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ABSTRACT: Arixanthomycins are pentangular polyphenols
(PP) with potent antiproliferative activities that were dis-
covered through the heterologous expression of environmental
DNA-derived gene clusters. The biosynthesis of arixanthomy-
cin and other PPs is unusual because it requires several novel
type II polyketide synthase (PKS) enzymes for its complete
maturation. Most type II PKSs contain a ketoreductase (KR)
that mediates the C7−C12 first ring cyclization and C-9 reduc-
tion. In contrast, based on previous studies of product analysis
and genome mining, the arixanthomycin (ARX) gene cluster
harbors a C-11 reducing KR (ARX 27), a C9−C14 first-ring
aromatase/cyclase (ARX 19), and an unprecedented C-17 and
C-19 reducing KR (ARX 21). While bioinformatics is useful for predicting novel enzymes, the functions of ARX 19, ARX 21, and
ARX 27 have yet to be confirmed. Further, the structural features that predispose the ARX biosynthetic enzymes to process
atypical poly-β-ketone scaffolds remain unknown. We report the crystal structure of ARX 21, the first structure of an enzyme
involved in PP biosynthesis and likely a C-17 and C-19 reducing-KR, which is structurally similar to C-15 reducing KRs.
Structural comparison of ARX 21 and other C-9 reducing KRs revealed a difference in the enzyme active site that may enlighten
the molecular basis of KR substrate specificity. In addition, we report the successful in vitro reconstitution of ARX 19. The
structural characterization of ARX 21 in conjunction with the in vitro results of ARX 19 lays the groundwork toward a complete
in vitro and structural characterization of type II PKS enzymes involved in PP biogenesis.

Pentangular polyphenols (PP) are an underrepresented sub-
family of bacterial aromatic polyketides that exhibit diverse

biological activities.1 Pradimicin, benastatin, and fredericamycin
A are examples of PPs that serve as antifungals, chemother-
apeutics, and antibiotics, respectively.2 In Actinomyces and other
bacteria, aromatic polyketides are generated by type II poly-
ketide synthases (PKSs).3−5 A prominent feature of type II PKSs
is the utilization of a minimal PKS (Min PKS) that consists of a
ketosynthase-chain length factor heterodimer (KS-CLF) and an
acyl-carrier protein (ACP) for the generation of linear poly-β-
keto thioester linked poly-β-ketones through repetitive decar-
boxylative condensations of malonyl-CoA.6 Once a poly-β-ketone
chain has been biosynthesized, it is enzymatically processed
in a conserved order.7,8 For example, in type II PKS reducing
pathways, the mature poly-β-ketone chain appended to the
ACP is first reduced at position C-9 by a ketoreductase (KR)
followed by cyclization and aromatization by an aromatase/
cyclase (ARO/CYC) to establish a set C7−C12 ring pattern.9

Additional downstream cyclases, ketoreductase, and oxygenases
further tailor the polyketide intermediate product to maturity.10

While the biosyntheses of anthracycline and angucycline nat-
ural products by type II PKSs have been shown to follow a
conserved sequence of enzyme catalyzed transformations, little
is known about the order of processing and tailoring events that

occur during PP biogenesis.11,12 In addition, the gene clusters
that encode the type II PKS enzymes involved in PP bio-
synthesis harbor many unusual features.1,13 The PP scaffolds,
for example, are derived from some of the longest polyketide
chains, whereas most bacterial Min PKSs produce polyketide
chains that range from 16 to 24 carbons in length. These chains
are 26−30 carbons in length.14 Second, based on product
analysis, PP formation in certain cases follows noncanonical
carbonyl reduction at positions C-11, C-17, and C-19, whereas
most type II PKS KRs reduce the C-9 and C-15 carbonyl
groups.1,2,4,15,16 Finally, PP biogenesis requires an additional
15−20 tailoring enzymes for complete maturation, including
glycosyl transferases, transamidases, and multiple oxygenases,
which are found in lower abundance in typical type II PKSs.4

