38 J. Am. Chem. S0d.997,119, 38—41

Stereochemistry in Inactivation of Carboxypeptidase A.
Structural Analysis of the Inactivated Carboxypeptidase A by
an Enantiomeric Pair of 2-Benzyl-3,4-epoxybutanoic Acids

Seong-Eon Ryu,* Hee-Jeong Choi|, and Dong H. Kim*-#

Contribution from the Protein Engineering ResearchiBion, Korea Research Institute of
Bioscience and Biotechnology, P.O. Box 115, Yusong, Taejon 305-600, Korea, and Center for
Biofunctional Molecules and Department of Chemistry, Pohang&isity of Science and
Technology, San 31 Hyojadong, Pohang 790-784, Korea

Receied July 2, 1998

Abstract: The X-ray crystal structure of inactivated carboxypeptidase A B3§-2-benzyl-3,4-epoxybutanoic acid,

a pseudomechanism-based inactivator, was determined to show that the carboxylate of Glu-270 at the active site of
the enzyme is covalently modified: the inhibitor is tethered to the carboxylate forming an ester linkage which is
brought about by the attack of the carboxylate on the oxirane ring of the inhibitor. Examination of the crystal
structure in comparison with that inactivated by its enantiome®,3/@)-2-benzyl-3,4-epoxybutanoic acid, shows

that the two inhibitors are bound covalently to the enzyme in a symmetrical fashion. An explanation for the lack of
inactivating activity found previously with @3R)- as well as (3,35)-2-benzyl-3,4-epoxybutanoic acids was offered.

Introduction making use of the unique property of the active site zinc ion:

. . ., as for being a Lewis acid, the zinc ion activates the scissile
.Carboxy.pgptldase A ((.:PA’ EC 3.4.17.1) is aiwell studied amide bond of substrate for catalytic nucleophilic attack.
zinc containing proteolytic enzyrheand has received much

. . . . .~." Kinetic analysis of the inactivation of CPA by BEBA revealed
attention as it represents a large family of zinc containing

all f shvsiological i carfee] ) that both enantiomers having configurations o58R) and
:netia ogg'za\ymes of physio odgltl:a importa th gre |Impor- N f(2R,3$) are highly efficient and fast acting inactivators, and the
tanty, SEIVes as a model enzyme in he development o remaining two stereomers do not exhibit irreversible inhibitory
inhibitor design principles which gag be useful for designing activity. 34 The X-ray crystal structure analysis of the inactivated
inhibitors of therapeutic potenti&®> Recently, we have ) : .y . :
reported that 2-benzyl-3,4-epoxybutanoic acid (BEBA) is a enzyme obtained by cocrystallizing the enzyme with the active

pseudomechanism-based inactivator of CPA designed rationally&(\:lzrlglstslzrﬁ ? dﬁ‘ir:a(éwsg Egﬁé)hgégf?,ﬁ:] %:)Orlr;pag;r? L;Jf_z(;o S
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® Abstract published irAdvance ACS Abstract$yovember 15, 1996. ; ; ' :
(1) Christianson, D. W.: Lipscomb, W. Mcc Chem Res 1989 22, which is unacceptable as the'Psubstrate residue for the

62—69, and references cited therein. (b) Lipscomb, WPhbc. Natl. Acad enzyme. We have now obtained the X-ray crystal structure of
Sci U.SA. 198Q 77, 3875-3878. _ - CPA which is inactivated using optically active BEBA of
; (SZ)I(a) POWgS’EJd- C-I;E:*arper,JA-W-t mgtelni%% gﬂfgﬂtortsB%rre(ttt;) A(S dert (2R,39)-configuration. In this paper we describe the X-ray
., 2alvesen, G., S., Elsevier: Amsterdam, ) apter o. naett, . . e
M. A.: Rubin, B.. Cushman, D. WSciencel 977, 196, 441-444. (c) Kim, crystal structure of the inactivated CPA and address the origin

