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Summary
In protein and RNA macromolecules, only a limited number of
different side-chain chemical groups are available to function as
catalysts. The myriad of enzyme-catalyzed reactions results from
the ability of most of these groups to function either as nucleophilic,
electrophilic, or general acid–base catalysts, and the key to their
adapted chemical function lies in their states of protonation. Ionization is determined by the intrinsic pKa of the group and the microenvironment created around the group by the protein or RNA
structure, which perturbs its intrinsic pKa to its functional or apparent pKa . These pKa shifts result from interactions of the catalytic
group with other fully or partially charged groups as well as the
polarity or dielectric of the medium that surrounds it. The electro-
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static interactions between ionizable groups found on the surface of
macromolecules are weak and cause only slight pKa perturbations
(<2 units). The sum of many of these weak electrostatic interactions
helps contribute to the stability of native or folded macromolecules
and their ligand complexes. However, the pKa values of catalytic
groups that are found in the active sites of numerous enzymes are
significantly more perturbed (>2 units) and are the subject of this
review. The magnitudes of these pKa perturbations are analyzed
with respect to the structural details of the active-site microenvironment and the energetics of the reactions that they catalyze.
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INTRODUCTION
The nature of enzymatic rate enhancement entails knowledge
of the chemistry of the individual catalytic groups commonly
found in enzymes as well as the ensemble of native protein
or RNA structures that form a given substrate’s binding site.
The chemistry of the different enzymatic catalytic groups can
be classified into four categories: nucleophiles, electrophiles,
general-base catalysts, and general-acid catalysts (1). The common titratable catalytic groups in proteins include the C-terminal
carboxyl, the carboxyl groups of aspartic and glutamic acids,
the imidazole of histidine, the sulfhydryl of cysteine, the amino
group of lysine, the hydroxyl of tyrosine, and the N-terminal
amino group (Table 1A). The positively charged side-chain
guanidinium group of arginine residues is often utilized as an
electrophilic catalyst, but it is rarely titratable due to its very high
pK a of 12. In nucleic acids, recent structural and mechanistic
studies now indicate that the ring nitrogens of the nucleoside
bases can function as general acid-base catalysts (Table 1B).
Yet, with this limited repertoire of chemical groups, proteins
and RNA catalyze a myriad of biological reactions. In part, this
is due to the ability of many of these groups to function either as
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Table 1
Intrinsic pK a values of ionizable side-chain groups of proteins and RNA in aqueous solution
(A) Amino-acid side-chain ionizations (2)

pK a a
4.0
4.5

6.4
9.1
9.3

9.7
10.4
(B) RNA side-chain ionizations (4)

pK a

3.5

4.2

9.4

9.4

a

Intrinsic values for side-chain functional groups in proteins and peptides present complex issues,
because the values for the amino acids listed in this table are not necessarily appropriate. The best values
would be for the side chains appearing in small peptides, so that the α-amino and carboxylate groups do
not interact internally with the ionizing group. However, placement of an ionizable group within a model
peptide that contains no nearby charged groups is often difficult due to the lack of solubility of these
peptides. A more comprehensive listing of pK a values of amino acid side-chains that have been measured
in the context of either small peptides or as derivatives of amino acids has been described (3). For example,
the pK a value of 9.1 for the thiol group of cysteine is slightly higher than the pK a = 8.9 of this group in
glutathione. In addition, the pK a value of 9.7 for the phenol group of tyrosine is slightly lower than the pK a
of 10.2 measured for p-methylphenol (p-cresol), which is a most reasonable model compound. Thus, the
intrinsic pK a value for a given side-chain has not been fully established, and may vary by ≤ ± 0.5 units,
depending on the location of the side-chain within a particular peptide or compound.
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nucleophiles, electrophiles, general-base catalysts, or generalacid catalysts. The key to their adapted role or function lies in
their state of protonation, and the state of protonation is determined, at first approximation, by the intrinsic pK a of the given
group.
Table 1 lists the intrinsic pK a values of the catalytic groups
found in either protein or RNA enzymes. For these groups to
be activated as nucleophiles, the ionizing proton needs to dissociate from either the reactive oxygen, nitrogen, or sulfur atom.
This requires that the effective pK a of the group be lower than
the effective pH at the reaction site. At physiological pH, only
aspartate, glutamate, and histidine would be fully active as nucleophiles. For groups to be activated as electrophiles, the group
needs to be in its protonated form to function either as a hydrogen bond donor or to provide a localized partial or full positive
charge. This requires that the effective pK a of the group be higher
than the effective pH at the reaction site. For a group to optimally function as a general acid or base, its intrinsic pK a value
must be near the pH at the reaction site so that its functional
state of protonation can be regenerated for the next enzymatic
turnover, indicating histidine and cysteine to be the only candidates. However, it has been demonstrated that most of the
catalytic groups in Table 1 can function as nucleophiles, electrophiles, general acids, and general bases, depending on the
given enzyme. Activation of these catalytic groups is a direct
result of the microenvironment created around the group by the
protein or RNA structure.
When a titratable catalytic group is transferred into a specific site in a macromolecular structure, its intrinsic pK a value
is driven to its functional or apparent value by interactions with
other fully or partially charged groups as well as by the polarity or dielectric of the medium that surrounds it. The ionizable
groups found on the surface of proteins, accessible to bulk solvent, play a vital role in electrostatic stabilization of the native
or folded protein, primarily through salt-bridge formation or ion
pairing. These electrostatic interactions cause slight perturbations of their intrinsic pK a values (<2 units), and has been the
subject of much experimental and theoretical study. However,
many ionizable catalytic groups that are buried in enzyme active
sites are significantly more perturbed (>2 units) and are listed in
Table 2. In addition, Table 2 lists the function of each catalytic
group and the likely structural basis for the pK a perturbation.
CHARGE-CHARGE INTERACTIONS
Ionization of a catalytic group is affected through long-range
as well as local electrostatic effects. The electric force experienced between two interacting charges (q1 and q2 ) depends on
the distance (r) and the dielectric constant (ε) of the medium between them as given by Coulomb’s Law (F = q1 q2 /εr 2 ) (38).
An ionizable catalytic group on an enzyme can interact with
other neighboring charged groups. In such a case, if both groups
are deprotonated and negative in their ionized forms, then one
group will tend to increase the pK a of the other, facilitating protonation and neutralization to avoid the unfavorable Coulombic
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energetics of like-charge repulsion. If both groups are protonated and positive in their ionized forms, then one group will
tend to decrease the pK a of the other, facilitating deprotonation and neutralization also to avoid like-charge repulsion. If
one group is positive and one group is negative in their ionized
forms, then the positively charged group will tend to lower the
pK a of the negatively charged group and vice versa, facilitating the favorable energetics of opposite-charge attraction. All
of these effects are increased to a greater degree as the effective dielectric constant or solvent polarity is decreased. Thus,
the energetics of charge-charge interactions become more significant if these interactions are removed from aqueous solvent
of high polarity and transferred to the interior of proteins where
the dielectric constant, εprot , is estimated to be much lower due
to hydrophobic packing.

