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ABSTRACT: The hydrogen bond linking His57-Né1 and Asp102-O61 in chymotrypsin (Cht) at low pH and in
transition state analogue complexes of Cht with peptide trifluoromethylketones (peptide-TFKs) at pHs up to 12 has
been assigned as a low barrier hydrogen bond (LBHB). The hydrogen bonds in these species of Cht display the
physicochemical properties of LBHBSs, as follows: 1) The proton NMR signals are far downfield, 18.1 ppm for Cht at
low pH and 18.6-18.9 ppm for peptide-TFK complexes. 2) The D/H fractionation factors are low, 0.3-0.4 for the
peptide-TFK complexes. 3) The deuterium and tritium isotope shifts (6p—6y, 61-0y) are negative. 4) The enthalpies of
activation for solvent exchange (AH,,) are high, 10-19 kcal mol~!. The LBHB is postulated to increase the base
strength of His57 in the transition state for the nucleophilic addition of Ser195 to the peptide acyl group of a substrate.
This property of His57 is displayed by His57 in the complexes of Cht with peptide-TFKs, in which its pKa lies
between 10.6 and 12 depending on the structure of the peptide. These values are optimal for an acid/base catalyst that
both abstracts a proton from Ser195 in the formation of the tetrahedral intermediate and donates a proton to the
leaving N-terminal amino group in the decomposition of the tetrahedral intermediate. Strong hydrogen bonds in
simple molecules can be studied in both aqueous and nonaqueous solutions, and the conditions for their existence are
discussed. Copyright © 2004 John Wiley & Sons, Ltd.
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THE DOWNFIELD PROTON IN
CHYMOTRYPSIN

Until recently, all hydrogen bonds in biological systems
were thought to be of a single type, weak electrostatic
attractions between non-bonding electron pairs of het-
eroatoms and weakly acidic protons covalently bonded to
other heteroatoms. However, it became clear that a single
hydrogen bond in chymotrypsin (Cht) displayed physico-
chemical properties very different from those of hundreds
of other hydrogen bonds in the molecule."? Similar
protons have been found in other serine proteases in the
class of Cht, and the unique protons bridge His57-N¢1 and
Asp102-061 in the catalytic triads of these enzymes.}’4
The first sign of uniqueness was the observation that
this proton in Cht could be observed in the 'H NMR
spectrum, and the other unique feature was that the signal
assigned to this proton appeared far downfield from those
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of all other protons in the molecule, at 18 ppm.> The
observation of such a proton by NMR meant that its
chemical exchange with protons of the solvent must be
slow relative to rates for typical acidic and basic groups,
which undergo chemical exchange too rapidly to be
observed in an NMR experiment. In general, the slowly
exchanging protons in proteins are peptide-amide protons
engaged in «-helices and (3-sheets, which are held in
place by highly cooperative hydrogen bonding networks.
In contrast, the catalytic triad is not an element of
secondary structure.

The downfield position of the NMR signal further
defines the uniqueness of the bridging proton in the
catalytic triad, in that it must reside in an unusual
magnetic environment. Downfield, protons can be found
in proteins that incorporate paramagnetic metal ions,
which induce contact shifts in neighboring protons.
Also, ring currents generated by neighboring aromatic
rings can shift a signal downfield, albeit not as far as
18 ppm. However, the structure of Cht does not include a
paramagnetic metal ion; nor are there aromatic residues
near the catalytic triad that might perturb its magnetic
environment. Something within the active site must
create the magnetic environment of the proton bridging
His57-No1 and Asp102-O61 in Cht. The simplest and
most obvious interaction that would shift the signal
downfield is the hydrogen bond itself.
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The unique 18 ppm proton in Cht appears in acidic
solutions, conditions under which His57-Ne2 is proto-
nated.> At pH>7.5 the His-N61 proton is found at
15 ppm in the NMR spectrum, still a low field for protons.
For many years the downfield proton in acidic solutions
was not considered mechanistically significant because of
the inactivity of Cht at low pH, and the fact that His57
must be in its neutral, basic form to function in catalysis.
However, in the reaction mechanism His57 becomes
protonated in the tetrahedral intermediate as the direct
result of its action as a base. The tetrahedral intermediate
is not normally observed because of its short lifetime.
However, transition-state analogues of this intermediate
can be prepared that have indefinite lifetimes, and they
incorporate both protonated His57 and the downfield
proton, even further downfield in the best mimics of the
tetrahedral intermediate than is found in Cht itself.

The first tetrahedral complexes of Cht to be studied
were those arising in the reactions of boronate, benzene
boronic acid, phenylethylboronic acid, and peptide boro-
nic acids with Cht according to Eqn (1):>°

H* OH

|
OH Peptide! ' 'B_
/ > Ser195—O/B\OH (1)

Ser195—OH + Peptide—
OH

The proton generated in Eqn (1) is not released from
the enzyme but is transferred to His57-Ne2. In these
complexes, His57 is in its protonated state at neutral pH,
but the NMR signal for the proton bridging His57-No1
and Asp102-O61 in boronate complexes is significantly
upfield from that for free Cht at low pH. This may be
because the boronate adducts are not strict analogues of
the tetrahedral intermediate; the negative charge of the
adduct resides on boron, as shown in Eqn (1). A hydroxy
group on boron occupies the oxyanion site that binds the
oxyanionic group of the tetrahedral intermediate in the
catalytic mechanism. The electrostatic attraction between
the boronide ion and the adjacent imidazolium ring of
His57 may weaken the hydrogen bond bridging His57-
N61 and Aspl102-O61, and this would move the NMR
signal upfield.

