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a b s t r a c t

In an effort to optimize reverse-phase liquid chromatography (RPLC) for proteomics, we studied the impact
of composition of the sample injection solution on protein on-column selection and retention. All the
proteins studied were retained on-column when injections were made in 50% formic acid, 0.1% TFA or
8.3 M urea. When formic acid was increased to 80%, the superoxide dismutase standard (MW 26,159) and
58 mouse microsomal proteins that possessed low-range molecular weights, high pIs or basic amino acid
clusters were non-retained, resulting in retention selectivity during sample injection. Introducing to the
80% formic acid injection solution an organic solvent such as acetonitrile or acetonitrile–DMSO induced
further retention selectivity, and increasing levels of organic solvents reduced on-column retention. The
proteome was split into the proteins that were retained on-column which eluted at higher retention times
(RTs), vs the proteins that collected in the injection flow-through which normally eluted at lower RTs. This
protein selectivity was confirmed after fraction collection, 1D-GE and nano-LC–MS/MS. The significance
of this procedure is that it can be exploited for fast extraction of small basic proteins from the bulk of the
proteome and for on-column enrichment of hydrophobic proteins.
1D gel electrophoresis
SDS PAGE
Nanospray LC–MS/MS
M
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. Introduction

The usefulness of HPLC-based analytical methods in protein
nalysis [1–3] has benefited from several optimizations of pre-HPLC
ample preparation techniques. As an example, the fractionation
f membrane proteins by hydrophilic interaction chromatography
HILIC) was preceded by solvent extraction of bovine mitochondria

here buffered mixtures of organic solvents were used for selec-

ive extraction of membrane proteins prior to chromatography [4].
nother example was the use of immunodepletion to improve oth-
rwise poor LC resolution of blood plasma samples resulting from

� The research described in this article does not necessarily reflect U.S. Environ-
ental Protection Agency policy and no official endorsement should be inferred.
ention of trade names or commercial products does not constitute endorsement

r recommendation for use.
∗ Corresponding author at: U.S. Environmental Protection Agency, Mail Code:
143-06, Environmental Carcinogenesis Division, 109 T.W. Alexander Drive,
esearch Triangle Park, NC 27711, United States. Tel.: +1 919 541 3509;

ax: +1 919 685 3191.
E-mail address: winnik.witold@epa.gov (W.M. Winnik).
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he deposition of abundant plasma proteins on a mRP-C18 column
5,6].

As for the column choice, RPLC separation of hydrophobic
roteins has relied mainly on standard C-4 LC columns [7]. Sub-
equently, the polymeric large-pore LC materials (such as used in
onolithic LC columns) were introduced to provide superior res-

lution and recoveries of proteins and peptides [8,9]. In addition,
omplex protein separations have been performed in multiple LC
imensions, using, for example a combination of RP column and
n ion exchange column [1,10]. For instance, a pH-gradient ion
xchange chromatofocusing technique was used to provide supe-
ior resolution in ion exchange separations of proteins [1,10] and
eptides [11] in a 2D LC separation scheme using RP as a sec-
nd LC dimension prior to mass spectral analysis. Mini-RotaforTM

as used for breast cancer protein separation in the first dimen-
ion followed by non-porous RP LC chromatography and protein

dentification by MS/MS [12]. It is well known that the multidimen-
ional applications of separation in proteomics have the tendency
o generate an abundance and a variety of solvents which are
otentially incompatible with RP and MS. For example, solvents
ontaining ion-pairing reagents, amines, and involatile salts may

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:winnik.witold@epa.gov
dx.doi.org/10.1016/j.jchromb.2008.09.029
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0.800 ml of formic acid. Then 1 mg of the microsomal protein pellet
W.M. Winnik, P.A. Ortiz / J. C

esult in electrospray MS signal suppression, loss of sensitivity and
S instrument inlet clogging. Also, there is an inherent sample

omplexity in protein analysis and protein solubility which often
mposes limitations on the solvent choice. Therefore due to these
wo facts, the introduction of protein samples onto LC columns
eserves more attention and investigation.

In this study, we investigated the impact of solution composi-
ion of the sample injection volume on protein on-column selection
nd retention. The aim of the study was to prevent unintended
ample losses, and to provide the means for selective elution and
apture of different types of proteins while minimizing protein
ample handling. In preceding studies, Mann and co-workers [5]
ntroduced urinary proteins in 6 M urea injection volume, whereas

artosella et al. [13] introduced human brain membrane raft pro-
eins in 80% formic acid, which is an effective protein solvent [14].
oth studies used the recently developed macroporous mRP-C18
olumn. This column was also utilized for an efficient fractionation
f proteins in human serum and plasma at an elevated temperature
80 ◦C) providing optimal chromatographic resolution [6,15,16]. In
he present work, samples were injected into an mRP-C18 column
n a number of injection volumes: (1) 0.1% TFA (used for HPLC stan-
ards), (2) 50% formic acid, or (3) 80% formic acid, with different
mount of DMSO, acetonitrile and water. Formic acid was chosen
or preparation of LC injection solutions because it can solubilize
wide range of proteins, such as the membrane proteins used in

his study among others. Also, it is volatile and compatible with MS,
nd has been shown to be compatible with the mRP-C18 column
t high concentration [13]. The RP chromatography was followed
y fraction collection, in-solution digestion, and nano-LC–MS/MS
r gel electrophoresis (1D-GE), in-gel protein digestion and nano-
C–MS/MS.

