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Abstract: Physiological processes such as protein folding and molecular recognition are intricately
linked to their dynamic signature, which is reflected in their thermal coefficient. In addition, the
local conformational entropy is directly related to the degrees of freedom, which each residue
possesses within its conformational space. Therefore, the temperature dependence of the local
conformational entropy may provide insight into understanding how local dynamics may affect the
stability of proteins. Here, we analyze the temperature dependence of internal methyl group
dynamics derived from the cross-correlated relaxation between dipolar couplings of two CH bonds
within ubiquitin. Spanning a temperature range from 275 to 308 K, internal methyl group dynamics
tend to increase with increasing temperature, which translates to a general increase in local
conformational entropy. With this data measured over multiple temperatures, the thermal
coefficient of the methyl group order parameter, the characteristic thermal coefficient, and the
local heat capacity were obtained. By analyzing the distribution of methyl group thermal

coefficients within ubiquitin, we found that the N-terminal region has relatively high thermostability.
These results indicate that methyl groups contribute quite appreciably to the total heat capacity of
ubiquitin through the regulation of local conformational entropy.
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Introduction

The intricate relationship between structure, func-
tion, and dynamics strongly influences such funda-
mental physiological processes as protein folding,
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molecular recognition, and thermal stability. All of
these processes occur with concomitant changes in
the thermodynamic parameters of the system, specif-
ically the enthalpy (H) and the entropy (S). The
linkage between the temperature dependence of H
and S is expressed by the heat capacity (Cp).l’2 Con-
tributions to the C}, of a protein include hydration of
solvent exposed surface area, covalent bonds, elec-
trostatic interactions, and hydrogen bonds. In
addition, the local conformational entropy (Sconr) of
residues within a protein must also be considered.
The term S ¢ is directly related to the degrees of
freedom each residue possesses within the three-
dimensional protein structure. Therefore, an under-
standing of the dependence of S..,,r on temperature,
encapsulated by C,, yields insight into the role local
dynamics play in controlling the stability of
proteins.

Published by Wiley-Blackwell. © 2012 The Protein Society



Nuclear magnetic resonance (NMR) spectros-
copy provides a potent tool for characterizing such
local dynamics with atomic resolution on multiple
time-scales. Analysis of spin-lattice relaxation (74),
spin-spin relaxation (Ty), and steady-state nuclear
Overhauser enhancements® with the “model free”
formalism introduced by Lipari and Szabo allows the
extraction of a general order parameter (S?) that
describes the amplitude of the individual bond
vector motions on the ps to ns time-scale.*?
The relationship between S? and Scons results from
the dependence of both parameters on the popula-
tion distribution of bond vector orientations.®®
By measuring relaxation data at multiple tem-
peratures, the temperature dependence of S?
ultimately provides the local C, for each bond
vector.9 13

An important probe ideally suited for providing
fundamental insight into protein folding, stability,
and recognition are methyl groups. Located primar-
ily within the hydrophobic core of proteins, methyl
groups are typically quite numerous, well dispersed
throughout the core, and possess a wide variety of
motional amplitudes.®* ¢ For these reasons, deter-
mining the methyl group order parameters (Sixis)
provides an avenue for understanding how methyl
dynamics on the ps to ns time scale are related to
protein stability. To obtain Szxis, typically the methyl
groups in a protein are deuterated (—CHyD or
—CHDy) for performing deuterium relaxation meas-
urements.!” ' An alternative to this approach is to
utilize cross-correlated relaxation (CCR) between
dipolar couplings of two CH bonds (o) in the methyl
group for extracting ngis.20,21
An inherent advantage to determining SZ2
from o versus deuterium relaxation is the savings in
measurement time, especially important for meas-
uring SZ . at many different temperatures. In the
past, S2.. calculated at one temperature point with
deuterium relaxation studies could take up to 1
week due to the requirement of data being recorded
at two fields.’” Recent advances in determining S2.
from the measurement of five relaxation rates for
—CH,D' and four relaxation rates for —CHD,'® has
effectively reduced the amount of time necessary to
obtain the same information to ~1 day. Yet, ngis
derived from o can require as little as 1 h of mea-
surement time and, thus, is ideally suited for study-
ing the temperature dependence of Sixis.

