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Abstract

We have used '°N- and ?H-NMR spin relaxation experiments to study the response of backbone and
side-chain dynamics when a leucine or valine is substituted for a completely buried phenylalanine residue
in the SH3 domain from the Fyn tyrosine kinase. Several residues show differences in the time scales and
temperature dependences of internal motions when data for the three proteins are compared. Changes were
also observed in the magnitude of dynamics, with the valine, and to a lesser extent leucine mutant, showing
enhanced flexibility compared to the wild-type (WT) protein. The motions of many of the same amide and
methyl groups are affected by both mutations, identifying a set of loci where dynamics are sensitive to
interactions involving the targeted side chain. These results show that contacts within the hydrophobic core
affect many aspects of internal mobility throughout the Fyn SH3 domain.
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Most native globular proteins have well-ordered three-di-
mensional configurations and interiors with packing densi-
ties similar to those of organic crystals (Richards 1974;
Chothia 1975). In contrast, many designed proteins are
highly mobile, as evidenced by rapid amide hydrogen ex-
change and broadened NMR spectra with narrow chemical
shift dispersion, even when they exhibit cooperative folding
transitions and possess unique overall topologies (Handel et
al. 1993; Davidson et al. 1995; Isogai et al. 1999). The
tightness of packing in the hydrophobic core is thought to be
a major determinant of whether a protein will adopt a spe-
cific, native-like fold or a more heterogeneous ensemble of
compact conformations (Woolfson 2001; Isogai et al. 2002).
Several designed proteins in which side-chain contacts were
exhaustively optimized using a computer algorithm have
highly ordered structures (Dahiyat and Mayo 1997a; Offredi
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et al. 2003). Conversely, repacked core mutants of the 31
domain from protein G exhibit increased amide hydrogen
exchange and decreased chemical shift dispersion in NMR
spectra when the total volume of core residues is increased
beyond that of the WT (Dahiyat and Mayo 1997b). Cavity
mutants of proteins also often have significantly increased
dynamics. For example, the L99A mutant of T4 lysozyme
was shown to be much more mobile than the WT protein on
a millisecond time scale (Mulder et al. 2001).

Here, we have examined the extent to which conservative
amino acid substitutions in the hydrophobic core influence
protein flexibility by using '’N- and *H-NMR spin relax-
ation experiments to measure the magnitude of nanosecond
to picosecond time scale motions in the WT and two single-
site mutants of the SH3 domain from the Fyn tyrosine ki-
nase. In addition to monitoring the rates of decay of longi-
tudinal and transverse deuterium magnetization in '*CH,D
methyl groups, we have measured the relaxation of three
additional deuterium magnetization operators using experi-
ments recently developed in our laboratory (Millet et al.
2002). We have further extended our investigation by per-
forming '°N relaxation experiments at four temperatures
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ranging from 5°C to 35°C. The temperature dependence of
internal motions is related to the heat capacity of the folded
protein that can influence its resistance to thermal denatur-
ation (Seewald et al. 2000).

Results

Thermodynamic and structural effects of F20L and
F20V mutations on the Fyn SH3 domain

SH3 domains are small (=60 aa) modular mediators of pro-
tein—protein interactions that adopt [-sandwich folds
(Musacchio et al. 1994). Detailed analysis of SH3 domain
sequence and structural alignments (Larson and Davidson
2000) has identified 10 conserved hydrophobic core posi-
tions including residue 20, located in the RT-Src loop,
which is, on average, 2% exposed to solvent. Phenylalanine,
with a side-chain volume of 140 10\3, occurs at this position
in the WT Fyn sequence. Substitution of Phe 20 with leu-
cine (115 A3) and valine (100 A3) reduces the thermody-
namic stability of this domain by 1.11 kcal/mole and 1.88
kcal/mole, respectively, as calculated from folding/unfold-
ing kinetics experiments (Northey et al. 2002). Differences
in H,O/octanol transfer free energies, 0.13 kcal/mole and
0.77 kcal/mole for phenylalanine-leucine and phenylala-
nine-valine (Fauchere and Pliska 1983; Karplus 1997), par-
tially but not completely account for the destabilizing ef-
fects of the F20L and F20V mutations. The additional losses
of stability are most likely due to disruptions of core pack-
ing. Mutants in which buried side-chain volume is de-
creased usually retain packing defects (Richards and Lim
1994), and loss of van der Waals interaction energies has
been identified as a major factor in the reduced stability of
such proteins (Eriksson et al. 1992; Lee and Shin 2000).
Here we present a detailed dynamics study of the WT Fyn
SH3 domain and a pair of single mutants with amino acid
substitutions at the same site. In this manner, the loss of van
der Waals interactions involving position 20 can be charac-
terized in terms of changes in dynamics without complicat-
ing effects that would likely arise if the WT protein were
compared with mutants containing a larger number of sub-
stitutions (Johnson and Handel 1999).

The structure of the human Fyn SH3 domain has been
solved by X-ray crystallography (Noble et al. 1993) and
NMR (Morton et al. 1996); however, neither the structure of
the chicken isoform of this domain which was used in this
investigation, nor the structures of the F20L or F20V mu-
tants have been determined experimentally. Note that the
chicken isoform was chosen for analysis because a signifi-
cant body of thermodynamic and mutational data has been
accumulated for this form of the protein (Northey et al.
2002; Di Nardo et al. 2003). To assess the effects of the
mutations on the structure of the SH3 domain, one-bond
backbone '°N-'H residual dipolar couplings ('Dy;;) were

measured for the F20L, F20V, and WT proteins, oriented
with respect to the static magnetic field using a suspension
of Pfl bacteriophage particles (Hansen et al. 1998). Re-
sidual dipolar couplings are sensitive to the orientations of
internuclear vectors within the molecular frame and confor-
mational changes that reorient NH bond vectors can lead to
large changes in 'Dyy; values. The dipolar couplings mea-
sured for WT, F20L, and F20V proteins are compared in
Figure 1A,B. Virtually identical values are obtained for all
three molecules, indicating that the overall backbone struc-
ture of the Fyn SH3 domain is essentially unaffected by the
F20L and F20V mutations. These results are in agreement
with those of other studies, which show that nondisruptive
(volume-reducing, hydrophobic to hydrophobic) mutations
generally do not affect the overall protein fold (Eriksson et
al. 1992; Buckle et al. 1996; De Vos et al. 2001).

