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Trichodiene Synthase. Probing the Role of the Highly Conserved Aspartate-Rich
Region by Site-Directed Mutagenesis
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Receied June 6, 1996

ABSTRACT. Trichodiene synthase catalyzes the cyclization of farnesyl diphosphate to the sesquiterpene
hydrocarbon trichodiene. The enzyme normally requires a divalent catici, Mbich can be substituted

by Mn?*. Trichodiene synthase frofausarium sporotrichioidesias a highly conserved aspartate rich
region, aa 106104 (DDSKD). Three mutants were constructed by site-directed mutagenesis in which
each aspartate residue was individually replaced by glutamate. The mutants were each overexpressed
and purified to homogeneity. The importance of Asp100 and Aspl101 for catalysis was established by
the observation of an increase k, as well as a reduction ik. in the corresponding Glu mutants.
Replacement of the Asp104 residue with Glu had little effect on eaeor ko  All three mutants
produced anomalous sesquiterpene products in addition to trichodiene when incubated with farnesyl
diphosphate. Interestingly, when Kigwas replaced by Mt in the incubation buffer, théa/Kn, of

both wild type trichodiene synthase and the D104E dropped significantly, while those of the other two
mutants were not much affected. The proportion of anomalous products increased significantly when the
D100E and D101E mutants were incubated in the presence 8f.MFhese observations all lend weight

to the proposal that the aspartate residues mediate substrate binding by chelation of the divalent metal
ion. Aspl00 and Aspl01 appear to play a relatively more important role than Asp104.

Trichodiene synthase (TStatalyzes the cyclization of  mutagenesis of an arginine-rich region of the presumptive
farnesyl diphosphate (FPR) to trichodiene 2), the parent  active site led to the formation of multiple sesquiterpenes,
sesquiterpene hydrocarbon of the trichothecane family of evidently resulting from premature deprotonation of the
antibiotics and mycotoxins (Cane et al., 1981). Trichodiene normally cryptic cationic cyclization intermediates (Cane &
synthase has been extensively studied with respect toXue, 1996). We now report investigations in which site-
mechanism, enzymology, and molecular genetics (Cane,directed mutagenesis has been used to clarify the role of the
1990; Cane & Yang, 1994; Cane et al. 1995a,b). Extensive conserved aspartate residues in binding and catalysis by
mechanistic studies have lent strong support for the cycliza- trichodiene synthase.
tion mechanism illustrated in Scheme 1 according to which  trichodiene synthase has been isolated from a variety of
FPP undergoes an initial ionization and rearrangement to thefungal sources, includingrichothecium roseurtEvans &
tertiary allylic isomer, (®)-nerolidyl diphosphate [3)-NPP, Hanson, 1976; Cane et al., 1981fusarium sambucinum
3], followed by a second ionization and electrophilic cy- (Gibberella pulicari§ (Hohn & Beremand, 1989a), and
clization involving the central double bond (Cane e’F al., 1985, £\ sarium sporotrichioides(Hohn & VanMiddlesworth,
1990, 1992; Cane & Ha, 1988). Further cyclization of the 19g6)  TheF. sporotrichioidescyclase has been purified to
bisabolyl cation 4) coupled with a series of hydride shifts homogeneity and found to be a homodimerhdf 45 000

and methyl migrations leads ultimately to formation of

trichodiene. Typical of all terpenoid synthases, a major
determinant of the specificity of trichodiene synthase is

believed to be the precise folding of the substrate, FPP, at
the cyclase active site. Under normal circumstances, the
numerous cationic intermediates, which are never release
from the active site, much be protected from premature
quenching, either by reaction with external nucleophiles such
as water, or by interaction with the protein itself. We

recently described studies in which alteration by site-directed
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subunits, as determined by SBBAGE. The corresponding
structural gene has been cloned (Hohn & Beremand, 1989b;
Hohn & Plattner, 1989) and overexpressed (Cane et al., 1993)
in Escherichia coli Comparison of the sequences of the
sporotrichioidesandG. pulicaris enzymes showed that they

