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ABSTRACT. The pre-steady-state kinetics of the trichodiene synthase reaction were investigated by rapid
chemical quench methods. The single-turnover rate was found to b8 851, a rate 40 times faster

than the steady-state catalytic rétgy= 0.09 s1) for trichodiene synthase-catalyzed conversion of farnesyl
diphosphate (FPP) to trichodiene at 5. In a multiturnover experiment, a burst phake= 4.2 s')
corresponding to the accumulation of trichodiene on the surface of the enzyme was followed by a slower,
steady-state release of produdgs & 0.086 s1) which corresponds tk.a.  These results strongly suggest

that the release of trichodiene from the enzyme active site is the rate-limiting step in the overall reaction,
while the consumption of FPP is the step which limits chemical catalysis at the active site. Single-
turnover experiments with trichodiene synthase mutant D101E, for which the steady-state rate constant
keatis Y3 of that of wild type, revealed that the mutation actually depresses the rate of FPP consumption
by a factor of 100. The deuterium isotope effect on the consumption #f [1,214C]JFPP was found to

be 1.11+ 0.06. Single turnover reactions of [1}&]FPP catalyzed by trichodiene synthase were carried

out at 4, 15, or 3CC in an effort to provide direct observation of the proposed intermediate nerolidyl
diphosphate (NPP). However, no NPP was detected, indicating that the conversion of NPP must be too
fast to be observed within the detection limits of the assay. Taken together, these observations suggest
that the isomerization of FPP to NPP is the step which limits the rate of chemical catalysis in the trichodiene
synthase reaction pathway.

Trichodiene synthase is one member of a remarkable group1995a,b). The cyclase frofusarium sporotrichioidesa
of versatile catalysts which together are responsible for the homodimer of a 45 kDa subunit, has been cloned (Hohn &
formation of nearly 300 distinct sesquiterpene carbon Beremand, 1989b; Hohn & Plattner, 1989) and overexpressed
skeletons (Croteau & Cane, 1985). Each synthase is capablén Escherichia coli(Cane et al., 1993). Extensive experi-
of converting the universal acyclic precursor farnesyl diphos- ments with labeled substrates (Cane, 1981; Cane et al., 1985;
phate to a distinct sesquiterpene, while utilizing a common Cane & Ha, 1988), as well as with substrate and intermediate
mechanism involving ionization of the allylic pyrophosphate analogs (Cane et al., 1990, 1992, 1995a; Cane & Yang,
ester followed by a precise sequence of intramolecular 1994), have provided strong support for the cyclization
electrophilic addition reactions (Cane, 1985, 1990). A major mechanism illustrated in Scheme 1 in which FPP, folded as
determinant of the structure and stereochemistry of the Shown, undergoes initial ionization and rearrangement to
ultimately formed sesquiterpene is believed to be the precise(3R)-nerolidyl diphosphate [[)-NPP,3]. Rotation around

folding of the FPP substrate at the enzyme active site. ~ the 2,3-bond of3 followed by reionization to generate a
cisoid allylic cation-pyrophosphate anion pair allows cy-

clization to yield the bisabolyl catio). This isomeriza-
tion—cyclization sequence is necessary to overcome the
geometric barrier to direct cyclization of theans,trans-

Trichodiene synthase, which has been isolated from a
variety of fungal sources (Evans & Hanson, 1976; Cane et
al.,, 1981a,b; Hohn & Beremand, 1989a; Hohn & Van-

Middleswqrth, 1986), catalyzes fche cyclizatiortltafns,trans farnesyl diphosphate precursor to thués-cyclohexene-
farnesyl diphosphate (FPB) to trichodiene ) (Cane, 1981, ntaining bisabolyl cation. Further cyclizationdfollowed
1985, 1990). The enzym_e has been extensively studied Wlthby a 1,4-hydride shift is believed to gl\&} from which a
respect to the mechanism, enzymology, and molecular consecutive pair of 1,2-methyl migrations and a final
genetics (Cane, 1990; Cane & Yang, 1994; Cane et al., yeprotonation result in the formation of trichodier®. (
The intermediacy of [R)-NPP has been supported by

t This research was supported by National Institutes of Health Several lines of stereochemical and kinetic evidence (Cane
MERIT Award Grant GM30301 to D.E.C. and NIH Grant GM49551 et al., 1985, 1990; Cane & Ha, 1988; Cane & Yang, 1994).
to K.S.A. On the other hand, competition experiments between labeled
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istry, Box H, Brown University, Providence, Ri, 02912, Telephone: Samples of FPP and NPP have established that there is no

(401) 863-3588. Fax: (401) 863-3556. E-mail: David Cane@brown.edu interconversion of enzyme-free allylic diphosphate substrates
® Abstract published irAdvance ACS Abstractdune 15, 1997. and that (R)-NPP is never released from the active site of

1 Abbreviations: EDTA, ethylenediaminetetraacetic acid, disodium
salt; FPP, farnesyl diphosphate; HPLC, high-pressure liquid chroma- the enzyme (Cane & Ha}, 1988)'. Indeed, none of the.
tography; MeCN, acetonitrile; NPP, nerolidyl diphosphate; TD, tri- Proposed enzyme-bound intermediates have ever been di-

chodiene; WT, wild-type. rectly observed in the course of cyclization.
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Scheme 1: IsomerizatiorCyclization of FPP to Trichodiene
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Rapid transient kinetic methods have provided a successfulfrom ARC were both found by HPLC to contain ca. 20%
approach for the detection of enzyme intermediates (Ander-radiochemical impurities. Each individual radiochemical
son & Johnson, 1990a; Johnson, 1986, 1992). We now contaminant contributed-3% of the total radioactivity and
report the use of rapid chemical quench techniques in was found to be chemically and enzymatically inert. FPP
analyzing the pre-steady-state kinetics of the trichodiene itself was completely consumed when incubated for extended
synthase reaction and describe experiments designed tajuench times with trichodiene synthase, as determined by

observe the proposed intermediate, NPP. HPLC analysis. Analytical HPLC separations were per-
formed on a Rainin HPLC system equipped with a automated
MATERIALS AND METHODS gradient controller and a model UV-D Il absorbance detector.

