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ABSTRACT:. Norcoclaurine synthase catalyzes an asymmetric Pi&péngler condensation of dopamine

and 4-hydroxyphenylacetaldehyde to giv@-fiorcoclaurine. This is the first committed step in the
biosynthesis of the benzylisoquinoline alkaloids that include morphine and codeine. In this work, the
gene encoding for th&halictrum flavum norcoclaurine synthase is highly overexpresseBsnherichia

coli and the resulting His-tagged recombinant enzyme is purified for the first time. A continuous assay
based on circular dichroism spectroscopy is developed and used to monitor the kinetics of the enzymatic
reaction. Dopamine analogues bearing a methoxy or hydrogen substituent in place of the C-1 phenolic
group were readily accepted by the enzyme whereas those bearing the same substituents at C-2 were not.
This supports a mechanism involving a two-step cyclization of the putative iminium ion intermediate that
does not proceed via a spirocyclic intermediate. The reaction of [ZHdpamine was found to be
slowed by a kinetic isotope effect of 147 0.1 on the value ok.a/Kwm. This is interpreted as showing that

the deprotonation step causing rearomatization is partially rate determining in the overall reaction.

The benzylisoquinoline alkaloids are a large group of plant several of the alkaloids of this pathway (such as the key
secondary metabolites that contain more than 2500 com-branch-point intermediat&)(-reticuline), but is often inverted
pounds with widely divergent structural scaffolds and in later biosynthetic steps (morphine bears tRedonfig-
pharmacological properties (Figure 1) (They are formed uration at this position).

by a group of five related plant families that include the  The asymmetric synthesis of isoquinoline alkaloids has
Papaveraceag(poppy family) and th&kanunculaceagbut- been a long-standing goal for organic chemists, and the
tercup family). The opiates morphine and codeine are well- aytensive work in this field has recently been reviewdy (
known benzylisoquinoline alkaloids that have long been used ope strategy involves the PicteBpengler reaction that is
for their analgesic properties. Other examples include the 4, glectrophilic cyclization between an iminium ion and an
mu§cle relaxants papaverine and tuchurarine (the _mai”aromatic ring 7—9). This addition generates a new stereo-
active component in the South American arrow poison genic center, and recent efforts have focused on the develop-
curare) as well as the antimicrobials berberine and sangui-ment of catalysts that promote the asymmetric Pietet
narine. Spengler reaction with indole substratd$),(11). The use

The biosynthetic pathway that produces all benzyliso- of “Pictet—Spenglerases” provides an attractive option in this
qUinOline alkaloids begins with the conversion of the amino quest and may lead to novel products with h|gh stereochem-
acid tyrosine into both dopamine and 4-hydroxyphenylac- ical purity. Three such enzymes have been identified in
etaldehyde by four enzymes that catalyze hydroxylation, alkaloid biosynthetic pathways and include strictosidine
decarboxylation, and transamination reactid)s The first ~ synthase, norcoclaurine synthase, and deacetylipecoside
committed step of the pathway is catalyzed by the enzyme synthase. Strictosidine synthase catalyzes the condensation
norcoclaurine synthase that condenses dopamine and 4-hyof secologanin and tryptamine to form strictosidine, which
droxyphenylacetaldehyde to giv){norcoclaurine (Figure s the first commited step in the bisosynthesis of the terpene
1) 3—5). This is formally an asymmetric PicteBpengler  indole alkaloids (Figure 2). This enzyme was first purified
reaction and sets up the characteristic benzylisoquinoline corefrom Catharanthus roseysand a recombinant form of the
that defines this family of alkaloids. Th&)fconfiguration  Rawolfia serpentinaenzyme was subsequently produced in
is required for further enzymatic steps and is retained in Escherichia coli(12, 13). More recently, the structure of
strictosidine synthase has been reported, and studies on

t This research was supported by the Natural Sciences and Engineerinvestigating and manipulating the substrate specificity of
ing Research Council of Canada (NSERC). the enzyme have appeardd),(15). Significantly less detailed
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Ficure 1: The reaction catalyzed by norcoclaurine synthase and
representative structures of benzylisoquinoline alkaloids.

norlaudanosoline synthase based on its ability to use 3,4-

dihydroxyphenylacetaldehydeas an alternate substra
5, 16). More recently, norcoclaurine synthase has been

JON, 0N
mﬁ“
d

purified from Thalictrum flayumssp. glaucum and kinetically
characterized1(7). The gene encoding for a truncated form
of the enzyme (lacking a putative signal peptide) has been
cloned and overexpressedhn coli. While the recombinant
enzyme was found to active, low expression levels preclude
its purification (L8). Notably, no sequence homology is
detected between strictosidine synthase and norcoclaurin

d
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FiIGURE 2: The reaction catalyzed by strictosidine synthase.

lamarckii Thw.; however, the gene that encodes for it has
yet to be identified.

