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Abstract 
Capillary zone electrophoresis (CZE) and high-performance liquid chromatography (HPLC) have been used in 

the analysis of the primary structure of recombinant human insulin-like growth factor I (rhIGF-I). CZE both 
complements and supplements HPLC separations. CZE has been used to resolve peaks which co-elute on HPLC, 
as well as to help establish the identity of tryptic fragments in peptide mapping experiments. 

1. Introduction 

Capillary zone electrophoresis (CZE) has be- 
come a major new analytical tool in chemistry 
and biochemistry laboratories. CZE separations 
are performed in free solution with no solid- 
phase matrix, facilitated by use of a capillary 
tube (100 cm x 100 pm) and conditions of high 
voltage (30 kV) and low current (50 PA). CZE 
has allowed separations previously unattainable 
and improved separations in already existing 
systems [ 11. In addition, certain characteristics 
intrinsic only to CZE separations allow this 
technique to be used in situations where other 
separation techniques are not applicable [2]. 

We report here that CZE can both comple- 
ment and supplement HPLC, particularly in 

* Corresponding author. 

peptide mapping experiments. Specifically, we 
have performed peptide mapping experiments on 
recombinant human insulin-like growth factor I 
(rhIGF-I), using both HPLC and CZE. Conse- 
quently, we have compared HPLC analysis of 
tryptic fragments of rhIGF-I with CZE analysis 
of the same peptides. This comparison has 
helped to elucidate the relative applicability of 
these two techniques. 

As a complementary method, CZE is useful in 
ensuring the integrity of peptide fragments col- 
lected from HPLC analysis of enzymatic digests. 
Reversed-phase (RP) HPLC separation of pro- 
teins and peptides is generally achieved via 
interactions between specific non-polar amino 
acid residues and the column stationary phase, 
so that factors other than the side-chain residues 
may affect the separation [3]. CZE separations 
depend on peptide solvent interactions [4], 
where physical characteristics such as charge-to- 
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mass ratios are important [5]. CZE may thus 
separate closely related peptides which may 
coelute in the RP-HPLC mode. As a supple- 
mental method, we demonstrate here the use of 
CZE for the positive identification of peptide 
peaks on an electropherogram. 

2. Experimental 

rhIGF-I was obtained from Ciba Pharmaceu- 
ticals. A single batch of rhIGF-I, which was 
> 98% chromatographically pure by protein 
mass, was used to generate peptide fragments. 
HPLC-grade acetonitrile (Fisher, Pittsburgh, 

PA, USA) was used for HPLC analysis of tryptic 
fragments, optima-grade acetonitrile (Fisher) 
was utilized for all amino acid analysis experi- 
ments, and certified trifluoroacetic acid (TFA) 
(Fisher) was used for all HPLC analyses. In 
addition, reagent grade iodoacetamide (Sigma. 

St. Louis, MO, USA), gold-label triethylamine 

(Aldrich, Milwaukee, WI. USA), and sequanal- 
grade phenylisothiocyanate (PITC) and constant- 
boiling HCl (Pierce, Rockford, IL, USA) were 
used. All other chemicals were analytical grade 
and not further purified. Distilled, deionized 
Milli-Q water (Millipore, Bedford, MA, USA) 
was used for all experiments. Trypsin, in various 
treated forms, was purchased from three sources 
(Sigma, Pierce and ICN, Cleveland, OH, USA) 
and used without further purification. 

2.1. Microdialysis 

A Pierce Model 500 micro dialyzer with a 
molecular mass cutoff of 1000 was used. 

2.2. RP-HPLC apparatus 

Chromatographic separations were performed 
with a system composed of a Waters (Milford, 
MA, USA) Model 600E gradient pump and 
WISP Model 712 autosampler with temperature 
control, a Kratos (Foster City, CA, USA) Spec- 
troflow 783 UV detector at 214 nm, and a 
Dionex (Sunnyvale, CA, USA) eluent degas 
module. Data collection and peak processing 

were performed with a Nelson 760 Series inter- 
face and a modified version of Nelson analytical 
software. A Gilson (Model 201) programmable 
fraction collector was used to isolate HPLC 

fractions. Well resolved peaks were collected by 
time programming, while closely eluting peaks 
were collected manually to avoid contamination 
due to small shifts in migration times. 

