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Abstract

Capillary electrophoresis can provide fast and efficient separations of peptides. However, the high
speed separation and limited loading capacity of capillary electrophoresis requires the use of a fast
and sensitive detector. While laser-induced fluorescence provides exquisite sensitivity and
millisecond response time, it inherently generates a low information content signal. In contrast,
mass spectrometry provides an information rich signal that is attractive for peptide analysis. The
recently introduced Velos-Orbitrap mass spectrometer is capable of fast and sensitive tandem MS
acquisition and simultaneous high accuracy MS acquisition, which is well suited for coupling with
fast and efficient separation methods for peptide analysis. We evaluated this instrument as a
detector for peptide separation by capillary electrophoresis. In MS mode, we observed low
attomole detection limits for a number of peptides in a tryptic digest of standard proteins with high
mass resolution (30,000 at m/z 400). The response time of the Orbitrap at this resolution was
~0.70 seconds, which was adequate to reconstruct the peak shape and area of our electrophoretic
peaks. The linear ion-trap successfully recorded tandem MS spectra of tryptic peptides at 20 nM
concentration.

1. Introduction

Capillary electrophoresis provides efficient and rapid separations of amino acids, peptides,
and proteins [1-3]. However, there are at least two important properties of capillary
electrophoresis that have limited its widespread application for protein and peptide analysis.
First, nanoliter injection volumes of relatively low concentration samples are required to
preserve high efficiency separations. As a result, detection sensitivity often is insufficient for
the study of trace components. As we have shown elsewhere, analyte concentration needs to
be less than ~100 uM to minimize band broadening in capillary electrophoresis [4]. Stacking
does not relax this requirement; the ionic strength of the sample must be significantly less
than the ionic strength of the separation buffer to minimize peak distortions.

Second, a detector with fast response time is required in order to preserve separation
efficiency. Based on Shannon’s theorem, a Gaussian peak may be reconstructed with high
accuracy if it is sampled at a period equal to or less than its standard deviation [5]. Laser-
induced fluorescence provides both exquisite sensitivity and response time for use in
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capillary electrophoresis. For example, we reported the use of ultrasensitive laser-induced
fluorescence detection with 25 ms time constant for the separation of 500 zmol of
fluorescein thiocarbamyl amino acids to produce >2.5 x 106 theoretical plates [6]. While
fluorescence detection can be used to generate exquisite separation efficiency, the
information content of fluorescence detection is low, limiting its value in protein and peptide
analysis.

Instead, mass spectrometry is an attractive detector for capillary electrophoresis studies of
peptides and proteins. The rich information content of the mass spectrum, in combination
with peptide identification through tandem mass spectrometry and database searching, has
attracted a fair amount of attention. CE peptide migration times are predictable, making the
technique suitable for quantitative proteomic analysis [7-8]. Being faster and complimentary
to reverse phase liquid chromatography, it is well suited for coupling with the latter in the
second dimension for comprehensive shotgun analysis of complex proteomic samples [9].

The history of capillary electrophoresis-electrospray mass spectrometry was recently
reviewed [10-11]. Early CE-MS studies focused on evaluating the technique with a variety
of MS analyzers, such as quadrupole [12-13], quadrupole ion trap [14], FTICR [15], time-
of-flight [16-17], and ion-trap/time of flight [18]. In the early 1990’s, time-of-flight mass
spectrometers were recognized as the instruments of choice for fast CE separations, since
ion trap technology at that time could deliver less than one second scan speeds only at the
gross expense of resolution.

The interface of capillary electrophoresis with electrospray mass spectrometry has been
challenging. Interfaces may be divided into sheath-flow and sheathless designs. The sheath-
flow interface employs a pump to provide a sheath fluid that surrounds the distal end of the
capillary. That sheath fluid is connected to a power supply. The capillary is usually inserted
within an emitter, and a nebulizer gas flow is often employed to stabilize the spray. Sheath-
flow interfaces provide flexibility in the separation buffer, since the sheath fluid will
dominate the composition of the electrospray [19]. However, the sample undergoes
significant dilution by the sheath-flow because the typical sheath buffer flow rate of 1-2 pL/
min is much higher than the electro-osmotic flow within the capillary. The best detection
limits with a sheath-flow interface for peptides are 500 attomoles with pH mediated sample
stacking [20].