D. H.; Guinosso, C. J.; Buzby, G. C., Jr.; Herbst, D. R.; McCaully, R. J.; Of the stereochemistry associated with the CPA inactivation by
Wicks, T. C.; Wendt, R. LJ. Med Chem 1983 26, 394-403. (d) Patchet, BEBA. Understanding of stereochemistry in enzyme inhibition
A. A.; Harris, E.; Tristram, E. W.; Wyvratt, M. J.; Wu, M. T.; Taub, D.;

Peterson, E. R.; lkeler, T. J.; Ten Broke, J.; Payne, N. G.; Ondeyka, D. L,;

Thorsett, E. D.; Greenlee, W. J.; Lohr, N. S.; Hoffsommer, R. D.; Joshua,

H.; Ruyle, W. V.; Rothrack, J. W.; Aster, S. D.; Maycock, A. L.; Robinson, . H
F. M.; Hirschman, R. F.; Sweet, S. C.; Ulm, E. H.; Gross, D. M.; Vassil, ,>/<'(OH
T. C.; Stone, C. ANature (London)198Q 288 280-283. (e) Dideberg,

O.; Charlier, P.; Dive, G.; Joris, B.; Frere, J. M.; Ghuysen, J.Ndture Y
(London)1982 299 469-470. (f) Gafford, J. T.; Skidgel, R. A.; Eido
E. G.; Hersh, L. BBiochemistryl983 22, 3265-3271. (g) Wahl, R. C.;
Dunlap, R. P.Annual Reports MedChem 1989 25, 177-184. (h) (25,3R)-BEBA (2R,3S)-BEBA

McKelvy, J. F.; Blumerg, SAnnul Rev. Neurosci 1986 9, 415-434. (i)

Sutton, B. J.; Artymiuk, P. J.; Corders-Borboa, A. E., Little, C.; Phillips, is extremely important especially in connection with the

D. C.; Waley, S. GBiochem J. 1987 248 181-188. (j) Payne, D. 1. inhibi i i ;
Med Microbiol. 1993 39, 93—99. (k) Roques, B. P.; Noble, F.; Dauge, development of e'.‘zyme Inhlbltqrs haV!ng therape.Utlc p(')ten'tlal.
V.: Fournie-Zaluski, M.: Beaumont, APharmacol Rev. 1993 45, 87— In general, stereocisomers of chiral inhibitors manifest differing
136. biological responses, sometimes of opposite proger8ince

(3) (&) Ner, S. K,; Suckling, C. J.; Bell, A. R.; Wrigglesworth, R. CPA serves as a prototypical enzyme, the stereochemical
Chem Soc, Chem Commun1987 480-482. (b) Kemp, A.; Tedford, M. knowledae learned from
C.; Suckling, C. JBioorg. Med Chem Lett 1991 1, 557-562. (c) Kemp, g
A.; Ner, S. K.; Rees, L.; Suckling, C. J.; Tedford, M. C.; Bell, A. R;; (5) (&) Kim, D. H.; Kim, K. B.J. Am Chem Soc 1991 113 3200~
Wriggleworth, R.J. Chem Soc, Perkin Trans2 1993 741-748. 3202. (b) Yun, M.; Park, C.; Kim, S.; Nam, D.; Kim, S. C.; Kim, D. B.

(4) (a) Mobashery, S.; Ghosh, S. S.; Tamura, S. Y.; Kaiser, Prac. Am Chem Soc 1992 114, 2281-2282. (c) Kim, D. H.; Kim, Y. M.; Li,
Natl. Acad Sci U.SA. 199Q 87, 578-582. (b) Ghosh, S. S.; Wu, Y.-Q.; Z.-H.; Kim, K. B.; Choi, S. Y.; Yun, M.; Kim, SPure Appl Chem 1994
Mobashery, SJ. Biol. Chem 1991 266, 8759-8764. (c) Tanaka, Y.; 66, 721-728. (d) Lee, S. S.; Li, Z.-H.; Lee, D. H.; Kim, D. H. Chem
Grapsas, |.; Dakoji, S.; Cho, Y. J.; MobasheryJSAm Chem Soc 1994 Soc, Perkin Trans 1 1995 2877-2882. (e) Kim, D. H.; Chung, S. J.
116, 7475-7480. Bioorg. Med Chem Lett 1995 5, 1667-1672.

