
F U L L - L E NG TH PA P E R

Electrostatic fingerprints of catalytically active amino acids
in enzymes

Suhasini M. Iyengar | Kelly K. Barnsley | Rholee Xu | Aleksandr Prystupa |

Mary Jo Ondrechen

Department of Chemistry and Chemical
Biology, Northeastern University, Boston,
Massachusetts, USA

Correspondence
Mary Jo Ondrechen, Department of
Chemistry and Chemical Biology,
Northeastern University, Boston, MA
02115, USA.
Email: mjo@neu.edu

Present address
Rholee Xu, Bioinformatics and
Computational Biology Program,
Worcester Polytechnic Institute,
Worcester, Massachusetts, USA

Funding information
Fulbright Research Grant, Grant/Award
Number: 2221103; National Science
Foundation, Grant/Award Number: CHE-
1905214

Review Editor: Nir Ben-Tal

Abstract

The computed electrostatic and proton transfer properties are studied for

20 enzymes that represent all six major enzyme commission classes and a vari-

ety of different folds. The properties of aspartate, glutamate, and lysine resi-

dues that have been previously experimentally determined to be catalytically

active are reported. The catalytic aspartate and glutamate residues studied here

are strongly coupled to at least one other aspartate or glutamate residue and

often to multiple other carboxylate residues with intrinsic pKa differences less

than 1 pH unit. Sometimes these catalytic acidic residues are also coupled to a

histidine residue, such that the intrinsic pKa of the acidic residue is higher

than that of the histidine. All catalytic lysine residues studied here are strongly

coupled to tyrosine or cysteine residues, wherein the intrinsic pKa of the

anion-forming residue is higher than that of the lysine. Some catalytic lysines

are also coupled to other lysines with intrinsic pKa differences within 1 pH

unit. Some evidence of the possible types of interactions that facilitate nucleo-

philicity is discussed. The interactions reported here provide important clues

about how side chain functional groups that are weak Brønsted acids or bases

for the free amino acid in solution can achieve catalytic potency and become

strong acids, bases or nucleophiles in the enzymatic environment.
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1 | INTRODUCTION

Enzymes catalyze reactions under mild conditions that
on the benchtop might require extreme conditions such
as high temperature or strong acid or base; how this is
achieved is a topic of intense current interest.1,2 Enzyme

catalysis often requires exceptional chemical properties
for amino acid side chains that, in the absence of the pro-
tein environment, would be far less reactive. For
instance, amino acid side chains that would be weak
Brønsted acids or bases in a small peptide can, in the
right protein environment, become a strong base that

Abbreviations: ACCD, 1-aminocyclopropane-1-carboxylate deaminase; DHDPS, dihydrodipicolinate synthase; DNase, deoxyribonucleotidase; EC,
enzyme commission; FAD, flavin adenine dinucleotide; FAH, fumarylacetoacetate hydrolase; HAD, haloacid dehalogenase; HGPRT, hypoxanthine-
guanine phosphoribosyltransferase; M-CSA, mechanism and Catalytic Site Atlas; OCD, ornithine cyclodeaminase; PGI, phosphoglucose isomerase;
SepSecS, O-phosphoseryl-tRNA:selenocysteinyl-tRNA synthase; TH, pyrogallol hydroxytransferase, also called transhydroxylase.
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deprotonates a C H bond or a strong acid that proton-
ates the hydroxyl group of an alcohol. The primary amine
side chain of a lysine residue, that would normally be
protonated at neutral pH, can be deprotonated by the
enzymatic environment to serve as a nucleophile. In this
work, the types of interactions that impart these extraor-
dinary chemical properties are explored, to provide
insight into how amino acid side chains can become
highly reactive in the enzymatic ambience. Here,
20 enzymes with literature annotations of residue roles in
catalysis are analyzed using properties calculated from
the proton occupation functions, which are in turn
obtained from the computed electrostatic potential. These
enzymes were chosen to include all six major enzyme
commission (EC) classes and a variety of different folds
(Table S1).

One chemical property that facilitates catalysis in
enzymes is an expanded buffer range of the ionizable res-
idues involved in catalysis. Indeed, this is such a univer-
sal property of biochemically active residues that we have
used it successfully to identify the reactive amino acids in
protein structures.3–8 This expanded buffer range is a
simple polyprotic acid effect arising from interactions
between residues that can transfer protons. The expanded
buffer range enables both protonation states to exist over
a wide pH range, so that the active amino acids can
return to their original state for the next turnover cycle.
Reactivity is only probable within the buffer range of the
titration curve and, in a dynamic environment, an
expanded buffer range is advantageous, and apparently
essential, for catalysis.

The computed proton occupation function C(pH)
describes the theoretical protonation equilibrium of an
amino acid in a protein structure across a wide pH range.
C(pH) may be calculated for each residue with proton
transfer capability, using the computed electrical poten-
tial function9,10 for the protein structure. For a residue
that follows Henderson–Hasselbalch behavior, the func-
tion C(pH), which always equals 1 at low pH and zero at
high pH, is a sigmoidal function with a sharp fall-off at
pH values near the pKa. For biochemically active amino
acids, such as catalytic residues or those involved in
ligand binding, C has anomalous shape,11 resulting from
strong coupling to proton transfer equilibria on nearby
residues, as is observed in polyprotic acids. It is useful to
express the C(pH) functions in terms of a first derivative
function f,3,4 defined as:

f pHð Þ¼�dC=d pHð Þ ð1Þ

The f(pH) function is related to the proton binding
capacity,12 a measure of the change in concentration of a
bound species per unit change in its chemical potential.