Advances in genome mining over the past decade have led to
the discovery of unusual biosynthetic gene clusters from envi-
ronmental samples.17,18 Heterologous expression of these gene
clusters has led to the identification of novel aromatic poly-
ketides from unidentified or uncultured hosts.14 In particular,
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the arixanthomycins are a class of recently discovered PPs
that exhibit attractive in vitro antiproliferative activities against
bacteria and cancer cells.1 Further, based on product analysis,
the arixanthomycins gene cluster (ARX) may contain a trea-
sure trove of unusual PKS biosynthetic enzymes, including an
atypical ARO/CYC (ARX 19) that cyclizes a reduced poly-
ketide chain at C9−C14, a novel C-11 reducing KR, and a
tailoring C-17 and C-19 reducing KR (ARX 21; Figure 1A).1

How ARX 19 and ARX 21 achieve such unusual feats of poly-
ketide modification remains a mystery.
In this work, we present the crystal structure of ARX 21,

the proposed C-17 and C-19 reducing KR, and elucidated the

molecular basis for its unusual regio-specificity. We also report
results from the in vitro reconstitution of ARX 19, a reduc-
ing monodomain ARO/CYC, in the presence and absence of
ARX 21. We found that the ARO/CYCs from PP biosynthetic
pathways have a more stringent chain length specificity in
comparison to typical ARO/CYCs.13,19 To the best of our
knowledge, the crystal structure of ARX 21 represents the first
structure of any enzyme domain responsible for PP biosyn-
thesis, and this also likely represents the first structure of a
bifunctional C-19 and C-17 reducing KR (Figure 1B). Inter-
estingly, ARX 21 shares a high degree of structural similarity to
C-15 KRs, which leads to our proposal about the molecular

Figure 1. (A) The proposed biosynthesis of arixanthromycin A emphasizing key type II PKS processing enzymes. (B) A schematic of the differing
KR clades and their native substrates. Note that ARX 21 has been predicted to behave as a C-17 and C-19 ketoreductase.
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mechanism on the ability of ARX 21 to reduce C-19 and C-17
carbonyl groups.20 Taken together, the structural and functional
studies here will further aid future efforts to implement regio-
specific reduction and cyclization to diversify products gen-
erated by type II PKSs.

■ RESULTS AND DISCUSSION
Structure of apo ARX 21. ARX 21 crystallized in the

absence of NADPH in the P21 space group with eight mono-
mers in the asymmetric unit that form a dimer of tetramers
(Figure 2A). The structure was determined to 2.7 Å via molec-
ular replacement using the crystal structure of gluconate
5-dehydrogenase from Thermotoga maritima as a search model
(PDB code: 1VL8). High quality electron density for the entire
polypeptide chain could be resolved in the crystal structure with
the exception of poor density corresponding to the α8−α9
helix−loop−helix lid region encompassing residues 188−203,
which, depending on the monomer, was found to be partially or
completely disordered. Surprisingly, upon inspection of the
active site of ARX 21, partial electron density corresponding to
NADPH was present for three of the eight ARX 21 monomers,
suggesting that the NADPH cofactor was acquired intra-
cellularly from the E. coli expression host. Previous structural
studies with KRs have demonstrated that cofactor binding is
crucial for the stabilization of the KR loop−helix−loop region
through favorable structural perturbations that may improve
crystal packing.21 To assess if NADPH binding could aid in the
modeling of a complete ARX 21 structure, the ARX 21 crystals

were soaked in excess NADPH, and intensity statistics were
collected. Clear electron density for NADPH and the missing
residues 188−203 were present in the NADPH soaked crystal
structure, providing an intact ARX 21 model that was refined
to 2.4 Å (Figures 2B and 4C). Because the complete backbone
of ARX 21 could only be successfully traced when bound
to NADPH, the resulting structural analysis will refer to the
NADPH-bound structure.

