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Abstract

Capillary reversed-phase high-performance liquid chromatography (RP-HPLC) utilizing monolithic poly(styrene—divinylbenzene) columns
was optimized for the coupling to electrospray ionization mass spectrometry (ESI-MS) by the application of various temperatures and mobile
phase additives during peptide and protein analysis. Peak widths at half height improved significantly upon increasing the temperature and
ranged from 2.0 to 5.4 s for peptide and protein separations’&@.7®electivity of peptide elution was significantly modulated by temperature,
whereas the effect on proteins was only minor. A comparison of 0.10% formic acid (FA), 0.050% trifluoroacetic acid (TFA), and 0.050%
heptafluorobutyric acid (HFBA) as mobile phase additives revealed that highest chromatographic efficiency but poorest mass spectrometric
detectabilities were achieved with HFBA. Clusters of HFBA, water, and acetonitrile were observed in the mass spécta s >500.

Although the signal-to-noise ratios for the individual peptides diverged considerably both in the selected ion chromatograms and extracted
mass spectra, the average mass spectrometric detectabilities varied only by a factor of less than 1.7 measured with the different additives. Limits
of detection for peptides with 500 nl sample volumes injected onto a 66«n@20 mm monolithic column were in the 0.2—-13 fmol range.

In the analysis of hydrophobic membrane proteins, HFBA enabled highest separation selectivity at the cost of lower mass spectral quality.
The use of 0.050% TFA as mobile phase additive turned out to be the best compromise between chromatographic and mass spectrometric
performance in the analysis of peptides and proteins by RP-HPLC—ESI-MS using monolithic separation columns.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction guencing methods for peptid¢$,5], as well as the avail-
ability of high-performance mass analyzd6s7] such as
The concept of comprehensive proteome analysis by uti- quadrupole ion trap, Fourier-transform ion cyclotron, or de-
lizing combined high-resolution separation methods and layed extraction reflectron time-of-flight mass analyzers.
mass spectrometry (MS) has revolutionized modern bio- Successful separation and purification of the analytes before
chemical, biological, and biomedical resedithMass spec-  mass spectrometric investigation, on the other hand, remains
trometric analysis of proteins has benefited tremendously the bottleneck of proteome analysis in the face of extreme
form several major technical advances during the past two sample complexity, ranging from a few thousand proteins in
decades, including the introduction of electrospray ioniza- cell organelle$3] to a few hundred thousand proteinsin blood
tion (ESI)[2] and matrix-assisted laser desorption/ionization serum[9]. In due consequence, major advances in separation
(MALDI) [3], the development of fragmentation-based se- technology are mandatory.
Two-dimensional gel electrophoresis (2D-GHY] has
« Corresponding author. Tel.: +49 681 302 2433; fax: +49 681 302 2063. P€€N the standard method for high-resolution protein sepa-
E-mail addresschristian.huber@mx.uni-saarland.de (C.G. Huber).  fations over the past 25 years, mainly because of its unique
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ability to fractionate several thousand proteins in a single entails analysis times of several hours for complex protein or
run. Gel-electrophoretic methods have been complementedpeptide mixture$16]. Polymeric stationary phases based on
by high-performance liquid chromatography (HPLITL], poly(styrene—divinylbenzene) (PS—DVB) have been shown
which offers the additional advantages of full automation, torepresentan alternative to silica-based stationary phases for
quantitative capability, compatibility with very small, very rapid and efficient peptide and protein separations. In order
large, and strongly hydrophobic proteins, and the possibility to enhance mass transfer, these stationary phases have been
for direct interfacing to MS, however, at the cost of lower applied in the configurations of totally non-porous particles
separation performance. The latter limitation was overcome [17,18] particles with abimodal pore size distributiid®], or
in part by multidimensional HPLC upon combination of as monolithic column bed0,21] The polymers are chem-
two, ideally orthogonal, chromatographic separation modesically stable even at elevated column temperatures, which is
[12,13] desirable for rapid and high-resolution separations. The rapid
The most popular chromatographic mode for high- mass transfer in micropellicular, monolithic column beds has
resolution separation of peptides or proteins is reversed-phasenabled highly efficient peptide and protein separations at
(RP) chromatography, involving gradients of acetonitrile in 50-70°C with peak capacities of 80—-130 within 10 nj#t2].
aqueous solutions of organic acids in conjunction with hy-  The operational variables for chromatographic peptide
drophobic stationary phases. Nevertheless, acidic additivesand protein separations have been studied in detail with silica-
dissociate forming carboxylate ions, which adsorb to the based reversed-phase stationary phases, for which the sup-
stationary phase due to their amphiphilic properties with a pression of silanophilic interactions with basic analytes such
tendency increasing with their hydrophobicity. The result as peptides and proteins by means of suitable mobile phase
is the formation of a surface potential which is character- additives plays animportant rd23,24] However, such elec-
istic for ion-pair reversed-phase (IP-RP) chromatography trostatic secondary interactions do not need to be considered
[14,15] Consequently, both solvophobic interaction between with polymeric, PS—DVB-based stationary phases, leaving
hydrophobic sections of the analytes and the hydrophobic more freedom in the choice of separation conditions. If the
surface as well as electrostatic interaction between chargedchromatographic separation is to be hyphenated to ESI-MS
analyte functionalities and amphiphilic ions adsorbed onto [25,26] the mobile phase composition needs to be optimized
the hydrophobic surface contribute to chromatographic re- with respect to sensitive analyte detection, which is more
tention. than ever important for proteomic applicatid23]. In order
Despite considerable advances, column technology still to fully exploit the potential of PS—-DVB stationary phases
holds the most promising potential for significant im- of monolithic column configuration for high-resolution pep-
provements in chromatographic separation performance andide and protein separations, we studied here the effects of
miniaturization. Macroporous butyl- or octadecyl-silica par- column temperature and mobile phase composition both on
ticles having 10-30 nm pores represent the most commonchromatographic and mass spectrometric performance in RP-
stationary phases for RP separations, but slow mass transfeHPLC—ESI-MS systems.

