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Many plant species from the Apocynaceae, Loganiaceae and
Rubiaceae families evolved a specialized metabolism leading
to the synthesis of a broad palette of monoterpene indole
alkaloids (MIAs). These compounds are believed to consti-
tute a cornerstone of the plant chemical arsenal but above
all severalMIAs display pharmacological properties that have
been exploited for decades by humans to treat various dis-
eases. It is established that MIAs are produced in planta
due to complex biosynthetic pathways engaging a multitude
of specialized enzymes but also a complex tissue and sub-
cellular organization. In this context, N-methyltransferases
(NMTs) represent an important family of enzymes indis-
pensable for MIA biosynthesis but their characterization has
always remained challenging. In particular, little is known
about the subcellular localization of NMTs inMIA-producing
plants. Here, we performed an extensive analysis on the sub-
cellular localization of NMTs from four distinct medicinal
plants but also experimentally validated that two putative
NMTs from Catharanthus roseus exhibit NMT activity. Apart
from providing unprecedented data regarding the target-
ing of these enzymes in planta, our results point out an
additional layer of complexity to the subcellular organiza-
tion of the MIA biosynthetic pathway by introducing tono-
plast and peroxisome as new actors of the final steps of MIA
biosynthesis.
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Introduction

Monoterpene indole alkaloids (MIAs) are plant specialized
metabolites synthetized in thousands of plants from the
Apocynaceae, Loganiaceae and Rubiaceae families (St-Pierre
et al. 2013). Nowadays, more than 2,500 distinct MIAs have
been described, which almost all derive from the common
biosynthetic intermediate strictosidine (O’Connor and Maresh
2006). While their specific functions have not been firmly
established to date, a growing number of evidences point
out their involvement in responses of plants to environmental
constraints and notably in defense processes to face bioagres-
sor challenges (Dugé de Bernonville et al. 2017). Their high
biological activities also confer to MIAs a prominent place
in human pharmacopoeia with premium anticancer agents
vinblastine and vincristine from the Madagascar periwinkle
(Catharanthus roseus), the antimalarial quinine produced in
the cinchona bark (Cinchona officinalis), the antiarrhythmic
ajmaline synthesized by the devil pepper (Rauwolfia serpentina)
or the nootropic vincamine accumulated in the dwarf peri-
winkle (Vinca minor) (O’Connor and Maresh 2006). Over
the last decades, numerous studies established that MIAs
are produced in planta thanks to complex routes encom-
passing up to 30–40 enzymatic steps in the aforementioned
plants (Guirimand et al. 2010b, Courdavault et al. 2014,
Caputi et al. 2018). These pathways involve enzymes from
several protein families including P450, glucosyltransferases, β-
glucosidases, dioxygenases, BAHD acyltransferases, decarboxy-
lases, short- and medium-chain dehydrogenases/reductases,
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‘Pictet-Spenglerases’ or O-methyltransferases and N-methyl-
transferases (NMTs) as non-exhaustive examples (Dugé de
Bernonville et al. 2015a). Furthermore, these manifold reac-
tions are accompanied by a complex organization of the MIA
biosynthetic pathways in planta distributed in no less than four
different cell types and six distinct subcellular compartments in
C. roseus (Courdavault et al. 2014).

In this context, the quest for identification of new actors
of these biosynthetic pathways has always remained challeng-
ing in the past decades for many research groups. This was
particularly the case for the S-adenosyl-L-methionine (SAM)-
dependent NMT involved in the biosynthesis of vindoline, a
MIA specific to C. roseus. This enzyme, named 16-methoxy-2,3-
dihydro-3-hydroxytabersonine N-methyltransferase (CrNMT),
catalyzes the N-methylation of 16-methoxy-2,3-dihydro-3-
hydroxytabersonine to desacetoxyvindoline in the biosynthesis
of vindoline, one of the two precursors of vinblastine and vin-
cristine (Fig. 1). While pioneering descriptions of this protein
were published 30 years ago (De Luca et al. 1987, De Luca
and Cutler 1987, Dethier and De Luca 1993), the correspond-
ing gene was cloned nearly 20 years later (Liscombe et al.
2010). This elucidation was further accompanied by identifi-
cations of distinct NMTs involved in the synthesis of other
MIAs in other medicinal plant species, including picrinine
NMTs from both V. minor (VmPiNMT) and R. serpentina
(RsPiNMT) yielding ervincine (Fig. 1) (Levac et al. 2016) but
also norajmaline N-methyltransferase (RsNNMT) and ajmaline
Nβ-methyltransferase (RsANMT) from the ajmaline biosyn-
thetic pathway in R. serpentina (Fig. 1) (Cázares-Flores et al.
2016). Importantly, phylogenetic analysis revealed that all
these proteins originated from a common ancestor related to
γ-tocopherol C-methyltransferase (γTMT), a broadly dis-
tributed enzyme catalyzing the formation of α-tocopherol
within the vitamin E biosynthetic pathway. Accordingly, this
phylogenetic relationship between all these plant NMTs gave
rise to the so-called γ-tocopherol methyltransferase homolog
group (γTMTh) (Liscombe et al. 2010, Cázares-Flores et al. 2016,
Levac et al. 2016).

γ-Tocopherol methylation is common to all plants and
was first characterized at the genetic level in Arabidopsis,
cyanobacterium Synechocystis PCC6803 and pepper Capsicum
annuum, revealing remarkable substrate specificities of γTMT,
as observed later for MIA NMTs (Shintani and DellaPenna 1998,
Koch et al. 2003). Interestingly, while the localization of the
Arabidopsis γTMT (also referred to as VTE4) has been firmly
established to be anchored in the plastid envelope membranes
(Soll et al. 1985, Zbierzak et al. 2009), the subcellular localization
of CrNMT still remains a matter of debate. Indeed, first cellu-
lar fractioning experiments associated CrNMT to the thylakoid
membranes of chloroplasts (De Luca et al. 1987, De Luca and
Cutler 1987, Dethier and De Luca 1993). However, analyses of
the sequences predicted from cloned cDNAs failed to identify
any chloroplast targeting peptide (cTP), leaving open the ques-
tion of CrNMT subcellular localization (Liscombe et al. 2010,
Cázares-Flores et al. 2016). Furthermore, with the exception of

Fig. 1 Products resulting from N- or C-methyltransferase activities
studied in this work. α-Tocopherol results from γ-tocopherol methy-
lation by γTMT, ervincine from picrinine methylation by VmPiNMT
or RsPiNMT, desacetoxyvindoline from 16-methoxy-2,3-dihydro-3-
hydroxytabersonine methylation by CrNMT, ajmaline from norajma-
line methylation by RsNNMT and Nβ-methylajmaline by ajmaline
methylation by RsANMT. The methyl group highlighted in red shows
methylation position while flower pictures indicate methylated com-
pound accumulation in A. thaliana, R. serpentina, V. minor and/or C.
roseus.

dwarf periwinkle VmPiNMT that exhibits a potential secretory
peptide, no other information regarding Rauwolfia RsPiNMT,
RsANMT and RsNNMT localizations has been obtained to date.
In opium poppy (Papaver somniferum), two NMTs involved
in the biosynthesis of sanguinarine, namely, (R, S)-coclaurine
N-methyltransferase (PsCNMT) and tetrahydroprotoberberine
N-methyltransferase (PsTNMT), have been experimentally val-
idated to be localized in the cytosol despite the existence of
a potential tri-Lys (KKK) ER retention signal at the C-terminus
(Hagel and Facchini 2012, Morris and Facchini 2019).

