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Abstract: An arbitrary multiexponential representation of the- X bond reorientation autocorrelation function

is shown to provide robust predictions of both the fast lir§ji and generalized) order parameters for
macromolecular NMR relaxation analysis. This representation is applied to the analysis of side-chain dynamics
in Escherichia colithioredoxin to assess correlated torsional fluctuations and the resultant configurational
entropy effects. For both the hig# phenylalanine and lo\& leucine side chains, torsional fluctuations in the
major rotamer conformation can predict the observed relaxation data only if main-aiééchain torsional
correlations are assumed. Crankshaft-like correlations occur around the sideschaeiation axis and the
parallel main-chain rotation axis. For the sterically hindered buried side chains, torsional fluctuations are predicted
to be attenuated for the main-chain rotation axis oriented gauche jg th&tion axis. Weaker main-chain
side-chain torsional correlations appear to be present for the highly solvated mobile side chains as well. For
these residues, the fast limit order parameter is interpretable in terms of fluctuations within a rotamer state,
while the decrease in the order parameter due to motion near the Larmor frequencies can be used to estimate
the entropy of rotamer exchange.

I. Introduction specifically, & represents the component of the-M bond
vector autocorrelation function which is dissipated by global
molecular tumbling, while (+ $) characterizes the bond vector
orientational disorder arising from internal motion occurring
more rapidly than the molecular tumbling.

As applied to biomacromolecular NMR studies, the hetero-
nuclearT;, T, and NOE relaxation experiments monitor the
decay of the autocorrelation function of the-{ dipole (and

chemical shift anisotropy) interaction. To date, a large number : .
o ; Unfortunately, the two-parameter Lipartszabo formalism
of 15N as well as a smaller set 8iC C relaxation studies have y P P

) . 8 X . ., _is unable to adequately fit the experimental data for a significant
been used to characterize protein main-chain dynamics. Side- q y P g

chain dynamics studies have primarily focused on techniquesfrac'[ion of the_ observed protgin rela>_<ation da?a. This effect is
¢ i thvl relaxatiols althouah " most marked in the case of side-chain dynamics. For example,
or analyzing methyl relaxation, ” afthougn more recently only 12% of all side-chain aliphatic methine and methyl&ne
techn_lques have been mtrod_gced for monitoring the S|de-cha|n.|.2’ and NOE relaxation data dscherichia colithioredoxirt
methine anq methylene positions as v?‘élUnfortunately, the can be fitted by the%,z¢) formalism withy? probabilities above
corresponding advance in understanding of the internal molec-

lar d . f proteins has b h db biquit 0.05. Three-parameter extensions of the Lip&zabo formal-
ular dynamics ot proteins has been hampered by ambiguitieS;q ., h4ye peen introduced so as to accommodate relaxation data
as to the optimal means of interpreting the experimental

relaxation data. The widely used “model-free” dvnamical which reflect more extensive motion occurring near the Larmor
) s y us Y frequencies$:® In these three-parameter dynamical formalisms,
formalism of Lipari and Szabointerprets macromolecular

int ld ics in t ¢ lized ord ¢ there is a 1-to-1 mapping between the dynamical variables and
Internal dynamics in terms of a generaiized order parameter, y, + "1, and NOE relaxation values over a wide range of
<, and an effective time constant of motian, derived from

inal tial tati f the int | aut lati experimental dat&Hence, the ability to fit given experimental
asingie-exponential reépresentation o tn€ internal autocorrelation o5y tion data does not provide a particularly stringent test for
function. The generalized order parame®characterizes the

S : . . o the validity of the assumptions underlying the dynamical
degree to which mfprmatlon on the orientation of an individual formalism. Due to such considerations, the physical significance
H—=X bond vector is lost due to dynamical processes. More of the dynamical parameters derived from experimental data
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0%v2m, Which characterizes the orientational disorder of thexH parameters of the geminal methyl rotation axes are not
bond vector? equivalent which appears to contradict the assumption of a direct
correspondence between order parameter and local configura-
4r 2 ) tional entropy. Also pertinent is the fact that thé @sitions
S=1-—3% ol (1) of half of the aromatic residues & coli thioredoxin have order
5 =2 parameters lower than those of either thfedC ring carbons,
strongly suggestive of correlated motibn.

Proper accounting for the presence of correlated motion
avoids the systematic overestimate of configurational entropy
which results from the assumption of independent bond vector
fluctuations. Experimental assessment of correlated motion is
particularly of value, as configurational entropy estimates based
on molecular simulations have proven problematic due to
uncertainities regarding how completely the accessible configu-
rational space is sampléel.

Using the extensiv&®*C and!®N relaxation data available for
E. coli thioredoxin, it is demonstrated in section Ill that the
entropic contribution of correlated side-chain motion can be
realistically estimated from experimental data. Dynamical
analysis of the large buried side chainsEncoli thioredoxin,
for which only fast limit motion contributes to the interriél—
13C bond autocorrelation function, indicates that main-chain
side-chain torsional fluctuations in the major rotamer state must
be correlated in order to accommodate the observed relaxation
data. Application of this correlation analysis to leucine side-
chain dynamics is particularly germane, as the low order
parameters observed for the methyl rotation axes of these
residues have previously been interpreted in terms of large-
scale internal motions?*

In section IV, attention is turned to the physical interpretation
of the decay of the order parameter which occurs in the time
frame bounded by the fast limit processes and the overall
macromolecular tumbling. In section IVA, side-chain rotamer
exchange entropies are shown to be experimentally accessible
gom relaxation measurements, even in the absence of indepen-
dent estimates of the populations of the individual rotameric
fstates. In section IVB, this analysis is applied to the dynamics

In section Il, it is demonstrated that robust estimates of both
the fast limit §2 and generalize® order parameters can be
derived for any dynamical process in which the corresponding
autocorrelation function can be represented as an arbitrary
multiexponential expansion. As further discussed in that section,
such dynamical representations include the widely observed log-
normal and 1f/ distributions which arise from random multi-
plicative processes15 Energy landscape analyses ranging from
glass flow dynamic® to protein folding” fall within this class
of dynamical processes. The multiexponential representation
analysis provides for quantitative partitioning of the order
parameter contributions of dynamical processes with time
constants shorter than50 ps from those of slower processes
with time constants up to that of the global tumbling of the
macromolecule.

In section Ill, the experimental fast limit order parameter data
obtained foiE. colithioredoxin is used to interpret protein side-
chain relaxation in terms of dynamical processes which can be
characterized by fluctuations within a localized potential
minimum. Central to this analysis is explicit consideration of
correlated torsional fluctuations.

One view of the basis for the high cooperativity observed in
protein unfolding is that the protein expansion must achieve a
certain threshold to provide the entropic benefit of freeing the
rotation of the buried side chaif%.Clearly, experimental
determination of individual side-chain entropies would provide
a quantitative assessment of this contribution to overall protein
stability as well as for a wide range of proteiligand
interactions. It has been proposed that order parameters can b
interpreted in terms of local configurational entroySuch
ﬁ]rg;%g]daenna}[l)&?d T/i\é?og ﬁlrJl(e:trjggogzosk_?getggssrsns;trigﬁtlgfn © of the highly solvqted surface §ide chainfob'oli thiorgdoxin. .
independent bond vector fluctuations has generally reflected the COMPined analysis of the main-chain and side-chain dynamics
fact that the available experimental relaxation data have sampleof(or these comparatively gnhlndered side _chalns indicates that,
only a limited set of atomic positions, most commonly either in these cases, the fast limit and generalized order parameters

main-chaint>N resonances dfC methyl resonances, so that a can be reliably interpreted in terms of fluctuations within a
more realistic dynamical representation cannot be adequatelyrOtamer state and ex_change between rotamer states, respectively.
experimentally constrained Furthermore, even in the case of these relatively unhindered

However, various lines of evidence argue against the generals'de, chalqs, the assumption of.un(.:c.)rrelated main-ereiote-
validity of the assumption of independent bond vector fluctua- Chain motion appears to be unjustified.
tions for configurational entropy analysis. Particularly germane
to the present analysis, protein leucine methyl relaxation
studied+2* have noted that, for many residues, the order

[IA. Experimental Analysis of the Range of Applicability
of the Lipari —Szabo Formalism for Protein Side-Chain

Dynamics
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experimental relaxation constraints are available, a necessary

condition for the applicability of this two-parameter formalism
is the ability to fit the experimental data to within experimental
uncertainty. Indeed, the inability of th&z.) formalism to fit

a significant fraction of thé>N relaxation data of interleukin

15 led Clore, Szabo, and co-workers to propose an extended

three-parameter dynamical formali$m.

Although more extensive dynamical heterogeneity can be
anticipated for the protein side chains, simple two-parameter
dynamical formalisms have been invoked in several recent

studies®?2:27.28This choice has primarily reflected the fact that
the side-chain relaxation experiments utilizing unifots-

enriched samples proposed to date have been limited to two of

the three standarty, T,, and NOE autocorrelation experiments.

One-bond=C homonuclear scalar and dipolar couplings severely

complicate!*C relaxation experiments in unifordiC-labeled
sampleg? Furthermore, dynamical interpretation of relaxation

decay curves for methyl and methylene positions are compli-

cated by!H—13C dipole cross correlatio#;3! although pulse

sequences designed to suppress these effects for methyl groups

have been introduceef? Based on analysis assuming Lipari
Szabo dynamics, it has been argued #at13C dipole cross
correlation yields only modest errors i#C T; and NOE
experiment$2 This assumption has recently been invoked in
the 13C side-chain relaxation analysis of RNaEg*®

To circumvent the complications of thHéC homonuclear
scalar and dipolar interactions as well as thostHef13C cross
correlation, Kay and co-worke¥$ have introduced a set éH

relaxation experiments applicable to random fractionally deu-

terated uniform3C-enriched samples for which cross correlation
and cross relaxation effects are minirfflnfortunately, as only

T1 and Ty, experiments are applicable, sampling of the higher

frequencies offered by thEC NOE experiment is lost.
Selectivel3C enrichment combined with random fractional

?H enrichment and IS spin selection provides a means of

obtaining!C Ty, T,, and NOE data at most side-chain positions
free of the complications referred to abdvénalysis of the
ability of the (&te) formalism to simultaneously fit these

experimental data can serve to determine the outer bounds for

which the two-parameter LipariSzabo formalism is applicable
to protein side-chain dynamics. Such an analysis using3e
relaxation data oE. colithioredoxin is simplified by the marked
constancy of thé>N and ¢ T; and T, values for the great
majority of the residues in this proteifg® strongly indicative
of isotropic tumbling consistent with the approximately spherical
X-ray structure’®

Optimal fits of & and 7, for 135 side-chain methine and
methylene resonancesBf coli thioredoxin were obtained using
the experimental uncertainties for report€d T,, and NOE
values (median experimental uncertaintg%)* In panel A of
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Figure 1. Dynamical analysis of th&C Ty, T,, and NOE values from
135 side-chain aliphatic methine and methylene positiong.atoli
thioredoxin according to the,z¢) Lipari—Szabo formalism. Positions
exhibiting apparent chemical exchange broadértiage been removed,
as have four positions exhibiting NOE values more tharb&low the
rigid tumbling limit value. The optimal fits were obtained via a grid
search ovels with a grid spacing of 0.002 and log with a grid
spacing of 0.007. Assuming one degree of freedomyipeobabilities
greater than@®) and less thanx) 0.05 are plotted in panel A as a
function of TJ/T, and NOE. The experimental/T, values have been
normalized to the rigid tumbling limit value. The previously reported
experimental uncertainties and global correlation times were asstimed.
Panels B and C illustrate tH# and logz. values estimated from the
same experimental data by applying the LipeéBzabo dynamical
formalism to only the T1,NOE) and the Ty,T,) data.

