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Abstract: Steady-state and pre-steady-state kinetic constants, solvent deuterium isotope effects, and proton inventories were
determined for the (HLE) human leukocyte elastase-catalyzed hydrolyses of the p-nitrophenyl esters and p-nitroanilides of
N-(carbobenzoxy)-L-amino acids and N-(methoxysuccinyl)-Ala-Ala-Pro-Val, an HLE-specific peptide. The results of these
experiments indicate that remote subsite interactions between protease and substrate have a significant effect on four mechanistic
features: (i) Catalytic Efficiency. Changing the carbobenzoxy group of Z-Val-X (X = p-nitrophenol or p-nitroaniline) to
MeOSuc-Ala-Ala-Pro resulted in large increases in both k. and k./K, and confirmed studies by other investigators documenting
the effect that peptide chain length has on catalytic efficiency. Pre-steady-state kinetic experiments further demonstrated
that subsite interactions have a greater effect on acylation than on deacylation: while k, (first-order rate constant for reaction
within the Michaelis complex to form the acyl-enzyme) increased 50 000-fold upon changing Z-Val-p-nitroanilide to MeO-
Suc-Ala-Ala-Pro-Val-p-nitroanilide, k3 (first-order rate constant for hydrolysis of the acyl-enzyme) increased only 6-fold. (ii)
P, Specificity. The effect of remote interactions on P, specificity during deacylation was assessed by comparing ratios of k3
for pairs of substrates having either Ala or Val at P,. kj-Ala/k;-Val varied with substrate structure past Py as follows: Z-AA,
13; t-Boc-Ala-Ala-AA, 7; MeOSuc-Ala-Pro-AA, 3.5; and MeOSuc-Ala-Ala-Pro-AA, 2. (iii) Rate-Determining Step. k.
[=kyk3/ (ks + k3)] was found to be rate-limited by k; for the p-nitroanilides of Z-Val and other minimal acyl portions. In
contrast, very specific peptide-derived anilides which afford the enzyme extensive opportunities for subsite contacts acylate
HLE quite efficiently and are hydrolyzed with rate-limiting k3. Furthermore, the process governed by k, appears to have
a “virtual transition state” composed of the transition state for acylation, which is rate-limiting for minimal substrates, and
the transition state for some physical step, which becomes partially rate-limiting for specific substrates. (iv) Charge-Relay
Catalysis. Despite only a 6-fold difference in deacylation rates between Z-Val-HLE and MeOSuc-Ala-Ala-Pro-Val-HLE,
the nature of the protonic catalysis involved in these processes appears to be different. The data are consistent with a mechanism
for Z-Val-HLE hydrolysis in which only the active-site His acts as the general catalyst. Hydrolysis of MeOSuc-Ala-Ala-
Pro-Val-HLE, on the other hand, proceeds with full involvement of the charge-relay system. The catalytic role of the charge-relay

system is discussed in light of these observations.

Human leukocytes contain an endopeptidase capable of di-
gesting elastin and a variety of other connective tissue proteins.?
This enzyme is a glycoprotein of molecular weight 30000 and
exists as four major isozymes that are resolvable by cation-ex-
change chromatography.? Irreversible inhibition by such agents
as diisopropylfluorophosphate, phenylmethylsulfonyl fluoride, and
a-1-proteinase inhibitor indicate that this enzyme, human leu-
kocyte elastase, is a serine protease.?

Like other serine proteases,’® HLES® employs a kinetic mech-
anism involving the formation and subsequent hydrolysis of an
acyl-enzyme intermediate [see Scheme I and eq 1-4].

k, = kiky/(ky + k3) 09
Ko = Kky/(ky + ky) 2)
K= (k. + ky) /Ky 3)
ko/Kn = kiks/(koy + ky) 4)

The intermediacy of such a species during HLE catalysis is
supported by (i) observation of “burst” kinetics during the hy-
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0002-7863/85/1507-5767$01.50/0

Scheme I
0 0
| A |
E-OH + R-C-X === E-OHR-C-X
0 0 0
E-OH:R-‘C1-X —'2T» E-o-g-R f3 E-OH + R-Q-OH
X

drolysis of aza amino acid esters,’ (ii) identical k_ values for the
hydrolyses of the thiobenzyl ester, p-nitrophenyl ester, ethyl ester,
p-nitroanilide, and dialanyl amide of the specific peptide MeO-
Suc-Ala-Ala-Pro-Val,? (iii) nucleophile competition experiments,
and (iv) pre-steady-state kinetics (see below).

Another feature common to leukocyte elastase and other serine
proteases is the use of general acid/general base catalysis to assist
acyl transfer to and from the active-site serine. For HLE, the
evidence supporting general catalysis is the observation of large
solvent deuterium isotope effects.” For several other serine
proteases, there is this evidence’ 19714 a5 well as X-ray'*!¢ and
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neutron!’ structures consistent with an active-site histidine acting
as the general catalyst. In addition, proton inventory experiments
have revealed that during the reaction of HLE with specific
substrates, there appears to be transfer of not one but two protons.’
This has been interpreted to suggest operation of the enzyme’s
“charge-relay system”, an assembly of active-site amino acid
residues (Asp-102, His-57, Ser-195, chymotrypsin numbering)
which functions to enhance the nucleophilicity of Ser-195 during
acylation and water during deacylation. Structural evidence for
the existence of such a system has come from X-ray and neutron
diffraction studies of pancreatic proteases, while its actual op-
eration during catalysis by these enzymes is provided by proton
inventories,!1-14

Finally, HLE and other serine proteases have substrate spe-
cificity requirements that not only include that portion of the
substrate directly bonded to the targeted acyl linkage but also
portions of peptide-derived substrates removed from this bond.!®
Observations of such substrate specificity have been interpreted
as supporting the existence of sites on the enzyme surface that
are complementary to and can bind the various regions of the
substrate.! Thus, the amino acid side chain of the P, residiie!®
binds into the “specificity pocket”, while the rest of the substrate
binds at more remote subsites.

The object of this paper is to explore the mechanistic conse-
quences of remote subsite interactions for HLE. This is accom-
plished through the determination of steady-state and pre-
steady-state kinetic constants, solvent isotope effects, and proton
inventories for the HLE-catalyzed hydrolyses of p-nitroanilides
and p-nitrophenyl esters of simple, N-acyl amino acids and the
HLE-specific peptide, MeOSuc-Ala-Ala-Pro-Val. I will show that
subsite interactions have a direct effect on four mechanistic
features: (i) catalytic efficiency; (ii) P, specificity; (iii) rate-
limiting step; and (iv) charge-relay catalysis.

Material and Methods

Ac-ONP, Z-Ala-ONP, Z-Val-ONP, Z-Phe-ONP, and Ac-(Ala);-p-
NA were obtained from Sigma Chemical Co. Z-Val-p-NA was syn-
thesized by Mara Specialty Chemical Co., Philadelphia. Ac-(Ala);-ONP
was a generous gift of Prof. James C. Powers, MeOSuc-Ala-Ala-Pro-
Val-p-NA and MeOSuc-Ala-Ala-Pro-Val-ONP were available from
previous studies.® Buffer salts, acetonitrile, and Me,SO were analytical
grade from several sources. D,O (99%) was purchased from Sigma
Chemical Co.

