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Abstract. Bacteriochlorophyll a (BChl a), a photosynthetic pigment performing the
same functions of chlorophylls in plants, features a bacteriochlorin macrocycle ring
(18 π electrons) with two reduced pyrrole rings along with a hydrophobic terpenoid
side chain (i.e., the phytol residue). Chlorophylls analysis by matrix-assisted laser
desorption/ionization mass spectrometry (MALDI MS) is not so straightforward since
pheophytinization (i.e., release of the central metal ion) and cleavage of the phytol–
ester linkage are invariably observed by employing protonating matrices such as 2,5-
dihydroxybenzoic acid, sinapinic acid, and α-cyano-4-hydroxycinnamic acid. Using
BChl a from Rhodobacter sphaeroides R26 strain as a model system, different
electron-transfer (ET) secondary reactionmatrices, leading to the formation of almost

stable radical ions in both positive ([M]+•) and negative ([M]−•) ionization modes at m/z 910.55, were evaluated.
Compared with ET matrices such as trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB), 2,2':5',2''-terthiophene (TER), anthracene (ANT), and 9,10-diphenylanthracene (DP-ANT), 1,5-
diaminonaphthalene (DAN) was found to provide the highest ionization yield with a negligible fragmentation.
DAN also displayed excellent ionization properties for two metal ion-substituted bacteriochlorophylls, (i.e., Zn-
and Cu-BChl a at m/z 950.49 and 949.49), respectively. MALDI MS/MS of both radical charged molecular
species provide complementary information, thus making analyte identification more straightforward.
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Introduction

Photosynthetic organisms are the Earth photoconverter, har-
vesting the solar energy reaching the surface of the planet

and converting it in other forms of energy that, ultimately, fuel
the metabolism of nearly all terrestrial organisms. The

photoconversion takes place in a specialized biological assem-
bly formed by several proteins and pigments organized in the
so-called photosynthetic apparatus. The photochemical core of
this complex molecular machinery relies on a tetrapyrrol-based
family of pigments, the chlorophylls. They are classified ac-
cording to the degree of saturation of the chlorin macrocycle. In
particular, chlorophylls (Chl) have a higher saturation and are
present in all oxygenic photosynthetic organisms such as
cyanobacteria, algae, and plants [1]. Bacteriochlorophylls
(BChl) have a lower saturation and are present in the
anoxygenic photosynthetic bacteria. It is known that various
bacteria contain diverse types of BChl (a, b, c, d, e, g)
displaying slightly different structures [1]. However, BChl a

Electronic supplementary material The online version of this article (doi:10.
1007/s13361-016-1514-x) contains supplementary material, which is available
to authorized users.

Correspondence to: Tommaso R. I. Cataldi; e-mail: tommaso.cataldi@uniba.it

http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-016-1514-x&domain=pdf
http://dx.doi.org/10.1007/s13361-016-1514-x
http://dx.doi.org/10.1007/s13361-016-1514-x


is the main photosynthetic pigment of purple and green sulphur
bacteria, in which photosynthesis is performed without oxygen
production (i.e., anoxygenic phototrophs). BChl a consists of a
bacteriochlorin macrocycle ring with 18 π electrons, coordinat-
ing a Mg2+ central ion, with the propionyl moiety at C17 (see
Figure S1, Supplementary Material) esterified by phytol resi-
due [2, 3]. Replacement of central magnesium ion by two
protons gives bacteriopheophytin a (BPhe a), whereas substi-
tution with other metal ions such as Zn2+ or Cu2+ generates the
closely related pigments Zn-BChl a [4] and Cu-BChl a, respec-
tively. Generally, BChl absorb light at a longer wavelength
than Chl showing a maximum absorption in the red or infra-
red region (800–1035 nm) depending on the type of BChl and
its protein environment. This distinctive feature explains their
functioning in the dark and in places typically unreachable to
other photosynthetic systems such as deep soil and sea, or
internal organs of living species. For these reasons, BChl have
a larger range of applications compared withChl as they can be
involved in bioremediation [5, 6] or, very importantly, as
elements of nanostructures in photodynamic therapy and
nanomedicine [7, 8]. Naturally occurring BChl and their deriv-
atives represent an important group of photosensitizers (PS)
since the strong absorption in the infra-red spectral region
enables ablation of tumors that cannot be accessed by com-
monly employed PS such as chlorophylls, porphyrins, and
phthalocyanines absorbing at shorter wavelengths. As a conse-
quence, many synthetic strategies [7, 9] or engineered biosyn-
thesis [10] have been proposed to obtain novel derivatives of
bacteriochlorophylls with improved photo- and chemical sta-
bility and enhanced photosensitizing properties. Thus, it be-
comes of paramount importance to develop a fast and simple
method for characterizing the novel rationally designed BChl.