Two general mechanistic possibilities may be considered
for the enzymatic PictetSpengler reaction (Figure 3). In
each case, the first step involves formation of an iminium
ion intermediate that either may be enzyme-catalyzed or may
spontaneously occur in solution. The most direct path to
product involves an ionization of the phenolic group at C-2
of the catechol moiety to generate the zwitterionic intermedi-
atel that cyclizes to give the-intermediate (Figure 3, path
A). A subsequent deprotonation causes rearomatization and
product formation. A second possibility involves ionization
of the phenolic group at C-1 of the catechol moiety to
generate the zwitterionic intermedi&@¢hat cyclizes to form
a spirocyclic intermediate (Figure 3, path B). A subsequent
ionization of the C-2 hydroxyl and protonation of the ketone
induces a semi-pinacol rearrangement to give dkiater-
mediate that proceeds to product as described. While the
second mechanism involves an additional step and a poten-
tially unfavorable 5endeotrig cyclization, it should not be
discounted as several lines of evidence point toward an
analogous mechanism for nonenzymatic Piet&pengler
reactions involving tryptamine 8( 20—22). While this
mechanism has only been postulated for indole-based reac-
tions in the literature, it is possible that catechol-based
cyclizations could also proceed in this manner.

In this work, we describe the high level overexpression
of the T. flavumnorcoclaurine synthase genekn coli and
the purification of the resulting His-tagged recombinant
enzyme. A kinetic assay based on circular dichroism
spectroscopy is described and used to kinetically characterize
the reaction with both natural and alternate substrates. Data
that supports the direct cyclization mechanism (path A,
Figure 3) is presented and a kinetic isotope effect is measured
that indicates rearomatization is a partially rate determining

step of catalysis.

synthase, suggesting that they may have arisen from d'ﬁeremEXPERIMENTAL PROCEDURES

ancestors as products of convergent evolutibf). (Finally,
deacetylipecoside synthase catalyzes the Pi8pengler

Materials and General MethodsAll chemicals were

condensation of secologanin and dopamine to give deacetyl{purchased from Sigma-Aldrich and used without further

ipecoside 19). This enzyme has been purified frohtengium

refinement unless otherwise noted. 4-Hydroxyphenylacetal-
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Ficure 3: Potential mechanisms for the reaction catalyzed by norcoclaurine synthase.

dehyde was synthesized by the DoerifRarikh oxidation flow-through protein eluted, as determined by monitoring
of 2-(4-hydroxyphenyl)ethanol as described previougB).( Acgo. A wash with phosphate buffer containing 125 mM
It was stable indefinitely if stored at78 °C as a neat oil. imidazole -5 CV) was used to remove nonspecifically
Protein concentrations were determined by the method of bound proteins. Histidine-tagged protein was finally eluted
Bradford using bovine serum albumin as stand&4.(*H with 3—4 CV of phosphate buffer containing 500 mM
NMR spectra were obtained on a Bruker AV300 and AV400 imidazole. The enzyme was concentrated by ultrafiltration
spectrometer at a field strength of 300 or 400 MHz, (Amicon Ultra-4, 10 000 MWCO) to 530 mg mL?, and
respectively. Mass spectrometry was performed by the Mass25—50 uL aliquots were flash-frozen with liquid Nin the
Spectrometry Center at UBC by electrospray ionization (ESI- presence of 10% glycerol. The enzyme could be stored at
MS) using a Waters Micromass LCT mass spectrometer. —70 °C for at least 6 months without significant loss of
Overexpression and Purification of Norcoclaurine Syn- activity.
thase (TfNCA19). The recombinant TINCS19/pET29b IH NMR Assay of Norcoclaurine Synthase Aityi. A
plasmid (L8) was transformed into BL21 (DE3) RIL chemi-  solution of deuterated potassium phosphate buffer (200 mM,
cally competenE. coli (Stratagene). The cells were incubated pD 7.5, 1.00 mL) containing dopamine (10 mM) and
overnight at 37°C in 10 mL Terrific Broth (TB) medium 4-hydroxyphenylacetaldehyde (10 mM, prepared from the
containing 37ug mL~* chloramphenicol and 3@g mL™! addition of 10uL of a 1 M stock in d-methanol) was placed
kanamycin with shaking at 225 rpm. The overnight cultures in an NMR tube, and an initidH NMR spectrum was taken.
were poured i@ 1 L of Luria—Bertani (LB) medium To the solution was then added 1@@ of norcoclaurine
containing 37ug mL~* chloramphenicol and 3@g mL™! synthase (TfNCA19), and after incubating the reaction
kanamycin and grown at 37C with shaking at 225 rpm  mixture for 30 min at 25C a'H NMR spectrum was taken.
until an ODyoo Of 0.6 was reached. Cells were induced for  Isolation and Characterization of (S)-Norcoclaurinko
overexpression by addition of 238 mg (1 mM) of isopropyl a solution of potassium phosphate buffer (200 mM, pH 7.5,
[-D-galactopyranoside (IPTG), and the cultures were allowed 10 mL) containing dopamine (50 mM) and 4-hydroxyphe-
to continue growth at 24C until an OQy of 3.0—4.0 was nylacetaldehyde (50 mM, prepared from the addition of 500
reached {24 h). Cells were harvested by centrifugation at 4L of a 1 M stock in methanol) was added 22@ of
6000 rpm for 30 min and resuspended in 20 mL of 200 MM norcoclaurine synthase (TfN@39), and the mixture was
potassium phosphate buffer (pH 7.5) containingglmL—?* incubated for 30 min at 37C. Enzyme was removed by
pepstatin A and kg mL™* aprotinin. The cells were lysed  centrifugal ultrafiltration, and the resulting filtrate was
at 20 000 psi in an ice-cooled French pressure cell. The cellevaporated to dryness under reduced pressure. In order to
lysate was clarified by centrifugation at 6000 rpm for 60 isolate §-norcoclaurine, the resulting solid was suspended
min and filtered through a 0.22m membrane prior to  in 100 mL of ice-cold EtOH and filtered to remove the
affinity chromatography. phosphate salts. Removal of the solvent under reduced
A 10 mL column containing Chelating Sepharose Fast pressure gave§-norcoclaurine that was free of phosphate
Flow resin (Pharmacia Biotech) was charged with 2 column salts as analyzed BYP NMR spectroscopy. When analyzed
volumes (CV) of 100 mM NiSQfollowed by washing with by circular dichroism spectroscopy, material isolated in this
2 CV of distilled HO and 3 CV of phosphate buffer (200 fashion retained the same molar ellipticity as was originally
mM potassium phosphate buffer, pH 7.5) containing 5 mM observed during the enzymatic reaction. In order to purify
imidazole. The filtered cell lysate was loaded at 2 mLmhjin  the compound away from minor impurities it was possible
and phosphate buffer containing 5 mM imidazolelQ CV) to run a silica gel column, however, the product obtained in
was passed through the column at 3 mL miantil no more this fashion was found to be racemic. The solid obtained



