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ABSTRACT: In both protein chemistry studies and organic synthesis applications, it is desirable to have
available a toolbox of inexpensive proteases with high selectivity and diverse substrate preferences. Toward
this goal, we have generated a series of chemically modified mutant enzymes (CMMs) of suBtilisin
lentus(SBL) possessing expanded [$cket specificity. Wild-type SBL shows a marked preference for
substrates with large hydrophobigiesidues, such as the large Phedsidue of the standard suc-AAPF-

pNA substrate. To confer more universal $pecificity on g, a strategy of chemical modification in
combination with site-directed mutagenesis was applied. For example, WT-SBL does not readily accept
small uncharged Residues such as theCHjz side chain of alanine. Accordingly, with a view to creating

a S pocket that would be of reduced volume providing a better fit for smalsife chains, a large
cyclohexyl group was introduced by the CMM approach at position S166C with the aim of partially
filling up the S pocket. The S166C-S-CGH-CsHi1 CMM thus created showed a 2-fold improvement in
kealKm with the suc-AAPA-pNA substrate and a 51-fold improvement in suc-AAPA-pNA/suc-AAPF-
pPNA selectivity relative to WT-SBL. Furthermore, WT-SBL does not readily accept positively or negatively
charged Presidues. Therefore, to improve SBL'’s specificity toward positively and negatively charged P
residues, we applied the CMM methodology to introduce complementary negatively and positively charged
groups, respectively, at position S166C in 8 series of mono-, di-, and trinegatively charged CMMs
were generated and all showed improkeg@Kus with the positively charged; Pesidue containing substrate,
suc-AAPR-pNA. Furthermore, virtually arithmetic improvement&igKyv were exhibited with increasing
number of negative charges on the S166C-R side chain. These increases culminated in a 9-fold improvement
in keafKy for the suc-AAPR-pNA substrate and a 61-fold improvement in suc-AAPR-pNA/suc-AAPF-
pNA selectivity compared to WT-SBL for the trinegatively charged S166C-S8EHC(COO )3 CMM.
Conversely, the positively charged S166C-S,CH,NH3;" CMM generated showed a 19-fold improvement

in kealKm for the suc-AAPE-pNA substrate and a 54-fold improvement in suc-AAPE-pNA/suc-AAPF-
pNA selectivity relative to WT-SBL.

For both protein chemistryl(-3) and organic synthesis 7). While over 3000 enzymes have now been reported, of
applications4—6), it is desirable to have available a diverse which many are proteases, significantly fewer of the latter
toolbox of inexpensive proteases with high selectivity and are available inexpensively from commercial sourdes).
diverse substrate preferences. To date, the most extensivelfFurthermore, since WTenzymes will never accept all
exploited class of enzymes in organic synthesis applicationssubstrate structures of synthetic interest, it is attractive to
has been the hydrolases. Among these, the serine proteasasontemplate the tailoring of a readily available protease in
have received considerable attention due, in part, to theirorder to expand its substrate specificity in a controlled
often exquisite stereo-, regio-, and chemoselectivites ( manner with the ultimate goal of creating any desired

) __ _specificity at will.
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WT-SBL has a marked preference for substrates with large
hydrophobic uncharged, Pesidues. In this study, we explore
tailoring of the S pocket of SBL to also accept small
hydrophobic, positively charged and negatively charged P
residues. To achieve this broadengddferance, a simplistic
strategy of steric and electrostatic complementarity was
applied 67). Employing the crystal structure of SBL as our
guide 69), the Ser166 residue, which is located at the bottom
of the S pocket and whose side chain points inward toward
the pocket, was chosen for mutagenesis to cysteine and
subsequent chemical modification. First, to expand SBL'S
specificity toward small uncharged Residues, such as the
small R Ala residue of the suc-AAPA-pNA substrate, we
introduced large moieties at position 166 i &ich as benzyl
(-¢), decyl (€), cyclohexyl (f), and steroidyl (@) groups
with a view to reducing the volume of;&nd inducing a