Overall, despite the importance of NMTs in the biosynthe-
sis of numerous prominent alkaloids, little is known about the
localization of these enzymes in plant cells. In this study, by
expressing fusions with fluorescent proteins, we performed an
extensive analysis of the subcellular localization of NMTs from
four medicinal plants. Additionally, two previously unknown
NMTs from C. roseus were found to catalyze N-methylation
of picrinine, thus encoding functional NMTs in planta. Finally,
beyond providing unprecedented information regarding NMT
localization in plant cells, we added a new layer of complexity
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to the subcellular organization of theMIAbiosynthetic pathway
by introducing tonoplast and peroxisome as new crucial com-
partments for the final steps of MIA synthesis.

Results

Identification of a putative C. roseus γTMT and
prediction of γTMTh localizations
We first initiated this study by searching for an ortholog of
the common ancestor of γTMThs in plants synthesizing MIAs
to ensure that no divergence of γTMT localization occurs
with previously published results (Zbierzak et al. 2009). The C.
roseus CDF97 consensus transcriptome was thus screened by a
BLAST analysis with VTE4 to identify the most similar transcript
from periwinkle (SRR1144633_TR29246_c0_g1_i7_len= 1611;
Dugé de Bernonville et al. 2015b). This sequence was further
compared to the C. roseus genome to check for completeness
and lack of other orthologs of high identity (Kellner et al. 2015).
Theprotein deduced from the corresponding sequence (named
hereafter putative C. roseus γTMT, pCrγTMT) exhibits an over-
all identity of 59% with VTE4 that reaches up to 71% without
the highly divergent N-terminal end and includes the Rubisco
large subunit methyltransferase motif regulating γTMT activity
(Magnani et al. 2007) (Supplementary Fig. S1). Predictions of
subcellular localizations performed using online bioinformatics
predictors confirmed the presence of a putative cTP in the first
65 residues that could target this protein to plastids (Fig. 2A,
C). The prediction was also applied to the five already cloned
γTMThs. While this confirmed the previous identification of a
putative secretory peptide at the N-terminal end of VmPiNMT
(Levac et al. 2016) (Fig. 2A, C), no consensus in the predic-
tion of its localization emerged from bioinformatics analyses
that predicted targeting of protein to the endoplasmic retic-
ulum (ER) or apoplast (Fig. 2C). A similar inconsistency was
also obtained for RsPiNMT, RsANMT, RsNNMT and CrNMT,
which were predicted to be located to peroxisomes, nucleus,
cytosol or cytoskeleton although lacking any potential targeting
sequences (Fig. 2C). For instance, prediction of RsNNMT and
CrNMT to nucleus relies on the presence of weak monopartite
nuclear localization sequences (NLS) (65-KKPR-68 in CrNMT)
while possible targeting of RsPiNMT and RsANMT to peroxi-
somes mostly involve putative peroxisome targeting sequence
type 1 (PTS1; 235-SRL-237 in RsANMT) located within the pro-
tein and are likely non-functional. Nevertheless, careful exami-
nation of γTMTh C-terminal extremities revealed the presence
of a potential atypical PTS1 in CrNMT, according to previous
studies (Reumann et al. 2016) (Fig. 2B). While this tripep-
tide (KSI) does not meet the exact atypical PTS1 definition, it
includes one canonical (I) and two non canonical (KS) residues
when two canonical and a single non-canonical residue are
usually required. However and importantly, variations around
PTS1 definition have been already described notably in C. roseus
(Guirimand et al. 2012b). By contrast, C-terminal tripeptides
of all other γTMThs only bear two canonical residues and are
thus less prone to peroxisome targeting. In conclusion, all these

discrepancies in the in silico prediction of localizations thus
prompted us to experimentally investigate the subcellular local-
ization of pCrγTMT and the five γTMThs involved in MIA
biosynthesis.

The putative C. roseus γTMT is localized to
membrane of plastid envelope
C. roseus cells are now well established as an appropriate host
system for analyzing localization of MIA biosynthetic enzymes
targeted to vacuoles (Guirimand et al. 2010a, Caputi et al. 2018,
Carqueijeiro et al. 2018b), tonoplast (Payne et al. 2017) and
plasma membrane (Héricourt et al. 2013), plastids (Guirimand
et al. 2009, 2020, Thabet et al. 2012, Simkin et al. 2013), mito-
chondria (Guirimand et al. 2012a), ER (Besseau et al. 2013,
Parage et al. 2016), nucleus (Stavrinides et al. 2015, 2016)
and peroxisomes (Simkin et al. 2011, Guirimand et al. 2012b,
Carqueijeiro et al. 2018a). On this basis, to compare localizations
of AtγTMT (VTE4) and pCrγTMT, the VTE4 coding sequence
was fused to YFP to express the VTE4-YFP fusion protein and
to maintain cTP accessibility. By contrast, the pCrγTMT coding
sequencewas independently fused to both extremities of YFP to
generate pCrγTMT-YFP and YFP-pCrγTMT to avoid masking of
any other potential targeting peptide that would not have been
identified by in silico prediction. After sequencing, each recom-
binant plasmid was co-transformed in C. roseus cells with plas-
mids expressing distinct subcellular compartment markers. In
transiently transformed cells, pCrγTMT-YFP displayed a circu-
lar shapedfluorescence signal surrounding plastids (Fig. 3A–H).
This signal did not overlap with the signal emitted by the CFP
marker of the outer membrane of the plastid envelope, OEP7
(Fig. 3I–L) but perfectlymergedwith that of themarker of inner
membrane of the plastid envelope, TIC40-CFP (Fig. 3M–P).
Interestingly, VTE4-YFP displayed a similar distribution with cir-
cular shaped fluorescence signals co-localizing with the inner
membrane of the plastid envelope (Fig. 3Q–T), strongly sug-
gesting that it shares a similar localization with pCrγTMT-YFP.
By contrast, the YFP-pCrγTMT exhibited a nucleocytosolic
localization as confirmed by superimposition of the YFP flu-
orescent signal with that of the nucleocytosolic CFP marker
(Fig. 3U–X), indicating that the N-terminal end of pCrγTMT
must be accessible to drive this protein to plastids.

To further confirm that C. roseus cells are a suitable plat-
form to study the subcellular localization of γTMThs from
other species, we generated N- and C-termini fused YFP con-
structs of PsCNMT and PsTNMT from opium poppy. Transient
co-expression of PsCNMT-YFP, YFP-PsCNMT, PsTNMT-YFP or
YFP-PsTNMT constructs in C. roseus cells confirmed that the
two NMTs exhibit a cytosolic localization since a perfect co-
localization with the cytosolic marker (CFP-GUS) was observed
(Fig. 4). As expected, these results are in agreement with pre-
vious subcellular localization studies of PsCNMT and PsTNMT
in opium poppy cells (Hagel and Facchini 2012) and comfort
the use of C. roseus cells for localization studies of heterologous
enzymes.
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Fig. 2 Alignment of the N-terminal (A) and C-terminal (B) extremities of the putative pCrγTMT with the five γTMThs and prediction of local-
izations (C). Black lines highlight potential plastid targeting peptide (cTP) in pCrγTMT (A) and the putative peroxisome targeting signal type
1 (PTS1) in CrNMT (B) while gray line indicates a secretory pathway signal peptide (SP) in VmPiNMT (A). (C) Predictions were performed with
the PSORTII, WolfPSORT and Predotar online predicators and identification of potential targeting sequences were achieved with TargetP and
ChloroP. Only localization with the highest probability is shown as follow, CYTO, cytosol; CYSK, cytoskeleton; ELSW, elsewhere; NUC, nucleus;
PER, peroxisome; PLAST, plastid; OUT, outside.

