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Abstract: Resistoflavin (1) is a rare boat-shaped pentacyclic polyketide metabolite of Streptomyces
resistomycificus with marked antibacterial activity. By a series of experiments we have disclosed that the
optically active molecule is derived from the discoid polyketide resistomycin (2) by an unusual, enantioface-
differentiating hydroxylation, which leads to the capped pentacyclic ring system. In vivo and in vitro
experiments unequivocally demonstrate that this reaction is catalyzed by RemO, an FAD-dependent
monooxygenase. In addition, we were able to establish the absolute configuration of 1 and thus the
stereochemical course of this rare enzymatic reaction by extensive computational methods. Comparison
of the experimental CD spectrum with those quantum chemically calculated for (R)-1 and (S)-1 revealed
the R-configuration of 1. Consequently, the enzyme-catalyzed hydroxylation takes place from the Re-face
of 2 with loss of aromaticity in favor of a chiral carbinol center. While other oxygenases involved in polyketide
tailoring functionalize the periphery of polyphenols, RemO is unique in its ability to catalyze a central,
nonperipheral hydroxylation of a fused ring system.

Introduction

Aromatic polyketides from Actinomycetes comprise a large
group of metabolites, many of which are medicinally relevant.1,2

A hallmark for their biosynthesis is the assembly of poly-â-
keto chains from malonyl-CoA units by repetitive Claisen
condensations. Aromatic polyketide synthases (type II PKSs)
represent the core and motor of this biosynthetic machinery.3,4

It is remarkable that the multienzyme complex utilizes only a
limited number of biosynthetic building blocks and only a few
basic cyclization patterns are realized in nature, as cycloaro-
matization of the nascent poly-â-keto intermediates generally
leads to planar polyphenolic ring systems (linear, angular,
discoid).5 Consequently, the vast diversity of aromatic polyketides
is largely a result of so-called tailoring reactions catalyzed by
various types of transferases and oxygenases.6 Many oxidative
post-PKS enzymes catalyze intriguing ring-opening and rear-
rangement cascades that lead to three-dimensional structures,
as impressively demonstrated in the biosynthetic pathways of

enterocin,7,8 griseorhodin,9 gilvocarcin,10 jadomycin,11 char-
treusin,12 and fredericamycin.13 Apart from such dramatic
multistep reactions, a single hydroxylation may already intro-
duce a significant twist into a planar ring system. This is clearly
the case when the aromaticity of a polyphenolic system issat
least partiallyslost by hydroxylation in favor of a chiral carbinol
center. Such regio- and stereospecific enzymatic reactions are
particularly interesting from a synthetic point of view as they
cannot be emulated by the currently existing chemical rea-
gents.

A remarkable example of a nonplanar, oxofunctionalized
polyketide is the “hood”- or “boat”-shaped resistoflavin (1,
Figure 1), a pentacyclic polyphenol with a marked inhibitory
effect on macromolecule synthesis inBacillus subtilis.14 Com-
pared to the related flat, “discoid” polyketide resistomycin (2),
the pentacyclic ring system of1 is clearly out of plane
surmounted by the central hydroxyl moiety.
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After the first discovery of1 from the culture of an
unidentified Actinomycete by Eckardt and co-workers in
1970,15-17 it was reisolated together with itsO-methyl derivative
from various terrestrial and marine-derivedStreptomycesspe-
cies, includingStreptomyces griseoflaVus and Streptomyces
resistomycificus.18-20 Isotope labeling studies by Ho¨fle and Wolf
clearly established a polyketide origin of1.19 The structure of
1 suggests that this chiral compound is a derivative of the flat,
achiral polyphenol resistomycin (2). However, neither the exact
biosynthetic pathway to the optically active polyphenol nor its
absolute configuration has been established to date.

Here we disclose the role of a monooxygenase, RemO, in an
unprecedented central, nonperipheral hydroxylation of the planar
pentacyclic resistomycin ring system leading to a pseudo-boat-
shaped molecule. In addition toremO deletion and comple-
mentation experiments, we reconstitute the biotransformation
in vitro. Furthermore, we disclose the stereochemical course of
the oxygenation by comparison of the circular dichroism (CD)
spectrum obtained experimentally with the spectra quantum
chemically predicted for each of the two possible enantiomers.