(i) .H"\/\]<C°°H better fit of small R groups, thereby conferring elastase-
COOH COOH like (68) substrate specificity on SBL. Then, to expand SBL’s
specificity toward positively charged; Pesidues, such as
the R Arg residue of the suc-AAPR-pNA substrate, we
; (i) CO%OH introduced negatively charged groups at position S166C in
® 'HH\% COOH S,, such as the ethylsulfonatob} moiety, and the dicar-
boxylic aromatic (d) and aliphatic mono-H), di- (i), and
natural amino acids. Consequently, biosynthetic methodstri (-j)-aliphatic groups, to elicit complementary electrostatic
have recently been developed to introduce unnatural aminoattractions with a view to making SBL trypsin-like in its
acids into proteins25—27). Unnatural functionalities have  specificity 69). Conversely, to expand SBL's specificity
also been incorporated by chemical modification techniques toward negatively charged Residues, such as the negatively
(28—34). Since the unnatural amino acid mutagenesis charged PGlu residue of the suc-AAPE-pNA substrate, we
approach is not yet amenable to large-scale preparations andhtroduced the positively charged ethylamina)(group at
chemical modification alone is insufficiently specific, we position S166C in §
have begun to exploit a strategy of applying a combination
of site-directed mutagenesis and chemical modification to RESULTS
modify enzyme specificity 35—40). This approach is il-
lustrated in Scheme 1 and entails the introduction of a unique
cysteine residue at a selected position, followed by its
chemical modification with methanethiosulfonatl{43) 4 )
reagents (MTS,1a—j) to generate chemically modified from cholic acid by the same methodology. ) .
mutant enzymes (CMMs). The combination of site-directed ~ Each of the CMMs obtained was characterized in order
mutagenesis and chemical modification has previously beent0 establish its purity and integrity. Titration of the CMMs
recognized as a powerful tool for the creation of new active- with Ellman’s reagent showed a residual thiol content of less
site environmentsl1@, 44, in mechanistic studie/6—46) than 2% in all cases, d_emonstrating that the MTS reactions
for the investigation of protein packing?), and for cofactor ~ Were virtually quantitative. Mass analyses of the CMMs by
incorporation 28). This approach has also been applied to €lectrospray mass spectrometry were consist&n6 (Da)
detailed studies of ion-channel propertid850) for site- with the calculated masses. The purities of the modified
directed introduction of spin label§1, 52, to probe receptor ~ €nzymes were assessed by native-PAGE, and in all cases,
binding 63), and in investigations of membrane spanning only one band was visible. Furthermore, as expected relative
proteins b4, 55. to WT, the negatively charged CMMs S166(hS-d, and
The subtilisin fromBacillus lentus(SBL, EC 3.4.21.14)  -i to 4 displayed retarded mobility in the direction of the
is well suited as an exploratory vehicle for evaluating the cathode, while the positively charged S166G MM
potential of this combined site-directed mutagenesis chemicaldisplayed greater mobility. That modification of cysteine is
modification approach since it is a well-characterized enzyme Wholly responsible for altered activity was established by
and is of syntheticg6, 57 as well as industrial5g) interest.  the absence of reaction of WT-SBL with the MTS reagents.
Furthermore, SBL's high-resolution crystal structure has beenAlso, the modifications are fully reversible by treatment of
solved 69, 60, and it has been cloned, overexpressed, and €ach of the CMMs witt-mercaptoethanol, further verifying
purified (61), and its kinetic behavior well characteriz&®{ that chemical modification at cysteine was solely responsible
65). In addition, and importantly, wild-type (WT) SBL for the observed changes in activity. The total amount of
contains no natural cysteine residues, and methanethiosul2ctive enzyme was determined by titration with phenyl-
fonate reagents therefore reamtly with the introduced ~ methanesulfonyl fluoride7().
cysteine residue. The validity of the CMM approach for Initially, three CMMs S166C-%; -b, and €, with a
altering the stability §6), specificity 4), kinetic properties positive, a negative, and with a large hydrophobic side chain,
(35—37, 39, 40, and pH profiles 88) of subtilisins has been  respectively, were subjected t&ka/Ky screen with each of
recognized. the test substrates, suc-AAP-F/A/R/E-pNA, in order to

ORI

The preparations of the requisite MTS reagehtg36),
lef (36), 1d (36, 70, and 1i,j (36, 70 are as reported
previously, and the steroidyl MTS reagelg was prepared
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FiGUrE 1: K.ofKym Screen of WT-SBL and S166C-&to -c CMMs
with each of the standard suc-AAPF-pNA substrate and with the
suc-AAP-A/R/E-pNA substrates.

identify any induced complementary electrostatic or im-
proved hydrophobic interactions (Figure 1). While, as
expectedk./Kus with the standard suc-AAPF-pNA were
lowered, thek../Kuys of the CMMs whose Ssites were
tailored toward the Ala, Arg, and Gly Pesidues, improved
with the appropriate substrate. This is illustrated in Figure 1
in the higher activity of S166C-8-with suc-AAPA-pNA,
of S166C-Sh with suc-AAPR-pNA, and of S166C-&with
suc-AAPE-pNA, all relative to WT.

