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ABSTRACT. The side-chain dynamics of methyl groups in two structurally related proteins from the
fibronectin type Il (fnlll) superfamily, the third fnlll domain from human tenascin (TNfn3) and the tenth

fnlll domain from human fibronectin (FNfn10), have been studied by NMR spectroscopy. Side-chain
order parameters reveal that the hydrophobic cores of the two proteins have substantially different mobilities.
The core of TNfn3 is very dynamic, with exceptionally low order parameters for the most deeply buried
residues, while that of FNfn10 is more like those of other proteins which have been studied with this
technique, having a relatively rigid core with uniformly distributed dynamics. The unusually dynamic
core of TNfn3 appears to be related to its amino acid composition, which makes it more fluid-like. A
further explanation for the mobility of the TNfn3 core may be found in the negative correlation between
the order parameter and excess packing volume, which shows that the core of TNfn3 is less densely
packed and consequently has lower methyl order parameters for its buried residues. Rotameric transitions,
presumably facilitated by the lower packing density, appear to make an important contribution to lowering
the order parameters, and have been probed by measuring three-bond scalar couplings. Overall, although
backbone dynamics is generally similar for proteins with the same topology on a fast time scale (picoseconds
to nanoseconds), this study shows that a single fold can accommodate a wide variation in the dynamic
properties of its core.

The importance of the native state dynamics of proteins for residues in secondary structure elements. Indeed, a simple
to their physical properties and functions has long been heuristic equation has recently been developed which can
recognized I). While many experimental methods of study- predict backbone amide order parameters based purely on
ing protein mobility are available, few can match the structural parameters (the number of contacts made by the
resolution of high-field NMR spectroscopy, which can yield amide proton and the carbonyl oxygen of the preceding
information about motions on time scales ranging from residue) {5). There can nonetheless be significant differences
picoseconds to seconds at the resolution of individual in loop mobilities as well as localized differences in motion
residues?). Backbone dynamics experiments utilizing NMR  on a slower microsecond to millisecond time scale which
relaxation data3, 4) have now been used for dozens of confirm the importance of sequence-specific interactions. A
systems, and more recently, analogous side-chain dynamicgew studies of side-chain methyl dynamics using deuterium
experiments have been develop&d §), revealing substan-  relaxation have also been performed on domains with related
tial mobility even for buried side chains. structure, although little explicit comparison has been made.

Studying structurally homologous proteins makes it pos- Comparison of wild type ubiquitin with a variant with a
sible to understand the relation among the overall fold redesigned hydrophobic core revealed similar overall dynam-
topology, local structure, and dynamics. Such comparative jcs but a redistribution of the most mobile regions of the
studies assume an added importance, given that it has beegore (16), the dynamics of side chains in the binding pockets
shown from the large number of protein structures deter- of two homologous fatty acid binding proteins was related
mined in recent years that most protein domains can beto their binding specificity 13), three SH2 domains have
organized into relatively few families similar in backbone peen separately studieti-19) and compared with respect
structure 9—11). A number of backbone dynamics studies tg peptide binding, and the dynamics of the homologous N-
on homologous domaind2—14) have shown that there are  anq C-terminal domains of calmodulin have been extensively
usually similarities on a picosecond to nanosecond time Sca|erep0rted 20—22) without explicit comparison.

In this paper, we compare the dynamics of two members
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deuterium relaxation rates sample frequencies lower than
those for carbon relaxation, they are less sensitive to the time
scale of molecular motion (i.e., closer to the extreme
narrowing limit) and therefore provide a more robust access
to methyl axial order parameters characterizing picosecond
to nanosecond time scale motion than carbon relaxa®idn (

MATERIALS AND METHODS

Sample PreparationTNfn3 and FNfn10 were expressed
from the pFN10 and pTEN1 plasmids, respectively, and
purified by affinity chromatography as described previously
(28, 29). The “extended” +92 form of tenascin was used
(28), and each protein had an N-terminal Gly-Ser dipeptide
remaining after cleavage of the affinity tag. UnifornifiN-
labeled and®C- and!*N-labeled samples were expressed in

gai 0 \rfigiiEgigﬂ:ggiﬂ:xﬁ?;iiéf Escherichig colistrain C41 cells30) grown in M9 minimal
A——— ___ B medium using'>NH,Cl and [U+3C]6-glucose as the sole
nitrogen and carbon sources, respectively, as necessary.
31 40 50 60 Samples for side-chain dynamics were expressed in minimal
TNfn3  gleLTYGiKDVpGdrttIDLTedeNqySIg medium containing®NH.Cl and [U+3C]6-glucose as the sole
FNER10 f‘ffgfffTG@nswfg‘_’fgsk?‘i:fff nitrogen and carbon sources, respectively, and 65@, D
resulting in uniform3C and**N labeling and approximately
61 70 80 90 50% uniform deuteration. Stereospecific assignments of the
TNfn3  NLKPDTEYeVSLiSrrG....dmSSnPaKe methyl groups were facilitated by protein samples grown
FNfnl0 GEKERGEDEtETHYEvtGrgdspasikigsi using 10% [U!3C]6-glucose as the carbon source. All
_____ Fooomo -6 samples were prepared in 50 mM sodium acetate buffer at
91 pH 5.0 in 10% BO, at an approximate concentration of4
TNfn3  TFtTGL mM, with the exception of that for TNfn3 side-chain
FNEfnlo ngT dynamics, which was dissolved in pure;@ Microbial

growth was prevented by the addition of 0.05% sodium azide,

Ficure 1: Aligned backbone ribbon representations of (a) TNfn3
and (b) FNfn10, showing the location of the strands [produced with and each sample was degassed and sealed.

