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Abstract

Terpenes make up the largest class of natural products, with extensive chemical and structural 

diversity. Diterpenes, mostly isolated from plants and rarely prokaryotes, exhibit a variety of 
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important biological activities and valuable applications, including providing antitumor and 

antibiotic pharmaceuticals. These natural products are constructed by terpene synthases, a class of 

enzymes that catalyze one of the most complex chemical reactions in biology: converting simple 

acyclic oligo-isoprenyl diphosphate substrates to complex polycyclic products via carbocation 

intermediates. Here we obtained the second ever crystal structure of a class II diterpene synthase 

from bacteria, tuberculosinol pyrophosphate synthase (i.e., Halimadienyl diphosphate synthase, 

MtHPS, or Rv3377c) from Mycobacterium tuberculosis (Mtb). This enzyme transforms (E,E,E)-

geranylgeranyl diphosphate into tuberculosinol pyrophosphate (Halimadienyl diphosphate). 

Rv3377c is part of the Mtb diterpene pathway along with Rv3378c, which converts tuberculosinol 

pyrophosphate to 1-tuberculosinyl adenosine (1-TbAd). This pathway was shown to exist only in 

virulent Mycobacterium species, but not in closely related avirulent species, and was proposed to 

be involved in phagolysosome maturation arrest. To gain further insight into the reaction pathway 

and the mechanistically relevant enzyme substrate binding orientation, electronic structure 

calculation and docking studies of reaction intermediates were carried out. Results reveal a 

plausible binding mode of the substrate that can provide the information to guide future drug 

design and anti-infective therapies of this biosynthetic pathway.

Graphical Abstract

Terpenes and terpenoids comprise a class of natural products with more than 80000 

members,1 whose structures are extremely varied and display a wide range of functions. 

These compounds range from essential metabolites, such as sterols, to unique secondary 

metabolites involved in communication and defense by various organisms. Terpene 

biosynthesis involves the isoprenyl diphosphate synthase-catalyzed condensation of 

isopentyl diphosphate and dimethylallyl diphosphate2 to form linear precursors such as 

geranyl diphosphate (C10), farnesyl diphosphate (C15), and geranylgeranyl diphosphate 

(C20). These linear substrates are then converted by terpene cyclases into complex, often 

polycyclic, monoterpenes, sesquiterpenes, and diterpenes, respectively.1,3,4 These terpenes 

are then functionalized, often by the addition of oxygen atoms, by additional biosynthetic 

enzymes.
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While most known terpenes have been isolated from plants and fungi, various monoterpenes, 

sesquiterpenes, and diterpenes have been isolated from streptomycetes,5–9 Cyanobacteria,10 

and Myxobacteria.11 Mycobacterium tuberculosis, the causative agent of tuberculosis, also 

contains a gene encoding a diterpene cyclase,12–14 and a broad lipidomics screen recently 

identified an abundant secreted diterpene, 1-tuberculosinyl adenosine (1-TbAd), as the end 

product of the Mtb diterpene pathway (see the details in the Supporting Information).15 Two 

genes, Rv3377c and Rv3378c, are necessary and sufficient to produce 1-TbAd in the 

nonpathogenic related mycobacterium Mycobacterium smegmatis.16 A previous study has 

shown that survival of Mtb in macrophages worsened with artificial damage to the Rv3377c 
gene.17 Rv3378c was thought to function as a pyrophosphatase,18 but the crystal structure 

revealed that it is a diverged cis-prenyl transferase that links adenosine and tuberculosinol 

pyrophosphate to form 1-TbAd15 (see the Supporting Information for the complete pathway 

mechanism). Purified Rv3377c, in the presence of Mg2+, rapidly converts geranylgeranyl 

diphosphate (GGPP) into tuberculosinol pyrophosphate (see Figure 1a for the reaction 

mechanism), indicating that Rv3377c is a class II diterpene cyclase enzyme.14,19 Class II 

terpene cyclases generate a carbocation by protonation of the C=C π-bond in the terminal 

isoprene unit, which involves a DXDD motif. These cyclases frequently have a multidomain 

architecture. In contrast, class I terpene cyclases promote the disconnection of a 

pyrophosphate to generate an allylic carbocation. These enzymes contain a DDXXD motif20 

that binds the substrate diphosphate with the support of Mg2+ ions and are structurally 

related to isoprenyl diphosphate synthases.