. Materials and methods

.1. Materials and reagents

Unless stated otherwise, reagent grade chemicals and pro-
ein standards were purchased from Sigma–Aldrich. HPLC grade
olvents were obtained from Honeywell Burdick and Jackson (Mor-
istown, NJ). Formic acid, 99%, was purchased from Chem Service
West Chester, PA). Beckman Coulter (Fullerton, CA) Gold HPLC Sys-
em with a diode-array UV detector and a fraction collector and

column heater was used for protein fractionations. LC–MS/MS
as performed using a ThermoFisher Scientific (Waltham, MA)

ystem including a LXQ linear ion trap, a dual LC Surveyor pump
ystem, a Surveyor autosampler, and a nanospray ESI ion source.
CentrivapTM (Thermo Fisher Scientific) and a Labconco (Kansas

ity, MO) FreezoneTM lyophilizer were used in sample preparation.

.2. Microsomal protein precipitation

Proteins from mouse liver microsomes (Male CD-1, BD Gen-
est) were solubilized in a SDS buffer containing 5% SDS, 5%
-mercaptoethanol, 10% Glycerol and 60 mM Tris (pH 6.8) by
oiling for 5 min. Protein precipitation was performed using
he chloroform/methanol method as previously described [17].
he precipitation conditions did not discriminate between the
ydrophilic and hydrophobic proteins. Briefly, four volumes of
ethanol were added to the protein solution and vortexed followed

y the addition of one volume of chloroform. The solution was

ortexed and three volumes of deionized (DI) water were added.
he mixture was vortexed again then centrifuged at 13,000 rpm
15,740 × g) for 5 min. The aqueous upper layer was discarded leav-
ng the protein interface intact. Four volumes of ethanol were
dded, and the mixture was briefly vortexed and centrifuged at
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3,000 rpm for 5 min. The supernatant was removed and the pro-
ein pellet was air dried. The protein content was determined at
.0 mg (±0.1 mg)/protein pellet by the EZQ protein quantitation kit
Molecular Probes, Eugene, OR).

.3. LC sample injection in urea

One milligram of a microsomal protein pellet was dissolved in
ml of 8.3 M urea (0.5 g/ml) containing 1% acetic acid (a modified
rocedure from [16]) and 10% acetonitrile. Urea was dissolved in
ater, acetic acid and acetonitrile and the solution volume was

djusted with DI water to 1 ml. An aliquot of 0.5 ml of this sample
olution was injected on the LC column.

.4. LC sample injection in 80% formic acid without organic
olvents

One milligram of a microsomal protein pellet was dissolved in
ml of 80% formic acid and 20% water in a glass vial. An aliquot
f 0.333 ml this sample solution was injected on the LC column.
ttention: proper laboratory safety precautions need to be taken while
orking with concentrated formic acid at high temperature and pres-

ure.

.4.1. LC sample injection in 80% formic acid with organic solvents
One milligram of a microsomal protein pellet was placed in

glass vial and an aliquot of DMSO was added: 0.10 ml, 0.07 ml,
r 0.05 ml, followed by an equal amount of acetonitrile: 0.10 ml,
.07 ml, or 0.05 ml, respectively. The sample was vortexed and son-

cated for 2 min and DI water was added up to 0.20 ml: 0 ml, 0.06 ml,
r 0.10 ml, respectively. Finally, 0.80 ml of formic acid was added
nd the 2-min vortexing and sonication activity was repeated upon
hich the sample pellet was dissolved.

.5. LC microsomal protein sample injection in 50% formic acid

One milligram of a microsomal protein pellet was dissolved in
0% (v/v) formic acid in a glass vial. One third of this solution was
iluted with DI water until the concentration of formic acid was
0% and it was injected on the LC column.

.6. LC sample injection of four protein standards

A stock solution containing 0.5 mg/ml of each of the fol-
owing proteins: superoxide dismutase (SOD) from bovine liver,
lutathione-S-transferases (GST) from equine liver, alpha glyc-
rophosphate dehydrogenase (GPD) from rabbit muscle, and
arbonic anhydrase (CarbAnh) from bovine erythrocytes, was pre-
ared in 0.1% formic acid. Out of the stock the following working
olutions were prepared: (1) an aliquot of 0.050 ml of the stock
olution was added to 0.950 ml of 0.1% TFA solution in water; (2)
n aliquot of 0.050 ml of the stock solution was added to 0.800 ml
f formic acid and 150 ml of water; (3) an aliquot of 0.100 ml of
he stock solution was added to 0.800 ml of formic acid. Then 1 mg
f the microsomal protein pellet was added and the mixture was
ortexed until it was completely dissolved. 0.300 ml of the solution
as mixed with 0.240 ml of water to give the 1:1 formic acid:water

atio; (4) an aliquot of 0.100 ml of the stock solution was added to
as added and dissolved, and 0.300 ml of this solution was mixed
ith 0.037 ml of water to give the 8:2 formic acid:water ratio. These
orking solutions (1–4) were individually injected on the LC col-
mn to determine the effect of increasing concentrations of formic
cid (0, 50 and 80%, Fig. 1).
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Fig. 1. Four LC chromatograms of the protein samples injected on the LC column in
different sample solutions and chromatographed using the same LC solvent gradient
conditions (Sections 2.6, 2.7): (A) 0.025 mg of GST, SOD, GPD, CarbAnh was injected
on the LC column in 80% formic acid and 20% water (v/v); (B) 0.025 mg of GST, SOD,
GPD, CarbAnh was injected on the LC column in 0.1% TFA and 99.9% water (v/v);
(C) 0.333 mg of microsomal protein and 0.016 mg of GST, SOD, GPD, and CarbAnh
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as injected on the LC column in 50% formic acid and 50% water (v/v); (D) 0.333 mg
1 mg/ml) of microsomal protein and 0.016 mg of GST, SOD, GPD, and CarbAnh were
njected on the LC column in 80% formic acid, 10% acetonitrile, and 10% water (v/v).
rotein standard peaks are indicated by a “*” sign.

