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ABSTRACT This paper describes two methods to estimate
the effective charge of a protein in solution by capillary
electrophoresis and demonstrates these methods by using rep-
resentative proteins. In one method, a "charge ladder"-a
series of derivatives of a protein differing by known increments
of charge but differing only minimally in hydrodynamic
drag-is generated by covalent modification of the e-amino
groups of lysines with 4-sulfophenyl isothiocyanate or acetic
anhydride. In the second method, the equivalent of a charge
ladder is produced by noncovalent association of a protein with
differently charged ligands. Analysis of the electrophoretic
mobilities of the protein and its derivatives as a function of
added charge allows the effective charge to be estimated for the
unmodified protein. This type of analysis permits estimation of
the effective charge of a protein without knowing its composi-
tion, structure, or amino acid sequence.

Mass and charge are fundamental propert ies of proteins in
so lu t ion.  Determrn ing mass is  s t ra ight forward b l '  SDS/
polyacry lamide ge l  e lec t rophores is :  determin ing charge-
espec ia l ly  when the amino ac id  sequence is  unknown- is
present ly  d i f f icu l t  or  imposs ib le .  Only  the isoe lect r ic  po in t -
the value of pH at uhich the charge is zereis readi l-v
access ib le  exper imenta l l -v .

The calculat ion of the net charge of proteins having known
sequences of amino acids is straightforward i f  the pH of the
surrounding medium and values of the ionization constants of
each polar amino acid residue are known. In practice. the
tert iary structure of the protein and the sequence composi-
t ion may modif l '  the expected values of ionization constants.
Exper imenta l ly .  there are on ly  a  few repor ts  concern ing the
estimation of net charge (1-3). Tanford's method based on
isoionic points (1) is straightforward and can be used to
estimate the net charge of a protein over a range of values of
pH. This method. however, requires substantial quanti t ies
(2-10 mg) of pure protein, and the measurement may be
inf luenced by associat ion of the protein with ions in solut ion.
Winzor and Ojteg (2, 3) have estimated net charges of
proteins based on Donnan potential measurements. These
methods permit the charge of a protein to be determined over
a range of ionic composit ion and values of pH but also require
signif icant quanti t ies (1-10 mg) of a protein.

Here we report two related procedures for estimating the
effective charge of a protein in solution at arbitrary values of
pH by using capi l lary electrophoresis (CE) (4-8). The two
procedures are complementary, but both rely on the same
strategy: to generate and compare the electrophoretic mo-
bilities of a protein with a series of derivatives of the protein
that differ in effective charge by simple multiples of a unit
charge but that differ only minimally in hydrodynamic drag.
Examination of this series of derivatives el iminates the

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked " advertisement"
in accordance wi th 18 U.S.C. $1734 sole ly to indicate th is fact .

protein in solution by

WHrrEsroEs

ambiguit ies that make i t  impossible to interpret electropho-
ret ic mobil i t ies of proteins direct ly in terms of charges. These
two methods al low the measurement of the effect ive charges
of many proteins by using small  amounts (50-500 pg) of
samples in the presence of impurit ies (so long as they can be
separated from the proteins of interest by CE).

MATERIALS AND METHODS

Nlaterials. All chemicals were analytical grade. 4-Sulfophe-
nyl  iso th iocyanate (sod ium sa l t ) ,  compound I  (see F ig .  2) ,
w'as purchased from Fluka. Acetic anhydride and dioxane
\\ 'ere purchased from Mall inckrodt. Compounds 2-4 were
sy 'n thes ized as descr ibed (9-11) .

