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MALDI MASS SPECTROMETRY OF ZIRCONIUM
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The GALDI mass spectrometry studies have shown the noticeabledigtinction in behavior of smilar structure
phthalocyanine complexes of zirconium and hafnium containing dibenzoylmethane groups as out-of-plane
ligands. The hafnium phthalocyanine PcHfDbm, is an association prone and form different types of
associates ([(PcHfDbm),]*, [PcHfDbm+PcHfDbm,]*) in positive ion mode and ([(PcHfDbms,),]~) in nega-
tiveion mode, whilefor zirconium phthalocyanine PcZrD bm, no associateswere observed. Furthermoretwo
pathways of fragmentation are suggested for these complexes. Thefirst pathway occursfor both PcZrDbm,
and PcHfDbm, in positive and negative ion modes, while second one only for PcHfDbm, in negative ion
mode. I nteraction of phthalocyanineswith fibrillogenic protein insulin was studied by M ALDI| mass spectro-
metry. In presence of PcZrDbm, and PcHfD bm,, the disappearance of peaks of low-molecular aggregates of
insulin isobserved, that pointsat interaction of phthalocyanines with protein early aggregates.

INTRODUCTION. Dueto the unigue optical, se-
miconductor and photochemical properties phtha-
locyanine macrocycles have a good prospects for
application in various fidds of science and techno-
logy and thus are extensively studied [1]. Generally
for the modification of the structure and hence pro-
perties of phthalocyanine sysems the impostion of
central metal atom or subgtituents on the periphery
of the macrocycleis used [2—4]. In recent yearsthe
approach of modification of phthalocyanine thro-
ugh the incorporation of out-of-plane ligands is
widdy deveoped. Presence of ligandsin this posti-
on noticeably affects the p-electron conjugated sys-
tem of macrocycle that changes dectron structure
of macrocycle and its spatial characteristics.

The phthalocyanines PcZrDbm, and PcHf-
Dbm, containing dibenzoylmethane as out-of-pla-
ne ligand were firstly synthesized and characterized
using several physico-chemical methods. The data
of X-ray analyds, HNMR spectroscopy and ab-
sorption eectronic spectroscopy demondrated the
very similarity of molecule spatial structures and
characterigtics of zirconium and hafnium phthalo-
cyanines [5]. At the sametimethe GALDI (graphi-
te activated laser desorbtion/ionization) mass spect-
rometry method has shown the noticeable differen-
ce in behavior of these complexes. The compound
PcHfDbm, has the pronounced tendency to asso-

ciation [5] in the gas phase and formation of high
molecular weight products, the same tendency to
association was also observed for some other phtha-
locyanines [6]. In opposite, in spectra of PcZrDbm,
the peaks of ions with masses higher than molecu-
lar mass are not observed. This distinction between
the behavior of Zr and Hf phthalocyaninesin the
gas phase was firgly reported in [5]. The detailed
studies of this phenomenon is considered to be of
interest since due to the very close chemical pro-
perties of Zr and Hf, their compounds usually pos-
sess the smilar properties and behavior.

The dectro- and photocatalytic, eectrochro-
mic properties and biological activity of zirconium
and hafnium phthalocyanines containing out-of-
plane ligands were reported previoudy [7, 8]. Re-
cently it was shown that phthalocyanines with out-
of-plane ligands are able to redirect the reaction of
insulin fibrillization and this way to prevent the
formation of amyloid fibrils. The PcZrDbm, was
reported among the compounds possessng high
anti-fibrillogenic properties [9].

In the current paper the detailed studies of
PczZrDbm, and PcHfDbm, phthalocyanines by the
GALDI mass spectrometry method and the suppo-
sed mechanisms of fragmentation of macrocycles
are reported. To darify the mechanism of anti-fib-
rillogenic activity of phthalocyanines with out-of-

* This work was supported by STCU-NASU project 5508.

