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a  b  s  t  r  a  c  t

We  report  electron-transfer  dissociation  (ETD)  mass  spectra  of  histidine-containing  peptides  DSHAK,
FHEK,  HHGYK,  and  HHSHR  from  trypsinolysis  of  histatin  5.  ETD  of both  doubly  and  triply  protonated
peptides  provided  sequence  ions  of the c  and  z  type.  In addition,  electron  transfer  to  doubly  protonated
peptides  produced  abundant  long-lived  cation-radicals,  (M+2H)•+, whose  relative  intensities  depended
on  the  peptide  sequence  and  number  of histidine  residues.  CID-MS3 spectra  of  (M+2H)•+ cation-radicals
were  entirely  different  from  the  ETD  spectra  of  the doubly  charged  ions  and  involved  radical-driven  losses
eywords:
lectron-transfer dissociation
istidine effect
istatin 5
istidine-rich tryptic peptide
adical rearrangement

of C4H6N2 neutral  fragments  from  the  histidine  residues  and  charge-driven  backbone  cleavages  forming
b  and  y  ions.  Product  ions  from  CID  of  (M+2H)•+ were  further  characterized  by  CID-MS4 spectra  to  distin-
guish  the  histidine  residues  undergoing  loss  of  C4H6N2.  The  ETD-CID-MSn mass  spectra  are  interpreted
by  considering  radical-induced  rearrangements  of histidine  side  chains  in  the long-lived  charge-reduced
ions.
witterion

. Introduction

Electron-transfer dissociation (ETD) [1] mass spectra of
istidine-containing peptides have been reported to display inter-
sting effects caused by specific reactions in the histidine side chain.
adicals formed by one-electron reduction of protonated imidazole
ing in histidine residues undergo proton-catalyzed rearrange-
ents that result in substantial stabilization of charge-reduced

ntermediates. This effect has been first observed by Xia et al. as
electron-transfer-no-dissociation” (ETnoD) and found to be spe-
ific for histidine-containing peptide ions [2].  We  have studied
he reaction mechanisms of what we called the histidine effect
3] for peptide ions ranging from singly protonated dipeptides
GH, HG) [4],  tripeptides (HAL, AHL, ALH) [5],  to several singly
6] and doubly protonated pentapeptides [3].  Charge reduction in
ingly protonated peptides forms neutral radicals that cannot be
irectly detected by mass spectrometry. However, peptide radi-
als can be reionized by collisions at keV kinetic energies to form
ations, as in neutralization–reionization mass spectrometry [7,8],
r anions, as in charge-reversal mass spectrometry [9,10],  that
rovide information on the radical structure [6,11].  The rearrange-

ents in histidine residues were found to be catalyzed by proton

onors such as C-terminal and Asp carboxyl or N-terminal ammo-
ium groups. The presumed mechanisms for the rearrangements

∗ Corresponding author. Tel.: +1 206 685 2041; fax: +1 206 685 3478.
E-mail address: turecek@chem.washington.edu (F. Tureček).

387-3806/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
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© 2010 Elsevier B.V. All rights reserved.

[3–6] and their reactive intermediates are generically sketched
in Scheme 1.

Upon electron attachment to the protonated His ring, the
intermediate N-1′,N-3′-H-imidazolium radical [12] can undergo
conformational rotations that bring the N-terminal ammonium or
a carboxyl group to the proximity of the C-2′ atom which car-
ries a substantial odd-electron density [5]. Proton transfer from
the ammonium group to C-2′ (pathway a, Scheme 1) is highly
exothermic and produces a stable cation-radical which is detected
in the ETD spectrum [3].  Proton transfer from a carboxyl group is
mildly exothermic to form a transient zwitterion consisting of the
imidazoline cation-radical and the carboxylate anion (pathway b,
Scheme 1) [5].  The zwitterion can undergo a further facile rear-
rangement by N-3′-H proton migration onto the carboxylate group
to exothermically form an N-1′,C-2′-H radical. The latter is more
stable than the initial histidine radical and can be detected in the
ETD spectrum. Upon collisional excitation, the rearranged His rad-
ical can eliminate the C4H6N2 side-chain fragment, converting the
His residue to a Gly C� radical. The exact structure of the neu-
tral C4H6N2 fragment is unknown but most likely corresponds to a
methylimidazole tautomer or a mixture thereof.

