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Abstract

Recent developments in sample introduction of biologically relevant molecules have heralded a new era for gas-phase methods of structural
determination. One of the biggest challenges is to relate gas-phase structures, often measured in the absence of water and counter ions, witl
in vivo biologically active structures. An advantage of gas-phase based techniques is that a given peptide can be analysed in a variety of
different forms, for example, as a function of charge state, or with additional water molecules. Molecular modelling can provide insight into
experimental findings and help elucidate the differences between structural forms. Combining experiment and theory provides a thorough
interrogation of candidate conformations. Here two important naturally occurring peptide systems have been examined in detail and results
are assessed in terms of their biological significance.

The first of these is gonadotropin-releasing hormone (GnRH), a decapeptide which is the central regulator of the reproductive system in
vertebrates. We have examined several naturally occurring variants of this peptide using lon Mobility Mass Spectrometry and Electron Capture
Dissociation (ECD) in conjunction with Fourier Transform lon Cyclotron Mass Spectrometry (FT-ICR-MS). Candidate conformations are
modelled using the AMBER force field. Single amino acid changes, for example-Glix&6, or Ala6— D-Ala6, have observable effects
on the gas phase structure of GnRH. It has been shown that evolutionary primary sequence variations are key to the biological activity of
GnRH, and it is thought that this is due to different binding affinities at target receptors. This work provides strong evidence that this activity
is structurally based. The second system examined is the relationship between the quaternary structure and activity optaefeaseis.

FT-ICR mass spectrometry has been employed to characterize di-sulphide bridging and dissociation based experiments utilised to investigate
their structural core. Defrl, with five cysteines, exists as a covalently bound disulphide linked dimer; Defrl Y5C with six cysteines also is
observed as a dimer, but non-covalently bound, suggesting that this defensin has a tendency to aggregate. The activity of Defrl is 10 times
higher than that of Defrl Y5C when tested against the pathBgendomonas aeruginasbhe results from these studies could inform future

design of novel GnRH type ligands and anti-microbial agents, and illustrate the power of gas-phase based techniques for solving peptide
structures.

© 2004 Elsevier B.V. All rights reserved.

Keywords: lon mobility; Peptides; ECD; FT-ICR

1. Introduction

* Corresponding author. Tel.: +44 131 650 7533; fax: +44 131 650 7533. . . . .
E-mail addressperdita.barran@ed.ac.uk (P.E. Barran). Advan_ces in proteomic technologies, coupled Wlt.h the

1 present address: FOM Institute for Plasma Physics ‘Rijnhuizen’, Edis- S€guencing of the human genome have resulted in vast
onbaan 14, 3430 BE Nieuwegein, The Netherlands. numbers of peptide ions being ‘measured’ daily in mass