Following the validation of the general design strategy
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of filling up the S binding cleft was addressed by preparing
the S166C-S-ChCeHs (-¢), S166C-S-ChH{CH,)sCH; (-€),
S166C-S-CHCgH11 (-f), and S166C-S-steroidyldy CMMs.
This design strategy attempted to mimic the function of the
bulky S-pocket side chains af-lytic protease 12—74) and

of elastase@8), which are responsible for their substantial
preference for the smalhgroup containing suc-AAPA-pNA
substrate over the large-Broup containing suc-AAPF-pNA
substrate §8, 72-74). These CMMs (S166C-8-¢, -f, -g.
Table 1, entries 1216) were then evaluated with the suc-
AAPA-pNA substrate. All revealed slightly improved binding
compared to WT, with the greatest improvemerijnbeing
2-fold for the S166C-S-CyCeHs (-¢) CMM. However, of
these four CMMs, only S166C-S-GEBsH11 (-f) showed both

an improvedk.and an improvedc./Ky. While this design
strategy yielded only one CMM with an increased preference
for the small Ala R residue, all of these modifications
effectively excluded the larger Phe Residue preferred by
WT-SBL (Table 1, entries 4 and-@8). Overall, the selectivi-
ties with respect tl./Km for the suc-AAPA-pNA substrate
compared to the suc-AAPF-pNA substrate were improved
by 11-fold for S166C-S-CkCsHs (-c), 1.1-fold for S166C-
S-CHy(CH,)sCH;s (-€), 51-fold for S166C-S-ChCeH11 (),
and 3.2-fold for S166C-S-steroidyky}; all compared to WT.
These differences injPAla selectivity may be a reflection
of the orientation of the R side chain of the CMM, with the
side chains of S166C-S-GHgHs (-¢) and —CH,CgH1; (),
behaving as though directed into the pocket and favoring P
= Ala, whereas the side chains of S166C-S({HH,)sCH3

from this initial screen, more complete kinetic analyses were (.¢) and S166C-S-steroidyl g} behave as though directed
undertaken. The substrate specificity of each of the CMMs qytward, thus not significantly altering the shape of the S
was evaluated kinetically with the standard large hydrophobic pocket.

P: residue containing substrate suc-AAPF-pNA. In addition,
the S166C CMMs modified with the large hydrophobic MTS
reagentd c,e—g, were evaluated with the small hydrophobic
P residue containing substrate, suc-AAPA-pNA. The S166C
CMMs modified with the negatively charged MTS reagents
1b,d,h—j were evaluated with the positively charged P

The above improvements in Rla acceptance, although
modest, are encouraging and demonstrate the effectiveness
of the adopted strategy2Q—22, 75 Tailoring the steric
complementarity between enzymes and substrates has already
been found to be challenging, and comparison of these CMM
results with previous literature studies targeting the same goal

residue containing substrate, suc-AAPR-pNA. The S166C gre poth interesting and intriguing. For example, the G1661

CMM modified with the positively charged MTS reagent
la was evaluated with the negatively chargedr®sidue

containing substrate, suc-AAPE-pNA. The results are sum-

marized in Table 1.

DISCUSSION

The significant substrate preference of WT-SBL for large
hydrophobic R residues is apparent from its preference for
the Phe Presidue of the standard suc-AAPF-pNA substrate,
by a factor of 9500-fold over the smalk Pesidue of suc-
AAPA-pNA, by a factor of 24-fold compared to the
positively charged Presidue of suc-AAPR-pNA and by a

mutation of subtilisin BPN effected an almost 1000-fold
decrease irk.o/{Km with the R=Phe suc-AAPF-pNA sub-
strate. However, this same G166l mutant, which was by far
the most effective mutation, elicited a 10-fold improveg/

