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Kinetic Resolution of Unnatural and Rarely Occurring Amino
Acids: Enantioselective Hydrolysis of N-Acyl Amino Acids
Catalyzed by Acylase I!
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Abstract: Acylase I (aminoacylase; N-acylamino-acid amidohydrolase, EC 3.5.1.14, from porcine kidney and the fungus
Aspergillus) is a broadly applicable enzymatic catalyst for the kinetic resolution of unnatural and rarely occurring a-amino
acids. [Its enantioselectivity for the hydrolysis of N-acyl L-a-amino acids is nearly absolute, yet it accepts substrates having
a wide range of structure and functionality, This paper reports the initial rates of enzyme-catalyzed hydrolysis of over 50
N-acyl amino acids and analogues, the stabilities of the enzymes in aqueous and aqueous/organic solutions, and the effects
of different acyl groups and metal ions on the rates of enzymatic hydrolysis. Eleven a-amino and a-methyl a-amino acids
were resolved on a 2-29-g scale, Crude L- and p-amino acid products had generally >90% ee. The utility of resolved amino
acids as chiral synthons was illustrated by the preparation of (R)- and (S)-1-butene oxide and the diastereoselective (cis:trans,
7-8:1) iodolactonization of three 2-amino-4-alkenoic acid derivatives,

Acylase I (aminoacylase; N-acylamino-acid amidohydrolase,
EC 3.5.1.14) catalyzes the enantioselective hydrolysis of N-acyl
L-amino acids (eq 1).47 Acylase I enzymes isolated from porcine
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kidney (PKA) and the fungus Aspergillus sp. (AA) are com-
mercially available, inexpensive, stable in solution, and high in
specific activity. Here we describe the use of these enzymes as
catalysts for the kinetic resolution of a-amino acids. We report
the range of substrates accepted by each enzyme, factors influ-
encing the activities and stabilities of the enzymes, and methods
for the preparative-scale resolution of representative compounds.
Both L- and D-amino acid products were obtained with high
(generally >90%) enantiomeric excesses,

Amino acids are important as biomedically active compounds®
and as chiral directing auxiliaries®!? and chiral synthons®!!-12 in
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Table I. Properties of Acylase I

porcine kidney Aspergillus
no. of subunits 2¢ 2
MW (dimer) 85 500° 73000%
optimum pH 7.0°-8.0¢ 6.0-8.5¢
K., (chloroacetyl-Ala), mM 6.6¢ 6.3%
Zn?* per subunit 1* kid
Kd;,,(an*). M 10710 10719
Kdi-(C02+), M 107 10‘.7"/
essential Cys per subunit 1e4 o?
dipeptidase activy yes? no®
sp activy,’ U/mg 30 0.30
dollars/1000 UV 2,1 23

“Reference 31. ®Reference 39. “Reference 24. 4Reference 38,
¢Reference 32, /Reference 40, f#Reference 35. AReference 36.
Specific activity was determined as described in Results and Experi-
mental Section. /Costs are for enzymes as research biochemicals (1988
price list, Sigma Chemical Co.) and thus are upper limits. Approxi-
mately 1000 U will catalyze the hydrolysis of | mol of acyl-L-amino
acid per day.

organic synthesis. Both D- and L-amino acids'# and a-methyl
amino acids have important uses and are thus desirable in ho-
mochiral form. Methods for preparing enantiomerically enriched
amino acids such as fermentation and enzymatic catalysis,'s
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Chart I, Amino Acids Tested As Their Acyl Derivatives for Substrate Activity with Acylase |
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chemical resolution,'® and asymmetric synthesis!’2? all have
limitations.

We have examined kinetic resolutions using acylase I as a
convenient route to unnatural and uncommon amino acids having
high (>95%) enantiomeric excesses.2? Greenstein et al.4-624-27
and Chibata et al.»*% have studied acylase I from porcine kidney
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Chart II. a-Methyl Amino Acids Tested As Their Acyl Derivatives
For Substrate Activity with Acylase 1

HsG COO"
R” NHg*

R compound
CH,CH 39

HOCH, 40

HOOC” ™ CH; 41
N57NCH, 42

g\ a
CH,

HO
T«
CH,
OH
HO
45
CH,
Cl
\
N
H

and (Aspergillus oryzae), respectively. The physical and kinetic
properties of both enzymes have been studied.’®*#% Properties
relevant to their applications in synthesis are summarized in Table
1.

Our purpose in this work was to establish the breadth of utility
of acylase ! for resolving amino acids and analogues. We have
measured both initial rates and enantioselectivities of hydrolyses
catalyzed by acylase I. Only isolated resolutions of unnatural
amino acids using acylase [ have been reported previously.4!
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Results

Potential Substrates. Charts I-III list compounds examined
as potential substrates. These compounds comprise acyl derivatives
of simple a-amino acids (1-38), a-methyl e-amino acids (39-46),
B-amino acids (47, 48), an a-aminophosphonic acid (49), and two
a-hydroxy acids (50, 51), as well as heterocyclic compounds 52
and 53. Acyl groups employed were acetyl (A), chloroacetyl (CA),
and methoxyacetyl (MA).%

Many of the amino acids (8, 9. 12-14, 19, 20, 23-29, 31, 35,
37, 38) were made by the phase-transfer-catalyzed (PTC) al-
kylation® of ethyl N-(diphenylmethylene)glycinate (54)* (Chart
IV). This procedure worked well and generally gave free amino
acid in 30-55% yield. Ketimine 54 was important as the glycine
enolate equivalent. In our hands, PTC alkylation of the aldimine,
ethyl NV-[(4-chlorophenyl)methylene]glycinate (55),% led only to
hydrolysis of 55.

Diethyl acetamidomalonate (56) is another useful glycine
equivalent. Alkylation of 56 in sodium ethoxide/ethanol, followed
by saponification and decarboxylation, gave acetyl amino acids
10-A, 11-A,%° 16-A, and 36-A in 40-65% yields. This procedure
was especially useful for preparing compounds for enzymatic
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Figure 1, Colorimetric determination of the initial rates of hydrolysis of
N-acetylinethionine (@), N-chloroacetyl-a-cyclopropylglycine (O), N-
acetyl-cis-a-crotylglycine (), and N-acetyl-a-propargylglycine (O)
catalyzed by PKA.
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Figure 2, Stability of soluble acylase I from (a) porcine kidney and from
(b) Aspergillus. Enzymes were incubated in 0.10 M phosphate buffer,
pH 7.5, at 25 °C, under ambient atmosphere (@) and under nitrogen (O).

Chart ITII, Analogues of a-Amino Acids Tested for Substrate
Activity with Acylase 1
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Chart 1V, Glycine Enolate Equivalents
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54 55 56

resolution, because the product N-acetyl a-amino acids were
substrates of acylase I.

Free amino acids were generally acylated with the appropriate
acyl chloride in 4 N NaOH.% Alternatively, acetylations were
performed with acetic anhydride/acetic acid. We found, as have
others,%4 that chloroacetylations of amino acids under Schot-

(46) (a) Ronwin, E. J. Org. Chem. 1953, 18, 127-132. (b) Ronwin, E.
Ibid. 1546-1553.
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ten-Baumann type conditions with either chloroacetyl chloride
or chloroacetic anhydride suffer from side reactions, low yields
(often 10-20%), and difficult purifications. Ronwin reported the
chloroacetylation of amino acids in ethyl acetate,* but yields were
still variable and low. We found that a variety of amino acids
gave satisfactory (50-90%) yields of chloroacetylated product in
dry, refluxing acetonitrile. The method worked particularly well
with a-methyl a-amino acids and other hydrophobic amino acids,
but failed with hydrophilic amino acids such as alanine and
glutamic acid.