HLE Solutions. Human leukocyte elastase was purchased from
Elastin Products, Pacific, MO. The material was purified from purulent
sputum as previously described?! and supplied as a salt-free lyophilized
powder. Stock solutions of HLE (0.1-8.0 mg/mL) were prepared in 50
mM acetate, 500 mM NaCl, pH 5.5 buffer and were found to be stable
for at least 7 days if stored at 4 °C.22 Concentration of active enzyme

(17) Kossiakoff, A. A.; Spencer, S. A. Biochemistry 1981, 20, 6462-6474,

(18) Examples include the following. Chymotrypsin: (a) Segal, D. M.,
Biochemistry 1972, 11, 349-356. (b) Bizzozero, S. A.; Baumann, W. K,;
Dutler, H. Eur. J. Biochem. 1975, 58, 167-176. (c) Bauer, C. A.; Thompson,
R. C,; Blout, E. R. Biochemistry 1976, 15, 1291-1295. (d) Bauer, C. A.;
Thompson, R. C.; Blout, E. R. Biochemistry 1976, 15, 1296-1299. (e) Sato,
S.; Karasaki, Y.; Ohno, J. J. Biochemistry 1977, 82, 231-237. (f) Bizzozero,
S. A,; Baumann, W. K,; Dutler, H. Eur. J. Biochem. 1982, [22, 251-258.
Trypsin: (g) Green, G. D.; Tomalin, G. Eur. J. Biochem. 1976, 131-137.
Porcine Pancreatic Elastase: (h) Thompson, R, C.; Blout, E. R. Proc. Natl.
Acad. Sci. U.S.A4. 1970, 67, 1734-1740. (i) Thompson, R. C.; Blout, E. R.
Biochemistry 1973, 12, 57-65. (j) Thompson, R. C.; Blout, E. R. Biochem-
istry 1973, 12, 66-71. (k) Atlas, D. J. Mol. Biol. 1975, 93, 39-53. Human
Leukocyte Elastase: (1) Lestienne, P.; Bieth, J. G. J. Biol. Chem. 1980, 255,
9287-9294. (m) Wenzel, H. R,; Tschesche, H. Hoppe-Seyler's Z. Physiol.
Chem. 1981, 362, 829-831.

(19) The nomenclature for the amino acid residues of the substrate (Py,
P,, Py, ..., P,) and the corresponding protease subsites to which they bind (S,
S,, S5, ..., S,) is that of Schechter and Berger.20

(20) Schechter, 1.; Berger, A. Biochem. Biophys. Res. Commun. 1967, 27,
157-162.

(21) Viscarello, B. R,; Stein, R. L.; Kusner, E. J.; Holsclaw, D.; Krell, R.
D. Prep. Biochem. 1983, [3, 57-67.

(22) Solutions of HLE prepared from the lyophilized powder require an
“aging” period of 1-2 days at room temperature before the kinetic parameters
obtained from their assay are identical with those obtained by using unlyo-
philized HLE solutions. I suspect that this phenomenon results from the very
slow conversion of conformers of the enzyme initially formed upon rehydration
to conformers that more closely resemble unlyophilized enzyme. This is
currently under investigation.
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was determined from established kinetic parameters for the hydrolysis
of MeOSuc-Ala-Ala-Pro-Val-p-NA °

Determination of Kinetic Parameters. Steady-state kinetic parameters
for HLE-catalyzed hydrolyses were determined as previously described.!
Solvent deuterium isotope effect determinations and proton inventories
for the reaction of HLE with MeOSuc-Ala-Ala-Pro-Val-ONP and Z-
Val-ONP were conducted according to established methods.® Pre-
steady-state kinetic parameters were determined essentially as described
previously.?

Analysis of Pre-Steady-State Kinetic Data, Pre-steady-state kinetic
parameters, K, and k,, for the HLE-catalyzed hydrolysis of N-(carbo-
benzoxy)-L-amino acid p-nitrophenyl esters were determined from en-
zyme acylation experiments?*?* in which reaction progress is monitored
under conditions of [E]q > [S]e.

The kinetics of such reactions predict saturation of substrate by the
enzyme, which leads to a limiting velocity at high enzyme concentration.
If k;, > k; (see Scheme 1), it may be shown that

d[X]/dt = {k;[E]o/ (K + [EI}(S] &)

where X is p-nitrophenolate anion, E is HLE, S is the N-acyl amino acid
ester, and [S] = [S], - [X]. Thus, these reactions will be first-order in
substrate with observed first-order rate constants given by

kogsa = k[Elo/ (K, + [Elg) 6)

Values for k, and K, are found by determining kg, at several con-
centrations of enzyme and then fitting the data to eq 6 by nonlinear least
squares. Note that eq 6 is analogous to the Michaelis—-Menton equation.
Thus, if the experimental data adhere to the mechanism from which this
expression comes, double-reciprocal plots of 1/kgyq vs. 1/[E], must be
linear. For such plots, x-axis intercepts will be equal to -1/K, y-axis
intercepts equal to 1/k;, and slopes equal to K,/k,.

Values of kg4 are conveniently calculated by the method of half-lives
from semilog plots of (4 —~ A4,) vs. time where A4y, is the absorbance at
the completion of the reaction and A, is the absorbance at time 7.

For the HLE-catalyzed hydrolyses of Ac-ONP, MeOSuc-Ala-Ala-
Pro-Val-ONP, and MeOSuc-Ala-Ala-Pro-Val-p-NA, the experimental
condition [E]p <« [S]; at very high concentrations of enzyme was set up
with a view toward monitoring “burst” kinetics?42 for these reactions.
Under this condition, the time course of leaving group release in the early
stages of reaction when [S] = [S], obeys the expression

[X] = vt + a[E]q{l - exp(-b1)} N
where v is the steady-state velocity given by
v = k[Elp[Slo/(Kn + [S]o) (8)
and
k2 2
ky + ks
=\ TFK./5h @
b = (ky + k3)[Slo/ (K, + [S]o) (10)

When k; is similar to or greater than ks, these equations predict a pre-
steady-state “burst” of product release of amplitude 4 (=a[E]y) with
first-order rate constant . This phase is followed by the steady state
where product production is linearly dependent on time and is described
by vt.

Pre-steady-state kinetic parameters k,, k3, and K| can be determined
from the above relationships as follows. Progress curves are recorded at
several concentrations of substrate, and values of a, b, and v are extracted
from each curve. The observed substrate concentration dependence of
a and b is then fit, by nonlinear least-squares, to eq 9 and 10 to generate
values of ky/(k, + k;) and K, and (k, + k3) and K, respectively. Sim-
ilarly, the substrate concentration dependence of the steady-state veloc-
ities, v, are fit to eq 8 to yield values of k. and K. Finally, algebraic
manipulation of these composite parameters will yield the individual
pre-steady-state parameters.
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Figure 1. Progress curve for acylation of HLE by Z-Val-ONP: [Z-Val-ONP] = 7.5 uM, [HLE] = 106 uM, 100 mM phosphate, 20 mM acetate,
500 mM NaCl. pH 7.4, 5% acetonitrile, 29 °C. Insert is first-order plot of progress curve data.

The rate constant b can be calculated by a graphical method in which
the steady-state zero-order curve is extrapolated into the pre-steady-state,
and differences between it and the actual experimental curve are plotted
vs, time on semilog paper. b is then determined from this plot by the
method of half-lives.

