cannot rule out unequivocally any of the
above possibilities. The large pressure-in-
duced increase of Ty cannot be understood
in terms of current theories. It is consistent,
however, with the conjectures (2) of interfa-
cial superconductivity (arising from mixed
phases, or interfaces between layers, or con-
centration fluctuations even within the
K,NiF, phase) and noninterfacial supercon-
ductivity due to a strong electron-pairing
interaction resulting from the mixed valence
state in LBCO. A 4-f mixing due to f
electrons in lanthanum slightly above the
Fermi level can lead to a high electron
density of states and thus a high T.. This
mixing is also sensitive to pressure. This
possibility can be tested in future specific
heat measurements. Finally, it should be
pointed out that the T observed by us

exceeds the limit previously predicted by
theory (15) based on the conventional elec-
tron-phonon interaction.

REFERENCES AND NOTES

1. J. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189
(1986).

2. C. W. Chu ez al., Phys. Rev. Lett., in press.

3. J. R. Gavaler, Appl. Phys. Lett. 23,480 (1973); L. R.
Testardi, J. H. Wernick, W. A. Royer, Solid State
Commun. 15, 1 (1974).

4. For a review, see P. A. Lee et al., Comments Con-
densed Matter Phys., 12, 99 (1986); Z. Fisk et al.,
Nature (London) 320, 124 (1986).

5. C.W. Chuand M. K. Wu, in High Pressure in Science
and Technology, C. Homan, R. K. MacCrone, E.
Whalley, Eds. (North-Holland, New York, 1983),
vol. 1, p. 3.

6. SrTiO;-,: J. F. Scholey, W. R. Hosler, M. L.
Cohen, Phys. Rev. Lett. 12, 474 (1964); Na,WO;:
H. R. Shank, Solid State Commun. 15, 753 (1974);
Li;,,Ti,_,O4: D. C. Johnston, H. Prakash, W. H.
Zachariosen, R. Viswanathan, Mater. Res. Bull. 8,
777 (1973); BaPb,_,Bi,O5: A. W. Sleight, J. L.

Gillson, F. E. Bielstedt, Solid State Commun. 17, 27
(1975).

7. C. W. Chu, S. Huang, A. W. Sleight, Solid State
Commun. 18, 977 (1976).

8. See, for example, L. R. Testardi, in Physical Acoustics,
W. P. Mason and R. N. Thurston, Eds. (Academic
Press, New York, 1973), vol. 1, p. 193.

9. See, for example, J. Bardeen, in Superconductivity in
d- and f-Band Merals, D. Douglas, Ed. (Plenum,
New York, 1973), p. 1; T. H. Geballe and C. W.
Chu, Comments Solid State Phys. 9, 115 (1979).

10. See, for example, B. K. Chakraverty, J. Phys. C 42,
1351 (1981).

11. J. G. Bednorz, M. Takashige, K. A. Miiller, Eur-
ophys. Lett., in press.

12. S. Uchida, H. Takayi, K. Kitazana, S. Tanaka, Jpn. J.
Appl. Phys., in press; H. Takagi, S. Uchida, K.
Kitazawa, S. Tanaka, #bid., in press.

13. C. Michel and B. Raveau, Rev. Chim. Miner. 21,
407 (1984).

14. C. W. Chu, T. F. Smith, W. E. Gardner, Phys. Rep.
Lert. 20, 198 (1968).

15. W. McMillan, Phys. Rev. 167, 331 (1968).

16. This work was supported in part by NSF grant
DMR-8204173, NASA grant NAGW-977, and the
Energy Laboratory of the University of Houston.

30 December 1986; accepted 9 January 1987

Evaluation of Intrinsic Binding Energy from a
Hydrogen Bonding Group in an Enzyme Inhibitor

PauL A. BARTLETT* AND CHARLES K. MARLOWE

This and two accompanying reports describe the intrinsic binding energy derived from
a single hydrogen bond between an inhibitor and an enzyme. The results were obtained
by comparing matched pairs of inhibitors of the zinc endopeptidase thermolysin that
bind to the enzyme in an essentially identical manner but differ in the presence or
absence of a specific hydrogen bond. This report describes five phosphorus-containing
analogs of the peptides carbobenzoxy-Gly-Leu-X, in which the Gly-Leu peptide
linkage is replaced with a phosphonate ester (-PO,™-O-). Values for the inhibition
constants of these inhibitors show a direct relation with those of the corresponding
phosphonamidate analogs (-PO,™-NH- in place of the Gly-Leu peptide moiety), which
have been characterized previously as transition state analogs. However, each phos-
phonate ester is bound about 840 times more weakly than the analogous phosphona-
midate, reflecting the loss of 4.0 x 0.1 kilocalories per mole in binding energy. From
these results and the crystallographic analysis in the next report, it can be inferred that
the value of 4.0 kilocalories per mole represents the intrinsic binding energy arising
from a highly specific hydrogen binding interaction.