Table 1

Standard proteins and peptides used in this study

Numbef Protein or peptide Origin or sequefice Molecular mass

Proteins
1 Trypsin inhibitor Soybean 20091
2 Ribonuclease A Bovine pancreas 13682
3 Cytochromec Horse heart 1236Q
4 Lysozyme Chicken egg 14335
5 Transferrin Human 79598
6 B-Lactoglobulin B Bovine milk 18278
7 B-Lactoglobulin A Bovine milk 18362
8 Catalase Bovine liver 5758
9 Ovalbumin Chicken egg 43000-45000

Peptides
1 Bradykinin fragment 1-5 RPPGF 582
2 [Arg®]Vasopressin CYFQNCPRG-amide 1083
3 Methionine enkephalin YGGFM 573
4 Leucine enkephalin YGGFL 555
5 Oxytocin CYIQNCPLG-amide 1006
6 Bradykinin RPPGFSPFR 1089
7 Luteinizing hormone releasing hormone (LHRH) pEHWSYGLRPG-amide B181
8 Bombesin PEQRLGNQWAVGHLM-amide 161y
9 Substance P RPKPQQFFGLM 1387

@ Numbers used to identify the peaks in the chromatograms.
b Cysteine residues in bold letters indicate disulfide bridges; pE denotes pyroglutamic acid.
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2. Experimental sity of Viterbo, Italy). Trypsin (sequencing grade modified)
was obtained from Promega (Madison, WI, USA). Water was
2.1. Chemicals and samples purified by a NANOpure-Infinity water deionization system

