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ABSTRACT. Long-range interactions are fundamental to protein behaviors such as cooperativity and allostery.
In an attempt to understand the role protein flexibility plays in such interactions, the distribution of local
fluctuations in a globular protein was monitored in response to localized, nonelectrostatic perturbations.
Two valine-to-alanine mutations were introduced into the small serine protease inhibitor eglin ¢, and the
15N and?H NMR spin relaxation properties of these variants were analyzed in terms of the-L§wabo
dynamics formalism and compared to those of the wild type. Significant changes in picosecond to
nanosecond dynamics were observed in side chains located as much as 13 A from the point of mutation.
Additionally, those residues experiencing altered dynamics appear to form contiguous surfaces within the
protein. In the case of V54A, the large-to-small mutation results in a rigidification of connected residues,
even though this mutation decreases the global stability. These findings suggest that dynamic perturbations
arising from single mutations may propagate away from the perturbed site through networks of interacting
side chains. That this is observed in eglin c, a classically nonallosteric protein, suggests that such behavior
will be observed in many, if not all, globular proteins. Differences in behavior between the two mutants
suggest that dynamic responses will be context-dependent.

Protein stability and function are products of cooperative beyond the directly affected site, even in instances where
processes. Such processes occur in protein folding, ligandstructural changes are minimal. NMR-based experiments
recognition, receptor signaling, enzyme catalysis, and mul- monitoring dynamics as a function of ligand binding in
tiprotein complex assembly. A major question in understand- calmodulin (6), Cdc42 (7), an SH2 domaini8), and a
ing cooperativity, and therefore function, in proteins is how PDZ domain 19) have shown significant effects on side-
residues separated by a distance influence or “sense” onechain order parameters at sites up to 21 A from the ligand-
another {, 2). Long-range communication has been fre- binding sites. Some of the results are precisely as expected:
quently observed in proteins, although its origin is not always side chains at the interface between the protein and the ligand
clear. In the widely studied allosteric mechanism of hemo- generally become more rigid upon binding, as one would
globin, long-range effects are brought about by conforma- predict simply from the sterics of the interaction. What has
tional change J). However, similar effects have been been somewhat surprising is that in all these cases the
observed in proteins in the absence of obvious conforma- dynamic response to binding of the ligand is not necessarily
tional changes4—9), including instances of these effects limited to the binding interface, even though the majority of
that have appeared as a result of a single amino acid mutatiorthese proteins are not classical allosteric systems. Findings
(6, 7, 10). Hydrogen exchange studies have provided par- of this kind are not limited to ligand binding; experiments

ticularly striking examples of this behaviot1—15), sug- with protein L have revealed marked changes in methyl
gesting that protein flexibility may play a role in propagated dynamics on the nanosecond time scale at sites distal to point
effects arising from localized perturbations. mutations 20). Additionally, experiments with chymotrypsin

Increasingly, experimental and theoretical studies have inhibitor 2 revealed changes in the dynamics of a tryptophan
shown that both mutations and ligand binding can have side chain in response to an-R A mutation 13 A away
consequences for protein motions at locations extending(21). Though these discoveries may seem to be somewhat
startling, they have been preceded by findings in molecular
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provide a reasonable mechanism. In initial experimental work
supporting this hypothesis, the propagation of motion in the
PDZ and SH2 domains has been attributed to the existence
of dynamic networksvolving the affected residuesg, 19).
Precisely what these networks are, the rules by which they
operate, and how they integrate with structural and energetic
interactions within proteins have not yet been the subject of
experimentation.

Dynamics experiments on backbone NH groups have
consistently shown substantial rigidity in structured regions
of the protein, suggesting that the main chain alone will not
be efficient in transmitting motions through the protein. By
contrast, order parametei®7j corresponding to the methyl
3-fold symmetry axis ﬁxis)l typically range from nearly O
to more than 0.9, and while solvent-exposed methyl groups
are flexible as expected, packing into the hydrophobic core
of a protein does not necessarily confer rigidig8{31).

The parameter that best correlates wfly. is the distance

between the methyl group and the backbone (as this
increases, the order parameter decreases). Recent experimertgsure 1: Serine protease inhibitor eglin ¢ mutated at six sites
suggest that unusually higﬁfms values (compared to (side chains shown). F10 was mutated to W in all proteins that

were examined. Additionally, complete assignments and dynamics
averages for comparable methyl groups) have a mOdesr“mformation were obtained for alanine mutations at V14 and V54.

correlation with sequence conservati@2) but it has been  Thermodynamic unfolding data were obtained for alanine mutations
reported that correlations to structural parameters such asat V18, V62, and L27, as well as V14A/V18A, V54A/L27A, and
accessible surface area and packing density are weak at be3t54A/V62A double mutants. The structure is from a cocrystal with
(30). Accordingly, the determination of side-chain order subtilisin Carlsberg (PDB entry 1cs&7). This figure was created
parameters under a single condition is unlikely to provide YS"9 MOLMOL (68).

