Biophysical
Chemistry

Biophysical Chemistry 101—102002 593-609
www.elseviercom/locate/bpc

Use of T4 lysozyme charge mutants to examine electrophoretic
models

Jennifer A. Durarft , Chuanying Chén , Thomas M. Laue , Thomas P. Mbody ,
Stuart A. Allisor? *

3Center to Advance Molecular Interaction Science, Department of Biochemistry and Molecular Biology, Rudman Hall,
University of New Hampshire, Durham, NH 03824-3544, USA
®Department of Chemistry, Georgia State University, University Plaza, Atlanta, GA 30303, USA

Received 11 December 2001; received in revised form 23 January 2002; accepted 23 January 2002

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 electropkBl€g}, a free
solution technique, provides an experimental means by which to gain insight into these contributions. In this work
we used MCE steady-state electrophordSSE 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 ing electrophoretic mobility, it is necessary to have
a clear concept of what constitutes macro-ion
With the introduction of capillary electrophore- charge. Ordinarily, when calculating valence of
sis, there has been renewed interest in ‘free solu- macro-ions, protons are the only ions considered.
tion’, or ‘free boundary’ electrophoresifl-5|. At neutral pH for proteins, the valence is a signed,
This interest stems, in part, from the fact that free integral value calculated as the signed sum of the
boundary electrophoresis is an intrinsically abso- valences of the functional groups, while for nucleic
lute method that provides physical first-principle acids it is usually assumed to equal the number of
measurements. The ability to rigorously interpret phosphates. At any instant, however, individuals
electrophoretic data would provide biologists with in a group of macro-ions may have different
methods for quantitatively assessing the charge onvalences due to the binding of small ions, giving

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 distributio6—9]; long, uniformly charged
cylinders [10,11]; or ‘thin double-layer models
[12—15. 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 elementBE) methodology has made it
possible to model dilute, rigid, model polyions of
arbitrary shape and charge distributift6]. Over

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 surfacg2l] under the solvent
conditions andQ as the product ot and e, the
elementary charge. The effective chargg, is the
valence reduced by flow effects.e. electrophor-
etic effect and ion relaxationand thusDegs= zese.
Both z andz.; are time-averaged values. Often the
individual pK, values of a protein are either not
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 §, values distant from the
pH at which measurements are made, thenge

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

the last few years, it has been applied to a number advantageous to explore the correlation between

of biochemical systemgl7-20.
Unlike previous studies, however, in the present

charge and mobility through charge mutants.
In general, the electrophoretic characteristics of

work we focus our attention on the influence of dilute macro-ion solutions depend not only on the
total charge and charge distribution on absolute properties of the macro-ion itself, but also on the
mobility, holding other factors, such as macro-ion properties of the counterions and, to a lesser extent,
conformation, salt type and concentration, etc., of the co-ions. OverbeeK6] derived the first
constant. general formulation of the coupled steady-state
In earlier work, the charge on the macro-ion hydrodynamic, ion transport and electrodynamic
either was not varied or was varied by changing differential equations, which he then applied to the
the solution pH[17]. Because of this, it is hard to  electrophoretic transport of a sphere of low charge
interpret the electrophoretic effegigrely in terms in a weak external field. More general treatments
of the charge on the macro-ion. Thus, we have of a macro-ion modeled as a charged sphere
taken a different approach in this work and followed [7-9].
changed charge not by changing solvent condi- Coupling of the macro-ion and small-ion flows
tions, but by using a series of charge mutants. gives rise to non-conserved forces that are greater
In order to test the relationship between the than those expected from ordinary hydrodynamic
charge on a macro-ion and various models describ- considerationd8]. 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’ [8,22. 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’ [8]. 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-iori8,23.

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
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[17], short duplex DNA fragment418,19 and
duplex DNA fragments of variable lengf20].

These last few years have also seen the devel-
opment of a membrane-confined analytical electro-
phoresis(MCE) instrument[24]. This instrument
is capable of providing accurate measurements of
the effective chargg25]. 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 elsewhd®6]. The mutations
were as follows: SM(R1198, DM (K16E/

strength over an experimentally reasonable rangeRr1548, TM (R119E/K135E/K147E) and QM

[6-8,18. The contribution of formal charge to the
electrophoretic mobility of a macro-ion is also
expected to vary linearly with the electric field.

(K16E/R119E/K135E/K147E). Purity  with
respect to size and charge was addressed by SDS-
PAGE and CE and showed that samples were

Thus, as conducted at present, electrophoretic99% homogeneous.

