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Six B-configured reversely C3-prenylated pyrrolo[2,3-b]indoles were successfully prepared by using a
recombinant prenyltransferase from Neosartorya fischeri. For this purpose, the putative
prenyltransferase gene NFIA_074280 (termed herewith cdpC3PT) was cloned into pQE60 and
overexpressed in Escherichia coli. The overproduced His,-CdpC3PT was purified to near homogeneity
and incubated with five cyclic tryptophan-containing dipeptides in the presence of dimethylallyl
diphosphate (DMAPP). All of the substrates were accepted by CdpC3PT and converted to reversely
C3-prenylated pyrrolo[2,3-blindoles. Using cyclo-L-Trp-L-Trp as substrate, both mono- and
diprenylated derivatives were obtained. The structures of the enzymatic products were confirmed by
HR-ESI-MS, 'H- and *C-NMR analyses as well as by long-range 'H-">C connectivities in
heteronuclear multiple-bond correlation (HMBC) spectra after preparative isolation. "H-'H spatial
correlations in nuclear overhauser effect spectroscopy (NOESY) were used for determination of
absolute configuration. The K values were determined at about 1.5 mM for DMAPP and in the range
from 0.22 to 5.5 mM for cyclic dipeptides. The turnover number k., were found in the range of 0.023 to
0.098 s7! and specificity constants k., /K from 14.2 to 122.7 M' s7'. In contrast to the products of
AnaPT bearing o-configured C3-dimethylallyl residues, the C3-prenyl moieties in the products of
CdpC3PT have a B-configuration. Discovery and characterisation of CdpC3PT expand the usage of the
chemoenzymatic approach for stereospecific synthesis of C3-prenylated derivatives.

Introduction

A number of naturally occurring indoline alkaloids carry a
reverse prenyl moiety at position C3 of the indoline ring and
a five-membered ring system between the indoline and the
diketopiperazine ring (Fig. 1). These compounds are mainly
found in the genera Penicillium and Aspergillus of ascomycota.
All of the known natural products from this group have a
cis-configuration between H-2 and C3-prenyl moiety. Both o-
and B-configured C3-dimethylallyl residues have been identified
(Fig. 1). 5-N-acetylardeemin,? aszonalenin and epiaszonalenin
as well as their acetylated form™** belong to the first subgroup.
Examples of B-configured derivatives are roquefortines C and D,*”
fructigenines A and B (verrucofortine),*® rugulosuvines A and
B," brevicompanines A, B and C,"'* as well as amauromine."
Both o~ and B-configured C3-dimethylallyl residues are found
in the structure of epiamauromine derived from two tryptophan
molecules.”* Until now, more B-configured derivatives have been
isolated from fungal strains than the o-configured ones. C3-
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prenylated indolines have been reported to show diverse biological
activities.”

By using two indole prenyltransferases AnaPT and CdpNPT,
four aszonalenin stereoisomers were synthesised successfully
from (R)- and (S)-benzodiazepinedione.'® Seven C3-prenylated
pyrrolo[2,3-blindoles (2a—2f and 4) have been obtained by enzy-
matic conversion of six tryptophan-containing cyclic dipeptides
(1a-1f) with AnaPT (Scheme 1)." By using HPLC, only one
stereoisomer each was detected from the incubation mixtures with
the mentioned prenyltransferases. MS, CD and NMR analyses, in-
cluding nuclear overhauser effect spectroscopy (NOESY), showed
clearly that all of the isolated products of AnaPT reactions carried
an o-configured C3-dimethylallyl moiety. To expand the usage of
prenyltransferases for chemoenzymatic synthesis, we identified an
additional cyclic dipeptide C3-prenyltransferase (CdpC3PT) gene
from the genome sequence of Neosartorya fischeri. In contrast to
those of AnaPT, the products of CdpC3PT bear B-configured C3-
dimethylallyl residues. Here, we report the gene cloning, protein
overproduction and biochemical investigation of CdpC3PT.

