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Abstract: Protein methyl groups can participate in multiple motional modes on different time scales.
Sub-nanosecond to nano-second time scale motions of methyl axes are particularly challenging
to detect for small proteins in solutions. In this work we employ NMR relaxation interference
between the methyl H-H/H-C dipole-dipole interactions to characterize methyl axes motions as
a function of temperature in a small model protein villin headpiece subdomain (HP36), in which all
non-exchangeable protons are deuterated with the exception of methyl groups of leucine and valine
residues. The data points to the existence of slow motional modes of methyl axes on sub-nanosecond
to nanosecond time scales. Further, at high temperatures for which the overall tumbling of the protein
is on the order of 2 ns, we observe a coupling between the slow internal motion and the overall
molecular tumbling, based on the anomalous order parameters and their temperature-dependent
trends. The addition of 28% (w/w) glycerol-d8 increases the viscosity of the solvent and separates the
timescales of internal and overall tumbling, thus permitting for another view of the necessity of the
coupling assumption for these sites at high temperatures.

Keywords: protein dynamics; villin headpiece subdomain; NMR relaxation; methyl groups

1. Introduction

Methyl groups in protein are used as important probes of intermolecular interactions
and internal dynamics [1,2]. A suite of NMR relaxation measurements focused on 13C, 2H,
and 1H nuclei have been developed, each of them requiring a different labeling pattern and
different extent of protein perdeuteration [2–5]. These measurements yield amplitude and
often rate constants for the motions of methyl axis. Among those, the experiments based
on deuterium probes are often most precise due to employment of multiple relaxation rates
simultaneously in the fitting procedures [6].

Sub-nanosecond time scales of methyl axes are especially difficult to detect for small
proteins in solution, for which the overall molecular tumbling times are below about 10 ns.
Sun and Tugarinov [7] suggested a technique that is particularly suited for smaller-size
proteins with the molecular tumbling times approaching 5 ns. It is focused on relaxation
interference between the Hi-Hj and Hi-C dipole-dipole interactions and differentiates the
rates of the fast-relaxing proton single-quantum transitions. depending on the state of
13C spins.

Probing the temperature dependence of the dynamics provides a means of interro-
gating the thermodynamic potential which governs the changes in the dynamics. In this
work we focus on chicken villin headpiece (HP36) protein to probe the temperature depen-
dence of methyl axes order parameters in the perdeuterated system. Perdeuteration in this

Magnetochemistry 2023, 9, 33. https://doi.org/10.3390/magnetochemistry9010033 https://www.mdpi.com/journal/magnetochemistry

https://doi.org/10.3390/magnetochemistry9010033
https://doi.org/10.3390/magnetochemistry9010033
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com
https://orcid.org/0000-0002-3237-0896
https://orcid.org/0000-0003-1176-3137
https://doi.org/10.3390/magnetochemistry9010033
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com/article/10.3390/magnetochemistry9010033?type=check_update&version=1


Magnetochemistry 2023, 9, 33 2 of 15

case refers to all non-exchangeable protons, with the exception of the leucine and valine
methyl groups which are protonated. HP36 is a 36-residue helical thermostable protein [8]
(Figure 1), which has been studied extensively by numerous biophysical techniques includ-
ing solution and solid-state NMR spectroscopy at the methyl sites and molecular dynamics
simulations [9–13]. The numbering of the residues starts with 41 and continues through 76
to retain numbering as it is found in the full-length villin headpiece. The hydrophobic core
of HP36 is defined by three phenylalanine residues and there are three methyl-bearing side
chains (V50, L61, and L69) in relative proximity to the rings. The side-chains of L75 and L63
are more solvent-exposed, while the L42 residue is located at the N-terminus. We apply
the H-H/C-H dipolar interference method for the perdeuterated/LV protonated HP36
protein for temperatures ranging from 2 to 32 ◦C to obtain the temperature dependence
of the methyl axes order parameters. In this temperature range the protein is at least 99%
folded [8].
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Figure 1. Ribbon diagram of HP36 protein (PDB ID: 1VII) with leucine and valine methyl groups in
the otherwise perdeuterated protein are shown in a space-filling representation. The helices and the
three core phenylalanine residues (black sticks), as well as N- and C-termini are labeled.

