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Abstract
The tyrosine O-prenyltransferase SirD in Leptosphaeria maculans catalyzes normal prenylation of
the hydroxyl group in tyrosine as the first committed step in the biosynthesis of the phytotoxin
sirodesmin PL. SirD also catalyzes normal N-prenylation of 4-aminophenylalanine and normal C-
prenylation at C7 of tryptophan. In this study, we found that 4-mercaptophenylalanine and several
derivatives of tryptophan are also substrates for prenylation by dimethylallyl diphosphate.
Incubation of SirD with 4- mercaptophenylalanine gave normal S-prenylated
mercaptophenylalanine. We found that incubation of the enzyme with tryptophan gave reverse
prenylation at N1 in addition to the previously reported normal prenylation at C7. 4-
Methyltryptophan also gave normal prenylation at C7 and reverse prenylation at N1; whereas 4-
methoxytryptophan gave normal and reverse prenylation at C7, and 7-methyltryptophan gave
normal prenylation at C6 and reverse prenylation at N1. The ability of SirD to prenylate at three
different sites on the indole nucleus, with normal and reverse prenylation at one of the sites, is
similar to behavior seen for dimethylallyltryptophan synthase. The multiple products produced by
SirD suggests it and dimethylallyltryptophan synthase use a dissociative electrophilic mechanism
for alkylation of amino acid substrates.

Phytopathogenic fungi produce toxic secondary metabolites that provide selective
advantages against other microorganisms. Epipolythiodioxopiperazines (ETPs) and
prenylated indole alkaloids constitute two classes of chemically diverse biologically active
natural products.1–4 Biosynthetically, the carbon skeletons of many of these compounds are
constructed from prenyl diphosphates and tyrosine, tryptophan or derivatives of tryptophan.
Well-known examples of ETPs include gliotoxin and sirodesmin PL; examples of prenylated
indole alkaloids include the ergot alkaloids, the asterriquinones, and the nodulisporic acids
(Figure 1).

A family of enzymes has been identified that catalyzes alkylation of the indole ring in
tryptophan by an isoprenyl diphosphate, typically dimethylallyl diphosphate (DMAPP).5–8

The isoprenyl moiety can be attached at C1′ (“normal” prenylation) or C3′ (“reverse”
prenylation), further increasing structural diversity. These dimethylallyltryptophan synthases
(DMATS) catalyze alkylation of the indole ring in tryptophan or tryptophan-containing
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dipeptides at positions N1, C2, C3, C4, C5, C6, or C7 to give a variety of naturally occurring
prenylated indoles.9–16 Both normal and reverse prenylation is seen at N19,17 and at C2.10,18

Reverse prenylation is seen at C3, giving products with an α (AnaPT)11 or a β (CdpC3PT)12

configuration. Recently, FtmPT1 (a normal C2 prenyltransferase) was reported to also
catalyze normal prenylation at C3 of tryptophan-containing cyclic dipeptides.19 Only normal
prenylation is found at C4,13,18 C5,14 and C6.15 7-DMATS catalyzes normal prenylation at
C7 of L-tryptophan;16 whereas, MpnD catalyzes reverse prenylation at C7 of an
indolactam.20

4-DMATS catalyzes the normal prenylation of tryptophan at C4 as the first committed step
in ergot alkaloid biosynthesis21 and has been extensively studied from Claviceps
purpurea13,22,23 and Aspergillus fumigatus.18,24–27 4-DMATS (FgaPT2) from A. fumigatus
consists of a 10-stranded antiparallel β-barrel surrounded by α-helices.26 This “ABBA”
prenyltransferase (PT) fold has been reported for five other enzymes. FtmPT128 and
CdpNPT29 catalyze normal C2 and reverse C3 alkylation of indole, respectively; whereas,
NphB (formerly Orf2),30 CloQ,31 and EpzP,32 alkylate naphthalene, benzene, and phenazine
rings, respectively.

The mechanism proposed for prenylation by DMATSs is a dissociative electrophilic
alkylation of the indole ring by the dimethylallyl cation generated by heterolytic cleavage of
the C–O bond in DMAPP, followed by loss of a proton to give the prenylated product.22,33

In the case of 4-DMATS, regiospecific alkylation at C4 of the indole ring by C1′ of the
allylic cation generates an arenium intermediate, which rearomatizes by deprotonation at C4
to give dimethylallyltryptophan (DMAT).