MOLSCRIPT 60)]. Panel ¢ is a structure-based sequence alignment ~ Chemical Shift Assignmengxperiments were carried out
of TNfn3 and FNfn10 in which the conserved core residues are with a Bruker AMX 500 spectrometer withf®N and 'H

shaded and the strands are represented with bold letters and arghannels, and DRX 500 and DRX 600 spectrometers

labeled below the sequence. Residues in capital letters represenéquipped with triple-resonance probes at 298 K. Previous

invariant and conservative substitutions. . . )
backbone assignments were available for both prot&ms (

fnlll domain from human fibronectin (FNfn10), consisting 32 and were confirmed with three-dimensional (3B-

of 92 and 94 residues, respectively (an annotated sequenc&dited TOCSY experiments. Side-chain methyl assignments
alignment is given in Figure 1, together with the structures). Were based on (H)CC(CO)NH and H(CC)(CO)NH “preced-
These domains have a very similar overall fold (the backboneing” TOCSY experiments33) together with the 3D°N-
rmsd between pairs of structurally equivalent residues is 1.2 €dited TOCSY experiment. Stereospecific methyl assign-
A) but a low overall level of sequence identity o24%. A ments were obtained from a modifietH—°C HSQC

set of 28 buried residues has been identified as the conservegpectrum for a 10%°C-labeled sample3d).

hydrophobic core; these have a higher level of sequence Backbone!>N Relaxation MeasurementBackbone dy-
identity (42%) and substantial structural similarity. Like other namics was determined frottN T; andT, relaxation times
members of the immunoglobulin-like fold, TNfn3 and and the steady state heteronucfésr-N NOE enhancement
FNfn10 have been shown to have a similar folding nucleus at 500 MHz. T, times were measured from inversion
(23, 24). However, differences in their response to mutation recovery experiments with delays of 40, 80, 120, 200, 280,
and hydrogen exchange experiments have been used to infeB60, 480, 600, 720, 840, and 1000 nis. experiments

a structural “plasticity” for FNfn10 in the A, B, and G strands employed a CPMG pulse train with a spin-echo delay of
(25). This is supported by evidence from backbone dynamics 875 us and relaxation delays of 7, 28, 42, 56, 70, 84, 98,
of greater chemical exchange in the A and B strands of 112, 126, 140, 168, and 196 ms. Presaturation in‘the
FNfn10 (12). This paper reports a detailed analysis of the >N NOE experiments employed a 12fulse train inter-
side-chain dynamics of these two domains based on deutedeaved by 5 ms delays. Relaxation delays were set to 3 and
rium relaxation data. The results suggest that TNfn3 has a5 s for theT; andT, experiments and the heteronuclear NOE
highly dynamic, fluid-like hydrophobic core in contrast to experiments, respectivelyH—1°N steady state NOE en-
that of FNfn10, which appears to be more rigid. The small hancements were calculated as the ratio of peak volumes
chemical shift range and rapig,, relaxation rates of the  from spectra recorded with and without presaturation of
deuterium nucleus make its relaxation parameters insensitiveamide proton resonances. NOE ratios were calculated from
to chemical exchange on a slow microsecond to millisecond peak integrals obtained from a Lorentzian fit to each peak,
time scale 26); additionally, it appears that since the and relaxation times from a single-exponential fit to peak
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heights using the program Sparkyg5. The program Due to the rapid rotation of the methyl groups about their
estimates errors in the rates by a Monte Carlo error estimationaxes, the correlation functioig§?) rapidly drops to a value
procedure in which fits are made to a set of synthetic data close to that expected if rotation were the only type of
sets in which a random error from a Gaussian distribution is motion, i.e., {/2(3 cog 61)]?, where# is the angle between
added to each peak height; the error is then obtained fromthe methyl averaging axis and the-O bond. If the axial
the variance of fitted rates over the synthetic data sets. Errorsmotion and rotation about the axis are independent, the
in NOE volumes were estimated from the Lorentzian fit overall order paramete&) can be factorized aSo?Siis;
residual. for tetrahedral geometr&.? ~ 0.111. There is experimental
Data were analyzed using standard protocols for backboneevidence that the angleis slightly larger than tetrahedral,
dynamics 8) with the program TENSOR236). The cor- from residual dipolar coupling experiments< 110.9) and
relation time for molecular tumblings,, was determined  neutron diffraction § = 110.03 for alanine and 111.88
from the trimmed meamR,/R; ratio, and the data for each and 111.42for Leu methylsd1 andd2, respectively). This
nucleus were fitted to the simplest form of the model-free would result inS,& values that are between 6 and 31%
formalism which could explain the data; this resulted in a larger. However, since it is not known whether the unique
chemical exchange term for some residues. axis of the C-D quadrupolar interaction tensor is exactly
Side-Chain MethytH Relaxation Measurement®eute- collinear with the C-D bond, and the use of a larger value
rium relaxation time§(D) andTy,(D) were determined by  of 6 results inS.¢ being greater than unity for some methyl
measuring the relaxation of the three- and two-spin product groups, the conventional value of 0.111 has been used.

operator termsl.C.D,, I.CD,, and I.C, as described by Heteronuclear Coupling Measuremeritéiree-bond3C—
Muhandiramet al. (5) Values for the relaxation rates of 13C and>N—13C Coup”ngs were measured using quantitative
I.C.D, andI.C, were obtained from series #l—1°C spectra  j correlation experimentsi(, 42), yielding3Jc,—cs, 3Jc,-c,
recorded with relaxation delays of 0.05, 4.5, 9.5, 15, 21, 28, and3Jc,—cn.

