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Abstract

In vivo or whole-cell solid-state NMR is an emerging field which faces tremendous challenges. In most cases, cell biochem-
istry does not allow the labelling of specific molecules and an in vivo study is thus hindered by the inherent difficulty of
identifying, among a formidable number of resonances, those arising from a given molecule. In this work we examined the
possibility of studying, by solid-state NMR, the model organism Chlamydomonas reinhardtii fully and non-specifically *C
labelled. The extension of NMR-based dynamic filtering from one-dimensional to two-dimensional experiments enabled
an enhanced selectivity which facilitated the assignment of cell constituents. The number of resonances detected with these
robust and broadly applicable experiments appears to be surprisingly sparse. Various constituents, notably galactolipids
abundant in organelle membranes, carbohydrates from the cell wall, and starch from storage grains could be unambiguously
assigned. Moreover, the dominant crystal form of starch could be determined in situ. This work illustrates the feasibility and
caveats of using solid-state NMR to study intact non-specifically '*C labelled micro-organisms.
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Introduction

Standing at the basis of the aquatic food chain, microal-
gae are of capital importance to their ecosystem. The key
role that they play also makes them excellent sentinel spe-
cies which report on the health of their milieu. In addition,
their ability to photosynthetically transform CO, into lipids
has sparked a growing interest in their use as a sustainable
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source of biofuel which simultaneously reduces atmospheric
CO, (Wijffels and Barbosa 2010). Furthermore, microalgae
can also produce high-value nutrients such as carotenoids
and omega-3 fatty acids, as well as food products in the
form of proteins and starch (Wijffels and Barbosa 2010). The
possibility of using microalgae for recombinant protein pro-
duction has also been explored, and examples include over-
expression of antibodies against the simplex herpes virus
or an anthrax protective antigen (Specht et al. 2010). These
biotechnological applications hold a huge economic and
environmental impact. They however face important tech-
nical difficulties, for example oil production and purification
or recombinant protein overexpression yields all need to be
optimized. All these processes would greatly benefit from a
better characterization of the part played by each molecule
in the cell and the influence of growth conditions on their
abundances. Therefore analytical techniques are required to
better identify those molecules and understand molecular
changes in microalgae, especially under bioengineering con-
ditions, or when exposed to contaminants.

Among the techniques used to study microalgae, solid-
state NMR is a new promising approach to characterize
whole cells in vivo (Arnold et al. 2015; Warnet et al. 2015).
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This method is non-destructive and non-invasive, and there-
fore alleviates the extraction steps usually required to ana-
lyze the microalgal content which can potentially induce
chemical modifications. In our previous study, we showed
that one-dimensional (1D) '*C solid-state NMR with magic-
angle spinning (MAS) of fully labeled microalgae could be
used to evidence interspecies differences in cell wall con-
stituents, storage sugars and membrane lipid composition.
The objective of this work is to refine the identification and
characterization of microalgal cell constituents using high-
resolution 2D '*C solid-state NMR. We have chosen whole
Chlamydomonas reinhardtii cells, a well-established model
system with numerous available mutant strains and whose
genome is now fully established (Blaby et al. 2014; Mer-
chant et al. 2007). C. reinhardtii is an egg-shaped freshwater
green microalga, roughly 10 um in size, which possesses
two equal flagella (Hoek et al. 1995). Phylogenetic and
phylogenic analyses reveal that it shares features with non-
chlorophyte algae and land plants, but also with mammals
(Blaby et al. 2014; Merchant et al. 2007). It is used for the
study of a wide spectrum of processes from photosynthesis
to biofuel production (Blaby et al. 2014). It can be notably
grown autotrophically under UV light, or heterotrophically
in the dark (Hoek et al. 1995). Among its particularities, it
has only one chloroplast and its cell wall is made of multi-
layered hydroxyproline-rich glycoproteins without cellulose
(Hoek et al. 1995).

To achieve selectivity in such complex biological system,
we exploit different NMR experiments exploring the vari-
ety of dynamical regions found in microalgae (Arnold et al.
2015). We first present the results of polarization transfer
methods which are sensitive to dynamics on whole micro-
algae, following our previous work (Arnold et al. 2015).
An improvement in resolution and spectral simplification
is obtained by extending this dynamical selectivity during
the mixing time of a 2D spectrum. Using these experiments
we identify the main constituents in a whole microorganism
in situ. More specifically, galactolipids which are abundant
in the organelles’ membranes are assigned, as is starch—
the major storage sugar—and characteristic glycans from
the microalgal cell wall. Notably, the anomeric resonances
of the latter can be distinguished downfield from those of
starch and galactolipids. The principal advantages and nec-
essary improvements of this approach to whole-cell NMR
are discussed.

