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ABSTRACT: Experimental and computational approaches have long been employed to define the role of protein motions in en-
zyme catalysis, but a refined experimental method for locating the origin of dynamic effects has not previously been developed.
Here a general synthetic approach is described to alter motions in specific regions of an enzyme and to analyze the effects of such
localized motional changes by measuring ‘segment kinetic isotope effects’. Two isotopic hybrids of dihydrofolate reductase from
Escherichia coli (EcDHFR) were prepared by chemical ligation; one with the mobile N-terminal segment (amino acids 1-28) con-
taining heavy isotopes (ZH, e, 15N) and the remainder of the protein (amino acids 29-159) with natural isotopic abundance, and the
complementary hybrid with the C-terminal segment isotopically labeled. Investigation of the catalytic properties of these hybrids
indicated that isotopic substitution of the N-terminal segment affects a physical step of catalysis, whereas the hydride transfer itself
is affected by dynamic effects originating from residues 29-159. To verify the effectiveness of this method and to decipher its
mechanistic basis, the experimental results were complemented with QM/MM computational studies, rendering a good agreement
with experlments and supportlng the 1dea of small dynamlc effects on catalys1s orlgmated on the C-terminal segment. which-indi-

0 er. By isolating the effect of the motions
of 1nd1v1dua1 regions of the enzyme on the observed rate constants, segment klnetlc isotope effects provide insight difficult to ob-
tain with other experimental methods. Measurements of segment kinetic isotope effects will help to define the dynamic networks of

intramolecular interactions central to enzyme catalysis.

INTRODUCTION

The dynamic nature of enzymes has been implicated in ex-
plaining their enormous catalytic power. Conformational
changes and other motions are often critical for ligand binding
and release,' and in several enzymes they have been shown to
be important for progression through the catalytic cycle.z'4
Inhibitors of enzyme motions might be designed that act as
potent therapeutics.5 Although it has been suggested that pro-
tein motions also play a direct role in the chemical step of the
catalytic cycle some atomistic simulations'' " and experi-
mental investigations 17 have suggested that models that
require a non-statistical contribution from protein motions for
catalysis may not be fully compatible with the available data.
Indeed, simple modification of Transition State Theory (TST)
is sufficient to explain the dynamic effects on the chemical
step.lg'23 Recently, a combined experimental and computation-
al analysis of protein isotope substitution, where most of the
non-exchangeable isotopes in an enzyme are replaced with
their heavy counterparts (ISN, BC and ZH),ZI'30 has shown that
dynamic effects of the protein environment can have a meas-
urable effect on the chemical reaction. Isotopic substitution
slows protein motions from femtosecond vibrations to milli-
second conformational changes without perturbing the electro-
static properties of enzymes.24’25 Dynamic effects therefore
give a measurable reactivity difference between the isotopical-

ly substituted enzyme and the ‘light’ enzyme with natural

abundance isotope distribution.”"*****" In many cases heavy

isotope substitution decreased the rate of the chemical trans-

formation and thereby provided evidence for dynamic cou-
. . 217222429

pling to the reaction.

Dihydrofolate reductase (DHFR) is a validated target for anti-
microbial and anticancer drugs; the enzyme from Escherichia
coli (EcDHFR) has been used frequently in investigations of
the role of enzyme dynamics in catalysis.19’21’22’29‘31'44 EcDHFR
catalyzes the formation of the cofactor tetrahydrofolate (H4F)
by transferring the pro-R hydride from C4 of NADPH and a
solvent proton to the C-6 and N-5 positions of dihydrofolate
(HyF), respectively. The structural and catalytic properties of
EcDHFR have been well characterized.>** The M20 loop
(residues 9-24) forms part of the active site and its different
conformations are key to progression through the catalytic
cycle (Figure 1).3‘46 Upon binding of substrate and cofactor,
the M20 loop closes over the active site by forming hydrogen
bonds with the FG loop (residues 116-13’2)46 to create an op-
timal electrostatic environment for hydride transfer.'”** Once
the products have formed, the M20 loop releases the nicotina-
mide ring of the oxidized cofactor and occludes part of the
active site by forming an alternative hydrogen bonding pattern
with the GH loop (residues 142-149),46 which triggers the
exchange of NADP" and NADPH. Finally, the M20 loop



resumes the closed conformation when the product H,F is
released.* However, despite its importance in ECDHFR catal-
ysis, it has been shown that mammalian DHFRs and some
other bacterial DHFRs do not form occluded

. 47,48
conformations.