Sources and Specific Activity of Acylase I. Although acylase
enzymes are present in various mammalian tissues and mi-
croorganisms, commercial preparations of acylase I (or amino-
acylase) are isolated from porcine kidney or from Aspergillus.
Both enzymes may be purified to a specific activity of around 300
U/mg,*® but commercial preparations vary widely in their specific
activities.*” The results presented in this paper were obtained
with enzymes from Sigma (Table I).

Kinetic Analysis. The activity of acylase I with potential
substrates was determined by measuring the initial rate of en-
zyme-catalyzed hydrolysis of racemic acyl amino acid (40 mM
in 0.10 M potassium phosphate buffer, pH 7.5, 40 °C). Aliquots
of the hydrolysis reactions were removed periodically, quenched
with perchloric acid, and assayed for free amino acid by colori-
metric determination with ninhydrin (Figure 1).#* The rates of
hydrolysis were calibrated by measuring the colorimetric response
of the free amino acids with ninhydrin and were normalized to
the rate of hydrolysis of N-acetyl-DL-methionine (AcMet; V, =
100). AcMet is commercially available, inexpensive, and an
excellent substrate for both enzymes.5?’

Control experiments included incubating potential substrates
in the absence of enzyme and incubating the enzymes in the
absence of potential substrate. Only 22-CA*? and 40-CA exhibited
spontaneous hydrolysis under the conditions of the assay, and so
22-MA and 40-MA were used for measurements of enzymatic
hydrolysis. PKA (1 mg mL™) showed no increase in colorimetric
response after 10 h. AA, however, always exhibited a small
background increase in absorbance or “false activity”. The ab-
sorbance always increased more sharply initially and then leveled
off. Dialysis of the enzyme did not eliminate the phenomenon.
Therefore, when slowly reacting substrates were assayed with AA,
the enzyme was allowed to rest in buffer solution for 6 h before
assaying, and a blank reaction containing only AA was run in
parallel. The differences in absorption between the assay reaction
and the control were used to calculate the rate of enzymatic
hydrolysis. In practice, all compounds that exhibited activity with
AA were hydrolyzed at rates at least 10 times greater than the
background reaction, but the background reaction does limit the
sensitivity of the assay.

Stability of Acylase . PKA and AA were stable as lyophilized
powders (the form in which they are bought) when stored de-
siccated at 4 °C and showed no loss of activity after storage for
6 months to 2 years. Soluble PKA was sensitive to autoxidation®
under ambient atmosphere (first-order half life, 36 h) but lost no
activity when kept under an atmosphere of nitrogen (Figure 2).
Reducing agents, such as mercaptoethanol or dithiothreitol, are
not helpful in preventing oxidative inactivation of PKA. At low
concentrations, they, themselves, deactivate PKA, presumably by
reducing cystine linkages.!

Soluble AA showed no sensitivity toward autoxidation (Figure
2).°% The initial loss of activity was reproducible but was not

(47) Tt is important to note that some manufacturers and authors cite units
of acylase activity as micromoles of substrate hydrolyzed per hour instead of
per minute. Different manufacturers and authors also use different temper-
atures, pH, substrates, and concentrations to measure specific activity.
Throughout this paper, a unit (U) designates the amount of enzyme required
to hydrolyze 1 umol of substrate per minute under the standard assay con-
ditions outlined in the Experimental Section. N-Acetyl-DL-methionine is the
standard substrate unless another is specified.

(48) Rosen, H. Arch. Biochem. Biophys. 1957, 67, 10-15.

(49) Autoxidation probably involves oxidation of an essential cysteine
residue. See: References 31 and 36.

(50) AA lacks free thiol groups.®®
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Figure 3. Stability of soluble acylase I in the presence of organic co-
solvents. Acylase I from porcine kidney (a, ¢) and from Aspergillus (b,
d) were incubated in 0.10 M phosphate buffer, pH 7.5, containing ethanol
(a, b) or DMSO (¢, d), at 25 °C, under nitrogen. Concentrations of
organic cosolvents were 10% (@), 20% (O), 30% (W), 40% (O), and 50%
(a).

a result of proteolytic degradation of the enzyme or of partial
absorption of protein to the inner surfaces of the incubation vessels.
It was independent of the concentration of AA and was not af-
fected by the presence of soluble bovine serum albumin or by
precoating the vessels with denatured protein.

Both enzymes exhibited moderate stability in the presence of
organic cosolvents (Figure 3) and were catalytically active in the
mixed-solvent systems. They retained approximately 50% of their
aqueous specific activities in 30% DMSO.

Substrate Specificity. Chart V summarizes data from the initial
rates of hydrolysis of a broad range of substrates catalyzed by
PKA and AA. It is a general guide to our results and those of
others?42835L52 and is useful as a predictive tool. Chart V breaks
the activities of substrates down into component reactivities of
individual functional groups in each of the three variable domains
(R, Ry, R;) of substrates. As a first approximation, these com-
ponent reactivities are cumulative. Thus, the reactivity of ala-
nylalanine with PKA is approximately | order of magnitude less
than that of N-acetylalanine, but the rate of hydrolysis of N-(a-
chloropropionyl)-a-cyclohexylglycine is 2-3 orders of magnitude
less than that of N-chloroacetylvaline. Relative rates of initial
hydrolysis (¥;) of individual compounds are tabulated in the
Experimental Section.

Acylase I was quite specific for the hydrolysis of V-acyl a-amino
carboxylic acids. Within that constraint, however, PKA and AA
accepted a broad range of structure and functionality in both the
amino acid (R,) and acyl (R;) moieties of substrates. The two
enzymes were complementary in their substrate specificities. Both
enzymes showed an affinity for straight-chain alkyl, alkenyl, or
alkynyl amino acids of moderate length (C4—C,). Cis and trans
double bonds were tolerated equally well. AA showed higher
relative activities with aromatic and 8-branched amino acids than
PKA. PKA showed preferential activity with w-carboxylate amino
acids and accepted substrates in which the «-hydrogen had been
replaced by a methyl group (R, = CH;). AA did not accept
a-methyl amino acids.

Productive binding and turnover of substrates required the
terminal carboxylate group. Acylamines, N-acyl amino acid esters
and amides,?® and N-acetyl-a-aminophosphonic acid 49-A were
not substrates (V; < 0.005 and 0.05 with PKA and AA, respec-
tively). The failure of PKA to hydrolyze 49-A contradicted the
reported use of PKA to resolve a-aminophosphonic acids.>

(51) Otvos, L.; Moravcsik, E.; Mady, Gy. Biochem. Biophys. Res. Com-
mun. 1971, 44, 1056-1064.