Results and discussion

In the course of our investigation on indole prenyltrans-
ferases, one putative gene NFIA_074280 from the genome
sequence of Neosartorya fischeri NRRL181 raised our atten-
tion. NFIA_074280 spans bp 569563-570866 of DS027696.1
in GenBank. Its deduced product, EAW17508, comprises 423
amino acids and showed significant sequence similarity to
known indole prenyltransferases.'® NFIA_074280 and a putative

2430 | Org. Biomol. Chem., 2010, 8, 2430-2438

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/C000587H

Downloaded by Institute of Organic Chemistry of the SB RAS on 26 August 2010

Published on 22 March 2010 on http://pubs.rsc.org | doi:10.1039/C000587H

View Online

DMAPP

a-configured C3-prenylated
pyrrolo[2,3-b]indoles

cyclic dipeptides as
diketopiperazines

N CdpCaPT

N

DMAPP  PPi

B-configured C3-prenylated
pyrrolo[2,3-bjindoles

2aR'=H  R2=-CH,CH(CHa) 1aR'= “"H  R2=CH,CH(CH,); 3aRl= “H Rz:‘CstH(CHs)z
2bRi= M Rzzﬁ{,ﬁ@ 1B R'= RZ:A/‘Q@ WR=H R=g )
2Rz H g £ ) teR'= H ge £ ID) ser’= o o= L) on
2R’ M gee g T 1Rl g g LT sar'= o s 2 LT
2eR="=H gz L LT teRl=—H ge= L LT SR LR
26R'= H R2= 1R'= "H RZ=H
Scheme 1 Preparation of C3-prenylated pyrrolo[2,3-bJindoles by using recombinant prenyltransferases.

a-configured derivatives

N \ § C
N N N

'=.2 " 1/L—NH L NH ,KlN ’

QﬁN;@ mﬁf} \ L%Nf\%

acetylaszonalenin: R=COCH,
aszonalenin: R=H

epi-aszonalenin A: R=COCHj3
epi-aszonalenin C: R=H

{ /

(o]
3 4
C%?““” Crr ™
N N NN
R H

o N o
[

. N N i R
roguefortine C roquefortine D rugulosuvine A: R=H
4 H 4 H rugulosuvine B: R=COCH3y

5-N-acetylardeemin

-configured derivatives

(=fructigenine A)

/ /

o] H
/%NH IR E
2
N\ N D
i f 5

verrucofortine
(=fructigenine B)

brevicompanine A: R=CH,CH,CH;
brevicompanine B: R=CH;CH(CH;)2
brevicompanine C R=CH{CH,),

amauromine \\

a- and B-configured derivative

/,
- e H
N
I Ja 18

N™2 i
HE o L

H (o]

=

epiamauromine \

Fig.1 Examples of C3-prenylated pyrrolo[2,3-blJindoles.

non-ribosomal peptide synthetase (NRPS) gene NFIA_074300
are separated from each other by only 3.9 kb (Fig. 2) and could
therefore belong to a same gene cluster for a secondary metabolite.
The deduced product of NFIA_074300, EAW17510, showed
a similar domain structure as the cyclic dipeptide synthetase
FtmPT1 (brevianamide F synthetase) involved in the biosynthesis
of fumitremorgins,” i.e. ATCATC (A: adenylation; T: thiolation

and C: condensation), and could therefore be responsible for
the formation of a cyclic dipeptide. Thus, we speculated that
EAW17508 would function as a cyclic dipeptide prenyltransferase.
By sequence comparison and analysis, it was neither possible to
propose the natural substrate for the putative prenyltransferase,
nor its prenylation pattern, i.e. regular or reverse, or prenylation
position at the indole ring. The end product encoded by this
cluster is also unknown. One putative cytochrome P450 oxi-
doreductase gene NFIA_074290 is located between the putative
prenyltransferase gene NFIA_074280 and the putative NRPS gene
NFIA_074300. Orthologous genes, i.e. pc21g15430, pc21g15470
and pc2lgl15480, with sequence identities of 67, 60 and 59%
on the amino acid level to NFIA_074280, NFIA_074290 and
NFIA_074300, respectively, have been identified in the genome
sequence of Penicillium chrysogenum (Fig. 2).** Three additional
genes pc21gl15440, pc21g15450 and pc21g15460 are located be-
tween pc2lgl15430 and pc21g15470, indicating that the product
encoded by the cluster from P. chrysogenum is very likely different
from that in N. fischeri.

To prove the function of EAW17508, ie. CdpC3PT, the
coding region of NFIA_074280 was amplified by homologous
recombinant DNA technique through three rounds PCR.?*! The
PCR fragment consisting exclusively of the two exons was cloned
via pGEM-T easy vector into pQE60 to create the expression
construct pWY25 (see Experimental section). Soluble proteins
were obtained from transformants of E. coli cells harbouring
pWY25 after 6 h induction by 0.5 mM of IPTG at 37 °C. His,-
CdpC3PT was purified with Ni-NTA agarose to near homogeneity
as judged by SDS-PAGE (Fig. 3) and a protein yield of 7 mg of
purified His,-tagged CdpC3PT per litre of cultures was obtained.
A major protein band with migration near the 45 kDa size marker
was observed, which corresponded well to the calculated value of
47.6 kDa for His,-CdpC3PT.

