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ABSTRACT: The 1.51 A resolution X-ray crystal structure of the trans-acyltransferase — Malonyl CoA CaAsH

ACP»~~SH

ACP S —Malonyl
(AT) from the “AT-less” disorazole synthase (DSZS) and that of its acetate complex at 4T-OH S AT-0-talonyt “n AT_OHS

1.35 A resolution are reported. Separately, comprehensive alanine-scanning mutagenesis
of one of its acyl carrier protein substrates (ACP1 from DSZS) led to the identification of
a conserved Asp4S residue on the ACP, which contributes to the substrate specificity of
this unusual enzyme. Together, these experimental findings were used to derive a model
for the selective association of the DSZS AT and its ACP substrate. With a goal of
structurally characterizing the AT —ACP interface, a strategy was developed for covalently
cross-linking the active site Ser — Cys mutant of the DSZS AT to its ACP substrate and
for purifying the resulting AT —ACP complex to homogeneity. The S86C DSZS AT
mutant was found to be functional, albeit with a transacylation efficiency 200-fold lower
than that of its wild-type counterpart. Our findings provide new insights as well as new
opportunities for high-resolution analysis of an important protein—protein interface in

polyketide synthases.

olyketides are medicinally important natural products with a
Pvariety of pharmacological properties." Their structural fea-
tures can be mapped onto individual enzymes on multifunctional
assembly lines, called polyketide synthases (PKSs), in a highly
modular fashion. A typical PKS consists of 2—20 enzyme
modules, where each module contains minimally a [-keto-
synthase (KS), an acyltransferase (AT), and an acyl carrier
protein (ACP) domain. The KS domain receives the growing
polyketide chain from the upstream module and subsequently
catalyzes chain elongation with an ACP-bound extender unit as
the cosubstrate. The extender unit is transacylated onto the
pantetheinyl arm of the ACP by the AT.

Within the modular PKS family, some PKSs are comprised of
enzyme modules that lack dedicated AT domains. Examples of
these “AT-less” PKSs include the leinamycin, migrastatin, and
disorazole synthases.””® In these cases, acyltransferase activity
comes from a discrete protein that transacylates in trans the same
extender unit onto each ACP domain of that PKS. We recently
reported the reconstitution and biochemical properties of the
malonyl-CoA-specific trans-acting AT from the disorazole
synthase (DSZS).” Notably, this AT has considerably higher
activity toward heterologous ACP domains than that of normally
cis-acting AT domains derived from canonical PKS assembly
lines. Therefore, to rationally exploit its promise for biosynthetic
engineering of novel polyketide antibiotics, we sought to deter-
mine the atomic structure of the DSZS AT protein.

The X-ray crystal structures of a number of ATs from
polyketide synthases and the related fatty acid synthases have
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been determined. These include the multipurpose ATs from
Streptomyces coelicolor and Escherichia coli in complex with acetate
or malonyl-CoA [Protein Data Bank (PDB) entries INM2'® and
2G2Z'""] and the AT domains of modules 3 and 5 of the
6—deox¥erythronolide B synthase (PDB entries 2HG4'? and
2Q03"). In this study, we report two X-ray crystal structures
of the trans-AT from DSZS. We have also developed a novel
approach toward the eventual crystallographic mapping of the
AT —ACP protein—protein interface.

B EXPERIMENTAL PROCEDURES

Reagents and Chemicals. ["*C]Malonyl-CoA was from
American Radiolabeled Chemicals. 1,3-Dibromopropanone
was obtained from Alfa Aesar. SDS—PAGE gradient gels were
from Invitrogen. Ni-NTA agarose was from Qiagen. The Hi-
Trap-Q anion exchange column was from GE Healthcare. The
thrombin cleavage capture kit was obtained from EMD4Bios-
ciences (Novagen, 69022). Anti-FLAG M2 affinity gel was from
Sigma-Aldrich (A2220). BMH and BMOE were obtained from
Thermo Scientific Pierce Protein Research Products. All other
chemicals were from Sigma.

