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Juvenile hormone (JH) acid methyltransferase (JHAMT) is a
rate-limiting enzyme that converts JH acids or inactive pre-
cursors of JHs to active JHs at the final step of JH biosynthesis
in insects and thus presents an excellent target for the devel-
opment of insect growth regulators or insecticides. However,
the three-dimensional properties and catalytic mechanism of
this enzyme are not known. Herein, we report the crystal
structure of the JHAMT apoenzyme, the three-dimensional
holoprotein in binary complex with its cofactor S-adenosyl-L-
homocysteine, and the ternary complex with S-adenosyl-L-ho-
mocysteine and its substrate methyl farnesoate. These
structures reveal the ultrafine definition of the binding patterns
for JHAMT with its substrate/cofactor. Comparative structural
analyses led to novel findings concerning the structural speci-
ficity of the progressive conformational changes required for
binding interactions that are induced in the presence of
cofactor and substrate. Importantly, structural and biochemical
analyses enabled identification of one strictly conserved cata-
lytic GIn/His pair within JHAMTSs required for catalysis and
further provide a molecular basis for substrate recognition and
the catalytic mechanism of JHAMTSs. These findings lay the
foundation for the mechanistic understanding of JH biosyn-
thesis by JHAMTSs and provide a rational framework for the
discovery and development of specific JHAMT inhibitors as
insect growth regulators or insecticides.

Juvenile hormones (JHs) are critical for the regulation of a
variety of physiological processes in insect development,
metamorphosis, and reproduction (1, 2). JHs are lipophilic
sesquiterpenoid molecules synthesized by and secreted from
the corpora allata (CA), a pair of endocrine glands of the
maxillary segment with nerve connections to the brain (3, 4).
Eight forms of the secreted hormone have been characterized
that differ in side-chain length or epoxidation status. Among
this class of hormones, JH III is the simplest and most
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widespread within insects. JH 0, L, II, and 4-methyl JH I appear
to be almost exclusively within Lepidoptera spp. (5-7), while a
bis-epoxide form, JH III (JHBs), and its precursor methyl far-
nesoate (MF) are deemed of prevalence within Drosophila
melanogaster (8, 9) and Crustacea spp. (10). Interestingly, a
separate bis-epoxide analogue of JH III (JHSB;) has been
identified as the active JH in predacious Heteropteran insects
(11).

In general, the levels of JH are strictly controlled through
reciprocal de novo biosynthetic and JH-degradation pathways,
with the former considered to overarch JH levels (4, 12). The
biosynthesis of JHs involves a bipartite pathway, with an early
mevalonate synthesis step and a subsequent JH-branch step
(13). The early stage is required for the formation of the far-
nesyl pyrophosphate (FPP), a central hub substrate in the
biosynthesis of cholesterol and other bioactive terpenoids in
most living organisms (14). The JH-branch step, in which FPP
is converted to active JHs by several enzymes, is unique to
insects (15, 16). In this step, S-adenosyl-L-methionine (SAM)-
dependent JH acid methyltransferase (JHAMT) is required for
catalysis in the final reaction in which the carboxyl group of
JHI, II, III acids (JHAs) and farnesoic acid (FA) are methylated
generating the corresponding active JH compounds (16, 17). In
this catalysis, the SAM molecule is an essential cofactor that
provides the methyl group to a substrate and generates the
corresponding product S-adenosyl-L.-homocysteine (SAH)
(18).

The gene encoding JHAMT was first characterized from
Bombyx mori as a recombinant isoform that was demonstrated
to possess methyltransferase activity in the presence of both
JHAs and FA substrates (16). Subsequently, orthologues were
identified across other insect species (19-21) in which JHAMT
transcripts were detected to be almost exclusively within the
CA tissue. Interestingly, the developmental expression profiles
of these insects showed a high correlation to changes in JH
titer. Furthermore, transcription activator-like effector
nucleases-mediated JHAMT knockout in B. mori resulted in
the death of half the hatched larvae numbers at the first or
second larval instar, with survivors undergoing precocious
metamorphosis after the third instar (22). Furthermore,
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RNA-mediated knockdown of JHAMT in D. melanogaster did
not result in the disruption of metamorphosis, while upregu-
lation of JHAMT culminated in a pharate adult lethal pheno-
type (17). In Tribolium castaneum, RNA interference of
functional JHAMT in the third instar has been observed to
induce precocious metamorphosis although, phenotype rescue
was achieved through the application of a JH analogue (23).
These findings suggest that JHAMT plays a critical role in JH
biosynthesis, mostly as a rate-limiting enzyme in most insects,
and disruption of JHAMT activity is concomitant with lethality
and/or failure of normal viable adult formation. As JHAMT is
insect-specific, inhibition of this enzyme is deemed to be a
feasible strategy for the development of novel insect growth
regulators or bioinsecticide (16, 24—26).

To date, the characterization and physiological function of
JHAMTSs have been documented. However, information on
the three-dimensional properties, specificity of ligand-binding
interactions, and catalytic mechanism of this enzyme is
woefully absent. Therefore, we present this report on three-
dimensional structures for JHAMT from B. mori, as an
apoenzyme, in a binary complex with the substrate SAH and as
a JHAMT-SAH-MF ternary complex. Overall structural com-
parisons reveal a unique ligand-induced conformational
change that facilitates accommodation of the ligands. Struc-
tural and biochemical analyses also allowed the ultrafine
definition of the binding properties of JHAMT with the
cofactor and the product, thus providing further insights into
the catalytic mechanism of JHAMT. These findings also pro-
vide a strong basis for the discovery and development of
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specific JHAMT inhibitors as insect growth regulators or
insecticides.