In analogy to AnaPT,"® the purified CdpC3PT (1.3 puM)
was incubated with five tryptophan-containing cyclic dipeptides
(la-1d and 1f) (1 mM) in the presence of DMAPP (2 mM)
for different time. HPLC analysis of the incubation mixtures
(Fig. 4) showed that all of the five substrates were accepted by
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Fig. 2 Putative clusters containing cdpC3PT and its orthologue from Neosartorya fischeri (A) and Penicillium chrysogenum (B).
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Fig.3 Purification of CdpC3PT as a Hiss-tagged protein. The 12% (w/v)
SDS polyacrylamide gel was stained with Coomassie brilliant blue G-250.
Lanes 1: molecular mass standard; 2: total protein before induction; 3:
total protein after induction; 4: purified His,- CdpC3PT.

CdpC3PT. In all the cases, product formation has been clearly
observed already after incubation for 1 h (Fig. 4) and was
dependent on the presence of active protein and DMAPP (data
not shown). Increasing of product formation with extension of
incubation time has also been observed. After incubation for 24 h,
conversion rates of 31, 12, 6, 30 and 37% were determined for
cyclo-L-Trp-L-Leu (1a), cyclo-L-Trp-L-Trp (1b), cyclo-L-Trp-L-Phe
(1¢), cyclo-L-Trp-L-Tyr (1d) and cyclo-L-Trp-Gly (1f), respectively,
which were calculated from the 'H-NMR signal intensity of
the enzymatic products and remained respective substrate in the
reaction mixtures (see Experimental section). One product peak
each was detected for 1a, 1c, 1d and 1f (Fig. 4). In the HPLC
chromatogram of the incubation mixture of 1b (Fig. 4), two
product peaks have been observed.

For structure elucidation, the enzymatic products were isolated
on a preparative scale and substances in the range of 0.2—-1 mg were
subjected to high resolution ESI-MS and NMR analyses. HR-ESI-
MS (Table 1) confirmed the presence of one dimethylallyl moiety in
the structures of 3a-3d and 3f by detection of [M+1]" or [M+Na]*
ions, which are 68 daltons larger than those of the respective
substrates. The assignments of the NMR data listed in Table 2 were

Table 1 HR-ESI-MS data of the enzymatic products

HR-ESI-MS data Deviation
Chemical
Comp. Formula Calculated Measured  ppm
3a C»HyN;0, 368.2338 [M+1]* 368.2362 6.5
3b C;;HxN,O, 441.2291 [M+1]* 441.2308 3.9
3c C;sHyN;O,  402.2182 [M+1]* 402.2216 8.4
3d CysHy; N0, 418.2131 [M+1]* 418.2112 4.5
3f CisH;N;O,  334.1531 [M+Na]*  334.1540 2.7
4b C;,HyN,O, 509.2917 [M+1]* 509.2920 0.6

verified by analysing the 'H-"*C heteronuclear single-quantum
correlation (HSQC) and heteronuclear multiple bond correlation
(HMBC) spectra (Figures S1-S6, ESIT). Comparison of the 'H-
NMR data of the isolated products 3a-3d and 3f (Table 2) with
those of the respective substrates (data not shown) revealed clearly
the presence of signals for a reverse dimethylallyl moiety in the
spectra of the isolated compounds at 5.08-5.14 (d or dd) for H-1,
5.95-5.98 (dd) for H-2’, 1.00-1.01 ppm (s) for H-4" and 1.11-1.13
(s) for H-5", respectively. The signals of H-2 were strongly upfield
shifted from approximately 7.0-7.2 in the spectra of the substrates
to 5.50-5.56 ppm in the spectra of the enzymatic products (Figures
S1-S6, ESIY). This indicated that the prenylation has very likely
taken place at position C3 of the cyclic dipeptides and pyrrolo[2,3-
blindole derivatives were formed during the enzymatic reactions.
Cross peaks in the HSQC spectra of 3a—3d and 3f revealed that
the singlets of H-2 at 5.5 ppm correlated with the signals of C-2 at
77.5-77.6 ppm, proving the disappearance of the double bonds
between C-2 and C-3 of the indole rings in the structures of
3a-3d and 3f. HMBC spectra showed clear connectivity from H-2
to C-11, which is conducted by the formation of a chemical bond
between C-2 and N-12 of the diketopiperazine ring. Furthermore,
HMBC spectra showed strong connectivities from H2 to C3’, H4’
to C3, and H5" to C3. These results proved that the structures of
3a-3d and 3f are indeed C3-prenylated indolines with a fused five-
membered ring between the indoline and diketopiperazine ring.
This means that CdpC3PT catalysed, in analogy to AnaPT," the
reverse C3-prenylation of tryptophan-containing cyclic dipeptides
and meanwhile the formation of a pyrrolo[2,3-blindole structure.

