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ABSTRACT. Ubiquitin C-terminal hydrolases (UCHS) cleave tX bonds (Ub is ubiquitin and X an alcohol,

an amine, or a protein) through a thioester intermediate that is produced by nucleophilic attack of the Cys
residue of a Cys-SH/His-Im catalytic diad. We are studying the mechanism of UCH-L1, a UCH that is
implicated in Parkinson’s disease, and now wish to report our initial findings. (i) Pre-steady-state kinetic
studies for UCH-L1-catalyzed hydrolysis of Ub-AMC (AMC, 7-amido-4-methylcoumarin) indicate that
keatis rate-limited by acyl-enzyme formation. Thu&, = K, the dissociation constant for the Michaelis
complex, andka: = ko, the rate constant for acyl-enzyme formation. (i) K@gsoc(=Ks 1), AC, = —0.8

kcal mol! deg! and is consistent with coupling between substrate association and a conformational
change of the enzyme. F&s, ASF = 0 and suggests that in the-IS, substrate and active site residues

are precisely aligned for reaction. (iii) Solvent isotope effectsP#igso.= 0.5 andPk, = 0.9, suggesting

that the substrate binds to a form of free enzyme in which the active site Cys exists as the thiol. In the
resultant Michaelis complex, the diad has tautomerized to ion pair Ci4isSImH™. Subsequent attack

of thiolate produces the acyl-enzyme species. In contrast, isotope effects for association of UCH-L1 with
transition-state analogue ubiquitin aldehyde suggest that an alternative mechanistic pathway can sometimes
be available to UCH-L1 involving general base-catalyzed attack of Cys-SH by His-Im.

Deubiquitinating enzymes comprise a large family of Scheme 1: Minimal Kinetic Mechanism for Ubiquitin
enzymes that specifically cleave ubiquitin-derived substrates C-Terminal Hydrolases

of the general structure Ub'>-Leu’3-Arg’*-Gly™>-Gly78-X, Binding

where X can be any number of leaving groups ranging from o] K, o]
small thiols and amines to Ub and other proteitis-4). E—sH + )l\ R ——= E-sH )I\ _R
While at least five families of DUBshave been identified Rl k1 uem N

(4), the two largest and best characterized are the UCHs and
the UBPs. UBPs are generally high-molecular mass eNZYMESA e arion
(~100 kDa) and cleave substrates where X is a protein or o
another molecule of Ub. These enzymes are thought to have ka

) . - g : —SH:  —2 > E—S7 Ub , HN—R'
domains adjacent to the primary Ub substrate binding site E Ub)J\N/R E e
that can recognize and bind these proteinacious leaving H

groups. Perhaps the most thoroughly studied UBP is iSOpep-Deacylation

tidase T b—7) which cleaves substrates where X is Ub. In o}
contrast, UCHSs are low-molecular mass enzyme3((kDa) )k Ks 0
and hydrolyze Ub derivatives where X is a thiol or an amine E=s" “wb H,0 E=sH + Ub)l\o,_‘

and are thought not to have a binding domain for protein

leaving groups. _ liberate the first product. Finally, hydrolysis of the acyl-
Both UBPs and UCHSs are cysteine hydrolases and catalyz€g,y me intermediate produces the reaction’s second product

the hydrolysis of amide bonds of their substrates according Ub and regenerates free enzyme. For this mechanism, the

o e e st mechaar of Scheme L 1 ahe 1 D steay-stte rate paramety, . ancyare et
y the mechanistic rate parametéts k,, andks as shown in

plex. From within this complex, the sulfhydryl of the active cas 13
site cysteine attacks the carbonyl carbon of the amide bond q '
of the substrate to generate an acyl-enzyme intermediate and
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In these expressionks = (k-1 + kp)/ki, which for hydrolyses 00151 ' ' ' ' ]
of most amides can be simplified €, = k_1/k;. N ' °

Our interest in these enzymes originates in the potential 8 o010} @ * ® o
involvement of a particular one, UCH-L1, in Parkinson’s K
disease§—10) and cancer1—13). As part of an ongoing 0.005 ) . . . L
program of drug discovery research to identify modulators I : I : I
of the enzymatic activity of UCH-L113), we have initiated
studies to characterize critical features of this enzyme’s 100 iy
mechanism.
MATERIALS AND METHODS _ 8of -

s

General. Buffer salts and deuterium oxide were from < °
Sigma Chemical Co. Ub-AMC (Boston Biochem, Inc., £ 60k ° 4
Cambridge, MA) was received as a 4bM stock solution
in DMSO. It was diluted to 4%M in DMSO and stored as e
aliquots at—80°C. UCH-L1 (Boston Biochem) was received sk |
as a 100uM stock, diluted to 10 and kM in a pH 7.6
buffer of 50 mM HEPES, 100 mM NaCl, 0.5 mM EDTA, 0.0 02 04 06 08 70
0.5 mg/mL ovalbumin, and 5 mM DTT, and stored-s80 [NaCl] (M)

°C as aliquots. Ub-H (Boston Biochem) was received as 50 figre 1: Dependence of steady-state kinetic parameters for the
ug of a lyophilized powder which was stored &R0 °C hydrolysis of Ub-AMC by UCH-L1 on the concentration of NaCl.
until it was used. The powder was reconstituted in/s3f At various concentrations of NaCl, values kf and K, were
the buffer described above to yield a 100 solution. determined from the dependence of the initial velocity on substrate
Dilutions of this to 10 and M were made, and all these gg'QMCHCEOSE%TBG_‘EO%?eEagzr" gf)ln(mg)/nmsll E)L\Jlg'guﬁ]nz nlMﬁm
solutions were stored at80 °C until they were used. DTT, pH 7.5, 25°C.