Results
Methylation activity of JHAMT homologs from B. mori

The first JHAMT gene, namely JHAMTI, was initially
characterized in B. mori adults, and subsequently homologous
genes encoding a putative methyltransferase were identified in
larvae (16, 27). Currently, five homologues, (JHAMT2-
JHAMTG6) were observed in Blast searches of the SilkDB
(https://silkdb.bioinfotoolkits.net/main/species-info/-1)  and
NCBI  (https://www.ncbi.nlm.nih.gov/)  databases. These
encoded proteins were predicted to have a molecular mass of
approximately 32 kDa and share 37 to 42% sequence identity
(65-70% sequence similarity) compared with JHAMT1
(Fig. S1A). Furthermore, JHAMT proteins in B. mori contain a
conserved SAM-binding motif (E/DXGXG/AXG) common
within SAM-dependent methyltransferases (28) (Fig. 14). To
investigate whether these putative JHAMTSs proteins exert
methyltransferase activity by introducing a methyl group to the
juvenoid acids in vitro, six JHAMT homologue genes were
cloned from the B. mori. cDNA and heterologously expressed
as N-terminal hexahistidine fusion proteins in Escherichia coli.
Reversed-phase high-performance liquid chromatography
(RP-HPLC) methyltransferase assays were conducted using FA
as a substrate (Fig. 1B). It was found that when purified
JHAMT1 or JHAMT?2 was incubated with FA samples and
0.5 mM SAM, a new major peak was observed in the reaction
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Figure 1. The homologs of B. mori JHAMT and its activity. A, multiple-sequence alignments of Bombyx mori JHAMT1 (BMSK0007003.1), JHAMT2
(BMSK0004751.1), JHAMT3 (BMSK0007002.1), JHAMT4 (BMSK0007001.1), JHAMT5 (XP_004929488.4), and JHAMT6 (XP_004933576.1). The SAM binding
motif was marked with a rectangular frame, and the position of catalytic residue was marked with red star. The complete sequence alignment is provided in
Figure S1, and the alignments were performed with MultAlin (41) and ESPript (42). B, the biosynthesis pathway from juvenoid acids (FA/JHA Ill) to juvenile
hormone. C, RP-HPLC analyses of FA metabolites generated with recombinant B. mori JHAMT1 and JHAMT2 in vitro. Vertical axes represent UV absorption at
217 nm. Arrow and arrowhead indicate the FA and MF peaks, respectively; Asterisks indicate unidentified peaks originated from CH3CN used for sample

preparation.
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traces. The retention times of FA metabolites and known
standards are summarized in the Figure 1C. Interestingly, the
activity of JHAMT2 was appreciably lower than that of
JHAMT1, and corresponding metabolite peaks were absent in
reaction traces in the presence of JHAMT3, 4, 5, and 6
(Figs. 1C and S1B). These findings suggest that JHAMT1 and
JHAMT? represent the functional SAM-dependent methyl-
transferases toward the juvenoid acids (FA) encoded in
silkworms.

Overall structure of JHAMT

The phase of JHAMT was determined by single-wavelength
anomalous dispersion using selenomethionine (SeMet)
substituted protein of B. mori JHAMT3 (PDB: 7V2S, Table S1,
unpublished data), which contains two molecules in the
asymmetric unit, and its electron density maps showed clear
features of secondary structural elements (Fig. S2). The apo-
JHAMT? structure was determined at 2.95 A resolution by
molecular replacement phasing using the SeMet-JHAMTS3
structure as the search model. Relevant data collection and
refinement statistics are given in Table 1. As indicated in
Figures 2A and S3A, JHAMT?2 is structurally organized into a
classical Rossman-fold core domain comprised of a seven-
stranded [-sheet surrounded by six a-helices (al-a5 and
a8). Of these, helices al, a2, and o3 reside on one side of the
sheet, while a4, a5, and a8 are juxtaposed to the opposing side.
This Rossman-fold domain is the convention for protein ar-
chitecture within methyltransferases (28) and forms the
cofactor-binding domain. Interestingly, two augmentations of

Table 1
Data collection, phasing, and refinement statistics

the Rossman-fold core allow distinction between JHAMTs.
One permutation is an insertion composed of helices a7 and
a8 located between strands P6 and B7 (residues Phe”’—
Ala?®). The second conformer carries an insertion between
strand B5 and helix a8 of the core fold (residues Met'**—
Asp'”®) of two helices a6 and a7 and a long flexible linker
region between helices a7 and o8. These two insertions
function as a “cap” located above the cofactor-binding domain
and derive selective substrate binding by the enzyme (namely
substrate-binding domain). The two domains are interspersed
by a wide cleft that constitutes the binding site for cofactor and
substrate (Fig. S3, B and B'). A search of Dali structural
database (29) revealed several methyltransferases that are
architecturally similar to JHAMT in the cofactor-binding
domain, but are significantly diverse in the substrate-binding
domain (Fig. S4, A-F and H), which further emphasized the
functional role of this structural element. Moreover, super-
position of JHAMT?2 against these structures yields an overall
root mean square deviation (RMSD) in the range of 2.8 to
16.7 A over approximately 100 to 250 C, atoms (Fig. S4G).
Symmetry operation showed that JHAMT2 forms a non-
covalently linked homodimer with a total surface area of
approximately 1128 A* (Fig. 2B). Gel filtration chromatog-
raphy also suggests that the eluted JHAMT?2 exists as a dimer
in solution with an apparent molecular weight of 69 kDa
calculated from the calibration curve (Fig. S3C). Thus, the B-
hairpin p5-p6-B7 geometry of the cofactor-binding domain in
each subunit when two asymmetric units are orientated back
to back forms a double-layered B-sheet at the center (Fig. 2, B
and C). Notably, the linker region between helices a7 and a8

JHAMT?2 apo (PDB 7EBS)

JHAMT2-SAH (PDB 7EBX) JHAMT2-SAH-MF (PDB 7ECO0)