36, 45, and 57.7 ms and bfC,.D, from spectra with delays

of 0.2, 1.3, 2.8, 4.4, 6.2, 8.4, 10.9, and 15.1 ms. Relaxation RESULTS

rates were fitted to the peak heights by fitting a single

exponential without an offset using the program Spa8g).( Assignment€Chemical shift assignments of the side chains
Ty(D) and T1,(D) were then obtained by correcting for the Wwere made using standard triple-resonance experiments. The
dipolar contribution to relaxation using theC, rates b): 'H—13C HSQC spectrum of TNfn3 was excellently resolved
(Figure 2a), allowing complete assignment of side-chain
11,(D) ~ 1/T,(1,C,D,) — 1T, (1,C) (1) methyls and unambiguous measurement of relaxation rates.
For FNfn10, a number of threonine and valine signals in
1T, (D) ~ 1T, (1,CD,) — 1Ty(1,C) 2) the center of the methyl region of the spectrum (Figure 2b)

overlap. Deuterium relaxation rates for these methyls were
All the data were fitted to the original model-free ap- nonetheless measured and analyzed as usual, but they have

proximation to the spectral density®), given by eq 3, been indicated in Table 1. Since there is no simple way to
resulting in a value of the generalized order param&ter  separate the contributions from overlapped peaks, the data
describing the extent of the motion and the correlation time for these methyl groups should be treated with caution.
for internal dynamicsre. In previous side-chain dynamics Confidence in the results for these methyls is obtained from
studies, this form of the spectral density has been shown tothe agreement of axial order parameters for vajimaethyls
be adequate for most residués 27, 38). in the overlapped region with those which are well-resolved

(e.g.,y1 andy2 of V1); it is well established that order

2 Szrm (1- S)zr parameters for the stereotopic methyls in valine and leucine
Jw) = 5 > 5T 5| Where are usually very similar43). In any event, it will be seen
1+t o7, l+o7 that the results for the overlapped signals do not affect the
=1, '+, (3) conclusions presented below.

Fitting of Side-Chain Dynamics Datéterpretation of the

The relaxation rateB; andRy, are related to the spectral  side-chain dynamics experiments depends on the determi-
density via eqs 4 and 5 [it has been shown that, for the nation of an isotropic molecular tumbling tima,, usually
experimental conditions that were us®4, is approximated  obtained from backbone dynamics experiments. Backbone
well by R, (5)]. In these expressions, the “quadrupolar dynamics have been reported for both proteit$3,(and have
coupling constant”, defined bs?qQ/h, was taken to be 167  demonstrated that isotropic tumbling is an adequate descrip-
MHz as determined from residual dipolar coupling experi- tion. The backbone dynamics experiments were repeated
ments B89). The model was fitted by least-squares optimiza- under the conditions described here, and the niédrR,/
tion of the difference between experimental and fitRd R, ratio for residues not undergoing exchange was used to
andRy, (40). estimate a rotational correlation time using the program

Tensor2 86), giving values of 6.06(2) and 6.91(2) ns for

_ 3[eqQ)? TNfn3 and FNfn10, respectively. These values are slightly
17 E( R2 [Jwp) + 43(2wp)] (4) larger than one set of published results [5.19 and 6.43 ns,
20k respectively 12)], although larger values have previously
o5 _ 1[eqQ been obtained for TNfn3 under similar condition31);
Ry, ¥R, = 3_2( R2 ) [93(0) + 153(wp) + 63(2wp)] Internal motional models were fitted using Tensor2 and gave

(5) excellent agreement with the earlier results (Supporting
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Ficure 2: H—13C HSQC correlation maps of (a) TNfn3 and (b) FNfn10, showing the stereospecific methyl group assignments. Some
crowding is seen in the central threonine/valine region for FNfn10.

Information). These show that the backbone dynamics of the peak and gave large errors in the fitted relaxation rates. The
two domains are essentially the same on a picosecond tdfitted relaxation parameters were within two standard devia-
nanosecond time scale, except for the FG loop (which is tions (95% confidence level) of the experimental values in

longer in FNfn10) and the CQoop.

All methyl carbon resonances in th#—13C HSQC
spectrum were assigned, with the exception of #1213
B, T14 v2, and T94y2 in FNfn10, and are illustrated in
Figure 2 (assignments available as Supporting Information).
Deuterium quadrupolar relaxation ratégD) and Ty,(D)
(Supporting Information) were fit to the original three-
parameter &, 7., and ;) Lipari—Szabo spectral density
function withz, fixed to the above isotropic tumbling times,
using in-house software; for TNfn3;, was adjusted to 7.57
ns to account for the increased viscosity ofdD We have
also checked, by recordingT; and T, relaxation times in

all cases except T3p2 in TNfn3 and A574, 170 y2, and
V27 y2 in FNfn10. All axial order parameters took on
physically sensible values between 0 and 1, within error.

The interpretation of the effective correlation timeg,is
not straightforward 27), as they tend to be dominated by
the contribution of methyl spinning rather than axis motion.
The distributions of methyl axial order parameters, shown
in Figure 3, are broadly similar to those for other proteins.
Alanine f-methyls are constrained by their proximity to the
backbone, and all have high order parameters. In fact, a
significant correlation of side-chain methyl and amide il
order parameters is observed for alanine residues (correlation

D,O for those amide protons which had not undergone coefficient of 0.78), despite the intervening angle.
solvent exchange (data available upon request); because oSimilarly, threoniney2-methyls are relatively restricted in
the low pH, hydrogerrdeuterium exchange is relatively motion, probably due to limits in the hydroxyl group
slow. The resulting tumbling time of 7.3 ns is close to the orientation. All other types of methyls have more heteroge-
viscosity-corrected value determined in water and producesneously distributed order parameters (notably valines in
almost identical results for the fitted internal dynamics TNfn3), emphasizing the importance of the local environ-
parameters (e.g., the largest difference in order parameter ignent. In generabh-methyls have lower order parameters than
less than 3%). Table 1 lists the fitted parameters. Errors werey-methyls, which are in turn lower than those®methyls.

estimated both by Monte Carlo resampling of the ddf3 (

However, there is no simple correlation with structural

and from the (computationally cheaper) fit covariance matrix, properties. The distance to the surface or the solvent
giving almost identical results. Only the results from the accessible surface area shows little correlation with order
covariance matrix are shown. In all cases, errors on the fitted parameters, while using the number of heavy atom contacts
parameters were less than 10% (usually much less), with(within 6.0 A) made by the methyl carbon results in a

the exception of L182 of FNfn10 which is a low-intensity

correlation coefficient of~0.5. The global order parameter
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Table 1: Fitted Axial Order Paramete®,, and Correlation
Times, 7, for Each Protein

