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Abstract

The utility of capillary electrophoresis (CE) for assessing the purity and stability of pharmaceutical peptides is
investigated. The degradation of nisin, a pentacyclic peptide antibiotic, depends upon sample preparation and storage
conditions and is followed by CE. With conventional UV detection, peaks are not identified and unresolved components are
not detected. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOFMS) of isolated CE
fractions provides molecular mass information that aids in identification of the nisin degradants and determination of peak
purity. The purity of pure and degraded nisin in the absence of any separation is also determined using electrospray

ionization mass spectrometry (ESI-MS) and MALDI-TOFMS.
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1. Introduction

The emerging technology of capillary electropho-
resis (CE) has recently been investigated as a
possible alternative to HPLC for drug analysis [1,2].
One particularly important area of drug analysis is
the ability to separate and identify the degradants
from a parent pharmaceutical compound. As the
structures of the product compounds usually differ
from the structure of the parent compound in only
very subtle ways, this can be a challenging task. This
is one advantage to the high separation efficiencies
ard peak capacities characteristic of CE. Numerous
examples in the literature serve to illustrate the
capability of CE to resolve chemical compounds
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possessing only minor differences in chemical struc-
ture [3-6].

Once separation conditions are optimized for a
particular pharmaceutical compound, a CE elec-
tropherogram utilizing UV detection may sometimes
reveal that more than one component is present.
However, it is often advantageous to identify these
components. In these instances, mass spectrometry
becomes the ideal detector for CE, being capable of
providing both molecular mass and structural in-
formation. Matrix-assisted laser desorption ionization
(MALDI) in combination with time-of-flight mass
spectrometry (TOFMS) has been shown to be a
useful technique for the generation and analysis of
molecular ions from biological molecules at the
attomole to picomole level [7-9]. The off-line
coupling of CE with MALDI-TOFMS for the analy-
sis of proteins and peptides has been demonstrated
recently [10]. Furthermore, electrospray ionization
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mass spectrometry (ESI-MS) has been employed to
supply complementary, as well as confirmatory
information regarding complex peptide mixtures
[11]. In the present study, the purity and stability of
the peptide pharmaceutical compound nisin is ana-
lyzed using high-performance capillary electropho-
resis combined with off-line mass spectrometry.
Nisin is a peptide antibiotic that is produced by the
bacterium Lactococcus lactis. It is mainly used as a
food preservative in dairy products, and contains 34
amino acid residues with a relative molecular mass
(M.) of 3354.14 [12,13]. As illustrated in Table 1,
eight of its residues are modified amino acids,
including two dehydroalanines (AAla), one dehydro-
butyrine (AAbu), one lanthionine (two alanines
bonded to sulfur at the B-carbons, Ala_—S-Ala,), and

Table 1
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four B-methyllanthionines, (D-Abu-S-Ala,, where
D-Abu is B-aminobutyric acid) giving rise to a series
of cyclic units [12]. The structural integrity of the
unusual residues plays a significant role in the
biological function of this antibiotic, and the anti-
microbial activity is lost or diminished upon modi-
fication or degradation of the dehydro groups [14].
Minor nisin is also a product of this bacterium,
involving the substitution of the AAla residue of
nisin at position 33 with a serine residue, and is
expected to be present in all nisin samples.

Others have studied the chemical and physical
properties of nisin, as well as its route of degradation
[13-17]. Identification of a major component and
two minor analogues in commercial nisin has been
accomplished by *’’Cf plasma desorption mass

Proposed structures of the known degradants of nisin (adapted from references [14,16,17})
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spectrometry [15]. A total of five degradants, re-
ported independently by two research groups, has
been identified in the literature, all isolated by HPLC
[16,17]. The structures of the degradation products
have been elucidated by nuclear magnetic resonance
techniques and fast-atom bombardment mass spec-
trometry [12,14,16,17]. All degradations reported in
the literature occur at either the carboxyl terminal of
the peptide or in the A ring (identified in Table 1) of
the molecule. In fact, all described degradations
involve either one or both of the dehydroalanines at
the 5 and 33 positions. Table 1 is a summary of each
of the previously identified degradants, as well as
their proposed structures.

Degradation of nisin can be initiated by light, pH,
or temperature. Light induces free-radical reactions
of the dehydro residues [13]. When treated in dilute
acid at room temperature, nisin degrades at the
AAla33 residue. When treated in dilute acid at
elevated temperature (50°C), nisin degrades at both
the AAla33 and AAla5 dehydro residues [16}. Above
pH 8, nisin is unstable and becomes inactivated, with
the products at high pH being mostly dimers and
multimers [13]. Some of the known degradants are
unstable and can further degrade. For example, the A
ring of minor nisin can further degrade. Each of the
degradants has been shown to possess differing
levels of antimicrobial activity [13,14,16,17]. De-
veloping an analytical method capable of monitoring
the extent of nisin degradation with time is important
for determining its efficacy as an antibiotic.