(52) (a) Sato, T.; Mori, T.; Tosa, T.; Chibata, I. Arch. Biochem. Biophys.
1971, 147, 788-796. (b) Birnbaum, S. M.; Fu, S.-C. J.; Greenstein, J. P. J.
Biol. Chem. 1953, 203, 333-338.
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Chart V. Reactivities of Substituents in Substrates of Acylase I

RZ, 002H (o]
R ril Ra
H
R, Rs R, reactivity 2
/L ! b
CH3(CHz)os, (CH3),CH , CHp, ~-CH
N
CHau = N
é\ (CH2)1-3 , SH‘/\CHz ' CHz ’ (CH2)1-3
CHg. CoHs
OH
CH -
D\~ (CHao , HOCH,, CHy , CICH, XCH, (X =Cl, Br, CHy0)
H XCH,CH, (X =Cl, Br) good, > 10 %
NC(CH2)3.4 . HOOC (CH)a3.8 CH3(CHy)g1S” ~ CH,
H.PCeHs 3
HO
... . C.. QL
S(CHp)1.3.9 (CHa)os .2 CH, 9
CH, ¢
N
)LCHZ. <\_/7/ H
CH ,
CH3(CHals, Z(CHye - " HO(CH)34 CH(CH)o. CH(CI) ¢
fair, 1-10 %
HO j\ L-RCH(NHp)
CH3GH + HN” “CH,
(CH2)1 M
CH3(CHz)7s." (CH3)C O/ I HO S eH,
CH,? CHZCH,CH(CHg) ¢ poor, 0.01-1 %

CH NH,* 0
HN Xy~ CHe
\i—.?f I OHN A NH(CHy)s ./ Cl\/lLNHCHz t

\ t
HaN (CHz)s4

4Reactivities of substituents (R;, Ry, R;) are expressed relative to the reactivities of the corresponding substituents of the model substrate, N-
acetylmethionine (40 mM racemic; R, = CH,SCH,CH,, R, = H, R; = CH,). Contains data from ref 6, 48, 52, 62, 66, and 78. See Results and
Experimental Section for details. AA only; reactivity with PKA is fair. ‘PKA only; reactivity with AA is fair. 4A A only; reactivity with PKA is
poor. °AA only; no reactivity with PKA. /Data for PKA only. $PKA only; no reactivity with AA.

Acylase I was specific for the position and chemical nature of
the amide bond in substrates. N-Acyl 8-amino acids 47-A and
53 were not substrates. Although 53 was an N-acyl 8-amino acid,
it also resembled an N-acyl a-amino acid in that the amide
carbonyl resided ~ to the carboxylate group. Compound 48-A
was hydrolyzed by PKA (V, = 0.06) but, apparently, with little
or no enantioselectivity. The rate of hydrolysis of 48-A (initial
concentration, 40 mM) remained constant through 72% conversion
and showed no curvature around 50% conversion. An inflection
around 50% conversion would have been expected if the enzymatic
catalysis had been appreciably enantioselective. Replacing the
hydrogen on the amide nitrogen with an alkyl group destroyed
substrate activity: N-Methyl and N-ethyl N-acyl amino acids
(tertiary amides) were not substrates,?S Likewise, replacing the
amide nitrogen by oxygen destroyed substrate activity: O-
Acetyllactic acid (50-A) and O-acetylmandelic acid (51-A), ester
analogues of acyl amino acids, were not substrates.

(53) Telegdi, J.; Moravcsik, E.; Otvés, L. In Proceedings of the [nterna-
tional Conference on the Chemistry and Biotechnology of Biologically Active
Natural Products, 1st; Atanasova, B., Ed.; Bulgarian Academy of Science:
Sofia, Bulgaria, 1981; Vol. 3, pp 221-225.

Other compounds not accepted as substrates included acyl
derivatives of proline and aspartic acid. Failure of acylase I to
hydrolyze acyl aspartates must result from unfavorable charge
interactions. Acyl derivatives of asparagine and aspartate 3-esters
were substrates (V, ~1), and 35-MA, a methyl ketone analogue
of acyl aspartate, reacted with PKA at a relative rate of 41%.
Pyroglutamic acid (52) was not hydrolyzed by acylase L.

Effect of Acyl Groups on the Rates of Enzymatic Hydrolysis.
PKA and AA accept a range of unsubstituted and w-substituted
acetyl and propionyl moieties as the acyl group in substrates (Chart
V).7:24263154  Both enzymes hydrolyze formyl, benzoyl, and glycyl
amino acids, although AA does so at relative rates higher than
those of PKA. PKA but not AA tolerates branching at the «
position of acyl groups. PKA therefore hydrolyzes dipeptides and
a-chloroacyl or a-methylacyl amino acids; AA does not.

We examined acetyl, chloroacetyl, and methoxyacetyl deriva-
tives for use in preparative resolutions of amino acids. Acetyl
amino acids are good substrates of acylase [*%2% and are readily
prepared. Chloroacetyl amino acids have particularly high en-

(54) Price, V. E.; Gilbert, J. B.; Greenstein, J. P. J. Biol. Chem. 1949, 179,
1169-1174.
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Figure 4. Effect of acyl groups on the rates of hydrolysis catalyzed by
(a) PKA and (b) AA. Acyl groups are acetyl (black), methoxyacetyl
(striped), and chloroacetyl (white).
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Figure 5, Effect of the pK, of the released carboxylic acid on the rates
of PKA-catalyzed hydrolysis of acylnorvaline (@), -a-allylglycine (Q),
-a-propargylglycine (B), -glutamic acid (A), and -phenylalanine (3).
The pK, values of the free acids that form the acyl groups are 2.86
(chloroacetic), 3.53 (methoxyacetic), and 4.76 (acetic).

zymatic reactivities, are generally stable against spontaneous
hydrolysis, and have the added advantage that they may be de-
protected under milder and more varied conditions than acetyl
amino acids.***® We expected methoxyacetyl amino acids to have
electronic and hence reactive properties intermediate between those
of acetyl and chloroacetyl derivatives. We also found them easier
to prepare and recrystallize than chloroacetyl amino acids.
The initial rates of enzymatic hydrolysis of the three acyl groups
are depicted in Figure 4. The five amino acids used in these tests
reflected a range of functionality and intrinsic reactivity with
acylase I. With PKA, the rates of reaction of the three acyl groups

(55) Greene, T. W. Protective Groups in Organic Synthesis; Wiley: New
York, 1981; pp 251-2585, 328.

(56) Nucleophilicity assisted deprotection of 42-CA by thiourea led to clean
formation of 42. In contrast, acidic hydrolysis of 42-CA caused nearly com-
plete decomposition to a-methylhomoserine.
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Figure 7. Progress of resolutions of a-cis-crotylglycine (®), a-amino-
butyric acid (Q), a-methylmethionine (®), and a-methyltyrosine (O)
catalyzed by acylase 1.

correlated with the electron deficiency of the carbonyl carbon as
represented by the pK, of the free acids (Figure 5). For deriv-
atives of 3, 7, and 13, the free energy relationships were linear
and had slopes of —0.2. They suggest hydrolysis by the same
mechanism, involving rate-determining base-catalyzed attack of
the carbonyl carbon by water.57%%

With AA, the rates of hydrolysis did not correlate to the pK,
of the free acids: Methoxyacetyl amino acids reacted with AA
more slowly than acetyl analogues. We presume that the initial
rates of hydrolysis, which were not strictly measurements of k,,,
reflected steric hindrance to the binding of the methoxyacetyl
group.