© V.Ya.Chernii, O.V.Severinovskaya, V.B.Kovalska, |.N.Tretyakova, M.Y u.Losytskyy, SM.Yarmoluk, S\V.Volkov, 2012

20

ISSN 0041-6045. YKP. X1UM. XXKYPH. 2012. T. 78, Ne 11



plane ligands the interacti-

on of PcZrDbm, and PcHf- modes (L = Dbm)

M ass of mainions PcZrL » and PcHfL » (D a), detected on different registration

Dbm, with fibrillogenic pro-
tein insulin was characteri-

Nominal ion mass, Da

zed usng MALDI mass spec- Fragments LP+ LP— RP+ RP—
trometry method.
EXPERIMENTAL PROCE- Zr Hf Zr Hf Zr Hf Zr Hf
DURE. Phthalocyanine com-
plexes PchDbr?z/ and PcHf-  [Pbm] 2233 2236 2230 2231
Dbm, were obtained by ex- Fragmentation
PcM O] 619.3 7080 619.2 7089 617.9 707.7

change reaction between di-

[

benzoylmethane and phtha-  [PMLI 8258 9152 826.6 9144 8247 9150 8248 9149
locyanines of zirconium and ~ [PeML+K] 862.0 954.0 864.1 9545
hafnium dichlorides. Synthes  [PeM L] 1048.7 1138.3 1049.8 1137.8 1047.6 1138.0 1047.7 1137.7
s, dructureand properties of Association
these complexes are descri-  [(PcML);] 1828.8 1826.7
bed in the article [5]. [(PeML)+K] 1868.0 1869.2

M ass-spectroscopic su-  [PcML+PcML;] 1875.0 2051.0 2051.7
dies were carried out on Au-  [(PcML,),] 2276.5 22785 2275.0

toflex 11 (Bruker Daltonics,

Germany) mass spectrome-

ter, with nitrogen laser (I =337 nm). Spectra were
obtained by GALDI method for free PcZrDbm,
and PcHfDbm, and by MALDI method for insu-
lin — phthalocyanine mixture. Spectra were recor-
ded using different registration modes (postive/ne-
gative, linear/reflectrone) and processed usng mM ass
program [10].

Solutions of phthalocyanines and insulin were
prepared according to the methodic used in sudies
of anti-fibrillogenic activity of insulin [9]. Stock so-
lutions of phthalocyanines PcZrDbm, and PcHf-
Dbm, of 0.01 mg/ml concentration were prepared
in THF. Stock solution of bovine insulin (Sigma-
Aldrich) of 1 mg/ml concentration was prepared
in 0.1 M HCI.

The working solutions were obtained by mi-
xing the phthalocyanines and insulin solutions in
1:1 volume ratio. As a matrix for studies of insu-
lin-containing samples the saturated solution of
snapic acid (Sigma-Aldrich) was used. The matrix
and working solution were mixed in 1:1 ratio. The
samples of 4 M volume were put to sandard sted
target.

RESULTS AND DISCUSSION. Mass spectro-
metry studies of PcZrDbm, and PcHfDbm,. For
amplifying of the ionization the phthalocyanines
PcZrDbm, and PcHfDbm, were characterized by
GALDI method. In postive and negative linear
modes except the peaks of molecular ions and pro-
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ducts of fragmentation or association the wide
range of dde dgnals was observed (table). Thus for
the increasing of spectra resolution and removing
of the peaks of short-living components the reflec-
tron mode was used. The masses of main fragments
of phthalocyanines are presented in the table.

POSITIVE REFLECTRON MODE. In the pos-
tive ion mode the spectra of PcZrDbm, and
PcHfDbm, are similar in the range below molecular
ion mass. In this reglon peaks of molecular ions
1047.6 Da [PcZrDbm,]" and 1138.0 Da [PcHf-
Dbm,]" were observed (fig. 1, peaks 3, 3) as well
as the peaks of highest intendty that belong to
fragments contalnlng one Dbm ligand 8247Da
[PchDbm] and 915.0Da [PcHfDbm]" (fig. 1,
peaksl 1) and lessintensive peaks of thelr potas-
sum adducts 864.1 Da [PcZrDbm+K]" and 954.5
Da [PcHfDbm+K]" (peaks 2, 2*). The hlgher in-
tensity of peaks of fragments[PcM Dbm]" and their
ability to form potassum adducts, allow sugges-
ting the higher stablllty of [PcM Dbm] comparing
with molecular ions [PcM Dbm,]".