Figure 1 are illustrated the individugP probabilities greater
than @) or less thanx) 0.05 as a function of the experimental
NOE and normalized/T, values. For nuclei exhibiting only
fast limit internal motion, bothT:/T, and NOE values are
independent of? and depend dynamically only on the molecular
tumbling time. The data for such nuclei lie near the apex of the
apparent triangle (i.e., normalizdd/T, ~ 1 and NOE~1.2),
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and as expected all are well fitted by ti#,¢.) formalism. The ~30 ps (i.e., logre = 1.5), ther. values estimated from the
downward deviation of th&,/T, and NOE values from the apex  (T;, NOE) and T3,T,) data are again largely uncorrelated. The
of this triangle provides a qualitative measure of the magnitude 7. values obtained from thd{,T,) data are systematically longer
and effective time frame of the internal motion occurring in than those estimated fronT{(NOE) data. Above 30 ps, the
the approximately nanosecond rafigéhe other relaxation data  predictedr, values obtained from th@(,NOE) and T1,T,) data
predictingy? probabilities above 0.05 lie along the upper right are much more strongly correlated, with a slope significantly
boundary of the apparent triangle, consistent with effective time higher than the expected value of 1.0. As discussed in more
constants near the fast limit. The vast majority of the dynamical detail in the following section, estimation of an effective time
range is filled by relaxation data which is incompatible with constant in this dynamic regime is problematic, even when all
the two-parameter formalism. three autocorrelation relaxation values are known. However, the
Hence, when data from all three standard autocorrelation time constants estimated from th&,¢.) fit to the (T1,NOE)
relaxation experiments are available, the appropriate dynamicaland (T1,T2) data are dramatically smaller than the corresponding
range for the Lipar-Szabo formalism can be directly assessed dominant time constants estimated from the multiexponential
by the parameter fit relative to the experimental uncertainties. autocorrelation function analysis of the compldtg T, and
The situation is far less transparent when only two of the three NOE data. In particular, the: values obtained from th& {(,T,)
relaxation data sets are available. Nearly all of the experimental data are on average 9-fold smaller, with a substantial dispersion
data of Figure 1A can be perfectly fitted witB(z.) parameters in the individual ratios.

using only the T1,NOE) or (T1,T2) data. In panel B of Figure In summary, for the situation in which only experimerital
1 are illustrated the values estimated for the experimental and NOE data are available, it is unclear whether any guantita-
data of panel A using only thel{,NOE) and the Ty, T,) data. tive assessment of macromolecular dynamics can be validly
The correlation between the two estimates3fis virtually drawn. In the absence of an effective monitor of th{@)

nonexistent. The only unambiguous result is {&aestimates contribution to the spectral density function, normally provided
based on theTy,NOE) data are systematically higher than those by T, measurements, separation of the contributions from
derived from the Ty, T2) data. internal motion vs global tumbling is problematic. The situation
The & values derived from theT(,T,) data agree quite well  is more favorable in the case of thigandT,, (or T,) data sets
with those obtained from the multiexponential autocorrelation as obtained from théH relaxation experiments developed by
function analysis discussed in the following section, with no Kay and co-workers.In this case, robust estimates $f can
discrepancies larger than 0.05, and the vast majority of estimatesbe obtained which appear to become only modestly unreliable
within 0.02. These robust estimates $fhold for relaxation when substantial internal orientational disorder occurs at a rate
data lying far outside the LipafiSzabo regime. As we have comparable to the heteronuclear Larmor frequency. On the other
previously showr, the generalized order parameter is quite hand, effective time constants derived from analysis of daly
reliably determined directly frori; andT, data without recourse  and T, data can only be considered highly qualitative at best.

to modeling of the internal autocorrelation function. The standardry, T,, and NOE autocorrelation experiments
can potentially be augmented by cross correlation experiments
&= (UT,— UT)I(ATm — 1T,0) 2) such as the dipolar cross-correlated cross relaxation (SIIS)

experiment introduced by Ernst and ErfstThis experiment
samples the spectral density function at zero frequency and at
the 13C Larmor frequency, which in turn are the terms which
generally dominate macromoleculgy and T» (or Ty,) values.
Using both 2H autocorrelation and®C cross correlation
measurements on a labeled SH3 domain, Kay and co-workers
have demonstrated that the SIIS cross-correlated cross relaxation
rates are approximately proportional to tRel—13C bond
generalized order parametérSince the SIIS cross-correlated
cross relaxation rate is directly related to tBgcy? order
parameter, it provides an additional constraint on the possible
motions consistent with the generalized order paramg&ter
However, these cross correlation data can provide little ad-
ditional information regarding either the time frame of this
internal motion or the partitioning of motion between fast limit
and slower maotions.

whereR denotes the rigid tumbling limit value. For macromol-
ecules tumbling appreciably slower than the heteronuclear
Larmor frequency, this estimate of the generalized order
parameter is expected to hold for all internal motion which has
rates comparable to or faster than the heteronuclear Larmor
frequency.

Clearly, in general the& values obtained using onlyT{,
NOE) data to fit the Lipar-Szabo formalism are unreliable
for globular macromolecules. A more conservative application
would be to only conside® values based onT{,NOE) data
for which the predicted. value is less than 25 ps in hopes of
empirically estimating the dynamical bounds for the Lipari
Szabo formalism. When compared against the corresponding
< values obtained from onlyT¢,T,) data (which are highly
reliable in this dynamical regime), th® values range from
0.004 to 0.242, with 15% being in excess of 0.2. Arguments
that T; values alone can be used to derigevalue$’ have
assumed LipartSzabo dynamics and appear to be of little

practical signif.ican(.:e for macromolecglar analysis. Not onlyis  The generalized order parameS8characterizes the fraction
the argument invalid outside of the Lipai$zabo regime, but o the autocorrelation function which is quenched by the global
also Ty and NOE data appear to be insufficient to establish molecular tumbling. Internal motions slower than molecular
whether Lipari-Szabo dynamics apply. . tumbling influence the observed relaxation values only via the
In panel C of Figure 1 is illustrated the corresponding T, effects of chemical exchange arising from motion in the

comparison ofre values estimated from the experimental data mjcro- to millisecond regime. Field strength dependéhaed
of panel A using eitherT;,NOE) or (T1,T2) data. Two distinct

regions are apparent. In the nominal Lipa&izabo range below

[IB. Multiexponential Expansion of the Internal
Autocorrelation Function

(37) Fushman, D.; Weisemann, R.; Thuring, H.; Ruterjansl. Biomol. (38) Ernst, M.; Ernst, R. RJ. Magn. Reson. Ser. 2994 110, 202.
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spin-lock%41 studies can be used to deconvolute the chemical
exchange contribution, as will be assumed in the following
analysis. The correlation function describing diffusive isotropic
molecular tumbling is given by
C,(t) =".e ™ (3)

where 7y is the global tumbling time. The autocorrelation
functions and resultant spectral density functions for both
symmetric and asymmetric ellipsoidal diffusion tensors have
been describet?? Proteins exhibiting symmetri€ and asym-
metric* ellipsoidal diffusion have been characterized. For the
isotropic case, if the overall and internal motions are indepen-
dent, the total correlation function can be rigorously factored.
Model calculations indicate that an analogous separability of
internal and overall motion is operationally valid for modestly
anisotropic ellipsoidal diffusion, consistent with the relaxation
analysis of native globular proteifi$4°

If, in addition to separability, the internal correlation function
can be represented as a sum of exponentials,

CH) =S+ oe ™™ @)
the total correlation function can then be represented as
C(t) =Y.Fe ™ + l/SZaie*l’f' (5)

where the time constantstl~ 1l/ty + 1/t', with 7" denoting

the time constants of the internal autocorrelation function and
the sum of the amplitudes; equaling 1— . In this case &
represents the limiting value of the internal correlation function
for time constants less thamy which, as noted by Lipari and
Szabo, is experimentally indistinguishable from the infinite time
limit order parametef.

Reliable decomposition of experimental data into a sum of
exponentials containing similar time constants is notoriously
problematic unless the (small) number of terms is known a
priori.*6 Given a maximum of five data points (i.e., the

experimentally sampled spectral density values), such an ap-

proach is fruitless for analyzing relaxation data. A differing
approach can be taken by noting that relaxation effects arise
from three distinct frequency regimes. Motions having charac-
teristic frequencies significantly above the highest spectral
density component sampled in the relaxation experiment (i.e.,
wn+c for 13C relaxation) attenuate the relaxation interactions
without a discernible frequency dependence. Molecular dynam-
ics simulations indicate that librational relaxation in the (sub)-
picosecond time frame will lead to a minimum-sf.0% decay

of the autocorrelation function in the fast limit frequency raftge.
At the other extreme is the previously mentioned relaxation
resulting from overall molecular tumbling. The remainder of
the relaxation arises from internal motions with characteristic
frequencies around tHel and heteronuclear Larmor frequencies

(40) Szyperski, T.; Luginbuhl, P.; Otting, G.; Guntert, P.; Wuthrich, K.
J. Biomol. NMR1993 3, 151.

(41) Akke, M.; Palmer, A. GJ. Am. Chem. S0d.996 118 911.
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(43) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax, A.Am. Chem.
S0c.1995 117, 12562.

(44) Tjandra, N.; Windfield, P.; Stahl, S.; Bax, A.Biomol. NMR1996
8, 273.

(45) Schurr, J. M.; Babcock, H. P.; Fujimoto, B. &. Magn. Reson.
Ser. B1994 105, 211.

(46) Lanczos, CApplied AnalysisPrentice Hall, Inc.: Englewood Cliffs,
NJ, 1956.

(47) Levy, R. M.; Karplus, M.; McCammon, J. A. Am. Chem. Soc.
1981, 103 994.
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which differentially affect the various spectral density compo-
nents monitored by the relaxation experiment, thus giving rise
to a discernible frequency dependence.

Following this approach to frequency partitioning, the relevant
components of an arbitrary exponential expansion for the
internal correlation function can be represented by

;w yie " (6)
t=1bwc

The potential utility of this frequency partitioning depends on
two considerations. It must be possible for every set of
experimental T;,T,,NOE) values to define a common scale
factora such that the fast limit orientational disorder represented
by the first term of eq 6 is approximately constant, independent
of the exponential parameters used to represent the second and
third terms of that equation. Furthermore, the scale fabtor
should be as small as is consistent with an approximately
constant estimate of the generalized order parangteks is
apparent from eq 5, a lower limit to the valuefs imposed

by the fact that, when internal motions contribute at frequencies
near that of the overall tumbling rate, unambiguous separation
between internal and overall motion is no longer possible. For
the frequency range in which separation into internal and overall
motion is ambiguous (i.e., the third term of eq 6), all contribu-
tions will be folded into thes? value, with the recognition that
bwc represents the slowest internal motion monitored. Under
these conditions, the spectral density function can be represented
as

1lawy+c 1bwc
Ct) = Z oe T+ pe M +
= t=1

AWH+C

1bwc

Jo) = IStyl(1+ (@ry)) + Y B+ (@r))] (7)

lawpic

The amplitude of the intermediate frequency motjgf is then
identified with the decrease in the order parameter v&itie-

<, which arises from these motions. In principle, the number
of Lorentzian termsN) representing the intermediate frequency
internal motion can be arbitrary. However, as determined by
the Monte Carlo simulations described below, the resulting mean
and standard deviation estimates frand §? are essentially
invariant forN > 4. This upper limit of four Lorentzian terms

is a manifestation of the relatively narrow frequency window
(wn+c 1o wc) sampled by the nonzero spectral density compo-
nents.

