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We have developed a novel approach to characterize protein digests by pneumatic-splitter
electrospray ionization liquid chromatography mass spectro metry (PSESI-lCMS). This tech
nique involves an interfacing of a pneumatic splitter that can dynamically generate and control
a steady split flow rate of nanoliters per minute. An average PSESI-lCMS anal ysis, depending
on the desired split rati o, consumes less than 200 ferntomales of sample. A tryptic dig est map
of a glycoprotein, fetuin, and a Lys-C digest map of a recombinant neurotrophin protein,
neurotrophin-3, are reported here for this inv estigation. (J Am Soc Mass Spectrom 1997, 8,
703-71 2) © 1997 Ame rican Society for Mass Spectrometry

Electrospray mass spectrometry [1] and recent
developments of microspray and nanospray in
terfaces for an electrospray ionization source en

hanced the sensitivity of anal yses of proteins to the
subfemtomole (sub frnol) level. Imp rovem ent in these
techniques is perhaps governed by two operating prin
ciples: firs t, in orde r to obtain maximum transfer effi
ciency of the sample, the electrospray needle is placed
as close as possible to the nozzle orifice of an electro
spray source [2, 3]; second, the lifetime of the ion of
interest is sustained by a combination of ionization
mod es and mass analyzer [4]. Unfortunately, these
techniques often require sample purity and freedom
from solvent interferences, which are rare for proteins
in biological samples.

This article focuses on the development and evalua
tion of pneumatic-splitter electrospray liquid chroma
tography mass spectrometry (PSESI-l CMS). This tech
niqu e is achieved by interfacing a pn eumatic splitter
operating under a regulated pressure, with a conve rt
tional LCMS sys tem . Neithe r high performance liquid
chromatography (HP LC) nor electrospray mass spec
trometer (MS) needs modification. This technique min
imizes the equilibration time between ana lyses since
ana lytical and narrow bore columns are preferred. Once
a steady split flow rate of - 1.6 JoLL /min or less is
established by the pneum atic splitter, we have found
that the maximum tran sfer efficiency of the sample can
easi ly be achieved by placing the ion-sp ray needle
within 1-4 mm of the orifice nozzle. This latter step
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allows high sensitivity analysis of a protein digest to
reach sub fmol (consumed) levels, and the major por
tion of sample can be collected fractionally for add i
tional studies.

Experimental

The HPLC system consisted of a HP-1090 (Hewlett
Packard , Palo Alto, CA) high performance liqu id chro
matograph equipped with either a Vydac C-18 narrow
bore column (2.1 mm x 15 em) or an analytical column
(4.6 mm x 25 em) and operated at a flow rat e of 250 or
500 JoLL /min, respectively. For bovine fetuin analysis,
the solvent composition of 0.065% aqueous trifluoroace
tic acid (TFA) (solvent A) and acetonitrile/water (9:1)
incorporating 0.05% TFA (solvent B) was linearly in
creased (from 5% of solvent B) at a rate of 0.65% of
solvent B/min for the first 70 min of an 80 min gradient.
For neurotrophin-3, the solvent composition of 0.1%
aqu eou s TFA (A) and acetonitrile/water (9:1) incorpo
ratin g 0.1% TFA (B) was linearly increased (from 2% of
solvent B) on an analytical column at the rate of 0.80%
of solvent B/ min for the first 60 min of an 80 min
gradient.

A modified JEOl (Tokyo, Japan ) MS-PNS pneumatic
splitter was installed at the column outlet after the UV
detector of an HPLC system. Most of the eluent was
di verted to a collector via a release valve that worked at
a predetermined pressu re. This pressure was regul ated
to compensate for the back pressure caused by viscosity
of mobile phase and the resistance of the fused silica
tub ing used to couple the release valve and the pn eu
matic splitter [51. Und er 0.35 or 0.65 kg/ cm" pre ssure of
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highly pure nitrogen, the HPLC column eluent was
split by a pneumatic splitter to deliver a constant flow
of - 850 nL/min (from a narrow bore column) or ~ 1.6

ILL/min (from an analytical column). The split eluent
flowed through an approximately 45 cm length of fused
silica tubing (50 ILm i.d.; Polymicro Technologies, Phoe
nix, AZ) that thr eaded to the tip of an ion-spray needle
of a Sciex API 100 or III mass spectrometer (Ontario,
Canada) , With a few modifications, we believe the split
flow can be controlled to perhaps less than 150 nL/min.

