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Abstract: The use of enzymes in organic solvents to introduce chirality to a number of relevant organic
compounds has been well documented. However, there are still major drawbacks in such applications, in
particular the frequently much lower enzyme activity under nonaqueous conditions. In addition, the reaction
outcome (substrate enantioselectivity and reaction rates) cannot be accurately predicted. To overcome these
limitations, herein we introduce methgteyclodextrin (M3CD) as a new macrocyclic additive to simultaneously
enhance the activity and enantioselectivity of dehydrated subtilisin Carlsberg suspended in neat organic solvents.
MpBCD was efficient in dramatically increasing the activity and significantly improving the enantioselectivity

of subtilisin in co-lyophilizates when compared to the powder lyophilized from buffer alone. The initial rate
determined for the transesterification betwessgphenethyl alcohol and vinyl butyrate increased by up to
164-fold and the enantioselectivity could be doubled. In addition, marked solvent effects were noted. To
investigate the possible relationship between enzyme structure and these kinetic data, the secondary structure
of subtilisin was investigated by Fourier transform infrared (FTIR) spectroscopy under all relevant conditions.
Using thea-helix content determined from the amide | vibrational band as the main quantitative parameter,
we found that MBCD is partially efficient in ameliorating dehydration-induced structural perturbations.
Suspension of the subtilisitMBCD co-lyophilizate in the various solvents revealed solvent-induced structural
perturbations in some of them (e.g., acetonitrile), while no such changes were observed in others (e.g., THF
and 1,4-dioxane). For the first time the results demonstrated that enantioselectivity and structural intactness in
the various solvents were clearly related. Increase in the enzyme activity in contrast is mainly caused by
increased structural mobility of subtilisin in the solvents bg@D. We conclude that it is important to carefully

select the additive and the solvent system to achieve high enantioselectivity and activity in such applications.
Simultaneous improvement of both enzyme properties requires careful optimization of the enzyme formulation
and proper selection of a suitable solvent. FTIR spectroscopy has proven to be a very valuable methodology
to structurally guide such an optimization procedure.
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of the suspended enzyme catalysts might also contribute to theinclusion complexes with a number of guest molecules. As a
loss in activity and enantioselectivity. result, they are useful in a number of applications ranging from
To overcome these problems and make enzymes as asymehiral separations to drug delivery and as enzyme mifhics.
metric catalysts more appealing to the organic chemist, many These diverse applications of cyclodextrins motivated us to study
strategies increasing their potency in organic solvents have beertheir effect on the activity of subtilisin in organic solvents. It
explored. These include the mode of enzyme prepar&litheg has been shown recently that cyclodextrins when added to a
control of the pH valué&P co-lyophilization with lyoprotectants buffer solution containing a protein reduce its mean unfolding
and salt$d¢ addition of water-mimicking agen®simprinting temperaturé. The author concluded that cyclodextrins form
with substrates and substrate analogdésmmobilization® inclusion complexes with the side chains of buried hydrophobic
solubilization®k—P mutagenesi&d formation of substrate salts, residues of the protein, shifting the equilibrium in favor of the
and cross-link crystallizatioff. One of the most successful  unfolded polypeptide. The potential binding of cyclodextrins
groups of activating additives identified thus far are crown to amino acid residues is very intriguing in light of the enzyme
ethers® While the mechanism of activation is still somewhat activation by crown ethers in organic solvehfEherefore, we
speculative, co-lyophilization of various enzymes with the crown decided to investigate their effect on the serine protease subtilisin
ether 18-crown-6 in particular resulted in highly active and suspended in organic solvents, and in particular, on the reaction
enantioselective formulations in organic solvents. It is reasonablerates and the enzyme enantioselectivity. After finding the
to assume that such crown ethers bind to surface amino acidadditive methylg-cyclodextrin (M3CD) very efficient in en-
residues (in particular the-amino group of lysine) and that hancing the enzyme performance, we also addressed simulta-
this binding alters the enzyme properties beneficially. For neously the influence of this additive on enzyme structure and
example, due to the amphiphilic character of the crown ethers rigidity under various conditions leading to new mechanistic

they could increase the flexibility of the enzymes in the solvents
as a result of such binding. Such increased structural mobility

insights.

has been demonstrated by Broos et al. (1996) as a possibleResults and Discussion

mechanism of how some solvents enhance the enzyme catalytic

rate? Alternatively, crown ethers could also activate enzymes
by facilitating the removal of water molecules from the active
site upon substrate bindir%g.