Certain residues in the mobile loops and secondary structure
elements of EcDHFR have previously been suggested to dy-
namically couple to the reaction coordinate.”™ Site-directed
mutations of these residues reduced the hydride transfer rate
constant signiﬁcantly”'35 and their thermal motions were
shown to correlate with one another.”* Experimental and
theoretical investigations based on protein isotope substitution
of EcDHFR indicated the nature of the dynamic coupling.ZI’22
The chemical step is slower in the ‘heavy’ enzyme because
protein motions that couple to the reaction coordinate are
slower than in the ‘light’ enzyme. These motions do however
not directly promote the reaction or enhance tunneling; instead
they affect the frequency of barrier recrossing, an effect that
can be described in the context of TST by including a trans-
mission coefficient that accounts for dynamic recrossing.ZI'23
Another recent report concluded that the distance between the
hydride donor and acceptor remains unchanged upon protein
isotope substitution in ECDHFR.” Computational and experi-
mental investigations of the catalytically compromised Ec-
DHFR-N23PP/S148A, in which motions on the timescale
typical for conformational changes are lost, revealed enhanced
dynamic coupling of enzyme motions on the fs-ps timescale to
the reaction coordinate.”” Such an increase in fast motions is
detrimental to catalysis since it increases the number of barrier
recrossing events, which in turn reduces the frequency of
successful transfers from reactants to products. In all these
studies the effects on the reaction of motions of the enzyme as
a whole were analyzed. Here a novel experimental approach is
described that allows the identification of specific enzyme
regions, the motions of which affect the reaction on the time-
scales of both conformational changes and barrier crossings.
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Figure 1. A) Synthesis of EcDHFR by chemical ligation (for
experimental details see supporting information). The N-terminal
thioester peptide (red) and C-terminal cysteine peptide (blue) are
composed of residues 1-28 and residues 29-159. The M20, FG

and GH loops are indicated. B) Cartoon representations of the X-
ray crystal structures of ECDHFR in the closed (PDB 1RX2) and
occluded (PDB 1RX4) conformations.* The M20, FG and GH
loops are highlighted in green (closed) and purple (occluded). The
ligands NADP" and folate in the closed complex are shown as
sticks.

Native chemical ligation allows the construction of functional
proteins via trans-thioesterification reactions between unpro-
tected peptides (Figure 1).50 It has been used to analyze the
biophysical properties of proteins such as HIV protease51 and a
potassium ion channel.”> We report here the first use of chemi-
cal ligation techniques to localize dynamic effects in hydrogen
transfer reactions; to this end, ECDHFRs isotopically labeled
in the N-terminal (residues 1-28; NT-EcDHFR) and C-
terminal (residues 29-159; CT-EcDHFR) segments were con-
structed. NT-EcDHFR carries heavy isotopes (ISN, PC and
non-exchangeable 2H) in the BA strand and the active site M20
loop, whereas CT-EcDHFR possesses heavy isotopes only in
the C-terminal portions of the enzyme including the FG and
GH loops. Kinetic investigation of ‘heavy’ NT-EcDHFR and
CT-EcDHFR located the regions of the enzyme responsible
for dynamic coupling on the us-ms and fs-ps timescales, while
QM/MM simulations offered an explanation of the cause of
dynamic coupling observed in these protein isotope labeling
studies.”™