For our current LCMS system, there is an ~20 s delay
in the retention time between the UV trace (HPLC) and
the total ion chromatogram (TIC) trace (MS). This delay
is normally associated with all LCMS analyses due to
the extra volume of tubing connecting the flow cell and
the Valco "T" union or the pneumatic splitter. Because
the volume of silica capillary tubing is ~883 nl., we
anticipated each eluent peak would be delayed by
about 1 min. By contrast, for the PSESI-LCMS,all eluent
peaks appearing in the TIC trace were within 40 s of
their UV trace. This increase of only 20 s compared to
the TIC trace of typical ESI-LCMS indicates that eluent
flow may be influenced by the pressure of the pneu
matic splitter. This observation was first verified by
measuring the volume of the eluent per period of time
in triplicate. At either 5% or 50% solvent B, the average
split flow rate was consistently ~850 nL/min (±3%).
Second, unlike the conventional split flow, the "T"
union of the pneumatic splitter was constantly under
pressure of nitrogen gas (0.35 kg/crrr'. this study). Thus,
it was reasonable to speculate that nitrogen gas could
also compress a portion of the capillary tubing that
followed immediately after the ''1'' union of the pneu
matic splitter. If this were the case, the actual volume of
the eluent that occupied the capillary tubing should be
less than 883 nL. Perhaps this explains why the elution
time of each peak (TIC) was earlier than expected.

At present, standard plot of split flow rate (nL/min)
versus pressure (kg/ern") for different sizes of columns
and dimensions of capillary tubing at flow rates of
~250, 450, and 850 nL/min are being validated . This
step will eventually eliminate the need for manually
measuring the split flow rates of other analyses.

The protein concentrations of "stock solutions" were
determined by amino acid analysis to be 2.7 and 2.9
pmol! ILL (±10%) for bovine fetuin and neurotrophin-3
(NT-3), respectively. Each PSESI-LCMS analysis of bo
vine fetuin sample was performed using a dilution of 5
ILL of "stock solution" with 50 ILL of water / acetonitrile
(99:1) incorporating 0.1% formic acid (solvent C). Only
50 ILL of this aliquot was analyzed (-12 pmol/injec
tion), For PSESI-LCMS analysis of NT-3 each sample
was prepared by diluting 16 ILL of its "stock solution"
with 90 ILL of 0.1% aqueous TFA. Only 100 ILL of this
aliquot was analyzed (~45 pmol/ injection). A similar
procedure was applied to prepare samples for ESI
LCMS analysis.

A tryptic digest of bovine fetuin glycoprotein (-50
kDa) was obtained according to the procedure of

Medzihradszley et al. [6] with few modifications. Bo
vine fetuin glycoprotein (359 amino acid residues) was
purchased from Sigma Chemical Co. (St. Louis, MO)
and used without purification. Ammonium acetate was
used to adjust the pH to 8.0 of the digest mixture. There
was no further addition of trypsin after 2.5 h of incu
bation. This digest mixture was further diluted with 5
mL of solution C and stored at -80aC until use. An
Lys-C digest of an E. coli expression recombinant hu
man NT-3 (-14 kDa), a member of the nerve growth
factor family of neurotrophic factors, was obtained
according to a known procedure [7].

A mixture consisting of polypropylene glycol (PPC)
1000 (l X 10- 4 M) and 2000 (2 X 10-4 M) in 50:50:0.1
water/methanol/formic acid (v/v/v) was used for the
tuning and calibration of the mass spectrometers. The
range m/z 10-2400 was calibrated in the positive ion
mode by multiple-ion monitoring of eight PPC ion
Signals (isotope clusters). Depending on the charge state
and the isotopic di stribution, the mass-to-charge ratios
in all the figures were assigned by the measured peak
tops that were either closer to the monoisotopic or to the
average mass-to-charge ratio. All mass data were tabu
lated using Sciex BioMultiview 1.2. Myoglobin ([M +
H]+ avg. = 16951 ± 1.5 Da) was used as an external
calibrant of the mass spectrometers.