10156 Biochemistry, Vol. 46, No. 35, 2007 Luk et al.

following ultracentrifugation and evaporation was dissolved enzymatic reaction had proceeded to completion during this
in 10 mL of MeOH, and 600 mg of silica gel was added. incubation time.
The MeOH was then removed under reduced pressure. The To measure the enzyme kinetics, a 0.5 cm cuvette

silica gel-adsorbed sample was dry loaded onto a silica gelcontaining 200 mM potassium phosphate buffer (pH 7.5),
column (50 mL) The column was washed with 1000 mL of 4_hydroxypheny|aceta|ehyde (4_HPAA) (Variab|e) and dopam_
100:1 acetone/acetic acid, and the product was eluted withine (variable) was thermally equilibrated for 3 min at%&7.
200 mL of 50:50:1 acetone/methanol/acetic acid. The result- The enzymatic reaction was initiated by the addition of
ing (R,9-norcoclaurine acetate salt was characterized usingnorcoclaurine synthase (TfN@39, 2.1ug) for a total assay
'H NMR in D20 and positive ESI-MS mass spectrometry: yolume of 100QuL, and the enzymatic rate was calculated
*H NMR (D20) 6 1.96 (s, 3H), 2.96 (m, 3H), 3.28 (m, 1H),  from the observed increase of signal at 285 nm (usiig [

3.47 (m, 2H), 4.60 (dd, 1HJ= 9.2 Hz,J = 5.5 Hz), 6.68 = 12541 mdeg crm* M~Y). TheK, value for 4-hydroxyphe-
(s, 1H), 6.74 (s, 1H), 6.90 (d, 2H,= 8.5 Hz), 7.18 (d, 2H,  nylacetaldehyde was measured in the presence of 2 mM
J = 8.5 Hz); +ve ESI-MS (MeOH)mWz 272 (M — HY). dopamine (saturating) with the concentration of the aldehyde

Reactions with Substrate Analogu€ko test the four varying between 10@M and 2000xM. The K, value for
dopamine analogue3-6 as alternate substrates, solutions dopamine was measured in the presence of 2 mM 4-
containing 30 mM of the analogue and 30 mM 4-hydrox- hydroxyphenylacetaldehyde (saturating) with the concentra-
yphenylacetaldehyde in 200 mM potassium phosphate buffertion of dopamine varying between 101 and 2000uM.

(pH 7.5, 5 mL total volume) were incubated with 15 of Kinetic parameters were determined from initial velocities
norcoclaurine synthase (TfN@39) at 37°C for 24 h. The fit to the Michaelis-Menten (4-hydroxyphenylacetaldehyde)

reaction progress was monitored by positive ESI-MS. To test and sigmoidal (dopamine) kinetics using the programs GraFit
3,4-hydroxyphenylacetaldehydeas an alternate substrate, and Sigma Plot, respectively.