any particular insight about a given protein’s behavior. More gxpERIMENTAL PROCEDURES

insight may be gained, however, if the dynamics of the _ : _
system are in some way disturbed: the reaction of the system Preparation of Mutant ProteinsAll experiments were

could reveal the pathways of motional energy dispersion. P€rformed on the serine protease inhibitor egli88) (with
In an effort to understand how propagation occurs in an F10W mutation. This mutation has negligible effects on

proteins, we introduce here a dynamic perturbation—responseStrUCture (unpublished data), and all other members of the

experiment for the identification of dynamic networks. Site- potato inhibitor 1 family (to which eglin ¢ belongs) have a

- S : W in this position. Accordingly, this mutant will be termed
specific changes in picosecond to nanosecond dynamics are o wil d-t?/pe (WT) for pu?p)c/)ses of this study. Further

monitored in response to a localized perturbation, in this Casemutations were made by site-directed mutagenic PCR. The
mutations. If the overall structural effects of the disturbance sites of single mutationg (V14A, V18A L27g\ V5AA aﬁd
are not significant, one can reliably conclude that the reS|duesV62A) are shown in Figure 1. Additionally, V14A/NV18A,

reacting to the modified structure and motions at the mutation
site belong to a dynamic network involving the perturbed L27A/V54A, and V54AN62A double mutants were con-
structed. Mutant proteins were expresseBscherichia coli

residue. This mapping approach is demonstrated for two DOImBL21(DE3) cells and purified as previously describad)(

mutations in the small serine protease inhibitor eglin c, the NMR samples used in relaxation studies contained 2.0 mM

effects of which were analyzed in terms of model-free Co R
dynamics parameters for the backbone amides and methyl-eglln ¢ in a standard buffer [20 mM KiRQy, 50 mM KCl,

S X . . . .~ 0.02% NaN, and 10% RO (pH 7.0)].
bearing side chains. Simple criteria were applied to determine
which residues experience a significant change in dynamics. NMR SpectroscoppiMR data were collected on 500 and

The results indicate that the dynamic effects of a mutation (rsgsoo'r\w/l:nzt:\e/agfonbLl\.l,oa\L{[Asfge%:(ra?p?ztsu?gwc%?ii?avtvclatg t\:\l,ﬁlﬁ )
propagate away from the perturbation site through networks ethylene glycol). Spectra were processed using NMRPipe
of contiguous side chains. Of the two mutants that were (35 and analyze.d with the aid of NMRViev8€). Complete
studied (V14A and V54A), V54A results in a coherent : : ' .
rigidification of methyl-bearing residues, while V14A results 253'32?2:;:{?;6 Sr?irfT) ?:ISS fl(; rb\(,e\g('jvvti?’r?lilagg dV153éAaesgI|n
in a smaller, mixed response. previously describedd). Stereospecific methyl assignments
were obtained using samples 10% labeled Wb and a

! Abbreviations: AG,, free energy change associated with two-state  standard constant-time HSQC spectruBi) (

unfolding events; HSQC, heteronuclear single-quantum coherence; _ SN 111 A - :
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; One-bond*N—H dipolar couplings8) were determined

NOESY, nuclear Overhauser enhanced spectroscopy; PCR, polymeras&iSing 1 mM protein |abe|e(_i 99% witfN, aI_igned in C12E5_/
chain reaction; RDC, residual dipolar coupling, Lipari—Szabo hexanol bicelles39). Couplings were obtained by comparing
“model-free” generalized order paramete,, axial model-free HSQC-IPAP experiments40) performed at 500 MHz on

order parameter for methyl groups;, spin—lattice relaxation time the same sample at 2€ (aligned) and 30C (unaligned)
constant;T,, spin—spin relaxation time constant,, Lipari—Szabo ’

model-free effective correlation times, correlation time for overall ~ Alignment was confirmed using quadrupolar splitting of1
tumbling; VDW, van der Waals. Splittings were measured using NMRVie@g]. Bicelle solu-
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tions for WT and V54A proteins were made from a single
stock solution.

5N relaxation data were collected on a sample labeled
99% with 1N at both spectrometer fields using standard
experiments41) with slight modifications 84). >N T, data
were collected with relaxation delays of 39, 109, 194, 299,
414, 544, 689, 839, and 1004 n&, data were collected
with delays of 5, 15, 25, 40, 60, 80, 105, and 135 ms at
both fields, and spin-lock frequencies of 2518 Hz at 600 MHz
and 2710 Hz at 500 MHz. Uniform uncertainties for all peak

intensities were assessed using duplicate points (underlined

delays above){'H} —*N NOE data were collected with a

Clarkson and Lee

Table 1: Free Energies of Unfolding at 26 for Mutants
Determined by Chemical Denaturation Using GuHCI

mutant AAGR2 AAAG2EP
V14A —1.038+0.111 -
V18A —1.203+ 0.140 -
L27A —0.161+0.118 —
V54A —1.579+ 0.154 -
V62A —1.014+ 0.085 -
V14A/V18A —2.519+0.171 —0.279+ 0.247
L27A/V54A —1.970+ 0.163 —0.230+ 0.253
V54A/V62A —2.867+0.216 —0.274+ 0.279

