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tion underlies the activation of deubiquitinase A
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Deubiquitinases deconjugate ubiquitin modifications from
target proteins and are involved in many cellular processes in
eukaryotes. The functions of deubiquitinases are regulated by
post-translational modifications, mainly phosphorylation and
ubiquitination. Post-translational modifications can result in
subtle changes in structural and dynamic properties, which are
difficult to identify but functionally important. In this work, we
used NMR spectroscopy to characterize the conformational
properties of the human deubiquitinase A (DUBA), a negative
regulator of type I interferon. DUBA activity is regulated by
phosphorylation at a single serine residue, Ser-177. We found
that the catalytic rate constant of DUBA is enhanced by phos-
phorylation. By comparing NMR and enzyme kinetics data
among different forms of DUBA with low and high activities, we
concluded that a two-state equilibrium that was present only in
phosphorylated DUBA is important for DUBA activity. Our
results highlight the importance of defining conformational
dynamics in understanding the mechanism of DUBA activation.

Ubiquitination is a prevalent form of post-translational mod-
ification (PTM)2 that controls the fate and activity of many
target proteins in a wide variety of cellular processes in
eukaryotes, such as protein degradation, protein trafficking,
DNA damage repair, and immune responses (1–3). Deubiquiti-
nases (DUBs) are proteases that cleave monoubiquitin or
polyubiquitin chains from target proteins and can also disas-
semble free polyubiquitin chains. Human genome encodes
�100 DUBs, which can be divided into seven families (4 –6).
The abundance, subcellular localization, activity, and interac-
tion specificity of DUBs are tightly regulated by a variety of
mechanisms (7, 8). Deregulation is associated with human dis-
eases, including cancer, neurodegeneration, inflammation, and
autoimmunity (9, 10). DUBs are potential therapeutic targets
for immune disorders and cancers (9, 11). PTM is an important

mechanism for regulating both the activity and substrate spec-
ificity of DUBs in a reversible manner (12). For example, phos-
phorylation can enhance or suppress the catalytic activities of
DUBs (12). Substrate specificity can also be modified by phos-
phorylation, as recently demonstrated on OTUD4 (13) and A20
(14). A large number of DUBs are subject to PTMs, including
phosphorylation, ubiquitination, SUMOylation, lipidation, and
oxidation (15). However, the structural and mechanistic basis
of regulation by PTMs is not known for most of the DUBs.
Modulation of conformational dynamics has been proposed as
a plausible mechanism when structural changes are minimal
(16).

Deubiquitinase A (DUBA), also named OTUD5, is a deubiq-
uitinase whose catalytic activity is regulated by phosphoryla-
tion at a single serine residue. It is a cysteine protease that
belongs to the ovarian tumor (OTU) family of DUBs, which is
second to the largest family (4). The site of phosphorylation,
Ser-177, is close to the N terminus of the catalytic domain and
�13 Å away from the catalytic triad (17). DUBA was first iden-
tified as a negative regulator of type I interferon induction in
macrophages by cleaving Lys-63–linked polyubiquitin chains
from TRAF3 (tumor necrosis factor receptor-associated factor
3) (18). It also negatively regulates the production of cytokines
in other innate immune cells (19) and T cells (20). A new role of
DUBA as a regulator of DNA damage response has recently
been identified (21). DUBA cleaves Lys-48 – and Lys-63–linked
diubiquitins in vitro, and the catalytic domain retains the sub-
strate specificity and activity compared with the full-length
protein, which consists of a ubiquitin-interacting motif at the C
terminus (17).

According to previous studies on the catalytic domain of
DUBA, using both X-ray crystallography and NMR, phosphor-
ylation induces minimal structural changes, including the
active site (Fig. S1) (17). Crystal structure of phosphorylated
DUBA (p-DUBA) conjugated to ubiquitin–aldehyde reveals
interactions between the phosphate group and the surrounding
residues (Fig. 1). These interactions presumably lead to struc-
tural and/or dynamic changes of DUBA, which are important
for the catalytic cycle. However, the conformational properties
unique to the active form of DUBA have not been identified
because of the minimal structural changes upon phosphoryla-
tion and the electron density missing for the functionally
important parts of DUBA (Table S1). In this work, we combined
NMR spectroscopy and enzyme activity assays to characterize
WT DUBA and several mutants that display low activities, sim-
ilar to nonphosphorylated DUBA (np-DUBA). We observed a
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two-state conformational equilibrium unique to the p-DUBA.
Our results highlight the importance of defining conforma-
tional dynamics in understanding the activation mechanism of
DUBA.

