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ABSTRACT: Deubiquitination has emerged as an essential regulatory mechanism of a
number of cellular processes. An in-depth understanding of deubiquitinating enzyme
(DUB) catalysis, particularly the mode of ubiquitin binding and the individual steps in
the DUB catalytic turnover, is imperative for exploiting DUBs for therapeutic
intervention. In this work, we present a transient kinetic study of USP2 in hydrolyzing
a model substrate Ub-AMC and a physiological substrate K48-linked diubiquitin. We
conducted stopped-flow fluorescence analyses of the binding of mono- and diubiquitin
to an inactive USP2 mutant and unveiled interesting differences in the binding kinetics
between the two substrates. While a simple one-step binding of monoubiquitin to USP2
was observed, a biphasic binding was evident for diubiquitin. We further followed the
deubiquitination reaction of Ub-AMC and K48-linked IQF-diubiquitin by USP2 using
stopped-flow florescence under a single-turnover condition. Global fitting of the reaction
traces revealed differences in the microscopic rate constants between Ub-AMC and the
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physiological diubiquitin substrate. Our binding and single-turnover data support a conformational rearrangement of the
diubiquitin substrate in USP2-catalyzed deubiquitination. This finding is significant given the recent finding that the K48-linked
diubiquitin is dynamic in its conformation. Our results provide useful insights into the mechanism of how USP recognizes
ubiquitin moieties in a chain structure, which is important for understanding USP catalysis and developing inhibitors against

USPs.

biquitination has now been established as an essential
posttranslational modification required for numerous
cellular processes, including DNA repair, cell cycle regulation,
transcription, and proteasome-mediated protein degradation."
While ubiquitination has been extensively characterized, the
opposing process of deubiquitination remains less well
understood. There are approximately 100 deubiquitinating
enzymes (DUBs) encoded by the human genome.>* DUBs can
be grouped into at least five families, including ubiquitin-
specific protease (USP), ubiquitin C-terminal hydrolase
(UCH), the ovarian tumor (OTU) domain DUB, the
Machado-Joseph (MJD) domain DUB, and the Jabl/MPN
metalloenzyme (JAMM) domain DUB.> The ubiquitin-
specific proteases represent the largest of the five DUB families.
Human ubiquitin-specific protease 2 (USP2) has recently
gained much attention because of its association with numerous
protein factors implicated in cancer.” The rat homologue of
USP2 was originally identified as being upregulated when
prostate cancer cell lines were exposed to dihydrotestosterone.®
In humans, USP2 was found to be overexpressed in 44% of all
prostate tumors.® Moreover, USP2 itself was determined to be
a bona fide oncogene because of its ability to transform NIH-
3T3 cells.® Since its discovery, USP2 has been found to stabilize
a number of proteins, including fatty acid synthase (FAS),
MDM?2, MDMX, Aurora-A, epithelial Na* channel (ENaC),
and KCNQI, by processing the K48-linked polyubiquitin
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chain.*~'* USP2 is known to contain an N-terminal extension
that was suggested to determine the target specificity.” To date,
two different USP2 isoforms, Usp2—4S5 (Usp2b) and Usp2—69
(Usp2a), were identified and have been found in different
tissues.”” USP2’s function has also been associated with
different target proteins.” ** The variable N-terminal domains
of the USP2 isoforms likely affect the cellular localization and
target specificity of USP2.

Many different forms of ubiquitination are observed in cells.
Proteins can be monoubiquitinated via a single ubiquitin
moiety being conjugated to the target protein through an
isopeptide bond formed between the C-terminal carboxylate of
ubiquitin and the side chain amino group of a lysine residue on
the target proteins. Another common ubiquitin modification is
polyubiquitination, in which substrates are tagged with a
ubiquitin chain linked through an isopeptide bond between the
C-terminal carboxylate in one ubiquitin and a lysine residue in a
second ubiquitin. Notably, all seven lysine residues in ubiquitin
are found to form ubiquitin chains. Available evidence suggests
that the structure and dynamics of ubiquitin chains with
different linkages vary greatly. The K48-linked ubiquitin chain,
which typically triggers proteasome-mediated protein degrada-
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tion, has been extensively characterized structurally and
dynamically among the different ubiquitin chain structures.
Initial X-ray crystallography revealed that K48-linked diubiqui-
tin exists in a highly compact, closed structure where the major
site of the interaction exists between the Ile44 residues of the
distal and proximal ubiquitin moieties.'® Interestingly, this
conformation is sterically unfavorable for ubiquitin’s interaction
with USPs, which raises the important question of how USPs
bind diubiquitin. More recent nuclear magnetic resonance
(NMR) analysis revealed that a dynamic conformational
equilibrium of K48-linked diubiquitin exists in solution. The
K48-linked diubiquitin exists in either a closed conformation or
an open conformation.'””"” This open conformation of
diubiquitin is sterically favorable for its interaction with USPs.
Thus, a conformational isomerization steps is likely critical for
the binding and recognition of K48-linked diubiquitin by USPs.
To date, details about the ubiquitin binding and conformational
rearrangements that occur during USP catalysis remain scarce.

Most USPs contain a cysteine catalytic triad. During catalysis,
the active site cysteine residue nucleophilically attacks the
isopeptide bond that connects ubiquitin to a target protein,
resulting in a thioester intermediate that engages the C-terminal
carboxylate of ubiquitin. This thioester intermediate then
undergoes hydrolysis to liberate the ubiquitin moiety. Although
the general mechanism of the ubiquitin-specific proteases
(USP) is predicted to follow the steps described above, kinetic
details of the catalytic cycle remain undefined. Here we report
pre-steady-state kinetic analyses of the USP2-catalyzed
hydrolysis of a model DUB substrate, Ub-AMC, and a
physiological substrate, K48-linked diubiquitin. Using a kinetic
approach, we were able to elucidate the catalytic mechanism of
USP2 and obtain the individual microscopic rate constants in a
full catalytic cycle. Our results support a mechanism of USP2-
catalyzed hydrolysis of the K48-linked diubiquitin in which
diubiquitin undergoes a conformational rearrangement prior to
catalysis.

B EXPERIMENTAL PROCEDURES

Plasmid Construction and Gene Cloning. The human
USP2 catalytic core (amino acids 259—605) was amplified by
polymerase chain reaction using an Addgene plasmid (22577,
Flag-HA-USP2)* as a template. The amplified gene product
was cloned into the Escherichia coli expression vector pET-28a
using the restriction sites Sall and Xhol for expression of USP2
with an N-terminal six-His tag. The C276A mutation was
introduced into the USP2 gene by QuikChange mutagenesis.

Protein Expression and Purification. The wild-type
USP2 catalytic core and the active site mutant C276A USP2
catalytic core were expressed in Rosetta(DE3) cells (Novagen).
Cells were cultured at 37 °C until ODy, reached 0.8. The cell
culture was induced with 0.4 mM IPTG and cultured for an
additional 15 h at 17 °C following the induction. Cells were
then harvested and sonicated in lysis buffer [SO mM NaH,PO,
(pH 8.0), S00 mM NaCl, 5% glycerol, 1 mM p-
mercaptoethanol, and 10 mM imidazole]. Cell free extract
was bound to Ni-NTA resin (Invitrogen) and washed
extensively with lysis buffer. USP2 was eluted with lysis buffer
containing 80 mM imidazole. The eluted USP2 was dialyzed
against a buffer containing S0 mM Tris (pH 8.0), 100 mM
NaCl, 5% glycerol, and 1 mM DTT. The purity of the USP2
catalytic core was analyzed using sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) and Coo-
massie Blue staining. We also generated an inactive USP2

mutant in which the catalytic residue Cys276 was replaced with
an alanine. This mutant has been previously shown to be void
of deubiquitinating activity.”’ The mutant C276A USP2
catalytic core was purified following the same protocol that is
described for wild-type USP2.

