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Low-barrier or short, strong hydrogen bonds have been proposed to contribute 10 to 20 
kilocalories per mole to transition-state stabilization in enzymatic catalysis. The proposal 
invokes a large increase in hydrogen bond energy when the pK, values of the donor and 
acceptor (where Ka is the acid constant) become matched in the transition state (hpK, = 
0). This hypothesis was tested by investigating the energetics of hydrogen bonds as a 
function of ApK, for homologous series of compounds under nonaqueous conditions that 
are conducive to the formation of low-barrier hydrogen bonds. In all cases, there was a 
linear correlation between the increase in hydrogen-bond energy and the decrease in ApK,, 
as expected from simple electrostatic effects. However, no additional energetic contri- 
bution to the hydrogen bond was observed at ApK, = 0. These results and those of other 
model studies suggest alternative mechanisms by which hydrogen bonds can contribute 
to enzymatic catalysis, in accord with conventional electrostatic considerations. 

Enzymes can achieve enormous rate en- 
hancements, which often require >20 kcal/ 
tnol of transition-state stabilization. Recent 
proposals to account for these large energies 
have invoked low-barrier hydrogen bonds 
[LBHBs ( I ) ]  (2 ,  3). An example of this 
hypothesis, showing enzymatic catalysis by 
an LBHB in the mandelate racemase reac- 
tion, is presented in Fig. 1. I t  was proposed 
that ;in LBHB is formed when the pK‘, of 
the enolate hydroxyl in the enolic transi- 
tion state becomes matched with that of 
G l ~ i ’ ’ ~  on the enzyme, which stabilizes the 
transition state by -20 kcal/tnol; in con- 
trast, the pK,, of the carboxyl proton in the 
ground state is not matched with that of 
Gh’l7,  s o  that the ground state would be 
stabilized hy only 1 to 5 kcal/mol from a 
normal H bond (2 ,  3). LBHBs have also 
been proposed to provide a large fraction of 
the catalytic power for inany other enzymes, 
including triose phosphate isomerase, ribo- 
nucleases, enolase, aconitase, and citrate 
synthase (2,  3). The observation of a highly 
deshielded proton (ak, = 18 parts per mil- 
lion) between His57 and Asp“’ in the cat- 
alytic triad of trypsin and chymotrypsin and 
the isotope effect on this chemical shift (6, 
- 6,) = 1.0 ppm) have been suggested as 
evidence for an LBHB that contributes to 
catalysis by serine proteases (4). 

The concept of LBHBs originated from 
the large formation energy of FH- - .F- in the 
gas phase [-40 kcal[mol (5, 6 ) ]  and its short 
bond length [2.26 A (7)]  in the solid state. 
Low isotope fractionation factors (0.5 to 1 .O) 
and anomalous spectroscopic properties, 
such as highly downfield proton chemical 
shifts (16 to 22 ppin) and inverse isotope 
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effects on proton chemical shifts and infra- 
red vibrational frequencies, have been ob- 
served for a number of H bonds in organic 
solvents, including phthalate and maleate 
monoanions, proton sponges, and cyclic dia- 
mines (7). It has been suggested that when 
an H bond is formed between groups with 
similar pKcl’s, orbital overlap takes place be- 
tween their matched energy states, which 
results in a bond that has partial covalent 
character and unusual spectroscopic proper- 
ties (7-10). This partial covalent character 
could provide an additional energetic contri- 
bution to the strength of an LBHB (2-4, 
7-20). As proposed, an LBHB formed at 
tnatched pK.,,’s would then be stronger than 
an H bond stabilized solely by electrostatic 
interactions. 