Mass spectra of bovine fetuin analyses were acquired
over a range from m / z 450-2200 at 7 s/scan in 0.25 m / z
steps. The nebulizer gas (air) and curtain gas (N2) were
set at 0.5 and 0.6 L/min, respectively. The ion-spray
needle voltage was 5000 V for ESI-LCMS. Mass spectra
during NT-3 analyses were acquired over a range from
m / z 400-2200 at 5 s/scan in 0.25 111 / z steps. The
nebulizer gas (air) and curtain gas (N2) were set at 0.6
and 0.7 L/min, respectively.

Like another "nano-ESI" technique [3] that we have
examined, fine tuning the ion-spray needle position and
voltages enhanced the performance of this PSESI-LCMS
technique. For each PSESI-LCMS analysis of bovine
fetuin at a split flow rate of - 850 nL/min, we found
that the ion current was reduced when the potential of
the ion-spray needle was outside a 3500 ± 50 V ran ge.
However, in the case of NT-3 analysis by PSESI-LCMS,
the optimal volta ge needle wa s 3800 ± 100 V, perhaps
due to a higher split flow rate. Although these capillary
potentials were ~2000 V higher than other low flow
techniques [3, 8, 9], they were within the ion-spray
needle voltages (2000-3500 V) of the micro electrospray
developed by Emmett and Caprioli [10]. We believe
these capillary voltages (3500 ± 50 V and 3800 ± 100 V)
were indeed necessary for the PSESI-LCMS analyses
reported here to offset the voltage drop between the tip
of the spray needle and the spray union of the Sciex
electrospray mass spectrometers (M. Vestal, personal
communication). We also anticipate that the optimal
needle voltage would vary with different dimensions of
the capillary tubing and further reduction of the split
flow rates.
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Figure 1. Panel A is a reconstructed TIC of -40 £mol (consumed) bovine fetuin tryptic digest by
PSESI-LCMS with a split ratio of - 300:1. (*) indicates glycopeptides. Panel B is the HPLC-UV trace
from an injection of ~12 pmol. The flow rate was 250 ILL/min before splitting.

Results and Discussion

Panel A of Figure 1 shows a reconstructed TIC of -40
fmol (consumed) of bovine fetuin tryptic digest by
PSESI-LCMSanalysis using a narrow bore column. This
was achieved with a split ratio of - 300:1 by a pneu
matic splitter to generate a flow rate of -850 nL/min.
At this flow rate, we found the transfer efficiency of -40

femtomoles of the above sample to be sufficient and
maximized when the ion-spray needle was placed di
rectly in front and - 2.5 mm away from the orifice
nozzle. This result showed that ion current could be
increased greatly with much less sample if sample loss
during the spray process was minimized [2/3]. Panel B
of Figure 1 shows the UV trace of the above PSESI
LCMS for comparison.
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Figure 2. PSESI-LCMS mass spectra of a bovine fetuin peptide at t, = 28.3 min, where [M + 2H]2+
= mI z 1005 .8 and [M + 3H]3+ = mI z 670 .8 (MW: 2008.9 Da), and a peptide at t, = 44.5 min, where
[M + 3HJ3+ = m I z 1170.6 and [M + 4H]4+ = m I z 878.0 (MW: 3508.7 Da), These peptides correspond
to residues (86 -102) and 0 -32), respectively [6].

Since the amino acid sequence of bovine fetuin and
NT-3 has been characterized [6, 7, 11], the purpose of
this study was to confirm unambiguously the molecular
weight of these peptides and glycopeptides to establish
the increased sensitivity of this technique. Figu re 2
shows PSESI-LCMS mass spectra of two pep tides from
bovine fetuin at i ; = 28.3 min, where [M + 2Hf+ =

m I z 1005.3 and [M + 3Hj3+ = m l z 670 .8, correspond
ing to the sequence QQTQHAVEGDBDIHVLK (MW:
2,008.9 Da), and at i; = 44 .5 min, where [M + 3H]3+ =

m t z 1,170.6 and [M + 4Hj4+ = m I z 878 .0, corre
sponding to the sequence IPLDPVAGYKEPABDDPD
TEQAALAAVDYINK (MW: 3508.7Da). Pyridylethyl cys
teine is denoted as "B." These spectra were produced by
averaging five scans (out of ten possible scans) from the
apices of these TIC peaks. This implied that 40 frnol
(consumed) of sample were more than enough for de tec
tion by this technique. Satellite peaks of higher mlz
associated with more abundant ions in Figure 2 were
attributed to sodium and potassium adduct ions.