Results and Discussion

In the course of our molecular studies on the biosynthesis of
resistomycin (rem), we noted that downstream of therem locus
encoding polyketide formation (remA-L), a second operon is
located, which features a putative oxygenase gene,remO(Figure
2).5 The deduced gene product shows the highest similarity/
identity scores to FAD-dependent monooxygenases fromNi-
trobacter hamburgensis(48/63, EAN59431) andAgrobacterium
tumefaciens(48/66, AAL43591). RPS-BLAST of the deduced
amino acid sequence revealed an FAD binding region (pfam-
01494) at theN-terminus of RemO and a conserved monooxy-

genase region (pfam01360) at itsC-terminus. In the fermentation
broths of bothS. resistomycificusand aStreptomyces liVidans
TK23 transformant bearing cosmid pKJ05,1 was detected by
HPLC/MS, albeit only in low amounts of 0.5-5.0 mg L-1

(Figure 3c,d). To establish the function ofremO, theremgene
cluster lacking the second operon was subcloned and expressed
in a heterologous host (S. liVidansTK23). An 11.9 kbSnaBI/
EcoRV fragment containing the gene cassetteremQ-E was
excised from pKJ05, subcloned, and ligated into theSwaI site
of theE. coli-Streptomycesshuttle vector pKJ01. The resulting
plasmid (pKJ98, Figure 2) was introduced into the expression
hostS. liVidansTK23 by PEG-mediated protoplast transforma-
tion. A selected positive transformant (S. liVidansTK23/pKJ98)
was cultivated on R5 plates supplemented with thiostrepton.

The metabolic profile was monitored by HPLC and mass
spectrometry using authentic samples as references. While
resistomycin was clearly produced by the transformant, re-
sistoflavin was not detectable (Figure 3e). This demonstrates
that the absent genesremM-P are not required for resistomycin
biosynthesis, and suggested that they are involved in the
formation of1. The requirement forremOfor the biosynthesis
of 1 was proven by subsequent complementation and biotrans-
formation studies. First, a 1.4 kb genomic region containing
the entireremO gene together with its ribosome binding site
was amplified by PCR using primers KJrem05 and KJrem06
for introducing flanking BamHI and EcoRI sites and was
subcloned into pGem for sequencing. The 1.4 kbBamHI/EcoRI
fragment was then cloned into the respective sites in pWHM4*
downstream of the constitutiveermEpromoter, yielding expres-
sion plasmid pKJ57. We expected that higher titers of RemO
would increase the amount of resistoflavin produced. Surpris-
ingly, coexpression ofremOwith the remA-L cassette as well
as introduction of the plasmid pKJ57 into the wild-type producer
S. resistomycificusdid not give clear results. Also feeding2 to
a strain expressingremO (S. liVidans TK23/pKJ57) was
unsatisfactory, as only partial conversion was observed. We then
noted that1 is readily degraded under fermentation conditions
to give2. Thus, we aimed at in vitro biotransformations using
heterologously produced RemO. InitiallyremOwas cloned into
expression vectors pRSET and pMalc2x for overexpression of
the fusion proteins inE. coli. Production of His6-tagged RemO
in E. coli BL21 yielded an insoluble enzyme preparation only.
By contrast, the MalE-RemO fusion protein was obtained as
a soluble fraction (Figure S1 in the Supporting Information)
and could be purified using an amylase column. The protein
fraction was subjected to a tryptic fingerprint and MALDI-TOF
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Figure 1. Structures of pentacyclic polyketides produced byS. resisto-
mycificus.

Figure 2. Organization of therem gene locus. Deduced gene functions:
RemA-C, min PKS; RemD, PPTase; RemE, MCAT; RemF,I,L, cyclases;
RemG,H, methyl transferases; RemJ, kinase; RemK, unknown; RemM,P-
R, regulators; RemN, efflux protein; RemO, oxygenase.

Figure 3. HPLC profiles of extracts and references: (a) reference of2,
(b) reference of1, (c) S. resistomycificus, (d) S. liVidansTK23/pKJ05, (e)
S. liVidans TK23/pKJ98, (f) S. liVidans TK23/pWHM4* + 2, cell-free
extract, (g)S. liVidansTK23/pKJ57+ 2, cell-free extract.
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analysis, which confirmed the identity of RemO as well as the
deduced amino acid sequence from theremO gene. Unfortu-
nately, the MalE-RemO fusion protein was not capable of
hydroxylating2, which may be rationalized by the blockage of
the FAD binding site by the maltose binding protein portion
(see Figure S2 in the Supporting Information). Cleavage of the
maltose binding protein was hampered by the presence of an
additional factor Xa cleavage site within the RemO sequence.
We thus focused on RemO produced by aStreptomyceshost.
The best results were obtained by a cell-free extract of RemO
producingS. liVidansTK23/pKJ57, obtained by ultrasonication
of harvested mycelium. Compound2 was quantitatively trans-
formed into 1 in PBS buffer using the supernatant of the
disintegrate supplemented with FAD and NADH (Figure 3g).
The negative control, a cell-free extract of a strain containing
the empty vector only, was not capable of this biotransformation,
clearly confirming the functional proof of RemO (Figure 3f).

