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Abstract: Developing the ability to vary the pHactivity profile of an enzyme in a controlled manner has
been a long sought-after goal. Such tailoring provides important insights into mechanism and permits
optimization of enzyme performance in organic synthesis applications. The most successful approaches to
date toward altering pHactivity profiles of enzymes have employed either site-directed mutagenesis or chemical
modification to alter enzyme surface charge. We now report that, by combining these two methodologies,
dramatic K, changes can be induced in the serine protease subfiisientus In particular, site specific
incorporation of unnatural amino acid side chains by the following strategy; YWAsN62Cysytant + H3C—
SO,—S—R — Asn62Cys-S-R, where R may be infinitely variable, has demonstrated tKatspifts of up to

0.72 unit are achievable and are accompanied by significant activity enhancements. The most dkgmatic p
shifts are caused by chemical modification with hydrophobic aliphatic moieties. A linear correlation between
the hydrophobicity indicator lo@ for the side chain of the modification and the observid gemonstrates

that the hydrophobicity in the vicinity of the catalytic triad modulates tkg @f the catalytic residue His64.
Molecular modeling analysis reveals that the side chain R of Asn62€y¥&-Svhere R is a hydrophobic
modification such as decyl or cyclohexyl, positions itself over the imidazole moiety of His64 in the minimized
structure.

Introduction Scheme 1
The ability to vary the pH-activity profile of an enzyme in

o]

]
a controlled manner has been a long sought-after gd&iich SH HC—§—S —R s’S‘R
tailoring can help to elucidate important insights into mechanism O 1ak

and permits optimization of enzyme performance for use in ~Hes

organic synthesi&. Thus far, the most successful approaches

to altering pH-activity profiles have used either site-directed R= a CHy e -(CHp),CH; i -CH,CeHs

mutagenesi§—h or chemical modificatiot9to alter enzyme b -CH,CH, f -(CHy)sCH, j -CH,CH,SOy.

surface charge. These studies have established that increasing p '2:22“‘CH3’2 g (CHACH, K -CHLCHANM,
-CH,C(CH3), h  -CHy¢c-CgHyy

positive surface charge of the serine proteases destabilizes the
protonated imidazolium group of the active site histidine and
thus lowers its [, while increasing negative surface charge
stabilizes the histidine imidazolium, thereby raising its,p
While predictive models to determine the effect of electrostatic
modification on His64 K, have recently been establishédhe
introduction of uncharged hydrophobic mutations to alter
enzyme pH-activity profiles has not been investigated. In
addition, while it has been recognized that th&gof amino
acid side chains in proteins, particularly those essential for

catalysis, are affected by their environmétitese values cannot
always be predicted.

Our strategy of chemical modification of site-directed mutant
enzyme$® offers a new opportunity for altering surface proper-
ties and active site environments, thereby opening up novel
possibilities for controlling pH optima. This approach entails
the introduction of a cysteine residue at a selected position by
site-directed mutagenesis which is then quantitatively and
— specifically thioalkylated using methanethiosulfonate reagents
Fa;-Einél): églgnl%%%’amhemy'Chem'“toronto'ca' Phone: (416) 978-3589. g,ch asla—k, as shown in Scheme 1. This methodology
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318 375-376. (c) Sternberg, M. J. E.; Hayes, F. R. F.; Russell, A. J.; sjte-specifically, thus permitting the investigation of the steric
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overexpressed, and purifiédits kinetic properties are well
characterized, and its crystal structure has been solVed.
Furthermore, subtilisins are of both synthétmnd industrial®
interest and previous approaches to altering their-pétivity
profiles have been reportéé:¢" We have already exploited
the strategy illustrated in Scheme 1 to alter substrate spedificity
and to increase activity for this enzyrheFor example, we
recently achieved an up to 3-fold higher than wild type (WT)
activity enhancement by chemical modification of the N62C
cysteine mutant of SBE. In this study, we found that increased
alkyl side-chain length caused a monotonic increadeiu
with the most dramatic effect being exhibited by N628CH,-
¢-CeH11 (-h). Due to the proximity of Cys62 to His64we

J. Am. Chem. Soc., Vol. 120, No. 34, 5553

(@

el
hypothesized that these activity enhancements were due in part ‘Q

to the altered W, of the catalytic triad residue His64. We
undertook the current study to investigate the validity of this
hypothesis and to uncover altered-phLtivity profiles of SBL
which can expand its synthetic utility. We now report that
dramatic K, changes can be induced by chemical modification
of site-directed mutants and thakpshifts of up to 0.72 unit
are achievable by these two methodologies.

