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Abstract:

In order to shed light on the influence of Ca®" metal cation on the structure of heparin-like

(Hp) disaccharides, we have explored the gas-phase structures of both [Hp, -2H]* and



[Ca(Hp),- 3H] ions by coupling experimental and theoretical methods. The goal of this work
was to (i) provide new evidence of the metal influence on the Hp structure, which can have
important biological consequences, and (i) to study the usefulness of metal complexation for
the analytical distinction of Hp isomers. Collision-induced dissociation (CID) and ultraviolet
photo dissociation (UVPD) fragments, as well as optical spectra recorded in the gas phase for
both [Hp, -2H]* and [Ca(Hp),- 3H] complexes were compared for I-H, II-S and III-S
isomers of Hp. In the case of CID fragmentation, a change in the fragmentation pattern was
observed upon calcium complexation, with respect to deprotonated Hp. Remarkably, when
optical spectra are compared in the UV range, the metal effect onto the carboxylic group

absorption can be detected by an unambiguous blue-shift (~20 nm).

1. Introduction
Heparins (Hp) sulfated polysaccharides, which are composed of repeating dissacharide units

of hexauronic acid linked (al—>4) to a hexosamine residue, belong to the family of



glycosaminoglycans (GAGs). Sulfation can occur at the 6-O and/or N-positions of the
gluscosamine, as well as the 2-O position of the hexauronic acid. GAGs usually exist as the
O-linked side-chains of proteoglycans, associated with numerous important physiological
activities,!'"! generally associated with their interaction with diverse proteins.”™ In some
cases, this interaction can be modified by the binding of natural metal ions to these
Hp/protein complexes. The role of metals is usually associated with affinity, specificity and
stability of these complexes.[s'g] In spite of their importance, the mechanism by which metal
cations modulate Hp activity in Hp-protein complexes is mostly unknown.

One of the most studied Hp/protein system is the Annexin V- Hp interaction. Annexin V is an

(9101 \hich exhibits

anticoagulant protein involved in a wide range of functions in eukaryotes,
high-affinity calcium-dependent interactions with GAGs.""! Physiological Ca®" induces
conformational changes in Hp that are necessary for the Hp-protein interaction. Evidences of
Hp-Ca®" binding have been measured by polarimetry,'* Nuclear Magnetic Resonance
(NMR),["* " InfraRed spectroscopy (IR),!"*> 1% atomic absorption!'” or ion mobility coupled
to mass spectrometry (IMMS)."® In all these studies, results indicate that the metal interacts
with the carboxylic acid. It was also found that both the NHY and the 6-O-sulfate groups of
the glucosamine residue are essential for the interaction of Hp with Ca*".> '

Structural characterization of sulfated Hp benefited from the development of mass
spectrometry techniques applied to oligosaccharides.!"”*"! Nevertheless, the fragmentation
behavior of sulfated Hps has proven difficult to analyze. Sulfate group losses prevent full

]

structural characterization by CID.”® Alternative ion-dissociation techniques such as

29] ) [30, 31]

electron-detachment dissociation (EDD),* electron-transfer dissociation (ETD
electron-induced dissociation (EID),*? electron capture dissociation (ECD)™" and electron
photodetachement dissociation (EPD),**! have recently been developed. These techniques

promote alternative fragmentation pathways which provide complementary structural

information with respect to conventional CID experiments. Additionally, Dugourd et al
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recently reported the optical spectra and photodissociation patterns of different Hp
oligosaccharides under UV irradiation.®* ** In terms of fragmentation pathway, it was also
observed that UVPD spectra were more informative than CID due to additional cross-ring
cleavages that provide information about the sulfate group location. An intense broad band
centered at 240 nm was detected in the optical photodissociation spectrum of sulfated
disaccharides in the UV range. Theoretical work recently reported by the same group by
means of time-dependent density functional theory (TD-DFT) lead to the assignment of this
prominent band to a m-m* excitation involving the COOH groups and the adjacent C=C
double bonds.**

As already reported by Saad and coworkers, 7!