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-
workers[16—18 have used the transport theory of
Overbeek[6] and Booth[7], as well as O’'Brien
and White [9], 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

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 platinu>5 mS
cm~1) or gold (<5 mS cn1?) probe. Samples
were analyzed in 10 mM bis-Tris—propa(@TP),
100 mM KCI, pH 7.5, unless otherwise noted.

2.3. pK, values

In order to calculate the formal charge, it is
necessary to have estimates of th€, palues of
the titratable groups. Determination of protein
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residue [, values is complicated by their depend- Table 1

ence on ionic strength, macro-ion charge and the PKa values of charged residues

potential for ion pair formatio27]. Consequently,

. ) . . Residue pPK,
there is uncertainty in the formal charge. In this
work we have attempted to estimate the uncertainty S¢f /
by calculating the formal charge using various i'sflo %‘i
estimates of the i, values. The formal charge is g 11 5.4
reported as an average of three calculations at pHasp20 3.6
7.5 and the error estimated for the 90% confidence Glu22 3.8
level. The K, values used are given in Table 1. His31 9.05
The first set of values was taken from E. Ander- 2'“‘257 33)'%
son’s 1992 thesis dissertatio28]. The second P 36
and third sets make use of general textbook valuesg,s2 29
[29,30 combined with the NMR values for His31  Glus4 4.4
and Asp70, which form a salt bridd@8,31. Asp70 0.5
Asp72 3.4
2.4. Capillary electrophoresis Asp89 4.0
Capillary zone electrophoresis was carried out éﬁﬁ’fés i:g
at 20 °C with an eCap bare silica or neutral Asp127 3.4
capillary on a PACE 5510 apparatu$Beckman Glu128 3.7
Coulter, Fullerton, CA equipped with a UV  AsplS9 34
absorbance detector. The working wavelength A9 ﬁ
selected was 214 nm. Benzyl alcohol was used asTyrSa _
an EOF marker. Capillaries were 27 or 37 cm in cys -
total length(20 or 30 cm to detectorwith i.d. of N-term 7.35
50 pwm. Voltage within the linear range of Ohm C-term 3.9
plots were used(Beyond this range Joule heating s, 2
becomes a problemSamples were dialyzed over- Asp70 0.5
night against the running buffer. Capillaries were His31 9.1
rinsed at 20 psi for 2 min with deionized water ASP 3.9
and 5 min with running buffer before each run. A é;% 1%’2
2—4-s hydrodynamic sample injection time at 0.5 g, 4.2
psi was used. The mobility) was calculated by  Lys 105
plotting sample velocity Veor subtracted from the — Tyr 10.1
apparent sample velocityas a function of field  N-term 7.3
strength (Fig. 1). The slope of a linear least- Ctem 3.9
squares fit of this plot is the sample mobility, for —Ser 3
which precision is reported as the error of the Asp70 0.5
slope. This procedure provides a better assessmen '3531 2'51,
of the accuracy of the mobility than single field Ar; 12.0
calculations. While the precision of the mobility cys 93
calculated by this method is 10%, the reproduc-  Glu 4.6
ibility of the mobility at any given field is within  Lys 10.4
0.69-4.43%, which is in the range of typically ™ 9.7
reported CE errord4,32,33. The CE effective EEZ:Q ;3

charge was calculated from the relation:

D

aCys and Tyr are not considered titratable in this set.
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Fig. 1. CE velocity vs.E. Capillary electrophoresi¢CE) of
[open squares] WT (N=15), [open circles] SM (N=14),
[inverted open triangles] DM (N=12), and [open triangles]
T™M (N=12) in 10 mM BTP, 100 mM KCI, pH 7.520 °C).
N is the number of measurements.

wheree is the elementary charg®, is the trans-
lational diffusion coefficient,kgz is Boltzmann’s
constant and T is the absolute temperature. In
capillary electrophoresis, the primary quantity
determined by experiment ig.. This combined
with a measurement db, yields z.4. However, in
the MCE measurements discussed later, the pri-
mary quantity determined by experimentzjs.

2.5. Dynamic light scattering

A Protein Solutions DynoPro was used to meas-
ure the hydrodynamic radiuge,,) of the proteins.
Experiments were carried out at 2C in 10 mM
BTP, 100 mM KCI, 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+0.56x 107 cn? s * (95% con-
fidence interval assuming no error in viscosity of
1 cps9.