2 AAG, values are in kilocalories per mole, relative to the WT
protein.? AAAG; values are the value of the double mutant minus the

IH saturation period of 4.5 s, and uncertainties were assessedum of the values of the single mutants.

from baseline noise. Peak intensities were extracted using

NMRView and fitted to single-exponential decays using a
Levintha-Marquardt algorithmT,, values were corrected
for the offset-dependeiiy contribution to the observed decay
to yield pureT, values. Relaxation data were then fitted to
the standard model-free formalisia7] using relxn2.142)
and an isotropic rotational diffusion tenser, values were
determined by eliminating residues showing unusual flex-
ibility (high T1/T ratio or NOE value 0f<0.65 at 600 MHz)
and performing a global minimization of, on the remaining
residues 43).

Side-chain dynamics were assessed using samples un
formly labeled with'3C and randomly 50% labeled withi.

2H spin relaxation data were collected at both 500 and 600

MHz, filtered for CHD methyl isotopomers using experi-
ments previously described). 1,C,D, delay times were
3.0,7.4,13.1,19.9, 27.5, 34.0, 45.2, 55.0, and 65.6 08

delay times were 1.1, 3.2, 5.8, 8.9, 12.4, 16.3, 20.5, 25.1,

and 30.0 ms..C, values were collected with delays of 12,
20, 28, 36, 44, 52, 60, 68, and 76 ms. Uniform uncertainties

for all peak intensities were assessed on the basis of duplicat

measurements (underlined above). Relaxation times were fit X X ; :
Hchemical shift, except for residues adjacent to the muta-

using the same procedure that was used for backbone N
groups, and the pure,@and DB, time constants were obtained
as previously described4). Relaxation data were best-fitted
to the standard model-free formalism, aftlvalues were
divided by a factor of 0.111 to correct for methyl rotation
(27, 44).

Chemical DenaturationAG, values were determined
using protocols already described for eglin ¢ mutasg).(
Briefly, samples of~5 uM protein in NMR buffer (without
D,0) were titrated with a solution with an equal protein
concentration containing 6.8 M guanidine hydrochloride.
Titrations were performed with an automatic titrating fluo-
rimeter at 25°C, and unfolding was monitored by fluorescent
emission from W10 at 350 nm (excitation wavelength of 290
nm). Denaturant curves were fit amG, values obtained
as previously described). AAAG; values were obtained
by subtracting the sum @&AG, values for the single mutants
from the AAG, value for the double mutant. Chemical

dynamics of eglin c. These mutants are destabilized by 1.04
and 1.58 kcal/mol (Table 1), respectively, relative to WT
(AGy = 6.05 + 0.08 kcal/mol at 25°C). V14 lies at the
C-terminal end of the short8helix and is partially solvent-
exposed (Figure 1). V54 is positioned in the middle of strand
3 of the larges-sheet, with its side chain pointing directly
into the hydrophobic core. Both mutants and the WT protein
are stable at room temperature and af@#or more than 2
weeks. All mutants yielded disper§&&—H HSQC spectra
iyvith sharp peaks, and complete assignments of WT, V14A,
and V54A proteins proceeded using routine procedutgks (
The chemical shifts of the fully assigned mutants (V14A and
V54A) were compared to those of WT to determine whether
significant structural rearrangement had occurred. Assess-
ments of amide chemical shifts in which the contributions
of proton and nitrogen are scaled by their gyromagnetic ratios
indicate that most of the structural perturbations are local in
nature, generally extending only to residues that are spatially
or sequentially adjacent. Neither mutant has residues that

experience a significant change in bof, and *H/*N

tion site (e.g., V13 in V14A). A secondary structure analy-
sis was also performed, on the basis df, €, and G
chemical shifts. Though slight changes in these shifts result
from the mutations, they are consistent with unchanged
secondary structure. Additionally, direct comparison of one-
bond >N—H residual dipolar couplings between WT and
V54A isoforms (Figure 2) revealed a strong linear correlation
(R?=0.986). This provides strong evidence that the tertiary
structure of eglin c is unchanged by the mutations.

Rotational Correlation Time®ackbone NH dynamics and
global tumbling were characterized frotiN T, T,, and
{H} —15N NOE relaxation 47). Global fits of the rotational
correlation timery, are in agreement between the mutant
proteins (4.64 ns for both) and WT (4.68 ns). Relaxation
data from each protein fit well to an isotropic rotational
diffusion tensor, and attempts to fit the data to axially
symmetric oblate or prolate tensors using-IN vectors

denaturation experiments were performed in quadruplicate obtained from the 25 eglin ¢ solution structures determined

for WT, V14A, V18A, V54A, V62A, V14A/V18A, and
V54A/V62A, and in duplicate for L27A and V54A/L27A.
The observed precision was similar to that of previous
experiments45).

