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Abstract

Using simple di- and tripeptides GX, GGX, GXG, XG and XGG, the influence of the position of the basic residue, X (X=R, K and H), on
the formation of peptide radical cations (M from [CU' (tpy)M]2* complexes (where tpy = 2,8 ,2’-terpyridine) was probed. It was found that
M** is formed with greatest abundance when the basic residue is at the C-terminus. For arginine containing peptides, this may be due to fur
fragmentation of GR&, RG'* and RGG* at the MS stage. For lysine and histidine containing peptides, when the basic residue is not located
at the C-terminus, competing fragmentation pathways that lead to peptide backbone cleavage are more facitdhaatidn. In order to gain
some insights into the binding modes of these peptides tb(fEy)]?*, the formation and fragmentation of copper(ll) complexes of tripeptides
protected as their carboxy methyl/ethyl esters (M5@R= Me/Et) were also probed. The products of the competing fragmentation pathways of
[Cu" (tpy)M]?*, as well as the formation and fragmentation of [@py)(M—OR)]?*, suggest that the unprotected peptides, M, mainly bind as
zwitterions to [CU (tpy)]?*.

The fragmentation reactions of the radical cations*(Mvere also studied. Radical driven side chain fragmentation reactions ‘obi
dependent on both the position of the residue as well as the identity of other residues present in the peptide radical cations. GR and RG, w
undergo rearrangement to form a mixed anhydride in their protonated forms, do not undergo the same rearrangement in their radical cation fo
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction auxiliary ligand, the metal and the peptide, in the generation of
peptide radical cationN@—8]. Early work by Siu and coworkers
Considerable attention has focussed on understanding tlseiggested the presence of both a basic residue as well as a tyro-
fundamental gas-phase chemistry of charged radicals derivesine/tryptophan residue in the peptide was a requirement for the
from biomolecules. This is due to the fact that a number ofgeneration of peptide radical cations (W from ternary Cu(ll)
experimental techniques have been developed to study radicadbmplexes, [CU(L3M]?* (L3=dien (diethylenetriamine),
species, as well as the promise of radical species to providelesdien (N,N,N,N’,N’-pentamethyldiethylenetriamine) or
complementary structural information to their even-electrontpy; M =peptide)[1]. Since then, however, the situation has
counterparts. Inspired by Siu and coworkers’ pioneering workbeen clarified and recently it has been shown that the presence
on the use of ternary transition metal complexes to generatef either a tyrosine or a tryptophan residue is sufficient for
peptide radical cationfl], several studies have addressed thepeptide radical cation generation from fdien)MJ** [3].
influence of the three components of these complexes, viz. thekewise, we have shown that the presence of a basic residue
alone also allows the formation of the tripeptide radical
cations, GXR™, using [CU (tpy)GXRJ* as the starting ternary
- , , _ complex[4]. Moreover, the subsequent fragmentation of the
* Part 47 of the series “Gas-Phase lon Chemistry of Biomolecules”. . . . .
* Corresponding author. Tel.: +61 3 8344 2452; fax: +61 3 9347 5180,  Peptide radical cations was shown to yield complementary
** Corresponding author. structural information to that derived from their protonated
E-mail address: rohair@unimelb.edu.au (R.A.J. O’Hair). analogue$4].
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Several studies have clearly demonstrated that the positioghereas the stock solution of [t(tpy)(NO3)2]-H-0O was pre-
of a residue within a peptide can influence its fundamental gagared by dissolving 1 mg of [(tpy)(NO3)2]-H20 in 1 mL of
phase properties and reactivity. For example, the position of §leOH. 100uL of the peptide stock solution was then mixed
histidine residue in a tripeptide not only influences its gas phasgith 100uL of [Cu' (tpy)(NOs),] stock solution and incubated
proton affinity[9], but also the preferred site of cleavage in thefor 2h before addition of 0.8 mL of MeOH. Samples were
CID spectrum of the protonated tripeptide methyl e$1]. introduced into the mass spectrometer atd.0min via the
In the emerging field of gas phase peptide radical cations, aglectrospray ionization source. In each case the instrument
important question is “How does the site of a residue within aequired careful tuning to maximize the signal of the metal com-
peptide influence the generation and subsequent fragmentatigiex [Cu' (tpy)(M/M—OR)]*2* ions. The typical source con-
reactions of its radical cation?”. The only study to have systemditions were: spray voltage, 4.0-5.5kV; capillary temperature,
atically addressed thisissue is that of Siu and cowoll&ysho  100-250°C; nitrogen sheath pressure, 20-80 psi; capillary volt-
showed that the formation of peptide radical cations of di- anchge,—135 to +135 V; tube lens offset voltage200 to +200 V.
tripeptides from [CH(_dien)M]Z* is influenced by the position CID experiments were performed utilizing the advanced scan
of the tryptophan residug]. For example, the GGW complex functions of the LCQ instrument. For [¢(tpy)(M/M—-OR))]*2*
almost exclusively yields the radical cation, while the complexesons, an envelope of two isotopes (arising frét€u, and®>Cu)
of GWG and WGG form significant amounts of the protonatedwas mass selected. When it was possible, a single isotope (aris-
peptide. More importantly, this study showed that these peptideiag from 83Cu) was mass selected.
exhibit unique gas phase chemistry involving facile fragmen-  Since multistage MSexperiments were performed, we have

tation around thex-carbon of the tryptophan residue to give ysed the symbolism of Cooks et 3] to define each stage of
[z, —H]** ions. Given that our previous study has shown thaimass spectrometry for all of the figures.

it is possible to use [Cl(tpy)]2* to generate radical cations of
peptides that do not contain a tryptophan/tyrosine residue b
contain an arginine residyé], here we probe the influence of

the position of the basic residue (arginine, lysine and histidine)

- : : : In several instances, similar types of fragment ions are
on the formation of peptide radical cations from [Gpy)M]%* . '
complexes, as well as the subsequent fragmentation quserved in the CID.spectra of the [mpY)M]ZJr comp!exes
Mo+ and the corresponding protonated peptides. For this reason,

we first discuss the fragmentation reactions of the protonated
peptides, before examining the influence of the basic residue
position in the generation of peptide radical cations from
[Cu' (tpy)]>* complexes. Finally, for those complexes which
yield “long-lived” radical cations (i.e. those that do not com-
GH, GGH, GHG, HG, HGG, diketopiperazine, GR and RG pletely dissociate in the MS/MS spectrum), their CID fragmen-

were purchased from Bachem (Bubendorf, Switzerland) anaatlon are described.

