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This research employs pepsin-containing membranes to digest proteins online after a capillary electrophoresis (CE)
DOI: 10.1039/x0xx00000x separation and prior to tandem mass spectrometry. Proteolysis after the separation allows the peptides from a given protein
to enter the mass spectrometer in a single plug. Thus, migration time can serve as an additional criterion for confirming the
identification of a peptide. The membrane resides in a sheath-flow electrospray ionization (ESI) source to enable digestion
immediately before spray into the mass spectrometer, thus limiting separation of the digested peptides. Using the same
membrane, digestion occurred reproducibly during 20 consecutive CE analyses performed over a 10 h period. Additionally,
after separating a mixture of six unreduced proteins with CE, online digestion facilitated protein identification with at least
2 identifiable peptides for all the proteins. Sequence coverages were >75% for myoglobin and carbonic anhydrase Il but
much lower for proteins containing disulfide bonds. Development of methods for efficient separation of reduced proteins
or identification of cross-linked peptides should enhance sequence coverages for proteins with disulfide bonds. Migration
times for the peptides identified from a specific protein differed by <~30 s, which allows for rejection of some spurious

peptide identifications.

Introduction because MS/MS allows extensive peptide sequencing. In
standard bottom-up analysis, peptides from all proteins emerge
together during proteolysis. After CE or liquid chromatography,
the peptides from a given protein appear over a wide range of
separation times. Online digestion after separation of intact
proteins should still afford the benefit of extensive peptide
sequencing, but all the peptides from a given protein will appear
in a narrow plug (Fig. 1). Thus, migration time could provide an
additional criterion for peptide identification.

This paper describes placement of a pepsin-containing
membrane inline after a capillary electrophoresis (CE) protein
separation to digest proteins just prior to electrospray
ionization (ESI). Proteolysis immediately before mass
spectrometry (MS) retains some of the benefits of bottom-up
protein analysis, which employs digestion prior to separation of
proteolytic peptides and tandem mass spectrometry
(MS/MS).12  Analysis of proteolytic peptides is attractive
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Fig. 1 Cross-section of a separation capillary inside an emitter tip showing placement of a membrane online after protein separation
so the peptides from a given protein will appear in a narrow plug.

IDepartment of Chemistry and Biochemistry

2Department of Chemical and Biomolecular Engineering

University of Notre Dame

Notre Dame, IN 46556

Electronic Supplementary Information (ESI) available: Tables of identified proteins;
electropherograms, and selected mass spectra. See DOI: 10.1039/x0xx00000x.

Please do not adjust margins




Online proteolysis after a separation requires an
Immobilized-Enzyme Reactor (IMER). Many studies show that
IMERS can streamline proteolysis.3~> Compared to in-solution
digestion conditions, IMERs have a higher protease density and
may show greater resistance to enzyme degradation, more
reproducible catalytic activity, and shorter reaction times.1.6-8
Many IMERs also exhibit limited protease autolysis because
immobilized enzymes do not interact with each other.
Placement of an IMER in the emitter tip of a CE-MS apparatus
enables the separation, digestion, and identification of a
mixture of proteins without additional sample preparation
related to digestion.

This research enzyme-containing microfiltration
membranes for digestion after CE. Porous membranes are
attractive substrates for IMERs because their limited thickness
(100 um) provides low resistance to flow. More importantly,
small diffusion distances in pm-diameter membrane pores
facilitate rapid reaction. Immobilization of proteases in a
membrane support can provide a high enzyme density within
the membrane (up to 60 mg of enzyme per mL of membrane).®
This high enzyme density enables proteolysis during millisecond
residence times in the membrane. In contrast digestion in
monoliths requires second or minute residence times.1011
Online digestion can occur before separation for a bottom-up
analysis, 12715 but we are particularly interested in digestion after
a separation. A few studies used IMERS for online digestion
after a separation but included added complications such as

uses

online buffer exchange, T-junctions for pH adjustment, and
online dilution.’®-1% Our proposed system integrates an IMER
into existing equipment with no added complexity and uses a
protease that is compatible with native CE separation buffers.