Relaxed selectivity for the aromatic substrate is reported for several of the DMATSs. 7-
DMATS prenylated both enantiomers of tryptophan, tryptophan-containing linear and cyclic
dipeptides, and a variety of tryptophan derivatives, although no activity was observed when
7-DMATS was incubated with tyrosine.16,34 CTrpPT from Aspergillus oryzae DSM1147
was shown to simultaneously prenylate two different sites on the indole ring of tryptophan-
containing cyclic dipeptides with normal prenylation at C7 and reverse prenylation at N1 of
the indole nucleus.17 We recently reported that 4-DMATS prenylates several 4-substituted
tryptophans to give products with a normal prenylation at N1, C3, C5, or C7 or a reverse
prenylation at C3.35

An aromatic amino acid prenyltransferase from the pathogenic fungus Leptosphaeria
maculans, dimethylallyltyrosine synthase (SirD), was recently reported.36 The enzyme
likely has an ABBA PT fold and catalyzes normal O-prenylation of the hydroxyl group in
tyrosine as the first pathway specific step in the biosynthesis of sirodesmin PL.37 SirD also
catalyzes normal N-prenylation of the aromatic amino group in 4-aminophenylalanine and
normal C-prenylation of C7 of the indole ring in L-tryptophan. 37,38 We now report a much
broader substrate selectivity for SirD, which includes normal prenylation of the sulfhydryl
group in 4-mercaptophenylalanine and normal prenylation of C6 and C7 and reverse
prenylation of N1 and C7 of the indole ring in tryptophan derivatives. These results are
consistent with a dissociative electrophilic alkylation similar to that reported for 4-DMATS.

RESULTS AND DISCUSSION
Synthesis of Tyrosine and Tryptophan Analogues

The symmetric disulfide of 4-mercapto-L-phenylalanine (1) was prepared by the palladium-
catalyzed cross-coupling of N-t-Boc-4-iodo-L-phenylalanine and t-butylthiol,39 followed by
simultaneous removal of the Boc and S-t-butyl protecting groups with concentrated HCl.40

Deprotection under oxidative conditions gave the disulfide, which was purified and stored.
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Immediately before an incubation, the disulfide was treated with β-mercaptoethanol to give
1. 4-Vinyl-L-phenylalanine (2) was synthesized according to the procedure of Yao and
coworkers,41 except for changes in the protecting groups. Fmoc was used instead of Cbz and
a methyl ester instead of a benzyl ester in order to avoid deprotection by catalytic
hydrogenation.

Enantiomerically pure 4-methyl-L-tryptophan (3), 4-methoxy-L-tryptophan (4), and 7-
methyl-L-tryptophan (5) were synthesized using the PLP-dependent tryptophan synthase β
subunit,42 as previously described.35

Kinetic Studies
Michaelis-Menten kinetic parameters for tyrosine, tryptophan, and their substituted
analogues are listed in Table 1. Rates (kcat) and Michaelis constants (Km) were determined
from a nonlinear fit of initial velocities versus concentration using GraFit 5.0.11. The values
for tyrosine, Km = 0.30 mM and kcat = 1.3 s−1, compared well with the previously reported
values.37,38 Km = 1.1 mM and kcat = 2.7 × 10−2 s−1 for 4-mercaptophenylalanine. The
catalytic efficiency (kcat/Km) for alkylation of 1 was <1% of the normal reaction. The ~4-
fold increase in Km and ~50-fold decrease in kcat of 4-mercaptophenylalanine indicates that
the replacement of the side chain oxygen with sulfur decreases substrate binding and reduces
the rate of reaction. Since one would have expected that a sulfur nucleophile would facilitate
capture of the putative dimethylallyl cation relative to oxygen, the decrease in kcat might
result from a conformation for 1 and DMAPP in the active site that reduces the rate of C–O
bond cleavage in DMAPP.

Km and kcat for tryptophan are comparable with the previously reported values.37 Kms are
somewhat higher and kcats substantially lower for the 7-methyl and 4-methoxy analogues,
respectively, with catalytic efficiencies (kcat/Km) for the 7-methyl- and 4-methoxytryptophan
analogues that were <1% of the normal reaction. Maximal velocity was not reached at
concentrations before 4-methyltryptophan precipitated (10 mM) under our assay conditions,
and values for the kinetic constants were not determined.

Product Studies
4-Mercaptophenylalanine—Incubation of 1 and DMAPP with SirD gave a single
product (6) (Figure 2a). The UV spectrum of 6 (10.3 min) had a peak at 257.0 nm.
Monoprenylation was confirmed by HRMS where the sodium adduct of dimethylallyl
mercaptophenylalanine gave a peak at m/z of 288.1041 Da. The structure of 6 was
established using a combination of 1H and 2D NMR spectroscopy (Table 2). Normal
prenylation was confirmed by the presence of signals for the methylene protons at C1′ (3.55
ppm, d, J = 7.8 Hz), the proton at C2′ (5.24 ppm, t, J = 7.2 Hz), and the methyl groups at
C3′ (1.66 and 1.58 ppm). An AB quartet for the aromatic protons at 7.14 and 7.19 ppm, each
integrating to two protons indicated that the benzene ring was para-substituted. Thus,
prenylation occurred at the sulfur atom. The HMBC spectrum revealed correlations between
the C1′ dimethylallyl methylene protons and C2′ (119.2 ppm), C3′ (135.5 ppm), and the
para carbon C4 (133.1 ppm). These data demonstrate that SirD catalyzes a normal S-
prenylation of 4-mercaptophenylalanine.

4-Vinylphenylalanine—Incubation of up to 10 mM 2 and DMAPP with SirD yielded no
identifiable products (data not shown). We surmise that either the vinyl moiety is too large
to be accommodated in the active site or 2 is not properly positioned for prenylation.