GGR, GRG, RGG, GK, GGK, GKG, KG and KGG were

obtained from SynPep (Dublin, CA, U.S.A.) with a stated min-3.1. MS/MS on [M + H]* and [M-OR' + H]*

imum purity of 95%. These peptides were used without further

purification. The fragmentation products of all the protonated pep-
The methyl esters of the peptides (M-OMe) were preparetides [M+H]" and protonated tripeptides protected as their

following a literature procedurfll1]. The ethyl esters of the methyl/ethyl esters [M—OR-H]* are given inTable 1 Note

peptides containing arginine (M—OEt) were prepared by addinghat fragmentation reactions of some of these molecules have

an ethanolic solution of HCI (2 M, 0.3 mL) to M—OMe (1 mg). previously been studied by our gro(ip0,14] and by Yalcin

The reaction was allowed to proceed for 3 h at room temperaturet al.[16a]. We have reported our results on the dissociation

{
%. Results and discussion

2. Experimental methods

2.1. Materials

and then the solvent was removed. of arginine containing dipeptidgd 4] and the fragmentation
[Cu' (tpy)(NO3)2]-H20) was synthesized according to a lit- of cyclo(GH) as well as methyl esters of histidine contain-
erature procedurd 2]. ing peptideg10] while Yalcin et al. have described the frag-
mentation of lysine containing peptides which were mostly

2.2. Mass Spectrometry achieved via metastable ion dissociatid®a]. Since CID is

the activation method employed in the current work, the frag-
All experiments were performed using a commerciallymentation of protonated lysine containing peptides was re-
available quadrupole ion trap mass spectrometer (Finnigarexamined so that their fragmentation reactions could be directly
MAT model LCQ, San Jose, CA) equipped with electro- compared with the other peptides under similar experimental
spray ionization (ESI). For the analysis of [Qtpy)(M)]?*  conditions.
and [CU (tpy)(M—OR)]?*, stock solutions of peptides (M or Generally, NH loss and HO loss is particularly abundant
M-OR)) and a stock solution of [Cl(tpy)(NOz)]-H,O were in arginine containing peptides and histidine containing pep-
first prepared. The stock solutions of the peptides were preides, respectively. The arginine containing peptides also yield
pared by dissolving 1 mg of peptide in 1 mL of MeOH os®,  b,—NHgz ions. While we have not probed the mechanisms for



S. Wee et al. / International Journal of Mass Spectrometry 249-250 (2006) 171-183

173

Table 1
Abundance of CID products of [M + H]and [M—-OR + H]* relative to the most intense peak in the spectrum (%)
M Y2 Y1 by -H,0 —NHz Other products
X at C-terminus
GR 17 100 —2NHs3 (8)
by — NH3/—H20 —NH3 (8)
y1—NH3 (13)
y1—H20 17)
—60Da (12)
—59Da (15)
GGR 100 20 70 —2NH3 (12)
bs — NHa/—H20 —NH3 (93)
bz — H,O/-2H,0 12)
y1—NHs (30)
GGR-OEt 100 3 (8)
—EtOH 12)
—2NH3 (40)
—H>0 —NH3 (80)
bs — NH3 (6)
y1—NHs (55)
y1—59 Da (6)
—42 Da (10)
—3NH3 (25)
GK 100 20 M —H20 (m/z=129 Th) (50)
Related ionf/z=84 Th) (5)
GGK 5 100 —H,0 av7)
bs —H,O (10)
—H20 —NH3 (32)
y1—NHs (22)
y1 —H20 (m/z =129 Th) (90)
Related/immonium iorvg/z =84 Th) (20)
GGK-OMe 17 100 —H20 (25)
bs —H2O (6)
—H20 —NH3 (50)
y1—NHs (30)
y1 —MeOH (55)
Related/immonium iorv/z =84 Th) (8)
GH 100 Related/immonium iomz =110 Th) (5)
y1 —H2O(m/z=138 Th) 5)
GGH 100 —H20 (58)
—H>0 —NH3 (14)
Related/immonium iorni/z =110 Th) (5)
GGH-OMe 100 —MeOH (6)
—H20 (53)
—H20 —NH3 (27)
X as Interior Residue
GRG 15 75 ory—HO 5 35 —2NHs3 (5)
—H20 —NH3 (100)
b, — NH3 (55)
GRG-OEt 100 or y— EtOH 27 —2NH3 )
—H20 —NH3 (80)
by — NH3 (72)
GKG 100 or y — H0O —H20 (15)
—H20 —NH3 (70)
y2 —H20 (m/z=129 Th) (10)
GKG-OMe 100 or y — MeOH —H20 (10)
—H20 —NH3 (47)
y2 —H20 (miz=129 Th) @)
GHG 70 ory —H20 —H20 (7%)
—H>0 —NH3 (100)
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Table 1 Continued)

M Y2 by a V1 by -H,0 —NHs Other products

GHG-OMe 55 or y-MeOH —H,0 (100)

—H»0 —NH3 (52)
X at N-terminus

RG Spectrum same as [GR +H]