In the current study we present data and mechanistic insights

on enzyme activation by another class of macrocyclic excipients
cyclodextrins. They are versatile cyclic compounds that can form
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1994 116, 5009-5010. (n) Wangikar, P. P.; Michels, P.; Clark, D. S;
Dordick, J. S.J. Am. Chem. Sod997 119 70-76. (o) Meyer, J. D;
Kendrick, B. S.; Matsuura, J. E.; Ruth, J. A.; Bryan, P. N.; Manning, M
Int. J. Pept. Protein Red.996 47, 177—181. (p) Xu, K.; Griebenow, K;
Klibanov, A. M. Biotechnol. Bioeng1997, 56, 485-491. (q) Chen, K;
Arnold, F. H.Proc. Natl. Acad. Sci. U.S.A993 90, 5618-5622. (r) Ke,
T.; Klibanov, A. M. J. Am. Chem. S0d.999 121, 3486-3493.

(6) (a) Reinhoudt, D. N.; Eendebak, A. M.; Nijenhuis, W. F.; Verboom,
W.; Kloosterman, M.; Schoemaker, H. E.Chem. Soc., Chem. Commun
1989 399-400. (b) Broos, J.; Sakodinskaya, I. K.; Engbersen, J. F. J.;
Verboom, W.; Reinhoudt, D. Nl. Chem. Soc., Chem. Commifi95 255—
256. (c) Itoh, T.; Takagi, Y.; Murakami, T.; Hiyama, Y.; Tsukube, H.
Org. Chem 1996 61, 2158-2163. (d) van Unen, D.-J.; Engbersen, J. F.
J.; Reinhoudt, D. NBiotechnol. Bioengl998 59, 553-556. (e€) Engbersen,
J. F. J.; Broos, J.; Verboom, W.; Reinhoudt, D.Mre Appl. Chem1996
68, 2171-2178.

(7) Broos, J.; Visser, A. J. W. G.; Engbersen, F. J.; Verboom, W.; van
Hoek, A.; Reinhoud, D. NJ. Am. Chem. S0d 995 117, 12657 12663.

Subtilisin, our model enzyme, was lyophilized from an
aqueous buffer solution (pH 7.8) with or without various
cyclodextrins. The preparations were suspended in various
typical organic solvents (THF, acetonitrile, 1,4-dioxane, toluene,
dichloromethane, and octane). The kinetics of the product

' formation in the well-characterized and well-understood trans-

esterification betweesecphenethyl alcohol and vinyl butyrate
was followed by gas chromatography (Schem@dty.

No enhancement effect on the enzyme enantioselectivity or
the reaction rate was observed when subtilisin was prepared in
the presence oft- and y-cyclodextrin. However, a marginal
increase in the enzyme enantioselectivity and catalytic rate was
observed when the enzyme was prepared in the presence of
pB-cyclodextrin 3CD), at a 1:1 weight ratio (data not shown).
The effect resembles those found with crown ethers where the
size of the cavity determines the efficiency of the additive in
enzyme activatioi.For example a-chymotrypsin activity is
enhanced more by 18-crown-6 than by 15-crown-5 or 12-crown-
45 Regarding the chemical similarity of-, -, andy-CD, the
difference in activation suggests specific macrocy@azyme
interactions. The cavity sizes af, 8-, andy-CD are ca. 0.47
0.53, 0.6-0.65, and 0.750.83 nm, respectivelg

Since it has been reported in the literature that the magnitude
of the enzyme enhancement in organic solvents by macrocyclic

(8) (a) Albers, E.; Muller, B. WCrit. Rev. Ther. Drug Carrier Syst
1995 12, 311-37. (b) Stella, V. J.; Rajewski, R. Aharm. Res1997, 14,
556-67. (c) Breslow, R.; Huang, Y.; Zhang, X.; YangRtoc. Natl. Acad.
Sci. U.S.A1997 94, 11156-11158. (d) Luong, J. H.; Brown, R. S.; Male
K. B.; Cattaneo M. V.; Zhao STrends Biotechnol1995 Nov. 13, 457—
463. (e) Karuppiah, N.; Sharma, Biochem. Biophys. Res. Commi895
211, 60-66. (f) Fanali SJ. Chromatogr. AL997, 792 227-267. (g) Li,
S.; Purdy, W. CChem. Re. 1992 92, 1457-1470.