Since the sum of the amplitudes in eq 7 is normalized, there
are three independent dynamical parameters foNtiel case,
which corresponds closely to the previously proposed extended
model-free formalisni.As there is a 1-to-1 mapping onto the
experimentall, To, and NOE values for the full range bf=
1 dynamical parametePgjnique predictions o andS? values
is trivially valid. It is less transparent as to whether the nine
independent dynamical parameters of khe= 4 case will map
onto the three experimental relaxation values so as to generate
an effective constancy in the predict€d and S? values. As
illustrated in section IIC below, using experimental relaxation
data from E. coli thioredoxin, it is demonstrated that the
predicteds? and §2 values are largely invariant, regardless of
the number of exponential terms used to model the underlying
dynamical processes.

It should be noted that eq 7 witN = 1 is not strictly
equivalent to the%2,S2,7¢) representation of the earlier extended
model-free formalisni.In that earlier derivation, it was argued
that, if the fast limit motions are axially symmetric and
dynamically independent of the slower internal motions, then
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& = $2S2 In the formulation described herein, no such (four-term expansion) and power law expressions could be fitted

assumption of axial symmetry or independence of time scalesto the data within experimental erréf.Interpreting protein

is invoked. Conversely, in the present formulation, the amplitude folding dynamics using a random energy model with a funnel

of the intermediate frequency internal motion cannot be simply yields a log-normal distribution of raté$.Explanation of 1ff

identified as$/S2 noise as manifesting a multiple-relaxation process arising from
The utility of the present approach derives from the range of the roughness of the potential energy surface gains support from

internal dynamics for which the corresponding autocorrelation the observation of such a frequency dependence in the energy

function can be represented as a (potentially continuous) sumfluctuations in molecular dynamics simulations of wétend,

of exponentials. As an isolated random process has a correlatiormore recently, of a polyalanine helixoil transition®?

function e?7, the correlation function for the sum of such

random processes will be trivially represented by a multiexpo- 1IC. Analysis of Experimental Relaxation Data Using a

nential expansion. More physically interesting are the autocor- Multiexponential Expansion of the Internal

relation functions for familar explicit models, such as restricted Autocorrelation Function

diffusion around a fixed ax{§5 and diffusion in a coné!-52

which are expressed as an infinite sum of exponentials. These

examples highlight the point that, in general, there can be no

gggﬁg'ﬂo;: g:nzsg?:'sstg':tgcgn?ggﬁ;:togﬁéagogngit&egﬂyiiag; coli thioredoxirt were modeled gccordlng to eq 7. Separate

» . . Monte Carlo analyses were carried out assuming from one to
transition. In the present analysis, the time constants serve to,

assign the corresponding amplitude to specific characteristicfour Lorentzian terms for intermediate frequency internal
9 P 9 P . pect motion, with their characteristic frequencies randomly selected
frequency ranges of the autocorrelation function.

. . . between the bounds afvy+c andbwc. The calculations were
In an explicit approach to characterizing polymer and protein

. - . ) - repeated for differing values @fandb. The parametera and
dynamics, the Smoluchowski equation models the time evolution |\« \aried to obtain the maximal range for which the root-
of the distribution function for the dipole orientation within the

. oo . - e : o mean-square deviation (rmsd) of the predictdndS? values
time regime in which friction and diffusion prevail over inertial q ( ) P =

- ) are generally smaller than the anticipated uncertainty in the
effects, estimated to correspond to time constants greater tha

10 b5 Muli tial soluti o th di ional rlexperimental relaxation data.
ps: uitiexponential solutions o the one-dimensiona For each case of one to four Lorentzian terms; 30° sets
equation have been derived, and extension to the three-

dimensional equation has been explicitly anticiodtsd of independent values &, S? and the Lorentzian amplitude
q . plicttly P " andtime constants were tested against each set of experimental
Most generally germane is the fa_ct that random multiplicative (T, T».NOE) values, with uncertainty bounds of 1% fbrand
processes for which the completion of the primary process t 5.4 0 01 for NOE. Use of 0.5% and 0.005, respectively, for
dgpequ on the previous qomp.letllon .Of a set c.)f subprocesse%e Ty, T2, and NOE uncertainty bounds did not significantly
give |r|se to rlnu!tlexEonentll)alb(_::!str;butu;]n fur_lctloh”s.ln thées affect the results of the subsequent analysis. In the first round
S|mp|esth ana yd3|s, tfehpro ab Itlyt)Il for tfeh prlmt?ry Process 4t Monte Carlo analysis, the random selection of test amplitudes
equals the product of the probabilities of the su pfoceﬂ%ﬁs was constrained only by the normalization of their sum. For
When thg .|nd|V|duaI dlstrlbutlons .Of the log values Sat'SfY. the sets of experimentall{,T,,NOE) values which were not
the _con_dmons (.)f the _central limit the_orem, t_h? probability satisfied by at least ¥Gets of dynamical parameters, a second
distribution function ofP is log-normal. With a sufficiently large round of Monte Carlo analysis was performed. In the second
varance of the lqu‘ values, the Iog-_norma! d'St."bUt'on round of Monte Carlo analysis, the range $fand §2 tested
gppr(.)xma'ges. an inverse frequency d.IStI’IlZ.)utlon (i.e., scale for each experimentall(,T,,NOE) triplet was set to twice the
:jn\//arlant d'St”bUt]'c.on functlc_)r_1 of _I’8|axz;t||30r|1 tlmep({r)hdr TV range obtained in the first round (3 times that range if less than
t/7]) over any finite positive interval’ In turn, the 100 sets of dynamical parameters passed the first round). In no
dlstnbutllon implies a ¥/noise” energy flucltua'.rlon SDEth.UFﬁ- case during the second round of Monte Carlo analyses did the
1/ noise as W_eII as Iog-normal and ﬂii_strlbutlons are widely extremum of the predicte® andS?2 values come within 30%
observed in _sohd-s_tate_ physitslllustrations most relevantto  fthese range limits. For each experimentalT,,NOE) triplet,
the current discussion include the demonstration that glass flow ina mean and standard deviation of the deriSeandS? values
dynamics monitored by optical hole burning follows & 1/ ere determined for all sets of dynamical parameters consistent

distribution with alog-_normal tail_overatime range of!4® with the (T, TANOE) triplets for one to four independent
Concepts of energetic “frustration” and roughness of the | jrentzian terms.

potential energy surface drawn from analysis of spin glass
physics have stimulated the energy landscape view of protein
dynamics2”~>° For the ligand recombination kinetics of myo-
globin covering up to a Tfold range in time, both exponential

As a sampling of the physically plausible range of relaxation
data,T1, T2, and NOE values for 201 side-chain and main-chain
aliphatic methine and methyleri¢i—13C bond vectors oE.

Optimal frequency boundaries ofwéc and 0.Buc were
obtained. For these experimental data obtained at 14.1 T, the
corresponding time constants are 53 ps and 2.1 ns, respectively.
Appreciable extensions of the frequency range in either direction

(48) Woessner, D. EJ. Chem. Phys1962 36, 1. results in a substantial decrease in the constancy c#thed
(49) Wittebort, R. J.; Szabo, Al. Chem. Phys1978 69, 1722. S2 values predicted by the multiexponential expansion repre-
(50) London, R. E.; Avitabile, JJ. Am. Chem. Sod.978 100, 7159. i inti 2 i
(21) Kinoshita, K. Kawato, S.: Tkegami, /Biophys. 1977 20, 289 sgntatlon. The standard qlewatlons frand S? are plotted in
(52) Lipari, G.. Szabo, ABiophys. J.198Q 30, 489. Figure 2A and B, respectively. The symbols for the calculated
(53) Perico, A.; Pratolongo, Riacromolecules 997 30, 5958. standard deviations are placed at the positions corresponding
(54) Edholm, O.; Blomberg, GChem. Phys1979 42, 449.
(55) Pratolongo, R.; Perico, A.; Freed, K. F.; SzaboJAChem. Phys. (59) Bryngelson, J. D.; Wolynes, P. ®roc. Natl. Acad. Sci. U.S.A.
1995 102 4683. 1987, 84, 7524.
(56) Ziel, A. v. d.Physical95Q 16, 359. (60) Power, L. S.; Blumberg, W. Biophys. J.1988 54, 181.
(57) Stein, D.Proc. Natl. Acad. Sci. U.S.A985 82, 3670. (61) Sasai, M.; Ohmine, |.; Ramaswamy, R.Chem. Phys1992 96,
(58) Ansari, A.; Berendzen, J.; Bowne, S. F.; Frauenfelder, H.; Iben, I. 3045.
E. T.; Suke, T. B.; Shyansunder, E.; Young, R.Moc. Natl. Acad. Sci. (62) Takano, M.; Takahashi, T.; Nagayama, Rys. Re. Lett. 1998

U.S.A.1985 82, 5000. 80, 5691.
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Figure 2. Calculation of the standard deviations for e(panel A)

and §? (panel B) values estimated by applying the multi-Lorentzian
spectral density formula of eq 7 to relaxation data from 201 methine
and methylene resonances Bf coli thioredoxin. The symbols are
plotted at the experimentally observédT, (normalized to the rigid
tumbling limit value) vs NOE values with standard deviation values
of less than 0.01€), 0.01-0.02 (=), 0.02-0.03 (a), 0.03-0.04 @),

and over 0.04%). The mean and standard deviations for $eand

S2 values were determined assuming from one to four Lorentzians for
the internal motion representation. These were combined with equal

I 1.2 L

LeMaster

The triangular pattern in Figure 2 defines the boundaries of
all Ty/T, vs NOE values consistent with an arbitrary multiex-
ponential expansion representation of the internal autocorrelation
function, assuming 1tdy+c < 7i < 1/0.5wc. Extending the
contour tor; = O increases the NOE value at the right-hand
corner by 0.05. Only for rather mobile positions (i.e., normalized
T1/T, < 0.25) does the range of exponential amplitudes and
time constants compatible with the experimental data ap-
preciably deteriorate the precision of ti (>0.01) andS?
(>0.025) determinations. Uncertainty in tBeestimates (Figure
2A) is exacerbated at low NOE values, as expected since this
is indicative of a predominance of internal motion that is slow
compared tavy+c. The uncertainty of th& estimates for this
range ofT1/T, and NOE values rises nearly 2-fold if the low-
frequency limit for the exponential sum of eq 7 is reduced to
0.33wc. Conversely, the uncertainty in tgg estimates increases
for larger experimental NOE values, as expected for a predomi-
nance of internal motion neasc.