Effects of Metal Ions on Acylase I. PKA and AA are zinc
metalloproteins®*#® and are generally unaffected or inhibited by
other divalent metal cations in solution. Cobalt(II) accelerates
the rates of enzymatic hydrolysis of at least some substrates,?”»?3
Cobalt almost invariably activates AA but affects PKA less
consistently. The mechanism of activation and inhibition by Co**
is unknown, but it appears not to involve simple substitution of
Co?* for Zn?* in the enzyme active sites,?’40

We measured the initial rates of enzymatic hydrolysis of po-
tential substrates in both the absence and presence of | mM CoCl,
in order to identify trends in the effects of Co** on acylase I.
Cobalt generally activated AA, increasing the rates of reaction
by 15-200%. Exceptional substrates included derivatives of 7,
13, and 15, whose rates of hydrolysis were reduced by 1 1-43%.
In all cases, however, Co>* enhanced the rates of hydrolysis of
acetyl amino acids.

(57) For previous evidence that the rate-determining step is attack of water
on the carbonyl carbon of the substrate, see: (a) R6hm, K. H.; Van Etten,
R. L. Eur. J. Biochem. 1986, 160, 327-332. (b) R6hm, K. H. Adv. Biosci.
1987, 249-256. (c) Reference 51.

(58) For a discussion of free energy electronic effects on aliphatic acids,
see: Lowry, T. H.; Richardson, K. S. Mechanism and Theory in Organic
Chemistry, 3rd ed.; Harper and Row: New York, 1987; pp 152-154, March,
J. Advanced Organic Chemistry, 3rd ed.; Wiley: New York, 1985; pp
245-249.
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Table II. Resolutions of Amino Acids Using Acylase |

Chenault et al.

racemic % yield % ee
substrate (mmol) enzyme Co?* isolation L D L D
2-A (200) PKA no EtOH ppt/EtOAc extr 40 32 >99.5 >99.5
2-CA (70) PKA no ion exch 40 4] >99.5 >99.5
3-A (31) AA yes ion exch 33 32 >99.5 >99.5
7-CA (52) PKA no EtOAc extr/EtOH ppt 41 33 >99.5 >99.5
10-A (17) AA yes ion exch 33 38 99 93
11-A (57) PKA no EtOH ppt/EtOAc extr 44 47 >99.5 >99.5
15-CA (8) PKA yes EtOAc extr/ion exch 37 42 99 84
16-A (24) AA yes EtOAc extr/ion exch 50 50 95 98
36-A (14) AA yes EtOAc extr/ion exch 45 4] 99 a
42-CA (19) PKA yes EtOAc extr/ion exch 51 31 93 a
43-CA (195) PKA yes EtOAc extr/ion exch 43 46 91 80
44-CA (15) PKA yes EtOH ppt/EtOAc extr 17 64 95 47
44-CA (7) PKA yes EtOAc extr/ion exch 30 63 97 48

4The free amino acid was not isolated.

With PKA, the effects of Co?* were less consistent and often
more dramatic than with AA. Cobalt generally inhibited the
reactions of fair-to-good substrates but enhanced the reactivities
of poor-to-fair substrates (Figure 6). In particular, Co?* activated
PKA toward acyl derivatives of hydrophobic or sterically hindered
amino acids. Aromatic, long-chain (>C5), 8-branched and «-
methyl amino acids all showed dramatically increased reactivities
in the presence of Co?*. No such trend existed for AA.

Preparative Resolutions of Amino Acids Using Acylase I. To
demonstrate the use of PKA and AA for preparative resolutions
of unnatural and uncommon amino acids, we subjected 11 com-
pounds representing the full range of reactivity with acylase I (V;
= 0.005-169) to enzymatic hydrolysis (Table II). Resolutions
were performed on 2-29 g of starting material at pH 7-8. Initial
concentrations of racemic substrate were 0.1-0.5 M. When
needed, | mM CoCl, was included in reaction mixtures to enhance
the rates of reaction. Progress of the reactions was monitored
by assaying aliquots for free amino acid by colorimetric deter-
mination with ninhydrin (Figure 7).#* Periodic, manual addition
of a few drops of base maintained the pH of reactions at 7-8.

Resolutions of good substrates with PKA ran about 24 h and
were usually performed under ambient atmosphere. Under these
conditions, PKA retained approximately 50% of its original ac-
tivity. Under anaerobic conditions, however, PKA maintained
full activity. To protect PKA from autoxidation in resolutions
lasting longer than 24 h, substrate solutions were sparged with
nitrogen before adding PKA and then kept under an atmosphere
of nitrogen during the reactions. Resolutions using AA did not
require anaerobic conditions.

After resolutions were complete, acylase I was denatured and
the products were separated by differential solubility or ion-ex-
change chromatography. We used various protocols, depending
on the solubilities of the products and the size of the reactions
(see Experimental Section). The most general, simple, and
high-yielding protocol, however, involved acidifying the product
mixture and extracting the acyl b-amino acid into ethyl acetate.
The crude acyl D-amino acid, which was contaminated by free
carboxylic acid cleaved from the L enantiomer, was hydrolyzed
in refluxing 2 N hydrochloric acid to recover free D-amino acid
or washed with ether to obtain reasonably pure N-acyl p-amino
acid. The acidic reaction mixture was applied to a column of
Dowex-50 (H*). Elution of the column with 1 N aqueous am-
monia provided the neutral, salt-free L-amino acid. Another
protocol involved precipitating the L-amino acid by adding ethanol
to the near-neutral (pH 6) reaction mixture. Filtration removed
the L-amino acid, and acidification followed by extraction gave
crude NV-acyl b-amino acid.

Other protocols were used as times. Sequential application of
a neutral product solution to columns of Dowex-50 (H*) and then
Dowex-1 (OH") followed by elution with ammonia and formic
acid, respectively, gave L-amino and crude acyl D-amino acids,
respectively. In an alternative to ion-exchange chromatography,
amino acids were freed from salt and carboxylic acids by dissolving
the dry, amino acid hydrochloride in methanol, filtering, and

adding excess propylene oxide (warning: cancer suspect agent).
Propylene oxide consumed hydrochloric acid, and the neutral
amino acid precipitated from solution. In general, neutral
(zwitterionic) amino acids were water soluble but not organic
soluble, and N-acyl amino acids were soluble in ethanol, acetone,
and ethyl acetate.

Resolutions of a-Methyl a-Amino Acids. To test the practical
limits of resolutions of very low activity substrates with acylase
I, we used membrane-enclosed acylase I°° to resolve a-methyl-
methionine (42), a-methylphenylalanine (43), and «-methyl-
tyrosine (44). The technique of membrane-enclosed catalysis
(MEEC)** allowed the use of large quantities of protein in small
reaction volumes and the recovery and reuse of the soluble enzyme.
PKA (5 g) was enclosed in dialysis tubing and used successively
to catalyze the hydrolyses of 44-CA (2.0 g), 43-CA (3.9 g), and
42-CA (4.4 g). Reactions were kept under an atmosphere of
nitrogen. After completion of each resolution, the reaction was
terminated by removing the dialysis tubing containing enzyme
from the reaction mixture. Products remaining within the mem-
brane were recovered by dialysis, and products from the reaction
mixture and dialyzates were separated by ion-exchange chro-
matography. After catalyzing three reactions over a period of
36 days, the enzyme retained 55% of its original activity.

