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Abstract: The rate enhancements obtained by enzymes often require greater than 20 kcal/mol of stabilization that is
specific to the transition state. Inspection of active sites suggests that enzymes often use multiple interactions with
substrate groups undergoing charge rearrangement to help provide this preferential stabilization. We have analyzed
the deprotonation, in DMSO, of benzoic acids with one or two hydrogen bond donating substiittbot® the
carboxylic acid. This provides a model for the ability of multiple hydrogen bonds to facilitate reactions at enzymatic
active sites. The simplicity of this model has allowed the energetic contributions of the hydrogen bonds to be
isolated and assessed quantitatively. It was found that one and two hydrogen bonds from the hydroxyl group(s)
ortho to the carboxyl group provide specific stabilization of the carboxylate relative to the carboxylic acid by 7.9
and 14.4 kcal/mol, respectively. The energetic contribution of the two hydrogen bonds is nearly additive. This
provides a quantitative demonstration of the basic principle that the energy of multiple interactions, each of moderate
strength, can be combined to make a significant contribution to enzymatic catalysis.

Introduction Instead of relying on a single interaction to provide the bulk
of the catalytic power, enzymes can use multiple interactions,

It has recently been proposed that low-barrier or short, strong with each providing a modest contributién.This widely-

hydrogen bonds (LBHB’s) supply a large fraction of the energy : . . . .
. " I recognized principle has been demonstrated in various enzymatic

required for transition state stabilization by several enzyhmes. . . . A

. - . eaction$ and employed in the design of enzyme inhibitors,
Recent model studies and theoretical calculations suggest thai . . ;

. ynthetic receptors, and catalytsWe describe herein the

strengthening of a hydrogen bond upon charge rearrangemendeprotonation in DMSO, of benzoic acids with one or two
in the transition state can contribute significantly to enzymatic hydrogen bond donating substituentho to the carboxylic

catalysis. However, there is no evidence for a special energetlcacid_ This provides a simple model of the charge rearrangement

contribution from formation of a partially covalent LBHB, and that occurs during a reaction, allowing a quantitative assessment
the hydrogen bond energies appear to be less than originally 9 ’ gaq

suggested in the LBHB propos&is
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Scheme 1 Table 1. pK, Determinations in DMSO and the Energetics of
A Hydrogen Bond(s) Derived from thep Data
H H H obsda inta  _ H bond ¢
EB H- | —oH EBH D CI/O compd Ka pKd AAG (kcal/mol)
) 1 11.08+ 0.06 (11.1)
...HB-] 0++-HB-E
0 HB-E i 2 6.60+ 0.05(6.8)  12.4 7.9
CH,0PO5> CH,0PO;* 3 3.08+0.10 (3.1)  13.7 14.4 (15.8)
; umnmie
6 4.83+0.10 11.1 8.5(13.1)
B g o 7 9.80+ 0.08

@ Determined as described in the Experimental Section. Values in

parentheses were determined previously. The valué feifrom refs

H* 13 and 14 and those fd, 3, and4 are from ref 11° From ref 2.
¢Derived from Scheme 2AAGH Pond = —RT In (K{eongKHbond =
—RTIn(KLs9K "), whereR is the gas constant (1.987 cal mbK 1)
andT is temperature in Kelvin (298 K.  The value expected if the
ortho effects are additive (i.e., 158 7.9+ 7.9 and 13.1= 7.9 +
5.2).

