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Capillary electrophoresis (CE) is an analytical method that 
is useful for investigating processes that modify the charge 
of proteins. This paper explores the ability of CE to 
rationalize charges and electrophoretic mobilities of a 
simple protein-insulin and its acylated derivatives-as a 
function of pH. Insulin is a peptide hormone (MW = 
5700) that has two a-amino groups (G" and Fa) and one 
r-amino group (Kc). Treatment of insulin with acetic 
anhydride affords seven derivatives that differ in the sites 
of acetylation of the three amino groups. Analysis of the 
pH dependence of the electrophoretic mobilities of these 
derivatives gives p K a  values for the two N-terminal am- 
monium SOUPS: p& (G") = 8.4; p& (Fa) = 7.1. Values 
of the total charge of insulin estimated from electro- 
phoretic mobility differ from those estimated from values 
of PKa for its ionizable groups by less than 0.5 unit for 
both bovine and human insulins over the range of pH from 
5.5 to 9.5. Analysis of the concentration dependence of 
the electrophoretic mobility of insulin yields a lower limit 
for the association constant for dimerization of insulin of 
KD I 6 x lo3 M-I (25 mM tris and 192 mM Gly, pH 
8.4). Studies of electrophoretic mobility as a function of 
pH and extent of acetylation of amino groups rationalize 
the charge of insulin in detail. The sensitivity of CE to 
charge permits the quantitative study of electrostatic 
properties of proteins in solution. Insulin is a useful 
small-protein model with which to investigate phenomena 
in electrophoresis. 

Capillary electrophoresis (CE) can analyze small quantities of 
proteins and peptides with high resolution under nondenaturing 
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CE has been used for peptide mapping?%* measur- 
ing the total charge of a protein in solution: and studying the 
binding affinities of ligands to proteins.10-12 Here we describe 
the use of CE to characterize the products formed upon acetylation 
of the' amino groups of insulin, to estimate the basicities of these 
amino groups, and to estimate the association constant for 
dimerization of insulin. These studies illustrate the value of 
variations in pH in deciphering complex CE data and suggest the 
accuracy of p K s  derived from CE. 

Basis for Separation in CE. The rate of migration of a 
protein in a capillary is characterized by its electrophoretic 
mobility, p (cm2 kV-' s-'1, which is defined as the steady-state 
velocity per unit of electric field strength. It is calculated by 
comparing the migration time of the protein (t) to that of a neutral 
marker (t,,, for mesityl oxide) using eq 1; Lot is the total length 
of the capillary, L is the length of capillary separating the points 
of sample injection and detection, and V is the voltage applied 
across the capillary. Equation 2 is an approximate expression that 
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relates the electrophoretic mobility of a protein in an electrostatic 
field to its effective charge Zen or unperturbed charge Zp and its 
mass M; Cea and C p  are proportionality constants for Ze, and Zp, 
respectively. The mass of the protein is related to the hydrody- 
namic drag as it moves through the buffer by the term Ma 
(typically i kP3  for globular p r~ te ins~~J*) .  The effective charge is 
less than the unperturbed charge (Zp) of a protein as modified 
(screened) by weak interactions with ions in solution.'j-'* The 
value of Zp of a protein is determined by its charged components, 
including charged amino acid side chains, N-terminal amino and 
C-terminal carboxyl groups, bound metal ions or charged cofac- 
tors, ligands and prosthetic groups, and charged groups intro- 
duced by covalent moditication (e.g., the sialic acid residues of 
glycosides). The charge of a protein can be calculated (ZcalJ from 
values of pKa of its ionizable residues; the value of Z,,], is equal to 
Zp, provided that all ionization constants are known accurately. 

We chose insulin for this study because of its structural 
simplicity and medicinal s i g n i f i ~ a n c e . ~ ~ - ~ ~  Insulin is a peptide 
hormone (MW = 5700) composed of two chains; these chains 
are linked by two disuEde bonds, and there is a third disulfide 
bond within the A chain. Insulin has only three primary amino 
groups (Figure 1): an a-amino group from the N-terminal glycine 
residue of the A chain (G"), an a-amino group from the N-terminal 
phenylalanine residue of the B chain P), and one €-amino group 
from the lysine residue at position 29 of the B chain p). We 
used both bovine pancreatic and human recombinant insulins for 
the studies described here. Bovine and human insulins differ only 
in three residues; residue A8, Ala or Thr, respectively; residue 
A10, Val or Ile; residue B30, Ala or Thr (Figure 1). 

