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Abstract

A method is described for improving the sensitivity of peptide mapping with electrospray liquid chromatog-
raphy—mass spectrometry using trifluoroacetic acid (TFA) containing HPLC mobile phases. The signal suppressing
eftects of TFA are shown to be due to the combined effect of ion-pairing and surface tension modifications. The
post-column addition of a propionic acid-2-propanol (75:25. v/v) in a 1:2 proportion with the HPLC mobile phase
counteracts the deleterious effects of TFA resulting in 10-100 x improvement of the signal-to-noise ratio. The
system described introduces total HPLC flow (plus additive) directly into the electrospray source without splitting.
Using 2.1 mm [.ID. HPLC columns, minimum detectable quantities are below 40 pmol total protein.

As examples. separations of proteolytic enzyme digests of several proteins are shown using standard HPLC
conditions, comparing results with and without the addition of propionic acid. The application of the technique is
shown in more depth in the identification of oxidative modification sites in glutamine synthetase. In this
application, the enhanced sensitivity allowed location of a modified residue by comparison endoproteinase Lys C
digest of native and oxidized forms of the protein without extensive sample preparation or concentration. A third
application demonstrates the identification of glycosylation sites in an endoproteinase Arg C digest of single-chain
plasminogen activator through the use of in-source collisionally induced dissociation.

largely due to the discovery by Fenn et al. [1]
that the multiply-charged ions produced by ES-
MS could be deconvoluted to determine the

1. Introduction

In the last years. electrospray mass spec-

trometry (ES-MS) has become the method of
choice for introduction of liquids into a mass
spectrometer. Although there are applications in
pharmaceutical, environmental and general
chemical analysis arcas. the rapid growth and
acceptance of the technique in bioscience is
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molecular mass of large proteins with masses far
in excess of the m/z range of the mass spec-
trometric analyzer. Using ES-MS, proteins in
excess of M, 500 kDa have been analyzed. For
proteins of moderate size (M, <100 kDa), typi-
cally the mass accuracy is <(0.02%. Electrospray
ion sources have been successfully coupled with
most types of mass analyzers including quad-
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rupole, sector [2]. ion-trap [3]. time-of-flight [4|
and Fourier transform mass spectrometry
(FTMS) (5] instruments, resulting in a wide
range of operational characteristics, cost and
ease of use. Currently, the most common con-
figuration consists of an electrospray ion source
coupled with a quadrupole (or multiple quad-
rupole) analyzer.

Early application of liquid chromatography-
electrospray mass spectrometry (LC-ES-MS) to
“real world™ applications suffered from a num-
ber of limitations including poor performance
with high flow-rates and aqueous mobile phases.
inability to accept non-volatile buffer systems
and surfactants and signal suppression with
strong-acid containing mobile phases such as
trifluoro acetic acid (TFA). However, with the
rapid development of the technique and the
introduction of second and third generation
commercial hardware, commonly used mabile
phases and flow-rates are routinely accommo-
dated. While non-volatile butfers and surfactants
remain problematic, TFA-containing mobile
phases can, with the technique described here.
be used for a variety of applications.

The use of LC-ES-MS for the characterization
of proteolytic enzymatic digests of proteins has
greatly increased the ability to identify the re-
sulting digest fragments. Molecular mass data
from the mass spectrometer for each of the
peaks eluting in a peptide map gives additional
qualitative information to the data obtained from
the standard UV-Vis detector signal. which can
be used to associate a specific peak with a
predicted digest fragment. To fulfil this role. it is
important that the ES-MS detection system oper-
ates with a sensitivity. reproducibility. chromato-
graphic resolution and ease of use comparable to
that of the UV-Vis detector. Furthermore. opcr-
ation of the system should preferably not require
modification of established standard HPLC
methods. In particular. one should be able to use
standard HPLC column-packing materials, col-
umn dimensions, flow-rates, and mobile phases.

Trifluoroacetic acid (TFA) is commonly used
as an HPLC mobile phase modifier in peptide
and protein separations [6]. Its excellent ion
pairing and solvating characteristics confer
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unique chromatographic selectivity on peptide
separations, while its low UV cut-off (192 nm)
allows detection of the peptide amide bond at
210 nm with minimal background or interfer-
ences from mobile phases, even when using a
gradient elution mode. Due to its high volatility,
TFA can easily be removed from preparative
collected fractions by evaporation. Typical con-
centrations used are 0.1-0.2% (v/v).