VmPiNMT and RsPiNMT exhibit differential
subcellular localization
To initiate this comprehensive localization study of NMTs,
we first investigated the subcellular targeting of VmPiNMT
by creating YFP fusions at both N- and C- termini of VmP-
iNMT. Since TargetP predicted the existence of a signal pep-
tide (sp) with a 54% likelihood at aa 23–27 (-VAAAE-), we
also generated two truncated versions encompassing the first

30 (spVmPiNMT-YFP) or first 80 (sp2VmPiNMT-YFP) amino
acids of VmPiNMT fused with YFP at the C-terminal. Tran-
sient co-expression of either VmPiNMT-YFP or YFP-VmPiNMT
in C. roseus cells revealed that VmPiNMT perfectly co-localized
with the cytosolic marker (CFP-GUS) (Fig. 5A–H). This local-
ization was further validated in onion cells (i.e. a non-
Apocynaceae species) in which VmPiNMT also resulted in
cytosolic localization (Fig. 5I–L). Plasmolysis of cells showed
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Fig. 3 pCrγTMT and VTE4-YFP are targeted to plastid envelop mem-
brane. C. roseus cells were transiently co-transformed with plasmids
expressing pCrγTMT (A, E, I, M, U) or VTE4-YFP (Q) and a plastid CFP
marker (B, F), the marker of outer membrane of the plastid envelop
OEP7-CFP (J), the marker of inner membrane of plastid envelop TIC40-
CFP (N, R); or YFP-pCrγTMT (U) and aCFP nucleocytosolicmarker (V).
Co-localization of the two fluorescence signals appears on the merged
images (C, G, K, O, S, W). Cell morphology (D, H, L, P, T, X) was observed
with differential interference contrast (DIC). Bars, 10µm.

that VmPiNMT remained in the cytosol thus confirming the
lack of secretion (Fig. 5M–N). Additionally, both spVmPiNMT-
YFP and sp2VmPiNMT-YFP constructs revealed a nucleocy-
tosolic localization since the fluorescence signal was identical
to the one from a nucleocytosolic CFP marker (Fig. 5O–V).
Taken together, these results suggest that VmPiNMT does not
encompass any signal peptide and is localized in the cytosol.

We next questioned whether the isoenzyme from R. ser-
pentina (RsPiNMT) shares the same localization with VmP-
iNMT. Interestingly, transient expression of RsPiNMT-YFP in
C. roseus cells revealed a potential tonoplastic-like localiza-
tion, with fluorescence emanating from a large central vac-
uole (Fig. 6A1–A2) or from several small ones (Fig. 6A3–A4),
whichmay also correspond to bulbs caused byYFPdimerization
according to Segami et al. (2014). Such profiles of localiza-
tion were also observed in onion cells, confirming that fusion

Fig. 4 Validation of the proper localization of PsCNMT and PsTNMT
in C. roseus cells. C. roseus cells were transiently co-transformed with
plasmids expressing PsCNMT-YFP (A) or YFP-PsCNMT (E) or PsTNMT-
YFP (I) or YFP-PsTNMT (M) and a cytosolic marker (CFP-GUS; B, F, J
and N). Co-localization of the two fluorescence signals appears on the
merged images (C, G, K and O). Cell morphology (D, H, L and P) was
observed with differential interference contrast (DIC). Bars, 10µm.

protein targeting was independent from the cell type used for
observations (Fig. 6B1–C2). However, many of our attempts
to co-express RsPiNMT-YFP with a tonoplast marker (TPK-CFP)
(Carqueijeiro et al. 2018b) resulted in the unexpected localiza-
tion of both proteins and in the formation of aggregated foci
during the first 24 h of observation (Fig. 6D1–D4). After longer
incubations (36 h), a partial restoration of the tonoplastic local-
ization was observed for both RsPiNMT-YFP and TPK-CFP thus
suggesting that foci formation probably resulted from tech-
nical artifacts (Fig. 6E1–E4). Furthermore, co-transformation
of RsPiNMT-YFP with a vacuolar marker (STR-CFP) allowed
to confirm this tonoplastic localization as revealed by the
YFP fluorescent signal enclosing that of the vacuole marker
(Fig. 6F1–F4). In addition, expression of RsPiNMT N-terminally
fused to YFP (YFP-RsPiNMT) revealed a cytosolic localization of
the enzyme highlighted by the perfect co-localization with the
cytosolic signal from the nucleocytosolic CFP marker and the
loss of the tonoplastic targeting (Fig. 6G1–G4). This suggested
that the N-terminal extremity of RsPiNMT needs to be acces-
sible for proper localization of this enzyme. Surprisingly, the
examination of the N-terminal amino acid sequence revealed
that RsPiNMT does not encompass the typical tonoplastic tar-
geting signal (D/E)X3-5L(L/I) (Pedrazzini et al. 2013, Payne et al.
2017) or any other known tonoplast targeting peptide, and
we were only able to identify a potentially atypical motif (133-
DgtfdLV-139) in which the dibasic sequence encompasses a
valine instead of a leucine or isoleucine residue. Taken together,
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Fig. 5 VmPiNMT is localized in the cytosol. C. roseus cells (A-H,
O-V) or onion cells (I-N) were transiently co-transformed with plas-
mids expressing VmPiNMT-YFP (A, I) or YFP-VmPiNMT (E) and a
cytosolic marker (CFP-GUS; B, F,) or a nucleocytosolic marker (CFP; J).
The plasmolysis of onion cells was performed to distinguish the sig-
nal from VmPiNMT-YFP and cell wall (CW, arrowheads). The existence
of the predicted N-terminal signal peptide was tested by transiently
co-transforming C. roseus cells with either spVmPiNMT-YFP (O) or
tp2VmPiNMT-YFP (S) constructs and a nucleocytosolic CFP marker
(P, T). Co-localization of the two fluorescence signals appears on the
merged images (C, G, K, Q, U). Cell morphology (D, H, L, N, R, V)
was observed with differential interference contrast (DIC). Bars, 10µm
(A–H, M–T) and 100µm (I–N).

these results suggest that RsPiNMTdisplays a tonoplast localiza-
tion via a—yet to be characterized—non-canonical N-terminal
sequence.

