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ABSTRACT

Sporopollenin is a natural, highly cross-linked biopolymer composed of carbon, hydrogen,
and oxygen, which forms the outer wall of pollen grains. Sporopollenin is resilient to chemical
degradation. Because of this stability, its exact chemical structure and the biochemical pathways
involved in its biosynthesis remains a mystery and unresolved.

We have identified and characterized the molecular structure of the clean, intact
sporopollenin using soft ionization mass spectrometric and nuclear magnetic resonance
techniques. These analyses showed that sporopollenin contained a poly(hydroxyacid) dendrimer-
like network, which accounted for the sporopollenin empirical formula. In addition, the identified
hydroxy acid monomers contained a beta diketone moiety, which most probably accounts for the
known antioxidant activity of sporopollenin. Moreover, our elucidation studies allowed us to
identify a unique circular polyhydroxylated tetraketide polymer. This polymer acted as the rigid
backbone on which the poly(hydroxyacid) network can be built, forming the scaffold of the
spherical sporopollenin exine



INTRODUCTION

The shells of the plant spores are natural microcapsules, which have progressed to protect
the reproductive pollen of plants from air and light.M The shells are formed from two attached
layers; the outer shell is called the sporopollenin (exine), which is mainly lipophilic, and the inner
shell (intine) is mainly composed of cellulose.[!!

Sporopollenin was generally designated as “one of the most exceptionally resistant
materials knows in the organic world.”?! Sporopollenin composition was defined to be a highly
cross-linked polymer composed of carbon, hydrogen, and oxygen.[?l It is highly resilient to
chemical degradation, which is why its exact chemical structure and the biochemical pathways
involved in its synthesis are not yet clear.[?!

Sporopollenin was suggested to be composed of varied and complex straight and branched
aliphatic chains, some of which are saturated, unsaturated, and polyhydroxylated.®! Other
suggested building blocks appeared to involve oxygenated aromatic rings and phenylpropanoid
moieties.”l The cross-linking of these straight- and branched- aliphatic chains was tentatively
described as either ether cross-linking and/or carbon-carbon bonds. B Gordon Shaw et al. !, one
of the earlier pioneers studying the structure of sporopollenin, indicated that the UV properties of
sporopollenin were attributed to their similarities to polycarotene. Also, it was proposed by
Hayatsu et al. [® that sporopollenin may be composed of a highly cross-linked network of lipids
fatty acids and/or alcohols contradicting the proposal that sporopollenin exine was a carotenoid
derivative. To keep it short, we can summarize the main trials to investigate the structure of
sporopollenin into three major ideas. The sporopollenin exine can be constructed completely by
an aliphatic biopolymer, or it can be completely built as an aromatic biopolymer, and finally it was
proposed to exist as a mixture of aliphatic and aromatic biopolymer. [/

It is very important to point out that the combustion of different sporopollenins under inert
atmosphere (pyrolysis), coupled with electron ionization mass spectrometry has consistently
yielded p-coumaric acid and/ or aromatic compounds that apparently, represented the major
building block of sporopollenin.*% However, it is well known that pyrolysis can change the
structure of the original material, especially when containing long aliphatic chains that can
aromatize and produce aromatic compounds that originally did not exist and, even linear saturated
polymers such as polyethylene can produce aromatics during pyrolysis GC-MS analysis.[*? ¥1 Sp,

based on those outdated and old studies contingent on Pyrolysis GC-EI-MS, there is still a belief



that sporopollenin contains aromatic compounds identified either as p-coumaric acid and/or to a
lesser extent, ferulic acid.[*% 1114 51 Moreover, Bernard et al.['8 studied the thermal degradation
of sporopollenin and realized that this occurred in two main stages. The first one below 500 °C,
where sporopollenin undergoes simultaneous dehydrogenation and deoxygenation. The second
stage above 500 °C, where aromatic products are formed. This study shows that high-temperature
pyrolysis can produce aromatic compounds that lead to blatantly misleading errors in the structure
elucidation of sporopollenin. Another main detail from the Bernard study (¢l is that deoxygenation
occurs mainly by the loss of CO;, supporting the hypothesis of Hayatsu et al.®l who proposed that
sporopollenin may be composed of a lipid network of fatty acids.

Recently, the group of Li et al.* reported that by using a recent adoption of high-energy
ball-milling and a newly developed thioacidolysis degradative method together with state-of-the-
art solid-state NMR techniques, they proposed a detailed molecular structure of pine pollen grain.
These authors have indicated that the so-called degraded sporopollenin exine derived from the
intact pine spore was primarily composed of aliphatic hydroxylated polyketides, aromatic
moieties, and acetal groups as a cross-linker.

Nevertheless, it is important to note that synthetic organic chemistry uses extensively ball
milling for the synthesis of new compounds.*”1On the other hand, it is well known that ball milling
of complex natural materials such as lignin and pollen grains can lead to alteration of their original
structure and may produce new compounds that originally do not exist.[*®l For example, Milled
wood Lignin (MWL) contains more hydroxyl groups than the native one due to the extensive
depolymerization during the ball milling process.*®l The presence of more hydroxyl groups
indicated the homolytic bond cleavage between lignin monomers, which in turn produce reactive
radicals that can create new compounds.[8!