Data collection

Space group
Cell dimensions

P3,12

a, b, ¢ (A) 99.58, 99.58, 70.61

a By ©) 90, 90, 120
Molecules per asymmetric unit 1
Resolution range (A)® 86.24-2.95 (3.06-2.95)
No. unique reflections 8562 (850)
Ruerge” 0.048 (0.66)
Ia(l 307 (2.3)
Completeness (%) 99.7 (99.9)
Redundancy 6.7 (7.1)

Refinement

Resolution (A)

86.24-2.95 (3.03-2.95)

R-factor/R-free” (%) 23.6/28.1
No. atoms
Protein 2140
Ligand/ion 0
Water . 0
Mean B factors (A2) 103.68
Ligand B factors (A2)
R.m.s deviations
Bond lengths (A)¢ 0.004
Bond angles (°)¢ 1.278
Ramachandran plot
Most favored (%) 95.70
Additional allowed (%) 3.12

P422 P12,1
102.15, 102.15, 102.14 82.46, 101.20, 103.36
90, 90, 90 90, 93.5, 90
1 6

45.73-2.90 (2.95-2.90)
12,618 (603)
0.082 (0.908)

72.25-2.49 (2.63-2.49)
58,792 (8516)
0.056 (0.734)

429 (1.8) 182 (2.6)
100.0 (100.0) 99.4 (99.1)
20.5 (17.0) 6.9 (7.1)
45.73-2.90 (2.98-2.90) 72.25-2.49 (2.56-2.49)
25.2/29.2 24.5/29.3
2137 12,272
26 220
6 24
112.03 68.59
86.76 63.45
0.003 0.003
1.224 1.200
94.42 95.74
3.98 3.85

“ Values in parentheses are for the highest resolution shell.

® Rinerge = Dopa i Ti(hkL) = (I(hKL))] /330 571 (hKL) |, where Ii(hkl) is the intensity of an observation and <I(hkl)> is the mean value for its unique reflection; Summations are

over all reflections.

‘R —factor = )", [|Fo(h)| — |[Fc(h)|| /3", |Fo(h)|, where Fo and Fc are the observed and calculated structure-factor amplitudes, respectively.

4 R-free was calculated with 5% of the data excluded from the refinement.
¢ Root-mean square-deviation from ideal values.
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_ Substrate-binding

1,/1) Subunit B

Figure 2. The overall structure of B. mori JHAMT. A, cartoon representation of the JHAMT2 apo form in two orientations rotated by 90°. Slate, cofactor-
binding domain; Orange, substrate-binding domain. B, schematic representation of the JHAMT2 dimer. The two dimeric interfaces between subunits were
highlighted with dashed frame. C, the residues from cofactor-binding domain and (D) the residues from substrate-binding domain involved in the for-
mation of hydrogen contacts and salt bridges at the dimeric interface are shown in sticks.

within the substrate-binding domain also forms interactions
with the p6-B7 hairpin of the symmetric subunit. Helix al0
and the loop region that intersperses al0 and B7 of the
substrate-binding domain protruding toward the symmetric
unit are in proximity to the second molecule of the homo-
dimer through intermolecular hydrogen bonds and salt bridges
(Fig. 2, B and D).

The JHAMT-SAH complex and the cofactor-binding site

SAM is an essential cofactor for methyltransferase catalysis
in providing a CHj group (18). To identify the pattern of
cofactor binding to the B. mori enzyme, JHAMT was cocrys-
tallized with SAM, and the three-dimensional structure was
derived at a resolution of 2.90 A. In this complex, as the methyl
group of SAM is highly reactive at the sulfonium center, its
corresponding product, SAH, is observed in the hydrophilic

4 Biol. Chem. (2021) 297(5) 101234

cleft within the cofactor-binding domain being stabilized
through interactions with residues from within the loop re-
gions between p2-a3, f3—a4, and p4—a5 (Fig. 3, A and B). As
shown in Figure 3C, the adenine ring is enclosed by a relatively
hydrophobic cavity defined by the residues Val®®, Ile®*, Trp'*®,
and Ile'"”, with the adenine moiety NH, groups and N1 atom
stabilized through hydrogen bonds to the side chain of Asp®>
(OD1) and the main-chain nitrogen of Ile®®. The adenosine
ribose of SAH forms a hydrogen bond with the side-chain
oxygen of Thr''® (OG1). Furthermore, the methionine moi-
ety fits into the relatively wider part of the cleft with the
positively charged amino nitrogen forming two hydrogen
bonds with the main-chain atoms of Gly43 and Phe'l!,
respectively. A comparison of structure and residues shows
that JHAMT1 and JHAMT?2 are equivalent in the SAH-
binding site (Fig. S5). Thus, further verifications of residues
associated with cofactor binding in the binary complex were

SASBMB
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Thr113°

Va\l‘:;% W
Trp116

Asp9°2

E

Figure 3. Structure of JHAMT2-SAH complex and cofactor-binding site. A, cartoon representation of the JHAMT2.SAH complex. The cofactor SAH is
shown as green stick. B, the 2Fo — Fc omit map around the SAH molecule is shown in mesh contoured at 1.0 o. C, schematic representation of interactions
between JHAMT2 and SAH analyzed using the LigPlot* program (43). D, superimposition of the overall structure of the SAH-bound JHAMT?2 (slate) and that
of apo-JHAMT2 (sand). The loop regions with conformational changes are emphasized with red color. E, the potential surface of cofactor-binding pocket in

the SAH-bound JHAMT2 and (E’) the corresponding site in the apo-JHAMT2.

assessed through deleterious mutation of residues within
JHAMT1/2 involved in hydrogen bonding to cofactor and
assessment of binding affinities in fluorescence-binding assays.
As indicated in Table 2, the binding affinities of JHAMT1 and
JHAMT?2 for SAM are 38.67 uM and 42.63 uM, respectively. In

contrast, the K; values for mutants D°'A (D°?A in JHAMT?)
and TM?A (T'3A in JHAMT?2) decreased in the order of ca
~4 to 6-fold, which imply that these residues are crucial for
cofactor interactions. Moreover, multiple-sequence alignment
shows that the SAM/SAH-binding site is highly conserved at

