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a correlation is consistent with a thermodynamic origin for a
kinetic a-effect in the gas phase and with analogous correlations
of rates and equilibria for a-effect and normal nucleophiles for
reactions in solution (see above). It cannot be emphasized too
strongly that the a-effect represents unusual reactivity relative
to the proton basicity of a nucleophile.?™*

Origin of the a-Effect. Greater basicity toward carbon or
phosphorus than toward the proton for a-effect nucleophiles
compared with normal nucleophiles can account for at least some
of the observed kinetic a-effects, as described above.22"® There
may be a differential stabilization that arises from the largely
covalent character of bonds to carbon and phosphorus compared
with the more ionic character of bonds to hydrogen. The het-
eroatom substituent of an a-effect base may cause a smaller
decrease in the ability of the base to participate in a covalent bond
for a given decrease in charge on the basic atom, compared with
an electron-withdrawing substituent on a normal base.>® This
suggestion is supported by ab initio calculations that give a larger
difference in Mulliken charge and a smaller difference in HOMO
energy for hydrogen peroxide ion relative to methoxide ion than
for formate ion relative to methoxide ion.’%57 However, the

(54) Wolfe, S.; Mitchell, D. J.; Schlegel, H. B.; Minot, C.; Eisenstein, O.
Tetrahedron Lett. 1982, 23, 615-618.

(55) Filippini, F.; Hudson, R. F. J. Chem. Soc., Chem. Commun. 1972,
522-523.

(56) Hudson, R. F.; Hansell, D. P.; Wolfe, S.; Mitchell, D. J. J. Chem.
Soc., Chem. Commun. 1985, 1406-1407. Hudson, R. F. In Nucleophilicity,
Harris, J. M., McManus, S. P., Eds.; American Chemical Society: Wash-
ington, DC, 1987; pp 195-208.

a-effect compounds and normal bases: hydroxide, methoxide,
hydrogen peroxide, and hypofluorite ions, follow a single corre-
lation of Mulliken charge and HOMO energy, while formate ion
deviates from this correlation. This suggests that it may be formate
ion that is unusual, rather than the a-effect bases.

Electron-density difference maps from X-ray structural analysis
show that formation of a covalent bond between two oxygen or
nitrogen atoms results in a decrease in the electron density between
the two atoms, while the electron density between carbon and
oXygen or nitrogen atoms is increased upon bond formation,®
This indicates that the electronic configuration of the a-effect bases
is different from that of the normal bases. It is conceivable that
this difference is related to the origins of the a-effect.

(57) It has been suggested from these gas-phase calculations that the
proton affinity of hydrogen peroxide ion is abnormal compared with hydroxide
and methoxide ion because of an “abnormally large” decrease in Mulliken
charge for the basic oxygen atom of hydrogen peroxide ion (ref 56). However,
analysis of substituent effects for normal and a-effect bases in solution provides
no indication of an abnormal proton affinity for the a-effect bases (ref 2 and
Hall, H. K., Jr. J. Am. Chem. Soc. 1987, 79, 5441-5444). In addition, it has
been argued that an abnormally low proton basicity does not account for the
observed kinetic a-effects in solution (ref 2).

(58) De With, G.; Harkema, S.; Feil, D. Acta Crystallogr. 1975, 31 A,
S$227-S228. Wang, Y,; Blessing, R. H.; Ross, F. K.; Coppens, P. Acta
Crystallogr. 1976, 32B, 572-578. Coppens, P.; Lehman, M. S. Acta Crys-
tallogr. 1976, 32B, 1777-1784. Hope, H.; Ottersen, T. Acta Crystallogr.
1979, 358, 370-372. Ottersen, T.; Hope, H. Acta Crystallogr. 1979, 358,
373-378. Savariauit, J.-M.; Lehmann, M. S. J. Am. Chem. Soc. 1980, /02,
1298-1303. Ottersen, T.; AIlmiof, J.; Carlé, J. Acta Chem. Scan. 1982, A36,
63-68. Dunitz, J. D.; Seiler, P. J. Am. Chem. Soc. 1983, 105, 7056-7058.
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Abstract: The inhibition of a-chymotrypsin with '3C-enriched alanine- and phenylalanine-based N-nitrosoamides, as ac-
tive-site-directed and enzyme-activated inhibitors, results in the alkylation (benzylation) of side chains and also of the amide
linkages of the protein backbone (both at O and N). 13C NMR spectra of the denatured inhibited enzyme (in Gdn-HCI) indicate
that alkylation has occurred at O, N, S, and C sites. '*C NMR spectra of the amino acid mixtures from fully hydrolyzed
inhibited enzymes show that the pattern of alkylation is strikingly different for inhibitions by the alanine- and phenylalanine-based
inhibitors. In the case of the phenylalanine-based inhibitor, approximately equally intense signals are observed at 52.32, 51.31,
36.78, and 32.91 ppm, while with the alanine-based inhibitor, a major signal appears at 52.35 ppm, with minor signals appearing
at 36.83 and 32.9 ppm. Chromatographic and NMR evidence is presented to indicate that the 52.32-52.35-ppm signal stems
from N-benzylglycine. The chemical shift data suggest that the 51.31-ppm signal stems from N-benzylserine and the
36.78-36.83-ppm signal from S-benzylcysteine. Mechanisms are presented to account for the formation of those products.

N-Nitrosoamides,! lactams,? and sultams? are hydrolyzed far
more rapidly than the corresponding amido precursors, and as

(1) (a) White, E. H. J. Am. Chem. Soc. 1958, 77, 6011. (b) White, E.
. J. Am. Chem. Soc. 1958, 77, 6014. (c) White, E. H.; Aufdermarsh, C.
W JIr. J. Am Chem. Soc. 1961, 83, 1174. (d) White, E. H.; Aufdermarsh,
LA, Jr. J. Am. Chem. Soc. 1961, 83, 1179. (e) White, E. H.; Elliger, C.
. J. Am. Chem. Soc. 1967, 89, 165. (f) White, E. H. Organic Synthesis;
iley: New York, 1967. (g) White, E. H.; Woodcock, D. J. The Chemistry
the Amino Group; Wiley: New York, 1968. (h) White, E. H.; Dzadzic,
P. M. J. Org. Chem. 1974, 39, 1517-1519.