Reactivity of Amino Groups. The a-amino groups of a 
protein are less basic than the E-amino groups of Lys because 
they are closer to an amide group. Acylation of an ammonium 
group (RNH3+) occurs only by reaction of its deprotonated neutral 
form (RNH2) with the acylating agent. Although neutral €-amino 
groups are more basic and more reactive toward acylation than 
neutral N-terminal a-amino groups, the former have a smaller 
fraction in unionized form at physiological values of pH; eq 3 
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9.2 

CC02H 3.5 
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FIgure 1, Primary sequences of bovine and human insulins. The 
three residues that differ in human insulin are listed in parentheses 
below the sequence of bovine insulin. The three disulfide bonds are 
indicated by lines. The two a-amino groups (Ga and Fa) and the 
c-amino group (KC) are indicated in boldface type. Other charged 
residues (e.g., His (H), Glu (E), Arg (R), Tyr (Y), and C-terminal Asn 
(N) and Ala (A)) are underlined; pK, values for these residues were 
either determined in this work (bold) or assigned reasonable values 
(bottom right). The symbols o and + are used to represent acetylated 
and unmodified amino groups, respectively. Insulin and its seven 
derivatives are characterized by three such symbols, each represent- 
ing acetylation at one of the three residues: Gly, Phe, and Lys. 

expresses this fraction, 8, as a function of the values of pK, of the 
ammonium group and pH of solution. Manipulating 8 makes it 
possible to control the relative rates of acylation (v) of different 
amino groups (eq 4; e is a parameter that correlates basicity with 
nucleophilicity and is assumed to be 0.8 in the simulationz4). At 
a high pH, for example, both a- and €-amino groups are 
predominantly in the neutral forms (8 - l), and the more 
nucleophilic €-amino groups can be acylated more rapidly (Figure 
2). At pH values between the pKa values of the two ammonium 
groups, the fraction of a-amino groups in the neutral form is larger 
than that of c-amino groups (8, e,) and the a-amino groups 
can be acylated selectively. In this study, we used CE to follow 
the acylation of the three amino groups of insulin with acetic 
anhydride at different values of pH. 

EXPERIMENTAL SECTION 
CE Equipment. Isco Model 3140 and Beckman P/ACE 

system 5500 capillary electrophoresis systems were used in these 
studies. The capillary tubing (Polymicro Technologies, Inc., 
Phoenix, AZ) was of uncoated fused silica with an internal 
diameter of 50 pm. The conditions used for all CE experiments 
were as follows: voltage, 30 kV current, 8-90 pA (depending on 
the ion composition and pH of the buffer); detection, 200 nm; 
temperature, 25 & 2 "C. Samples (8 nL) were introduced into 
the capillary by vacuum injection. The capillary was flushed with 
0.1 N sodium hydroxide for 5 min, water for 5 min, and buffer for 
5 min before each experiment. 
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Figure 2. Rates of acylation of a- and €-amino groups of insulin as 
a function of the value of pH of the reaction medium (simulated using 
eq 4). An a-ammonium group (pKaa = 7.1, Q = 0.8) can be acylated 
selectively at pH 8, and an €-ammonium group (pKac = 11.1, e = 
0.8) can be acylated selectively at pH 12. 

Reagents. All chemicals were analytical grade and were used 
as received. Acetic anhydride and dioxane were purchased from 
Mallinckrodt. 1,2-Cyclohexanedinitrilotetraacetic acid (CDTA) 
and zinc sulfate heptahydrate were purchased from Fluka. Bovine 
pancreatic and human recombinant insulins were purchased from 
Sigma. Mesityl oxide was purchased from Eastman Organic 
Chemical (Rochester, NY). Stock solutions of insulin (1.5 mg/ 
mL, 250 pM) were prepared by dissolving the lyophilized protein 
in distilled water. 

Conditions for Studies of Zn(I1)-Dependent Aggregation. 
Solutions of insulin (25 pM) were prepared in buffers containing 
tris (25 mM), Gly (192 mM), and either CDTA (20,200, and 2000 
pM) or ZnS04 (20, 50, 100, 200, 500, 1000, and 2000 pM) (PH 
8.4). Mesityl oxide (MO; 18 mM) was added as a neutral marker, 
and soybean trypsin inhibitor (50 pM) was added as a protein 
marker. Each sample was analyzed using identical electrophoresis 
buffers. 