dhave an 89% identity at the nucleotide level and a 96%

identity at the amino acid level (Hohn & Desjardins, 1991).
Additional TS genes have been sequenced feibberella
zeae (Proctor et al., 1995). Fusarium poae(Genbank
U15658; Fekete, C., Giczey, G., Papp, |., Taborhegyi, E.,
Szabo, L., and Hornok, L., unpublished), avgirrothecium
roridum (S. Trapp, T. Hohn, and B. Jarvis, personal
communication). Although all these genes have high degrees
of mutual sequence similarity, none of the TS genes shows
any significant sequence similarity to any other known genes
or proteins. The TS enzymes do contain two short, highly
conserved sequence motifs of potential functional signifi-
cance. The basic amino acid-rich sequence, DRRYR, is
found in theF. sporotrichioidesTS, while the closely related
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Scheme 1. Cyclization of FPP to Trichodiene
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Table I: Aspartate-Rich Domains in Terpeneid Synthases N
. synthiss TR T reference
3 nebsniicne symifsse "
I, spowsdvichiorndes VLODSED Huohn & Herermand, 1989
£i. pufivaris VLODSSD Hiohn & Desjardine, 15491
{r. zeae VLODSED Proctor et al., 1995
. pogre JLDDESED Gewhank Accession Ma. 1715658
M. raridm ILDDSED S, Trapp. 1. Hoha, asd B, Jarves, personal cotmmunicanon
penidlenene svnthase FLOODFLD Came ol al.. 1994
arstalochene synthase LIDDVLE Proctor & Haluy, 193
gpi-arisialochens synihase IWVDDTED Facchini & Chappedl, 1592
cadinene svnthass LVDDTYD Chen et al., 1985
casie AyriihEsEc LITDDTID Ml & West, |
limuenene synilbese YIDDIYD Colly & al., 1903
sequence, DHRYR, is found in both the poaeand G. mutagenesis to examine the role of the three aspartate

pulicaris enzymes, respectively. The important roles of residues in the trichodiene synthase reaction.
Arg304, Tyr305, and Arg 306 in TS frof. sporotrichioides

have been confirmed by site-directed mutagenesis (Cane eMATERIALS AND METHODS

al.,, 1995a; Cane & Xue, 1996). The acidic aspartate-rich

- ; : Materials Sources of reagents, recombinant trichodiene
motif (I,L,V)XDDXXD, has been found in TS from all five ; ’
sources as well as in other sesquiterpene, diterpene, an&ynthase fronE. coli BL21(DE3)/pZW03 and chromato-

. " graphic materials were as previously described (Cane et al.,
monoterpene_ synthasgs (Table 1). Thl_s aspartate-rich 381995a). [12H]FPP (138.6 mCi/mol) was prepared by
gquence was first noted in yeast farnesyl diphosphate synthasé

and in several other prenyl transferases as well (Ashby & diluting stock purchased from NEN DuPont with synthetic

FPP, prepared as described (Cane & Yang, 1994PNA/
Edwards, 1990; Marrero et al., 1992; Joly & Edwards, 1993). Hind“‘i oLTan wdlll. Pfu D,Sl A polymerage N Cdz’DNS“,

It has been proposed that the aspartate residues chelate th§g/|| andE. coli XL1-Blue were purchased from Stratagene
divalent Mg* ion that is required for substrate binding (San’ Diego, CA). The 1-kb and 100-bp DNA ladders were
(Ashby & Edwards, 1990). purchased from Gibco BRL (Gaithersburg, MD$cd was
Beyond the presence of these two characteristic motifs, purchased from New England Biolabs (Beverly, MA). T4
little is known about the active site of any sesquiterpene DNA ligase and the Wizard Minipreps DNA Purification
synthase. We describe experiments using site-directedSystem were purchased from Promega (Madison, Vi).
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coli BL21(DE3) was purchased from Novagene (Madison,
WI). Ultra-Free Probind filters units were purchased from
Millipore (Milford, MA). DNA Sequence kit Version 2.0
was purchased from U.S. Biologicals (Cleveland, OH).
Sephadex G-25 was from Pharmacia (Piscataway, NJ).
General Methods General methods for spectroscopic
analysis, protein purification and analysis, trichodiene syn-
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mM dNTPs, 350uM dNTPs, 2 mM MgC}, and a 1&
dilution of Stratagene fB DNA polymerase reaction buffer

