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Cinnamoyl-coenzyme A reductase (CCR) catalyzes the reduction of hydroxycinnamoyl-coenzyme A (CoA) esters using NADPH
to produce hydroxycinnamyl aldehyde precursors in lignin synthesis. The catalytic mechanism and substrate specificity of
cinnamoyl-CoA reductases from sorghum (Sorghum bicolor), a strategic plant for bioenergy production, were deduced from
crystal structures, site-directed mutagenesis, and kinetic and thermodynamic analyses. Although SbCCR1 displayed higher
affinity for caffeoyl-CoA or p-coumaroyl-CoA than for feruloyl-CoA, the enzyme showed significantly higher activity for the
latter substrate. Through molecular docking and comparisons between the crystal structures of the Vitis vinifera dihydroflavonol
reductase and SbCCR1, residues threonine-154 and tyrosine-310 were pinpointed as being involved in binding CoA-conjugated
phenylpropanoids. Threonine-154 of SbCCR1 and other CCRs likely confers strong substrate specificity for feruloyl-CoA over
other cinnamoyl-CoA thioesters, and the T154Y mutation in SbCCR1 led to broader substrate specificity and faster turnover.
Through data mining using our structural and biochemical information, four additional putative CCR genes were discovered
from sorghum genomic data. One of these, SbPCCR2, displayed greater activity toward p-coumaroyl-CoA than did SbCCR1,
which could imply a role in the synthesis of defense-related lignin. Taken together, these findings provide knowledge about
critical residues and substrate preference among CCRs and provide, to our knowledge, the first three-dimensional structure

information for a CCR from a monocot species.

Cinnamoyl-CoA reductase (CCR; EC 1.2.1.44) cata-
lyzes the first committed reaction toward the biosyn-
thesis of monolignols in plants. It hydrogenates
hydroxycinnamoyl-CoA thioesters, producing the cor-
responding hydroxycinnamaldehydes and CoASH in
an NADPH-dependent reaction. CCR activity was first
reported by Wengenmayer et al. (1976) in soybean
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(Glycine max) suspension cultures; the cloning of a CCR
cDNA, from Eucalyptus gunnii, was first reported by
Lacombe et al. (1997). The position of CCR in the phe-
nylpropanoid pathway gives it a pivotal role in
directing metabolic flux toward flavonoids and stil-
benes or monolignols, hydroxycinnamic acids, and,
depending on the species, hydroxycinnamoyl esters.
The most common monolignols are p-coumaryl, con-
iferyl, and sinapyl alcohols. They are directed to the
secondary cell walls, where they undergo oxidative
coupling to form lignin polymers. The structures in
lignin derived from the aforementioned monolignols
are referred to as p-hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) residues (Ralph et al., 2004). Lignin fills
the voids left between the complex network formed by
cellulose microfibrils and hemicellulosic polysacchar-
ides in secondary cell walls. The addition of lignin
provides hydrophobicity to xylem cells and improves
the mechanical strength of cells, providing structural
support. Lignin also can be formed as a mechanical
barrier in response to fungal infections or attacks from
insects (Vanholme et al., 2010).

The cloning of E. gunnii CCR enabled the cloning of
several of its orthologs. This resulted in the identifica-
tion of two CCR genes in maize (Zea mays; Pichon et al.,
1998) and Arabidopsis (Arabidopsis thaliana; Lauvergeat
et al., 2001). Expression studies revealed that, in both
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species, CCR1 is involved in lignification of stem
tissues, whereas CCR?2 is involved in lignification in
response to attack by pathogens. In barrel clover
(Medicago truncatula), however, the different CCR
paralogs appear to have distinct substrate specificity,
with CCR1 displaying a preference for feruloyl-CoA
and CCR2 for p-coumaroyl-CoA and caffeoyl-CoA
(Zhou et al,, 2010). The role of CCR in lignification
has been investigated with the use of mutants and
transgenics. The vascular tissue of transgenic tobacco
(Nicotiana tabacum), in which CCR was down-regulated,
had thinner walls, brown vascular tissue, reduced lig-
nin concentration, an increase in the S-G ratio, and
displayed reduced growth and tissue abnormalities
(Piquemal et al., 1998). The secondary cell walls in
these plants contained tyramine ferulate, which was
hypothesized to be a sink for the accumulated feruloyl-
CoA esters (Ralph et al., 1998). The Arabidopsis irreg-
ular xylem4 mutant, identified based on its collapsed
xylem phenotype, was shown to have a defective CCR1
gene (Jones et al.,, 2001). This phenotype could be
reproduced by transgenic down-regulation of CCR1
(Goujon et al., 2003). Excess feruloyl-CoA resulting
from reduced CCR1 expression was converted to fer-
uloyl malate (Derikvand et al., 2008). Two independent
Arabidopsis ccr]l mutants contained less lignin than the
wild-type control. The lignin of these mutants had a
higher proportion of H residues and a lower proportion
of S residues (Van Acker et al., 2013). In contrast, in
maize, analysis of the transposon insertion mutant
Zmccrl™, which had 31% residual CCR1 expression,
showed slightly reduced lignin concentration in stem
tissue, a slight increase in the S-G ratio, and a reduction
in H residues. In addition, the organization of the
sclerenchyma fibers was affected. The expression of
several cell wall-related genes was decreased in
this mutant, while several genes involved in flavo-
noid biosynthesis showed higher expression levels
(Tamasloukht et al., 2011). Despite species-specific dif-
ferences, taken together, these data show a pivotal role
of CCR in phenylpropanoid metabolism and in ensur-
ing the integrity of secondary cell walls.

While the role of lignin is important for the survival
of a plant, lignin also reduces the efficiency of the in-
dustrial use of plant biomass. The presence of lignin
reduces the digestibility of forage crops (Jung and
Buxton, 1994; Fontaine et al., 2003) and impedes the
enzymatic saccharification of biomass to fermentable
sugars that can be fermented to renewable fuels and
chemicals (Chen and Dixon, 2007; Van Acker et al.,
2013). As a consequence, a thermochemical pretreat-
ment is necessary to reduce the recalcitrance of the plant
cell wall to cellulolytic enzymes (Hu and Ragauskas,
2012; Leu et al., 2013). The phenolic compounds derived
from lignin during this process also are harmful to the
microbes used during the fermentation (Ximenes et al.,
2011).