RsNNMT and RsANMT exhibit a pre-vacuolar
compartment-arrested localization
To gain more insight into the subcellular localizations of NMTs,
additional localizations of enzymes from R. serpentina were
achieved notably for RsNNMT and RsANMT from the ajmaline
biosynthetic branch specific to Rauwolfia sp. Interestingly, the
expression of RsNNMT and RsANMT fused to the N-terminal

Fig. 6 RsPiNMT exhibits a tonoplast-like localization. C. roseus cells
(A1, A3, D1, E1, F1 and G1) or onion cells (B1, C1) were transiently
transformed with a plasmid expressing RsPiNMT-YFP (A1, A3, B1, C1),
co-transformed with plasmids expressing either RsPiNMT-YFP and the
tonoplastic marker (TPK-CFP; D2, E2) or the vacuolar marker (STR-
CFP; F2); or YFP-RsPiNMT (G1) and a nuclocytosolic CFP marker (G2).
Co-localization of the two fluorescence signals appears on the merged
images (D3,E3,F3 and-G3). Cell morphology (A2, A4, B2, C2, D4, E4,
F4 and G4) was observed with differential interference contrast (DIC).
Bars, 10µm (A1–A4, D1–G4) and 100µm (B1–C2).

end of YFP (Rs-NNMT-YFP, RsANMT-YFP) revealed a punctu-
ated pattern of fluorescence in C. roseus cells, but distinct from
the one observed for RsPiNMT (Fig. 7A–D). Accordingly, such
a pattern was also observed in onion cells for RsNNMT-YFP
(Fig. 7E–F). However, we noticed that the fluorescence foci
observed for RsNNMT-YFP and RsANMT-YFP perfectly super-
imposed with the signal emitted by pre-vacuolar compartment
(PVC) marker RFP-VSR2 (Shen et al. 2013) (Fig. 7G–J, O–R). By
contrast, expressing RsNNMT and RsANNMT fused with YFP in
the opposite orientation (YFP-RsNNMT and YFP-RsANMT) led
to the loss of this punctuated signal and resulted in a cytoso-
lic localization as revealed by co-transforming the cells with the
cytosolic marker (CFP-GUS) (Fig. 7K–N, S–V). Overall, these
results thus suggest that RsNNMT and RsANMT contains an
active targeting signal at their N-terminus thus suggesting local-
ization of the native proteins in PVCs. However, it is worth
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Fig. 7 RsNNMT and RsANMT exhibit a PVC-arrested localization. C.
roseus cells (A–D, G–V) and onion cells (E–F) were transiently co-
transformed with a plasmid expressing either RsNNMT-YFP (A–B;
E–J), or RsANMT (C–D; O–R) or YFP-RsNNMT (K–N) or YFP-RsANMT
(S–V) and either with the pre-vacuolar compartment (PVC) marker
(RFP-VSR2; G–J; O–R) or the cytosolic marker (CFP-GUS; K–N; S–V) or
without a marker (A–F). Co-localization of the two fluorescence sig-
nals appears on the merged images (I, M, Q, U). Cell morphology (B, D,
F, J, N, R, V) was observed with differential interference contrast (DIC).
Bars, 10µm (A–D, G–V) and 100µm (E–F).

noting that while PVC-arrested localizations were observed for
both fusion proteins, no definitive vacuolar/tonoplast target-
ing was observed after prolonged observation as described for
RsPiNMT.

CrNMT is targeted to peroxisomes in C. roseus cells
Since studies on NMTs subcellular localization revealed het-
erogeneous results—even among isoenzymes from different
species (i.e. VmPiNMT and RsPiNMT), we next performed a
more detailed analysis of the γTMThs homologs from C. roseus.
Although CrNMT is well known to be engaged in the biosyn-
thetic pathway of vindoline (De Luca et al. 1987, De Luca
and Cutler 1987, Dethier and De Luca 1993, Liscombe et al.
2010), the subcellular localization of this enzyme has not been
explored by direct methodologies (i.e. microscopic analysis
of YFP-fused constructs) and the predicted plastid/thylakoid
localization was only based on cell fractionation in sucrose

gradient (De Luca and Cutler 1987, Dethier and De Luca
1993). Therefore, to further characterize the localization of this
enzyme, we created fusions between CrNMT and the N- or
C-terminal end of YFP (CrNMT-YFP and YFP-CrNMT) for tran-
sient expression in C. roseus cells. Expressing CrNMT-YFP
together with a nucleo-cytoplasmic marker (CFP) suggested a
nucleocytosolic localization of CrNMT-YFP as revealed by the
perfect superimposition of the two fluorescence signals (Fig.
8A1–A4). By contrast, the inverted construct (YFP-CrNMT),
displaying an accessible CrNMT C-terminal end, exhibited a
more complex localization (Fig. 8B1–B4). While a substantial
part of the fluorescence signal emerged from the cytosol, more
discrete fluorescent punctuations detached from the cytoso-
lic signal were also observed (Fig. 8B1–B4). Interestingly, co-
transformation of the YFP-CrNMT expressing plasmid with the
plasmid encoding the peroxisome CFP marker (perox-CFP)
show a partially similar pattern of fluorescence and a perfect
merging of the fluorescence signal emitted by punctuations
(Fig. 8C1–C4). Besides showing that PSORTII and WolfPSORT
predictions were not accurate as for most of the NMT studied
in this work (Fig. 2C), this result suggested that CrNMT was at
least partially targeted to peroxisomes in agreement with the
potential presence of a non-canonical PTS1 (Fig. 2B).

To gain insight into this particular localization, additional
transformations were performed and accompanied by cell
treatments by cycloheximide. By inhibiting translation of newly
produced fluorescent proteins, this treatment was shown to
efficiently improve detection of peroxisomes in transiently
transformed cells through limiting the overflow of the perox-
isome import machinery and allowing peroxisome targeting
of the remaining already produced fusion proteins (Guirimand
et al. 2012b). Indeed, while YFP-CrNMT exhibited a similar
mixed localization in both peroxisomes and cytosol at the
beginning of the cycloheximide treatment (Fig. 8D1–D4), a
complete targeting to peroxisomes was observed after 4 h, sug-
gesting that peroxisomes may represent the exclusive destina-
tion of CrNMT (Fig. 8E1–F4). Closer observations highlighted
the entire superimposition of the YFP-CrNMT fluorescence sig-
nal with that of the peroxisomal-CFP marker targeted to perox-
isome lumen suggesting that CrNMT is rather located to this
peroxisomal compartment. In addition, we also generated a
truncated version of CrNMTdeleted of the C-terminal PTS1 and
at the C-terminal end of YFP (YFP-CrNMT∆). Interestingly, this
fusion protein totally lost the targeting to peroxisomes and only
exhibited anucleo-cytoplasmic localization (Fig. 8G1–G4). This
last result combined to previous ones strongly suggest that
CrNMT is targeted at least partially to peroxisomes through a
C-terminal tripeptide (-KSI) corresponding to a non-canonical
PTS1 signal that is necessary for proper localization in planta.

Subcellular organization of other C. roseus γTMThs
and validation of their N-methyltransferase activity
The unexpected localization of CrNMT prompted us to study
the localization of other γTMThs closely related to pCrγTMT.
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Fig. 8 CrNMT is localized in the peroxisomes. C. roseus cells were tran-
siently co-transformed with a plasmid expressing either CrNMT-YFP
(A1) or YFP-CrNMT (B1-F1) or YFP-CrNMT∆ (G1) and either the
nucleocytosolic marker (CFP; A2 and B2) or the peroxisome marker
(perox-CFP; C2–G2). To enhance peroxisome visualization, cells were
cultivated 14 h prior harvesting and treatment with 2µM cyclohex-
imide. Cells were observed immediately (t0, D1) or 4 h (t4, E1) after
treatment. A magnification of the signal emitted by YFP-CrNMT and
the perox-CFP marker is presented in F1–F4. Co-localization of the two
fluorescence signals appears on the merged images (A3–G3). Cell mor-
phology (A4–G4) was observed with differential interference contrast
(DIC). Bars, 10µm.

