
Introduction and Principle

Aft-rmty capiilary electrophoresis (ACE) is a new
procedure for studf ing protein-ligand inferacuions.1-s
its potential applications include deveioping tight-
binding d*g canciidates. screening l ibraries for lead
conpounds, characcerizing the effectir-e char3:es of
proteins. and rneasuring enzl-mabic actil-ities. We rdll
i [ustrate sorne of these applications using several.
exanrpies fi 'om our rvork, with a focus orr a model
svstern conrpnsing carbonic anhl'drase and arl'lsuJ.-
fcnamides:. Nlosf of orr rvork has bee;: ca.rried out
usirrg nncolced fused siLica capi l lar ies.  in pnnciple,
prot ,e ins cair  b ' :  esamined by capi l lary-electrophoresis
r-ising conditions tfrat mainLain thern in their native,
funct ional  for-rns.  In pract ice.  adsorpt icn of  proteins
fespecial l l '  rhos,r  r , , ' i th h- igh moleculer u-eigl i t  and pI)
to the rval l  of  thu.  u.nc( i t ted cai . r i l lar ie. ;  is  an important
hmitat ion ro ihe generai i t l '  of  the nrethod. Less
ads,ri-ptive, coated capil lai-ies a.r.) now' becormng avail-
able,  but  are not 1 'et  in r i ' ide use.

Capi l iar l '  Electropboresis.  Capi l lary electro-
phoresis (CE) di f ferenciates charged species on the
basis of'mobrljty under the influence of an electric f ield
gladient.r0'i! r lhe r-a-lue of the electrophorecic mobii ity
u of a species is directly related to its net charge and
inversely relaied to its hydrodynamic drag. Eq 1 is
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Pioneering works by Karger,r2 Grossman,l3 Rug-
nier,l i  Novotn-v,15 Jorgenson,l6 and orhers influenced
the rapid operung of the fielo of CE to commerctali.za-
tion: the cievelopment of versati l.e and relatively
inexpensive commercial i.n-cfrumenbs nol makes it
routinell' acces-rible as a technique rn analltical
biochemistry.

Affinity Capiltary Electrophoresis. ACE rnea-
sur'€,s the value of electrophoretic mobii it l '  lzp 1 fol a
nrtr ip in P as a hulct ion oi  co; icentra. t ion of  a l isand
(Ll the:  b, :nd.q to i t  ard is present in the electrophore-. is
buff . . :  FiT:re i  r .1-s ACE Ls related to gei  re iardat icn
assavs  u i .d  in  p ro te in  b iochenr is t r - r ' , l r  b t r r  tak  ,s
aCvantr tge of  the high r i 'soiv i t rg po\!-er of  CI.

One ce-n measure the bii iding consi"ant t l irr) of a
i iqand t , r  t i re prctein u. ; i : - r l  Scatchard anC-. ' 's ls (eq ,3)
q ' f r 6 ,  1 ' , .  \ , r - ,  i c  r h e  c h a n c e  i ; ,  m o i - : l i + ' -  ̂ r ' f L - '  ' . - ^ - : i n  t tw l l t j l ' - ' - \ . t , L  l f ,  L r - -  v . ! . * 4 =  - - ) L l t L )  U l '  ( ' : I t i  

P l U t t

at a given concentret ion of tha irgand L (u:.r-) conipared
to tha i  u- l ihou l  the l :ganc ( ,vy)  in  the e iect ro , . . rhore- . is
bufl 'er. anC A:z' 1.:1: 'L( is the ci i ; .nge in rnobi l i t l '  at a
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an approximate expression of thris relationship: here,
Cp is a constant for a given protein (P) of mass fut and
char ge Z . Erpe rim e n tally, the e lecrro p ho re tic mobilit-l'
is determined by the migration time of a prot€in (tp)
and a neutrai marker (/Eo), rvhere Ia is the length of
the capil lary from injection end to the detector, Lt is
the totai length of the capiLiarl', and tr/ is the vol[age
that is appl ied across the capi l lary teq 2).
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Figure 1. The electrophoretic mobility of a protein (mass M

and charge Z) varies with the erlent to which the bi:rding site

is occupied by a ligand (solid triangle) of mass m and charge z

d.uring electropboiesis. Peali broademng is observ-ed when
(,4oa')-l is comparable to the emergence ti:'ne.