The C4 grass sorghum (Sorghum bicolor) is receiving
considerable attention as a lignocellulosic feedstock for
the production of renewable fuels and chemicals, in
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part because of its ability to grow under harsh condi-
tions, which include low-fertility soils, high tempera-
tures, and extended periods of drought (Farré and Faci,
2006; Wang et al., 2014). Manipulation of lignin con-
centration and lignin subunit composition in sorghum
through the incorporation of certain brown midrib (bmr)
mutations had been shown to result in improved rumen
digestibility (Porter et al., 1978) and greater efficiency of
the enzymatic saccharification of sorghum biomass
(Saballos et al., 2008; Dien et al., 2009) Given the im-
portant role of lignin for the survival of the plant, there
is an inherent risk of reduced yields or lower biomass
quality associated with the reduction in lignin concen-
tration and/or change in lignin composition. These ef-
fects can be balanced with the use of specific mutant
alleles, as has been shown for the Bmr12 gene, which
encodes caffeic acid O-methyltransferase (Bout and
Vermerris, 2003; Sattler et al., 2012). In this instance, the
bmr12-34 allele reduced lignin concentration to a level
that was intermediate between wild-type sorghum and
the bmrl2-ref allele, which is a null allele, while still
offering the same benefit of enhanced efficiency of en-
zymatic saccharification (Sattler et al., 2012).

Manipulation of the monolignol biosynthetic
genes, such as cinnamyl alcohol dehydrogenase
(Bmr6; Saballos et al., 2009; Sattler et al., 2009) and
4-coumarate-CoA ligase (Bmr2; Saballos et al., 2012),
also improved biomass conversion in sorghum
(Saballos et al., 2008; Scully et al., 2016). In order to
maximize the toolkit for the manipulation of cell wall
composition and the redirection of metabolic flux to
secondary metabolites with health-promoting proper-
ties, it is important to have a detailed understanding of
substrate specificity and catalytic mechanisms of the
enzymes involved in the biosynthesis of monolignols.
We have recently reported detailed structural and
catalytic analyses of hydroxycinnamoyltransferase
(Walker et al., 2013), caffeic O-methyltransferase (Green
et al., 2014), and cinnamoyl-CoA O-methyltransferase
(Walker et al., 2016). Although previous studies on CCR
have provided significant insight on the structure-
function and kinetics of this enzyme (Pan et al., 2014),
the structural basis for substrate selection and prefer-
ence of CCR remains largely unknown. In this study,
we provide detailed biochemical and structural find-
ings that support our proposal for differentiating sub-
strate selectivity among CCRs. Knowledge from this
study is expected to facilitate the engineering of sor-
ghum as an improved livestock forage or bioenergy
feedstock.

RESULTS
Global Structure

Recombinant SbCCR1 (Sobic.007G141200) in com-
plex with NADP" was crystallized in the P3, space
group, and its three-dimensional structure was deter-
mined at 2.9 A resolution (Table I). The asymmetric unit
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Table 1. X-ray diffraction data and refinement statistics for SbCCR1
(PDB identifier 5TQM)

r.m.s.d., Root-mean-square deviation.

Recombinant SbCCR1 in

Parameter Complex with NADP*

Space group
Cell dimensions

P3,

a b, c (/&) 72.194, 72.194, 123.033

a B,y 90, 90, 120
Resolution (A) 50.0-2.70 (2.434-2.35)
Reymn 0.155
lol 24.2 (1.51)
Completeness (%) 98.66 (0.98)
Redundancy 5.2
Refinement

Resolution 41.018-2.9

Unique reflections 15,697 (1,423)

Ryord Riree 0.2280/0.2733
No. of atoms

Macromolecules 9,796

lon 0

Ligand 210

Water molecules 0
B factors

Protein 78.91

Ligand ion 86.73

Water 0.00
r.m.s.d.

Bond length (A) 0.003

Bond angle (°) 0.708
Ramachandran angles

Favored 94.75

Outliers 0.48

Clash score 2.25

of the crystal lattice was composed of two monomers
arranged in a noncrystallographic, 2-fold manner
with limited intermolecular interaction. Calculations
through PISA (Krissinel and Henrick, 2007), which
evaluates interactions between neighboring monomers
in crystal lattices for the purpose of predicting biologi-
cally relevant oligomeric states, indicated that SbCCR1
exists as a monomer in solution (solvation free energy
gain = 0.8 kcal mol ' and interface complexation sig-
nificance score = 0.0).

The overall structure of SbCCR1 was composed of
two domains: an N-terminal domain harboring a typi-
cal Rossmann fold and a C-terminal domain of mixed
a/B-fold, which was similar to the structures of CCRs
from the dicotyledonous plants Petunia hybrida and
M. truncatula (Pan et al., 2014). The two domains were
located on two distinct lobes that sandwiched the ad-
jacent substrate and NADP(H)-binding pockets (Fig. 1).

In order to identify closely related structural homo-
logs in the Protein Data Bank (PDB), a Dali search
(Holm and Sander, 1993) was performed using the
atomic coordinates of SbCCR1. The highest match
was with a CCR from P. hybrida (PDB identifier 4R1S),
with a Z score of 48.19, followed by a CCR2 from
M. truncatula (PDB identifier 4R1U) and a cinnamyl
alcohol dehydrogenase2 (PDB identifier 4QTZ) from
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M. truncatula, having respective Z scores of 43.4 and
41.1. A dihydroflavonol reductase from Vitis vinifera
(PDB identifier 2C29) also was highly similar, witha Z
score of 39.7, which is further addressed in “Discus-
sion.” The next most closely related structures are
methylglyoxal/isovaleral reductase Gre2 from Sac-
charomyces cerevisiae (PDB identifier 4PVC), a vestitone
reductase from Medicago sativa, and an aldehyde re-
ductase2 from the yeast Sporobolomyces salmonicolor
(PDB identifier 1Y1P), all of which had appreciably
lower Z scores of 35.2, 34.5, and 32.5, respectively.

A BLAST search (Altschul et al., 1997) to identify
proteins with similar amino acid sequences in the PDB
revealed that CCR from P. hybrida (PDB identifier
4R1S) showed the highest identity (75%) to SbCCR1,
followed by CCR2 from M. truncatula (PDB identifier
4R1U; 71%), cinnamyl alcohol dehydrogenase2 from
M. truncatula (PDB identifier 4QTZ; 49%), and dihy-
droflavonol reductase from V. vinifera (PDB identifier
2C29; 41%). According to the BLAST output, the other
enzymes identified with the Dali search showed no
significant sequence similarity.

