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Two Lysine Residues are Responsible for the Enzymatic Activities of Indole
Prenyltransferases from Fungi

Edyta Stec,[a] Nicola Steffan,[a] Anika Kremer,[a] Huixi Zou,[a, b] Xiaodong Zheng,[b] and Shu-Ming Li*[a]

Recently, we identified a new family of aromatic prenyltransfer-
ases from fungi by molecular cloning and subsequent bio-
chemical investigation. These enzymes catalyse the transfer
ACHTUNGTRENNUNGreactions of prenyl moieties like dimethylallyl diphosphate
(DMAPP) onto different positions of the indole rings of diverse
secondary metabolites. For example, FgaPT1 and FgaPT2 from
Aspergillus fumigatus are involved in the biosynthesis of fumi-
gaclavine C and catalyse the prenylation of fumigaclavine A at
position C2 and the prenylation of l-tryptophan at position C4
of the indole ring, respectively.[1, 2] Therefore, FgaPT2 functions
as a 4-dimethylallyltryptophan synthase. A second dimethylal-
lyltryptophan synthase (DMATS) from the same fungus, 7-
DMATS, catalyses the prenylation of l-tryptophan at position
C7 of the indole ring.[3] From a biosynthetic gene cluster of fu-
mitremorgin B in A. fumigatus, FtmPT1 was proven to catalyse
the prenylation of cyclo-l-Trp-l-Pro (brevianamide F) at posi-
tion C2 of the indole ring.[4] An additional prenyltransferase
from A. fumigatus, CdpNPT, was found to catalyse the prenyla-
tion of tryptophan-containing cyclic dipeptides at position N1
of the indole rings.[5] From Aspergillus nidulans, a gene cluster
for the biosynthesis of terrequinone A was identified by ge-
nomic mining,[6] and TdiB in this cluster was reported to be
ACHTUNGTRENNUNGresponsible for two prenylation steps.[7,8]

All of the indole prenyltransferases from fungi, including the
previously reported dimethylallyltryptophan synthase DmaW
from Claviceps purpurea,[9,10] show remarkable sequence simi-
larities to each other at the amino acid level (see Table S1 in
the Supporting Information). However, they do not show sig-
nificant sequence similarities either to trans-prenyltransferases
in the biosynthesis of terpenoids[11] or to membrane-bound ar-
omatic prenyltransferases[12, 13] or soluble ABBA prenyltransfer-
ases from bacteria.[14–17] The enzymatic reactions catalysed by
indole prenyltransferases from fungi are independent of the
presence of divalent metal ions, although calcium ions have
been found to enhance the activities of some enzymes.[1,4, 7, 18]

This behaviour is in contrast to those of trans-prenyltransferas-
es and of membrane-bound aromatic prenyltransferases.[12,13, 19]

In these prenyltransferases, DMAPP or other prenyl diphos-
phates are bound by Mg2+ through (D/N)DXXD motifs,[12,13, 19]

which are absent in the fungal aromatic prenyltransferases[1–
4,7,18, 20] and ABBA prenyltransferases from bacteria.[17]

In contrast to the prenyltransferases that contain (D/N)DXXD
motifs[11–13,19, 21] and the ABBA prenyltransferases from bacte-
ria,[17] no data are available on protein structures or substrate
binding sites for the indole prenyltransferases from fungi.
Based on the fact that all of the indole prenyltransferases from
the above-mentioned fungi show similar biochemical proper-
ties and accept only DMAPP but not other prenyl diphos-
phates,[1–4,7,18] it is plausible that the binding sites for DMAPP
are identical or at least similar in these prenyltransferases.
Sequence comparison of seven prenyltransferases from

fungi, which were verified experimentally by molecular cloning
and biochemical characterisation, revealed that these enzymes
share sequence identities between 20 and 55% at the amino
acid level (Table S1). By alignment of the amino acid sequences
of these prenyltransferases, highly conserved regions could not
be detected (data not shown). However, two motifs containing
three conserved basic amino acids could be identified
(Figure 1), that is, K186, R262 and K264 for DmaW-Cp from C.
purpurea ; K211, R281 and K283 for FgaPT1; K187, R257 and
K259 for FgaPT2; K201, R292 and K294 for FtmPT1; K239, R311
and K313 for 7-DMATS; and K219, R284 and K286 for
CdpNPT—all from A. fumigatus—as well as K165, R236 and
K238 for TdiB from A. nidulans. The two conserved lysine resi-
dues in motifs I and II are separated by 66 to 92 amino acids.
In motif II, the arginine and the second lysine residue are sepa-
rated from each other only by one single amino acid. In addi-
tion, an aspartate residue that is eight amino acids away from
the mentioned arginine was also found in motif II (Figure 1).
Structural analysis of the ABBA prenyltransferase NphB,