For a titratable amino acid side chain in a small peptide
that does not interact with other titratable species, the
f(pH) function resembles a single Gaussian distribution
function, with a peak at or near the pH equal to the pKa.
However, for titratable residues involved in catalysis or
ligand binding, the broadened f(pH) function deviates
substantially from Gaussian form and may be asymmetri-
cal or have multiple peaks.3,4 The f(pH) function there-
fore resembles a probability density function which,
when integrated over all real numbers, yields unity
because of the 1 to 0 range of the C(pH) functions. The
shape of the f(pH) function can be described by its nth
central moments μn, defined as:4

μn ¼
Z

pH –m1ð Þn f pHð Þ½ �d pHð Þ, ð2Þ

where m1 is the first moment, defined for n = 1 by
the expression for the nth moment mn as:

mn ¼
Z

pHð Þn f pHð Þ½ �d pHð Þ, ð3Þ

where the integrals in Equations (2) and (3) are over
all real numbers (�∞ to +∞).4 The first central moment
μ1 is related to the pKa, the second central moment μ2 is
the variance, μ3 is the skewness, and μ4 is the kurtosis of
the distribution. The even-numbered central moments
are always positive, whereas the odd-numbered central
moments can be positive or negative. A large jμ3j indi-
cates an asymmetrical f(pH) function and a large μ4 is
indicative of a broadened f(pH) function and a widened
buffer range. A large, positive μ3 indicates broadening on
the high pH side of f(pH), with a large, negative μ3
corresponding to broadening on the low pH side. Large
values for jμ3j and μ4 are excellent indicators that a resi-
due is active in catalysis and/or ligand recognition.3,4

2 | RESULTS

Recently,13 we reported expressions that define certain
types of pairwise interactions between amino acids that
help to promote catalysis. The proton transfer equilibria
of polyprotic acids14 depend on the energy of interaction
ε between the pairs of functional groups and on the pKa

difference between them. The model pKa of an amino
acid side chain in a protein structure is defined as the
pKa of the side chain for the free amino acid in aqueous
solution. The intrinsic pKa of an amino acid in a protein
structure is defined as the pKa of the side chain in the
hypothetical protein with all other titratable groups in
their electrically neutral state. For two like-charge
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functional groups, an expanded buffer range is achieved
if the difference in the intrinsic pKas of the two residues
is approximately within 1 pH unit, as:13,15

�1e< pKa intrinsicð Þ1�pKa intrinsicð Þ2e< þ1 ð4Þ

For a cation-forming residue coupled to an anion-
forming residue, an elongated buffer range occurs when
the intrinsic pKa of the anion-forming (acid) residue is
higher than the intrinsic pKa of the (conjugate acid of
the) cation-forming (base) residue and depends on the
energy of interaction ε.13,15 Expressing ε in units of
�(ln10)RT, noting that the units are defined so that ε is
positive, the optimum difference in intrinsic pKas is
within approximately 1 pH unit of ε, as:13

ε�1e< pKa intrinsicð Þacid�pKa intrinsicð Þbasee< εþ1 ð5Þ

Thus, Equations (4) and (5) suggest that catalytic aspar-
tates and glutamates tend to be coupled to other aspar-
tates and glutamates, or to histidine residues, if the
protein environment can bring the intrinsic pKa of the
histidine below that of the acid. Likewise, catalytic
lysines tend to be coupled to other lysines, or to anion-
forming residues with high intrinsic pKas, such as tyro-
sines and cysteines.13 In the examples studied here, the
couplings that impart catalytic proficiency to aspartates,
glutamates, and lysines, and special properties that
enable nucleophilicity, are reported.

2.1 | Catalytic aspartate and glutamate
residues

2.1.1 | Glycoside hydrolases

One common feature among many glycoside hydrolases
is an acidic residue in the active site that either acts
directly as a nucleophile or activates water to serve as a
nucleophile. Another acidic residue may serve as a gen-
eral acid/base. Table 1 shows the first four central
moments for the glutamate residues that have literature-
annotated functional roles in five different enzymes with
different chemistry and different EC classifications.16–22

The value ranges for all other glutamates in each protein
structure are also given. For each of these enzymes, one
glutamate has been reported as a general acid/base or
proton donor and another is reported as the nucleophile.
For each of the five enzymes, both the annotated func-
tional residues have relatively large jμ3j and μ4 values, as
expected,3,4,23 but the nucleophilic glutamates have dis-
tinctively low values for μ1 for all five proteins. Also, the
nucleophilic glutamate has the largest positive μ3 among
all the glutamates within each protein. The low value for
μ1 obtained for both catalytic residues is indicative of a
downshifted titration curve, and thus a downshifted pKa

and strong acidity. The large, positive value for μ3 for the
nucleophile indicates that the buffer range extends for a
large range on the high pH side of the titration curve.
Theoretical titration curves calculated for the two

TABLE 1 The first four central moments for glutamates in five different glycoside hydrolases, for the reported proton donor/acceptor,

the reported nucleophile, and value ranges for all other glutamates

UniProt/PDB Protein/EC Residue Residue reported role μ1 μ2 μ3 μ4 References

P29717 / 1CZ1 Exo-β-(1,3)-glucanase/EC
3.2.1.58

E192 General acid �0.82 6.1 18 265 16

E292 Nucleophile �3.9 5.8 34 429

All other Glu: μ1 > +2.2 μ3 < +1.6

P07986 / 1EXP Endo-1,4-β-glycanase/EC
3.2.1.8

E127 General acid/base 1.4 5.1 2.9 65 17

E233 Nucleophile 1.2 8.1 11 169

All other Glu: μ1 > +2.3 μ3 < +0.6

P48842 / 1FHL β-1,4-galactanase/EC
3.2.1.89

E136 Proton donor 4.4 10 �9.8 196 18

E246 Nucleophile 1.9 8.5 19 217

All other Glu: μ1 > +3.9 μ3 < +1.4

P54583 / 1ECE Endocellulase E1/EC
3.2.1.4

E162 Proton donor 2.2 3.9 4.3 70 19

E282 Nucleophile �1.7 2.8 9.5 88

All other Glu: μ1 > +1.0 μ3 < +3.3

Q08638 / 1OIF β-Glucosidase/EC 3.2.1.21 E166 Acid/base 0.27 8.0 21 209 20

E351 Nucleophile �0.65 10 32 313

All other Glu: μ3 < +5.5; μ1 (E22) = �0.26; all other Glu: μ1 > +1.6
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catalytic glutamates E166 and E351 plus three ordinary
glutamates, E227, E234, and E340, of β-glucosidase from
Thermotoga maritima are shown in Figure 1; the overall
reaction is shown in Scheme 1. Note how the curves for
the two biochemically active glutamates are shifted to
lower pH and how the nucleophile, E351, has an
extended buffer range on the high pH side of the
midpoint.

