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Abstract: Chymotrypsin and subtilisin BPNan be inhibited by bis(4-nitrophenyl) methylphosphonate (NMN)

and bis(4-nitrophenyl) propylphosphonate (NPN) very efficiently with second-order rate corlgteptisetween

544 and 4300 M! s™1 at 25.04- 0.1°C at the pH maxima. The second-order rate constants for the inhibition

of trypsin are 26.3t 1.4 M~1 s~ with NMN and 8914 14 M~1 s~1 with NPN at pH 8.3 and 25.8 0.1°C.

A second stoichiometric equivalent 4-nitrophenol is also lost from 4-nitrophenyl alkylphosphonyl adducts of
chymotrypsin but not from trypsin and subtilisin BPNElimination of 4-nitrophenol from the propylphosphonyl
adduct is at a rate only about twice the rate of hydrolysis of a comparable phosphonate diester, whereas
4-nitrophenol is eliminated 270 times faster from the methylphosphonyl adduct of chymotrypsin. The activation
enthalpies, in kcal/mol, for 4-nitrophenol elimination from 4-nitrophenyl alkylphosphonylchymotrypsin are
15.0+ 1.3 for the propyl derivative, 16 4 0.5 for the methyl derivative in $#0 and 18.0+ 0.5 in D;O. The
activation entropies, in cal mol K—1, are—29.74 2.4 for the propyl derivative;-14.8+ 0.5 for the methyl
derivative in HO, and—10.3+ 0.3 for the methyl derivative in fD. Partial solvent isotope effects for the
elimination of 4-nitrophenol from 4-nitrophenyl methylphosphonylchymotrypsin give best fits to two-site proton
models: These give primary isotope effects between 1.9 andpz-:G<(0.52 + 0.14 or 0.49+ 0.07) for a

proton in flight, possibly from the water attacking at phosphorus to the catalytic His, andsanondary

effect of 1.3 ¢,* = 0.754 0.20) or a term for solvent contribution of 1.2® & 0.80+ 0.10). The secondary
pB-deuterium isotope effect on the elimination of the second 4-nitrophenol from the adduct of chymotrypsin
with NMN-I3 (I = hord) is 0.94+ 0.2 possibly of hyperconjugative origin. The occurrence and mechanisms

of secondary reactions in phosphonylated serine protease enzymes are markedly different from those in

phosphonylated cholinesterases.

The molecular origins of inhibition of serine hydrolase not yet been studied in detail. A pertinent question in this
enzymes by phosphonate esters, as a question of fundamentatontext is the potential for secondary reactions of the covalently

science, has long been an interest in this labordoty A
remarkable efficiency (6670%} of mobilization of the catalytic
power of these enzymes was observed in theOPbond

modified enzymes. A perhaps familiar term for a group of these
reactions isaging having the connotation of total resistance to
nucleophilic reactivation of the enzyme. The chemical trans-

formation at the active-site Ser in some cases. This catalytic formations underlying the phenomenon follow different mech-
assistance must, however, be diminished or absent in theanisms.

dephosphorylation of the enzymes to account for their often  Our current hypothesis is that some unique interactions exist
irreversible inhibition and ensuing toxicity. Although acute in numerous organophosphatgerine hydrolase adducts that
toxicity of phosphonate esters is predicated on their action on stabilize these intermediates and that their hydrolysis off the
acetylcholinesterase (AChEyhich regulates the concentration enzymes is hampered by some interference with the normal
of the neurotransmitter, acetylcholif@hibition of other serine  acid—base catalytic function of these enzynié4!> To test
hydrolase¥-13 also causes physiological impairments that have this hypothesis, we have been studying the dynamics of
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fragment, as we have shown recerflyStrong negative elec-  NMN or NPN. The reactions were conducted at pH 7.7 in 0.05 M
trostatic and hydrophobic forces in the cholinesterases prefer-phosphate buffer with chymotrypsin and at pH 8.2 and 8.3in 0.1 M
entially promote G-O bond cleavage with occasional methyl Tris and 0.05 M borate buffer with trypsin and subtilisin BPXinetic
migratiori® whereas this route of dealkylation is nearly absent "uns were followed by monitoring the absorbance of the released
in phosphonate esters of serine proteases. The active site Oﬁ-nlt_rophenolgt_e ion at 400 nm. Pseudo-first-order rate constants were
serine proteases is wide, near the surface, and void of the unique0 btained by fitting 200 data points.