TNfn3

FNfn10

methyl

Saxisz

7e (PS)

methyl

%Xis2

7e (PS)

L2 61
L2 62
A4 B

18 61

18 y2

V10y1
V10752
Vi3yl
V13y2
T14y2
T16y2

0.22 (0.01)
0.32 (0.04)
0.85 (0.00)
0.37 (0.01)
0.69 (0.02)
0.73 (0.03)
0.74 (0.02)
0.74 (0.07)
0.88 (0.05)
0.83 (0.01)
1.03 (0.02)
0.80 (0.02)
0.75 (0.01)
0.56 (0.02)
0.54 (0.03)
0.36 (0.01)
0.73 (0.01)
0.72 (0.02)
0.15 (0.01)
0.19 (0.01)
0.67 (0.00)
0.79 (0.03)
0.73 (0.03)
0.63 (0.01)
0.68 (0.02)
0.34 (0.02)
0.27 (0.01)
0.71(0.03)
0.72 (0.02)
0.78 (0.01)
0.76 (0.06)
0.95 (0.06)
0.69 (0.01)
0.83 (0.01)
0.22 (0.00)
0.47 (0.01)
0.47 (0.09)
0.52 (0.07)
0.63 (0.02)
0.27 (0.01)
0.27 (0.01)
0.72 (0.02)
0.75 (0.03)
0.86 (0.06)
0.12 (0.01)
0.12 (0.01)
0.25 (0.01)
0.25 (0.02)
0.46 (0.01)
0.63 (0.01)
0.05 (0.01)
0.82(0.01)
0.46 (0.02)
0.75 (0.03)
0.96 (0.01)
0.14 (0.03)
0.10 (0.02)

75.8 (1.7)
94.3 (2.6)
22.0(0.3)
39.7 (0.4)
57.3 (1.0)
26.3 (0.6)
25.3(0.8)
64.6 (1.5)
13.1 (1.5)
83.4 (0.7)
72.4(0.6)
64.0 (0.9)
90.0 (1.4)
32.4 (1.0)
51.6 (0.9)
36.8 (0.3)
34.5 (0.6)
66.7 (2.7)
49.8 (0.5)
43.1(0.6)
50.4 (0.5)
22.5(0.7)
57.9 (0.9)
29.8 (1.1)
75.8 (0.9)
59.0 (3.7)
48.7 (0.5)
78.5(0.5)
23.3(1.0)
100.5 (1.8)
35.5 (1.4)
51.4 (1.0)
74.7 (2.0)
63.1 (1.0)
34.5(0.3)
57.7 (0.6)
48.4 (3.8)
40.5 (6.4)
46.4 (0.5)
46.5 (0.4)
86.1 (1.3)
78.1 (4.5)
24.6 (0.9)
124.2 (0.6)
73.9(0.7)
83.6 (0.9)
47.0 (1.0)
56.8 (0.5)
27.2(0.8)
58.2 (0.3)
14.4 (0.3)
116.9 (2.2)
85.0 (1.8)
61.7 (1.3)
92.3 (3.1)
33.1(1.0)
31.2 (1.3)

1881
1882
1961
1992

0.16 (0.01)
0.16 (0.01)
0.62 (0.02)
0.61 (0.09)
0.64 (0.05)
0.85 (0.03)
0.77 (0.03)
0.42 (0.06)
0.36 (0.03)
0.98 (0.01)
0.35 (0.05)
0.42 (0.45)
0.29 (0.01)
0.35 (0.01)
0.71(0.03)
0.73 (0.02)
0.84 (0.02)
0.77 (0.01)
0.40 (0.01)
0.44 (0.01)
0.55 (0.03)
0.85 (0.02)
0.73 (0.03)
0.08 (0.01)
0.95 (0.04)
0.89 (0.03)
0.74 (0.03)
0.40 (0.01)
0.49 (0.01)
0.67 (0.13)
0.45 (0.01)
0.44 (0.02)
0.56 (0.02)
0.92 (0.03)
0.72(0.03)
0.53 (0.03)
0.74 (0.03)
0.69 (0.06)
0.80 (0.02)
0.74 (0.02)
0.70 (0.03)
0.91 (0.02)
0.36 (0.02)
0.84 (0.04)
0.92 (0.11)
0.82 (0.02)
0.86 (0.05)
0.93 (0.03)
0.90 (0.04)
0.90 (0.02)
0.80 (0.06)
0.69 (0.01)
0.55 (0.02)
0.58 (0.03)
0.63 (0.02)
0.80 (0.04)

69.6 (2.3)
52.2 (1.3)
90.4 (2.7)
70.4 (3.4)
49.4 (5.0)
76.9 (3.4)
31.0(0.9)
81.9 (1.6)
62.0 (1.3)
53.2 (2.1)
67.2 (3.0)

49.4 (24.1)

36.8 (1.2)
47.3(2.2)
20.3 (1.6)
26.0 (1.4)
58.3 (1.7)
40.6 (2.5)
80.5 (2.3)
59.6 (0.9)
56.6 (3.3)
75.4 (2.9)
43.6 (2.8)
32.1(0.7)
41.6 (1.3)
40.8 (3.4)
55.8 (1.9)
55.8 (0.6)
40.6 (1.0)
69.5 (5.5)
89.8 (1.1)
95.2 (1.7)
60.2 (2.0)
39.3 (4.5)
71.2 (2.5)
25.9 (0.9)
41.4 (0.9)
47.2 (5.1)
20.2 (1.4)
108.5 (3.4)
51.7 (1.7)
57.8 (2.1)
24.4 (1.3)
36.9 (1.6)
81.9 (6.3)
50.8 (1.6)
30.5 (2.2)
38.0 (4.3)
46.6 (2.4)
26.7 (1.3)
67.9 (3.9)
51.0 (1.4)
29.9 (1.8)
49.9 (1.3)
21.0 (1.2)
53.6 (1.4)

a Qverlapped threonine and valine residues.

distribution is broad, but it does not form the trimodal pattern
found by Leeet al. (21), regardless of how the data are

binned.