.7. Protein fractionation by LC

The sample solution was manually injected at the flow rate of
a. 0.3 ml/min onto a macroporous 4.6 mm × 5 cm mRP-C18 high-
ecovery LC column (Agilent) equilibrated with solvent “A” (0.1%
FA, 2% acetonitrile, 98% water). The column temperature was
aintained at 78 ◦C during the sample injection and throughout

he LC run. A 3.5 ml volume of the injection flow-through, includ-
ng the solvent “A” column wash, was collected. The following
C/UV (220 nm) method was used during the LC run: flow rate
.75 ml/min, solvent “B” (0.08% TFA in acetonitrile) 0% for 5 min,

inear gradient to 80% “B” at 60 min, linear gradient to 98% B at
5 min, 98% B isocratic to 75 min. Twenty-five 2-min fractions were
ollected starting at 25 min RT and stored at −80 ◦C awaiting pro-
essing. The frozen fractions were thawed at room temperature and
.01 ml of 0.3 M ammonium bicarbonate was added. Acetonitrile
as removed from the samples in a CentrivapTM evaporator and

he remaining aqueous solutions were lyophilized to dryness and
tored. To keep mRP LC column in good operating condition the
olumn was not heated without maintaining a LC flow, and it was
ushed with 30% formic acid in acetonitrile (3 ml) and isopropanol
3 ml) after each run.

.8. Re-fractionation of the injection flow-through

Diluted sample injection flow-through from the 80% formic acid
xperimental runs (total volume of 3.5 ml of the flow-through and
he LC gradient solvent “A” column wash) was mixed with formic
cid to give the 1:1 water:formic acid ratio, and a 1.50 ml aliquot
as re-fractionated by LC. Twenty-five fractions were collected and

vaporated to dryness according to the procedure described in the
receding paragraph.

.9. 1D gel SDS PAGE analysis of LC protein fractions and protein
igestion
LC lyophilized fractions were re-suspended in 0.2 ml of a SDS
ample buffer containing 50 mM Tris pH 6.8, 100 mM DTT, 1.66%
DS, 5% Glycerol, 0.002% bromophenol blue. A sample volume of
.05 ml was loaded onto the SDS-PAGE gel (Protean II, BioRad, Her-
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ules, CA). The gel was fixed, stained with Sypro Ruby (Invitrogen,
ugene, OR) and the proteins were detected by fluorescence on the
yphoon 9410 scanner (GE Healthcare, Piscataway, NJ).

In-gel digestion was performed as previously described [18].
riefly, the gel bands were excised manually and sliced into
–2 mm3 size pieces. The gel pieces were dehydrated with ace-
onitrile, dried in a CentrivapTM evaporator and treated with
0 mM dithiothreitol (DTT) at room temperature for 30 min. The gel
roteins were alkylated with 100 mM iodoacetamide at room tem-
erature in the dark for 30 min. The gel pieces were dehydrated
nd then rehydrated with 100 mM ammonium bicarbonate, and
hen dehydrated and rehydrated again using enough volume of a
0 �g/�l trypsin solution in 50 mM ammonium bicarbonate only
o swell the gel. The gel pieces were kept on ice for 30 min and then
rotein digestion was carried out at 37 ◦C overnight. The peptides
ere extracted by three sequential rinses with a 5% formic acid/50%

cetonitrile solution. The extracted peptide solution volume was
educed to about 20 �l before the LC–MS/MS analysis.

.10. In-solution digestion of the LC flow-through and the LC
rotein fractions

In-solution digestion was performed according to a modified
rocedure using acetonitrile as a solvent additive to improve solu-
ility of hydrophobic proteins and peptides [19]. The lyophilized
ow-through solution was reconstituted in 0.080 ml of 50 mM
mmonium bicarbonate, 0.020 ml of acetonitrile, and 0.6 �g of a
ass spectrometry grade trypsin stock solution (1 mg/ml). The

olution was incubated overnight at 37 ◦C, and then an additional
mount of 0.2 �g of trypsin was added before the mixture was
ncubated for additional 3 h. The digest was acidified with 0.004 ml
f formic acid and 0.2 ml of 0.1% TFA in water before the solution
as passed through the macro peptide desalting cartridge (Microm
ioresources Inc.). The peptides were eluted with 80% acetonitrile
nd 0.1% TFA in DI water. The eluant was reduced in volume in
peedvac (ThermoFisher) to ca 0.140 ml. 0.010 ml of this solution
as injected in the nano-LC–MS/MS system. This experimental
rocedure was also applied to the fractionated protein samples
equiring in-solution digestion and LC–MS/MS analysis.

