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et al.*® The experimental data indicate that deoxygenation
(dehydroxylation) of tetrasaccharides results in both a less negative
enthalpy and a less negative entropy of binding. In line with the
hypothesis presented earlier, we propose that the entropy of binding
becomes more negative (unfavorable) as the extent of the oligo-
saccharide interaction with the protein interface increases (more
negative enthalpy of interaction). Lemieux et al.'*® propose that
deoxygenation results in a less negative enthalpy of binding because
a substrate hydroxyl group in the “free” ligand is surrounded by
“high-energy” water which contributes a favorable enthalpy of
binding when such water molecules are released to bind more
strongly to the bulk solvent. This proposal is inconsistent with
the conclusion that neutral-neutral hydrogen bonds in aqueous

(36) Carver, J. P.; Michnick, S. W.; Imberty, A.; Gimming, D. A. Oligo-
saccharide-protein interactions: a three-dimensional view. In Carbohydrate
Recognition in Cellular Function; Ciba Foundation Symposium; Wiley:
Chichester, 1989; Vol. 145, pp 6-26.
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solution have only small or negligible exothermicities.2%

Conclusions

The thermodynamics of phase transitions (melting and subli-
mation) undergone by organic crystals have been used to suggest
the approximate entropic cost of rotor restrictions, and the loss
in translational and rotational motions, appropriate to the for-
mation of weakly bound complexes in solution. The data indicate
that the loss in translational and rotational entropy increases
gradually from very small to limiting values as the endothermicity
of the dissociation increases. Some S8-adrenergic agonists bind
with relatively large exothermicities; this presumably permits the
formation of a relatively high ordered agonist/receptor complex,
suitable for precise conformational change and hence for signalling
at a distance.
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Abstract: Any bimolecular association is entropically unfavorable because of degrees of freedom of translation and rotation
lost when two molecules come together to form a complex. For a ligand of molecular weight 200, the formation of a “rigid”
dimer (one in which there is no residual relative motion of the associating components A and B in the complex A:B) opposes
binding by ca. 107 to 107! M™! in binding constant. If relative motions (including new soft vibrations) in the complex are
then credited to the functional group interactions then the amide-amide hydrogen bonds, for example, those involved in the
reported formation of lactam dimers in solution, are concluded to promote dimerization by ca. 10* per hydrogen bond (Doig,
A.J.; Williams, D. H. J. Am. Chem. Soc. 1992, 114, 338). An alternative approach is to regard residual relative motions
remaining in the complex as constituting translational and rotational entropy of A and B that was not lost. In this paper and
in the preceding paper we have attempted to quantitate the contribution of residual motions in weakly bound complexes from
literature data on the fusion, sublimation, and dissolution of model compounds. If the entropic advantage of the residual motions
is removed as entropy that is not lost in the bimolecular association, then free energies for amide-amide hydrogen bond formation
are obtained that are not significantly different from the conventional view of these bonds of between -2 and -8 kJ mol™'.
The same conclusion is reached in ligand extension studies for the binding of peptide cell wall analogues to the antibiotics
vancomycin and ristocetin A if credit for residual motions is removed, and allowance is made for a larger hydrophobic effect

than originally envisioned (Williams, D. H., et al. J. Am. Chem. Soc. 1991, 113, 7020).

Introduction

In several recent publications,>"* we have considered an ap-
proach to the factorization of the free energy of binding for
molecular associations in aqueous solution, by partitioning free

(1) Abbreviations: AG, AH, and AS, change in Gibb's free energy, en-
thalpy and entropy; K, binding constant; T, temperature (K); T, melting
temperature (K); AG, and AS,,,, change in free energy and entropy of
translation and rotation; AG, and AS,, change in free energy and entropy of
internal rotations; AGy, change in free energy for polar group interactions;
AGy, change in free energy due to the hydrophobic effect; AG s, change in
free energy due to conformational strain; AG,qw. change in free energy due
to van der Waals interactions; AAq, change in nonpolar surface area (A2).

(2) Williams, D. H.; Cox, J. P. L.; Doig, A. J.; Gardner, M.; Gerhard, U.;
Kaye, P. T.; Lal, A. R,; Nicholls, I. A.; Salter, C. J.; Mitchell, R. C. J. Am.
Chem. Soc. 1991, 113, 7020~7030.

(3) Williams, D. H. Aldrichim. Acta 1991, 24, 71-80.

(4) Doig, A. J.; Williams, D. H. J. Am. Chem. Soc. 1992, 114, 338-347.
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energy contributions into four principal terms. Our analysis is
based upon the pioneering work of Jencks® and Page and Jencks.®
A similar factorization has previously been used by Andrews et
al.,” and the relevance and physical basis of the factors involved
have been summarized by Fersht.®> The consideration of only
four terms is justified only if the ligand and receptor show good
van der Waals complementarity, and if the conformations of the
bound components correspond closely to conformational energy
minima in the separated states.>> These terms are considered as

(5) Jencks, W. P. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 4046—4050.

(6) Page, M. L; Jencks, W. P. Proc. Natl. Acad. Sci. US.A. 1971, 68,
1678-1683.

(7) Andrews, P. R.; Craik, D. J.; Martin, J. L. J. Med. Chem. 1984, 27,
1648-1657.

(8) Fersht, A. R. Enzyme Structure and Mechanism, 2nd ed.; W. H.
Freeman: New York, 1985.
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Figure 1. An estimate of the adverse effect on binding constant in the
hypothetical case where all the entropy of translation and overall rotation
of the components A and B is lost upon association to form the complex
A:B.

follows: (i) the low probability of “catching” the ligand on the
receptor in the absence of intermolecular forces; (ii) the adverse
free energy change (largely entropic) associated with the restriction
of any internal rotations of either component upon complex
formation; (iii) the promotion of binding if hydrocarbon is removed
from exposure to water upon complex formation; and (iv) the
promotion of binding due to the favorable interactions between
polar functional groups in the complex. These four parameters
are now enumerated, and the consequences of residual motions
in complexes formed from weak associations (as outlined in the
preceding paper’) are elaborated. Problems associated with the
designation of particular values to the parameters are discussed,
together with a reassessment of the strength of the amide—amide
hydrogen bond in lactam dimers and peptide-antibiotic com-
plexes.>™*

(i) Bimolecular Association. Any bimolecular binding process
is entropically unfavorable due to the formation of a single
molecule of complex, which occurs with loss of translational and
rotational entropy. The unfavorable free energy of the association
(AG,,, (kJ mol™') equal to -TAS,,, at 298 K) as a function of
the molecular weight of a ligand binding to a larger receptor with
complete loss of the translational and rotational entropy of the
smaller component can be estimated? and is given in Figure 1.!°
As with all other free energy changes given in this account, it can
be converted to an effect on log K by division by 5.7 (for room
temperature binding); this scale is given on the right-hand side

(9) Searle, M. S.; Williams, D. H. J. Am. Chem. Soc., preceding paper
in this issue.

