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Abstract We established an efficient fed-batch fermentation
process for two novel dirigent proteins from cotton plants,
GbDIR2 from Gossypium barbadense and GhDIR3 from
G. hirsutum, using the engineered Pichia pastoris
GlycoSwitch® SuperMans strain to prevent
hyperglycosylation. The two (His)s-tagged proteins were pu-
rified by metal-chelate affinity chromatography and obtained
in quantities of 12 and 15 mg L™" of culture volume, respec-
tively. Glycosylation sites were identified for the native and
for the enzymatically deglycosylated proteins by mass spec-
trometry, confirming five to six of the seven predicted glyco-
sylation sites in the NxS/T sequence context. The predominant
glycan structure was MansGlcNAc, with, however, a signifi-
cant contribution of Man,_;(GIcNAc,. Both dirigent proteins
(DIRs) mediated the formation of (+)-gossypol by
atropselective coupling of hemigossypol radicals. Similar to
previously characterized DIRs, GbDIR2 and GhDIR3 lacked
oxidizing activity and depended on an oxidizing system
(laccase/O,) for the generation of substrate radicals. In con-
trast to DIRs involved in the biosynthesis of lignans, glyco-
sylation was not essential for function. Quantitative enzymatic
deglycosylation yielded active GbDIR2 and GhDIR3 in ex-
cellent purity. The described fermentation process in combi-
nation with enzymatic deglycosylation will pave the way for
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mechanistic and structural studies and, eventually, the appli-
cation of cotton DIRs in a biomimetic approach towards
atropselective biaryl synthesis.
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Introduction

Oxidative phenol coupling for C-C bond formation contrib-
utes to the biosynthesis of many natural products with inter-
esting biological and pharmacological activities. One of the
most prominent examples is morphine, a benzylisoquinoline
alkaloid and powerful analgesic in opium poppy (Papaver
somniferum). During morphine biosynthesis, the internal C-
C phenol linkage of salutaridine is formed by salutaridine
synthase with (R)-reticuline as the substrate (Beaudoin and
Facchini 2014; Gesell et al. 2009). It is this intramolecular
phenol coupling reaction, in addition to the presence of five
stereocenters, that renders total synthesis of morphine com-
mercially unfeasible (Gesell et al. 2009). Bimolecular phenol
couplings also are widespread in plant natural products (Li
and Lei 2014; Vassao et al. 2010). Prime examples include
podophyllotoxin in Podophyllum (mayapple) and gossypol in
Gossypium (cotton) species that are derived from the
phenylpropanoid and terpenoid pathways, respectively.
Podophyllotoxin, a precursor of semisynthetic cancer chemo-
therapeutics (Petersen and Alfermann 2001; Vassao et al.
2010), belongs to the structurally diverse class of lignans that
are generated via bimolecular phenoxy radical coupling of
two hydroxycinnamoyl alcohols (monolignols). In this partic-
ular example, two coniferyl alcohol radicals are coupled in a
stereochemically controlled reaction resulting in (+)-
pinoresinol, the central precursor of numerous 8—8'-linked
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lignans. Gossypol, on the other hand, is a sesquiterpene dimer
that is generated by C-C coupling of two hemigossypol radi-
cals (Wagner et al. 2012). In the resulting tetra-ortho-substitut-
ed biaryl system (Fig. 1a), rotation around the central C-C
bond is hindered and, therefore, two atropisomers of gossypol
exist, which differ in toxicity and biological activity. While the
two isomers are equally effective as chemoprotective agents in
plant defense (Hagenbucher et al. 2013; Puckhaber et al.
2002; Stipanovic et al. 2006; Stipanovic et al. 2008), only
(—)-gossypol is pharmacologically relevant with strong
antispermatogenic and antiviral activities and high potential
for the treatment of various cancers (Keshmiri-Neghab and
Goliaei 2014; Lan et al. 2015; Wang et al. 2009). (—)-
Gossypol is also more toxic than the (+)-isomer to non-
ruminant animals, and the toxicity of (—)-gossypol thus limits
the use of cottonseed oil and protein for food and feed (Zhou
etal. 2013).

The oxidative coupling of phenols also is the most direct
approach towards biaryl formation in organic synthesis. As
compared to traditional transition metal-catalyzed approaches,
the environmentally more benign coupling of
unfunctionalized arenes offers many advantages, but it also
presents formidable challenges with respect to regio- and
enantioselectivity (Ashenhurst 2010; Bringmann et al. 2011;
Kozlowski et al. 2009). In biological systems, stereochemical
control is provided by proteins, and these proteins thus have
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Fig. 1 Gossypol formation and phylogenetic relationship of DIRs
involved in the process. a Oxidative coupling of two molecules of
hemigossypol results in two atropisomers of gossypol, (P)-(+)-gossypol
and (M)-(—)-gossypol. b The phylogenetic relationship is shown between
GbDIR2 and GhDIR3 and other previously characterized Gossypium
DIRs, as well as the pinoresinol-forming AtDIR6. The phylogenetic
tree was generated at http://www.phylogeny.fr using the programs
MUSCLE for multiple alignment, PhyML for tree building, and
TreeDyn for tree rendering (Dereeper et al. 2008). Branch length is
proportional to the number of substitutions per site