Chemical yields and enantiomeric purities of products were fair
to good. In general, the enantioselectivity for the hydrolysis of
the L enantiomer was good, but unfavorable Michaelis constants
led to incomplete conversion of the L enantiomer and subsequent
enantiomeric contamination of the b isomer. A separate resolution
of 44 under similar conditions gave results virtually identical with
the first.

Enantioselectivity and Absolute Stereoselectivity of Acylase I,
The enantiomeric purities and absolute configurations of the
products of preparative resolutions catalyzed by acylase I were
determined by 'H NMR analysis of the (R)-(+)-MTPA amides
of the corresponding amino acid methyl esters.5%¢! In all cases,
measurements of enantiomeric excess were performed on crude,
unrecrystallized products. Thus, the measurements reflect the
intrinsic enantioselectivity of the resolution process. Methyl esters
of amino acids were prepared without racemization by the action
of thionyl chloride/methanol or diazomethane/methanol on the
free amino acids.

The 'H NMR signals of the (+)-MTPA methoxy groups of
L and D-amino acid derivatives appeared at approximately 3.35
and 3.50 ppm, respectively, in agreement with previous stereo-
chemical correlations.®! With derivatives of a-methyl a-amino
acids, the a-methyl signals could also be analyzed. Again, in
agreement with previous stereochemical correlations,®®! the

(59) Membrane-enclosed enzymatic catalysis (MEEC): Bednarski, M. D.;
Chenault, H. K.; Simon, E. S.; Whitesides, G. M. J. Am. Chem. Soc. 1987,
109, 1283-1285.

(60) Dale, J. A.; Mosher, H. S. J. Am. Chem. Soc. 1973, 95, 512-519.

(61) (a) Yamaguchi, S. In Asymmetric Synthesis, Morrison, J. D., Ed.;
Academic Press: New York, 1983; Vol. 1, pp 125-152. (b) Yasahara, F.;
Yamaguchi, S. Tetrahedron Lett. 1980, 21, 2827-2830.
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Scheme I. Conversion of a-Aminobutyric Acid to (R)- and
(S)-Butene Oxide?

\w,v \
% o

4Reaction conditions: (i) acylase I, 40% yield of each product (the-
oretical maximum is 50%); (ii) 2 N HCI, reflux, 90%; (iii) NaNO,,
HCI, 91%; (iv) BH;/THF, 90%; (v} KOH, 75%, 95-96% ee.

Scheme II, lodolactonization of a-Allylglycine Derivatives
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a-methyl signal of L-amino acids appeared downfield of that of
the D enantiomorphs. When possible, optical rotations of products
were compared to those of known compounds. In all cases, acylase
I catalyzed the hydrolysis of the N-acyl L-amino acid.5?

Enantiomeric excess measurements were calibrated by adding
0.5-5.0% of the (+)-MTPA derivative of the corresponding ra-
cemic amino acid to the derivative of resolved amino acid. A
diastereomeric impurity of 0.25% could be detected.

Use of Resolved Amino Acids as Chiral Synthons. To demon-
strate the use of resolved unnatural amino acids as chiral synthons,
we prepared (R)- and (S)-1-butene oxide from a-aminobutyric
acid (Scheme I) and three chiral lactones via iodolactonization
of substituted a-allylglycines (Scheme II).

L- and D-Aminobutyric acids (ee >99.5%), obtained by reso-
lution (Table II), were converted in three chemical steps to (R)-
and (S)-1-butene oxide, respectively, in 61% overall yield. The
optical purities of the epoxides were determined by 'H NMR
spectroscopy in the presence of Eu(hfc);.%* Both had a 96% ee.

Kinetically controlled iodolactonizations® of p-7-A, D-10-CA,
and D-11-A, recovered from the resolutions of the corresponding

racemates, gave lactones 58-60 (cis:trans, 7-8:1). The diaste-

reomeric ratios of the products were measured by 'H NMR.
Assignment of the configurations of the major and minor dia-
stereomers was performed by NOE difference spectroscopy and
by correlation of the "H NMR spectral data of both diastereomers
to that of known cis- and trans-2,4-disubstituted v-butyro-
lactones.5%%6  Although little precedent exists, in general, for 1,3

(62) With a-methyl amino acids, the L enantiomer refers to that enan-
tiomer which would normally be considered L if the a-methy! group were in
fact a hydrogen. L enantiomers of the a-methyl amino acids discussed in this
paper are (S) in absolute configuration.

(63) Kim, M.-J.; Whitesides, G. M. J. Am. Chem. Soc. 1988, 110,
2959-2964.

(64) Gonzalez, F. R.; Bartlett, P. A. Org. Synth. 1985, 64, 175-181.

(65) Hussain, S. A. M. T.; Ollis, W. D.; Smith, C.; Stoddart, J. F. J. Chem.
Soc., Perkin Trans. I 1975, 1480-1492.
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asymmetric induction in the electrophilic cyclizations of 2-sub-
stituted 4-alkenoic acids, cis selectivity for the cyclizations of
2-amino-4-alkenoic acid derivatives is well documented.!>1*$ The
role of nitrogen in stereodirection is unknown.

Discussion

Acylase I is a useful catalyst for the resolution of unnatural
amino acids on a multigram scale. Its general stability in solution
allows it to be used in soluble form, and membrane-enclosure of
the enzyme allows large quantities of protein to be used to catalyze
the reactions of even very low activity substrates. The practical
laboratory application of PKA extends to the resolution of sub-
strates having >1% of the activity of AcMet on a 10-100-g scale
and to the resolution of substrates having 0.001-1% activity on
a 1-5-g scale. AA exhibits a somewhat more limited substrate
specificity than PKA. The specific activity of AA, which is
100-fold lower than that of PKA, limits the scale of its applicability
proportionately,

Although both PKA and AA have been used to resolve many
natural and some unnatural amino acids, enantiomeric purities,
if reported at all, have been reported for the (often repeatedly)
recrystallized products. Many of the determinations of enan-
tiomeric purity have depended on values of optical rotation and
have therefore been approximations at best. Here, we have shown
that the intrinsic enantioselectivity of the resolution step, itself,
is high. (An exception is our resolution of 43.) Furthermore, the
absolute sense of the enantioselectivity remains constant, even with
unnatural and a-methyl amino acids.

A problem more prevalent than nonspecific hydrolysis is the
incomplete hydrolysis of the L enantiomer, causing enantiomeric
contamination of the b product. Our measurements of initial rates
of hydrolysis did not evaluate the Michaelis constants (K,) of
substrates explicitly. Substrates having high X, (>10 mM, as
apparently 15-CA, 43-CA, and 44-CA do) will not afford highly
enantiomerically enriched D products without recrystallization.

The syntheses of butene oxide and compounds 57-59 represent
only two general procedures by which the resolved a-amino center
may be transformed to different functionality or used to induce
asymmetry at newly created stereocenters. In particular, other
forms of electrophilic cyclization or oxidation of double bonds near
the amino group may be induced by the a-chiral center.®’

We believe the use of acylase I is a practical method for the
preparation of enantiomerically pure, unnatural amino acids of
known absolute configuration. It is practical even for the prep-
aration of research quantities (1-5 g) of very low activity sub-
strates, such as the a-methyl a-amino acids (at least the L en-
antiomer). We note that the resolutions described here have not
been specifically optimized and that the optical purities of already
enantiomerically enriched amino acids are readily improved by
recrystallization. In general, though, these resolutions provide,
in a single process, both enantiomers of an amino acid having high
enantiomeric purities. Like any resolution, a disadvantage of the
method is that the maximum chemical yield of any one enantiomer
is 50%.