L : N In a typical conventional spectrophotometric kinetic run, 2500f
Comblngtlon of Ca.rboxyllc and aromatic residues present at thean~1 mM enzyme solution was first incubated for about 10 min, then
active site of cholinesterases. 20-50 uL of acetonitrile solution of NMN or NPN was injected to

The electronic properties of ligands attached to phosphorusinitiate the reaction. Automated acquisition of 260000 data points
is also decisive in whether-€0 or P-O bond cleavage occurs  at 400 nm with a Perkin-Elmer Lambda-7 spectrophotometer interfaced
in phosphonate diesters of serine hydrolases. Phenolate iondo a PC was used. Pseudo-first-order rate constants were calculated
are good leaving groups and depart readily withQPcleavage for 4 half-lives by nonlinear least squares of absorbance/time coordi-
from chymotrypsii’-18 and the cholinesteras&s319 nates. The fit was to a biexponential equation to separate any

In the following we describe studies of bis(4-nitrophenyl) contribution from the releas_e of the second _4-n|tro_phenol. The
propylphosphonate (NPN), bis(4-nitrophenyl) methylphospho- temperature was controlled with a Lauda K4/DR circulating water bath
nate (NMN), and thes-deuterated isotopomer of NMN as furnished with a thermlstor_pro_be atta_\ched to a digital read-oyt.
Lo ! ) . e . Measurements of the pH of kinetic solutions before and after reaction
!nh|b|t_ors _of chymotrypsin, trypsin, and subtilisin BRNThis were performed with a Radiometer RHM 84 pH meter.
investigation has been focused on molecular features at the Rate Measurements for Elimination of the Second 4-Nitrophenol
active site that promote-PO bond breaking and elimination of  from the Chymotrypsin Adducts. In these experiments, the appropri-
ligands from the central phosphorus of the covalent phosphonateate volume of a buffered solution of chymotrypsin at 1 mM was
adducts of serine proteases. In particular, the transition stateequilibrated within 0.05C of the working temperature (as monitored
properties of the chymotrypsin-catalyzed elimination of the Wwith a thermistor probe) in a quartz cuvet in the cell compartment of
second 4-nitrophenol have been characterized by the use of_the spectrophotometer. Ten microliters of the inhibitor solutions were

isotope effects and thermodynamic parameters introduced inb a 1 mL total volume to initiate the reaction. The
concentration of chymotrypsin was held at least 30% above the
Experimental Section concentration of the inhibitor. Two hundred to a thousand absorbance/

time data pairs were collected at 400 nm and were fit to the

Materials. Inorganic salts and buffer components were reagent biexponential rate equation. The second exponential phase was
grade chemicals, which were used as purchased or dried, recrystallizedcompletely isolable from the first one. All data reductions were
or distilled as necessary. Water was distilled from a copper-bottom performed by GraFit!
still, passed through a Barnstead mixed-bed ion-exchange column, Molecular Mechanics Minimization of Chymotrypsin Covalently
boiled for 20 min, and cooled suddenly. Heavy water 98% enriched Modified with 4-Nitrophenyl Methyl or Propylphosphonate at
was purchased from Aldrich and used directly, then stored under Ser195. Fully refined and solvated structures of the native enzyme
nitrogen. Porcine pancreatic trypsin (EC 3.4.21.4), bovine pancreatic generated in YETI (5.3} were reported previousk?. Optimized
o-chymotrypsin (EC 3.4.21.1), and subtilisin BRIEC 3.4.21.62) were geometry and electrostatic potential (ESP)-derived partial atomic
purchased from Sigma. 4-Methylumbelliferyl-4-guanidinobenzoate charges were generated for the tetracoordinate phosphonates in MNDO
hydrochloride (MUGB) and 4-methylumbelliferyl-4-trimethylammo-  as implemented in MOPAC (6.63. The united atom representation
nium cinnamate chloride (MUTMAC) were also from Sigma. The was used in YETI. The adducts were generated by incorporating the
synthesis of NPNand NMN and its CR isotopomer was published  modified Ser fragment into solvated structures of the enzymes that had
earlier?® been energy-optimized. Acidic and basic residues were given unit