Protein Constructs. DSZS AT, DEBS ACP3, and DEBS
ACP6 were expressed from plasmids pFW3, pSHIV9, and
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Table 1. Crystallographic Parameters and Data Collection

and Refinement Statistics

native

Crystallographic Parameters

acetate complex

space group P2,2,2, P2,2,2,
unit cell dimensions (A) 4343 A, 54.14 A, 43.03 A, 54.01 A,
12141 A 120.71 A

90.0°, 90.0°, 90.0°

Data Collection Statistics

90.0°, 90.0°, 90.0°

resolution limit (A) 32.6—1.51 35.0—1.35

no. of observed reflections 424975 326939

no. of unique reflections 44785 61823

completeness 97.7/86.9 98.6/96.9
(overall/outer shell)

redundancy 9.5/4.4 $.3/3.5
(overall/outer shell)

Ry (%) 5.1/443 6.7/48.6
(overall/outer shell)

Riegar (%) 6.8/48.7 8.5/57.0
(overall/outer shell)

I/0 (overall/outer shell) 26.7/3.4 15.7/2.8

Refinement Statistics

resolution limit (A) 32.6—1.51 35.0—1.35

no. of reflections/% 42520/97.7 58636/98.6

no. of reflections 2258 3118
used for Rgee

R(working) (%) 162 16.1

Rpee’ (%) 182 174

model contents/average B (A%)
protein atoms 2156/19.8 2167/15.1
ligand atoms 0 0
ions/buffer atoms 0 31/21.3
water molecules 299/30.4 276/25.5

Ramachandran 99.6/0.0 99.6/0.0
favored/outliers

rmsd
bond lengths (A) 0.016 0.016
bond angles (deg) 1.511 1.613

“Ryym = E|Lovg — L|/ZL. " For Ryyga see ref 32. Riyorking) = Z|Fp —
alc are observed and calculated structure

Fpocac| /F,, where F, and F,

factors, respectively. ? Rpee is calculated with 5% of the data.

pFWSS5, respectively.” His-tagged only DSZS ACP1 was ex-
pressed from plasmid pFW69. The DSZS ACP1 construct
containing a His tag, thrombin cleavage site, and FLAG tag in
sequence upstream of the ACP was amplified using primers
S'-AAAAAACATATGGACTACAAAGACGATGACGACAAGC-
TGGCGCCTGCAGGGGCAGGACAG-3' and §'-TTTTTGA-
ATTCTCATGCCGACCTCGCGGGGACGCG-3' with cos-
mid pKOS254-190.4° as the template. The amplified DNA
fragment was digested with Ndel and EcoRI and cloned into a
pET28 vector to yield pFW96. The S86C mutant of the DSZS
AT (pFW88) was obtained using the Quikchange Site-directed
Mutagenesis Kit (Stratagene) with primer 5'-TTCCTGGCC-
GGCCACTGCCTGGGCGAGTTCAGC-3' and its antiparal-
lel primer with pFW?3 as the template. Alanine mutants of DSZS

Figure 1. X-ray structure of the DSZS AT. The small subdomain is
colored red.

Table 2. Alignment of AT Structures with DSZS AT

backbone atom rmsd (A)
within a 10 A radius of

the catalytic serine

backbone atom

rmsd (A)

aligned structure

(PDB entry) (no. of atoms aligned) (no. of atoms aligned)
S. coelicolor MAT (INM2) 1.0 (732) 0.5 (166)
E. coli MAT (2G27) 0.9 (881) 0.5 (194)
DEBS AT3 (2Q03) 2.4 (785) 0.9 (190)
DEBS ATS (2HG4) 1.5 (833) 0.7 (122)

ACP1 were created with the Quikchange kit using pFW69 as
the template.

Protein Expression and Purification. Plasmid pFW3 (DSZS
AT) was introduced into E. coli BL21(DE3) by electroporation.
The resulting transformant was grown in LB medium at 37 °C
until the culture optical density reached 0.6. The culture was
cooled to 18 °C, then induced with 0.2 mM isopropyl S-p-
thiogalactopyranoside, and grown for an additional 15 h. Cells
were harvested by centrifugation (4420g for 1S min). The cell
pellet was resuspended in lysis/wash buffer [SO mM phosphate,
10 mM imidazole, and 500 mM NaCl (pH 7.6)] and lysed by
sonication (6 X 30 s, on ice). After centrifugation at 42700g for
4S min, the supernatant was incubated with Ni-NTA agarose for
1 h. The resin was washed with 10 column volumes of lysis/wash
buffer, and the bound protein was eluted with 4 column volumes
of elution buffer [SO mM phosphate, 150 mM imidazole, and
300 mM NaCl (pH 7.6)]. The eluant was diluted to S0 mL with
water and applied to a HiTrap-Q anion exchange column at a rate
of 2 mL/min. DSZS AT was eluted in the flow-through. The
protein was exchanged with 20 mM Tris-HCl buffer (pH 7.2) for
use in crystallization. A typical yield of DSZS AT was 50 mg/L of
culture volume. Holo-ACPs were expressed using BAP1 cells,
which have the sfp phosphopantetheinyl transferase gene from
Bacillus subtilis incorporated into their chromosome.'* Proteins
used for cross-linking reactions and assays were expressed and
purified as described previously.”