Results and discussion

In a previous report, the activity of p-DUBA has been quan-
tified using fluorescently labeled substrates under steady-state
conditions (17), although the measured Km and kcat likely have
large uncertainties because of the limited concentrations of
substrates with respect to Km. Because no activity data were
available on the nonphosphorylated form, it was not clear
whether the activation of DUBA is due to a higher catalytic rate
constant or the higher affinity to substrates. To answer this
question, we performed activity assays using ubiquitin–7-ami-
no-4-methylcoumarin (Ub-AMC) as the substrate under sin-
gle-turnover conditions ([enzyme]/[substrate] � 10) and varied
the enzyme concentration to circumvent the problem of insuf-
ficiently high substrate concentration. We were able to detect
activity and quantify the enzyme kinetics on both forms of
DUBA. Treating the np-DUBA samples with �-protein phos-
phatase does not change the measured rate constant, confirm-
ing that the detected activity is not due to a small amount of
phosphorylated protein. We also measured the activity of a
phosphomimetic mutant, S177E, which was known to show no
activity in the steady-state experiment from the previous report
(17). Our data indicate that the increase in activity upon phos-
phorylation mainly results from �300-fold enhancement in the
catalytic rate constant, although the substrate-binding affinity
also becomes slightly higher (Fig. 2 and Table 1).

Previous NMR studies (17) indicate that phosphorylation
does not induce significant structural changes because chemi-
cal shift perturbations were only observed in several residues
(Gly-174 –Tyr-181) close to the phosphorylation site, Ser-177

Figure 1. Crystal structure of p-DUBA conjugated to ubiquitin–aldehyde (PDB code 3TMP). p-DUBA is displayed in gold and cyan; ubiquitin–aldehyde is
displayed in salmon. In the crystal structure of DUBA alone (PDB code 3PFY), helices �1 and �6 (cyan) are not visible.

Figure 2. DUBA activity assays. The average kobs values from triplicated
measurements at variable enzyme concentrations are displayed. The concen-
trations of the substrate, Ub-AMC, were 25 nM (p-WT), 1 �M (np-WT), and 0.5
�M (S177E), respectively.

Table 1
Single-turnover kinetic parameters of the wildtype DUBA and the
S177E mutant

Enzyme k2 Kd

10�3 s�1 �M

np-WT 0.283 � 0.007 102 � 7
p-WT 83 � 15 31 � 2
S177E 0.29 � 0.03 118 � 25
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(Fig. S2A and Table S2). It was suggested that the extensive
interactions between helices �1 and �6 mediated by phosphor-
ylated Ser177 (pSer-177) are important for DUBA activity, but
the differences in the conformational properties of p-DUBA
and np-DUBA were not well-defined. The phosphomimetic
mutation, S177E, in principle, can mimic these interactions, but
this mutant was previously reported to show no activity in the
steady-state experiment (17) and displayed low activity similar
to the np-DUBA in our single-turnover experiment. In
p-DUBA, we have identified two sets of cross-peaks in the 15N
TROSY spectrum for a subset of residues within the helix �1
and the immediately neighboring residues, including pSer-177,
and the loop connecting helices �1 and �2, whereas the np-
DUBA displays only one set of cross-peaks (Fig. 3 and Table S2)
(22). We hypothesized that the presence of two conformers in
slow exchange on the NMR time scales is functionally impor-
tant. To test this hypothesis, we examined two mutants, S177E
and R272E/K273E, which displayed low or nondetectable activ-
ity. The charge reversal mutations, R272E and K273E, were
designed to disrupt the interactions between phosphate group
and these two positively charged residues (Fig. 1). Indeed, the
R272E/K273E mutant in both the nonphosphorylated (np-
R272E/K273E) and the phosphorylated (p-R272E/K273E)
forms displayed activity too low to be quantified in the single-
turnover kinetic assays that we performed. We recorded 15N
TROSY spectra of these two mutants (Fig. S2A) and the
HNCACB spectra to confirm the assignments. Fig. 3A shows
that both mutants yield one set of cross-peaks, supporting our
hypothesis. Unlike the WT, phosphorylation of the R272E/
K273E mutant did not result in two conformers distinguishable
from each other by different chemical shifts (Fig. 3A and Table

