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Abstract

The electrophoretic mobility of a macro-ion is affected in a complex manner by a variety of forces that arise from
the applied field. Coupling of the macro-ion and small-ion flows gives rise to non-conserved forces that are greater
than those expected from ordinary hydrodynamic considerations. It is difficult to separate the steady-state hydrody-
namic and electrodynamic contributions to the macro-ion mobility. Membrane-confined electrophoresis(MCE), a free
solution technique, provides an experimental means by which to gain insight into these contributions. In this work
we used MCE steady-state electrophoresis(SSE) of a series of T4 lysozyme charge mutants to investigate these
effects and to examine the existing theoretical descriptions. These experiments isolate the effects of charge on
electrophoretic mobility and permit a unique test of theories by Debye–Huckel–Henry, Booth and Allison. Our results¨
show that for wild type(WT) T4, where divergence is expected to be greatest, the predicted results are within 15, 8
and 1%, respectively, of experimental SSE results. Parallel experiments using another free-solution technique, capillary
electrophoresis, were in good agreement with MCE results. The theoretical predictions were within 20, 13 and 5% of
CE mobilities for WT. Boundary element modeling by Allison and co-workers, using continuum hydrodynamics
based on detailed structural information, provides predictions in excellent agreement with experimental results at ionic
strengths of 0.11 M.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

With the introduction of capillary electrophore-
sis, there has been renewed interest in ‘free solu-
tion’, or ‘free boundary’ electrophoresisw1–5x.
This interest stems, in part, from the fact that free
boundary electrophoresis is an intrinsically abso-
lute method that provides physical first-principle
measurements. The ability to rigorously interpret
electrophoretic data would provide biologists with
methods for quantitatively assessing the charge on
macro-ions. This ability, in turn, would allow for
the correlation of charge with other macro-ion
characteristics, such as solubility, stability and
binding strength. Until recently, electrophoretic
data have remained intractable to rigorous inter-
pretation, with few exceptions. The exceptions are
special limiting cases in which the macro-ion is
assumed to be infinitely dilute, and describable by
a relatively simple structural model. These struc-
tural models include spheres with a symmetric
charge distributionw6–9x; long, uniformly charged
cylinders w10,11x; or ‘thin double-layer’ models
w12–15x. The work described here is directed at
extending the interpretability of electrophoretic
data to a wider range of macro-ions and solvent
conditions. The recent development of an iterative
boundary element(BE) methodology has made it
possible to model dilute, rigid, model polyions of
arbitrary shape and charge distributionw16x. Over
the last few years, it has been applied to a number
of biochemical systemsw17–20x.
Unlike previous studies, however, in the present

work we focus our attention on the influence of
total charge and charge distribution on absolute
mobility, holding other factors, such as macro-ion
conformation, salt type and concentration, etc.,
constant.
In earlier work, the charge on the macro-ion

either was not varied or was varied by changing
the solution pHw17x. Because of this, it is hard to
interpret the electrophoretic effectspurely in terms
of the charge on the macro-ion. Thus, we have
taken a different approach in this work and
changed charge not by changing solvent condi-
tions, but by using a series of charge mutants.
In order to test the relationship between the

charge on a macro-ion and various models describ-

ing electrophoretic mobility, it is necessary to have
a clear concept of what constitutes macro-ion
charge. Ordinarily, when calculating valence of
macro-ions, protons are the only ions considered.
At neutral pH for proteins, the valence is a signed,
integral value calculated as the signed sum of the
valences of the functional groups, while for nucleic
acids it is usually assumed to equal the number of
phosphates. At any instant, however, individuals
in a group of macro-ions may have different
valences due to the binding of small ions, giving
rise to several distinct charged species. For clarity,
we definez, theaverage valence or formal charge,
as the charge on the macro-ion within its hydro-
dynamic shear surfacew21x under the solvent
conditions andQ as the product ofz and e, the
elementary charge. The effective charge,z , is theeff

valence reduced by flow effects(i.e. electrophor-
etic effect and ion relaxation), and thusQ sz e.eff eff

Both z andz are time-averaged values. Often theeff

individual pK values of a protein are either nota

known, or the conditions under which they were
measured are different from those used in electro-
phoretic experiments, making accurate calculation
of the formal charge difficult. By mutating amino
acids with side-chain pK values distant from thea

pH at which measurements are made, thechange
in the formal charge of the mutants from the wild
type protein may be known with greater accuracy
than the absolute formal charge values. Thus, it is
advantageous to explore the correlation between
charge and mobility through charge mutants.
In general, the electrophoretic characteristics of

dilute macro-ion solutions depend not only on the
properties of the macro-ion itself, but also on the
properties of the counterions and, to a lesser extent,
of the co-ions. Overbeekw6x derived the first
general formulation of the coupled steady-state
hydrodynamic, ion transport and electrodynamic
differential equations, which he then applied to the
electrophoretic transport of a sphere of low charge
in a weak external field. More general treatments
of a macro-ion modeled as a charged sphere
followed w7–9x.
Coupling of the macro-ion and small-ion flows

gives rise to non-conserved forces that are greater
than those expected from ordinary hydrodynamic
considerationsw8x. Since the ion atmosphere and
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the macro-ion tend to move in opposite directions
when an electric field is present, there is a non-
conservative, steady-state force on the macro-ion
that is due to the resulting counter-flow of fluid.
This is commonly referred to as the ‘electrophor-
etic effect’ w8,22x. The electrophoretic effect does
not include the force generated by the distortion
of the ion atmosphere from its equilibrium distri-
bution. The tendency of the ion atmosphere and
macro-ion to move in opposite directions, however,
does distort the ion atmosphere from its equilibri-
um distribution, and this in turn gives rise to an
additional force, referred to as the ‘ion relaxation
effect’ w8x. Both the electrophoretic effect and the
ion relaxation effect decrease the velocity of the
macro-ion from that which would be predicted
from simple hydrodynamic and electrostatic con-
siderations. The electrophoretic effect significantly
reduces the mobility of any macro-ion, whereas
the ion relaxation effect is only significant for
more highly charged macro-ionsw8,23x.
The magnitude of the electrophoretic and ion

