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Abstract

Deubiquitinase A (DUBA) belongs to the ovarian tumor family of deubiquitinating enzymes and
was initially identified as a negative regulator of type I interferons, whose overproduction has been
linked to autoimmune diseases. The deubiquitinating activity of DUBA is positively regulated by
phosphorylation at a single serine residue, S177, which results in minimal structural changes. We
have previously shown that phosphorylation induces a two-state conformational equilibrium
observed only in the active form of DUBA, highlighting the functional importance of DUBA
dynamics. Here, we report the conformational dynamics of DUBA on the microsecond-to-
millisecond time scales characterized by NMR relaxation dispersion experiments. We found that
motions on these time scales are highly synchronized in both the phosphorylated and
nonphosphorylated DUBA. Despite the overall similarity of these two forms, different dynamic
properties were observed in the a1 helix and the neighboring regions, including the residue S177,
which likely contribute to the activation of DUBA by phosphorylation. Moreover, our data suggest
that transient unfolding of the a6 helix drives the global conformational process and that
mutations can be introduced to modulate this process, which provides basis for future studies to
define the exact functional roles of motions in DUBA activation and substrate specificity.
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Introduction

Ubiquitination is a pivotal post-translation modification (PTM) that regulates many cellular
processes in eukaryotes, including protein degradation, DNA damage responses, protein
trafficking, cellular signaling and immune responses.}: 2 The attachment of monoubiquitin or
polyubiquitin chains to target proteins is mediated by a three-enzyme cascade consisting of
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase
(E3). Polyubiquitin chains are built via the formation of an isopeptide or peptide bond
between the C- terminus of a ubiquitin and one of the seven lysines (K6, K11, K27, K29,
K33, K48, K63) or the N-terminal methionine in another ubiquitin. K48- and K11-linked
chains are associated with protein degradation, whereas K63-linked and linear chains are
often involved in nondegrative functions such as regulation of cellular signaling cascades.3

Ubiquitination is reversed by deubiquitinases (DUBs), most of which are cysteine proteases.
4

Human genome encodes ~100 DUBs, which can be divided into seven families.> The
activity of DUBs is tightly controlled through diverse mechanisms® 7 and aberrant function
of DUBs has been linked to human diseases, including cancer, inflammatory and
neurodegenerative disorders.® 9 In recent years, DUBs have emerged as potential drug
targets for both cancer and immune disorders and progress has been made in developing
inhibitors selective for specific DUBs.10 At the molecular level, the activity of DUBs can be
regulated by PTMs, the association of accessory domains /7 cis and binding of partner
proteins 7 trans.1! Despite the high prevalence of PTMs, including phosphorylation,
ubiquitination, SUMOylation, acetylation, lipidation, glycosylation and oxidation,% 12
within the DUB superfamily, the molecular mechanisms of regulation by PTMs are largely
unknown. Among all DUBs regulated by phosphorylation, the best studied is deubiquitinase
A (DUBA).11

DUBA, also named OTUDS5, belongs to the ovarian tumor (OTU) family of DUBs, which is
the second to the largest and consists of 16 members.1 Most of OTU DUBs participate in
the regulation of cell signaling cascades, such as NF-xB signaling, IRF3 signaling and DNA
damage responses.13 14 All OTU DUBs are selective for one or two ubiquitin linkages.!3
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DUBA was initially identified as a negative regulator of type | interferons (IFNs) via
cleaving K63-linked polyubiquitin chains from tumor necrosis factor receptor-associated
factor 3 (TRAF3).15 Type | IFNs are essential for host antiviral responses, but their
overproduction has been linked to autoimmune diseases.1’ Other known functions of DUBA
include negative regulation of interleukin-17 production by T cells,18 attenuation of toll-like
receptor 9 (TLR9)-mediated production of anti-inflammatory cytokines,® and DNA damage
responses.20 A new role of DUBA in tumorigenesis has been revealed by a recent study.?!
DUBA displays K63- and K48-linkage specificity 7 vitro.13 22 The physiological role of the
K48-linkage specific cleavage has only recently been revealed by a genetic study showing
that DUBA is essential for murine and human development by preventing the degradation of
several chromatin regulators.23