To generate Ub-AMC (ubiquitin-7-amino-4-methylcoumar-
in), human ubiquitin (amino acids 1—75) was expressed in
BL21(DE3) cells using the pTYBI expression plasmid
following a reported protocol.” Specifically, cells were cultured
at 37 °C until ODg, reached 0.8. The cell culture was induced
with 0.25 mM IPTG and cultured for an additional 15 h at 17
°C following the induction. Cells were then harvested and
sonicated in lysis buffer containing 20 mM Tris (pH 7.5), 100
mM NaCl, 2 mM EDTA, 5% glycerol, and 1 mM PMSEF.
Ubiquitin,_,s—intein fusion protein was bound to chitin affinity
beads for 3 h at 4 °C and washed with 300 mL of high-salt
buffer [20 mM Tris (pH 7.5), 500 mM NaCl, 2 mM EDTA,
and 5% glycerol]. The bound fusion protein was then washed
with 80 mL of low-salt buffer [20 mM HEPES (pH 6.5) and
100 mM NaCl]. Ubiquitin,_,; was cleaved from intein using
the low-salt buffer containing 75 mM sodium 2-mercaptoetha-
nesulfonate (MESNA). Cleavage was allowed to proceed
overnight at room temperature. The eluted Ub,_,s—MESNA
protein (4 mg/mL) was then incubated with glycine-AMC (10
mg/mL) in low-salt buffer containing 20% DMSO in the
presence of N-hydroxysuccinimide (S mg/mL) and collidine
(20 mg/mL). The reaction was allowed to proceed for 30 h at
room temperature. Ub-AMC was purified by high-performance
liquid chromatography (HPLC) using a Phenomenex Jupiter
C18 column (300 A, 10 pm, 250 mm X 10 mm) with an
acetonitrile gradient. Ub-AMC eluted at approximately 35%
acetonitrile. HPLC fractions containing pure Ub-AMC were
lyophilized, resuspended in DMSO, and stored at —80 °C. The
native K48-linked diubiquitin was either purchased from Enzo
Life Sciences or prepared as previously described.*®

Steady-State Kinetic Analysis of USP2-Catalyzed
Deubiquitination. The steady-state kinetics of USP2-
catalyzed deubiquitination was assayed using the fluorogenic
substrate Ub-AMC as previously described.**

We also determined the steady-state kinetics of USP2-
catalyzed hydrolysis of K48-linked IQF-diubiquitin substrate
DiUb48-6 (LifeSensors). The proximal and distal ubiquitins
contain an internally quenched fluorescence (IQF) pair. DUB
hydrolysis results in separation of the quencher from the
fluorophore TAMRA, resulting in an increase in fluorescence.
The K48-linked IQF-diubiquitin substrate was incubated in a
reaction buffer [SO mM HEPES (pH 7.8), 1 mM DTT, and 0.1
mg/mL BSA] at 25 °C. Following addition of enzyme, the
fluorescence emission at 580 nm was recorded with excitation
at 540 nm using a Fluoromax-4 fluorescence spectrophotom-
eter (Horiba, Irvine, CA). The initial rate in nanomolar per
second was calculated by creating a standard calibration curve
of the fluorescence signal versus the fully turned over K48-
linked IQF-diubiquitin substrate concentration. The initial rate
was then plotted against substrate concentrations ranging from
0.25 to 7.5 uM. Steady-state rate constants were determined by
fitting the initial rates to the Michaelis—Menten equation V =
(Ve S1)/([S] + K,) using GraphPad Prism (GraphPad
Software, La Jolla, CA). k., is equal to V. /[E].

Steady-state kinetic measurement of USP2 hydrolysis of a
native K48-linked diubiquitin (Enzo Life Sciences) was
conducted in a reaction buffer containing S0 mM HEPES
(pH 7.8), 1 mM DTT, and 0.1 mg/mL BSA at 37 °C for up to
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20 min. The concentration of K48-linked diubiquitin was varied
from 0.5 to 20 uM, while the USP2 concentration was held
constant at 20 nM. The reaction was quenched by the addition
of SDS loading solution. The reaction products were separated
on a 20% SDS—PAGE gel and visualized by Coomassie Blue
staining. The intensity of the individual monoubiquitin and
diubiquitin gel bands was quantified using Quantity One (Bio-
Rad). The initial rate was then plotted against substrate
concentration, and the steady-state rate constants were
determined by fitting the initial rates to the Michaelis—Menten
equation V = (V,,.[S])/([S] + K,,) using GraphPad Prism. k.,
is equal to V_./[E].

Apparent Dissociation Constant of Binding of Ub-
AMC to USP2. To determine the apparent dissociation
constant for binding of Ub-AMC to USP2, increasing
concentrations of C276A USP2 (0—25 uM) were incubated
with Ub-AMC (0.5 4M) in a buffer containing SO0 mM HEPES
(pH 7.8), 1 mM DTT, and 0.1 mg/mL BSA at 25 °C. Binding
was monitored by following the decrease in Ub-AMC
fluorescence using a Fluoromax-4 fluorescence spectropho-
tometer (Horiba). The excitation wavelength was set to 350
nm, while emission was monitored at 395 nm. Using GraphPad
Prism, the dissociation constant was determined through
nonlinear curve fitting of the plot of the change in fluorescence
(Y) versus the concentration of USP2 (X) using eq 1.

Y= (B/[L]){[Kd +[L]+X

— J(&y + [L] + X)* — 4[L]X ]/ 2} (1)

where Y designates the fluorescence change and is equal to
(Yinitial = Yops)/ Yinitia X is the concentration of C276A USP2, B
is equal to (Yinitial - Ymin)/Yinitialr [L] stands for the
concentration of Ub-AMC, and K, stands for the apparent
dissociation constant.*>*°

Apparent Dissociation Constant of Binding of K48-
Linked IQF-Diubiquitin to USP2. To determine the apparent
dissociation constant of binding of K48-linked IQF-diubiquitin
to USP2, increasing concentrations of C276A USP2 (0—8 uM)
were incubated with K48-linked IQF-diubiquitin (25 nM) in a
buffer containing SO mM HEPES (pH 7.8), 1 mM DTT, and
0.1 mg/mL BSA at 25 °C. Binding was monitored by following
the increase in TAMRA fluorescence in the IQF-diubiquitin
substrate using a Fluoromax-4 fluorescence spectrophotometer
(Horiba). The excitation wavelength was set to 550 nm, while
emission was monitored at 575 nm. Using GraphPad Prism, the
dissociation constant was determined through nonlinear curve
fitting of the plot of the fluorescence change (Y) versus the
concentration of USP2 (X) using eq 1.25%6

Transient Kinetics of the Binding of Monoubiquitin to
USP2. An Applied Photophysics SX.18MV-R stopped-flow
spectrophotometer was used to monitor the binding of native
ubiquitin to the USP2 catalytic core. Reactions were conducted
in a buffer containing SO mM HEPES (pH 7.8), 0.1 mg/mL
BSA, and 1 mM DTT at 25 °C. Binding of ubiquitin to USP2
was monitored through the quenching of the native tryptophan
fluorescence of the wild-type USP2 catalytic core and an
inactive C276A USP2 mutant. Fluorescence emission was
recorded using a 320 nm cutoff filter with 280 nm excitation.
The ubiquitin concentration was varied from 4 to 70 M, while
the USP2 concentration was held constant at 1 uM. At least
three stopped-flow traces were averaged for each data set.
Averaged data sets were fit to a single-exponential equation.

