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Mass Spectrometry of Algal Chlorophyll c Compounds
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Background: The term chlorophyll c encompasses a small but heterogeneous group of algal pigments, characterized for being porphyrins rather than chlorins. Chlorophylls c are protochlorophyllide-type compounds that differ in their peripheral substituents. Mass spectrometry has contributed to the structural elucidation of chlorophylls c, often in parallel with the development of soft ionization techniques. 

Objective: To provide comprehensive information on the structural characterization of chlorophylls c by mass spectrometry.
Method:  A detailed exam of the existing bibliography from both the chemical and marine science literatures followed by the analysis of data on molecular masses and product ions. Previous tandem mass spectra of chlorophyll c pigments are reproduced employing high resolution mass spectrometry.
Results: This article reviews the application of direct and tandem mass spectrometry techniques to the analysis of acidic and esterified chlorophylls c, summarizes their fragmentation patterns and enumerates some experimental fragmentation rules for their identification. The high resolution mass spectra of acidic and esterified chlorophyll c compounds are shown as characteristic examples.
Conclusion: The combined information on the molecular mass and diagnostic fragmentation allows the unambiguous characterization of the known acidic chlorophylls c, including the discrimination of isomeric pigments. Tandem mass spectrometry is a technique of choice for the study of galactolipid-esterified chlorophylls c, as the systematic fragmentation of successive parts in the molecules allows good tentative approaches to their structures.
.
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1. INTRODUCTION

The study of primary production in the global ocean is one of the main goals of oceanography. As part of the common multidisciplinary approach to aquatic ecosystems, the analysis of phytoplankton pigments is a powerful tool to characterize the populations of primary producers in the sea [1]. Compared with land plants, the pigment groups chlorophylls (Chls), carotenoids and phycobilins of aquatic photosynthetic organisms have evolved to reach a very high molecular diversity. The restrictions in their distribution into different taxonomic categories allow their use in field samples to distinguish algal taxa to different levels of specificity [1]. The presence of acidic members of the Chls c is distinctive in many groups of phytoplanktonic organisms [2].
Structurally, Chls c differ from other Chls in the oxidation state of the macrocycle. Chls c are protochlorophyllide (Pchlide) -type compounds, even though some members of this family of compounds have retained the name “chlorophylls” as they are functional light-harvesting pigments. A modern definition proposes the name Chl c to designate a family of Mg-containing compounds with a Pchlide-type structure, i.e., featuring a fully unsaturated ring D and an isocyclic five-membered ring E (thus being porphyrins rather than chlorins) [2].

*Address correspondence to this author at the Instituto de Investigaciones Marinas, CSIC, Av. Eduardo Cabello, 6, 36208 Vigo, Spain; Tel/Fax: +34-986-231930, +34-986-292762; E-mail: garrido@iim.csic.es

Six pigments have been previously characterized that fulfill this definition [2]: the four denoted Chls c, whose substituent at C-17 (ring D) is a trans acrylic acid (c1, c2, c3 and [8-ethyl]-c3); and two Pchlides that bear a propionic acid side chain at C-17. To the latter group belong [8-Vinyl]-Pchlide a, a pigment frequently abbreviated as MgDVPP in the marine literature, and the recently characterized [7-methoxycarbonyl-8-vinyl]-Pchlide a, previously known as Chl cCS170. Additionally, their structural variety results from the type and position of the side chains (Fig. 1). Generally, Chls c appear as free acids, but in some species they also occur as galactolipid esters [3-4].
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Fig. (1). Structure of acidic members of the chlorophyll c family.
The distribution of Chl c pigments in photosynthetic organisms varies from solely one single compound, such as [8-vinyl]-Pchlide a, present in the photo-oxygenic prokaryote Prochlorococcus marinus and certain prasinophytes, to the high Chl c diversity observed in the eukaryotic chromophytes. In this case, two acidic Chls c are ubiquitous: Chl c2 that acts as the major accessory Chl; and [8-vinyl]-Pchlide a, frequently present in trace amounts. Chls c1 and c3 are more restricted but when occurring, they are significant accessory pigments (from both the functional and the taxonomic points of view) [1, 2]. 