Examples of Proximal Negative Charges
Glycosidases. Bacillus circulans xylanase (BCX, Table 2)
catalyzes the hydrolysis of the polysaccharide xylan, a major
constituent of plant biomass, in a double-displacement reaction in which Glu-78 functions as a nucleophile, forming a
covalent glycosyl-enzyme intermediate (Fig. 1). Glu-172 acts
as a general-acid catalyst during glycosylation, protonating the
hydroxyl group of the departing aglycone (HOR), and then as
a general-base catalyst to activate the attacking water molecule
during the deglycosylation reaction. The pK a values of Glu-78
and Glu-172, in the free enzyme, were measured by direct 13 C
NMR pH titrations to be 4.6 and 6.7, respectively (12). The increased pK a value of 6.7 for Glu-172, necessary for its functioning as a general-acid catalyst, appears to be due to electrostatic
repulsion from the negatively charged Glu-78. Mutation of Glu78 to the neutral glutamine causes the pK a of Glu-172 in the
free enzyme to decrease to 4.2. In a trapped covalent glycosylenzyme intermediate, the pK a of Glu-172 was also near 4.2.
Thus, charge neutralization of Glu-78 as a result of glycosylation results in a decrease in the pK a of Glu-172, facilitating a
thermodynamically favorable loss of this proton to the departing
hydroxyl. Loss of the proton enables its subsequent functioning
as a general-base catalyst to deprotonate water, activating it for
hydrolysis of the glycosyl-enzyme intermediate in the deglycosylation reaction. A pair of carboxylic acids have been shown to
be the catalytic groups in essentially all glycosidases described
to date, and such “pK a cycling” of the carboxylic acid that functions as the general acid-base is likely to be common among this
class of enzymes.
Ribonucleases, Aspartic Proteases, and Hen Egg White
Lysozyme. Smaller perturbations of the pK a values for a pair of
proximal carboxyl groups have been reported for ribonucleases,
aspartic proteases, and hen egg-white lysozyme. In ribonuclease H1 (RNaseH1, Table 2), Asp-10, Asp-70, Glu-48, and a
divalent cation have been shown to be essential for catalytic
activity. Using two-dimensional 1 H and 13 C NMR, Oda et al.
(11) measured the pK a values for all of the carboxyl groups in
RNase H1 and found that the pK a of Asp-10 (6.1) is unusually

Table 2
The function and structural basis of catalytic groups with perturbed pK a values on enzymes
Proteina

Group

1pK a b

Function

Structural basis

BR (5)
BR-M (5)
BR (6)
BR-N (7)
bTRX (8)
hTRX (9)
KSI (10)
RNaseH1 (11)
BCX (12)
Chy-TFKs (13)
TIM (14)
bTRX (15)
hTRX (16)
GRX (17)

D85
D85
D96
D96
D26
D26
D99
D10
E172
H57
H95
C32
C32
C11
C14
C36
C30
C98
C12
C25
C25c
C25c
C403
C403d
C403d
C282
P1
Y14
Y265
Y149
K258-PLP
K216-retinal
K216-retinal
K115
K
A2451 N1
C76 N3

−1.8
+2.9
>+8.0
+3.1
+3.5
+4.1
>+5.0
+2.1
+2.2
+(3.9–5.7)
>−1.9
−1.6
−2.8
>−3.6
>+1.4
−4.6
−5.6
nd
−2.8
−5.8
−6.2
−6.6
−4.4
−3.5
−(1.6–2.4)
−3.5
−3.0
+1.9
−2.5
−3.6
−3.1
+2.5
−2.2
−4.4
−(4.4–4.9)
+4.1
+1.9

Proton transport
Proton transport
Proton transport
Proton transport
Tune C32 pK a
Tune C32 pK a
HB donor
HB donor
General acid/base
General acid/base
Electrophile
Nuc/Lv
Nuc/Lv
Nuc/Lv
effect C11 pK a
Nuc/Lv
Nuc/Lv
Nuc/Lv
Nuc/Lv
Nuc/Lv
Nuc/Lv
Nuc/Lv
Nuc/Lv
Nuc/Lv
Nuc/Lv
Unknown
General acid/base
HB donor
General base
General acid/base
General base
Proton transport
Proton transport
Schiff base
Schiff base
General acid/base
General base

Unknown
HPE, anionic E204
HPE
HPE, solvent accessibility
HPE
HB to S28 OH
HPE, anionic D38
Anionic D70
Anionic E78, HB network
LBHB
NTα, HB to S96 NH
NTα, anionic D26
NTα, HB to C35 NH
HB to C14 SH
Anionic C11
NTα, cationic H38
NTα, cationic H32
NTα, HB to C35 NH
Cationic H8
Cationic H159
Cationic H159∗
Cationic H159∗
NTα, cationic H402
NTα, cationic H402
NTα
HB to S284 OH
HPE
HPE
Cationic R219
Cationic NAD+ and K153, HB to S124 OH
Imine-pyridine torsion, cationic R292 and R386
Unknown
Unknown
Cationic K116
HPE
HB network
Unknown

PDI (18)
DsbA (19)
DsbC (20)
ArsC (21)
Papain (22)
Caricain (22)
Ficin (22)
yPTP (23)
hPTP1 (24)
blwPTP (25)
hmCK (26)
4-OT (27)
KSI (28)
Ala-Race (29)
GalE (30)
AspAT (31)
BR (32)
BR-M (33)
AAD (34)
AbAld (35)
rPTC (36)
hdvAR (37)
a