Overall Fold. Similar to other enzymes that belong to the
short chain dehydrogenase/reductase (SDR) superfamily, ARX
21 contains a conserved Rossman fold that consists of six
parallel α helices bundled together in two groups of three,
flanking a central seven-stranded β-sheet core. In addition, ARX
21 harbors the canonical SDR TGXXXGXG NADPH binding
consensus sequence and the conserved Ser−Tyr−Lys active site
triad. The front of ARX 21’s active site is demarcated by a
groove that is formed between the α8−α9 flap and the loop
region that spans from β4 to η1 (Figure 3). The back of the
substrate-binding pocket is formed by the C-terminal end of the
central seven-stranded β sheet core and a loop located between
β1 and α1. The structural topology provides a large cavity that
can accommodate both NADPH and a bulky pentacylic aro-
matic substrate. In both the apo- and NADPH-bound struc-
tures, the active site of ARX 21 is in an open conformation that
leaves both the NADPH and substrate binding sites largely
exposed to the solvent.
ARX 21 shares a high degree of structural homology but low

sequence similarity (less than 34%) to previously determined

Figure 2. Overall architecture of ARX 21. (A) The structure of Apo ARX 21 with dimeric tetramers colored in pink and red. (B) The structure of
NADPH bound ARX 21 with dimeric tetramers colored in gray and magenta.
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Figure 3. Cofactor and proposed substrate binding site of ARX 21. (A) The tertiary structure of one ARX 21 monomer bound to NADPH, with
highlighting both the substrate and cofactor binding sites. The active site is located at a cleft formed by the α8−α9 flap and the loop region that
spans β4 and η1. (B) Inspection of the residues that encompass the NADPH binding site of ARX 21 with the NADPH cofactor colored as cyan.
(C) A structural overlay of an apo and NADPH bound ARX 21 monomer. Clear electron density defining the α8−α9 flap is absent in the apo form
of ARX 21.

Figure 4. Electrostatic potential surfaces of ARX 21 and other KR homologues emphasizing the variance of charge distributions and active site
accessibility across differing KR clades.
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KR structures involved in type II PKS and FAS biosyntheses.
These similar KR structures include the actinorhodin KR
(ActKR), the hedamycin KR (HedKR), LanV, and multiple
FabG homologues. Dali structural alignment search revealed
that ARX 21 shares the highest structural similarity to Listeria
FabG (LFabG, PDB code 4JRO) with a Z score of 35.8, fol-
lowed by an SDR from Serratia marcescens BCRC 10948
(SM_SDR, PDB code 4ZGW) with a Z-score of 35.5.22 Super-
imposition of the LFabG and SM_SDR structures onto that of
ARX 21 revealed that all three have an exposed active site
cavity, and of these, ARX 21’s pocket is the most solvent
accessible (Figure 4). The low sequence similarity of ARX 21
to other structurally characterized type II PKS KRs merited
additional structural comparisons of ARX 21 (a C-17 and C-19
reducing KR) to C-15 reducing KRs from different type II
PKSs. ARX 21 shows the highest degree of structural similarity
to the crystal structures of two C-15 reducing KRs, LanV and
UrdMred, both bound to NADP+ and their putative substrates
11-deoxylandomycinone and rebelomycin, respectively, with
Cα backbone RMSDs of 1.7 and 1.72 Å, respectively.11,20,22,23

