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Crystal Structure of Pentalenene Synthase: 
Mechanistic Insights on Terpenoid Cyclization 

Reactions in Biology 
Charles A. Lesburg, Guangzhi Zhai, David E. Cane, 

David W. Christianson* 

The crystal structure of pentalenene synthase at 2.6 angstrom resolution reveals critical 
active site features responsible for the cyclization of farnesyl diphosphate into the tricyclic 
hydrocarbon pentalenene. Metal-triggered substrate ionization initiates catalysis, and the 
or-barrel active site serves as a template to channel and stabilize the conformations of 
reactive carbocation intermediates through a complex cyclization cascade. The core active 
site structure of the enzyme may be preserved among the greater family of terpenoid 
synthases, possibly implying divergence from a common ancestral synthase to satisfy 
biological requirements for increasingly diverse natural products. 

Sesquiterpenes comprise a group of natural 
products secreted by marine and terrestrial 
plants, fungi, and certain microorganisms. 
The structural diversity and stereochemical , 
complexity of the C,,-isoprenoid skeletons 
of these metabolites are remarkable. Indeed, 
of the more than 300 cyclic sesquiterpenes 
that have been characterized to date, each is 
derived from a common acyclic precursor, 
farnesyl diphosphate ( I  ), in a reaction cata- 
lyzed by a sesquiterpene cyclase (2). Many 
cyclic sesquiterpenes exhibit useful medici- 
nal properties and have been essential com- 
ponents of the pharmacopoeia since times of 
antiquity. For example, the sesquiterpenes 
furanoeudesma-1.3-diene and curzarene are 
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for use as a pain killer by Pliny the Elder, 
Hippocrates, and their predecessors (3). 

In addition to the 15-carbon sesquiter- 
penes, the greater family of terpenoids in- 
cludes the 10-carbon monoterpenes derived 
from geranyl diphosphate, the 20-carbon 
diterpenes derived from geranylgeranyl 
diphosphate, the 25-carbon sesterterpenes 
derived from geranylfamesyl diphosphate, 
and the 30-carbon triterpenes (sterols) de- 
rived from two famesyl diphosphate mole- 
cules. Terpenoid cyclases (also known as 
terpenoid synthases) perform critical bio- 
synthetic tasks in metabolic pathways as 
diverse as cholesterol biosynthesis in mam- 

Fig. 1. Ribbon plot (25) of pentalenene synthase. 
The mouth of the active site cavity opens toward 
the top of the figure, and the aspartate-rich seg- 
ment beginning with Asps0 is red. The dotted line 
is the disordered Phe158-Asp164 loop, and the 
Cys128-Cys138 disulfide linkage is yellow. 

Fig. 2. Ribbon plot (25) of farnesyl diphosphate 
synthase (8) (PDB accession code 1 FPS). The core 
terpenoid synthase structure shared with pen- 
talenene synthase is blue; the two aspartate-rich 
segments [beginning with Aspz5' (left) and Asp1I7 
(right)] are red. The Asp117 segment of famesyl 
diphosphate synthase aligns with the Aspm seg- 
ment of pentalenene synthase (Fig. 1). Both sub- 
strates of this enzyme, isopentenyl diphosphate 
and dimethylallyl diphosphate, are believed to bind 
to the two aspartate-rich segments through bridg- 
ing magnesium ions. 
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Table 1. Summary of x-ray crystal structure determination. Crystals of pen- 
talenene synthase form as short hexagonal rods and belongJo space group P6, 
with hexagonal unit cell dimensions of a = b = 179.8 A. c = 56.6 A; two 
38-kD monomers reside in the asymmetric unit and are related by two-fold 
noncrystallographic symmetry (NCS) (7). Dffraction data from pentalenene 
synthase crystals were collected at room temperature on an R-AXIS I c  image 
plate area detector, and intensity data integration and reduction were per- 
formed with MOSFLM (19) and CCP4 (20), respectively. For phase determi- 
naton by multiple isomorphous replacement (MR), initial heavy atom posi- 
tlons were determined in difference Patterson maps and refined with the 
program MLPHARE (20, 21). The model was fit into an electron density map 
cac;lated with solvent-flipped and NCS-averaged M R  phases extended to 
3.3 A resolution w~th SOLOMON (20, 22). Subsequent refinement and rebuilding 
of the native model was performed with X-PLOR (23) and 0 (24). respectively. 
Group B factors (one main chain and one side chain B factor per resdue) were 
refined and a bulk solvent correction was applied. Strlct NCS constraints were 
maintained-'as judged by R,,,,; refinement at 3.3 A resolution converged to a 
crystallographic R factor of 0.215 (R,,,, = 0.277). A crystal derivatized with 1.0 

