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— P) increase with the strength of binding of ROH to 5-CD, as
was found with pNPA.* Using an approach discussed else-
where,5®!! we can estimate apparent dissociation constants (K)
for the transition states containing ROH.!?  Values of K, also
parallel K; (Table I), and there is a reasonable correlation between
pK, and pK; (Figure 2b), even though the alcohols include different
structural types. These trends are consistent with modes of binding
of ROH in the ternary complexes and in the transition states for
cleavage that are not too dissimilar from those in the 5-CD-ROH
complexes.

Values of k, are 1.4-4.3 times larger than k. = 0.14 57! for
CD-pNPH?2 since the catalysis by ROH is only modest. Nev-
ertheless, they must mean that the presence of an alcohol in the
B-CD cavity can stabilize the transition state relative to the initial
state.!! Presumably, the alcohols act as inert spacers,'? improving
the fit of the acyl chain of pNPH in the cavity of 3-CD in the
transition state for ester cleavage.’* This behavior may be
considered a novel type of “spectator catalysis”.!5 It will be of
interest to see how this form of catalysis varies with the substrate,
the CD, and the structure of P1.16

(11) (a) Tee, O. S. Carbohydr. Res. 1989, 192, 181. This paper discusses
the binding of transition states to CDs. It employs an approach pioneered by
Kurz'!™® and used by enzymologists.!'® (b) Kurz, J. L. J. Am. Chem. Soc.
1963, 85, 987. (c) Lienhard, G. E. Science (Washington, D.C) 1973, 180, 149.
Jencks, W. P, Adv. Enzymol. 1978, 43, 219. Schowen, R. L. In Transition
States in Biochemical Processes; Gandour, R. D., Schowen, R, L., Eds;
Plenum: New York, 1978; Chapter 2. Kraut, J. Science (Washington, D.C.)
1988, 242, 533.

(12) Using Kurz's approach:!!' k, = Q[TS]/[CD-S] and k, = Q[TS-
PI]/[CD-S][PI], where Q = (kgT/h) and TS is the transition state in reaction
2. Thus, K, = [TS]-[PI]/[TS-PI] = k./k,. Inthe present case, P = ROH.

(13) For another study invoking a spacer, see: Ueno, A.; Moriwaki, F.;
Osa, T.; Ikeda, T; Toda, F.; Hattori, K. Bull. Chem. Soc. Jpn. 1986, 59, 3109.

(14) Rate increases in esterolysis have also been brought about by modi-
fying 8-CD with flexible caps: Emert, J.; Breslow, R. J. Am. Chem. Soc.
1975, 97, 670. Breslow, R.; Czarniecki, M. F.; Emert, J.; Hamaguchi, H. J.
Am. Chem. Soc. 1980, 102, 762.

(15) For a different kind of spectator catalysis, see: Kershner, L. D;
Schowen, R. L. J. Am. Chem. Soc. 1971, 93, 2014,

(16) Our work is supported by grants from the Natural Sciences and
Engineering and Research Council of Canada.
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The cornerstone of the hypothesis!' on the orientation of car-
boxylate in general base catalysis is that there is more electron
density in the syn direction than in either anti.2 Consequently,
when carboxylate hydrogen bonds to an acid with a pK, com-
parable to that of carboxyl, the position of the proton should
depend on the directionality of the hydrogen bond to carboxylate.?
If anti, the proton will be closer to the weak base; if syn, closer
to the carboxylate. As ApK, between donor and acceptor ap-
proaches 0, the hydrogen bond becomes equidistant and the
distance between the heavy atoms decreases.*

(1) Gandour, R. D. Bioorg. Chem. 1981, 10, 169-176.

(2) Wiberg, K. B.; Laidig, K. W. J. Am. Chem. Soc. 1987, 109,
5935-5943. Siggel, M. R. F.; Streitwieser, A., Jr.; Thomas, T. D. J. Am.
Chem. Soc. 1988, /10, 8022-8028. Slee, T.; Larouche, A.; Bader, R. F. W.
J. Phys. Chem. 1988, 92, 6219-6227.

(3) Cybulski, S. M.; Scheiner, S. J. Am. Chem. Soc. 1989, 1], 23-31.

(4) Speakman, J. C. In Chemical Crystallography; Robertson, J. M., Ed,;
Butterworths: London, 1972; Vol. 11, Chapter 1. Olovsson, I.; Jonsson, P.-G.
In The Hydrogen Bond; Schuster, P., Zundel, G., Sandorfy, C., Eds.; North
Holland: Amsterdam, 1976; Vol. 2, Chapter 8.
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Figure 1. Stereoview of the packing diagram of 2-(2-benzimidazolyl-
methoxy)benzoic acid.

Table I. Hydrogen-Bonding Parameters?

atoms O--N, A O-H, A O-H-:--N, deg
02A-NIB 2.590 (2) 1.18 (3) 175 (3)
02B-NlA 2.594 (2) 1.16 (2) 177 (2)
mean 2.592 (2) 1.17 (2) 176 (2)

9Standard deviations are in parentheses.