upon CID activation, the three Hp-like
disaccharides IIS, IIIS and IH (Scheme 1) share the same base peak, which corresponds to the
formation of the 0’2A2 ion. Indeed, CID spectra of IIS/IIIS disaccharides are almost
identical.’™ A few years ago, different groups have reported that the gas-phase reactivity of
metal ions can help in differentiating isomeric saccharides. °***! Under ESI conditions, it was
shown that metal ions can react with isomeric monosaccharides or disaccharides to form,
according to the metal ion, [M(saccharide),]’, [M(saccharide)n]2+ , [M(saccharide),X]"
(X=halogen) or [M(saccharide),,-H]" complexes (n>1), which display different fragmentation
patterns than non-metallated saccharides.

In the present work, we combine both experimental techniques (CID and UVPD) with
theoretical approaches (DFT and TD-DFT) to study the structure and fragmentation of

calcium-cationized I-H, II-S and III-S Hp isomers. The primary goal of this work is to

provide new insights about Hp /calcium interaction.

2. Methods

2.1 Chemicals



Hp disaccharides (Scheme 1) were obtained from Dextra Laboratories, (Reading, UK).
Calcium chloride (CaCl,) was purchased from Fluka. All chemicals were used without any
further purification. Hp solutions were prepared at a concentration of 100 uM in H,O/MeOH
(50:50 v/v). Hp -calcium mixtures were prepared with a 1/1 metal/sugar ratio in HO/MeOH
(50:50 v/v). Sample solutions were submitted to electrospray ionization (ESI) in negative-ion

mode.

OR; NHY
IR S N I
I-H  AUA2S >GIcNS6S SO, SO, 247.7%
B IS AUA - GIcN6S H SO, SO, 247.7%
C IS  AUA2S >GIcNS SO, H S0, 247.7%

Scheme 1: chemical structures of each Hp-derived saccharide studied in this work

2.2 Mass spectrometry and UV Optical spectra

The experimental setup used during this study was described in details elsewhere.*”) Briefly,
ESI mass spectra were recorded with a commercial linear quadrupole ion trap (LTQ; Thermo
Fisher Scientific, San Jose, CA, USA) coupled to a UV laser beam (PantherEx OPO pumped
at 355 nm by a Surelitell Nd:YAG, Continuum, Santa Clara, CA, USA). The OPO beam is
aligned and refocused with a series of pinholes and lenses before injection on axis in the
linear trap. The OPO beam diameter within the ion trap is estimated to be 1.5 mm. A
mechanical shutter electronically synchronized with the mass spectrometer allows ions to be
selectively irradiated (shutter open) after mass isolation in the ion trap, during the activation

time.



For UV experiments, precursor ions were isolated in the trap, and activated (with excitation
amplitude set to 0%) for 500 ms in order to allow 5 laser pulses in the trap. After irradiation,
the resulting mass spectrum was recorded. Fragmentation spectra were recorded for
wavelengths ranging from 220 to 270 nm. The photodissociation yield is given by
Log((precursor + fragments)/precursor)/AP;, where A is the laser wavelength and P, is the
laser power measured at the entrance of the mass spectrometer.

Low-energy CID experiments were performed within the same instrument. Helium was used
as collision gas and normalized collision energy (NCE) was varied from 0% to 18%. The
precursor isolation width for both UVPD and CID experiments, was 3 Da. A total of 25

microscans were averaged to produce a spectrum.

2.3 Computational details

Conformational analysis was required for identification of low-energy structures for the three
disaccharides studied. Moreover, initial optimizations at lower level of theory shortened the
overall computational time and provided better starting structures for higher-level
calculations. Considering the substantial size of these molecules, a “metal-free”
conformational search was first performed with the molecular modeling program Spartan,
using the semi-empirical PM3 method."*® From all PM3 calculated geometries, only
structures with relative energies less than 50 kJ/mol above minimum were then submitted to
DFT-level optimization. Final geometries as well as Ca/Hp structures were both calculated
with the B3LYP hybrid functional ** " as implemented in Gaussian03.°"! They were first
optimized with the 6-311G** basis set. Harmonic vibrational spectra and zero-point
vibrational energies (ZPVE) of optimized structures were computed at that level. Relative
energies were further refined with a larger basis set (6-311++G(3df,2p)).