Analogues more similar to the tetrahedral intermediate
are those resulting from the reaction of a peptide trifluoro-
methyl-ketone (peptide-TFK) with Cht according to the
equation.””

0 N T

Ser195—OH + Peptide—C\// > Saigsao’ C\CF3 (2)
CF,

A hemiketal adduct of a peptide-TFK with Ser195 is
very similar to a tetrahedral intermediate, with the CF;
group in place of the leaving group NHR. The tetrahedral
carbon bears an oxyanion residing in the oxyanion bind-
ing site, similar to the oxyanionic tetrahedral intermedi-
ate in catalysis. His57-Ne2 accepts the proton generated
in Eqn (2), and the proton bridging His57-Né1 and
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Aspl02 appears in the NMR spectrum at 18.6—
19.0 ppm, depending on the structure of the peptide
moiety. This proton appears well downfield from its
position in free Cht, and it persists in the NMR spectrum
at pHs well above neutrality."%""!

One way to conceptualize the relationship of the
downfield proton in Cht with well-studied hydrogen
bonds in chemistry is to consider the classes of hydrogen
bonds as defined by physical chemists and physical
organic chemists.

WEAK, LOW BARRIER AND DEEP
WELL HYDROGEN BONDS

Hydrogen bonds have been controversial through much
of the past century.'*'> Among the reasons may have
been their apparently ephemeral nature. One striking
aspect is the great difference in hydrogen bond strengths,
from 2 to 40kcalmol ™' (1kcal =4.184kJ), a 20-fold
range. In contrast, the energies of covalent bonds extend
from 25 to 120kcalmol ', only a 5-fold range. Another
initially confusing aspect was the question of whether a
weak attraction should be regarded as bonding. However,
by the mid-twentieth century the rules for weak hydrogen
bonding had been revealed, and the consequences for
molecular structure became known, and weak hydrogen
bonding was generally accepted.

The ultra-strong, 40 kcalmol ' hydrogen bond in hy-
drogen difluoride [F---H---F]~ was also discovered be-
fore mid-twentieth century, although there was a
tendency to regard it as an anomaly. In the second half
of the twentieth century, the spectroscopic and chemical
properties of the proton in hydrogen difluoride became
better known, and much new information about special
hydrogen bonds in many other molecules also appeared.
Consequently, other strong and very strong hydrogen
bonds were discovered. The physical properties of a large
number of molecules led naturally to the definition of the
three classes of hydrogen bonds, weak, strong and very
strong, in a comprehensive review.'*

The key physical properties distinguishing weak,
strong and very strong hydrogen bonds are those in
Table 1.'"* The NMR downfield chemical shifts are the
most universal single property of strong and very strong
hydrogen bonds. The downfield positions vary with the
size of the heteroatom and should be compared within
types, e.g. O---H---O, N.---H---O, N---H- - -N, etc. The
entry > 16ppm in Table 1 is somewhat arbitrary and
refers to the shortest of all hydrogen bonds, that in
hydrogen difluoride, in which the F---F distance is
2.26 A. A very strong hydrogen bond between atoms
like O separated by 2.4 A would appear at 21 ppm in the
NMR spectrum. Strong and very strong hydrogen bonds
are formed when the heteroatoms display comparable
proton affinities and are separated by less than twice the
sum of their van der Waals radii. For O- - -H- - -O systems
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Table 1. Physical properties that distinguish weak, strong
and very strong hydrogen bonds

Strong Very strong
Property Weak (LBHB)* (DWHB)?*
8y (ppm) 5-12 >16° >16°
lox 1.0-1.2 0.3-0.7 <1.0
ép—0y (ppm) 0 —0.2to —0.8 +0.2 to +0.5
UAHVAD' 1.4 1.0-1.2 1.2-1.3

# LBHB refers to low barrier hydrogen bond and DWHB to deep well
hydrogen bond (see Fig. 1).

" The positions of downfield protons in LBHBs and DWHBs depend on the
heteroatoms. For O- - -H---O and N- - -H- - -O the range is 17-19 for LBHBs
and 19-21 for DWHBs, in which the hydrogen is equally shared.

¢ D/H fractionation factor, generally smaller for LBHBs than for DWHBs.
4 The normal ratio is 1.4 and governed by the ratio of reduced masses of H
and D.

the O- - -O distance must be <2.55 /0\, and for N---H---O
systems the N- - -O distance must be <2.70 A

All of the parameters in Table 1 display analogous
behavior when plotted against the distance Rap separat-
ing the heteroatoms; they pass through either a minimum
{¢,van/vap} or a maximum {6y, A(ép — by)} as the
distance between heteroatoms decreases.'® In the cases of
O and N the distance can never be as close as in hydrogen
difluoride, so that a 16 ppm signal in a hydrogen bond
involving O or N does not indicate extraordinarily strong
hydrogen bonding. In general, strong hydrogen bonds
involving only O and/or N display NMR chemical shifts
of 17-19 ppm, and very strong hydrogen bonds appear at
19-21 ppm.

