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Abstract

The X-ray crystal structure of recombinant isoprene synthase from grey poplar leaves (Populus x
canescens) (PcISPS) has been determined at 2.7 A resolution, and the structure of its complex
with three Mg?* ions and the unreactive substrate analogue dimethylallyl-S-thiolodiphosphate has
been determined at 2.8 A resolution. Analysis of these structures suggests that the generation of
isoprene from substrate dimethylallyl diphosphate occurs via a syn-periplanar elimination
mechanism in which the diphosphate leaving group serves as a general base. This chemical
mechanism is responsible for the annual atmospheric emission of 100 billion kilograms of
isoprene by terrestrial plant life. Importantly, the PcISPS structure promises to guide future protein
engineering studies potentially leading to hydrocarbon fuels and products that do not rely on
traditional petrochemical sources.
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Introduction

The worldwide atmospheric emission of the hydrocarbon isoprene from natural sources is
~100 Tg/year (100 billion kg/year).} It is sometimes not fully appreciated that plant
metabolism generates more atmospheric hydrocarbon than human activity.2=# Isoprene
emission by woody plants was first discovered by Sanadze,> and since then myriad isoprene-
emitting plant species have been identified.® In the Blue Mountains of Australia and the
Blue Ridge Mountains of the US, eponymous blue hazes result from Rayleigh or Tyndall
scattering of biogenic isoprene and monoterpenes released into the atmosphere;
interestingly, such blue hazes were also described in the Tuscan countryside in the
notebooks of Leonardo Da Vinci.’
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Protein Data Bank accession codes

The atomlc coordinates and the crystallographic structure factors of isoprene synthase from Populus x canescens and of its complex
with Mg *3 and dimethylallyl-S-thiolodiphosphate have been deposited in the Protein Data Bank (www.rcsb.org) with accession
codes 3NOF and 3NOG, respectively.
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The reasons for plant isoprene generation are only partly understood, since at first glance it
seems metabolically futile to return 2-5% of photosynthetically fixed carbon to the
atmosphere.8 There is growing evidence that isoprene emission protects against
environmental stresses, such as transiently high temperatures®11 and oxidative damage.12:
13 computational studies suggest that isoprene stabilizes lipid membranes against thermally
induced phase transitions.14 Isoprene also influences direct!® and indirect!® defense
mechanisms of herbivore-infested plants. However, regardless of its particular biological or
ecological function, biogenic isoprene emission can lead to adverse consequences for
atmospheric chemistry. For example, isoprene oxidation in the troposphere leads to
increased concentrations of ozone, organic nitrates, organic acids, and secondary organic
aerosol formation.17: 18

Plant isoprene biosynthesis represents the archetype of “green” chemistry in fuel science and
materials science, given that this biosynthetic pathway enables atmospheric CO, fixation for
the generation of isoprenoid-based fuels otherwise derived from petrochemical refinement.
19, 20 1soprene is also a precursor in the generation of petrochemical-derived polymers, and
plant isoprene biosynthetic pathways are currently being harnessed to address this industrial
demand. For example, given that the global market for biotechnologically-based isoprene is
expected to rise to ~10° kg/year, Genencor and Goodyear recently forged a collaboration to
use fermentation technology for the generation of isoprene utilized in petroleum-based
rubber and styrene-based elastomers.2

Isoprene synthase (ISPS) is the enzyme responsible for the worldwide generation of
isoprene in nature and biotechnology.22—24 ISPS is a Mg2*-requiring terpenoid synthase that
catalyzes the elimination of inorganic pyrophosphate from dimethylallyl diphosphate
(DMAPP) to yield isoprene and inorganic pyrophosphate (TOPP):

)\/\ _ISPS )J\/ + -OPP
X oPP  Mg** =

DMAPP isoprene

The enzyme from the grey poplar hybrid Populus x canescens (syn. Populus tremula x P.
alba) lacking the putative N-terminal plastidial targeting sequence has been cloned and
expressed with an N-terminal histidine tag in Escherichia coli and is a 64 kD monomer
exhibiting highest amino acid sequence identities (~40%) with plant monoterpene cyclases
such as (4S)-limonene synthase (LMNS) and (+)-bornyl diphosphate synthase (BPPS).23: 25
Here, the crystal structure of native PcISPS has been determined at 2.7 A resolution and the
structure of its complex with the unreactive substrate analogue, dimethylallyl-S-
thiolodiphosphate (DMASPP, in which the prenyl phosphoester oxygen atom is replaced
with a sulfur atom) and three Mg2* ions has been determined at 2.8 A resolution.