Conditions for Estimation of Dimerization Constants. 
Electrophoresis buffers were prepared containing tris (25 mM), 
Gly (192 mM), and 0, 5, 10, or 20% dioxane (PH 8.4). Solutions 
of bovine pancreatic insulin (2,5, 10,20,40,80, 160,300, and 400 
pM) were prepared in these buffers with MO (18 mM) added as 
a neutral marker and soybean trypsin inhibitor (50 pM) added as 
a protein marker. 

Conditions for Acetylation Reactions. Insulin was acety- 
lated under three different sets of experimental conditions. In 
the first, 5, 10, and 20 equiv of acetic anhydride (10 mM in 
dioxane) were added separately to aliquots of a stock solution of 
insulin (0.5 mL, pH 6-7). After 30 min at room temperature, 10 
pL of each sample was diluted with 100 pL of the electrophoresis 
buffer. MO was added (18 mM), and the samples were analyzed 
using CE. 

In the second experimental protocol, the pH's of aliquots of a 
solution of insulin (0.5 mL) were adjusted to pH 12 with 1 N 
sodium hydroxide. Acetic anhydride (2, 5, or 10 equiv, 10 mM 
stock solution in dioxane) was added. After 5 min at room 
temperature, 10 pL of a sample was diluted with 100 pL of the 
electrophoresis buffer, MO was added (18 mM), and the samples 
were analyzed by CE. 

In the third protocol, the pH of the solution of the products 
obtained using the first protocol (with 20 equiv of acetic anhy- 
dride) was adjusted to pH 12 using 1 N sodium hydroxide. Acetic 
anhydride (2,4,8, or 15 equiv) was added, and after five min, the 
samples were diluted with electrophoresis buffer. MO was added 
(18 mM), and the samples were analyzed by CE. 

Conditions Used for the pH Titration of the Charge Ladder 
of Insulin, A solution of insulin and its seven acylated derivatives 
was prepared at a total concentration of 25 pM in electrophoresis 
buffer (PH 8.4) containing tris (25 mM), Gly (192 mM), and MO 
(18 mM) added as a neutral marker. Several electrophoresis 
buffers were prepared having different pH values (9.4, 9.0, 8.7, 
8.0,7.7,7.4,7.0,6.7,6.3,6.0, and 5.6) by adding 2 N acetic acid or 
1 N sodium hydroxide, as necessary, to the original tris-Gly 
buffer. The sample was analyzed in each electrophoresis buffer 
using CE. 

RESULTS AND DISCUSSION 
Nomenclature. Treatment of insulin with acetic anhydride 

affords a family of seven derivatives that differ in the site of 
acetylation of the three primary:amino groups. The imidazole 
rings of the two histidine residues can also be acetylated under 
these conditions. The resulting N-acylimidazoles, however, are 
not stable under basic conditions and are not observed in these 
 experiment^.^^ We use the symbols + and o to represent 
unmodified and acetylated amino groups, respectively (Figure 1). 
The modfied insulins are characterized by three such symbols, 
each representing acetylation at one of the three residues; Ga, 
Fa, and K'. Using this nomenclature, for example, the native 
insulin is labeled +++, the fully modified insulin is labeled 000, 

and the derivative with only Fa acetylated is labeled +o+ (Figure 
1). We employed an electrophoresis buffer containing tris (25 
mM) and Gly (192 mM) for all experiments described here: only 
the pH of the buffer differed. 

Aggregation of the Insulin Monomer. Insulin dimerizes in 
aqueous solution, and the dimers can associate further to form 
tetrameric and hexameric  aggregate^.^^,^^ The association con- 
stants for these processes in water depend on the pH, ionic 
composition and structure, and temperature of the solution: 
reported values for the dimerization constant (KD = [ I ~ 1 / [ 1 ~ 1 ~ ;  
ID and IM are insulin dimer and monomer, respectively) are in 
the range of 104-106 M-I; values of the association constants for 
formation of the tetramer from two dimers in the absence of Zn- 
(ID are in the range of 20-100 M-I; values for the association 
constant for formation of the hexamer from the dimer and the 
tetramer in the absence of Zn(ID are in the range of 200-1000 
M-1.26-30 Because electrophoretic mobility scales linearly with 
charge and nonlinearly with mass, the mobilities of the aggregates 
increase with molecular weight (eq 2); we could therefore use CE 
to establish the relevant state of aggregation of insulin under the 
conditions of our experiments. 