The "H-NMR spectra and the assigned chemical shifts of 3a-3d
and 3f (Table 2) are similar to those of 2a-2d and 2f (Scheme 1)
reported previously.” Without considering the NOESY spectra,
however, clear differences of chemical shifts were found for H-
2 and H-10,,,. The chemical shifts of H-2 in 3a-3d and 3f were
detected at approximately 5.5 ppm, while those of 2a-2d and 2f
with a-configured C3-prenyl moieties at approximately 5.4 ppm."s
The chemical shifts of H-10,,, in 3a—3d and 3f are found from 2.52
to 2.56 ppm, about 0.3 ppm upfield shifted in comparison to those
of 2a-2d and 2f at 2.79 to 2.84 ppm.* These data indicated that the
structures of 3a-3d and 3f differ from those of 2a-2d and 2f very
likely by different configurations at C-2 and C-3 of the indoline
rings.

Unambiguous proof of the stereochemistry was provided by
NOESY experiments for 3a-3d and 3f (Table 3). Strong NOE
correlations between H-2 and the protons of the prenyl moiety,
i.e. H-2’, H-4’and H-5", proved the cis-configuration between H-2
and C3-prenyl moieties of the indoline rings.

For compounds 3a-3d and 3f, only very weak NOE correlation
was observed between H-2 and H-11. In the cases of 2a-2d and
2f, the NOE correlation for these protons was determined as
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Fig.4 HPLC chromatograms of incubation mixtures of five tryptophan—
containing cyclic dipeptides with recombinant CdpC3PT. Detection was
carried with a diode array detector and illustrated for absorption at 254 nm.

medium. Moreover, H-10,,; in 3a-3d and 3f instead of H-
10,, in 2a-2d and 2f" showed medium or strong NOE
correlations with protons of the prenyl moiety (Table 3). H-10,,,

in 3a-3d and 3f as well as 2a-2d and 2f showed strong correlation
with H-11. The correlations observed for 2a—2d and 2f between
H-11 and those of the prenyl group were not detected in 3a-3d
and 3f. From the results of NOE correlations, we concluded that
H-2 and C3-prenyl moiety must be substituted on the opposite
side to H-11. This demonstrated that, in contrast to 2a-2d and
2f, 3a-3d and 3f carry B-configured C3-dimethylallyl moieties
as illustrated in Table 2 and Scheme 1. The steric hindrance of
the B-configured prenyl residue makes the indoline ring bend in
opposite direction and causes a spatial proximity between H4
and H10,,,. This is confirmed by the observation of strong NOE
correlation between these two protons (Table 3).

The NMR data of 3a and 3c corresponded also well to
those reported for brevicompanine B** and rugulosuvine A,”
respectively.

The second product peak 4b of cyclo-L-Trp-L-Trp (1b) (Fig. 4)
was also isolated by repeated chromatography and subjected to
MS analysis. The positive HR-ESI-MS of 4b showed an ion at
m/z 509.2920 (Table 1), which could be interpreted as [M+1]* of a
diprenylated derivative with a molecular mass 136 daltons larger
than that of the substrate.

The '"H-NMR spectrum of 4b showed signals of two identical
tryptophanyl moieties, which are reversely prenylated at position
C3 of the indoline rings. C3-diprenylated derivatives of cyclo-
L-Trp-L-Trp containing two pyrrolo[2,3-bJindole systems have
been reported, e.g. amauromine (Fig. 1) from Amauroascus sp*
and epiamauromine (Fig. 1) from Aspergillus ochraceus.™* 'H-
NMR data of 4b (Table 2) corresponded perfectly to those of
amauromine,” indicating that 4b has an identical structure as
amauromine or both compounds are enantiomers. The absolute
configuration of 4b was not determined in this study. However, it
can be expected that the symmetrical 4b was formed by a second
prenylation and cyclisation of 3b under the catalysis of CdpC3PT
(Scheme 1). Therefore, both tryptophanyl moieties must have the
same configuration as in 3b. Therefore, 4b and amauromine have
same configuration as illustrated in Fig. 1 and Scheme 1.