Solutions. Buffer solutions were prepared fresh from the appropriate electrostatic charges. All Tyr and Cys residues were neutral. The site
analytical grade buffer salts and double distilled water. Buffer solutions of protonation of the His residues was based on the availability of
in light and heavy water were made with identical ratios of conjugate H-bond donors or acceptors. The nitrogen of \Was protonated on
acid-base pairs of the buffer components. Enzyme solutions were the catalytic His. The enzymes thus modified with the tetracoordinate
made by dissolving the solid enzyme into buffer. Phosphate buffers phosphonates were also optimized in YETI.
at 0.05 M were used between pH 6.5 and 8.0 and Tris or borate buffers
at 0.05-0.1 M were used between pH 7.5 and 9.5 for determination of Results
the pH dependence of elimination of 4-nitrophenolate ion from the . . .
4-nitrophenyl methylphosphonate adduct of chymotrypsin. Proton- ,The Inactivation of Serine Proteasg En_zymes by Bis(4-
inventory measurements were carried out at pH 7.7 in 0.05 M phosphateNitrophenyl) Alkylphosphonates. The inactivation of-chy-
buffer and also at pH 8.1 in 0.05 M Tris buffer and their equivalent pL motrypsin by both NMN and NPN was measured by stopped-
(L = H or D) in mixtures of isotopic waters. The molarity of active flow techniques at pH 7.7 in 0.05 M phosphate buffer at 25.0
trypsin was determined by titration with MUGB and the molarity of 4+ 0.1 °C, under pseudo-first-order conditions with at least 40-
active o-chymotrypsin and subtilisin BPNwas determined with fold excess ofa-chymotrypsin over NMN or NPN. Single
MUTMAC. NPN and NMN were used in (13) x 107° M stock turnover eliminated interference from background hydrolysis
solutions in dried acetonitrile. NMN solutions diluted with 0.0001 M ¢ the compounds and provided the necessary condition for
HCI were used for stopped-flow kinetic runs. Diluted acetonitrile establishing the stoichiometry of 4-nitrophenol release.

iic;:g::gr:in(;f NMN were used for conventional spectrophotometric The reactions of active trypsin with NMN and NPN were

Inactivation of Serine Proteases. In stopped-flow kinetic runs, the measured in Tris or borate buffer at pH 8.2 and 25.0.1°C

enzyme concentration was in large (at least 40-fold) excess to eithereither_ by stoppe_d-flow or by conventional SpeCt"OphO_tome_triC
techniques. Neither NMN nor NPN was as good an inhibitor

(16) Viragh, C.; Akhmetshin, R.; Kovach, I. M.; Broomfield, C.

Biochemistry1997, 36, 8243-8252. (21) Leatherbarrow, R. GraFit; Erithacus Software Ltd.: Staines, U.K.,
(17) Bender, M. L.; Wedler, F. Cl. Am. Chem. S0d 972 94, 2101~ 1992; pp 1-288.

2109. (22) Vedani, A.; Huhta, D. WJ. Am. Chem. Sod99Q 112 4759
(18) Maglothin, J. A.; Wins, P.; Wilson, |. BBiochim. Biophys. Acta 4767.

1975 403 370-387. (23) Zhao, Q.; Kovach, I. M.; Bencsura, A.; PapathanassiBiéchem-
(19) Hovanec, J. W.; Lieske, C. Biochemistryl972 11, 1051-1056. istry 1994 33, 8128-8138.
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Table 1. Second-Order Rate Constan(®~* s1) for the Table 2. Temperature Dependence of the First-Order Rate
Inactivation of Serine Proteases by NMN and NPN at the Optimal  Constant$, Solvent Isotope Effects, angtDeuterium Secondary
pH for the Enzymes and at 25:0 0.1 °C Isotope Effect for 4-Nitrophenol Release from
Chymotrypsin-Phosphonate Ester Adducts at pH 7.7, the
enzyme PH NMN NPN Maximum, in 0.05 M Phosphate Buffer
chymotrypsin 7.7 4306 120 2380+ 30 temp
trypsin 8.2 26.3-1.4 890+ 14 inhibitor °C j:O.'l 16| sl 109 s1
subtilison BPN 8.3 544+ 8 1660+ 12 (01) 10kion kooo, uor/kooo
NMN 25.0 456.0+£ 5.7 182.0£2.2 2.50+0.04
a Average of 3-4 measurements. NMN 30.0 752.0+£9.4 324.0:4.3 2.40+0.04
NMN 35.0 1205+ 10 531.0:8.0 2.30+0.04
for trypsin as foroi-chymotrypsin. In the case of the inactivation H:‘D",\’]‘ ‘;%% 117 g%i 8020 818.0+-8.0 2.20+0.08
of trypsin by NMN, a typical absorbanedime trace recorded  \py 300 2 6GE 0.20
by spectrophotometry consisted of one fast phase, with 70% of NPN 35.0 440 0.36 1.90+0.20 2.30+ 0.30
the total 2 equiv of 4-nitrophenolate ion released, and another NPN 40.0 6.60£ 0.10  2.45+0.07 2.67+0.09

slow phase, with 12% of the total 4-nitrophenolate ion released NMN (pH7.6)  25.0  448.6:6.0 479.0+ 6.4 0.94+ 0.02
in the span of 5 h. The remaining 18% 4-nitrophenol was
released too slowly to be followed. Since more than 50% of
the total 4-nitrophenol was released during the first phase of
the reaction of trypsin with NMN, it was considered that a
nonactive-site reaction between trypsin and NMN was involved.
A similar reaction profile was observed for the bovine serum
albumin (BSA)-catalyzed hydrolysis of NMN. This reaction
was carried out, identically to those with the enzymes, with 25
mg/mL of BSA at pH 8.2 in 0.05 M borate buffer. Again, 70%
of the total 4-nitrophenolate ion was released with a rate constant
of (1.064 0.01) x 102s ! at 25.04 0.1°C.