The observed rates (Y) were plotted against the concentration
of ubiquitin (X). Binding constants were determined using the
equations Y = k, X + kg and Ky = kyg/k,,.

Binding of Ub-AMC to USP2 was monitored by following
the change in AMC fluorescence. Fluorescence emission was
recorded using a 420 nm cutoff filter with 350 nm excitation.
An inactive C276A USP2 mutant was used for the Ub-AMC
binding assay. The C276A USP2 concentration was varied from
3 to 12 uM, while the Ub-AMC concentration was held
constant at 0.8 yM. At least three stopped-flow traces were
averaged for each data set. Averaged data sets were fit to a
single-exponential equation. The observed rates (Y) were
plotted against the concentration of C276A USP2 (X). Binding
constants were determined using the equations Y = k. X + kog
and Ky = kog/kop.

Transient Kinetics of the Binding of Diubiquitin to
USP2. Binding of K48-linked IQF-diubiquitin to C276A USP2
was monitored by following the TAMRA fluorescence change.
Fluorescence emission was recorded using a 570 nm cutoff filter
with 540 nm excitation. The C276A USP2 concentration was
varied from 1 to 9 uM, while the K48-linked IQF-diubiquitin
concentration was held constant at 0.4 pM. At least three
stopped-flow traces were averaged for each data set. Averaged
data sets were fit to a double-exponential equation. The
observed rates were plotted against the C276A USP2
concentration and analyzed using GraphPad Prism. Individual
microscopic rate constants were determined using eqs 2—7 as
detailed in Results. These equations are approximations of the
full solutions that were previously published.””

Kops,1 A k[USP2] + k_, + k, + k_, (2)

kopso R [k [USP2](k_, + ky) + k_jk_,]

/(k,[USP2] + k_, + ky + k_,) (3)
k;?)?z Rk, +k_, 4)
c - 1
PP TR (1 + K,) (s)
K =X
k_ (6)
k

K,=—*
k_, (7)

where k,p, ; and kg, are the observed rate constants of the fast
and slow phases of binding of K48-linked IQF-diubiquitin to
USP2, respectively. k;, k_;, k,, and k_, are the individual
forward and reverse rate constants of the fast and slow phases,
respectively. kyp., is the maximal rate of k. K and K, are the
association constants, and Kg,,, is the apparent dissociation
constant.

Binding of native K48-linked diubiquitin to C276A USP2
was monitored through the quenching of the USP2 tryptophan
fluorescence. Fluorescence emission was recorded using a 320
nm cutoff filter with 280 nm excitation. The diubiquitin
concentration was varied from 2 to 32 uM, while the USP2
concentration was held constant at 1 uM. At least three
stopped-flow traces were averaged for each data set. Averaged
data sets were fit to a double-exponential equation. The
observed rates were plotted against diubiquitin concentration
and analyzed using GraphPad Prism. Individual microscopic
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rate constants were determined in a manner similar to that used
for K48-linked IQF-diubiquitin.

Pre-Steady-State Kinetic Analysis of USP2-Catalyzed
Ub-AMC Hydrolysis. The USP2-catalyzed hydrolysis of Ub-
AMC was followed under a single-turnover condition. An
Applied Photophysics SX.18MV-R stopped-flow spectropho-
tometer was used to monitor changes in fluorescence. All
reactions were conducted in a buffer containing 50 mM HEPES
(pH 7.8), 0.1 mg/mL BSA, and 1 mM DTT at 25 °C. The
USP2 concentration was varied from 1.25 to 5 M, while the
Ub-AMC concentration was held constant at 0.2 uM.
Fluorescence emission was recorded using a 420 nm cutoff
filter with excitation at 350 nm. At least three time traces were
averaged for each data set. Data sets were globally fit using
KinTek Explorer.”®* The burst kinetics of USP2-catalyzed
hydrolysis of Ub-AMC was followed under multiple-turnover
conditions. All reactions were conducted in a buffer containing
50 mM HEPES (pH 7.8), 0.1 mg/mL BSA, and 1 mM DTT at
25 °C. The USP2 concentration was varied from 0.4 to 2 uM,
while the Ub-AMC concentration was held constant at 12 M.
Fluorescence emission was recorded using a 420 nm cutoff filter
with 350 nm excitation. At least three time traces were averaged
for each data set. The data sets were nonlinearly fit to eq 8
using GraphPad Prism

Y=AcH +kt+C (8)

where Y is the fluorescence, t is time, A stands for amplitude, 4
defines the observed rate constant of the exponential phase, and
k, is the linear steady-state rate.

Pre-Steady-State Kinetic Analysis of USP2-Catalyzed
K48-Linked IQF-Diubiquitin Hydrolysis. Single-turnover
experiments were performed for USP2-catalyzed hydrolysis of
K48-linked IQF-diubiquitin. An Applied Photophysics
SX.18MV-R stopped-flow spectrophotometer was used to
monitor changes in fluorescence during each time trace. All
reactions were conducted in a buffer containing 50 mM HEPES
(pH 7.8), 0.1 mg/mL BSA, and 1 mM DTT at 25 °C. The
USP2 concentration was varied from 1.25 to 4 uM, while the
diubiquitin concentration was held constant at 0.2 uM.
Fluorescence emission was recorded using a 570 nm cutoff
filter with 540 nm excitation. At least three time traces were
averaged for each data set. Data sets were globally fit using
KinTek Explorer.”®*’

B RESULTS

Steady-State Kinetic Analysis of USP2 Hydrolyzing
Ub-AMC. USP2 hydrolyzing Ub-AMC under the steady-state
condition was monitored by fluorescence emission associated
with substrate hydrolysis. The initial velocity was plotted
against substrate concentration (Figure 1A), and the steady-
state rate constants were determined using nonlinear regression
curve fitting to the Michaelis—Menten equation (Table 1).
USP2 was eflicient in hydrolyzing Ub-AMC with a k, of 0.35
+0.03 57, a K, of 2.4 + 0.2 uM, and a k,/K,, of 1.5 X 10°
M™! s7!. These values are consistent with two previous studies,
where a k./K,, of 2.5 x 10° M~! s7! was reported.*"*°

Steady-State Kinetic Analysis of USP2 Hydrolyzing
K48-Linked IQF-Diubiquitin. To facilitate USP2 steady-state
kinetic analysis, a physiologically relevant diubiquitin substrate
was used to characterize USP2 catalysis under the steady-state
condition. The K48-linked internally quenched fluorescence
(IQF) diubiquitin substrate was derivatized with a TAMRA
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Figure 1. Steady-state kinetic analysis of USP2-catalyzed hydrolysis of
Ub-AMC (A), K48-linked IQF-diubiquitin (B), and K48-linked native
diubiquitin (C). The initial rates are plotted against the substrate
concentration and fit to the Michaelis—Menten equation.

fluorophore donor in the proximal ubiquitin and a quencher in
the distal ubiquitin. The internally quenched fluorescence pair
in diubiquitin is separated upon hydrolysis, leading to an
increase in donor fluorescence (Figure 2). The initial velocity
was plotted against substrate concentration (Figure 1B), and
the steady-state rate constants were determined using nonlinear
regression curve fitting to the Michaelis—Menten equation
(Table 1). Ak, of 0.10 £ 0.01 s7,,a K, of 1.2 + 0.1 uM, and a
keo/ Ky, of 83 X 10* M™' 5! were determined using K48-linked
IQF-diubiquitin as a substrate. The k., and K, values are 3.5-
and 2-fold lower than those with Ub-AMC as a substrate,
respectively. Overall, a similar catalytic efficiency was observed
for the K48-linked IQF-diubiquitin and Ub-AMC in USP2-
catalyzed hydrolysis.

