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Abstract: The activity and substrate specificity of subtilisin-catalyzed acylation of nucleosides in organic solvents
can be controlled by lyophilizing the enzyme from an aqueous solution containing the substrate. This “molecular
imprinting” technique was examined using thymidine as a model nucleoside, and the resulting subtilisin preparation
was up to 50-fold more reactive toward thymidine acylation in nearly anhydrous tetrahydrofuran than subtilisin
lyophilized from aqueous buffer in the absence of the nucleoside. Although several compounds lyophilized with
subtilisin, including thymine and ribose, improved the rate of thymidine acylation, the thymidine-imprinted enzyme
was the most efficient catalyst for this reaction. Furthermore, it was possible to alter the substrate selectivity of
subtilisin by lyophilizing the enzyme in the presence of a different nucleophilic substrate. For example, imprinting
made possible the discrimination between structurally different (i.e., sucrose versus thymidine) as well as structurally
similar (i.e., thymidine versus deoxyadenosine) nucleophiles. Molecular modeling studies of the interaction of
thymidine or the unrelated sucrose with subtilisin revealed that structural changes upon imprinting in the serine
protease’s catalytic triad may be responsible for the observed activation and selectivity changes. Further use of
molecular dynamics indicated that structural changes in the catalytic triad occur during imprinting, and that these
changes may be the major factor that contributes to imprinting-induced substrate selectivity. This contrasts with the
previously held notion that imprinting influences mainly substrate binding.

Introduction organic solvents as compared with their “native” activities in

The regioselective modification of polyfunctional compounds, Water? To expand the application of enzymes as catalysts for
including sugars and their derivatives, remains an arduous, yetsynthetic reactions in organic media, it is necessary to overcome
important, task in organic chemistry. The selective acylation this diminished activity upon suspension in anhydrous or nearly
of nucleosides, for example, is important in the development anhydrous solvents!® Furthermore, the control of enzyme
of new methods for the synthesis of nucleoside analogs. Amongspecificity (e.g., substrate specificity, enantio-, chemo-, and
their varied biological effects, nucleoside derivatives have been regioselectivity) has become an increasingly important goal in
shown to possess antivitadnd antineoplastfcactivities. The enzyme technology. To that end, alteration of the protein
acylation of nucleosides has traditionally involved blocking ~ primary structure, via site-speciticand randorf? mutagenesis
deblocking methodologies or the preferential modification of techniques, and the conservation of the secondary structure via
the primary groups (50H) by reaction with bulky acylating  the use of lyoprotectants (e.g., carbohydrates, inorganicsalts)
agents which are sterically hindered from reacting at secondary & @ Tkeda 1 Kb yY T om——r 1597 47 T8
positions® Enzymes in aqueous solution have been effective a) lkeda, |.; Klibanov, A. MBiotechnol. Bioengl393 42,
in the re_gioselective hydrolysis of nucleogide“aﬁr tries'gers5. Zgﬂg}iﬁ'ﬁj gé)oﬁi\?; d§_'!’§ﬁ§,;},%‘§3,'%k_’; Jkiggggmng. E.Iogﬂ%ﬁggnov.
Alternatively, enzymes suspended in a suitable organic solventa. M. J. Am. Chem. S04988 110, 584-589. (d) Therisod, M.; Klibanov,
(e.g., pyridine oiN,N-dimethlyformamide for carbohydrates and A. M. J. Am. Chem. Sod.986 108 5638-5640.
tetrahydrofuran (THF) otert-amyl alcohol for nucleosides) are 39&71)_ Therisod, M.; Klibanov, A. MJ. Am. Chem. Sod987, 109, 3977~
capable of catalyzing the regioselective acylation of prithary ~(g) (a) Gotor, V.; Moris, F.Synthesisl992 626-628. (b) Moris, F.;
and secondary hydroxygroups of sugars and nucleosides. Gotor, V.J. Org. Chem1993 58, 653-660. (c) Singh, H. K.; Cote, G. L.;

Although exquisite selectivity has long been a hallmark of Hadfield, T. M. Tetrahedron Lett1994 35, 1353-1356. (d) Uemura, A.;

: . . . Nozaki, K.; Yamashita, J.-i.; Yasumoto, Metrahedron Lett1989 30,
enzymatic catalysis, enzymes have only been weakly active in3g17-3g18.
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Pharmacy. P.; Graycar, T. P.; Estell, D. A,; Clark, D. S.; Dordick, J.JSAm. Chem.
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(1) Robins, R. K.; Revankar, G. R. Wintiviral Drug Development: A N. Y. Acad. Scil992 672 94—99. (d) Wong, C.-H.; Chen, S.-T.; Hennen,
multidisciplinary approachDe Clercq, E., Walker, R. T., Eds.; Plenum: ~ W. J.; Bibbs, J. A.; Wang, Y.-F.; Liu, J. L.-C.; Pantoliano, M. W.; Whitlow,

New York, 1987; pp 11+36. M.; Bryan, P. N.J. Am. Chem. Sod99Q 112, 945-953. (e) Zhong, Z.;
(2) MacCoss, M.; Robins, M. J. [ithe Chemistry of Antitumour Agents Liu, J. L.-C.; Dinterman, L. M.; Finkelman, M. A. J.; Mueller, W. T.;
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have been used to increase enzyme activity and stability in  Solvents and Chemicals.Vinyl butyrate was purchased from TClI
organic solvents, as well as to tailor reaction selectivity. In America (Portland, OR). All solvents were obtained from commercial
particular, subtilisin Carlsberg imprinted with competitive Suppliers and were of the highest purity available. The solvents were
inhibitors (via lyophilization of the enzyme from an aqueous Stored under datmosphere ove3 A molecular sieves (Linde) and
solution containing the inhibitol} and substrate analoga had a water content 0£0.005% (w/v) as determined by the limit of
shows increased rates of transesterification of various amino Karl-Fischer titration. Analytical grade solvents for thin layer and flash