Buffer Salts for pH Dependencids. all of these kinetic
studies, reaction solutions contained 50 mM buffer salt, 500 to incubate at 25.6= 0.02 °C for 2 h. At the end of this
mM NacCl, 0.5 mM EDTA, 0.1 mg/mL ovalbumin, 1 mM time, residual UCH-L1 activity was measured with Ub-AMC
DTT, and 1% DMSO. The following buffer salts were at a final concentration of 100 nM.
used: MES (.= 6.2) at pH 5.5-6.5, PIPES (K. = 6.8)
at pH 6.5-7.0, HEPES (K, = 7.5) at pH 7.6-8.0, HEPBS =~ RESULTS

(PKa = 8.3) at pH 8.5-9.0, and CHES (. = 9.3) at pH Dependence of Kinetic Parameters on the Concentration
9.5-10.0. o ] o of NaCl. In preliminary experiments, we found thigt, for
General Kinetic Methodsn a typical kinetic run, 39GiL the UCH-L1-catalyzed hydrolysis of Ub-AMC increased with
of assay buffer was added & 1 mLfluorescence cuvette  an increase in the concentration of NaCl. These observations
and the cuvette placed in the jaCketed cell holder of a Hitachi were confirmed in experiments in which we determined
4500 fluorescence spectrophotometer. The reaction tempersteady-state kinetic parameters for the UCH-L1-catalyzed
ature was maintained at 25100.02°C by a circulating water  hydrolysis of Ub-AMC, at five concentrations of NaCl that
bath. After the reaction solution had reached thermal ranged from 0.1 to 1.0 M [50 mM HEPES (pH 7.5), 0.1

equilibrium €5 min), 1-10uL of the stock enzyme solution  mg/mL ovalbumin, 0.5 mM EDTA, and 1 mM DTT at 25
was added to the cuvette. The reaction solution was incubatecbC], At each concentration of NaCl, initial velocities were

fOI‘ an additional 30 min to a.”OW DTT'mediated aCtiVation determined in dup"cate at SiX Concentrations Of Ub_AMC
of UCH-L1 before the addition of 1GL of a substrate  that ranged from 3 to 120 nM. In all cases, the data could
solution in DMSO. Reaction progress was monitored by the pe fit to the simple MichaelisMenten equation to provide
increase in fluorescence emission at 460 am+ 380 M) values ofk, andK, that are plotted as a function of NaCl
that accompanies cleavage of AMC from Ub-AMC. For each concentration in Figure 1. Values kfwere calculated from
kinetiq run, 200-1000 data points, corregponding to [time, experimentally determined/ma values using an AMC
FI] pairs, were collected by a computer interfaced with the cajibration curve to convert units of FI to molarity and the
fluorescence spectrophotometer. nominal enzyme concentration of 2 nM. Enzyme titration
These reactions are also studied using a Molecular Deviceswith Ub-H confirmed that the nominal is equal to the actual
Gemini XS microplate spectrofluorometer. This allowed concentration of UCH-L1 (see below). From the results
multiple reactions to be followed simultaneously with little  depicted in Figure 1, we see that whKgis insensitive to
decrease in the quality of data relative to the Hitachi F4500 NaCl concentration and equal t60.011 s?, K, exhibits a
fluorometer. positive linear dependence on NaCl concentration, increasing
Titration of UCH-L1 with Ubiquitin AldehydeTo deter- from 35 nM at 0.1 M NaCl to 98 nMtal M NaCl.
mine the steady-state dissociation constant for the inhibition pH Dependence of Steady-State Kinetic Paramet&ts.
of UCH-L1 by Ub-H, we conducted enzyme titration pH values that ranged from 5.5 to 9.5, we determined the
experiments in which residual activity was measured for substrate concentration dependence of initial velocities for
enzyme reaction solutions in which {Il~ [E]o > K. the UCH-L1-catalyzed hydrolysis of Ub-AMC. In all cases,
Specifically, 2.0 mL reaction solutions containing 10 nM the data could be fit to the simple Michaelislenten
UCH-L1 and various concentrations of Ub-H were allowed equation and afforded the pH-dependent steady-state kinetic
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Ficure 2: Dependence of steady-state kinetic parameters for the experiment 2

hydrolysis of Ub-AMC by UCH-L1 on pH. At various pH values,
steady-state kinetic parametéesKr,, andk/K, were determined
from the dependence of the initial velocity on substrate Ub-AMC
concentration. Solid lines through the pH dependencidg ahd
ko/Km were drawn using eq 4 and best fit values summarized in the
text. Reaction conditions: [UCH-LE 2 nM, 50 mM buffer salt,
500 mM NacCl, 0.5 mM EDTA, 0.1 ovalbumin, 1 mM DTT, 25
°C.

parameters depicted in Figure 2. Buffer crossover experi-
ments revealed no dependence on the buffer salt.