from Barnstead (Dubuque, 1A, USA). Concentrations of the
Acetonitrile (HPLC gradient-grade) was obtained from mobile phase additives are given as % (v/v) throughout the
Merck (Darmstadt, Germany). Trifluoroacetic acid (TFA, for text.
protein sequence analysis), heptafluorobutyric acid (HFBA,
analytical reagent grade) and formic acid (FA, analytical 2.2. High-performance liquid chromatography and
reagent grade) were purchased from Fluka (Buchs, Switzer-interfacing with electrospray ionization mass
land). All standard proteingable ) and the peptide standard  spectrometry
(P2693,Table 1 were obtained from Sigma (St. Louis, MO,
USA). The sample of Lhcb proteins isolated from spinach ~ The Ultimate fully integrated capillary HPLC system (LC
was kindly donated by L. Zolla and A.M. Timperio (Univer- Packings, Amsterdam, The Netherlands) with a column oven
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Fig. 1. Separation of nine peptides by IP-RP-HPLC on monolithic capillary columns at different temperatures. Column: PS—DVB monolitk,G620mm
i.d.; mobile phase: (A) 0.050% trifluoroacetic acid in water, (B) 0.050% trifluoroacetic acid, 50% acetonitrile in water; linear gradient: 0—-6@mik;jn 1
flow rate: 1.8-2.Qul/min; temperature: (a) 22C, (b), 28°C, (c) 40°C, (d) 50°C, (e) 60°C, (f) 70°C; detection: UV, 214 nm; sample: mixture of nine peptides,
309-874 fmol each, peak identificationTable 1
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(model CTO-2A, Shimadzu, Kyoto, Japan) was used for all 3. Results and discussion
chromatographic experiments with UV detection. The HPLC
system was controlled by a personal computer with the Ul- 3.1. Effect of column temperature on peptide and protein
tichrom software version 1.2 (LC Packings). The detection separation by IP-RP-HPLC
cell was a 3nl ULT-UZ-N10 cell from LC Packings. The
system used for HPLC—ESI-MS experiments consisted of  Column temperature has been known as a major determi-
a low-pressure gradient mixing micropump (model Rheos nant of separation efficiency and selectivity in peptide and
2000, Flux Instruments, Basel, Switzerland) controlled by a protein separations for a long tin@0]. Nevertheless, silica-
personal computer, a vacuum degasser (Knauer, Berlin, Gerbased columns are preferentially operated at temperatures
many), a column thermostat made from 3.3 mm o.d. copper around ambient because of chemical instability of the bonded
tubing which was heated by means of a circulating water bath stationary phase during extended use at elevated tempera-
(model K 20 KP, Lauda, Lauda#figshofen, Germany), and  tures. Stationary phases based on PS—-DVB copolymers, on
a microinjector (model C4-1004, Valco, Houston, TX, USA) the contrary, are very stable up to temperatures 6{3and
with a 500 nl internal sample loop. ESI-MS was performed more. Hence, in order to optimize separation speed and se-
on a quadrupole ion trap mass spectrometer (esquire HCT Jectivity, one may take advantage of a considerably broad
Bruker Daltonics, Bremen, Germany, used for the experi- range of operable column temperatures with PS—DVB-based
ments illustrated irFigs. 5 and 6or an LCQ classic from  monolithic columns.
Thermo Finnigan, San Jose, CA, USA, used for the exper-  Fig. lillustrates the separation of a mixture of nine syn-
iments illustrated irFigs. 7 and Bequipped with a triaxial  thetic, bioactive peptides at column temperatures between 22
electrospray ion source. and 70°C with a gradient of acetonitrile in 0.050% aqueous
Monolithic capillary columns (60 mmx 0.20mm i.d.) TFA. At 22°C, separation of the nine peptides was achieved
were prepared according to the published prot§28] and within 13 min, and merely methionine enkephalin and oxy-
are commercially available for peptide and protein separa- tocin were partially separateHify. 1a). Peptide retention de-
tions from LC Packings (Monoliths, Amsterdam, The Nether- creased continually upon increasing the temperature t€70
lands). The capillary column was directly connected to the (Fig. 1b—f). However, the relative decreases for the individ-
spray capillary (fused silica, 90m o.d., 2Qum i.d., Polymi- ual peptides were different, which facilitated a separation
cro Technologies, Phoenix, AZ, USA) by means of a mi- to baseline of all nine peptides both at 28 and®G0 At
crotight union (Upchurch Scientific, Oak Harbor, WA, USA). 40°C, oxytocin and leucine enkephalin were only partially
For analysis with pneumatically assisted ESI, an electro- separatedKig. 1c) and at 50C, they exchanged elution or-
spray voltage of 1-3kV and a nitrogen sheath gas flow der (Fig. 1d) to become separated to baseline again 460
were employed. Mass calibration and tuning were performed (Fig. 1e). Bradykinin fragment 1-5 was only poorly retained
according to the manufacturer's recommendations. Fine-at 50°C and eluted in the injection peak at 60 and®Z0
tuning for ESI-MS of peptides and proteif28] was accom- [Arg®]Vasopressin and methionine enkephalin coeluted at
plished by infusion of a 0.9 pmall solution of bradykinin, 70°C (Fig. If). Temperatures higher than 70 were not
a 0.4 pmolfl solution of cytochrome, or a 6.9 pmolil so- practicable because of beginning evaporation of acetonitrile.
lution of carbonic anhydrase in 0.050% aqueous TFA so- Under constant gradient conditions, the average peak
lution containing 20% (v/v) acetonitrile at a flow rate of width at half height was 3.6 s at 28 and reached a mini-