"Dy values for the WT protein (chicken isoform) were
fit to the X-ray crystal structure (human isoform), yielding
alignment tensor parameters, A, = 4.4x10™* and
R = 0.66. A comparison of predicted and experimental
couplings produces a correlation coefficient of 0.95 and a
quality factor, Q = 0.31. This represents poorer agreement
than would be predicted based on the resolution of the crys-
tal structure, 1.9 A (Noble et al. 1993), because experimen-
tal and predicted dipolar couplings obtained with structures
at this resolution typically yield Q factors of 0.20 to 0.25
(Bax 2003). The discrepancy is unlikely to be due to ex-
perimental errors in the dipolar couplings because WT and
mutant data are in extremely good agreement, with corre-
lation coefficients greater than 0.99. It is more likely that the
two isoforms of the protein, which contain Ser (Val) at
position 1 and Glu (Val) at position 5 in the chicken (hu-
man) domain and are otherwise identical, possess slightly
different backbone conformations. The extent of the differ-
ences was estimated using the method of Zweckstetter and
Bax (2002), yielding a structural noise parameter, ¢°°"°, of
~5°-10°, corresponding to an average angle between
equivalent NH bond vectors in the two proteins of 6°—12°.
This can help to explain why fits of (the chicken) Fyn SH3
domain relaxation data to models of anisotropic diffusion
(using the coordinates of the human protein) are unstable, as
discussed in Materials and Methods. Nonetheless, the re-
sults indicate that the overall structures of the human and
chicken isoforms of the Fyn SH3 domain are quite similar,
and the X-ray structure has been used to interpret dynamics
data in this study.

Slow time scale motions

Experiments were performed to test for the presence of
large-amplitude millisecond-to-microsecond time scale mo-
tions in the least stable of the three proteins (F20V). When
conformational exchange modulates the chemical shift of an
>N nucleus on the millisecond-to-microsecond time scale,
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Figure 1. Comparison of one-bond '’N-'H residual dipolar couplings obtained for the WT SH3 domain from the Fyn tyrosine kinase
with those from the F20L (A) and F20V (B) mutant proteins. Amide >N AR, . values (defined in Materials and Methods) obtained
for the F20V protein (C). Inset is the dispersion profile for Val 20 with the points used to calculate AR, . identified by filled circles.
Pseudo first-order rate constants for transfer of amide protons to water measured for F20V and the WT protein (D). Cross-peak
intensities for exchange-mediated magnetization transfer are plotted as a function of mixing time for Glu 15 and Gly 34 in the inset.

the result is an increase in the effective relaxation rate of
N transverse magnetization. This contribution to R,,
termed R.,, may be suppressed by the application of 180°
pulses (Palmer et al. 2001). Backbone '°N relaxation dis-
persion data were collected for F20V with CPMG 180°
pulse repetition rates varying between 100 and 2000 sec™'
(vepmg = 50 to 1000). A representative dispersion profile
is shown in the inset to Figure 1C. Differences in R,
values between high and low vcpyg frequencies, AR, .,
calculated as described in Materials and Methods, cluster
between 0 and 1 sec™' and are plotted in Figure 1C. In
contrast, for the L99A mutant of T4 lysozyme, which ex-
periences millisecond time scale exchange between a major
and minor conformer (97% and 3% populated; Mulder et al.
2001), many amide resonances exhibit AR, . values of 10
to 20 sec™'. These data strongly indicate that large ampli-
tude motions on the millisecond-to-microsecond time scale
are not prevalent in F20V, and are unlikely to be present in
F20L and the WT protein as well, although as discussed
later in the text, "N Rlp relaxation rates for a small number
of residues in all three proteins are identified as containing
R., contributions.

In addition, we have characterized the rates of amide/
water hydrogen exchange for F20V and the WT protein
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using water magnetization transfer experiments (Hwang et
al. 1998). Because 'H atoms in the protein that are hydrogen
bonded exchange more slowly than those that are exposed
to the solvent, significant disruption of backbone hydrogen
bonds in the Fyn SH3 domain would likely produce an
increase in the number of sites undergoing rapid exchange.
Amide protons of eight residues (E15 K25 S31 E33 G34
D35 T43 T44) show rapid exchange in one or both of the
molecules. Pseudo first-order rate constants (protein to wa-
ter) for these residues are plotted in Figure 1D, and show
good agreement between F20V and WT, providing further
evidence against a significant increase in large amplitude
motions in the mutant relative to the WT protein.

Temperature dependent backbone dynamics

"N R,, (Korzhnev et al. 2002), R, and steady-state NOE
experiments (500 MHz 'H frequency; Farrow et al. 1994)
were recorded for uniformly N, 3C, and =50% °H iso-
topically labeled F20L, F20V, and WT protein samples at
5°, 15°, 25°, and 35°C. Relaxation data were interpreted in
the context of the Lipari-Szabo Model-Free formalism (Li-
pari and Szabo 1982), yielding an order parameter, S°\;;,
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per backbone amide. $°; can take values between 1 and 0,
providing a measure of the amplitude of internal dynamics
that are fast on the time scale of overall tumbling with lower
numbers corresponding, in general, to greater amplitudes of
motion. As well, effective correlation times, T,y for inter-
nal motions and Ty for molecular tumbling in solution,
were calculated for each '’N-'H pair for which well-re-
solved peaks in NMR spectra are obtained.