@ Springer

high potential for biotechnological approaches towards
stereoselective biaryl synthesis (Aldemir et al. 2014;
Wezeman et al. 2015). Nature’s toolbox includes enzymes that
provide both, oxidizing activity for phenoxy radical formation
and stereochemical control during radical coupling. Specific
cytochrome P450 monooxygenases, for example, catalyze the
abovementioned intramolecular coupling reaction of (R)-
reticuline, as well as intramolecular coupling of (S)-reticuline,
during morphine and magnoflorine biosynthesis, respectively
(Gerardy and Zenk 1992; Gesell et al. 2009; Tkezawa et al.
2008). Bacterial P450s are responsible for intramolecular C-C
coupling in the biosynthesis of antibiotics (Bischoff et al.
2001; Howard-Jones and Walsh 2006; Li et al. 2011) and for
intermolecular coupling in the biosynthesis of dimeric pre-
anthraquinones (Prig et al. 2014). In fungi, the cytochrome
P450s KtnC and DesC catalyze the regio- and stereo-selective
bi-molecular coupling of dimethyl siderin to P-orlandin and
M-desertorin, respectively (Gil Girol et al. 2012; Mazzaferro
et al. 2015). In addition to cytochrome P450s, some laccases
also were shown to provide both oxidizing capacity and ste-
reochemical control, for example, during the formation of (—)-
dalesconols in Daldinia eschscholzii (Fang et al. 2012) and of
ellagitannins in Tellima grandiflora (Niemetz and Gross
2003a; Niemetz and Gross 2003b), and finally, unidentified
peroxidases were shown to catalyze the oxidative dimeriza-
tion of korupensamines A and B to michellamines A and C
(Schlauer et al. 1998).

A completely different approach towards stereochemical
coupling control is taken by dirigent proteins (DIRs). These
proteins lack oxidizing activity and thus rely on, e.g., laccases
or peroxidases for phenoxy radical formation. These radicals
are then bound by DIRs and guided towards regio- and
enantioselective product formation (Davin and Lewis 2005;
Pickel and Schaller 2013). DIRs have first been described in
Forsythia intermedia (FIDIR1 and 2), where they mediate the
stereospecific formation of (+)-pinoresinol from two coniferyl
alcohol radicals (Davin et al. 1997). The same specificity has
been reported for DIRs from Thuja plicata (TpDIR1-8) (Kim
et al. 2002), Linum usitatissimum (LuDIR1-4) (Dalisay et al.
2015), Pisum sativum (DRR206)(Seneviratne et al. 2015), and
Schizandra chinensis (ScDIR1) (Kim et al. 2012). An
enantiocomplementary activity, directing the bi-molecular
coupling of coniferyl alcohol radicals towards the antipodal
(—)-enantiomer of pinoresinol, has first been described in
Arabidopsis thaliana (AtDIR6) (Pickel et al. 2010) and was
then confirmed for additional DIRs from Arabidopsis
(AtDIRS) (Kim et al. 2012) and L. usitatissimum (LuDIRS
and 6) (Dalisay et al. 2015). Very recently, DIRs were also
shown to be involved in the biosynthesis of the
sesquiterpenoid dimer gossypol in cotton (Effenberger et al.
2015; Liu et al. 2008). During oxidative coupling of
hemigossypol, these DIRs confer stereospecificity to the for-
mation of the central biaryl bond, yielding only one of two
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possible gossypol atropisomers (Effenberger et al. 2015).
These findings indicate that DIR-mediated stereoselective
phenol coupling not only is relevant for phenylpropanoid me-
tabolism in the biosynthesis of lignans but also extends to
entirely different biosynthetic pathways and may thus play a
more general role in plant secondary metabolism.
Furthermore, DIRs have recently been implicated in certain
developmentally controlled lignification processes, where
they contribute to the formation of the Casparian strip in the
developing Arabidopsis root (Hosmani et al. 2013) and to pod
dehiscence in soybean (Funatsuki et al. 2014).

DIRs have great potential in organic synthesis for biomi-
metic approaches towards stereochemically controlled
phenoxy radical coupling and biaryl synthesis (Pickel and
Schaller 2013). However, there are two factors still precluding
amore general application of DIRs as mediators of stereospec-
ificity in organic synthesis. Firstly, we still do not know how
they operate. Based on ligand binding studies and kinetic
modeling of DIR1 from Forsythia, Lewis and coworkers sug-
gested a model in which two phenoxy radicals are sequentially
bound, one to each of the two subunits of the active DIR
homodimer, and oriented in a way that favors a specific cou-
pling mode (e.g., 88’ for pinoresinol formation in the lignan
pathway) resulting in stereospecific product formation (Davin
and Lewis 2005; Halls et al. 2004). However, this model was
challenged by the recently solved crystal structure of
DRR206, a (+)-pinoresinol-forming DIR from pea. The struc-
ture shows DRR206 as a homotrimer, in which the binding
cavities of the three subunits are spatially far apart, not
allowing the bound radicals to engage in the bi-molecular
coupling reaction (Kim et al. 2015). Unfortunately, because
several loops surrounding the potential binding cavity were
not resolved in the structure, alternative modes of substrate
binding and coupling control could not be deduced (Kim
et al. 2015). Without such knowledge, it will be impossible
to adapt DIRs for specific applications and to overcome their
restricted substrate spectrum. In this respect, the engineering
of cotton DIR specificity for 1- or 2-naphthols other than
hemigossypol would be of particular interest, since
enantiomerically pure binaphthols are widely used as ligands
in asymmetric catalysis (Brunel 2005; Zhou 2011) and in the
total synthesis of chiral biaryl natural products (Bringmann
et al. 2011). More structural information is obviously needed
to allow the engineering of DIRs by rational design.

Secondly, and this also relates to the accessibility of milli-
gram quantities of homogenous protein for structure elucida-
tion by X-ray crystallography or protein NMR, efficient ex-
pression systems are needed for the cost-effective, fast, and
robust production of DIRs in quantities that are sufficient for
biotechnological applications. While Escherichia coli may of-
ten be the first choice as a host for protein expression, it is not
an option for DIRs, as previously characterized DIRs seem to
rely on N-linked glycosylation for folding and/or solubility

(Kazenwadel et al. 2013). The presence of a disulfide bond
in, e.g., AtDIR6 may be an additional factor necessitating
eukaryotic cells as expression system (Pickel et al. 2012).
While functional DIRs have in fact been expressed in plant,
insect, and yeast cell cultures, each of these systems suffered
from serious limitations. As an obvious advantage of plant
cells, native-like post-translational modifications can be ex-
pected. On the downside, the generation of transgenic plant
cell cultures is very time-consuming, and reported expression
levels did not exceed 0.2 mg of purified DIR protein per liter
of culture volume (Effenberger et al. 2015; Kim et al. 2015;
Pickel et al. 2010). While expression levels appeared to be
somewhat higher (1 to 1.5 mg L") in insect (Spodoptera
Sf9 and Drosophila S2) cells, considerable heterogeneity
was observed for DIRs expressed in these systems, due to
differential glycosylation (Gang et al. 1999; Kim et al.
2002). In Pichia pastoris, very high expression was achieved
for AtDIR6 (47 mg L") by fed-batch fermentation. However,
hyper-glycosylation that is frequently observed in this system
resulted in an in-homogenous protein preparation
(Kazenwadel et al. 2013).