Materials and methods
Materials

13C labelled sodium bicarbonate was obtained from Cam-
bridge Isotope Laboratories (Tewksbury, MA, USA). All
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chemicals used for the growth medium, natural-abundance
corn starch and Percoll used for purification were obtained
from Sigma-Aldrich (Oakville, ON, Canada). C. reinhardtii
wild type strain 222+ was obtained from the collection of
the Institut de Biologie Physico-Chimique (Paris, France).

Cell growth conditions and starch extraction

Chlamydomonas reinhardtii was cultivated as previously
described (Arnold et al. 2015). In short, the culture medium
was supplemented with NaH13CO3 to a final concentration
of 0.1% (w/v). The culture system was then sealed and the
medium was purged with nitrogen gas to eliminate atmos-
pheric CO,. The culture was allowed to grow at a tempera-
ture of 23 °C for 5 days under constant gentle shaking and
a continuous illumination until the plateau region of the
growth curve. A more detailed description of the growth
conditions is given in the supplementary material. The algae
were mildly centrifuged (<3000xg) and the pellet manually
transferred to the NMR rotor using a spatula. Mild centrifu-
gation conditions are required to preserve the integrity of
the cells. The approximate yield is 160 mg of microalgae
(dry mass) per liter of culture. The 4 mm rotors contained
roughly 100 mg of hydrated algae while the 1.9 mm con-
tained 15 mg. Samples are 15% algae and 85% buffer by
weight.

We adapted the protocols of starch extraction from
Buléon et al. (1997). Cells were centrifuged 8 min at
1600xg, rinsed twice with 10 mM Tris HCI at pH 8, then
re-centrifuged. They were diluted with the same buffer at a
concentration of 10® cell/ml and then lysed by sonication.
The lysate was centrifuged 15 min at 2000xg at 5 °C. The
supernatant was removed and the pellet re-suspended into
one volume of buffer for another cycle of sonication and
centrifugation. The pellet was re-suspended in one volume
of buffer, added gently to five volumes of Percoll (colloidal
silica particles of 15-30 nm diameter coated with PVP), and
centrifuged again. This procedure was repeated and the final
pellet was rinsed twice with milli-q water at 4 °C, before
being freeze-dryed.

Solid-state NMR

All spectra were recorded with a Bruker Avance III-HD
(Milton, ON, Canada) using either a double resonance 4 mm
or a triple resonance 1.9 mm MAS probe used in double
resonance mode. The larger 4 mm rotors were favored for
experiments which do not require high spinning frequencies
to improve signal to noise. The spinning speed was fixed to
10 kHz for standard one-dimension and dipolar based 2D
experiments [dipolar-assisted rotational resonance (DARR)
and proton-driven spin diffusion (PDSD)]. Radio-frequency
fields of 75 and 85 kHz were applied on the '*C and 'H
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channels respectively (corresponding to 3.3 and 2.9 us long
90° pulses). The 'H radiofrequency amplitude was ramped
from 70 to 100% during cross-polarization (CP) and spi-
nal-64 decoupling was used during acquisition in all spectra.
The delays in the refocused INEPT steps were 1.78 ms. For
the J-coupling based TOBSY (Total through bond correla-
tion spectroscopy) experiments performed on the 1.9 mm
probe, the spinning frequency was fixed at 26.667 kHz and
the applied radio-frequency fields were of 85 and 100 kHz
for '3C and 'H channels respectively (corresponding to 2.9
and 2.5 ps long 90° pulses). The maximum TOBSY mix-
ing time which could be attained without probe arcing was
6.75 ms. Spectra were recorded at 298 K.

Results and discussion
Achieving selectivity in fully labelled whole cells

The challenge of studying fully '*C labelled intact cells
consists in achieving signal selectivity to facilitate peak
assignment. As shown in our previous work, it is possible
to considerably simplify the 1D spectra of fully '*C-labelled
whole microalgal cells by exploiting the dependency of
NMR interactions on internal dynamics (Arnold et al. 2015).
Indeed, while rigid segments will be favored by NMR meth-
ods which rely on dipolar couplings, a high mobility will
average out these interactions, thus J-coupling based tech-
niques will have to be used. Note that this approach has
been used for the study of large membrane protein com-
plexes (Andronesi et al. 2005) or amyloid fibrils (Siemer
et al. 2006) and has also been applied to the study of cellular
envelopes of Escherichia coli (Renault et al. 2012), however
never, to our knowledge, of whole organisms.

