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Abstract Many natural products and biosynthetic intermedi-
ates contain isoprenoid chains. Isoprenoid chains are believed
to interact with some proteins in the biological systems, but
such interactions remain poorly understood. Here labdenediol
diphosphate synthase (LPPS) was used as a model to explore
the molecular interactions involving isoprenoid chains. Both
homology modeling and docking simulation results indicated
that binding form between isoprenoid chain and LPPS is
dominated by hydrophobic forces in one binding site. The
interactions were also examined via quartz crystal microbal-
ance (QCM) technology using synthetic isoprenoid chain-
contained probes. The binding constant (1.51 μM−1), binding
site number (n=1) and key amino acid residues (Y196, F262,
W266, F301, F308, W398, W439, and Y445) were obtained.
Both computational and QCM results suggested that LPPS
interacts strongly with farnesyl and geranylgeranyl groups.
These interactions are primarily caused by hydrophobic and
π-π interaction nature. Together, this study provided insight-
ful information to understand molecular interactions between
isoprenoid chains and proteins.
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Introduction

Many natural products or biosynthetic intermediates contain
isoprenoid chains, such as isopentenyl, geranyl, farnesyl, and
geranylgeranyl groups. Isoprenoid chains are believed to in-
teract with some proteins in the biological systems. However,
the molecular interactions, involving isoprenoid chains, re-
main poorly understood, partially because the moieties are
essentially inert in terms of ionic interaction and hydrogen
bonding. Nonetheless, it is also recognized that hydrophobic
interactions can contribute to ligand-receptor binding [1]. This
is particularly important for molecular interactions involving
long-chain fatty acids [2]. Recently, we fished out some
proteins from the proteome of the yeast Saccharomyces
cerevisiae by using geranyl containing photoaffinity probes
[3]. We further used isoprenoid chain-containing probes and
quartz crystal microbalance (QCM) to demonstrate the pres-
ence of hydrophobic interactions between isoprenoid chain
and some enzymes from S. cerevisiae [4]. To attain more
insights into molecular interactions involving isoprenoid
chains, it will be interesting to examine the structural and
interactional aspects of enzymes that are naturally turning over
substrate containing isoprenoid chain.

Various terpenoid synthases [5–9] catalyze cyclization re-
actions of linear isoprenoid precursors, geranyl diphosphate
(GPP), farnesyl diphosphate (FPP) or geranylgeranyl diphos-
phate (GGPP), to give hydrocarbon skeletons of natural drugs,
odorants, terpenoids or other metabolic products. Labdenediol
diphosphate (LPP) synthase (LPPS) catalyzes the cyclization
of GGPP to LPP, which is the key precursor to biosynthesis of
amber odorants [10, 11] (Fig. 1). Therefore, the LPPS from
Salvia sclarea, belonging to terpenoid synthases, can be a
potential model for exploring the interaction between protein
and isoprenoid chain. Research on the interactions between
LPPS and isoprenoid chain should help us to find the protein
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binding sites, including residues in substrate hydrophobic
transform process, and the regular of isoprenoid diphosphate
binding.

In this work, homology modeling and molecular docking
were applied to construct a good LPPS model and to investi-
gate its binding information to the isoprenoid moiety and the
diphosphate group of isoprenoid diphosphate. QCM and iso-
thermal titration calorimetry (ITC) are important tools for
investigating interactions between many biomolecules be-
cause of their high sensitivity and the multiplicity of thermo-
dynamic parameters with different protein dosage. Experi-
ments were performed to test interactions between recombi-
nant LPPS and isoprenoid diphosphate derivatives using
QCM and ITC techniques. Binding constants, binding site
number, key amino acid residues, thermodynamic parameters,
and other important binding information were obtained. By
analyzing the above data, binding regular, chain length, and
the function group effect between isoprenoid diphosphate and
LPPSwere summarized. The postulated LPPS catalytic mech-
anism was also briefly discussed.