Materials. Recombinant wild-type trichodiene synthase NMR spectra were obtained on a Bruker AM 400 spectrom-
was purified fromE. coli BL21(DE3)/pZW03 cells as  eter at 400.134 MHz for'H and 162 MHz for 3P.
previously described (Cane et al., 1995a,b). The D101E Radloactlylty measurements were obtglned on a Beckman
mutant of trichodiene synthase was purified as describedS 5801 liquid scintillation counter with 5 or 15 mL of
from E. coli BL21(DE3)hQX01cells (Cane et al., 1996a). Optifluor cocktail (Packard) and were automatically quench
Sources of reagents and chromatographic materials were alsgorrected.
as previously described (Cane et al., 1995a,b)3HIEPP Synthesis of (3RS)-trans-Nerolidyl Diphosphatét)-
(41.7 and 78.#Ci/lumol) was prepared by diluting [3H]- trans-Nerolidol (124 mg, 564mol, Aldrich) was stirred with
FPP purchased from NEN DuPont with synthetic FPP, (1,2-dibromo-1-phenylethyl)phosphonic acid (213 mg, 1.1
prepared as described (Cane &Yang, 1994). [MCIFPP equiv) in 3 mL of dry CHCI, in a flame-dried glass vial.
(50 and 55%:Ci/umol) and [12H,1,2*4C]FPP (55« Ci/umol) The resulting cloudy suspension was clarified by addition
were purchased from American Radiolabeled Chemicals, Inc. of freshly distilled diisopropylethylamine (146 mg, 2 equiv).
(ARC). (39-[1-Z]-trans[1-*H]Nerolidyl diphosphate (60  The reaction mixture was stirred at room temperature for 8
uCilumol, 6 x 10* dpmj«L) was synthesized as previously h. The solvent was removed by a gentle stream of nitrogen.
described (Cane & Ha, 1988). HPLC solvents were pur- Bis(triethylammonium) hydrogen phosphate (398 mg, 3.3
chased from EM Science and were degassed by purging withequiv), prepared as described (Cane et al., 1981), and freshly
He. All solvents for reactions were distilled prior to use. distilled CCECN (500uL) were added, followed by addition
All reagents and buffer components used for enzyme assayf dry acetonitrile (3 mL). The reaction mixture was stirred
and protein purification were of the highest quality com- at room temperature overnight. Removal of the solvent was
mercially available. followed by addition of 50 mM KHC® (1 mL) and

General Methods.Methods for spectroscopic analysis, extraction with ether (3x 2 mL) to recover the starting
protein purification, and trichodiene synthase assays havealcohol. To the aqueous phase was addedL36f a solution
been previously described (Cane et al., 1995a,b). Pre-steadyef (39-[1-Z]-trans[1-*H]nerolidyl diphosphate (6Q:Ci/
state measurements were made using a KinTek RFQ-3umol, 6 x 10* dpmilL) as an internal standard. The
Rapid-Chemical Quench apparatus (KinTek Instruments, resulting mixture was loaded onto a DEAE-Sephadex A-25
State College, PA) equipped with a thermostatically con- anion exchange column (23 cm 1.5 cm) which was
trolled circulator (Johnson, 1986, 1992). Buffer T consisted equilibrated wih 1 M KHCO; for 3 h at aflow rate of 0.4
of 10 mM Tris-HCI (pH 7.8), 5 mM MgG), 15% (v/v) mL/min and then equilibrated with 50 mM KHGGor 9 h
glycerol, and 5 mMpg-mercaptoethanol. For all quench at the same flow rate. The column was then eluted with a
experiments, the substrate was prepared by diluting FPP withlinear gradient of 0.05at1 M KHCOs. The fractions with
buffer T lacking glycerol ang-mercaptoethanol in HPLC-  the highest radioactivity were collected and lyophilized to
grade water. [1,2¢C]FPP and [*H,1,24“C]FPP as obtained  give a white powder. The powder was then dissolved in 5
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mL of deionized water (pH 8.5, adjusted by ammonium
hydroxide). The resulting solution was loaded onto a
polystyrene column (CHP-20P resin, Mitsubishi Chemical
Industries, 10 cnx 2 cm) which had been washed with 100
mL of methanol and equilibrated with 200 mL of deionized
water (pH 8.5). The column was washed with 60 mL of
water (pH 8.5), followed by a linear gradient of 5 to 50%
MeOH. Fractions were collected on the basis of the
radioactivity anc®P NMR. Upon removal of methanol, the
solution was lyophilized to dryness to afford ca. 3 mg of
white solid.3P NMR (D;O, 162 MHz): —6.10 (1P, dJ =
21 Hz),—13.86 (1P, dJ = 21 Hz).

Steady-State Kinetics Steady-state kinetic parameters

Cane et al.

[1-*H]NPP (60uCi/umol) and [1,2¥C]FPP (554Ci/umol).

The radiolabeled compound in buffer T was treated with 0.6
N KOH under quench conditions in the absence of trichodi-
ene synthase. The resulting solution was left at room
temperature for 2427 h. Analysis by HPLC showed that
both FPP and NPP remained essentially intact and that the
total radioactivity of each sample could be recovered.