Crystallization. Two types of crystals of DSZS AT were
grown at 22 °C using the hanging drop vapor diffusion technique.
Both crystal types were grown from a 9 mg/mL protein stock in
20 mM Tris-HCI (pH 7.2). The first type of crystal was grown in
hanging drops comprised of 1.2 uL of protein solution and 1.2 4L
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Figure 2. (A) Sequence alignment of structurally characterized acyltransferases (AT). DSZS AT, S. coelicolor, and E. coli acyltransferases (MAT) are
malonyl-specific enzymes, whereas the two ATs from the 6-deoxyerythronolide B synthase (DEBS) are methylmalonyl-specific. Sequences were aligned
with ClustalW2.%* The image of aligned sequences was generated using ESPript.>* Secondary structures of DSZS AT (top) and E. coli MAT (bottom) are
annotated. Similar and strictly conserved residues are indicated by red letters and red boxes, respectively. The GHSXG catalytic motif is present in all
sequences. The missing gap in sequence ah%nment is due to an extra C-terminal 3 sheet in the DEBS ATs. (B) Structural alignment of DSZS AT (green)

and S. coelicolor MAT (PDB entry INM2,

© red). C-Terminal secondary structural elements of S. coelicolor MAT, which are absent in DSZS AT, are

labeled. Differences in 5-sheet arrangements can also be observed (arrow). (C) Alignment of DSZS AT (green) and the DEBS ATS domain (PDB entry

2HG4," purple).

of reservoir solution containing 30% PEG 3350, 40 mM ammo-
nium acetate, and 0.1 M Tris-HCI (pH 7.5). A solution contain-
ing 32% PEG 3350 was used as the cryoprotectant for this crystal,

whose low-temperature data yielded the structure of the native
DSZS AT. A second type of crystal, which was used to obtain the
acetate-bound complex, was grown in an analogous fashion. The
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Figure 3. (A) Stereoview of an OMIT F, — F. electron density map of the active site, contoured at 30. The refined structure of the acetate, which was
removed during the derivation of the omit map, is colored cyan. (B) Stereoview of the 2F, — F_ electron density map (contoured at 10) of the active sites
of both the free (blue) and acetate-bound DSZS AT (magenta). (C) Stereoview of the aligned active sites of free (cyan) and acetate-bound DSZS AT
(green). (D) Active site alignment of the acetate-bound DSZS AT (green, black residue labels) and malonyl-AT from E. coli (PDB entry 2G2z,M
magenta, red residue labels). Note that the imidazole side chain of DSZS AT His191 is rotated relative to the corresponding His201 of the . coelicolor
MAT. Accordingly, GIn239 of DSZS AT can interact with N5 of His191, whereas the corresponding GIn250 of the MAT lacks this interaction and is
oriented differently. Hydrogen bonding is represented by dashed lines. (E) Proposed reaction mechanism for DSZS AT.

reservoir solution contained 30% PEG 3350, 200 mM ammo-
nium acetate, and 0.1 M Tris-HCI (pH 7.5); 32% PEG 3350 was
also used as the cryoprotectant for this crystal.

Data Collection. Diffraction data for the native DSZS AT
structure were collected at Stanford Synchrotron Radiation
Lightsource (SSRL) beamline 11-1. The data set was collected
at 100 K using a Quantum 315 CCD detector. Diffraction data
for the acetate-bound complex were collected at SSRL beam-
line 12-2 at 100 K using a Dectris Pilatus 6M detector. Data

were processed using XDS.'> Data collection statistics are
listed in Table 1.