Materials and methods

Reagents

All chemicals and reagents were purchased from commercial
suppliers. Isoprenoid chain-contained chemical probes (1a–
1d) and reference molecules (2, 3), sensor chip, enzyme
sample, and buffer were prepared as described previously
[4]. Farnesyl or geranylgeranyl alcohols (FOH or GGOH)
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Geranyl diphosphate (GPP), farnesyl diphosphate (FPP) and
geranylgeranyl diphosphate (GGPP) were synthesized accord-
ing to the literature [12, 13].

Expression and purification of LPPS

PrimeSTAR HS DNA polymerase and restriction enzymes
were purchased from TaKaRa (Dalian, China). Oligonucleo-
tides were synthesized by Dingguo Changsheng (Beijing,
China). Truncated DNA sequence analysis was performed
by TaKaRa. The kits for PCR purification, DNA gel recovery
and plasmid miniprep were obtained fromBeyotime (Haimen,
China). The corresponding truncated LPPS was heterologous
overexpressed, purified (Fig. S3), concentrated, and stored in
aliquots at −80 °C in elution buffer (pH 8.0) with 10 %
glycerol as previous described [14].

Homology modeling

The crystal structure of LPPS is not reported, and constructed
by homology modeling using SWISS-MODEL [15],

MODELLER (version 9.12) [16], and I–TASSER [17], re-
spectively. The template crystal structures (PDB ID: 3PYA,
3S9V, 3SAE, and 3P5P) and protein sequences were
downloaded from the RCSB protein data bank. The bound
chemical components and water molecules were removed by
AutoDock Tools (ADT), before the crystal structures were
used to build the molecular model of LPPS. Procheck,
ERRAT, and Profile 3D programs were used to assess homol-
ogy model accuracy [18–20].

Molecule docking

All ligand structures (Table S1) were built, optimized and
saved as .pdbt format using ChemDraw Ultra 8.0 and ADT
(version 1.5.4). Docking between ligands and LPPS model
was performed using Autodock vina 1.0 [21]. Polar hydrogens
were added to ligands and LPPS, and Kollman charges were
assigned [22]. A 70×70×70 grid points in the x, y, and z
dimensions with 1 Å spacing grid were centered on the
reactive residues region. In the docking process, nine
conformers were obtained. The conformer with the low-
est binding energy was used for docking analysis by
Pymol (version 0.99). Chimera (version 1.8) [23], Dis-
covery studio visualizer (version 3.5) [24] and Ligplot+

(version 1.4.5) [25] were used to display the protein
alignment, structure graphs of homology models and
molecular docking results, respectively.

QCM detection

QCM measurement experiments were performed on a 9-
MHz AT-cut gold-coated (0.091 cm2) piezoelectric quartz
crystal slab from ANT Technology Co., Ltd. (Taipei,
China) at 25 °C. The sensor unit parameters are as
follows: flow rate (60 μl/min), resolution (0.1 Hz), sam-
pling period (1 s), temperature range (25±1 °C), voltage
(220 V, 50–60 Hz), sample loop volume (100 μl), and
cell volume (30 μl). The frequency change (ΔF) was
recorded using ADS PLUS (version 8.1; ANT Technol-
ogy Co., Ltd., China) Software. The kinetic data were
analyzed by Affinity Evaluation (version 1.0).

ITC investigation

ITC was performed using a MicroCal™ ITC200 (GE
Healthcare Bio-Sciences Corp., New Jersey, USA). The titra-
tion would not start until the baseline was flat and stable.
Titration data were analyzed using Origin (version 7.0) and
fitting graph and thermodynamic binding data were obtained
in the independent mode. The intrinsic molar enthalpy change
(ΔH), binding stoichiometry (n), and binding constant (Ka)
for the binding process were obtained from the fit of the
calorimetric curve.
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Results and discussion

Homology modeling

The homology modeling was used to generate high res-
olution hypothetical structure of LPPS by the following
evolutionarily related template structure information. The
amino acid sequence identity, between LPPS and that of
templates (PDB ID: 3PYA, 3S9V, 3SAE, and 3P5P)
searched from NCBI protein BLAST, was up to 42 %
(ent-copalyl diphosphate synthase, CPPS, PDB ID:
3PYA) [5–8]. Based on the sequence alignment (Fig. 2)
and template structure, three protein models were

constructed by using SWISS-MODEL, MODELLER,
and I–TASSER, respectively.