.11. Nanospray-ESI–MS/MS analysis

Before the nano-LC separation, peptides were introduced in
0 �l aliquots onto one of the two RP peptide micro-traps mounted
n the 10-port switch valve [11] at the flow rate of 4 �l/min. The
eptides were eluted in a sequential manner from the micro-
raps using the second LC pump onto a nanospray column 5 �m
ioBasicTM C18, 300 Å pore size, 75 �m × 10 cm, tip 15 �m (New
bjective), at a flow rate of ca 250 nl/min. RP LC–MS/MS solvent

A” was 0.1% (v/v) formic acid in 98% water, 2% acetonitrile, and
he RP solvent “B” was 98% acetonitrile, 2% water with 0.1% (v/v)
ormic acid. A linear gradient was applied to 50% solvent “B” at
5 min, 65% solvent “B” at 55 min, 80% “B” at 60 min, 90% “B” at
7 min, 90% “B” at 68 min, and 0% “B” at 72 min. Briefly, peptides
ere injected onto one of the two available peptide traps (10 min)

nd then let stand in wait with the negligible flow rate of a few
l/min while the preceding peptide sample was being eluted off
he other micro-trap onto the nanospray RP column and was under-
oing the separation. Then the solvent flow through the traps was
oggled and the loading/separation/switching cycle repeated until

ll samples were analyzed. A “Most Intense Five” scan sequence
as set up in XcaliburTM, including a survey MS scan from 300 to

800 m/z followed by five data dependent MS/MS scans using the
ollision energy of 35%, the isolation width of 2.0 m/z, the activation
parameter of 0.25, and the activation time of 30 ms. A Dynamic
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Fig. 2. Three LC chromatograms of protein samples injected on the LC column in
different solutions and chromatographed using the same LC solvent gradient (Sec-
tion 2.7): (A) (Section 2.3) 0.5 mg (1 mg/ml) of microsomal protein was injected on
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xclusionTM allowed one MS/MS scan per precursor ion followed
y a 30 s exclusion period. The limit of detection for the MS analysis
as ca. 100 attomol for an angiotensin I peptide standard.

The data set was processed in the Bioworks 3.3TM with the fol-
owing filter settings: Xcorr > 1.5 for +1 charged ions, Xcorr > 2.0 for
2 charged ions, Xcorr > 2.5 for +3 charged ions, and a peptide prob-
bility score P < 0.5 which was sufficiently strict to minimize false
ositive hits without removing valid +1 charged peptide sequences.
hese filter settings were chosen to suppress false positive iden-
ifications monitored by the number of proteins retrieved from a
eversed-sequence decoy database [20] appended to a forward ana-
ytical database mouse.nr.fasta and indexed together. The software
-MODTM 2.0 was used to search the MS/MS datasets for unex-
ected protein modifications using the protein sequences retrieved
uring the BioworksTM data processing. When necessary, peptide
equences were subjected to NCBI-Blast searches to finalize protein
ssignments.

. Results and discussion

.1. Effect of formic acid in the sample injection volume on
rotein selectivity in LC chromatography

The effect of the presence of formic acid in the sample injec-
ion volume on LC protein separation was initially studied using
he GST, SOD, GPD, and CarbAnh protein standards. When the stan-
ards (1 ml sample volume) were injected onto the LC column

n 80% formic acid and in 0.1% TFA, the results shown in Fig. 1
ere obtained (Fig. 1, traces A and B, respectively). These traces
ere almost identical with respect to the peaks of CarbAnh at RT

7.9 min, GST proteins at 39–40.5 min, and GPD at 43.8 min. How-
ver the SOD peak at 28.4 min RT was missing in the 80% formic acid
xperiment. This finding was confirmed by re-injecting the SOD –
ontaining diluted flow-through from the latter experiment (data
ot shown). This phenomenon was further studied using mouse

iver microsomal protein sample spiked with GST, SOD, GPD, and
arbAnh. The sample was introduced onto the LC column in a more
ilute formic acid solution (50%) (Fig. 1, trace C). The retention
imes of the four protein standards remained almost unchanged
nd the SOD peak did appear in the chromatogram. These experi-
ents demonstrated that higher concentration (80%) of formic acid

n the sample injection volume led to selective protein depletion
hile the lower concentration (50%) did not.

This protein selectivity during sample loading on a LC col-
mn was further studied using microsomal protein samples as a
odel including a wide range of different proteins. Fig. 2 compares

hree LC chromatographic traces obtained using different means
f sample introduction onto the LC column: in 8.3 M urea solution
ontaining 1% acetic acid and 10% acetonitrile (top trace, A), 80%
ormic acid (middle trace, B), and 50% formic acid (bottom trace,
). Most chromatographic features of these three chromatograms
ppear identical except for the early RT portion that is missing from
he trace B. This apparent protein depletion effect is consistent with
he previously observed absence of the early eluting SOD peak in
he LC run separating four protein standards using 80% formic acid
uring sample loading (Fig. 1A).

The effort to identify the proteins in the 80% formic acid run
ncluded those that were not retained on-column and were col-
ected in the flow-through. Therefore it was important to subject
he flow-through from the 80% formic acid run to lyophilization to

ryness, reconstitution in a digestion buffer, digestion with trypsin
nd analysis by nanospray-LC–MS/MS to identify the proteins. For
omparison, twenty-five 2-min-long LC fractions were collected for
igestion and LC–MS/MS analysis from the LC run represented in
he trace C, Fig. 2, in which the sample was initially solubilized in

w
a
a
w
a

he LC column in 8.3 M urea with 1% acetic acid and 10% acetonitrile; (B) (experi-
ental Section 2.4) 0.333 mg of microsomal protein was injected on the LC column

n 80% formic acid and 20% water (v/v); (C) (experimental Section 2.5) 0.333 mg of
icrosomal protein was injected on the LC column in 50% formic acid and 50% water.

0% formic acid, then diluted with DI water and loaded onto the
C column under less acidic conditions using 50% formic acid (all
dentified proteins are listed in supplementary Table S-1b). Fifty-
ight proteins were identified by LC–MS/MS in the LC flow-through
igest (Table 1).

