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ABSTRACT: Sulfated molecules with diverse functions are
common in biology, but sulfonation as a method to activate a
metabolite for chemical catalysis is rare. Catalytic activity was
characterized and crystal structures were determined for two such
“activating” sulfotransferases (STs) that sulfonate f-hydroxyacyl
thioester substrates. The CurM polyketide synthase (PKS) ST
domain from the curacin A biosynthetic pathway of Moorea
producens and the olefin synthase (OLS) ST from a hydrocarbon-
producing system of Synechococcus PCC 7002 both occur as a
unique acyl carrier protein (ACP), ST, and thioesterase (TE)
tridomain within a larger polypeptide. During pathway termi-
nation, these cyanobacterial systems introduce a terminal double
bond into the f-hydroxyacyl-ACP-linked substrate by the combined action of the ST and TE. Under in vitro conditions, CurM
PKS ST and OLS ST acted on f-hydroxy fatty acyl-ACP substrates; however, OLS ST was not reactive toward analogues of the
natural PKS ST substrate bearing a CS-methoxy substituent. The crystal structures of CurM ST and OLS ST revealed that they
are members of a distinct protein family relative to other prokaryotic and eukaryotic sulfotransferases. A common binding site for
the sulfonate donor 3'-phosphoadenosine-5'-phosphosulfate was visualized in complexes with the product 3’-phosphoadenosine-
S’-phosphate. Critical functions for several conserved amino acids in the active site were confirmed by site-directed mutagenesis,
including a proposed glutamate catalytic base. A dynamic active-site flap unique to the “activating” ST family affects substrate
selectivity and product formation, based on the activities of chimeras of the PKS and OLS STs with exchanged active-site flaps.

S ulfotransfer is a ubiquitous and functionally diverse process pathway termination” (Figure la). In previous studies, we
across all forms of life. Although the acceptor molecule and found that CurM ST transfers sulfonate from the donor PAPS
the specific biological role of sulfonation varies widely, the to the f-hydroxy of the pathway intermediate, which is
sulfotransferases (STs) that catalyze transfer of sulfonate from covalently tethered to the CurM ACP (Figure 1a).® The

the biological donor 3'-phosphoadenosine-5’-phosphosulfate
(PAPS) to a hydroxy or amine acceptor are generally highly
conserved.'™* Sulfotransfer in the curacin A biosynthetic
pathway contrasts with all of the other known sulfonation
events because the natural product is transiently sulfonated, and
the final structure of this potent cancer cell cytotoxin includes
no sulfate group.®

The antimitotic natural product curacin A is produced by the
marine cyanobacterium Moorea producens [formerly Lyngbya
majuscula®] in a biosynthetic pathway containing a unique ST

unique CurM TE domain then acts specifically upon the f-
sulfated substrate to hydrolyze, decarboxylate, and eliminate
sulfate to yield a terminal alkene product (Figure 1a).*° This
mode of polyketide chain offloading to a terminal alkene was
unprecedented, as typical TEs catalyze hydrolysis to the linear
acyl-carboxylic acid or cyclization to a macrolactone or
macrolactam product.'®™** CurM ST activates the f-hydroxy
group and thus facilitates decarboxylation to yield the terminal
olefin.® To our knowledge, this work provided the first

with low sequence similarity to previously described STs. description in a metabolic pathway where sulfonation functions
Located within the final polyketide synthase (PKS) mono-

module, CurM, the ST is the penultimate domain between the Received: July 24, 2012

acyl carrier protein (ACP) and thioesterase (TE), two common Accepted: September 19, 2012

domains involved in PKS and fatty acid synthase (FAS) Published: September 19, 2012

v ACS Publications  © 2012 American Chemical Society 1994 dx.doi.org/10.1021/cb300385m | ACS Chem. Biol. 2012, 7, 1994—2003


pubs.acs.org/acschemicalbiology

ACS Chemical Biology

2
B @y
HOjﬁ mogsoié H20 COgm (R

2
CurM

,NV

§ §

S
OCH;g
S

o OH 0 OH
0=p-0° 0=p-0r
PAPS O PAP O Ri= Hor OCHg
Ra Rz

Ra= Hor CH,CHy

Figure 1. Offloading and termination using f-hydroxy group activation and decarboxylation. (a) Offloading and termination in the curacin A
(CurM) and the olefin synthase (OLS) pathways. The sulfotransferase (ST) first sulfonates the f-hydroxy group from the sulfonate donor 3'-
phosphoadenosine S'-phosphosulfate (PAPS). The thioesterase (TE) then works in a f-sulfate-dependent manner to hydrolyze, decarboxylate, and
eliminate sulfate to produce a terminal alkene. Other domains are acyl activating (AA), acyl carrier protein (ACP), ketosynthase (KS), acyl
transferase (AT), and ketoreductase (KR). (b) ST reaction in biochemical assays. Excised ACP was loaded with synthesized substrates (varying in
acyl chain length, the presence of a CS-methoxy and the f-hydroxy group configuration) and reacted with PAPS. Sulfonated products were detected

by HPLC.

to activate a hydroxy group for subsequent conversion to a final
product.