Experimental Section

Materials and Methods, Organic chemicals were from Aldrich and
Fluka. Biochemicals were from Sigma. Crotyl bromide was distilled
from calcium hydride. Oxalyl chloride was distilled and stored under
nitrogen. Diisopropylamine and triethylamine were distilled from cal-
cium hydride and stored under nitrogen. Methylene chloride and ace-
tonitrile were freshly distilled from calcium hydride. THF was freshly
distilled from sodium/benzophenone. Ethanol was dried over 2-A mo-
lecular sieves. Reactions requiring anhydrous conditions were performed
in oven- or flame-dried glassware under an atmosphere of nitrogen.

'H and "*C NMR spectra were recorded on Bruker AM-300 and
AM-250 instruments with peaks referenced to CHCI; ('H 4 7.26, 13C 8

(66) Ohfune, Y.; Hori, K.; Sakaitani, M. Tetrahedron Lett. 1986, 27,
6079-6082.

(67) (a) Tamaru, Y.; Hojo, M.; Higashimura, H.; Yoshida, Z. J. Am.
Chem. Soc. 1988, /10, 3994-4002. (b) Garner, P; Park, J. M. J. Org. Chem.
1988, 53, 2979-2984. (¢) Cardillo, G.; Orena, M.; Sandri, S. J. Org. Chem.
1986, 57, 713-717.
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Table III. Direct Chloroacetylation of Amino Acids in Acetonitrile

amino acid yield,? %
alanine b
valine 75
norvaline 77
a-allylglycine 58
phenylalanine 67
a-methylphenylalanine 76
a-methyltyrosine 89
a-methyl-DOPA 60
serine ¢
glutamic acid b
a.e-diaminopimelic acid b

4Yield is of isolated, recrystallized product. ®Only starting material
was recovered. ‘Reaction of serine gave a complex product mixture
that was not characterized.

77.0; CDCly), acetone-ds (‘H 6 2.04; acetone-dg), or the methyl signal
of sodium 3-(trimethylsilyl)propanesulfonate (*H § 0.00, 1*C 4 0.0; D,0).
Elemental analyses were performed by Galbraith and Spang Microana-
lytical Laboratories. Mass spectral data were obtained by H.K.C. and
Drs. Todd Williams and Sheri Ogden (Mass Spectrometry Laboratory,
University of California, Berkeley).

Enzymes. All of the results in this paper were obtained with acylase
1 from Sigma: porcine kidney (grade 1) and Aspergillus. PKA and AA
are also available from Biozyme and Amano, respectively. A preliminary
survey of the activities of these enzymes indicated that both had activity
profiles similar to their Sigma counterparts. The specific activities of
both enzymes were about half of the corresponding Sigma enzymes, but
their costs per unit of activity were 25 and 50%, respectively, of the Sigma
enzymes.

Synthesis of Amino Acids and Analogues, Compounds 8, 9, 12, 14, 19,
20, 23-29, 31, 35, 37, and 38 were prepared by phase-transfer alkylation
of 55434 Compounds 10-A, 16-A, and 36-A were prepared by alkyla-
tion®® of 56 in sodium ethoxide/ethanol, followed by saponification and
decarboxylation*® Hydrolysis in refluxing 2 N HCl for 2 h (or 2.5 N
NaOH for 4 h with 36-A) gave the free amino acids. Compounds 15 and
17 were prepared by modified Strecker reactions®® of cyclopropane-
carboxaldehyde and 2-adamantylethanal,’ respectively. 4-Carboxy-2-
pyrrolidone (53) was made by reducing N-benzyl-4-carboxy-2-
pyrrolidone” in sodium/liquid ammonia. a-Methyl-a-vinylglycine (39)
was made from DL-a-methylglutamic acid by a method analogous to that
for preparing L-a-vinylglycine.”> Compounds 11 and 11-A,% 32,% 49,74
and 50-A"* were prepared by literature methods.

Acylation of Amino Acids (Schotten-Baumann Conditions), The am-
ino acid was dissolved in 3 equiv of 4 N NaOH (4 equiv if acylating a
dicarboxylic acid), and acyl chloride (1.1 equiv) was added in five por-
tions and with vigorous shaking to the chilled (<0 °C) solution over 50
min. Acidification to pH 1.5 with concentrated HCI, extraction with
ethyl acetate, drying the organic layer (MgSQy), and rotary evaporation
gave the product as an oil. Trituration with petroleum ether caused the
N-acyl amino acid to crystallize. The crystals were washed with ether
and recrystallized from ethyl acetate/hexane.

Acetylation of Amino Acids (Acetic Anhydride/Acetic Acid), To2g
of amino acid slurried in 25 mL of glacial acetic acid was added 1.2
molar equiv of acetic anhydride. The mixture was stirred at room tem-
perature until it became homogeneous. After removal of the solvent by
rotary evaporation, the residue was taken up in acetone and filtered.
Rotary evaporation of the filtrate gave acetyl amino acid. This method
was especially useful for N-acetylation of hydroxy amino acids and am-
inophosphonic acid 49.

(68) Preparation of (bromomethyl)cyclopropane: Meek, J. S.; Rowe, J.
W. J. Am. Chem. Soc. 1955, 77, 6675-6677. Preparation of (chloro-
methyl)furan: Kirner, W. R. J. 4m. Chem. Soc. 1928, 50, 1955-1961.
Divald, S.; Chun, M. C.; Joullie, M. M. J. Org. Chem. 1976, 4/, 2835-2846.

(69) Gaudry, R. Can. J. Chem., B 1946, 24, 301-307.

(70) Prepared from cyclopropyl- and 1-adamantylmethanol, respectively,
by Swern oxidation: Omura, K.; Swern, D. Tetrahedron 1978, 34, 1651-1660.
Aldehydes were previously reported: Smith, L. I.; Rogier, E. R. J. Am. Chem.
Soc. 1951, 73, 4047-4049. Do, K. Q.; Thanei, P.; Caviezel, M.; Schwyzer,
R. Helv. Chim. Acta 1979, 62, 956-964.

(71) Paytash, P. L.; Sparrow, E.; Gathe, J. C. J. Am. Chem. Soc. 1950,
72, 1415-1416.

(72) Hanessian, S.; Sahoo, S. P. Tetrahedron Lett. 1984, 25, 1425-1428.

(73) Joucla, M.; El Goumzili, M.; Fouchet, B. Tetrahedron Lett. 1986, 27,
1677-1680.

(74) Oleksyszyn, J.; Tyka, R.; Mastalerz, P. Synthesis 1978, 479-480.