Recent crystal structures of plant and bacterial class II diterpene cyclases21–23 have revealed 

the domain architecture of these enzymes, the fold of each domain, the nature of the 

substrate binding sites, and the arrangement of catalytic residues in this protein family, 

although questions regarding the specific catalytically competent orientations of substrates 

remain. The plant enzymes share three domains (α, β, and γ) with the active site in a deep 

cleft between the β and γ domains.24–26 Although the β,γ-didomain architecture is widely 

observed, some class II cyclases have a single β-domain architecture.27 The catalytic acid in 

the characteristic DXDD motif shared by these enzymes is located at the bottom of the 

active-site cavity. The origin of product specificity for this widespread enzyme class remains 

a major unanswered question.

Compared to plant homologues, the sequence of Rv3377c is deeply diverged [the level of 

sequence identity is 23% between Rv3377c and taxadiene synthase from Pacific yew (see 

Figure 1b)] and Rv3377c is predicted to contain only the β and γ domains. To expand the 

structure–function correlates of this enzyme class, define the architecture of the substrate 

binding site, and promote inhibitor development, we determined the crystal structure of Mtb 
Rv3377c. This structure proved to be elusive for almost a decade after production of the 

initial crystals and was finally determined using Rosetta-based molecular replacement.

The fold of Rv3377c matches that of the β and γ domains of the plant enzymes and includes 

an interdomain loop with a conserved ion pair at the tip. The general acid that initiates 

cyclization interacts with H341 at the bottom of a large substrate binding cavity. Many 

aromatic residues line the cavity, as is expected for terpene synthases.1–3 These amino acids 
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include two tryptophan residues that may switch rotamers as the reaction proceeds (vide 
infra).

Electronic structure calculations demonstrate that a reaction mechanism that involves 

cyclization and a series of hydride shifts and a methyl group migration is energetically 

viable. The results of extensive docking studies provide a model for the binding of 

intermediate carbocations and a template for structure-aided inhibitor design.

MATERIALS AND EXPERIMENTAL DETAILS

Amplification and Xloning.

An expression vector for full-length Rv3377c was created using the Gateway System 

(Invitrogen, Carlsbad, CA) from the genomic DNA of M. tuberculosis H37Rv (Colorado 

State University, Fort Collins, CO). A 1500 bp product was amplified using primers 3377F 

(5′-CTGGTGCCACGCGGTTCTCATATGGAGACTTTCAGGACT-3′) and 3377R (5′-

GAAAGCTGGGTGAAGCTTTCATTGGTTACTCTCATC-3′), 5% DMSO, and TurboCX 

polymerase (Stratagene, La Jolla, CA). Polymerase chain reaction (PCR) products were run 

on a 1% agarose gel; the band was excised and purified using a QIAquick gel extraction kit 

(Qiagen, Venlo, The Netherlands). This PCR product was used as a template for a second 

amplification using primers GatewayTHF and GatewayR, 5% DMSO, and TurboCX 

polymerase, and the resulting product was purified as described above. The second PCR 

product was used in a recombination reaction with vector pDONR207 and BP clonase 

(Invitrogen). After treatment with proteinase K (Invitrogen), the recombination reaction was 

transformed into DH5α cells and correct recombination was selected on LB plates 

containing gentamicin. The plasmids from resulting colonies were sequenced and used to 

recombine the gene into destination vector pHMGWA, a thrombin-cleavable six-His-maltose 

binding protein tagged vector. The LR reaction mixture was transformed into DH5α and 

selected on LB plates containing 100 μg mL−1 ampicillin. Correct recombinants were 

confirmed by DNA sequencing.

Purification of Rv3377c.

