
almost completely via the quadrupolar mecharighand (ii)

has five unique relaxation rafethat can be measured to probe
dynamics.

Analysis of relaxation data measured for the protein L domain
shows that in the majority of cases the relaxation-active
dynamics of methyl-bearing side chains is limited to fast, mainly
small-amplitude, torsional fluctuations. The order parameters

associated with these fast librations are expected to be relativelygenerated_ Subsequently

high (= ~0.5). In contrast, unusually low order parameters of
ca. 0.1-0.3 likely point to the occurrence of nanosecond-time-

to the emerging picture of side-chain dynamics and ultimately
increase our understanding of protein folding, stability, ligand
binding, and molecular recognition in a variety of systems.

Materials and Methods

Spectral Density Mapping. An experimental data set has been
recorded for protein L at 28C comprised of 16 relaxation rates,
including R}(Dz), R(D4), and R}(D+?) measured at 400, 500, 600,
and 800 MHz as well aB(3Dz — 2) andR*(D;Dz + DzD) at 500
and 600 MHz. To properly account for errors, a jackknife proceure
has been implemented as follows. From the original set containing 16
relaxation rates, all possible subsets comprised of 14 rates have been
those subsets have been excluded that
contained only one relaxation parameter measured at 400 or at 800
MHz. This ensures that all remaining partial data sets (114 subsets)

scale rotameric transitions. For example, in the case of Leu sideare overdetermined with respect to all spectral densitiess a next

chains only two %1, x2) rotamers, {60°, +18C°) and (180,
+60°), account for 88% of all conformations encountered in
the structural databadéThe transition between these two states,
which likely entails only very modest rearrangement of the
protein interior, may well have a strong effect on methyl
relaxation for this residu&®*°In these caseS? values obtained
by fitting the data to the LS-2 modé{?° should be viewed as
an empirical (and qualitative) measure of side-chain mobility.
We suggest that whenev&2(Dz) and R(D4) deuterium
relaxation rates only are available they should be interpreted
using the standard LipariSzabo (LS-2) model. The extracted

value ofS? should be considered a generalized measure of side-

chain mobility that, in addition to fast picosecond dynamics,

step, spectral density mapping was performed on each of these partial
data sets so that a setjgfvalues is obtained by solving the analogue
of eq 1. The eigh}q = J(wg) values obtained for a given partial data
set were fitted using one of the theoretical models for the spectral
density function, eqs 24. By means of example, when the LS-2
model®?% was used, spectral densities were fitted with the two-
parameter function given by eq 4 to generate a pair of best-fit values,
{S?1¢}. For each of the 114 partial data sets an array of 8 spectral
densities,J(wg), and a pair of best-fit value§,S? s}, are obtained.
The minimum and the maximur&? and z; values from the list are
reported as the error limits throughout the paper. Average values of
each of the spectral densitidép.), were calculated from the 114 values
(shown as circles in Figures 2 and 3). In addition, minimum and
maximumJ(wg) values were extracted, defining the errors associated

may also reflect the presence of nanosecond-time-scale motionsWith each spectral density value (error bars in Figures 2 and 3). Average

The latter motions are likely to be present if low values $gr

(=~0.3) are extracted from fits of the data. If a more extensive
relaxation data set is available, then it is possible to consider
additional models (such as the LS-3 model), allowing the

separation of fast- (picosecond) and slower-time-scale (nano-

second) internal motions so th&f retains its original physical
meaning as the amplitude of the fast internal motion. Application
of the LS-3 variant of the LipartSzabo model also permits
determination of the correlation times™ which reflects
nanosecond-time-scale internal dynamics of individual side
chains. The present approach to the analysidofelaxation
data is proving useful in studies of other proteins, including a
number of thermodynamically (de)stabilized mutants of protein
L, currently underway in our group.

It is worth pointing out that side-chain relaxation and coupling
constant measuremepftprovide complementary information.