The analysis of the results in the macromolecular approximation reveals anomalies
in the fitted order parameters, which can be removed if one postulates sub-nanosecond
timescale motions of the methyl axes. Inclusion of these time scales into the fitting procedure
of the experimental cross-correlated relaxation rates removes the anomalies and reconciles
the temperature dependence of the order parameters with prior data [14] using 2H based
NMR relaxation applied to 13CDH2 isotopomers at 65% deuteration level.

For larger proteins with overall molecular tumbling times above about 10 ns and fast
internal motions on the order of tens of picoseconds, it is often adequate to assume that
the two types of motions are independent of each other. However, in cases when the time
scales approach each other, it is no longer clear if the decoupling assumption implicit in
the commonly used model-free approach [15] is valid. One of the possible descriptions
of such processes can be achieved using slowly relaxing local structure formalism [16,17].
Another possibility is to treat the situation phenomenologically by using the correlation
function that implies coupling of the internal and overall motions. We have previously
described possible phenomenological models and their corresponding spectral densities
for this situation [18].

For HP36 with the shortest tumbling time of 2 ns at 32 ◦C, the commonly employed
assumption of the decoupling between the overall and internal motions may fail for the sites
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displaying the anomalous order parameters, and we, thus, employ the phenomenological
approach that involves the explicit coupling between the two time scales for several sites.
Further, in order to separate the time scales of the overall and internal motions, we also
perform the measurements in the presence of glycerol, which increases the viscosity of
solution to slow down the overall tumbling.

2. Materials and Methods
2.1. Sample Preparation

HP36 protein was expressed in BL21 (DE3) E. coli cells (New England BioLabs) as part
of the fusion construct NTL9-FXa-HP36 [19]. An adaptive growth protocol was used to
grow cells and induce expression in 100% D2O minimal media. For the LV protonation, the
minimal media was supplemented with 2-keto-3[D]-[13CH3, 13CH3]-isovalerate that labels
the methyl groups of leucine and valine. Two-step purification with the cleavage of factor
Xa before the second step was performed as described in a prior publication [20].

For incorporation of 99% deuterated glycerol-d8 (Cambridge isotope laboratories)
was added directly to the samples. The initial sample volume was determined by weight.
The sample was weighed before and after each addition of glycerol to determine the exact
amount of glycerol added.

2.2. NMR Spectroscopy

The NMR measurements were performed on a triple-resonance Bruker 500 MHz NMR
spectrometer equipped with a TCI cryo-probe (Boston University School of Medicine).
For the ηHH/CH measurements, an in-phase and an anti-phase spectrum (with respect to
13C), both selecting the L1 transitions [7,21], were recorded by setting the ϕ6 phase of
the 90◦ pulse on 13C prior to acquisition to 45◦ and 225◦, respectively, for each relaxation
delay T. 350 and 1024 points complex data points were recorded in the indirect 13C and
the direct 1H dimensions, the spectral widths were 1429 Hz (13C) and 6510 Hz (1H), and
the number of scans was 64. The interscan delay was 1.5–2.0 s. The FIDs were processed
with the NmrPipe/NmrDraw/NlinLS package [22]. Each dimension was apodized by
a 90◦ phase-shifted squared sine-bell window function and zero-filled once. Finally, the
in-phase and anti-phase spectra were added and subtracted to separate the two 13C-doublet
components into two spectra. We used multiples of 1/(1JHC) = 8 ms for the relaxation delays
such as 8, 16, 24, 32 and 40 ms. For data at 4.5 ◦C and 28 ◦C four relaxation delays were
collected. The rate ηHH/CH was obtained from exponential fits of the ratio of intensities of
the two components.

The molecular tumbling times, τc, were determined from 15N R1 and R1ρ relaxation
experiments [23] at the same temperature range as the cross-correlated relaxation mea-
surements were conducted using the 15N labeled perdeuterated sample. DOSY measure-
ments [24] were performed focusing on the intensities of the residual protons in deuterated
glycerol, using a stimulated echo sequence with bipolar gradients [25,26]. In particular,
the standard Bruker pulse sequence “stebpgp1s19” was used, which utilizes water-gate
water suppression [27]. The full stimulated echo time was 0.1 s, the total gradient time 1.6
to 2.2 ms, and the delay between the bipolar gradients was 0.4 ms.

The temperature was calibrated using perdeuterated methanol [28]. Each temperature
point was equilibrated for 20–30 min before the start of the experiment, The temperature
was controlled within at least 0.2 ◦C precision with the BSVT Variable Temperature controler
and BCU-1 pre-colling accessory. Each spectrum in the relaxation or diffusion series
measurements utilized 16 to 32 dummy scans and the orders of the relaxation delays and
diffusion times were randomized.