Reversed phase liquid chromatography (RP-HPLC) is the technique of election for the analysis of photosynthetic pigments, with methods employing either C8 or C18 stationary phases [5]. The application of new chromatographic methods has led to the detection of many new algal pigments, and the growing number of Chl c being structurally characterized is giving this family of compounds a very relevant chemotaxonomic value. To extend their applications as biomarkers in marine ecology, it is fundamental to know their taxonomic distribution. However, a complete isolation and characterization is many times impractical considering the scarcity of algal material usually available. Some criteria for the identification of phytoplankton pigments in natural samples have been proposed [6], basically consisting in the matching of spectral Ultraviolet-visible (UV-vis) and chromatographic properties. However, due to the structural similarity of Chls c (some of them differ just in a double bond in a lateral substituent, and several pairs of isomers have been described), the resemblance of their UV-vis spectra is relevant, and usually some chromatographic methods demonstrate lack of discrimination. These facts hamper therefore this approach.

The coupling of liquid chromatography (LC) to mass spectrometry (MS) in the analysis of plankton pigments is helping to overcome these difficulties, as many times molecular mass information, used in conjunction with Photo Diode Array UV-vis spectra suffices for the assignment of components. Tandem mass spectrometry (MS/MS) is especially useful to identify structural differences that do not influence the UV-vis spectrum, or to distinguish isomeric compounds with coincident molecular ions, showing the same mass to charge ratio (m/z) [7].
Although MS has been used for the analysis of Chls for many years, there are few MS studies of Chl c compounds, perhaps due to the difficulty of acquiring good spectra (consequence of the inferior ionization efficiency of porphyrins relative to chlorins) [7]. The soft ionization methods fast atom bombardment mass spectrometry (FAB-MS), electrospray ionization mass spectrometry (ESI-MS), atmospheric pressure chemical ionization (APCI-MS) and matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) have played a key role for the elucidation of these pigments [7]. Herein we present a revision of the application of MS and MS/MS for obtaining structural information on the Chl c family of pigments.
2. MASS Spectrometry of Acidic CHLorophylls c
2.1. Direct MS
Mass spectrometry techniques have been linked to the characterization of Chl c compounds since the early structural studies [8-11], that employed Electron Impact (EI) ionization in their pioneering studies on Chls c1 and c2. The limited volatility of the compounds together with their thermal instability required the preparation of more volatile and stable derivatives, from whose spectra the structural features of the parent Chls could be deduced. However, extracting information from EI spectra such as the molecular ion mass of Chls was difficult or practically unfeasible, even working at low emission voltages, leading in occasions to ambiguous identifications. Therefore, alternative spectroscopic data as UV-vis or Nuclear Magnetic Resonance (NMR) were needed to complete the structural studies of these pigments. Alternatively, in modern mass spectrometry, soft ionization techniques have been developed, that allow the detection of molecular ions and, equally importantly, are compatible with LC. Because these new MS tools have overcome the pioneering application of EI to the analysis and identification of Chls c, we have oriented this revision to the application of soft mass spectrometry to the structural identification of Chls c.
The discovery and characterization by MS of new Chl c structures has paralleled the development of these soft ionization techniques that allow the production of gas phase ions directly from these thermally labile and non-volatile compounds. These techniques were initially employed to determine the molecular mass of the Chl c species being analyzed. 
Chl c3 was the first of these new pigments to be characterized in the planktonic alga Emiliania huxleyi by means of FAB-MS, employing pyridine/3-nitrobenzyl alcohol (3-NBA) as the matrix [12]. Later on, this pigment was shown to consist of a mixture of two compounds with similar structures. Significantly, the application of FAB-MS (using a 3-NBA matrix) to the study [13] provided the first evidence on the existence of a monovinyl derivative of Chl c3. Subsequently, this pigment, [8-ethyl]-Chl c3, was fully characterized by NMR and ESI-MS [14]. 
The next Chl c to be characterized was [8-vinyl]-Pchlide a; in this case MALDI-MS with 5-aminoquinoline as matrix was the technique of election for the determination of the molecular ion [15].
2.2. Tandem MS
MS/MS experiments allow the isolation and further fragmentation of an ion with a specific m/z value, guaranteeing that fragments only originate from a particular precursor ion. Importantly, this sequential fragmentation provides the construction of logical fragmentation maps. 
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Fig. (2). High resolution MS/MS (AIF mode) spectra obtained by ESI-MS/MS of all six known acidic Chl c pigments. Note the isomeric character of the pairs [8-vinyl]-Pchlide a/Chl c1 and [7-methoxycarbonyl-8-vinyl]-Pchlide a/[8-ethyl]-Chl c3.
The most comprehensive study of Chls c published until now is that of Goericke et al. [16], that analyzed five of the six known acidic Chl c pigments (exception being [7-methoxycarbonyl-8-vinyl]-Pchlide a) by ESI-MS/MS. As it happens with other Chl pigments, typical mass spectral fragmentations originated from the periphery of the Chls c when submitted to MS/MS analysis. The product ion spectra of Chls c1, c2, c3 and [8-ethyl]-Chl c3 appeared dominated by losses of 18, 44 and 60 Da. A characteristic loss of 32 Da occurs also in the Chls c3 and [8-ethyl]-Chl c3. The fragmentation pattern allowed the differentiation of the isomeric pigments Chl c1 and [8-vinyl]-Pchlide a (MgDVPP), that had produced protonated molecular ions at identical m/z value (611 Da). It was not until recently that the ESI-MS/MS spectrum of [7-methoxycarbonyl-8-vinyl]-Pchlide a was published [17].
In their review of LC-MS of phytoplankton pigments, Airs and Garrido [7] show the APCI-MS/MS spectra of Chls c2 and c3. The fragmentation pattern differs slightly from that found by ESI-MS/MS [16]. The APCI-MS/MS spectrum of Chl c2 exhibited losses of 18, 32 and 60 Da from the protonated molecular ion. However, in the case of Chl c3 the ion arising from dehydratation ([M+H-18]+) was not observed, which was attributed to a possible effect of the second carbomethoxy group. This feature would reduce the number of molecules protonated at the carboxylic acid position and thus reducing the likelihood of dehydration. Fig. 2 shows typical high resolution MS/MS fragmentation spectra (see [17] for experimental conditions) obtained by ESI-MS/MS in the All Ion Fragmentation mode (AIF) of all the six known acidic Chl c structures. The joint observation of the six spectra together with those shown in [16] allows the deduction of the following experimental rules of fragmentation:
-The six spectra show a consistent but small [M+H–22]+ peak corresponding to the demetalation of the pigments, i.e., the substitution of Mg2+ by two H+ in the central position of the tetrapyrrole macrocyles.