Here, we report the temperature dependence of
the methyl group order parameters derived from the
CCR between dipolar couplings of two CH bonds in
ubiquitin. From these measurements, we calculate
the thermal coefficients characterizing this tempera-
ture dependence, specifically the characteristic ther-
mal coefficient A and the local heat capacity C,. Fur-
thermore, we analyze the distribution of methyl

group thermal coefficients within ubiquitin, illus-
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trating the relatively high thermostability of the N-
terminal region of this protein.

Results and Discussion

Methyl group CCR

Two dimensional constant time 2C, 'H HSQC meas-
urements without decoupling of 'H during *C-chem-
ical shift evolution leads to splitting of the methyl
group 3C signal into a quartet.?>?3 The peaks in
the quartet are separated by the J-coupling constant
for C—H bonds in a methyl group (Jcy = 125 Hz).

The quartet represents the four coherences
of CleocHZ:xHS:x, Cx(HlﬁHZaHS:x + HluH2ﬁH3a+
Hy,Ho,Hsg),  Cy(HipHopH3, + HyoHogH3g + HipHo,

Hgﬁ), and Cx(HlﬁHQBHgg) and their intensity ratio
(s Lo : I+ I o) s 3:1:1:3 in the absence of relax-
ation.?>?* With the contribution of the transverse
relaxation rate (R”,.),25 the intensities can be
expressed as:

-R A
Is x3e e

—Rop, A
Iﬁ[j xe 22p

Ry, A (1)
Iaﬁz xe 2

~Roy . A
I o< 3e

where A is the length of the constant time period.

By considering the dipolar coupling and
chemical shift anisotropy (CSA), Rz; can be ex-
pressed as: 202°

R2,Iﬁ3 =A+30+2n

2
Rappy =h—oc+3gn
(2)

2
RZIsz = }\,— G—gﬂ

R2,Iﬂ3 =A+30c—2n

where A is the rate of the autorelaxation and o and
n are the rate of the CCR between dipolar couplings
of two CH bonds and between dipolar coupling of
CH and CSA of the '3C nucleus, respectively. Thus,
the CCR rate between dipolar couplings of two CH
bonds can be determined experimentally from the
intensities of the quartet,?®

1 91(12'31&32
Oobs = Sjlnm . (3)

Here, we report the temperature dependence of
Gops for the methyl groups of uniformly '°N, 13C-la-
beled human ubiquitin extracted from a series of 2D
constant time 3C, 'H HSQC measurements at four-
teen temperatures: 275, 278, 281, 283, 286, 288, 291,
293, 296, 298, 301, 303, 305, and 308 K. Ubiquitin
possesses 50 methyl groups residing in 30 residues.
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Figure 1. Constant time '*C, "H HSQC spectrum of
uniformly '°N,"3C-labeled human ubiquitin recorded at a
proton frequency of 700 MHz and a temperature of 275 K.
The concentration of ubiquitin was 3.6 mM in 90%/10%
H,O/D,0, containing 50 mM sodium phosphate at pH 6.8,
100 mM NaCl, and 0.1% NaNs. The constant time duration
and INEPT delays were set to 27.8 and 2 ms, respectively.
The spectrum was recorded with 1024 and 128 complex
points in the direct (t;) and indirect (t;) dimensions,
respectively, with eight scans per t; increment. The t; nax
and tp max Were 24.3 ms and 113 ms, respectively.
Frequency discrimination in the indirectly detected
dimension was achieved with the States-TPPI scheme.*?
The spectrum was processed with NMRPipe software.** 1D
slices of selected quartets are illustrated together with the
corresponding coherences for each peak in the multiplet.

Immediately clear from the measurement at 275 K
(see Fig. 1), the peaks in the highlighted quartets
are well resolved, despite the increase in 1, accompa-
nied with lowering the temperature. In addition,
even at 275 K, a significant amount of motion is evi-
dent for the methyl groups of ubiquitin, especially
for L8531 whose quartet approaches the ideal 3:1:1:3
intensity ratio.