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°C, in 10 mM BTP, 100 mM KClI, pH

6.5, using absorbance detection. Loading concen-

trations were 1.22, 0.38 and 0.22 mg thl as
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determined from best fitA,g, values (analysis
program: &DFIT) using an extinction coefficient
of 1.28 ml mgt cnmt! and a pathlength of 1.2
cm. No concentration dependence was observed.
The concentration difference across an MCE cell
is approximately five-fold and in this range. It was
therefore assumeld, is unchanged across the MCE
cell. The partial specific volumé&) used in fitting
was 0.74 g mt! [34]. Fits of the data using
SepriT [35] gave an average sedimentation coef-
ficient (s) of 1.94+0.06 s and an average trans-
lational diffusion coefficient of
10.20+0.71x10°7 cn? s (95% confidence
interval for both. This D, value was used in
subsequent calculations of mobility and in BE
modeling. In additionD, was calculated using the
sedimentation velocity data along with sedimen-
tation equilibrium data using the equatidn=
sRT/M,, whereR is the gas constant and,, is
the buoyant molar mass determined fravf)=
oRT/w? [36]; o is the exponential coefficient for
the concentration gradient in the analytical ultra-
centrifuge andw is the angular velocity. This

. method circumvents uncertainty associated with

and gives a diffusion coefficient within error of
the above value(10.16+0.57X10-7 cn? s?).
Data were edited using WReeDIT and analyzed
using WINNonLIN (both programs are available at
ftp:/ /alpha.bbri.orgrasmbyspin).

2.7. Membrane-confined electrophoresis

The MCE instrument has been described previ-
ously [24,25,31. Briefly, macro-ions are confined
in a small 2<2x4-mm?® quartz cuvette, with the
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~A
past the analysis chamber provides constant sol-
vent conditions for electrophoresis. Experiments
were conducted at a controlled temperature of
20.04+0.1 °C using 16u.l of a solution containing
1.5-2.5 mg mf* protein.
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Recent research has demonstrated that concen€entration distribution in a manner analogous to
tration gradients may develop for small anions, the effects of thermodynamic non-ideality. Fitting

most likely due to residual carboxyl groups on the

data to a model that includg® allows for such a

membranes capping the analysis chamber, and agradient and improves the accuracy of the deter-

test for this has been developed using NO
allow monitoring of the anion at 300 nm. Tests

to mination ofo.

The time needed for the concentration distribu-

reveal that under the conditions of the experiments tion to reach steady statgenerally 8—9 h was
reported here, no such gradients are observed. Itjudged usinguaTcH (courtesy of David Yphantis,

was assumed that the ClI used in the MCE

experiments behaves similarly.

available at the RASMB archive: ftp/

www.bbri.org/rasmb. Absorbance readings were

Once it was demonstrated that the steady-statetruncated at each end to remove points distorted

distributions were not affected by bulk solvent
flow or small ion gradientsg was determined by

by reflections from the membranes. Non-linear
least-squares analysis was used to determine

non-linear least-squares analysis using the com-[25,40,41. For each mutantg was determined

bined data from all fields normalized to the lowest
field [25].

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

At steady state, the flux due to the electropho-

for a minimum of five fields. In all cases, the data
adequately fitted to a model consisting of a single,
non-ideal specie<i.e. B non-zerg. Diagnostic
graphs ofo as a function of the electric fields,
and o /E as a function ofE were constructed to
test for bulk solvent flow[25]. Tests for bulk fluid
flow were also conducted using the neutral mole-

resis of a membrane-confined species is exactly cule rhodamine dextran as previously described

balanced by the flux due to its diffusion at each
point in the system[38]. The result is that all

[25].
The dimensionless effective charge is related to

system properties, including the concentration gra- o appearing in Eq(2) by the relation:

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,

kBTO'
Ee

(3)

Zeff=

where all quantities have been previously defined.

the equation describing the macro-ion concentra- (Sincek is typically in V cm™2, two useful unit

tion gradient at steady state is:

c=a eU(x—xo)—ZB*Mc
o

2

wherex is the position in cm;x, is the arbitrary
reference position; is the macro-ion concentration
at x; ag=c£ Mo, wherec, is equal toc at xg
o, in units of cnT!, is the exponential coefficient

identities are: 1 es#300 V cm, and 1 ergl
esf cnt!) In MCE, it should be emphasized that
Zet 1S the primary quantity derived from experi-
ment and notw. Given z. and D, w can be
calculated from Eq(1).

The effective charge measured by MCE depends
on the properties of the system and is affected by

that characterizes the steady-state concentrationion flows (i.e. the electrophoretic effect and ion

gradient in the limit asc approaches zeray is
the molar mass, in g mol , of the macro-ion; and
B” is the apparent second virial coefficient that
accounts for the apparent influence ofon the
exponent of Eq.(2) [39]. That influence can
include, butis not limited to, the effect that 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-

relaxation. Thus, z.x IS a system parameter.
Although z. is not a molecular parameter, it is
the natural parameter obtained from the analysis
of SSE data and is analogous to the buoyant molar
mass,M,, in equilibrium sedimentation.