Enzyme activity of DUBA requires phosphorylation at a single residue, S177, which is
located in the disordered region at the N-terminal of the catalytic domain. The crystal
structure of the catalytic domain of the phosphorylated DUBA (p-DUBA) conjugated to
ubiquitin-aldehyde revealed that the interactions between the phosphate group and the two
positively charged residues, R272 and K273, in the a6 helix lead to the enclosure of the C-
terminal tail of ubiquitin (Figure 1).22 NMR studies show that phosphorylation induces
minimal structural changes in the apo state of DUBA, 22 raising the question of whether
modulation of conformational dynamics plays a role in DUBA activation. Our previous
work?4 has shown that several residues in the a1 helix and the neighboring regions display a
two-state conformational equilibrium unique to the active form of DUBA. The exchange
between the two conformers is slow on the NMR time scales; one conformer is less exposed
to solvent and may resemble the crystal structure. In this work, we utilized Carr-Purcell-
Meiboom-Gill (CPMG) NMR relaxation dispersion experiments to characterize the
conformational dynamics of DUBA in the apo state on the microsecond-to-millisecond (ps-
ms) time scales. Our data indicate that the entire DUBA molecule undergoes a global
conformational exchange process that involves functionally important structural elements,
including the active site. Phosphorylation of S177 modulates the conformational dynamics
of the a1 helix and the neighboring regions. Our data provide support for the hypothesis that
DUBA undergoes opening and closing motions during the catalytic turnover.22 The highly
synchronized motions may also enable allosteric regulation of DUBA activity by substrates,
which is one of the plausible mechanisms for substrate specificity.

Materials and Methods

Sample Preparation and NMR experimental conditions

The construct contains residues 172-344, which corresponds to the catalytic domain of the
isoform 2 of DUBA. The plasmid, OTUDS5, was a gift from Cheryl Arrowsmith (Addgene
plasmid #28270). The R272E/K273E mutant was generated using the mutagenesis service of
Genscript. [2H, 15N]-labeled DUBA samples were prepared according to the previously
reported methods.22 25 The NMR sample buffer contains 50 mM sodium phosphate, pH 7.0,
100 mM NaCl, 1 mM TCEP and 7% D,0 (v/v). All NMR experiments were performed at

298 K unless stated otherwise. The sample temperature was determined using d4-methanol.
26
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1H CPMG experiments and data analysis

The constant-time amide 'H CPMG experiments were performed at the static magnetic field
strength of 16.4 T, using a pulse sequence previously described,2” on samples containing
580 — 680 M DUBA.. One additional data set was acquired at 14.1 T on a wild-type p-
DUBA sample. The experiments were carried out in an interleaved fashion. The constant-
time relaxation period was set to 30 ms for wild-type DUBA samples and 34 ms for the
K272E/R273E mutant. The optimal lengths of the relaxation period were different because
of the faster exchange rates observed on the mutant. The 1H refocusing pulses during the
CPMG period was applied at the Bj field strength of ~25 kHz. Repetition rates of 1H 180°
pulses, vepyc = /4, where 2t is the spacing between adjacent m pulses, range between
66.7 Hz and 3200 Hz for the wild-type samples. The repetition rates range between 117.6
Hz and 3764.7 Hz for the R272E/K273E mutant. Each 2D was recorded with 2048 x 220
complex points, 24 transients and a recycle delay of 1.5 s. The data were processed using
NMRPipe28 and visualized using Sparky.2® The effective transverse relaxation rates (Roem
L, V(ecpmG)
Trelax Vo
Uvermie) are the cross-peak volumes measured without and with the constant-time
relaxation period, respectively, and 7.,y is the length of the constant time period. Cross-
peak volumes were determined using the program PINT.30: 31 The relaxation dispersion
profiles were fit to a two-site exchange model under fast-exchange approximation:32

were determined according to the equation Ry .7 = — , where Vpand

+R

R _ @ 1 4UCPMG*anh( kex )
2:e/T = Fox docpMG

kex

in which RS is the limiting relaxation rate constant in the absence of exchange broadening;
Pex = D1 p2Aw122, where Awy> is the chemical shift difference between the two states, and p;

and p,are fractional populations of the two states, respectively; k., = k7 + k_1, where k;and
k_ z are the rate constants of the forward and reverse conformational transitions, respectively.

