
have heen descriheil in many cell types 
(21 ). It 1s like17- that type I myosins play an  
important role 111 enilocytic ~nternalcaticin 
\.ia these yathwayi. 
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Evaluating Eleetwoststlc Csntributisns to Binding 
with the Use of Pratein Charge Ladders 

Jinming Gao, Mafhai Marnrnen, George M. Whitesides* 

Electrostatic interactions between charges on ligands and charges on proteins that are 
remote from the binding in.terface 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 (CAII) constructed by random acetylation of the amino groups on its 
surface were measured by affinity capillary electrophoresis (ACE). The values of AG, 
derived ffom this analysis correlated approximately linearly with the charge. Opposite 
charges on the ligand and the members of the charge ladder of CAI1 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. 

. -- 

Alt l lougl i  cliarged grouyr appear 111 a ma- 
~or l t \ -  of I:loloi:lcal 1110lec~llea, ,111~1 electrk>- 
static interactions betn.een tlieae groups un- 
cloul:te~llY contrilxite e~ ie~-ge t~ca l ly  to 1ila11j. 
important biolog~cal interactions, ~t has 
bee11 ditficult to evahiate these contril:l~- 
t1011s iqlla~itltiltix-ely. A recent, stimulating 
revien ~ j t  the ~ n f l u e ~ ~ c e  ot e1ectri)rtatic in- 
teractio~ls In hiochemistr\- by EIonig [ i ) 
a~-ialy;.ecl this ruhIect in [letall and dren a 
nrimI>er of .tartling interences: tor example, 
111 some c ~ r c ~ ~ m s t a n c e s  (2. .3),  interaction^ 
her\\-een opposite charges lila!- be Jestahi1i:- 
ing, rather than stahili:~ng as exl>ectecl t(or 
ic1eali:ecl electrostat~c ~nteractions in vacu- 
11111 (4). 

Efforts to quan t~ ta t e  electrostatic eftects 
in interactions of priite~n. nit11 liganils lia1.e 
centereil 011 proteins moclif~ecl by site-spe- 

cific lilutayenesi> (5). This techniL1ue, al- 
t11~1~1gl1 L ~ ~ > ~ ~ e r f ~ ~ l ,  is l : ~ l > o r - ~ ~ ~ t e ~ i s ~ \ - e  a11i1 is 
cumhersome \\-he11 used to generate pro- 
teins that are m u l t ~ ~ l y  mutatecl. Here \ye 
s~~mmari:e the  energetlc. of ~nteract ion ot 
the llleiiihers of ,I protein cliarge ladder ( 6 )  
~lerll-eel from l-civine carbonic anhydrase 11 
(CXII)  (E.C. 4.1.1.1, containing rwo 
iso:y~nes of isoelectrlc points 5.4 anil 5.9, 
respect~\rely) ( 7 )  \\-it11 l ~ e n ; . e ~ i e i r ~ l f ~ ~ ~ i a ~ i i i d ~ s  
sul~~titutecl in tlie p l ra  position wit11 
cllargecl and neutral griluy7s. CXII  is a 
ro~tg111~- syherical Zn(I1) meta1loen:yme 

Jepa-t,i-.ert o i  Cher7istr, Har,aro Llri>,ersiti ; 2 Oxford 
Srreer. Catnbroue. Iv:A 02135. LISA 

-To v.hon corresponaence sbo~l 'd  ,ze aadressed. 
E -ma :  i;l,i~tes~oss@g~n~,~,gro~~:: r-ar,,ara edu 

1 ~ 1 t h  a c(o111cal hincllng pocket. 7111s pocket 
1s l11iei1 with liotli liyclropl~ob~c a~ici polar 
resliiue hut not with cliargecl residues (7). 
Tlie combination of attinlty capillary elec- 
tropl~oresis (ACE) (8) and cliarge ladLlers 
deriveJ from CAII  anil otlier proteins ciin- 
st i t~ites a versatile ~ 1 1 ~ 1  c o ~ i \ ~ e ~ i i e ~ ~ t  syste~ll 
L V I ~ I I  which tri c1efil-i~ electrortatic ccol-irr~hu- 
tikins to the eneroetics of the  associaticn~ of 
charged p ro te~ns  and c11,irgecI liganL1s. 

Treatment  of C:ilII with acetic anhy- 
dride generates a set ot  proteins in  \\hi& 
d i s t r ihu t io~~s  of positively ch;~rge~l  Lys 
E-amnlonium groups are con\-erted to neu- 
tral N-acyl ilerix-at~ves (Eq. 1 ) .  