(10) We have made three modifications in the estimation of AG,., relative
to the original estimate (refs 2 and 3). First, the Trouton’s rule correction
refers to the entropy decrease of liquids at the boiling point relative to gases.
To allow for the additional order existing at temperatures below the phase
transition, we have added TAS to the Trouton's rule correction in water, where
Tis 298 °C, and AS = C, In (373/298), where Gy is the heat capacity of water
at constant pressure. Tﬁis correction is empirical, but it seems better than
ignoring an effect which is physically required in some form or another; it acts
to reduce AG,., by 5 kJ mol™'. Second, since the Trouton's rule correction
is applicable to neat liquids, we had earlier (refs. 2 and 3) added 2.3RT log
1000/RMM to allow for the entropy increase at a molar concentration. Such
a correction is appropriate for a concentration decrease in the gas phase of
a single component but not for a dilution in a liquid phase, where an entropy
of mixing (assuming ideal behavior) is appropriate. An entropy of mixing is
small compared to the entropy of dilution, and for a ligand of effective mo-
lecular weight 200, this change decreases AG,., by 4 kJ mol™. Third, we
originally followed the approach of Israelachvili that translational kinetic
energy is not lost in an association to give a complex held together by weak
intermolecular forces (Israelachvili, J. N. Intermolecular and Surface Forces,
Academic Press: London, 1985; p 21). In view of the case made later in this
manuscript that considerable translational and rotational motions remain in
complexes where the components are held together by non-covalent interac-
tions, we now carry out the accounting by regarding kinetic energy of both
translation and rotation (R7/2 per degree of freedom) to be retained in the
complex; this modification increases 4G, by 4 kJ mol™ (3RT/2). The overall
effect of all these changes for a ligand of molecular weight 200 is to decrease
AG,., by only 5 kJ mol™ relative to the original estimate?? and, in view of
the large uncertainties in this parameter, these changes are cosmetic rather
than of great consequence.

Searle et al.

of the figure. We find that within 4 kJ mol™!, the same values
apply for any molecular shape (rod, disc, or sphere) of molecular
weight m binding to any receptor of molecular mass 1200 or
greater.! Thus, for example, AG,,, is adverse to binding by a factor
of ca. 107 M™! for a ligand of molecular weight 200 (where the
“molecular weight” includes bound solvent molecules, which can
be regarded as translating and rotating with the ligand). The
figure of 10~ M"! is the entropic price to be paid when there is
no residual overall relative translation and rotation of the asso-
ciating components A and B in the complex A-B. We note later
that this situation is unlikely to be achieved in practice; rather,
some (variable) fraction of 10 M! is the cost to be paid, as
outlined in the preceding paper,’ and as elaborated below.

(ii) Restriction of Internal Rotations. Following Page and
Jencks,® we note that binding is adversely affected by approxi-
mately 5 to 6 kJ mol™' (AG,) for each rotation removed upon
association. Thus, if four relatively free rotations are lost in an
association, the binding is hypothesized to be adversely affected
by a factor of ca. 10*. These values correspond to severe restriction,
or complete loss of a rotation; we have argued® that smaller values
may be appropriate for associations involving non-covalent bonds.

(iii) The Hydrophobic Effect. The magnitude of the hydro-
phobic effect can be estimated from solvent partitioning experi-
ments.!! For every square angstrom (A2) of hydrocarbon removed
from exposure to water by the binding process, we conclude (see
later) the binding energy to be increased by 0.2 kJ mol™!. This
value is in accord with a recent theoretical reassessment,'? and
in good agreement with recent experimental data by Serrano et
al."? on the change in solvent-accessible hydrophobic surface area
on mutation of Gly to Ala on the exposed surface of a-helices in
barnase.

(iv) Polar Interactions of Functional Groups. The bringing
together of the two binding entities with the appropriate internal
geometry is accounted for in factors (i) and (ii). However, if the
free energy of binding which results from the interaction of any
pair of functional groups (AG,) is to be the same if the process
occurs either intramolecularly or bimolecularly (which is obviously
desirable if AG, values are to be of general utility), then AG,,
values cannot be taken from Figure 1. We elaborate on this point
subsequently. When polar interactions occur with optimum ge-
ometry for binding, they are known as intrinsic binding energies.

In summary, the free energy (AG, kJ mol™') of a bimolecular
association following the above specifications has been approxi-
mated by

AG = AGy, + AG, + AG, + 2AG, 1)

where 3_AG, represents the free energies of binding for each set
of interacting functional groups, summed over all such sets of
interactions.

For the more general case where AG,; represents the total
conformational strain energy produced upon binding and AG4y
represents the change in van der Waals energy between free and
bound states (due, for example, to the existence of van der Waals
repulsions or cavities in the complex), then eq 2 results:?

AG = AGu, + AG, + AG, + LAG, + AGoy + AGyqw  (2)

In applying eqs | and 2, we recognize that the derived parameters
will be approximate only and that the analysis may be additionally
complicated by cooperativity. It nevertheless seems worthwhile
to attempt a semiquantitative approach even if only to give rough
estimates of the parameters and to expose any problems that the
analysis may uncover.

Uncertainties in the Application of Equation 1

The Entropic Cost of Bimolecular Associations Involving Weak
Interactions. The values of AG,,, which can be read from Figure

(11) Chothia, C. Nature 1974, 248, 338-339.

(12) Sharp, K. A,; Nicholls, A.; Friedman, R.; Honig, B. Biochemistry
1991, 30, 9686-9697.

(13) Serrano, L.; Neira, J.-L.; Sancho, J.; Fersht, A. R. Nature 1992, 356,
453-455.
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1 are not experimental and solution entropies of complex mole-
cules, upon which they depend, are uncertain. However, the values
do accord well with the adverse entropy changes (on which they
largely depend) for reactions in which two small molecules react
to one covalently bound entity.” A much more difficult problem
lies in searching for the most acceptable method to do the
“accounting” for the free energy change, AG,..,, appropriate for
weak associations. The preceding paper, dealing with the use of
entropies of fusion and sublimation of crystals as models for
entropy changes in weak associations, highlights the problem. Not
only may the value of AG,,, read from Figure 1 be much larger
than the loss in translational and rotational free energy for a weak
association, but the degree by which it is too large seems likely
to be dependent on the exothermicity of the association.” Weakly
exothermic associations are expected to have relatively small
adverse entropies, and strongly exothermic associations to have
much larger adverse entropies. In some cases, the benefit of
translational and rotational entropy which remains in the complex
plus the entropic advantage of new low-frequency vibrations may
almost balance the formal loss of TAS,,, (close in magnitude to
the AG,,, values which are given in Figure 1) associated with the
formation of a rigid complex.’