Data fitting was performed by minimizing the function ;(2 using the LMFIT python
package.33 Residues that display <35% uncertainty in &, from individual fitting were
selected for group fitting according to the criterion yZyroup/ xinvididual < 2.0.3* The rate of
transverse relaxation resulting from conformational exchange (R,y) at vepyg = 0 was

2
P12 AvT,
kex '

calculated according to R,y =

15N relaxation experiments

The 15N longitudinal (R;) and transverse (R>) relaxation experiments were performed with
the standard pulse sequences.3® In the transverse (R.) relaxation experiments, the data were
recorded in an interleaved fashion with relaxation delays of 10, 30, 50 and 70 ms. 1°N 180°
refocusing pulses were applied at 1 ms interval. The water magnetization was completely
dephased at the beginning of the transverse relaxation period. In the longitudinal (~;)
relaxation experiments, the data were recorded with relaxation delays of 90, 180, 330, 550,
800 and 1050 ms.38 The Data were processed with NMRPipe.28 Cross-peak intensities were
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determined using Sparky.2° The data were fit to an exponential function using the curve_fit()
function in the SciPy python library.37

DUBA undergoes a global conformational process on the microsecond-to-millisecond time

scales

Broadening of NMR spectral lines and the resulting low signal intensities are signatures of
conformational exchanges on the ps-ms scales.3® Among ~ 120 cross-peaks detectable in the
15N TROSY spectra of p-DUBA, many display broad 1H lines, whereas the 15N transverse
relaxation rates of majority of the resonances are consistent with the molecular weight.24: 25
TROSY spectra of nonphosphorylated DUBA (np-DUBA) display similar features. The
backbone assignments of p-DUBA and np-DUBA are available in the Biological Magnetic
Resonance Bank (BMRB) under accession codes 27495 and 27494, respectively. Based on
this observation, we performed constant-time amide *H Carr-Purcell-Meiboom-Gill
(CPMG) experiments? to characterize the conformational dynamics of both p-DUBA and
np-DUBA. In these experiments, the effective transverse relaxation rates (R o) were
measured during a constant time period, which contains a variable number of equally spaced
180° refocusing pulses. Dependence of R orron the frequency at which the refocusing
pulses were applied, termed relaxation dispersion, is an indication of conformational
exchange processes. Initial data fitting revealed that the exchange is fast on the NMR time
scales and therefore a two-state exchange model at fast-exchange approximation3? was
employed for subsequent data fitting. The use of this model was justified by the quadratic
dependence of R, on the By field strength observed on data at 16.4 T and 14.1 T of a p-
DUBA sample (data not shown). F-test (o= 0.01) was used to determine whether the data on
each residue are fit with the two-state exchange model or the no exchange model where

R effis constant. The analysis of CPMG relaxation dispersion profiles allows the kinetic
rate constant (4,,) and the contribution of conformational exchange to the transverse
relaxation (Rgy) to be determined. The square root of R,y is proportional to the chemical
shift differences, which reflect the structural differences between the two states. To ensure
that the observed relaxation dispersions (Figures S1 and S2) do not result from the exchange
between monomer and soluble oligomers, which may form at high concentrations,
experiments were also performed on a low concentration p-DUBA sample (100 uM), which
yielded data that qualitatively agree with that from samples at a higher concentration (Figure
S3). In p-DUBA, ~100 cross-peaks show detectable relaxation dispersions. Individual data
fitting yielded similar exchange rates (k) of ~5000 s~1 for most residues. The data were
subsequently group fit with a common exchange rate for residues that satisfy ngroup/
Yinvididual < 2.0.34 Group fitting yielded gy = 4954 + 82 571 for p-DUBA (Table S1). np-
DUBA undergoes a similar conformational exchange process with the exchange rate of 5750
+110s71 (Table S2).