We also determined the kinetic constants of USP2-catalyzed
hydrolysis of native K48-linked diubiquitin to corroborate the
results obtained with the K48-linked IQF-diubiquitin substrate
under the steady-state condition. Native K48-linked diubiquitin
hydrolysis was performed under the same reaction condition as
that with the K48-linked IQF-diubiquitin substrate. The
reaction product was analyzed on a 20% denaturing SDS—
PAGE gel. After Coomassie Blue staining, the mono- and
diubiquitin bands were quantified to determine the rate of
diubiquitin cleavage at each substrate concentration as
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Table 1. Kinetic Rate Constants for USP2“

substrate ke (s71) Ky (M) ko/Ky M7 57 Ky (uMT! 57 koy (s71) ky (s ko (57 Ky (uM)
ubiquitin N/A N/A N/A 0.40 + 0.01 264 + 0.56 N/A N/A ND
Ub-AMC 0.35 + 0.03 24+ 02 1.5 x 10° 033 + 0.02° 1.82 + 0.17” N/A N/A 29 + 0.6°
IQF-diubiquitin (K48) 0.10 + 0.01 12+ 0.1 8.3 x 10 0.14 + 0.01° 0.06” 0217 0.36” 027 + 0.08°
native diubiquitin (K48) 0.19 + 0.01 28 +03 6.8 x 10* 023 + 0.01° 0.06" ND ND ND

“ND stands for not determined and N/A for not applicable. “Indicates the constant was derived using the C276A USP2 mutant.

Gly76 H

uSpP2
hydrolysis

Figure 2. Diagram of the fluorescence quenching of the K48-linked IQF-diubiquitin and the release of quenching upon hydrolysis. The fluorescence
quencher (pink) is positioned on the distal ubiquitin (blue) and the TAMRA fluorophore (yellow) on the proximal ubiquitin (green). When the C-
terminal carboxylate of the distal ubiquitin is covalently bonded to the side chain amino group of lysine 48 in the proximal ubiquitin, the TAMRA
fluorescence is quenched. After USP2 hydrolysis, the proximal ubiquitin is liberated from the distal ubiquitin and the quencher loses its ability to
quench the TAMRA fluorescence (pink glow).
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Figure 3. Stopped-flow fluorescence traces of binding of ubiquitin and Ub-AMC to the USP2 catalytic core. (A) Stopped-flow fluorescence traces of
binding of ubiquitin to USP2 obtained by USP2 tryptophan fluorescence quenching. (B) Stopped-flow fluorescence traces of binding of Ub-AMC to
C276A USP2. The data were fit to a single-exponential function (solid red line) using GraphPad Prism. The fitted rates were plotted against the
concentration of either ubiquitin (inset in panel A) or USP2 (inset in panel B). The binding and dissociation constants, k,, and kg respectively,
were determined through linear regression (described in Experimental Procedures).

described previously.’' The initial rate was plotted against binding of ubiquitin to USP. Here we developed two methods
diubiquitin concentration (Figure 1C), and the steady-state rate to follow the binding of monoubiquitin to the USP2 catalytic
constants were determined through nonlinear curve fitting to core. First, we exploited the fluorescence quenching of
the Michaelis—Menten equation (Table 1). A k., of 0.19 + tryptophan residues in the USP2 catalytic core upon binding
00157, aK, of 2.8 + 0.3 uM, and a k_/K,, of 6.8 X 10* M™* of ubiquitin (ubiquitin contains no tryptophan). Using
s' were determined using native K48-linked diubiquitin as a stopped-flow fluorescence spectroscopy, binding of ubiquitin
substrate. The rate constants are close to those determined for was monitored by following the decrease in the tryptophan
USP2-catalyzed hydrolysis of K48-linked IQF-diubiquitin. fluorescence intensity of wild-type USP2 (Figure 3A). The data
Thus, the fluorophore—quencher pair on diubiquitin had no can be fit to a single-exponential function with satisfaction. An
adverse effect on the interaction of the diubiquitin substrate observed rate constant (k,,,) was obtained for each ubiquitin
with the USP2 catalytic core. concentration. Linear regression analysis of the plot of kg

Kinetics of Binding of Monoubiquitin to USP2. To versus ubiquitin concentration (Figure 3A inset) was used to
date, there has been no report of the transient kinetics of determine the binding constants (k,, = 0.40 + 0.01 uM™' 57",
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Figure 4. Steady-state fluorescence change of binding of Ub-AMC and K48-linked IQF-diubiquitin to the C276A USP2 catalytic core. (A) The
fluorescence change of 0.5 uM Ub-AMC was plotted against increasing concentrations of USP2 (0—25 uM). (B) The fluorescence change of 25 nM
K48-linked IQF-diubiquitin was recorded with increasing concentrations of USP2 (0—8 yM). The apparent dissociation constant was determined
through nonlinear curve fitting to eq 1 using GraphPad Prism.
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Figure S. Stopped-flow fluorescence traces of binding of K48-linked IQF-diubiquitin to the C276A USP2 catalytic core. (A) Fluorescence
enhancement associated with the TAMRA fluorophore in the IQF-diubiquitin substrate was monitored over 10 s to follow the binding to K48-linked
IQF-diubiquitin to USP2. The USP2 concentration was varied (1, 2, 3, S, 7, and 9 uM), while the K48-linked IQF-diubiquitin concentration was held
constant at 0.4 M. The data set was fit to a single- or double-exponential function for a comparison. The double-exponential fitting results are
shown as black lines. Residuals for the single-exponential (B) and double-exponential (C) fitting to a representative binding trace for 9 uM USP2
and 0.4 yM K48-linked IQF-diubiquitin are shown. Analyses of the residuals reveal that a double-exponential function provides a significantly better
fit to the data.