2.3. Capillary electrophoresis apparatus 

CZE was performed on an Applied Biosys- 
terns 270A capillary electrophoresis system with 
a fused-silica capillary (122 cm x 100 pm). Ultra- 
violet detection at 200 nm was used for peak 
analysis. Data collection and peak processing 
were performed as described for the HPLC 
analysis. 

2.4. Amino acid analysis 

Peptides were identified by amino acid analy- 
sis. The Waters Pica-Tag work station was util- 
ized for the gas-phase hydrolysis of each peptide 
fragment and subsequent generation of PITC- 
derivatized amino acids [6]. Separation of de- 
rivatized amino acids, data collection and peak 

processing were performed by HPLC, as de- 
scribed below. 

2.5. Carboxymethylation 

Iodoacetamide was used for the carbox- 
ymethylation of rhIGF-I according to standard 
methods [7]. After derivatization. microdialysis 
was used for buffer exchange. 

2.6. Trypsin digestion of rhIGF-I 

The hydrolysis conditions utilized were a 
modification of those described by Worosila [8]. 
A lo-p1 volume of trypsin solution (10 mg/ml in 
0.1 mM HCl) was added to a solution of car- 
boxymethylated rhIGF-I (2.50 ~1 of a 10 mg/ml 
solution in water) initially and, again, after 3 h 
(trypsin-rhIGF-I 1:25). After an 18-h incubation 
at 37°C the reaction was quenched by the 
addition of 100 ~1 of 10% (v/v) TFA in water. 
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2.7. RP-HPLC method 

Reversed-phase chromatographic analyses of 
rhIGF-I tryptic digests were performed on a 
Vydac Protein and Peptide C,, column (15.0 
cm X 4.6 mm I.D.) (Vydac, Hesperia, CA, USA) 
at ambient temperature. The flow-rate was 0.8 
ml/min. Mobile phases consisted of (A) 0.1% 
TFA in water and (B) 0.08% TFA in acetoni- 
trile-water (80:20). A gradient was employed 
which ran according to the following program: 
100% A at 3 min, 65% A at 38 min, 0% A at 55 
min. Final gradient conditions were kept for 5 
min before being returned to the initial con- 
ditions. A 15-min equilibration time was utilized 
between each run. The injection volume was 20 
~1 for optimum resolution and 30 ~1 for fraction 
collection. 

2.8. Peak identification 

Peptides were identified using amino acid 
analysis by comparison with a standard mixture. 
HPLC fractions were pooled from ten runs and 
lyophilized in acid-washed vials. Peak purity was 
determined by rechromatographing collected 
peaks using the gradient elution described 
above. The lyophilisate was then redissolved in 
200 ~1 of distilled water and 30 ~1 used for 
amino acid analysis using a modification of the 
Waters Pica-Tag PITC method. Samples were 
dried under vacuum, subjected to gas-phase 
hydrolysis for 18 h at 105”C, and again dried 
under vacuum and made alkaline with a redrying 
solution [ethanol-triethylamine-water (40:20:40, 
v/v/v)]. Redrying was repeated and the samples 
were combined with 20 ~1 of derivatizing 
solution [ethanol-PITC-triethylamine-water 
(70:10:10:10, v/v)]. Solutions were allowed to 
react for 20 min at ambient temperature, again 
dried under vacuum, diluted in 200 ~1 of sample 
diluent [0.05 M disodium hydrogenphosphate, 
pH 7.4 in acetonitrile-water (5:95, v/v)] and 
analyzed chromatographically. RP-HPLC analy- 
ses of amino acid derivatives were performed 
using a Waters Pica-Tag amino acid analysis 
column maintained at 38°C. The flow-rate was 
kept at 1.0 ml/min for 12 min and changed 