The physical basis for the downfield signal is elonga-
tion of the covalent bond linking the proton to a het-
eroatom. Elongation decreases shielding of the proton

from the external magnetic field by the nonbonding
electrons of the heteroatom. Strong hydrogen bonding
lengthens the covalent bond much more than weak
hydrogen bonding and exerts a greater deshielding ef-
fect. Structural support for this concept is provided by an
analysis of the covalent bonds O—H and hydrogen
bonds H- - -O in a large number of O—H:- - -O interactions
in small molecules. The structures unmask two impor-
tant relationships. The longer the covalent bond O—H
the shorter the hydrogen bond H---O, until the two
became equal at 1.2 A in symmetrical, very strong
hydrogen bonds as O- - -H- - -0."*'> Implicit in this rela-
tionship is the apparently counter-intuitive fact that
the shorter the distance Roo for O---O the longer the
covalent bond O—H. This makes sense because the more
the proton is shared between heteroatoms the less closely
it is held by either of them. Hence the stronger the
hydrogen bond the longer the covalent bond and the
further downfield the proton signal until symmetry is
attained. The relationship is not linear, as shown in a plot
of Roo against chemical shifts, but the values approach
22 ppm in the limit.'

It is worth noting that an unshielded, free proton
displays a chemical shift of 30 ppm. Thus, a proton in
the category of an LBHB or deep well hydrogen bond is
substantially deshielded relative to a typical, strictly
covalently bonded proton (6y 1-10 ppm).

Isotope effects on physical properties support the
correlations between crystal structures and NMR chemi-
cal shifts. The D/H fractionation factors ¢, the heavy
hydrogen isotope effects A(6p—dy) on the chemical shift,
and the ratios of hydrogen and deuterium stretching
frequencies vap/vap define three classes of hydrogen
bonds, as shown in Table 1. Each of these parameters

A Weak B Strong C Very Strong
LBHB Deep Well
>
P
2
w | H H H
- D D
A—H----- B AvvnHumB AnHinB
Ra B Ra B Rp B

Figure 1. Zero point energy effects in three classes of hydrogen bonds. (A) In a weak hydrogen bond, the proton is bonded
covalently to heteroatom A in one side of a double well potential, with its zero point energy deeply below the barrier. The zero
point energy of deuterium is even lower. (B) In a strong hydrogen bond, the heteroatoms are closer together and the barrier in
the double minimum is lowered significantly to slighly below the zero point energy of hydrogen. Then the zero point energy of
deuterium (and tritium) are below the barrier, giving rise to substantial deuterium isotope effects on several physical parameters
(Table 1). Because the zero point energy of hydrogen is above the barrier, the proton is drawn toward heteroatom B and away
from heteroatom A but is not equally shared between them. Because the barrier is low but still influential, the strong hydrogen
bond has been called a low barrier hydrogen bond or LBHB." (C) In a very strong hydrogen bond, the heteroatoms are very close
together and the barrier is either not present or far below the zero point energies of hydrogen, deuterium and tritium. The
proton is similarly attracted to both heteroatoms and essentially between them. Zero point energy effects on physical constants
are absent because of the absence of a barrier effect. Because the proton is drawn away from the heteroatoms in both a strong
(LBHB) and a very strong hydrogen bond, it is deshielded from an external magnetic field, and its resonance appears far
downfield in an NMR spectrum (Table 1)
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distinguishes the strong class of hydrogen bonds from the
weak and very strong classes. The isotope effects signal
the intervention of zero point energies in the relationships
among the three classes and lead to the diagrams in Fig. 1.
According to this model, in a strong hydrogen bond the
zero point energy for the proton lies slightly above the
barrier in a double well potential, leaving the zero point
energy of deuterium (or tritium) below the barrier and
bringing about the isotope effects. For this reason, the
strong hydrogen bonds can be regarded as low barrier
hydrogen bonds, or LBHBs." In the very strong hydrogen
bond, the barrier is well below the zero point energies of
both hydrogen and deuterium or absent entirely, abolish-
ing the zero point energy effects. Because of the absence
of a barrier effect, the very strong hydrogen bonds can be
regarded as deep well hydrogen bonds.

The very strong hydrogen bonds have sometimes been
called single well hydrogen bonds.! However, this des-
ignation is less useful than deep well hydrogen bonds
because of the implication of the absence of a double
minimum potential, a rare event. Most very strong
hydrogen bonds display double minima that lie well
below the zero point energies of hydrogen and deuterium,
and isotope effects attributable to zero point effects are
absent. In the case of weak hydrogen bonds, the zero
point energies of both hydrogen and deuterium lie well
below the barrier in the double well potential and no zero
point effects are observed.

The strengths of the three classes of hydrogen bonds
depend on the physical state. Reported strengths often
refer to the hydrogen bond in a vacuum and to the energy
difference with and without the hydrogen bond between
two heteroatoms at a given Rag. Quoted values under
these conditions are 2—12kcalmol ! for weak bonds,
1224 kcalmol " for strong hydrogen bonds (LBHBs)
and >24kcalmol™' for very strong hydrogen bonds
(deep well hydrogen bonds).'* Transfer of a very strong
hydrogen bond from a medium of dielectric constant of

1.0—a vacuum—to a medium of dielectric constant 80
corresponding to water weakens it by 50%.'" The
strengths of the three classes in media of effective di-
electric constants between 10 and 80 would be relevant to
the action of enzymes.

THE LBHB IN THE CATALYTIC TRIAD

The assignment of the proton bridging His57-Né1 and
Asp102-061 as an LBHB in acidic solutions of Cht and in
adducts with peptide-TFKs' has been further strength-
ened in other studies.'®'"'®2? The LBHB in chymo-
trypsinogen at low pH displays a low fractionation factor
and a high value of the activation enthalpy for exchange
with solvent protons, AH;XIS The NMR signal for the
downfield proton in serine proteases is broadened by the
influence of chemical exchange at a rate comparable with
spectrometer frequencies, so that temperature effects on
signal width can be employed to evaluate AH., %
High values of AH., are regarded as indicative of
strongly bonded protons.

