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ABSTRACT: Electrostatic interactions play a key role in enzyme catalytic function. At long range,
electrostatics steer the incoming ligand/substrate to the active site, and at short distances, electrostatics
provide the specific local interactions for catalysis. In cases in which electrostatics determine enzyme
function, orthologs should share the electrostatic properties to maintain function. Often, electrostatic potential
maps are employed to depict how conserved surface electrostatics preserve function. We expand on previous
efforts to explain conservation of function, using novel electrostatic sequence and structure analyses of
four enzyme families and one enzyme superfamily. We show that the spatial charge distribution is conserved
within each family and superfamily. Conversely, phylogenetic analysis of key electrostatic residues provide
the evolutionary origins of functionality.

The limited number of observed protein folds (∼1000)
(1) has led to the grouping of similar enzymes into families
(>50% pairwise sequence identity) and superfamilies (<50%
pairwise sequence identity). Members of the same family
or superfamily generally catalyze the same (or very similar)
reactions on structurally related substrates. Recently, more
diverse enzyme superfamilies have been identified (2) in
which members catalyze very different overall reactions,
while maintaining a common mechanistic strategy. These
observations have led us to investigate a wide array of protein
families and superfamilies to uncover what evolution has
conserved to maintain function. We show that enzyme
families and superfamilies across species often use key
electrostatic properties as theleit-motif for maintaining
similar functionality despite tolerating significant sequence
and structural variability.

It is widely recognized that catalytic properties of an
enzyme are impacted by electrostatics. This is shown
experimentally, as well as computationally, by varying the
pH and ionic strength of the solvent. Electrostatics are
important in both intramolecular and intermolecular forces.
The overall stability of a protein structure is considered a
sum of contributions of intermolecular electrostatic interac-
tions, hydrogen bonding, van der Waals, and hydrophobic
interactions. In fact, it has been shown (3) that thermophiles
often stabilize protein structures through enhanced electro-

static interactions. The same types of ionic side chain
interactions that stabilize protein structures often mediate
complex formation. At long ranges, electrostatics dominate
enzyme-substrate encounters through steering forces. Through
steering forces, the approaching substrate molecule is directed
to the active site of the enzyme by the complementary electric
field around the enzyme (4-6).

Recently, much work has focused on using electrostatic
potential surfaces as tools for predicting function. Compari-
sons of electrostatics profiles has been employed to derive
functional similarities across protein families. Exemplars
where common functional regions in proteins have been
characterized include cholinesterases (ChEs)1 and a class of
cell-adhesion proteins (7). Analysis of the electrostatic
potentials of homology models of 104 members of the
Pleckstrin homology (PH) domain (8) reveal that electrostatic
properties are generally conserved, despite large amounts of
sequence diversity. Electrostatic potentials have also been
used to identify functionally important regions in RNA
structures (9), despite the uniform distribution of negative
charge. Analysis of the electrostatic potentials of RNA
molecules reveals unusual electrostatic features that cor-
respond to functionally important regions.

In this work, we show that conservation of various
electrostatic properties is a common theme used by protein
families and superfamilies to maintain function. We present
here the results of four protein families: the CuZnSOD
family, the c-type lysozyme family, the ferritin family, and
the myoglobin family, and one structurally diverse super-
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family: the enolase superfamily. The five examples are taken
from the four SCOP classes (structural classification of
proteins): R, â, R, and â, and R + â. The examples are
chosen based on their structural and functional diversity,
amount of structural information available, and amount of
experimental functional data. In each case, key sequence/
structure motifs have been conserved across the family as a
way of maintaining function through electrostatics. The role
electrostatics play in each family varies. In the CuZnSOD
family, electrostatics (6) define the long-range steering forces.
In the myoglobin family, electrostatics (10-11) provide for
the surface potential that allows the enzyme to interact with
complementary enzymes. In the ferritin family, electrostatics
provide for monomer association (12-13), leading to its iron
transport ability. And, in the c-type lysozyme family (14)
and the enolase superfamily electrostatics provide the specific
short-range acid/base interactions for catalysis (15). In each
example, the overall pH profile of key electrostatic proper-
ties is qualitatively conserved within the family or super-
family.