The values for AG,,, in Figure 1 correspond to making a
complex in which all the relative overall translation and rotation
of the associating entities has been lost. Thus, if the values in
Figure | are used directly in the application of eq 1 to an asso-
ciation A + B — A.B, then entropically advantageous relative
translation and rotation of A and B which remain in A-B are
credited to the functional group interactions in 3°AG,. Using this
approach and the data of Susi et al.!* for valerolactam dimerization
in aqueous solution, AG, for each amide—amide hydrogen bond
in the dimer (1) is =27 kJ mol™'.* In broad terms, this is because
the reported association constant for dimerization is ca. 107! M,
and the loss of the translational and rotational entropy of one
component of the dimer is adverse to binding by ca. 10 M (cf.
Figure 1). Thus, the amide-amide hydrogen bonds are concluded
to promote dimerization by ca. 108 M, or ca. 10* M™! per hy-
drogen bond. The entropically favorable low-frequency vibrations
which permit relative translation of the two parts of the dimer
and other entropically favorable motions in the dimer have been
credited to the AG, values of the hydrogen bonds.

An alternative approach is not to use AG,,, values taken from
Figure 1, but smaller values which therefore treat motions re-
maining in the complex as constituting translational and rotational
entropy that was not lost. A good case can be made that the loss
in translational and rotational entropy in the formation of the
dimer 1 is in reasonable accord with the expectations from the
fusion and sublimation models presented in the preceding paper.’
Further, Murphy and Gill's have shown that the entropy change
(in terms of TAS at 298 K) upon dissolving crystals of diketo-
piperazine in aqueous solution is +11.5 kJ mol™'. If allowance
is made for the fact that the two methylene groups of this molecule
will order water (through the hydrophobic effect) in aqueous
solution, causing an adverse TAS on dissolution of 5-10 kJ mol™!,
then freeing the molecule from the crystal is seen to be favorable
entropically (TAS) by 16.5-21.5 kJ mol™!. In other words, in
passing from free diketopiperazine in aqueous solution to its crystal
lattice (a model for a bimolecular association involving similar
weak interactions), the molecule loses only about 33-43% of its
translational and rotational free energy (i.e., about these per-
centages of the value read from Figure 1). Since diketopiperazine
is held in its crystal structure by 4 amide-amide hydrogen bonds,
there can be little doubt that the proposed solution dimer 1 would
lose an even smaller fraction of AG,,,. Plausibly, the adverse
change in AG,,, (-TAS,,) in the formation of dimer 1 would lie
in the range 11-17 kJ mol™', opposing dimer formation by a factor
of only 1072 to 10 M~'. Thus, if AG, = —(5 to 6) kJ mol™
(promotion of dimerization by a factor of 10' M) for the am-

(14) Susi, H.; Timasheff, S. N.; Ard, J. S. J. Biol. Chem. 1964, 239,
3051-3054.
(15) Murphy, K. P; Gill, S. J. Thermochim. Acta 1990, 172, 11-20.
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Figure 2. Plot of enthalpy versus entropy (TAS at 298 K) of dimerization
of (A) e-caprolactam (in CCly), (B) 2-pyridone (CDCl;), (C) y-butyr-
olactam (CCl,), and (D) é-valerolactam (CCly).

ide—amide hydrogen bond, two of these would be not quite ade-
quate to overcome the adverse entropy of dimerization, to give
an observed dimerization constant in the region of 107! M™!, In
summary, large negative AG, values are obtained for the hydrogen
bond if it is credited with the favorable entropy of residual motions
and small negative AG, values if it is not credited with this fa-
vorable entropy. We recommend that AG, values be obtained
by the “anchor principle™ (or “ligand extension”—see following
section), since the entropic costs of weakly exothermic bimolecular
associations are difficult to determine. Additionally it seems
unsatisfactory to credit associations which have no enthalpic
barrier to the reverse (dissociation) step with the entropic ad-
vantage of 10'© M~! which such a process would permit, i.e. no
loss in translational and rotational entropy.’

In relation to the above discussion, it is noteworthy that the
evidence for the formation of dimer 1 in aqueous solution, although

N‘H _____ 0%

long accepted, is not particularly strong. Against this point may
be set the similar dimerization constants (ca. 107! M) proposed
for assumed analogous dimers of urea'¢ and diketopiperazine!’
in aqueous solution and the fact that dimerization constants in
this region are consistent with the AG; values (-5 to —6 kJ mol™')
assumed for amide—amide hydrogen bonds on the basis of protein
engineering experiments (which do not credit this hydrogen bond
with the advantageous entropy of the large residual motions which
its formation allows; see below). Evidence for the formation of
hydrogen-bonded dimers of y-butyrolactam, §-valerolactam, and
e-caprolactam in carbon tetrachloride is much stronger. The
respective values of K, AH, and TAS at 298 K are the following:
460 M~! y-butyrolactam, —29 and -14 kJ mol™'; 432 M™! §-val-
erolactam, -43 and -28 kJ mol™!; 168 M™! e-caprolactam, -23
and ~10 kJ mol™".!® These data give support to the model which
uses crystal formation as a guide to the entropic costs of complex
formation. From the dimerization constants, it can be seen that
the AG values for dimer formation are all similar (-15,-15, and
-13 kJ mol™!, respectively). Thus, where dimer formation is most
exothermic (§-valerolactam), the extent of dimer formation is
similar to the other cases. This is because the most exothermic
dimerization pays the largest cost in entropy. Here again we see
the entropy/enthalpy compensation alluded to in the preceding
paper? and illustrated graphically in Figure 2 (the data for the
dimerization of 2-pyridone in CDCIl;!® are also included in the

(16) Schellman, J. A. C. R. Trav. Lab. Carlsberg, Ser. Chim. 1958, 29,
223-229.

(17) Gill, S. J,; Noll, L. J. J. Phys. Chem. 1972, 76, 3065-3068.