Results and Discussion

PcISPS structure and metal binding motifs

The PcISPS structure is comprised of two a-helical domains (Figure 1). The N-terminal
domain adopts an a-barrel class 11 terpenoid synthase fold but has no known catalytic
activity; the C-terminal domain contains the active site and adopts the a-helical class |
terpenoid synthase fold first observed in farnesyl diphosphate synthase26 and subsequently
observed in monoterpene and sesquiterpene cyclases.2’~29 There is compelling biochemical
evidence that this fold is also found in enzymes that catalyze all four fundamental isoprenoid
coupling reactions of chain elongation, branching, cyclopropanation, and cyclobutanation.3°
Thus, the class | terpenoid synthase fold is particularly adept in the evolution of templates
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for diverse isoprenoid biosynthetic reactions. Parenthetically, we note that a 3.05 A
resolution structure of native Populus tremuloides ISPS (98.5% amino acid sequence
identity) has been recently described in a patent application3! and exhibits a homologous
structure.

In the mechanism of isoprene biosynthesis, the departure of the DMAPP diphosphate group
is triggered by metal ions such as Mg2* or Mn2*.24 The PcISPS structure reveals
conservation of metal-binding motifs (the “aspartate-rich” motif D345DXXD and the “NSE/
DTE” motif N489DXXSXXXE) characteristic of terpenoid cyclases from plants, bacteria,
and fungi.2’~29 Notably, the structure of PcISPS is the first to reveal the metal binding
motifs of a terpenoid cyclase in a terpenoid synthase that is not a cyclase. For example, a
terpenoid synthase such as farnesyl diphosphate synthase, which catalyzes an isoprenoid
chain elongation reaction, typically contains two aspartate-rich metal binding motifs rather
than one aspartate-rich motif and one NSE/DTE motif.26

The metal-binding motifs of PcISPS interact with a trinuclear magnesium cluster in the
complex with DMASPP (Figure 2a). However, while Mg2* A is bound with full occupancy,
the occupancies of Mg2*g and Mg?*¢ are each estimated to be 0.75 (the occupancy of
DMASPP is similarly estimated to be 0.75), and metal coordination geometries are less than
ideal: the average metal-ligand coordination distance is somewhat long at 2.5 A, instead of
2.0-2.2 A, as more typically observed in higher resolution structures. Furthermore, Mg2*g
interacts with only one residue of three (E497) in the “NSE/DTE” motif that typically
chelates MgZ*g in terpenoid cyclase active sites,2’~29 and this interaction occurs only
through a bridging water molecule in monomer B. Such deviations from expected protein-
metal interactions could be a consequence of the modest resolution of the crystal structure
determination, but they could also be a consequence of incomplete active site closure. We
speculate that full occupancy binding of Mg2*g and Mg2*¢ may accompany the transition to
a closed active site conformation characterized by optimal metal coordination interactions,
as recently observed for aristolochene synthase.32 Regardless, it is clear that catalysis by a
trinuclear magnesium cluster is conserved in PcISPS as well as the greater family of class |
terpenoid synthases, which include monoterpene, sesquiterpene, and diterpene cyclases.33

No significant conformational changes are observed between the structures of native PcISPS
and the PcISPS-DMASPP complex, and the average r.m.s. deviation is 0.49 A for 514 Ca.
atoms (monomer A) and 0.38 A for 516 Ca atoms (monomer B). A superposition of
liganded and unliganded active sites is shown in Figure 2b. The DMASPP diphosphate
group accepts hydrogen bonds from R486 and N489 in addition to its interactions with metal
ions (R486 is conserved in the monoterpene cyclases BPPS and LMNS, whereas N489 is an
aspartic acid in these cyclases). The Mg?* 5 ion is coordinated by D345 and one (monomer
A) or two (monomer B) oxygen atoms of the DMASPP diphosphate group. The Mg2*g ion
is coordinated by one (monomer A) or two (monomer B) oxygen atoms of the DMASPP
diphosphate group, and additionally by a water molecule in monomer B (which in turn
donates a hydrogen bond to E497). Finally, the Mg2*¢ ion is coordinated by D345 and one
oxygen atom of the DMASPP diphosphate group.