Based on the extracted Tgyy Vvalues, the R,, rates for
several residues, (S31, A39) in WT and F20L, (E5, A39,
A56) in F20V, were found to contain R., contributions,
according to the approach described in Materials and Meth-
ods. This is due to either structural fluctuations involving
the residues themselves or, alternatively, motions of nearby
groups. In particular, the high magnetic susceptibility an-
isotropy of aromatic side chains modulates the chemical
shifts of nearby nuclei in a conformation-dependent man-
ner. Notably, Ser 31, Ala 39, and Ala 56 are in proximity to
aromatic side chains in the WT X-ray crystal structure (Trp
37, Phe 26, and Phe 4, respectively).

In addition, Glu 33 and Gly 34 were identified as under-
going large-amplitude nanosecond time scale motions in all
three forms of the protein using criteria described in Mate-
rials and Methods; in F20V, Ser 32 was implicated as well.
These residues are located in the mobile N-Src loop, which
is also highly dynamic in the c-Src (Wang et al. 2001) and
Hck (Horita et al. 2000) SH3 domains. Extensive motion
has not been detected in '°N relaxation studies of SH3 do-
mains from Btk (Hansson et al. 1998), Sem-5 (Ferreon et al.
2003), and drk (Farrow et al. 1997) proteins. Because the
presence of R,, and nanosecond time scale motions can
compromise the reliable extraction of order parameters, '°N
relaxation-derived data for ES, S31, S32, E33, G34, A39,
and A56 have not been included in any further analysis.

As discussed in the Appendix, the order parameter of an
amide bond vector is related to its conformational entropy,
S.., with smaller values of S*;; corresponding, in general, to
greater amounts of entropy. S /k; values, calculated for each
backbone amide according to equation 16, show tempera-
ture-dependent increases that are related to individual con-
tributions to heat capacity, C,, from picosecond time scale
motions. Values of C,/kp were obtained on a per-residue
basis from linear fits of S /kgz versus In{T}, as described in
the Appendix, and are plotted as a function of residue in
Figure 2A. C,/kp values cluster between approximately 1
and 3 for all three proteins, which is comparable to, al-
though slightly lower than, results obtained for the villin
head-piece protein (Vugmeyster et al. 2002) and the B1
domain from protein G (Seewald et al. 2000). In what fol-
lows, if A and B are two measurements with errors dA and
dB, their difference is considered significant in cases where
IA — Bl = 1.96(dA” + dB*)", which is equivalent to a 95%
confidence level. In F20L, two residues (128 and 1.29), and
in F20V, seven residues (F4, L7, S19, F/V20, H21, 128, and

Y54) show significant increases in NMR-derived heat ca-
pacity estimates relative to the WT, and representative plots
of S./kg versus In{T} are presented in Figure 2B. No sites
show a significant decrease in C,,. Order parameters for the
affected residues differ in the mutant proteins compared to
the WT (S’\rooLv — Snmwr) by 0.024 at 5°C and by
—0.021 at 35°C, on average.

We have eliminated data for residues showing obvious
signs of millisecond—microsecond time scale conforma-
tional exchange or nanosecond time scale motions. Never-
theless, these processes are likely present for many residues
to some extent, and can influence the extracted values of
S%\n- Even if the deviations are less than the experimental
uncertainty of S%yy;, both R,, contributions to R,, and the
correlation times of nanosecond time scale motions can vary
systematically with temperature. Because the changes in
S%\ are very small over the range of temperatures studied
here (0.02 for the WT protein on average), caution must be
exercised in the interpretation of NMR-derived C, values. It
is clear, however, that regardless of the specific nature of
the motions, the temperature dependence of dynamics for
several residues are affected by the F20L and F20V muta-
tions.

Magnitude of backbone motions

To characterize backbone flexibility with optimal precision,
we have combined S%;; data at all four temperatures to
produce a single order parameter per residue for each of the
three proteins. Plots of S./k; versus In{T}, as in Figure 2B,
were interpolated at 25°C, and the values of SC/kB thus ob-
tained were reconverted to order parameters, S° interps Vi
equation 16. S* interp Values are plotted as a function of resi-
due number in Figure 2C, showing a remarkable degree of
conservation among the three proteins with correlation co-
efficients greater than 0.9 for both F20L and F20V data
relative to those of the WT. Nonetheless, eight residues (L7,
D9, E11, A12, R13, D17, F/L20, and Y54) are significantly
more mobile, and three (S19, K25, and E46) less mobile in
F20L compared to WT (25°C). In the case of F20V, 13
residues (L7, Y8, D9, El11, Al2, R13, D17, F/V20, K22,
G23, N30, T43, and Y54) show a significant increase in
dynamics, and three (S19, H21, and T44) show a statisti-
cally significant decrease. Many amides in the RT-Src loop,
comprising residues 7 to 24, show lower 52imerp values in
the mutants than in the WT protein. Thus, both F20L and
F20V mutations result in increased backbone flexibility at
the site of the substitutions. Slight decreases in backbone
flexibility, many of which are small in relation to the ex-
perimental uncertainties, are detected for the Distal loop
and the second B-strand in F20L and, to a lesser extent, in
F20V, compared to the WT. These regions are also in prox-
imity to the mutated residue, as is evident in Figure 5. The
responses of backbone dynamics are quite similar for the
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Figure 2. '°N spin relaxation derived estimates of NH bond vector heat capacity (C,/kp, described in the text) plotted as a function
of residue number for the WT SH3 domain from the Fyn tyrosine kinase and the F20L and F20V hydrophobic core mutants (A). Only
data where linear fits of S /ky vs. In{T} give x> < 5 for all proteins are included (x> = Xi,((S./kg); — In{T;}C,/k - Y)*/0?, o, is the
experimental uncertainty in (S /kz); measured at temperature T}, and Y is the y-intercept). '°N spin relaxation derived estimates of NH
bond vector conformational entropy (S./kz) for Ser 19, Phe/Leu/Val 20, and His 21 plotted as a function of temperature (T = 5°, 15°,
25°, and 35°C) for F20L, F20V, and WT proteins with linear fits indicated by dashed, dotted, and solid lines, respectively (B). Note
that NMR-derived entropy values do not include kinetic energy contributions, and therefore can assume negative values, unlike the total
entropy, which is positive for every bond vector. Backbone order parameters interpolated at 25°C from data at four temperatures plotted
as a function of residue (C). Only residues giving rise to well-resolved peaks for all proteins at all temperatures are included.

