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Abstract

Fungi are a major source of valuable bioactive secondary metabolites (SMs). These compounds
are synthesized by enzymes encoded by genes that are clustered in the genome. The vast majority
of SM biosynthetic gene clusters are not expressed under normal growth conditions, and their
products are unknown. Developing methods for activation of these silent gene clusters offers the
potential for discovering many valuable new fungal SMs. While a number of useful approaches
have been developed, they each have limitations and additional tools are needed. One approach,
upregulation of SM gene cluster-specific transcription factors that are associated with many SM
gene clusters, has worked extremely well in some cases, but it has failed more often than it has
succeeded. Taking advantage of transcription factor domain modularity, we have developed a new
approach. We have fused the DNA-binding domain of a transcription factor associated with a
silent SM gene cluster with the activation domain of a robust SM transcription factor, AfoA.
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Expression of this hybrid transcription factor activated transcription of the genes in the target
cluster and production of the antibiotic (+)-asperlin. Deletion of cluster genes confirmed that the
cluster is responsible for (+)-asperlin production, and we designate it the a/n cluster. Separately,
co-induction of expression of two a/n cluster genes revealed the pathway intermediate (22,4.2,6 £)-
octatrienoic acid, a compound with photoprotectant properties. Our findings demonstrate the
potential of our novel synthetic hybrid transcription factor strategy to discover the products of
other silent fungal SM gene clusters.
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Secondary metabolites (SMs) are a rich source of medically important compounds. These
compounds are not strictly required for viability, but they confer a selective advantage for
the producing organisms, often by inhibiting important biological processes in their
competitors in their native environments. These inhibitory activities are often medically
useful. Some SMs have been used as medicines without modification (e.g. penicillin and
lovastatin), other medically valuable compounds are derived from SMs, and yet additional
compounds are inspired by SMs (e.g. with pharmacophores based on SMs).

Fungi have been an excellent source of medically valuable SMs! and, although many
thousands of fungal SMs have been isolated, genome sequencing has revealed that the vast
majority of fungal SMs have yet to be identified. Fungal genome projects have confirmed
previous conclusions that the genes that encode the biosynthetic enzymes required for the
production of particular compounds are clustered together in the genome and coordinately
regulated. They have also revealed that for nearly all fungi examined the number of SM
biosynthetic gene clusters greatly exceeds the number of compounds known to be produced
by the fungus2-.

The reason is that most SM gene clusters are silent under normal lab growth conditions, and
developing strategies for stimulating expression of these clusters, such that their products
can be isolated, has become an important research focus®. A number of strategies have been
developed’-11, These include alteration of the media on which the fungi are grown?2,
deletion or overexpression of genes involved in chromatin packing314, chemical
perturbation of proteins that modify chromatinl>-18, isolation of mutations in, or over
expression of, genes such as /mcrA and /aeA that affect the production of many secondary
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metabolites!20, co-incubation with other microorganisms?1, and replacement of the
promoters of SM biosynthetic gene cluster genes with regulatable promoters?2:23, All of
these strategies have had notable successes, but none of them have proved to be universally
effective. All of these strategies have been applied to Aspergillus nidulans, the fungus in
which the secondary metabolome has been most extensively explored, resulting in the
discovery of scores of compounds new to A. nidulans or new to sciencell. Nevertheless,
many, probably more than half, of the compounds produced by this organism have yet to be
discovered.

One approach, that has been successful in some instances, takes advantage of the fact that
many SM biosynthetic gene clusters contain a gene encoding a transcription factor that
drives expression of all of the genes of the cluster. In some cases replacement of the
promoter of the transcription factor with a regulatable promoter, and subsequent
upregulation of expression of the transcription factor, results in strong expression of the
genes of the cluster and high levels of production of the compound produced by the
pathway?4:25. This approach can work spectacularly well, resulting in very high yields of
secondary metabolites [e.g. > 2 g/L of asperbenzaldehyde?6], but the approach often fails.
This approach was tried with 18 SM biosynthetic gene clusters in A. nidulans®?. In three of
these cases the approach was highly successful, but in the other cases no compounds, or
unanalyzably small amounts of compound were produced.

There are several potential causes for failure of this approach. Some are intellectually trivial,
but practically consequential. For example, the induction conditions may have been
inadequate to stimulate the required level of production, or the transcription factor may have
been incorrectly annotated such that the promoter was not driving expression, or was driving
expression of only a portion of the transcription factor. These problems are compounded by
the fact that transcription factors may work as heterodimers and if either of the two required
transcription factors is inadequately expressed or incorrectly annotated, SM production will
fail. These problems will undoubtedly be addressed by better annotation algorithms and data
and by better expression systems. Other potential limitations of this approach are related to
normal SM regulation. One theoretical, but logical, possibility is that interaction of the
transcription factor with an unknown natural inducer might be required for strong activation.
Another, well documented, factor is that the activity of transcription factors that drive
expression of SMs can be regulated post-translationally and, when this is the case, simple
upregulation is unlikely to result in high levels of expression of the genes of the regulated
cluster. The best studied example of this is the AfIR transcription factor that drives
expression of the sterigmatocystin gene cluster of A. nidulans. Regulation of AfIR is
complex and occurs at multiple levels, but phosphorylation of AfIR by protein kinase A
inactivates AfIR such that it no longer drives expression of the cluster?”. If the activity of a
transcription factor that drives expression of an SM cluster is regulated by post-translational
modifications, overexpression of the transcription factor may never lead to expression of the
genes of the cluster or production of the corresponding SM product.