Tryptophan—Kremer and Li reported that SirD catalyzes the normal prenylation of
tryptophan at C7.37 In our hands, incubation of L-tryptophan and DMAPP with SirD gave
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two products (Figure 2b). The UV spectra of compounds 7 (12.7 min, 7%) and 8 (15.3 min,
93%) had peaks at 222.7, 284.3 nm and 221.5, 277.2, 297.9 nm, respectively, suggesting the
indole chromophores of compounds 7 and 8 were intact. HMRS analysis revealed that the
molecular ions of both compounds were 68 Da higher than tryptophan, or its sodium adduct,
indicating the addition of one isoprene unit.

1H NMR analysis (Table 2) of compound 8 revealed a spectrum very similar to the data
reported for 7-dimethylallyltryptophan.16 The HMBC spectrum showed a correlation
between the methylene protons at C1′ (3.47 ppm, d, J = 7.2 Hz) and C7 of the indole ring
(128.1 ppm). Together, these data establish that 8 is normal 7-dimethylallyltryptophan.

Compound 7 has a dimethylallyl moiety attached to the indole ring through C3′ as evidenced
by signals for the three vinyl protons at 6.03 ppm (dd, J = 10.8, 17.4 Hz), 5.11 ppm (d, J =
10.8 Hz) and 5.02 ppm (d, J = 17.4 Hz), and the methyl groups at 1.62 ppm. Although the
NMR sample was too dilute to collect relevant TOCSY, HMQC, or HMBC data, the
ROESY spectrum showed a correlation between the proton at C2 (7.33 ppm, s) and the
methyl groups of the prenyl moiety. Aromatic protons at C2, C4 (7.60 ppm), C5 (7.05 ppm),
C6 (7.09 ppm) and C7 (7.54 ppm) suggested that the dimethylallyl moiety was attached at
the indole nitrogen. Collectively, these data indicate that 7 is the product of reverse
prenylation of tryptophan at N1. Thus, SirD catalyzes normal prenylation at C7 and reverse
prenylation at N1 of the indole nucleus of tryptophan, similar to the cyclo-L-Trp-L-Trp
dimethylallyltransferase from A. oryzae DSM1147.17

4-Methyltryptophan—Zou and coworkers38 reported activity for prenylation of 4-methyl-
DL-tryptophan at C7 by SirD at a rate ~8% of L-tyrosine. Similar to our results for
tryptophan, we found that incubation of 3 and DMAPP with SirD gave two products (Figure
2c). HMRS and UV analysis of compounds 9 (18.8 min, 79%) and 10 (24.6 min, 21%)
revealed that they are monoprenylated derivatives of 4-methyltryptophan.

The 1H NMR spectrum of 9 showed three vinyl signals at 6.01 ppm (dd, J = 10.8, 18.0 Hz),
5.09 ppm (d, J = 10.8 Hz) and 5.00 ppm (d, J =17.4 Hz) for the protons at C2′ and C1′,
respectively, and methyl groups at 1.61 and 1.60 ppm, all characteristic of a reverse
prenylated structure. The ROESY spectrum displayed a correlation between the methyl
groups of the prenyl moiety and the proton at C2 (7.30 ppm). The presence of signals at C2,
C4 (6.79 ppm), C5 (6.96 ppm), and C6 (7.38 ppm) suggested that prenylation occurred at
N1. Thus, compound 9 is reverse N1-(dimethylallyl)-4-methyltryptophan.

Compound 10 was identified as 7-dimethylallyl-4-methyltryptophan by NMR analysis. 1H
signals were seen for the methylene protons at C1′ (3.47–3.51 ppm, m), the proton at C2′
(5.33 ppm, t, J = 6.0 Hz), and the methyl groups at 1.61 and 1.63 ppm of the dimethylallyl
group (Table 2). Signals for protons attached to C2 (7.14 ppm, s), C5 (6.75 ppm, d, J = 7.2
Hz), and C6 (6.86 ppm, d, J = 7.2 Hz), along with HMBC correlations between the
methylene protons at C1′ and C7 in the indole ring (125.6 ppm), confirmed prenylation at
C7.

We suspect that Li and coworkers were unable to see the N-prenylated products due to their
use of HPLC solvents containing 0.5% trifluoroacetic acid (TFA).37,38 The product from A.
fumigatus CdpNPT was originally assigned incorrectly due to disassociation and
rearrangement of the dimethylallyl moiety at N1 of the indole ring upon exposure to
trichloroacetic acid.43,44 We found that products seen by HPLC analysis of samples from
incubation of tryptophan or 3, DMAPP, and SirD, disappeared when the elution solvent
contained 0.5% TFA (data not shown).
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4-Methoxytryptophan—Incubation of 4 and DMAPP with SirD gave compounds 11
(16.1 min, 8%) and 12 (20.8 min, 92%) (Figure 2d). HRMS analysis indicated that the
molecular ions were 68 Da higher than the sodium adduct of 4, as expected for
monoprenylation. UV spectra for 11 and 12 suggested that the indole nuclei were intact.