Blasting the C. roseus transcriptome and genome allowed
to identify three additional candidates namely CRO_113801
(CrTMT1) and the two previously reported CRO_111268
(CrTMT2) and CRO_11267 (CrTMT4) identified as Cr3710017
and Cr7756 by (Liscombe et al. 2010) (Supplementary Figs. S2
and S3A). All the corresponding genes were expressed in leaves,
flowers and roots (Supplementary Fig. S3B). For localization
studies, the three corresponding proteins were thus transiently

Fig. 9 The three C. roseus γTMThs (TMT1, TMT2, TMT4) are targeted
to the tonoplast. C. roseus cells were transiently co-transformed with
a plasmid expressing either CrTMT1-YFP (A–D) or CrTMT2-YFP (I–L)
or CrTMT4-YFP (Q–T) or YFP-CrTMT1 (E-H), YFP-CrTMT2 (M–P) YFP-
CrTMT4 (U–X) and either the tonoplastmarker (TPK-CFP; B, J, R) or the
nucleocytosolic marker (CFP; F, N, V). Co-localization of the two fluo-
rescence signals appears on the merged images (C, G, K, O, S, W). Cell
morphology (D, H, L, P, T, X) was observed with differential interference
contrast (DIC). Bars, 10µm.

expressed in C. roseus cells as fusions with either the N- or
C-terminal end of YFP (Fig. 9A–X). Interestingly, on most of the
observed cells, all the three γTMThs fused to the N-terminal
end of YFP (CrTMT1-YFP, CrTMT2-YFP, CrTMT4-YFP) exhib-
ited a fluorescence profile perfectly merging with that of the
tonoplastmarker (TPK-CFP) 24 h after transformation, with also
potential bulbs (Fig. 9A–D, I–L, Q–T). By contrast, the con-
structs fusedwithYFP in the inverted orientation (YFP-CrTMT1,
YFP-CrTMT2, YFP-CrTMT4) were not targeted to the tono-
plast as revealed by the superimposition of fluorescence signal
with the nucleocytosolic marker (CFP; Fig. 9E–H, M–P, U–X).
All these results thus suggested that CrTMT1, CrTMT2 and
CrTMT4 are targeted to the tonoplast as previously observed
for RsPiNMT (Fig. 6). However, it is worth noting that none of
the three γTMThs displays the consensus tonoplast targeting
signal (D/E)X3-5L(L/I) (Pedrazzini et al. 2013, Payne et al. 2017,
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Fig. 10 In vitro enzymatic assays of recombinant CrTMTs against picrinine. (A) The chemical structures of picrinine (substrate) and ervincine
(product). (B) UPLC-MS chromatograms at m/z 353 among enzymatic assays. Ervincine production was screened after incubating the respective
purified recombinant proteins with picrinine. Y-axis corresponds to AU. A new peak at the m/z corresponding to N-methylated picrinine was
detected only in the case of CrTMT4 and CrTMT2 (depicted in the inset).

Wojcik and Kriechbaumer 2021) and no closely related pattern
could be identified within their N-terminal region.

To get more insight into the potential functions of these
three additional γTMThs, we analyzed the genomic organiza-
tion of the corresponding genes in the recently released draft
genome of C. roseus (Franke et al. 2019). Interestingly, while
CrTMT1 (CRO_113801) and pCrγTMT (CrTMT3;CRO_130556)
are distributed on two distinct scaffolds (cro_v2_scaffold_186
and cro_v2_scaffold_51, respectively), CrTMT2 (CRO_111268)
and CrTMT4 (CRO_111267) are located in the same genomic
region (cro_v2_scaffold_163) and in close proximity with
CrNMT (CRO_111273) (Supplementary Fig. S4). This genomic
organization thus suggests that CrTMT2, CrTMT4 and CrNMT
may originate from local gene duplication and possibly encode
related enzymes. To investigate whether the putative γTMThs
from C. roseus encode for functional NMTs, we generated
recombinant enzymes in E. coli (Supplementary Fig. S5) and
performed in vitro enzymatic assays. Given the sequence iden-
tity and similarity of localization between CrTMT2, CrTMT4
and RsPiNMT, in vitro assays were conducted with picrinine
as a substrate to potentially produce ervincine (Fig. 10A).

As expected, the γ-tocopherol C-methyltransferase pCrγTMT
(CRO_130556) did not exhibit any N-methylation activity
(Fig. 10B). In addition, no N-methylated product was observed
when CrNMT (CRO_111273) or CrTMT1 (CRO_113801) was
incubated with picrinine. By contrast, incubation of CrTMT2
(CRO_111268) or CrTMT4 (CRO_111267) with picrinine,
resulted in a new peak at m/z 353 indicative of a potential
conversion of picrinine into ervincine (N-methylpicrinine). The
conversion was more than 100 times higher with CrTMT4 com-
pared to CrTMT2. These results thus showed that both CrTMT2
and CrTMT4 exhibit alkaloid NMT activity and supported a
potential evolutionary relationship with CrNMT.

Discussion

Numerous species from the Apocynaceae family produce MIAs
that display high biological activities (O’Connor and Maresh
2006). Among the enzymes engaged in the corresponding
biosynthetic pathways, alkaloid NMTs constitute a recently
described subgroup of γTMThs, also involved in the synthesis
of other alkaloid types such as benzylisoquinoline alkaloids
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(BIAs) for instance (Liscombe et al. 2010, Cázares-Flores et al.
2016, Levac et al. 2016). Despite pioneering studies aiming
at functionally characterizing alkaloid NMTs, little is known
hitherto about their subcellular localization. Previous sub-
cellular localization studies of alkaloid NMTs performed by
direct methodologies (e.g. microscopic observation of fluores-
cent protein (FP)-fused chimeric constructs) have been lim-
ited to a few species including opium poppy and the coffee
(Coffea arabica) and all revealed a cytoplasmic distribution
of these enzymes (Kodama et al. 2008, Hagel and Facchini
2012). The cytoplasmic localization seems to be basically a
common feature of methyltransferases since also reported for
alkaloid O-methyltransferases involved in the biosynthesis of
the BIA sanguinarine like (R,S)-3′-hydroxy-N-methylcoclaurine
4′-O-methyltransferase (4′OMT) and (R,S)-norcoclaurine 6-O-
methyltransferase (6OMT) (Hagel and Facchini 2012) or the
synthesis of vindoline (16 hydroxytabersonine 16-O-
methyltransferase, 16OMT) (Guirimand et al. 2011b). Fur-
thermore, other O-methyltransferases involved in iridoid,
phenylpropanoid/flavonoid or anthocyanin/flavonol biosyn-
thesis have been also located to cytoplasm (Hugueney et al.
2009, Guirimand et al. 2011a, Shaipulah et al. 2016). How-
ever, besides this cytoplasmic localization, plastids are known
to host other methyltransferases such as the γTMT engaged in
γ-tocopherol methylation (Zbierzak et al. 2009). In addition,
N-, O- or S-methyltransferases not directly related to specialized
metabolisms are also located to the nucleus (Choi et al. 2014),
the ER membrane (Bracha-Drori et al. 2008), the Golgi appa-
ratus (Lee et al. 2012) and the chloroplast (Ravanel et al. 2004,
Tamiru et al. 2016). Therefore, the apparent highly diverse dis-
tribution of methyltransferases prompted us at deepening the
study of their subcellular localization by notably focusing on
NMTs involved in MIA synthesis.