The LBHBs in peptide-TFK adducts of Cht are stron-
ger than that in Cht itself at low pH, as indicated by their
physical properties in Table 2. The inhibitors vary in
structure, from N-acetyl-L-phenylalanine (AcF-CF;), to
N-acetylglycyl-L-phenylalanine  (AcGF-CF3), to N-
acetyl-L-valyl-L-phenylalanine (AcVF-CF3) and to N-
acetyl-L-leucyl-L-phenylalanine (AcLF-CF3). The down-
field chemical shifts, low H/D fractionation factors and
negative tritium isotope shifts all confirm the assignment
of LBHBs, as distinguished from either weak or very
strong hydrogen bonds. Further, the values of AHZ, are
very large and point to strongly held protons. The rate
constants for chemical exchange with solvent protons
decrease with increasing strength of the LBHBS, as do the
inhibition constants for the four compounds. The inhibi-
tion constants refer to the hydrated compounds in water,

Table 2. Properties of the downfield proton in tetrahedral complexes of peptide trifluoromethyl ketones with chymotrypsin

Inhibitor

Physical property AcF-CF; AcGF-CF; AcVF-CF; AcLF-CF;
8y (ppm)® 18.6 18.7 18.9 19.0
@° 0.32 0.34 0.38 0.43
51—0y ppm® —0.63 — —0.65 —0.68
kex (s~ 282 123 _ 12.4
AH_,(kcal mol™")° 15 16.0 — 19
K; (mm™ ! 17, 30 18, 12 2.8,4.5 12,24

20, 40
pK.E 10.7 11.1 11.8 12.1
* His57-H61."!

 D/H fractionation factor of His57-H&§1."
© Tritium isotope shift for His57-H61.2

94 Rate constant for exchange of His57-H61 with solvent protons at 25°C."”

¢ Activation enthalpy for exchange of His57-H61."
" Inhibition constants reported.p
£ pK, of His57-H2 reported.'*!!

Copyright © 2004 John Wiley & Sons, Ltd.
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not to the dissociation constants for the ketone forms. The
hydration constant for AcLF-CF5 is 4500, so that the
value of K, for the dehydrated, ketone form of this
inhibitior is 0.2 nM, indicative of a transition-state analo-
gue.” The hydration constants for the other inhibitors are
likely to be similar.

The crystal structures of Cht with AcF-CF; or AcLF-
CF; bound to Ser195, at a resolution of 1.8 A, supported
the assignment of an LBHB between His57-N¢1 and
Asp1002—N61.24 The Né1---O61 distances were 2.5-
2.6 A, satisfying the criterion of <2.7 A for an LBHB
of the type N---H---O. The spacing has been confirmed
at a resolution of 1.4 A”!

The assignment of LBHBs in the catalytic triads of
serine proteases in general are further supported by
studies of mechanistically related enzymes. The LBHB
proton in the transition-state analogue complex of N-
acetyl-L-leucyl-L-leucine trifluoromethyl ketone with
subtilisin labeled with '’Né1 displays proton-'>N coup-
ling, and the magnitude of this interaction indicates that
the proton is 20-30% transferred.”> This proton also
displays a value of 0.55 for the D/H fractionation factor.
Further, an atomic resolution (0.78 A) crystal structure
of subtilisin allowed the electron density of hydrogen
atoms to be examined.”® The proton bridging His-Né1
and Asp-Odl in the catalytic triad was modeled as an
LBHB, with an 1\0161- --H distance of 1.2 Aanda H- - -O61
distance of 1.5 A. The N—H bond is clearly elongated,
and to the degree indicated by the NMR spectroscopy.
Ultrahigh resolution structures of elastase (0.95 10%) and
proteinase K (0.98 A) gave similar results.?”-*®

The chemical shift values and fractionation factors
indicate that the LBHB in Cht at low pH is not as strong
as that in the peptide-TFK adducts. The 18 ppm signal of
free Cht is significantly upfield from the 18.6—19 ppm
signal of the Cht—peptide-CF; complexes. The D/H frac-
tionation factor for chymotrypsinogen is 0.5,'® higher
than the 0.32-0.43 for Cht—peptide complexes.'®
Moreover, the value of AH; for chymotrypsinogen is
10kcalmol !, significantly lower than the 14—
19kcal mol ™" for the Cht—peptide-CF; complexes. The
differences may be due to tightening of the contact
between His57 and Aspl02 induced by the binding of
the transition-state analogue. Alternatively, the presence
of the transition-state analogue may decrease the effective
dielectric constant in the active site, thereby strengthening
the LBHB. In either case, the LBHB is a common feature
of Cht at low pH and Cht in the transition-state analogue.