Most of the proteins identified in the flow-through were basic
nd were characterized by lower molecular weights. The average
I of the identified proteins was 9.43, calculated with a stan-
ard deviation of 1.83, and the average molecular weight was
6,776 Da, calculated with a standard deviation of 16,152 Da (cal-
ulated using the STDEVP Excel function). In contrast, the average
olecular weight of all 414 non-redundant proteins identified by

ano-LC–MS/MS of the protein digests in the 25 LC fractions of the
C run using 50% formic acid in the sample loading buffer was
ignificantly higher (45,035 Da) and the 33,216 Da standard devi-
tion was also larger demonstrating a bigger scatter of the data
oints across the molecular weight range. This result showed that
maller-size basic proteins were preferentially collected in the LC
ow-through if the sample loading was performed in 80% formic
cid. A closer inspection of the proteins identified in the flow-
hrough showed that most of them possessed high pIs, or at least

ultiple basic amino acid residues (K, R, H), located near each other
n their protein sequences (Table 1).

Out of the 58 proteins identified in the flow-through, 26 were
asic ribosomal proteins with the pI in the range of 8.7–12.1. A
inority of the proteins identified in the flow-through of the LC

un involving 80% formic acid in the sample loading solution pos-
essed pI below 7. However, these proteins all possessed clusters
f basic amino acid residues making them potentially susceptible
o the effects of acidity in the sample loading solution. For exam-
le, although progesterone receptor membrane component had
relatively low pI of 4.57, it possessed a RLKRR cluster of basic

esidues. Superoxide dismutase 1 soluble had a pI of 6.04 but it
ossessed a basic amino acid residues cluster HFNPHSKKH. Simi-

arly, the bovine liver SOD protein standard that was used in this
ork had a pI of 6.59 and it contained a long sequence of basic

esidues RKKRRR near its C-terminus. This stands in contrast to
he other three protein standards (GST, GPD, and CarbAnh) which

ere successfully deposited on the LC column in 80% formic acid

nd which did not possess such long sequences of basic amino
cids. This result suggests that long sequences of basic amino acids,
hich are expected to be extensively protonated in 80% formic

cid, favor far-reaching solvation in the solution rather than the
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Table 1
Proteins identified by nano-LC-MS/MS in the LC flow-through from the experiment 2.4.

Amino acid sequence (highly basic) Protein name pI MWt Accession

RKKALKLGAKK Argininosuccinate synthetase 8.29 46,555 6996911
KTRRR ATP synthase, H + transporting, mitochondrial F1 complex, alpha subunit 9.22 59,716 6680748
KKR, KRYSYLKPR ATP synthase, H + transporting, mitochondrial F1F0 complex, subunit e 9.74 8230 83715998
KNGKKIPK B Chain B, Crystal Structure of murine class I Mhc H2-Db 7.34 11,811 3891454
KKAKKGILER Betaine-homocysteine methyltransferase 7.82 44,992 7709990
KAKKK, HFIKLYKKKTGK BiP 4.95 72,433 2598562
RRFK, KKDRVHH, RQWKGH Calumenin isoform 1 4.34 37,041 6680840
HRHR, HRH CATA MOUSE Catalase 7.78 59,728 115704
RRVYK, KTKIKNYK Cytochrome c oxidase, subunit VIb polypeptide 1 8.36 10,065 13385090
KKYIPGTKMIFAGIKKKG Cytochrome c, somatic 10.01 11,598 6681095
KKAAGAGKVTKSAQKAQKAK Eukaryotic translation elongation factor 1 alpha 1 9.04 50,140 13278382
KRVSKR Fatty acid binding protein 1, liver 9.04 14,236 8393343
RRRIEILRRK Fibrinogen, alpha polypeptide 7.21 61,288 33563252
TPVKKAKKKPAATPKKAKK, KRASKKK H1 histone family, member 0 11.38 20,848 31560697
RK Heat shock protein 1 (chaperonin 10) 9.06 10,956 6680309
KKVGRK, HRK Heat shock protein 65 5.91 60,903 51455
KLNKRR, KKVLEKKFH Heterogeneous nuclear ribonucleoprotein A/B isoform 2 8.11 30,812 6754222
RQSGKKR Heterogeneous nuclear ribonucleoprotein A2/B1 isoform 2 9.04 32,440 32880197
RRRRRR Heterogeneous nuclear ribonucleoprotein A3 isoform b 9.10 39,628 31559916
KAKTVKPKAAKPKTSKPKAAKPKKTAAKKK Histone 1, H1e 11.10 21,964 13430890
KTNKRR I49069 A + U-rich RNA-binding protein – mouse (fragment) 7.93 19,412 2137113
KVKKHLQDLSSRVSRARH Low density lipoprotein receptor-related protein associated protein 1 7.95 42,189 63999380
RGKGGKGLGKGGAKRHRKVLR, HAKRK mCG17007, H4 histone family 11.20 11,475 148700589
KKAVTPAPPMKR NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7 (B14.5a) 10.57 12,568 12963571
RRRR, RRYRRNFNYRRRR Nuclease sensitive element binding protein 1 9.87 35,709 113205059
KKKKK Phospholipase C-alpha 5.99 56,586 200397
KKKGPKVTVK PPIB MOUSE Peptidyl-prolyl cis–trans isomerase B precursor 9.93 22,699 118091
HLIKKAVAVRKH PREDICTED: similar to ribosomal protein S13 10.55 17,238 82918395
RLKRR, KGRK, KYHHVGKLLK Progesterone receptor membrane component 4.57 21,681 31980806
RKKAK Ribosomal protein 10 10.16 24,516 56541260
YSAAKTKVEKKKKKEKVLAT Ribosomal protein L6 (M-TAXREB107) 11.23 32,591 695638
KKRRTGCIGAKHRISK Ribosomal protein L11 9.97 20,240 13385408
RFKVMKAKKMRNRIIK Ribosomal protein L14 11.03 23,549 13385472
RKSRGLGKGHKFHHTIGGSRRAAWRRR Ribosomal protein L15 12.11 24,131 13385036
KKKISQKKLKKQK Ribosomal protein L17 10.20 21,383 161484662
KARKK, RKRR Ribosomal protein L19 11.48 23,467 6677773.0
KKLVAKGGKKKK Ribosomal protein L22 9.61 14,750 6677775
RKKVHPAVVIRQRKSYRRK Ribosomal protein L23 10.51 14,856 12584986
RKRSSRHRGKVK, HKSKKK, KRR Ribosomal protein L3 10.66 46,095 7305441
RGKKK, RRRLTKH Ribosomal protein L35 11.53 14,544 13385044
RRK, KSVKIKKNK Ribosomal protein L38 10.56 8199 12963655
RRWHRR, RRR, RKKIHRR Ribosomal protein L4 11.49 47,124 30794450
KGKKAKGKK Ribosomal protein L7a 11.02 29,958 7305443
KGKKAKGKK, RRH Ribosomal protein L8 10.01 15,445 3851579
KKNR, RRSR Ribosomal protein S10 10.53 18,904 13399310
RRKGGRRGRR Ribosomal protein S14 10.14 16,291 3097244
QKKKRTFRKFTYR Ribosomal protein S15 10.39 17,029 6677799
RRK, RLKKIRAHRGLRHFWGLRVRGQHTKTTGRRGRTVGVSKKK Ribosomal protein S18 10.99 17,708 6755368
KLAKHK, KKH Ribosomal protein S19 10.85 16,076 12963511
RIIAAKDH Ribosomal protein S21 8.71 9136 21536222
RHGLYEKKKTSRKQRK, KKK Ribosomal protein S24 isoform 3 11.38 15,187 46519160
RRLR Ribosomal protein S28 10.70 7836 21426821
HKRRKTGGKRKPYHKKRK Ribosomal protein S8 10.28 24,248 56541092
KNKRLTKGGKKGAKKK RS3A MOUSE 40S ribosomal protein S3a 9.75 29,866 3122836
RRRHSHSH, RRRH, RRR Splicing factor, arginine/serine-rich 10 11.25 33,646 6677975
HFNPHSKKH Superoxide dismutase 1, soluble 6.04 15,933 45597447
R inol-
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MLRIKR UCR6 MOUSE Ubiqu
KK, RCWRSKK Zinc finger, CDGSH-