RGG 47 15 8 100 —59 Da 8)
by — NH3 (10)
b1 —NH (5)

RGG-OEt 40 100 —59 Da 8)
b, — NH3 (20)
@ — NH3 (6)
b1 — NH3 (6)

KG 100 15 35 Related/immonium iom(z =84 Th) (8)

KGG 100 5 10 —H20 (8)
Related/immonium ionvg/z =84 Th) (20)

KGG-OMe 100 5 7 —H20 (8)
Related/immonium iorvg/z =84 Th) (20)

HG 35 30 100 —H,0 (8)
Related/immonium iornvg/z =84 Th) (10)

HG 35 30 100

HGG 45 52 100 —H20 (100)
bs — H,O (20)

HGG-OMe 28 28 90 —H20 (100)
bs — H20 @)

Cyclo(GH)/Diketopiperazine 67 -CO (100)
—CHp=NH 5)
—CO-NH; (43)
—2CO-NH (5)

Products of relative abundance less than 5% are not listed.

these losses, it is interesting to note that theNHs ions may  oxygen atom of a peptide bord0,17] As noted previously,
arise from the initial loss of NEifrom the arginine side chain, as histidine appears to be unique in its ability to formibns with
recently demonstrated by Laskin et al. for larger arginine cona diketopiperazine structure (e@g8) and(3)) [10].
taining peptide$15].

As noted previously, [GR + H]and [RG + HT yield identi-

cal CID spectra since they undergo rearrangement to form II] O H 0
mixed anhydride[14]. For [GX +H]* and [XG +HJ", where N i e | |
X =K or H, identical fragmentation products were generatedR1™ R,H R Nj/j\
but their relative abundances are differerdlgle 1), suggesting B' & J

incomplete isomerization. Note that able 1 the fragmen-
tation products y-H,O formed from [GX + H] are the same
as the lp ions of [XG + HJ". The immonium ion with nominal
mlz=110 Thformed from [GH + H] isthe same asthg @n of ~ where B is side chain of basic residug R or nitrogen atom of
[HG +H]*. peptide bond and Ris OH or nitrogen atom of peptide bond.

3.1.1. MS/MS on [GX+H]* and [GGX + H]*
With the exception of [GR+Hj], which undergoes rear- /\o
H
N. +

(1)

0

rangement to form a mixed anhydrifie], the common major

fragmentation products of [GX + FlJand [GGX +HJ are the N R,H + ,

loss of O and /or formation of yions (as well as the further ]L 0 ~ReH H /SSNH HN
fragmentation products of these primary fragmentation prod L = NR,
ucts). The loss of BO may be a side-chain driven process and ( \ i

can involve either the OH of the C terminal carboxylic acid (eq. N
(1) for X=R/K [16,17]or eq.(2) for X=H [18]) or the carbony!l H (2)
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where R is H or nitrogen atom of peptide bond and B OH
or nitrogen atom of peptide bond.

/~SNH RN
H

L NH

©)

where R is H or nitrogen atom of peptide bond and R OH
or nitrogen atom of peptide bond.

3.1.2. MS/MS on [GXG+H]*

The common major fragmentation products of [GXG +H]
are: (i) the formation of pions; and (ii) the loss of LD and/or
NH3. While we have not attempted to determine the structur
of these b ions and their mechanisms of formation, it is worth

recalling that studies on related systems suggest that cyclic struc-

tures involving the side chain (cf. e&) and(2)) are more stable
than oxazolone structures which are proposed as structures
b, ions of aliphatic peptide0,17] Thus, the mechanisms for
the formation of b ions from [GRG +H[ and [GKG +H
are likely to be analogous to the formation of &nd b ions
from [GGR +HJ" and [GK +HJ" respectively (eq(1)) while
the mechanisms for the formation of lons from [GHG + Hf
may be analogous to the formation af lons from [GH + HJ
(eq.(2)). Finally, abundant HO loss from [GHG + HY is likely

a side-chain driven procefH0].

3.1.3. MS/MS on [XG + H]* and [XGG + H]*

Apart from [RG +HJ, which undergoes rearrangement to
form a mixed anhydridgl4], the common major fragmentation
products of [XG + Hf and [XGG + HJ are hy ions. The k ions

of arginine, lysine and histidine are likely to adopt cyclic struc-

e
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3.2. MS/MS on [Cu" (tpy)(M)]** and
[Cu'l(1py)(M-OR') P+

3.2.1. MS/MS on [Cu" (tpy)(M)]**

The abundance of the radical cations of XG, XGG, GXG,
GX and GGX (X=R, K, or H) generated from [¢(tpy)M]?*
along with all the fragmentation products of [Qtpy)M]?* are
listed inTable 2 Note that our results for the GGX peptides are
in good agreement with a very recent paper by Chu d6al.
Examination offable 2reveals that the yield of M formed from
[Cu' (tpy)M]%* depends on the position of the basic residue, X,
within the peptide, with the most abundant vbeing formed
when X is at the C-terminus.

A closer examination of the fragmentation reactions of the
[Cu' (tpy)M]2* complexes Table 29 reveals that in addition to
radical cation formation (ed4)), other fragmentation pathways
involve cleavage of the peptides, with a fragment of the peptide
remaining bound to [Cl(tpy)]?* (for example eq(5)). These
other fragmentation pathways are analogous to the fragmenta-
tion of the protonated peptides themselvéahle 1), although
with different relative abundances. These other fragmentation

thways compete with the formation of radical cations from
ﬁ?u” (tpy)M]2*. In the rest of this work, these other fragmenta-
tion pathways will be referred to as ‘competing fragmentation
pathways’.