two mutations. A comparison of ASzimerp(FZOV—WT) versus
AS?erp(F20L-WT) values, shown in Figure 3A, has a cor-
relation coefficient of 0.78. The probability that a correla-
tion this strong could be observed for a sample this large
(n = 37) due to chance is very low, p = 1.4 x 107%,

Magnitude of side-chain motions

Experiments to measure the rates of decay of five deuterium
magnetization operators (Millet et al. 2002) were performed
at 25°C and 500 MHz 'H frequency on the F20L, F20V, and
WT protein samples that were also used for '’N measure-
ments. Relaxation rates were analyzed using the Lipari-
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Szabo Model-Free formalism (Lipari and Szabo 1982), gen-
erating for each methyl group an order parameter, S>
describing the orientational restriction of the *C-">C, .y
bond in the molecular frame. As well, an effective correla-
tion time for internal motion, T, ;. and for molecular ro-
tational diffusion, Tp s Was obtained for each methyl
group. No conformational exchange effects were detected
from an analysis of 1 ,;; values. Leu 42 was found to undergo
large-amplitude nanosecond timecale motions in both F20L
and F20V, while no %H relaxation data are available for this
residue in the WT protein due to spectral overlap of both Leu
42 '"H-"3C methyl cross-peaks. In addition, the yl methyl
group of Val 58 shows evidence of nanosecond time scale

axis?
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Figure 3. Comparison of changes in backbone order parameters, ASzimcrp,
(25°C) resulting from F20L and F20V mutations (A). Comparison of
changes in side-chain order parameters, AS?, ., resulting from the F20L
and F20V mutations (B); AS*(F20X-WT) = S*(F20X) — S*(WT),
X = L,V. Lines were fit to the data by least-squares minimization, ac-
counting for experimental uncertainties in both dimensions.

motions in the F20V mutant; consequently, data for this resi-
due were not included in any further analysis.

Order parameters for methyl groups where F20L, F20V,
and WT data are available are plotted in Figure 4A. Similar
profiles of side-chain flexibility are detected in the three
molecules, and comparisons of F20L and F20V 2, ;. values
with those of the WT give correlation coefficients greater
than 0.90 for both proteins. Differences in methyl dynamics
relative to the WT protein are similar for F20L and F20V.
A comparison of AS®_; (F20V-WT) versus AS?, ; (F20L-
WT) values, shown in Figure 3B, has a correlation coeffi-
cient of 0.80 with a high statistical significance
(p = 1.5 x 107*). The methyl group of Thr 43 becomes sig-
nificantly less mobile in both F20L and F20V compared to
the WT protein. Two methyl groups in F20L (A123 and
12881) and three in F20V (L7d2, 128581, and V55y1) show
significantly more motion than in the WT protein. Overall,
the F20L and F20V mutations produce slight increases in
the amount of fast time scale dynamics detected for side
chains. Of particular interest, five hydrophobic core posi-
tions contain methyl groups (A6, 128, A39, 150, and V55).
Not considering data for the alanine residues because these

report motions of the backbone, the six $%,,;, values of Ile
28, Ile 50, and Val 55 decrease relative to those of the WT
protein by, on average, 0.057(+0.02) in F20L and
0.064(+0.03) in F20V, where brackets denote the experi-
mental uncertainties of the mean differences. The corre-
sponding probabilities that the observed differences could
be due to chance are 1.3% and 1.7% for F20L and F20V,
respectively.

Good agreement among the three proteins is obtained for
effective internal correlation times, T, ;. plotted for the
WT versus corresponding F20L and F20V values in Figure
4B and C. A6B, A1203, and I50y2 are notable exceptions.
Ala 12 is located in the RT-Src loop where the '°N relax-
ation parameters of many amides indicate greater flexibility
in F20L and F20V than in the WT protein. The C3 and Cy2
methyl carbons of Ala 6 and Ile 50, respectively, are both
within 3.6 A of the nearest Phe 20 heavy atom in the WT
structure. Values of T, ;, are strongly influenced by rates of
methyl rotation, particularly for larger values of S°,;., and
it has been concluded in several investigations (Morishima
and lizuka 1975; Batchelder et al. 1983; Chatfield et al.
1998) that steric interactions largely determine methyl ro-
tation rates. Changes in 7, ,,;, are therefore likely due to
slight shifting of core side chains in response to the phe-
nylalanine to leucine and valine substitutions. The large
increases in T, ,;, values for A6B and I50y2 may reflect
increased intramolecular contacts involving these methyl
groups. The high sensitivity of T, values to structural
perturbations in this study identifies them as potentially
general probes of methyl environment in proteins. This is in
distinct contrast to backbone internal correlation times,
T, nu» Which show little correlation between corresponding
residues in F20L, F20V, and the WT protein.