For the relaxation data of Figure 2, both the means and
standard deviations for th& and S? values derived from an
analysis using only the two-Lorentzian internal motion repre-
sentation of eq 7 closely approximate those obtained assuming
equal weighting of theN 1, 2, 3, and 4 Lorentzian
representations. Indeed, for these relaxation data, the previously
proposed two-Lorentzian internal motion representéticas-
suming fixed time constants of @y+c and 1kc predicts S
values which deviate from those of the flMl = 1, 2, 3, 4
Lorentzian estimates by a maximum of 0.02 and an rmsd of
0.004. Similarly, this earlier simplified Larmor frequency-
selective representation predi&3 values which deviate from
those of the fullN = 1, 2, 3, 4 Lorentzian estimates by a
maximum of 0.04 and an rmsd of 0.008. On the other hand,
the 1-to-1 mapping of the three-parameter dynamical formalisms
onto the three experimental relaxation values precludes the use
of these simplified formalisms in estimating the intrinsic
imprecision of the order parameter estimates arising from an
arbitrary multiexponential representation of the autocorrelation
function. Although, based on the relaxation data of Figure 2,
the two-Lorentzian internal motion representation of eq 7
appears to provide reliable estimates of the intrinsic imprecision
of the order parameters, in general it is recommended to use

weighting to determine the aggregate standard deviations. In general;the full N = 1, 2, 3, 4 Lorentzian analysis for deriving these

the difference between the mean predic¢dndS? values forN = 1

vs N = 2 is roughly twice that betweeN = 2 andN = 3, while the
values forN = 3 andN = 4 are nearly converged. The series was
truncated alN = 4 as the use of higher numbers of Lorentzians did not
further change the estimated means and standard deviations from th
N = 4 case. The differences between the mean predigtexhd S
values for differing numbers of Lorentzians and the dispersion of the
predictedS® andS? values for a given number of Lorentziaris ¢ 1)
generally contribute nearly equally to the aggregate standard deviation
estimates illustrated in Figure 2. The boundary curve represents the
full range of Ti/T, vs NOE values consistent with an arbitrary
multiexponential autocorrelation function in which decay rates faster
than 1/4vy+c are combined into the fast limit order parameter. The
calculations for this curve are based ofHZH3C spin systent.The
corresponding curve for#i*3C spin system has the apex of the triangle
shifted 0.03 higher in NOE, while the right-hand corner is displaced
0.1 higher in NOE due to the absence of the compétihg*C dipole
interaction.

to the experimental values ofi/T, (normalized to the rigid
tumbling limit value) vs NOE. For the various individual
experimental T1,T2,NOE) triplets, the maximum range vs the
standard deviation of the predicte®? and S? values were
compared and found to be consistent with an approximately
Gaussian distribution.

estimates. By including up to the four-Lorentzian representation,
more complex multiexponential autocorrelation function be-
havior potentially unrepresented in the data of Figure 2 should

still be adequately modeled.

The wide range of mutual compensating shifts in the
individual amplitudes for thé&l = 2, 3, and 4 representations
of eq 7 provides some insight into how the robustness ofthe
andS? estimates is achieved. The individual amplitudes for the
two-Lorentzian internal motion representation is illustrated in
Figure 3 for the case of Asp 142—13CF vector. Here, 155
pairs of internal motion Lorentzians were randomly generated
which fit the Ty, T,, and NOE values for the Asp £B152—13CF
vector to within 0.005. Following eq 7, the sum of the
amplitudes of these two Lorentzians equak— < (i.e., (+)).

For each pair of Lorentzians illustrated, the lines connect the
amplitudes for the lowx) and high ®)-frequency components.
The pairs have been sorted in order of decreaSingalues. It

is readily apparent that the amplitudes of the low- and high-
frequency Lorentzian components fluctuate far more than does
their sum. The rise in theS¢ — ) values at the right side of
the figure reflect the sampling of low-frequency components
near the 0.b¢ partition boundary. The resultant ambiguity in
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Figure 3. Individual Lorentzian amplitudes for the two-Lorentzian
internal motion representation (eq 7) for the relaxation data of the Asp
131HA2—13CF dipole. The low ()- and high @)-frequency Lorentzian
amplitude components are illustrated along with their sum, which
defined as§?>—< (+). The 155 randomly selected individual amplitude

pairs are ordered according to the descending value of the predicted

2. The increase in th&? — & values in the right-hand portion of this
figure reflects the presence of high-amplitude values for the low-
frequency components which are near theu@. frequency boundary.
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Figure 4. Average errors in§? (circles) andS? — & (squares)
estimation for global tumbling times 10% shorter (open symbols) and
10% longer (closed symbols) than optimal. Order parameter calculations
were conducted as in Figure 2 for the same relaxation data set. The

partitioning between internal and global dynamics is largely deviations from the&* andS* — & values obtained for the optimal t

responsible for the comparatively high estimated uncertainty are plotted against the optim& values. The individual values were
in the & value for this @. In addition to the mutual compensat-
ing shifts of the individual Lorentzian amplitudes required to

maintain an approximately constant sum, corresponding shifts

in the individual time constants occur simultaneously in order
to maintain the required fit to the experimental data.

In marked contrast to the robustness of handS? estimates
over a wide range of dynamical parameters, the apparent timemisinterpretation of these data in terms of chemical exchange
constants are more poorly determined. One measure of thisbroadening can be directly tested by field strength dependence
dispersion is the standard deviation of the time constant for the or spin-lock studies.
largest amplitude internal motion Lorentzian term in eq 7. For
the 201 T1,T,,NOE) values in Figure 2, the median standard resulting from applying the multiexponential expansion to
deviation of the dominant time constant is 60%. Despite the precise data values was analyzed above in Figure 2. A proper
obvious appeal of using the relaxation data to extract confor- estimate of experimental order parameter uncertainty is obtained
mational transition rates, the variability of both the individual
Lorentzian amplitudes and time constants consistent with the relaxation data with the experimentally determined uncertainties
predicted §2 — S) values argues strongly against such physical assigned. The practical utility of this dynamical representation
interpretations, except for cases in which independent evidenceis demonstrated by the fact that, for most resonances, the derived
indicates a single dominant dynamic process.

In addition to the spectral density formula of eq 7 based on magnitude of the experimental uncertainties in the relaxation
a multiexponential internal autocorrelation function, the only data rather than the magnitude of the intrinsic imprecision of
other necessary assumption of this analysis is that of thethe dynamical representation.
separability of the internal and global tumbling dynamics.
Clearly, errors in the analysis of global tumbling will result in
distortion of the estimated internal dynamics parameters. components which occur near the range boundaries. Regarding
Qualitatively, it can be anticipated that such distortions will be the high-frequency boundary, dynamical processes having time
most severe for positions exhibiting limited internal mobility,
since in these cases the global tumbling contributes mostps) do not have a discernible differential effect on the spectral
strongly to the relaxation behavior.

To examine these effects in more detail, the calculations of constants betweer10 and~50 ps represent a transition range
Figure 2 were repeated using global tumbling times 10% higher for which experimental characterization as either fast limit or
and 10% lower than the optimal value. In Figure 4 is illustrated Larmor frequency sensitive motion is ambiguous, it is instructive
the average deviation of the apparegt ) andS? values
from the order parameter values obtained in the analysis of of the frequency-bounded multi-Lorentzian formalism of eq 7.
Figure 2 as a function of th& value. The 10% error in global
tumbling time results in approximately a 10% error in the
estimatedS value, with an underestimate occurring for the
overly long tumbling time and an overestimate occurring for
the foreshortened tumbling time. For small valuesShfthese
errors constitute fairly modest differences in the estimated and &? — &) approximately proportionate to the position of
generalized order parameter. On average, the deviations in thehat exponential time constant within the-180-ps interval.
estimatedS? values are compensated for nearly equally by
corresponding deviations in the estimat&f (— ) and $2
values. When analyzing positions wiAvalues above 0.8 using
the 10% foreshortened global tumbling times, the relaxation molecular tumbling frequency cannot yield independent ampli-

averaged in bin intervals of 0.05. In the case of the 10% foreshortened
v When the value is above 0.8, the relaxation data lie outside the
range consistent with the multiexponential internal correlation function
representation.

values no longer lie within the triangle predicted by the
multiexponential internal autocorrelation function. The potential

The intrinsic imprecision in the determination 8f and §2

by applying the multiexponential expansion analysis to the

uncertainty of their order parameters primarily reflects the

The potential limitations of the frequency partitioning used
in eq 7 can be further probed by consideration of frequency

constants more than 320 times shorter than d/+c (i.e.,~10

density components sampled by the NMR experiment. As time

to consider cases in which such a motion is analyzed in terms

When relaxation data are synthesized from single-exponential
autocorrelation functions with time constants in the range of
10-50 ps and then analyzed according to the multi-Lorentzian
formalism with a 4v+c boundary, it is found that the amplitude
of the single-exponential component is partitioned betw&en

Assessing the limitations of partitioning at the low-frequency
boundary is more problematic since, as is apparent in eq 5,
internal frequency components approximately equal to the
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tude predictions. Hence, tt# value derived from this formal- 57 ). Similarly, the 0.50 € S2 value of Lys 69 is the lowest
ism is necessarily an upper bound. In the case of the 7-nsnon-proline C S2 value in the protein. Hence, all non-proline
molecular tumbling time ofE. coli thioredoxin considered  side chains exhibit fast limit order parameters, consistent with
herein, the 0.&5¢ frequency boundary implies an approximate dynamics within a given rotamer state, and indeed the observed
4-fold range in frequency for internal motions which are not lower bounds correspond quite closely to the lower bound
well characterized. The predicted dominant time constant anticipated for that dynamical model. In contrast, all four trans
provides a means of detecting potential motion slower than the prolines exhibit @ $2 values below 0.65 and *CS? values
partition boundary. For all resonances having a predicted below 0.51.
dominant time constant more than 2-fold faster than that of the  The explanation of the anomolous behavior of the proline
low frequency boundary, extension of low-frequency boundary side chains is provided by the solid-state NMR observation that
from 0.5wc to 0.33vc changed the estimate®t by less than the proline ring pucker transition occurs with a time constant
0.01. For resonances having predicted dominant time constantsof 10—30 ps® The pattern of order parameters of € C# >
nearer to the low-frequency boundary and relatively large C’ predicted and observed in small proline-containing pegiides
intermediate frequency motid? — <, truncation effects should  is also observed for all of the prolines & coli thioredoxin,
be suspected, and use of a lower frequency boundary shouldncluding the anticipated higher order parameters for the single
be considered. cis Pro 76' As all four trans prolines have°C% values above

In contrast to the éyc high-frequency partition which is ~ 0.83, and their low side-chai®? values are clearly indicative
expected to be of general use for protein analysis, the optimal of rapid motion of a magnitude larger than simple fluctuation
choice of the low-frequency partition can be anticipated to be within a rotamer state. The proline-ring puckering dynamics
modestly affected by the molecular tumbling time. For sub- lie in the boundary range between the highest frequency
stantially differing molecular tumbling times, a comparison quantitated by the multiexponential autocorrelation function
between the intrinsic imprecision in the multiexponential expansion (i.e., @y+c ~50 ps) and the true fast limit range, in
expansion and the experimental uncertainity of the relaxation which the relaxation effects are insensitive to the Larmor
data should be conducted. Analogous considerations will apply frequencies (i.e.,.<~10 ps). Assuming a two-state pucker
to the application of this formalism t&N relaxation data. transition to rationalize the proline relaxation data, the partition-

ing of the motion between th&? and &% — ) values is

. L . consistent with a transition time constant in the range of 20
IIIA. Fast Limit Order Parameter Distribution for E. coli 30 ps 9

Thioredoxin An analogous situation occurs for the methyl groups in which

the 3-fold rotation around the symmetry axis gives rise to a

The order parameter analysis presented above represents thgredictable order parameter effect, 0.111 for an ideal tetrahedral
internal autocorrelation function in terms of a fast limit decay geometry. The derived methg? values are consistently lower
and an arbitrary multiexponential expansion composed of decaythan that expected from fluctuation in a single rotamer state,
rates ranging from wc to 0.5wc. At 14.1 T, this 40-fold  indicative of the fact that the methyl rotamer transitions are
difference corresponds to a time constant range from 53 ps tocontributing to theS? values, consistent with previous measure-
2.1 ns. Robust estimates are obtained for both the fast limit ments indicating that methyl rotation occurs at a rate near the
order parameter characterizing motions that are rapid comparethoundary of the multiexponential autocorrelation function
to the highest Larmor frequeneyc, and the generalized order  frequency partitioning® The multiexponential autocorrelation
parameter, characterizing the rotational disorder arising from function frequency partitioning cleanly distinguishes the two
the global molecular tumbling. best-characterized cases in which t§& values could be