The results provided in this study proved that both AnaPT and
CdpC3PT catalyse the formation of indoline derivatives carrying
fused five-membered rings with a cis-configuration. However,
they introduced the ring system from opposite sides. Similar as
observed with AnaPT,'>'¢ the reaction catalysed by CdpC3PT
includes at least three steps, i.e. attachment of a reverse prenyl
moiety to C3 of the indole ring, breaking of the double bond
between C2 and C3 and the formation of a C—N bond between C2
and N12. The detailed mechanism of this reaction is unknown.
As proposed for AnaPT," it can be speculated that attacking of
dimethylallyl cation via its C3” to C3 of the indole ring of the cyclic
dipeptides would result in formation of an intermediate with a
positive charge at C2. Formation of a C-N bond between C2 and
N12 would lead to an intermediate with positive charge at N12,
which is to be converted to the enzymatic products by releasing of
a proton.

After structure elucidation of the enzymatic products,
CdpC3PT was characterised biochemically. For determination
of the dependence of the CdpC3PT activity on metal ions,
incubations of 1a with DM APP were carried out in the presence of
different metal ions at a final concentration of 5 mM. Incubations
with EDTA at a final concentration of 5 mM and without
additives were used as controls. Our results showed that product
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Table 3 NOE results of C3-prenylated pyrrolo[2,3-blindoles (with an
exception for 4b)

Protons Strength

H-2 to H-1" Weak

H-2 to H-2/ Strong

H-2 to H-4' Strong

H-2 to H-5 Strong

H-2 to H-11 Weak
H-10,,, to H-1" Weak
H-10,,, to H-2" Medium
H-10,,, to H-4’ Strong
H-10,,, to H-5" Strong
H-10,,, to H-11 Medium
H-10,,, to H-11 Strong
H-10,,, to H-4 Strong

H-11 to H-2’ Not observed
H-11 to H-4 Not observed
H-11 to H-5 Not observed

Table 4 Preliminary parameters of the tested substrates*

Substrate Ky/mM Keat/s™! ke/ Kyi/ M7 s7!
1a 2.1 0.085 40.5

1b 0.35 0.023 65.7

1c 0.22 0.027 122.7

1d 1.5 0.06 40.0

1f 5.5 0.078 14.2

DMAPP? 1.4 0.098 70.0

DMAPP* 1.6 0.035 21.9

“ Due to low solubility, the aromatic substrates were only tested up to I mM
(1b-1d) or 5 mM (1a and 1f). ® 1a as aromatic substrate. ¢ 1b as aromatic
substrate.

formation was independent of the presence of metal ions. Even in
the presence of the chelating agent EDTA, no decreasing of the
enzyme activity was detected, in comparison to that of incubation
without additives. This finding corresponded well to the behaviour
of other known prenyltransferases.'"® The enhancing effect of
Ca® on the activity of CdpC3PT seems stronger than other
prenyltransferases. Addition of Ca*, Mg* and Mn?* to the
reaction mixtures increased the enzyme activity to 400, 240 and
220% of that without additives, respectively.

For comparison of the behaviour of CdpC3PT towards the
cyclic dipeptides, kinetic parameters were determined for DM APP
and all of the five aromatic substrates by incubation with
CdpC3PT at 37 °C for 30 min. For this purpose, the dependence
of the product formation on incubation time had been proven and
found to be linear up to 30 min for 1a, nearly linear up to 30 min
for 1b and 45 min for 1¢, 1d and 1f (see please Figure S7, ESIT).
Michaelis—Menten constants (Ky,) as well as the turnover numbers
(k) were determined by Hanes-Woolf analysis and are given in
Table 4. The obtained values were also confirmed by Lineweaver—
Burk and Eadie-Hofstee analyses.