(2) (a) White, E. H.; Roswell, D. F.; Politzer, I. R.; Branchini, B. R. J.
Am. Chem. Soc. 1978, 97, 2290-2291. (b) White, E. H.; Helinski, L. W.;
Politzer, 1. R.; Branchini, B. R.; Roswell, D. F. J. Am. Chem. Soc. 1981, 103,
4231-4239.
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“active” amides and peptides they can serve as substrates for
hydrolytic enzymes (eq 1);* they are readily prepared by nitrosation
o}
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(3) White, E. H,; Lim, H. M. J. Org. Chem. 1987, 52, 2162-2166.
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Figure 1. 3C NMR of la-inhibited a-chymotrypsin (a-CT) (proton
decoupled) in 6 M Gdn-HCI (20% D,0), pH = 3 (upper curve) [no. of
transients (NT) = 32000] vs DFP-inhibited a-CT denatured in 6 M
Gdn-HCl, pH = 3 (bottom) (NT = 64000). A line broadening of 10 Hz
was used in both cases. Sample temperature = 27 °C. Internal chemical
shift standard = Gdn-HCI at 159.00 ppm; spectra were plotted with the
signals at 40.74 ppm (Leu 8 + Lys e signals from chymotrypsin) equal
in intensity.

of the corresponding amides.*5 Subsequent to cleavage of these
inhibitors at the carbonyl group, the leaving group rapidly forms
alkyldiazonium ions and then “deaminatively formed” carbonium
ions (eq 2). Such ions are extraordinarily reactive;® they have

20 /LO
\\r

HO”

N
— R—N=N —»

H20

, products (2}
nucleophiles

the capability of reacting (usually irreversibly) with all common
organic functional groups except alkyl groups.” Suitably designed
nitrosoamides have been shown to serve as irreversible inhibitors
of a-chymotrypsin,* other proteases,? and an esterase;’ related
applications involving triazenes and sydnones as sources of
deaminatively formed carbonium ions have been reported for
Escherichia coli galactosidase'® and cytochrome P-450'! and
suggested for monoamine oxidases.!> Since these inhibitors require
priming by the enzyme, they are “enzyme-activated inhibitors”
(mechanism-based type),'? and they can, generally, also be de-
signed as active-site-directed inhibitors.!*

(4) (a) Reference 2a. (b) White, E. H.; Roswell, D. F.; Politzer, I. R,;
Branchim, B. R. Methods Enzymol. 1977, 46, 216. (c) White, E. H.; Jelinski,
L. W.; Perks, H. M,; Burrows, E. P.; Roswell, D. F. J. Am. Chem. Soc. 1977,
99, 3171. (d) White, E. H.; Perks, H. M.; Roswell, D. F. J. Am. Chem. Soc.
1978, 100, 7421. (e) Reference 2b. (f) Donadio, S.; Perks, H. M.; Tsuchiya,
K.; White, E. H. Biochemistry 1985, 24, 2447-2458.

(5) White, E. H. J. Am. Chem. Soc. 1958, 77, 6008, See also ref 2b.

(6) (a) White, E. H.; Tiwari, H. P.; Todd, M. J. J. Am. Chem. Soc. 1968,
90, 4734. (b) White, E. H.; McGirk, R. H.; Aufdermarsh, C. A., Jr.; Tiwari,
H. P; Todd, M. J. J. Am. Chem. Soc. 1973, 95, 8107. (c) White, E. H,;
Depinto, J. T.; Polito, A. J.; Bauer, 1.; Roswell, D. F. J. Am. Chem. Soc. 1988,
110, 3708.

(7) When N-benzyl-N-nitrosoacetamide is treated with base in N-ethyl-
acetamide as the solvent, benzylation occurs on both oxygen and nitrogen of
the amide linkage. However, C-alkylation to yield N-ethyldihydrocinnamide
or N-(3-phenylpropyl)acetamide was not detected by NMR spectroscopic
examination of the product mixture.

(8) We have found that /V-nitrosovalerolactam (and the more complex
lactam covered in ref 2b) inhibits porcine elastase, subtilisin BPN’, human
thrombin, and human plasmin, while /V-nitroso- N-benzyl-6-aminocapramide
hydrochloride inhibits thrombin but not plasmin (the latter observation was
mad)e by Dr. Thomas J. Ryan, New York Department of Health, Albany,
NY).

(9) Gold, B.; Linder, W. B. J. Am. Chem. Soc. 1979, 101, 6772-6773.

(10) Sinnott, M. L.; Smith, P. Biochem. J. 1978, 175, 525.

(11) Ortiz de Montellano, P. R.; Grab, L. A. J. Am. Chem. Soc. 1986, 108,
5584-5589.

(12) White, E. H.; Egger, N. J. Am. Chem. Soc. 1984, 106, 3701-3703.

(13) (a) Silverman, R. B. Mechanism-Based Enzyme Inactivation:
Chemistry and Enzymology; CRC Press, Inc.. Boca Raton, FL, 1988. (b)
Abeles, R. H.; Maycock, A. L. Acc. Chem. Res. 1976, 9, 313. (¢) Rando, R.
R. Science 1974, 185, 320. (d) Miesowicz, F. M.; Bloch, K. J. Biol. Chem.
1979, 254, 5868—5877.

(14) Baker, B. R. Design of Active-Site-Directed Irreversible Enzyme
Inhibitors; Wiley: New York, 1967.
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Inhibition of c-Chymetrypsin. We have examined in some detail
the inhibition of a-chymotrypsin using N-nitroso-/N-benzyl de-
rivatives of alanine (2a) and phenylalanine (2b) as substrates (eq
3).4 The carbonium ions generated in the active site, as mentioned

\g/ N/\CsHs
H Ha l’!l

2a,R=H,R' = 2~propyl
b,R= CeHs, R = 2-propyl

», e ¢

enzyme + R O,H
1( S

H
serine lype R’\g/N serine m’\csHs, @
enzyme H’ Hz énz \OH

3 {

Alkylaled (inhibited)enzyme -=— +CH2C5H5 in active site

above, are active enough to alkylate all amino acid side chains
except for alkyl groups; more importantly, from a mapping
perspective, they also alkylate the amide linkages of the protein
backbone (5) at both potential sites (O and N) (eq 4).%f

o) o)
+
CgHsCH.
N T
HX H H X H H

5, XH = side chain

éHs
6
o 0" CeHs
N SN (4)
HX H L HX H
CBHS
8

Through use of '“C-labeled 2b, we have shown that the inhibited
enzyme contains one benzyl group per molecule;? the location
of the benzyl group differs, however, from one enzyme molecule
to another. Further, we showed that the rate of inhibition was
decreased by the competitive inhibitor N-acetyl-L-tryptophan.2
We now report on the inhibition of a-chymotrypsin with 13C-la-
beled nitrosoamides 2a and 2b and the use of 1*C NMR spec-
troscopy to reveal the number and type of alkylation sites.