(75) Filachione, E. M.; Lengel, J. H.; Fisher, C. H. J. Am. Chem. Soc.
1944, 66, 494-496.
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Table IV, Relative Initial Rates of Hydrolysis? of N-Acyl Amino Acids
Catalyzed by Acylase 1

porcine kidney Aspergillus
compd no Co* | mM Co?* no Co** | mM Co?*

AcMet 100 86 58 100
N-benzoylmethionine  0.23
1-A 33 68
1-CA
2-A 53 53 22 40
3-A 72 50 41 86
3-CA 150 103 105 137
3-MA 121 94 27 32
4-A 14 58
5-CA 7.7 X103 1.4 %1072 ¢
6-A 40
7-A 3s 23 34 68
7-CA 65 36 85 76
7-MA 62 42 23 15
8-MA 22 23 32 35
9-MA 13 17
10-A . 35 29 40 41
10-CA 66 56
11-A 36 28 28 S1
11-CA 97 61 68 148
12-MA 28 78 20 43
13-A 16 10 18 30
13-CA 33 26 48 35
13-MA 29 20 9.9 9.7
14-CA 54 27 35 41
15-CA 124 169 40 23
16-A 36 22 61 84
17-CA b b 4 c
18-A 0.85 39 47 84
18-CA 5.8 23 98 123
18-MA 1.2 6.4 43 50
19-MA 0.48 43
20-MA 63X 10 26 4.9 12
21-A 46
22-A 24 81 16 37
22-MA 26 90 6.1 18
23-MA 24 0.38 1.2
24-MA 2.0 0.24 7.5
25-MA 54X 102 4.2 6.2 7.9
26-MA 24 10
27-MA 0.14 0.13 0.2 0.18
28-MA 96 13
29-MA 19 44 27 35
30-A 20 19 6.6
30-CA 92 69 14
30-MA 30 28 3.1
31-CA 0.9 6.3
32-MA 0.19 2.2 0.12 1.0
33-A b b 4 c
34-A 1.5
35-MA 41
36-A 16 28 36 68
37-CA 0.44 0.71 32 41
38-MA 0.2 0.9 14 23
39-MA 5.1 %10 0.17
40-A b b
40-MA 0.026
41-CA 28 X103 9.3 x10%? c c
41-MA b 2.2 X 1073
42-CA 0.5 1.3 ¢ ¢
43-CA 1.7 x 103 1.5 X 107 ¢ ¢
44-CA b 47 x 107 c c
45-CA b b c 4
46-CA b b c c
47-CA b b ¢
48-A 0.06 ¢
49 b c
50-A b 4
51-A
52-A d d

41nitial rates of hydrolysis of 40 mM racemic substrate, pH 7.5, 40 °C,
are reported as a percentage of the rate of hydrolysis of N-acetylmethionine:
for PKA, 30 = 5 umol min~! mg™! (no Co?*); for AA, 0.30 = 0.02 umol
min~ mg~! (1 mM Co?*). ®Relative rate is <5 X 107*%. ‘Relative rate <5
X 1072%. 9Relative rate is <1 X 1073%.

Direct Chloroacetylation of Amino Acids. Chloroacetyl chloride (1.05
equiv) was added to a dry, round-bottom flask containing 20-100 mmol
of amino acid and enough acetonitrile to make the final solution 0.5 M
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Figure 8. Colorimetric response with ninhydrin intrinsic to acylase |
isolated from Aspergillus (Sigma; 10 mg in 2.00 mL of buffer). Enzyme
was incubated under assay conditions, and aliquots (0.20 mL) were
quenched and reacted with ninhydrin.

in acid chloride. The flask was fitted with a reflux condenser and a
nitrogen source. The mixture was heated at reflux under nitrogen until
the amino acid dissolved completely (generally, 1-1.5 h). Occasionally,
a small amount of the amino acid did not dissolve. The colorless to
orange solution was cooled and evaporated under reduced pressure. The
residue was stirred in acetone or ethyl acetate for about 15 min to allow
complete solution of the acyl amino acid. The solution was filtered and
the filtrate evaporated under reduced pressure. The residue was re-
crystallized from ethyl acetate/hexane (Table I11).

Enzymatic Assays. Initial rates of enzymatic hydrolysis (Table V)
were determined by combining 80 umol of racemic acyl amino acid or
analogue, 20 uL of 4 N KOH (40 uL for dicarboxylic acids), and acylase
I (0.01-1.0 mg of PKA or 1.0-10 mg of AA) in 0.10 M potassium
phosphate buffer (with or without | mM CoCl,), pH 7.5, 40 °C. The
enzyme was added last to initiate reaction. The final assay volume was
2.00 mL. The reaction proceeded at 40 °C, and six aliquots (0.20 mL)
were periodically removed and quenched in 0.20 mL of 14% perchloric
acid. Portions (0.16 mL) of the acidified aliquots were combined with
0.84 mL of water, 0.50 mL of sodium cyanide/acetate buffer, and 0.50
mL of 3% ninhydrin, heated to 100 °C for |5 min, and quenched with
5.00 mL of 50% aqueous 2-propanol, according to the method of Rosen.*®
The absorbances (570 nm) of the solutions were measured after allowing
them to cool for 15-30 min.

The acidified reaction aliquots were stable when stored at 4 °C and
showed no significant hydrolysis of acyl amino acid or the protein. The
absolute intensity of the colorimetric response generated by acidified
aliquots stored in the cold remained virtually constant for 24 h, and the
relative intensities of aliquots collected and stored together remained
constant for at least 3 days.

Rates of hydrolysis were calibrated by reacting known amounts
(0.00-0.20 pmol) of each amino acid by the procedure above (see Sup-
plementary Material for details). The activity of acylase I itself was
determined in a similar manner, with AcMet (40 mM racemic) as the
substrate. The activities of PKA and AA were measured in the absence
and presence of | mM CoCl,, respectively. Relative rates (¥,) of hy-
drolysis of substrates were expressed as percentages of the rate observed
with AcMet.

Control experiments involved incubating the enzymes (1.0 mg of PKA
and 10 mg of AA) in the absence of substrates and potential substrates
(40 mM) in the absence of enzyme under assay conditions. Aliquots were
periodically removed and tested for response with ninhydrin by the me-
thod above. AA exhibited an intrinsic “false activity” (Figure 8).
Consequently, when slowly reacting substrates were assayed with AA,
the enzyme was allowed to rest in buffer solution for 6 h before assaying,
and a blank reaction containing only AA was run in parallel. The dif-
ferences in absorption between the assay reaction and the control were
used to calculate the rate of enzymatic hydrolysis.

Acidified aliquots from assays of PKA and AA with AcMet were
incubated at 4 °C and periodically assayed for response with ninhydrin
to determine the stability of the acidified aliquots during storage.

Compounds 21-A, which itself reacted with ninhydrin, and 51-A were
assayed similarly to other potential substrates except that the rates of
hydrolysis were determined by 'H NMR. Each acidified aliquot was
evaporated under reduced pressure, and the residue was taken up in D,O.
Peaks for the a-methine protons of the acylated and free acids were
integrated to measure the amount of hydrolysis. Hydrolysis of 50-A was
monitored by assaying aliquots for L- and D-lactic acids.”