Since the earliest application of electrospray
LC-MS to peptide mapping, the difficulty of
spraying highly aqueous solutions of TFA has
been recognized. resulting in spray instability
and analyte signal reduction [7-10]. General
agreement exists that both spray instability and
signal reduction are due to the high conductivity
and surface tension of the eluent [8,11,12]. Both
high conductivity and high surface tension re-
quire. when operating in pure (unassisted)
electrospray mode, the onset voltage for generat-
Ing a spray to be very close to corona discharge
conditions. Consequently, either an instable
(noisy) spray results from operating too close to
discharge conditions or low signal results from
operating too far from ideal electrospray forma-
tion. Several approaches have been used to
overcoming these difficulties. Attempts have
been made to overcome the signal suppressing
effects by (i) using low flow-rates and capillary
HPLC [13,14] which require lower fields for the
onsct potential, (it) by using electrosharpened
ES needle tips [11] to increase the field gradient
at the point at which the electrospray is gener-
ated. (iii) through the use of pneumatically-as-
sisted [12] or ultrasonically-assisted electrospray
[15]. (iv) through the use of surface tension
lowering sheath liquids [13] or (v) the use of
discharge suppressing sheath gas [16] and heating
of the cluent slightly prior to spraying. Another
approach has been to improve sensitivity in other
ways in order to overcome the loss of sensitivity
due to the signal-suppressing effects of TFA
without actually addressing these effects. How-
ever, these approaches generally compromise the
analytical performance in some aspect in ex-
change for improved sensitivity. For example,
applications have been reported with TFA con-
centrations reduced to below 0.025% [17], re-
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sulting in poor chromatographic performance.
The signal-to-noise ratio can be improved by
electronic filtering or slow acquisition rates but
this may result in reduced chromatographic re-
liability. A common way to gain signal without
decreasing chromatographic performance is to
reduce the mass spectral resolution; however,
this compromises the mass spectral information
such as the ability to accurately differentiate
charge states in multiply-charged digest frag-
ments based on information contained in the
resolution of isotopic peaks. While under unit
resolution conditions it is difficuit to identity
charge states in this way above [M + 3]"" . many
of the peptide fragments encountered in com-
monly used proteolytic digests appear as [M +
31" ions.

In this work, it is demonstrated that the signal-
suppressing effect of strong acid modifiers. such
as TFA, is due not only to the problems intro-
duced during spray generation caused by high
conductivity and surface tension, but also to an
ion-pairing phenomenon between TFA acid an-
ions and the basic analyte molecules. A method.
referred to as the “TFA Fix™ which addresses
both effects is presented. A number of peptide-
mapping applications arc demonstrated to char-
acterize the performance of the method.

2. Experimental
2.1. HPLC

A schematic of the analytical system 1s shown
in Fig. 1. Primary solvent delivery and sepa-
rations were performed on a Hewlett-Packard
(Palo Alto, CA. USA) HP109( HPLC equipped
with a DR-5 ternary solvent delivery system.
autosampler with 250-u 1 sample capacity. heated
column compartment. column switching valve
and diode-array detector (DAD) with 1.9 ul
high-pressure flow cell. For flow injection analy-
sis (F1IA) experiments. the HPLC was connected
to the clectrospray inlet with approximately 30
cm X 0.025 mm 1.D. peek tubing (Upchurch
Scientific, Oak Harbor. WA. USA). For peptide
mapping. a 250 x 2.1 mm 1.D. 5 pm 300A Vvdac
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Fig 1. Schematic of analytical sctup for peptide mapping.

Column (The Separations Group, Hesperia, CA,
USA) was used. Separations were performed
with a linear solvent gradient from 0 to 60% B
over a 60-min period at a flow-rate of 0.2 ml/
min, unless stated otherwise. Solvent A was
0.2% TFA in water and solvent B was 0.2%
TFA in acetonitrile. The column was thermostat-
ted at 40°C.

The “TFA Fix" method consisted of post-
column addition of propionic acid-2-propanol
(75:25) at a flow-rate of 100 ul/min. As shown
in Fig. 1. the TFA Fix was delivered using an HP
1050 HPLC pump and was teed into the column
cffluent after the DAD detector and after the
column-switching valve. The tee was connected
to the clectrospray needle via approximately 50
cm X 6.35 mm [.D. peek tubing (Upchurch). It
was not found necessary to include any addition-
al mixing. The column effluent was diverted
trom the MS for the first 5 min of the chromato-
gram. during which excess reagents and unre-
tained components eluted.