S0002-7863(96)02246-9 CCC: $14.00 © 1997 American Chemical Society



Stereochemistry in Inactition of Carboxypeptidase A

Table 1. Summary of the Crystallographic Data

space group P1
unit cell
ab,c(A) 49.43,70.42, 48.49
o, (3, v (deg) 90.45, 110.63, 73.48
resolution range (A) 8:02.2
number of unique reflcns 28298
number of atoms 5169
overall completeness (8:2.2 A) (%) 90.6
completeness (2:52.2 A) (%) 88.0
R-mergé (%) 9.0
R-value® (%), F > 4a(F) 18.2
rms deviations
bonds (A) 0.011
angles (deg) 2.75
dihedrals (deg) 25.53
impropers (deg) 1.15

aR-merge= Y |03-1|/3]. P Rvalue= 3 ||Fo| — |Fcll/S|Fol-

the inactivation of the enzyme bears a special value in
connection with designing inactivators for other zinc-containing
enzymes.

Experimental Section

Crystallization. Carboxypeptidase A (CPA) was purchased from
Sigma and used without further purification. ThdR(2S)-BEBA was
prepared as described previou¥lyThe covalent complex of CPA and
(2R,39)-BEBA was prepared by incubating the mixture of the protein
and the inhibitor in 1:10 molar ratio overnight af@. Crystals were
grown by stepwise microdialysis of the CR2R,3S)-BEBA complex
in 1.0 M LiCl solution against lower concentration of LiCl solutions.
Rod shaped crystals appeared after 2 days when the complex wa:
equilibrated with 0.2 M LiCl solution at 4C. Even though these
crystals grew as twinned, we were able to isolate single crystals by
microtools.

Data Collection and Processing. The single crystals obtained as
above had the typical dimension of 0.15 nu10.08 mmx 0.03 mm.

The space group of these crystalis, and cell parameters ase=
49.43 Alb=70.42 A,c = 48.49 A ,a. = 90.45, f = 110.63 andy
= 73.48. From the unit cell and the partial specific volume of the
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R-value of the final model with 5169 atoms including two molecules
of the CPAinhibitor complex and 267 ¥D molecules is 18.2%. The
rms deviations from bond and angle idealities are 0.011 A anc2.75
respectively.

Results and Discussion

When CPA was cocrystallized with racemic BEBA of
(2R,39- and (&5 3R)-configurations, CPA inactivated by $3R)-
BEBA was preferentially crystallize®. This is in agreement
with the result of kinetic study which revealed that @3R)-
BEBA is a more effective inactivator having thgca/K; value
of 139.5 M1 st than (R 39-BEBA, the corresponding kinetic
value of which is 53.9 M!s™1. In the present study, therefore,
we used optically active 23S)-BEBA which was prepared as
described previousl§# The inactivated CPA crystals were
grown by stepwise microdialysis of CPA andR3S)-BEBA
mixture in 1.0 M LiCl solution against lower concentration of
LiCl solutions. Rod shaped enzyme crystals were obtained.
Figure 1 shows a stereoview of the active site electron density
map of the inactivated CPA. As observed in the CPA
inactivated by (3,3R)-BEBA " the electron density map of the
(2R,39-BEBA inactivated CPA also shows the presence of a
continuous electron density to which a covalent bond can be
modeled between one of oxygens of the Glu-270 carboxyl group
and the ring cleaved BEBA (Figure 1). The average bond
distance of the new covalent bond in the two CBEBA
complexes in the asymmetric unit is 1.43 A (1.42 A for one
and 1.44 A for the other) after a restrained refinement with a
target value of 1.42 A. The covalent bond between the Glu-