RESULTS AND DISCUSSION

EcDHFR was prepared using expressed protein ligation with
the reactant peptides generated by recombinant methods (Fig-
ure 1 and Figures in SI). Ala29 was changed to cysteine to
serve as the nucleophile in the reaction. To verify that the
Ala29 to Cys mutation did not affect the structural properties
of the enzyme, wild type ECDHFR and its A29C variant were
prepared and analyzed by 'H-""N HSQC NMR-spectroscopy
(Figure S1). Only small, local differences for residues 28, 29
and 33 were observed between the spectra of the correspond-
ing ternary NADP /folate complexes, chemical ligation was
used to synthesize ECDHFR-A29C based isotopic hybrids. An
N-terminal thioester peptide comprising residues 1-28 was
generated in an intein-mediated approach, while the C-
terminal cysteine peptide (residues 29-159) was produced
using methods from a published semisynthesis of EcDHFR.”
Ligation of the purified peptides and subsequent refolding
yielded ‘light’ (isotopes of natural abundance) ligated Ec-
DHFR. ‘Heavy’ peptides were prepared in minimal medium
containing ’H,0, 13C-glucose and ""NH,CL Ligation of the
‘heavy’ N-terminal peptide with the natural abundance C-
terminal peptide yielded NT-EcDHFR, while CT-EcDHFR
was obtained through chemical ligation of the natural abun-
dance N-terminal peptide with the isotopically substituted C-
terminal peptide. Mass spectrometry showed that the purified
EcDHFRs were of the expected masses (Figures S2-S4).  After
purification in buffers made of IHZO, NT-EcDHFR and CT-
EcDHFR showed molecular mass increases of 1.8% and 8.9%,
respectively, indicating that >99.8% of the "N, *C and non-
exchangeable 'H atoms had been replaced by their heavier
isotopes in both proteins.

The circular dichroism spectra of ligated EcDHFR, NT-
EcDHFR and CT-EcDHFR revealed only minor differences to
the spectrum of the wild type enzyme, suggesting that the
secondary structural organization of ECDHFR is not sensitive



to the modifications made for expressed protein ligation or to
isotope substitution (Figure S5), an observation that is in
agreement with previous CD analyses of completely isotopi-
cally substituted ECDHFR.*"* However, thermal unfolding
and binding kinetic investigations had shown that heavy iso-
tope substitution can alter the ground state conformational
ensemble and ligand interactions of EcDHFR.” Michaelis
constants (Ky) of ligated ECDHFR for NADPH and H,F were
7.6 £ 2.1 and 0.51 + 0.06 pM (Table S1) at pH 7, similar to
those of the wild type enzyme (4.8 = 1.0 and 0.7 £ 0.2 puM,
respectively).45 The Ky values for the isotopic hybrids were
similar to those of wild type EcDHFR (Table S1) with the
exception of the Ky, for NADPH at pH 7.0, which was reduced
approximately 3-fold for NT-EcDHFR, suggesting a small
segment isotope effect on cofactor binding.

The effect of segment isotopic substitution on catalytic turno-
ver was investigated by determining steady-state rate constants
(k) at pH 7.0, where product release from the Ec-
DHFR:NADPH:H,F complex is mostly rate-limiting45 (Figure
2, Figure S6 and Table S2). At 20 °C, k., for unlabeled, ligated
EcDHFR was 9.1 £ 0.3 5™, in good agreement with that meas-
ured for the wild type enzyme (8.5 + 1.2 s'l).45 The turnover
rate constant for NT-EcDHFR (kcatNT) was similar to that of
unlabeled ligated EcDHFR (kcatLE) at low temperatures, but
began to differ with increasing temperature. At 40 °C, the N-
terminal kinetic isotope effect (KIECmNT = Ca‘LE/kaNT) was
1.16 + 0.05. The magnitude and temperature dependence of
KIE..\" were similar to those of the enzyme kinetic isotope
effect (KIEq = £"/k"™) reported previously for fully labeled
wild type EcDHFR*?  and in agreement with the implication
of conformational changes in the N-terminal peptide during
turnover. In contrast, the steady state rate constants for CT-
EcDHFR (kcatCT) only deviate mildly from those of the ‘light’
enzyme, giving a maximum C-terminal kinetic isotope effect
(KIEe " =heut " Thea™ ") of 1.04 £ 0.02 at 40 °C. This is similar
to the KIE., measured for DHFRs that lack significant con-
formational changes during ce1'[alysis.22’30‘41’54

These results demonstrate that segmental heavy isotope label-
ing can be used to localize effects of protein isotopic substitu-
tions on millisecond conformational motions. The observation
that KIE., " is temperature-dependent and accounts for almost
the entire KIE.,, of ECDHFR, while KIECmCT is close to unity
and shows only a small dependence on temperature indicates
that residues 1-28 undergo substantial movement during the
catalytic turnover. X-ray crystallographic studies of ECDHFR
demonstrated previously that a substantial movement of the
M20 loop (residues 9-24) is required for product release,
whereas only a minor rearrangement is seen in the FG loop in
the C-terminal segment and other regions of the enzyme (Fig-
ure 1).45 Solution NMR measurements revealed that various
regions of the enzyme in the ECDHFR:NADPH:H,F complex
show conformational motions on the same timescale as prod-
uct release.” Although a contribution from other regions of the
enzyme, too subtle to be detected by the methodology used
here, may be possible, the results suggest that the motions of
the M20 loop are dominant in limiting k... These results there-
fore confirm the central importance of motions of the M20
loop to the physical steps of catalysis;21 in addition, they are
able to pinpoint the specific regions of the enzyme whose
motions limit the observed rate constant for product release
and hence k., and distinguish them from other regions whose
motions are on the same timescale as the observed rate con-
stant but do not limit it.