(9) Cooper, AJ. Am. Chem. S0d 992 114, 9208-9209

(10) Colombo, G.; Toba, S.; Merz, K. M., Jr. Am. Chem. S0d 999
121, 3486-3493.
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Table 1. Enantioselectivity, Initial Rate, and-Helix Content of Subtilisin Carlsberg in Different Organic Solvents

solvent lyophilized® MpCD co-lyophilizaté® enhancement a-helix (%)

THF Ve 0.014+ 0.004 2.3 0.6 164 32+1
Vg 0.00043+ 0.00015 0.03%: 0.009 91
Ef 32+2 59+ 4 1.8

1,4-dioxane Vs 0.034+ 0.021 3.8:15 112 30+ 1
Vg 0.0011+ 0.0005 0.085t 0.03 77
E 30.7+ 8.9 45+ 1.5 15

CH,Cl, Vs 0.0014 0.027 0.002 19 26+ 1
Vr 0.00015 0.0026- 0.0002 17
E 9.5 10.2+ 0.03 11

acetonitrile Vs 0.0050+ 0.0026 0.085t 0.006 17 22+ 1
Vr 0.0012+ 0.0007 0.016t 0.003 13
E 46+0.6 5.4+ 0.8 12

toluene Vs 0.0035+ 0.0005 0.04t 0.027 11 26+ 1
Vr 0.00035+ 0.00005 0.0062- 0.0023 18
E 11.8+ 0.6 74+ 14 0.63

octane Vs 0.015+ 0.005 0.058+ 0.033 4 29+ 0
Vg 0.0015+ 0.0005 0.01Gt 0.003 6

aEnzyme concentration 1 mg/mL in all experimeritkyophilized from aqueous phosphate buffer, pH 7.Byophilized from aqueous phosphate
buffer containing NBCD at a 1:6 weight ratio of subtilisin to excipierfta-helix content determined for the suspended subtitisitBCD co-
lyophilized by Gaussian curve fitting of the amide | IR spectra after resolution enhancement by Fourier-self-deconvolution (FWHM R4=cm
2.4).¢Initial rates inumol mg* min~2. f [kea/Ku]r/[Keaf Km]s (€ENZyme enantioselectivity).

compounds depends on the ratio of additive to enz§hvee hydrophobicity!! dipole moment? and dielectric constare.
increased the concentration of the additive. It was necessary toHowever, in each of these examples specific reasons were
employ methylg-cyclodextrin (M3CD) in this instance, dueto  hypothesized to account for the observed effects, in particular
the limited solubility of3CD in water. M3CD is highly soluble differences in water replacement from the active site by the
in water, and yet it shares similar chemical properties with its different enantiomer¥: In the case of the substrate chosen in
counterparfsCD. When MBCD was employed at a 1:6 weight  this work, no correlation was found with any of the preparations
ratio of enzyme to excipient, a significant activation of subtilisin (powder lyophilized from buffer alone or BCD—enzyme
occurred when compared with the data for the enzyme lyoph- formulation), between the enzyme enantioselectivity and any
ilized from buffer alone (Table 1). The initial rates were larger of the solvents physicochemical properties mentioned akove.
for the MBCD formulation under all solvent conditions tested.  To further investigate the somewhat puzzling observation that
The activation of the enzyme was in particular pronounced in reaction rates improved under all conditions while enantiose-
the solvents THF and 1,4-dioxane. The initial rates obtained lectivity increased or decreased depending on the solvent, FTIR
for the “S’ enantiomer using this new enzyme preparation were studies were conducted to investigate possible structural con-
164- and 112-fold larger in THF and 1,4-dioxane, respectively, tributions. We determined the effect of the additivgg®D on

than for the enzyme lyophilized without the additive. In addition, the secondary structure of subtilisin in the lyophilized state and
enzyme enantioselectivity of this new preparation was also suspended in organic solvents. It is well established that
significantly higher in THF (2 times) and in 1,4-dioxane (1.5 lyophilization causes significant structural changes in subtifisin.
times) than for the enzyme lyophilized without3@D. In other Significant spectral changes occurred in subtilisin upon lyo-
solvents enantioselectivity was not significantly influenced by philization from aqueous buffer solution (Figure 1). The
the additive (in CHCI; and acetonitrile) or even dropped (in  amplitude of all spectral components increased relative to the
toluene and octane). We excluded nonenzymatic cyclodextrin o-helix band at ca. 1658 cm. Quantitative data revealed a
mediated transesterification in control experiments. No reaction significant decrease in the-helix content from 34% to 25%
was observed in the absence of the enzyme. In an additionaland an increase in thé-sheet content from 15% to 32% in
control experiment, subtilisin was lyophilized from buffer and agreement with previous dataCo-lyophilization of subtilisin
suspended in THF, and SCD was added next to the reaction with MSCD prevented these structural changes to some extent.
mixture at the 1:6 weight ratio as before. No effect of the |n particular, the bands at ca. 1646 and 1631 tdid not show
additive on the initial rates and enantioselectivity was noted in a significant intensity increase when compared to the aqueous
these experiments. Two conclusions can be derived from this. spectrum (Figure 1). However, significant amide | spectral
First, MBCD must indeed interact in a specific way with the changes still occurred at wavenumbers above 1658lcm
enzyme, probably by binding to surface residues. This behavior Quantitative data agree with the reduced extent of lyophilization-
must be the result of the pretreatment of the enzyme (lyophiliza- induced structural perturbations in the3®ID co-lyophilizate.