a similar incubation containing 30 mM and 30 mM

dopa_mme was monltpred. Products from t_he SuccE.’SSfUImeasured under identical conditions except that they were
reactions (obtained with analogués?) were |solateq n monitored at 280 and 285 nm and the molar ellipticities of
an identical manner as described fd®-Oorcoclaurine. the products were found to bé][= 6590 and 6175 mdeg
7-Deoxynorcoclaurine acetate (product from analdguéH cmL M-, respectively. Kinetic constants for the 4-hydrox-
NMR (D;0) 0 1.96 (s, 3H), 3.04 (m, 3H), 3.50 (m, 3H), yphenylacetaldehyde analogué were measured under
4.70 (dd, 1 HJ = 8.5 HzJ = 6.2 Hz), 6.77 (s, 1H), 6.79 identical conditions except that the reaction was monitored

|(-|m’J1—H;3J5=H8.5 ;'Zl)é66912(?-i 21_')]8:3 i3 Hz), 7i5182I (I(\j/l,Sl at 280 nm and the molar ellipticity of the product was found
,J =85 Hz), 7.19 (d, J = 8.3 Hz); +ve ESI- to be [p] = 5963 mdeg cmt ML,

(MeOH) m/z 256 (M — HT). 7-Methoxynorcoclaurine acetate o . .
(product from analogus): *H NMR (D,0) 6 1.96 (s, 3H), Kinetic Isotope Effect Studigf8,5,6°H]Dopaminel0was

3.05 (m, 1H), 3.30 (M, 3H), 3.50 (M, 2H), 3.65 (s, 3H), 4.60 prepared according to thg procedure of _\/ining et 26).(
(t 1H(n; — 8).5 Hz) (21.68 (g 1H) (6n.174 (s) 1H) ((;90 (é 2H The extent oPH incorporation was determined to b97%

J=8.5Hz), 7.18 (d, 2HJ = 8.5 Hz);+ve ESI-MS (MeOH) by 'H NMR spectroscopy and ESI-MS. To a solution of an
'z 2.86 (M'—.H+) ’ ' ’ approximately 1:1 molar ratio of unlabeled dopamine and
' [3,5,6°H]-dopamine (12.5 mM each) and 30 mM 4-hydrox-

analogue, N-(4-hydroxyphenethylN-(3,4-dihydroxyphen- yphenylacetaldehyde in 200 mM potassium phosphate buffer

: ; : : H 7.5, 5 mL total) was added norcoclaurine synthase
ethyl)amine hydrochlorid8, was synthesized as previously (p . .
described 25). To three NMR tubes containing 900_ of (LfNCﬁAl% 3;0 /AgH|n7 éoolﬂl‘ of|'200 mM potalfsmrr:j
deuterated potassium phosphate buffer (200 mM, pD 7.5)p osphate butier, pH 7. ) Qﬂ‘ alquots were collecte
was added either 50L of a solution containing 0.1 M at 0, 2.5, 5, 10, and 15 min time intervals. To each sample

: L of uti o 1M ; was added 20@L of 1 M HCI to inactivate the enzyme,
gggagn '1ni/’| Ozr_?ffh; dr%i?pur;ueonnyf)?gttﬁ ;nr:giq gr 50 Elc_)p;m;ne followed by neutralization with 20@L of 1 M NaOH. The

; H . les were immediately diluted with 20 mL of® flash
solution containing 0.1 M of compouri(final concentra- Samples Were Ir , :
tions of 5 mM). The incubations were initiated by the frozen with liquid N,, and lyophilized. FinatH NMR (DO

addition of 50uL of norcoclaurine synthase (TfN@3.9, conta_lining 1 mM dioxane) and ES_I'MS spectra were
1504g) and incubated at 37C. 'H NMR spectra and ESI acquired. The KIEon ksafKmn was determined from the initial

mass spectra (following dilution of an aliquot into MeOH and final spectra using the.equation K:hEln(l N FH)/ID[(l
were a(?quired(at 0 anélg 24 h q ) Z Fr)R/R] (27), whereFy is the fractional conversion of

Circular Dichroism Spectroscopic Assdynzyme kinetics the protlateq SPecies tp products @candR are the initial
were measured by monitoring the formation &j-forco- a_md final ratios of protiated to deuterated substrate, respec-
claurine using circular dichroism spectroscopy. An initial tl}/tely. ';'a.\t'yas c?lt%ulated frombth_e It\IMR t_spectfr?hbefbore a?d
determination of the molar ellipticity of (S)-norcoclaurine ater adaition ot the enzyme Dy Integration of the benzylc
was made by incubating 606M dopamine and 70GM dopamine signals at 3.11 ppm relative to the internal standard

. f 1 mM dioxane.Ry andR were calculated from the mass
4-hydroxyphenylacetaldehyde in 200 mM phosphate buffer, 0 o .
pH)é.S v?/ﬁh 30i/¢g of norco)cl:laurine synthaZe (TF;N(ASQ) spec_tra befo“? and _a_lfter addition (.)f the enzyme using the
for 30’ min at 37 °C. The enzyme was removed by relative peak intensities of the protiated substratéz[L54

_ + — +
ultracentrifugation and a circular dichroism spectrum was (T'\:l] H )]tt%theldeuterated ?utt)r?tram/[z 157 (fN:h H ')]d
taken that showed a maximal signal at 285 nm with$ € reported value represents the average of three indepen-

12541 mdeg cm* M~L. Control reactions run in D and
monitored by!H NMR spectroscopy confirmed that the L Abbreviation: KIE, kinetic isotope effect.