In the present study, we tried to overcome these limitations
by use of an engineered yeast strain, Pichia GlycoSwitch®
SuperMans (BioGrammatics Inc.). In this strain, the OCHI
gene is disrupted, which codes for the «-1,6-
mannosyltransferase that is responsible for hyper-
mannosylation of glycans in yeast. In addition, by overexpres-
sion of an ER-resident «-1,2-mannosidase, glycans are
trimmed to a more uniform MansGlcNAc, structure (Jacobs
et al. 2009; Vervecken et al. 2004). Two novel DIRs were
produced in this system by fed-batch fermentation, GhDIR3
from Gossypium hirsutum (upland cotton) and GbDIR2 from
Gossypium barbadense (sea island cotton), and characterized
with respect to their ability to mediate atropselective gossypol
formation.

Methods
Materials

Analytical grade chemicals were purchased from Carl Roth
GmbH (Karlsruhe, Germany) or Sigma-Aldrich Chemie
GmbH (Munich, Germany). DNA modifying and restriction
enzymes were from Fermentas (Thermo Fisher Scientific;
Dreieich, Germany) and used according to the manufacturer’s
protocols. Oligonucleotides were obtained from Eurofins
Genomics (Ebersberg, Germany). E. coli strain DH10B [F~
mcrA A(mrr-hsdRMS-mcrBC) ¢80dlacZAM15 AlacX74
endAl recAl deoR A(ara,leu)7697 araD139 galU galK
nupG rpsL N ] and the Pichia GlycoSwitch® expression
strain (P. pastoris SuperMans, HIS", pep4A, mut") were
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obtained from Invitrogen (a Thermo Fisher Scientific compa-
ny) and BioGrammatics Inc. (Carlsbad, CA, USA),
respectively.

Expression constructs

The open reading frames (ORFs) of mature GbDIR2
(GenBank AAY44415) and GhDIR3 (AFP65784) were
codon-optimized for expression in P. pastoris using the
GeneOptimizer® algorithm (Raab et al. 2010). The ORFs
were extended at the 3'-end with six codons for histidine and
custom synthesized by GeneArt Gene Synthesis (Thermo
Fisher Scientific), including Xhol and Xbal restriction sites
at the 5- and 3'-ends, respectively. The ORFs were then cloned
into pPICZaB (Invitrogen), under the control of the AOX1
promoter and terminator, and in frame with the oc-factor signal
peptide. The vector was amplified in E. coli DH10B, linear-
ized with Sacl, and transformed into Pichia GlycoSwitch by
electroporation according to the protocols of Invitrogen.
Transformants were selected on yeast extract-peptone-
dextrose-sorbitol (YPDS) agar containing 100 pg/mL Zeocin.

Fed-batch fermentation

To generate the inoculum, a pre-culture was grown from a
single colony in 100 mL buffered complex glycerol medium
(BMGY) at 220 rpm and 28 °C. When ODgqo Was between 3
and 4, the pre-culture was added to 1 L basal salts medium
(18.2 g K,S0y, 14.9 g MgSO,4 x TH,0, 4.13 g KOH, 093 g
CaS0O,4 x 2H,0, 26.7 mL 85% H5PO,), supplemented with
4.35 mL PTM; trace salts (1 L PTM; contained 6 g CuSO4 x
5H,0, 0.08 g Nal, 3.0 g MnSO,4 x H,0, 0.5 g CoCl,, 20.0 g
ZnCl,, 0.02 g H3BOs, 0.2 g Na,MoO, x 2H,0, 65.0 g FeSO,
x 7TH,0, 0.2 g biotin and 5 mL H,SO,) and 4% (w/v) glycerol
in a Infors HT Labfors-4 bioreactor (7.5 L vessel volume;
Infors GmbH, Einsbach, Germany). Fermentation parameters
were monitored and controlled with IRIS 2.0 (V5.3) software
(Infors HT). Temperature was maintained at 28 °C, pH at 5.0
with aqueous NH4OH (25%), and stirrer speed at 600 rpm.
Initial airflow was set at 4 L/min. The culture was grown until
the initial glycerol was consumed as indicated by a dissolved
oxygen (DO) spike after 2448 h. In the subsequent glycerol
fed-batch phase, 50% (w/v) glycerol and 12 mL/L PTM; trace
salts were fed at 18 mL/h for 5 h. When a DO spike indicated
consumption of all glycerol, methanol (12 mL/L PTMI1 salts
in 100% methanol) was added to induce protein expression
under control of the AOX1 promoter. The MeOH feeding rate
needed some optimization. We started out with an initial rate
of 1.8 mL/h that was increased after 3 to 5 h to 3.6 mL/h, as
shown for the fermentation of GhDIR3 shown in Fig. 1b.
However, GlycoSwitch SuperMans turned out to be more
sensitive to MeOH toxicity than conventional Pichia strains,
and therefore, feeding rates were reduced to 0.8 mL/h,
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initially, and 1.8 mL/h at 3 to 5 h later. Continuous growth
of the culture throughout the fed-batch fermentation phase
was only observed with these reduced MEOH concentrations
(compare Fig. 2a, b). Airflow was adjusted as needed to main-
tain DO above 20%. Stronger oscillation of the DO curve in
Supplementary Fig. Sla as compared to Supplementary
Fig. S1b is due to the increased metabolic activity at lower
MeOH concentrations. Daily samples were taken to monitor
the increase in cell mass and recombinant protein expression.
After 5 to 6 days of methanol fed-batch fermentation, the
culture was harvested and the culture supernatant containing
the recombinant DIRs was separated from the cells by centri-
fugation at 3200xg, for 30 min at 4 °C.