Discussion

Amide '°N- and methyl >H-NMR spin relaxation data have
been used to calculate order parameters describing back-
bone (Szimerp) and side-chain (57,,;,) flexibility for the Fyn
SH3 domain as well as for F20L and F20V hydrophobic
core mutants. The differences in §%,,, and S°,,;, among the
three proteins are small in magnitude compared to the over-
all ranges of values observed for these parameters. This is
consistent with a study of relatively conservative hydropho-
bic core substitutions in the Bl domain of protein L that
found similarly small changes in fast time scale side-chain
and backbone motion (Millet et al. 2003). More disruptive
mutations have been reported to produce larger changes in
protein dynamics. For example, the L78K sequence variant
of thioredoxin shows globally decreased values of S%;; and
increased R, contributions to transverse '°N relaxation
compared to the WT protein (DeLorimier et al. 1996). Re-
placement of two buried leucine residues with alanine in the
four helix bundle ROP protein results in significantly in-
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Only methyl groups with well-resolved peaks in 'H-'>C correlation maps of all three proteins are included. Data for the WT protein

have been published previously (Mittermaier et al. 2003).

creased crystallographic B-factors for atoms of core resi-
dues (Vlassi et al. 1999). A protein G 1 domain with a
redesigned core 15% larger in volume than that of the WT
protein has a broadened 'H-NMR spectrum and more rapid
exchange of amide protons with those of H,O (Dahiyat and
Mayo 1997b). With this in mind, it is interesting to note that
F20V is less stable than F20L and shows greater overall
backbone and side-chain mobility. The Phe to Val mutation
is more disruptive than that of Phe to Leu because it intro-
duces branching of the PB-carbon and represents a larger
decrease in side-chain volume.

Both the F20L and F20V hydrophobic core mutants ex-
hibit slightly enhanced flexibility compared to the WT Fyn
SH3 domain. The increases in side-chain motion are par-
ticularly notable because a strong correlation between S2__;,
values and measures of local packing density calculated
from molecular structures was not observed for a database
of eight proteins (Mittermaier et al. 1999). In this study,
reduction of the volume of buried side chains correlates
with increased motion, indicating that steric interactions
within the hydrophobic core can influence side-chain flex-
ibility. The effects of the mutations on dynamics are corre-
lated such that both F20L and F20V substitutions tend to
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cause similar changes in the order parameter of a given
amide or methyl group, providing confidence in the dynam-
ics parameters. For the backbone, this mainly reflects the
large number of residues in the RT-Src loop, which includes
Phe 20, that show more mobility in F20L and F20V than in
the WT. Affected side chains are distributed more globally
throughout the structure, and it is not obvious why the dy-
namics of certain methyl groups are more sensitive to the
mutations. For example, the 81 methyl group of Ile 28 is
significantly more mobile in F20L and F20V than in the WT
protein and yet is more than 9 A away from the nearest Phe
20 heavy atom.

Differences in the conformational entropy of the mutant
proteins relative to that of the WT were estimated using
equation 16, focussing on amide and methyl groups for
which data are available in all three molecules, yielding
1.50 cal/mole/K for the backbone and 5.06 cal/mole/K for
the side chains of F20L, and 3.45 cal/mole/K for the back-
bone and 9.36 cal/mole/K for the side chains of F20V. The
corresponding changes in free energy at 25°C are —1.95
kcal/mole for F20L and -3.82 kcal/mole for F20V, sum-
ming backbone and side-chain contributions. These values
are large compared to changes in the free energies of un-
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Figure 5. Differences in order parameter values relative to those of the
WT Fyn SH3 domain (Aszinterw AS?,..) for F20L (A) and F20V (B) color-
coded on a ribbon representation of the WT X-ray crystal structure (1SHF;
Noble et al. 1993) with the locations of methyl groups for which *H
relaxation data exist in all three proteins indicated by spheres. The mutated
residue, Phe 20, is shown in ball-and-stick format. Regions of the backbone
or methyl groups with increased mobility are colored red. Those with
decreased mobility are colored blue. Greater changes in order parameters
are indicated by more intense colors and larger radii for both the ribbon and
spheres. Identities of methyl groups are indicated in (A) and locations of C*
atoms are shown in (B).

axis.

folding accompanying the substitutions, due in part to the
fact that the dynamics at individual positions are probably
not uncorrelated, as assumed in the analysis here. Never-
theless, it is likely that the contribution of conformational
entropy to the stability of the mutant proteins is greater than
for the WT.

The entropic stabilization of F20L and F20V relative to
the WT implies that the changes in enthalpy accompanying
the substitutions are even larger, because both mutants are
less stable than the WT protein. Disruption of interactions
directly involving the side chain of Phe 20 likely contribute
to the destabilization of F20L and F20V. Enhanced flexibil-
ity may play an additional role by modulating the strength
of interatomic contacts. For instance, Van der Waals inter-
actions are strongly distance-dependent and could poten-
tially be weakened by increased side-chain motion. Several

’H relaxation studies of SH2 domain peptide binding pro-
vide evidence for a link between NMR-derived order pa-
rameters and protein energetics (Kay et al. 1998; Finerty et
al. 2002). In these investigations, a positive correlation was
found between the contribution made by a side chain to the
affinity of an SH2 domain/ligand interaction and the extent
to which its motion is quenched in the bimolecular complex.
Hydrogen bonding could be similarly weakened by in-
creased motion because the strength of these interactions
depends upon the separation and orientation of donor and
acceptor groups. (Note that the similar rates of amide proton
exchange with water in F20V and the WT protein indicate
that hydrogen bonds present in the WT also exist in the
mutant.) It has been observed in a variety of systems that the
typical structural response of proteins to volume-reducing
hydrophobic core substitutions is subtle conformational re-
arrangements that minimize the size of the resultant cavities
(Richards and Lim 1994). The results presented in this
study, as well as those of others discussed above, indicate
that proteins show a common dynamic response to disrup-
tion of the hydrophobic core as well: an enhancement of
flexibility whereby the enthalpic penalty of weakening van
der Waals and hydrogen bonding interactions via higher
mobility is offset by an increase in entropy.