Kinetic constants for the dopamine analogGesd6 were

Deuterium Incorporation Experimenthe intermediate
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dent determinations. A control reaction lacking enzyme 1 2 3 4
showed that<5% product was formed from nonenzymatic
background reaction during these incubation times.

RESULTS

Gene Expression and Enzyme Purificatitm past work
on norcoclaurine synthase froin flavum, the full length 66 kDEl .
cDNA encoding for the enzyme was cloned and sequenced "
(18). Expression of this gene iB. coli did not result in the iﬁ“_
production of any detectable level of recombinant protein, e &
however, expression of constructs encoding for an N- *,

terminally truncated protein (missing either the first 10, I

PNCA10, or first 19, pNCA19, amino acids) did generate .

small amounts of active enzyme. Kinetic studies on crude 29 kDa- : .

bacterial lysate containing the truncated enzyme revealed -
Michaelis constants and Hill coefficients that were similar

to those obtained with enzyme isolated form wild type

sources, indicating that the truncations had not greatly

affected its catalytic properties.

In this work, extensive attempts were made to optimize .—-... s A

the expression levels of pN@39 and permit isolation of Ficure 4: SDS-PAGE gel showing the purification of norcoclau-

the recpmbinant protein. A notellble' increas'e in protein yine synthase (TfNCS19). Lane 1 contains molecular mass
production was observed upon switchinggocoli cells that standards of 66 and 29 kDa, lane 2 shows crude cell extract before
carry extra copies of thargU, ileY, andleuWtRNA genes induction, lane 3 shows crude cell extract after isoprgpyg-1-
(BL21 (DE3) RIL) in order to compensate for codon bias thiogalactopyranoside induction, and lane 4 shows the purified

. . . norcoclaurine synthase.
during heterologous expression. Further increases were

observed when Terrific Broth was used in the grOWth of the much more rapid kinetic ana|ysis (5 m|n) during which time
starter cultures and when the bacteria were grown &5  ng significant nonenzymatic reaction could occur. Further-
following induction. Ultimately it was possible to obtain the mgre, any norcoclaurine produced in a nonenzymatic fashion
recombinant synthase at levels of 15 mg/L under optimal \would be racemic and would not affect the observed
conditions. Since the expression of pNEE generates @  gllipticity values. The fact that a CD signal is observed
protein bearing a C-terminal hexahistidine tag, it was possible indicates that one enantiomer of norcoclaurine, presumably
to purify the synthase using metal ion affinity chromatog- (), is formed in excess of the other. We expect that the
raphy. In this fashion protein could be isolated that was enzyme is highly stereoselective, but have not yet established
>90% pure as estimated by SBBAGE analysis (Figure  the enantiomeric excess of the product formed. Nevertheless,
4). This protein was quite stable and could be stored#  the kinetic assay will still be valid as long as the ratio of
°C for 6 months without significant loss of activity. enantiomers is constant throughout the reaction.

Kinetic Studiesln past studies the kinetics of the reaction ~ Determination of the kinetic constants at saturating levels
catalyzed by norcoclaurine synthase were analyzed using aof both substrates gave a valuekgfi= 6.4+ 0.3 s'1. When
stopped radioactive assay employing either fRfifopamine the concentration of dopamine was held constant and the
or [8-**C]dopamine 16, 18). In the former case the amount concentration of 4-hydroxyphenylacetaldehyde was varied,
of tritium release into solution was monitored, and in the a hyperbolic kinetic profile was observed that led to a value
latter case a TLC separation of the reactants/products waof Ky = 288 + 38 uM (Figure 5A, Table 1). When the
employed. A continuous assay that does not require radio-concentration 4-hydroxyphenylaldehyde was held constant
labeled substrate or a separation step could greatly facilitateand the concentration of dopamine was varied, however, a
studies on this enzyme. In particular, it would allow one to sigmoidal kinetic profile was observed indicative of positive
measure the kinetics of the reaction with dopamine analoguescooperativity (Figure 5B, Table 1). Fitting this data to the
that are not available as isotopically labeled compounds. Hill equation gave values dfyapp, = 350+ 48 uM andn =
Since the substrates dopamine and 4-hydroxyphenylacetal-1.8 £ 0.2. One limitation to the circular dichroism assay
dehyde are achiral and the produstorcoclaurine is chiral,  was that accurate initial velocity measurements were difficult
circular dichroism spectroscopy presents an attractive methodto obtain at substrate concentrations lower thanAaGlue
for following product formation. Indeed, a CD spectrum of to low signal-to-noise ratios. This led to errors in the values
the (§-norcoclaurine formed in the enzymatic reaction was of Ky that were typicallyt15%. The value oKy, determined
found to exhibit a maximum at 285 nm with a molar for 4-hydroxyphenylaldehyde agreed reasonably well with
ellipticity of 12 541 mdeg cm! M. Thus, it was possible  those previously reported for the wild type enzyme (389
to determine the enzyme kinetics in a continuous fashion and the crude recombinant enzyme (Z00) (17, 18). The
using a CD assay. In past studies with enzyme obtained fromsigmoidal dependence of rate versus dopamine concentration
natural sources, all kinetic data had to be corrected for awas also observed in previous studies and Hill coefficients
low background reaction that can occur nonenzymatically of 1.8 and 1.98 were reported for the wild type and
(17, 28). In this work, the background reaction did not pose recombinant enzymes, respectively. A notable difference was
a problem as the relative abundance of enzyme permitted aobserved in the apparekt, values for dopamine that were

