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Abstract

The advantage of using a stepwise gradient of buffer concentration in CEC was demonstrated with the mixed-mode stationary phase,
3-(4-sulfo-1,8-naphthalimido)propyl-modified silyl silica gel (SNAIP). Before the application of a stepwise gradient, the effect of buffer
concentration on the separations of six peptides and tryptic digests was investigated. Bubble formation caused by Joule heating at currents up
to 95uA was successfully suppressed by using SNAIP column even without pressurization, which contributed to a stepwise gradient of buffer
concentration. Utilizing the stepwise gradient improved and shortened the separation of six peptides as compared to the separation under ar
isocratic elution.
© 2004 Published by Elsevier B.V.
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1. Introduction age and temperature were sugge$t§d Among them, the
stepwise gradient of mobile phase on a commercial CE in-
Capillary electrochromatography (CEC) attracts the in- strument was proved to be easily realized with high accuracy
creasing attention as a separation technique for chargedand has been successfully applied to the analyses of drugs
biomolecules, such as peptides and proteins, because it prof6,7], DNA additives[8] and aromatic compound8]. Using
vides high efficiency and selectivity by the combination of a mixed-mode stationary phase for the separation of charged
liquid chromatography and electrophoredi]. In CEC of analytes, the gradients of not only hydro-organic composi-
charged analytes, mixed-mode stationary phases have betion but also buffer concentration in the mobile phase must be
come avaluable alternative to the conventional octadecyl sil- useful. Especially when the electrostatic interaction is dom-
ica (ODS) which hardly retains charged anal\fte8,4]. To inant in the retention by mixed mode stationary phase, the
further explore the potential of mixed-mode stationary phases gradient elution of buffer concentration will be more effec-
for the separation of a wide variety of charged analytes, it is tive. However, the gradient of buffer concentration has never
important to utilize the gradient elution. been explored in CEC while that of mobile phase composi-
In order to improve the separation of complex samples tion has been practically used in CEC with different gradient
with CEC, several methods of gradient elution of mobile methodg6,7,10—13] This is mainly because the major fo-
phase (e.g. stepwise, pressurized, electrically assisted), voltcus of previous CEC studies was on the separation of neutral
compounds by reversed-phase mode. In addition, when the
buffer concentration is too high, the bubbles can be generated
* Corresponding author. Tel.: +81 95 819 2894; fax: +81 95 810 2444, Withina capillary column by Joule heating, which hinders the
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Q enzymatic digestion was stopped at’@for 10 min and the
Sty — O SOH digests were stored at20°C.
\ ’ O All the CEC experiments were performed on a CAPI-
0 3200 system equipped with a photodiode array detec-

tor (Otsuka Electronics, Osaka). Fused-silica capillaries
Fig. 1. Structure of 3-(4-sulfo-1,8-naphthalimido)propyl-modified silyl sil- (375umo.d.x 75pumi.d.) were obtained from Polymicro
ica gel. Technologies (Phoenix, AZ, USA). SNAIP stationary phase

(particle size, 3 or mm) and CEC columns (packed length,

We recently developed a novel mixed-mode station- 9cm; total length, 37 cm) packed with SNAIP were prepared

ary phase for CEC, 3-(4-sulfo-1,8-naphthalimido)propyl- as reported in our previous literatuf&6]. The modifica-
modified silyl silica gel (SNAIPFig. 1), that was synthe-  tion ratio of 3-aminopropyl silyl silica gel with 4-sulfo-1,8-
sized with the idea to use the naphthalimido moiety and naphthalic anhydride were 0.523 mmol/g fopB particle
sulfonic acid groups as the chromatographic retentive sitesand 0.471 mmol/g for gm particle which were estimated
[14,15] Also, the sulfonic acid groups work as an EOF gen- from the percentage of carbon by elemental analysis. Phos-
erator and actually provided high EOF even at low pH. The phate buffers (100 mM) were prepared by dissolving appro-
separation mechanism in CEC with SNAIP was a hybrid of priate amount of KHPOy in water, then adjusting to de-
electrophoretic migration and chromatographic retention in- sired pH by HPQO,. The mobile phase, prepared by mix-
volving hydrophobic, electrostatic as well as interac-  ing methanol, water and the phosphate buffer, was degassed
tions [14]. Under an isocratic elution, the SNAIP column  thoroughly prior to use. Instead of pressuring at both ends of
has already been proved to be better for the electrochro-the capillary column, the CEC system was thermostatically
matographic separation of charged peptides than other mixedmnaintained at 18C throughout the analysis in order to avoid
mode columng15]. In addition, no bubble was observed bubble formation within the capillary column. The detection
within SNAIP column even when the current reachegu40 wavelength was set at 205 nm.
This remarkable characteristic will expand the range of buffer
concentration in a mobile phase and make the gradient of it

