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ABSTRACT: Coupled motions have been demonstrated to be
functionally important in a number of enzymes. Noncovalent side-
chain interactions play essential roles in coordinating the motions
across different structural elements in a protein. However, most of
the dynamic studies of proteins are focused on backbone amides or
methyl groups in the side chains and little is known about the polar
and charged side chains. We have previously characterized the
conformational dynamics of deubiquitinase A (DUBA), an
isopeptidase, on the microsecond-to-millisecond (μs−ms) time
scales with the amide 1H Carr−Purcell−Meiboom−Gill (CPMG)
experiment. We detected a global conformational exchange process
on a time scale of approximately 200 μs, which involves most of the
structural elements in DUBA, including the active site and the
substrate binding interface. Here, we extend our previous study on backbone amides to the arginine side-chain Nε−Hε groups using
a modified 1H CPMG pulse sequence that can efficiently detect both backbone amide and arginine side-chain Nε−Hε signals in a
single experiment. We found that the side chains of three arginines display motions on the same time scale as the backbone amides.
Mutations of two of the three arginines to alanines result in a decrease in enzyme activity. One of these two arginines is located in a
loop involved in substrate binding. This loop is not visible in the backbone amide-detected experiments due to excess line
broadening induced by motions on the μs−ms time scales. These results clearly demonstrate that the motions of some arginine side
chains are coupled to the global conformational exchange process and provide an additional probe for motions in a functionally
important loop that did not yield visible backbone amide signals, suggesting the value of side-chain experiments on DUBA. The
modified 1H CPMG pulse sequence allows the simultaneous characterization of backbone and arginine side-chain dynamics without
any increase in data acquisition time and can be applied to the dynamic studies of any protein that displays measurable amide 1H
relaxation dispersion.

■ INTRODUCTION
Deubiquitinase A (DUBA), also named OTUD5, is a member
of the deubiquitinase (DUB) family, which consists of ∼100
members in humans.1 Deubiquitinases (DUBs) are involved in
most of the biological processes in eukaryotes through
deconjugation of single ubiquitin molecules or polyubiquitin
chains from target proteins.2 Polyubiquitin chains can form
from linking the C-terminus of one ubiquitin to one of the
seven lysines (K6, K11, K27, K29, K33, K48, K63) or the N-
terminal methionine of another ubiquitin. Ubiquitin chains
formed via different linkages represent distinct physiological
signals.3 Removal of ubiquitin moieties by DUBs can result in
changes in the stability, activity, subcellular locations, or
interaction specificity of target proteins.4 DUBA was initially
identified as a negative regulator of type I interferons from
siRNA screening.5 It was subsequently found to be involved in
other important biological processes, including cytokine
production in T cells6 and dendritic cells,7 human develop-
ment,8 DNA damage response,9 and tumorigenesis.10 The
activity of DUBA is regulated by phosphorylation at a single

site, S177.11 In biochemical assays in vitro, DUBA cleaves K48-
and K63-linked polyubiquitin chains, though weak activity was
also detected for K11-linked chains.11,12

DUBs are tightly regulated through a variety of mechanisms,
including the abundance, subcellular localization, posttransla-
tional modifications (PTMs), and binding of accessory
domains to the catalytic domain.4,13 Misregulation and loss
of function of DUBs have been associated with human
diseases.14 In recent years, DUBs have become emerging
therapeutic targets for treating cancer, inflammation, and
neurodegenerative diseases. Development of selective DUB
inhibitors has attracted interest from both academia and
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industry.15 The molecular basis of DUB regulation and
substrate specificity has been the subject of many biochemical
and structural studies.4,13 Many of these studies have implied
the functional importance of conformational dynamics in the
DUB family but the exact functional roles are not well
understood for most DUBs. Conformational remodeling of
DUBs by substrates, partner proteins, accessory domains, and
PTMs was thought to be essential for the regulation and
substrate specificity of many DUBs, but the detailed
mechanisms are only known in a few cases.16−19