3. Results and Discussion
3.1. Summary of the Experimental Approach for Determination of Methyl Order Parameters

The approach of Tugarinov et al. is based on the interference between the Hi-Hj and
Hk-C dipole-dipole interactions with i = k or j = k (but can be easily extended for the case
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where all 3 indices i, j, k are different), and has been designed to be used with perdeuterated
methyl reprotonated proteins.

The experiment is designed to measure the differences between the two 13C spin-
state associated relaxation rates of fast-relaxing 1H single-quantum transitions. In macro-
molecules, the relaxation rates of all 1H single-quantum transitions in isolated methyl
groups are mono-exponential and adopt only one of two possible values. Here, we focus
on the faster relaxing components, which span the spin-3/2 manifold. The corresponding
relaxation rate, R2,F, is further modified by the presence of the 13C atom [21]. Depending
on the specific 1H transitions, the α or the β spin state of 13C increases the rates by the
cross-correlated relaxation rate ηHH/CH (R2,F

f), while the other one decreases the rate by
ηHH/CH (R2,F

s). ηHH/CH can be extracted as (R2,F
f − R2,F

s)/2.
The pulse sequence is based on a 2D [13C,1H]-HMQC experiment [7]. In the indirect

evolution period, the slow-relaxing [13C,1H] multiple-quantum coherences are evolved.
Part of these coherences are converted into the fast-relaxing single-quantum coherences,
which are selected and relaxed during a relaxation period T. Finally, we detect on 1H the
L1-1H transition, which can be either in α or β state with respect to 13C and relax with R2,F

f

and R2,F
s, respectively. The two doublet components of L1 are sequestered into two spectra

by Inphase-Antiphase (IPAP) selection [7]. The tumbling times have to be determined
independently, which we acquired through 15N R1 and R1ρ relaxation experiments [23].
The cross-correlated relaxation rates ηHH/CH are obtained from the exponential fits of the
ratios of intensities of the two components of the two 13C-doublets. This experiment is
more tolerant to proteins with low tumbling times in comparison to techniques based on
the difference of the auto-relaxation relaxation rates of the two 13C-doublet components
individually [29]. The “tolerance” was judged from the correlation of methyl axis order
parameters derived from the 2H methods [3,6] versus the proton-based cross-correlated
relaxation techniques. The agreement was more difficult to achieve for ubiquitin at high
temperatures at which tC values fell below 3.6 ns.

3.2. Summary of the Theoretical Expressions

The general expression for the cross-relaxation ηHH/CH rate is given by [7]:

ηHH/CH = 6
( µ0

4π

)2 γ3
HγC}2

r3
HHr3

CH

(
J(0) +

3
2

J(ωH)

)
(1)

where µ0 is the permeability of free space, γX is the gyromagnetic ratio of spin X, h̄ is
Planck’s constant divided by 2π, rHH and rCH are known interatomic distances [21], and
τC is the overall tumbling time of the molecule, considered isotropic in this case. J(ωH)
is the spectral density of the Hi-Hj and Hk-C interactions at the Larmor frequency of the
proton, which includes the terms where i = k or j = k as well as when all 3 indices i, j, k are
different and include contributions from all protons belonging to the same methyl group
as well as minor contributions from external protons. The latter were estimated to be on
the order of 2% or less [7]. The expression also assumes negligible contributions from the
slow-relaxing 1H transitions into the ηHH/CH rate.

Taking into account three types of motions: the overall molecular tumbling, methyl
rotations, and the motions of the methyl axis, the expression for J(ω) under the assumption
of the model-free is [15,30]:

J(ω) = 1
5

(
P2(cos θaxis, HH)P2(cos θaxis, CH)