2.2 Mass spectrometry

Mass spectrometry was performed on a Hew-
lett-Packard 5989B quadrupole mass spectrome-
ter equipped with extended mass range, high-
cnergy dynode detector (HED) and a Hewlett-
Packard 39987A atmospheric-pressure ionization
(API) clectrospray source with high-flow nebul-
izer option. Both the HPLC and MS were
controlled by the HP Chemstation software
allowing simultaneous instrument control, data
acquisition and data analysis. The high-flow
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Table 1
Electrospray lens settings

ES parameter Setting
Vi 3000 V
Vi -3500 V
N -5500 V
CapEx 100 V
ESg.., 267V
Esnm 0.7V
ES,,. 6.2V
ESI ens’ l“ v
ES -40V

Tens?

nebulizer was operated in a standard mode with
N, as both nebulizing (1.5 I/min) and drying (15
I/min at 300°C) gases. Typical lens settings for
the electrospray source are shown in Table 1.

To characterize the effects of the TFA Fix.
FIA of selected samples (listed in Table 2) was
done at varying flow-rates and mobile phasc
conditions with data acquisition in the selected-
ion monitoring (SIM) mode at a 100 ms dwell-
time.

For peptide mapping. MS data was acquired in
the scan mode, scanning from 200 u to 1600 u at
an acquisition rate of 1.35 Hz and a stepsize of
0.1 Da. Unit resolution was maintained for all

Table 2
Characteristics of FIA samples

experiments. Data was filtered in the mass do-
main with a 0.03-u gaussian mass filter and in the
time domain with a 0.05-min gaussian time filter.

2.3. Chemicals

HPLC grade water was purified in-house
(Barnstaed, Dubuque, 1A, USA). Acetonitrile
and 2-propanol were HPLC grade (Mallincrodt,
Paris, TX, USA). Formic acid, acetic acid,
hydrochloric acid (HCI) and heptafluorobutyric
acid (HFBA) (Sigma, St. Louis, MO, USA),
trifluoroacetic acid, butyric acid, valeric acid
(Aldrich, Milwaukee, WI, USA) and propionic
acid (Mallincrodt) were >99% purity and were
not further purified.

Horse heart myoglobin and chicken lysozyme
were obtained from Sigma. Native and oxidized
glutamine synthetase were obtained by courtesy
of Dr. Rodney Levine at National Heart Lung
and Blood Institute at the National Institutes of
Health. Endoproteinase Arg C digests of single-
chain plasminogen activation factor were ob-
tained by courtesy of Erno Pungor, Jr. and
Carrie Souders at Berlex Pharmaceuticals. FIA
samples (see Table 2) and diphenylthiourea
(DPTU) were obtained from Sigma.

Trypsin and endoproteinasec Lys C digestion
were performed as follows. The samples were

Sample Concentration” M, SIM ion monitored
Hydrocortisone 500 pmol/ul 362.4 363 M+ HJ]"
Sulfamethazine 100 pmol/ul 278.3 279.3 [M +H}"
Lysine 200 pmol/ul 146.2 147.2 M+ H]"
Gly-Tyr 200 pmol/ul 238.2 239.2 [M+H]’
Gramacidin § S0 pmol/ul 1141.48 571.6 [M +2H]*'
Reserpine S0 pmoliul 608.4 609.4 M+ H}'
Erythromycin 100 pmoliul 733.95 73495 M+ H]'
Peptide mixture
Angiotensin 11 30 pmoi/ul 1046.21 524 M+ 2]
ValTyrVal 130 pmol/ul 379.4 380.4 [M + H]"
Met-Enkephalin 90 pmol/ul 555.6 556.6 [M + H]'
Leu-Enkephalin 90 pmol/ul 573.6 574.6 [M + H]’
Biotin 500 pmol/pl 24431 24531 [M+ H|'