Like LanV and UrdMred, ARX 21 contains a deep active site
cavity; however, it is slightly less accessible to the solvent in
comparison to the crystal structure of the two C-15 reducing
KRs. Given the roles C-15 and C-19 KRs play in the down-
stream reductive tailoring of angucyclines and pentangular poly-
phenol intermediates, the crystal structures of the LanV and
UrdMred ternary complexes served as a solid framework to

compare possible substrate binding modes between KRs with
differing substrate reduction sites. In the LanV and UrdMred
ternary complex crystal structures, 11-deoxylandomycinone and
rebelomycin bind between the α6−α7 loop and the α8−α9 flap
where the C-15 carbonyl oxygen of their respective substrates is
placed within 3.8 Å of the C-4 atom of the nicotinamide ring
of NADPH to achieve regiospecific reduction at position C-15.
In ARX 21, residues that define the α6−α7 loop and α9 helix
are bulkier in comparison to LanV and UrdMred, and con-
sequently, the substrate binding cleft of ARX 21 is narrower
(Figure 5A). Specifically, a weak salt bridge is formed between
R154 and Y210 that constricts the substrate binding cleft of
ARX 21, which would lead to protein−substrate steric clashes
if an angucycline intermediate were bound in this position.
For UrdMred and LanV, R154 and Y210 of ARX 21 cor-
respond to E/Q156 and M/L206, respectively (Figure 5). The
presence of smaller residues in these positions provides ample
space between the α6−α7 loop and α8−α9 lid to accommodate
the tetracyclic aromatic substrates for the C-15 reducing KRs. It
is interesting to note that R154 and Y210 are highly conserved
among annotated C-19 reducing KRs and may be important for
substrate recognition and specificity (Figure 5). Because ARX
21 acts on large pentacyclic aromatic compound, it is within
reason to suggest that substrate binding could cause Y210 and/
or R154 to move in a manner that could either allow for entry
to the substrate binding region of ARX 21 or make favorable
contacts through π−π stacking interactions with an incoming

Figure 5. Residues proposed to be important for ARX 21 substrate binding and recognition. (A) An electrostatic surface representation of an
NADPH bound ARX 21 monomer. Y210 and R154 block the entrance to the substrate binding cleft. (B) Superimposition of NADPH bound ARX
21 to the structure of ActKR (bound with emodin and NADP), LanV-11-deoxylandomycinone-NADP+, and rebelomycin-NADP+-UrdMred ternary
complexes. The models are colored as gold, green, magenta, and cyan, respectively. (C) Structural overlay of substrate bound KRs, demonstrating a
conserved substrate binding location highlighting Y204 and R154 of ARX 21.
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substrate (Figure 5A). Alternatively, it is also possible that ARX
21, a C-19 reducing KR, exhibits unique substrate binding
modes in comparison to LanV and UrdMred. However, the
cocrystal structure of the C-9 reducing ActKR bound to emo-
din suggests that the substrate binding regions are conserved
across all KRs, as exemplified by the emodin binding site that is
roughly in the same location as substrates 11-deoxylandomy-
cinone and rebelomycin for LanV and UrdMred, respectively.
Therefore, the crystal structure of ARX 21 further shows how
KRs can acquire novel substrate and regio-specificities via the
simple modification of several amino acids.
Structure-Sequence-Function Relationship. Due to the

high degree of structural similarity of previously determined
type II PKS KRs with diverse functions, a sequence alignment
was performed for ARX 21 against functionally and/or struc-
turally characterized C-19-, C-17-, C-15-, and C-9-reducing
KRs. The majority of the structural deviations correlate with
unconserved amino sequences that are localized in the fol-
lowing regions across all of the KR clades: helices α2, α3 α8,
and α9 and loop regions that span between α2−β3, β4−α4,
α6−α7, and α8−α9 (Figure 6). The amino acid sequences of

the α9 helix are the most variable among all KRs and, con-
sequently, the helix itself shows the greatest levels of structural
deviations among deposited KR crystal structures with respect
to ARX 21.