2. Following an initial 5-min incubation at 98C, the
reaction mixtures were transferred to an ice bath; 3 units of
Pfu polymerase was added to each tube, and the reaction
mixtures were returned to the thermal cycler for 3 min at 65
°C. Thirty-five cycles, each consisting of a 3-min extension

thase assay, and numerical analysis of kinetic data were asat 76 °C, a 2-min denaturation at 935C, and a 2-min
described (Cane et al., 1995b). Buffer T consisted of 10 annealing at 68C, were performed. The reaction program

mM Tris-HCI, pH 7.8, 5 mM MgCJ, 15% glycerol, and 5

concluded with a final 7-min extension at P& before

mM S-mercaptoethanol. For divalent metal ion dependence holding at 4°C until the reaction vials were removed from

experiments with M#", all incubations and assays were
performed in buffer T lacking MgGlbut containing 0.01
mM MnCl,. PCR and ligation reactions were run in a Coy
Laboratory Products model 50/60 TempCycler (Ann Arbor,
MI). Restriction enzyme digestions were run at°€7in a
Fisher Brand 10 mm dry bath. Preparative volume centrifu-
gations were performed using a DuPont Sorvall RC5
centrifuge at 4°C (Wilmington, DE). Mass spectra were

the cycler. Passage through a Probind filter by centrifugation
at 12 00@ for 30 s, ethanol precipitation with 2.5 vol of
ice-cold ethanol, and centrifugation at 12 gdfor 30 min
yielded a total of 360 ng of a 100-bp PCR-amplified product
as determined by 4% agarose gel electrophoresis using 150
ng of ®X174Madll and 150 ng of 100-bp ladder as
standards.

Preparation of the @erexpression Plasmids pBF01

obtained using an HP 5890 Series Il Plus gas chromatographpQX01, and pQX02 Each PCR product and the pZW03
interfaced to an HP 5988A quadrupole mass spectrometervector were individually digested withlcd and Nsil by

with a Vectra 5/90c data system. NMR spectra were
obtained on Bruker AM 400 spectrometers at 400.134 MHz
for 'H and 100 MHz for'3C. H—'H COSY, HMQC, and
HMBC spectra were obtained on a Varian Unity-500
spectrometer (operating at 499.84 MHz fot and 125.7
MHz for 13C). All analytical TLC plates were visualized
by iodine or by spraying with 4%-anisaldehyde in 95%
ethanol containing 2% $$0,. Steady state kinetic param-
eters were initially estimated from Lineweaver-Burk double-
reciprocal plots and then calculated by direct fitting of data
to the Michaelis-Menten equation using nonlinear least-
squares methods.

Preparation of Plasmid pZWOZ3E. coli XL1-Blue/pZW03
cells were inoculated into 5 mL of LBA media and incubated
at 37 °C on a shaker (300 rpm) overnight. Cells were
pelleted from 3 mL of culture by microcentrifugation for 2
min at 12 00@. The cells were resuspended in 200 of
Cell Resuspension Solution, and DNA minipreps were
performed following the protocols from the Wizard Mini-
preps DNA Purification Technical Bulletin to give 3& of
pZWO03 DNA, as determined by 1% agarose gel electro-
phoresis using 150 ng @dDNA/Hindlll and 150 ng of 1-kb
ladder as standards.

Plasmids for SiteDirected Mutagenesis of Amino Acids
100, 101, and 104 Asp residues 100, 101, and 104 were

incubating 1.6ug of PCR-amplified product or @g of
plasmid DNA with 3uL (30 units of Ncd) or 20 uL (40
units of Nsil) of endonuclease in 4 or 8L Stratagene 18
universal buffer. Reaction mixtures were incubated foB5
h at 37°C, and complete digestion was monitored by agarose
gel electrophoresis. Reaction mixtures were passed through
a Probind filter by centrifugation at 12 0§@or 30 s. DNA
digestions were purified by ethanol precipitation in the
presence of 0.3 M of sodium acetate. Following determi-
nation of the DNA concentration by agarose gel electro-
phoresis, the PCR amplified insert and the pZWO03 vector
were ligated. The ligation mixture contained 200 ng of
pZWO03Ncd/Nsil (4 uL of 50 ngjuL stock), 34 ng of insert/
Ncd/Nsil (1 uL of 34 nguL stock), and 2L of H,O. This
mixture was heated to 68 for 5 min and then chilled on
ice before the addition of ZL of 5x Promega T4 DNA
ligase reaction buffer, L of ATP (0.01 M, pH= 7) and
1 uL of T4 DNA ligase (1 unitkL). The reaction mixture
was incubated for 17 h at P£. This crude reaction mixture
was used directly for the transformation®fcoli XL1-Blue.
Transformation of E coli XL1-Blue and BL2{DE3).
Transformation of competeift. coli cells employing selec-
tion for ampicillin resistance was performed following
published procedures (Sambrook et al., 1989). Plasmids
isolated fromE. coli XL1-Blue/pBF01, -pQX01, and -pQX02,