(B) Effectveness of 0.6 N KOH as a Quenching Reagent.
In order to ensure that the base was completely quenching
the enzyme reaction, control experiments were included with
each experiment. These involved adding the enzyme to a
premixed solution of 0.6 N KOH and the substrate and
adding the substrate to a premixed solution of the enzyme

were determined as previously described in buffer T (Cane, and the base. No trichodiene was generated under either of
1995a). Each series of assays was measured in duplicatehese conditions.

using eight different concentrations of $iJFPP, ranging
from 16 to 800 nM. Incubations were carried out for 10
min at 15°C before quenching with 100 mM EDTA. EH]-

(C) Mg?™-Catalyzed Sablysis of FPP. To carry out the
guench experiments, FPP was premixed with M@Cbuffer
T lacking glycerol and stored at-20 °C before use.

Trichodiene generated from the incubation was mixed with Examination of the Mg -catalyzed solvolysis of FPP was

5 mL of Optifluor cocktail and quantitated by liquid

included as a control. A solution of 21.88M [1,2-*C]-

scintillation counting. Data obtained from these experiments FPP (554Ci/umol) in buffer T (no glycerol) was stored in
were analyzed by direct, nonlinear least-squares fitting to a—20°C freezer for 2.5 months. Hexane was used to extract

the Michaelis-Menten equation using KaleidaGraph simula-
tion software (Synergy Software).

HPLC Analysis. (A) HPLC Separation of NPP, FPP,
Farnesol, Nerolidol, and TrichodieneHPLC separations
were carried out by a modification of a previously published
procedure (Poulter & Zhang, 1993). Separatiortrafis,-
transFPP and (R9-transNPP in buffer T was monitored
at 214 and 230 nm upon elution from a BDS Hypersiji C
column (250 mmx 4.6 mm, 5um, Keystone Scientific,
Bellefonte, PA) with a linear gradient of 5 to 100% MeCN
in a 25 mM NHHCGO; solution (pH 7.2, adjusted by GD
at a flow rate of 1 mL/min. Optimal resolution was achieved
with a gradient slope of 1.6% MeCN/min, giving a difference
in retention time of 1.76 min between NPR € 25.59 min)
and FPPtg = 27.35 min). The same elution conditions were
used to determine the retention times for farnesisHtrans
isomers,tr = 50.54-51.22 min), (R9-trans-nerolidol {r
= 52.27 min), and trichodiendg(= 67.46 min).

(B) HPLC Analysis of Quenched Mixture$he quenched
incubation mixture was mixed with unlabeledR§-trans

any solvolyzed product from the FPP solution. K€
radioactivity was detected in the hexane extract.

(D) Stability of Trichodiene Synthasérichodiene syn-
thase (80Q:L of a 20.41uM solution) was concentrated to
50—-85 uM using a Microcon-30 apparatus (Amicon). The
concentrate was stored-a¥8 °C and analyzed after several
different periods of storage. Activity assay showed that the
enzyme preparation retained full activity under these condi-
tions for at least 1 month.

Rapid Quench StudiesThe enzyme reaction was initiated
by rapid mixing of the enzyme solution (28.) with the
radiolabeled substrate (14d). To enhance the stability,
trichodiene synthase in buffer T was kept cold by an ice/
water circulator before loading into the sample loop of the
rapid quench apparatus while the substrate in buffer T lacking
glycerol andp-mercaptoethanol was maintained at room
temperature during the experiments. In all cases, the
concentrations of enzyme and substrate cited in the text are
those after mixing and during the enzymatic reaction. The
reaction was then quenched by mixing with @7 of 0.6 N

NPP andrans,transFPP as internal standards and analyzed KOH to give a final concentration of 0.4 N KOH.

by HPLC. The effluent from the column was monitored at
214 and 230 nm and then mixed with liquid scintillation
cocktail (Ultima-Flo, Packard, or Mono-Flow V, National

Diagnostics) at a flow rate of 3 mL/min. Radioactivity was
monitored continuously by a Radiomatic 150 TR Flo-One

For HPLC analysis of the quenched mixture, the quenched
reaction solution was collectedi ia 1 mL Wheaton glass
vial, vortexed, and immediately subjected to HPLC analysis.
To obtain the pre-steady-state kinetic data, the quenched
reaction solution was collectedi ia 1 mL Wheaton glass

radioactivity detector (Packard Instruments, Downers Grove, vial containing hexane (450L), vortexed, and immediately
IL). The analysis system was automated by the use of anfrozen in liquid nitrogen before analysis by hexane extraction.

automatic sample injector (Waters 712B WISP, Milford, MA,
or Rainin Instruments Dynamax, model Al-1A.) UV absor-

bance was monitored at 214 nm using a Rainin model UV-

The hexane was included to prevent loss of trichodiene due
to evaporation from the quenched mixture.
An aliquot of the radiolabeled substrate solution purchased

DIl absorbance detector or a Waters 484 tunable absorbancérom ARC was reduced to-510 4L by a gentle stream of

detector.
Control Experiments.A number of control experiments

argon. Buffer T (no glycerol) was then added to adjust the
substrate concentration. In single-turnover experiments, 30

were conducted to establish the chemical stability of 42 uM enzyme was reacted with-8 uM FPP (concentra-
substrates and intermediates under quenching conditions and¢ions after mixing) at 4, 15, or 30C. The concentrations
the effectiveness of the chemical agent in terminating the after mixing of the enzyme and the substrate in multiturnover

enzymatic reaction.
(A) Stability of NPP and FPP under Quench Conditions.

experiments at 18C were 7.3 and 3@M, respectively.
Deuterium Isotope Effect ExperimentSeuterium isotope