We have recently characterized the backbone dynamics of
DUBA on the sub-millisecond time scales, using nuclear
magnetic resonance (NMR) relaxation dispersion experi-
ments.20 We observed that most of the structural elements in
DUBA are involved in a global conformational exchange
process on a time scale of ∼200 μs. Notably, this process was
detected on the phosphorylated S177 (pS177) in only one of
the two conformers resolved by differences in the amide
chemical shifts. The fact that this conformer is essential for
DUBA activity suggests the functional importance of the
observed global conformational process.21 Mutations of two
positively charged residues in the α6 helix, R272 and K273, to
two glutamic acids lead to the decoupling of motions across
different structural elements.20 The observed decoupling
suggests the loss of correlated motions if the similar exchange
rate constants across many residues in the wild-type DUBA
result from the coordination of different structural elements
during conformational transition rather than a coincidence.
According to the crystal structure of phosphorylated DUBA
(p-DUBA) conjugated to ubiquitin aldehyde,11 the mutations
abolish the interactions between these two positively charged
residues and the phosphate group in pS177 (Figure 1). In
addition, two salt bridges between the α6 helix and the two
neighboring structural elements, α5−α6 loop and α7 helix,
were disrupted (Figure 1). The changes in the dynamic
properties observed on the R272E/K273E mutant suggest that
at least some salt bridges are essential for maintaining the
global conformational process in DUBA. In this study, we set

out to directly assess whether the motions of arginine side
chains are coupled to this global process by quantifying the
dynamics of these side chains with NMR relaxation dispersion
experiments. We modified the pulse sequence for the backbone
amide 1H Carr−Purcell−Meiboom−Gill (CPMG) experiment
used in our previous study20 to enable the simultaneous
detection of backbone amide and the arginine side-chain Nε−
Hε without significant signal loss from the off-resonance
effects. We were able to detect six out of a total of nine arginine
Nε−Hε groups in the catalytic domain of DUBA at neutral pH
and low temperature. We show that at least three arginine side
chains undergo motions on the same time scale as a large
number of backbone amides. Mutations of two of these three
arginines to alanines result in partial loss of DUBA activity.
Overall, our study provides spectroscopic evidence for the role
of arginine side chains in coordinating the global conforma-
tional exchange process in DUBA on the sub-millisecond time
scale and a rationale for further investigation of this role.

■ MATERIALS AND METHODS

NMR Sample Preparation and Conditions. The
samples of U-[2H,15N] wild-type DUBA and U-15N DUBA
mutants were prepared according to previously reported
methods.22 The NMR sample buffer contains 50 mM sodium
phosphate, pH 7.0, 100 mM NaCl, 1 mM Tris(2-
carboxyethyl)phosphine (TCEP), 7% (v/v) D2O, and 0.2
mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).

1H CPMG Experiment and Data Analysis. Amide 1H
CPMG experiments were performed on a 600 μM U-[2H, 15N]
phosphorylated DUBA sample at 700 MHz 1H frequency and
290 K, using the pulse sequence depicted in Figure 3. The
Varian spectrometer used for the experiments is equipped with
a cryoprobe. Each two-dimensional (2D) spectrum was
acquired with 336 complex points and a spectral width of
3780 Hz (54 ppm) in the F1 (15N) dimension. 15N carrier was
set at 120 ppm. The length of the CPMG period (Trelax) was
30 ms. A series of 2D spectra were acquired by varying the
numbers of π refocusing pulses during the CPMG period,
which were 0, 4, 8, 16 (replicated), 24, 32, 40, 48, 56, 64, 72,
80, 88, and 96. The data were acquired in an interleaved
fashion. Twenty scans were accumulated with a recycle delay
of 1.5 s, and the total data acquisition time was approximately
70 h.
The data were processed using NMRPipe23 and visualized

using Sparky.24 The data analysis was performed as previously
reported.20 Briefly, the transverse relaxation rates (R2,eff) were
determined using cross-peak volumes measured without and
with the constant-time relaxation period. Cross-peak volumes
were determined using the program PINT.25,26 The relaxation
dispersion profiles were fit to a two-site exchange model under
fast-exchange approximation27
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o is the limiting relaxation rate constant in the
absence of exchange broadening; ϕex = p1p2Δω12

2 , where Δω12
is the chemical shift difference between the two states, and p1
and p2 are the fractional populations of the two states,
respectively; and kex = k1 + k−1, where k1 and k−1 are the rate
constants of the forward and reverse conformational
transitions, respectively. The rate of transverse relaxation

Figure 1. Crystal structure of DUBA (PDB code: 3TMP) with the α6
helix colored in cyan.
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resulting from the conformational exchange (Rex) at νCPMG = 0

was calculated according to R
p p

kex
1 2 12

2

ex
=

ωΔ
.