. . h o column chromatography were used without further purification. Nu-
acid esters up to 365-fold over the nonimprinted enzyte. cleosides (deoxyadenosine (dA), deoxycytidine (dC), deoxyguanosine

The use of additives to the agueous solution prior to freezing (dG), and thymidine), carbohydrates (sucrose and ribose), and bases
has been shown to prevent the reversible denaturation of proteingthymine and adenine) were purchased from Sigma.
during the drying proces$. For example, lyoprotectants, Small Scale Reactions.A typical nucleoside acylation experiment
including sucrose, trehalose, and other carbohydrates, andnvolved suspending 1 mg of enzyme preparation in 10 mL of
polymers such as poly(ethylene glycol), have been shown to anhydrous organic solvent containing 10 mM nucleoside and 100 mM
increase the activity ofspergillus oryzagrotease suspended Vinyl butyrate. The mixture was shaken (300 rpm) at"80with 40
in anhydrous organic solvents (including pyridine and carbon ul a!lquots periodically removed _for analy:_5|s. Sucrose acylation
tetrachloride) in the transesterificationifacetyl+ -Phe-OEtC| ~ reactions were performed as described previotisly.

. _ . - Analytical Techniques. The progress of nucleoside ester synthesis
with .1 propanc;l or Vmﬁll buéy:ﬁt?[ IWItth:?r.]zyl a'g?ﬁ‘ﬁjﬁ "?th was followed by reversed-phase HPLC (Shimadzu 10LC) using a YMC
previous reports we showe at lyophilizing subtlisin with a ODS-AQ (4 mmx 25 cm) column with an isocratic mobile phase, for
2-fold weight excess of sucrose increased catalytic performancey, migine, of 60% water and 40% acetonitrile or, for other nucleosides,

up to 60-fold for the acylation of sucrose with vinyl esters in  of 90% water and 10% acetonitrile. UV detection was at 254 nm
pyridine®17 In the present study, we have extended the (thymidine, dA, dG) or 280 nm (dC). In all cases the order of elution
application of molecular imprinting to include the activation of was unreacted nucleoside, nucleositte®noester, and nucleoside 3

enzymes for use in organic solvents through imprinting with monoestef¢ Sucrose acylation reactions were followed on a 10 m
other nucleophilic subtstrates (e.g., nucleosides), including the AT-1 capillary (Alitech) column on an HP-5890A gas chromatograph

first report of reversing the substrate specificity of subtilisin.
The results described herein indicate that molecular imprinting
can be an effective means toward achieving transition state
stabilization and alteration of enzyme selectivity.

Materials and Methods

Enzymes. Subtilisin Carlsberg (alkaline serine protease from
Bacillus licheniformi$ was purchased from Sigma (St. Louis, MO).
Lipase PS30 was purchased from Amano (Troy, VA) and was used
without purification or modification. Semipurified subtilisin BPN
(alkaline serine protease froBacillus amyloliquefacienswild-type

equipped with a flame-ionization dectector. All samples were precol-
umn derivitized with 1,1,1,3,3,3-hexamethyldisilazane (Sigma Sil-A).
Determination of Product Structure. The Lipase PS-prepared
thymidine 3-butyrate product was an amorphous soli#C NMR
(Bricker WM 360 MHz, DMSOds, TMS as the internal referencé)
172.4, 163.6, 150.5, 135.8, 109.7, 84.7, 83.7, 74.6, 61.3, 36.5, 35.3,
17.8, 13.3, 12.2. The subtilisin Carlsberg-prepared thymidire 5
butyrate product was also an amorphous solC NMR (DMSO-ds,
TMS as the internal referencé) 172.6, 163.6, 150.4, 135.8, 109.7,
83.8, 83.6, 70.2, 63.7, 38.6, 35.2, 17.9, 13.3, 12.1. The subtilisin-
prepared deoxyadenosine-tutyrate product was an amorphous
solid: 3C NMR (DMSO-ds, TMS as the internal referencé)172.6,

and mutant enzymes were generously provided by Thomas Graycar at156.1, 156.1, 149.2, 139.5, 119.3, 83.6, 81.7, 74.2, 63.4, 38.8, 35.4,

Genencor International. All BPN's were purified as described previ-
ously8

Imprinting of Enzymes. A typical preparation of enzymes for
imprinting involved dissolving 20 mg of purified enyzme in 2 mL of
10 mM phosphate buffer (pH 7.8) containing 40 mg of nucleophilic
substrate (e.g., thymidine). Native subtilisin was prepared by dissolving
20 mg of subtilisin in 2 mL of 10 mM phospate buffer (pH 7:8)[he
solution was then flash-frozen in liquid .Nand lyophilized on a
Labconco (Kansas City, MO) Lyph-Lock-12 freeze dryer for 24 h.
Lyophilized enzyme preparations were stored in a desiccated (Drierite)
environment at-20 °C.

(14) Russell, A. J.; Klibanov, A. MJ. Biol. Chem1988 263 11624~
11626.