The stabilities of NPP and FPP with respect to the conditions effect experiments were carried out at U5 under single-

of the quench reaction were examined usirng{3-Z]-trans

turnover conditions. The same batch of the most active
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Scheme 2: Kinetic Model for Conversion of FPP to Trichodiene
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aKINSIM kinetic modeling software gave the following rate constants (see Materials and Methads)i.2 x 10° M=t s™% k.3 = 0.1 s k;
=45t (kp=0s1; ks=200 s andk, = 0.09 s'. E is the free enzyme, which can bind either FPP or exogenously added NPP; &nd E
the form of the enzyme which is thought to catalyze cyclization of enzymatically generd&®p®P3. The dotted arrows indicate the proposed
pathway for cyclization of exogenously addedR(3\NPP.

enzyme preparation was used for incubations with both [1,2- to the initial concentration of FPP (micromola#; is the

Y¥CIFPP and [1,24C,1°H]FPP. maximum observed trichodiene concentratikgpp is the
Pre-Steady-State Kinetic&ach vial containing a quench  exponential decay rate constant for consumption of KRPp,
mixture and hexane was removed from storage & °C; is the exponential rate constant for formation of trichodiene,

hexane (0.5 mL) was immediately added, and the quencht is the time in seconds, an@s is the end point FPP
mixture was thawed. Trichodiene and alcohols were ex- concentration. For multiturnover experiments, the data for
tracted with hexane from the aqueous mixture. The hexanethe residual FPP concentration were fit to the biphasic rate
extract was then passed through a silica gel pipette columnequation (eq 2)
(2 cm) which was further washed with ether to flush out
any alcohols. After extraction with hexane, the residual y = A; exp(—K,epd) — Leppt + Cy (2)
aqueous solution was collected and the inside of the vial
was washed thoroughly with 0.2 N KOH. The aqueous yherey is the corrected concentration of residual FRPis
solution, hexane extract, and ether wash were each mixedihe opserved burst amplitude (micromolakyeee is the
with 15 mL of scintillation cocktail separately in glass eyxponential decay rate constant for the burst phiase,is
for 10 min. o _ _ andGC, is the end point of the single-exponential decay.
Data Analysis. Raw disintegrations per minute data for  the KINSIM kinetic simulation program using numerical
the aqueous portion of the reaction product (correspondingntegration (Barshop et al., 1983), modified to allow the input
to residual FPP) were corrected for the presence of unreactiVeyt gata from the rapid quench experimentsxaspairs and
radiochemical impurities present in the commercial samples iy cajculate the sum square errors in fitting the data
of [1,2-%C]- and [12H,1,244C]FPP. This background  (anderson et al., 1988), was used to model the kinetic data
radioactivity was readily determined by incubation of labeled presented in this report. The kinetic simulations were carried
FPP for long quench times (6st02m|n),_ after which times using the model shown in Scheme 2 to provide a
all FPP had been consumed, as determined by HPLC, anqyinimum estimate foks, the rate constant for conversion
measuring the residudfC activity of the aqueous phase. ot NPP to trichodiene. Taking into account the mechanism
The actual amount of FPP remaining in the aqueous solutionjystrated in Scheme k; itself is a complex rate constant
at each quench time was calculated by subtracting this cqyering all the steps between NPP and trichodiene sum-
constant background from the experimental disintegrations ,5rized in Scheme 2. The KINSIM simulation used as the
per minute. The accuracy of this method of data analysis ¢onstraints the knowkm, andke values for the conversion
was dependent on recovery of a reproducible volume of ot Epp to trichodiene by trichodiene synthase. The value
quenched solution or correcting for the actual recovered to the rate constant for FPP bindinky, was set using the
volume. In a like manner, the concentration of trichodiene gecond-order catalytic efficiency constakibdKm, 1.2 x 108
was calculated from the hexane-extractable disintegrations))-1 s-1y a5 a lower limit forky, SincekealKm = [Kiko/(k_1 +
per minute aft_er correction for background. For single- k)]. The rate of dissociatiork_;, was set at 0.1 on the
turnover experiments, the data could also be analyzed bypagis ofk; and theK,, of 78 nM for FPP. The choice of
calculating the (background-corrected) fraction of the total hese parameters did not significantly affect the value
activity corresponding to FPP remaining at each time point 5cylated by KINSIM forks, the rate of consumption of
or the fraction of the total activity present as trichodiene at Npp. The value for the rate constant corresponding to
each time point. _ _ conversion of FPP to NPR;, was set at 4 on the basis
Corrected data obtained by the methods above were fittedf the values okeppandksrprobtained from single-turnover
by nonlinear regression to the appropriate kinetic expressionan pre-steady-state burst experiments (see Results and Table
using KaleidaGraph. For example, for single-tumnover ex- 1y The reverse reactiok, », is believed to be essentially
periments, the time course of consumption of substrate FPPheqigible, as indicated earlier by competitive incubation
was fit to the first-order rate equation (eq 1a), while the time experiments with FPP and NPP (Cane & Ha, 1998jhe
course of the appearance of trichodiene was fit to eq 1b. |gwer limit for the value ofks was calculated by KINSIM

y = Ay exp(ksepd) + Cs (1a) 2 Although there is no interconversion of free FPP and NPP (Cane
& Ha, 1988), in principle, some reversal of the FPP to NPP conversion
y = A1 — exp(—Kkspt)] (1b) might be taking place on the enzyme, provided that the regenerated