2.9. Boundary element (BE) modeling

The protein is modeled as a low-dielect(itie-
lectric constants;) solid of arbitrary shape with
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an arbitrary charge distribution within that encloses necessary to solve an ion transport equation for
the hydrodynamic shear surfag. The solvent  each mobile species, of valencez,, present:
(dielectric constant,) is represented as an incom- o

pressible Newtonian fluid of viscosity. The usual Vio(X)=0 (62)
‘stick’ boundary condition is assumed to apply, j o X) =na(X)V(X)
which states that the velocity of the model protein

and that of the fluid match od,. The co- and -D {Vn (X) +
counterions are treated at the continuum level in “ “

the fluid and are assumed to obey the Poisson
equation:

ez, Mq(X)
kgT

VA(X)] (6b)

wherej, is the local current density,, is the local
number density and is the elementary charge. At
V- (g(X)V A(X))= —4mp(X) (4 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 sphere$6—9, long cylinders10,11],

and particles of arbitrary shape and charge distri-

wherex is a point in space, angd, £ and A are
the local charge density, dielectric constant and
electrical potential, respectively. The motion of the
polyion is assumed small enough so that the local bution [16—20 have been reported.

fluid velocity, v, and pressure, are described by The BE numerical procedure is outlined only

the linearized Navier—Stokes and solvent incom- briefly in the present work. Eq€4), (5a), (5b)
pressibility equations: (6a) and (6h) are solved iteratively until conver-

MV (X) =V p(X) = —§(X) (5a) gence of all of the various fields is achieved. Then,
the total forcef, exerted by the model polyion on
Vev(x)=0 (5b) the fluid is computed. Two distinct transport cases

wheres is the local external force per unit volume Must be considered. In Case 1, the polyion is
acting on the fluid. When the external forces in translated with velocityu through an otherwise
the fluid arise from equilibrium charge interactions, Stationary fluid in the absence of an external

as well as charge interactions with external electric €/€ctric field. By translating the model along three
fields, thens(x) = — p(X)V A(X). orthogonal directions, it is straightforward to deter-

I ion relaxation is ignored, then the equilibrium Mine the nine components of the translational

ion distributions can be used and Ed) reduces  friction tensor,Z,, by the relation:

to the Poisson—Boltzmann equation. In this limi- fh=H.u 7)
ting case, Eq(4) becomes uncoupled from Egs. =

(5a) and (5b) and it is possible to solve Eq4) where the superscrifgtl) denotes Case 1. In Case
either analytically in certain limiting cases, or 2, the polyion is held stationary in a fluid that is
numerically [42]. These results can then be used at rest far from the particle, but it is subjected to
to solve the velocity and pressure fieltEgs. (5a) a constant external field. In this case, a tensor,
and (5b)]. This was the strategy employed by Q, analogous to=, can be determined from the
Henry in solving for the electrophoretic mobility ~forces along three orthogonal field directions:

of spherical polyions with centrosymmetric charge fo=—Q-E (8)
distributions in the absence of ion relaxatif?].

In addition, this approach has been used to inves- We can view —f® as the force acting on a
tigate the electrophoretic mobility of other model polyion that is fixed in space by a tether. This
structures, such as prolate and oblate ellipsoids occurs, for example, when a polyion is entrapped
[43], spherical polyions containing non-centrosym- in a gel[46,47. Thus,Q is sometimes referred to
metric charge distributionf44], and structures of  as a ‘tether force tensof20]. Another interpreta-
arbitrary shape and charge distributi¢#5]. To tion can be made by considering the special case
include the effects of ion relaxation in the steady- of a weakly charged polyion at very low salt. In
state transport of a model polyion, it is also this case,Q—Ql, wherel is the 3x3 identity
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tensor andQ is the formal charge on the polyion
(the bare charge of the macro-ion plus any solution
charge that is entrapped with)). At finite salt
concentration, howeveQ does not correspond to
the actual charge of the polyion due to the coupled
influences of polyion charge distribution, shape,
solvent and mobile salt off®. Thus,Q is some-
times referred to as an ‘effective charge tensor’
[20]. Undoubtedly, the effective charg@es, rep-
resents an isotropic average over the components
of Q in general, but this subject needs further
study.