S2). This observation suggests that the presence of the phos-
phate group in pSer-177 is not sufficient to induce the forma-
tion of two conformers, which were detected only in the WT
p-DUBA. Because the observed two conformers are similarly
populated, each cross-peak cannot be easily assigned to a par-
ticular conformer based on either peak intensity or volume.
Interestingly, the cross-peaks observed in the p-R272E/K273E
mutant overlap with one of the two sets of cross-peaks observed
in the WT p-DUBA. It is reasonable to assume that the single
set of cross-peaks present in the R272E/K273E mutant belongs
to one conformer, in which the interactions between pSer-177
and helix �6 are weak or nonexistent. Under this assumption,
we assigned the cross-peaks from the WT p-DUBA to two con-
formers, which we named a and b, respectively. The b con-
former is present in both the WT p-DUBA and the p-R272E/
K273E mutant, whereas the formation of the a conformer
requires pSer-177 to interact with the two positively charged
residues in �6. We determined that the fractional population of
the a conformer was 61% by quantifying the relative cross-peak
volumes from two conformers across seven residues (Table S3).
The a and b conformers share similar secondary structures
because the differences in the 13C chemical shifts are negligibly
small (Table S4), suggesting that the two conformers result
from different modes of interactions between helix �1 and the
other regions of DUBA, especially helix �6, rather than local
folding and unfolding events. Helix �1 is flexible and does not
become more rigid upon phosphorylation, based on the 15N
transverse relaxation rates (Fig. S3), consistent with the rela-
tively low helical content predicted by TALOS-N (23) (Fig. S4);
low 15N heteronuclear NOE values have previously been
reported (17). We performed 15N ZZ-exchange experiment at

Figure 3. Two conformational states of p-DUBA observed by NMR spectroscopy. A, the overlaid 15N TROSY spectra of p-WT DUBA, p-R272E/K273E mu-
tant, np-WT DUBA, np-R272E/K273E mutant, and S177E mutant. B, structure of DUBA (PDB code 3TMP) with residues showing two conformers in p-WT DUBA
highlighted by stick-and-ball representation. C, 15N ZZ-exchange spectra of p-WT DUBA at three mixing times, showing the cross-peaks from two conformers
of Ala-190. The sample temperature was 300 K for all TROSY experiments and 303 K for the ZZ-exchange experiment. The protein concentrations were �500
�M for all samples. C-term, C terminus; N-term, N terminus.

ACCELERATED COMMUNICATION: Conformational dynamics of DUBA modulated by phosphorylation

J. Biol. Chem. (2020) 295(12) 3945–3951 3947

https://www.jbc.org/cgi/content/full/AC119.010808/DC1
https://www.jbc.org/cgi/content/full/AC119.010808/DC1
https://www.jbc.org/cgi/content/full/AC119.010808/DC1
https://www.jbc.org/cgi/content/full/AC119.010808/DC1
https://www.jbc.org/cgi/content/full/AC119.010808/DC1
https://www.jbc.org/cgi/content/full/AC119.010808/DC1
https://www.jbc.org/cgi/content/full/AC119.010808/DC1
https://www.jbc.org/cgi/content/full/AC119.010808/DC1
https://www.jbc.org/cgi/content/full/AC119.010808/DC1
https://www.jbc.org/cgi/content/full/AC119.010808/DC1


303 K on p-DUBA to quantify the exchange rate, but no
exchange cross-peaks were observed (Fig. 3C). The rate of
exchange between the two conformers was therefore estimated
to be slower than 0.1 s�1. We also monitored the phosphoryla-
tion of DUBA by casein kinase 2 using real-time NMR. The
relative populations of the a and b conformers remain the
same throughout the entire time course (Fig. 4), suggesting
that the two conformers reach their equilibrium populations
at a rate faster than the sampling rate (�12 min each spec-
trum). The results of this experiment also ensure that the
appearance of the second set of cross-peaks is not due to
much slower processes such as sample degradation.