The residues most strongly coupled to E166 and E351
for β-glucosidase from Thermotoga maritima are listed in
Table 2, which lists the pairwise potential energy
(in kcal/mol) between each biochemically active gluta-
mate and each coupling partner and the intrinsic pKas of

the coupling partners. The coupling partners, R77, H121,
Y295, and E405, all surround the active site pocket
(Figure 2). E166 has an intrinsic pKa of 3.7 and E351 has
an intrinsic pKa of 4.3. E166 is strongly coupled to two
other acidic residues, E351 and E405; both have intrinsic
pKas within 1 pH unit of that of E166 and contribute to
the broad buffer range of E166. The protein environment
has downshifted the intrinsic pKa of H121, so that the
intrinsic pKa of E166 is higher and therefore the
H121-E166 coupling contributes to a broader titration
curve for both residues. While E166 is strongly coupled to
its partners, note the even higher energies of interaction
between the nucleophilic E351 and its partners. E351 is
coupled to E166 and to E405, with differences in intrinsic
pKa of less than 1 pH unit. The potential energy between
E351 and H121 is 1.8 kcal/mol = 1.3 in units of �ln(10)
RT (for T = 293 K), so the intrinsic pKa difference
between E351 and H121 of 0.9 pH is within the range
that leads to broadening of the buffer range. Interactions
of both catalytic residues with R77 and Y295 shift the
titration curve along the pH axis but do not alter the
shape of the titration curve or contribute to the broad

FIGURE 1 Theoretical titration curves, expressed as the

proton occupation C for each residue in a large ensemble of protein

molecules as a function of pH, calculated for the two catalytic

glutamates E166 (acid/base) and E351 (nucleophile) plus three

ordinary glutamates, E227, E234, and E340, of β-glucosidase from
Thermotoga maritima

SCHEME 1 Reaction catalyzed by β-glucosidase, where R =

β-D-glucose

FIGURE 2 Coupled amino acids around the active site of

β-glucosidase from Thermotoga maritima: Catalytic E166 and E351

(brown); other coupled residues (green). Ligand is shown in red.

Based on PDB structure 1OIF.20 Image rendered in Pymol 2.4.1

TABLE 2 Pairwise energies of interaction (kcal/mol) between the two catalytic glutamate residues, E166 (general acid/bas) and E351

(nucleophile) of β-glucosidase from Thermotoga maritima and their strongest coupling partners; intrinsic pKas are also listed

Top couplers to E166: pKa(intrinsic) = 3.7 Top couplers to E351: pKa(intrinsic) = 4.3

Residue jEj(kcal/mol) pKa(intrinsic) Residue jEj(kcal/mol) pKa(intrinsic)

E351 1.9 4.3 Y295 3.1 10.6

Y295 1.4 10.6 R77 2.6 10.5

H121 1.3 3.4 E166 1.9 3.7

R77 1.2 10.5 H121 1.8 3.4

E405 0.95 4.3 E405 1.0 4.3
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buffer ranges. The residues corresponding to R77 and
Y295 in an orthologous enzyme from Spodoptera
frugiperda (an agricultural pest insect) have been shown
previously by site-directed mutagenesis to lower the opti-
mum pH of the reaction.24

Pairwise interaction energies for the two catalytic glu-
tamate residues of the other four glycoside hydrolases
listed in Table 1 are given in the Tables S2-S5. For all
these examples, the catalytic glutamates are coupled to
other acidic residues (aspartates and glutamates) with
intrinsic pKa differences of 1 pH unit or less, to yield
broad buffer ranges for the catalytic residues. Note that
positively charged residues, including R92 of Exo-β-(1,3)-
glucanase, R136 and K179 of Endo-1,4-β-glycanase, R45
of β-1,4-galactanase, and R62 of Endocellulase E1, are
coupled to the catalytic residues to affect a lower pKa and
stronger acidity.

A general conclusion from these five glycoside hydro-
lases is that the nucleophile, compared to other glutamate
residues, has a downshifted titration curve (corresponding
to the low μ1 value) with an expanded buffer range, where
the titration curve is broadened on the high pH side of the
pKa (corresponding to the high, positive μ3 value). This is
consistent with available experimental evidence.
Søndergaard and co-workers reported fitted titration cur-
ves of individual residues obtained from experimental C13

NMR data for Bacillus circulans xylanase (Uniprot P09850;
EC 3.2.1.8; PDB 1XNB).25 This 20.4 kDa protein has only
two glutamates: E78, the nucleophile and E172, the proton
donor.26 Table 3 summarizes the titration curve features
for these two residues, as calculated by us and determined
by Søndergaard. The pKa, the buffer range (equal to the
number of pH units between 0.10 and 0.90 average proton
occupancy) and the number of pH units on the high pH
side of the buffer range, between 0.10 and 0.50 average
proton occupancy (i.e., between the pH at the high pH
end of the buffer range and the pH at the pKa). These simi-
lar data sets show a lower pKa and a broadened buffer
range on the high pH side for the nucleophile. The two
catalytic residues E78 and E172 are the principal contribu-
tors to the buffer range of one another. The stronger cou-
pling of the nucleophile E78 to the positively charged
neighbor R112 creates the lower pKa for E78 (Table S6);

this ensures that E78 is deprotonated at neutral or near-
neutral pH and available to affect nucleophilic attack.

2.1.2 | Human deoxyribonucleotidase

Deoxyribonucleotidase (DNase) degrades DNA by cata-
lyzing the hydrolysis of phosphodiester linkages in the
backbone of DNA (Scheme 2). Human mitochondrial
deoxyribonucleotidase (Uniprot Q9NPB1; EC. 3.1.3.5;
PDB 1Q91) has two catalytic aspartate residues.27 Asp41
serves as the nucleophile, Asp 43 is the proton donor and
acceptor; a third active site aspartate, Asp176, coordinates
a Mg2+ ion.28,29 Table 4 gives the pairwise potential ener-
gies and the intrinsic pKas of the five strongest coupling
partners for D41 and D43. It is observed that D41 is
coupled with high potential energy to three other acidic
residues, D175, D176, and D43, with intrinsic pKas very
close to that of D41. The side chain of D175, a second
shell residue, is located about 3.7 Å away from that of
D41 (Figure 3). D43 has strong coupling to two acidic res-
idues, D41 and D176, with very similar intrinsic pKas.