Lpp,tlTLl: Kz4up,L-** - Ko&p1

L|LIL) - KoAr** - KoAfr.

concentration of ligand L that will saturate the active

site of the protein. Nleasurilg changes in mrgration

time of the protein (Afr, and Afio*) as approximations
of changes in electrophoretic mobilities (A,rt',1 and

A,lp,trmK) san provide an estimation of binding con-

stants (eq 4) in cases rvhere the electroosmotic flow
(EOF) does not change sigaificantly on the addition

oi the ligand(s) to the eiectrophoresis buffer (see

section on correcti.on for EOF). Assumpbions associ-

ated w-ith eqs 3 and 4 ireclude the following: (a) the

binding interaction is monovalent; (b) the quantif,y of

receptor is much lorver than the total quantity of

Iigand avajLable for bindi-ng (c) equilibrium i.s achieved

bebween bound and unbound species; (d) the interac-

tion of the iigand and the receptor with the capillary
wall does not sigrrificantly alter the binding of the

ligand to the receptor; and (e) the electric field does

not influence the binding constanis.

In principle, there are two limiting ways by which

a ligand could cha-nge the eiectrophoretic mobility of

the protein upon binding (Figure l): by changrng the

charge, while leartng the hydrodgramic drag un-

changed (i.e., small, charged ligands), or by changing

the hydrodynamic drag, while leavi-ng the charge

unchanged (i.e., Iarge, neu[ra] ligaads). For a nrrmber

of technical reasons, we have focused on the former

stTat€g-y.

Nlodel System for ACE: Bi:rding of
Arylsulfona m i des to Carbonic Anhydrase

We chose carbonic a.nhydras"tt (Cr, EC 4.2.f.1, from

human and bovine erythrocytes) as a model protern

because (1) it does not adsorb sig:ri-f;cantly to the wa]I

of r.r-ncoated capillaries, (2) it is available commercially,

(13)  Bot re ,  F . ;  Gros .  G. ;  S torey ,  B .  T-  Carbontc  Anhyd ' rese :  From

Bia:hemtstry and Genettcs to Phvsiologt ond cl inical l tedicine; YCL{

Pub l ishers : -Nerv  York ,  199f  .  Dodgson,  S .  J . ;  Tash ian ,  R E. ;  Gros ,  G;

Carcer, N. D. Ihe Corbonic Annyrlrases Cellulcr Physwlogy and'

t r [obcu lc r  Gene l ics :  P lenum Press :  New York ,  1991.
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Figure 2. AfnniLv capilla4; electrophoresis of a ml<rure of

isoZymes of carbonic anhydrase: HCA I (human carbonic

"Irfryatut", 
p1 6.6), HCA I (pI 6'0)' BCA iI (bovine carbomc

"ofryat".", 
pi ;.S1, and BCA II (p/ 5'a)' The eiecbrophoresis

buffer used was tris (25 mr\tiglycrne (i92 n'NI) at pt{ 8'3' lv{O

is add.ed to measure EOF; FilL\I and STI are protein markers

that do not rnteract with affiniqv ligand 3' The inverted peak

iij -igt-utes at the emergence tr.m.e of free 3 and is due to the

lack of 3 in che inlecting 5amPles'

(3) its crl,stal sf,ructure is L:nown,re (4) it exists as a

number of itoty-es that di-ffer irr p/, (5) many 4.
sulfonamides bind to it with values of Ku between 10"

La fOn M-1, and (6) charged derivatives of these

ligands are easy to qrnthesize'rr-"Ft*.,'u 
2 shows elecrropherograrns of a mixture of

cA i"sorymes (from hunan and bovine erythrocytes)

in an eiectrophoresis buffer containing a monocar-

Uo*yf"t"a arylsuJfopamide ligand 3' tvlesibyl or'de

iMOl *., udd*d i-n the sample to correct for EOF;

horse heart myogiobin (IilIM) and soybean f,rypsin

inhibitor (STIi oit" used as noainteracting protein

standards. The migrati'on t'mes of NIO, FIIilVI' a::'d

Sn 
"t" 

rndependent of the concentrati'on of 3 (up to

faO ,"fnfi. Only the isorymes of CA change their

electrophorebic tobiliries upon binding 3' Sca-tchard

analysis of rhe changes in electropboretic mobilities

g,ives the binding affinitv of the ligand to different

Lo"y-*.. simuitaleousiy (next section)'

Qlantitative Measurement of Binding Con-

stants. Figrrre 3A shows a set of electropherogra'ns

(19) L i l jas,  A;  Haaka-nsson. K. ;  Jonsson, B'  H' ;  Xu: '^Y'  Eur '  J '

Bixhem.l99-{ ,  J l9,  l -10.  Ha-<ansson, K:  L i i jas,  A- fE8-S Let t '  1991'

J50. 319-322. Ja-in, i;-Wli;i*s' G' irt ; '{ le'rander' R' S'; Cbrisaan-

son .  D .  Y i  J .  t r t ed .  Chem. l994 ,  j 7 ,  : 100 -2 r05 '

ilMi,t--*rL
i r t  I

l,'lrtr-**-iL-
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tid.es, monoclonal antibodl' (anti DN?) aad f/-dinitro-

ohenvlaminocapioic acid, and' thrombin and peptides'
* ̂  

;;";;; ;; ;; t Ch an ges in Elecf,roo-smoti c F low'