Results

N-(Carbobenzoxy)-L-amino Acid p-Nitrophenyl Ester Hy-
drolysis. Acylation experiments were performed to determine
pre-steady-state kinetic parameters for the reaction of HLE with
three N-(carbobenzoxy)-L-amino acid p-nitrophenyl esters. Figure
| is a typical kinetic run showing the reaction of 7.5 uM Z-
Val-ONP and 106 uM HLE. As demonstrated here, the data
were generally of excellent quality and cleanly first-order for at
least 85% of the reaction. Acylation experiments such as this one
generated first-order rate constants, k4, that were dependent
on enzyme concentration according to eq 6.

Table I contains steady-state and pre-steady-state kinetic pa-
rameters for the reaction of HLE with Z-Ala-ONP, Z-Val-ONP,
and Z-Phe-ONP. The steady-state parameters k_ and K, were
determined in an independent study by initial velocity experi-
ments.! The pre-steady-state parameters k, and K, for Z-Ala-
ONP and Z-Val-ONP were determined as outlined above, k; was
calculated according to

ky = kcky/ (ks — ko) (11)

Acylation kinetics for Z-Phe-ONP were not determined over
a wide enough range of HLE concentration to detect saturation.
However, even with the limited data set, approximate values can
still be assigned to the kinetic parameters. At [Z-Phe-ONP], =
2.2 uM, observed first-order acylation rate constants were found
to be linearly dependent on [HLE], from 8 to 33 uM. The slope
of the line constructed from this dependence has a value of 66 000
M- sl and is equal to k,/K,. Now, a conservative estimate of
K, is equal to about 3-fold the highest substrate concentration:
100 uM. This lower limit for K; and the experimentally deter-
mined value of k,/K; of 66000 M~ 57! allows a lower limit of
7 571 to be set on k,. Furthermore, since k, > k. = 0.3 s7), k;,
can be set equal to k. (see eq 11).

For all three esters, values of Kky/(k, + k;) are identical with
the steady-state parameter K, (see eq 2). Similarly, values of
k,/K, are nearly equal to k./K,,. The agreement between these
pre-steady-state and steady-state parameters indicates a reasonable
level of accuracy for the pre-steady-state data and argues for the

Table I. Steady-State and Acylation Kinetics for the Hydrolysis of
N-(Carbobenzoxy)-L-amino Acid p-Nitrophenyl Esters by Human
Leukocyte Elastase

amino acid

kinetic param Ala Val Phe
koo st 304 3503  03=x0.1
Ko uM 80 % 4 5604 35+07
ko/Kp,? M1 330000 625000 86 000
kyb sl 83+ 7 65 %5 >7d
K.’ uM 200 £ 25 100 £+ 8 >100¢
ky/ K, M 57! 415000 650000 66 000
ks, 7! 47 3.7 0.3
Kksy/(ky + k3), uM 72 5.4 42

9Steady-state kinetics: 100 mM phosphate, 500 mM NaCl, pH 7.4,
3.3% Me,SO. ’Acylation kinetic data; ie., [E], » [S];; 100 mM
phosphate, 20 mM acetate, 500 mM NaCl, pH 7.4, 5% acetonitrile, 29
°C. For Z-Ala-ONP and Z-Val-ONP, [S], = 6 uM, while [HLE],
ranged from 26 to 106 uM. “k; = k.ka/(k, — k). ¢ At [Z-Phe-ONP],
= 2.2 uM, observed first-order acylation rate constants were linearly
dependent on [HLE], from 8 to 33 uM and allowed these lower limits
on k, and K; to be set.

usefulness of acylation kinetics in the study of HLE catalysis.

The pre-steady-state data of Table I indicate that deacylation
is rate-limiting for all three substrates (k, > k3). This contrasts
with results of similar experiments with PPE,?® where acylation
was found to be rate-limiting (k, < k;) during the hydrolysis of
Z-Ala-ONP.

Hydrolyses of Ac-(Ala);-p-NA and Ac-(Ala);-ONP. Steady-
state kinetic parameters were determined for the HLE-catalyzed
hydrolyses of the p-nitroanilide and p-nitrophenyl ester of Ac-
(Ala); in 0.1 M phosphate, 0.5 M NaCl, pH 7.4 containing 3.3%
cosolvent (Me,SO and acetonitrile for the anilide and ester, re-
spectively). For the anilide k., K, and k./K,, are 0.27 571, 910
uM, and 297 M™! s71, respectively, while for the ester these
constants are 47 s™!, 58 uM, and 810000 M! s™!. Spontaneous
rates of Ac-(Ala);-ONP hydrolysis were subtracted from enzy-
matic rates before analysis.

At pH 6.1 (0.1 M citrate, 3.3% acetonitrile) the hydrolysis of
Ac-(Ala);-ONP had values of k, K,,, and k./K,, equal to 22 57},
105 uM, and 212000 M™! 571, respectively. These values are
consistent with both the known pH dependence of &, for HLE-
catalysis® and kinetic constants for Suc-(Ala);-ONP hydrolysis
at this pH (ref 27; k. = 12571, K, = 200 M, and k./K,, = 60000
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Figure 2. Burst kinetics for reaction of HLE and MeOSuc-Ala-Ala-Pro-Val-p-NA: [HLE] = 42 uM, [S] = 850 uM, 100 mM phosphate, 20 mM
acetate, 500 mM NaCl, pH 7.4, 5% Me,SO, 29 °C. The insert is a semilog plot of the differences between the extrapolated steady-state data and

the pre-steady-state data vs. time.

Table II. Steady-State and Burst Kinetics for the Reaction of HLE
with the p-Nitrophenyl Ester and p-Nitroanilide of
MeOSuc-Ala-Ala-Pro-Val?

kinet param anilide ester
k,, s7! 13.3 £ 0.8 23 £ 1€
Ky, uM 55 % 6° 3.4
k. /Ky Mg 240 000 6800 000
kj, 57! 30 & 4¢ 200 = 15
kj, 571 23 & 4¢ 26+ 4
K,, uM 115 & 7¢ 34 & 68
ky/K, M1 571 260000 5800000
Kk /(ky + k3), uM 50 2.8

9100 mM phosphate, 20 mM acetate, 500 mM NaCl, pH 7.4, 5%
Me,SO (anilide) or acetonitrile (ester), 29 °C. ®Determined from a fit
of the steady-state velocities to the Michaelis~Menten equation.
“Determined from steady-state velocities at [S],/K, = 63. ¢Previous
work. °Determined from the substrate concentration dependence of
the burst rate constants. /Determined from burst amplitudes at
[S]O/Km =63. !k, = {[(k2 + kS)/b] - 1}[S]o-

M1 51y but disagree with kinetic constants recently reported by
Powers and co-workers (ref 28; pH 6, k. = 83 571, K, = 660 uM,
and k./K,, = 130000 M~! s71). The origin of this discrepancy
is presently unknown.

Hydrolysis of MeOSuc-Ala-Ala-Pro-Val-p-NA. Figure 2
contains a progress curve for the reaction of 42 uM HLE and 850
M MeOSuc-Ala-Ala-Pro-Val-p-NA. A burst of p-nitroaniline
release is clearly evident and is consistent with previously reported
steady-state experiments, suggesting that k, > k;. The inset of
Figure 2 illustrates the graphical method described earlier that
is used to determine the burst rate constant, b.