S2
axisτC

1+(ωτC)
2 + [< P2(cos θCH, HH) >−

P2(cos θaxis, HH)P2(cos θaxis, CH)S2
axis
] τe

1+(ωτe)
2

) (2)

where 1
τe

= 1
τf

+ 1
τC

, θaxis, HH is the angle between the methyl three-fold axis and a vector

that connects a pair of methyl 1H nuclei, and θaxis, CH is the angle between the methyl
three-fold axis and a vector that connects 13C and 1H nuclei. Assuming the ideal tetrahedral
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geometry, P2(cos θaxis, HH) = −1/2 and P2(cos θaxis, CH) = −1/3. S2
axis is the order param-

eter for motions of the methyl three-fold axis. The value of < P2(cos θCH, HH) > depends
on the relative time scales of motions of the methyl three-fold axis and the methyl rotations.
If the two time scales are similar, as reflected in the single value of τf , then the magnitude
of the H-H and C-H interactions are not averaged by the methyl jumps and therefore
< P2(cos θCH, HH) > reflects the instantaneous angle between H-H and C-H bonds. The
H-H/C-H interactions without a shared proton within the same methyl group do not
contribute to J(0). Thus, < P2(cos θCH, HH) > = 1/2. However, averaging over the cases
of shared and non-shared protons within the same methyl group must be carried out to cal-
culate the average contribution to J(ωH). After the averaging, < P2(cos θCH, HH) > = 1/6.
Thus, in this case we have

J(ωH) =
1

30

(
S2

axisτC

1+(ωHτC)
2 +

[
1 − S2

axis
] τe

1+(ωHτe)
2

)
J(0) = 1

30
(
S2

axisτC +
[
3 − S2

axis
]
τe
) (3)

In the case when methyl rotations are much faster than the methyl axis motions, we
assume that the only effect of methyl rotations is the averaging of the interactions, while τf
reflects only the time scale of the methyl axis motions. In this case < P2(cos θCH, HH) > =
P2(cos θaxis, HH)P2(cos θaxis, CH) = 1/6. The spectral density expressions are then simpli-
fied to:

J(ωH) =
1

30

(
S2

axisτC

1+(ωHτC)
2 +

[
1 − S2

axis
] τe

1+(ωHτe)
2

)
J(0) = 1

30
(
S2

axisτC +
[
1 − S2

axis
]
τe
) (4)

While in both Equations (3) and (4) the main contributions are due to J(0) terms
and thus are field-independent, their dependence of J(ωH) on proton Larmor frequency
suggests a potential value of analyzing field-dependence of the experimental data.

Under the assumption of the macromolecular limit, the expression for ηHH/CH is
given by:

ηHH/CH =
1
5

( µ0

4π

)2 S2
axisγ3

HγC}2τC

r3
HHr3

CH
(5)

For small-sized proteins, the deviations from the macromolecular limit can be signifi-
cant and will be elaborated below.

When the time scales of methyl axes motions and overall tumbling approach each other,
i.e., the condition τC & 5τf no longer holds, the assumption of the model-free model for the
decoupling approximation between the internal and global motions of the macromolecule
can break down. One of the ways to account for the effect of coupling between the
overall and internal motion is to rewrite the model-free correlation function without the
assumption of the direct decoupling, assuming that the interaction vector first reaches
a quasi-equilibrium orientation with respect to the local environment and the molecular
tumbling has an indirect effect through the orienting potential for the local director axis [18].
This is in concept similar to the slowly relaxing local structure formalism [16,17]. In this
scenario the order parameters are overestimated if treated within the decoupled model-free
formalism. The corresponding spectral density function describes synchronous variations
in the average orientation of the bond vector and the molecular orientation induced through
the geometrical constraints imposed by a rigid bond environment.

The spectral density in this model is obtained from the corresponding model-free expres-
sions by the following substitutions: replace τe with τf , replace S2

axis with S̃2
axis=S2

axis
τC

τC−τf
.

With the assumption of separation of time scales of methyl rotations and methyl axes
motions (i.e., same assumption as in Equation (4)) the spectral density function is given by:

J(ω) =
1

30

 S̃2
axisτC

1 + (ωτC)
2 +

[
1 − S̃2

axis

] τe

1 +
(

ωτf

)2

 (6)
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For smaller-sized proteins with τC values under about 5 ns the assumption of the
macromolecular limit may not be adequate, especially for cases when methyl axes motions
become relatively slow. The comparison is given in Figure 2, in which the y-axis represents
the relative error in the order parameter for calculations in the macromolecular limit (given
by S2

app) versus either the full formula of Equation (4) or only its J(0) contribution. S2
axis

represent the input order parameter used in calculations of Equation (4). When the spectral
density function of Equation (6) is used, which explicitly takes into account the coupling
between the overall and internal motions, the corrections are amplified. The relative
correction, as expected, is larger for small values of τC and small values of the methyl axis
order parameters. For example, for τC = 2 ns and S2

axis = 0.5, the relative correction using
the model-free formula of Equation (4) with the full spectral density is 35%. Note, that if
the macromolecular limit and the model-free assumptions are employed in situations when
they are not applicable, it is possible to obtain the apparent order parameter exceeding 1.
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3.3. Summary of Samples, Experimental Conditions, Chemical Shift Perturbation Analysis, and
Typical Spectra