When using capillary electrophoresis to monitor
these degradants, differences in the electrophoretic
mobilities determine the selectivity of the separation
[13]. For peptides that possess similar molecular
masses and pls, variation of the buffer pH is often
the most direct route for optimizing the separation. A
separation optimization strategy for the routine anal-
ysis of pharmaceutical peptides based upon pH has
been proposed by Langenhuizen and Janssen [19].
They suggest that for peptides with a basic or neutral
character, the best separation is achieved with low
pH buffers. Further improvements in separation can
be obtained by fine tuning the buffer pH and/or by
using a higher buffer concentration. Additional im-
provements in the separation can be attempted
through the use of various buffer additives. Pessi et

al. [3] found that addition of organic modifiers such
as methanol or acetonitrile to the separation buffer
improved the separation of peptides that differed in
only single, neutral amino acid residues. Addition of
an organic modifier to a CE buffer substantially
reduces the magnitude of the electroosmotic flow,
leading to marked improvements in resolution [20].

Because nisin is a basic peptide, the strategy of
Langenhuizen and Janssen indicates that a separation
in a low-pH buffer is optimum. At low pH, protona-
tion of the silanol groups of the capillary wall [21]
can serve to minimize adsorption of nisin. The
solubility characteristics of nisin also favors use of a
low-pH separation buffer. Nisin is readily soluble in
dilute acids and organic solvents such as methanol
and acetonitrile, less soluble in water, and sparingly
soluble in alkaline solution. Therefore, variation in
the pH of the separation buffer, and use of an
organic modifier additive to enhance selectivity is the
main strategy that we use in the development and
optimization of a CE separation of nisin from its
degradants.

2. Experimental
2.1. Reagents and materials

Samples of ‘‘pure’’ and ‘‘degraded’’ nisin were
from ConvaTec (St. Louis, MO, USA). The degraded
nisin sample was of the same lot as the pure sample
that had been incubated at 60°C for 1 year. Phos-
phoric acid (33 mM) was from Waters (Milford,
MA, USA). Sodium phosphate monobasic, monochy-
drate and sodium phosphate, dibasic were from EM
Science (Gibbstown, NJ, USA). Trifluoroacetic acid
(TFA), 99%, formic acid, 96%, and a-cyano-4-hy-
droxycinnamic acid (ACHA), 97% were from Al-
drich (Milwaukee, WI, USA). KOH (1 M), concen-
trated HCI, and Optima grade acetone, were from
Fisher Scientific (Fair Lawn, NJ, USA). HPLC-grade
acetonitrile was from Mallinckrodt (Paris, KY,
USA), and bovine insulin was from Sigma (St.
Louis, MO, USA). All capillary electrophoresis
solutions were prepared with ultra-pure Milli-Q
water (Millipore, Bedford, MA, USA). The solutions
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were degassed by sonication and filtered through
0.2-um syringe filters prior to use. All mass spec-
trometry solutions were prepared with water from a
Nanopure ultra-pure water system (Barnstead,
Dubuque, 1A, USA).

2.2. Capillary electrophoresis

All separations of degradants were performed on a
Beckman P/ACE 2100 CE unit, utilizing System
Gold software with 200 nm UV detection. In all
separations, electrokinetic injections were used. An
untreated fused-silica capillary (75 um 1.D.X360
pum O.D., 70 cm to detector, 77 cm total length
(Polymicro Technologies, Phoenix, AZ, USA) was
used for this work. Both a low-pH and a high-pH
separation were developed. For the low-pH sepa-
ration, the run buffer was 33 mM phosphoric acid-
acetonitrile (85:15) and the run voltage was +15 kV
at ambient temperature. The sample was dissolved in
1 mM phosphoric acid, 15% acetonitrile at a con-
centration of 1 mg/ml. For the high-pH separation,
the run buffer was acetonitrile—12.5 mM phosphate
buffer pH 8.05 (70:30), and the run voltage was +29
kV at ambient temperature. The sample was dis-
solved in 0.28 mM phosphate buffer, pH 8.05, 77.5%
acetonitrile at a concentration of 0.375 mg/ml. Once
the samples were prepared, they were protected from
light. For both separations, the conductivity of the
sample solution was kept less than the conductivity
of the running buffer, so that analyte stacking
occurred [22].