We see that whil&,, is independent of pH, botk. and
ks/Km show a small downward deflection at neutral pH. The
data sets for the dependencieskpfindk,/K,, on pH could
be fit to the mechanism-independent expression of eq 4:

I(1 k2
[H']
K

kobs = (4)

Ka

1+[H+]

1+

a

Forks, ki = (8.4+ 0.3) x 103%s !, k, = (5.9+ 0.2) x
10%s%, and K, = 6.9+ 0.2, while forky/Km, k; = 98 &+
6mMM st k,=65+5mM s and K, = 7.1+ 0.4.
Sobkent Deuterium Isotope Effects on Steady-State Kinetic
ParametersFigure 3 shows the results of an experiment in
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FIGURE 3: Solvent deuterium isotope effects on steady-state kinetic
parameters for the hydrolysis of Ub-AMC by UCH-L1. In,®

(O) and DO (@), steady-state velocities were determined as a
function of Ub-AMC concentration. Solid lines were drawn using
the Michaelis-Menten equation and best fit values: in® k. =
0.00924 0.0002 st andK;, = 33.44 1.9 nM, and in RO, k. =
0.0115 + 0.0003 s! and K, = 16.8 + 1.4 nM. Reaction
conditions: [UCH-L1]= 2 nM, 50 mM HEPES, 100 mM NaCl,
0.5 mM EDTA, 0.1 mg/mL ovalbumin, 1 mM DTT, pH 7.5 and
pD equivalent, 25C.

Table 1: Solvent Isotope Effects for UCH-L1-Catalyzed Hydrolysis
of Ub-AMC?

H.O D,O Pk
experimentl k(s 0.0103 0.0112 0.920
K (NM) 33.7 18.7 1.80
k/Km (MM~1s71) 306 599 0511
ke (s71) 0.0092 0.0115 0.800
Km (NM) 33.4 16.8 1.99
kf/Km (MM-1s72) 275 685 0.401

Ok, = 0.86+ 0.06
K= 1.9+ 0.1
D(ko/Km) = 0.46- 0.06

aKinetic parameters were determined from the fit to the Michaelis
Menten equation of the dependence of the reaction velocity on substrate
concentration at pH 7.4 and pD equivale®5)in a buffer consisting
of 50 mM HEPES, 100 mM NaCl, 0.5 mM EDTA, 0.1 mg/mL
ovalbumin, and 1 mM DTT at 28C. The enzyme concentration was
2 nM. Two independent kinetic experiments were performed i H
and D,O. At the bottom of the table are shown mean isotope effects
on ke, K, andky/K, together with values of the relative error, which
was calculated using the expressioon + (op)?]¥2, whereo is the
deviation from the mean; the absolute error reported in the table is a
product of the mean and the relative error.

limits k. (i.e., ko > Kkg), reaction progress curves for
production of leaving group AMC (MN-R' of Scheme 1)
collected under the experimental condition[S$} K, will
be characterized by a pre-steady-state burst that is propor-
tional in magnitude to the concentration of UCH-L1. If on
the other hand acylation rate-limiks (i.e., k, < ks), a pre-
steady-state burst will not be observed.

Typically, a phenol or an aniline is the leaving group for
reactions that are catalyzed by cysteine or serine hydrolases.

which we determined the substrate concentration dependenc&iven that molar extinction coefficients for these groups are

of initial velocities for the UCH-L1-catalyzed hydrolysis of
Ub-AMC in H,O and DO. These results, together with those
of a repetition, are summarized in Table 1.

Reaction Progress Cues at Saturating Substrate Con-
centrations.In these experiments, we wanted to determine
whether acylation or deacylation rate-limisfor the UCH-
L1-catalyzed hydrolysis of Ub-AMC. If deacylation rate-

on the order of 1&-10* OD M~ cm™%, enzyme concentra-
tions of 1-10 uM are required to reproducibly observe and
precisely analyze stoichiometric bursts. Also, given that
typical k. values for cysteine and serine hydrolases are
between 0.1 and 1005 the experiment must be done using
a stopped-flow spectrophotometer. However, in this case,
the leaving group is the highly fluorescent AMC moiety,
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§ 15 l . . l . andK, (=Ky) for the UCH-L1-catalyzed hydrolysis of Ub-
2 ° ° AMC were determined from plots of initial velocity versus
£ 10492 ® substrate concentration. This experiment was conducted at
3 * two different pH values (6.0 and 9.0).
S 05 ! ! ! ' ' Transition-state theory provides the basis for our analysis
100 ' ' ' ' i of the temperature dependencegfAccording to TST, first-
order rate constants for unimolecular processes have the
;é 08 following dependence on temperature
X
: ke T p( AG*)
> = — 25
< 0.6 k=« h ex RT 5)
E 04 where AG, «, kg, h, andR are the Gibbs free energy of
75 activation, the transmission coefficient, and the Boltzmann,
S o2 Planck, and gas constants, respectively. The expression of
' eg 5 can be recast in quasi-thermodynamic form as eq 6
+
00 1 2 3 4 5 k:kiTeX _(A_H_ﬁ) ©6)
[Ub] (uM) h RT R

Ficure 4: Competitive inhibition by ubiquitin of the hydrolysis
of Ub-AMC by UCH-L1. As a function of Ub concentration, values Where AH* and AS" are the enthalpy and entropy of
of VinaxandVma!Kn Were determined from the dependence of initial - activation, respectively. In this equation, the transmission

velocity on substrate Ub-AMC concentration. These values, relative coefficient is assumed to be equal to 1. Finally, eq 6 can be
to the value at [Ub]= 0, are plotted here as a function of Ub rearranged to eq 7:

concentration. Lines through the data were drawn as described in
the text. Reaction conditions: [UCH-L% 2 nM, 50 mM HEPES, + g
100 mM NaCl, 0.5 mM EDTA, 0.1 mg/mL ovalbumin, 1 mM DTT, In[k(L)] = _AH [ AS @)
pH 7.5, 25°C.