The biosynthesis studies aiming to discover the exact molecular structure of sporopollenin
have revealed an inkling about the major constituents of sporopollenin. Some studies reveal that
polyhydroxylated ketide is one of the important sporopollenin monomers.t*%! The
polyhydroxylated ketides are composed of the a-pyrone ring with a hydroxylated aliphatic chain.
It has been proposed that these polyhydroxylated ketides, along with fatty alcohols and or fatty
acids, may form the sporopollenin exine building blocks 2. Also, it has been established that
sporopollenin absorbs UV radiation in the range of (280-315) nm, which is typically the range of
UV absorption of alpha pyrone rings. 22l



In this work, we present a different point of view concerning the molecular structure of the
sporopollenin exine of lycopodium clavatum, which disagrees with the work of Li et al.'® on the
structure of the so-called degraded pine sporopollenin exine (Please refer to SI-1).

We present herein; the top-down structural elucidation accomplished on Lycopodium
clavatum. By using high energy collision TOF-SIMS-MS/MS and MALDI-TOF/TOF-CID-
MS/MS, we identified two building units in the lycopodium clavatum sporopollenin molecular
structure. The first one is the poly(hydroxyacid) dendrimer-like network containing beta-diketone
moieties, which represent the Lycopodium Clavatum sporopollenin empirical formula. The second
building unit is the rigid circular polyhydroxylated tetraketide backbone on which the
poly(hydroxyacid) network is constructed, forming the sporopollenin biopolymer. In addition, 1D
and 2D Solid-state *H- and 3C-NMR experiments were consistent with the main diagnostic
resonances of all H- and C-atoms constituting the proposed structure of sporopollenin exine.
Finally, X-ray photoelectron spectroscopy indicates the absence of aromaticity in the Lycopodium

clavatum sporopollenin.

Results and Discussion

The Lycopodium clavatum sporopollenin used in this investigation was extracted by the
classical method of Zetzsche et al. 1 method using hot acetone, potassium hydroxide, and
phosphoric acid. This series of sequential treatments are required to extract the protein-free hollow
intact and clean exine microcapsule. 251 It is essential to note that in this manuscript, we used clean
Lycopodium clavatum sporopollenin exines prepared by the original Zetzsche et al. method. 2!
Originally, these sporopollenin microcapsule exines were used for the encapsulation of a wide
variety of compounds, including both polar (e.g. drugs, dyes, proteins, carbohydrates, and

oligonucleotides) and non-polar products (e.g. oils and waxes). [?6]

1. TOF-SIMS and keV-CID MS/MS
The TOF-SIMS tandem MS imaging (+ ion mode) of the sporopollenin showed the ions at
m/z 575 and 603, these ions are characteristic for diacylglycerol (DAG) derivatives and assigned
as [Ci6H2504C3Hs0OC14H2104+H-H20]" and [C16H2504C3Hs0C16H2504+H-H20]*, respectively
(SI-figure 1a). The product ion scans of the precursor ions at m/z 575 and 603 shows the formation

of the characteristic acylium ions at m/z 237 and 265 assigned as [C14H2103]" and [C16H2503]",
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respectively (SI-figure 2 a&b). These acylium product ions contain another two oxygen atoms on
their chains, but each product ion eliminates only one water molecule. This indicates that one
oxygen is present on their chains as a hydroxyl group, while the remaining oxygen exists most
probably as a keto group that cannot lead to the loss of a second molecule of water from these
acylium ions.

Moreover, the carboxylate anions corresponding to these acylium ions were detected in the
negative ion mode TOF-SIMS-MS at m/z 253 and 281 assigned as [C14H2204-H]™ and [C16H2604-
H]", respectively (SI-figure 1b). The product ion scan of these carboxylate ions showed the loss of
one water molecule confirming the presence of a hydroxyl group in the chain of these acids, as
mentioned before (SI-figure 3 a & b). A proposed fragmentation mechanism for these acids is
shown in SI-Scheme 1. Overall, the fragmentation mechanism shown in SI-schemel suggests that
these carboxylic acids contain a beta diketone moiety in which, one oxygen occurs as enol form
(which is lost as a water molecule), whereas the other one exists as keto form (which cannot be
lost as a water molecule). This structural pattern is favorable for the presence of a beta diketone
structure (SI-figure 4), as it facilitates the formation of an intramolecular hydrogen bond that gives
extra stability to these kinds of structures.?l This hydrogen bonding resembles the case of
intramolecular hydrogen bond in tetrahydrocurcumin (THC) molecules.?®! Also, it is essential to
mention that the loss of one water molecule in the product ion scans of the precursor ions
[C14H2204-H] and [Ci6H2604-H]™ at m/z 253 and 281 resemble the CID-MS/MS of THC-
monoglucuronoside deprotonated molecule [M-H] at m/z 549. This latter ion showed the loss of
the carbohydrate moiety to yield THC product ion at m/z 373, which subsequently loses only one
water molecule to yield the base peak of the secondary product ion at m/z 355. In fact this is exactly
what happens in the case of our precursor ions at m/z 253 and 281.12%l

It should be noted that these identified fatty acids contain an extra terminal hydroxyl group
in their original structures, which allows them to be attached to another fatty acid through ester
bond formation producing the poly(hydroxyacid) network of sporopollenin exine. This fact was
deduced, after performing the MALDI-TOF-MS (+ ion mode using CHCA as a matrix) of
sporopollenin, and an ion at m/z 1643.9948 was identified and assigned as [CsgH142027+H]*. This
ion confirms that the fatty acids forming the poly(hydroxyacid) network contain three oxygens in

their chains. This will be discussed again later in this manuscript in section 3.2 (figures 2 a & b,



and figure 3). Moreover, the chemical formulas of all other ions formed in the positive or negative
ion mode TOF-SIMS-MS are shown on the spectra (SI-figure 1 a&b).