(15) The development of compounds with predetermined molecular
recognition properties has included the imprinting of synthetic polymers
with a template molecule (Mosbach, Krends Biochem. Sc1994 9—14.
Mosbach, K.; Ramstrom, OBio/technology1996 14, 163-170). The
applications of molecular imprinting, however, are not limited to the
development of materials for chromatographic separations and “antibody
mimics” for the assay of small molecules (BracoMikrochim. Actal995
120, 231-242. Vidyasankar, S.; Arnold, F. iCurr. Opin. Biotechnol1995
6, 218-224). The alteration of biopolymer structure via ligand-induced
memory has led to proteins with new adsorbent properties (Dabulis, K.;
Klibanov, A. M. Biotechnol. Bioengl1992 39, 176-185), enzymes with
altered stereoselectivity (Stahl, M.; Mansson, M.-O.; MosbaclBistech-
nol. Lett.199Q 12, 161-166. Stahl, M.; Jeppsson-Wistrand, U.; Mansson,
M.-O.; Mosbach, K.J. Am. Chem. Socl99] 113 9366-9368), and
increased activity3a.14

(16) Lee, J. C.; Timasheff, S. N. Biol. Chem1981, 256, 7193-7201.

(17) Chen, X.; Johnson, A.; Dordick, J. S.; Rethwisch, DMacromol.
Chem. Phys1994 195 3567-3578.

(18) (a) Wangikar, P. P.; Rich, J. O.; Clark, D. S.; Dordick, J. S.
Biochemistry1995 34, 12302-12310. (b) Estell, D. A.; Graycar, T. P.;
Wells, J. A.J. Biol. Chem1985 260, 6518-6521.

(29) (a) Zaks, A.; Klibanov, A. MJ. Biol. Chem.1988 263 3194
3201. (b) Zaks, A.; Klibanov, A. MProc. Natl. Acad. Sci. U.S.A.985
82, 3192-3196.

17.8, 13.4. The lipase-prepared deoxycytidira@ylate product was
an amorphous solid:*3C NMR (DMSO-ds, TMS as the internal
reference) 165.5, 164.8, 155.9, 139.0, 132.2,127.9, 102.1, 84.8, 84.5,
75.2, 61.3, 28.9. The subtilisin-prepared deoxyguanoskimifyrate
product was also an amorphous solidC NMR (DMSO-ds, TMS as
the internal reference) 170.0, 162.0, 139.1, 124.8, 124.8, 76.8, 72.4,
69.3, 62.9, 62.9, 35.8, 35.5, 17.9, 13.5. Following the strategy of
previous'*C NMR analyses of sugaf$acylation at position "of ribose
should result in a downfield shift of the peak at'Gid an upfield
shift of the peak at C4 Acylation at position 3of ribose should result
in a downfield shift of the peak at Cand an upfield shift in the peaks
at C2 and C4. These shifts are virtually independent of the nature of
the acyl moiety and the solveft?> Comparison of the NMR spectra
to that of thymidine indicates an upfield shift of the'@d downfield
shift of the C5 for the subtilisin Carlsberg-prepared product and an
upfield shift of the C2and C4 and downfield shift for the C¥or the
Lipase PS-prepared product. The NMR results are consistent with
deoxynucleoside esters produced enzymatically by offierShis
strongly suggests that subtilisin Carlsberg and Lipase PS catalyze the
preferential synthesis of thymidine'-Butyrate and thymidine '3
butyrate, respectivel§p.8°

Conformational Analysis. Construction of the molecular model
of the thymidine tetrahedral intermediates was performed following
our previous methodologi. All models were evaluated on a Silicon
Graphics Indigé XZ workstation equipped with Sybyl 62. After
construction of the tetrahedral intermediate, the resulting bondx(Ser
O—C(R)—0O") was rotated such that at least part of thymidine occupied
the binding pocket. The evaluation of possible conformations was
accomplished using the Systematic Search feature of Sybyl with a

(20) Yoshimoto, K.; Itatani, Y.; Tsuda, YChem. Pharm. Bull1980
28, 2065-2076.

(21) Patil, D. R.; Rethwisch, D. G.; Dordick, J. Biotechnol. Bioeng.
1991, 37, 639-646.

(22) SYBYL TRIPOS Associates: St. Louis, MO, 1993.
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Scheme 1. Reaction Scheme of the Subtilisin-Catalyzed 10000
Acylation of Thymidine with Vinyl Butyrate
i o 000
HNT cH :
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OH 3
ORjy' A
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5'-monoester: Rg=0C(CH,),CHs; Ry=H
3-monoester: Rg=H; Ry=0C(CH,),CH,
5'3-diester: Rg=R3=OC(CH,),CH, |

2 3 4
Weight Excess Excipient

5
General Scale factor of 0.30 and rotation about the tetrahedral
intermediate bond (for both sucrose and thymidine) and the aminogly- Figure 1. Dependence of the imprinting-induced rate enhancement
cosidic bond (for thymidine). The ratio of the total available realistic on excipient concentration in the lyophilizate. Various amounts
conformations (total conformations less trivial conformations) for each (expressed in weight excess of excipient compared to enzyme) of
monoester intermediate was related to the actual observed regioselecthymidine were dissolved in 10 mM sodium phosphate buffer (pH 7.8)

tivity for the pH-adjusted enzyme. This provided a direct comparison
of the observed regioselectivity with our developed model. The
Pullman charge calculation method has been shown to be effective in
the calculation of dipoRé and was employed to calculate the dipole
moment of thymidine. Molecular dynamics involved the equilibration
of the model &0 K for 1 ps (1000 time steps) followed by heating the
molecule to 100 K (linear gradient over 100 fs) and simulation at 100
K for 10 ps (10 000 time steps). The conformation of the enzyme was
stored every 50 time steps. The Amber-United force field and charge
set were used for all simulations. The nucleophilic substrate molecules
and Ses,; were constrained using the SHAKE algorithm; no constraints
were placed on any enzyme residues.