To a good approximationz, is related to the
translational diffusion constanB,, by the relation:

keT
D= B?Tr(:;l) 9

where Tr denotes the tradsumming of diagonal
components To be precise, it is necessary to
compute D, relative to a particular body-fixed
origin called the ‘center of diffusion[48]. None-
theless, Eq(9) is accurate in most cases provided
a reasonable choice of body-fixed origin is made
[49]. At sufficiently weak external field where no
significant orientation of the particle occurs, the
average electrophoretic mobility of the particle,

is given by:

p=3THEQ) (10

where the —1 superscript denotes inverse. The
procedure used to construct detailed models of T4
lysozyme and its mutants has been described in
detail preVIPUSIyMS]' The non-hydrogen coordi- Fig. 2. T4 lysozyme models. The top structure is a 128-plate
nates of wild type T4[2LZM] and SM [1L44] model depicting the hydrodynamic shear surfagg, of the
were obtained from the Protein Data Bank. ASS0O- protein. The ribbon model below denotes the backbone struc-
ciated with each non-hydrogen atom is an atom ture of T4 along with the positions of some of the key residues.
‘exclusion radius’,d,, which is assumed constant

for all atoms. Plated structures consisting of inter- platelets, and the number of distinct vertex vectors
connected triangular platelets are then constructedactually equalsN/2+2. The placement of each
to completely enclose the protein. Fig. 2 shows a vertex vector is determined by progressively mov-
schematic of wild type T4 along with the plated ing outward from a common origin and stopping
structure, which represents the hydrodynamic shearat a large number of points. At each point, all of
surface,S,. Let N denote the number of platelets the atoms are scanned for possible overlap. The
representing the protein surface. Although each last point (moving outward at which overlap
triangular platelet is defined by three vertex vec- occurs is taken to be the endpoint of that vertex
tors, a single vertex vector is common to several vector. This procedure is repeated for each vertex
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Table 2
Summary of T4 lysozyme mobility

601

T4 Mobility X10° (cm? V™1 s71)

lysozyme Mce Msse Mee”

WT 8.94+0.70 9.34+0.66 9.39+0.28
SM 6.93+0.30 6.42:0.45 6.8G:0.21
DM 4.78+0.13 4.72+0.35 4.89+0.15
™ 2.01+0.17 1.810.13 2.24+0.09
QM Migrated with EOF No gradient formed -

Experimental mobility obtained byicg, capillary electrophoresigissg Steady-state electrophoresis; gngdg boundary element

modeling.
2 uge calculated using BE formal charges and includes IR.

vector in order to generat§,. For a particular
choice ofd,, the resulting structures, is used in

a Case 1 transport study to first determine the
translational friction tenso&, [Eg. (7)], and then
the translational diffusion constanb, [Eq. (9)].
From experimentD; for wild type T4 in water at
20 °C is known to be 10.210°7 cn? s* and
that value is used to defin®, in our modeling.

In addition to the surfacs,, it is also necessary
to subdivide the volume of fluid surrounding the
polyion, V, into discrete volume elements and
compute the external forcs, 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 particular
volume element of/ [16]. By carrying out a series
of calculations on models with increasing it is
straightforward to extrapolate to the continuum
(N— ) limit [18]. The procedure followed in
the present work is to generate a series Mf
‘shells’, with the innermost shell corresponding to
S, Typically, M=50 and each shell is made up of

3,(1+B), where is a small, positive constant to
be determined. It then follows that the total thick-
ness of the solvent layer external to polyion that
is included is approximatel§y=3,,—8,=95,[(1+
B)¥~-1—1]. Past work has shown that, provid&d
is greater than or equal to 12, wherek ! is the
Debye—Huckel screening length, then electrophor-
etic mobilities become independent Bto a good
approximation [18]. For an aqueous solvent in
monovalent salt at 20°C, x (in A Y=
0.3277%2. Thus, we setT=S/k, where S is
typically 12 or 16, and this is used to defie

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.
Anderson, the [, values of all of the Glu and
Asp residues of wild type T4 lysozyme have been
determined at 10C at an ionic strength of approx-
imately 0.11 M, and those values are used in the
present work. The K, of His31 is well known

N platelets. The volume between successive shells[31]. For the C-terminus and N-terminus, average

is then divided intoN volume elements, which

values typical of many known proteins are used

resemble truncated pyramids. To generate succes{29,3d. Finally, the K, values of the Lys and

sive shells, a procedure very similar to that used
to generateS, is employed, except a larger atom
exclusion radius is used. L&Y, denote the atom
exclusion radius for thg-th shell. Because field
quantities vary most strongly nedf, and more
slowly far from S, it is desirable to gradually

Arg residues are taken to be 12.