Consistent with our hypothesis that the observed two-state
equilibrium is essential for DUBA activity, the S177E mutant
displays only one set of cross-peaks, whose positions are similar
to those in the WT np-DUBA. The enzyme kinetic parameters
of the S177E mutant are almost the same as the np-DUBA
(Table 1). For both, the positions of cross-peaks lie between the
two conformers observed in p-DUBA, raising the possibility of
fast exchange between the two conformers on the NMR time
scales. In principle, the relative populations of two conformers
in fast exchange can be determined from the averaged peak
positions relative to those in the two conformers, according to
the formula �� � pa�a � pb�b (24), where �a and �b are the
chemical shifts of the a and b conformers, and pa and pb
are the fractional populations. However, we did not perform
such an analysis because of the relatively small difference in
chemical shifts between the two conformers; both conformers
may also display slightly different chemical shifts across differ-
ent forms of DUBA and invalidate the analysis. Combining
NMR and activity data on all variants of DUBA that we studied,
we conclude that the two conformers in p-DUBA and the slow
exchange rate are unique features of p-DUBA. Absence of these
features is associated with low activity.

Conformational dynamics of DUBA have been hypothesized
to be critical for its activity according to the crystal structure

and the NMR characterization of motions faster than the
molecular tumbling. It was proposed that the motions of helices
�1 and �6 allow DUBA to switch between the open and closed
conformers to allow substrate binding (17). Our study provides
NMR spectroscopic evidence that p-DUBA adopts two con-
formers distinguishable by chemical shifts. The a conformer
can possibly resemble the crystal structure of p-DUBA cova-
lently linked to ubiquitin–aldehyde (Fig. 1), although the low
15N R2 relaxation rates in the �1 (Fig. S3; methods detailed in
supporting text) raise the possibility of dynamic averaging of
many conformers on the fast time scale. To understand the
structural differences between the two ensembles of conform-
ers, we have performed the CLEANEX experiment (25) (sup-
porting text) to measure solvent-exchange rates of the amide
1H, which report on the extent of exposure to solvent. The
exchange rates are slower for the a conformer compared with
the b conformer (Fig. S5). In a simplified model, the conforma-
tional ensemble a can be divided into two subensembles, named
ae and au, where the subscript e stands for exposed, and the u
stands for unexposed. au may largely resemble the crystal struc-
ture, where the pSer-177 is mostly buried (accessible surface
area � �13 Å2). The lower limit of the fractional population
of the subconformer au can be estimated from the ratio
(kb � ka)/kb, where kb and ka are the solvent-exchange rates of
the conformers a and b, respectively, by assuming that the b
represents the completely exposed conformer. The estimated
lower limit to the population of the au subconformer is �20%
(Fig. S5B). In other words, if the a conformer results from the
dynamic averaging between the exposed and buried conform-
ers, at least 20% of the conformers need to be completely bur-
ied. Alternatively, a continuum of conformers ranging from
exposed to buried can be sampled on the fast time scale. We
also performed pH titration on p-DUBA samples (supporting
text) within a limited range of pH values, as allowed by sample
stability, to estimate the pKa value of the phosphate group asso-
ciated with the transition between the �1 and �2 charge states.

Figure 4. Time courses of DUBA phosphorylation. A, cross-peaks of pSer-177 in 15N TROSY spectra recorded during the time course. B and C, time courses of
phosphorylation calculated from cross-peak intensities. The apparent rate constant of phosphorylation (kapp) was determined to be 2.8 � 10�3 min�1