iy
o

Scheme 2
A

o

2,6-(OH),-BA 2,6-(OH),-BA" H K
a

of the energetic contribution from multiple hydrogen bonds in

a nonagueous environment.
KH bond

f, acid

H bond
Kr, anion

Experimental Design

o-n

Typically, charge relocalizes as a reaction proceeds from the ground
state to the transition statd his is shown for the example of the triose
phosphate isomerase reaction in Scheme 1A. The deprotonation of a
carboxylic acid can serve as a simple model for a charge rearrangement,
in that there is an accumulation of charge on the carboxyl oxygens in
the anionic form. The deprotonation of salicylic acid (SA) and related B
compounds (Scheme 1, B and C) was used herein to mimic charge
relocalizations that occur at enzymatic active sites, as these compounds K
have hydrogen bond donor(s) positioned adjacent to the carboxyl —_— + H
oxygen(s), analogous to active site residues that are positioned to interact
with substrate functional groups. OH OH
Hydrogen bonding and other electrostatic interactions between '
enzymatic catalytic groups and the atoms undergoing charge relocal- log Koo, —log Ki' 20 = pKi™ — pK:™
ization can be strengthened in the transition state, thereby specifically
stabilizing the transition state relative to the ground state and providing
a rate enhancement (Scheme 1A-@ ---HB—E). Similarly, the
intramolecular hydrogen bond between the adjacent hydroxyl proton groups in 2,6-dihydroxybenzoic acid [2,6-(QFBA, 3; Scheme 1C].
and carboxyl oxygen in SA can be strengthened upon deprotonation The energetics of these hydrogen bonds were evaluated in DMSO to
of the carboxylic acid (Scheme 1B, CO&-HO).® This provides crudely mimic hydrogen bonding in a nonaqueous enzymatic active
specific stabilization of the monoanion relative to the acid form of the site!?
compound (SA vs SA), thereby favoring deprotonation, as was

previously demonstrated. Here the effect of multiple hydrogen bond OOH OOH OOH OOH
donors on this deprotonation was analyzed, using the intramolecular OH H H
hydrogen bonds between the carboxyl oxygens and thetmaroxyl
H
1 2 3 4

o=

obsd
Kn

O—x
=]
=]
Q
o

pK!* = pK™'

(9) The hydrogen bonds in the acid species are expected to be much
weaker than those in the monoanions. Hydrogen bonds involving charged
species are typically considerably stronger than those involving neutral
species, and there is a strong dependence of hydrogen bond strength on the
pKz's of the hydrogen bond donors and acceptors in organic solvents (refs Results
3 and 10 and references therein).

(10) Hibbert, F.; Emsley, Adv. Phys. Org. Chenl99Q 26, 255-379. The carboxylic acid Ka's of compounds, 2, and3 decrease
(11) Kolthoff, I. M.; Chantooni, M. K., JrPhys. Inorg. Chem1971, as the number of hydrogen bonds increases (Table 1). Hydrogen
93, 3843-3849. bond formation and standard substituent effects can both alter

(12) Though DMSO can solvate positively charged species and hydrogen . . . . .
bond donors, it is not effective at stabilizing negative charges. This is e KaOf the carboxylic acid. The analysis depicted in Scheme

because it contains no hydrogen bond donors and its methyl groups limit 2 was used to isolate the energetic effect of the hydrogen bond(s)
close approach between its partially positively charged sulfur atom and (see also refs 2 and 3). The effect of the hydrogen bond(s) on

negatively charged solutes. Further, its large size limits the number of solvent : -
molecules that can be in direct contact with the solute. Since local solvation these [ values can be estimated from the decrease in the

is limited, DMSO may provide a crude model for aspects of a desolvated €xperimentally observed<y (pKaObS()‘ relative to the “intrinsic”
active site when considering stabilization of anionic species as in this work, pKa value of the compound (@m) (Scheme 2}{5 The
despite its relatively high bulk dielectric constant. In addition, the ability
of DMSO to effectively solvate cations [e.g., the free energy of transfer of (13) Bordwell, F. G.AAcc. Chem. Red.988 21, 456-463.

potassuim ion from water to DMSO is favorabte3 kcal/mol}<] minimizes (14) Bordwell, F. G.; Branca, J. C.; Hughes, D. L.; Olmstead, WJN.
complications from ion-pairing effects (see Experimental Section). Org. Chem.198Q 45, 3305-3312.
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“intrinsic” pKa refers to the [, value expected in the absence ion of 3 corresponds to an additional contribution of 6.5 kcal/

of hydrogen bonding (K", Scheme 2A). This was estimated mol from the secona-OH group.

