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Abstract

We have developed a labeling method for sequencing of mixed peptides through modification of peptides and multistage electrospray ionizatior
mass spectrometry (ESI-MS). Mixed peptides were selectively phosphonylated on amino group through reaction of 2-bromoethyl phenylphosphinat
(BEPP-H) or methyl/methyl-(1:1) phenylphosphinate (MPP-X) with peptides in the presence of tetrachloromethane and triethylamine under mild
conditions to provide the labeled phosphonamidate peptides, and their primary ESI mass spectra showed doublet and triplet peaks. The triplet a
doublet peaks were corresponding to the protonated molecules of the modified peptides having and having no one lysine residue, respectively, a
the singlet peaks were from the non-peptides. Further, tandem mass spectra (MS/MS) of the readily identified protonated molecules unambiguous
gave sequence of each member in mixed peptides.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction peptides, especially peptide mixtures. Multistage mass spec-
trometry provides opportunities for analysis of peptide mixtures.
Primary sequences of proteins are traditionally determined byVhen doing multistage MS, the mixtures of peptides can be sep-
cleaving a protein into smaller peptide fragments and sequenedated after ionization by the first stage of mass spectrometry.
ing the peptides using a variety of meth¢tls Since the amount In the next stages, the selected peptide ion collides with the
of peptides present from nature products and synthesized corpellision gas (collision induced dissociation, CID) or a metal
pounds for biological and medicinal screening is rather small, theurface (surface induced dissociation, S|Ij)], and the result-
structure elucidation should require only the minimum amountjng MS/MS spectrum can be used to deduce the amino acid
mass spectrometry is a choice for this purpose. Most work osequence of the peptides. Unfortunately, the complexity of the
peptide sequence determination is performed with relatively sofragments makes the interpretation of peptide sequences diffi-
ionization techniques such as fast atom bombardment (FABJult. Glish and co-workerfl2] proposed that alkali-cationized
[2], matrix assisted laser desorption/ionization (MAL[@)and  peptides could be cleaved sequentially from their C-termini in
electrospray ionization (ESK]. Many methods, such as Edman ion-trapping instruments using low collision energies. However,
method[5], peptide ladder sequencif], C-terminal chemical some drawbacks make this method unpractical such as the lower
[7,8] and enzymatid9,10] sequencing, have been developedsensitivity of the cationized peptides and the complex dissoci-
for sequence analysis of peptides, however, they require puegion pathways when the residues are less than three in mass
samples and chemical or enzymatic degradation prior to maspectrometry. Some isotopic labeling methods have been devel-
spectrometry, making them inconvenient for small amounts obped and applied to quantification of proteomjt8]. In our
previous research, the phosphonylated peptides simplified mul-
tistage mass spectra of the protonated and sodiated molecules
* Corresponding author. Tel.: +86 10 62797186; fax: +86 10 6278 1695. relative to the unmodified peptides that allow ready sequencing
E-mail address: fuhua@mail.tsinghua.edu.cn (H. Fu). of the original peptide§l4,15] As the continuum of this pro-
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gram, we would like to report a labeling method for analysis ofTable 1
peptide mixtures through N-phosphonylation of peptides at thejpeduence ofthe original peptides and mass numbers for the protonated molecules
N-termini using bromine (Br) or 50% deuterium (D)-labeling of the Brrlabeling peptides

phosphonylating reagents and multistage ESI-MS. Peptide no. Sequence MEH]*
1 GG 379, 381
2. Experimental 2 AA 407, 409
3 AAA 478, 480
2.1. Materials 4 VIFA 582, 584
5 VEQH 758, 760

The peptides were commercially available from Shanghai

i 0,
Glsynthesis Company~{70% pure), and they were used to selected ionsM +H]* were analyzed by multistage tandem

phosphonylate and then analyze by ESI-MS/MS without fur- e . .
ther purification. Dichloro(phenyl)phosphine (DCPP), deuter-ESI m?ssds;.p.ect:pmett[y t?;ﬁUQh coIII|S|on WlthdlgezurT_./hThe
ated methanol (CBDOD) and 2-bromoethanol were purchased"’“nount_"’mI Ir_:_JEC lon :jate 0 esar_rt'lrﬁ)_eévem:];n_ <M | !
from Aldrich. Methanol and ethanol were rendered amhydrouézes'oeC Ively. The used time was within & min guring analysis.
by refluxing with Mg.