CurM ST has low sequence similarity to all previously
characterized STs (less than 25% identity). However, several
additional ST domains presumed to play a role in acyl-hydroxy
group activation were identified in the protein databases by
virtue of a high level of amino acid sequence identity (33—52%)
to the CurM ACP-ST-TE tridomain (Supplemental Figure
1)."”” Here we designate these as “activating” STs with a
common functionality to transfer a sulfonate that is
subsequently removed through decarboxylative elimination. In
addition to curM, where the ST is embedded within the CurM
PKS module, two related genes appear in the context of
uncharacterized biosynthetic gene clusters. Five additional ST
genes reside within stand-alone eight-domain polypeptides that
resemble monomodular PKSs or FASs. The domain organ-
ization is similar to CurM but with the addition of acyl-
activating (AA) and ACP domains at the N-terminus (Figure
la, Supplemental Figure 2). The AAs in the stand-alone
systems resemble those shown to ligate a free fatty acid to
ACP,16 consistent with the AA-ACP fusion. The central
domains (ketosynthase (KS), acyltransferase (AT), ketoreduc-
tase (KR)), as in CurM, are presumed to catalyze a single
extension of the fatty acyl chain using malonyl-CoA (AT, KS)
with p-carbonyl group reduction by the KR to create a f-
hydroxyacyl-ACP substrate for ST-TE mediated termination.
This intriguing domain arrangement (AA-ACP-KS-AT-KR-
ACP-ST-TE) (Figure la) suggests a pathway to convert fatty
acids into terminal-alkene hydrocarbons with an odd number of
carbon atoms due to the final decarboxylation step.*"* Indeed,
the role of this biosynthetic system as an olefin synthase (OLS)
was recently confirmed for the gene from Synechococcus PCC
7002."7 Based on these findings it is evident that the unique
PKS/FAS ST-TE offloading process has exciting potential
applications in engineering pathways for hydrocarbon biofuel
production and natural product structural diversification.'®"?

Due to the surprising role of CurM PKS ST and OLS ST
domains in hydroxy group activation for the terminal
decarboxylative elimination reaction, we were motivated to
obtain detailed structural information on these proteins.

1995

Previous crystal structures have primarily focused on
mammalian STs, which share a common protein architecture,
including a single catalytic domain, a common binding site for
the sulfonate donor PAPS, and flexible loops surrounding the
active site that become ordered upon PAP(S) binding.*® These
structures and the PAP(S) binding mode led to the prevailing
view of ST catalysis,”' in which a general base activates the
acceptor substrate nucleophile for a concerted in-line transfer of
sulfonate from PAPS.

Here, we report structure—function studies of activating ST
from the curacin A pathway (CurM PKS ST domain) and from
the Synechococcus PCC 7002 olefin synthase system (OLS ST
domain, 47% sequence identity to CurM ST). Both activating
STs accept substrates leading to long-chain hydrocarbon
production, but the OLS ST excludes substrates bearing a
CS-methoxy group (Figure 1b), which is present in the natural
curacin chain elongation substrate. Crystal structures of both
STs reveal the active-site residues, details of PAPS binding, and
a dynamic active-site flap involved in substrate selectivity.

B RESULTS

Activating STs Are Prototypes of a Family. In addition
to the eight activating STs previously identified within ACP-
ST-TE tridomains,"® at least five additional ST sequences of
high identity to CurM ST (31—44%) are present in sequence
databases (Supplemental Figure 2). These STs occur in the
context of microbial natural product biosynthetic pathways, but
unlike CurM ST, they lack a downstream decarboxylating TE.
Rather, the genomic context suggests that these STs produce
sulfated natural products, as has been detected for Planktothrix
NIVA CYA 116.*>** As we were most interested in STs with an
activating functionality, the ST from the olefin synthase (OLS)
in Synechococcus PCC 70027 in addition to CurM ST from the
curacin A PKS pathway were selected for further study.

The CurM PKS ST was demonstrated to be an activating
ST,® but no OLS ST has been characterized biochemically.
Recombinant excised domains for CurM ST and OLS ST were
purified as soluble, monomeric proteins, and sulfotransferase
activity was assayed.® Briefly, f-hydroxyacyl substrates were
loaded onto CurM ACP, and following reaction with ST, ACP
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products were analyzed by HPLC (Figure 1b, Supplemental
Figure 3). OLS ST reacted with two OLS substrates that would
produce hydrocarbons when offloaded ((R)-3-hydroxymyris-
toyl-ACP and (R)-3-hydroxydodecanoyl-ACP) (Table 1), as

Table 1. Substrate Preferences of CurM ST and OLS ST

percent sulfonated”

CurM ST OLS ST
(R)-3-hydroxydodecanoyl-ACP 73+ 3 204 + 0.3
(R)-3-hydroxytetradecanoyl-ACP 72+2 33+1
(3R)-3-hydroxy-S-methoxytetradecanoyl-ACP 74 £ 5 0
(385)-3-hydroxy-S-methoxytetradecanoyl-ACP 28 +2 0

“Raw HPLC chromatogram peak areas for the ACP-loaded substrate
and sulfonated product were used to calculate the fraction of substrate
sulfonated. CurM ST reactions were quenched and analyzed after S
min, and OLS ST after 3 h. Data are mean =+ standard deviation from
triplicate experiments.

expected from previous studies.'” However to our surprise, the
OLS ST had no detectable activity toward either of the curacin
PKS ST substrate analogues that bear a CS-methoxy substituent
((3R/S,5R,S)-3-hydroxy-S-methoxymyristoyl- ACP) (Table 1)

under the assay conditions. In contrast, CurM ST acted
similarly upon the curacin PKS ST substrate mimics and the
OLS substrates but with a 3-fold preference for the natural R-$-
hydroxy enantiomer (Table 1). OLS ST displayed a slight
preference for the OLS substrate with the longer (14-carbon)
alkyl chain.