(pSer-177a and pSer-177b), 2.7 � 10�3 min�1 (Gly-174), 2.5 � 10�3 min�1 (Asn-176), and 3.0 � 10�3 min�1 (Glu-178). The cross-peaks from other residues are
not well-resolved between the phosphorylated and nonphosphorylated species and not analyzed.
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The two conformers display very similar pKa values according
to the amide 1H chemical shifts (Fig. S6A), and both are close to
previously reported pKa values of 6.0 – 6.1 of solvent-exposed
phosphoserine in model peptides (26 –28). The a conformer
displays a slightly lower pKa, 0.08 pH unit lower than the b
conformer. A previous study (29) has reported a �0.7-pH unit
downward shift in the pKa value upon formation of salt bridges
involving the �2 charge state. The lower pKa value of the phos-
phate in the a conformer is consistent with the formation of salt
bridges within the subconformer au. Overall, both the solvent-
exchange rates and the pKa values of the phosphate group sug-
gest that the a and b conformers are structurally different, with
the a conformer less exposed to the solvent. 15N NOESY–
heteronuclear single quantum correlation (HSQC) experiment
has been attempted on p-DUBA (supporting text) to obtain
structural constraints. However, no NOE cross-peaks indicat-
ing interactions between the �1 and the other regions of DUBA
were observed, most likely because of the presence of �45 res-
idues undetectable by 15N TROSY, among which most of the
surface residues are clustered in the regions interacting with
helix �1 in the crystal structure of p-DUBA conjugated to the
ubiquitin–aldehyde (Fig. S7). The significant line broadening in
both the missing residues and approximately half of the
assigned residues may be induced by the transient interactions
between helix �1 and the well-folded regions of DUBA on the
microsecond-to-millisecond time scales. For two residues in
the helix �1 or the �1–�2 loop, Tyr-175 and Glu-189, the b
conformer shows significantly elevated 15N transverse relax-
ation rates compared with the a conformer and also the average
rate across all residues in the helix �1 (Fig. S3). Likewise, the 1H
line widths are significantly different between the a and b con-
formers for a few residues (Table S5). These differences are not
explained by the differential solvent-exchange rates and likely
indicate different dynamic properties on the microsecond-to-
millisecond time scales. Combining all evidence, the a and b
conformers display detectable differences in both the structural
and dynamic properties.

The two-state equilibrium of active and inactive states has
been previously observed in kinases, such as Abl kinase (30),
where the relative populations of the two states are highly cor-
related with activity. Fast exchange between the inactive and
active states on the NMR time scales has also been observed in
signaling proteins whose activities are regulated by phosphor-
ylation (31, 32) or autoinhibition (33). In these systems, the
effects of conformational dynamics are primarily thermody-
namic, because the exchange between two states is fast com-
pared with the catalytic rate constant and therefore not rate-
limiting. By contrast, the exchange between two conformers in
p-DUBA can be comparable or slower than the catalytic turn-
over rate, which is �0.08 s�1 in p-DUBA, and rate-limiting.
The rate of conformational process can influence various steps
of enzymatic cycle, including substrate binding (34) and prod-
uct release (35). Alternatively, as previously reported on a scav-
enger mRNA-decapping enzyme, the increase in the rate of the
observed opening and closing motions of the dimeric enzyme
caused by the increase in substrate concentration is correlated
with decrease in the catalytic turnover rate, although the
motions are necessary for catalysis (36). In other words, excess

motions can lower catalytic activity of enzymes, at least in this
particular case. It is reasonable to hypothesize that the much
slower interconversion between the two states in p-DUBA
compared with np-DUBA is the underlying reason why the
p-DUBA displays a much higher catalytic turnover rate. Future
studies on DUBA mutants, in which the interconversion rates
vary within the range defined by np- and p-DUBA, need to be
carried out to understand the detailed mechanism of DUBA
activation at the molecular level.

In addition to the two-state equilibrium observed from the
NMR experiments, an important observation from our studies
is that phosphorylation of DUBA primarily enhances the cata-
lytic rate constant rather than the substrate affinity. The
increase in the catalytic rate constant by binding of the acces-
sory domains or regulatory proteins to the catalytic domain has
been previously reported on members of the USP (ubiquitin-
specific protease) family of DUBs (37). DUBs can also distin-
guish between polyubiquitin chains of different linkages based
on distinct catalytic rate constants rather than substrate affini-
ties, as shown for Cezanne (cellular zinc finger anti–NF-�B
protein) (38), a member of the OTU family. Our results provide
an interesting example of a deubiquitinase whose catalytic rate
constant is enhanced by phosphorylation, and it remains to be
seen whether other DUBs subject to PTMs are regulated by
similar mechanisms.

Experimental procedures

Sample preparation

The plasmid OTUD5, which encodes residues 172–344 of
DUBA in isoform 2 was a gift from Cheryl Arrowsmith (Add-
gene plasmid no. 28270). Mutants were generated using the
WT construct as the template. The R272E/K273E mutant was
generated using the mutagenesis service provided by Gen-
Script. The S177E mutant was generated using QuikChange II
site-directed mutagenesis kit (Agilent Technology) and the
primer 5	-GCCTCATACTCGTCCTCCTCGTTGTAGCCT-
GCGCCGA-3	. Expression, purification, and phosphorylation
of the 15N-labeled, [2H,15N]-labeled, and [2H,13C,15N]-labeled
DUBA and DUBA variants were carried out using previously
reported protocols (17, 22). All kinetic assays were per-
formed on 15N-labeled DUBA. The purity and homogeneity
of p-DUBA samples were verified using 15N TROSY spectra
and the mass spectrometric analysis (22).