One theoretical approach to circumventing these problems is to create synthetic transcription
factors that are not subject to inhibition by post-translational modification and do not require
an unknown natural inducer. To evaluate the efficacy of this approach we have targeted a
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silent A. nidulans SM biosynthetic gene cluster (Figure 1) containing the highly reducing
polyketide synthase gene AN11191 (using the gene designation shared by the Aspergillus
Genome Database [AspGD, http://www.aspergillusgenome.org/] and Fungal and Oomycete
Genomics Resource [Fungidb, http://fungidb.org/fungidb/]). Previous efforts to activate this
gene cluster by upregulating the transcription factor in the cluster were not successful 22. We
initially replaced the promoters of two of the genes in the cluster with an inducible promoter,
and upregulation of the two genes resulted in the production of (22,426 £)-octa-2,4,6-
trienoic acid. This compound is of interest as a possible feedstock compound for organic
syntheses and as a tanning agent in human skin because it promotes melanogenesis and
antioxidant defense in melanocytes?8. This result suggested that the final product of the
cluster might be of interest.

We now report that we have implemented the hybrid, or synthetic, transcription factor
approach successfully to activate this gene cluster. We have added an activation domain from
AfoA, the transcription factor that drives expression of the asperfuranone gene cluster, to the
transcription factor from the cluster. Upregulation of the hybrid transcription factor results in
expression of genes in the silent cluster responsible for the biosynthesis of an anti-
inflammatory, antitumor antibiotic, (+)-asperlin2%-33, The production of (+)-asperlin was
previously reported in A. nidulans, A. caespitosus, and A. versicolor?®-3134 but the specific
gene cluster for this polyketide has never been identified.

RESULTS AND DISCUSSION

Induction of AN11199 and AN11191 results in the production of (2Z,4Z,6E)-octa-2,4,6-
trienoic acid.

One strategy our labs have used to elicit SM production is to replace the promoters of
transcription factor genes associated with SM gene clusters with the inducible a/cA
promoter [a/lcA(p)] followed by induction of expression. We previously found, however, that
the replacement of the promoter of AN9221, a transcription factor gene associated with the
SM gene cluster containing the highly reducing polyketide synthase gene AN11191, with
alcA(p) did not result in production of a detectable product?2. Another strategy we have used
is to simply replace the promoters of SM cluster genes individually with a/cA(p) and induce
expression 2223, We consequently replaced the promoter of AN11191 with the alcA
promoter using an approach we have previously reported?3. We also replaced the promoter
of AN11199, a gene that we hypothesized might be required for release of product from
AN11191. The resulting strain was LO4912 (genotypes of strains in Table 1). Induction of
expression of these genes resulted in production of compound 1 (2.2,4.2,6 £)-octa-2,4,6-
trienoic acid (Figure 2) (details of purification and structure elucidation are in the 1.2). (22,
47,6 E)-octa-2,4,6-trienoic acid is a particularly interesting compound because of its
potential as a natural tanning agent for human skin28. It is a promoter of melanogenesis and
antioxidant defense in melanocytes in vitro and in vivo, topically and systemically.
Pigmentation is a powerful protectant from UV damage and skin cancer, and octatrienoic
acid is an attractive natural photoprotectant. The alternating double bonds in this molecule
also suggest that it has potential as a feedstock for organic syntheses. Since only two of the
genes of the biosynthetic gene cluster were upregulated, we believed it was likely that this
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compound was an intermediate rather than the final product of the biosynthetic pathway, and
we wished to develop a method for activating expression of the entire pathway.

Construction and expression of a synthetic hybrid transcription factor drives expression
of the AN11191 gene cluster.

Although individual replacement of promoters can be a very powerful tool for eliciting
production of SMs23, there are inherent limitations. The most obvious is that one must carry
out several transformations to replace the promoters of all target genes. Our molecular
genetic methods are efficient, however, and these transformations can be carried out
relatively quickly. Another, more serious, problem is that if any of the genes of the target
cluster is incorrectly annotated, promoter replacement for that gene will be non-productive.
The gene will not be expressed or only a gene fragment will be expressed. In addition,
although progress has been made, defining the boundaries of gene clusters from genomic
sequence alone is still an inexact process*. We searched, therefore, for a new approach that
would allow expression of entire clusters.