mM trimethyllead acetate diffracted to 2.6 A resolution when flash-frozen at the 
Cornel High Energy Synchrotron Source (CHESS, beamine A-1, A = 0.91 A). 
Although this corystal was nonisomorphous with native crystals (at room temper- 
ature), the 3.3 A resolution model of pentalenene synthase served as the starting 
point for rigd-body refinement, followed by iterative rounds of simulated annea- 
ing refinement and rebuilding against the 2.6 A resolution data with X-PLOR (23) 
and 0 (24), respectively. Restrained individual B factors were refined and a bulk 
solvent correction was applied. The quality of the model was improved in the final 
stages of refinement by releasing the NCS constraints into appropriately weight- 
ed restraints as judged by R,,,,. Refinement converged smoothly to a final crys- 
tallographic R factor of 0.198 (R,,,, = 0.273). Disordered segments in the final 
model include Pro2-Gn3, Phe'58-Asp'64, and Arg314-Hi~337 at the COOH-term- 
nus. The final model has excellent stereochemistry with no residues adopting 
unfavorable backbone confo~at ions.  Since there are no significant structural 
differences between the 3.3 A resolution and the 2.6 A resolution models, and 
since the lead binding site is removed from the active site (lead makes an 
i~terattice contact between two protein molecules), active site features of the 2.6 
A resolution structure represent those of the native enzyme. 

Native TMLA-I * U0,(N03), TMLA-2* PHMPS* TERPT* K,OsCI, HgjOAc), 

Data collectiono 
Resolut~on (A) 
Reflectlons 

Total (N) 
Unique (N) 
Completeness (%) 

Number of sites 
Rsyrnf 

Overall 
Outer shell . 

Phasinq (1 5 - 3.5 A) 
RISOi 
Phasing powers 
Figure of merit 
Refinement 

Resolution (A) 
Protein atoms (N) 
Solvent atoms (N) 
Reflectons 

work (N) 
free (N)  

R,,s,ll 
Rf,,,Il 
rms deviations 

Bonds (A) 
Angles j") 

"TMLA, trlmethylead acetate: PHMPS, p-hydroxymercur~(lI)phenylsulfonate: TERPT, choro(2,2':6',2"-terpyridine)platinum(lI). TR,,,, = Z ,  - (I ,j/2(1 ) I ,  where1 is the intensty 
measurement for reflecton i, and ( I  ,) IS the mean Intensity calculated for reflection I from repcate data. $R,,, = SF,, - F,LX(F,~, where F,, and F, are the dervative and 
native structure factors, respectively. #Phasng power = (F,)fE where (F,) is the root-mean-square heay-atom structure factor and E is the residual lack of closure error. 
i,R = SF, - FA/ZF,l, where R,?,, and R,,,, are calculated with the working and test reflection sets, respectvey. The test set refectons were held aside throughout refinement. 

inals (4) and paclitaxel (TaxolT") synthesis 
in the Pacific yew (5). These complex in- 
tramolecular cyclizations are unified by the 
biogenetic isoprene rule ( 1 )  and require 
precise conformational and stereochemical 
control (2,  6). 