(18) Affsprung, H. E.; Christian, S. D.; Worley, J. D. Spectrochim. Acta
1964, 20, 1415-1420.
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Table I. Change in Solvent Accessible Surface Area (AAA,;), Binding Free Energy (AAG), and Enthalpy (AAH) for Deletion of a Methyl
Group (Ala — Gly) from N-Acetyl/N-Benzoyl Peptides Binding to Ristocetin A¢

NV
ligands AAG AAH (complex) AAG/AAA,,
N-X-Ala-Ala/N-X-Ala-Gly 11.4,8.4,10.1¢ 1.8 £2.7° 47 —(0.24-0.18)
N-X-Ala-Ala/N-X-Gly-Ala 0.4,£2.9°4.6° 6.3 £ 3.0° 53 —-(0.007-0.09)
-(0.12-0.21)¢
N-X-Ala-Ala/N-X-Gly-Gly 13.0, 15.2¢ nd 76 -(0.17-0.20)
N-X-Ala-Gly/N-X-Gly-Gly 4.6, 5.0° nd 30 -(0.15-0.17)
N-X-Gly-Ala/N-X-Gly-Gly 10.1,5 10.5¢ nd 30 -(0.34-0.35)
N-X-Ala/N-X-Gly 7.0¢ nd 36 -0.19

¢Where X represents acetyl or benzoyl, see footnotes b-d following; AAG and AAH in kJ mol™'; AAA,, (change in nonpolar surface area) in A%
AAG/AAA,, in k) mol™ A2 ¢Data of Rodriguez-Tebar et al.?' for N-acetyl-substituted ligands. < Data of Smith et al.?? for N-benzoy! ligands.
4Data of Williams et al.2 for N-acetyl ligands. ¢ Value obtained when exothermicity (AAH) is subtracted from AAG.

plot). Covering all three lactams, the entropic costs of dimeri-
zation, in terms of the adverse cost of TAS at 298 K on the
dimerization constant, lie in the range 1077 to 10"+ M™'. The
smallest entropic cost is for the least exothermic association, and
the largest cost is for the most exothermic. This observation and
the range of the entropic cost support the guides given by the
crystal model. We incidentally note that the variation in the
exothermicities for the dimerization of the three saturated lactams
could reflect, at least in part, variation in the dryness of the carbon
tetrachloride solvent (with the expectation that the driest solvent
would result in the most exothermic dimerization; see below).

Studies Involving the Formation of the Amide—Amide Hydrogen
Bond in a Ligand Extension; Proportioning Free Energy Changes
between AG,,,, AG, and AG,. An analysis of the increased
binding constant of N-Ac-Gly-D-Ala (2) over N-Ac-p-Ala (3) to
the antibiotics ristocetin A and vancomycin gave an average
binding energy (AG,) of -24 kJ mol™' for the amide-amide hy-
drogen bond found between the NH of glycine and an amide CO
of the antibiotics (Figure 3).2 This value was obtained by taking
the mean increase in binding energy of 2 over 3 (11 kJ mol™! at
25 °C), adding 10 kJ mol™' to this value (for the free energy cost
of restricting two rotors at 5 kJ mol™'), and also allowing for the
estimated extra entropic cost (3 kJ mol™') for catching a ligand
of larger mass.

TAG, =-11-10-3 = -24 kJ mol™ (3)

In the method of accounting used to derive this value, the value
for rotor restriction (5 kJ mol™') may give too little credit for the
favorable free energy of residual torsions in the restricted rotors
of weak complexes. If the values for rotor restriction in the
formation of crystals from melts of C,H,,,, hydrocarbons (where
n is even) at T, are used (3.5 kJ mol™!, see preceding paper®) as
a lower limit but 5 kJ mol™ is retained as an upper limit [since
rotor restrictions are more costly in free energy when at sp>-sp?
bonds (peptides) than at sp>~sp® bonds (hydrocarbons)], then -10
is replaced by —(7 to 10) kJ mol™!. Second, the factor of -3 kJ
mol™! (eq 1) is based upon the fact that the entropy of a ligand
is dependent upon the logarithm of its mass.2 In the method of
accounting adopted, the amide-amide hydrogen bond is credited
with the larger adverse entropy that has to be overcome in catching
a ligand of larger mass. No such credit may accrue if it is
considered that the ligands 2 and 3 retain some fraction of their
free AG .., when associated (rather than losing all their free AG,,,
and then crediting residual motions in the complex to AG,, values).
The reason for this (as discussed in the preceding papcrg) is that
the AG,4, value of the free ligand is dependent upon a term log
(am) and the AG,., value of the bound ligand upon a term log
(bm) (where g and b are constants and m is the mass of the
ligand). Therefore, the difference between the AG,.,, values for
the free and bound states is dependent upon a term log (am) -
log (bm) [i.e., log (a/b)], and it becomes independent of mass.
In summary, if the AG, value for the amide-amide hydrogen bond
is not given the credit for any internal motions remaining in the
complex, then —24 kJ mol™ (eq 3) becomes —(18 to 21) kJ mol™'.

(19) Ducharme, Y.; Wuest, J. D. J. Org. Chem. 1988, 53, 5787-5789.
Hammes, G. G.; Park, A. C. J. Am. Chem. Soc. 1969, 91, 956-961.
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Figure 3. Application of ligand extensions to the study of amide-amide
hydrogen bonds in peptide—antibiotic complexes. Schematic represent-
ation of the interaction of (2) N-Ac-Gly-p-Ala; (3) N-Ac-D-Ala; and (4)
acetate with the binding pocket of ristocetin A.

The above changes in AG,, simply reflect different methods for
crediting the advantages of residual motion in the complex, in
proportioning the free energy changes between AG,4,, AG,, and
AG,. However, in addition to these “accounting method” dif-
ferences, we conclude that the original analysis underestimated
the role of the hydrophobic effect in increasing the binding of 2
over 3. In the original analysis,? it was argued that since the
N-acetyl methyl group of 2 points away from the antibiotic, this
methyl group would not perturb the binding significantly.
Therefore, no increase in the binding of 2 over 3 was attributed
to the hydrophobic effect (AG,, eq 1). We now believe this to
be an error for two reasons. First, the aromatic ring of residue
7 of the antibiotics (Figure 4) can approach this methyl group
in the complex. Second, CPK models and molecular graphics
representations of the complex show that other C-H groups of
the antibiotic interact with the polar parts of the CH,CONH-
extension added in passing from 2 to 3. Using MacroModel® to
calculate changes in hydrophobic surface areas, we have reassessed
the contribution of the hydrophobic effect to ligand binding en-