Km compared to WT with the P=Ala suc-AAPA-pNA
substrateZ0). Notably, the G166l subtilisin mutant is more
selective for Ala over Phe than our most selective CMM.
However, in both cases, the increases in selectivity are due
mainly to decrease ik../Ky for suc-AAPF-pNA rather than
increases itk.o{Ky for suc-AAPA-pNA. The results for both
CMM and SDM approaches agree that decreasing the
selectivity of an enzyme for a large hydrophobic residue

factor of 522-fold compared to the negatively charged P containing substrate can be accomplished in a relatively facile
residue of suc-AAPE-pNA (Table 1, entries 1, 12, 17, and manner by the introduction of large amino acid in the enzyme
23). These kinetic differences are due to changes in bothpocket, but that increasing the selectivity of an enzyme for

binding, as reflected by, and in turnover numbekc,:
Moreover, and predictably, the WT enzyme is by far the
best catalyst with suc-AAPF-pNA, and its conversions to
any of the CMMs were deleterious with respect to this
substrate and resulted k3./Kyv decreases of up to 34-fold
(Table 1, entries 211).

To improve the substrate specificity of SBL toward small
hydrophobic Presidues such as Ala, the simplistic approach

a small hydrophobic residue containing substrate is much
more difficult. Similarly, the G127A mutant of subtilisin
YaB, whose specificity was already elastase-like, effected a
10-fold improvement ink./Ky with the suc-AAPA-pNA
substrate 15). However, the G127V mutant of subtilisin E
induced a decrease ik../Ky with the suc-AAPA-pNA
substrate, identifying an inconsistency in the SDM strategy
(21). Thus, the CMM approach offers a complementary
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Table 1: Kinetic Evaluatiohof Altered S Pocket Specificity

entry enzyme substrate Km (MM) Keat (571 KealKm (s7TmM™1)

1 WT suc-AAPF-pNA 0.73t 0.08 153+ 4 209+ 15

2 S166C-Sa suc-AAPF-pNA 0.68+ 0.04 50+ 1 74+ 5

3 S166C-3 suc-AAPF-pNA 1.34+ 0.08 25.0+ 0.7 19+1

4 S166C-Se suc-AAPF-pNA 1.14 0.06 23.1+£ 0.5 20+1

5 S166C-Sd suc-AAPF-pNA 1.6t 0.2 47+ 3 29+ 4

6 S166C-Se suc-AAPF-pNA 1.09t 0.07 82+ 2 75+ 5

7 S166C-S- suc-AAPF-pNA 0.7G+ 0.05 4.8+ 0.1 6.90+ 0.05

8 S166C-Sg suc-AAPF-pNA 0.74+ 0.07 20+ 1 4144

9 S166C-FP suc-AAPF-pNA 1.52+ 0.06 48+ 1 31+1
10 S166C-gP suc-AAPF-pNA 2.26+ 0.10 67+ 2 30+ 2
11 S166C-gb suc-AAPF-pNA 2.46+ 0.11 76+ 2 31+ 2
12 WT suc-AAPA-pNA 2.0+0.1 17.7£ 0.3 8.8+ 04
13 S166C-% suc-AAPA-pNA 0.8+ 0.1 6.8+ 0.3 9+ 1
14 S166C-S* suc-AAPA-pNA 1.90+ 0.03 6.8+ 0.4 3.6+ 0.6
15 S166C-9- suc-AAPA-pNA 1.90+ 0.07 28.2+ 0.4 14.8+ 0.6
16 S166C-S3 suc-AAPA-pNA 1.74+ 0.04 9.65+ 0.07 5.54+ 0.3
17 WT suc-AAPR-pNA 7.2£0.7 0.16+ 0.01 0.022+ 0.002
18 S166C-% suc-AAPR-pNA 3.4+ 0.3 0.17+0.01 0.050t 0.005
19 S166C- suc-AAPR-pNA 5511 0.68+ 0.08 0.12+ 0.03
20 S166C-Sh suc-AAPR-pNA 8.2+ 0.9 0.35+ 0.02 0.041t 0.005
21 S166C-9- suc-AAPR-pNA 5.3+ 05 0.43+ 0.02 0.080+ 0.008
22 S166C-S- suc-AAPR-pNA 5.2+ 0.6 1.06+ 0.07 0.20+ 0.03
23 WT suc-AAPE-pNA 4.4 0.4 1.75+ 0.08 0.40+ 0.04
24 S166C-% suc-AAPE-pNA 1.9+ 0.1 14.5+ 0.3 7.6+ 04

aMichaelis—Menten constants were measured by the initial rates method in, pH 8.6, Tris-HCI buffer°& &8h suc-AAPF-pNA as the
substrate® Taken from ref70.