-
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N
oY

nisms (Figure 3), deprotonation of the C-2 phenol plays a
key step in catalysis. To test for the importance of this
hydroxyl group, dopamine analogues lacking the hydroxyl
) at C-2 or bearing a methoxy group at this positid (
OOO 0] (tyramine) and4, respectively) were tested as alternate
@) substrates. In the spirocyclic intermediate mechanism (path
B, Figure 3), the C-1 hydroxyl group plays a key role in the
O first step of the reaction. To test for this possibility, analogues
lacking the C-1 hydroxyl or bearing a methoxy group at this
position 6 and6, respectively) were also analyzed. In each
case the reactions were first monitored 1 NMR spec-
troscopy and mass spectrometry to determine whether the
T S T S compounds served as alternate substrates. Successful reac-
500 1000 1500 2000 tions were repeated on a larger scale, and the products were
[4-hydroxyphenylacetaldehyde] (uM) isolated and characterized. Kinetic constants were obtained
for compounds that behaved as alternate substrates and are
B 257 listed in Table 1. Compound3 and 4 did not serve as
] substitutes for dopamine, and no condensation products could
be observed upon prolonged incubations. This result is
expected for compourglsince it lacks the electron-donating
] Q oxygen substituent at C-2 of dopamine that would be required
1.57 for either reaction mechanism. With compoufdowever,
] the C-2 oxygen is present in the form of an ether, and
O compounds of this type are known to be good substrates for
acid-catalyzed PictetSpengler reactions20). A likely
1 scenario is that the enzymatic reaction requires a phenolate
0.57 to be formed at C-2 during catalysis. Alternatively, steric
1 interactions with the methyl group of the ether may impede
oM binding to the enzyme. Compoun8sand6 both served as
0 500 1000 1500 2000 substrates for the enzymatic reaction and displayed catalytic
[dopamine] (M) constants that were essentially identical to those obtained
Ficure 5: Enzyme kinetic plots of initial velocity vs substrate W'th d_opamlnf-:-. Th!s _observat_lon rules out t_he mechanl_sm
concentration: (A) Dopamine as the variable substrate with involving a spirocylic intermediate (path B, Figure 3), as its
saturating 4-hydroxyphenylacetaldehyde (2 mM). Data was fit to formation would be greatly accelerated by an oxygen
the Hill equation. (B) 4-Hydroxyphenylacetaldehyde as the variable sypstituent at C-1. In addition to the dopamine analogues
mgﬁgzlti‘z_w?msg”égﬂg% O(?]?pamme (2 mM). Data was fit to the jeqqripeg above, one analogue of 4-hydroxyphenylacetal-
dehyde, 3,4-dihydroxyphenylacetaldehydewas investi-
Table 1: Kinetic Constants for the Reactions Catalyzed by gated as an alternate substrate. This compound is of historic
Norcoclaurine Synthase interest as it was first thought to be the natural substrate of
HO the enzyme3—5, 16). It is also of synthetic interest as many
HO Y S NH benzylisoquinoline alkaloids are hydroxylated at this position
m . m ynthase  x . : : ,
X NH, MO A —_— in steps subsequent 'Fo the Plet_etpengler condensation. As
expected from previous studies on crude plant extracts,

A

N
o

—_—
W

rate (107 M s™)

—_
(=]

0.5

T T T N T N T N Y N T A Y T N

()
()

2.07 @)

rate (107 M s™)

1.0

amine aldehyde HO compound? is an excellent substrate for the synthase and
Kuapp (M) Hill coeff Ky (uM) displays kinetic constants quite similar to those of 4-hydrox-
X Y Keat (573 amine amine  aldehyde yphenylacetaldehyde.
OH H 6.4+0.3 350+48 1.840.2 288+ 38 Test for Salent Isotope Incorporation and Kinetic Isotope
'C") '\(A5) . : g-gi 8-2 gggi gj 1-31 8-2 Effect StudyTo test the notion that the enzyme may facilitate
OHe ©) OH (7) 710 ' 3354091 electrophilic addition to the aromatic ring of dopamine,