The dimethylallyl moiety in compound 11 was attached in a reverse orientation as evidenced
by distinctive signals for the vinyl protons at 6.00 ppm (dd, J = 10.8, 17.4 Hz), 5.03 ppm
(dd, J = 10.8 Hz), and 4.98 ppm (dd, J = 17.4 Hz), and two methyl groups at 1.35 ppm. The
HMBC spectrum showed correlations between the methyl peaks of the prenyl moiety and
C7 (127.8 ppm). The ROESY spectrum showed correlations between the methyl peaks of
the prenyl moiety and the aromatic proton at C6 (7.06 ppm), and between the methoxy
substituent at C4 (57.8 ppm) and the proton at C5 (6.55 ppm). Together, these data confirm
that 11 is formed by reverse prenylation at C7 of 4-methoxytryptophan.

Compound 12 contained a dimethylallyl moiety attached in a normal orientation as indicated
by signals for the methylene protons at C1′ (3.35–3.37 ppm, m), the proton at C2′ (5.30
ppm, t, J = 6.6 Hz), and the methyl groups at 1.60 and 1.59 ppm. Signals for the proton at
C2 (7.00, s) and two other aromatic protons (6.84 ppm, d, J = 7.8 Hz and 6.47 ppm, d, J =
7.8 Hz) showed that prenylation had occurred at either C5 or C7. The ROESY spectrum
showed a weak correlation between the methylene protons of the prenyl moiety and the
aromatic proton at C6 (6.84 ppm). The HMBC spectrum showed correlations between the
methylene protons of the prenyl moiety and C7 (121.5 ppm). Collectively, these data
indicate that 12 is formed by normal prenylation at C7 position of 4-methoxytryptophan.

7-Methyltryptophan—Zou and coworkers reported 7-methyl-DL-tryptophan was not a
substrate of SirD (relative yield <0.03%).38 Based on our results with 3 and 4, we
anticipated that 5 might be a substrate for regioselective prenylation at N1. Interestingly,
incubation of 5 and DMAPP with SirD gave two products, 13 (16.3 min, 13%) and 14 (19.6
min, 87%) (Figure 2e). HRMS and UV spectra indicated that the products were
monoprenylated with intact indole nuclei.

NMR analysis (Table 2) confirmed that compound 13 is reverse N1-(dimethylallyl)-7-
methyltryptophan. The orientation of the dimethylallyl unit is clear from the 1H NMR
spectrum of 13 where signals were seen for the three vinyl protons at 6.30 ppm (dd, J =
10.8, 17.4 Hz), 4.94 ppm (d, J = 10.8 Hz) and 4.49 ppm (d, J = 17.4 Hz), and the methyl
groups at 1.64 ppm (s). The TOCSY spectrum showed correlations between the
dimethylallyl methyl groups and the C2 indole proton at 7.43 ppm. Signals for protons at
C2, C4 (7.46 ppm), C5 (7.00 ppm), and C6 (6.96 ppm) confirm prenylation of the indole
nitrogen.

The 1H NMR spectrum of 14 had peaks for the dimethylallyl group at C1′ (3.46 ppm, d, J =
7.2 Hz), C2′ (5.32 ppm, d, J = 7.2 Hz), and the methyl groups at C3′ (1.77 and 1.69 ppm)
indicative of normal prenylation. Resonances for the proton at C2 (7.23 ppm, s) and
aromatic protons at 7.48 ppm (d, J = 7.8 Hz) and 7.03 ppm (d, J = 7.8 Hz) indicated that
prenylation occurred at C4 or C6 in the indole ring. The HMBC spectrum showed a
correlation between the methyl group at C7 (2.42 ppm) and C3′ (135.8 ppm). Although we
were not able to unambiguously distinguish between prenylation at C4 and C6, a
comparison of our 1H NMR spectrum with those published for 4-dimethylallyl-7-
methyltryptophan22 and 7-dimethylallyl-6-methyltryptophan15 suggests 14 is prenylated at
C6. The reported resonances for C5 (6.99 ppm) and C6 (6.89 ppm) in 4-dimethylallyl-7-
methyltryptophan are only 0.1 ppm apart, while those for C4 (7.41 ppm) and C5 (6.86 ppm)
in 7-dimethylallyl-6-methyltryptophan are separated by 0.55 ppm. The separation in 14 is
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0.45 ppm. Collectively, these data suggest that SirD catalyzes normal prenylation at C6 in 7-
methyltryptophan.

Promiscuity and Mechanism
SirD catalyzes normal prenylation of the hydroxyl group in tyrosine as the first committed
step in the biosynthesis of the phytotoxin sirodesmin PL. The protein is a presumed member
of the ABBA-fold family of aromatic prenyltransferases, whose other members catalyze
alkylation of benzene,31 naphthalene,30 and phenazine32 rings and the indole moiety in
tryptophan.26,28,29 The most studied member of the family, 4-dimethylallyltryptophan
synthase (4-DMATS), gives a single product when incubated with its normal substrates.
However, alternate substrates for tryptophan with methyl, methoxy, or amino substituents at
C4 give different mixtures of products, which collectively are formed by normal alkylation
at N1, C3, C5, and C7 and reverse alkylation at C3.35 This behavior can be explained by a
dissociative electrophilic alkylation of tryptophan by the dimethylallyl cation generated by
cleavage of the C–O bond in DMAPP, where blocking the preferred alkylation at C4 results
in electrophilic attack of other nucleophilic sites in the indole moiety. The regiopromiscuity
seen for 4-DMATS provides a logical path for evolution of other dimethylallyltryptophan
synthases that are regioselective for alkylation of the indole nucleus at positions other than
C4.