FPP never escapes the active sit&_lfwere >0, the effect would be

. . . . reduction of the observed net rate constant for conversion of FPP to
wherey is the corrected concentration of radioactive FPP or Npp |k, = kky/(k_ + ki)], resulting in anunderestimatef ks, the

trichodiene, respectively, is the amplitude corresponding rate of conversion of NPP to trichodiene.
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Table 1: Steady-State and Pre-Steady-State Kinetic Parameters for o
Trichodiene Synthase 5 ° =
trichodiene synthase D101E /
parameter 18C 30°C 30°C Ei 4
Km (NM) 78 9@ 124 -
Keat (59 0.09 0.32 0.093 5 3 PP
ksrpp(s7Y) 3.474+0.22 14.2+ 4.7 0.138+ 0.018¢ H
ksto (579 3.494 0.30 15.3+ 2.7°¢ 0.153+ 0.020¢ = —o— Trichodiene
kSFpp(Sfl) 3.60+ 0.2 8 2
Ksto (Sfl) 3.81+ 0.2~ g
kapp(S_l) 4.154+0.27 o L]
Kinepp(s™)  0.086: 0.008 1
aCane et al. (1995b}.Calculated from the relative fraction of FPP 5 =
or trichodienefData obtained by HPLC and in-line detection of 0 T T T T T v
radioactivity. Calculated from corrected concentrations of FPP and 0 9 2 3 4 5 6
trichodiene.

Time (sec)

] Ficure 1: Time course for a single turnover of [11&]FPP at
to account for the fact that NPP was not observed in an the active site of trichodiene synthase at’@s [1,24C]FPP (5.41

enzyme single-turnover experiment. The detection limits of #M) in buffer T lacking glycerol was rapidly mixed with enzyme
the radioactive assay are approximately 0.7% (200 dpm of (30 uM) (concentrations after mixing); after various times, the

.. . reaction was stopped by the addition of 0.6 N KOH. Data were
putative intermediate from a total of 30 000 dpm per assay) analyzed using the background subtraction method as described in

using HPLC analysis with a continous flow radioactivity Materials and Methods. The data were fit to the appropriate first-
detector. From this analysis, we predict that the rate of order kinetic equation (eq 1a or 1b). Solid lines represent the
formation of trichodiene from NPRg, must be at least 200  calculated fit.

s ! and also irreversible, such thkt, is negligible. The
rate of product dissociation from enzynia, is 0.09 s?,
corresponding to the steady-state turnover datg,as well
as to the linear phaskfrpp) of the multiturnover experiment.

concentrations of trichodiene synthase at@%jave the same
rate constant, demonstrating that the binding of FPP to the
enzyme active site was not rate-limiting. At 3C, the
production of trichodiene reached its maximum within 500

RESULTS ms under single-turnover conditions, while the consumption
of FPP approached completion.
Single-Turneer Experiments.We have found that the We have previously reported the steady-state kinetic

conversion of substrate to product in a single enzyme behavior and product distribution of several trichodiene
turnover such that enzyme is in excess over substrate is arsynthase mutants generated by site-directed mutagenesis of
important diagnostic experiment for detecting enzyme in- suspected active-site residues (Cane et al., 1995b, 1996a,b;
termediates (Anderson & Johnson, 1990a). Moreover, this Cane & Xue, 1996). One of the these mutants, trichodiene
type of experiment can also establish the fact that a putativesynthase D101E, was chosen for pre-steady-state, rapid
intermediate is kinetically competent and along the reaction chemical quench analysis. The latter enzyme exhibits:a
pathway (Anderson & Johnson, 1990b). In order to directly at 30°C (0.093 s1) which is about'/; of that of the wild-
observe the formation of NPP as an intermediate in the type trichodiene synthase under the same conditions (0.32
trichodiene synthase reaction pathway and to establish thes™), with little change in the observeti, [124 nM (D101E),
kinetic competence of NPP, the conversion of FPP to comparedto 90 nM (WT)]. Although the apparent decrease
trichodiene was examined in a single enzyme turnover. This in k.:is very modest, it was thought that slow product release
was accomplished by reacting [1X&]FPP with a 5-fold might mask a more profound effect of the mutation on the
excess of trichodiene synthase at°I5in a rapid quench  rate of the actual chemical steps. If the chemical steps are
apparatus using transient kinetic techniques (Johnson, 1986perturbed by the mutation, this might result in a decrease in
1992, 1995). The reaction was quenched with aqueous KOHk; such that NPP would be observable. Indeed, in single-
at time intervals ranging from 3 ms to several seconds. FPPturnover experiments, the D101E mutant exhibited a 100-
and trichodiene were quantitated by liquid scintillation fold decrease in both the rate of FPP consumption (034 s
counting of the aqueous and hexane-extractable componentsand of sesquiterpene hydrocarbon formation (0.19,s

In a control experiment, trichodiene and any alcohols in the compared to wild-type trichodiene synthase at the same
hexane extract were separated by a silica gel pipette columntemperature (Table 1). The formation of the intermediate,
before liquid scintillation counting, which indicated negli- NPP, by the D101E mutant could not be detected however
gible quantities of alcohols in the quench mixture. The time (see HPLC Analysis below).

courses for FPP consumption and for trichodiene formation  Multiturnover Experiments.A multiturnover experiment

are shown in Figure 1. Under these conditions, there waswas conducted with wild-type trichodiene synthase using a
no detectable intermediate, NPP, observed (see HPLCA4-fold excess of FPP over enzyme. The reaction was
Analysis below). Analysis of the data, as described in initiated at 15°C by rapid mixing of 15uL of [1,2-*C]FPP
Materials and Methods and summarized in Table 1, gave (60uM) in buffer T (no glycerol) with 15:L of trichodiene

rate constants for FPP consumption and for trichodiene synthase (14.6M) in buffer T (15% glycerol). The reaction
formation of 3.47-3.60 and 3.493.81 s!, respectively, in was quenched with base at time intervals ranging from 3
close agreement with each other. Significantly, no lag could ms to 8 s, and the concentrations of both FPP and trichodiene
be detected in the formation of trichodiene, even as early aswere determined. Rate constants were calculated from the
3 ms after mixing. Single-turnover experiments with varying consumption of FPP, which was observed to be biphasic,
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30 Table 2: Secondary Deuterium Isotope Effects on Single-Turnover