RESULTS
Structure of Eglin ¢ MutantsV14A and V54A mutants

by Hybertset al. (PDB entry legl) 48) resulted in nearly
identical parallel and perpendicular componeg/Dy =
1.05+ 0.10, 1.09+ 0.05, and 1.04k 0.06 for WT, V14A,

and V54A, respectively). When model-free parameters were
determined using independent fitsmf for individual bond
vectors 49), narrow 1, distributions (4.63+ 0.2 ns for
V14A, 4.65+ 0.2 ns for V54A, and 4.6% 0.2 ns for WT)

were chosen to characterize the effect of mutations on thewere found in structured regions of the proteins. Fits of
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40 Residues identified as undergoing a significant change in
dynamics are those for which eitheAS, ] or |Azd is
more than twice the uncertainty determined for those
difference values. Several residues in each mutant met this
qualification (Figure 5) (for purposes of comparison, an
alternate standard of 3 times the error was also used; see
the Supporting Information). In the V14A mutant, V13, T17,
and V18 were all identified as changing significantly.
Additionally, V34 and L45 were identified as changing,
though they were only 0.001 above the threshold. Because
of intermediate exchange behavior at L45 and because of
unusually highy? values associated with model-free fits of
its methyls, L45 was excluded from the response network
on the assumption that the dynamics model was not ap-
propriate. In the case of V34, however, all available data
suggest that the LipariSzabo formalism is adequate for
describing the dynamics. Accordingly, we regard the V34
WT* Dy, (Hz) response as real, though not with a high level of confidence.
FIr%LtJ:iiZEii gggﬁﬁgd\jgl;;H ?S?eoifr %ﬁgﬁ!?g?spfl%ﬁd;‘%fn?:r\?i{[TOf The responses to mutation are even more extensive in the
Itohe data gtjhat yielded a cc?rrelation coefficigRtof 0.992 R2 = V54A mutant: re5|due_s \./13’ 1—17’ Vl%’ A21, V34’ V52,
0.985). and V62 all met the criteria for “change”, though with V52
only one of the two methyls showed changes above the
internal model-free parameters proceeded using #he  threshold. Additionally, the changes for both V13 and T17
determined for each individual protein. are small (Figure 5). _

Backbone Model-Free Parameter Comparisddrder In_both mutants, nearly all the affected re5|dqes .form
parameters for backbone NH vectors were determined fromcontiguous surfaces. In the case of V14A, a combination of
15N spin relaxation measurements performed at two fields. increases and decreasesSfy is observed. By contrast, the
Those determined for WT (Figure 3) are typical for a folded V54A mutation causes only increasesSf),, which may
protein and closely match order parameters previously be viewed as a concerted rigidification of side chains. This
determined for eglin ¢ at pH 3.060). Backbone order  picosecond to nanosecond rigidification accompanies a global
parameters are generally high@.8) except in the region free energydestabilizationof 1.58 kcal/mol (Table 1; see
of the flexible protease-binding loop, an@for WT is below).
approximately 0.82 in structured regions. Comparison of NH It is important to note that in both mutants a significant
order parameters between each mutant and WT indicates nmumber of residues did not experience any appreciable
significant changes of flexibility as a result of mutation change in picosecond to nanosecond side-chain dynamics.
(Figure 4). ThdJAS|[of residues for which order parameters This indicates that the observed changes are not due to errors
could be determined was 0.G% 0.01 for comparisons of in the calculated. Even small errors in the determination
either V14A or V54A with WT. Microsecond to millisecond  of the correlation time can produce substantial changes in
conformational exchange processes detected at residues 18tted s?mis and 7. values. However, these changes are
and 66, and in the binding loop (residues—3H., 44, and  expected to be global and uniform in sign (though the
48), did not appear to be affected by any mutations. magnitude would be scaled by the act8g|, value), and as

While there are several residues that can be identified assuch would be noticeable at nearly all side chains. The
undergoing significant changes in backbone dynamics usingabsence of this effect does not guarantee an acctydte
the criteria outlined below for side chains, the vast majority the reference state (WT), but it strongly suggests that the
of these changes are marginal effects on scale with the noiseAr,, between states is correct.
and few of the changes appear to make structural sense. Thermodynamic Coupling Free Energy Analydis.an
Affected residues appear to be dispersed throughout theattempt to determine whether residues with a common
protein with no discernible pattern or connectivity. dynamic response to a perturbation also share free energy,