urface of the RP LC column where the solvation is limited. In addi-
ion to the length of the basic amino acid sequence also the steric
ffects imposed by protein conformation and the protein size might
ecide about its appearing in the flow-through vs adhering to the
olumn.

The proteins were cross-referenced between the two LC runs,

nd out of 58 proteins identified in the injection flow-through of
he LC run in which sample injection was made in 80% formic acid,
0 were also identified among the proteins retained on-column
hen sample injection was made in 50% formic acid. The average
T for the proteins identified by LC–MS/MS in the flow-through

a
e
s
s

cytochrome c reductase complex 14 kDa 9.52 13,519 17380333
omain 1 9.17 12,089 19527228

as 32.4 min thus indicating a relatively early elution of these pro-
eins.

.2. Effect of adding a strong solvent to the sample injection
olume on protein selection in LC RP chromatography
Solubilization of a hydrophobic analyte using organic solvents is
common sample preparation practice in chromatography. How-

ver, the presence of an organic solvent in a sample injection
olution might result in an unexpected selectivity during analy-
is of complex protein mixtures. For example, the addition of 10%
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Fig. 3. An impact of an increasing amount of a strong solvent (SS; acetonitrile and
DMSO 1:1, v/v) in 80% formic acid in the injection volume on the LC on-column anal-
ysis of 1 mg of a microsomal protein sample (Section 2.4.1). The x-axis is retention
time in minutes. The LC fractions are shown as numbers separated by arrows. All
traces have been normalized to the trace A.
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Fig. 4. 1D-GE analysis of the individual LC fractions (Section 2.9). 0.2 ml of the SDS-PAGE
loaded per gel lane. The marked gel bands were selected for protein digestion and LC–MS/M
B: 10% SS LC run (Sections 2.4.1 and 2.7, 1.0 mg sample size). Panel C: 14% SS LC run (Sectio
1.0 mg sample size).
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cetonitrile to the sample buffer including 80% formic acid pro-
uced an altered LC chromatogram showing a dramatically reduced

ntensity of the proteins eluting before RT of 43 min (Fig. 1D). In
ontrast, the presence of 10% acetonitrile in the sample injection
olution consisting of 8.3 M urea and 1% acetic acid did not result in
uch protein selectivity (Fig. 2, trace A). Protein selectivity during
ample loading was also observed when samples were introduced
n the mixture of two organic solvents (acetonitrile and DMSO) in
0% formic acid. The introduction of equal amounts of (5%) acetoni-
rile and (5%) DMSO in 80% formic acid resulted in a pronounced
rotein depletion, as evidenced in the LC chromatogram below RT
2 min (Fig. 3B).