Figure 3 shows a mass spectrum from the same PSESI
LCMS analysis of a glycopeptide from bovine fetuin at
i ; = 50.1 min. The average molecular mass, 6924.7 Da
([M + 4H]4+ = mI z 1732.1 and [M + 5H]s + = mt z
1386.5), corresponds to the sequence RPTGEVYDIEI
DTLETTBHVLDPTPLANBSVR (54-85), where the N
linked Asn81 glycosylation site was identified (by mass
only) as tetrasialo triantennary, Hex6HexNAcsSA4 [6].
Other masses at 6630.6 Da, ([M + 4H j4+ = mI z 1658.8

and [M + 5H]s+ = mt z 132 7.0) and 6340.5 Da ([M +
4H]4+ = m I z 1586.6 and [M + 5Hj s+ = m i z 126 8.6) ,
correspond to the above sequence, where the carbohy
drate structures were identified (by mass only) as tri
and disialo triantennary oligosaccharides at Asn 81

, re
spectively. The mass of 5974.5 Da ([M + 4H]4+ = m I z
1494.8 and [M + 5Hjs+ = m l z 1195 .3) , corresponding
to the disialo biantennary oligosaccharide at Asn 81

, was
not observed in one previous study [11], but was
observed when a nontraditional mobile phase was used
(waterI ethanol/propanolI formic acid ) [6]; it was
clearly identified (by mass only) by this PSESI-LCMS
analysis. Although this particular glycoform could not
be detected during our use of conventional ESI-LCMS
shown in this article (Figu re 5, t , = 49.5 min, data not
shown), its mass has been observed at a higher con
sumed level (>25 pmol, data not shown) by conven
tional ESI-LCMS using the same solvent system re
ported here for PSESI-LCMS. Most of the other
glycopeptides of bovine fetuin have also been identified
(by mass only) and agree with previous reports [6, 11].
Higher mass satellite peaks (Figure 3) were again attrib
uted to sodium and potassium adduct ions .

With the exception of glycopeptides, chromato
graphic peak shapes of all components appeared nor
mal. However, the baseline of the TIC trace (Panel A of
Figure 1) was relatively high. The remedies for this
nuisance were to lower the split flow rate (-300 nLI
min or less) and to position the ion-s pray needle even
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Figure 3. PSESI-LCMS mass spectrum of a glycopeptide at t , = 50.1 min corresponding to residues
(54-85) of bovine fetuin glycoprotein [6]. The corresponding molecular masses of these glycopeptide
glycoforrns, 6925.0, 6631.0, 6341.0, and 5974.5 Da represent tetra -, tri- and disialo triantennary and disialo
biantenn ary substiuents at Asn81

, respectively. The protonated ion series of the above subsequent
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42.1 44.7 * 50.1 @ 3:19 PM

~
80

t- 60';;j
c::
B.s 40
Q)

>
.~

20<:i
P:::

,.. 40 femtomoles (consumed) PSESI-LCMS

44 48 52 56
Time, min

60 64 68

- 40 femtomoles (consumed) PSESI-LCMS

ii 80~

.~
c:: 60
B.s
Q) 40>

'J::..
<:i
P::: 20

44.5 * @ 5:09 PM

44 48 52
Time.min

56 60 64 66

Figure 4. A reconstructed TIC of the last 30 min of each of two consecutive PSESI-LCMS analyses of
bovine fetu in that extended over a period of - 3 h. The ave rage differenc e in the retenti on time of five
major peaks was -3 s.



708 LE ET AL. J Am Soc Mass Sp ectrom 1997, 8. 703-712

3.9. 5

3.6. 5

40 .1 A

...., 8 picomoles(consumed)
ESI-LCMS

3.385

3.0. 5

2.7.5
e-,
~

.~ 2.485
C
OJ

'2 2.1.5.....
1.8.5

1.505

1.2.5

9.0.4

6.064

19.4

27.8

23.2

*

36.5

*
44.1

49.5

*
62.3

71.1

3.094

2 5

18 27 36 • 45
Time, rnm

54 63 72

B
2 8

=:J 0 Q)

1 5
/\. <0 ......