The most common techniques for the determination of BChl
include fluorescence spectroscopy, fluorescence lifetime and
quantum yield measurements, circular dichroism [11, 12], high
performance liquid chromatography with diode array detection
[10, 13, 14], fast atom bombardment (FAB) mass spectrometry
(MS) [15], and liquid chromatography-electrospray ionization
mass spectrometry (LC-ESI MS) [16, 17]. However, when
using spectroscopic techniques, interferences from other pig-
ments and degradation by-products (pheophytins and
pheophorbides) occur and no detailed information on molecu-
lar structure is provided. ESI-MS allows structural characteri-
zation provided that LC separation conditions are optimized.
Fast identification and characterization of BChl and related
compounds could be carried out by matrix assisted laser
desorption/ionization (MALDI) MS because of some signifi-
cant advantages such as rapid and easy sample preparation,
tolerance to salts, and high sensitivity. However,
pheophitinization (i.e., release of the metal ion) accompanied
by extensive fragmentation was observed by Persson et al. [18]
using α-cyano-4-hydroxycinnamic acid (CHCA) as MALDI
matrix, for BChl extracted from Chlorobium tepidum green
sulfur bacterium. Replacing the proton-transfer matrices with
electron-transfer (ET) ones, such as terthiophene (TER) [19]
and 9,10-diphenylanthracene (9,10-DPA) [20], in MALDI MS

of Chl, a highly stabilized radical cation was formed; the
demetalation of Chl was greatly reduced, whereas extensive
fragmentation (loss of the phytol moiety) remained. Recently,
it was demonstrated that 1,5-diaminonaphthalene (DAN) great-
ly outperforms other existing ET secondary reaction matrices
since both loss of the metal ion and fragmentation of the
phytol–ester linkage were negligible [21]; applicability of
MALDI MS to the analysis of Chl in diverse foodstuffs such
as spinach, parsley, turnip top, and tea powder leaves was also
proved [21].

Here, we report the identification and characterization, by
MALDIMS/MS, of BChl occurring in the carotenoidless strain
Rhodobacter (R.) sphaeroides R26 (a green mutant of the
purple non-sulfur bacterium) selected as a model system for
studying both BChl biosynthesis and assembly of bacterial
photosynthetic complexes [22–26]. In order to demonstrate
the superiority of DAN, other well recognized ET matrices
were examined and compared. Switching from positive to
negative ionization mode in tandem MS reveals a featuring
behavior in the phytyl loss from the BChl a. Moreover, to prove
the general applicability of DAN to such a class of pigments,
other derivatives such as Cu-BChl a (chemically synthesized)
and Zn-BChl a (in-vitro synthesized by growing bacteria in a
Zn2+ enriched broth) were investigated. The results demon-
strate that MALDI MS/MS allowed the complete characteriza-
tion of BChl and offered the possibility to follow their biotrans-
formation occurring in different growth conditions of bacteria.

Materials and Methods
Chemicals

Water, acetone, hexane, 2,2':5',2''-terthiophene (TER), 1,5-
diaminonapthalene (DAN), anthracene (ANT), 9,10-
diphenylanthracene (DP-ANT), trans-2-[3-(4-t-butyl-phenyl)-
2-methyl-2-propenylidene]malononitrile (DCTB), copper
chloride, zinc chloride, and ammonium hydroxide were obtain-
ed from Sigma-Aldrich (Milan, Italy). All solvents used were
LC-MS grade. Mass standards kit for calibration was pur-
chased from AB SCIEX (Ontario, Canada).

Instrumentation

All experiments were performed using a 5800 MALDI ToF/
ToF analyzer (AB SCIEX, Darmstadt, Germany) equipped
with a neodymium-doped yttrium lithium fluoride (Nd:YLF)
laser (345 nm), in reflectron positive and negative ion modes
with a typical mass accuracy of 5 ppm. In MS and MS/MS
mode, 1000 laser shots were typically accumulated by a ran-
dom rastering pattern, at laser pulse rate of 400 and 1000 Hz,
respectively; mass spectra shown in the following were aver-
aged on at least five singlemass spectra (1000 laser shots each).
The laser fluences were within 2.1–2.6 J/m2 depending on the
matrix used. MS/MS experiments were performed setting a
potential difference of 1 kV between the source and the colli-
sion cell; ambient air was used as the collision gas with a
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medium pressure of 10−6 Torr. The delayed extraction (DE)
time was set at 240 ns.