CE can separate proteins with over 100,00 theoretical plates
due to the absence of pressure-driven flow.2° Proteins separate
according to their electrophoretic mobility, which depends on
their size and charge. At acidic pH, most proteins are positively
charged and migrate towards the cathode (the mass
spectrometer inlet). Combining separations of proteins in an
acidic background electrolyte (BGE) with online digestion
requires a protease that is active at low pH, and pepsin is most
active around pH 2.21 Thus, pepsin is ideally suited for digestion
after CE separations. Although pepsin is not highly specific, it is
useful for proteolysis prior to analysis of modestly complex
protein mixtures.22-24

Digestion of proteins after CE separations may enable the
use of protein migration time as a criterion for peptide
matching. A few studies attempted to use peptide elution or
migration times as a criterion for their identification,2>-27 and CE
outperformed LC with regard to predicting peptide migration or
elution times for bottom-up analysis.28-36 These approaches rely
on mathematical prediction of peptide separations, which is
particularly difficult for peptides with post-translational
modifications.3”  Moreover, separations vary among
instruments, especially for CE. Therefore, the addition of elution
or migration time as a criterion for peptide identification is not
common.

With digestion just prior to ESI, all the peptides from a given
protein should enter the mass spectrometer in a narrow band.
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Therefore, the additional criterion for peptide matching would
compare the migration times of peptides from a given protein
to each other. This strategy does not depend on the absolute
migration time. Using a simple mixture of proteins, this paper
executes this strategy, although further work is needed to
overcome challenges in either digestion without reduction or
separation of reduced proteins.

Experimental

Materials and Reagents

Nylon membranes with a nominal pore size of 1.2 um and a
thickness of 110 um were acquired from Pall (Port Washington,
NY). Poly(sodium 4-styrenesulfonate) (Mw ~ 70 000) (PSS),
sodium chloride, hydrochloric acid, acetonitrile, ammonium
bicarbonate (ABC), equine myoglobin, bovine serum albumin
(BSA), carbonic anhydrase I, a-lactalbumin, bovine insulin,
ribonuclease B, LC-MS grade formic acid (FA), tris(2-
carboxyethyl)phosphine  hydrochloride  (TCEP), sodium
hydroxide, and LC-MS grade methanol were purchased from
Sigma Aldrich (St Louis, MO). ACS grade acetic acid was
obtained from VWR (Radnor, PA). Bovine myoglobin was
acquired from Innovative Research (Novi, Ml), and water was
purified using a Millipore Milli-Q Reference system (18.2 MQ
cm). Borosilicate glass tubing with a 1 mm outer diameter (od)
and a 0.75 mm inner diameter (id) was purchased from Sutter
Instruments (Novato, CA). Fused silica capillaries were obtained
from Polymicro (Phoenix, AZ) and have a 50 um id and a 360 um
od. A mini microfilter assembly and capsules were purchased
from IDEX Health and Science (Oak Harbor, WA). All solvents
were filtered with a 0.22 um filter and degassed via sonication
before use.

Immobilization of Pepsin

Immobilization of pepsin was performed as previously
described.>1® A nylon membrane with a 1.2 um pore size was
UV/Oscleaned for 10 min prior to modification, and a peristaltic
pump circulated solutions through the membrane at a rate of 1
mL/min. The membrane was washed with 10 mL of water, then
10 mL of 0.18 mg/mL PSS in 0.5 M NaCl (adjusted to pH 2.3) was
circulated through the membrane for 20 min. The membrane
was then washed with 20 mL of 5% FA before circulating 2 mL
of 2 mg/mL pepsin in 5% FA through the membrane for 2 hours.
Finally, 10 mL of 5% FA was passed through the membrane
before drying it under nitrogen and storing it at 4 °C until use.
Fluorescence analysis of the pepsin loading solution before and
after circulation suggests an immobilized pepsin concentration
between 30 and 35 mg per mL of membrane.

