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Amino acid-accepting ketosynthase domain from a
trans-AT polyketide synthase exhibits high selectivity
for predicted intermediatet

Christoph Kohlhaas,? Matthew Jenner,i® Annette Kampa,® Geoff S. Briggs,?
José P. Afonso,” Jorn Piel*® and Neil J. Oldham*?

The trans-acyltransferase (AT) polyketide synthases are a recently recognised group of bacterial enzymes
that generate complex polyketides. A prerequisite for re-engineering these poorly studied systems is
knowledge about the substrate specificity of their components. In this work, KS domain 1 from the
bacillaene polyketide synthase has been shown to possess high specificity towards 2-amidoacetyl
intermediates, which are derived from incorporation of alpha amino acids into the polyketide chain.
N-Acetylcysteamine (SNAC) analogues of full-length substrates were synthesised and incubated with the
KS1 domain. The natural glycine-derived acyl-SNAC was found to acylate KS1 with highest efficiency, as
evidenced by mass spectrometry (MS). An alanine variant was also incorporated, but its valine
equivalent was not, which indicated limited tolerance of substitution at the a-position. Substrate
analogues without an amine or amide nitrogen substituted on the 2-position were not accepted by KS1
at the standard assay concentration of 0.5 mM. Moreover, removal of Asn-206 from the active site of
KS1 by site-directed mutagenesis reduced k.t/K, by a factor of approx. 2. This residue is conserved in
most known 2-amidoacetyl-accepting KS domains from trans-AT PKSs and we postulate an important
interaction between Asn-206 and the amide nitrogen of the substrate.

Introduction

Polyketide synthases (PKSs) are responsible for the biosynthesis
of an array of complex, biologically active compounds, many of
which are employed in medicine.»” Type I PKS assembly lines
are comprised of an assortment of domains organised into
modules. Each module carries out a single cycle of chain elon-
gation, and optional modification. Minimally, a module
consists of an acyltransferase (AT) domain, a ketosynthase (KS)
domain, and an acyl carrier protein (ACP). The AT domain
catalyses transfer of a malonyl unit from a CoA thioester onto
the phosphopantetheinyl moiety of the ACP. Chain elongation
is achieved by Claisen condensation of the malonyl unit and an
acyl chain attached to the KS domain. Further optional pro-
cessing at the P-keto position is directed by the presence of
ketoreductase (KR), dehydratase (DH) and enoylreductase (ER)
domains, producing B-hydroxyl, olefinic and fully saturated
moieties, respectively.® Additional functionalisation may be
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incorporated into the product by, for example, AT domains that
accept alternative, a-functionalised malonyl units or methyl-
transferase (MT) domains. Following the final elongation cycle,
a thioesterase (TE) domain catalyses hydrolysis or lactonisation
releasing the polyketide chain from the PKS.*

Utilising the tendency for type I PKS genes to arrange into
distinct clusters, many biosynthetic pathways have been
successfully elucidated from genetic sequences alone. The
principle of co-linearity between PKS and product has greatly
assisted the analysis of numerous biosynthetic clusters. Our
understanding of the co-linearity rules has come in large part
from study of the deoxyerthryonolide-6-synthase (DEBS)
cluster.>® An architectural variant of type I PKSs, known as trans-
AT PKSs, has only relatively recently been discovered.”” These
synthases employ discrete, free-standing AT enzymes, which are
not integral to the PKS.>*

The trans-AT PKSs are notorious for their high diversity of
non-canonical modules that often contain novel enzymatic
domains, which usually results in poor biosynthetic assignment
of clusters using standard co-linearity rules. Similar to textbook
(cis-AT) PKSs,'*** many trans-AT systems include non-ribosomal
peptide synthase (NRPS) modules that incorporate amino acid
building blocks, resulting in NRPS-PKS hybrids.'®** This prop-
erty requires downstream KS domains to accept atypical, NRPS-
derived intermediates. While for cis-AT systems insights exist
into the factors governing physical association between PKS and

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Partial proposed biosynthetic scheme for bacillaene (1). KS, keto-
synthase; KSo, non-elongating ketosynthase; DH, dehydratase; KR, ketoreductase;
ER, enoylreductase (trans-acting); C, NRPS condensation domain; A, NRPS ade-
nylation domain; AL, acyl-CoA ligase, @, acyl carrier protein domain. The amide
region of the relevant intermediate is highlighted in grey.