To investigate a nonactive-site-catalyzed component of the
observed reactions, active-site blocked trypsin and subtilisin
BPN were prepared. The enzymes were fully inactivated by
diisopropy! fluorophosphate (DFPJwhich was confirmed by 3.2 3.3 3.4
active-site titration with MUGB or MUTMAC. Then the 10° 1/T, K
I‘ea.CtIOI’I.S with NMN and NPN were S.tUd'e_d with na.tllve and Figure 1. Eyring plots for 4-nitrophenol release from the 4-nitrophenyl
active-site-blocked enzymes under identical conditions by methylphosphonate adduct of chymotrypsin.
conventional spectrophotometric techniques. The rate constant
for the nonactive-site-catalyzed hydrolysis approached 30% of Table 3. Activation Parameters for 4-Nitrophenol Release from
the overall reaction rate constants for the inhibition of trypsin gﬁg?c;]tggs&;;osphonate Ester Adducts at pH 7.7 in 0.05 M
with NMN. They were less than-12% of the reactions of P

a Average of 3-4 measurement8.NMN-ds. ¢ S-deuterium isotope
effect.

In (10° k/T), s™

trypsin with NPN and that of subtilisin BPNvith either NMN system AH?, keal/mol AS', call(mol K)
or NPN. The active-site specific rate constants were calculated  NPN(H.O) 15.0+ 1.5 —29.7+ 2.4
by correcting the observed rate constants with the rate constants  NMN(H:0) 16.4+0.5 —14.8+0.5
for the nonactive-site reaction and dividing by the active-site  NMN(D20) 18.0+ 0.5 —10.3+0.3

concentration of the enzyme. The resulting second-order rate

constants are listed in Table 1. The results of inhibition of the activation parameters along with their errors obtained by

enzymes with NPN agree well with those measured by using nonlinear least squares.

competition against a good substrate as published eaflier. Isotope Effects. The solvent isotope effects are listed in the
The Elimination of 4-Nitrophenol from Chymotrypsin-4- last column of Table 2. Solvent isotope effects for elimination

nitrophenyl Alkylphosphonate Adducts. Inactivation of chy- of 4-nitrophenolate ion were between 2.2 and 2.6 from NMN-

motrypsin at pH 7.7 in 0.05 M phosphate buffer occurred inhibited chymotrypsin and between 2.3 and 2.5 from NPN-

instantaneously upon mixing with small volumes of inhibitor inhibited chymotrypsin. The solvent isotope effects for the

stock solutions in acetonitrile at 25400.1°C.> The structure- methyl adduct decreased with increasing temperature as expected
dependent departure of the second 4-nitrophenolate ion inon grounds of the theory of isotope effeéss.
buffered HO and DO was then monitored at 400 nm. pH Figure 2 shows a plot of partial solvent isotope effects as a

dependence of the reaction showed plateaus beginning at pHunction of atom fraction deuteriumm) for the elimination of
7.7 (pD 8.2). The first-order rate constants for elimination of 4-nitrophenolate ion from the 4-nitrophenyl methylphosphonate
this second 4-nitrophenolate ion from the adducts of chymo- adduct of chymotrypsin at pH 7.7 in 0.05 M phosphate buffer
trypsin formed with NPN and NMN in kO and in BO are at 25.0+ 0.1°C. A three-point determination at pH 8.1in 0.1
listed in Table 2 as a function of temperature. The data were M Tris buffer according to Alber?/~2° and used recently by

fit to the Eyring equatior® KresgéP has also been carried out with identical outcome to

(26) Melander, L.; Saunders, W. H., Jr. Reaction Rates of Isotopic
kg T _AH¥RT eASt/R Molecules R. E. Krieger Pub.: Malabar, FL, 1987; Chapter 3.
kz = Te (1) (27) Albery, W. J. InProton-Transfer ReactiongLaldin, E., Gold, V.,
Eds.; Chapman and Hall: London, 1975; p 263.

