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Ips spp. bark beetles use ipsdienol, ipsenol, ipsdienone
and ipsenone as aggregation pheromone components and
pheromone precursors. For Ips pini, the short-chain oxi-
doreductase ipsdienol dehydrogenase (IDOLDH) con-
verts (—)-ipsdienol to ipsdienone, and thus likely plays
a role in determining pheromone composition. In order
to further understand the role of IDOLDH in phero-
mone biosynthesis, we compared IDOLDH to its nearest
functionally characterized ortholog with a solved struc-
ture: human L-3-hydroxyacyl-CoA dehydrogenase type
11/ amyloid-p binding alcohol dehydrogenase (hHADH
II/ABAD), and conducted functional assays of recom-
binant IDOLDH to determine substrate and product
ranges and structural characteristics. Although
IDOLDH and hHADH II/ABAD had only 35%
sequence identity, their predicted tertiary structures
had high identity. We found IDOLDH is a functional
homo-tetramer. In addition to oxidizing (—)-ipsdienol,
IDOLDH readily converted racemic ipsenol to ipsenone,
and stereo-specifically reduced both ketones to their cor-
responding (—)-alcohols. The (+)-enantiomers were
never observed as products. Assays with various sub-
strate analogs showed IDOLDH had high substrate spe-
cificity for (—)-ipsdienol, ipsenol, ipsenone and
ipsdienone, supporting that IDOLDH functions as a
pheromone-biosynthetic enzyme. These results suggest
that different IDOLDH orthologs and or activity
levels contribute to differences in Ips spp. pheromone
composition.

Keywords: ipsdienol/ipsenol/monoterpene/
pheromone/short-chain dehydrogenase.

Abbreviations: a.a., amino acid; ADH, alcohol
dehydrogenase; hHADH II/ABAD, L-3-hydroxyacyl-
CoA dehydrogenase type II/ amyloid-p binding
alcohol dehydrogenase; IDOLDH, ipsdienol
dehydrogenase; MDR, medium-chain dehydrogenase;
MOI, multiplicity of infection; PPIDOLDH, partially
purified IDOLDH; SDR, short-chain oxidoreductase;
40PPIDOLDH, IDOLDH recovered from a 40%
(NH4)2SO4 cut.

Ipsdienol (2-methyl-6-methylene-2,7-octadien-4-ol)
and ipsenol (2-methyl-6-methylene-7-octen-4-ol), both
hydroxylation products of the monoterpene, myrcene
(7-methyl-3-methylene-1,6-octadiene), are important
semiochemicals in Ips spp. bark beetles (rev. 7). The
enantiomeric ratios of these chemicals can be import-
ant for their semiochemical function. For example, ra-
cemic ipsdienol is produced by western North
American Ips pini populations exposed to a myrcene
atmosphere (2), but this mixture does not act as an
aggregation pheromone. In contrast, males synthesiz-
ing pheromone produce ~95% (enantiomeric excess)
(—)-ipsdienol that serves as a potent aggregation
pheromone. Eastern North American populations pro-
duce and respond to an ~60% (—)/40% (+)-ipsdienol
blend (3, 4).

For western North American /. pini, the pheromone-
biosynthetic cytochrome P450 that hydroxylates myr-
cene to ipsdienol, CYP9T2, does not produce the nat-
ural enantiomeric blend of ‘pheromonal ipsdienol’
(5—7). This led to the suggestion that other enzymes
‘tune’ the enantiomeric ratios of ipsdienol produced by
myrcene hydroxylases. One candidate enzyme, ipsdie-
nol dehydrogenase (IDOLDH, GenBank JN653323.1),
is produced in a pattern consistent with other phero-
mone-biosynthetic enzymes and stereospecifically oxi-
dizes (—)-ipsdienol to ipsdienone (2-methyl-6-
methylene-2,7-octadien-4-one) (8). The expression pat-
tern and activity of IDOLDH strongly suggested that
it serves to produce pheromonal ipsdienol.

IDOLDH is a member of the short-chain family of
alcohol dehydrogenases (SDRs) with activity that
places it in the E.C.1.1.1 group (8). These enzymes
have very low sequence conservation, but retain the
common Rossman fold tertiary structure (rev. 9).
They catalyse redox reactions for a wide variety of
endogenous or exogenous substrates, with individual
enzymes displaying narrow to broad substrate ranges
(10—13) which are strongly influenced by a substrate-
binding loop near the C-terminus (/4). Drosophila al-
cohol dehydrogenase is an SDR that is hypothesized to
have evolved a preference for ethanol, consistent with
that insect’s alcohol-rich environment (/5), whereas
SDRs from other insects tend to have broader sub-
strate ranges, without a preference for ethanol
(13, 16). Thus, insect SDRs are good candidates to
study evolutionary pressures affecting functional
divergence.

The need to provide the correct pheromone signal
would place high pressure on IDOLDH and possibly
other associated enzymes to serve the pheromone bio-
synthetic pathway, leading to narrow substrate range
and high product specificity. In order to test the
hypothesis that IDOLDH functions primarily in
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pheromone biosynthesis and therefore has a strong
preference for monoterpenoid secondary alcohol sub-
strates, we further characterized its substrate range and
biochemical properties. We found that IDOLDH is a
functional homo-tetramer with very high specificity for
(—)-ipsdienol and (—)-ipsenol and their corresponding
ketones. The ability to discriminate for these substrates
appears to rely on their entire structure rather than
small sub-regions. The observed narrow distribution
of substrates and products is consistent with a role in
chemical communication rather than general
metabolism.