13C NMR Spectra. a-Chymotrypsin was inhibited with 13C-
(90%) labeled 2a (or 2b), and the reaction mixtures were treated
with DFP (diisopropyl fluorophosphate) to ensure the full in-
hibition of the enzyme (as a precaution against autolysis). 13C
NMR spectra (100 MHz) of these untreated reaction mixtures
in pH 6.8 and 7.8 phosphate buffer were compared with spectra
of a-chymotrypsin fully inhibited with DFP (the diisopropyl
phosphate group is attached solely to the 3-oxygen of serine-195).15
The difference spectra showed sharp peaks between 10 and 80
ppm attributed to small molecules such as benzyl alcohol, diiso-
propyl phosphate, DFP, and in the case of 2b inhibitions, N-iso-
butyrylphenylalanine (4b) and benzyl N-isobutyrylphenylalaninate
(the latter compound is a product of the thermal decomposition!
of 2b that is already present in small amounts in the samples of
2b used); in addition, a number of small signals stemming from

(15) (a) Hartley, B. S; Kilby, B. A. Nature 1950, 166, 784. (b) Balls, A
K.; Jansen, E. F. Adv. Enzymol. Relat. Subj. Biochem. 1952, 3, 321. (¢)
Jansen, E. F.; Balls, A. K. J. Biol. Chem. 1952, 194, 721. (d) Jansen, E. F.;
Curl, A. L.; Balls, A. K. J. Biol. Chem. 1951, [90, 557.
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Table I. 1*C NMR: Chemical Shifts of Benzyl Methylene Moieties of Model Compounds

White et al.

chemical shifts, ppm®

compounds pH(D) 1 pH(D) 13 other solvents
O-benzyl series
O-Bzl-Ser 74.30°
O-Bzl-Thr 73.06°
0-Bzl-Tyr 71.45%
benzyl phosphate, dicyclohexylamine salit 69.100
N-t-BOC-Asp B-benzyl ester 68.30°
N-t-BOC-Asp a-benzyl ester 68.25¢
N-isobutyrylphenylalanine benzyl ester 68.32¢
67.22 (CDCl,)
benzyl N-ethylacetimidate (Z form) 67.83 (CD,OD)
66.78 (CD,CN)
65.98 (CDCl,)
N-isobutyrylalanine benzyl ester 67.01 (CDCl,)
benzyl alcohol 65.17 (CD,OD)
64.76°
N-benzyl series
N-Bzl-Pro 59.84%
N-(2-aminoethyl)- N*-acetyl-N*-benzyiglycinamide 54.89¢ (major, plus minor at 51.54)
N3m.Bzl-His 54.00
N-Bzl-Cys 52.85%
N-Bzl-Val 52.39¢ 53.16/
N-BzI-Gly 52.32¢ 53.627
52.02¢
N-Bzl-lle 52.27¢ 52771/
52.17%
N-Bzl-Asp 52.11¢ 52.76/
N-Bzl-Thr 52.07¢ 53.027
N-Bzi-Lys 51.82¢
N-Bzl-Glu 51.450 52.36¢
N-Bzl-Tyr 51.450 52.188
N-Bzl-Phe 51.41° 52.2]1¢
N-Bzl-Met 51.40° 52,24
N-Bzl-Ser 51.32¢
N-Bzi-Leu 51.26° 5234/
N-Bzi-Ala 51.03¢ 52.687
benzylamine 44.60°
N-benzyl- Ne-isobutyrylalaninamide 43.594
N-nitroso-N-benzyl-N*-isobutyrylalaninamide 42,95 (CDCl,y)
N-nitroso-V-benzyl-/N*-isobutyryiphenylalaninamide 42.34 (CDCl,)
S-benzyl Series
(3-amino-3-carboxypropyl)benzyimethylsuifonium chloride 46.97 (pH 3)
Bzl-S-S-Cys 42.86 (2 N DCi-D,0)
Bzi-S-CH, 38.30 (CDCly)
S-Bzl-Cys 36.77¢
S-benzylhomocysteine 36.11%
36.13¢
C-benzyl series
1-phenylpropane 38.20 (CDCl;)
3-Bzl-Tyr 36.40 (1 N DCI-D,0)
2-benzyl-A2-imidazoline 33.43%

4 For aqueous solvents, the a-carbon of Gly was used as an internal reference [41.44 ppm (at pH 1) and 46.33 ppm (at pH 13) from external
TMS]. For organic solvents, TMS was used as the internal reference. The pH(D) 13 samples were obtained by titration of pH(D) | samples with
40% KOD in D,0; pH (and “pD”) were checked with a Beckman Model 4500 digital pH meter (no correction made for D). °Solvent = 0.1 N HCI
(H,0)-0.1 N DCI (D,0), 90:10 (v/v). €50 mM pH 6.8 potassium phosphate in 10% D,0-90% H,0. 9Same as footnote ¢ but pH 7.8. ¢Solvent =
0.1 N DCI (D,0). /Titration of a sample in the solvent of footnote e with 40% KOD (D,0) to pD = 13. #Titration of a sample in the solvent of

footnote b with 40% KOD (D,0) to pD = 13.

13C benzyl groups covalently attached to the enzyme were ob-
served.

