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Catalytic promiscuity, the ability of an active site to catalyze
more than one chemical transformatiocontributes to the natural
evolution of new enzymésand can generate new catalysts for
synthesis. We report a subtilisin-catalyzed hydrolysis of a sulfin-
amide S-N bond in anN-acyl sulfinamide. This reaction is the
first enzymatic sulfinamide hydrolysis and also the first case where
the enzyme favors the unnatural functional group (sulfinamide) even
though the substrate also contains the normal functional group
(carboxamide).

Proteases normally catalyze hydrolysis of the amideN®ond,
but can also catalyze hydrolysis of sulfiter sulfonate estefs,
phosphodiestefsor organophosphate triestéms the condensation
of siloxanes Peptides react via a tetrahedral intermediate, while
these analogues must involve alternate geometries. Catalytic
promiscuity does not include irreversible inactivation of enzymes
by phosphorus compounéssulfonyl fluorides!® -sultamst! or
similar inhibitors because inactivation does not regenerate the
starting enzyme.

Chiral sulfinamides are versatile auxiliaries for the preparation
of chiral amines? Previously, we reported the subtilisin E-catalyzed
enantioselective hydrolysis &f-chloroacetybp-toluenesulfinamide,

1, by cleavage of the carboxamide bond (path A in Figure'ia).
This highly R-enantioselective cleavage is a good synthetic route
to enantiopurg-toluenesulfinamide. During this work, we discov-
ered a related subtilisin, subtilisin Carlsberg, which favored
hydrolysis of the sulfinamide bond (path B, Figure 1a). Mass
spectrometry combined wittH NMR unambiguously identified
that hydrolysis of the sulfinamide bond iN-chloroacetyl p-
toluenesulfinamidel, was the major reaction catalyzed by subtilisin
Carlsberg. Mass spectrometry identified the sulfinic acid product,
while 'H NMR revealed formation of chloroacetamide from IS
hydrolysis, with a small amount of chloroacetic acid from &
hydrolysis (1:0.37 after 6 h) (Figure 1b), indicating approximately
3 times more substrate reacts via theNsbond hydrolysis than
by C—N bond hydrolysis.

HPLC analysis confirmed that subtilisin Carlsberg favored the
S—N bond hydrolysis by approximately 4-fold over-@! bond
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Figure 1. (a) Different subtilisins favor hydrolysis of different bonds in
N-chloroacetylp-toluenesulfinamidel. (b) Chemical shift of the methylene
protons during subtilisin Carlsberg hydrolysislo§howing chloroacetamide
as the major product. (c) Substrats4.

was moderatelR-enantioselective = 17), yielding the remaining
starting material enriched in tf&enantiomer. The products (sulfinic
acid and chloroacetamide) are achiral. TheNC cleavage was
moderately enantioselectiveE (= 6) and also favored th&-
enantiomer.

Two related subtilisins favored-€N hydrolysis inl. Subtilisin
E (from Bacillus subtiliswith 70% sequence identity to subtilisin
Carlsberg) showed only a highly enantioselective hydrolysis via
the C-N pathway (51% conversiof, > 75, entry 3), as reported
previously!3 Subtilisin BPN (from Bacillus amyloliquefacienwith
70% sequence identity to subtilisin Carlsberg and 85% sequence
identity to subtilisin E4) also favored the EN pathway (37%
conversionE > 75, entry 6) with a small amount of-SN cleavage
(5%, entry 6).

hydrolysis, and that both reactions were moderately enantioselective Two experiments showed that both the-8 and S-N hydro-

(Table 1). The disappearance of the starting compdvxatiloro-
acetylp-toluenesulfinamidel, revealed the sum of both reactions.
The appearance of the prodystoluenesulfinamide revealed the
amount of C-N hydrolysis, and the difference revealed the amount
of S—N hydrolysis. Control reactions without enzyme revealed
~7% spontaneous hydrolysis, mainly vie-B bond cleavage. For
subtilisin Carlsberg (entry 2 in Table 1), approximately 4 times
more substrate reacted via-8 bond hydrolysis than by €N bond
hydrolysis: 39 and 9% conversion, respectively, after correcting
for chemical hydrolysis. This agrees with the chloroacetamide and
small amount of chloroacetic acid in the NMR and a43fold
preference for the SN reaction by Carlsberg. The-3N cleavage
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lyses involved the active site (details in the Supporting Information).
First, inhibition of subtilisin with an active-site-targeted inhibitor
(phenylmethyl sulfonyl fluoride) eliminated both reactions. Second,
1 competitively inhibited the hydrolysis of thd-suc-AAPFpNA
peptide substratéwith an inhibition constantK;) of 7 + 2 mM,
showing thatl bound to the active site of subtilisin Carlsberg. The
affinity of 1 for other subtilisins was similar (subtilisin BPN

Ki = 8 + 2 mM; subtilisin E: 12+ 3 mM).