UV absorption spectra were calculated for the two most stable geometries for [I-H, -2H]*,[II-
S, -2H]%, [III-S, -2H]*, [Ca(I-H), -3H], [Ca(II-S), -3H] and [Ca(III-S), -3H] species, with
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TD-DFT using the CAM-B3LYP functional in conjunction with the 6-311++G** basis set'>,

100 singlet excited states being included in TD-DFT calculation.

3. Results
3.1 Computational study
Throughout this paper, relative energies are expressed in kJ/mol. More detailed information

about all structures mentioned in this work is available from authors upon request.

3.1.1 Uncomplexed disaccharides

Although we do not report detailed results for PM3 calculations, we have noticed that
geometries computed at this level are generally in good agreement with DFT results.
Remarkably, the various geometries calculated at the DFT level are also very close in terms
of relative energy (<50 kJ/mol). On the other hand, the relative energy ordering changes with
the level of calculation. This means that, for identification of low-energy conformations for
these large molecules, the systematic search using PM3 semi-empirical calculations is
actually a valuable approach. Nevertheless, due to the importance of the intramolecular
hydrogen bonds on the structure of carbohydrates, DFT seems essential in order to refine
relative energies. The most stable structures for each disaccharide are summarized and
detailed in supporting information (SI-1).

For all the three disaccharides studied here, the calculated energy strongly depends on the
following parameters: (i) number and position of the hydrogen bonds, (ii) separation between
negative moieties and (iii) two torsional angles: © (OyCi1Og1yCag) and y (CinOglyCaeCsg)
which characterize the relative orientation of both sugar units.>!

The most stable structures are stabilized by several hydrogen bonds. However, three of them

are common to all three Hp structures. Two involve the O3, hydroxyl group of glucosamine,

together with either the carboxylate or the sulfate group: COOH—03, and O3,—>SO3(R¢/Y).
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The third common hydrogen bond is located between the Os,H hydroxyl group of uronic acid

and the second sulfate group Os,—>SO3(R2/Re).

3.1.2 Structure of cationized Hps

Experimentally, negatively charged [Ca(Hp), -3H]" complexes were detected. In addition to
the two deprotonated sulfonate groups, Hp must therefore undergo additional deprotonation.
Table 1 shows the relative energies of different forms of the [M-3H]>" pseudo-molecular ion
of I-H. From this comparison, one can see that the carboxylic group is much more acidic than
the hydroxyl groups. The mesomeric stabilization of the carboxylate form via the
neighbouring C=C double bond probably partly explains the amplitude of the energy
difference. This energy difference between the various structures is indeed relatively high:
156.7 kJ/mol when the third deprotonation occurs on the O3, hydroxyl, 44.8 kJ/mol for the
O3, hydroxyl and 100.0 kJ/mol when deprotonation takes place on the anomeric hydroxyl
(O1g). Due to this important energy gap, we have only considered [Hp -3H]> structures
involving a deprotonated carboxylic group, and coordination of Ca”" to the various basic sites
of those structures.

The most stable structures for each disaccharide are shown in Figure 1. The various
[Ca(Hp), -3H] structures are detailed in Supporting information (SI-2). We have noticed that,
when one of the negative moieties is not linked to the metal, the resulting complex is
generally rather unstable. It turns out that the most stable structures have both sulfate groups
and the carboxylate group interacting with Ca®". This results in rather rigid structures and the
number of intramolecular hydrogen bonds is significantly reduced as compared to the anionic
counterparts.

Our results point out the critical role of the carboxylic moiety in terms of relative energy.
Complexes in which COO™ does not interact with Ca*" lie 95 kJ/mol, 136 kJ/mol and 76.1

kJ/mol above the global minimum for I-H, II-S and I1I-S complexes, respectively. Moreover,
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these DFT results are in good agreement with the previous data reported by Chevalier and
coworkers.® ¥ Similarly, these results confirm that the COOH group together with the Rg
and NHY moieties of glusosamine, play a critical role in the interaction with Ca®* ions.