METHODS

Continuum Electrostatic and Brownian Dynamics Calcu-
lations.The displayed electrostatic potential maps and residue
pKa values are calculated using the University of Houston
Brownian Dynamics (UHBD) suite of programs (16). UHBD
implements the method described in Gilson (17) and
Antosiewicz et al. (18) to calculate pKa values of titrating
residues in a protein. Table 1 presents the PDB accession
number and species of all structures studied. In each case,
only one structure from each species listed in the family was
studied. In both cases, the linearized Poisson-Boltzmann
equation (LPBE) was solved using the Choleski precondi-
tioned conjugate gradient method. The protein was cen-
tered on a 65× 65 × 65 grid with each grid unit equaling
1.5 Å. Use of the more computationally expensive nonlinear
Poisson-Boltzmann equation (NLPBE) does not result in
qualitatively different electrostatic potential maps. Focusing
is used around each titrating site with the grid spacing
becoming 1.2, 0.75, and 0.25 Å. A solvent dielectric constant
of 80 is used with a protein dielectric constant of 20 is used
for all pKa calculations. An interior dielectric of 4 is used
for all electrostatic potential map calculations and Brownian
dynamics simulations. Protein partial-charges are taken from
the CHARMM parameter set (19) and radii from the
Optimized Potentials for Liquid Systems (OPLS) (20). The
ionic strength equals 150 mM and the temperature is 298
K. The calculations take between 1 and 5 h each on a single
Silicon Graphics Origin2000 R10 000 processor at the
National Center for Supercomputing Applications.

For the purposes of calculating Brownian dynamics
encounter rate constants, the electrostatic forces were ob-
tained using the NLPBE. To get higher accuracy, we used a
larger grid (127× 127 × 127 grid with each grid unit
equaling 1.0 Å). All other electrostatic parameters are the
same as above. The substrate is modeled as a single sphere
with a hydrodynamic radius of 2.05 Å and an exclusion
radius equal to that of the van der Waal’s radius of an oxygen
atom, 1.5 Å. The reaction criterion is set at 7.0 Å between
the copper ion and diffusing substrate, and the b and q
surfaces are set at 80 and 400 Å, respectively. Each

simulation was run for 20 000 trajectories on a Silicon
Graphics Origin2000 supercomputer at the National Center
for Supercomputing Applications and took approximately 7
h on a single R10 000 processor.

Sequence Alignments and Phylogenetic Analysis.The Pfam
database (21) contains 143 copper, zinc superoxide dismutase

Table 1: Species and PDB Identification Codes for Each Structure
Studied

CuZnSOD family

human 1SPD
bovine 2SOD
clawed frog 1XSO
spinach 1SRD
yeast 1SDY
P. leiognathi 1YAI
E. coli 1ESO

enolase superfamily

enolase family
S. cereVisiae 1EBG
S. cereVisiae 1EBH
S. cereVisiae 1ELS
S. cereVisiae 1NEL
S. cereVisiae 1ONE
S. cereVisiae 2ONE
H. Vulgaris 1PDY
H. Vulgaris 1PDZ
S. cereVisiae 3ENL
S. cereVisiae 4ENL
S. cereVisiae 5ENL
S. cereVisiae 6ENL
S. cereVisiae 7ENL

MLE-like family
P. aeruginosa 1DTN
P. aeruginosa 1MDL
P. putida 1MDR
P. putida 1MNS
P. putida 1MRA
P. putida 2MNR
P. putida 1BKH
P. putida 1MUC
P. putida 2MUC
P. putida 3MUC
A. eutrophus 2CHR
P. putida 1BQG