[cu" (tpy)M]** — [Cu'(tpy)T] + M** (4)
[cu" (tpy)M]** — [Cu" (tpy)(M)—(ba)]* + b, T (5a)
[Ccu" (tpy)M]?** — [CU" (tpy)(M)—(b,—H)]*" + (b,—H)  (5b)

For lysine and histidine containing peptides which have
the basic residue at the C-terminus, viz. GX and GGX
(where X=K and H), the dissociative redox reaction depicted
in equation (4) predominates and the competing fragmen-
tation pathways are largely suppressed with the exception
of GGH. Besides yielding abundant G&GH fragmentation

tures as a result of side chain mediated peptide bond cleavaggy, [cul (tpy)(GGH)R* also affords significant amounts of

as proposed in eql) [16].

3.1.4. MS/MS on [M—-OR' + H]* and [Cyclo(GH)+H]*

[Cu' (tpy)(GGH)—(—H)]?* (which is synonymous with the
designation [Cli(tpy)(y1—H)]?*). The formation of this com-
plex is analogous to the formation of theipn in the fragmen-

The fragmentation patterns of protonated cyclo(GH)tation of [GGH + HT.

(Table 7 and the methyl esters of the histidine containing tripep-

tides ((M—OMe +HJ) (Table ) are in accord with previous
reports[10]. Generally, the CID of [M—OR+ H]* is analo-

In contrast, when the basic lysine or histidine residue is not at
the C-terminus, the side-chain assisted competing fragmentation
pathways predominate in the fragmentation of [@py)M]2*

gous to the fragmentation of the protonated unprotected pegvhile the dissociative redox reaction depicted in equation

tides, [M+HJ" as shown inTable 1 The only exception is
[GGR-OEt+HYJ, in which the formation of the yion and

(4) is largely suppressed, rendering low yields ot*MThe
side-chain assisted competing fragmentation pathways in this

the loss of 2HO are suppressed while the losses of 42 anctase are mainly: (i) Nkl loss from [CU (tpy)(KG)]?* and
51 Dalton (which may correspond to losses of HN=C=NH andcu (tpy)(KGG)}** (presumably caused by the attack of the N-
3NHjs respectively) are enhanced. Significant suppression of yterminal lysine side-chain on the backboftg]; (ii) side-chain

ion formation in the fragmentation of [GGR—OEt+Hinay
imply that formation of the y ion from [GGR +HJ largely

assisted amide bond cleavage.
For the peptides containing arginine, the competing fragmen-

involves a salt bridge intermediate which results from mobiliza+tation pathways of [Cli(tpy)M]2* are also more pronounced in

tion of H* from the C-terminal carboxylic acid to the C-terminal the case where the arginine residue is not at the C-terminus
amide bond. Formation of such an intermediate is prevented ilM = RG, RGG and GRG) than the case where the arginine
[GGR-OEt+H]J. residue is at the C-terminus (M=GR and GGR). However,



Table 2
Abundance of CID products of [(iitpy)M]%* relative to the most intense peak in the spectrum (%)
M Mme* [Cu'(tpy)]* [Cu" (tpy)(M)—(by — H)?* [Cu" (tpy)(M)—~(by)]* by & [Cu" (tpy)(M)—(bz — H)I* [Cu (tpy)(M) — (b2)]* b, Y Other products
X at C-terminus
GR 95 100
GGR 65 100 [Cu" (tpy)M — NH3]?* (20)
[tpy + H]* ®)
M** —CO, (10)
GK 100 20 [Cu" (tpy)M — NH3]** ®)
GGK 100 75 M** —H,0 (8
GH 87 100 [tpy + H]* (5)
[Cu" (tpy)(M) — (related ion)} 9)
GGH 60 100 73 6 [tpy + H] (6)
[Cu" (tpy)M — H]* (6)
[Cu" (tpy)(M) — (related ion)} (5)
M** —H,0 (12)
X as interior residue
GRG 20 100 25 10 15 [CU (tpy)M — NH3]?* (23)
[Cu" (tpy)M — H20 — NH3]?* (8
[tpy +H]* )
[Cu" (tpy)M — H]* (15)
M** —CO, (6)
immonium ion ¢2/z =100 Th) (6)
b2 — NH3 (10)
GKG 7 25 100 30 Related/immonium iomz =129 Th) (23)
[CU" (tpy)M — H20 — NH3]?* (8)
[Cu" (tpy)M — NH3]?* ®)
[CU" (tpy)M — H,O?* ()
GHG 5 30 100 51 b ion— NH3 (5)
[Cu" (tpy)M — H2 O (15)
[Cu" (tpy)M — H,0 — NHz)%* (50)
X at N-terminus
RG 8 100 6 [Cu" (tpy)M — NH3]?* (25)
[tpy +H]* (15)
[Cu" (tpy)M — 60 DaJ (15)
mlz=87 Th ®)
RGG 5 100 15 [Cu" (tpy)M — NH3]?* (25)
[Cu" (tpy)M — 59/2F* (12)
[Cu" (tpy)M — 60 Da] (12)
M**-CQ, (15)
KG 1 45 45 12 [CU" (tpy)M—NHz]2* (100)
Related/immonium ionvg/z = 84 Th) (5)
KGG 2 27 90 40 [Cu" (tpy)M—NHz]%* (100)
Related/immonium iornvg/z = 84 Th) (5)
HG 3 43 100 5 45
HGG 1 25 100 8 50 12 12

Products of relative abundance less than 5% (excep) bire not listed.