Ubiquitin−AMC Cleavage Assays. The single-turnover
kinetic assays were performed, as previously described.21 All
samples were uniformly 15N-labeled and prepared, as
previously described.22 The assays were performed at 25 °C
in a buffer containing 50 mM HEPES, pH 7.5, 5 mM DTT,
and 100 mM NaCl. The increase in the fluorescence intensity
of 7-amino-4-methylcoumarin (AMC) when it is cleaved from
ubiquitin was monitored using the SpectraMax Gemini XPS
plate reader (Molecular Devices). The data were recorded
until the reaction was at least 95% complete. The kinetic rate
constant, k2, and the substrate affinity, Kd, were determined
from the recorded time courses, as previously described.21 The
assays were performed in duplicate on each DUBA mutant.

■ RESULTS
Assignment of Arginine Side-Chain Nε−Hε Resonan-

ces. There are nine arginines in the catalytic domain of DUBA
(Figure 2A), among which only six arginines (R187, R208,

R227, R244, R294, and R326) yield visible backbone amide
signals.20 Six cross-peaks from the Nε−Hε moiety of arginine
side chains can be observed in the 2D 15N HSQC spectrum,
with 15N carrier centered at 86 ppm and acquired at 290 K
(Figure 2B). At higher temperatures, two cross-peaks (R187
and R208) become significantly weaker due to fast solvent
exchange rates (data not shown). Despite the medium size
(∼20 kDa) of the catalytic domain of DUBA, it is a challenging
system for obtaining reliable resonance assignments. Almost all
of the backbone amide 1H spectral lines are broadened due to
conformational exchange on the μs−ms time scales. Approx-
imately 30% of amide cross-peaks are not visible in the 2D 15N
TROSY spectrum. Although the 3D HNCACB experiment
that correlates the Cγ and Cδ with Nε−Hε in the arginine side

chain can, in principle, be employed to assign Nε−Hε cross-
peaks, the degeneracy of Cγ and Cδ chemical shifts and the low
sensitivity of 3D experiments for side-chain assignment make
this method ineffective. Only R187 and R208 side chains are
visible in this experiment but neither can be assigned
unambiguously due to similar Cγ and Cδ chemical shifts for
these two residues. We have assigned three of the four
remaining arginine side chains using three mutants, R227A,
R294A, and R331A (Figure 2B). The remaining cross-peak
was not assigned because μs−ms dynamics were not detected
on this peak. Notably, the backbone amide of R331 is not
visible but the side-chain Nε−Hε can be detected with good
sensitivity.

Amide 1H CPMG Experiment Using Broadband 15N π
Pulses. Amide 1H CPMG experiment is an effective method
for the characterization of conformational exchange on the μs−
ms time scales. The chemical shifts of Nε in the guanidium
group are typically in the range of 80−90 ppm, a few kilohertz
away from the backbone amides, which resonate between 100
and 140 ppm. The hard π pulses used for the 15N channel on a
Cryoprobe are typically not short enough to fully invert or
refocus the Nε magnetization when the 15N carrier is centered
on the amide at ∼120 ppm. It has been demonstrated that
replacing the hard 15N π pulses with the broadband V1 pulse
developed by Abramovich and Vega28 allows the detection of
arginine Nε−Hε moiety with minimal signal loss in the context
of the 3D HNCACB experiment for assigning arginine Nε−Hε

groups.29 We have adopted this strategy and replaced the four
hard 15N π pulses in the original 1H CPMG pulse sequence30

with the V1 pulses. The modified pulse sequence is shown in
Figure 3. The modified pulse sequence on average yielded
improvement in signal intensity for Nε−Hε cross-peaks by a
factor of ∼1.8 when the 15N hard π/2 pulse length is 47.5 μs at
700 MHz 1H frequency. The level of enhancement is very
similar to that observed in the previous study.29 Backbone
signal loss due to the broadband pulses, which lead to shorter
effective INEPT transfer periods, is negligible. The intensities
of 67 backbone amide signals are on average 98% of those
obtained using the original pulse sequence.