ks T RT R

which allowed us to use enzyme concentrations as low as 5Equation 7 predicts that a plot of kifvksT)] versus inverse
nM. Furthermore, sincé; for the hydrolysis of Ub-AMC temperature (i.e., an Eyring plot) will be linear with a slope
by UCH-L1 is ~0.01 s}, a rapid kinetics apparatus was and an intercept proportional toH* andAS, respectively.
unnecessary and the experiment could be conducted on a The results of the experiment at pH 6 are shown in the
conventional fluorometer. top panel of Figure 5. Best fit values according to eq 7, and

Progress curves collected atki9[350 nM Ub-AMC, 50  those for pH 9, are summarized in Table 2.
mM HEPES, 100 mM NaCl (pH 7.4), 0.5 mM EDTA, 0.1 To analyze the temperature dependence okhealues
ovalbumin, and 1 mM DTT (pH 7.4)] and at UCH-L1 that we determined in these experiments, we first calculated
concentrations of 5, 10, and 20 nM showed no hint of a burst their reciprocals to transform them into association constants,
(data not show). In these experiments, continuous stirring Kassoe We then multiplied them by a standard-state concen-
of reaction solutions allowed us to add enzyme without tration of 10° M to yield unitless equilibrium constants,
having to remove the cuvette. This reduced the dead time Kassoc- These latter values were then used to construct van't
of the experiments te-5 s and eliminated the possibility of ~HOff plots of In[Kassoc] Versus inverse temperature.
missing the production of a burst. Progress curves extrapo- For simple mechanisms, van't Hoff plots are linear and
lated to zero fluorescence ftand steady-state velocities ©obey eq 8.
were linearly dependent on enzyme concentration. Thus, it AH AS,
appears thak, < ks for the UCH-L1-catalyzed hydrolysis IN[Kyeeo] = — assoc ssoc (8)
of Ub-AMC and acylation rate-limitc. asso RT R

Mechanism of Inhibition of UCH-L1 by Ubiquitiitt was However, in this case, curvature is observed, as can be
of some interest to determine if ubiquitin inhibits UCH-L1  saan in the bottom panel of Figure 5. Such curvature in a

and, if it does, by what mechanism. To this end, We yant Hoff plot is consistent with an association mechanism

determined the substrate concentration dependence for th‘ﬁaving a negative change in heat capacity. The applicable
UCH-L1-catalyzed hydrolysis of Ub-AMC at several con- thermodynamic equation is shown in eq 9

centrations of Ub. All data sets could be fit to the Michaelis

Menten equation to afford estimates of steady-state kinetic AH AS AC, Teet T
constants that were normalized and then plotted in Figure 4 NKsssod =~ 23+ 1|71+ |n(-|—_)
as a function of Ub concentration. WhNg,.«is independent ref,
of Ub concentration, values &f,./Kn decrease as the Ub

concentration increases, indicating that Ub is a competitive o which the data of Figure 5 could be successfully fit. Best

inhibitor of UCH-L1. The dependence &na/Km on Ub it values are summarized in Table 2 and were used to draw

concentration can be fit to a simple inhibition function to  the Jine through the data in the figure.

provide aK; of 0.14+ 0.01xM. The temperature dependencekaf for the inhibition of
Temperature Dependence of UCH-L1 Catalysis and UCH-L1 by Ub, was also determined. As a function of

Inhibition. As a function of temperature, values lef(=k) temperature, values oK., were determined from the
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Ficure 5: Temperature dependencies for the UCH-L1-catalyzed
hydrolysis of Ub-AMC and for the inhibition of UCH-L1 by Ub.
The top panel contains the Eyring plot fky. Data were fit to eq

7, and the line was drawn using the best fit values summarized in
Table 2. The bottom panel contains van't Hoff plots #y; for
Ub-AMC hydrolysis @), andK;, for inhibition by Ub ©). These
data sets were fit to eq 9 and the lines drawn using the best fit
values of Table 2. Reaction conditions: [UCH-L% 4 nM, 50

mM HEPES, 100 mM NacCl, 0.5 mM EDTA, 0.1 mg/mL ovalbu-
min, 1 mM DTT, pH 6.0.

Table 2: Temperature Dependencies of UCH-L1 Catalysis and
Inhibition?

acylation association
reactant pH  AH* —TAS AH -TA*  —TAGC,

Ub-AMC 6.0 19.1+ 0.5 1.4+05 —14+2 12+2 240+80
Ub-AMC 9.0 20.3+0.8 0.1+£+0.8 —14+2 13+2 310+95
Ub 6.0 —17+1 16+1 240+30

a Reaction conditions: [UCH-L1¥ 4 nM, 50 mM buffer salt, 100
mM NaCl, 0.5 mM EDTA, 0.1 ovalbumin, 1 mM DTT. Units:
kilocalories per mole foAH*, AH, —TAS, —=TAS and—TAC, at 303
K.

dependence of velocity on Ub concentration at a single
substrate concentration of 20 nM. Valueskafwere then
calculated by dividingKipp by (1 + [SJ/Kwm), using the
temperature-depender,, values that were determined
above. To analyze the temperature dependence of Kese
values, a method identical to that employedKgmwas used.
van't Hoff plots forK; were also curved and could be fit to
eq 9. Results are summarized in Table 2.