Materials and Methods

Materials

Fetal bovine serum was from Atlas, Grace’s 1x Insect Basal Medium
and Hink’s 1x TNM-FH Media (Supplemented Grace’s Medium)
were from Mediatech, Inc (Herndon, VA). Agarose Gel (4%) and
2x Grace’s Insect Media and Sf-900 II SFM (1X) media were from
Gibco (Grand Island, NY). Sf9 cells were from Invitrogen.
Ipsdienone and ipsenone were kind gifts from D. Vanderwel (U.
Winnipeg). Neat ‘racemic’ ipsdienol (50% (+)-, 45% (—)- ipsdienol,
5% ipsdienone) was from Bedoukian Research, Inc. (Danbury, CT),
and 80mg/ml 2% (—): 96% (+ )-ipsdienol and 98% (—): 1% (+)-
ipsdienol in 1,3-butane diol were from PheroTech Inc (Contech,
Vancouver, Canada). Cytochrome C, Dextran Blue, yeast alcohol
dehydrogenase, geraniol, nerol, citral, (—)-menthone, 1,3-butane-
diol, B-estradiol, a-ketobutyrate, 4-methyl-2-pentanol, 4-methyl-3-
penten-2-one, 4-methyl-2-pentanone, NADP*, NAD", NADH,
NADPH, PMSF and protease inhibitor cocktail were from Sigma
(St. Louis, MO). 1-Propanol and 2-propanol were from Fisher.
Sephadex G100-120 was from Pharmacia. 8f3,90-Ryanoid and 10-
epi-ryanoid were prepared by Luc Ruest (Université de Sherbrooke).

Recombinant protein preparation

Recombinant IDOLDH was produced from a baculoviral vector in
Sf9 (insect) cell culture, which has proven highly reliable for studies
of pheromone biosynthetic enzymes (5—8, 17), essentially as
described previously (8). Assays were done using recombinant
IDOLDH recovered in three different ways from infected Sf9 cells:
from crude culture media (8), cell homogenates (crude, infected cell
lysate), or cell homogenates partially purified with (NH4),SOy4 (see
below). Enzyme preparations were stored at 4°C no longer than a
month until enzyme assays were done. Protein concentrations for all
preparations were determined using the BCA Protein Assay Kit as
per the manufacturer’s protocol (Pierce, Rockford, IL), except for
those used in kinetic assays, which were determined using a modified
Lowry assay (I8, 19).

Recombinant protein purification

IDOLDH in lysates of infected cells was partially purified
(PPIDOLDH) by (NH4),SO, precipitation. Briefly, 35ml of
IDOLDH was prepared as described above and solid (NH4),SO4
added with stirring to 20% saturation. The samples were mixed by
vortexing for 30s and further mixed on a rotator for 16 h or over-
night at 4°C. The samples were then centrifuged at 10,000 x g for
20 min at 4°C, and solid (NH,4),SO,4 was added to the supernatant to
a final concentration of 40% (40PPIDOLDH) and 60% as described
above. The distribution of IDOLDH in pellets and supernatants at
different (NH4),SO4 concentrations was determined by sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS—PAGE)
and western blotting using an IDOLDH-specific polyclonal antibody
as described previously (8). To test for storage temperature stability,
all PPIDOLDH was flash frozen in liquid nitrogen and stored at 4,
—20 or —80°C for a week, then thawed at room temperature and
assayed using the standard assay as described below. IDOLDH ac-
tivity was obtained from averaged estimated initial velocities (N = 2)
and an NADPH extinction coefficient of 6.22mM~'. The + spread
was calculated and reported.
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Gel permeation chromatography

The mass of the active form of IDOLDH recovered from infected
cell lysates was estimated by gel permeation chromatography using a
Sephadex G100-200 column calibrated with ~7 mg/ml Dextran Blue,
cytochrome c, haemoglobin and ~1mg/ml yeast alcohol dehydro-
genase. Samples were prepared in aqueous 0.05% NaNj;, 100 mM
NacCl, applied to the top of the column, and collected in 0.75—1.0 ml
fractions. The absorbances of Dextran Blue, cytochrome ¢ and hae-
moglobin were read at 620, 551 and 410 nm, respectively, in a spec-
trophotometer. Fractions containing IDOLDH or yeast alcohol
dehydrogenase were identified by enzymatic activity as described
below (Standard assays). A standard curve was created using elution
volume (V,) relative to that of Dextran Blue (V,) by plotting relative
elution volume (V./V,) versus log molecular weight of the standards.

pH dependence

The effect of pH on IDOLDH activity was measured using enzyme
recovered from crude culture media to catalyse oxidation of ipsdie-
nol to ipsdienone. Initial rates of reaction were measured at 25°C in
800 pl of assay buffer (100 mM sodium phosphate, 1.1 mM EDTA)
(8) adjusted to the appropriate pH and 200 uM (15ul) NADP ",
13mM (2.5ul) racemic ipsdienol and 1,300 pg (300 pl) of protein.
Change of absorbance was measured spectrophotometrically at
340 nm (8). This experiment was performed once. The buffer prefer-
ence of IDOLDH prepared from crude lysates was assayed using
0.1% gelatin in 0.1 M Tris HCI pH 7.5 or 8.0 (N =2), or 0.1%
gelatin in 0.1 M sodium phosphate pH 6.5, 7.0 and 7.5 (N = 2) as
described below (Standard assays).

Metal ion requirement

The contribution of metal ions to IDOLDH activity was tested by
incubation with the metalloenzyme inhibitor, 1, 10-phenanthroline.
Approximately 40 pug (20 pl) of cell lysate containing IDOLDH was
incubated with 3.0mM 1, 10-phenanthroline in 180 ul of 0.1 M Tris
HCI pH 7.5 or 0.1 M sodium phosphate buffer for 0—300 min, and
then assayed for activity using standard conditions as outlined below
(Standard assays).

Secondary structure prediction

Based on a blastp search using IDOLDH as query, the most similar
characterized protein of known structure is human L-3-hydroxyacyl-
CoA dehydrogenase type 11/ amyloid-f binding alcohol dehydrogen-
ase (hHADH II/ABAD; NP_004484.1) (8). A primary sequence
alignment between IDOLDH and hHADH II/ADAB was done
using Vector NTI (Informax, N. Bethesda, MD, USA) and
CLUSTALW (20). Secondary structure predictions were done by
the PSIPRED server (21).

Standard assays

Pyridine nucleotides, most substrates, and protein were kept on ice
until assay. All other reagents were maintained and assays were con-
ducted at 25°C.