Very conservative hydrophobic core substitutions have
produced detectable changes in the dynamics of the Fyn
SH3 domain. Slowing of internal motions for two methyl
groups (A6 and I50v2) likely reflects increased contact of
these moieties with surrounding atoms. Slight increases in
the amplitudes of fast time scale dynamics are consistent
with a trend of hydrophobic core perturbations leading to
enhanced protein flexibility. Several amide groups with el-
evated NMR-derived heat capacity values in F20V and
F20L show decreased flexibility compared to the WT at low
temperatures and increased flexibility at higher tempera-
tures. This surprising result highlights the unique dynamic
information provided by NMR relaxation experiments and
underscores the need for further investigation.

Materials and methods

Sample preparation

DNA coding for the WT and F20L and F20V sequence variants of
the chicken isoform of the Fyn tyrosine kinase was obtained from
the laboratory of Alan Davidson (University of Toronto), and was
amplified by PCR from Val 1 to Asp 59 in the numbering scheme
of Larson and Davidson (2000). The PCR product was inserted
between Ncol and BgllII restriction endonuclease sites in a pET11d
(Novagen) expression plasmid with an ochre stop codon included
in the 3" PCR primer. Integrity of the construct was verified by
DNA sequencing. Freshly transformed Escherichia coli BL21 DE3
cells were innoculated into 1 L of 50% 2H20, M9 minimal media
with "*NH,Cl and '*C-glucose as the sole sources of nitrogen and
carbon, and grown at 37°C with aeration. Protein expression was
induced at an ODg, of 0.7 with the addition of 200 mg/L IPTG
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and allowed to continue for 4 h. Cells were harvested by centrifu-
gation, and lysis was achieved by two repetitions of sonication and
centrifugation. The supernatants were applied to an anion ex-
change column (DES52 resin, Whatman Group) and eluted with a O-
to 1-M gradient of sodium chloride. The appropriate fractions were
further purified using size-exclusion (Superdex G-75 prepacked
column, Pfizer-Pharmacia) and hydrophobic interaction chroma-
tography. The latter employed butyl-650M resin (Tosohaas, Tosoh
Corp.) and a 1.2- to 0-M ammonium sulfate gradient. The protein
was free from contaminants as established by overloaded SDS-
PAGE and the concentration was determined by absorbance at 280
nm using a theoretical extinction coefficient predicted on the basis
of the primary sequence (Pace et al. 1995). NMR experiments
were performed on 1.5 mM protein samples containing 50 mM
Na,PO, (pH 6.0), 0.05% NaN,, 0.2 mM EDTA, and 10% *H,0 at
25°C using a Varian Inova spectrometer operating at 500 MHz 'H
frequency. In cases where sample alignment was required, Pfl
bacteriophage (Hansen et al. 1998) were added to samples de-
scribed above to give a final concentration of 19 mg/mL.

Data analysis

All NMR spectra were processed using the NMRPipe/NMRDraw
suite of programs (Delaglio et al. 1995), and peak heights and
volumes were fit using nlinLS software (Delaglio et al. 1995). '°N
R, and R, rates (Farrow et al. 1994; Korzhnev et al. 2002) were
determined from decreases in peak volume as a function of relax-
ation delay and experimental uncertainties in rates were estimated
using the deviations of experimental values from the best-fit decay
curve. NOEs were calculated as the ratio of peak heights in "H-'°N
correlation spectra measured with a relaxation delay of 12 s (no
NOE) or 7 sec followed by 5 sec of 'H presaturation (NOE), and
errors were estimated from spectral noise. Lipari-Szabo Model-
free analysis (Lipari and Szabo 1982), was performed for (3-sheet
residues (3-6, 25-29, 3641, 47-57) to yield an effective correla-
tion time, T, \y, per amide. These values were used to fit global
anisotropic rotational diffusion parameters for each protein and
temperature in the quadric approximation limit (Bruschweiler et al.
1995) using the WT X-ray crystal structure of the human
protein(1SHF; Noble et al. 1993) and software available from the
research group of A.G. Palmer (Columbia University). The data
were insufficient to precisely define the orientation of the diffusion
tensor relative to the molecular structure, resulting in large experi-
mental uncertainties (=30°) in Euler angles. Because the choice of
diffusion tensor can affect the values of extracted order param-
eters, we preferred to fit individual diffusive correlation times on
a per-residue basis to avoid systematic errors in comparisons of
order parameters between different proteins. S\, T, nu» and
Tr.nu Parameters were varied in Lipari-Szabo fits for each amide
bond vector at each temperature to minimize the fractional devia-
tions of predicted and experimental relaxation measurements. Un-
certainties in experimental rates were propagated to S values,
and in turn, to S/k, C, and 82imcrp values (see below) by Monte
Carlo simulations of 1000 iterations.