Structure Solution and Refinement. The structure of the
DSZS AT was determined by molecular replacement, using PDB
entry 2G1H'"' as the search model. After several cycles of
manual model bulldmg using Arp/Warp'® and refinement
using REFMAC,"” the final R(working) ad Ryree values for the
native enzyme structure were 16.2 and 18.2%, respectively. The
structure of the acetate-bound DSZS AT was determined by

6542 dx.doi.org/10.1021/bi200632j |Biochemistry 2011, 50, 6539-6548
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Figure 4. (A) Quantification of the transacylation rate of alanine-scanning DSZS ACP1 mutants by DSZS AT. The transacylation rates are expressed as
a percentage of the wild-type DSZS ACP1 transacylation rate. Mutation in the phosphopantetheinylation site (Ser46) resulted in an inactive ACP. Wild-
type alanine residues are not represented. (Arrows denote surface residues with a =2-fold increase or decrease in transacylation rate.) (B—D) Docking
model of DSZS AT and DSZS ACP1. (B) The DSZS ACP1 homology model (cyan, red labels) was used as a ligand protein to dock with the DSZS AT
structure (green with the small subdomain colored red, black labels). The active site serine residues of the AT (Ser86) and the pantetheinate attachment
site of the ACP (Ser46) are shown as spheres. The Asp4S5-Lys179 pair is colored yellow. Surface residues GIn76 and Arg79 (ACP), along with Lys14
(AT), are colored gray. (C) Interaction between helix II (Asp4S) of the ACP and Lys179 on the small subdomain of the AT (red). (D) Electrostatic
surface maps of ACP and AT docking interfaces, generated with the adaptive Poisson—Boltzmann solver (APBS) in PyMOL.>>* Colors range from
blue (positive) to white to red (negative). Docked ACP is rotated 180° from the AT—ACP interface such that annotations of A—C on AT and ACP
interfaces should match up. On the ACP, A is Asp4S, B is GIn76, and C is Arg79. On the AT, A is Lys179 and B is Lys14.

molecular replacement, using the coordinates of the native
protein as the search model. Manual model building and refine-
ment using Arp/ Warp16 and REFMAC' resulted in final R(working)
and Ry, values of 16.1 and 17.4%, respectively. Water molecules
were included in the refinement via examination of the hydrogen
bonds in the 2F, — F. and F, — F, maps. The refinement statistics
are listed in Table 1.

Alanine-Scanning Analysis of DSZS ACP1. To examine
transacylation of DSZS ACP1 mutants by DSZS AT, we in-
cubated DSZS ACP1 mutants (120 M) with 0.003 M DSZS
AT in 100 mM sodium phosphate buffer (‘PH 7.2) and 2.5 mM
TCEP at room temperature; 200 M [2-'*C]malonyl-CoA was
added to start the reaction. The total reaction volume was 30 uL.
Nine microliters of the mixture was removed at 1, 2, and 3 min
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Figure S. Kinetic analysis of transacylation of holo-ACP1 from DSZS
by the S86C mutant of the DSZS AT. Each data point was obtained in
duplicate.

and the reaction quenched with 5 uL of SDS—PAGE Laemmli
buffer. The samples were loaded onto a SDS—PAGE gel. The gel
was dried using a Bio-Rad gel-drying system and analyzed using a
phosphorimager. On the basis of preliminary activity data, D4SA
and F69A mutants of the ACP were analyzed using liquid
chromatography and mass spectrometry to quantify the extent
of post-translational phosphopantetheinylation. Whereas the
D45A mutant was exclusively in its holo form, the F69A mutant
was a mixture of its holo and apo forms. Therefore, the results for
the F69A ACP1 mutant were not carried forward into docking
model calculations.

Docking Model of DSZS AT and DSZS ACP1. A homology
model of DSZS ACP1 was derived using the iterative
threading assembly refinement (I-TASSER) server.'®'® The
top threading templates used were 2AFDA, 2AFEA,* and
2JU1A*" Macromolecular docking calculations for DSZS AT
and DSZS ACP1 were performed with PatchDock’**® and
refined by FireDock.***> On the basis of the mutagenesis results
and predicted positions of the residues on the DSZS ACP1
homology model, a set of ACP surface residues with the most
significant perturbations to transacylation activity were identified
as potential interacting residues. These ACP surface residues,
Asp4S, GIn76, and Arg79, were then specified as constraints to
narrow the search for a docking model. The top 100 solutions
from PatchDock were manually inspected to select models with
accessibility between the active serine on the AT (Ser86) and the
pantetheinylated site on the ACP (Ser46). This property is
required for transacylation. These models were further refined
and reranked with FireDock. The most energetically favored
model was chosen as the final model.