The binding .on.t.ofs o1charged ligands to proteins

can be measured' by ACE even under conditions in

which the mrgration times are a-ftected by changes in

EOF resulting from changes in concentrations of

iig""at. Thesi corrections are made by observrng the

behal ' iorofanelectr ical ]1 'neutral inLerna]standard
;;; checke,l by obsening noninteracting proteins

inciuded in the i"*pl-: itt""qt 5-.l'the exper-imen[al

n , / \
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Figure 3. The mtgracion t ime of BCA II (p/ 5'9) changes with

i ncre as rng .on.u n,.u'ion o i the rncarbox'vlated aryl's ultonamid e

i;;;;;-; ;n che .r..fiopr'toresis buffer' stacked elec'-rophero-

srams A were oUtui. t . i  txpe' imeotai lv ([BC'{ I I ]  = 1g iz}I in

il::;i";i";;;ft";:;H 8 3) rhe ,.'o,'".otl" P'*: 1::to.tmll
ut.a 

" .  
che noninteract ing protein standard'  Panels -B-u were

generateci  by s imulat ion '"s i rnula l ion parameters Ao'r  (s- t ) '  Aoo

f lo .  N; : ;  =- i l , - in l  r .o , -1. ; '  rC)  0 '10,  o ' i ; ;  tDl  0 '010 '  0 '0 t5 '  In

i fr" t i*"i"i-ion, the concencration rn each compartment was

adjusrcd every 10 ms and rhe cooten[s of  che compannenss for

,[l -"Oif" cohplex were lrarisierred everY 100 ms'

parametefs IP,L,  t?,  t1oL, and /69 are the measured

migration ttmes .i ptti" in (P) and neutral marker

(EO) peaks i:r the pttttntt and the absence of the

iig;;i ir, l  * tn. 
-.r.arophoresis 

bufrer, respectivell ' .

Binding constants based on corrected electrophoretic

mobiiitl'for the ptol"* ce.:r' rhen be determined using

eq 6 in combinaiion wrth eq 3' \l'lnen the change in

EOF of the ryrr.* it negiigrble over the concentration

;""g" ;;;a * trt"' ̂ "alys-is'"rt ltt't 
- fp) i-s propor-tional

to Arzp,s (eq 6), ;"d 
"i 

4 can be used to estimate the

bi.ncihg constartt.- 
R.a;.entalive examples of svstemt t:1Yii:g cor-

rections to changes in EOF u" ih" interactions of CA

with positively ?[^tg"a aryisuj'fonamides6 and SFi3

Jo*"in-proline-ncf, peotides't Representative ex-

amples of those"nt;;;q';;"g EoF corrections are the

interactions of 6e i*ift ne[ativei,"- charged arylsul-

fona- ides.12
Kinetics of Association and Dissociation (Ku =

k:Jh".) 
"ta 

n""rt"phoretic Peak Shapes' Be-

sides changes 1. rn" eiectrophoretic mobil it-v upon

binoing, the peaii for the protein someiimes also

broadens in *re regioo oi jrrterr,iediate mobility (Fig-

ure 3A).:':0 Tltt-i;" of broad'en:'ng reflects equilibra-

tion betwuu" ft"u-pio1ti" and proteil- l igand complex

har-rng dlffu.e.rtliectrophoretic mobilicies. The peak

*rattt"aup"nd, o.t tnt i 'aiue of 'bor of the protein-

G;;d .o*pt.* ^oa tnt n:n time of each electrophore-

sis experiment- In the s1'-rtem of CA and sutfonamide

iGutit, 10-r00 association and dissociation events

occu-r during each electrophoresis rur'2'20

We were 
"Uf" 

io extract^the rate constanfs from the

p.^t *tarhs b1: tirn"t"rinilht behayior of the protein

und.er conditionl 
"i 

tftt AdE-e-xpenment (Figure 3B-

D) Ou-r ,r-Jliio" of ACE suggests thac these

erperimencal Jectropherogra*s t* be erpiained in

terms of relatii,.iy""* ;*iiblu., on and off rates (and

thus, binding constant), concenira[ion of the l igand-

(s), and relative mobil ihes of the protein and its

;or."tes). The sr_mulation assu-ned the i-nteraction

of the protein;;h;[" capiJ'lar1' rvall t9 be negligible'

Tb-is potential .i '^'CO to determine the klneric and

(20) l \{ i l ler '  J. \ | .  Chromctoqrcoh'y..  Concepts cnd Contras-ts; Wiiev:

New York ,  l9Sr3 :  p 'o  25- :9 -  ts la tn thwar te '  A ' ;  Smrch '  F  J '  Chromoto '

i:it*; ; t4j 3 nH: ;;,: I t - :x ":r 5,1 I T ;.: il "ii' "*
i . ; ; ; ; i ; ,  

-1. ' '7 
\  rrk'  Ier5' ro l ;-+5

o

r .N- i

R = CHzt lHC(O)(CH?) rC(O)NHC[CH?O(Cl - ]2 )3SCH2CO?