DataExplorer software 4.0 (AB SCIEX) was used to
control the acquisitions and to perform the initial elabora-
tion of data while SigmaPlot 11.0 was used to graph final
mass spectra. ChemDraw Pro 8.0.3 (CambridgeSoft Corp.,
Cambridge, MA, USA) was employed to draw chemical
structures.

Sample Preparation

M i c r oo r g a n i sm s a nd Grow i n g Cond i t i o n s R .
sphaeroides R26 was grown under light exposure in anaero-
bic conditions, according to Buccolieri et al. [23]. Cells were
grown in the medium 27 of the German Collection of
Microorganisms and Cell Cultures containing Zn2+, Fe2+,
Mn2+, Co2+, Cu2+, Ni2+, and MoO4

2– as trace elements.
R. sphaeroides was also separately grown in 0.15 mM ZnCl2
enriched medium in order to synthetize Zn-bacteriochlorophyll
a. Cells in their late exponential growing phase were harvested
by centrifugation at 14,000 g at 4 °C for 15 min. Sedimented
cells were washed in 20 mM Tris-HCl pH 8 (×3) and then with
water (×3); the obtained pellet was dissolved in 25 mL of

washing medium, sonicated, aliquoted and stored at –20 °C
until use.

Extraction of Bacterial Pigments The extraction of pig-
ments from bacteria was carried out using the protocol of
Willows et al. [27]. One hundred μL of the medium was
added to 900 μL of acetone:water:14 M NH4OH mixture
(80:20:1, v/v/v), and after mixing, centrifuged for 5 min at
14,000 g. The supernatant was added with hexane
(200 μL) to extract bacteriochlorophylls. The same proce-
dure was applied for bacteria grown in excess of zinc salt.

Synthesis of Cu-bacteriochlorophyll a First, 3 mL of ex-
tracted BChl a were added with few drops of 37% HCl
obtaining BPhe a [28]; the resultant solution was mixed
with 3 mL of diethyl ether in a separator funnel and
washed five times with 2 mL of water each time. The ether
phase containing the pigment was reduced to dryness,
reconstituted in 3 mL of acetone/water (80:20), and added
to 1 M CuCl2 (1:4 v/v). The resultant mixture was kept
under agitation for 20 h [29] in the presence of ascorbic
acid to minimize oxidative degradation. Cu-BChl a so

Figure 1. MALDI-ToF positive ion mass spectra of BChl a extracted from R. sphaeroides; the following ET matrices were
investigated: (a) 1,5-diaminonapthalene (DAN), (b) 2-[(2E)-3-(4-tert-butylphenyl)-2methylprop-2-enylidene]malononitrile (DCTB),
and (c) 2,2':5',2''-terthiophene (TER). Inset, enlarged isotopic pattern of the molecular odd-electron [M]+• ion at m/z 910.55. The
m/z values reported refer to the monoisotopic peak
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formed was finally re-extracted into hexane to remove the
CuCl2 excess.

MALDI MS Analysis

For MALDI analysis, usually 5 μL of BChl extract was
mixed (1:1, v/v ratio) with each matrix prepared at 5 mg/
mL concentration in acetone. One μL of the analyte-
matrix mixture was spotted on the target plate, dried in
the dark, and analyzed by MALDI MS. Unless otherwise
specified, the dried-droplet method was used in this
work. WARNING: Caution should be taken when han-
dling DAN due to possible carcinogenetic effects.
Exposure to the chemical should be minimized and fume
hoods should always be used.

Results and Discussion
Matrix Evaluation for BChl a Analysis by MALDI
MS

First, desorption/ionization efficiency of representative ET ma-
trices was evaluated. Figure 1 displays the MALDI MS spectra
in positive ion mode, using DAN (Figure 1a), DCTB
(Figure 1b), and TER (Figure 1c) as matrices, of BChl a