* Relatively high sample concentrations were used to allow quantitation of performance under unfavorable conditions.
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initially reduced and alkylated by reconstituting
10-30 nmols of lyophilized protein in 100 nl1 6 M
guanidine-HCl. A 100-u1 volume of 0.8 mg/ml
dithiothreitol in ammonium bicarbonate (pH
7.8) was added and incubated for 30 min at 37°C.
A 100-u1 volume of 1.1 mg/ml iodoacetic acid in
ammonium bicarbonate (pH 7.8) was added and
incubated for 30 min at 37°C. To the reduced
and alkylated sample, 20 ug proteolytic enzyme
[TPCK trypsin or endoproteinase Lys C (Prom-
ega Chemical, Maddison, WI, USA)] was added
in buffer to a final volume of 650 ul and a final
analyte concentration of 1 nmol/25 pul. For
modified TPCK trypsin digest, a 50 mM am-
monium bicarbonate buffer (pH 7.8) was used.
For endoproteinase Lys C digest, a 25 mM Tris,
1 mM EDTA (pH 7.8) buffer was used. For
both digests, the samples were incubated at 37°C
for 18 h. The digested samples were not further
desalted and were stored at <5°C.

3. Results and discussion
3.1. TFA Fix

The signal suppressing effects of strong acids
such as trifluoroacetic acid have been well docu-
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mented and are discussed in the introductory
remarks. Fig. 2 shows a comparison of samples
run in the FIA mode using 1% acetic acid or
0.2% TFA as a mobile phase. The spectra of the
analytes shown in Fig. 2 do not show significant
differences between the two acids; this is, how-
ever, to be expected since all the analytes,
except for gramicidin S and the peptide mixture
appear, as singly charged species. The two pep-
tide samples (gramicidin S and the peptide
mixture) did not show spectral shifts in the
charge states. The chemical equilibria involved
in the proposed mechanism are shown in Fig. 3.
Equilibrium 1 in the electrospray positive mode
generates excess positive charge in the sprayed
droplets. If TFA is present in the solvent, the
strong acid equilibrium 2 exists. The main ion
production mechanism during normal electro-
spray is shown in equilibrium 3 in which analyte
molecules are (multiply-) protonated and can be
released into the gas phase by an ion evaporation
process. If a weak acid additive, such as propion-
ic acid is also present in solution, the weak acid
equilibrium 4 also exists. Equilibrium 5 shows
the process primarily responsible for signal sup-
pression by strong acids such as TFA
(CF,COOH): ion-pair formation between ana-
lyte ions formed in equilibrium 3 and TFA

1000

16 00

Fig. 2. Signal suppression by TFA containing mobile phases. FIA of probes with 1% acetic acid in 50% acetonitrile (top) or 0.2%
TFA in 50% acetonitrile (bottom) at 100 p]/min. See Table | for analyte characteristics.
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1) xHO - e~ — > H30" +("OH)-xH 0 Electrospray lon Generation

2) H,0 + CF3COOH —==- CF3C00 + Hiot Strong Acid Equilibrium (TFA)

3) M+ HZ0 _— (M+H)"? + H,0 Protonation of Sample Molecules
4) H,0 + RCOOH —~=— RCOO + H 30+ Weak Acid Equilibrium (Propionic)

L - + -
5) (M+H)™} + CF,C00 —==. (M+H)" - CF ,CO0

g 9
CF3COOH f + RCOO™

6) CF3COO- + RCOOH { —

+@ - + -
7) (M+H) "} + RCoOO ——— (M+H)"-RCOO

— @ 0

0 Strong lon Pairing with TFA-Anion

Acid Competition (TFA more volatile)

"0 Weak lon Pairing with PA-Anion

Protonated sample molecules can be extracted by the high electric field or ejected from the droplets

Neutral acid molecules of sufficient volatility can evaporate, while the droplets are shrinking in size

Fig. 3. Proposed mechanism for the TFA signal suppression. See text for discussion.

anions formed in equilibrium 2. Equilibrium 6
shows the basis of TFA Fix: in the presence of
high concentrations of a weak acid such as
propionic acid (RCOOH). the acid competition
between TFA and propionic acid is driven by
mass action towards deprotonation of propionic
acid. The protonated TFA can be evaporated to
some extent from the droplet. Finally, equilib-
rium 7 shows that the weak ion pairing between
the analyte and the weak acid favors the proton-
ated analyte which can be ion evaporated and
subsequently focused and mass analyzed.