Five ?H spin relaxation rates (Millet et al. 2002) were calculated
per methyl group from decreases in peak volume as a function of
relaxation delay, and experimental uncertainties in rates were es-
timated using the deviations of experimental values from the best-
fit decay curve. %, ., T and T, .;, parameters were obtained
from experimental relaxation rates by nonlinear least-squares op-
timization; errors in the rates were propagated to the model-free
parameters by Monte Carlo simulations of 1000 iterations. For the
reasons discussed above, T ..;; Was fit on a per-methyl basis.

e,axis?
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Simulations in our laboratory indicate that T values are signifi-
cantly overestimated in the presence of conformational exchange.
For example, using the global correlation time obtained for the WT
protein at 25°C (3.34 nsec), an R, contribution of 2 sec™" leads to
overestimation of Ty by 1.4 nsec. In contrast, when nanosecond
time scale motions are superimposed over the fast internal motions
reported by S%;;, apparent T, parameters are significantly smaller
than their true values. This effect has also been seen in the analysis
of 2H relaxation data (Millet et al. 2003). We have therefore as-
sumed that residues undergo conformational exchange or large-
amplitude nanosecond time scale motions when Ty Ny and Tg i
values deviate by more than three standard deviations (o) from the
mean (), averaging over all T,y O Tp ., values of a given
protein at a given temperature, with the sign of the deviation
indicating either exchange or ns motions. To obtain estimates of .
and o that are free from potential bias due to outlying points, we
have employed cropped samples in which the greatest and least
20% of the data are discarded. It is straightforward to show nu-
merically that for normally distributed data, the standard deviation
of the cropped sample is, on average, 0.463 times that of the full
sample, while the means of both samples are identical. In the
screening procedure described above, we thus take p to be the
mean of the cropped sample and o = o,,,,/0.463.

'>N-"H residual dipolar couplings (‘D) were obtained from
HSQC-IPAP spectra (Yang and Nagayama 1996; Ottiger et al.
1998) collected at 25°C; peak positions were quatitated using nmr-
Draw. Fitting of residual dipolar couplings to the first molecule of
the X-ray crystal structure (1SHF; Noble et al. 1993) was accom-
plished with in-house software. The quality (Q) factor was calcu-
lated according to Clore and Garrett (1999)

‘\/E(leNrIE:Idicted _ ngbI;erved)Z/N
,4+3R?
D
5

Ko fiynYu
D,=-(— A 1
! (8”2)< r3 ) ¢ ( )

where A, and R are the magnitude and rhombicity of the molecular
alignment tensor, respectively, and N is the sample size.

5N relaxation dispersion experiments (Loria et al. 1999) were
performed at 25°C and 500 MHz ('H frequency) for the F20V
protein with a constant relaxation delay, 7, of 40 msec and
Vepmg = 1/(27) values of [50, 100, 150, 200, 250, 300, 350, 400,
500, 600, 700, 800, 900, 1000] msec, where T is the time between
180° pulses. Duplicate measurements were made for
Vepme = [150, 500, 1000] msec. R, . values were calculated
according to

Q:

Vv
Ry epr= _ln{vo} T 2

where V is the volume of a 'H-'’N cross-peak obtained with a
given vepyg frequency, and V, is the volume of the corresponding
cross-peak in an experiment with the relaxation delay, 7, set to
zero. AR, i values are defined as

1
ARz,eff = Z

<R2,eff(50) + Ry ee(100) + Roe(150), + R, oe(150);, >
_RZ,eIT(SOO) - R2,eff(900) - RZ,eff(lOOO)a - R2,eff(1000)b
3)

where R, .¢{(Vepma)a,, indicates duplicate experiments.
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The rates of 'H exchange between water and protein amide sites
in the F20V and WT proteins were studied at 25°C using the
experiment of Hwang et al. (1998), employing mixing times, T,
of [14, 22, 29, 37, 43] msec. Pseudo first-order rate constants, kpw,
for the transfer of amide protons to water were extracted from the
mixing time dependence of "H-'°N cross-peak volumes, V,

V_ I Ko 1 R, +k 4
VO_Rp+kpw( —exp{—( p Tt pw) 1-mix})v 4

where V|, is the volume of the corresponding cross-peak in an
HSQC correlation spectrum, spin relaxation of water protons is
assumed to be negligable, and R,,, the effective relaxation rate of
amide protons is fit together with k,,,. Saturation of proton mag-
netization is taken into account by the parameter f; values of
f = 0.71 were obtained for both F20V and the WT protein. A
given amide site was defined as undergoing rapid exchange if V/V,,
exceeded 0.01 during the mixing period.

The statistical significance of the difference between two ex-
perimental measurements, A and B, with normally distributed er-
rors, dA and dB, was calculated from the normal deviate, Z, de-
fined as (Zar 1984):

IA-B
Z=—— (5)
\/ dA? + dB?

The probability that a value of Z as large or larger than the one
observed could be obtained due to chance is calculated from twice
the area of the unit normal distribution (with a mean of zero and
standard deviation of one) lying above Z

2 ¢
p(Z) = \/;fe “2dx =1 —erf(\%), (6)

where erf'is the error function (Press et al. 1988). A Z-value of 1.96
corresponds to p(Z) = 0.05 (with 2.5% of the unit normal distri-
bution lying above 1.96 and 2.5% lying below —1.96), and thus in
cases where |1A — BI=1.96(dA” + dB*)'?, the difference, |A — Bl is
considered to be significantly different from zero. For the six
methyl groups of hydrophobic core residues Ile 28, Ile 50, and Val
55, Z was calculated according to

<AS§xis>
LT uas.y @

axis,
where (AS?, ..} is the mean difference in order parameter between
either F20L or F20V and the WT protein and d(AS?,..) is the
experimental uncertainty of the mean difference. The statistical
significance, p, of correlation coefficients, r, was calculated from

the Student’s 7-distribution according to Press et al. (1988)

N-2 ®
t=r
1-r
and
N-21
p=l v (53 ©)
N—2+t2

where N is the sample size and / is the incomplete 3 function.
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Appendix

The diffusion-in-a-cone model for calculating
the heat capacity of NH bond vectors

I5N spin relaxation-derived order parameters provide quantitative
measures of the orientational restriction of NH bond vectors on a
picosecond time scale. They can be related to the contributions that
motions of individual amides (on this time scale) make to the total
entropy and heat capacity of proteins. Here we discuss the diffu-
sion-in-a-cone model that has been previously used in our labora-
tory to fit S%, data and estimate the values of thermodynamic
parameters, and briefly compare this approach to the recently de-
scribed method of Vugmeyster et al. (2002).