extracted from the mutant strain R26 of R. sphaeroides. The
base peak (m/z 632.24) in the MALDI spectrum obtained using
TER as the matr ix (Figure 1c) was ass igned to
bacteriochlorophyllide a (BChlide a) formed through the neu-
tral loss of the phytyl moiety (vide infra) from [BChl a]+• (m/z
910.54) displaying a very low relative abundance. The ion at
m/z 888.57 was assigned to BPhe a, a minor constituent of
purple bacterial reaction centers, acting as an early electron
acceptor [1], and usually co-extracted with BChl a. Yet, in the
gas phase the possibility that it could be formed through the
magnesium ion exchange of [BChl a]+• with two protons
cannot be ruled out. So a matrix able to desorb/ionize naturally
occurring BPhe a and BChl a , without inducing
pheophitinization of BChl a, is highly desirable. When DCTB
was employed as a matrix, a drastically different picture was
obtained (see Figure 1b); indeed the base peak is represented by
[BChl a]+• (at m/z 910.55); the presence of BPhe a peak (at m/z
888.58) with a relative abundance of ca 50% indicates that TER
induces a greater extent of demetalation compared with DCTB.
Yet, the ion at m/z 632.25 (relative abundance of ca 52%)
indicates a lower extent of dephytylation compared with TER.

Using DAN as the matrix (Figure 1a), the base peak was
again [BChl a]+• (at m/z 910.55) but compared with DCTB,
both metal ion and phytyl loss at m/z 888.58 and 632.25,
respectively, significantly dropped. Compared with DCTB,
fewer matrix-related peaks occurred, thus indicating that

Figure 2. MALDI-ToF negative ion mass spectra of BChl a extracted from R. sphaeroides; (a) DAN, (b) DCTB and (c) TER used as
matrices. Inset, enlarged isotopic pattern of the odd-electron [M]–• ion at m/z 910.55
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DAN exhibits the best performance as matrix for BChl. It is
worthy of mention that laser desorption ionization (LDI) ex-
periments [21, 30, 31] lead to the formation of an odd electron
molecular ion, DAN+•, with a remarkably high yield. This is
not surprising in view of the relatively low ionization energy
(IE) of DAN (i.e., 6.74 ± 0.2 eV [32, 33], which may justify

ionization by a simple two-photon mechanism when irradiated
with e.g., the Nd:YLF laser used here, exhibiting its main
transition at 345 nm (3.6 eV). The propensity for gas-phase
ET between radical cations of the matrix (M) and the analyte
(A) neutral species present in the MALDI plume can be pre-
dicted from the relative ionization energies of the interacting

Figure 3. MALDI-ToF/ToF tandemmass spectra in positive ion mode of BChl a atm/z 910.6 (a), bacteriopheophytin a atm/z 888.6
(b), and the fragment ion at m/z 632.3 (c). DAN was used as matrix; peaks are indicated according to their m/z value and their
identities are given in Table 1. The dominant peaks in both spectra (a) and (b) are formed by the neutral phytyl-moiety loss (278.3 Da)
upon radical hydrogen migration (See Scheme 1). The radical cation at m/z 632.3 ([BChlide a]+•) is significantly fragmented under
tandem MS

Scheme 1. Proposed pathways for dephytylation of BChl a in positive and negative ionization mode in MALDI-MS. Whereas the
odd-electron molecular ion ([M]+•) gives rise to the neutral loss of phytyl moiety with formation of a radical cation atm/z 632.248, the
radical anion ([M]−•) exhibits the radical loss of phytyl chain and formation of a negatively charged ion at m/z 631.241. See MALDI
mass spectra in plots A of Figures 4 and 5
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partners. This ET secondary reaction is thermodynamically
favored when the IE of the analyte (IEA) is lower than that of
matrix (IEM) (i.e., IEA < IEM). The IE of BChl a has been
predicted to be in the range of 6.0-6.3 eV [34], while the IEs of
TER, DCTB, and DAN are 7.3 eV [20], 8.54 eV [35], and
6.74 eV [32, 33], respectively; so the ET process should be
exothermic in all cases. Accordingly, the energy excess depos-
ited into the [BChl a]+• molecular ion should be the lowest for
DAN, thus explaining the lower extent of fragmentation
observed.

By looking at the insets in Figure 1a–c, note that the M + 1
isotope exhibited in all cases a relative abundance of ca. 90%,
which is higher than the expected natural isotopic abundance of
75%, thus indicating a small contribution of a simultaneously
formed protonated molecule. In the case of chlorophylls a and
b, DAN was capable of driving the ionization process towards
the formation of the odd electron molecular ion with nearly
100% yield, whereas for the corresponding pheophytins limit-
ed ionization as protonated adduct was observed [21]. This last
finding was explained invoking the higher proton affinity (PA)

of pheophytins (240 Kcal mol–1) compared with that of DAN
(i.e., 225 Kcal mol–1) [36] that can justify competition between
proton and electron transfer processes. Unfortunately, the PA
of BChl a (and of Chls as well) is not available, but a similar
explanation can be reasonably invoked.

