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ABSTRACT: Aryl acylamidase (EC 3.1.5.13; AAA) catalyzes the hydrolysipaiitroacetanilide (PNAA)

via the standard three-step mechanism of serine hydrolases: binding of sutb&)redeylation of active-

site serine Kacy), and hydrolytic deacylationkfeacy). Key mechanistic findings that emerged from this
study include that (1) AAA requires a deprotonated base witK 206 8.3 for expression of full activity
toward PNAA. Limiting values of kinetic parameters at high pH layes 7 s71, Ky, = 20 uM, andky/Kn,

= 340000 M1s1 (2) At pH 10, where all the isotope effects were conduckeds equally rate-limited

by Kacy andkgeacyr (3) The following isotope effects were determinéti®(k/Km) = 1.7 & 0.2, POk, =

3.5+ 0.3, and®®(k/Ky) = 0.834 0.04,/Pk, = 0.964= 0.01. These values, together with proton inventories

for kd/Km andk., suggest the following mechanism: (i) The initial binding of substrate to enzyme to form
the Michaelis complex is accompanied by solvation changes that generate solvent deuterium isotope effects
originating from hydrogen ion fractionation at multiple sites on the enzyme surface. (ii) From within the
Michaelis complex, the active site serine attacks the carbonyl carbon of PNAA with general-base catalysis
to form a substantially tetrahedral transition state enroute to the acyl-enzyme. (iii) Finally, deacylation
occurs through a process involving a rate-limiting solvent isotope effect, generating conformational change
of the acyl-enzyme that positions the carbonyl bond in a polarizing environment that is optimal for attack
by water.

Enzyme catalysis of amide hydrolysis remains an area of Scheme 1. Mechanism for the Alkaline Hydrolysis of
keen interest in bioorganic chemistry, in part due to the p-Nitroacetanilide

largely unexplained rate enhancements that are observed for o WHol O, M ,

these reactions. Understanding the molecular origins of these ! —2 » AcO" + HN-R
rate enhancements, which can approadR (llf), is important He” CN—R  k,  HC o N R

from both a fundamental point of view, where this knowledge

would inform general theories of enzyme catalysis, as well

as from a practical point of view, where this knowledge KavT'[HO']H

would impact on inhibitor and catalyst design.
To approach this problem, one would like to undertake { °/<° }

———» AcO" + HNR
3

detailed investigations of both the enzymatic reaction and

its nonenzymatic counterpart. Of course, for most enzyme

systems, this is extremely challenging due to the slowness

of the nonenzymatic reaction. And this is certainly the case . 1 V' andks = (ki/k_1)K .

for amides, where thg, for hydrolysis at neutral pH has (k/k-s)ke ke = (ko/k-2)Kamks'

been estimated to be over a centuty. ( k,[HO I(k, + kHO])
K 2 3

Anilides, on the other hand, hydrolyze orders of magnitude Kops = — (1)
more rapidly than amides and have frequently served as ky + ko + k[HO ]
amide surrogates in mechanistic studies. Numerous studies
have been reported for the hydrolysis of the prototype anilide, According to this mechanism, at high [HD(>1 M),
p-nitroacetanilide, and support the mechanism of Schemehydrolysis occurs through the intermediacy of a dianionic
1 involving [HO ]-dependent changes in both rate-limiting tetrahedral intermediate, 7, whose rapid decomposition
step and reaction pathwap+5). The rate law for this renders hydroxide attack on PNAA via rate-limiting. As
mechanism is given by the expression of eq 1 where: [HO] is decreased into the range £8-10"* M, a complex
situation unfolds in which all three reaction steps (ilg,,
o add Laboratory for Dru D T Neurod k., andks") become partially rate-limiting. Finally, at even
eratiolrJ1Trll-eir:;r\flardrecsesr-uera focr)rﬁgl?rlogéger#gratzzﬁogr?éyl?lre]pa?#ré)S(Ie_%%r(‘js-lower [HO] (<102 M), hydroxide can no longer trap Tl

downe Street, Fourth Floor, Cambridge, MA 02139. Phone: 617-768- and decomposition of Tl occurs eXC|USi_V€|y_ througk,'.
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Scheme 2: Acylenzyme Mechanism for Serine Hydrolases
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limitation of k. by Kyeacyl (i-€., Kacyi ~ Kgeacy). Substrate
S-deuterium and solvent deuterium isotope effect experiments
were conducted to probe the structure of the rate-limiting
transition states for the processes governet B¢, andk.

and suggest that both are rate-limited by general acid/base-
catalyzed chemical transformations of the substrate. Finally,
these results are interpreted in the context of transition state
= k[HO]. rate theory to gain an understanding of the molecular origins

It is in this low [HO™] regime where comparison to of catalysis by this enzyme.
enzymic reactions becomes appropriate. Much of the mecha-
nistic complexity that accompanies alkaline hydrolysis of
PNAA! disappears at pH values less than 11, where this
reaction proceeds through Tith protolytic assistance from  oxide were from Sigma Chemical Co. Buffer solutions for
solvent of the expulsion g-nitroaniline @, 6). Additional the pH dependencies, solvent isotope effect studies, and
mechanistic insight has been gained through the determinaproton inventory experiments were prepared as previously
tion of g-deuterium isotope effect8,4), which suggest that  describe ). PNAA and d;-PNAA were purchased from
the rate-limiting transition state for the process governed by New England Peptides (Fitchburg, MA). Purity wa89%
kz has a large degree of tetrahedral character. Since decomas judged by HPLC analysis and the structure was confirmed
position of TI" rate-limits the reaction at low pH, this implies by mass spectral analysis (MALDI-TOF DE; within 0.1%
an early transition state, relative to the tetrahedral intermedi- of exact molecular weight). Aryl acylamidase frof
ate, for decomposition of Tlvia k;'. fluorescensvas purchased from BostonBiochem (Cambridge,

The detailed mechanistic picture that has emerged for MA) as a homogeneous protein preparation. The stock
alkaline hydrolysis of PNAA begs comparison to the solution had a protein concentration of 0.4 mg/mL (iZM)
enzyme-catalyzed hydrolysis of PNAA. While the ultimate in 50 mM HEPES, 50 mM NacCl, pH 7.6. Aliquots were
concern will be to obtain an understanding of how these stored at-20 °C and, when thawed, were stable for at least
enzymes effect catalysis of PNAA hydrolysis, an initial goal 1 week if kept at 4°C.
must be to provide an understanding of the kinetics and  Kinetic MethodsIn a typical kinetic run, +10 uL of a
mechanism of one such enzyme. To this end, | have studiedsolution of PNAA in DMSO was added to 2.00 mL of buffer
and now report on the hydrolysis of PNAA by aryl ina3 mLcuvette, and the cuvette was placed in the jacketed
acylamidases (EC 3.1.5.13) frdfseudomonas fluorescens  cell holder of a Perkin-Elmer Lambda 20 spectrophotometer.