A 1D experiment can be initiated by a dipolar-based
polarization transfer (cross-polarization, CP) or a J-couple
mediated transfer (INEPT). In addition, a 'H-!3C polari-
zation transfer can be achieved by heteronuclear NOE.
Although this procedure will enhance rigid and mobile moi-
eties, the latter will be slightly favored (Warschawski and
Devaux 2000). As can be expected for a whole cell which
presents a strong dynamical heterogeneity, the NOE trans-
fer results in the best overall enhancement (however with
poor selectivity). Figure 1 shows the '3C spectra of whole
microalgal cells obtained by these three selective polariza-
tion transfer methods. In principle, highly dynamic vs. rigid
molecules should have different relaxation properties. How-
ever, according to our *C T, measurements (not shown),
relaxation times in C. reinhardtii range between 0.5 and
1.75 s and differences are therefore rather small. Neverthe-
less, in an attempt to further filter the 1D spectra, we added
a 1 s delay during which '*C magnetization is stored along
the z axis and '°C longitudinal relaxation can take place

125
short CP
NOE
INEPT
NOE+T; filter
Single pulse N g
5 . 5 ®
i O - £
5 8 o a E
o [ O - 8
? a2 2% 5 | =
) - &5 5 g
| | 28 & T
| 8 | |
| |
|

' _~Cell wall C1
~\-Starch C1

200 150 100 50 0
3C (ppm)

Fig. 1 Dynamically-filtered 1D '*C solid-state NMR spectra of
Chlamydomonas reinhardtii microalgae. Spectra obtained using (a)
0.75 ms-long CP and high power decoupling, (b) low-power NOE
enhancement and high power decoupling, (¢) INEPT polarization and
low-power GARP decoupling, (d) low-power NOE enhancement, 1 s
of T, filter and low power decoupling and (e) quantitative spectrum
with standard excitation (90° pulse), high power decoupling and 15 s
recycle delay

(Fig. 1d). The dynamic selectivity is most notably apparent
in the INEPT and T -filtered spectra (1C and 1D) where the
sharpest peaks, which are found in the aliphatic (0-50 ppm)
and double bond regions (~ 130 ppm), are enhanced. Inter-
estingly, sharp peaks are also found between 50 and 70 ppm,
suggesting that mobile carbohydrates are also present which
can be assigned to galactolipids or cell wall glycans (vide
infra). The CP spectrum (Fig. 1a) is dominated by a small
number of broad lines in the carbohydrate region. In addition
to them, the most intense peaks of the non-selective direct
excitation spectrum (Fig. le) are also present on the CP
spectra, although strongly attenuated. A good selection of
rigid segments can therefore be obtained using CP, although
it is not complete in a 1D spectrum.

We previously reported a tentative assignment of micro-
algal cell constituents using some of these simplified 1D
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spectra (Arnold et al. 2015). However, a more definitive
assignment can only be established using 2D experiments
which second dimension improves the resolution, while
the mixing step can enable a second dynamics selectiv-
ity filter for rigid components. Indeed, a dipolar-coupling
based mixing such as PDSD or DARR will further select
rigid segments while a TOBSY-type mixing, which relies
on J-couplings, will be equally efficient for mobile or rigid
molecules. Finally during the detection, applying a weak
GARP sequence will only sufficiently decouple protons in
highly dynamic regions whereas a strong decoupling such
as TPPM or Spinal-64 will be needed for the rigid domains.
Additional selectivity can thus be obtained during the spec-
trum acquisition. In principle, longitudinal relaxation times
should also enable an additional dynamical sorting (as
shown in the T, filtered 1D experiments). However, since
T, values are not very different in our samples, a complete
filtering is not possible and we privilege a long enough recy-
cle delay to improve signal to noise.

Figure 2 shows the complete '*C—'3C correlation spectra
favoring molecular segments with low (blue) or high (red)
mobility. Close observation reveals that a majority of cross
peaks are exclusively found in one or the other spectrum,
with very little overlap. Indeed, in addition to the gain in
resolution due to the second dimension, the selectivity is
further optimized from the 1D spectra thanks to the dynami-
cally sensitive mixing scheme. It is also interesting to note

RS
20
L]
P
40 “e
60 o2
—_
£
£ /
O 80 .
@ . .
.0 L]
100 g
VAR RN .
N . .
160
ﬂ AR ) » Qg0
180 . @ o
T T 717 T T T T T T T T T
180 160 100 60 40 20

80
C (ppm)

Fig.2 Dynamically-filtered 2D *C solid-state NMR spectra of whole
C. reinhardtii microalgae. Rigid consitutents (in blue) are detected
using 0.75 ms CP and 150 ms DARR while mobile constituents (in
red) are detected using a RINEPT polarization and 6.75 ms J-cou-
pling mediated TOBSY
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the relative paucity of peaks on both spectra considering
that a whole microorganism is being monitored. A conse-
quence of the selectivity filters—combined to the relatively
weak sensitivity of solid-state NMR—is thus to simplify the
spectra which are now dominated by the major constituents
of the cells, namely membrane lipids, storage sugars and
proteins, consistent with the proportions of carbohydrates,
lipids and proteins in C. reinhardtii which can be found in
Supplementary Information Fig. SI1.

In the following sections, dynamical signal filtering will
be exploited to identify the constituents of important cell
compartments in C. reinhardtii. More specifically we will
investigate the cell wall (the first barrier crossed or targeted
by contaminants), membrane lipids (where the latter can
accumulate) and starch grains which are essential for the
energy storage of this microalga.