Rates of Transacylation of DSZS ACP1 by the S86C Mutant
of DSZS AT. Holo-DSZS ACP1 [30—200 #M, in 100 mM
phosphate (pH 7.2)] was incubated at room temperature with
0.3 uM S86C mutant DSZS AT, 2.5 mM TCEP, and 200 uM
["*C]malonyl-CoA. A 9 uL portion of the mixture was removed
at intervals of 1 min, and the reaction was quenched with 5 #L of
SDS—PAGE loading buffer. The samples were loaded on a
SDS—PAGE gel. The gel was dried using a Bio-Rad gel-drying
system and analyzed using a phosphorimager.

Cross-Linking Reactions. For the cross-linking assays, 5 uM
AT was incubated with 40 uM holo-ACP in 100 mM sodium
phosphate (pH 7.2) with 120 uM 1,3-dibromopropanone at
room temperature. At time points of 10, 30, 60, 120, 300, and
600s, 5 1L of the reaction mixture was removed and the reaction

quenched with an equal volume of Laemmli loading buffer. The
AT used in these assays was either the wild-type DSZS AT or its
S$86C mutant. ACPs used included DSZS ACP1, DEBS ACP3,
and DEBS ACP6. Samples were loaded on 4 to 12% Bis-Tris
SDS—PAGE gels.

For comparison between cross-linkers, 120 «“M BMH, BMOE,
or DBP was used with S uM S86C DSZS AT and 40 uM DSZS
ACP1. A 6 uL sample of the reaction mixture was removed at
time points of 30, 60, and 120 s and the reaction quenched.
Samples were loaded on 10% Bis-Tris SDS—PAGE gels.

In alarger-scale reaction, FLAG-tagged DSZS ACP1 (40 uM)
and the S86C mutant of DSZS AT (40 M) were co-incubated in
100 mM sodium phosphate buffer (pH 7.2) along with 300 4M
1,3-dibromopropanone at 4 °C overnight.

Purification of FLAG-Tagged ACP. The FLAG-tagged DSZS
ACP1 construct (pFW96) contains (in sequence, from the
N-terminus) a His tag, a thrombin cleavage site, and a FLAG
tag upstream of the DSZS ACP1 gene. Its yield was comparable
to that of His-tagged DSZS ACP1. The His tag was cleaved using
the thrombin cleavage capture kit, and the His tag was removed
by Ni-NTA purification. The desired protein eluted in the flow-
through.

Purification of the Cross-Linked AT—ACP Complex. The
cross-linked reaction mixture was buffer exchanged (via a 3 kDa
molecular mass cutoff filter) into lysis/wash buffer. The mixture
then underwent Ni-NTA purification, as described previously.”
The eluant was buffer exchanged into TBS [S0 mM Tris-HCl
(pH 7.4) and 150 mM NaCl]. The resulting mixture was then
subjected to immunoprecipitation with the anti-FLAG antibody
resin and eluted using 6 X 1 mL of 0.1 M glycine hydrochloride
(pH 3.5). The eluant was buffer exchanged into FPLC buffer
[S0 mM sodium phosphate (pH 7.2)] and then further applied
on a HiTrap-Q anion exchange column at a rate of 2 mL/min.
The AT—ACP adduct was eluted at 170 mM NaCl [SO mM
sodium phosphate (pH 7.2)]. Starting from 7 mg of AT, we
produced 1 mg of the AT—ACP adduct.

B RESULTS

Crystallization. Heterologous expression and purification of
the 33 kDa trans-AT from DSZS have been described
previously.” The protein yielded crystals that revealed its struc-
ture at 1.51 A resolution. Notwithstanding our best efforts to
soak these crystals with malonate or malonyl-CoA, the ligand-
bound AT complex was not observed. However, crystals of the
acetate-bound form of the trans-AT were obtained when the
acetate concentration was increased in the crystallization buffer.
The latter crystals provided the structure of the acetate-bound
DSZS AT at 1.35 A resolution.