One potential approach that might overcome post-translational inactivation of SM
transcription factors, and/or Supporting Information sections 1.1 and requirement of an
unknown natural inducer for SM transcription factors, is to exploit the domain modularity of
transcription factors3°:36, Synthetic hybrid transcription activators may be constructed by
fusing an active transcription activation domain from a transcription factor known to
function in late stationary growth phase to a target SM transcription factor or its DNA
binding domain (DBD), which provides the DNA sequence specificity tethering the
activation domain to SM gene cluster promoters. There are a number of factors to consider
in designing such a synthetic transcription factor. Transcription initiation is complex and
different transcription factors may be more or less potent in different contexts. In our
experience, SMs are not produced at high levels during log phase growth even if the SM
biosynthetic genes are under control of promoters that drive high levels of expression in log
phase. The likely explanation is that the precursors required for SM biosynthesis are limiting
in log growth. In late stationary phase, however, SM production, particularly polyketide
production, can be driven to very high levels, revealing that precursors are plentiful. A
suitable transcription factor must be able to drive high levels of transcription at that time.
The afoA gene drives expression of the asperfuranone biosynthetic cluster2>, and
upregulation of afoA has allowed us to obtain very high levels of production of
asperbenzaldehyde, an intermediate in asperfuranone biosynthesis?® (> 2 g/L of purified
product). AfoA (the protein encoded by the afoA gene), is, thus, capable of driving high
levels of expression in late stationary phase cultures when SM precursors are abundant, and
it is not negatively regulated post-translationally to any significant extent. We, therefore,
chose afoA as the source for our activation domain.

We note that in these experiments our replacement of the promoter of afoA (AN1029) with
the alcA promoter, was based on the AspGD version 3 gene annotation (AN1029.3)2°. This
annotation of AN1029 was identical to the previous version 2 annotation. Upregulation of
the alcA promoter drove expression of a functional transcription factor that resulted in a
successful upregulation of asperfuranone production2® and, with an appropriate pathway
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deletion, asperbenzaldehyde production.28 These results indicate that the version 3
annotation was correct, at least with respect to the annotation of the start codon. The current
gene annotation for afoA in the AspGD and FungiDB databases (http://
www.aspergillusgenome.org; http:/fungidb.org) is version 5. In this version afoA is
shortened at the 5’ end relative to the version 3 annotation, omitting exon 1 and the DBD.
We do not believe that the version 5 annotation is correct because the DBD would be
required for function and because promoter replacements based on the longer, version 3
annotation drive expression of a functional transcription factor. We have consequently based
our analyses on the version 3 annotation. We have included the version 3 nucleotide and
amino acid sequences for afoA and AfoA in the supplemental materials (Supporting
Information Figure S1). The identical version 2 annotation (AN1029.2) is still available at
the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/).

The AfoA transcription factor harbors a Zn(11)2Cys6é DNA binding motif. The DNA-binding
specificity of Zn(11)2Cys6 transcription factors is typically provided by the specificity region
and heptad repeat coiled-coil forming dimerization motif immediately following the
Zn(11)2Cys6 motif, whereas the activation domain is C-terminal to the heptad repeats36:40,
The predicted Zn(11)2Cys6 DNA-binding motif is at residues 16-43, and a potential coiled-
coil dimerization motif is at residues 55-80. A second predicted coiled coil at 98-129 could
contribute to dimerization. A putative nuclear localization signal (NLS) of the SV40 Large
T-antigen-type is found at residues 236-242.

To verify that AfoA residues C-terminal to the DBD contained the activation domain and
could activate gene expression in a hybrid transcription factor context we replaced amino
acids 143-867 of the transcription factor FacB with amino acids 130-666 of AfoA (Figure
3). N-terminal residues 1-142 of FacB are sufficient for DNA binding and are known to
provide DNA binding specificity for acetate utilization gene promoters when fused to the
activation domain of other Zn(11)2Cys6 transcription factors*1-44, Fusion of putative ADs to
the FacB DBD in strains lacking native facB provides a simple assay for activation function
assessed by growth on acetate as a sole carbon source. The hybrid FacB(1-142)-
AfoA(130-666) transcription factor activated transcription of acetate utilization genes as
growth on acetate was supported albeit below wild-type growth rates (Figure 3).

Having established that the afoA activation domain can activate expression in the context of
a hybrid transcription factor, we attempted to create a hybrid transcription factor that would
drive expression of the SM gene cluster containing AN11191 and AN11199. We fused the
transcription activation domain (residues 130-666) of AfoA to amino acids 250 through 652
of AN9221, as annotated in the AspGD and FungiDB databases. (We have subsequently
found that AN9221 was mis-annotated, as we will discuss.) This region included the
AN9221 Zn(I1)2Cys6 motif, specificity region, and heptad repeats (residues 269-352)
predicted to provide DNA-binding specificity for promoters in the cluster regulated by
AN9221 (Figure 4). We omitted AN9221 N-terminal residues 2-249 to avoid predicted
transmembrane domains, but retained the AN9221 sequences C-terminal to the DNA-
binding domain in the fusion protein as they may contribute to activation, particularly if an
intermediate in the regulated pathway acts as an inducer, as is known for some other
transcription factors of this class (e.g. LeuB*®, AmyR*®). The resultant hybrid transcription
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factor, consisting of AN9221 residues 250-652, and AfoA residues 130-666, was put under
control of the a/cA promoter (with a start codon created during the fusion PCR process) and
inserted at the YA locus using the Aspergillus terreus pyrG pyrimidine prototrophic
selectable marker (Figure 4). The recipient strain LO9577 is derived from LO8030, which
carries deletions of eight of the most highly expressed gene clusters in A. nigufans including
the asperfuranone biosynthetic gene cluster3?. Removal of these gene clusters lowers the SM
background and facilitates detection of newly induced metabolites. LO9577 also carries a
replacement of the )4 gene with a fragment containing the Aspergillus fumigatus pyroA
gene (AfpyroA) as well as the aldA promoter driving expression of afoA. This facilitated
construction and identification of correct transformants as shown (Figure 4). In particular,
correct transformants with the a/cA(p)-driven hybrid transcription factor gene targeted in
single copy at yA and replacing AfpyroA-aldA(p)afoA will be pyrimidine prototrophs and
pyridoxine auxotrophs. Transformants were analyzed by diagnostic PCR, and we
subsequently have worked with a correct transformant designated LO9721.