Single-crystal X-ray analysis of small-molecule models of
biomolecular hydrogen bonds reveals structural trends>® that
parallel the trends in proteins.”® The 100-fold improvement in
resolution in the smaller structures enables a more precise picture

of these trends.
@COQH
OCHQ—(/\‘ j@
N
H

1

In the crystal structure of 1.1/2H,0 (see Figure 1), two
crystallographically independent molecules form intermolecular
hydrogen bonds between carboxyl and benzimidazolyl as chains
along the direction of the ¢ axis.” The two hydrogen bonds are
independent measures of the same interaction (Table I). The
resulting O--N contacts are shorter than the mean O--N distances
of imidazolium—-carboxylate couples.!® A water bridges the two
molecules by hydrogen bonding to the carboxyls, with O«-Q
distances 2.756 (3) and 2.793 (3) A.

The strong intermolecular hydrogen bonding between a syn-
oriented carboxyl and a benzimidazolyl, rather than anti-oriented
imtramolecular hydrogen bonding, emphasizes the importance of
orientation. Hydrogen bonds between carboxyl and imidazole in
small molecules!! and in proteins® strongly prefer the syn orien-

(5) Taylor, R.; Kennard, R. Acc. Chem. Res. 1984, 17, 320-326. Mur-
ray-Rust, P.; Glusker, J. J. Am. Chem. Soc. 1984, 106, 1018-1025.

(6) Gorbitz, C. H. Acta Crystallogr., Sect. B 1989, B35, 390-395.

(7) Thanki, N.; Thornton, J. M.; Goodfellow, J. M. J. Mol. Biol. 1988,
202, 637-657.

(8) Ippolito, J. A.; Alexander, R. S.; Christianson, D. W. J. Mol. Biol.
1999, 215, 457-471.

(9) Diffraction data were collected on an Enraf-Nonius CAD4 diffrac-
tometer, equipped with Cu Ko radiation: CysH{;N,05!/,H,0, FW = 2773,
triclinic space group PT, a = 8.2883 (7) A, b = 12.582 (2) A, ¢ = 14.205 (2)
A, o =69.24 (1)°, 8 = 80.25 (1)°, v = 72.46 (1)°, ¥ = 1317.6 (3) A%, Z
=4,A=154184 A, Dy = 1.398 g cm™?, R = 0.047 for 4160 observed data
with < 75°, 475 variables. Hydrogen atoms were refined. Structural details
are in the supplementary material.

(10) (a) Gorbitz® reports two means: 2.664 (17) A for (His)HN ¥
“00C-(Asp/Glu) and 2.736 (35) A for (His)HN,*«-00C-(Asp/Glu). The
crystal structure of histidinium trimesate'® has a shorter (His) HN,*+-00C-
bond (2.568 (7) A; R = 0.057), but the hydrogen positions were not accurately
determined. (b) Herbstein, F. H.; Kapon, M. Acta Crystallogr., Sect. B 1979,
B35, 1614-1619.

(11) Nabulsi, N. A. R.; Fronczek, F. R.; Gandour, R. D. Abstracts of
Papers, 199th National Meeting of the American Chemical Society, Boston,
MA, American Chemical Society: Washington, DC, 1990; BIOL 109; Bio-
chemistry 1990, 29, 2199.
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tation. In this crystal structure, the preference for syn versus anti
dominates over any preference for intramolecular versus inter-
molecular.

The central location of the proton in the hydrogen bond suggests
nearly equivalent pK,’s. Syn-anti directionality and microenvi-
ronmental electrostatics control carboxylate basicity. In water,
benzimidazole is a stronger base than carboxylate.'>!¢ The pK,
of carboxy! increases in less aqueous solvents and exceeds that
of imidazolium."!® In anhydrous environments, the Asp-His dyad
will favor the neutral form rather than the zwitterionic. This point
is illustrated by the crystal structure of a carboxylic acid-imidazole
clathrate, which favors the zwitterion when hydrated and the
neutral form when anhydrous.! The zwitterionic dyad has an
anti-oriented carboxylate, but the neutral form has a syn-oriented
carboxyl.

These results inform the controversy about charge-relay catalysis
in serine proteases. Structural studies on these enzymes?¢-22
suggest a zwitterionic dyad with a syn-oriented carboxylate. Most
believe that the proton does not transfer from imidazolium to
carboxylate and the dyad remains zwitterionic. Warshel et al.??
propose that an ionized Asp electrostatically stabilizes the tran-
sition state. The pK, of His increases during the enzymatic
reaction, and a proximal carboxylate increases the basicity of
imidazole.?