2.3. CE fraction collection

Prior to CE fraction collection, the degraded nisin
sample was desalted using a C,; Sep-Pak cartridge
(Waters, Milford, MA, USA). The desalted sample
was prepared (4 mg/ml) in 1 mM phosphoric acid
containing 50% acetonitrile. The quantity of each
component injected electrokinetically at 8 kV was
calculated using the equation

0, =@, + veo)Ciﬂrzt

where Q, is the number of moles of component i,

v, + v, are the combined zone velocities in cm/s of
the component i and the electroosmotic flow respec-
tively, C, is the concentration of component i in
mol/cm®, r is the radius of the internal diameter of
the capillary in cm, and ¢ is the time of injection in
seconds [23). We estimate that for each CE run,
approximately 12 pmol of total degraded nisin was
electrokinetically injected onto the capillary. In order
to obtain enough of the minor components for
analysis by MALDI-TOFMS, the effluent from more
than one CE run must be collected. Multiple CE runs
were made until about 10 pmol of each component
were collected. Reproducibility of CE migration
times was enhanced by rinsing the capillary between
each run for 2 min each at 1.38:10* Pa (20 p.s.i)
pressure with 0.1% TFA, water, 0.5 M KOH, water,
and then running buffer.

Three components from the low-pH CE separation
were collected by using a limited volume insert vial
at the outlet end containing 5 ul of running buffer.
The timing of when to begin and finish collecting
each fraction was calculated using the equation

t.= 1,

&)

where 7, is the time of elution from the capillary in
minutes, L, is the total capillary length in cm, L, is
the length of capillary to the detector in cm, and ¢, is
the observed migration time to the detector in
minutes [24]. Compensation was made for the volt-
age ramp time when the outlet vial was switched to
the collection vial. The voltage was decreased from
15 to 3 kV during the fraction collection period.

2.4. MALDI-TOFMS

Collected CE fractions and standards were pre-
pared for subsequent MALDI-TOFMS according to
the strategy recently developed by Vorm and co-
workers [9,25]. Briefly, the matrix material (ACHA)
was dissolved (5 mg/ml) in acetone that contained
2% water. Approximately 0.5 ul of matrix solution
was spotted onto each MALDI target position by
pipetting. A portion of the collected CE fraction,
estimated to be about 1 pmol, was then deposited
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onto the matrix surface. After the solvent had dried
at ambient temperature, the samples were washed
with 2 ul of 0.1% aqueous TFA.

MALDI-TOFMS analysis was performed on a
Fisons/VG TofSpec mass spectrometer, operating at
18 kV accelerating potential for positive ions de-
tected in the reflectron mode. Data acquisition and
processing was controlled by a Fisons/VG OPUS
data system running on a VAXstation 4000 computer.
A nitrogen laser (337 nm, 5 ns pulse) was employed
as the desorption/ionization source. The laser beam
was focused at the sample surface with just enough
energy to reach the ionization threshold. Each spec-
trum was generated by averaging signals from 30-60
laser pulses. Calibration was performed externally by
using the known M_ values of insulin and matrix
peaks. The M, values and spectra were obtained by
applying a smoothing function (one pass of five-
peint averaging) to the raw data.

2.5. ESI-MS

A Fisons/VG Quattro mass spectrometer, in
combination with MassLynx software, was used for
acquiring positive-ion ESI-MS spectra of pure and
degraded nisin. Aqueous samples were diluted to a
concentration of 100 pmol nisin/ul using water—
acetonitrile (1:4) containing 0.1% aqueous formic
acid. A total of 10 ul of this solution was injected.
In addition to the ESI mass spectra, results were
reported as mass distributions, as calculated by
transformation of the raw spectra using MassLynx
software.

3. Results and discussion

3.1. Capillary electrophoresis separation
optimization

By considering the effect of buffer pH, ionic
strength and organic modifier concentration on nisin
solubility, two CE separations of nisin and its
degradants are developed, one at low pH and one at
high pH. For both separations, phosphate and ace-

tonitrile are selected for running buffer components
as these reagents exhibit low UV absorbance at the
detection wavelength of 200 nm. UV detection of
peptides is typically done in the range of 190-220
nm, exploiting the absorptivity of the carbonyl bonds
in the peptides [18].

Looking at the results of the low pH separation in
Fig. 1, even the pure nisin sample contains a number
of trace components. An overlay of the pure and
degraded electropherograms shows that the trace
components in the pure sample are enhanced in the
degraded sample. However, major nisin remains the
main component, even in the degraded sample. Not
all components are baseline resolved.