3. Results and discussion

2.2. Chemistry
3.1. Our strategy for analysis of peptide mixtures
31p NMR chemical shifts were reported in ppm downfield
(+) or upfield ) from external 85% HPOy as reference. 2- Some problems are usually met for analysis of peptides as
Bromoethyl phenylphosphinate (BEPP-H) and methyl/methylfollows: (1) the samples are impure from natural products even
d3 phenylphosphinate (1:1) (MPP-X) were prepared as previlf they areisolated by HPLC; (2) the peptide samples are contam-

ously describe14,15] inated; (3) peptide library contains much non-peptide impurity.
Mass spectra of all these samples show many peaks, it is very

2.2.1. Synthesis of 2-bromoethyl phenylphosphinate and hard and troublesome if every peak is analyzed by tandem mass

methyl/methyl-ds (1:1) phenylphosphinate spectrometry. Since the primary structures of proteins are usually

Three millimoles of 2-bromoethanol or a mixture of 1.5 mmol identified through the sequential procedure in which a protein is
of methanol and 1.5mmol of deuterated methanol {0D)  cleaved into small peptides followed sequencing for every mem-
was added dropwise to 1 mmol of dichloro(phenyl)phosphinder of them. Here, we chose impure peptide mixtures as mode
(DCPP) in 4 mL of dichloromethane at room temperature undep@mples to develop a new and general method for analysis of
nitrogen atmosphere, the reaction completed within 30 min, an@eptide mixtures, which could be helpful for determination of
31p NMR showed that DCPP almost quantitatively transferredrotein primary structures. We think that the peptides are labeled
into BEPP-H. The crude product BEPP-H was obtained aftePY isotopic reagents such as bromo, H/D (molar rate 1:1) mixed
removal of gaseous HCI, dichloromethane and an excess of alc8gents before the samples are analyzed and their mass spectra
hol(s), and it can be used without further purificatiéd \MR ~ ¢an show multiple peaks for each member of peptides. Herein,
showed that the purity was more than 95%p NMR of BEPP-  Some mixed peptides were phosphonylated by BEPP-H or MPP-

H: 28.33 ppm3LP NMR of MPP-X: 30.99 ppm. X (Scheme 1 We believe that the following results may be
observed Fig. 1): (1) ESI-MS spectra of the phosphonylated

2.2.2. General procedure for synthesis of the labeled peptides at N-termini should show multiple peaks because of

phosphonamidate peptides [14,15] isotopic labeling, and the modified peptides without Lys residue

Severa' pep“des\(l Mg for each member) were mixed and ShOW doublet peaks, Wh”e the Compounds Containing one LyS
dissolved in mixed solution, 8oL of ethanol, 1QuL of triethy- residue exhibit triplet peaks because of diphosphonylation at
lamine and 1Q.L of tetrachloromethane, and then 1.5—2 equiv.tW0 amino groups (imino group for proline) from N-termini of
of BEPP-H or MPP-X {1 uL) was added to the solutionat@, @ peptide and side chain of a lysine residue; (2) the non-peptide
the solution was stirred for 45 min, the corresponding phosphosamples cannot be phosphonylated because of the absence of
namidate peptides were obtained, and the resulting solution waNino or imino group, so their mass spectra show singlet peaks.
directly analyzed by ESI-MS/MS.