An obvious question which arises regards the degree to whichanticipated to exhibit intermixing of intrarotamer fluctuations
the fast limit order paramet&? corresponds to dynamics within  and larger scale conformational transitions. These results are
localized potential minima and the degree to which larger scale strongly suggestive of the utility of this formalism for analysis
conformational transitions contribute predominantly to the of more complex dynamical behavior.
difference order paramet&? — . A qualitative indication of
the plausibility of such a partitioning can be obtained by ) . . ] ]
consideration of the overall distribution 8f values throughout ~!!IB. Quasiharmonic Analysis of Correlated Side-Chain
the protein structureE. coli thioredoxin exhibits typical main- ~ Motion
chain dynamics in which the vast majority &N and 3C
resonances have 0.8 $ < 0.94% indicative of limited Correlated motion arises from the restriction of mobility due
dynamic angular disorder. Furthermore, in most cases the main-to either intramolecular or solvensolute interactions. Rota-
chain §2 — & values are small, indicating that fast limit tional correlations generally serve to minimize the displacements
dynamics dominate the angular disorder. As described in moreof all atoms®® This effect is opposed by the thermodynamic
detail in section IV, assuming ag? value of 0.8, the order  drive to increase configurational entropy by maximizing the
parameter values at’Gnd C can be estimated for the case of magnitude of the uncorrelated motion. Under the quasiharmonic
unrestricted side-chain torsional fluctuations within a given approximation, the magnitude of both correlated and uncorre-
rotamer state. The resulte®t values of~0.68 for & and~0.52 lated fluctuations is characterized by the covariance matrix
for C” (assuming 3-fold rotational barriers) should represent a of the internal coordinateg with elementsy; = [{g — [6;0)(q;
lower bound for the fast limit order parameters of the side chains — ;P Assuming classical dynamics, the configurational
attaChe.d to a mOderately immobilizedﬂ.(bositiqn If only (63) Sarkar, S. K.; Young, P. E.; Torchia, D. A.Am. Chem. So4986
fluctuations within a rotamer state contribute significantly to 108 6450.
the observed? values. (64) London, R. EJ. Am. Chem. Sod.978 100, 2678.

With the exception of the highly mobile N-terminal serine  (65) Daragan, V. A.; Mayo, K. HJ. Magn. Reson. Ser. B996 110
and the four trans prolines, all methine and methylefie C ™ (g6) Helfand, E Sciencel984 226, 647.
positions ofE. coli thioredoxin haves? values above 0.65 (Lys (67) Karplus, M.; Kushick, J. NMacromoleculesi981, 14, 325.
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entropy differencé\S,° depends only on the determinant of this  with the main chain, for a side chain havingyavalue near

matrix for the individual conformational states. 180, the corresponding covariance matrix is
2
Asf = 1/2kB In[detog/deto,] (8) Oy Co, 000, Co,06%,
2
C¢X10¢011 le C¢X1C¢120210%2 (9)

Quantum mechanical corrections to the quasiharmonic con- 5
figurational entropy introduce only an additive constant to each Co.%6%, ConCor.%0%, 9y,
determinant term in this expressi&hQuantum mechanical
corrections to order parameter calculations introduce a uniform The resultant eigenvalues avg?, (1 — ¢4,9)0,,% and (1—
decrease due to the bond length and bond angle fluctuations at,,,?)g,,> where ¢; is the correlation coefficientAiAjl
the H-X bond®® For the dihedral angle space Monte Carlo [Ai2[9-5Aj295, with Ai representing the deviation of the torsional
simulations considered below, additional quantum mechanical angle from its mean position arnglis the rmsd of the torsional
corrections to the order parameters are negligible. fluctuation. Note that, by assumptiog,,,, = Cg,,Cgy,. FOI ¥1

As the covariance matrix is symmetric semidefinite, it can values near-60°, the main-chainy dihedral angle is substituted
be diagonalized by an orthogonal transformation. The resultantfor ¢. For leucine and phenylalanine residues, as considered
diagonal elements are the variances of the uncorrelated fluctua-below, over 90% of the observead values are near either60°
tions for each of the internal coordinates, consistent with the or 180.73
general fact that only the uncorrelated fluctuations will con-  The covariance matrix of eq 9 contains three torsional
tribute to the configurational entropy. As a result of the Gaussian fluctuations and two correlation coefficients which need to be
distribution which arises from a parabolic potential, the con- estimated from the experimental relaxation data. Generally this
figurational entropy predicted from the quasiharmonic ap- will represent an underdetermined system. Given the main-chain
proximation represents the upper bound of the configurational torsional fluctuation, a four-dimensional grid of Monte Carlo
entropy consistent with a given variance of the conformational simulations can be carried out to determine the range of side-
fluctuations’® chain torsional fluctuations and correlation coefficients consis-

In contrast to the complex network of correlated motions tent with the experimental data. Gaussian sampling of the main-
characterizing protein main-chain fluctuations, it is plausible chain,y;, andy, torsional angle distributions are constructed
to model the torsional dynamics of the buried side chains in a so that the degree of correlation of the side-chain torsional
simpler fashion. The surrounding protein matrix imposes an fluctuations to those of the main chain is systematically adjusted.
effective diffusive barrier. The side chain will tend to maximize Although a physically plausible model for the side-chain
its uncorrelated fluctuations within this potential well. However, fluctuations can be so simply described, specification of the
the torsional fluctuations of the main-chain atoms restrict the relevant main-chain torsional fluctuation is more problematic.
range of side-chain torsional fluctuations compatible with the Comparison to the experiment&C® relaxation data requires a
steric constraints of the protein matrix, thus imposing correlated modeling of the local main-chain motion. The simplest model
motion. ascribes all of thé3C* relaxation to the fluctuation of a single

A further simplication of the present analysis is to freeze the main-chain torsional angle. This model has the conceptual appeal
“hard” variables of bond lengths and bond angles and considerthat, for side-chain dynamics dominated by a crankshaft type
only the effects of “soft” torsional fluctuationd.Bond angle of fluctuation, the maximum range of side-chain fluctuations is
fluctuations can make a significant contribution to the configu- predicted. More realistic is to assume correlated intraresidue
rational entropy?” However, since this formalism is designed (¢,1) motion, for which molecular dynamics simulations have
to estimate differences in configurational entropy, only the indicated a correlation coefficient of approximateh0.5 for
variation in bond angle fluctuations which are induced by a-helical residueg?*7®Although the introduction of correlated
restricted torsional fluctuations will affect the calculations. As intraresidue ¢,1») motion serves to reduce the range of side-
the free energy of the torsional restrictions considered herein ischain fluctuations consistent with experimental relaxation data
reasonably modest-ksT), the entropy contributions of dif-  considered below, it does not substantially affect the predicted
ferential bond angle fluctuations are anticipated to be compara-degree of correlation and hence the conformational entropy for
tively small. the residual permitted range of side-chain fluctuations.

lllustrating for the case of two side-chain dihedral angles,
the correlated motion is represented by the correlation coef- llIC. Correlated Motion of Buried Side Chains
ficients for the torsional fluctuations of the main-chgin, and Phe 12 ofE. coli thioredoxin has H—Ce, Hf2—C8, HF3—C5,
x2 dihedral angles. As vindicated by the calculations given 44 H—co 2 order parameters of 0.82, 0.78, 0.79, and 0.93,
below, the dominant correlations can be expected for the main-agpectivelyt As the S2 values are not statistically different,
chain dihedral angle for which the corresponding bond VECtor e relevant internal motion occurs in the fast limit regime. Using
is approximately parallel to the®€ C” bond, thus allowing for 4 crystallographically observegh and y» dihedral angles
“crankshaft” type coupling of the main-chain apgluctuations.  (_15g 92)3 Monte Carlo simulations were carried out as a
Such crankshaft motions are well-known to play a dominant ¢,nction of dihedral angle variances and correlation coefficients
role in the conformational dynamics of linear polyethylene-like 5 getermine combinations consistent with the observed relax-

ponr_ners‘?G . . . ation order parameters. The main-chafnrotation axis is
With the additional assumption that the correlation between gnnroximately parallel to the A£C? bond vector, so that

x1 andy; fluctuations occur only via their mutual correlations  rankshaft coupling of¢ and . torsional fluctuations is

(68) Schlitter, JChem. Phys. Lett1993 215, 617. anticipated. In the initial round of simulations, thé& Grder

(69) Bruschweiler, RJ. Am. Chem. S0d.992 114, 5341. parameter was interpreted in terms of ogplyorsional fluctua-

(70) Sunada, S.; Go, N.; Koehl, B. Chem. Phys1996 105 6560.

(71) Rojas, O. L.; Levy, R. M.; Szabo, Al. Chem. Phys1986 85, (73) Ponder, J. W.; Richards, F. M. Mol. Biol. 1987, 193 775.
1037. (74) Daragan, V. A.; Mayo, K. HJ. Phys. Chem1996 100, 8378.

(72) Go, N.; Scheraga, H. Al. Chem. Physl969 51, 4751. (75) Garnier, N.; Genest, D.; Genest, Blophys. Cheml996 58, 225.
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averaging over thec(,,, C,,) values with weighting according
to the predicteg,-square probability.

The average magnitude of uncorrelaggdand y, torsional
fluctuations (i.e., sqrt[(t cy,2)0,,% and sqrt[(1— cyy,2)0,27,
respectively) as a function of totg) andy torsional fluctuations
o, and o, are plotted in panels A and B of Figure 5,
respectively. As anticipated for crankshaft-like dynamics, quite
large fluctuations of, are consistent with the rigidly constrained
aromatic ring (panel B). For any given value @f, as they>
fluctuations increase, the magnitude of uncorrelated fluctuations
reaches a maximum and then declines, indicative of increasingly
strong anticorrelation betwegnandy fluctuations. In contrast,
oy, is restricted to values well below the approximaté it
imposed by the local rotamer potential well of such ah-sp*
system (panel A). Furthermore, as illustrated in this panel, the
x1 fluctuations are comparatively weakly correlated with those
of ¢, as indicated by the predicted magnitude of the uncorrelated
x1 fluctuations being nearly as large as the magnitude of the
total 1 fluctuationsoy,.

In panel C of Figure 5, the determinant of eq 9 is used to
estimate the relative side-chain torsional configurational entropy

x1 as a function ofs,, andg,,. In panel D is given the predicted
Figure 5. Side-chain torsional dynamics &. coli thioredoxin Phe ~ Side-chain heavy atom rmsd for these fluctuations. Egr ¢;,)
12 assuming correlated fluctuations fgrx:) and ¢,y2) in which the values around (718°), a near-maximal entropy is obtained with
Gaussian main-chaip fluctuations have a, of 16° (predicts @ & of a side-chain heavy-atom rmsd of 0.55 A, approximating the
0.82) andy is fixed. Panels A and B illustrate the magnitude (in  mean-square displacement commonly deduced from X-ray
degrees) of uncorrelategh and . fluctuations, respectively, as a diffraction analysis and molecular simulations. For thig,,,)
function of the total torsional fluctuations, ando,,. The corresponding pair, Con is estimated to be 0.28, consistent with thé a§/erage

q_uasmarmonlc relative side-chain t_or5|o_nal configurational entropy and main-chainy: correlation coefficient from molecular dynamics
side-chain heavy-atom rmsd are given in panels C and D. For each set

. L .
Of (0,1,05,,C41,Csy0) Values, 16 different side chain conformations were simulations’™ For the optimal §,,,0,,) value at (7,18), Gy,

generated, and the resultant order parameters calculated. The set of afS €Stimated to be approximatety0.25, consistent with mo-
(041:02:Ci1:Ca) Values which predict the experimental order parameters lecular dynam_'cs calculations for bU”?d aromatic r|ﬁ9g§esp|te
with a 2 probability of >0.05 were determined. The values given in the fact that, in the present calculations, these correlations are

the figure for eachd,,,0,,) pair were obtained by summing over the ~assumed to arise only via their mutual couplingtituctuations.
(Co1:Csy2) values weighted according to theft probability. The corresponding analysis of Phe 12 dynamics assuming
no torsional correlation yields no,o,,) values predicting the
tions. It should be noted that, f& values greater than 0.6, the experimental order parameters withprobabilities above 0.003.
order parameter relationship of eq 1 can be further simplified An analogous calculation assuming—side-chain torsional

254 25

to state tha®” depends only on the variance of the-ld bond correlation with theg torsional angle fixed also yields no
orientation, regardless of whether the bond motion occurs via combinations fitting experimental side-chain order parameters
discrete jumps or by one- or two-dimensional diffusiéris a with 2 probabilities above 0.003. As expected, the predominant

result, the direction of motion providing the largest variance limitation in both of these calculations is the inability to
will generally dominate the determination of the corresponding accommodate the high aromatic ring order parameter, except
order parameter. for implausibly small dihedral angle fluctuations.