2. MALDI-TOF-MS and HIGH- ENERGY (1 Kev) CID-MS/MS

2.1. MALDI-TOF-MS (+ ion mode) and CID-MS/MS (DAN Matrix)

After revealing the presence of fatty acids using TOF-SIMS, the extracted sporopollenin
exine was analyzed by MALDI-TOF-MS (+ ion mode) using DAN as a matrix. The use of DAN
as a matrix was chosen to enhance the discovery of poly(hydroxyacid) moieties as it is an excellent
matrix for the identification of lipids.[?l It showed a complex series of ions that were very closely
related, indicating the presence of a very complex heterogeneous mixture (SI-figure 5 a & b).

Furthermore, when measuring their Kendrick mass defect plot, we noticed the formation
of a bundle of ions that were strictly related to each other’s (SI-figure 6). % This Kendrick mass
defect plot displayed a series of ions that, in general, varied in the number of methylene groups
(14 Da). This is demonstrated in the zoomed part of the MS and its Kendrick Plot in the range of
m/z 1300-1500 Da (SI-figure 5 a & b, and Sl-figure 6).

As an example, we assigned the radical cation at m/z 1965.1278 as [CiosH164033]"
composed of two hydroxylated triglycerides (6 x C14) connected by an extra spacer (C16)
hydroxylated carboxylic acid (Figure 1) and appears like a branching unit in triacylglycerol (TAG)
dendrimers.?Y Also, it should be noted that the formula of this ion at m/z 1965.1278 fits very well
with the empirical formula [CgeoH142027] of Lycopodium clavatum sporopollenin. Other ions
chemical formulas are shown on the spectrum (SI-figure 5 a & b).

As another example, we have assigned the ion at m/z 1441.8037 as [Cs1H13202:1+H]*, and
its molecular structure was supported by its proposed CID-MS/MS fragmentation pathways, as

shown in Sl-figure 7 and scheme 1.



Cl16

(@]
N/ °
(@)
HO OH
> OH
N on > OH
Cl4 X 4y Cl4
(0]
o

0 0
o 0
Cl4 Cl4
/
Cl4 _ S_on HO
oH © <
——0OH HO =0
7
0% e
[C106H164033]
1965.12

Figure 1. The proposed structure of the poly(hydroxyacid) with glycerol as a core unit at m/z
1965 identified in MALDI-MS using DAN as a matrix
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Scheme 1. Mechanism of the product ion scan of the precursor ion at m/z 1441.93 identified in
Sporopollenin MALDI-MS using DAN as a matrix. Note: the product ion at m/z 625 is formed
through ketene loss indicated by red arrows [,

2.2. MALDI-TOF-MS (+ ion mode) using CHCA as a Matrix

The sporopollenin MALDI-TOF-MS using CHCA as a matrix showed the presence of a
heterogeneous mixture of higher molecular weight poly(hydroxyacid) than the ones obtained by
DAN (Figure 2a and b). However, it should be noted that the mass region around m/z 100-1300
was mainly composed of CHCA matrix peaks,3! whereas the region from 1500 to 2500 Da was
composed of significant analyte ions. In the zoomed region from m/z 1500 to 1700, we observed
a series of ions that differ by CoHa4 (2 x CH2) in their structure (Figure 2a and b). The most important
one is the peak at m/z 1643.9948 (mentioned before in the TOF-SIMS section), which was
assigned as [CsoH142027+H]™ This assignment fair very well with the empirical formula of
Lycopodium clavatum sporopollenin (CeoH142027) calculated by Zetzsche et al. (Figure 5) 24, This
old information about the lycopodium clavatum sporopollenin empirical formula was the most

useful information that helped us in the interpretation of the whole data in this manuscript. This



ion was identified with good accuracy (+ 4.9 error ppm), and its chemical formula fits the
experimental isotopic distribution pattern with 71.2%.

With this new finding, we finally arrived in obtaining new clear evidence to support and
characterize the ions which corresponded to the empirical formula CgoH142027 of sporopollenin
extracted from Lycopodium clavatum (Figure 2a and b).

Another interesting region that is important to discuss is in the range of m/z 2300 to 2500,
where we observed a series of ions that differed by C2Ha units in their structure. As an example
from this region, we showed the proposed structure for the peaks at m/z 2428.4433 (TAG) assigned
as [C133H207039] " containing nine fatty acids (seven trihydroxy C14 and two trihydroxy C16) plus
glycerol as a core unit (Figure 3). It should be noted that the important ion at m/z 1643.9948 (DAG)
derived from m/z 2428.4433 (TAG), and it is composed of six fatty acids plus glycerol moiety
(five trinydroxy C14 and one trihydroxy C16) (Figure 3). These proposed structures provide more
support for the presence of poly(hydroxyacid) with glycerol as a core unit and show the structure
of the smallest unit (empirical formula) of lycopodium clavatum sporopollenin.