(28) Alvarez, F. J.; Schowen, R. L. Isotopes in Organic Chemistry
Figure 1 shows the Eyring plot for NMN and Table 3 gives the Buncel, E., Lee, C. C., Eds,; Elsevier: Amsterdam, 1987; ppd
(29) Kresge, A. J.; More O'Ferrall, R. A.; Powell, M. F. Isotopes in

(25) Glasstone, S.; Laidler, K. J.; Eyring, H:he Theory of Rate Organic ChemistryBuncel, E., Lee, C. C., Eds.; Elsevier: Amsterdam,

ProcessesMcGraw-Hill: New York, 1941. 1987; pp 17#273.
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(Ji S e e instead of occupying the N-acyl binding sie.Inspection of
the corresponding models of the adduct with trypsin permits

the speculation that the electrostatic repulsion between Asp189
and the nitro group in the 4-position in phenol may disfavor
this orientation and thus the aromatic residue may bind at the
N-acyl binding site as in the diastereomer wRltonfiguration
at P. A sound model for the stereochemical outcome of
inhibition in the three enzymes would have to wait for a
competent simulation using molecular dynamics.

Chymotrypsin-Catalyzed Elimination of the Second 4-Ni-
trophenol. As results of this investigation demonstrate, the
covalent adduct of 4-nitrophenyl methylphosphonylchymo-
n trypsin undergoes removal of the second 4-nitrophenyl group
quite efficiently and 270-fold faster than the propyl analogue.
The rate constant for hydrolysis of the propyl analogue is only
about twice the rate constant for hydrolysis of a close structural
analogue, 4-nitrophenyl methoxyl propylphosphonate dstgr,

rate constants, the heavy line is the best linear least-squares fit of the= 9-5 x 107°s™at pH 7.7 in 0.05 M phosphate buffer at 25.0

data tok/k, = 2.54(1— n + 0.39), and the dashed line is the nonlinear + 0.1°C.'2 Thus, the hydrolysis of the 4-nitrophenyl propyl-
least-squares fit of the data to eithefk, = 2.60(1— n + 0.5)(1 — phosphonate adduct occurs essentially nonenzymatically. A
n+ 0.75) or ky/k; = 2.60(1— n + 0.4N)(0.8). 270-fold difference in the rate of 4-nitrophenol elimination
between the methyl and propyl adducts cannot be due to simple
Figure 2. TheS-deuterium isotope effect for the elimination electronic or steric effect on the rate of nonenzymic hydrolysis
of 4-nitrophenolate ion from the corresponding methylphos- since these effects favor hydrolysis of the methylphosphonate
phonyl adduct of chymotrypsin at 25400.1°C was calculated  diesters over the propyl analogue by probably 2-fold. Second-
to bek(CHs)/k(CD3) = 0.94+ 0.02. order rate constants for the hydrolysis of NMN catalyzed by
The Elimination of 4-Nitrophenol from Trypsin and phosphate dianion, the dominant buffer component, and imi-
Subtilisin BPN'-4-Nitrophenyl Alkylphosphonate Adducts. dazole base-catalyzed hydrolysis, a model of the enzymic
Only about 24% of the second equivalent of 4-nitrophenolate general base, were found to be nearly identical in another
ion was released from NMN-inhibited trypsin and a negligible study3> Consequently, the rapid elimination of 4-nitrophenolate
amount from the other adducts. The release of 4-nitrophenolateion from the methyl adduct is enzyme catalyzed.
ion was exponential and associated with a solvent isotope effect Activation Parameters. The activation parameters calcu-
of 1.60+ 0.02. This reaction probably originated from non- lated from the temperature dependence of the elimination of
specific nucleophilic sites, which were shown to taket§0% 4-nitrophenol from the adducts are given in Table 3. The
of NMN in trypsin. This pattern of 4-nitrophenolate ion release activation enthalpies are almost the same within experimental
was also observed with BSA. The rest of the second equivalenterror for all cases, whereas the activation entropies differ; the

1.5

ST T I N T B I

L LI O A e

(=]

Figure 2. Partial solvent isotope effectkq(k;) as a function of atom
fraction deuteriumrf) for 4-nitrophenol release from the 4-nitrophenyl
methylphosphonate adduct of chymotrypsin. The symbols represent
ratios, within one standard deviation, of the average of at least three

of 4-nitrophenolate ion was released at a very slow rate. entropy of activation is twice as large negative for the propyl
] ) adduct as the values, in,8 and DO, for the methyl adduct.
Discussion Thus, the entire difference in reaction rates between the methyl