3.0ul/min. mum of 2.8 s at 50—78C with a concomitant slight decrease
Table 2
Peak widths at half height of peptides and proteins as a function of temperature
Peptidé b1/2 (s) Proteirt by/2 (s)

22°C 50°C 70°C 23°C 50°C 70°C
1 - - - 1 3.1 5.0 35
2 3.2 2.8 n.d 2 8.2 3.1 3.0
3 3.8 3.3 n.d. 3 35 3.3 3.6
4 3.8 3.1 4.1 4 n.d. 3.2 3.1
5 3.4 25 2.0 5 4.7 5.0 51
6 4.3 3.5 3.1 6 n.d. 3.1 3.1
7 35 2.6 25 7 n.d. 3.0 2.8
8 3.1 2.4 2.5 8 5.4 4.1 4.0
9 34 25 2.6 9 6.6 54 54
Average 3.6 2.8 2.8 Average 5.3 3.9 3.7

Peak identification iTable 1
@ Chromatographic conditions askigs. 1 and 2
b Not determined because of coeluting peaks.
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height ranging from 3.1 to 6.6 3¢ble 9. The average peak

width at half height was minimal at 7. The best separation

of B-lactoglobulin A and B was achieved at 60 and@with

a resolution of 1.7. A baseline separatiorBefactoglobulin
9 A and B, which is a good indicator for the performance and

selectivity of reversed-phase columns, could be achieved at
12 3 T 80°C with a shallower acetonitrile gradient (see Fig. 2 in
[31]).
4 The early elution of trypsin inhibitor before ribonuclease
Aat23°C (Fig. 2a), 28, and 40C was remarkable, consider-
' ‘ ' ' ing its comparatively large molecular size. At80D(Fig. 2b),
however, the trypsin inhibitor peak suddenly shifted between
transferrin and3-lactoglobulin B, indicating a transition of
two different conformations of the protein at a temperature
50 °C 9 between 40.0 and 50°C. For the rest of the proteins, elution
order remained constant and resolution values varied only to
a minor extent in the investigated temperature range, which
indicates that column temperature has only a minor effect
on separation selectivity with proteins. Columns proved to
be very stable at temperatures up to°@) as no untoward
effect on separation efficiency or column back-pressure was
detectable even after extended use for several months.
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3.2. Influence of mobile phase additive and additive
concentration on the chromatographic separation of
9 peptides

70°C 5 8 The surface concentration of the amphiphilic ion and the
4| 87 ionic strength in the eluent play a major role in determining
1 1 the interaction of peptides and proteins with the stationary
phase in RP-HPLC. At high surface concentrations of am-
phiphiles, most of the hydrophobic surface is covered and
electrostatic interactions between the generated surface po-
U tential and charged groups of the peptides dominate retention.
0 ] I . I Moreover, an increase in the hydrophobicity of the pairing
© 0 tir?1e [min] 10 ion usually entails an increase in retention times of peptides,
which is desirable especially for small and hydrophilic pep-
Fig. 2. Separation of nine proteins by RP-HPLC on monolithic capillary tides that a_re poorly retained on RP columns.
columns at different temperatures. Column: PS-DVB monolith, 60 mm Adsorption isotherms for TFA and HFBA on octadecyl-
x 0.20mm i.d.; mobile phase: (A) 0.050% trifluoroacetic acid in water, Silica have shown that their surface concentration may differ
(B) 0.050% trifluoroacetic acid, 80% acetonitrile in water; linear gradient: by more than one order of magnitude atsimilar concentrations
20-70% B in 10 min; flow rate: 1.7-2yd/min; temperature: () 2, (b) i the mobile phasg32]. Previous studies with monolithic
50°C, (c) 70°C; detectlon: uyv, 214nm3 _sanjple: mixture of nine proteins, PS—DVB columns revealed that di-. tri- and some tetrapep-
10-60fmol of each protein, peak identificationTiable 1 ] . A ! .
tides were not retained with 0.050% TFA as mobile phase
additive[23,33] Consequently, we attempted to increase the
in the available separation window. The results indicate that retentivity of the RP-HPLC system by using HFBA as alter-
the optimal temperature for the separation of the nine stan-native mobile phase additive. Peptide separations performed
dard peptides was between 50 and 6(Table 2. Neverthe- with eluents containing 0.010-0.10% HFBA were compared
less, differences in separation performance at various columnwith separations using TFA under otherwise identical condi-
temperatures were minor and hence, variation in column tem-tions at the optimum column temperature of°&5(Fig. 3.
perature constitutes a simple means to fine-tune selectivity of At this point, it is appropriate to emphasize that due to the
peptide elution on PS—-DVB-based monoliths. difference in molecular mass of the acids and density of the
Nine proteins were chosen to study the effect of temper- neat acids, the same concentrations of additive in volume
ature on protein separations in monolithic columns. All pro- percent correspond to different molar concentrations. Hence,
teins, except the pap-lactoglobulin A/B, were completely  0.010% (v/v) concentrations of TFA and HFBA convert into
separated at all temperatur€sy. 2) with peak widths athalf ~ molar concentrations of 13 and 7.7 mmol/l, respectively.
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Fig. 3. Separation of nine peptides by IP-RP-HPLC on monolithic capillary columns with different mobile phase additives and mobile phase acelitive co
trations. Column: PS—-DVB monolith, 60 mm 0.20 mm i.d.; mobile phase: (A) 0.010-0.10% perfluorinated carboxylic acid in water, (B) 50% acetonitrile,
0.010-0.10% perfluorinated carboxylic acid in water; linear gradient: 0-50% B in 15 min; flow rate: 1u8r@rQ temperature: 55C; detection: UV, 214 nm;
sample: mixture of nine peptides, 309-874 fmol each, peak identificatitebie 1