CE-MS

A Next 840 CE power supply and autosampler from Prince
Technologies (Emmen, Netherlands) provided the electric field
and sample injection for intact protein separations. To reduce
the electroosmotic flow (EOF), capillaries were coated with
linear polyacrylamide (in-house coating) to reduce electro-
osmotic flow and protein-wall interactions.383° After coating,
the capillary outlet was sharpened to a 5° point using a 3-D
printed grinding apparatus.4?
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The CE was coupled to a Thermo Fisher (San Jose, CA) Linear
Trap Quadrupole Velos-Orbitrap Mass spectrometer through a
sheath flow electrospray ionization (ESI) interface developed by
the Dovichi group.***> The sheath fluid, 10% methanol and
0.5% FA in water, maintains stable ESI. The mass spectrometer
was operated in MS/MS mode using higher-energy c-trap
dissociation (HCD) with a normalized collision energy of 35%46
running a top-10 data-dependent method, where a single mass
spectrum at a resolution of 60,000 was acquired, and the top 10
precursors were selected for fragmentation. Xcalibur software
used a 3-point boxcar smoothing for displaying total ion-current
electropherograms (TICs) and extracted ion electropherograms
(XIEs).

Protein Separation with CE

Capillaries were cut to 100 cm in length after the tip was ground.
The separation employed a 3% acetic acid BGE, and a potential
of 30 kV was applied between the BGE vial and the ground of
the mass spectrometer. Additionally, a potential of ~2 kV was
applied between the sheath-flow reservoir and the mass
spectrometer (Fig. 2A). Separations employed a solution
containing 0.1 mg/mL (each) of six proteins: albumin, a-
lactalbumin, insulin, carbonic anhydrase Il, myoglobin, and
ribonuclease B in 10 mM ABC. All proteins were bovine. A 20 s
hydrodynamic injection (120 nL) was performed at 5 psi. PEAKS
online (Bioinformatics Solutions Inc. Waterloo, ON) was used
for peptide identification with the following search parameters:
precursor mass tolerance of 20 ppm; fragment mass error
tolerance of 0.5 Da; peptide length between 6 and 45 amino
acids; variable modifications of N-terminal acetylation (Acetyl
Protein N-term), methionine oxidation (M), deamidation (NQ),
GIn = pyro-Glu, and Glu = pyro-Glu; and non-specific as the
enzyme. MS/MS spectra were searched against the Bos taurus
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(Bovine) proteome (proteome ID, UP000009136, 37,510
proteins) with the addition of porcine pepsin.

Emitter Tips

Emitter tips are pulled from glass tubing blanks on a Flaming/
Brown Micropipette Puller Model P-1000. A 10-step heating
was used with a final pull and velocity setting of 33 to create a
tip size of 30-35 um. The tip size was chosen based on testing
described in Table S1. A round 1.8 mm hole punch was used to
section small membranes from a larger coupon, ensuring each
tip contained the same amount of pepsin-containing
membrane. This section was tightly packed into the emitter tip
(Fig. 2B) using gentle pressure from a capillary. Membrane-
containing emitter tips were stored at 4 °C until use.

Prior to protein separations, new membrane-containing
emitter tips were flushed online by applying the electric field for
electrokinetically pumped sheath flow and 5 psi for pressure-
driven flow of BGE in the separation capillary for 90 minutes,
followed by flushing the emitter tip with sheath fluid using a
syringe.*2 After each protein separation, under 5 psi the
capillary is flushed with methanol for 1 min and BGE for 5
minutes to remove protein bound to the wall.

Comigrating Proteins Digested Offline

Mixtures of BSA and Herceptin (HER) were prepared at equal
concentrations of 0.1 mg/mL or with an excess of BSA at 0.5
mg/mL. Samples were digested offline by passing the solutions
through a pepsin membrane using a syringe pump at a flow rate
of 100 pL/hr.47 The resulting peptide mixtures were dried in a
speedvac and reconstituted in 10% methanol and 0.1% FA in
water for direct infusion MS analysis. MS spectra were matched
using Protein Prospector MS-Fit version 6.4.2 (San Francisco,
CA) with a mass tolerance of 15 ppm.
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Fig. 2 A. Scheme of the sheath-flow apparatus with a pepsin membrane packed into the pulled glass emitter tip. The

sheath-flow interface provides electrokinetically-pumped flow to maintain stable ESI.#1-45 B. Photograph of a membrane

packed into the emitter tip. The scale bar was generated using Image) based on the capillary inner diameter.”
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Results and Discussion