We validated the use of C. roseus cells as a suitable platform
for subcellular localization studies by confirming the localiza-
tion of already characterized C-methyltransferases or NMTs.
For instance, Arabidopsis AtγTMT (VTE4) correctly targeted
the plastid membranes (Fig. 3) and the two opium poppy
N-methyltransferases (PsTNMT and PsCNMT) in the cytosol,
as previously reported (Fig. 4) (Zbierzak et al. 2009, Hagel and
Facchini 2012). We also showed that the C. roseus homolog of
AtγTMT (pCrγTMT, CrTMT3) was located on the inner mem-
brane of the plastid envelope in agreementwith its putative role
in vitamin E synthesis (Muñoz and Munné-Bosch 2019) (Fig. 3).

Based on this system, we next highlighted differences of
localization between two orthologues of PiNMT. In contrast
to in silico predictions (Fig. 2C), we first described cytoso-
lic localization of VmPiNMT invalidating the prediction of a
potential targeting peptide at the N-terminal end (Fig. 5). This
result was further confirmed in onion cells as well as with
two truncated constructs bearing the first 30 or 80 amino
acids fused in frame with YFP. Such a cytoplasmic localization
is consistent with the distribution of PsTNMT, PsCNMT and
NMTs involved in caffeine biosynthesis (Kodama et al. 2008). It
also matches with the cytoplasmic localization of many other

MIA biosynthetic enzymes such as tryptophan decarboxy-
lase, iridoid synthase, 7-deoxyloganetic acid glucosyltransferase,
loganic acid O-methyltransferase as well as desacetoxyvindo-
line 4-hydroxylase and deacetylvindoline 4-O-acetyltransferase
(Miettinen et al. 2014, Dugé de Bernonville et al. 2015a) making
of the cytosol a common crossroad for MIA production. How-
ever, we secondly showed that the ortholog from R. serpentina
(RsPiNMT) that is devoid of any predicted targeting peptide dis-
playedunexpected tonoplast localization (Fig. 6). Althoughnot
common, differences in ortholog localization has been already
reported for the NMT theobromine synthase that exhibits
distinct subcellular targeting among C. arabica and Camellia
gymnogyna (Kodama et al. 2008, Teng et al. 2020). Different
localization of RsPiNMT and VmPiNMT may thus point out to a
differential compartmentalization for a similar reaction among
the Rauvolfiinae and Vincinae subtribes. Interestingly, apart
from RsPiNMT, we also showed that the three γTMThs iden-
tified in C. roseus (CrTMT1, CrTMT2 and CrTMT4) also exhib-
ited a tonoplast localization when their N-terminal end was
accessible (Fig. 9). These localizations suggest that the tono-
plast localization may be observed for different methyltrans-
ferases as also previously suggested by proteomic approaches
of tonoplast-enriched fractions for methyltransferase homo-
logues (Endler et al. 2006, Shen et al. 2014). Although not
common, other examples of specializedmetabolisms have been
associated with the tonoplast by direct methodologies such
as enzymes involved in flavonoid biosynthesis (Saslowsky and
Winkel-Shirley 2001, Toda et al. 2012). However, this tonoplast
localization raised some important questions about the cor-
responding targeting mechanisms and membrane anchoring
processes. Regarding targeting, we first noted that the tono-
plast localization was disrupted when YFP was fused to the
N-terminal of the enzymes since a nucleocytosolic localiza-
tion was observed, thus confirming that N-terminal accessi-
bility of RsPiNMT, CrTMT1, CrTMT2 and CrTMT4 is critical
for a proper localization. In plants, localization of proteins
to the tonoplast has been associated to the targeting signal
(D/E)X3-5L(L/I) (Pedrazzini et al. 2013, Payne et al. 2017, Wojcik
and Kriechbaumer 2021). However, no closely related motif
could be identified in the N-terminal amino acid sequences
of the four enzymes, except a potentially atypical motif in
RsPiNMT. This still lets open the question of how these methyl-
transferases are targeted to the tonoplast but the lack of clearly
identifiable sequences seems to be not prohibitive since two
calcium sensors from Arabidopsis (CBL2 and CBL3) are known
to be localized in the tonoplast via N-terminal domains while
not exhibiting any known tonoplast targeting signal (Tang et al.
2012).

Regarding tonoplast anchoring, no evident potential trans-
membrane helices could be predicted in the primary sequences
of RsPiNMT, CrTMT1, CrTMT2 and CrTMT4 albeit some
discrepancies exist between the MemBrain and TMHMM
servers (Supplementary Table S2). Similarly, no known post-
translational protein modification involved in membrane
anchoring could be identified with a high confidence
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(Supplementary Table S3). This outcome resembles the Ara-
bidopsis VTE4 and its rice homologue that are located to the
inner membrane of the plastid envelope without any identified
transmembrane domains (Bréhélin et al. 2007, Zbierzak et al.
2009, Jo and Hyun 2011). In addition, it should be noted that
the characterization of interactions among flavonoid biosyn-
thetic enzymes assembling in varying metabolons suggested
that the observed localizations could be due to interactions
between proteins (Nakayama et al. 2019). Such a mechanism
could thus be also considered for tonoplast association of alka-
loid NMTs. Besides this mechanistic consideration, the tono-
plast targeting of RsPiNMT, CrTMT1, CrTMT2 and CrTMT4
also questioned about possible roles in MIA synthesis. Inter-
estingly, the anabolism of some MIA precursors in C. roseus
is known to depend on several trans-tonoplast translocations
of intermediates (Guirimand et al. 2011a) and at least two
enzymes involved in MIAs biosynthesis (i.e. STR; strictosidine
synthase and PRX1; peroxidase 1) are known to be localized
in vacuoles where strictosidine synthesis occurs (Costa et al.
2008, Guirimand et al. 2010a). It is thus possible to hypothe-
size that the tonoplast localizationof alkaloidNMTswould favor
the methylation reaction of MIAs that are ultimately stored in
the vacuole. Interestingly, we also showed that both RsNNMT
and RsANMT exhibited a PVC localization since the corre-
sponding YFP-fused proteins co-localized with the PVC marker
RFP-VSR2 (Shen et al. 2013) (Fig. 7). However, numerous
observations suggested that the localization was PVC-arrested
since no ultimate vacuolar targeting was observed. This is thus
slightly different from the precondylocarpine acetate synthase
which is progressively secreted to the vacuole by ER-derived
vesicles (Caputi et al. 2018). This is also different from other
enzymes that reach the tonoplast through PVCs as illustrated
for AtβFructosidase 4 (Jung et al. 2011). On the other hand, this
result is in agreement with older observations that associated
enzymes involved in MIAs precursor biosynthesis with vesicles
in C. roseus (Madyastha et al. 1977) as well as for columbamine-
O-methyltransferase (Rueffer et al. 1986), stilbene synthase
(Fornara et al. 2008) and nicotianamine synthase (Nozoye et al.
2014).