Using 1a and 1b as aromatic substrates, comparable K, values
for DMAPP were determined at 1.4 and 1.6 mM, respectively,
which are much higher than the Ky values of other cyclic
dipeptide prenyltransferases for DMAPP, e.g. FtmPT1 at 56 uM**
and AnaPT at 156 uM." However, the natural substrates were
used for determination of kinetic parameters of FtmPT1 and
AnaPT. In the case of CdpC3PT, the natural substrate is still
unknown. 1b and 1¢ were found to have similar Ky, values of

0.35 and 0.22 mM and turnover numbers of 0.023 and 0.027 s',
respectively (Table 4). 1a, 1d and 1f with Ky values of 2.1, 1.5
and 5.5 mM, respectively, showed much lower affinity towards
CdpC3PT than 1b and 1c. Interestingly, the turnover numbers of
these three substrates were two- to three-fold of those of 1b and
1c. Consequently, CdpC3PT showed similar catalytic efficiency
towards 1a, 1b and 1d with specificity constants k., /Ky of 40.5,
65.7 and 40 M s, respectively. Using 1c¢ as substrate, CdpC3PT
was found to have the best catalytic efficiency with a specificity
constant of 122.7 M™ s™. This value is however only 1.9% of
that of AnaPT at 6522 M s™' determined by using its natural
substrates DMAPP and (R)-benzodiazepinedinone.!

Conclusions

In this study, we described the cloning and biochemical in-
vestigation of a new indole prenyltransferase CdpC3PT, which
catalysed the reverse prenylation of cyclic dipeptides at position
C3 of the indole ring. Similar to AnaPT from the biosynthetic
gene cluster of acetylaszonalenin' from the same fungus, ie.
N. fischeri NRRL181, CdpC3PT showed also broad substrate
specificity and accepted all of the five tryptophan-containing
cyclic dipeptides tested. Both AnaPT and CdpC3PT catalysed
the formation of a five-membered ring between the original
indole and diketopiperazine rings with a cis-configuration between
H-2 and C3-dimethylallyl moiety. However, they introduce the
prenyl moiety from different sides, i.e. AnaPT from behind and
CdpC3PT from the front, so that two compounds with different
stereochemistry at position C2 and C3 could be obtained from
one substrate. They are therefore complement to each other
regarding the prenylation and expand their potential to be used
for chemoenzymatic synthesis.

Experimental section
Chemicals

Dimethylallyl diphosphate was prepared according to the method
described for geranyl diphosphate by Woodside.”® Cyclo-L-Trp-
L-Leu (1a), cyclo-L-Trp-L-Trp (1b), cyclo-L-Trp-L-Phe (1¢), cyclo-
L-Trp-L-Tyr (1d) and cyclo-L-Trp-Gly (1f) were purchased from
Bachem (Bubendorf, Switzerland).

Bacterial strains, plasmids and cultural conditions

pGEMT easy vector and pQE60 were obtained from Promega
(Mannheim, Germany) and Qiagen (Hilden, Germany), respec-
tively.

Escherichia coli XL1 Blue MRF’ (Stratagene) was used for
cloning and over expression experiments and grown in liquid or
on solid Luria-Bertani medium with 1.5% (w/v) agar at 37° C.*
Carbenicillin (50 pg mL™") was used for selection of recombinant
E. coli strains.

Neosartorya fischeri NRRL181 was kindly provided by ARS
Culture Collection (Peoria, Illinois USA).

Cultivation of NV. fischeri and DNA isolation

For DNA isolation, mycelia of N. fischeri from plates were
inoculated into 300 mL Erlenmeyer flask containing 100 mL YES
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media consisting of yeast extract (0.6% (w/v)), sucrose 0.2% (W/v)
(pH 5.8) and cultivated at 30 °C and 170 rpm for 48 h. DNA
isolation from N. fischeri was carried out according to the protocol
described by Ausubel et al.”’

DNA isolation, PCR amplification and gene cloning

Standard procedures for DNA isolation and manipulation were
performed as described.?

