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Introduction
Life rests on a web of molecular recognition;1,2 the folding
of proteins, the hybridization of nucleic acids, the recog-
nition of signaling molecules by receptors, and the
interaction of enzymes with substrates and cofactors all
require molecular recognition. Molecular recognition is
based on shape-sensitive, noncovalent interactions be-
tween molecules or fragments of molecules.3-6

The energetics of molecular recognition can reflect van
der Waals, hydrophobic, hydrogen bonding, and electro-
static interactions; all include both enthalpic and entropic
contributions. The role of van der Waals interactions in
molecular recognition in aqueous ionic solutions is well
understood; they contribute to molecular recognition
primarily through unfavorable steric interactions that
exclude ligands with noncomplementary shapes from the
recognition site of the protein. Hydrophobic interactions,
although still a challenge to describe theoretically, can be
estimated empirically from the observed partitioning of
model compounds between aqueous and hydrocarbon
solvents.7 Hydrogen bonds are best thought of as a
specific type of localized electrostatic interaction;8 they
are also well understood qualitatively. Although much
theoretical and experimental work has gone into under-

standing the electrostatic properties and interactions that
are central to biomolecular recognition events9-11(for a
review, see ref 12), it has been difficult to measure and
evaluate these interactions quantitatively.

One of the central electrostatic properties of proteins
is their charge, which is determined, in principle, by the
sequence and structure of the protein and the properties
of the solvent. Although one can measure the isoelectric
point of proteins (the value of pH at which the charge of
the protein is zero), there has been no general way of
measuring the charge of a protein at other values of pH
or as a function of the properties of the solution. Previous
attempts to estimate the effects of electrostatic interac-
tions on the affinities of proteins for ligands have focused
on the use of site-directed mutagenesis.10,13-15 This
technique, although powerful, is labor intensive, and the
number of mutated sites that can be explored practically
is limited.

In this Account we describe the use of protein charge
ladders in combination with capillary electrophoresis (CE)
as a new biophysical tool with which to measure the
electrostatic properties and interactions that are central
to biomolecular recognition events involving proteins. The
partial acetylation of amino groups on a protein changes
the charge of the protein and generates a protein charge
ladder, that is, a series of derivatives of a protein differing
in values of charge but having similar coefficients of
friction. The distribution of protein derivatives group, in
terms of their values of electrophoretic mobility, into the
“rungs” of a charge ladder, which appear in CE as a set of
peaks; each successive peak in the charge ladder differs
incrementally in the number of acetylated amino groups
(Scheme 1). Charge ladders in combination with CE have
been used to estimate the charge of the unmodified
protein16 and the values of pKa of individual ionizable
groups.17,18 Charge ladders in combination with affinity
capillary electrophoresis (ACE) make it possible to quantify
the contributions of electrostatics to the free energies of
binding of charged ligands to proteins.19 Although we
have developed this approach primarily using charge
ladders of bovine carbonic anhydrase II (BCA II, EC
4.2.1.1.) as a model system (Figure 1),16,19 we have
demonstrated the formation of charge ladders with a
range of other proteins and biological molecules.17,18,20-23

CE Is an Analytical Technique with Broad
Application to Charged Molecules in Aqueous
Solutions
CE measures the velocity of charged molecules in an
aqueous solution in the presence of an applied electric
field. The electrostatic force (felec, N) acting on a molecule
is equal to the product of its charge (eZ, where e is the
fundamental unit of charge) and the magnitude of the
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applied electric field (E, V m-1) (eq 1). The hydrodynamic

force (fhydro, N) acting on a molecule is equal to the product
of its coefficient of friction (ú, N s m-1) and its velocity

(v, m s-1) relative to the surrounding solvent (eq 2). The

electrophoretic mobility (µ, m2 V-1 s-1, defined as the
velocity per unit of electric field strength) is the result of
the balance of electrostatic and hydrodynamic forces
acting on the charged molecule (eq 3).