A Gaussian fluctuatiow, of 16° predicts the observed 0.82 Not only does the assumption of predominant correlation
C> order parametef? y; and y» values were selected so that betweeng and the side-chain dihedral angles appear well-
their population mutually satisfied the constraints of a gigen  vindicated, but also these results suggest that the fluctuations
and a given correlation coefficient with tlgeangle values. A of the main-chainy torsional angle may be attenuated by its
grid search was conducted over the total torsional fluctuations gauche orientation relative to the aromatic ring. This effect can
oy, and o, and the corresponding correlation coefficienfs, be more realistically modeled allowing for correlategy()
andcg,, with the main-chainy dihedral angle fixed. For each  fluctuations. Molecular dynamics simulations of-helical
set of @y, 0y Coy Coyp) Values, 16 different side-chain  residues have indicated that the intraresidtig) fluctuations
conformations were generated. Calculation of the correspondinghave a correlation coefficient of approximatey.5.’475 Phe
order parameters was facilitated by use of the explicit repre- 12 lies within thea helix of the protein. Assuming Gaussian
sentation of the spherical harmonics in terms of Cartesian torsional fluctuations with &, of —0.5 and boths, and oy,
coordinateg? Using the estimated experimental uncertainties equal to 13 predicts the observed 0.82*& value. In Figure
of the Phe 12 relaxation data applied to the multiexponential 6 are plotted the corresponding uncorrelageqpanel A) and
order parameter analysis, the set of &)l (0;,, Cy,, Coy,) Values x2 (panel B) fluctuations, along with the relative side-chain
predicting the experimental order parameters wity? grob- torsional entropy (panel C) and side-chain heavy-atom rmsd
ability in excess of 0.05 were determined. For eaef, (0,,) (panel D) for conditions analogous to those of Figure 5. As
value in Figure 5, the individual data points are derived by compared to the data of Figure 5, the heavy-atom rmsd is
increased approximately 0.25 A (panel D), and the range of

(76) LeMaster, D. MJ. Biomol. NMR1997, 9, 79.
(77) Bremi, T.; Bruschweiler, R.; Ernst, R. B. Am. Chem. S0d.997, (78) McCammon, J. A,; Gelin, B. R.; Karplus, NNature 1977, 267,
119, 4272. 585.
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(180,60) (-60, 180)

Figure 7. lllustration of the two most common leucine rotamers which
are related to each other by a pseudomirror through the plane defined
by He—Ce—CP.

The side-chain dynamics of buried leucine residues provide
a more demanding test for whether observed relaxation order
parameters are consistent with fluctuations within a single
rotameric state. Earlier relaxation studiéshave interpreted
the low and variable order parameters of the methyl rotation
axes as indicative of large-scale internal dynamics, inconsistent
with range of motion commonly inferred from analysis of X-ray

(predicts @ & of 0.82). Panels A and B illustrate the magnitude of Debye-Waller factors. A physically plausible mechanism of

uncorrelated;; and y fluctuations, respectively, as a function of the 9€nerating low order parameters for the leucine methyl rotation
total torsional fluctuations,, and g,,. Panels C and D illustrate the ~ axes is illustrated in Figure 7. The two rotamer$0,180) and

guasiharmonic relative side-chain torsional entropy and side-chain (180,60) constitute 88% of all leucine rotamers observed in high-
heavy-atom rmsd as calculated for Figure 5. resolution X-ray structure¥. These two rotamer states are
related to each other by a pseudomirror through the plane
fluctuations consistent with the experimental order parameters defined by H—C*—CP. Dynamical interchange between these
is significantly reduced. two rotamer states could potentially offer an efficient relaxation
Minimization of the side-chain heavy-atom rmsd due to steric Mechanism with a relatively modest rearrangement of the protein
conflict with the protein interior provides the energetic drive interior. Arguments based on molecular dynamics simulations
for the correlated motion of the phenylalanine residue. The Nave recently been used to rationalize the low leucine methyl
increase in the predicted side-chain heavy-atom rmsd resulting@Xis order parameters of barstar in terms of such a rotamer
from analyzing the effects of increasedfluctuations further transition’® The analysis of correlated torsional fluctuations
suggests that, reciprocally, the immobilization of the aromatic described herein provides a means of determining whether
ring will cause a reduction in the main-chajn fluctuations fluctuations within a rotamer well are sufficient to rationalize
relative to those of. These effects are further accentuated if € observed relaxation data, or whether a more extensive

the ¢ and fluctuations are assumed to be uncorrelated reorientation, such as that illustrated in Figure 7, must be
L . . invoked. This relaxation analysis provides a complement to spin-
On the other hand, within the permitted regions common to

. oo 83 g, o
both Figures 5 and 6, the relative side chain torsional entropy coupling studie® ®* for characterizing heterogeneity in the

; S . . . . torsional angle averaging.
values are fairly similar with and without the inclusion of 9 ging

. A . L The a-helical residue Leu 99 dE. coli thioredoxin offers a
fluctuations, indicating that, for a givew,, o,,) pair, similar : :

: O . 4 ) . useful illustration of the present procedure, as the 0.37 order
correlation coefficient values yield the best fit to the experi-

mental order parameters. As the true values,gi,, andc parameter of t_hpro-R methyl rqtation_ axis is nearly the lowest
are anticipated to lie between those used for Fivg,ures E;mfamd 5 for the 13 leucines of this protein, while the 0.63 order parameter
the data of these figures should provide a reliable estimate of °f thepro-Smethyl rotation axis represents the largest disparity
. . ) . . between such intraresidue geminal order parameters. Given the

the corresponding relatl\_/e side-chain torsional entropy. mean f1,15) values of (178,53) of thiso-helical residud® it

These model calculations may be contrasted to the recentjs anticipated thap—side-chain correlations will again dominate
NMR relaxation analysis of the dynamics of the solvent-exposed the torsional dynamics due to the crankshaft-like orientation of
phenylalanine residues of the cyclic peptide antamaffidie. the ¢ andy; rotation vectors.
that study, the authors analyze the side-chain dynamics assuming \jonte Carlo simulations were carried out assuming not only
arigid peptide backbone. As explicitly verified by Monte Carlo - the expected correlatest-side-chain fluctuation case, but also
simulations, under this assumption the order parameter of the
aromatic C can never be higher than that of. The assumption (79) Wong, K. B.; Daggett, VBiochemistryl99§ 37, 11182.
of independent main-chain and side-chain dynamics is clearly N,\A(SROBSQ%HZ’E% W.; Yamazaki, T.; Torchia, D. A; Bax, A. Biomol.
inappropriate for the case of the structurally buried side chain. " (g1) Kariminejad, Y.; Schmidt, J. M.; Ruterjans, H.: Schwalbe, H.:
As discussed in more detail in section IV, the assumption of Griesinger, CBiochemistryl994 33, 5481.

independent main-chain and side-chain dynamics appears to als%a§/82J) }aneiiééfé;m“f'éi?ﬁ%‘géa?é Dy Farmow. N A Aubin, ¥.; Forman-
be inappropriate, even in the case of highly solvated mobile " (g3 konrat, R.; Muhandiram, D. R.; Farrow, N. A.; Kay, L.E.Biomol.

side chains. NMR 1997, 9, 4009.

Figure 6. Side-chain torsional dynamics &. coli thioredoxin Phe
12 assuming correlated fluctuations fgrX:) and ¢,x2) in which the
¢ andy fluctuations have equaf values of 18, with ¢4, of —0.5
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examined, except for a few instances of high order parameters
and high correlation coefficients, the methyl rotation axis having
the lowest order parameter is always the one which is ap-
proximately parallel to the &C# bond vector. As a result, all
main-chain fluctuations which alter the*€C# bond vector
orientation will likewise alter the orientation of that methyl
rotation axis. In contrast, the geminal methyl rotation axis is
approximately perpendicular to thé“€C? bond vector. Hence,
main-chain fluctuations which alter the*€C# bond vector
orientation in the direction perpendicular to that geminal methyl
rotation axis will have no relaxation effect along that axis, thus
resulting in a higher order parameter for this methyl rotation
axis. This analysis highlights the fact that configurational entropy
estimates cannot be reliably based on the orientational distribu-
tion of the H-X bond vector alone. The geometric relationship
between the HX bond vector and the axis characteristic of
the underlying conformational fluctuation must be accounted
for.

It should be emphasized that only the differences in relative

side-chain torsional entropy derived from eq 8 are physically

1617 18 19 20 meaningful. As uncorrelated leucine,(,0,,) fluctuations of
% (18°,18) predict a relative torsional entropy value of ks8the
Figure 8. Side-chain torsional dynamics &. coli thioredoxin Leu estimated value of 4g for Leu 99 corresponds to a free energy
99 assuming correlated fluctuations fgr)(;) and ¢,y>) in which the loss of 0.55 kcal/mol compared to unconstrained motion in a
¢ fluctuations have a, of 10° (predicts C & of 0.93) andy is fixed. single rotamer state.
Panels A and B illustrate the magnitude of the uncorrelgiezhdy.
fluctuations, respectively, as a function of the total side-chain torsion IVA. Conformational Entropy Arising from Rotamer
fluctuations. Panels C and D illustrate the quasiharmonic relative side- State Exchange
chain torsional entropy and side-chain heavy-atom rmsd as calculated
for Figure 5.

o) 2

T T 1 T 111
12 13 14 15 16 17 18 19 20
le

In the effort to assess the contribution of side-chain dynamics
to the entropy of protein folding, the configurational entropy
correlatedy—side-chain and correlateg,{y)—side-chain tor- of thg ynfolded §t§te is qommonly rep(esented in terms of a set
sional fluctuations. The most favorable combination of correlated ©f disjoint multidimensional harmonic wells separated by
w—side-chain fluctuations fails to predict the observed order activation barriers significantly abov&T. In such a model,
parameters with g2 probability well in excess of 0.99, the total configurational entropy can be writter$“as
consistent with the expected incompatibility of the gauche N N
orientations of they andy, rotation axes. The relative side- S 0. S — kg

: H i i i~
chain torsional entropy and side-chain heavy-atom rmsd are £ £
illustrated in panels C and D of Figure 8 for the correlated
¢—side chain fluctuations. The occurrence of physically plau- wherew; is the probability for a given conformation asg' is
sible values for both the side-chain configurational entropy and the vibrational entropy of that state. When applied to estimating
side-chain heavy-atom rmsd, which predict order parametersthe entropy of folding, it has often been assumed that the
consistent with the observed values, demonstrate that fluctua-vibrational entropy of the individual wells is the same for both
tions in a single rotamer state are sufficient to explain the the folded and unfolded states, so that the entropy change only
experimental data. reflects the decrease in the number of accessible conformations