3.2. Analysis of Br-labeling peptide mixtures modified by
2.3. Mass spectrometry BEPP-H

The mass spectra were obtained using a Bruker Mixed peptides, Gly-Gly, Ala—Ala, Ala—Ala-Ala,
ESQUIRE~LC ion-trap spectrometry equipped with a Val-Phe-Ala and Val-Glu—GIn—His, were effectively phospho-
gas nebulizer probe. Nitrogen was used as drying gas at a flonylated by BEPP-H to provide sample Taple 1 according
rate of 4 L/min. The nebulizer gas fore-pressure was 7 psi. Th® the route as shown ischeme &, and the sample was
electrospray capillary was typically held at 4kV. The scandetermined by positive ion ESI-MS. Some singlet and doublet
range was fromm/z 103 to 1100 using positive ion mode. The peaks were observed Fig. 2, the singlet peaks were put away
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Scheme 1. Synthetic route of the labeled phosphonamidate peptides: (a) the preparation of the BEPP-peptides; (b) the preparation of thesMPP-peptide
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Fig. 1. Sequencing strategy of mixed peptides. The singlet, doublet and triplet peaks from non-peptides, monophosphonylated and diphopphtdgkated
respectively (the symbols (* and **) represent mono- and diphosphonylated products of peptides containing one lysine residue, respectively).
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Fig. 2. The full mass spectrum of Br-labeling peptide mixtures (BEPP-Gly—Gly, —Ala—Ala, —Ala—Ala—Ala, —Val-Phe—Ala, —Val-Glu—GIn—His).
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Fig. 3. ESI-MS/MS spectrum of the precursor iafif H]* atm/z 584 (BEPP-Val-Phe-Ala).
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Fig. 4. ESI-MS/MS spectrum of the precursor iaff H]* atm/z 760 (BEPP-Val-Glu—-GIn—His).

because they were from the non-peptides, and the ions corraylated products, and the doublet peaks could be analyzed using
sponding to the doublet peaks were chosen as the precursaimilar procedure above. One of the triplet peaks was chosen for
and determined by MS/MS. For example, the doublet peaké&urther fragmentation, unfortunately, the secondary ESI mass
atmlz 582 and 584, onenf/z 584) of the both was selected to spectrometry exhibited complex mass peaks, which was diffi-
obtain the ESI-MS/MS spectruntig. 3), in which kp (m/z  cult to identify sequence of the precursor ion. On the left of the
495), by (m/z 348) and [BEPP +Val COJ* (m/z 320) ions triplet peaks, we found the corresponding doublet peaks whose
were observedHig. 3), so the precursor ionM+H]* was mass number was 246 less than the triplet peaks, so this means
assigned to BEPP-Val-Phe-Ala. Similarly, MS/MS of thethat the doublet peaks were from the corresponding monophos-
protonated moleculeM +H]* at m/z 760 produced the b phonylated peptide. Next, we determined the doublet peaks, and
fragment ions ain/z 605 (ks), 477 (I3), 347 () and 249 (h)  their secondary mass spectra gave useful sequence information
(Fig. 4), the results clearly showed that the modified peptideof peptides. For example, the doublet peals 665, 567, inten-
was BEPP-Val-Glu—GIn—-His. Other peptide derivatives couldsity ratio 1:1) on the left of the triplet peakafz 809, 811, 813,
be confirmed using similar procedurdaple 1), so mixed intensity ratio 1:2:1) irFig. 5were observed, MS/MS spectrum
peptides were easily identified. of the precursor ionM + H]* atm/z 565 gave the bions u/z

The free peptides containing one lysine residue can be diphod47 (kp), 318 (k) and 249 (b)) (Fig. 6). The result showed the
phonylated by BEPP-H for the presence of amino group on thexistence of the tripeptide Ala—Lys—Val derivative. Similarly,
side chain of the lysine residue, so peptide mixtures, Gly—GlyBEPP—Val-Gly—Lys—His was identifietig. 7).
Ala—Ala, Val-Phe—Ala, Ala—Lys—Val and Val-Gly-Lys—His,
were treated to give sample Zable 9 according to the pro- 3.3. Analysis of 50% D-labeling peptide mixtures modified
cedure inScheme &, and the primary ESI-MS spectrum of the by MPP-X
sample is shown irrig. 5. We observed that the doublet and
triplet peaks were corresponding to the mono- and diphospho- We also labeled mixed peptides using methyl/methyl-d
(1:1) phenylphosphinate as the phosphonylating agent accord-
ing to the procedure iBcheme . Peptide mixtures, Gly—Gly,
Gly—Phe, Ala—Ala—Ala and Glu—Cys—Gly, were labeled to give
1ér"‘.?tmple 3Table 3 that was determined by positive ion ESI-MS,
some doublet peaks were observe)( 8), and the correspond-
ing phosphonamidate peptides were identified by ESI-MS/MS.