Results and Discussion

Each of the CMMs N62G to -k were prepared and
characterized as described previouslBriefly, the N62C-

SBL mutant was treated with the methane thiosulfonate reagents

(1a—k) as shown in Scheme 1, with the modification reactions
being complete within 30 min. Titration of the CMMs with

Ellman’s reagent established that reactions were quantitative

with the free thiol content of the CMMs being less than 2% in

all cases. The CMMs were purified on a disposable Sephadex

G-25 desalting column, and analysis of each CMM by electro-
spray mass spectrometry was consisteh6 (Da) with the

calculated mass. The purities of the modified enzymes were
assessed by native-PAGE and in all cases only one band was

visible. Furthermore, treatment of SBL-WT, in which no
cysteine is present, with each bd—k resulted in no change in

activity. Additionally, s-mercaptoethanol treatment of the
CMNMs restored activity to that of the parent cysteine mutant,
verifying that chemical modification at cysteine is solely

responsible for the observed changes in activity, and that the

modification is fully reversible. The active enzyme concentra-
tion was determined by monitoring fluoride release upon
reaction of each CMM with phenylmethylsulfonyl fluoride
(PMSF)11

Initially, molecular mechanics calculations were performed

to probe the molecular basis for the 3-fold activity enhancements

observed for N62€ SCH-¢c-CgH11 (-h). These results, which
are depicted in Figure 1a, revealed that in the minimized

(4) DeSantis, G.; Berglund, P.; Stabile, M. R.; Gold, M.; Jones, J. B.
Biochemistry1998 37, 5968-5973.

(5) Berglund, P.; DeSantis, G.; Stabile, M. R.; Shang, X.; Gold, M.; Bott,
R. R.; Graycar, T. P.; Lau, T. H.; Mitchinson, C.; Jones, JJ.BAm. Chem.
So0c.1997 119, 5265-5266.

(6) SBL is identical in sequence to SavinHée

(7) Stabile, M. R.; Lai, G. W.; DeSantis, G.; Gold, M.; Jones, J. B,;
Mitchinson, C.; Bott, R. R.; Graycar, T. P.; Liu, C.-Bioorg. Med. Chem.
Lett, 1996 6, 2501-2506.

(8) Gren, H.; Meldal, M.; Breddam, KBiochemistry1992 31, 6011
6018.

(9) (a) Betzel, C.; Klupsch, S.; Papendorf, G.; Hastrup, S.; Branner, S;
Wilson, K. S.J. Mol. Biol. 1992 223 427-445. (b) Knapp, M.; Dauberman,

J.; Bott, R. R. Brookhaven database entry 1JEA.

(10) von der Osten, C.; Branner, S.; Hastrup, S.; Hedegaard, L.;
Rasmussen, M. D.; Bisgard-Frantzen, H.; Carlsen, S.; Mikkelsen, J. M.
Biotechnol.1993 28, 55—68.

(11) Hsia, C. Y., Ganshaw, G., Paech, C.; Murray, QAral. Biochem.
1996 242 221-227.

(b)

Figure 1. (a) The active site of the N626-CMM showing the
preferred position of the disulfide-linked Gidyclohexyl side chain

(in gray) over the top of the imidazole side chain of His64 (heavy black).
(b) Active site of the N62G« CMM showing the preferred position of
the disulfide-linked ethylamino side chain (in gray) for which the
ammonium group points toward the aqueous solvent. (c) Active site
of the N62Cg CMM showing the preferred position of the disulfide-
linked decyl side chain (in gray) which is coiled over the top of the
imidazole side chain of His64 (heavy black).

structure the cyclohexyl moiety is positioned directly over the
His64 imidazole of the catalytic triad. In contrast, for N62C-
k, for which a 1.7-fold decrease in activity was obser¥¢ide
—SCH,CH,NHz" side chain is solvated and oriented away from
the catalytic triad region in the minimized structure, as shown
in Figure 1b. In light of these molecular modeling results, and
considering the proximity of Cys62 to His64, we postulated that
the more hydrophobic environment of the catalytic triad in
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Figure 2. pH—activity profile for WT-SBL O, pKa = 7.01+ 0.02)
and the N62Ck CMM (e, pKa = 6.454 0.05).