The small molecules were removed by dialysis against 1 mM
HCI; the 3C NMR spectrum of the 2a-inhibited enzyme in 1 mM
HCI, compared to the spectrum of DFP-inhibited enzyme, now
showed 10 broad signals between 37 and 71 ppm. Attempts to
identify the sites of the alkyl groups were not pursued aggressively
at these stages of the project, since the observed bands were broad,
fully substituted amide models showed syn and anti isomers [Table
1, N-(2-aminoethyl)-/N*-acetyl- N*-benzylglycinamide, for exam-
ple], the chemical shifts of basic compounds such as benzyl N-
ethylacetimidate are sensitive to the pH, and many microenvi-
ronments leading to different chemical shifts exist in the protein
molecule. 1t seems safe to conclude, however, that the signals
seen in the 60—70-ppm region of the spectrum stem from various
O-benzyl compounds such as ethers, esters, and imidate esters
(Table 1).

To gain sharper signals, the inhibited enzyme was denatured

with 6 M guanidine hydrochloride (Gdn-HCl). The spectrum of
the 2a-inhibited enzyme now showed approximately eight new
major signals (25-69 ppm) relative to 3C spectra of DFP-inhibited
enzyme (natural abundance) under the same conditions (Figure
1). The chemical shifts of these eight signals indicate that they
stem from benzyl CH, groups attached to O, N, S, and C sites
(76-64, 60-51, 47-36, and ~36 ppm, respectively). The re-
maining common signals in the two spectra can, in most cases,
be assigned to carbon atoms of the amino acids making up the
protein backbone of a-chymotrypsin.¢

Hydrolysis of the 2a-inhibited enzyme (6 N HCI, 110 °C, 22
h in the presence of phenol) led to a mixture of native amino acids
and N-, S-, and C-benzylated amino acids (all O-benzyl groups

(16) (a) Glusko, V.; Lawson, P. J.; Gurd, F. R. N. J. Biol. Chem. 1972,
247, 3177-3185. (b) Withrich, K. Pure Appl. Chem. 1974, 37, 235.
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Figure 2. 100-MHz *C NMR (proton decoupled) of 6 N HCI hydro-
lysates: la-inhibited a-CT (upper) (NT = 40000), 1b-inhibited a-CT
(middle) (NT = 30000), and a-CT (bottom) (NT = 50000). Solvent
= 0.] M DCI in D,0, and sample temperature = 20 °C. Internal
standard = Gly a-carbon at 41.44 ppm; the spectra were plotted with
equal intensities of this signal; a line broadening of 5 Hz was used.

are hydrolyzed under the conditions used; the phenol was added
to scavenge benzyl chloride formed from those groups and thus
to avoid alkylation by that compound). The *C NMR spectrum
of this mixture (Figure 2) compared to that of an analogous
product from native enzyme showed one major new signal for the
CH, of a benzyl group at 52.35 % 0.03 ppm and two minor signals
at 36.83 and 32.9 ppm. The '*C NMR spectrum of analogous
hydrolysis products from the 2b-inhibited enzyme, relative to native
enzyme, showed four approximately equal signals for benzylated
amino acids at 52.32, 51.31, 36.78, and 32.91 ppm (Figure 2).
Patterns of Alkylation. A comparison of the NMR spectra in
Figure 2 shows that the alkylation patterns resulting from use of
the alanine- (2a) and phenylalanine- (2b) based inhibitors—with
formation of the same “leaving group” and alkylating agent—are
strikingly different. Thus, the alkylation pattern observed in the
aromatic binding region of the active site is revealed to be a
sensitive function of structural differences of the acyl portions of
the inhibitors, which exert their influence at some distance from
this aromatic binding region,!” and while severed from the car-
bonium ion alkylating agent. The high reactivity of deaminatively
formed carbonium ions ensures that alkylation of the protein will
occur near the release point of the ion. In stark contrast, the key
species formed in all other “mechanism-based” inhibitions are
relatively unreactive; such species could diffuse considerable
distances until a good nucleophilic center such as sulfur or the
histidine nitrogen, for example, is encountered.!> Thus, the ni-
trosoamide approach to enzyme inhibition is capable of providing
a type of map of the active site reflecting the positions of amino
acid residues with respect to the release point of the carbonium
ion. In principle, this method could detect residues that approach
near, or enter, the active site only during the catalytic step. X-ray
crystallographic techniques would not detect such residues. Also,
enzymes in the crystalline state can exhibit altered reactivity, a
result presumably of altered structure. Thus, both a- and v-
chymotrypsin react with various chloromethyl ketones in solution,
but in the crystalline state, only the v form reacts.'”
Photoaffinity labeling!® also possesses the advantages cited
above; however, in the version of the latter approach in which an
enzyme-substrate derivative is irradiated, low yields of alkylated
sites can result. In the present approach, using an excess of

(17) (a) Blow, D. M. Enzymes (3rd Ed.) 1971, 3, 185. (b) Blow, D. M.
Acc. Chem. Res. 1976, 9, 145. (c) Segal, D. M.; Cohen, G. H.; Davies, D.
R.; Powers, J. C.; Wilcox, P. E. Cold Spring Harbor Symp. Quant. Biol. 1971,
36, 85-90.

(18) (a) Singh, A.; Thornton, E. R.; Westheimer, F. H. J. Biol. Chem.
1962, 237, PC 3006. (b) Bayley, H.; Knowles, J. R. Methods Enzymol. 1977,
46, 69.
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inhibitor, the enzyme continues to turn over substrate until it
becomes fully alkylated, and being an enzyme-activated process
utilizing highly reactive ions, the resulting alkylation should be
confined to the active site. Consistent with this view is the ob-
servation that in the inhibition by 2a and 2b the majority of the
alkyl groups are located on the C-chain of a-chymotrypsin*f (with
the exception of His-57 and Asp-102, the active site is constructed
of residues from the C-chain).!®