Table 2
The K, value of B. mori JHAMTs wild-type and its mutants with SAM and FA
Enzyme K, value for SAM (uM) Enzyme K, value for FA (uM)

JHAMT1 38.67 + 3.42 JHAMT1 0.20 + 0.04

JHAMT1-D*'A 229.50 + 18.10 JHAMT1-Q™*A 0.27 + 0.05

JHAMT1-T'12A 190.52 + 12.75 JHAMT1-Q™E 0.19 + 0.04
JHAMT1-H™A 0.39 + 0.06

JHAMT?2 42.63 + 5.83 JHAMT2 0.21 + 0.04

JHAMT2-D?A 260.70 + 18.07 JHAMT2-Q'"A 0.31 + 0.04

JHAMT2-TM3A 143.80 + 9.91 JHAMT2-Q'°E 0.21 + 0.03
JHAMT2-H A 0.35 + 0.05

Binding affinities were determined in 20 mM Tris-HCI, pH 8.0, 200 mM NaCl, at 25 °C (data are represented as the mean * s.d., n = 3 independent experiments).
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the primary sequence through evolutionary conservation of
the cofactor-binding domain within JHAMTsS (Fig. S6).

While there are overall structural similarities between the
apoenzyme and JHAMT2-SAH complex, superposition of
these structures yields an RMSD of 1.39 A over 228 Ca atoms
and reveals that a profound conformational change in the
protein occurs upon forming interactions with SAH. Most
remarkably, a3 helical rigidity shifts toward SAH molecule, the
B3—a4 loop region, and helix a5 shift about 2.2 and 1.8 A,
respectively, away from SAH, providing sufficient three-
dimensional space to accommodate the adenine moiety of
the cofactor (Fig. 3D). Additionally, the loop A region formed
by residues over Thr''®-Ile’'” in between B4 and o5 shifts
about 7.0 A toward the adenine moiety that packs against
SAH. These conformational changes lead to a wider cleft for
any incoming SAH molecule. Furthermore, the loop B region
formed over residues Ile’®”~Tyr'”® between helices a7 and a8
shifts about 6.2 A toward the SAH-binding site of the complex,
despite the absence of any direct interaction formed with the
cofactor. Intriguingly, the significant conformational change of
loop A, together with the shift of loop region B, contributes to
a wide hydrophobic cavity near the SAH molecule with the
rearrangement of amino acid residues considered to be rudi-
mentary for substrate-binding pocket formation for the
approaching hydrophobic substrate during initial substrate
recognition events (Fig. 3, E and E).

Structure of the JHAMT-SAH-MF ternary complex and the
substrate-binding pocket

There are six molecules in an asymmetric unit in the
JHAMT-SAH-MF structure, in which five of the six subunits
displayed highly similar overall architecture with an overall
RMSD in the range of 0.21 to 0.25 A over approximately
230 Ca atoms (Fig. S7A). However, one subunit was struc-
turally dissimilar having distinct flexibility in the absence of
ligands (Fig. S7A). In each ligand-bound subunit, the electron
density of the SAH molecule and the terpenoid backbone of
MEF are well defined, whereas the ester moiety of MF is not
visible in the density map, presumably due to its low occu-
pancy and/or higher mobility (Fig. 44). In the ternary com-
plex, the SAH molecule is located in a deep cleft of the
cofactor-binding domain, and one molecule of MF is
bound in the hydrophobic cavity located vertically above the
S8 atom of the SAH molecule (Fig. 4B). The substrate-
binding pocket presents an irregular conical shape, with a
narrow opening and a wide hole. Polar residues GIn'®, His!'®,
and the aromatic residue, Trp''®, form an alkaline neck of
the pocket. Amino acid residues Leu'*?, Val'*’, Phe'*®, and
Phe'®! within helix a6, Ile'®”, Phe!”®, Ile'”! of helix a7,
together with Val**® and Pro®** in the loop between a9 and
al10, form a hydrophobic broad cavity (Fig. 4C). To fit in the
pocket, the MF molecule assumes an S-shape structure,
which has a similar conformation as that observed for JH
bound to JH-binding protein (30). Specifically, the ester side
of MF is poised at the entrance to the substrate-binding
pocket and mainly stabilized by residues Gln'®> and His''®

6 . Biol. Chem. (2021) 297(5) 101234

through hydrogen bonds and van der Waals interactions. The
carbonyl oxygen of the ester forms a direct hydrogen bond
with the Ne2 atom from His''® over a short distance of 2.8 A,
and the oxygen of methoxy group is within 4.0 A of two
potential hydrogen bonds acceptors in the amino groups of
GIn'® and His'"®. The terpenoid backbone of MF is confined
in a hydrophobic sidewall and makes contact with the side
chain of Trp*'®, Met'*>, and Val**” in helix a6 and Val**® and
Pro??? in the loop between helices a9 and al0. Besides, the
isopropyl tail of MF stretches to the base of the hydrophobic
pocket and is fixed by the CH-mt staking in between methyl
groups attached to C11 with the aromatic rings of Phe'*®,
Phe'®!, Phe'”®, Phe®*, and van der Waals interactions with
the hydrophobic side chains of Ile'®” and Ile'”* (Fig. 4C).
Similarly, in the structural model of JHAMT1, a substrate-
binding pocket that is comparable to that within JHAMT?2,
except for the substitution of Thr'** for Met'**, is composed
of conserved residues (Fig. 4C).