To sum up sections 1, 2.1, and 2.2, we have identified a series of branched
poly(hydroxyacid) with glycerol as a core unit, by using TOF-SIMS- and MALDI-TOF/TOF-
MS/MS. The poly(hydroxyacid) is composed mainly of various combinations of the C16 and C14,
with three oxygen atoms substituted on their chains. These fatty acids contain one terminal
hydroxyl group, and the other two hydroxyl groups exist in their chains as a beta-diketone moiety.
This beta diketone moieties could help in understanding the antioxidant activity of sporopollenin
exine. 234 The structures of these branched poly(hydroxyacid) provide the first-ever report in the

literature, showing the existence of a natural “Dendrimer” like molecule.
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Figure 2a. MALDI-MS of sporopollenin using CHCA as a matrix
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Figure 3. The proposed structure of m/z 2428.42 and 1643.98 identified in sporopollenin MALDI-
MS using CHCA as a matrix
2.3. MALDI-TOF-MS (+ion mode) and CID-MS/MS (HABA Matrix)

MALDI-TOF-MS (+ ion mode) of the sporopollenin using HABA as a matrix showed a
different MS pattern (polymer with a 280 Da repeating unit) than the one observed with either
DAN or CHCA. Contrary to these two last matrices, the MALDI-MS with the HABA matrix gives
new structural information about sporopollenin. A series of sodiated molecular ions containing
both Na and K in their molecular formulae was observed using HABA as matrix. These ions at
m/z 1983.4810, 1703.4147, 1423.3455 and 1143.2730 were identified as [CosHo1KNa2041+Na]*,
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[Cs1H79KNa2034+Na]*, [CesHs7KNaz2027+Na] and [CssHssKNa2O20+Na]*, respectively (Figure
4).These four sodiated molecular ions differed from each other by a repeating unit of 280 Da
assigned as a polyhydroxylated tetraketide derivative with chemical formula C13H1207. Please note
that this series of sodiated molecular ions contained both K and Na carboxylates in their respective
structures, and these were formed during the KOH step in the extraction process of sporopollenin
from Lycopodium clavatum pollen grains plus the washing step at the end using NaOH as indicated
in the experimental section. 5 During this KOH treatment, proteins were removed, and ester
bonds in its outer surface became partially hydrolyzed to carboxylic acid salts, and this increases
sporopollenin hydrophilicity. 23 Also, please note that these particularly small metal ions such as
K* or Na* can originally enter this massive network of spherical sporopollenin via multi-
directional nano-diameter sized channels easily.[’l Moreover, the step after the base (KOH)
hydrolysis is acid hydrolysis using phosphoric acid. So, phosphoric acid may neutralize potassium
carboxylate resulting from the first step, but actually, potassium is still there, as shown in the data
presented in this section.

Moreover, we observed another series with almost the same chemical formulae, except,
that the K atoms were replaced by Na (-16Da), these ions were identified at m/z 1687.4452,
1407.3719 and 1127.2996 and assigned as [CsiH7oNa3zOss+Na]*, [CesHs7NazO27+Na]* and
[CssHssNasO20+Na]™ (Figure 4).

Unexpectedly, the high-energy KeV CID-MS/MS of these precursor ions at m/z 1983,
1703, 1423 and 1143 showed a base peak formed by the loss of the repeating unit of 280 Da (i.e.,
m/z 1983 produces m/z 1703; m/z 1703 produces m/z 1423; m/z 1423 produces m/z 1143 and
finally m/z 1143 produces m/z 863). For example, the product ion scan of the precursor ion at m/z
1983 showed the sequential loss of 280 Da (m/z 1983— m/z 1703— m/z 1423— m/z 1143— m/z
863) (Figure 5 a & b, and scheme 2).

It is evident from the MS/MS of the precursor ion at m/z 1983 afforded the product ion at
m/z 863, which in turn produced the secondary product ion at m/z 287. This indicates that the first
product ion at m/z 863 is composed of three attached units of the secondary product ion at m/z 287
(3 x 287 Da + 2H= 863). Furthermore, the product ion scan fragmentation of this precursor ion is
initiated by loss of -CH=CH-CH,-CH=CH- (66 Da), which agrees with the presence of unsaturated

fatty acids. Moreover, this product ion scan is not initiated by the loss of 44 Da supporting the
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absence of free carboxylic acid groups. Other CID-MS/MS fragmentation pathways that support
the proposed structure of the precursor ion at m/z 1983 are shown in scheme 2.

To support our proposed structure of the precursor ion at m/z 1983 and its CID-MS/MS
fragmentation patterns presented in scheme 2, we measured the quasi-MS? spectrum of the product
ion at m/z 863.26-%1 (S|-figure 8). The quasi-MS? spectrum of the product ion at m/z 863, showed
the presence of both sodium and potassium atoms in the chemical composition of this product ion.
It should be noted that the presence of both Na and K atoms in this ion, indeed, created a challenge
in proposing a structure for this ion at m/z 863 (which is composed of three units of m/z 287 Da);
(Figure 5 a & b). After examining series of rational structures, we have chosen the most tailored
reasonable structure that agreed with the exact mass and the MS/MS of the original precursor ion
at m/z 1983, [CasH91KNa2041+Na]*. Consequently, the product ions at m/z 863 can be isobaric
either [Cs2HasKNa20O13+Na]™ or [Ca2HasNazO13+K]*; and is composed of three tetraenoic C14
carboxylic acid derivatives. Furthermore, the quasi-MS? of the product ion at m/z 863 showed the
loss of carbon dioxide to give the [M+Na-CO2]* product ion at m/z 819 and the formation of its
corresponding [M+H-CO,]* at m/z 797 (Sl-figure 8). This quasi-MS® fragmentation pattern
supports the presence of the free carboxylic acid group in the structure of m/z 863, which was
created after the cleavage of the cyclic oligomer at m/z 1983. Other fragmentation patterns that
support the structure of the product ion at m/z 863 are shown in scheme 3.