90z

2  A  =  C H ? N H C ( O ) ( C H , ) 4 C ( O ) N H

C O :

3  R  =  C H 2 N H C ( O ) ( C H , r a C C '

4  R = H

5 F = c(o)Nr-F-ltil.

for bovrne CA II (BCA II, pI 5'9) at increasing

concentrations of aryisulfonarrude ligand. t haring

ifrt.* carbox-r'lic acid groups present in the electro-

pno..ttt buffe.. nt" 
-p""f 

:fu is acconopanied by

;igr$.^rt peak broadenj.ng due to a slow dissoci'ati'on

;i"th" .o-j l.* (see belorv in the section on ki.netics).

iJy. i ,  o i  th"r .  dara using a Scatchard plot  (eq 3)

;; ' ;;aluu of K'" - 1'? * tot.N{-t that agreed well

with a value, Kb - 1.4 x 105 NI-r, obtained by a

fl.uoresceo."-b", 
"i 

assay' 2 The':eoni:rteracting neutral

marker and noninteracting prolein standaros are

included. in the sample to correct for changes-in EOF

with changes *.o.r.""trati'on of the ligald'-The-v also

detect changes rn moblLity due to nonspecific inferac-

tion between Proteins and ions'

We have also successfully apptied AqE to, other

b ind . ingsys tems inc iud ingca lmodu i r ' r r ( t - rombo!1ne
iurr".l"uod calcium ion, girlcose-6-phosphate dehydro-

nl . ,u."  (G6PDFI) and NIDP-,  SH3 domarn and pep-
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equilibrium constants simultaneousl,v for protein-

iffiu interactions is especially attractive in evaluaf-

i-lr"g dt"g candidates.2 r'22
-bitaitg 

of Carbonic Anhydrase -with^T\po

LG;J;, 
"OI1u 

Elecf,ricallv Ngutral and the Other

CL""r?"d,. Direct analysis of the bind,i-ng interaction

;a C.f with an electrical-ly neutral, Iow molecular

;.ttht arylsulfonamide 4 is not possible using the

foriat oi ACE we have described, because the elec-

iiopft"t.tic mobilities of free and bound proteins are

;..d;;. nhily indistinguish abl e' We h ave preriouslv

shown that one way oftircumventing th.is.limitation

i s t o m e a s u . r e t h e " b i n d ' i n g c o n s t a n t o f t h e n e u f , r a l
iigu"a 4 as it competes witd charged Iigand 1 of known

bilding constant-'

Other Bind"ing Interactions

Protein Charge Ladders' ACE can also be used

to estimate the efecti.ve charges of proteins i-n' soluiion

;;;;;; pH s fhese appiicitions permit convenient

estimatioo of .tr".li;. ;i;ge for a protein in solution

wrthout knowledge of its composition or amrno aclc

r.q".".u, and thly require o+,u very small amounls

;i=;;tt.i;. We h",,.- examined two methods for

;;"'"t;ilt a charge ladder, that is, a series of deriva-

tives of a prot.L'aiif"t"g by known increments of

.-n*g. U"t aif"ttttg only minimaily in h1'drodynemic

dragl one merhod"is by noncovalent associ.af,ion of a

;;"t- *ttft differentl-,- charged Liga-nds; !I: 
second

ilethod. modifies the proteins covalently (Figr*e 4).

\l'leen the charge of a protein is modified from Zo to a

value Zn, lhe;il of'tht mobilities of the modified

and unmodifiJ proteins is given by eq 8' . Ngebraic

-u.t-iprri.tion of Lq 8 grves 
"q 

9; this equation relates

the emergence times if peaks in the charge ladder fo

the effecfrve charge of rite protein (here fo and tn ate

the emergence tiies of the unmodified and modified

proteins,iespectively, and Ltn = tn - tzo)'

Mn:zn-zo:tr lm- t)

(a)

Co)

(c)

/,.t \
t u . ,

0 s € 5 0

BC{ ii BCA Ii
(p l  5.9) (Pt 5.a)

\ /
l | |  l, lo  l l l  t

I  r  [  1l  r
-J-[,LILVWt-^--

1 i  I  I  I  I
t5iJ-LL-- Az @cA II, pl5.9)