AAD, acetoacetate decarboxylase; AbAld, antibody aldolase; Ala-Race, alanine racemase; hdvAR, hepatitis delta virus antigenomic ribozyme;
ArsC, arsenate reductase; AspAT, aspartate aminotransferase; BCX, Bacillus circulans xylanase; BR, ground-state bacteriorhodopsin with all
trans retinal, protonated D96, protonated Schiff base, and unprotonated D85; BR-M, excited M-state bacteriorhodopsin with 13-cis retinal,
protonated D96, unprotonated Schiff base, and protonated D85; BR-N, excited N-state bacteriorhodopsin with 13-cis retinal, unprotonated D96,
protonated Schiff base, and protonated D85; Chy-TFKs, chymotrypsin complexed with various peptidyl trifluoroketones; hmCK, human muscle
creatine kinase; DsbA and DsbC, disulfide bond enzymes A and C in E. coli; GalE, UDP-galactose 4-epimerase; GRX, glutaredoxin; HB, hydrogen
bond; HPE, hydrophobic environment; KSI, ketosteroid isomerase; LBHB, low-barrier hydrogen bond; NMR, nuclear magnetic resonance; NTα,
N-terminus of an α-helix; Nuc/Lv, nucleophile/leaving group; 4-OT, 4-oxalocrotonate tautomerase; PDI, protein disulfide isomerase; PLP,
pyridoxal 50 -phosphate; PMP, pyridoxamine 50 -phosphate; blmPTP, bovine liver low molecular weight protein tyrosine phosphatase; hPTP1,
human protein tyrosine phosphatase; yPTP, Yersenia protein tyrosine phosphatase; rPTC, ribosomal peptidyl transferase center; RNaseH1,
ribonuclease H1; TIM, triosephosphate isomerase; bTRX, bacterial thioredoxin; hTRX, human thioredoxin.
b
These values were calculated from the difference between the measured pK a and the intrinsic pK a listed for that group in Table 1, which
are not fully established. Thus, caution should be observed when comparing 1pK a values between different side-chains, whereas comparison of
1pK a values of enzymes that contain the same side-chain ionizable group will be most useful since they are referenced to the same intrinsic pK a
value.
c
Papain numbering system.
d
yPTP numbering system.
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Figure 1. Double-displacement mechanism of retaining glycosidases.
high and that of Asp-70 (2.6) is unusually low (Table 2). In addition, these two carboxyls showed two-step titrations indicating a
strong interaction and cooperative action between them, which
is consistent with the X-ray structure showing them to be close
to each other (39). For strong mutual charge-charge interactions,
cooperative titrations are generally predicted and Oda et al. (11)
further modeled the titrations of the Asp-10 and -70 and reproduced the two-step titrations, indicating the direct effect of the
electrostatic interaction. This situation is similar to that of the
two catalytic aspartic acid residues in the pepsin-like aspartic
proteases and the catalytic carboxyls of Glu-35 and Asp-52 in
hen egg-white lysozyme, which show smaller pK a perturbations.

Examples of Proximal Positive Charges
One of the most “classic” examples of a catalytic group with a
significantly perturbed pK a is found in the enzyme acetoacetate
decarboxylase (AAD, Table 2), which catalyzes decarboxylation of acetoacetate to yield acetone and carbon dioxide. Decarboxylation proceeds through formation of a Schiff base intermediate with the ε-amino group of Lys-116. On the basis of the
measured >4-unit decreases in pK a of both the active site Lys116, as well as that of the phenol group of a reporter compound,
Westheimer and coworkers (40, 41) proposed that the positive
charge of the sequence-proximal lysine (Lys-115) could provide the driving force for deprotonation of Lys-116, necessary
for Schiff base formation with the substrate. Westheimer’s classic proposal withstood the test of experimental scrutiny when
Highbarger et al. (34) performed pH-dependent chemical modifications of site-directed mutants of Lys-115 and Lys-116 and
demonstrated that cationic Lys-115 generated the full decrease
in pK a of Lys-116.
Examples of Proximal Opposite Charges
Cysteine Proteinases. The cysteine proteinases, including
papain, caricain, and ficin (Table 2), share a common active
site composed of a Cys25-S− /His159-Imidazole(Im)+ ion pair
(papain numbering) and catalyze proteolysis using the thiolate
anion for nucleophilic attack at the peptide carbonyl group and