Assessing the Substrate Tolerance of ARX 21. To
determine the substrate tolerance of ARX 21, we evaluated its
activity in vitro using a well-established assay that utilizes the
Pks4 minimal PKS (Pks4 Min PKS) and actinorhodin minimal
PKS (Act Min PKS), which supply downstream enzymes such
as KR with a linear octaketide and nonaketide intermediates,
respectively (see Figure 7).9,24 These two assays were previ-
ously used for C-9 reducing KRs such as Act KR, which typically
have a high substrate tolerance, resulting in the biosynthesis of
new polyketides.15,19 We wished to test if ARX 21 may also exhibit
similar substrate tolerance. However, when either Pks4 or Act
Min PKS was used, the inclusion of ARX 21 did not lead to the
formation of new products. This demonstrated that ARX 21 is
not a promiscuous enzyme as are other C-9 reducing KRs. To
assess whether the enzymatic activity of ARX 21 was dependent
on a predetermined C9−C14 ring cyclization pattern, ARX 19
was incubated with ARX 21 in the presence of the Pks4 min

Figure 6. Sequence alignment of ARX 21 to functionally characterized C-19, C-17, C-15, and C-9 reducing KRs. Unconserved amino acid sequences
are colored.
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PKS; however, no new products were observed when ARX 19
and ARX 21 were included in the reaction. Interestingly, in the
absence of ARX 21, ARX 19 was capable of acting upon a fully
unreduced polyketide chain in vitro. This is consistent with a
previous report that C9−C14 ARO/CYCs such as ARX 19
have high substrate tolerance when assayed with Pks4 Min
PKS.9,24 These findings suggest that the lack of ARX 21 activity
toward octaketide and nonaketide is a consequence of its
inability to process substrates that do not contain a pentangular
polyphenol skeleton. The result of the in vitro assay is con-
sistent with the observation that the structure of ARX 21 shares
a degree of similarity with C-15 KRs, which do not accept ACP
tethered linear polyketide substrates and only act upon sub-
strates that harbor specific carbon scaffolds.

■ CONCLUSIONS
The rational combination of different PKSs for the genera-
tion of novel therapeutics is a major goal for natural products
researchers and synthetic biologists. However, efforts toward
controlled combinatorial synthesis have been hampered by a
lack of structural and biochemical knowledge that clearly define
which sets of protein−protein and protein−substrate inter-
actions allow productive biogenesis. An understanding of com-
patible enzymes pairs from otherwise orthogonal biosynthetic
pathways could allow for the introduction of foreign bio-
synthetic machinery into nonendogenous metabolic pathways
for the formation of new natural products.
In this study, we present the crystal structure of ARX 21, a

novel KR proposed to reduce C-17 and C-19 of the polyketide

framework. The crystal structure of ARX 21 is the first reported
for enzymes involved in PP biosynthesis, and likely the first
structure for C-17 and C-19 reducing KRs. The exposed sub-
strate pocket of ARX 21 bears a stronger resemblance to the C-
15 reducing KRs, LanV and UrdMred. Superimposition of ARX
21 with the ternary complex structures of LanV, UrdMred, and
ActKR revealed a conserved substrate binding location that is
positioned between the α6−α7 loop and the α8−α9 flap.
Although the structure of ARX 21 reported in this work is in its
substrate free form, the conservation of the substrate binding
site across multiple KR clades strongly suggested that the ARX
21 substrate is positioned in a similar location during the
proposed C-17 and C-19 ketoreduction. Further, in vitro recon-
stitution demonstrated that ARX 21 was incapable of acting
upon linear octaketide or nonaketide substrates produced by
the Pks4 and Act Min PKSs, respectively. These findings
support that the enzymatic activity of ARX 21 may be restricted
to substrates that bear a PP scaffold.
In summary, this work has laid the framework for the in vitro

reconstitution of the entire ARX pathway. Because the ARX
pathway harbors unusual type II PKS biosynthetic machinery,
a structural and biochemical investigation of the individual
enzyme components involved in PP biogenesis will greatly
aid in rational combinatorial biosynthesis of different type II
polyketides.