For nearly 50% of all methyl groups in ubiqui-
tin, Eq. (3) was used to calculate o, at each of the
14 temperatures. The results are compiled in Sup-
porting Information Table SI. For the remaining 28
methyl groups, either spectral overlap becomes prob-
lematic due to the chemical shift differences between
methyl group carbons being similar to Jcg, 2JcH, or
3Jcon and/or strong coupling is present between
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the & and v carbons in leucine as reported for L1531,
L4381, L5081, L5651, and L6932.*' In addition, we
only analyzed methyl groups whose quartets were
not overlapped with other methyl group quartets
over the entire temperature range (275-308 K).

As evident from the range of o, at each tem-
perature, the methyl groups exist in a wide array of
environments. Variations in the mobility of the
methyl group contribute to the observed differences
in ogps. It should be noted that studying the temper-
ature dependence of methyl group dynamics with
deuterium relaxation studies,!”!%2¢ though more
time consuming, enables many more methyl groups
to be analyzed due to significantly less spectral over-
lap. Nevertheless, with the wide availability of resi-
due selective methyl group labeling,2"~2° which now
even includes stereospecific selection of methyl
groups,’® we anticipate this approach being applica-
ble to proteins larger than ubiquitin.

Quantification of methyl group dynamics

in ubiquitin

The experimental CCR rate can be used to extract
the methyl group order parameter (ngis) by compar-
ing Gops With the theoretical value of the CCR (oyigia)

in the absence of local motions®%2%31:

S2 _ Oobs (4)

axis
Origid

2
1 (pohvuve 31,
Origid = = | o€ ) (20, +——C | (B)
T ( 8n2riy T 2(1+ (wete)?)

where L is the permeability of a vacuum, A is the
Planck constant, y;y and yc are the gyromagnetic
ratios of 'H and '2C, respectively, rcy is the CH
bond length, o¢ is the Larmor frequency of *C and
2 . is a dimen-
sionless quantity utilized for describing the ampli-
tude of motions for the methyl group.2’ Values for
S2.., range from O to 1, where 1 represents a rigid
methyl group and zero represents unrestricted local

1. is the rotational correlation time. S

motion.

For determination of oyigq with Eq. (5), the
methyl group C—H bond length (rcy) was taken as
1.095 angstroms, tetrahedral geometry assumed and
the 1. of ubiquitin at each temperature is reported
in Supporting Information Table SII. With G,ig4, We
calculated ngis with Eq. (4) for all 14 temperatures,
presented in the Supporting Information Table SII.
Figure 2 illustrates the correlation of calculated S2
at a selected set of temperatures. Readily apparent
from the figure is the high degree of correlation for
SZ

24s over these temperatures. For every pair-wise
combination of S2

Zs>» the Pearson correlation coeffi-
cient is r > 0.98. Since ngis has a linear dependence
on T, the high correlation between SZ . at all the
temperatures suggests that uncertainties arising

Ubiquitin Methyl Group Thermal Coefficients
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Figure 2. Correlations between methyl group order parameters
(ng,s) of ubiquitin determined at multiple temperatures. (A) 283 K
vs. 275K, (B) 293 Kvs. 275 K, (C) 303 K vs. 275K, (D) 283 K vs.
281K, (E) 293 Kvs. 281 K, and (F) 303 K vs. 281 K. The solid
line represents the best fit. The error bars for S2,; in both
dimensions are included and in many cases are smaller than

the symbol size. The Pearson correlation r is also shown.

from each experimental measurement are consistent
over the entire data set. Figure 3(A) presents the
correlation plot of S  values from CCR measure-
ments versus S2; extracted from the rates of multi-
ple spin coherences involving ?H in the methyl
group, both at 303 K.26 Figure 3(B) is the correlation
plot of the currently reported Sax‘S at 301 K versus
S2., extracted from methyl group 3¢ spin-lattice
(Ty) relaxation rates and o modulated by the one
bond C—H coupling constant (Jcy) measured at
300 K.2! For both comparisons, the Pearson correla-
tion coefficient is high, 0.96 and 0.97, respectively.
The agreement between SaleS obtained by three inde-
pendent studies coupled with the high correlation for
S2.. over the entire temperature range provides
strong confirmation that the temperature dependence
of 2, can be studied using this method. It is impor-
tant to point out that deviations from the diagonal
most likely indicate small differences in experimental
setup, such as sample conditions, slight temperature
variations, and/or measurement error. Most impor-
tantly, we have significantly reduced the total amount
of time required to obtain this information. With
methods involving 2H labeling of methyl groups,'™*°