In Figure 2 are reported the MALDI mass spectra in nega-

as matrices. As can be seen, the ET matrices become electron
donors, capable of transferring an electron to a neutral molecule
of BChl a. Apparently, the driving force determining the extent
of analyte ionization is the difference in electron affinities
(EA); the reaction should be thermodynamically favored if
the EA of the analyte is higher than that of the matrix (i.e.,
EABChl > EAM). Although the computed EA of BChl is ca.
2.2 eV [34] and that of DCTB (based on density functional
theory calculation) is between 1.9 and 2.0 eV [37], the Mol-
Instincts Chemical Property Database [33] returns for DAN an
EA value of –0.4 eV (i.e., –9.1785 kcal mol–1). This implies
that both matrices are able to act as electron transfer agents to
BChl. LDI data of DAN reported by Dong et al. [31] evidenced

Table 1. Summary of Product ions of BChl a in Both Positive and Negative Ion Modes Obtained by MALDI MS/MS using DAN as Matrix (see Figures 3 and 4)

Polarity mode Precursor ion Product ions Suggested loss Theoretical
mass (m/z)

MALDI MS/MS

(m/z) Relative
intensity %

DAN (+)
[C55H74O6N4Mg]+• - - 910.545 910.55 -

[C35H36O6N4Mg]+• Phytyla 632.248 632.25 100
[C34H33O5N4Mg]+ Phytyl, CH3O

•b 601.230 601.22 5
[C55H76O6N4]

+• 888.576 888.55
[C35H38O6N4]

+• Phytyla 610.279 610.28 100
[C33H33O4N4]

+ Phytyl, CH3O
•, H2CO

c 549.250 549.24 6
[C32H33O4N4]

+• PPed 537.250 537.24 9
[C35H36O6N4Mg]+• - - 632.248 632.25 -

[C34H35O5N4Mg]+ HC•O 601.230 603.24 19
[C34H32O5N4Mg]+• CH3OH 600.222 600.23 40
[C33H34O5N4Mg]+• CH2CO

e 590.237 590.24 16
[C33H33O4N4Mg]+ CO, CH3O

• 573.235 573.24 60
[C33H31O4N4Mg]+ CH3O

•, H2CO
c 571.219 571.22 30

[C32H31O4N4Mg]+ CO2,
•CH2CH3 559.219 559.21 43

[C30H27O2N4Mg]+ CO2, CH2CH2, CH3O
•, H2CO

c 499.198 499.20 100
DAN (−)

[C55H74O6N4Mg]−• - - 910.546 910.55 -
[C35H35O6N4Mg]− Phytyl radical•f 631.241 631.24 100

[C55H76O6N4]
−• - - 888.577 888.58

[C35H37O6N4]
− Phytyl radical• 609.272 609.26 16

[C34H33O5N4]
− Phytyl radical•, CH3OH 577.246 577.24 70

[C33H33O3N4]
− Phytyl radical•, CH3OH, CO2 533.256 533.25 100

[C35H35O6N4Mg]− - - 631.241 631.24
[C34H32O5N4Mg]−• CH3O

• 600.223 600.23 100
[C34H31O5N4Mg]− CH3OH 599.215 599.22 80
[C34H35O4N4Mg]− CO2 587.251 587.26 30
[C33H34O3N4Mg]−• CO2, HC

•O 558.249 558.25 88
[C33H31O3N4Mg]− CO2, CH3OH 555.225 555.23 40
[C32H32O3N4Mg]−• CO2, CH3C

•Og 544.233 544.23 15

a Phytyl moiety (C20H38, 278 Da) with radical hydrogen migration.
b Methoxy radical (31 Da).
c Another loss would be methanol and formyl radical (29 Da).
d Homolytic cleavage with phytyl-17-propanyl (PPe) loss (•C23H43O2, 351 Da).
e Ketene (42 Da) most likely from the acetyl group located on carbon 3 (see Figure S1).
f Homolytic cleavage with phytyl radical loss (•C20H39, 279 Da).
g Acyl radical (43 Da).
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the occurrence of a predominant dimeric radical anion [2DAN-
2H]−• at m/z 312, which is presumably the effective electron
transfer species. Interestingly, these results indicate that ET
matrices can operate in both positive and negative polarities.
As discussed for positive MALDI mode (vide supra), by using
DAN and DCTB the base peak is represented by the intact ion
M−• atm/z 910.55 (note that the isotopic pattern is now in good
agreement with the theoretical one), whereas when employing
TER the base peak is characterized by the [BChl a – phytyl]−

product ion at m/z 631.24 that is 1 Da less than in positive
mode.