Subtilisin Carlsberg also catalyzed sulfinamide hydrolysis in three
other N-acyl sulfinamides,2—4 (Figure 1c, Table 1). TheN-
dihydrocinnamoy! acyl group 2 mimics phenylalanine’s side
chain. Subtilisin Carlsberg catalyzed approximately equal amounts
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Table 1. Chemoselectivity and Enantioselectivity of Subtilisin-Catalyzed Hydrolysis of N-Acyl p-Toluenesulfinamides 1—4

Total Hydrolysis®® Sulfinamide Hydrolysis Carboxamide Hydrolysis

entry substrate subtilisin conv. %" ees, %° amount? % S—-Ne eep calcd’ E9 =4 % C-N/ eep, %/ E9k Ehk
1 1 none 7 0 0 5 0 N/R 2 0 N/A
2 1 Carlsbergy 55 8509 6 44 (39) 2R 11 17 11 (9) 59R) 4 6
3 1 E 53 98 © 5 <3 N/A 53 (51) 91R) >75 >75
4 1 BPN 49 850 5 10 (5) 39 (37) 93R) 54 >75
5 2 Carlsberg 57 839 6 30 69 R 7 7 27 57R) N/A 4
6 2 BPN 30 44 Q) 5 <3 28 94 R) N/A 46
7 3 none 21 0 0 20 0 N/A 1 0 N/A
8 3 Carlsberg 49 279 6 39 (19) 16 R) 15 2.2 10 80R) 10 18
9 3 BPN 27 130 5 17 (0) <3 N/A 10 90 R 20 >75

10 4 Carlsberg 55 213 20 55 N/A 2 2 <3

aReactions performed at Z& in BES buffer (50 mM, pH 7.2). Reaction time&:= 6 h,2 = 24 h,3 = 24 h,4 = 72 h.P Total conversion from the
disappearance df—4. Estimated erroe=2% conversion® The eg = enantiomeric excess of remaining starting material measured by HPAGount of
enzyme (nmol)¢ Calculated amount of the total conversion attributed-ttN$ond hydrolysis; the value with the chemical reaction subtracted is in parentheses.
fCalculated enantiomeric excess for the portiorLe# that disappeared via the-®I cleavage pathg E' = observed enantioselectivity (uncorrected for
spontaneous chemical hydrolysis) calculated from conversjcamd eg or eg;.!> " E = enantioselectivity, corrected for spontaneous chemical hydrolysis
using a computer progratfi. | Percent G-N conversion; G-N cleavage based on formation piftoluenesulfinamide. Enantiomeric excess of the-aQ\
hydrolysis productp-toluenesulfinamidek Small errors in conversion create large error€iwhenE is high. For this reason, thE values are given as
lower limits; theE-values calculated from the data are higher in some ca3&gee commercial samples of subtilisin Carlsberg gave similar valuist
applicable.

of sulfinamide and carboxamide hydrolysis (30 and 27%, respec- geferences

ively). The N-methox | compoun@ r lowly with

t ey) . e ethoxyacetyl co pOL.J 8 eaCte.d slowly wit . (1) (a) Bornscheuer, U. T.; Kazlauskas, RAhgew. Chemnt. Ed 2004
subtilisin Carlsberg and gave approximately twice as much sulfi- 43, 6032-6040. (b) Copley, S. DCurr. Opin. Chem. Biol2003 7, 265-
namide hydrolysis as carboxamide hydrolysis (39%\shydrolysis 272. (c) Yarnell, AChem. Eng. New2003 81, 33-35. (d) O'Brian, P.

. . . . J.; Herschlag, DChem. Biol 1999 6, 91—105.
0, 0,
(including 20% chemical) and 10%-N hydrolysis, entry 8). In (2) Jensen, R. AAnnu. Re. Microbiol. 1976 30, 409-425.

contrast, subtilisin BPNshowed only carboxamide hydrolysis with (3) For example, see: Ward, O. P.; Singh,Qurr. Opin. Biotechnol200Q

compound® and3 (entries 6 and 9). Thal-p-toluoyl compound 11, 520-526.