N- and S-Benzylated Amino Acids. A combination of HPLC
and *C NMR spectroscopy was used to identify the major al-
kylated amino acid obtained from 6 N HCI hydrolysis of the
2a-inhibited a-chymotrypsin.2® The compound responsible for
the large signal in the 3C NMR spectrum of the amino acid
mixture from the alanine- (2a) based inhibition (52.35 ppm) (and
also for the 52.32-ppm signal from the 2b inhibition) was identified
as N-benzylglycine in the following way. From the chemical shifts
observed with model benzyl alkylated amino acids (Table I), it
was shown that the 52.35-ppm signal could stem only from N-
benzylvaline (52.39), N-benzylglycine (52.32 ppm), N-benzyl-
isoleucine (52.27 ppm), N-benzylaspartic acid (52.11 ppm), or
N-benzylthreonine (52.07 ppm). The amino acid mixture was
separated arbitrarily into seven fractions by HPLC on a Nova
Pak C-18 column. '*C NMR spectra of each fraction located the
52.35-ppm peak in fraction 2, limiting now the choices to N-
benzylglycine (Ry2.4 min) and N-benzylthreonine (R,2.5 min)
[eliminating N-benzylisoleucine (R, 6.3 min, fraction 6), N-
benzylvaline (R;4.6 min, fraction 4), and N-benzylaspartic acid
(R 1.8 min, fraction 1)]. '3C NMR spectra at pD 13 pinpointed
the unknown as being N-benzylglycine, since its CH, resonance
at 53.62 ppm matched that of the unknown compound at 53.60
ppm, which differed significantly from the value for N-benzyl-
threonine (53.02 ppm). Confirmation of the assignment was made
by derivatization of the amino acids in fraction 2 (above) with
phenyl isothiocyanate?! and HPLC separation of the products.
A peak was found at R;9.2 min for the unknown, which corre-
sponds to the measured R, of the N-benzylglycine derivative (9.2
min); no peak was found near the R, value of the N-benzyl-
threonine derivative (8.6 min).

The remaining 3*C NMR signals are considerably weaker than
the 52.32-ppm peak for N-benzylglycine just discussed, and only
comparisons with chemical shift values for model compounds
(Table I) are possible at this point. On this basis, the 51.31-ppm
signal probably stems from N-benzylserine and the 36.78-
36.83-ppm signal from S-benzylcysteine (eq 5).

(o] +
CgHsCH
SCHZCH-—J\LM Rl

NH»w

Cys -191-220

H
sIéH_§_lL~
NH w»s

H
l—S—CHz—?—CO —= S -benzylcysteine moiety (5)
pe
8!

Hs NH war

The alkylation reaction of eq 5 was not achieved with benzyl
cations obtained from the reaction of 6 N HCI with benzyl alcohol;
the only products obtained were recovered alcohol, benzyl chloride,
and the 2- and 4-(chloromethyl)diphenylmethanes. The same

(19) (a) Bruice, T. C.; Benkovic, S. J. Bio-organic Mechanisms;, W. A.
Benjamin: Reading, MA, 1966. (b) Zeffren, E.; Hall, P. L. The Study of
Enzyme Mechanisms; Wiley: New York, 1973.

(20) The e of benzyl groups is ~200. If more material were available, UV
absorption in more concentrated solutions or longer path-length cells could
be used to detect the alkylated amino acids. In the present case, we found
13C NMR spectroscopy to be a more sensitive method. The latter method was
a highly specific one in which fewer artifactual signals were found than in the
detection of phenyl isothiocyanate derivatives by HPLC.

(21) Heinrikson, R. L.; Meridith, S. C. Anal. Biochem. 1984, |36, 65-74.
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reaction carried out in the presence of phenol yielded only the 2-
and 4-hydroxydiphenylmethanes. The latter result shows that
phenol is an efficient scavenger of benzyl cations under the reaction
conditions used for the hydrolysis of proteins.

Conclusions. We had earlier reported that in the inhibition by
2b one of the “hits” occurred on the carbonyl group of an amide
to form an imidate ester; this alkylation labilizes the amide bond
and permits chain cleavage at that point (eq 4).* Analysis of the
peptides led to the identification of serine-214 as the amino acid
under attack; further, we showed that tryptophan was modified
during the inhibition. One of the three portions of the protein
C-chain making up the active site of chymotrypsin has the se-
quence -Ser(214)-Trp(215)-Gly(216)-Ser(217)- in the aromatic
binding region.!” An examination of a molecular model of -
chymotrypsin?? led to the following predictions for reactions of
the benzyl cation released in the active site: Ser-214 (carbonyl
0), Trp-215 (amide N), Gly-216 (N atom), Ser-217 (N atom),
and Cys(191)-Cys(220) (S atoms) (eq 5).2 The benzyl cation
in the inhibition by 2b appears to have been released near this
stretch of the peptide chain. Work is in progress to verify this
hypothesis through standard techniques of protein chemistry:
enzymatic cleavage of the protein chains followed by separation
and analysis of the peptides.

The present study appears to be the first in which inhibition
of an enzyme results from alkylation, or other alteration, at
multiple locations in the active site.?* 13C NMR spectroscopy
was useful in this study in providing a rapid method for the
observation of the alkylation patterns; it has the potential of
revealing quickly how variables such as pH, temperature, salt
concentration, and inhibitor structure might alter the alkylation
map.

Experimental Section

Materials and Methods. a-Chymotrypsin (a-CT) (Type I-S) and
diisopropy| fluorophosphate (DFP) were obtained from Sigma Chemical
Co. Deuterium oxide (99.8% atom D), 37 wt % DCI (99% atom D) in
D,0, 40 wt% KOD (98+% atom D) in D,0, benzoyl-L-tyrosine ethyl
ester (BTEE), and guanidine hydrochloride (Gdn-HCI) were obtained
from Aldrich Chemical Co. Constant-boiling 6 N HC1 was purchased
from Pierce Chemical Co. All other chemicals were of the highest purity
available. Phosphate buffer (0.05 M, pH 6.8 and 7.8) was prepared with
double-distilled and deionized water.

All the spectra were acquired on a Varian Associates XL-400 NMR
spectrometer (updated to VWR-400) operating at 100.563-MHz reso-
nance frequency for 1*C. Waltz-16 decoupling was used to decouple the
protons from carbon resonances. The decoupling efficiency was optim-
ized for each run by executing the “Gamma H2 test” (Varian Associates
XL-400 software program) to set the decoupler modulation frequency,
decoupler offset, and decoupler power. The same type of NMR tube
containing a 3% solution of dioxane in the same solvent that was used
for the sample under investigation was used to optimize the decoupler
parameters. The carbon of Gdn-HCI (159.0 ppm at pH 3 from external
TMS) and the glycine a-carbon (41.44 ppm at pH | and 46.33 ppm at
pH 13 from external TMS) were used as internal references in the 13C
runs of denatured and hydrolyzed enzymes, respectively. For proton
NMR in D,0, sodium 3-(trimethylsilyl)propionate-2,2,3,3-d, (TSP) was
used as an internal reference.