To localize the origin of the fast motions that couple to the
chemical step in the catalytic cycle, hydride transfer from
NADPH to predominately protonated dihydrofolate, pre-
steady-state stopped-flow kinetic measurements were per-
formed at pH 7.0. The hydride transfer rate constants (kHLE) for
unlabeled, ligated EcDHFR are in good agreement with those
measured for the wild type enzyme (Figure S6 and Table
S3:).55 The hydride transfer rate constants for NT-EcDHFR
(ky"") are identical to those measured for unlabeled, ligated
EcDHFR giving a KIE,"" (kHLE/kHNT) close to unity at all
temperatures (Figures 3 and S5). In contrast, measurable reac-
tivity differences for CT-EcDHFR were observed with an
isotope effect KIE;"" (kHLE/kHCT) that increases from 0.90 +
0.02 at 5 °C to 1.13 £ 0.08 at 35 °C. Both the magnitude and
temperature dependence of KIE,"" were similar to those of the
enzyme KIE measured for fully labeled, wild type EcDHFR.*!
Indeed, the difference in the activation energies between the
‘light’, chemically ligated enzyme and CT-EcDHFR is statisti-
cally identical to that between the ‘light’ and ‘heavy’ wild type
enzyme (Table 1). In contrast, this parameter is not affected by
labeling the N-terminal segment of the chemically ligated
enzyme. These observations provide strong evidence for dy-
namic coupling of the C-terminal region of ECDHFR to the
chemical coordinate at pH 7.0; no evidence for such a cou-
pling to the first 28 amino acid residues was found.

To confirm that the measured kinetic difference is an indica-
tion of dynamic effects, computational studies were per-
formed. Enzyme hydride transfer rate constants can be esti-
mated in the framework of Transition State Theory (TST),
which includes a temperature-dependent transmission coeffi-
cient 1'[8()56account for tunneling contributions and dynamic ef-
fects: ™

_( chct(T.E))

Kitneor(T) = T(T,H)22e \ *" /(1)

where R is the ideal gas constant, T is the temperature, kg is
the Boltzmann constant and /4 is Planck’s constant. AGSCCt is the
quasiclassical activation free energy calculated along the reac-

tion coordinate E:'*
C M

AGE(T,®) = AGI(T,©) + AGIN(T) ()

where AGSM(T, €) is the activation free energy obtained from
classical simulations and AG?M(T) is a correction term due to
the quantized nature of molecular vibrations (mainly zero-
point energies). In eq. (1), ['(T,&) is the temperature-dependent
transmission coefficient that contains dynamic and tunneling
corrections to the classical rate constant and is therefore equal

to one in the limit of classical TST. I'(T,E) can be expressed
as:

F(TE)=y(TY «(T) ()

where k(T) is the tunneling coefficient that accounts for reac-
tive trajectories that do not reach the classical threshold ener-
gy. Y(T,E) is the recrossing transmission coefficient that cor-
rects the rate constant for the trajectories that recross the divid-
ing surface from the product valley back to the reactant valley
and that incorporates the participation of other coordinates
during barrier crossing and frictional effects of the environ-
ment on the motion along €.