nonreactive substrate analogues were incubated with the
previously reported to be 4@M for the wild type enzyme  synthase in BO buffer and then analyzed for solvent-derived
and 2.5uM for the recombinant enzyme. These differences isotope incorporation. Compoudvas tested as an analogue
may be partially due to the narrow range of dopamine of the putative imine intermediate, and dopamine itself was
concentrations that were used in the previous kinetic assaygncubated in both the presence and absence of the 4-hydrox-
(55—280uM and 20-70 uM, respectively) and could lead yphenylacetaldehyde analogu®, In all three cases no
to errors. In addition, differences in pH and buffer between incorporation of deuterium was observed upon extensive
the two assays could account for some of the discrepancy.incubation. The lack of incorporation may simply reflect the
Alternate Substrate Testing and Mechanistic Analyisis.  absence of a suitably positioned acidic residue in the active
order to investigate the mechanism and substrate specificitysite of the enzyme, or it could be explained by a stereospe-
of norcoclaurine synthase, several substrate analogues wereific protonation/deprotonation event that does not result in
tested in the enzymatic reaction. In both proposed mecha-an overall exchange of isotope.
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Ficure 6: Mass spectra following the consumption of a mixture
of unlabeled dopamine and [3,5B]dopamine in the reaction
catalyzed by norcoclaurine synthase: (A) Spectrum taken prior to
the addition of enzyme. (B) Spectrum taken after 86% of the
unlabeled dopamine has been converted to product.

In order to probe the rate-determining step of the enzy-
matic reaction, a kinetic isotope effect measurement was
made that compares the rate of reaction between [3tH;6-
dopaminel0 and unlabeled dopamine. The trilabeled com-

assumption is made that only the deuterium at the site of
alkylation (C-5) will affect the reaction rate. The direct
circular dichroism spectroscopic assay was not employed in

this analysis as the inherent errors in this method may mask

small secondary isotope effects. Instead, a competitive
method was employed that gives the isotope effect on the
value ofkea/Km. A mixture of the deuterated dopaminé

and unlabeled dopamine was enzymatically converted into
norcoclaurine, and the ratio of the two isotopically labeled
starting materials was monitored as a function of the reaction

progress. Equation 1 was used to calculate the isotope effec

(VIK)/(VIK)p = In(1 = F)/IN[(1 — F)RIR] (1)

on (V/K)u/(VIK)p whereFy is the fractional conversion of
the protiated species to products d&candR are the initial
and final ratios of the protiated to deuterated substrate,
respectively 27). The value ofFy was determined usint
NMR spectroscopy and comparing the integrals obtained for
the dopamine benzylic signals with those for an internal
standard of dioxane as a function of time. The valueBpf
andR were determined usingtESI mass spectrometry and
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deuterated material, and by applying eq 1 to the data
obtained, a value of WK)u/(VIK)p = 1.7 &+ 0.1 was
determined.

The observation of a kinetic isotope effect indicates that
the electrophilic alkylation steps are rate-determining in the
overall reaction. If substrate binding or imine formation were
cleanly rate determining, one would not expect to see any
isotope effect. If the initial electrophilic attack were cleanly
rate determining, one would expect to see an inverse or much
smaller positive isotope effect (see Discussion). The value
of (VIK)u/(VIK)p = 1.7 suggests that the rearomatization step
(deprotonation of the-intermediate) is partially rate deter-
mining and that a masked primary kinetic isotope is observed.
Since VIK isotope effects only report on steps up to and
including the first irreversible step in a reaction sequence, it
appears that rearomatization is the first irreversible step in
norcoclaurine formation.

DISCUSSION

Enzymes that catalyze FriedeCrafts alkylation reactions
are somewhat rare in nature, and few have been studied in
detail 30). Dimethylallyltryptophan synthase is one such
enzyme that alkylates tryptophan using dimethylallyl diphos-
phate in an apparent electrophilic aromatic substitution
reaction 81, 32). Similarly, porphobilinogen deaminase is
thought to catalyze three sequential electrophilic aromatic
substitution reactions in the biosynthesis of tetrapyrrdas (
34). The enzymes histidine ammonia-lyase and phenylalanine

eammonia-lyas,e do not catalyze overall substitution reactions,

yet are thought to use electrophilic addition of an alkyl group
to an aromatic ring as a key step of catalys3§)( The
Pictet-Spengler reaction is an electrophilic aromatic sub-
stitution reaction that involves a cyclization of an iminium
ion and an electron rich phenolic or indole ring. Norcoclau-
rine synthase, strictosidine synthase, and deacetylipecoside
synthase are three enzymes that are known to catalyze this
reaction (vide supra). In a somewhat related sense, a few
enzymes are known that generate ayiycosides via the
Lormal addition of an electron rich aromatic onto an
xocarbenium ion intermediat8g—38).