Rate Constants of Trichodiene Synthase

Ll gy

28

] Kn-rrr)(STH)? ko-rrr)(STH? kn/ko
06 i Kerpp 3.60+ 0.14 3.26+ 0.14 1.11+ 0.06
s ] kstp 3.50+ 0.24 3.12+ 0.21 1.124+0.11
= B
o 247 2 Calculated from the relative fraction of FPP or trichodiene.
£
22 ] . single-turnover conditions. Deuterium substitution at C-1

of FPP would be expected to exert a small, secondary isotope

effect on the rate of FPP consumption if the isomerization

'8 ] : : : : : were rate-limiting. In steady-state experiments, this isotope
0 1 2 3 4 5 6 effect can only be detected by its influence on the measured

Time (sec) keal Km, Since thekgitself is dominated by the rate of product

Ficure 2: Time course of the pre-steady-state burst experiment at release. In principle, the isotope effect on the isomerization

15 °C. Trichodiene synthase (7:8V)) was mixed with [1,21C]- step can be m_easureql by p_re-steady-state methods. Single-
FPP (30uM) (concentrations after mixing) in buffer T lacking  turnover reactions using either [1}&]FPP or [12H,1,2-

glycerol in a rapid quench apparatus at°Coto start the reaction.  14C]FPP and a 4-fold excess of trichodiene synthase were
The reaction was quenched by the addition of 0.6 N KOH and 5prieq out at 13C. The reactions were quenched with base

quantitated as described in Materials and Methods. Data were t th i int Is f h substrat d th
analyzed using the background subtraction method and fitted to &l the same lime Intervals for each substrate, an € same

the burst equation (eq 2) using starting parameters of 3.756 andbatch of the most active enzyme preparation was used for
0.078 s for the exponential and linear phases, respectively. The both sets of experiments. The fractions of FPP consumed

solid line represents the calculated fit. and of trichodiene formed were each fit to the appropriate
_ ) ) exponential expression, revealing small but clear differences
characterized by a rapid, exponential phase followed by ajn rates for both deuterated and undeuterated substrates

slower linear phase (Figure 2). The first turnover took place (Table 2), corresponding to measured secondary kinetic
at a rate of 4.1573, while subsequent turnovers occurred isotope effects of 1.1 on both FPP consumption and

with a rate of 0.086 &, in good agreement with both the  trichodiene formation.

single-turnover rate and the steady-state rate measured at 15 yp| ¢ Analysis of Rapid Chemical Quench Reaction
°C (Table 1, see below). The experimentally measured \jixtures. In the trichodiene synthase reaction, FPP is
values for trichodiene concentration showed the same pejieved to undergo ionization and initial isomerization to
quahtatlve biphasic beha'wor.. Due to unavoidable losses of {he corresponding tertiary allylic pyrophosphate ester, nero-
the volatile, hydrophobic trichodiene product at longer |igy| diphosphate (NPP), which can then adopt the appropri-
quench intervals, however, as a result of evaporation and/orate conformation for further cyclization to trichodiene,
absorption to the tubing used in the rapid quench apparatushrough a postulated series of carbocationic intermediates
the latter data were not precise enough to allow quantitative (Cane, 1990; Cane et al., 1992). The products of single-
treatment. The amplitude of the burstin FPP consumption, tmover reactions of FPP were analyzed to observe directly
and by extension trichodiene formation, corresponded to 93%¢pe proposed intermediate NPP, as well as any derived
of the expected enzyme active-site concentration. The pre-cyclized hydrocarbons or alcohols which might result from
steady-state burst observed in this experiment clearly indi- rapping of the cationic intermediates illustrated in Scheme
cates that the rate-limiting step in the overall trichodiene 1 T¢ this end, rapid quench experiments were performed
synthase reaction occurs after the chemical step, the isomerynder single-turnover conditions at 4, 15, and°80using
ization of FPP to NPP, and corresponds to release of thecgncentrations of [1,24C]JFPP and enzyme of 11 and 40
product from the active site. uM, respectively. Both the aqueous and hexane-extractable
Steady-State KineticsSteady-state kinetic measurements phases were analyzed by reverse-phase HPLC onga C
were conducted at 18C on wild-type trichodiene synthase  column under conditions which had been shown to readily
in order to allow direct comparison with the pre-steady-state resolvetrans,transFPP,transNPP, farnesol, (R9-trans-
kinetic data at the same temperature. Varying amounts of nerolidol, and trichodiene. Using a range of quench times
[1-*H]FPP were incubated with trichodiene synthase in buffer from 3 ms to 5 min, however, we did not observe detectable
T to give 1-10% turnover during the 10 min assay period. levels of any intermediates, including NPP. Under these
Data were fitted directly to the Michaetidvienten equation conditions, only residual substrate, FPP, and the final
by nonlinear least-squares methods. The steady-state kinetigyclization product, trichodiene, were observed.
constants determined for trichodiene synthase-catalyzed KINSIM Kinetic Simulation of Reaction RateShe failure
conversion of farnesyl diphosphate (FPP) to trichodiene atto observe NPP as an intermediate prompted us to model
15°C were ak:0f 0.09 s* and aK, of 78 NM. Previously  the kinetic pathway using the KINSIM kinetic simulation
reported steady-state kinetic data at@0were &k..0f 0.32  program (Barshop et al.1983) as described in Materials and
st and aKn of 90 nM (Cane et al., 1995b). The temperature Methods and the rate information summarized in Table 2.
change of 15C thus has an effect o, of a factor of 3.6 This analysis, coupled with our radioactivity detection limits
but negligible effect on the observegh. for observation of NPP (0.7% to the total radioactivity),
Deuterium Isotope EffectTo test whether the isomeriza- suggests that the rate of breakdown of NPP to trichodiene
tion of FPP to NPP is indeed the rate-limiting chemical step (ks in Scheme 2) must be greater than 200 ia order to
in the trichodiene synthase reaction, we measured theaccount for the observed lack of accumulation of NPP, as
deuterium isotope effect on the consumption of FPP underrevealed by the single-turnover rapid quench experiments.