To verify the functional relevance of specific amino acid
contacts within JHAMT considered of importance to binding
interactions with ligand molecules, mutational analyses and
in vitro activity assays were performed using JHAMTT as it
displays higher native activity than JHAMT2. The kinetic
analyses revealed that the K, and k., values of JHAMT1
were 42.28 + 3.73 uM and 0.92 + 0.02 min~" toward cofactor
SAM and 11.05 + 1.64 uM and 1.14 + 0.06 min~" toward FA.
As shown in Table 3, within the detection limits, the
replacement of GIn'* with Ala/Glu and of His''* with Ala
resulted in a loss of methylation activity with FA, and the
binding affinity (K, value) of these mutants toward FA was
comparable to that of the wild-type (Table 2), suggesting the
crucial roles of the GIn'* and His''* in JHAMT catalysis. In
addition, the replacement of any Trp''®, Thr'**, Val'*¢, 1le**?,
or Pro®*! that normally stabilizes the terpenoid backbone of
MF with Ala had a pronounced effect on the trans-
methylation activity. The K, values of mutated forms W''°A,
THMA, 1M9A, 12194, or P?2'A for FA were between 4- and 7-
fold lower affinity compared with the wild-type enzyme.
Similarly, k., values of these variants were significantly
slower, being between 10 and 70% the rate of the wild-type
enzyme, and the ratio of k., /K, for FA substrate decreased
by approximately 6 to 55-fold (cf wild-type; Table 3). The
individual contributions of Phe'*’, Tyr'*°, Phe'®’, Phe**?,
1le'®’, and Ile’”*, which form contacts with the isopropyl tail
of MF, were also assessed through mutational analyses and
activity assays (Table 3). Of these the K, values of F**°A and
F?>?A forms of JHAMT for FA were significantly higher,
while the F**’A and Y'*°A forms showed little change when
compared with the wild-type enzyme. Interestingly, all
variant forms of JHAMT display lower k., values, which are
decreased by as much as 70% when compared with the wild-
type enzyme, equivalent to a 9 to 100-fold decrease in cata-
lytic efficiency (Table 3). These findings demonstrate that the
hydrophobic interaction network can not only fix the sub-
strate but also participate in the catalytic mechanism.
Moreover, multiple-sequence alignment revealed that the
catalytic residues GIn'*'® and His"'"*'"® are strictly
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Figure 4. Structure of ternary complex JHAMT2-SAH-MF. A, 2Fo — Fc omit map contoured at 1.0 o around the SAH and MF molecules in the
JHAMT2-SAH-MF complex. B, surface representation of JHAMT2-SAH-MF complex. The irregular conical-shaped pocket within JHAMT is indicated. The MF
molecule (shown as yellow stick) is located in the hydrophobic cavity and the SAH molecule (shown as green stick) is located in the adjacent pocket. C, the
interaction of MF molecule with adjacent residues of JHAMT. Residues of JHAMT2 and JHAMT1 involved in the MF binding are shown in sticks and the
hydrogen bonds are black dashed lines. JHAMT2 and JHAMT1 are shown in slate and gray, respectively. MF and SAH are colored with yellow and green,
respectively. D, multiple-sequence alignment of JHAMTs from B. mori and other insects show the strictly conserved catalytic pair (red triangles). B. moril,
JHAMT1 from B. mori; M. sexta, Manduca sexta; O. furnacalis, Ostrinia furnacalis; P. xylostella, Plutella xylostella; G. mellonella, Galleria mellonella; H. armigera,
Helicoverpa armigera; S. frugiperda, Spodoptera frugiperda; S. litura, Spodoptera litura; B. mori2, JHAMT2 from B. mori; B. mandarina, Bombyx mandarina;
A. aegypti, Aedes aegypti; L. sericata, Lucilia sericata; D. melanogaster, Drosophila melanogaster; B. dorsalis, Bactrocera dorsalis; C. secundus, Cryptotermes
secundus; L. migratoria, Locusta migratoria. The complete sequence alignment is provided in Figure S6. E, superimposition of the overall structure of the

SAH- and MF-bound JHAMT?2 (slate) and that of SAH-bound JHAMT2 (orange).

conserved in the JHAMT family (Fig. 4D). Thus, these pairs
of amino acids are of critical importance in the determina-
tion of JHAMT-like protein methyltransferase activity.
Moreover, except for Thr'**, residues that form the hydro-
phobic cavity and make contacts with the substrate molecule
are constitutive or only conservatively substituted within the
JHAMT family in insects (Fig. S6).

Superimposition of JHAMT-SAH complex with the
JHAMT-SAH-MF ternary complex yields an RMSD of 0.65 A
over 228 Ca atoms and reveals that a further significant
conformational change occurs within JHAMT in the presence
of MF. Upon the interaction of MF with JHAMT-SAH,
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significant deviations are observed in the substrate-binding
domain (Fig. 4E), wherein helices «9 and «10, together with
loop C in between helices a9 and «l10, are rigidly shifted to-
ward the center cleft, promoting residues Val**°, Pro**?, and
Phe?*® to move 1.6 A, 3.1 A, and 2.8 A, respectively, toward the
MEF carbon skeleton. Furthermore, loop B between a6—a7 and
a7-a8 becomes orientated toward the MF molecule, with
residues Ile'®” and Phe'”° being approximately 7.3 A and 3.6 A,
respectively, in proximity to the MF molecule (Fig. S7B). These
conformational changes lead to further compaction within the
substrate-binding domain to form a deep substrate-binding
pocket that prevents hydrophobic substrate solvation.
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Table 3

