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Abstract

Leucine enkephalin has been studied using the combination of electrospray ionization (ESI) with a fast flow technique. ESI
of leucine enkephalin produces an isotopic multiplet of peaks beginning at m/z 556. Hydrogen/deuterium exchange of this
multiplet with ND3 has revealed the contribution of two ion populations to this multiplet: The singly protonated monomer and
the doubly protonated dimer. These populations were separated through their different kinetic behavior. Whereas the dimers
undergo slow exchange the monomers undergo pronounced complexation with ND3 and display a fast exchange of four labile
hydrogens. The results indicate a more compact globular structure for the diprotonated dimer. (Int J Mass Spectrom 213 (2002)
1–4) © 2002 Elsevier Science B.V.
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1. Introduction

Electrospray ionization (ESI) has been known [1]
to produce multiply protonated peptides and proteins.
These occur at different m/z ratios than the singly
protonated species and are easily distinguishable. A
fascinating discovery has been [2] the occurrence of
doubly protonated dimers of leucine enkephalin at the
same m/z ratio as the corresponding singly protonated

monomers. These were uncovered through solvation
by water and alkanols.

We have recently combined [3] ESI with a fast
flow technique and have studied complexation and
hydrogen/deuterium (H/D) exchange reactions of a
series of protonated peptides with ND3 and CH3OD
under thermal conditions. Among other peptides we
have also studied the protonated pentapeptide leucine
enkephalin, Tyr-Gly-Gly-Phe-Leu [4]. Deconvolution
of the experimental mass spectral data followed by
simulation of the kinetic data by solution of differen-
tial equations lead to sets of apparent and site-specific
rate constants. On a time scale of several millisec-* Corresponding author. E-mail: chavalu@vms.huji.ac.il
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onds, leucine enkephalin undergoes with ND3 four
fast H/D exchanges and one slow exchange. Evidence
was presented for the presence of two nonintercon-
verting ion populations with different reactivities
however, the source of these two populations was not
uniquely identified [4].

The present letter is a short report on the discovery
in the reaction system, of the doubly protonated dimer
of leucine enkephalin, through its reduced reactivity
in the H/D exchange reaction with ND3 compared to
the singly protonated monomer.

2. Experimental

The ESI/fast flow apparatus has been described in
detail before [3,4]. It consists of a selected ion flow
tube apparatus that we have constructed several years
ago and modified to work with an electrospray source
connected directly to the flow tube. It consists of a
flow reactor that is 123 cm in length and an inner
diameter of 74 mm. A neutral reagent is introduced
into the flow tube through either one of two ring
inlets. Tylan mass flow controllers define the flow rate
of the neutral reactant into the flow tube. The quadru-
pole mass analyzer (652601 ABB EXTREL) is
housed in a differentially pumped chamber that is
separated from the flow tube by a nose cone (NC)
skimmer with a 1.0 mm sampling orifice. A small NC
voltage is used for focusing ions into the analysis
quadrupole. Helium buffer gas enters the flow tube at
the upstream end through another Tylan flow control-
ler. A Roots blower pumps it through the tube.
Typical flow tube pressures ranging from 0.2 to 0.3
Torr and reaction times of several ms were employed.

The electrospray ion source was designed as fol-
lows. A capillary tube serves as the interface between
the electrospray and the helium flow reactor. Stainless
steel tubes 15 cm in length and 0.05 cm in diameter
are employed. The entire assembly is inserted into the
flow tube at a distance of �96 cm from the sampling
orifice, 135° to the direction of the helium flow,
through an ‘O’-ring type vacuum fitting. A capillary
tube of 0.05 cm in diameter introduces an air leak into
the flow tube with a pressure of 0.07 Torr and a flow

rate of 1.3 l/min (standard temperature and pressure).
Ions are electrosprayed �10 mm through ambient air
into the grounded capillary tube from a stainless steel
syringe needle biased at 5 kV DC. Dilute solutions of
the analyte of interest in a polar solvent are delivered
to the electrospray needle at flow rates of 3.3 �L
min�1 from a 5000 �L syringe mounted on a model
100 KD Scientific Syringe Pump. The temperature of
the capillary tube as well as of the flow tube is in the
range of 22–30 °C.