as the K, of the corresponding compound with the hydroxyl In contrast, the monoanion of 3-hydroxyphthalic ad&yl {n

group parato the carboxyl group instead oftho, so that no which ano-COOH group is present in addition to arOH

intramolecular hydrogen bond can form (Scheme 2B and group, is stabilized by 8.5 kcal/mol relative to the acid. This

Experimental Sectiorif is only 0.6 kcal/mol more than the stabilization from the single
The energetic effects of the hydrogen bonds estimated o-OH group in the SA monoanion and is 4.6 kcal/mol less than

according to Scheme 2 are summarized in Table 1. The an additive effect from the individual hydrogen bonds (Table

decrease in thelfy of 2 by 5.8 units from the intrinsic value  1).

(6.6 vs 12.4) corresponds to stabilization of the salicylate

monoanion, relative to the acid, by 7.9 kcal/mol from a single OOH COCOH OOH
hydrogen bond. The 14.4-kcal/mol stabilization of the monoan- HOOC HOOC OH

(15) This analysis assumes that the carboxyl and hydroxyl groups are
hydrogen bonded in the acid species (Scheme 2A, lower left corner; note
that other modes of hydrogen bonding between these groups are also OCH
possible). Intramolecular hydrogen bonding in the acid is expected to be 5 6 7

favorable because DMSO is ineffective at stabilizing the lone pair electrons

on the carbonyl oxygeh3and the adjacently positionegdhydroxyl group

has both an electrostatic and entropic advantage in interacting with the Discussion

carboxyl group. If intramolecular hydrogen bonding in the acid is not

favorable, K254 represents the equilibrium between the non-hydrogen- The results with compoundsand3 suggest that the energy

bonded acid species and the hydrogen-bonded anionic species (Scheme of multiple hydrogen bonds can be large and nearly additive.
upper left and lower right corners). In such cases the analysis reduces to

AGHDOM = —RT In K29 = _RT In(KoP59K,M), where AGHbond Hydrogen bonding and other weak electrostatic interactions can

represents the free energy of hydrogen bond formation in the monoanion b€ independent or nearly so, as each of these interactions, in
and is a lower limit of the difference in free energy of the hydrogen bond contrast to covalent interactions, produces little change in charge

in the anionic vs the acid species. - distribution!® Thus, the combined energetic effects of multiple
(16) In generalprtho andpara substituents have similar resonance and

polar effects on the acidity of benzoic acid<ontrol experiments described ~Nydrogen bonding and other electrostatic interactions, even if
below were carried out to determine if there artho-specific effects from individually modest, can be used by enzymes to achieve

steric or electrostatic features that might interfere with the analysis herein. significant transition state stabilization. There is no requirement

The results indicate that such effects are likely to be small, changing the . . . .
hydrogen bond energies hyl kcal/mol and not affecting the conclusions for a single interaction to provide most of the energy for

concerning the additivity of the hydrogen bond energies. The simKar p catalysis.
values of 4-Ci#-BA, 2-CHs-BA, and 2,6-(CH)>-BA of 11.4,11.2, and 10,8 Consistent with this view, enzyme active sites are typically

respectively, suggest that steric effects fror®H groups are expected to ; ; ; "
be small. Analogously, the similaig values ofp-methoxy,o-methoxy-, replete with groups that interact with the substrate at positions

and 2,6-dimethoxybenzoic acidsgs 11.8, 11.6, and 11.6, respectively), ~uUndergoing Charge rearrangement in th_e course of the reaction.
as well as the similarlg, values of terephthalic acid@) and phthalic acid For example, in the oxyanion hole of serine proteases, conserved

monomethy ester of 9.80 and 9.8@espectively, suggest that tipara- backbone or side chain amides donate two hydrogen bonds to
substituent constant provides a reasonable estimate for the intrinsic effect h b | fth issil ide of th b
of anortho substituent. An~1 pK, unit larger electron-withdrawing effect W€ carbonyl oxygen of the scissile amide of the su stfdte.