Theoretical titration curves for the two catalytic
aspartates and for three other aspartates in human
deoxyribonucleotidase are shown in Figure 4. In
Figure 4, one observes the downshifted titration curves
for the two catalytic residues and the long tail on the high
pH side of the curve for the nucleophilic D41.

2.1.3 | Haloacid dehalogenase

Haloacid dehalogenase (HAD) catalyzes the hydrolytic
dehalogenation of an L-2-haloacid to produce the
corresponding D-2-hydroxyacid with inversion at

TABLE 3 Comparison of titration curve features of the catalytically active residues of B. circulans xylanase, E78 (nucleophile) and E172

(proton donor), as calculated here and as measured from fitted C13 NMR chemical shift curves as reported in Ref. 25

This work—calculated Ref. 25—from NMR data

pKa Range (0.1–0.9) Range (0.1–0.5) pKa Range (0.1–0.9) Range (0.1–0.5)

E78 4.6 3.2 1.8 4.7 2.7 1.7

E172 5.9 2.8 1.1 6.6 2.5 0.9

Note: Listed are the pKa, the number of pH units between 0.10 and 0.90 proton occupancy (the buffer range), and the number of pH units between 0.10 and
0.50 proton occupancy (the part of the buffer range on the high pH side of the pKa).

SCHEME 2 Reaction catalyzed by deoxyribonucleotidase; R

= A, G, C, or T
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carbon-2.30,31 In Xanthobacter autotrophicus HAD
(Uniprot Q60099; EC 3.8.1.2; PDB 1QQ5), D8 serves as
the nucleophile and D176 as the general acid/base. These
two residues are strongly coupled to each other with
intrinsic pKas 0.6 pH units apart, contributing to

broadened titration curves. Both residues are coupled to
the nearby positively charged K147 and R39, leading to
downshifted pKas, estimated at �2 for D8 and 0.4 for
D176. Additional couplings are noted to Y10, Y153, and
Y223 (Table S7).

2.1.4 | Ornithine cyclodeaminase

Ornithine cyclodeaminase (OCD) is an NAD+-dependent
enzyme that catalyzes the conversion of L-ornithine to L-
proline and ammonium32 (Scheme 3). The x-ray crystal
structure of Pseudomonas putida OCD has been reported
(Uniprot Q88H32; EC 4.3.1.12; PDB 1X7D).32 D228 is
annotated as a general acid/base that deprotonates the
α-amino group of ornithine to activate it for nucleophilic
attack and then donates the proton back to the α-amino
group of the proline product. It is also suggested that
Glu56 might function as a proton acceptor. Pairwise elec-
trostatic potential energies and intrinsic pKas for the resi-
dues most strongly coupled to E56 and D228 are shown
in Table 5 and are depicted in Figure 5. E56 and D228 are
coupled to each other and to E256, with all pairwise
intrinsic pKas differences less than 1 pH unit. R45 and
K232 are coupled to both E56 and D228 and these inter-
actions with positively charged residues lead to lower
pKas for the two active site residues.

2.1.5 | Hypoxanthine-guanine
phosphoribosyltransferase

Human hypoxanthine-guanine phosphoribosyltransferase
(HGPRT) catalyzes the transfer of the phosphoribosyl

TABLE 4 Pairwise electrostatic potential energies (jEj, kcal/mol) and intrinsic pKas for the five residues most strongly coupled to D41

(nucleophile) and D43 (acid/base) in deoxyribonucleotidase

Top couplers to D41: pKa(intrinsic) = 3.9 Top couplers to D43: pKa(intrinsic) = 3.9

Residue jEj(kcal/mol) pKa(intrinsic) Residue jEj(kcal/mol) pKa(intrinsic)

D175 3.0 4.2 K143 2.8 6.9

K165 2.8 8.7 D41 1.2 3.9

D176 1.7 4.0 C139 1.0 8.6

D43 1.2 3.9 K165 0.97 8.7

K143 1.0 6.9 D176 0.97 4.0

FIGURE 3 Coupled amino acids around the active site of

human deoxyribonucleotidase: Catalyic residues D41 and D43

(brown); other coupled residues (green). Ions shown as gray balls.

Ligand is shown in red. Based on PDB structure 1Q91.28 Image

rendered in Pymol 2.4.1

FIGURE 4 Theoretical titration curves, expressed as the

proton occupation for each residue in a large ensemble of protein

molecules as a function of pH, calculated for D41 (nucleophile),

D43 (proton donor/acceptor), and three other more typical

aspartates in human DNase

SCHEME 3 Reaction catalyzed by ornithine cyclodeaminase
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group from α-D-5-phosphoribosyl 1-pyrophosphate to
hypoxanthine to form the nucleotide IMP or to guanine
to form GMP.33 In human HGPRT (Uniprot P00492; EC
2.4.2.8; PDB 1BZY) D137 serves as the general acid/base,
while E133 and D134 help to stabilize the transition
state.34 K165 and R169 are strongly coupled to the cata-
lytic D137, serving to downshift its pKa. D137 has an
intrinsic pKa of 4.7; its buffer range is expanded through
coupling to E133 (intrinsic pKa 4.1) and to D184 (intrinsic
pKa 4.0), a second-shell residue located behind D137 with
respect to the substrate (Table S8, Figure 6).

2.1.6 | Aspartate ammonia ligase

Aspartate ammonia ligase catalyzes the ATP-dependent
formation of L-asparagine from L-aspartate and ammo-
nia.35 In E. coli aspartate ammonia ligase (Uniprot
P00963; EC 6.3.1.1; PDB 12AS),36 D46 deprotonates the
ammonium ion to activate it for nucleophilic attack. D46
is coupled to D118 with an intrinsic pKa difference of 0.7
pH units and this interaction serves to expand the buffer

ranges of both residues, which are 6.7 Å apart. The pKa

of the catalytic base D46 is lowered through interactions
with the positively charged residues K75 (a second-shell
residue) and K77 (a substrate-binding residue) (Table S9).