$70 carboxyl oxygen and thes@tom of BEBA indicates that

the carboxyl of Glu-270 is again involved in the inactivation
chemistry, attacking the oxirane ring of the boundRE5)-
BEBA at the 4-position with the generation of a hydroxyl group
(Figure 1)7 The newly generated hydroxyl at the; ©f the
inhibitor is coordinated to Z1 having the average bond length
of 1.96 A and the ©0—2zn?* angle of 114.9. Other structural
data are listed in Table 2. The water molecule that is bound to

enzyme, it is seen that the asymmetric unit contains two complexes of \no 712+ in the native CPA is not seen in the BEBA inactivated

CPA-(2R,39-BEBA, and the solvent content is 44%. A data set with
90.6% completeness to 2.2 A resolution was collected from one crystal
by using a Rigaku RU300 rotating anode X-ray generator operating at

CPA.
In order to gain knowledge on this seemingly inexplicable

40 kV x 100 mA and R-Axis lic imaging plate detector system. The Stereochemistry associated with the inhibition of CPA by each
R-Axis llc data processing software was used for data processing. A Of the enantiomeric pair of BEBA, the active site structure of
summary of the crystallographic data is presented in Table 1. A self- covalently modified CPA by (®,39-BEBA was superimposed
rotation function calculated from the data showed that there is a 2-fold with that of CPA which was inactivated by its enantiomer,

axis atyy = 95.0,¢ = 70.0,k = 180.0. This diad is close to tleaxis.
However, the unit cell translations do not satisfy the requirement of a
monoclinic cell.

Structure Determination and Refinement. The three-dimensional
structure was determined by molecular replacement using X-PLOR.
The native CPA (pdb code: 5cpa) was used as a search model for th

(2S3R)-BEBA (Figure 2). This direct comparison reveals that
there are only very minor differences between the two structures
except Tyr-248 and lle-247. In the case of th&§8R)-BEBA
inactivated CPA, the aromatic ring of Tyr-248 is noticeably

JPushed outward compared with that of theR(@S)-BEBA

cross-rotation and translation searches. The cross-rotation searcHnactivated CPA. Apparently, this conformational reorganiza-

followed by Patterson correlation (PC) refinement gave two clear
solutions at; = 330.492,0, = 102.27,03 = 43.70 with a correlation
value of 0.397 and), = 287.81,6, = 116.91,6; = 205.77 with the
same correlation value. All other peaks had a correlation value below
0.100. These two solutions are related by the diad found by the self-
rotation function. The relative translation search between the two
molecules in asymmetric unit gave a clear solution of 2Bove the
mean ata = 0.743,b = 0.629,c = 0.286 in a fractional coordinates
system. The next unrelated translation peak had a height abdve

the mean. The rigid body refinement with the rotation and translation
function solution treating the two CPA molecules as different rigid
groups gave a crystallographRevalue of 27.9% for 8.63.5 A data.

2F, — F. maps calculated after the rigid body refinement clearly showed
an extra density for the inhibitor. After the zinc atom was added in
the model, a round of positional refinement with-822 A data yielded

the R-value of 26.1%. At this stage, the inhibitor was added into the
extra density. Several rounds of positional refinement with individual
B values and manual rebuildings decreasedRtvalue to 21.5%. The

tion was brought about in order for the substrate recognition
pocket at the subsite;'Sto accommodate the benzyl group of
(2S,3R)-BEBA whose stereochemistry at the 2-position corre-
sponds to thed” series. The substrate recognition pocket is
constructed for the hydrophobic side chain of thé &mino

(6) (a) Casy, A. FThe Steric Factors in Medicinal Chemistry; Dissym-
metric Probes of Pharmacological ReceptoPdenum Press: New York,
1993. (b) Crossley, RTetrahedron1992 48 8155-8178. (c)Drug
StereochemistryWainer, I. W., Drayer, D. E., Eds.; Marcel Dekker: New
York, 1988. (d) Sheldon, R. AChirotechnology Marcel Dekker: New
York, 1993. (e) Benschop, H. P.; De Jong, L. P Asc Chem Res 1988
21, 368-374. (f) Montchamp, J.-L.; Piehler, L. T.; Frost, J. \W.Am
Chem Soc 1992 114, 4453-4459.