Sheathless interfaces employ some form of electrical connection to the distal tip of the
capillary, which also serves as the emitter. Differences in sheathless interface designs are
mostly due to different approaches in closing electrical circuit [21]. In one approach, the
terminus of the separation capillary is etched with hydrofluoric acid to render the capillary
wall porous to small ions [22-23]. Electrical connection is made through a solution in
contact with the etched region. The sheathless interface does not dilute the sample during
spray, and tends to produce better detection limits than the sheath-flow interfaces. The
sheathless interfaces suffer from a number of disadvantages. The choice of separation buffer
is limited since that buffer must also support electrospray. Method development is hampered
because any change in electro-osmotic flow will affect the spray stability. Capillaries with
smaller inner diameters serve as better emitters, but have reduced loading capacity.

In this manuscript, we report the use of an electrokinetically driven sheath-flow electrospray
interface with a high-resolution mass spectrometer [24]. This interface operates in the
nanospray regime with a minimal sheath liquid dilution, offering improvement in sensitivity
as compared to commercial sheath flow interfaces. At the same time, it retains the versatility
of a sheath liquid interface. In addition, the sheath liquid does not require mechanical
pumping or nebulizer gas. We employ an LTQ Orbitrap Velos mass spectrometer [25]. This
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instrument combines a dual-pressure linear trap and a high resolution Orbitrap mass
analyzers. This instrument is capable of simultaneous acquisition of high-resolution
precursor masses in the Orbitrap mass analyzer and up to 10 tandem mass spectra per second
in the linear ion trap portion of the instrument.

A CE-Orbitrap separation has been recently reported [26]. That report employed a rather
fragile and expensive etched-capillary interface, and produced mid-attomole detection limits
for standard peptides separated in a coated capillary. Rather long capillaries and modest
electric fields were employed in the separation, likely reflecting limitations in the
commercial electrospray interface.

In contrast, the CE-MS interface developed in our lab allows for the operation with a wide
range of separation voltages. In addition, the interface allows the use of short and
inexpensive uncoated fused silica capillaries, and high electroosmotic flow separation
conditions with alkaline buffers. These operational conditions are suitable for achieving fast
and efficient separations, In this study we evaluated the capability of the LTQ Velos and the
Orbitrap mass analyzer to handle narrow electrophoretic peaks and narrow separation time
windows in the context of high-speed peptide separations.

2. Materials and methods

2.1 Reagents

All reagents were purchased from Sigma Aldrich Co. (St.Louis, MO, USA) unless otherwise
noted. Peptide standards were purchased from Anaspec, Inc. (San Jose, CA, USA).
Borosilicate capillaries for electrospray emitters were purchased from Sutter Instrument Co.
(Novato, CA, USA). Fused-silica separation capillaries were purchased from Polymicro
Technologies (Phoenix, AZ, USA). PEEK cross, nuts, ferrules, sleeves and PHFA tubing
were purchased from Idex Health and Science (Oak Harbor, WA, USA).

In preparation of a tryptic digest of four standard bovine proteins (a-casein, B-casein, o-
lactabumin and serum albumin), 100 uM equimolar protein mix was prepared in 20 mM
ammonium bicarbonate, pH 7.8. The mix was digested overnight at 30 °C, with trypsin at
1:100 enzyme-to-protein ratio. The aliquots were stored at -20 °C and thawed promptly
before use.

2.2 Yeast culture

Yeast strain S288c, obtained from ATCC, was grown in YPD broth to 1.0 OD at 600 nm.
Cells were spun down at 2000 g for 15 minutes at 4 °C, washed, resuspended in iced water,
and transferred to Eppendorf tubes. After spinning the tubes at 14K g for 5 minutes, the
supernatant was removed. Cell pellets were then resuspended in lysis buffer containing 8 M
urea, 50 mM Tris pH 8, 75 mM NaCl and protease inhibitor cocktail (Roche Diagnostics,
Indianapolis, IN). Cells were lysed with glass beads three times for 90 seconds at 4°C. The
lysate was spun down at 10k g for 5 minutes. The protein concentration of the supernatant
was measured by BCA assay (Thermo Scientific, Rockford, IL)). The lysate was diluted 1:5
to reduce the concentration of urea. The sample was denatured with 5 mM DTT at 56°C for
25 minutes. Disulfide bonds were reduced during a 30 minute incubation in the dark with 14
mM iodoacetamide. The reaction was quenched by additional 5 mM DTT, followed by
incubation in the dark for 15 minutes. The sample was digested overnight at 37 °C with
sequencing grade trypsin (Promega) at 1:200 enzyme to protein ratio. 1 mg of yeast protein
sample was desalted with Waters Sep pack Vac tC18 SPE cartridge, (Milford, MA) and the
10% acetonitrile fraction was collected, vacuum dried, resuspended in separation buffer, and
stored at 20 °C before analysis.
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2.3 Capillary electrophoresis