NADPH-Binding Pocket

From the early stages of structural refinement, the
F-F. map of the SbCCR1/NADP* complex revealed
clear electron density for one NADP* molecule buried
in a deep pocket on the N-terminal domain. This
binding region was composed predominantly of a six-
stranded, parallel B-sheet (in the order of 83-32-B1-34-
B5-B6; Fig. 2A), and its location opposes the putative
hydroxycinnamoyl-CoA-binding pocket (Fig. 1). The
diphosphate group of the bound NADP* molecule
was within hydrogen-bonding distance from the
backbone secondary amines of both Tyr-42 and
Ile-43. In addition, the positive charge on NADP"
appeared to be compensated through the macro-
electric dipole moment of the adjacent a-helix (al),
which spans between Tyr-42 and Gly-55, through
N-capping (Pereira et al., 2001). The adenine ring of
NADP" primarily interacted with Arg-63 of 1 and
Asp-89 of B2, while the adenosine ribose was bound
solely through a salt bridge between its 2'-phosphoryl
group and the side chain of Arg-63. In short, the
guanidinium group of Arg-63 contributed to adenine
binding through a cation-7 interaction with the six-
membered heterocyclic ring (Fig. 1), and the carboxyl
group of Asp-89 was hydrogen bonded to an N6
hydrogen of the ring. The side chain of Leu-90 also
appeared to engage in hydrophobic interaction with
the entire ring.

The nicotinamide ring of NADP® was oriented
roughly in parallel to a short stretch of protein back-
bone, which included Pro-210 through Val-213, pre-
sumably providing stability through hydrophobic
interactions (Fig. 1). In addition, the nicotinamide car-
boxamide was in close proximity to the backbone amine
of Val-213 and the most proximal internal phosphoryl
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Figure 1. Ribbon diagram of the global structure of SbCCR1 in complex with NADP* and manually docked feruloyl-CoA. The N
and C termini of the enzyme are marked N and C, respectively. The dashed curves at both chain termini stand in place of residues
that could not be modeled in the experimental electron density map due to a disorder. NADP*, which is depicted with tan carbons
in a stick model, was positioned according to its location in the experimental complex. Manually docked feruloyl-CoA is depicted
with gray carbons in a stick model as well. During a reaction, the thioester bond of the substrate is positioned just above the
nicotinamide ring of NADPH to promote hydride transfer. In this model, both lobes of the enzyme contribute residues to binding
CoA, which may be accommodated by a conformational shift upon binding of the substrate. Molecular graphics images were

produced using the UCSF Chimera package.

group of the ligand, which suggests that these interac-
tions also contribute to its binding.

Hydroxycinnamoyl-CoA-Binding Pocket

The substrate-binding domain of the SbCCR1 was
surrounded by two groups of a-helices, and the floor of
the substrate-binding pocket was largely composed of
B-strands. The first helix group included a5, a6, and a7,
and the second helix group was composed of a8, 10,
and «12 (Fig. 1). The two groups were observed to be on
the opposing lobes, surrounding a group of B-strands
(B8, B10, B11, and B13) that provided structural integ-
rity for the putative phenylpropanoid-binding region.
B8 ran perpendicular to 810, 811, and B13 and was
sandwiched between the triad of strands and the nic-
otinamide ring of NADP". B9 and 12 were in an an-
tiparallel arrangement that formed a solvent-exposed
wall distal to the nicotinamide ring.

To investigate specific interactions between
SbCCR1 and the phenylpropanoid constituents of
hydroxycinnamoyl-CoA substrates, numerous unsuc-
cessful soaking and cocrystallization attempts were
made using either feruloyl-CoA or coniferaldehyde.
Consequently, molecular docking approaches were
employed using these same compounds. The docking
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calculations positioned the aldehydic group of con-
iferaldehyde over the A-face of the nicotinamide ring of
NADP" in the trans-configuration (Fig. 2B), which al-
lows pro-R hydride transfer from the C4 atom of
NADPH to the reactive carbonyl of the substrate(s). The
distance between the aldehydic C9 atom of con-
iferaldehyde and the C4 atom of the nicotinamide ring
was 2.3 A. The lipophilic body of the ligand sat atop the
side chains of Ile-150 and Val-211. The 3-methoxy and
para-hydroxyl groups of the phenylpropanoid ring ex-
tended to 2.9 A of the Thr-154 and Tyr-310 hydroxyl
groups, respectively. Met-155, which is completely
conserved among known CCRs, appeared to be in a
suitable position to provide hydrophobic interaction
with the 3-methoxy group on the ring of the ligand.

Isothermal Titration Calorimetry for Wild-Type and
Mutant Forms of SbCCR1

Isothermal titration calorimetry (ITC) was used to
determine the thermodynamic parameters for the as-
sociation of potential substrates, products, and sub-
strate/product analogs. For these experiments, ligand
solutions were injected into a calorimetric cell contain-
ing protein solution, and consequent changes in ther-
modynamic states of the cell solution were recorded. A

Plant Physiol. Vol. 173, 2017
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Figure 2. A, The observed NADP" in the binding pocket of SbCCR1. NADP* and all interacting residues are represented as stick
models. The backbone of SbCCR1 is represented as a ribbon diagram, and dashed lines represent hydrogen bonds or ionic in-
teractions. All residues that contribute to NADP* binding are labeled according to their single-letter abbreviations and numbered
according to sequence positions. The catalytic triad, composed of Ser-149, Tyr-183, and Lys-187, is in close proximity to the
nicotinamide ring and serves to promote hydride transfer to hydroxycinnamoyl-CoA substrates. B, Coniferaldehyde docked into
the putative phenylpropanoid-binding region of SbCCR1. The backbone of SbCCR1 is represented by a ribbon diagram, with
protruding side chains that contribute to coniferaldehyde binding modeled as sticks. Coniferaldehyde, which is the product of the
reaction with the preferred substrate feruloyl-CoA, is shown in gray. Kinetics experiments with T154A and Y310F mutants
revealed that these two residues are critical for binding the phenylpropanoid portion of feruloyl-CoA. Molecular graphics images

were produced using the UCSF Chimera package.

large amount of heat was released (AH = —6.1 kcal mol )
when NADPH was used as the titrant. This enthalpic
change was accompanied by a modest entropic con-
tribution to binding (AS = 3.2 cal mol ' K™ ?), resulting
in a Ky of 6.5 um (Fig. 3A; Table II). No significant
thermodynamic changes were observed when NADH
was used as the titrant, which indicated that the ligand

A B

did not bind to SbCCR1. CoA bound to SbCCR1 with a
K4 value of 25 um, but SbCCR1 did not show significant
affinity for ferulic acid (Fig. 3A; Table II). Feruloyl-CoA
bound to SbCCR1 with a K; of 13 uM in the absence of
NADP*, with AH and AS of —8.6 kcal mol ' and —6.4
cal mol™' K™, respectively. However, feruloyl-CoA
bound only weakly or not at all in the presence of

Figure 3. A, ITC curves for wild-type
SbCCR1 upon titration with various

0.0

-10.0 NADP’ T

CoA

NADPH
feruloyl-CoA
p-coumaroyl-CoA
caffeoyl-CoA

kcal mol™” of injectant

keal mol” of injectant
4 % O = p O @

-20.0 4

T T T T T T T T T 0.04T T T

ligands. As expected, significant enthalpic
events were observed when the enzyme
was titrated with NADP*, NADPH, CoA,
and feruloyl-CoA. Surprisingly, reasonable
affinity was observed for p-coumaroyl-
CoA and caffeoyl-CoA as well. B, ITC
comparison between wild-type SbCCR1
Wild-type and mutants T154A and Y310F upon

Y310F titration with feruloyl-CoA. Significant
4 T154A heat release was observed upon titration
of the wild-type enzyme (squares) com-
pared with titrations of T154A (triangles)
or Y310F (circles).