C-type lysozyme family
C. Virginianus 1DKJ
hen egg white 1HEL
guinea fowl 1HHL
Japanese quail 2IHL
T. aculeatus 1JUG
rainbow trout 1LMN
hen egg white 1LZY
human 1REX
horse milk 2EQL
pheasant 1JHL

myoglobin family
horse heart 1AZI
Asian elephant 1EMY
sea hare 1MBA
common seal 1MBS
pig 1MYG
yellowfin tuna 1MYT
human 2MM1

ferritin family
E. caballus 1AEW
E. coli 1BCF
human 1FHA
R. catesbeiana 1RCD
D. Vulgaris 1RYT
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(CuZnSOD), and 98 enolase superfamily sequences. All
evolutionary precursor and viral sequences are purged, and
the remaining sequences are aligned using HMMER (22), a
profile Hidden Markov model software. In each case, the
seed alignment is the structural alignment of generated by
the All-to-All Protein Structure Alignment server from San
Diego Supercomputer Center (23). Phylogenetic trees are
calculated from the entire HMMER sequence alignments
and a subset of electrostatically important residues using
CLUSTAL W (24) suite of programs.

The electrostatic subsequence used in the CuZnSOD
example is taken from first and second electrostatic shell
regions and the S-S subloop, which are regions identified
by mutagenesis experiments (25) as being important to the
shape of the electrostatic field about the enzyme (for further
discussion see Results and Discussion). The electrostatic
subsequence used in the enolase superfamily example was
taken from the original alignment that includes conserved
areas of significant calculated pKa shifts from their aqueous
values.

Charged Atom Probability Density Functions.The charged
atom/target atom probability density functions (PDFs) are
created by counting the occurrence of charged atoms within
16 Å sphere about the copper ion and then smoothed using
an exponential smoothing function. In each case, only the
structure used in the pH profile calculation is studied, except
in the enolase superfamily where all solved structures are
studied. The target atom varies across the five families:
CuZnSOD family- catalytic copper ion, enolase superfamily
- average substrateR-carbon position, c-type lysozyme
family - average substrate cleavage site (oxygen atom),
myoglobin family - heme iron ion, and ferritin family-
structural iron ion in the center of the four-helix bundle.

RESULTS AND DISCUSSION

The Copper, Zinc Superoxide Dismutase Family.Copper,
zinc superoxide dismutases (CuZnSODs) are metalloenzymes
that protect cells from the oxidative damage of superoxide
(O2

-) free radicals, a toxic byproduct of aerobic metabolism.
The enzyme is a homodimer with 153 amino acid residues
(the human ortholog) with one copper and one zinc ion per
subunit. Each monomer is composed of a slightly flattened
Greek keyâ-barrel core. Dismutation of superoxide occurs
by the alternate reduction and oxidation of the active site
copper ion, yielding one molecule each of oxygen and
hydrogen peroxide. CuZnSOD is extremely efficient in
catalysis, with a rate constant that approaches the diffusion
limit. However, the active site constitutes a very small portion
of the enzyme surface and a uniform collision mechanism
fails to predict such a high catalytic rate. The experimentally
determined ionic strength dependence of the reaction rate
indicates that the observed kinetics is driven by electrostatic
guidance (26) where the anionic substrate is steered down
the cationic potential toward the active site copper ion.
Because the rate constant is so high, it is generally accepted
that the reaction proceeds without major conformational
changes in the enzyme.