Bov ine carbonic  anhydrase (BCA,  EC 4.2.1 .1 ,  conta in ing
BCAA and BCAB isozymes, from bovine erythrocytes),
human carbonic  anhydrase (EC 4.2.1 , .1 ,  f rom human ery th-
rocy'tes). bovine pancreatic insul in (from bovine pancreas),
porcine pancreatic trypsin (from porcine pancreas), and
bov ine a- lac ta lbumin ( type 1,  f rom bov ine mi lk )  were pur-
chased from Sigma. Horse heart myoglobin was purchased
from United States Biochemical. Mesityl  oxide was pur-
chased from Eastman Organic Chemical (Rochester, NY).
Stock solut ions of proteins were each prepared by dissolving
the  l r oph i l i zed  p ro te in  i n  wa te r .

Equipment. The CE system was an ISCO model 3140
system. The capi l lary tubing (Polymicro Technologies, Phoe-
nix) was of uncoated fused si l ica with an internal diameter of
-50 p.m. a total length of 70 cm, and a length from inlet to
detector of 45 cm. The condit ions used in CE were as fol lows:
voltage, 30 kV; current, 8-20 prA. depending on buffer
condi t ions l  detect ion,  200 nm;  temperature,2T - r  zoc.

General Acylation Procedures. An aqueous solution of a
prote in  (0 .1  mM, 0 .5  ml )  was ad justed to  pH 12 by us ing 0.1
M NaOH. and 4-sulfophenyl isothiocyanate (sodium salt) I
(10 mM in water, 25 p"l) was added at room temperature. After
5 min. the solut ion was exchanged with electrophoresis
buffer by centrifugation using a microdialysis tube at 4'C
(Centr icon-3 for insul in and Centr icon-10 for other proteins).
The residue was di luted with electrophoresis buffer (1 ml)and
analyzed. Acylat ion using acetic anhydride (10 mM in diox-
ane) was conducted in similar fashion. At pH 12, acylat ion
resulted in significant preference for Lys e-amino groups over
N-terminal a-amino groups (12).

Procedures for CE. The sample for injection into the
electrophoresis capillary was prepared by diluting 50 pl of a
sample of acylated protein with 50 g.l of electrophoresis
buffer. Mesityl oxide at a concentration of 20 g,M was used
as an electr ical ly neutral marker. The sample solut ion (8 nl)
was introduced into the capi l lary by vacuum inject ion. The
charge ladders obtained from acylation of amino groups on
proteins were observed direct ly by electrophoresis. The

Abbreviat ions : CE, capi l lary electrophoresis ;  BCA, bovine carbonic
anhydrase.
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charge ladders inferred from binding a series of charged
ligands to BCA were analyzed using appropriate concentra-
tion of an arylsulfonamide ligand (0.5-1 mM, depending on
the binding affinity of charged ligand) in the electrophoresis
buffer to ensure saturation of the binding site (9-11).

RESULTS

Generation of Charge Ladders. The required series of
charged derivatives were generated either by covalent mod-
ification of the protein or by noncovalent association of
charged ligands with it (Eq. l; in this equation, we assume a
single active site). For simplicity, only ammonium and car-
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Z n = Z o - n \ e

boxyl groups are shown in Eq. l, but other charged or
reactive groups are included in the analysis as follows: X is
the derivatizing group (for example, acetyl), Ae is the change
in charge on derivatization of a single functional group, and
A,e is the unit charge on the inhibitor Ln. Covalent deriva-
tization using small reagents generates a series of modified
proteins with different values of charge Zn but with very
similar values of hydrodynamic drag. These modified pro-
teins appear in the electropherogram as a set of peaks with
uniform spacing: that is, as a charge ladder. Analysis of the
spacing of the ladder yields the effective charge Z" of the
unmodified protein (Fig. 1).