Enzyme activity was determined spectrophotometrically with a
3ml stirred cuvette system in a Hewlett Packard 8452A Diode-
Array spectrophotometer to monitor NADPH formation or dis-
appearance at 340nm (22). Each ~3ml assay contained 2.0ml of
reaction buffer (0.1% gelatin in 66.7mM sodium phosphate buffer
pH 7.5), I ml of 0.167—8.33mM NADP ™~ for oxidation or NADPH
for reduction, 10—160ul of substrate (see below) and 6—40pg
(5-20 pl, 40PPIDOLDH) or 20—100 pg (10—50 pl) of total recombin-
ant protein (IDOLDH from cell lysate or yeast alcohol dehydrogen-
ase) for oxidation or reduction reactions. Briefly, samples were
prepared with reaction buffer, pyridine nucleotide and either
enzyme or substrate and change in absorbance was recorded for
~1-3 min to establish the baseline. Reactions were then initiated
by the addition of either missing component (substrate or enzyme)
and absorbance was recorded for a further 1—10 min until no change
was visible. All assays for specific activity were run at least in dupli-
cate unless otherwise noted or unless no reaction was seen with a
particular protein preparation or substrate, in which case that assay
was not repeated. Progress curves of reactions were plotted as prod-
uct versus time and curves fit to a single exponential equation (8).
Estimated initial velocities (in units OD/s) and an NADPH extinc-
tion coefficient of 6.22mM ™! were used to calculate estimated spe-
cific activities (ESAs) in terms of nmol-min~"-mg~" total protein.
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Fig. 1. Substrates and analogs tested with IDOLDH. Strong substrates showing specific activity (SA) > 27 nmol-min~"mg~" at <20 uM sub-
strate, and weak substrates (SA of 10 to 27 nmol-min~'-mg~' at between 17 and 31 uM substrate are in the upper and lower left panels,

respectively, while poor or non-substrates are in the right panel.

All data were plotted and analysed using Origin 5.0 software
(Northampton, MA).

Normalization assays

Data were collected from multiple enzyme preparations with vari-
able enzyme expression levels and recoveries. In order to make quan-
titative comparisons and test enzyme stability between preparations,
‘normalizing’ ESAs were determined at the beginning and end of
each experimental session with the following parameters: 2ml of
0.1% gelatin in 0.1 M sodium phosphate buffer pH 7.5, 1ml
of 25mM NADP*, 200ul of 0.33mM (—)-ipsdienol and
20—100 pg (10=50 ul) of total IDOLDH lysate or 6—40g (10 pul) of
40PPIDOLDH (where noted). Experimental ESA values were then
divided by those of the normalization assay to calculate reported
specific activities. Experimental determinates (N) are the number
of independent enzyme preparations tested. In cases where two ex-
perimental determinations were obtained and the data were normal-
ized to protein concentration, pooled into a single data set and a
single fit of all the data was obtained and standard error of the
estimate reported. When N > 2, averages of obtained specific activ-
ities and standard errors were reported.

Specific activities for various substrates were explored using the
following, with concentrations listed being final concentrations in
the assay: 0.33 M 1- or 2-propanol or ethanol; 17.6 uM (—)-ipsdienol
in 1,3-butanediol, (+ )-ipsdienol in 1,3-butanediol, racemic ipsenol,
ipsdienone, ipsenone, (—)-menthone, nerol, geraniol, citral or
myrcene, 24 uM or 3.4mM 4-methyl-2-pentanol, 25uM or 3.5mM
4-methyl-2-pentanone or 3-penten-2-ol, 28puM or 17.65mM 4-
methyl-3-penten-2-one, 31 uM or 5.11 mM 3-penten-2-ol or 90 mM
acetone, (Fig. 1) each dissolved in assay buffer; and 21-22 pM 10-epi-
921-dehydroryanodine, 8p,9a-dihydroxy-10-O-methyl-10-epiryano-
dine, or 20 uM B-estradiol, each dissolved in ethanol. Similarly,
yeast alcohol dehydrogenase was assayed with 1- or 2-propanol,
or (—)-ipsdienol at the concentrations listed above.

Kinetic constants for oxidation or reduction reactions were deter-
mined by varying the substrate concentration from 2.2uM to
17.6 uM. Separate additions of the substrate were added to the
assay buffer with enzyme and cofactor (NADP™ at 0.866 or
8.66mM for oxidation and NADPH at 0.167mM for reduction)
and tested using the standard assay. All assays to determine kinetic
constants (K, and V,,.,) were performed in duplicate.

Inhibition constants (K;) were determined for (—)-ipsdienol oxi-
dation by IDOLDH by comparing velocities of reactions in the pres-
ence and absence of each putative inhibitor. Compounds were tested
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for inhibition at the following concentrations: 17.6 uM for ipsdie-
none,l1, 3-butanediol, 8f,9a ryanoid, 10-epi ryanoid, nerol, geraniol,
citral, (+ )-ipsdienol, 33.3 mM I-propanol and 2-propanol, 17.6 uM
and 35.2 uM for (—)-menthone, and 39 pM for B-estradiol (Table II).
Apparent inhibition constants and inhibitor dissociation constants
were calculated by standard methods assuming competitive
inhibition.

Product assay and determination

IDOLDH prepared from infected cell lysates and uninfected Sf9 cell
lysates (negative control) were assayed with ipsdienone or ipsenone
in the presence of NADPH in one ml reactions. Assay buffer
(962.5ul), 100 pg of enzyme (20 ul of IDOLDH cell lysate, 1 to 1
dilution of Sf9 cell lysate and assay buffer), and 225 uM NADPH
(15l of 15mM prepared in water) were added to a small glass vial.
The reactions were initiated by the addition of 67—73 uM substrate
(2.5l of 27—-29 mM substrate diluted in assay buffer). The reaction
vials were capped and mixed by vortexing for 10s before incubation
at 25°C for 15Smin.

Products were analysed by coupled GC-MS using a DB-5 capil-
lary column, and the enantiomeric compositions of ipsdienol
and ipsenol were determined by chiral separation using the same
GC-MS system with a CycloSil-B (30 m x 0.25 mm internal diameter,
0.25um film thickness) column (J&W Scientific) essentially as
described previously (8). The retention times and mass spectra of
true standards were used for comparison.