Spatial Distribution of Order ParameterEigure 4 shows
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Ficure 3: Axial order parameter distributions of (a) TNfn3 and
(b) FNfn10. The top panel shows the overall distribution of all order
parameters, while the remainder are classified by methyl type.

other surface residues, even in loops, have relatively high
order parameters (withess A27 and V27 in TNfn3 and
FNfn10, respectively). What does stand out, though, is that
within the core of TNfn3 there is a cluster of deeply buried
residues with unusually low order parameters, with an
increase in order parameters as one moves away from the
center of the core. In FNfn10, the core is apparently much
more rigid, with most order parameters being above 0.6. If
anything, the opposite trend is seen, in which the periphery
is more mobile than the center of the hydrophobic core.

Panels c and d of Figure 4 show the core order parameters
only, in an exploded schematic view of the core. The most
deeply buried residues of the TNfn3 core (V70, L72, 148,
159, 120, and 18) all display high mobility, especially residue
70 whose order parameters lie well below the expected range
for a valine. Peripheral residues (e.g., A84, 132, 129, L50,
L62, A18, and V10) are significantly less mobile. With the
exception of 13491, the core methyls of FNfn10 are much
less mobile (compare 170 with V70 in TNfn3 or 159 with
that in TNfn3) and do not show the continuous decrease in
mobility from the center of the core seen for TNfn3.

Although visual inspection of the structures and schematics
may suggest that there is a correlation between order
parameters for residues which are close in space, a calculation
for these proteins showed that this correlation only persists
over a short distance so that order paramters are only
correlated for residues which are essentially in contact with
one another. Of the three residues with the lowest order
parameters in TNfn3, 159 and V70 are close (minimum
separation of 3.33 A), while the 14859 and 148-V70
distances are 4.90 and 7.48 A, respectively.

Comparison of TNfn3 and FNfn10 as Homologous Do-
mains.lt is difficult to compare domains with a low level of
sequence identity due to the different residues in aligned
positions, particularly when one is measuring a side-chain
property. As Figure 3 demonstrates, the amino acid type
strongly influences the side-chain order parameters. The
limited number of aligned residues in TNfn3 and FNfn10

the methyl order parameters projected onto the alignedthat are identical generally have similar order parameters
protein structures (panels a and b). As noted before, it is (V10 y1 andy2, T16y2, 120 y2, T35y2, and L6261 and
immediately obvious that there is no simple relation of order 62), notable exceptions being Li8l andd2, 159 61 and
parameter to depth of burial. The terminal residues and thed2, and 12062. Of these, 120 and 159 are deeply buried and
methionine (in TNfn3) have low order parameters, but several have lower axial order parameters in TNfn3, supporting the
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Ficure 4: Spatial distribution of order parameters. Order parameters of each methyl group are mapped onto the structures of (a) TNfn3 and
(b) FNfn10. Methyls are colored from red (order parameters of zero) to blue (order parameters of unity). A schematic view showing just
the hydrophobic core residues is presented in panels ¢ and d for TNfn3 and FNfn10, respectively, with a similar color scale. In TNfn3, the
residues at the center of the core are significantly more mobile than those at the periphery. In FNfn10, the center of the core is less mobile
than the peripheral regions.

hypothesis that the core of TNfn3 is more dynamic than that
of FNfn10. L19 is more flexible in FNfn10, but is close to
the surface.

To compare residues in other positions, it was necessary __
to normalize the order parameters by some means. Eight %
proteins for which both published data and structures are &£ -
available were selected: the N-terminal SH3 domain from N
the Drosophila adaptor protein drk (drkN SH344), the
C-terminal SH2 domain from phospholipase; GPLCC
SH2) (6, 18), the SH2 domain of the SAP proteii), ;
ubiquitin (6), oxidized flavodoxin 45), fatty acid binding Y I e T
proteins A-LBP and M-FABP 13), and calmodulin Z0). Residue
From this data set, averages and standard deviations Wer%GURES' Z scores foiS,¢ for TNfn3 (black lines and filled black

H . IS
calculated for order parameters for each kind of methyl g4 ares) and FNfn10 (red lines and empty red circles). Residues
group. It is then possible to normalize the order parameterswith outlying Z scores have order parameters significantly different
of TNfn3 and FNfn10 by calculating Z score, namely, the  from the mean for that residue type. These are labeled in black for
number of standard deviations the order parameter is away;:\‘ef"r‘soét‘)?lg fselﬂffgég';‘:fgé?m'i?];’\rﬁgil& :2 ?\l/ii'ie\r/sﬁ"it\f/‘zgz"\s/% 9283
from the mean for that type of residue. Since it is know.n and 188), with the sole exception being 134. In’Tan’3, four
that the order parameters do not come from a Gaussiangygiers are deeply buried in the core of the protein (148, 159, V70,
distribution @3), no statistical significance can be attached and L72), and several of these are many standard deviations below
to the value ofZ, but the values provide a means of the expected order parameter for that kind of residue.
qualitative comparison. Figure 5 compares th&sscores
for TNfn3 and FNfn10, highlighting the outlying data. While core; however, inspection of the pattern of order parameters
many data points lie within or close to one standard deviation in Figure 4 shows that it is an isolated case. By contrast,
of the mean, there are several significant outliers. One type TNfn3 has a number of buried core residues with signifi-
is at the termini, which have unusually low order parameters, cantly low order parameters, namely, 148 ando1, 1592
but that is not unexpected. In FNfn10, there are a few other andd1, V70 y1 andy2, and L7251 andd2, theZ scores
low outliers, but mostly on the surface or in loops: V11 on for V70 and 159 being particularly low. Thus, not only are
the surface of th¢ A,B,E} sheet, V27 in the BC loop, V45  the order parameters of most methyl groups in the TNfn3
in the CC loop, A83 in the FG loop, and 188 in the peripheral core generally low, but there are several which lie well below
G strand. Only 1341 is deeply buried in the hydrophobic the statistically expected range; this is very rarely seen for
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core, although this raises the issue of how to objectively
define the core. A search was made over a 0.5 A grid for
points which lay outside all atoms, but within 2.0 A of the
set of core residue side chains shown in panels ¢ and d of
Figure 4, giving free volumes of 118.1 and 981Ar crystal
structures of TNfn3 [PDB entry 1TEN46)] and FNfn10
[PDB entry 1FNF 47)], respectively (structures were initially