The biogenetic isoprene rule postulates 
that most sesquiterpene cyclization reac- 
tions occur through variations of a common 
mechanism involving (i) ionization of far- 
nesyl diphosphate and electrophilic attack 
of the resultant allvlic cation on one of the 
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remaining T bonds of the substrate, (ii) 
subsequent cationic transformations (addi- 
tional electrophilic cyclizations, hydride 
transfers, and Wagner-Meerwein rearrange- 
ments), culminated by (iii) quenching of 
the positive charge by deprotonation or 
capture of an exogenous nucleophile such 
as water. In the absence of a crystal struc- 
ture it is not clear how a terpenoid cyclase 
mediates such complex reactions. For in- 
stance, how does the enzyme select and 
enforce the correct precatalytic substrate 
conformation? The starting confor~nation 
of farnesyl diphosphate is known to be a 
critical determinant of the ultimate cy- 
clization product (2 ) .  In addition, how 
does the enzyme trigger substrate ioniza- 
tion and stabilize positive charge in the 
resulting cascade of highly reactive, elec- 

tronhilic intermediates? Finallv, how does 
the enzyme manage proper charge quench- 
ine to termmate the cvclizatlon cascade? " 

We now report the x-ray crystal structure 
of recombinant pentalenene synthase (E.C. 
4.6.1.5). This terpenoid cyclase has been 
isolated from Strebtomrces UC5319, cloned, 

L 9 

expressed in Escherichia coli, and crystallized 
(7). Pentalenene synthase catalyzes the cy- 
clization of farnesyl diphosphate into pen- 
talenene, a tricyclic sesquiterpene that is the 
hydrocarbon precursor of the pentalenolac- 
tone falnilv of antibiotics. The three-dimen- 
sional stru;ture of pentalenene synthase re- 
veals active site features resnonsible for the 
conformational and stereochemical control 
of farnesyl diphosphate cyclization and clar- 
ifies the structural basis of the catalytic metal 
requirement. 

www.sciencemag.org SCIENCE VOL. 277 19 SEPTEMBER 1997 1821 



Fig. 3. Close-up view of active site residues in pentalenb, I= ~ynthase; selected residues are indicated by 
sequence number and discussed in the text. The aspartate-rich segments are red and the proposed 
catalytic base His309 is green. 

farnesyl diphosphate 

pentalenene pyrophosphate 

The pentalenene synthase crystal struc- 
ture was determined by multiple isomor- 
phous replacement and refined at 2.6 A 
resolution (R = 0.198, Rhee = 0.273; Table 
1). The enzyme has a globular structure 
(Fig. 1) of approximate dimensicns 60 A by 

50 A by 40 A defined by an aggregation of 
11 a helices (designated A to K). Helices B, 
C, G, H, and K surround an active site 
cavity approximately 15 A deep and 9 A 
wide. Polypeptide loops connecting these 
helices are relatively short (average three 
residues) on the side of the protein distal to 
the active site, and relatively long (average 
ten residues) on the side of the protein 
proximal (that is, surrounding) to the active 
site cavity. This feature is a consequence of 
the helix packing arrangement necessary to 
enclose a central, well-defined cavity. A 
disulfide linkage is found between Cys'28 
and Cys136. 

A similar, but not identical, fold to that 
of pentalenene synthase is found in famesyl 
diphosphate synthase (Fig. 2), which cata- 

lyzes the synthesis of famesyl diphosphate 
(the substrate of a sesquiterpene cyclase) 
from isopentenyl diphosphate and dimeth- 
ylallyl diphosphate (8). Despite only 15% 
seauence identitv between the two en- 
zymes, the different substrates utilized by 
each enzvme. and the different outcomes of , , 

the electrophilic condensation reactions 
catalvzed. eeneral structural features of their , , -  

active sites are conserved. This structural 
homology is reminiscent of suggestions that 
enzymes catalyzing successive steps in a 
metabolic pathway may evolve with similar 
structures through divergence, regardless of 
the degree of amino acid sequence identity; 
function evolves more rapidly than se- 
quence and sequence evolves more rapidly 
than tertiary structure (9). This expectation 
is certainly consistent with the unexpected 
structural homology observed between pen- 
talenene synthase and the catalytic core of 
epi-aristolochene synthase despite only 16% 
sequence identity (10). In anticipation of 
broad structural relationships among this 
family of biosynthetic enzymes, we desig- 
nate the a-helical topology observed for 
pentalenene synthase as a minimal "terpe- 
noid synthase fold." 