and kg = 2.64 + 0.56 s7') as described in Experimental +0.02 uM™'s7!, and k gz = 1.82 + 0.17 s'. A K of 5.5 M was
Procedures. An equilibrium binding constant (K) of 6.6 uM calculated on the basis of k,, and k,; (Table 1). The kinetic

was calculated from the fitted k,, (k;) and kg (k_;) (see Table constants are similar to those determined for native
1) and is in accord with the previously reported dissociation monoubiquitin, suggesting that the conjugation of an AMC
constant of ubiquitin for other USPs determined using ITC and group to the C-terminus of ubiquitin does not affect the kinetic
SPR.**** The k.g of 2.64 s™" is relatively slow, which can be behavior of binding of ubiquitin to USP2. Notably, both native
understood in view of the numerous interactions that exist ubiquitin and Ub-AMC bind to USP2 with monophasic
between ubiquitin and the USP2 catalytic core as shown in the kinetics. This suggests that ubiquitin binds to USP2 in a single
cocrystal structure of USP2 and ubiquitin.*® The calculated K step despite the fact that USP2 catalytic core interacts with
of 6.6 uM is approximately 3 times higher than the K ubiquitin at multiple sites as revealed by the cocrystal structure
determined for USP2-catalyzed hydrolysis of Ub-AMC. Thus, of the USP2—ubiquitin complex.>

it is not reliable to approximate K, to K4 for USP2-catalyzed To probe the effect of the C276A mutation on the
Ub-AMC hydrolysis. interaction of USP2 with ubiquitin, we characterized the

In addition to the native tryptophan fluorescence quenching binding of ubiquitin to C276A USP2 as described for wild-type
method, we also followed binding of Ub-AMC to an inactive USP2 (Figure S1 of the Supporting Information). A k,, of 0.48

USP2 by monitoring the fluorescence quenching of the + 0.05 uM ™' s7" and a kg of 7.54 + 2.60 s™* were determined
fluorophore AMC that is conjugated to the C-terminus of for binding of ubiquitin to C276A USP2. These values are close
ubiquitin (Figure 3B). To monitor binding of USP2 to Ub- to those determined for binding of ubiquitin to wild-type USP2
AMC without hydrolysis, we generated a catalytically inactive (ky, = 040 + 001 uM ™" 57! and kg = 2.64 + 0.56 s7').
mutant, C276A USP2. This mutant has been previously shown Therefore, the C276A mutation has no adverse effect on the
to be completely void of deubiquitinating activity.”! We interaction between USP2 and ubiquitin.

observed a strong quenching of AMC fluorescence upon its Binding of Ub-AMC to USP2 under an Equilibrium
binding to the USP2 catalytic core (Figure 3B). The Condition. We also determined the equilibrium binding
fluorescence data were fit to a single-exponential binding constant of binding of Ub-AMC to USP2 by measuring the
equation with satisfaction. Linear regression analysis of the plot decrease in Ub-AMC fluorescence in the presence of increasing
of kg versus C276A USP2 concentration (Figure 3B, inset) concentrations of C276A USP2. The change in fluorescence
was used to determine the kinetic binding constants: k,, = 0.33 was plotted against USP2 concentration (Figure 4A). Nonlinear
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Figure 6. Concentration dependence of the observed rate constants of binding of K48-linked IQF-diubiquitin to the C276A USP2 catalytic core. In
panels A and B, rate constants k,; and ks, determined by fitting the fluorescence data reporting the binding of K48-linked IQF-diubiquitin to
USP2 (see Figure S) were plotted against the concentration of USP2. Individual microscopic binding constants were derived from linear regression
analysis of the plot of ky,, (A) and nonlinear curve fitting to a hyperbola of the plot of ky,, (B).

curve fitting to eq 1 yielded an apparent dissociation constant
(Kgapp) of 2.9 + 0.6 uM. The determined apparent dissociation
constant is close to the Kj calculated from the k,, and k.
determined by the stopped-flow binding experiments (Figure 3
and Table 1).

Binding of K48-Linked IQF-Diubiquitin to USP2 under
an Equilibrium Condition. To define the equilibrium binding
constant (Ky,,,) of binding of diubiquitin to USP2, we
measured the K48-linked IQF-diubiquitin fluorescence in the
presence of increasing concentrations of C276A USP2. Binding
was monitored by following the enhancement of TAMRA
fluorescence upon the binding of the K48-linked IQF-
diubiquitin substrate (25 nM) to USP2 (0—8 uM). The
increase in fluorescence was plotted against USP2 concen-
tration (Figure 4B). Nonlinear curve fitting to eq 1 yielded an
apparent dissociation constant (Kd,app) of 0.27 + 0.08 uM. This
apparent dissociation constant was later used in calculating the
individual microscopic binding rate constants in a proposed
two-step process of binding of diubiquitin to USP2 (vide infra).
Notably, USP2 has a significantly higher affinity for K48-linked
diubiquitin than for monoubiquitin.

Transient Kinetics of Binding of K48-Linked Diubi-
quitin to USP2. Stopped-flow fluorescence analysis was used
to follow binding of K48-linked IQF-diubiquitin to USP2 under
a pre-steady-state condition. Changes in fluorescence over time
were monitored by following the increase in TAMRA
fluorescence observed upon mixing K48-linked IQF-diubiquitin
and the inactive C276A USP2 mutant (see Figure SA). The
binding traces were fit to both single- and double-exponential
functions for comparison. As shown in Figure S, the binding of
K48-linked IQF-diubiquitin to the USP2 core was clearly
biphasic, with a fast increase in TAMRA fluorescence followed
by a slower phase of fluorescence increase. The observed rates
were plotted against USP2 concentration (Figure 6A,B). The
observed rate of the first phase (k) was linearly dependent
on USP2 concentration and can be fit by linear regression
analysis (Figure 6A). The second phase (k,,) was nonlinear
(Figure 6B) and was fit to a hyperbola as previously
described.”” On the basis of the regression analysis of the
plots of ki, and ki, using eqs 2—7 we were able to calculate
each microscopic binding rate constant for a two-step process
describing the binding of diubiquitin to USP2. Specifically,
from the linear regression analysis of k., against USP2
concentration (see Figure 6A), the slope (k;) was equal to 0.14
+ 0.01 uM™" 57" k_; (0.06 s') was calculated by taking the
difference between the y-intercept of the linear regression
analysis of kg, (0.63 + 0.04 s7') and the maximum of kg,

10081

(0.57 + 0.03 s7") as defined by the hyperbola. The equilibrium
constant of the second slower step (K, = 0.59) was calculated
using eq S from the determined Ky(,p) and K; (2.33 uM™).
The rate constants of the forward and reverse directions of the
second binding step, k, and k_,, respectively, were calculated to
be 0.21 and 0.36 s, respectively, using eqs 4 and 7. Together,
this analysis suggests a two-step binding mechanism with
binding occurring in the first step and a possible conformational
rearrangement occurring in the second step.>*** It should be
noted that the increase in TAMRA fluorescence upon binding
to USP2 is most likely caused by the separation of the two
ubiquitin moieties that releases quenching of the donor
TAMRA fluorescence. This suggests that the diubiquitin adopts
a more open conformation in the binary complex upon binding
to the USP2 catalytic core. Notably, if the dissociation constant
was calculated from fitting the fluorescence data to a single-
exponential function, the value was significantly higher (Ky =
242 uM) compared to the experimentally determined value of
0.27 uM. This provides further support for a two-step binding
mechanism for K48-linked IQF-diubiquitin.