There are several alternative expressions that relate the
electrophoretic mobility of a molecule to its structure;24

we normally use eq 4 to relate the electrophoretic mobility

of a molecule to its charge and mass. In eq 4, M is the
mass of the molecule and CP and R are empirical param-
eters related to the shape and solvation of the molecule,
and to the ionic strength and viscosity of the solution. By
combining eqs 3 and 4, we describe ú in terms of M, R,
and CP (eq 5). The quantities measured by CE are the

times of migration (t, s) of the analyte, tx, and of the
neutral marker, tnm. Equation 6 describes the relationship

between these times of migration and the electrophoretic
mobility of the analyte. The lengths l1 and l2 (m) are the
distance along the capillary between the inlet and the
detector, and the total length of the capillary, respectively,
and V (V) is the applied voltage.

A Central Property of Proteins Is Their Charge
Knowledge of the charge of a protein as a function of both
intensive (ionic composition, temperature) and extensive
(ionic strength, pH) properties of the solvent may be useful
in estimating the stability of the protein and its interaction
with other charged species in solution such as ligands,
membranes, small ions, and synthetic surfaces. We define
the charge of a protein estimated from its sequence, Zseq,
as the sum over all charged components of the protein,
where the charge on each component is estimated using
a standard value of its ionization constant and the pH of
the buffer: these charged components include ionizable
amino acid residues, charged groups added posttransla-
tionally (sialic acid groups, phosphates), and charged
cofactors (metal ions, prosthetic groups and coenzymes).

The value of Zseq will not, in general, be the same as
the charge of a protein estimated by CE, ZCE, for a
particular protein and buffer due to (i) differences between
the actual values of charge of the ionizable groups of the
protein and the values of charge estimated from the
standard ionization constants, (ii) the association of ions

Scheme 1. Schematic Illustration of the Formation of a Charge
Ladder by the Partial Acetylation of Amino Groups on the Surface of
a Protein and the Resolution of the Rungs of the Charge Ladder by

CEa

a The peak marked with a filled circle is a neutral marker of electroos-
motic flow, and the peak marked with a filled square is the native protein.
The difference in spacing between adjacent peaks is proportional to their
difference in mobilities when the data are plotted in the -1/time
domain.21

FIGURE 1. Charge ladder of BCA II produced by the partial
acetylation of Lys ε-amino groups. The number of acetylated Lys
ε-amino groups (n) and the charge of each rung of the ladder
estimated by CE, ZCE

n , are indicated below the electropherogram.
(The native protein is defined as the zeroth rung of the charge
ladder.) The -1/time scale is directly proportional to the mobility.
The peak marked with a filled circle is a neutral marker of
electroosmotic flow, and the peak marked with a filled square is
the native protein. The peaks marked with an asterisk are impuri-
ties.31
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other than protons with the charged groups of the protein,
an effect not included in the determination of Zseq, and
(iii) effects related to the environment specific to the CE
experiment, for example, an induced asymmetry in the
distribution of counterions surrounding the protein that
reduces the effective electric field acting on the protein.25

Neither Zseq nor ZCE is necessarily the actual charge of the
protein in solution, Zprotein, defined as the charge esti-
mated, in principle, from the actual values of charge of
the ionizable groups on the protein and ions covalently
associated with the protein. Zprotein has yet to be mea-
sured.

Charge Ladders Are Families of Proteins That
Differ by Values of Charge
Charge ladders of proteinssand other moleculessare
formed by the modification of charged groups in a way
that results in a change in the charge of the protein; the
functional group and the reaction are chosen so that this
change is (or is assumed to be) known. Equation 7

describes the change in the calculated charge of a protein
due to the modification of a charged group, ∆Zseq. (P is a
protein, and Xn( is a functional group that is charged: for
example, we often use X ) NH3

+ and X-R ) NHCOR′.)
∆Zseq is determined by the charge introduced by the
modifying reagent, (m, and the charge of the group that
is modified, (n. The magnitudes of both m and n are
dependent on the values of pKa of the group that is
modified and of any ionizable groups on the modifying
agent, and the pH of the solution.

Charge ladders of proteins are most conveniently
produced by acetylating their Lys ε-amino groups. The
N-terminal R-amino group is also readily modified, if it is
not already naturally acetylated. If the amino group is
fully charged at the pH of the electrophoresis buffer (the
value of the pKa of the Lys ε-amino group is ∼10, and that
of the N-terminal R-amino group is ∼7-8), ∆Zseq ≈ -1
for acetylation; if the amino group is partially charged at
the pH of the electrophoresis buffersas is often the case
for the N-terminal R-amino groups -1 < ∆Zseq < 0.
Equation 8 describes this relationship among the values
of ∆Zseq, pH, and pKa.