Experimental evidence for the histidine rearrangement fol-
lowed from charge-reversal (+CR−) mass spectra of singly
protonated peptides and collision induced dissociation (CID-MS3)

spectra of charge-reduced but non-dissociating peptide ions. The
ETD-CID-MS3 spectra showed that long-lived charge-reduced pep-
tide cation-radicals did not undergo backbone N–C� bond cleavages
which are typical for ETD. Instead, CID of charge-reduced ions

dx.doi.org/10.1016/j.ijms.2010.08.021
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:turecek@chem.washington.edu
dx.doi.org/10.1016/j.ijms.2010.08.021
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esulted in the loss of a C4H6N2 neutral fragment from the his-
idine side chain that was indicative of a rearrangement [5].
ince the previous research on histidine-containing peptides con-
erned only synthetic model compounds, it became of interest
o investigate peptides produced from natural sources, such as
istidine-containing peptides and proteins. A convenient source is

ound among histidine-rich antibacterial proteins of the histatin
amily [13]. Histatins 1, 3, and 5 are small cationic proteins con-
aining, respectively, 38, 32, and 24 amino acid residues. They are
ecreted by human parotid and mandibular glands and are present
n saliva where they have several protective functions [14]. His-
atin 5 has the sequence DSHAKRHHGYKRKFHEKHHSHRGY which
s a convenient source of histidine-containing peptides upon trypsi-
olysis, e.g., DSHAK, HHGYK, FHEK, and HHSHR. These small (4–5
esidues) basic peptides thus have naturally different numbers and
ositions of His residues that can be expected to produce doubly
nd triply charged ions by electrospray and thus be favorable for
tudying the histidine effect. We  now report an experimental ETD-
ID-MSn study focused on the dissociations induced by electron
ransfer and the analysis of charged-reduced intermediates. We
ish to show that the histidine effect is amplified in the presence

f multiple histidine residues in a fashion which is also sequence
ependent.

. Experimental
.1. Materials and methods

Histatin 5 protein (98% pure) was purchased from Aroz Tech-
ologies (Cincinnati, OH, USA). Histatin 5 was subjected to
1.

proteolysis using immobilized trypsin (Catalog No. V9013, Promega
Corp., Madison, WI,  USA), as described by the manufacturer. Briefly,
3.0 mg  of histatin 5 was first sonicated in 100 �L of >18.2 �
MilliQ water to make a 30 mg/mL  protein stock solution. A so-
called “protein digestion mixture” was prepared by combining
in a 2.0 mL microcentrifuge tube 16.7 �L of 30 mg/mL  histatin 5
protein stock solution, 48 �L acetonitrile, and 55.3 �L of 50 mM
ammonium bicarbonate buffer. Immobilized trypsin, which comes
conjugated to a cellulose resin and is provided in a 1:1 (v/v)
slurry in 50 mM CH3CO2H, 1 mM CaCl2, and 0.02% NaN3, was
resuspended and 600 �L of it was dispensed onto a spin column,
which was then centrifuged to remove liquid from the resin. The
resin was washed with 400 �L of 50 mM ammonium bicarbon-
ate. This wash cycle was  repeated for a total of three times. The
protein digestion mixture was added quantitatively and directly
to the resin in the spin basket and incubated at room tempera-
ture for 30 min. Peptide recovery was  performed by adding 300 �L
of “Peptide Recovery Buffer” to the spin column and briefly cen-
trifuging to remove the peptide solution from the resin and into
a clean 2 mL  microcentrifuge tube. This “Peptide Recovery Buffer”
was previously prepared by combining 400 �L acetonitrile, 20 �L
of 10% trifluoroacetic acid, and 580 �L of >18.2 � MilliQ water.
The peptide recovery step was  repeated in order to achieve a
final tryptic peptide solution of no more than 720 �L for down-
stream applications. A sample solution was  prepared by combining
371.5 �L of the tryptic peptide solution with 1.3285 mL  of a 50/50

methanol–water solution that encompassed 2% acetic acid. Direct
infusion electrospray of this single, heterogeneous sample solution
afforded multiply charged peptide ions DSHAK, HHGYK, FHEK, and
HHSHR.
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ig. 1. ETD mass spectra of (A) (DSHAK+2H) (m/z 279.2) and (B) (DSHAK+3H)
rom  charge-reduction of (DSHAK+2H)2+. The ion relative intensities were normalize
on  intensity.