Proton-inventory studies suggest two-proton catalysis for hy-
drolysis of natural substrates.26~2® Schowen?® questions the use
of equilibrium data?-?2 as evidence for a zwitterion in the transition
state. Substrate binding may change the protein microenvironment
to favor repositioning or transfer of the proton in the dyad.?®

The crystal structure of a nearly centrally located proton in
a carboxyl-imidazole hydrogen bond suggests that a similar
structure can exist in a transition state. Repositioning of the proton
in a broad single-potential well*® would produce a curved proton
inventory just as proton transfer would.’! The dyad remains

(12) The individual K,’s of 1 in 80% methanol-water are too close to
separate by titration,!3 The first ionization is mostly imidazolium, and the
second is mostly carboxyl. The pK, of 2-methoxybenzoic acid!® is 4.09 in
water. The pK, of 2-(phenoxymethyl)benzimidazole is 4.34 in 48% etha-
nol-water." From the pK,'s of other benzimidazoles in 48% ethanol-water
versus water, we estimate a pK, of 4.68 for 1 in water.
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(15) Handbook of Biochemistry and Molecular Biology, 3rd ed.; Fasman,
G. D., Ed.; CRC Press: Cleveland, OH, 1975; Vol. I, p 333.

(16) Serjeant, E. P.; Dempsey, B. Ionization Constants of Organic Acids
in Aqueous Solutions; Pergamon Press: Oxford, 1979.

(17) Komiyama, M.; Bender, M. L.; Utaka, M.; Takeda, A. Proc. Natl.
Acad. Sci. US.A. 1977, 74, 2634-2638.

(18) Halle, J.-C.; Simonnin, M.-P. J. Biol. Chem. 1981, 256, 8569-8572.

(19) Czugler, M.; Angyan, J. G.; Naray-Szabo, G.; Weber, E. J. Am.
Chem. Soc. 1986, 108, 1275-1281.

(20) Steitz, T. A.; Shulman, R. G. Annu. Rev. Biophys. Bioeng. 1982, 11,
419-444.

(21) Bachovchin, W. W. Biochemistry 1986, 25, 7751-7759 and references
therein.

(22) Kossiakoff, A. A.; Spencer, S. A. Biochemistry 1981, 20, 6462-6474.

(23) Warshel, A.; Naray-Szabo, G.; Sussman, F.; Hwang, J.-K. Biochem-
istry 1989, 28, 3629-3637.

(24) Liang, T.-C.; Abeles, R. H. Biochemistry 1987, 26, 7603-7608.

(25) (a) Zimmerman, S. C.; Cramer, K. D. J. Am. Chem. Soc. 1988, [0,
5906-5908. (b) Huff, J. B.; Askew, B.; Duff, R. J.; Rebek, J., Jr. J. Am.
Chem. Soc. 1988, 110, 5908-5909. (c) Skorey, K. I.; Somayaji, V.; Brown,
R.S. J. Am. Chem. Soc. 1989, 111, 1445-1452.

(26) Stein, R. L.; Elrod, J. P.; Schowen, R. L. J. Am. Chem. Soc. 1983,
105, 2446-2452.

(27) Stein, R. L.; Strimpler, A. M. J. Am. Chem. Soc. 1987, 109,
4387-4390.

(28) Venkatasubban, K. S.; Schowen, R. L. Crit. Rev. Biochem. 1984, 7,
1-44.

(29) Schowen, R. L. In Principles of Enzyme Activity (Molecular
Structure and energetics, Vol. 9); Liebman, J. F., Greenberg, A., Eds.; VCH
Publishers: Wienheim, FRG, 1988; Chapter 4.

(30) Satterthwait, A. C.; Jencks, W. P. J. Am. Chem. Soc. 1974, 96,
7018-7031. Gandour, R. D.; Maggiora, G. M.; Schowen, R. L. J. Am. Chem.
Soc. 1974, 96, 6967-6979.

0002-7863/90/1512-7817$02.50/0

zwitterionic, but at the transition state the O«-N distance shortens
and the proton moves to center. Proton transfer is not required
for catalysis; strong hydrogen bonding will suffice.’? This catalytic
hydrogen-bonding mechanism reconciles the kinetic, structural,
and computational results presented to date.
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It has long been suggested! that the copper coordination en-
vironment in blue copper electron transfer proteins? is a com-
promise between preferred states for copper(I) and copper(II),
and that this should lower the activation energy for electron
transfer. Here we provide direct crystallographic evidence that
the copper site in azurin, from Alcaligenes denitrificans, undergoes
minimal structural change on reduction, consistent with the re-
quirements for fast electron transfer. This conclusion is based
on crystallographic refinement of the reduced, copper(I), azurin
structure, at 1.9-A resolution,? and comparison with the structure
of the oxidized protein, at similar resolution.*3

Azurin was isolated and purified from cultures of A. denitri-
Sficans (NCTC 8582) and crystallized in its oxidized, Cu(II), state
as described previously.® These crystals were then reduced by
soaking in standard mother liquor (0.1 M phosphate, 75% satu-
rated with ammonium sulfate) containing 0.1 M ascorbic acid,
the final pH of this solution being 5.5. Reduction appeared
complete in 4-5 h, but soaking was extended until 7 h. This
procedure resulted in small changes in the unit cell dimensions
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