BL21-CodonPlus(DE3) cells (Stratagene) harboring the Rv3377c expression plasmid were 

cultured in Terrific Broth containing 100 μg mL−1 ampicillin and 34 μg mL−1 

chloramphenicol and grown at 37 °C to an OD600 of 0.8. The culture was shaken at 18 °C 

for 20 min; 100 μM isopropyl β-D-1-thiogalactopyranoside (final concentration) was added, 

and growth was continued at 18 °C for 18 h. Cells were harvested by centrifugation and 

resuspended in 0.3 M NaCl, 50 mM HEPES (pH 8.0), 2 mM MgCl2, 10% glycerol, 0.1% 

Triton X-100, and 0.5 mM tris(2-carboxyethyl)-phosphine hydrochloride (TCEP). After 

sonication on ice and centrifugation at 26000g for 1 h, the clarified cell lysate was loaded 

onto a 5 mL immobilized metal affinity chromatography (IMAC) column (Amersham-

Pharmacia, Amersham) equilibrated with 0.1 M NiSO4. The resin was washed with 3 

column volumes (CVs) of a buffer containing 25 mM imidazole. The protein was eluted in a 

buffer containing 250 mM imidazole, and the tag removed by thrombin cleavage. The 

untagged protein was dialyzed in 0.3 M NaCl, 50 mM HEPES (pH 8.0), 2 mM MgCl2, and 

0.5 mM TCEP at room temperature overnight and loaded onto a 5 mL IMAC column 
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equilibrated with 0.1 M NiSO4. The protein was eluted in 3 CVs of a buffer containing 25 

mM imidazole and then concentrated to 5 mL before size exclusion chromatography 

[Sephacryl S-200 column (Amersham/GE)] in 150 mM NaCl, 20 mM Tris base (pH 7.5), 

and 0.5 mM TCEP. Purified protein was dialyzed into 50 mM NaCl, 20 mM Tris base (pH 

7.5), and 0.5 mM TCEP and then concentrated to 6.0 mg mL−1. The protein was >90% pure 

as judged by sodium dodecyl sulfate–polyacrylamide gel electrophoresis.

Crystallization of Rv3377c.

Rv3377c was crystallized using the vapor diffusion method in 20% polyethylene glycol 

(PEG) 8000 and 0.1 M (cyclohexylamino)ethanesulfonic acid (CHES) (pH 9.5) with 2 mM 

MgCl2. Rod-shaped crystals were cryoprotected in a well solution with 20% glycerol and 

frozen in liquid nitrogen.

Structure Determination.

One native X-ray data set was collected to 2.75 Å resolution at Lawrence Berkeley National 

Laboratory Advanced Light Source beamline 8.3.1 at 100 K and 11111 eV.

Molecular replacement models were prepared from eight template structures identified with 

hhsearch.28 Models were trimmed to aligned residues; non-identical side chains were 

truncated at Cγ, and molecular replacement was carried out in space group C2 using Phaser.
29 One of the template structures, 3pya,30 an ent-copalyl diphosphate synthase, gave a very 

weak molecular replacement hit with a TFZ of 5.0 and an LLG of 39. Modeling building and 

refinement in MR-Rosetta31 dramatically improved the agreement with the crystal data, 

giving an LLG of 119; however, the resulting density map was noisy and suffered from 

model bias, and the model was difficult to improve. Further refinement in MR-Rosetta using 

this model as a starting point was unsuccessful, as was re-refinement of the original model in 

the new density map.

To allow further improvement of the model, a structural alignment was made between the 

MR-Rosetta refined model and all of the templates identified initially. This was done for the 

two domains of the protein separately; the process identified 3p5p25 as the template that best 

matched the N-terminal domain of the MR_Rosetta refined model and 2sqc32 as the 

template best matching the C-terminal domain. A hybrid model and sequence alignment was 

manually constructed from these two templates (superimposed on the MR-Rosetta model). 

MR-Rosetta was again run on this starting model, using the density map phased from the 

previous MR-Rosetta model. The resulting structure had a Phaser LLG of 412, and the 

model-phased map was readily interpretable by phenix.-autobuild,33 yielding R and Rfree 

values of 0.31 and 0.36, respectively.

Electronic Structure Calculation.

The electronic structure calculations [specifically, density functional theory (DFT)] were 

performed with Gaussian0934 with the mPW1PW91/6–31+G(d,p) functional/level of theory.
33–39 The isoprenyl diphosphate tail of the carbocation structures were truncated in the gas 

phase calculation to avoid unnecessary sampling. Truncated carbocation intermediates 2–4 
and transition state structures B–D were characterized in the manner described above (see 
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Figure 2 for relative energies and Figure s4 for the description of the truncated structure). 