2.1.7 | Fucose isomerase

E. coli L-fucose isomerase (Uniprot P69922; E.C. 5.3.1.25;
PDB 1FUI) converts the aldohexoses L-fucose and L-
arabinose to the corresponding ketoses, L-fuculose and L-
ribulose, respectively.37 In this manganese-dependent
enzyme, E337 and D361 are reported to play general acid/
base roles and are involved in binding the Mn2+ ion, while
H528 also binds the Mn2+ ion.37 The intrinsic pKas of
E337 and D361 are 4.6 and 5.0, respectively, so they are
coupled to each other to produce broadened buffer ranges.
E337 is also coupled to E316, D313, and D339, with intrin-
sic pKas of 3.7, 3.8, and 4.1, respectively, with the three

TABLE 5 Pairwise electrostatic potential energies (jEj, kcal/mol) and intrinsic pKas for the five residues most strongly coupled to E56

(possible proton donor) and D228 (general acid/base) in ornithine cyclodeaminase

Top couplers to E56: pKa(intrinsic) = 5.5 Top couplers to D228: pKa(intrinsic) = 5.2

Residue jEj(kcal/mol) pKa(intrinsic) Residue jEj(kcal/mol) pKa(intrinsic)

R45 2.2 12.0 K232 2.4 9.3

E256 1.3 5.6 R45 1.5 12.0

D228 1.3 5.2 C229 1.4 9.7

C229 0.97 9.7 E56 1.3 5.5

K232 0.92 9.3 E256 0.94 5.6

FIGURE 5 Coupled amino acids around the active site of

Pseudomonas putida ornithine cyclodeaminase: Catalytic residues

D228 and E56 (brown); coupled residues (green). Ligands NAD and

ornithine are shown in red. Na+ ion is rendered as a gray ball.

Based on PDB structure 1X7D.32 Image rendered in Pymol 2.4.1

FIGURE 6 Coupled amino acids around the active site of

human hypoxanthine-guanine phosphoribosyltransferase

(HGPRT). Catalytic residues D137 (general acid/base) and E133

and D134 (transition state stabilizers) are shown in brown; coupled

residues are shown in green. A transition state analog inhibitor is

shown in red. Pyrophosphate and Mg2+ ions are shown as gray

balls. Based on PDB structure 1BZY.33 Image rendered in

Pymol 2.4.1
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partners contributing to the broadening of the titration
curve of E337. Both catalytic residues are coupled to H528;
the protein environment has downshifted the intrinsic pKa

of H528 to 3.9, below that of the two catalytic acidic resi-
dues, so that H528 contributes to the broadened buffer
ranges of E337 and D361 (Table S10).

2.1.8 | Pyrogallol hydroxytransferase

Pyrogallol hydroxytransferase, also called trans-
hydroxylase (TH), from the anaerobic bacterium
Pelobacter acidigallici (Uniprot P80563; EC 1.97.1.2; PDB
4V4E) is an Mo-dependent enzyme that catalyzes a net
hydroxyl group transfer, converting pyrogallol to
phloroglucinol.38 H144, D174, and Y404 are reported to
play general acid/base roles in the mechanism.38,39 The
active site of TH has an especially extensive network of
strongly coupled residues; D174 and H144 each have
12 coupling partners with energies of interaction greater
than or equal to 1.0 kcal/mol (Table S11). The buffer
range of D174, which has an intrinsic pKa of 3.2, is broad-
ened through coupling to E177 and E818, with intrinsic
pKas of 3.5 and 3.7, respectively. The intrinsic pKas of the
histidine coupling partners of D174, H744 (3.9), H144
(4.3), and H171 (4.1), although decreased by the protein
environment, are too high to affect significant broaden-
ing of the titration curve of D174. The buffer range of
H144, with its intrinsic pKa of 4.3, is broadened by cou-
pling to other histidine residues with intrinsic pKas
within 1 pH unit, H744 (3.9) and H738 (3.8).

2.1.9 | Human phosphoglucose isomerase

Phosphoglucose isomerase (PGI) catalyzes the reversible
isomerization of glucose 6-phosphate and fructose
6-phosphate (Scheme 4). Human PGI (Uniprot P06744; EC
5.3.1.9; PDB 1IAT) is active as a dimer; E358 acts as the cat-
alytic base, R273 helps to stabilize the intermediate, and
H389 and K519 are believed to be involved in the ring-
opening and closing steps.40–43 Residues located in the sec-
ond and third layers from the substrate have been shown to
contribute to the catalytic activity.5,6 Figure 7 shows the
local structure of the multilayer active site of human PGI,
with β-mercaptoethanol and a sulfate ion bound.45 Pairwise
energies of interaction between the catalytic base E358 for
the two subunits and their strongest interaction partners,
together with intrinsic pKas, are shown in Table 6. The cat-
alytic base E358 in each subunit is coupled with H389 of
the opposite subunit. H389 is a first shell residue and has
been shown to be essential for catalysis, as no detectable
activity was observed for the H389L variant.5,6 The intrinsic
pKas of E358 in both subunits are elevated by the protein

environment to 5.9, above that of the two H389s (intrinsic
pKa 4.2), so that the buffer ranges of all four residues are
broadened. Although the intrinsic pKas of the catalytic glu-
tamates E358 are increased, their pKas, calculated with
interactions with charged residues included, are heavily
downshifted to an estimated value of about �3,
corresponding to strong acidity. This is achieved through
interactions with the positively charged residues R273,
K362, and K519. K362 is a second-shell residue located
behind E358 and R273. Although K362 is positioned 11 Å
away from the ligand, it is essential for catalysis; the K362A
variant exhibited no detectable activity.5,6

2.2 | Catalytic lysine residues

2.2.1 | DNA ligase

One example of an enzyme with catalytically active lysine
residues is ATP-dependent DNA ligase. DNA ligase is
important in DNA repair and catalyzes the formation of