relaxation effects is dependent in a complex man-
ner on the properties of the solvent and the macro-
ion. Furthermore, both effects vary linearly with
the electric field, making it impossible to deter-
mine their contributions by varying the field
strength over an experimentally reasonable range
w6–8,18x. The contribution of formal charge to the
electrophoretic mobility of a macro-ion is also
expected to vary linearly with the electric field.
Thus, as conducted at present, electrophoretic
mobility experiments by themselves do not provide
sufficient information for characterization of the
formal charge of a macro-ion.
However, in the last few years, Allison and co-

workersw16–18x have used the transport theory of
Overbeekw6x and Boothw7x, as well as O’Brien
and White w9x, to develop a boundary element
method that models the electrophoresis of infinitely
dilute, rigid macro-ions of arbitrary size, shape
and charge distribution. The modeling incorporates
structural and titration data, and applies the trans-
port theory to predict the electrophoretic mobility
of macro-ions. This method has produced results
that are in good agreement with the experimentally
determined mobilities of hen egg-white lysozyme

w17x, short duplex DNA fragmentsw18,19x and
duplex DNA fragments of variable lengthw20x.
These last few years have also seen the devel-

opment of a membrane-confined analytical electro-
phoresis(MCE) instrumentw24x. This instrument
is capable of providing accurate measurements of
the effective chargew25x. This effective charge is
used, along with the translational diffusion coeffi-
cient, to calculate mobility. In this paper, experi-
mental measurements of the electrophoretic
properties of T4 bacteriophage lysozyme and
charge mutants have been compared with the
corresponding boundary-element modeling predic-
tions. The results reveal that SSE, CE and BE
results are in excellent agreement at 0.11 M ionic
strength. MCE, which requires much less material
than titration and NMR studies, can therefore be
used to obtain the formal charge of a globular
protein.

2. Materials and methods

2.1. Proteins

Clones of wild type T4 lysozyme and charge
mutants (courtesy B. Matthews, University of
Oregon) were expressed and purified based on
methods described elsewherew26x. The mutations
were as follows: SM (R119E), DM (K16Ey
R154E), TM (R119EyK135EyK147E) and QM
(K16EyR119EyK135EyK147E). Purity with
respect to size and charge was addressed by SDS-
PAGE and CE and showed that samples were)
99% homogeneous.

2.2. Solvent

All solvents were prepared using reagent grade
chemicals and distilled, deionized water. Buffer
pH was determined using an Orion 520A pH meter.
Specific conductance was measured with a VWR
1054 conductivity meter and a platinum()5 mS
cm ) or gold (-5 mS cm ) probe. Samplesy1 y1

were analyzed in 10 mM bis-Tris–propane(BTP),
100 mM KCl, pH 7.5, unless otherwise noted.

2.3. pK valuesa

In order to calculate the formal charge, it is
necessary to have estimates of the pK values ofa

the titratable groups. Determination of protein
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Table 1
pK values of charged residuesa

Residue pKa

Set 1
Glu5 3.8
Asp10 0.4
Glu11 5.4
Asp20 3.6
Glu22 3.8
His31 9.05
Glu45 3.8
Asp47 3.0
Asp61 3.6
Glu62 2.9
Glu64 4.4
Asp70 0.5
Asp72 3.4
Asp89 4.0
Asp92 2.5
Glu108 4.6
Asp127 3.4
Glu128 3.7
Asp159 3.4
Arg 12
Lys 12
Tyra –
Cysa –
N-term 7.35
C-term 3.9

Set 2
Asp70 0.5
His31 9.1
Asp 3.9
Arg 12.5
Cys 8.3
Glu 4.2
Lys 10.5
Tyr 10.1
N-term 7.3
C-term 3.9

Set 3
Asp70 0.5
His31 9.1
Asp 4.5
Arg 12.0
Cys 9.3
Glu 4.6
Lys 10.4
Tyr 9.7
N-term 7.3
C-term 3.9

Cys and Tyr are not considered titratable in this set.a

residue pK values is complicated by their depend-a

ence on ionic strength, macro-ion charge and the
potential for ion pair formationw27x. Consequently,
there is uncertainty in the formal charge. In this
work we have attempted to estimate the uncertainty
by calculating the formal charge using various
estimates of the pK values. The formal charge isa

reported as an average of three calculations at pH
7.5 and the error estimated for the 90% confidence
level. The pK values used are given in Table 1.a

The first set of values was taken from E. Ander-
son’s 1992 thesis dissertationw28x. The second
and third sets make use of general textbook values
w29,30x combined with the NMR values for His31
and Asp70, which form a salt bridgew28,31x.

2.4. Capillary electrophoresis

Capillary zone electrophoresis was carried out
at 20 8C with an eCap bare silica or neutral
capillary on a PyACE 5510 apparatus(Beckman
Coulter, Fullerton, CA) equipped with a UV
absorbance detector. The working wavelength
selected was 214 nm. Benzyl alcohol was used as
an EOF marker. Capillaries were 27 or 37 cm in
total length(20 or 30 cm to detector) with i.d. of
50 mm. Voltage within the linear range of Ohm
plots were used.(Beyond this range Joule heating
becomes a problem.) Samples were dialyzed over-
night against the running buffer. Capillaries were
rinsed at 20 psi for 2 min with deionized water
and 5 min with running buffer before each run. A
2–4-s hydrodynamic sample injection time at 0.5
psi was used. The mobility(m) was calculated by
plotting sample velocity(V subtracted from theEOF

apparent sample velocity) as a function of field
strength (Fig. 1). The slope of a linear least-
squares fit of this plot is the sample mobility, for
which precision is reported as the error of the
slope. This procedure provides a better assessment
of the accuracy of the mobility than single field
calculations. While the precision of the mobility
calculated by this method is;10%, the reproduc-
ibility of the mobility at any given field is within
0.69–4.43%, which is in the range of typically
reported CE errorsw4,32,33x. The CE effective
charge was calculated from the relation:

mk TBz s (1)eff D et
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Fig. 1. CE velocity vs.E. Capillary electrophoresis(CE) of
wopen squaresx WT (Ns15), wopen circlesx SM (Ns14),
winverted open trianglesx DM (Ns12), and wopen trianglesx
TM (Ns12) in 10 mM BTP, 100 mM KCl, pH 7.5(20 8C).
N is the number of measurements.