each replaced by Glu by PCR mutagenesis. The trichodienewere used to transform the expression hestoli BL21-
synthase expression vector, pZWO03, was used as the templat€DE3). Miniprep isolation gave plasmids pBF01, pQXO01,

for PCR. The 25-mer forward primer incorporate@gl|
restriction site (underlined) by a silent point mutation which
altered the GCC alanine codon to GCA (boldfac&G5rCT
AAA GAA TGC ATG GCA GAT CTA-3). The three 48-

and pQX02, which were analyzed by agarose gel electro-

phoresis to confirm their size and digested wigblll to

confirm the presence of the PCR-amplified mutagenic insert.
Overexpression and Purification of Mutant Trichodiene

mer reverse primers each incorporated a point mutation SynthasesE. coli BL21(DE3)/pBF01, -pQX01, and -pQX02

which altered a codon from aspartate (GAC or GAT) to
glutamate (boldface): (Aspl00 to GIlul00)}ATA GTT
TAC CAT GGT TGG GTA CGG GTC ATC CTT GCT
ATC CTC CAA AAC-3’; (Asp101 to Glul01) SATAGTT
TAC CAT GGT TGG GTA CGG GTC ATC CTT GCT
TTC GTC CAA AAC-3'; (Aspl04 to Glul04) SATAGTT
TAC CAT GGT TGG GTA CGG GTCTTC CTT GCT
ATC GTC CAA AAC-3. The optimal reaction mixture for
PCR amplification of the mutagenic insert was as follows:
20 pmol of DNA primers, 10 ng of pZW03 template, 2.5

were each used to inoculate 100 mL of LBA medE&.coli
BL21(DE3)/pZWO03 (wild type) was also inoculated as a
control. The cultures were incubated at 3D on a shaker
(250 rpm) until an Olgy, of 0.7—0.8 was reached. IPTG (1

M, 0.1 mL) was added to each culture to a final concentration
of 1 mM to induce synthesis of TS, and the cultures were
incubated at 30C on a shaker (250 rpm) for 3.5 h. The
production of trichodiene synthase was monitored by SDS
PAGE every half-hour after addition of IPTG. Mutant
trichodiene synthases, overproduced at the same level as for
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the wild type, were purified to homogeneity based ON Tahlc 2:  Sise. Directed Mutstians in Trichodiene Swnthase

published procedures (Cane et al., 1995b). Exchange from A 0iln il

buffer T to buffer containing 0.01 mM of Mngkemployed plasmid o Acids U8— 1Ky

a Sephadex G-25 (Fine) column. : P A B L
DNA SequencingDNA sequencing of both strands of the W3 B ERE R R S

mutagenized inserts in the TS coding sequence for each pBFD] GAGGAT AGE AAG GAT

mutant plasmid was performed with the Sequenase kit -

version 2.0 on double-stranded templates employing the QX0 GAC CAR AGC ARG CGAT

dideoxy chain termination method (Sanger et al., 1977).

Sequencing reactions were labeled with3fS]ATP. Se- poX02 GAC GAT AGC AAG GAR

quence analysis employed the GCG software package .“'\-'I;l::_'."'._ll-lil.'-.‘\-.I|"':‘-|'il..'.ll\.lll3- e andicated i bold with underlining