For many proteins, each rung of the charge ladder
comprises derivatives of the native protein that have the
same number of acylated amino groups and the same
value of ZCE.20 BCA II has 18 ε-amino groups; partial
acetylation of these groups results in an electropherogram
showing 19 rungs of the charge ladder (Figure 1). The
center rung of the ladder of BCA II (where 9 of the 18
ε-amino groups are acetylated) may, in principle, comprise
∼50 000 regioisomers;26 the total number of protein

derivatives that constitute the charge ladder of BCA II may
be greater than 250 000.

The preceding analysis is based on the assumption that
all Lys ε-amino groups have the same reactivities. It is
possible that these groups have different reactivities on
the native protein, and that the reactivity of any one group
may change, depending on the state of acetylation of the
other groups on the protein. Such a change could occur
through either steric or electrostatic interactions. At this
point, we do not know the extent of these effects, nor do
we know the precise composition of protein derivatives
that make up a charge ladder.

Charge ladders have been produced from proteins
other than BCA II and with procedures for modification
other than acetylation. We surveyed 32 proteins to
examine the generality of the formation of charge lad-
ders;20 Figure 2 shows representative electropherograms
of charge ladders produced by acetylating the ε-amino
groups of Lys. Acylations of Lys ε-amino groups with
succinic anhydride, 1,2,4-benzenetricarboxylic anhydride,
1,2,4,5-benzenetetracarboxylic dianhydride, and benzene-
hexacarboxylic monoanhydride result in charge ladders
with values of ∆Zseq ) -2, -3, -4, and -6, respectively
(Figure 3). The formation of charge ladders through the
modification of different functional groups such as the
guanidino group of arginine and the carboxylate group
of aspartic and glutamic acids is also possible. We have
also extended the concept of a charge ladder to biological
molecules other than proteins, such as oligopeptides23 and
oligoDNA.22

Charge Ladders, in Combination with CE, Make
It Possible To Measure the Electrostatic
Properties of Proteins
Estimation of the Charge. Equation 9, obtained from the
combination of eqs 3-6, expresses the value of ZCE in
terms of the experimentally measured quantities tnm and
tx. For the first several rungs of the charge ladder of BCA

II, we observe a linear correlation between the value of
µn and the change in the charge relative to the native
protein, n∆Zseq, where n is the number of acetylated Lys
ε-amino groups.

If we assume that the change in charge measured by
CE, ∆ZCE, is equal to ∆Zseq for these first several rungs of
the ladder, then we can use eq 10 to describe µn. The

slope of the linear regression analysis of µn vs n∆Zseq yields
the value of CP/MR. The x-intercept gives the charge of
the native protein in solution, ZCE

0 ; the y-intercept is the
electrophoretic mobility of the native protein, µ0 (Figure
4A). The charge of the nth rung of the ladder, ZCE

n , is
estimated from eq 9.

Xn± X0 Rm±P P
(7)

∆Z seq = Z seq
after modification – Z seq

before modification= ±m + n–

∆Zseq ) -1/1 + 10(pH-pKa) (8)

ZCE ) MR

CP

l1l2

V (1
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- 1
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CP
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In utilizing this strategy to measure values of ZCE
n , we

assume that the value of CP/MR is independent of n. We
have verified this assumption is approximately true for
charge ladders of BCA II by varying the molecular weight
of the acylating agent;20 we find that, for acetic anhydride,
the N-hydroxysuccinimidyl ester of benzoic acid and
iodoacetic anhydridesthat is, agents that introduce 42,
104, and 164 Da of mass per acylation, respectivelysthe
values of µn are approximately the same, regardless of the
value of M of the acylating agent. We infer that the
acetylation of the Lys ε-amino groups of BCA II has little
effect on the value of CP/MR.