Results and Discussion

We have previously shown that imprinting substilisin (BPN
and Carlsberg) with sucrose resulted in a rate enhancement fo
acylation with vinyl esters in organic solveffs The imprinting
methodology has been extended in this work to the subtilisin-
catalyzed acylation of nucleosides. The simple pyrimidine
deoxynucleoside, thymidine, has been chosen as a mode
substrate for this study, and acylation can occur at thartd
3'-hydroxyl groups (Scheme 1). Subtilisin Carlsberg preferen-
tially acylates thymidine in THF at the-hydroxyl (thymidine
5'-butryate/thymidine 3butyrate= 2.15) using vinyl butyrate
as acyl dono?* Such moderate regioselectivity was not
significantly dependent on the nature of the organic solvent with
regioselectivities of 5-butyrylation/®utyrylation of 2.15-1.99
in solvents ranging from the highly polar (THF) to the
moderately nonpolarté¢rt-amyl alcohol). It should be noted
that thymidine is not significantly soluble in solvents more
hydrophobic thartert-amyl alcohol.

Thymidine Acylation. The effectiveness of thymidine as a
molecular imprint on subtilisin Carlsberg-catalyzed acylation
of thymidine with vinyl butyrate was dependent on the
concentration of the nucleoside in the aqueous solution prior to
lyophilization (Figure 1). A rate enhancement of ca. 50-fold
occurred at a thymidine concentration of 1% (w/v) (a weight
ratio of 1:1 thymidine:enzyme) or ca. 100-fold molar excess of
thymidine in the lyophilizate; no further increase in rate

I

containing 20 mg of subtilisin (10 mg of enzyme/mL of buffer). This
solution was then flash frozen in liquid2Mnd lyophilized for 24 h. A
2-fold weight excess of thymidine corresponds to a ca. 200-fold molar
excess. Error bars represeiit standard deviation for zero-fold \8)

and two-fold (N=4) excess thymidine.

preparation. Indeed, thymidine-imprinted subtilisin Carlsberg
did not catalyze the acylation of benzyl alcohol with vinyl
butyrate in hexane (thymidine is not soluble in hexane), whereas
the native enzyme was an efficient catalyst for this reaction.
Therefore, an inactive enzyme preparation results when the
imprinting molecule is not soluble in the reaction medium,
thereby presumably blocking the active site. Moreover, addition
of 100-fold molar excess of thymidine to native subtilisin
Carlsberg suspended in THF followed by replacement of the
solvent with fresh THF, containing 10 mM thymidine and 100
mM vinyl butyrate, did not result in rate enhancement over
native subtilisin.
| These results suggest that the procedgaghilizingsubtilisin
in the presence of thymidine leads to an activated enzyme
preparation, and that this enzyme preparation becomes catalytic
upon dissociation of the thymidine from the lyophilizate in a
suitable organic solvent. Furthermore, the lack of activation
upon pretreating the suspended enzyme preparation with the
imprint molecule in THF suggests that a property of the enzyme
in THF prevents imprinting from being effective. Such a
property may be flexibility, and the known decrease in protein
flexibility in organic solvents as compared to watemay
prevent the enzyme molecule from incorporating the imprint
molecule into its active site and molding its active site structure
around the imprint molecule. The high reactivity of the
thymidine-imprinted subtilisin Carlsber¢f/Km = 5390 M1
s 1) is also reflected in high conversion yields. For example,
in the presence of only 3@y/mL enzyme, nearly full conversion
of 10 mM thymidine to thymidine butyrate was obtained in less
than 1 h.

To determine if only a part of thymidine was responsible for
the observed rate enhancement, subtilisin Carlsberg was lyoph-

enhancement was evident above this weight ratio. Subsequenlizéd in the presence of thymine and riboseé-¢2oxyribose

experiments were performed with subtilisin lyophilized from a
2% (w/v) excipient solution. This activation is not due to an
increase in the local concentration of thymidine as the nucleoside
is soluble in THF and dissociates from the insoluble enzyme

(23) Pullman, B.; Pullman, AProg. Nucleic Acid Resl969 9, 327.

(24) The 5-butyrate was synthesized using subtilisin Carlsberg to
generate both the'band 3-esters followed by silica gel flash column
chromatography purification of the-Bster. The 3ester was synthesized
using Lipase PS30 and purified by flash column silica gel chromatography.
Similar reactions and purifications were performed with the other deoxy-
nucleosides employed in this study.

was poorly soluble in THF) for use as catalysts in the acylation
of thymidine with vinyl butyrate in THF (Table 1). Both the
base and the sugar were capable of activating subtilisin for
thymidine acylation, albeit to a lesser extent than by imprinting
with thymidine itself. Interestingly, the imprinting-induced rate
enhancement was due to an increask.in with only minimal
alteration inKp, (Table 1). Thus, the imprinting phenomenon
appears to be fairly selective in its effect, and strongly affects

(25) Affleck, R; Haynes, C. A.; Clark, D. $roc. Natl. Acad. Sci. U.S.A.
1992 89, 5167-5170.
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Table 1. Rate Enhancement of the Acylation of Thymidine with
Vinyl Butyrate in THF Catalyzed by Different Subtilisin Carlsberg
Preparatior’s

Rich and Dordick

Table 2. Relative Rate Enhancemémf Several Mutants in the
Si' Pocket of Subtilisin BPNfor the Acylation of Thymidine with
Vinyl Butyrate in THF

Keal Km, Keat K, rate relative rate relative rate
excipient M-1ls? st mM enhancement enzyme enhancement enzyme enhancemeft
none 104 0.694 6.66 1.00 wild type 1.00 M222F 0.99
ribose 2090 5.90 2.83 20.1 Y217L 0.88 M222K 0.04
thymine 2870 13.3 4.63 27.6 M222A 1.04 M222Q 0.87
thymidine 5390 26.5 4.93 51.8 M222D 0.54

aThe concentration of vinyl butyrate was 100 mM, the concentration
range of thymidine was 0-520 mM, and the concentration of the
enzyme preparation was 0.1 mg/mL (containing 0.033 mg/mL subtili-
sin). The reactions were shaken at 300 rpm atG0