The electro-kinetically driven electrospray interface was setup as previously described [24].
The interface was mounted on the board attached to a base of a Thermo nanospray interface.
Briefly, the separation capillary was threaded into a borosilicate glass emitter using a cross
fitting. The distance between capillary and the emitter exit was 1-mm and the emitter was
placed 2-mm away from the ion transfer capillary. The top of the sheath liquid was
maintained level with the ESI emitter.

Capillaries were conditioned with 0.1 M HCI, followed by 1 M NaOH, and then separation
buffer, all pumped at 10 psi pressure for 5 min before use. Two Spellman CZE 1000R power
supplies controlled by Labview were used to supply separation and electrospray voltage via
platinum electrodes. Electrospray voltage of 1 kV was supplied by an electrode placed in
sheath liquid reservoir. The 300 V/cm separations were performed with 30 cm and 60 cm
fused silica capillaries, 50 pm i.d. and 150 um o.d. The separation buffer was 10 mM
ammonium acetate (pH 7), and the sheath liquid consisted of 10 mM acetic acid in 50%
methanol.

2.4 Mass Spectrometry

Experiments were performed with a Thermo Orbitrap Velos in positive ion mode. The ion
transfer capillary was set at the temperature of 300 °C and S-lens RF level was 55%. Full
scan MS spectra were acquired at 400-2000 m/z range. lon selection threshold was 500
counts for MS/MS, and the maximum allowed ion accumulation times were 70 ms for full
scans and 100 ms for CID-MS/MS measurements in the linear ion trap (LTQ). An activation
g _ 0.25 and activation time of 10 ms were used. All samples were analyzed in triplicates.

High resolution MS precursor scans were acquired in the Orbitrap simultaneously with
either full MS scans or CID-MS/MS scans in the LTQ. The number of ions accumulated was
set to 1 million for Orbitrap scans, 30,000 for linear ion trap MS scans, and 3,000 for linear
ion trap MS/MS scans. 2, 5 and 8 linear ion trap scans were acquired for every 7.5k, 30K
and 60K resolution Orbitrap scan, respectively. Raw files were converted to MZXML [27]
and analyzed by MATLAB.

For database searching, raw data files were converted to MS2 format [28] and analyzed by
Hardklor [29] followed by Bullseye [30]. Database search was performed with Sequest 27,
yeast-200209-contam.fasta and its corresponding reversed-sequence decoy database.
Sequest search parameters included tryptic peptides with up to two miscleavages, and
dynamic modifications (sodium adducts on Glutamic and Aspartic Acid and
phosphorylation of Serine). Sequest results were filtered with Percolator [31] and protein
inference on experimental replicates was performed using a modified version of IDPicker
[32].

3. Results and discussion

3.1. Effect of Orbitrap resolution on electrophoretic peak width

The acquisition rate of the Orbitrap mass analyzer depends on the desirable resolution and is
usually much slower than the acquisition rate of the linear ion trap.

Accurate reconstruction of a Gaussian peak is possible in the electropherogram at a time
period given by the peak’s standard deviation. For the conditions used in this paper, typical
peak standard deviations are ~1-s, which is similar to the sampling period of the Orbitrap
when operated at 60K mass resolution. The sampling period decreases at lower mass
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resolution, which allows faithful characterization of higher-speed electrophoretic peaks at
lower Orbitrap resolution.

To test the effect of the Orbitrap in reconstructing the electrophoresis peaks, we performed
MS acquisition simultaneously with the Orbitrap and with the LTQ. The Orbitrap was
evaluated at a resolution of 7.5K, 30K and 60K. The average Orbitrap sampling period was
0.43 s at 7.5K resolution, while the sampling period increased to 1.1 s at 60K resolution. The
LTQ sampling period was 0.2 s, and essentially independent of Orbitrap resolution. This
high sampling rate ensures accurate reconstruction of the electropherogram.