Since the experiments are carried out at pH 7.5,
considerable uncertainty in th&kpof a particular
residue does not lead to significant error in the
resulting residue charge, unless th&,plies
between approximately 6.5 and 8.5. Since the

increase the distance between successive shells apK, values were measured at a temperaturé@0

Jjincreases. This is accomplished by writi®yg ; =

lower than the conditions of the CE and MCE
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measurements, some comments on the temperature
dependence of the acid dissociation constants are

appropriate. It is straightforward to estimate chang-
es in a residue K, from the corresponding ioni-
zation enthalpies using the Gibbs—Helmholtz
equation[50]. A carboxylic acid residue, for exam-
ple, has an ionization enthalpy of approximately
2.5 kcal mol ! [51]. Using this value, it is straight-
forward to estimate ag, change of—0.064 when

the temperature is raised by 1G. Because these
corrections are small and because of other uncer-
tainties and assumptions of modeling, the uncor-
rected [K, values were used in the present work.
We have also assumed that th&_,pvalues for
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 g, values of all these residues
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Fig. 3. Mobility ratios. pcg/psse [open diamonds] and
wee/Msse [filled squares] vs. z for WT, SM, DM and TM at
10 mM BTP, 100 mM KCI, pH 7.520 °). wsse Was obtained
by fitting Eq. (2) with B" non-zero anduge includes ion
relaxation.

fall outside the range 6.5—8.5. Accordingly, while Fig. 4. Account is taken of the detailed charge

difficult to determine, the charge change from one Studies, it is necessary to know the small ion

mutant to another is better defined.
3. Results
3.1. Mobility () of T4 lysozyme

The mobility results are given in Table 2. As an

independent means of assessing SSE results, capt.=

illary electrophoresis was used. Also included in
Table 2 are BE model resulté&hat 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

mobilities or diffusion constantfthe D, in Eq.
(6b)]. These are related to the hydrodynamic radii,
ro, Of the small ions by the Stokes—Einstein
formula, D, =kgT/67Mr,, Which in turn are relat-
ed to the limiting molar conductivity of the small
ions,\2 (at 25°C in 10°* S n¥ mot?!) by:
2

92.01—=

Ao
wherer, is in A andz, is the valence of the ion.
For K*, CI” and BTP ,r,=1.252, 1.206 and
3.456 A, respectively. The limiting molar conduc-
tivity values of simple ions can be found in
standard referencgd®2]. The limiting molar con-
ductivity of BTP* has been measured in our lab
(J. Durant and T. Lauve and found to be
26.95+0.56x10"* S nt mol! at 25C.

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

(1D
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Fig. 4. Effect of ion relaxation on boundary element modeling and comparison with experifdemtonds] BE without ion
relaxation,[open triangles] BE with ion relaxation|filled circles] SSE(experiment, [open squares] CE (experimen}.

with the simpler 128 plate results to an accuracy ty. As Table 3 and Fig. 4 show, the detailed models
of several percent. Since this accuracy was com-are in excellent agreement with experimental
parable to the variation observed between different results for WT, SM and DM, particularly when
128 plate structures, and since computation time ion relaxation is included.

varies approximately as the square of the number The details of the charge distribution influence
of plates comprising the structure, it was felt that the mobility and, by extensiorg.«/z. Even the
the 128 plate structures represented a good com-mobility of a spherical polyion in the absence of

promise between realisfaccuracy and practicali- ion relaxation depends on the variation in electro-
Table 3
Experimental and model-predicted charge of T4 lysozyme
T4 Averagez® BE z Effective charges,; (proton equivalents z#CE/ zeBE/

CE SSE DHH  Booth BE  er>SE  ZenSSE
WT 8.281+0.364 8.402 2.2140.231 2.3110.202 2.66 2.50 2.325 0.958 1.006
SM 6.281+0.364 6.402 1.71%50.140 1.589-0.070 2.01 1.95 1.684 1.079 1.060
DM 4.281+0.364 4.402 1.1820.088 1.167%0.114 1.37 1.35 1.211 1.013 1.038
™ 2.281+0.364 2.402 0.4980.055 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 - -

zce Charge calculated by E€q1) from capillary electrophoresis experimentsse, charge determined by steady-state electropho-
resis experiments;,,,,, charge predicted by Debye—Huckel-Henry theory using(E®); zs.o Charge predicted by Booth using
Eq. (13); zgg, charge predicted by boundary element modeling by Allison.

a2The average formal charges were calculated from three set&,0fglues as described in Section 2. The error is estimated for
the 90% confidence level.

®Includes IR.