Residue Type

FIGURe 6: Amino acid composition _of TNfr_13 (filled black bars) minimized in the CHARMM 19 potential to reduce the
and FNfn10 (hatched red bars). Buried amino acids are defined asgependence on crystal structure quality and crystal packing

those with less than 10% exposed surface area. FNfn10 has mor

e . .
valine and tyrosine residues, whereas TNfn3 has more leucines. effects). Alternatively, packing can be assessed by the

construction of Voronoi polyhedra around the core atoms,
buried residues in other proteins for which this approach haswhich eliminates the problem of defining the core volume,
been applied. as it is determined by neighboring atoms. One such method
Relation of Dynamics to Core CompositidWhat is the is that implemented in the program PROV4SB), in which
effect of the overall core composition of the two proteins the volume distribution for each atom type has been
on their dynamics? Figure 6 shows the amino acid residue computed for a large sample of crystal structures. The excess
composition of each protein. The low level of sequence packing volume of each buried atom may then be determined
homology of these domains is reflected in their different as aZ score using these statistics, positive values indicating
overall composition, with TNfn3 having many more acidic “underpacking” and negative values “overpacking”. When
residues. For the hydrophobic core (defined as amino acidsthis method is applied to the minimized crystal structures,
with less than 10% exposed surface area), there is a similartotal excess volumes of 105.8 and 42.9ake obtained for
content of alanine, isoleucine, serine, proline, and glycine TNfn3 and FNfn10, respectively; both methods of assessing
in both proteins. However, TNfn3 has more leucines (six vs free volume suggest that the core of TNfn3 is less densely
three for FNfn10), while FNfn10 has more valines (six vs packed.
one for TNfn3) and more tyrosines (six vs one for TNfn3). A mean excess voluméscore can also be computed over
The longery-branched side chain of leucine would be all the side-chain atoms of a residue, and Figure 7 shows
expected to result in a more dynamic core tifabranched the relation between th& scores for order parameters
valine, and tyrosine, being a bulky aromatic, ought to reduce described above and the voluiscores for all core residues
core mobility. As a result, the global core composition of for which side-chain dynamics data were obtained. There is
TNfn3 would be expected to cause greater mobility, possibly clearly a negative correlation for TNfn3 (correlation coef-
reducing the order parameters of its side chains to valuesficient of —0.75), showing that an excess packing volume
lower than those they would normally take. for a side chain results in lower than expected order
Relation of Dynamics to Packing Densijnother possible parameters. For FNfn10, the correlation is much poorer
contribution to core mobility is the amount of buried “free (correlation coefficient 0f—0.34), but the distribution of
volume” in which the side chains can move, or packing values is narrower in that case. Packing volume is only one
density. One method of measuring free volume is to do a possible effect in explaining the differences in dynamics, so
grid search for points outside of any atom and within the some scatter is expected. A potential caveat when interpreting
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packingZ scores is that _theY can reflect th_e quality of the Table 2: Three-Bond Scalar Couplings (hertz) for Isoleucine and
crystal structure (the motivation for developing the method). valine Side Chairs

However, structures were minimized in the same force field

residue J J Jeg, Jo c crystal
in an attempt to avoid this problem. In addition, computing . e e cor cop i (Crystaly
scores for a different FNfn10 crystal structure [PDB entry |&? 2.3(0.1) 60 _58
1FNA (49)] resulted in similar results (not shown). V10 16(0.1) 1.2(0.1) 27(03) b 179
The correlation of order parameter and packing volume V13 2.2(0.1) 0.6(0.3) 31(0.3) 180 180
: : - : : 120 2.2(0.1) -60 —45
is not the only interesting feature of Figure 7a. There is a 129 04
- . i 4(0.3) 32(0.3) 60 54
notable shift in the TNfn3 data toward higher excess packing |3, 1.6(0.1) —60 —61
volumes and lower order parameters relative to the FNfn10 138 2.2(0.1) —-60 —65
data, supporting the hypothesis that TNfn3 has a more }2‘;1 2.1(0.1) 0.9(0.1) 2.6(0.3) 150 41874
dyr!amlc core, and not only for the obviously exceptional 159 1:2(0:1) 2003 b 53
residues. V70 1.3(0.1) 1.2(0.0) 28(0.3) b 6164
An alternative measure of packing density is the number If73 0.4(0.3) 25(03) 60 =75
of nonbonded heavy atom contacts within a certain radius FNf10
. . 1 06(0.2) 1.4(0.1) 1.0(0.3) 60 154
of the methyl of interest. In a recent sFudy by H.amx it V4 15(01) 12(0.2) 05(03) 05(03) b —173
was shown that the mean square atomic fluctuations of heavy v10 2.2 (0.2) 3.3(0.3) 180 171
atoms in protein crystal structures were approximately Vil 0.6(0.2) 2.7(0.3) e b 161
inversely proportional to the number of nonbonded heavy 20 1.3(0.2) 4.4(03) 60 64
atom contacts, However, the correlation of order parameter V27 09(02) 06(02) 2709 180360 69
o =T P V29 1.6(0.2) 0.7(0.3) e 180 —176
Z scores with the reciprocal of the number of nonbonded |34 1.5 (0.4) —60 —65
heavy atom contacts within 6.0 A of the methyl carbon is V45 0.6(0.2) 3.42(0.3) —-60 —64
much poorer than that with packing voluni scores }g%o 11(01) 17002) 2.1(0.3) 2-1(0-3)_63 _1;;
(correlation coefficients of-0.44 for TNfn3 and—0.18 for V66 2.0(0.1) 0.4(0.4) 28(0.3) 180 172.3
FNfn10). 170 1.9 (0.2) —60 -50
Contribution of Rotameric Transitions to Side-Chain V72 1.6(0.2) 32(0.3) 180-179
Mobility. It has recently been shown that rotamer transitions }QSS 1702 1.0(0.2) 2 (0'3)—380 171(;7
play an important role in lowering side-chain order param-  |g9q o 29(03) 60 57

