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The Origin of Protein Sidechain Order Parameter Distributions
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The dynamics of proteins are known to play an important part 0071V 71 O
in their function! Nuclear magnetic resonance experiments are one 150 CAl S _Ala [3 ‘Ir ]
of the most valuable sources of information concerning dynamics. 100 1 sl 1
In addition to standard experiments for probing backbone dynamics, - -
methods have been developed recently for studying the dynamics o ﬂﬂﬂﬂﬂﬂ F 1o ﬁ )
of side chain methyl groups using deuterium spin relaxatiand TR YETE T R T E"frﬂ'? T
these methods have now been applied to a number of proteins. Order 0 ey R
parameters¥) derived from these experiments characterize the L Ti‘l L] L L] {' 1

. . . ry2 { s0-Val y1,y2 ]
amplitude of angular motion of each methyl group axis on a scale 20 ol } ]
from 1 (perfectly rigid) to O (dynamid.In a study of the - 2ol
temperature dependence of calmodulin dynamics, Lee and Wand t:? 101 "I'H'I" 1 1oL = ﬁ 1
observed three distinct peaks in the distribution of methyl order c u_ L0 V-l-\ LU ot E@ﬂ LI
parameter4? This result was taken as evidence for the existence g 0 0204 06 08 1 0 02040608 1
of three “classes of motion” and related to a hierarchical energy L a2 e e e e
landscape model; it was also used to suggest an alternative origin O Lllle 2 { | 20-lle &1 =
for the protein “glass transition”. The importance of these L 20l 115 { B
suggestions for understanding the functional motions in proteins - 10~ N
has led us to reinvestigate the existence of the proposed classes. A 10 W{-‘ 1 s+ ﬁ m "ﬁ -
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larger set of proteins shows that there is a broad distribution of 0 0504 0608 1 % 02 04 06 08 1

order parameters without a clear segregation into classes. Moreover, 60 s _
molecular dynamics simulations provide a physical explanation of I Lé él 5'2' TR
L oot . : > 20-Met ¢ 1
the heterogeneity in the observed distribution of the side chain 40 4 45l 1 E
dynamics; the results indicate that the observations do not require w0b 1
a hierarchical landscape model. 20~ ’-}‘ m 1 sh 1
The combined distribution of the side chain order parameters o;ﬂ Lkl ﬁﬂ A o L mm. |
for all residue types in 18 proteins for which NMR or crystal 0 02 04 06 08 1 0 02 04 06 08 1
structures are available (see legend to Figure 1) is very broad and : s
X1

not unimodal (Figure 1a), although three distinct classes are not

evident. The pooling of data from different kinds of methyl groups 720, 2o B e Distibutions are shown
would be an QbVIOUS explanation for this complexity (since, for for each type of methyl group and for the pooled distribution of all methyl
example, leucine would tend to have lower order parameters thangroups. The proteins used were the third fnlll domain from tenascin

alanine). However, it turns out that the separate distributions for (1TEN)8 the tenth fnlll domain from fibronectin (1FNFE)adipocyte lipid
most types of side chains are multimodal as well. For example, binding protein (1LIB)? muscle fatty acid binding protein (pdb: 1HMT),

P ubiquitin (L1UBQ)1° phospholipase €1 SH2 domain (2PLDj, holo-
the distributions of Val, Thr, and ll¢ methyl order parameters calmodulin (3CLN)! SAP SH2 (1D12)2 oxidized flavodoxin (1FLV)2

have at least two peaks, while those of IIe_ and Bemet_hyl groups HIV protease (LHWR} cytochromes2 (LC2R)!5 A3D (2A3D) 16 Cdc42Hs
apparently have three peaks. Ala, by virtue of being essentially (1AN0)7 Fyn SH3 (1SHFJ8 mouse urinary protein (1JV4§,Syp SH2

part of the backbone has a single peak at f8§twhile Met has a (1AYA),? eglin ¢ (LEGL)?* and troponin C (pdb: STNCY. Error bars
single peak at low-order parameter values; this is probably due to Were obtained by constructing 100 data sets by a bQOtStraprﬁ';/'qme Carlo
its three rotatable side chain bonds and its tendency to be closer tgProcedure and calculating the variance within each histogrant*bin.

the protein surface than the other types of methyl-bearing side giates, D. J.; Swaminathan, S.; Karplus,MComp. Cheml983
chains. We note here that although the experimental data werey 187-217) for 5 ns at 300 K with a widely used implicit solvent
collected at slightly different temperatures, the change in order yodes This simulation length is sufficient to sample the motion
parameters over this range of temperatures is less than®0.05; o 4 picosecond time scale described by the order parameters, and
restriction to data collected at 303 K does not affect the results.  {he results do not change substantially on extending the simulations
To probe further the origin of these distributions, molecular {4 30 ns for selected proteins.
dynamics simulatiorisof each of the above 18 proteins were run A satisfactory correlation between order parameters calculated
with CHARMM (Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.;  from the simulationsand the experimental data is obtained for
each protein (linear correlation coefficients 80L7); this level of

. M;Sa%eﬂt;ievg?;gmte'” Engineering. agreement is similar to that obtained in long simulations in explicit
§ Laboratoire de Chimie Biophysique. solvent’?* The distributions obtained for the methyl groups of Val
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Figure 2. Breakdown of order parameter distributions according to side

out of the transitions of protein side chains between rotaffers,
due in part to the solver. The “glass transition” inferred from

the disappearance of the smaller values from the order parameter
distribution when the temperature is decredsisdtherefore in
accord with the existing theory and does not require a novel
interpretation. In summary, by a combination of experiment and
simulations we have obtained a simple explanation for the observed
protein side chain order parameter distributions, which does not
invoke a hierarchical energy landscape. The conclusions described
here will aid in the interpretation of future studies of the internal
motions of proteins by NMR and other techniques.
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Supporting Information Available: Distributions of order param-
eters for lley2, Thry2, and lled1 from simulations, separated according
to side chain rotamer averaging and distributions obtained from explicit
solvent simulations. This material is available free of charge via the
Internet at http://pubs.acs.org.

chain rotamer occupancy. The frequency corresponds to the number of cases

with a given value, and Vay and lle 6 are colored blue and green,
respectively. Top panels show the distribution of simulated order parameters
for (a) Val y and (b) lled. These distributions can be decomposed into
contributions from a class of methyls making rotameric transitions and a
class that does not. The distribution for Val is broken down into the
contribution from residues whoge dihedrals spend greater than 90% of
the time in a single rotamer (c) and the remainder (d). The lle distribution
is divided according to side chains in which both (e), opiy(f), only y2

(g), or neithery; andy (h) has greater than 90% preference for one rotamer.

and lle are shown in Figure 2a,b, respectively; these are shifted to
slightly lower values than experiment, most likely due to the implicit
solvent model, which permits more flexibility. Very similar results
were obtained from simulations of two of these proteins (TNfn3
and FNfn10) in explicit solvent (Supporting Information), without
the small shift to lower-order parameter values. This approach was
not applied to all proteins because of the computational cost.
Analysis of the simulations identifies the dynamic features of
the side chain motions which give rise to the discrete nature of the
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