1387-3806/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2004.09.013



274 P.E. Barran et al. / International Journal of Mass Spectrometry 240 (2005) 273-284

spectrometers across the woddl. Determination of the pri- The gonadotropin-releasing hormone (GnRH) peptides
mary sequences of proteins expressed from cells is providingare a family of decapeptides also known as luteinizing hor-
many research groups with a wealth of information. How- mone releasing hormone (LHRH). They play a key physio-
ever, these high-throughput gas-phase techniques which anallogical role as a mediator of neuroendocrine regulation in the
yse small proteolytic peptide fragments, do not yet provide mammalian reproductive systda®,13]. Of the 23 naturally
information about secondary or tertiary structure. Clemmer occurring structural variants of GnRH thus far identified, the
and co-worker$2] have made some advances in that direc- N-terminal residues (pGlu-His-Trp-Ser) and the C-terminal
tion by employing ion mobility mass spectrometry, coupled residues (Pro-Gly-Nb) are conserved with a few exceptions
with LC-analysis. This approach generates very large three-[14]. In mammalian GnRH, residues 5-8 are believed to adopt
dimensional (3D) data sets which contain elution time, mass a type I'g turn conformation which allows interaction with
to charge ratios and drift times, where peptides that may GnRH type | receptorfl5]. The identity of residue 6 plays
exhibit homogeneous properties in one dimension, are dis-a particular role in determining whether thidglturn con-
tinguishable in anothegB]. In order to relate the drift time  formation is adopted or ndtl6]. Since single amino acid
to structure(s), it is necessary to perform calculations and variations in the primary sequence of GnRH peptides have a
compare the cross-sections of minimised low energy struc- significant effect on their interactions with the GnRH recep-
tures to those measured experimentfdly which often can tor [6], we have employed lon Mobility Mass Spectrometry
become a rate limiting step in such measurements. Unfortu-and Electron Capture Dissociation (ECD) to investigate gas
nately, information about the structure of these enzymatically phase conformations of GnRH and three structural variants.
digested fragments has little biological relevance. Whatis po- Molecular dynamics is used to model their structures such
tentially more meaningful is to use gas-phase technologies,that comparisons may be made to the trends observed exper-
albeit at a lower throughput, to determine secondary and ter-imentally.
tiary structures of peptidg5]. As with larger proteins, three- The second peptide systems described in this paper are
dimensional structures of small peptides are traditionally B-defensins. These are members of the antimicrobial pep-
deduced either by such techniques as X-ray diffraction andtide family which form an important component of the
nuclear magnetic resonance (NMR) or by theoretical predic- mammalian innate immune resporj4€,18] They possess
tion methods. Because of their size, the interplay betweenpotent broad-spectrum antimicrobial activity and are pre-
solvent/solute and internal interactions enables peptides todominately expressed at epithelial surfaces. Mature peptides
be more flexible than proteins. Nevertheless, the secondarysequences are 30-45 amino acids in length and are both
structure(s) of peptides, arising in part from this conforma- amphipathic and cationic. This net positive surface charge
tional flexibility, are important. Significantly different phar- implies an initial electrostatic interaction between the pep-
macological ligand/receptor activities testify for single-point tide and negatively-charged components of the bacterial cell
mutations of peptidef6]. NMR and crystallography are no-  wall, e.g., lipopolysaccahride (LP$)8]. B-Defensins ex-
toriously difficult to apply to small peptide systems due to hibit exceptionally low sequence homologies save for con-
their inherent flexibility. Hence, active form(s) are often dif- served cysteines, which form disulfide bridges with specific
ficult to isolate. Computational approaches are gaining mo- connectivity (Cys 1-5, Cys 2-4, Cys 3-6). It has been pro-
mentum as viable methods to determine tertiary structuresposed that the disulfide bridges impart a structural core and
[7]. However, much effort has been (rightly) directed to non-conserved residues on the surface are under selective
model systemg8], and only a handful of small real pep- pressure against rapidly evolving bactdiif,20] In direct
tide systems have been solved using solely in silico tech- contrastto this perceived structure—function relationship, Wu
nigues which then rely on comparison to experimental data et al.[21] have recently demonstrated that the antimicrobial
[9,10]. activity of humanp-defensin 3 (HBD3) is independent of
The gas-phase offers a different environment for study- disulfide bridging whilst the peptide’s chemotactic proper-
ing the conformations of peptide molecules. Time scales ties do depend on it.
available for study are several magnitudes smaller than those Over 10 years ago a crystallographic study of the human
present in NMR, and the ability to alter the energy available «-defensin hNP3 revealed that it forms a dimer containing
to the isolated gas phase ion means that conformational flex-a six-stranded3-sheet regior22]. More recent work by
ibility may be examined in great detail. Furthermore since Lubkowski and co-worker23] shows a dimeric form of hu-

the dielectric constant of a vacuugy{cyum= 1) is more sim- manp-defensin 2 (HBD2), which is present in a quaternary
ilar to the immediate environment of a membrane receptor arrangement in the crystal unit cell. These findings provide
(epeptide/proteir= 2—4) than for watersyater= 80),[11] the gas- evidence for the stability of defensin dimers, but can only

phase is an appropriate ‘medium’in which to study the struc- fuel speculation about the active forms adopted by this class
tures of peptides which in their active form are bound to a of compounds. It is worth noting that in the more dynamic
receptor located in a membrane. We present results here orenvironment posed by NMR there is little indication of dimer
two important naturally occurring peptide systems using a or other higher order aggregate formatjad]. Our work has
variety of gas-phase techniques; our data is interpreted withfocused on exploring the effect of oligomerisation on the ac-
reference to its biological significance. tivity of B-defensing$25]. Inthis paper we will summarise our
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mass spectrometry findings on these two important classes ohamics at decreasing temperatures according to an exponen-

peptides. tial cooling curve. At 0 K the candidate structure is subjected
to minimisation using a steepest descent approach followed
by a conjugate gradient algorithm. The minimised structure