The active site pocket of PcISPS is hydrophobic in nature but shallower in comparison with
the active site pockets of monoterpene cyclases,3% 3° consistent with the binding of a 5-
carbon substrate rather than a 10-carbon substrate (Figure 3). The isoprenoid moiety of
DMASPP makes van der Waals interactions with F338, V341, and F485 in the active site
pocket. While in its first description PcISPS was reported to exhibit very weak limonene
synthase activity,23 suggesting that the 10-carbon isoprenoid substrate geranyl diphosphate
(GPP) can be accommodated in the shallow PcISPS active site, gas chromatography-mass
spectrometry (GC-MS) analyses of enzyme assays with GPP give no indication that
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limonene or any other monoterpene is generated by the PcISPS construct utilized for the
crystal structure determination. However, incubation of PcISPS with GPP under a non-
saturating concentration of DMAPP (Ky, = 3 mM) results in competitive inhibition of
isoprene formation with K; = 0.55 mM for GPP (Figure 4). This indicates that the linear
monoterpene GPP can bind in the PcISPS active site and block the binding of the
hemiterpene substrate DMAPP.

Structural inferences on catalysis

In general, class | terpenoid synthases undergo a significant structural transition from an
open to a closed active site conformation upon the binding of 3 metal ions and the substrate
diphosphate group, and this conformational transition is presumed to shield reactive
carbocation intermediates in catalysis from premature quenching by bulk solvent.27-2° No
significant structural differences are evident between native PcISPS and the PcISPS-Mg2*5-
DMASPP complex; furthermore, comparisons of the latter structure with open and closed
active site conformations of BPPS confirm that the active site of PCISPS remains in the open
conformation in the DMASPP complex (Figure 5a). The active site closure mechanism in
BPPS involves conformational changes of helix H-al1 and its flanking loop segments, the J-
K loop, and the N-terminal polypeptide that serve to cap the active site. By analogy with
BPPS, we hypothesize that corresponding conformational changes occur in PcISPS to
achieve a fully closed active site conformation. However, some of these structural changes,
particularly those involving the N-terminal polypeptide, may be blocked by the packing of a
symmetry-related PcISPS molecule in the crystal lattice (Figure 5b). While cocrystallization
of the PcISPS-DMASPP complex instead of soaking DMASPP into pre-formed crystals of
unliganded PclISPS could conceivably yield a structure in which substrate-induced
conformational changes of the N-terminus are not hindered, we were unable to prepare
suitable crystals of the PcISPS-DMASPP complex by cocrystallization.

By analogy with other terpenoid synthases, it is reasonable to hypothesize that the simple
elimination reaction catalyzed by PcISPS proceeds via an allylic carbocation intermediate,
by analogy with the initiation step in the most closely related plant monoterpene synthases
as well as the greater family of class | terpenoid synthases. However, the simple elimination
reaction catalyzed by PcISPS could also proceed in concerted fashion. In either case, the
reaction would require the assistance of a suitable general base, but inspection of the active
site does not reveal any such residue. Intriguingly, analysis of the DMASPP conformation
suggests that the diphosphate leaving group itself could serve as the general base.
Specifically, the favorable chair-like binding conformation of DMASPP suggests a syn-
periplanar elimination reaction with full or partial development of an allylic carbocation
intermediate and proton abstraction from the C31 methyl group by the diphosphate leaving
group (Figure 6). Thus, the structure of the PcISPS-DMASPP complex strongly implicates
substrate-assisted catalysis in the mechanism of isoprene generation.

Structural basis of cooperativity

Although PclISPS was initially found to be monomeric by gel filtration chromatography and
non-denaturing polyacrylamide gel electrophoresis,2° catalytic activity exhibits positive
cooperativity with Rg < 81 and the Hill coefficient36 ny >1 (Figures 7b, c); enzyme activity
is enhanced by the addition of K* in the presence of Mg2* (Figure 7c). While the molecular
weight of ISPS from kudzu (Pueraria montana) has not been determined, this enzyme too
exhibits positive cooperativity with ny =4.1.37 It would be unusual, although not
unprecedented, for a monomeric enzyme to exhibit positive cooperativity.38 However, the
crystal structure of PcISPS provides compelling evidence that cooperativity is the
consequence of dimeric quaternary structure (Figure 8a): PcISPS forms an isologous dimer
through significant interactions between C-terminal catalytic domains that bury 1056 A2
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surface area per monomer at the dimer interface (4% of the total surface area per monomer).
Consistent with these crystal structure data, our chemical crosslinking studies with PcISPS
in solution at concentrations as low as 8 uM indicate PcISPS dimerization (data not shown).