Aggregation Dependent on Zn(I1). Formation of the tet- 
ramer and hexamer of insulin (but not dimer) is enhanced in the 
presence of Zn(II) .22.23 We measured the electrophoretic mobility 
of insulin with Zn(II) present in the sample and electrophoresis 
buffer ([Zn(ID] ranged between 20 pM and 2 mM). The 
electrophoretic mobility of insulin was constant over this range 
of concentrations of Zn(II); these data suggested that the state of 
aggregation of insulin did not change with increasing concentra- 
tions of Zn (ID. Since bovine insulin obtained from Sigma contains 

(25) Fife, T. H. Acc. Chem. Res. 1993, 26, 325-331. 
(26) Roy, M.; Lee, R W. IC; Brange. J.; Dunn, M. F. J.  Bid. Chem. 1990,265, 
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(30) Carpenter, F. H.; Goldman, J. Biochemisty 1974, 13, 4566-4574. 
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Figure 3. Electrophoretic mobility of bovine insulin as a function of 
the concentration of insulin, in several different buffers: (0) 25 mM 
tris-192 mM Gly, pH 8.4 (A); (0) 5% dioxane in buffer A; (W) 10% 
dioxane in buffer A; (0) 20% dioxane in buffer A. Soybean trypsin 
inhibitor was used as a protein marker to correct for changes in 
electroosmotic flow; the inset shows plots of corrected mobilities after 
subtracting the mobility of STI. A least-squares fit of the uncorrected 
b, ItOt] data to eq 6 gave a value of KD = 6(&1) x l o 3  M-I in buffer 
A. 

0.5% Zn(II) by weight (0.5 equiv of Zn(II) per insulin monomer), 
there was the possibility that the insulin was present exclusively 
as the hexamer. We therefore examined the mobility of insulin 
using an electrophoresis buffer containing CDTA (20 pM to 2 
mM); CDTA coordinates Zn(II) with an association constant of 
lo1* M-I. The electrophoretic mobility of insulin did not change 
with the concentration of CDTA Since the aggregation of insulin 
was not dependent on the concentration of Zn(II), and it is unlikely 
that insulin at a concentration of 25 yM was present exclusively 
as a tetramer or hexamer, we concluded that insulin was present 
as a monomer or dimer. 

Dimerization of Insulin. We measured the electrophoretic 
mobility of insulin as a function of its concentration over the range 
from 2 yM to 400 pM. Soybean trypsin inhibitor (SIT) was added 
to each sample as a marker to make it possible to correct for 
changes in electroosmotic flow. The electrophoretic mobility of 
insulin increased with the concentration of insulin in the sample 
(Figure 3), while the mobility of STI remained constant. If we 
assume that monomeric and dimeric forms of insulin exist at 
equilibrium and in rapid exchange in the migrating plug, the 
increase in mobility of insulin is consistent with a larger fraction 
of dimeric insulin in the migrating plug at higher concentrations 
of insulin. Fredericq reported that dioxane, when added to an 
aqueous solution of insulin, suppresses dimerization of the 
protein.31 We repeated the experiment that measured the 
concentration dependence using electrophoresis buffers contain- 
ing 5, 10, and 20% dioxane. With the buffer containing 20% 
dioxane, the electrophoretic mobility of insulin remained constant 
over the entire range of concentrations examined: the dimeriza- 
tion of insulin was completely inhibited in this buffer. The 
inhibition of dimer formation is consistent with the observation 
that solvents having low dielectric constants destabilize the 
hydrophobic interactions between the two  monomer^.^^,^^ Buffers 

(31) Fredericq, E. J. Am. Chem. SOC. 1957, 79, 599-601. 

containing 5 and 10% dioxane were less effective at preventing 
the dimerization of insulin. These data, together with the 
observation that the electrophoretic mobility of the STI remained 
constant throughout all experiments, suggested that the changes 
in electrophoretic mobility of insulin with concentration were due 
to dimerization. 