[[ rv 0
<0

\)<

E 18

5

7 86858
I •

3 8 4 8
Ti me ( m in . )

2 8
I •

18
8 - ;=, :"'-~~~-r-~~"""'-r~~~~-'-~~~.---,~~-~-r-~~~~T--~~~-'-'-

8

Figure 5. Panel A is a reconstructed TIC of - 8 pmol (consumed) of bovine fetuin by conventional
ESl-LCMS with a split ratio of 3:1. (*) indicates glycopeptides. Pane l B is the HPLC-UV trace from an
injection of - 25 pmol.

closer (- 1 mm) to the orifice nozzle; this step allows
less so lvent but a higher proportion of the analytes to be
drawn into the analyzer. In addition, replacing the
nebulizing gas with pure, dry N2 has also been sug
gested by Emmett and Caprioli [10]. Air was used as
nebulizer gas for all ana lyses reported here.

Mainta ining a consis tent nL flow rate despite
changes in viscosity of the solvent system is a unique
feature of the pneumatic sp litter. This feature has in
deed contributed to the reproducibili ty of the PSESI
LCMS system. Figure 4 shows the TIC traces of the last
30 min of each of two consecutive PSESI-LCMS analy-

ses that extended over a pe riod of - 3 h. This period also
included an 80-min blan k analysis and two 15 min of
column equilibration between analyses. The average
difference in retention time of five major peaks (apex)
was - 3 s.

Panel A of Figure 5 shows a reconstructed TIC of a
typical conventional ESI-LCMS ana lysis of - 8 pmol
(consumed) of bovine fetuin for comparison. The flow
rate wa s 250 J-LL/min and the HPLC column eluent was
sp lit by a 3:1 ratio. This split ratio was achieved with an
appropriate length of PEEK (polyether ether keto ne)
tubing on a Valco "T" union. Panel B of Figure 5 shows
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Figure 6. ESI-LCMS mass spectra of bov ine fetu in pept ides at t; = 27 .8 and 44.1 min , where [M +
2HF+ = m1z 1005.3 (MW: 2008.6 Da) and [M + 3H13~ = m1z 1170.8 (MW: 3509.4 Da),
corresp onding to residues sequence (86- 102) and 0 -3 2), respectively [61. "B" is pyridylethyl cysteine.
The higher charge state ions 1M + 3H]3+ = mI z 670.8 (r; = 27.8) and [M + 4H]4+ = 111 / z 878 .0
(t , = 44.1) of these pept ides could not be detected at this consumption level.

the HPLCUV trace of this analysis. A normal voltage of
5000 V was applied on the ion-spray needle that was
placed at a 30° angle and - 7.0 mm away from the
orifice nozzle. Under these conditions, ~8 pmol (con
sumed) appeared to be the minimum sample require
ment to meet the detection limit of the mass spectrom
eter.

Figure 6 shows the mass spectra obtained by conven
tional ESI-LCMS for two bovine fetuin peptides at t; =

27.8 min and i , = 44 .1 min that were also examined by
PSESI-LCMS (Figure 2). The intensities of ions [M +
2Hf+ = m / z 1005 .3 and [M + 3H]3+ = m I z 1170.8
were subs tantially wea ker; also notice that the [M +
3HJ3+ = m/ z 670 .8 (t , = 27.8 min ) and [M + 4H]4+ =
m/ z 878. 0 ( t r = 44.1 min) ions could not be detected
(at this consumption level). These spectra were pro
duced by averaging five scans (out of eight possible
scans) from the apices of these TIC peaks.

A PSES[-LCMS analysis of ~200 fmol (consumed) of
NT-3 Lys-C digest is shown in panel A of Figure 7. This
was achieved with a split rat io of - 300:1 using the
pneumatic splitter to provide a flow rate of ~1.6
1.l.L/min. The ion-spray needle was placed directly in
front and ~3.5 mm aw ay from the orifice nozzle. Pan el
B of Figure 7 shows the HPLC-UV trace of this analysis.
The retention time of the HPLC-UV trace was ~2 min
earlier than the corresponding TIC trace due to an
acquisition delay in this analysis.