R, and Ry relaxation rates are typically measured in
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order to extract S2.. at one temperature. As for o

axis
modulated by the one bond C—H coupling constant
(Jem), Sax1s determined at one temperature needs a
series of 2D constant time °C, 'H HSQC measurements
with increasing delay times.2! However, with the present
method, one temperature point requires only one 2D
constant time °C, 'H HSQC measurement.
Finally, the time-scale of motion encompassed by

S2 .. is faster than the 1. of ubiquitin, describing ps to
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Figure 3. Comparison of S2, in ubiquitin determined from
different methods. A: Correlation between S2, obtained
from this study using dipolar CCR between CH bonds in
the methyl group versus S2,; extracted from the rates of
multiple spin coherences involving 2H in the methyl group.2®
In both cases, S2,;; was obtained at 303 K. B: Correlation
between S2,,; obtained at 301 K from the present study
versus S, extracted at 300 K from methyl group '*C
spin-lattice (T4) relaxation rates and dipolar CCR modulated
by the one bond C—H coupling constant (Jo).2" In both
figures, the dashed lines represent the best fit to the data.
The error bars are included in both dimensions. The

Pearson correlation r is also indicated in the figures.
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Table I. Thermal Coefficients Extracted from Methyl
Group Order Parameters (S2_.) Within Ubiquitin®

axis

K(x 102K P A Cp (J K 'mol H)*
1372 -2.9 + 04 75+ 1.4 52.7 = 11.9°
1351 -2.5+ 0.4 32+ 05 27.3 = 4.5
T772 ~0.8 = 0.5 1.0+08 8.5+ 7.9
L8351 -2.3 0.2 1401 131+ 11
T9y2 -3.0 0.3 2.7+ 0.1 234 = 2.8
T12y2  —4.4 = 04 48 = 0.4 415 = 4.9
131  -3.2*03 2.5 * 0.2 22.4 * 2.3
Vi7y2  -31*04 4.0 = 0.4 34.7 + 4.3
T22y2  —-33 * 0.5 8.1+ 0.4 59.7 * 14.1°
12372 —2.3*04 55+ 1.1 43.9 * 11.4
12351  —4.3 04 3.1+0.2 27.6 = 2.6
13672 0.1=04 -0.8+03 6937
13651  —2.8 = 0.3 2.2 0.2 19.8 + 24
L4352 3.6 = 0.4 2.6 0.2 23.4 * 24
14451  —2.6 = 0.3 15+ 02 148 = 1.7
L5052  —5.4 * 0.6 7.5+ 0.6 64.5 = 7.7
L5652 5.2 * 0.5 5.7+ 0.4 49.3 = 4.9
16172  —25*0.3 4.7+ 0.6 39.5 = 6.6
16151 5.7 = 0.4 46 0.3 40.4 = 3.0
L6752 2.1+ 0.2 12+01 1.8+ 12
V70y2  -23*0.3 14+01 134+ 15
L7351 0.0 = 0.1 02 *0.1 16+ 0.7
Average —-2.9 1.5 3.4+ 24 28.5 = 18.9

2 All errors were determined from 500 Monte Carlo simula-
tion runs.

® The temperature dependencies of S2
obtained from the slope of a linear fit of S
perature (7T).1%

¢ The characteristic thermal coefficient A was obtained
from the slope of a linear fit of (1 — /S% ) versus InT. !