@ Relative rate enhancement (RRE) (vimprind Unativemutant (Vimprin
vnaivdWild type. All other conditions as described in the legend to Table
1.

mation!4 We may further speculate that increased water content

10000. 10 in THF results in a hydrated enzyme preparation with greater
1 overall flexibility, particularly at the active site of the enzy#ie.
10004\ - This plasticizing effect of water may loosen the structure of
= \ H the enzyme’s active site, thereby relaxing the forces that govern
= r\-ﬁ g enzyme-imprint interactions and negating some of the activat-
v 1004 \\ 10 g ing effect of the imprint. This hypothesis has some precedence.
;5 N Ef Specifically, enzyme flexibility has been shown to increase, via
104 S~ 2 fluorescence anisotrop¥and ESR’ studies, upon the addition
T~ of small concentrations of water. Therefore, the increased
T~ flexibility allows the enzyme to effectively “shake off” the
10‘() YRR A A 5_01 excipient-induced conformational changes.

% Added Water

Imprinting of Protein-Engineered Subtilisins. The im-

Figure 2. Magnitude of the imprinting-induced rate enhancment is Printing phenomenon was further probed by site-directed
controlled by enzyme hydration. Upon the addition of 5% (v/v) water mutagenesis. To that end, we examined the effect of thymidine
to the organic solvent, the imprinted enzyme has the same activity asimprinting on the related enzyme, subtilisin BPNWild-type

the pH-adjusted enzyme. Thymidine acylation in THF catalyzed by and mutant enzymes, containing a single site-specific change

thymidine-imprinted @) and native M) subtilisin Carlsberg. The
imprinting-induced rate enhancemea) (s shown by the broken line.

in the §' binding pocket of enzyme, were used. The effective-
ness of protein engineering on imprinting was measured by

All enzyme preparations contained a 2-fold excess of excipient. Two comparing the rate enhancment of the mutant enzymes to that

phenomena occur: (i) a decrease in the activity of the imprinted enzyme

and (ii) an increase in the activity of the pH-adjusted (nonimprinted)
enzyme.

of the wild-type enzyme (Table 2). The ratio of rate enhance-
ments (relative rate enhancement (RRE)) provides a direct
measure of the ability of protein engineering to alter the

binding components.

Effect of Water Addition on Imprinting. The activation

the result to the baseline rate enhancement of the wild-type
enzyme. This comparison reveals that the effectiveness of

phenomenon was strongly depressed upon addition of water tolMprinting is altered only for the M222D and M222K enzymes.

the organic solvent (Figure 2). Specifically, the rate enhance-

ment for thymidine acylation dropped from 52-fold in anhydrous
THF to 1.48 in THF containing 5% (v/v) water. Interestingly,
the catalytic efficiency of the native enzymeingreased-fold

to ca. 300 M1 s71 by adding 5% water to THF. The activation
of the native enzyme upon water addition is not surprising; a
small concentration of water is known to activate enzyme
preparations, albeit only modes#2” Conversely, the thymi-
dine-imprinted enzyme wateactvatedby the addition of small
amounts of water to the organic solvent; the catalytic efficiency
of the thymidine-activated subtilisin Carlsberg dropped from
5390 to ca. 400 M! st in THF containing 5% (v/v) water.

Specifically, the rate enhancements of the Asp and Lys mutants
are 54% and 4%, respectively, of the wild-type enzyme. Both
of these mutations introduce an electrostatic charge (M222D
has—1 charge and M222K has1 charge) into the active site,
thereby potentially disrupting the transition state stabilization
of the tetrahedral intermedia%¢. The +1 charge on the Lys
mutant side chain may strongly interact with the dipole moment
of thymidine {1 = 5.7 D), resulting in a dramatically lower
enzyme activity by preventing the substrate access to the formed
acyl enzyme intermediate (similar to the imprint being insoluble
in the reaction medium) as well as having an attractive
interaction with the oxyanion formed during the tetrahedral

Thus, the decreased rate enhancement for thymidine acylationntermediate of the deacylation step. While the Asp mutait (

upon addition of 5% (v/v) water was the result of a ratrease
(ca. 3-fold) of the native enzyme and a ralecreasdca. 15-
fold) of the thymidine-imprinted enzyme.

Why does water strongly suppress imprinting-induced activa-

charge) may not result in a blocked active site, it is speculated

that the charge will have a repulsive interaction with the

negatively charged oxyanion of the tetrahedral intermediate.
Although the Y217L and M222F enzymes did not alter the

tion? Such a phenomenon has been observed previously; theate enhancement, these site-specific mutants were 2- and 3-fold

activiation of subtilisin Carlsberg by imprinting with a competi-
tive inhibitor was lost by the addition of 0.4% water to octafe.
For imprinting to improve enzymic catalytic performance, we
may speculate that it is necessary for the excipient (imprint) to
“mold” the enzyme into a catalytically more favorable confor-

(26) Zaks, A.; Klibanov, A. MJ. Biol. Chem1988 263 8017-8021.
(27) Affleck, R.; Xu, Z.-F.; Suzawa, V.; Focht, K.; Clark, D. S.; Dordick,
J. S.Proc. Natl. Acad. Sci. U.S.A992 89, 1100-1104.

more active, respectively, than the wild-type enzyme. Un-

(28) Broos, J.; Visser, A. J. W. G.; Engbersen, J. F. J.; Verboom, W.;
van Hoek, A.; Reinhoudt, D. NJ. Am. Chem. Sod995 117, 12657
12663.