We illustrate the formation of charge ladders using the
reagents acetic anhydride and 1, which are selective for
amino groups (Fig. 2), although reagents with selectivities for
other functional groups are also useful in some circum-
stances. In a CE buffer with a pH between 6 and 8, Lys amino
groups (pKa : 10.3) are essentially fully protonated, so that
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Frc. 1. Schematic i l lustration of capillary electropherogram (de-

tector response vs. time) of a mixture containing an unmodified
native protein with effective charge Zu and a ladder of derivatives
differing from the unmodified protein by increments of charge N :

Ae or A,e (Eq. 1). Zo can be read directly from a scale calibrated in
units of N or evaluated using Eq. 5.
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Frc. 2. Ac-'- lat ion tt f  c-N Hi of proteins b.v reagent l :  structure of
the charged inhibitors for tsCA.

proteins with rr modif ied amino groups dif fer in charge from

t h e  n a t i v e  p r o t e i n  b y  n , \ ' u n i t s  ( . \ ' :  I  f o r  1 . . \ ' -  - l  f o r

AczO).  For  the N- termina l  ammonium groups wi th  pKa

values ranging f rom 7 to  9  (13) .  the s i tuat ion is  more com-
pl icated. In a buffer with pH near the pKa of an a-i imrno
group, covalent modif icat ion wil l  contr ibute a fract ional

charge to the protein. Although analysis of this effect is

straightforward and provides useful information about the
acidity and reactivi ty of the N-terminal amino group, in this
paper we show only data obtained using condit ions for the

acylation that are selective for the e-amino groups of Lys.

Equations for the Analysis. The basis of the analysis is a
generic approximate expression for the electrophoretic mo-

bi l i ty (p, cm2'kV r 'sec-1) of a protein (Eq. 2) (I4).

Z
P :  C P  

W

The mobil i ty of a protein in an electrostat ic f ield of a value

defined by the applied voltage and the length of the capillary
is proportional (with the proportionality constant Cp) to its

effective charge Z (which determines the force on it in an

electric field) and inversely related to its hydrodynamic drag
(which resists movement under the inf luence of the f ield).
The drag is often related to the mass of the protein through
the function M" (typical ly M2/3 for globular proteins), but
both the relationship between structure and drag and the
value of the proportionality constant Cp depend on the details
of shape, charge, and charge distribution and are not known

a priori .  This dependence makes i t  impossible, at present, to
relate the electrophoretic mobility of a protein analytically to
its charge, even if the amino acid sequence and other details
of the structure have been determined.

If the charge on a protein is modified from Zoto Z" in such
a way that the hydrodynamic drag does not change signifi-

cantly, the ratio of the mobilities of modified and unmodified
protein is given by Eq. 3.
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This equation assumes that two unknown constants, Cp and
a, do not change significantly on modification of the protein
with small reagents and eliminates both these constants and
M. Eq. 3 forms the basis for our method of determining
effective charge.

The time of emergence r, of the peaks in a charge ladder can
be expressed by Eq. 4 in terms of the velocity of electroos-
motic flow Vps. the distance from injection to detector in the
electrophoresis capi l lary d, and the electrophoretic mobil i ty
of the protein (p") with n modif ied Lys groups. The t ime of
emergence of an electr ical neutral marker specie (here,
mesityl  oxide) is lss and establ ishes the magnitude of VEO
experimental ly. Algebraic manipulat ion of Eq. 4 gives Eqs.
5-7 (4,t,, : t,, - tp.o).

(Vpo  +  p ) t , :  d .
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verts positively charged ammonium groups to negatively
charged groups and, therefore, changes Z in units of N : -2;

similarly, acylation with acetic anhydride changes Z in units
o f  N :  - 1 .

After modification with 1, analysis of the charge ladders for
BCAB and BCAA yields estimates of the effective charges at
pH 8.3  d i rect ly  (F ig .  3C;  Zsces:  -3 .5  and Zsq66 :  -4 .5) .

Noncovalent modification of charge was accomplished by
obtaining the emergence t imes of complexes of BCA with the
arylsulfonamides 2-4. Analysis of the data using Eq. 5
i nd i ca tes  t ha tZo -  - 3 .7  f o rBCAB andZu :  - 5 .0 fo rBCAA.

The disagreement between two independent measurements is
0.5 pKa units and suggests an uncertainty to these methods
of approximately this value. BCAB and BCAA differ by the
replacement of Arg by Gln (.4rg-56 in BCAB and Gln-56 in
BCAA) (15); the dif ference of one unit of charge between
them observed experimentally is that expected from the
amino acid sequences.