4 The heat capacities (C,) were obtained from the slope of a

ds?.
(x = ﬁh) were

2
axis versus tem-

linear fit of the conformational entropy (Scone) versus InT,3*

where Seonr = kBNA{ln n{S — /148, /ngis} }8'9 kg and Ny
are the Boltzmann constant and Avogadro’s number,
respectively.
© For these methyl groups, only S2. from temperatures
between 283 and 308 K were used for the fitting procedure
due to the requirement of S2, < 0.95 for determining
Sconf 8-
fFor this methyl group, only ngis from temperatures
between 278 and 308 K were used for the fitting procedure
due to the requirement of S2 . < 0.95 for determining of
8

axis
S, conf -

ns dynamics. An earlier study from our group has deter-
mined the methyl group RDC-based order parameters
S2¢ for ubiquitin,?® which reflect time-scales from ps
to ms. When comparing the two sets of order para-
meters at 308 K, the average values of SZ;, and S,
are 0.59 + 0.21 and 0.43 * 0.25, respectively, with a
Pearson correlation coefficient of r = 0.84. Clearly, the
methyl groups possess additional dynamics on a slower
time-scale than encapsulated by S2 ...

Analysis of the temperature dependence
of S2,,. in ubiquitin
To quantify the temperature dependencies of SZ _, the

thermal coefficient ¥ was taken from the linear fit of

366 PROTEINSCIENCE.ORG

2.6/dT))."® Table I
and Figure 4 present the results of the fitting proce-
dure. An overall decrease is observed in S2, as the
temperature increases from 275 to 308 K. The aver-
age value of k is —(2.9 = 1.5) x 1072 K, which is
quite comparable to the value of —(2.6 + 1.1) x 1073
K~! reported previously for ubiquitin over the larger
temperature range of 278-328 K.!® Furthermore,
similar trends in the deviation of S2,, with tempera-
ture are also observed for calmodulin bound to a
peptide.'® Figure 5(A) illustrates the distribution of
k within ubiquitin (1UBQ).® The largest x values
are clustered around 16151, spatially near the N-ter-
minus of ubiquitin, and progressively decrease
toward the C-terminus of the protein.

The characteristic thermal coefficient A =
dIn(1-,/S2,)/d InT temperature
dependencies of the generalized order parameter, in
this case ngis, to the characteristic temperature
(T%).1%M The term T* describes the density of ther-
mally accessible conformational states.!® Table I
presents the results for the determination of A,
which correlates with k (Pearson coefficients of r =
0.7). The average value of A (3.4 * 2.4 compared
with 2.3 + 1.0 previously reported for ubiquitin over
the larger temperature range of 278-328 K'9) indi-
cates that there is significant contributions from
rotameric state dynamics.!* In Figure 5(B), A is
plotted on the structure of ubiquitin. As with «, the
largest values of A are located in the N-terminal
region of ubiquitin. Toward the C-terminal region a
progressive decline of A is visible.

S2 ., versus temperature (x = (dS?

relates the

Determination of the C, from the temperature
dependence of the conformational entropy

An approximate relationship between the conforma-
tional entropy (Scons) and S2... is

axis

Seconf = kBNA{ln T |:3 —\/1+ 8\/S§X18:| }, (6)

where kg is the Boltzmann constant and N, is
Avogadro’s number.® The heat capacity (C}) obtained
from the temperature dependence of S.,,¢ is defined

8534

_ dsconf
P dn T’

(7

Table I presents the values of C,, for the methyl
groups in ubiquitin for the temperature interval of
275-308 K. For 22 methyl groups in ubiquitin, we
report an average C, of 28.5 * 189 J K ! mol™t.
For the drkN SH3 domain, similar values for the
methyl group C, were obtained: 17 * 12 J Kt
mol ! and 33 + 23 J K~ ! mol~*! for the temperature
intervals 287-303 K and 278-287 K, respectively.®

Ubiquitin Methyl Group Thermal Coefficients



As measured by differential scanning calorimetry,
the global C, for ubiquitin was ~12.6 kJ K ! mol?!
at 298 K.%% In this study, the summation of all the
individual methyl group C, equals 626 J K! mol™L.
Keeping in mind that this value does not include the
contributions of 28 additional methyl groups where
C, could not be determined, these results suggest
that the total methyl group C, makes a ~10% con-
tribution to the total C, of ubiquitin. It should be

2.
axis
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axis

2
axis

2.
axis

280 290 300

Temperature (K)
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noted that a majority C,, can be determined from the
primary sequence of proteins.! Since 16% (200 out of
1231) of all atoms in ubiquitin are from the methyl
groups, the ~10% contribution for the methyl groups
to the total ubiquitin C, seems to be a reasonable
estimate. Figure 5(C) presents the distribution of C,
in ubiquitin. The largest values of C,, as with k and
A, are located spatially near the N-terminus of the
protein, which is the part of the hydrophobic core of
the protein.