Binding energy values (BE) of = 2450 kJ/mol were estimated. These values are not
particularly surprising since we deal here with triply-deprotonated species. Given these BEs,
it seems reasonable to postulate that the metal ion strongly stabilizes the bound structure,
hence decreasing the possibility for structural changes within Hp disaccharides after

complexation to Ca®".

3.2 Mass spectrometry

3.2.1 MS/MS spectra of uncomplexed Hp isomers

We have used the nomenclature proposed by Domon and Costello to label the fragment ions
detected experimentally.*” Three main types of dissociation patterns were observed in the
product ion mass spectra: (i) neutral loss of small molecules (H,O and SOs), (ii) glycosidic
bond cleavages, (iii) cross ring cleavages. [Hp, -2H]* CID spectra (see section SI-3 of the
Supporting Information) are similar to those previously reported by Saad et al.®”! The three
CID spectra are dominated by the formation of “*A, and complementary **X, cross-ring ions.
Globally upon CID, fragmentation spectra of doubly deprotonated disaccharides are
distinguishable, but those of [II-S, -2H]* and [III-S, -2H] * are similar. A comparative table
of fragments was already reported by Saad ez al. ®" and is presently given in comparison with

UVPD spectra (vide infra).

3.2.2 MS/MS spectra of calcium-cationized dissacharides
MS/MS spectra of the three [Ca(Hp), -3H]” complexes (m/z 534) are given in Figure 2 (charts
a-b-c), while the different fragment ions are summarized in Table 2. Our results show that

[-H/II-S/III-S disaccharides can be unambiguously distinguished thanks to their interaction
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with Ca®" ions. Each [Ca(Hp), -3H] complex (m/z 534) indeed exhibits a totally different
dissociation pattern. Two kinds of fragment ions are encountered: (i) calcium-containing
fragments, indicated with “*” (CaX™*+ Y) and (i1) calcium-free fragments (X + CaY) where
the metal is part of the neutral loss.

In comparison with CID spectra of [Hp, -2H]*, MS/MS spectra of [Ca(Hp), -3H] complexes
display a significantly lower amount of product ions. This is particularly true for the
[Ca(IlI-S),- 3H] complex. The strong ionic interaction between metal and anionic moieties in
Hp (vide supra) strongly reduces the flexibility of Hp, which may result in the remarkable
decrease in the number of product ions. It is also possible that the fragments generated during
CID may remain attached to the metal due to this strong ionic interaction. Consistently, it is
observed less elimination of entire sugar units (generally associated with glycosidic bond
cleavages), suggesting that the metal should interact with both the glucosamine and the

hexauronic acid rings, as previously shown by our DFT calculations.

The MS/MS spectrum of the I-H/Ca complex (Figure 2a) shows one dominating fragment ion
at m/z 475, attributed to the 0.2 7, cross-ring cleavage. Moreover, fragments 02% * and
02X /% A* are observed at m/z 418 and 359, respectively. According to these fragmentation
patterns, the metal should interact, prior to dissociation, with both R, and R sulfate groups.
Moreover, the detection of B;* and Y, detected at m/z 237 and m/z 258, respectively, also
suggest a metal interacting with both R, and COO™ groups. The three deprotonated sites may
thus be involved in the interaction with the metal, as encountered in the global minimum
deduced from our DFT study (See section SI-2 of the Supporting Information).

In the case of II-S (Figure 2b), the most abundant product ion observed is m/z 316,
corresponding to 2’4X0*. Detection of 0’2X1* and Z,/H,0* (m/z 418 and 340) is consistent
with the metal interacting with both sulfate groups (R¢ and NHY). On the other hand, the

intense calcium-free fragment ion observed at m/z 258 and corresponding to the Y,/SO;
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fragment, as well as the peak detected at m/z 474, namely B3X ¥, suggest a calcium at the
vicinity of the carboxylate moiety. Remarkably, the cross-ring fragment **A, is obtained with
and without calcium, at m/z 395 (“*A,*) and m/z 357 (*A,) respectively. The nature of the
%2A, ion was confirmed by MS®, whose fragmentation pattern is the same as the MS® of the
92A, ion generated from [II-S, 2H]*. Both suggest a proton transfer from the anomeric
hydroxyl group of the glucosamine residue to the endocyclic oxygen, thus promoting the
cross-ring cleavage (Scheme 2). This mechanism is consistent with the CID spectrum
reported by Saad et al for [II-S, -2H] %, and with their data obtained by using labeled (*H and

180) disaccharides.