Results

Active form

Gel permeation chromatography gave a single peak of
IDOLDH activity with an estimated mass of 117 kDa
as compared to known standards (Fig. 2). The esti-
mated mass is ~4 times higher than the 27.5kDa
observed in SDS—PAGE gels and predicted by concep-
tual translation of its open reading frame (§).

pH dependence

IDOLDH activity was highest in mildly basic condi-
tions (Fig. 3A). The enzyme was less active in acidic
pH conditions. A narrow-range survey showed higher
IDOLDH specific activity in solutions buffered with
0.1M Tris HCl compared to those buffered with
0.1 M sodium phosphate (Fig. 3B).

Metal ion requirement

IDOLDH use of metal ions was tested by incubation
with the metalloenzyme inhibitor, 1, 10-phenanthro-
line. A slight, statistically insignificant (P > 0.07) in-
crease of (—)-ipsdienol oxidation activity was observed
after 40 ug IDOLDH was incubated for up to 5h in
3.0mM 1, 10-phenanthroline in 0.1 M Tris HCI pH 7.5
(specific activity of 614.3 + 36.6 or
519.7 + 30.6 nmolmin~'-mg~"', respectively) or 0.1 M
sodium phosphate buffer (specific activity of
5247 +21.1  or  470.3 + 6.5nmol-min~"mg~",
respectively).

Enzyme stability
Recombinant IDOLDH produced by baculovirus-
infected Sf9 cells distributed to both cell culture
media and the cell homogenates (8). Crude cell lysates
were chosen for further characterization because they
had a higher IDOLDH activity relative to total
protein.

IDOLDH preparations from both crude culture
media and infected cell lysates showed highest activity
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Fig. 2. Gel permeation chromatography. (A) Activity profile of
IDOLDH-catalysed oxidation of (—)-ipsdienol in fractions eluting
from a Sephadex G100-200 column. Most activity eluted in Fraction
16. (B) Elution profile of standards and IDOLDH. The activity
profile in panel A placed functional IDOLDH at 117 kDa.

in the resuspended pellets of 40% (NH,4),SO, cuts
(40PPIDOLDH) compared to activity of 20% and
60% (NH4),SO,4 cuts (Supplementary Fig. S1). Forty
and sixty percent ammonium sulphate purification
yielded approximately a 7-fold purification by mass
and 2.7- and 2-fold higher specific activity (217 £ 0.5
and 159 + 18 5nmol-min~'-mg™"), respectively, com-
pared to crude cell lysate preparations (81
5+ I nmol-min~'mg~"). Storage at —80°C and 4°C
further stabilized 40PPIDOLDH with half activity
still retained after 6 months at 4°C after initial freezing
and thawing (data not shown). Over half of the activity
was lost when IDOLDH from cell lysates or the 40%
(NH4),SO4 supernatant (40PPIDOLDH) were stored
at —20°C for a week (data not shown). Furthermore,
IDOLDH lysate-mediated reduction of ipsdienone was
observed for only 0.5—1.0 min before loss of observable
activity, whereas 40PPIDOLDH-mediated reduction
of ipsdienone could be detected for almost 10 min.
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Fig. 3. pH effects on activity. (A) pH titration curve of recombinant
IDOLDH prepared from crude culture media. All reactions were

done with 13 mM racemic ipsdienol and 2mM NADP ™. Values are
from a single replicate. (B) Effect of buffer composition on activity
of IDOLDH prepared from infected cell lysates. Oxidation of (—)-
ipsdienol by IDOLDH was measured in phosphate or Tris based

buffers. Values are means of two replicates, £ maxima and minima.

Over half of the activity of IDOLDH prepared from
infected cell lysates was lost after a month of storage at
4°C but 40PPIDOLDH retained most to all of its ac-
tivity under the same conditions.

Standard assays conducted at the beginning and end
of an experimental session showed enzyme activity was
stable through the experimental period and from day
to day (data not shown). To be consistent, the specific
activity obtained at the beginning of assay was always
used to normalize ESA or V.. values of the
experiment.

Structure analysis
IDOLDH and hHADH II/ ABAD primary structures
were 253 a.a., and 261 a.a., respectively, with 35% a.a.

Ipsdienol dehydrogenase substrate specificity

identity distributed throughout the sequences (Fig. 4).
The hHADH II/ABAD secondary structure predicted
by PSIPRED (21) was very similar to the X-ray crystal
structure in the Protein Data Bank (ID 1U7T; not
shown), suggesting that PSIPRED could reliably pre-
dict a-helices and model IDOLDH. The overall sec-
ondary structure predicted for IDOLDH and
observed for hHADH II/ ABAD were very similar,
with residues contributing to the typical Rossmann-
fold motif for nucleotide binding (22—24) and the cata-
lytic tetrad (Asn 121,Ser 155, Tyr 168, Lys 172 in
hHADH II/ABAD), highly conserved (Fig. 4).

IDOLDH activity

Conventional methods were used to compare specific
activities based on the steady-state (initial velocity)
portion of the progress curves. The specific activity
of recombinant IDOLDH prepared from infected Sf9
cell lysates for (—)-ipsdienol oxidation in the presence
of NADP" was 427 +£25 to nmol-min 'mg™
(Table I), ~19-fold higher than preparations from cul-
ture media (8). IDOLDH also efficiently catalysed the
oxidation of racemic ipsenol to ipsenone with a specific
activity of 196 + 8 nmol-min~"-mg~'. No activity was
observed using (+)-ipsdienol as a substrate. The re-
duction reactions of ipsdienone and ipsenone using
NADPH as coenzyme yielded the corresponding alco-
hols with specific activities of 50 + 4 and 92 £ 7 to
nmol-min~"-mg~", respectively. GC analysis using an
enantioselective column indicated ipsdienone was
reduced to exclusively (—)-ipsdienol, while ipsenone
was reduced to (—)-ipsenol; the (+)-enantiomers of
these alcohols were never observed (Fig. 5). In general,
the oxidation reaction appeared more favoured than
the reduction reaction (Table I). (—)-Menthone was
reduced by IDOLDH with a specific activity of ~16
nmol-min~'-mg~!, however no activity was observed
for other monoterpenoid chemicals, including nerol,
geraniol and citral. Myrcene was neither oxidized nor
reduced by IDOLDH under our assay conditions
(Table I). Parallel tests using uninfected Sf9 cell lysates
showed no activity on monoterpenoid alcohol sub-
strates, and barely detectable activity on carbonyls
(not shown).