6 1  2 1  4 t 6 i

#rLJJ-l M tsc{ II, pt 5.a)
0 l 4  6

I

Noncovalent mod.ification of the charge of cA to

generate u pro[io charge iadder is illustrated by

EUt"*i"g thl emerg.r,..1i*es of complexes of .BCA
II with the utyf-..,iionamid'es 2, 3' uLd 5'. High

.oo..ot.utions 1'--; l l i ' . 'olesAiter) of the l iga-nds were

"*a 
io uo.*" the saturation of the active site of BcA

ff.- e""f:rsis of the data using-eq 6 indicates that Zo

= -3.7 for BCA ii ipl 5.9), a;d io = -i-0 for-BCA II

f pf ;.+1. Covalent mod-ifrcation of BCA tI (p/ 5'9) and

BCA II (5.4) is iliushrated' usrng reaction w-ith 1-td-
Lphenyl isothiocyaaate; -the results are consrstent

*ith those from eCn stud-ies: dnaiysis of the charge

Iuddur. yields .rtirl'ut". of the effective charges at pH

8.3 that Zo x -3.-  for  BCA i I  (pI  5 '9) ,  and Zo x -4 '5

io. eCr it fpr-s'+l' The difference of one u-nit of

charge between eCi n (p/ 5.9, Arg-;QJ ̂ ld BCA II

ipf S1+, GIn-56) observed erpenmentally is that ex-

(21) Carorri, A.; Rag'.rsao, C'; Campagna' F'; Langncige' R'; l i lein' T'

E.  Quc,nt .  Scruct . - . {cr .  Relat .  19S9, 3 '  l -10 '
(22) W.hLi te,  n . - r  ' i ; t t l f ip t '  O'  e '  Biocnemutn 19'q8'  27'  9122-9132'

P*coo ,  W.D. \ t . ;  R"ne ,  H .  p  - fa , ' -D rug  Res '  l 96 i t '  3 '  57 -80 '

(AVt)o . .,
(lVt)n

Figure 4. l leasuremenc of effective charge oiborrne carbonic

^"f,;;;s tgce rii-C" sample 66ng'ined two isozvmes BCA

ildi'frj"""J eci n tpi ;'ii in about a 10:l ratio; these

[";t;arff"; ty-;;;-u;t of charge, (A) The charge ladder

;;;;;;;d 6i;;' '"r9l'Po1 ii.ece tt with charged
r;--- i . .  (a\ f5l = r.o Ji.  f t)  buffer, (c) t3l :  l '0 uu\I '  and (d)

;;=t':-; i;M' (B) Corralent modjfication of lysine €-ammo
L P )  

-  v ' v  s  ^ '

*;.;; 
gci I uv it"riopue-nltilfiiocvanare gener-ated two

i:ndependent cnarg'e it;dt; of BCA iI (p/ 5'9) and BCA iI (p/

5.4) (buffer = f,ris izS *tlt>giyol",(192 mM)' pH = 8 3' rse =

1?0 s). Tlr.e emergence times oj th? unmodified procelns are

indicated^ *a ptoil"-";;C of scales in' 62' The r'ime scale

applies to both -A.';J 
d cond'itio-ns of elecrrophoresG' (C)

Determinarr.on or .fl;; cirarge from the analysis o[ charge

iadders using .q d'^"fUt iuo Jtto*1 for BCA tI (pl 5'9) a:rd

BCA Il (p/ 5.a) *.;; t;;"'*a **g ladders generared bv ACE

and covalent (CO) melhocs'

pected. from the amiro acrd' sequences' Other proteins

whose effective th*;t has been checked using tbr-is

proced.ure include trrisin, irr-sulin, myoglobin, q-lact-

;il;;; ;; ; .o'i-2,+otrP antibody'23

Stoichiomef,ry' o' 3irrdi19.' ACE san also conv+-

nrentiy derermi-n" U*aiog stoichiometies of receptor-

(23) Mathai, ivt.; Gomez' F I; \!-hricesides' G' i!{ ' Anol' Chem ' tn

press.

Itn Zn
+ : -

l to Zo
(8)

(e)
, l

i
i
{

1
I
I

I
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Figure 5. Determination of the stoicb-iometr-v of binding of a

Iorv-affinity sysrem: carbonic anhydrase and arylsulfonamide

S. f l l  ACE oisampies having a constant coocenlrat ion of BCA

Ii (p15.9; 4.2 uNl) and 3 (67 lllvI) in tris-glyciae bufrer contarnrng

various concenlral ions of 3 (pH 8.3). The cotal electrophoresis

time in each experimenc was 2.5 min at f 2 kV using 200 nm as

the derection waveleagh. 2-iodobenzoic ac|d (S) was used as

the internal st-andard for peali areas. (B) The fraph summanzes

exoerimental data denved irom panel A. (Data fronr Walsh,

C.  T. ,  e l  a l . ;  re i  8 . )

lieand interactions (Figures 5 and 6)-8 Figrrre 5 shows

tliat BCA II binds the liga-nd 3 w'rth a stoichiometry

of 1:1. The interaction of cA w-ith ary' isulfonamides

is an saarnple of a low-affinit1' systerc.