Table 1. Kinetic and K, Data for SBL CMMs
enzyme a2 (KeaKm)max?® S~ mmolt
WT 7.01+ 0.02 157+ 2
N62C 6.80+ 0.03 91+ 2
N62C-S-a 6.70+ 0.04 105+ 2
N62C-Sb 6.794+ 0.06 200+ 5
N62C-S< 6.52+ 0.04 196+ 3
N62C-Sd 6.59+ 0.07 228+ 6
N62C-S-e 6.61+ 0.06 271+ 6
N62C—S+ 6.53+ 0.07 228+ 7
N62C-Sg 6.29+ 0.04 256+ 7
N62C—-S-h 6.45+ 0.05 238t 5
N62C—SA 6.56+ 0.08 344+ 15
N62C—S+ 7.03+ 0.05 125+ 3
N62C-Sk 6.59+ 0.05 1114+ 2

aDetermined in duplicate by the method of initial rates at low
substrate concentratiéhwith succinyl-AAPF-pNA as the substrate,
in 0.02 M ethylenediamine buffer, ionic strength 0.05 M adjusted with
KCI at 25 °C. ® (KeafKm)max represents the maximal rate at the pH
optimum and was calculated from ptactivity profiles.

N62C—SCH,-c-CgH1; induced by the cyclohexyl group would
cause a decrease in the observid @f His6412 Accordingly,
pH—activity profiles for WT-SBL, the parent cysteine mutant
N62C, and each of the 11 CMMs N62to -k were evaluated
by the method of initial rate’s Gratifyingly, a decrease inka
for N62C-SCH,-c-CgH1; was observed, as shown in the
representative pHactivity profile (Figure 2), which indicates
that the His [, is shifted toward the more acidic side by 0.56
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Figure 3. Linear correlation between the apparelt jand calculated
log P.16

catalytically important residue in the free enzyme. Previous
pH—activity profiles of subtilisins have also indicated an
apparent , of ~71-eh which was ascribed byH NMR
studies to the ionization of His64.

The most marked K, shifts reported in Table 1 are for the
—SCH-c-CgH11 (N62C-S-+h), —SCH,CsHs (N62C4), and
—SCH,(CH,)sCHs (N62Cg) CMMs. In fact, theApK, of 0.72
observed for N62€ SCH,(CH,)sCHs (-) is unprecedented for
a single uncharged modification. That the decyl group was the
largest hydrophobic group of the current series prompted us to
ascertain if there was a linear relationship betwe#n and
hydrophobicity. The Figure 3 plot offy versus the calculated
hydrophobicity index lo@Pcalca) ™ where logP = log (solubility
in n-octanol/solubility in HO), confirms this relationship and
validates the hypothesis that the hydrophobicity of the environ-
ment around His64 modulates it&4’ That such dramatic
pKa shifts are induced by the single, uncharged, groups of the
current study is truly remarkable, since shifts of these magni-
tudes have previously been achievable only by multiple
electrostatic modifications of serine proteasés-or example,
succinylation of 14 lysine side chains of chymotrypsin to
decrease the positive charge on the enzyme surface by 28 units
was required to effect a 1.0 unit increase in thg pf the active
site histidine!2 On the other hand, increasing chymotrypsin’s
positive surface charge by the reaction of 13 surface carboxylates

unit. This K, change turned out to be general and other, very with ethylenediamine was needed to elicit a 0.9 urkt, p

significant, K, changes were also observed for N62&a to
-k (Table 1).
To evaluate the stabilities of WT-SBL and the CMMs, and

decreasé? Also, by the site-directed mutagenesis approach, a
4 unit increase of net positive surface charge of the related
protease, subtilisin BPINwas needed to induce a 1.0 unit His64

to ensure that the enzymes were not irreversibly altered underpk, decreasé¢ The slight increase iniy, effected in this study
the pH range of this investigation, each enzyme was incubatedby the introduction of a negative charge, as for N6&LTH,-