(22) Courtesy of Dr. David R. Davies of the National Institute of Arthritis,
Metabolism, and Digestive Diseases. a- and y-chymotrypsin have the same
amino acid sequence and very similar electron-density maps at 2.7 A.1%

(23) Other possibilities were Met-192 (N), Gly-193 (N), Cys-220 (N), and
Met-192 (S).

(24) The alkylation of two highly nucleophilic sites has been reported
(Ando, M. E.; Gerig, J. T. Biochemistry 1982, 21, 2299-2304); otherwise,
prior NMR studies of enzyme inhibition appear to involve chemical reactions
at a single site: (a) Tobias, B.; Markley, J. L. J. Magn. Reson. 1986, 69,
381-385. (b) McWhirter, R. B.; Yevsikov, V.; Klapper, M. H. Biochemistry
1985, 24, 3020-3023. (c) Ringe, D.; Seaton, B. A.; Gelb, M. H.; Beles, R.
H. Biochemistry 1988, 24, 64—68. (d) Tsunematsu, H.; Nishikawa, H.;
Berliner, L. J. J. Biochem. (Tokyo) 1984, 96, 349-355. (e) Hammond, S.
J. J. Chem. Soc., Chem. Commun. 1984, 712-713. (f) Cairi, M.; Gerig, J.
T. J. Am. Chem. Soc. 1984, 106, 3640-3643. (g) Shah, D. O.; Gorenstein,
D. G. Biochemistry 1983, 22, 6096-6101. (h) Matta, M. S.; Henderson, P
A.; Patrick, T. B. J. Biol. Chem. 1981, 259, 4172, (i) Bramson, H. N;
Thomas, N.; DeGrado, W. F.; Henderson, P. A.; Russo, M. W.; Thomas, R.
L. J. Am. €hem. Soc. 1980, 102, 7151. (§) Niu, C. H.; Shindo, H. S.; Cohen,
J. S.; Gross, M. J. J. Am. Chem. Soc. 1977, 102, 7151.

White et al.

HPLC analyses and separation were performed on a Waters Associ-
ates HPLC system with a Nova Pak C-18 reverse-phase column, with
some samples undergoing phenyl isothiocyanate (PITC) derivatization
for labeling.?* Both labeled and unlabeled samples were monitored with
UV detection at 254 nm. The enzymatic activity of a-CT samples was
determined by the method of Hummel.? The pH(D) was measured with
a Beckman Model 4500 digital pH meter with no correction for deu-
terium.

Benzylated Amino Acids. O-Benzyl-Ser and -Thr, N-benzyl-His, -Phe,
-Pro, -Thr, -Tyr, and -Val, and S-benzylhomocysteine were obtained from
Vega-Fox Biochemical Co., O-benzyltyrosine, S-benzylcysteine, and
N3im.benzylhistidine were obtained from Aldrich Chemical Co., and
N-benzylisoleucine was obtained from Accurate Chemical and Scientific
Co. N-Benzyl-Ala, -Glu, -Leu, -Lys, and -Ser were prepared as described
by Quitt et al.?” and N-benzyl-Cys and -Met as described by Kanao and
Sakayori.® N-Benzyi-Asp was prepared as described by Frankel et al.?
and N-benzyl-Gly as described by Baker et al.® S-(Benzylthio)cysteine
was prepared by the method of Nogami et al.,’! and the S-benzyl-
sulfonium salt of methionine was prepared by the method of van Bergen
et al.’? Finally, 3-benzyltyrosine was prepared by the method of Iselin.*?

Benzyl N-Ethylacetimidate, This compound was prepared by the
methods of Pilotti et al.>* and Bredereck et al.** The stable form is
believed to be the Z isomer.*

The syntheses of the !*C-enriched inhibitors 1 and 2 followed the
procedures of White et al.* except in the synthesis of methyl alaninate
hydrochloride.

Methyl Alaninate Hydrochloride. Alanine (3.35 g, 37.6 mmol) was
suspended in 40 mL of methanol and the mixture was cooled to 0 °C.
Hydrogen chloride was introduced until all the alanine had dissolved (~7
g of HCI gas had been absorbed at this point). The clear solution was
heated to reflux for 4 h. The solvent was removed by vacuum distillation
to yield a yellowish solid, which was washed on a Hirsch funnel (under
vacuum) with 0.5 mL of methanol and then with 0.5 mL of ether to
remove the yellow impurity. A white solid (4.35 g, 31.2 mmol, 83%) was
obtained and was used in the next step (isobutyrylation) without further
purification:. NMR (D,0) §4.13 (g, | H,J = 7 Hz), 3.85 (s, 3 H), and
1.56 (d, 3 H, J = 7 Hz).

Inhibition of o-Chymotrypsin. The enzyme (100 mg, 0.004 mmol) was
dissolved in 13.5 mL of 50 mM pH 7.8 phosphate buffer with gentle
magnetic stirring at 22 °C (in a few runs, pH 6.8 buffer was used). After
the enzyme had dissolved, two S-uL aliquots were taken and added to two
|I-mL volumes of pH 3 HCI. A 10-fold molar excess (0.04 mmol) of
inhibitor 1 (14.2 mg) or 2 (11.1 mg) in 1.5 mL of acetonitrile (HPLC
grade) was added over a period of approximately 5-8 min with gentle
magnetic stirring to the enzyme solution. After 20 min, the yeliow color
of the inhibitor had disappeared and the solution became cloudy. An-
other two aliquots were taken (5 uL each) and injected into two I-mL
volumes of pH 3 HCI solution, respectively. A 10-fold molar excess (0.04
mmol) of DFP in CH,CN (0.2 mL of 0.2 M) was added dropwise. Ten
minutes after the addition was complete, a third batch of aliquots was
taken. All three batches of aliquots were assayed for a-chymotrypsin
activity via the BTEE method of Humme].2¢

The inhibition solution was gravity-filtered through Whatman No. |
paper to yield a clear solution. The filtrate was transferred to dialysis
tubing with a molecular cutoff of 3500 and dialyzed in pH 3 HCI solution
for 24 h at 4 °C with three bath changes (500 mL every 8 h). The

(25) (a) Cohen, S. A.; Tarvin, T. L. J. Chromatogr. 1984, 336, 93-104.
(b) Heinriken, R. L.; Meredith, S. C. Anal. Biochem. 1984, |36, 65-74. (¢)
Waters Associates. Product bulletin No. L21; Waters Associates: Milford,
MA, 1984,

(26) Hummel, B. C. W. Can. J. Biochem. Physiol. 1959, 37, 1393.