Kinetic parameters of the wild-type JHAMT1 and its mutants toward
farnesoic acid

Enzyme Ko (UM) Keat (min™")  Keat/K (mM ™! min™")
JHAMT1-WT 11.05 + 1.64 1.14 + 0.06 102.89 * 5.30
QA ND ND ND
QME ND ND ND
H'™A ND ND ND
WA 73.32 + 7.74 0.13 + 0.01 1.83 + 0.10
THA 4042 + 6.54 0.78 + 0.04 19.33 + 0.94
1M4°A 67.83 + 7.16 0.50 + 0.02 7.33 + 0.29
F147A 2042 + 1.25 0.02 + 0.001 1.08 + 0.02
Y150A 23.82 + 4.45 0.11 + 0.01 4.39 + 0.33
Vieep 291.60 + 21.32 1.07 + 0.17 3.66 + 0.57
F199A 112.60 + 9.98 0.84 + 0.03 745 + 0.26
I}7°A 4501 + 7.67 0.18 + 0.01 4.02 + 0.24
294 40.23 + 3.04 0.09 + 0.002 2.30 + 0.06
P*A 50.32 + 3.47 0.41 + 0.04 8.08 + 0.21
F?2A 4042 + 6.46 0.46 + 0.04 11.41 + 0.89

Activities were determined in 50 mM HEPES buffer, pH 8.0, with 1 mM SAM, at 25 °C
(data are represented as the mean + s.d., n = 3 independent experiments)
Abbreviation: ND, not detected

Putative catalytic mechanism of JHAMT

The binding of products SAH and MF at the active site of
JHAMT provides a suitable model for study of the FA/JHA
substrate interactions with the enzyme. Thus, based on the
SAH-bound binary and JHAMT-SAH-MF ternary complexes,
respectively FA/JHIIIA and SAM were modeled into the
structure of JHAMT. These molecules were positioned within
the hydrophobic cavity by superposition of the terminal
portion of MF and the carboxyl group extended to the methyl
group of the modeled SAM (Fig. 5, A and B). In the active site,
GIn'* and His''* (B. mori JHAMT1) are positioned to anchor
the carboxyl group of the substrate. The Ne2 of His''* forms
hydrogen bonds with the carbonyl and hydroxyl group of the
substrate, and the GIn'* Ne2 atom could form a hydrogen
bond with the hydroxyl group of the substrate. The mutations
of Q"E, Q'*A, and H''*A inactivate the enzyme, but have no
effect on the substrate binding (Tables 2 and 3), indicating that
the GIn/His pair is involved in the JHAMT catalysis. Histidine
is a Schiff base as its side chain proton readily dissociates
under neutral or alkaline conditions. The mutations of the
H'*Q, H'"*F, and the double mutant Q"*H/H""*Q (swapping
the location of Gln and His) resulted in the loss of methylation
activity with FA (Fig. 5C), suggesting that the essential His''*
needs to be present with the appropriate location and geom-
etry to deprotonate the substrate. In addition, the replacement
of Gln by basic residue His in JHAMT1 (Q'*H) also abolished
the methylation activity in JHAMT]1, and the mutation of Thr
to Gln in the inactive JHAMT isoform, JHAMT3 (JHAMT3-
T'Q), recovered the methyltransferase activity with FA
(Fig. 5C). These results indicated that Gln is a crucial residue
in the JHAMT catalysis. The GIn presumably anchors the
carboxyl group of the substrate in the correct orientation, to
position the hydroxyl group proximal to the methyl group of
SAM. The closeness between the hydroxyl group and the CHj;
donor coupled to polarity within the active site is a prerequi-
site for methylation. Consequently, during catalysis, His''* in
JHAMT acts as a proton acceptor that causes deprotonation of
the substrate —OH group. Subsequently, the —O~ group of
JHA/FA is presumed to make a nucleophilic attack on the
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methyl group of SAM. Concomitantly, the CH; of the SAM
moiety is a leaving group from the S8 onto the susceptible
position of the deprotonated hydroxyl group. Thus, the
carboxyl group is converted to an ester group, producing and
MF and SAH (Fig. 5D).

Discussion

In this study, two functional homologs JHAMT1 and
JHAMT?2, obtained from B. mori, were identified and enzy-
matically characterized in terms of methylation of farnesoic
acid (FA) to methylfarnesoate (MF), albeit with the activity of
JHAMT?2 being significantly lower than that of JHAMT1. The
crystal structure of JHAMT2 was determined, thereby
providing the first recorded three-dimensional structure of the
enzyme from insects. The B. mori JHAMT structure is
composed of a substrate-binding domain and Rossman-fold
cofactor-binding domain that is relatively conserved across
other classes of SAM-dependent methyltransferases, despite
some disparity between residues that contribute to the domain
structure (28, 31, 32). Owing to significant diversity in the
shape, size, and chemistry of methyltransferase ligands, the
structure of the substrate-binding region varies considerably
across individual methyltransferases (28). Indeed, JHAMT
shows a novel structural fold compared with that of other
reported SAM-dependent methyltransferases, which presum-
ably reflects highly specific binding of JHA (Fig. S4).

To further elucidate the determinants of substrate recog-
nition, cocrystallization studies were attempted for JHAMT
with the cofactor (SAM), substrate (FA), and product (MF),
respectively, with the crystallization trail of JHAMT with
substrate/product and cofactor (SAM and FA, SAH and MF).
Finally, the complex of JHAMT with SAM and the ternary
complex with SAH and MF were solved, and these structures
greatly enhanced our present understanding of substrate
recognition and catalytic mechanism of JHAMT. Interestingly,
the binding of SAH induced a significant conformational
change around the SAH-binding site that facilitates the ac-
commodation of the cofactor. Simultaneously, the induced fit
promoted a significant rearrangement of residues in the
substrate-binding domain, forming a wide hydrophobic cleft
that facilitated incoming substrate molecule binding (Fig. 3, E
and E'). The hydrophobic cleft was rudimentary of the
substrate-binding site upon initial recognition and underwent
further conformational changes to finally form a deep conical-
shaped pocket upon interaction with MF (Fig. 4, B and E).
These progressive conformational changes indicated that
JHAMT would combine with the cofactor first with substrate
interactions being secondary to the process of ligand accom-
modation. This explained why crystals of JHAMT protein with
the substrate FA or the product MF were unobtainable in the
absence of the cofactor.