9.1

E91-1L1 (9007) 0ST—~6# Cuawon2ds SSopy fo punor [puoypiidiuy /o 12 4 °S
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B' = Basic residue
side chain

Peptide binds via
the neutral basic side chain Peptide binds as a zwitterion

Scheme 1. Possible binding modes of peptide (M) in'@y)M]?*.

unlike the case of lysine or histidine containing peptides, thesg.2.2. MS/MS on [Cu'(tpy)(M—OR')]** and
competing fragmentation pathways are minor processes. In the&€u! (tpy)(Cyclo{GH})]**
fragmentation of [Cli(tpy)M]?* where M =an arginine con- The presence of methyl/ethyl ester protecting groups will pre-
taining peptide, the dissociative redox reaction always predomvent peptide binding in the zwitterionic form to [ (ipy)]%*.
inates regardless of the position of the arginine residue. Thislence, if the binding mode of unprotected peptides in
is exhibited by the formation of [C(tpy)]" as the most abun- [Cu' (tpy)M]2* is zwitterionic, the [Cl (tpy)(M—OR)]2* com-
dant fragmentation product in all cases. However, it is puzzlingplexes would either not be formed, or if formed, would exhibit
why the complementary products*¥Mare not always in high different fragmentation patterns to their [{{tpy)M]?* counter-
abundance, especially when the arginine residue is not at thgarts. The M—ORlisted in Table 1were employed to examine
C-terminus. One possible rationale for the low abundance athe influence of the type and position of the basic residue on the
M** when the arginine residue is not at the C-terminus is thabinding modes of tripeptides to [¢(tpy)]2*.
the M** undergoes further fragmentation to yield low-mass For M-OR = arginine and lysine containing peptides, [Cu
product ions that are not readily detected in the LCQ masgtpy)(M—OEt)F and [CU' (tpy)(M—OMe)F* respectively were
spectrometer. not detected. This is consistent with the observation of Gatlin et
In summary, for arginine containing peptides, the dissociaal. [21] that the ternary complex [(gbpy)(M—OMe)E*+ was
tive redox reaction always predominates regardless of the posiot detected in the ESI/MS of the methyl ester of arginine.
tion of the arginine residue although the abundance &f M This implies that arginine and lysine containing peptides bind to
is low when the arginine residue is not at the C-terminus[Cu' (tpy)]?* as zwitterions, consistent with discussions above.
In contrast, for lysine and histidine containing peptides, the For M=histidine containing tripeptides, the [Cpy)
dissociative redox reaction only predominates when the basig—-OMe)]** complexes were detected, but they exhibit dif-
residue is at the C-terminus, whereas competing fragmentderent fragmentation patterns from [thpy)M]%* (Figs. 1-3.
tion pathways predominate when the basic residue is not at the

C-terminus.

The observation that the position and the type of the GGH**  206.1 [Cu'(tpy)]* @ 283.5 (2.4)
basic residue dictate the dominant fragmentation pathway of 1007 (a) 269.0 ;
[Cu" (tpy)M]2* is intriguing. This may be a result of the binding 801 [cu"tpy)(GGH) 2256
modes of these peptides to [(tpy)]?*. There are two possi- 60 ~(brH*P
ble binding modes of these peptides to {Qpy)]2*: (i) via the 40 i
basic side chain or (ii) as a zwitterion via the C-terminal car-  2¢ # i [%‘;g(gGGH'H o
boxylate group $cheme 1 The loss of b and b ions from ol 15641 Ul s 427.0 449.9
[Cul' (tpy)M]Z* for M =XG/XGG and GXG respectively sug- 50 100 150 200 250 300 330 400 450 500
gests that M binds to [CY(tpy)]2* via the carboxylate group at
the C-terminus and not at the side chain of the basic residue. 100, BRTEOMe= 208, 200.0 (3.0)
This is consistent with the findings of Hu et al. who suggestthat g, (b)
Cu* associates with the peptide C-termiri28]. However, they i |296.1 [Cul(toy)]*
also found that the naked €uion binds to the histidine residue 40
when the C-terminus is an amide rather than a carboxylic acid 35 ¢ ltoy+H]* [Cu' (GGH-OMe - HH)J*
[20]. ' o . . 1701 2342 34{*-9

In order to probe which of these binding modes is adopted

50 100 150 200 250 300 350 400 450 500

by the peptides in [Clitpy)M]?* complexes, the forma-

tion and fragmentation of [C'l{tpy)(M—OF()]% complexes Fig. 1. (@) MS/MS spectra of [C‘ﬂL(tpy)(GQH)F*; and (b) MS/MS spectra of

of the nine tripeptides protected as methyl/ethyl esters |iste£u”(tpy)(GGH—OMe)f*. The precursor ion. The number in brackets denotes
{

in Table 1 ined d th It di e width of the isolation window (in Th) used in the mass-selection pro-
in lable 1were examined, an ese resulls are QISCUSSEQss #The further fragmentation product of the peptide radical catioh M

below. or M—OMe**.
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Fig. 2. (a) MS/MS spectra of [Cftpy)(GHG)E*; and (b) MS/MS spectra of
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10 l 246.0 (3.0) 296.1[Cu'(tpy)]*

80 Cyclo(GH)**

60 194.0

40 ag.o E S

20 ‘ 245.1
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Fig. 4. MS/MS spectrum of [Cl(tpy)(cyclo(GH))E*. * The precursor ion. The
number in bracket denotes the width of the isolation window (in Th) used in
the mass-selection proceé3he further fragmentation product of the peptide
radical cation, M*.

[Cu' (tpy)M]%* complexes may be due to differences in binding
modes, with the peptide esters unable to bind as zwitterions.
For [CU' (tpy)(GHG)E* and [CU! (tpy)(HGG)F*, the com-
peting fragmentation pathways depicted in €8). dominate
and peptide radical cation formation is largely suppressed

[Cu' (tpy)(GHG—-OMe)F*. * The precursor ion. The number in brackets denoteswhile the reverse is true for [(tpy)(GHG-OMe)f* and
the width of the isolation window (in Th) used in the mass-selection pro-[Cu!' (tpy)(HGG—OMe)f*. It is therefore very likely that the

cess.”The further fragmentation product of the peptide radical catioht M
or M—-OMe**.