Leucine enkephalin was purchased from Sigma/
Aldrich (St. Louis, Missouri), with a stated minimum
purity of 98%. A �10�4 M solution of the peptide
was prepared in a 49:50:1 water-methanol-acetic acid
mixture for introduction into the ESI source. ND3 and
CH3OD were from Sigma/Aldrich with a stated iso-
topic purity of �99 at. %D.

3. Results and discussion

The elemental formula of protonated leucine en-
kephalin (LeuEnk�H�)� is C28H38N5O7. This corre-
sponds to an ion at a mass to charge ratio of m/z 556.
Fig. 1, top panel, reproduces the isotopic multiplet
obtained for electrosprayed leucine enkephalin
(LeuEnk) arriving at the detector without introduction
of any neutral reagent into the flow tube. If there is
any contribution of a doubly protonated dimer,
(LeuEnk�H�)2

2� it would also appear at m/z 556. At
the mass resolution available for the quadrupole mass
filter employed, it is nearly impossible to detect
within the experimental peak multiplet any contribu-
tion of the dimer. However, closer scrutiny of the
peak shape suggests a hint of an ion at m/z 556.5 due
to 13C and/or other isotopic contributions to the dimer
peak. Upon introduction of ND3 into the flow tube the
mass spectrum, Fig. 1 bottom panel, separates out into
two groups of peaks. There is a group of four or even
five peaks separated by half mass units at m/z 556,
556.5, 557, 557.5, and possibly also 558, respectively.
There is a second group of three peaks separated by
single mass units at m/z 559, 560, and 561, respec-
tively. (The peak at m/z 558 may be the first member
of this second group of peaks). The strongest peak
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among the group separated by single mass units is at
m/z 560 and corresponds as before [4,5] to the rapid
incorporation of four deuterium atoms into the singly
protonated monomer of leucine enkephalin. The
group of peaks separated by half mass units is
ascribed to partially deuterated doubly protonated
dimers of leucine enkephalin. The two groups of
peaks get separated upon deuteration. If the doubly
protonated dimer were demonstrating the same rapid
incorporation of four deuterium atoms as the singly
protonated monomer, then the multiplet of doubly
protonated ions would peak at m/z 558. However, the
strongest peak among the group of peaks separated by
half mass units is at m/z 556.5. This constitutes

evidence in favor of a slower incorporation of deute-
rium atoms into the dimer than into the monomer.

Conformational changes in proteins are probed by
hydrogen/deuterium-exchange electrospray-ioniza-
tion mass spectrometry [6,7]. The generally held idea
has been that compact structures protect some labile
hydrogen atoms from H/D exchange in the gas phase.
As in the case of liquid solutions the reduction in
amide hydrogen exchange rates in proteins in the gas
phase is attributed to certain hydrogens such as those
buried in the hydrophobic core, having little access to
the solvent, or hydrogens participating in hydrogen
bonding such as those found in �-helices or �-sheets
[8]. As a result, open conformers are expected to
reach higher levels of exchange than compact ones.

The experimental result reported here is interpreted
as indicating a more compact structure for the doubly
protonated dimer of leucine enkephalin than for the
singly protonated monomer. For the same reaction
time there are one or two fast H/D exchanges in the
dimer per three to four exchanges in the monomer.
Conformational structures of biopolimers in the gas
phase can be probed by the technique of ion chroma-
tography (ion mobility) [9]. It has been demonstrated
[10] that aggregates of peptides that occur at the same
mass-to-charge ratio as the singly charged parent ions
are separable through their ion mobility distributions.
Furthermore, collision cross sections for these clusters
show that they have tightly packed roughly spherical
conformations. Diprotonated dimers have been dem-
onstrated to have shorter arrival times than the corre-
sponding monomers, demonstrating again a more
compact structure [11].

The present preliminary results for H/D exchange
kinetics are thus in agreement with ion mobility
studies. What is the exact structure of the diprotonated
dimer remains an open question. With increasing ND3

flow rates the dimer is observed to undergo further
exchange. Furthermore, both the monomer and the
dimer undergo complexation with ND3 (Fig. 2). The
degree of complexation increases with carrier gas
flow rate. The ease of complexation of the monomer
is as expected for an open conformer that undergoes
quite efficient H/D exchange [3d,4]. The observation
of complexation of the dimer with ammonia is ex-