Microsecond-to-Millisecond Motions of Arginine
Side Chains Characterized by Amide 1H CPMG Experi-
ments. We have previously measured the backbone amide 1H
relaxation dispersion on DUBA in both phosphorylated and
nonphosphorylated forms at 298 K.20 Here, we measured 1H
relaxation dispersion of both backbone amide and arginine
side-chain Nε−Hε on phosphorylated DUBA at 290 K. The
lower sample temperature was chosen to reduce the signal loss
from solvent exchange. R227, R294, and R331 display
measurable 1Hε relaxation dispersion (Figure 4A). Fitting
data from these three residues individually yielded exchange
rates (kex) of ∼3000 s−1. Group fitting was therefore
performed, which yielded kex of 2580 ± 370 s−1. Table 1
contains the dynamic parameters determined from the
relaxation dispersion profiles. Global fitting was also performed
across ∼60 backbone amide resonances, as previously
described.20 The kex was 3230 ± 80 s−1. The similar exchange
rates of the arginine side chains and the many backbone
amides indicate that motions of these side chains are coupled
to the global conformational process. By contrast, the Nε−Hε

groups of R187 and R208 do not display measurable relaxation
dispersion. In the crystal structure of DUBA, R331 and R227
form salt bridges with acidic side chains (Figure 4B and Table
S1). R294 forms a H-bond with the backbone oxygen atom of

Figure 2. (A) Crystal structures of DUBA in the free form (cyan,
PDB code: 3PFY) and of DUBA attached to ubiquitin aldehyde (gold,
PDB code: 3TMP). (B) The 15N HSQC spectra of arginine Nε−Hε

groups in wild-type phosphorylated (red) and nonphosphorylated
(blue) DUBA.
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E323, whereas R187 and R208 do not form H-bonds and are
largely exposed to the solvent. The relaxation dispersion
profiles of the backbone amide 1H can be quantified for R187
and R208 at both 290 K (Figure 4A) and 298 K.20 Flat
relaxation dispersion profiles of side-chain Hε can indicate the
lack of side-chain motions for these two residues or that the
motions are too fast to yield measurable relaxation dispersion.
In the latter case, the backbone and side-chain motions are
decoupled. For the three residues showing relaxation
dispersion, the changes in the 1Hε chemical shifts likely result
from changes in the ensemble-averaged configurations of salt
bridges or H-bonds, which can propagate conformational
changes to remote sites and enhance the coordination of
motions across the entire protein.
Assessment of the Functional Importance of Argi-

nines by Activity Assays. To assess the functional
importance of arginines for which motions were detected, we
performed activity assays on the R227A, R331A, and R294A
mutants of phosphorylated DUBA, using the ubiquitin (Ub)−
AMC substrate, where the fluorescent dye AMC was attached
to the C-terminus of ubiquitin and can be cleaved by DUBs.
Table 2 contains the kinetics parameters. R331A mutant shows
a significantly lower catalytic rate constant despite the
increased substrate affinity. R331 is located in a loop, named
His loop, which precedes the β4 strand that contains the
catalytic residue H334 (Figure 1). This loop is involved in
substrate binding and was suggested by previous studies on
other DUBs to control the substrate specificity.12 By contrast,
the R227A mutant has a very similar substrate affinity but the
catalytic rate constant is lowered by 3-fold. The R294A mutant
has the same substrate affinity and the catalytic rate constant as
the wild type. The data suggest that a subset of arginine side
chains involved in the global conformational exchange process
are functionally important.