In optimizing the TFA Fix method, a range of
weak organic acids at varving concentrations
were evaluated. Fig. 4 shows the cffect of adding
a serics of nm-alkvl carboxylic acids: formic.
acetic, propionic. butvric and valeric acid at
concentrations ranging from 0 to 20% . The data
shown in this figure represent a plot of the mean
effect based on a factorial experiment for a
number of FIA probes (sce Experimental sec-
tion) in 0.2% TFA, varyving the additive acid and
additive concentrations. In a factorial experi-
ment, all combinations of a several variables are
evaluated with respect to one or more responses.
The effect due to the individual variables can be
statistically extracted from this data. Interactions
between the variables can also be assessed. For
the factorial experiments described in Fig. 4. the

variables were the analyte, organic acid and acid
concentrations; the response was the signal in-
tensity. The mean effect shows the statistically
calculated effect averaged over different samples
caused by a change in acid species and the
change in acid concentration. With the exception
of formic acid, all these additives gave enhanced
performance. The effect increased in the order
acetic, propionic and butyric acid and decreased
with valeric acid. We speculate that this is due to
an optimal volatility. If the acid is too volatile,

Intensity {counts}

1,400.000 T e =
Formic
1200000 ——
Acetic
1 600,029 ——
800.000 Propionic
600.000 ButXric
400.039 | Valeric
! —
200,000 |
!

8}
0 5 10 15 20 25
% Organic Acid (Post-Column Addition)

Fig. 4. Effect of different organic acid additives. Signal
abundance based on mean main effect for a mixture of
peptides (see Table 2). Post-column additive in 2-propanol
added at 100 pl/min for mobile phase flow of 0.2% TFA in
50% acetonitrile at 200 wl/min.
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e.g. acetic acid, the mass action driving the acid
equilibrium (in Fig. 3) towards deprotonation of
the weak acid will not be as effective and some
signal suppression will still occur. On the other
hand, if the acid is not volatile enough, as is the
case with valeric acid, addition of large amounts
of the acid to the droplets prevents rapid de-
solvation, interfering with the ion evaporation
process. For routine work. propionic acid was
chosen because the slight performance advantage
of butyric acid did not balance its obnoxious
odor.

In addition to the weak organic acid. an
organic carrier solvent is also added in the TFA
Fix method. The role of this solvent is primarily
that of a carrier, but the surface tension reducing
effects may also play a role in generating a stable
enhanced signal. A number of different solvents
were evaluated including 2-propanol, acetoni-
trile, methanol. ethanol, butanol-acetonitrile. 2-
methoxyethanol. 2-methoxyethanol-2-propanol
and 2-methoxyethanol-butanol. The results are
shown in Fig. 5. The data in this plot represent a
tactorial experiment for a number of FIA probes
in 0.2% TFA with varying additives composed of
various organic solvents with a constant 15%
acetic acid as the weak organic acid additive. In
addition, the same samples were run without any
additive with and without TFA present. As can
be seen from the graph. 2-propanol vielded the
best results at approximately 105% of the signal

1) R — L a0
w5000 & - e
35000 - - &

i e\

25000 |

| a

Viean Signal

15C00 + IR sl

5000 ———

NoTFA
P (No TFA) [

Z-Piopanc

> 2ICNAL it

2 ENRR

Fig. §. Effect of organic carner solvent. Signal abundances
and SNRs based on mean main ctfect tor a series of analvtes
(sce Table 1). Post-column additive include 5% acetic aaid
in organic solvent added at 100 p1'min for mobile phase flow
of 0.2% TFA in 50% acctonitrile at 200 pl/min.
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obtained in the absence of TFA. This represents
a 10-fold improvement relative to the same
samples run in 0.2% TFA in the absence of any
additive. With acetonitrile a signal of about 70%
is found. with mixtures of 2-methoxyethanol and
butanol of ca. 40%, while with 2-methoxy-
cthanol alone a signal of only 20% is found.
Experiments were also conducted to evaluate the
mutual interaction between organic acid and
organic carrier solvent. However, no significant
interactions were found. For routine work, 2-
propanol was used as the carrier solvent.

Using an additive of propionic acid-2-pro-
panol, the proportions of the two components
and the flow relative to the mobile-phase flow-
rate were evaluated. In general, it was found
that a maximal signal and signal-to-noise ratio
were obtained through post-column addition of a
solution of propionic acid-2-propanol (75:25) at
a flow-rate approximately half that of the mobile
phasc.