Bradykinin fragment 1-5 was only poorly retained and and hydrophilic bradykinin fragment 1-5 coeluted with me-
eluted as a broad peak in a 0.010% TFA eludtiy(3a) thionine enkephalinKig. 3f). For bradykinin (containing two
compared to 0.010% HFBA, where the peptide eluted as abasic amino acids) and luteinizing hormone releasing hor-
sharp peak at 7.5 mir{g. 3). This is a consequence of a mone (LHRH, containing one basic amino acid), this effect
significant increase in surface potential with adsorbed hep-was even more pronounced. Bradykinin showed less reten-
tafluorobutyrate ions, resulting in enhanced interaction of the tion than LHRH with 0.010% HFBA, indicating predominant
hydrophilic peptide containing one basic arginine residue. As solvophobic adsorption for both peptides having similar hy-
can be seen ifrig. 3, the use of HFBA instead of TFA re-  drophobicity at this concentration of pairing ion. In an elu-
sulted not only in an increase in chromatographic retention, ent containing 0.050 or 0.10% HFBA, however, bradykinin
butalsoinachange in selectivity. At 0.050% TFA and HFBA, eluted after LHRH as a consequence of the more pronounced
respectively, [Ar§]vasopressin and methionine enkephalin shift in retention due to electrostatic interaction of the triply
exchanged elution position because [Hrgsopressin con-  charged peptide.
tains both a basic arginine and the aminoterminus, whereas The separation of the peptide mixture using formic acid as
methionine enkephalin has no additional basic amino acid additive isillustrated itfrig. 4. Since the formate anionis very
residue for electrostatic interaction. Upon a further increase polar, its surface concentration can be anticipated to be rather
in the HFBA concentration from 0.050 to 0.10%, the small low, resulting in low retentivity for small and/or hydrophilic
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1.8— 4/567 Table 3
0.05% HCOOH I Estimated detection limits of bioactive peptides in RP-HPLC—-ESI-MS with
- 3 different eluent additives
¥ 2 Peptide Detection limit (fmof)
o E
Eg 8\(9 0.05% HFBA  0.05% TFA  0.1% FA
® < Bradykinin fragment 1-5 4 4 -
S5 [Arg8]Vasopressin 6 2 13
» Methionine enkephalin 4 3 3
Leucine enkephalin 3 2 2
0 n) Oxytocin 6 1 4
0 ' 5' l 1|0 1|5 Bradykinin 0.5 0.4 ®
. . LHRH 0.3 0.3 02
(@) time [min] Bombesin 1 0.4
Substance P 0.8 0.8 D
2.2 0.10% HCOOH 4 2 Values represent the average of three determinations.