-For all the acidic Chls c a common loss of 60 Da is observed, generating the base peak of the spectrum.
-Chls c with acrylic acid as substituent in C-17 exhibit characteristic losses of 18, 44 and 77 Da from the protonated molecular ion.

-Pchlides, with propionic acid at C-17, show the specific loss of 42 Da, but no loss by dehydration (-18 Da) or by decarboxylation (-44 Da) are observed.
-Those pigments bearing an additional carbomethoxy substituent at C-7, irrespective of being propionic or acrylic acid substituted at C-17 (Chls c3, [8-ethyl]-c3 and [7-methoxycarbonyl-8-vinyl]-Pchlide a) show intense ion fragments arising from the loss of 32 Da.
2.3. Origin of the fragments 

Due to the fully conjugated nature of the porphyrin ring, the fragmentation pathway of porphyrins mainly consists on benzylic type cleavages of the side-chain substituents [18]. This is consistent with the well-known ability of the aromatic macrocycle of porphyrins to stabilize positive charges, benzylic in character, produced in the mass spectrometer. 
2.3.1. Base peak generation and loss of CH3OH.
The most abundant but not diagnostic fragment ion observed in the MS/MS spectra of both Chls c and Pchlides corresponds to the loss of 60 Da from [M+H]+. High intensity peaks of 551, 549 or 593 belong to this fragmentation pattern and were identified in the ESI-MS/MS spectra of Chl c1, c2 and c3 respectively. This fragmentation was commonly observed in dephytylated Chls, and assigned either to the loss of the β-keto ester group at C132 position or to fragmentation processes at the C17 acid chain [19]. More recently Chen et al. [20] have studied such a fragmentation in chlorophyllides and pheophorbides of the a and b family, featuring a propionic acid at C17. With the use of high resolution spectra combined with adequate predictive software, the authors have assigned this fragmentation to the ionization of this carboxylic group at C17, involving the cleavage of both oxygen functions and a methylene group. This fragmentation resulted more likely in these chlorin-based Chls and, in fact, it constituted the starting point for further fragmentation involving the partially reduced D ring of these pigments. Notably, in the case of Chls c, the loss of 60 Da resulted to be equally observed, both in C17-acrylic and propionic substituted Chls. Hence, the origin of the fragmentation could be attributed to the methyl ester group at C-132, common to the 6 structures included in this study. 