Intermediates 2–4 were then subjected to conformational search using Spartan 10 with the 

MMFF force field.35 All conformers were then optimized using ωB97X-D/6–31+G-(d,p).36 

The conformers within 5 kcal/mol of the lowest-energy conformer were kept for each 

intermediate, resulting in two conformers of 2, two conformers of 3, four conformers of 4, 

and five conformers of 5. (Relative energies of the conformers are shown in Table s3. 

Structures are provided in the Supporting Information.)

Docking Simulation.

The optimized conformers of intermediates 2–5 were docked into the Rv3377c structure 

with Rosetta Molecular Modeling Suite47,48 using the Ref2015 scoring function.37 The 

crystal structure of Rv3377c was relaxed with the FastRelax38 procedure prior to docking 

simulations. During the docking simulation, a set of constraints was applied between 

Asp295 and the carbocation intermediates. A proton of Asp295 was donated to the substrate 

in the first step of the reaction (see Figure s4); therefore, distance, angle, and dihedral 

constraints were applied, and details about the constraints are summarized in Table s4. Then, 

25000 docking simulations were performed for each intermediate. The resulting poses for 

each intermediate were then combined and filtered on the basis of the following criteria. (1) 

Constraint satisfaction. Only poses with a constraint score of ≤1 were kept for the next step 

filtering (a score of 0 means a perfect satisfaction of the constraints). (2) Total protein score. 

The lowest 25% poses were kept for the next step filtering. (3) Interface energy. Poses that 

were one standard deviation or lower from the mean interface energy were kept. Poses that 

passed the filtering undergo a pairwise root-mean-square deviation (RMSD) calculation of 

carbon atoms; i.e., RMSDs were calculated between each pose of intermediate 2 to 3, 2 to 4, 

and 2 to 5. Results of the RMSD calculation are summarized in Figure s5.

RESULTS AND DISCUSSION

Crystal Structure of Rv3377c.

Rv3377c was expressed in Escherichia coli, and the purified protein was crystallized in 20% 

polyethylene glycol (PEG) 8000 and 0.1 M (cyclohexylamino)ethanesulfonic acid (CHES) 

(pH 9.5) with 2 mM MgCl2. Despite repeated efforts over seven years and tests with mutant 

proteins suggested by the surface entropy reduction server,39 crystals were obtained only 

once. Native data were collected to 2.75 Å resolution, but the lack of a heavy-atom 

derivative or sufficiently related structures precluded crystallographic phase calculations. 

The structure was determined using molecular replacement with Rosetta-MR. The search 

model was a hybrid constructed from several different distant templates [Protein Data Bank 

(PDB) entries 2sqc32 and 3p5p25]. An initial solution with one molecule per asymmetric unit 

was obtained and refined using data processed in space group C2. The refined model (Rfree = 

0.2392, and R = 0.2139) contains two molecules in the asymmetric unit. Residues 1, 103–

113, 139–143, and 501 were not modeled due to a lack of electron density. Although 2.0 

mM MgCl2 was added to the mother liquor of the crystal, with the intention of determining 

the catalytically important Mg2+ binding site, no bound Mg2+ ions can be interpreted in the 

electron density map of the crystal structure. Data collection and refinement statistics are 
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given in the Supporting Information. The Rv3377c structure can be obtained from the 

Protein Data Bank (entry 6VPT).

Rv3377c contains two helical domains that form a dumbbell shape and correspond to the β 
and γ domains of other class II diterpene cyclases (Figure 1a). Overlays of Rv3377c and 

close diterpene synthases taxadiene25 and squalene-hopene cyclase32 are shown in Figure 

1b. The β and γ domains are conserved among different diterpene synthases as shown. 

Domain 1, or the β domain, forms an α6–α6 barrel of two concentric rings of parallel α 
chains and consists of α1 and α11–α20. The N-terminal and C-terminal helices are close to 

each other. Domain 2, or the γ domain, contains an α–α barrel consisting of helices α2–

α10. The inner α helices of both domains are positioned so that the amino ends point toward 

an interdomain region, which consists of long loops from both domains and encloses a 

cavity of ∼738.4 Å3, measured by CAVER analyst with a 1.4 Å radius probe.40 An extended 

loop between the last two helices extends away from the β domain, packs against the 

interdomain connections, and inserts into a cleft in the γ domain. Lys476 at the tip of the 

loop forms an ion pair with Glu174 in the γ domain (see the Supporting Information for 

details).