(Genetics Computer Group, Madison, WI).
Characterization of Products from Trichodiene Synthase ) ) ) ) )
Mutants by GE&-MS. In a typical experiment, either crude Aspl04 in catalysis by trlchpdlene synthase, mutant strains
cell lysate or purified protein frorg. coli BL21(DE3)/pBFo1 ~ ©Of E. coli BL21(DE3) carrying pBFO1 (D100E), pQX01
(D100E) (100uL) was incubated with 162M FPP in 1 (D101E), and pQX02 (D104E) were constructed by site-
mL buffer T at 30°C for 2 h. The hydrocarbon product directed mutagenesis (Table 2). Each TS mutant was
was extracted with HPLC-grade pentane and purified on a purified to homogeneity, and the steady state kinetic param-
silica gel column (3 cm) packed in a Pasteur pipette overlaid €ters.Km andk., were determined (Table 3).
with sodium sulfate (0.5 cm). Identical incubations were  Thek. for the D100E mutant was reduced only 2.5-fold
performed with the crude cell lysate and purified protein from relative to that of the wild type enzyme, whereas g
E. coli BL21(DE3)/pZW03 (wild type trichodiene synthase). was increased 8-fold. Similarly, thk., of D101E was
The extract of each incubation was concentrated underreduced 3.5-fold whereas tig, was increased 1.5-fold. On
reduced pressure at @, and the concentrates<{B) uL the other hand, both and K, of D104E remained
were analyzed by GEMS. The observed mass spectra were unchanged.

compared with that of authentic trichodiene and other  cparacterization of Sesquiterpene Hydrocarbons Produced
reference sesquiterpene standards. Analogous experimentsy the D10OE Mutant Incubation of TS D100E with FPP
were also carried out with the D101E and D104E mutants. gaye rise to a mixture of trichodiene and five additional
Characterization of Products from Trichodiene Synthase sesquiterpene hydrocarbons, eaatz 204, as revealed by
Mutants D100E by NMR Preparative scale incubation of GC-MS analysis. Chromatographic purification of the
crude TS D100E (1amol) and FPP (0.22 mmol) was carried  crude pentane extract of a preparative incubation yielded 3.7
outin 2 L of Tris buffer (10 mM Tris-HCI, 5 mM MgGl 5 mg of trichodiene Z), 0.9 mg ofp3-farnesenef), 0.8 mg of
mM S-mercaptoethanol, pk 7.8) at 30°C overnight. The  (—)-(2)-a-bisabolene &), 0.9 mg of -bisabolene 7), 0.8
hydrocarbon products were extracted with HPLC-grade mg of cuprenene8), and 0.8 mg of §). The individual
pentane. The pentane extract was passed through a silicgesquiterpene hydrocarbons were identified by comparison
gel column overlaid with anhydrous sodium sulfate, and the of GC—MS retention times and mass fragmentation patterns
eluate was concentrated afG under reduced pressure to  with known standards as well as by detailed comparison with
yield 11 mg of crude product (overall yield, 25%). The aythentic NMR spectra (Delay & Ohloff, 1979; Miyazawa
mixture of hydrocarbons was partially purified by column g Kameoka, 1983; Dauben & Obeihsli, 1966; Makayama
chromatography (Si§) pentane) and further purified by et al., 1975; Tkachev et al., 1991; Cane & Xue, 1996). A
argentation chromatography (SIBgNOs, pentane/ethyl  combination of!H and *C NMR with H—H COSY,
ether). Silver nitrate-impregnated silica gel was prepared [INEPT, NOE, HMQC, and HMBC spectra (Cane et al.,
in darkness as follows: AgN§FAldrich, 25 g) was dissolved  1996) led to the assignment of structuge named as
ina 1:1 (v/v) mixture of CHCN (125 mL) and ethanol (125  jsochamigrene, corresponding to a previously unidentified

mL). Silica gel 60 (100 g) was added to the solution. The sesquiterpene carbon skeleton [cf. chamigrene, Tanaka et al.
mixture was stirred before the solvent was remowveghcuo (1968)].

over a 26-60 °C temperature range. The silica gel was dried
under high vacuum at 8TC for several hours and activated

Metaklon Dependence of Trichodiene Synthase Mutants
To probe further the role of the aspartate-rich domain in

in an oven (15CC) overnight. Silver nitrate-impregnated . . hodi h in chelating the dival li
TLC plates were prepared by dipping analytical TLC plates trichodiene synthase in chelating the divalent metal ion, we
examined the differential effects of replacing Mdpy Mn?*

into the same solution as above and were dried in an oven.”. . . : ) .

o . : in incubations with each mutant. Since high concentrations
(150 °C) overnight. Each of the known sesquiterpene of manganese ion inhibit trichodiene synthase (Hohn &
products was identified by detailed comparison of their VanMid?jIesworth 1986), a concentratio)r/1 of 0.01 mM of
spectra with published spectra or with authentic referenceMn Cl» was used ' The st'ea dv state Kinetic ar.ameteﬁs
samples. The details of the structure assignment of iSOCh'andki were détermined foryeach mutant F()Table 3) a’nd
amigrene, based dil and'3C NMR, combined with INEPT, a