wheree is the elementary charge,D is the trans-t

lational diffusion coefficient,k is Boltzmann’sB

constant and T is the absolute temperature. In
capillary electrophoresis, the primary quantity
determined by experiment ism. This combined
with a measurement ofD yields z . However, int eff

the MCE measurements discussed later, the pri-
mary quantity determined by experiment isz .eff

2.5. Dynamic light scattering

A Protein Solutions DynoPro was used to meas-
ure the hydrodynamic radius(R ) of the proteins.h

Experiments were carried out at 208C in 10 mM
BTP, 100 mM KCl, pH 7.5. The average resulting
T4 radius from three experiments, 2.07 nm, was
used to calculate the translational diffusion coef-
ficient of 10.37"0.56=10 cm s (95% con-y7 2 y1

fidence interval assuming no error in viscosity of
1 cps).

2.6. Analytical ultracentrifugation

Sedimentation velocity experiments were con-
ducted using a Beckman Coulter XLA analytical
ultracentrifuge. Data were acquired at 60 000 rev.
min , 20 8C, in 10 mM BTP, 100 mM KCl, pHy1

6.5, using absorbance detection. Loading concen-
trations were 1.22, 0.38 and 0.22 mg ml asy1

determined from best fitA values (analysis280

program: SEDFIT) using an extinction coefficient
of 1.28 ml mg cm and a pathlength of 1.2y1 y1

cm. No concentration dependence was observed.
The concentration difference across an MCE cell
is approximately five-fold and in this range. It was
therefore assumedD is unchanged across the MCEt

cell. The partial specific volume( ) used in fittingv̄
was 0.74 g ml w34x. Fits of the data usingy1

SEDFIT w35x gave an average sedimentation coef-
ficient (s) of 1.94"0.06 s and an average trans-
lational diffusion coefficient of
10.20"0.71=10 cm s (95% confidencey7 2 y1

interval for both). This D value was used int

subsequent calculations of mobility and in BE
modeling. In addition,D was calculated using thet

sedimentation velocity data along with sedimen-
tation equilibrium data using the equationD st
sRTyM , whereR is the gas constant andM isb b

the buoyant molar mass determined fromM sb
sRTyv w36x; s is the exponential coefficient for2

the concentration gradient in the analytical ultra-
centrifuge andv is the angular velocity. This
method circumvents uncertainty associated withv̄
and gives a diffusion coefficient within error of
the above value(10.16"0.57=10 cm s ).y7 2 y1

Data were edited using WINREEDIT and analyzed
using WINNONLIN (both programs are available at
ftp:yyalpha.bbri.orgyrasmbyspin).

2.7. Membrane-confined electrophoresis

The MCE instrument has been described previ-
ously w24,25,37x. Briefly, macro-ions are confined
in a small 2=2=4-mm quartz cuvette, with the3

ends sealed with semi-permeable membranes. An
electric field is established between the mem-
branes, and the formation of a steady-state gradient
of the macro-ions is monitored using an imaging
spectrophotometer. A buffer flow of 10 ml hy1

past the analysis chamber provides constant sol-
vent conditions for electrophoresis. Experiments
were conducted at a controlled temperature of
20.0"0.1 8C using 16ml of a solution containing
1.5–2.5 mg ml protein.y1
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Recent research has demonstrated that concen-
tration gradients may develop for small anions,
most likely due to residual carboxyl groups on the
membranes capping the analysis chamber, and a
test for this has been developed using NO toy

3

allow monitoring of the anion at 300 nm. Tests
reveal that under the conditions of the experiments
reported here, no such gradients are observed. It
was assumed that the Cl used in the MCEy

experiments behaves similarly.
Once it was demonstrated that the steady-state

distributions were not affected by bulk solvent
flow or small ion gradients,s was determined by
non-linear least-squares analysis using the com-
bined data from all fields normalized to the lowest
field w25x.

2.8. Determination of mobility (m) from steady-
state measurements

At steady state, the flux due to the electropho-
resis of a membrane-confined species is exactly
balanced by the flux due to its diffusion at each
point in the systemw38x. The result is that all
system properties, including the concentration gra-
dient of any membrane-confined species, are invar-
iant with time. Thus, SSE is analogous in many
respects to equilibrium sedimentation.
For a system with a single macro-ion species,

the equation describing the macro-ion concentra-
tion gradient at steady state is:

*s xyx y2B Mc( 0)csa e (2)o

where x is the position in cm;x is the arbitrary0

reference position;c is the macro-ion concentration
at x; , wherec is equal toc at x ;*2B Mc0a sc e0 0 0 0

s, in units of cm , is the exponential coefficienty1

that characterizes the steady-state concentration
gradient in the limit asc approaches zero;M is
the molar mass, in g mol , of the macro-ion; andy1