(29) (a) Perutz, MSciencel978 201, 1187-1191. (b) Jackson, S. E.;
Fersht, A. R.Biochemistryl993 32, 13909-13916.

(30) The dipole moment for thymidine was calculated using the Pullman
charge calculation method within SYBYL. The SYBYL command COM-
PUTE...DIPOLE was used to determine the dipole moment.
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100 Table 3. Alteration of Substrate Specificity by Imprinting
= Subtilisin Carlsberg with Structurally Similar Nucleophilic
Sucrose Substrates

o rate enhancemetyimprinytnative

Q

5 excipient thymiding dc dAd de&
s thymidine 51.8 101 7.80 1.67
& dc 40.0 182 20.6 3.89
2 dA 37.8 96 31.0 2.67
~ dG 9.61 58 2.80 4,78

aRate enhancement is the ratio of the reaction ratgsof the
imprinted and native enzymes. Nucleoside-imprinted enzymes were
employed as the catalyst for the acylation of like and different
nucleosides? Reaction conditions: thymidine (10 mM) in THF, dC
(2 mM) in THF, dA (5 mM) in THF, and dG (1 mM) in THF containing
20% (v/v) DMF. All reactions contained vinyl butyrate (100 mM) as
the acyl donor, and enzymes were prepared by lyophilizing subtilisin
Carlsberg in the presence of a 2-fold weight excess of nucleoside. The
bases of the nucleosides range in size from 8(dk) to 102 & (dG).
Volumes were calculated by generation of a Connelly surface using a
1.4 A probe radius.

100

104
than was the thymidine-activated enzyme. The measurable
activation of subtilisin Carlsberg by the unmatched substrate
enzyme pairs (i.e., activation by sucrose for the thymidine-
imprinted enzyme and activation by thymidine for the sucrose-
imprinted enzyme) cannot be explained by imprinting selectivity.
Sucrose Acylation in Pyridine Thymidine Acylation in THF However, we cannot rule out the baseline effect of lyoprotection
Figure 3. Enhancement of substrate specificity by imprinting subtilisin DY an excipient that can interact with the active site of the
Carlsberg (A, top) and subtilisin BPNB, bottom) with structurally enzyme. This hypothesis is made more compelling by the
different nucleophilic substrates. Sucrose- and thymidine-imprinted presence of nonreducing sugar moieties in the two substrates
subtilisin Carlsberg were employed as catalysts for the transesterification (sucrose itself and the deoxyribose sugar of the thymidine) and

of sucrose or thymidine with vinyl butyrate. Sucrose and thymidine the ability of nonreducing sugars to act as effective lyopro-
acylation reactions were performed in pyridine and THF, respectively. tactantsi!

charged mutations to the Socket did not result in a significant The substrate specificity of the imprinting phenomenon was
change in the effectiveness of imprinting (Table 2). Replace- also.e.:vlldent for structurally 'S|m|la.1r nucleophiles. Spec!flcally,
ment of Meb, with a smaller side chain (M222A), which  Subtilisin Carlsberg lyophilized in the presence of different
resulted in a larger Spocket, did not significantly alter the ~ nucleosides had observed rate enhancements for acylation of
relative rate enhancement (RREL.04). Furthermore, replace- the matched substrates (e.g., thymidine imprinting yielded a
ment of Mes,, with Phe (hydrophobic ring structure) or Gin subtll|§|n preparaﬂqn vv'|th. the .hlghest actlv[ty on thymldlr\e
(amide side chain) and Ty with Leu (branched hydrocarbon ~ @cylation, and dG imprinting yielded a subtilisin preparation

side chain) did not change significantly the ability of imprinting  With the highest activity on dG acylation, etc.) (Table 3). This
to improve the catalytic rate of subtilisin BPNatalyzed activation phenomenon was observed for the acylation of both

thymidine acylation. pyrimidines (thymidine, dC) and purines (dA, dG). Competition
Substrate Selectivity of Imprinted Enzymes. How struc- for reactivity by the imprint molecule versus the substrate (for
turally selective are enzymes imprinted with nucleophilic Cross-reactivity experiments) was minimized by using a small
substrates? Initially, two structurally unrelated nucleophiles, €nZyme (and hence imprint) concentration in acylation reactions.
sucrose and thymidine, were chosen as model nucleophiles and he rate enhancement was dependent on the nucleoside, ranging
imprinters in subtilisin Carlsberg catalysis. Imprinting was from 182-fold for dC acylation to ca. 5-fold for dG acylation.
performed with thymidine and sucrose separately. The two It should be mentioned that the dG-actl_vated sut_)tlllsm has the
imprinted enzyme preparations were then examinedbfih smallest rate enhancement for nucleoside acylation (other than
sucrose and thymidine acylation. For sucrose acylation, the dG) possibly due to the limited solubility of dG in THF. Recall
sucrose-activated and thymidine-activated enzymes were 40-that the thymidine-activated subtilisin is not active in apolar
fold and 4-fold more active, respectively, than the native enzyme Organic solvents (e.g., hexane); therefore, the-d@btilisin
(Figure 3A). However, the trend was reversed for thymidine €nZyme preparation WI|| be inactive in sqlvents that are unable
acylation where the sucrose-activated enzyme and the thymidine10 dissociate dG effectively from the imprinted enzyme prepara-
activated enzyme were 9-fold and 52-fold more active than the 10N
native enzyme. A strikingly similar result is found for the ~ The fidelity of subtilisin's selectivity suggests that the
related subtilisin BPN(Figure 3B). Enzymic substrate specific- nucleoside base is responsible for the selectivity change (since
ity was, thereforejnverted by imprinting the enzyme with ~ all the nucleosides share a commofRd2oxyribose sugar).
structurally different nucleophilic substrates. Furthermore, although dC has the smallest base (volumeéB0 A
The true indication of selectivity reversal can be measured ©of the nucleosides employed, the dC-activated subtilisin Carls-
by examining the selectivity of activated enzyme on an berg is the second most active enzyme preparation for the
equimolar (10 mM) mixture of sucrose and thymidine. Sig- acylation of other nucleosides (Table 3). It appears that the
nificantly, the thymidine-activated subtilisin was ca. 6-fold more imprinting phenomenon does not simply involve the creation
active toward the acylation of thymidine than was the sucrose- (31) (@) Lee, J. C.. Timasheff, S. N. Biol. Chem 1981, 256, 7193
activated enzyme. Conversely, the sucrose-imprinted subtilisin 7501 "(h) chang, B. S.; Randall, C. S.; Lee, Y.Fharm. Res1993 10,
was ca. 5-fold more reactive toward the acylation of sucrose 1478-1483.