The interaction of a mouse monocional IgG antibody

(anri-FISA) to human serum albuno-in (HSA) is a

representative example of a high-affi'nity system (Fig-

.r. .  6). For each mole of an anti-HSA molecule rn the

sampie.  add i t ion o f  a  s to ich iometr ic  amounf  ( i .e . '  2

moli  of the HSA resu.l ts in the formation of 1 mol of

the anti-HSA'HSA complex (Figure 6). ACE can also

readily separate stable rntermediate species corre-

spondrng tb  t : r  , I :2 ,  and l :3  complexes ob iz ' lned when

sireptaridin (from Streptomtces ct, tdint i)  binds a

derivative of biotr.n.t

0 1 2 1 1 )

n  =  
[ H S A ]

i m t r - l i S A l

Figure 6. (A) Deiermr.narion oI the binding stoichiome!.1- oi

hufuar. serum alburnin (t{SA) ro i-.'-: mouse monoclonal I$G

""l iU"ar 
(anri- l lSA, 0.33 r i \ I)  using ACE in tr is-giycine luft 'er

(pFi 3.7)-200 nm as the derection wavelength' .DNS-E 
was

iunsyigturamic acid useci as an internal siandard' (B) A plot

of the ioncencration of free l igand vs the rat io oi [HSA]Ianct '
ffsgl gives a shaqo break ar tne- stoichiomecric poini (2'0)'

(Data f rom Walsh '  C.  T. ,  ec  a i ' ;  re i  t ' )

Ru and Ls Erpefiments with Vancomycin (R)

and n-Ala-p-Ala Peprides (L). We have also exam-

ined the use of AcE in study-rng binding interactions

invol lrng receptors with lori 'molecular rveight, using

vancomy;in as an example.{ We have carr ied out two

complementary ty?es of ACE experiments wrth van-

tr
Acc. Chem. Res.,

(ant i -HSA) ' (HSA)r

(ant i -HSA) ' ( )rt{sA
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Figure ?. Rr Nlethod: ACE oi vancomyci-n in 10 n-ilI sodium

pi"rZ.pi 'r"t" b,-, ;Tu, rpH 7.1) conrairung 'arious concenirat ions of

F-"..ryi-o-^L,la-o-1]a, 6. The neutra-i ma-rker mesicyl oxrde (]lO)

arrd the tripeptid.e r,-Na-LNa-L-AIa were used as inlernal

standards. Ln l letnoa: AcE of .N-Fmoc-Gly-o-Ala'o'Ala (o),

l/-Fmoc-GIy-n-.L1a'o-Ala'o-A]a (I), l/-Furoc-GIy-l-'Na-t'-AIa (C)'

and N-Frnoc-Gly-r--Na-r.-A_la-r,-Ala (C) in 20 m\{ sodium phos-

p["* buffer ipU l. ; l  contaraing va-. ious concentracions of

i .ancomycin. T'he astensk (") indicates the posit ion oi ihe peak

for unidencifr.ed neutral species carned through the capillary

by eiectroosmoric t'lorv.

comycin (R) and peptidy'l ligands (L - l/-aceby-l-o-Ala-

D-Ala, 6) (Figure 7).

CH

Figure 8. -Sequenrial introduction of plugs 
,of 

t"1]T" G,6f.?11

bu f fe r .andsubs t ra teN^{D(200r r \1 ) io i l o rvecbye iec . " ropnores is
in buf fer  contarrung Glc€-P (200 rz l l )  resul ts in enzvrne-

catal,vzed conversion"orth" substrate to product as che. subscrat+'

coniaining plug migrates t\gough the enzltte-cortrairing. piug'

fn" ..ot;},i of CgpbH in the enz-vme plug was senaliy. diluted

by a factor of 2 in going from one eiectropherogram lo the neKi'

especia[y the latter, where the receptor islsed as a

;;;;.;.;t oi the buffer) to be practical' Using the

p.r"i iptu of competit ive bq{og, we have als.o ds'