2. Experimental was then used as the seed for the next run of high temperature
dynamics. Three hundred candidate structures were gener-
2.1. Mass spectrometry ated of each GnRH variant. Calculations were performed on

an Alpha Server Compaq DS20e which forms part of the

Mammalian GnRH used in this study was obtained EPIC bio-computing facility[29]. The two lowest energy
from Sigma-Aldrich. Cional variants were synthesised by structures obtained were then subjected to molecular mechan-
conventional solid phase methodology and purified by ics for 1 ns at 300K, to determine the conformational flexi-
HPLC. All GnRH peptides were examined without fur- bility of the minimised structures. Representative snapshots
ther purification and made up at a concentration ofiRD of co-ordinates obtained during this run are those discussed
(H20:MeOH:CH;,COOH, 0.49:0.49:0.02) for ECD and at within the text. These structures were viewed and analysed
100M under the same solution conditions for ion mobility. using VMD [30]. An orientation averaged projection cross
B-Defensins were obtained from Albachem (UK) and used section is calculated from each candidate structure geome-
without further purification. Electrospray solution and source try, which is scaled according to the temperature dependent
conditions were the same for accurate mass, SORI-CID andhelium interaction potentidB1].
ECD. Defensins were sprayed at a concentration qfMg0
(MeOH:H,O:CHzCOOH, 50:49:1). Dimeric signal was still
observed for Defrl Y5C peptide on ten fold dilution. So- 3. Results and discussion
lutions were ionised by electrospray and nano-electrospray,
from gold/palladium coated tips (Proxeon Biosystems). 3.1. GnRH—gonadotropin releasing hormone

Analysis was conducted on two instruments. lon mobility
experiments were conducted on an instrument in the labora-3.1.1. lon mobility studies on mammalian GnRH and
tory at UCSB which has been described in detail elsewhere Cional structural variants
[26]. lons drift through a cell pressured to 5 Torr with he- Results of the measurements made and comparison with
lium at room temperature and are mass selected prior to de-model geometries are shown Tiable 1 The four peptides
tection. Arrival time distributions (ATDs) were collected at here are mammalian GnRH and three structural variants, one
room temperature over no more than 5min for each GnRH of which is the naturally occurring form for the lower non-
variant. ATDs were converted to collision cross sections ac- vertebrate Cional (a type of sea squirt). The other two are
cording to transport theorf27] for comparison with values  mutants of Cional where the sixth residue (shown in bold)
obtained from modelled peptides structures. has been substituted Ala Gly and Ala— D-Ala. Primary

Characterization of the oxidation state of the defensin sequences for the two naturally occurring peptides are shown
peptides Defrl, and Defrl Y5C, was performed using the below:
accurate mass capabilities of 2 9.4 T FT-ICR mass spectrom-
eter (Bruker Daltonics) at the University of Edinburgh. Using Mammalian GnRH: pGlu-His-Trp-Ser-Tygly-Leu-Arg-Pro-Gly-NH
this instrument, two dissociation methods were applied to the cigna1:  pGlu-His-Trp-Ser-TyAla-Leu-Ser-Pro-Gly-Nki
isolated peptides. For Sustained Off Resonance Collision In-
duced Dissociation (SORI-CID) a given charge state wasiso- ~ There is good agreement between experiment and theory
lated by sweep excitation and subjected to CID with Argon for all peptides examined with differences within expected
as the collision gas for 500 ms. To perform ECD on both the experimental error. The number in brackets indicates that a
GnRH peptides and the defensins, a given charge state was
isolated by sweep excitation and subjected to electron irradi-
ation for 50 ms using a barium oxide coated high-surface areaI/Iable 1 . .

easured and calculated cross sections for four GnRH variants

(5 mm diameter) dispenser cathode (HeatWave) An experi-

H H + (R2 2+ (R 2

mental pulse sequence which combined ECD and SORI-CID ©"RH M+ H]™ (A%) [M+2H]™ (A%

was also employed. Experimental Calculated Experimental Calculated
Mammalian 246.2 249.5 (6) 252.3 253.3 (6)

2.2. Molecular modelling using the AMBER force field Cional 256.8 257.5(9) 252.1 254.3 (11)

[28] Ciona DAla(6) 249.9 2498 (5) 2458 246.2 (9)
Ciona Gly(6) 247.7 247.6(8) 243.7 242.4 (3)

The GnRH peptides were built using X-Le{a?B] All Results are shown for both singly and doubly charged ions. Calculated values

. id held at their phvsiological ionizati tat are an average of the cross sections obtained from candidate geometries
amino acias were held attheir physiologicalionization states. which, when all 100 structures are sorted by relative energy occur in the

Asimulated annea“r.]g Procedure was employed wherein high owest 20%. The numbers in brackets are the standard deviations from this
temperature dynamics is performed at 800 K, followed by dy- central value.
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Fig. 1. Representative low energy structures of singly charged GnRH peplded)" from molecular dynamics performed at 300 K. (A) Mammalian GnRH,