Inactivation of Serine Proteases by NMN and NPN.The and propyl adducts is entropic in origin, which is consistent

bis(4-nitrophenyl) alkylphosphonyl esters of NMN and NPN \_/vith steric effects. Itis not s_urp_rising that no difference in the
are good inhibitors of serine proteases, particularly chymotrypsin Intérnal energy of bond fission is observed. _
and subtilisin BPN The second-order rate constaktk;, for Solvent Isotope Effects and Proton Inventories. The
inactivation of chymotrypsin with NMN is nearly twice the sqlvgnt i.sotope effects are between 2.2 and 2.6 for 4-nitrophenol
second-order rate constant with NPN whereas the opposite is€limination from both adducts of chymotrypsin. The solvent
true for subtilisin BPN NPN also inhibits trypsin better than ~ isotope effects for the methyl adduct decrease with increasing
NMN; the difference is over 30-fold. Because phosphonylation temperature as expected on grounds of the theory of isotope
of the active site of trypsin by NMN is relatively slow, other ~ effects?® The origin of the solvent isotope effect is not entirely
nucleophilic residues on the protein become phosphonylatedenthalpic @Hw* — AHp* = —1.6 kcal/mol), since there is a
under single-turnover conditions. The reaction between chy- 4.5 cal mot* K~ difference in the entropiesA&i* — ASH)
motrypsin and NPN takes place with the involvement of a single for the methyl adduct. This may reflect differences in confor-
proton transferring at the transition state and a solvent isotopeMation or the mode of solvation between reactant states and
effect of 2.00! This was attributed to His57 base-catalyzed transition states. Kinetic data for the slow reactions of the
attack of Ser195 at phosphorus. propyl compouno!, below 38C, are not precise enough to
Nucleophilic attack at phosphorus by the active-site Ser is Warrantan analysis of the temperature dependence of the solvent
most likely via an in-line displacement of one of the 4-nitro- isotope effect.

phenol group$§;1516.23.3%33 resulting in a single diastereomer (31) Zhao, Q.. Kovach. I. MBioorg. Med. Chem1998 4, 523-529
of the phosphonylated enzyme adduct. Minimization by mo-  (32) Enyedy, E. J.; Kovach, I. MBioorg. Med. Chem1997, 5, 1531
lecular mechanics YETI (V 5.8} of two possible diastereomers 1541,

; inhihiti i indi (33) (a) Williams, A.Acc. Chem. Resl98Q 22, 387 and references
resulting from the inhibition of chymotrysin by NPN indicated o0 ¥ S e " e\ der e, Phys. Org. Chem989 25
a preference for the adduc$ ¢onfiguration at P) in which the g9 and references therein.
4-nitrophenyl group binds in the specificity pocket of the enzyme  (34) Polgar, LMechanisms in Protease ActioBRC Press, Inc.: Boca
Raton, FL, 1990; pp 87113.

(30) Chang, T. K.; Chiang, Y.; Guo, H.-X.; Kresge, A. J.; Mathew, L.; (35) Kovach, I. M.; Bennet, A. J.; Bibbs, J. A.; Zhao, .Am. Chem.
Powell, M. F.; Wells, J. AJ. Am. Chem. S0d.996 118 8802-8807. S0c.1993 115 5138-5144.
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The partial solvent isotope effects were also measured for Scheme 1

the elimination of 4-nitrophenol from the 4-nitrophenyl meth- His 57
ylphosphonyl adduct of chymotrypsin at pH 7.7 in 0.05 M Asp 102 0 Ser 195
phosphate buffer at 25.@ 0.1 °C and the proton inventory 4( o N & o/_
profile constructed from the data is shown in Figure 2. A 07 H=N_N: H‘O")ILO
solvent isotope effect of 2.6x 0.10 and a similar profile to CHy b

Figure 2, with only three points, was also measured at pH 8.1.
A comparison of the proton inventory profile of this work to
that of a previous repdit on the imidazole base-catalyzed
hydrolysis of the parent compound, NMN, shows that the solvent l
: ) . NO,
isotope effects but not the proton inventory profiles are
similar: a linear proton inventory with a solvent isotope effect
of 2.7 + 0.1 corresponding to a fractionation factor (inverse
solvent isotope effect) of 0.3 0.01 was found for NMN His 57

R . . . L. -Ser 195
hydrolysis. Linear proton inventories were reported for imi- o] H_ (
dazole-catalyzed hydrolysis of 1-acetylimidazole and ethyl 4! g—f\ 00 _N
trifluorothiolacetate’® 0%---. H-N.@.N-H CH—PZ% g o H
To account for the slightly curved dependenceroof the N
partial solvent isotope effectky/ks, in Figure 2, four forms of 0 “H. Gly 193
the Gross-Butler equation /©/ N
NO,
kike = (k/k)[]@ = n+ o ]2 —n+¢"n) (2)
I ] l _H@

whereing* is the transition state fractionation factor apitlis
the reactant state fraction factdr’® were considered for His 57 Ser 195 &
statistical fitting with the reactant state fractionation fagBr Asp 102 0 0
= 1.0 for OH in water: (Lkyki = Ko/ki(1 — n + ¢*n) for a 4( ° ! .