Rate Enhancement
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Figure 4. Molecular modeling-predicted structure of the tetrahedral intermediate for the synthesigAf &nd 3- (B) thymidine butyrate. Both
structures are the respective low-energy conformations of each systematic search. The thymidine moiety is located withiodket $ both
models. The colors of the residues are the following: catalytic triad £Abfisss, and Seszq) in yellow, thymidine in blue, Tysnizand Metzzin red,

and other $ pocket residues in green.

of alarger $ pocket; otherwise imprinting with larger substrates ~ The structural similarities between the intermediates of the
(e.g., purines) should be more effective than with smaller two regioisomers may help to explain the small degree of
substrates (e.g., pyrimidines) for purine acylation (e.g., dA- regioselectivity (5-butyrate/3-butyrate= 2.11) observed for
activated subtilisin-catalyzed acylation of dG). subtilisin BPN-catalyzed thymidine acylation. To verify our
Molecular Modeling of Imprinted Subtilisin. Previous model of the tetrahedral intermediates, we compared the ratio
studies of imprinting have yielded to suggestions that the of available conformations (this describes the steric effects on
mechanism of imprinting-induced rate enhancement involves regioselectivity) for both regioisomers (see the Materials and
the conservation/alteration of the enzyme active 'SteSimi- Methods). The predicted regioselectivity of wild-type subtilisin
larly, alteration of the substrate specificity via imprinting must BPN-catalyzed thymidine acylation was 1.80, close to the
also involve the alteration of the enzyme structure, particularly observed value. Such model verification was not unique to
in the vicinity of the transition state. Our kinetic observations thymidine. The experimental and predicted regioselectivities
of altered substrate selectivity show that there must be a of sucrose acylation (dbutyrate/6-butyrate) were 6.20 and 5.32,
structural component to imprinting enzymes with nucleophilic respectively. Therefore, the model utilized in this study is in
substrates, and this is consistent with preliminary studies close agreement with experimental results and may be useful
involving FTIR to probe thesecondarystructure of lyophilized and accurate for this study.
proteins upon imprinting? We again turned to our model of the enzyme covalently
A molecular model of the tetrahedral intermediate of thymi- complexed with a nucleophilic substrate to better understand
dine acylation catalyzed by subtilisin BP# was developed  the possible structural changes introduced by imprinting. In
in an effort to better describe the structural aspects of the particular, molecular dynamics provides the ability to predict
reaction. BPNwas chosen over Carlsberg due to the greater the interaction of complex molecufésin organic solvents,
resolution of the crystal structure in the former. Moreover, the where traditional analytical techniques (e.qg., crystallography or
imprinting effects on activation and selectivity obtained with spectroscopy (FTIR, CD)) are limited by the solubility of
BPN are similar to those obtained with Carlsberg. Comparison enzymes in solvents or the sensitivity of measurement. Using
of the B-intermediate (Figure 4A) and-ttermediate (Figure  the low-energy conformation of thymidine-Butyrate (Figure
4B) shows the orientation of thymidine to be entirely within 4A) as the starting structure, we employed molecular dynamics
the §' pocket. Conformational searching of the tetrahedral as a predictive tool to measure the interaction of thymidine with
intermediate (see the Materials and Methods) revealed little subtilisin BPN. After equilibration for 1 ps at 0 K, the
structural difference between acylation at thesid 3-positions tetrahedral intermediate was heated to 100 K (in 100 fs) followed
for thymidine in the protein’s Sbinding pocket; the pyrimidine by holding at this temperature for 10 ps. The resulting model
ring is shifted slightly within the § pocket. Nearest neighbor  (Figure 5A) was compared to the native subtilisin structure after
analysis (i.e., determination of the number of protetmymidine an identical simulation. The same methodology was used on
contacts within 2.5 A) shows nine proteithymidine contacts  the model of sucrose-butyrate (Figure 5B), and this made it
for both the 5 and 3-butyrates. This is consistent with the possible to distinguish between the structural changes induced
lack of observed regioselectivity in subtilisin-catalyzed thymi- by imprinting with thymidine and sucrose, respectively. Specif-

dine acylation. ically, comparison of the Aspand Hiss shows a shift of these
(32) Griebenow, K ; Klibanov, A. MProc. Natl. Acad. Sci. U.S.A995 catalytic residues in relation to the bound tetrahedral intermedi-
92, 10969-10976. ' ate of thymidine versus sucrose. We also see a smaller change

(33) Subtilisin BPN was chosen for molecular modeling studies to  of the Asnss residue’s guanidino group which occupies the

provide a direct comparison to our previously described model for sucrose i ; T
acylations The choice of BPN instead of Carlsberg, also allowed for the - anion hole, as well as shifts of the"S Tyrai7 and Metz,

generation of models of the site-specific mutations of théfBding pocket. residues in comparing the thymidine and sucrose imprinted
Indeed, the observed and predicted regioselectivities for thymidine acylation enzymes.