The binding interaction between USP2 and native K48-
linked diubiquitin was also characterized using stopped-flow
fluorescence analysis under the pre-steady-state condition.
Binding was monitored by following the C276A USP2
tryptophan fluorescence quenching. The binding of native
K48-linked diubiquitin to USP2 was again clearly biphasic
(Figure S2 of the Supporting Information). The fitted rate
constants were plotted against diubiquitin concentration
(Figure S3 of the Supporting Information). Similar to that of
IQF, the observed rate constant for the first phase (ky,;) was
linearly dependent on USP2 concentration and was fit by linear
regression analysis (Figure S3A of the Supporting Information),
while the second phase (k,,) was nonlinear (Figure S3B of
the Supporting Information) and was fit to a hyperbola as
described above for K48-linked IQF-diubiquitin. The binding
constants of native K48-linked diubiquitin (k; = 0.23 uM ™" 57,
k_, =0.06 s, and the maximum value of k,,, = 0.80 s™") were
determined to be very similar to the rate constants determined
for K48-linked IQF-diubiquitin (k, = 0.14 uM ™" 57", k_, = 0.06
s™', and the maximum value of k,, = 0.57 s'). Because of an
extremely weak fluorescence signal, we were unable to
determine the apparent dissociation constant for binding of
native K48-linked diubiquitin to C276A USP2 under an
equilibrium condition, which prevented us from calculating k,
and k_, for binding of native diubiquitin to USP2. Nonetheless,
the good agreement in the measured k; and k_, values for the
native K48-linked diubiquitin and the K48-linked IQF-
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Figure 7. Stopped-flow fluorescence kinetic traces of USP2-catalyzed hydrolysis of Ub-AMC and K48-linked IQF-diubiquitin under single-turnover
conditions. (A) USP2-catalyzed hydrolysis of Ub-AMC. Fluorescence changes (black dots) were monitored over 20 s. The USP2 concentration was
varied (1.25, 1.5, 2, 3.0, and 5.0 #M) and is shown in ascending order, while the Ub-AMC concentration was held constant at 0.2 #M. The data were
then globally fit (red line) to Scheme 1. (B) USP2-catalyzed hydrolysis of K48-linked IQF-diubiquitin. Fluorescence changes (black dots) were
monitored over SO s. The USP2 concentration was varied (1.25, 1.5, 2.0, 2.5, 3.0, and 4.0 #M) and is shown in ascending order, while the K48-linked
IQF-diubiquitin concentration was held constant at 0.2 M. The data were then globally fit (red line) to Scheme 2, which represents a two-step

binding mechanism.

diubiquitin supports the fact that the fluorophores on K48-
linked IQF-diubiquitin do not adversely affect USP2’s
interaction with diubiquitin.

Transient Kinetic Analysis of USP2-Catalyzed Hydrol-
ysis of Ub-AMC. Stopped-flow fluorescence traces were
recorded for USP2-catalyzed hydrolysis of Ub-AMC under a
single-turnover condition. When Ub-AMC was rapidly mixed
with the USP2 catalytic core, a rapid increase in fluorescence
was observed. Fluorescence emission was recorded using a 420
nm cutoff filter with 350 nm excitation. The USP2
concentration was varied from 1.25 to S uM, while the Ub-
AMC concentration was held constant at 0.2 uM. The
fluorescence changes were recorded over a period of 20 s
(Figure 7A). The pre-steady-state data were fit to a kinetic
model as illustrated in Scheme 1 using KinTek Explorer*®*
and plotted as red traces in Figure 7A.

Scheme 1. Kinetic Scheme of the USP2-Catalyzed
Hydrolysis of Ub-AMC

Ub-AMC
AL
USP2 - USP2:Ub-AMC
k-1
AMC
k4 k—4 kz kz
Ub
k3
USP2:Ub USP2-Ub

Shown in Scheme 1 is the proposed kinetic mechanism of
USP2-catalyzed hydrolysis of Ub-AMC. USP2-Ub-AMC is the
Michaelis complex of USP2 and Ub-AMC; USP2-Ub is an
acyl—enzyme intermediate in which ubiquitin is covalently
bound to the USP2 active site cysteine through a thioester
bond. USP2-Ub is USP2 bound with ubiquitin following the
deacylation reaction. k;, k_,, k,, and k_, were determined from
the binding studies of Ub-AMC and ubiquitin (Table 1). These
values were fixed during the global fitting. The fluorescence
data in Figure 7A were then globally fit to the reaction
mechanism shown in Scheme 1, and the obtained rate
constants are summarized in Table 2. The fitting was
satisfactory with a y*/ndf value of 38. Also, importantly, the

Table 2. Pre-Steady-State Kinetic Analysis of the USP2-
Catalyzed Hydrolysis of Ub-AMC*

rate best fit lower limit upper limit
k(M s7h 0.33 n/a n/a
kb (s7h 1.82 n/a n/a
k (s71) 4.40 + 0.04 4.02 5.14
ko, (s71) 1.74 + 0.08 0.89 6.65
ks (s7) 0.51 + 0.01 0.33 1.24
kP (s 2.64 n/a n/a
kl (uM s 0.40 n/a n/a
F(Ub-AMC)® 0.61 n/a n/a
F(USP2-Ub-AMC) 2.58 + 0.03 2.32 2.71
F(AMC) 3.64 + 001 3.63 3.65
)(Z/ndf 38 n/a n/a

“The values for k,, k_;, k,, and k_,, were derived as previously
explained for the USP2-Ub-AMC and USP2-ubiquitin stopped-flow
binding data (Figure 3 and Table 1). Fluorescence output expression
factors (F) for Ub-AMC, USP2-Ub-AMC, and AMC are also listed.
The fluorescence factor for Ub-AMC was determined on the basis of
the observed fluorescence signal and the known concentration. The
factor for Ub-AMC was fixed during the global fitting. The remaining
rates and fluorescence factors were determined by fitting the
fluorescence data in Figure 7A to Scheme 1 using KinTek Explorer.
The upper and lower limits were determined using the FitSpace Editor
function of KinTek Explorer, and the overall goodness of the fit was
judged by x*/degrees of freedom (y*/ndf). YThe value was fixed
during global fitting.

fitted values were well constrained (see Table 2). Our fitting
results indicate that the acylation step (k, = 4.40 + 0.04 s™')
was significantly faster than the deacylation step (k; = 0.51 +
0.01 s7*). The rate constant of the deacylation step is similar to
the steady-state rate constant (ko = 035 + 0.03 s')
determined for the USP2-catalyzed hydrolysis of Ub-AMC.
Our global fitting of USP2-catalyzed hydrolysis of Ub-AMC
utilized a minimal kinetic scheme that has been used in a
previous study of the serine protease subtilisin.*® We also
evaluated the fitting of the transient kinetic data to a more
complex kinetic scheme (Figure S4 of the Supporting
Information). This scheme included a tetrahedral intermediate,
followed by a chemical step accounting for the collapse of the
intermediate to generate an acyl—enzyme intermediate and
then the dissociation of AMC. The fluorescence data of USP2-
catalyzed hydrolysis of Ub-AMC can be fit to the model.
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However, with the inclusion of additional reaction steps and
intermediates, the microscopic rate constants were no longer
constrained (Figure S4 of the Supporting Information).
Transient Kinetic Analysis of USP2-Catalyzed Hydrol-
ysis of K48-Linked IQF-Diubiquitin. Single-turnover experi-
ments were performed to determine the transient kinetics of
USP2-catalyzed hydrolysis of K48-linked IQF-diubiquitin.
When K48-linked IQF-diubiquitin and USP2 were rapidly
mixed, a rapid increase in fluorescence was observed when
using a 570 nm cutoff filter (Figure 7B). In the K48-linked IQF-
diubiquitin substrate, the C-terminal carboxylate of the distal
ubiquitin (red) is covalently linked to the side chain amino
group of Lys48 on the proximal ubiquitin (gray) by an
isopeptide bond (see Figure 8). During USP2-catalyzed