As part of a study to explore structure and function in the ABBA aromatic
prenyltransferases, we examined the ability of SirD to catalyze alkylation of a variety of
tyrosine and tryptophan analogues. In addition to its normal role in the synthesis of
dimethylallyltyrosine, SirD accepts 4-aminophenylalanine,38 4-mercaptophenylalanine,
tryptophan,37 4-methyltryptophan,38 4-methoxytryptophan, and 7-methyltryptophan as
alternate substrates to generate the products shown in Figure 3. Given the diverse group of
aromatic amino acid derivatives that are alkylated by SirD, we were surprised that 4-
vinylphenylalanine was not a substrate, even at high concentrations, where alkylation of the
vinyl group would be mechanistically similar to alkylation of the vinyl group in protoheme
IX by the farnesyltransferase encoded by cyoE in E. coli.45 We surmise that the bound
conformations of 4-vinylphenylalanine and DMAPP are incompatible with catalysis.

A comparison of the regiochemistry for alkylation of the indole moiety in tryptophan by
SirD and 4-DMATS (see Figure 4) emphasizes the regiopromiscuity of both enzymes. All of
the SirD products are formed by alkylation of sites on the “southern” (N1, C6, C7) edge of
the indole nucleus, as are two of the 4-DMATS products (N1, C7). Four additional 4-
DMATS products are from alkylation of the “northern” (C3, C4, C5) edge. Both enzymes
catalyze normal and reverse alkylations. The catalytic efficiencies of the alternative
substrates for both enzymes are remarkably high, with values of kcat/Km ~10−3 relative to
those of the normal substrates for the least efficient analogues. Thus, the ABBA aromatic
prenyltransferases appear to have remarkably plastic active sites. Proteins with this fold have
evolved to give a family of biosynthetic enzymes that collectively have the ability to
alkylate tryptophan at all of the nucleophilic sites in the indole ring.

Finally, the electronic properties of the substituents on the indole ring appear to influence
the regiochemistry of the alkylation. Incubation of 4-methyltryptophan (σ+

methyl = 0.31)46

and DMAPP with SirD gives normal prenylation at C7 and reverse prenylation at N1. In
contrast, 4-methoxytryptophan (σ+

methoxy = 0.78)46 gives normal and reverse prenylation
exclusively at C7. This observation is consistent with an enhancement in the nucleophilicity
of C7 relative to N1 by the strongly electron donating methoxy group.
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CONCLUSION
SirD catalyzes aromatic S-prenylation of 4-mercaptophenylalanine and N- and C-
prenylations of tryptophan and tryptophan analogues at three different sites on the indole
ring (N1, C6, C7): normal prenylation at C6, normal and reverse prenylation at C7, and
reverse prenylation at N1. Our results provide further evidence for a dissociative
electrophilic alkylation by ABBA aromatic prenyltransferases, where substrate orientation
within the active site and substituent electronic effects determine the position and type of
prenylation.

METHODS
Synthesis of amino acid analogues

Procedures for syntheses of 4-mercapto-L-phenylalanine (1), 4-vinyl-L-phenylalanine (2), 4-
methyl-L-tryptophan (3), 4-methoxy-L-tryptophan (4), and 7-methyl-L-tryptophan (5) are
described in the Supplemental Information.

Production and Purification of SirD
L. maculans sirD (NCBI GenBank AY553235.1) was optimized for heterologous expression
in E. coli and synthesized by Genscript (Figure S2). Modified L. maculans sirD in pUC57
was cloned into pET21a(+) following standard restriction digestion protocols (see
Supplemental Information) to give pLmSirD. pLmSirD was transformed into E. coli BL21
(DE3) according to the manufacturer’s instructions. E. coli strain pLmSirD-BL21 (DE3) was
incubated in 1 L of LB medium containing 50 μg mL−1 ampicillin at 37 °C with shaking at
225 rpm until an OD600 of 0.6 was reached. The culture was induced with IPTG to a final
concentration of 0.6 mM. After 5 h, cells were harvested by centrifugation (4,000 × g, 20
min, 4 °C). Pelleted cells were resuspended in lysis buffer (50 mM NaH2PO4, pH 8.0,
containing 300 mM NaCl, 10 mM imidazole, 1 mg mL−1 of lysozyme and 10 μg mL−1 of
RNase A). After incubation at 0 °C for 30 min, the cell suspension was sonicated for 6 × 10
sec at 4 °C. The lysate was clarified by centrifugation (10,000 × g, 20 min, 4 °C). SirD was
purified by nickel affinity chromatography using a gradient elution 0–100% of lysis buffer/
elution buffer (50 mM NaH2PO4, pH 8.0, containing 300 mM NaCl and 500 mM
imidazole). The purified protein was dialyzed against 2 × 4 L of dialysis buffer (20 mM
Tris-HCl, pH 8.0, containing 1 mM βME), and then against 4 L of dialysis buffer containing
20% v/v glycerol. The protein was stored at −80 °C until use.