In principle, protein isotopic labeling can modify all the varia-
bles in eq. (2) and (3). Although isotopic labeling should not
affect the activation free energy AGSM (T, ) within the classi-

cal limit (if the mass associated with § is unaltered), quantum



vibrational averaged reduction of the C-H bond distance
caused by deuterium substitution can theoretically change the
magnitude of this variable. However, experimental”’25 and
theoretical studies™ suggested that deuterium substitution
should not alter electrostatic properties of the active site and
consequently the activation free energy. Furthermore,
QM/MM simulations of ECDHFR*' and its catalytically com-
promised N23PP/S148A variant,” as well as DHFR from
Geobacillus stearothermophilus (BsDHFR),23 revealed that
the tunneling coefficient is not altered by protein isotope label-
ing, thus excluding contributions from 'promoting vibrations'
enhancing tunneling effects and related concepts.%’41 Instead,
the subtle difference in the rate constants of hydride transfer is
mainly caused by a change in the recrossing trajectories and
hence the enzymatic KIEy can be approximated by the ratio of
the recrossing transmission coefficients of the ‘light’ enzyme
to that of the isotopically labeled, ‘heavy’ e:nzym<3:21'23
LE

LE
KIEy = o ~ Lo (4)

kEE YHE

Accordingly, the segment isotope effects were calculated by
evaluating the recrossing transmission coefficients of ‘light’
EcDHFR, NT- and CT-EcDHFR from 278 to 318 K (Figure
S7, Table 1 and S4). Computational segmental KIEy values
estimated from eq. (4) are presented in Figure 2 and follow the
same trend as the experimental values obtained under pre-
steady state conditions. Isotope labeling of the C-terminal
fragment caused a greater difference in the recrossing coeffi-
cients and consequently a larger isotope effect at high temper-
ature, while contributions from the N-terminal fragment are
small. However, theoretical estimations always yield a normal
enzyme KIEy, where the hydride transfer reaction catalyzed
by the 'light' enzyme is faster than that of the isotopically
labeled enzyme. This can be explained by assuming is-based
on-the-assumption-that the slower environment in the labeled
enzyme increasesing the friction of the reaction coordinate,
resulting in a greater fraction of recrossing trajectories and a
lower value of the rate constant. The experimental values on
the other hand show an inverse effect at temperatures below
20 °C. This could be an indication of additional contributions
to the enzyme KIEy, which cannot be explained by dynamic
recrossing. In fact, heavy isotopic substitution could also mod-
ify the zero-point energies of the reactants and transition state
differently, further changing the value of AG%]\];[(T). A tighter
interaction of the isotopically labeled enzyme with the transi-
tion state could result in an inverse KIE. However, previous
analysis showed that, se as long as isotopic labeling does not
involve the reacting fragments, this effect is small.”> Conse-
quently, in this work our isotope effect calculations remain
within the approximation of eq. (4), although including the
isotope effect on changing the zero-point energies of the reac-
tants and transition states in eq. (2) might yield more accurate
predictions, especially the enzyme KIEy at low temperature
(because of the 1/T dependence in the exponential term).

The measured recrossing coefficients could also be used to
explain the differences in the activation parameters. Both CT-
EcDHFR and completely labeled ‘heavy’ EcDHFR have more
negative activation entropies (AS*) than the ‘light’ enzymes
(Table 1). AS* is expected to be negative, because during the
chemical transformation the enzyme needs to sacrifice its
flexibility to provide a static, charge-complementary configu-
ration.”” However, the activation entropy is also affected by

the intensity of dynamic coupling, as it is dependent on the
magnitude and the temperature dependence of the recrossing
coefficient, the contribution from which is described in equa-
tion (5):23‘57

RT ay

AS*(y) =R-In(y) + S O

where AS*(y) is the fraction of activation entropy that depends

. . ay . .
on dynamic recrossing and % is the change of the recrossing
coefficient with temperature.
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Figure 2. Enzyme and segment kinetic isotope effects meas-
ured at pH 7.0 for fully labeled EcDHFR (black),21 NT-
EcDHFR (red) and CT-EcDHFR (blue) under steady state (A)
and single turnover, pre-steady state (B) conditions. Theoreti-
cal isotope effects (C) calculated from the ratios of the recross-
ing coefficients (eq. 4).

As illustrated in the computational analysis, the recrossing
coefficient deviates further from unity with increasing temper-

.9 N . .
ature (i.e. % < 0) due to thermal activation of protein motions

that disturb the stability of the transition state. This effect is
particularly pronounced in ‘heavy’ EcDHFR and in CT-

EcDHFR, and the magnitude of Z—i is approximately three-fold

higher than for the ‘light’ enzyme (Table S4). Consequently,
the activation entropies of these isotopically labeled enzymes
are greater in magnitude and the hydride transfer rate constant
becomes more noticeably lower than for the ‘light’ enzyme at
high temperature. Nevertheless, the activation free energies
(AG¥) are identical for these enzymes as the activation en-
thalpies (AH¥) of both ‘heavy’ EcDHFR and CT-EcDHFR are
lower than their ‘light’ counterparts. On the other hand, the



activation free energy also remains unchanged in NT-
EcDHFR since none of the mentioned parameters were affect-
ed by isotope labeling. These observations strongly suggest

that the protein environmental motions along the EcDHFR
reaction coordinate originate from the C-terminal segment.