Structures of Activating STs. In order to more fully
understand the activating ST's, crystal structures were solved for
CurM ST and OLS ST (Figure 2). Both enzymes were
crystallized with the product PAP, which was essential for
crystal growth. Crystallization of CurM ST required a double-
alanine substitution at GIn259-Lys260. The structures define
the limits of the ST domains as amino acids 1623—1905 of
CurM and 2130—2420 of OLS. Here we use a common amino
acid numbering based on the recombinant CurM ST
polypeptide, as there are no gaps in the alignment of the
CurM and OLS STs.

CurM and OLS STs resemble other STs in their overall
architecture, as expected. However, the activating ST's are much
more similar to each other (rmsd = 0.79 A for 228 Ca) than
either is to the ST of next greatest structural similarity, human
heparan sulfate 3-O-sulfotransfease (3-OST, rmsd = 1.5 A for
only 114 Ca atoms) (Supplemental Figure 4ab). In the

a

b

Active-site fla

Figure 2. Structure of activating STs. (a) CurM ST polypeptide. The stereo ribbon diagram is colored as a rainbow from blue at the N-terminus to
red at the C-terminus with PAP and Glu60, the proposed catalytic base, in stick (gray C). The active site flap (thick) is labeled. (b) Topology
diagram. CurM ST and OLS ST have an a/f core fold, like other STs, with inserted a-helices (a2—a4) and an extended loop wrapping around the

core from al0—all.
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Figure 3. Active site of activating STs. (a) OLS ST PAP binding site. PAP (magenta C) and surrounding amino acids (yellow C) in an intricate
hydrogen-bonding network are shown in stick form in the stereo diagram. (b) Schematic of PAP binding site. (c) Comparison of the active sites of
CurM ST and 3-OST. Key amino acids are shown in stick form in 3-OST (1T8U)> (purple C) and CurM ST (yellow C). Hydrogen bonds in
CurM ST and the ionic interaction from Lys133 to PAP are shown in black. Hydrogen bonds in 3-OST are shown in gray. PAPS is modeled into

CurM ST from the positions of PAP and ZnCl;".

activating STs, the generic ST core is embellished with 3
additional a-helices (@2—a4) (Figure 2, Supplemental Figure
4b).

Serendipitous Insight into PAPS Binding. PAP binds
similarly in CurM ST and OLS ST to a cleft near the C-
terminal edge of a central parallel f-sheet (Figure 2a,
Supplemental Figure 4). As in most other ST structures
(except for the 3-OST family),* the adenine base is bound in
the anti conformation. PAP forms an intricate network of
hydrogen bonds with amino acids conserved in the activating
ST sequences (Figure 3a,b, Supplemental Figure 1). Some of
these interactions occur only in the activating ST family
(Glul68, Tyr248, Asp266, Asn268, His272, and backbone
interactions with Thr274 and Asp276), while others are
common in the ST superfamily (Arg39, Gly41, Ser42, Thr43,
Argl61, Serl69, Argl72, Tyr218).

A Zn* jon from the CurM ST crystallization solution
coordinates PAP at a position corresponding to the PAPS
sulfate and provides a serendipitous insight into PAPS binding.
The Zn?* coordinates a PAP &’ phosphate oxygen, and three
CI” ions complete the tetrahedral coordination sphere,
resulting in a species with the same charge and shape as
sulfate. The Zn*" was identified by anomalous scattering, and
the CI” ions were placed at the positions of weak anomalous
scattering peaks (Supplemental Figure 5). Although ZnCl,™ is

1997

bulkier than SO;~, the active site accommodates ZnCly~
without perturbing the structure as the surrounding side chains
are not significantly shifted relative to their positions in OLS ST
(Supplemental Figure Sb). PAPS was modeled into the
structure based on the position of ZnCl;~ (Figure 3c,
Supplemental Figure Sc). The PAPS sulfate location matches
well with the PAPS complex of a distantly related mouse ST.**
Two amino acids, which are conserved in activating STs, are
positioned to interact with PAPS sulfate oxygen atoms. Arg39
simultaneously recognizes the PAPS 3’-phosphate and 5'-
sulfate. Lys133 forms an ionic interaction with the PAPS §'-
sulfate and hydrogen bonds with amino acids in the active site
(Figure 3c).

The presence of ZnCly~ in the active site implies that Zn**
may inhibit the ST. We tested the activity of CurM ST as a
function of Zn>" concentration, and observed a less-than 2-fold
decrease in sulfonation over a range of 1-100 uM
(Supplemental Table 1), concentrations far above estimates
of free Zn>* in the bacterial cytoplasm.”>*® Thus, based on
these data, we conclude that Zn** does not interfere with CurM
ST activity in vivo.

Active Site. Several amino acids near the PAPS sulfate are
positioned to affect catalysis (Figure 3c). The key residues
Glu60 and Lys133 are invariant among the activating STs.
Glu60 is well situated to serve as the catalytic base; the PAPS
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sulfate is in an optimal position for nucleophilic attack by the
substrate f-hydroxy group following deprotonation by Glu60
(Supplemental Figure 6). In other STs, the analogue of Glu60
is part of a Glu-His-Asp triad linked by hydrogen bonds.*”*
However, the activating STs lack such a triad. His62 is too
distant from Glu60 for a hydrogen bond, and no Asp is present.
Lys133 anchors the active site by direct interaction with both
Glu60 and the PAPS sulfate. Lys133 is further stabilized by
hydrogen bonds with the Ser42 and Thr43 hydroxy groups,
which in turn hydrogen bond to PAP 5’ phosphate, further
linking PAPS to the catalytic residues (Figure 3c). Most STs in
the structure database have an “anchor” lysine like Lys133.
The importance of these and other amino acids in the active
site (Arg39, Thr43, Glu60, His62, Lys133, Ser134) were
probed by mutagenesis of CurM ST (Table 2). Ala and Gln