(B) Cional, (C) CionalDAla6 and (D) CionalGly6. The blue dotted lines indicate hydrogen bonds formed for that conformation. For each peptide, three
residues have been depicted in CPK format, for the Ciona 1 peptides these are His2, Ala6/DAla6/Gly6 and the amidated C terminus, for mammalian GnRF
these are Gly6, Arg8 and the amidated C terminus.

range of cross sections are found for low energy structures, Figs. 1 and dllustrate representative structures obtained

however, the mean value is close to that found experimentally for structures of thel + H]* and M + 2H]?* GnRH peptide

in each case. ions from molecular dynamics runs at 300 K. In all cases the
Two major trends are apparent in this data: the first is backbone forms a loop which is stabilised by the presence

that the Cional singly charged peptides have slightly larger of hydrogen bonds predominantly from side chain groups to

cross sections than their doubly charged equivalents, but forbackbone carbonyls. With mammalian GnRH Arg8 provides

the mammalian form the reverse is true. The second is thatan excellent ‘cap’ to the peptide backborég 1A). In the

the size order of cross sections obtained for all the forms of Cional variants, this role is taken by Hid2g. 1B-D). The

GnRH both singly and doubly charged is found to be: presence of the second protonation site at the amidated C ter-

Mammalian GnRH < CionalGly& CionalDAla6 < Cional. minal glycine allows for additional H bond formation, with
These trends are best discussed with reference to the molec¢arbonyl groups along the polypeptide chain. This bonding

ular models obtained. is analogous to an effect which occurs from C terminal ly-
sine groupg34]. The effect of these cross chain hydrogen
3.1.2. Molecular modelling—the structures bonds is to tighten the structure, which accounts for the de-

For gas phase peptide ions the amino acid which has thecrease in size from\] + H]* to [M + 2H]?*. The capping of
highest gas phase basicity is presumed the first to protonateghe polypeptide backbone can be seerfrig. 2 for all the
[32]. Considering the peptides studied here, it is most likely Cional peptides. The protonated histidine residue in partic-
to be Arg 8 for the mammalian form and His2 for the Cional ular with CionalGly6 (C) and DAla6 (D) is able to interact
variants. To assign a second proton to te{2H]?* ions we with groups situated on the opposite face of the polypeptide
assume that His2 will also protonate in mammalian GnRH. In chain. There is a play off here with columbic repulsion that
the absence of a second basic amino acid for the Cional vari-would occur between the two charged groups, and might be
ants the next most basic site is the C terminal amide group.expected to increase the cross section of the doubly proto-
These assignments are used in modelling to obtain low en-nated ions. However, the Cional decapeptide systems orien-
ergy structures whose calculated cross sections appear in théate themselves such that coulombic repulsion is not domi-
second and fourth columns ®able 1 In all force field cal- nant, consistent with the slight decrease in cross section from
culations sites of protonation are fixed at the start of mea- single to doubly protonated ions.
surements however experimentally, and particularly on col-  The difference in the cross sections obtained for the single
lisional activation, protons on less basic sites are potentially and doubly protonated forms of the mammalian form follows
mobile [33]. The relevance to this study will be discussed an opposite trend. Here the protonated guanidinium group
later, although the good correlation between experimental forms hydrogen bonds to backbone carbonyl groups as can
and calculated cross sections, suggests that it is not a signif-be seen irFig. 1A. This bonding fixes the structure and sub-
icant problem with the ion mobility measurements of these sequent protonation of the bulky histidine side chain results
structures. in charge crowding, angling the imadozole ring away from
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Fig. 2. Representative low energy structures of doubly charged GnRH pepideaH)2* from molecular dynamics performed at 300 K. (A) Mammalian
GnRH, (B) Cional, (C) CionalDAla6 and (D) CionalGly6. The same residues as for the singly protonated peptides are again depicted in CPK format.

the peptide, providing a slight increase in the cross sectionionic conformationg35,36]. Such approaches rely on accu-
for the M + 2H]?* ion. rate knowledge of the process by which fragmentation pro-
As stated above, for the Cional peptides conformations ceeds. ECD is a relatively new technique, which has princi-
obtained via simulated annealing are similar. The natural pally been applied to determination of primary structures of
Cional GnRH is somewhat larger than its chiral analogue peptide and proteing7,38] Since the precise mechanism
CionalDAla. Cross sections for this DAla6 variant in both of the electron capture and subsequent dissociation process
charge states are similar to those for the Gly6 variant. This is not yet known, it is difficult to interpret results in terms of
implies that the presence of the D amino acid at residue 6the secondary structures of the ions involved. However, we
allows a for a slightly more compact structure which can believe that this technique can provide information on gas
form a 111 type turn, as with the achiral glycine residue. phase conformations. Polfi89] has obtained exceptionally
It appears that the LAla isoform introduces steric hindrance reproducible fragmentation patterns from performing ECD
which yields a more open polypeptide than that found in

either the DAla or the Gly form. This is supported by molec- 5o

ular dynamics calculation&ig. 3illustrates this for Cional 1.0
and CionalGly6. It can be seen that the distance between< 105
residues 3 and 7 (Trp and Leu) is significantly greater in ,Lj’ 10.07 .