As observed in Fig. 2, only the pigments featuring a methoxycarbonyl functionality at C7 position efficiently lose MeOH in the MS/MS experiments, thus providing fragment ions corresponding to [M+H-CH3OH]+ (–32 Da). A mechanism for this loss could be suggested from the protonation of the ether oxygen, followed by the uncharged alcohol release (CH3OH). After cleavage, the positive charge would remain on the carbonyl group, further stabilized by the aromatic delocalization of the porphyrin macrocycle. The fragment ion mass observed would correspond then to the mass of this acyl ion.
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Scheme 1. Proposed mechanism for the fragmentation of the methoxycarbonyl moiety at C7 and loss of CH3OH.
2.3.2. Diagnostic fragments of acrylic chlorophylls
Acrylic Chls feature a common fragmentation, originated from the neutral loss of water (–18 Da) from the molecular ion [M+H]+. Thus, Chls c1, c2, c3 and [8-ethyl]-c3 showed important peaks m/z 593 (Chl c1), 591 (Chl c2), 635 (Chl c3) and 637 ([8-ethyl]-Chl c3) with relatively high abundance. This fragmentation is characteristic of acrylic acid containing Chls, being absent in Pchlides where the propionic acid side chain at C17 is present. The origin of these peaks could rely on this acrylic functionality, where the elimination of water is probably promoted by the increased stability of the benzylic ion formed, due to the resonance with the porphyrinic macrocycle through the double bond. 
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Scheme 2. Mechanism proposed for the loss of water in acrylic acids, promoted by the presence of the conjugated double bond.

Associated to this dehydration process, an additional common loss of 77 Da (presumably loss of H2O + CO2CH3) was detected. Thus, all acrylic Chls c showed peaks of medium intensity compatible to [M+H] –77 Da with m/z values of 532 for Chl c2, 534 for Chl c1, 576 for Chl c3 and 578 for [8-ethyl]-Chl c3. The origin of this fragmentation would start with a first acrylic dehydration event, probably triggering the elimination of the vicinal methoxycarbonyl moiety at C-132 in a second step. This fragmentation pattern was also observed by Goericke et al. in their pioneering study of Chls c [16] and constitutes a characteristic loss for unsaturated acidic Chls c. An additional diagnostic fragmentation of this type of Chls c consists on the common loss of 44 Da [16], probably due to the decarboxylation of the acrylic acid moiety likely aided by the conjugated π-system of the porphyrin ring. 
2.3.3. Diagnostic fragments of propionic chlorophylls: loss of C2H2O (42 units)

A common loss of –42 Da could be observed only for protochlorophyllides: [8-vinyl]-Pchlide a and [7-methoxycarbonyl-8-vinyl]-Pchlide a, characterized by the propionic acid at C17 position. This characteristic fragmentation provides peaks of low intensity at m/z values of 569 and 613, respectively.

This fragmentation could be rationalized following a charge retention fragmentation mechanism via a cyclic transition state [21]. Thus, this process would occur through a pericyclic Claisen-type rearrangement followed by a proton transfer and a neutral release of ketene. This proposed gas-phase rearrangement would lead to the formation of a hydroxylated derivative of the initial Chl, differing in 42 Da with the mass of the molecular ion. Noteworthy, this mechanism is only possible for the C17-propionic substituted Chls c, able to adopt the 6-member ring conformation leading to the observed elimination.
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Scheme 3 . Suggested mechanism for the fragmentation of propionic chlorophylls. Loss of CH2CO (–42 Da)