alternative to conventional site-directed mutagenesis toward 02 & s166C-5 | ' ' -
the goal of tailoring the steric complementarity between .
enzymes and substrate®?). 0.16 i
) I . keat KM

Improving the substrate specificity of SBL toward posi- M- ¢! .
tively charged P residues such as Arg was based on 012 - ® S166C-S-d —
mimicking the common motif in trypsin-like enzyme&9j L i
of high negative charge density of acidic residues that favor 008 | S166C-S-i
binding of positively charged substrate structur@s, (76— .
78). This goal was addressed by S166C-S,CH,SGC;™ (-h), 004 L
S166C-S-CHCH,),CH,COO™ (-h), S166C-S-CHCeH4-3,5- L

(CO0O); (-d), S166C-S-CHCH,C(CHs)(COO), (-i), and
S166C-S-CHCH,C(COO )3 (), a series of CMMs which
provide an $ pocket which is potentially mono-, di-, and
trinegatively charged. Evaluation of each of these CMMs \':52355 {KP 'O\Li‘i;ﬂgg'ﬁg"’l‘;g“eﬁzﬁﬁghfgﬂfsogﬁhaetl?r?:igfe“fclf“’
with the SUC_.AAPR_DNA substrate revealgs that Were' the aliphzticMseries of carboxyIF;ted? groupps and the WT, Ser166.
up to 2-fold improved compared to WT (Table 1, entries

17—22). The general success of this approach is evident sinceArg/phe R selectivity, this was accompanied by a 2.5-fold
all of the CMMs with a negatively chargedR side chain decrease inke.fKy with the suc-AAPR-pNA substrate
showed improved activity compared to WT with an up to compared to WT 16). Thus, compared to WT, both with
7-fold improvedkea: and an up to 9-fold improvet/Kw respect to improvedt../Ky with the suc-AAPR-pNA sub-
with the suc-AAPR-pNA substrate (Table 1, entries-17  strate and improved Arg/Phe; RBelectivity, the CMMs
22). Overall, the selectivities, with respectitg/Kwu, for the reported herein are more successful.
suc-AAPR-pNA substrate compared to the suc-AAPF-pNA  Fyrthermore, these improvements correlate directly with
substrate were improved 25-fold for S166C-SACH,SO; the number of introduced negative charges, such that each
(-b), 13-fold for S166C-S-CHCH,),CH,COO" (-h), 39-fold additional negative charge introduced at position 166 causes
for S166C-S-ChiCeH4-3,5-(COO); (-d), 25-fold for S166C-  an approximate doubling ik../Ky with the complementary
S-CHCH,C(CHs)(COO): (-i), and 61-fold for S166C-S-  charged suc-AAPR-pNA substrate (Figure 2). This arithmetic
CHCHC(COQO)s (+)) relative to WT. improvement is interesting since it contrasts with the previous
The strategy of introducing charge complementarity to observation that while remote noninteracting charged muta-
induce trypsin-like Pspecificity in subtilisins has previously  tions are additive, multiple interacting adjacent charged
been explored using site-directed mutagenesis (SOM) (  mutations often are not additive. Rather, in most cases, the
16, 79. Interestingly, however, the G166D and G166E empirically observed effects are lower than predicted from
mutants of subtilisin BPNcaused decreaseshg/Ky with their individual sums&0). This phenomenon is particularly
the suc-AAPK-pNA substrate rather than the anticipated problematic for charged mutations due to the long-range
increasesl(?). Furthermore, while the G166D subtilisin BPN  effects of electrostatic interactions. For example, the sum of
mutant was reported to exhibit a 18-fold improvement in the transition-state stabilization eneygyAG#, for the two

Charge at Residue 166
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single positively charged subtilisin mutations (D99K and
E156K) over estimates the empirically observed effect of
the double mutant, when assayed with an Argéhtaining
substrate §0). In contrast, in all cases the empirically
determinedA AG*; values for the aliphatic carboxylate series
of mono- di- and trinegatively charged side chains, of the
S166C-Sh, -i, and § CMMs exhibit an additive effect of
additional charge§1). Thus, the CMM approach offers a

convenient method to circumvent the problem of the attenu-

ation of the augmenting effect of the introduction of
additional charges by SDM by permitting the introduction
of a larger local charge density.