Side-Chain Model-Free Parameter Comparisohhe thermodynamic mutant cycle analysid(52) was performed
picosecond to nanosecond motions of side chains wereusing theAG of unfolding (AG,) as a probe of interaction.
determined for methyl CHD isotopomers usingH spin To avoid complications from the contribution of shared
relaxation measurements at two fields, followed by fitting VDW surfaces %3, 54), the secondary mutations were
to model-free parametef andze. Correction of these order introduced at residues (V18 and V62) not in contact with
parameters for methyl rotation yiel@,, values describing  the primary mutation sites (V14 and V54, respectively). In
the motion of the axial methyl €C bond @7, 44). Order addition, a thermodynamic mutant cycle was constructed
parameters determined for WT reveal a greater degree ofbetween V54 and L27, as a negative control. The results,
both flexibility and heterogeneity than backbone values; this summarized in Table 1 for 25C, show that although the
is typical for a folded protein29—31). Comparisons of  individual mutations have the expected effects on protein
model-free parameters between mutant proteins and WTstability, i.e., destabilization, the interaction of noncontacting
indicate that in each mutant, significant changeS.in? are residues does not make a measurable energetic contribution
restricted to a limited number of residues. to the free energy difference between the native and de-

30 4

20 4

V54A* D, (Hz)
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Ficure 3: Model-free dynamics parameters determined for the WT protein. Backbon® &) and 7. (C) values determined froftN
relaxation were similar to those previously described for eglin ¢ at pH 3. The highly dynamic N-terminus did not yield distinct peaks at pH

7. Side-chairﬁflxiS (B) andt, (D) values determined frorfH relaxation matched typical patterns for folded proteins.
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Ficure 4: Differences in backbone NH model-free dynamics parameters for eglin ¢ mutants. All values are the mutant value minus the WT
value.AS (A and B) andAz. (C and D) values are shown for V14A (A and C) and V54A (B and D) mutants.

natured states. Additional experiments on the V54/V62 amino acid substitutions V14A and V54A clearly extend far
thermodynamic cycle at 3T confirm that the coupling free  beyond the point of mutation in both cases (Figure 5). In
energy is essentially 0 over a range of temperatures (dataaddition, the dynamic responses are different in the two cases,
not shown). highlighted by complete rigidification of side chains in
V54A, in contrast to a mixture of increased and decreased
DISCUSSION flexibility in V14A. These results are consistent with con-
Dynamic Effects of Mutation Propagate through Side- clusions from previous studies that mutational effects are
Chain Networks.We show here a novel, NMR-based context-dependen6b, 56). Here, the positions of the mu-
approach for identifying dynamic networks that extend tations are in different structural contexts: V14A is partially
beyond a residue’s first shell of packing interactions. Through solvent exposed (solvent-accessible surface area of 6.6 A
monitoring side-chain motion vidH spin relaxation, the ~ Whereas V54 points directly into the hydrophobic core and
dynamic perturbation-response method has identified dif- is fully buried.
ferential side-chain flexibilities for multiple residues as a  Dynamical Response in V14Fhe V14A mutation induces
result of point mutations to eglin c. The effects of single- small but measurable changes in the picosecond to nano-
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Ficure 5: Differences in side-chain model-free dynamics parameters for eglin ¢ mutants. All values are the mutant value minus the WT

vaIue.ASfms (A and D) andAte (B and E) values are shown for V14A (AC) and V54A (D-F) mutants, respectively. Side chains with
significantly altered dynamics (as defined by a significance threshold; see the text) have shaded bars in graphs and are also depicted
graphically in the context of the protease-bound eglin ¢ structure (C angl7;)Mutated residues have black bars in graphs and are red

in the structural diagrams. Note that due to overlap it was not possible to determine order parameters for all methyls in all mutants. Protein
images were created with MOLMOI69).

second side-chain motions of residues that are connected byThough AS,;; and Az, values are relatively small for

a series of van der Waals contacts, thereby forming a spatiallyV14A, their connective traceability from V14 reinforces their
coherent response to the mutation (Figures-&Aand 6A). significance.