R measured on p-DUBA were mapped to the crystal structure of p-DUBA conjugated to
ubiquitin-aldehyde (Figure 1A).22 Higher R, corresponds to larger structural differences
between the two states, when the exchange rates and relative populations are the same. NMR
signals are not visible when R, is extremely high. In the regions where NMR signals are
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visible, 22 residues that display high /<., values (> 10 s1) are distributed across almost all
secondary structural elements (Figures 1A and S4). ~45 residues are not visible and most are
located in the regions spanning a5 to a7 helices, f1-a.3 loop and p4-p5 loop (Figures 1A
and S4). These highly dynamic elements are functionally important, according to the crystal
structure.?2 The a6 helix interacts with the a.1 helix to regulate DUBA activity (Figure 1A).
The distal ubiquitin (Figure S5) binding interface mainly consists of a helical arm (a5 and
a6 helices), the succeeding a.6-a.7 loop (termed variable loop) and the N-terminal part of
the a7 helix (Figure 1B). These elements interact with the C-terminus of ubiquitin,
hydrophobic residues L8 and 144, and the surrounding regions. Previous work also
suggested the functional roles of the p1-a.3 loop (termed Cys loop), which precedes the
catalytic cysteine and the p4-p5 loop (termed His loop) in controlling activity and/or
substrate linkage specificity in DUBs.13 The His loop and variable loop are not visible,
whereas the Cys loop is partially visible, indicating motions of large amplitudes in these
regions. In addition to the large number of highly dynamic surface residues, a significant
number of buried residues display high R, values. Among the ~60 buried residues, 18
residues display R,y higher than 5 s™1. The inset of Figure 1A shows four selected residues
that are buried, which connect a4, a5, a6 and a7 helices through sidechain contacts. A
network of dynamic residues underlies the synchronized motions observed in both p-DUBA
and np-DUBA and explains the similarity in the global conformational dynamics in these
two forms.

Differences in the dynamics of p-DUBA and np-DUBA

Our previous work indicates that the presence of an equilibrium between two conformers of
the a1 helix and the neighboring regions, which are nearly equally populated, is essential for
the activity of p-DUBA.24 In one conformer (named a conformer), the interactions between
phosphorylated S177 (pS177) and the two positively charged residues, R272 and K273, in
the a6 helix are essential. By contrast, such interactions are not required for the formation of
the other conformer, the b conformer, which alone is not sufficient for the deubiquitinating
activity of DUBA.24 The a1 helix is flexible and displays low 1°N transverse relaxation
rates and the two conformers do not show significant differences in the motions on the
picosecond-to-nanosecond (ps-ns) time scales.?4 By contrast, the 1H CPMG experiments we
performed in this work revealed that the two conformers display different dynamic
properties on the pus-ms time scales. The largest difference was observed on pS177, for
which the a conformer displays large relaxation dispersion, whereas the b conformer shows
no dispersion (Figure 2A). This suggests that the presence of another conformer of pS177,
named the a’ conformer, which is in fast exchange with the a conformer (Figure 2D). The
rate of exchange derived from individual fitting is similar to that of the global process and
the data can be fit globally, suggesting that the motions of pS177 in the a conformer are
coupled to other parts of DUBA. Similarly, Y175 and E182 also display conformational
exchange in the a conformer, whereas the b conformer displays flat relaxation dispersion
profiles (Figure S1A). By contrast, several residues after a short stretch of alanines (A184-
A186), including R187, 1188, E189, A190 and M191, display relaxation dispersions in both
conformers and the data can be fit globally, suggesting the same exchange rates for the two
conformers (Figures 2A and S1A).
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We have previously constructed a charge reversal double mutant, R272E/K273E, which
remains inactive upon phosphorylation.24 The backbone assignment was performed on the
mutant due to significant perturbations of the amide 1°N and IH chemical shifts.24 The
assignments were deposited to BMRB under the entry number 50686. Figure S6 shows the
15N TROSY spectrum with assignments labeled. Compared to the wild-type, more residues
yielded visible NMR signals. The mutations presumably disrupt the interactions between
pS177 and the a6 helix. In this mutant, the a1 helix and the neighboring disordered regions
(residues 174-192) display only one conformer whose chemical shifts overlap with the b
conformer in the wild-type.24 We performed the 1H CPMG experiment on the
phosphorylated R272E/K273E mutant (p-R272E/K273E) to compare with the wild-type. In
this mutant, all residues N-terminal to the a2 helix display flat relaxation dispersion profiles,
except for A185 (Figures 2A and S1). Significant changes in the relaxation dispersion
profiles have also been observed in other regions, for example, the a6 helix, which consists
of residues 266-273 (Figures 2B, C). For pS177, the relaxation dispersion profile of the only
conformer in p-R272E/K273E is highly similar to that of the b conformer in wild-type,
suggesting that the b conformer represents an inactive state. However, for most of the
residues, the b conformer is not identical to the only conformer in the mutant in terms of
dynamic properties, despite the nearly identical backbone chemical shifts. In the b
conformer, several residues after the short stretch of alanines (A184-A186) display
conformational exchange at the same rate as the global process (Table S1), suggesting that
the a1 helix is not completely detached from the well-folded domain of DUBA and transient
interactions exist; the corresponding residues in the mutant do not display conformational
exchange.