We next wished to determine if the hybrid transcription factor drove expression of the target
gene cluster and, if so, whether this led to the production of the SM product of the cluster.
We examined expression of cluster genes using RNA-seq. Our samples were grown in liquid
culture with lactose minimal medium. Lactose is a non-repressing carbon source that allows
expression from the a/cA promoter. The alcA promoter is induced by a number of
compounds. For induction of expression of the hybrid transcription factor from the a/cA
promoter in these experiments, we used 50 mM methyl-ethyl ketone (MEK). We carried out
RNA-seq (in triplicate) for LO1362, a control strain wild-type for SM gene clusters,
LO9721 under non-repressing conditions, which is predicted to give some expression of the
hybrid transcription factor, and LO9721 under inducing conditions, which is predicted to
give strong expression of the hybrid transcription factor.

We first verified that the hybrid transcription factor was expressed by looking for afoA
sequence reads. As the wild-type afoA gene in the asperfuranone gene cluster has been
deleted in LO9721, any afoA reads will be from the hybrid transcription factor. afoA reads
are quantified in Table 2. There are almost no afoA reads in the control strain, in which the
asperfuranone gene cluster is intact. This reflects the fact that the native afoA promoter is
essentially completely off in control strains with wild-type regulation of the asperfuranone
gene cluster. In LO9721 under non-repressing conditions for the a/cA promoter, there were
moderate numbers of afoA reads as expected and induction with MEK substantially boosted
the afoA reads. We also noted a very large increase in AN9221 reads, consistent with the
fact that the hybrid transcription factor includes a portion of AN9221. These data reveal that
the hybrid transcription factor is expressed and responds to induction of the a/cA promoter
as expected.

Next, we asked if expression of the hybrid transcription factor resulted in expression of the
target gene cluster. Results are shown in Figure 5 and quantified in Table 2. The genes in the
region extending from AN11200 through AN11191 are strongly upregulated by expression
of the hybrid transcription factor. Adjacent genes are not upregulated. These data reveal that
the hybrid transcription factor does, as anticipated, drive expression of the SM cluster genes.
They also define the boundaries of the cluster since the genes that are not upregulated are
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unlikely to be components of the cluster. We designate this cluster the (+)-asperlin cluster
after the product of the cluster (see below) and the genes of this cluster alnA-aln/ plus alnR
(Figures 1 and 6 and Table 2). Interestingly, differences in the levels of induction of the
genes within the cluster is observed. This likely reflects different DNA-binding affinities of
the hybrid transcription factor for different a/n gene promoters due to either sequence
differences in the different AINR DNA-binding sites or different numbers of AInR DNA-
binding sites in the promoters. It is tempting to speculate that these expression differences
may represent the optimal relative levels, arising from DNA-binding site evolution, for
operation of the pathway and biosynthesis of the final product.

Our analyses of RNA-seq data also reveal that AN11200 is slightly longer than indicated by
the AspGD and FungiDB annotations. AN11200 contains an intron and additional sequence
upstream of the current annotation. The corrected coding sequence is in the Supporting
Information Figure S2. It is also worth noting that induction of the hybrid transcription
factor upregulates the antisense strand of AN11200 as well as the sense strand. Finally,
although AN11200 and AN11192 are very close, with the termination codon of AN11200
being less than 250 bp from the start codon of AN11192, our RNA-seq data indicate that
they are indeed, separate genes

Reannotation of AN9221.