Slight structural changes at the PcISPS dimer interface are observed upon the binding of
DMASPP, in that the buried surface area increases to 1218 A2/monomer (5% of the total
surface area per monomer) and two additional hydrogen bonds and four additional salt
bridges are formed between monomers. Strikingly, the PcISPS dimer interface is essentially
identical to that of the monoterpene cyclases BPPS (Figure 8b, 1178 A2/monomer buried
surface area,34 confirmed to be a dimer in solution by gel filtration chromatography3°) and
LMNS (Figure 8c, 1049 A2/monomer buried surface area,3° found to be monomeric by gel
filtration chromatography and coupled non-denaturing PAGE/SDS-PAGE analysis*?).
Comparison with BPPS is particularly informative since this enzyme structure was
determined at high resolution (2.0 A) and it is confirmed to be a dimer in solution and in the
crystal. Several conserved or partially conserved residues are located at the dimer interface
(Table 1), and the amino acid sequence identity of 45% for residues at the dimer interface is
greater than the overall sequence identity of 40% between PcISPS and BPPS, although the
interactions of conserved residues are not always identical. Such differences could account
for the intersubunit communication implied by the positive cooperativity measured for
isoprene generation by dimeric PcISPS.

Concluding Remarks

New structural knowledge regarding the mechanism of isoprene formation by PcISPS sets
the stage for future experiments aimed at developing non-petrochemical based carbon fuels
in bioreactors. For example, it is possible that hydroxylated isoprenoid products could be
obtained by site-directed mutagenesis experiments that facilitate water access to the allylic
carbocation intermediate. It is notable, too, that the chemistry of the elimination step
yielding isoprene is identical to that yielding farnesene from farnesyl diphosphate.
Farnesene is currently being explored as a diesel fuel substitute,20 and farnesene is readily
generated by site specific mutants of sesquiterpene cyclases; for example, F96A epi-
izozizane synthase generates 70% farnesene.4! Additionally, isoprene itself is a precursor
for the generation of rubber and plastic products, and biogenic isoprene is of course a
“greener” source of carbon for such applications than petrochemically-derived isoprene.
Future studies of PcISPS in such settings promise to yield new pathways for the structure-
based engineering of terpenoid synthase function to elaborate and exploit the roots of
isoprenoid biosynthetic diversity in myriad biotechnological applications.

Materials and Methods

Crystallization of isoprene synthase

Isoprene synthase from grey poplar hybrid Populus x canescens (syn. Populus tremula x P.
alba) (PcISPS) with the 52-residue N-terminal plastidial targeting sequence replaced by a
12-residue hexahistidine tag and linker and containing the mutations N59D, K308R, and
C533W (ISPS-pQE30) was expressed in E. coli TG1 cells and purified as previously
described.23: 25 PcISPS was crystallized by the sitting drop vapor diffusion method.
Typically, a 1 puL drop of protein solution [10 mg/mL PcISPS, 50 mM Tris-HCI (pH 8.5), 20
mM MgCl,, 5% glycerol, 2 mM dithiothreitol] was added to a 1 uL drop of precipitant
solution [100 mM Bis-Tris (pH 6.5), 25% polyethylene glycol 3350, 200 MM (NH4)2SO04]
and equilibrated against a 1 mL well reservoir of precipitant solution. Rod-like crystals
appeared within 2-3 days and grew to maximal dimensions of 35 um x 35 um x 500 um.
Crystals were flash-cooled after transfer to a cryoprotectant solution consisting of the
mother liquor augmented with 10% glycerol. For the preparation of the enzyme-inhibitor
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complex, crystals were soaked in a cryoprotectant solution containing 0.2 M NaCl, 2.5 mM
MgCl,, and 2.5 mM dimethylallyl-S-thiolodiphosphate (DMASPP; Echelon Biosciences,
Inc.) for 12 h at 15°C prior to flash-cooling.