DISCUSSION

Quantity of a Protein Needed for the Analysis. The quantity
of a protein required in these analysis is dependent on the
detection sensit ivi ty of the CE and convenient volumes of
sample reservoirs for inject ion. A good signal-to-noise rat io
is obtained with a concentrat ion of 0.5 mg/ml of a protein
with an injected volume of 8 nl by using the commercial UV
detection of our instrument. We typical ly prepare sample
volumes of -50-100 pl at a protein concentrat ion of 0.5 mg/ml;
wi th  these samples.  less than,50 pg of  the prote in  is  requi red
for  the analvs is .  The amount  o f  pro te in  can be fur ther
reduced br  emplc lvrng more sens i t ive  detect ion methods
( i .e . .  f luorescence)  or  by work ing wi th  smal ler  sample vo l -
umes. although manipulat ing very small  samples can be
experimental ly dif f i  cult .

Estimation of the Net Charge of a Protein from Its Amino
Acid Sequence. By using the amino acid sequences of proteins
and corrected ionization constants for polar amino acids (16,
17), we estimated the net charges of the proteins examined
here. For example, the net charge of BCAB (18) at pH 8.3 was
calculated using the following values of pKa for charged
functional groups (pK. of a group, fractional charge pergroup
a t  pH  8 .3 ) :  18  Lys  (10 .3 ,  +0 .99 ) ,9  A rg  ( I 2 .5 ,  +1 ) ,  11H is  (6 .2 ,
+0 .01 ) ,  16  Asp  (3 .5 ,  - 1 ) ,  10  G lu  (4 .5 ,  - l ) , 7  Ty r  ( 10 .3 ,
-0 .01) ,  N- termina l  Ser  (7 .3 ,  +0.1) ,  C- termina l  Lys (3 .2 ,  - I ) ,

3 Asx (Asp or Asn, charge either - 1 or 0), 1 Glx (Glu or Gln,
charge e i ther  -1  or  0) ,  Zn2t  ( .+2) ,  and (ZnZ+)-H2O (7.0 ,

t4l
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_ 
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Zn Zo
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Eq. 5 indicates that a plot of the form shown in Fig. 3C
should be linear with slope Zo: that is, the slope should be
equal to the charge of the unmodif ied protein. Eqs. 6 and 7
are useful for approximation: they indicate that as long as
t , r / t o :1 ,  t he  peaks  i n  t he  cha rge  l adde r  shou ld  be  spaced
l inear ly ,  w i th  spac ing propor t iona l  to  2 , , .  Th is  ladder  estab-
l ishes a sca le  o f  emergence t imes for  a  set  o f  pro te ins whose
di f ferences in  e lect rophoret ic  mobi l i ty  is  due.  to  a  good
approximation. onl l '  to dif ferences in their chargel extrapo-
la t ion o f  th is  sca le  ( in  un i ts  o f  ly ' :  Ae)  between /Ee and / . ,
gives the value of 2,. ,  direct ly.