B is the apparent second virial coefficient that*

accounts for the apparent influence ofc on the
exponent of Eq.(2) w39x. That influence can
include, butis not limited to, the effect thatc has
on the thermodynamic non-ideality of the system.
For example, a shallow gradient in the small,
mobile ions will result in a shallow gradient in the
electric field. This may alter the macro-ion con-

centration distribution in a manner analogous to
the effects of thermodynamic non-ideality. Fitting
data to a model that includesB allows for such a*

gradient and improves the accuracy of the deter-
mination ofs.
The time needed for the concentration distribu-

tion to reach steady state(generally 8–9 h) was
judged usingMATCH (courtesy of David Yphantis,
available at the RASMB archive: ftp:yy
www.bbri.orgyrasmb). Absorbance readings were
truncated at each end to remove points distorted
by reflections from the membranes. Non-linear
least-squares analysis was used to determines
w25,40,41x. For each mutant,s was determined
for a minimum of five fields. In all cases, the data
adequately fitted to a model consisting of a single,
non-ideal species(i.e. B non-zero). Diagnostic*

graphs ofs as a function of the electric field,E,
and syE as a function ofE were constructed to
test for bulk solvent floww25x. Tests for bulk fluid
flow were also conducted using the neutral mole-
cule rhodamine dextran as previously described
w25x.
The dimensionless effective charge is related to

s appearing in Eq.(2) by the relation:

k TsBz s (3)eff Ee

where all quantities have been previously defined.
(SinceE is typically in V cm , two useful unity1

identities are: 1 esus300 V cm, and 1 ergs1
esu cm .) In MCE, it should be emphasized that2 y1

z is the primary quantity derived from experi-eff

ment and notm. Given z and D , m can beeff t

calculated from Eq.(1).
The effective charge measured by MCE depends

on the properties of the system and is affected by
ion flows (i.e. the electrophoretic effect and ion
relaxation). Thus, z is a system parameter.eff

Although z is not a molecular parameter, it iseff

the natural parameter obtained from the analysis
of SSE data and is analogous to the buoyant molar
mass,M , in equilibrium sedimentation.b

2.9. Boundary element (BE) modeling

The protein is modeled as a low-dielectric(die-
lectric constant́ ) solid of arbitrary shape withi
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an arbitrary charge distribution within that encloses
the hydrodynamic shear surfaceS . The solventp

(dielectric constant́ ) is represented as an incom-o

pressible Newtonian fluid of viscosityh. The usual
‘stick’ boundary condition is assumed to apply,
which states that the velocity of the model protein
and that of the fluid match onS . The co- andp

counterions are treated at the continuum level in
the fluid and are assumed to obey the Poisson
equation:

=Ø ´ x =L x sy4pr x (4)Ž Ž . Ž .. Ž .
wherex is a point in space, andr, ´ andL are
the local charge density, dielectric constant and
electrical potential, respectively. The motion of the
polyion is assumed small enough so that the local
fluid velocity, v, and pressure,p, are described by
the linearized Navier–Stokes and solvent incom-
pressibility equations:

2h= v x y=p x sys x (5a)Ž . Ž . Ž .
=Øv x s0 (5b)Ž .
wheres is the local external force per unit volume
acting on the fluid. When the external forces in
the fluid arise from equilibrium charge interactions,
as well as charge interactions with external electric
fields, thens(x)syr(x)=L(x).
If ion relaxation is ignored, then the equilibrium

ion distributions can be used and Eq.(4) reduces
to the Poisson–Boltzmann equation. In this limi-
ting case, Eq.(4) becomes uncoupled from Eqs.
(5a) and (5b) and it is possible to solve Eq.(4)
either analytically in certain limiting cases, or
numerically w42x. These results can then be used
to solve the velocity and pressure fieldswEqs.(5a)
and (5b)x. This was the strategy employed by
Henry in solving for the electrophoretic mobility
of spherical polyions with centrosymmetric charge
distributions in the absence of ion relaxationw22x.
In addition, this approach has been used to inves-
tigate the electrophoretic mobility of other model
structures, such as prolate and oblate ellipsoids
w43x, spherical polyions containing non-centrosym-
metric charge distributionsw44x, and structures of
arbitrary shape and charge distributionw45x. To
include the effects of ion relaxation in the steady-
state transport of a model polyion, it is also

necessary to solve an ion transport equation for
each mobile species,a, of valencez , present:a

=Øj x s0 (6a)Ž .a

j x sn x v xŽ . Ž . Ž .a a

B Eez n xŽ .a aC FyD =n x q =L x (6b)Ž . Ž .a a
D Gk TB

wherej is the local current density,n is the locala a

number density ande is the elementary charge. At
this level, Eqs.(4), (5a), (5b), (6a) and (6b) are
coupled together and must be solved simultane-
ously. Their solution to determine electrophoretic
mobilities of spheresw6–9x, long cylindersw10,11x,
and particles of arbitrary shape and charge distri-
bution w16–20x have been reported.
The BE numerical procedure is outlined only

briefly in the present work. Eqs.(4), (5a), (5b),
(6a) and (6b) are solved iteratively until conver-
gence of all of the various fields is achieved. Then,
the total force,f, exerted by the model polyion on
the fluid is computed. Two distinct transport cases
must be considered. In Case 1, the polyion is
translated with velocityu through an otherwise
stationary fluid in the absence of an external
electric field. By translating the model along three
orthogonal directions, it is straightforward to deter-
mine the nine components of the translational
friction tensor,J , by the relation:t

1( )f sJ Øu (7)t

where the superscript(1) denotes Case 1. In Case
2, the polyion is held stationary in a fluid that is
at rest far from the particle, but it is subjected to
a constant external field,E. In this case, a tensor,
Q, analogous toJ can be determined from thet

forces along three orthogonal field directions:

2( )f syQØE (8)