Our in vitro results unequivocally demonstrate that1 origi-
nates from a central enzymatic hydroxylation of2. In analogy
to other FAD-dependent phenolic hydroxylases,21,22we propose
that the distal oxygen of flavin C4a-hydroperoxide (FADH-
OOH)23 functions as an electrophile attacking the central carbon
of the discoid2. However, it should be emphasized that RemO
differs from all other known polyketide-modifying oxygenases,
which exclusively functionalize the periphery of polyphenolic
ring systems. Considering the pseudosymmetric structure of2,
we were particularly interested in gaining insight into the
stereochemical course of the reaction. We thus aimed at
assigning the absolute configuration of1, which had not been
determined to date. Due to the unprecedented structure of
resistoflavin (1), which does not permit empirical comparison
of its CD spectrum with that of any other chiral compound of
known configuration, the CD spectra for each of the two possible
enantiomers of1 were predicted by quantum chemical calcula-
tions and then compared with the experimental one. Arbitrarily
starting with theR-enantiomer of1, a conformational analysis
was carried out at both the semiempirical (AM1)24 and the DFT
(RI-BLYP/SVP)25-27 levels. The AM1-based computations
revealed that the three “outer”, phenolic hydroxy functions adopt
only one energetically preferable orientation, with strong
hydrogen bonds (dH-O ) ca. 1.98 Å) to the adjacent respective
carbonyl groups, while the inner/interior, bisbenzylic hydroxy
group was found to have three possible alignments toward the
available carbonyl groups, all being at the same distance. For
ring II (for ring numbering see Figure 4) the AM1 calculations
predicted two conformations: an energetically favored pseudo-
twist-boat geometry with the keto group lying in the plane of
the phenyl ring V and, in the case of the central hydroxy group
being oriented toward the carbonyl function, a pseudoboat array
with the carbonyl group being directed above the plane of ring
V. The four conformers thus obtained were further optimized

using density functional theory in combination with the resolu-
tion-of-identity approximation (RI-BLYP/SVP).25-27 In this
case, no minimum corresponding to the pseudoboat conforma-
tion was found, thus diminishing the number of conformers for
the subsequent CD calculations to three geometries (Figure 4).

The CD and UV spectra of these conformers were calculated
by using the semiempirical CNDO/S28-31 approach and the time-
dependent DFT (TDDFT) method using Becke’s hybrid exchange-
correlation B3LYP32,33 functional and a TZVP34 basis set
(triple-ú valence basis set including polarization functions).
Overall theoretical spectra were then obtained by adding the
single spectra thus calculated, in a Boltzmann-weighted way,
i.e., according to the heats of formation of the respective
conformer.

Combining high accuracy with computational efficiency,
time-dependent DFT CD calculations have recently become an
important tool for the assignment of the absolute configuration
of small- and medium-sized molecules.35-37 In the present paper
the results of the semiempirical CNDO/S calculations are
therefore not considered extensively, while the TDDFT-
computed data will be discussed in more detail.

The experimental CD spectrum of1 appears highly complex,
and although it showed a significant resemblance to the CNDO/
S-based CD spectrum simulated for theR-enantiomer of1, some
of the experimental features were not reproduced correctly. In
detail, a broad band with a positive Cotton effect near 400 nm
and a strongly negative band observed at 198 nm were not
simulated by the calculations, and the weak peaks at 260 and
275 nm were even predicted with opposite signs (Figure 5).

Therefore, the molecule was submitted to further calculations
at a higher level of theory by using the time-dependent DFT
method. The CD and UV spectra calculated for the three minima
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Figure 4. Results of the AM1/BLYP(SVP)-based conformational analysis
of 1: superposition of the three minimum geometries of1 differing in the
orientation of the inner hydroxy group (arbitrarily for the enantiomer with
the OH group above the plane, i.e., withR-configuration).
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of 1 were now found to be very similar, differing only in the
positions of the respective transitions. The most important
transitions with the corresponding oscillator,f, and rotatory,R,
strengths of the three conformers are listed in the Supporting
Information (see Tables S1-S3).