graphic separatiofi34]. Nevertheless, solution conditions
need to be optimized carefully in order to obtain good mass
spectrometric detectability while, however, retaining maxi-
mum chromatographic performance. Low flows of solutions
having low surface tension and low electrical conductivity
have turned out to enable the most sensitive detection of
' I ' I ' l biopolymers by ESI-MJ27,35] This is of special impor-
tance in proteomic analyses, because the amounts of acces-
sible sample are usually very low. TFA has turned out to be
Fig. 4. RP-HPLC analysis of nine peptides on monolithic capillary columns the most practical additive for RP-HPLC of peptides and pro-
with different formic acid concentrations. Column: PS—-DVB monolith, t€ins with photometric detection, mainly because of its good
60 mmx 0.20 mmi.d.; mobile phase: (A) 0.050-0.10% FAinwater, (B)50% transmittance down to the low UV range. In combination with
acetonitrile, 0.050—0._10% FA in water; linear gradient: 0-50% B in 15min; mass spectrometric detection, however, weaker acids such as
flow rate: 1.8-2.Qul/min; temperature: 55C; detection: UV, 214nm; sam- -, mie acid or acetic acid have been shown to offer lower
ple: mixture of nine peptides, 309-874 fmol each, peak identification in . . . . .
Table 1 detection limitg[27], primarily because strong acids tend to
suppress ion formation in ESI-M36,37]
peptides. In fact, bradykinin fragment 1-5 could not be re-  In order to characterize the influence of the mobile phase
tained on the monolithic column at FA concentrations of additives on detection performance of RP-HPLC-ESI-MS
0.050 and 0.10%Fg. 4a and b). Moreover, the retention with monolithic capillary columns both from a chromato-
window was significantly compressed compared to TFA and graphic and mass spectrometric point of view, we evaluated
HBFA. None of the investigated FA concentrations facilitated the signal-to-noise ratios in the chromatograms and mass
a complete separation of the peptide mixture. Bradykinin 1-5 spectra. FA was added to the eluent at a concentration
eluted as a very broad peak during the isocratic part of the gra-of 0.10% in order to ensure acceptable chromatographic
dient. Bradykinin was only partially separated from the two performance, while TFA and HFBA were present in
coeluting peptides leucine enkephalin and oxytocin. Further- concentrations of 0.050%Fig. Sa—c illustrate the total
more, the separation selectivity remained unchanged upon arion current chromatograms resulting from the separation
increase in the concentration from 0.050 to 0.10%, leading of nine bioactive peptides (25pg each, corresponding to
to the conclusion that solvophobic interaction is mainly re- 15-43fmol) with the different mobile phase additives.
sponsible for chromatographic retention with FA as additive. Selected ion chromatograms were extracted in i
A comparison of the chromatographic performances with the range of the most abundant charge state of the peptides
three acidic additives measured at’&5revealed a decrease to characterize the chromatographic detectabilities of the
inthe average peak widths at half heightin the order FA (3.6 s peptides, which is essential for their quantitative determina-
at 0.10% concentration) > TFA (3.3 s at 0.050%) > HFBA tion. Full-scan mass spectra were extracted at the maxima

signal intensity
[214 nm, mAU]

(b) time [min]

(3.1s at 0.050%). of the chromatographic peaks, which are important for
peptide identification based on molecular mass. Moreover,
3.3. Influence of mobile phase additive on the mass a full scan spectrumi{g. 5d—i) usually forms the basis for
spectrometric detection of peptides selection of precursor ions for subsequent fragmentation and
peptide identification by tandem MS.
Since ESI-MS is performed directly from a liquid phase, The signal-to-noise ratios in the selected ion chro-

it lends itself to the on-line interfacing with liquid chromato- matograms ranged from 5 (vasopressin with FA) to 418



114 W. Walcher et al. / J. Chromatogr. A 1053 (2004) 107-117

1.23 (d) 1.97 peak 5 ©

> —_ oxytocin

25 & z | 1007.5

5T | | peak3 T | sin=29

T 2 Met enkephalin n =

=t S| | 5743 E

2o 8 S/N=71 ]

5.9, = S

@

0 LI B B | | L L L L | 0] 0
0 5 10 500 1000 1500 500 1000 1500
5.5 1 - -
1.22 (e) 1307 oaks (h)
- oxytocin
Z N Z | 10075
eP T | | oAk T | sin=oo
RN o Met enkephalin . =
£2 £ 574.3 €
T 3 4 S/N=116 3
50 & L
®
0 r ' 0 _mmu 4 ‘LJUl , " | 0 M; gLl J.m TR