Table 1. Kinetic parameters for the hydride transfer reactions catalyzed by various forms of ECDHFR at 25 °C.

Engvme Ea A E, AS AAS? AH* AAH? AG*
ymes (kcal'mol™) | (kcal'mol™) | (cal'mol™K™) | (cal'mol™K™) | (kcal'mol™) | (kcal'mol") | (kcal'‘mol™)
Light WT
EcDHFR® 73+0.2 26+ 1 6.7+0.3 144+1.5
Heavy WT
EcDHFR® 6.0+0.3 1.3+04 30+2 442 54+0.6 1.3+0.7 144+2.5
Light, chemically ligated
EcDHFR-A29C 83+03 22+1 7.8+0.3 143+1.3
NT-EcDHFR 84+0.2 0.1+£04 2242 0+2 7.8+£0.6 0+0.7 143+1.9
CT-EcDHFR 7.0+04 1.3+£0.5 27+2 5+2 6.5+0.8 1.3+£0.9 143 +£3.5
a) Data from ref (21)

Measurement of segmental KIEy provides new information
about the nature of dynamic coupling to the chemical step of
EcDHFR catalysis. Several residues implicated in the pro-
posed ‘hydride transfer driving’ dynamic network are located
in the M20 loop (residues 9-23)36’41 and a measureable KIE;"
would be expected if dynamic coupling from these residues to
the chemical step were present. For instance, Tyr100 and the
hydrogen-bonding network between Ile14, Glyl5 and Asp122
were proposed to ‘direct” NADPH to the acceptor,37 while
Phe31 and the interactions between Trp22, Asp27 and Thr113
‘direct” H,F to the donor. Dynamic coupling to the actual
chemical step at pH 7.0 however does not involve the first 28
amino acids of EcCDHFR, despite this N-terminal region show-
ing the largest thermal motions; it originates exclusively from
within the C-terminal region. These movements involving the
M20 loop therefore generate a reaction-ready active site con-
figuration, from which hydride transfer can take place:,l7’22’29‘46
but they do not significantly couple to the reaction coordinate.
This work provides the first direct experimental evidence,
which regions of ECDHFR couple to the hydride transfer event
itself. Furthermore, based on these results we hypothesize that
the observed dynamic effects originate from a reorganisation
that facilitates the charge transfers necessary to form the tran-
sition state configuration and/or tight protein interactions with
the transition state. Furthermore, we hypothesize that the ob-
served dynamic effects are 'residual' motions caused by tight
electrostatic interactions between the enzyme and transition
state species. Dynamic coupling is an undesired effect that
enhances dynamic recrossing and most likely causes an addi-
tive effect to the magnitude of enzyme KIEy.

Site-directed mutagenesis has often been used to investigate
the role and existence of dynamic effects in enzyme
catalysis.35’41’58 However, mutations can alter an enzyme’s
electrostatic properties and barriers for conformational and
chemical transitions, "% making these studies potentially
controversial since differentiating electrostatic and dynamic

here reveal that at physiological pH the release of Hy,F from
the ternary ECDHFR:NADPH:H,F product complex is domi-
nated by millisecond conformational motions of the M20 loop
with minimal contribution from other regions of the enzyme.
In stark contrast, motions of C-terminal portions of the en-
zyme affect the chemical step while motions of the M20 loop
do not make significant measurable contributions to hydride
transfer itself.

Segmental heavy isotope labeling is capable of isolating indi-
vidual contributions of different regions of an enzyme to the
observed rate constants and, when complemented with compu-
tational studies, 7T provides insights not easily
obtained with other methods. The concept of segmental heavy
isotope labeling may help the design and development of
inhibitors of motions crucial for the catalytic cycle. Most
importantly, the current study demonstrates the applicability of
segment isotope labeling to studies of a wide variety of models
in the field of protein dynamics and beyond.
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