The temperature dependence of the methyl order parameters was measured using
the perdeuterated/LeuVal-protonated HP36 sample at 1.2 mM concentration and the
temperature range of 2 to 32 ◦C. The perdeuteration in our case refers to non-exchangeable
protons only. The protonated methyl groups are shown in Figure 1. The upper limit of
the temperature range was defined by the temperature at which this thermostable protein
remains at least 99% folded [8]. To measure the tumbling times at each temperature,
a separate sample which was homogeneously labeled at 15N sites and fully perdeuterated
was employed at the same 1.2 mM concentration.

As will be described below, the cross-correlated H-H/C-H dipole-dipole and 15N
amide backbone relaxation measurements have also been performed in the presence of
deuterated glycerol in the solvent with a composition of 28% by weight. Matching of the
glycerol content for the perdeuterated/LV protonated and the 15N labeled samples was
achieved using DOSY measurements [24] focused on the residual proton signal of 99%
deuterated glycerol (Table S1, Figure S1). Addition of glycerol (described in the Section 2.1)
decreased the protein concentration proportional to the weight percentage.

Chemical shift perturbation (CSP) analysis was performed on the backbone amide and
methyl sites. Figure 3 shows weighted CSPs at the different temperatures for the backbone
sites, based on the 15N R1 spectra with the smallest relaxation delay of 1 ms, while Figure 4
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displays CSPs for the methyl sites extracted from the cross-correlated relaxation spectra
for the 8 ms relaxation delay. The changes in chemical shifts are very modest and suggest
no dramatic structural changes. Additional data at individual temperatures with 0 and
28% glycerol content (Figures 5 and S2) demonstrates very minor chemical shift changes
upon incorporation of glycerol. No regularity was observed in regard to correlations with
secondary structure features or solvent exposure.
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Figure 3. Overlay of backbone 15N-1H correlation spectra for five temperatures (A) and
corresponding bar graph of chemical shift perturbations versus residue number relative
to the highest temperature of 32 ◦C (B). The combined CSP is defined as: [31] 15N,

1H CSP =

√
1
2

[
0.142(δN(32 ◦C)− δN(T))2 + (δH(32 ◦C)− δH(T))2

]
. The data were collected using

homogeneously 15N labeled and perdeuterated HP36 protein.
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Figure 4. Overlay of spectra corresponding to the smallest delay from the H-H/C-
H dipole-dipole cross-correlated interference experiment for five temperatures (A) and
the corresponding bar graph of chemical shift perturbations versus residue identity rel-
ative to the highest temperature of 32 ◦C (B). The combined CSP is defined as 13C,

1H CSP =

√
1
2

[
0.32(δC(32 ◦C)− δC(T))

2 + (δH(32 ◦C)− δH(T))2
]

[31]. The data were collected

using perdeuterated and LV-methyl protonated HP36 protein.
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Figure 5. Overlay of spectra at 32 ◦C in the absence of glycerol and in the presence of 28% w/w glycerol-
d8 content for (A) backbone 15N-1H correlation and (B) smallest relaxation delay from the H-H/C-H
dipole-dipole cross-correlated relaxation interference experiment. (C) backbone CSP defined as 15N,

1H CSP =

√
1
2

[
0.142(δN(0% glycerol)− δN(28% glycerol))2 + (δH(0% glycerol)− δH(28% glycerol))2

]
.

(D) methyl CSP given by 13C,

1H CSP =

√
1
2

[
0.32(δC(0% glycerol)− δC(28% glycerol))2 + (δH(0% glycerol)− δH(28% glycerol))2

]
.