As mentioned in the introduction, it had been
thought previously that the signal suppression
was primarily due to conductivity and surface
tension effects. If this were the case, then the
addition of 2-propanol alone would result in
reduction of both the conductivity (by dilution)
and the surface tension, and consequently would
result in increased performance. However, as
can be seen in Fig. 6a. this expcriment results in
only a 1.8-fold improvement compared to the
30-fold increase in the optimized TFA-Fix ex-
periment (Fig. 6c). The FIA sample shown in
Figs. 6a.c consisted of a mixture of ValTyrVal,
biotin. reserpine and gramicidin s, each at the
concentrations shown in Table 2. Evaluation of
the individual extracted ion chromatograms
showed improvements similar to those of the
total-ion chromatogram of the mixture. The ton-
pairing mechanism is further corroborated by the
observation that analysis of a weakly basic,
“almost neutral” compound such as diphenyl-
thiourea actually shows a 2-fold increase in
performance in a 0.2% TFA containing mobile
phase relative to a 1% acetic acid containing
mobile phase (Fig. 6b). In this case, the strong
acid does not ion pair, but does enhance the
protonation of the analyte.
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Fig. 6. Mechanism of TFA Fix. Sce text for discussion.



A Apffel et al. ¢ J. Chromatogr. A 712 (1995) 177190 185

tntensity
{counts) L. @ <
0 % Propionic & < 12 X &
300000 ; & 4 & O Si
: & N & & &
i & g & & 3 S @
200000 | S &£ & IS & N & &
: A& N & N @é‘ & & &
100000 ° < 2 S S o & & <q
o et St Mt atdpadag P
200 4.00 6.00 800 10.00 12.00 14.00 16.00
5 % Propionic
300000 .
200000 :
100000 - i b ot
- A LR N GOSN NN W, /'\«_I\JJLLJN‘JL'LJ [
0~ . R T
2.00 400 6.00 800 10.00 12.00 14.00 16.00
10 % Propionic
300000 : |
200000 : !
100000 - sk J 1 , W /
e AL AL L I PO et A A ‘va\mk‘ [ N LJLW
Q Zrm e e e
Time (min)  2.00 400 6.00 8.00 10.00 12.00 14.00 16.00

Fig. 7. Effect of TFA Fix on HCL. FIA of probes with 19 HCl in 50% acetonitrile at 100 ul/min. See Table 1 for analyte
characteristics. Post-column additive in 2-propanol added at 100 wl/min for mobile phase flow of 200 u1/min.
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Fig. &. Effect of TFA Fix on HFBA. FIA of probes with 19¢ HFBA in 50% acetonitrile at 100 u1/min. See Table 1 for analyte
characteristics. Post-column additive in 2-propanol added at 100 z1/min for mobilte phase flow of 200 p1/min.
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propionic acid (in 2-propanol) to mobile phases
containing HCl and HFBA for a series of FIA
probes. The results observed are similar to those
obtained in the TFA experiments.

Experiments have shown that TFA Fix works
well for peptides and small proteins. However.
the effect decreases rapidly as the molecular
mass increases: the magnitude of the TFA signal
suppression as well as the degree of signal
recovery by the TFA Fix is more dependent on
the concentration of the sample and the TFA
concentration than for smaller molecules such as
peptides. For example, for a 1 pmol/ul solution
of cytochrome ¢, infused at 50 wl/min, 0.2%
TFA will result in a 250-fold decrease in signal
intensity relative to the same sample in 1%
acetic acid. Adding the TFA Fix results in an
approximately 60-fold signal recovery. For larger
proteins, it is not possible to break up enough
ion pairs with TFA anions to efficiently recover
the signal. We speculate that this effect is due to
the greater number of protonation sites.

3.2. Applications: peptide mapping

As examples of the practical use of the TFA
Fix, the following demonstrates a number of
peptide mapping applications. For routine oper-
ations, the instrumental setup shown in Fig. 1
was used. In this system, the column effluent
passes through the diode-array detector and the
switching valve before the post-column additive
is introduced. This allows UV-Vis signal and
spectra to be acquired independent of the spec-
tral characteristics of the additive. The switching
valve allows the initial 5 min of the separation to
be shunted to waste preventing excess reagent
and salts from entering the electrospray
chamber. Monitoring the UV signal ensures that
no useful peaks are missed during this initial
elution period.