DMSO was used in combination with acetonitrile because of the
ollowing properties. DMSO has been also identified as a dena-
uring reagent for membrane proteins and was found to assist in
rotein unfolding [21,22]. It has been also reported to compete
or amide hydrogen atoms with carbonyl groups thus collapsing
rotein secondary structure supported by hydrogen bonding in
ative proteins [21]. In a study of beta-amyloid peptide components
f Alzheimer’s plaques, DMSO protein solutions exhibited unpro-
ected monomeric protein entities comparable to these obtained
rom 8 M urea solutions [22]. Even at low DMSO concentrations,
tructural stability of several proteins was markedly reduced and it
isrupted amide–water interactions by competing with the peptide

arbonyl group for the bond donor capacity [23].

The three LC chromatograms on Fig. 3, A (acquired using 0%
trong solvent; SS), B (10% SS) and C (14% SS) in 80% formic acid
howed similar chromatographic features and they all converged

buffer was added to every lyophilized LC fraction and a quarter of that volume was
S analysis. Panel A: 0% SS LC run (Sections 2.4.1 and 2.7, 1.0 mg sample size). Panel

ns 2.4.1 and 2.7, 1.0 mg sample size). Panel D: 20% SS LC run (Sections 2.4.1 and 2.7,
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t the retention time of 55 min. The demarcation line between the
roteins depleted and retained on the LC column moved to higher
T in concurrence with the increase of the concentration of strong
rganic solvent.

When equal sample volumes from the concentrated LC fractions
ere loaded onto the 1D-GE lanes the comparison of the LC elution
atterns shown in Fig. 4 was achieved. For example, the 1D gel

mage for the LC run using 10% SS (trace B, Fig. 4) confirmed sig-
ificant protein depletion prior to fraction 9 which corresponded
o the LC RT of ca. 41 min. The experiment involving 20% SS (trace
, Fig. 4) resulted in the depletion of the proteins eluting prior to
0 min RT and exhibited an unusual enhancement effect for the

ate eluting (RT > 60 min) proteins, for which the LC (UV) response
as approximately 2-fold the response shown in the traces B and C

Fig. 3). This enhancement might be due to the offset of the loss of
ate eluting hydrophobic proteins to solid surfaces of vials, syringes
nd transfer lines by the presence of the organic solvents.

A comparison of the 1D-GE gel images in Fig. 4 panel C (14% SS
7% DMSO–7% acetonitrile] and 80% formic acid) and Fig. 5 panel A
the flow-through from the above LC run), showed distinct protein
ands for the LC fractions 1–10 which complemented the corre-
ponding 1D-GE gel image of the proteins retained on the LC column
howing strong protein bands for the LC fractions above 10. The
ow-through sample was collected after a sample injection, diluted

ith protein LC solvent “A” and formic acid and a small portion of

his volume was re-fractionated under the milder injection condi-
ions using 50% formic acid concentration that ensured full protein
etention on the LC column. A similar comparison was achieved

ig. 5. 1D-GE analysis of the individual LC fractions of the re-fractionated LC flow-
hrough (Sections 2.8, 2.9). Panel A: the fractionated flow-through from the 14% SS
C run. Panel B: the fractionated flow-through from the 20% SS LC run.
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etween the 1D-GE images in Fig. 4 panel D (20% SS [10% DMSO–10%
cetonitrile] and 80% formic acid) and those in Fig. 5 panel B (the
ow-through from the above LC run) showing a similar comple-
entary relationship of the strong vs weak intensity of the gel

ands.

.2.1. LC–MS/MS analysis of the re-fractionated LC flow-through
LC–MS/MS analysis of the protein digest of the re-fractionated

ow-through obtained after the sample injection using 10% SS
n 80% formic acid in the injection volume resulted in the iden-
ification of 297 proteins (Table S-1a, supplementary material)
ossessing average retention time of 38.4 min, calculated with the
tandard deviation of 7.4 min. This result supports the finding also
videnced by LC (UV) and 1D SDS gel electrophoresis demonstrat-
ng that a partial replacement of water with a strong RP organic
olvent in the sample solution prepared with 80% formic acid
esults in the selective protein transfer to the flow-through. In gen-
ral, the proteins remaining in the flow-through are those which
ould appear in the earlier portion of the LC chromatogram had

he sample been loaded in the weaker solvent allowing all proteins
o be deposited on the LC column.

.3. LC–MS/MS analysis of the LC fractions separated on 1D-GE

The identification of the fractionated proteins by LC–MS/MS was
receded by in-gel trypsin digestion of the matching gel bands
hown in the four panels in Fig. 4. The 1D gel separation step
dopted prior to the LC–MS/MS analysis of the protein digests facil-
tated comparative analysis. The representative gel bands that were
xcised for the LC–MS/MS analysis spanned the molecular weight
ange of approximately 40–65 kDa. This selection was based on the
act that there was high protein concentration in these bands and
here was interest in the LC separation of P450 proteins that appear
n that gel region, and which are known to be difficult to separate
y other methods (e.g. 2D-GE; [24,25]).