; : : 9.54 Ciona 1
the Cional peptide over the course of a 1ns dynamics run g _ n |
than that for CionalGly6. Across this defined co-ordinate, © g5 h* i WM Mﬁ MW w | M W I
which effectively is the diameter of the quasi circular form . 8.0 WW’W Mm JW b{ W V ; ‘WW [" WPWW
taken by these peptides, the CionalLGI\W4H]* pep- % 7.5
tide exhibits somewhat higher conformational flexibility than  += 727 Ciona 1 Gly6
Cional. The cross-peptide distance obtained for CionalDAla § 1
averages at 6.8 which falls midway between that seen here § 55 ‘ “ W | W’ |
for CionalGly6 and Cional. g 507 ,“ | ‘ ! h H M

F o T g
B 40 LA ‘
3.1.3. ECD of mammalian GnRH 0 35 —— 77—
The use of relative fragmentation intensities to determine 0 200 4°3me (pse)soo 800 1000

gas-phase stability has been employed by many researchers.
When ex_ammmg small mdecu'ar _SySte_m_S InS|ghtS obtalr_led Fig. 3. Co-ordinate plots from molecular dynamics performed on Ciona 1
from CO'_“S'On or photo mdljlced _d|SSOC|at|0n are used with and Ciona1Gly6. Shown here is the distance between the alpha carbons of
electronic structure calculations, in order to confirm proposed residues 4 and 7 over the course of 1 ns of dynamics at 300 K.
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0.35 rable features. For example, thg"@and ¢* product chan-
1 O Cional ; imi
- O o o Elinnd Bvla neI; appearing at similarly low abundances for each GnRH
/M
] S \ A CionalGly variant. o ) ) _

0.25 4 \ Quantitative analysis of this data with reference to gas
k> ] y/ A ‘x. \ ‘ phase conformation(s) of these peptides is not conclusive. If
2 020 Y/ AV \ ; A the ECD mechanism proceeds via electron capture at a pro-
g T Ve AR _n ton which is hydrogen bonded to a backbone carbonyl, then
= 5 e/ A\ / it appears that the presence of LAla reduces the formation
= ] e avi 0O of such a bond, although two out of the 10 low energy struc-
B ot A N\ / / oo e ) 9
2 NWAVA e - tures examined did show such abond. Since there is still some

e ] N " \A fragmentation here for the Cional peptide, it may simply be

] (Cn +C n ) g that the opening of the peptide backbone lessens the likeli-

0.00 - hood for hydrogen bond formation at this point. The use of

—— T T 71— — force fields to provide gas phase structures is limited by the
s T;p Se; Tgr X’é" e absence of a parameterised mobile proton. Our calculations