Reaction progress curves were recorded at several substrate
concentrations ([HLE], = 42 uM). Values of burst rate constant,
b, and steady-state velocity, v, were extracted from these curves.
By using the methods described above, pre-steady-state and
steady-state kinetic parameters were determined; these are given
in Table II. Figure 3 contains the double-reciprocal plots 1/b
and [E]o/v vs. 1/[S]o. The solid lines were drawn using the kinetic
parameters of Table I

When one takes into account the temperature differences, the
steady-state kinetic parameters determined here are within ex-
perimental error of previously determined values® of k, = 10 571,
K. = 54 uM, and k /K, = 185000 M s71. The accuracy of

b
{sec)

o1

[8k? (mM?)
Figure 3. Plots of reciprocal burst and steady-state rate constants vs.

reciprocal substrate concentrations. Solid lines were drawn with kinetic
parameters of Table II.

the pre-steady-state data is demonstrated by the agreement be-
tween (a) the calculated value Kks/(k, + k3) and the experi-
mentally determined steady-state parameter K, and (b) k,/K;
and k./Ky.

Hydrolysis of MeOSuc-Ala-Ala-Pro-Val-ONP. Progress curves
were recorded at 34 uM HLE and 214 uM MeOSuc-Ala-Ala-
Pro-Val-ONP. Burst kinetics for p-nitrophenol release were
observed in all cases. The level of substrate used in these ex-
periments is about 63K, and allows the expressions for the
steady-state velocity, v, and burst amplitude, a[E],, of eq 8 and
9 to be simplified to

v = k[El = {koky/ (ks + k3)HE]o (12)
a = t{ky/(ky + ky)} (13)

Using these expressions and the experimentally determined values
of v and a, the pre-steady-state kinetic parameters k, and k; were
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Table III. Summary of Kinetic Parameters for HLE-Catalyzed Reactions’
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kc/Kmv kZ/Ksy

k., st K., uM M- ! ky, 7! ks, 57! K, uM M1 g7
Z-Val-p-NA® 0.002 410 5 0.002 4 410 5
MeOSuc-Ala-Ala-Pro-Val-p-NA¢ 13 55 240000 30 23 115 260000
Ac-ONP? 0.008 64 125 0.008 0.023 74 110
Z-Val-ONP* 3.5 5.6 625000 65 4 100 650000
MeOSuc-Ala-Ala-Pro-Val-ONP* 23 34 6 800 000 200 26 34 5800000

40.1 M phosphate, 0.5 M NaCl, 3-5% Me,SO or acetonitrile, 29 °C. ®k./K,, was determined from initial velocities with [HLE] = 4 uM and [S)
= 61 uM. K., was determined as the K, value for the inhibition of MeOSuc-Ala-Ala-Pro-Val-p-NA hydrolysis by HLE. k. = K, (k.,/K,). ‘See
Table I1. ¢Kinetic parameters for the hydrolysis of p-nitrophenyl acetate were determined from “burst” kinetics observed with [HLE] = 3.3 uM and

[Ac-ONP] = 0.05-0.25 mM. °See Table II.

calculated and are given in Table II. From these same progress
curves, a value for the burst rate constant, b, of 182 s™! was
determined and along with values for k, and k; allowed calculation
of K; according to a rearranged form of eq 10:

K, = {[(k; + k) /b] — 1}[S]o (14)

Again, the accuracy of the pre-steady-state data is reflected
in the agreement between K k;/(k, + k3) and K, and k,/K; and
k./Kn.

Hydrolysis of p-Nitrophenyl Acetate. When conventional
spectrophotometric methods were used, burst kinetics could be
observed for the reaction of 3.3 uM HLE and concentrations of
Ac-ONP ranging from 50 to 250 yuM. Steady-state and pre-
steady-state rate constants were determined essentially as described
above for the peptide anilide and are given in Table III. The
parameter K.ks3/(k, + k3) is equal to 55 uM and is in fair
agreement with the observed K, of 64 uM. Unlike the acyl amino
acid esters, p-nitrophenyl acetate is hydrolyzed by HLE with
rate-limiting acylation.

Solvent Deuterium Isotope Effects.”’ [Initial velocities were
determined in H,O and D,O for the reaction of HLE and 114
uM MeOSuc-Ala-Ala-Pro-Val-ONP (30K,,,). An isotope effect
of 3.19 £ 0.09 was calculated and reflects the isotope effect on
k.. Likewise, first-order rate constants were determined in light
and heavy water at [S]y = 0.9 uM (0.27K,). An isotope effect
of 1.09 £ 0.03 was calculated and reflects, predominantly, the
isotope effect on k /K.

Proton Inventories.? Initial velocities at [S]g at 17 uM (3K,,)
and first-order rate constants at [S]y = 0.97 uM (0.16K_,) were
determined in mixtures of light and heavy water for the HLE-
catalyzed hydrolysis of Z-Val-ONP. These data, constituting
proton inventories of k. and k./K,, respectively, are displayed
in Figure 4. These proton inventories are both linear with overall
effects of 2.40 £ 0.08 and 1.98 £ 0.06.

Discussion

Catalytic Efficiency. Lestienne and Bieth?” were the first to
demonstrate the pronounced effect that peptide chain length has
on the efficiency of HLE catalysis. For a series of p-nitroanilides
of general structure Suc-(Ala),-p-NA (n = 2-4), they reported
increases in k, and k./K, of 30- and 300-fold, respectively.
Significant but smaller rate enhancements were noted by Wenzel
and Tschesche,*® who reported increases in k. and k./K, of 8-
and 40-fold, respectively, for the HLE-catalyzed hydrolysis of
substrates of structure Suc-(Ala),-Val-p-NA (n = 1-3). The
results of the present study, summarized in Table III, are consistent
with these data and demonstrate the importance of remote subsite
interactions in determining catalytic efficiency.

Large differences in the steady-state parameters, k. and k./K,,
for the p-nitroanilides derived from Z-Val and MeOSuc-Ala-
Ala-Pro-Val are clearly evident. Furthermore, examination of
the pre-steady-state rate constants, k, and k;, reveals that subsite
interactions have their most significant effects on acylation: as
features of peptide structure are introduced into the substrate,

(29) (a) Schowen, K. B.; Schowen, R. L. Methods Enzymol. 1982, 8,
551-606. (b) Venkatasubban, K. S.; Schowen, R. L. CRC Crit. Rev. Biochem.
1988, 17, 1-45.

(30) Wenzel, H. R.. Tschesche, H. Hoppe-Seyler’s Z. Physiol. Chem.
1981, 362, 829-831.
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Figure 4. Proton inventories for the HLE-catalyzed hydrolysis of Z-
Val-OMP. Filled circles correspond to initial velocities determined at
[Slo = 17 uM (3K,;). Best-fit line drawn as k,/kg = 1 - n + n/2.40.
Circles correspond to first-order rate constants determined at [S], = 0.97
uM (0.16K,). Best-fit line drawn as k,/ko =1 -n + n/1.98.

k, increases by a factor of 14000 while k3 increases by only a
factor of 6. Interestingly, this structural change produces only
a 3-fold decrease in K and suggests that subsite interactions play
a relatively minor role in binding.

The situation for the HLE-catalyzed hydrolyses of p-nitrophenyl
esters is similar to this: relative values of k; for acetyl-HLE,
Z-Val-HLE, and MeOSuc-Ala-Ala-Pro-Val-HLE are 1, 170, and
1000, while relative k,/K; values for the corresponding p-nitro-
phenyl esters are 1, 6000, and 53 000. k, varies as 1, 8000, and
25000, and we once again find that K, remains relatively constant.
As with the anilides, these results suggest that remote contacts
have a major role in determining the efficiency with which HLE
is acylated but a relatively minor role during binding and dea-
cylation,

The interpretation presented above will, of course, become more
complex if either of the substrates bind to HLE in nonproductive
modes. Nonproductive binding* is said to occur when substrate
binds to the enzyme in modes that are thermodynamically sig-
nificant, but kinetically incompetent, and has the effect of reducing
the observed value of k, and K,. However, since nonproductive
binding can have no influence on k,/K; and probably has none
on k3, the major conclusion drawn here, that remote interactions
play a more important role in acylation than in deacylation, is
still valid.