The methyl carbons of V18 and T17 arell A from the In the interpretation of NMR-based, dynamic perturbation-
B-carbon of V14 (distances are almost 13 A with the V14 response experiments, two practical issues arise that relate
methyls as the reference point). In addition, the V34 methyl to assessing the contiguity of residues. First, although the
carbons are more than 13 A from the VJcarbon. dynamics of a large number of side chains can be char-
Therefore, a seemingly insignificant mutation near the surface acterized, certain types of side chains will escape detection.
of the protein is sensed in two separate distal regions, Such missing information can leave apparent gaps in the
showing that any given site may be influenced by distal propagated dynamic response. For example, in this study the
residues that are not apparent from structural considerationsdynamics of aromatic and methylene groups were not
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measured. In addition, some methyl groups could not be ing dynamic perturbation into a contiguous network. In
analyzed due to signal overlap, which happens to be the caseeither this mutant nor V14A does use of the alternate, more
for both V63 methyls in WT eglin c. V63 is in the stringent standard significantly alter the conclusion that
hydrophobic core and is in partial contact with both V14 mutations have dynamic effects on distal residues, though
and V54 (in WT eglin ¢). Because of this proximity of V63 in the case of V14A the response pathway becomes more
to the mutated sites and its central position in both responsedifficult to map.
pathways, we have considered it to be part of both dynamic  pjodels for Propagation of Changes in Picosecond to
networks and have highlighted it in Figure 6. Thus, in the Nanosecond Dynamic§he observed patterns of changes
case of V14A, propagated dynamical changes to V18 andjj side-chain dynamics suggest a possible model for the
T17 are likely to be mediated by V63. Similarly, propagation gjispersion of dynamic effects through the protein structure:
to V34 (left side of the structure) is likely to be mediated by networks of adjacent side chains transmit changes in forces
F25, which bridges V13 and V34. The dynamic perturbation and motion. In this simple model, side chains on the network
of V34 is almost undetectable, which may result from an st pe in van der Waals contact and could be considered
inefficiency of an aromatic group to transmit motional o have fluidlike or springlike properties to facilitate trans-
perturbations. While buried phenylalanine and tyrosine side mjissjon. However, in these mutants, relatively rigid residues
chains typically flip 180 on a sub-millisecond time scale, gppear to be affected as well as relatively fluid ones, making
their bulkiness and inherent rigidity are expected to result it gifficult to explain why the dynamic effects of these
in low mobility on time scales faster than tens of nanosec- mytations are limited, rather than pervasive, or why different
onds, which may serve to deflect propagated effects rathermytations excite different networks. This is significant, as
than promote them. Nevertheless, slight dynamic changesthere is mounting evidence that intramolecular, energetic
are observed at V34, so F25 is shown “on-path” in Figure networks in a wide variety of proteins are sparsely distributed
BA. throughout their structure$7). In the experiments shown
The second practical issue is that it is possible that somehere, V54 does not respond to V14A and V14 does not
residues may be initially identified as part of the dynamic respond to V54A. Additionally, though both networks extend
network (e.g., using our criteria for significant changes in through V63, V18, and T17, thAS, . values in V18 and
Aixis andArt.), even though they have no clear connection T17 are opposite in sign: V14A mobilizes V18, whereas
to it. This occurs with L45 in V14A. However, in that V54A restricts its mobility. Simple geometric analysis of the
instance, other data strongly suggest dynamic complexity protein is not sufficient to explain these observations;
beyond the scope of the LiparSzabo formalism used here. therefore, dynamic networks must depend on more than mere
Similarly, the alternate standard (Figure 1 of the Supporting adjacency.

Information) identified Only T17 as a member of the network More powerfu| mode's for exp'aining the mutant data can
in the V14A mutant; in that case, the primary standard pe hased on motional modes and, hence, correlated motions.
indicates an obvious pathWa.y NonetheleSS, it is feasible thatMuch experimenta| and theoretica' Work has addressed
mutational effects may reach truly distant residues that cannotcorrelated motions on backbone and side-chain at@®s (
be connected from a contiguous path of perturbed dynamics.58—60). Unfortunately, due to the nature of the relaxation
In these cases, “silent” energetic propagation may occur, andmeasurements made her€, . values alone provide no
the structural and dynamical changes may be too subtle t0jntormation about the tempcl)sral correlation of motions of
Qetect. The absence of detectable dynamical changes (On,thiﬁeighboring residues. In principle, if groups of side-chain
time scale) does not preclude propagation through any site.nqnq vectors are moving synchronously, they should give

Dynamical Response in V54Ahe dynamical changes in  rise to similarz. values (for a G-CHz bond). However,
response to the V54A mutation are more dramatic (Figure ?H-derivedz. values of methyl groups are convolutions of
5) than in the V14A mutant. This is most evident in the the residence times of methyl rotation and methyl axis
AS, values, which are as high as 0.2, although the diffusion, and deconvolution into the two components is not
distances between the mutation site and most of the affectedstraightforward 42). Nevertheless, the contiguity of the
residues are shorter than for V14A. Nonetheless, methyl residues involved in each network, and the fact th&f ;.
groups of T17 and V62 are greater than 11 A from the has the same sign for most adjacent residues, is suggestive
p-carbon of V54, and a contiguous pathway is observed thatof a mechanism wherein fluctuations that are correlated in
extends from V54 to these solvent-exposed positions (Figurethe WT protein, producing subglobal motional modes, are
5). As found in V14A, V63 appears to mediate the dynamic collectively affected by mutation. The coexistence of multiple
propagation toward T17 and V62 by virtue of occupying a modes may explain the different dynamic responses for
central position on the response pathway. Aside from the V14A and V54A, as these two perturbations may differen-
magnitude and mapping of the response, one other charactially affect specific modes.