This study aims to incorporate online peptic digestion after a CE
protein separation and immediately prior to ESI. Our method
for pepsinolysis includes immobilizing pepsin in a membrane
and passing solution through the modified membrane pores.
The sections below first describe in-membrane digestion and
integration of the membrane into the emitter tip. Subsequently,
we investigate the separation and digestion of a mixture of six
proteins, along with identification of peptides using MS/MS.
Finally, this work examines whether the comparison of
migration times of peptides from a given protein can exclude
some false-positive peptide identifications.

lon Suppression with Comigrating Proteins

Because all peptides from a single protein will spray
simultaneously after online digestion, ion suppression in ESI
may prevent ionization and detection of some peptides. In
addition, protein separations are never perfect, so comigrating
proteins will send even more peptides through the emitter tip
at the same time. To investigate possible ion suppression, we
employed direct infusion to spray BSA and HER digests
simultaneously to simulate large numbers of peptides from
multiple proteins reaching the mass spectrometer at the same
time. Equal concentrations of BSA and HER digests were
compared to a 5-fold mass excess of BSA.

Table 1 shows the sequence coverages that result from
peptide mass fingerprinting. (All other results in this paper
employ CE-MS/MS to identify peptides.) HER sequence
coverages are high even in a 5-fold excess of BSA, suggesting
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that ion suppression will not be extensive when several proteins
migrate together and undergo simultaneous online digestion.
However, greater suppression will occur at higher protein
concentrations.4849

Table 1 Sequence coverages and numbers of identified peptides
for proteins digested and directly infused together into the mass
spectrometer to investigate ion suppression.

1:1 BSA:HER 5:1 BSA:HER
Sequence # Sequence #
Coverage | Peptides | Coverage | Peptides
BSA 99% 62 82% 58
HER(Heavy Chain) 94% 36 93% 40
HER(Light Chain) 96% 20 96% 21

Membrane Integration with CE-MS

CE protein separations typically occur at low pH where most
proteins carry a net positive charge. Pepsin digests proteins
over a pH range of 2-5, with maximum activity between pH 1.5
and 2.5, so it is well suited for digestion under acidic CE
conditions.?? Initially we tried to integrate a pepsin-containing
membrane in the separation capillary. A mini microfilter
assembly held a membrane in-line between two pieces of
capillary (see Fig. 51).5° Offline proteolysis was effective during
pressure-driven flow of proteins through the membrane at
velocities typical of those experienced during CE separations.
However, during CE the junction produced constant bubbles,
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Fig. 3 Electropherogram of the separation and online digestion of six bovine proteins. The TIC is shown in

black. m/z values in XIEs correspond to m/z values of individual peptides matched to each protein. Some of

the XIEs are scaled as noted to make them visible in the window.
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which prevented the flow of current. A glass capillary union,
shown in Fig. S2, also led to some bubble formation as well as a
very high EOF. To overcome the problems associated with
cutting the CE separation capillary, we chose to insert the
membrane into the emitter tip (see Fig. 2).

Inserting the membrane in the emitter tip has two
advantages over placing the membrane in the separation
capillary: (1) digested peptides have little distance to travel and
potentially separate before ESI into the mass spectrometer, and
(2) we can easily replace membrane-containing emitter tips
between analyses. To test the stability of the pepsin membrane
in the sheath flow, we separated and digested intact equine
myoglobin 20 times overnight with no loss in digestion
performance (Table S2). The first 3 electropherograms showed
significant pepsin peptides leaching from the membrane, but
fewer pepsin peptides appeared afterward. All 20 experiments
provided consistent myoglobin sequence coverage with at least
18 unique peptide identifications for runs 5 through 20.
Injection of blank sample buffer after the 20t separation gave
rise to no identified myoglobin peptides, suggesting that any
peptides adsorbed during prior digestions did not elute from
the membrane. Because leaching of pepsin peptides occurred
most extensively during the first 3 separations, all subsequent
pepsin emitter tips were flushed with BGE for 90 minutes before
separating proteins. The addition of a membrane into the
emitter tip results in limited peak broadening as Fig. S3 shows.
The full width at half maximum for BSA was 18 s wider with the
membrane in the emitter tip. The peak broadening is partially
due to the membrane and partially due to the increased
distance between the end of the separation capillary and the tip
of the emitter when the membrane is present.