Identification of cell constituents: membrane
and storage lipids

Lipids in microalgae can be separated in two main categories
according to their polarity (Guschina and Harwood 2009).
The membrane-forming polar lipids mainly play a structural
role in organelle compartmentalization. Among them, the
most abundant for C. reinhardtii are the glycosylglycerides
also known as galactolipids such as monogalactosyl dia-
cylglyceride (MGDG 38%), digalactosyl diacylglyceride
(DGDG 24%) and sulfoquinovosyl diacylglycerol (SQDG
12%) (Vieler et al. 2007). All lipid structures are displayed in
Fig. SI2. Glycosylglycerides are essentially found in photo-
synthetic chloroplast and thylakoid membranes. Less abun-
dant are betaine lipid diacylglyceryl-trimethylhomoserine
(DGTS 12%) and phospholipids, essentially phosphatidyl-
glycerol (PG 10%) and phosphatidylethanolamine (PE 3%)
(Arnold et al. 2015). In addition to these membrane-forming
lipids C. reinhardtii produces non-polar storage lipids, i.e.
triacylglycerols (TAGs), which accumulate as droplets in
both the plastids and the cytosol (Guschina and Harwood
2009). Under certain stress conditions C. reinhardtii has
been shown to accumulate significant amounts of TAGs, to
the extent of virtually filling the whole cell (Merchant et al.
2012).

Both structural and storage lipids are highly mobile and
dipolar-mediated experiments are reported to be only weakly
efficient in membranes (Warschawski and Devaux 2000).
We therefore exploited the J-coupling mediated RINEPT-
TOBSY experiment of which the carbohydrate region of the
spectrum is shown in Fig. 3. Single quantum double quan-
tum correlation experiments such as INADEQUATE could
be an interesting alternative to resolve the poorly dispersed
carbohydrate spectra (Dick-Perez et al. 2011; Rondeau-
Mouro et al. 2006). This experiment also uses J-couplings
and could therefore be amenable to study mobile molecules.
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Fig.3 '*C RINEPT-TOBSY spectrum with 4.5 ms mixing time show-
ing correlations between carbons of mobile molecules in whole C.
reinhardtii cells. Assignments of lipids are shown in red, cell wall
resonances in green. The prime symbol indicates carbons in the first
galactosyl group of DGDG, carbons in the terminal galactosyl group
of DGDG are between parentheses and the tentative SQDG assign-
ment is in italic

However, we favored the TOBSY experiment which pro-
duces symmetric spectra such as the rigid-sensitive CP-
DARR, thus facilitating their comparison.

The most abundant galactolipids are MGDG and DGDG.
Since the single galactosyl group of MGDG and the first
one of DGDG have almost identical C1 to C4 chemical
shifts, their signals were therefore expected to be readily
visible (Johns et al. 1977). As shown in Fig. 3, a spin sys-
tem with chemical shifts at (103.2-71.1-73.5-70.2 ppm)
can be assigned to the “identical” galactosyl groups of
these two lipids. The C5 and C6 positions of the galactosyl
group which differ between the two lipids can be assigned
to (76.5-61.8 ppm) for MGDG, and (74.0-68.1 ppm) for
DGDG (Johns et al. 1977). The cross peak between these
positions corresponding to DGDG has a slightly lower inten-
sity than the one of MGDG as expected from their rela-
tive abundances. The terminal galactosyl group of DGDG
is reported to have poorly dispersed C2' to C5' carbons
which all fall between 70.1 and 71.2 (Johns et al. 1977).
Their correlations are thus most likely too close to the
diagonal to be resolved. Interestingly, the diagonal cros-
speak at this position is particularly intense. A weaker peak
at (100.2-70.3 ppm) can however reasonably be assigned
as the C1'-C2’ cross peak of the second galactosyl group
in DGDG. Finally, the C5-C6 pair which should fall at

71.2-62.3 ppm according to the literature is likely to be hid-
den by the intense glycerol backbone cross peaks (67.1-71.5-
63.3 ppm) also shown in Fig. 3. Experimental and literature
values are summarized in Table SI1.

Note that it is not possible with our experimental resolu-
tion to distinguish the backbone glycerol moieties from the
different lipids present, due to their small dispersion (see the
literature values in Table SI1). The remaining lipids SQDG,
DGTS and PG could not be detected since they are most
likely below our detection limit. In addition, their resonances
are expected to at least partially overlap with those of the
more abundant galactolipids. According to the literature
(Johns et al. 1978), the C5-C6 correlation of SQDG (71.7,
54.3 ppm) should in principle stand out; however, a single
resonance at (68.8, 52.9 ppm) could be found in this region
which we can only very tentatively assign to SQDG.