Themodels generated byMODELLERwereminimized by
Chiron [26], while the others were automatically optimized by
online server. NIH MBI Laboratory online server was used to
assess the quality of the model structures [18]. Based on the
online server evaluated results, the best model was construct-
ed by I–TASSER online server. The Ramachandran plot re-
sults showed that 99.8 % of the amino acids were in allowed
regions, indicating that the accurate model has good stereo-
chemical quality.

Figure 3 showed that 90.5 % of the residues are located in
the most favored regions, 7.0 % of the residues in additionally

Fig. 1 GGPP cyclization
reaction and molecular structure
of isoprenoid chain-contained
probes (1a–1d) and reference
molecules (2, 3)

Fig. 2 Active side protein sequence alignment of LPPS and templates (conserved catalytic residue in red frame)
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allowed regions and 1.8 % of residues in generously allowed
regions. Generally, a qualified model was expected to have
over 90 % of residues in the most favored regions [27], this
result indicated that the model structure was suitable for
further investigation. The structural alignment result between
the LPPS model and the crystal structure of CPPS was shown
in Fig. 4. The RMSD over all Cα-atoms is 0.83 Å, which
illustrated that the model of LPPS was reasonable.

LPPS is composed of 723 amino acids containing a DXDD
motif and belongs to class II cyclase of terpenoid cyclases [8].
It contains three structurally different α-helices domains, α
(Ser45–His255), β (Met1–Ile44, Thr256–Phe463), and γ
(Asn464–Val723) (Fig. 4). Domains α, β and domains β, γ
are linked by the stretched loops and α–helix, respectively.
However, LPPS lacks metal binding motifs in the α domain,
consistent with the lack of ionization-dependent class I cy-
clase activity [28].

Molecular docking

Docking is a method of predicting the most favorable binding
mode between LPPS and GGPP toward forming a stable
complex. Orientation of probe moiety in LPPS active site
played a major role in determining their association strength
(binding affinity). According to the structure information of
CPPS, CPPS and LPPS may bind the same substrate and have
similar structural product. The active site of LPPS resides in a
deep cavity at the αβ interface and is more open and solvent-
accessible. To investigate the interaction between isoprenoid

chain and LPPS, we docked LPPS with GGPP, FPP, GPP, IPP,
and the fragments of compounds 1, 2, and 3 (Table S1).

Interestingly, the fragments of isoprenoid-containing probe
and LPPS docking results (Fig. 5) showed that GGOMe
(8.4 kcal mol−1) and GGPP (8.1 kcal mol−1) have almost the
same affinity energy, and that of GGTEG is 7.2 kcal mol−1.
Tetraethylene glycol (TEG) group increased the binding en-
ergy because the larger GGTEG fragment and GGPP might
share the same binding residues of LPPS cavity (Fig. S2).
Generally, hydrophobic interactions are much weaker than
ionic and hydrogen bond interaction. However, the docking
results indicated that hydrophobic interaction can play a lead-
ing role in the event that there are two or more isoprenoid units
in substrate. Another structural characteristic that could not be
neglected was the isoprenoid chain carbon-carbon double
bond, which could provide π-π interaction. Docking data
showed that the binding between GGPP, FPP, GPP, and LPPS
was dominated by π-π interaction and hydrophobic force.

The best GGPP and LPPS docking complex, in which
residues within 6 Å were selected around the ligand, was
shown in Fig. 6. The linear GGPP binds LPPS that the
isoprenoid tail extends toward the end of the active site, and
the diphosphate group binds the residues (A140, G141, N193,
Q349, V351, and R397) at the mouth of the active site. The
hydrophobic, numerous aliphatic and aromatic residues of
LPPS active site cavity (Fig. 7) is the interaction structural
basis between isoprenoid chain and LPPS.