We can viewyf as the force acting on a2( )

polyion that is fixed in space by a tether. This
occurs, for example, when a polyion is entrapped
in a gel w46,47x. Thus,Q is sometimes referred to
as a ‘tether force tensor’w20x. Another interpreta-
tion can be made by considering the special case
of a weakly charged polyion at very low salt. In
this case,Q™QI, where I is the 3=3 identity
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Fig. 2. T4 lysozyme models. The top structure is a 128-plate
model depicting the hydrodynamic shear surface,S , of thep

protein. The ribbon model below denotes the backbone struc-
ture of T4 along with the positions of some of the key residues.

tensor andQ is the formal charge on the polyion
(the bare charge of the macro-ion plus any solution
charge that is entrapped withinS ). At finite saltp

concentration, however,Q does not correspond to
the actual charge of the polyion due to the coupled
influences of polyion charge distribution, shape,
solvent and mobile salt onf . Thus,Q is some-2( )

times referred to as an ‘effective charge tensor’
w20x. Undoubtedly, the effective charge,Q , rep-eff

resents an isotropic average over the components
of Q in general, but this subject needs further
study.
To a good approximation,J is related to thet

translational diffusion constant,D , by the relation:t

k TB y1Df Tr J (9)Ž .t t3

where Tr denotes the trace(summing of diagonal
components). To be precise, it is necessary to
compute D relative to a particular body-fixedt

origin called the ‘center of diffusion’w48x. None-
theless, Eq.(9) is accurate in most cases provided
a reasonable choice of body-fixed origin is made
w49x. At sufficiently weak external field where no
significant orientation of the particle occurs, the
average electrophoretic mobility of the particle,m,
is given by:

1 y1ms Tr J ØQ (10)Ž .t3

where they1 superscript denotes inverse. The
procedure used to construct detailed models of T4
lysozyme and its mutants has been described in
detail previouslyw45x. The non-hydrogen coordi-
nates of wild type T4w2LZMx and SM w1L44x
were obtained from the Protein Data Bank. Asso-
ciated with each non-hydrogen atom is an atom
‘exclusion radius’,d , which is assumed constant1

for all atoms. Plated structures consisting of inter-
connected triangular platelets are then constructed
to completely enclose the protein. Fig. 2 shows a
schematic of wild type T4 along with the plated
structure, which represents the hydrodynamic shear
surface,S . Let N denote the number of plateletsp

representing the protein surface. Although each
triangular platelet is defined by three vertex vec-
tors, a single vertex vector is common to several

platelets, and the number of distinct vertex vectors
actually equalsNy2q2. The placement of each
vertex vector is determined by progressively mov-
ing outward from a common origin and stopping
at a large number of points. At each point, all of
the atoms are scanned for possible overlap. The
last point (moving outward) at which overlap
occurs is taken to be the endpoint of that vertex
vector. This procedure is repeated for each vertex
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Table 2
Summary of T4 lysozyme mobility

T4 Mobility =10 (cm V s )5 2 y1 y1

lysozyme mCE mSSE m a
BE

WT 8.94"0.70 9.34"0.66 9.39"0.28
SM 6.93"0.30 6.42"0.45 6.80"0.21
DM 4.78"0.13 4.72"0.35 4.89"0.15
TM 2.01"0.17 1.81"0.13 2.24"0.09
QM Migrated with EOF No gradient formed –

Experimental mobility obtained by:m , capillary electrophoresis;m , steady-state electrophoresis; andm , boundary elementCE SSE BE

modeling.
m calculated using BE formal charges and includes IR.a
BE

vector in order to generateS . For a particularp

choice ofd , the resulting structure,S , is used in1 p

a Case 1 transport study to first determine the
translational friction tensor,J wEq. (7)x, and thent

the translational diffusion constant,D wEq. (9)x.t

From experiment,D for wild type T4 in water att

20 8C is known to be 10.2=10 cm s andy7 2 y1

that value is used to defined in our modeling.1

In addition to the surfaceS , it is also necessaryp

to subdivide the volume of fluid surrounding the
polyion, V, into discrete volume elements and
compute the external force,s, fluid velocity, v, and
other field quantities within those volume elemen-
ts. In the BE methodology, the approximation is
made that field quantities do not vary over a
particular platelet ofS , or within a particularp

volume element ofV w16x. By carrying out a series
of calculations on models with increasingN, it is
straightforward to extrapolate to the continuum
(N™`) limit w18x. The procedure followed in
the present work is to generate a series ofM
‘shells’, with the innermost shell corresponding to
S . Typically,Ms50 and each shell is made up ofp

N platelets. The volume between successive shells
is then divided intoN volume elements, which
resemble truncated pyramids. To generate succes-
sive shells, a procedure very similar to that used
to generateS is employed, except a larger atomp

exclusion radius is used. Letd denote the atomj

exclusion radius for thej-th shell. Because field
quantities vary most strongly nearS and morep

slowly far from S , it is desirable to graduallyp

increase the distance between successive shells as
j increases. This is accomplished by writingd sjq1

d (1qb), whereb is a small, positive constant toj

be determined. It then follows that the total thick-
ness of the solvent layer external to polyion that
is included is approximatelyTsd yd sd w(1qM 1 1

b) y1x. Past work has shown that, providedTMy1

is greater than or equal to 12yk, wherek is they1

Debye–Huckel screening length, then electrophor-¨
etic mobilities become independent ofT to a good
approximation w18x. For an aqueous solvent in
monovalent salt at 208C, k (in A )sy1˚
0.3277I . Thus, we setTsSyk, where S is1y2

typically 12 or 16, and this is used to defineb.
In addition to the surface topography of the

proteins, another important requirement for realis-
tic modeling in the present work is their detailed
charge state. In the present work, the charge of a
particular amino acid residue is estimated from the
pK of the particular residue. From the work of E.a

Anderson, the pK values of all of the Glu anda

Asp residues of wild type T4 lysozyme have been
determined at 108C at an ionic strength of approx-
imately 0.11 M, and those values are used in the
present work. The pK of His31 is well knowna

w31x. For the C-terminus and N-terminus, average
values typical of many known proteins are used
w29,30x. Finally, the pK values of the Lys anda