20 7
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DISCUSSION resulting from premature quenching of the normal cyclization

) intermediates. On the other hand, the D101E mutant exhibits
Comparison of Pre-Steady-State and Steady-State Data.omy modest changes in the obsenled and K, compared

Data obtained from steady-state and pre-steady-state kineti, {qse of wild-type trichodiene synthase (Table 1). We

measurements are summarized in Table 1. At@5the reasoned that the slow rate of product release (0:32far

reklte-llmr:tmg (f:.hem|c§1I reaction, the Cﬁnspm%tion of '.:PP the wild-type trichodiene synthase might be masking more
(ksrps), has a first-order rate constant that is about 40 times g, stantial effects of the mutation on the actual chemical

faster than the steady-state ratgy(= 0.09 s7). The latter steps in the conversion of FPP to trichodiene and other

rate was essentially identical to the rate of the release thydrocarbons Indeed, pre-steady-state, rapid chemical
product from the active site determined in the multiturnover quench analyéis of the I5101E mutant reve'aled that both the
experiments. At 30°C, the observed steady-state rate oo of FPP consumption and the initial rate of total
increased by a fac;or of 3.6, 'vvh|le.the smgle-t'urn(.)ver rates sesquiterpene hydrocarbon formation were depressed by a
for FPP consumption and trichodiene formation increased ¢, .o of 100 compared to those of wild-type trichodiene
by al comparable]ff;\:th)(l)Drs 02%':1'38 Snd 4.39% 0'8% A synthase. Since the rate of consumption of FRE:j is
single turnover o at was about 48 times faster e rate-determining chemical step, the obsek¢gds equal
than the steady-state turnover at this temperature, similar to; (Ksrpikoriro)/(Kegpp + Kofin), Where koo is the rate of
the relative values of the rate constants observed aC15 prodact releasd<so. For Wild—t,ype trichodiene synthasagee
These data indicate that release of trichodiene from the . | . and the observeki..is determined essentially by
active site of the enzyme is the rate-limiting step in the ine product off rate (0.32°3). Based on the observégs
overall reaction. Consistent with this conclusion were the (0.093 s1) of the D101E mutant, assuming no significant
results of the multiturnover experiment at T& which  change in the rate of release of trichodiene, the slowest
showed that both the consumption of FPP and the productionchemical step can be calculated to have a net rate constant
of trichodiene exhibited biphasic kinetics, with an initial burst o 9.13 s, in excellent agreement with the measured rates
with a rate constant of 4.15% followed by a linear rate of o Fpp consumptionk(ery and sesquiterpene formation
0.086 s!. The latter rate corresponded closely to the (ksto). The D101E mutation therefore has measurable
observed steady-stake. at the same temperature.  effect on the rate of consumption of NPP or any other
The observation that the rate-limiting release of trichodiene downstream intermediate.
is 40 times slower than the slowest chemical step, isomer-  |f the initial ionization and rearrangement of the pyro-
ization of FPP, may be due to the interaction of the lipophilic phosphate moiety of FPP is indeed the rate-determining
product with hydrophobic active-site residues or the necessity chemical step, the substitution of deuterium at C-1 of FPP
of a slow change in protein conformation so as to allow would be expected to exert a secondary deuterium isotope
release of product from the active site that must sequestereffect on the single-turnover rate. In fact, the measured
the various cationic intermediates so as to protect them fromsecondary deuterium isotope effects of 1.1 measured for both

premature quenching by water. substrate consumption and product formation, while close
The catalytic efficiency for the enzyme-catalyzed conver- to the precision limits of the experimental method, are
sion of FPP to trichodiendea/Kn, is 1.2x 1 st M~ at nonetheless on the expected order of magnitude (Croteau et

15°C and 3.6x 10’s'* M~*at 30°C. These rates, which  al., 1987).
are within 2 orders of magnitude of the diffusion-controlled  Attempts To Obsee NPP by Rapid Chemical Quench.
rate, reflect a chemical step, and not the rate of binding Several lines of evidence (Cane et al., 1985, 1990; Cane &
of FPP, since the observed single-turnover rate constantyang, 1994) have provided strong, albeit indirect, support
wasindependenbf protein concentration. The rapid chemi- for the intermediacy of ®)-NPP in the conversion dfans,-
cal steps catalyzed by trichodiene synthase are masked bytrans-FPP to trichodiene (Scheme 1). On the other hand,
the slow release of the final product, trichodiene, which neither (R)-NPP nor any derived intermediate has ever been
controlskea.* directly detected in an incubation. Indeed, competition
The behavior of the trichodiene synthase D101E mutant experiments have indicated thaRj3NPP remains enzyme-
is also of considerable interest. Aspartate 101 is part of anbound (Cane & Ha, 1988). In the present study, attempts
acidic motif, DDSKD, which appears to be involved in to observe NPP by rapid chemical quenching, even at
binding of the required divalent cation, ¥g(Cane et al., temperatures of 4C and the shortest quench times of 3 ms,
1996a). Indeed, the DDXXD motif has been found in all failed to reveal a detectable level of any intermediates derived
known monoterpene, sesquiterpene, and diterpene synthaséfom [1,2-4C]FPP, nor could any lag be detected in the
sequences, as well as in the mechanistically related FPPformation of trichodiene.
synthases (Cane et al., 1996a; Ashby & Edwards, 1990). The We have reported that th&, for (3R)-NPP, the proposed
D101E mutant displays profound changes in product distri- intermediate, is essentially identical to that foans,trans
bution, with five sesquiterpene hydrocarbons being producedFPP, the natural substrate for trichodiene synthase, while the
in addition to the natural cyclization product trichodiene. The kear and keaofKm values fortrans,transFPP are 1.67 times
additional sesquiterpenes appear to be abortive productggreater than those of exogenously addeg®){8PP (Cane et
al.,, 1995a). It has been proposed that the origin of this
3 Similar observations are reported in the accompanying paper apparent anomaly is the_ possibility that the conformational
(Mathis et al., 1997) for the tobacco sesquiterpene synthase, epiaris-State (k) of free trichodiene synthase that encounters the
tolochene synthase, and a group of derived chimeric mutants. natural substrate FPP, or exogenously add&}-k&PP, may