. . . . . _ 07 ----- H-N:@.N-H ©p—F=0o
single fractionation factor, single-proton transfer; Kk, = N2 by
ko/ki(1L — n + ¢*n)2 for a two and equal fractionation factor, ’
two-proton transfer; (3k/ki = ko/ki(1 — n+ ¢ n)(1 — n + NO,
¢-'n) for a two and unequal fractionation factor, two-proton
transfer; and (4k/ki = ko/ka(1 — n + ¢*n)®" for a single of the electron pair of the catalytic His at a crowded active site
fractionation factor, single-proton-transfer plus a tef,for may not be ideal for transferring one of the hydrogens in the
general solvatioR? attacking water molecule. Instead, it may be bifurcated and

The statistical F-test indicates modest improvements (only interact with both hydrogens to a different degree, which is
73% probability of identity) for models-24 over model 1, but discernible from the molecular model. It appears that the proton
a consideration of higher order terms has no merit. Fitting to in transfer at the transition state for the hydrolysis of the adduct
models 3 and 4 gives statistically indistinguishable results. ~ catalyzed by the imidazole of the catalytic His is less symmetric

Although an unambiguous distinction among the three models than that in the free imidazole base-catalyzed hydrolysis of
in Figure 2 may seem debatable, the statistical relevance andNMN found earlier3® This can reflect the electronic and steric
mechanistic ramifications of model 3 are intriguing and merit differences at the transition states between the phosphonate
consideration. Model 3 givels/k; = 2.60(1— n + 0.5X)(1 diesters: enzyme adduct and NMN. This effect, however,
— n+ 0.75), whereg:* = 0.52+ 0.14 andp,* = 0.75+ 0.20 seems to be ameliorated by loosening of the other OH bond at
are the fractionation factors corresponding to solvent isotope the transition state of the enzymic reaction. The effect could
effects of 1.9 and 1.3, respectively. A plausible and appealing be viewed as another manifestation of compres8ibifat the
rationale for model 3 may be that a proton is transferred from active site.
the attacking water to the active-site His of chymotrypsin in  Nevertheless, two alternative origins of the small component
the rate-determining step with a primary isotope effect of 1.9. of the solvent isotope effect cannot be ruled out: (1) A
An o-secondary isotope effect of 1.3 may result from the other contribution from the proton between Asp102 and His57, as
hydrogen on the nucleophilic water molecule (Scheme 1). The some compressiéh®’4%at the transition state moves it in a
origin of this a-secondary isotope effect is that a vibrational shallow potential welt®3"may result in a small primary isotope
motion of thea-H becomes freer (looser) at the transition state effect. (2) Solvent reorganization at the transition state con-
and thus the force constant becomes smaller. It is probably forming to model 4 and advocated recently by Kré8ggves
not a bending vibratiol that undergoes these changes as in ¢* = 0.49+ 0.07, a primary isotope effect of 2.0, add= 0.8
a-secondary sites on carbon reaction centers. The alignmentt 0.10, corresponding to a general solvation term of 1.25.
Secondaryf-Deuterium Isotope Effect. The f-deuterium

(36) Patterson, J. F.; Huskey, W. P.; Venkatasubban, K. S.; Hogg, J. L.

J. Org. Chem1978 43, 4935-4938. isotope effect is inverse, 0.94 0.02 (per CR), for the
(37) Venkatasubban, K. S.; Schowen, R.QRC Crit. Re. Biochem. elimination of 4-nitrophenol from the methyl derivative of the
1984 17, 1-44. _ ) adduct. Inverse isotope effects of similar magnitude were
Eff(e?’c?g %‘é‘(;‘lz'lg 'F’\./,I"Eﬁ.l?ttglgbLbr%sler%ZoysTo%,Ml\igbiggﬁ g;?;g?twe observed for the inactivation of AChE by phosphonate esters
(39) (a) Hogg, J. ITransition States of Biochemical Process@andour, and for imidazole-catalyzed reactions of phosphonate eters.

R. D., Schowen, R. L., Eds.; Plenum: New York, 1978; pp2023. (b)
Cleland, W. W. InSecondary and Sea#nt Isotope EffectBuncel, E., Lee, (40) Cassidy, C. S.; Lin, J.; Frey, P. Biochemistryl997, 36, 4576~
C. C., Eds.; Elsevier: Amsterdam, 1987; pp-@1l3. 4584.