(27) Quitt, P.; Hellerbach, J.; Vogler, K. Helv. Chim. Acta 1963, 46,
327-333.

(28) Kanao, S.; Sakayori, Y. Yakugaku Zasshi 1966, 86, 1105-1108.

(29) Frankel, M.; Liwschitz, Y.; Amiel, Y. J. Am. Chem. Soc. 1953, 75,
330-332.

(30) Baker, W.; Ollis, W. D.; Poole, V. D. J. Chem. Soc. 1949, 307.

(31) Nogami, H.; Hasegawa, J.; Ikari, N.; Takeuchi, K.; Ando, K. Chem.
Pharm. Bull. 1970, 18 (6), 1091.

(32) van Bergen, T. J.; Hedstrand, D. M.; Kruizinga, W. M.; Kellogg, R.
M. J. Org. Chem. 1979, 44, 4953.

(33) Iselin, B. Helv. Chim. Acta 1962, 45, 1510. For rearrangement of
O-benzyltyrosine to the 3-benzyl isomer, see also: Erickson, B. W.; Merrifield,
R. B. J. Am. Chem. Soc. 1973, 95, 3750-3756.

(34) Pilotti, A.; Reuterhall, A.; Torssell, K. Acta Chem. Scand. 1969, 23,
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(35) Bredereck, H.; Simchen, G.; Kantlehner, W. Chem. Ber. 1971, 104,

(36) Moriarty, R. M.; Yeh, C.-L.; Ramey, K. C.; Whitehurst, P. W. J.
Am. Chem. Soc. 1970, 92 6361.



Alkylation and Mapping of a- Chymotrypsin Active Site

Table I. HPLC Elution Times of N- and S-Benzylated Amino
Acids and Related Compounds?

elution elution

compound  time, min compound time, min
N-Bzl-Asp 1.8 N-Bzl-Val 4.6
N-Bzl-Giu 20 S-Bzl-Cys 5.8
N-Bzl-Ser 24 N-Bzi-Met 6.2
N-BzI-Gly 24 N-Bzl-lle 6.3
N-Bzl-Thr 2.5 N-Bzl-Tyr 6.4
N-Bzi-Ala 2.6 N3im.Bzl-His 6.5
N-Bzl-Pro 3.8 N-Bzi-Leu 6.8
Bzl-S-S-Cys 4.3% S-Bzl-homocysteine 7.0
Bzl-S-S-Bzl 43

4The eluant consisted of two solutions: solution A, 1]1.5 g of NaO-
Ac, | mL of N(Et); and 200 gL of EDTA (i g/LH,0) in 1 L of water
adjusted to pH 5.7 with acetic acid; solution B, CH,CN-H,0 {3:2
(v/v)]. The eluant composition (the flow rate was | mL/min) varied
from 90% A at t+ = 0 min to 49% A at t = 10 min (Waters solvent
programmer curve 5 was used). The flow rate was | mL/min and UV
detection was employed at 254 nm. ?S-(Benzylthio)cysteine appeared
to disproportionate on the column, for a peak with an elution time
equal to benzyl disulfide (4.30 min) was observed in all HPLC runs of
Bzl-S-S-Cys.

dialyzed enzyme was lyophilized at 1073 Torr to give 70-80 mg of in-
hibited enzyme.

For the inhibition with DFP only, a 10-fold molar excess of DFP was
added dropwise to the enzyme; further treatment involved the procedures
described above.

For ¥C NMR runs, the inhibition of ~15 mg of the enzyme was
usually sufficient.

Hydrolysis of Inhibited Enzyme. The inhibited, dialyzed, and lyo-
philized enzyme (15-40-mg run) was hydrolyzed in 6 N HCI (1 mL/10
mg of enzyme) at 115 °C for 22 h. For the run using phenol as a
carbonjum ion scavenger, about 40 mg of phenol was used per run. After
hydrolysis, the solution was extracted with chloroform and the aqueous
phase was lyophilized.

13C NMR Spectra of Inhibited Enzyme. The inhibition with 2 or DFP
was carried out in pH 6.8 phosphate buffer containing 30% D,0. The
resulting mixture was transferred to an NMR tube and subjected to '3C
NMR spectrometry immediately. Acquisition parameters were a pulse
width (pw) of 17.5 us [pw(90°) = 25.0 us) and an acquisition time of
0.54 s with no delay. The sample temperature was 25.0 = 1.0 °C;
60000-90 000 transients were usually acquired. A line broadening of 15
Hz was used in the Fourier transformation.

3C NMR Spectra of Dialyzed Inhibited Enzyme. 2a- or DFP-inhibited
a-CT (4050 mg) (after dialysis; see above) was dissolved in 3.0 mL of
I mM HCI + | mM DCI {70:30 (v/v)]. The acquisition parameters were
those listed for the nondialyzed samples.

3C NMR Spectra of Inhibited, Dialyzed, and Denatured Enzyme. 2a-
or DFP-inhibited a-CT (75 mg) was denatured in 6 M Gdn-HCI with
20% D,0 as lock solvent, pH = 3; 10-mm OD NMR tubes were used.
Acquisition parameters were the same as listed above. The sample tem-
perature was 27.0 £ 1.0 °C, and 30 000-60 000 transients were usually
acquired. A line broadening of 10 Hz was employed in the Fourier
transformation.

13C NMR Spectra of Inhibited and Hydrolyzed Enzyme. The hydro-
lysate (]15-40 mg per run) was dissolved in 0.5-0.7 mL of 0.1 N DCli in
D,0 for 3C NMR recording; 2 5-mm OD NMR tube was used. Some
hydrolyzed samples were titrated with 40% KOD in D,0 to PD = |3,
and spectra were then measured. The acquisition time was 0.75 s with
no delay, and about ]5000-60000 transients were usually acquired.
Sample temperatures were 20.0 £ 1.0 °C. A line broadening of 5 Hz
was used in the Fourier transformation.