Aryl acylamidase fromP. fluorescensis a 52 kDa  Reaction temperature was maintained at 26.0.1°C by a
monomeric enzyme that catalyzes the hydrolysis of simple circulating water bath. After the reaction solution had reached
alkyl anilides, including PNAA T, 8). Little is known of  thermal equilibrium 5 min), an aliquot of stock AAA was
the mechanism of this enzyme, other than that its activity added to the cuvette to initiate the reaction. Reaction progress
increases with increasing pH to a maximum at pH &) ( was monitored by the increase in absorbance at 4105 (
and is inactivated by diisopropyl fluorophosphate These = 8800) that accompanies hydrolysis of thaitroanilide
observations suggest a hydrolytic mechanism involving the substrate and release phitroaniline. For each kinetic, run
nucleophilic participation of an active site serine and 100-3000 data points, corresponding{time, absorbange

probably some form of protolytic catalysis. By analogy to pairs, were collected by a PC interfaced to the spectropho-
reactions of other serine hydrolases, hydrolysis of PNAA tometer.

by AAA would proceed through the general mechanism of
Scheme 2 involving the intermediacy of an acylenzyme RESULTS
species. This mechanism is described by the steady-state rate
expressions of eqs—4.

more facile process than is expulsion of aniline front,TI
ko' is rate-limiting at low [HO] and eq 1 simplifies tdops

MATERIALS AND METHODS

General Buffer salts p-nitrophenylacetate, and deuterium

pH-Dependencies of Steady-State Kinetic Parameters for
Aryl Acylamidase Catalysidnitial velocities were deter-
k. kacyl mine_d as a function of substrate concentration at pH val_ues
KoK (2) ranging from 8.0 to 11.0 for the AAA-catalyzed hydrolysis
m s of PNAA. For pH values from 8.0 to 10.0, the buffers were
50 mM Bicine and 500 mM KCI, while at pH 11.0 the buffer

k.= M 3) was 50 mM NaC@ 500 mM KCI. Choice of buffer salts
Kacyl T Keacyl and pH range were dictated by two preliminary findings:
(1) sulfonate-based buffers, such as HEPES and CAPS, are
K =K kdeacy| 4 inhibitory and (2).at pH va_IL_Jes below 7.5, indgpendent of
m T N (4) buffer salt, reaction velocities are disproportionately de-
ka\cyl + kdeacy

In this study, | report results of experiments that more

pressed.
In these experiments, substrate concentration was varied

finely define the catalytic mechanism of AAA-catalyzed from 4 to 250uM. The data at each pH value were fit to the
hydrolysis of PNAA. Steady-state rate experiments support Michaelis-Menten equation to provide the valueskgfind
the general mechanism of Scheme 2 with partial rate- k/Km that are plotted as a function of pH in Figure 1.

1 Abbreviations: PNAA,p-nitroacetanilide; PNPAp-nitropheny-

lacetate; AAA, aryl acylamidase.

The results of Figure 1 indicate that bath and k/Kn,
require a deprotonated base for expression of full activity.
The pH dependence of both steady-state parameters were
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Ficure 1: pH-dependencies of steady kinetic parameters for the
D e y ’ [PNAA] (M)

aryl acylamidase-catalyzed hydrolysismhitroacetanilide. (Panel

A) Dependence dk/Kny on pH. Line drawn through the data was FIGURE 2: Solvent isotope effects for the aryl acylamidase catalyzed
according to eq 5 and the best-fit parametets! Kn)imt = 344 hydrolysis ofp- nitroacetanilide. (Panel A) Solid circles correspond
+3mM!stand K,= 8.15+ 0.03. (Panel B) Dependence of to initial velocities determined in ¥D, while open circles cor-

k. on pH. Line drawn through the data was according to eq 1 and respond to BO. Lines through the points were drawn using the

the best-fit parameterskdjimit = 6.97+ 0.20 s and K, = 8.54 Michaelis-Menten equation and the best-fit parameters summarized
+ 0.06. See Results section for buffers used,°@5 4 uM < in Table 1. (Panel B) Data points are the rdtigdPvss plotted as
[PNAA] =< 250uM; [AAA] =7 nM. a function of substrate concentration. Solid line was drawn using

the expression of eq 6 and the best-fit paramet813k. = 3.5+
0.3, PO(k/Ky) = 1.7 + 0.2, K, = 20 + 4 uM. Reaction
conditions: 50 mM Bicine, 500 mM KCI, pH 10.0 and pD

Table 1: Solvent Isotope Effects for Aryl Acylamidase CataRysis

ki,0/Ko,0 equivalent, 25C. 4uM < [PNAA] < 250uM; [AAA] = 7 nM.
ratios of rate direct fit
kinetic parameter kO D,O constants  toeq2 Sobent Isotope Effects for Catalysis by Aryl Acylamidase.
ke () 71403 21+01 34 35+ 0.3 For the AAA-catalyzed hydrolysis of PNAA, values ki,
k/Km (MM~1s2) 280+ 11 160+ 14 1.8 1.740.2 Km, andks/Kny were determined in H¥D and RO buffers (see
Km (uM) 25+3  13+2 1.9 Figure 2A). These values together with their ratios (i.e.,

a Steady-state kinetic parameters were determined from the depen-Solvent deuterium isotope effects) are summarized in Table
dence of steady-state velocity on substrate concentration according to] ,
D e e ot el _In Figure 28, the primary steady-state velocy cata i
tions: 50 mM Bicine, 500 mM KCI, pH 10 and pD equivaIent, 5. expressed as ratio thb)SJDUSS and_ plotted as a fl_'lnCtlon_Of
4uM < [PNAA] < 250uM; [AAA] = 7 nM. substrate concentratioB)( For a simple enzymatic reaction
that follows Michaelis-Menten kinetics, the dependence of
HusdPuss 0N [S)y is given by