T T T T T T T T 1 1
0 5 10 500 1000 1500 500 1000 1500

257 1.43 - 6.35 i
(c) 7 () peak 5 @)
2 — - oxytocin
35 |o.109 & = | 10075
g = 0.10% HCOOH T peak 3 = SN0
£2 2 Met enkephalin P
55 5 574.3 <
© g ° 3
58 2| | siN=146 8
®
ot 7T T 0 Jodiecwutll L pdaloans . 0
0 5 10 500 1000 gz 1500 500 1000 g 1500

time [min]

Fig. 5. IP-RP-HPLC-ESI-MS analysis of nine peptides with different solvent additives. Column: PS—DVB monolith, 8020 mm i.d.; mobile phase:

(A) 0.050% HFBA (a, d and g), 0.050% TFA (b, e and h), and 0.10% FA (c, f and i) in water, (B) 50% acetonitrile in (A); linear gradient: 0-50% B in 15 min;
flow rate: 2.Qul/min; temperature: 50C; detection: MS, scan, 500-1500 u; electrospray voltage: 3.5kV; nebulizer gas: nitrogen, 1.4 bar; sample: mixture of
nine peptides, 25 pg (15-43 fmol) each, peak identificatiorainie 1

(luteinizing hormone releasing hormone with FAg. 6a) 201 and 73 with 0.10% FA and 0.050% HFBA, respectively.
while values of 7 (Vasopressin with HFBA) to 310 (luteiniz- It is interesting to note that FA typically yielded the highest
ing hormone releasing hormone with FAig. 6b) were ob- signal-to-noise ratios for peptide peaks eluting as a single
served in the extracted mass spectra. With 0.050% HFBA ascompound (e.g. Met-enkephalin, Leu-enkephalin, luteiniz-
mobile phase additive, bradykinin fragment 1-5 could not ing hormone releasing hormorigig. 6a and b) whereas the
be detected in the total ion current chromatogréiig.(5a) ratio dropped significantly for coeluting peptides (e.g. oxy-
although a clear peak with a signal-to-noise ratio of 32 was tocin and bradykininFig. 6a and b). This is a consequence
seeninaselected ion chromatogram extractedzi73. The of signal suppression during the simultaneous electrospray
extracted mass spectrum showed an abundant mass signal @nization of several peptides, which demonstrates that effi-
m/z 573.3 with a signal-to-noise ratio of 90. All other pep- cient separation prior to mass spectrometric detection signif-
tides were detected in the mass spectra with signal-to-noiseicantly enhances the detectabilities of peptides. The average
ratios ranging from 7 (vasopressin) to 162 (luteinizing hor- signal-to-noise ratio for formic acid of 123 in the extracted
mone releasing hormone). Using 0.050% TFA as additive, mass spectra was significantly smaller than that found with
all peptide peaks were clearly distinguishable in the total ion TFA (140). Ratios of 108 and 97 for the selected ion chro-
current chromatogranf{g. 5b). Compared to HFBA, signal- matograms were, on the other hand, quite similar for both
to-noise ratios were mostly higher with TFA both in the se- additives.
lected ion chromatograms and extracted mass spé&atys 6 Finally, the signal-to-noise ratios in the selected ion chro-
and §. This is also reflected in average signal-to-noise ratios matograms and the amounts of injected peptide were uti-
of 97 versus 66 in the selected ion chromatogram and 140lized to calculate estimates for the limits of detection at a
versus 87 in the extracted mass spectra with TFA and HFBA, signal-to-noise ratio of 3:1Table 3. The estimated limits
respectively, as mobile phase additives. of detection ranged from a few hundred attomoles to a few
The largest difference in detection performance with the femtomoles and were practically identical with TFA and FA,
different additives was observed in the extracted mass specwhereas lowest detectable amounts were slightly higher with
trum of substance P, which showed signal-to-noise ratios of HFBA.
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Fig. 7. IP-RP-HPLC-ESI-MS analysis of membrane proteins of the pho-
,i tosystem Il from spinach. Column: PS—DVB monolith, 60 mn®.20 mm
i.d.; mobile phase: (A) 0.050% TFA or HFBA in water, (B) 0.050% TFA
or HFBA in acetonitrile; linear gradient: 36—48% B in 20 min (a), 42-54%
v B in 20 min (b); flow rate: 2.@u/min; temperature: 60C; detection: MS,
04 £ scan: 600-2000 u; electrospray voltage: 1.6 kV; sheath gas: 100 units; sam-
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(b) 1-5 [Arg®] enk enk pep ple: major antenna proteins of photosystem Il from spinach.