Determination of Effective Charges of Proteins. We have
tested two procedures-one based on covalent modif icat ion
of Lys e-amino groups on a protein and the second based on
modifying charge by binding a series of l igands with dif ferent
values of charge to a protein-using BCA as an example (Fig.
3). This laboratory has used (9-11) BCA previously as a
model protein for studies in aff ini ty CE; i t  has two isozymes,
BCAA and BCAB. Treatment of BCA with reaeent I  con-
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Flc.3. Measurement of effective charge of BCA. The sample contained two isozymes BCAB and BCAA in an =10:1 ratio; these isozymes
differ by one unit ofcharSe. (,4) Covalent modification of Lys s-amino groups on BCA by I genemted two charge ladders of BCAA and B'CAB
(b!ffer = 25 mM Tris'HCl/200 mM Gly, pH 8.3; rso - 170 sec). The emergence times ofthe unmodified proteins ale indicated and provide origins
of scales in M. (B) Ladder generated by complexation of BCA with charged inhibitors (Fig. 2). Traies: a, [2] = 1.0 mM; b, buffer; c, [3] =
1 0 mM; d, [4] = 0.5 mM. (C) Determination ofeffective charge from the analysis of charge ladders by using Eq. 5, The data shown for BCAB
and BCAA were estimated using ladders generated by covalent (CO) and noncovalent (NC) methods. (D) Comparison of effective charges (Zo)
ofvarious proteins determined experimentally (by covalent modification) and net charges (Zn.r)estimated from their amino acid sequencei. PPI,
porcine pancreatic trypsin: HHM, horse heart myoglobin; HCA, human carbonic anhydrase: BPl, bovine pancreatic insulin; BL, bovine
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-0.95). The net charge of BCAB is calculated to be between
-3.0 and 1.0; this uncertainty is due to the ambiguity in the
amino acid sequence (Asx and Glx) of BCAB. Based on the
results obtained here, we bel ieve that this ambiguity should
be resolved in favor of Asp and Glu and that the effective
charge of  BCAB at  pH 8.3  is  -3 .5  (and that  o f  BCAA is  -4 .5) .

The imperfect agreement between the net charge calculated
from the sequence and the effective charge that estimated
experimentally can be rationalized by errors in the experi-
mental method or uncertaint ies in the values of pKa used
(especially for the Zn-OHz group and the a-amino group of
the N-terminal Ser).

Net Charge vs. Effective Charge. The net charge of a protein
(Zn t) is the summation of charges carried by its electrostatic
components, including charged amino acid residues, metal
ions, and charged cofactors. The effective charge of a protein
moving in an electrolyte solut ion, however, is less than Zn,r,
This difference is due to the screening of the charge by
associat ion of the protein with counterions in solut ion. The
degree of counterion shielding depends on the nature and
concentration of the counterions and on the characteristics of
the protein. A general descript ion of this phenomenon is
complicated and wil l  not be addressed here (14).

Fig. 3D compares effective charges of other proteins
calculated from ladders of covalently modified proteins and
net charges estimated from their amino acid sequences. For
this set of proteins, the experimental values of effect ive
charge agree with values of net charge calculated fiom
sequence data to within 0.5-l  unit .

In conclusion, the procedures outl ined here provide a
method of est imating the effect ive charge of a protein in the
absence of i ts sequence or structural information. The key to
the method is the generation of a charge ladder-a series of
derivatives of a protein of interest that differ by known
integral quantities of charge but differ minimally in hydro-
dynamic drag. Analysis of the charge ladder el iminates
ambiguities in relating effective charge to electrophoretic
mobility and makes it possible to estimate charge directly
from the emergence times of the members of a charge ladder.
There are obvious cautions and l imitat ions associated with
the method: modif icat ion of the protein or associat ion of the
protein with a l igand must not change the charge in unex-
pected ways; nonspecif ic associat ion of a protein with other
species in solut ion may inf luence i ts effect ive charge and
cause effective charge and net charge to diff'er: impurities
must not confuse interpretat ion of the charge ladder: modi-
fication of the a-amino groups of Lys must produce changes
in charge of whole units. We suggest that these condit ions
wil l  often be met and bel ieve that these procedures wil l  be
useful in characterizing proteins. in measuring their charge as

Proc'.  IVutl .  Acad. Sci.  USA 91 (1994)

a function of pH, in following modifications that change
charge (for example, hydrolysis of Asn to Asp and of Gln to
Glu, sialylat ion or desialylat ion, phosphorylat ion, or alkyla-
t ion of Cys thiol with charged reagents such as iodoacetate),
in examining interaction of proteins with charged l igands and
substrates. in detecting isozymes, and in studying the inter-
actions of proteins with metal l ic and organic ions and with
charged surfactants.
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