For the high-pH separation shown in Fig. 2, major
nisin is not the component with the greatest peak
height. Nisin undergoes more extensive degradation
during the high-pH separation than during the low-
pH separation. Again, baseline resolution of all
components is not achieved.
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Fig. 1. Electropherograms of pure (enlarged) and degraded nisin,
low-pH separation. Capillary, 75 um L.D.X360 um O.D. bare
capillary with 77 cm total length. Run voltage, +15 kV. Run
buffer, 33 mM phosphoric acid—acetonitrile (85:15). Sample, |
mg/ml in 1 mM phosphoric acid, 15% acetonitrile. Injection, 5 s
at 8 kV. Temperature, 25°C. The enlargement of the pure nisin
electropherogram (not to scale) shows the presence of multiple
trace components.
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Fig. 2. (A) Electropherogram of pure nisin, high-pH separation,
0.4 mg/ml in 77.5% acetonitrile, 0.28 mM phosphate buffer, pH
8.05. (B) Electropherogram of degraded nisin, high-pH separation,
0.375 mg/ml in 77.5% acetonitrile, 0.28 mM phosphate buffer,
pH 8.05. Capillary, 75 pmX360 wm O.D. bare capillary with 77
cm total length. Run voltage, +29 kV. Run buffer, acetonitrile—
12.5 mM phosphate buffer pH 8.05 (70:30). Injection, S s at 8 kV.
Temperature, 25°C.

Optimization of a separation involves gaining the
maximum resolution of components in the least
amount of time. More than seven components
besides major nisin separate in approximately 23 min
at low pH; the high-pH separation reveals only three
other components besides major nisin, but in 8§ min
separation time. The high-pH separation is faster

because the electroosmotic flow velocity is signifi-
cantly greater at high pH than at low pH [26].
Whether all components are not resolved during the
high-pH separation or whether the extent of degra-
dation is accelerated due to the instability of nisin at
high pH is not known. However, by looking more
closely at the peak areas (not shown) from all of the
nisin separations, we observe that the extent of total
degradation of nisin is always greater in the samples
run at high pH than for samples run at low pH, even
when all samples are prepared freshly and run
immediately after preparation. Therefore, how the
nisin sample is prepared and what buffer it is
dissolved in for analysis greatly affects not only the
extent of degradation but also which degradant
components are present.

This conclusion is verified by experiment. Fig. 1
and Fig. 3A, and 3B show electropherograms for
nisin samples incubated at 60°C for 1 year, incubated
in 1.0 M HCI at 60°C for 1.5 h, and incubated in 50
mM phosphate buffer pH 8 at 60°C for 1.5 h,
respectively. All three electrophoretic profiles are
different, even though the same low-pH separation is
used. However, the high temperature, high-pH sam-
ple shows the greatest differences, again demon-
strating the instability of nisin at basic pHs.

3.2. MALDI-TOFMS and ESI-MS of pure and
degraded nisin

MALDI-TOFMS spectra are relatively easy to
interpret, as the dominant peaks in the range of
interest are composed of [M+H] " ions. [M+2H]*"
ions are also observed in some cases. The matrix
material is responsible for the abundance of peaks in
the low M, region of each spectrum. Interpretation of
ESI-MS spectra, however, is generally more difficult,
due to the production of ions with many charge
states between [M+3H]"" and [M+6H]°".

Mass spectra of the nisin samples in absence of a
separation provides information concerning purity
and composition. The ESI-MS mass spectra of pure
and degraded nisin are presented in Fig. 4A and 4B,
respectively. Fig. 4C shows the mass distribution of
both pure and degraded nisin samples, as trans-
formed from the ESI-MS data, and Fig. 5 shows
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Fig. 3. (A) Electropherogram (using the low-pH separation) of
pure nisin that had been incubated in 1.0 M HCI at 60°C for 1.5 h.
Sample, 2 mg/mi of the treated nisin in 25% acetonitrile, 0.1 M
HCI. (B) Electropherogram (using the low-pH separation) of pure
nisin that had been incubated in 50 mAf phosphate buffer, pH 8.05
at 60°C for 1.5 h. Sample, 0.25 mg/ml of the treated nisin in 50
mM phosphate buffer, pH 8.05.

MALDI-TOFMS spectra of each nisin sample, where
the inset shows the mass-to-charge range 0-4000
and the foreground focuses on the molecular-ion
region. Major nisin, its five known degradation
products, as well as some additional unidentified
degradants or impurities are detected by both ioniza-
tion techniques. The detected M, values agree with
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Fig. 4. (A) ESI-MS mass spectrum of pure nisin. (B) ESI-MS
mass spectrum of degraded nisin. (C) Transformed ESI-MS mass
distribution of pure and degraded nisin.

the calculated values, within the estimated ex-
perimental error of 0.1% or 3 mass units.