SCHEME 4 Reaction catalyzed by phosphoglucose isomerase

FIGURE 7 Local structure of the multilayer active site of

human phosphoglucose isomerase with β-mercaptoethanol and

sulfate ion (in red) bound (showing the A subunit of the

homodimer structure). The catalytic glutamate E358 is shown in

teal; coupled residues from the A subunit are colored green; the

coupled H389 from the B subunit is shown in gray. Based on PDB

structure 1IAT.44 Image rendered in Pymol 2.4.1
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phosphodiester linkages between nucleotides (Scheme 5).
For DNA ligase from bacteriophage T7 (Uniprot P00969;
EC 6.5.1.1; PDB 1A0I),46 K34 serves as the nucleophile
and K238 and K240 are reported to help to stabilize the
transition state.47–52 Table 7 and Figure 8 show the
coupled partners to K34 that can affect a broadened buffer
range (see also Table S12). These include other cation-
forming residues, K238, K240 and R55, and the anion-
forming residue Y149. These four coupled amino acids
have intrinsic pKa differences with K34 in the range that
promotes an expanded buffer range, with small intrinsic
pKa differences for K238, and K240, with a small contribu-
tion from R55. Y149 has a higher intrinsic pKa than K34
by 1.2 pH units, which is within the range of Equation (5),
that is, between jEj/ln(10)RT – 1 and jEj/ln(10)RT + 1, in
this case between �0.4 and +1.6 for T = 293 K.

2.2.2 | 1-Aminocyclopropane-1-carboxylate
deaminase

The ethylene-sequestering, pyridoxal phosphate (PLP)-
dependent enzyme 1-aminocyclopropane-1-carboxylate

deaminase (ACCD) is found in soil microbes and helps to
promote the growth of plants and to protect plants from
stresses.53 In Cyberlindnera saturnus ACCD (Uniprot
Q7M523; EC 3.5.99.7; PDB 1F2D), Lys51 serves as the
nucleophile and Tyr269 and Tyr295 are believed to act as
proton relays.54 The reported lack of activity of the Y295F
variant implies that Tyr295 is essential for catalysis and it
has been suggested that Tyr295 could also act as a nucle-
ophile.55 The residues strongly coupled to Lys51 are:
Lys54, Tyr295, Cys199, Glu296, Cys165, and Tyr269
(Table S13). The intrinsic pKa of K51 is downshifted by

TABLE 6 Pairwise electrostatic potential energies (jEj, kcal/mol) and intrinsic pKas for the five residues most strongly coupled to the

catalytic base E358 for the A and B subunits of human phosphoglucose isomerase

Top couplers to E358A: pKa(intrinsic) = 5.9 Top couplers to E358B: pKa(intrinsic) = 5.9

Residue jEj(kcal/mol) pKa(intrinsic) Residue jEj(kcal/mol) pKa(intrinsic)

R273A 2.3 12.2 R273B 2.3 12.1

H389B 1.2 4.2 H389A 1.2 4.2

K362A 1.2 10.6 K362B 1.2 10.6

Y274A 0.85 12.0 K519B 0.87 9.1

K519A 0.82 9.1 Y274B 0.85 12.0

SCHEME 5 Reaction

catalyzed by DNA ligase

TABLE 7 Intrinsic pKas for ATP-dependent DNA ligase and

energies of interaction with K34

Residue Intrinsic pKa jEj(kcal/mol)

K34 (nucleophile) 10.1 �
K238 9.9 0.65

K240 10.0 0.87

R55 11.2 0.62

Y149 11.3 0.80
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the protein environment to the low value of 6.3. The side
chain of K54 is located 4 Å away from that of K51; the
intrinsic pKa difference of 1.0 pH units between K51 and
K54 contributes to the broadened buffer ranges of both
residues. The anion-forming residues Y295, C199, C165,
Y269, and C200 have intrinsic pKas higher than that of
K51 (differences of 1.2, 0.4, 1.3, 0.9, and 1.2, respectively)
and within the range to affect broadening of the buffer
range, according to Equation (5).

2.2.3 | Dihydrodipicolinate synthase

Dihydrodipicolinate synthase (DHDPS) catalyzes one
step in the biosynthesis of lysine, forming 4-hydroxy-
tetrahydropicolinic acid from L-aspartate-β-semialdehyde
and pyruvate. In E. coli DHDPS (Uniprot P0A6L2; EC
4.3.3.7; PDB 1DHP), K161 acts as the nucleophile,
attacking the keto group of pyruvate and forming a Schiff
base.56 Y133 is reported to form a hydrogen bond with
the carbonyl group of pyruvate, helping to activate it for
nucleophilic attack; R138 coordinates the carboxyl group
of L-aspartate-β-semialdehyde.56 The primary contribu-
tion to the broadening of the buffer range of K161 is the
interaction with Y133. The potential energy of interaction
in units of ln(10)RT is 2.0, thus the intrinsic pKa differ-
ence of 1.7 (with Y133 higher) is within the range to
affect broadening (Table S14).

2.2.4 | 8-oxoguanine DNA-glycosylase

Human 8-oxoguanine DNA-glycosylase (Uniprot O15527;
EC 4.2.99.18; PDB 1LWY) catalyzes an important step in
DNA repair, excising the modified base 8-oxoguanine
from damaged DNA. K249 is the nucleophile, attacking

the sugar moiety of 8-oxoguanine DNA, leading to ring
opening, release of the 8-oxoguanine, and yielding an
abasic site.57,58 D268 is reported to stabilize the transition
state. K249 is strongly coupled to the anion-forming resi-
due C253 and less strongly to C140. The intrinsic pKas of
C253 and C140, 9.7 and 10.2, respectively, are higher
than the intrinsic pKa of 9.1 for the nucleophilic K249
and are both well within the range of Equation (5) for
expansion of the buffer range (Table S15). C253 is a
second-shell residue and in the x-ray crystal structure59 it
is located behind K249 with respect to the substrate, with
the side chains 4.6 Å apart (Figure 9). C140, a third-shell
residue situated behind C253 and with weaker potential
energy of interaction with K249, makes a smaller contri-
bution to the buffer range.