GOAL YET TO BE ATTAINED IN THE

study of any enzyme mechanism is a

full understanding of the relations
among active site structure, substrate bind-
ing, and the dynamics of catalysis (I). While
we have a qualitative understanding of the
interactions between substrates and enzyme
active sites, quantitative understanding of
the roles played by separate substructural
elements is clouded by the difficulty in dis-
tinguishing effects due to solvation and, in
particular, entropy. Jencks has pointed out
that the incremental change in Gibbs (G)
free energy of binding due to the addition of
a group X to a reference molecule A pro-
vides a measure of the “intrinsic binding
energy” due to X (Eq. 1) (2). This value is
free from entropic complications if A and
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A-X do not undergo differences in strain or
in rotational and translational entropy loss
on binding to the enzyme (2). However,
these qualifications are not easily met, espe-
cially in view of the fact that, as an appen-
dage to A, the X-moiety seldom represents
an insignificant structural perturbation.
Moreover, the attribution of observed in-
trinsic binding energies to a specific interac-
tion is risky in the absence of corroborating
structural information.

(AGk = AGR_x — AGYR) @

We previously reported that phosphon-
amidate peptide analogs 1, X = NH; or
amino acid (ZGPLX; see Table 1), are po-
tent inhibitors of the zinc endopeptidase
thermolysin, and that their free energies of

interaction with the enzyme, reflected in the
inhibition constants K;, show a strong cor-
relation with the (hypothetical) binding en-
ergies of the transition states for hydrolysis
of the corresponding amide substrates, re-
flected in the second order rate constants for
enzymatic turnover (Ky/kcat) (3). From this
correlation we concluded that the phos-
phonamidates mimic the transition state
configurations of the enzyme-substrate
complexes (4). We now report our findings
with a series of phosphonate esters 2
[ZGP(O)LX], which differ from the ami-
dates in replacement of the NH linkage
between phosphorus and the leucine moiety
with an oxygen atom (5). The structural
consequences of this substitution are mini-
mal; however, the effect that it has on the
magnitude of Kj is significant (Fig. 1 and
Table 1).

Replacement of the phosphonamidate
NH with phosphonate O reduces the bind-
ing energy of each inhibitor by a factor of
840, almost uniformly across the two orders
of magnitude in absolute binding affinity
within each series. The constancy of this
increment reflects an identical correlation
between structural variation and binding
energy within each series, and therefore
suggests that the phosphonamidate and
phosphonate inhibitors bind to the enzyme
active site in a similar manner, and, aside
from those due to the NH group itself, with
similar interactions with the protein. The
difference in K; values between the phos-
phonamidates and phosphonates represents
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Fig. 1. Comparison of inhibition constants for
phosphonamidate and ester inhibitors; the line
represents the relationship:

K; (ester) = 840 x K; (amidate).

Table 1. Phosphonate and phosphonamidate in-
hibitors of thermolysin. 1: Y = NH (ZG"LX); 2:
Y = O [ZGP(O)LX].

f P
O/]\N/\P/Y /\X

Ho

o.0
Kt (nM)
X*

1t 2
NH, 760.0 660,000
Gly 270.0 230,000
Phe 78.0 53,000
Ala 16.5 13,000
Leu 9.1 9.000

*All chiral amino acids, as well as the a-hydroxy analog
of Leu, are of the L-configuration. tDetermined at
25°C, 0.1M tris-HCI, 0.141 NaBr, and 2.5 mM CaCl,,
pH 7.0, as described in reference (3) and citations
therein. Typical concentrations of enzyme and substrate
were 10 nM and 2.0 mM, respectively, with inhibitor
concentrations ranging from 0.5 to 10 K. Initial veloci-
ties were determined for =10% reaction and were re-

cated twice for each inhibitor concentration, interspers-
ing controls without inhibitor after every two runs with
inﬁibitor‘ For determination of inhibition constants for
the more potent derivatives, which had to be evaluated at
concentrations on the order of that of the enzyme, the
method of Henderson (I4) was used to correct for
inhibitor depletion. The values obtained were reproduc-
ible within +8%. tData from (3).

on average 4.0 = 0.1 (SE) kcal/mol in
binding energy that can be attributed to the
O-for-NH substitution. The most obvious
difference between the amides and esters is
the possibility of a hydrogen bond between
the NH of the phosphonamidate inhibitor
and an acceptor group on the protein. In-
deed, this hydrogen bonding interaction, as
well as the absence of other significant dif-
ferences in the way the amidates and esters
bind, is revealed by the crystal structures of
the thermolysin complexes with amidate 1
(X = L-Leu) and ester 2 (X = L-Leu), as
described in the accompanying report by
Tronrud et al. (6) and shown in figure 4 in
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that report. The value of 4.0 kcal/mol there-
fore represents the intrinsic binding energy
that can be attributed to the phosphonami-
date NH group.