Kinetic Studies
All kinetic assays were performed in a total volume of 100 μL at 30 °C for 10 min unless
otherwise noted, and quenched by heating at 100 °C for 30 s. After centrifugation, 10 μL of
reaction mixture were spotted and developed by RP-TLC. For tyrosine assays, RP-C18
plates were developed with 25:75 H2O/methanol. For all other substrates, RP-C8 plates were
developed with 4:6 25 mM NH4HCO3/methanol. The developed TLC plates were imaged
on a storage phosphor screen (Molecular Dynamics) and scanned by a Typhoon 8600
Variable Mode Imager (GE Healthcare). The data were visualized and processed with
ImageQuant 5.2. Background radioactivity was determined from incubations without the
aromatic substrate. Each kinetic assay was performed in triplicate or quadruplicate.
[1-14C]DMAPP and [14C(U)]-L-tyrosine were purchased from American Radiolabeled
Chemicals, Inc.

For L-tyrosine, the assay was conducted in 20 mM Tris-HCl buffer, pH 8.0, containing 80
nM SirD, 1 mM DMAPP, and [14C(U)]-L-tyrosine concentrations of 0.04, 0.05, 0.07, 0.08,
0.1, 0.15, 0.2, 0.25, 0.3, 0.35 and 0.4 mM (0.25–25 μCi μmol−1) with 10 min incubations.
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For 4-mercaptophenylalanine, the assay was conducted in 100 mM Tris-HCl buffer, pH 8.0,
containing 10 mM βME, 2% v/v glycerol, 5 μM SirD, 1 mM [1-14C]DMAPP (1 μCi
μmol−1), and 4-mercapto-L-phenylalanine concentrations of 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5
and 10 mM with 30 min incubations. For tryptophan, the assay was conducted in 100 mM
Tris-HCl buffer, pH 8.0, containing 2% v/v glycerol, 5 μM SirD, 1 mM [1-14C]DMAPP (1
μCi μmol−1), and L-tryptophan concentrations of 0.1, 0.2, 0.3, 0.6 and 1 mM with 20 min
incubations. For 4-methoxy and 7-methyltryptophan, concentrations were 0.3, 0.6, 1, 2, 3, 4,
6 and 10 mM with 30 min incubations.

Product Studies
Incubations with 4-mercaptophenylalanine were conducted in 50 mM Tris-HCl buffer, pH
8.0, containing 5 mM MgCl2, 20 mM βME, 5 mM DMAPP, 10 mM compound 1 and 14.5
μM SirD in a total volume of 5 mL. Glycerol present in the SirD dialysis buffer was
removed by repeated dialysis/centrifugation using an Amicon Ultra 10 kDa molecular
weight cut-off (MWCO) filter. The reaction mixture was incubated at 30 °C for 21 h. SirD
was removed by MWCO filtration, samples were concentrated by lyophilization, and the
products were purified by HPLC on a Waters 2690 Separation Module using a Microsorb
MV™ C18 5 μm column at a flow rate of 1 mL min−1 with isocratic elution using
acetonitrile:H2O (25/75). Products were detected with a Waters 996 photodiode array
detector with simultaneous monitoring at 254 nm.

Incubations with tryptophan and tryptophan derivatives were identical to those above except
as follows: 10 mM MgCl2, 2.92 mM DMAPP, 20 mM tryptophan analogue, 5 μM SirD in a
total volume of 5 mL. The reaction mixtures were incubated for 21–42 h and the products
were detected at 225 nm. Product ratios were calculated by integrating the area under each
product peak visualized at 220 nm (4-methoxy) or 225 nm (tryptophan/4-methyl/7-methyl).

Determination of Structures
Purified products were lyophilized, dissolved in D2O (D, 99.9%), lyophilized again,
dissolved in DMSO-d6 (D, 99.96%) or D2O (D, 99.96%) (Cambridge Isotope Laboratories,
Inc.) and placed in a Norell 3 mm NMR tube (Sigma). NMR spectra were recorded on an
INOVA 600 NMR spectrometer equipped with a HCN cryogenic probe. Unless otherwise
noted, the following NMR experiments were performed: 1D 1H, COSY 1H-1H,
TOCSY 1H-1H, ROESY 1H-1H, HSQC or HMQC 1H-13C, and HMBC 1H-13C. All spectra
were processed with MestReNova 7.1.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Indole ring numbering, possible prenylation orientations, and representative structures of
ETPs and prenylated indole alkaloids.
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Figure 2.
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HPLC chromatograms of preparative enzymatic assays for isolation and purification. Each
aromatic amino acid was incubated with DMAPP and SirD. (a) 4-Mercaptophenylalanine,
(b) tryptophan, (c) 4-methyltryptophan, (d) 4-methoxytryptophan, and (e) 7-
methyltryptophan.
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Figure 3.
Products from incubation of tyrosine or tryptophan analogues and DMAPP with SirD.
Structures for compounds with asterisks were determined previously.37,38
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Figure 4.
Regiochemistry for alkylation of the indole nucleus by SirD and 4-DMATS.
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Table 1

Kinetic parameters for SirD with tyrosine, tryptophan, and their analogues.