It is important to note that the branched carboxylate salts may exist originally as cyclic
esters that were hydrolyzed during the extraction process. Also, the presence of the double bonds
may originally exist as shown in the structure of the product ion at m/z 863, or it can be formed by
the dehydration of a hydroxylated chain, during the extraction process

It should be noted the molecular structures of this series of ions obtained in the MALDI-
MS using HABA as a matrix were identified with good mass accuracy (< 25ppm). Similarly, we
calculated the theoretical isotopic distribution of the chemical formula assigned to the highest
intensity peak in the MS (m/z 1127). The theoretical isotopic distribution of this peak showed
excellent fitting with the experimental isotopic distribution (ca. 90%, as shown in SI-figure 9).

In summary, the MALDI-TOF/TOF-MS/MS using HABA as a matrix showed the presence
of a cyclic polyhydroxylated tetraketide repeating unit (alpha-pyrone ring plus hydroxylated
aliphatic chain) that forms a cyclic polyhydroxylated tetraketide polymer backbone. The hydroxyl

groups of this circular polymer can be attached to the terminal hydroxyl groups of the
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poly(hydroxyacid) network identified using DAN and CHCA matrices through ether linkages.
Consequently, this cyclic polymer appears to act like the building stone on which the
poly(hydroxyacid) network can be built, forming the scaffold of the spherical sporopollenin. Also,
it is possible that sporopollenin wall consists of a dendrimer possessing alternative layers of

polyhydroylated tetraketide cyclic polymer and poly(hydroxyacid) network.

20 ‘

2\ 16 Da

%

200004

1127.2

15000 4
4 ‘ 240Da

1143.2730

280Da

10000 4

1129.3004

50004

1105.3091
1407 .3719
1423.3455
1687 4452
1703.4147

fﬁ‘l 149.2869
=

?

2

4 1983.4810

Al

12%0 L ﬂ 15|U[l
16 Da

Figure 4: MALDI-TOF-MS (+ ion mode) using HABA as a matrix and displaying the presence
of a repeating unit of 280 Da

T
1800

=
=5

[
SN |

mz

14



PI
1983

* 9818l

-280 Da

¥ /82161 ‘m
SE 798l
STELEL
9F'08L4

o =9

5 L6889 —=

63Zr94

/865 4

L5855 ) 3

BS+25)

VBT 3

* BLETR)

LB'6EEL

LG 2621
SLZ5Eel
BLwELL [
FLEERLL ]
79041
97501
880101
0F'956
06606 |-

¥ BE'T98

L8962
CEEEL

2EC69
95Tr9

[ErApa= o]
6L°2FS
L2'20S
28°0ry
Foi6E

|C'EEE
% 10°L8E
64°0r2

Lozal
GEEV)

felwatl

12000
9000+
6000
3000

=

miz

1800

1500

1200

900

600

300

peRus I i —————————
FEPED VR ——r

& FLBEEL T ——— .

¥ CRESE)
4 B5LES)

* 8P BHET

1500

+ BLEZPL
0Z' el

[3=Rs=)
/9 yEETOE 00

VS'ABC) faazy _.i.._.%...”H.

-280 Da

1200

¥ LBEFLL

GTCH Ete:
GE'ER0L
59'9r0L

mmo_,o_,ww o

0r'956
06'606

- 280 Da

900

E=i=] - [=Tei=]
LC'6ZH
£8°962
FL¥8
CE'EEL
9E°Ch9

¥ 88'20a w5 or8

95'zhg
£2219

@ 87645

“ B 275

gl 12205

600

98°0FF
79468

9E'8EE
82'80€

300

+ 107482
\0'652 [T
0802
10'Zg) SEEE
£8Pl
Z9'E0)

Figure 5a. Product ion scan of the precursor ion at m/z 1983 showing a loss of 280 Da to produce

the base peak at m/z 1703

180

51 65555

= [=]
o

150
120 |
90
60

miz
15

Figure 5b. Zooming of the low mass region in the product ion scan of the precursor ion at m/z

1983



1479

Scheme 2: Fragmentation pattern of the precursor ion at m/z 1983. The red part of the molecule
represents the repeating unit of 280 Da.
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3. Sporopollenin *H- and *C-NMR, 2D H-'H NOESY, Rotor-synchronized *C{*H}
HSQC, and BC{*H} multi CP-MAS NMR

Before starting this section, we would like the readers to recap that the solid-state *C-NMR
study of the sporopollenin exine appears like the one obtained by Li et al. for the pine
sporopollenin.[*°)

The standard *H spectrum of sporopollenin shows both sharp and broad peaks indicative
of a mixture “liquid-like” or more crystalline phase (green line) and a more amorphous phase (pink
line) (SI-Figure 10a). Using a CPMG filter, we can easily remove the amorphous phase and
observe only the liquid-like structure (SI-Figure 10b). The “liquid-like phase indicates the presence
of a mobile sub-structure, such as long fatty acid chains.

After a vigorous search in literature, we were lucky to find a great similarity between the
proton NMR spectrum of the “liquid-like” phase of our sporopollenin with that of the *H-NMR
spectrum of whole seeds of Lesquerella lyrate that contain lipids (SI-Figure 11 a & b).*? The two
spectra are almost identical; nonetheless, in sporopollenin, two important peaks were absent. The
first peak is at 3.5 ppm characteristic for hydroxy fatty acid (-CHOH-) indicating that OH is present
on a double bond (vinylic), and the peak at 4.8 ppm characteristic for TAG Estolides (branched
ester bond). This supports that our hydroxycarboxylic acids are connected linearly. The amorphous
part appears to indicate the presence of a more rigid sub-structure containing alpha-pyrone rings
(broad peak at 6.79 ppm) and hydroxylated chains (broad peaks at 3.79 and 0.98 ppm). These
assignments support the presence of polyhydroxylated tetraketide composed of the alpha-pyrone
ring and hydroxylated aliphatic chain.