Table 2. Activity of CurM ST Variants

CurM ST variants % activity” location
wild type 100
R39A 14+ 1.1 PAP binding
T43A 1.1 + 1.5 active site
E60A 03 + 1.0 active site
E60Q 0.7 + 0.6 active site
H62A 8+1 active site
K133A <0.1 active site
S134A 52 +11 structural
S261A 131 + 19 flap
D266A 19+ 1.1 flap, PAP binding
D266N 3.5 +09 flap, PAP binding
P267A S8+ 5 flap
no ST 0
no PAPS 0

“Raw HPLC chromatogram peak areas for the substrate ((R)-3-
hydroxymyristoyl-ACP) and product ((R)-3-sulfomyristoyl-ACP)
were used to calculate the fraction of substrate sulfonated. The
activity of each variant was normalized to that of the wild type within
each replicate. Mean + standard deviation from triplicate experiments
is shown.

substitutions at Glu60 reduced activity more than 100-fold,
consistent with its proposed role as a catalytic base. A key role
was confirmed for the anchor Lys133 (Figure 3), for which an
alanine substitution reduced activity below detectable levels.
Other perturbations of the hydrogen-bonding network through
alanine substitutions at Thr43 (linking Lys133 and the PAPS 5’
phosphate) and Arg39 (linking the PAPS sulfate to the 3’
phosphate) led to a 100-fold reduction in activity. The
mutagenesis results are consistent with a model in which
Lys133 anchors key players in the active site: the PAPS sulfate,
the catalytic base Glu60, and the PAPS 5’ phosphate indirectly
through Thr43. An Ala substitution at His62 in CurM ST
reduced activity only 10-fold, in contrast to an ST with a Glu-
His-Asp triad, where the analogous His is essential.”’ The
activity of this variant suggests His62 may interact with Glu60
during the catalytic cycle but is not necessary for catalysis.
Dynamic Active-Site Flap. CurM ST and OLS ST possess
a dynamic active-site flap (Figure 4a). A 13-residue loop
between helices @10 and all (residues 255—267) covers the
active site in CurM ST and is differently positioned (255, 264—
267) and partially disordered (256—263) in OLS ST (Figure
4a, Supplemental Figure 7a). The ST superfamily exhibits
substantial divergence in length and structure for this region at

1998

CurM ST

Active-site

flap EB0 (catalytic

base)

Figure 4. Active-site cleft. (a) Surface representation of CurM ST
(green) and OLS ST (blue). For both proteins PAP is shown in
magenta stick, and catalytic Glu60 in yellow (not visible in CurM ST).
The active-site cleft in OLS ST is exposed due to disorder of the
active-site flap. In CurM ST, the active-site flap and flexible loop
(orange surfaces) cover the active site, but their conformations are
influenced by crystallization. (b) Substrate modeled into OLS ST. (R)-
3-hydroxymyristoyl-phosphopantethiene (magenta C, red O, blue N,
yellow S, orange P) was modeled into the open substrate-binding cleft
of OLS ST.

the entrance to the active site, in accord with the great variety
of substrates that are sulfonated.**° However, among the
activating STs, the flap sequence is conserved, suggesting that
the substrates are similar or that the flaps have a common
function. Certainly the dynamic aspect of the CurM and OLS
ST flaps hints that they close over the p-hydroxy substrate
during catalysis. An adjacent flexible loop (residues 77—82
between a2 and a3) has somewhat different positions in CurM
and OLS ST (Figure 4a) and may move in conjunction with
the active-site flap. Similar order/disorder transitions have been
observed in the mammalian cytosolic STs, where loops and
helices surrounding the active site are pro§ressively ordered
upon the binding of PAP(S) and substrate.”

Two features of the CurM ST crystallization contribute to
the well-ordered conformation of the active-site flap and flexible
loop structure in the absence of substrate. A Zn** bound on the
outside of the protein (not in the PAPS sulfate position)
coordinates flap residues His258 and Asp266 (Supplemental
Figures Sa, 7) and serves to anchor these points of the flap.
Asp266 is invariant among activating STs and participates in
the PAPS hydrogen bonding network in the OLS ST structure
through a water-bridged hydrogen bond with the PAP 3'-
phosphate and a direct hydrogen bond with Arg39
(Supplemental Figure 7a). The alanine substitutions to facilitate
crystallization of CurM ST (Q259A/K260A) were at non-
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conserved sites in the active-site flap and also contribute to
trapping the flap in the observed conformation. Q259A/K260A
mediates a crystal contact that also includes Tyr80 and Leu81
from the adjacent flexible loop (Supplemental Figure 7b).
Together the crystal contact, the alanine substitutions, and the
surface Zn>* ion trapped the CurM ST flap in an ordered/
closed conformation; however, this particular ordered con-
formation may not be relevant to ST function.

Substrate Binding and Specificity. We modeled
substrates into the active sites in positions to interact with
both the PAPS sulfate and Glu60, the proposed catalytic base.
The active-site flap was ignored in the modeling because it is
unknown how the flap closes over the substrate during catalysis.
The structure of a ternary complex of 3-OST with PAP and a
tetrasaccharide substrate [1T8U*’] was used as a guide to place
the f-hydroxy groups of the OLS ST substrate, (R)-3-
hydroxymyristoyl-phosphopantethiene, and the curacin PKS
ST substrate mimic, (3R)-3-hydroxy-S-methoxymyristoyl-phos-
phopantethiene (Figure 4b). The phosphopantetheine arm and
alkyl chain are well matched to the length of the substrate
channel when the substrate fS-hydroxy group is adjacent to
Glu60 and to the PAPS sulfate.