teristic of V54A stands out: all side chains in the response  Fipg|ly, it may be that the effects of these two mutations,
pathway show an increase in rigidity. This concurrent gespite their similarities, reflect two fundamentally distinct
rigidification of eight side chains (A54 included) in response  gynamic responses. The surfaces in Figure 6 do not show
to mutation is a separate, albeit perhaps related, indicationmany of the side chains of eglin ¢ for purposes of clarity.
of the coherence and collectivity of the response. Numerous aromatic side chains are present in the core, and
Though fewer side chains are identified as being perturbedwhile it is conceivable, particularly in light of the picosecond
using the alternate standard, the general characteristics oto nanosecond rigidity of buried aromatic side chains, that
the pathway remain much the same. Only V63 needs to bethe observed dynamic effects are propagated solely by
added to connect all residues that are identified as experiencimethyl-bearing residues, it is unrealistic to expect that this
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is so. More likely, the aromatic side chains also rigidify in
response to the V54A mutation, reflecting a generalized
stiffening of core residues. Under this interpretation, outward-
pointing residues V62 and T17 are merely experiencing
transmission across the backbone from their more severely
affected (and core-directed) neighbors. The V14A results,
however, araot consistent with a hypothesis that the whole
core is affected. In this case, we observe a more discrete
network with two arms (of which one appears to be weaker)
that experience different consequences. The dynamic effects
may be passed across the backbone to V13 in such a way
that it and V34 rigidify, while the other side of the network
becomes more dynamic in an outcome mediated mostly by
side-chain transmission. It should be emphasized that the
dynamic transmission across the backbone mentioned above
need not involve a significant change in backbone dynamics;
indeed, none of the above cases involve such a change. In
these circumstances, the backbone may be acting as a pivot
for motion, or silent propagation may be occurring.

Absence of Significant Structural Chandgis tempting
to ascribe the observed changes in order parameters solely
to changes in dynamic processes. Support for this position
comes from the RDC data (Figure 2); one-botiN—H
dipolar couplings do not differ substantially between the WT
and V54A proteins, strongly suggesting that no significant
changes in backbone conformation have occurred. The
chemical shift data, as well as preliminary solution structures
of V54A and WT, are consistent with this interpretation.
Certainly, the existing data do not support a model that
includes a drastic rearrangement of side-chain contacts as
an explanation of the observed effects.

Nonetheless, even high-resolution structures may not be
sufficiently accurate to rule out all rearrangements of side
chains. Crystallographic and NMR structures do not capture
the entire structural ensemble, but rather identify its lowest-
energy and average members, respectively. Subtle changes
in mean side-chain positions or the populations of particular
conformers may therefore elude detection. As such, the
observed networks may not only reflect altered motions of
the protein but also serve as a probe of small structural effects
not readily investigated by standard means. Such effects
could be small shifts in side-chain positions (and their
associated dynamical changes) or, alternatively, changes in
methyl geometry Z7).

Energetics of Dynamic InteractionResidues that interact
in terms of dynamics are almost certainly experiencing an
energetic interaction, and the study of thermodynamic
double-mutant cycles is a classic way of identifying such
relationships §1—-53). Provided that the interaction energy
produces a measurable effect on protein behavior, a mutant
Ficure 6: Diagram of side-chain surfaces involved in the eglin ¢ Cyc_le testi_ng that thermOdynamiC behavior could iden_tify the
response to mutations V14A (A) and V54A (B), and a full solvent- amino acids that are involved. TheG, values determined
accessible surface diagram of eglin ¢ (C). Surfaces were createdin this study did not reveal any interaction free energy in
using a probe with a radius of 1.4 A in SPOCBY]. Residues not  the case of either dynamic network, at least not to the degree

experiencing significantly altered motion are not depicted, with the ;
exceptions of V63 (A and B) and F25 (A) (see the Discussion): where the free energy was any greater than in the control

the side chains of these residues and their associated surfaces afe? /A/V54A cycle with no dynamic interaction. This is
shown in gray. Mutated side chains are shown in red. The view in consistent with previous experiments in which residues that

panel B is rotated slightly to display the network more clearly. appeared to have linked dynamics on the time scale of
Although the residues that are drawn are included on the basis thydrogen exchange showed no measurable free energy

side-chain dynamics responses, corresponding backbone atoms ar .
also included in the surface calculations. Note that although the fAteraction (3). These results may reflect a true absence of

loop is flexible and moves with considerable freedom, it is ©€Nergetic interaction, or merely that the thermodynamic
connected to the core by contiguous side-chain contacts. property studied (unfolding free energy) is not an appropriate
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probe. Other properties (protease inhibition, folding kinetics, dynamics. Recent studies with protein G have demonstrated
or heat capacity) may be affected by the dynamic network, that a series of surface mutations can be used as a probe
and such properties will be targets of future studies. It is of related backbone motions6@. The technique de-
also possible that the energies involved with these fluctua- scribed therein uses mutation as an indirect probe of the
tions are too small to be measured reliably; if so, it may be networks that supposedly mediate motional correlation. By
that the combination of numerous interactions has a signifi- contrast, the dynamic perturbation-response method de-
cant impact. scribed here aims to directly identify the side chains in-

These findings may also reveal a limitation of the mutant volved in motion transmission by means of a single mu-
cycle experiment itself, in that one cannot substitute a side tational disruption. The data from these experiments there-
chain smaller than alanine without introducing undesired fore serve complementary functions: probing the larger
structural and dynamic complications into the backbone. If motions themselves and the mechanism whereby they are
all that is required to maintain the dynamic interaction is a supposedly communicated. This approach has an advantage
CF, then mutation to alanine will not disrupt it. Particularly in that it directly probes the side chains, which may, as shown
in the case of V62, in which the methyls are directaday here, undergo significant changes in motion in the absence
from the mutation site, the motional effects probably of any noticeable effect on the backbone (as detected at NH
propagate through the interior carbong @d ). Further sites).