Scheme 1 depicts a possible pathway for dephytylation of
BChl a in positive and negative ionization modes. As can be
seen, the peak at m/z 632.248 ([M – phytyl + H]+•) is most
likely formed by cleavage between the phytyl and ester oxygen
with a concomitant hydrogen migration (H•) from the phytyl
chain to the main structure giving rise to the neutral loss of
phytyl moiety. The phytyl chain is probably lost as radical from
the molecular ion ([M]−•) with the ensuing formation of a
negatively charged ion at m/z 631.24. The signal intensity of
this fragment in the spectra is correlated to the excess energy
deposited in the ion that, as observed in positive mode, is the
lowest for DAN, being the matrix of choice for BChl analyses
in negative polarity. An additional ion is detected in negative
mode at m/z 945.51, which is explained as an adduct between

BChl a and chloride residue from the bacterial broth. Using
anthracene (ANT, see Supplementary Figure S2) and 9,10-
diphenylanthracene (DP-ANT, Supplementary Figure S3) as
the matrices, qualitatively similar results to TER were obtained
(see plot c in Figures 1 and 2); indeed, the signals at the
nominal values of m/z 632 (positive mode) and 631 (negative
mode) still dominate the spectra. Of note is that an increased
contribution from the peak atm/z 909.52 corresponding to [M –
H]− suggests that, in negative ion mode, using ANT and DP-
ANT, a proton transfer from analyte to matrix can compete
with ET process. Also of note is that the PA of ANT
(209.7 kcal/mol at 298 K) is even lower than that of DAN,
suggesting that protonation of BChl a should be more efficient-
ly driven by this matrix (and presumably DP-ANT) which,
however, is not experimentally observed (see e.g.,
Supplementary Figures S2 and S3). Inspection of the inset in
Supplementary Figure S2 (and Supplementary S3 as well)
reveals that peaks at m/z 908 and 909 were detected in both
polarities. Ions at m/z 909 and 908 likely originate from a loss
of a hydrogen radical (H•) and/or hydrogen molecule (H2) from
[BChl a]+• (m/z 910) or [BChl a + H]+ (m/z 911). Indeed, H•

loss from retinol molecular radical cation has been reported by
Boutaghou and Cole [20] to explain retinol decomposition
observed using DP-ANT as matrix. Moreover, O’Connor
et al. [38] evidenced in ESI-FTICR MS/MS of chlorophyll-a

Figure 4. MALDI-ToF/ToF tandemmass spectra in negative ionmode ofBChl a atm/z 910.6 (a), bacteriopheophytin a atm/z 888.6
(b), and the fragment ion at m/z 631.2 (c). DAN was used as matrix; peaks are indicated according to their m/z value and their
identities are given in Table 1. The main peaks in both spectra (a) and (b) are formed by homolytic cleavage and phytyl radical loss
(279.3 Da). See Scheme 1
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both a H• loss from the macrocyclic ring, and H2 loss likely
from C17 and C18 of ring IV leading to a larger, thermody-
namically favored, conjugated structure. Therefore, it can be
reasonably assumed that due to the lower PA value of ANT
compared with DAN, more energy is deposited in the molec-
ular radical ion of BChl a that is more prone to decomposition,
giving ions at m/z 909 and 908; this in turn explains why the
increase in the protonated adduct is lower than expected on the
base of PA values.

MALDI MS/MS of Bacteriochlorophyll a

Figure 3 shows the positive MALDI MS/MS spectra of pre-
cursor ions at m/z 910 (Figure 3a), 888 (Figure 3b), and 632
(Figure 3c) (isolation window ±3 m/z units) using DAN as
matrix. After isolating and fragmenting the even molecular
ion of BChl a (Figure 3a), a main peak at m/z 632.25 was
observed due to the loss of a neutral phytyl moiety, C20H38 (see
Scheme 1). Similar to the chlorophylls [21, 38] a radical H•

migration from the phytyl chain to the main structure occurs,

leading to the peak at m/z 632.25 assigned as [BChl a – phytyl
+ H]+•. A minor positive ion is detected at m/z 601.22, which
results from the loss of methoxy radical (CH3O

•) at side group
C13

3 next to the macrocyclic ring (see Supplementary
Figure S1 and Table 1). Qualitatively similar results were
observed for BPhe a (Figure 3B) showing the main fragment
ion atm/z 610.28 (phytyl neutral loss). The low intensity peaks
observed atm/z 549.24 and 537.24may be due, respectively, to
combined losses of phytyl, methoxy radical (CH3O