The proposal that LBHBs can provide a 
special contribution to enzymatic catalysis 
can be experimentally tested by determin- 
ing the H-bond energy as a function of 

E + S  - - E+S‘ 

II 

Fig. 1. A simplified illustration of the proposal of 
LBHB participation in enzymatic catalysis, show- 
ing proton abstraction catalyzed by mandelate 
racemase. An LBHB between the carboxyl oxy- 
gen and Gh3’ on the enzyme wouid stabilize the 
enolate intermediate or transition state (2, 3). 
Bond notation in boxes: ( - ) represents the nor- 
mal, weak H bond in the ground state (ES) with 
unmatched pK,’s; ( . ) and the intermediate po- 
sition of the proton represent the strong LBHB 
formed in the transition state (ES‘) when their 
pK,’s become matched. Ph, phenyl. 
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ApKil, the difference in pK,, between the 
donor and the acceptor. Simple electrostat- 
ic considerations predict that H-bond 
strength increases linearly with increasing 
acidity of the donor or increasing basicity of 
the acceptor, reaching its maximum at 
ApK1 = 0 (8, 1 1  , 12). Any additional 
energetic contribution from covalent char- 
acter in an LBHB would lead to the fortna- 
tion of an especially strong H bond at 
matched pK,,, resulting in a positive devia- 
tion at ApK.,, = 0. 

Previous work has provided no evidence 
for an extraordinarily strong H bond that 
forms specifically at ApK;, = 0. The gas- 
phase formation energy (AG, and AH,) of 
the asymmetrical CH,O-- * -HOH H bond 
is within -5 kcal/mol of the symmetrical 
HOP- * *HOH and CH,O-- * *HOCH, H 
bonds (13). In addition, gas-phase studies of 
the association of F- with various acids 
revealed a linear correlation between H- 
bond energy and ApK,, without a deviation 
at ApK, = 0 (5). Similarly, no deviation at 
ApK, = 0 was observed in studies of H 
bonding in water and organic solvents 
(12,  14). However, the studies cited above 
were not carried out to test the energetics 
of LBHBs and thus do not provide conclu- 
sive evidence against the LBHB proposal. 
LBHBs do not appear to form in aqueous 
solution ( 2 ,  3 ,  7, IO), and the gas-phase 
and organic-solvent studies either lacked a 
data point for an H bond with perfectly 
matched donor and acceptor pK,’s or used 
compounds that do not represent a homol- 
ogous series. 

We therefore systematically investigated 
H-bond energy as a function of ApK,, for a 
series of substituted phthalate monoanions 
(X-PAS; Scheme 1)  in dimethyl sulfoxide 
(DMSO). The H bond between the adja- 
cent carboxyl groups of PA- has been con- 
sidered to be an example of an LBHB ( 7 ,  
IO) on the basis of the 21-ppm chemical 
shift of the H-bonded proton, the negative 

Table 1. Chemical shifts and isotope fractionation 
factors (@) of the H-bonded proton in substituted 
PAS in DMSO. All NMR measurements were per- 
formed at 400 MHz and 15” to 20°C. Values of 
ApK, are from Table 2; values of Q, were deter- 
mined as described in (44). Me, methyl; -, not 
determined. 

PA 0 13.2 20.8 0.56 ? 
(21.0*) 0.06 

4-N02-PA 0.024 13.8 20.4 - 
4-Me-PA 0.24 13.0 20.5 
4-GI-PA 0.38 - 20.5 0.51 2 

0.07 
4-Br-PA 0.46 13.4 20.4 

- 

- 

*From (75). 
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-. were measured spectrophotometrically (23) 

PA PA 
0 - 2  

PA2- 

Scheme 1. 0 

isotope effect on this chemical shift (IS),  
and the short H bond observed in crystals 
(7, 16).  The ‘H chemical shift in PA- was 
confirmed, and the isotope fractionation 
factor of 0.56 (Table 1) is also consistent 
with an LBHB. The substituents at the 
4-position on the benzene ring (Scheme l ) ,  
which is para to one of the carboxylic acid 
groups and meta to the other, differentially 
affect the acidities of the two otherwise 
identical carboxylic acid groups. This allows 
investigation of the H-bond strength over a 
range of ApK, that includes ApK‘, = 0. 
Stabilization of the monoanions of substi- 
tuted PAS by this H bond renders their first 
deprotonation more favorable, thereby de- 
creasing their pK, values (Scheme l) .  The 
decrease of the experimentally observed 
pKc: [pK<:* ‘’’” ( 1  7)] from its “intrinsic” value 
[pK‘;, ‘‘I‘ ( B ) ]  provides a measure of the 
strength of the H bond (KFR) (Table 2) (1 9). 