■ DISCUSSION
DUBA is a highly dynamic enzyme with coupled motions
detected on the μs−ms time scales across most parts of the
protein.20 Coupled motions have been observed in enzymes in
a number of families, including kinase31 and phosphatase32−34

and several model enzymes extensively studied by NMR and
computational methods.35 Although it is well understood that

μs−ms motions play important roles in enzyme functions,36,37

structural determinants of dynamic properties, especially those
of correlated motions, are not well defined, which pose a
significant challenge for the rational design of enzymes.38 A
recent study on a phosphatase, PTP1B, showed that small
perturbations on weak interactions can significantly alter the
dynamics of a functionally important loop and in turn the
function of the enzyme.33 Similarly, our previous study showed
that the global conformational process in DUBA can be
strongly perturbed by breaking only two salt bridges involving
R272 and K273 (Figure 1) through mutations.20 In the
R272E/K273E mutant, many residues show elevated and
highly variable kinetic rate constants, including those remote
from the site of mutations. This observation suggests that an
intact H-bond network may be essential for maintaining the
dynamic property of wild-type DUBA and the rate constants of
conformational exchange are highly sensitive to point
mutations that disrupt the network. To further understand
the role of the H-bond network for defining DUBA dynamics,
we carried out this study to characterize the dynamic
properties of arginine side chains, which are involved in the
formation of salt bridges and hydrogen bonds.
The role of arginines in maintaining protein structural folds

and stability has been widely investigated.39 Arginine has a
long and usually flexible side chain and contains five H-bond
donors. Despite the importance of arginine for the structure,
dynamics, and function of proteins, few NMR studies on
arginine side-chain dynamics are available.40−43 In recent years,
sophisticated NMR methods have been developed to detect
arginine side-chain signals with improved sensitivity and
resolution.44,45 Here, we assess whether the motions of
arginine side chains are coupled to the global conformational
process in DUBA, using a modified pulse sequence for the
amide 1H CPMG experiments. As expected, the three arginine
side chains that display sub-millisecond motions all form salt
bridges or H-bonds, among which the R331−E220 salt bridge
connects two functionally important loops, the His loop
(residues 331−333) and the Cys loop (residues 217−223)
(Figure 4B), which are not close in the primary sequence. All
DUBs in the ovarian tumor (OTU) subfamily, to which DUBA
belongs, contain three functionally important loops, the His,
Cys, and the variable (residues 274−281) loops (Figure 1).

Figure 3. Pulse sequence diagram of the modified transverse relaxation optimized spectroscopy (TROSY)-selected 1H CPMG experiment. The
wide and narrow bars represent rectangular π pulse and π/2 pulses, respectively. The shaped pulses are 1.2 ms V1 pulses at a B1 field of 5 kHz. All
pulse phases are x unless indicated otherwise. Δ = 2.7 ms. The XY-16 phase alternating scheme (x, y, x, y, y, x, y, x, −x, −y, −x, −y, −y, −x, −y, −x)
was used for the π pulse train during the Trelax period. n can be any integer. The phase cycle was ϕ1 = (−y, y), ϕ2 = y, ϕ3 = y, ϕrec = (−x, x).
Quadrature detection in the indirect dimension was achieved by inverting ϕ2 and ϕ3 together with gradients g3 and g4 for every t1 increment. The
phase cycle is for Varian spectrometers. For Bruker spectrometers, y and −y phases should be swapped. 1H carrier was placed at 4.7 ppm for the
entire pulse sequence except for the detection period. Gradients along the z axis have sine amplitude profiles, with peak strengths and durations as
follows: g1 = 12.5 G/cm, 1.5 ms; g2 = 32.5 G/cm, 3 ms; g5 = 30 G/cm, 0.18 ms; g3 = −1.2 × g5, 0.9 ms; and g4 = 0.8 × g5, 0.9 ms.
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The Cys loop in Cezanne, an OTU DUB, displays conforma-
tional plasticity and can shift from an inactive to active
conformation upon substrate binding.19 Variable loop and His
loop are at the substrate binding interface and their amino acid
sequences are highly variable across the OTU family,
suggesting potential roles for controlling the linkage specificity
of polyubiquitin substrates because OTU DUBs display

distinct specificity despite the similar overall structural
folds.12 We have previously shown that two out of the three
functionally important loops, Cys loop and the variable loop,
undergo motions on the same time scale.20 This study enabled
the detection of a residue, R331, in the remaining loop, the His
loop, which was not visible in the backbone amide-detected
experiments.20 R331 displays motions on the same time scale