Thus far, X-ray structures for seven wild-type CuZnSODs
have been solved (27-32). All structures are very similar,
particularly in the active site regions. However, there are

key differences between eukaryotic and prokaryotic enzymes
(33). In all structures, six histidine residues and a single
aspartate residue coordinate the copper and zinc ions. The
copper ion is coordinated by atoms His46 ND1, His48 NE2,
His63 NE2, and His120 NE2 (henceforth, numbering will
always represent human CuZnSOD). The zinc ion is coor-
dinated by the remaining imidazole nitrogen of His63 (ND1),
a carboxylate oxygen of Asp83 (OD2), and ND1 atoms of
His71 and His80. Investigations of the active site have
revealed a handful of residues responsible for the “cationic
funnel” shape of the electric field about the active site (6,
25, 34-36). Arg143 (conserved across all known CuZnSOD
sequences) is most certainly key to enzyme efficiency. The
activity of R143K mutants is much lower than their wild-
type counterparts (4), leading to the hypothesis that the role
of Arg143 is more than just electrostatic. From the essentially
conserved position of the side chain, it has been suggested
that the residue also helps to orient the incoming superoxide
free radical toward the active site copper ion.

Bordo et al. (25) have identified four residues at the upper
rim of the active site that, along with Arg143, define the
shape and strength of the electric field. The residues are at
positions 132, 133, 136, and 137, and are designated asfirst
shell electrostatic residues. They also identify four other
residues that have smaller, but still significant, effects on
the electrostatic field. These are designated assecond shell
electrostatic residues, and are at positions 121, 122, 131,
and 135. The electrostatically active residues are not strictly
evolutionarily conserved. The active site residues in pro-
karyotic enzymes are substantially rearranged as compared
to that (33) from the eukaryotes. In fact, in the structural
alignment of all available CuZnSOD monomers there are
gaps in the prokaryotic sequences at positions 132, 133, and
136, all of which are electrostatic shell residues. The
prokaryotic enzymes compensate for these deletions with the
insertion of an electrostatically active dilysine loop (with
signature sequence KDxK) proximal to the active site.
Quaternary structure differences in the active form of the
enzyme also exist between the prokaryotic and eukaryotic
structures. In the eukaryotes, all enzymes are homodimers
with very similar interfaces.Photobacterium leiognathiwas
the very first prokaryotic CuZnSOD structure determined
(37-38) that revealed a novel dimer interface unlike that of
the eukaryotic structures. Recently, the solvedE. coli
structure has revealed that the active enzyme is a monomer
(32).

CuZnSOD has evolved to be one of the most functionally
conserved enzymes in nature, yet the sequence, structure,
and net charge vary considerably across species. Among the
seven sequences with known structure, the identities range
from 25.0 to 81.7%. Differences in structure occur mainly
in differences of loop length and amino acid content, with
the most obvious example being the added dilysine loop of
prokaryotic enzymes. Structural differences also manifest
themselves inR-carbon root-mean-square (RMS) differences
up to 2.4 Å. The net charge of the enzymes also varies over
a wide range. The net charge of the seven known structures
ranges from-8 to +2. Despite the evolutionarily distance
between CuZnSODs, key sequence/structure motifs must be
conserved that maintain the efficiency of the enzymes near
the diffusion limit. The conservation manifests itself as very
similar electrostatic fields surrounding the enzyme. A cursory
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examination of the electrostatic potential maps (Figure 1)
reveals how the incoming superoxide ion is steered toward
the active site through a conserved “cationic funnel”.

Brownian dynamics (BD) calculated rate constants for the
seven known structures (Table 2) are the quantitative
compliment of electrostatic potential maps. BD simulations
of all known CuZnSOD structures support the claim that the
evolutionarily distant enzymes have conserved function with
rate constants close to the diffusion limit. The calculated
values presented here are in good agreement with experi-
mental (4, 33, 35, 36, 39) and previously calculated results
(6, 33, 35, 36, 39-43). The reaction rates range for the
functional enzyme are conserved within the same order of
magnitude (× 109 1/M s). Both bovine structures have the
fastest calculated rates (6.25 and 5.92× 109 1/M s), whereas
theE. coli enzyme (which functions as a monomer) displays
the slowest calculated rate (0.86× 109 1/M s). In all cases,
the calculated rate of the dimers is approximately the sum
of the rates of its two constituent monomers chains. The
differences of same species X-ray dimer pair ranges from
0.5 to 8.6%, which is much smaller than the variability across
species. The key result of the calculations is that the premise
that function has been conserved to preserve the catalytic

rate near the diffusion limit is strongly supported by the
calculated rate constants.