Overall Structure. The DSZS AT is a 0.3-hydrolase protein
consisting of two subdomains (Figure 1). The smaller subdo-
main (residues 122—183) is a four-stranded antiparallel 3 sheet
capped with two @ helices. The larger subdomain consists of 10 0.
helices ranging from 6 to 21 residues in length and a short three-
stranded parallel 3 sheet. The buried active site is accessible via a
gorge between the two subdomains.

Overall, the architecture of the DSZS AT is similar to that of
other structurally characterized ATs, including the S. coelicolor
and E. coli malonyl CoA:ACP transacylases (MATSs) as well as
the methylmalonyl-specific AT domains of the 6-deoxyerythro-
nolide B synthase.'® "> On the basis of tertiary structure align-
ments, the DSZS AT is more similar to the discrete type II ATs
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Figure 6. (A) Cross-linking of the S86C mutant (left) and the wild type (right) of the 33 kDa DSZS AT with the 14 kDa DSZS holo-ACP1. (B) Cross-
linking of the S86C mutant AT with the 11 kDa DEBS holo-ACP3 (left) or DEBS ACP6 (right). In each panel, the lanes from left to right are samples
taken at 10, 30, 60, 120, 300, and 600 s, respectively, at room temperature. (C) Cross-linking reaction of AT and ACP with orthogonal tags. The
AT —ACP heterodimer complex can be separated from the two homodimers by a two-step purification procedure. (D) FPLC-purified, cross-linked
DSZS AT $86C—DSZS ACP1 complex (45 kDa) The total yield was < 10% with respect to the AT. Approximately 10 ug of Benchmark protein marker

(Invitrogen) was loaded in all gels.

than to the type I AT domains (Table 2). Overall, the structures
of AT's are more conserved in the vicinity of their active sites than
over the rest of the proteins (Table 2). The other ATs also
contain an extra C-terminal helix (at14) and 3 strand (310)
compared to the DSZS AT (Figure 2B,C).

Catalysis. The active sites of all AT's possess a Ser-His catalytic
dyad.'”"" Ser86 in the DSZS AT, which is part of a conserved
GHSXG motif, is deprotonated by N, of His191, located 2.7 A
from the Ser hydroxyl Oy. In turn, Ns; of His191 in the DSZS AT
is stabilized and oriented by hydrogen bonding to the carbonyl
oxygen of GIn239. All of these interactions are also evident in the
acetate-bound DSZS AT structure. In the latter, His191 has
moved slightly to accommodate the acetate anion in the active

site, and the side chain of GIn239 is positioned 0.9 A closer to
His191 (Figure 3B,C). The high resolution (1.5 and 1.35 A) of
acetate-free and acetate-bound structures provides good con-
fidence for the modeling of both ligand and active site side chains
into the electron density contours.

In the structure of the DSZS AT in a complex with acetate,
only one acetate ion is located near the catalytic Ser-His dyad
(Figure 3A). The plane of its carboxylate is at a 40° incline
relative to that of the Arglll guanidine. Instead of forming a
bidentate salt bridge with Arglll, the carboxylate appears to
be stabilized through hydrogen bonds with both Arglll and
His191 (Figure 3C). The orientation of the bound acetate is
entirely analogous to that observed earlier in the S. coelicolor
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Figure 7. Cross-linking of the 33 kDa DSZS AT S86C mutant with
14 kDa DSZS holo-ACP1 using BMH, BMOE, and DBP cross-linkers.
Samples were taken at 30, 60, and 120 s at room temperature.

MAT —acetate complex and is predicted to mimic the free
carboxylate moiety of a bound malonyl substrate, as exemplified
by structural superposition of the DSZS AT active site with the
known structure of the malonyl-AT from E. coli (Figure 3D).!ot
Together, these structural insights support the widely accepted
mechanism of AT catalysis, outlined in Figure 3E.

In addition to Ser86, His191, and Arglll, the substrate-
binding pocket of the DSZS AT also contains other conserved
amino acids found in homologous AT domains, including GIn9
and Phe190. These residues may play a role in both catalysis and
substrate specificity.'”"" a-Substituted substrates, such as
methylmalonyl-CoA, would presumably be prevented from
binding in the active site by unfavorable steric interactions with
the side chains of both Phel90 and GIn9. In turn, GIn9 is
positioned by hydrogen bonding with ThrS4 (Figure 3C).