3.4. Overall Tumbling Times and the Effect of Glycerol

The overall diffusion tensor for HP36 was previously found to be isotropic in the
entire temperature range of 2–32 ◦C for the protonated protein [32]. The tumbling times
for the perdeuterated 15N-labeled protein have been obtained at 2, 7, 15, 22 and 32 ◦C
from the residue-averaged 15N R1ρ/R1 ratios (Table S2) [23]. These tumbling times scale
linearly with viscosity/temperature /T, (Figure 6, black circles), in similarity to what
has been observed for the protonated protein, which has been shown to have an isotropic
diffusion tensor across the entire temperature range. [32] In the presence of glycerol, as
expected, marked changes in the viscosity are observed causing tumbling times to increase
(Figure 6, blue line). However, the linear dependence of τc on /T strongly suggests
that the symmetry of the diffusion tensor remains unchanged with temperature. The
viscosities in the presence of glycerol were calculated using the approach of Cheng [33]
with modifications by Volk and Kähler [34]. At 32 ◦C we have also conducted measurements
of τc for different glycerol content to further confirm the linearly with /T (Figure S3).
Further, the translational diffusion coefficients obtained using DOSY for the 15N-labeled
protein with the 28% glycerol content scale linearly with the inverse of the tumbling times
(Figure S4). The DOSY are focused on the residual proton signal of 99% deuterated glycerol,
as explained above.
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Figure 6. Tumbling times τC in the perdeuterated and homogeneously 15N-labeled HP36 protein
derived from average 15N R1ρ/R1 ratios at individual temperatures as a function of /T in the absence
of glycerol (black) and in the presence of 28% w/w glycerol-d8 content (blue). Lines represent linear
fits. The temperatures at which the data were collected are 2, 7, 15, 22, and 32 ◦C.

We are thus in a good position to apply the isotropic limit for all cases. It is of note that
simulations of diffusion tensors for various glycerol content has been previously performed
for ribonuclease barnase and corresponded well to those determined from 15N R2/R1
ratios [35].

3.5. Methyl Order Parameters and Their Temperature Dependence

Sample decay curves obtained as described in Section 3.1 are shown in Figure 7 and
experimental rates are listed in Tables 1 and 2. Overlapped peaks from the methyl sites
of L42-δ1 and L75-δ1 were excluded. The tumbling times for 4.5 and 28 ◦C data were not
measured directly and were taken from the linear fits of Figure 6.
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Figure 7. Representative cross-correlated (methyl dipole-dipole Hi − Hj/Hi − C) relaxation decays
for the L63-δ1 site in the absence of glycerol at all temperatures. Intensities for the fast- and slowly-
relaxing components (red and blue circles, respectively) as well as the corresponding ratios (open
black circles) of the two components normalized to the shortest relaxation delay of 8 ms. The curves
show monoexponential fits.
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Table 1. List of experimental ηHH/CH rates obtained for HP36 perdeuterated/LV protonated protein
in the absence of glycerol. The units are s−1.

T, ◦C 2 4.5 7 15 22 28 32

L42 δ2 6.0 ± 2.6 8.0 ± 1.9 7.6 ± 0.9 6.2 ± 0.7 3.2 ± 0.8 3.1 ± 0.5
V50 γ1 12.5 ± 3.2 7.5 ± 3.6 10.5 ± 2.4 10.1 ± 2.6 6.0 ± 0.9 7.1 ± 1.4 9.4 ± 1.1
V50 γ2 14.2 ± 2.1 12.5 ± 3.6 14.0 ± 1.7 10.3 ± 0.6 7.1 ± 0.8 7.3 ± 0.8 8.0 ± 0.7
L61 δ1 12.7 ± 0.6 12.0 ± 1.0 9.8 ± 2.2 6.8 ± 1.3 4.8 ± 0.8 5.8 ± 1.3 5.2 ± 0.6
L61 δ2 11.3 ± 0.9 8.0 ± 1.7 8.6 ± 0.6 7.6 ± 0.8 6.0 ± 0.2 4.7 ± 0.3 4.9 ± 0.8
L63 δ1 6.9 ± 1.1 5.4 ± 0.9 4.2 ± 0.6 2.9 ± 1.1 2.0 ± 0.3 3.4 ± 0.3 2.3 ± 0.4
L63 δ2 6.6 ± 0.6 7.9 ± 1.1 6.3 ± 0.5 4.2 ± 0.2 3.0 ± 0.3 2.6 ± 0.4 3.6 ± 0.5
L69 δ1 8.6 ± 1.1 7.9 ± 1.1 8.6 ± 0.5 6.0 ± 0.3 4.5 ± 0.5 3.8 ± 0.3 2.4 ± 0.7
L69 δ2 9.0 ± 2.1 9.4 ± 1.1 10.5 ± 1.3 7.7 ± 1.5 5.5 ± 0.2 4.8 ± 0.3 3.3 ± 0.5
L75 δ2 4.8 ± 2.3 3.5 ± 2.8 5.6 ± 1.3 3.2 ± 1.3 2.7 ± 0.5 3.2 ± 0.3 2.5 ± 0.9

Table 2. List of experimental η HH/CH rates obtained for HP36 perdeuterated/LV protonated protein
in the presence of 28% w/w deuterated glycerol The units are s−1. At 15 ◦C the L75-δ2 and L42-δ2

sites are not included due to spectral overlap.