which requires Mg2+ for its enzymatic activity, revealed that
D62 is involved in the binding of prenyl diphosphate through
Mg2+ .[16] Structural analysis additionally showed that basic
amino acids, such as lysine and arginine, are also involved in
the binding of phosphate residues in NphB,[16] as initially pro-
posed for prenyl diphosphate binding in a farnesyl diphos-
phate (FPP) synthase.[22] Site-directed mutagenesis experiments
indicated that two nearby arginine residues in the FPP syn-
thase are important for catalysis.[23] In the Mg2+-independent
prenyltransferases CloQ and Fqn26 from the same protein
family of NphB, basic amino acids are very likely directly in-
volved in the binding of prenyl diphosphates, as suggested by
modelling studies.[17] Based on these results, it can be speculat-
ed that basic amino acids in motifs I and II of the indole pre-
nyltransferases from the mentioned-above fungi could also be
involved in the direct binding of DMAPP, and, therefore, are
ACHTUNGTRENNUNGessential for enzymatic activity.
To investigate the importance of these amino acid residues

for the enzymatic activities of fungal indole prenyltransferases,
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we chose FgaPT2, FtmPT1 and 7-DMATS for site-directed muta-
genesis experiments (see the Supporting Information). Primers
for PCR amplification are listed in Table 1 and the template
plasmids were described previously.[3, 4,24] The resulting plas-
mids pES1 to pES12 (Table 1) from mutagenesis experiments
were isolated and subjected to DNA sequencing, which con-
firmed the desired mutations in the respective constructs.
Overproduction of the recombinant proteins was carried out in
E. coli according to the conditions that were used for the ex-
pression of wild-type proteins in our previous studies.[3, 4,24]

In these experiments, lysine residues were mutated to gluta-
mate and arginine to glycine; this resulted in the mutant pro-
teins listed in Table 1. Based on the fact that the enzymatic re-

actions of the prenyltransferases
are independent of divalent
metal ions, it is plausible that
the acidic amino acids, such as
the conserved aspartate residue
in motif II (Figure 1), are not di-
rectly involved in the binding of
prenyl diphosphate. This aspar-
tate residue was mutated to his-
tidine as a negative control
(Table 1).
With the exception of the

negative control for FgaPT2,
FgaPT2_D249H, all mutant pro-
teins could be overproduced as
His-tagged fusion proteins with
yields that were comparable to

those of the corresponding wild-type proteins (Table S2),
which were in the range of 2 to 5 mg purified protein per litre
bacterial culture. Under the conditions used in this study, ex-
pression of pES4, which was constructed for overproduction of
FgaPT2_D249H, was not detected. All of the overproduced
proteins could be purified to homogeneity by Ni-NTA affinity
chromatography as judged by SDS-PAGE analysis (Figure 2).
The molecular mass of His8–FgaPT2 and its derivatives was
found to be 57 kDa, which corresponds very well to that re-
ported previously (Figure 2).[24] The expected molecular mass
of His6–FtmPT1

[4] and His6–7-DMATS as well as their derivatives
could also be found at the expected size of 50 kDa (Figure 2).

Figure 1. Conserved amino acid residues in indole prenyltransferases from fungi. DmaW-Cp: 4-dimethylallyltrypto-
phan synthase from Claviceps purpurea (accession no.: Q6X2E0); FgaPT2: 4-dimethylallyltryptophan synthase from
A. fumigatus (AAX08549) ; FgaPT1: fumigaclavine A prenyltransferase from A. fumigatus (XP_756136); FtmPT1: bre-
vianamide F prenyltransferase from A. fumigatus (AAX56314); 7-DMATS: 7-dimethylallyltryptophan synthase from
A. fumigatus (ABS89001); CdpNPT: cyclic dipeptide N-prenyltransferase from A. fumigatus (ABR14712); TdiB: dide-
methylasterriquinone D prenyltransferase from A. nidulans (ABU51603).

Table 1. Primers used for site-directed mutagenesis.