NMR spectroscopy

The NMR sample buffer contains 50 mM sodium phosphate,
pH 7.0, 100 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine,
0.03% (w/v) NaN3, and 90% H2O/10% D2O (v/v), unless stated
otherwise. 0.2 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid
was used for chemical shift referencing.

NMR experiments were performed on a Varian 700-MHz
spectrometer equipped with a cryoprobe unless stated other-
wise. The sample temperature was calibrated using metha-
nol-d4 (Cambridge Isotope Laboratories) (39). The NMR data
were processed with NMRPipe (40) and visualized using
SPARKY (41, 42). Peak integration was performed using PINT
(43). The 15N ZZ-exchange experiment (44) was performed as
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previously described (45). The HNCACB experiment was per-
formed using the TROSY-detected method (46).

Phosphorylation monitored by real-time NMR

The phosphorylation reactions were carried out at 303 K on
samples containing 480 �M of DUBA and monitored by real-
time NMR spectroscopy on a Bruker Avance NEO 600-MHz
spectrometer equipped with a cryoprobe. The reactions were
initiated by adding 2000 units of casein kinase 2 (New England
Biolabs) to 200 �l of [2H,15N]-labeled DUBA in 20 mM Tris, pH
6.6, 50 mM KCl, 0.1 mM EGTA, 10 mM MgCl2, 5 mM ATP, 5 mM

DTT, and 6% D2O. 15N TROSY spectra were acquired with 2
scans using an interscan delay of 1 s. 1024 (1H) � 150 (15N)
complex points were recorded for each spectrum, which results
in an acquisition time of �12 min. The rates of phosphorylation
were obtained by fitting the cross-peak intensities to the first-
order rate equation,

I
t� � I�(1 � e�kappt) (Eq. 1)

where kapp is the apparent phosphorylation rate constant, and
I∞ is the intensity that corresponds to 100% phosphorylated
protein.

Enzyme kinetic assays

Kinetic assays were performed under the single-turnover
conditions by ensuring that the enzyme concentration is at least
10 times that of the substrate. Increase in the fluorescent inten-
sities resulting from cleavage of the substrate, Ub-AMC (Bos-
ton Biochem), was monitored using the SpectraMax Gemini
XPS plate reader (Molecular Devices) or Fluoromax-4 fluorom-
eter (HORIBA). The excitation and emission wavelengths were
set to �ex � 340 nm and �em � 440 nm, respectively. All activity
assays were performed at 25 °C in the buffer containing 50 mM

HEPES, pH 7.5, 100 mM NaCl, 5 mM DTT, and 0.1 mg/ml BSA.
For assays performed on the plate reader, the reactions were
carried out in a 20-�l volume on 384-well plates (Corning). For
assays performed on the Fluoromax-4 fluorometer, the reac-
tion volume was 60 �l. The reactions were initiated by mixing
equal volumes of 2� substrate and 2� enzyme solutions. All
measurements were performed in triplicate. To test whether
np-DUBA samples might contain small amount of phosphory-
lated protein, the samples were treated with �-protein phos-
phatase (New England Biolabs) according to the instruction
manual and compared with the untreated samples.

The kinetic data were interpreted using the simplest kinetic
model for acyl-enzyme (47).

E 	 S º
Kd

ES ¡
k2

acyl-E ¡
k3

E 	 P (Eq. 2)

The change in the fluorescent intensity of AMC results from
the second step of the reaction, where the AMC is detached
from the substrate. Data fitting was performed using Math-
ematica (Wolfram). kobs was determined by fitting the time
course to the equation,

I
t� � I�(1 � e�kobst) 	 I0 (Eq. 3)

where I∞ and I0 are the final and initial intensities. kobs was
measured at a range of enzyme concentrations to determine the
k2 and Kd. The data were fit to the equation,

kobs �
k2�[E]

[E] 	 Kd
(Eq. 4)

where [E] is the enzyme concentration.
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