fit to the general equation

D0( k. \[ K
e Kimit 5) K_)(ﬁ) + %,
14 10K POy = — Y 6)
14—
k/Km has a limiting value of 344- 3 mM~! s ! and titrates [S],

with a pK, value of 8.15+ 0.03, whilek; has a limiting
value of 7.0+ 0.2 s'* and titrates with a i§, value of 8.54 The data of Figure 2B were fit to this equation with the
+ 0.06. following results: PPk, = 3.5 & 0.3, PO(k/Ky) = 1.7 £
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0.2, Ky = 20 + 4 uM. The isotope effects calculated by 350
this method agree with those derived from calculating the
ratios of the steady-state parameters, and the valu&,of
agrees with independently determined values at this pH. In
general, this method of calculating isotope effects for steady- 300
state kinetic parameters provides more accurate values than
simply calculating the ratio of independently determined
parameters9).

Proton Inventory of Aryl Acylamidase Catalysi§o aid
the interpretation of the solvent isotope effect date, we
determined the proton inventories for bdiK, andk.. In
proton inventory experiments, a rate constant is determined
as a function of mole fraction solvent deuteriumg,o (10).
The shape of this dependence is diagnostic of certain features
of the mechanism. In the present case, valudg/&f, were
determined from pseudo-first-order rate constants determined
at low substrate concentration (i.e.,{$]2.0uM = 0.0&,),
while values of k. were determined from steady-state
velocities recorded at saturating concentrations of substrate 5
(i.e., [Sp = 250uM = 10K). Values of these rate constants
were plotted as a function al,0 and are shown in Figure

(k/Kemda

250

200

3. . 4

The starting point for the analysis of the proton inventory 2
of Figure 3 is a version of the Gros8utler equation that
is useful in analyzing proton inventories for serine hydrolases 3
(11,12

[1@—n+ng

where k, is the rate constant at mole fraction solvent Mbz0
deuteriumn, ko is the rate constant in pure,@ (i.e.,n = FIGURE 3: Proton inventory for the aryl acylamidase catalyzed

0), Z is a solvation term reflecting the composite isotope hydrolysis of p-nitroacetanilide. (Panel A) Values oky(Km)n,
effect that is generated by small fractionation factors at many gg:]ifen:]it?ggorzr&gh&%-zogdgf erirggc;%S; 9?21:2] at 7|%V\rl] '\/T_uggtrate
protonl_c Sltes,_anq}iT ande;” are the isotopic fractlon fact_o_rs °C), are plotted here as aﬁftunction of ?ﬁe mole fraction’solvent
for theith andjth proton that is transferred in the transition  geyterium,np,o, at which they were determined. The solid line
state and reactant state, respectively. Since reactant statéhrough the data was drawn using eq 9 witk 1 and best-fit
fractionation factors for reactions of serine hydrolases are parameters: K/Kp)n—o = 334+ 2 mM~1s71, Z = 1.21+ 0.06,

typically unity (10), the Gross-Butler equation can be and¢™ = 0.5094 0.028. For comparison to the experimental data,
s%r%plifigd to y 10 q the straight dashed line was drawn using eq 9 witls Z,i = 1

and¢™ = 0.318. (Panel B) Steady-state velocities were determined
n T at [PNAA], = 10K, divided by enzyme concentration to yield
K, = koZ |—|(1 —n+ng;’) (8) values of k), and plotted here as a function o§,o. The filled
and empty circles represent two independent experiments. The solid,
A final simplification is allowed by the fact that proton —bowed-down line through the data was drawn using eq 9%’5’“
inventory data for enzymic reactions are seldom of sufficient 1 and the best-fit parametersck—o = 5.76+ 0.02 s* and¢' =

. : : . - 0.662+ 0.037, and = 2.8 &+ 0.4. For comparison, the straight
precision to allow estimation of the fractionation factors for gashed line was drawn with= 1, 4™ = 0.318 (eq 9), while the

the individual protonic sites. Thus, values¢gpfare assumed  |ower bowed-down dashed line was drawn with 00, ¢T = 0.31
to be approximately equal and eq 8 is recast as (eq 10). Reaction conditions: 50 mM Bicine, 500 mM KClI, pH

10.0, 25°C. [PNAA] = 250uM; [AAA] = 18 nM.
=k, Z"(L—n+ng") 9
o = lot ) ®) A number of mechanisms can give rise to dome-shaped

In the limit of infinite fractionating protonic sites, eq 8 takes proton inventories¥0-12). In the present case, we favor

on the form of eq 10 the simplest mechanism in which isotope-effect-generating
solvation changes are accompanied by binding of substrate
k,= kOZ”(l_lpr)n = k,Z'(@")" (10) to the enzyme and then followed by acylation of the active

site serine. Such a mechanism would generate a proton
where®T is the product of all the individual fractionation inventory that obeys the general expression of eq 9. In this
factors,¢", that contribute to the isotope effe@)( case,Z can be taken to be the solvent isotope effeckgn
The proton inventory data fdg/K,, (Figure 3A) generates (11, 12, while (L")’ corresponds to the solvent isotope
an overall isotope effect of 1.63 that is in good agree with effect onkaey. The proton inventory for this sort of mech-
the PP(k/Ky,) value of 1.7 reported above. Examination of anism takes on a final shape that is an average of contribu-
this proton inventory reveals that it is slightly “dome-shaped”. tions from theZ" term, which tends toward a dome shage (
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Table 2: Analysis of the Proton Inventory fegKn, for Aryl
Acylamidase-Catalyzed Hydrolysis pfNitroacetanilidé

Table 4: p-Deuterium Isotope Effects ok for the Aryl
Acylamidase-Catalyzed Hydrolysis pfNitroacetanilidé

i (KdKm)n=o (MM~1s71) z o7 (LIpT) o2 experimertt  1CPyy (OD/min)  1CGvp (OD/min) vnlvp

1 334+ 2 1.2+ 0.1 0.514+0.03 2.0 7.31 1 3314+ 34 3426+ 27 0.967+ 0.016

2 334+ 2 1.6+0.1 0.624+0.02 2.6 7.52 2 3216+ 24 3382+ 32 0.951+ 0.011

i ggii % ggi 8; 8?'2: 882 gé ;?g ¢ Reaction conditions: 50 mM Bicine, 500 mM KClI, pH 10, 25.