Km (mM) Kcat (s−1) Kcat/Km (s−1 M−1) (Kcat/Km)Rel (%)

Tyr 0.30 ± 0.04 1.3 ± 0.1 4.3 × 103 100

4-SH-Phe 1.1 ± 0.2 (2.7 ± 0.2) × 10−2 25 0.58

Trp 0.37 ± 0.06 (9.5 ± 0.2) × 10−2 2.6 × 102 5.8

4-OCH3-Trp 5.1 ± 2.0 (1.3 ± 0.3) × 10−2 2.5 0.06

7-CH3-Trp 2.0 ± 0.4 (1.3 ± 0.1) × 10−2 6.5 0.15

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rudolf and Poulter Page 18

Ta
bl

e 
2

1 H
 a

nd
 13

C
 N

M
R

 d
at

a 
fo

r 
pr

od
uc

ts
 6

 –
 1

4.

St
ru

ct
ur

e/
C

om
po

un
d

6
7

8

P
os

it
io

n
δ H

, m
ul

ti
., 

J
δ C

δ H
, m

ul
ti

., 
J

δ C
δ H

, m
ul

ti
., 

J
δ C

1
-

13
7.

4
-

-
ex

c.
-

2
7.

14
, d

, 7
.2

12
9.

5
7.

33
, s

12
8.

5
7.

16
, s

12
7.

1

3
7.

19
, d

, 7
.8

12
8.

2
-

n.
f.

-
11

1.
3

3a
-

-
-

n.
f.

-
12

9.
5

4
-

13
3.

1
7.

60
, d

, 7
.8

n.
f.

7.
45

, d
, 7

.2
11

8.
9

5
-

-
7.

05
, t

, 7
.2

n.
f.

7.
01

, t
, 7

.2
12

2.
3

6
-

-
7.

09
, t

, 7
.8

n.
f.

6.
98

, d
, 6

.6
12

3.
6

7
-

-
7.

54
, d

, 8
.4

n.
f.

-
12

8.
1

7a
-

-
-

n.
f.

-
13

8.
3

8
2.

92
, d

, 1
1.

4
32

.1
3.

24
, d

d,
 4

.8
, 1

5.
0

30
.3

3.
29

, d
d,

 4
.8

, 1
5.

6
29

.7

2.
58

–2
.6

8,
 m

-
3.

06
, d

d,
 7

.8
, 1

5.
0

-
3.

10
, d

d,
 7

.8
, 1

5.
0

-

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rudolf and Poulter Page 19

St
ru

ct
ur

e/
C

om
po

un
d

6
7

8

P
os

it
io

n
δ H

, m
ul

ti
., 

J
δ C

δ H
, m

ul
ti

., 
J

δ C
δ H

, m
ul

ti
., 

J
δ C

9
3.

24
, m

56
.7

3.
75

, t
, 6

.6
57

.9
3.

83
, d

d,
 4

.8
, 7

.8
57

.9

10
-

n.
f.

-
n.

f.
-

n.
f.

11
-

-
-

-
-

-

1′
3.

55
, d

, 7
.8

30
.9

5.
11

, d
, 1

0.
8

n.
f.

3.
47

, d
, 7

.2
31

.8

-
-

5.
02

, d
, 1

7.
4

-
-

-

2′
5.

24
, t

, 7
.2

11
9.

2
6.

03
, d

d,
 1

0.
8,

 1
7.

4
n.

f.
5.

36
, t

, 7
.8

12
3.

8

3′
-

13
5.

5
-

n.
f.

-
13

7.
8

4′
1.

66
, s

25
.1

1.
62

, s
29

.6
1.

61
, s

27
.4

5′
1.

58
, s

17
.3

1.
62

, s
29

.6
1.

64
, s

19
.7

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rudolf and Poulter Page 20

St
ru

ct
ur

e/
C

om
po

un
d

9
10

11

P
os

it
io

n
δ H

, m
ul

ti
., 

J
δ C

δ H
, m

ul
ti

., 
J

δ C
δ H

, m
ul

ti
., 

J
δ C

1
-

-
ex

c.
-

ex
c.

-

2
7.

30
, s

12
8.

8
7.

14
, s

12
7.

5
6.

97
, s

12
6.

1

3
-

11
0.

7
-

94
.6

-
n.

f.

3a
-

12
9.

3
-

12
7.

4
-

11
9.

6

4
-

13
3.

7
-

13
1.

0
-

n.
f.

5
6.

79
, d

, 7
.2

12
3.

5
6.

75
, d

, 7
.2

12
3.

8
6.

55
, d

, 8
.4

10
2.

2

6
6.

96
, t

, 7
.2

12
3.

8
6.

86
, d

, 7
.2

12
3.

8
7.

06
, d

, 7
.8

n.
f.

7
7.

38
, d

, 8
.4

11
5.

2
-

12
5.

6
-

12
7.

8

7a
-

13
8.