4 is pseudo-symmetric since both sulfinyl and carbonyl substituents  (4) () Reid, T. W,; Stein, T. P.; Fahrney, D.Am. Chem. Sod 967, 89,
. X . 7125-7126. (b) Reid, T. W.; Fahrney, . Am. Chem. Sod 967, 89,

are p-tolyl. This compound tests the preference for sulfinamide 3941-3943. (c) May, S. W.; Kaiser, E. Biochemistryl972 11, 592—

versus carboxamide hydrolysis in similar steric and electronic 600.

i ilii i (5) (a) Kaiser, E. TAcc. Chem. Red97Q 3, 145-151. (b) Campbell, P.;
environments. Subtilisin Carlsberg catalyzed exclusively a slow Kaiser. E. T.Bioorg. Chem 1971 1, 432-455. (¢) o-Chymotrypsin

sulfinamide cleavage>(10:1, no detected carboxamide hydrolysis) hydrolysis of phosphonates using substrate-assisted catalysis: Zhao, Q.;

with low enantioselectivitye = 2, entry 10), while subtilisin BPN gfgg_cgylgs'\/'-? Benscura, A.; Papathanassiu,Blochemistry1994 33,

showed no reaction with compoudd _ (6) (a) Park, H. I.; Ming, LAngew. Chemint. Ed. 1999 38, 2914-2916.
Sulfonyl compounds are irreversible inhibitors of serine proteases (b) Ercan, A.; Park, H. I.; Ming, LChem. Commur200Q 2501-2502.

that form stable sutfnyl enzyme complexes, which have been (7) (@) Jao, S.-C.; Huang, L.-F.; Tao, Y.-S.; Li, W.BMol. Catal. B2004
27, 7-12. (b) Hill, C. M.; Li, W.-S.; Cheng, T.-C.; DeFrank, J. J.; Raushel,

characterized by X-ray crystallograpHy.Peptides containing F.'M. Bioorg. Chem 2001, 29, 27--35.
sulfinamide functionality were proposed as protease inhibitors, but () (a) Nishino, H.; Mori, T.; Okahata, YChem. Commur2002 2684-
synthesis was unsuccessfiSulfinamide hydrolysis by subtilisin 2685. (b) Bassindale, A. R.; Brandstadt, K. F.; Lane, T. H.; Taylor, P. G.

. . . : . J. Inorg. Biochem2003 96, 401—-406.
Carlsberg may involve a sitfyl serine intermediate, but we (9) Kovach, I. M.J. Phys. Org. Che2004 17, 602-614.

currently have no direct evidence for or against such an intermedi- (10 (a) Farney, D. M.; Gold, A. MJ. Am. Chem. S0d963 85, 997-1009.
ate. Sulfatases catalyze the hydrolysis of sulfate esters via a different (b) James, G. TAnal. Biochem1978 86, 574-579.

i ; ; i i (11) Hinchliffe, P. S.; Wood, J. M.; Davis, A. M.; Austin, R. P.; Beckett, R.
mechanism. They contain arformylglycine residue, not a serine, P Page. M. 1Org. Biomol. Chem2003 1, 67-80.

at the _actlve site and react via a sulfate hemlaéétSImllarI)_/, (12) (a) Zhou, P.: Chen, B.-C.; Davis, F. Aetrahedron2004 60, 8003
sulfamidase catalyzes the cleavage of the-NS bond in 8030I.1 (b) Ellmﬁn, JPure ﬁppl. Chem2003 75, 39—46. (?‘)j)Davis, F.
_ : : A.; Zhou, P.; Chen, B. GChem. Soc. Re 1998 27, 13—18. Carreno,
N-sulfoglucosamine to give sulfaté. M. C.Chem. Re. 1995 95, 1717-1760. (e) Tillett, J. G. IThe Chemistry
These results demonstrate that subtilisin Carlsberg catalyzes the of Sulphinic Acids, Esters, and Their Deatives Patai, S., Ed.; Wiley:

unnatural sulfinamide cleavage even when a carboxamide group is ___ Chichester, U.K., 1990; pp 663522.

available. A related example involved inactivation of the serine 13 f;%”lzei&_g'i'l\ﬂfglo"e’v' P.; Kazlauskas, R1JAm. Chem. So005

protease elastase with fasultam (3-lactam analogue), where (14) Stahl, M. L.; Ferrari, EJ. Bacteriol 1984 158 411-418.
cleavage favored the strained sulfonamide over the unstrained (15) Chen, C.-S.; Fujimoto, Y.; Girdaukas, G.; Sih, CJJAm. Chem. Soc
carboxamide bonét The structurally similar subtilisins BPNind 1982 104, 7294-7299. ) . )
) . . (16) Faber, K.; Haig, H.; Kleewein, A. InPreparatie Biotransformations
E d_o nOt_CleaVe 'the_se sulflna_mlde groups, 5U999_5t|n9 th?‘t a_few Roberts, S. M., Ed.; Wiley: New York, 1995; pp 0.079.084. See also:
amino acid substitutions may introduce this catalytic promiscuity. http://borgc185.kfunigraz.ac.at/science.htm (accessed Jan 2005).
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