In order to further map characteristics that influence
substrate specificity, we tested monoterpenoid analogs
with structures analogous to various portions of (—)-
ipsdienol, (—)-ipsenol, ipsdienone and ipsenone,
including 2-propanol, 4-methyl-2-pentanol, 3-penten-
2-o0l, acetone, 4-methyl-3-penten-2-one and 4-methyl-
2-pentanone (Fig. 1). Of these, only 4-methyl-2-penta-
nol and 3-penten-2-ol served as oxidation substrates,
whereas 4-methyl-3-penten-2-one and 4-methyl-2-pen-
tanone served as very poor reduction substrates, but
only at very high (3—17mM) concentrations (Table I).
No reaction could be detected when these substrates
were assayed at micromolar concentrations.

The hHADH II/ABAD substrate, B-estradiol (24)
was a poor oxidation substrate at 20puM for
IDOLDH, with a specific activity of
27nmol-min~"mg~! (Table I). Additionally, 39 uM
B-estradiol was an inhibitor of IDOLDH oxidation
of (—)-ipsdienol and had a K; of 25uM (Table II).

145


Deleted Text:  
Deleted Text: o
Deleted Text:    
Deleted Text:   
Deleted Text: #
Deleted Text:   
Deleted Text: --
Deleted Text: -
Deleted Text: -
Deleted Text: approximately 
Deleted Text:   
Deleted Text: catalyzed 
Deleted Text: -
Deleted Text: -
Deleted Text:   
Deleted Text:   
Deleted Text: -
Deleted Text: -
Deleted Text: --
Deleted Text: --
Deleted Text:   
Deleted Text:   
Deleted Text: --
Deleted Text:   
Deleted Text: -
Deleted Text: -
Deleted Text: , 
Deleted Text:   
Deleted Text:   
Deleted Text: --
Deleted Text: --
Deleted Text: , 
Deleted Text:   
Deleted Text: while 
Deleted Text:  -- 
Deleted Text:   
Deleted Text: -
Deleted Text: -
Deleted Text:   
Deleted Text: --

R. Figueroa-Teran et al.

Nucleotide binding motif

%

hHADH/ABAD MAAACRSVKGLVAVITGGASGLGLATAERLVGQGASAVLLDLPNSGGEAQAKKLGNNCVE 60

wIpIDOLDH  ---MMVKIQDSVYLVTGGGSGLGEATAKLLLTEGARVTIFSR----NEYKNEFPHDQVLS 53
) —)

]

) — } =) ‘)
hHADH / ABAD APADVTSEKDVQTALALAKGKFGRVDVAVNCAGIAVAS-KTYNLKKGQTHTLEDFQRVLD 119
wIpIDOLDH VKGDVRSESDVKRALEATIQRFGKLDGVMHCAGVFQNGDELFNMDTQQPGDYTVLTDIVT 113

=) } —)

|

=

] )] ——

hHADH/ABAD VNLMGTFNVIRLVAGEMGONEPDQGGQRGVIINTASVAAFEGQVGOAAYSASKGGIVGMT 179
wIpIDOLDH TELLGTFNVNRLAI PYFLTNQPDEEGQKGII INCS§TSGHS PMS SAVAXSTSEAAI IGLS 173

([ } ) {

™ —) | e e
hHADH/ABAD LPIARDLAPIGIRVMTIAPGLFGTPLLTSLPEKVCNFLASQVPFPSRLGDPAEYAHLVQA 239

wIpIDOLDH YALAKQLSTLGIRVMDIAPALCDTPMFRRAVGFNQDIANFRNLFPARLIQPIEYANAVKH 233
0 ) —) { —

ﬁ

— —) Substrate binding loop
hHADH/ABAD IIENPFLNGEVIRLDGAIRMQP 261

wIpIDOLDH ITETPMLNGSSYQLDGALRP-- 253
— =
Fig. 4. Structural comparison of short-chain dehydrogenases. ClustalW alignment of hHADH/ABAD (GenBank NP_004484.1 and western

1. pini IDOLDH (wIpIDOLDH; CB408666.1). Conserved residues are in bold font. Gaps inserted to optimize the alignment are indicated by
dashes. The substrate binding loops and the nucleotide-binding motifs are boxed. The catalytic tetrad residues are underlined.

Table I. IDOLDH substrate profile

Concentration Specific activity
Substrate® (nM) Coenzyme (nmol~min"~mg’l + SEE or std. err.”) N
(—)-Ipsdienol 17 NADP* 427 + 25 62
(+)-Ipsdienol 17 NADP " 0.2+0.2 1
Racemic ipsenol 17 NADP™ 196 + 8 3
Ipsdienone 17 NADPH 50 + 4 16
Ipsenone 17 NADPH 92 +7 24
(—)-Menthone 17 NADPH 16 £0.1 2
Nerol 17 NADP " 26+04 2
Geraniol 17 NADP"* 1.5+0.5 2
Citral 17 NADP™* 25+0.5 2
Myrcene 17 NADP " 0.22 + 0.1 1
Myrcene 17 NADPH 44+0.2 2
1,3 Butenediol 17 NADP* 3.0+ 0.6 3
4-Methyl-2-pentanol 24 NADP* 1.0 £2.0 2
4-Methyl-2-pentanol 3,400 NADP* 19 +0.1 2
4-Methyl-2-pentanone 25 NADPH 59=+0.1 2
4-Methyl-2-pentanone 3,500 NADPH 70.9 £0.2 2
4-Methyl-3-penten-2-one 28 NADPH 39=+0.1 2
4-Methyl-3-penten-2-one 17,650 NADPH 24 £ 1 2
Acetone 90,000 NADPH 41 + 1 4
10-Epi-ryanoid 21 NADP™* 30+ 1 1
8B-9a-ryanoid 22 NADP* 54 +0.6 1
3-Penten-2-ol 31 NADP"* 13.6 £ 1.0 2
3-Penten-2-ol 5,110 NADP™* 48.8 £ 1.0 2
B-Estradiol 20 NADP™* 27.0 £ 0.8 1

Enzyme activity was determined by measuring changes in absorbance at 340 nm. The coenzyme concentration in all cases was 200 uM
NADP™ or 167uM NADPH. See Materials and Methods for standard assay conditions.