Measurement of the Dimerization Constant. We assume 
that the measured electrophoretic mobility of insulin (II) is a 
weighted average of the electrophoretic mobilities of the monomer 
( u ~ )  and dimer (u~) (u = y ~ ( 1  - OD) + y&J, where OD is the 
mole fraction of dimer (eq 5). Equation 6 relates the measured 

mobility, y, to y ~ ,  to p ~ ,  to the dimerization constant (KD), and to 
the concentration of insulin in the sample (ItoJ. A least-squares 
fit of the b, ItOt] data to eq 6 using p ~ ,  p ~ ,  and KD as adjustable 
parameters gave values of KD of 6(11) x 103 and 4.7(&0.5) x 102 
M-I at pH values of 8.4 and 10.0, respectively (25 mM tris, 192 
mM Gly) (Figure 3). These dimerization constants are lower 
limits since the concentration of insulin in the capillary is reduced 
relative to that in the sample vial due to broadening of the analyte 
zone. The best-fit values of PD were a factor of 1.22 (at pH 8.4) 
and 1.14 (at pH 10) greater than p ~ ,  in good agreement with the 
expected value of 1.25 if the coefficient C,, remains constant in 
eq 2 (where a = 2/3). We were unable to measure the dimer- 
ization constant at pH 6.0 because of the low solubility of insulin 
at this value of pH (the pZ of insulin is -5.5; see below). The 
dimerization constants for insulin in dioxane-water buffers were 
too low to be measured. 

The CE experiments described in subsequent sections used 
solutions of insulin and its derivatives at a total concentration of 
25 pM and analyzed in an aqueous electrophoresis buffer contain- 
ing tris (25 mM) and Gly (192 mM). We believe insulin was 
present predominantly as a monomer at these conditions. 

Selective Acetylation of a- and €-Amino Groups of Insulin. 
CE of pure insulin, with MO as a neutral marker to establish the 
rate of electroosmotic flow, in electrophoresis buffer (PH 7.4) 
showed a single peak (Figure 4). This sample was divided and 
acetylated in buffers having two different pH values. In the first, 
the pH of aqueous solutions of insulin was adjusted to values 
between 6 and 7 with 1 N sodium hydroxide and different amounts 
of acetic anhydride (10 mM in dioxane) were added to aliquots 
of the insulin-containing solutions (no other salts were added). 
After 30 min, the samples were diluted with electrophoresis buffer 
and analyzed by CE. In the second set of experiments, the pH of 
insulin-containing solutions was adjusted to 12 with 1 N sodium 
hydroxide and different amounts of acetic anhydride were added 
to the samples. After 5 min, the solutions were diluted with 
electrophoresis buffer and analyzed by CE. 

Identity of the Products of the Acetylation Reaction at Low 
pH. When acetylations were carried out at the lower pH, four 
peaks were observed in the electropherogram (buffer pH 7.4); 
these peaks indicated that at least three different derivatives of 
insulin had been formed (Figure 4). Electrophoresis of the same 
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Figure 4. Selective acetylation of the three amino groups of bovine insulin. Electropherograms are shown for families of acetylated insulins 
that were generated using acetic anhydride (at three or four different concentrations) under three different sets of conditions: (1) selective 
acetylation of Ga and Fa at a pH between 6 and 7 (top left); (2) selective acetylation of KC and G‘ at a pH of 12 (top right); and (3) basification 
of the solution resulting from reaction 1 to a pH of 12 and subsequent acetylation (bottom left). Analysis of the reaction products from conditions 
1 and 2 using an electrophoresis buffer adjusted to a pH 9.4 identifies modified peptides that have K6 acetylated (top middle). Combining the 
reaction products from conditions 2 and 3 affords a mixture containing insulin and its seven derivatives (bottom right). Samples were analyzed 
in 25 mM tris-192 mM Gly buffer (pH 7.4 or 9.4). MO was used as a neutral internal standard to establish the rate of electroosmotic flow: its 
migration time varies with pH and buffer but is typically in the range of 120-140 s. The time scale (lower right) applies to all electropherograms. 

sample in a buffer at pH 9.4 showed a single peak. At this pH, 
the a-amino groups (Ga and F”) were not protonated, and 
differences in charge, and hence, electrophoretic mobility, arose 
only from acetylation of KC. These four species (at pH 7.4) were 
thus native insulin (+++), two derivatives that were acetylated 
at either Ga or F” (o++ or +o+), and one derivative that was 
acetylated at both a-amino groups (oo+). A co-injection experi- 
ment verified that the first peak was the native insulin; since the 
four species should migrate with mobilities proportional to their 
effective charge, the last peak was assigned as the oo+ derivative. 
Assignments of the peaks for the two singly modifed derivatives 
were made on the basis of the fact that the value of the pKa of Ga 
is higher than that of P.32 