PCR amplification was carried out on an iCycler from BioRad
(Munich, Germany). The entire coding sequence of cdpC3PT
was obtained after three rounds PCR amplification by using
genomic DNA as template and Expand High Fidelity Kit (Roche
Diagnostics GmbH, Mannheim, Germany). The first round PCR
is used for amplification of the two exons. The primers for the first
exon were CdpC3PT_al (5-TCGTCTGATAAACCTCATCCT-
3’) at the 5-end and CdpC3PT_a2 (5- TCTGTGGCAATAGC-
CAAGTCCTCGCCAGGGTAATATGATTG CAGATTCTCC-
3) at the 3’-end. The primers for the second exon
were CdpC3PT_bl (5- GGGTCTACCCGGAGAATCTGCAAT-
CATATTACCCTGGCGAG GACTTGGCT-3') at the 5"-end and
CdpC3PT_b2 (5- AACAGGAAGGCACTAATAAGC-3’) at the
3’-end. Bold letters represent overlapping region of the two exons.
The PCR products of the first and second exon were mixed in
a molar ratio of 1:1 and used as template for a second round
of PCR to get a fragment consisting of the two exons with help
of the overlapping region. A third round PCR was then carried
out by using a nested primer pair and the PCR product from the
second round as template. The nested primers are CdpC3PT_for
(5-ATTCCATGGCAGTGTCGTCGACCG-3') at the 5’-end and
CdpC3PT_rev (5-GAAGATCTGTGGTAGTACATGGTCA-3’)
at the 3-end of the gene. Bold letters represent mutations inserted
in comparison to the original genome sequence to give the
underlined restriction sites Ncol located in the start codon in
CdpC3PT_for and BglII located in the predicted stop codon
in CdpC3PT_rev, respectively. A PCR fragment of 1286 bp
containing the entire coding sequence of cdpC3PT could be
amplified after the third round PCR. The PCR fragment was
cloned into pGEMT easy vector resulting in plasmid pWY24,
which was subsequently sequenced (Eurofins MWG Operon,
Ebersberg, Germany) to confirm the sequence. To create the
expression vector pWY25, pWY24 was digested with Ncol and
BglII and the resulted Ncol-BglII fragment of 1278 bp was ligated
into pQE60, which had been digested with the same enzymes,
previously.

Overproduction and purification of His,-CdpC3PT

For cdpC3PT expression, E. coli XL1 Blue MRF’ cells harbouring
the plasmid pWY25 were cultivated in 300 mL Erlenmeyer flasks
containing 100 mL liquid Luria-Bertani medium supplemented
with carbenicillin (50 ug mL™") and grown at 37 °C to an absorption
at 600 nm of 0.6. For induction, isopropyl thiogalactoside (IPTG)
was added to a final concentration of 0.5 mM and the cells were
cultivated for further 6 h at 37 °C before harvest. The bacterial
cultures were centrifuged and the pellets were resuspended in
lysis buffer (10 mM imidazole, 50 mM NaH,PO,, 300 mM
NaCl, pH 8.0) at 2-5 mL per gram wet weight. After addition
of 1 mg mL™ lysozyme and incubation on ice for 30 min,

the cells were sonicated 6 times for 10 s each at 200 W. To
separate the cellular debris from the soluble proteins, the lysate
was centrifuged at 13,000 x g for 30 min at 4 °C. One-step
purification of the recombinant Hiss-tagged fusion protein by
affinity chromatography with Ni-NTA agarose resin (Qiagen,
Hilden, Germany) was carried out according to the manufacturer’s
instructions. The protein was eluted with 250 mM imidazole in
50 mM NaH,PO,, 300 mM NaCl, pH 8.0. In order to change the
buffer, the protein fraction was passed through a NAP-5 column
(GE Healthcare, Freiburg, Germany), which had been equilibrated
with 50 mM Tris-HCI, 15% (v/v) of glycerol, pH 7.5, previously.
CdpC3PT was eluted with the same buffer and stored frozen at
—80 °C for enzyme assays.

Protein analysis and determination of molecular mass of active
His,-CdpC3PT

Proteins were analysed by SDS-PAGE according to the method of
Laemmli*® and stained with Coomassie brilliant blue G-250.

The molecular mass of the recombinant His,-CdpC3PT was
determined by size exclusion chromatography on a HiLoad 16/60
Superdex 200 column (GE Health Care, Freiburg, Germany),
which had been equilibrated with 20 mM Tris-HCl buffer (pH 7.5)
containing 150 mM NaCl. The column was calibrated with
dextran blue 2000 (2000 kDa), ferritin (440 kDa), aldolase
(158 kDa), conalbumin (75 kDa), carbonic anhydrase (29 kDa)
and ribonuclease A (13.7 kDa) (GE Health Care, Freiburg,
Germany). The proteins were eluted with 20 mM Tris-HCI buffer
(pH 7.5) containing 150 mM NaCl. The molecular mass of the
recombinant His,-CdpC3PT was determined as 130 kDa. This
indicated that CdpC3PT acts likely as a homotrimer.