#Other substrates tested but showing no activity included a-ketobutyrate, 1- and 2-propanol and ethanol.

Standard error of the estimate (SEE) is a measure of the quality of the data with smaller values indicating a higher probability the model is
correct. SEE is reported when N =1, N = 2; Std. err. is reported when N> 3.
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Fig. 5 Stereo-selective ketone reduction. GC traces of products extracted from reactions of IDOLDH prepared from infected cell lysates
incubated with NADPH and either ipsdienone (A) or ipsenone (B). Traces of authentic racemic ipsdienol and ipsenol are inset in grey. IDOLDH
produced only the minus enantiomer of each alcohol. Similar results were seen with IDOLDH prepared from culture media (data not shown).
Control Sf9 cell lysate reactions showed a 1-2% reduction of ketone to corresponding alcohol (not shown).

Table II. Modulators of IDOLDH activity

Specific activity (nmol-min"-mg~")

[(—)-Ipsdienol] (pM) Inhibitor [Inhibitor] (uM) without inhibitor with inhibitor K,

16* Ipsdienone 16 0.308 0.246 29 uM
16 Ipsdienone 16 0.650 0.573 15uM
4 (—)-Menthone 1635 0.330 0.228 30 uM®
16 1-Propanol 33,300 0.308 0.126 33.6 mM
16 2-Propanol 33,300 0.308 0.441 9.9mM
10 B-Estradiol 39 0.981 0.783 25 uM*¢
16 1,3-Butanediol 16 0.213 0.245 —

16 8,92 Ryanoid 16 0.194 0.195 —

16 10-Epi ryanoid 16 0.194 0.197 —

16 Nerol 16 0.182 0.197 —

16 Geraniol 16 0.182 0.207 —

16 Citral 16 0.182 0.203 —

16 (+)-Ipsdienol 16 0.396 0.389 —

“Sample contained 25mM NADP instead of 2.5mM NADP

Average value obtained from experiments with variable (—)-menthone concentrations

“Experiment done once.

Kinetic and inhibitor reactions with B-estradiol fin-
ished earlier than reactions with other substrates
(0.5—-1min  versus  10min,  respectively).  3-
Hydroxybutyrate was not a substrate for IDOLDH
(data not shown).

Plots of velocity versus enzyme concentration were
linear for (—)-ipsdienol and other monoterpenoid sub-
strates (racemic ipsenol, ipsdienone and ipsenone; data
not shown). Product versus time and velocity versus
substrate concentration plots were hyperbolic. The
product versus time plot was consistent with exponen-
tial relaxation kinetics due to product accumulation or
substrate depletion and was the normal shape for the
progress curve of an enzyme-catalysed reaction run-
ning to completion (not shown).

Kinetic values for various substrates are shown in
Table III. In general, K,,, and specific activity values
for the preferred substrate, (—)-ipsdienol, were in
the pM and mid- nmol-min~'-ug ™" range, respectively,
and did not change markedly over different NADP*
concentrations. By comparison, we found yeast
ADH had apparent K., and specific activity values
in the mM and low nmol-min~'-ug~"' range, respect-
ively, for ethanol, comparable to the published values
(24).

Ratios of apparent experimental specific activities
per specific activity of the normalization assay were
determined to directly compare Kkinetic rates of
IDOLDH substrates. The normalized specific activity
for the oxidation of (—)-ipsdienol was 6.3 times higher
than that for the reduction of ipsdienone, while the
oxidation of racemic ipsenol was only 1.5 times faster
than the reduction of ipsenone (Table I). Both linear
monoterpenoid ketones showed higher normalized
specific activity values than that of menthone. In gen-
eral, normalized specific activity/K,, values for pre-
ferred substrates were in the sub-uM ™' range, while
those for NADP " were ~100-fold higher than those
of (—)-ipsdienol.

The kinetic constants for (—)-ipsdienol and ipsdie-
none were obtained for 40PPIDOLDH. Specific activ-
ity values for (—)-ipsdienol and ipsdienone were 4-5
and 8 X higher, respectively, when assayed with par-
tially purified enzyme than with crude lysate (Table III,
rows 3, 4). The K,;s for (—)-ipsdienol and ipsdienone
obtained when assayed with 40PPIDOLDH prepar-
ations over a week old were similar to those obtained
from crude IDOLDH lysates (Table I1T). However, the
K., for (—)-ipsdienol was an order of magnitude higher
when tested with 40PPIDOLDH within the first week
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Table III. K,, and V.. values of putative substrates

K., £ SEE Vomax" Normalized Relative Normalized
Row Substrate [Constant Substrate] (M) (nmol -min—"mg ") Vinax” Vmax' Vimax/Km (uM ™)
1 (—)-Ipsdienol 8.66mM NADP 13+£5 639 + 94 1.68 1.26 0.129
2 (—)-Ipsdienol 0.866 mM NADP 4+2 523 £ 50 1.33 1.00 0.333
3 (—)-Ipsdienol? 0.866 mM NADP 527 + 44 2,590 + 70 1.18 0.89 0.00224
4 (—)-Ipsdienol® 0.866 mM NADP 22 +4 1,820 + 90 1.07 0.80 0.0486
5 Racemic Ipsenol 0.866 mM NADP 9+4 230 + 45 0.58 0.44 0.0644
6 Ipsdienone 0.167mM NADPH 26 = 15 49 + 19 0.21 0.16 0.00808
7 Ipsdienone® 0.167mM NADPH 2+0.6 380 + 10 0.18 0.14 0.0900
8 Ipsenone 0.167mM NADPH 3+£3 113 + 28 0.4 0.30 0.133
9 (—)-Menthone 0.167mM NADPH 20 £ 10 28 £ 11 0.05 0.04 0.00250
10 NADP 17.6 uM (—)-Ipsdienol 0.08 +0.04 517 + 89 1.26 0.95 15.8

Vnax 18 expressed as specific activity

®Calculated by dividing the Vi, of the experimental by the specific activity of the normalization assay (see Normalization assay).
“Calculated by dividing the normalized V., of the experimental by the normalized V.. of the preferred substrate, (—)-ipsdienol.