5 334+ 2 27403 074:002 44 779  [PNAA] = [ds-PNAA] = 250 uM; [AAA] = 18 nM.¢In each

aThe proton inventory of Figure 3A were fit to eq 9 with
constrained to the indicated value.

Table 3: g-Deuterium Isotope Effects ok/Ky, for the Aryl
Acylamidase-Catalyzed Hydrolysis pfNitroacetanilidé

experimerit 10%ky (7)) 10%kp (s7Y) kin/ko
1 1269+ 34 1503+ 27 0.844+ 0.027
2 1258+ 75 1520+ 48 0.828+ 0.056

@ Reaction conditions: 50 mM Bicine, 500 mM KCI, pH 10, 25.
[PNAA] = [d3-PNAA] = 2.0 uM; [AAA] = 70 nM."In each
experiment, four to six replicate first-order reaction progress curves
were collected for each of the two isotopically labeled compounds.

> 1), and by the (- n + n¢")' term, which tends toward
either linearity ¢™ < 1,i = 1) or bowl-shapedq™ < 1,i >
1). Now, attempts at fitting the data of Figure 3A to eq 9

experiment, four to six replicate initial velocities were determined for
each of the two isotopically labeled compounds.

Scheme 3: Acylenzyme Mechanism for Serine Hydrolases
in the Presence of the Exogonesously Added Hydroxylamine
Nucleophile

(o]
kdeacy\

o}
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H

HO R

To determine th@-deuterium isotope effect dg, steady-

resulted in nonconvergence, due to the interdependence ofiate velocities were determined atdS] 250uM = 10K,

the parameters, but if we first constrairiethe fits converged
as summarized in Table 2. We see thatiasicreases,
resulting in a deeper bowZ, must also increase to maintain

Replicate kinetic runs were recorded for each of the two
isotopically labeled compounds, PNAA adg PNAA. The
mean and standard deviation of; calculated from these

a fit to the data. The fits to the data become less good, asyjnetic runs, together with their ratio (i.eun/vp), for two

judged byy? values, but only slightly so. Thus, there is no
unique fit to the data and other criteria will have to be used

independent experiments is summarized in Table 4.
Aryl Acylamidase-Catalyzed Hydrolysis of p-Nitrophenyl-

to decide which of these mechanisms best describes the datgycetate. Initial velocities were determined for the AAA-

The proton inventory data fd¢ (Figure 3B) generates an
overall isotope effect of 3.16 that is in good agree with the
DOk, value of 3.5 reported above. In contrast to the proton
inventory forkJ/Km, this proton inventory is bowl-shaped,
suggesting thaZ must be near unity and that the number of
protons that are “in-flight” in the transition state fieymust
be greater than 11(0). Fitting the data of Figure 3B to eq 9
provides the following: K)o = 5.76+ 0.02 s*,Z= 0.9
+ 0.3,¢" = 0.63+ 0.09, and = 2.3+ 1.2 (y> = 0.0016).
This exercise shows us thatis, in fact, unity. If the data
are now refit to eq 9 wittZ constrained to 1, the following
results are obtainedkd)—o = 5.76+ 0.02 s1, " = 0.662
+ 0.037, and = 2.8 + 0.4 (4> = 0.0013). Note that the
mechanism that is implicit in eq 3 involves a single rate-
limiting transition state. We see below that this is an
oversimplification and that a more complex mechanism is
required.

p-Deuterium Isotope Effects for the Aryl Acylamidase-
Catalyzed Hydrolysis of p-Nitroacetanilidéo probe the
structure of the rate-limiting transition states for AAA
catalysis, we determined tifedeuterium isotope effects for
bothk/Kn andk.. ForkJ/Km, reaction progress curves were
collected at [S]= 2.0uM = 0.0&, and fit to a first-order
rate law to obtain values dfs = (k/Km)[E]o. Replicate
kinetic runs were recorded for each of the two isotopically
labeled compounds, PNAA ant-PNAA. The mean and
standard deviation d§,,s calculated from these kinetic runs,
together with their ratio (i.e., the isotope effeki/kp), for

catalyzed hydrolysis of PNPA at six substrate concentrations
that ranged from 4 to 126M (50 mM Bicine, 500 mM KCl,

pH 8.0; [AAA], = 18 nM) and fit to the MichaelisMenten
equation. The best-fit kinetic parameters kye= 2.0+ 0.1

s Kn=184 2uM, andk/Kn =110+ 12 mMts 2 In

an accompanying experiment done under the same experi-
mental conditions for the AAA-catalyzed hydrolysis of
PNAA: k.=1.94+ 0.1 st Ky =12+ 3uM, andk/Kn =
160+ 19 mM 1 s L The identity ofk. values for these two
substrates suggests rate-limiting deacylation for both reac-
tions.

Effect of Hydroxylamine on:Kor the Aryl Acylamidase-
Catalyzed Hydrolysis of p-Nitroacetanilid€o confirm rate-
limiting deacylation ofk. for the AAA-catalyzed hydrolysis
of the anilide substrate PNAA, the hydroxylamine concentra-
tion dependence d{; was determined. Ik is rate-limited
by deacylation, the acyl-enzyme will accumulate in the
steady-state and be susceptible not only to hydrolytic
deacylation but also deacylation promoted by other nucleo-
philes, such as hydroxylamine. This mechanism is illustrated
in Scheme 3 and obeys the rate law of eq 11.

k.,.dHONH,]
kacyl(kdeacyl+ Knuc+[—HONHz])
K,.dHONH,] (11)
Koue T [HONH,]

kc,obs=
kacyl + (kdeacyl +

The experimental prediction is thkf s will increase with

two independent experiments are summarized in Table 3.increasing concentration of hydroxylamine.
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hydroxylamine could bind at this site of free enzyme (Figure

400 : : | 4, upper panel).

[ * T 7 When the data of Figure 4 were fit to eq 12, the following

20 5 4 o o o 7 best fit results were obtained: pH 8Ky = 6.6+ 0.2 s,
Kdeacy= 1.8 £ 0.3 5%, kaye. = 170+ 25 M1 s7%; pH 10.0,

I I I I I : kacyl =13+1 S_ly kdeacyI: 16+1 S_l, kdeacyl_: 180+ 50

i M~ s1. These results indicate that at pHIB,is largely

(~80%) determined by deacylation, while at pH 19,is

roughly equally rate-limited by acylation and deacylation.