One unexpected outcome of our RNA sequencing was a realization that AN9221 is mis-
annotated in the databases. We noted in a number of RNA-seq experiments that AN9221 is
expressed at very low levels in strains that do not carry the hybrid transcription factor.
However, it is expressed enough that a clear pattern in the RNA-seq reads emerged. The
reads were confined to what was annotated as exon 3. Reads from exons 1 and 2 were
almost completely absent. The fact that transcription of exon 3 was apparently regulated
independently of exons 1 and 2 suggested that it is a separate gene. We consequently carried
out CAGE RNA-seq, which reveals transcription start sites. The results (Supporting
Information Figure S3) revealed that there is a distinct transcription start site at the
beginning of exon 3. These data, in combination, reveal exon 3 is a separate transcription
unit (i.e. gene) from exons 1 and 2. The coding sequences of these genes along with the
amino acid sequences of the predicted products are listed in the Supporting Information
Figures S4 and S5. The region containing the sequences previously annotated as exons 1 and
2 appears to be a separate gene encoding transmembrane domains that is upregulated by the
hybrid transcription factor. These results indicate that the genes formerly called AN9221
need to be given new designations. We designate the exon 3 gene a/nR (R denoting that as a
transcription factor it is a regulatory gene). Its nucleotide and predicted amino acid
sequences are shown in Supporting Information Figure S4. The predicted AInR protein
contains a Zn(I1)2Cys6 zinc binuclear cluster at residues 24-51 and putative heptad repeats
at residues 81-108. We designate the former exons 1 and 2 a/nG. Our RNA-seq data further
indicate that the intron in a/nG is misannotated in the current AspGD and FungiDB
databases. The actual intron is shorter, and the correct a/nG sequence is given in Supporting
Information Figure S5.
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Reannotation of AN9221 has important consequences for this study. One is that, in all
likelihood, the previously published replacement of the promoter of AN9221 with the a/cA
promoter?2 was doomed to failure because the transcription factor was not actually being
upregulated. Instead, the adjacent transmembrane domain encoding-gene, a/nG, was likely
upregulated. The second is that in our hybrid transcription factor construction, we actually
included most of AInR (residues 5-407), lacking only the four N-terminal amino acids. This
raised the possibility that the activation of the cluster was simply due to upregulation of a/lnR
and that the AfoA activation domain was not needed. To test this possibility we placed a/nR
under control of the a/cA promoter and upregulated it. The resulting HPLC profile (Figure
2) showed that, in inducing conditions, overexpression of a/nR alone was not sufficient to
stimulate SM production by the a/n gene cluster. The hybrid transcription factor, including
the AfoA activation domain, therefore, was required for activation of the cluster.

Expression of the hybrid transcription factor drives production of (+)-asperlin (2).

Strong expression of the hybrid transcription factor resulted in the production of compound
2, (+)-asperlin, which we believe to be the final product of the target gene cluster (Figures 2
and 6). (+)-Asperlin was purified from large-scale cultures using preparative Thin Layer
Chromatography, and the structure was confirmed by NMR (details of purification and
structure elucidation are in the Supporting Information section 1.1 and 1.2).

Our RNA-seq analysis provided a clear prediction as to the genes involved in (+)-asperlin
biosynthesis, but to test the prediction we individually deleted twelve genes (AN11200-
AN9213) and examined the effects of the deletions on the biosynthesis of (+)-asperlin
(Figure 5). The deletant strains were cultivated under inducing conditions and their
metabolite profiles examined by LC/MS. Analysis of the deletants shows that deletions of
alnA, alnB, alnC, alnD, alnF, alnH and aln/ fully eliminated production while deletion of
alnE and AN9221 (=alnR + alnG) diminished production. AN9216A, AN9215A,
AN12145A, AN9214A, AN9213A strains all produced (+)-asperlin in substantial amounts,
revealing that they are not functional components of the (+)-asperlin gene cluster. The
deletion and RNA-seq data are consistent with each other and, together, reveal that the genes
involved in the biosynthesis of (+)-asperlin (2) include; a/nA (AN11191), a/nB (AN11199),
alnC (AN11198), a/lnD (AN9218), a/nE (AN9219), alnF (AN9220), a/nG (AN9221 exons
1-2), alnR (AN9221 exon3), alnH (AN11192), and a/n/ (AN11200) (Table 2 and Figure 5).

Earlier attempts to upregulate entire silent gene clusters in A. nidulans by expressing
pathway-specific transcription factors with an inducible promoter have proven to be largely
unsuccessful, resulting in the upregulation of less than 20% of gene clusters tested?2. To
improve upon this approach, we designed a synthetic hybrid transcription factor to drive
expression of the AN11191 cluster. By exploiting the domain modularity of transcription
factors, we fused the potent transcription AD of AfoA, the asperfuranone cluster
transcription factor, with the DBD of AN9221 (AInR), the transcription factor of the
AN11191 cluster, and placed the synthetic construct under the control of the a/cA promoter.
Induction of expression of this hybrid transcription factor activated expression of AN11191-
AN11200 and production of the polyketide, (+)-asperlin (2). We confirmed that these genes,
but not other genes nearby in the genome, are required for (+)-asperlin (2) biosynthesis
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through a series of gene deletions. Our results also revealed that the putative native
transcription factor for this cluster, AN9221 was misannotated previously and is actually two
separate genes. However, induction of expression of the reannotated transcription factor,
alnR, did not result in significant (+)-asperlin (2) production. This result demonstrates the
value of the hybrid transcription factor approach for activation of expression of the (+)-
asperlin (2) gene cluster. These results, taken together, show the potential of the synthetic
hybrid transcription factor strategy we have developed to upregulate the genes and identify
the products of other cryptic clusters.