tion in the presence of the additive). Therefore, the situation The decrease in the-helix content (30+ 1%) was ap-
resembles those found with crown ethers where highly active proximately halved compared to that in the case of no additive.
preparati_qns can also only _b_e obtained when the enzymes are Next, we suspended theMD—subtilisin co-lyophilizate in
co-lyophilized with the additivé? Second, substrateMBCD the organic solvents used in the kinetic experiments. It has been
inclusion complexes formed in the solvent can be excluded to estaplished previously that suspension of subtilisin lyophilized
contribute to the improvement in enantioselectivity. In principle, fom a phosphate buffer in nonprotein dissolving organic

preferential binding of one enantiomer over the other BOD ~ solvents caused very small spectral charf§és the aforemen-
in the solvent could also have caused changes in the enantio-
selectivity. (11) (a) Tawaki, S.; Klibanov, A. MJ. Am. Chem. So¢992 114, 1882~

i ; ; ity 1884, (b) Sakurai, T.; Margolin, A. L.; Russell, A. J.; Klibanov, A. M.
{\lext, y\;]e tngd to rlelate the determined enannorselectME/ Am. Chem, Sod988 110, 7236-7237.
values with various solvent parameters. In some previous works, (12) Wescott, C. R.; Klibanov, A. MBiochim. Biophys. Acta994 1206

enantioselectivity has been shown to be related to solvent1-9.



8160 J. Am. Chem. Soc., Vol. 121, No. 36, 1999 Griebenow et al.

Second Derivative Gaussian Curve-Fitting |
Toluene
— at-helix
1658
|
8 Lyophilized powder, no additives n— ¢-helix ©
g 1643 54
£ 1631 =
= - <
2 £
v
Ra) 1Y
< 2
=
= <
=4
[
\— a-helix
Octane |
16‘58 Methyl-f-cyclodextrin co-lyophilizate |
|
|
|
|
1
{
i
i
|
i
|
|
T T T T T il T T T T T 1
, ‘ ‘ ‘ , ] ‘ ‘ 1 : 1700 1680 1660 1640 1620 1600 1700 1680 1660 1640 1620 1600
1700 1675 1650 1625 1600 1700 1675 1650 1625 1600 1
Wavenumber (cm )
-1
Wavenumber (cm”) Figure 2. Fourier self-devonvoluted FTIR spectra and Gaussian curve-

Figure 1. Amide | FTIR spectra of subtilisin under various condi- fitting of subtilisin Carlsberg co-lyophilized with FCD and suspended

tions: (left) after second derivatization and (right) Fourier self- in various solvents in the amide | spectral region. The solid lines
devonvoluted FTIR spectra and Gaussian curve-fitting. The solid lines represent superimposed FSD spectra and the results of the curve-fitting;

represent the superimposed FSD spectra and the results of the curvdndividual Gaussian bands are shown with a dashed line.

fitting; individual Gaussian bands are shown with a dashed line. ) ) o o )
preservation of enzyme structure is essential in obtaining highly

tioned work, thex-helix content for the lyophilized protein was ~ active enzyme preparations in organic solvents. However, the
determined at 26%. For suspensions of this powder in the lack of correlation between the enzyme structure and initial rates
f0||owing solvents thea-helix contents were determined as indicates that there must be other factors which also contribute
follows in octane (28%), toluene (26%), THF (27%), dioxane significantly to the reaction ratésSuch factors include solvent-
(26%), and acetonitrile (27%). In contrast, we found significant dependent variations in enzyme flexibility and substrate des-
solvent-dependent structural changes in th8QD co-lyo- olvation2 The latter observation is particularly evident when
philizate. While suspension of the co-lyophilizate in THF, analyzing the situation in acetonitrile. Even though the FTIR
dioxane, and octane (Figure 2) caused very small spectralSpectra (Figures 1 and 2) anehelix content (Table 1) indicate
Changes When Compared to the Spectrum Of the Co_lyophilizatesigniﬁcant SO|Vent-induced Stl’uctural perturba’[ions in tw

in the dry state (Figure 1), suspension of it in toluene, co-lyophilizate, activity is still higher than for the powder
dichloromethane, and in particular acetonitrile caused significant lyophilized from phosphate buffer. These results are in agree-
solvent-induced spectral and thus structural alterations. Quan-ment with the data reported by Griebenow and Klibafiand
titative analysis of the FTIR spectra obtained supports this Dong et al® where no correlation between enzyme structure
observation (Table 1). The-helix content determined for the ~ and initial rates was found.