Figure 4. (A) Backbone amide 1H (blue) and side-chain 1Hε (green) relaxation dispersion profiles of arginine residues in DUBA. The side-chain
data on R187 and R208 were not shown because the resonance assignment is ambiguous and neither residue displayed relaxation dispersion. The
data were acquired at 700 MHz 1H frequency and 290 K. (B) The crystal structure of DUBA (PDB code: 3TMP) with the salt bridges and H-
bonds formed from R227 and R331 highlighted in stick representation.
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as the entire DUBA molecule. Although the catalytic cysteine,
C224, has been so far undetectable, it likely undergoes motions
on the same time scale as many other structural elements,
including the three loops, given the fact that many neighboring
residues display such motions.20 Overall, the data presented
here and in our previous study20 suggest that the motions of
the catalytic cysteine and the three functionally important
loops are coupled in DUBA. A recent NMR dynamic study on
PTP1B, a phosphatase, made a similar observation that four
catalytically important loops in this enzyme move as one
dynamic unit.34 R227, in the α3 helix, forms a H-bond with
D221 in the Cys loop and Q237 in the α3−α4 loop (Figure
4B). The nearly unaltered substrate affinity and the significant
change in the catalytic rate constant of the R227A mutant
suggest a mostly intact substrate binding interface. The lower
catalytic rate constant may result from the perturbation of the
dynamic properties and/or the electrostatic environment of the
active site because R227 is spatially close to the active site
cysteine, C224. The remaining arginine displaying sub-
millisecond motions in this study, R294, is also located in a
loop, the α7−β2 loop. R294 side chain is H-bonded with the
backbone oxygen atom of E323. However, the R294A mutant
displays essentially unalerted enzyme kinetics, consistent with
the expectation that this loop is not functionally important.
Although the effects of the mutation can be long range, it
appears that at least functionally important dynamic properties
of DUBA are not perturbed. This mutant may serve as a
negative control in future studies to distinguish between
motions essential and nonessential for function. The two
solvent-exposed arginines, R187 and R208 (Figure 2A), do not
form H-bonds and show flat relaxation dispersion profiles.
Overall, the dynamic data on arginine suggest that salt bridges
or H-bonds are necessary for the arginine side-chain motions
to be coupled to the global conformational exchange process
on the μs−ms time scales.
The arginine side-chain data presented here are comple-

mentary to the previously reported backbone data on the
R272E/K273E mutant,20 both supporting the view that the H-
bond network is essential for maintaining the global conforma-
tional exchange process involving many residues. Future
studies on additional DUBA mutants, which have significantly
altered dynamic properties, using the pulse sequence presented
here, will allow more precise characterization of the effects of
mutations on the H-bond network by providing information
on arginine side chains in addition to backbone amides. The

studies on arginine side chains can shed light on the
mechanisms by which motions are coupled across nearly the
entire enzyme molecule and facilitate the rational design of
enzymes that possess desired dynamic properties, e.g., coupling
of motions between functionally important elements. One of
the challenges in studying DUBA dynamics is that the highly
dynamic substrate binding interface, including the active site, is
mostly not visible in amide-detected experiments.20 Develop-
ment of more sophisticated NMR methods, such as those
employing direct 13C detection,44 will likely be needed to
observe the arginines and other charged or polar side chains
crucial for controlling the global dynamics. The current study
does not provide additional information on the α6 helix that
harbors the two charged residues, R272 and K273, which are
essential for both DUBA function and for maintaining the
coupled motions. Nevertheless, the easy implementation of the
1H CPMG experiment presented here makes it an ideal choice
for the rapid characterization of μs−ms motions in arginine
side chains without the need to perform two separate
experiments on backbone amides and arginine side-chain
Nε−Hε. The dynamic parameters obtained from this simple
experiment will be useful for comparison and benchmarking of
the measurements that can be made using more sophisticated
methods.
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name Rex (s
−1) ϕex
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−1)

R227 14.8 ± 0.5 0.045 ± 0.003 2580 ± 370
R294 8.7 ± 0.4 0.034 ± 0.003
R331 16.0 ± 0.5 0.046 ± 0.003

Table 2. Single-Turnover Kinetics of DUBA with Ub−AMC
as the Substrate

enzyme Kd (μM) k2 (10
−3 s−1)

wild typea 31 ± 2 83 ± 1.5
R227A 43 ± 4 26 ± 1
R331A 8 ± 1 11 ± 0.2
R294A 28 ± 3 83 ± 2

aWild-type data have been reported previously.21
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