have all employed the amidated N terminus as the second
Fig. 4. Relative intensities of ECD fragment ions for Cional, CionalDAla6 protonation site. ThIS choice introduces some erXIbl!lty and
and CionalGly, each taken from spectra comprising 100 time-domain tran- @S can be seen Ifig. 2B-D, where the protonated amidated
sients, with 50 ms electron irradiation. The relative intensities are calculated glycine forms hydrogen bonds to several backbone carbonyls.
by dividing individual peak intensities by the sum of all the ¢ fragments. \\/hilst our ion mobility measurements support this structure,
Xxx represents Ala6, DAIa6 or GIy6. it is possible that on collisional activation (for example in
the transfer hexapole of the FT-ICR) such a proton would be
on a series of GnRH variants. In addition Zuberev and co- mobile prior to ECD. A proper comparison of ECD data to
workers[40] present evidence for the structural selectivity of gas phase structures must consider this.
ECD by comparing spectra taken from a peptide with a single
chiral substitution such as we consider here. 3.1.4. Biological significance
For this study ECD was performed on each of the Cional = Many thousand synthetic analogues of GnRH have been
peptides listed intable 1 Each peptide yielded partial se- made and so the significance of each amino acid in this pep-
guence information from ions corresponding 6 type frag- tide towards binding at the receptors in the anterior pituitary
ments, for 2< n<7. Relative fragmentation efficiencies ob- has been well established in this intense research [#ld
tained from each peptide are showrFig. 4 For each ofthe ~ What is clear from earlier work is that the presence of a chi-
fragments assigned tg'tand g* ions we also observe ions  ral amino acid at residue 6 significantly reduces binding at
at masses 1.017 Da lower. Theseotld electron ions (first  the mammalian GnRH | recept{,42]. This is presumed
reported by Zuberev et §41]) occur at intensities which are  to be due to the inability of peptides to form the tight type
~100% of the corresponding tion. For this purpose of this 111 turn which preconfigures the ligand prior to receptor
study,c;, andcy® fragments have been summédq. 4). The binding and activation. The structures showrFig. 1B and
Cional peptides produced no z-type fragment ions, which C taken in parallel with the ion mobility results illustrate
implies that charge is retained on the N terminal section of that the Cional peptide has a looser conformation than the
the peptide, presumably due to the higher gas phase basicitypAla6 or Gly6 structural variants. Some low energy struc-
of the His2 side chain than that of the C terminal amidated tures for both the mammalian GnRH and the DAla6 and
glycine. Gly6 Cional peptides do exhibit such a turn at or around
Each Cional variant presents a slightly different fragmen- residue 6. Data obtained from thd f- 2H]?* ions is less rel-
tation pattern. Error bars, which are not included on this Fig- evant here, since the C terminal glycine is probably not pro-
ure, are within the size of the dots. Both CionalDAla6 and tonated in vivo, however our preliminary ECD results also
CionalGly6, have a lower fragmentation intensity for the ¢ imply a different gas phase conformation for these peptide
channel, than that for Cional. This effect is reversed for the ions, which also reflects the influence that single amino acid
cs" channel. This is a significant result. Switching the chi- changes can have on structure. The binding affinity of the
rality of the alpha carbon at this residue from AtaDAla Cional peptides will be the subject of a future communication
and substitution of the achiral Gly residue yields an increased[43].
preference for this fragmentation channel. This strongly sug-
gests that there is a difference in the gas phase structures o8 2. g-Defensins
these ions, and that the presence of glycine favours capture
and cleavage at this position on the polypeptide backbone.3.2.1. High resolution mass spectrometry of defensins
A similar effect is seen for the production of the"drag- The sequences of the two defensins examined here are
ment. As might be expected from peptides where 9 out of below. They differ by just one amino acid, the substitution of
10 amino acids are the same, there are also some compatyr — Cys forming Defr1-Y5C which contains six cysteines,
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Fig. 5. (A) High resolution mass spectrum of oxidized Defrl dimeric iso-

forms. The triangles correspond to the isotopic envelope calculated from the

Defrl amino acid sequence containing five disulfide bddé$. (B) De-
convoluted isotopic envelope from FT-ICR nanospray analysis of oxidized

279

not shown), suggesting that no monomer is present in so-
lution prior to mass spectrometric analysis. This strongly
implies that Defrl exists as a dimer linked by an inter-
molecular disulfide bridge, and that if there is some par-
tially reduced defensin in solution it will be at cysteines
which are not involved in the intermolecular disulphide
bridge. In short this peptide is dimeric with five disulphide
bridges. To further characterize this we employed dissocia-
tion techniques including reduction of disulphide by ECD
to probe the stability of the defensin peptides in the gas
phase.

For Defrl Y5C the isotopic distribution obtained fits
well to that predicted for a fully oxidized monomeric pep-
tide, so we can conclude that this peptide contains three in-
tramolecular disulphide bondf&if. 5B). We also observed
a Defrl Y5C dimer which appears to be composed of two
non-covalently associated monomers, with all six disulphide
bonds formed Kigs. 5C and 6B Since this mass spec-
trum was acquired under denaturing acidic nano-spray con-
ditions, and in the harsh desolvation conditions of the Bruker
Apex Il source, we presume that Defrl Y5C must form a
dimer due to favourable non-covalent interactions, which is
the conclusion of others on observation of oligermeric pep-
tides via MS[44]. On lowering the concentration topiv
we still observe the dimeric form of this peptide. This ten-
dency to aggregate is also bourn out by gel electrophore-
sis, which has also revealed a dimeric form of Defrl Y5C
[25].

Defrl Y5C. The triangles correspond to the isotopic envelope expected from 3 2 2. Determination of the structural core via CID and

a Defrl Y5C monomer with all cysteines oxidized, i.e containing three disul-

fides. (C) Equivalent spectra for the dimeric form of Defrl Y5C, here the

triangles represent the isotopic envelope expected from a dimer with all
cysteines oxidized, i.e., six disulfide bor{d§].