subtilisin—-MACD co-lyophilizate was the same in suspensions ~ The larger susceptibility of the subtilisitMSCD co-lyo-

in THF, dioxane, and octane as prior to suspension. A minor philizate to solvent-induced structural alterations, when com-
increase in thﬁ_sheet content was noted (data not Shown)_ In pal’ed to the enzyme WIthOUt the additive, indicates a redUCtion
contrast, significant decreases were diagnosed fonthelix in the conformational stability (“rigidity”) of subtilisin caused
content when the C0_|y0phi|izate was Suspended in to|uene,by the additive. Similar conclusions have been derived when
dichloromethane, and acetonitrile. Next, we investigated whether €mploying crown ethers as additifeand also when the
these solvent-induced protein structural perturbations and activitymolecular lubricant water was added to the organic sofi7ent.
could be related. No correlation is evident when p|ott|ng the To further inVeStigate differences in the Stabl“ty of subtilisin
initial rate for the ‘S’ enantiomer Y versus thex-helix content ~ in the presence and absence o@D we conducted thermal
as indicator for the overall structure of the enzyme (Table 1). inactivation experiments. In the first set of experiments the
However, in the two cases where significant enzyme activation lyophilized subtilisin samples were incubated at45in the
occurred (in THF and dioxane), no solvent-induced denaturation ©rganic solvent THF (which was chosen because the subtilisin
occurred and enzyme structure was the same as for the™ (13)Griebenow, K.; Klibanov, A. MJ. Am. Chem Socl996 118
co-lyophilizate with M3CD. This might be an indication that  11695-11700.
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Figure 3. Thermal denaturation curves for subtilisina)(in DO, pD 1,4-dioxane, (c) ChCly, (d) acetonitrile, and (e) toluene.

7.8; @) dried from aqueous buffer solution, pH 7.8, and exposed to

1,4-dioxane; and{) co-dried from aqueous buffer with 8CD at a S . L
1:6 weight ratio of proteiradditive in 1,4-dioxane. The spectral  (‘flexibility”) and the reaction rates. Therein, it has been

correlation coefficientr() was calculated using the second derivative reported that for lyophilized subtilisin suspended in different
amide | FTIR spectra of the samples at 3G and at elevated  organic solvents, kinetic data and fluorescence anisotropy data
temperatures. A decrease in the correlation coefficient to vafles  could be related.High reaction rates and high enzyme enan-
indicates temperature-induced protein structural perturbations. Thetioselectivity were extrapolated to higher flexibility of the
dotted curve i_s the inverted first derivative of the thermal denatur_ation enzyme catalyst. According to Bross et al., the more flexible
of subtlisin in DO (~), and theTn can be obtained from s the enzyme is, the greater the probability that the enzyme
maximun;* as indicated. achieves a more active and enantioselective conformation. This
concept is very attractive, in particular, in light of recent
investigations involving thermostable enzyn&st has been
shown that at optimum activity level, the mesophilic and
thermophilic isoenzymes 3-isopropylmalate dehydrogenase adopt
a very similar conformational flexibility. At room temperature
the thermophilic form is nearly inactive and conformational
mobility largely restricted. All results on the conformational
stability of subtilisin reported in this work indicate decreased
rigidity of subtilisin in the organic solvents in the presence of
Similarily, we observed a drop in activity for Iyophilized ~MACD. Therefore, we conclude that activation of subtilisin by
subtilisin in 1,4-dioxane by factors of &enantiomer) and 1.6~ MBCD is likely primarily due to increased flexibility of the

(R enantiomer) when increasing the temperature from 45 to 85 €NZyme in the sol_vents. It can _be excluded that enzyme str_uctural
°C14 Under the same experimental conditions, activity of the alteratlpns in typical gppllcatllons Igrgely contribute to differ-
subtilisin-MACD co-lyophilizate decreased by a factor of ca. €NC€S in enzyme activity. It is exciting to note that the same
450 and 131, respectively. Again, these experiments suggeslde“_cate balance between stability a_nd f_IeX|b|I|ty seems to play
that the additive MCD caused a significant decrease in the @n important role for enzyme function in organic solvents as
conformational stability of the enzyme. Finally, thermal dena- Well- To achieve high reaction rates at moderate temperatures
turation experiments were conducted in conjunction with FTIR it Se€eéms to be necessary to adjust the structural mobility.
spectroscopy. For these experiments subtilisin was prepared a§iowever, further investigations similar to those conducted in
a thin dry film on a Cakwindow in the absence and presence 2dUeOUs solutidf measuring the mc_)lecular mobility and activity
of MBCD. Measurements were performed exposing these films at various temperatures are certainly necessary to validate this