(20) Mohamadi, F.; Richards, N. G. J.; Guida, W. C,; Liskamp, R,; Lip-
ton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. C. J. Comput.
Chem. 1990, 11, 440~467.
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Figure 4. Expanded view of the complex formed between the antibiotic
ristocetin A and the cell-wall analogue N-Ac-D-Ala-D-Ala (with the
aromatic ring 7 of the antibiotic indicated).
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ergies. In Table I we have considered the change in solvent
accessible surface area that occurs on complex formation when
a methyl group has been deleted for the pairs of ligands indicated.
For example, in comparing the binding of N-acetyl-D-Ala-D-Ala
and N-acetyl-D-Ala-Gly to ristocetin A we calculate a difference
in the surface area of hydrocarbon buried (AAA,,; corresponding
to the hydrophobic contribution from the C-terminal alanine
methyl group) of 47 A2 This value was calculated from the
surface areas of the energy minimized ligand, antibiotic, and
ligand—-antibiotic complex using a water molecule of radius 1.4
A together with a high density of points on a sphere. Further,
the difference in binding energy between these two ligands of
-11.4, -8.4, and -10.1 kJ mol™' (from several independent
sources2!2?) has been shown by calorimetry?! to be essentially
entropy driven. Therefore, we attribute the difference in binding
energy to a combination of (i) the hydrophobic contribution from
the alanine methyl group and (ii) any promotion of binding of
Ala over Gly due to the Ala methyl group conformationally biasing
the peptide backbone into the bound conformation. Fortunately,
using the data of Serrano et al.,'* these two variables can be
estimated separately. The conversion of a glycine to an alanine
residue, in the absence of burial of the side chain residue (other
than by contact with the peptide backbone), increases the solvent
accessible hydrophobic surface area by 22 A? in a-helices, but
by 35 A? in a §-strand?® (or “random-coil” assuming such a
“random” structure reflects largely conformers with preferred (¢,
¥) angles in the range found for a 8-strand). Thus, when a
difference in solvent accessible hydrophobic surface area of 35
A2 is retained, the preference for Ala over Gly in a §-strand
conformation is a measure of a factor, or factors, other than the
hydrophobic effect. We ascribe this preference to the confor-
mational bias induced by an Ala methyl group toward the (¢, ¥)
angles of a §-strand. From the data of Serrano et al.,'® this
conformational bias appears to be negligible (<1 kJ mol™).
Therefore, the above differences in binding energies (-11.4, -8.4,
and -10.1 kJ mol™') directly give the increase in binding to be
ascribed to the hydrophobic effect. Thus, when the difference
in binding energy is equated with the change in surface area of
47 A?, we estimate a hydrophobic contribution of —0.18 to —0.24
kJ mol™! per A2 buried (considering the full range of experimental
binding data) in this system. This range is in good accord with
the recent value (of —0.23 kJ mol™ A-2?) found in protein engi-
neering experiments on a-helix stability.!324

(21) Rodriquez-Tebar, A.; Vazquez, D.; Perez Velazquez, J. L.; Laynez,
J.; Wadso, 1. J. Antibior. 1986, 39, 1578—1583.

(22) Smith, P. W, Chang, G.; Still, W. C. J. Org. Chem. 1988, 53,
1587-1590.

(23) Shrake, A.; Rupley, J. A. J. Mol. Biol. 1973, 79, 351-371.

(24) Kellis, J. T., Jr.; Nyberg, K.; Fersht, A. R. Biochemistry 1989, 28,
4914-4922, Serrano, L.; Kellis, J. T.; Cann, P.; Matouschek, A.; Fersht, A.
R. J. Mol. Biol. 1992, 224, 783-804.
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Figure 5. Surface area dependence of the hydrophobic effect (AAG/
AAA,,; k] mol™! A-?) corresponding to methyl group changes (Ala —
Gly) for peptide ligands binding to ristocetin A; six different ligand
comparisons are considered (see Table I).

Table II. Hydrocarbon Surface Areas

solvent-accessible
surface area (A?)

hydrocarbon total methyl
HyCy £Ha
HyC” NCH, 200
HiC” “CH, 188

9 I
HC < CH, 170

" H 28
H3c>'\H 142

Similar analyses to those above, comparing the binding of five
other pairs of ligands that correspond to methyl group substitutions
(Ala — Gly), are also included in Table I. Four of the six cases
considered result in similar surface area dependent changes in
binding energies, giving AAG/AAA,, values of —0.15 to —0.24 kJ
mol™! i-z’ in general agreement with earlier work.!> However,
there are two anomalous values (one much smaller and one much
larger; Table 1) that warrant further consideration, both involving
the binding of N-X-Gly-p-Ala (where X represents acetyl or
benzoyl; see legend to Table I). The deletion of the methyl group
of the N-terminal residue (/NV-X-D-Ala-D-Ala versus N-X-Gly-D-
Ala) produces relatively little change in binding energy given the
relatively large change in hydrophobic surface area (53 A2) that
is expected to promote the binding of the former over the latter.
Closer examination of the calorimetry data?' for these two ligands
reveals a more exothermic binding interaction (AAH) for N-
acetyl-Gly-p-Ala of 6.3 & 3.0 kJ mol™ that appears to compensate
for the loss of hydrophobic effect from methyl group deletion.
However, when a similar comparison is made for the binding of
these ligands to vancomycin,?! a much smaller exothermicity
difference of 1.2 £ 2.7 kJ mol™' is found that points to some feature
unique to the ristocetin complex. In short, the anomalous change
in binding exothermicity indicates that the small difference in
binding free energy observed between these two ligands (see Table
1) cannot be interpreted only in terms of the relative contribution
of the hydrophobic effect; if the difference in exothermicity is
subtracted from AAG, i.e. only the difference in the entropy term
is considered, then numbers per unit area buried of between —0.12
and —0.21 kJ mol-! A2 are consistent with the general trend of
the data. In contrast, the comparison of the binding of N-
acetyl-Gly-D-Ala and N-acetyl-Gly-Gly gives a much larger
change in binding energy for what we calculate to be a relatively
small difference in the amount of hydrophobic surface area buried
(30 A2). An experimental exothermicity for the binding of N-
acetyl-Gly-Gly is not available for comparison of the two ligands
which, at this stage, precludes a more detailed analysis.