ECD
CID of the Defrl dimer gives rise to b-type fragments from
the N terminus up to the location of the first cysteing-{ o)

and a y-type fragment resulting from the loss of the C-
terminal lysine, indicating a distinct structural coFég. 6A).
Some very low intensity species are apparent with masses
432 arising from monomer units formed by cleavage of the
C-S bond of the intermolecular cysteine bridge. The lack
of any significant monomeric ‘daughter’ fragments, demon-
strates that the dimer is covalently bound. These findings
Using FT-ICR mass spectrometry we have been able to are further supported by ECD where cleavage of Cys—Cys
unambiguously define the number of cross-linked cysteine disulphide bridges is a favoured procg4$]. Here this ap-
residues in each peptide, by comparing the measured isopears to occur preferentially at the intermolecular disulphide
topic distribution to that expected for a fully or partially bridge leading directly to two monomerBig. 7). We can
reduced species. Since it is possible to reduce cysteine inconclude from this, that the intermolecular bridge is accessi-
the electrospray process, accurate mass was performed oble for cleavage, at least when this dimer exists as a gas phase
defrl pre-incubated with iodoacetamide. After this treatment, ion.
the deconvoluted signal seen from the Defrl dimer fits the  We also performed CID on the Defrl Y5C dimer and
isotopic abundances predicted from its primary sequencein contrast to Defrl it readily dissociated into monomers
(Fig. 5A). In this spectrum the isotopic envelope matches (Fig. 6B and C), supporting the conclusion of the accurate
extremely closelyo that expected for fully oxidized Defrl, mass work above that this is a non-covalently bound dimer.
ruling out anomalous gain or loss of hydrogen’s during the b,_4 fragment ions were observed, corresponding to loss of
electrospray process, and supports the accurate mass assigthe shorter N terminal section of this peptide, but as for Defr1,
ment we have made. Interestingly there was no peak corre-the disulphide bridged core resisted collision induced disso-
sponding to the monomer of Derfl +idoacetamide (region ciation.

from the five-cystine containing murine defensin Defr1.

1 2 3 4 56
Defrl DPVTY IRNGGIC QYRCIGLRHKIGT CGSPFKC CK
Defrl Y5C DPVTCIRNGGICQYRCIGLRHKIGTCGSPFKCCK
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Fig. 6. (A) SORI-CID spectra of Defrl. Charge state #¥z=1081.401) was isolated and subjected to collisional activation with argon for 40 ms prior to
detection. Fragments arising from activation are labeled. (B) Nanospray mass spectrum of Defrl Y5C taken in acidic conditions. The peak dussti@the +5 ¢
state of the non-covalently bound dimer occurringi&t=1488.905 (monoisotopic mass) is indicated, as are the peaks arising from the monomer charge state
series. (C) SORI-CID spectra of the Defrl Y5C dimer. The peak at 1488.905 was isolated and subjected to collisional activation. This dissibgiates read
two monomeric halves with charge states +2 and +3 as indicated.

3.2.3. Determination of disulphide connectivity’s via CID to dissociate the peptide. If sustained ECD alone is
‘top-down’ sequencing and peptide mass mapping used, it is possible to sequence almost the entire peptide
A combination of two dissociation techniques were em- however connectivity information is not always forthcoming
ployed to attempt to discern the disulphide bridging of Defrl: [45]. The low energy nature of the ECD process employed
ECD to cleave (selectively) the cysteine bridges and SORI- here, means that for low charge states, even on backbone
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Fig. 9. ECD SORI-CID spectra of Defrl, obtained according to the strategy shdwg.ifh Charge statez=9 toz=4 of Defrl were irradiated with electrons
for 50 ms. Then charge state 7 (1081.401 Da) was isolated and subjected to collisional activation with argon for 40 ms prior to detection. Freigments ari

from activation are labeled. Peaks 1-3 correspond to internal fragment ions which are described in the tekilapin