eters b1): with regard to the order parameters of side-chain — ,

L= - . Missing data correspond to couplings that were too small to be
y-methyls, a significant population of alternative rotamers  neasyred® Scalar couplings for these residues are not consistent with
give rise to low order parameters. We have measured three4 single staggered rotamer and may arise from averaging over several
bond carbor-carbon and carbennitrogen couplings using  rotamers or from nonstaggered rotamérghese values of: were
standard quantitativécoupling experimentsi(, 42). Table ]f’riﬁgcgdSftgmstsrcila;e?ﬂigﬁgﬁsil‘:’ﬁ"g'efsorofc%mﬁge acﬁécullﬁfndlo
2 I|§ts values Of‘]C’HCN andSJCV*CC for.valme and.ISO|eucme respecti)\//ely.e CoLlijILijngs could not be determined because of signél
residues: these data report on the side-cpatorsion angle,  oyeriap,
yielding two couplings for isoleucines and four for valines.
Most of the values are approximately consistent with a single
rotamer (although a small population of alternate rotamers
would also be consistent with these data), andifahedral
angles deduced from the scalar coupling data are generallyC
in agreement with those from the crystal structures. A few

residues in each protein are inconsistent with the couplingsgener"’“lty mc_)rrﬁ res(,jtncted angzehave h|gherbaX|aI do;der
expected for a single, staggered rotamer. In TNfn3, thesePArameters. ihe order paramezescores may be used to

are V10. 148. 159. and V70. of which the latter three have 2SS€SS the deviation of order parameters from the mean. It

low order parameters for theiemethyls, as described above is difficult to interpret these in a statistically quantitative way,
In ENfn10. V4. V11. and V50 probably involve somé which would require a knowledge of the true order parameter

rotamer averaging; V4 has unusually lowmethyl order distribution, but for other proteins for which data have been
parameters. All thrée of these valines are either on the surfaceDUb"ShEd’ itis relatively rare for buried residues to lie more

this distribution are complex, including the amino acid
composition and types of motion which the different side
hains in the protein undergo.

Several studies have noted that buried side chains are

(V4 and V11) or on the periphery of the core (V50) than one standard deviation from the mean. Those that do
' are generally exposed residues on the surface or in loops.
DISCUSSION Although FNfn10 may fit this picture, TNfn3 is a clear