From the alignment of all 116 CuZnSOD sequences in
the PFAM database, it is apparent that the primary structure
conservation is not absolute. No electrostatic shell residues
are absolutely conserved, and only four positions in the
electrostatic loop are absolutely conserved (Asp124, Gly138,
Gly141, and Arg143). This raises the question of “how does
nature maintain the efficiency of the enzyme?” Three key
electrostatic motifs have been discovered that provide insight
into the nature of the underlying conservation. The conserved
electrostatic motifs range from simple local conservation of
charge to complex evolutionary origins of the CuZnSOD
family.

The simplest of the conserved electrostatic motifs, first
reported in 1994 by Bordo et al. (25), is very straightforward.
The net charge carried on the electrostatic loop is conserved
at or near-1 (Figure 2) through concerted mutations as seen
in the complete 116-CuZnSOD sequence alignment with the
HMMER program. When there has been a charge changing
mutation at one point on the electrostatic loop, there is
generally a charge compensating mutation elsewhere. It has
been suggested that the conservation of charge at the

FIGURE 1: Electrostatic potential contours around the (A) human, (B) bovine, (C) clawed frog, (D) spinach, (E) yeast, (F)P. leiognathi, and
(G) E. coli CuZnSOD enzymes. Red indicates the negative potential, while blue indicates the positive potential. The lines represent potential
values at 2, 1, and 0.5 kcal/mol/e. The cross section is taken through the averagez coordinate of the copper ions. The five eukaryotic
structures are in the same orientation and the active sites are indicated by the cationic potential on opposite side of the homodimer.P.
leiognathihas a different dimer interface and the location of its active sites is different from the eukaryotic structures; however, the cationic
funnel of the active site is still quite obvious. TheE. coli structure is a monomer, and its active site is indicated by the cationic funnel to
the right of the structure shown.
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secondary structure level is doubly important: (i) for
electrostatic steering purposes (34, 44), and (ii) as an
energetically stable way of maintaining the delicate charge
balance on the loop (45).

The observation that prokaryotic orthologs (which lack
several of the key electrostatic shell residues) qualitatively
maintain the electric field about the enzyme reveals that the
shape of the field depends on more than just the electrostatic
loop charge. By comparing the charge of only the electro-
static loops across species, charge contributions from posi-
tions further away in sequence space (such as the dilysine
subloop) are neglected. We have constructed charged atom/
copper ion pairwise distance probability density functions
(PDFs) for each of the seven structures to probe deeper into
the sequence/structure/electrostatics relationship. The distance
PDFs are analogous to the pair distributions in liquids, except
that our sampling is from the aligned sequences of the SOD
enzyme, and we count all charged atoms around a point (in
this case the copper atom). The PDFs plot the occurrence of
a charged atom occurring within 16 Å of the copper ion.
This overcomes the awkwardness associated with a sequence

position dependent description, i.e., the primary structure
around an active site. From Figure 3A, it is evident that the
qualitative shape of the PDFs is conserved across the seven
structures. Conserved PDFs indicate a conserved spatial
distribution of charge around the active site. The residues
that lead to the observed PDFs are not entirely restricted to
the electrostatic loop, indicating that function is maintained
by a more global structural relationship.