The absence of a large effect on deacylation is not surprising.
In the acyl-enzyme, the substrate is bound to HLE via a covalent
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Table IV. Comparison of Kinetic Properties for the HLE-Catalyzed Hydrolyses of Substrates with P; Ala or Val
k2/ st
substrate ks, 57t Ala/Val® M5l Ala/Val? K, uM Ala/Val ref
MeOSuc-Ala-Ala-Pro-Ala-SBZ 53 23 4100000 0.73 38
MeOSuc-Ala-Ala-Pro-Val-SBZ 23 5600000
MeOSuc-Ala-Pro-Ala-SBZ 46 3.5 3840000 0.69 38
MeOSuc-Ala-Pro-Val-SBZ 13 5600000
Boc-Ala-Ala-Ala-SBZ 47 7 730000 0.24 35
Boc-Ala-Ala-Val-SBZ 9 3000000
Z-Ala-ONP 47 13 420000 0.65 200 2 d
Z-Val-ONP 3.7 650 000 100
MeOSuc-Ala-Ala-Pro-Ala-p-NA 53 2.3 27000 0.15 1 400¢ 6 38
MeOSuc-Ala-Ala-Pro-Val-p-NA 23 180 000 240¢
MeOSuc-Ala-Pro-Ala-p-NA 46 35 4600 0.09 1800¢ 2 38
MeOSuc-Ala-Pro-Val-p-NA 13 53000 810¢
Suc-Ala-Ala-Ala-p-NA 450 0.09 1300/ <2 d
Suc-Ala-Ala-Val-p-NA 4800 >7008
Ac-Ala-Ala-Pro-Ala-NH, 28 0.07 12000/ 33
Ac-Ala-Ala-Pro-Val-NH, 400 6000/

“Ratio of k; values for substrate pairs R-P;-X, where Py is Ala or Val. ®Ratio of k,/K; for substrate pairs R-P;-X, where P, is Ala or Val. °Ratio
of K, for substrate pairs R-P;-X, where P; is Ala or Val. “This work. ¢Calculated from the expression K, = K,[(k, + k;)/k;], where k; was assumed
equal to k. for the corresponding thiobenzyl ester and k, calculated according to ky = k.ks/ (k. ~ k3). 7K, assumed equal to K,,. 2K, = K, [(k, +

k3)/k3); Ky, = 700 uM, k, and k; are unknown.

ester bond and the introduction of relatively weak secondary
interactions would be expected to have little influence on the spatial
arrangement of the reacting atoms of the acyl-enzyme and its rate
of hydrolysis. During formation of the acyl-enzyme, however,
remote interactions must work together with interactions at the
specificity pocket to align the acyl group of the substrate for
efficient transfer to serine.

P, Specificity. In a previous publication,! I reported that HLE
possesses a broad substrate specificity for p-nitrophenyl esters of
N-(carbobenzoxy)-L-amino acids. Substrates that were efficiently
hydrolyzed by HLE were found to include not only Z-Ala-ONP
and Z-Val-ONP but also Z-Gly-ONP, Z-Phe-ONP, and Z-
Tyr-ONP. These results were contrasted with studies of peptide
amide and anilide hydrolysis?!* which suggested an almost ab-
solute requirement for Val at P; and with results from investi-
gations of peptide-thioester?’ and aza-peptide ester?” hydrolysis,
which, while supporting a more relaxed specificity, still indicated
that peptides with Gly or Phe at P; were totally inactive as HLE
substrates. Together, these results were interpreted to suggest
that interactions between enzyme and substrate remote from the
scissle bond regulate P, specificity. It was also found in this
investigation that k. and k /K, did not exhibit the same depen-
dence on substrate structure. This suggested significant differences
in P, specificity between acylation and deacylation for HLE-
catalyzed reactions.

The breadth of substrate specificity displayed by HLE toward
monomeric substrates is reflected here in the pre-steady-state
kinetic data (Table I) as in the steady-state data just described.
We also learn from the present work that discrimination among
these minimal substrates is more fully expressed in deacylation
than in acylation:

Z-AA-ONP *3/Krel (% 3)rel
Phe 1 1
Val 10 12
Ala 6 160

(31) Zimmerman, M.; Ashe, B. M. Biochem. Biophys. Acta 1977, 480,
241-245.

(32) Nakajima, K.; Powers, J. C.; Ashe, B. M.; Zimmerman, M. J. Biol.
Chem. 1979, 254, 4027-4032.

(33) McRae, R.; Nakajima, K.; Travis, J.; Powers, J. C. Biochemistry
1980, /9, 3973-3978.

(34) Marossy, K.; Szabo, G. C.; Pozsgay, M.; Elodi, P. Biochem. Biophys.
Res. Commun. 1980, 96, 762-769,

(35) Harper, J. W.; Cook, R. C.; Roberts, C. J.; McLaughlin, B. J.; Pow-
ers, J. C. Biochemistry 1984, 23, 2995-3002.

The relative values of k,/K, and k; show that as the P, specificity
requirements of HLE are fulfilled by replacing the a-benzyl
substituent of Phe with smaller side chains, deacylation responds
more dramatically than acylation.

These results, which relate to interactions with the specificity
pocket of the enzyme, are in direct contrast to the situation
discussed earlier for the role of interactions at remote subsites,
which were found to exert more influence on the rate of acylation.
Together these results suggest that while the efficiency with which
a substrate acylates HLE is determined in great measure by the
availability of favorable interactions remote from the scissle bond,
deacylation is more influenced by a proper fit of the P; side chain
into the specificity pocket.

Another aspect of Py specificity concerns its disproportional
expression in acylation and deacylation. It was noted earlier in
this section that previously reported steady-state data suggest a
difference in specificity between acylation and deacylation. This
is supported by the data of Table I, where it is shown that the
HLE-catalyzed hydrolyses of Z-Ala-ONP and Z-Val-ONP pro-
ceed with similar acylation rate constants but very different de-
acylation rate constants. This observation may not only hold for
simple amino acid esters but may pertain to HLE catalysis in
general. Values of k; and k,/K; for several P; Ala/Val pairs are
collected in Table IV and demonstrate the difference in P, spe-
cificity for acylation and deacylation. Note that this comparison
is only valid if substrates with Val at P; bind to HLE no tighter
than the corresponding Ala analogues. Unfortunately, there are
only a limited number of K values available for HLE-catalyzed
reactions but these are summarized in Table IV and suggest that
generally there is about a 2-fold difference between K; for Py Val
and P; Ala substrates. If this trend is carried over to other Ala/Val
substrate pairs, the argument that acylation and deacylation have
different P, specificity requirements is still valid.

We would, of course, also like to know how P, specificity is
influenced by subsite interactions. Experimentally, this problem
could be approached by determining kinetic parameters for the
HLE-catalyzed hydrolyses of series of substrates related to those
of Table I in which the N-terminal carbobenzoxy groups would
be replaced by peptidic groups of increasing length. No systematic
study of this sort has been conducted, but pertinent data collected
in several laboratories are available and are summarized in Table
IV. If we compare the four P; Ala/Val ester pairs, it appears
that as the peptide chain is extended from Z-AA- to MeOSuc-
Ala-Ala-Pro-AA, the role played by the P, residue in determining
k, decreases. On the other hand, the data for k,/K suggest that
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remote interactions may play a relatively minor role in determining
P, specificity during acylation.