for an ortho group than gpara group was observed for F-, Cl-, and Br-  the active site of mandelate racemase, one carboxylate oxygen
substituted benzoic acidsKgs 10.0, 9.3, and 9.2 for the-F, Cl, and Br of mandelate is hydrogen bonded to Lys164 and is further

compounds compared to th&pvalues of 11.0, 10.6, and 10.6 for the - . - .
correspondingara compounds). A similar effect could be present for the stabilized by an active site M{; ion; the other carboxylate

OH substituent. Nevertheless, control experiments with 2,6-disubstituted 0Xygen is hydrogen bonded to Glu347.Similar patterns of
benzoic acids (Ka's 8.3 and 8.2 for the F and Cl substituent, respectively) multiple hydrogen bonding and metal coordination on the

indicated that the effects of the electron-withdrawing groups are additive, g hsirate at positions of charge rearrangement are observed for
i.e., that a secondrtho substituent has a similar effect as the first one.

Thus, correcting the K" values for this apparent larger electron- Many other enzymes, inClUding_ triose phosphate isomerase,
withdrawing effect ofortho substituents does not change the conclusion enolase, ferricytochromie,, and citrate synthas@.

that the energetic effects of hydrogen bonds are additive, though it lowers  The observed near additivity of the energy of the two
the estimated stabilization from each hydrogen bond-tiykcal/mol. For hvd bonds ifg i istent with itioni f th
example, if the ™ value of SA is 1 unit lower than that estimated from  1YOdrogen bonas i 1S consistent with pre-positioning or the

the para compound, the Igi™ value of 2,6-(OH}BA would be correspond- ~ hydrogen bond acceptor with respect to the hydrogen bond
ingly lowered by 2 units. This lowers the estimated stabilization from one donors. This minimizes the entropic penalty that must be paid

and two hydrogen bonds to values of 6.5 and 11.7 kcal/mol, respectively. : ; : 3 :
The corrected value of 11.7 kcal/mol remains similar to the value of 13.0 in forming the first hydrogen borftf® The energetic advantage

kcal/mol expected from an additive effect. of entropic fixation has been demonstrated in various model

(17) Exner, OCorrelation Analysis of Chemical Dat&lenum Press: catalytic systen® and synthetic receptof8. For 2 and3 and
New York, 1988; Chapter 10, pp 43%40. Wells, P. RLinear Free Energy

RelationshipsAcademic Press: New York, 1968; pp-123. Taft, P. W., (19) Jencks, W. PCatalysis in Chemistry and Enzymolo@®nd ed.;
Jr. Steric Effects in Organic Chemistryohn Wiley & Sons: New York, Dover Publications Inc.: New York, 1987; Chapter 6, pp 3384.

1956; Chapter 13. McDaniel, D. H.; Brown, H. &.Am. Chem. Sod955 (20) Henderson, RJ. Mol. Biol. 197Q 54, 341-354. Ruhimann, A
77, 3756-3358. Newman, M. S.; Merrill, S. Hl. Am. Chem. Sod.955 Kukla, D.; Schwager, P.; Bartels, K.; Huber, R. Mol. Biol. 1973 77,
77, 5552-5554. Roberts, J. D.; Carboni, R. A. Am. Chem. Sod.955 417-436. Blow, D. M.; Janin, J.; Sweet, R. Mlature1974 249 54-57.
77, 5554-5556. Sweet, R. M.; Wright, H. T.; Janin, J.; Chothia, C. H.; Blow, D. M.