Like other class II terpene cyclases, Rv3377c contains the QW motif, which has a general 

consensus of QX2–5GXW. There are two QW motifs in Rv3377c, and both are composed of 

QxxDGSWG. One QW motif is in the β domain, and the other is in the γ domain. Both 

motifs are on the outer surface of the protein, connecting two α helices, and the side chains 

of the Gln and Trp stack, as seen in other terpene cyclases1,3 (see the Supporting 

Information for details)

Electronic Structure Calculations.

Rv3377c catalyzes the conversion of GGPP to tuberculosinyl diphosphate. A reasonable 

mechanism for this transformation involves protonation and cyclization to form a 

carbocation with the relative configuration of copalyl diphosphate (CPP) (2 in Figure 2),14,19 

followed by a sequence of 1,2-hydride shift (to form 3), 1,2-methyl group migration (to form 

4), and another 1,2-hydride shift (to form 5). Deprotonation would then yield tuberculosinyl 

diphosphate. Dickschat and co-workers have shown through isotopic labeling studies that the 

relative configuration of the product is consistent with a chair/chair conformation of the 

precursor and initial protonation on the si face of the C=C π-bond of the terminal isoprene 

unit, i.e., the relative configuration of CPP.41

This putative mechanism was subjected to scrutiny using DFT calculations.42 All DFT 

calculations were performed with Gaussian09.34 All geometries were optimized using the 

mPW1PW91 method34,43 and the 6–31+G(d,p) basis set.44–48 All stationary points were 

characterized as minima or transition state structures using frequency calculations. Intrinsic 

reaction coordinate (IRC) calculations were used to confirm that transition state structures 

were connected directly to the intermediates shown.49,50 Relative free energies of 

intermediates and transition state structures along the reaction pathway are shown in Figure 

2. Given the flexibility of the isoprenyl diphosphate tail in the absence of the enzyme, this 

group was truncated to a methyl group for DFT calculations, as shown in Figure 2.
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Docking Simulations.

Conformers of each intermediate structure were identified with the MMFF force field using 

Spartan 10.35 For generating conformers of diphosphate-containing structures, fluorine was 

used in place of OPP, an approach analogous to that described previously for another terpene 

synthase (to avoid unnecessary sampling).51 All conformers generated were then fully 

optimized using Gaussian09 at the ωB97X-D/6–31+G(d,p) level of theory.36 Resulting 

structures within 5 kcal/mol of the lowest-energy conformer for each intermediate were kept 

and combined into conformational libraries for docking (see the Supporting Information for 

additional information).

Docking simulations of intermediate structures into the Rv3377c protein structure were 

performed with the TerDockin approach51–53 using the Rosetta Molecular Modeling Suite.
54,55 The crystal structure of Rv3377c was relaxed with the FastRelax38 procedure. The 

conformational libraries for each intermediate were then separately docked into the relaxed 

protein structure. Chemically meaningful constraints were applied during the docking 

simulations.51,53 Specifically, because the first step of the reaction mechanism is donation of 

a proton from Asp295 to the substrate to generate 2,1 the protonated alkyl carbon was 

constrained to Asp295 [distance of 2.5 ± 0.5 Å (see the Supporting Information for 

additional details)]. Then, 25000 docking runs were carried out for each intermediate; i.e., 

100000 total docking runs were performed (all input and output files are attached as 

Supporting Information).

Results from docking runs for each structure were combined and then filtered on the basis of 

the satisfaction of the constraint, total protein energy (the lowest 25% was retained), and 

interface energy (only structures that were one standard deviation or lower from the mean 

were considered). The resulting docked structures were then aligned using TMalign,56 and 

RMSD calculations were performed on each carbon in the skeleton between intermediates. 

The resulting bound structures are shown in Figure 3a (see the Supporting Information for 

additional details about RMSD calculations). All intermediates are converged into a single 

binding mode. To confirm that docking truncated versions of carbocations does not lead to 

spurious results, docking of intact intermediate 2 was performed. As shown in Figure 3b, 

similar binding modes are predicted (see the Supporting Information for details). However, it 

has been observed that upon ligand binding there are often significant structural changes in 

the region interacting with the diphosphate with limited structural changes surrounding the 

core of the substrate. Therefore, as these changes in structure upon phosphate binding are 

likely beyond our current modeling capabilities, we emphasize here that our predictions 

about binding modes are relevant only to the bicyclic core of the substrate.