Biochemistry, Vol. 38, No. 40, 19993395

responsible for the observed 19-fold improvemenkiy
Kw for this CMM-substrate pair, compared to WT.

CONCLUSION

While much remains to be done, the overall data clearly
provides an encouraging initial validation of the practical
effectiveness of the CMM strategy for generating comple-
mentary electrostatic and steric enzynseibstrate interac-
tions. For each of the Ala, Arg, and Gly Residues, at least
one, and up to five, of the designed CMMs exhibit improved
kealKms compared to WT. The CMM approach is comple-
mentary to the SDM approach and also offers the additional

Conversely, the adopted design strategy of introducing a opportunity for the introduction of multiply charged side

complementary positive charge in the I8nding cleft by
the CMM approach to improve;P= Glu selectivity was

chains generating high charge densities at single active-site
locations. The beneficial effects of the introduction of a

based on mimicking the specificity determinants of the serine localized high charge density was demonstrated by the

proteases Pronas@2—83) and granzyme Bg4—86), which
exhibit a substrate preference for negatively charged P
residues, and whose; Pockets are lined with positively

arithmetic increases ik.a/Ky, with the suc-AAPR-pNA
substrate, induced by incremental increases in the negative
charge of the Spocket. Further studies toward refining this

charged residues. The success of the current approach igieneral strategy are in hand and will be reported in due

apparent from the remarkable 19-fold increask.ifKu, with

the suc-AAPE-pNA substrate displayed by S166C-S-CH
CHuNH3™ (-a). This enhancement is due to a combination
of better binding, evident from the 2-fold lowéty, and
8-fold higherk.,: (Table 1, entries 23 and 24). The induction
of electrostatic complementarity was most unequivocally
demonstrated by the 54-fold improvement in suc-AAPE-pNA
to suc-AAPF-pNA substrate selectivity, with respeckig/

Ku, for S166C-S-CHCH,NH3t (-a) compared to WT.
Previously, the individual G166R and G166K subtilisin BPN
mutations elicited 23- and 340-fold improvementskig/

Kwm for the suc-AAPE-pNA substratd 2, 14. However, it
must be noted that the E156{@166K double mutant was
much more receptive to Glu;Rnd exhibited a 1900-fold
improvement compared to WTL2). Interestingly, both the
G166R and G166K mutants displayed even highgKus
with the hydrophobic Presidue containing substrates suc-
AAPN-pNA and suc-AAPM-pNA and even with the posi-
tively charged P residue containing substrate suc-AAPK-
pNA(12). While S166C-S-CHCH,NH3" (-a) still exhibits

a 10-fold preference for suc-AAPF-pNA compared to suc-
AAPE-pNA (Table 1, entry 2), the substrate screen (Figure
1) shows that suc-AAPA-pNA and suc-AAPR-pNA are
poorer substrates.

Since the S166C-S-GBH,NH3;" (-a) and suc-AAPE-
pNA CMM-substrate pair exhibited the greatdgt/Kwm
improvement relative to WT, at 19-fold (Table 1, entry 24),
more detailed insights into the molecular basis of their

course.

EXPERIMENTAL SECTION

Sulfonatoethyl methanethiosulfonatgaj and ethylam-
monium methanethiosulfonatd lf) were purchased from
Toronto Research Chemicals (2 Brisbane Rd., Toronto, ON,
Canada). Reageniz—f (36) and1h—j (70) were prepared
as previously described. ES-MS data were acquired using a
PE SCIEX API Ill Biomolecular mass spectrometer. The
tetrapeptide substrates suc-AAPF/A/R/E-pNA were pur-
chased from Bachem Bioscience Inc. (Torrance, CA). All
buffer solutions were made up in deionized water.