Protein purification and quantification

Recombinant GbDIR2 and GhDIR3 were purified by metal
chelate affinity chromatography on Ni**- nitrilotriacetic acid
(NTA) agarose (Qiagen; Hilden, Germany). To this end, the

a 5 5
© ©
35071 2 ¢ £} MeOH fed batch r 60
= D
sie
04 83 3 feo
)] [ : go o]
) ] 5
3 0 P og g8 F° L 40
£ 200, 3 9% o °F g
2 i fmg © L3 a
z 150 o | o
2 P GbDIR2 |20
100 4 é? !
H 1
50 4 : ! - 10
1
0 — : : 0
50 100 150 200
time [hrs]
S S
b 5 3
250 g E, | MeOH fed batch
S 5
] °© 8
- 200 s I ,} s
= o
g, 150 - g
[} H 1
; H 1
= : ! GhDIR3
g 1001 o
= : |
1
50 !
1
o 1
op—2 i
0 50 100 150 200
time [hrs]

Fig. 2 Fed-batch fermentation of GbDIR2 and GhDIR3. The increase in
cell density was monitored as ODggg (diamonds) and/or fresh weight
(squares) for GbDIR2 (a) and GhDIR3 (b). Standard deviation is
shown for the mean of three individual samples. Dotted lines, shift from
glycerol batch to fed-batch process; dashed lines, shift to methanol fed-
batch process. Dissolved oxygen, pH, temperature, stirrer speed, and
feeding rate were monitored and controlled by IRIS 2.0 (Infors HT) and
are shown in Supplementary Fig. S1
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culture supernatant was adjusted to 10 mM imidazole and
100 mM potassium phosphate pH 6.0. After addition of
Ni?*-NTA agarose (6 mL/L), the slurry was incubated for
2 h at4 °Cunder constant agitation. The matrix was recovered
by centrifugation (100xg, 5 min, 4 °C) and washed three times
in two volumes potassium phosphate buffer (100 mM,
pH 6.0), 300 mM NacCl, and 20 mM imidazole. Bound pro-
teins were eluted from the matrix by three additions of one
volume 300 mM imidazole in the same buffer. The entire
purification procedure was repeated as needed to recover all
DIR protein from the culture supernatant. Fractions were an-
alyzed for protein content using the Bradford procedure and
bovine serum albumin as reference protein (Bradford 1976).
Fractions that tested positive for DIR proteins on western blots
were combined and stored at —80 °C.

SDS-PAGE and western blot analysis

SDS-PAGE analysis was performed on 14% polyacrylamide
gels using the discontinuous buffer system described by
Laemmli (1970). Gels were stained with Coomassie Brilliant
Blue R250 and documented on a Gel Doc EZ system
(BioRad; Munich, Germany). For western blot analysis, a
trans-blot SD semidry transfer cell (BioRad) was used for
protein transfer onto nitrocellulose membranes (Schleicher
& Schuell Protran 85; Hartenstein GmbH, Wiirzburg,
Germany). An affinity purified polyclonal antibody (Perbio
Science; Bonn, Germany) directed against a peptide
(DPLRTGPEPDSELIG) that is conserved among cotton
DIRs was used at 1:500 as the primary antibody, with goat-
anti-rabbit IgG horseradish peroxidase conjugate (1:10,000,
Calbiochem/Merck; Schwalbach, Germany) as secondary an-
tibody as described (Effenberger et al. 2015). Blots were de-
veloped by enhanced chemiluminescence (ECL) and expo-
sure to X-ray film. Alternatively, the chemiluminescence sig-
nal was detected and quantified with a C-DiGit blot scanner
(Li-COR; Bad Homburg, Germany).

Deglycosylation of DIRs

Affinity purified DIRs were dialyzed against 0.1 M MES
(2-(N-morpholino)-ethanesulfonic acid) pH 5.5 and ultra-
filtrated on Vivaspin 20 (10 kDa cutoff; Sartorius AG;
Gottingen, Germany) to a final concentration of 2.5 mg/mL.
For deglycosylation, 10 ng of each DIR was incubated with
1 U EndoHy (New England Biolabs; Ipswich, MA, USA) in
20 pL 1x G5 reaction buffer for 2 h at 30 °C according to the
manufacturer’s recommendations. Soluble and insoluble frac-
tions were separated by centrifugation (14,000xg, 10 min).
The sediment was washed with 500 uL reaction buffer. The
supernatant was analyzed for dirigent activity using the stan-
dard assay system.

Assay of dirigent activity

The dirigent assay for atropselective formation of gossypol
was based on Liu et al. (2008) and modified as described
(Effenberger et al. 2015). The reaction mixture contained
80 uM hemigossypol, Trametes versicolor laccase (4 mU),
and dirigent proteins at the indicated concentrations (0 to
5 pg) in a total volume of 300 uL 0.1 M MES pH 5.5. The
reaction was started by addition of laccase. After 15 min at
30 °C under constant agitation, the reaction was terminated by
three extractions with 300 uL n-hexane/ethyl acetate (1:1).
The combined extracts were evaporated to dryness (Savant
SpeedVac Concentrator; Thermo Scientific). The residue
was resuspended in 100 pL derivatizing reagent (2 mL D-
alaninol, 10 mL glacial acetic acid in 100 mL N,N-
dimethylformamide) and incubated at 100 °C for 30 min.
The resulting diastereomeric Schiff base adducts of substrate
and products were analyzed by reversed-phase (RP) HPLC
essentially as described (Hron et al. 1999). Briefly, 100 uL
HPLC solvent was added (60% A (10 mM KH,PO,/H;POy4
pH 3.0), 40% B (acetonitrile; ACN)), and 100 uL of the so-
lution was injected onto a Gemini-NX C18-column
(250 x 4.6 mm, 5 p) equipped with a corresponding guard
column (4 x 3 mm; Phenomenex; Aschaffenburg, Germany)
on a LaChrom HPLC system (D-7000 system manager, L-
7000 interface, L-7100 pump, L-7250 autosampler, L-7455
diode array detector; Merck Hitachi, Mannheim, Germany)
run at 1 mL/min with gradient elution (40-80% B in 15 min,
10 min isocratic hold at 80% B, 80-40% B in 10 min) and
detection at 254 nm. The ratio of gossypol atropisomers was
calculated as enantiomeric excess (ee) of one gossypol enan-
tiomer over the other as ee (%) = (a — b)/(a + b) x 100, with a
and b corresponding to the peak areas for (+)- and (—)-gossy-
pol, respectively.