In the fragmentation of [Cl(tpy)(M—OMe)E*, the compet-

binding mode of GHG and HGG in the majority (if not
all) of [Cu'(tpy)(GHG)F* and [CU! (tpy)(HGG)F* respec-
tively is zwitterionic. To further confirm that the histidine side
chain can bind to Cl(tpy), the formation of the Cl(tpy)

ing fragmentation pathways that are present in the fragmerecomplex of the cyclic dipeptide cyclo(GH) was probed.

tation of [CU' (tpy)M]?* are largely suppressed while the dis-

[Cu' (tpy)(cyclo(GH))E* was observed in the ESI mass spec-

sociative redox reaction dominates, particularly for GGH-OMetrum and its CID spectruni{g. 4) is dominated by the disso-

and HGG-OMe. For [Cl{tpy)(GHG-OMe)}*, although the

ciative redox fragmentation pathway (€4)).

dissociative redox reaction is not the dominant fragmenta- Taken together, our observations involving the formation and
tion pathway, it is greatly enhanced compared to the fragthe fragmentation of [Cl(tpy)M]2*, [Cu' (tpy)(M—OR)]%* and

mentation of [CU(tpy)(GHG)F*. The dominant fragmenta-
tion pathway of [Cll (tpy)(GHG—-OMe)}* is the formation of

[Cu' (tpy)(cyclo(GH))E" suggest that the unprotected peptides
M most likely bind to [CW (tpy)]2* as zwitterions. The zwitteri-

[Cu" (tpy)(b,—H)]?*, which is absent in the fragmentation of onic binding mode of M to [Cli(tpy)]2* allows us to explain the
[Cu" (tpy)(GHG)P*. A possible explanation for the differences dominant fragmentation pathways of the [Qpy)M]2* com-

in the fragmentation pathways of the [(tpy)(M—OMe)E+ and

[Cu" (tpyl(HGG)-b]* 426.9

100, ® 283.0(3.0)
(a)
801 2 [Cu'l (tpy) (HGG)-b]*
60{  110.1 %
40] 2825 [Cu'toy)]*
b, by 296.1
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Fig. 3. (@) MS/MS spectrum of [Cftpy)(HGG)E*; and (b) MS/MS spec-
trum of [CU' (tpy)(HGG-OMe)f*. * The precursor ion. The number in brackets

process?The further fragmentation product of the peptide radical catiot, M
or M—-OMe**.

plexes. As mentioned above, for peptides with a basic residue
at the C-terminus, peptide radical cation formation dominates,
while competing fragmentation pathways are suppressed. The
exception is [Cli(tpy)(GGH)F*, which forms both GG®'" and

the [CU' (tpy)(GGH)—(lb—H)]?* ion. The facile formation of this
latter ion is unique to GGH and may be due to the ability of the
histidine side chain to act as a proton shuttle, thereby facilitating
proton transfer to the peptide backbone as showdcineme 2
[10].

3.3. MS? on M** and M—OR'**

M** formed from [CUf (tpy)M]2* generally have low abso-
lute abundance, especially when X is not at the C-terminus. The
abundances of RGG and K& generated from [Cl(tpy)M] 2
are too low to allow M8 experiments to be carried out. The frag-
mentation products of the rest of the peptide radical cations are
listed inTable 3

One of the most dramatic differences in the fragmentation
behaviour of M* versus [M+H] involves the dipeptides GR
and RG. We have previously noted that [GR ¥ ihd [RG + HJ

denotes the width of the isolation window (in Th) used in the mass-selection .

yield identical CID spectra since they undergo rearrangement to
form a mixed anhydride via a mechanism which involves salt
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Scheme 2. Proposed mechanism for the formation off [@y)(GGH)-(k—H)]?*.

bridge formation[14]. In contrast, GR" and RG* fragment radical driven processes, the major fragmentation pathways of
differently (Fig. 5). Even if the initial structures of GR and GGR* and GRG" are the formation of y and [tp — H*]**
RG** formed upon CID of [Cl(tpy)M]2* are carboxylate rad- respectively: These species are most likely formed via even-
icals, salt bridge formation is still possible in GRand RG*  electron processes since gnd I» ions are formed abundantly
once the carboxylate radical abstracts®sftem another part of from [GGR +H]" and [GRG + HJ respectively.
the peptide. The absence of rearrangement of'GiRd RG™ Generally, for radical cations of lysine containing peptides
to form a mixed anhydride implies that the barrier(s) for rear-(with the exception of K&", the abundance of which is too
rangement to form an anhydride is higher than the barrier fotow to allow MS® fragmentation experiments to be carried out),
fragmentation. the fragmentation reactions are dominated by-ftH°*]** for-
It is interesting to note that while the fragmentation of mation. The formation of [p— H*]** may be an even-electron
arginine containing dipeptide radical cations is dominated byrocess proceeding via side-chain assisted amide bond cleav-
age (cf. eq(1)). Among these lysine containing peptide radical
cations, fragmentation of GGK exhibits the most extensive