•), and
methanal (H2CO) from the lateral chain and the homolytic
cleavage of the phytyl-17-propanyl moiety. When the
bacteriochlide a ion at m/z 632.25 was fragmented
(Figure 3c), a more complex fragmentation pattern was ob-
served. The main fragment ion at m/z 499.20 was assigned to
the loss of CO2 next to phytyl chain, the neutral loss of ethylene
(C2H4) from C8, and the cleavage of CH3O

•and H2CO from
carbon C13

2 (see Supplementary Figure S1). In this case, all the
other product ions are analogously explained considering the
loss of the lateral moieties from the macrocyclic ring. All main
losses from precursor ions are summarized in Table 1.

Figure 5. Positive (a) and negative (b) MALDI-ToF mass spectra of Zn-BChl a extracted from R. sphaeroides grown in a Zn2+-
containing medium. DAN was used as matrix. Peaks are indicated according to their m/z value and their identities are given in
Table S2. The predominant signals at m/z 888.58 are attributable to BPhe a. MALDI-ToF/ToF tandem mass spectra in positive (c)
and negative (d) ion modes of Zn-BChl a at m/z 950.5. Note the neutral loss of the phytyl moiety (278.3 Da) in positive mode;
homolytic cleavage of the radical phytyl moiety (279.3 Da) occurs in negative ion mode
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Figure 4 shows the negative MALDI MS/MS spectra of the
BChl a precursor ions at m/z 910 (Figure 4a), 888 (Figure 4b),
and 631 (Figure 4c) (isolation window ±3m/z units) using DAN
as matrix. As outlined above, when fragmenting the precursor
ion at m/z 910 the main product ion is detected at m/z 631.24
assuming the phytyl radical loss from the entire structure (see
Scheme 1 and Table 1). This negatively charged ion has never
been reported in previous studies. The loss of a phytyl radical is
observed also for BPhe a (Figure 4b) even if, contrary to positive
mode, it occurred as a weak signal at m/z 609.26. Two leading
fragment ions were detected in this case, most likely correspond-
ing to the successive loss of a phytyl radical, methanol (m/z
577.24), and carbon dioxide (m/z 533.25). Finally, when the ion
at m/z 631 was isolated and fragmented, an increased number of
product ions was observed (Figure 4c) with the base peak at m/z
600 attributable to the loss of a methoxy radical from the C13

3.
Other typical neutral losses of CO2, CH3OH, HC

•O, and
CH3C

•O alone or in combination are most likely useful to
explain the ions in the spectrum (see Table 1 for the complete
assignments). Conceivably, these MS/MS spectra of BChl a
either in positive or negative ion mode augment the database

of definite product ions, which represent a signature of their
molecular structure.

Metal ion Cu(II) and Zn(II) Derivatives
of Bacteriochlorophyll a

Upon assessing the performances of DAN as MALDI matrix
for BChl a in both positive and negative ion modalities, its
applicability was tested also for closely related pigments,
namely BChl a analogues differing in the central metal ion
(i.e., Zn(II) and Cu(II)). For the sake of clarity, Supplementary
Table S1 summarizes their chemical formula, together with the
theoretical and the experimental monoisotopic mass values.

First, the analyses were performed on a biosynthetic Zn-
coordinated BChl a (Zn-BChl a) extracted from the mutant
strain R. sphaeroides R26 grown in a Zn(II)-containing medi-
um. Figure 5 displays the MALDI MS spectra of Zn-BChl a in
positive (Figure 5a) and negative (Figure 5b) ion mode. The
base peak is represented by the BPhe a atm/z 888.58; the other
two main ions generated at m/z 910.55 and 950.49 are attrib-
utable to intact BChl a and Zn-BChl a, respectively. Note that

Figure 6. Positive (a) and negative (b)MALDI-ToFmass spectra of Cu-BChl a using DAN as matrix. Peaks are indicated according
to their m/z value and their identities are given in Table S3. The Cu2+ ion was chemically inserted using BChl a upon its extraction
from R. sphaeroides (See text for details). MALDI-ToF/ToF tandem mass spectra in positive (c) and negative (d) ion modes of
Cu-BChl a at m/z 949.5
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both the monoisotopic mass and the isotopic pattern reported in
the insets are in good agreement with the theoretical one for
Zn(II)-BChl a. The relatively high intensity of BPhe a at m/z
888.58 could be related to the kinetics of biotransformation in
the bacterium. Indeed, when grown in excess of Zn2+, theMg2+