We conclude from this analysis (as summarized graphically
in Figure 5) together with the results of others'2!? that if the area
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Table III. Estimation of the Free Energy of Formation of the Amide-Amide Hydrogen Bond from Ligand Extension Studies of Peptide Binding

to Ristocetin A

ligands AAG® AAHS AAA,, AAGy? AAG, ANy AG
N-Ac-Ala-Ala/N-Ac-Ala -114 +2.9 £ 3.0 85 -17 71010 1 2915
N-Ac-Gly-Ala/N-Ac-Ala -11.0 -34+£28 33 =17 7t010 1 -125% 1.5
N-Ac-Ala-Gly/N-Ac-Ala 0 +4.7£ 25 39 -8 7to 10 1 -1.0£ 1.0
N-Ac-Gly-Gly/N-Ac-Ala +5.3 nd 9 -2 7to10 1 -1.2%£ 15
N-Ac-Ala/acetate -11.4 nd 89 -18 71010 1 -19% 1.5
N-Ac-Ala-Ala/acetate -22.8 nd 174 -35 14 to 20 2 24 % 1.5
N-Ac-Gly-Ala/acetate -22.4 nd 122 -24 14 to 20 2 =17 1.5
N-Ac-Ala-Gly/acetate -11.4 nd 128 -26 14 to 20 2 -1.3x1.6
N-Ac-Gly-Gly/acetate -6.1 nd 98 =20 14 to 20 2 -46 % 1.5

¢Data from ref 21: acetate binding from ref 2; binding of N-Ac-Gly-Gly, K
—0.2 kJ mol™! A% <Difference in the number of amide—amide hydrogen bonds. ¢ Amide—amide hydrogen bond energies; nd

®Using AAG/AAA,, =
= not determined.

of hydrocarbon buried is x A2, then the free energy change (AG})
due to the hydrophobic effect may be represented by ca. —0.2x
kJ mol™!; this conversion factor is used in subsequent calculations
of binding energies.

We further note that there is no fixed value for the surface area
of a methyl group because of the strong dependence of solvent
accessibility on neighboring groups/residues. The change in
surface area on deleting a methyl group (replacing with hydrogen)
is illustrated for the hydrocarbons shown in Table II. For ex-
ample, the change in surface area on r Xlacmg a methyl group
of 2,2-dimethylpropane is only 11.5 however, a similar
transformation from propane to ethane, within the same series,
produces a change in area of 28 A2, more than twice the area
change for the more highly branched hydrocarbon.

Thus, after reconsidering the increase in nonpolar surface area
which is removed from water when 2 binds to ristocetin A (over
3 binding to ristocetin A; 33 A2), we estimate the difference in
the contribution of the hydrophobic effect AAG,, to be -0.2 X 38
= -8 kJ mol™'. Applying eq 1, we then obtain AG, = -11 to -14
kJ mol™! for the amide-amide hydrogen bond of 2. The relative
contributions to the difference in binding energy between these
two ligands are presented in Table III.

In the earlier work, we also used the binding of the acetate anion
(4, Figure 3), as a fragment of 3, to estimate AG, for the am-
ide—amide hydrogen bond between 3 and the antibiotic and derived
a value of -16 kJ mol™'.2 This value credits AG,, with 6 kJ mol™!
for a greater AG,,, of 3 over acetate anion (4) and for residual
motion reflected by using 5 versus 3.5-5 kJ mol™! per restricted
rotor. The hydrophobic effect of the alanine methyl group of 3
was allowed for by an experimental value (9 kJ mol™!'), but the
hydrophobic interaction of the acetyl methyl group of 3 was taken
as 2 kJ mol™! (i.e., a total hydrophobic effect of 11 kJ mol™'). A
more realistic value for the contribution from the hydrophobic
effect to the binding of 3 over 4 has now been estimated to be
ca. =18 kJ mol™!, corresponding to a difference in the nonpolar
surface area buned on binding of 89 A2 Thus, when the credit
for residual motion in the complex and for a larger hydrophobic
effect is removed from —16 kJ mol-!, we obtain a value for AG
of 0.4 to -3.4 kJ mol™'. We have considered the stepwise removaf
of hydrogen bonds for the 9 pairs of ligands indicated in Table
111 for binding to ristocetin A, (shown graphically in Figure 6).
Calculated changes in the solvent-accessible surface areas are
indicated in all cases, using the procedure described above. The
relative contributions to the difference in binding energies (AAG)
are itemized and the estimated free energies for amide—amide
hydrogen bond formation (AG,) are indicated in the final column.

To summarize these results, stepwise removal of the amide-
amide hydrogen bonds made by peptide ligands to vancomycin
group antibiotics gives 2 mean binding energy for the amide—amide
hydrogen bond (using all nine data sets) of —4.4 kJ mol™!, with
values in the range 0 to -12.5 kJ mol™! (as shown graphically in
Flgure 6). It can be seen that seven of the derived AG, values
in Table III fall in the range —1.0 to -4.6 kJ mol™!, with only two
much larger values (-12.5 and -7.7 kJ mol™!) fallmg outside this
range. Of these last two and possibly anomalously large values,
two points are noteworthy. First, both include data for the binding

= 150 £ 30 M™' at 295 K (Williams, et al,, unpublished results).
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Figure 6. Summary of hydrogen bond free energies deduced from ligand
extension studies of binding to ristocetin A; units along the x axis are
arbitrary and correspond to AG), values deduced from comparisons of
binding data for nine different sets of ligand extensions (see Table III).

Table IV Estimates of Amide~-Amide Hydrogen Bond Strengths
(AG,). Based on Differing Values of AG, and AG,. from a
Comparison of the Binding of Peptide Ligands to Ristocetin A

assumed AGy, assumed AG, derived AG,

(kJ mol™* A2) (kJ mol™) (kJ mol~ ‘)
-0.15 35 42
-0.15 5.0 -T2
-0.20 3.5 -1%£2
-0.20 5.0 -4 %2

of N-Ac-Gly-p-Ala (Table II1). Second, the AG, value of -7.7
kJ mol™ is numencally less than the value of -12.5 kJ mol™! mainly
because the former is averaged over two apparent hydrogen bond
strengths, whereas the latter value is the apparent hydrogen bond
strength associated with only the glycine extension. Thus, both
of the larger values are associated with an apparent hydrogen bond
strength of the same glycine extension, possibly because in this
case binding is promoted by a factor for which appropriate al-
lowance has not been made. We note that if these possible
anomalies are excluded from the averaging process, then an av-
erage amide-amide hydrogen bond strength of 2.2 kJ mol™! is
obtained.