As the number, n, of acetylated Lys ε-amino groups on
BCA II increases, the relationship between µn and n∆Zseq

becomes nonlinear (Figure 4B); that is, the change in
mobility between adjacent rungs of the charge ladder, ∆µ,
decreases with increasing values of n. As more amino
groups are acetylated, the electrostatic potential at the
surface of the protein becomes more negative. This

increasingly negative electrostatic potential may reduce
the absolute value of ∆µ in several ways. First, it may
decrease the charge of the protein by increasing the values
of pKa of the ionizable groups (i.e., by increasing the
basicity of the conjugate bases), or by increasing the
affinity of anions on the surface of the protein for
positively charged ions in solution. Second, it may
increase the coefficient of friction by causing the protein
to unfold. Third, it may decrease the field acting on the
protein by increasing the effects of ion relaxation. At this
point, we do not know which of these effects dominate
the observed nonlinearity.

Determination of the Values of pKa of Ionizable
Groups. The charge of a protein is determined, in part,
by the charge of the individual ionizable groups on the
protein. We have used CE and charge ladders of proteins
to estimate the values of pKa of the R-amino groups of
insulin17 and lysozyme.18 Insulin has three primary amino
groups: the R-amino groups of the A chain (GR) and the

FIGURE 2. Electropherograms of charge ladders of proteins varying in M and pI that were produced by acetylating the ε-amino groups of
Lys residues: (A) acidic proteins separated on an uncoated fused silica capillary; (B) basic proteins separated on a silica capillary coated
with a cationic polymer, Polybrene.31 Reprinted with permission from ref 20. Copyright 1997 American Chemical Society.
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B chain (FR) and the single Lys ε-amino group (Kε). We
use the symbols “+” and “o” to represent the unmodified
and acetylated amino groups, respectively. Each deriva-
tive is characterized by three such symbols, representing
the acetylation of GR, FR, and Kε, respectively. (For
example, the native insulin is labeled “+++”, the fully
acetylated insulin is labeled “ooo”, and the derivative with
only GR acetylated is labeled “o++”.) We determined the
ionization constants of the R-ammonium groups of insulin
by analyzing the electrophoretic mobilities of the protein
derivatives produced by the partial acetylation of the
primary amino groups using electrophoresis buffers hav-
ing different values of pH (Figure 5). Equation 11 relates

the change in electrophoretic mobility (∆µ) of a species
resulting from the acetylation of a basic residue to the
values of CP/MR, the pH of the electrophoresis buffer, and
the pKa of the ionizable residue.

We analyzed the electrophoretic mobilities of the +oo
and o+o derivatives of insulin to determine the value of
the pKa of GR and that of FR, respectively; the two other
amino groups in each species are acetylated and do not
contribute to changes in the total charge as the value of
the pH is changed. The effects of other ionizable residues
(e.g., His) were eliminated by subtracting the electro-
phoretic mobilities of the peracetylated derivative from
those of the +oo and o+o derivatives (∆µ ) µ - µooo): in
this way, only the extent of protonation of either GR or FR

contributed to changes in charge and, hence, to ∆µ. Plots
of ∆µ versus pH for the +oo and o+o derivatives of insulin
are shown in Figure 5. Equation 11 was fitted to the [∆µ,
pH] data using values of CP/MR and the value of the pKa

of GR and that of FR, respectively, as adjustable param-
eters: the least-squares best-fit values of pKa were 8.4-
((0.1) for GR and 7.1((0.1) for FR.

FIGURE 3. Electropherograms of charge ladders of BCA II formed
using reagents that impart values of ∆Zseq that range from -1 for
acetic anhydride to -6 for benzenehexacarboxylic monoanhydride.
The peaks marked with a filled circle are neutral markers of
electroosmotic flow, and the peaks marked with a filled square are
the native protein. The peaks marked with an asterisk are impuri-
ties.31 Reprinted with permission from ref 20. Copyright 1997 American
Chemical Society.

FIGURE 4. (A) Electrophoretic mobilities (µn) of the first five rungs
of the charge ladder of BCA II plotted as a function of n∆Zseq. The
slope of the linear regression analysis of µn versus n∆Zseq yields
the value of CP/MR; the x-intercept gives the charge of the native
protein in solution, ZCE

0 (see eq 10 in the text). (B) Values of µn of all
the rungs of the charge ladder of BCA II plotted as a function of
n∆Zseq. The dashed line is the result of the linear regression analysis
for the first five rungs of the ladder.31
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Charge Ladders and Affinity Capillary
Electrophoresis Can Be Used To Estimate the
Contributions of Electrostatics to the Free
Energy of Protein-Ligand Binding
Electrostatic interactions in a vacuum, or in a simple
(homogeneous) dielectric medium, are described com-
pletely by Coulomb’s law. Electrostatic interactions in
biologically relevant environments are more difficult to
model (Scheme 2). Electrostatic interactions are long
range, and their quantification involves summing over
large volumes of solution and large numbers of atoms.
Furthermore, electrostatic interactions in aqueous elec-
trolytes are not purely enthalpic: the desolvation of ions,
the orientation of molecular dipole moments, and the
distribution of small ions in solution in response to the
local electric field all involve both enthalpic and entropic
contributions. As a result, electrostatic interactions in a
biological environment are difficult to measure and
rationalize.