Despite the overall similarity in the global conformational process between p-DUBA and
np-DUBA, the a1 helix and neighboring regions display detectable differences. Most
notably, S177 in np-DUBA shows a flat dispersion profile but elevated /<, .rcompared to
the b conformer in p-DUBA (Figure 2A). The higher R orrcould result from motions that
are too fast to yield relaxation dispersion and/or higher solvent exchange rate in np-DUBA.
For most of the other residues N-terminal to the a2 helix, partial quenching of motions by
phosphorylation, manifested as smaller /., is evident for both conformers or the only
conformer (Figure S1). In regions outside the N-terminal segment, p-DUBA and np-DUBA
are highly similar (Figure S2). Only one residue, E200, displays more than 2-fold difference
in the R, between p-DUBA and np-DUBA. E200 is spatially close to the a1-a2 loop and
similarly show decreased R,y in the p-DUBA compared to np-DUBA. The functional
significance of this difference is unclear but E200 is located in a region that presumably
binds to the proximal ubiquitin (Figure S5), according to previous structural studies of other
OTU DUBs.13: 39

Perturbations of structural and dynamic properties observed on the R272E/K273E mutant

R272E/R273E mutant was originally constructed to represent a reference conformational
state, where the a1 helix is largely detached from the well-folded domain. However, the
mutant displays interesting properties that warrant further investigation. We observed
additional cross-peaks in the 1N TROSY spectra, among which 24 can be assigned to
specific residues by the standard triple resonance experiments. The catalytic cysteine, C224,
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the entire Cys loop except G222, most of the residues in the a5 and a6 helices, and part of
the a7 helix become visible. The 1H spectral lines are sharper for most of the residues,
indicating significant perturbations of the global conformational process. We analyzed the
CPMG data on this mutant by first performing individual fitting and found that the exchange
rates vary widely across the molecule, ranging from 2000 s~ to higher than 20,000 s~1
(Figures 3A, C and Table S3). Many residues in the a5, a6 and a7 helices show higher kg,
compared to that of the global process in the wild-type (Figure 2B, C and Figure 3A, C).
Interestingly, the residues remote from the site of mutations, such as the Cys loop and the N-
terminal portion of the succeeding a3 helix, which harbors the catalytic cysteine also
display elevated 4, suggesting that the effects of the mutation are not confined to regions
neighboring the a6 helix (Figures 3A, B, C and Table S3). The least perturbed region in
terms of exchange rates is the a2 helix. In fact, global fitting of data from all residues in this
helix showing exchange yields kg, = 5910 + 160 s~2, similar to the wild-type. Most of these
residues still show decrease in R,y, which mainly results from smaller chemical shift
differences between the two states or smaller population of the minor conformational state
(Figure 3D). Overall, on the us-ms time scales, the motions of almost all residues were
perturbed by the charge reversal mutations and are no longer synchronized. The significant
perturbations likely result from breaking two salt bridges, R272-E264 (in the a5-a6 loop)
and K273-E284 (in the a7 helix), by the R272E/K273E mutations (Figure 3A). The amino
acid sequence of the a6 helix is highly variable among OTU family members with small
catalytic domains (Figure S7). In DUBA, the presence of four consecutive residues with
positive charges (R272, K273, R274 and K275) in the a6 helix and the succeeding loop
destabilizes the helix. Breaking the two stabilizing salt bridges in wild-type DUBA results in
higher exchange rates throughout the entire molecule.