;;t;a a rapid assay', by ACE, for use in identi-fring,

tigltt U*aing tiganas -f"! vancomycin in mixlures of

u{r',-itool ̂t lj.gand candidates.l

The Capillaav as a lVficroreactor

Regrrier,l* *e,5 and otheirs have demonstrated that

.or-r-i.-.atalyzed reactions tahe plac? irr *o electro-

phoiutis capillaqy u-nder nondenaturing conditions'
'ut 

d .onuerr substrates to products' In thess expen-

men[s, enz]Toes and substrates are injected as sepa-

rate piugs into the capillary (a procedurg *:t call a
;ft.,g:piog reaction") or the substrare is included in

t[. ui*trof,horesis buffer (a "conbinuous reaction"). We

have demonsrrated the oxrdation of glucose 6-phos-

phate (Glc-6-P) to O-phosphogluconate usjrrg giucose-

i-fno.phate dehyd'rog"oit. G6PDH) with N^A'D as a

model sYstem.
PIug-Plug Reaction. In the plug-piug.reaction

Oigurl 8), imples of G6PDH and of NAD were

itrlJ.tua separately onto a capillary and subjected to

e[ctrophoiesis. the relatiye order and timrng of

injechon onto the capilJ'ary are important to ensure

contact between C,6PDH and NAD during electro-

phoresis.
continuous Reaction. In a second protocoi (Fig-

ure 9), a sample oi ff iPDH was injected o.nto a

..pUf"ty that Lad been equilibrated w-ith a bufier

;;;t"r11i11g i.iAD. This protocol is the extension of the

plug-plu! reaction to the reaction oi a plug of G6PDH

*-tt[ a conhnuous stream of NAD (essentia-lly an

indefirritely iong piug). The response of the electro-

pherogra*. .o,i. iat!s with the amounl oi G6PDH

pr.t.it in the plug an{ rSth-lhe duration of contact

tetween G6PDH and NAD' This tlpe of experiment

uilo*'t amplif ication of enzlrnaric activity in the plug'

we observ'ed both enzlrne catalysis and the eft-ect

of l igand brnciing on the electrophoretic mobil iry of

Acc. Chem. Res.,
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The "R1" Experitnent- In th-is type of erperimenl,

we observed the change i-n the mobiliUy'of the receptor

vancomycin, , lp, u. *. vaned the concenhration of

l igand g l.t ' the buffer' Thris change rn mobil jty of

vL.o*ych was due pnrnarily to the chaage in tharge
(from partial posirive to partial negative) on bindirg

the negatively: charged peptide present in the electro-

phores-is bufflr. Figure 7 shoys representative elec-

tropherograms.
The *Ln" Experim'ent- In a second, compiemen-

tanlv', tlpe of experiment, we observed the mobility o!

tfre iijid.s, ,rrr-, as rve varied the concenbrati'on of

,rurr.o;ycin included in the electrophoresis buffer
(Figure 7). This change in mobiiibl- of the ligand rvas

duJ primarily to the .haoge in hydrodyramic radius

and drag on binding the recePtor.
The ertreme economy with wlr-ich ACE uses recep-

tors and ligands permits both methods (Rr- and Ln;

^ Prel

/n_./-xl=
J l

HO--J==^r,O 
Me

rio*--?--z \ 
vancomYcln

Ho' c
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Table l. Sfudies on Bindi-ng of Ligands to R€ceptors Using A6n-ify Capitlary Electrophoresrs

example ref

A. p rotein - p rocein inte ractions
human serum album-in (HSA) and anri-HSA
human grow-uh horrnone (hGH) and anti-hGH (or its fragnent)

B.  protela-DNA inserac; ions
EcoRl and oligonudeocide; peplide and olfonucleolide

C. protein -peptide rnteractions
SH3 domain and proline-rich pepcides

D. prorein- cirrg irteractions
bovine car6ooic anhydrases (CA) and aryisulfonamides; glumse-Gphosphate dehydrohenase (C'-6PDH) and NADF;

GOPDH a-nd NADPH: igG.:r a.nd 2,4-DNP
boqne serum albumtn (BSA), bacterial cellulase and tryptopha. benzorn pindoloi promethaziLee, warfann

HSA and $.nureni.'s, tryplophan, 3-iadole lactic acid, 2,3-benzoyitartanc acid, (2,4-di-ni.hrophen.vi)glutanaEe

cellulase arrd P-blo*e rs
BSA and warfarin
B.SA and leucovorur

E. protein-meual ion inceractions
calmodulin, paraiburcin, thermoiysin, and Ca(Ii); carbonic anhydrase, thermolysi-n, and Zn(flt

C-reactive Droteln ald Ca(II)
F. procern-carbohydrace interactions

Tetragonolobus purpureas lectt'n and fucose 1-phosphare
p- gd actose- b indin g lectia and lactob ion-ic acid
co ncanavalin A - rhod amrne-l abeled m annosici e

G. pepcide- pept ide inceract ions
va-n co myci.n an d o-Ala- o-Al a-containrn g pe p tide s

FI. pepride-carbohy'drate Lnteractions
sy-nthetic pepcrde and anionic carbohydrates

i .  pepr ide-dve in ieraccions
s]-nthetic pepcide and Congo Red

J- car'oohycirate- cir.rg lnteracLions
me th,v-i -p-cyciod extrin and p ropranolol

K o ll gon ucleo nde - oi-i goa ucieotide interactions
dr.{ )" i  d(7)"

8.') .{

i

l r A t ' l
L ,  - ,  v ,  ) !