Electron-transfer dissociation mass spectra were measured on
 Thermo Fisher Scientific (San Jose, CA, USA) LTQ XL linear ion
rap instrument outfitted with a chemical ionization source for

he production of fluoranthene anion radicals as ETD reagent. Pre-
ursor cations (M+2H)2+ and (M+3H)3+ were mass isolated with a
indow of 1.6–2.5 and 0.7–2.0 m/z  units, respectively, to accom-
odate nearest 13C isotopologues and allowed to react for 100, 200,
86.4) ions. (C) CID-MS mass spectrum of mass selected (DSHAK+2H) (m/z 558)
e sum of intensities of all charge-reduced ions but excluding the residual precursor

and 300 ms  with fluoranthene anions. The 200 ms ETD spectra are
reported.

Survivor charge-reduced (M+2H)•+ from electron transfer were

mass selected with a 1 m/z unit window and collisionally dis-
sociated (CID-MS3) with the ion excitation energy set at 20% on
the instrument scale. This gave abundant (M+2H–C4H6N2)•+ ions,
which were subsequently mass selected and subjected to collisional
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F ced (DSHAK+2H)•+; (B) m/z 479 ion by loss of C4H6N2 from charge-reduced (FHEK+2H)•+;
( 92 ion by loss of C4H6N2 from charge-reduced (HHSHR+2H)•+. The ion relative intensities
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ig. 2. CID-MS4 mass spectra of (A) m/z 476 ion by loss of C4H6N2 from charge-redu
C)  m/z 560 ion by loss of C4H6N2 from charge-reduced (HHGYK+2H)•+, and (D) m/z 5
ere  normalized to the sum of intensities of all charge-reduced ions.

ctivation with the ion excitation energy set at 20% on the instru-
ent scale to yield the CID-MS4 spectra reported here. CID-MS3

ass spectra were also taken of all ETD c and z sequence fragments.

. Results

.1. DSHAK

The DSHAK peptide formed singly, doubly and triply charged

ons by electrospray that appeared at m/z 557.3 (48%), m/z 279.1
48%) and m/z  186.4 (4%), respectively. Thus only about a half of the
roduced ion population was useful for ETD. Electron transfer to the
/z  279.1 precursor ion resulted in the formation of an abundant Scheme 2.
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harge-reduced (M+2H)•+ cation-radical at m/z  558, which consti-
uted 26% of the sum of charge-reduced ion intensities (Fig. 1A).
ragmentation proceeded by loss of H (m/z 557), C2H4O2 (m/z 498),
nd by backbone cleavages forming the c4 (m/z 428), z4 (m/z 426), c3
m/z 357) and z3 (m/z 339) ions. The ETD mass spectrum of the triply
rotonated ion (m/z 186.4) displayed similar fragments (Fig. 1B). In
articular, the singly charged backbone ions c4, z4, c3, and z3 were
ormed together with the (M+2H)•+ cation-radical. In contrast, the
resence in the spectrum of the singly reduced (M+3H)•2+ ion can-
ot be confirmed because of overlap with the 13C isotope satellite

f the (M+2H)2+ ion at m/z 280. As a general remark, the ETD mass
pectrum of the (M+3H)3+ ion shows more secondary fragments
m/z 411, 371, 250, 220, 202, 186, etc.) presumably due to greater

ig. 3. ETD mass spectra of (A) (FHEK+2H)2+ (m/z 280.6) and (B) (FHEK+3H)3+ (m/z 187.4
harge-reduction of (FHEK+2H)2+. The ion relative intensities were normalized to the sum
ntensity.
f Mass Spectrometry 306 (2011) 99– 107 103

ion excitation by electron transfer to the triply charged ion com-
pared to the same process concerning the doubly charged ion. The
origin of these singly charged secondary fragments has been estab-
lished by ETD-MS3 experiments where each of the primary c and
z fragments from ETD was  mass selected and collisionally dissoci-
ated. For example, CID of the c4 fragment ion (m/z 428) produced
the m/z 411 ion as a dominant secondary fragment by loss of ammo-
nia. We  note that although the m/z 411 ion formally corresponds
to a b4 sequence ion, its formation through the c4 ion is corrobo-
rated by the ETD-MS3 spectrum. Likewise, the m/z 202 ion in the

Fig. 1B spectrum, which formally is a z2(AK) fragment, is a dom-
inant secondary fragment from CID of the z4 ion at m/z  426 and
presumably is formed by a cascade elimination [15] of a neutral

) ions. (C) CID-MS3 mass spectrum of mass selected (FHEK+2H)•+ (m/z 561) from
 of intensities of all charge-reduced ions but excluding the residual precursor ion
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ragment containing the deaminated serine and histidine residue
HOCH2CHCONHCH(CH2C3H3N2)CONH). Interestingly, the forma-
ion of the m/z 202 from the z3 ion (m/z 339) is much weaker, the

ain dissociation being an elimination of a C3H8N radical from the
ys residue.