While the 16-methoxy-2,3-dihydro-3-hydroxytabersonine-
N-methyltransferase activity has been described more than 30
years ago in C. roseus and the corresponding enzyme identi-
fied more recently (De Luca et al. 1987, De Luca and Cutler
1987, Dethier and De Luca 1993, Liscombe et al. 2010), the
subcellular localization of CrNMT has still remained a mat-
ter of debate. In this work, we showed that CrNMT is at
least partially targeted to peroxisomes via a non-canonical
PTS1 (Figs. 2B, 8). Most of the proteins targeted to peroxi-
somes encompass a PTS1 tripeptide at their extreme C-terminal
end, which mostly correspond to the canonical consensus
[SA][RK][LMI] sequences (Reumann et al. 2016). However,
several studies have validated that various combinations of
tripeptides encode for functional but non-canonical PTS1s such
as the [SAPCFVGTLKIQ][RKSNLMHGETFPQCYDA][LMIVYF]
sequences (Reumann et al. 2016). The putative non-canonical

PTS1 (-KSI) at the C-terminal of CrNMT falls within the reported
range of residues that constitute the non-canonical PTS1 tripep-
tides. This has been experimentally validated by deletion of
this tripeptide which resulted in the loss of the peroxisome
targeting of YFP-CrNMT∆ (Fig. 8). While CrNMThas been orig-
inally associated to the thylakoid membranes of chloroplasts
by subcellular fractionation (De Luca et al. 1987, De Luca and
Cutler 1987, Dethier and De Luca 1993), no plastid targeting
sequences has been identified after identification of the corre-
sponding gene (Liscombe et al. 2010). The previously reported
plastid localization may thus be due to the initial experimen-
tal procedure used for enzyme characterization since peroxi-
somes are known to sediment similarly to chloroplasts (Abas
and Luschnig 2010) resulting in cross organellar contamination
in isolated fractions (Eubel et al. 2007). From a physiological
point of view, the targeting of CrNMT to peroxisomes rein-
forces the involvement of this subcellular compartment in the
biosynthesis of MIAs since it also hosts enzymes involved in
the synthesis of the monoterpenoid precursor of MIAs (Simkin
et al. 2011, Thabet et al. 2011, Guirimand et al. 2012a). In addi-
tion, other enzymes involved in alkaloid synthesis have been
previously reported to be localized in peroxisomes such as the
N-methylputrescine oxidase and its close homolog NtDAO1
engaged in nicotine biosynthesis in tobacco (Naconsie et al.
2014). To date, Arabidopsis HARMLESS TO OZONE LAYER
3 (AT2G43940) is the only example of a plant methyltrans-
ferase known to be localized in peroxisomes, although the in
planta function of this enzyme remains unknown (Pan et al.
2018). Interestingly, COBALAMIN-INDEPENDENT METHION-
INE SYNTHASE1 (ATMS1 or METS1; AT5G17920) an enzyme
involved in the production of SAM—the universal donor of
most methyltransferases—was also identified as a peroxiso-
mal by N-terminal FP fused constructs confirming the capac-
ity of methyltransferases to function in this compartment
(Quan et al. 2013, González and Vera 2019). Other transferases
(EC: 2.-) involved in primary metabolism that exhibit a peroxi-
somal localization include acyltransferases (Pracharoenwattana
et al. 2005, Carrie et al. 2007, Tanabe et al. 2011), an amino-
transferase (ASP3; At5g11520) (Eubel et al. 2008) and glu-
tathione S-transferase T1 (GSTT1; At5g41210) (Reumann et al.
2007) supporting the idea that peroxisome is a hub for many
metabolic pathways. In the tabersonine to vindoline pathway,
while all other reactions occur in the cytosol, even for the
ER-anchored P450, the peroxisomal targeting of CrNMT may
constitute a regulatory step in this biosynthetic branch, besides
adding a new layer of complexity to the architecture of the MIA
biosynthetic pathway (Fig. 11).

Finally, the analysis of the genomic organization encom-
passing CrNMT showed that CrTMT2 and CrTMT4 are clus-
tered in close proximity with CrNMT suggesting they may be
functionally related genes (Nützmann et al. 2016). Physically
clustered homologs most likely result from tandem gene dupli-
cation events and the expanded gene pools can potentially give
rise to sub- or neo-functionalization due to absence of selec-
tive pressure on the new copies (Moore and Purugganan 2005,
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Fig. 11 Schematic illustration of the subcellular organization of C. roseus γTMThs and MIA-related enzymes in cells. Enzyme localization is color-
coded: green—plastid envelope membrane; light blue—tonoplast; dark blue—vacuole; orange—peroxisome; grey—cytosol; light purple—ER;
dark purple—nucleus. The yellow star represents the identified atypical peroxisome targeting sequence (PST1). Grey arrows show path-
way enzymatic steps. The dark grey dashed arrow indicates that several enzymatic steps were omitted for scheme simplification. LAMT:
loganic acid O-methyltransferase; SLS: secologanin synthase; TDC: tryptophan decarboxylase; STR: strictosidine synthase; SGD: strictosidine
β-glucosidase; T16H: tabersonine 16-hydroxylase; 16OMT: tabersonine 16-O-methyltransferase, T3O: tabersonine 3-oxygenase, T3R: taber-
sonine 3-reductase, NMT: 16-methoxy-2,3-dihydro-3-hydroxytabersonine N-methyltransferase, D4H: deacetoxyvindoline 4-hydroxylase, DAT:
deacetylvindoline O-acetyltransferase, TMT: γ-tocopherol methyltra–nsferase homolog.

Panchy et al. 2016, Lichman et al. 2020). Genomic clustering of
paralogs has been reported for some MIA biosynthetic genes
(Kellner et al. 2015, Zhao et al. 2017, Franke et al. 2019, Rai
et al. 2021) and, similarly to the three aforementioned NMTs in
C. roseus, genomic clustering of O-methyltransferases involved
in flavonoid biosynthesis has been reported in Fabaceae and
Lamiaceae species (De Vega et al. 2015, Mochida et al. 2017,
Zhao et al. 2019). To support the concept of functional rela-
tionship, we conducted enzymatic assays with recombinant
enzymes and picrinine as a substrate given that RsPiNMT and
CrTMT4 are closely related (Supplementary Fig. S3, Fig. 10).
Through the production of ervincine, these assays specifically
revealed that CrTMT2 and CrTMT4 encode functional alka-
loid NMTs capable of picrinine methylation. Interestingly, we
observed that RsPiNMT, CrTMT2 and CrTMT4 share similar

localization and activity. By contrast, CrTMT1 that is not clus-
tered with CrNMT within the genome of C. roseus does not
display the pricrinine NMT activity suggesting a more distant
function. Although we used picrinine as a substrate to screen
for enzymatic activity among the candidates, this alkaloid is
not known to be produced in C. roseus. Therefore, our assay
only confirmed that CrTMT2 andCrTMT4 are bona fide alkaloid
NMTs but their roles in planta as well as their respective actual
substrates remain to be addressed. Most likely these enzymes
are involved inN-methylation ofminor alkaloids that are closely
related to the structure of picrinine like vincorine (Jossang et al.
1998) or cathafoline (Rasoanaivo et al. 1973, Jacquier et al.
1980) that has been identified in C. roseus and C. longifolius,
respectively. Other minor N-methylated alkaloids identified in
C. roseus that could potentially be substrates of CrTMT2 and
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CrTMT4 include cathovaline (Rahman andChaudhry 1985) and
bannucine (Rahman et al. 1986). The lack of commercial sources
and even standards of minor alkaloids hampers the functional
characterization of these enzymes. However, reconstitution
of biosynthetic pathways in heterologous systems could be
an attractive approach to produce tailor-made precursors in
high quantities and thus facilitate further functional studies
(Carqueijeiro et al. 2020, Courdavault et al. 2020, Guirimand
et al. 2021).