Identity of the Products of the Acetylation Reaction at 
High pH. Electrophoresis of the reaction products obtained from 
acetylation of insulin at a pH of 12 showed three major peaks and 

one minor peak Figure 4). Electrophoresis of these four 
derivatives in a buffer at a pH of 9.4 showed two peaks: the 
mixture therefore comprised at least one derivative containing an 
unmodified Kc group and at least one derivative containing an 
acetylated Kf group. The four species were assigned as +++, 
++o, o+o, and 000. The identities of native insulin (+++) and 
the peracetylated derivative (000) were proved by co-injection 
experiments (for assignment of 000, see the next paragraph). The 
assignments of the ++o and o+o derivatives were supported by 
co-injection experiments with a sample containing all of the 
acetylated derivatives of insulin (described in subsequent sec- 
tions). 

Preparation of a Sample Containing Insulin and its Seven 
Acetylated Derivatives. Solutions of products from the acety- 
lation reaction at a pH of 6-7 were adjusted to pH 12 using l N 
sodium hydroxide and treated again with different amounts of 
acetic anhydride. M e r  5 min, an equal volume of a solution 
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Figure 5. Electropherograms of a mixture of bovine insulin and its 
seven acetylated derivatives at several pH values of the electro- 
phoresis buffer (25 mM tris and 192 mM Gly). The time scale applies 
to all experiments, and the vertical dashed lines provide a common 
reference point for direct comparison of absolute migration times. The 
peaks for the neutral marker (MO) are indicated by filled circles. 

resulting from the acetylation reaction at the high pH value was 
added and the mixture was analyzed by CE. All eight derivatives 
were resolved using an electrophoresis buffer at a pH of 7.4 
(Figure 4). The size of the peak with the slowest migration time 
increased with the amount of acetic anhydride in the reaction and 
was assigned as the peracetylated derivative (000). The identities 
of the other peaks were assigned by comparison with the mixtures 
prepared by the procedures described in previous sections: these 
assignments were further supported by pH titration experiments 
described in the next paragraph. 

Electrophoretic Mobilities of Acetylated Derivatives of 
Insulin in Bders with Different Values of pH. The electro- 
phoretic mobilities of insulin and its acetylated derivatives depend 
on the pH of the buffer (Figure 5). Analysis of a mixture of the 
eight species in a buffer at pH 9.4 showed two peaks: each peak 
corresponds to the families of derivatives containing either an 
acetylated or unmodfied (protonated) Kc group. When the pH 
of the buffer was lowered to 8.7, two new peaks emerged from 
the two parent peaks: these peaks correspond to derivatives that 
contain an unmodded Ga and were resolved due to partial 
protonation of Ga. At pH's of 7.7 and 7.4, four additional peaks 
appeared in the electropherogram due to protonation of F"; all 
eight derivatives of insulin were resolved by CE at this pH. Four 
groups of peaks were observed using a buffer at a pH of 5.6, where 
each group contained derivatives with an equal number of 
modified amino groups. At this low pH, acetylation of each amino 
group results in a change in the charge of the protein by --1. A 
plot relating the electrophoretic mobility of each derivative to the 

04 f , ,  , , , , 
0 1 2 3 

Number of Acetylated Amino Groups 

Figure 6. Relationship between electrophoretic mobility and the 
number of acetylated amino groups for insulin and its seven deriva- 
tives at a pH of 5.6. The electrophoretic mobilities of insulin and its 
acetylated derivatives are related linearly to the number of NH3+ 
groups. 

number of modzed amino groups gives a straight line: this 
correlation demonstrates that the differences in electrophoretic 
mobility of insulin and its acetylated derivatives depend only on 
differences in charge (Figure 6). 