Scheme 2: Proposed mechanism for the formation of the A, product ion for the [Ca(II-S), -

H] complex.

Figure 2c shows the product ion spectrum of the [Ca(III-S), -3H]" complex. The spectrum is
dominated by **Xo* (m/z 474) and “*A, (m/z 357) ions. These two fragments suggest again a
mechanism similar to that proposed in Scheme 2. In this case, one may also reasonably
assume that at some point of the dissociation process the metal interacts with both sulfate
groups (R, and NHY) such as in IIIS-Ca-b form (Figure SI-2), as shown in Scheme 3. This
particular coordination mode should allow formation of the 0’4X0* ion. Then, similarly to
[Ca(II-S), -3H]’, the same proton transfer as reported by Saad and coworkers can promote the

02 .
A, cross-ring cleavage.
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COO0 oOoH COO OH H COO OH

l
Z0N Z >0 OH O\"‘Ca2+
HO oV NHso3 NHso3 @ NHSO3
0SQs. \ OH osos\ oso3
\““(':az’+ Ca®”

Scheme 3: Proposed mechanism for the formation of the *?A, product ion for the [Ca(III-S), -

H] complex.

Cross-ring and glycosidic bond cleavages may also give some insights about the metal
binding mode. MS/MS spectra of the three complexes suggest that all the negatively charged
functional groups may interact with the metal. Starting from an initial complex, change in the
coordination scheme may occur during the CID process, therefore allowing different types of
dissociations, as illustrated by schemes 2 and 3. However, the possibility of a mixture of
structures with different coordination scheme coexisting in the gas phase cannot be rigorously
discarded. The coexistence of multiple coordination modes before collision can be evaluated
by comparison of relative energies for the different structures obtained by DFT. The resulting
relative energies obtained with III-S neither support nor discard this assumption. On the other
hand, for I-H and II-S, one binding scheme is energetically particularly favored (see
Supporting Information). However, it is worth noting that due to the complexity of the
systems under investigation, only partial exploration of the potential energy surface was

performed.

3.2.3 UVPD results

UVPD spectra of [Hp, -2H]* ions and [Ca(Hp), -3H]” complexes were recorded at 240 nm
and 220 nm, respectively. UVPD spectra of the three [Hp -2H]* ions (m/z 247.7) are given in
Figure 3 (charts a-b-c), while the different fragment ions, and their comparison with CID

fragments, are summarized in Table 3.
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33331 UVPD activation spectra may in some cases carry more

As reported by Dugourd et al,!
information than CID spectra, due to additional cross-ring cleavages. As a matter of fact, if
one considers for example the isomer I-H (Figure 3a), additional cross-ring fragments
92X ,/S0O; or *?X,* are observed (Table 3). Comparison of Figures 3b and 3¢ shows that a
better II-S/III-S discrimination is obtained by UVPD with respect to CID. However, in most
cases, differences are globally not so noticeable, and particularly when considering the
UVPD spectra of the [Ca(Hp), -3H] complexes (see Figure 4). For these complexes, the
fragmentation yield is very low, again suggesting the perturbation of the chromophore part of
the disaccharides by the metal. Both glycosidic bond cleavage and cross-ring fragments are
observed in very weak abundance, but allow the three molecules to be differentiated.
However, the fragments observed by UVPD were also observed by CID activation (Figure 2).

Consequently, UV activation at 220 nm does not induce any specific fragmentation pattern

for the complexes.