AT—ACP Docking Interface. Although the specificity of
DSZS AT is influenced by the identity of the ACP substrate
used in the reaction,’ the association of these two proteins is
relatively weak. To derive a model for this protein—protein
interaction, we therefore first sought to obtain experimental
constraints through alanine-scanning mutagenesis of DSZS
ACP1, a natural substrate of DSZS AT. The transacylation
activity of DSZS AT was quantified with each member of the
DSZS ACP1 mutant library as a substrate (Figure 4A). Interest-
ingly, DSZS AT exhibited a higher specificity for several ACP
mutants versus wild-type ACP, including 2- and 2.5-fold higher
for the R79A and Q76A surface mutants, respectively. In con-
trast, DSZS ACP1 with its surface residue Asp45 mutated to Ala
exhibited a 50% decrease in transacylation activity.

To derive a docking model of DSZS AT and DSZS ACP1, we
first constructed a homology model of the latter protein, as
described in Experimental Procedures. The top DSZS ACP1
homology model has an rmsd of 0.97 A with DEBS ACP2 (PDB
entry 2JU2%").

The docking orientation of the modeled ACP1 and DSZS AT
was calculated using PatchDock and FireDock.”””** Among the
docking solutions from PatchDock, we selected two properties.
First, the models should predict surface interactions between the
AT and the experimentally identified surface residue Asp4S of the
ACP. Second, they should allow for unhindered access of the
ACP phosphopantetheinyl arm to the active site Ser86 of the AT.
The latter ensures that transacylation of the ACP is possible.
Through further refinement of these models in FireDock, the
most energetically favored model was chosen as our final model
(Figure 4B—D). In this model, the distance between the active
site Ser86 of the AT and the Ser46 cofactor attachment site on

ACP1 was constrained to 20 A, consistent with the length of a
fully extended phosphopantetheine arm. The model also ac-
counts for our experimental observations; Asp4S of DSZS ACP1
was predicted to form a salt bridge with Lys179 on the AT surface
(Figure 4C). Given that these residues are highly conserved
among naturally occurring ACP and AT sequences, the validity of
this docking model is further supported by the observed pro-
miscuity of DSZS AT for heterologous ACP substrates.”

The DSZS AT —ACP1 docking model is also supported by the
observed increase in the transacylation activity of the ACP1
Q76A and R79A mutants (Figure 4A). Specifically, the model
predicts that these changes should each remove unfavorable
interactions with Lysl4 on the AT. Perhaps not surprisingly,
these residues are unique to ACP1 among different ACP
domains of DSZS. Other DSZS ACPs harbor Glu or Ala in place
of GIn76, and Asp, Glu, Gly, or Ala in place of Arg79.

The proposed DSZS AT—ACP1 docking model generally
resembles a previously reported model for docking between the
S. coelicolor MAT and the actinorhodin ACP.'® In both these
cases, the residues in and around the conserved Asp-Ser motif of
the ACP were deduced to engage with the AT. The main
difference is that, in the model for the S. coelicolor proteins, the
conserved helical flap of the large AT subdomain acted as the
primary ACP docking site,'® whereas our model proposes that
the most significant AT—ACP interactions should involve the
smaller ferredoxin-like subdomain. As summarized in Figure 2B,
significant differences were observed in the 5-sheet arrangement
of the small subdomain of the two AT proteins. Presumably,
these differences play an important role in influencing the
outcome of these in silico docking studies. Alternatively, the
absence of a C-terminal helix and a f3-strand in the DSZS AT
could also allow ACP substrates to preferentially dock at the
small subdomain of this AT.

A Covalently Linked AT—ACP Complex. Notwithstanding
the alanine-scanning mutagenesis and modeling efforts sum-
marized above, a more detailed understanding of AT—ACP
interactions in assembly line PKSs will require cocrystallization
of these two proteins. Their relatively weak mutual binding
affinity, however, makes this an elusive goal. In our own
laboratory, repeated attempts to cocrystallize the DSZS AT
with DSZS ACP1 substrate yielded only crystals of the AT
protein. We therefore have sought to develop a fundamentally
different experimental approach based on covalent cross-link-
ing of the ACP to the S86C mutant of the DSZS AT. To the best
of our knowledge, a Ser — Cys mutant of a polyketide synthase
AT has not previously been characterized.