3.3. MALDI-TOFMS of CE fractions

The order of migration of nisin and its degradants
in the low-pH (pH 1.81) CE separation can be
estimated using charge/size parameters, since pep-
tide mobility is usually proportional to z/m’",
especially for a series of structurally similar degrad-
ants [18]. The charge on the nisin peptides is
estimated by using the Henderson—Hasselbaich equa-
tion and adjusted pK, values of amino acid residue
functionalities that take into account the shifts in
ionization constants that occur when amino acids are
joined to form peptides [27]. From the calculation of
z/m*” for nisin and each of its degradants at pH
1.81, we expect that all components will not be
resolved. As examples, nisin, minor nisin, [@-y-
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Fig. 5. Representative MALDI-TOFMS spectra of (A) pure and
(B) degraded nisin. Each MALDI target spot contains approxi-
mately 0.5 pmol sample and 13 nmol of ACHA matrix.

Ala’]-nisin, and (des-AAla’)-nisin may co-migrate
as one peak, and nisin' *? and (des-AAla’)-nisin' ~**
may co-migrate as another peak. As shown below,
prediction is supported experimentally by fraction
collection and MS.

To verify our ability to collect CE fractions, the
major nisin peak of the low-pH pure nisin separation
is collected, and a MALDI-TOFMS is obtained. The
resulting spectrum (not shown) is virtually identical
to the pure nisin spectrum shown in Fig. 5A.

The unresolved CE peaks labeled 1-3 of the low
pH degraded nisin separation are collected and no M,
values are detected outside of the matrix region; thus
peaks 1-3 appear to be small fragments. The two
largest CE peaks labeled 4 and 5 are also collected
with the mass spectra presented in Fig. 6. As
predicted by the migration order calculations, peak 4
contains multiple species with M_ values corre-
sponding to those of nisin, minor nisin, [a- x-Ala’]-
nisin, and (des-AAlaS)-nisin. Because minor nisin,

33249
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T T
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Fig. 6. Representative MALDI-TOFMS spectra of collected CE
fractions: (A) peak 4 and (B) peak 5. Each MALDI target spot
contains approximately 1 pmol sample and 13 nmol of ACHA
matrix.

[a-x-Ala’] nisin and (des-AAla’)-nisin have the
same M, value, it is not possible to discriminate
between them. Peak 5 contains components corre-
sponding to the M, values of nisin' ** and (des-
AAla®)-nisin' %,

Several additional species are detected. These
peaks may result from other degradants that are
unresolved in the CE separation or degradants that
have formed after the separation. These peaks may
also arise from peak overlap due to inexact timing
during fraction collection or from carryover between
the outlet and collection vials. If the known nisin
degradants further degrade, additional peaks would
appear. For example, the M, value detected by both
MALDI-TOFMS and ESI-MS at 3390 may corre-
spond to minor nisin that has undergone further
degradation in the A ring. Table 2 lists the calculated
M, values of possible nisin degradants whose struc-
tures are in agreement to the experimentally mea-
sured M, values shown in Fig. 4-6.
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4. Conclusions

The power of capillary electrophoresis with off-
line mass spectrometry as a rapid separation/de-
tection scheme in the evaluation of the purity and
stability of pharmaceutical peptides is demonstrated.
Two separations of a peptide antibiotic, nisin, and its
degradants are developed, one at low pH and one at
high pH. The low-pH separation reveals the presence
of at least seven other components besides major
nisin, the high-pH separation reveals three other
components. Each analysis is complete in less than
25 min. The extent of degradation of nisin can be
easily tracked by CE and is shown to depend on the
sample preparation and storage conditions.

Five of the eight peaks separated by the low-pH
method are collected from the capillary outlet and
further evaluated by MALDI-TOFMS, with the
smallest peaks having insufficient material for MS
analysis. The results show that two of the collected
fractions are not pure, but contain multiple species.
The observed migration order agrees well with the
predicted theoretical migration order based upon z/
m”"? calculations. Using MALDI-TOFMS, all of the
known nisin degradants, as well as nisin itself, can
be accounted for in only two of the collected
fractions. The inability of the selected optimized
separation conditions to completely resolve all com-
ponents is most likely due to the very similar mass-
to-charge ratios of the degradation products.

MALDI-TOFMS and ESI-MS indicate the pres-
ence of M, values that do not correspond to any of
the known nisin degradants. However, additional
work needs to be done in order to confirm the
presence and identity of these unreported degradation
products.
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