These sets ot ilioclltieil nroteiils a11rear in . k 
caL~i l lary  electrciphoresis ( C E )  as a set of 
evenly spaced peaks, n l i ~ c l i  uze call a "pro- 
tein cllarge lacliier" ( 6 ) .  I n  Eq. 1, n is tlie 
n~riilber of acl-lated amines [CAII  has 19 
Lys E - N H , + .  16 As17 or Glu-CO,-,  and 9 
A r g - N H C ( N H , ) ,  yorips ( 7 ) ] ,  a n ~ l  2, - 
and L, are tile charqes ot the  native pro- 
tein and nroteins havine  12 ~ i i o i l ~ f ~ e d  LVS 
gror~ys,  repect ively .  In  CE,  the  electro- 
phoretic rnohillty iF,,) of a protein 1s pro- 
portional to ~ t s  cliarge anil inr~ersely cor- 
relateid \ ~ ~ t l i  ~ t s  molecular weight (M) 

SCIENCE \ 'OL 1;: 76 . iPRIL l.)L1h 535 



where C, is a proportionality constant that 
includes the influence of screening of 
charge by counterions in solution, and ci .= 

% for globular proteins (9, 10). In the case 
of CAII, 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 ~ ro t e in s  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 

1 min - 
Neutral 
marker I I Concentration 

of 4 (VM) 

19.0 

9.5 

3.8 
I I 

Fig. 1. Electropherograms of the binding of ligand 
4 to the charge ladder of CAII. 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 &-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 (0) are impurities in the sample. Equivalent 
results were obtained for the other ligands. . 

CAII (1 1 ) with seven structurallv related 
ligands' differing in charge and pisition of 
charge relative to the sulfonamide group 
(12) (Fig. 1). Scatchard analysis of the 
changes in electrophoretic mobility of each 
member of the CAII charee ladder with 

LZ 

concentration of ligand yields its value of 
the binding constant Kb (8). Analysis of 
these data gives free energies of binding 
(AG,) (Fig. 2). 

W e  draw three conclusions from these 
data. First, acetylation of the Lys &-amino 
groups of CAI1 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 
CAII and its derivatives was 0.052, to  
0.12, 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- 

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. W e  believe that the 
small broadening of peaks in the center of 
the charge ladder (n = 6 to 12) reflects a 
slight heterogeneity i n .  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  mod$l 
CAII as a spherical solid of radius r, = 20 A 
(16) with a charge 2, = 2, - n [Z, = -3.5 
at pH 8.3 (1 7)] distributed uniformly over 
its surface. W e  assume that the ionic 
strength of the solution is zero and that the 
dielectric constant outside the sphere is 
that of water ( E  = 80); the model is inde- 
pendent of the value of E 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 5 r,) results in 
a change AV .-; 2,/47~1~,r, = 0.22, kcal 
mol-' ( l o ) ,  where E, is the permittivity of 
free space; the observed value of 0.052, to 
0.12, kcal mol-' is consistent with this 
estimate (1 8). We  are currently performing 
more rigorous calculations using Poisson- 
Boltzmann methods ( 1 ). 

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

Fig. 2. Dependence of the free en- 
ergy of b~nd~ng (AG,) on the charge H~N-!<=#- 

of CAI1 (Z,) In the charge ladder and -1 1 
on (A) the charge on the l~gands I 
(numbers In parentheses follow~ng 
the lhgands ~nd~cate charge) and (B) 
the locat~on of the charge relat~ve to 