We injected a 5-uM solution of the tryptic digest of four standard proteins (a -casein, B -
casein, a-lactalbumin, and bovine serum albumin). We then generated selected ion
electropherograms at 75 different m/z values, each from a different peptide. Finally, we
performed an unsupervised nonlinear regression on the raw selected ion electropherograms
for both the Orbitrap and linear ion trap.

Fig. 1 presents a base peak electropherogram for this sample using the Orbitrap at 7.5K mass
resolution (at m/z = 400). The electropherogram consists of a set of peaks that correspond to
peptides with charges ranging from +4 to -1. The separation window is roughly two minutes.
This short separation window is an extreme example chosen to test the performance of the
Orbitrap instrument under high-speed separations.

Figure 2 presents the selected ion electropherogram of 11 peptides from this mixture for the
Orbitrap (at 60K resolution) and the linear ion trap. Before plotting, the linear ion trap data
were filtered with a median filter and then a 0.3 s wide Gaussian function; the Orbitrap data
were unfiltered. The median peak width is 1.2 + 0.2 s for both the unfiltered linear ion trap
and Orbitrap peaks. The theoretical plate counts were relatively low for this separation,
16,000 + 6,000, which is a result of the relatively large injection volume used in the
experiment.

Nonlinear regression analysis was used to fit Gaussian functions to a set of 57 peaks taken
from the tryptic digest of four proteins. Fig 3 presents a plot of the peak width obtained from
the Orbitrap and linear ion trap. As expected, the peak widths are essentially identical (slope
=1.00 £ 0.02, intercept = 0.12 + 0.05, r = 0.985, n = 57). The Orbitrap data acquisition rate
is sufficient to reproduce the shape of the peaks, even at a resolution of 60K at m/z = 500.
The ability of the Orbitrap mass analyzer to reconstruct narrow peaks makes it a suitable
tool for quantitative analysis while coupled with efficient capillary electrophoretic
separations.

3.2 CE-Precursor ion Calibration curve

A calibration curve was constructed by serial dilution of the tryptic digest of the four
standard proteins. The diluted digests were analyzed using the Orbitrap operating at 30K
resolution. A calibration curve was constructed for 55 peptides. In each case, the
electropherogram for the corresponding m/z value was fit with a Gaussian peak using an
unsupervised nonlinear regression analysis. A calibration curve was constructed from the
peak heights.

To estimate for noise in determining the detection limit, we measured the standard deviation
of the background signal from the first 180 seconds of the set of 12 runs at each of the 55 m/
z values. The average noise was determined for the set of 12 runs. Detection limit was
estimated as three times the average noise divided by the slope of the calibration curve.
Figure 4 presents a histogram of the detection limits for the 55 peptides, which ranged from
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3 amol to 3 fmol injected onto the capillary, with a median of 20 amol (range of 300 pM to
300 nM, median of 2 nM).

Our modified CE-MS interface operates in a nanospray regime and employs minimal sample
dilution. The peptide limits of detection achieved in our separations are at the low attomol
level, comparable to those achieved in the previous studies with the shealthless interface
[26]. The detection limits are at least an order of magnitude better than the ones achievable
with a commercial sheath flow interface.

3.3 CE-Tandem MS analysis of tryptic digest of standard proteins

The LTQ Orbitrap Velos is capable of acquiring high-resolution precursor ion scans in the
Orbitrap simultaneously with fast and sensitive tandem MS scans in the linear ion trap.
Tandem MS spectra were simultaneously recorded with the precursor ion mass spectra
during construction of the calibration curve for the tryptic digest of four standard proteins.
Database searches were performed on the tandem MS spectrum. Figure 5 summarizes
number peptide 1Ds detected with 0.1% FDR at different protein concentrations. The 20 nM
protein digest was sufficient to identify all the proteins in the mixture with confident peptide
IDs.

3.4 CE-Tandem MS analysis of tryptic digest of yeast homogenate

Fast proteomic separations are desirable due to high costs and limited access of mass
spectrometers. However, narrow separation time windows pose a challenge to relatively
slow tandem MS acquisition.