J(wg) values were subsequently fitted using one of egd,2and the
best-fit values obtained in this analysis (¢3f.andt; in the case of

fits with the LS-2 model) are reported. All fittings were based on a
simplex minimization routiné? which was repeated several times
starting from randomized initial conditions to ensure that good
convergence is achieved. The protocol described above was also applied
to the analysis of relaxation data from protein L collected &€5In

this case the complete data set is comprised of 9 pieces of data
(R(Dz), R(D4), R(D+?), andR®(3Dz2 — 2) measured at 500 and 600
MHz as well asR(D,Dz + DzD.) obtained at 600 MHz) so that values

of the spectral density function at 5 frequencies can be determined.
Partial data sets of 7 rates, including at least 3 rates measured at 500
MHz, were employed in this situation to estimate uncertainties.

We have also carried out a series of Monte Carlo simulaticios
assess how random error in the experimental rdtg$, affects the
extracted spectral densities. These errors have been shown to have a
relatively small impact on uncertainties in the resulting spectral
densitiesJ(w). The major source of uncertainty derives from very small

Indeed, it has been demonstrated that in the side chains with(see Figure 1) but systematic errors in the relaxation data, and it has
very low order parameters the observed scalar coupling constant$een addressed using the jackknife procedure described above.

reflect averaging over several rotameric st&feghe relaxation

Overall Molecular Tumbling. Parameters of rotational diffusion

studies, however, are advantageous in that they can also identifyfor protein L were obtained from analysis 8N relaxation dataT,

the time scale of rotameric jumps, as demonstrated in this work.
Spectral density mapping based on comprehensive sets of fiv
deuterium relaxation rates measured at multiple magnetic fields

(46) Yang, D.; Kay, L. EJ. Magn. Reson., Ser. B996 110, 213-218.

(47) Ponder, J. W.; Richards, F. M. Mol. Biol. 1987, 193 775-791.

(48) Nicholson, L. K.; Kay, L. E.; Baldisseri, D. M.; Arango, J.; Young, P. E.;
Bax, A.; Torchia, D. A.Biochemistry1992 31, 5253-5263.

(49) LeMaster, D. MJ. Am. Chem. S0d.999 121, 1726-1742.

(50) Bax, A.; Vuister, G. W.; Grzesiek, S.; Delaglio, F.; Wang, A. C.; Tschudin,
R.; Zhu, G.Methods Enzymoll994 239, 79-105.
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T,, andH—N NOE measured at 600 MHz at 5 and 25) using the

ghrogram R2R %% Values ofrr (=1/6Dis;) = 4.05 and 8.01 ns at 25 and

5°C, respectively, were obtained, with/Dp = 1.43 (25°C) and 1.46

(5 °C). A more complex treatment which includes fits with a fully
asymmetric diffusion tensor was not warranted. Following the deter-
mination of the diffusion tensor, we analyz&d T,, and NOE values

on a per-residue bast$?to identify the sites potentially affected by

(51) Kamith, U.; Shriver, J. WJ. Biol. Chem.1989 264, 5586-5592.
(52) Lipari, G.; Szabo, AJ. Chem. Physl1981, 75, 2971-2976.
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slow conformational exchange. The data from three residues most likely C-H C-C

to be affected by exchange were subsequently removed from the data 1 \ \ \ A " . s

set, and the diffusion tensor was recalculated. The refined diffusion N SmAI3 ]

parameters are virtually identical to the original ones, indicating that
conformational exchange is not a factor.

Molecular Dynamics. A 50 ns molecular dynamics trajectory of
the drkN SH3 domain was kindly provided to us by Drs. M.
Philippopoulos, J. D. Forman-Kay, and R. Pomes of the Hospital for
Sick Children, Toronto. Details of the simulation will be published by
these authors shortly. Briefly, the MD simulation was performed using
version 6 of the AMBER suite of prografisind the AMBER PARM96
force-field>4%° The lowest-energy member of the NMR-derived
ensemble of structures of the salt-stabilized drkN SH3 domain was
used as the starting point for the simulation. The molecule was
immersed in a periodic box of water molecules of dimensions<56
49.6x 46.5 A, big enough to ensure that the minimum distance between
any protein atom and the box sides was 10 A, resulting in a total of
4007 added water molecules. After a 50 ps heating and equilibration

stage, the system was subjected to 50 ns dynamics at constant

temperature and volume with coordinates saved every 1 ps. All
structures generated by molecular dynamics were initially fitted to the
starting structure so that the effects of overall motion were removed.
Autocorrelation functions used in the present analysis were calculated
from MD snapshots (one every 2 ps) from the final 48 ns of the
trajectory according to the relatiaft) = 1.5¢os 6(t)00— 0.5, where