THE LBHB IN CATALYSIS

The mechanism for acylation of chymotrypsin, including
the LBHB in the structure of the tetrahedral intermediate,
can be formulated as in Fig. 2. Upon reaction of a peptide
with Cht, His57-Ne2 abstracts the proton from the 3-
hydroxy group of Serl95 as the oxygen undergoes

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 2. Role of the LBHB in the catalytic triad of chymo-
trypsin. The acylation of Cht takes place in two chemical
steps following substrate binding to form the Michaelis
complex, addition of Ser185 to the acyl carbonyl group of
the substrate to form a tetrahedral addition intermediate
followed by elimination of the leaving group to cleave the
peptide and form the N-terminus of the product. In peptide
hydrolysis, the first step, formation of the tetrahedral adduct,
limits the rate. Proton transfer is essential in both steps, from
Ser195 to His57 in the first step and from His57 to the leaving
N-terminal amino group in the second. In the tetrahedral
intermediate, His57-Ne2 is protonated. Structural analogue
of the tetrahedral intermediate that lack a leaving group
incorporate an LBHB between His57-Né1 and Asp102-061
(Table 2). It is postulated that the strength of the LBHB
facilitates the formation of the tetrahedral intermediate by
increasing the basicity of His57 in the transition state’

nucleophilic addition to the peptide carbonyl group.
The resulting tetrahedral intermediate incorporates the
LBHB between His57-N61 and Asp102-O61, an oxy-
anionic group in the oxyanion binding site and the
leaving group NHR adjacent to His57-Ne2, which bears
a proton. In Fig. 2, the LBHB is flanked by the imidazole
ring of His57 and the 3-carboxyl group of Asp102, which
are assigned charges of y+ and y—, respectively, where
1>y>0.5." This notation signifies the partial depolar-
ization of the ionic bond by the LBHB. In the second step,
the intermediate eliminates the leaving group under the

J. Phys. Org. Chem. 2004; 17: 511-520
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driving force of the oxyanion and with catalysis by proton
transfer from His57-Ne2 to the leaving group. The
scheme is Fig. 2 describes the process but does not give
information about the significance of the LBHB.

The structures of adducts formed between Ser195 of
Cht and peptide-TFKs are very similar to those of
tetrahedral intermediates in the catalytic mechanism;
they differ essentially by the replacement of the leaving
group (NHR) in an intermediate with the CF; group in the
inhibition complexes. The groups NHR and CFj; are both
electronegative and electrostatically neutral, but the CF;
group cannot be protonated and is not a leaving group.
Because CF5 cannot leave, the peptide-TFK adducts can
be studied. The inhibition constants for the peptide-TFKs
in Table 1 are well correlated with the values of k., /K,
for the Cht-catalyzed hydrolysis of the corresponding
methyl ester substrates; the higher the value of k., for the
ester the lower in the value of Ky for the trifluormethyl
ketone, and the two parameters obey a linear free energy
relationship.” The same relationship extends to the values
of chemical shift and pK, of His57."" There is every
reason to regard the peptide-TFK adducts as analogue of
the corresponding tetrahedral intermediates. It follows
that the LBHB is almost certainly an integral part of the
structure of the tetrahedral intermediate.

It has been pointed out that when the LBHB is
disrupted, either by methylation of His57 or mutation
of Asp102, the catalytic rate decreases by 10-10°-fold."
The kinetic consequences of methylating His57 is a 10°-
fold decrease in rate,” and mutation of His57 in trypsin
to Asn decreases the rate by 10*-fold.*® These effects
offer a guide to the kinetic importance of the LBHB and
indicate that it can lower the activation energy by up to
5.5-7 kcal mol_l, provided that the kinetic mechanism
remains the same after methylation of His57 or mutation
of Asp102. Should the alterations change the rate-limit-
ing step, the effect of the LBHB could be larger. The
effect seems substantial in either case.

It has been suggested that the LBHB might decrease
the barrier to the formation of the tetrahedral intermediate
by increasing the basicity of His57-Ne2 in the transition
state. The test of this hypothesis would be a detailed
structure—function analysis varying the basicity of His57-
Ne2 and the strength of the LBHB and correlating them
with the kinetic consequences. As a start on this, one can
consider that the Cht—peptide-TFK complexes are transi-
tion-state analogues. They are analogues of the tetra-
hedral intermediate, which based on the Hammond
postulate is similar to the transition state. Therefore, the
properties of tetrahdral inhibitor complexes can report on
the properties of the transition states for reactions of
analogous substrates.

The plot of 6; g for the Cht—peptide-TFKs in Table 2
against log(k.,/K,,) for the hydrolysis of the corres-
ponding peptide methyl esters is linear and displays a
positive slope.11 This indicates that the rate depends
on the strength of the LBHB. One measure of the

Copyright © 2004 John Wiley & Sons, Ltd.

basicity of His57-Ne2 in the transition state is the pK,
of His57 in the peptide-TFK complexes with Cht. These
pK,s can be measured by observing the transition of
the downfield NMR signal for the LBHB from 19 ppm
for the adduct to 15 ppm with increasing pH. The pK,s
are indeed high, in accord with the postulated role of
the LBHB, and they vary with the structure of the peptide
and plot as a line against log(k../K,), again with a
positive slope, showing that the rate increases with
increasing basicity of His57-Ne2.!" Because of the nar-
row ranges of d; gyp and pK, in the available studies, the
results should be accepted with caution; however, it is
significant that the correlations are in the mechanistically
meaningful direction, that is, the slopes are neither zero
nor negative.

The pK, values for His57 in the peptide-TFK adducts
fit nicely into the mechanistic requirements for base
catalysis in the acylation of chymotrypsin, and also in
deacylation. The ideal base to catalyze acylation would
be strong enough to abstract the proton from Ser195
(pK, =~ 13) but not so strong as to be unable to donate a
proton to the leaving group, the N-terminal amino group
of a peptide (pK, ~9). The pK, values of 10.6—12 for the
peptide-TFK adducts lie well within the optimal range for
base catalysis in the action of chymotrypsin.