Determination of Values of pKa of Ga and F" of Insulin. 
We used CE to estimate the ionization constants of the a-am- 
monium groups of insulin.33 The electrophoretic mobility @) of 
a protonated base (BH+) containing no other acidic protons is 
related to the electrophoretic mobilities and mole fractions of the 
charged, protonated (LLBH+, OB"-) and the neutral, unprotonated 

- OBH-) forms by eq 7. Rearrangement of eqs 3 and 7 gives 

p = (l - e B H - ) p B  + eB,*pB,+ (7) 

eq 8, which relates the change in electrophoretic mobility of a 
species resulting from protonation of its basic residue to ~ B H - ,  

p ~ ,  the pH of the electrophoresis buffer, and the pKa of the 
ionizable residue. The analysis based on eq 8, however, cannot 
be applied directly to the determination of pKa of a unique 
ammonium group of insulin because ionization of several other 
residues also contributes to changes in the charge. We analyzed 
the electrophoretic mobilities of the +oo and o+o derivatives to 
determine the pKa values of Ga and Fh, respectively; the two other 
amino groups in each species are acetylated and do not contribute 
to changes in total charge as the pH is changed. The effects of 
other ionizable residues (e.g., His) were eliminated by comparing 
the electrophoretic mobilities of the f o o  and o+o derivatives 
relative to that of the peracetylated derivative (Ap = p - pooo): 
in this way, only the extent of protonation of either Ga or F" 
contributed to changes in effective charge and, hence, to Ap. Plots 
of Ap vs pH for insulin and its seven derivatives are shown in 
Figure 7. Equation 8 was fitted to the [Ap ,  pH] data for the f o o  
and o+o derivatives using values of @BH+ - p ~ )  and pKis of Ga 
and Fh, respectively, as adjustable parameters: the least-squares 
best-fit values of pKa were 8.4(f0.1) for Ga and 7.1(fO.l) for Fa. 

(33) For estimation of values of pK, of simple organic acids, see: Smith, S. C.; 
Khaledi. M. G. Anal. Chem. 1993, 65, 193-198. 
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Figure 7. Dependence of Ap on the pH of the electrophoresis buffer 
for insulin and its seven derivatives. Values of p for each derivative 
were computed from the electropherograms in Figure 5 using eq 1. 
Values of Ap were obtained by subtracting the value of ~ ( O O O )  from 
the value of p measured for each derivative: the mobility of ooo is 
assumedconstant. The data are represented as follows: +++ (O), 
+o+ (O), o++ (+), ++o (0), oo+ (A),  +oo (D), o+o (0), and ooo 
(A). Overlapping points are offset slightly for clarity. The curves 
superimposed on the data for the +oo and o+o derivatives were 
obtained by performing nonlinear least-squares fits using eq 8; these 
fits yielded PKa values of 8.4(f0.1) for Ga and 7.l(f0.1) for Fa. The 
other curves were simulated on the basis of these values of PKa and 
a value of 11.1 for Kf (see text). 

Using these pKa values, and a value of 11.1 for E,34 the 
dependence of Ap on pH was simulated for insulin and its five 
other derivatives using eq 8. The contribution to Ap from Ga, 
F", and Kf at each pH was determined by calculating the fractional 
protonation of each amino group using eq 3. The partial charges 
were summed and fitted to the experimental data using eq 8 and 
(UBH- - p ~ )  as an adjustable parameter. These simulated curves 
agree well with the experimental data (Figure 7). 

Influence of pH on the Total Charge of Insulin. We 
described previously a method to measure the total charge of a 
protein (Zexp) using CE by analyzing a protein charge ladder-a 
series of derivatives of a protein that differ by known increments 
of charge but differ only minimally in hydrodynamic drag- 
generated by acylation of the €-amino groups of Lys residues of 
the p r ~ t e i n . ~ , ~ ~  The method is based on the relationship between 
the electrophoretic mobilities of peaks in a charge ladder (Un) 
and their charges relative to the unmodified protein (A& = 2, 
(n) - Zp(O), where n indicates the number of modified amino 
groups, eq 9). A plot of the electrophoretic mobilities of peaks 

Pn - (CP/M")ZP(O) = ( C P / M " W P  (9) 

(un) in the charge ladder vs the values of U p  gives a linear 
correlation where the intercept at the x-axis (where pn = 0) is 
equal to the total charge of the native protein (eq 9). Using this 
analysis, we determined values of Zexp of insulin at several values 
of pH of the buffer (Figure 8). The measured values of Cp/Ma 

(34) Bundi, A; Wuthrich. K Biopolymers 1979, 18, 285-297. 
(35) For an early example of a charge ladder, see: Creighton. T. E. Nature 1980, 

284. 487-489. 
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Figure 8. Determination of the total charge GXp of insulin at pH 
7.0 using eq 9. The calculation of increments of charge (AZP) is 
described in the text. Extrapolation of the best-fit line topun = 0 gives 
a value of -2.5 for the charge of insulin at a pH of 7.0 (regression 
coefficient r = 0.999). 
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Figure 9. Influence of pH on the total charge of insulin. The 
measured charge of insulin (Axp) at each pH was determined by 
analyzing the charge ladder from bovine or human insulin using 
different electrophoresis buffers: bovine (0) and human (0) insulin 
in tris-Gly buffer, and bovine (0) and human (D) insulin in tris-Gly 
buffer containing 10% dioxane. The curve represents calculated 
values of charge of insulin (&lC) as a function of pH. The inset shows 
the values of PKa of the ionizable residues of insulin used to calculate 
&IC. 