- €O, 1871 263.3 (2.5) radical driven processes involving side chain cleavage.
(a) 231.1(1.0) As for histidine containing peptide radical cations, when the
80 e . . . . :
Vi % histidine residue is at the C-terminus, the major fragmentation
60 v;-co, 1782 product is the yion. When the histidine residue is not at the C-
=y 231.1 - olet L . -
40 -NH, -H,0 terminus, [l — H®*]*" formation is the dominant fragmentation
20 1000 406 1 ¢ 70 213.1 product, and may proceed via side-chain assisted amide bond
ol 870 ;11§ {3 i | cleavage (cf. eq$1)—(3).
60 1o 140 100 220 240 The fragmentation mechanisms of peptide radical cations
derived from a library of tripeptides GXR (where X =all of the
_ 87,0 268.5(2.5) naturally occurring amino acids except R) have been discussed
(b) 231.2(1.0) . ; . .
s in detail previously[4]. Some of the mechanisms proposed
i in that work are reproduced to illustrate analogous fragmen-
40 231.0
20 -
1’!—25-9 1 Areferee has highlighted the challenges in understanding the gas phase frag-
0- = mentation chemistry of peptide radical cations, which can either be initiated by
1 14 1 22 2
o 0o 0 m/z 80 0 60 the charge site or the radical site, and which can also invotvdbile proton)

or H atom migrations. While terms such as¢leavage” and “homolytic cleav-
Fig. 5. (a) CID MS reactions of the GR ion; and (b) CID MS reactions of  age” are widely used to describe the fragmentation reactions of conventional
the RG™ ion. " The precursor ion. The number in brackets denotes the width ofradical cations in EI mass spectrometry, we use the term radical driven process
the isolation window (in Th) used in the mass-selection process. to highlight that this reaction involves the radical site.



Table 3
Abundance of CID products of M relative to the most intense peak in the spectrum (%)
M Y2 [by —H*] Y1 [by —H*]** [az — H*]** [bg —H*]** [ag — H*]** -CO, —NH3 Other products
X at C-terminus
GR 10 17 (-HO) 100 —NH3, —CO, (10)
Not applicable y1—CO; 8)
Related/immonium iorvg/z =100 Th) @)
GGR 40 100 8 (-HO) 8 8 Related/immonium ion#{/z = 100 Th) (10)
GK 100 (-H,0) 15 —2NH; 8)
) [b2 — H*]** —NHa/—H,O—NHz (15)
Not applicable —NH,CHy* (10)
mlz=128Th (25)
GGK 15 8 100 (-HO) 20 [bs — H*]** — H,0/-2H,0 (45)
—NH,CH,CH,CH,* (20)
—NH,CH,CH,CHs (55)
GGG (10)
y1 — H20(m/z=129) (10)
mlz=128Th (50)
GH 100 42 (-HO) 8 (-H,0 —CO) 28 —NH;,—~CQ, (18)
; y1—CO; (12)
Not applicable Related ionf/z = 13 8 Th)ly, — H,O (20)
Immonium ion ¢z/z=110 Th) (12)
GGH 15 100 25 (=HO) 15 (-H,0 —-CO) 25 [B — H*]**—H,0/-2H,0 (5)
—-CO,-H,0 (12)
y2—CO; (5)
y1—-CO; (5)
—[Related ion— H*]** (16)
Immonium ion ¢u/z=110 Th) (8)
X as Interior Residue
GRG 30 100 37(-h0) 35 25 —NHCH,* (10)
mlz=230 Th (22)
—60 Da (30)
—62 Da (10)
[b2 — H]**~NH; 6)
& (45)
—104 Da (10)
Related/immonium iorvg/z = 100) (12)
mlz=87 or related/immonium ion (13)
GKG 100 30(-HO) [bs — H*]**—NHg/—H,O—NHs (15)
& 5)
GHG 100
X at N-terminus
RG Not applicable mlz=87 Th or rel/immonium ion (100)
RGG
KG?
KGG 100 50 -CO (8)
[bz — H*]**—2NH," (10)
[bz — H*]**—2NH;-CO (10)
HG 100 Not applicable
HGG 45 35 5(-HO) 10 Immonium ion £/z=110 Th)/a (5)

Products of relative abundance les than 5% are not listed.
@ The abundance of M is not sufficient for analysis by CID.
b A possible assignment.
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tation mechanisms of the peptide radical cations discussed hette lysine residue. GGK also loses NHCH,CH,CHz which
Radical driven reactions that are commonly observed in the fragvas not observed in the fragmentation of GKR
mentation of the peptide radical cations discussed in this paper

(Table 3 are CQ loss (eq.(6)) [22] as well as y and y ion 332 MS? on GXG**

formatlon (eq (7). Note that t he y ions of tripeptide radical The most abundant fragmentation products of GX@re
cations can also be formed via even-electron processes. oTot : ;
2— . -
[b2 —H*]*" ions. The analogous even-electrgnitns are also

: . the major fragmentation products of [GXG +H]This implies
Ra . -CO, ) ’ that formation of [b — H®*]** ions from GXG* mainly occurs
Ri~ Njﬁ(o — iy N through even-electron processes. These even-electron processes
I

] most likely occur viaintermediates in which the protonated basic

H Q MHCO + side chains transfer the ionizing proton to the amide nitrogen of
carbiEylateridial [ s Af] (6) the C-terminus prior to fragmentation via mechanisms related
to those shown in egd) and(2) [10,17] Note that formation
where R is nitrogen atom of peptide bond. of [b2 —H*]** requires the radical site to be on either the N-