Qualitative and quantitative analysis of the S86C mutant of
the DSZS AT revealed that the protein was able to catalyze self-
acylation with malonyl-CoA and transacylation of the malonyl
intermediate onto a holo-ACP cosubstrate (data not shown).
In the presence of DSZS ACP1, the mutant showed a k.,./K
of S00 £ 40 M s (Figure S), corresponding to a 200-fold
decrease compared to the value of 87000 M~ ' s~ " observed for
the wild-type DSZS AT.” Thus, it appeared that the S86C
mutant was a suitable partner for cross-linking experiments
with bifunctional electrophilic reagents such as 1,3-dibromo-
propanone (DBP).

Whereas no cross-linking was observed between the wild-type
AT and a holo-ACP, the S86C mutant could be cross-linked to
DSZS ACP1, DEBS ACP3, and DEBS ACP6 in the presence of
dibromopropanone (Figure 6A,B). Via attachment of a FLAG
affinity tag to the AT and a Hise tag to the ACP, the cross-linked
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protein complex could be purified from the reaction mixture via
sequential affinity purification on a Ni-NTA column followed by
an anti-FLAG column (Figure 6C,D). To further optimize the
yield of cross-linked DSZS ACP1 and the S86C mutant, we
evaluated alternative homobifunctional cross-linkers with longer
spacer lengths, including bis(maleimido)ethane (BMOE) and
bis(maleimido)hexane (BMH). The thiol-to-thiol lengths of
BMH, BMOE, and DBP are 16, 11, and 6 A, respectively. As
shown in Figure 7, both BMH and BMOE yielded significantly
larger quantities of the AT —ACP complex compared to DBP.
Thus, it is possible to generate stable complexes of this AT —ACP
pair of proteins.

B DISCUSSION

Although the vast majority of known PKS assembly lines
contain dedicated acyltransferase (AT) domains in each module,
some systems, such as the disorazole synthase (DSZS), lack
dedicated AT domains within individual modules. These AT-less
PKSs have a single, discrete AT that catalyzes in trans acylation of
modular ACP domains. This atypical mechanism for extender
unit incorporation presents intriéguing opportunities for engi-
neering polyketide biosynthesis.”® A critical prerequisite for the
exploitation of this potential, however, is a detailed atomic-level
understanding of the mechanism of ACP recognition by a trans-
acting AT. As a step in this direction, we have now determined
the first X-ray crystal structure of a tranms-acting AT, the
DSZS AT.

Overall, DSZS AT is similar to structurally characterized ATs
from both type I and type II PKSs, with greater similarity to
malonyltransferases from type II PKS systems. The major
difference between DSZS AT and previously characterized AT's
is expected to reside in the mode and specificity of AT—ACP
interactions. In particular, DSZS AT is a slightly smaller protein
because of the absence of the usual C-terminal helix and 3-strand.
The DSZS AT also has notable differences in the [-sheet
arrangement of its small subdomain. Either or both of these
differences could result in changes in predicted AT —ACP dock-
ing interactions that are centered on the small subdomain instead
of the large subdomain of the AT. Our mutagenesis and model-
ing efforts have also suggested that the DSZS AT interacts with
its ACP substrates at a conserved Asp4S on the ACP, a feature
that is presumably responsible for its promiscuity toward hetero-
logous ACP domains.

Consistent with the conservation of the catalytic mechanism
of all ATs, the active site of the DSZS AT is closely related in
sequence and active site structure to other crystallographically
characterized ATs.'”'"*” The importance of a nucleophilic
serine residue in the active site is supported by the behavior of
the S86C mutant whose transacylation efficiency was reduced by
200-fold compared to that of wild-type DSZS AT. This effect is a
factor of 100-fold stronger than the effect of the analogous S101C
mutation of the recombinant thioesterase of chicken fatty acid
synthase®® but is still modest compared to the 6 x 10°-fold
decrease in activity in the S192C mutant of the serine protease
trypsin.”’ The introduction of a cysteine residue into the active
site of the AT has allowed preparation of functionally relevant
AT—ACP adducts using thiol-specific cross-linking reagents.
Although only a modest fraction of the AT was conjugated to
ACP partners (Figure 6), the attachment of distinct affinity tags
on the two proteins allowed purification of this cross-linked
adduct. Further improvements in the yield of such adducts might

be achieved with suitable mechanism-based cross-linking meth-
ods and reagents®**' and may eventually provide thoroughly
pursued direct structural insights into the AT—ACP protein—
protein interface.
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