3. MASS SPECTROMETRY OF CHLOROPHYLL C-MONOGALACTOSYLDIACYLGLYCERIDE ESTERS
The detection of non-polar pigments with Chl c chromophore in the RP-HPLC chromatograms of natural sea-water samples and algal cultures [22] had alerted researchers on the possibility of the existence of esterified Chl c compounds in marine phytoplankton. Initially, they were suggested to be phytyl esters of Chl c2 [23] and Chl c1 [24]. Later, a systematic FAB-MS and FAB-MS/MS study of a highly purified sample employing different matrixes [3] demonstrated that these pigments consisted in the covalent union of a Chl c to a galactolipid, a typical component of the chloroplast thylakoid membrane. This new kind of Chls constituted a new family of compounds, the Chl c-monogalactosyldiacylglyceride esters (Chl c-MGDG), in which the structural variety relies on the presence of different Chl c chromophores and on the nature of the different fatty acids esterifying the glycerol [2-4]. Only two members of the family have been characterized by MS, bearing 14:0/18:4 [3] (Fig. 3) and 14:0/14:0 [4] fatty acids. The study of the distribution of these compounds has contributed to the identification of new chemotaxonomic relationships in the phytoplankton [25-27].
The FAB-MS/MS spectrum of these compounds resulted extremely revealing [3, 4], with systematic sequential fragmentations that allow the tentative reconstruction of the molecule. The cleavage of the molecular ion begins first with the release of the acyl substituents that are formally lost as the corresponding fatty acids, and second the joint formal loss of both acids and fragments derived from the losses of diacylglycerol and galactosyldiacylglycerol. Fragments at lower m/z values closely matched the fragmentation patterns of the corresponding acidic Chl c [3, 4]. 
The ESI-MS/MS (AIF) spectrum of the main Chl c2-MGDG pigment from the haptophyte alga E. huxleyi shows a very similar fragmentation pattern, with ions derived from both the sodiated and protonated molecular ions (Fig. 3). Sodiated ions dominate the high masses zone, including [M+Na]+ (m/z= 1335.6652 Da) and the fragment ions corresponding to the formal losses of myristic or octadecatetraenoic acid (m/z= 1107.4556 Da and m/z= 1059.4559 Da, respectively) and the combined release of both acids (m/z= 833.2629). At intermediate m/z values, fragments from both the sodiated and protonated ions coexist, as those originated from the loss of the diacylglycerol (m/z= 775.2212 and 753.2401 Da, respectively) and from the complete diacylgalactoglyceride (m/z= 631.1798 and 609.1986 Da) (Fig 3). Fragments resulting from the combination of these cleavages with the loss of the carbomethoxy substituent at C-132 are originated from the protonated adduct (m/z= 693.2191 and 549.1766 Da). Other lower mass fragment ions, typical of Chl c2, appear as originated also exclusively from [M+H]+, at m/z 591.1873 and 532.1740 (Figs 2 and 3). 
A discrepancy exists in the literature on the deduction of the regiochemical distribution of the acyl chains in galactolipids by means of MS techniques. Kim et al. [28] suggested that there is a preference for the loss of the fatty acyl group at the sn-2 position of the glycerol when sodium adducted molecular ions of diacylgalactoglycerides are dissociated in FAB-MS/MS. On the contrary, a later work [29] observed the preferential loss of neutral carboxylic acids from the sn-1-linked acyl chains after fragmentation of the [M+Na]+ ion in positive-ion mode ESI-MS/MS experiments, thus producing a more intense peak than that derived from the loss of the acyl chain positioned at sn-2. Assuming that this empirical rule holds for fatty acyl groups associated with Chl c-MGDG esters, the spectrum in Fig. 3 suggests a 
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Fig. (3). ESI-MS/MS (AIF mode) spectrum of the main Chl c-monogalactosyldiacylglyceride ester isolated from the alga Emiliania huxleyi. Numbers in bold indicate sodiated ions.

distribution of myristic acid in the sn-1 position and of octadecatetraenoic acid in the sn-2 position of the glycerol, which contradicts the previously suggested tentative structure for this compound [3]. Definitive NMR evidence on the structure of these molecules is still needed.
CONCLUSION

In the last three decades, the use of mass spectrometry has contributed to the structural characterization of six acidic Chls c and several esters of Chls c1 and c2 with galactoglycerides. FAB, APCI and especially ESI are the preferred ionization techniques. The combined information on the molecular mass and diagnostic fragmentation allows the unambiguous characterization of the known acidic Chls c (including the discrimination of isomeric pigments) by ESI-MS/MS. This technique, in combination with HPLC, is especially useful in natural water studies, where only very small amounts of pigments are available for the analysis. ESI-MS/MS is also a technique of choice for the study of Chl c-MGDG compounds, as the systematic fragmentation of successive parts in the molecule allows good tentative approaches to their structures.
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