the imidazolium cation as the general-acid catalyst for protonating the departing amine. The resulting thioacyl-enzyme intermediate is then hydrolyzed by a water molecule to regenerate
the enzyme for the next catalytic cycle. Chemical modification
studies indicated that the pK a values of the nucleophilic cysteines are strongly perturbed downward to values of 3.3, 2.9,
and 2.5 in papain, caricain, and ficin, respectively, and result
primarily from close interaction with cationic histidine and secondarily from placement at the N-terminus of a α-helix (22).
Because thioacylation is the rate-limiting step in this class of
enzymes, the preexisting Cys-S− /His-Im+ ion pair does not
provide for complete catalytic competence. In addition, there
may be a requirement to rearrange the ion-pair geometry utilizing electrostatic contributions arising from substrate binding
effects (22).
ArsC Enzyme. The ArsC enzyme (Table 2) uses the thiolate of Cys-12 to mediate reduction of arsenate [As(V)] to arsenite [As(III)] with reducing equivalents coming from either
glutathione or glutaredoxin. Arsenite is the substrate of the ATPcoupled Ars pump that extrudes arsenite from cells of E. coli.
Chemical modification and mutagenesis studies showed that the
lowered pK a value of Cys-12 of 6.3 is stabilized entirely by a
positively charged residue at position 8, indicating that Cys-12
and His-8 form a thiolate-imidazolium ion pair (Table 2) (19).
The pK a of His-8 has not been determined.
Alanine Racemase. A two-base mechanism has been proposed for alanine racemase (Ala-Race, Table 2) in which both
Lys-39 and Tyr-265 function as general acid-base catalysts to
catalyze the interconversion of L- and D-alanine using pyridoxal phosphate as the cofactor. On the basis of mutagenesis
and kinetic studies, Sun and Toney (29) proposed that the pK a
of Tyr-265 of 7.2 is decreased by 2.5 units, which would activate it as a general-base catalyst under the near neutral conditions found in the cell. From the X-ray structure of L-alanine
phosphonate bound to alanine racemase (42), it can be seen
that Tyr-265 is hydrogen bonded to His-166, which in turn is
hydrogen bonded to Arg-219. Mutations of Arg-219 to the positively and like-charged lysine, the neutral-charged alanine, and
the negatively and oppositely charged glutamate systematically
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increased the pK a of Tyr-265, indicating that a positive charge
at this position is required to stabilize the decreased pK a of
Tyr-265 (26).
UDP-Galactose 4-Epimerase. UDP-galactose 4-epimerase
(GalE, Table 2) catalyzes the interconversion of UDP-galactose
and UDP-glucose in which tightly bound NAD+ functions as
the essential coenzyme for promoting epimerization at hexopyranosyl C4 of substrates. It has been proposed that epimerization
is facilitated by nonstereospecific hydride abstraction from C4
by NAD+ , rotation of the ketohexopyranosyl intermediate about
the Pβ O bond, and then nonstereospecific reduction of the
4-ketone by NADH. It is believed that hydride transfer from
C4 to NAD+ is activated by Tyr-149, which acts as a general
base to abstract the C4 OH hydroxyl proton. In support of this
mechanism, the measured pK a of 6.1 for Tyr-149 is significantly
decreased, and its side-chain hydroxyl group is positioned near
the C4 hydroxyl group (30). The decreased pK a value of 3.6 units
for Tyr-149 is attributed mainly to the positive electrostatic field
created by NAD+ and Lys-153 (∼3.0–3.2 units) and partly to
hydrogen bonding with Ser-124 (∼0.6–0.7 units).
CHARGE-DIPOLE INTERACTIONS

Hydrogen Bonding
The titratable group can also interact with partial charges or
the microscopic dipoles found in polar residues and bound water
molecules through the formation of a hydrogen bond. Hydrogen bonding involves the sharing of a hydrogen atom between
two heteroatoms, usually oxygen, nitrogen, or sulfur. One heteroatom is a weakly acidic donor atom and the other is a weakly
basic acceptor atom. A normal or weak hydrogen bond ranges
from 2.7 to 3.0 Å in length, depending on the van der Waals
contact distance between the two heteroatoms. The favorable
energy gained on formation of a normal hydrogen bond (−1 to

−3 kcal/mol) can be utilized to increase the pK a of the hydrogen
bond donor and decrease the pK a of the hydrogen bond acceptor
by the equivalent energetic amounts.
If the pK a values of the hydrogen bond donor and acceptor
are closely matched, then the hydrogen bond becomes unusually short (<2.6 Å), facilitating a stronger energy of formation
(>7 kcal/mol) (43, 44) and much larger pK a perturbations can
be observed. For example, proton “sponge” molecules contain
two ionizable groups, which are sterically fixated in close proximity. To avoid electronic repulsion, the pK a of one of the
groups is significantly increased and a proton is tightly bound
between the two groups (45). Hydrogen bonding can also indirectly affect the pK a value of a heteroatom in a molecule far
from the hydrogen bond by stabilizing a tautomeric form of the
molecule (e.g., the catalytic triad of serine proteases is described
next).
Serine Proteases. Serine proteases share a common active
site composed of an oxyanion hole and a catalytic triad consisting of a serine, histidine, and aspartate (Fig. 2). The Nε nitrogen
of His-57 in chymotrypsin functions first as a general-base catalyst, deprotonating Ser-195 for nucleophilic attack at the peptide backbone carbonyl group, which is polarized by the oxyanion hole, resulting in formation of the tetrahedral intermediate.
His-57 NεH+ then functions as a general-acid catalyst, protonating the departing amine of the leaving peptide. A water molecule
then hydrolyzes the resulting acyl-enzyme intermediate to regenerate the free enzyme. NMR studies showed that the pK a
value for the His Nε nitrogen increases from near 7.5 in the free
enzyme to pK a values measured between 10.3 and 12.1 in complexes of chymotrypsin with various peptidyl trifluoroketones
(Chy-TFKs, Table 2), analogs of the tetrahedral intermediate
(11). Increased basicity for His Nε would enhance its reactivity in abstracting the proton from serine and thereby lower the
activation barrier for formation of the tetrahedral intermediate.

Figure 2. Mechanism of the acylation half-reaction of serine proteases.
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The main mechanistic difference between the serine proteases
and the cysteine proteases is the fact that the serine proteases
require an additional catalytic carboxyl group to activate ionization of the nucleophilic serine. Fig. 2 shows that the carboxyl
group of an aspartate is involved in a normal hydrogen bond to
the His NδH and helps orient the His Nε nitrogen to activate serine for nucleophilic attack. The van der Waals contact distance
between the carboxylate oxygen and the imidazole nitrogen is
2.7 Å and is indicated by the half spheres (Fig. 2). Upon binding the peptidyl group, the Asp· · ·His hydrogen bond distance
is apparently compressed to a distance shorter than the van der
Waals contact, promoting formation of a shorter, stronger hydrogen bond (46) (Fig. 2). Although the distance between the
oxygen and the nitrogen becomes shorter, the His Nδ H bond
is polarized or lengthened, increasing the negative charge on the
imidazole ring, which serves to increase the basicity of the His
Nε nitrogen.
Aspartate Aminotransferase. Aspartate aminotransferase
(AspAT, Table 2) catalyzes reversible transamination reactions
between dicarboxylic amino and keto acids. The amino group
is transferred from aspartate to the coenzyme pyridoxal
50 -phosphate (PLP) to form oxalacetate and pyridoxamine 50 phosphate (PMP). The amino group is then transferred from
PMP to 2-oxoglutarate to form glutamate and regenerate PLP.
The active-site lysine forms a Schiff base with the coenzyme
PLP, and two arginines interact with the α- and ω-carboxylate
groups of the substrates and products (Fig. 3). Kinetic and spectroscopic studies indicated that the pK a of the imine nitrogen
of the Schiff base has a decreased pK a value of 6.9, compared to the value of around 10–12 of PLP Schiff bases in
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aqueous solutions. The lowered pK a value for the Schiff base
increases the fraction of unprotonated Schiff base, which facilitates the initial transaldimination reaction. On binding substrate, the pK a increases by 2 units, and a proton is transferred
from the substrate cationic amino group to the Schiff-base imine
nitrogen. The substrate’s neutral amino group is then activated
as the nucleophile to attack the Schiff-base imine, which has
increased its electrophilicity by its protonation.
Recent studies by Kagamiyama and coworkers (31, 47) indicated that, contrary to the classical explanation, the electrostatic effect of the two active-site cationic arginines (Arg-292
and -386) accounts for only a partial amount (0.4 units) of the
decrease in pK a of the Schiff base in the PLP-lysine aldimine.
Likewise, neutralization of these positive charges upon binding
the dicarboxylate substrate accounts for only 0.7 of the 2-unit
increased pK a value. Rather, the mechanism that modulates the
pK a of the Schiff base in the PLP-lysine aldimine is attributed
to changes of the imine-pyridine torsion angle (χ) (Fig. 3) (31).
In the absence of substrate, the torsion angle around the C4 C40
of the unprotonated form of the Schiff base is 35◦ . Because the
imine bond is out of the plane of the pyridine ring, the pK a of
the Schiff base is lowered by 2.8 units because it cannot form
a favorable hydrogen bond to the phenolic 30 -oxygen of the
pyridine ring of PLP. Upon binding susbtrate, this torsion angle is reduced to 25 ◦ , favoring hydrogen bond formation to the
3-oxygen and stabilizing the protonated Schiff base by 1.3 units.
The torsion angle between the Schiff base imine and the pyridine
ring is maintained by a hydrogen-bond network including the
guanidinium group of Arg-386, the amide group of Asn-194, and
the 30 -oxygen of the pyridine ring. Thus, Arg-386 is considered