X-ray diffraction data collection and processing

Crystals of the native enzyme and the enzyme-inhibitor complex diffracted X-rays to 2.7 A
and 2.8 A resolution, respectively, at the National Synchrotron Light Source (NSLS,
beamlines X25 and X29, respectively). PcISPS crystals belong to space group P432;2 with
unit cell parameters a = b = 155.42 A, ¢ = 142.03 A, o = B = y = 90°; with two monomers in
the asymmetric unit, the Matthews coefficient Vy = 3.41 A2/ Da, corresponding to a
solvent content of 63.7%. Diffraction data were processed with HKL2000.42

Structure refinement

For the structure determination of native ISPS, the program suite CNS*3 was used for
phasing by molecular replacement using the structure of (+)-bornyl diphosphate synthase
(40% amino acid sequence identity; PDB ID: 1N1B)34 as the search model for rotation and
translation function calculations. A clear solution was calculated with rotation function
scores of 0.0320 and 0.0297 and translation search scores of 0.182 and 0.155 (twice the next
best values). After the complete registration of the PcISPS amino acid sequence, iterative
cycles of refinement and manual model rebuilding were performed using CNS*3 and 0% or
COOT,* respectively. Noncrystallographic symmetry restraints were applied in the initial
stages of refinement and later relaxed due to structural differences between monomers.
Individual atomic B-factors were utilized during refinement. Water molecules were included
in later cycles of refinement. A total of 531 of 555 residues are present in the final model of
the native enzyme; disordered segments not included in the final model are N-terminal
residues M41-R56 (M41 is the N-terminus of the construct) and loops S73-E77 and D569-
H571. Ramachandran plot statistics were calculated with PROCHECK .8 Data reduction
and refinement statistics are recorded in Table 2.

Structure determination of the enzyme-substrate analogue complex

For the structure determination of the PcISPS-Mg2*3-DMASPP complex, the difference
Fourier technique was used since crystals were isomorphous with those of the native
enzyme. Individual atomic B-factors were utilized during refinement. Water molecules,
DMASPP, and Mg?* ions were included in later cycles of refinement. A total of 521 (524 in
monomer B) of 555 residues are present in the final model of the PcISPS-Mg?*3-DMASPP
complex; disordered segments not included in the final model are N-terminal residues M41-
P62, loops S73-E80 and D569-H571, and C-terminal residue R595. The final model
includes a DMASPP molecule in each active site with some residual positive electron
density in monomer B; possibly, this density corresponds to an alternative conformation of
the DMASPP isoprenoid group or a trapped water molecule (e.g., as observed in the active
site of the BPPS-product complex34), but it was not readily interpretable. The occupancy of
Mg?2* was estimated to be 1.0, and the occupancies of MgZ*g, Mg2*¢, and DMASPP were
estimated to be 0.75, which yielded refined B factors for these ligands in line with average B
factors for protein residues. Ramachandran plot statistics were calculated with PROCHECK.
46 Data reduction and refinement statistics are recorded in Table 2. Structures were
superposed with the SSM Superpose function of COOT4° for comparison. Protein structure
figures were prepared with the graphics program PyMol (http://www.pymol.org) and
labelled for publication using PhotoshopCS.
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Protein extracts of native and heterologously-expressed PcISPS were obtained as described.
25 Routine catalytic activity assays were performed as described.#” For the analysis of
terpene formation from geranyl diphosphate (GPP) as a possible substrate and for the GPP
inhibition studies, a new assay procedure was developed. Enzyme assays were performed in
a total volume of 200 pL in 200 pL PCR tubes. Enzymatically formed isoprene and volatile
terpenes were trapped during the assay from the aqueous matrix by stir bar sorptive
extraction (SBSE) with polydimethylsiloxane (PDMS) coated stir bars (Twister, PDMS film
thickness 0.5 mm, Gerstel, Milheim, Germany). The enzyme assays were terminated by
removing the stir bars. After rinsing in deionized H,0, the twisters were analyzed with a
Thermo Desorption Unit (TDU, Gerstel, Milheim, Germany) interfaced with a gas
chromatograph-mass spectrometer (GC-MS) (Agilent GC 7890 with 5975C inert XL MSD
interface, Agilent Technologies, Boblingen, Germany). The twisters were desorbed at 240°C
for 2 min with a helium flow of 100 ml min~1. Volatiles were focused on a sorbent trap
(Tenax GR, Supelco, Deisenhofen, Germany) at —100°C. For injection into the analytical
column (J&W DB-1701, 30 m x 0.25 mm ID, 1.0 um film thickness, Agilent Technologies,
Bdblingen, Germany), the cold trap was rapidly heated to 250°C with a split flow of 3 ml
min~L. The temperature program started at 35°C (6-min hold) and rose with a rate of 6°C
min~1 to 200°C, followed by a second temperature increase with 20°C min~1 to 240°C (2-
min hold). The column effluent was ionized by electron impact ionization at 70 eV. Mass
scanning was done from 25 to 230 m/z with a scan rate of 6.47 scans s~1. Compounds were
identified by comparing the mass spectra with those of authentic standards or with NIST 05
and Wiley library spectra.
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Figure 1.