3
-

13
8.

3
-

n.
f.

8
3.

48
, d

d,
 5

.4
, 1

5.
6

32
.3

3.
53

–3
.5

9,
 m

n.
f.

3.
48

, d
d,

 3
.6

, 1
5.

0
33

.5

3.
03

, d
d,

 9
.0

, 1
5.

6
-

3.
06

, d
d,

 1
0.

8,
 1

6.
2

-
3.

02
, d

d,
 8

.4
, 1

5.
0

-

9
3.

68
, d

d,
 5

.4
, 9

.0
59

.6
3.

74
–3

.7
9,

 m
59

.1
3.

88
, d

d,
 3

.6
, 7

.8
n.

f.

10
-

17
9.

5
-

n.
f.

-
n.

f.

11
2.

58
, s

22
.2

2.
56

, s
21

.7
3.

84
, s

57
.8

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rudolf and Poulter Page 21

St
ru

ct
ur

e/
C

om
po

un
d

9
10

11

P
os

it
io

n
δ H

, m
ul

ti
., 

J
δ C

δ H
, m

ul
ti

., 
J

δ C
δ H

, m
ul

ti
., 

J
δ C

1′
5.

09
, d

, 1
0.

8
11

6.
1

3.
47

–3
.5

1,
 m

31
.4

5.
03

, d
, 1

0.
8

11
4.

4

5.
00

, d
, 1

7.
4

-
-

-
4.

98
, d

, 1
7.

4
-

2′
6.

01
, d

d,
 1

0.
8,

 1
8.

0
14

6.
6

5.
33

, t
, 6

.0
12

3.
9

6.
00

, d
d,

 1
0.

8,
 1

7.
4

14
9.

8

3′
-

61
.8

-
13

7.
7

-
42

.0

4′
1.

61
, s

29
.8

1.
61

, s
27

.3
1.

35
, s

29
.4

5′
1.

60
, s

29
.8

1.
63

, s
19

.5
1.

35
, s

29
.4

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rudolf and Poulter Page 22

St
ru

ct
ur

e/
C

om
po

un
d

12
13

14

P
os

it
io

n
δ H

, m
ul

ti
., 

J
δ C

δ H
, m

ul
ti

., 
J

δ C
δ H

, m
ul

ti
., 

J
δ C

1
ex

c.
-

-
-

ex
c.

-

2
7.

00
, s

12
6.

5
7.

43
, s

13
0.

3
7.

23
, s

n.
f.

3
-

n.
f.

-
10

9.
5

-
n.

f.

3a
-

11
9.

3
-

13
3.

3
-

n.
f.

4
-

15
4.

7
7.

46
, d

, 7
.8

11
9.

1
7.

48
, d

, 7
.8

11
8.

4

5
6.

47
, d

, 7
.8

10
2.

6
7.

00
, t

, 7
.8

12
2.

5
7.

03
, d

, 7
.8

n.
f.

6
6.

84
, d

, 7
.8

n.
f.

6.
96

, d
, 6

.6
12

8.
5

-
n.

f.

7
-

12
1.

5
-

12
5.

5
-

12
1.

6

7a
-

13
9.

1
-

13
7.

2
-

n.
f.

8
3.

42
, d

d,
 4

.2
, 1

5.
0

31
.5

3.
17

–3
.2

3,
 m

35
.1

3.
36

, d
d,

 3
.6

, 1
5.

0
n.

f.

3.
02

, d
d,

 8
.4

, 1
5.

0
-

2.
97

–3
.0

4,
 m

-
3.

16
, d

d,
 7

.8
, 1

5.
0

-

9
3.

85
, d

d,
 4

.8
, 8

.4
59

.2
3.

66
–3

.7
2,

 m
58

.2
3.

84
, d

d,
 3

.6
, 1

2.
0

57
.9

10
-

n.
f.

-
n.

f.
-

n.
f.

11
3.

80
, s

57
.8

2.
54

, s
26

.6
2.

42
, s

14
.7

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rudolf and Poulter Page 23

St
ru

ct
ur

e/
C

om
po

un
d

12
13

14

P
os

it
io

n
δ H

, m
ul

ti
., 

J
δ C

δ H
, m

ul
ti

., 
J

δ C
δ H

, m
ul

ti
., 

J
δ C

1′
3.

35
–3

.3
7,

 m
31

.2
4.

04
, d

, 1
0.

8
11

4.
7

3.
46

, d
, 7

.2
33

.8

2′
5.

30
, t

, 6
.6

12
4.

0
6.

30
, d

d,
 1

0.
8,

 1
7.

4
15

0.
0

5.
32

, t
, 7

.2
12

5.
8

3′
-

13
7.

5
-

62
.5

-
13

5.
8

4′
1.

60
, s

19
.7

1.
64

, s
34

.3
1.

77
, s

19
.7

5′
1.

59
, s

27
.5

1.
64

, s
34

.3
1.

69
, s

27
.5

δ H
 a

nd
 δ

C
 in

 p
pm

J 
in

 H
z

n.
f.

 =
 n

ot
 f

ou
nd

ex
c.

 =
 e

xc
ha

ng
ed

ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.


