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The role of capillary electrophoresis (CE) in chemical and
biochemical characterization is growing rapidly due to its speed,
resolution, and flexibility for the manipulation of extremely small
samples.! CE was first combined with mass spectrometry (MS)
at our laboratory,? and this combination has continued to attract
growing attention.>-5> Most on-line CE-MS reported to date has
been based upon electrospray ionization (ESI) interfaces, although
continuous flow fast atom bombardment interfaces have also been
effectively used.® One advantage of the ESI interface is that
very large molecular species can be detected at relatively low
m/z due to multiple charging;’ consequently, the necessary m/z
range that must be examined is effectively reduced by a factor
corresponding to the number of charges.2 Extraordinary detection
sensitivity is also possible using CE-MS; we have recently
demonstrated that low-resolution mass spectra could be obtained
for proteins injected at subfemtomole levels using a quadrupole
mass spectrometer,? based upon the use of small-i.d. capillaries.
Generally, however, most CE applications require detectable
amountsin the femtomole range and below,% and with conventional
scanning mass spectrometers a compromise is invariably faced
between factors that include m/z scan range, MS resolution, and
sensitivity. Typically, resolution, scan range, or scan speed is
compromised to obtain sufficient detection limits. In this
communication we report results for the first on-line combination
of CE with Fourier transform ion cyclotron resonance (FTICR)
mass spectrometry, an approach that is capable of providing both
high CE and MS resolution and high sensitivity.

The advantages of FTICR include the ability to simultaneously
realize ultrahigh MS resolution/mass measurement accuracy and
high sensitivity, as wéll as the capability for higher order tandem
MS methods (i.e., MS#, where n = 2) for structural studies because
of its nondestructive detection method.1® The combination of
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Figure 1. Total ion electropherogram for a CE-FTICR separation of a
mixture of a polypeptide and five proteins. Theseparation was conducted
in a 100-um-i.d. capillary using a 10 mM acetic acid buffer. Electro-
migration was used to inject approximately 500 fmol/component into the
CE capillary.

ESI with FTICR was pioneered by McLafferty and co-workers,!!
who have demonstrated that very high resolution (>>10¢) can be
obtained for proteins.!? We have recently developed new ESI-
FTICR instrumentation incorporating features that allow rapid
manipulation of pressures in the FTICR cell between those that
appear optimum for ion trapping and cooling (i.e., >10-* Torr)
and those for high-resolution detection (<10-% Torr).!* The
features of this instrumentation include five differentially pumped
regions, two high-speed shutters to enhance differential pumping
in regions close to the ESI source, and an integral cryopump that
extends into the bore of the 7-T superconducting magnet that
provides effective pumping speeds of >10° L/s in close proximity
to the trapped ion cell.

Ourinitial on-line CE-FTICR separations have used both 100-
and 20-um-i.d. capillaries with mixtures of standard polypeptides
and proteins.!* The FTICR experimental sequence involves
injection of ions from the external ESI source using rf quadrupole
ion guides. Ions traversing the trapped ion cell are collisionally
trapped and cooled using a pulsed gas (N;) inlet.!* The ESI
source utilized a heated metal capillaryinlet maintained at ~ 150
°C. Figure 1 shows a total ion electropherogram (m/z 800-
1800) obtained using a 100-um-i.d. capillary for a CE injection
corresponding to approximately 500 fmol/component. Mass
spectra were obtained every 6 s.!* Figure 2 shows mass spectra
for three of the components from this separation, and inserts
show detail for specific peaks demonstrating MS resolution
sufficient to resolve the 1-Da spacing of the isotopic envelope is
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Figure 2. FTICR mass spectra for three proteins (top to bottom ubiquitin,
carbonicanhydrase I, and myoglobin) from the separation shown in Figure
1. The inserts show detail demonstrating MS resolution of the 1-Da
spacing of the isotopic envelope for the multiply charged proteins.

achieved, even for the largest protein studied (carbonic anhydrase
I,28 802 Da).!16 The mass spectra (Figure 2) yielded an average
resolution in excess of 30 000, demonstrating the unique com-
bination of sensitivity and high MS resolution afforded by CE-
FTICR. Figure 3 shows an initial separation obtained using a
20-um-i.d. capillary where the injected sample size corresponds
to approximately 6 fmol/component. The mass spectrum in
Figure 3 shows that both good resolution and good sensitivity are
obtained. The present detection limits correspond to ~10¢ M
sample concentration, but the use of electrophoretic techniques
toconcentrate sample during injection!” can lead to substantially
improved detection limits. Even more encouraging is the fact
that the small ion injection time (and duty cycle) used in the
pulse sequence corresponds to an average of only 20 amol of
sample consumed per spectrum.

The present results represent the first on-line combination of
CE with FTICR, as well as the first on-line CE with high MS
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Figure 3. CE-FTICR ion electropherogram and mass spectrum obtained
using a 20-um-i.d. CE capillary into which approximately 6 fmol/
component was injected by electromigration, The mass spectrum for
bovine ubiquitin shows that good MS sensitivity and resolution are obtained
during the separation. Resolution of the 1-Da spacing of the isotopic
envelope was obtained for all peaks.

resolution detection. Wilkins and co-workers!® have recently
demonstrated off-line CE-FTICR using matrix-assisted laser
desorption/ionization (maldi) where minimum CE injection sizes
were ~ 5 pmol, and MS resolution for the singly charged molecules
with CE was insufficient to resolve the 1-Da spacing of isotopic
constituents. Several advantages of ESI relative to maldi with
FTICR are evident: on-line combination is facilitated, and the
multiple charging of ions allows detection at lower m/z, but
relatively high molecular weight, with greater MS resolution and
sensitivity. Thehigh pumping speed afforded by our cryopumping
arrangement is crucial to the relatively rapid mass spectral
acquisition rates obtained in this work. The presentresultsclearly
show that CE-FTICR can be a powerful research tool, combining
the flexibility and high resolution of CE with the high-performance
MS characteristics intrinsic to FTICR. Efforts are in progress
to further enhance the performance of this instrumental com-
bination, as well as to use collisionally activated dissociation
methods for gaining structural information for large biomole-
cules.19.20
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