The noticeable difference between spectra of
PcZrDbm, and PcHfDbm, exigts in the region ex-
ceading the molecular ion mass. I n spectrum of phtha-
Iocyanme PcHfDbm, the peaks of dimer [(PcHf-
Dbm),]" (1826.7 Da, flg 1, peak 4), its potassum
adduct [(PcHfDbm),+K] (18692 Da, fig. 1, peak 5)
and [PcHfDbm+PcHfDbm,|" associate (2051.7 Da,
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des the peaks of molecular ions
[PcM Dbm,] (1047.7 and 1137.7 Da
for Zr and Hf complexes, peaks4,
4) and fragmentation products
[PcMDbm] (824.8 and 914.9 Da
for Zr and Hf complexes; peaks 3,
3) also the peaks of fragments
[PcM Q] ™ (617.9 and 707.7 Da for
Zr and Hf complexes, peaks 2, 2)
and ligand [Dbm] (223.0 Da; peaks
1,1) are observed (table). Except

10000+

7 3*

A A

1800

this, the noise peaks and peaks of
associates of fragments with water
arepresent in spectra. M orphology

900 1200 1500

Fig. 1. Mass spectra of PcZrDbm;,and PcHfDbm, in positive ion reflectron
registration mode (1-3 — signals that correspond to PcZrDbm,; 16 —

signals that correspond to PcHfDbm,).

fig. 1; peak 6*) are present. At the sametime, for the
PcZrDbm, the peaks of association products are
not observed (table). Thisindicates the pronounced
ability of hafnium phthalocyanine to association in
gas phase comparing with its zirconium analogue.
Supposed mechanism of fragmentation of PcZr-
Dbm, and PcHfDbm, and mechanism of PcHf-
Dbm, association are presented at fig. 2.
NEGATIVE ION REFLECTRON M ODE. The e
tra of PcZrDbm, and PcHfDbm, in negative ion
mode have more complicate character comparing
with that in postive mode (fig. 3). In spectra bes-

N
2

M=Zr, Hf

1800

> of the peaks points on metal ion
content in these fragments.

Ingtead of associate peaks
[(PcHfDbm),] and [PcHfDbm+
+PcHfDbm,] observed in postive
ion mode spectrum of PcHfDbm,,
in negative mode spectrum only peak of the mole-
cular ion dimer [(PcHfDbm,),] ~ (2275.0 D4; fig. 3,
peak 5 ) was detected (table).

The spectrum of PcHfDbm, contains the pe-
aks of oxo form fragments [PcHfDbmO,] ~, [PcHf-
DbmO] and [PcHfO,] ™~ with mass 946.8, 930.3,
722.9 Da correspondingly (fig. 4). Formation of frag-
ments of same composition is not detected for
PcZrDbm,. Asit was mentioned above, in low mo-
lecular region of spectra of both phthalocyanines
the peak of ligand [Dbm] ™ (223.0 Da) is observed.

Basing on the presented data the two path-

Fig. 2. Supposed mechanism of fragmentation for both phthalocyanines (P)cMDbmg2 and further
association of PcHfDbm2 in positive ion reflectron registration mode.
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MALDI MASS SPECTRO-
METRY STUDIES OF INSULIN
IN THE PRESENCE PcZrDbm,
AND PcHfDbm, IN POSITIVE
ION REFLECTRON MODE. For
current studies, the insulin and
its complexes with PcZrDbm,
and PcHfDbm, are prepared in
acidic medium (0.1 M HCI, pH
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1.8) according to methodic used
for fibrillization reaction. At low
pH the insulin molecules tran-
sit to partially unfolded confor-
mation, which is prone to asso-
5 ciation. Thisisrequired for the
L start of protein aggregation and

1800 2100

1800

passing of fibrillization reacti-
on [11]. The MALDI mass spec-
trum of insulin in positive ion
mode contains peak of molecu-

2100

300 600 900 1200 1500

Fig. 3. Mass spectra of PcZrDbm, and PcHfDbm, in negative ion reflectron
registration mode (1-4 — signals that correspond to PcZrDbmy; 1 -5 —

signals that correspond to PcHfDbm,).

1800 2100 m/z |ar jon about 5730 Da, and ran-
ge of decreasng intendty pe-
aks of insulin aggregates: dimer,
trimer and tetramer about 11460,
17190 and 22920 Da correspon-
dingly (fig. 6, top). The formati-
on of range of oligomers by in-
aulin at pH 2 was earlier confir-
med by nano-flow dectro spray
mass spectrometry [11].