Ten cross signals corresponding to different functional groups were identified from the 2D
H!-H! NOESY solid state experiments (SI-Figure 12 a & b & ¢ & d). This allowed us to get an
idea of the proximity of the proton groups. Whereas, the HSQC (SI-Figure 13 a & b) indicates the
13C correlation, at least with the most populated groups revealed by 1D H-NMR and 2D H*-H!
NOESY. The results are listed in SI-Table 1.

The BC{!H} CPMAS NMR confirms the mixture of crystal-like and amorphous
characteristics of the sample. Using the multi CP pulse sequence, we can obtain quantitative data
within a reasonable timeframe. Deconvolution and integration of the fitted peaks indicate the

relative percentage of each group. The results are presented in figure 6 a & b & ¢, Table 1, and SI-
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Table 2. Using the building block obtained from TOF-SIMS and MALDI-MS, we were able to
generate a model that is very close to the empirical formula of Lycopodium clavatum sporopollenin
and fitted with the quantitative data obtained from C-13 NMR to a large extent (Figure6a & b &
c, and Tablel). It should be noted that the weak peak at ~55 ppm is assigned to the methylene

group between two ketone groups (B-diketone supported by TOF-SIMS-MS/MS), which was left
unassigned by Li et al. %1,
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Figure 6: *C{*H} multiCP MAS NMR experimental (b) and deconvoluted spectra (c), (a)
empirical formula model
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ppm range for

] ] Deconvolution Model

integration
CHs (Chain) 0-20 1 2
CH; (Chain or ring) 20-50 56 58
0=C-CH»-C=0 50-60 2 3
CH2-0O or CH-O (Chain) 60-90 19 16
Ring Cs or Chain C=C-O 90-110 6 3
Ring C4 or C=C-CH,-C=C 110-130 8 6
C=C (Chain) 130-140 2 2
Ring C3 140-150 3 3
=C-OH or Ring C; or Ring Cs 150-165 1 5
COOH(Chain) 165-185 2 2

Table 1: Distribution of Carbons in the structure according to deconvolution of the experimental
spectrum and Lycopodium clavatum empirical formula model designed according to moieties
identified using MS.

. High-Resolution X-ray Photoelectron Spectroscopy (HR-XPS)

The HR-XPS C(1s) surface analysis of sporopollenin (figure 7) showed the main types of
linked carbons atoms in the Lycopodium clavatum sporopollenin with their percentage in the

sample according to the area calculated under each peak. Most importantly, it showed the complete
absence of any satellite peak at higher binding energy that results from the 7T-7T™ transition. It

should be noted that the absence of this “shake-up line” dismisses the presence of aromatic
compounds and support the absence of aromaticity in the sporopollenin. (4]

The solid-state proton NMR of lycopodium clavatum sporopollenin exine showed two types
of spectra that accounts for the two components identified by MALDI-TOF-MS and MS/MS
analyses. The sharp *H-NMR spectrum represents the poly(hydroxyacid) network, while the broad
spectrum seems to account for the presence of an aromatic component in the sporopollenin.
However, high- resolution X-ray photoelectron spectroscopy (XPS) showed the complete absence

of aromaticity in sporopollenin. This supports that this broad proton NMR spectrum accounts for
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the alpha pyrone ring in the polyketide component of sporopollenin. Please bear in mind that the
a-pyrone rings possess weak aromatic characters, as they can undergo some reactions such as ring-
opening, Diels-Alder reactions, and electrophilic additions.*yl Fortunately, the a-pyrone ring is
not a typical aromatic compound, and for this reason, it does not contradict the absence of

aromaticity in the sporopollenin revealed by the XPS.
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Figure 7: Lycopodium Clavatum Sporopollenin X-ray photoelectron spectroscopy of
carbon (1s)

5. Sporopollenin Model

To correlate this data to the real scanning electron microscope images (SEM) images of
different sporopollenin exines, we used the identified building blocks in this manuscript to build a
general model for the formation of the sporopollenin exine that looks like its various network SEM
images. For example, Passiflora sp. (Passifloraceae) sporopollenin SEM image is shown in SI-
figure 14, showing a circular aperture with a cross-linked network built on it.*! Although
passiflora sp. is a different type of sporopollenin than the one of lycopodium clavatum, its SEM
image makes sense with the building units identified in this manuscript (circular polymer and
Dendrimer-like network) and help in better visualization of how these units may be connected
together. This may provide a clearer view of our model for the sporopollenin exine consists of a
circular polymer composed of the polyhydroxylated tetraketide monomers, which contain
hydroxyl groups. The circular polymer hydroxyl groups can be attached to poly(hydroxyacid)
network chains (dendrimer-like network) through ether bonds. (SI-figure 15).
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CONCLUSION

Although there have been a lot of contradictions about the structural constituents and the

molecular identity of the biopolymer sporopollenin, many scientists around the world focused only on

the biomedical applications of sporopollenin, as a drug delivery system, without caring or giving

credence to its molecular structure.