From the ternary structure of JHAMT bound to cofactor
and product, a substrate-binding pocket incorporating a deep
hydrophobic cleft and an alkaline groove entrance was
observed. The amino acid pair of GIn'* and His''* (B. mori
JHAMT1) located at the entrance of the substrate-binding
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Figure 5. Catalysis mechanism of JHAMT enzyme. A, model-built substrate FA and (B) JHA Il and SAM are shown in a cutaway of a space-filling surface
model to illustrate their reaction state of JHAMT. The FA/JHA Ill was positioned by aligning its hydrophobic skeleton to that of MF. FA, JHA Ill, and SAM are
colored with cyan, gray, and green, respectively. The proposed hydrogen bonds are black dashed lines. C, RP-HPLC analyses of FA metabolites generated with
JHAMT1 mutants and JHAMT3-T'°Q mutant in vitro. Vertical axes represent UV absorption at 217 nm. Arrow indicates the MF peaks. D, proposed reaction

mechanism for methyl transfer in JHAMT enzymes.

pocket was prerequisite for catalysis and strictly conserved
across JHAMT orthologs (Fig. 4, C and D). Thus, this amino
acid pair can be regarded as an important feature for the
determination of whether a JHAMT-like protein has methyl-
transferase activity. Moreover, sequence alignment of JHAMT
homologs in B. mori showed that these two key residues are
conserved in the JHAMTI1 and JHAMT?2, but the Gln is
replaced by Thr or Pro in other JHAMT isoforms (Fig. 1A4).
This observation aided in the explanation of the reason that
B. mori JHAMT 3, 4, 5, and 6 share high sequence similarity
with JHAMT1 and JHAMT2 but do not display methyl-
transferase activity. In the cavity of the substrate-binding
pocket, there is a slight opening space in the vicinity of the
methyl groups attached to C7 and C11, and the groups were
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substituted by ethyl group in the JHA I or half-substituted
(C11 position) by ethyl group in JHA II (Figs. 4B and S7C).
This structural feature within the substrate-binding pocket can
plausibly explain the catalytic efficiency of juvenoid acids for
B. mori JHAMT in the order of JHA I > JHA II > JHA III (16),
as filling these open spaces by a slightly branched methyl
group could result in closer contacts between the ligand
molecule and the hydrophobic wall. Meanwhile, this rela-
tionship between structure and function also applies to the fact
that both B. mori JHAMT and D. melanogaster JHAMT are
highly specific to juvenoid acids, FA and JHA III, but not
unbranched fatty acids (16, 17). In the JHAMT-SAH-MF
complex, the mode of binding of SAH and MF represented the
protein structural state of JHAMT at the end of the
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transmethylation. In this state, the original hydrogen bond
between the GIn'**® and His''*/*** with the hydroxyl group of
the substrate (FA) would be broken upon methylation. Thus,
although the positions of terpenoid backbones were nearly
identical for the five structures of MF molecules bound in the
ternary complexes present in the crystal asymmetric unit, the
positions of carbonyl groups were different from each other
mainly due to lack of sufficient hydrogen bonds to stabilize
these complexes (Fig. S7D). This might also explain why the
electron density cloud of the carbonyl group of MF cannot be
tracked. Furthermore, JHAMT is rate-limiting in JH biosyn-
thesis and specific to insects, thus presenting an excellent
target for the development of safe insect growth regulators (24,
26, 33). The three-dimensional structure of JHAMT and its
ligand-bound complexes, combined with the detailed catalytic
mechanism of JHA recognition by JHAMT, provides the op-
portunity to rationalize the computer-assisted design of in-
hibitors and further aids in the development of potent insect
growth regulators or insecticides.

Experimental procedures
Protein expression and purification

The DNA fragments encoding the juvenile hormone acid
methyltransferase B. mori (JHAMT], 2) and its homologs were
amplified by PCR and cloned into a pET28a-derived vector,
respectively (Table S2). The constructs with an N-terminal
hexahistidine tag were transformed into the E. coli BL21 (DE3)
strain (Novagen), and the bacteria were cultured in TB me-
dium at 37 °C. When the ODg of the culture reached 1.0 to
1.5, the expression of JHAMTSs was induced by the addition of
0.2 mM isopropyl-B-p- thiogalactopyranoside at 16 °C for
20 h. The cells were harvested by centrifugation at 6000g for
20 min and then were resuspended in binding buffer (20 mM
Tris-HCI, pH 8.0, 200 mM NaCl). After high-pressure ho-
mogenization and centrifugation at 12,000g for 30 min, the
supernatants were transferred into new centrifuge tubes and
mixed with Ni**-NTA agarose resin (GE Healthcare) that had
been equilibrated with binding buffer. The mixture was incu-
bated at 4 °C for 1 h with rotation and then loaded on a
column. The target protein was eluted with 300 mM imidazole
buffer and then was loaded onto a HiLoad 16/60 Superdex 75
column (GE Healthcare) equilibrated with 20 mM Tris-HCI,
pH 8.0, 50 mM NaCl. The purity of the eluted protein was
estimated by sodium dodecyl-sulfate polyacrylamide gel elec-
trophoresis, and the protein sample was stored at —80 °C. The
mutant proteins were expressed, purified, and stored in the
same manner as the wild-type protein.