Fig. 9 shows the analysis of a tryptic digest of
lysozyme. The sample was separated under stan-
dard conditions on a 2.1 mm L.D. column at a
flow-rate of 200 ul/min with a 60-min gradient
from 0 to 60% acetonitrile with a constant (.2
TFA. The amount of total protein was 1 nmol.
200 pmol and 40 pmol in Fig. 9a. b and c.
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respectively. At the 1 nmol level, essentially all
components that can be seen in the UV (214 nm)
signal are present in the MS total-ion chromato-
gram (TIC). Furthermore, in the absence of the
TFA Fix, the signal is markedly reduced, al-
though some peaks can be seen. For the 200
pmol and 40 pmol samples, there are essentially
no peaks in the MS TIC trace for the sample run
without the TFA Fix, while the sample run with
the TFA Fix still shows most peaks seen in the
UV signal. At the 40 pmol level, the UV signal
shows some increase in baseline which is not
present in the MS TIC trace. It should be noted
that both solvent A and B in the gradient system
contained 0.2% TFA. Carefully balancing the
TFA content of the solvents could reduce the
increase in baseline in the UV trace.

The sensitivity shown here is not the ultimate
that could be obtained. In these experiments,
care was taken to use a ‘‘standard” HPLC
method. Specifically, a 2.1 mm [.D. column was
used at conventional flow-rates. It has been
shown [18], that electrospray operates as a
concentration-, rather than as a mass-sensitive
detector. This causes reduction of the HPLC
column diameter to result in increased peak
concentration for a given amount of sample. In
principle, the TFA Fix could be used with
miniaturized HPLC systems using 320 um L.D.
packed capillaries (or smaller), to take advantage
of the concentration sensitivity inherent to all
electrospray systems. However, such systems are
generally less routinely used and require some-
what more expertise. It should also be noted that
the mass spectrometric data acquisition was
performed under strict standards. Acquisition
rates for all experiments were at least 1 Hz in
order to preserve chromatographic resolution.
Slower acquisition rates might be used to reduce
the noise levels through averaging, but this
would result in compromising the chromato-
graphic separation. Additionally, in these experi-
ments. unit resolution was maintained across the
mass range of the mass spectrometer. Using
lower resolution may result in enhanced sen-
sitivity at the price of spectral resolution. Using a
unit resolution is useful in determining charge
states of ions in the peptide mass spectra. In
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typical digests, common charge states are +5 and
less. Unit resolution allows explicit discrimina-
tion between singly- and doubly-charged ions.
For doubly-charged ions, the isotopic peaks are
not completely resolved, but two separate peaks
can clearly be seen. For charge states higher than
+3, isotopes are generally not resolved, but the
unresolved peak width differentiates these ions
from singly- and doubly-charged ions.

As a second application, Fig. 10 shows the
identification of sites of oxidative modification of
glutamine synthetase. Glutamine synthetase is
known to undergo oxidative modification in vivo.
resulting in reduced enzymatic activity [19]. The
enzyme can be oxidized in solution using an
iron—ascorbate system [20]. Glutamine synthe-
tase is known to have three sites of oxidation. In
this applications. endoproteinase Lys C digests
of both native and oxidized glutamine synthetase
were run under identical conditions. Examina-
tion of the MS TIC shows clear differences in the
signal at two specific areas. The first, at approxi-
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mately 47 min shows a molecular mass of 2770.
From the previously determined cDNA-based
sequence of glutamine synthetase a Lys C frag-
ment would be predicted with molecular mass of
2784 (L13 + L14). One possible explanation of
the 14 Da discrepancy is a DNA point mutation,
or more probably, a single point error in the
original sequence determination. The fragment
at 47 min was collected and sequenced and found
to have an Ala instead of a Gly at residue 267. In
the oxidized digest, the L13+L14 fragment
disappears and a peak at a slightly later retention
time appears with a molecular mass of 2786 Da.
The 16 Da difference between the two suggests
an oxidation. Collection and sequencing of this
fragment in the digest of the oxidized form of
glutamine synthetase, the expected His[269] dis-
appeared and a new unidentified peak appeared
between Asp and Ser. Subsequent electrospray
mass spectral analysis of modified amino acid
collected from Edman sequencing indicates a
structure consistent with 2-oxo-histidine based

L13+L14
Predicted from sequence: 2784
Found: 2770

' D=14: ala-gly substitution

”»JMLJ JLN\AWJ * 1

mmm'w‘\ (‘”’

-2000 ] w 0l
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Oxidized (L13+L14)
6000 7 Found: 2786
 ge . Modification of
eo | Oxidized Protein His[269] to 2-oxo-His
Time (min) 10.00 20.00 30.00 40.00 50.00 60.00 70.00

Fig. 10.

Identification of oxidative modifications in endoproteinase Lys C digests of glutamine synthetase.
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on molecular mass and possible fragmentation.