Primer[a] Sequence (5’!3’) Mutation Construct/protein
DNA AA[b]

FgaPT2_K187fw ATGGCCGCTTTGCACTTGAGACGTACATATACCCG A559!G K187!E pES1/FgaPT2_K187E
FgaPT2_K187rev CGGGTATATGTACGTCTCAAGTGCAAAGCGGCCAT T821!C K187!E
FgaPT2_R257fw CAGTCCTGCCAAGTCGGGAATCAAGATCTACCTGC A769!G R257!G pES2/FgaPT2_R257G
FgaPT2_R257rev GCAGGTAGATCTTGATTCCCGACTTGGCAGGACTG T612!C R257!G
FgaPT2_K259fw TGCCAAGTCGAGAATCGAGATCTACCTGCTGGAGC A775!G K259!E pES3/FgaPT2_K259E
FgaPT2_K259rev GCTCCAGCAGGTAGATCTCGATTCTCGACTTGGCA T606!C K259!E
FgaPT2_D249fw GCCTAGTGTCCTGTCATCTGACCAGTCCTGCCAAG G745!C D249!H pES4/FgaPT2_D249H
FgaPT2_D249rew CTTGGCAGGACTGGTCAGATGACAGGACACTAGGC C636!G D249!H
FtmPT1_K201fw GGGACCGTCCTGGTCGAGGCGTATTTCTACC A601!G K201!E pES5/FtmPT1_K201E
FtmPT1_K201rev GGTAGAAATACGCCTCGACCAGGACGGTCCC T795!C K201!E
FtmPT1_R292fw GAACCCGGCAAATCGGGGGTGAAGTTCTACGC C874!G R292!G pES6/FtmPT1_R292G
FtmPT1_R292rev GCGTAGAACTTCACCCCCGATTTGCCGGGTTC G522!C R292!G
FtmPT1_K294fw CGGCAAATCGCGGGTGGAGTTCTACGCCAGCGAG A880!G K294!E pES7/FtmPT1_K294E
FtmPT1_K294rev CTCGCTGGCGTAGAACTCCACCCGCGATTTGCCG T516!C K294!E
FtmPT1_D284fw CATTTCCTGTCCACCCACCTCGTCGAACCCGGC G850!C D284!H pES8/FtmPT1_D284H
FtmPT1_D284rev GCCGGGTTCGACGAGGTGGGTGGACAGGAAATG C546!G D284!H
7-DMATS_K239fw CGGGTCGTGTCACCACAGAGGCGTACTTTTTCCCG A715!G K239!E pES9/7-DMATS_K239E
7-DMATS_K239rev CGGGAAAAAGTACGCCTCTGTGGTGACACGACCCG T705!C K239!E
7-DMATS_R311fw TGAACGAGGCAGACTCTGGGATCAAGATATACGTG C931!G R311!G pES10/7-DMATS_R311G
7-DMATS_R311rev CACGTATATCTTGATCCCAGAGTCTGCCTCGTTCA G481!C R311!G
7-DMATS_K313fw GGCAGACTCTCGGATCGAGATATACGTGCGGATGC A937!G K313!E pES11/7-DMATS_K313E
7-DMATS_K313rev GCATCCGCACGTATATCTCGATCCGAGAGTCTGCC T983!C K313!E
7-DMATS_D303fw GAGATGATCAGCGTCCATTGCGTGAACGAGGCAGAC G907!C D303!H pES12/7-DMATS_D303H
7-DMATS_D303rev GTCTGCCTCGTTCACGCAATGGACGCTGATCATCTC C513!G D303!H

The mutations in the primer sequences are highlighted as underlined, bold letters ; [a] fw: forward primer; rev: reverse primer; [b] AA: amino acid.
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Enzymatic activities of the mutant proteins were determined
by HPLC analysis after incubation with their respective sub-
strates (see the Supporting Information). Recombinant en-
zymes without mutations were used as positive controls. Both
FgaPT2 and 7-DMATS, as well as their mutant derivatives, were
assayed by using l-tryptophan and DMAPP as substrates as de-
scribed previously.[3, 24] The assays for FtmPT1 and its mutant
proteins were carried out by using brevianamide F and DMAPP
as substrates as described previously.[4] Results of the activities
of mutant and wild-type enzymes are summarised in Figure 3
and Table 2.
HPLC analysis (Figure 3) showed that product formation

could be clearly detected in the incubation mixtures of all
three wild-type enzymes, with conversion rates of 21.19% for
FgaPT2, 10.62% for FtmPT1 and 9.85% for 7-DMATS (Table 1).
In contrast, product was not detected in the incubation mix-
tures with proteins that had been mutated at the lysine resi-
due in motif II, that is, with FgaPT2_K259E, FtmPT1_K294E or
7-DMATS_K313E. These results suggest that the lysine residue
at this locus is essential for the enzymatic activity of these pre-
nyltransferases and is probably involved in the binding of
DMAPP. Product formation was not observed in the incubation
mixtures of FtmPT1 and 7-DMATS derivatives that had been
mutated at the conserved lysine residue in motif I, that is,
FtmPT1_K201E and 7-DMATS_K239E. Only the corresponding
derivative of FgaPT2, that is, FgaPT2_K187E, showed low enzy-
matic activity (2.8% of that of wild-type FgaPT2). This demon-
strates the importance of this lysine residue, which was even
essential for enzymatic activities of FtmPT1 and 7-DMATS.

