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have been described in many cell types
(21). Tt is likely that type I myosins play an
important role in endocytic internalization
via these pathways.
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with the Use of Protein Charge Ladders
Jinming Gao, Mathai Mammen, George M. Whitesides™

Electrostatic interactions between charges on ligands and charges on proteins that are
remote from the binding interface can influence the free energy of binding (AG,). The
binding affinities between charged ligands and the members of a charge ladder of bovine
carbonic anhydrase (CAll) constructed by random acetylation of the amino groups on its
surface were measured by affinity capillary electrophoresis (ACE). The values of AG,
derived from this analysis correlated approximately linearly with the charge. Opposite
charges on the ligand and the members of the charge ladder of CAll were stabilizing; like
charges were destabilizing. The combination of ACE and protein charge ladders provides
a tool for quantitatively examining the contributions of electrostatics to free energies of

molecular recognition in biology.

Although charged groups appear in a ma-
jority of biological molecules, and electro-
static interactions between these groups un-
doubtedly contribute energetically to many
important biological interactions, it has
been difficult to evaluate these contribu-
tions quantitatively. A recent, stimulating
review of the influence of electrostatic in-
teractions in biochemistry by Honig (1)
analyzed this subject in detail and drew a
number of startling inferences: for example,
in some circumstances (2, 3), interactions
between opposite charges may be destabiliz-
ing, rather than stabilizing as expected for
idealized electrostatic interactions in vacu-
um (4).

Efforts to quantitate electrostatic effects
in interactions of proteins with ligands have
centered on proteins modified by site-spe-
cific mutagenesis (5). This technique, al-
though powerful, is labor-intensive and is
cumbersome when used to generate pro-
teins that are multiply mutated. Here we
summarize the energetics of interaction of
the members of a protein charge ladder (6)
derived from bovine carbonic anhydrase 11
(CAIl) (E.C. 4.2.1.1, containing two
isozymes of isoelectric points 5.4 and 5.9,
respectively) (7) with benzenesulfonamides
substituted in the para position with
charged and neutral groups. CAIl is a
roughly spherical Zn(II) metalloenzyme
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with a conical binding pocket. This pocket
is lined with both hydrophobic and polar
residues but not with charged residues (7).
The combination of affinity capillary elec-
trophoresis (ACE) (8) and charge ladders
derived from CAIl and other proteins con-
stitutes a versatile and convenient system
with which to define electrostatic contribu-
tions to the energetics of the association of
charged proteins and charged ligands.

Treatment of CAIl with acetic anhy-
dride generates a set of proteins in which
distributions of positively charged Lys
€-ammonium groups are converted to neu-
tral N-acyl derivatives (Eq. 1).

(AcHN),
n Ac,0
(HN) S N
(=0,0), (T0:C)q ( 1 )
Z, Z,=Zn

These sets of modified proteins appear in
capillary electrophoresis (CE) as a set of
evenly spaced peaks, which we call a “pro-
tein charge ladder” (6). In Eq. 1, n is the
number of acylated amines [CAIl has 18
Lys e-NH,™, 26 Asp or Glu-CO, ™, and 9
Arg-NHC(NH,),* groups (7)], and Z,
and Z, arc the charges of the native pro-
tein and proteins having n modified Lys
groups, respectively. In CE, the electro-
phoretic mobility () of a protein is pro-
portional to its charge and inversely cor-
related with its molecular weight (M)

Co . Co.  C»
Mn%mzn —M—QZO—WH



where C;, is a proportionality constant that
includes the influence of screening of
charge by counterions in solution, and o =~
%; for globular proteins (9, 10). In the case
of CAll, the families of acetylated deriva-
tives differ in charge by integral units; they
differ in molecular weight only minimally
(the molecular weight of an acetyl group is
42 daltons; that of CAII is 30 kD). There-
fore, all proteins with the same value of n
have essentially the same electrophoretic
mobility. ACE measures the changes in the
mobility of the proteins in the charge ladder
as a function of the concentration of a
ligand in the electrophoresis buffer and
yields the binding constant to each member
of the charge ladder simultaneously (8).
We have determined binding constants
for each member of the charge ladder of
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Fig. 1. Electropherograms of the binding of ligand
4 to the charge ladder of CAll. Increasing concen-
trations of ligand 4 in a buffer of 25 mM tris and 192
mM Gly (pH = 8.3) were used as the electrophore-
sis buffer. The neutral marker was 4-methoxyben-
zyl alcohol. The number of modified e-amino
groups (n) and net charge of the protein in the
charge ladder (Z, = Z, — n) are indicated below
the electropherograms. The small peaks marked
with (@) are impurities in the sample. Equivalent
results were obtained for the other ligands. -
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- the location of the charge relative to