Insight into the thermal stability of ubiquitin
from the distribution of thermal coefficients

A striking feature regarding the distribution of the
thermal coefficients is the concentration of the larg-
est values near the N-terminus of the protein. For
these methyl groups to be located within the core of
the protein may appear first at to be counterintui-
tive. Flexible regions tend to populate additional
states more readily (especially upon an increase in
thermal energy) and thus, would potentially possess
larger than average C,, values. In addition, several
studies indicate that the N-terminal region of ubig-
uitin, specifically the a-helix and the turn between
B-strands 1 and 2, is quite resilient to temperature
fluctuations®®3” and comprises the core structural
elements that form first during ubiquitin fold-
ing.®®%® However, investigations into the tempera-
ture dependence of NH order parameters for several
thermo-stable proteins reveal some of the larger C,
values to be located within the more rigid regions of
secondary structure.!’'® Furthermore, the magni-
tude of C, depends on the change in Sonr [see Eq.
(7], and, as calculated by three independent
groups,”®!! the steepest change for Seonr occurs as the
order parameter, S, varies between 0.7 and 0.95. Per-
haps the high melting temperature of ~363 K for
ubiquitin®® and other thermo-stabile proteins can be
attributed in part to the relatively large local C, of
the methyl groups and NH bonds in the folded pro-
teins reducing the magnitude of AC, upon unfolding.

Figure 4. Temperature dependence of S2in ubiquitin

(k = dS2,,,/dT). All data were fit with a linear regression line
in order to obtain « (solid line).'® For many of the data
points, the error bars are smaller than the symbol size.

A: Plot of the temperature dependence of S2,; for the
following leucine & methyl groups: 851 (O), 4352 (), 5062
(<), 5662 (x), 6762 (@), and 7351 (H). B: Plot of the
temperature dependence of S2 for the following

isoleucine 31 methyl groups: 3 (O), 13 (<), 23 (x), 36 (A),
44 (@), and 61 (OJ). C: Plot of the temperature dependence
of S2,, for the following isoleucine y2 methyl groups: 3 (O),
23 (), 36 (A), and 61 (). D: Plot of the temperature
dependence of S2, for the following threonine y2 methyl
groups: 7 (O), 9 (©), 12 (d), and 22 (A). E: Plot of the
temperature dependence of S2 . for the following valine y2

methyl groups: 17 (O) and 70 (OJ).

PROTEIN SCIENCE ‘ VOL 21:362-570 967
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Figure 5. Location of the calculated thermal coefficients for methyl groups in ubiquitin (1UBQ).3® A: Distribution of .

B: Distribution of the characteristic thermal coefficient A, which was obtained from a linear fit of (1 — /.52

) versus In T."' C:

axis

Distribution of the heat capacity (C,), which was obtained from a linear fit of the conformational entropy (Sconf) versus In T3

where Scont = kpNa{ln n{S— 148,/52

axis

}8'9. kg and N, are the Boltzmann constant and Avogadro’s number,

respectively. Spheres represent the carbon atom of the indicated methyl group. The color gradient is employed for identifying
the magnitude of the specified thermal parameter. The figures were created with the program MOLMOL.*®

One methyl group possesses a slightly negative
C,, I1367y2. Two other studies have reported negative
C, for NH bonds located in secondary structural
regions.'®!5 Enhancements in the strength of hydro-
phobic interactions with increasing temperature
were given as a possible explanation for this phe-
nomenon.*® In the case of 136y2, previous work has
demonstrated that the hydrophobic interaction
between the side chain of I36 and I30 at the C-ter-
minus of the o-helix is important for the stability of
ubiquitin.*' Thus, the negative C, signifying a
decrease in the flexibility and a reduction in the
available conformational space for this methyl group
may be related to the strengthening of this impor-
tant interaction with increasing temperature.