effective. 3. Results and discussion
In this study, to apply the stepwise gradient of buffer con-
centration for CEC with SNAIP, the effect of buffer concen- The applicability of the stepwise gradient of buffer con-

tration on the CEC separations of peptides as well as proteincentration in a mobile phase for the separation of peptides in

digests was investigated. Finally, we described the introduc- CEC with SNAIP was investigated. Before the application, it

tion of the stepwise gradient of buffer concentration to the was needed to understand the effect of buffer concentration

separation of peptides by CEC on SNAIP. on the separation. In an attempt to describe the retention of
charged analytes in CEC, Rathore and Horyaih18]have
defined a CEC retention factds,, as:

2. Experimental - (1 + k%) — 10

fo
wheret,, andtg denote the retention time of the analyte and

All chemicals were of analytical grade. 4-Sulfo-1,8- thatofaninertand neutral tracer (EOF marker), respectively.
naphthalic anhydride potassium salt was purchased fromThioureawas chosen as an EOF marker in this stidg.the
Aldrich (Milwaukee, WI, USA). The sources of model pep- Velocity factor, indicating the contribution of electrophoretic
tides were as follows: Gly—Val, Gly—lle and Gly—Phe from mobility to the separation of charged analytes in CEC, and is
Tokyo Kasei (Tokyo, Japan), Gly—His, Gly-Lys and Lys—Lys given by
from Sigma (St Louis, MO, USA). The stock solutions of  _~ up
model peptides were prepared by dissolving 1 mg of each®™e — E
compound in 1mL of water. The stocked peptide mix-

ture or digests were diluted to appropriate concentrationsY\’here’”pis‘the electrophoretic mobility of the analyte which

model peptides: 12.8-60 mg/L) with a mobile phase prior 'S 0Ptained from CZE measurements under the same condi-
'Eo injec’fi)or? Horse heart cyq[oc)hrorrtefrom Waio (OSF_) tions as the CEC separation. The interstitial EOF mobility in

aka, Japan) was dissolved in a buffer solution containing the CEC column,y, is equal to the apparent EOF mobility

50 mM ammonium bicarbonate and 2 mM calcium chloride within the CEC cplumn multiplied by the ratio of current in
(pH 7.8) at a concentration of 10 mg/mLL{{osylamido- oEen tube to that in pqcked_cqluW,lS]. The peaklocator,
2-phenyl)ethylchloromethylketone] (TPCK)-treated trypsin k&, can be expressed in a similar manner to HPLC as follows:
(Sigma) was prepared in water at a concentration of

0.2mg/mL. The digestion of cytochroneewas carried out ki = Im— 10

by mixing 150uL of each solution for 12h at 3TC. The fo

2.1. Materials and instrumentation
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Fig. 2. Plots of logarithmic parameters (Ikg logkg) and velocity factor £5) of model peptides and EOF mobility vs. buffer concentration in the mobile
phase. CEC conditions: 37 cen75pmi.d. packed capillaries with SNAIP,.Bm; mobile phase, phosphate buffer (pH 3.8)/methanol: 60/40 (v/v, %) at different
buffer concentrations; applied voltage, 20 kV; electrokinetic injection, 20kV for 8s.

The effects of buffer concentration on the parameters and SNAIP column. All of the mobile phases provided a sufficient
EOF mobility were studied in the range from 10 to 40mM Separation and, as expected, increasing buffer concentration
with a mobile phase of phosphate buffer (pH 3.8) and 40% reduced the separation time from 130 min (20 nffig, 3a) to
methanol Fig. 2). Increasing the buffer concentration from 22 min (50 mM,Fig. 3b) and sharpened all peaks, especially
10to 40 mM resulted in a decrease in electrochromatographiclater peaks. Using the mobile phase with 50 mM phosphate
retentionk”, as shown ifFig. 2 This manifestly reflected the  buffer, the resolution of tryptic digests on SNAIP column
attenuation of electrostatic interaction between the dissoci- Was superior or comparable to the pressurized gradient CEC
ated amino group of peptides and the fixed negative chargein previous workg13,19]
on the stationary phase. The electrophoretic mobilities of ~ As described above, CEC with SNAIP was proved to be
the peptides increased as the buffer concentration increasedyseful for the separation of peptides and the buffer concen-
An increase in both the apparent EOF mobility and the ra- tration in a mobile phase largely affected the separations of
tio of current was observed as buffer concentration rose, charged analytes. Thus, the gradient elution of buffer con-
which in turn led to the decrease (Gly-Lys and Gly-His), centrationin CEC of peptides was examined. The separation
slightincrease (Lys—Lys) and constant (Gly—Val, Gly—lle and patterns irFig. 4aand b were obtained under the isocratic elu-
Gly—Phe) in the value of velocity facta. The reductionin  tion of 30 and 50 mM phosphate buffer (pH 3.8) containing
electrostatic interaction and the increase in the EOF mobility 40% methanol, respectively. The peptide mixture contained
when increasing the buffer concentration contributed to the the pair of Gly-Lys and Gly—His which required a moder-
decrease in the peak locatdrand separation time. ate buffer concentration to achieve acceptable resolution and