These results have several implications.
Since the phosphonamidate structure pre-
sumably mimics a tetrahedral intermediate
along the normal reaction path (3, 7), an
analogous hydrogen bond may play a role in
stabilizing the latter complex. However, hy-
drogen bond donation from the N-H moi-
ety in the tetrahedral intermediate will be
significant only for the ammonium form,
suggesting that the phosphonamidates mim-
ic the tetrahedral intermediate prior to its
collapse to the trigonal products.

Evaluation of the value of 4.0 kcal/mol for
a hydrogen bonding interaction is compli-
cated by the nature of the exchange process
involved (1, 8, 9). In previous analyses, the
formalism of Eq. 2 has been used to point
out that the number of hydrogen bonds is
unchanged on association of hydrated inhib-
itor with hydrated active site and thus that
the process is, to a first approximation,
isoenthalpic. A key assumption in this analy-
sis is that the hydrogen bonds made by the
solvated components are similar in energy to
those formed after association. Moreover,
when this approach is adapted to association
of an active site with a solute that lacks the
hydrogen bonding capability, the account-
ing becomes less tidy (Eq. 3), and the
rationalization of isoenergetic behavior re-
quires that hydrophobic binding effects (pri-
marily entropic) compensate for loss of dis-
crete hydrogen bonds (7).

[-H---OH, + HOH -+ :E =
I-H---:E+HOH"--OH, (2)

I+ HOH--+:E =1:E+ HOH(3)

An alternative approach is to consider the
thermodynamic cycle shown in Fig. 2, in
which desolvation of the components and
their association and hydrogen bonding are
separated hypothetically. The important
point is the incremental change in these
quantities as a result of the O-for-NH sub-
stitution. Step 1, desolvation of the inhibi-
tor, will be more difficult for the amidate
than for the ester, largely because of the
hydrogen bonding capability of the former,
both as a donor and as an acceptor. Step 3,
desolvation of the enzyme active site, is the
same for both amidates and esters. If the van
der Waals forces due to the ester oxygen are
similar to those of the amidate nitrogen, the
only difference in step 3, association of
inhibitor and enzyme, is the energy of the
amidate-to-ester hydrogen bond and the
increased ligand strength of the amidate
over the less basic ester. Finally, step 4,
resolvation of the enzyme-inhibitor com-
plex, is similar in both series, since water is

Dsolvated + (E)solvated ----- » T Esoated
1 l 2 l 4 T
(gas + (Blgag - ([ E)gas
Step Amide versus ester Difference
1 Desolvation AG solvation
2 (ldentical) 0
3 (a) Phosphonate coordination  “®ligand
(b) Amidate H-bonding AGH-pond

4 (Similar) -0

Fig. 2. Hypothetical comparison of solvation and
association steps.

excluded from the region where the struc-
tural modification is made. In this mode of
analysis (Eq. 4), the difference in binding
energies arises from steps 1 and 3: the
contribution from the favorable energy of
the amidate-enzyme hydrogen bond is, on
the one hand, augmented by the increased
ligand strength of the amidate and, on the
other, partially offset by the greater free
energy loss on its desolvation.

AG = AGsoy + AGiigana + AGHbona (4)

How much better should the phosphon-
amidates be over the esters as ligands for the
zinc (and the other polar residues with
which they interact); that is, what magni-
tude is expected for AGjigana in Eq. 4? The
first ionization constants, pK,;, for phos-
phoramidates are generally 1 to 1.5 units
higher than those for related alkyl phosphate
esters (10). Although parallel substituent
effects are seen for phosphonic acids, the
difference in basicity of phosphonate anions
is not directly reflected in the formation
constants of their metal complexes. For ex-
ample, for a series of alkyl phosphonic acids,
complexation of copper(II) is only moder-
ately sensitive to the second ionization con-
stant, pK,p, of the phosphonate (log Kcq
=0.23 + 0.434 pK,p) (11).