NRPS modules,* little information exists, for either PKS type,
about the substrate requirements for a successful assembly line
switch.** This information, however, can provide crucial guid-
ance to create functional hybrid assembly lines by metabolic
engineering.

A phylogenetic method for predicting the substrate of KS
domains from trans-AT clusters has been developed recently.
This approach, based on in silico analyses, provides improved
assignment of biosynthetic clusters to their putative products
when compared with the standard co-linearity rules.” Recently,
we have developed a mass-spectrometry-based method to
functionally test substrate specificities of KS domains." This
utilises measurement of the intact KS domain to detect acyla-
tion by N-acetylcysteamine (SNAC) thioester substrate
analogues. Testing ketide-accepting KSs from the bacillaene
(bae) and psymberin (psy) PKSs with short SNAC diketide
mimics of full-length intermediates, we indeed observed
for some KSs and substrates pronounced selectivity. Other
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KS-SNAC combinations exhibited significant promiscuity.
However, since simplified analogues instead of full-length
SNAC thioesters were tested, the possibility could not be
excluded that remote regions of the substrate contribute to
selectivity.

Herein we report the first study of the substrate specificity of
a PKS KS domain immediately downstream of a NRPS module.
Utilising full-length acyl precursors synthesized in this work
and the previously reported MS methodology,"> we have exam-
ined KS1 from the Bae] protein of the bacillaene trans-AT PKS
(Scheme 1).* In the biosynthesis of bacillaene (1), KS1 accepts a
2-amidoacetyl chain, which is derived from incorporation of a
glycine unit into the polyketide intermediate. We demonstrate
that the isolated KS1 domain is highly selective towards
2-amido substrates, and that its affinity can be effectively
diminished by a single Asn — Ala point mutation in the active-
site binding pocket.

Results
Synthesis of N-acetylcysteamine thioesters

SNAC thioesters used in this study were synthesised to probe
the specificity of BaeJ KS1 (Scheme 1). Although in silico anal-
yses suggested that KS substrate specificity only extends as far
as the B-position of the intermediate,""” longer-range interac-
tions are also feasible. For this reason full length intermediates
were produced. Synthesis of the SNAC thioesters 2-4 was per-
formed as shown in Scheme 2. Following EDC/HOBt mediated
peptide coupling of the O-benzyl protected amino acids 13a-c to
acid 12, the benzyl group was cleaved by hydrogenation. Intro-
duction of the SNAC moiety by coupling with carbonyl-
diimidazol gave the desired SNAC thioesters 2-4. Synthesis of
the remaining SNAC thioesters 5-8, 10 and 11 was achieved by
previously reported methods'®° (see ESIt).
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Scheme 2  Synthesis of N-acetylcysteamine (SNAC) thioesters (2-4).
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Substrate tolerance of BaeJ KS1

Bae] KS1 is located in a phylogenetic clade with other amino
acid accepting KS domains, of which the majority are predicted
to utilise glycine derived intermediates."” Initially we aimed to
test the full-length glycine-containing substrate and probe the
tolerance of Bae] KS1 towards substrates containing other
amino acids. The glycine, alanine and valine derived interme-
diates 2-4, synthesised as described above, were incubated with
Bae] KS1 as described in the Experimental section. Electrospray
mass spectra were recorded to monitor acylation of the KS
domain. The unacylated mass of wild-type (WT) BaeJ KS1 was
determined to be 73 507 Da, in good agreement with the theo-
retical value of 73 509 Da (ESI S27). Successful acylation of KS1
was observed by the appearance of additional peaks corre-
sponding to acyl-KS1 (Fig. 1a).

Kinetic analysis of KS1 with the SNAC substrate analogues
(2-4) revealed that the cognate glycine-derived SNAC (2) was a
better substrate than the alanine variant (3) (Table 1 and
Fig. 1b), suggesting that the presence of an a-Me branch may
reduce acylation efficiency on steric grounds. Incubation of the
valine derivative (4) with KS1 resulted in no observable acylation
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Fig. 1 Acylation of Bae KS1 using SNAC thioesters (2-8). (a) Stacked mass

spectrum of the 60* charge state of WT-KS1 and KS1(N206A) showing the
difference in acylation by SNAC 2. (b) Kinetic plot of WT-KS1 with SNACs (2-8)
(solid trace), and KS1(N206A) with SNAC 2 (dashed trace).
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Table 1 Estimated initial acylation rates for WT KS1 with SNAC-thioesters 2-117