In spectra of phthalocyani-
ne — insulin mixtures only in-
tensive peaks of molecular ions
A of individual insulin and PcZr-

I, ai
25007, ey 'gﬂ [PcHfDbm,|
2000-% REE
Q
a jam 9 a
15001=, ST 3
Q -
10001 =
jan)
Q
50010 = l
LA
750 800 850 900 950 1000 1050 1100 m/z

Fig. 4. The region of mass 700—1150 of PcHfDbm2 spectrum
in negative ion reflectron registration mode.

ways of fragmentation of phthalocyanines could be
suggested. Thefirst mechanism isthe dimination of
out-of-plane ligand Dbm without it destruction
(fig. 5, pathway 1). The second mechanism is the
dimination of fragment of out-of-plane ligand, in
this case the oxygen atoms persis bound to haf-
nium atom (fig. 5, pathway 2). Thefirst fragmenta-
tion mechanism is observed for both phthalocyani-
nes in postive (fig. 2) and negative ion modes (fig.
5, pathway 1), while the second mechanism occurs
only for PcHfDbm, in negative registration mode
(fig. 5, pathway 2).

ISSN 0041-6045. YKP. XUM. XXYPH. 2012. T. 78, Ne 11

Dbm, or PcHfDbm, are obser-
ved (fig. 6, bottom). The peaks
of insulin-PcM Dbm, complexes
are not detected neither in line-
ar non in reflectron mode. It could be concluded
that insulin with phthalocyanines do not form com-
plexes sable upon mass spectrometry experiment.
However, in presence of phthalocyanines the
noticeable changes in mass spectra of insulin occur.
The addition of PcZrDbm, or PcHfDbm, cause the
disappearance of peaks of low-molecular proten
aggregates (dimer, trimer and tetramer). It is sup-
posed that phthalocyanine molecules interact with
early aggregates causing ether their degradation to
monomeric insulin or promote the further protein
association and formation of high weight insulin
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Fig. 5. Mechanisms of fragmentation of PcHfDbm2 that occur in negative ion reflectron registration mode
(1 — eimination of out-of-plane ligand, 2 — destruction of out-of-plane ligand).

I, ai.

60000

30000
S W
6000 9000 12000 15000 18000 21000

15001

1000

500
6000 9000 12000 15000 18000 21000 m/z

Fig. 6. Mass spectra of insulin (top) and insulin in presence
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of PcHfDbmy (bottom).

aggregates that are not detectable
by MALDI method.

The interaction of phthalo-
Cyanines containing out-of plane
ligands with insulin during the
passing of fibrillization processis
under investigation now.

CONCLUSIONS. The studies
by GALDI mass spectrometry me-
thod have shown that PcHfD bm,
is asociation prone and forms
different types of associates both
in positive ([(PcHfDbm),]*, [PcH -
Dbm+PcHfDbm,]") and negati-
ve ([(PcHfD bmy),]) ion modes, whi-
le for phthalocyanine PcZrDbm,
the formation of associates is not
observed.

Two pathways of fragmen-
tation of the phthalocyanines are
suggested. The firg oneisthe €i-
mination of out-of-plane ligand
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Dbm without its destruction, that is observed for
both PcZrDbm, and PcHfDbm,. The second oneis
the degtruction of Dbm ligand with its partial di-
mination that occursonly for PcHfDbm, in negati-
veion mode.

The presence of PcZrDbm, and PcHfDbm,
causes the disappearance of peaks of low-molecular
associates of insulin, exiging in the MALDI spec-
tra of free protein. That points on ability of phtha-
locyanines to interact with insulin early aggregates.
The formation of stable upon ionization in gas
phase phthalocyanine complexes with monomer or
aggregated insulin is not detected.