Separation and Digestion of a Mixture of Six Proteins

We separated a mixture of the six proteins listed in Table 2 and
digested them online to examine proteolysis using the pepsin
membrane in the emitter tip. These proteins vary in size from
insulin at 11 kDa to albumin at 66 kDa. Myoglobin and carbonic
anhydrase Il do not have disulfide bonds,>! whereas albumin
has 17 of them. These are all bovine proteins, which enables
searching of MS/MS spectra against the Uniprot bovine
proteome plus porcine pepsin. Because pepsin cleavage occurs
with limited selectivity, searching against an entire database,
rather than a selection of proteins, is important for achieving
confident identifications.

Fig. 3 shows the TIC electropherogram and XIEs from the
separation and online digestion of the six-protein mixture. The
TIC (black) electropherogram shows partial separation of the
proteins. The XIEs correspond to m/z values for peptides that
matched to each of the various parent proteins and further
show the partial separation of the proteins. Importantly, the
peptide XIEs contain peaks that correspond to a unique peak in
the TIC electropherogram, indicating that peptides from the
separated proteins remain in a narrow plug through digestion
and ESI. Despite the small differences in migration times for
myoglobin and a-lactalbumin or ribonuclease B and carbonic
anhydrase I, the XIEs show distinct migration times for peptides
from each protein. For clarity, Fig. 3 gives XIEs of a single peptide
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for each protein in the mixture, however most matching
peptides from a given protein have similar migration times.

Fig. 4 shows the TIC electropherogram and XIEs for the five
carbonic anhydrase Il peptides with the highest intensities. The
migration times of the five peptides are within 10 s of the mean
peptide migration time, confirming that most peptides from a
given protein appear in a narrow plug. Moreover, the migration
times for identified myoglobin and carbonic anhydrase II
peptides were distinct and on average differed by 1 min.
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Fig. 4 A.TIC electropherogram for the six-protein CE separation.
B. XIEs for the 5 most intense peptides that matched to carbonic
anhydrase Il. Each XIE is labelled with the m/z value. The
maximum intensity is shown to the right of each XIE peak. The
dotted black line highlights the consistency in the migration times
of the peptides that stem from a given parent protein.

Four different membrane-packed emitter tips were used to
digest the six-protein mixture in triplicate to test
reproducibility. Table 2 lists the molecular weights, numbers of
unique identified peptides, sequence coverages, and numbers
of disulfide bonds for each of the six proteins. Table S3 gives the
numbers of peptides and sequence coverages for each
individual replicate as well as cumulative sequence coverages.
Although only two peptides are required to identify each
protein,52 the sequence coverages for proteins other than
myoglobin and carbonic anhydrase Il are <40%.
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Table 2 Molecular weights, sequence coverages, numbers of
disulfide bonds, and numbers of identified peptides for each of
six proteins separated and digested online in CE. Sequence
coverages are average values for four tips tested in triplicate
(n=12), and uncertainties are standard deviations. The number
of identified peptides is the median value, rounded to a whole
number, from four tips in triplicate. Data are taken directly
from Peaks, with no corrections based on migration times.

Protein Molecular Disulfide # Sequence
Weight (Da) Bonds Peptides Coverage (%)
Myoglobin 17,078 0 18 89 + 15
Carbonic 29,114 0 24 75 £ 12
Anhydrase Il
Ribonuclease B| 14,700 4 3 20+ 4

Insulin 11,393 2 2 32 +22
a-Lactalbumin 16,247 4 7 39 +12
Albumin 69,324 17 7 18 + 10

The low sequence coverages are likely due to disulfide
bonds between cysteine residues. These bonds cross-link the
protein and make digestion difficult.>3->> Further, software
packages are not designed to identify disulfide-bonded peptides
after relatively nonspecific peptic digestion. The mass spectrum
of a-lactalbumin in Fig. S4 indicates that the digestion of this
protein is incomplete, as signals for both intact protein and
peptides appear. Ribonuclease B, insulin, and BSA also show
signals from intact protein in mass spectra. In contrast, the MS
spectrum from myoglobin, which does not contain disulfide
bonds, shows no obvious intact protein (Fig. S5). Like
myoglobin, carbonic anhydrase Il does not contain disulfide
bonds and shows no intact protein along with a relatively high
sequence coverage and many identified peptides. In principle,
the intact protein signals could aid in protein identifications.>6~
58 However, intact protein decreases the concentration of
peptides available for analysis and may also cause significant ion
suppression.>® The average peptide length is 21 amino acids,
suggesting that digestion occurs with some missed cleavage
sites.