“uncertainties in the values of AG, -6

CAII (11) with seven structurally related
ligands differing in charge and position of
charge relative to the sulfonamide group
(12) (Fig. 1). Scatchard analysis of the
changes in electrophoretic mobility of each
member of the CAIl charge ladder with
concentration of ligand yields its value of
the binding constant K, (8). Analysis of
these data gives free energies of binding
(AG,) (Fig. 2).

We draw three conclusions from these
data. First, acetylation of the Lys €-amino
groups of CAIl does not influence its
binding to neutral ligands (13): all mem-
bers of the charge ladder bound ligands 2,
3, and 7 equally. This lack of discrimina-

tion suggests that the acetylated deriva- -

tives of CAII retain the native conforma-
tion at the active site, even when 16
-NH;* groups are converted to -NHAc
groups. Second, binding constants of the
members of the charge ladder depend on
the charge on the protein and the charge
on the ligand in a regular way (14): the
more negatively charged members of the
charge ladder bound less tightly to a neg-
atively charged ligand (4) and more tight-
ly to a positively charged ligand (1) than
did the less negatively charged members.
Quantitatively, the magnitude of the de-
pendence of AG, on the net charge of
CAIl and its derivatives was 0.05Z_ to
0.1Z, kcal mol™! for the charged ligands 1
and 4 (15). Third, to a first approxima-
tion, the position of acetylation has little
influence on the values of binding con-

Fig. 2. Dependence of the free en-
ergy of binding (AG,) on the charge
of CAll (Z,) in the charge ladder and 11

stants: the mobilities of all derivatives of
CAII having the same overall charge (a
single peak in the charge ladder) seemed
to shift together as the concentration of
the ligand increased. We believe that the
small broadening of peaks in the center of
the charge ladder (n = 6 to 12) reflects a
slight heterogeneity in. binding affinity
within families of acylated derivatives of
CAII having the same net charge.

The addition of one unit of negative
charge to CAII stabilizes (or destabilizes) its
interaction with ligand 1 (or 4) by 0.05 to
0.1 kcal mol~! (Fig. 2A). A simple, approx-
imate, Coulombic model indicates that this
value is physically reasonable. We model
CAIl as a spherical solid of radius r, = 20 A
(16) withacharge Z, = Z, — n[Z, = —3.5
at pH 8.3 (17)] distributed uniformly over
its surface. We assume that the ionic
strength of the solution is zero and that the
dielectric constant outside the sphere is
that of water (¢ = 80); the model is inde-
pendent of the value of € inside the sphere.
Bringing a test charge in from infinite dis-
tance (defined as being at potential energy
V = 0) to a distance r (for r =< r,) results in
a.change AV ~ Z [4weegr, =~ 0.2Z keal
mol ™! (10), where g, is the permittivity of
free space; the observed value of 0.05Z to
0.1Z, kcal mol™! is consistent with this
estimate (18). We are currently performing
more rigorous calculations using Poisson-
Boltzmann methods (1).

This electrostatic model of CAIl-ligand
interaction predicts that the magnitude of

on (A) the charge on the ligands
(numbers in parentheses following
the ligands indicate charge) and (B) -10

the sulfonamide group. The binding
affinity of each member of the-
charge ladder to ligands 1 through -
7 was measured by ACE in a buffer
of 256 mM tris and 192 mM Gly (pH
= 8.3). Because of slight broaden-
ing of the peaks near the center of
the charge ladder (n = 6 to 12), the

-9 A

AGb(kcaI mol™)
&

-7 A

Z

X 20)
NH(CH2):CHg
R R '

[o]
L L
-N 1(+1
. N N, 1Y

1 C : i : . C 'CHQNHﬁ\CHaa(O)

o =-3.5
pH=83 -CHaNH

for these derivatives are larger than - 0
those for the other parts of the
charge ladder (for some values of n,