In Table IV, we assess the effects of uncertainties in AG,, and
AG, on the estimated values of AG, for the seven derived AG,
values that lie in the range -1.0 to -4 6 kJ mol™!. We consider
surface area dependences of the hydrophobic effect that encompass
both the value of 0.2 kJ mol~' A-2 used above and the smaller
value of —0.15 kJ mol~! A2, which lies closer to the value long
accepted on the basis of solvent transfer data.!! Simultaneously,
we consider the cost of rotor restriction between the limiting values
of 3.5 and 5.0 kJ mol™'. All estimates of AG, for the extra
amide-amide hydrogen bond of the dipeptide fall in the range
—(1to 7) £ 2 kJ mol™!. Such are the combined uncertainties in
the experimentally determined free energies of binding and the
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appropriate AG, and AG), values used in the application of eq 1
that the derived range is in remarkably good agreement with the
values of -2 to -8 kJ mol™' derived for several types of neutral-
neutral hydrogen bonds from protein engineering experiments. %
It is encouraging that the two very different types of experiments
give data which are in good accord. Note also that the AG, values
obtained for the binding of 2 and 3 to the antibiotics should
probably bear comparison with the generalization of -2 to -8 kJ
mol-' from protein engineering, since in such experiments local
motions in the protein are probably little changed before and after
a hydrogen bond deletion resulting from a mutation.?” Thus, the
values give little or no entropic credit to the hydrogen bond for
any motions it allows. We can be confident that this is the case
for peptide antibiotic complexes when the difference in exo-
thermicity of ligand binding is small or zero.” For the binding
of 2 and 3 to ristocetin A, a small reported?' value for AAH of
-3.4 = 2.8 kJ mol™! is consistent with this view; the difference
in free energy of binding is essentially entropic in origin. AAH
values for ligand binding, where experimental data are available,
are quoted in Table III.

Release of Water Molecules from Polar Groups

Previously we have concluded®™ that the entropically favorable
release of water molecules, ordered around polar groups, provided
the driving force for the formation of hydrogen bonds in aqueous
solution. This may be an unnecessary hypothesis in the light of
the present reconsideration of the “accounting” for residual motions
and of an increased hydrophobic effect. However, the case for
the adverse entropic effect of ordering of water molecules around
polar groups in aqueous solution is worthy of further note. Ev-
idence for ordering is based upon the NMR data of Kuntz,”® while
molecular dynamics simulations by Rossky and Karplus® of a
solvated dipeptide in water indicate that polar groups have little
influence on solvent mobility. More recently, elegant NMR
experiments by Wuthrich and co-workers*” seem to indicate that
there is no evidence for preferentially ordered solvent molecules
around charged or polar groups on the surface of BPTI. At present
there is probably no good evidence for the thermodynamic sig-
nificance of the “immobilization” of water around dipolar but
uncharged groups found in peptides and proteins. However,
binding studies involving hydrogen bond formation in “dry” and
“wet” chloroform?' indicate that the association of noncharged
hydrated solutes in nonaqueous solvents is entropically less adverse
to binding. This may suggest that substantial loss of translational
and rotational freedom may be partially offset by the liberation
of water molecules from the polar groups® in such wet nonpolar
solvents. Again, enthalpy/entropy compensations work to produce
similar association constants in both “dry” and “wet” environments.
It is not clear that effects in “wet” chloroform can be readily
extrapolated to infinitely wet solvents (aqueous solution) with
similar entropic benefits. Indeed, it is a reasonable expectation
that water will be more ordered by polar groups in a wet organic
solvent than in aqueous solution. The small binding energies of
the amide—amide hydrogen bonds that we have examined (Figure
6) may be due to a small favorable entropy change associated with
water release, but this is not proven.

Conclusions

Large AG, values for the amide—amide hydrogen bonds re-
portedly invoﬁed in dimerizations in aqueous solution are obtained
if such hydrogen bonds are given credit for the residual motions

(25) Fersht, A. R. Trends Biochem. Sci. 1987, 12, 301-304.

(26) Shirley, B. A.; Stanssens, P.; Hahn, U.; Pace, C. N. Biochemistry
1992, 31, 725-732.

(27) Exceptionally, we note that single amino acid substitutions of certain
active site residues in phospholipase A, have recently been shown to convert
the “rigid” enzyme structure to a highly flexible molecule with correspondingly
large changes in free energies of unfolding of up to 21 kJ mol': Dupureur,
C. M,; Li, Y.; Tsai, M.-D. J. Am. Chem. Soc. 1992, 114, 2748-2749,

(28) Kuntz, 1. D. J. Am. Chem. Soc. 1971, 93, 514-520.

(29) Rossky, P. J.; Karplus, M. J. Am. Chem. Soc. 1979, 101, 1913-1937.

(30) Otting, G.; Liepinsh, E.; Wuthrich, K. Science 1991, 254, 974-980.

(31) Adrian, J. C.; Wilcox, C. S. J. Am. Chem. Soc. 1991, 113, 678-680.
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(8) Y ©
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Figure 7. Residual motions in complexes of extended ligands. Entrop-
ically favorable motions in bimolecular associations (A) may be credited
to functional group interactions; in contrast if residual motions are similar
in both a ligand (B) and extended ligand (C), then functional group
interactions are not augmented by the favorable entropy of these motions.

which they allow. If the entropic advantage of these residual
motions are estimated and removed, then the AG, values obtained
are not significantly different from the existing view of these bonds
of -2 to -8 kJ mol .2 The same conclusion applies to AG
values obtained by ligand extension (in binding to antibiotics) if
credit for residual motions is removed and allowance for a larger
hydrophobic effect than originally envisioned is made. Efforts
to estimate solution binding constants by the application of eqs
1 and 2 will run into contradictions if AG,,, values are taken from
Figure 1 and the entropic advantages of residual motions are
thereby credited to AG, values.>* These contradictions will arise
because the a priori analysis of bimolecular associations of low
exothermicity would credit much entropy of residual motions to
AG, values (A in Figure 7). In contrast, if ligand extensions or
protein engineering experiments are used to derive AG, values,
then entropically favorable motions are similar in both the ligand
X (B) and the extended ligand X-Y (C) (as represented sche-
matically in Figure 7), if the extension is associated with a small
or negligible increase in exothermicity of association. In these
circumstances, AG, values are not augmented by the favorable
entropy of residual motion. Therefore, in attempts to obtain a
potentially self-consistent set of AG,, values, the net change in AG 4,
should be employed.

Our analysis of peptide binding (ligand extensions) to vanco-
mycin group antibiotics has led us to conclude that hydrogen bonds
contribute on average —4.4 kJ mol™' (with estimated values in the
range 0 to —12.5 kJ mol™ per hydrogen bond), in general accord
with previous conclusions.?>?% Moreover, hydrogen bond free
energies of ca. -4 to =5 kJ mol! are entirely consistent with
observations on the stabilities of isolated a-helices in solution. It
is evident from the study of model peptides*? that many a-helices
of moderate length (i.e. 15 to 50 residues) are formed with AG
not far from zero in aqueous solution at physiological temperatures.
When we consider that two rotors are restricted per residue for
each hydrogen bond formed within the helix, at a cost of 3.5 to
5.0 kJ mol™! per rotor {in the absence of other stabilizing inter-
actions), we are led to the conclusion that each hydrogen bond
is worth less than 7-10 kJ mol™' (since polyglycine will not form
a helix, and assistance from a favorable side chain is needed).
Alanine-rich helices do form with AG not far from zero, and
O’Neil and DeGrado® have shown that the relative stabilities of
a-helices, versus their random-coil states, vary among the 20
commonly occurring amino acids by only 3 kJ mol™ from the most
favorable (Ala) to the least favorable (Gly). Thus, the amide-
amide hydrogen bond strength can independently be estimated
in the range —(7-3) to —(10-3) = —(4 to 7) kJ mol™' in aqueous
solution. We note that the difference between alanine and glycine

(32) Scholtz, J. M.; Marqusee, S; Baldwin, R. L.; York, E. J; Stewart, J.
M.; Santoro, M.; Bolen, D. W. Proc. Natl. Acad. Sci. US.A. 1991, 88,
2854-2858.