The efficiency for ET (%E) to the doubly and triply charged pep-
ide ions was 77% and 92%, respectively, when expressed as a ratio
f the sum of all charge-reduced ion intensities, �IETD, to the total
on count, �IETD + IP, including the residual precursor ion intensity
P (Eq. (1)). Both these efficiencies refer to 200 ms  ion–ion interac-
ion time.

E = 100
∑

IETD

IP +
∑

IETD
(1)

The charge-reduced (M+2H)•+ cation-radicals from ETD of m/z
79.1 and m/z 186.4 gave very similar CID-MS3 spectra as repre-
ented by that from m/z 279.1 (Fig. 1C). The ETD-CID-MS3 spectrum
s dominated by a fragment ion at m/z 476 by loss of a 82 Da neu-
ral fragment, presumably C4H6N2 from the His side chain [2,16].

 conspicuous feature of Fig. 1C spectrum is the absence or very
ow intensity of the c4, z4, c3, and z3 backbone fragment ions (cf.
ig. 1A). Backbone dissociations are represented by abundant y4,
4, y3, and b3 ions at m/z  442, 411, 355, and 340, respectively.
hese charge-induced dissociations compete with the elimination
f the His C4H6N2 side-chain fragment. The pertinent fragment
on at m/z 476 was further selected by mass and analyzed by CID.
he CID-MS4 spectrum (Fig. 2A) showed eliminations of peripheral
roups (CO2, H2O, CH2O) in combination with backbone dissocia-
ions by eliminations of amino acid residues from the N-terminus,
.g., (AspNH2–H) (m/z 345), AspNH2 (m/z 344), and (AspSerNH2–H)
m/z 259). These dissociations must involve N–C� bond cleavages
hich may  be triggered by radical migrations along the backbone

nd side chains in the m/z  476 cation-radical [17]. The backbone
leavages are sketched in Scheme 2, although the exact mecha-
isms have not been established.

.2. FHEK

Electrospray of the FHEK peptide produced singly, doubly, and
riply charged ions at m/z  560.3 (35%), m/z 280.6 (57%), and m/z
87.4 (8%), respectively. The ETD spectra of the doubly and triply
harged ions were analogous to those of DSHAK ions. The ETD
ass spectrum of the major doubly charged ion at m/z 280.6 gave

n abundant charge-reduced (M+2H)•+ cation-radical at m/z 561
hich comprised 34% of the sum of charge-reduced ion intensities

Fig. 3A). Backbone fragment ions appeared at m/z  431 (c3), 397
z3), 302 (c2) and a weak peak at m/z  260 (z2). The abundant back-
one fragment ions all contained the His residue. The ETD mass
pectrum of the triply charged ion (m/z 187.4) also gave the singly
harged c and z fragment ions, in addition to numerous fragments
rom consecutive dissociations (Fig. 3B). The electron-transfer effi-
iency at 200 ms  ion–ion interaction time was %E = 80% and 85% for
he doubly and triply charged precursor ions, respectively. CID-MS3

f the charge-reduced (M+2H)•+ ion at m/z 561 resulted in losses
f water, ammonia, and backbone cleavages forming the b3 (m/z
14), b2 (m/z 285) and y2 (m/z 276) fragment ions (Fig. 3C). Loss
f C4H6N2 was also observed (m/z 479), although at lower relative
bundance than for DSHAK. CID-MS4 of the m/z  479 ion resulted
n a dominant loss of a 16 Da neutral fragment, presumably NH2,
o give a m/z  463 fragment ion (Fig. 2B). This somewhat unusual

issociation can be facilitated by migration of a benzylic H-atom
rom the Phe residue [17] to the His C� radical which requires a
ix-membered transition state [18] and activates the N-terminal
2N–C bond for homolytic dissociation (Scheme 3).
Scheme 3.