3.3 Optical spectra comparison.

In addition to UV photo-dissociation spectra, we also recorded the optical spectra of the
various complexes in the 220-270 nm energy range. The spectra recorded for [I-H, -2H]* ion
is presented in Figure 5a (dotted line). A broad band with a maximum at A=235 nm and a
shoulder at A=245 nm are observed. The calculated spectrum for the global minimum (IH_a)
displays a band at 236 and a second at 242 nm (solid line). As observed in Figure Sa, the
agreement between theory and experiment is good. A detailed analysis of the two electronic
transitions reveals that both transitions are mainly due to an excitation of n-n* orbital in the
C=C double bond system and also to the n-n* orbital localized in the COOH group.

To study the influence of the metal onto the absorption spectrum, we have also carried out the
same experiment on the [Ca(I-H), -3H] complex, and Figure 5b shows the experimental

optical spectra recorded in the 220-270 nm energy range (in dotted line). Interestingly, three
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bands are observed for the calcium complex: a broad band in the UV of which we only
observe the declining part from 220 nm (maybe at higher energy), a second band at A=240
nm evidenced by the shoulder on the latter band, and a small but reproducible band at A=255
nm. The calculated spectrum for the IH_Ca_a structure displays two bands; one centered at
210 nm and a second around 250 nm. Surprisingly, the metal effect can be detected by an
unambiguous blue-shift of the first band. Analysis of the electronic density reveals that both
transitions are also due to m-n* and n-n* excitations from the C=C and the COO™ moieties.
Moreover, a small population of the calcium orbitals was found in the anti-bonding orbital
n*. This should mean that Ca®" strongly interacts with the chromophore system, hence
changing the shape of the n* orbital. Due to this deformation, the n* orbital is higher in
energy, resulting in the significant blue-shift effect observed.

Moreover, an opposite effect (red-shift) is observed for the small feature detected at 255 nm
since theoretical analysis of this band shows that this transition also comes from n-n* and n-
n* excitations. The metal effect might therefore be detected by both opposite shifts.
Furthermore, the band centered at 240 nm is in agreement with a “metal-free transition” that
is in agreement with a metal which does not interact with the conjugated moiety of
hexauronic acid. It may indicate that for this particular transition the Ca®" metal is not
involved. This result would suggest the co-existence of several structures exhibiting different
coordination modes in the gas phase. It may be reasonable to assume one structure with the
metal interacting with the carboxylate and the double bond (responsible for the blue shift
effect) like in structure IH_Ca_a, and a less relevant structure with the Calcium metal not
interacting with the double bond (i.e. fragment ion “*X;*) and hence consistent with the
metal-free transition. Note that this behavior is also observed for II-S and II-S/Ca, and for III-
S and III-S/Ca systems. Both optical spectra comparisons can be found in the Supporting
information (SI-4). Experimentally, ion mobility or IRMPD experiments could be interesting

tools in order to confirm the co-existence of different Hp/Ca”" structures.
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Conclusions

Hp-Ca®" interactions were investigated by using UV and by MS/MS experiments. For all the
three isomers the base peak corresponds to the formation of *?A, ion. Particularly, MS/MS of
II-S/III-S  are basically the same (loss of 59 Da). Nevertheless, when
[Ca(Hp), -3H] are formed, then a complete change in the fragmentation pathway was
observed. We therefore demonstrated that the interactions with Ca®" ions with Hp result in
different fragmentation patterns upon CID, and, as observed for deprotonated ions, allows
isomeric Hp-like disaccharides to be differentiated.-and-te-characterize-the-strueture-of these
biemeleeule. In addition, in the optical spectra, a good agreement was found in all cases
between the experimental UV (recorded in the 220 — 270 nm) and the calculated UV
absorption spectra of the lowest energy isomers. While free-Ca®" isomers present a broad
band centered at A=240 nm attributed to n-n* and n-n* excitations from the C=C and the
COO" moieties, optical spectra recorded for Ca/Hp ions reveal that these transitions are
unambiguously shifted within the complexes.