LJNEAA LA S SN LA SN N N |
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Molar Ratio
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Table 1. Thermodynamic properties of interaction between SbOCCR1 and various ligands
ND, Not detected.

Ligand Ky AH AS
M kcal mol™' cal mol” K™'
Feruloyl-CoA (apo form) 13 1.7 —-8.6 x 0.6 —6.4
Caffeoyl-CoA (apo form) 7.2 £0.5 -29*+1.9 —-72.8
p-Coumaroyl-CoA 2.1 +02 -28 £ 0.9 235
NADPH 6.5 +* 0.6 —-6.1 = 0.2 3.16
NADP* 14 = 4.7 -3.1*=1.0 2.01
CoA 25 4.0 -72*1.0 —-3.14
NADH ND ND ND
Ferulic acid ND ND ND
Feruloyl-CoA (NADP* bound) ND ND ND
Caffeoyl-CoA (NADP* bound) ND ND ND

NADP". Caffeoyl-CoA displayed slightly higher af-
finity (K4 = 7.2 uM) but similarly had little affinity for
the enzyme-NADP" complex.

To confirm the involvement in binding of Thr-154
and Tyr-310, which were postulated from the molecular
docking results to interact with functional groups on
the phenolic ring of feruloyl-CoA through hydrogen
bonding, site-directed mutagenesis was employed to
generate SbCCR1 mutants T154A and Y310F. The mu-
tant proteins were expressed at similar levels to wild-
type SbCCR1, and both were stable. Based on ITC data
analysis, purified T154A and Y310F proteins displayed
significantly lower affinity for feruloyl-CoA compared
with the wild type (Fig. 3B; Table III), which supports
that both residues contribute to binding feruloyl-CoA.

Identification of and Fold-Recognition Modeling for CCR
Candidates in Sorghum

The amino acid sequence of SbCCR1 was used as a
BLAST (Altschul et al., 1997) query to search the sorghum
proteome (Phytozome database; https:/ /phytozome.jgi.
doe.gov/) for putative CCRs or CCR-like enzymes. The
refined search yielded four additional candidates,
Sobic.004G065600, Sobic.002G146000, Sobic.010G066000,
and Sobic.003g116800, all of which contained the cur-
rently accepted CCR signature sequence NWYCY. To
begin investigating whether these enzymes were true
CCRs, the amino acid sequences were first aligned us-
ing Clustal Omega and then truncated to the N and C
termini of SbCCR1 observed in the crystal structure
(Fig. 4). The truncated sequences were submitted to
the fold-recognition server Phyre” using the SbCCR1

Table lll. Thermodynamic properties of interaction between wild-type
SbCCRT1 or mutants T154A and Y310F and feruloyl-CoA
Plant Ky AH AS
UM kcal mol™' cal mol”" K!

Wild type 132 -8.6 * 0.6 —6.4
T154A 37 £ 4 -84 *1.6 —8.1
Y310F 46 £ 6 —6.8 £ 0.6 —3.1
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sequence as a control, and the resulting three-dimensional
structures of these four candidates were superimposed.
Extensive alignment was observed between each
candidate and SbCCR1, with r.m.s.d. values ranging
from 0.25 to 0.31 A. The putative catalytic residues,
which included Ser-149, Tyr-183, and Lys-187 of
SbCCR1, were entirely conserved (Fig. 4) and in the
proper positions for catalysis in all four CCR candi-
dates.

Structural Comparisons between SbCCR1, PhCCR1,
and MtCCR2

To structurally compare SbCCR1, PhCCR1 (PDB
identifier 4R1S), and MtCCR2 (PDB identifier 4R1U),
the atomic coordinates of those three crystal struc-
tures were submitted for tertiary structure alignment
using the software program COOT. The superimposed
structures depicted conservation of the residues in-
volved in phenylpropanoid and NADP(H) binding as
well as conservation of the Ser-Tyr-Lys catalytic triad
(Figs. 4 and 5). The only significant difference is that
Thr-154 of SbCCR1 is replaced with Tyr in PhCCR1. As
expected due to isoform difference and the absence of
NADP(H) in the MtCCR?2 structure, the alignment be-
tween SbCCR1 and MtCCR2 yielded a higher r.m.s.d.
value (1.31 A) than the alignment between SbCCR1 and
PhCCRI1 (0.68 A).

Enzyme Kinetics

Enzyme kinetic assays with the wild-type SbCCR1 were
carried out in the presence of various hydroxycinnamoyl-
CoAs, including feruloyl-CoA, caffeoyl-CoA, and
p-coumaroyl-CoA. While low activity was observed
with caffeoyl-CoA and p-coumaroyl-CoA, much
higher activity was observed for feruloyl-CoA (Fig. 6A).
In addition, catalytic activities of three of its mutant
forms, T154A, T154Y, and Y310F, were assessed with
feruloyl-CoA or p-coumaroyl-CoA (only T154A and
T154Y). Both T154A and Y310F mutants exhibited
V ax Values for feruloyl-CoA that were approximately

Plant Physiol. Vol. 173, 2017
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Figure 4. Multiple sequence alignment of the amino acid sequences for Sb)CCR1 and several related enzymes. Included in the alignment are a
CCRT1 from P. hybrida, CCR2s from M. truncatula and sorghum, a dihydroflavonol reductase from V. vinifera, and five CCRs or CCR-like
enzymes from sorghum. Mining of sorghum proteomic data using the sequence of SOCCRT as a query revealed four additional CCR candidates.
Among the four additional candidates, high CCR activity could only be confirmed for SOCCR2. Residues that are completely conserved among
all enzymes in the alignment are marked with asterisks. Residues highlighted in yellow are in B-strands, while those in red are in a-helices.
Residues involved in binding of substrates or cosubstrates are in boldface and underlined. The CCR signature sequence NWYCY is outlined in a
box. The N and C termini of CCR candidates from sorghum were truncated to closely match the experimentally observed termini of SbCCR1.
The colon () and the period (.) indicate conservation of strongly similar properties and conservation of weakly similar properties, respectively.