(e.g., at pH 7.0, from the slope in Figure 8) were constant at 
different pH's in this experiment: CpIMa = 0.031 f 0.001 cm2 
s-' kV-' charge-'. Assuming a = 2/3, and using MW = 5700 for 
insulin, Cp is equal to 9.9 cm2 s-' kV-' charge-' D2I3. We analyzed 
charge ladders generated from both bovine and human insulins 
using either an aqueous electrophoresis buffer or an aqueous 
buffer containing 10% dioxane. 

Figure 9 shows plots of the measured total charge of insulin 
vs the pH of the buffer. The curve that is superimposed on the 
data was generated by calculating the charge of insulin as a 
function of pH. The charge carried by each ionizable residue was 
calculated using eq 3, the pH of the buffer, and its pKa shown in 
Figure 9: these charges were added to yield the total charge of 
insulin (Z&. Extrapolation of the data from the four experiments 
to Zexp = 0 provides an estimate of 5.5 & 0.2 for the pZ of insulin; 
this value is in good agreement with the literature value of 5.3.36 

Although the experimental data agree well with the simulated 
curve, there remain slight differences in the range of pH from 7 

(36) Tanford, C.; Epstein, J. 1. Am. Chem. SOC. 1954, 76, 2163-2169. 
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to 9. In principle, the pKa values for the ionizable residues used 
in the simulation may have been inaccurate or altered upon 
acetylation of amino groups. Nonetheless, this method to measure 
the electrostatic properties of insulin provides data that are well 
rationalized by its known structural characteristics. 

CONCLUSIONS 
Insulin is an excellent model system with which to study the 

influence of chemical modifcation of charged groups on the 
electrophoretic mobility of proteins. At pH 7.4, derivatives of 
insulin with 0.1 unit charge difference (o++ and ++o, oo+ and 
+oo) were well separated. For larger proteins, the resolution of 
partial charges will be much more difticult or impossible. Since 
the Lys ammonium groups of large proteins have similar, high 
values of pKa, their selective modificationg will only give derivatives 
that differ in full units of charge. Use of polycharged modifying 
agents to increase the increments in mobility in a protein charge 
ladder makes it easier to measure the charges of high molecular 
weight proteins using capillary electrophoresis, but the resolution 
in these systems will be less than that with insulin. 

These studies demonstrate that CE is useful for the charac- 
terization of electrostatic properties of proteins in their native 
conformations. By analyzing a family of derivatives of a protein 
generated by acylation of its amino groups, partial charges of 
individual residues (and their pKa values) and the total charge of 
the protein can be determined. The unique sensitivity of CE to 
the charge of a protein makes it appropriate for use in studies 
that involve protein electrostatics: for example, the influence of 
the charge of a protein on the binding of charged ligands to it. 
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GLOSSARY 

Frequently used abbreviations and symbols are listed in the 
order of appearance 

CE 

P 
teo 

MO 
zeff 

ZP 
Ce, and Cp 
Zcak 

G" 
FQ 
Kc 
e 
2, 

KD 

I M  

ID 

P D  

P M  
+++ 
o++, +o+, ++o 

+oo, o+o, oo+ 

zexp 

000 

capillary electrophoresis 
electrophoretic mobility 
migration time of neutral marker 
mesityl oxide, as neutral marker 
effective charge 
unperturbed charge 
proportionality constants for Zen and ZP 
calculated charge 
a-amino group from N-terminal Gly of A chain 
a-amino group from N-terminal Phe of B chain 
eamino group from Lys of B chain 
molar fraction 
rate of acylation 
dimerization constant 
dimer of insulin 
monomer of insulin 
electrophoretic mobility of dimer of insulin 
electrophoretic mobility of monomer of insulin 
native insulin 
monoacetylated insulin (see text for details) 
diacetylated insulin (see text for details) 
peracetylated insulin 
charge determined by CE 
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