2 5
27

t o

')u

r  2 1  a O
L ,  O  L ,  Q L

t <  ? ?

, f , t
, a

36

a , t a ?

33

? o

{ 0

1 1

Enzyme plug \

N A D

Glc-5-P
6-P-Gluconate

Figure 9. The reiative mrgracion times of ff iPDH. NA-D, ano
NADH (obserueci au 200 nm) serve as reference for the remain-
der of  ihe Frgure.  The expenmentai  e lectropherogramq were

obcarned at 250 and 3-10 nm vnuh a plug of G6PDH ncjgra:r-ng
in a buffer contarilng NAD (200 slv[) and Glc-6-P (200aN{). The

schemauic shows the anaiysis oi rhe e.{penmentai electrophero'
grams in ierms of  consumpt ion of  NAD and generacion oi
NADH. The schemacic secaon also shows che analysis o i  the
er.cer imencal  e lecrropherograms ta terms oi  the mobi l r t res oi
rhe cotaciors reiarive to the plug o[enzyne. The alTolvs inciicate
subsirate f lornng rhrough the plu3 in ihe di rect ton shorv-n:  lhe
narrowed width oi  the arrow cocn- ing ouc of  the plug indicates
reduc t ion  in  the  concen t ra l i on  o i  t he  subs t ra te .  The  ha tchec i
a r ro \vs  i nd i ca re  the  t l ow 'o f  rhe  p roc iuccs  in  rhe  i i r ec t i on
inci rca ' ,ed.  The putacive r ime of  arr tval  oI  the enz]Tne at  t ,he
d" r . ' r - r , r r  i n  rhp  n r t r s€oc€  o f  the  subsc ra les  i s  rec resen ied  bv  t

C.6PDF{ during fhese enperiments. Potential applica-
tions of these nilcroreactor techaiques rnclude analyz-
ing samples for enz)'matic activiries or concentraf,ions
of subsfrates, evaluali.:rg molecules as subsrates for
e nz]'me-c ataJyz ed re acrio ns, examin-ix g ml\-tures o f
proteins for activity against a particu-lar substrate,
an d s tudylng enzyme - i:rhib ito r interactions.

Conclusion

How General Is ACE? CE offers rapid analysis
of small amounts of w'ater soluble, charged sampies
wrth high resolution;ACE allows these advantages to
be appiied in studyrng binding interactions (Tabie 1).
ACE can be valuable rn determi-nrng boch binCing
consi^nts and binding stoichiometies of receptor-
iigand interactions, in estimating kinetic constanls for
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association and dissociation, and in screening tight-
bindiag ligands from mixbures of compou-nds. It
requires only small amounts of 5emples (nanoiiter
injection volumes, picogrems of proteins). It does not
involve radioactive materials and chemicaliy im-
mobilized ligands, and it does not require changes i:e
absorption or emission spectra upon binding.

ACE can simultaneously measure multiple binding
consbanfs from snmples of protein isozymes orvarious

H.; Robe:', F. A. Anal. Chern.1992, &{,2479-

Chem.  1991 .  /0 ,  l e3 - .169

Chu et al.

ligands; they need not be pure indir-iduaily. The
capillary' can also serye as a microreactor to stuCy
enzyme-catalyzed reaciions. It is possible to detect,
using enzlimatiq arnplification, 10 amol (attomol)
(10-r8 mol)  of  G6PDH-5'1a

The capability to modify the charge of the protein
without s{nificantly modifyiag its hydrodynamic dr"g
allows ACE to be used to esti-raate the effective charge
of proteins without browledge of their sequences and
sFuctures.

The ma;or curert limiiafion to ACE is the tendenc-v
for protei-ns with high molecular weight and./or high
p/ to adsorb on the wails of uncoated capillaries.
Addition of zwitterions and salts io bufers,{2 use of
coated capiJlanes,43-45 and corection for changes in
EOF deqrease (but do not always eiiminaie) the
influence of this adsorption.
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ted bythe MH (GMs1559 anl, GI130367) and th.e A'Sf und.er
tiw Engtneeing Reseorch Initinhue to the MIT Bintechrwbgjr
Processtng Engtneering Center (Cooperatiue $reement
cDR.88-03014.
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