in the buffers used in this evaluation and then assayed undercH,SQ;~ (N62C{), and the decrease effected by the addition
the standard conditions. All enzymes were stable under theseof a positive surface charge, as for N626CHCH,NH3+

conditions and their activities were not irreversibly altered. Since (N62Ck) are consistent with previously established models of

the observed pH dependencekgf/Ky follows the ionization
of the free enzyme or free substrteunless there is a

the effects of altered surface charges.
Furthermore, there appears to be a correlation between the

pH-dependent change.of rate-determining step, and that in themagnitude of the change iKp[ApKa wr-cmwy] and increasing
present study the succinyl-AAPF-pNA substrate does not have glkyl side chain size. This is illustrated in Figure 4 by

any groups which ionize within the range of pHs investigated,

the K, observed in the pHactivity profiles is that of a

(12) Such a K, decrease is analogous to the substantially loweked p

comparison of the monotonic increase &K, for the series

(15) Jordan, F.; Polgar, L.; Tous, Biochemistryl985 24,7711-7717.
(16) Calculated using the ACD/Log P Version 0.9 Beta software package

of Lys in the active site of aceto-acetate decarboxylase as compared withby Advanced Chemistry Development Inc., 141 Adelaide St. W., Toronto,

its pKa in solution. Schmidt, D. E.; Westheimer, F. Biochemistryl971
10, 1249-1253.

(13) Khouri, H. E.; Plouffe, C.; Hasnain, S.; Hirama, T.; Storer, A. C.;
Ménard, R.Biochem. J1991, 275, 751-757.

(14) Alberty, R. A.; Massey, VBiochim. Biophys. Actd954 13, 347—
353.

ON.

(17) In view of this, it is interesting to speculate that the Trp96Leu,
Trp96Tyr, and Trp96Phe mutants of Barnase, whose 0.62, 0.11, and 0.38
unit decreases in thekp of His1819 respectively, were attributed the loss
of favorable aromatic interactions with histidine may well be due to a
hydrophobic effect analogous to those discussed above.
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081 and purified by desalting on a Sephadex G-25 matrix followed
by strong cation exchange chromatography on SP Sepharose
06f FF. The purity of WT- and N62ESBL, denatured by
ApKa incubation with 0.1 M HCI at 0C for 30 min, was determined
wr-cMm 1 by SDS-PAGE and in each case, only one band was visible.
Preparation of Methanethiosulfonate reagents. Reagent
02 lawas purchased from Aldrich Chemical Co., Intj,and 1k

from Toronto Research Chemical (2 Brisbane Rd., Toronto,
ON), and all were used as received. Reageliisi were
prepared as previously described.
Site-Specific Chemical Modification. As previously re-
W CHs i/ ?( g ported?® to N62C-SBL (25 mg, 0.95umol) in CHES buffer
[ é s (2.5 mL; 70 mM CHES, 5 mM MES, 2 mM CaglpH 9.5) at
s s 20 °C was added a 100-fold molar excess of each of the
Figure 4. ApKzs of N62C and CMMsla—k, determined under the methanethiosulfonate reagents—k (100 uL of a 1.0 M

Figure 2 conditions. solution, 10QuM: 1a—d in EtOH, 1e—i in CHsCN, 1j in CHES
N62C—-SCHs, N62C-SCH,CH3, N62C—SCH,(CH;)3CHg, buffer, 1k in MeOH) in a PEG (10 000) coated polypropylene
N62C—SCHy(CHy)4CHsz and N62C-SCHy(CH,)sCHa. While, test tube, and the mixture agitated in an end-over-end rotator.
a Bransted plé# of pK, versus log KealKm)max s7 mM~2 for Blank reactions were run in parallel. Each of the modification