(7) It may be worthy noting that in the inactivation of CPA by BEBA,
the epoxide ring cleavage occurs exclusiveily the 2 type mechanism
rather than the @ which is thought to be the preferred process for the
Lewis acid catalyzed ring cleavage: Lewars, E. G.Gomprehensie
Heterocyclic Chemistpytwowski, W., Ed.; Pergamon Press: Oxford, 1984;
Vol. 7, pp 108-109.
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Figure 1. Stereoview of the electron density map at the active site region of the inactivated CPRBH{BEBA. The final model of the
CPA:(2R,39-BEBA is superposed with the, — F. electron density map drawn in stereo at a contour level of.2.8he F, — F. map was
generated by omitting Glu-270 and BEBA from the map calculation. The covalent bond betweenatven®f BEBA (labeled as 600 C4) and
the OE2 of Glu-270 carboxyl group is evident.

Table 2. Interactions of BEBA with CPA

(2R,39-BEBA (2S3R)-BEBA?
mol [P mol Il average mol | mol Il average
angle (Zn-BEBA 03—C3) (deg) 118.5 111.2 114.9 115.8 101.7 108.8
distance (ZA-BEBA 03) (A) 191 2.01 1.96 1.95 2.19 2.06
distance (Tyr 248 OHBEBA C2) (A) 4.04 3.87 3.96 3.74 3.60 3.67
distance (Arg 145 NH+BEBA OE1) (A) 2.79 2.77 2.78 2.99 2.87 2.93
distance (Arg 145 NH2BEBA OE?2) (A) 2.76 2.78 2.92 2.92 3.13 3.03

aValues listed for (8,3R)-BEBA were obtained from ref 58.Mol | and Il represent the CPA:BEBA complexes | and Il in the asymmetric unit
of the CPA:BEBA crystals, respectively.

%rg 145 rglds

Ty|24-§- ;:
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II0247 ) lle247
His 196 His 196
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Glu270 Glu270

Figure 2. Comparative stereoview of the active site of the inactivated CPA by the enantiomeric pair of BEBA. Thick line represents CPA inactivated
by (2R,39-BEBA and thin line that inactivated by §3R)-BEBA. Dashed line denotes the-© covalent bond that is formed as a result of the
inactivation.

acid residue having theL” configuration. It has been well  CPA. It is interesting to observe that the two inhibitors bind
documented that the side chain of Tyr-248 plays a pivotal role the enzyme in a symmetrical fashion, that is, they are tethered
in binding of a ligand to CPA. It is known to function as a  to the Glu-270 carboxyl having a mirror image relationship to
lid, closing the mouth of the occupied’Subsite pocket by  each other along an imaginary plane consisting of the covalently
moving downwards from the surface of the enzyme to the mouth modified carboxylate carbon, the zinc ion, and a midway point
of the pocket when a ligand anchors at the activeSsifenus, of the G carbons of the both inhibitors (Figure 2).

the aromatic side chain of the bound substrate is held in the It is apparent that the covalent modification of the Glu-270
pocket until the catalytic action is over. In the case of inhibitor, carboxylate is initiated by attacking of the carboxylate on the
the hydrophobic side chain anchored in the pocket is retained activated oxirane ring of the enzyme bound BEBA. Inthi@ S
there by the “down” positioned side chain of Tyr-248. Expect- type ring cleavage reaction, the carboxylate is expected to attack
edly, in binding of (53R)-BEBA, the benzyl group cannot be  the electrophilic center from behind (back side) with respect to
fitted in the pocket perfectly. As a consequence, the aromatic the cleavable €0 bond of the zinc coordinated oxirane.
ring of Tyr-248 cannot approach the mouth of the pocket as Therefore, the geometry of the;€0 bond with respect to the
closely as it can in closing the pocket and is shown as if it is nucleophilic Glu-270 carboxylate and the distance between the

pushed outward compared with that oR(3S)-BEBA bound C, and the carboxylate are critical for the covalent bond
(8) (a) Kim, D. H.- Kim, K. B. Bioorg. Med Chem Lett. 1091 1, 323 formation reaction to occur. Thg zinc bound water_ molecule
326 and references cited therein. (b) Banci, L.; SdarpS.; Kollman, P. has been thought to be responsible for the hydrolytic cleavage