Fig. 6. Signal-to-noise ratios of peptide mass signals in the mass spectrum

extracted from the chromatographic peak maximum. Signal-to-noise ratios
were determined in (a) from the selected ion chromatogram extracted in COmMbination with a stronger electrostatic interaction with the

a m/z window spanning the isotopic cluster of the most abundant charge stationary phase.
state of the peptides with a mass window of whereas they were determined  The quality of protein mass spectra obtained with TFA
in (b) from a smgl_e mass_s_pectrum extracted at the chromatographic peakand HFBA is compared irlFig. 8 Even though the abso-
maximum. Conditions as iRig. 5. . . " . . .
lute signal intensities were more than three times higher with
eluents containing HFBA, a significant increase in chem-
ical noise level was obvious in the spectra recorded from
HFBA eluents. This increase is most probably due to clus-
ter formation of the organic acid with solvent molecules.
Antenna proteins of the photosystem Il from spinach were In mass spectra extracted from the chromatograms at po-
used to study the effect of mobile phase additive on chromato- sitions that were free of eluting proteins, some of the mass
graphic and mass spectrometric performance for hydropho-signals could be annotated to clusters of HFBA with wa-
bic membrane protein88]. The Lhcb 1.1 protein was only  ter and acetonitrile. Because of the higher molecular mass
partially resolved from the coeluting Lhcb 1.2 and Lheb 1.3 of HFBA, these clusters fall within the mass range chosen
proteins with an eluent containing 0.050% THAId. 7a). for the observation of protein signals, while the molecular
A change to HFBA enabled a baseline resolution of Lhcb masses of clusters with TFA or FA are below the investi-
1.1, whereas Lhcb 1.2 and Lhcb 1.3 still coelutedy( 7a). gated mass range affz 600-2000. The signal-to-noise ra-
The proteins were separated with HFBA with significantly tios for the most abundant charge states in the protein mass
higher selectivity. Moreover, they eluted at higher concen- spectra were 33 (Lhcb 1.1) to 13 (Lhcb 3) with TFA and 19
trations of acetonitrile in a mobile phase containing HFBA (Lhcb 1.1) to 5.8 (Lhcb 3) with HFBA. The intact molec-
compared to eluents prepared with TFA as additive (36—48% ular masses could be calculated from the mass spectra for
versus 42-54% acetonitrile). This increase in retention re- all antenna proteins, which were in excellent agreement with
sults from a more efficient denaturation of the strongly hy- the molecular masses expected from their DNA sequences
drophobic membrane proteins by heptafluorobutyric acid in [39].

3.4. Influence of mobile phase additive on the mass
spectrometric detection of proteins
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4. Conclusions
0.

concentration. While the chromatographic efficiencies with

050% TFA and 0.050% HFBA were similar, separations

Variation of column temperature and type of pairing ion performed with FA as additive not only resulted in an in-
are suitable means for fine-tuning retentivity and selectiv- crease in chromatographic peak width but also in a decrease

ity of PS—DVB-based monolithic columns for peptide and in
protein separations. The influence of temperature and mobile

chromatographic selectivity.
From a mass spectrometric point of view, 0.10% FA and

phase additive on selectivity is far more pronounced with pep- 0.050% TFA were found to be essentially equivalentin terms
tides compared to proteins. From a chromatographic point of detectability and spectral quality for peptides. TFA should
of view, HFBA turned out to be the most favorable mobile be preferred as additive in RP-HPLC-ESI-MS systems due
phase additive, which enables the most efficient separationsio its significantly better separation efficiency and selectivity.

the retention even of small, hydrophobic peptides, as well asN

evertheless, the variations in detectabilities between the dif-

significant changes in elution order as function of additive ferent additives were generally rather small, contrasting the
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siderably impairs the quality of mass spectra recorded with [14] i'géec(hl%r;;;gwe*’e“ L.L. Glavina, F.F. Cantwell, J. Chromatogr.
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are of great importance, or when very small and hydrophilic Methods Enzymol. 193 (1990) 389.
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