■ MATERIALS AND METHODS
Cloning of ARX 19 and ARX 21. The genes encoding ARX 19 and

ARX 21 were amplified from BAC-AZ1076/33/378 (BAC containing

Figure 7. HPLC analysis of ARX 21 activities at 280 nm. (A) ARX 21 in the presence of the Pks4 Min PKS. (B) ARX 19 and ARX 21 in the presence
of the Pks4 Min PKS. (C) ARX 19 in the presence of the Pks4 Min PKS. (D) Pks4 Min PKS alone. (E) A schematic of the Pks4 Min PKS based
cyclization assay. In the absence of a C9−C14 ARO/CYC, the Pks4 Min PKS generates a nonaketide intermediate that affords spontaneous shunt
products with myriad cyclization patterns. The inclusion of a C9−C14 ARO/CYC leads to a product profile shift favoring shunt products with
C9−C14 cyclization patterns that can be detected using HPLC.
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the arixanthomycin gene cluster) using primers listed below. The
amplified PCR products were double-digested with NdeI and NotI
(New England Biolabs), and then ligated onto pET28c (Novagen) for
the generation of ARX 21 and ARX 19 constructs with N-terminal
His6x tags. All cloning steps were carried out with NovaBlue com-
petent E. coli cells (Millipore). DNA sequences were verified using
Genewiz automated sequencing.

ARX21F 5′-TCGCTGCATATGGAACTGGAACTC
GGC-3′

ARX21R 5′-GCTATA-GCGGCC-GCTCAG-GAAATT-
CCTCC-3′

ARX19F 5′-GCTATA-CATATG-GTGGCG-CACACC-
GA-3′

ARX19R 5′-CATATA-GCGGCC-GCCTAG-CCGACC-
GC-3′

Expression and Purification of ARX 21. The resulting
N-terminal His6x ARX 21 construct was transformed in BL21(DE3)
E. coli competent cells (Novagen) for protein overexpression. Cell
cultures harboring the His6x ARX 21 plasmid were grown in terrific
broth (2 × 1 L) supplemented with 50 μg/mL kanamycin until A600
reached 0.6−0.8. The temperature was then lowered to 18 °C, and
protein expression was induced upon the addition of 0.5 mM IPTG.
After incubation at 18 °C for 14−18 h, cells were harvested via cen-
trifugation at 5000 rpm, pelleted, flash frozen, and stored at −80 °C.
Cell pellets were thawed on ice and resuspended in lysis buffer
(50 mM Tris·HCl at pH 8.0, 20 mM imidazole at pH 8.0, 300 mM
NaCl, and 10% glycerol). The cell suspension was sonicated (6 ×
30 s cycles), and the cell debris was separated by centrifugation at
14 000 rpm for 1 h at 4 °C. The clarified cell lysate was mixed with
5 mL of nickel NTA resin (Thermo Fischer Scientific) for 50 min at
4 °C. The nickel slurry was then transferred to a gravity flow column.
The flow through volume was collected, and the resin was washed with
100 mL of lysis buffer (2 × 50 mL washes). Elution of ARX 21 was
accomplished via the addition of 5 mL fractions containing increasing
concentrations of imidazole in lysis buffer (40−450 mM). Protein
purity was assessed by SDS-PAGE. Fractions containing ARX 21 were
pooled and dialyzed against storage buffer (50 mM Tris·HCl at pH
8.0, 50 mM NaCl, 1 mM DTT, and 15% glycerol). Dialyzed protein
was concentrated to 15−16 mg mL−1 using a 10 000 MWCO cen-
trifugal filter device (Millipore) and buffer exchanged into crystalliza-
tion buffer (50 mM Tris·HCl at pH 8.0 and 1 mM DTT) using a
PD-10 desalting column (GE Healthcare) prior to crystal screens.