0(t) is the angle between the vector of interest at ttgend the same
vector at timep + t and angular brackets imply averaging otehe
value oft extends from O to 24 ns to allow sufficient averaging. The
values ofg(t) were subsequently multiplied by expi(zr) to account

for overall molecular tumbling. The resulting profiles were fitted and
the spectral densities were evaluated as described by Bremfet al.
The sets ofl(wg) values generated in this manner effectively “mimic”
the output of the spectral density mapping procedure applied to the
experimental datasets.
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Appendix: Molecular Dynamics

A 50 ns molecular dynamics trajectory of the folded, wild-
type drkN SH3 domain (Philippopoulos, M.; Forman-Kay, J.
D.; Pomes, R. Manuscript in preparation; see Materials and
Methods) is used to illustrate some general features of side-
chain dynamics in globular proteins that are relevant in the
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Figure 8. Autocorrelation functions for the axially symmetric second-rank
interactions along the €H (A,B) and C-C (C,D) bonds in the drkN SH3
domain obtained from analysis of a molecular dynamics simulation of the
protein. The effects of molecular tumbling are removed (A,C) or,
alternatively, included (B,D), as described in Materials and Methods. An
overall tumbling correlation timez = 3.61 ns, as experimentally determined
for the T22G drkN SH3 domain at &, has been used. Four methyl sites
that illustrate the entire range of dynamic behavior observed for methyl-
containing side chains in the trajectory are indicated in panel C.

context of the present deuterium relaxation study. Note that,
unlike the situation experimentally where the wild-type drkN
SH3 domain exists in equilibrium between folded and unfolded
states under near physiological conditiGh&n the computer”
the protein is folded. Our goal is not to provide a comprehensive
interpretation of the MD data or to compare the MD results
with NMR relaxation data, which has been the subject of many
stimulating studies in the past.6° Rather we use the molecular
dynamics data to gain insight into the dynamic processes that
can occur in protein side chains and to demonstrate that MD-
based spectral density profiles show the same trends as observed
experimentally.

Correlation functions have been computed for the second-
rank axially symmetric interactions along the methyt@ and
the C-C bonds from the MD trajectory, with representative
examples shown in Figure 8. In panels A and B correlation
functions for four C-H vectors (methyl sites identified in panel
C) are illustrated. In A only the effects of internal dynamics
are included, with overall tumbling removed by standard
processing of the MD trajectory. In B overall tumbling is
reintroduced via multiplication of the correlation function by
the factor expf-t/zg). Correlation functions of the sort illustrated
in Figure 8B are directly related to the deuterium quadrupolar
relaxation rates under investigation, since to excellent ap-
proximation the quadrupolar interaction is axially symmetric
with the symmetry axis along the-€D bond.

The correlation functions in Figure 8A,B experience a sharp
drop from 1 to (1/9) as a consequence of fast methyl spinning.

(53) Pearlman, D. A.; Case, D. A,; Caldwell, J. W.; Ross, W. S.; Cheatham, T.
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As a result of this down-scaling, it is difficult to analyze the 300
trailing tails of these functions which are of critical importance ~ **
in the determination of the relaxation properties of the system.
To circumvent this problem, we have also computed the
correlation functions for CW-C vectors, Figure 8C,D. These
functions are sensitive to the same dynamic processes-&s C
bonds with the exception of the fast methyl spinning, which

makes them more suitable for visual analysis. Similar to the o SOH“lsi SR SOH”A;& DU
C—H correlations illustrated in A and B, the curves in panel D

are derived from those in panel C by applying the multiplier
exp(—t/g).