Crystallization and data collection

Crystallization screens were set up at 16 °C by mixing equal
volume of protein sample and reservoir solution, using the
sitting-drop vapor-diffusion method. Crystals of JHAMT?2 apo-
form were grown by mixing 1 pl of 7.5 mg/ml protein sample
with equal volume of mother liquor (0.1 M Bis-Tris pH 5.5, 1 M
ammonium sulfate, and 1% polyethylene glycol 3350) with
the hanging-drop vapor-diffusion method. The crystals of
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SAH-bound complex were obtained by cocrystallizing
JHAMT2 with 5 mM SAM in 0.1 M Bis-Tris pH 5.5, 1 M
ammonium sulfate, and 1% polyethylene glycol 3350. The SAH
and MF-bound protein complex was made by mixing the
freshly purified JHAMT?2 with 5 mM SAH and MF solution and
incubating the mixture at 4 °C overnight. Crystals of
JHAMT?2-SAH-MF complex were harvested in a reservoir so-
lution of 0.15 M pL-Malic acid pH 7.0, and 20% polyethylene
glycol 3350. Crystals were flash-cooled in liquid nitrogen at
100 K for data collection using 20% glycerol in mother liquor as
cryo-protectant for JHAMT2 and JHAMT2-SAH complex
crystals and reservoir solution supplemented with 30% PEG400
reservoir solution as cryo-protectant for JHAMT2-SAH-MF
ternary complex crystals. All diffraction data for single crystal
was collected at a wavelength of 0.979 A at Shanghai Syn-
chrotron Radiation Facility, Shanghai Institute of Applied
Physics, Chinese Academy of Sciences, using beamline BL 17U
at 100 K with a DECTRIS Pilatus 36M CCD. Data processing
and scaling were performed using the HKL3000 package (34).
The dataset statistics are shown in Table 1.

Structure solution and refinement

The initial phase of JHAMT was obtained from the SeMet-
derivative JHAMTS3 crystal by single-wavelength anomalous
dispersion phasing method using the AutoSol program from
PHENIX (Unpublished data). Relevant data collection and
refinement statistics are given in Table S1. The crystal struc-
ture of JHAMT?2 apo-form was determined by the molecular
replacement method with MOLREP (35) in the CCP4i2 suite
(36) using the model of SeMet-JHAMT?3 as the search model.
Refinement was carried out by several rounds of maximum-
likelihood-based refinement of individual coordinates and
individual B factors using REFMACS (37). After every round
of refinement, the model was manually checked against Fo —
Fc and 2Fo - Fc electron density maps in Coot (38). In addi-
tion, both the structures of the JHAMT2-SAH binary complex
and the ternary complex with SAH and product were deter-
mined by the molecular replacement method using the refined
JHAMT?2 apo-form model. These structure models were also
refined by the iterative refinement with REFMACS (37) and the
interactive rebuilding process in Coot (38). The overall
assessment of model quality was performed using MolProbity
(39). A summary of structure refinement statistics is provided
in the Table 1. All structural figures were prepared with
PyMOL (40).

Fluorescence measurements

A Hitachi F-7100 fluorescence spectrophotometer was used
to measure emission fluorescence spectra, in a right-angle
configuration with a 1 c¢cm light-path quartz cuvette. The slit
width was 5 mm for both excitation and emission. Considering
the high content of tryptophan (1.4%) and tyrosine (4.3%)
residues in B. mori JHAMT, we used an excitation wavelength
at 280 nm to measure the intrinsic fluorescence of tryptophan
side chain. A quartz-cuvette containing 2500 pl of protein
sample (2 uM) was incubated for 2 min at 25 °C before
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measurement. SAM (Sigma-Aldrich) at a final concentration
of 0 to 1.5 mM was added to the protein sample, respectively,
in the cofactor-binding affinity assay. FA at a final concen-
tration of 0 to 0.1 mM was added to the protein sample,
respectively, in the substrate-binding affinity assay. The reac-
tion was started by adding substrate, and the fluorescence
quenching data were recorded in the range 300 to 450 nm,
with an excitation wavelength of 280 nm. Each reaction was
repeated three times, and the K, values were calculated with
GraphPad Prism 5.0.

Enzymatic activity assays

The enzymatic activity of JHAMT was measured by quan-
tifying the amount of product in the reaction, as described in
previous studies, with some modification (16, 17). Briefly, in a
450 pl reaction mixture containing 50 mM HEPES, pH 8.0,
recombinant JHAMT proteins were incubated for 2 min at 25
°C before measurement. To determine the kinetic parameters
of JHAMT for FA, 500 pM SAM (Sigma-Aldrich) was added to
the reaction mixture, and the reaction was triggered by adding
50 pl substrate FA (Echelon Bioscience) with different con-
centrations (0-300 pM). To determine kinetic parameters of
JHAMT for SAM, 500 uM FA (Sigma-Aldrich) was added in
each reaction system, and the reaction was started by adding
SAM at different concentrations (0-400 pM). After incubation
at 25 °C for 10 min (JHAMT1 wild type) or 60 to 120 min
(JHAMT1 mutants), the reactions were stopped by the addi-
tion of 500 pl of CH3CN (Honeywell). Under these conditions,
the rate of product formation was linear during the reaction.
The reaction mixture was centrifuged at 4000g for 30 min, and
the top phase (150 pl) was transferred into a small vial for RP-
HPLC analysis. The MF standard (Echelon Bioscience) was
quantified by RP-HPLC analysis using various concentrations
ranging from 0.15 to 80 uM. RP-HPLC was performed with
Agilent 1290 HPLC system equipped with a Symmetry C18
column (5 pm, 4.6 mm x 150 mm; Waters). The column was
equilibrated and eluted with 80% CH3CN at a flow rate of
0.5 ml/min, and separation of the components was detected at
the wavelength of 217 nm. Kinetic parameters were derived
from three independent experiments in order to calculate the
means and standard deviation (sd) for the K, and k., values.

Data availability

The coordinates and the crystal structure factor of the silk-
worm JHAMT?2, JHAMT2-SAH, and the JHAMT2-SAH-MF
ternary complex have been deposited into the Protein Data Bank
with the accession codes 7EBS, 7EBX, and 7ECO, respectively.
All other data are available from the corresponding authors
upon request.
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