The modeling did not provide an explanation for the OLS
ST substrate selectivity, as substrates both with and without the
CS5-methoxy were easily modeled into both enzymes. Thus we
probed the function of the active-site flap with two types of site-
directed mutagenesis experiments. Single-site substitutions
were made to three conserved amino acids in the active-site
flap of CurM ST (Ser261, Asp266, Pro257) (Table 2). Activity
with a simple alkyl substrate was reduced nearly 100-fold when
Asp266 was substituted by Ala (2% of WT) or Asn (4% of
WT), consistent with the Asp266 interaction with PAPS
through Arg39 and an ordered water molecule (Figure 3a)b,
Supplemental Figure 7a). The P267A and S261A variants had
modestly reduced activity relative to the wild type for a simple
alkyl substrate. We then tested the variants with the greatest
activity (H62A, S134A, S261A, D266N, P267A) with all four
substrates (Supplemental Figure 8a). Remarkably, alanine
substitutions at conserved flap residues Ser261 and Pro267
resulted in substantial selection toward substrates lacking the
CS5-methoxy group, similar to OLS ST. This unexpected result
suggests that the structure of the closed active-site flap affects
substrate selectivity and that small changes to the flap sequence
affect its structure.

The other mutagenesis experiments more directly tested the
role of the active-site flap in substrate specificity. Chimeric
proteins were created in which the CurM ST and OLS ST flaps
(residues 254—270) were exchanged. The activity of CurM
STgapoLs With CS-methoxy substrates decreased 2-fold relative
to that of wild type, while the activity with the simple alkyl
substrates was unchanged (Supplemental Figure 8b). This
resulted in a CurM ST with activity more like that of OLS ST
and demonstrates the importance of the flap in substrate
selectivity. However, the flap is not the sole determinant of
substrate selectivity, as OLS STjg,,cuv had negligible activity for
all substrates (Supplemental Figure 8c).

Bl DISCUSSION

Activating Sulfotransferase Family. CurM ST and OLS
ST are prototypes of a family of functional-group-activating
sulfotransferases in complex metabolic pathways. Both CurM
ST and OLS ST catalyze f-hydroxy group sulfonation, the first
step in this new mode of metabolite offloading and termination.

1999

Sulfonation activates the substrate for the unprecedented TE-
catalyzed decarboxylation and sulfate elimination,® and hence
we have named the family “activating” sulfotransferases. The
activating ST structure is most similar to the mammalian
heparan sulfate D-glucosaminyl 3-O-sulfotransferase (3-OST)
family of STs. Although the sequence identity is low (<15%),
activating STs and 3-OST family members assist catalysis using
a common set of amino acids. Results of site-directed
mutagenesis of CurM ST are consistent with a catalytic
mechanism in which Glu60 is the catalytic base and Lys133
anchors the PAPS sulfate and Glu60.

The sequence database contains several other uncharac-
terized gene products of high similarity to CurM ST (31—43%
identity) that occur in microbial natural product biosynthetic
pathways without ACP-ST-TE tridomains (Supplemental
Figure 2). These STs are not expected to activate hydroxy
groups but instead to produce sulfated natural products. The
catalytic residues and active-site flap of the activating ST's are
conserved in these similar but “non-activating” ST sequences,
indicative of recent common ancestry (Supplemental Figure 2).
Natural products pathways do not include exclusively STs of
the activating ST family. For example the glycopeptide ST
Tegl2” (16% identity to CurM ST) clearly belongs to a
different ST family.

OLS and PKS STs Display Different Substrate
Selectivity. The assay results for OLS ST are the first
biochemical studies of a domain from an olefin synthase.
Consistent with genetic deletion and feeding studies,'”” OLS ST
acted on substrates with long alkyl chains. However, it had no
detectable activity with CS-methoxy substrates in contrast to
the CurM ST, which was active with all substrates tested. The
exclusion of CS-methoxy substrates by OLS ST is presumably
due to a feature of the closed active-site flap because the OLS
ST and CurM ST surfaces “under” the active-site flap are
identical in charge and structure. The flap-specificity hypothesis
is consistent with the activity of the CurM STg,,015 chimera,
which had decreased activity with CS-methoxy substrates but
similar activity to that of CurM ST with the simple alkyl
substrates. The active-site flap also contributes to substrate
selectivity in other ST subfamilies. For example, the human ST
SULT2AI1 active-site flap controls substrate selectivity by
limiting the size of substrates that can access the active site
after PAPS binding.*® Although the activating ST flap is highly
diverged in sequence from the flaps of other STs such as
SULT2AI, it appears to be used broadly within the ST
superfamily to control substrate specificity.

CurM ST had only a weak preference for the substrate mimic
with the natural (R)-f-hydroxy stereochemistry over the non-
natural (S) (Table 1, ref 8), consistent with the idea that the ST
is likely to encounter only substrates with the natural
stereochemistry. The stereochemistry is predicted by sequence
analysis of the upstream KR domain, which specifies an (R)-f-
hydroxy product for both STs.*' Under our assay conditions,
CurM ST is a much faster enzyme than OLS ST (Supplemental
Figure 7b,c), even for substrates linked to the cognate OLS
ACP (43% identity to CurM ACP). OLS ST may be more
reactive with the natural substrate (6—8 carbons longer than
the test substrates) or within the context of the full-length OLS
polypeptide where substrates are linked to a fused ACP.