Rate-Limiting Step. Shown in Scheme I of the Introduction
section is the minimal mechanism that describes reactions of serine
proteases. According to this mechanism, initial formation of the
Michaelis complex is followed by attack of the active-site serine
on the carbonyl carbon of the substrate with formation of an
acyl-enzyme intermediate and release of the first product. In the
final stage of reaction, the acyl-enzyme undergoes hydrolysis to
liberate free enzyme and second product. Although Scheme I
adequately describes both the kinetic mechanism and the chemical
transformations used by serine proteases, it fails to account for
the rate enhancements observed during the hydrolyses of substrates
that are able to interact with proteases at remote subsites.

In general, one can imagine two distinct strategies by which
an enzyme can bring about this sort of rate enhancement: gen-
eralized stabilization of all transition states along the reaction
pathway or stabilization of only select transition states. If the
latter strategy is used, rate-limiting steps will be dependent upon
structural features of the substrate and we would anticipate regular
changes in the rate-limiting step to accompany rate enhancement
as systematic structural variations are introduced into the sub-
strate. On the other hand, if all transition states are stabilized
equally, the same reaction step will limit the rate regardless of
substrate structure. In this section, we will examine the substrate
structural dependence of the rate-limiting step of k. and k./K,
for the HLE-catalyzed hydrolyses of esters and anilides with a
view to explaining how this enzyme takes advantage of remote
interactions during catalysis.

It is generally believed that acylation rate-limits k, during amide
and anilide hydrolysis. This notion is well supported in the serine
protease literature®® and is in accord with a large body of chemical
literature on nonenzymatic acyl-transfer reactions, which docu-
ments that nucleophilic attack of an alcohol on the carbonyl
carbonyl of an amide to form an ester will have a much larger
energy of activation than hydrolysis of that ester. Recently,
however, Christensen and Ipsen suggested that the k, may in fact
be limited by deacylation for reactions of certain serine proteases
with highly specific peptide p-nitroanilides.?” This suggestion
gained experimental validation in our laboratory with the dem-
onstration of rate-limiting deacylation for the HLE-catalyzed
hydrolysis of MeOSuc-Ala-Ala-Pro-Val-p-NA?® and partial
rate-determining deacylation for MeOSuc-Ala-Ala-Pro-Ala-p-
NA.%

These conclusions, however, are based on observations made
during the steady state and therefore cannot constitute proof of
rate-determining deacylation. The ability to dissect k. into its
constituent parameters and unambiguously demonstrate that
acylation proceeds more rapidly than deacylation lies with pre-
steady-state kinetic experiments of the sort reported here. The
results of these experiments indicate that acylation of HLE by
MeOSuc-Ala-Ala-Pro-Val-p-NA proceeds from the Michaelis
complex with a first-order rate constant of 30 s™!, while the hy-
drolysis of the acyl-enzyme formed from this reaction occurs with
a rate constant of 23 s™I. It appears that acylation and deacylation
make similar contributions to the rate-determination of k.. This
is in contrast to the earlier steady-state studies which suggested
that k_ is entirely rate-limited by deacylation (i.e., k,/k; > 10).
This discrepancy may be due to differences in reaction conditions
or may simply be due to the greater experimental error of stop-
ped-flow experiments. In any case, the results indicate that &,
for the HLE-catalyzed hydrolyses of specific anilides is at best
only partially rate-limited by acylation.

For the HLE-catalyzed hydrolyses of less specific nitroanilides,
acylation does entirely limit k.. For example, Lesteine and Beith
demonstrated rate-limiting acylation during the hydrolysis of
Suc-(Ala);-p-NA.?® Similarly, steady-state kinetics reported here
for the hydrolyses of the p-nitroanilides and p-nitrophenyl esters

(36) See ref 13 of ref 8 above.
. (37§ Christensen, U.. lpsen. H. H. Biochim. Biophys. Acta 1979, 569,
177-183.

(38) Stein, R. L.: Powers. J. C. Unpublished data.

J. Am. Chem. Soc., Vol. 107, No. 20, 1985 5773

Table V. Ratios of Acylation Rate Constants for the Hydrolyses of
Corresponding p-Nitrophenyl Esters and p-Nitroanilides

kinet k(ONP)/

catalyst param  k(p-NA) ref

HO~ Ac klla 1900 39, 40
CcT Ac-Tyr k; 121000 41
PPE Ac-Ala-Pro-Ala &k, 1000 12
HLE Z-Val k, 15000 &
HLE MeOSuc-Ala-Ala-Pro-Val &, 7 b

CT Ac-Phe k/K, 130000 42,43
PPE Ac-Ala-Pro-Ala k. /K, 1600 12
HLE Z-Val k. /K, 140000 b
HLE Suc-Ala-Ala-Ala  k./K, 2000 29
HLE Ac-Ala-Ala-Ala k. /K, 2700 b
HLE MeOSuc-Ala-Ala-Pro-Val  k./K, 22 b

9 For both p-nitrophenyl acetate and p-nitroacetanilide, ky; represents
the second-order rate constant for attack of hydroxide.>*# ®This work.

Table VI. Solvent Isotope Effects for HLE-Catalyzed Reactions
kC/Km!

Mt Pk, Dk/K,) ref

Suc-Ala-Ala-Val-p-NA 4800 2.7 2.2

Z-Val-ONP 625000 2.4 2.0

MeOSuc-Ala-Ala-Pro-Val-p-NA 240000 3.3 1.4

MeOSuc-Ala-Ala-Pro-Val-ONP 6800000 3.2 1.1

4This work.
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of Ac-(Ala); and Z-Val suggest that %, for the hydrolyses of the
anilides is again limited by acylation. This was confirmed for the
reaction of Z-Val-p-NA by the determination of k, and k; (Table
IIT).

These results clearly indicate that the rate-limiting step of k.
is dependent on the availability of subsite interactions. Substrates,
such as MeOSuc-Ala-Ala-Pro-Val-p-NA, which offer opportu-
nities for extensive subsite contacts with HLE, will acylate the
enzyme with great facility. Deacylation, which is not so dependent
on remote interactions, will experience little rate enhancement
and will be rate-limiting. On the other hand, substrates which
are truncated and provide fewer remote contacts will acylate HLE
more sluggishly and will be hydrolyzed with rate-determining
acylation.

It is generally true that k./K,, provides information concerning
the transition state for the chemical steps of acylation. In relatively
rare instances of very reactive substrates where acylation proceeds
faster than dissociation of the Michaelis complex, k./K, will be
equal to k; and will instead provide information about substrate
binding. While these statements may hold for many serine pro-
tease-catalyzed reactions, the results presented in this report
suggest that the situation is not so straightforward for the
HLE-catalyzed hydrolyses of specific substrates. For these re-
actions, it appears that the transition state for k /K, corresponds
to neither binding nor the chemical steps of acylation but rather
reflects some physical step that occurs after formation of the
Michaelis complex but prior to acylation. As detailed below, this
conclusion is based on two sets of observations: (i) relative values
of k, or k./K,, for serine protease-catalyzed hydrolyses of cor-
responding p-nitroanilides and p-nitrophenyl esters and (ii) solvent
isotope effects on HLE-catalyzed reactions.