The plots for the correlate@(y) fluctuations with &, value in the folded state. This assumption generates predictions of
of —0.5 are qualitatively similar to those of Figure 8, with the total entropy changes that approximate those estimated from
boundary moved up -12° for each dihedral angle and the experimental dat& However, for a detailed understanding of
corresponding side-chain heavy-atom rmsd values increasedhe entropy changes, variations in the individual rotamer
approximately 0.1 A. Hence, in this example as well, it appears entropies must be considered. Neglect of these effects implies
that the fluctuations of the main-chain rotation axis that is gauche the neglect of extensive correlated dynamics which are imposed
to the y, rotation axis will be somewhat attenuated by the by the formation of a defined tertiary structure. Conversely, since
presence of the sterically hindered side chain. the absolute magnitude of the vibrational entropy term of eq

In the relaxation analysis of ubiquitin, it was noted that the 10 is approximately 10-fold greater than that of the conforma-
leucine methyl axis order parameter values were higher for the tional sampling tern naive interpretation of the fixed coor-
pro-R methyl in most all case¥. This pattern is opposite of ~ dinates derived from protein crystallographic analysis implies
that observed for Leu 99 @. colithioredoxin. An explanation ~ @n entropy loss upon folding which would totally preclude a
can be found in the fact that the majority of such leucine residues thermodynamically stable tertiary structure.
in ubiquitin have meanyg,y2) values of (-60,180), the most In a similar manner, settinh = 1 for the number of native
common leucine rotamer. Since as noted above, the two rotamergonformations in the second term of eq 10 likewise misrepre-
are related to each other by a pseudomirror, the calculationsSents the configurational entropy of folding. On the other hand,

w; In w, (10)

conf —

for the (180,60) rotamer given above apply directly to thé(@,
180) rotamer with the reversal gfandy as well agpro-Rand
pro-S methyls. When the full range of physically plausible

leucine side-chain fluctuations in a single rotamer state are

obtaining a reliable estimate for the conformational exchange
entropy term of this equation for the native state is not

(84) Karplus, M.; Ichiye, T.; Pettitt, B. MBiophys. J.1987 52, 1083.
(85) Doig, A. J.; Sternberg, M. J. Protein Sci.1995 4, 2247.
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straightforward. However, as illustrated below for the case of 1.2+
mobile solvent-exposed side chains, NMR relaxation data can ~
provide a reasonably robust estimate of the rotamer exchange o
entropy of individual side chains. .Em
The earliest NMR analyses of rotamer exchange dynamics JE*
assumed that torsion angle rotations were uncorrefdted. o
Subsequently, lattice jump models were proposed which incor- EN 0.6
porated correlated transitiof%8” The early assumption that &
small amplitude rapid (picosecond) fluctuations make a negli- o
gible contribution to macromolecular relaxation has been L=
disproven by molecular dynamics simulatidhi€On the other \?;
hand, explicit consideration of both rotamer jumps and torsion 1
angle fluctuations substantially increases the complexity of the O
model needed to fit a limited experimental data set. Some 0 005 01 015 02 025 03 035
simplification can be achieved by assuming the dynamic (PP, D, P5+D,P5)
|ndeper_1denge of the rotamer jumps and the torsion angIeFigure 9. Torsional configurational entropykd) estimated from
fluctuations? . relaxation order parameter analysis. For a 3-fold torsional potential,
The present study offers several advantages regarding analySighe order parameter for the jump process is proportionapip, (+
of rotamer exchange transitions. The analysis of the fast limit p;p, + p,ps). For all combinations of rotamer populatiops p., and
and generalized order parameters via an arbitrary multiexpo- ps;, the predicted torsional configurational entropy lies within the
nential representation of the autocorrelation function does not illustrated curve.
assume the separability of the contributions due to rotamer jumps
vs torsion angle fluctuations. Indeed, separability of the of pi, p2, andps lie within these boundaries. By utilizing the
contributions due to fluctuations within disjoint multidimen- median values of this distribution, the largest possible error in
sional potential wells and transitions between these wells needthe rotamer exchange entropy estimate derived frpmp. (+
not be generally valid for polymer dynami€sThe frequency p1ps + pP2ps) is 0.08g at the pip, + pips + pzps) value of
partitioning provided by th&? and S§2 analysis allows for an 0.25. In most cases, the anticipated error is appreciably smaller.
experimental testing of separability based on the differences inModel studies have suggested that the quasiharmonic ap-
time scales characteristic of the side-chain torsional fluctuations proximation for configurational entropy estimates of individual
and the rotamer transitions. Furthermore, by focusing on rotamers have errors in the range of 8% When combined
extraction of the relevant order parameter data, estimations ofwith the uncertainties in the experimental order parameter
the associated entropy contributions are obtained in a straight-determinations, the imprecision in the mapping of experimental
forward manner. (p1p2 + p1ps + p2ps) values onto the rotamer exchange entropy
The 3-fold torsional potential which occurs at vicinaPsp  estimates is unlikely to substantially affect the overall accuracy
sp® positions gives rise to a rotamer exchange conformational of the differential entropy calculations.
entropy equation of The foregoing analysis of conformational entropy estimates
based on relaxation effects assumes that a thermodynamic
Siot = —Kg(Py IN'py + P, In P, + psIn py) (11) quantity can be estimated from dynamical data with an upper
time constant boundary of a few nanoseconds. The ergodic
where p; is the population of theith rotamer. Assuming  hypothesis ensures that the experimental data will reflect a
tetrahedral geometry, the order parameter arising purely from proper population weighting of the various protein conforma-

the corresponding rotamer exchange is given by tions. By construction, the dynamical processes analogous to
the vibrational term of eq 10 lack free energy activation barriers
f=1- 8/3(p1p2 + p,p; + PP3) (12) that are large compared to thermal energy. Hence, satisfactory

entropic sampling within these potential wells can be expected
where for methyl rotation the equivalence of the rotamer to occur faster than the time frame of the relaxation experiment.
populations yields the familar value of 0.111. It has been Furthermore, the entropic averaging for rapid configurational
suggested that methyl groups slightly deviate from tetrahedral transitions will likewise be completed in this time frame.
geometry®® so as to yield a limit order parameter ©0.100% However, the relaxation experiment is insensitive to configu-
The corresponding change from 8/3 to 2.7 in eq 12 has a rational transition terms having time constants longer than a
negligible effect on the present analysis. As illustrated in Figure few nanoseconds. The presence of such slow transitions implies
9, the mapping of all possible values @i, + pips + Pzps) that the corresponding order parameter would be overestimated
onto—(py In p1 + p2 In p2 + ps In ps) yields a reasonably narrow  in the e>.<perin.1ent, resulting in a systgmatiq undgrestimate of
distribution. The upper boundary corresponds to the condition the configurational entropy. For transitions involving rotamer
p1 > p2 = ps. The lower left-hand boundary represepis> p, exchanges, the existence of entropically significant slow pro-
with ps = 0, while the lower right-hand boundary corresponds cesses can be tested by comparison betweerpipg + p.ps
to p1 = p2 > ps. As explicitly verified, all other combinations =+ P2ps) values derived from the relaxation experiment and scalar
coupling data which sample the rotamer populations in a much
slower time regime.

(86) Wallach, D. JJ. Chem. Phys1967, 47, 5258.

(87) London, R. E.; Avitabile, JJ. Am. Chem. Sod.977, 99, 7765.

(88) Batie, R. D. d. |.; Laupretre, F.; Monnerie, Macromolecule4988
21, 2045. IVB. Torsional Fluctuations and Rotamer Transitions in

(89) Helfand, EJ. Chem. Phys1978 69, 1010. . . . . . .
(90) Koetzle, T. F.; Golic, L.; Lehmann, M. S.; Verbist, J. J.; Hamilton, the Highly Solvated Side Chains ofE. coli Thioredoxin

W. C.J. Chem. Phys1974 60, 4690. . - . R
(91) Chatfield, D. C.; Szabo, A.; Brooks, B. R.Am. Chem. S04998 Operationally, the fast limit motional processes that give rise

120, 5301. to §? can be distinguished from the slower internal motions
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Table 1. Order Parameters and Rotamer Exchange Entropies for 305
Solvent-Exposed Non-Hydrogen-Bonded Polar Side Chairts. of i \ \ “\ / / )‘
coli Thioredoxin 28

residue CS* C* 'S O Ipp entropy ke) 261 \ \ \ \ / j
Asp 13 0.88 0.86 0.72 0.20 0.28 (0.88,0.94) \ \ X /
Lys 18 091 090 080 0.67 004 (0.18,0.21) 24

Glu3ad 084 084 069 028 023 (0.65,0.81) 2] \, \ \ il \\ / ,/
Glu 48 0.84 0.83 0.73 0.27 0.24 (0.67,0.83) N 1 \ \by &(

GIn 50 0.83 0.80 0.69 0.21 0.27 (0.85,0.92) = 20

GIn62  0.87 087 078 059 008 (0.29,0.35) \,\ ‘\ \ 7
Lys69 092 091 075 043 017 (0.52,0.64) 18 /

Asn83 094 090 069 032 022 (0.640.79) ] ’)&
Lys100 084 080 071 0.36 0.18 (0.56,0.68) 16 g

Glu 101 0.88 0.86 0.72 0.26 0.25 (0.69,0.86) 1 ./

14 \'\‘J \*’
which contribute to additional observed relaxation effects. 24+ttt
Perhaps the simplest nontrivial case of interpreting these 14 15 16 17 18 20
relaxation effects in terms of specific motional models is that G

of the highly solvated side chains. In Table 1 are listed the C
and @ order parameters of the 10 poErcoli thioredoxin side
chains for which the €2 is greater than 0.8, thefGatoms

Figure 10. Prediction of the € and ¢ S? values for the solvent-
exposed side chains of Table 1 as a functionypfand mainchain

have solvent accessible surface areas of greater thnand torsional fluctuationsd; = o) and correlation coefficients. For a fixed
V' v siole su Sorg set of g,, and correlation coefficients, the main-chain torsional

there are no side-chaimmain-chain (direct or water-mediated)  fjycyations were adjusted for each residue so as to minimize the
hydrogen bonds as reported in the X-ray analjsis.should aggregatey? residual summed over the 10 residues. Assuming no
be noted that the NMR relaxation studies and the X-ray torsional correlation®) yields the highesg? residual. Introduction of
structural analysis were carried out under quite similar pH and weak (0.25 4)) and modest (0.504)) main-chair-y; correlations
ionic strength conditions, and an excellent correspondencehas little effect on the? residual but substantially increases ihg
between surface side-chain hydrogen bonding and elevated ordepptimum. Introduction of main-chaig—y correlation (-0.5 (x))
parameters has been previously repoft&tie similarity of the significantly decreases th@ residL_JaI t_)ut shifts they, opti_mum away

C* & andS? values in Table 1 indicates no significant internal  ffom the expected I8 The combination of modest main-chajr-t
rotational reorientation dynamics of these main-chain positions coelation €0.5) and weak main-chairy, correlation (0.25) ),

. . . ... consistent with reported correlation coefficients derived from molecular
in the time frame of the Larmor frequenCIeS. As a result, it is dynamic$*7® provides a favorable combination of a lowerresidual
concluded that the marked decrease in tiieE values as near the expected,, optimum.

compared to the correspondifg values observed for most of )

these side chains can be analyzed in terms of the local side-optimum is smaller than expected. As the solvent interactions
chain dynamics. can be expected to impose a dynamic drag on the torsional

For each of these 10 side chains, the predicted dominant timefluctuations of the € atoms, the effects of correlation were
constant is substantially longer than that of the high-frequency examined fory; and the main-chain rotation axis, forming a
partition boundary éy+c. This result indicates the plausibility — crankshaft orientation relative to the’<€C” bond. Although
of interpretingS? in terms of fluctuations within a rotamer well  the effects of this correlation on the predictgdresiduals are
and interpreting > — &) in terms of transitions between  modest, they,, optimum is highly sensitive to this correlation.
rotamer wells. If the fluctuations within a rotamer well are Quite the opposite effect arises from the assumption of main-
unimpeded by additional intramolecular interactions, the local chain ¢,y) correlation. A modest level ofy(y) correlation (i.e.,
torsional potential should impose an approximately Gaussian —0.5) significantly decreases the predicj@desidual but shifts
torsional fluctuation with an rmsd of near °18 the 1 optimum to a smaller angle. Whenacg, of —0.5 is

In the analysis of the buried side-chain dynamics described combined with a weak main-chaity; correlation (i.e., 0.25),
above, the predicted order parameters were examined as @oth they? residuals and the,, optimum are substantially
function of the main-chain and side-chain fluctuations and superior to those predicted from the uncorrelated fluctuations.
correlation coefficients. Despite the recognition that restricted It should be noted that both of these correlation coefficients
side-chain motion provides the basis for the correlated torsionalmatch well with those estimated from molecular dynamics
fluctuations, the side-chain heavy-atom rmsd values arose as asimulations’*"5Since Glu 62 and Asn 83 contributed substan-
prediction rather than as an input parameter to the optimization.tially to the 2 residual calculations, the calculations were
In an analogous fashion, the magnitude of shdluctuations repeated with those residues removed. The correlation depen-
of the solvent-exposed non-hydrogen-bonded polar side chainsdence of they? residuals was unchanged, and in no case did
can be viewed as a predicted parameter, with the expectationthe predicteds,, optimum differ from that of Figure 10 by more
that the optimal value should reflect the local torsional potential. than 0.25.