Distinctive Structural Features of Activating STs. We
visualized the PAPS sulfate in CurM ST from the serendipitous
binding of ZnCl;” in the sulfate position.”*** The PAPS sulfate
is thus deduced to be less than S A from the putative catalytic
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base, Glu60. The S-hydroxy group of the modeled substrate is
in a position to be activated by Glu60 and subsequently to
attack the sulfate of PAPS to complete sulfonate transfer
(Figure 4b). Arg39 appears key in distinguishing PAPS from
other nucleotides, as it simultaneously recognizes the 3'-
phosphate and the 5’-sulfate. Additionally, four hydrogen bonds
provide specificity for the adenine base (Figure 3a,b).

The structures of CurM ST and OLS ST together provide
evidence of a dynamic active-site flap distinct to activating ST's
(Figure 4a). In the OLS ST, the flap is disordered, exposing an
obvious substrate-binding cleft adjacent to the PAPS sulfate
(Figure 4b). Crystallization of CurM ST captured a closed/
ordered flap, as expected to follow substrate binding. However,
no substrate was present, and a bound Zn?*, the two alanine
substitutions, and a crystal contact contributed to the observed
flap structure. The conservation of the length and amino acid
sequence of the flap highlights its importance, as does the
reduced activity of substitutions at invariant Asp266 in the flap.
Asp266 is proposed to guide the flap into the proper closed
position by interacting with PAPS, thereby ensuring that PAPS
is bound before the flap closes. Other residues conserved in the
flap of activating STs (Pro267, Ser261) are involved directly or
indirectly in substrate recognition, as Ala variants altered the
substrate specificity, an unexpected finding for amino acids
conserved in the Cur and OLS enzymes. Flap chimeras resulted
in a CurM ST with substrate specificity more like OLS ST but
an OLS ST with negligible activity. Thus the flap is not the sole
determinant of substrate selectivity, and we infer that flap-core
interactions also modulate and control the substrate selectivity
of the activating STs.

Functional-Group Activation. CurM ST and OLS ST
carry out an activating sulfonation that creates a favorable
leaving group to assist subsequent decarboxylation; the
transient sulfate is present on an intermediate but not in the
final product. The curacin A pathway also contains an
“activating” halogenase, which functionalizes a carbon by
chlorination for subsequent cyclopropane formation.**** A
similar chlorination strategy is employed to form a cyclo-
propane in the biosynthesis of coronamic acid.*® Activation of a
hydroxy group by phosphorylation with phosphate, pyrophos-
phate, or AMP is common in primary and secondary
metabolism. The similarity of activating sulfonation and
phosphorylation is striking in mevalonate-5-diphosphate
decarboxylase (MDD) in the cholesterol biosynthetic pathway.
MDD activates a p-hydroxy group by phosphorylation to
facilitate decarboxylation and generate the terminal double
bond of isopentenyl diphosphate,**® chemically analogous to
ST-TE catalysis. Unlike MDD, the ACP-ST-TE tridomain has
the additional task of thioester hydrolysis. For the thioesterase-
decarboxylase function, nature adapted the common thioester-
ase of PKS and NRPS systems and co-opted a sulfotransferase
to facilitate the decarboxylation step. Activation by sulfonation
is a rare variation on the theme of leaving-group activation by
phosphorylation common to other metabolic pathways and
clearly is an effective strategy to activate substrates for
combined thioester hydrolysis and decarboxylation.

Our structure—function studies define a distinct family of
STs where most members have a surprising role in hydroxy
group activation. This family includes ST domains from
biosynthetic systems that produce natural products (polyke-
tides, such as curacin A, and nonribosomal peptides) and
hydrocarbons (OLS). The CurM ST and OLS ST structures
reveal active site residues, details of PAPS binding, and a
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dynamic active-site flap, which was shown to influence substrate
specificity. The CurM and OLS STs expand our view of
nature’s remarkable synthetic toolbox and highlight promising
engineering applications. The OLS ST is applicable to liquid
biofuel production as it leads directly to long-chain hydro-
carbons. The CurM ST, which accepts substrates containing a
variety of functional groups, also holds value for use in natural
product structural diversification.

B METHODS

Cloning and Site-Directed Mutagenesis. A construct encoding
CurM ST (CurM residues 1598—1917, here referred to as 1—320) was
amplified from cosmid pLM17” and inserted into the pMCSG7 vector
encoding an N-terminal 6xHis tag. A construct encoding OLS ST
(OLS residues 2121—2424, here referred to as 9—312) was amplified
from synthetic DNA (GeneArt) and inserted into pMCSG7. Surface
entropy reduction substitutions in CurM ST (E183A/E184A, K223A/
K224A, Q259A/K260A, and E209A/E211A) were designed with
assistance from the SERp server.”” Site-directed mutagenesis of single
amino acids was performed using the QuikChange protocol (Agilent).
Flap chimeras were constructed using the QuikChange Lightening
Multi Site Directed Mutagenesis Kit (Agilent). All constructs were
verified bgf sequencing. CurM ACP was expressed as previously
described.

Protein Expression and Purification. E. coli strain BL21(DE3)
was transformed with expression plasmid, grown at 37 °C in 500 mL
of TB with 4% glycerol to an ODgy, of 1.0, cooled to 20 °C, induced
with IPTG (final concentration 0.2 mM), and grown for an additional
18 h. Selenomethionyl (SeMet) CurM ST ;504 /2604 Was produced in
the same E. coli strain in SelenoMet Medium (AthenaES) containing
100 ug mL™" of seleno-pL-methionine.