In conclusion, we performed an extensive localization study
to shed light on the subcellular logistics of alkaloid NMTs lead-
ing to the association of tonoplast and peroxisomes to MIA
synthesis. Beyond filling a gap into the controversial localiza-
tion of CrNMT, our analysis also expands our knowledge of the
metabolic channeling within the plant cells. In the developing
context of natural product engineering in heterologous hosts
(Courdavault et al. 2020), such compartments could inspire
new metabolic engineering approaches as recently described
for yeast peroxisomes (Dusséaux et al. 2020, Kulagina et al.
2021).

Materials and Methods

Plant and cell growth conditions
Seeds of C. roseus and R. serpentina from our greenhouse were germinated
according to Carqueijeiro et al. (2015) and Corbin et al. (2017), respectively. The
resulting plants were then grown at 28◦C under a 16 h light/8 h dark cycle. V.
minor leaves and roots were collected in the botanical garden of Tours. All these
samples were used for RNA extraction. The C. roseus C20A cell suspension cul-
ture used for subcellular localization studies was propagated in Gamborg’s B5
medium (Duchefa) at 24◦C under continuous shaking (100 rpm) for 7 days as
described previously (Guirimand et al. 2009).

RNA extraction and reverse-transcription
RNAs were extracted from young leaves and roots of C. roseus, R. serpentina
and V. minor using the NucleoSpin RNA Plus Kit (Macherey-Nagel) according
to manufacturer’s recommendations. First-strand cDNA was synthesized from
0.5µg of total RNA using oligo(dT)18 primers (0.5µM) and 15 units of Ther-
moscript reverse transcriptase (Invitrogen). Following reverse transcription,
complementary RNA was removed by treatment with Escherichia coli RNase H
(Invitrogen) for 20 min at 37◦C as described previously (Parage et al. 2016).

Transcriptomic resources and sequence alignment
Identification of γTMT orthologs was achieved by interrogating the consensus
C. roseus transcriptome CDF97 (Dugé de Bernonville et al. 2015b) (http://bbv-
ea2106.sciences.univ-tours.fr/images/files_to_download/BAFC94.fasta) using
VTE4 as query. Sequence alignments were performed using Clustal Omega and
graphically displayed with BoxShade (https://embnet.vital-it.ch/software/
BOX_form.html).

Bioinformatics prediction of subcellular
localizations
Whole amino-acid sequences of the putative C. roseus γTMTh, VmPiNMT,
RsPiNMT, RsANMT, RsNNMT and CrNMT were used for bioinformatics pre-
dictions performed using the PSORTII, WolfPSORT, Predotar, ChloroP 1.1
and TargetP 1.1 servers. For all predictions, default ‘cut-off’ and plant were
selected. Prediction of transmembrane helices was conducted with TMHMM

(Krogh et al. 2001) and MemBrain (Yin et al. 2017) servers. Prediction of pro-
tein post-translational lipid modifications was conducted with GPS-Lipid (Xie
et al. 2016).

Constructs for subcellular localization studies
Coding sequences were amplified with the corresponding primers described
in Supplementary Table S1 and the PCR products were digested with SpeI.
In order to generate constructs fused in frame with YFP at the C-terminal,
each product was ligated in a SpeI-digested pSCA-YFP plasmid (Guirimand
et al. 2009). To generate constructs fused in frame with YFP at the N-terminal,
each product was ligated in a NheI-digested pSCA-YFP plasmid. The subcellular
compartment markers have been described in previous publications: plastid-
CFP, OEP7-CFP and TIC40-CFP (Guirimand et al. 2020); cytosolic CFP and
nucleocytosolic CFP-GUS (Guirimand et al. 2011a), TPK-CFP (Héricourt et al.
2013), STR-CFP (Guirimand et al. 2010a), RFP-AtVSR2 (Shen et al. 2013) and
peroxisome (perox)-CFP (Guirimand et al. 2012a).

Biolistic transformation of C. roseus cells and
epifluorescence microscopy
Transient transformation of C. roseus and onion cells by particle bombardment
and fluorescence imaging were performed following the procedures previously
described (Guirimand et al. 2009, Foureau et al. 2016, Carqueijeiro et al. 2018b).
C. roseus or onion cells were bombardedwithDNA-coated gold particles (1µm)
and 1,100 psi rupture disc at a stopping-screen-to-target distance of 6 cm, using
the Bio-Rad PDS1000/He system and 400 ng of each plasmid per transforma-
tion. Cells were cultivated for 16–38 h before being harvested and observed. Cell
plasmolysis was performed according to Carqueijeiro et al. (2018b). The sub-
cellular localization was determined using an Olympus BX-51 epifluorescence
microscope equipped with an Olympus DP-71 digital camera and a combina-
tion of YFP (Chroma#31040, 500–520 nm excitation filter, 540–580 nm band
pass emission filter) and CFP (Chroma#31044v2, 426–446 nm excitation fil-
ter, 460–500 nm band pass emission filter) filters. Patterns of localization are
representative of around 100 observed cells.

Cycloheximide treatment of transiently
transformed cells
Transiently transformed cells were treated with cycloheximide (2µM) for 0 or
4 h prior to observation as described in (Guirimand et al. 2012b).

Production of recombinant C. roseus TMTs in E. coli
and enzymatic assays
The coding sequences of CrTMT1, CrTMT2, pCrγTMT, CrTMT4 and CrNMT
were amplified with the corresponding primers (Supplementary Table S1) and
cloned in either pRSET-A (CrTMT1, pCrγTMT andCrNMT) or pQE-30 (CrTMT2
and CrTMT4) expression vectors using the BamHI restriction site. Recombinant
protein production was performed in either BL21(DE3) or Top10 E. coli strains
for pRSET-A and pQE-30 constructs, respectively. Cultures of an OD600 = 0.5
were induced for 5 h at 28◦C with 1 mM isopropyl-β-D-thiogalactopyranoside
(IPTG). Protein purification was performed with a Co2+ resin (TALON Metal
Affinity Resin, Cat. No. 635502, Clontech) according to the manufacturer’s
instructions. Purified proteins were desalted and dialyzed in 50 mM potassium
phosphate buffer pH 7.5 using PD-10 columns (Cat. No. 17085101, GE health-
care). Concentration of proteins was determined by a standard Bradford assay,
aliquots in 10% glycerol were flash frozen in liquid nitrogen and stored at −80◦C.
Enzymatic assays were conducted with 1µg of purified recombinant proteins
in 200µL activity buffer (100 mM Tris-HCL pH 7.5, 2 mM SAM, 14 mM β-
mercaptoethanol and 5µg picrinine) at 37◦C for 120 min under continuous
shaking. The reactions were stopped by adding an equal volume of methanol
(100%), followed by centrifugation at 16,000 g for 10 min and the supernatants
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were analyzed by UPLC-MS. UPLC-MS analyses were performed as described
previously (Dugé de Bernonville et al. 2017). Data collection was carried out in
selected ion monitoring mode for picrinine (m/z 339; Rt= 11.29) and ervincine
(m/z 353; Rt= 13.54).

Supplementary Data

Supplementary data are available at PCP online.
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