Arg residues are taken to be 12.
Since the experiments are carried out at pH 7.5,

considerable uncertainty in the pK of a particulara

residue does not lead to significant error in the
resulting residue charge, unless the pK liesa

between approximately 6.5 and 8.5. Since the
pK values were measured at a temperature 108Ca

lower than the conditions of the CE and MCE



602 J.A. Durant et al. / Biophysical Chemistry 101 –102 (2002) 593–609

Fig. 3. Mobility ratios. m ym wopen diamondsx andCE SSE

m ym wfilled squaresx vs. z for WT, SM, DM and TM atBE SSE

10 mM BTP, 100 mM KCl, pH 7.5(20 8). m was obtainedSSE

by fitting Eq. (2) with B non-zero andm includes ion*
BE

relaxation.

measurements, some comments on the temperature
dependence of the acid dissociation constants are
appropriate. It is straightforward to estimate chang-
es in a residue pK from the corresponding ioni-a

zation enthalpies using the Gibbs–Helmholtz
equationw50x. A carboxylic acid residue, for exam-
ple, has an ionization enthalpy of approximately
2.5 kcal mol w51x. Using this value, it is straight-y1

forward to estimate a pK change ofy0.064 whena

the temperature is raised by 108C. Because these
corrections are small and because of other uncer-
tainties and assumptions of modeling, the uncor-
rected pK values were used in the present work.a

We have also assumed that the pK values fora

identical residues in the different mutants are
unchanged, despite the difference in net charge on
each mutant protein. All of these considerations
lead to some uncertainty in the absolute value of
the formal charge. However, for the mutants used
in this study, Lys and Arg have been replaced by
Glu or Asp, and the pK values of all these residuesa

fall outside the range 6.5–8.5. Accordingly, while
the formal charge on any particular mutant is
difficult to determine, the charge change from one
mutant to another is better defined.

3. Results

3.1. Mobility (m) of T4 lysozyme

The mobility results are given in Table 2. As an
independent means of assessing SSE results, cap-
illary electrophoresis was used. Also included in
Table 2 are BE model results(that include ion
relaxation and account for the detailed charge
distribution within the proteins). As Table 2 shows,
CE experimental results are in good agreement
with those from SSE. Fig. 3 shows that ratios of
experimental mobilities to BE predictions do track
well with formal charge for WT, SM and DM, but
not for TM. In the latter cases we observe a
significantly greater drop in observed mobility with
decreased formal charge.

3.2. BE modeling results

The results of detailed BE modeling with and
without inclusion of ion relaxation are shown in

Fig. 4. Account is taken of the detailed charge
distribution within the model proteins. For BE
studies, it is necessary to know the small ion
mobilities or diffusion constantswthe D in Eq.a

(6b)x. These are related to the hydrodynamic radii,
r , of the small ions by the Stokes–Einsteina

formula,D sk Ty6phr , which in turn are relat-a B a

ed to the limiting molar conductivity of the small
ions,l (at 25 8C in 10 S m mol ) by:` y4 2 y1

a

2zar s92.01 (11)a `la

wherer is in A and z is the valence of the ion.a a
˚

For K , Cl and BTP ,r s1.252, 1.206 andq y q
2

3.456 A, respectively. The limiting molar conduc-˚
tivity values of simple ions can be found in
standard referencesw52x. The limiting molar con-
ductivity of BTP has been measured in our labq

(J. Durant and T. Laue) and found to be
26.95"0.56=10 S m mol at 258C.y4 2 y1

In the BE modeling, most models consisted of
128 plates, and mobility values reported either
represent the average of nine independent model
structures, or else a structure that yields a mobility
closest to the average mobility was employed.
Several models consisting of 512 plates were also
examined and the resulting mobility values agreed
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Fig. 4. Effect of ion relaxation on boundary element modeling and comparison with experiment:wdiamondsx BE without ion
relaxation,wopen trianglesx BE with ion relaxation,wfilled circlesx SSE(experiment), wopen squaresx CE (experiment).

Table 3
Experimental and model-predicted charge of T4 lysozyme

T4 Averageza BE z Effective chargez (proton equivalents)eff z CEyeff z BEyeff

CE SSE DHH Booth BEb
z SSEeff z SSEeff

WT 8.281"0.364 8.402 2.214"0.231 2.311"0.202 2.66 2.50 2.325 0.958 1.006
SM 6.281"0.364 6.402 1.715"0.140 1.589"0.070 2.01 1.95 1.684 1.079 1.060
DM 4.281"0.364 4.402 1.182"0.088 1.167"0.114 1.37 1.35 1.211 1.013 1.038
TM 2.281"0.364 2.402 0.498"0.055 0.448"0.023 0.73 0.73 0.555 1.112 1.239
QM 0.281"0.364 0.402 – – 0.09 0.09 0.041 – –

z , charge calculated by Eq.(1) from capillary electrophoresis experiments;z , charge determined by steady-state electropho-CE SSE

resis experiments;z , charge predicted by Debye–Huckel–Henry theory using Eq.(12); z , charge predicted by Booth usingDHH Booth¨
Eq. (13); z , charge predicted by boundary element modeling by Allison.BE

The average formal charges were calculated from three sets of pK values as described in Section 2. The error is estimated fora
a

the 90% confidence level.
Includes IR.b

with the simpler 128 plate results to an accuracy
of several percent. Since this accuracy was com-
parable to the variation observed between different
128 plate structures, and since computation time
varies approximately as the square of the number
of plates comprising the structure, it was felt that
the 128 plate structures represented a good com-
promise between realismyaccuracy and practicali-

ty. As Table 3 and Fig. 4 show, the detailed models
are in excellent agreement with experimental
results for WT, SM and DM, particularly when
ion relaxation is included.
The details of the charge distribution influence

the mobility and, by extension,z yz. Even theeff

mobility of a spherical polyion in the absence of
ion relaxation depends on the variation in electro-
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Table 4
Effects of charge distribution