studies are necessary to fully assess the energetic conse- a; present, it is not clear what significance the magnitude

quences of dynamic linkage in these networks. of a qi ; ;

o S _ given change ir§,; has in terms of molecular be-
R|g|_d|ty Dhoes Not ImpI]}/ Sta]E)|I|ty n V54|1M.|sbq_atura_l ;0 h havior, particularly in light of the fact that there is as yet no
asqugte the concept of con ormatlor_la stability W'.t t at good physical explanation of the determinants of side-chain
of rigidity (62). Large structural fluctuations usually signify order parameters. Rather than make a possibly flawed inter-

that the various interactions present in the primary conforma- pretation of the relativelegreeof change, here we intend

tion fare e?ergelncally |nsuﬁ(|jC|ent totmaln:jaln it Trllus,tas tthe only to determine which residues are connected to the pertur-
conformational space condenses toward a singie Sructuréy, ., sjite pased upon a motional response following a

one naturally assumes that the Stabi"Fy of th_at structure has,, ation. The group of residues identified by the experiment
increased. Wh|le most qf the_ observatpns with regard to the constitutes alynamic networkor subnetwork), providing a
V14A mutation agree with this expectation, the observations framework for further interpretation. That such extensive

of the V54A mutant do not (Figure 5 and Table 1). A responses are observed in a small, classically rigid protein

substanpal gcreasfe t'nb.rl'.?'d't%/hm the V54A n;utznt act- like eglin ¢ suggests that more widespread and complex net-
companies doss of stabiiity. These experments do not -, remain to be found in larger domains. It is important

directly address side chain motions slower than the time scalgto note that these experiments may not have identified even

of picoseconds to tens of hanoseconds, and clearly the Proteify e £l extent of these networks; the relaxation of methylene

hafs Il:zje_come n}[orivf_ltﬁx!{tr)lle on tht? tlmfe ]scslle Off %‘?bal groups was not fully characterized, nor were the effects on
En olding _?\(en s Wi bl et excepllcijn ?hq[(:hafunto '?g’ flip rates of aromatic residues (of which there are a large
owever, it is reasonable to conclude that the fast motions | ' 0 i the core of eglin ¢) determined.

describe a general effect in the native state. - ] ) o )
Though these observations contradict common (perhaps Of additional importance is the finding that mutations that
macroscopic) intuitions about the relationship between stabil- Nave apparently small effects on structure and backbone
ity and rigidity, they can be rationalized in thermodynamic dynamics may nonetheless have significant consequences for
terms. The increased rigidity of the side chains following the motion of the side chains. As side chains constitute the
the V54A mutation reflects a decrease in conformational Primary tools proteins use for catalysis and ligand binding,
entropy, though the possibility of correlated motions prevents Nonlocal effects of this kind may be somewhat important in
a straightforward quantification of this effe@l( 62). When understanding the behavior of proteiprotein interaction
viewed in this context, the rigidification of eglin ¢ can be Modules and enzymes, particularly in cases where single
explained as a cause of its destabilization. This is consistentMutations have significant consequences for activity in the
with previous work on WT eglin ¢, in which a pH drop absence of'apparent structural chgri@.(l’hough we could
(effectively neutralizing charge on all acidic residues) pot determine the energy of the mterapﬂons qletected here,
resulted in concurrent rigidification of multiple core methyl it may be that the sum of many small interactions across a
groups and loss of stability3@). In cases such as these, it Protein has major consequences for its behavior.
may be useful to conceive of macromolecular instability in ~ Explanations of allosteric effects have typically addressed
terms offragility in the native state rather than in terms of only an interconversion between principal conformations
a loose or fluctuating structure. of proteins, paradoxically both highlighting and ignoring
That a “cavity” mutation should cause a generalized their fundamental flexibility. While shifts in structure have
rigidification of adjacent residues (as in V54A) also seems often been acknowledged as the origin of a given allosteric
to be counterintuitive. However, the physical origins of side- behavior, fluctuationsaround a particular mean structure
chain flexibility remain so poorly understood that little can have generally been ignored as a possible cause. Nonethe-
be definitively said about this result, except that it reem- less, the possibility of allostery without conformational
phasizes the already well-known disjuncture between packingchange has been established from at least a theoretical per-
quality and side-chain rigidity30). spective 63), and allosteric and cooperative behaviors have
Dynamic Perturbation Responddutation has long been  been observed in single-domain proteins where the classic
used as a tool for probing molecular behavior, and this and structural explanations may not app4¢66). In light of
other studies40, 21, 60) extend its use into the realm of results presented here and elsewhé@, (it is reasonable
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to ask whether conformational dynamics are responsible for 16.
some of these observations, and whether internal networks

play a role.
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