Distal ubiquitin

Distal ubiquitin

Proximal ubiquitin

UspP2
Hydrolysis

%
Proximal ubiquitin yj

Figure 8. Illustration of the proximal and distal ubiquitin in USP2-
catalyzed deubiquitination. Before USP2 hydrolysis of diubiquitin, the
C-terminal carboxylate of the distal ubiquitin (red) is covalently linked
to the side chain amino group of a lysine 48 residue of the proximal
ubiquitin (gray) by an isopeptide bond. The C-terminal carboxylate of
the distal ubiquitin becomes covalently bound to the USP2 (blue)
active site cysteine reside forming a thioester intermediate. Then a
deacylation step occurs followed by release of distal ubiquitin. This
illustration was generated using the X-ray crystal structure of a Lys48-
linked diubiquitin with an open conformation'” and the cocrystal
structure of USP2 in complex with ubiquitin.*’

hydrolysis, the C-terminal carboxylate of the distal ubiquitin
forms a covalent adduct with the USP2 (blue) active site
cysteine residue forming a thioester intermediate, which is
subsequently hydrolyzed in a deacylation step. The internally
quenched fluorescence (IQF) FRET pair in diubiquitin is
separated following the USP2-catalyzed cleavage of the
isopeptide bond, thus producing the TAMRA fluorescence
signal.

For USP2-catalyzed hydrolysis of K48-linked IQF-diubiqui-
tin, the USP2 concentration was varied from 125 to 4 uM
while the diubiquitin concentration was held constant at 0.2
UM. The pre-steady-state fluorescence traces were then globally
fit (red line) to Scheme 2 using KinTek Explorer (Figure 7B).
In Scheme 2, USP2-DiUb, represents the initial binary complex
between diubiquitin and USP2. USP2-DiUbg represents a new
conformation of the binary complex. USP2—UDb is the acyl—
enzyme intermediate. Ub,, i, is the released proximal
ubiquitin. USP2-Ub is USP2 bound with the distal ubiquitin,
and Ubg, is the released free distal ubiquitin. Rate constants
ky, k_y, ky, k_,, ks, and k_g were determined from the stopped-
flow binding studies of K48-linked IQF-diubiquitin and
ubiquitin (see Table 1 and Figures 3 and S). These values
were fixed during the global fitting. Because the deacylation
step in USP2-catalyzed hydrolysis of diubiquitin and Ub-AMC
is identical with the assumption that the leaving groups are

Scheme 2. Kinetic Scheme of the USP2-Catalyzed
Hydrolysis of K48-Linked IQF-Diubiquitin

USP2-DiUb,
3
4
A
uspP2 USP2+DiUbg
prmxvmal
k k k k
Ubdls'al ° N 2 3
k
USP2-Ub - USP2-Ub

released before hydrolysis of the acyl—enzyme intermediate, we
fixed the rate constant of deacylation to 0.51 s'. The
fluorescence data in Figure 7B were globally fit to the reaction
mechanism shown in Scheme 2, and the obtained rate
constants are summarized in Table 3. The data globally fit
with satisfaction.

Burst Kinetics for USP2-Catalyzed Hydrolysis of Ub-
AMC. The USP2 single-turnover experiments indicate that
deacylation is rate-limiting for Ub-AMC hydrolysis. In accord
with this observation, a burst phase was observed for USP2-

Table 3. Pre-Steady-State Kinetic Analysis of the USP2-
Catalyzed Hydrolysis of K48-Linked IQF-Diubiquitin®

rate best fit lower limit upper limit
Kk (uM' s 0.14 n/a n/a
k_lb (s 0.06 n/a n/a
k;_b (s 0.21 n/a n/a
kot (7Y 0.36 n/a n/a
ks (s7) 0.24 + 0.03 0.11 240
ks (s7h) 17+ 3 4.54 208
k4b (s 0.51 n/a n/a
ksb (s 2.64 n/a n/a
k_s® (uM~ 7Y 040 n/a n/a
F(DiUb)® 1.24 n/a n/a
F(DiUb-USP2,) 227 + 001 226 227
F(DiUb-USP2;) 244 + 0.01 243 2.53
F(Ub,,,)" 2.50 n/a n/a
7/ndf 43 n/a n/a

“The values for ky, k_j, ky, k_,, ks, and k_g were derived as explained
for the USP2-K48-linked IQF-diubiquitin and USP2-ubiquitin
stopped-flow binding data (Figures 3 and S and Table 1). Because
the deacylation step is identical for both Ub-AMC and diubiquitin
hydrolysis, the rate of deacylation that was previously determined from
the global fitting of USP2-catalyzed hydrolysis of Ub-AMC was fixed
for the rate of deacylation in the global fitting of diubiquitin hydrolysis.
Fluorescence output expression factors (F) for DiUb, DiUb-USP2,,
DiUb-USP2;, and Ub,,, are also provided. The fluorescence factors
for DiUb and fully hydrolyzed Ub,,., were determined on the basis of
the observed fluorescence signal and the known concentrations of the
species. The factors for these two species were fixed during the global
fitting. The remaining rates and fluorescence factors were globally fit
for the fluorescence data in Figure 7B to Scheme 2 using KinTek
Explorer. The upper and lower limits were determined using the
FitSpace Editor function of KinTek Explorer, and the overall goodness
of fit was judged by )(7'/ degrees of freedom ()(7'/ ndf). bThe value was
fixed during global fitting.
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catalyzed hydrolysis of Ub-AMC under pre-steady-state multi-
ple-turnover conditions (Figure 9). We fit the individual traces

Fluorescence

0.1+ T

Ll
1.0 1.5 2.0

Time (seconds)

0.5

Figure 9. Burst kinetics of USP2-catalyzed hydrolysis of Ub-AMC.
The burst kinetics of USP2-catalyzed hydrolysis of Ub-AMC was
characterized under multiple-turnover conditions. Fluorescence
changes were monitored over 2 s. The USP2 concentration was
varied (0.4, 1, 1.5, and 2 uM) and is shown in ascending order, while
the Ub-AMC concentration was held constant at 12 uM. The
fluorescence data were nonlinearly fit (black line) to eq 8 using
GraphPad Prism.

to eq 8 that describes burst phase kinetics. The rate constants
of the burst phase were determined to be in the range of 3.6—
4.1 s7" and were largely concentration-independent. We noted
that the burst phase rate constants are in close agreement with
the k, of 4.4 s™" that describes an acylation step (Scheme 1 and
Table 2). Our attempt to globally fit these traces to both the
simplified mechanism (Scheme 1) and the more complex
reaction scheme (Figure S$4) in the Supporting Information was
hampered because of the difficulty in constraining the
individual rate constants.

B DISCUSSION

Deubiquitinating enzymes (DUBs) make up an important
family of enzymes that regulate the ubiquitination state of a
large group of cellular proteins in eukaryotes. There are
approximately 100 DUBs encoded by the human genome.>*
How DUBs recognize the various physiological ubiquitin
substrates and how they catalyze the hydrolysis of the
isopeptide bond between ubiquitin and the lysine residue on
a target protein are important questions that remain to be
addressed. Here we report a pre-steady-state kinetic analysis of
the binding and hydrolysis of both mono- and diubiquitin

substrates by a prototypical ubiquitin-specific protease, USP2,
to understand the mode of substrate recognition and the
mechanism of hydrolysis. Using a kinetic approach, we
obtained the individual microscopic rate constants in a full
catalytic cycle of USP2 using both a model substrate Ub-AMC
and a physiological substrate K48-linked diubiquitin.