Sobkent Isotope Effect for the Inhibition of UCH-L1 by
Ubiquitin. Initial velocities at a Ub-AMC concentration of
7.5 nM were determined as a function of Ub concentration,
in H,O and BO. These curves are shown in Figure 6 and

Biochemistry, Vol. 45, No. 7, 200447

10

0.8

0.6

0.4

relative velocity

0.2

0.0
0.01

10
[Ub] (uM)

Ficure 6: Solvent deuterium isotope effect for the inhibition of
UCH-L1 by ubiquitin. Steady-state velocities were determined as
a function of Ub concentration in4® (O) and DO (@). Inhibition
binding curves were drawn as described in the text. Reaction
conditions: [UCH-L1]= 2 nM, [Ub-AMC] = 7.5 nM, 50 mM
HEPES, 100 mM NacCl, 0.5 mM EDTA, 0.1 mg/mL ovalbumin, 1
mM DTT, pH 7.5 and pD equivalent, 2%C.
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FiGure 7: Titration of UCH-L1 by Ub-H. Enzyme, at a nominal
concentration of 10 nM, was incubated with various concentrations
of Ub-H for 2 h and residual activity measured after the addition
of 120 nM Ub-AMC. This activity, relative to the activity at [Ub-

H] = 0, is plotted here as a function of Ub-H concentration. The
solid line through the data points is drawn using eq 10 and best fit
parameters: [E]= 11.0+ 0.3 nM andK; = 0.10 + 0.06 nM.
Reaction conditions: 50 mM HEPES, 100 mM NaCl, 0.5 mM
EDTA, 0.1 mg/mL ovalbumin, 1 mM DTT, pH 7.5, 2%C.

following estimates: Kiapph,0 = 0.265+ 0.010u4M and
(Ki,appp,0 = 0.1794 0.008uM. GivenK, values of 33 and
17 nM in H,O and DO (see Table 1), respectively, and a
competitive mechanism of inhibition, these appar&mt
values can be divided by the term-[S]/Km,,0) to provide
estimates oK; values: Ki)u,o = 0.22uM and Ki)p,0o =
0.12uM. This allows us to calculate a solvent isotope effect
onK; of approximately 1.8. Given the error limits associated
with theK; determinations as well as with the determination
of Ky, values, we believe that this isotope effect has a relative
error on the order of 10%.

Titration of UCH-L1 with Ub-H.Preliminary experiments
suggested that Ub-H is a potent inhibitor of UCH-L1 with a
Ki value of <1 nM. To confirm this finding, we conducted
an experiment in which residual enzymatic activity, after a
2 h incubation of enzyme and inhibitor, was measured for
reaction solutions in which [§]~ [E], > K; (see Figure 7).
Fitting the data to eq 10, the expression for tight binding

could be fit by a nonlinear least-squares method to give the inhibition
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Vinhib 1 ' ' ' ' '
== [El, — [, — K + 25} /
UCOHtI’Ol 2[E]o ° ° I 8

VU1, + K — [E]9* + 4K[E]J (10) ~ 20 .
'
provides estimates oK; and [E], the concentration of 03 15F -
catalytically active enzymeK; = 0.10+ 0.06 nM and [E] g 8
= 11.0+ 0.3 nM. This experiment not only tells us that 2 10k _

Ub-H is a very potent inhibitor of UCH-L1 but also confirms <

the enzyme concentration. 05k |
Time-Dependent Inhibition and $eht Isotope Effects for '
the Association of Ub-H with UCH-L1n the course of these 00 . . . . .

studies, we found that Ub-H is a slow binding inhibitor of 0 2 4 6 8 10

UCH-L1. Values ofkyys the pseudo-first-order rate constant [Ub-H] (M)

for the approach to steady state, were determined as %IGURE 8: Solvent deuterium isotope effect for the association of
function of Ub-H concentration in #0 and DO (see Figure UCH-Ll.with Ub-H. Values ofkypg ?or the association of UCH-
8) as previously described for the inhibition of UCH-L3 and | 1 with Ub-H, were determined in 40 (O) and DO (@) as
isopeptidase T by Ub-H6( 7). Equation 11 expresses the described in the text. Slopes of the linear dependencids,obn

dependence df,,s on Ub-H concentration [Ub-H] are 238+ 59 and 182+ 42 mM* s™*in H,O and DO,
respectively, and were used to calculate values,pés described
[S] in the text. [UCH-L1]= 1 nM, [Ub-AMC] = 15 nM, 50 mM
Kobs = Konl L+ 111 + Koit (11) HEPES, 100 mM NaCl, 0.5 mM EDTA, 0.1 mg/mL ovalbumin, 1
Kn mM DTT, pH 7.5 and pD equivalent, 2%C.

whereko, is the second-order rate constant for association Scheme 2: Chemical Mechanism for Cysteine Hydrolases
of the enzyme and inhibitor ankl is the first-order rate Acylation

constant for dissociation of the resultant Ecomplex. - 3

The slopes of these lines are 238 and 182 thiI? in :
H,O and DO, respectively. Using eq 11, a substrate »'.\+ o
concentration of 15 nM, and the approprig values (i.e., L/, j’\ s_">=o S‘T'°‘ SJI\R
Kmmo = 33 nM andKmp,0 = 17 nM; see Table 1), we can ) Kcmﬂ L X WX = [ #,
calculateko, values of 346 and 326 mM st in H,O and K, N fe e s L
D0, respectively, and an isotope effetit = Kon H,0/Kon,5,0) i Ca L o
of 1.06. In a repeat of this experiment (data not shown), an NG
isotope effect of 0.96 was found. Thus, we can calculate a L \ N7HJ

Dkon Of 1.01 + 0.05.