Mass spectrometric analysis and glycan structure

Deglycosylated GbDIR2 and GhDIR3 were in-gel-digested
with chymotrypsin (Roche, Penzberg, Germany) according
to Shevchenko et al. (1996) using a modified incubation buff-
er (100 mM Tris/HC1 pH 7.6, 10 mM CaCl,). After digestion,
the gel pieces were extracted with 50% ACN/50% 0.1%
formic acid (FA) (v/v) for 15 min. The supernatant was col-
lected, and the gel pieces were covered with 5% FA for 15 min
before the same volume of ACN was added. After incubation
for 10 min, the supernatant was collected. The pooled super-
natants were then dried in a vacuum centrifuge and stored at
—20 °C. Dried samples were dissolved in 0.1% FA.

The in-solution digests of DIRs were performed in 100 mM
Tris/HCI pH 7.6 and, 10 mM CaCl,. After reduction with
10 mM DTT and alkylation with 30 mM chloroacetamide,
samples were digested overnight at 37 °C by adding 1 pg
chymotrypsin (Roche, Penzberg, Germany). The reaction
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was stopped by addition of trifluoroacetic acid (TFA). The
peptides were desalted over C18-STAGE tips (Rappsilber
et al. 2003), dried in a vacuum concentrator, and dissolved
in 5% ACN and 0.1% acetic acid. Mass spectrometry (MS)
analysis was performed as described (Cedzich et al. 2009;
Pickel et al. 2010), and data were analyzed using Mascot
(Matrix Science, UK) and Byonic (Protein Metrics, USA) as
search engines.

Accession numbers

The codon-optimized sequences for GhDIR3 and GbDIR2
were submitted the European Nucleotide Archive
(http://www.ebi.ac.uk/ena) and were assigned accession
numbers LT605201 and LT605202, respectively. The
GenBank accessions for the original unmodified sequences
are JX096805 and DQO018709, respectively.

Results

We recently cloned and characterized GhDIR4, a dirigent pro-
tein from G. hirsutum var. marie-galante that mediates
atropselective coupling of hemigossypol radicals to (+)-gos-
sypol in vitro (Effenberger et al. 2015). Consistent with the
specificity of GhDIRA4, this particular variety of upland cotton
accumulates (+)-gossypol in up to 90% enantiomeric excess
(Cass et al. 1991). An enantiocomplementary DIR may thus
be expected in plants that contain an excess of the antipodal
(—)-gossypol. Therefore, we looked at DIRs from
G. barbadense which is exceptional among cotton species
since it produces gossypol in a 3:2 ratio of the (—)- over the
(+)-isomer (Cass et al. 2004; Jaroszewski et al. 1992).
However, GbDIR1 that was cloned from G. barbadense and
transiently expressed in Nicotiana benthamiana did not show
any dirigent activity with respect to gossypol formation, sug-
gesting that hemigossypol is not a substrate (Effenberger et al.
2015). In the present study, we addressed the function of
GbDIR?2, a second DIR from G. barbadense, and compared
it to GhDIR3, the closest homolog in G. hirsutum (Fig. 1b).
P, pastoris was chosen as host for heterologous expression of
GbDIR2 and GhDIR3.

Our initial attempts to express His-tagged GhDIR4 in
P. pastoris failed. The same system (pPICZxA vector for
methanol-inducible expression in P. pastoris strain X-33) that
was previously employed for high-level expression of
AtDIR6 (Kazenwadel et al. 2013) did not result in satisfactory
expression levels, and furthermore, strong hyper-
glycosylation of the recombinant protein was observed
(Supplementary Fig. S2). Therefore, to enhance expression
levels, we optimized the sequences of GbDIR2 and GhDIR3
for codon usage in P. pastoris (GeneOptimizer®; Raab et al.
2010) and used an engineered P. pastoris strain to prevent
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hyper-glycosylation. In Pichia GlycoSwitch® (SuperMans
(pep4-); BioGrammatics Inc., Carlsbad, CA, USA), N-linked
glycosylation entails more uniform MansGlcNAc, modifica-
tions at NxS/T consensus sites (Jacobs et al. 2010).

Fed-batch fermentation in P. pastoris SuperMans

For optimum yields, high-density fed-batch fermentation of
P. pastoris SuperMans, bearing methanol-inducible expres-
sion constructs for GbDIR2 and GhDIR3, was performed in
a Labfors4 bioreactor. Both fermentations proceeded compa-
rably (Fig. 2; Supplementary Fig. S1). Cells were initially
grown in batch culture on glycerol as carbon source. When
the initial glycerol was depleted, after 23 h for GbDIR2
(Fig. 2a) and 47 h for GhDIR3 (Fig. 2b), more glycerol was
fed over 5 h to allow for a further increase in cell density.
Upon consumption of this glycerol as indicated by a spike in
dissolved oxygen after 43 h for GbDIR2 and 70 h for GhDIR3
(Supplementary Fig. Sla, b), the methanol feed was initiated
to induce protein expression from the AOX1 promoter.
Optimized methanol concentrations supported continuous
growth of the culture and a moderate increase in cell density
during the methanol fed-batch phase for GbDIR2 (Fig. 2a),
while no further increase was observed for GhDIR3 (Fig. 2b).
Final cell densities reached 285 and 193 g L™" for GbDIR2
and GhDIR3, respectively. After 5 to 6 days of methanol fed-
batch processing, the culture was harvested and the cells were
separated from the culture supernatant containing the recom-
binant DIRs by centrifugation. Recombinant DIRs were puri-
fied by metal chelate affinity chromatography on Ni-NTA
agarose resulting in 12 and 15 mg L™" of culture volume for
GbDIR2 and GhDIR3, respectively.