All purification steps were performed at 4 °C. The cell pellet from
500 mL of cell culture was resuspended in 40 mL of Buffer A (20 mM
Tris pH 7.9, S00 mM NaCl, 10% glycerol) plus 20 mM imidazole and
lysed by sonication, and the soluble fraction was loaded onto a S-mL
HisTrap Ni NTA column (GE Healthcare). The proteins were eluted
in Buffer A with a linear gradient of 20 to 650 mM imidazole. The
6xHis tag was removed by 2-h incubation with 1 mM DTT and
tobacco etch virus (TEV) protease (1 mg protease per S0 mg ST) at
RT. After overnight dialysis at 4 °C in Buffer A with 1 mM DTT, the
remaining His-tagged proteins were removed by Ni-affinity
chromatography, followed by size exclusion chromatography with a
HiLoad 16/60 Superdex 200 column (GE Healthcare) pre-
equilibrated with Buffer A. The purified proteins were concentrated
to 15 mg mL™", flash frozen in liquid N, and stored at —80 °C. SeMet
CurM ST qp50a/x2604 Was purified as the wild type with addition of 2
mM DDT to Buffer A during the size exclusion step. Of the 4 surface
entropy reduction variants, 2 yielded enough soluble protein for
crystallization trials (Q259A/K260A and E209A/E211A). CurM ST
variants used for assay were purified as above but using a single
HisTrap Ni NTA purification step followed by overnight dialysis in
Buffer A with yields similar to that of wild type. Yields per 500 mL
culture were 20 mg for CurM ST, 60 mg for OLS ST, 12 mg for CurM
ST qusoaskasons and 4 mg for SeMet CurM ST 504 k2604

Crystallization. Initial attempts to produce high-quality CurM ST
crystals were not successful, so surface entropy reduction (SER)
mutations®® were made to promote crystallization. Double alanine
substitutions were made at four sites of nonconserved, adjacent, polar
amino acids; one double substitution (Q259A/K260A) resulted in
crystals that diffracted to high resolution (1.6 A). The activity of CurM
STqs9a/k260a Was reduced about 3-fold relative to wild type
(Supplemental Table 1). Crystals of CurM ST 504 /k2608 8rew at 4
°C within 24—48 h by vapor diffusion in hanging drops from a 1:1 mix
of protein stock (7 mg mL™" ST in Buffer A, 2 mM PAP) and well
solution (25—31% PEG MME 550, 2.5—12.5 mM ZnSO,, 100 mM
MES pH 6.5). Crystallization was dependent upon the presence of
Zn** and PAP. SeMet protein crystallized in similar conditions to the
native CurM ST qy504/x260a With 1 mM DTT in the protein solution.
OLS ST crystals grew at 20 °C within 24 h from a 1:1 mixture of

dx.doi.org/10.1021/cb300385m | ACS Chem. Biol. 2012, 7, 1994—2003



ACS Chemical Biology

Table 3. Crystallographic Summary

Diffraction Data

CurM ST qp50a/k2608 (SeMet)

CurM ST qs0a/k2608 (native)

CurM ST g50a/x2604 (native)

OLS ST (native)

space group P2,2,2, P2,2,2, P2,2,2, P4,2,2
X-ray source APS 23-ID-B APS 23-ID-B APS 23-ID-B APS 23-ID-D
a b, c (A) 46.0, 67.6, 118.5 45.8, 67.3, 118.0 459, 673, 118.5 131.4, 131.4, 472
a, B, 7 (deg) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
wavelength (A) 0.97948 1.03320 1.23984 097934
doim (A) 212 (2.20-2.12)¢ 1.62 (1.68—1.62) 1.95 (2.02—1.95) 2.15 (2.23-2.15)
av I/o, 265 (14.3) 17.5 (4.9) 17.0 (7.8) 24.1 (3.6)
Ry’ 0.098 (0.261) 0.074 (0.375) 0.085 (0.276) 0.063 (0.634)
completeness 100 (99.9) 98.5 (89.6) 99.7 (99.4) 99.8 (100.0)
av redundancy 14.5 (14.3) 6.6 (5.9) 72 (72) 8.7 (7.5)
unique reflections 21,790 46,830 27,422 23,099
Refinement
data range (A) 36.34—1.62 33.07-2.15
no. reflections 46,772 22,991
Ryon/Ries 0.158/0.182 0.188/0.220
rms deviations

bonds (A) 0.007 0.010

angles (deg) 1.13 1.06
av B-factors (A?)

protein 17.1 61.7

water 33.5 60.7

other 22.1 482
Ramachandran

allowed 100.0% 100.0%

outliers 0.0% 0.0%
protein atoms 2325 2211
water molecules 365 96
other atoms 83 27

“Outermost shell in parentheses. bIncluding anomalous differences. “The R, data set included a random 5% of reflections.

protein stock (11 mg mL™" ST in Buffer A, 2 mM PAP) and well
solution (27—30% PEG 1.5K, 100 mM MMT buffer (pL-malic acid,
MES, Tris) pH 6.0). Crystals of OLS ST that diffracted beyond 4.0 A
were grown by microseeding. Crystals were harvested in loops and
flash cooled in liquid N,.