The sequence-level evolutionary origins of the conserved
active site charge distribution can be explained using
phylogeny. Alignment of key electrostatic residues is suf-
ficient to produce qualitatively equivalent phylogenetic trees
for the CuZnSOD enzyme family (Figure 4). The electrostatic
residues investigated are three short (five to 10 characters)
contiguous sequences taken at the first and second electro-
static shells, as well as the prokaryotic KDxK motif. The
alignment of the key electrostatic residues is less than 10
percent of the total alignment. The average composition of
the subsequence is 4.2 acidic residues, 3.5 basic residues,
3.4 polar-neutral residues, 5.3 nonpolar residues, and 6.2
gaps. A consensus residue was identified for 10 of the 22
positions within the subsequence. In each case, the phylo-
genetic tree groups the enzyme family into seven groups:
bacteria, extracellular/yeast, mammals/reptiles/fish, nema-
toda, antropoda, and two plant groups. The electrostatic
subsequence tree appears to be made up of less sequences,
but this is an illusion arising from the drastically reduced
amount of information based on sequence variability across
the protein family (i.e., the lines in the subsequence tree often
represent more than one sequence). This result shows that
despite little observable sequence conservation from a cursory
examination, there exists a strong correlation between
sequence and the functionality of the enzyme. This is strong
support for our hypothesis that function (electrostatic steer-
ing) has driven the evolution of the CuZnSOD enzyme
family.

The Enolase Superfamily.Members of the enolase super-
family catalyze different overall reactions while retaining a
common mechanistic strategy. Members belong to theR/â-
barrel structural class and are composed of two major
domains and a third, smaller C-terminal domain (15). Each
of the reactions catalyzed by members of the superfamily
involves the formation of an enolic intermediate derived from
the carboxylate substrate by abstraction of anR-proton (46).
The energetically expensive reaction is made feasible by a
combination of electrostatic stabilization and hydrogen
bonding interactions with weakly acidic functional groups.
Depending on the exact reaction, the intermediate is diverted
to the observed products by different active site functional
groups.

As is typical for R/â-barrel proteins, the active sites of
members of the enolase superfamily are located at the
carboxy-terminal ends of the barrel domains, with an
independently conserved amino-terminal domain providing
additional substrate binding interactions. The functional
groups are located at the ends of most or all of theâ-sheets
or in the loops that connect theâ-sheet with the following
R-helix. This architecture provides a modular design such
that functional groups can evolve independently to enable
different types of stabilization of enolic intermediates. Recent
evidence suggests that electrostatics largely contributes to
this design strategy. The electrostatic properties of sevenR/â-

Table 2: Brownian Dynamics Calculated Rate Constants for
CuZnSOD-Superoxide Encountera

species PDB monomers homodimers chargeb

human 1SPD A 2.09( 0.16
B 3.18( 0.20 AB 5.04( 0.25 -4

bovine 2SOD O 3.07( 0.20
B 2.65( 0.18 OB 6.25( 0.27 -2
Y 3.76( 0.22
G 2.90( 0.19 YG 5.92( 0.27 -2

clawed frog 1XSO A 2.13( 0.17
B 2.24( 0.17 AB 4.46( 0.23 -6

spinach 1SRD A 2.31( 0.17
B 2.54( 0.18 AB 4.37( 0.23 -8
C 2.61( 0.18
D 2.34( 0.17 CD 4.78( 0.24 -8

yeast 1SDY A 2.18( 0.17
B 2.30( 0.17 AB 4.14( 0.23 0
C 2.27( 0.17
D 2.93( 0.19 CD 4.12( 0.23 0

P. leiognathi 1YAI A 3.58 ( 0.21 AA 6.83( 0.28 +2
B 2.86( 0.19
C 3.27( 0.20 BC 5.57( 0.26 +2

E. colic 1ESO A 0.86( 0.11 -2
a Rate constants were calculated with the University of Houston

Brown dynamics suite of programs using the full nonlinear Poisson-
Boltzmann equation and are× 109 1/M s the reported value.b Mean
pH 7.0 charge.c The E. coli CuZnSOD functions as a monomer.