dAssays done with 40PPIDOLDH (IDOLDH partially purified with 40% ammonium sulphate) within the first week of protein preparation.
“Assays done with 40PPIDOLDH after the first week of protein preparation.

of preparation. Specific activity values for
40PPIDOLDH were consistently higher than those
for unpurified IDOLDH (Table III, rows 2, 3, and
rows 6, 7)

The action of various chemicals as inhibitors of
(—)-ipsdienol oxidation by IDOLDH was also tested.
Ipsdienone and (—)-menthone both inhibited the reac-
tion with similar K;s ranging from 15 to 30 uM, re-
spectively, whereas 1- and 2-propanol had much
higher K;s of 33.6 and 9.9mM, respectively
(Table II). Other chemicals, including 1,3 butandiol,
nerol, geraniol, citral, (+)-ipsdienol and the ryanoids
did not act as inhibitors (Table II).

Discussion

Monoterpene metabolism by animals is common, but
monoterpene biosynthesis in animals appears limited
to some insects that use monoterpenoid derivatives for
communication (/) or defence (26). Furthermore, while
plants often produce a range of structurally diverse
monoterpenes, insect monoterpenoid producers typic-
ally synthesize and further modify only myrcene or
geraniol (26). For I. pini, pheromone-biosynthetic
males produce ipsdienol at daily rates exceeding 1%
of their body mass (27). This significant metabolic load
is accompanied by strong coordinate up-regulation of
the mevalonate pathway (28) as well genes encoding
geranyl diphosphate synthase/myrcene synthase (2)
and myrcene hydroxylase (6), two committed steps in
ipsdienol production. This tightly coordinated regula-
tion implies significant pressure for these enzymes to
serve the pathway. IDOLDH, with an expression pat-
tern tightly coordinated with these other enzymes, and
encoding an enzyme that specifically interacts with ips-
dienol, can reasonably be expected to serve the same
pathway—i.e pheromone biosynthesis (§).Here, we
present biochemical evidence supporting the interpret-
ation that IDOLDH has evolved into a pheromone-
biosynthetic role.

Short-chain oxidoreductases (SDRs) catalysing the
oxidation of alcohols and reduction of carbonyls form
a large enzyme class. While their primary structures
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vary widely, often displaying as little as 15% sequence
identity, they share highly conserved secondary and
tertiary structures and often function as oligomers
(rev. (9)). Structurally, IDOLDH conforms to prece-
dents, showing common SDR sequence motifs with
only 35% a.a. identity to the nearest characterized
blast hit (8) while mapping onto its secondary structure
with high confidence (Fig. 4). IDOLDH activity eluted
from a gel permeation column at ~117kDa (Fig. 2).
Given that the predicted monomer molecular mass is
27.5kDa (8), this observation suggests that IDOLDH
is active as a homo-tetramer. Activity was highest at
mildly basic pH, consistent with an expected mildly
basic midgut cell environment (29) where IDOLDH
functions in vivo (8). There was an apparent preference
for Tris-based buffers compared with phosphate buf-
fers (Fig. 3), likely due to phosphate inhibition of nu-
cleotide binding or unknown buffer component
interactions with the enzyme and/or substrate. While
our assay does not establish a requirement for metal
ions, IDOLDH activity was not significantly affected
by the metalloenzyme inhibitor, 1, 10-phenanthroline
(Table I), suggesting metal ions are not required for
activity.

Ammonium sulphate precipitation is commonly
used to purify proteins and can, depending on the pro-
tein and assay conditions, denature and/or inhibit an
enzyme (30). Ammonium sulphate did not inhibit
IDOLDH activity and at higher concentrations effect-
ively partially purified and increased both stability and
shelf life of IDOLDH in infected cell lysates
(Supplementary Fig. S1). Ipsdienone reduction reac-
tions ordinarily lasting up to 1 min before loss of ob-
servable activity were prolonged to almost 10min
when assayed with IDOLDH lysates partially purified
with 40 % ammonium sulphate (data not shown),
allowing for a more detailed analysis of the reaction
and illustrating the usefulness of this preparative step.
Additionally, IDOLDH shelf life was improved with
minimal or half activity lost from the starting rates
after storage at 4°C for 1 or 6 months, respectively,
in contrast to unpurified IDOLDH lysates, which
lost half to all activity after storage at 4°C for 1 or 6
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months, respectively (data not shown). These results
suggest ammonium sulphate partial purification is an
effective method to remove proteases that reduce
IDOLDH stability. Ammonium sulphate precipitation
also affected the kinetic properties of IDOLDH, with
significant increases in both Km and specific activity
compared to the unpurified enzyme (Table III, rows 2,
3). The specific activity value for 40PPIDOLDH also
changed following a 1-week storage period (Table III,
rows 3, 4). The reasons for these changes are not clear,
but may be due to a combination of removing asso-
ciated proteins and/or conformational changes with
time.

Kinetic assay values for various substrates were
compared to those of normalization assays with (—)-
ipsdienol and NADP ™ in order to reduce variability
arising from different rounds of enzyme production
and preparation. When the specific activity of an ex-
periment is normalized to the specific activity of the
normalization assay, we can directly compare the
rates of reaction between alcohol and ketone sub-
strates. Reduction reactions should be compared with
the oxidation reactions with caution, as ketone reduc-
tion reactions were not fully saturated with NADPH.
IDOLDH appeared readily saturated by NADP ™", as
indicated by the small change in K,,, and specific activ-
ity for the (—)-ipsdienol substrate over a 10-fold range
of NADP " concentrations (Table III, rows 1, 2). In
general IDOLDH accelerates and prefers (—)-ipsdienol
oxidation to ipsdienone more than racemic ipsenol oxi-
dation to ipsenone as substrate specificity of (—)-ips-
dienol versus racemic ipsenol is five times higher
(0.333uM ™" versus 0.0644 uM ™', respectively, Table
I1T). The two alcohols differ only in the presence of a
double bond o to the hydroxyl group; with ipsdienol
being more conformationally restricted than ipsenol.
Relocation of the hydroxyl to a terminal position re-
moves activity as other myrcene-derivatives, including
nerol, geraniol and citral, were not substrates.