Dirigent activity of GbDIR2 and GhDIR2 expressed
in P, pastoris

The activity of GbDIR2 and GhDIR3 with respect to
atropselective synthesis of gossypol from hemigossypol was
tested in presence and absence of laccase from 7. versicolor
(Fig. 3a). In absence of laccase, hemigossypol was not con-
sumed and gossypol formation was not observed. With
laccase alone, the two gossypol atropisomers were formed in
equal amounts. In presence of laccase with either GbDIR2 or
GhDIR3, there was a clear increase in (+)-gossypol at the
expense of the (—)-enantiomer (Fig. 3a). The data indicate that
GbDIR2 and GhDIR3, like previously described DIRs, lack
oxidizing activity and depend on laccase/O, for the formation
of substrate radicals by one-electron oxidation of
hemigossypol. Both DIRs direct the radical coupling reaction
towards (+)-gossypol formation and thus resemble the previ-
ously characterized GhDIR4 and GaDIR1 from G. arboreum
with respect to enantioselectivity (Effenberger et al. 2015).
The enantiomeric excess of (+)-gossypol depended on the
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Fig. 3 Activity of GbDIR2 and GhDIR3. a GbDIR2 and GhDIR3 lack
oxidizing activity. The conversion of hemigossypol to gossypol was
monitored by derivatization of reaction products with D-alaninol.
Diastereomeric Schiff base adducts of substrate (hemigossypol; gray
bars) and products ((+)- and (—)-gossypol; black and white bars,
respectively) were separated and quantified by RP-HPLC. The presence
or absence of laccase (L) and addition of GbDIR2 (Gb2) or GhDIR3
(Gh3) is indicated. Values represent the mean =+ standard deviation of
three independent assays. b Atropselective formation of (+)-gossypol
by GbDIR2 and GhDIR3. The enantiomeric excess (ee in percent) of
(+)-gossypol formation is shown for increasing amounts (pg) of
GbDIR2 (squares) or GhDIR3 (diamonds) in the assay. Values
represent the mean + standard deviation of three independent assays

DIR concentration reaching saturation at 80 and 85% ce
with about 10 and 20 pg protein in the assay for GbDIR2
and GhDIR3, respectively (Fig. 3b). The specific activity of
these protein preparations is thus about 10-fold lower than that
of GhDIR4 that was purified to homogeneity from a plant cell
culture expression system (Effenberger et al. 2015).

Enzymatic deglycosylation

SDS-PAGE analysis of the purified proteins showed a pre-
dominant but diffuse band with an apparent molecular mass
of 30 kDa for both GbDIR2 and GhDIR3 (Fig. 4a). This is
considerably more than the mass calculated for GbDIR2
(M, = 16,208) and GhDIR3 (M, = 16,359) suggesting that
the proteins were glycosylated. Indeed, the apparent
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molecular weight was reduced upon enzymatic deglycosyla-
tion with EndoH; resulting in a well-defined band at about
19 kDa for both proteins. Since glycosylation was reported
to be required for solubility and function of the pinoresinol-
forming AtDIR6 (Kazenwadel et al. 2013), we tested the ef-
fect of deglycosylation on solubility and activity. After treat-
ment with EndoHy, GbDIR2 and GhDIR3 were separated into
soluble and insoluble fractions by centrifugation.
Interestingly, western blot analysis detected both proteins in
the supernatant, while only a minor, apparently partially de-
glycosylated fraction was found in the sediment (Fig. 4b). The
deglycosylated proteins showed an increased tendency to
form soluble, stable oligomers, presumably the trimer in case
of GhDIR3 and trimer and tetramer for GbDIR2 (Fig. 4b).
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<« Fig. 4 N-linked glycosylation of GbDIR2 and GhDIR3 is not required
for activity. a SDS-PAGE analysis of GhDIR2 and GbDIR3. The DIRs
were expressed in batch culture, purified by metal chelate affinity
chromatography and separated by SDS-PAGE with (+) and without (—)
deglycosylation by EndoHy. A Coomassie-stained 14% gel is shown. b
Deglycosylated DIRs are soluble. GbDIR2 and GhDIR3 (10 pg; affinity
purified after fed-batch fermentation) were deglycosylated with EndoHy
(1U, 2 h, 30 °C). Soluble (S) and insoluble fractions (P) were separated
by centrifugation (16,000xg, 10 min); aliquots (0.5 pg) were separated by
SDS-PAGE (left panel) and analyzed by western blot (right panel) using
an affinity-purified DIR antiserum and enhanced chemiluminescence
(ECL) detection. a, b The position of the deglycosylated DIRs is marked
by an asterisk and that of potential trimers and tetramers by black
triangles. Open triangles mark the position of EndoHy. The mass of
marker proteins (M) is indicated in kilodalton. ¢ Deglycosylated DIRs
are active. The activity of 1 pg (gray bars) and 5 ug (black bars)
GbDIR2 (Gh2) and GhDIR3 (Gh3) was analyzed before (/ -) and after
deglycosylation (+E), and compared to the control without DIRs (con;
white bar). Activity is shown in percent ee of (+)-gossypol formation.
Values represent the mean of three assays + standard deviation

Importantly, deglycosylation did not affect the activity of
GbDIR2 and GhDIR3. The ee of (+)-gossypol formation
was the same before and after EndoHy treatment (Fig. 4c).