Site-Specific Chemical Modificatiomo 25 mg of a S166C
mutant, purified as previously describe?¥( 61 and stored
flash frozen in CHES buffer (2.5 mL; 70 mM Ches, 5 mM
Mes, and 2 mM CagGJ pH 9.5) at 20°C, was added one of
the methanethiosulfonate reagerita{g) (100uL of a 0.2
M solution), in a PEG (10 000)-coated polypropylene test
tube, and the mixture agitated in an end-over-end rotator.
Blank reactions containing 1QL of solvent instead of the
reagent solution were run in parallel. Each of the modification
reactions was monitored spectrophotometrically,(= 8800
M~ cm?) (79) on a Perkin-Elmer Lambda 2 spectropho-
tometer, by specific activity measurements. After the reaction
was quenched by dilution in MES buffer (5 mM Mes and 2
mM CacCl, pH 6.5) at (°C, the specific activity of the CMM
(10 uL), was determined in buffer containing 0.1 M Tris,
pH 8.6, 0.005% Tween 80, and 1% DMSO, with the suc-

interaction was sought using molecular modeling. Using the AAPF-pNA substrate (1 mg/mL) at Z%. The reaction was

modeling approach reported previously7), the product
inhibitor, AAPE bound to WT-SBL and to the S166C-S-
CH,CH;NHz" (-a) CMM was minimized. Molecular model-
ing revealed that the minimized binding conformations of
AAPE to both the WT and S166C-S-GEH,NH3;" enzymes
are quite similar despite the 19-fold differencekina/Ky.
However, the ammonium moiety of the S166C-S-CH,-
NH3;" CMM side chain is oriented toward the carboxylate
of the glutamic acid Presidue, and although it is not quite
within salt-bridge distance (N-to- “OOC, 4.76 A), this
additional favorable Coulombic interaction between the
ammonium side chain of S166C-S-gEH,NHz;™ and the
carboxylate of the glutamic acid;Pesidue is deemed

terminated when the addition of a further 10Q of
methanethiosulfonate solution effected no further change in
specific activity, generally in 30 min to 3 h. The reaction
solution was purified on a disposable desalting column
(Pharmacia Biotech PD-10, Sephadex G-25 M) preequili-
brated with Mes buffer (5 mM Mes and 2 mM CaCpH

6.5) then dialyzed against 20 mM Mes and 1 mM GacCl
pH 5.8 (3x 1 L) at 4°C and aliquoted into 0:51.5 mL
volumes, flash frozen in liquid nitrogen, and then stored at
—20°C. Modified enzymes were analyzed by nondenaturing
gradient (8 to 25%) gels at pH 4.2, run toward the cathode
on the Pharmacia Phast-System, and appeared as one single
band.
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Electrospray Mass SpectrometBrior to ES-MS analysis,  ated using the Builder module of Insight. Then the amino
CMMs were purified by FPLC (Bio-Rad, Biologic System) acid side chains within a 10 A radius of thecarbon of the
on a Source 15 RPC matrix (17-0727-20 from Pharmacia) mutated residue were minimized while all other residues were
with 5% acetonitrile, 0.01% TFA as the running buffer and constrained, then all of the atoms within a 10 A shell were
eluted with 80% acetonitrile, 0.01% TFA in a one step minimized, followed by minimization of the whole system.
gradient. (Mass) WT: calcd, 26 698; found, 26 6B6)( To examine the effect of a different Pesidue (Glu), the
S166C-Sa: calcd, 26 714; found, 26 7086). S166C-Sh: Phe to Glu mutation of the product inhibitor was constructed
calcd, 26 853; found, 26 85B6). S166C-Sz: calcd, 26 836; using insightll, and then this structure was minimized as
found, 26 83286). S166C-Sd: calcd, 26 924; found, 26 928 above.

(70). S166C-Se: calcd, 26 886; found, 26 89@6¢). S166C-

S4: calcd, 26 842; found, 26 8486). S166C-Sg: calcd, ACKNOWLEDGMENT

27 128; found, 27 1233p). S166C-Sh: calcd, 26 846;
found, 28 646 70). S166C-S calcd, 26 890; found, 26 894
(70). S166C-S= calcd, 26 934, found, 26 9390Q).

Regeneration of Unmodified Enzyme by Treatment with
f-MercaptoethanolTo a solution of CMM (2.0 mg) in 250
uL of Ches buffer (70 mM Ches, 5 mM Mes, and 2 mM
CaClb, pH 9.5) was added 10L of a solution of 5-mer-
captoethanol (1 M in 95% EtOH). The reaction was gyppPORTING INFORMATION AVAILABLE
monitored by specific activity measurements.

Fee Thiol Titration. The free thiol content of S166C Preparation of steroidyl methane thiosulfonate readent,
CMMs was determined spectrophotometrically by titration This material is available free of charge via the Internet at
with Ellman’s reagente;» = 13600 M1 cm™) (87) in http://pubs.acs.org.
phosphate buffer 0.25 M, pH 8.0.
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