To deduce the structural differences between wild-type p-DUBA and p-R272E/K273E, we
analyzed the chemical shifts. For p-R272E/K273E mutant, secondary structure prediction
from NMR chemical shifts using TALOS-N40 indicates that the a1, a5 and a.6 helices
display lower helical content compared to the other helices (Figure S8A). 1N Ry relaxation
rates are elevated in the a1 helix and parts of a2, a5 and a6 helices (Figure S9), indicating
higher degree of conformational flexibility on the ps-ns time scales. In wild-type DUBA, the
al helix also has lower helical content according to the NMR chemical shifts2> and the 15N
relaxation data. For the a5 and a6 helices, the comparison between wild-type and the
mutant is hindered by NMR signals largely missing in the wild-type. Only the amide cross-
peak of one residue, T267 in the a6 helix, can be assigned with high confidence. The 13Ca
and 13Cp chemical shifts of T267 and the 13Ca chemical shift of the preceding residue,
F266, shifted towards the random coil values in the mutant (Figure S8B). No large
differences in the 13C chemical shifts were observed for any other residues visible in both
the wild-type and the mutant (Figure S8B). Taken together, the data suggest that the a6 helix
was destabilized by the mutations, whereas most of the other secondary structural elements
remain intact. No data are available to deduce the relative helicity and stability of the a5
helix in the mutant with respect to the wild-type. In contrast to the local changes of the 13C
chemical shifts, perturbations of the amide 1°N and 1H chemical shifts were observed
throughout the entire molecule,2* which likely result from repacking of secondary structural
elements.
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Structural characteristics of the minor conformational state

According to the analysis of chemical shifts and 15N relaxation data presented above, the
R272E/K273E mutant represents a conformational state where the a5 and a6 helices are
partially unfolded and dynamic on the ps-ns time scales, whereas other secondary structural
elements remain largely intact. The conformational exchange detected by CPMG
experiments typically occurs between a major conformational state, which is highly
populated, and a minor state, which is sparsely populated and does not yield visible NMR
signals, unless both conformers have similar free energy and are nearly equally populated.
Although our data do not allow the determination of relative populations between two states
due to the fast exchange rates, we assume that one conformer is more stable than the other in
the absence of any evidence for an alternative and equally stable conformer from X-ray
crystallographic studies.22 The more stable conformer is hereafter referred to as the major
conformer and the other one as the minor conformer. We hypothesize that the major
conformer in the R272E/K273E mutant may partially resemble the minor conformer in the
wild-type detected by the CPMG experiments. Under this hypothesis, the amide 1H
chemical shift differences between the major and the minor states (Aw,>) in the wild-type
should be correlated with the chemical shift differences between the major state of the wild-
type and that of the mutant (JAS| 1H). The latter can be easily obtained from 15N TROSY
spectra, whereas the former is proportional to R.,2. Figure 4 displays the correlation plots
of Re,2 versus JAS| TH. We found high degrees of correlation for residues in the Cys loop,
the a3 and a4 helices, the B4 and B5 strands (Figure 4A). These secondary structural
elements harbor all three catalytic residues (C224, H334 and N336). This observation
suggests that in these regions, transition into the minor conformational state is coupled to the
partial unfolding of the a.6 helix. The correlation is weak in other regions (Figure 4B),
except for the a5-a.7 helices for which no clear conclusions can be drawn due to the small
number of residues visible in the wild-type (Figure 4C). The lack of correlation is most
evident in the a2 helix and the B2-B3 loop, where a significant number of residues show
high R,y whereas the perturbations of amide 1H chemical shifts by mutations are small.
Taken together, the R272E/K273E mutations have the overall effects of shifting the major
conformer to a state that more resembles the minor state under the assumption that the
structure of the minor state is largely not perturbed by the mutations, though the relative
populations may change due to the perturbed free energy difference between the two states.
This is consistent with the decrease in R,y for almost all residues and the higher g, in most
regions of p-R272E/K273E (Figure 3D). More importantly, in the wild-type DUBA, the
motions of several functionally important elements are coupled to the unfolding of the a6
helix, suggesting that the dynamics of these elements can be modulated through changing
the stability of the a6 helix.