terminal residue or the interior residue.
0 The loss of NH+H20 and/or BO is not significant in
,:, RN | the fragmentation of GX&, unlike the case of protonated
"v — > HN P : GXG. Apart from that, fragmentation of GKG and GHG*
N yT R, is analogous to the fragmentation of their protonated coun-
terparts, and presumably occurs mainly via even-electron pro-
o radical cesses. As for GRG, there is significant C®loss and more
products are produced from the fragmentation of the argi-
(") " nine side chain when compared to [GRG ¥HGRG* also
yields significant amounts of they don and a product with
mlz=230 Th (which may arise from loss of the guanidinium
side chain), both of which are absent in the fragmentation
of [GRG +HT".
The fragmentation of similar systems, GXR(X=K and
H) has been discussed previougly. It is interesting to com-
pare the fragmentation of GXG with the fragmentation of
GXR** (X=K and H). As noted above, GXG (X=K and
H) mainly forms [lp —H*]**, presumably via even-electron
processes which require transfer of Hom the protonated X
side chains to the peptide backbone; that is, radical driven pro-
3.3.1.2. GK**. Most of the fragmentation products of 8K cesses are not significant in the fragmentation of GXGn
are analogous to the fragmentation products of its protonategbntrast, for GXR* apart from major y ion formation (the
counterpart, implying that radical driven processes do not playroduct complementary to §b- H*]** formed in the fragmen-
an important role in the fragmentation of GK tation of GXG*), fragmentation yields significant amounts
of other products formed via radical driven processes, such
3.3.1.3. GH**. GH** yields more backbone cleavage than itsas y ion formation and side chain losses. The reason for
protonated analogue. GHyields the y ion which is absentin enhanced radical driven processes in the fragmentation of
the fragmentation of [GH + H] Since the yion is formed only ~GXR**, compared to GX&, is most likely due to the pres-
from GH** and not from [GH + HJ, it is likely that this yt ion  ence of the basic arginine residue in GXRvhich sequesters
is formed via an odd-electron process (€f)). the ionizing proton, and hence suppresses even-electron pro-
cesses (cf. egél) and(2)). This may also be the reason that
3.3.1.4. GGR** and GGH**. Fragmentation reactions of GRG* exhibits more radical driven processes than GKénd

GGR'* and GGH™* also yield more sequence ions than their GHG™™.
protonated counterparts. Both the protonated species and the
radical cations of GGR and GGH yield yons. However, only 333 m93 on XG** and XGG**

the radical cations yieldyions. Hence, thesgyons may also As mentioned earlier, among the radical cations which have
be formed via an odd-electron process (€9). the basic residue at the N-terminus (XGand XGG*), the

abundances of RGG and KG* are too low to allow M8
3.3.1.5. GGK**. As well as small molecule losses and amideexperiments to be carried out. As for the fragmentation of
bond cleavages, NJCH,CH,CH,* is lost from the lysine side the other XG* and XGG™*, small molecule (NH and HO)
chain. A related loss has been observed in the fragmentation tdsses are generally suppressed compared to their protonated
GKR** [4] and was proposed to originate from taeadical of  analogues.

I

where R is H or nitrogen atom of peptide bond and R OH
or nitrogen atom of peptide bond.

3.3.1. MS’ on GX** and GGX**

3.3.1.1. GR**. As shown inFig. 5a, the major fragmentation
product of GR* is [GR-CQ]** (A) which is formed from a car-
boxylate radical (eq(6), [4,22]). This also suggests that unlike
its protonated counterpart, GRdoes not undergo rearrange-
ment to form a mixed anhydride.
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Fig. 6. (a) CID MS reactions of the GGH ion; and (b) CID M$ reactions of ~ Fig. 7. (a) CID M$ reactions of the HG& ion; (b) CID MS® reactions of
the GGH—-OM&"* ion. " The precursor ion. The number in brackets denotes thethe HGG-OMe* ion. * The precursor ion. The number in brackets denotes the

width of the isolation window (in Th) used in the mass-selection process. width of the isolation window (in Th) used in the mass-selection process.
The [bp—H*]** fragment is the most abundant prod- 820 ,=ni 246.0 (3.0)

uct arising from HG* KGG** and HG@*. The fragmen- 100 LN 1041 (10)

tation of RG*, however, does not yield {b-H*]** con- 80 e

sistent with the suggestion that formation of, fpH®]** 601 %

occurs via an even-electron process which requires the trans- 40 Cyclo(GH)*

fer of the H" from the protonated side chains of the basic 20 194.0

residue to the peptide backbone. Since arginine is the most 0 | S i |

basic residue, more energy is required to transfer the proton 6 8 100 120 140 160 180 200

from the arginine side chain compared to that of lysine andkig. g. cib MS reactions of the [cyclo(GHY} ion.*The precursor ion. The

histidine. number in brackets denotes the width of the isolation window (in Th) used in

the mass-selection process.

3.3.4. MS? on M—OR'** and [Cyclo(GH)]**

The abundance of GHG-OMeis too low to allow MS readily forms adducts with adventitious@ and MeOH while
experiments to be carried out. The CID spectra of GGH-OMe this is not the case for HGG—ONI& The reasons for such dif-
and HGG-OMe* are broadly similar to their unprotected ana- ferences in behaviour are not clear.
logues and are shown iRigs. 6 and 7respectively. One of To account for the observations that the CID spectra of
the main differences between the fragmentation of 8Gdhd GGH-OMe™* and HGG-OMe&* are broadly similar to that
GGH-OMe™ (Fig. 6) is the formation of products due to GO of their respective unprotected analogues, we propose that in
loss in the fragmentation of GGH but not in the fragmentation the esterified systems GGH-OMe and HGG—OMe, the initial
of GGH-OMe™*. This is not surprising since the presence of theradical is formed at the histidine side chain whereas for the
methyl ester protecting group atthe C-terminus of GGH-®Me unprotected peptides GGH and HGG, the initial radical may
makes CQloss unlikely. The other difference between the frag-form at either the carboxylate or histidine side chain. Regard-
mentation of GGH* and GGH-OMe&" is the formation of less of the site of radical formation, rearrangement then occurs
[y2 — *COOMe]" in the fragmentation of GGH-OMébut not  to form common precursors for fragmentation. The CID spec-
in the fragmentation of GGH. trum of [cyclo(GH)P* (Fig. 8 shows only one fragmentation

As shown inFig. 7, the similarities are most pronounced in product atm/z =82 Th. We propose that the formation of this
fragmentation products of HGG and HGG-OMe&*. Exami-  product likely involves M abstraction by the histidine side chain
nation of the data shown in this figure also indicates that GG as shown irScheme 3
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Scheme 3. Proposed mechanism for the fragmentation of [CyclotGH)]
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