3.3. HHGYK

Electrospray of the HHGYK peptide produced singly, doubly
and triply charged ions at m/z 641.4 (32%), m/z 321.2 (28%)
and m/z 214.1 (40%), respectively. ETD of the doubly and triply
charged HHGYK ions proceeded with %E = 90 and 99%, respec-
tively, at 200 ms  ion–ion interaction time. ETD of the doubly
charged ion at m/z 321.2 produced a dominant charge-reduced
(M+2H)•+ ion at m/z 642 that constituted 44% of total ETD ion
intensities. A series of backbone c fragments were found at m/z
292 (c2), 349 (c3), and 512 (c4), which were complemented by
the z4 ion at m/z 488 (Fig. 4A). ETD of the triply charged ion
at m/z 214.1 gave an abundant (M+2H)•+ ion at m/z 642 and
a number of fragments due to backbone and consecutive dis-
sociations (Fig. 4B). CID-MS3 of the (M+2H)•+ ion at m/z  642
showed a dominant loss of C4H6N2 (m/z 560, Fig. 4C). The other
dissociations consisted of sequential eliminations of water and
ammonia combined with loss of H-atoms to give fragment ion
clusters at m/z 623–626 and m/z 605–608. Backbone dissocia-
tions were represented by the abundant b2 fragment ion at m/z
275.

CID-MS4 of the m/z 560 ion due to loss of C4H6N2 formed a dom-
inant m/z 367 fragment ion which corresponds to a y3(GYK) ion
(Fig. 2C). In addition, the spectrum displayed a regular y4(HGYK)
sequence fragment ion at m/z 504, as well as a modified y4(GGYK)
ion at m/z 424. The m/z 504 fragment ion can be expected from a
m/z 560 precursor that lost the side chain from the N-terminal His1
residue, while the m/z 424 fragment ion must be formed from a

precursor that lost the side chain from the internal His2 residue.
Hence, the CID-MS4 spectrum indicates that the loss of the His side
chain was non-specific as to the His residue position in the peptide
sequence.
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Fig. 4. ETD mass spectra of (A) (HHGYK+2H)2+ (m/z 321.2) and (B) (HHGYK+3H)3+ (m/z 214.1) ions. (C) CID-MS3 mass spectrum of mass selected (HHGYK+2H)•+ (m/z 642)
f d to t
i

3

s
a
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e
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rom  charge-reduction of (HHGYK+2H)2+. The ion relative intensities were normalize
on  intensity.

.4. HHSHR

This last tryptic peptide contained three His residues and formed
ingly, doubly and triply charged ions upon electrospray that
ppeared at m/z  673.4 (18%), m/z  337.2 (30%), and m/z  224.9 (51%),
espectively, giving >80% of ion precursors suitable for ETD. Elec-
ron transfer to the doubly charged ion at m/z 337.2 was 91%
fficient and gave an intense charge-reduced (M+2H)•+ ion at
/z 674 that constituted 52% of charge-reduced ion intensities

Fig. 5A). ETD of the triply charged ion at m/z 224.8 was  99% efficient

t 200 ms  of ion–ion interaction time. Interestingly, the charge-
educed ion from the m/z 224.8 precursor appeared at m/z 675
nd must have corresponded to (M+3H)+ (Fig. 5B). The CID-MS3

ass spectra of the (M+2H)•+ and (M+3H)+ ions were distinctly
he sum of intensities of all charge-reduced ions but excluding the residual precursor

different in that the former showed a dominant loss of C4H6N2
to give a m/z 592 fragment (Fig. 5C), while the latter involved a
dominant loss of ammonia to give a m/z 658 fragment (Fig. 5D).
These dissociations are consistent with the radical nature of the
(M+2H)•+ ion to undergo a radical-induced loss of the His side
chain on the one hand, and the closed-shell nature of the (M+3H)+

ion to eliminate ammonia via a charge-driven reaction on the
other.

CID-MS4 of the m/z 592 ion gave several products (Fig. 2D).
Among those, the m/z 536 ion can be formed by loss of a 56 Da

fragment from the truncated N-terminal His1 residue. Likewise,
the m/z 383 fragment ion can correspond to a z3 ion, indicating
the His4 residue was  intact. We did not attempt to assign the other
fragments in the Fig. 5D spectrum.
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Fig. 5. ETD mass spectra of (A) (HHSHR+2H)2+ (m/z 337.2) and (B) (HHSHR+3H)3+ (m/z 224.8) ions. (C) CID-MS3 mass spectrum of mass selected (HHSHR+2H)•+ (m/z 674)
f cted (
i  exclu