Fig. 3illustrates the effect of buffer concentration on the Lys-Lys which required a relatively high buffer concentra-
separation of the tryptic digests of cytochromevith the tion for its earlier elution. It can be seen frdfig. 4a and b
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Fig. 3. Effect of buffer concentration on the separation of tryptic digests of
cytochromec. CEC conditions: 37 cnx 75um i.d. packed capillaries with
SNAIP, 3um; mobile phase, phosphate buffer (pH 3.8)/methanol: 60/40
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Fig. 4. CEC of model peptides on SNAIP column. CEC conditions: mobile
phase: (a) 30 mM phosphate buffer (pH 3.8)/methanol: 60/40 (viv, %); (b)
50 mM phosphate buffer (pH 3.8)/methanol: 60/40 (v/v, %); (c) phosphate
buffer (pH 3.8)/methanol, 60/40 (v/v, %) (initial 50 mM for 2 min, intermedi-
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ate 30 mM for 7.5 min and final 50 mM). Other conditions aBim 2 Peaks:
1, Gly-Val; 2, Gly-lle; 3, Gly—Phe; 4, Gly-Lys; 5, Gly—His; 6, Lys—Lys.

that multi-stepwise gradient of buffer concentration should be
usefulin orderto separate all six peptides within a shorter sep-
aration time. The initial condition, 50 mM phosphate buffer
(pH 3.8) and 40% methanol, was held for 2 min, after which
the voltage was removed and the buffer vials were replaced
with that including 30 mM phosphate buffer with the same
composition as the initial one and the voltage was re-applied.
After 7.5 min, the voltage was removed, and the initial mo-
bile phase vials were replaced, and the voltage was re-applied;
these conditions were held for 14 min to accelerate the elu-
tion of Lys—Lys and re-establish the initial condition prior
to the next injection. As can been seerFig. 4c, Gly—Lys

and Gly—His were fully separated and the use of this step-
wise gradient resulted in a reduction of the separation time
from 38 to 22 min compared with the isocratic elution of the
mobile phase including 30 mM phosphate buffer and 40%
methanol. A baseline disturbance in the UV signal at ap-
proximately 12 min appeared due to the border between the
two mobile phases. Three consecutive runs of the CEC with
stepwise gradient of buffer concentration gave reproducible
electrochromatography with relative standard deviations for
the retention times ranging from 1.28 to 1.93%. The perfor-
mance of SNAIP column was maintained for more than 6
months. Specifically, after 81 injections, the relative changes
of EOF and retention times for Gly—Val, Gly—lle and Gly—Phe
were from 1.10 to 3.25%.

In conclusion, using SNAIP column even without the pres-
surization, the application range of electrochromatography
could be extended to separation with high currer@g u.A)
which is unavoidable to employ high buffer concentration
for earlier separation of peptides. Indeed, a stepwise gradi-
ent of buffer concentration in CEC with SNAIP juggled the
better resolution of peptides and the accelerated elution of
strongly retained peptide. Simple peptide mixtures are prefer-
ably separated under an isocratic condition where significant
changes in the separation are achieved by small changes of
the parameters (i.e. organic modifier content, temperature and
applied voltage]20,21] On the other hand, complex pep-
tide mixtures such as digests often requires gradient elution
[12,19] and therefore, the proposed CEC method willwork as
a complement for separation of complex mixtures. Gradient
of buffer concentration will be effective for combination of
the better resolution of closely related peptides and the early
elution of multiply charged peptides when using mixed-mode
stationary phase in CEC. Furthermore, the knowledge about
stepwise gradient of buffer concentration described here can
be transferred to other gradient methods.
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