Discussion

DUBA is a highly dynamic enzyme that undergoes motions on multiple time scales.
Previous structural and NMR studies hinted at the functional importance of the motions in
DUBA, 22 including our own work that identified a two-state conformational equilibrium
unique to the active form of DUBA by NMR spectroscopy.24 Structural and biochemical
studies on other DUBs also suggest the functional relevance of conformational plasticity.
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Evidence suggests that the structures of many DUBs in the apo state are heterogeneous®!
and can be modulated by binding of accessary domains,*2: 43 partner proteins,42-44
substrates,*> 46 and small-molecule inhibitors,*’ thereby controlling enzyme activity and/or
substrate specificity. Recent work on USP7 has also shown that point mutations can shift this
DUB from the inactive to an active state, supporting the notion that DUBs can be activated
through subtle changes in conformational ensembles.*8 Our previous work on DUBA
demonstrated that subtle but functionally important changes in the conformational
ensembles can be induced by phosphorylation,24 which is one of the most prevalent PTMs in
the DUB family. Limited knowledge on the effects of PTMs on structure and dynamics has
hindered the understanding on how DUBs are regulated by PTMs.

In this work, we characterized the conformational dynamics of DUBA on the ps-ms time
scales by 1H CPMG experiments, which allowed us to discern the differences in the dynamic
properties between p-DUBA and np-DUBA and those between the two conformers in p-
DUBA. Phosphorylation of S177 creates a large conformational barrier between two
ensembles of conformers (named a and b) in slow exchange on the NMR time scales, as we
previously observed.24 Conformer a is necessary for the high activity of p-DUBA and may
resemble the crystal structure, but the dynamic properties that distinguish the a conformer
from the b conformer had not been well defined. In this work, we observed that the a
conformer of pS177 transitions between two sub-conformers at a rate of ~5000 s~2, which is
much faster than the catalytic turnover rate, whereas the b conformer displays no
conformational exchange. This transition may allow DUBA to sample both an open
conformation necessary for substrate binding, as previously hypothesized based on the
crystal structure of p-DUBA conjugated to ubiquitin-aldehyde,22 and a closed conformation
similar to the crystal structure. In np-DUBA, S177 displays a flat relaxation dispersion
profile but elevated R o which may result from motions too fast to be detected by the
CPMG experiments.

The distinct motions of the a1 helix and the neighboring loops in p-DUBA and np-DUBA,
especially the segment around S177, may explain the large difference in activity. Motions in
the apo state of enzymes can facilitate substrate binding by enabling transitions into to a
binding competent state*9: 50 and can also regulate the catalytic cycle by allowing access to
conformational states conducive for catalytic turnover.51-53 The low activity of np-DUBA
likely results from its inability to form a highly productive enzyme-substrate complex rather
than low binding affinity to substrates because only 3-fold enhancement in the affinity to the
fluorogenic ubiquitin-7-amino-4-methylcoumarin (Ub-AMC) substrate was observed upon
phosphorylation, whereas the enhancement in .4 is 300-fold.24 We can speculate that an
important feature of the productive enzyme-substrate complex is that the a1 helix can adopt
a closed conformation, as defined by the crystal structure of p-DUBA in the ubiquitin-bound
state.22 The only conformer in np-DUBA lies between the a and b conformers in terms of
structural characteristics according to the relative positions of cross-peaks.24 This
observation indicates that at least in the free state, the a1 helix in np-DUBA adopts a more
open conformation than the a conformer in p-DUBA. In the enzyme-substrate complex
formed from np-DUBA, the a1 helix either cannot adopt a closed conformation or fluctuates
rapidly between open and closed conformations. Rapid fluctuations between productive and
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non-productive states may increase the rate of substrate release and therefore lower the
cleavage rate, as recently demonstrated on the HIV-1 protease.>*

Functional roles of conformational dynamics have been implied by previous studies on other
DUBs.*4 55 A recent study on the structural basis of the K11-linkage specificity of Cezanne,
also named OTUD7B, revealed both structural and dynamic changes in the enzyme during
the catalytic cycle, using X-ray crystallography in combination with mass spectrometry-
based hydrogen exchange experiments.® It was found that the proximal ubiquitin binding
site is dynamic and only forms transiently during turnover. The dynamic interactions
between this site and the proximal ubiquitin underlie the K11-linkage specificity. In DUBA,
the presumed proximal ubiquitin binding site (Figure S5), which involves the His loop and
part of the a2 helix, is highly dynamic, suggesting that similar mechanism can be in
operation. In addition, the K48 and K63 dual linkage specificity of DUBA may result from
the conformational plasticity of the proximal ubiquitin binding site.