In both solvents, the-axis intersection is zero within  Deacylation
experimental error. From this result, we can estimate the PR R M S
conservative limit:koy < 5 x 1075 572, This allows us to S ey :Jg" ke L
calculate aK; of <0.1 nM, in agreement with the titration Ni "ok b ) |
data (see above). L, Ll eoon | TS

[o]

DISCUSSION of the tetrahedral intermediate is thought to occur by

In this section, we discuss results of our mechanistic nucleophilic attack of the thiolate anion on the carbonyl
studies of the three reactions of UCH-L1 that we character- carbon of the substrate with no catalytic assistance by general
ized for this paper: hydrolysis of Ub-AMC, inhibition by acids or bases1d). In the final step of acylation, the
Ub, and slow, tight binding inhibition by Ub-H. After first  tetrahedral intermediate collapses to form the acyl-enzyme
providing the mechanistic backdrop for these discussions, intermediate with expulsion of leaving group XH. For amine
we consider general aspects of UCH-L1 kinetics and mech-leaving groups, this step is thought to be subject to general
anism and then analyze the temperature dependencies andcid catalysis by the imidazolium cation of the active site
solvent deuterium isotope effects that we measured. His.

Chemical Mechanism of Cysteine Hydrolases and the Deacylation involves attack of water on the acyl-enzyme
Anomalous Actie Site of UCH-L1.A key feature of the intermediate to form a tetrahedral intermediate which then
chemical mechanism of cysteine hydrolases (see Scheme 2¢ollapses to produce a second product and liberate free
is the existence of a catalytically crucial Cys/His diad. The enzyme. While formation of the tetrahedral intermediate is
Cys/His diad of free enzyme exists as two tautomers, Cys-thought to involve general base catalysis by the active site
SH/His-Im and Cys-SHis-ImH", whose equilibrium is His, breakdown of the intermediate with expulsion of a
governed byKcn (=[SH/IM]/[S/ImH™]). In the acylation thiolate anion should not require protolytic catalysis.
manifold of this mechanism, the first step is formation of  While UCH-L1 is a member of the family of cysteine
the Michaelis complex, SImH*:R-C(0O)X, which can occur  hydrolases, it possesses a unique structural feature that sets
by either of two routes: (i) direct binding of substrate to it apart from other enzymes of this family. X-ray crystal-
S~ /ImH* or (ii) binding of substrate to SH/Im followed by lographic studies have revealed that in the active site of
rapid proton transfer to form@mH":R-C(O)X. Formation UCH-L1 there is a water molecule situated between®Cys
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Scheme 3: Acylation of UCH-L1 Table 3: Kinetic Parameters for Hydrolysis of Ub-AMC by

Ub o UCH-L1 and UCH-L3

Ub,
E Ub-X  H0 S- >=o o s+0- ) s)kut: UCH-L1 UCH-LZ Kuch-La/Kuch-L1
M‘— H X o —d H X 2b

HO K, s ko [ N N ka (sY) 0.01 8.1 810

N (Y (Y NI Kir? (NM) 35 39 1

\ N7H NH NH NH ko/Ki? (uM 1 572) 0.29 210 720

b —1g1

Es/imiH20 Es/mieiS E-TI E-acyl ko’ (WM~ s7) 033 35 110

a Hydrolysis of Ub-AMC, in 50 mM HEPES, 100 mM NaCl, 0.5

- 161 . . , . . mM EDTA, 0.1 mg/mL ovalbumin, and 1 mM DTT at pH 7.5 and 25
and His®, the residues that comprise the enzyme’s catalytic o » association with Ub-H, in 50 mM HEPES, 100 mM NaCl, 0.5

Cys/His diad 15). The distance between the imidazole ring  mm EDTA, 0.1 mg/mL ovalbumin, and 1 mM DTT in 2%. ¢ These

of His'®1 and the water molecule is 4.9 A, while the distance results are from a literature report under the following reaction
between the water and the sulfur atom of ®yis 3.9 A. conditions: 50 mM HEPES, 0.5 mM EDTA, 0.1 mg/mL ovalbumin, 1
Both of these distances are likely too long to allow the water ™V DTT, pH 7.5, 25°C (7).

molecule to serve as either a proton shuttle or general catalyst

during substrate turnover. Thus, we believe that it must beto a true equilibrium constaris and k. can be said to
ejected from the site to allow a conformational change that correspond to acylation alone.