Figure 8 shows the mass spec trum of a peptide at

tr = 32.4 min (TIC), where [M + 2Hf+ = m / z 856.4
corresponds to the seque nce TSQTYVRALTSENNK
(82-96) derived from NT-3 protein. Similarly, the ions
[M + H]'" = m/z 778.2 and [M + H]+ = m/ z 1035.4
corr espond to sequences MYAEHK 0-6) and
NGJRGIDDK (66-74), respectively . These two peptides
coeluted at t, = 22.2 min. Carboxymethyl cysteine is
denoted as "l" The above peptides were also verifi ed
by Edman sequencing. These spectra were produced by
the averaging of five scans (out of eleven possible scans)
from the apices of these TIC peaks. A typical ESI-LCMS
analysis of NT-3 has been reported elsewhere 17].

The above observed data pro vided us with two
critical points relating to the early de velopment of this
technique. First, the high sensitivity an alysis of - 200
fmol <Consumed) of an entire protease digest was un
precedented, and was not previously observed in our
laboratory. Second, the use of a new gradient sys tem
consisting of 0.065% aqueous TFA (A) and acetonitrile /
water (9:1) incorporating 0.05% TFA (B) wa s found
necessary to stabilize the baseline of high sensitivity
analyses such as those below the 50 pmol range [12].
The advantage of this gradient is apparen t from a
compa rison of the HPLC-UV traces of panel B of
Figures 1 and 5. The unstable baseline was observed for
either bovine fetu in (data not shown) or NT-3 (panel B
of Figure 7) analysis when a more conventional gradi
ent system was used . Moreover, this solvent system
enhanced the separation of peptides and glycopeptides
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~4S p mo l of samp le. The flow rate was 500 JLL/ min before sp litting .

(to some extent) of bovine fetu in. Most important, the
combination of these solvent solutions and the rSESI
LCMS has definitely enhanced the sensitivity for the
identification of glycopeptides and their heterogeneity
as d iscus sed earlier.

The advantages of using postcolumn addition of
propionic acid or the use of formic acid to enhance the
sensitivity for peptide mapping have been reported by
Fischer and co-workers [13, 14). Since these solvents

worked well on instrument s that use desolvation cap
illaries [Hewl ett -Packard (Palo Alto, CA), Finnigan
MAT (San Jose, CA)], while the Sciex uses an orifice
(this article), we are cautiously exploiting these poten
tial advantages. Our focus is also to obtain a reliabl e
HPLC-UV trace so that peptides can be collected for
high sensitivity sequencing at the 1-3 pmol range. Up to
now, only our reported solvent solutions provided a
stable UV base line for high sensitivity application.
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Figure 8. PSESI-LCMS mass spectra of peptides at r, = 32.4 min and t, = 22.4 min where [M +
2Hj2+ = mt z 856.4 (MW: 1711.8 Da) corr espondi ng to residues (15-27) , and [M + HH]+ = ml z 778. 2
and [M + H]+ = m l z 1035.4, corresponding to residues (1-6) and (62-68), respectively [7].
Carb oxym ethyl cyst eine is denoted as "J."

Conclusions

We have demonstrated a versatile approach to deliver
nanoliter flow rates to an electrospray ionization
source. Most noticeably, there is neither modification of
the HPLC nor the MS; the major portion of the sample
(>99%) can be collected fractionally for additional
study such as Edman sequencing, a critical technique
for the identification of peptides. Converting to PSESI
LCMS 0 50-850 nL/min) from conventi onal ESI-LCMS
(40-80 ILL/min) can be accomplished quickly, as the
pneumatic splitter can also generate split flow rates up
to 80 p.L/min. The pneumatic splitter can be modified
inexpensively. This high sensitivity analysis of protein
digest by PSESI-LCMS is a very simple and robust
technique for impl ementation on most commercially
available electrospray mass spectrometers.

In this ar ticle, we have focused our applications on
narrow bore and analytical columns to demonstrate the
diversity of this technique with the postcolumn split
ting of the flow. The amounts of sample used in this
article allowed for a comparison of the HPLC-UV trace
with the corresponding PSESI-LCMS analysis. For this
analytical HPLC system, the minimum requirement of
the sample is ~7 pmol. The use of this technique with
the precolumn splitting flow of ~250 nL/min on cap
illary or microbore columns will be discussed in a later
article. This latter approach requires several orders of
magnitude less sample.

To the best of our knowledge, the use of a pneumatic

splitter on an electrospray ionization source has not
been previously reported.
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