linearly to 1.5 ml/min over a 30-s period. Mobile 
phases consisted of (A) 0.13 M sodium acetate 
trihydrate in triethylamine, pH 6.4-acetonitrile- 
water (0.05:6:93.95, v/v/v) and (B) acetonitrile- 
water (60:40, v/v). A concave gradient was 
employed which ran according to the following 
program: 100% A to 54% A at 10.0 min, 0% A 
at 10.5 min.. Final mobile phase conditions were 
kept for 1 min and the flow gradient listed above 
was overlaid on the mobile phase gradient. The 
column was equilibrated at a flow of 1.5 ml/min 
for 8 min between injections. The injection 
volume was varied to optimize peak response 
and the amino acid derivatives were detected at 
254 nm. 

2.9. CZE method 

CZE was performed on all peptide peaks 
isolated from RP-HPLC. After lyophilization, 
the samples were dissolved in 10 mM sodium 
citrate, pH 2.5 at a concentration of approxi- 
mately 0.5 mg/ml. The CZE mobile phase was 
20 mM sodium citrate, pH 2.5. CZE was per- 
formed at 30°C with a constant voltage of 30 kV 
Samples were introduced by a l-s vacuum in- 
jection onto a 122-cm capillary (99.7 cm to the 
detector). A proprietary mobility standard was 
utilized to calculate peptide mobilities, thereby 
eliminating drift in the elution times. Electro- 
phoretic mobilities (p) of samples were calcu- 
lated according to Eq. 1. 

(LdLd 1 1 + cL ( > II.=V” --- t t, s (1) 

where L, = length of capillary to detector (cm), 
L, = total length of capillary (cm), V= system 
voltage (V), t = migration time of sample peak 
(s), t, = migration time of standard peak (s) and 
CL, = mobility value for standard peak. 

2.10. Charge calculation 

All peptide charges were calculated using the 
Henderson-Hasselbach equation using the pK, 
values in ref. 9. 
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3. Results 

3.1. Peptide fragment identification 

The primary sequence of rhiGF-I is shown in 
Fig. 1 along with the nine theoretical tryptic 
cleavage sites. The ten resulting tryptic frag- 
ments are labelled Tl-T10. Table 1 shows the 
amino acid molar ratios of all of the peptide 
fragments isolated by HPLC (see Fig. 3j, which 
were used to identify the corresponding peptide 
stretches. Residual chymotryptic activity, which 
is often seen in tryptic digests, was evident by 
the appearance of some non-tryptic fragments. 
These fragments were used in the calculations 
described in this paper. Since the primary struc- 
ture of the current batch of rhIGF-I had previ- 
ously been determined by fast-atom bombard- 
ment mass spectrometry, the amino acid ratios 
were sufficient to identify the peaks [lO]. 

1 2 3 4 5 

In addition to amino acid analysis, aliquots of 
all fractions were analyzed by CZE. Comparison 
of the retention behavior in the two methods 

formed the basis for peak assignment in all 
comparative chromatograms. In all but one case, 
fractions which eluted as one peak on HPLC also 
proved to be homogenous by CZE analysis. In 
the case of coeluting peaks on RP-HPLC, posi- 
tive identification was accomplished through the 
use of amino acid analysis and electrophoretic 
mobility on CZE. 

3.2. Method development 

Trypsin digestions are routinely performed in 
urea-containing solutions to minimize precipi- 
tation; however, the desire to analyze the re- 
sultant fragments by CZE limited the amount 
and type of buffer used. Although buffer com- 

6 7 8 9 
I( - Gly - Pro - Glu - Thr - Leu - Cys - 

+__------___-_-__-___ 
Gly - Ala - Glu - Leu"' 

____ 

11 12 13 14 15 16 17 18 19 

Val - Asp - Ala - Leu - Gln - Phe - Val - Cys - Gly - Asp2" 

21 22 23 24 25 26 27 28 
Arq'- Gly - Phe - Tyr - Phe - Asn - Lys'- Pro - 

t--------T2 
T:: - Gly'" 

t_---- 

31 32 33 34 35 36 37 30 39 
Tyr - Gly - Ser - Ser - Ser - Arg'- Arg'- Ala - Pro - Gin"' 
--_~3~----_-...-- ___.-_j CT43 t_-___ 