The four correlation functions considered in Figure 8 illustrate
the diversity of local dynamics that have been observed for the
methyl-containing side chains in the simulation. The upper
profile in Figure 8C, drkN SH3 Ala 13, displays a steep drop
followed by a plateau at approximately 0.85. The local motion 0 0
in this case is limited to rapid small-amplitude fluctuations O e T e
mainly involving torsional angles, typical of backbone dynamics. Figure 9. Fits of the spectral densities obtained from the MD trajectory of
The next curve, derived from the coordinates of the side chain the drkN SH3 domain using the standard LipeBzabo (LS-2) model. The

of drkN SH3 Leu 482, reaches a plateau value-90.60. The four methyl sites |IIu'strated in Figure 8 are selectgd. The procedure used to
| | | | Its lati ff . Vi extract the correlation functions from MD coordinates and evaluate the
ower plateau level results from a cumulative effect Involving ¢ rresponding spectral densities is explained in Materials and Methods.

fast fluctuations of several torsional angles along the side chain.
The curve for drkN SH3 Leu 2& drops rapidly to 0.40 and  wq which match those accessed in the experimental study of
then undergoes a slow descent before leveling off@tL5. Its protein L described above (see Materials and Methods). The
counterpart, drkN SH3 Leu 28, shows a similar dependence simulated spectral densities were subsequently fitted with the
with a plateau very close to zero. In these cases, the steep decakipari—Szabo (LS-2) modé}20 in the same manner as the
in the correlation functions is the result of both low-amplitude experimental spectral densities discussed above. The results of
fluctuations and fast rotameric transitions. In turn, slowly the fitting procedure are presented in Figure 9 for the four methyl
decaying components of the correlation functions, which are sites whose correlation functions are shown in Figure 8. For
especially important for spin relaxation, are influenced by two out of four methyl groups, drkN SH3 Ala 13 and drkN
relatively infrequent rotameric transitions that occur on the time SH3 Leu 412, the simulated)(wg) data are well-fitted with
scale of several nanoseconds. the LS-2 model (top panels in Figure 9). In contrast, the fits
In Figure 8D overall tumbling has been included, and it is are clearly unsatisfactory for the two other methyl groups, drkN
noteworthy that, despite the relative diversity in local dynamics, SH3 Leu 292 and, especially, drkN SH3 Leu @5 (bottom
the correlation functions shown in the panel are, to excellent panels in Figure 9), where the LS-2 model largely fails because
approximation, biexponential. Specifically, these functions are it does not account for nanosecond-time-scale rotameric jumps
comprised of fast- and slow-decaying components. The char-that take place in these side chains.
acteristic times of the slow decay, determined from a biexpo-  Overall, the trends observed in fits of MD-based spectral
nential fitting procedure applied to the curves in Figure 8D, densities are very similar to those encountered in the analysis
are 3.6, 3.3, 2.5, and 1.6 ns for the drkN SH3 Ala 13, Led41  of experimental data (cf. Figures 9 and 2). In both cases, the
Leu 252, and Leu 2B1 sites, respectively. Note that only for majority of residues can be fit fairly well using the standard
Ala is the slow decay of the correlation function determined LS-2 model, while a small fraction of residues show significant
entirely by overall tumblingsr = 3.61 ns. For all other residues,  deviations from predicted behavior. This is strong evidence that
the effective decay times are substantially shorter, reflecting the misfits in Figure 2B reflect the complexity of actual side-
the effect of nanosecond-time-scale internal motion (i.e., side- chain motions and do not arise from experimental artifacts.
chain isomerizations). The use of the single effective decay time,
off . i ) .
e e oo, PAAMetrs o protein L at 26 a10S a afrevith specrl

this paper, eq 3. The MD data, therefore, lend support to use ofOIenSIty maps .Of a number of reS|dues_ of prot_eln_ L attCB
the LS-3 model. (analogue of Figure 2 from the text). This material is available

free of charge via the Internet at http://acs.pubs.org.
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Supporting Information Available: Tables of dynamics

Correlation functions such as those shown in Figure 8B have
been used to evaluate spectral densités,), at frequencies JA012498Q
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