Glycosylation sites and glycan structure

For the identification of glycosylation sites, we used chymo-
trypsin for an in-gel digest of the deglycosylated DIRs (cf.
Fig. 4a). EndoH; cleaves between the two N-
acetylglucosamine (GlcNAc) units in the diacetylchitobiose
core of high-mannose glycans. This leaves one GIcNAc
linked to the Asn resulting in a relative mass increase of
203.079 facilitating the identification of glycosylation sites
by mass spectrometry (MS). In addition, the fully glycosylated
forms of the two proteins were digested with chymotrypsin in
solution. Chymotryptic peptides identified by LC-ESI-MS/
MS covered 93 and 89% of the GbDIR2 and GhDIR3 se-
quences, respectively, allowing the identification of the same
5 to 6 glycosylation sites at N60, N64/N65, N104, N121, and

GbDIR1
GbDIR2
GhDIR3

khkkk  ekkkekkkk o

GbDIR1
GbDIR2
GhDIR3

N168 in GbDIR2 and GhDIR3, respectively (Fig. 5;
Supplementary Figs. S3—S5). At N64/N65, there are two po-
tential glycosylation sites flanking each other. Since differen-
tiation between these two glycosylation sites by the search
engines was based on a single low abundant fragment ion
(Supplementary Fig. S5), MS/MS analysis of the glycosylated
peptides could not discriminate unambiguously which of the
two sites was modified. Therefore, we cannot say whether one
of the sites is glycosylated preferentially or not. However,
glycosylation of one of the two sites seems to preclude glyco-
sylation of the other, since we did not identify any peptides
carrying GlcNAc modifications at both Ns. In addition to
these six sites, there is one more potential NxS/T glycosyla-
tion site in GbDIR2 and GhDIR3 at N159 (Fig. 5). In our MS
analysis, chymotryptic peptides that included N159 could not
be identified, neither in the glycosylated nor in the unmodified
form. Therefore, it remains unclear whether or not this site is
glycosylated as well.

The in-solution digest of the glycosylated DIRs also pro-
vided insight into the structure of the glycan chains linked to
N121 and N168. MS/MS spectra indicated predominantly
HexsHexNAc, modifications at N121 which is consistent
with the structure expected for the engineered Pichia strain,
i.e., five mannoses attached to the chitobiose core of two
GIlcNAc. However, in both GbDIR2 and GhDIR3, there was
also a minor contribution of Hexs-HexNAc, at this site (data
not shown). Glycan chains at N168 were more diverse, with 5
to 7 mannose moieties (Hexs sHexNAc,) for GhDIR3 and 4
to 10 (Hex4_19HexNAc,) in GbDIR2 (Supplementary
Fig. S6). The relative abundance of the different glycan chains
at N168 of GbDIR2 was quantified on basis of the normalized
signal intensities for the corresponding peptides. Consistent
with the expected MansGIcNAc, structure, the glycoform
with five hexoses amounted to more than 90% of all glyco-
peptides, while other glycoforms with 4, 6, 7, 8, 9, or 10
hexoses were detected at a much lower relative abundance
of 0.4, 5, 0.6, 2, 0.6, and 0.2%, respectively (Supplementary
Fig. S7).

MRGTLMLSWVLIICLSLVAVQSQYYSETLPYRPRPVKVTNLHFFMLEFTGITAVQVAQVN 60
MRGTSVLSWILIICVCQVAVRSQYYSDTLPYQPRPVLVTNLHFYMHEFTGTTAVVLTQAN 60
MRGTSVLSWILIICLSQVAVRSQYYSDTVPYHPRPVVVTNLHFYMHEFTGTTAVVLTQAN 60

Khkk e khkhkkkekhkohkehhkk hhkkhkkksk *kkk *k*

s ek K

ITSSDNNSSVPFASLVAVNDPLRTGPEPDSELIGNVQGIALLAGTNASSTQYIDFGENTG 120
ITS--NNSSVPFATLVAVNDPLRTGPEPDSELIGNVQGISLLAGSNASSTQYIDFGENTG 120
ITS--NNSSVPFATLVAINDPLRTGPEPDSELIGNVQGMSLLAGSNASSTQYIDFEFNTG 120
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KLNGSSLSVFSRGEPGLAVVGGRGRFMMATGVALENPILINATNVIIEFNVTVIHY

GbDIR1 176
GbDIR2 KFNGSSLSVFSRGEAGLAVVGGRGQFAMATGTALFNPLLINATNVIIEFNVTVIHY 174
GhDIR3 KFNGSSLSVFSRGEAGLAVVGGRGQFAMATGTALFNPLLINATNVIMEFNFTVIHY 174

Kok khkhkhhhkhkhhhkk hhkhhkhkhhhkhk ek Khhhk hhkhhkehhhhhkhkekhh *hkhkksk

Fig. 5 Glycosylation sites of GbDIR2 and GhDIR3. A sequence
alignment of GbDIR1, GbDIR2, and GhDIR3 was generated with
Clustal €2 (Sievers et al. 2011). Identical, highly conserved, and less-
conserved sites are marked with asterisks, colons, and periods,
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respectively. Signal peptide sequences are shown in blue italics.
Potential N-linked glycosylation sites in the NxS/T sequence context
are highlighted in magenta. Experimentally confirmed sites are shown
in bold (color figure online)
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Discussion

The goals of this study were 2-fold. Firstly, we aimed at im-
proving heterologous expression of DIRs by using an
engineered P. pastoris host strain for more uniform glycosyl-
ation, and secondly, we intended to functionally characterize
two novel DIRs, GbDIR2 from G. barbadense and GhDIR3
from G. hirsutum.