The active site cavity of pentalenene syn- 
thase (Fig. 3) is identified by structural ho- 
mology with famesyl diphosphate synthase 
(8) as well as the binding of a nonreactive 
substrate analogue ( I  1 ). The bottom of this 
cavity is predominantly hydrophobic in na- 
ture and contains aromatic residues Phe57, 
Phe76, Phe77, and Trp308, and aliphatic res- 
idues Leu53, Val'79, Thr182 , and 
Val3''. These residues confer an overall 
shape to the cavity, which serves as a tem- 

Humulene 

Farnesyl diphosphate 

1 * - ,& H H 

#* VH / -* Fig. 4. Averaged omit map of the aspartate-rich 
segment calculated with Fourier coefficients IF,/ - + + -+ 
lFcl and phases derived from the final model less Protollludyl cation Pentalenene 
the atoms of Phe77-Aspw (contoured at 4.50). 
Given that the carboxylate side chains of Asps0 Fig. 5. Proposed mechanism for cyclization of farnesyl pyrophosphate to intermediates humulene and 
and Aspw are oriented toward the active site cav- protoilludyl cation, with subsequent rearrangement into pentalenene (7, 14). The pyrophosphate leaving 
ity, these residues most likely bind Mg2+ in the group is omitted for clarity; however, it may remain bound in the enzyme active site during the cyclization 
enzyme-substrate complex. cascade and contribute to the electrostatic stabilization of carbocation intermediates. 
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plate for the binding of famesyl diphosphate 
in the correct conformation for cyclization to 
pentalenene. The upper region of the active 
site cavity is somewhat more hydrophilic in 
nature and includes the polar or charged side 
chains of His3'', Asn219, Arg*, Arg157, 
Arg173, Ly~226, and Arg230. In addition, the 
carboxylate side chains of Asp8' and Asp84 
(and to a lesser degree, Asp8', which salt 
links with Arg*) protrude into the upper 
active site cavity (Fig. 4). These three aspar- 
tate residues comprise a signature "aspartate- 
rich segment" (12), which indicates a postu- 
lated metal-binding site (7); Mg2+ is re- 
quired to facilitate pyrophosphate departure 
in the first steD of the cvclization reaction 
(13). Basic residues ~ r ~ ~ ~ ~ ,  Arg173, Ly~226, 
and Arg230 may also stabilize the pyrophos- 
phate leaving group. 

Initiation of a cyclization cascade is trig- 
gered by the ionization of a substrate mol- 
ecule bound in the enzyme active site with 
precisely controlled folding, shape, and size 
(2, 4, 6). Mechanistic studies of pen- 
talenene synthase by stereospecifically la- 
beled substrates are consistent with the 

mechanism and stereochemistrv (Fie. 5)  , - ,  

wherein famesyl diphosphate uI;dergoes 
ionization and electrophilic attack of the 
incipient allylic cation-pyrophosphate pair 
on the distal T bond (7, 14). The carbox- 
ylate side chains of Asp8' and Asp84 are 
oriented most favorably for Mg2+ complex- 
ation; the coordination of pyrophosphate to 
Mg2+, as well as hydrogen bond interac- 
tions with nearby basic residues, trigger 
leaving group departure. Deprotonation of 
the resultant humulvl cation is thoueht to " 
result in the formation of the intermediate 
humulene. Stereos~ecific re~rotonation of 
humulene yields the protoilludyl cation, 
which in tum undergoes rearrangement and - - 
cyclization to the product pentalenene. In- 
spection of the pentalenene synthase active 
site reveals that the likely catalytic base is 
His309. The N6-H group of this residue 
donates a hydrogen bond to the backbone 
carbonyl of Se?05, leaving the lone electron 
pair at NE oriented toward the active site 
cavity and poised for catalysis at the pH 
optimum of 8.2 to 8.4. Notably, a catalyti- 
cally essential histidine residue has been 

identified in the humulene synthase from 
sage leaf (1 5). 