(18) Bond distances, infrared spectra and other results provide strong Biochemistryl974 13, 4212-4228.
evidence for some extent of covalent bond character for certain hydrogen  (21) Neidhart, D. J.; Howell, P. L.; Petsko, G. A.; Powers, V. M.; Li,
bonds in nonaqueous environmett$? However, the near additivity of R.; Kenyon, G. L.; Gerlt, J. ABiochemistry1l991, 30, 9264-9273. Mitra,
the energy of hydrogen bonds observed in this study suggests that theB.; Kallarakal, A. T.; Kozarich, J. W.; Gerlt, J. A.; Clifton, J. G.; Petsko,
electronic rearrangement that occurs upon formation of these hydrogen bondsG. A.; Kenyon, G. L.Biochemistryl995 34, 2777-2787.
is small. Additivity is expected for electrostatic interactions if each of these (22) E. g.: Zhang, Z.; Sugio, S.; Komives, E. A,; Liu, K. D.; Knowles,
interactions produces little change in charge distribution. In contrast, an J. R.; Petsko, G. A.; Ringe, DBiochemistry1994 33, 2830-2837.
additive effect would not be expected for interactions that are predominantly Wedekind, J. E.; Poyner, R. R.; Reed, G. H.; RaymenBidchemistry
covalent in character, as there is generally extensive electronic rearrange-1994 33, 9333-9342. Xia, Z.-x.; Mathews, F. S.. Mol. Biol. 199Q 212,
ments upon formation of a covalent bond. This would weaken the ability 837—863. Karpusas, M.; Holland, D.; Remington, SBibchemistryl991
of the group undergoing such a rearrangement to form a second covalent30, 6024-6031.
or noncovalent bond. Thus, these hydrogen bonds appear to be predomi- (23) Jencks, W. PProc. Natl. Acad. Sci. U.S.A981, 78, 4046-4050.
nantly electrostatic in character. (24) Kirby, A. J.Adv. Phys. Org. Cheml98Q 17, 183-278.
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many other model systems, pre-organization is achieved by active site can optimize their ability to catalyze a reaction by
covalent bonds within the molecule. In enzymatic catalysis, minimizing the entropic penalty for hydrogen bond formation
binding energy from noncovalent interactions is typically used in the transition stat&?325 Precise alignment of active site
to arrange the active site in the folded protein and to bind and groups for transition state interactions may constrain the
properly orient the substrate with respect to the catalytic geometry for ground state interactions, thereby weakening
groups?23.25 ground state interactions relative to transition state interac-
Proper prealignment of enzymatic functional groups with tions®23 Finally, enzyme active sites can provide an environ-
respect to the substrate groups undergoing charge rearrangemement in which there is a greater increase in hydrogen bond
may also impose unfavorable interactions in the ground state strength accompanying charge rearrangement than that in
(relative to solution), thereby maximizing the increase in aqueous solutiohl®282° This difference is particularly pertinent
interaction energy in going from the ground state to the transition as enzymes need to accelerate a reaction relative to that in water
state®2® The following observations provide nonenzymatic (see ref 3 and references therein for detailed discussions).
examples in which geometrical constraints appear to weaken

the hydrogen bond. _ Experimental Section
(a) The 2.7 kcal/mol weaker hydrogen bond in the phthalate
monoanion %) than that in the salicylate monoanid?),(despite pKa Measurements. pKys in DMSO were measured by the

the stronger hydrogen bond donating ability expected with the overlapping indicator methdéi'* at 25°C. The indicators used were

more acidic COOH irb,2326:27suggests that the geometry5n 2,4-dinitrophenol (Ka = 5.12), 2,6-ditert-butyl-4-nitrophenol (Ka =

is suboptimal for intramolecular hydrogen bonding. 7'.3), and 9-carpoxymeth_ylfluorenel(_p= 10.35), which were synthe-
(b) The 4.6 kcal/mol less than additive effect of the hydrogen SiZed as described previousfyand bis(phenylsulfonyl)methanekp

bonds f theo-hvd | and boxvli id @ = 12.25)1* which was from Sigma. Multiple measurements were
0onds from theo-nydroxyl and carboxylic acid groups | performed for each compound, using one or two indicators whkge p

suggests that the hydrogen bonds are weakened. This probably,,es are within two units from that of the compound being measured.

arises from the re_positioning that occurs upon addition of a The low K.'s of 2,6-dihydroxybenzoic acid and 3-hydroxyphthalic
secondortho substituent or upon formation of one or the other acid were further confirmed by following the self-dissociation of the

hydrogen bond. acid, as described previousty.