Figure 3. Reaction of pyridoxal phosphate with aspartate catalyzed by aspartate aminotransferase.
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to have both electrostatic- and steric-mediated effects on the
pK a of the Schiff base. Interaction of the carboxylate group
of the substrate with Arg-386 disrupts the Asn-194-mediated
hydrogen-bond network, which relaxes the torsion angle.
Creatine Kinase. Human muscle creatine kinase (hmCK,
Table 2) catalyzes the reversible phosphorylation of creatine,
which plays a major role in energy homeostasis primarily in
muscle and brain cells. To date, a conserved cysteine residue has
been found to be essential for catalytic activity, but the function
of this active-site residue remains contentious. Nevertheless, the
pK a of this cysteine in hmCK (Cys-282) has been measured and
found to be decreased to 5.6 (26). The X-ray structure as well
as mutagenesis studies suggest that the decreased pK a results
partially from hydrogen bonding to Ser-284, while the remaining
contribution is undetermined (26).

N-Terminus of a α-Helix
The α-helices found in peptides and proteins have a macroscopic dipolar character arising from the parallel alignment of
the dipolar peptide bonds of the helix (48). The alignment is
such that the oxygens of the backbone carbonyl groups (C O)
are oriented parallel to the helix and point to the C-terminus of
the helix, whereas the protons of the backbone amide groups
(H N) are hydrogen bonded to the backbone carbonyls and
point back towards the N-terminus. The array of small dipoles
along the helix backbone can be viewed as a purely electrostatic
effect whereby a partial net charge exists at the helix termini,
and nearby groups are perturbed by this field. In this sense, it has
been estimated that the effect of the α-helix dipole to be that of a
+0.5 elemental charge at the N-terminus plus a −0.5 elemental
charge at the C-terminus (49). In addition, the two ends of a helix differ in their hydrogen-bonding properties. The N-terminal
backbone amide and the C-terminal backbone carbonyl groups
are available to function as hydrogen-bond donors and acceptors,
respectively, to affect the pK a of its hydrogen-bonded partner.
Triosephospahte Isomerase. Triosephosphate isomerase
(TIM, Table 2) catalyzes the reversible tautomerization of dihydroxyacetone phosphate and glyceraldehyde 3-phosphate, with
Glu-165 removing the pro-R proton from C1 of dihydroxyacetone phosphate and His-95 polarizing the carbonyl group
of the substrate. It was commonly believed that the pK a of
His-95 should be elevated so that it would retain positive charge
at neutral pH, which would enhance its ability as an electrophilic
catalyst to promote enolization of its substrate. Using NMR and
13
C- and 15 N-specific labeling, Lodi and Knowles (50) unambiguously demonstrated that the pK a of His-95 is <4.5 so that
it is surprisingly lowered by at least 2 units. The NMR studies
further showed that the Nε nitrogen is protonated (50), consistent with the X-ray structure (51) showing the Nδ nitrogen to be
hydrogen bonded to the backbone amide of Glu-97 so that the
Nε H bond vector is oriented to the substrate carbonyl.
The X-ray structure (51) further showed that the hydrogen
bond to the amide of Glu-97 is facilitated by the placement
of His-95 at the N-terminal end of a short α-helix (residues