For the 10 mobile side chains of Table 1, the predigféfit For half of the @ values listed in Table 1, the relaxation
to the C* and @ order parameters as a function of the torsional data for both!H#—13C# vectors were obtained, and the order
fluctuations o,, and the main-chainside-chain correlation  parameter predictions of Figure 10 utilized all 15 individual
coefficients are illustrated in Figure 10. For each valuerf values. However, in no case did the geminal order parameters
and correlation coefficients, the valuesafando, (assumed differ by more than the average estimated accuracy of 0.034
to be equal) were varied independently for each side chain so(the combination of both experimental and multiexponential
as to obtain the minimumy? residual summed over the analysis model precision). The similarity of the observed
population of the 10 residues. In all cases, the predicted optimalgeminal order parameters, which was previously noted to be
oy, value is rather precisely determined. When no main-chain common throughout the protein structdrprovides additional
or side-chain correlation is assumed, the fit is poor, andsfhe  insight into the presence of correlated motion.
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Torsional fluctuations around the main-chain rotation axis
parallel to the &—Cr bond can have no differential effect on
the geminaltHf—13C# order parameters. Correlation between
this main-chain fluctuation ang fluctuation does not alter the
absence of a differential effect. In contrast, torsional fluctuations

J. Am. Chem. Soc., Vol. 121, No. 8, 1999

within a rotamer well. Given that only fast limit motion is
apparent for the corresponding: @ositions, the € & values
should be explicable in terms of rotamer exchange transitions.
In the case of arbitrarily narrow rotamer wells, the order
parameter for the rotamer transitions is proportionaptpA+

about the other main-chain rotation axis can have a markedpips + pzps). For the two- and three-rotamer jump conditions

differential effect, as théH#—13C# bond vector parallel to this
main-chain rotation axis is largely insensitive to its torsional
fluctuations. However, the near equivalence of tHé—13C#

defining the boundary limits of Figure 9, it was explicitly
verified that transitions between rotamer wells with widths of
18 rmsd likewise predict an order parameter which depends

order parameters can be achieved by only modest correlationonly on (Qip2 + pips + pops). Furthermore, it is found that, to

between fluctuations of this main-chain torsional angle jand
For ao,, value of 18 and a @ & value of 0.85, uncorrelated
(p.px1) fluctuations predict a differentiabtHf—13C# order
parameter of 0.059. Introduction of crankshaft-like correlations
decreases this difference only modestlycA, value of —0.5
decreases the differenti&iHf—13C# order parameter to 0.038,
while combination of thisd,) correlation with a modest main-
chain—y1 correlation of 0.25 further decreases the predicted
differential 'H#—13C? order parameter to 0.023, below the level
reliably detected with the quality of the present relaxation data.

a good approximation thef@S/S?) value provides a reliable
estimate for determiningp{p, + pips + p2ps) from eq 12,
although due to the collinearity of the fast limit and rotamer
transition rotation axes this relationship cannot be rigorously
correct.

In Table 1 are listed thep{p, + pips + p2ps) values
determined for each of the 10 residues along with the corre-
sponding extrema values for the rotamer exchange entropies as
derived in Figure 9. The maximum range of entropy values
(0.1%g for Glu 101) corresponds to less than 0.1 kcal/mol in

It should be noted that Kay and co-workers have reported that free energy at room temperature. The range of possible rotamer

a modest fraction of the side-chain methylene positions of the
N-terminal SH3 domain of drk do exhibit nonequivalence in
the geminal order parametérs.

exchange entropy values can be further reduced by considering
independent information on rotamer populations derived from
scalar coupling analysis or from measurement of dipdipole

The foregoing analysis suggests that the assumption of Cross correlation effect:*?When differential torsional entropy
independent main-chain and side-chain fluctuations may be comparisons are made to the totally unhindered rotamer
unfounded, even in the case where interresidue interactions aré&xchange, as might be assumed for the unfolded state of a

not directly imposing correlated motion. Furthermore, this
analysis supports the plausibility of interpreting tHeS2 values

protein, the referencep{p, + pips + pops) value will not be
1/3 as predicted for equal rotamer populations. Typical estima-

of the highly solvated non-hydrogen-bonded side chains in terms tions of they. rotamer populations of (0.50,0.35,0.15) for

of torsional fluctuations within a given rotamer state. As
discussed in section IllA, evidence that transitions betwgen
rotamer wells generally do not significantly contribute to the
estimated € S? values is drawn from the lower bound of the
order parameters estimated from fluctuations within a single
rotamer state. Assuming the optimum from Figure 10 for the
case of &, of —0.5 and a main-chaify correlation of 0.25,
for a C* & of 0.80, the predicted TS is 0.68, which is within
experimental error of the lowest experimental non-proline,
nonterminal @ S2 value. Extending this analysis to the
dihedral angle, superimposing an°18aussian fluctuation of

%2 upon the same set of single rotamer main-chain and side-

chain fluctuations predicts a’CZ value of 0.52 for a € &
value of 0.80. This compares quite favorably with the lowest
non-proline G S? value of 0.50 in the protein.

The suggestion that, in general, methine and methy&he

values of (60°,18C,60°) yield a (pip> + pips + p2ps) value
of 0.30.

The capability of estimating the torsional entropy arising from
fluctuations in a rotamer well combined with the capability of
estimating the entropy arising from rotamer exchange transitions
indicates that it should be increasingly feasible to experimentally
ascertain the net contribution of side-chain immobilization to
the overall entropy of protein folding.

V. Conclusions

Using a multiexponential autocorrelation function representa-
tion for estimation of& and §2, the present analysis demon-
strates the utility of relaxation data in determining correlated
side-chain fluctuations and the resultant torsional configurational
entropy effects. The analysis suggests that, for the case of large
buried side chains, the correlated main-chaide-chain tor-

values do not manifest the dynamics of rotamer transitions gainssional fluctuations results in the attenuation of the main-chain

further plausibility from the data of Figure 2. Although these
experimental data quite effectively fill much of the contour

torsional fluctuations gauche to thé-©C” bond. Furthermore,
low order parameters for leucine methyl rotation axes can be

which defines the range of relaxation values consistent with an consistent with fluctuations within a single rotamer state. The

arbitrary multiexponential autocorrelation function, the lower
right-hand region is notably empty. This region represents
motions with amplitudes larger than fluctuations in a single
rotamer well with apparent time constants that are rapid
compared to Iby+c. In fact, the relaxation data for the majority
of the methyl resonances lie within this blank region of Figure
2, thus demonstrating that the full range of the multiexponential
autocorrelation function contour is physically accessible. In
contrast to the methyl rotation dynamics, for which transition
times of~50 ps are predicte®,side-chain rotamer transitions
in proteins involving heavy-atom movement are significantly
slower.

For the 10 solvent-exposed residues listed in Table 1, the C
S? values appear explicable in terms of correlated fluctuations

marked difference between the order parameters of geminal
leucine methyl rotation axes demonstrates the necessity of
considering distal torsion angle fluctuations. Analogous con-
siderations have motivated the analysis of internal restricted
correlated rotations reported by Daragan and Mayéalthough
their recent analysis of protein side-chain dynarfifcathich
assumes that distal side-chain atoms do not influence the motions
of H—C bonds closer to the backbone, is inconsistent with the
conclusions of the present study.

The configurational entropy of motionally restricted positions
cannot be satisfactorily rationalized using locat-M bond

(92) Daragan, V. A.; Mayo, K. HProg. Nucl. Magn. Reson. Spectrosc.
1997, 31, 63.
(93) Daragan, V. A.; Mayo, K. HJ. Magn. Reson1998 130, 329.
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reorientation models. Attempts to estimate configurational nonharmonic components of protein dynanfit&or most of
entropy using local HX bond reorientation models have arisen the H-X bond vectors involved in such segmental transitions,
primarily as a result of the sparseness of the monitored sitesthe relaxation effects are likely negligible. However, the shifts
for the majority of protein relaxation studies. The demonstration in the relative orientation for the-helices of myoglobin seen
of substantial correlation of torsional fluctuations presented by molecular dynamics simulations were accompanied by side-
herein clearly indicates that reliable experimental estimates of chain rearrangements so as to preserve the close packing of the
configurational entropies necessitate a more extensive dynamicaprotein interior®> If NMR relaxation analysis is to effectively
mapping of the relaxation behavior throughout the protein quantitate contributions from such larger scale cooperative
structure, as offered by the alternate carbon enrichment approachiransitions, it will be essential to first optimize the ability to
used heré. ?H relaxation autocorrelation analy3fsand/or quantitate the relaxation contributions from the generally more
dipole—dipole cross correlation studfe$-°2will likely prove rapid localized dynamics. It is anticipated that the capability of
to be of considerable use in analysis of correlated protein side-determining both the fast limit and generalized order parameters
chain dynamics, although the inability to obtain frequency will prove critical for reliably distinguishing the relaxation
partitioning of the order parameter contributions via these contributions from localized vs larger scale cooperative motions.
experiments may represent a significant limitation in practice. ~ Despite the wide range of conformational dynamics which
The success in rationalizing a significant fraction of the ©&n be represented in terms of a multiexponential autocorrelation
observed relaxation data in terms of comparatively localized function, the range of relaxation parameters consistent with such
torsional motion should not be construed as an argument for @0 autocorrelation function is clearly delineated. Experimental
only such modes of motion being present in the protein data which fall _S|gn|f|cantly o_utS|de of these bounds, which
molecule. In particular, finding predicted side-chain heavy-atom €&nnot be explained by chemical exchange broadening unam-
rmsd values consistent with X-ray Deby@/aller factors does blguou§ly |nd|catg a failure of eltr_ler the data collection or the.
not imply that the local torsional motion constitutes the total dYnamics analysis. As the described order parameter analysis
atom mobilities. As demonstrated in early molecular dynamics d€Pends on only the operational separability of the relaxation
simulations of cytochrome® superimposed on the more rapid due to globa_l tumblln_g and the vallc_zhty pf the mu_It|exponent|aI
torsional oscillations are often slower concerted motions which, autocorrelation .func'uon as eml.:)odl‘fad In €q 7'"'t comes rather
on the length scale of the residue, appear primarily as ¢/0Se t0 deserving the appellation “model-free”.
translational disorder. Pure internal translational motion is  Acknowledgment. Clifford Unkefer and James Brainard are
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