2.2.5 | O-Phosphoseryl-tRNA:
selenocysteinyl-tRNA synthase

The final step in the formation of selenocysteine is cata-
lyzed by O-phosphoseryl-tRNA:selenocysteinyl-tRNA
synthase (SepSecS).60 SepSecS from Methanococcus mar-
ipaludis (Uniprot Q6LZM9; EC 2.9.1.2; PDB 2Z67)61 is
dependent on the pyridoxal phosphate (PLP) cofactor
and the catalytic K278 is covalently bound to PLP in the
initial state of the enzyme as an internal aldimine. Upon
binding of substrate, K278 attacks the phosphoserine-
bound tRNA to form an external aldimine. K278 serves
as both a nucleophile and general acid/base in the reac-
tion mechanism. K278 achieves a broadened buffer range
through coupling to another residue in the active site
pocket, Y250. The intrinsic pKa of Y250 is 1.5 pH units

FIGURE 9 Coupled amino acids around the active site of

human 8-oxoguanine DNA-glycosylase. The catalytic nucleophile

K249 is shown in teal; coupled residues in green. Ligand is shown

in red. Based on PDB structure 1LWY.59 Image rendered in

Pymol 2.4.1

FIGURE 8 Coupled amino acids around the active site of DNA

ligase from bacteriophage T7. Catalytic residues K34 (nucleophile)

and K238 and K240 (transition state stabilizers) are shown in teal.

Coupled residues are shown in green. Ligand is rendered in red.

Based on PDB structure 1A0I.46 Image rendered in Pymol 2.4.1
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higher than that of K278 and is within the range neces-
sary to affect broadening (Table S16). Y161 and Y257 are
also among the top couplers to K278, but their weaker
energies of interaction and their intrinsic pKa differences
that exceed the range of Equation (5), suggest that they
do not contribute significantly to the broadened buffer
range of K278.

2.2.6 | Fumarylacetoacetate hydrolase

A carbon–carbon bond in fumarylacetoacetate is cleaved
by fumarylacetoacetate hydrolase (FAH) to yield fuma-
rate and acetoacetate62 (Scheme 6). In Mus musculus
FAH (Uniprot P35505; EC 3.7.1.2; PDB 1HYO), K253 is
a general acid/base catalyst.62 The strongest coupling
partners with K253 are shown in Table 8. The intrinsic
pKa of K253 has been lowered by the protein environ-
ment to 8.8. However, strong interactions with five neg-
atively charged neighbors, E199, D233, D126, E201, and
D197, has raised the pKa of the conjugate acid of K253
to an estimated 17, corresponding to strong basicity. The
buffer range of K253 is broadened by its strong interac-
tion with Y159 (ε = 1.4 in units of ln(10)RT at
T = 293 K), which has an intrinsic pKa 1.5 pH units
higher than that of K253, within the range to affect
broadening.

2.2.7 | L-amino acid oxidase

The structure of L-amino acid oxidase, a component of
the venom from the snake Calloselasma rhodostoma
(Uniprot P81382; EC 1.4.3.2; PDB 1F8R) that catalyzes
the oxidative deamination of L-amino acids, has been
reported.63 A FAD co-factor is noncovalently bound to
the enzyme. H223 and K326 are reported to serve as the
general acids and bases.63 The residues most strongly
coupled to the catalytic K326, which has an intrinsic pKa

of 9.1, are shown in Table S17: Y372 and Y356 have
intrinsic pKas of 10.0 and 10.9, respectively; both have
intrinsic pKas higher than that of K326 and within the
range to affect a broadened buffer range. Both Y372 and
Y356 are first-shell residues that interact directly with the
substrate; Y372 also makes contact with the FAD co-
factor.

3 | DISCUSSION AND
CONCLUSIONS

The examples reported here represent all six major EC
classifications and multiple different fold types
(Table S1). In this diverse set of enzymes, some general
patterns emerge in the types of couplings obtained for the
catalytic residues.

The catalytic aspartates and glutamates studied here
show a pattern of strong coupling to at least one other
aspartate or glutamate and often to multiple other car-
boxylate residues with intrinsic pKa differences less than
or equal to 1 pH unit. Sometimes these catalytic acidic
residues are also coupled to histidines, such that the
intrinsic pKa of the acidic residue is higher than that of
the histidine. This is the case for the catalytic E358 in
phosphoglucose isomerase, for instance; a histidine with
an unusually downshifted intrinsic pKa is the primary
contributor to an expanded buffer range. These trends
are summarized in Table 9.

For the catalytic lysine residues studied here, all are
strongly coupled to tyrosine or cysteine residues, wherein
the intrinsic pKa of the anion-forming residue is higher
than that of the lysine. Some catalytic lysines are also
coupled to other lysines with intrinsic pKa differences
within 1 pH unit. These features are summarized in
Table 10.

For the glycoside hydrolases shown in Table 1, there
is a distinct pattern wherein both catalytic glutamates
have very downshifted pH profiles, corresponding to low

SCHEME 6 Reaction catalyzed by fumarylacetoacetate hydrolase (FAH)

TABLE 8 Pairwise energies of interaction (kcal/mol) and

intrinsic pKas between catalytic K253 and its strongest coupling

partners in Mus musculus fumarylacetoacetate hydrolase

Top couplers to K253: pKa(intrinsic) = 8.8

Residue jEj(kcal/mol) pKa(intrinsic)

E199 3.1 5.3

R237 2.3 10.5

D233 1.9 5.3

Y159 1.8 10.3

D126 1.2 5.0

E201 1.1 5.1

D197 1.0 4.3
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values for μ1 compared to the other glutamates, but the
nucleophilic glutamate has the lowest value for μ1. To
have both protonation states in significant population at
neutral pH, interactions with nearby residues create a
wide buffer range on the high pH side of the titration
curve, and this is reflected in the high, positive values for
μ3 for the nucleophile. This pattern of low μ1 and high,
positive μ3 is also observed for the catalytic nucleophile
D8 in haloacid dehalogenase (Table S18). However, the

reported catalytic nucleophile in DNase, D41 (Table S18)
does not show this pattern, suggesting that there is more
than one way to make an acidic residue into a nucleo-
phile. Direct experimental verification of nucleophilicity
via suicide inhibition would be helpful.