4

c
F
n
9
H
a
c
D
T

rom  charge-reduction of (HHSHR+2H)2+. (D) CID-MS3 mass spectrum of mass sele
ntensities were normalized to the sum of intensities of all charge-reduced ions but

. Discussion

The above-presented data indicate that His residues have spe-
ific effects on ETD spectra of ions from small tryptic peptides.
irst, the electron-transfer efficiency weakly correlated with the
umber of His residues in the peptide ion, whereby %E = 77, 80,
0, and 91% for doubly protonated DSHAK, FHEK, HHGYK, and
HSHR, respectively. A stronger effect was found for the rel-

tive intensities of charge-reduced, non-dissociating, (M+2H)•+

ation-radicals which increased from 26% for doubly protonated
SHAK to 34% for FHEK, 44% for HHGYK, and 52% for HHSHR.
he combined relative intensities of c and z backbone fragments
HHSHR+3H)+ (m/z 675) from charge-reduction of (HHSHR+3H)3+. The ion relative
ding the residual precursor ion intensity.

from ETD were practically identical (31%) for the three Lys-
terminated peptides, although their distribution differed. All c
and z ions from the Lys-containing peptides contained proto-
nated His residues, whereas the complementary Lys-containing
fragments were neutral. The increased (M+2H)•+ relative inten-
sities in the ETD spectra of FHEK and HHGYK were presumably
due to decreased side-chain dissociations by loss of ammonia or
C2H4O2 from the Asp residue. The Arg-terminated peptide showed

lower c + z relative abundances (21%). In addition, the z2 and z3
fragments from HHSHR showed substantial (z + 1) satellites, and
the c4 ion was accompanied by a (c4 − 1) ion. These were due to
intramolecular H-atom migrations occurring in ion–molecule com-



rnal o

p
[

i
c
b
C
c
t
p
i
a
T
C
o
t
a
r
b
C
r
w
a

(
m
s
r
i
m
p
a

5

c
t
C
i
h
H
e

A

i

[
[

[
[

[

[
[
[

[
[

Am.  Soc. Mass Spectrom. 17 (2006) 576;
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lexes of complementary c and z fragments, as studied previously
19].

CID of long-lived (M+2H)•+ cation-radicals showed radical-
nduced losses of C4H6N2 fragments from the His residues, which
ompeted with proton-driven losses of water, ammonia, and back-
one dissociations forming b and y fragment ions. The loss of
4H6N2 upon CID is thought to originate from rearranged (M+2H)•+

harge-reduced ions according to Scheme 1 [3–6] and the extent of
his fragmentation can presumably be taken as a marker for the
opulation of rearranged ions. The rearrangement occurs in the

midazole ring, requires an internal catalysis by a proton donor,
nd results in a stabilization of the charge-reduced ion [3–6].
he tryptic peptides from histatin 5 contain basic residues at the
-terminus and 1–3 histidine residues. In keeping with previ-
us studies of histidine-containing peptide ions, we  presume that
he doubly charged ions are protonated at the C-terminal basic
mino acid (Lys or Arg) and at one of the His residues. In charge-
educed (DHSAK+2H)•+, the His rearrangement can be catalyzed
y the Asp or C-terminal COOH groups; accordingly, the loss of
4H6N2 is a dominant fragmentation channel. In contrast, charge-
educed (FHEK+2H)•+ shows less abundant loss of C4H6N2 which
e interpret as less efficient histidine rearrangement due to a lower

ccessibility to the COOH group.
Increasing the number of His residues in (HHGYK+2H)•+ and

HHSHR+2H)•+ promotes the loss of C4H6N2. The backbone frag-
entations upon CID-MS4 of the m/z 560 ion from HHGYK then

uggest that the loss of C4H6N2 had occurred from either His
esidue. This indicates a statistical effect whereby either His residue
s protonated in the precursor ions and then undergoes a rearrange-

ent in the charge-reduced ion. We  also note that charge-reduced
eptide ions that lack histidine residues undergo different dissoci-
tions, as studied recently [20].

. Conclusions

Histidine-rich tryptic peptides from histatin 5 form abundant
harge-reduced, non-dissociating cation-radicals upon electron
ransfer. CID of the charge-reduced ions triggers elimination of
4H6N2 which depends on the peptide sequence and is amplified

n peptide ions containing two or three His residues. This amplified
istidine effect is interpreted by facile internal rearrangement in
is radicals to form intermediates which are prone for the C4H6N2
limination.
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