PE3IOME. GALDI wmacc-criekTpoMeTpruuecKuMu
UCCIIEOBAHUSMY II0Ka3aHa CyIIeCTBEHHAS pa3HHMIIA B I10-
BEJICHUM UMEIOIINX IT0I00HYI0 CTPYKTYpY (TallonNHaHu-
HOBBIX KOMIUICKCOB HUPKOHMS U TapHUSA C ANOCH30MII-
MeTaHATHBIMHM BHEIUIOCKOCTHBIMH JHTraHgaMu. draio-
nuanuH raduus PCHfD bm, nmeer cknonHOCTS K accony-
auu u obpasyer pasublie Tumbl acconuatos ([(PCHf-
Dbm)2]+, [PcHfDbm + PCHbem2]+) B PEXKHME peruc-
TpaLUu TONOXKUTENbHBIX MOHOB H ([(PCHfDbm,),]) —
B POKHME PErucTpalid OTPHLATENbHBIX HOHOB, a JJIs
¢ranonuanuna nupkorus PcZrDbm, accoummarser He
Habmoxanuck. [IpeanoskeHsl ABa MyTH (pparMeHTalUH
9THX KOMIUIeKcoB. [1epBblil myTh XapakTepen it PCZr-
Dbm, u PcHfDbm, B pexume perucrpanuu monoxu-
TENbHBIX U OTPHULATEIbHBIX MOHOB, TOTAAa KaK BTOPOMU
— rounsko juia PCHfDbm, B pexxume perucrpauuu otpu-
narenbHbIX HOHOB. MALDI macc-cnekTpomerpueit uzy-
YeHO B3auMOJelCcTBHE (TaJOHAaHUHOB ¢ GUOPMILIIOTEeH-
HpIM OenkoM uHCynuHOM. B mpucyrcrsun PcZrDbm, u
PcHfDbm, nabmonaercs ucye3HOBEHHE MUKA HU3KOMO-
JIEKYJIAPHBIX arperaToB MHCYJIMHA, YTO CBUACTEIbCTBYET
0 B3aMMOJIEHCTBIM (PTAJOLUAHUHOB C IIEPBOHAYAIBHbI-
MU arperaTamu OEJKOB.

PE3IOME. GALDI mac-criekTpoOMeTpUIHUMH J10C-
JHKEHHSIMA TIOKa3aHO CyTTEBY PI3HUITIO B TIOBEAIHII (pra-

V.I. Vernadskii Institute of General and Inorganic Chemistry,

NAS of Ukraine, Kyiv
A.A. Chuiko Institute of Surface Chemistry,
NAS of Ukraine, Kyiv
Institute of Molecular Biology and Genetics,
NAS of Ukraine, Kyiv
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JIOLIaHIHOBUX KOMIUIEKCIB IUPKOHIIO Ta radHito 3 Tu0OeH-
30TIMETaHAaTHUMH IT03AIUIONMHHUMHY JIIraHJIaMH, 1110 Ma-
10Th MOAIOHY CTpyKTypy. Pranouianin raduiro PcHf-
Dbm, mae cxunpHicTs 10 acomialii i yrBoproe pisHi THIH
acorriaris ([(PcHfD bm)2]+, [PcHfDbm + PcHfD bm2]+) y
pesxumi peecrpanii nosurusrux ioHis i ([(PcHfDbm,),])
— Y peXuMi peecrpalii HeraTUBHUX 10HIB, a JJs raso-
nianiny nupkosito PCZrDbm, aconiatu He crocrepira-
Jcsi. 3aIpoNoOHOBAHO JBa HIISXU ()parMeHTallii [uIs uX
xommiekcis. Ilepmmii musax mae micue ansa PcZrDbm, i
PcHfDbm, y pexumi peecTpanii HO3UTUBHUX i HEraTUB-
HUX i0HIB, B TO# 4ac sk apyruit — Tinbku mis PCHfDbm,
y pexuMi peecrpamii HeraTuBHHX ioHIB. MALDI wmac-
CIeKTpOMeTpiero OyI0 BUBYEHO B3a€MOII0 (TaOMiaHi-
HIB 3 GiOpHIOTreHHUM O1TKOM IHCYIIIHOM. Y NPUCYTHOCTI
PcZrDbm, i PcHfDbm, cioctepiraeTsbes 3HUKHEHHS Mi-
Ky HU3bKOMOJIEKYJIIPHHUX arperaTiB iHCYJIiHY, 1[0 BKa3ye
Ha B3aeMojil0 (rajouiaHiHIB 3 MOYaTKOBUMH arpera-
TaMu OLUIKIB.
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