T, ◦C 15 22 32

L42 δ2 5.3 ± 0.8 6.3 ± 0.7
V50 γ1 11.0 ± 4.0 8.1 ± 0.9 8.3 ± 1.2
V50 γ2 13.1 ± 1.8 12.3 ± 1.4 9.5 ± 0.4
L61 δ1 11.9 ± 2.6 8.5 ± 0.6 6.1 ± 0.7
L61 δ2 7.7 ± 1.3 8.6 ± 0.2 9.3 ± 0.4
L63 δ1 6.2 ± 0.5 5.2 ± 0.3 3.0 ± 0.3
L63 δ2 6.2 ± 0.6 4.8 ± 0.5 3.8 ± 0.2
L69 δ1 9.5 ± 0.4 7.7 ± 0.1 5.0 ± 0.4
L69 δ2 15.9 ± 2.9 11.4 ± 0.7 7.2 ± 0.3
L75 δ2 3.6 ± 1.1 3.4 ± 1.1

We first apply the simplest approximation of the macromolecular limit in the model-
free approach of Equation (5) to obtain the methyl axes order parameters. The order
parameters and their temperature dependence for this case are shown in Figure 8 in blue
circles. For almost all sites there is no regular temperature dependence and for several
sites the trend of the temperature dependence is counter-intuitive, with the values of S2

axis
increasing with temperature. This is especially apparent for V50, L61-δ1, and L63-δ2 sites.
Further, for the V50 sites at the highest temperature the values of S2

axis exceed 1, violating
the definition of the order parameter.

The irregularities noted in the temperature dependence imply the possibility of slower
motions of methyl axes that need to be taken into account outside of the macromolecular
limit approximation. As the cross-correlated relaxation rate is a single measurement, the
fitting procedure cannot accommodate unambiguously more than one fitting parameter and
we need to make assumptions regarding the values of the correlation times τf . According to
the calculations of Figure 2 for the typical value of τC in the 2 to 5 ns range for HP36 protein,
the deviation from the macromolecular limit becomes significant when the correlation time
of the methyl axis motions is above 300–500 ps, with the use of the model-free spectral
density of Equation (4). We, thus, first make the simplest assumption of τf = 500 ps for all
sites at all temperatures. While this is clearly an approximation and τf values will in reality
depend on temperature, this allows us to move to a different timescale regime qualitatively,
within the precision of the data. With this assumption the resulting S2

axis values are shown
in black in Figure 8. For most sites, the temperature dependence trends are improved, apart
from the two V50 sites and L61 sites. Further, V50 sites still display order parameters larger
than 1 at the highest temperature.
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Figure 8. Methyl axis order parameters S2
axis versus temperature for perdeuterated/LV protonated

HP36 protein, obtained from the Hi-Hj/Hi-C dipole-dipole cross-correlated relaxation rates and fitted
according to three different approaches: using the macromolecular limit of Equation (5) (blue), using
the model-free spectral density of Equation (4) with τf fixed at 500 ps (black), and using the spectral
density of Equation (6) allowing for coupling between the overall tumbling and internal motions and
fixing τf at 1 ns for V50 and L61 sites (magenta).

Thus, for V50 and L61 residues we explore the case of coupling between the overall
and internal motions, given by the spectral density of Equation (6). Both methyl groups
in each residue are analyzed within the same model for consistency. We perform the fits
with the internal correlation times fixed at either 500 ps or 1 ns (Figure S5), and arrive at
the conclusion that the 1 ns choice is needed to bring the order parameters below 1 for
V50 sites, as well as obtain the expected order parameter trend with temperature for both
residues, i.e., no increase in S2

axis with temperature. These values of S2
axis are shown in

magenta in Figure 8.
As glycerol increases the viscosity of the solution and thus the overall tumbling times,

measurements in the presence of glycerol in principle can help increase the timescale sepa-
ration of internal and overall motions and thus extend the range of validity of Equation (4)
at high temperatures. Indeed, when the ηHH/CH rates are measured in the presence of 28%
w/w glycerol (Table 2) and the fits to Equations (1) and (4) are performed with τf = 500 ps,
there are no sites that display S2

axis > 1 at 32 ◦C (Figure 9). Further, in general there is an
agreement between the values of the order parameters obtained with and without glycerol
(Figures 9 and S6), with the exception of residues that had the potential coupling between
the overall and internal motions, as described in the section above. Thus, the experimental
results in the presence of glycerol support the choice of spectral density of Equation (6) for
V50 and L61 sites. It is of note that coalescence of overall and internal motions was also
observed for carbonyl backbone sites in HP36 at high temperatures [36].