The precatalytic binding conformation 
of famesyl diphosphate in the pentalenene 
synthase active site can be modeled unam- 
biguously on the basis of the well-deter- 
mined stereochemical details of the cycliza- 
tion reaction (16). A properly folded sub- 
strate molecule will contact the catalytic 
base His309, and the diphosphate moiety 
will contact the aspartate-rich sequence of 
the enzyme through a bridging magnesium 
ion (or ions) (Fig. 6). Approximately 80% 
of the substrate surface area is buried in the 
enzyme-substrate complex, helping to pre- 
vent premature quenching of carbocation 
intermediates by solvent (1 6). 

The U-shaped conformation of substrate 
famesyl diphosphate is centered about an 
axis defined by Phe77 and Asn219 (Fig. 6). 
We propose that these two residues in par- 
ticular, and the remaining active site resi- 
dues in general, provide a template that 
channels reactive conformations along the 
exclusive reaction coordinate leadine to - 
pentalenene formation. As such, these res- 
idues destabilize incorrect substrate and in- 
termediate conformations that would oth- 
erwise lead to spurious cyclization products; 
alternative substrate starting conformations 

I do not fit well in the enzyme active site. We 
therefore propose that Phe77 and Asn219 are 
optimally located to stabilize highly reac- 

I t h e  carbocation intermediates t6r0"~h fa- 
vorable quadrupole-charge ( 17) and dipole- 
charge interactions, respectively: 

quadrupole-charge interaction with Phe76, 
\;hich -is well positioned to stabilize the 

I 
protoilludyl cation and the derived rear- 
rangement product, which is generated by 
the 1,2-hydride shift. Similarly, Trp308 
may also be well positioned to stabilize 
positive charge at sites corresponding to 
;he original ~ 1 0 ,  C9, and ~8 atoms of 
farnesyl diphosphate. 

I 
. . . 

It is interesting to consider that at least 
two-thirds of the carbon atoms of the far- 

Fig. 6. (A) Farnesyl diphosphate must bind in the active site cleft with the correct conformation required nesyl diphosehate backbone undergo sub- 
for cyclization to pentalenene, with the C9-H oriented toward catalytic base His309 and the pyrophos- stantial changes in hybridization, configu- 
phate moiety oriented toward the aspartate-rich segment through bridging Mg2+ (metal ions not shown 
for the sake of clarty). The trajectory of C-C bond formation leading to humulene synthesis in the initial and bonding during the cyclization 
cyclization step is indicated by a dashed line. (B) Pentalenene (as well as the preceding intermediates) is cascade by a sesquiter- 
complementary in shape to the active site cavty. Comparison of substrate and product binding Pene cyclase (2). The Pentalenene sYn- 
suggests that the active site is a template for correct conformation and stereochemistry in the cyclization thase structure shows that the enzyme 
cascade. serves as a template to channel conforma- 
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tion and stereochemistry in the chemistry of the cycizaton reaction. Burled surface areas were Acta Crystallogr. A47, 110 (1991). 
calculated wth the use of GRASP [A. Nichols. K. A. 25. Fgures 1 and 2 were prepared wth (I) MOLSCRPT: of c ~ c 1 i z a t i o n 3  and the Sharp, B, ~ ~ ~ i g ,  prot. struct. ~ ~ ~ ~ t ,  G ~ ~ ,  11, 281 P. Krauis, J. Appl. Crystallogr. 24, 946 ( I  991); and (li) 

protects and stabilizes reactive carboca- (1gg1)l. Raster3D: D. J. Bacon and W. F. Anderson. J. Mol. 
tion intermediates. These features are 
likely to be common to all terpenoid cy- 
clases. Alteration of active site residues in 
a terpenoid cyclase can result in the for- 
mation of aberrant cyclisation products, so 
that the architecture and chemical nature 
of the substrate binding pocket are critical 
for channeling the correct cyclization 
chemistry (18). Now that the three-di- 
mensional structure of a terpenoid syn- 
thase is available at atomic resolution, we 
are in a position to test the specific cata- 
lytic functlbn of individual amino acids, as 
well as entire helical subdomains, in struc- 