The results at pH 8 are consistent with the previous results

that, at this pHk; values are the same for the AAA-catalyzed

hydrolyses of PNPA and PNAA.

Viscosity-Dependence of, kor the Aryl Acylamidase-

Catalyzed Hydrolysis of-plitroacetanilide.At [S], = 250

uM = 10K, steady-state velocities were determined as a

function of solvent viscosity. The viscogens in these experi-

ments were sucrose and glycerol. While a rate reduction was

observed with increasing concentrations of glycerol, none

S \ “ L | was observed when sucrose was used as the viscogen. Thus,

0 0.1 02 03 04 05 06 the effect observed with glycerol is some nonspecific

[HO-NH,] (M) inhibition and not a result of a viscosity-dependiat

(kc/Km)obs (mM-1 SeC'1)

>
]
. -
|

kc,obs (380-1)

Ficure 4: Effect of hydroxylamine ork. and k/Ky, for the aryl
acylamidase-catalyzed hydrolysis phitroacetanirﬁde at pH 8.0 DISCUSSION

(circles) and 10.0 (filled circles). (Lower panek) ops vValues, | initat . i
determined from steady-state velocities at high substrate concentra- Rate-Limitation of kfor the Aryl Acylamidase-Catalyzed

tion ([PNAA] = 250uM = 10Ky [AAA] = 7 nM; 25°C), are Hydrolysis of pNitroacetanilide. To interpret the pH-
plotted as a function of hydroxylamine concentration. The solid dependence and isotope effectskgiit is essential to know
line was drawn using eq 11 and the best-fit parameters: pH 8.0, which reaction step, acylation or deacylation, is rate-limiting.
Kagy = 6.6+ 0.2 5, kieacy= 1.8+ 0.3 5 %, ke =170+ 25M* Two methods were used to establish this: (1) comparison

—1. — 1 = 1 = . .
iégK'A_1103'91’_l<e(‘a'pp;rspianlei\}:ﬁécsylok‘(llﬁ:)ijde’tlgdrer;ciyr;_ed %r?)?n of steady-state kinetic parameters for AAA-catalyzed hy-

first-order progress curves at low substrate concentration ([PNAA] drolysis of PNAA and the activated ester PNPA and (2) the
= 2.0uM = 0.0, [AAA] = 70 nM; 25°C), were plotted as a  dependence ok. on concentration of hydroxylamine, a

function of hydroxylamine concentration. In both cases, hydroxy- nucleophile that can compete with water for the acyl-enzyme.

lamine concentration was adjusted by mixing appropriate volumes . : o
of the two buffer solutions at the appropriate pH: 50 mM Bicine, For the first method, steady-state kinetic parameters

500 mM KCl and 50 mM Bicine, 500 mM potassium hydroxamate. determined at pH 8.0 indicated identical values lef
suggesting that AAA-catalyzed hydrolysis of both substrates

In these experiments, steady-state velocities were deter-proceeds with rate-limiting deacylation. While rapid acylation
mined at [S§ = 250 uM > 10Ky and found to have a is expected for the activated ester PNPA, it conflicts with
hyperbolic dependence on hydroxylamine concentration our chemical intuition for the anilide substrate PNAA, where
(Figure 4, lower panel wheré. s = vsd[E]o). Such a we expect attack of an alcohol nucleophile (e.g., active site
dependence can be interpreted in one of two ways: (i) If serine) on the carbonyl carbon of an amide to form a ester
Knuie ~ [HONH.], then the observed hyperbolic kinetics (e.g., acyl-enzyme) to be slower than subsequent hydrolysis
results from saturation of the leaving group subsite with of that ester. Additional support for this unexpected result
hydroxylamine. At low [HONH], K obs= KacyKdeacyl (Kacyi + was sought and was found in the hydroxylamine dependence
kdeacy); while at hlgh [HONHL kc,obs: kacyl(kdeacyl+ knuc)/ of kc for hydrolysis of PNAA.

(Kacyl + Kdeacyi + Kaug). (i) If Knye < [HONHZ], then eq 11 The results of these experiments indicate that, at pki 8,
simplifies to eq 12 is largely rate-limited by deacylation, consistent with the
above experiment reporting the identity &f for the

Kacy(Kdeacy ™ Knuc [HONH;]) hydrolysis of PNPA and PNAA. Interestingly, at pH 14,
kacyl + (kdeacyl+ knuc'[HONHZ])

is roughly equally rate-limited by acylation and deacylation,

suggestive of a pH-dependent change in rate-limiting step
whereka,¢ equalsk,./Kne the second-order rate constant for k; (see below).
for nucleophilic attack on the acyl-enzyme to form acetyl  Rate-limiting deacylation for the AAA-catalyzed hydroly-
hydroxamate. For this mechanism, hyperbolic kinetics results sis of PNAA finds precedent in catalysis by serine proteases
from a change in the rate-limiting step that is [HONH (13, 14 and y-glutamyl transpeptidase€6), wherek; has
dependent. At low [HONH, kcobsagain equalacyKaeacyl been found to be rate-limited by deacylation during hydroly-
(Kacyl + Kdeacy), While at high [HONH], kcobs = Kacy. The sis of specificp-nitroanilide and amide substrates. In these
latter mechanism is favored, since it is unlikely that hydoxy- cases, it was argued that the free energy available from
lamine could form a stable and catalytically productive interactions between enzyme and nonreacting portions of the
complex with the acyl-enzyme of AAA at the site where substrate is utilized to stabilize the transition state for
p-nitroaniline binds. This is supported by the absence of acylation, thus allowing this step to proceed faster than the
[HONH_]-dependent inhibition ok/K, that would occur if chemically more facile deacylation. These are examples of

kc,obs= (12)
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Scheme 4: pH Dependence for Aryl Acylamidase Catalysis
EH+S EH:S EH-acyl