After identification of the main C. reinhardtii lipids
MGDG and DGDG from the carbohydrate region of the
mobile-sensitive spectrum, we analyzed the aliphatic region
(0-50 ppm) which is crowded with peaks from all lipids
(polar and non-polar), proteins’ mobile regions, and poten-
tially even pigments (see Fig. SI4). Nevertheless, this region
informs on the lipid chains, and intense correlations between
14.5 and 14.8 and 21.1-23.4 ppm most likely correspond to
the terminal methyl and the adjacent methylene group in the
lipid acyl chains. The cross peak at 32.5/23.2 ppm is prob-
ably the methylene group adjacent to a methylene bonded
to a methine group. A strong cross peak is also observed
between a lipid methylene group at 26 ppm which is inter-
calated between two double bonds at 128 ppm.

Under the growth conditions used in this work, the stor-
age of TAG is not favored; therefore this lipid is not expected
to be present in large proportions. TAG chemical shifts have
a very strong overlap with those of other lipids, and can-
not be easily isolated in our spectra (Beal et al. 2010). It
has been shown that growing C. reinhardtii in a nitrogen-
depleted medium enhances the production of TAGs (Mer-
chant et al. 2012; Siaut et al. 2011). It would be of interest
to grow the microalgae in these conditions in an attempt to
better identify the presence of TAGs.

Pigments are also included in the lipid fraction of micro-
algae. The main pigments present in C. reinhardtii are chlo-
rophylls a and b and p-carotene (Hoek et al. 1995), which
respectively account for 45, 20 and 18 mol % of all pigments
(Bonente et al. 2012). The remaining proportion corresponds
to other minor pigments lutein, violaxanthin, neoxanthin,
zeaxanthin, antheraxanthin, siphonein and siphonoxanthin
(Hoek et al. 1995; Bonente et al. 2012). Despite the func-
tional importance of pigments, their relative abundance is
very low (on the order of ug/mg by dry weight of micro-
algae). As part of complexes formed with photosystems
within thylakoid membranes, their dynamic is likely to be
intermediate or slow. Chlorophyll a in particular has been
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well characterized by '°C NMR even in its aggregated
form (Boender et al. 1995). The central chelating com-
plex of chlorophyll should show correlation peaks between
(140-160 ppm) and (90-110 ppm)—an unusual region for
proteins, carbohydrates and lipids. This area is devoid of
peaks in all our spectra, revealing that pigments’ signals fall
below our present detection limit for whole cells, or can-
not be detected when signals from dynamic constituents are
selected.

Identification of cell constituents: cell wall

Unlike in cellulose-forming microalgae or higher plants
(Dick-Perez et al. 2011; Wang and Hong 2016), the cell wall
of C. reinhardtii is composed of fibrous hydroxyproline-rich
glycoproteins (Hoek et al. 1995). The glycosyl groups found
in the sidechains are reported to be mainly galactose (46%)
and arabinose (41%), the remaining minor constituents
being glucose (8%), xylose (4%) and mannose (1%) (Fer-
ris et al. 2001). These carbohydrates form complex linear
and branched O-glycan sidechains composed of both pen-
toses and hexoses with occasional methylations (Bollig et al.
2007; Kilz et al. 2000). Four short linear O-glycans extracted
from C. reinhardtii have been analyzed in more detail and
reported to be composed of galactose and arabinose in their
furanose forms (Galf and Araf, respectively), with Araf
linked to hydroxyproline (Bollig et al. 2007).

As revealed by electron microscopy, a cross-section of
the cell wall shows a granular central region sandwiched
between two layers of crystalline glycoproteins (Hoek et al.
1995). When fully hydrated, the dynamics of the cell wall
is thus likely to be complex and cell wall resonances pos-
sibly visible in both rigid- and mobile-sensitive spectra.
Indeed, the most accurate identification of the cell wall
constituents comes from the analysis of the carbohydrate
region (50-110 ppm) in both mobile- and rigid-sensitive
experiments. The crystalline region should however only be
present in dipolar-based spectra.

As shown in Fig. 3 on the RINEPT-TOBSY spectrum,
the anomeric peak with higher frequency lies at 108.5 ppm
which falls close to both Galf and Araf (Bradbury and Jen-
kins 1984). A spin system with chemical shifts (108.5, 81.9,
77.6, 83.0, 63.8 ppm) can be isolated in the mobile-sensitive
spectrum, in good agreement with those assigned in the lit-
erature to a-Araf with chemical shifts (108.2, 82.0, 77.6,
82.5-84.9, 62.3-67.8 ppm) (Dick-Perez et al. 2011; Tan et al.
2004). Of these peaks, only the most intense C1-C2 correla-
tion is weakly present on the dipolar-based DARR spectrum
(Fig. 4), suggesting that this glycan is highly mobile and
possibly assigned to a terminal residue (Tan et al. 2004).
A moderately intense crosspeak at 105.2 ppm seems to
show the same correlation pattern as the one at 108.5 ppm,
therefore it is reasonable to also assign it to Araf with a
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Fig.4 '*C CP-DARR spectrum with 100 ms mixing time showing
correlations between rigid molecules in whole C. reinhardtii micro-
algae. Starch assignments are in red, cell wall constituents are shown
in green. Connectivities between additional putative cell wall reso-
nances are shown in purple and yellow