According to Fig. 7, there are hydrogen bond interactions
between diphosphate of GGPP and the residue G141 and
R397, and the lengths of the hydrogen bonds are 3.0 and

Fig. 3 Ramachandran plot of LPPS model. Redmost favored regions [A,
B, L]; yellow additional allowed regions [a, b, l, p]; light yellow
generously allowed regions [~a, ~b, ~l, ~p]; other areas disallowed
regions

Fig. 4 Superposition models of LPPS (blue) and crystal structure of ent-
copalyl diphosphate synthase (drab)
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2.8 Å, respectively. Hydrogen bondmight help GGPP find the
entrance of cavity, bind with LPPS, and extend its tail toward
the end of the active cavity [29]. The aromatic side chains,
Y196, F262, W266, F301, F308, W398, W439, and Y445,
could bind isoprenoid substrate and stabilize carbocation in-
termediate in GGPP cyclic process via cation-π interactions.

Class II cyclases contain a DXDD acidic motif, in which the
D312 may catalyze the ensuing multi-step cyclization cascade.
In the traditional mechanism [30, 31], magnesium ion must be

involved to activate the water molecule to finish the hydrox-
ylation reaction of the carbocation intermediate. However, we
proposed the key catalytic step of LPPS is different from that of
traditional mechanism. With the help of S355 and N359, the
proposed carbocation intermediate, stabilized by W398, is
ultimately terminated by concerted water proton elimination
and hydroxyl capture. This mechanism could be indirectly
supported by the following ITC analysis.

Protein expression and purification

The DNA sequence of LPPS in Salvia sclarea was optimized
for codon preference [10]. To achieve protein over expression,
we truncated the excess signal peptide (Fig. S1) and cloned it
into pET24b vector generating pET24b-tLPPS. The resulting
expression vector pET24b-tLPPSwas transformed into E. coli
BL21 (DE3). As the SDS-PAGE (Fig. S3) showed, the mol-
ecule weight of LPPS is approximately 82 kDa.

QCM and ITC experiments

In QCM analysis, the ΔF value is determined by the
Sauerbrey’s equation [32]:

ΔF ¼ −F0
3=2

ρ1η1
πρqμq

 !1=2

where ΔF is the frequency shift, F0 is the intrinsic resonant
frequency of the crystal, ρl and ηl respectively are the density
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Fig. 5 Docking results of isoprenoid diphosphate and isoprenoid
containing fragment of probes

Fig. 6 Docking complex of GGPP in LPPS amphiprotic cavity. The
residues of LPPS were represented using stick and GGPP was
represented using a scaled ball and stick model. The hydrogen bonds
between GGPP and the LPPS were represented using green dashed lines

Fig. 7 Two-dimensional representation for interaction mode of GGPP
with LPPS
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and viscosity of the liquid in contact with the crystal, ρq is the
density of quartz (2.648 g cm−3) and μq is the shear modulus
of quartz (2.947×1011 g cm−1 s−2). One Hertz frequency
change corresponds to 0.55 ng mass change according to
ANT Corporation supporting information.

Frequency shifts were maximum when the molar ratio
between 1 and 2 was 2:1 on QCM chip as previously de-
scribed [4]. The frequency shifts induced by LPPS for those
chips modified by 1a–1d indicated the different molecular
interactions between LPPS and 1a–1d. Gradually larger fre-
quency shifts were found from 1a to 1d, and only the frequen-
cy shift for 1a was smaller than that of reference molecule 3
(Fig. 9), in which octanyl group was presented in lieu of
isoprenoid group. These results suggested that interactions
between isoprenoid chain and LPPS increased in proportion
to the length of isoprenoid chain. The 3-LPPS shift change
was a little higher than that of 1a, but much lower than that of
1b which indicated that π-π interaction played an important
role besides hydrophobic interaction.