Cluster-specific transcription factors are often associated with SM gene clusters in
Ascomycetes. In A. nidulans alone, 48 of 71 putative SM clusters contain identifiable
transcription factors3. One-half to two-thirds of putative SM clusters in related Aspergillus
species contain identifiable transcription factor genes; Aspergillus oryzae. 40 of 75,
Aspergillus fumigatus. 27 of 39, Aspergillus niger. 54 of 81, Aspergillus flavus. 35 of
55348, Moreover, most of these transcription factors belong to the Zn(11)2Cys6 DBD class,
and the majority of SM products from these clusters are unknown. This indicates the
potential scope of application of hybrid transcription factor technology for SM discovery.
The success of our hybrid transcription factor strategy relied on the Zn(I1)2Cys6 DBD of
AInR. This class of transcription factors usually binds DNA as homodimers3640, The hybrid
transcription factor approach should be applicable to other DBD classes. Hybrid
transcription factors that tether an active activation domain to the DBD of a SM cluster
transcription factor have the advantage of providing cluster activation specificity without
needing to know whether a natural inducer or post-translational modification of the
activation domain of the native transcription factor is necessary for activation. In some cases,
however, the success of this approach may be hampered by the requirement of an unknown
heterodimerization partner or other DNA-binding partner for promoter binding, by post-
translational regulation of the DBD of the cluster-specific transcription factor, or by the
availability of the necessary metabolic precursors. Future efforts with respect to the (+)-
asperlin (2) cluster will focus on identifying intermediates of and fully elucidating the
stepwise biosynthetic pathway for (+)-asperlin (2).

METHODS

Bioinformatic analysis of transcription factors.

The location of predicted structural features of the transcription factors was determined
following analysis using ScanProsite (https:/prosite.expasy.org/)*? for the Zn(11)2Cys6
domain, Lupas coiled-coil prediction (http://toolkit.tuebingen.mpg.de/pcoils)®° for the
dimerization motif, and PSORTII (https://psort.hgc.jp/)°! for the Nuclear Localization
Signals (NLSs). The transmembrane domains in the mis-annotated AN9221 sequences were
analyzed using the TMHMM Server v. 2.0 for prediction of transmembrane helices in
proteins (http://www.cbs.dtu.dk/services/TMHMM/)?2,

Fermentation and LC/MS Analysis.

For all strains, 3 x 107 spores were grown in 30 mL lactose minimum media (LMM) (15 g L
~1 D-lactose, 6 g L™1 NaNO3, 0.52 g L™1 KCI, 0.52 g L™1 MgS0,47H,0, 1.52 g L1
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KH,PO,, and 1 mL L™1 Hutner’s trace element solution®3) or glucose minimum media
(GMM) (10 g L1 D-glucose, 6 g L™ NaNO3, 0.52 g L™1 KCI, 0.52 g L™1 MgS047H,0,
1.52 g L™1 KH,PO,, and 1 mL L~1 Hutner’s trace element solution), and, where appropriate,
supplemented with 0.5 mg L1 pyridoxine, and 2.5 mg L™! riboflavin, in 125 mL flasks at
37 °C with shaking at 180 rpm. For a/cA(p) induction, 50 mM of MEK was added to the
culture 42 h after inoculation?. Culture medium and hyphae were collected 72 h after
induction by filtration and extracted twice with a volume of EtOAc equal to the culture
volume. The combined EtOAc layers were evaporated /n7 vacuo, redissolved in 1 mL of
MeOH and 10 gL was injected for HPLC-DAD-MS analysis. LC/MS spectra were obtained
using a ThermoFinnigan LCQ Advantage ion trap mass spectrometer with a reverse phase
C1g column (Alltech Prevail Cqg; particle size, 3 um; column, 2.1 by 100 mm) at a flow rate
of 125 z_ min~L. The solvent gradient for LC/MS was 95% MeCN-H 20 (solvent B) in 5%
MeCN-H 20 (solvent A), both of which contained 0.05% formic acid, as follows: 0%
solvent B from 0 to 5 min, 0 to 100% solvent B from 5 min to 35 min, 100% solvent B from
35 to 40 min, 100 to 0% solvent B from 40 to 45 min, and reequilibration with 0% solvent B
from 45 to 50 min. Conditions for MS included a capillary voltage of 5.0 kV, a sheath gas
flow rate at 60 arbitrary units, an auxiliary gas flow rate at 10 arbitrary units, and the ion
transfer capillary temperature at 350 °C.

Compound Spectral Data.

NMR spectral data were collected on a Varian Mercury Plus 400 spectrometer. High
resolution electrospray ionization mass spectrum (HRESIMS) was obtained on
ThermoScientific Q Exactive hybrid quadrupole-Orbitrap mass spectrometer with an Eclipse
XDB-C1g column (Agilent 5 um 4.6 x 150 mm) at a flow rate of 125 uL min~1. Conditions
for MS included a spray voltage of 3.5 kV, sheath gas flow rate 20 au, auxiliary gas flow rate
at 5 au, sweep gas flow rate at 1 au, capillary temperature at 275 °C, s-lens RF level 55,
auxiliary gas heat temperature at 325 °C, scan range of 100-600 m/z, resolution 140,000,
AGC target 3 x 108, and maximum injection time of 200 ms.

(2z,4Z,6E)-octa-2,4,6-trienoic acid (1): White amorphous powder; for UV-Vis and
HRESIMS spectra see Supporting Information Figure S6; for 1H and 13C NMR data
(CDCIs), see Supporting Information Figure S7-S9; HRESIMS, [M — H]* m/zfound
139.0753.