Table 2
Sequence ofthe original peptides and mass numbers for the protonated molecu
of the Br-labeling peptides

Peptide no. Sequence ME-H]* (with one Br) M +H]* (with two Br)

1 GG 379, 381 (doublet) For example, the ESI-MS/MS spectrum of the iomat 462
2 AA 407, 409 (doublet) gave ky fragment ions ain/z 387 (Ip) and 284 (h) (Fig. 9), so
i XE@ ggsvgg;‘ ((gougl'ett)) 609, 811, 813 (tiple) the precursor ion could be assigned to MPP—Glu—Cys—Gly.
, ouble , , riple 1 i — _
5 VGKH 758, 760 (doublet) 1004, 1006, 1008 (tripleyy V€ @ls0 labeled peptide mixtures, Gly-Gly, Ala-Ala,

Val-Phe-Ala, Ala—-Lys—Val and Val-Gly-Lys—His, using
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Fig. 5. The full mass spectrum of Br-labeling peptide mixtures (BEPP-Gly—Gly, —Ala—Ala, —Val-Phe—Ala, —Ala—Lys—Val, —Val-Gly—Lys—His).
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Fig. 6. ESI-MS/MS spectrum of the precursor idfif H]* atm/z 565 (mono-BEPP-Ala—Lys—Val).
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Fig. 7. ESI-MS/MS spectrum of the precursor idfif H]* atm/z 760 (mono-BEPP-Val-Glu—Lys—His).
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Fig. 8. The full mass spectrum of 50% D-labeling peptide mixtures (MPP-Gly—Gly, —Gly—Phe, —Ala—Ala—Ala, —Glu-Cys-Gly).
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Fig. 9. MS/MS spectrum of the precursor io¥ f H]* atm/z 462 (MPP-Glu—Cys—Gly).
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Fig. 10. The full mass spectrunM[+ H]* of D-labeling peptide mixtures (MPP-Gly—Gly, —Ala—Ala, —Val-Phe—Ala, —Ala—Lys-Val, —Val-Gly—Lys—His).
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Fig. 11. ESI-MS/MS spectrum of the precursor iaf§ H]* atm/z 490 (MPP-Val-Phe-Ala).
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Fig. 12. ESI-MS/MS spectrum of the precursor iagn§ H]* atm/z 669 (MPP-Val-Gly—Lys—His).

Table 3 was assigned according to the fragment ion@Hiz 401) and b
Sequence of the original peptides and mass numbers for the protonated molecutt;ﬁ/Z 254). The triplet peaks at/z 820, 823, 826 irFig. 10are

of the 50% D-labeling peptides

corresponding to the diphosphonylated peptide containing one

Peptide no. Sequence MEH]* lysine residue, we could sequence the corresponding monophos-
1 GG 287,300 Phonylation peptide ain/z 669 by ESI-MS/MS FKig. 12,

2 GF 377,380 Wwhich was assigned to the protonated MPP-Val-Gly—Lys—His.
3 AAA 386,389  Modified peptides by MPP-X could give much simpler

4 ECG 462,465  gpectra than those by BEPP-H (compafég. 12 with

Figs. 6 and Y, so the method using MPP-X as phosphonylat-

similar procedure above to provide the corresponding phosphddg agent might be a better choice for modification of peptide
namidate peptides (sample 4) which could be readily analyzed byixtures.

ESI-MS/MS (Table 4andFig. 10. For examplefig. 11shows

ESI-MS/MS spectrum of the ion at/z 490, MPP—Ala—Lys—Val 4. Conclusions

Table 4 Mixed peptides were labeled via N-terminal phosphonyla-

Sequence ofthe original peptides and mass numbers for the protonated molecuﬁz&
of the 50% D-labeling peptides

n by 2-bromoethyl phenylphosphinate or methyl/methyl-d

(1:1) phenylphosphinate to provide the corresponding phospho-

Peptideno.  Sequence  MpH]" (with 1D)  [M+H]"(with 2D) namidate peptides under mild conditions, and mass spectra of

1 GG 287, 290 (doublet) the derivatives showed some doublet and triplet peaks, while

2 AA 315, 318 (doublet) non-peptides or contaminations in samples displayed the singlet

i XE’{*/ :795' :?43 ((30“;"93 625, 626, 631 (tiplet) peaks. Next, MS/MS spectra of the doublet peaks produced pre-
, ouble , s riple . _ . . . . . o

5 VGKH 666, 669 (doublet) 820, 823, 826 (triplet) dominantly h-type ions, so various peptides including lysine

containing peptides were unambiguously identified. The rapid,
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