Stability of Acylase I. Acylase 1 (1.0 mg of PKA or 10 mg of AA)
was incubated at 25 °C in 0.10 M potassium phosphate buffer, pH 7.5,
with or without organic cosolvents. Buffer for AA also contained | mM

(76) (a) Noll, F. In Methods of Enzymatic Analysis, 3rd ed.; Bergmeyer,
H. U, Ed.; Verlag, Chemie: Weinheim, Germany, 1983; Vol. 6, pp 582-588.
(b) Gawehn, K. Ibid. pp 588-596.
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Figure 9. 'H NMR spectra (300 MHz) at 3.30-3.60 ppm of the methoxy
ether peaks of the (R)-(+)-MTPA derivatives of (a) methyl L-a-cis-
crotylglycinate, (b) methyl DL-a-cis-crotylglycinate, and (¢} a + 0.0-4.0%
of b (base-line detail).

CoCl,. Final volume was 2.00 mL. Unless the enzyme was to be exposed
to atmospheric oxygen, all solutions were made in buffer previously
degassed with nitrogen, and the incubating enzyme solution was kept
under an atmosphere of nitrogen, sealed with a septum. Aliquots of the
enzyme solutions were periodically removed via syringe and assayed for
activity.

Resolution of Amino Acids, To distilled water were added racemic
acyl amino acid and enough lithium or potassium hydroxide to make the
final solution pH 7.5-8.0.”7 Solutions also contained | mM CoCl, and
were deoxygenated, if necessary. Final concentration of racemic acyl
amino acid was 0.1-0.5 M. With good substrates, addition of 8.3 U of
acylase 1/mmol of acyl L-amino acid initiated the reaction (units based
on the initial rate of hydrolysis of the substrate being resolved and
measured as described above). With poor substrates, relatively fewer
units of enzymatic activity were used. Progress of the reaction was
monitored by assaying aliquots for free amino acid with ninhydrin.*®
Resolutions proceeded for 24 h or until the release of free amino acid
leveled off. Periodic, manual addition of base maintained the pH of the
reaction at approximately 7.5.

The reaction was adjusted to pH 5.0 with concentrated hydrochloric
acid, heated to 60 °C with Norit, and filtered. The filtrate was acidified
to pH 1.5 with concentrated hydrochloric acid and extracted with ethyl
acetate. The aqueous layer was applied to a column of Dowex-50 (H*),
and the column was rinsed with water until neutral and then eluted with
I N aqueous ammonia. Alternatively, the aqueous layer was evaporated
to dryness by rotary evaporation. The residue was taken up in methanol,
filtered, and treated with excess propylene oxide (warning: cancer suspect
agent) to give the free L-amino acid as a precipitate.

The ethyl acetate layer was dried (MgSO,). filtered, and evaporated
by rotary evaporation. Trituration of the oily residue with ether or
ether/petroleum ether mixtures gave the acyl D-amino acid as a solid.
Alternatively, the crude oil could by hydrolyzed by refluxing for 2 h in
2 N HCL™ The p-amino acid was recovered from the hydrolysis mixture
by cation-exchange chromatography or precipitation from methanol with
propylene oxide, similar to the recovery of the L-amino acid.

Resolutions of 42-44 were performed as described above except that
5 g of PKA in approximately 40 mL of degassed 0. M potassium
phosphate buffer, pH 7.5, was enclosed in 13.5 X 2.1 cm of dialysis
tubing (Spectropor 2; MW cutoff, 12000-14000). After dialytic re-
moval of the buffer salts, the enclosed enzyme was placed in a degassed

(77) Because of its high solubility, lithium hydroxide was used in resolu-
tions of which the L-amino acid product was precipitated from neutral aqueous
solution by the addition of ethanol. Both lithium and potassium cations
functioned equally well in purifications by ion-exchange chromatography.

(78) Compounds 36-A and 42-CA were hydrolyzed by refluxing for 4 h in
2.5 N NaOH and in ethanol with 2 equiv of thiourea, respectively. Acidic
hydrolysis destroyed both compounds. Hydrolyses of N-acyl a-methyl amino
acids required more than 2 h for completion.
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Figure 10, 'H NMR spectra (300 MHz) at 3.30-3.60 ppm of the
methoxy ether peaks of the (R)-(+)-MTPA derivatives of (a) methyl
D-a-cis-crotylglycinate, (b) methyl DL-a-cis-crotylglycinate, and (c) a +
0.0-4.0% of b (base-line detail).

solution of 44-CA, pH 7.5, and stirred gently under nitrogen. After the
reaction had leveled off at 50% conversion, the dialysis tubing was re-
moved and dialyzed against distilled, degassed water to remove products.
The same enzyme was used subsequently to hydrolyze 43-CA and 42-CA.

Determination of the Enantiomeric Purities of Amino Acids, The
enantiomeric purities of amino acids were determined by 'H NMR
analysis of the (+)-MTPA amides® of the amino acid methyl esters.
Methyl esters were prepared without racemization with methanol/thionyl
chloride™ or diazomethane/methanol. The (+)-MTPA methoxy groups
of L- and D-amino acid derivatives appeared as narrow quartets (Jyg =
1.0-1.5 Hz) at approximately & 3.35 and 3.50, respectively. The a-
methyl singlets of a-methyl amino acid derivatives (3 1.69 and 1.65 for
D- and L-amino acids, respectively) were also distinguishable. Calibration
by the addition of known amounts of the (+)-MTPA derivative of the
appropriate racemic amino acid showed that a 0.25% diastereomeric
impurity (99.5% ee for the amino acid) could be detected (Figures 9 and
10).

Conversion of D- and L-a-Aminobutyric Acid to (S)- and (R )-Butene
Oxide, Resolved a-aminobutyric acid was converted in three steps to
en%éniomerically enriched (96% ee) butene oxide as described previous-
ly.
Iodolactonization of 7-A, 10-A, and 11-A, Allylglycine derivatives 7-A,
10-A, and 11-A were jodolactonized under kinetic-controlled conditions.®
Analysis by "TH NMR and NOED spectroscopy indicated that 57, 88, and
59 were formed with cis to trans ratios of 8:1, 8:1, and 7:1, respectively.
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Abstract: The binding between uropathogenic Escherichia coli bacteria and human P erythrocytes was investigated by use
of the hemagglutination inhibitors methyl 4-O-a-D-galactopyranosyl-8-D-galactopyranoside (methyl 3-D-galabioside, 1), the
monodeoxy (2, 3, 7, 10, 11, 13, 16), some O-methy! (6, 9, 12), deoxyfluoro (8, 14, 17), C-methyl (4), and C-ethyl (5) derivatives
and various glycosides (18-26). The $-galabiose portion of the glycolipids present on P erythrocytes was found to bind to
the pilus-located adhesin of the bacteria by hydrogen bonds directed toward five oxygen atoms situated on an edge of the
disaccharide and by interactions between nonpolar surfaces in the sugar and the protein. One of the two remaining hydroxyl
groups of galabiose seems to be in contact with a nonpolar cavity of the adhesin and the other with the surrounding aqueous

medium.

Bacterial adhesion is considered to be important for growth and
probably for expression of pathogenicity.!? Adhesion is often
mediated via proteinaceous appendages termed pili or fimbriae.*
The adhesive bacteria identified so far show specificity toward
a limited number of sugars, which was suggested to depend on
the fact that most investigations have only been performed with
readily available mono- and oligosaccharides for inhibition ex-

*Lund Institute of Technology.
FUniversity of Umea.
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periments.? Recently, various glycosides of galabiose (a-D-
Galp-(1-4)-8-D-Galp) have been synthesized® and used as in-
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