would bring Cy8° and His®* sufficiently close to form a Steady-state kinetic parametégsandky/Ks, for hydrolysis
catalytically competent Cys/His diad. Interestingly, a similar of Ub-AMC by UCH-L1 are largely pH-independent in the
distance of 9.7 A exists between catalytic ##sand Cy8**  pH range that was explored in these studies (i.e59.5),

residues of HAUSP, a mechanistically related UBP enzyme indicating that catalytically essential ionizations must have
(16). It was hypothesized that after binding of substrate, a pK, values that fall outside of this range. For papain and
conformational change of the enzyme occurs to bring®is  other cysteine proteases, bell-shaped dependencieiaf
and Cy$* sufficiently close to form an effective catalytic  on pH are ordinarily observed, withg values of 3.5-4.0
diad. and 8.4-9.5 (17—20). The low K, of 4 is thought to
The mechanism we propose for acylation of UCH-L1 is correspond to dissociation of inactive SH/ImHo form
shown in Scheme 3. The key feature that distinguishes it catalytically active S/ImH*, while the high K, of 9 is
from the acylation mechanism of Scheme 2 is the structure thought to correspond to ionization of 8nH* to form
of reactant-state UCH-L1, which is shown to have a water inactive S/Im. If the pH dependence for UCH-L1 catalysis
at its active site. In this mechanism, the substrate dissociationis similar to that of other cysteine hydrolases, then the narrow
constantKs must be a complex composite that governs four pH range that we used in these experiments would have
processes: (i) binding of substrate to enzyme, (ii) expulsion precluded us from observing the loviKpand possibly the
of water from the active site, (iii) conformational isomer- high pK, if it was perturbed to a value af10. While other
ization to bring Cy%® and Hig®! within hydrogen bonding  mechanisms, such as a pH-independent rate-limiting step,
distance, and (iv) tautomerization to produce the catalytically can be posited to explain the lack of an observable pH
competent Eymnt—S species. At this time, we do not know dependence for UCH-L1 catalysis, there are currently no data
the order in which these processes occur. Furthermore, whileto warrant proposition of such hypotheses.
we assume that these process are in rapid equilibrium, itis The C-terminal aldehyde of ubiquitin is a potent inhibitor
of course possible that one of these processes is slow relativesf UCH-L1 with aK; value that is less than 0.1 nM. Ub-H
to the chemistry of acylation and would therefore contribute is known to form a hemithioacetal with the active site Cys
to limiting the rate of substrate turnover. Clearly then, the residues of the UCH enzyme Yuhl and the UBP enzyme
mechanistic proposal of Scheme 3, and perhaps details ofHAUSP (16, 21) and likely does so with UCH-L1. In all
the interpretation of our mechanistic studies that follow, may cases, the potency of inhibition of deubiquitinating enzymes
well have to be modified as more data concerning these by Ub-H is extreme and is thought to originate from the

processes become available. resemblance of the hemithioacetal to the transition state for
General Aspects of Reactions of UCH-IThe hydrolysis acylation ().
of Ub-AMC by UCH-L1 follows simple MichaelisMenten Temperature Dependence of UCH-L1 Catalysis and

kinetics under all conditions we studied. We found that while Inhibition. We studied the temperature dependence of UCH-
the enzyme binds substrate with high affinity (il€, ~ 50 L1 at pH 6.0 and 9.0, values that reflect the plateaus of the
nM), it affects hydrolytic turnover with notable inefficiency. pH dependence for this enzyme. In doing this, we were
k. is on the order of 0.0173, a very slow reaction by most  exploring the possibility that the two plateaus represent two
any enzymatic measure. The comparisons in Table 3 illustratedifferent catalytic processes which might manifest different
this point. We see in this table thkg¢ is nearly 18 times activation or thermodynamic parameters. As evidenced in
greater for UCH-L3, a close homologue of UCH-LH, the results given in Table 2, the temperature dependencies
values are identical for the two enzymes. at these pH values are nearly identical, strongly suggesting
The absence of a pre-steady-state burst of AMC releasethe plateaus do not originate from any mechanistically
during turnover of saturating concentrations of Ub-AMC significant difference in the catalytic mechanism.
indicates thak; is rate-limited by acylation. Thu, < ks, The Eyring plots for acylation are linear, indicating that,
thereby allowing eqs 2 and 3 to be simplifiedko= k, and over the temperature range of this experiment, the rate-
Km = K, respectively. These simplifications will allow a limiting step has not changed. Interestingly, the entire free
more conclusive interpretation of our temperature depend- energy of activation is manifested in the enthalpy term; the
encies and isotope effects whég can be said to correspond entropy of activation is essentially equal to zero. This
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Scheme 4: Origins of Solvent Deuterium Isotope Effects 12 becomes

KAB.H
A, =—=8, i
Ko = [BVIA] D l'_l
O ’ H% KAB = (13)
6= DXl []%s,
Ao e B !
AB,D

wherei andj are the number of exchangeable hydrogenic

indicates that when the reaction proceeds from the reactantsites on A and B, respectively.
state ofk; (i.e., the Michaelis complex) to the rate-limiting Likewise, solvent deuterium isotope effects on rate con-
transition state, little or no reorganization occurs at the active stants can be expressed as
site, suggesting a “preorganization” mechani&®) (n which
the Michaelis complex substrate and active site residues are |_|¢r,i
oriented for optimal catalytic interaction. D, |

Unlike the Eyring plots fork,, the van't Hoff plots for k=—
both K, for Ub-AMC hydrolysis, and;, for Ub inhibition, |_|¢¢,j
are concave. These data can be fit to the thermodynamic i

expression of eq 9, which includes a mechanism-independent . .
term for a change in heat capacity, to yield large, negative whereg;; and¢s; are fractionation factors for the exchange-

values ofAC, on the order of-0.8 kcal mot* deg L. There able hydrogens in the reactant state and transition state,
0 . .