FIGURE 2: Histogram of net electrostatic loop charge. Charge is
conserved at or near-1 through concerted mutations. Fifteen
fragment sequences without terminal electrostatic loops have been
included in the overall CuZnSOD alignment.
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barrel proteins from different enzyme families (including
mandelate racemase from the enolase superfamily) have been
investigated (47). In each case, the backbone of theR/â-
barrel results in the same electric field about the enzyme.
Addition of side chains modulates the field pattern to focus
on a specific area near the active site. This design strategy
is used in other superfamilies based onR/â-barrel proteins
and may explain why this fold represents nearly 10% of all
structurally characterized proteins.

On the basis of sequence similarity, mandelate racemase
(MR) has been shown to belong to the enolase superfamily
(47). MR equilibrates the enantiomers of mandelate by a
Mg2+-dependent mechanism that involves the abstraction of

the R-proton by a general base, Lys 166 or His 297,
depending on the enantiomer. Muconate lactonizing enzyme
(MLE) catalyzes a completely different reaction, but also
belongs to the enolase superfamily. MLE generates its enolic
intermediate through a base catalyzed proton abstraction via
a Lys 166 homologue (Lys 169). Not all members of the
enolase superfamily have exactly homologous catalytic base
residues. In fact, when considering all members of the
superfamily with known structures (enolase, MR, MLE,
chloromuconate cycloisomerase, and galactonate dehy-
dratase), in no case are both position and identity of the
catalytic residue conserved. The position of catalytic atoms
is, however, often conserved. This type of conservation

FIGURE 3: Stacked charged atom probability density functions (PDFs) plot acidic and basic residues occurring within 16 Å of some target
atom, meaning the results for each subsequent protein are displayed in relation to the previous. (A) The target atom for the CuZnSOD
family is the active site copper ion. The eukaryotic structures are shown in solid lines, while prokaryotic structures are shown in dashed
lines. (B) The target atom for the enolase superfamily is theR-carbon of the carboxycylic acid substrate. The enolase family is shown in
solid lines, while the mandelate racemase-muconate lactonizing enzyme family is shown in dashed lines. The target atoms for (C) the
c-type lysozyme family, (D) the myoglobin family, and the (E) the ferritin family are the cleavage site of the cell wall substrate, the heme
iron atom, and iron ion in the center of the four-helix bundle, respectively. The identity of each protein within the figure (top to bottom)
is the same as the order in Table 1.

Conservation of Electrostatics Biochemistry, Vol. 42, No. 12, 20033469



makes employing structural information a necessity for
bioinformatic investigations (sequence based inferences) to
be useful. To probe the structural conservation, we have
constructed charged atom:substrateR-carbon pairwise dis-
tance probability density functions (PDFs) for each member
of the enolase superfamily. The PDFs plot the occurrence
of a charged atom occurring within 16 Å of the mean
R-carbon position. From Figure 3B, it is evident that the
qualitative shape of the PDFs is conserved across the entire
enolase superfamily. The residues that lead to the PDFs are
not strictly conserved. This result suggests that the structural
placement of charged atoms is conserved despite differences
in the amino acid sequence.

Phylogenetic analysis of key electrostatic residues shows
that complex sequence correlations exist in the enolase
superfamily (Figure 5). Owing to insufficient experimental
evidence available to guide our subsequence selection,
continuum electrostatics methods are used to calculate pKa

values of titrating residues on each of the five species.
Conserved areas of significant pKa shifts from aqueous values
are used to identify key electrostatic residues. Figure 6 shows
the four areas (which represent less than 13% of the overall
sequence) that are extracted from the complete sequence
alignment to create an electrostatically relevant subsequence.
The average composition of the subsequence is 7.7 acidic
residues, 6.9 basic residues, 12.6 polar-neutral residues, 33.4

nonpolar residues, and 18.3 gaps. A consensus residue was
identified for 25 of the 79 positions within the subsequence.
Phylogenetic analysis of the complete sequence alignment
and the electrostatically relevant subsequence results in
qualitatively equivalent trees. Each tree splits the enzyme
superfamily into seven groups: enolases, MRs, MLEs,
chrloromuconate cycloisomerases, glucarate dehydratases,
and two groups of others. As is the case within the CuZnSOD
family phylogenetic comparisons establish that electrostatics
have driven the evolution of the enolase superfamily.
Randomly generated test cases of the same length fail to
qualitatively cluster in the same groupings.