to 1,4-dioxané# From plots of the spectral correlation coef- POint of view. _ , , o
ficient r4ef as an indicator for overall structural changes versus  Having identified possible rationales to explain the subiilisin

the temperature, it is evident that the thermal stability of activation by MBCD, we then focused on the possible relation-
subtilisin is significantly decreased by/MD (Figure 3). This ship betwee_n enantloselec_tlvny an_d_proteln structural integrity.
indicates that the conformational flexibility of dehydrated YWhen plotting the enantioselectivitf versus thea-helix
subtilisin is enhanced by BCD in 1,4-dioxane. However, content, a clear cor_relat|on betwe(_en enzyme structure and
thermal stability still was much higher than for subtilisin in function emerged (Figure 4). The higher thehelix content

aqueous solution where tHE, determined was 73.2C at (and thus, the less perturbed the enzyme structure), the higher
pD 7.8. the enzyme enantioselectivity. The only exception is for the data

point obtained in octane. However, in this solvent the limited

activation was most pronounced in it, Table 1). After various
incubation times the activity and enantioselectivity were deter-
mined. We found that the initial rates for the lyophilized powder
decreased exponentially by factors of $gnantiomer) and 5
(R enantiomer) within the time period of 100 h. For the
subtilisir—MSCD co-lyophilizate initial rates decreased by a
factor of more than 20 for both enantiomers within less than
50 h. This highlights the increased susceptibility of subtilisin
in THF toward thermal inactivation in the presence qf@D.

It is intriguing that the only relationship between structural
and dynamic properties of enzymes in organic solvents and their  (15) (a) Carrasquillo, K. G.; Cordero, R. A.; Ho, S.; Franquiz, J. M.;
activity identified thus far is that between the structural mobility Griebenow, K.Pharm. Pharmacoll. Commurl99§ 4, 563-571. (b)
Carrasquillo, K. G.; Costantino, H. R.; Cordero, R. A.; Hsu, C. C;

(14) 1,4-Dioxane was chosen as the solvent in the thermal denaturation Griebenow, K.J. Pharm. Sci1999 88, 166-173. (c) Costantino, H. R.;
experiments because of its relatively high boiling point (10°C3. The Carrasquillo, K. G.; Cordero, R. A.; Mummenthaler, M.; Hsu, C. C.;
enhancements in catalytic rate and enantioselectivity in this solvent when Griebenow, K.J. Pharm. Sci1998 87, 1412-1420.
employing the N8CD—subtilisin co-lyophilizate were not as excellent as (16) Zarodszky, P.; Kardos, J.; Svingor, A.; Petsko, G.Pxoc. Natl.
in THF, but still significant. Acad. Sci. U.S.A1998 95, 7406-7411.
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solubility of MGCD s a likely explanation. Due to insignificant ~ Table 2. Enantioselectivity and Initial Rates @andida rugosa
solubility the additive might partially block the active site of ~Lipase Suspended in THF

the enzyme preventing the substrate from “correct” binding. lyophilized (buffer only} lyophilized with MBCD?
Consequently, substrate binding would be less specific and™"yp 0.00082 0.0051
therefore enantioselectivity lower than expected from the 0.0019 0.032
structural analysis. The sluggish increase in activity in octane E° 2.3 6.3

filsollndlcates the partial blockage of th? aqtlve site w aEnzyme concentration 1 mg/mL in all experimeritfitial rates
in this solvent (Table 1). The FCD additive is soluble in the in mol mg X min-t € [kea/Ku]/[KeafKu]s (€Nzyme enantioselectivity)
other solvents studieH.

That enantioselectivity and structure are related is not co-lyophilized with MBCD, a 16.8-fold increase in the initial
unexpected because of the need to preserve the threerate of the R’ enantiomer and a 2.7-fold increase in the enzyme
dimensional structure of the enzymes’ active site to achieve high enantioselectivity was observé@iable 2). Therefore, enzyme

enantioselectivity. Differences in enantioselectivity arise from enhancement by WCD seems to be of a general nature.
differences in the binding of th andR enantiomef? Similar

conclusions were derived recently when comparing lyophilized Experimental Section
subtilisin with subtilisin cross-linked enzyme crystals (CLEEs). Materials. The solvents were purchased in the anhydrous form (in