In summary, the reported MS/MS and UV results in the gas phase strongly suggest that the
calcium metal plays a critical role in the Hp structure. The carboxylic group of hexauronic
acid, and the R¢ and Y groups of the glucosamine moiety, seem to be essential for the

interaction with the metal cation.
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FIGURE AND TABLE CAPTIONS
Figure 1: Most stable optimized conformers for [Ca(I-H), 3-H]", [Ca(II-S), -3H] and [Ca(III-
S), -3HJ".

Figure 2: Negative ion MS/MS spectra for a) [Ca(I-H), -3H]’, b) [Ca(II-S), -3H].c) [Ca(III-
S), -3H]". Normalized collision energy for the CID was fixed at 16%.

Figure 3: UVPD mass spectra for a) [I-H, -2H]*.,b) [II-S, -2H] %, and ¢) [III-S, -2H]*. UVPD

were recorded at 240 nm.

Figure 4: UVPD mass spectra for a) [Ca(I-H), -3H], b) [Ca(II-S), -3H]".c) [Ca(III-S), -3H]".
UVPD recorded at 220 nm.

Figure 5: Optical spectra for a) [I-H, -2H]* and b) [Ca(I-H), -3H] ions, recorded between
220 and 270 nm energy range. Experimental measurements are represented by a dotted line.
The calculated absorption spectrum computed at the CAM-B3LYP/6-311++G** level is

represented by a solid line.

Table 1: Total (Hartree) and relative energies (kJ/mol) of the various forms of [I-H, -3H] ¥
Table 2: comparison of the MS/MS spectra of the three [Ca(Hp), -3H]  complexes (m/z 534).

Table 3: List of product ions resulting from CID and UVPD (240nm) for all the three [Hp, -
2H]* ions.
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Table 1: Total (Hartree) and relative energies (kJ/mol) of the various forms of [I-H, -3H] ¥.

System EA AEA ZPEA E,® AE,?
Hp-H (COOH)  -2522.027717 0.0 0.330714 -2522.34178 0.0
Hp-H (O3p) -2521.962788  170.5  0.327970 -2522.27936 156.7
Hp-H (O3g) -2522.005982  57.1  0.327456 -2522.32147 44.8
Hp-H (O1g) -2521.984261 1141  0.327733 -2522.30074 100.0

A: Optimization level: B3LYP/6-311G(d,p)
B: single point energies: B3LYP/6-311++G(3df,2p)//B3LYP/6-311G(d,p).

Table 2: comparison of the MS/MS spectra of the three [Ca(Hp), -3H]  complexes (m/z 534).

m/z Dissociation product I-H/Ca II-S/Ca II-S/Ca

516 -H,0 X X X
498 -2 H,0 X
504 -H,CO X X
475 02A,* (I-H) X
474 04X o X
1’3X1* X
457 02 A,*/H,0 X
456 X, */H,0 X
454 -S0; X X X
418 02X *(I-H and III-S) X X
395 02 A,*(11-S) X
359 02X #/02 A, X
357 024, X X
340 Z\/H,0 X
316 24X X
275 B * X
258 Y1/SO; (II-S) X
Y, (I-H and III-S) X X
237 B X
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Table 3: List of product ions resulting from CID and UVPD (240nm) for all the three
[Hp, -2H]* ions.

m/z Product ions [I-H, -2H]* [1I-S, -2H]* [I1I-S, -2H]*
CID UVPD CID UVPD CID UVPD
357 024, X X X X
300 92X 1/SO5 X X X X X
258 Y, (I-H and III-S) X X X X
Y/SO; (1I-S) X X
255 C, X X X
240 Z,/SO5(1I-S) X X
Z, (111-S) X
238.5 (%) — H,0 X X X X X
237 B, (I-H and III-S) X X X
222 Z,/H,0 (I-H and I11-S) X X X X
Z,/H,0/S0; (1I-S) X X
218 (%) %2A,% (I-H) X X
207.5 (%) —S0; X
199 Y1/ “*A, (I-H and II-S) X X
189.5 (*) 02, > X X X X X
168.5 (%) Y X X
157 B, (I-H and II-S) X X X
B1/SO;5 (I11-S) X X
138 92X, (II-S and III-S) X X X X
115 02A, (II-S) X
Table 3
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