REACTION OF Cht WITH AcLF-CHO

An important question about the LBHB has to do with the
pK, of 7 for His57-Ne2 in free Cht.>® If the LBHB
increases the basicity of His57-Ne2 in catalysis, and
protonation of His57-Ne2 leads to LBHB formation,
how does it happen that His57 in free Cht displays a
normal pK,? The properties of N-acetyl-L-leucyl-L-phe-
nylalanal (AcLF-CHO) as an inhibitor of Cht sheds light
on this issue.”' AcLF-CHO differs from the best TFK
inhibitor, AcLF-CF3, by the substitution of H for CF;,
which transforms the trifluoromethyl ketone into an
aldehyde. AcLF-CHO is also an inhibitor of Cht, and it
also forms a covalent adduct with Ser195; however, the
dissociation constant for the aldehyde is 8000 times that
for the trifluoromethyl ketone. Moreover, although the
structure of the Cht—AcLF-CHO complex is very similar
to that of the complex with AcLF-CF;, there are impor-
tant differences. There are also important chemical dif-
ferences, as revealed by 'H and '*C NMR spectroscopy
and biochemical analysis.

The high-resolution crystal structure of the Cht—AcLF-
CHO complex shows many similarities with and one
important difference from that of Cht—AcLF-CF;.*' The
overall structures are almost identical, including the
contacts between Cht and the peptide moiety. The spa-
cing between His57-Né1 and Asp102-O641 is very similar
to that in Cht—AcLF-CF;, 2.6 A, characteristic of an
LBHB. However, the hemiacetal oxygen originating with
the aldehyde carbonyl group does not reside exclusively
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in the oxyanion binding site of Cht. Instead, the adduct
consists of two epimers in a ratio of about 40:60, in
which the epimeric center is the hemiacetal carbon. The
epimer mixture arises through the addition of Ser195
to either face of the aldehyde group in AcLF-CHO. In one
epimer the hemiacetal oxygen is in the oxyanion site, and
in the other epimer the oxygen is within hydrogen
bonding distance of His57-Ne2.?!

NMR spectroscopy and the biochemical properties of
the Cht—AcLF-CHO complex revealed the reason for the
epimer mixture.?' The "H NMR spectrum showed that in
neutral solution His57 was not protonated; the downfield
proton appeared at 15.1 ppm, and there was no LBHB.
His57 could be titrated with acid and became protonated
with a pK, of 6.5 to generate an LBHB between His-No1
and Aspl102-O61 that appeared at 17.8ppm in the 'H
NMR spectrum. The pH dependence of the '>*C NMR
signal of the Cht complex with AcLF-">CHO showed no
evidence that the hemiacetal oxygen underwent an ioni-
zation between pH 6 and 13, suggesting that it was a
hydroxyl group with a pK,>13. The NMR studies
suggested that both the hemiacetal and the imidazole
ring of His57 were neutral at pH > 7 and above. That is,
the addition of Ser195 to the aldehyde carbonyl pro-
ceeded with proton transfer from serine to the hemiacetal
oxygen and not to His57. If so, then the binding of AcLF-
CHO could not involve proton uptake or release, and this
was proved to be the case. The epimeric structure of the
complex could then be assigned as A and B in Fig. 3. The
structures show that the hemiacetal adducts of AcLF-
CHO with Cht are not transition-state analogues. The key
difference is the destination of the proton derived from
Ser195. Its placement on the hemiacetal oxygen neutra-
lizes both the tetrahedral adduct and His57.

A Gly193 B Gly193
ser195 | ser19s |
7 HN el HN
NH- .Hq NH
Peptide: :C~H Peptider:C~0H
Ser195—0 His57 Ser195—0 His57
_ Asp102 _ Asp102
N N-H- “00C N N-H- “00C
A aNli X
26A 26A

Figure 3. Epimeric structures of the tetrahedral adducts of
AcLF-CHO with Cht. The reaction of the peptide aldehyde
AcLF-CHO with Ser195 in Cht leads to an epimeric mixture
of hemiacetals. In both hemiactals, the 3-hydroxyl group of
Ser195 is added to the carbonyl group of the inhibitor and
the proton liberated from Ser195 is bonded to the hemi-
acetal oxygen. In epimer A, the hemiacetal OH group lies in
the oxyanion binding site of Cht and in epimer B it lies within
hydrogen bonding distance of His57-Ne2. The spacing be-
tween His57-Né1 and Asp102-061 is similar to that in the
hemiketal complexes of peptide-TFKs with Cht and with that
in Cht at acidic pHs. However, there is no LBHB in the AcLF-
CHO complexes because His57-Ne2 is not protonated. The
proton liberated upon hemiacetal formation with Ser195
resides in the hemiacetal hydroxyl group

Copyright © 2004 John Wiley & Sons, Ltd.

The absence of electron withdrawal on the tetrahedral
carbon in the Cht—-AcLF-CHO-complex makes the ad-
duct more basic than His57-Ne2, so that in the competi-
tion for the proton from Ser195 the hemiacetal wins. In
the tetrahedral intermediate, with NHR as the fourth
substituent of the central carbon, the intrinsic pK, of
the oxygen can be expected to be between 11 and 12, with
reference to ionization in water, similar to that of His57-
Ne2 in the Cht—AcLF-CF; complex. Then His57-Ne2 can
be protonated and the tetrahedral intermediate negatively
charged, as in the mechanism of Fig. 2. The Cht—peptide-
TFK complexes are similar to the intermediate because
the pK, of a peptide-TFK hemiketal is ~9.5, well below
that of His57-Ne2, and the proton derived from Ser195
resides on His57-Ne2. In contrast, the pK, of a hemiacetal
of AcLF-CHO is at least 13.8, well above that of His57-
Ne2, so that His57 cannot compete with the Cht—AcLF-
CHO adduct for the proton.21

The ionization properties of His57 in the Cht—AcLF-
CHO complex are similar to those of free Cht, with modest
differences in the values of pK, and 6y for His56-Né1.
Therefore, the presence of the peptide and the tetrahedral
carbon do not affect the electrostatic properties of the
active site in an important way. The crucial difference
from the peptide-TFK complexes is brought about by the
presence of a hydrogen atom in place of the CF; group,
which eliminates the electron-withdrawing inductive ef-
fect on the tetrahedral carbon. The consequences of this
difference reveal much about the properties of the transi-
tion-state analogue complexes with peptide-TFKs.