A linear correlation between H-bond 
energy and ApK‘, was found for the PA 
system (Fig. 2). No positive deviation was 
ohserved at ApK, = 0, in contrast to the 
prediction from the LBHB proposal. Anal- 
ogous experiments have shown that there is 
also a linear correlation with no positive 
deviation near ApK, = 0 for the intramo- 
lecular H bond in a series of  substituted 
salicylate monoanions (20). This correla- 
tion spans a wider range of ApK, (-5 units 
in DMSO), although it does not include a 
fully sytntnetrical species with ApK‘, = 0. 

10’1 

1 ooo’---i 1.5 
0.5 1 

A~K,DMSO 

Fig. 2. Formation constants of the intramolecular H 
bonds as a function of ApK,DMso for a series of 
substituted phthalate monoanions in DMSO [p = 

0.37 with the ApK,DMSo scale, or p = 0.9 with the 
ApKp te r  scale (not shown)]. Data are from Table 2. 

(Table 3). For each series, there is a linear 
correlation between the strength of H 
bonds (24) and ApK,, without any devia- 
tion at ApK, = 0 (Fig. 3), as was observed 
for the PAS. 

These results provide no indication that 
H bonding is significantly strengthened 
when the donor and acceptor pK,’s are 
matched, in contrast to the LBHB proposal. 
Analogous conclusions were drawn from 
recent ab initio calculations (25). A linear 
relation between H-bond energy and ApK, 
has also been observed in previous studies of 
H bonding in aqueous and organic solutions 
(12, 14, 26) and in the gas phase (5, 13). 

The observed energetic properties of H 
bonds follow predictions from a simple elec- 
trostatic model, 

Studies of the H bonds in phthalate, 
maleate, and succinate monoanions sug- 
gested that single-minimum H bonds may 
only exist in solvents that are more nonpo- 
lar than is DMSO (10). Further, because 
covalent interactions have more stringent 

static interactions, the potential formation 
of a very strong LBHB in PA- may also be 
prevented by unfavorable geometrical fixa- 
tion of the intramolecular H bonds. 

We addressed these potential limitations 
(21) by using the more nonpolar solvent 
tetrahydrofuran (THF) and by investigating 
an intermolecular H bond. Thus, the donor 
and acceptor could adopt a particular H- 
bonding geometry if it were required for the 
formation of a very stable LBHB. Two series 

k 
geometrical requirements than do electro- E“ = $ h q 2 )  ( 2 )  

(1 1 ,  27). According to this model, chang- 
es in H-bond energy ( EH) can be described 
by changes in Coulombic interactions be- 
tween partial effective charges on the H- 
bond donor and acceptor (ql and qz, re- 
spectively), with an interaction coeffi- 
cient that is dependent on the dielectric 
constant of the media (E) and the distance 
separating the partial charges ( r ) .  EH in- 
creases as the donor becomes more acidic 

of phenols (X-QOHs) and phenolates were 
investigated. The proton chemical shifts of 
- 17 ppm observed previously for complex- 
es of several phenols with their conjugate 
bases in nonaqueous solvents (22) are con- 
sistent with the formation of LBHBs. For- 
tnation constants (&) of H-bonded com- 
plexes of X-QOHs with 3,4-dinitropheno- 

(or the acceptor becomes more basic), be- 
cause of an increase in partial positive 
charge on the donor (ql)  [or an increase in 
partial negative charge on the acceptor 
(q2)]. Thus, EH is maximal when ApK, = 
0 (ql = qz; Figs. 2 and 3) even in the 
absence of special energetic contributions 
from covalent character in an LBHB (28). 

late or 4-nitrophenolate, However, the increase is not dependent 

llKf 
... 

on the matching of the pKa’s of the donor 
and acceptor, contrary to the prediction 
from the LBHB hypothesis; rather, it de- 
pends solely on the magnitude of the 
change in ApK,. 