How significant is the difference in solva-
tion between the phosphonamidates and the
esters, that is, what magnitude is expected
for AG,qy in Eq. 4? Experimental compari-
son of phosphorus esters with amides is
limited, and available only for the fully
esterified, neutral derivatives (12). Howev-
er, this evidence does suggest that neutral
phosphoramidates are hydrated only moder-
ately more than similar esters. In contrast, as
pointed out by Bash er al., molecular
dynamics simulations imply that a much
greater difference in solvation exists for the
ionized derivatives (13). This difference is
likely to be due to the basicity of the phos-
phonamidate nitrogen, that is, to its greater
hydrogen-bond accepting ability, in com-
parison with the corresponding oxygen of a
phosphonate ester. The foregoing analysis
suggests that the favorable contribution to
step 4 of the association process made by the
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H-bond itself (AGu.bona) is significantly
higher than the observed AG of 4.0 kcal/
mol.

The “intrinsic binding energy” of the
amide N-H in 1 is considerably greater than
the values reported by Fersht et al. (9) as
representative of hydrogen bonds between
uncharged components in the active site of
tyrosyl-tRNA synthetase. Although a formal
charge does not reside on the nitrogen, it
may be argued that the phosphonamidate is
not an uncharged species. However, the
hydrogen bond formed between the phos-
phonamidate-NH and the active site hydro-
gen bond acceptor must be a highly favor-
able one from the point of view of entropy:
both components are held in the same orien-
tation in the absence of the interaction,
hence no further entropy is lost on establish-
ment of the hydrogen bond. This system
therefore comes closest to approximating
the situation envisaged by Jencks for deter-
mination of a true intrinsic binding energy
(2). Were the interaction between flexible
side chains, or between groups that are free
to rotate before the hydrogen bond is estab-
lished, a less favorable incremental binding
energy would be seen. Thus, the value ob-
served for a hydrogen bonding interaction
may reflect the degree with which the inter-
acting components are fixed as much as it
does their charged or uncharged nature.
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Structures of Two Thermolysin-Inhibitor Complexes
That Differ by a Single Hydrogen Bond

DALE E. TRONRUD, HAZEL M. HOLDEN,* BRIAN W. MATTHEWST

The mode of binding to thermolysin of the ester analog Cbz-Gly*-(O)-Leu-Leu has
been determined by x-ray crystallography and shown to be virtually identical (maxi-
mum difference 0.2 angstrom) with the corresponding peptide analog Cbz-Gly®*-
(NH)-Leu-Leu. The two inhibitors provide a matched pair of enzyme-inhibitor
complexes that differ by 4.1 kilocalories per mole in intrinsic binding energy but are
essentially identical except for the presence or absence of a specific hydrogen bond.

RYSTALLOGRAPHIC ANALYSES OF

the thermostable endopeptidase

thermolysin  have revealed the
modes of binding of a broad spectrum of
inhibitors (I-5) and have led to a detailed
proposal for the stereochemical mechanism
of action of the enzyme (6). In brief, Glu
143, in concert with the zinc, is presumed to
promote the attack of a water molecule on
the carbonyl carbon of the scissile bond. The
proton accepted by Glu 143 is then shuttled
to the leaving nitrogen. An analogous mech-
anism was also proposed for carboxypepti-
dase A (5) and is supported by the recent
finding that Tyr 248 of carboxypeptidase A
is not required for catalysis (7).

Here we describe the mode of binding to
thermolysin ~ of  Cbz-Gly®-(O)-Leu-Leu
[hereafter ZGP(O)LL], one of a series of
phosphorus-containing inhibitors of ther-

molysin (4, 8-10) developed by Bartlett and
Marlowe (10, 11) as putative transition-state
analogs of ester substrates. [As in the pre-
ceding report (11) the superscript P indi-
cates that the inhibitor has a tetrahedral
phosphonamide or phosphonate ester link-
age.] We found that the mode of binding of
this ester analog is very similar to the corre-
sponding peptide analo% Cbz-Gly"-(NH)-
Leu-Leu (hereafter ZG"LL). This allows
the difference in affinity of the two inhibi-
tors for thermolysin to be ascribed directly
to differences in solvation and hydrogen
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Fig. 1. Difference electron density for ZGF(O)LL bound to crystalline thermolysin. Coefficients for the

map are of the form (Feomplex —

Fative) Where the native amplitudes and phases are calculated for the
refined structure with active-site solvent atoms removed. Resolution 1.9

. Contours are drawn at

height +2¢ (solid) and —20¢ (broken) where o is the root-mean-square density throughout the unit cell.
The difference electron density at the phosphorus position is 16¢. The bound inhibitor is drawn with
bonds thicker than the protein. The zinc ion is drawn solid.
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