For the lysine nucleophiles, this pattern of low μ1
and high, positive μ3 is found for K51 of 1-amino-
cyclopropane-1-carboxylate deaminase (ACCD). A titra-
tion curve shifted to higher pH, corresponding to a

TABLE 9 Summary of the most strongly coupled amino acids that contribute to an expanded buffer range for catalytically active

aspartates and glutamates

Enzyme PDB Catalytic residue Role Coupled residue ΔpKa intrinsic jEj (kcal/mol)

β-Glucosidase 1OIF E166 Acid/base E351 +0.6 1.9

E405 +0.6 0.95

E351 Nucleophile E166 �0.6 1.9

E405 0.0 1.0

DNase 1Q91 D41 Nucleophile D175 +0.3 3.0

D176 +0.1 1.7

D43 0.0 1.2

D43 Acid/base D41 0.0 1.2

D176 +0.1 0.97

Haloacid dehalogenase 1QQ5 D8 Nucleophile D176 +0.6 2.7

D176 Acid/base D8 �0.6 2.7

Ornithine cyclodeaminase 1X7D E56 Acid/base E256 +0.1 1.3

D228 �0.3 1.3

D228 Acid/base E56 +0.3 1.3

E256 +0.4 0.94

HGPRT 1BZY D137 Acid/base E133 �0.6 0.76

D184 �0.7 0.75

Asp ammonia ligase 12AS D46 Acid/base D118 +0.7 0.94

Fucose isomerase 1FUI E337 Acid/base H528 �0.7 1.5

D361 +0.4 1.3

E316 �0.9 1.2

D313 �0.8 1.1

D339 �0.5 0.83

D361 Acid/base E337 �0.4 1.3

H528 �1.1 1.2

D339 �0.9 0.56

Pyrogallol hydroxytransferase 4V4E D174 Acid/base E177 +0.3 1.6

E818 +0.5 1.3

Phosphoglucose isomerase 1IAT E358A Acid/base H389B �1.7 1.2

D511A �0.9 0.70

D356A �0.6 0.65

Note: The difference in intrinsic pKa, ΔpKa, is expressed as [pKa(intrinsic, coupler) � pKa(intrinsic,catalytic)], thus a positive value means that the coupled
partner has a higher pKa than the catalytic residue. Histidines with a negative ΔpKa(intrinsic) have a lower intrinsic pKa than the catalytic acid.
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larger, positive μ1, with a long tail on the low pH side,
corresponding to a negative μ3, is another way to achieve
significant population of the deprotonated state at neu-
trality; this is observed in the theoretical titration behav-
ior of K161 of dihydrodipicolinate synthase (DHDPS,
Tables S14 and S19) and of K249 of 8-oxoguanine DNA-
glycosylase (Tables S15 and S19).

The broad buffer ranges of catalytic aspartates, gluta-
mates, and lysines, achieved through specific types of
electrostatic interactions discussed here, are an important
factor in the catalytic potency of these residues. The
broad buffer range enables enhanced acidity/basicity
combined with significant population of both protonation
states at the pH at which the enzyme operates, which for
most enzymes of most species is near neutrality. The
coupled partners that help to give activity to the catalytic
residues may be first-shell residues that interact directly
with the substrate molecule or may be located in the sec-
ond or third shell from the substrate.

The present results provide important understanding
of some of the interactions between residues that trans-
form functional groups that are weak acids or bases when
free in solution into powerful acids, bases, or nucleo-
philes inside the protein structure. Understanding the

interactions that promote catalytic activity can help to
identify residue roles and thus could provide some infor-
mation about the biochemical function of Structural
Genomics protein structures of unknown function. These
concepts may also provide valuable information for
efforts to design novel enzymes.

4 | MATERIALS AND METHODS

Three-dimensional structures for proteins were down-
loaded from the Protein Data Bank64 and preprocessed
using YASARA65 to insert any missing atoms. For aspar-
tate ammonia ligase, the sequence of the double-mutant
C51A/C315A structure (PDB 12AS)36 was edited back to
the wild-type sequence and the wild-type structure was
built using the mutant structure as the template and the
homology modeling feature in YASARA.66 Electrical
potential functions were calculated by a linear Poisson–
Boltzmann method9,10,67,68 at a temperature of 293 K and
theoretical titration curves were calculated by the hybrid
method,69 as described previously.23,70 Information about
catalytic residues and their mechanistic roles was
obtained from the cited literature and from the

TABLE 10 Summary of the most strongly coupled amino acids that contribute to an expanded buffer range for catalytically active

lysines

Enzyme PDB
Catalytic
residue Role

Coupled
residue

Δ
pKa

jEj
(kcal/mol)

DNA ligase 1A0I K34 Nucleophile K238 �0.2 0.65

K240 �0.1 0.87

Y149 +1.2 0.80

1-Aminocyclopropane-1-carboxylate deaminase
(ACCD)

1F2D K51 Nucleophile K54 +1.0 2.7

Y295 +2.2 1.7

C199 +1.4 1.3

C165 +2.3 1.2

Y269 +1.9 1.2

C200 +2.2 1.0

Dihydrodipicolinate synthase 1DHP K161 Nucleophile Y133 +1.7 2.6

8-Oxoguanine DNA-glycosylase 1LWY K249 Nucleophile C253 +0.6 1.8

C140 +1.1 0.5

O-phosphoseryl-tRNA:Selenocysteinyl-tRNA
synthase

2Z67 K278 Nucleophile Y250 +1.5 1.1

Y161 +3.0 0.49

Y257 +2.1 0.44

Fumarylacetoacetate hydrolase 1HYO K253 Acid/base Y159 +1.5 1.8

L-amino acid oxidase 1F8R K326 Acid/base Y372 +0.9 1.7

Y356 +1.8 0.91

Note: The difference in intrinsic pKas, ΔpKa, is expressed as [pKa(intrinsic, coupler) � pKa(intrinsic, catalytic)], thus a positive value means that the coupled
partner has a higher pKa than the catalytic residue. Anion-forming residues such as tyrosine and cysteine with a positive ΔpKa(intrinsic) have a higher intrinsic
pKa than the catalytic lysine.
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Mechanism and Catalytic Site Atlas (M-CSA).71 Central
moments were obtained numerically as described previ-
ously.3,4 Computed central moments for catalytic aspar-
tate and glutamate residues are shown in Tables 1 and
S17. Computed central moments for catalytic lysine resi-
dues are shown in Table S19.
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