. tively.
are a number of ways to interpret such values for the respec .
association of proteins with ligand83—26). Negative values The solvent isotope effects that we observed for UCH-L1

of AC, can reflect the decrease in solvent accessible surface?"® @l for the acylation manifold and thus are functions of

area that occurs upon the binding of a ligand to a protein. isotope effects on the microscopic rate constants of the

i D Di Di
Alternatively, these values can indicate a mechanism for mechanism of Scheme @.KS’ koo °K-2a andka,. One way
ligand binding in which association is coupled to a confor- to proceed is to first consider the magnitudes of each of these

: ; R : individual isotope effects.
mational isomerization of the proteir24, 25). And, of n . . _
course,—AC, can result from a combination of both these According tolth?\,'\?e(:ha?]'sm of ﬁrhehmg 3, UQH'L% I|kelyth
reasons. Currently, we have insufficient information to make POSSEsses only two exc ar.1gea € hydrogenic sies wi
an informed decision about which of these mechanisms is "°nunity fractionation factors: the thiol moiety of the active

K how th iaht rel h lecul site Cys residue in thedgm—HzO complex and the protonic
itewgétivaengiteom tug_'r_?—lg trelate fo the water molecule at bridge that forms between the imidazolium of Misand the

Sobent Deuterium Isotope Effects for Catalysis by UCH- departing gmine leaving group OT .the fransition state of the
L1. To explore the hydrolytic reaction in more detail, we general acid-catalyzed decomposition of the T tetrahedral

determined solvent deuterium isotope effects (see Table 1)intermediate. The fractionation factor for the thiol hydrogen
and found the following:Pk; = Pk, = 0.86 4+ 0.06, Ky = is 0.4, while values for the protonic bridges formed during
: . .06,PK,

DK, = 1.9 + 0.1, and®(ky/Ky) = P(ke/Ks) = 0.46+ 0.06. protolytic catalysis can range from 0.6 to 0.2, with a typical

The solvent isotope effect that we observekgK, is similar average value %0.‘3 @5). Given this, we can assign the
in magnitude toP(k/K.) values for other Cys/His diad following rough estimates to the solvent isotope effects for

hydrolases and acyltransferas2<34). These values range the five discrete reaction steps of Scheme 3:
from inverse effects 0f-0.4 to slightly normal effects of

(14)

D _ — —

1.1. However, in contrast to the inverse isotope effect on Ks= bsiimt+-/Psrim = 1/0.4= 2.5 (15)
Pk, that we observe for the reaction of UCH-L1, literature 5

values are usually large and normal, ranging from 1.5 to 3.5, Koa= Pe_gds2a= 1 (16)
indicating protolytic catalysis, probably by His, for these

reactions. Pk . =prlps =1 (17)

Our interpretation of the solvent isotope effects for 2a” TITH2a
reactions of UCH-L1 starts with a discussion of how solvent Dkzb = oy 2= 1/0.3= 3.3 (18)

isotope effects are related to hydrogen fractionation factors.
Consider Scheme 4 in which we depict the multiple equilibria
for the chemical interconversion of molecular species A and
B, where A and B each have a single exchangeable proton.

The solvent deuterium isotope effect on the equilibrium
constantKag can be expressed in eq 12 as the ratio of
hydrogen fractionation factorg, and ¢g (35) for the two
species that are in equilibrium.

With these estimates of isotope effects on individual reac-
tions, it is possible to calculate estimates of the overall
isotope effects ok, ke, andky/Kpm.

The observed solvent isotope effectin of 1.9 and the
solvent isotope effect of; of 1.8 for inhibition by Ub
suggest mechanisms in which the ground-state enzyme exists
predominantly as SH/Im, and theIS and E-I complexes
that form have tautomerized to-8mH*. The agreement
= (12) between the observed values with the predicted value2ob
Kasp 98 supports the veracity of the mechanism of Scheme 3.

Turning now tok., we see from Scheme 3 that this kinetic
If A and B have several exchangeable hydrogenic sites, eqconstant will have the form shown in eq 19

) AB,H ;A
K p— p—
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Ko Kop Scheme 5: Alternative Mechanisms for Tetrahedral Adduct
k.= P (29) Formation for Reactions of UCH-L1
—2a 2b direct attack
There are two limiting conditions that we need to consider. Ut " s§'--th—-oD$
If K-2a < kan, thenks = kza and k. = Dkza which has a s = !
value of approximately 1. On the other handkib, > ks, e h\+ \
thenk: = (Kad/K-24)kop andPke = (Pkoo/PK-24)Pkzp, Which has \ A o
v X . H - ./ s—|—o-

a value of~3. Since the observed isotope effect knis Kmﬂ Wl
0.86, we can conclude thkt,, < ko and formation of the s LT U D* »':\+
tetrahedral intermediate rate-limits acylation. The fact that | # "R #° S”X>=° I P W
the observed isotope effect is not precisely 1 but rather is ”;0 ~x v L R
slightly inverse may suggest, in addition, that the Cys/His ™Y ?H \ ?H 9 :7“ )

diad exists in the ES complex partially as the SH/Im neutral
species and not entirely as the/BnH* ion pair. This would
also explain whyPK, and PK; are not as large as the
theoretical limit of 2.5.

From the analysis given above, we can see téd€,

general catalyis
by His

and to investigations of deacylation, which was not addressed
at all here. Finally, we will use these insights to help in our

equalsk:/Ks. Thus, it is clear that the observed isotope effect design and optimization of inhibitors of UCH-L1.

onkJ/Kn of 0.46 is equivalent t8(kx,)/°(Ks) and results from

a mechanism in which that the Cys/His diad of UCH-L1 REFERENCES

exists predominantly as the neutral SH/Im species and that ;|
acylation is rate-limited by attack of the thiolate on the
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