exception. The most buried residues in the hydrophobic core
As has been found previously, there is no simple correla- are among the least restricted in this protein, some of them
tion of side-chain order parameters with structural properties. many standard deviations below the expected order parameter
Side-chain order parameters agree in their general distributionfor their residue type. How is this possible? One explanation
with other published values. It has been fould) (that the could be that the larger number of flexible residues in the
order parameters of several proteins are roughly trimodally TNfn3 core effectively makes it more fluid-like, thus
distributed, leading to the suggestion that there may generallylowering the order parameters of all involved side chains.
be three classes of motion in all proteins. However, neither The residue composition of the two proteins supports this
TNfn3 nor FNfn10 order parameters formed a trimodal hypothesis, TNfn3 having more buried leucine residues and
distribution, although their distributions are broad and are FNfn10 more valines and tyrosines. A study of barnase side-
certainly not Gaussian. Clearly, the factors contributing to chain dynamics using MD simulations for barstar has found
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a very dynamic core, which was also attributed principally couplings from several of the buried residues in TNfn3 with
to core composition52). low order parameters (148, 159, and V70) may result from
It appears furthermore that packing volume has a role to rotamer averaging.
play in core dynamics, at least for these proteins. There isa On a picosecond to nanosecond time scale, the backbone
significant correlation of packing volunmg&score with order ~ dynamics of TNfn3 and FNfn10 in secondary structure
parameterZ score. Notably, the central core residues of elements are essentially the same, as found here and
TNfn3 which have unusually low order parameters have previously. Thus, the backbone of fibronectin type IlI
larger than expected packing volumes, and in general, thedomains acts as an independent scaffold whose motion, on
core of the protein is less densely packed than FNfn10. Thethis time scale at least, is quite insensitive to the details of
weakness of the correlation suggests that other factors arghe underlying sequence; these proteins are particularly good
also important, however. For example, a recent study hasexamples, since they have such a low level of sequence
found a good correlation between normalized order param- homology. Moreover, there are many other backbone dy-
eters similar to ours and sequence conservation; that is, morenamics studies of other homologous domains which include
highly conserved residues are generally more motionally similar findings, suggesting that this is a general property
restricted $3). This intriguing observation may be partially of a fold, and not specific to the fibronectin type Il
related to the fact that the most structurally conserved superfamily. By contrast, deuterium side-chain dynamics
residues tend to be the most deeply buried: for our two experiments, which are most sensitive to motion on this time
examples the burial, as measured by the number of heavyscale, reveal that side-chain dynamics is much more hetero-
atom contacts within 6.0 A of the residue, and the residue geneous, and hence a more useful reporter on native state
preference, as defined in the above wadb)( are signifi- properties such as residual entropy, which could conceivably
cantly correlated (Spearman correlation coefficients 0.43 vary substantially from protein to protein, even if they have
and 0.62 for TNfn3 and FNfn10, respectively). There is a the same overall topology2(). TNfn3 and FNfn10 are
significant correlation between the residue preference andoutstanding examples of the variety of core mobility which
normalized order parameter for FNfn1Q € 0.44), but that is possible in the same fold.
for TNfn3 is much weakerr§ = 0.07). This is mainly due The relation between side-chain dynamics and the residual
to the exceptionally mobile residues in TNfn3 which appear entropy of the native state has been not2d).(However,
as outliers; exclusion of these residues improves the cor-the residual entropy measured by side-chain dynamics
relation coefficient to 0.49. experiments is only a part of the total native state entropy
Since dynamics is often inferred from crystal structures, which is in turn part of the total free energy of the native
it is interesting to compare the side-chain dynamics data with state b5), so it is not possible to make a simple connection
crystallographic results. For example, alternative conforma- between the dynamics probed by NMR and overall thermo-
tions are evidence of different rotamers, although the dynamics. In fact, it is FNfn10 which is the more stable of
rotamers would usually need to be of approximately equal the two proteins, having a free energy for unfolding of 9.4
populations to justify modeling them separately in the crystal kcal/mol compared to a value of 6.7 kcal/mol for TNfrZB(
structure solution. There is only one such case among the56), despite having the less flexible core. One possible
core residues of either protein, V70 of TNfn3, which is 46 explanation for this could be a larger loop entropy for FNfn10
and 54% ing+ and g— conformations [defined according (suggested by the backbone dynamics of the FG and CC
to IUPAC—IUBMB —IUPAB recommendations54)], re- loops) which could compensate for the difference in core
spectively. This is in accord with the unusually low order entropy. Furthermore, there are enthalpic contributions, for
parameters for the methyl groups in this buried valine, from example, from core packing, and effects of the different
which multiply occupied rotamers might be expected. For protein surfacesy7) and possible differences in solvation
FNfn10, although there are no alternative crystallographic free energy %8, 59). Finally, when stabilities are compared,
conformers, there are two crystal structures, 1FAB énd the possibility of differential effects in the denatured state
1FNA (49). Of the buried residues, only three are in different must also be considered.
conformations in the two structures. If one specifies the side- A degree of structural plasticity in the A, B, and G strands
chain conformation with the notationr,, wherer; andr, has earlier been ascribed to FNfn10 due to its propensity to
are the rotamers for torsion anglgsandy., respectively, accommodate mutations in these regions of structure, and
L18 is g—t in 1FNF andg+g+ in 1FNA, 134 isg—g+ in also due to backbone chemical exchange and hydrogen
1FNF andg—t in 1FNA, and 188 istt in 1FNF andg+t in exchange measurements by NMR. The side-chain order
1FNA. 188 is in the G strand, and is therefore likely to be parameters provide no evidence of this: the order parameters
affected by the absence of most of the opposing A strand inin these regions of structure all lie within the expected range
the 1FNA structure. However, the order parameters of L18 for the residues that are involved, and FNfn10 appears to
are quite low (0.35 and 0.42), and the very |édmethyl have the less dynamic core. It is possible that FNfn10 is
order parameter (0.08) relative to the-methyl order able to accommodate mutations through an increase in the
parameter (0.95) in 134 is consistent with the rotation about entropy of its more rigid core, but this explanation seems
the y, angle seen in the crystal structures. This sort of unlikely given the large number of other proteins with similar
comparison is by nature anecdotal, but the crystal structurescore mobility which respond as expected to mutation, and
are nevertheless in accord with the side-chain order param-as observed above, such interpretations need to be made
eters and suggest that side-chain dihedral transitions arecautiously. Of course, side-chain dynamics is mainly sensi-
important in explaining order parameters. The importance tive to fast time scale motions, and the backbone chemical
of multiple rotamers is confirmed by the measurement of exchange suggests that a slower millisecond to microsecond
three-bond scalar couplings by NMR, which suggest that the time scale may be involved. Recently developed relaxation
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dispersion experiments now permit the measurement of the 7.
rate of exchange in side chains and have revealed exchange
rates on the order of microseconds for core residues of the
proteins that have been studied. The use of such methods g.
may shed further light on the plasticity in FNfn10.

Nonetheless, the insensitivity of deuterium relaxation to
slower time scale motions makes it ideal for comparison with
computer simulations. Molecular dynamics simulations can
usually only be run for nanoseconds, but this ought to be
sufficient to capture the observed side-chain motions, and
to provide further mechanistic details about the core mobil-
ity: we are currently pursuing this work.

8

CONCLUSION

Deuterium side-chain dynamics experiments have been run
on homologous fibronectin type Ill domains TNfn3 and
FNfn10. Methyl axial order parameters show that the cores
of the two proteins are quite different, that of TNfn3 being
much more dynamic, with a gradual decrease of order
parameters toward the center of the protein, while that of
FNfn10 has more uniform dynamics, and is more rigid.
Although the core residues of TNfn3 would be expected to
have lower order parameters since there are more leucines 2
and few valines, it turns out that they are even significantly 22.
lower than expected for these types of residue, suggesting
that the core composition cooperatively lowers the degree
of order in the core, making it more fluid-like. In addition,
there is evidence that core packing density has an effect on
core dynamics, especially in TNfn3. 25.

The backbone dynamics of these domains, and of other ,
examples, shows that backbone dynamics on a fast picosec-
ond to nanosecond time scale is mostly determined by the 27.
fold topology. This example of side-chain dynamics dem-
onstrates that a single fold is able to accommodate a wide
range of core dynamics. The generality of this conclusion, 29.
and the causes identified here, would naturally need to be
tested on other proteins of related structure, but the examples
chosen here are good representatives due to their low level
of sequence homology.
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