95 to 102). Lodi and Knowles (14) investigated the energetic
contributions to the lowered pK a arising from the N-terminal
“helix-dipole effect” of having either a partial positive charge
or the possible hydrogen bond from the backbone amide by
measuring the pK a values of both His-95 and His-103 in the
native and unfolded states of the enzyme. The pK a of His-103,
which is located at the C-terminus of the α-helix, is increased
by 0.6 units upon protein folding, consistent with its placement
near the partial negative charge at the C-terminus of the helix
(52). Thus, the >2-unit decrease in the pK a of His-95 must result
from both the electrostatic and hydrogen bond contributions by
the N-terminus of the α-helix. The use of neutral His-95 as an
electrophilic catalyst can be rationalized in that the enzyme may
have evolved to match the pK a for ionization of neutral His95 to its conjugate imidazolate anion base with the pK a of the
intermediate enediol(ate), facilitating the formation of a short,
strong hydrogen bond (43, 44).
Thioredoxin Family. Substantial pK a perturbations are observed in the active sites of proteins in the thioredoxin family:
thioredoxin (TRX), glutaredoxin (GRX), DsbA, DsbC, and two
domains of the protein disulfide isomerase (PDI) (Table 2). All
of these enzymes have similar folded conformations with active
sites containing two cysteine residues, separated by two other
residues in the sequence CXYC , that catalyze reversible
disulfide bond formation with target proteins. Although the various members of the thioredoxin family have been shown to possess very similar active-site structures, the stabilities of these
disulfide bonds differ greatly. Stabilization of the reduced or
thiol(ate) forms of these active site cysteines results from perturbation of the pK a of CysN from its intrinsic value of 9.1
(Table 1A) to lower values ranging from a pK a near 7.5 for
thioredoxin to pK a values of <5.5, 4.5, and 3.5 for glutaredoxin,
protein disulfide isomerase, and DsbA, respectively (Table 2).
Ionization of the solvent exposed CysN -SH to CysN -S− , which
can be monitored by ultraviolet spectroscopy and chemical modification, is necessary for all enzymes in this family to initiate
nucleophilic attack for either subsequent reduction of its target
disulfide (e.g., thioredoxin) or reoxidation of itself (e.g., glutaredoxin, protein disulfide isomerase, and DsbA). The range of decreased pK a values of CysN residues in the thioredoxin family
(Table 2) indicates that these enzymes provide different amounts
of stabilizing interaction to the negative charge of the thiolate
anion.
One mechanism of thiolate stabilization, common to all members of the thioredoxin family, involves the structural placement
of CysN at the N-terminus of an α-helix (Table 2). In E. coli
thioredoxin (bTRX, Table 2) (15), the electrostatic effect of having a net partial positive charge at the N-terminus of the helix can
account for the slight stabilization of CysN -S− (1pK a = −1.6).
However, the increased amount of stabilization of CysN -S− in
other members of this family requires additional interactions
such as hydrogen bonding or proximity to cationic residues.
In human thioredoxin (hTRX, Table 2), the increased stabilization of CysN -S− (1pK a = −2.8) appears to be provided by
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the presence of a hydrogen bond with the backbone amide of
CysC (16). In glutaredoxin, the increased stabilization of CysN S− (1pK a = >−3.6) appears to be provided by the presence
of a hydrogen bond with CysC -SH (17). The assignments of
these hydrogen bonds were made on the basis of NMR studies that showed strong interresidue NOEs from the respective
proton donor to the CβH protons of CysN -S− . In eukaryotic protein disulfide isomerase (1pK a = −4.6) (18) and E. coli DsbA
(1pK a = −5.6) (19), the additional stabilization of CysN -S−
is provided by positioning it near a cationic histidine residue,
which is conserved at the third position of the active site consensus sequence ( CXHC ).
Protein Tyrosine Phosphatases. Protein tyrosine phosphatases (PTP’s, Table 2) catalyze hydrolysis of phosphotyrosines using a cysteine thiolate anion for nucleophilic attack at
the phosphorus and an aspartic acid as the general-acid catalyst
for protonating the departing tyrosine hydroxyl. This ionized aspartate then abstracts a proton from an attacking water molecule
thereby activating hydrolysis of the thiophospho-enzyme intermediate, and the enzyme is regenerated for the next catalytic
cycle. Members of the protein tyrosine phosphatase family contain a characteristic motif (H/V)CX5 R(S/T), which constitutes
the phosphate binding loop (P-loop), utilizing backbone amide
groups and the guanidinium group of the arginine residue to coordinate the nonbridging or equatorial oxygens of the phosphate
group during substrate binding and catalysis. The pK a values of
the nucleophilic cysteine are perturbed downward to values of
4.7 in Yersinia PTP (yPTP, Table 2) (23), 5.6 in human PTP1
(hPTP1, Table 2) (24) and 6.7–7.5 in bovine liver low molecular
weight PTP (blmPTP, Table 2) (25).
As noted before for the thioredoxin family, this broad range
of downwardly perturbed pK a values for cysteine results from
various combinations of structural features. Slight stabilization
of the thiolate anion is provided by placement of the active-site
cysteine at the N-terminus of a α-helix in all PTPs. The hydroxyl
group of the serine or threonine residue in the signature motif provides additional stabilization through hydrogen bonding.
Mutagenesis studies indicate that the adjacent histidine residue
in yPTP (23) and hPTP1 (24) provides the greatest and remaining thiolate stability, although it has not been firmly established
whether the histidine exists in its cationic form as demonstated
in the disulfide isomerases and cysteine proteinases. The valine residue found instead of the histidine in the low molecular
weight PTPs likely results in the observed higher pK a values of
the nucleophile.
BORN OR DESOLVATION EFFECT
The Born or desolvation effect arises from the energetically
unfavorable process of transferring a single charged group from
an aqueous solvent of high polarity (water, ε = 78) to the hydrophobic interior of a protein in which the dielectric constant is
estimated to be much lower. The effect of burying an ionizable
group in the interior of a protein is best exemplified by the classical studies with staphylococcal nuclease, in which the buried
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Val-66 was replaced with either a lysine (53, 54) or a glutamic
acid (55). Equilibrium pH titrations of the V66K and V66E mutants revealed that the pK a of Lys-66 decreased 4.9 units and
that the pK a of Glu-66 increased 4.3 units, favoring the uncharged state of protonation. According to the Born formalism
(56, 57), these 1pK a s are energetically equivalent to the transfer of a charged group from water to a medium of ε = 12. In
contrast, the static dielectric constants of dry protein powders
range from εprot = 2–4 (58–60). Similar low values of εprot are
predicted by a variety of theoretical calculations on the basis of
normal mode analysis and on molecular dynamics simulations
(61–63). The elevated dielectric constant of εprot ∼
= 12 can be
rationalized in terms of exposure of buried ionizable groups to
solvent either by global unfolding (64, 65) or by the presence of
buried water molecules in the native structure (55).
In cases where shifts in the pK a of an ionizable group in
a protein are determined primarily by the energetics of desolvation, with only minimal contributions by interactions with
other charged or polar residues, the effective dielectric constant in the protein interior (εprot ) can be estimated using a
simple Born formalism (56, 57), which relates the Gibbs free
energy (1G ◦ = 2.3RT1 pKa ) for transferring an ion of valence
Z and cavity radius rcav (Å) from water into the protein interior.
Because the cavity radius differs among the various ionizable
groups, a given 1pK a value will yield different values of εprot
depending on the particular group.
Ketosteroid Isomerase. Ketosteroid isomerase (KSI,
Table 2) catalyzes the conversion of 15 - to 14 -3-ketosteroids
by sequential enolization and ketonization reactions. Asp-38
acts as a general base to remove a proton from C4 and subsequently return it to C6. Recent structural studies indicate that
both Tyr-14 and Asp-99 act as hydrogen-bond donors to stabilize
the negatively charged O3 oxygen of the dienolate intermediate
(66). In accord with the proposed role of Asp-99 being such a
hydrogen-bond donor, the pK a of Asp-99 has been estimated
by native gel electrophoresis and kinetic studies of mutants of
ketosteroid isomerase to be >9 (Table 2) (10). Although not
rigorously tested, the X-ray (66) and NMR structures (67, 68)
of ketosteroid isomerase suggest that the unusually high pK a
of Asp-99 is due to its location in a hydrophobic environment
(HPE) as well as its proximity to the general base Asp-38. Consistent with a hydrophobic active site environment, the pK a for
Tyr-14 is also increased, and using the Born formalisms, yields
an effective or local dielectric constant of εprot = 18 ± 2, (28).
The increased pK a of Tyr-14 may serve to match the pK a of the
dieneolate oxygen of the reaction intermediate, facilitating formation of a short, strong hydrogen bond for stabilization of the
intermediate (69).
4-Oxalocrotonate Tautomerase. 4-Oxalocrotonate tautomerase (4-OT, Table 2) catalyzes the isomerization of unconjugated α-keto acids such as 2-oxo-4-hexenedioate to its
conjugated isomer 2-oxo-3-hexenedioate through a dienolate
intermediate. The enzyme uses the N-terminal proline as the
general base catalyst for transferring a proton between the two
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different carbon atoms. Pro-1 can function as a general base under physiological conditions because of its unusually low pK a of
6.4, which is 3 units lower than the pK a of the model compound,
proline amide (70). The X-ray structure of 4-OT (71) shows that
within a sphere of 9 Å radius, Pro-1 is surrounded by hydrophobic residues, creating a site with a low dielectric constant. In
addition, Arg-11 and Arg-39 are positioned 11 Å and 7 Å, respectively, from Pro-1 and are located at opposite sides of the
active site, providing binding specificity to the terminal carboxyl
groups of the substrate and product. Mutagenesis, NMR, and kinetic studies (27) indicate that the low pK a of Pro-1 results solely
from a low dielectric constant at the hydrophobic active site.
Antibody Aldolases. The catalytic lysine involved in Schiff
base formation in a number of antibody aldolases (AbAld,
Table 2) show downwardly perturbed pK a values of 5.5 to 6.0
(35). In contrast to acetoacetate decarboxylase, X-ray structures
show that the decreased pK a values are due to placement in a
hydrophobic microenvironment.
Bacteriorhodopsin. Bacteriorhodopsin (BR, Table 2) uses
light energy to translocate protons from the intracellular to the
extracellular side of the cell membrane. BR consists of seven
α-helical transmembrane segments with short interhelical loops,
and the chromaphore, retinal, is covalently bound in a Schiff
base linkage to Lys-216 near the middle of the seventh helix
(72). Absorption of a photon of light causes isomerization of
retinal from the all-trans to the 13-cis retinal isomer. After photoexcitation and retinal isomerization, the pK a of the Schiff base
drops from >13 to 8.3 (32, 33), whereas the pK a of Asp-85 increases from 2.2 to 6.9 (5). These coupled pK a changes result
in the transfer of a proton from the Schiff base to Asp-85, and
a proton is released to the extracellular side of the membrane.
Next, the Schiff base is reprotonated by Asp-96 when the pK a
of Asp-96, the primary proton donor to the Schiff base, drops
from >12 to 7.1 (7). After reprotonation, retinal isomerizes back
to all-trans, and the pK a values of the Schiff base and Asp-96
increase back to their initially very high values and Asp-96 is
reprotonated from the intracellular side of the membrane. The
initial or ground state is ultimately regenerated when the pK a of
Asp-85 decreases back to its initial value, causing transfer of its
proton to the proton-releasing group at the extracellular side of
the membrane.
The pK a changes that occur during the photocycle result from
protein conformational changes that accompany the individual
proton transfer reactions in the photorelaxation process. However, the specific structural details underlying the large changes
in pK a remain unclear. Both electron (73, 74) and X-ray diffraction studies (72) indicate large movements of the F and G helices
between the ground state and the intermediate conformational
state obtained after release of the proton to the extracellular
side of the membrane. It has been generally proposed that this
movement serves to redistribute charges of a complex hydrogenbonded network as well as alter solvent accessibility in order
to alter the pK a values of the key groups involved in proton
transport.