The C-terminal catalytic domain of PcISPS adopts the a-helical class | terpenoid synthase
fold (blue), and the noncatalytic N-terminal domain adopts an a-helical fold similar to that
of a class 11 terpenoid synthase (green). In the catalytic domain, the D34°DXXD and
N489DXXSXXXE metal binding motifs are red and orange, respectively. Disordered
polypeptide segments are indicated by dotted lines. The active site is indicated by the
binding of DMASPP (stick figure) and three Mg2* ions (magenta spheres).
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Figure 2.

(A) Simulated annealing omit maps of the PcISPS-DMASPP complex showing the binding
of DMASPP (contoured at 4c) and three Mg2* ions (contoured at 4c) in the active site of
monomer B. Atoms are color-coded as follows: carbon = tan, nitrogen = blue, oxygen = red;
Mg?* ions appear as magenta spheres. (B) Superposition of the PcISPS-DMASPP complex
with unliganded PclISPS reveals no significant conformational changes upon ligand binding;
the view is the same as in (A). Selected active site residues are indicated; metal coordination
and hydrogen bond interactions in the PcISPS-DMASPP complex are indicated by black and
red dashed lines, respectively. Metal coordination interactions appear to be somewhat weak
and range 2.2-2.8 A (average = 2.5 A). Atom color codes are as in (A), except that carbon =
green for unliganded PcISPS. Active site solvent molecules in unliganded PcISPS are
omitted for clarity.
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Figure 3.

Cut-away view of superimposed active site contours of PcISPS (salmon; DMASPP is shown
as a dark salmon stick figure) and the monoterpene cyclase, bornyl diphosphate synthase
(BPPS, light green, PDB ID: 1N20; 3-azaGPP, a geranyl diphosphate analogue, is shown as
a dark green stick figure). The active site contour of PcISPS is shallower mainly due to the
bulky aromatic side chains of F338 and F485 at the base of the cleft.
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Figure 4.

Competitive inhibition of isoprene biosynthesis by geranyl diphosphate (GPP) at non-
saturating concentration (3 mM, corresponding to the Michaelis constant Ky,) of DMAPP by
PcISPS. The assays were incubated at 40°C for 60 min. Isoprene and volatile terpenes were
trapped continuously during the assay from the aqueous matrix by stir bar sorptive
extraction (SBSE) and analyzed by GC-MS. PclISPS activity was normalized to the initial
activity with no GPP added (n = 3 £ sd).
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Figure 5.

(A) Superposition of the PcISPS-Mg2*3-DMASPP complex (salmon) with unliganded BPPS
(blue, PDB 1D: 1N1B) and its Mg2*3-3-azaGPP complex (light green, PDB 1D: 1N20). The
active site of PcISPS remains in an open conformation like that of unliganded BPPS. By
analogy with BPPS, complete active site closure in PcISPS is expected to involve
conformational changes of helix H-a1 and its flanking loops, the J-K loop, and the N-
terminus (these polypeptide segments are colored with darker shades). (B) Comparison of
unliganded bornyl diphosphate synthase (BPPS) (blue, PDB ID: 1IN1B) and its Mg?*3-3-
azaGPP complex (light green, PDB I1D: 1N20) shows that conformational changes or
ordering of the H-a loop, the J-K loop, and the N-terminus accompany ligand binding and
complete active site closure. The structure of the PcISPS-DMASPP complex (salmon)
reveals a conformation closer to that of unliganded BPPS. If full active site closure in
PcISPS requires conformational changes similar to those observed in BPPS, these
conformational changes (especially active site “capping” by the N-terminus) may be
hindered by crystal lattice interactions with the first helix in the N-terminal domain of a
symmetry-related PcISPS molecule (grey; the N- and C-termini of the symmetry-related
molecule are labeled “N” and “C”, respectively).
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Figure 6.