The core of norcoclaurine synthase frdmflavumshows
highest sequence homology to the pathogenesis-related (PR)-
10 and Bet v 1 protein familied.8). The biochemical context
for this homology is unclear, since definitive catalytic
functions for most PR10 and Be 1 family members have
not yet been identified. The closest appears to be the HYP1
enzyme from St. John’s worHfypericum perforatumthat
is reported to be responsible for the biosynthesis of hypericin
(39). Unlike other (PR)10/Bev 1 family members, norco-
claurine synthase bears an N-terminal extension containing

comparing the relative peak intensities for the labeled and a putative 19 amino acid signal peptide. This suggests that
unlabeled substrates as a function of time. The competitivethe enzyme is associated with a subcellular compartment
method of determining KIEs is much more accurate than other than the cytosol, such as the endoplasmic reticulum
direct methods as separate rates do not have to be individu{18). Nococlaurine synthase shows no sequence homology
ally measured and many sources of error cancel. Figure 6with the only other “Pictet Spenglerase” of known sequence,
shows representative mass spectral traces used in determiningtrictosidine synthasel®, 14). Recently, another enzyme
the kinetic isotope effect. Prior to the addition of enzyme from Coptis japonicahas been reported to catalyze the
the ratio of labeled to unlabeled dopamine was 51:49 (Figure synthesis of §-norcoclaurine from dopamine and 4-hydrox-
6A). After 86% of the unlabeled material had been converted yphenylacetaldehyde, however, this enzyme appears to be
to product, the ratio changed to 32:68 (Figure 6B). Itis clear related to 2-oxoglutarate-dependent dioxygenad@s This

that the unlabeled material is reacting faster than the homology is curious given that the Pictedpengler reaction
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is overall redox neutral. Furthermore, the identification is (ka/kp = 1.0), these effects simply cancel one anotid&).(
questionable given the report that the product of Ge In the case of norcoclaurine synthase, tM&K{ju/(V/IK)p
japonicaenzyme travels with a different HPLC retention time isotope effect of 1.7 is notably larger than normally observed
than that of norcoclaurine produced from a close homologue in nonenzymatic reactions, and is not likely due to a
of the T. flavum norcoclaurine synthase when the two secondary isotope effect on the electrophilic addition step.
compounds are coinjected. Instead, it likely reflects a primary isotope effect on the step
In this work, a method for the high level overexpression involving deprotonation of the-intermediate. The value is
of the norcoclaurine synthase gene was developed and thesomewhat lower than what is expected for a cleanly rate-
recombinant enzyme was purified for the first time. A determining primary kinetic isotope effeet2—6), however,
continuous kinetic assay was developed that relied on CD previous steps such as imine formation may also be partially
spectroscopy and did not have a requirement for radiolabeledrate determining and result in a partially masked kinetic
substrates. The observation of a hyperbolic kinetic profile isotope effect. Alternatively, the observed value may reflect
with varying levels of 4-hydroxyphenylacetaldehyde and a an intrinsic primary kinetic isotope that is smaller than
sigmoidal kinetic profile with varying levels of dopamine is expected because of an asymmetric transition state in an
in agreement with previous studies using crude plant extractsexothermic step of the reactioA@—48). The difference in
or purified exogenous enzyme from several sources. Thethe rate-determining step between the enzymatic reaction and
value of the Hill coefficientf = 1.8) obtained when varying  the nonenzymatic reactions is likely due to the increased
dopamine concentrations indicates positive cooperativity in nucleophilicity of a phenolate as compared to neutral
which the binding of the first dopamine molecule increases aromatic ring systems. Most electrophilic aromatic substitu-
the affinity for a second dopamine molecule. The report that tion reactions are carried out under acidic conditions and
this enzyme exists as a homodimer in solution helps to the resultingo-intermediate bears a positive charge. In the
explain how this cooperativity can occur as binding to one reaction catalyzed by norcoclaurine synthase, however, one
subunit could affect binding to the other suburdif), anticipates that the catechol moiety of dopamine will bear a
The mechanism employed by norcoclaurine synthase likely negative charge and theintermediate will be neutral. This
involves a direct electrophilic aromatic substitution without would lower the barrier to the addition step relative to that
a spirocyclic intermediate (Figure 3, path A). This is evident of the deprotonation step. With dopamine in aqueous solution
by the fact that dopamine analogues lacking a C-1 hydroxyl the first (K, of the catechol moiety is expected to be near
(5 and 6) were found to serve as alternate substrates with 9.5 and this may account for the ability of a background
catalytic constants comparable to those of dopamine itself. nonenzymatic reaction to occur at measurable ra@)s (n
In the direct electrophilic substitution mechanism, the the case of the enzyme-catalyzed reaction, tKisvalue is
substitution of the C-1 hydroxyl group for a hydrogen likely perturbed to a lower value since maximal activity is
(analogue5) would be expected to increase the rate of observed at a pH of 7.0L).

addition at C-5 slightly since the hydroxyl group is somewhat  Further work on norcoclaurine synthase will include
electron-withdrawingdm = 0.12) @1). This effect was likely  attempts to determine the stereochemistry of the intermedi-
not observed because the addition step is not rate limiting ates formed and to probe the scope of alternate substrates
in the enzymatic reaction (vide infra). The inability of that are accepted in the reaction. The use of this enzyme in
analogues$ and4 to serve as alternate substrates points out the preparation of chiral benzylisoquinoline alkaloids will

the requirement for a hydroxyl group at the C-2 position of provide an attractive alternative to conventional asymmetric
dopamine and suggests that the enzymatic reaction occursyntheses.

via a C-2 phenolate ion that attacks the imminium ion in
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