Until recently, the sporopollenin exine was described as a highly resistant biopolymer, which

was thought to be composed of aromatics, phenolics, and long-chain aliphatic acids. [4647]

In this Manuscript, we have proven by XPS analysis the total absence of aromaticity in the
sporopollenin exine. We also have confirmed for the first time the presence of two main
sporopollenin building units using solid-state *H- and *3C-NMR, 2D'H-'H, and 2D **C-'H NMR
experiments, SIMS-TOF-MS, MALDI-TOF-MS, and CID-MS/MS. These analyses indicated the
presence of the circular polyhydroxylated tetraketides polymer that represent the main circular
rigid backbone of the sporopollenin biopolymer. This latter polymer can be covalently attached by
ether links to the poly(hydroxyacid) chain network to form the sporopollenin biopolymer. Also, as
mentioned in the introduction section, sporopollenin exine could exist as a spherical dendrimer,

which is a typical type of microcapsule used for drug delivery applications.*®!

It is quite interesting to mention that it was due to the SIMS-TOF-MS and KeV CID-
MS/MS analyses by which we initially discovered the chemistries present on the outermost
surfaces of the sporopollenin exine through the discovery of ions characteristic for diacylglycerol
(DAG). This led to MALDI-TOF-MS and CID-TOF/TOF-MS/MS analyses that allowed us to
cover each constituent of the sporopollenin repeating units. In this context, it should be noted that
the use of different matrices helped. The use of 1,5-diaminonaphthalene (DAN) and a-cyano-4-
hydroxycinnamic acid (CHCA) allowed us to obtain a complete characterization of the complex
network of the poly(hydroxyacid). Finally, the use of the 2-(4-Hydroxyphenylazo)benzoic acid
(HABA) allowed us to establish the presence of the circular polyhydroxylated tetraketide polymer
(rigid backbone).

In this manuscript, we were capable of revealing the novel molecular structure of the main
framework of the spherical sporpollenin exine. Nevertheless, the exact biosynthesis of

sporopollenin is now left to the expert biologists, which hopefully could decipher the exact
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biosynthesis of sporopollenin, especially that today, the regulation genes of sporopollenin

biosynthesis have been discovered.[*’]

In conclusion, we can state that specifically, sporopollenin exine of lycopodium clavatum
does not contain any aromatics and bear no resemblance to lignin. Also, for the records, it should
be noted that in 1966, Gordon Shaw, one of the earliest pioneers in sporopollenin, withdraw his
proposal that sporopollenin exine contains lignin because it does not give any positive test for
lignins.5% Based on our data presented here, we can develop a new and well experimentally proven
opinion that sporopollenin exine is composed of aliphatic biopolymer with pseudo aromatic alpha-
pyrone rings presented in the polyhydroxylated tertaketide component of sporopollenin.

Our future work will focus on using different matrices in the MALDI-TOF-MS/MS in the
positive or the negative ion mode, which may reveal other diagnostic structural details of the
Lycopodium clavatum sporopollenin. Moreover, we will try to investigate the structure of other

sporopollenin species by using the same characterization techniques presented here.

Experimental

Sporopollenin extraction

The sporopollenin exine used in this manuscript was provided by Prof. Mackenzie group
from Hull University, UK. It was prepared as described: L. clavatum L. (club moss) spores were
purchased from Tibrewala International (Nepal), acetone from Aldrich UK, and potassium
hydroxide, ethanol, orthophosphoric acid, hydrochloric acid, and sodium hydroxide from Fisher
Scientific UK Ltd. Sporopollenin exine capsules (SECs) were extracted from L. clavatum L.
Spores as follows. Spores (300 g) were stirred in acetone (900 mL) under reflux for 4 h, filtered,
and dried overnight in open air. They were stirred under reflux for 12 h in an aqueous solution of
potassium hydroxide (54 g in 900 mL), the solution being renewed after 6 h, filtered, washed with
hot water (5 x 300 mL) and hot ethanol (5 x 300 mL), and dried overnight in open air. The particles
were stirred under reflux for 7 days in orthophosphoric acid (900 mL), filtered, washed with water
(5 x 300 mL), acetone, 2 mol/L hydrochloric acid, 2 mol/L sodium hydroxide (each 300 mL),
water (5 x300 mL), acetone and ethanol (each 300 mL), and dried at 60 °C until constant weight

(90 g which account for mass loss of 70% of the total mass of spores). Elemental analysis of

23



sporopollenin (g/100 g) was: carbon 68.90, hydrogen 7.90, nitrogen 0.00, as determined on a
Fisons Instruments Carlo Erba EA 100 C H N S analyzer 54

High-Resolution X-ray Photoelectron Spectrometry (HR-XPS).

XPS surface analysis was carried out using a PHI VersaProbe 11l instrument (Physical
Electronics, Minnesota, USA) equipped with a monochromated Al K, x-ray source (hv = 1486.6
eV) and dual-beam charge neutralization comprised of low energy electrons (< 25 ¢V) and low
energy Ar* ions (< 10 eV). The power of the X-ray beam was set to 24.6 W with a 100 um beam
diameter, and all analyses were performed with a 45° take-off angle. The hemispherical analyzer
was set to a pass energy of 224 eV for survey scans, and 26.0 eV for high resolution scans with
1.0 eV/step and 0.1 eV/step, respectively; the energy scale was calibrated with reference to the C
1s peak at a binding energy (BE) of 284.8 eV (C—C, C—H). Peak fittings were performed using a
Shirley-type background and a Gaussian-Lorentzian peak fit function with 85% Gaussian line
shape. The high-resolution spectra were smoothed using a 3-point Savitzky Golay function. The
chemical species corresponding to each binding energy were attributed using standard materials
and the PHI XPS Handbook; quantification was accomplished using Scofield sensitivity factors.
Data acquisition was accomplished using PHI SmartSoft-XPS software, and data processing was

performed using PHI MultiPak (Physical Electronics, Minnesota, USA) software.