a serine protease has not been reported since, nevertheless, @actions was monitored spectrophotometricadlyi(= 8800
a first approximation it appeared that increased activities for M~1 cm=1)22 on a Perkin-Elmer Lambda 2 spectrophotometer,
these CMMs corresponded to decreased Hid6dvplues, such by specific activity measurements. After the reaction was
a plot was constructed to see if it would be informative. quenched by dilution in MES buffer (5 mM MES, 2 mM CacCl
However, no correlation was evident despite the fact that generalpH 6.5) at 0°C, the specific activity of the CMM, was
acid—base catalysis is exploited by the serine protet{s¥3 his determined in buffer containing: 0.1 M TRIS pH 8.6, 0.005%
is consistent with the overall catalytic rate being affected by Tween 80, and 1% DMSO, with the succinyl-AAPF-pNA
factors other than His64 acidity, such as local conformational substrate (1 mg/mL) (purchased from Bachem Bioscience Inc.)
changes, or electrostatic, hydrophobic and steric interactions at 25°C. The reaction was terminated when the addition of a
Al of the above results support our original hypothesis that further 100uL of methanethiosulfonate solution effected no
the lower dielectric constant environment induced by hydro- further change in specific activity, generally in 30 min to 1 h.
phobic modifications stabilize the unprotonated form of His64, The reaction solution was purified on a disposable desalting
and thus renders its conjugate acid a more effective generalcolumn (Pharmacia Biotech PD-10, Sephadex G-25 M) pre-
acid?! Since the decyl modified enzyme N62feaused the  equilibrated with MES buffer. The CMM was eluted with MES
greatest K. change, the modified crystal structure of this buffer (3.5 mL), dialyzed against Millipore water (31 L) at
enzyme was subjected to molecular modeling. As shown in 4 °C, and subsequently lyophilized. Modified enzymes were
Figure 1c, the modeled decyl moiety adopts a coiled structure analyzed by native gradient{&5%) gels at pH 4.2, run toward
such that it is positioned over the His64 imidazole in a manner the cathode on the Pharmacia Phast-System, and appeared as
similar to that of the cyclohexyl modified N62-apparently one single band.
generating an even more hydrophobic environment. From these Electrospray Mass Spectrometry. Prior to ES-MS analysis,
additional data, the bases of the rate enhancements observe¢MMs were purified by FPLC (BioRad, Biologic System) on
previously for CMMs N62(s to -i,°> which reflect the mono-  a Source 15 RPC matrix (£0727-20 from Pharmacia) with
tonic ApKa changes, can now be attributed, at least in part, to 5% acetonitrile, 0.01% TFA as the running buffer, and eluted
shifts in their pH-activity profiles and in particular to lowered  with 80% acetonitrile, 0.01% TFA in a one step gradient.
His64 Ky's. NMR titration studies are planned to confirm the  Electrospray mass spectra were recorded on a PE SCIEX API
His64 Kj's of these CMMs. 1l Biomolecular Mass Analyzer. In all cases the experimentally
To our knowledge, this is the first report of significant determined and theoretically calculated masses were found to
changes in the pHactivity profiles of a serine proteases induced agree within 6 D&.
by chemical modifications which do not alter enzyme surface  Free Thiol Titration. The free thiol content of N62C CMMs
charge. It is clear that inducingKp changes by controlled  was determined spectrophotometrically by titration with Ell-
hydrophobic modifications represents a new strategy with great man’s reagef® (e41. = 13 600 M1 cm2) in phosphate buffer
potential, and that chemical modification of site-directed cysteine 0.25 M, pH 8.0.
mutants provides a powerful and versatile tool in this regard.  Active Site Titration. The active enzyme concentration was
Furthermore, the CMM approach described should be generally determined as previously describeldy monitoring fluoride ion
applicable to tailoring the pHactivity profiles of other syntheti-  release upon enzyme reaction with the irreversible inhibitor,
cally useful hydrolases. a-toluenesulfonyl fluoride (Aldrich Chemical Co.) as measured
by a fluoride ion sensitive electrode (Orion Research @8).
The active enzyme concentration determined in this way was
Enzyme Purification. Wild-type subtilisinBacillus lentus used to calculate kinetic parameters for each CMM.
and its N62C mutant were prepared as previously deséibed  Kinetics. pH—activity profiles for the subtilisin CMMs were

Experimental Section

(18) Bransted, J. N.; Pederson, K. Phys. Chem1924 108 185. constructed by monitoring product release via its colorometric
(19) Cassidy, C. S.; Lin, J.; Frey, P. Biochemistry1997, 36, 4576~ absorbance at 410 nm versus time at°25(¢ = 8800 cnr?
4584.
(20) Richard, J. PBiochemistry1988 37, 4305-4309. (22) Bonneau, P. R.; Graycar, T. P.; Estell, D. A.; Jones, J. B\m.
(21) (a) Duggan, E. L.; Schmidt, C. L. Arch. Biochem1942 1, 453. Chem. Soc1991, 113,1026-1030.
(b) Laidler, K. J.; Bunting, P. SThe Chemical Kinetics of Enzyme Action (23) Ellman, G. L.; Courtney, K. D.; Andres, V.; Featherstone, R. M.