To investigate the detailed regularity of the strongest inter-
action pair, 1d and LPPS, kinetic experiment for binding
affinity parameters was processed. The Scatchard plot
(Fig. 10) showed that the association constant (Ka) and the
molecular binding number (n) for 1d binding to LPPS were

determined as 1.51 μM−1 and 1.05, respectively. The docking
association constant (Ka=5 μM−1) was approximately five
times than that of QCM according to the Gibbs equation:

ΔG ¼ −RTlnKd

where Kd (1/Ka) is the dissociation constant and the docking
energy (ΔG) between GGTEG and LPPS is −7.2 kcal mol−1 R
and T present the molar gas constant (8.314 J (mol K)−1) and
temperature (298 K). The different results might be due to the
QCM on-chip ligand-receptor interaction form is different
from the free ligand-receptor binding mode in solution. LPPS
has one active site, which is consistent with that of class II
cyclases, to interact with 1d [28]. Both molecule docking and
QCM results demonstrated that isoprenoid chain, instead of
diphosphate group, made the main contribution to isoprenoid
diphosphate and LPPS binding.

Fig. 8 Postulated mechanism of
cyclic reaction catalyzed by
Ser355, Asp312, and Asn359
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Fig. 9 QCM analysis of molecular interactions between synthetic probes
1a–1d and LPPS. (The maximum saturation binding concentration of
LPPS was 110 μg ml−1)
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Fig. 10 Scatchard plot of GGTEG binding affinity to LPPS. The quartz
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ΔF/ΔFmax, C: concentration of LPPS)
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In addition, isothermal titration calorimetry (ITC) was also
used to characterize the thermodynamics of LPPS and ligands.
We tried GPP, FPP, GGPP, FTEG, and GGTEG probe and
other molecule segments, but the solubility of these com-
pounds in MOPS buffer is too small for ITC interaction
detection. Thus, DMSO, as a co-solvent, was added to dis-
solve ligands. Although 50 % of DMSO could help dissolve
FPP, GGPP, FTEG, GGTEG, and other hydrophobic ligands,
high DMSO concentration was not permitted for ITC detec-
tion for the mixing thermal effect and LPPS stability. Al-
though the bonding constant for 1d and LPPS was not deter-
mined, we investigated the interaction between LPPS and
GPP, which had better solubility than GGPP and FPP in
MOPS buffer containing 20 % DMSO. Interestingly, large
enthalpy changes were observed without magnesium ion
added in MOPS buffer and the reaction achieved equilibrium
in no time (data not shown). This result indicated that the high
activity of truncated LPPS, which was over-expressed in
E. coli, could catalyze substrate cyclization using DXDD
domain without magnesium ion. We could postulate that the
mechanism was different from the traditional mechanism [30,
31], in which another water molecule was activated by mag-
nesium ion. In this process of cyclization, one water mole-
cule’s proton elimination and hydroxyl capture was an ensu-
ing multi-step cyclization cascade without magnesium ion
activation. Thus, the ITC results also might indirectly support
the postulated reaction mechanism in Fig. 8. After we opti-
mized the parameters and experimental condition, the calcu-
lated Gibbs free energy average was below zero. It is indicated
that the geranyl chain and LPPS binding and cyclization were
a spontaneous process.

Conclusions

The interactions between isoprenoid diphosphate and LPPS
were investigated by combining computational simulation and
electro and thermo chemistry analysis. From the docking
results and frequency shifts of QCM, the strong molecular
interactions were found to occur in LPPS-isoprenoid chain
pairs. When isoprenoid unit number was greater than two, π-π
interaction and hydrophobic force played a principal function
over that of diphosphate group hydrogen and ionic bond.
These results suggested that π-π interaction and hydrophobic
force of isoprenoid chain were the main binding basis for
natural terpenoid synthase with the isoprenoid diphosphate
molecule. The aromatic amino acid residues of LPPS hydro-
phobic cavity could help isoprenoid chain unit binding and
stabilize the cyclic carbocation intermediate from the docking
analysis. The Gibbs free energy of docking and ITC results
showed that isoprenoid diphosphate and LPPS binding and
substrate cyclization catalyzed by DXDD was a spontaneous

process. According to Scatch plot of QCM, the binding con-
stant (Ka) and binding number (n) between the donor (iso-
prenoid chain units) and the acceptor (LPPS) were proved to
be consistent with the docking results. This study, by combin-
ing modeling and docking with QCM and ITC, provided a
rational basis for investigating and fundamental understanding
of non-hydrogen bond interactions between isoprenoid chain
units and their receptors in biological systems.
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