The pK, of His57-Ne2 is governed by the overall
electrostatic charge in the active site, and it is remarkably
little affected by other contacts between Cht and peptide
tetrahedral adducts. The active site is here defined by
Ser195 and its substituents, His57 and Asp102. The site is
stable when it bears an overall charge of —1, and any
deviation from this charge presents a barrier that must be
overcome, either by perturbations in the ionization con-
stants at the active site or by some sort of stabilizing
interaction. The ionization behavior of the Cht—peptide-
TFKs are instructive. Consider the ionizations of the
hemiketal oxygen and His57, as illustrated in Fig. 4(A).
Both ionizations alter the preferred charge of —1, and the
price for this is a pK, altered by ~35 units from the
standard aqueous value, corresponding to 7 kcal mol ! in
terms of free energy at 25 °C.

The ionizing properties of His57 in free Cht and in the
Cht—AcLF-CHO complex are similar and dramatically
different from the transition-state analogue complexes.
The ionization of His57 proceeds with a change in net
charge of the active site, but with little apparent perturba-
tion in the pK, of His57 relative to values for histidine
peptides in aqueous solution, as shown in Fig. 4(B).*!
How is the barrier to ionization in the active site over-
come? The simplest and most obvious rationale is the
interaction between His57 and Asp102, the LBHB. In a
thought experiment, the absence of an interaction can be
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Figure 4. lonizing properties of Cht and tetrahedral complexes with peptide derivatives. (A) The structures and ionizing
properties of the hemiketal adducts of Cht with peptide-TFKs are illustrated. The preferred overall charge in the active site is —1
and the ionization constants of His57 and of the hemiketal are correspondingly perturbed. (B) The structures and ionizing
properties of free Cht and its hemiacetal complex with a peptide aldehyde are illustrated. The ionizing properties of His57 and
the hemiacetal appear normal. The discussion in the text puts forward a hypothesis to resolve the apparently paradoxical
differences in ionizing properties of the structures in (A) and (B)

imagined. In such an experiment, protonation of His57
would lead to an unstable state where the net charge
would be zero, it would be difficult to protonate His57
and the pK, would be very low. However, in reality the
His—Asp interaction is stabilizing and eases the acquisi-
tion of a proton. Consequently, the pK, is brought into the
neutral range. In this framework, the His—Asp interaction
does elevate the pK,, but it elevates it into the neutral
range, where it is mechanistically significant.

HYDROGEN BONDING IN COMPLEXES
OF N-METHYLIMIDAZOLE WITH
CARBOXYLIC ACIDS

The foregoing rationalizes the ionizations at the active
site of Cht and transition-state analogue complexes, and
it explains the catalytic role of His57 as a strong base in
the transition state for tetrahedral intermediate forma-
tion. However, it does not explain the role of the LBHB.
Could not a simple ionic bond between His57-Né1 and

Copyright © 2004 John Wiley & Sons, Ltd.

Asp-0O61 suffice? The LBHB is ionic, albeit depolarized
by the LBHB. Experiments prove the presence of the
LBHB, but they are essentially descriptive in nature and
do not explain its role. Studies of complexes between N-
methylimidazole and a series of carboxylic acids in
chloroform shed further light on the conditions for
LBHB formation.*'**

"H NMR and FTIR spectroscopic data show that the
formation of strongly hydrogen-bonded complexes
between 1-methylimidazole and carboxylic acids in
chloroform critically depends on the pK, of the car-
boxylic acid. Among carboxylic acids of varying
strength, pK,-0.23—4.8 in water, only 2,2-dichloropropio-
nic acid forms a strongly hydrogen-bonded complex with
1-methylimidazole. Weaker acids form exclusively neu-
tral complexes and stronger acids form exclusively ionic
complexes with 1-methylimidazole. The results show that
an acid with the pK, of the 3-carboxyl group of aspartate
would form a neutral complex with 1-methylimidazole.
Therefore, the formation of an LBHB between a histidine
and an aspartate residue in a protein would require a
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special structural environment. The very close and stereo-
electronically favorable contact between His57 and
Aspl02 might suffice. Alternatively, interactions that
would increase the acid strength of Asp57 would also
promote LBHB formation.

Enthalpy measurements complement the spectroscopic
characterization of strong hydrogen bonding in complexes
of I-alkylimidazoles and 2,2-dichloropropionic acid.*?
The enthalpies of complexation for 1-methyl-, 1-n-butyl-
and 1-fert-butylimidazole with 2,2-dichloropropionic acid
are 12.3, 11.5 and 14.9 kcal mol_l, respectively. These
heats of complexation are in the expected range for
LBHBs and are likely to represent the strength of the
LBHB bridging His57-N§1 and Asp102-O61 in the cata-
Iytic triad. If the enthalpy of the His—Asp hydrogen bond
prior to formation of the tetrahedral intermediate in Fig. 2
is 57 kcal mol_l, then the LBHB in the tetrahedral
intermediate would be stronger by 7—10 kcal mol . This
would account for the decrease in enzymatic activity upon
disruption of the LBHB by methylation of His57 or
mutation of Asp102."%* It would also account for the
high basicity of His57 in the tetrahedral adduct and the
transition state for its formation.