aff~n~ty of each member of the - 
the sulfonam~de group The b~ndng 

charge ladder to l~gands 1 through 
7 was measured by ACE In a buffer ?Sh -8 
of 25 mM tr~s and 192 mM Gly (pH 3 
= 8 3) Because of sl~ght broaden- 
Ing of the peaks near the center of 
the charge ladder (n = 6 to 12), the 
uncertainties in the values of AG, 
for these derivatives are larger than 
those for the other parts of the 
charge ladder (for some values of n, 
the peak broadening resulted in 
missing data). The slopes (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 
per charge) for these ligands: 1, 
0.05 + 0.01; 2, 0.01 + 0.01; 3, 0 k 
0.01; 4, 0.10 5 0.01; 5, 0.07 -t 
0.02; 6, 0.02 + 0.02; and 7, 0 C 
0.01. 
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electrostatic interactions will decrease unon 
increase of the  dlstance between the  
charged group o n  the  ligand and the  blnd- 
lng site of CAII .  T o  test thls hypothesis, a.e 
compared llgands 4, 5,  and 6, in a.hich the  
negat~vely charged carboxylate group was 
separated from the  s ~ ~ l f o n a m ~ i i e  group by 
lncreaslng numbers of bonds (Fig. 2B). T h e  
dependence of free energy of blnding o n  
charge, IAG,,/AZ, for ligallils 4, 5 ,  and 6 
\vas 0.10 ? 0.01, 0.07 f 0.02, and 0.02 ? 
0.02 kcal mol-' charge-', respectively. As 
expected, the  interactions beta.een the  
charges on ligands and proteins decreased as 
the  n~lnlher of bonds l~etlveen the  s ~ ~ l f o n -  
arnlde group and the  charged group In- 
creased. T h e  value of IAG,,/AZ for 4 is 
approxlrnately tlvlce that of the  shorter li- 
gand 1; nre have not established the  origin 
of this difference. 

Three  characterlstlcs of the  colnbination 
of A C E  and c h a r ~ e  ladders are ~ ~ ~ r t i c i i l a r l v  " 
~1sef~11 for studr of electrostatic contribu- 
tions to the  free energies of protein-ligand 
~nteractions.  First, it generates large num- 
bers of directly colllparable data in a 
straiehtfor\vard exnerlnlental s17stem. Sec- 
ond, charge ladders can be generated from a 
large number of proteins, and although only 
certaln charge ladders behave as slrnply as 
that from CAII ,  the technique has useful 
generality ( 1  9 ) .  Third, the  technique readi- 
ly permits quantitative evaluation of both 
intensive (ion colnposit~on and ternpera- 
ture) and extensive (ionic strength and pH)  
influences on the  electrostatic contribution 
to biological interactions. 
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(gand  charges Z, = -1. 3 -6, and -9) that 
conta~n a d~n~trophenyl group The observed free 
energy of b~ndng  correlated l~nearly w ~ t h  tlie cliarge 
on the llgand A lG , :U  = 0 030 = 0 006 kcal l n o l  ' 
cliarge ' .  The second system colnpr~ses vancomy- 
cln ~nteractng w ~ t h  D-Aa-D-Ala, the obsen~ed value 
of A l G , # V  was 1.2 kcal m o l  ' c l i a rge  I .  Tlils arg- 
er value of electrostat~c effect s cons~stent w~ th  a 
shorter d~stance between tlie two charged groups 
on vancolnycln and tlie carboxylate group of D-Aa- 
D-Ala The t l i~rd system colnprlses a charge ladder of 
carboxypept~dase B ~nteract~ng w ~ t h  Arg. the ob- 
sewed value of AAG, /V was 0 03 = 0 02 kcal 
mol ~' charge ' .  In a three systems, opposlte 
charges stab~l~zed tlie receptor-gand complexes 
and k e  charges destab~i~zed them A number of 
prote~ns-~nclud~ng ysozyme, superox~de d ~ s -  
mutase, perox~dase, dextranase carboxypept~dase 
A, r~bonuclease A, and papaln-produce useful 
cliarge ladders on acetylat~on, we are usng these 
ladders to examine electrostat~c nfluences on bind- 
~ n g  ther substrates or hgands 

20 Th~s work was supported by NIH grant GM 51559. 
We thank J. Rao for helpful d~scuss~ons and for tlie 
data ~nvovng  vancomycln 
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Manohar R. Furtado, Yunzhen Cao, David D. Ho, 
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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-I 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-I quasispecies virus populations under natural selection are compatible with adaptive 
evolution. 

I n  general, the  natural history of HIV-1 
infection in humans follo~vs a defined pat- 
tern with \x~ell-characterized features (1-3); 
however, the  rates of development of dis- 
ease and the  survival tunes in different il? 
dividuals vary widely (4) .  T h e  pathogenic 
potential of the  virus (5-8) and the  imm~i-  
nopathogenic effects of the  imm~ine  re- 
sponse (9 )  have each been postiilated to 
explain the  observed differences ln progres- 
sion to  disease. O n e  hypothesis that might 
explain the  variable course is that the  loss 

of C D 4  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 ( I d ) .  

T o  evaluate this hypothesis critically, we 
directly measured the  levels of HIV-1 R K A  
and tracked viral sequence changes that 
o c c ~ ~ r r e d  in concert a.ith the  humoral and 
cellular immune response in samples from a 
\x~ell-defined cohort of HIV-1-infected in- 
dlviduals. Six lnen with confirmeij HIV-1 
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