5-fold lower than that of the wild-type enzyme as
well as comparatively reduced catalytic efficiencies
and higher K, values (Fig. 6B). However, the T154Y
mutant exhibited 4.9- and 144-fold increases in catalytic

Plant Physiol. Vol. 173, 2017

efficiency for feruloyl-CoA and p-coumaroyl-CoA, re-
spectively, over those of wild-type SbCCR1 (Table IV).

Among the four additional sorghum genes with
similarity to SbCCR1 identified through our BLAST
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Figure 5. Superimposed tertiary
structures of SbCCR1 and other
CCRs. Depicted are SbCCRT1 (blue),
PhCCR1 (tan), and MtCCR2 (gray).
Catalytic and phenylpropanoid-
binding residues, as well as NADP*
from the SbCCR1 and PhCCRI
models, are represented as sticks.
Conserved residues are repre-
sented according to residue type
and sequence position in SbCCR1.
Molecular graphics images were
produced using the UCSF Chimera
package.

search, Sobic.004G065600, Sobic.002G146000, and
Sobic.010G066000 were isolated and could be expressed
at levels sufficient for enzyme kinetic assays. As shown
in Figure 7 and Table V, Sobic.004G065600 displayed a
substantial increase in activity over SbCCR1 with
p-coumaroyl-CoA, but its activity in the presence of
feruloyl-CoA was relatively diminished. Because of its
demonstrated CCR activity, we named this protein
SbCCR2. The enzymes encoded by Sobic.002G146000
and Sobic.010G066000 were far less active overall than
SbCCR1 or SbCCR2 under the assay conditions used
and, thus, will be referred to in this report using only
their gene identifiers until there is more clarity about
their biological roles.

DISCUSSION

Active Site, Kinetics of Enzyme Reaction, and
Catalytic Mechanism

Our kinetic data indicate that SbCCR1 strongly pre-
fers feruloyl-CoA as a substrate over the two other
tested hydroxycinnamoyl-CoA thioester compounds
(Figs. 6A and 7). Based on this substrate preference, the
substrate-binding pocket was reexamined in order to
pinpoint specific binding interactions between SbCCR1
and the phenylpropanoid moiety of feruloyl-CoA.

Although it was not the highest matches in our
Dali and BLAST searches, dihydroflavonol reductase
(DER) from V. vinifera, which catalyzes the NADPH-
dependent reduction of dihydroquercetin, is the only
one that offers the ternary complex structure with its
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substrate (Trabelsi et al., 2008). Given that this dihy-
droflavonol and coniferaldehyde share critical aspects
of chemical architecture, and that SbCCR1 contains
functional analogs of DFR substrate-binding residues,
we deemed the DFR an appropriate model for com-
parisons. The structural data for this reductase (PDB
identifier 2C29) in complex with its substrate indicated
that the enzyme uses the polar side chains of two resi-
dues (Asn-133 and Asn-227) for binding two hydroxyl
groups located at the 3 and 4 positions on the aromatic
ring of the substrate (Trabelsi et al., 2008). The backbone
a-carbons of SbCCR1 and the dihydroflavonol reduc-
tase superimposed well, yielding an r.m.s.d. value of
1.38 A. Comparisons of the overlapped structures
showed that the side chains of Thr-154 and Tyr-310 of
SbCCR1 were at nearly equivalent positions in space to
the side chains of Asn-133 and Asn-227 in the dihy-
droflavonol reductase, which suggest that Thr-154 and
Tyr-310 could be their respective functional analogs.
Our molecular docking results for coniferyl aldehyde
and kinetic profiling of the T154A, T154Y, and Y310F
mutants indicated substantial involvement of these two
residues in binding feruloyl-CoA. Overall, these struc-
tural and kinetic data, coupled with knowledge of the
substrate-binding mode of a close structural homolog,
strongly suggest that Thr-154 and Tyr-310 in SbCCR1
are directly involved in the binding of feruloyl-CoA.
In the proposed binding mechanism, the hydroxyl
proton of Thr-154 interacted with the 3-methoxy
oxygen of the ligand while the para-hydroxyl group
established a hydrogen bond with the hydroxyl side
chain of Tyr-310, as shown in the docked complex

Plant Physiol. Vol. 173, 2017
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Figure 6. A, Michaelis-Menten curves for wild-type SbCCR1 in the
presence of three hydroxycinnamoyl-CoA substrates. All curves were
constructed using initial rate measurements. For each reaction, the
concentration of NADPH was held constant at 1 mm and the concen-
trations of hydroxycinnamoyl-CoA substrates were varied. SbCCR1 is
highly active in the presence of feruloyl-CoA but minimally active with
caffeoyl- or p-coumaroyl-CoA. B, Michaelis-Menten curves for wild-
type SbCCR1 and two mutant forms, T154A and Y310F, in the presence
of feruloyl-CoA. The two mutants were generated and tested for activity.
Significant loss of activity was observed with either mutant. Given the
locations of the two residues within the substrate-binding pocket, these
data indicate that both residues are involved in binding feruloyl-CoA.
The data were processed using Origin Pro 2015.

(Fig. 3C). This mechanism is consistent with the pre-
vious finding that substrate analogs bearing a
4-methoxy substitution resulted in comparatively less
inhibition than endogenous substrate (Baltas et al.,
2005). Given the close proximity of GIn-245 to the
bound feruloyl-CoA, its side chain also could interact
with the para-hydroxyl group of the substrate, which
is held in the required conformer through a hydrogen
bond with the hydroxyl group of Tyr-310. A Q245L
mutant was generated to test whether this residue is

Plant Physiol. Vol. 173, 2017
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essential for enzyme activity, but the mutant protein
was not expressed at a level sufficient for protein puri-
fication. Nevertheless, kinetic profiling of a CCR1 with
an amino acid substitution at GIn-245 will be needed to
further increase the understanding of binding interac-
tions between CCR1 and hydroxycinnamoyl-CoA sub-
strates in lieu of a complex crystal structure.

New information from this study significantly aug-
ments knowledge of the reaction mechanism for CCRs
and related reductases. NADPH and feruloyl-CoA as-
sociate with their binding pockets, which are located
nearest the N- and C-terminal domains, respectively.
Tyr-310 binds the para-hydroxyl of feruloyl-CoA,
while Thr-154 binds the 3-methoxy group of this
molecule (Fig. 8). Considering the apparent overlap of
the substrates while they are both bound, they are
predicted to follow an ordered, sequential mechanism,
where NADPH binds first and is followed by the
hydroxycinnamoyl-CoA substrate. In the first catalytic
step, pro-R hydride transfer occurs from the C4 atom
of NADPH to the reactive thioester carbonyl. The
resulting oxyanion is temporarily stabilized by the
oxyanion hole established from the side chain hydroxyl
groups of Ser-149 and Tyr-183. Collapse of the tetrahe-
dral intermediate is then followed by C-S bond cleavage
and protonation of the CoA thiolate. As indicated by our
ITC data, in the presence of NADP”, there is very low
affinity for the CoA ester compounds, which precludes
the formation of a nonproductive complex.