different type of linkage which would result in the different
C1 chemical shift. At lower ppm values, two intense cros-
speaks detected with chemical shifts (96.7-75.0 ppm) and
(93.0-72.5 ppm) are in excellent agreement with the C1-C2
pairs respectively reported for -glucose and a-xylose both
in their pyranose form (Bradbury and Jenkins 1984). Unfor-
tunately, no further correlations could be detected to con-
firm this assignment. One explanation for the absence of
the additional correlations could be that at least parts of the
cell wall would be in an intermediate motional regime where
neither INEPT nor dipolar based transfers would be efficient.
The remaining resonances at (100.7-79.6) (100.3-70.5) and
(98.9-79.3) ppm fall close to those reported for the C1 car-
bons of Araf and Galf in Hyp-O-bound glycans extracted
from C. reinhardtii (Bollig et al. 2007); however, only the
C1 positions are reported and their firm assignment would
need further data.

Figure 4 shows the dipolar-based CP-DARR spectrum of
the same region. Readily identifiable are the crosspeaks from
starch which will be described in the next section. In addi-
tion, strong correlations can be detected in two spin systems:
one at (103.5, 86.8, 77.4, 74.4, 68.2, 61.1 ppm) and a second
one at (103.5, 83.4, 75.1, 73.1, 60.5, 55.0 ppm). These spin
systems could not be assigned to a single carbohydrate group
and therefore probably result from a superposition of vari-
ous glycans. The cell wall of Chlamydomonas is reported
to be partially crystalline and very fast spin diffusion might
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occur, leading to cross correlations between carbohydrates
as opposed to within one carbohydrate. Their assignment is
thus much difficult and the study of purified cell wall might
be necessary to conveniently assign cell wall resonances
in the whole organism. Nevertheless, the unusually high
87 ppm resonance suggests the presence of C2 or C4 gly-
cosidic linkages. Similarly, the unusually low 55 ppm peak
suggests the presence of C6 glycosidic linkages.

In situ characterization of starch

The main storage product of C. reinhardtii is starch which
accumulates into grains within the chloroplast (Hoek et al.
1995). Starch is one of the most abundant biopolymers in
nature. It is composed of varying amounts of amylopectin
and amylose which can be in an amorphous form or found
in two different crystalline double-helix forms noted A and
B. It can also be found in the V form when bound to amylo-
pectin for example. It is important to determine the structure
and crystallinity of starch components as they determine
its bioavailability for the microorganism and for its use in
biotechnology.

By using a short 750 ps CP transfer followed by a 3 s
long PDSD time, the only remaining resonances are those
associated with crystalline starch (see Fig. 5). The assign-
ment is unambiguous as demonstrated by superimposing the
spectrum of 13C-labelled starch extracted from C. reinhardtii
cells. A one dimensional CP spectrum of the extracted starch
can also be compared to a spectrum of natural abundance
hydrated corn starch, which is reported to be close to Chla-
mydomonas’ starch and crystallizes in the A form (Tang
and Hills 2003). As can be seen in Fig. 5, these spectra are
very similar.

The resolution provided by the 2D spectrum allows
detecting three anomeric peaks with chemical shifts 102.7,
100.4 and 100.2 ppm, in good agreement with values
reported in the literature for starch (Tang and Hills 2003).
These three C1 resonances are usually associated to the
presence of A-type amylose in the starch grains, in good
agreement with results obtained by X-ray diffraction with
C. reinhardtii (Buleon et al. 1997).

The smaller C1 peak at 102.7 ppm with the C4 peak at
81.3 ppm can be assigned to the amorphous regions (Tang
and Hills 2003). The C2, C3, C6, peaks at 71.8, 75.2 and
61.7 ppm are in good agreement with those reported for
B-type amylose (72.1, 75.1 and 61.3 ppm) (Rondeau-Mouro
et al. 2006) but are also consistent with the A-type struc-
ture (Tang and Hills 2003). Here it should be specified that
only one 2D solid-state NMR study has been published on
starch. The work by Rondeau-Mouro et al. (2006) reports the
values of all chemical shifts for B-type amylose; however,
the complete C1-C6 assignment for other starch types is
not known. An extensive 2D solid-state NMR study of the
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Fig.5 '*C CP—3 s PDSD spectrum of whole C. reinhardtii microal-
gae showing the characteristic peaks of starch (red) and CP—150 ms
DARR spectrum of pure extracted starch (blue). (A) CP spectrum
of extracted starch and (B) CP spectrum of natural-abundance corn
starch

other forms of starch would be an important step forward in
the study of this biopolymer. Nevertheless, our results show
that the molecular structure of starch grains in microalgae
can be probed in situ by solid-state NMR using the appropri-
ate dynamic filter. They also show that starch storage in C.
reinhardtii is crystalline and likely dominated by the A form.