We attempted to enhance digestion by reducing proteins
before injection in the capillary or adding TCEP to the sheath
fluid (see Table S4). However, the electropherogram of reduced
proteins (see Fig. S7) showed a loss of resolution, and TCEP in
the sheath fluid did not increase sequence coverage. In the case
of extensively digested, unreduced proteins with disulfide
bonds, many peptides will be cross-linked and not identifiable.
The Peaks software does not search for disulfide-bonded
peptides. The number of MS/MS spectra that gave peptide-
spectrum matches (PSMs) was less than 20% for most of the
analyses, and some of these unmatched spectra may
correspond to disulfide-bonded peptides. Enabling disulfide-
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bonded peptide searching would likely increase PSMs and
sequence coverages for proteins with disulfide bonds.

Use of Migration Times as a Criterion for Peptide Matching

As Fig. 4 demonstrates, most of the peptides from a single
protein reside in the same plug when using sheath-flow
membrane digestion. Therefore, migration time could serve as
an additional criterion for peptide matching. Table 3 shows all
myoglobin peptide matches, their sequences, matching scores,
and migration times for a single electropherogram. Peptides
with an inconsistent migration time (more than 30 s away from
the median migration time of all identified peptides) are
highlighted in red. Fig. S8 shows XIEs for each peptide.

Table 3 Peptides identified from myoglobin along with their
matching scores (-10 log P), m/z values, and migration times
(MT). Peptides with an inconsistent migration time are
highlighted in red.

Peptide Score m/z MT
L.FTGHPET.L 26.21 | 394.68 | 0.17
L.FTGHPETL.E 54.04 | 451.22 | 0.17
F.TGHPETL.E 16.09 | 754.38 | 0.17
A.DVAGHGQEVL.I 63.95 | 512.76 | 0.17
A.AQYKVLGFHG 87.38 | 560.30 | 23.10
M.AAQYKVLGFHG 94.13 | 595.82 | 23.10
Q.AAMSKALELFRNDMAAQYKVLGFHG  |111.87 | 692.86 | 23.10
M.GLSDGEWQLVLNAWGKVEADVAGH 120671 1026.52 | 23.10
GQEVL.I

F.ISDAIIHVLHAKHPSDFGADAQ(+0.98)
AAMSKALELFRNDMAAQYKVLGFHG 135.45| 84961 | 23.10
F.ISDAIIHVLHAKHPSDFGADAQAAMSK

ALELFRNDMAAQYKVLGFHG 7362 | 728.24 1 23.23
Q.YKVLGFHG 66.41 | 460.76 | 23.26
D.AIIHVLHAKHPSDFGADAQAAMSKALE

LFRNDMAAQYKVLGFHG 99.01 | 683.22 | 23.26
L.FRNDMAAQYKVLGFHG 128.24 | 927.46 | 23.27
L.NAWGKVEADVAGHGQEVL.I 109.35 | 940.47 | 23.42
L.IRLFTGHPETLEKFDKFKHLKTEAEMKA

SEDLKKHGN(+0.98)TVL.T 38.83 | 778.76 | 23.42
L.IRLFTGHPETLEKFDKFKHLKTEAEMKA

SEDLKKHGNTVLT 67.16 | 778.59 | 23.55
L.NAWGKVEA.D 38.17 | 437.73 | 24.61
Y.KVLGFHG 53.36 | 379.22 | 26.20

Because peptides should not have a migration time shorter
than the parent protein, the peptides with migration times <23
min are most likely contamination so we should reject them. In
addition, the XIEs for these peptides have no well-defined peak
and typically show their highest signals near time zero. Notably,
in a bottom-up method one could not determine that these
peptides stem from contamination.