(+)-Asperlin (2): Colorless oil; for UV-Vis and HRESIMS spectra see Supporting
Information Figure S6; for IH and 13C NMR data (CDCl3), see Supporting Information
Figure S7, S10-S11; HRESIMS, [M — H]* m/zfound 213.0754.

Transformation procedures and construction of transforming molecules.

Transforming molecules were constructed by fusion PCR as previously described37:54:55,
The selectable markers used were the Aspergillus fumigatus pyrG gene (AfoyrG)°8, the
Aspergillus terreus pyrG gene (AtoyrG)°’, the A. fumigatus riboB gene AfriboB®! and the
A. fumigatus pyroA gene®l. The markers used for each construct are specified in the strain
list. All constructs were verified by diagnostic PCR. Transformation procedures were as
previously described®#55,
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RNA-seq.

Conidia of a control strain (LO1362 = TNO2A7) and of LO9721, which carries the hybrid
transcription factor under control of the a/cA promoter, were inoculated into 50 mL of
lactose minimal medium in 250 mL Erlenmeyer flasks at a density of 2 x 104 conidia mL™1.
The medium was supplemented with riboflavin, pyridoxine, uridine and uracil to supplement
the nutritional markers carried by the control strain. The flasks were incubated at 37 °C in a
rotary shaker at 100 RPM. After 36 h incubation, MEK was added to a final concentration of
50 mM to flasks containing the control strain and to half the flasks containing LO9721. The
remaining LO9721 flasks were incubated without MEK. After four hours of further
incubation, hyphae were harvested by filtration through miracloth. They were then frozen
with liquid nitrogen and reduced to a frozen powder with a Multi-beads Shocker (Yasui
Kikai Co., Ltd., Japan). Library preparation, sequencing and data analysis procedures were
as previously described2? with minor modifications (for example, HISAT2 was used instead
of HISAT for read mapping).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Organization of the (+)-asperlin biosynthetic gene cluster in A. nidulans. The original

annotation of the genes in this pathway is included as the top cluster. RNA-seq and CAGE
RNA-seq data revealed that AN9221 was incorrectly annotated. We designate the AN9221-
exons 1-2 gene as alnG (see Supporting Information Figure S5 for the correctly annotated
alnG sequence), and designate the AN9221-exon 3 gene, encoding a Zn(11)2Cys6 binuclear
cluster, as the transcription factor gene a/nR (see Supporting Information Figure S4 for the
correctly annotated a/nG sequence). The cluster below represents the re-annotated (+)-
asperlin biosynthetic gene cluster with the a/n gene designations included. Predicted gene
functions are color-coded.
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A.
DAD (Total Scan)
alcA(p)_alnR*

alcA(p)_AN11191 [= alcA(p)_alnA] + 1
alcA(p)_AN11199 [= alcA(p)_alnB] /\
A

alcA(p)_HyTF 1t
é 1|0 1I5 210 2'5 3|0 3|5
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B.
EIC+=m/z 213

alcA(p)_alnR*

alcA(p)_AN11191 [= alcA(p)_alnA] +
alcA(p)_AN11199 [= alcA(p)_alnB]

alcA(p)_HyTF 2

I T T T T T 1

5 10 15 20 25 30 35
Time (min)

C.

(+)-Asperlin (2)

Figure 2.
(A) Diode array detector (DAD) total scan HPLC profiles and (B) extracted ion

chromatograms (EIC) for compound 2 (EIC = m/z 213) of culture media extracts of A.
nidulans strains in which we induced the a/cA promoter driving expression of the native
cluster-specific transcription factor gene (a/nR) (top), the HR-PKS (AN11191 = a/nA) and
esterase (AN11199 = a/nB) genes (middle), and the hybrid a/nR-afoA transcription factor
gene (HyTF) (bottom) under the control of the a/lcA promoter. 1 is (2Z,42Z,6 E)-octa-2,4,6-
trienoic acid, and 2 is (+)-asperlin. (C) Chemical structures of 1 and 2 as determined by
NMR. *From RNA-seq experiments, we have corrected the originally annotated sequence of
the AN9221 transcription factor gene and put the reannotated sequence (a/nR) under the
control of the a/cA promoter. TAt the same retention time as 1, trace amounts of unknown
metabolites could also be detected in the hybrid transcription factor-expressing strain.
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Hybrid Transcription Factor ' 666 Acetate
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WT facB101 WT facB101

facB(1-142)-afoA(130-666) facB(1-142)-afoA(130-666)

Figure 3. Activation capacity of AfoA residues 130-666 in a hybrid transcription factor context.
(A) The primary structure of the transcription factors AfoA and FacB, and the hybrid