NOE, H—1H COSY, HMQC, and HMBC experiments, are compared with th_ose measured _in fche presence of 5 mM
described elsewhere (ane et al., 1996). P MgCl; (Table 3, Figure 1). Substitution of Mnfor Mg=*

had negligible effect on thi&,, for FPP, but reduced thea
RESULTS by a factor of about 4. A similar effect was observed for
the D104E mutant. On the other hand, while both the D100E
Characterization of D100ED101E and D104E mutants and D101E mutants showed changesdin and Ky, in the
To investigate the functional roles of Asp100, Asp101, and presence of M#T, the relativek../Kn, for each of the latter
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Table 3: Kinetic Parameters for Wild-Type and Mutant Trichodiene Synthase

M92+ a Mn2+ b
trichodiene synthase Km (M) Keat (71) keal Km (ST M™Y) Km (NM) Keat (S71) KealKm (ST M71)
wild-type 78.0£ 5.6 0.1384+ 0.004 1.77x 10° 84.84+11.2 0.035# 0.002 4.21x 1°
D100E 657.3+ 72.0 0.053t 0.003 8.06x 10¢ 218.8+ 27.6 0.0192+ 0.0007 8.78« 10¢
D101E 123.8+ 3.5 0.040+ 0.0002 3.21x 1P 12.94+0.76 0.00246+ 0.00002 1.91x 1P
D104E 729+ 5.6 0.133+ 0.005 1.82x 10° 69.6+ 5.89 0.047+ 0.001 6.75x 10°

aBuffer T.?10 mM Tris-HCI (pH 7.8), 0.01 mM MnGJ 15% glycerol

, 5 mMgB-mercaptoethanol.
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Ficure 1: Comparison of wild type and mutant trichodiene
synthase activitiesk{a/Kmn) with Mg?" (left bars) and with MA"
(right bars).

Table 4: Relative Proportion of Sesquiterpenes Produced by
Mutant Trichodiene Synthases

D100E D101E D104E
Mgz+ b n2+ c Mg2+ b Mn2+ c Mg2+ b Mn2+ c
cupreneneq) 7 17 3 13 3 5
isochamigreneq) 14 26 9 13 4 4
2,567 79 57 88 74 93 91

aMeasured by GEMS as described in general methoB8uffer
T. ¢10 mM Tris-HCI (pH 7.8), 0.01 mM MnG| 15% glycerol, 5 mM
B-mercaptoethanol Under the GC conditions used for this series of
analyses, 5, 6, and7 were not resolved. The relative proportions of
the four compounds could be determined in selected casé$ BR.
For the D100E mutan®, 5, 6, and7 were isolated in a ratio of ca.
4:1:1:1.

two mutants was essentially unaffected by the metal ion
substitution. A more significant effect was observed on the
distribution of anomalous cyclization products. Although
wild type TS produced exclusively trichodiene in the
presence of either divalent metal ion, replacement of'Mg
by Mn?" increased the proportion of cuprener®) and
isochamigreneq) produced by each mutant, as determined
by GC-MS (Table 4).

DISCUSSION

Site Directed Mutagenesis on the Aspart&®é&h Domain
in Trichodiene SynthaseOn the basis of the presence of
two (I,L,V)XDDXXD matifs in prenyltransferases, Edwards
originally postulated that each aspartate-rich domain might
be responsible for chelation of a divalent magnesium cation,

each of which would complex with an individual isopentenyl
diphosphate or allylic diphosphate substrate (Ashby &
Edwards, 1990). This suggestion has subsequently been
supported by site-directed mutagenesis (Marrero et al., 1992;
Joly & Edwards, 1993; Song & Poulter, 1994) which showed
significant decreases ik for both yeast and rat farnesyl
diphosphate synthases as a consequence of replacement of
individual Asp residues with Glu or Ala. In some cases,
replacement of the third Asp residue in one of the domains
by Glu had little effect ork.s. Further direct evidence for

the role of two of the three aspartates in each domain in
chelating the divalent cation has come from crystallographic
analysis of avian FPP synthase (Tarshis et al., 1994)s
therefore of great interest that in spite of the lack of
significant sequence similarity between microbial sesquit-
erpene synthases and any other known protein, the same
aspartate-rich motif is found in all of these Kfgdependent
cyclases for which FPP is the substrate (Cane, 2q9@ple

1). The study of the aspartate-rich domain of trichodiene
synthase reported here has established that replacement of
either Aspl00 or Aspl0l with Glu results in a modest
increase in the observéd, combined with a small decrease

in keap resulting in a net 520-fold decrease irkeafKn.
Replacement of Asp104 with Glu, on the other hand had
negligible effect on either of the observed steady state kinetic
parameters.