A. Proteins1992 13, 288-305. of the peptide bond in the enzymic reaction of CPAAc-
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Figure 3. Model of noncovalent CPA2R,3S)-BEBA complex (thick line) built from the crystal structures oR3S)-BEBA inactivated CPA is
superposed with that of R3R)-BEBA.

cordingly, the water molecule can also serve as a nucleophile,enantiomer. This question may perhaps be answered with the
attacking the activated oxirane ring of the boun®&,@5)- and proposition that in the case of$3R)-BEBA the unnatural mode
(2S3R)-BEBA to generate glycol derivatives. However, this of anchoring of the benzyl side chain in th¢ Subsite pocket
possibility is precluded as seen from the inhibitory kinetic #ata  would place the Gelectrophile at a position where its interaction
and X-ray crystal structures of the§2R)->? and (R,39-BEBA with the carboxylate is more conducive, possibly with an
inactivated CPA. Failure of the water molecule to function as accompanying conformational change of the Glu-270 carboxyl-
a nucleophile in attacking the oxirane may be to be due to its ate caused by the anchoring. A very recent report of Nienaber
poor alignment with respect to theg€0 bond. However, an et al. that a minor alteration of the structure of an inhibitor can
alternative explanation that the water molecule may just be lead to a small but significant reorganization of neighboring
displaced by the oxirane oxygen of BEBA upon the inhibitor protein structure can be cited as a supportive argument for the
binding the enzyme cannot be excluded. It has been reportedpropositiont®

that the zinc bound water molecule becomes mobile and is easily In conclusion, it has been difficult to comprehend that both
displaceable when a ligand coordinates to the zincion. forms of enantiomeric BEBA, that is, Z39)- and (&5 3R)-

The lack of CPA inactivating activity observed previously BEBA, inactivate the enzyme almost equally well, while their
with (2R,3R)- and (%5,39-BEBA may now be envisaged. Itis diastereomers are totally ineffective. The present study sheds
apparent that if these BEBA stereomers bind the enzyme thelight on this seemingly inexplicable stereochemistry associated
way their diastereomers bind, that is, its benzyl group anchors with the inhibition of CPA by the nonpeptidic oxirane containing
in the §' pocket and the carboxylate hydrogen bonds to the substrate analog inhibitors and thus provides valuable informa-
guanidinium moiety of Arg-145, then the,Ceaction center tion for the design of inhibitors effective against other zinc
would not be rested at a position amenable for th@ §pe containing enzymes. In addition, the present study demonstrates
reaction with the Glu-270 carboxylate. This is illustrated in thatinhibitory stereochemistry of enzyme is far more compli-
Figure 3, in which one can see clearly that the-O bond of cated than that of substrates and cannot be simply inferred from
(2R,3R)-BEBA is not only improperly aligned for thexg type the stereospecificity of substratedn this respect, it may be
reaction but also the Latom is too far distanced from the noteworthy that-2-benzylsuccinic acid binds CPA much more
nucleophilic carboxylate. Similarly, the;,€0 bond of (5,39)- tightly than its enantiomel, while thep-form is the preferred
BEBA is misaligned for the @& reaction. However, one should inhibitor for thermolysin, a zinc containing endopeptidase of
also consider the possibility that the failure of the CPA bacterial origin whose active site structure, mechanism of action,
inactivation by these stereomers may have resulted as aand stereospecificity resemble those of CPAFurthermore,
consequence of their poor binding affinity to the enzyme by b-N-chloroacetyIN-hydroxyleucine methyl ester is reported to
virtue of uncompatible configuration of the stereomers to the be a potent irreversible inhibitor for thermolysin, but its
CPA active site. The formation of complexes of Michaelis type enantiomer is devoid of such activity.
is prerequisite for the covalent modification. In fact, binding
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