CCR Signature Residues and Residue Criteria for
Substrate Specificity

To date, all confirmed CCRs share the ®'NWYCY'®®
sequence motif. Although the central Tyr of this motif
(Tyr-183 in SbCCR1) is known to be involved in en-
zyme catalysis (Jornvall et al., 1995), the roles for three
of the remaining residues appear to be structural
in nature by positioning the phenolic side chain of
Tyr-183. In SbCCR1, the side chain of Trp-182 is en-
gaged in hydrophobic interactions with nearby Pro-117
and Tyr-185. In addition, the Trp-182 side chain was
hydrogen bonded to the side chain of Lys-177. Because
the side chains of Tyr-185 and Pro-117 both interact
favorably with the Trp ring through face-to-face or face-
to-edge interactions (Samanta et al., 2000), it is likely
that substitution of Trp-182 with another residue will
destabilize the a-helix (a7) that contains the conserved
NWYCY motif, which, in turn, could directly affect
both the catalysis and binding of the CoA group. The

Table IV. Kinetic values for wild-type SbCCR1 in the presence of three
hydroxycinnamoyl-CoA substrates

Substrate Ko K., K/K,
s ! UM um s
Feruloyl-CoA 3.96 70 0.0566
p-Coumaroyl-CoA 0.05 100 0.0005
Caffeoyl-CoA 0.01 14 0.0008
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Figure 7. A, Reaction velocities in the presence of feruloyl-CoA or p-coumaroyl-CoA for several forms of CCR. Sobic.002G146000
and Sobic.010G066000 are represented using the last five numbers of their gene identifiers. B, Thr-154 and Tyr-310 in SbCCR1 are
shown binding functional groups of coniferaldehyde. C, Fold-recognition model of the active site of Sobic.004G065600 (SbCCR3).
The bar graph was generated using Excel 2013 (Microsoft). Molecular graphics images were produced using the UCSF Chimera

package.

electron density map of SbCCR1 indeed reveals a face-
to-face interaction between the pyrrole portion of the
indole ring of Trp-182 and the Pro-117 side chain, while
the orientation of the Tyr-185 side chain facilitates a
face-to-edge interaction with the indole side chain of
Trp-182. In addition, Cys-184 is in close proximity to
Cys-176, and it has been shown that the two residues
contribute to cystine formation under oxidizing condi-
tions (Pan et al., 2014). Given that a 40% loss of activity
was observed under these conditions, it seems that re-
duction of CCR in this region affords flexibility that
allows for tighter hydroxycinnamoyl-CoA binding. The
role of Asn-181 is less apparent, but it may be involved
in the binding of hydroxycinnamoyl-CoA substrates.
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The two CCRs that have been identified in several
species, CCR1 and CCR2, are currently distinguished by
expression differences (Pichon et al., 1998; Lauvergeat
et al., 2001) or substrate specificity (Zhou et al., 2010).
However, the lack of knowledge about the signature
sequence for differentiating the two isoforms based on
substrate preference, which is not strictly consistent
with their genetic identities, underscores the need for
criteria to recognize a functional dichotomy at the
protein level (Escamilla-Trevifio et al., 2010; Zhou
et al., 2010). Convoluting matters is that the funda-
mental basis for substrate specificity has remained
unknown so far. As shown in Figures 6A and 7, our
data demonstrate that SbCCR1 strongly prefers

Plant Physiol. Vol. 173, 2017
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Table V. Kinetic values for wild-type and mutant forms of SbCCR1, SbCCR2, Sobic.002G146000, and Sobic.010G066000 in the presence of

feruloyl-CoA or p-coumaroyl-CoA
ND, Not determined.

Plant Kear 57 Ky (2n) K /K,y (s s7)
Feruloyl-CoA p-Coumaroyl-CoA Feruloyl-CoA p-Coumaroyl-CoA Feruloyl-CoA p-Coumaroyl-CoA

Wild type 3.96 0.05 70.2 100 0.0566 0.0005
T154A 0.74 0.02 155 70 0.0048 0.0003
Y310F 0.47 ND 132 ND 0.0036 ND

T154Y 17.24 8.42 63 113 0.2736 0.0745
SbCCR2 3.24 0.50 247 14 0.0131 0.0358
Sobic.002G146000 0.05 0.09 7.0 52 0.0072 0.0017
Sobic.010G066000 0.04 0.00 8.0 5.0 0.0049 0.0000

feruloyl-CoA over p-coumaroyl- or caffeoyl-CoA.
Through analysis of activity data from the mutant
enzyme (Fig. 6B) and ITC results (Fig. 3), Thr-154 in
SbCCR1 is clearly involved in directing affinity
for feruloyl-CoA. A consistent feature of CCRs pos-
sessing Thr at this position is that they display a
much higher preference for feruloyl-CoA than for
other CCRs. Although PhCCR1, MtCCR1, MtCCR2,
Sobic.002G146000, and SbCCR2 have a Tyr at this
position and display higher activity for feruloyl-CoA,
the disparities between their catalytic rates and effi-
ciencies with feruloyl-CoA and p-coumaroyl-CoA or
caffeoyl-CoA are far less than in in vitro observations
for PvCCR1a (Escamilla-Trevino et al., 2010) and
SbCCR1. The latter two enzymes have Thr at the
equivalent position. Consistent with this observation,
the T154Y SbCCR1 mutant exhibited substantially
broader substrate specificity and a higher turnover

rate. The fact that SbCCR1 is far more active with feruloyl-
CoA implies that the other two hydroxycinnamoyl-CoA
substrates bind to SbCCR1 in such a way that their
reactive thioester bonds are not in position for efficient
hydride transfer from NADPH. If this is true, then the
physical premise for substrate specificity may not be
due only to differences in phenylpropanoid-binding
residues but also in the proximity of the conserved
Tyr (Tyr-310 of SbCCR1) to the nicotinamide ring.
Our structurally guided search for other CCRs among
sorghum genomic data yielded four more candidates
each containing the NWYCY sequence, which were ex-
pected to display CCR activity. Sobic.002G146000 is an
ortholog of ZmCCR2 (Pichon et al., 1998) and,
according to the MOROHOSHI transcriptome data-
base (Makita et al., 2015), was expressed robustly in
sorghum roots, albeit at lower levels than SbCCRI.
Sobic.003g116800 also was expressed in roots, but only