Conclusion

In this study, we analyzed the temperature depend-
ence for the methyl group order parameters in ubiq-
uitin. With the requirement of only one 2D constant
time !3C, 'H HSQC measurement without decou-
pling of 'H during '3C-chemical shift evolution, we
have significantly reduced the total amount of exper-
imental time required to obtain this information.
From these experiments, the extracted thermal
coefficients provide a glimpse into the location of
ubiquitin thermo-stability near the N-terminus of
the protein. Clearly, methyl groups contribute quite
appreciably to the total heat capacity of ubiquitin, as
well as of other proteins,”!® through the regulation
of local conformational entropy. Taken together with
the temperature dependence of NH order parame-
ters, a per residue gauge of local protein thermody-
namics offers a powerful complement to the already
well-established methods for determining global
thermodynamic parameters in proteins.

368  PROTEINSCIENCE.ORG

Materials and Methods

NMR spectroscopy and processing

Uniformly !°N,!3C-labeled human ubiquitin was
expressed and purified as described previously.*? For
the NMR measurements, a 3.6 mM sample of the
protein was prepared in 350 pL of 50 mM sodium
phosphate buffer, 100 mM NaCl, 0.1% NaNj, and
pH 6.8 in 10% Dy0/90% Hy0. A series of 2D con-
stant time '3C, 'H HSQCs without decoupling of 'H
during '®C-chemical shift evolution were measured
at 14 temperature points: 275, 278, 281, 283, 286,
288, 291, 293, 296, 298, 301, 303, 305, and 308 K.
All NMR experiments were performed in succession
on a 700 MHz Avance-III Bruker spectrometer
equipped with a triple resonance probe head. The
constant time duration and INEPT delays were set
to 27.8 and 2 ms, respectively. The spectrum was
recorded with 1024 and 128 complex points in the
direct (¢5) and indirect (¢;) dimensions, respectively,
with eight scans per f; increment. The ¢; ,,x and
t2.max Were 24.3 ms and 113 ms, respectively. Fre-
quency discrimination in the indirectly detected
dimension was achieved with the States-TPPI
scheme.*® Each measurement required 59 min.

All time domain data were processed in the
same manner with NMRPipe software.** The data
were zero-filled to 8 and 16 k in ¢; and #s, respec-
tively. After implementing a time domain solvent
correction, a sine-bell window function was applied
in the direct dimension, followed by Fourier trans-
formation of ¢5. For the indirect dimension, a mirror
image linear prediction algorithm was used to
increase the resolution in #;. Next, a Gaussian win-
dow function was employed followed by Fourier
transformation of ;. Finally, a polynomial baseline
correction in the frequency domain was applied in
the direct dimension.

Ubiquitin Methyl Group Thermal Coefficients



Methods for error determination

The intensities of each peak in the quartet were
taken from the program CARA*® and the dipolar-
dipolar CCR rates (c,,s) were calculated according
to Eq. (3). To determine the errors in c,,s, the noise
levels (q) for each measurement were estimated
using NMRPipe and the error (Ac,,s) was obtained
from the following relation,

g (1 1 1 1
A =—|—+—++—+— 8

Oobs = gA (Iug T 1 I ) ®)
where A is the length of the constant time period
and I; is the intensity of each peak in the quartet
(i = o3,02p, 0p? or ?). For the methyl group order
parameters (S2,)), the errors (ASZ ..) were calculated

by propagating the error from Ao, using the
equation,

A SQ o AC70bs

axis

9

b
Origid

where G,igiq is derived from Eq. (5). Finally, the
errors in the conformational entropy (AS.,n.r) were
determined by propagating the error from AS?2

axis?

1
AS onr = 4kBNAA‘m ) (10)
where
AS? .
A= ¢7 (11)
2 \/ Sz.xis
B = 1+8\/S§Xis, (12)

kg is the Boltzmann constant and N, is Avogadro’s
number. To estimate the error in the temperature
dependency of S2_..(x =d§$‘s), the characteristic

axis
. 2
thermal coefficient (A :W), and the heat
__ dSconr

capacity (C, = Zp=4), Monte Carlo simulations on
500 randomly generated data sets were performed.
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