The crystal structure of Rv3377c shows that the active-site cavity sits at the interface of the 

β and γ domains, which agrees with structures of other class II diterpene synthases. The 

general acid, Asp295, is positioned deep in the cavity and forms hydrogen bonds to His341 

and a potential water molecule. This corresponds to the general acid Asp313 and His359 in 

ent-copalyl diphosphate synthase (CPS) from Streptomyces platensis, the first bacterial class 

II diterpene synthase with a determined crystal structure.57 In the plant ent-copalyl 

diphosphate synthase from Arabidopsis thaliana, the general acid, Asp379, is hydrogen 
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bonded with Asn425 instead.30 An overlay of these three structures is shown in Figure 4a. 

The binding mode of the co-crystallized substrate analogue in CPS agrees with that of 

docked intermediate 2 in Rv3377c. The hydrogen bonding orients the general acid Asp and 

facilitates the initial proton transfer. Packing against each other, Trp285 and Trp380 block 

access to the general acid. The arrangement of Trp285 and Trp380 after the docking 

suggests that they move to create space upon substrate binding, as shown in Figure 4b. 

Similarly, studies on ent-CPS suggested that the loop containing Trp380 undergoes a 

conformational change upon substrate analogue binding.21

Diterpene synthases bind a flexible substrate in an orientation relevant to product formation, 

trigger carbocation formation, shield reactive carbocation intermediates from premature 

quenching by water molecules, and allow inherent carbocation reactivity to be expressed.
58–61 Elucidating how carbocations—minima, transition state structures, and species 

between them along rearrangement reaction coordinates—bind to terpene active sites is a 

frontier area of research.51,53,62–64 AtCPS shares the same substrate, GGPP, and first 

carbocation intermediate, 2, with Rv3377c. Thus, the sequence divergence of AtCPS and 

Rv3377c provides a unique opportunity to identify which residues mediate the formation of 

common cyclic intermediate 2 and which distinguish the following reaction pathways.

Identical residues are clustered around the pyrophosphate binding site, the DXDTT motif, 

and the bottom of the active-site cavity (see the Supporting Information for details). A 

reasonable hypothesis is that the shared residues mediate common steps in the AtCPS and 

Rv3377c reactions, while residue differences are responsible for the formation of the distinct 

products. In AtCPS, a base abstracts a proton from intermediate 2, resulting in C=C 

formation, but in Rv3377c, hydride and methyl group migrations occur before 

deprotonation. Consequently, an active-site base must be positioned differently.

The structure of the Rv3377c active site is compared to that of AtCPS in Figure 5. Previous 

studies of AtCPS have shown that a water molecule activated by ligation of a His/Asn pair 

could constitute the base that deprotonates the carbocation intermediate.65 In AtCPS, the 

H263F/N322L double mutation results in 75% of the product being (−)-kolavenyl 

diphosphate, consistent with this pair functioning as the base. In Rv3377c, these residues are 

replaced by hydrophobic residues, F171 and A217, allowing rearrangement to proceed past 

carbocation 2. Similar behavior was observed in OsCPS4 (syn-copalyl diphosphate synthase 

from Oryza sativa) where mutation of H501F leads to rearrangement instead of immediate 

quenching of the initial carbocation intermediate.66

Additional residue differences between AtCPS and Rv3377c (within 6 Å of the ligand) are 

shown in Figure 5a. Changes to aromatic residues, including Tyr328, Phe235, and Tyr386, 

may lead to favorable interactions with the carbocation produced by rearrangement of 2.

On the basis of our docking results, the identity of a possible residue that may deprotonate 

carbocation 5 was identified. The oxygen atom of Tyr479 is predicted to be ∼2.7 Å from the 

proton that is ultimately removed. This group may function directly as a base or may activate 

a water molecule for deprotonation. The pKa of an O-protonated phenol is around −6, and 

the pKa of a typical carbocation lacking conjugation is less than −10.67 This indicates that 
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the transfer of a proton from a carbocation to the tyrosine is energetically feasible. Similarly, 

a serine was reported to accept a proton from a carbocation intermediate in ent-kaurene 

synthase.68 This Tyr is conserved in class II diterpene synthases, as shown in Figure 5b. 