Rate/x 10~° mol dm ™ min™*

Substrate WT BaeJ KS1 Bae] KS1 (N206A)
Q H o
2 RS)J\/NM 0.73 0.26
o]
o] o]
H
3 RS)H/NW\ 0.31 0.14
(o]
o] Q
N
4 RS W\ ND ND
o
it H
5 s M N 0.90 0.39
o
6 RSJ\/Y ND ND
o
e H
7 RSJ\MNV ND ND
o]
o] o]
8 M ND ND
RS
o H OH
9 RSJ\/NN 0.60 0.14
o
o
N
10 RSJ\@Y 0.06 0.06
(o]
o]
N\
11 Rs” 57/ 0.06 0.04

@ R = AN~ Initial rate was calculated from a In[KS]/[KS,] vs. ¢ plot,
given to 2 significant figures. ND - no acylation was detected over the
tme scale of the incubation (10 min). Estimated error in
measurements: £0.005 x 10° mol dm > min~".

after 10 min, indicating that the KS1 binding pocket exerts
significant selectivity against bulkier substituents at the o-
position of the substrate.

To interrogate further the structural features that are
important for substrate recognition by KS1, a range of SNAC-
thioesters (5-8) was synthesised. Each SNAC was designed to
possess partial functionality of the natural acyl substrate (2).
SNACs 5 and 6 were used to dissect the individual importance of
the nitrogen and carbonyl within the amide group. SNAC 7 was
employed to examine the effect of moving the amide to the 4-
position (corresponding to a y-amino acid-derived chain).
Finally, SNAC 8 was used to test the effect of any long-range
interactions involving the carbonyl group in the 2-keto-
4-methylpentanoyl moiety of 2. No acylation was observed using
SNAC 7, demonstrating that the amide substrate should be
derived from an o-amino acid. Equally, no acylation was seen
with SNAC 8 indicating that the distal carbonyl was not key to
substrate viability. Previous studies by Calderone et al. showed
that reduction of the 2-keto-4-methylpentanoyl moiety of
bacillaene to its 2-hydroxy-analogue is performed by the KR

This journal is © The Royal Society of Chemistry 2013
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domain of module 3 (Scheme 1).** Since the reduction step is
predicted to occur after KS1-catalysed chain elongation, this
result implies that the oxidation level of SNAC 2 is correct for
the natural substrate of KS1. To test this hypothesis further, we
examined the tolerance of KS1 towards a 2-hydroxy-4-methyl-
pentanoyl moiety using SNAC 9. Upon incubation with KS1,
SNAC 9 exhibited a slightly decreased acylation rate (ca. 20%)
compared to SNAC 2. This effect could be attributed to an
unfavourable loss in planarity of the substrate, or a reduction in
the intrinsic reactivity of the SNAC thioester. Given the simi-
larity in acylation rates of SNACs 2 and 9, this result did not
provide any new insights into our understanding of the oxida-
tion level of this bacillaene intermediate. These observations
suggests that the selectivity of Bae]J KS1 may not extend beyond
the B-position, which is at least for this example in agreement
with the general prediction that KS domain substrate specificity
is dictated by the first 3-4 atoms of the acyl chain."” Interest-
ingly, SNAC 2 is also capable of acylating BaeL KS5, despite the
latter's presence in a different phylogenetic clade from KS1.*
KS5 clusters with other domains predicted to accept
unbranched, unsaturated acyl chains. Our previous functional
study has shown that KS5 does not tolerate -methyl branched
intermediates, but does accept saturated chains.™ On this basis,
SNAC 2 might be expected to be a reasonable substrate of KS5.

Incubation of KS1 with the 2-amino SNAC (5) and the 4-keto
SNAC (6) yielded extremely valuable information. Although
SNAC 5 was able to acylate KS1 efficiently, when SNAC 6 was
incubated with KS1 no acylation was observed suggesting that
the carbonyl is not important for substrate recognition (Fig. 1
and Table 1). These observations indicate that the nitrogen
atom of the amide functionality in 2 is a crucial feature of an
effective substrate. Although the amino nitrogen of 5 and the
amido nitrogen of 2 will possess markedly different pK, values,
both would be expected to act as effective hydrogen bond
donors. Although we could not detect the effect of any other
favourable interactions apart from the nitrogen at the 2-posi-
tion, this result does not rule out the potential for other sta-
bilising interactions between the KS and the substrate.