The results with N-methylimidazole and acids of
varying strength complemented the analogous results of
experiments with trifluoracetic acid and pyridines of
varying basicity, which gave comparable results. 3
An elegant cryogenic NMR study of the structures of a
large number of hydrogen-bonded complexes formed
between amines and acids of varying basicity showed
the full range of hydrogen bond types, including symme-
trical hydrogen bonds.*®

STRONG HYDROGEN BONDING IN
AQUEOUS MEDIA

Until recently, strong hydrogen bonding was not regarded
as compatible with an aqueous environment, which had
been thought to exert a leveling effect on hydrogen

\‘H’/
0O ‘0

/H\
0 o 0
| ]
O%:/ﬁO\\H’ ’oﬁo

bonding. However, LBHBs have been characterized in
Cht and other serine proteases, acetylcholinesterase37 and
A’-3-ketosteroid isomerase.>*™° In each case, the LBHB
was observed in a structural analogue of a metastable
reaction intermediate, which was thought to be similar to
the transition state. All of these LBHBs appeared in
aqueous solutions, suggesting that an aqueous medium
per se would not prevent LBHB formation. Actually, the
existence of strong hydrogen bonds in aqueous media
was anticipated by observations of the acid—base proper-
ties of proton sponges in aqueous-organic solvents.' It
was suggested that certain dicarboxylic acids might
engage in strong hydrogen bonding in aqueous solutions,
and that this could in part explain the great differences in
the first and second ionization constants in acids such as
maleic and cis-caronic acids.*!

To probe the question of possible strong hydrogen
bonding in aqueous media, the '"H NMR spectra of
hydrogen dicarboxylates were examined in 10% aqueous
acetone-dg (0.31 mole fraction H,O). The experiments
were carried out at low temperature (—55 °C) to depress
the rate of chemical exchange with the solvent. Down-
field protons (19-21 ppm) were observed in hydrogen
2,2-dimethylmalonate, hydrogen cis-cyclohexane-1,2-di-
carboxylate, hydrogen maleate and hydrogen cyclopro-
pane-1,1-dicarboxylate.***

The D/H fractionation factor for the internal hydrogen
bond in hydrogen maleate had been shown to be low,
0.77, in water.** The fractionation factor for hydrogen
cis-cyclohexane-1,2-dicarboxylate proved to be 0.69 in
water and 0.52 in 10% aqueous acetone.*’

Further characterization of the strong hydrogen
bond in hydrogen maleate in aqueous acetone media
under cryogenic conditions showed the activation en-
thalpy for its exchange with solvent protons to be AHéX:
8kcalmol ™', and the value for hydrogen cis-cyclohex-
ane-1,2-dicarboxylate was 7.3 kcalmol~'.*> The solvent
exchange proved to be specifically catalyzed by maleic
acid and stronger acids but not by weaker acids and not
by bases, which implied the mechanism in Fig. 5. In this

wo I
0

WH,

HO-~ -0

Figure 5. A mechanism for the exchange of the very strong hydrogen bond in hydrogen maleate. The exchange of the very
strongly hydrogen-bonded proton in hydrogen maleate is strictly acid catalyzed, and this allows a mechanism in which the very
strong hydrogen bond is partially but not completely broken in the transition state. This mechanism accounts for the high
activation enthalpy (8 kcal mol~") for the exchange reaction. This value is much higher than the typical values of 1-2 kcal mol™"
for the exchange of weakly hydrogen bonded protons. It is not as high as the energy of the hydrogen bond itself because the
hydrogen bond is never completely broken in the mechanism. In the transition state, the very strong hydrogen bond in one
molecule is partially broken and a new, very strong hydrogen bond in the second molecule is partially formed
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mechanism the maleic acid generated by added hydro-
nium ion undergoes proton exchange with hydrogen
maleate by a mechanism in which hydrogen bonding is
retained in the transition state. While the internal, strong
hydrogen bond is weakened in the transition state, it is not
broken. The value of 8kcalmol™' for AH;X represents
a substantial weakening of the strong hydrogen bond in
the transition state, but not a complete loss of hydrogen
bonding. In view of the low activation energies typical of
exchange between carboxylic acids, the values for hydro-
gen maleate and hydrogen cis-cyclohexane-1,2 carbox-
ylate indicate strong internal hydrogen bonding in
aqueous acetone solutions.

CONCLUSIONS

Predictions that strong hydrogen bonds would participate
in enzymatic catalysis*®™*® have been realized in the
reactions of Cht, acetylcholinesterase, and A3-3-keto-
steroid isomerase. Of the strong hydrogen bonds origin-
ally postulated,‘mi‘8 a few have been excluded by
physicochemical or biochemical data. Others remain for
future experimental examination. The LBHB in Cht is
well characterized by standard physicochemical methods
in peptide-TFK complexes, which are structurally and
electrostatically similar to the tetrahedral intermediates in
catalysis. Similar characterizations of LBHBs in the
actions of acetylcholinesterase and AS-3-ketosteroid iso-
merase attest to an expanded role of LBHBs in enzymatic
catalysis. The catalytic effects of LBHBs seem to lower
the activation energy by 5—7 kcal mol ', based on avail-
able data for Cht and trypsin. The effect may be buffered
by the likelihood that disruption of the LBHB results in a
change in the rate-limiting step.
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