Kave/[H*]I J Ka'eS/[HﬂIJ Ka'acyll[Hqu
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E+S = ES —» E-acyl —3 E+P2
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a general strategy for enzymic catalysis which involve the
utilization of binding energy derived from remote interactions

between enzyme and substrate. This is a principal mechanism
for proteases where several orders of magnitude in catalytic
enhancement can be gained from interactions between
protease subsites and the peptic acyl moiety of the substrate
However, in the present case, the acyl moiety is a simple

acetyl group, and there seems to be little opportunity for

remote site interactions. Thus, AAA must have other means

of paying the energetic price of catalysis.
pH-Dependence of Catalysis by Aryl Acylamidake
simple pH-dependencies fd¢ and kJ/Kn, for the AAA-

catalyzed hydrolysis of PNAA suggest the single-ionization
y yeroy 99 g dsotope effects for the mechanistic parameters of Scheme 2,

mechanism of Scheme 4. Equations 13 and 14 describe th

pH dependencies for the observed steady-state kinetic

parameters in the context of this mechanism:

Biochemistry, Vol. 41, No. 3, 2002897

parameter values. Attempts at directly fitting the data of
Figure 1B to eq 14 resulted in nonconvergence, but if we
constrained K, esto a value similar in magnitude tokp o
andkacyi andKgeacyito their experimentally determined values
of 13 and 16 s, respectively, an excellent fit to the data of
Figure 1B can be obtained with a value df{3.,equal to
8.8. The theoretical line generated in this way is superim-
posable on the line that is shown in Figure 1B, demonstrating
the success of this model in accounting for the experimental
data fork..

Sokent Deuterium Isotope EffectBhe solvent deuterium
Isotope effects ok, andk/Kn, are 3.5 and 1.7, respectively.
Interpreted broadly, these results suggest a reaction mech-
anism for AAA involving rate-limiting chemistry with some
form of protolytic catalysis and are consistent with the pH
dependencies df; and k/Kr,, which suggest the catalytic
involvement of a basic active site residue.

A more detailed analysis of these isotope effects begins
with an attempt to understand the large difference in
magnitude betweeR:°k, and P°(k/K,,). We start with an
examination of how-°k, and®°(k/K,) relate to the solvent

that is,P20Ks, PPkacy, andPCkgeacyt These relationships are
expressed in eqgs 15 and 16.

D0
KacyfK D0 _ D0 _ Kagyi
(kc/Km)obs:% (13) ’ (kc/Km) =" (kacy/Ks) - DzoK (15)
S
1+ K
, D,0, DO
e Dzokc: ’ kacyl ’ kdeacyl =C Dzoka +
Kooyl Kacacy PO i+ POy
+ + o
14+ [H ] 14+ [H ] CdeacyP2 kdeacyl (16)
Ka,e Ka,acy
Keops= . , (14)  Ineq 16,CacyiandCueacyiare coefficients that reflect relative
o eacyl contributions to rate-limitation bl andkgeacys respectively,
14 [H+]) 1t [H1] and are defined in eqs 17 and 1B.(
Ka,e Ka,acy -1
. . Cacyl = i = (1 + kacyl ) (17)
The pH dependence ¢f/Kn, reveals a single catalytically kacyl kdeacy
important ionization of free enzyme governed by &, pf .
8.15. Given the mechanistic similarity between this enzyme c — ke - (1 + kdeacy) (18)
and other serine hydrolaseq probably corresponds to deacyl kdeacyl kacyl

ionization of an active site His or Lys. However, definitive

identification of this residue must await further experimenta- Recall from the experiments in which we examined the

tion. In any event, this result is consistent with the involve- hydroxylamine-promoted partitioning of the acyl-enzyme

ment of an ionizable active site residue acting as a general-that, at pH 10,k;, Kacys and Kgeacyi are 7.2, 13, 16 3,

base catalyst to activate the active site Ser for nucleophilic respectively. These values together with eqs 17 and 18 allow

attack on the carbonyl carbon of the substrate. As discussedus to calculate values @ac, and Cgeacyi€qual to 0.55 and

below, these results support the conclusions from solvent0.45, respectively.

isotope effects. We can now examine the dependencePd¥,., and
The observed I, for k. is 8.54, 0.4 pH units more basic  PCkgeacy 0N PPKs using egs 15 and 16 together and the

than Kae This perturbation in i, results from the kineti-  calculated values d€,¢, andCyeacyr These dependencies are

cally complex nature ok, which can be fully or partially ~ shown in Figure 5, where we see thaPa¥{; increases over

rate-limited by eithekacy Or Kgeacyr Examination of eq 14  the common range for this parameter of from 1 tol2,{

reveals that, depending upon the valuek.gf, Kieacyi PKa,es 12), POy increases linearly from 1.7 to 3.3, whiteé’kyeacyi

and Kia One can antcipate two phenomena: pH- decreases linearly from 5.7 to 3.6. Thus, to account for the

dependent changes in rate-limiting step and observed valueglifference in solvent isotope effects fierandky/Km, P2kacyi

of pK, that are a weighted average of the two microscopic must be significantly less tha%Kgeacy

dissociation constantsKpesand Kaacy In light of these This range oP°K; values, as well as the calculated values

considerations, it was of some interest to see if the pH of Pk, shown in Figure 5, are consistent with our analysis

dependence ok; could be fit to eq 14 using reasonable of the proton inventory fok/Ky. Recall that for the cases
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Ficure 5: Dependence of solvent isotope effects for acylation and
deacylation orP°K,. The dependence @Pksey and #Pkgeacy ON
D:0Ks was calculated using eqs 1%8. See text for details.

of one or two transition state protons in flight, we determined
D:0K values (equivalent t@) of 1.2 or 1.6, respectively,
andPk,, values of 2.0 or 2.6, respectively (see Table 2).
Thus, the acylation process, as governetdi,, generates
isotope effects on mechanistic parameters (i, &°K,, and
DOk.qy) Whose magnitudes are well within the common range
for serine hydrolases. The most conservative view is that
PNAA binds to AAA by a process that generates a small
solvent isotope effect of solvation of about 1.2 and then

acylates the active site serine with simple general-base
catalysis that generates an isotope effect of 2 resulting from

a single transition state proton in flight.