catalyzed by various subtilisin BPutants were in close agreement. For
example, the M222Q enzyme had observed and predictedtgrate/3- (34) Kollman, P. A.; Merz, K. M., JrAcc. Chem. Red.99Q 23, 246—
butyrate ratios of 1.93 and 1.77, respectively. 252.
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Figure 5. Molecular dynamics simulation of the effect of thymidine (A, top) and sucrose (B, bottom) on the active site structure of subtilisin BPN
Significant changes occurred in the side chains of the catalytic residues @kgpHiss) and §' pocket residues (Tyr; and Asnig). The colors

of the residues are the following: catalytic triad (AsfHisss, and Ses) in green, Asiss in white, thymidine (A) or sucrose (B) in blue, Tyf

and Met, in red, and other S pocket residues in yellow. The-carbon backbone is displayed as a yellow ribbon. The arrows locatg Asg

HiSﬁ4.

To compare the respective effects of thymidine and sucrose by substrate binding are consistent with previous modeling of
on the active-site structure of subtilisin BRNve eliminated substrate interactions with serine proteases (e.g., chymotrypsin
the structural changes in native subtilisin by evaluating the and subtilisin?” Interestingly, the large change of the Tyr
difference root mean square (DRMS) of the root mean squareresidue’s position as a result of imprinting with thymidine or

(RMS) of each model (e.g., RM&midine imprint-native) —

o ) iy Aifi ; : (35) McPhalen, C. A.; James, M. N. Biochemistryl988 27, 6582~
RMSisucrose imprint naive): Slg_nlflcant changes (Figure 6) n the  eo8. This paper presents the highest resolution (2.2 A) crystal structure
structure of the enzyme (ﬂ_“s crystal structure of subtilisin B_PN of subtilisin BPN complexed with an inhibitor currently available in the
was resolved at 2.2 A which corresponds to the atoms being Brookhaven Protein Data Bank (entry 2sni).

placed at ca+0.4 A%) were observed in the residues of the _ (36) Fersht, A.-Enzyme Structure and Mechanis@nd ed.; W. H.
Freeman: New York, 1985.

catalytic triad (Asp and His) and the § pocket (Typi7 and (37) Genest, M.; Ptak, Mnt. J. Peptide Protein Red982 19, 420
Asmpig). Structural changes in the catalytic residues induced 431.
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301x5m their use in commercial synthetic organic chemistry. We have
Tyr217 shown that lyophilizing subtilisin in the presence of nucleophilic
§2'5' His64 substrates increases the catalytic rate for both nucleoside and
%20* carbohydrate acylation reactions in organic media, including the
< first known report of imprinting enzymes by lyophilizing
%15- subtilisin in the presence of nucleosides. The activation of
9 enzymes by imprinting appears to be the result of structural
gl'o’ changes in the catalytic triad (as predicted by molecular
go.S— dynamics simulations), and this further results in an observed
increase irkes:  The rate enhancement due to imprinting with
0.0 nucleophilic compounds appears to be a general phenomenon,
0 500 1000 1500 2000 L . . L
Atom # the only apparent limitation to this being that the imprinter must

Figure 6. Difference root mean square deviation (DRMS) of the P€ Soluble in aqueous solution and must also be soluble in the
thymidine- and sucrose-imprinted enzymes. The DRMS is the difference Organic solvent reaction medium to remove the imprint molecule
RMS of the two models and the native subtilisin model from the enzyme. The imprinted enzyme is stable to storage;
(RMSqhymidine imprint-native) — RMStsucrose imprinenative)- Significant changes  at—20°C, both the sucrose- and thymidine-imprinted subtilisins
are only those with DRMS- ca. 1 A, since the starting structure was  Carisberg and BPNetained their imprinting-induced activations
solved at 2.2 A resolution. and selectivities for greater than 2 months.

sucrose (Figure 5) indicates that the imprinter does have a In addition to an increased catalytic rate, imprinting subtilisin
structural effect on at least one residue in thiegb#ding pocket. with nucleophilic substrates allows for the rational control of
Such an effect, however, does not apparently impact the rateenzymic substrate selectivity. In this manner, imprinting directly
enhancement due to imprinting. As discussed previously, the affects the transition state of the enzymatic reaction. Such
Y217L mutant has the same rate enhancement for thymidine “transition state engineering” in organic solvents complements
acylation as the wild-type enzyme. protein engineering18-38catalyst engineerint?-3°and solvent
The predicted structural differences in Ag@nd His for engineering®4° and once again demonstrates that useful
the thymidine- and sucrose-imprinted subtilisins suggest an changes in the catalytic properties of enzymes in organic
eXplanatiOn of the observed |nCreaSé(@t(W|th no Slgn|f|cant solvents need not involve tedious procedures_
changes ifKm) by freeze-drying subtilisin with thymidine (Table
1). The model developed by Genest and Ptakowed that )
active-site structural perturbations brought about by substrate Acknowledgment. This work was supported by grants from
binding to subtilisin Novo were necessary to allow for proton the Army Research Office (Grant No. DAAH04-94-G-0307)
transfer involved in serine protease catalysis. Indeed, the mostand the U.S. Department of Energy (Grant No. DE-FCO7-
significant changes we observed in our molecular dynamics 961D13415 subcontract from Idaho National Engineering Labo-
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Conclusions (38) Arnold, F. H.Protein Eng.1988 2, 21-25.

. . (39) Paradkar, V. M.; Dordick, J. 8. Am. Chem. So&994 116 5009~
The enhacement of catalytic performance of enzymes in gg1q.

organic solvents provides additional opportunities to expand  (40) Parida, S.; Dordick, J. S. Org. Chem1993 58, 3238-3244.