As mentioned earlier, several factors that contribute to the Aldrich Sure/Seal bottles, water content below 0.005%). All solvents

solvent dependence of enzyme enantioselectivity have been,seq for this study were predried prior to their use as recommended
identified. These factors include the desolvation of the substrate (THF and dioxane were dried by distilling them from Na, andsCN

tetrahedral intermediate, exclusion of water from the active site, from CaH), and they were transferred to the reaction vial under N
the flexibility of the catalyst, and the structural integrity of the BCD and MBCD were purchased from Aldrich. The enzymes,
suspended catalyst. Our data provide evidence that structurabubtilisin Carlsberg (EC 3.4.21.62) and the lipase f@amdida rugosa
preservation is a criterion of utmost importance when trying to (EC 3.1.1.3), were purchased as lyophilized powders from Sigma
improve enantioselectivity by solvent engineering. If the catalyst Chemicals, Inc. _ o
undergoes solvent-induced structural changes, then the latter Methods. (&) Enzyme Preparation.The enzyme, subtilisin Carls-
influence the enantioselectivity strongly. Consequently, solvent P€"9: Was prepared as follows: The lyophilized enzyme powder was

. o . dissolved (5 mg/mL) in a 20 mM phosphate buffer (at pH 7.8, the
effects on enantioselectivity cannot be studied under such

o - - S enzyme’s optimum pH). This solution was then rapidly frozen (in liquid
conditions. In this light, it is expected that in this work we would N, to avoid destruction of the enzyme due to self-hydrolysis) and

not find a correlation between any of the solvent parameters jyophilized for 48 h. The lipase was prepared as described for subtilisin,
and the enantioselectivity. This is indeed the case: enantiose-put it was lyophilized from a buffer at pH 7.5. Co-lyophilization of

lectivity does not correlate with any of the solvent parameters the enzymes with MICD was performed in the same manner, except
tested (hydrophobicity, dielectric constant, dipole moment, and that MGCD (at a 1:6 weight ratio of enzyme toALD) was added to
polarity). Our results and those reported by others imply that the buffer solution prior to lyophilization.

CLECs should be primarily employed in mechanistic investiga- ~ (0) Cyclodextrin Solubility Experiments. The cyclodextrin (MbCD
tions of the effect of the solvent on enantioselectivity and other ©F #CD), 50 mg, was placed in a 1.0 mL vial; then the solvent (THF,
selectivity because solvent effects on enzyme structure are >4 dioxane, acetonitrile, toluene, &Et;, or octane) was added (5 mL
prohibited, or at least minimized, due to structural constr&fnis. portions) until the cyclodextrin was dissolved.

H hile th be ad ¢ . h hanisti (c) Kinetic Measurements.Product formation was followed by gas
owever, while theré may be advantages In such mechanis ICchromatography (GC). The GC instruments (a Varian 3350 and a HP

investigations to employ CLECs, there are also significant gggg, with Chirasil CB columns, FID detectors, He as carrier gas) were
drawbacks. For example, subtilisin CLECs do not have a much cgjibrated with the chiral esters, synthesized as rep@#Ehe enzyme
higher activity in organic solvents than the lyophilized powdler. powder (about 5 mg) was placed in a 2-mL screw-cap scintillation vial
Currently no efficient strategies for the activation of such crystals fitted with a mininert cap. The organic solvent (1.0 mL) and the

are available! substrates (alcohol and vinyl butyrate substrates) were then added to
Last, we addressed the question whether the improvement§nitiate the reaction. The vial was sealed and subjected to careful
in enzyme activity and enantioselectivity afforded bys®D sonication using a sonication bath to homogenize the suspension. The

are also found with a different enzyme. We studied the kinetics mixture was then placed in a controlled-temperature shaker and agitated

of the model transesterification reaction betwseaphenethyl vigorously (at 45°C, at 300 rpm). Periodically 0,5 of the reacting

. . . solution was withdrawn and analyzed by chiral-GC. Under all conditions
alcohol and vinyl butyrate catalyzed IBandida rugosdipase kinetic experiments were terminated before 10% of the product had

in THF. Our results show that the effect ofd@D on the lipase  peen formed. The enzyme enantioselectivity was determined by
is similar to that observed with subtilisin. When the lipase was measuring the initial rates of enzymatic reactions (from plots of product