These results are consistent with the suggestion from the
modelling studies that basic amino acids, for example, L54 in
CloQ and R46 in Fqn26, could be involved in prenyl diphos-
phate binding by ABBA prenyltransferases from bacteria.[17]

From our results, it could be speculated that these two lysine
residues in fungal prenyltransferases are directly bound to the
phosphate residues of DMAPP, and carbocation-mediated elec-
trophile capture could be involved as proposed for the trans-
prenyltransferase FPP synthase.[22] Mutation of the arginine res-
idue in motif II had less of an effect on the enzymatic activities
of FtmPT1 and 7-DMATS. Relative activities of 48.2 and 36.7%
were found for FtmPT1_R292G and 7-DMATS_R311G, respec-
tively, compared to the wild-type enzymes. This residue is un-
likely to be involved in DMAPP binding by FtmPT1 and 7-
DMATS. In contrast, mutation of the corresponding residue in
FgaPT2 had more of an effect on the enzymatic activity. Only
4.7% of the enzymatic activity of FgaPT2 was found for
FgaPT2_R257G; this indicates a possible role for the arginine
during catalysis by FgaPT2. As expected, mutation at the as-
partate residue had less of an effect on the enzymatic activity.
The mutated proteins FtmPT1_D284H and 7-DMATS_D303H
showed 33.0 and 42.5% relative activities compared to those
of FtmPT1 and 7-DMATS, respectively. These results indicate
that the conserved arginine and aspartate are very likely not
involved in prenyl diphosphate binding by FtmPT1 and 7-
DMATS. A weak binding by R257 in FgaPT2 is plausible.
In summary, we provide evidence for the first time that two

lysine residues are important for enzymatic activities of the
indole prenyltransferases from fungi and are very likely in-

Figure 2. SDS-PAGE of the purified proteins; the gels (12%, w/v) were stained with Coomassie brilliant blue R-250; A) FgaPT2 and its mutant derivatives;
B) FtmPT1 and its mutant derivatives; C) 7-DMATS and its mutant derivatives.

Table 2. Prenyltransferase activities of purified proteins.

FgaPT2 and
derivatives

Conversion
rate [%]

Relative
activity [%]

FtmPT1 and
derivatives

Conversion
rate [%]

Relative
activity [%]

7-DMATS and
derivatives

Conversion
rate [%]

Relative
activity [%]

FgaPT2 21.19�2.18 100�10.3 FtmPT1 10.62�1.03 100�9.7 7-DMATS 9.85�1.23 100�12.5
FgaPT2_K187E 0.6[a] 2.8 FtmPT1_K201E �0.05 �0.6 7-DMATS_K239E �0.03 �0.3
FgaPT2_R257G 1.00�0.21 4.7�1.0 FtmPT1_R292G 5.12�0.36 48.2�3.4 7-DMATS_R311G 3.61�0.22 36.7�2.3
FgaPT2_K259E �0.04 �0.2 FtmPT1_K294E �0.05 �0.6 7-DMATS_K313E �0.03 �0.3

FtmPT1_D284H 3.50�0.29 33.0�2.8 7-DMATS_D303H 4.19�0.30 42.5�3.0

For quantification two independent experiments were carried out. [a] Product formation was detected only in one of the incubation mixtures.
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volved, either directly or indirectly, in prenyl diphosphate bind-
ing. Mutation of the conserved residues, arginine and aspar-
tate, resulted in only a slight decrease in enzymatic activities;
this indicates that they are not directly involved in catalysis.
Structural analysis, for example, by crystallisation experiments,
could provide support for our results and additional informa-
tion on substrate binding sites of the indole prenyltransferases
from fungi.
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Figure 3. HPLC analysis of reaction mixtures with A) FgaPT2 and its mutant derivatives after incubation at 30 8C for 60 min, B) FtmPT1 and its mutant deriva-
tives after incubation at 37 8C for 45 min and C) 7-DMATS and its mutant derivatives after incubation at 37 8C for 45 min; detection was carried out at 277 nm.
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