The resulting values of the slopes of dS2
axis/dT are shown in Figure 10 for either the

macromolecular limit or the final choice of the models with the inclusion of slow motions.
The solid lines show their corresponding weighted averages. In the macromolecular limit
the temperature dependence is mostly flat, and is contrasted with the one obtained on the
basis of prior 2H relaxation data for the 65% deuterated HP36 [14]. With the accounting
of the slow motions, there is a good agreement in the overall temperature dependence of
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order parameters between the two H-H/C-H cross-correlated experiment and 2H-based
relaxation data. The 2H relaxation data was fitted without the slow time scale motions of
methyl axis, with all sites indicating τf values at or below 60 ps. The reason for the different
ranges of τf presented by the two experiments is not entirely clear. The sample conditions
were somewhat different in terms of their concentration and, importantly, had different
levels of overall perdeuteration. We have previously shown that the full perdeuteration
can have an effect on protein stability and dynamics in the third IgG-binding domain of
protein G and HP36 proteins [20,37]. In this regard, follow up using 2H-based relaxation
measurement on the perdeuterated sample with the introduction of LV 13CH2D isotopomers
can be useful.
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Figure 10. Comparison of slopes dS2
axis

dT as a function of residue identity for perdeuterated/LV proto-
nated HP36 protein using the Hi-Hj/Hi-C cross-correlated relaxation rates and fitted either to the
macromolecular limit (blue) or with the inclusion of slow motions of the methyl axes (black). The
slow motions were included using the spectral density of Equation (4) and τf = 500 ps for all sites
except for V50 and L61, for which the spectral density of Equation (6) and τf = 1 ns was used. The
slopes for the prior data using the 65% deuterated HP36 protein characterized with 2H relaxation are
shown in red.14 The solid lines represent the corresponding weighted averages.
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These types of measurements can be expected to be useful for studies of dynamics
in smaller-sized protein domains connected to larger domains and/or protein complexes
by flexible linkers [38,39]. The smaller-sized flexible domains can have functional methyl
groups dynamics defining regulatory or interfacial properties. The above analysis high-
lights the need for a careful choice of spectral densities when analyzing functionable methyl
axes motions in smaller-sized proteins and domains.

4. Conclusions

From a methodological perspective, we found that the method based on the interfer-
ence of H-H/H-C dipolar interactions can be useful for detecting and evaluating methyl
axes motions in cases with relatively similar timescales of overall tumbling and internal
methyl axes fluctuations.

We have applied the technique to the HP36 protein, for which correlation times range
between 2 to 5 ns in the temperature range of 2 to 32 ◦C, in which the protein is at least
99% folded. When the fit using the macromolecular limit was attempted, the temperature
dependence of methyl axes order parameters was either mostly flat or displayed increased
S2

axis values at high temperatures, with the extreme case of V50 showing S2
axis above the

value of 1. This prompted us to step away from the macromolecular limit and employ the
use of slow time scales in the 0.5–1 ns range. Further, for V50 and L61 methyl groups we
have found that the spectral density model that explicitly takes into account the coupling
between the overall molecular tumbling and internal motions is needed at least for high
temperatures. Changing solvent viscosity with glycerol has proved to be a useful tool for
separating the timescales of the two motional modes and validating the approach.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/magnetochemistry9010033/s1, Figure S1: Sample DOSY decay
curves. Table S1. Diffusion coefficients D from DOSY measurements. Figure S2: Additional spectra
and CSP differences in the presence and absence of glycerol. Figure S3: Tumbling times versus /T
for different glycerol content. Figure S4: Inverse tumbling time versus diffusion coefficient from
DOSY measurements. Figure S5: Additional methyl axis order parameters analysis obtained with
Equation (6). Table S2: 15N R1 and R1ρ values. Figure S6: Comparison of order parameters with and
without glycerol at 15 ◦C.
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