Tyrigs Figure 8. Proposed catalytic reaction mechanism
of SbCCR1. Using the reduction potential of
NADPH, SbCCR1 executes the hydrogenation of
hydroxycinnamoyl-CoA substrates to form
hydroxycinnamyl aldehyde and CoASH. Thr-154
and Tyr-310, which are involved in substrate
OH binding, are shown forming hydrogen bonds to
OH functional groups around the aromatic ring.
Seryge o)
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under nitrogen stress. The remaining two genes,
SbCCR2 and Sobic.010G066000, displayed low expres-
sion in all conditions and tissues examined and are
not likely to play a significant role in the lignifica-
tion of the secondary cell wall. By employing the
same method as for SbCCR1, we were able to
purify recombinant SbCCR2, Sobic.002G146000,
and Sobic.010G066000. Although Sobic.002G146000
and Sobic.010G066000 displayed low activity for
both feruloyl-CoA and p-coumaroyl-CoA, SbCCR2
showed substantially higher activity with p-coumaroyl-
CoA relative to SbCCR1. SbCCR2 contains Tyr at the
position of Thr-154 in SbCCR1; thus, their activities are
coincidentally consistent with those from other CCRs
that possess Tyr at the equivalent position to Thr-154.
Given these consistencies, it is possible that having Thr
at this position drives a strong preference for feruloyl-
CoA, whereas the presence of Tyr (or potentially resi-
dues other than Thr) affords CCRs broader reductive
capacity. p-Coumaroyl-CoA is a precursor to a wide
range of phenylpropanoid compounds that have been
implicated in plant defense. Therefore, the observed
substrate promiscuity of SbPCCR2 may be relevant to
plant defenses against pathogens, which include the
production of defense lignin at the site of attack.
Broadening substrate specificity to include significant
activity toward p-coumaroyl-CoA, which as a precur-
sor also for flavonoids and stilbenes is quite abundant,
will enable the more rapid generation of monolignols.
Furthermore, lignin containing p-coumaryl alcohol is
more heavily cross-linked, because both C3 and C5 of
the phenolic ring can participate in radical coupling
reactions with the growing lignin polymer. Consistent
with this hypothesis, defense lignin formed in response
to pathogen attack has been shown to have a higher
proportion of H units in a number of different species
(Lange et al., 1995; Pomar et al., 2004; Zhang et al., 2007).
The activities of Sobic.002G146000 and Sobic.010G066000
were very low for both feruloyl-CoA and p-coumaroyl-
CoA, leaving open the possibility that these two putative
enzymes have different substrates in vivo.

CONCLUSION

Reducing lignin content can lower the barrier to the
efficient production of renewable fuels and chemicals
from lignocellulosic biomass. In view of this goal, CCR
activity is necessary for the synthesis of all main
monolignols, which makes CCR an attractive target for
mutational and transgenic approaches that can modify
this step of the pathway. Through molecular docking,
mutagenesis, and kinetic analyses, we have identified a
unique residue, Thr-154, that is critical to the associa-
tion of the phenylpropanoid portion of feruloyl-CoA,
the preferred substrate of SbCCR1. Based on structural
and sequence similarities to CCR1, we also have iden-
tified four additional CCRs or CCR-like enzymes in
sorghum and, following kinetic analyses of the CCRs
encoded by the two most highly expressed SbCCR
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genes, identified a signature residue for substrate
specificity that can be exploited in genome-editing
approaches. The detailed structural and other mecha-
nistic knowledge forms the basis for engineering
monolignol biosynthetic enzymes that display altered
substrate specificity, have reduced substrate or product
inhibition, or have greater velocities, so that metabolic
flux can be modulated. The potential of this approach is
illustrated by the single amino acid substitution T154Y
in SbCCR1, leading to faster turnover and broader
substrate specificity. Taken together, these findings
provide structural information, experimental evidence
for binding residue involvement, and information
about previously unidentified CCR genes in sorghum.

MATERIALS AND METHODS
Chemicals and Enzymes

Chemicals were obtained from Sigma-Aldrich or Fisher Scientific. Crystal-
lization screens were obtained from Hampton Research and Qiagen.

Cloning and Enzyme Purification

c¢DNAs encoding SbCCR1 (Sobic.007G141200), SbCCR2 (Sobic.004G065600),
Sobic.002G146000, and Sobic.010G066000 from sorghum (Sorghum bicolor) were
ligated downstream of the sequence encoding the 6 His tag of pET30a (EMD
Millipore) for SbCCR1 or pET45a for Sobic.002G146000 and SbCCR2 and in-
troduced in Escherichia coli Rosetta (DE3) cells (EMD Millipore) via heat shock
transformation.

Cultures (1.5 L) of E. coli Rosetta (DE3) strains expressing SbCCR1 or 3-L
cultures of E. coli Rosetta (DE3) strains expressing SbCCR2, Sobic.002G146000,
or Sobic.010G066000 were grown at 37°C in Luria-Bertani medium prior to
expression of the recombinant enzymes. Strain selectivity was provided by
supplementing the medium with 50 ug mL ™' kanamycin and 30 pg mL™"
chloramphenicol (SbCCR1) or 100 ug mL™! ampicillin and 30 ug mL"! chlor-
amphenicol for all other CCRs. For expression and purification of His-tagged
CCRs, all cultures were allowed to reach OD, = 0.6, brought to their respective
induction temperatures (20°C for SbCCR1 or 22°C for all other enzymes), and
induced to express by bringing the medium to 0.5 mm IPTG and allowing it to
shake for 20 h. Cells were harvested by centrifugation at 5,000g, frozen, and
then suspended in 35 mL of 50 mwm Tris-HCl supplemented with 300 mm NaCl
and 20 mm imidazole at pH 8. Cells were lysed by sonication, and lysates were
cleared by centrifugation at 15,000g. The cleared lysates were stirred into 10 mL
of Ni-NTA agarose resin (Qiagen), the column was washed with 2 volumes of
the lysis buffer, and recombinant enzymes were eluted with buffer containing
50 mm Tris base, pH 8, 300 mm NaCl, and 250 mm imidazole. The eluted sample
was concentrated and exchanged into 20 mm Tris-HCI, pH 7.5, then applied to a
10-mL MonoQ column (GE Healthcare), and the enzyme was eluted with a
50 mm step-wise NaCl gradient in the same buffer. All CCRs eluted in ap-
proximately 150 mm NaCl, then they were buffer exchanged and concentrated
into the appropriate buffer for crystallization or biochemical experiments. Pu-
rity was monitored for all protein preparations by SDS-PAGE, and protein
concentrations were determined with the method of Bradford using BSA as a
standard.