of naturally occurring BChl a is lost, giving rise to BPhe a and
partially substituted by zinc ions. It is thus plausible that the
amount of ZnCl2 used was not sufficiently high to elicit the
complete formation of Zn-BChl a. Indeed, initial experiments
carried out using a lower ZnCl2 concentration demonstrated
that a very weak signal corresponding to Zn-BChl a was
induced (data not shown). Moreover, the use of DAN as a
MALDI matrix can be very useful in following the biotrans-
formation of bacteria when adapting to external stimuli. The
biosynthesized Zn-BChl a (m/z 950.48) was isolated and
fragmented in both positive (Figure 5c) and negative
(Figure 5d) ion modes. Once again, the main signal detected
in the positive spectrum corresponded to the neutral loss of
phytyl at m/z 672.20 irrespective of the nature of central metal
ion. The low intensity product ion detected at m/z 539.15 was
most likely generated from the successive losses of neutral
phytyl-17-propenyl (PPe), lateral methoxy radical, and neutral
formaldehyde from the macrocycle. Conversely, a different
fragmentation pattern for BChl a was obtained in negative ion
mode. The base peak at m/z 595.14 arises indeed from the
losses of phytyl radical, CO2, and CH3OH, whereas the signal
at m/z 598.16 may derive from consecutive losses of phytyl
radical, CO2, and formyl radical (HC•O). A product ion due to
the simple loss of phytyl radical was detected at m/z 671.19
with a relative abundance of ca 51%. Other product ions are
explained as the successive loss of neutral phytyl-17-propenyl
and CH3C

•O, CH3OH, CH3O
•, and H2C

•O. See Supplementary
Table S2 for a full description of all product ions.

To determine whether BChl chelating heavy metal ions
other than Mg2+ and Zn2+ can be analyzed, Cu-BChl a was
chemically synthesized as described in the experimental
section and investigated by MALDI MS using DAN as
the matrix. MALDI MS spectra in both positive (plot a)
and negative (plot b) mode of Figure 6 provide a further
confirmation about the effectiveness of DAN in desorbing/
ionizing a closely related bacteriochlorophyll pigment with-
out fragmentation. The main ion is represented by Cu-BChl
a at m/z 949.49 with no signal corresponding to
demetalation or phytyl loss, demonstrating the greater sta-
bility of this derivative pigment. Notably, the use of DCTB
(Supplementary Figure S4) and TER (see Supplementary
Figure S5) as MALDI matrices gives rise to a different
outcome because more oxidized species were observed at
m/z 965.48 and 979.48, and less intense spectra were
achieved in negative mode, suggesting a less efficient
ionization of these ET matrices. These oxidized species
were not evidenced by using DAN presumably as a result
of its reduction properties, which are well recognized for
amino acid sequencing and disulfide mapping of peptides
containing disulfide bonds [30, 39].

The ion at m/z 949.49 was then isolated and fragmented in
positive (Figure 6c) and negative (Figure 6d) ion mode. As for
Zn-BChl a, the spectrum in positive mode shows the main ion
at m/z 671.19 (neutral loss of phytyl moiety) together with a
small ion at m/z 538.22 due to the losses of PPe, CH3O

•, and
H2CO. The negative spectrum is again richer of product ions
compared with positive one, with the base peak at m/z 596.19
attributable to the losses of phytyl radical, CO2, and HC•O.
Supplementary Table S3 summarizes the main product ions
observed and their putative identification.

Conclusions
In this work, DAN was successfully used as a matrix for
complete characterization of intactBChl along with two closely
related pigments by means of MALDI MS/MS in both positive
and negative ion mode. DAN allowed the ionization of BChl
with a prevailing ET secondary reaction mechanism, hindering
the unwanted degradation processes of dephytylation and
demetalation. MALDI MS spectra in negative ion mode dem-
onstrated, for the first time, a different behavior in the frag-
mentation pathway with the main differentiation related to the
loss of phytyl group as radical instead of neutral as observed in
positive polarity. DAN was used also to characterize zinc(II)
and copper(II) bacteriochlorophyll pigments, confirming its
great potential in following their biotransformation in modified
culture broths. A very rich informative fragmentation pattern
was achieved when analyzing these derivatives in negative
mode, suggesting that the use of DAN can be of great help in
identifying novel BChl synthesized for application in photody-
namic therapy. It is plausible that DAN will be actively used as
a major MALDI matrix for chlorophyll and bacteriochloro-
phyll investigations.
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