It is well documented that rates of serine protease acylation,
as reflected in either k, or k./K,, are much faster for p-nitrophenyl
esters than for the corresponding p-nitroanilides.11:273%-43 A
sampling of the available data, expressed as ratios of rate constants

(39) Kovach, I. N.; Elrod, J. P.; Schowen, R. L. J. Am. Chem. Soc. 1980,
102, 7530-7534.

(40) Stein, R. L.; Fujihara, H.; Quinn, D. M.; Fisher, G.; Kullertz, G.;
Barth, A.; Schowen, R. L. J. Am. Chem. Soc. 1984, 106, 1457-1461.

(41) Phillip, M.; Pollack, R. M.; Bender, M. L. Proc. Natl. Acad. Sci.
U.S.A. 1973, 70, 517-520.

(42) Petkov, D.; Christova, E.; Stoineva, 1. Biochim. Biophys. Acta 1978,
527, 131-141.

(43) Zerner, B.; Bond, R. P. M,; Bender, M. L. J. Am, Chem. Soc. 1964,
86, 3674-3679.
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Scheme II
ﬁ 3 *p
E-OH:R-C-X =——=== E-0-C-R:X =—= E-O-C-R + X
k5 ¥ p

for the anilide and ester, is shown in Table V and serves to
demonstrate this point. Significantly, for the reaction of HLE
with the anilide and ester derived from MeQSuc-Ala-Ala-Pro-Val,
the ratios for both k, and k./K,, are extremely small. Such small
reactivity ratios are not consistent with enzyme acylation being
the sole rate-determining step but rather suggest that acylation
only partially rate-limits the processes governed by k, and k./K,,.
Some reaction step that is insensitive to the electronic nature of
the leaving group must also be partially rate-limiting.

The suggestion that k, and k /K, are only partially rate-limited
by acylation is also supported by a comparison of solvent isotope
effects for HLE-catalyzed hydrolyses of several substrates (Table
VI). For all the substrates examined, the solvent isotope effect
on k, (Pk,) is large, falling between 2.4 and 3.4, These isotope
effects are similar to values of Pk, determined for other serine
protease-catalyzed reactions and suggest rate-determining general
acid/general base assisted acylation or deacylation. Similarly,
D(k./K) values for the HLE-catalyzed hydrolysis of Suc-Ala-
Ala-Val-p-NA and Z-Val-ONP are also large, again consistent
with the involvement of some form of protolytic catalysis in
rate-limiting transition states.

In contrast are isotope effects of 1.4 and 1.1 on &./K,, for the
HLE-catalyzed hydrolyses of MeOSuc-Ala-Ala-Pro-Val-p-NA
and MeOSuc-Ala-Ala-Pro-Val-ONP, respectively. These isotope
effects are consistent with a mechanism® in which the process
governed by k./ K, has at least two sequential reaction steps: a
step that is relatively insensitive to the isotopic composition of the
solvent and enzyme acylation.*4

We now consider what step, in addition to acylation, limits
k./K. Possible rate-determining steps that are insensitive to both
the electronic nature of the leaving group and solvent isotopic
composition are (i) binding of substrate (included in k,), (ii)
conformational changes of free enzyme or some enzyme—substrate
complex (included in k; or k,, respectively), and, (iii) release of
first product (included in &,). Although it is not possible at the
present time to unambiguously demonstrate which of these steps
limits k./ K, the available data tend to exclude substrate binding
and product release.

We can exclude substrate binding and other reaction steps
contained in k; as rate-limiting because the reactivity ratio for
hydrolysis of the anilide and ester of MeOSuc-Ala-Ala-Pro-Val
is unusually small not only for k./K,, but also for k, (Table V).
If some reaction steps included in k; were rate-limiting, the re-
activity ratio for k./ Ky, would be small but that for k, would be
large, similar to the other k,—reactivity ratios of Table V.

For product release to be rate-limiting, it must occur slower
than the reaction of product with the acyl-enzyme. According
to Scheme 11, kp must be less than k_,”. This is difficult to imagine
for X equal to p-nitroaniline or p-nitrophenolate. These leaving
groups are not likely to form specific interactions with HLE at
S, and are not nucleophilic. Together these conditions are
consistent with k_,’ being very much smaller than &, and thus favor
rapid release of X from E-O-C(0O)-R:X.

It is clear from the previous discussion that the mechanism of
Scheme I cannot fully account for HLE-catalyzed reactions. To
accommodate these new findings, the mechanism of Scheme III
is proposed.

Equations 1-4 still hold but now

ks = kako/(k-o + ky + kj) (15)

(44) An alternate explanation for the very small values of P(k./K,) ob-
served for these substrates is that the acylation transition state is in fact fully
expressed in k./K;, but is simply characterized by an unusually small degree
of proton reorganization. This would be expected, for instance, If the transition
states for acylation were exceptionally early. While this possibility cannot be
ruled out at the present time, the view Invoking partially rate-limiting acylation
seems more likely, especially in light of the small differences in k./K;, between
the anilide and ester.

Stein
Scheme 111
0 0
l " |
E-OH + R-C-X -———_I(—_l—“’ E-QOH:R-C-X
0 0
N A u
E-OH:R-C-X 4——}?—’ E-OH:R-C-X/ ————= E-0-C-R + X
0

k
E-0-C-R —>—

According to Scheme III, the Michaelis complex, E~OH:R—
C(==0)—X, reversibly forms a second noncovalent complex,
{E-OH:R—C(==0)—X}', through reaction steps governed by &,
and k_,. Itis through reactions occurring within this latter complex
that the acyl-enzyme, E—~O—C(==0)—R, is formed. These
reaction steps are governed by ky, and at least for anilides probably
include formation and decomposition of a tetrahedral addition
complex.

The substrate structural dependence of the rate-limiting step
in k,, and thus k./K,,, can now be explained as follows. When
substrates possess certain structural features, transition states for
the chemical steps of acylation (k) are stabilized relative to the
physical step (k,). If sufficient stabilization occurs, k, will be
very fast compared to both k_, and k,, and k, will be rate-limited
by the nonchemical physical step &, (see eq 15). MeOSuc-Ala-
Ala-Pro-Val evidently possesses the required structural features.
As judged by similar acylation rates and values of Pk./K,, near
unity, the p-nitroanilide and p-nitrophenyl ester of this peptide
react with HLE with at least partially rate-limiting k,. On the
other hand, when the substrate does not have these structural
requirements, transition states for the chemical step of k, are of
high energy relative to the physical step. In these situations,
is less than both k_, and k,, and the chemical step, &y, is rate-
limiting. For reaction of these substrates, values k, and k./K,
will be greatly different for corresponding p-nitrophenyl esters
and p-nitroanilides, and large solvent isotope effects on k /Ky, will
be observed.