604 J.A. Durant et al. / Biophysical Chemistry 101102 (2002) 593-609

Table 4

Effects of charge distribution 1.0 T T T T T

Mutant z zeiBE  zenBE/z

TM (R119E/K135E/K147E)  2.402  0.555 0.231
TM1 (R16E/K135E/K147E)  2.402  0.701 0.292
TM2 (K16E/R119E/K135E) 2.402  0.608 0.253

static potential over its surface, and not simply the
average electrostatic surface poten{idb]. With
this in mind, BE studies on several additional
models have been carried out to address this 0.0
guestion of the influence of charge distribution on 01
Zert/z. In T4 mutant species TMR119E/K135E/ '
K147E), all of the mutated residues are in the
Same. domain of the prOtein' In the hypothetical Fig. 5. MCE steady-state concentration gradients. Specific cas-
Species TMl(KlGE/KlBSE/K]A'?E) and TM2 . esginclude:[ﬁ'lled lri);ngles] WT ((r=34.77% cntl), [()pfn cir-
(K16E/R119E/K135E), the three mutated resi- cies] SM (0 =25.242 cm?), and [filled squares] DM (o=
dues are in different protein domains. Shown in 19.972 cmr) all at a field strength of 0.4 V cm*  in 10 mM
Table 4 are the./z ratios for these three species. BTP, 100 mM KCl, pH 7.520 °C).

For the three TM model proteins, there is clearly o
considerable variation in the charge ratios, which cate that these charge mutants are otherwise iden-
is due to the details of the charge distribution fical with respect to tertiary structure and
within the protein. Species TM1 with charge muta- Nydrodynamic properties.

tions in both protein domains hasza/z similar ~AS can be observed in Fig. 6a; does vary

to what is observed in species DM, SM and WT. linearly with E. Linear fits give intercepts of within

In addition, if the charge is reduced even further, €ror of zero, |nd|cat|ng_ there is no S|gn|_f|.cant
as in the QM species, even greater deviation in field-independent t_)ulkfI_U|c[25]. A more gensﬂwg
Zert/z from the high charge value is observed. test for both the linearity and bulk fluid flow is

Normalized Absorbance
o
[3,]
T

3.3. Effective charge of T4 lysozyme (a) sof T T i ]
40k ]
Accurate measurement of the effective charge —~ 35l £ } : o ]
by MCE requires(1) that the concentration profile 20[ I 4= ft o 5o s ]
fits well to a model consisting of a single species; 10 s S = T ]
(2) that o increases linearly with the applied field 0 . P .
(E); and (3) there are no contributions t® from (b)1°°_ — — '
bulk solvent flow[25]. so| N S Y s ¥
Fig. 5 shows that at a given field, the steady- ol - i - - o |
state concentration gradient across the cell is § - = s = = 1
unique for each charge mutation and that these %[ i
profiles can be adequately fittedFig. 5 inse) to 20} ’ *~ =T _ oo o -
an exponential as given by EG2). As might be 0.0 0.2 04 06 08 10

expected, superior fits are obtained when the Normaltzed E

expression includes contributions to the profile due _ o o : .

. . . * Fig. 6.(a) o vs. applied field £. Specific cases includgfilled
to apparent n_on-ldeallty, glven_ by the_ tergn. triangles] WT, [open circles] SM, [filled squares] DM, and
Crystallographic data and stability studi€6], s [fiied diamonds] T™; in 10 mM BTP, 100 mM KCI, pH 7.5
well as sedimentation velocity experiments, indi- (20 °C). (b) ¢/E vs. E.
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. . . . . . . single set of experimental conditions than could
25} . be accomplished with pH changes. The differing
>—¥4 ] response to the electric field is then solely attrib-
4 uted to the change in charge due to amino acid

! i—%l ] replacements, and not to changes in the shape.
151 i Similar experiments carried out by changes in pH
R ! Y ] would be limited, in that multiple buffers would
1.0} - be needed to cover as substantial a range in charge,

introducing additional uncertainties and, at the

051 & i extremes, some changes in protein frictional drag
I ] that would be expected as denaturing pH values
0.0 L L L P were approached. By looking at a series of charge
2 4 6 8 10 mutants of a single protein, these concerns have

z been eliminated. In analyzing the mobility and

_ _ _ charge of the various charge mutants of T4 bacte-
Fig. 7. Effective charge as a function of formal charge. Cases riophage lysozyme, several models are considered

include: [filled circles] SSE,[open squares] CE, and[open tri- . q fi . lexit d i
angles] BE results. SSE: slope 0.3M.02, y intercept — In order of Increasing complexity and realism.