Assay for CdpC3PT activity

For quantitative determination of the enzyme activity, the reaction
mixture (100 pL) contained 50 mM Tris-HCI (pH 7.5), 5 mM
CaCl,, 1 mM aromatic substrates, 1 mM DMAPP, 1.5% (v/v)
glycerol, and 0.07 uM of purified recombinant CdpC3PT. The
reaction mixtures were incubated at 37 °C and the reactions were
terminated by addition of 100 pul methanol per 100 pl reaction
mixtures. The protein was removed by centrifugation at 13,000 x g
for 20 min. The enzymatic products were analysed by HPLC under
conditions described below. For quantitative measurement of the
enzyme activity, duplicate values were determined routinely. For
determination of kinetic parameters of DMAPP, cyclic dipeptides
at 1 mM, DMAPP at final concentrations of 0.0, 0.16, 0.40, 0.81,
1.62 and 4.05 mM were used as substrates. For determination
of the kinetic parameters of cyclic dipeptides, DMAPP at a
final concentration of 5 mM was used. Due to low solubility,
concentrations of 1a and 1f up to 5.0 mM and 1b-1d up to | mM
were used.

Quantification of the enzymatic products

For quantification of the enzymatic products, CdpC3PT was
incubated in a large scale (10 mL) containing each of the five cyclic
dipeptides (1 mM), DMAPP (2 mM), CaCl, (5 mM), Tris-HCI
(50 mM, pH 7.5), glycerol 1.5% (v/v) and CdpC3PT (2 mg). The
reaction mixtures were extracted after incubation at 37 °C for 24 h
with ethyl acetate. After evaporation of the solvent, the residues of
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the ethyl acetate phase containing both enzymatic products and
substrates were subjected to '"H-NMR analysis. The conversion
rate of a given substrate was determined by comparison of the
integrals of the enzymatic product and the remained substrate in
"H-NMR spectra. The absorption coefficients of the enzymatic
products were then calculated by HPLC analysis of the samples
after NMR analysis.

Preparative synthesis of enzymatic products for structure
elucidation

The NMR samples for quantification of the enzymatic products
were then purified on HPLC under the conditions described below
for structure elucidation. The isolated products were subjected to
'"H-NMR, “C-NMR, 'H-'H COSY, 'H-"*C HSQC and HMBC as
well as high resolution electrospray ionization mass spectrometry
(HR-ESI-MS).

HPLC conditions for analysis and isolation of enzymatic products
of CdpC3PT

The enzymatic products of the incubation mixtures of CdpC3PT
were analysed by HPLC on an Agilent series 1200 by using a
LiChrospher RP 18-5 column (125 x 4 mm, 5 um, Agilent) at a
flow rate of 1 mL min™'. Water (solvent A) and methanol (solvent
B) were used as solvents. For analysis of enzymatic products, linear
gradients of 50-80% (v/v) solvent B in 10 min and then of 80—
100% (v/v) solvent B in 5 min were used. The column was then
washed with 100% solvent B for 5 min and equilibrated with 50%
(v/v) solvent B for 5 min. Detection was carried out by a Photo
Diode Array detector and illustrated at 254 nm in the figures in
this paper.

For isolation, the same HPLC equipment with a Multospher
120 RP-18 column (250 x 10 mm, 5 um, C+S Chromatographie
Service, Langenfeld, Germany) was used. Linear gradients of 50—
80% (v/v) solvent B in 10 min and then of 80-100% (v/v) solvent
B in 5 min at a flow rate of 2.5 mL min™ were used. The column
was then washed with 100% solvent B for 5 min and equilibrated
with 50% (v/v) solvent B for 5 min.

NMR experiments

Small amount (less than 1 mg) of each sample was dissolved in
0.2 mL of CDCl;. Samples were filled into Wilmad 3 mm tubes
from Rototec Spintec. Spectra were recorded at room temperature
on a Bruker Avance 600 MHz spectrometer equipped with an
inverse probe with z-gradient. The HSQC and HMBC spectra were
recorded with standard methods.” Gradient-selected NOESY
experiment® was performed in phase-sensitive mode. For all two-
dimensional spectra, 32 to 64 transients were used. For NOESY
spectra, a mixing time of 1.5 s and a relaxation delay of 3.0 s. '"H
spectra were acquired with 65 536 data points, while 2D spectra
were collected using 4096 points in the F, dimension and 512
increments in the F, dimension. Typical experiment time for the
HMBC and NOESY measurements was about 12 h. Chemical
shifts were referenced to CDCI;. All spectra were processed with
Bruker TOPSPIN 2.1.

Mass spectrometry

The isolated products were analysed by HR-ESI-MS with a Q-
Trap Quantum (Applied Biosystems).Positive HR-ESI-MS data
of the enzymatic products are given in Table 1.

Nucleotide sequence accession number

The nucleotide sequence of the genomic DNA from Neosartorya
fischeri NRRL181 reported in this study is available at GenBank
under accession number DS027696. The coding sequence of
cdpC3PT is available at GenBank under the name NFIA_074280.
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