Charge-Relay Catalysis. X-ray diffraction studies of serine
proteases!>1645 have demonstrated the existence of an active site
structural unit composed of Asp-102, His-57, and Ser-195
(chymotrypsin numbering). In these structures, N? of His-57 is
within hydrogen-bonding distance of the Ser-195 hydroxyl while
Asp-102, buried in a hydrophobic pocket, is within hydrogen-
bonding distance of N! of His-57.33 Such an arrangement has
led several investigators to speculate upon the possible catalytic
role this ensemble might play. It has been suggested that Asp-102
and His-57 may operate through some form of protolytic catalysis
involving the concerted transfer of protons to promote first the
attack of serine on the carbonyl carbon of substrate molecules
and then the hydrolysis of the acyl-enzyme. Due to its presumed
catalytic activity, this structural unit has become known as the
“charge-relay system™ or, more recently, the “catalytic triad”.!s

The static pictures provided by X-ray diffraction studies cannot
prove or disprove any catalytic function possessed by these residues.
Although the results of chemical modification and pH-rate studies
suggest that Ser-195 is acylated during catalysis and that His-57
acts as a general catalyst, it was not until the “proton inventory”
technique?® was applied to serine proteases that evidence was
available, supporting the view that Asp-102 and His-57 act
concertedly as protolytic catalysts.

Proton inventories have now been determined for hydrolytic
reactions catalyzed by several serine proteases™!!"14 and suggest
that “minimal” substrates hydrolyze via a mechanism involving
one-proton catalysis and involvement of only the active-site His,
while “specific ” substrates hydrolyze with two-proton catalysis
and full functioning of the charge-relay system. The present study
is entirely consistent with this view. The proton inventory of &
reported here for the HLE-catalyzed hydrolysis of Z-Val-ONP

E-OH + R-C-OH

(45) Blow, D. M.; Birktoft, J. J.; Hartley, B. S. Nature (London) 1970,
221, 337-339.
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is linear and indicates that a single proton is transferred in the
rate-limiting transition state. In contrast is the curved proton
inventory of k. for the HLE-catalyzed hydrolysis of the specific
substrate MeOSuc-Ala-Ala-Pro-Val-p-NA® which indicates
two-proton catalysis. For both reactions, k, is rate-limited by
deacylation.*

Curiously, despite this significant difference in catalytic
mechanism, the deacylation rates for Z-Val-HLE and MeO-
Suc-Ala-Ala-Pro-Val-HLE differ by only a factor of 6. If the
function of the charge-relay system is to enhance catalytic effi-
ciency by stabilizing transition states for acyl-transfer to and from
the active-site serine, we might have expected a more dramatic
rate enhancement. For deacylation, it appears that the charge-
relay system makes only a minor contribution to determining
overall catalytic efficiency. The situation for acylation may be
quite different. As discussed earlier, remote interactions between
enzyme and substrate have a profound influence on rates of
acylation, and it may well be that the enhanced rates observed
for peptide-derived substrates originate at least in part from
charge-relay catalysis.

Summary—A Mechanism of Action for Human Leukocyte
Elastase. In this paper, I have tried to demonstrate the mechanistic
impact resulting from remote subsite interactions between HLE
and peptide substrates. My discussion has focused on individual
mechanistic features and how they are influenced by these remote
interactions. Specifically, four features were considered and shown
to be dependent on subsite interactions: catalytic efficiency, P,
specificity, rate-limiting step, and charge-relay catalysis. In the
remainder of this paper, I will try to reassemble and integrate these
features and what we know of their dependence on remote in-
teractions into a single, unified mechanism of action for HLE.

The first stage of reactions catalyzed by HLE involves the
noncovalent and reversible binding of substrate at the active-site
to form the Michaelis complex. This process displays rather little
specificity for substrate structure and therefore suggests that few
important contacts between enzyme and substrate are established
here. The transition state for binding is of lower energy relative
to subsequent reactions steps and is characterized by significant
solvent reorganization.*’

Reaction of the Michaelis complex to form the acyl-enzyme
is a multistep process consisting of an initial physical step, possibly
a conformational change of E:S, followed by the actual chemical
steps of serine acylation, probably involving the intermediacy of
a tetrahedral addition adduct. The activation energy of the
physical step is relatively low and displays little dependence on
substrate structure. The energy barrier for serine acylation, on
the other hand, is quite sensitive to substrate structure: for minimal
substrates that make few subsite contacts with HLE, this barrier
is high, while for more specific substrates the barrier for acylation

(46) k. for the hydrolysis of the peptide anilide is only partially rate-limited
by k3. However, keeping in mind that (i) the major contributor to determining
the properties of the virtual transition state of k. is ky and (ii) k; is itself
associated with a virtual transition state involving little proton transfer, we
can conclude that the two-proton catalysis indicated by the proton inventory
for MeOSuc-Ala-Ala-Pro-Val-p-NA reliably reflect the hydrolysis of the
acyl-enzyme, MeOSuc-Ala-Ala-Pro-Val-HLE. This conclusion is supported
by recent unpublished data of Stein and Powers for the HLE-catalyzed hy-
drolysis of MeOSuc-Ala-Ala-Pro-Val-thiobenzyl ester. k. for this reaction
is equal to k;, and the proton inventory for this reaction is consistent with
charge-relay catalysis.

(47) Stein, R. L. J. Am. Chem. Soc., in press.
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is lower and in some cases similar in magnitude to that of the
physical step. The stabilization of the transition states for serine
acylation presumably results from the ability of HLE to utilize
the free energy released as remote subsite contacts are established
with specific polypeptide substrates.*® As we have seen, the
stabilization of acylation transition states for specific substrates
can be sufficient to cause this step to be partially rate-limiting
with the physical step.

Among the mechanisms used by HLE for transition-state
stabilization is charge-relay catalysis. The molecular machinery
of the charge-relay system is operative and works to stabilize the
transition states of acyl transfer only for those peptide-based
substrates that fulfill exacting transition-state structural re-
quirements imposed by HLE. While we have clearly achieved
some understanding of the circumstances under which the
charge-relay system becomes functional,>!!-' it is not yet clear
how the enzyme translates the physical event of a substrate binding
at its subsites into a signal that calls this system into operation.

As mentioned above, the dramatic stabilization of acylation
transition states enjoyed by specific substrates will not be shared
by substrates lacking critical structural determinants. These
minimal substrates will be unable to establish remote contacts with
HLE and therefore will not be able to enlist the charge-relay
system or other mechanisms of transition state stabilization that
are operative for more specific substrates. For these minimal
substrates, chemical steps of acyl-enzyme formation will entirely
rate-limit their reaction with HLE.

The role played by subsite interactions during hydrolysis of the
acyl-enzyme is not altogether clear. Several observations are
disturbing. Despite the involvement of charge-relay catalysis
during the hydrolysis of acyl-enzymes derived from specific
substrates, the rate enhancement for these reactions over deacy-
lation of minimal substrates is quite small and calls into question
the catalytic function of the charge-relay system during deacy-
lation. Also perplexing is the P, specificity observed for deacy-
lation. Recall that for acylation, Val is preferred over Ala at P,
for all substrate types. This is in marked contrast to deacylation
for which Ala is the preferred residue. Furthermore, this dis-
crimination between Val and Ala during deacylation decreases
as elements of peptide structure are introduced into the substrate.

Despite the mechanistic elusiveness of deacylation, an important
point does emerge. Rates of deacylation are, in general, not
responsive to substrate structure. This observation, coupled with
the keen sensitivity of acylation rates to substrate structure, ex-
plains the change from rate-limiting acylation to deacylation that
k. experiences as p-nitroanilide substrate structure is made more
specific.

The mechanistic picture presented here for human leukocyte
elastase is still incomplete. Problems that remain to be resolved
include (i) the catalytic role played by the charge-relay system
during deacylation, (ii) dependence of P, specificity on remote
subsite interactions, (iii) the elucidation of P’ specificity, and (iv)
dependence of mechanistic features on substrate binding at S’
subsites.
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