Expression and Purification of ARX 19. The ARX-19-pET28
construct was used to transform BL21(DE3) cells for protein
overproduction. Four × 1 L cultures were grown in TB containing
50 μg/mL kanamycin until A600 reached 0.8−1.0 at 37 °C and 180 rpm.
Protein expression was induced by the addition of 0.5 mM IPTG; the
cells were then cooled and incubated at 18 °C for approximately 16−
18 h. Cells were harvested via centrifugation at 5100 rpm for 20 min
and resuspended in 50 mL of lysis buffer (50 mM Tris·HCl at pH 8.0,
20 mM imidazole at pH 8.0, 300 mM NaCl, and 10% glycerol). The
cells were lysed through two rounds of microfluidization, and the cell
debris was removed through centrifugation at 14 000 rpm at 4 °C for
1 h. The clarified cell lysate was incubated with 10 mL of nickel NTA
resin (Bio-Rad) while being gently stirred at 4 °C for 1 h. The nickel−
lysate slurry was then transferred to a gravity flow column where it was
washed with 2 × 50 mL of lysis buffer followed by the addition of
10 mL of 40 mM imidazole in lysis buffer. Elution of ARX 19 was
achieved through the inclusion of 3 × 5 mL fractions containing
100 mM imidazole in lysis buffer followed by the subsequent addition
of 2 × 5 mL fractions containing 150, 250, and 450 mM imidazole in
lysis buffer. The resulting fractions were subject to SDS-PAGE analysis
prior to being pooled and dialyzed against Tris·HCl at pH 8.0,
50 mM NaCl, and 10% glycerol. ARX 19 was then concentrated to
5 mg mL−1 using a 10 000 MWCO centrifugal filter device (Millipore)
and injected onto a Superdex 200 column (GE Healthcare) pre-
equilibrated with 50 mM Tris·HCl at pH 8.0, 50 mM NaCl, and 1 mM

DTT. Pure ARX 19 was concentrated to 13 mg mL−1, flash frozen in
liquid nitrogen, and stored at −80 °C for later use.

Crystallization and Data Collection. Small dagger-shaped ARX
21 crystals were obtained from combining 4 μL of protein solution at
7−10 mg mL−1 with 4 μL of well solution containing 50 mM Tris·HCl
at pH 8.5, 0.2 M sodium acetate, and 30−32% PEG 4000 using the
vapor diffusion method. ARX 21 crystals formed after 2−5 days at
20 °C. ARX 21 crystals were harvested and flash frozen in liquid
nitrogen. For the NADPH-bound ARX 21 structure, apo crystals were
soaked in the crystallization solution containing 20 mM NADPH
(Sigma) for 20−30 s, then flash frozen in liquid nitrogen. Diffraction
data for the apo ARX 21 crystals were collected at the Advanced Light
Source (ALS) beamline 821 at the Lawrence Berkeley National
Laboratory. Diffraction data for the NADPH-soaked ARX 21 crystals
were collected at Stanford Synchrotron Radiation Lightsource (SSRL)
beamline 12−2. Data collection statistics are listed under Table 1.

Phasing, Model Building, and Refinement. Data sets for both
the apo and NADPH-bound forms of ARX 21 were indexed, inte-
grated, and scaled using Mosflm.25 Initial phases were obtained
through molecular replacement (Phaser) using the crystal structure of
gluconate 5-dehydrogenase from Thermotoga maritima as a search
model (PDB code: 1VL8).26 PHENIX AutoBuild was used to con-
struct an initial model of ARX 21.27 The final ARX 21 models were
obtained through multiple rounds of model building and refinement
using COOT and Phenix.REFINE.28,29

Table 1. Data Collection and Refinement Statistics

structure apo ARX 21 NADPH-ARX 21

wavelength 0.9794 1.000
resolution range 52.67−2.6 (2.693−2.6) 86.3−2.3 (2.382−2.3)
space group P1211 P1211
unit cell 105.38, 86.6499, 107.32,