Active-Site-Dependent Elimination of 4-Nitrophenol J. Am. Chem. Soc., Vol. 120, No. 2, 2698

It is assumed that the effects are enthalpic in origihG* ~ analogous adduct of chymotrypsin is also resistant to ajt SN
AAH* = 37 cal/mol). The interpretation of these secondary type reactior142 This circumstance stands in stark contrast
deuterium isotope effects is clouded by many unresolved issuesito that observed with the cholinesterases. The narrow active
however, the loss of hyperconjugative overf&p! existing in site of AChE for instance can effectively sequester an inhibitor
the ground state between theorbitals of the G-H bond and with the size of soman from watét. The negative electron
the d orbitals at P, in the transition state was found to be the density in the vicinity of the alkyl side chain together with the
most correct explanatiofd. This reasoning may well be valid  steric strain in cholinesterases enforces a methyl migration
here as well since the inverse isotope effect is larger than thatprobably concerted with €0 bond cleavagé®#4
expected for inductive and steric reasons. Steric effects seem
to be important in the enzymic reaction since the lack of enzymic Conclusions
catalysig for the elimination of 4-njtropheno| from thg propyl Inhibition of chymotrypsin and subtilisin BPNby bis(4-
adduct is best explained by a steric hindrance to assistance by,iirophenyl) alkylphosphonates is very efficient and governed
the catalytic His at the active site of chymotrypsin. Therefore, by electronic effects, whereas that of trypsin is more complex
gslight adva}r)tage of the less voluminous deuteria over the protiagp,q probably governed by steric effects. Chymotrypsin is the
in the -position may also be at play. most susceptible to inhibition by these phosphonate diesters
Secondary Reactions in Phosphonylated/Phosphorylated  gmong the three serine proteases studied. NMN with the small
Serine Hydrolase Enzymes. Organophosphorus adducts of  nethyl group is better accommodated by chymotrypsin than
serine hydrolase enzymes as transition state analogues havg beqipN with the propyl group. The binding of the inhibitors at
useful tools in mechanistic enzymology. Our long-standing he active site of trypsin and subtilisin BPhust be different
interest in them is as active-site probes because of the presencg g, chymotrypsin since the order of reactivity changes.
of four Iigand§ (five in transients) i.ntergcting.with alarge area pecause the inactivation of trypsin is not efficient enough,
of the active site. Secondary reactions investigated by our grouppclegphilic sites other than the active-site residues can compete
are caused by the electrostatic and steric environment at theeffectively for the electrophiles.
a_lctive site and conformational changes resulting from interac- The elimination of 4-nitrophenolate ion from the 4-nitrophen-
tions between the phospho.nate fragment and these cpmponent:m methylphosphonyl adduct of chymotrypsin is 270 times faster
The results of these studies reveal that chymotrypsin providesian that from its propyl analogue due to enzyme catalysis of
base catalysis by His57 of the hydrolysis of the methylphos- {he former but not the latter. The catalyst is likely to be the
phonate diester of the enzyme with the better leaving group, o¢tive-site His: it removes a proton from the attacking water
4-nitrophenolate ion, departing. The His57-catalyzed hydrolysis 51ecule with a solvent isotope effect of either 2.6 or 1.9
of the propyl analogue is not allowed for steric reasons, but it compined with a secondary isotope effect of 1.3 or solvation
occurs with buffer catalysis (vide supré)?® Surprisingly,  effect of 1.25. Steric restrictions imposed by the propy! group
neither trypsin nor subtilisin BPNias the propensity for this ¢ the active site cause interference with the enzyme-assisted
catalytlc assistance. A possible explanation is that His57 gimination of 4-nitrophenol from 4-nitropheny! propylphos-
remains in the free base form under neutral pH to a greater hponate ester of chymotrypsin. Steric effects and, even more
extent, has lower If, in covalently modified adducts of jnhorantly, loss of hyperconjugation at the transition state of
chymotrypsin than in trypsin and subtilisin BRNInspection the hydrolysis reaction can account for an inve#seecondary

of models of covalently modified enzymes provides some yeoyterium (CD) isotope effect of 0.94= 0.2. Departure of a
ground for this speculation. The active sites are well solvated ¢ocong equivalent of 4-nitrophenol from the active site of

and suited for water attack. Chymotrypsin has a slightly 54qycts of trypsin and subtilisin BPM not observed.

narrower specificity pocket for binding one of the 4-nitrophenyl
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