41 42 43 44 45 46 47 48 49 
Thr - Gly - Ile - Val - Asp - Glu - Cys Cys Phe - - - Arg'" 

------T5 ----- 

51 52 53 54 55 56 57 58 59 
Ser - Cys - Asp - Leu - Arg'- Arg’- Leu Glu Met - - - e-----T6 --__ --- Tyr@' cr7) t--------_------- 

61 62 63 64 65 66 67 68 69 
cys - Ala - Pro - Leu - Lys‘- Pro - Ala - Lys'- Ser - Ala-0H7" 
--- --TS----- .-.- 3 t-----T9 .. --- 3 c-. T10~m-3 

Fig. 1. The nine theoretical tryptic cleavage sites of rhIGF-I. Arrows in combination with an asterisk represent cleavage sites at 

the carboxyl terminal of Arg and Lys residues. Tryptic fragments are labeled Tl through TlO. 
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ponents elute early and consequently do not 
interfere with sample peaks in HPLC, many 
buffer ions exhibit mobilities similar to samples 
in CZE and must therefore be used in minimal 
quantities. In order to increase the solubility of 
zntermediate-sized fragments, and at the same 
time eliminate buffer additives, the cysteine 
residues were carboxymethylated with iodoacet- 
amide. The ability to irreversibly reduce disulfide 
bonds and dialyze reagents out of the sample 
buffer allows for minimal baseline noise in CZE. 

A standard for the carboxymethylated cysteine 
was not prepared, and the location of the PITC 
carboxymethyl-cysteine was determined by com- 
parison of the total amino acid hydrolysates for 

the reacted and unreacted protein (Fig. 2). The 
extent of the carboxymethylation reaction was 

determined by amino acid analysis through the 
concomitant appearance of a peak thought to be 
the carboxymethylated cysteine with the disap- 
pearance of peaks corresponding to unreacted 
cysteine and cystine residues (Fig. 2). The pre- 
dicted trypsin cleavage sites within the amino 
acid sequence of rhIGF-I are indicated in Fig. 1. 
Of the nine potential cleavage sites. six are 
arginine and three are lysine residues. Analysis 
of the sequence reveals two points of arginine 
tandem repeats (Arg-36,37 and Arg-55,56). The 
poor exoproteolytic ability of trypsin results in a 
mix of peptide fragments in these regions. 

5 

Retention Time (minutes) 

Fig. 2. Comparison of amino acid analysis results of unreacted (A) and derivatized rhlGF-I (B). The figure shows HPLC 

chromatograms of component amino acids. The disappearance of the cysteine and cystine peaks in (B) is concomitant with the 

appearance of the peak corresponding to the carboxymethylated cystcine (CM-CYS). Absorbance range in both chromatograms 

is 65 mAU. 
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3.3. Analysis of tryptic map of rhIGF-I 

Tryptic hydrolysis yielded the HPLC map 
shown in Fig. 3. Amino acid analysis results 
indicated that the peaks corresponding to frag- 
ments T8, T7T8, T7T8T9 and T8T9TlO coelute 
on the HPLC system at 34 min, and result from 
the tandem arginine repeats. The coelution of 
the four fragments indicates that retention on the 
reversed-phase medium of the HPLC column is 
heavily influenced by the hydrophobic stretches 
of the T8 fragment since this sequence is com- 
mon to all four fragments. CZE analysis of the 
HPLC fraction collected at 34 min showed four 
major peaks of the following area percentages: 
peak 1,59%; peak 2,22%; peak 3,11%; peak 4, 
6% (Fig. 4A). This observation was investigated 

in an attempt to further delineate the differences 
in HPLC and CZE as laboratory techniques for 
peptide separation. Degradation and cross-con- 
tamination were not the cause of the impurity 
profile demonstrated on CZE as the fraction was 
subsequently reanalyzed by HPLC and found to 
be > 98% chromatographically pure (Fig. 4B). 