Identified peptides with longer migration times than the
median might interact with the membrane and slowly desorb to
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increase the observed migration time, or they could come from
a different protein with a longer migration time. If the peptide
slowly desorbs, we would expect a broad peak with tailing. In
contrast, a peptide from another protein should exhibit a
relatively sharp peak. The XIE for m/z= 437.73 (see Fig. S8)
shows a distinct peak with a migration time (24.6 min) that
matches to carbonic anhydrase Il, so we would reject it as
myoglobin peptide. (The median migration time for myoglobin
peptides is 23.2 min.) Further, peptide mass fingerprinting
shows that this signal (m/z=437.74, z=2) matches to the peptide
QSPVDIDT from carbonic anhydrase Il at < 20ppm. Manual
interpretation of the MS/MS spectrum was inconclusive (see
Fig. S10). The migration time, peak shape, and mass matching
to a peptide of carbonic anhydrase Il all suggest that this
peptide was incorrectly assigned to myoglobin instead of
carbonic anhydrase Il. The XIE for m/z=379.22 shows a sharp
peak at 26.2 min, which is 3 min outside the window where we
would expect myoglobin peptides so we would reject it as well.
Importantly, for peptides without a post-translational
modification, the matching scores are higher for the peptides
whose migration times are close to the median value.

The supporting information (Table S5 and Fig. S9) shows
similar data for carbonic anhydrase Il. Three peptides appear at
short migration times, so we can reject them. Again, in a
traditional bottom-up method it would not be possible to reject
these identifications. Peptides with peak migration times
significantly longer than the median showed signals that started
to increase at the median migration time, although their
maximum intensity appeared later due to what we think is
tailing. Thus, in that case we would not reject peptides
identified at longer migration times. If we reject all peptides
that
electropherogram, the sequence coverage for myoglobin
decreases from 75% with 15 peptides to 73% with 11 peptides.
For carbonic anhydrase Il the sequence coverage decreases
from 60% with 25 peptides to 55% with 14 peptides. Thus,
rejection of peptides based on inconsistent migration time does
not greatly decrease sequence coverage.

Challenges and Possible Solutions

Proteins with disulfide bonds give particularly low sequence
coverages when using sheath-flow digestion. The low coverage
stems from both incomplete digestion and the challenge of
identifying cross-linked peptides. Enhanced digestion will
require protein reduction, but this will necessitate changes to
the CE method. Zhao et al. separated a reduced antibody heavy
and light chain with CE, and Staub et al. proposed several
improvements that can limit protein adsorption to the capillary
wall.6%61 When separating reduced proteins it is important to
retain the resolution in the separation so that migration times
are still distinct for each protein. Hocker et al. developed
pressure-driven sheath flow with an additional electrode to
provide the voltage needed for ESI. This system may allow
longer digestion times to enhance proteolysis in the emitter
tip.62

Alternatively, identification of cross-linked peptides could
enhance sequence coverage. Specialized software can search a
whole proteome for cross-linked peptides, but this remains

have an errant migration time in a single
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computationally intensive.®3.64 This is especially true for the
relatively nonspecific peptic digestion.

Conclusions

This work shows that a pepsin membrane integrated into the
sheath flow after a CE separation can catalyze online digestion
of separated proteins. Pepsin membranes enabled 20
consecutive digestions of myoglobin with little carryover of
myoglobin peptides in a buffer blank. Although the peptides
from a single protein enter the mass spectrometer
simultaneously, infusion MS suggests that peptide ion
suppression should not greatly decrease sequence coverages at
low protein concentrations. However, incomplete digestion of
proteins with disulfide bonds significantly reduces the number
of identified peptides and sequence coverage. Despite
incomplete digestion for many proteins, peptide migration
times match those of the parent proteins. Thus, peptide
migration time can serve as an additional matching criterion to
exclude false positive peptide matches. Overall, CE coupled to
an online pepsin membrane and MS/MS identification provide
a quick and robust separation and digestion tool for protein
analysis. Future work should address protein reduction for
more complete digestion and identification of peptides.
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