For serine proteases, it has been suggested that geometrical The effects of ion-pairing and acid self-association on the deproto-
constraints weaken the ground state hydrogen bonding betweemation of benzoic acids in DMSO have been extensively investigated
the amide groups in the oxyanion hole and the carbonyl oxygenin previous studies (refs 11 and 14 and references therein). These
of the substrate because the=O bond is too short for optimal  effects are small in general (e.g.4K® ~ 0.02 M for benzoic acid),
hydrogen bonding within the oxyanion h&é%2 In general and are even smaller fartho-substituted benzoic acids suchs3,
though, the destabilizing constraints in model systems may be > @ndé.**** The concentrations used herein (3610 M) were well
more pronounced than those imposed by an enzyme Catalyticbelow these dissociation constants. The following observations further

- . . . : suggest that complications from such effects are negligible: (1) Self-
groups within enzymatic active sites are presumably not as

. o . . association gives deviations in plots of indicator absorbance vs
rigidly positioned as groups that are covalently fixed in model concentration of the acid whos&pis being determined. Fits to the

systems. In addition, the geometrical changes in going from ysta were goodR > 0.98) without inclusion of a term for self-

the ground state to the transition state are typically small association, and including such a term gave no significant change in
compared to the geometrical differences between model com-either the fits or the I, values obtained. (2)Ky values obtained in
pounds. The extent to which enzymes can take advantage oftitrations with different final acid concentrations (0.1 mM1 mM)

geometrical changes remains to be determined. were the same, within error<0.2 units). (3) The K, values obtained
are similar when different counterions were used in the indicator method
Conclusions (potassium vs. tetraethylammonium), or whef ttas used as the

f ltiole i . b id i counterion in the self-dissociation method.
Use of multiple interactions by enzymes to provide specific Estimation of pKa™. The measured iy of 12.4 (Table 1) ford

transition state sta}bilization.is a Wjdely regognized principle. o< used as thekg™ value for salicylic acid2). The intrinsic effect
The system described herein provides a simple model for the of the two hydroxyl groups of 2,6-dihydroxybenzoic acid was estimated
ab|||ty of mUltlple pre-pOSItloned hydrogen bonds to stabilize by doub”ng the effect of a 5ing|@.hydroxy| group. That is, a
charges that develop in the course of a reaction. In contrast top-hydroxyl substituent increases thkof benzoic acid by 1.3 units,
the difficulty of isolating the contribution of individual interac-  from 11.1 to 12.4; two hydroxyl substituents are then predicted to
tions from the large networks of interactions at enzymatic active increase thela by 2.6 units, to 13.7, which was then used as tg'p
sites or in synthetic catalytic systems, the simplicity of this value for3. The K" values of phthalic acidb] and 3-hydroxyphthalic
model has allowed the observed energetic effects to be dissected@cid €) were obtained analogously. The measuréd pf 9.80 for
into contributions from individual hydrogen bonds. The results eréphthalic acid, Table 1) was used as th&" value ofS. The
show that the energetic effects of multiple hydrogen bonds can Mtinsic effects of ap-hydroxyl group, which increases th&pof

b | dditi istent with tati f imol benzoic acid by 1.3 units (cl vs 4, Table 1), and g@-carboxylic acid
€ nearly additive, consistent with expectations for simple group, which decreases th&pof benzoic acid by 1.3 units (cf vs
electrostatic effects.

. . 7, Table 1), were combined to yield the estimatéd® value of 11.1
These and previous results suggest several additional waysor 6.

in which hydrogen bonds can contribute to enzymatic catalysis.
Pre-positioning of hydrogen bonding groups in an enzymatic JA954205X
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