3.4. Selectivity of CZE and HPLC separations 

That the separation mechanisms of CZE and 
HPLC are different is seen by the behavior of 
the T&containing fragments (T8, T7T8, T7T8T9 
and T8T9TlO). HPLC separations involve a mass 
transfer which is energetically determined by the 
hydrophobic character of the sample. Since most 

10 

I 1 
20 30 40 50 

Retention Time (minutes) 

Fig. 3. Final HPLC tryptic map of rhIGF-I. Incomplete digestion products are indicated by continuous fragment labels (e.g. 

T3T4). Multiple coeluting peaks are separated by commas. A and B are used to indicate two parts of a tryptic fragment which 

were cleaved at a non-tryptic cleavage site (e.g. T2A and T2BT3). The absorbance range is 500 mAU. 
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10 20 30 40 50 

Retention Time (minutes) 

Fig. 4. Comparison of the CZE (A) and HPLC (B) analysis of the T8-containing fragments. The identities of these fragments are: 

peak 1 = T7T8; peak 2 = T7T8T9; peak 3 = TST9TlO; peak 4 = T8. MS = Mohility standard. The absorbance range is 7 mAU for 

CZE and 500 mAU for HPLC. 

peptides are intrinsically amphipathic, separation 
is most often a function of a limited region of a 
peptide. CZE separations depend on the sample 
charge and size. Because mass transfer does not 
occur in CZE, mobility should be influenced by 
each residue in the peptide. If all chemical 
moieties contribute to mobility, it should be 
possible to separate very similar peptides. Fur- 
ther resolution by CZE of the fraction containing 
the T8 fragments illustrates this point. 

A comparison of the tryptic map of rhIGF-I 
was performed to elucidate the differences in 
selectivity between CZE and HPLC. Fig. 5 
indicates a large difference in the selectivity of 
both methods, where lines are used to connect 
identical peaks and to demonstrate reversals in 

the elution order between the two separation 
mechanisms. 

Amino acid analysis of reversed-phase sepa- 
rated T&containing fragments showed molar 
ratios suggestive of the expected fragments; 
however, two anomalies in the amino acid analy- 
sis rendered the ratios inconclusive -the molar 
ratios calculated for alanine, proline, lysine and 
arginine were not stoichiometric (Table l), and a 
low recovery was calculated for serine (0.3 molar 
ratio). Through a systematic analysis of possible 
peptide cleavages, it was determined that the 

CZE peaks in Fig. 3A should have the following 
amino acid sequences. However, these data 
alone were insufficient to predict the relative 
elution order of these fragments. 
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CZE 

l 

Retention Time (minutes) 

Fig. 5. Comparison of selectivity between CZE and HPLC. Lines are used to connect identical peaks and emphasize changes in 
elution order. MS = Mobility standard. The absorbance range is 7 mAU for CZE and 500 mAU for HPLC. 

Peak T7 Tg T9 TlO 
1 Arg- Leu-Glu-Met-Tyr-Cys-Ala-Pro-Leu-Lys 
2 Arg- Leu-Glu-Met-Tyr-Cys-Ala-Pro-Leu-Lys-Pro-Ala-Lys 
3 Leu-Glu-Met-Tyr-Cys-Ala-Pro-Leu-Lys-Pro-Ala-Lys- Ser-Ala 
4 Leu-Glu-Met-Tyr-Cys-Ala-Pro-Leu-Lys 

Since the T&containing fragments could not be 
unequivocally identified through routine amino 
acid analysis, it was decided to calculate the 
CZE electrophoretic mobilities using the poly- 
mer function (Eq. 2) proposed by Grossman et 
al. [ll]. 