Direct comparison of the protein elution patterns within the 0%
S (Fig. 4A) and 10% SS (Fig. 4B) was achieved by selecting the repre-
entative gel bands of the same shape and size in the 0% SS and 10%
S experiments. Similarly, the 14% SS (Fig. 4C) and 20% SS (Fig. 4D)
ere compared. That pairing was performed to assure meaning-

ul comparison because of the differences in the amount of protein
resent in the bands corresponding to the early and late LC frac-
ions of these LC runs. The total number of the proteins identified
rom the selected gel bands in the 0, 10, 14 and 20% SS experiments
as 129 (supplementary Table S-2a). Of these proteins, 108 were

ound in the LC – 1D-GE – LC–MS/MS experiments involving 10%
S out of which 83 were also identified in the 0% SS experiments
hus leaving 25 proteins identified in the 10% SS experiment but
nidentified in the 0% SS experiment. By comparison, there were
proteins identified in the 0% SS experiment (in the LC fractions
and 9) which remained unidentified in the 10% SS counterpart

Table S-2a).
A similar comparison could be made from the results obtained

rom the 14% and 20% SS LC fractionation experiments. There was a
otal of 57 proteins identified in the gel bands selected from the 14%
S LC fractions. Within this group there were 9 protein identifica-
ions unique to the 14% SS experiment. These unique proteins were
dentified in the gel bands representing LC fractions 12–19. There

ere a total of 32 proteins identified in the gel bands selected from
he 20% SS LC fractions. Within this group there were 3 protein

dentifications unique to that experiment.

These results indicated that repeated protein fractionation using
ifferent sample injection conditions improved the LC–MS/MS

dentification scores of some proteins and also produced new pro-
ein identifications (Table S-2a). This was not surprising because of
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he broad dynamic range of proteins in biological tissues and an
utomatic (data dependent) peak selection and exclusion used in
he MS/MS analysis. However, eventually a plateau in the number
f protein identifications would be expected for multiple replicate
rotein fractionation experiments carried out prior to the mass
pectral analysis [26].

Out of the 129 total identified proteins, 10 proteins demon-
trated calculated molecular weights that were significantly higher
han the molecular weight estimated from their position in the
D gel band. This finding might be explained by the existence of
runcated protein forms. Protein distribution in the 1D-GE bands,
nd thus in the corresponding LC fractions, can be conveniently
epresented in a 3D graph (a digital heat map) as a percentage
f the sum of all peptide abundances identified for each protein,
alculated from the corresponding nano LC–MS reconstructed-
on chromatogram peak heights (supplementary Table S-2b). The
op portion of this table compares the LC elution pattern for the

and 10% SS LC runs. The data are separated for convenience
nto three groups of proteins: cytochromes P450 (CYPs), UDP-
lucuronosyltransferases (UGTs), and other. Within each group the
rotein entries are sorted in columns according to the decreasing
rotein BioworksTM score. Relative protein amounts sum up within
ach row to a 100% for each LC experiment. The protein LC elu-
ion pattern established from the selected gel bands for the 0%
S LC run approximately matches the elution pattern established
rom the selected gel bands for the 10% SS LC run demonstrating
eproducibility of LC chromatography under these sample injection
onditions.

All of the 27 CYP proteins were identified using the excised
D-GE gel bands in the LC fractions 9–13 (Table S-2b). Structural
imilarities within the families and subfamilies of the CYP proteins
ermitted them to elute in the adjacent LC fractions. In contrast,
GT (UDP) proteins exhibited a more scattered chromatographic
attern. The same UGT proteins were often identified in more than
ne LC fraction (Table S-2b). For example, UGT 2b1 was detected
y LC–MS/MS in fractions 10 and also in 21–23. Although the rea-
on for this UGT protein multiplicity remains yet unknown there
re several possible explanations including an existence of multiple
roteins isoforms, modifications and protein truncation.

.4. P-MODTM search for artifacts of the fractionation method

A subset of MS/MS data was subjected to P-MODTM [27] software
nalysis using protein sequences retrieved from the BioworksTM

nvestigation to identify any possible artifacts of the LC chromatog-
aphy with sample injection in formic acid solutions such as lysine
nd N-terminus formylation, however no such formylation pattern
ere discovered. Despite the elevated temperature of the LC col-
mn, formylation might have been avoided due to a brief contact
f a protein sample with concentrated formic acid during sample
njection. Similarly, no formylation was previously reported for the

RP-C18 LC protein separations performed at elevated tempera-
ure for protein samples prepared in formic acid [13]. Oxidation of
he sulfur-containing amino acids, and a sporadic tryptophan oxi-
ation was observed as evidenced by the increase in the tryptophan
esidue mass by 4, 16, 32 and 44 Da (data not shown). These findings
re in agreement with previous research on tryptophan oxidation
28].
. Conclusion

The presence of equal volumes of formic acid and water in the
ample injection volume did not result in protein elution into the LC
ow-through during sample injection. Using this method of injec-

[

[
[
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ion, the samples which are difficult to solubilize directly in dilute
ormic acid might be initially dissolved in 80–90% formic acid, then
iluted with water and immediately injected on the LC column.
owever, increasing the concentration of formic acid to 80% dur-

ng sample injection resulted in the separation of smaller-size basic
roteins, which eluted in the flow-through, from the bulk of other
roteins, which were retained on the LC column. When microsomal
rotein samples were introduced onto the LC column in 80% formic
cid, including increasing amounts (10, 14 and 20%) of acetonitrile
r acetonitrile–DMSO mixture, more proteins eluted in the flow-
hrough. The proteome was then divided into the proteins that were
etained on-column which eluted at higher retention times (RTs), vs
he proteins that collected in the injection flow-through, which nor-

ally eluted at lower RTs. This finding underscores the need for a
areful choice of sample injection solutions for protein chromatog-
aphy. The significance of such choice is that it can allow researchers
o selectively introduce groups of proteins of interest in higher than
ormal quantity on a RP column, or collect and enrich target pro-
eins in the flow-through. Because the RPLC fractionation pattern
as reproducible (different samples were analyzed on different
ays) this technique could be potentially used for protein deple-
ion and enrichment to improve recovery of target proteins from a
omplex protein matrix. In addition, its utilization of volatile sol-
ents makes it compatible with the protein analysis by electrospray
S.
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