TOF-SIMS and High-Energy KeV CID-MS/MS

TOF-SIMS tandem MS imaging analysis was performed using a PHI nanoTOF Il Parallel Imaging
MS/MS instrument (Physical Electronics, Minnesota, USA). A detailed description of this TOF-
TOF instrument has been reported previously, including the attained spatial resolution,
monoisotopic precursor selection, and kilo electron volt collision-induced dissociation (keV-CID)
of the selected precursor ions to generate the tandem MS product ion spectra®4 The elements
and qualities of the tandem MS spectra for composition analysis and structure elucidation have
been further elaborated in other reports™5°6 In the present study, all the spectra and images were
recorded with electrodynamically bunched pulses of a 30 keV Bi3+ primary ion beam of which
the DC current was measured to be = 9 nA. The ion beam was operated in the high resolution-
squared (HR2) mode to achieve < 500 nm lateral resolution at high mass resolving power and

without the use of delayed extraction. The field-of-view of each analytical area was either 400 um
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x 400 pm or 200 pum x 200 um divided by 256 x 256 image pixels. TOF-SIMS tandem MS imaging
data were acquired from the samples, held nominally at room temperature, over a range of m/z 0-
2,000. The samples were prepared by placing spore powder onto double-sided tape, lightly tapped
to remove excess powder, and then blown with clean and dry nitrogen gas to remove loosely bound
spores. While potential surface contamination moieties were observed, no pre-sputter was used.
The ion fluence for each tandem MS analysis at m/z 253, 255, and 281 (< 2.50 x 1012 Bi3+/cm2)
was below the static limit of analysis. While the cumulative dose in this analysis area exceeded
the static limit, there was no observed degradation of the precursor ion signal. The ion fluence for
each tandem MS analysis at m/z 575 and 603 was 1.41 x 1013 Bi3+/cm2 and 1.99 x 1013
Bi3+/cm2, respectively.

Nevertheless, degradation of the precursor ion signals was not observed over the course of both
analyses at the same location of the sample. During analysis, low energy electrons (< 25 eV) and
low energy Ar+ ions (< 10 eV) were applied for charge compensation. Data acquisition was
accomplished using PHI SmartSoft-TOF software, and data processing was performed using PHI
TOF-DR (Physical Electronics, MN) software.

MALDI-TOF-MS and High-Energy CID (1KeV) MS/MS

Prior to MALDI mass spectrometric analysis, the Sporopollenin sample was washed three
times using LCMS water (Millipore Sigma) by mixing at 1800 rpm for 45 minutes, followed by
the removal of the supernatant.

MALDI matrices o—cyano—4—hydroxycinnamic acid (CHCA), 2-(4-
Hydroxyphenylazo)benzoic acid (HABA), and 1,5-Diaminonaphthalene (DAN) (all obtained from
Sigma-Aldrich) were prepared as 10 g/L in ethanol: acetonitrile at 1:1 ratio with or without 0.1%
trifluoroacetic acid (TFA). Each matrix was further mixed with water at 8:1 ratio by volume
(matrix: water) to reduce the spreading of the matrix on the hydrophobic plate surface and thus to
obtain a thicker matrix layer. The sandwich method was used to spot the matrix and sample onto
the MALDI plate. Here, a layer of the matrix was deposited first (0.5uL) followed by the layer of
the sample (0.5uL). Lastly, the second layer of the matrix (0.5uL) was deposited.

Mass Spectrometric data were obtained using an AB Sciex 5800 MALDI TOF/TOF

System (Framingham, MA, USA). Data acquisition and data processing were respectively done
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using a TOF TOF Series Explorer and Data Explorer (both from AB Sciex). The instrument is
equipped with a 349 nm Nd: YLF OptiBeam On-Axis laser, and the laser pulse rate was 400 Hz.
Reflectron positive and negative modes were used for MS acquisitions. Reflectron and MSMS
modes were externally calibrated at 50 ppm mass tolerance. Each MS mass spectrum was collected

as a sum of 1000 laser shots, while MSMS mass spectra were obtained as a sum of 1500 shots.

Solid-State 'H- and *C-NMR; 1H-1H NOESY 2D and 2D 1H-13C HSQC

The spectra were obtained at 298 K on a Bruker Avance Il 600 spectrometer, equipped
with an SB Bruker 3.2mm MAS triple-tuned probe operating at 600.33MHz for H and
150.97MHz for 3C. Chemical shifts were referenced to tetramethylsilane (TMS) using
adamantane as an intermediate standard for *C. Spinning rates are indicated within the figures. 'H
spectra were recorded with a regular 90 pulse (zg) as well as with CPMG filter to separate the
crystal-like structure from the amorphous signal. **C{*H} cross-polarization (CPMAS) spectra
were collected with a Hartmann-Hahn match at 62.5 kHz and 100 kHz 'H decoupling, with a
contact time of 2ms, a recycle delay of 2s and 15k scans. To obtain quantitative data within a
reasonable time frame, a multiCP pulse sequence was used,®”! with t,=0.5s and p5=200ms,
ns=15k. 'H-'H NOESY 2D spectra were recorded for various mixing time (tmix=10, 50, 100, and
200ms) at a low spinning rate v,=5kHz with ns=8 scans. 2D *H-3C HSQC were recorded at
vi=23kHz (sw=152ppm) for J=125Hz and J=170Hz with ns=32 scans. Processing, peaks
deconvolution, and integration, as well as spectrum prediction, were all performed using
MestReNova.
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