Enzymatic Formation of Multiple Sesquiterpene Hydro-
carbons Although there are more than 200 distinct ses-
quiterpene carbon skeletons already known, each of these
metabolites can be derived by electrophilic cyclization of
the universal acyclic precursor FPP. Remarkably, each
member of this family of enzymes, all using the same
substrate and variations on the same fundamental cyclization
mechanism, is able to generate its characteristic product with
exquisite specificity and high fidelity. A major determinant
of the structure and stereochemistry of the eventually formed
product appears to be the precise folding of the substrate
FPP at the cyclase active site, as well as the accurate control
of the timing and site of quenching of the positive charge.

2 More recently, Poulter and his collaborators have obtained crystal
structures on FPP synthase mutants showing"Mbelated to the non-
bridging oxygens of the pyrophosphate moiety of an allylic substrate
as well as to two adjacent Asp residues in one of the aspartate-rich
domains (personal communication, C.D. Poulter).

3 A search of the PIR database revealed the presence of a large
number of proteins with a similar aspartate-rich motif, including
numerous kinases and pyrophosphokinases, DNA and RNA poly-
merases, amino acid-tRNA ligases, and NAD protein ribosyl trans-
ferases, many of which catalyze the Malependent displacement of
a pyrophosphate, adenosyl diphosphate, or adenylate moiety. On the
other hand, Mg chelation cannot be the only role for this aspartate-
rich sequence, since the same motif can also be found in a variety of
other proteins of diverse function, including calmodulin, cytochrome
P450s, triosephosphate isomerase, faitactamase.



12374 Biochemistry, Vol. 35, No. 38, 1996 Cane et al.

Scheme 2: Enzymatic Formation of Multiple Sesquiterpenes from FPP
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We have previously shown that mutants of trichodiene normally are completely sequestered by the wild type
synthase altered in a base-rich domain, believed to betrichodiene synthase. The formation®f8 by each of the
involved in binding of the pyrophosphate moiety, produce three trichodiene synthase AsiGlu mutants, is fully
mixtures of sesquiterpene hydrocarbons, includind:(2)- consistent with this same model, illustrated in Scheme 2,
a-bisaboleneg), f-bisabolene?), and cuprenened) (Cane pathways b-e. At the same time, the formation of multiple

& Xue, 1996). We have previously proposed that binding products by these mutants establishes the importance of the
of FPP to the site-directed mutants results in small but aspartate-rich domain in catalysis of the trichodiene synthase
important changes in the precise positioning and folding of reaction. Notably, even the D104E mutant produces small
the substrate within the active site. When the aberrantly amounts of anomalous cyclization products, in spite of the
bound FPP undergoes ionization, abortive cyclization prod- fact that its overall steady state kinetic parameters are
ucts can be generated by premature deprotonation of theindistinguishable from those of wild type trichodiene syn-
normal cationic cyclization intermediates, possibly by the thase. The formation of isochamigrene is also noteworthy.
same active site base that is responsible for the final The latter compound cannot be generated directly by
deprotonation step in trichodiene biosynthesis. The productsdeprotonation of one of the normal cyclization intermediates.
thus formed not only reveal the role played by the various Instead, the cuparenyl catid® must undergo an alternative
residues at the cyclase active site, but provide strong evidenceing expansion and deprotonation (pathway f), presumably
for the structures of the various cationic intermediates which resulting from the loss of precise control consequent on the

am
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aberrant binding of the FPP substrate and its derived cationicsubstrate analogs to wild type and mutant trichodiene
cyclization intermediates. Interestingly, isochamigrene itself synthases as well as growth of protein crystals suitable for

has never been reported in nature and can therefore becrystallographic analysis are in progress.

considered one of a newly emerging class of “unnatural”
natural producté.
Role of the Dialent Metal lon in Catalysis Trichodiene
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