Both proteins were found to mediate atropselective radical
coupling resulting in the formation of (+)-gossypol from
hemigpossypol in presence of laccase/O, as the oxidant.
Enantioselectivity is thus the same as for the previously char-
acterized GhDIR4 and GaDIR1. This result was expected for
GhDIR3 from G. hirsutum var. marie-galante, since this vari-
ety contains (+)-gossypol in large enantiomeric excess. The
enantiomeric composition of the gossypol pool is thus consis-
tent with the atropselectivity observed for GhDIR3 in vitro,
and this protein may thus participate in gossypol synthesis
in vivo. G. barbadense, on the other hand, contains a moder-
ate 3:2 excess of (—)-gossypol in seeds and hairy root cultures
(Cass et al. 2004; Frankfater et al. 2009; Jaroszewski et al.
1992), suggesting the involvement of a (—)-gossypol-forming
DIR in gossypol biosynthesis. Hence, considering the scarcity
of (+)-gossypol, the identification of GbDIR2 with (+)-selec-
tivity was unexpected. However, the constitutive expression
of GbDIR?2 appears to be low and its contribution to gossypol
biosynthesis in healthy plants may thus be limited (Zhu et al.
2007). GbDIR2 expression is strongly induced after
Verticillium dahliae infection (Zhu et al. 2007), as part of the
defense response that is mediated by the ethylene and
jasmonate signaling pathways in cotton plants (Gao et al.
2013; Guo et al. 2016). Consistent with the induced expres-
sion of GbDIR2, the enantiomeric composition of the gossy-
pol pool in G. barbadense hairy roots changes in response to
methyl jasmonate treatment from scarcity (2:3) to an excess
(3:2) of (+)- as compared to (—)-gossypol (Frankfater et al.
2009). The activity of GbDIR2 therefore seems to be relevant
only after Verticillium infection, and by mediating (+)-gossy-
pol formation, it may contribute to the resistance of
G. barbadense to Verticillium wilt. The DIR that is responsi-
ble for the enantiomeric excess of (—)-gossypol in uninfected
G. barbadense remains to be identified. The identification of
such a DIR would be desirable from a biotechnological point
of'view, as it may pave the way for the biomimetic synthesis of
(—)-gossypol, which is the pharmacologically relevant enan-
tiomer (Keshmiri-Neghab and Goliaei 2014; Lan et al. 2015).

Any biotechnological application will rely on an efficient
expression system for functional DIRs. Such a system was
established here using the engineered P. pastoris
SuperMans. Fed-batch fermentation yielded 12 mg L™
GbDIR2 and 15 mg L™ GhDIR3 after metal-chelate affinity
purification of the (His)s-tagged proteins. This translates into a
60- and 75-fold increase in protein production, respectively, as

compared to the plant cell culture system that was used for the
expression of the related GhDIR4 protein (Effenberger et al.
2015). Using P. pastoris SuperMans as expression host, we
achieved a reduction in hyper-glycosylation as compared to
the commonly used strain X-33. SuperManjs lacks a functional
OCH 1 gene coding for the mannosyltransferase that is respon-
sible for hyper-glycosylation and, in addition, expresses an «-
1,2-mannosidase that trims Mang glycans down to Mans
resulting in >90% MansGlcNAc, (Jacobs et al. 2009;
Vervecken et al. 2004). Greater than 90% MansGIlcNAc, gly-
cosylation was also reported for secreted granulocyte-
macrophage colony-stimulating factor that was produced by
the engineered Pichia strain in a fed-batch fermentation pro-
cess similar to the one established here (Jacobs et al. 2010).
Recombinant human mast cell chymase that was expressed in
this system also showed a reduction in hyper-glycosylation,
even though the composition of N-linked glycans was not
analyzed in this study (Smith et al. 2014). In the present study,
MansGIcNAc, was confirmed as the predominant modifica-
tion of Gossypium DIRs produced in SuperMans, with >90%
relative abundance at N168 of GbDIR2 (Supplemental
Fig. S7), and only a minor contribution of other glycans car-
rying 4 to 10 mannose moieties. Therefore, much more uni-
form glycosylation was achieved in SuperMans as compared
to the hyper-glycosylation of GhDIR4 expressed in Pichia
strain X-33 (Supplemental Fig. S2) and compared to the 9 to
13 mannose moieties that were observed for Arabidopsis
DIR6 expressed in the latter system (Kazenwadel et al. 2013).

The choice of P. pastoris as the expression host offers an
additional advantage over the plant cell culture system previ-
ously used for the expression of GhDIR4 (Effenberger et al.
2015). The complex glycans of higher eukaryotes are resistant
to cleavage by EndoH. Plant glycans also are resistant to
cleavage by the endoglycosidase PNGaseF, because of the
plant-specific addition of «-1,3-linked fucose to the proximal
GlcNAc of the conserved ManzGlcNAc, core (Rayon et al.
1998; Wilson et al. 2001; Tretter et al. 1991). The high-
mannose glycans in Pichia, on the other hand, are readily
cleaved by PNGaseF and by EndoHy that was used in this
study. Deglycosylation of GbDIR2 and GhDIR3, followed
by chymotrypsin digestion and MS analysis of the resulting
peptides identified five or six identical glycosylation sites in
both proteins (the ambiguity being caused by the vicinal N64
and N65 sites). While these glycosylation sites appear to be
conserved in gossypol-forming DIRs and may be relevant
during protein folding and/or passage through the secretory
pathway, the glycans are not required for the function of the
mature proteins, as the deglycosylated DIRs retained full ac-
tivity. This is in sharp contrast to pinoresinol-forming DIRs
which possess only two conserved glycosylation sites. These
sites are distinct from those in gossypol-forming DIRs, and
importantly, they are essential for function. Deglycosylation
of AtDIR6 with PNGaseF resulted in a progressive loss of
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activity and solubility of the protein (Kazenwadel et al. 2013),
while GbDIR2 and GhDIR3 retained activity after deglyco-
sylation by EndoHg. Therefore, N-linked glycan chains are
dispensable for the function of GbDIR2 and GhDIR3; the
single N-acetylglucosamine that remains attached to the aspar-
agine after EndoH; treatment appears to be sufficient. The
excellent expression levels that can be achieved by Pichia
SuperMans fed-batch fermentation concomitant with the su-
perior homogeneity of the deglycosylated protein preparation
will greatly facilitate future efforts to crystallize these
gossypol-forming DIRs in order to elucidate their structure
and mechanism of action.
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