Turner and collegues hypothesized that the driving force for
the structural changes originate from concerted changes in a
number of amino-acid side-chain interactions within the F and
G helices (75). To identify these specific interactions, they have
begun performing scanning mutagenesis of these regions in the
D85N mutant of BR (75), which restricts the conformational
equilibrium to only the reprotonation of the Schiff base by D96,
because the neutral side chain of Asn-85 is effectively a “permanently” protonated Asp-85 (Fig. 4). Fig. 4A shows the results
of these amino acid substitutions, which were obtained using a
novel spectroscopic screening system. A light scattering integration sphere was attached to an analytical spectrophotometer enabling the ability to collect total reflectance spectra of whole cells
expressing each of the second-site mutants of BR D85N. The reflectance spectra allow rapid semiquantitative comparison of BR
spectra and pH-dependent spectral changes, without requiring
protein purification. The amino-acid substitutions that caused
significant shifts in the conformational equilibria coupled to the
pK a changes of the Schiff base and D96 are mapped onto the
tertiary structure of BR (Fig. 4B). The observed patterns of perturbation indicate unique domains of peptide-peptide, peptidelipid, and peptide-water interactions that are energetically coupled to the structural transitions that regulate the various pK a
changes. These experimental results, together with the results
of various computational studies of BR, will provide the first
and most detailed analysis of the structural basis of perturbed
pK a values of ionizing groups among the very large and poorly
understood class of membrane-bound signaling and transport
enzymes.