Compared to the sharp specific activity of secondary
alcohol oxidation, reduction of carbonyls showed a
flatten specificity (Table I). The rate of acetone reduc-
tion was comparable to that of ipsdienone (at a 1,000-
fold lower concentration), in contrast to the rates of 2-
propanol and (—)-ipsdienol oxidation (Table I).
However, IDOLDH appeared to favour ipsenone
over ipsdienone as a substrate (Table I).

IDOLDH interacts with a variety of compounds
in vivo, many of which are cofactors, substrates and
inhibitors. ‘Classical’ SDRs, like IDOLDH (8), typic-
ally catalyse reactions through an ordered ‘bi-bi’ mech-
anism where the cofactor binds first and exits the
enzyme last (rev. 9). The large specificity constant of
NADP " indicates the cofactor has an association rate
constant with IDOLDH orders of magnitude greater
than that of any terpene substrate tested with enzyme.
This is in support of a mechanism where IDOLDH
requires NADP " to bind before it can bind the sub-
strate and turnover a product. Amongst terpene sub-
strates, kinetic and specificity constants clearly suggest
(—)-ipsdienol and ipsenone are the preferred substrates
of IDOLDH followed by racemic ipsenone, ipsdienone
and (—)-menthone (Table III). Our exploration of

Ipsdienol dehydrogenase substrate specificity

structure-function relationships of potential substrates
and inhibitors (Fig. 1) is a preliminary examination of
IDOLDH’s biological activities with respect to terpene
metabolism. None of the analogs was substrates at the
concentrations used to assay known substrates, with
extremely low activity at concentrations three orders
of magnitude higher (Table I). The analogs also did
not inhibit (—)-ipsdienol oxidation by IDOLDH
(Table II). In general IDOLDH prefers a polar
oxygen flanked by hydrophobic groups and functions
as a specialist for secondary alcohol oxidation and a
generalist for ketone reduction, as outlined below:
Both (—)-menthone and ipsdienone bound
IDOLDH with dissociation constants similar to their
K.,s (Tables 1T and III) though (—)-menthone, a cyclic
analog of ipsenone, had a normalized specific activity
approximately an order of magnitude lower and speci-
ficity constant three times less (Table III). The V., for
both (—)-menthone and iPsdienone are very similar (28
and 49 nmol-min~'-mg~", respectively), however the
normalized and relative specific activity values of the
acyclic ketone are at least four times that of the cyclic
ketone, suggesting ipsdienone is a far better substrate
for IDOLDH. The K; of 30 uM and normalized spe-
cific activity of 0.05 for (—)-menthone suggests that
loss of conformational flexibility due to its ring struc-
ture reduces menthone’s binding affinity. The best ter-
pene substrate for IDOLDH was (—)-ipsdienol, which
is a linear monoterpenoid alcohol with a double C-C
bond o to the hydroxyl group. Any structural change
greatly reduced activity. The 6-methylene—7-ene
portion of all identified strong IDOLDH substrates
(Fig. 1) was very important as its removal (e.g. in the
substrate analog 4-methyl-3-penten-2-one) abolished
activity (Table I). Primary monoterpenoid alcohols
(nerol and geraniol), as well as myrcene, did not inhibit
ipsdienol oxidation (Table II), indicating that they
were not substrates because they did not bind
IDOLDH. Thus, the C4 position for the hydroxyl
group was also very important for catalysis.
Removing the C-C double bond o to the hydroxyl
group (i.e. ipsenol) appeared to also reduce activity.
The ipsenol analogs 2-propanol and 4-methyl-2-penta-
nol were not substrates, whereas the ipsdienol analog
3-penten-2-ol, with ~5% relative velocity, was a poor
substrate. In addition to illustrating the importance of
the C-C double bond o to the hydroxyl group, these
analogs further show that a larger molecule is required
to realize catalysis. Oddly, 2-propanol stimulated
IDOLDH oxidation of (—)-ipsdienol, while 1-propanol
was a weak inhibitor (K; = 33.6mM; Table II). By
comparison, the K,s of 2-propanol for horse and
human alcohol dehydrogenase (E.C.1.1.1.1) are
268 mM and 560 mM, respectively (37, 32). These
data suggest a small alcohol can bind IDOLDH but
fails to form a productive transition state.
Interestingly, PB-estradiol was a poor substrate
though it is much larger than ipsdienol, whereas rya-
noids were neither inhibitors nor substrates (Table II).
B-Estradiol bound with an apparent K; of 25 uM, com-
parable to the K,, of 13 uM for ipsdienol (Table III)
and the K; of 15uM for ipsdienone (as an inhibitor of
ipsdienol oxidation; Table II), and thus likely binds
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IDOLDH as effectively as the reduction substrate,
ipsdienone. These data suggest a binding/active site
large enough to form intimate contacts with 10-
carbon compounds but open on one side to allow par-
tial binding of large compounds. It is interesting that
the most extensive sequence divergence between
IDOLDH and hHADH II/ABAD is in their putative
substrate-binding loops (Fig. 4), consistent with most
of the substrate selectivity being conferred by this
structure (/0). However, there is enough similarity be-
tween both enzymes for IDOLDH to use the hHADH
II/ABAD substrate B-estradiol as a poor substrate
(Tables I and III).

Insect SDRs are typically encoded in rapidly evol-
ving gene families. While most have not been function-
ally characterized, it appears that closely related
enzymes have similar, though not identical substrate
profiles and are encoded by genes with sometimes
very different transcription profiles, suggesting physio-
logical advantages are gained through divergence (/3,
33). IDOLDH showed a very strong bias towards ips-
dienol-related monoterpenoid substrates, apparently
relying on cues from their full structures to interact
with them, and thus appears to have evolved to work
with ipsdienone, ipsenone and the (—)-enantiomers of
ipsdienol and ipsenol to the exclusion of other chem-
icals. This further supports the hypothesis that
IDOLDH is a highly regulated, pheromone-biosyn-
thetic enzyme. IDOLDH activity thus likely contrib-
utes to pheromone blend composition in different Ips
populations and species.

Supplementary Data

Supplementary Data are available at JB Online.
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