The calculations showed that the overall UV spectrum is red-
shifted in comparison to the experimental one by 0.20 eV (i.e.,
12 nm), with respect to the most intensive UV band, which
could be due to a systematic underestimation of the excitation
energies in TDDFT (B3LYP)39 (Figure 6). The low-intensity
band with the maximum observed at 383 nm could be correlated
with the HOMO-LUMO (102-103) excitation atλcalcd ) 411
nm (Table S1 and Figure 7). This excitation gives rise to the
first Cotton effect in the calculated CD spectrum, which has a
positive sign as in the experimental CD spectrum (Figure 8).
An assignment of the most intense band observed at 264 nm
with a shoulder (near 288 nm) was complicated by the presence
of many excited states with highf values predicted in the region
of 326-266 nm; however, all of them are characterized by the
dominating transitions to the molecular orbital 105, which is a

π*-type orbital with the main contributions on the carbonyl
group of ring II and two hydroxy functions of ring V (Figure
7).

In the experimental CD spectrum a broad negative band near
325 nm was correlated with the calculated transitions at 361,
339, 326, and 311 nm, representing mainly the excitations to
MOs 103 (LUMO) and 104 (LUMO+ 1), the latter one being
a π* orbital with large contributions of the functionalities in
the “western” part of molecule1 (Figures 7 and 8). The next
low-intensity CD band observed at 275 nm was assigned to the
calculated one at 292 nm, although the predicted intensity is
too high. This absorption predominantly arises from aπring-
πCdO,C-OH excitation occurring from molecular orbital 101 to
the LUMO + 2 (105) (see also Figure S3 in the Supporting
Information). The negative Cotton effect at 260 nm was
correlated with the calculated one at 272 nm, which has a
multiconfiguration character (Table S1). The following four
experimental bands were well reproduced by the calculations,
too, although their unambiguous assignment to particular
calculated states was not possible.
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Figure 5. Comparison of the experimental CD spectrum of1 (in methanol)
with the CNDO/S-based CD curves predicted for its two enantiomers, (R)-1
and (S)-1. By “UV correction”,38 the calculated spectra were red-shifted
by 0.34 eV (i.e., 18 nm).

Figure 6. Experimental and B3LYP-predicted UV spectra of1. The red
dotted curve presents a Boltzmann-weighted UV profile. The sticks indicate
the positions and the oscillator strengthsf of the calculated states of the
global minimum of1 (conf1).

Figure 7. Highest occupied molecular orbital (102) and the lowest three
unoccupied molecular orbitals (103-105).

Figure 8. Comparison of the experimental CD spectrum of1 with the
computationally predicted ones (B3LYP/TZVP). The red and blue dotted
curves represent Boltzmann-weighted CD spectra with a blue shift of 0.20
eV (i.e., 12 nm). The sticks indicate the shifted positions and the rotatory
strengthsR of the calculated states of the global minimum.
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The B3LYP/TZVP-calculated CD spectrum for (R)-1, finally,
showed a very good agreement with the experimental curve,
reproducing all features. Accordingly, the spectrum predicted
for (S)-1 nicely displayed an opposite behavior, thus clearly
assigning the absolute configuration of naturally occurring
resistoflavin (1) asR. See Figure 9.

Conclusions

In summary, by in vivo and in vitro experiments we have
disclosed the function of RemO as an FAD-dependent mo-
nooxygenase involved in resistoflavin biosynthesis. The suc-
cessful in vitro biotransformation assay using heterologously
expressedremO revealed that the pseudo-boat-shaped penta-
cyclic ring system of resistoflavin (1) is derived from a
stereospecific interior, nonperipheral hydroxylation of the planar
polyphenol resistomycin (2). In addition, we were able to
establish the absolute configuration of1 and thus the stereo-
chemical course of this rare enzymatic reaction by extensive
computational methods. Comparison of the CD spectra calcu-
lated for (R)-1 and (S)-1 with the experimental CD spectrum of
resistoflavin unequivocally established itsR-configuration.
Consequently, the enzyme-catalyzed hydroxylation takes place
from theRe-face of2 with loss of planarity/aromaticity of ring
I. While other oxygenases involved in polyketide tailoring
functionalize the periphery of polyphenols,40 RemO is unique
in its ability to catalyze a central, nonperipheral hydroxylation
of a fused ring system. Thus, RemO is an important new
addition to the present chemoenzymatic toolbox. Further
biochemical studies are in progress, which will reveal factors
controlling substrate binding and the detailed mechanism of
stereospecific oxygen transfer.