0.21+0.12. CE: slope 0.290.02, y intercept —0.15+0.11. In the absence of ion relaxation, the effective
BE: slope 0.2-0.12, y intercept —0.12+0.07. The confi- charge of a spherical model macro-ion containing
dence intervals are 90% for theaxis and 95% for the-axis. a Centrosymmetric Charge distribution of total

chargegQ is given by[38,54:
obtained from a graph of the ratio of/E vs. E
(Fig. 6b). The lack of any systematic deviation of f(ka)

o/E with E indicates a lack of charge heteroge- Qeff:Q(l_,_Ka) es/keT <1 (12)
neity, and shows that the data are unaffected by

bulk solvent flow dependent of”, for n+1 (i.e. ~ wheref, a function ofka, is Henry's function,s
non-electroosmotic flow[25]. is the macro-ion surface potentiéteta potential

Table 3 and Fig. 7 summarize the effective anda is the radial distance out to the surface of
charge results from SSE and CE experiments andshear[21,38,54, which is taken in this work to
BE modeling. With regards to the BE modeling, be the sum of the Stokes radius of T4 and ClI .
effective charges are related to mobility and the For the work presented hereq=2.36, f(ka)=
translational diffusion constant by EQl). As is 1.08 anda=2.197 nm. Henry’s function accounts
expected from theory, the effective solution charge for electrophoretic effects. Note that there is a
is substantially less than the formal chafd®,53 larger error associated with the calculation @f
and does track changes in the formal for chargesthan the measurement @.y, and thus typical
in the range from+4 to +9. Boundary element least-squares analysis is in reality not valid. The
predictions, as well as experimental CE and SSE Debye—Huckel-Henry(DHH) expression given
results, show that the ratio of effective charge to by Eq. (12) assumes the validity of the linear
formal charge is nearly constant, except for the Poisson—Boltzmann relation in describing the ion
case of TM. Wall interactions and the difficulty in  distribution around the macro-ion and should be
fitting low-curvature data may explain why CE valid at low surface potentials. As our results
and SSE, respectively, both give values slightly show, when the surface potential approaches 20

lower than that predicted by BE. mV, as in the case of WTkgT=25 mV), QO
from Eqg. (12) is within 15% of experimental SSE
4. Discussion values and 20% of CE values. If we consider all

the SSE data, the slope @i« as a function of
Use of T4 WT and charge mutants allowed us formal charge is within 7% of the predicted slope
to cover a more extensive charge range within a [0.321 predicted by Eq(12)]. In all cases, as
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expected, the approximation yields higher values
than those obtained experimentally.

Examination of our results in the context of
Booth's work [7] 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 Tanford[50] (Egs. 24-26, p. 416 can
be written as:

__f(ka) RN g1
Qe“_Q(HKa) j;Qaf*l(skBTy—l

X (Xj(ka3q) +Y (xasq) + Z(xa;q:q"))

(13

where X, Y and Z are complex functions that
attempt to include ion relaxation effedis,50,53.
From Eq.(13) we find the values foQ. that are
within 8% (SSB and 13%(CE) for WT. If we
again compare the slope d@i.x vs. Q with that
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%
(SSB and 5%(CE). The same trend is observed
throughout the data. Although the experimental
slope of Q. vs. Q is 4% greater than BE predicts,
the individual values track much closer to those
predicted by BE than any of the other models.
These results are summarized in termggfand
z in Fig. 8 and Table 3recall Q.s=2z.¢). The
predictive ability of BE is particularly apparent if
we now examine the behavior of the lower charged
mutants. Both SSE and CE show that theg/z
ratio drops by approximately 20% for TM, and
most likely even more for QMsince 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
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Fig. 8. Effective charge as a function of formal charge Il. Cases
include: [inverted open triangles] DHH, [filled diamonds]
Booth, [filled circles] SSE,[open squares] CE, and[open tri-
angles] BE results. DHH: slope 0.324.18x 10~ %",y intercept
0+2.14x107%, Booth: slope 0.380.01, y intercept
0.03+0.03. SSE: slope 0.300.02,y intercept—0.21+0.01.
CE: slope 0.23-0.02, y intercept —0.15+0.11. BE: slope
0.29+0.12,y intercept—0.12+0.07.

even greater deviation in./z from the high
charge value is predicted. In the limit of a pure
quadrupolar charge distribution with=0, model
studies show that the mobility is not necessarily
zero[15,16. 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
[56,57 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

charge. The model predicts that if the three charge that are fairly accurate. However, detailed structur-

mutations of TM are repositioned such that the
protein still has the same formal charge, thg/z
ratio changes from 0.28TM) to 0.29 (K16E/
K135E/K147E) to 0.25(K16E/R119E/K135E).
If z is reduced even further, as in the QM species,

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 result{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-workerg26], the structure and many other

properties of T4 and its mutants are now well
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

known. These characteristics make it an

the drawback of capillary wall interactions.
The electrolyte chosen for this work was KCI.

With this choice, the constituent small ions of the
solvent have nearly identical transport properties,
thus reducing electroosmotic flows to demonstra-

bly negligible levels[25]. 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 wéa) include
the detailed shape of the proteith) account for
the detailed charge distribution; arid) account
for ion relaxation.
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