Data Collection and Structure Determination. Data were
collected at GM/CA beamline 23ID-D at the Advanced Photon
Source (APS) at Argonne National Lab (Argonne, IL). A 2.1-A single-
wavelength anomalous diffraction data set was collected at the
wavelength of peak absorption at the selenium edge from a SeMet
CurM ST qpson/ka60a Crystal. A 1.6-A data set was collected from a
native CurM ST 504 /K260 Crystal at E = 12.0000 keV, and a 1.9-A data
set was collected at E = 10.000 keV from a second crystal from the
same drop (Table 3). A 2.1-A data set was collected from an OLS ST
crystal. All data were processed using the HKL2000 suite.*® Using
Phaser*® in the PHENIX*' software suite, anomalous scatterer sites
were found for all eight Met residues from the one polypeptide chain
in the asymmetric unit (average figure of merit (FOM) = 0.49), with
two partially occupied Se sites for each of five Met side chains. Five
additional anomalous scatterers were found in locations that did not
correspond to Met side chains. These five anomalous scatterers were
identified as Zn>* in an anomalous difference Fourier from a data set
collected at 10.000 keV (1 = 1.23984 A), 341 eV above the Zn K
absorption edge. After density modification in RESOLVE® (FOM =
0.77) a 90% complete model was built by AUTOBUILD*® and
completed manually in COOT.** Waters were added automatically in
COOT and manually edited. The 1.6-A native data set was used for
refinement in REFMACS* from the CCP4* suite using 5 TLS
groups.”” Electron density was complete throughout the polypeptide
chain for residues 26—308. Twenty-five residues at the N-terminus and
12 at the C-terminus were disordered. The OLS ST structure was
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solved by molecular replacement in Phaser*® using CurM
STson/kae0n a8 @ search model (47% sequence identity). OLS ST
was refined using BUSTER.*®* Model quality was evaluated with
MolProbity.*

Crystals of both STs contained one polypeptide in the asymmetric
unit. OLS ST amino acid numbering within the ST domain was
assigned to match with CurM ST numbering, as there are no gaps in
the sequence and structure alignments. Electron density is continuous
for CurM ST residues 26—308, and OLS ST termini are ordered in a
similar range, 18—308. The OLS ST crystal structure has two
disordered internal loops (177—184 and 255—263), which are ordered
in CurM ST. Zn®* was essential to CurM ST crystal formation. A total
of five Zn positions were identified by Zn anomalous scattering
(Supplemental Figure Sa). Weak anomalous scattering peaks at other
positions in the tetrahedral coordination sphere of Zn** (Supplemental
Figure S) were interpreted as Cl~ ligands.

Sequence Alignment, Structure Alignment, and Substrate
Modeling. The search for ST homologues was done with BLAST.*
The DALI server ' was used to identify the closest known structures
to activating STs. MUSCLE®® was used for multiple sequence
alignment. PyMOL was used to align structures and prepare figures.>*
The PRODRG2 server™ was used to generate starting models and
topology files for the substrates, which were docked manually using
the position of the 3-OST substrate (1T8U?’) as a guide. Sequences
were aligned for phylogenetic analysis using the MAAFT alignment
algorithm followed by tree building in MrBayes*® using the Whelan-
Goldman model and gamma distribution variation. The most
appropriate model was determined by adding the alignment to the
TOPALi modeling program (http://www.topali.org/).

Enzyme Assay. CurM ST and OLS ST were assayed using a
modification of our previous protocols.*” Apo-CurM ACP was loaded
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with a substrate analogue by 2-h incubation of 50 #M apo-ACP with
100 uM CoA-linked substrate ((3R)-3-hydroxy-S-methoxymyristoyl-
CoA,® (3S)-3-hydroxy-5-methoxymyristoyl-CoA,® (R)-3-hydroxymyr-
istoyl-CoA, and (R)-3-hydroxydodecanoyl-CoA), 10 uM Streptomyces
verticillus Svp,”® 10 mM MgCl,, and 100 mM Tris pH 7.9 at 30 °C.
Complete loading was confirmed by reverse phase HPLC using a
Jupiter C4 column (250 mm X 2.0 mm, S gm, 300 A, Phenomenex)
and a linear elution gradient from 30% to 90% CH,CN (0.1%
CF,CO,H)/H,0 (0.1% CF,CO,H) over 45 min (Supplemental
Figure 3a). After exchange into Buffer A and concentration (Amicon
Ultra 10 kDa concentrators, Millipore), substrate-loaded ACP was
flash frozen and stored at —80 °C. It was not possible to reach
saturating concentrations of ACP-linked substrates, so standard assay
conditions were developed where nearly complete sulfonation of
substrates was achieved with the wild type CurM ST. Reaction times
were adjusted for the slower OLS ST. The reaction was initiated by the
addition of ST (1 uM) into 100 M loaded ACP, 1.7S mM PAPS
(Sigma), 100 mM Tris pH 7.9 at RT. After S min (CurM ST) or 3 h
(OLS ST), the reactions were quenched with 10% formic acid.
Conversion of f-hydroxy-ACP to sulfated-ACP was quantified by
HPLC detection of ACP species as described above (Supplemental
Figure 3b). Results were quantitated as the sulfated-ACP peak area as a
fraction of the total ACP peak area (substrate + product). Under the
conditions tested, CurM ST is more active than OLS ST, with 75%
sulfonation of the ACP-bound substrate in 5 min, whereas OLS ST
converts approximately 50% in 3 h.

Substrate Synthesis. The synthesis of (3R)-3-hydroxy-S-methox-
ymyristoyl-CoA and (35)-3-hydroxy-S-methoxymyristoyl-CoA was
previously described.® (R)-3-hydroxymyristoyl-CoA and (R)-3-hydrox-
ydodecanoyl-CoA were synthesized as described in Chemical
Synthesis section of the Supporting Information.
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