HPLC Separation and Analysis. The hydrolysate solution after 1*C
NMR recording was injected directly into the HPLC system?* for sep-
aration. The eluant composition is described in the footnotes to Table
I1.  Seven fractions were obtained: 1, 0-1.9; 2, 1.9-3.0; 3, 3.0-4.0; 4,
4.0-5.2; 5, 5.2-5.7, 6, 5.7-6.8; and 7, 6.8-9.9 min. The model benzylated
amino acids were then analyzed under identical conditions (Tabie II).

The seven fractions were taken to dryness and each was dissolved in
0.1 N DCI-D,0 and titrated with 2 N DCI to pD = I; 3C NMR spectra
were then run. The NMR parameters were the same as described for
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the hydrolysate before HPLC separation. The first fraction showed most
of the background amino acids (Asp, Glu, Ser, Gly, His, Arg, Thr, Ala,
Pro, Val, Ile, Leu, and Lys) and the HPLC eluent components sodium
acetate (21.94, 178.02 ppm) and triethylamine (9.80, 48.12 ppm).
Fraction 2 showed a peak at 52.36 ppm that was very close to that of the
model compound N-Bzi-Gly (52.32 ppm); it also showed Leu (52.84, o;
40.27, 8; 23.05, v, and 22.41, 6), Tyr (55.53, a), Phe (36.88, 8), and Arg
(25.42, ). Fraction 6 had one peak at 36.86 ppm, believed to be from
the benzyl methylene carbon of S-Bzl-Cys (model S-Bzl-Cys: 36.77
ppm). Both fractions 2 and 6 showed sodium acetate and triethylamine
signals in addition to the peaks mentioned above. Fraction 3 showed
nothing but sodium acetate and triethylamine signals, while fractions 4,
5, and 7 showed only the sodium acetate (presumably triethylamine was
pumped out during the drying process).

Fractions 1, 2, and 6 (the latter two containing '*C enrichment) were
also derivatized individuaily with PITC and then further analyzed on the
same column by using a new gradient program: from ¢ = 0 to 0.10 min,
90% A and 10% B; from ¢ = 0.10 to 10.0 min, the eluant changed from
90% A and 10% B to 0% A and 100% B (solvent programmer curve 6).
Certain N-benzylated amino acids, used as standards, were subjected to
the same procedure. For derivatized fraction 1, Asp (2.33 min), Glu
(2.62), Ser (4.32), Gly (4.79), His (5.37), Arg (6.03), Thr (6.27), Ala
(6.45), Pro (6.65), Tyr (7.72), Val (8.07), Ile (8.80), Leu (8.86), and Lys
(9.65) were observed. For derivatized fraction 2, a peak at 9.20 min was
seen, which was the same as the elution time of the derivatized model
compound N-Bzl-Gly (9.20 min) injected immediately after the unknown
sample. The elution times of some other N-benzylated and derivatized
amino acids were N-Bzl-Thr, 8.56 min; N-Bzl-Val, 9.95 min; N-Bzl-Ser,
10.23 min; and N-Bzi-lle, 10.55 min. It was found that if the same
sample was injected twice within very short intervals, i.e., within | or 2
h, the experimental error was usually in the range of 0.01 min. However,
if the same sample was injected on different days, the experimental error
could be as large as £0.15 min. For example, nine runs of N-Bzl-Gly
on different days gave elution times ranging from 9.08 to 9.38 min. For
parallel injections close together, however, there was one peak from
fraction 2 that was the same as the peak of model N-Bzl-Gly (i.e., for
the last three runs, fraction 2 showed a peak at 9.20 min, the same value
as measured for N-Bzl-Gly). For fraction 6 it was found that the model
S-Bzl-Cys did not yield any reasonable peak after PITC derivatization,
presumably because of its poor solubility in the derivatization solvent
[ethanol-H,O—triethylamine-PITC, 7:1:1:1 (v/v)].

Reaction of Cystine and Benzyl Alcobol in 6 N HC1. Cystine (23.6 mg,
0.0983 mmol) mixed with 10.4 uL of a-1>C-labeled (90%) benzyl alcohol
(0.102 mmol) was dissolved in 2 mL of 6 N HCI, and the mixture was
degassed. The mixture was kept at 115 °C for 22 h. After being cooled
to room temperature, the solution was extracted with CDCl,. The CDCI,
solution was dried over anhydrous Na,SO, and the 'H NMR spectrum
was recorded. The spectrum showed that at least four compounds were
present: benzyl-a-'3C alcohol [4.69, d, J = 142 Hz (lit.”? 4.69)], ben-
zyl-a-13C chloride [4.54, d, J = 15] Hz (lit.*” 4.50)], 4-(chloromethyl-
3C)diphenylmethane-'*C [3.97, d, J = 127 Hz [lit.}? 3.99 (chloro-
methyl)] and 4.68, d, J = 151 Hz [lit.>’ 4.50 (CH,)]], and 2-(chloro-
methyl-1*C)diphenyimethane-C (3.93,d, J = 127 Hz, and 4.54,d, J =
151 Hz). The spectrum showed aromatic signals around 6 7, as expected.

Reaction of Cystine and Benzyl Alcobol in 6 N HCl in the Presence
of Excess Phenol. The general procedure was the same as described
above, except that 40.2 mg of phenol (0.428 mmol) was used along with
the mixture of cystine (23.4 mg, 0.0975 mmol) and benzyl-a-'*C alcohol
(10.4 4L, 0.102 mmol). The 'H NMR spectrum only showed two
products: 4-hydroxydiphenylmethane-'3C {3.89, d, J = 127 Hz (lit.”?
3.89)] and 2-hydroxydiphenyimethane-'*C [3.96, d, J = 127 Hz; (lit.>”
3.96)]. The formation of these compounds indicates that the phenol was
a good scavenger for carbonium ions produced during the hydrolysis. The
13C NMR spectra of the aqueous phases in both cases (with or without
phenol) gave only cystine signals.
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