NRPS modules that incorporate amino acid building blocks
can also harbour heterocyclisation (HC) and oxidation (OX)
domains, which in concert catalyse the production of thiazole
and oxazole moieties from N-acetylcysteine and N-acetylserine
respectively.?*** We therefore synthesised 2-methyloxazole and
thiazole SNAC thioesters (10 and 11) to examine whether these
cyclic, non-amide substrates could acylate KS1. Incubation of
SNACs 10 and 11 with KS1 yielded low levels of acylation, at a far
reduced rate than that seen for the straight chain amido-SNACs
(see Table 1). This is likely due to the increased steric effects of
the ring.

In an effort to promote acylation of KS1 with SNAC 4, two
mutants were constructed. Guided by homology modelling,
Met268 and Leu450 residues were identified as potentially
blocking the KS active site from acylation by a-branched SNACs
(ESI S671). Both M268A and L450A mutants were produced,
however no acylation was observed with SNAC 4 in both
cases. In addition, no difference in acylation rate was observed
between SNACs 2 and 3 for each of the mutants. These

This journal is © The Royal Society of Chemistry 2013
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observations suggest that M268 and L450 are not the limiting
factor for KS1 acylation by these substrates, and that intrinsic
differences in reactivity of the various a-branched SNACs may
be a significant factor.

Exploring the nature of the X-Cys residue

Within trans-AT KS domains, our previous work has demon-
strated the importance of the amino acid residue X immediately
preceding the active site Cys. A bulky amino acid, such as Met,
prevents incorporation of a -carbon branched substrate, whilst
carbon branching is tolerated when X = Ala." Sequence align-
ment of all 17 known amino acid-accepting KS domains from
trans-AT PKSs revealed that an Asn residue occupied the X
position in 11 cases (see ESI S77), suggesting that the residue is
of biochemical significance. KS domains predicted to accept
oxazole and thiazole intermediates were included in the
sequence alignment due to the amino acid origin of the
substrate and the resulting presence of a nitrogen atom. For
these KSs none were found to possess an Asn residue at the
X-Cys position. In most cases the smaller Ser or Gly residues
were present, possibly to provide the necessary space for the
heterocycle within the binding pocket. A phylogenetic tree was
constructed using the sequence alignment, which grouped Bae]
KS1 together with exclusively KS domains containing X = Asn.
In addition, a separate clade of amino acid-accepting KSs exists
where X = Ala (see ESI S87). It is notable that no other known KS
domain possesses an Asn at the X position in cis or trans-AT
PKSs. We therefore postulated that in the BaeJ clade, Asn may
form an important interaction with the 2-amidoacetyl
substrates of KS1, which could assist the acylation reaction. To
test this hypothesis a Bae] KS1 (N206A) mutant was constructed,
which was predicted to reduce the efficiency of KS1. Incubation
of KS1(N206A) with SNAC 2 resulted in markedly reduced levels
of acylation, with the initial rate reduced by approx. 65%. This
observation, combined with the previous substrate-based
analysis leads us to the conclusion that the presence of an Asn
in the X position increases the rate of incorporation of a 2-
amidoacetyl substrate in this KS domain. It is tempting to
speculate that such an effect may hold for all members of the
Bae] clade, but the existence of other clades where X = Ala
indicate that the presence of Asn in this position is not
essential.

In addition to the sequence analysis described above, a
homology model of Bae] KS1 was constructed to visualise the
potential interactions between SNAC 2 and Asn206. Two models
of BaeJ KS1 were produced, the first of which shows a potential
hydrogen bond between the Asn residue and the d-carbonyl of
SNAC 2 (ESI S9AT). The substrate specificity measurements
described above revealed no experimental evidence for a
significant role of the d-carbonyl function. Rotation of the car-
boxamide region of Asn206 by approx. 90° anticlockwise,
however, allows the formation of a hydrogen bond between the
amide group of SNAC 2 and the carboxyl of Asn206 (ESI S9B¥),
and the significance of this interaction is supported by the
mutagenesis data above. A second finding of the homology
modelling was the putative existence of a pocket in the KS

Chem. Sci,, 2013, 4, 3212-3217 | 3215
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binding cleft which was able to accommodate the terminus of
the acyl chain (ESI S9C+). The role of these potential long-range
interactions in KS-acyl binding remains unclear, but this model
may indicate the benefit of longer chain intermediates in KS
enzyme assays.