Identifying the structural determinants that control the conformational dynamics is a key
step towards understanding the functional roles of motions in proteins. By comparing data
on the wild-type DUBA and the R272E/K273E mutant, we have deduced that the stability of
the a6 helix is an important factor that influences the global conformational dynamics,
which is driven by partial unfolding of this helix. Tuning the stability of the a6 helix by
mutations can be an effective strategy to modulate the relative populations and the rate of
transitions between the two states. Future studies on DUBA mutants with altered dynamic
properties and on the various conformational states in the enzymatic cycle will shed light on
the detailed mechanisms of DUBA activation and substrate specificities. Our current work
provides specific directions for these studies and represents an important step toward
understanding how PTMs regulate DUB functions.
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A B

catalytic triad

Figure 1.
The crystal structure of DUBA conjugated to ubiquitin-aldehyde (PDB code: 3TMP)?2 (A)

Rex Mapped to the DUBA structure. Non-proline residues that are not visible in 1°N TROSY
are colored in light blue. Residues that do not display conformational exchange and proline
residues are colored in white. The ubiquitin molecule is not shown. The inset shows four
selected residues that are buried and in physical contact, representative of the dynamic core.
(B) DUBA structure with the residues within 5 A from ubiquitin highlighted by magenta.
The ubiquitin molecule is shown in surface presentation with the C-terminus (L70 — G76)
highlighted in green, 144 highlighted in red and L8 highlighted in blue.
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Figure 2.
The amide 1H relaxation dispersion profiles of (A) selected residues in the a1 helix and

neighboring disordered regions and (B) T267 from the a6 helix in p-DUBA (a conformer in
purple; b conformer or the only conformer in blue), np-DUBA (green) and p-R272E/K273E
mutant (red). (C) The amide 1H relaxation dispersion profiles of other residues in the a6
helix, visible only in the p-R272E/K273E mutant. The solid lines represent group fits and
the dashed lines represent individual fits. The uncertainty of /2 .was determined according
to noise. (D) The scheme illustrating the conformational processes of pS177 in the wild-type
p-DUBA. (E) Crystal structure of p-DUBA (PDB code: 3TMP) with residues showing two
conformers in solution highlighted by the stick-and-ball representation. Blue spheres
represent residues in the a6 helix on which CPMG data can be obtained for either the wild-
type p-DUBA or the p-R272E/K273E mutant.
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(A) kg Of 68 residues in p-R272E/K273E mutant mapped to the crystal structure of p-
DUBA (PDB code: 3TMP). Dark grey represents residues without conformational exchange.
White color represents residues that cannot be assigned or detected, not completely resolved
or display higher than 35% uncertainty in k.. Dash lines represent salt bridges. (B) Selected
amide 1H relaxation dispersion profiles of residues in the Cys loop and the a3 helix of p-
DUBA (blue), np-DUBA (green) and p-R272E/K273E (red). The solid lines represent group
fits and the dashed lines represent individual fits. (C) &,y of p-R272E/K273E plotted as a
function of residue number. The dashed line represents the exchange rate of p-DUBA, 4954
s71. (D) Rgy of wild-type p-DUBA (blue) and p-R272E/K273E mutant (red). For p-DUBA,
Rex was estimated from the difference in R, ofrat veppse = 66.7 Hz and 3200 Hz; for p-
R272E/K273E mutant, Ry, Was estimated from the difference in R, gt veppsg = 117.6 Hz
and 3764.7 Hz. In both (C) and (D), the regions shaded in grey represent residues without
detectable NMR signals in the p-R272E/K273E mutant due to line broadening induced by
conformational exchange.
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Figure 4.

Correlation plots of R, from the wild-type p-DUBA versus the absolute value of the
amide H chemical shift difference between the wild-type p-DUBA and the p-R272E/K273E
mutant (JA8| 1H) for (A) residues showing good correlations, (B) residues showing poor
correlations, and (C) residues located in the a5-a.7 helices, which are mostly not visible in
the 1N TROSY spectrum of wild-type p-DUBA.

Biochemistry. Author manuscript; available in PMC 2022 January 26.

0.20



	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Sample Preparation and NMR experimental conditions
	1H CPMG experiments and data analysis
	15N relaxation experiments

	Results
	DUBA undergoes a global conformational process on the microsecond-to-millisecond time scales
	Differences in the dynamics of p-DUBA and np-DUBA
	Perturbations of structural and dynamic properties observed on the R272E/K273E mutant
	Structural characteristics of the minor conformational state

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