{33) O'Neil, K. T.; DeGrado, W. F. Science 1990, 250, 646-649.
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may, in large part, arise from the hydrophobic contribution derived
from the partial burial of the hydrophobic surface of the alanine
methyl rather than from any conformational bias (see above).

In this paper (and the preceding paper®), we have reconsidered
the partitioning of free energy contributions important in bimo-
lecular associations and in ligand extension studies and present
a self-consistent approach that may prove useful in the semi-
quantitative estimation of binding constants. Much work remains
to firmly establish the thermodynamic basis of many of the in-

J. Am. Chem. Soc. 1992, 114, 10704-10710

teractions found in biologically important associations. In this
regard we have shown that model systems, including crystals (as
analogues of tight-binding complexes), can provide useful insights
that guide estimates of entropy changes in molecular recognition
phenomena.

Acknowledgment. We thank SERC, the Upjohn Company
(Kalamazoo), and Roussel Uclaf for financial support. U.G.
thanks BASF for a Churchill College studentship.

On the Factors Controlling the Structural Specificity and
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Abstract: The factors determining the L-stereospecificity of the L-lactate dehydrogenase from Bacillus stearothermophilus
have been probed by introducing Argl71Trp/Tyr and GIn102Arg mutations. These changes preclude normal 2-keto acid
substrate binding via an Argl71-COO" electrostatic interaction and are positioned to induce a reversal of the natural substrate
binding mode, thereby leading to p-2-hydroxy acid formation. However, the L-stereospecificities of the mutant enzymes remain
unchanged, showing that there are important fail-safe stereospecificity determinants that take over when the key Argl 71-COO~
binding interaction is removed. The effects of the mutations on structural specificity are approximately additive, resulting
in the broad 2-keto acid specificity of the wild-type enzyme being changed to give catalysts highly selective for the dicarboxylic

substrate oxalacetate.

Lactate dehydrogenases {LDHs)! catalyze C=0 = CH(OH)
transformations of the type shown in eq 1.2 The natural keto

BSLDH

RCOCOOH + NADH + H* RCH(OH)COOH + NAD* (1)

1 2

a, R=CH3z- h. R=CgHq1CH2-
b, R=CH3CH3>- i, R=CgHgCHo-

¢. R=CH3(CH2)2- j, R=HOOC-

d. R=CH3(CH2)3- k., R=HOOCCH2-
e, R=CH3(CH2)s- I, R=HOOC(CH23)o-
f. R=(CH3)oCH- m, R=HOCH»-

g. R=(CH3)2CHCH3- n, R=BrCHo-

acid substrate is pyruvic acid (la), but reductions of other
structurally varied 2-keto acids to the corresponding 2-hydroxy
acids have been reported.> Because such LDH-catalyzed re-
ductions are stereospecific, each 2-hydroxy acid product is en-
antiomerically pure. This is of considerable practical importance
since 2-hydroxy acids are valuable chiral synthons in asymmetric
syntheses of biologically important molecules.*!> As a conse-
quer;c?, 8organic synthetic applications of LDHs are expand-
ing. 316!

" Department of Chemistry, University of Toronto.
'Department of Molecular and Medical Genetics, University of Toronto.
§ University of Alberta.
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A remarkable feature of LDHs, as well as of most other de-
hydrogenases, is their high fidelity with regard to the stereose-

(1) Abbreviations used: LDH, lactate dehydrogenase; BSLDH, LDH from
Bacillus stearothermophilus; DMLDH, LDH from spiny dogfish muscle;
NAD* and NADH, oxidized and reduced forms of nicotinamide adenine
dinucleotide, respectively; FDP, fructose 1,6-diphosphate; MTPA, (R)-(+)-
a-methoxy-a-(trifluoromethyl)phenylacetyl; CD, circular dichroism; WT,
wild-type; Q102R, glutamine 102 to arginine mutation; R171Y and R171W,
arginine 17] to tyrosine or tryptophan mutation, respectively; E. coli, Es-
cherichia coli; ES, enzyme—substrate; K\, Michaelis constant; k,,, catalytic
constant.
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New York, 1985; Chapter 15, pp 397-400.
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67, 1065 and references therein.

(4) Yamagata, K.; Yamagiwa, Y.; Kamikawa, T. J. Chem. Soc., Perkin
Trans. 1 1990, 1990, 3355,

(5) Fukuzaki, H.; Yoshida, M.; Asano, M.; Kumakura, M.; Mashimo, T;
Yuasa, H.; Imai, K.; Yamanaka, H. Biomaterials 1990, 11, 441.

(6) Bernardi, A.; Micheli, F.; Potenza, D.; Scolastico, C.; Villa, R. 7et-
rahedron Lett. 1990, 31, 4949,

(7) Kobayashi, T.; Takemoto, Y.; Ito, Y.; Terashima, S. Tetrahedron Lett.
1990, 3/, 3031.

(8) Matsumoto, T.; Kobayashi, T.; Takemoto, Y.; Ito, Y.; Kamijo, T;
Harada, H.; Terashima, S. Tetrahedron Lert. 1990, 31, 4175.

(9) Pearson, W. H.; Hines, J. V. J. Org. Chem. 1989, 54, 4235,

(10) Larsen, R. D;; Corley, E. G.; Davis, P.; Reider, P. J.; Grabowski, E.
J. ). J. Am. Chem. Soc. 1989, [11, 7650.

(11) Tsuboi, S.; Furutani, H.; Utaka, M.; Takeda, A. Tetrahedron Lett.
1987, 28, 2709.

(12) Larcheveque, M.; Petit, Y. Tetrahedron Lert. 1987, 28, 1993,

(13) Gamboni, R.; Tamm, C. Tetrahedron Lett. 1986, 27, 3999,

(14) Koch, P.; Nakatani, Y.; Luu, B.; Qurisson, G. Bull. Soc. Chim. Fr.
1983, 1983/7-8, 11-189.

© 1992 American Chemical Society