NUCLEIC ACIDS
The intrinsic pK a values of the N1 nitrogens of adenylate
(pK a = 3.5) and guanylate (pK a = 9.4) and the N3 nitrogens
of cytidylate (pK a = 4.2) and uridylate (pK a = 9.4) (Table 1B)
(4) make them strong candidates for use as catalytic groups in
RNA and ribonucleoprotein molecules. Although the N3, N7,
and exocyclic amino nitrogens of adenosine and guanosine are
less likely candidates due to their very low intrinsic pK a values
(pK a < 2) (4), it is plausible that the RNA or ribonucleoprotein can provide microenvironments that could strongly perturb
these pK a values near to physiological pH. The phosphodiester
backbone, as well as the presence of bound metal ions and the
aqueous-like environment found in nucleic acid structures, indicate that electrostatic effects may play a predominant role in
perturbing pK a values, as compared to perturbations of protein
groups, which can further provide hydrophobic groups resulting
in dielectric or Born effects.
Ribosomal Peptidyl Transferase Center (rPTC). One of the
most intriguing examples is provided by X-ray structural (76)
and chemical modification studies of the ribosomal peptidyl
transferase center (rPTC, Table 2) (36) that suggested that
the solvent-exposed N3 nitrogen of adenosine-2451 had an increased pK a of 7.6, which could activate it as a general acid-base

PERTURBED pK a VALUES IN ENZYME ACTIVE SITES

95

catalyst for peptide bond formation. However, subsequent studies by Strobel and coworkers (77) indicated that it was actually
the buried N1 nitrogen of A2451 that was modified during the
titration. In addition, the proposed role of A2451 functioning
as the general acid-base catalyst has not withstood the test of
mutation. Replacement of A2451 by other bases in the rPTC
showed little change in catalytic activity (78, 79), indicating
that ionization of N1 of A2451 has a less important role in catalysis than in tending to maintain conformational flexibility or an
appropriate structure (77–80).
Hepatitis Delta Virus Antigenomic Ribozyme. A much
smaller, but noteworthy increased pK a value is observed for
the N3 nitrogen of a catalytic cytidine (C76) in the antigenomic
ribozyme (hdvAR, Table 2) (37, 81). The X-ray structure of
the homologous genomic ribozyme indicates that a nonbridging
phosphate oxygen of C22 could directly hydrogen bond to the
exocyclic N40 -amino group of C75, shifting the equilibrium to
the imino tautomer, which would serve to increase the pK a of
N3. By stabilizing the imino tautomeric form of C76, its N3
nitrogen could then be used as a general-base catalyst to accept
the proton from the 20 -hydroxyl, activating it for attack of the
bridging phosphate and formation of the pentacoordinated transition state. Protonated N3 could then be used as a general-acid
catalyst to protonate the departing 50 -hydroxyl anion.

Figure 4. Scanning mutagenesis of the F and G helices of the
D85N mutant of BR to reveal amino acids that regulate the
coupled pK a changes of the Schiff base and Asp-96 (75). The
cytoplasmic and the extracellular membrane surfaces are oriented towards the top and bottom, respectively. (A) Phenotypes
of whole cells expressing the various second-site mutants of the
D85N mutant of BR at pH 7.0. Aliquots of whole-cell samples, expressing the different mutants, were transferred to nylon
membranes and then pasted onto the corresponding amino-acid
position in the two-dimensional representation of BR. The differences in color correspond to changes in the visible absorbance
spectra of BR in whole cells, which reflect changes in the BR
D85N structure as a result of the second-site mutation. The color
and position of the D85N single mutant is indicated by the arrow
in the C helix. (B) Tertiary map of BR showing the amino-acid
residues (yellow) important in the regulation of the conformational equilibria, which are coupled to pK a changes of the Schiff
base and Asp-96. The chromophore, retinal, is shown in white
in the interior of BR.

SUMMARY
Table 2 provides a comprehensive listing of ionizable, catalytic groups in enzyme active sites in which the pK a value is
significantly perturbed. The structural basis for each of the perturbed pK a values has been analyzed, and the results indicate
that three principle forms of molecular interactions account for
the shifts in pK a :
Charge-Charge Interactions. Cationic histidine and anionic
cysteine ion pairs, as found in the cysteine proteases and protein
tyrosine phosphatases, result in the lowering of the pK a of the
sulfhydryl, which activates it as a nucleophile. Pairs of proximal
and catalytic lysine residues, as found in acetoacetate decarboxylase, result in the lowering of the pK a of one of the lysines,
activating it as a nucleophile. Pairs of proximal and catalytic
carboxylate groups, as found in glycosidases, ribonucleases, aspartic proteases, and lysozyme result in the elevation of the pK a
of one of the carboxylates, which activates it as a hydrogen-bond
donor or a general-acid catalyst.
Charge-Dipole Interactions. In addition to interactions between fully charged groups, the pK a of a catalytic group can be
strongly perturbed by interactions with partial charges such as
those found in hydrogen bonds. Regulation of hydrogen bond
distance and geometry provides a sensitive mechanism for regulating catalytic events that require systematic cycling of the
pK a value of a catalytic group that must perform more than
one function such as the histidine in serine proteases, which
serves first as a general-base catalyst and subsequently as a
general-acid catalyst. Although the pK a perturbations are considerably smaller, placement of a catalytic cysteine residue near
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the N-terminus of a α-helix is found to be conserved throughout the thioredoxin family as well as the protein tyrosine phosphatase family.
Born or Desolvation Effect. The effect of transferring a
charged group from an aqueous solvent of high polarity to the
hydrophobic interior of a protein provides an alternative macroscopic force that strongly favors the neutral form of a titratable
group. It seems to be a convenient mechanism for enzymes that
bind hydrophobic substrates such as ketosteroid isomerase or
for signaling and transport enzymes such as bacteriorhodopsin,
which are embedded in the membrane.
Finally, it must be emphasized that the regulation of pK a
values of catalytic groups rarely results from the effect of one
class of these types of interactions. Rather, a perturbed pK a
is modulated by a combination of these different interactions.
Ligand binding often causes protein conformational changes,
which modulate the balance between electrostatic contributions
from different partially or fully charged groups as well as dielectric contributions arising from the exclusion or accessibility of
water.
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