Affinity capillary electrophoresis (ACE) is an extension
of affinity gel electrophoresis that uses the change in
electrophoretic mobility of a protein upon the binding of
a ligand to quantify the free energies of binding (Scheme
3). It has been the subject of a previous review.27 The
combination of ACE and protein charge ladders allows the
direct measurement of the influence of electrostatic
interactions on the binding affinities of proteins for ligands
in biologically relevant environments. A strength of the
combination of ACE and protein charge ladders is the
ability to measure the binding affinity of all the protein
derivatives that make up the charge ladder for a common
ligand simultaneously. This large number of directly
comparable data allows one to measure small changes in
the binding affinity of ligands for protein derivatives that
differ in their charge with high accuracy.

Using ACE, we estimated the affinity constants of the
protein derivatives that constitute the rungs of the charge
ladder of BCA II for charged and neutral inhibitors.19 The
affinity constants were estimated from the change in
mobility of the rungs of the charge ladder as the concen-
tration of ligand in the running buffer was increased
(Figure 6). Most or all the regioisomers that constitute
each rung of the charge ladder seem to have a similar
interaction with the ligand.28

The free energies of binding (∆Gb, kcal mol-1), mea-
sured by ACE, of the protein derivatives that make up the
charge ladder of BCA II to several charged and neutral
inhibitors were plotted as a function of the value of ZCE

n

(Figure 7). For the neutral inhibitor, there is no measur-
able change in ∆Gb across the rungs of the charge ladder.
From this result, we infer that the conformation around
the active site of BCA II does not change upon acetylation
of its Lys ε-amino groups.29

FIGURE 5. (A) Electropherograms of the charge ladders of bovine
insulin, produced by partial acetylation of the primary amino groups,
at several values of the pH of the electrophoresis buffer. The peaks
marked with a filled circle are neutral markers of electroosmotic
flow. (See the text for the definitions of the symbols.) (B) Dependence
of the electrophoretic mobility relative to that of the fully acetylated
insulin (∆µ) on the pH of the electrophoresis buffer for the +oo
and o+o derivatives of the insulin charge ladder. Values of ∆µ were
obtained by subtracting the value of µooo from the value of µ
measured for each derivative: the mobility of ooo is assumed
constant. The curves superimposed on the data for the +oo and
o+o derivatives were obtained by performing nonlinear least-squares
fits using eq 11.

Scheme 2. Schematic Illustration of the Complexities of
Electrostatic Interactions in Biomolecular Recognitiona

a These environments are characterized by high concentrations of ions,
and by a heterogeneous dielectric constant (ε); the dielectric constant of
bulk water (ε ≈ 80) is very different from that of water near the surface of
the protein and of the interior of proteins (ε ≈ 2-20).32

Scheme 3. Schematic Illustration of the Binding of a Ligand (L) (of
Charge (z and Mass m) to a Protein (P) (of Charge (Z and Mass

M) and the Effects on Electrophoretic Mobility, µ
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For charged ligands, ∆Gb is proportional to the charge
of the proteins that comprise each rung of the ladder.
Quantitatively, the magnitude of the dependence of ∆Gb

on the charge of the proteins that constitute the charge
ladder is 0.07 and 0.13 kcal mol-1 per unit charge for the
charged ligands 1 and 3, respectively. If we describe the
distribution of charges of the protein in terms of its charge,
dipole, and higher multipole moments, then the y-
intercept of the linear regression analysis of a plot of ∆Gb

vs ZCE
n is an estimate of the free energy of protein-ligand

binding in the absence of any charge on the protein.
The crystal structure of BCA II is not known, but the

crystal structures of several other isozymes from several
species, including human CA II (HCA II), are known; all
these enzymes have similar configurations of the peptide
backbone. The active site of HCA II, defined by the
location of the tetrahedral complex between a Zn(II) ion
and three imidazole rings, sits at the bottom of a conical

binding pocket approximately 15 Å in depth. Assuming
that BCA II has the same backbone structure as human
CA II, we propose that all the Lys ε-amino groups on BCA
II are situated outside of the conical binding pocket. We
conclude that electrostatic interactions between the charges
on a pendant group attached to the ligand and charges
on the protein that are outside the conical binding pocket
can influence the free energy of binding.