Protein Crystallization and Structure Determination

Crystals of SbCCR1 were grown using the hanging-drop, vapor-diffusion
method. For crystallization, purified protein concentrated to 20 mg mL™" in
20 mm Tris base, pH 7.5, 2 mm DTT, and 1 mm NADP* was mixed with an equal
volume of reservoir solution and equilibrated against the same solution at 4°C.
The reservoir solution contained 100 mwm Bis-Tris, pH 6.5, and 25% (w/v) PEG
3350. Crystals of the enzyme typically appeared within 5 d. Adequate cryo-
protection was achieved by passing crystals through a small drop of storage
buffer/mother liquor mixture (50% of each component by volume) that was
brought to a final concentration of 19% (v/v) glycerol.
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SbCCR1 in complex with NADP* crystallized in the P3, space group with the
asymmetric unit containing two monomers. Diffraction data were collected up
t02.9 A resolution at the Berkeley Advanced Light Source (beam line 8.2.1). The
data were processed with the HKL2000 package (Otwinowski and Minor,
1997). The statistics for the diffraction data are listed in Table I. Initial phasing of
the diffraction data was conducted by molecular replacement with the PDB
coordinates of CCR from Petunia hybrida (PDB identifier 4R1S) using PHENIX
Phaser (Adams et al., 2002). Model building and iterative refinements were
conducted using the programs COOT (Emsley et al., 2010) and PHENIX.
The coordinates and diffraction data have been deposited in the PDB with
identifier 5TQM.

Substrate Synthesis and Purification

Feruloyl-CoA, caffeoyl-CoA, and p-coumaroyl-CoA were synthesized
according to a method described previously (Walker et al., 2013) but with slight
modifications. Briefly, the substrates were prepared enzymatically by the ad-
dition of recombinant 4-coumarate ligase from sorghum to a solution con-
taining 50 mm sodium phosphate buffered to pH 7, 800 um CoA, 2.5 mm ATP,
2 mu ferulic, p-coumaric, or caffeic acid, and 5 mm magnesium chloride. The
reactions, ranging in volume from 20 to 50 mL, were gently rocked for no less
than 16 h prior to termination. Termination was achieved by thermal dena-
turation of the enzyme at 80°C for 10 min followed by centrifugation at 15,000
for 30 min. Solutes in the supernatant were pelleted by centrifugation under
vacuum. Substrates were purified using ethanol to crystallize the remaining
reaction components. The remaining fluid containing pure hydroxycinnamoyl-
CoA esters was centrifuged under vacuum to pellet the products, which were
stored at —20°C for later use.

Enzyme Kinetic Assays

Wild-type SbCCR1, its mutants, and all other enzymes were purified and
used for steady-state kinetic experiments in the presence of the potential sub-
strates p-coumaroyl-, caffeoyl-, and feruloyl-CoA. For experiments using
varying concentrations of thioester substrate, the 70-uL reactions contained
50 mm Bis-Tris, pH 6.5, 1 mm NADPH, 1 ug of enzyme, and 1, 2, 5, 10, 20, 50, 100,
200, 500, or 1,000 uMm of the thioester substrate. All reactions proceeded at 30°C
and were terminated with 30 uL of 17% (v/v) trifluoroacetic acid after various
incubation times in the range of 30 s (SbCCR1 and the T154Y SbCCR1 mutant)
to 20 min (Sobic.002G146000, Sobic.010G066000, and the T154A SbCCR1 mu-
tant). The reactions were centrifuged at 21,000¢ for 30 min at room temperature
to pellet protein aggregates. A total of 50 uL of each reaction was injected onto a
Luna C18(2) 5 um, 4.6-mm X 150-mm column (Phenomenex) using the Hitachi
Organizer HPLC unit, and corresponding aldehyde products from each reac-
tion were quantified via peak integration from absorbance profiles at 333 or
346 nm. All reactions were performed in triplicate, and data were processed
using Origin version 7.1 software (OriginLab).

Coniferaldehyde Docking

Molecular docking using Sb.CCR1 and coniferaldehyde was performed using
AutoDock Vina (Trott and Olson, 2010). The files used in the calculations were
prepared using AutoDock Tools 1.5.6 (Trott and Olson, 2010). The search space
(x=14A,y=8 A, and z = 22 A) was defined considering the probable location of
the phenylpropanoid-binding domain. Coniferaldehyde was constructed using
the program COOT, structurally optimized using GaussView3 (Gaussian), and
validated through comparison with the crystal structure of feruloyl adenylate in
complex with a 4-coumarate ligase (PDB identifier 5BSV).

Site-Directed Mutagenesis and Mutant Expression

Two residues of Sb.CCR1, Thr-154 and Tyr-310, were mutated to Ala (A) and
Phe (F), respectively, to test their involvement in binding of feruloyl-CoA.
The T154A mutant was generated using the following primers: forward,
5'-TCCATCCGCGCGGTGGCCATGGACCCCAGC-3’, and reverse, 5'-
GCTGGGGTCCATGGCCACCGCGCCGATGGA-3'. The Y310F mutant
was generated using the following primers: forward, 5-CGCGGAAG-
CAGCCGTTCAAGTTCTCGAACCAG-3', and reverse, 5-CTGGTTCGA-
GAACTTGAACGGCTGCTTCCGCG-3'. Additionally, mutant T154Y
was generated to observe any changes in substrate specificity. The
primer sequences used to generate the mutant are as follows: forward,
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5'-CATCGGCGCGGTGTACATGGACCCCAGC-3’, and reverse, 5'-
GCTGGGGTCCATGTACACCGCGCCGATG-3'. E. coli Rosetta (DE3) cells
were transformed with plasmids containing the desired missense mutations in
the SVCCR1 cDNA sequence, and proteins were expressed using the procedure
described above.

ITC

Isothermal calorimetry titrations were performed for wild-type or mutant
SbCCR1s and several ligands in an ITC,y, instrument (Malvern Instruments).
The protein was prepared by extensive buffer exchange (greater than 10,000~
fold) into the titration buffer, which consisted of 10 mm sodium phosphate
buffered to pH 7. The concentration of protein in the calorimetric titration cell
was diluted to 50 um. All titrations were performed at 25°C with a stirring speed
of 750 rpm and 27 injections (1.4 uL each). All ligands were brought to a con-
centration of 1 mm in the titration buffer and injected into the protein solution,
and the heat of binding was recorded.

Accession Numbers

Structural data from this article can be found in the Protein Data Bank under
accession number 5TQM.
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