Other Protein Families.A cursory sampling of other
families reveals the conserved spatial distribution of charge
to be a robust evolutionary mechanism. Charge-charge
PDFs reveal the same types of electrostatic conservation in
the c-type lysozyme, myoglobin, and ferritin families. These
families compliment the previous two examples discussed.
Taken together, the five examples are representative of the
four main SCOP classes. The examples are chosen based
on their structural and functional diversity, amount of
structural information available, and amount of experimental

FIGURE 4: Phylogenetic trees built from (A) the complete CuZn-
SOD alignment, and (B) a subsequence (<10%) taken from the
original alignment that includes those positions deemed important
by experimental mutagenesis experiments (Bordo et al., 1994) to
the shape and magnitude of the electric field about the enzyme.
The two phylogenetic trees are qualitatively the same, hinting at
the evolutionary origins of the CuZnSOD family. Randomly
generated test cases of same length fail to qualitatively cluster in
the same groupings.

FIGURE 5: Phylogenetic trees built from (A) the complete enolase
superfamily alignment, and (B) a subsequence (<13%) taken from
the original alignment that includes those positions that display
conserved areas of significant calculated pKa shifts from their
aqueous values (see Figure 6). The two phylogenetic trees are
qualitatively the same. Randomly generated test cases of the same
length fail to qualitatively cluster in the same groupings.
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functional data. Additionally, the functional role of electro-
statics varies between each family. Lysozyme is a small
hydrolytic enzyme of ubiquitous distribution, found espe-
cially in tears and other animal secretions, and in hen egg
whites. The enzyme dissolves certain types of bacteria by
hydrolyzing 1,4-â linkages betweenN-acetylmuramic acid
andN-acetyl-D-glucosamine in peptidoglycans of bacterial
cell walls (48). As in the enolase superfamily electrostatics
provide for the specific acid/base interactions of catalysis in
the c-type lysozyme family (15). Beginning with its published
2.0 Å structure in 1960 (49), the structure/function relation-
ships in myoglobin are arguably the most studied to date.
The globular oxygen-carrying enzyme is extremely compact
and almost entirelyR-helical. The electrostatic surface
potential of myoglobin provides the complementary surfaces
for interaction with electron-transfer partners (50). Ferritin
is an iron storage protein found in tissues. The protein is
made up of 24 subunits arranged with octahedral symmetry
(12-13). Each monomer is a four-helix bundle. The active
protein has a large internal cavity (∼80 Å diameter) that
can hold up to 4500 ferric ions. Regions of calculated charge
density correlates well with previously identified portions
of the proteins’ active site (12). Further, theoretical studies
have confirmed the importance of electrostatics in mediating
the active ferritin assembly (13). Like the CuZnSOD family
and the enolase superfamily, in each of these examples, the
overall spatial organization of charge has been conserved
(see Figure 3C,D). In each case, the conserved spatial

distribution of charge has allowed for sequence variation
across species, while maintaining functionality.

CONCLUSIONS

The basic tenet of evolution of protein families is the
conservation of function. Function arises from the structural
properties of the particular enzyme, which in turn arise from
sequence. The subtle sequence/structure/function relation-
ships are often very complex and difficult to decipher. We
present here four protein families and one superfamily where
function is maintained through conservation of key electro-
static properties. We demonstrate through phylogenetic
analysis of only the electrostatically relevant residues, that
electrostatics is a driving-force for evolution. Further, the
importance of structure in preserving the electrostatic
environment of the families is clearly presented through the
charge probability density functions, electrostatic potential
maps and association rate constants.
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