Previous studies suggested that the corresponding Tyr in AgAS might be the base for the 

deprotonation of the carbocation intermediate,22 while the equivalent Tyr in squalene-

hopene cyclase (PDB entry 2SQC) was suggested to stabilize carbocations formed early 

along the polycyclization reaction coordinate.32

CONCLUSIONS

We describe the three-dimensional crystal structure of Rv3377c, the diterpene cyclase from 

M. tuberculosis. The results of docking calculations using this new structure suggest that the 

substrate need not move much during rearrangement (Figure 3a). Thus, given the energetics 

predicted for the enzyme-free rearrangement (Figure 2), upon carbocation formation, the 

conversion of 2 to 5 is likely extremely rapid and does not require active manipulation by the 

surrounding enzyme.58 The results shown in Figure 2 also indicate that 2–5 may all be in 

equilibrium, with the identity of the final product of Rv3377c determined by the position of 

the base that terminates the cascade reaction.69 On the basis of our docking results, we 

propose that Tyr479 is likely this base.
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Figure 1. 
(a) Global structure of Rv3377c (PDB entry 6VPT), with dumbbell-shaped β (top) and γ 
(bottom) domains of the class II diterpene cyclases. Reaction mechanism of Rv3377c, which 

converts geranylgeranyl pyrophosphate (GGPP) to tuberculosinyl pyrophosphate (TPP). (b) 

Comparison of the structure of Rv3377c with closely related homologues. Overlay of 

Rv3377c (salmon) with taxadiene synthase (yellow, PDB entry 3P5P), which adopts an αβγ 
domain assembly (left). Overlay of Rv3377c (salmon) with squalene-hopene cyclase (green, 

PDB entry 2SQC) (right).
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Figure 2. 
Relative free energies of intermediates and transition state structures in kilocalories per 

mole, calculated with mPW1PW91/6–31+G(d,p) (see the Supporting Information for 

details). Yellow numbers are relative energies for minima, and blue numbers are relative 

energies for transition state structures. Note that the isoprenyl diphosphate tail was truncated 

to a methyl group for these calculations [R = CH3 rather than R = 

CH2CH2C(CH3)=CHCH2OPP was used].
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Figure 3. 
(a) Overlay of lowest-RMSD structures for intermediates 2–5 (colored green, salmon, 

yellow, and blue, respectively). Asp295 is highlighted as sticks. The protons of intermediate 

2 are colored white. The protonated carbon is highlighted as a dark blue sphere, which is a 

constraint to the Asp295 oxygen during the docking simulation. The surface indicates the 

active-site cavity. (b) Overlay of the lowest-energy docking result of intact 2 (beige) and 

truncated 2 (green, same structure as 2 in panel a).
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Figure 4. 
(a) Overlay of Rv3377c and CPS from a bacterium and a plant. The Rv3377c structure is 

colored green, bacterial CPS from S. platensis blue (PDB entry 5BP8), and plant CPS from 

A. thaliana (AtCPS) gray (PDB entry 4LIX). The gray sticks represent the (S)-15-aza-14,15-

dihydrogeranylgeranyl thiolodiphosphate that is co-crystallized with 4LIX. The residues 

highlighted as sticks represent key catalytic residues: Asp295 and His341. (b) Comparison 

between the docked Rv3377c structure (green) with the apo crystal structure (salmon), with 

the gray sphere and stick representing the predicted binding mode of intermediate 2. On the 

basis of the modeling, both Trp380 and Trp285 are predicted to serve as a gate for binding.
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Figure 5. 
(a) Comparison of Rv3377c (green) and AtCPS (gray) active sites. (b) Tyr is conserved 

among class II diterpene synthases: blue for intermediate 5 docked into the Rv3377c 

structure, salmon for squalene-hopene synthase (PDB entry 2SQC), purple for abietadiene 

synthase from Abies grandis (AgAS, PDB entry 3S9V), gray for ent-copalyl diphosphate 

synthase from A. thaliana (AtCPS, PDB entry 4LIX), and pink for ent-copalyl diphosphate 

synthase from S. platensis (PDB entry 5BP8).
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