Another prediction from the electrostat- 
ic model is that EH will increase with de- 
creasing dielectric of the media (29). This 
prediction is supported by the observation 

Y = 4-N02 or 3,4-(NO,), (1) that H-bond energy generally increases as 

Table 2. Determination of H-bond energy in substituted phthalate monoanions from pK, measurements 
in DMSO. Values of pKi3 Obs, pKAzlnt, and ApK, were obtained as described in (17), (18), and (45), 
respectively. Values of log KFB were calculated from log (KEbS/Kgnt) = (PK;~ - PK;~”), derived from 
Scheme 1 ,  Values of -AGFB were calculated from AGYB = -RT In K7B, where R is the gas constant 
(1.987 cal mol-’ K-I) and Tis temperature in kelvin (298 K). 

Compound I n t  
log KFB 

-AG,HB 
(kcal/mol) 

PA 6.04 2 0.13 9.70 0 3.66 5.0 
4- Me- PA 6.10 -t 0.02 9.80 0.24 3.70 5.0 
4-CI-PA 5.43 -t 0.12 8.91 0.38 3.38 4.6 
4-Br-PA 5.46 2 0.05 8.76 0.46 3.30 4.5 
4-OH - PA 6.21 2 0.02 9.41 1.20 3.20 4.4 
4-NH,-PA 6.88 5 0.08 9.92 1.37 3.04 4.1 

~~~ ~ 
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the environtnent changes from water to 
organic solvents or to the gas phase (5, 6 ,  
12-14, 26). The large H-bond energies in 
nonaqueous environments and their ability 
to undergo large changes because of elec- 
tronic rearrangements in the course of a 
reaction may allow H bonds to provide 
substantial catalytic contributions (see be- 
low) (20, 30, 31). 

Isolated charges are highly unstable in 

n 

5 
2’ 

Fig. 3. Formation constants of the H-bonded complexes of 
substituted phenols with 3,4-dinitrophenolate (circles) or 
4-nitrophenolate (squares) in THF as a function of ApKZater. 
The solid line represents the overall fit of the data for both 
series with p = 0.65; the lighter dashed lines represent the 
fit of individual series of data for H bonding with 3,4-dini- 
trophenolate (p = 0.63) or 4-nitrophenolate (p = 0.65). The 
ApK, values in water were used because the values in THF 
have not been determined. These ApKTte r  values are ex- 
pected to be proportional to those in THF (38-40, 43) ,  but 
the range of ApK, is expected to be >IO in THF (42). Data 

1 , , , I are from Table 3.- 
1 2 3 4 5  

1 oOo 
low-dielectric environments, so that the ob- 
served large formation energy of ionic H- 
bonded species in nonpolar-’inedia (KEF) AP& 

may arise frotn the instability of charge 
separation in the nonpolar medium (KCr >> 
1 )  rather than from a special character of 
these H bonds: 

(Kf:B > 1) (32). In addition, to lessen 
charge separation in nonpolar media, it is 
possible that the H-bonded proton may 
become more equally shared between the 
heteroatoms. Such a rearrangetnent could 
give rise to the unusual spectroscopic 
properties of H bonds in nonpolar media. 
Thus, the observed unusual spectroscopic 
properties of certain enzymatic H bonds 
(4,  33) may be a tnanifestation of the low 
dielectric of the enzymatic interior, and 
not a reflection of unusual energetic prop- 
erties of LBHBs (34). 

O u r  results provide no indication that 
LBHBs provide a special energetic contri- 
bution to enzymatic catalysis. In that case, 
how do H bonds contribute to enzymatic 
catalysis? Several possibilities are suggest- 
ed by this and other model studies; the 
suggestions parallel several previous pro- 
posals (30, 31). For a given electronic 
rearrangement as a reaction proceeds from 