cleavage, dissociationinto measurable fragmentions does nopeptide or, of internal disulphide bridgegable 2illustrates
occur, since non-covalent interactions preserve the gas-phaseome of the internal fragment ions which were observed. Iso-
complex[45]. As stated above, with CID alone cleavage of lation and fragmentation of a dimeric ion gives rise to two
disulphide bridges is unfavourable and N terminal sequenc- strong y-type ions which correspond to the loss of CK+S
ing to the first cystine only limits the analysis. The strategy and to CCK from a monomer defensin mass. These peaks
which combines ECD and collisional activation is illustrated are not present if a monomer ion is isolated post ECD and
in Fig. 8. subjected to CID. This indicates that they arise from ECD
On isolating the dimeric ion at 1082.79Z<7) and fragmentation of the dimer ion, into a monomer followed
subjecting it to ECD followed by SORI-CID several frag- by CID possibly assisted by the location of the Lysine side
mentation channels are appardrig( 9). A series of y-type chain, such that both CID and ECD are directed by the inter-
ions ensue from the loss of N terminal amino acids, which action of a protonated site with the peptide back83¢37]
are accompanied by water loss peaks. A dominant channelThe fact that we observe this loss of CK+S only from the
is reduction of the dimer via cleavage of the intermolecular- dimer, suggests that this arises from a metastable precursor
disulphide bridge, forming monomer ions as described above.which contains a cleaved thiol-ether bond, and indeed we see
Although this also proceeds via cleavage at the thiol ether such ions Figs. 7 and 9 The fact that this loss channel is
bond, resulting in signature satellite peaks882Da and opened to produce theb+ S ion with greater intensity that
+33 Da around the dimer. This provides a useful diagnos- the ky> — Sionindicates a greater stability for the monomer-S
tic of peaks which arise from the dissociation of the dimeric species and that is certainly what we séig(7). Subsequent

Table 2

Internal fragment ions arising from ECD followed by CID, the numbering scheme corresponds to peak®in

Peak number ECD/CID fragment residue Disulphide bridge Satellite S Calculated mass Observed mass (Da)
in Fig. 5 numbers species (M+H)* (Da)

1 23-3P and/or 15-1831-34 4-5 and/or 3-6 Yes 88 892.49

2 6-1223-31 and 14-2532-33 2—4 and/or 3-6 Yes 1B37 819.9217 (2+)

3 15-2033-34 3-6 No 7941 791.4440

@ Unlikely to be this internal fragment due to the existence of the satellite S peaks which point to the inclusion of an additional cleaved Cys.
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fragmentation gives theshion shown byFig. 5to be a dom- 4. Conclusions
inant product. These findings suggest that the intermolecular
disulphide bridge is formed betwe@Bys-°>Cys. This bond The work presented here demonstrates the power of gas-
is cleaved in some cases asymmetrically which can lead tophase techniques in determining peptide structures. Several
CID fragmentions which sequence from the C terminus. This complimentary methodologies have been applied in order
process is also dependent on prior cleavage of an internalto probe conformational variations in two important peptide
3Cys-°Cys bond. systems which arise from single amino acid changes in pri-
The peaks listed iTable 2provide evidence for the ex- mary sequences. We have shown how structural variants of
istence of the internal disulphide bonds 2€4€ys (peaks = GnRH can be elucidated by both ion mobility mass spectrom-
1 and 2) and of the internal 3Gy8Cys bond (peak 3) etry and the use of ECD. Molecular modelling has generated
where no evidence for asymmetric cleavage is found. El- structures with cross sections that correspond to those found
egant though this technique is, we cannot be certain thatexperimentally. The presence of achiral glycine at residue 6
these are the only connectivities available. An alterna- enables the formation of a tighter structure which assists the
tive route was taken whereby the two defensins were binding affinity of this peptide to the mammalian GnRH | re-
subjected to proteolytic cleavage, and subsequent pep-ceptor. The fact that the gas phase structure can be related to
tide mass mapping and sequencif#p]. Data obtained  abiologically active form is not entirely surprising, given the
from Defrl Y5C proved that this six cysteine contain- lower dielectric medium experienced by a ligand as it binds
ing peptide possesses typigaldefensin SS connectivity to a membrane bound protein.
(CysE-Cysbh, Cys2Cys4, Cys3-Cys6). In contrast on di- Employing the high resolution capabilities of FT-ICR we
gestion, oxidized Defrl yielded a complex mixture of pep- have determined the oxidation state of the covalently bound
tide products. lons were obtained with masses correlating B-defensin dimer Defrl, and developed a strategy which com-
to Cys2-Cys3, Cys2Cys4, Cys3Cys4 and Cys4Cys4d bines ECD and SORI-CAD to map out its disulphide bridg-
disulfide bonds, several of which were confirmed by tan- ing pattern. We have linked the oligomerisation state of a
dem MS sequencing. In short, disulphide connectivity’s defensin with its antimicrobial activity and these findings
present in Defrl are not soley typical of eitheror B imply that there is a critical concentration of this naturally
defensins. Cys2 in particular appears able to forsBS  occurring peptide that is necessary to kill bacteria, which
bonds with other cysteine than Cys4. Our conclusion is is enhanced tenfold by the formation of an intra-molecular
that Defrl presents a mixture of topologically different iso- disulphide bridge. These findings which have been inspired
forms, rather than a single species with a defined connectiv-by collaborations with bio-medical researchers illustrate the
ity. potential for solving real biological problems inthe gas phase.
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