We suggest that there are at least two ways that the
annihilation of charges on the protein outside of the
binding pocket can influence the electrostatic contribu-
tions to the free energy of binding of charged ligands: (i)
the annihilation may contribute directly to changes in the
electrostatic potential in the binding pocket; (ii) the
annihilation influences the values of the charge of the
other ionizable groups on the protein (results in a change
in their values of pKa) and thereby may contribute
indirectly to changes in the electrostatic potential in the
binding pocket. At present, we cannot distinguish be-
tween these two mechanisms.

Conclusions
A protein charge ladder represents a large number of
derivatives of a protein that differ in the number and
location of charged groups. CE separates these protein
derivatives into the “rungs” of a charge ladder. The charge
ladder gives an estimate of the coefficient of friction of

FIGURE 6. Electropherograms demonstrating the changes in the
electrophoretic mobility of the rungs of the charge ladder of BCA II
due to the binding of ligand 3.31 The peaks marked with a filled circle
are neutral markers, and the peaks marked with a filled square are
the native protein. The peaks marked with an asterisk are impurities.
The number of acetylated Lys ε-amino groups (n) is indicated below
the electropherogram. The -1/time scale shown at the top of the
figure applies to all the electropherograms.

FIGURE 7. Dependence of the free energy of binding (∆Gb) on the
charge (ZCE

n ) of the rungs of the charge ladder of BCA II, and on
the charge on the ligands. The binding affinity of each rung of the
charge ladder to ligands 1-3 was measured by ACE in 25 mM Tris-
192 mM Gly (pH 8.4). Due to slight broadening of peaks near the
center of the charge ladder (n ) 6-12), the uncertainties in the
values of ∆Gb for these derivatives are larger than those for the
other parts of the charge ladder (for some values of n, the peak
broadening resulted in missing data). The slopes (∆∆Gb/∆ZCE

n )
from the linear regression analyses of ∆Gb vs ZCE

n yielded the
magnitudes of influence of charges on CAII-ligand interactions. The
observation that the lines for 2 and 3 extrapolate to the same value
of ∆Gb at ZCE

n ) 0 suggests that the groups attached to the
benzenesulfonamide moiety make a very similar contribution to
binding through nonelectrostatic interactions. (This plot differs from
the original plot in ref 19: here, the values of ∆Gb are plotted as a
function of ZCE

n ; in ref 19 the data were plotted as a function of
ZCE

0 + n∆Zseq.)
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proteins that make up the rungs of the ladder that allows
the direct determination of the values of charge of proteins
from values of electrophoretic mobility.

Charge ladders in combination with CE provide a new
biophysical tool for the direct measurement of the elec-
trostatic properties of biomolecules (ZCE) and of the
influence of electrostatic interactions on proteins (protein-
ligand binding) that are central to biochemistry. The
precision that this combination offers makes it possible
to estimate the contributions of electrostatic interactions
that have previously been difficult to investigate.

A surprising finding is the homogeneity in the electro-
static properties and interactions of the protein derivatives
that constitute a rung of the ladder: for example, the
binding affinity of the protein derivatives that make up
the charge ladder of BCA II for a common charged ligand
depends largely on a single property of these derivativess

their chargesand not on the specific location of the sites
that are modified.

Although much of our work has focused on the charge
ladders of carbonic anhydrase, we have demonstrated that
charge ladders can be formed from many proteins. We
have also extended these techniques through the modi-
fication of other functional groupssguanidino, carboxy-
late,30 and phosphatesand of other biological moleculess

small peptides23 and oligonucleotides.22 Work exploiting
these ladders is just beginning.

This work was supported by the National Institutes of Health
(Grants GM51559 and GM30367).
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