Now, if PLky is 2.0, we can use eq 16 to calculate a
DOkgeacyl Value of 5.3. While this latter value may seem
unusually large, it does find precedent in the solvent isotope
effect of 4.3 ork; that was observed for the trypsin-catalyzed
hydrolysis of Bz-Phe-Val-Arg-pNAL5), the solvent isotope
effect of 4.7 on the conformational isomerization of ribo-
nuclease A 16), and the solvent isotope effect of 4.9 on
product release for cAMP-dependent protein kindsa. (

To help interpretPCkyeacys We will further analyze the
proton inventory fork.. Recall that the proton inventory of
k. is bowl-shaped (see Figure 3B) and indicates that two or
more protons are “in flight” in the rate-limiting transition
state fork.. This simple analysis is, of course, inadequate,
since we now know thakt. is a composite of contributions
to rate-limitation from both acylation and deacylation.

A more complete analysis of the proton inventory kar
begins with eq 19

|

1
T,ac i+
Kaey(1 = N+ 1972

1
kdeacy(l —n4+ n¢T,deacyjj

-1
} (19)

Stein

isotope effect of 3.2 for this experiment and assuming a
solvent isotope effect of 1.2 oK (see above), we can
calculate values 0Pkgcy and P%geacyi Of 2.0 and 5.3,
respectively. These values can then be used to set the
following constrains to eq 19:¢(2») = 2.0"* and g -4ea)i

= 5.3"1. What this means is that regardless of the number
of protonic sites that contribute to the isotope effects for
acylation and deacylatiof;%kac, must equal 2.0 antkgeacy
must equal 5.3.

With the above values in hand, this analysis reveals the
following: wheni and¢"2% are constrained to 1 and 0.50,
respectivelyj = 11 & 2 and¢™9%'= 0.87 £ 0.02 (> =
0.0014), and whehand¢™2%' are constrained to 2 and 0.71,
respectivelyj = 6 + 1 and¢™d¥ = 0.78 + 0.03 ¢? =
0.0014). Values of larger than 2 produce increasingly poorer
fits to the data. Thus, it appears that acylation proceeds
through a transition state in which one or two protons are in
flight, while in the transition state for deacylation, no fewer
than five protons are in flight. Further interpretation of these
results to provide a transition state structurekfgyi andkgeacyi
must await a discussion of thfedeuterium isotope effects.

pB-Deuterium Isotope Effect$o further probe the structure
of the rate-limiting transition(s) states for the AAA-catalyzed
hydrolysis of PNPA, g-deuterium isotope effects were
determined. In acyl-transfer reactions proceeding either by
a two-step mechanism through a tetrahedral intermediate or
by a one-step mechanism with a quasi-tetrahedral transition
state, deuterium substitution on the carbon adjacent to the
carbonyl (‘3-D” substitution) is expected to increase the rate
(18). This is because, in the partially tetrahedral transition
state (whether before, after, or instead of the tetrahedral
intermediate), hyperconjugation from tieCH(D) bonds is
reduced, increasing the electron density in the bonds and
strengthening them (thus giving an inverse isotope effect).
In the present case, rate constant measurements for the AAA-
catalyzed hydrolysis of PNPA ara}-PNPA generated the
following isotope effects?P(k/K,) = 0.83+ 0.04 and’®k;
= 0.96+ 0.01.

The isotope effects on the microscopic rate constaksy
and/Pkgeacys can be calculated using these valuegRgk/
Km) and?Pk,, expressions analogous to egs 15 and 1§, C
and Geacy Values of 0.55 and 0.45, respectively, and some
assigned value fofPKs. Unfortunately, it is not at all clear
what value to assigfPKs. Isotope effects for the partitioning
of PNAA from cyclohexane to wated ) suggest thatPKs
is inverse and could be as small as 0.94 if Michaelis complex
inteactions are primarily hydrophobic relative to solvated
substrate. On the other hand, gas-phase calculations compar-
ing acetaldehyde, 4C(C=0)—H, and protonated acetalde-
hyde, LLC(C=0OH")—H (L = H, D) (20) suggest normal
values as large as 1.3 foPKs if Michaelis complex
interactions polarize the carbonyl. In these calculations, |
took a conservative view, assumed importance for both
substrate desovlation and polarizing active site interactions,
and assigned a value of unity f8Ks. The following can

where the terms take their meaning as outlined in the Results.NoW be calculated?Pkacy = 0.83 and™kyeacy = 1.12.

In this analysis, values fdtcy andkgeacyican be calculated
to be 10.4 and 12.8°%, respectively, from the observégly
value of 5.74 s, the Cay and Cgeacy Values of 0.55 and

Transition State Structures foradg and keacyr The
combination of pH dependencies, solvent deuterium isotope
effects, angs-deuterium isotope effects allows us to formu-

0.45, and egs 17 and 18. The fractionation factors can belate the following transition state structures for the reaction

calculated in the following way. Given an overall solvent

steps governed bl and Kgeacys
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Scheme 5: Map of Alternate Routes for Decomposition of
the Tetrahedral Intermediate Formed during Acylation of
Aryl Acylamidase byp-Nitroacetanilide
O-
HiC— C—h—ar M e?°
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that polarizes it. This would facilitate nucleophilic attack of
water as well as generate a normfabeuterium isotope
effect. Furthermore, if the conformational change was
coupled to multiple protonic sites, such a mechanism could
also generate a large solvent isotope effect.

The absence of a viscosity effect &nindicates that if

| +H | HN—Ar
T T this mechanism obtains, the proposed conformational change
is not global but rather localized to the active site. A global,
rate-limiting conformational isomerization of the acyl-
//’ enzyme would be anticipated to produkg values that
+ decrease with increasing solvent viscosi{ (22, even for
a case wherk; is only partially rate-limited by deacylation.
Catalysis by Aryl AcylamidaseA principal goal of
enzymology is to understand the molecular origins of enzyme
catalytic power. In the context of transition state rate theory,
catalysis occurs when specific, stabilizing interactions are
formed between substrate and catalyst in the activated
complex for the catalyzed reaction that do not exist in the