Mutant z z BEeff z BEyzeff

TM (R119EyK135EyK147E) 2.402 0.555 0.231
TM1 (R16EyK135EyK147E) 2.402 0.701 0.292
TM2 (K16EyR119EyK135E) 2.402 0.608 0.253

Fig. 5. MCE steady-state concentration gradients. Specific cas-
es include:wfilled trianglesx WT (ss34.773 cm ), wopen cir-y1

clesx SM (ss25.242 cm ), and wfilled squaresx DM (ssy1

19.972 cm ) all at a field strength of 0.4 V cm in 10 mMy1 y1

BTP, 100 mM KCl, pH 7.5(20 8C).

Fig. 6.(a) s vs. applied field,E. Specific cases include:wfilled
trianglesx WT, wopen circlesx SM, wfilled squaresx DM, and
wfilled diamondsx TM; in 10 mM BTP, 100 mM KCl, pH 7.5
(20 8C). (b) syE vs. E.

static potential over its surface, and not simply the
average electrostatic surface potentialw15x. With
this in mind, BE studies on several additional
models have been carried out to address this
question of the influence of charge distribution on
z yz. In T4 mutant species TM(R119EyK135Eyeff

K147E), all of the mutated residues are in the
same domain of the protein. In the hypothetical
species TM1(K16EyK135EyK147E) and TM2
(K16EyR119EyK135E), the three mutated resi-
dues are in different protein domains. Shown in
Table 4 are thez yz ratios for these three species.eff

For the three TM model proteins, there is clearly
considerable variation in the charge ratios, which
is due to the details of the charge distribution
within the protein. Species TM1 with charge muta-
tions in both protein domains has az yz similareff

to what is observed in species DM, SM and WT.
In addition, if the charge is reduced even further,
as in the QM species, even greater deviation in
z yz from the high charge value is observed.eff

3.3. Effective charge of T4 lysozyme

Accurate measurement of the effective charge
by MCE requires:(1) that the concentration profile
fits well to a model consisting of a single species;
(2) thats increases linearly with the applied field
(E); and (3) there are no contributions tos from
bulk solvent floww25x.
Fig. 5 shows that at a given field, the steady-

state concentration gradient across the cell is
unique for each charge mutation and that these
profiles can be adequately fitted(Fig. 5 inset) to
an exponential as given by Eq.(2). As might be
expected, superior fits are obtained when the
expression includes contributions to the profile due
to apparent non-ideality, given by the termB .*

Crystallographic data and stability studiesw26x, as
well as sedimentation velocity experiments, indi-

cate that these charge mutants are otherwise iden-
tical with respect to tertiary structure and
hydrodynamic properties.
As can be observed in Fig. 6a,s does vary

linearly withE. Linear fits give intercepts of within
error of zero, indicating there is no significant
field-independent bulk fluidw25x. A more sensitive
test for both the linearity and bulk fluid flow is
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Fig. 7. Effective charge as a function of formal charge. Cases
include:wfilled circlesx SSE,wopen squaresx CE, andwopen tri-
anglesx BE results. SSE: slope 0.30"0.02, y intercepty
0.21"0.12. CE: slope 0.29"0.02, y intercepty0.15"0.11.
BE: slope 0.29"0.12, y intercepty0.12"0.07. The confi-
dence intervals are 90% for thex-axis and 95% for they-axis.

obtained from a graph of the ratio ofsyE vs. E
(Fig. 6b). The lack of any systematic deviation of
syE with E indicates a lack of charge heteroge-
neity, and shows that the data are unaffected by
bulk solvent flow dependent onE , for n/1 (i.e.n

non-electroosmotic flow) w25x.
Table 3 and Fig. 7 summarize the effective

charge results from SSE and CE experiments and
BE modeling. With regards to the BE modeling,
effective charges are related to mobility and the
translational diffusion constant by Eq.(1). As is
expected from theory, the effective solution charge
is substantially less than the formal chargew12,53x
and does track changes in the formal for charges
in the range fromq4 to q9. Boundary element
predictions, as well as experimental CE and SSE
results, show that the ratio of effective charge to
formal charge is nearly constant, except for the
case of TM. Wall interactions and the difficulty in
fitting low-curvature data may explain why CE
and SSE, respectively, both give values slightly
lower than that predicted by BE.

4. Discussion

Use of T4 WT and charge mutants allowed us
to cover a more extensive charge range within a

single set of experimental conditions than could
be accomplished with pH changes. The differing
response to the electric field is then solely attrib-
uted to the change in charge due to amino acid
replacements, and not to changes in the shape.
Similar experiments carried out by changes in pH
would be limited, in that multiple buffers would
be needed to cover as substantial a range in charge,
introducing additional uncertainties and, at the
extremes, some changes in protein frictional drag
that would be expected as denaturing pH values
were approached. By looking at a series of charge
mutants of a single protein, these concerns have
been eliminated. In analyzing the mobility and
charge of the various charge mutants of T4 bacte-
riophage lysozyme, several models are considered
in order of increasing complexity and realism.
In the absence of ion relaxation, the effective

charge of a spherical model macro-ion containing
a centrosymmetric charge distribution of total
chargeQ is given byw38,54x:

f kaŽ .
Q sQ eßyk Tg1 (12)eff B1qkaŽ .

where f , a function ofka, is Henry’s function,ß
is the macro-ion surface potential(zeta potential)
and a is the radial distance out to the surface of
shearw21,38,54x, which is taken in this work to
be the sum of the Stokes radius of T4 and Cl .y