In search of other constituents: proteins,
metabolites and degradation products

Proteins account for about 30% of the dry weight of C.
reinhardtii grown in autotrophic conditions (Fig. SI1) and
an important spectral contribution from proteins should
thus be expected (Boyle and Morgan 2009). However, this
spectral intensity will be distributed amongst the peaks
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corresponding to the more than 15,000 proteins found in
this microorganism’s proteome (Merchant et al. 2007). The
protein signal contribution can be roughly estimated by
considering, on the 1D spectrum, the area of the broad car-
bonyl peaks. Considering one carbonyl per amino acid and
two per lipid, and that proteins are approximately about
1.5 times more abundant than lipids (see the autotrophic
condition in Fig. SI1), approximately 50% of the carbonyl
peak resonance would correspond to amino acids. The
intensity of the remaining amino acid peaks, distributed
throughout all amino acid types, can be estimated to 1/20th
of half the carbonyl’s and therefore much lower than the
carbohydrates and lipids’ contribution. Still, unambigu-
ous amino acid correlations can be found, but cannot be
assigned to any specific protein (see Fig. SI4). To deter-
mine whether it is possible to assign specific protein peaks
in a whole organism would require a statistical analysis
that would take into account protein abundance, structure
and amino acid chemical shift dispersion. Alternatively,
a specific protein can be overexpressed or specific orga-
nelles in which a protein is largely dominant could be
purified. This approach has been pioneered by Fu et al.
(2011), and has benefited from recent progress in high-
field magnets, fast spinning MAS probes, and the develop-
ment of Dynamic Nuclear Polarization (Warnet et al. 2015;
Renault et al. 2012).

We examined the possible presence of contamination
products in the microalgal cell sample. In the dark and in
the absence of an oxygen source, such as in the rotor dur-
ing the experiment, C. reinhardtii could potentially be able
to ferment carbohydrates producing formate, acetate, and
ethanol (Catalanotti et al. 2013). No traces of these easily
detectable products were observed in our spectra after up to
48 h of data acquisition.

In a complementary approach to ours—which relies on
solution NMR methods—the group of Simpson has studied
highly mobile soluble components in '*C-labelled C. rein-
hardtii suspensions (Akhter et al. 2016). The authors suc-
cessfully detected small metabolites, notably by exploiting
the higher sensitivity of 'H detection. Some of these metabo-
lites could also be detected using high-resolution 3C NMR
although with greater difficulty (Akhter et al. 2016). Using
diffusion-based filter-editing techniques, the authors were
able to distinguish molecules according to their mobility.
It is interesting to compare their RADE spectrum—which
excite the most rigid molecules detectable by solution
NMR—to our approach. The complementarity is striking, as
the most rigid components detectable by solution-state NMR
correspond to the most mobile components detectable by
high-resolution solid-state NMR (see for example Fig. le).
In our 13C detected spectra, very fast diffusing molecules
such as small metabolites are hard to detect, to the extent of
becoming virtually absent.

@ Springer

Conclusion

In this work we demonstrated that despite the a priori huge
complexity of fully '*C-labelled microorganism, in vivo
solid-state NMR can provide valuable information on the
chemical nature and dynamics of cell constituents. Appli-
cation of dynamical filters to high-resolution 2D solid-
state NMR enabled the in situ identification of important
constituents of C. reinhardtii. The major membrane lipids
MGDG and DGDG were identified, along with carbon
resonances on the fatty acyl chains. The galacto- and ara-
binofuranose carbohydrate which take part in the cell wall
glycoprotein architecture were identified in different types
of bondings. Also notably, the amylose in the starch stor-
age grains was identified as crystallizing mainly in the A
form. To further pursue the assignment of the various con-
stituents, dynamic filtering could be combined to selective
labelling. Furthermore, the study of isolated organelles or
cell constituents such as the cell wall could assist a future
full assignment within the whole cell. Assignment of mol-
ecule signals is the bottleneck of every NMR study. Once
assigned, these signals can be followed in order to localize,
within the cell, molecules that are affected by changes in
the microorganism life-cycle. Such changes can be wanted,
for example when overexpression of specific molecules is
triggered, or not, for example when the cells are attacked
by bacteria or polluting agents. This work thereby paves
the way to the study of the effect of contaminants and
bioengineering on microalgal cells in situ.
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Detailed microalgal cells growth conditions