Proposed catalytic mechanism for ISPS. (A) DMASPP binds to monomer B (grey) and
monomer A (darker grey) with a favorable 7-membered ring chair-like conformation that
can become more optimal with relatively small bond rotations (black). This conformation
would support the proposed elimination mechanism in DMAPP by bringing the O2 atom of
the aphosphate group closer to the C3! atom (dark grey). (B) The generation of isoprene
(blue) likely occurs in two steps via an allylic carbocation intermediate, but it could also
occur in concerted (synchronous or asynchronous) fashion with substrate-assisted catalysis.
The favorable chair-like conformation of DMASPP is highlighted by the red dashed line and
is consistent with syn-periplanar elimination geometry. Deprotonation at C31 appears likely
if the diphosphate group serves as the general base.
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Figure 7.

Cooperativity and enhancement of activity by K* for native full-length PcISPS, recombinant
core PclISPS lacking the putative N-terminal plastidial targeting sequence, and recombinant
PcISPS with the N-terminal His-tag used for crystallization. The DMAPP dependence of
PcISPS activity in semilogarithmic projection (A) and linearized as a Hill plot (B)
demonstrates the cooperativity of PCISPS activity. The Rg values < 81 (ratio of ligand
(DMAPP) concentration at 90% and 10% saturation of PcISPS activity) and Hill coefficients
(ny; slope of regression line) >1 indicate positive cooperativity. Each curve represents the
mean of 4 independent experiments (see also reference 25). The dotted line in (B) shows the
theoretical slope of a substrate dependence with no cooperativity (ny = 1). (C) The addition
of K* ions into the enzyme assay solution (with 20 mM Mg?*) enhances activity of native
PcISPS (A), recombinant core PcISPS (©), and recombinant core PcISPS with the N-
terminal His-tag (@) (n = 3 + sd).
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Figure 8.

Dimeric quaternary structures are essentially identical for (A) PcISPS, (B) bornyl
diphosphate synthase (BPPS) (PDB ID: 1N1B), and (C) limonene synthase (LMNS) (PDB
ID: 20NG). The catalytic C-terminal domain comprises the dimerization interface with
buried surface areas of 1218, 1178, and 1049 A2/monomer, respectively.
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Data Collection and Refinement Statistics

Table 2

Native PcISPS  PcISPS-Mg?*3-DMASPP complex

A. Data Collection

Incident wavelength (A)
Resolution Range (A)

No. of reflections (total/unique)
Completeness? (%)

llo

Rmergeb

0.979
39.1-2.70
392710148217
99.8 (100)

14 (33)
0.148 (0.654)

1.075
46.4-2.80
344302/43719
100 (99.9)

16 (3.3)
0.135 (0.628)

B. Refinement

No. of reflections, work/test sets
Ruork/Riree®

Protein atomsd

Solvent atomsd

Ligand atomsd

R.m.s. deviations
Bonds (A)
Angles (°)
Dihedral angles (°)
Improper dihedral angles (°)

Average B factors (A2)
Main chain
Side chain
DMASPP-Mg?*,
Solvent

Ramachandran plot
Allowed (%)
Additionally allowed (%)
Generously allowed (%)

Disallowed (%)

41244/4653
0.198/0.245
8652
324

0

0.007
11
18.8
0.8

34
35

30

92.2
7.8
0
0

39758/2084
0.199/0.249

8633

323

34

0.007
1.0
18.8
0.7

41
43
49

32

92.4
7.5
0.1

a .
Number in parentheses refer to the outer 0.1 A shell of data.

Rmerge = T|I-{I)|/Z1, where | is the observed intensity and (1) is the average intensity calculated from replicate data.

Page 21

Rwork = Z||Fol-|Fcll/Z|Fo| for reflections contained in the working set, and Rfree = X||Fol|-|Fc||/Z|Fol| for reflections contained in the test set held

aside during refinement. | Fg | and | F¢ | are the observed and calculated structure factor amplitudes, respectively.

d N
Per asymmetric unit.
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