-5 - -10 -15 -20

o o
X

(CHp4 ~NH(Gly); ~OEt

=0

-CHaNH

the peak broadening resulted in
missing data). The slopes (AAG,/
AZ) from the linear regression anal-
yses of AG,, versus Z, yielded the
magnitudes of influence of charges
on CAll-ligand interactions. Values
of AAG,/AZ (in kilocalories per mole

AGb(kcal mol™)
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per charge) for these ligands: 1,
0.05+0.01;2,0.01 £0.01;3,0 %
0.01; 4, 0.10 £ 0.01; 5, 0.07 =
0.02; 6, 0.02 = 0.02; and 7, 0 =
0.01.
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electrostatic interactions will decrease upon
increase of the distance between the
charged group on the ligand and the bind-
ing site of CAIL To test this hypothesis, we
compared ligands 4, 5, and 6, in which the
negatively charged carboxylate group was
separated from the sulfonamide group by
increasing numbers of bonds (Fig. 2B). The
dependence of free energy of binding on
charge, AAG,/AZ, for ligands 4, 5, and 6
was 0.10 = 0.01, 0.07 %= 0.02, and 0.02 =
0.02 kcal mol™! charge™!, respectively. As
expected, the interactions between the
charges on ligands and proteins decreased as
the number of bonds between the sulfon-
amide group and the charged group in-
creased. The value of AAG /AZ for 4 is
approximately twice that of the shorter li-
gand 1; we have not established the origin
of this difference.

Three characteristics of the combination
of ACE and charge ladders are particularly
useful for study of electrostatic contribu-
tions to the free energies of protein-ligand
interactions. First, it generates large num-
bers of directly comparable data in a
straightforward experimental system. Sec-
ond, charge ladders can be generated from a
large number of proteins, and although only
certain charge ladders behave as simply as
that from CAll, the technique has useful
generality (19). Third, the technique readi-
ly permits quantitative evaluation of both
intensive (ion composition and tempera-
ture) and extensive (ionic strength and pH)
influences on the electrostatic contribution
to biological interactions.
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Adaptive Evolution of Human Immunodeficiency
Virus-Type 1 During the Natural Course
of Infection

Steven M. Wolinsky,*{ Bette T. M. Korber,i Avidan U. Neumann,
Michael Daniels, Kevin J. Kunstman, Amy J. Whetsell,
Manohar R. Furtado, Yunzhen Cao, David D. Ho,

Jeffrey T. Safrit, Richard A. Koup

The rate of progression to disease varies considerably among individuals infected with
human immunodeficiency virus-type 1 (HIV-1). Analyses of semiannual blood samples
obtained from six infected men showed that a rapid rate of CD4 T cell loss was associated
with relative evolutionary stasis of the HIV-1 quasispecies virus population. More mod-
erate rates of CD4 T cell loss correlated with genetic evolution within three of four subjects.
Consistent with selection by the immune constraints of these subjects, amino acid
changes were apparent within the appropriate epitopes of human leukocyte antigen class
I-restricted cytotoxic T lymphocytes. Thus, the evolutionary dynamics exhibited by the
HIV-1 quasispecies virus populations under natural selection are compatible with adaptive

evolution.

Ia general, the natural history of HIV-1
infection in humans follows a defined pat-
tern with well-characterized features (1-3);
however, the rates of development of dis-
case and the survival times in different in-
dividuals vary widely (4). The pathogenic
potential of the virus (5-8) and the immu-
nopathogenic effects of the immune re-
sponse (9) have each been postulated to
explain the observed differences in progres-
sion to disease. One hypothesis that might
explain the variable course is that the loss

SCIENCE e« VOL. 272 e+ 26 APRIL 1996

of CD4 T cells in HIV-1-infected individ-
uals is primarily due to increasing antigenic
diversity that, beyond a threshold, exceeds
the capacity of the immune response to
regulate viral population growth (10).

To evaluate this hypothesis critically, we
directly measured the levels of HIV-1 RNA
and tracked viral sequence changes that
occurred in concert with the humoral and
cellular immune response in samples from a
well-defined cohort of HIV-1-infected in-
dividuals. Six men with confirmed HIV-1
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