Chlamydomonas reinhardtii wild type strain 222+ was cultivated in a Minimum-Tris
medium (Tris-phosphate with no acetate). The autoclaved medium was supplemented
with NaH'®CO; to a final concentration of 0.1% (w/v). The carbonate was first dissolved
in approximately 10% of the final volume of medium and then filtered using a 0.22 pm
filter. The culture was inoculated by cells grown on petri dish of the same media with
1,5% agar. The large inoculum of thick textured was scrubbed on the glass wall to allow
its dispersion in the media. The culture was then sealed and purged with filtered (0.22
um) nitrogen to eliminate atmospheric CO,. The culture was allowed to grow for 5 days
under constant gentle shaking and a continuous illumination at an approximate photon
flux of 100 pmol photons m™s” (Sylvania GRO-LUX Wide Spectrum F40) at a
temperature of 23°C+1. Under these conditions, algae were thus harvested in the plateau
region of the growth curve. The minimum Tris-phosphate (TP) medium supplemented
with bicarbonate is composed of 20 mM Tris; 12 mM NaH"? COs3; 7.5mM NH4CI; 0.81
mM Na,HPOg; 0.53 mM KH,POy; 0.41 mM MgSO4+7H,0; 0.35 mM CaCl,*2H,0; 0.18
mM H;BO3; 0.15 mM EDTAe<2Na; 77 uM ZnSO47H,0; 26 uM MnCl,*2H,0; 18 uM
FeSO47H,0; 6.8 uM  CoCl*6H,0; 63 uM  CuSO45H,O0; 0.89 uM

(NH4)6M070,4°4H,0. The pH of the medium prior to carbonate addition was 7.3+0.1.

Starch extractions
Cells were cultivated as described in the section above. We adapted the protocols of
starch extraction from Buléon et al.. Cells were centrifuged 8 min at 1600g. Rinsed twice

with 10mM Tris HCI at pH 8, then re-centrifuged. Cells were diluted with the same



buffer at a concentration of 10° cell/ml and then lysed by a sonication probe in an ice bath
for 3 cycles of 30 seconds separated by cooling cycles to avoid excessive heating. The
lysate was centrifuged 15 min at 2000g at 5°C. The supernatant was removed and the
pellet re-suspended into one volume of buffer for another cycle of sonication, then re-
centrifuged into the same conditions. The supernatant was removed and the pellet re-
suspended in one volume of buffer and added gently to avoid mixing on 5 volumes of
Percoll (colloidal silica particles of 15-30 nm diameter coated with PVP) and centrifuged
again. The pellet was again re-suspended in one volume of buffer then passed through
another 5 volumes of Percoll solution. The pellet was rinsed twice with milli-q water at

4°C and freeze-dryed.
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Table SI1. **C chemical shift literature values of most abundant lipids in C. reinhardtii

and assigned experimental values (shown in italic between parentheses).

Assignment MGDG? DGDG?® SQDG* | DGTS® | TAG®
c1 104.8 (103.2) | 104.7(103.2) | 100.1 ] ]
cr 100.1 (100.2)
c2 71.9 (71.1) 71.9 (71.1) 73.4 ] ]
c2 70.6 (70.3)
c3 74.3 (73.5) 74.7 (73.5) 74.9 ] ]
c3 70.1
c4 69.8 (70.2) 69.7 (70.2) 74.9 ] ]
c4’ 70.3
C5 76.1 (76.5) 74.1 (74.0) 71.7 ) )
c5 71.2
c6 61.9 (61.8) 67.3 (68.1) 54.3 ) ]
(o} 62.3
Glyc-3 68.3 (67.5) 68.3 (67.5) 69.7 69.7 | 68.9
Glyc-2 71.3 (71.5) 71.9 (71.5) 72.3 700 | 62.1
Glyc-1 63.7 (63.3) 63.6 (63.3) 64.2 62.3 | 68.9
(CH3)sN* - - - 52.3 -
coo - - - 176.7 -
-O-CH2- - - - 67.9 -
C=0 (sn-1) 173.9 173.8 174.7 | 171.1 |173.1
C=0 (sn-2) 174.2 174.2 174.9 | 1715 |172.8
2 34.6 34.6 34.2 | 338
3 25.6 25.6 24.9
4-6 29.9 29.9 29.4
H2C*-H2C-CH=CH- 30.4 30.4
CH2-C*H2-CH=CH 27.8 27.8
CH2-CH2-C*H=CH 130.6-132.3 130.6-132.3 128-130(130.2
=CH-C*H2-CH= 26.2 (26.0) 26.2 (26.0) 25.7
=CH-CH2-C*H=C*H-CH2-CH=| 128.8 (128.0) | 128.8 (128.0)
C*H2-CH3 21.1 (21.1-23.4) [ 21.1 (21.1-23.4) 27.2
C*H3 14.6 (14.5-14.8) | 14.6 (14.5-14.8) 141 | 141
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Figure S14. Complete *C RINEPT-TOBSY spectrum showing the crowded aliphatic
region between 0 and 50 ppm. The peak positions in green are those tentatively assigned
to lipid peaks while those in red correspond to various amino acid peaks.
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