Fig. 1. Mass spectra of protonated and deuterated monomers and
dimers of leucine enkephalin (LeuEnk, M � 556) without (top
panel) and with (bottom panel) the H/D exchanging reagent, ND3,
flowing through the flow tube. Helium flow: 2.8 l/min; pressure:
0.21 Torr; Temp.: 295 K; ND3 flow 8 � 1017 molecules/s.
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pected on the basis of the previous solvation studies
with water and alkanols [2]. The more compact dimer
that undergoes less efficient H/D exchange than the
monomer is still able to undergo complexation with
ammonia and the complex is collisionally stabilized

under the flow tube conditions. This is contrary to the
results that we have obtained for the very compact
diprotonated monomeric bradykinin ion for which no
complexation with ND3 was observable in the flow
tube experiment [3d].

Acknowledgements

This work was supported by the United States-
Israel Binational Science Foundation under grant no.
2000026. Professor Alan G. Marshall is the American
cooperative investigator. B.G.R. thanks the Royal
Society for a study grant. The Farkas Research Center
is supported by the Minerva Gesellschaft fur die
Forschung GmbH Munchen.

References

[1] J.B. Fenn, M. Mann, C.K. Meng, S.F. Wong, C.M. White-
house, Mass Spectrom. Rev. 9 (1990) 37.

[2] D. Zhan, J. Rosell, J.B. Fenn, J. Am. Soc. Mass Spectrom. 9
(1998) 1241.

[3] (a) G. Koster, M. Soskin, M. Peres, C. Lifshitz, Int. J. Mass
Spectrom. 179/180 (1998) 165; (b) G. Koster, C. Lifshitz,
ibid., 182/183 (1999) 213; (c) ibid., 195/196 (2000) 11; (d) E.
Levy-Seri, G. Koster, A. Kogan, K. Gutman, B.G. Reuben, C.
Lifshitz, J. Phys. Chem. A 105 (2001) 5552.

[4] P. Ustyuzhanin, A. Kogan, B. G. Reuben, C. Lifshitz, Int.
J. Chem. Kin. 33 (2001) 707–714.

[5] X. Cheng, C. Fenselau, Int. J. Mass Spectrom. 122 (1992)
109.

[6] F. Wang, M.A. Freitas, B.D. Sykes, A.G. Marshall, Int. J.
Mass Spectrom. 192 (1999) 319.

[7] V. Katta, B.T. Chait, Rapid Commun. Mass Spectrom. 5
(1991) 214.

[8] D.L. Smith, Z. Zhang, Mass Spectrom. Rev. 13 (1994) 411.
[9] G. von Helden, M.-T. Hsu, P.R. Kemper, M.T. Bowers,

J. Chem. Phys. 95 (1991) 3835; M.F. Jarrold, V.A. Constant,
Phys. Rev. Lett. 67 (1991) 2994; D.E. Clemmer, R.R. Hud-
gins, M.F. Jarrold, J. Am. Chem. Soc. 117 (1995) 10141.

[10] A.E. Counterman, S.J. Valentine, C.A. Srebalus, S.C. Hend-
erson, C.S. Hoaglund, D.E. Clemmer, J. Am. Soc. Mass
Spectrom. 9 (1998) 743.

[11] M.T. Bowers, American Chemical Society 221st National
Meeting, April 1–5, 2001, San Diego, California.

Fig. 2. Mass spectra on an expanded mass scale. (1) Unexchanged
LeuEnk isotopic multiplet; He flow 3.7 l/min.; pressure 0.26 Torr;
295 K; (2) with ND3 flow � 6.1 � 1017 molecules/s; (A) Partially
resolved, partially deuterated isotopic multiplet of the diprotonated
dimer; the intensity maximum is at �m/z 556.5; (B) Partially
deuterated isotopic multiplet of the singly protonated monomer; (C)
Unresolved ND3 complex of the dimer multiplet; the intensity
maximum is at m/z 565.7; (D) The ND3 complex of the partially
deuterated isotopic multiplet of the singly protonated monomer.
The multiplets at (B) and (D) are shifted by exactly 20 mass units
(ND3, M � 20) from one another. (3) Same as in (2) but with an
ND3 flow of 1.34 � 1018 molecules/s; the multiplet at (D) was not
remeasured; the intensity maximum at (A) is at m/z 557.5 and at (C)
at m/z 567.5, i.e. the peaks are shifted by m/z � 10 as expected for
an addition of ND3 to a doubly charged ion at (A).
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