— - - : formation vs time) of both enantiomers. The enzyme enantioselectivity
(17) Solubility of MGCD in 1,4-dioxane, THF, CkCl,, and acetoni-

trile: more tha 1 g of MBCD/mL of solvent; in toluene: 0.07 g of RCD/ for eltsi?er substrate is equal to the ratikeafKu]w/[kealKuls = VR[S/

mL of toluene; in octane: not soluble within detection limits. Note that the VS[R]-° Note that this relationship is valid only when a racemic mixture
additive SCD is not soluble in 1,4-dioxane, THF, and acetonitrile and that Of the substrates is being studied (as in our experiments), so that both
only a marginal increase in the enzyme enantioselectivity and in the reaction chiral substrates are competing for the binding site simultaneously.
rates was observed with this additive. (d) FTIR Spectroscopy.FTIR studies were conducted with a Nicolet

(18) Ke, T.; Wescott, C. R.; Klibanov, A. Ml. Am. Chem. Sod 996 _ ; ¢ 3,15
118 33663374, Magna-IR System 560 optical bench as descrity&éd3°A total of

(19) (a) Fitzpatrick P. A.; Ringe D.; Klibanov A. MBiochem. Biophys. 256 scans at 2 c_rﬁ resolution using Happ—_(_;anzel ap_odization were
Res. Communl994 198 675-681. (b) Fitzpatrick P. A.; Steinmetz A.  averaged to obtain each spectrum. Lyophilized protein powders were

C.; Ringe D.; Klibanov A. MProc. Natl. Acad. Sci. U.S.A993 90, 8653 measured as KBr pellets (1 mg of protein per 200 mg of KB#).
8657. (c) Schmitke, J. L.; Stern, L. J.; Klibanov, A. Mroc. Natl. Acad. Enzymes were suspended in organic solvents, sonicated for 2 min, and
Sci. U.S.A1997 94, 4250-4255. measured in a FTIR cell equipped with Gafindows and 5Q¢m thick

195(;%0)1\1%6?8%%5?1'0%;7(')\1Omoml' H.; Klibanov, A. MI. Am. Chem. SoC.  gha0er Each protein sample was measured at least five times. When

(21) Thus far, other than adjusting the water activity to its optirfidm necessary, spectra were corrected for the background and water vapor
and controlling the pﬂ?b no method has been established to achieve contributions in an interactive manner using the Nicolet OMNIC 3.1
activation of CLECs in organic solvents. software to obtain the protein’s vibration specitals
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(e) FTIR Data Aanalysis. All spectra were analyzed by second the a-helix content is used as the structural parameter describing the
derivatization in the amide | region for their component compo- enzyme integrity, only the area contribution of the band at ca. 1657
sition#>.¢1523245econd derivative spectra were smoothed with an 11- cm™! assigned tax-helices is given.
point smoothing function (10.6 cr). Fourier self-deconvolution (FSD) (f) Thermal Denaturation Experiments. Thin films were produced
was applied to the background- and water vapor-corrected spectra toby drying 100uL of a solution of 10 mg/mL of subtilisin in 10 mM
enable quantification of the secondary structure in the amide | region phosphate buffer (pH 7.8) under a stream of dry nitrogen gas for at

by Gaussian curve-fitting using the program OMNIC #.:1152324Ve least 30 min on a Cafwindow. Films were produced with or without
did not observe any over-deconvolution with the parameters chosenMpBCD at a 1:6 weight ratio of enzyme to additive. The gafindow
(24 cnm? for the full-width-at-half-maximum andk = 2.4 for the was then mounted in a model HT-32 liquid cell using a/80 thick

enhancement factor). Note that FSD alters the band shapes, butspacer (Spectra Tech) and the cell filled with 1,4-dioxane. Spectra of
preserves the integrated band intensities when over-deconvolution issubtilisin in DO were measured at 50 mg/mL of protein concentration
avoided?®*24a Gaussian curve fitting was performed in the amide | using 50um thick spacers and the above liquid cell. The temperature
region after band narrowing of the protein vibrational spectra by FSD was controlled with a microprocessor programmable controller (Spectra
as described!524The band assignment in the amide | region followed Tech). Overall structural changes were quantified by calculating the
those in the literatur&**>2*Data obtained in this work for the aqueous  correlation coefficients from the amide | (1760600 cntl) second
solution and subtilisin lyophilized from buffer are within experimental  derivative spectrum of the sample at 3G and those at elevated
error of those reported previouslyHowever, since in this work only temperature$>’ Melting temperatures could not be determined from
(22) (a) Partridge, J.. Hutcheon, G. A.; Moore, B. D.. Halling, FAGL. the thermal denaturation curves in 1,4-dioxane because the experiment

Chem. S0cl1996 118 12873-12877. (b) Xu, K.; Klibanov, A. M.J. Am. could only pe performed up to 9& and the protein structural transition
Chem. Soc1996 118 9815-9819. was not finished.

(23) (a) Susi, H.; Byler, D. MMethods EnzymolL986 130, 290-311.
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