»
—

PROTON TRANSFER

o- activated complex for the uncatalyzed reaction. Thus, the
H _—p Hac\ /O . -
HyC——C—N—Ac c transition state for the catalyzed reaction has a free energy
HEAVY-ATOM REARRANGEMENT | N—Ar . . .
& that is smaller in magnitude than the free energy of the
+H-B +H-B

uncatalyzed reaction, relative to the common ground state
for the uncatalyzed and catalyzed reactions. The energy
difference between the two transition states can be refereed
The isotope effect data suggests tkay, is rate-limited to asAG* .. To understand the molecular originsAG* .
entirely by the chemistry of serine acylation. Given a solvent for enzymic reactions, and thus the molecular origins of
isotope effect that lies between 2.0 and 2.6, this reaction isenzyme catalysis, we will require detailed structures for the
general-base catalyzed and, based on the proton inventoryollowing species: (1) substrate and the enzyme in their
analysis, involves transfer of one or two catalytically ground state, (2) activated complex of the uncatalyzed
important protons. The larggdeuterium isotope ORucyi Of reaction, and (3) activated complex of the catalyzed reaction.
0.83 suggests that the transition statekgyi has substantial  |f sufficiently detailed, these structures can serve as a basis
tetrahedral character. Now, in the alkaline hydrolysis of for energetics calculations that will allow a dissection of the
p-nitroacetanilide at low hydroxide concentration, the rate- AG* ., value into specific interactions between enzyme and
limiting step is expulsion of the-nitroaniline leaving group  substrate. Such a strategy for investigating enzymic catalytic
from the tetrahedral intermediatg, (18. It is not unreason-  power was suggested by Schowen and co-workers nearly
able to suppose that the same situation might apply to the25 years ago43, 24. Schowen explains that
enzymatic hydrolysis op-nitroacetanilide. If this were the
case, then the substrate-derived portion of the activated
complex forkac,s must bear very close structural analogy to
the tetrahedral intermediate that precedes it on the reaction
pathway, and thus, these isotope effects indicate that proton
transfer is well-advanced of heavy atom rearrangement in
the transition state. This is illustrated in the MARS diagram
of Scheme 5, where the position of the transition state for
acylation, as deduced from the isotope effects, is shown on
the reaction coordinate, which comprises elements of heavy-
atom rearrangement and proton transfer. In this transition
state, proton transfer from the protonated base to the
departing aniline nitrogen is nearly compete with relatively
little rehybridization at the tetrahedral carbon of the addition
adduct and, implicitly, relatively little €N bond fission.

The situation folkgeacyiis Not so simple. The large solvent
isotope effect of 5 is generated from hydrogen fractionation
at no less than five protonic sites and is suggestive of a
conformational isomerization of the enzyme. The large,
normal -deuterium isotope effect of 1.12 indicates an
increasein hyperconjugation in thg-CH(D) bonds as the
transition state fokqeacyiis entered. These are unusual isotope  In the present study, we found that the second-order rate
effects and, thus, eliminate many simple mechanisms for constanke (=kacy/Ks) for reaction ofp-nitroacetanilide with
deacylation. However, an attractive mechanism that canaryl acylamidase is 3.4 10° M~! s 1. This rate constant
account for these results is one in which a rate-limiting reflects the energy difference between the reactant state of
conformational change of the acyl-enzyme repositions the enzyme and substrate free in solution and the rate-limiting
acetyl moiety so that the carbonyl bond is in an environment transition state for acylation (see Scheme 5), which likely

The free energy liberated by the binding of the standard
reaction transition state to the enzyme is calculable from
experimental data, being the difference between the free
energies of activation for the catalyzed and uncatalyzed
reactions, and is thus called teenpirical free energy of
binding of the transition statp.e., AG* . This empirical
binding energy can usefully be separated conceptually into
two additive terms:the free energy of distortiorfior
distorting the free enzyme and the standard-reaction
transition state into the forms they will have in the enzymic
transition state (“poised structures”) atitk vertical free
energy of bindingfor bringing the poised structures
together from their standard-state distributions and forming
the enzymic transition state by their interaction. This
suggests a program of investigation of enyzmic catalytic
power involving (1) determination of standard-reaction and
enzymic transition-state structures, (2) investigation of the
energy requirements for distortion to the poised structures,
and (3) investigation of the free- energy associated with
combination of the poised structureas).
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Scheme 6: Analysis of Catalytic Efficiency for Aryl
Acylamidasé

kcal/mol

k,=9x10 M5!
AG, = 32 keal/mol

I

kg =3x10° M5!
AGy = 18 keal/mol

a|n the calculation of free energy values, standard-state enzyme and
hydroxide concentrations were set at4®, and temperature was set
to 298°C

corresponds to expulsion of tipenitroaniline leaving group
from the tetrahedral intermediate to produce the acyl-enzyme.

To assess the catalytic enhancement that this enzyme brings13.
about, we need to compare this reaction and rate constant to

a nonenzymatic hydrolytic reaction pfnitroacetanilide. An
appropriate standard is the alkaline hydrolysispetfitro-
acetanilide at low hydroxide concentration. This reaction is
governed by the second order-rate constarn(t=k, ki/k—1,
see Scheme 1), which equalx90°M~1s(3). k, reflects

the energy difference between the reactant state of hydroxide 16.

and substrate and the rate-limiting transition of decomposition
of the tetrahedral intermediated)( The clear chemical
analogy between the reactions governedbsndk; allows
mechanistic interpretation of the ratig/k,. This catalytic
enhancement ratio of 8 10° corresponds to AG* .o 0f 13
kcal/mol and reflects the stabilizing interactions that exist
in the activated complex of the enzymatic reaction but do
not exist in the hydroxide reaction (see Scheme 6).

At this point, our information concerning the origin of
AG* ¢4 is rudimentary and pertains chiefly to the substrate-
derived portion of the activated complex for the uncatalyzed
and catalyzed reactions. For the standard reactitia, is
0.90+ 0.02 @) and suggests substantial tetrahedral character
but less relative to enzymic reaction whéRg is 0.834+
0.04. We also know that in both the enzymic and standard
reaction, protolytic assistance pfitroaniline expulsion is
important. In the hydroxide reaction, protolytic assistance
is from solvent 4). What is, of course, missing is any
structural information about either the enzyme in the
activated complex or solvent reorganization. The former is
essential for the assessment of fieee energy of distortion
while the latter for thevertical free energy of bindingThis

Stein

information can, in principle, be obtained from a combination
of kinetic and computational studie®4).

We see then that concepts of transition state rate theory
are expected to be sufficient to explain enzymatic hydrolysis
of p-nitroacetanilide and, indeed, enzyme-catalyzed reactions
in general. While answering questions concerning protein
dynamics is clearly critical to a complete understanding of
enzymatic reactions, these answers may be irrelevant to the
very specific task of explaining how enzymes bring about
their catalytic enhancements since, by definition, catalysis
is a two state problem independent of reaction path.
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