Experimental Section

General Procedures.Flash chromatography was performed using
a CombiFlash RETRIEVE system by Teledyne Isco, Inc., Lincoln, NE,
with 120 g RediSepsilica columns. Preparative HPLC was performed
on a Shimadzu HPLC system with a UV detector using a Waters
Spherisorb S5ODS2 250× 20 column (flow rate 18 mL min-1).
Analytical HPLC was carried out on a Shimadzu HPLC system
consisting of an autosampler, high-pressure pumps, a column oven,

and a DAD. HPLC conditions: C18 column (Nucleosil 100, 5µm,
125× 3 mm) and gradient elution (1:99 MeCN/0.1% TFA/H2O in 30
min to 100:0 MeCN/0.1% TFA/H2O, 100% MeCN for 10 min), flow
rate 1 mL min-1.

DNA manipulation, transformation procedures, and fermentation
were performed according to standard protocols.38 All plasmids were
introduced into expression hostS. liVidansTK23 orS. resistomycificus
by PEG-mediated protoplast transformation.

Isolation and Purification of Resistoflavin (1). Cultures of S.
resistomycificuswere fermented in M10 medium (with a total volume
10 L) for 4 d at 28°C with shaking at 140 rpm. The crude extract
obtained from exhaustive ethyl acetate extraction of mycelium and broth
was purified by open-column flash chromatography on silica using a
CHCl3/MeOH gradient as the eluent (flow rate 30 mL min-1). Fractions
containing resistoflavin were further purified by preparative HPLC
(isocratic 60% MeCN/40% 0.1% TFA, flow rate 18 mL min-1, UV
detection at 268 nm). Final purification was achieved by size-exclusion
chromatography using a Sephadex LH-20 column with CHCl3/MeOH
(1:1) as eluent. Yield: 25 mg of pure1. The identity of resistoflavin
was confirmed by NMR and HPLC/MS analysis using an authentic
sample generously provided by Prof. H. Laatsch, Go¨ttingen, Germany.

Heterologous Expression ofremBiosynthesis Genes.The truncated
rem gene clusterremQ-E was generated by excision of an 11.9 kb
SnaBI/EcoRV fragment from pKJ05 subcloned and ligated into theSwaI
site of pKJ01,5 yielding pKJ98.remO was amplified by PCR using
primers KJrem05 (CGG GAT CCG TCA TCC CGC TCA TTC,BamHI
site italic) and KJrem06 (CGG AAT TCG GTG GTC GAC ACC ATC
T, EcoRI site italic) using the cosmid clone pKJ05 as template and
cloned into pGem-T Easy for subcloning and sequencing. The 1.4 kb
BamHI/EcoRI fragment was then ligated into the corresponding sites
of pWHM4* downstream of the constitutiveermE promotors. The
resulting plasmid pKJ57 was introduced intoS. liVidansTK23 by PEG-
mediated protoplast transformation. The resulting transformant was
selected and cultured on 2CM medium supplemented with thiostrepton
for harvesting spores. In analogy the negative controlS. liVidansTK23/
pWHM4* was generated. For feeding experiments, resistomycin (each
0.5 mg, dissolved in DMSO) was added to 50 mL cultures and grown
for 4 d at 30°C at 200 rpm. Crude ethyl acetate extracts were dried,
the solvent was evaporated, and the residue was dissolved in methanol
(0.5 mL) for HPLC/MS monitoring (see below).

Overexpression of RemO/MalE-RemO in E. coli and MALDI-
TOF Analysis. ORF remO was amplified by PCR using primers
RemOfw (AAG ACC GAG GCC CAG) and RemOrv (TCA GGA CAC
GTG CTC AGG AC) using cosmid clone pKJ05 as template and cloned
into pMOSBlue for sequencing prior to ligation into pRSET and
pMALc2x, respectively. PCR reaction was performed using Triple-
Master polymerase mix as described by the manufacturer (Eppendorf).
For expression of RemO,E. coli BL21 (DE3), transformed with the
appropriate vector, was precultured overnight. A 500µL portion of an
overnight culture was inoculated into 50 mL of LB containing
ampicillin. The culture was grown at 37°C to an OD600 of 0.5, and
then expression of protein was induced by the addition of IPTG. Cell
growth continued for 4 h at 30°C.