the ground state to the transition state, 

K HNF 
A H N P + h p  AH *..BNP 

11 K!B 41 Ktr 

e: 
AHaq + Bas AH ’.. Baq 

(3) 

This inference is consistent with the ob- 
servation that the formation of both sym- 
metrical and asymmetrical ionic H-bond- 
ed species is highly favorable in the gas 
phase and that the formation of neutral 
H-bonded species is tnuch less favorable 
(5, 6 ,  13). Further, if all other factors are 
equal, the H-bonded species itself is pre- 
sumably tnore stable in water than in non- 
polar media because the H bond is polar 

Table 3. Formation constants (KJ of H-bonded complexes of substituted phenols (X-QOHs) with 
3,4-dinitrophenolate [3,4-(NO,),-@O.-] or 4-nitrophenolate (4-N02-4)0-)  at 25°C. Tetrabutylammonium 
ion was used as the counterion. Values of ApKTter were obtained by subtracting p K F t e r  (donor) from 
p K y t e r  (acceptor) (46). Values of K, were determined as described in (23). Values of -AG,HB were 
calculated from AG, = -RTln K,, where R is the gas constant (1.987 cal mol-’ K-’) and Tis temperature 
in kelvin (298 K). 

~~ 

H-bond donor H-bond acceptor ApKyter K~ (1 03 M - 1 )  
- AG, 

(kcal/mol) 

3,4-(N02),-@OH 
3,4,5-C13-@OH 
4-CI-3-NO2-@0H 
4-CN-aOH 
3,5-C12-@OH 
3, 4-C12-@OH 
3-CN-@OH 
3,4- F,-@OH 

4-CI-@OH 
4- Br- @OH 

3-OMe-cDOH 

+OH 
3, 5-Me2-@0H 

4-Br-@OH 

4-F-Q)OH 

4-N02-Q,0H 

4-CI-@OH 
4-F-QOH 
(bOH 
3,5-Me2-@OH 

3,4-(NO2),-4,0- 0 
2.10 
2.36 
2.53 
2.67 
3.03 
3.19 
3.86 
3.92 
3.96 
4.23 
4.53 
4.53 
4.77 

2.20 
2.66 
2.81 
2.81 
3.05 

4-NO2-~PO - 0 

24 
2.8 
2.6 
1.7 
1.3 
0.91 
0.91 
0.38 
0.36 
0.24 
0.20 
0.10 
0.091 
0.077 

4.0 
3.6 
1.5 
0.83 
0.53 

40 

6.0 
4.7 
4.7 
4.4 
4.2 
4.0 
4.0 
3.5 
3.5 
3.2 
3.1 
2.7 
2.7 
2.6 

6.3 
4.9 
4.8 
4.3 
4.0 
3.7 

the increase in H-bond strength would be 
greater in a low-dielectric enzymatic ac- 
tive site than in aqueous solution. The 
different degree of strengthening of the H 
bond therefore allows greater transition- 
state stabilization for the enzymatic reac- 
tion (20, 35). A larger Brqjnsted slope (p) 
in nonaqueous media than in aqueous me- 
dia, which represents a greater increase in 
H-bond strength in the nonpolar solvent as 
the donor-acceptor pair is varied, has been 
observed for a series of substituted salicy- 
lates [slopes of 0.70 in DMSO and 0.14 in 
water for log KHR versus p K ~ ~ “ r c r  (20)l. Oth- 
er examples of larger p values in nonaque- 
ous media have been observed in this and 
previous studies (Figs. 2 and 3) (5, 8, 14, 
26, 36). In addition to the strengthening of 
H bonding by electrostatic effects during an 
enzymatic reaction, the binding energy of 
an enzyme may be used to position sub- 
strates with respect to enzymatic catalytic 
groups, thus providing an entropic advan- 
tage for transition-state H bonding hetween 
the enzyme and the substrate. Further, H 
bonds may also be strengthened by geomet- 
rical changes in going from the ground state 
to the transition stare, thereby preferential- 
ly stabilizing the transition state. Finally, 
enzymes may commonly use multiple inter- 
actions of moderate strength for transition- 
state stabilization, rather than relying on a 
single, very strong interaction such as an 
LBHB [see (20, 30, 31, 37) for more de- 
tailed discussions]. 
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