Oxford Press: Oxford, 1973; p 162. Biochem. Pharmacoll961 7, 88—95.
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M~1).22 k../Ky values were determined in duplicate in 0.02 M
ethylenediamine buffer, ionic strength 0.05 M adjusted with KClI,
[S] = 2.083-12.5 x 10°° M of succinyl-AAPF-pNA. [E]=
1-50 x 1077 M at 25°C. pKgs were calculated usingraFit
version 3.0 curve fit, singleiy, or bell-shaped doubleky, with
the minimum set to zero. Specifically, into a 1.5-mL polysty-
rene cuvette was added 980 of buffer (0.02 M ethylenedi-
amine) and 10uL of substrate (2.08312.5 x 103 M in
DMSO). The solution was incubated in a cell holder a5
before the absorbance reading was set to zero. Thes 10
enzyme solution (k 1075to 5 x107% M) was added to initiate
the reaction. After a 8 s delay, absorbance versus time

DeSantis and Jones

minimization, hydrogens were added at the pH used for kinetic
measurements. This protonated all Lys and Arg residues and
the N-terminus and deprotonated all Glu and Asp residues and
the C-terminus. The model system with the phenylmethylsul-
fonate ester of Ser221 bound in theg®cket was solvated with

a 5-A layer of water molecules giving a total number of water
molecules of 1174 in this system. The overall charge of the
enzyme-inhibitor complex resulting from this setup was3

for the WT enzyme. Energy simulations were performed with
the DISCOVER program, Version 2.9.5 on a Silicon Graphics
Iris Indigo computer, using the consistent valence force field
function (CVFF). A nonbonded cutoff distance of 18 A with a

measurements were recorded on a Perkin-Elmer lambda 2switching distancef®2 A was employed. The nonbonded pair

spectrophotometerk:./Kv values were calculated employing

the low substrate approximation, where the Michaelenten

equation reduces %4 v = keafKy [E]o[S] when [S]< Ky.
Evaluation of Enzyme Stability in pH Range. To ensure

list was updated every 20 cycles and a dielectric constant of 1
was used in all calculations. The WT enzyme was minimized
in stages, with initially only the water molecules being allowed

to move, then the water molecules and the amino acid side

that the enzymes were not irreversibly altered by pH changes, chains, and then the entire enzyme. The mutated and chemically
the CMMs were incubated in ethylenediamine buffers at the modified enzymes were generated using the Builder module of

same pH as the assay conditions at room temperaturéGqp2
for 1 min. These were then diluted (100-fold) into 0.1 M Tris,

Insight. These structures were then minimized in a similar
manner. Specifically, the side chain of the mutated residue and

pH 8.6 containing 0.005% Tween 80 and enzyme specific the water molecules were minimized. The amino acid side

activity was determined. All CMMs were found to be stable
under these conditions.
Calculation of Log P. Calculations used ACD/logp625

based on the side-chain structure of the amino acid or modified
amino acid. For example, the model structure for WT (Asn62)

is CHsC(O)NH,, whereas the model structure for N626-b
is CH;—S—S—CH,CHs. The plot of X, versus log P gave a
slope of—0.093+ 0.009, an intercept of 6.9% 0.03, and a
correlation coefficient of~0.96.

Molecular Modeling. X-ray structure of subtilisirBacillus
lentus(Brookhaven PDB entry 1JE&)was used as the starting
point for calculations on the wild type and chemically modified

mutant enzymes. The enzyme setup was performed with Insight

I, Version 2.3.0%6 To create initial coordinates for the

(24) Fersht, A. REnzyme Structure and Mechanisgnd ed.; W. H.
Freeman, New York, 1985; pp 16411.

(25) N62Cj and N62Ck are omitted since the software package is unable
to calculate logP for these structures.

(26) Biosym Technologies, Inc. San Diego, CA.

chains within a 10-A radius of the-carbon of the mutated
residue were minimized while all other enzyme residues were
constrained, then all of the atoms were minimized.
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