In-gel digestion of MalE-RemO was performed as described
previously.41 The tryptic peptides were recovered from the resulting
particles with 20µL of 50% acetonitrile/0.1% TFA (1:1), assisted by
ultrasonication. For MALDI-TOF-MS analysis, 3µL of the sample was
mixed with 3µL of matrix [saturatedR-cyano-4-hydroxycinnamic acid
in acetonitrile/0.1% TFA (3:7)].

In Vitro Hydroxylation of 2 and Monitoring of 1 Production.
To prepare the protein crude extracts containing RemO,S. liVidans
TK23/pKJ57 was cultivated in R5 medium (100 mL) with thiostrepton
(50 µg mL-1) at 30°C for 6 d. The cultured medium was centrifuged

(40) For other natural products originating from a similarsyet peripherals
oxygenation, see: (a) Abe, N.; Arakawa, T.; Yamamoto, K.; Hirota, A.
Biosci., Biotechnol., Biochem.2002, 66, 2090-2099. (b) Bringmann, G.;
Lang, G.; Gulder, T. A. M.; Tsuruta, H.; Mu¨hlbacher, J.; Maksimenka, K.;
Steffens, S.; Schaumann, K.; Sto¨hr, R.; Wiese, J.; Imhoff, J. F.; Peroviæ-
Ottstadt, S.; Boreiko, O.; Mu¨ller, W. E. G.Tetrahedron2005, 61, 7252-
7265. (c) Qhotsokoane-Lusunzi, M. A.; Karuso, P.Aust. J. Chem.2001,
54, 427-430. (d) Wube, A. A.; Bucar, F.; Asres, K.; Gibbons, S.; Rattray,
L.; Croft, S. L. Phytother. Res.2005, 19, 472-476.

(41) Shevchenko, A.; Wilm, M.; Vorm, O.; Mann, M.Anal. Chem.1996, 68,
850-858.

Figure 9. Stereochemical course of the RemO-catalyzed hydroxylation of
2.
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(6000 rpm for 10 min at 4°C), and harvested cells were resuspended
in 20 mL of an ice-cold PBS buffer (pH 7.0). The suspension was
sonicated in an ice bath (ultrasonic generator, Bandelin Sonoplus
HD2200; sonotrode, MS73; conditions, 9× 1 min sonication at 50%
duty cycle and 1 min interval, cool at 10°C). The supernatant obtained
by centrifugation (8600 rpm for 20 min at 4°C) was kept in an ice
bath until use in the activity assay. Resistomycin (100µg, 1 mg mL-1

in DMSO) was added to the crude extract solution (4.0 mL), and then
the reaction mixture was incubated at 30°C with shaking overnight.
The resulting mixture was extracted three times with EtOAc (4.0 mL),
and after the removal of solvent in vacuo, 100µL of methanol was
added.

Enzyme activity was determined by the HPLC analysis using a
Nucleosil 100/5 C18 (3× 125 mm) reversed-phase column. The
following gradient was applied at a flow rate of 1.0 mL min-1: linear
gradient from 99.5:0.5 (water containing 0.1% TFA/acetonitrile) to 1:99
in 40 min. The UV detection was carried out at 268 nm.

Computational Methods.The conformational analysis of resistofla-
vin (1) was performed on a Linux AMD MP 2800+ workstation using
the semiempirical AM124 method as implemented in the program
package Gaussian 98.42 The final optimization was carried out with
the DFT/RI-BLYP/SVP25-27 approach within the TURBOMOLE43 suite
of programs. The wave functions of the ground and excited states were
obtained by semiempirical CNDO/S-CI29 computations with a CI
expansion including 576 occupied configurations and the ground state
determinant and by a time-dependent DFT approach, with 80 excited
states being lowest in energy, which were calculated using the

B3LYP32,33 functional and a TZVP34 basis set. In both approaches the
oscillator and rotatory strengths were computed using the dipole-length
formalism.44 The rotatory and oscillator strengths calculated for the
single conformers were added according to the Boltzmann statistic.
The spectra were then simulated as sums of Gaussian functions centered
at the wavelengths of the corresponding electronic transitions and
multiplied by the respective overall rotatory or oscillator strengths. For
both UV and CD spectra, an empirically chosen exponential half-width
of 0.1 eV was used. Molecular orbital plots were generated by the
MOLEKEL program.45
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