17. S. K. Burley and G. A. Petsko,Adv. Prot. Chem. 39, 
125 (1988): D. A. Dougherty, Science 271, 163 
(1 996). 

18. D. E. Cane and 0. Xue, J. Am. Chem. Soc. 118, 
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Acad. Sci. U.S.A. 93. 6841 ( I  996). 
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od in Crystallography, U. W. Arndt and A. J. 
Wonacott, Eds. (North-Holland, Amsterdam, 1977), 
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Acta Crystallogr. D50, 760 (1 994). 

21. Z. Otwinowski and W. Minor, Methods Enzymol. 
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Toroidal Structure of X-Exonuclease 
Rhett Kovall and Brian W. Matthews 

Structure determination at 2.4 angstrom resolution shows that A-exonuclease consists 
of three subunits that form a toroid. The central channel is funnel shaped, tapering from 
an inner diameter of about 30 angstroms at the wider end to 15 angstroms at the narrow 
end. This is adequate to accommodate the DNA substrate and thus provides a structural 
basis for the ability of the enzyme to sequentially hydrolyze thousands of nucleotides in 
a highly processive manner. The results also suggest the locations of the active sites and 
the constraints that limit cleavage to a single strand. 

DNA exonucleases participate in DNA 
replication, repair, and recombination ( 1  ) .  
In particular, processive 5' to 3' single- 
stranded DNA exonucleases are essential 
for generating early DNA intermediates in 
many pathways of prokaryotic and eukary- 
otic homologous recombination (2 ) .  Bac- 
teriophage A encodes its own exonuclease, 
A-exonuclease, which facilitates phage 
DNA recombination through the double- 
strand break repair (DSBR) and single- 
strand annealing pathways (3 ,  4) .  

A-Exonuclease binds a free end of dou- 
ble-stranded DNA and degrades one of 
those strands in the 5' to 3' direction. 
releasing 5' mononucleotides at a rate of 
- 12 nucleotides per second (5). The pro- 
tein requires MgZ+ and the 5'-terminal 
phosphate for activity (5). A-Exonuclease is 
highly processive; it remains bound to DNA 
while it sequentially cleaves -3000 nucle- 
otides (6). 

In the DSBR pathway of recombination, 
the long 3' single-stranded overhangs cre- 
ated bv A-exonuclease are bound bv the 
~scherichia coli recombination p;otein 
RecA. These single-stranded DNA RecA 
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filaments then undergo strand exchange 
with a hoinologous piece of double-stranded 
DNA (3, 7). In the case of single-strand 
annealinp recombination, the creation of " 

3'  overhangs exposes two homologous sin- 
gle-stranded regions of DNA that anneal 
Lo form the rec-ombinant double-stranded 
molecule independently of RecA (4,  7).  
Analogous pathways of recombination in 
yeast (8) ,  Xenopus oocytes ( 9 ) ,  and mam- 
malian cells (10) also require a processive 
5 '  to 3' single-stranded DNA exonuclease. 

Here we describe the crvstal structure 
of A-exonuclease determined at 2.4 A res- 
olution with the use of multiple isomor- 
phous replacement and anomalous disper- 
sion (Table 1 ). The asvmmetric unit of the 
crystal structure shows that A-exonucle- 
ase. known to be a multimer 1 1  1 ). is in- ~ , ,  

deed a trimer with noncrvstallographic 
threefold symmetry (Fig. 1A).  The three 
protein subunits form a toroid, with a 
tapered channel passing through the mid- 
dle. At  the wide endoof the channel, the 
diameter i: about 30 A ,  and it decreases to 
about 15 A at the narrow end. Although 
the crystal structure determined does not 
include DNA, it appears that the tapered 
channel is large enough to accommodate 
double-stranded DNA at the wide end but 
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