90, 108.97, 90
105.34, 86.54, 106.97,
90, 108.8, 90

total reflections 104 658 (10172) 157 573 (15055)
unique reflections 54 082 (5326) 79 685 (7695)
multiplicity 1.9 (1.9) 6.7 (6.7)
completeness (%) 0.96 (0.95) 0.98 (0.96)
mean I/sigma(I) 6.66 (2.94) 10.70 (3.98)
Wilson B-factor 26.52 28.22
R-merge 0.03741 (0.1316) 0.03323 (0.1514)
R-meas 0.05291 (0.1861) 0.04699 (0.2141)
CC1/2 0.997 (0.944) 0.998 (0.954)
CC* 0.999 (0.985) 0.999 (0.988)
reflections used in
refinement

52666 (4935) 79631 (7692)

reflections used for
R-free

1959 (191) 1990 (198)

R-work 0.177 (0.194) 0.169 (0.1933)
R-free 0.236 (0.299) 0.217 (0.2632)
CC (work) 0.958 (0.932) 0.966 (0.938)
CC (free) 0.910 (0.852) 0.923 (0.841)
number of non-
hydrogen atoms

14678 15662

macromolecules 14167 14844
ligands 96 384
protein residues 1919 1984
RMS (bonds) 0.008 0.017
RMS (angles) 1.11 1.46
Ramachandran
outliers (%)

0.3 0.2

Rotamer outliers (%) 0.7 1.1
Clashscore 8.0 7.87
average B-factor 30.74 34.30
macromolecules 30.64 34.15
ligands 46.51 37.87
solvent 30.65 36.16
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For the NADPH bound ARX 21 structure, LigandFit was used to
identify electron density corresponding to NADPH, and Elbow was
used to generate ligand restraints.29 The final NADPH-bound ARX 21
models were obtained through multiple rounds of model building and
refinement using COOT and Phenix.REFINE.28,29 The refinement
statistics are listed under Table 1.
ARX 21/19 Assays. The fungal Pks4 minimal PKS was used to

assay ARX 19 and ARX 21 activity in vitro. Then, 250 μL in vitro
reactions with the following final concentrations with or without
100 μM ARX 19 and or 160 μM ARX 21, 50 μM holo-Pks4 ACP,
37 μM Pks4 SKM (SAT-KS-MAT tridomain), 2.5 mM malonyl-CoA,
and NADPH 2.5 mM in 50 mM potassium phosphate at pH 7.5 were
used to assess the activities of ARX 19 and ARX 21. The reactions
were incubated overnight for approximately 15−17 h at 20 °C. The
following day, the reactions were extracted three times with 300 μL of
ethyl acetate/methanol/acetic acid (94:5:1). The organic layer was
collected and dried using a speed vacuum concentrator. The resulting
concentrate was then resuspended in 25 μL of DMSO and subject to
reverse phase HPLC analysis as previously described.9

Expression and Purification of Pks4 SKM, Pks4 ACP, and
SFP. The purification of Pks4 SKM, Pks4 ACP, and Sfp was per-
formed as previously described. In all cases, purified protein was
dialyzed against 50 mM Tris·HCl at pH 7.5, 50 mM NaCl, 10% glycerol,
and 1 mM DTT at 4 °C. The dialyzed protein was concentrated, flash
frozen in liquid nitrogen, and stored at −80 °C for later use.
Generation of Holo PKs4 ACP. Holo Pks4 ACP was generated via

in vitro phosphopanetheinlyation of apo-Pks4 ACP. A 400 μL ACP
loading reaction was set up using the following final concentrations:
375 μM apo pks4 ACP, 10 μM of Sfp, 1 mM CoA, and 12.5 mM
MgCl2 in 50 mM potassium phosphate at pH 7.0. The reaction was
incubated at 37 °C for 2.5 h. The formation of holo-Pks4 ACP was
verified using MALDI TOF mass spectrometry.
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The atomic coordinates of the apo and NADPH-bound ARX
21 structures have been deposited in the Protein Data Bank
(PDB IDs: 5TII and 5THQ).
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