The probability density, p, that an NH bond vector assumes a
given orientation (0,¢), is related to the potential energy, E(0,p),

such that
. —E(0,9)
Pl kT

2w (n [E0.9)]
fo fo exp{ KT }smea’edqo

where kg is Boltzmann’s constant, 7 is the temperature in Kelvin,
and 0 and ¢ are the polar angles of the bond vector expressed in a
frame of reference rigidly attached to the protein. For convenience,
the z-axis is defined to be parallel to the mean orientation of the
bond vector. Ignoring contributions from kinetic energy, the con-
formational entropy of the bond vector is given by (Yang and Kay
1996):

p(0,¢) = (10)

2m

S.=—kg ffp(ﬁ,cp)ln{p(e,cp)}sinededcp 11
00

and for axially symmetric motion, in which the potential energy
function is independent of the angle ¢, the NMR order parameter
obtained from Model-free analysis of '°N relaxation data is (Lipari
and Szabo 1982)

w

1
S=3 f (3 cos®0 — 1)p(8)sin6de, (12)

0

where it is understood that p(0) is normalized, that is: f“{)p(e)sinede
= 1. Equations 11 and 12 have been used to derive analytical
expressions relating NMR-derived order parameters to changes in
free energy (Akke et al. 1993) and entropy (Li et al. 1996; Yang
and Kay 1996). For example, if an NH bond vector reorients
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isotropically within a cone of semiangle B (E(0) = E,, 6 = f3;
E6) = », 6>p),

p(B.¢) = (2m(1 —cosB))™" 0=B; p(6,¢)=0, 6>, (13)
S. = kg - In{27(1 — cosB)}, (14)
S= %COSB(I + cosP), (15)

and

S.=kg - In{m(3-"\/1+89)}. (16)
Temperature-dependent changes in order parameter values can be

related to the heat capacity of the bond vector, defined according
to Zemansky and Dittman (1981):

) dQ) NI aU) aw
C,= <ﬁ . (am{r})F = T( 8T>p_ <ﬁ T (ﬁ)l,m)

where Q is the heat absorbed by the bond vector, W is work
performed by the bond vector on the surroundings, and U is the
internal energy of the bond vector which, neglecting kinetic energy
contributions, is (E(8,¢)). Recently, it has been proposed that NH
bond vector motions are governed by an axially symmetric, tem-
perature-independent potential energy function (Vugmeyster et al.
2002). In this approach, (dW/dT), = 0 and

(18)

14

c - ( ﬂ]) _(E(0,9)*) = (E(0,9))*
aT/, kT2 ’
Equations 10 and 12 can be used to fit §%;; values obtained at
two or more temperatures to parameters describing the depth and
the half-width at half-height of the potential energy well (Vug-
meyster et al. 2002).

It is not necessarily the case that E(0,¢) is temperature-indepen-
dent. In fact, potentials of mean force for NH bond vector motions
calculated from molecular dynamics simulations have shown non-
negligible dependence on temperature (Massi and Palmer 2003). If
entropy values are known at several temperatures, then the heat
capacity of the bond vector may still be calculated according to
equation 17, irrespective of the temperature dependence of the
potential energy function, E(6,¢). Changes in E(0,¢) are equiva-
lent to work performed by the bond vector on the surroundings or
vice versa. The diffusion-in-a-cone model, described above, pro-
vides a simple example of this scenario. From equations 14 and 17
it follows that

—= . — (19)

and

aw sinf 1 8U>
%—kBT'—l_COSB'<1—Fp<ﬁ p). (20)

For §?\y = 0.8 (B = 22°), C,/kz = 3, and (0U/OT), = O,
equations 19 and 20 give dW/df = 54 cal/mole/degree and dp/
dT = 0.11 degrees/K at 300 K. Although the model does not pre-
dict how C, varies with temperature, plots of S, (calculated using
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equation 16 and summing over all residues) versus In{7} are
highly linear (R* = 0.977, 0.923, 0.997, for WT, F20L, F20V),
indicating that C,, is constant over the range of temperatures stud-
ied here to good approximation. Notably, the harmonic oscillator
and maximum-entropy (Vugmeyster et al. 2002) models also do
not predict significant variation of C,, with T over the temperature
range normally studied. In the case of a quadratic potential,
E®) = ab?, C, is equal to k for all values of « and at all tem-
peratures (in the limit that p(6 = 180°)=0; Li et al. 1996; Vug-
meyster et al. 2002). The maximum-entropy potential energy func-
tion proposed for NH bond vector motions also gives a nearly
linear relationship between S, and In{T} (R* > 0.99 for the range
of temperatures used in this study). Therefore, we have obtained
C,, on a per-residue basis from linear fits of S /k, (calculated using
equation 16) versus In{T}.

NMR-derived entropy and heat capacity values must be inter-
preted with several caveats in mind, irrespective of how such
values are calculated. First of all, NMR-derived entropy values
reflect only dynamics that affect spin relaxation; motions much
slower than overall tumbling or those that occur about an axis of
rotation parallel to the bond vector itself will not be accounted for.
For example, a recent study found that '>C’-'>C* order parameters
showed significantly greater temperature dependence than those of
'>N-'H bond vectors (Wang et al. 2003). Although both param-
eters describe flexibility of the backbone, it is clear that the modes
of internal dynamics observed are different; NMR-derived entropy
and heat capacity values may depend on the type of nucleus that is
used as a probe of dynamics. Second, if the internal motions of two
vectors are correlated, then their combined entropy is less than the
sum of their individual values. The total entropy of NH bond
vectors in a protein is therefore likely to be much less than the sum
of the individual NMR-derived estimates.
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