I* cc ln (’ + ‘) 
NO.43 

Table 2 shows the values used in Eq. 2, as well 
as experimental mobilities for each of the pep- 

tide fragments. In order to identify the elution 
order of the four T%containing fragments, the 
polymer function in Eq. 2 was plotted against the 
experimental mobility values for each of the 
identified tryptic fragments (Fig. 6). The slope 
and intercept values from this plot were de- 
termined and then used to calculate the theoret- 
ical mobility value for each of the T&containing 
fragments. The theoretical mobilities were then 
compared to the experimentally determined mo- 
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Table 2 

Data for tryptic fragments of rhIGF-I 

Peptide fragment Charge (9) Polymer 

number 

(N) 

Molecular 

mass 

Mobility (/.L) 

( x lo*) 

Leu57-TyrhO 0.31 4 554.7 I .31 

Gly22-Tyr24 0.33 3 3X5.4 1.58 
Glyl-Leul4 0.31 14 1443.6 0.90 

GlnlS-Phel6 0.43 2 293.3 l.i4 

Gly22-Phe25 0.43 -I 532.6 1.41 
Glyl -Arg21 1 .06 21 2305.6 1.18 

Va117-Arg21 1.16 5 604.6 2.25 
Ser51-Arg55 1.16 5 64X.7 2.23 
Leu57-Lys65” 1.30 Y 1123.4 1.91 

Arg56-Tyr60 1.31 5 710.0 2.14 

Pro66-Lys68 1.32 3 314.4 2.60 
Cys61-Lys65 I .32 5 5X6.7 1.86 
Phe25-Tyr31 1.33 7 825.9 1.97 
Arg37-Arg50 2.13 14 1706.‘) 1.94 
Arg56-Lys65’ 2.31 IO 127Y.Y 2.31 
LeuS7-Ala70* 2.39 14 1577.9 2.03 
Phe25-Arg36 2.20 12 1300.4 2.21 

ArgS6-Lys68* 3.30 13 1576.0 2.46 

Calculations of charge, polymer number, molecular mass and electrophoretic mobility for each of the peptide fragments obtained 

after tryptic digestion of rhIGF-I are summarized in the table. These data were subsequently used to obtain the plots in Figs. 6-X. 

Asterisks refer to TX-containing fragments 

bilities to establish the fragment identities. Once 
the peaks were identified, the polymer functions 
for the peptides were plotted against the actual 
mobility values (Fig. 7). The slope of the line 

3 .* F------ 7 
,/f 

i 
---- 

0 0.1 0.2 03 04 05 0.6 

wq+ I J 
N” 3 i 

Fig. 6. Plot of the polymer function (Eq. 2) for all the 

peptides in Table 2 except the TX-containing fragment versus 

the mobility values. 

derived from the four peptides correlated within 

4% of that plotted for the identified tryptic 
fragments (Fig. 6). An overlay of Fig. 6 with Fig. 
7 reveals a good correlation (Fig. 8) in which all 

3 ,* ~~~~._~~_~~~._~~~~~_~ ~_. __.-..._ 

OS’.~,“‘” “” ” ,J 

0 0.1 0.2 0.3 04 0.5 0.6 

Mq+l) 
7 

Fig. 7. Plot of the polymer function (Eq. 2) for the TX- 

containing fragments versus the experimental mobility val- 
ues. 
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t.. .I .,,/ ,,,, I ,,,I, 1 
0 0.1 0.2 0.3 0.4 0.5 0.6 

Jn(q+ 1) 
N0.4’ 

Fig. 8. Comparison of plots from Figs. 6 and 7. 

four calculated points fall inside of the 95% 
confidence limits of the line. Validation of frag- 
ment assignment was derived by iteration of the 
assignments of the T8-containing fragments. The 
above peak assignments represent the only rela- 
tionship in which all of the peaks fall within the 
95% confidence limits of the line. 

4. Discussion 

Our analysis shows that CZE is a useful tool for 
both structural identification and purity con- 
firmation in peptide mapping experiments. Al- 
though it is unlikely that CZE will take the place 
of HPLC for routine separation, its potential as a 
complementary method has been shown. The 
difference in the selectivity of CZE demonstra- 
ted has resulted in a peptide map which differs 
significantly from the HPLC map. In addition to 

the difference in selectivity, CZE offers the 
unique predictive ability associated with mobility 
correlations. The added potential, resulting from 
the mobility correlations, indicates a powerful 
supplemental role for CZE in peptide mapping 
experiments. 
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