FacB(1-142)-AfoA(130-666) transcription factor are shown with the relevant functional
domains. The DNA Binding Domain (DBD) consists of the Zn(I1)2Cys6 zinc binuclear
cluster (wide diagonal stripe) and the heptad repeats coiled-coil dimerization region (harrow
diagonal stripe). The putative nuclear localization signal (NLS) in AfoA is indicated. The
activation domain, which is located in the C-terminal portion for this class of transcription
factor, is not precisely defined but is located within AfoA residues 130-666. The FacB
activation domain is C-terminal to residue 62541. AfoA sequences are shown in green,
whereas FacB sequences are shown in purple. The DNA binding specificity and function of
each transcription factor is indicated. The fusion point in the hybrid transcription factor is
indicated by an arrow head with the amino acid coordinates separated by two colons. (B)
The ability of the FacB(1-142)-AfoA(130-666) hybrid transcription factor to activate FacB-
dependent acetate utilization genes was assessed qualitatively by gene replacement of wild
type facB with the hybrid transcription factor gene containing sequences encoding the FacB
DNA binding domain (codons 1-142) and the AfoA activation domain (codons 130 — 666),
followed by growth on acetate as a sole carbon source. Growth (37°C, 2 d) of transformants
expressing FacB(1-142)-AfoA(130-666) (LO9886, L0O9887, and LO9888) are shown
relative to the wild type (LO4389) and the facB101 complete loss-of-function mutant (FGSC
442), which truncates FacB at residue 619 deleting the activation domain®’. Growth on
glucose is independent of facB activity. Note that the color difference observed for FGSC
442 is due to the chaAl conidial color mutation in the background genotype and is unrelated
to facB.
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Figure 4. The hybrid AINR(5-407)-AfoA(130-666) transcription factor leads to (+)-asperlin
production.

(A) The induction system used, transcription factor domain structure, DNA binding
specificity, and product observed in inducing conditions are summarized from previous
experiments and this work. Expression of the AfoA transcription factor from the a/cA(p)
promoter conferred asperfuranone production?®, whereas expression of AN9221 from the
alcA(p) promoter failed to yield a SM product?2. The protein expressed from the AN9221
sequence was, due to misannotation, not the predicted transcription factor but instead was
the transmembrane (TM) protein AInG, which lacks a DBD. Expression of the reannotated
transcription factor AInR, which contains the AN9221 DBD, from alcA(p) also failed to
produce a SM product. Expression of the hybrid AN9221(250-652)-AfoA(130-166)
transcription factor, which was reannotated as AInR(5-407)-AfoA(130-666), conferred
production of (+)-asperlin (2). The transcription factors/proteins products are shown with the
relevant functional domains: the DBD consists of the Zn(I11)2Cys6 zinc binuclear cluster
(wide diagonal stripe) and the heptad repeats coiled-coil dimerization region (narrow
diagonal stripe), the putative NLS in AfoA, and transmembrane region (TM). The activation
domain is not precisely defined but is located within AfoA residues 130-666. No obvious
NLS is found in AInR. AfoA sequences are shown in green, whereas AN9221-derived
sequences including AInG and AInR are shown in yellow. The fusion point in the hybrid
transcription factor is indicated by an arrow head with the amino acid coordinates separated
by two colons. (B) i. A transforming fragment was created by fusing three DNA fragments
using fusion PCR. The first fragment consists of 5” flanking DNA from the yA locus, the
Aspergillus terreus pyrG gene (AtpyrG) and the promoter from the alcohol dehydrogenase
gene [alcA(p)]. This fragment was a cassette previously made by fusion PCR. The second
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fragment consists of the DNA binding domain from AN9221 (AN9221 DBD) and the third
fragment consists of the activation domain of afoA (AN1029) (afoA AD). ii. The three
fragments were fused by fusion PCR creating the transforming fragment shown. The
recipient strain (LO9577) carried a replacement of the yA locus by the Aspergillus
fumigatus pyroA gene (AfoyroA), the aldehyde dehydrogenase promoter [a/dA(p)] and the
asperfuranone gene cluster transcription factor, afoA (AN1029). iii. Homologous
recombination during transformation results in a hybrid transcription factor driven by the
alcA promoter. Note that AfpyroA is replaced by AfpyrG resulting in a strain that does not
require added pyrimidines for growth but does require added pyridoxine.
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Figure 5.
(A) RNA-seq transcript read alignments to genes surrounding the HR-PKS, AN11191, for

the hybrid AInR-AfoA transcription factor (HyTF) expressing A. nidulans strain compared
to a strain lacking a hybrid transcription factor. Gene color indicates direction of
transcription; genes transcribed from right to left (blue), and genes transcribed from left to
right (orange). (B) Extracted ion chromatograms for compound 2 (EIC = m/z213) of culture
media extracted from A. nidulans hybrid transcription factor expressing strains carrying a
single gene deletion of genes surrounding AN11191. *Original annotation of AN9221
suggested 3 exons, however, RNA-seq data indicates that AN9221 is actually two separate
transcription units; one gene contains exons 1 and 2 and the other gene contains exon 3.
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(A) The deduced functions of each ORF based on the AspGD gene designations. (B)
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Page 23

Proposed biosynthesis of (22,4.2,6 £)-octa-2,4,6-trienoic acid (1) by AInA with cleavage of
the PKS product by AInB, and downstream production of the pathway product, (+)-asperlin
(2). *Original annotation of AN9221 suggested 3 exons, however, RNA-seq data indicates
that AN9221 is actually two separate transcription units; a/nG contains exon 1-2 and the
other gene, a/nR, contains exon 3. KS, p-ketoacyl synthase; MAT, malonyl-CoA:acyl carrier
protein transacylase; DH, dehydratase; ER, enoylreductase; KR, ketoreductase; ACP, acyl
carrier protein
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