We first determined the kinetics of binding of monoubiquitin
(ubiquitin and Ub-AMC) and K48-linked diubiquitin to the
USP2 catalytic core using stopped-flow fluorescence. Despite
the addition of the fluorophore AMC to the C-terminus of
ubiquitin, the kinetics of binding of Ub-AMC to an inactive
USP2 is similar to that of binding of native ubiquitin to wild-
type USP2 (Table 1), indicating that the AMC group does not
disrupt the interaction of ubiquitin with the USP2 catalytic
core. Different from monoubiquitin, we observed biphasic
kinetics for the binding of diubiquitin to USP2. For
monoubiquitin, the kinetic constants k,, and kg were used to
calculate the equilibrium binding constant. Ubiquitin itself has a
modest affinity for USP2 [Ky = 6.6 uM (Table 1)]. This value
is in accord with the measured equilibrium dissociation
constant for Ub-AMC with USP2 and the previously reported
dissociation constants of ubiquitin for other USPs.**** We
found that the K48-linked diubiquitin has a significantly higher
affinity for USP2 than monoubiquitin, with an apparent Ky of
0.27 + 0.08 uM. Although a cocrystal structure of USP2 and
K48-linked diubiquitin is not available, our binding data suggest
that extra binding interactions between the proximal ubiquitin
and the USP2 catalytic core likely exist, thus contributing to the
higher binding affinity.

Our stopped-flow data for diubiquitin revealed that the
binding of K48-linked IQF-diubiquitin to USP2 is biphasic. The
apparent rate of the first step is linearly dependent on USP2
concentration, while the second step is best fit by a hyperbola.
This observation suggests a possible conformational rearrange-
ment following the initial binding step. Our global fitting of the
stopped-flow fluorescence traces of USP2-catalyzed hydrolysis
of K48-linked IQF-diubiquitin agrees well with a two-step
binding mechanism and indicates that the two-step binding
mechanism is on the kinetic pathway, where the second step of
binding is partially rate-limiting.

The early X-ray crystal structure of K48-linked diubiquitin
revealed a highly compact, closed structure in which the major
sites of the interaction defined by Ile44 on both the distal and
proximal ubiquitin moieties are buried.'® On the basis of the

A

active site

B

active site

Figure 10. Binding of K48-linked diubiquitin to the USP2 catalytic core requires an open diubiquitin conformation. The X-ray cocrystal structures of
USP2 (gray) and ubiquitin (cyan)* are overlaid with the X-ray structure of a closed (A) or open (B) K48-linked diubiquitin (red).'®'” Because of
steric constraints, USP2 requires an open K48-linked diubiquitin conformation for binding to USP2.
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USP2 structure bound with a distal ubiquitin, this closed
conformation of diubiquitin is sterically unfavorable for its
interaction with USP2 (see Figure 10). Recently, another K48-
linked diubiquitin crystal structure was determined and
revealed that K48-linked diubiquitin can also exist in an open
conformation.'” On the basis of our modeling, this open
conformation of diubiquitin allows an unhindered interaction of
diubiquitin with the USP2 catalytic core (see Figure 10B).
Recent NMR analysis revealed an equilibrium between the
compact and the open diubiquitin conformations in sol-
ution.'” ™" Moreover, NMR analyses determined that the
conformational rearrangement in K48-linked diubiquitin occurs
within 10 ns.'® Thus, this conformational change step is beyond
the detection of the stopped-flow fluorescence technique.
Therefore, the biphasic binding kinetics observed for K48-
linked diubiquitin can be best interpreted by the binding of
diubiquitin to USP2, followed by an additional conformational
rearrangement in the USP2-diubiquitin complex to position
diubiquitin in a productive conformation for catalysis.

Our global fitting analysis revealed a conformational
rearrangement step following the binding of the diubiquitin
to USP2 catalytic core. Although a previous cocrystal structure
study of the USP catalytic core has shown a small conforma-
tional rearrangement in the finger and thumb domains of USP
upon the binding of the distal ubiquitin,>” this conformational
change is less likely in what we observed in the stopped-flow
analysis. As a support for this notion, the binding of
monoubiquitin to the USP2 catalytic core is monophasic and
lacks a conformational change step following the bimolecular
binding step. Thus, we conclude that the observed conforma-
tional change step most likely originates from the diubiquitin
moiety, which is reported by the IQF pair on the K48-linked
diubiquitin.

By globally fitting the stopped-flow fluorescence traces, we
obtained the individual microscopic rate constants of the
complete USP2 catalytic cycle in hydrolyzing Ub-AMC. Pre-
steady-state kinetic characterization of hydrolysis of Ub-AMC
clearly showed that the rate of acylation (4.40 + 0.04 s™") is 9-
fold faster than the rate of deacylation (0.51 + 0.01 s™"). This
notion was corroborated by burst kinetics analyses of the
USP2-catalyzed hydrolysis of Ub-AMC.

A recent report compared USP2-catalyzed hydrolysis of Ub-
AMC, a synthetic K48-linked diubiquitin substrate, and Ub-V”’
that contains an additional valine residue C-terminal to
Gly76>" A liquid chromatography and mass spectrometry-
based assay was used to quantify the hydrolysis of the
diubiquitin and the Ub-V”’ substrates. It was found that an
oxyanion hole mutant (N271A/D575A) was more sensitive in
activity when hydrolyzing diubiquitin and Ub-V”” than Ub-
AMC. Asn271 and AspS7S5 are believed to stabilize the
oxyanion intermediate formed during the acylation step of
deubiquitination. Because elimination of the oxyanion hole did
not affect Ub-AMC hydrolysis, the authors suspected
deacylation is the rate-limiting step for USP2-catalyzed
hydrolysis of Ub-AMC, but not the hydrolysis of the K48-
linked diubiquitin and Ub-V”’. Here we provide direct evidence
that deacylation is rate-limiting in USP2-catalyzed Ub-AMC
hydrolysis.

Deacylation as a rate-limiting step was also observed for
other cysteine and serine proteases when peptidyl-AMC was
used as a substrate. Specifically, deacylation is the rate-limiting
step for cathepsin C-catalyzed hydrolysis of a dipeptide-AMC
substrate (28-fold slower than the rate of acylation).”® Likewise,

deacylation is the rate-limiting step for the subtilisin super-
family protease Kex2 in cleaving peptidyl-AMC substrates.>
Interestingly, we observed a change in several microscopic rate
constants for hydrolysis of K48-linked IQF-diubiquitin by
USP2. Further study will be needed to determine whether the
rate-limiting step in USP2-catalyzed K48-diubiquitin hydrolysis
is different from that of Ub-AMC as a substrate. It should be
noted that the K48-linked IQF-diubiquitin is a better mimic of
the polyubiquitin chain linked by K48 on ubiquitin. The kinetic
mechanisms unveiled using this substrate should provide
further information for our understanding of the ubiquitin-
specific protease-catalyzed deubiquitination reaction.
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