The second site, at a retention time of 68 min.
shows a diminished signal in the oxidized digest,
although no corresponding new peak appears.
The molecular mass of the component in the
native digest is 5989 Da which is consistent with
the predicted Lys C digest fragment L9. This
fragment, indeed, contains the HHH sequence at
residue 177-230 which is also believed to under-
go oxidative modification. Similar experiments
with trypsin digest (not shown) yielded similar
results.

As a final example. the electrospray LC-MS
was used with the TFA Fix for the identification
of sites of post-translational glycosylation in an
endoproteinase Arg C digest of single-chain
plasminogen activation factor. In this applica-
tion, in-source collisionally induced dissociation
(CID) was used to generate fragments which can
be used as markers for glycosylation. The tech-
nique, based on the method described by Carr
and co-workers [21.22], tracks glycoforms by
looking for fragments characterizing fucose (m/z
147), HexNAc (m/z 204), sialic acid (m/z 292)

a) Scan Acquisition
CID@100V
Total lon Current

|
NN,
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and HexNAc + Hex (m/z 366). Fig. 11 shows
the results of two separate acquisitions. The top
TIC shows a full-scan acquisition with CID
energy sct relatively low (CapEx voltage, 100
V). Under these conditions, there is very little
fragmentation and most digest fragments are
detected as singly- or multiply-charged ions with
molecular masses corresponding to the nonfrag-
mented peptide. The four lower chromatograms
were acquired in a SIM acquisition in which only
the ions listed above corresponding to glycosyla-
tion markers were recorded. For this acquisition,
the set CID potential was higher (CapEx volt-
age, 200 V) resulting significant structural frag-
mentation. Although these ion chromatograms
could be extracted from full-scan acquisition
data, using SIM enhanced the detection limits
for the fragmentation. As can be seen from the
chromatograms, the glycosylation patterns are
relatively complex. Note the relatively broad
peaks in the glyco-marker SIM traces compared
to the scan TIC. This is due to the microhetero-
geneity of the glycoforms resulting in broad,
un-resolved groups at individually lower levels

!| i\ i R
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A i k’\/\) LJL'_;LA_/\ ! J\Jl .Y ] e A TK..A_A_/\ ,
SIM Acquisition Conditions:
CID @ 200V ‘ Sample: 2nmole Total Protein
] . ;
Bi b) m/z 147: Fucose Jl >.i , (S:;l:::::io;q:T:::\m i.d. 5um Vydac C18 300A
] N’_J\\J ‘\ ho I Solvent B: 0.2%TFA/Acetonitrile
> S e e e Gradient 0-50%/90min @ 0.2 mLfmin
"(% Additive: 100 ul/min 75% Propionic AcidIPA
S | . MS Data: 200-1800amulsec
b= ¢) m/z 204: HexNAc B [ CID Data: SIM : CID@200V, 2Hz Acquisition
-_ ﬁ\ i ‘\ ) UV Data: 214nm
ko] L
sq) b Ju/;\ﬂm,\w/\,,‘_,,/EMJJ T ’L 2 7:7' N\ vf\ N
©
£ o
) d) m/z 292: Sialic Acid { h
Z \ , \
] . ), S e N
d) m/z 366: HexNAc + Hex J) :‘\
i e e = 7 T T
Time (min) 10.00 20.00 3000 40.00 50.00 60.00 70.00 80.00

Fig. 11. Detection of glycosylation in endoproteinase Arg

€ digest of single-chain plasminogen activation factor. (a) Scan

acquisition with low CID cnergy (CapEx. 100 V). (b)-(d) SIM acquisition with high CID energy (CapEx. 200 V).
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which are not detected by the scan acquisition.
This demonstrates a rapid and easy method to
screen samples for glycosylation.

4. Conclusions

In conclusion, the method presented here is
able to counteract the signal suppression effects
of trifluoroacetic acid containing mobile phases
in electrospray LC-MS. The method. termed
TFA Fix consists of post-column addition of
propionic acid-2-propanol (75:25) at a flow-rate
half that of the mobile phase flow-rate. The TFA
Fix results in 10-50 fold improvement in signal.
The proposed mechanism for both TFA signal
suppression and signal recovery by the TFA Fix
is based on ion pair formation between analyte
and the TFA anion. The TFA Fix acts by
competitively interfering with this equilibrium.
The method was shown to be useful for a
number of ditferent applications of peptide map-
ping.
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