To evaluate the performance of the Orbitrap-Velos mass spectrometer for rapid capillary
electrophoretic separation of a complex sample, a 10% acetonitrile solid-phase extraction
fraction of peptides from a yeast lysate was analyzed using data dependent acquisition. Fig.
6 presents the base peak electropherogram for the sample. Like the data in Figs. 2 and 3, the
separation is complete in ~5 minutes, and the separation window is roughly 2 minutes in
duration.

Combined database search results from triplicate runs generated 49 protein groups in a six
minute separation time window, with the protein abundance ranging from <50 to over a
million copies per cell [33]. Fig. 7 presents a histogram of the pl prediction for these
peptides. There is no indication of bias for basic peptides, despite applying electrokinetic
injection and separation in an alkaline buffer.

Although good CE peptide separations can be achieved in a variety of pH conditions,
separations in alkaline environment and uncoated capillaries have proven to be simple, fast
and robust [2]. Our system employs an acidic sheath liquid and operates in the nanospray
regime, which alters the pH at the electrospray emitter [34-35], allowing for positive mode
MS analysis of acidic peptides, even though they are negatively charged in the alkaline
separation buffer.

4.Conclusions

The Velos-Orbitrap mass spectrometer is an interesting detector for the capillary
electrophoresis separation of peptides. The instrument provides very high resolution MS
analysis along with tandem mass spectra acquisition rates approaching 10 Hz.

We also employ a very low flow rate sheath-flow electrospray interface. This interface is
based on electrokinetic pumping of the sheath liquid and the system operates in the
nanospray regime. As a result, the system provides great flexibility in separation buffers,
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and allows the use of uncoated and inexpensive capillaries for separation. When combined
with the Velos-Orbitrap instrument, detection limits in MS mode are in the low attomole
range (high picomolar concentration range) for selected peptides, which is comparable with
the best capillary electrophoresis/mass spectrometry detection limits for peptide analysis

We operated our separation with a short time window, which is ideal for analysis of simple
samples. This separation condition is inappropriate for analysis of complex mixtures. The
limited separation window only allows generation of ~100 tandem mass spectra during the
separation window, which severely limits the number of identified peptides from complex
samples. However, it is trivial to extend the separation window by manipulation of the
separation conditions. Ultimately, we expect that the ideal application of capillary
electrophoresis will be for the analysis of relatively modest complexity samples generated
by a chromatographic preseparation of a more complex sample. Such experiments will be
described in a subsequent publication.
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Fig. 1.
Base peak electropherogram of a set of tryptic peptides generated from four standard
proteins using the Orbitrap mass spectrometer.
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Fig. 2.

Selected ion electropherogram ten tryptic peptides generated from four standard proteins.
Peaks are plotted normalized to unit intensity. A. Orbitrap data. B. Linear ion trap data. For
both cases, spectra were recorded from m/z = 400 to 2,000. Linear ion trap data were filtered
first with a 3 point median filter and then a 2 point Gaussian filter.
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Fig. 3.

Correlation between peak widths obtained with the Orbitrap and linear ion trap mass
spectrometers during the capillary electrophoretic separation of tryptic peptides produced
from digestion of four standard proteins. Resolution = 60K at m/z = 500.
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Fig. 4.

Histogram of detection limits (3 o) for a set of 55 peptides from the tryptic digest of four
standard proteins. Concentration detection limits are on the upper axis; mass detection limits
on the lower axis.

Talanta. Author manuscript; available in PMC 2013 January 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wojcik et al.

Page 14

70 -+

Number of Peptide ID's

0 0.2 0.4 0.6 0.8 1
[Digest of 4 standard proteins] {uM)

Fig. 5.

Number of unique peptide IDs (0.1%FDR) in triplicate runs of a four protein tryptic digest.
The smooth curve is the result of a nonlinear least square fit of Peptide IDs = A*{1-exp(-
B*[standards])}, where A = 70, B = 5.3 x 10°.
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Fig 6.
Base peak precursor ion electropherogram of the 10% acetonitrile fraction from a tryptic
digest of a yeast lysate. Data were obtained with 30K Orbitrap resolution.
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Fig 7.
Histogram of the pl distribution of unique peptides identified t 0.1% FDR in a 10% ACN
SPE fraction of yeast lysate
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