4Whether the slow stefx,, corresponds to actual product release, a ; ;
slow protein conformational change followed by rapid release of be different from the conformation of enzyme[Ehat

product, or some combination of the two cannot of course be determinedN0rmally binds and processes enzymatically generatej (3
by these rapid chemical quench experiments. NPP (Scheme 2). The measured/Kn, for (3R)-NPP @)
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may therefore include a slow conformational change of the Cane, D. E. (1981) irBiosynthesis of Isoprenoid Compounds
trichodiene synthase subsequent to binding of fréa-(8PP. \(zfiftefi\ll V\<( %(Spurgeon, S. L., Eds.) Vol. 1, pp 2834,
Since product release has now been found to be rate-limiting . ''"¢Y: 'N€W YOIX.

. . A Cane, D. E. (1985Acc. Chem. Res. 1220-226.
fﬁr the overall reacn;)n, in prdelr f(rJ]r the blntrj]mg othPI; and ane. D. E. (1990Them. Re. 90, 1089-1103.
the consequent conformational change to have the observeqt e’ b E. (1992%iba Found. Symp. 17163-183.

effect of¥s on the observed steady-state rate of trichodiene cane, p. E., & Croteau, R. (1985) iMethods in Enzymology.

formation, the rate of this conformational change at’80 Steroids and Isoprenoidd.aw, J. H., & Rilling, H. C., Eds.)
must be no faster than 0.48s which is 1.% for Vol. 110, pp 383-405, Academic Press, New York.

trichodiene, assuming that the rates of binding of NPP and Cane, D. E., & Ha, H. (1988). Am. Chem. Soc. 106865-6870.
FPP to free trichodiene synthase are identical. Notably, the€ane, D. E., & Yang, G. (1994). Org. Chem. 595794-5798.

net rateof consumption of exogenously added NPP is only Calrwseé4D. E.. & Xue, Q. (1996). Am. Chem. Soc. 118563~

s_IightIy more thart/g (3.6/0.4_8) of the rate of FPP consump- Cane, D. E., Swanson, S., & Murthy, P. P. N. (1981am. Chem.
tion and more than 400 times slowethan the rate of Soc. 1032136-2138.

consumptionks = 200 s™*) of enzymatically generated NPP  cane, D. E., lyengar, R., & Shiao, M.-S. (1981b)Am. Chem.
calculated by KINSIM kinetic simulation! In principle, it Soc. 103914-931.

should be possible to test these predictions directly by Cane, D. E., Ha, H., Pargellis, C., Waldmeier, F., Swanson, S., &

carrying out single-turnover experiments wittRjaNPP as Murthy, P. P. N. (1985pBioorg. Chem. 13246-265.
the substrate. Cane, D. E., Pawlak, J. L., Horak, R. M., & Hohn, T. M. (1990)

Biochemistry 295476-5490.
Cane, D. E., Yang, G., Coates, R. M., Pyun, H., & Hohn, T. M.
CONCLUSIONS (1002)J. Org. Chem. 573454-3462.

Sesquiterpene synthases are responsible for the formatiorf-ane, D. E., Wu, Z., Oliver, J. S., & Hohn, T. M. (1998)ch.
of nearly 300 distinct cyclic sesquiterpenes. In spite of the Ca?nle?clge? Efnphg' :i(%%lg_482¢2§him 3. H. (199B@chemistr
diversity of individual cyclization products, each of these 34"247112473_' N T T y
enzymes uses a common substratans,transFPP, and  cape, D. E., Shim, J. H., Xue, Q., Fitzsimons, B. C., & Hohn, T.
variations of a common cyclization mechanism to generate M. (1995b)Biochemistry 342480-2488.
its characteristic product. The means by which each enzymeCane, D. E., Xue, Q., & Fitzsimons, B. C. (199&ipchemistry
imposes a specific folding on the initially bound substrate 35, 12369-12376.
and stabilizes the numerous cyclization intermediates are stillcane, D. E., Xue, Q., Tsantrizos, Y. A., & Van Epp, J. E. (1996D)
obscure. The pre-steady-state kinetic analysis of trichodiene J. Am. Chem. Soc. 118499-8500.

. . . . Crot R. B., Wheeler, C. J., C D. E., Ebert, R., & Ha, H.
synthase described in this paper has shed new light on the r?lggl;,)BiOCh’emisﬁ’ilef’S5383—’53a8nge., » PO R &

transient kinetic behavior of a prototypical sesquiterpene gyans, R., & Hanson, J. R. (1978) Chem. Soc., Perkin Trans, 1
synthase. Further studies with site-directed mutants, de- 326-329.

signed to detect enzyme-bound intermediates and to dissectiohn, T. M., & VanMiddlesworth, F. (1986Arch. Biochem.
the effects of individual mutations on both catalysis and  Biophys. 251756-761.
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