For the work presented here,kas2.36, f (ka)s
1.08 andas2.197 nm. Henry’s function accounts
for electrophoretic effects. Note that there is a
larger error associated with the calculation ofQ
than the measurement ofQ , and thus typicaleff

least-squares analysis is in reality not valid. The
Debye–Huckel–Henry(DHH) expression given¨
by Eq. (12) assumes the validity of the linear
Poisson–Boltzmann relation in describing the ion
distribution around the macro-ion and should be
valid at low surface potentials. As our results
show, when the surface potential approaches 20
mV, as in the case of WT(k Ts25 mV), QB eff

from Eq. (12) is within 15% of experimental SSE
values and 20% of CE values. If we consider all
the SSE data, the slope ofQ as a function ofeff

formal charge is within 7% of the predicted slope
w0.321 predicted by Eq.(12)x. In all cases, as
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Fig. 8. Effective charge as a function of formal charge II. Cases
include: winverted open trianglesx DHH, wfilled diamondsx
Booth, wfilled circlesx SSE,wopen squaresx CE, andwopen tri-
anglesx BE results. DHH: slope 0.32"4.18=10 ,y intercepty17

0"2.14=10 . Booth: slope 0.30"0.01, y intercepty16

0.03"0.03. SSE: slope 0.30"0.02, y intercepty0.21"0.01.
CE: slope 0.29"0.02, y intercepty0.15"0.11. BE: slope
0.29"0.12,y intercepty0.12"0.07.

expected, the approximation yields higher values
than those obtained experimentally.
Examination of our results in the context of

Booth’s work w7x shows better agreement. This
model extends the Debye–Huckel–Henry model¨
discussed above by including the effects of ion
relaxation to lowest order. Booth’s equation, as
given by Tanfordw50x (Eqs. 24–26, p. 416), can
be written as:

jy1`f kaŽ . ejQ sQ q Qeff jy18 jy11qka a ´k TŽ . Ž .Bjs2
*= X ka;q qY ka;q qZ ka;q;q (13)Ž Ž . Ž . Ž ..j j j

where X, Y and Z are complex functions that
attempt to include ion relaxation effectsw7,50,55x.
From Eq.(13) we find the values forQ that areeff

within 8% (SSE) and 13%(CE) for WT. If we
again compare the slope ofQ vs. Q with thateff

predicted by Booth’s equation, the match is within
1% of SSE.
If we make use of the boundary element model

developed by Allison and co-workers, we observe
that the predictive discrepancy for WT is-1%
(SSE) and 5%(CE). The same trend is observed
throughout the data. Although the experimental
slope ofQ vs.Q is 4% greater than BE predicts,eff

the individual values track much closer to those
predicted by BE than any of the other models.
These results are summarized in terms ofz andeff

z in Fig. 8 and Table 3(recall Q sz e). Theeff eff

predictive ability of BE is particularly apparent if
we now examine the behavior of the lower charged
mutants. Both SSE and CE show that thez yzeff

ratio drops by approximately 20% for TM, and
most likely even more for QM(since no gradient
or mobility was experimentally observed for QM).
Although neither Debye–Huckel–Henry theory¨
nor the more complex work of Booth predicts this,
BE modeling does. The results suggest that mobil-
ity is sensitive to the charge distribution for struc-
tures with many charged groups but of low net
charge. The model predicts that if the three charge
mutations of TM are repositioned such that the
protein still has the same formal charge, thez yzeff

ratio changes from 0.23(TM) to 0.29 (K16Ey
K135EyK147E) to 0.25 (K16EyR119EyK135E).
If z is reduced even further, as in the QM species,

even greater deviation inz yz from the higheff

charge value is predicted. In the limit of a pure
quadrupolar charge distribution withzs0, model
studies show that the mobility is not necessarily
zerow15,16x. Thus, the commonly held assumption
in biophysics that the isoelectric point and the
point of zero mobility are the same is not strictly
correct. Indeed, there is evidence in early literature
w56,57x that suggests that there may be a signifi-
cant discrepancy between these two points, and
that the discrepancy becomes greater as the ionic
strength increases.
Modeling a macro-ion as a sphere with a cen-

trosymmetric charge distribution and possibly
including the effects of ion relaxation yields, under
certain conditions, mobilities and effective charges
that are fairly accurate. However, detailed structur-
al information combined with the electrostatic
potential treated at the level of the full Poisson–
Boltzmann equation, including ion relaxation,
yields values in excellent agreement with experi-
mental results(Fig. 8).
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5. Conclusion

T4 lysoyzme was chosen for this work because
it is a well-characterized, stable protein for which
a series of charge mutants have been developed.
Thanks largely to the extensive work of Matthews
and co-workersw26x, the structure and many other
properties of T4 and its mutants are now well
known. These characteristics make it an ideal
macro-ion for work that combines experimental
and modeling results to investigate electrophoretic
processes. Steady-state MCE and CE results have
been obtained over a wide range of charges with
the use of T4 WT and mutants. MCE offers, as
does CE, low sample consumption, but can cover
a larger range of ionic strengths and does not have
the drawback of capillary wall interactions.
The electrolyte chosen for this work was KCl.

With this choice, the constituent small ions of the
solvent have nearly identical transport properties,
thus reducing electroosmotic flows to demonstra-
bly negligible levelsw25x. As has been shown, the
electrophoretic mobilities measured agree, to with-
in experimental uncertainty, with the values pre-
dicted by the boundary element model for the
higher charged subset. While BE does predict a
non-linear drop in mobility as the formal charge
is diminished, the experimental results suggest the
drop may be even more dramatic, which will
naturally be a point of further investigation. None-
theless, BE has been shown to be a powerful
predictive tool. It should be noted that agreement
between experimental results and those from mod-
eling improves progressively as we:(a) include
the detailed shape of the protein;(b) account for
the detailed charge distribution; and(c) account
for ion relaxation.
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