Michaelis-Menten treatment of WT KS1 and KS1(N206A)

To provide more insight into the interaction between the
active site Asn residue of KS1 and SNAC 2, a Michaelis—
Menten treatment was performed on WT KS1 and KS1(N206A).
The KS domains were incubated with concentrations of SNAC
2 ranging from 0.250 mM to 2 mM, and their initial velocities
were used to construct Lineweaver-Burk plots (ESI S10t). Due
to the observation of a small amount of secondary, non-
specific, acylation of KS1 at higher concentrations of SNAC 2
we constructed a mutant lacking the active site Cys (C207A).
Using this as a control to monitor the degree of non-specific
acylation we observed that 5% non-specific acylation occurred
at 1 mM 2, and 8.5% at 2 mM 2. These values were subtracted
from the percentage acylation detected for the WT and N206A
mutant of KS1. Presumably this non-specific acylation took
place at one of the three non-active site Cys residues of KS1.
From our analysis a K, value of 1.8 mM =+ 0.4 was obtained
for WT KS1. In comparison, the K,, for KS1(N206A) was 3.7
mM =£ 1.3, indicating a decreased affinity towards SNAC 2
upon removal of the Asn residue. In addition, k../K, was
reduced by a factor of approx. 2 from WT to mutant, revealing
that the catalytic efficiency of KS1(N206A) has also been
reduced by the removal of the Asn residue. However, this
reduction in k../Ky, is largely due to the difference between
K., values, as the values for k.o were similar for both WT and
mutant KS1 (Table 2).

We propose that the presence of an Asn residue at the X-Cys
position enhances the preference of KS1 towards 2-amidoacetyl
substrates. These intermediates occur following the presence of
NRPS domains within the PKS. To date there are ten confirmed
NRPS-containing ¢rans-AT PKSs that incorporate amino acids
into the intermediate, generating an amide bond,> and a total of
17 XS domains within these PKSs that immediately follow NRPS
modules.

Of the 17 KSs, 11 of them exhibit an X = Asn residue, whilst
the remaining 6 contain an Ala. This indicates that an active
site Asn residue is not essential for the function of such
ketosynthases (as mentioned above and in agreement with our
results for the BaeJ KS1 mutant). It is noteworthy, however,
that for all the known KSs Asn is found in the X position only
when a 2-amidoacyl intermediate is the predicted substrate.
Moreover, those five amino acid-accepting KS domains with
X = Ala exhibit other sequence differences from the X = Asn
containing group, such that a phylogenetic analysis based

Table 2 Calculated kinetic parameters for WT KS1 and KS1(N206A) with SNAC 2

K (mM) kear (min™") Vimax (MM min™")
WT KS1 1.8 £ 0.4 3.0 £ 0.6 0.24 £ 0.05
KSl(N206A) 3.7+ 1.3 2.8 +0.9 0.22 £+ 0.07
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on total sequence similarity places them in separate clades
(see ESI S8t).

Conclusions

In this study we have described and rationalised the substrate
preference of a KS domain for 2-amidoacetyl intermediates.
Using full-length SNAC mimics of the acyl chain, we have shown
that Bae KS1 will readily accept the natural glycine substrate
and an alanine-derived analogue. It is notable that PKSs do exist
which naturally incorporate Ala-containing acyl chains into
their products, including KS10 within the bacillaene cluster,
and KS5 of the thailandamide PKS. In our experiments a valine-
containing SNAC thioester variant was not accepted, suggesting
that steric effects restrict the incorporation of substrates with
bulky substituents at the a-position. This constraint might be a
reason why, to our knowledge, only Gly, Ala, and Ser were found
to be incorporated by trans-AT PKSs unless the amino acid is
processed by components other than trans-AT PKS modules.****
Under our assay conditions, conducted at 0.5 mM substrate, we
observed that SNAC thioesters lacking an amide or amine
nitrogen on the 2-position failed to acylate KS1. We have
demonstrated that mutation of Asn206 to Ala reduced the
affinity of KS1 towards 2-amidoacetyl substrates (kca/Kn low-
ered by a factor of ca. 2).

An understanding of factors dictating specificity and selec-
tivity of KS domains can aid both assignment of uncharac-
terised clusters and potential PKS engineering approaches to
PKSs. Using the data from this study it may be possible to
enhance the selectivity of other KS domains towards 2-ami-
doacetyl intermediates, and further explore the potential to
incorporate unnatural amino acids into biosynthetic pathways.
In addition, our data suggest that modifying adenylation
domains in trans-AT PKS systems to engineer bulkier amino
acids into metabolites will be prohibited by the substrate
specificity of the downstream KS domain. In this case, inserting
a downstream PKS module from cis-AT PKS-NRPS hybrid
systems, which generate compounds with a wider range of
amino acids, might be a way to bypass this restriction.
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