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here have been a number of studies into the
T binding of acyl carrier proteins (ACPs) by fatty

acid synthase (FAS) enzymes. In the first of these,
the structure of Bacillus subtilis holo acyl carrier protein
synthase (ACPS) in complex with ACP was solved by
X-ray crystallography (7). Here a series of conserved
acidic residues on helix Il of ACP formed salt bridges to
reciprocally charged lysine and arginine residues on the
ACPS. Binding of Escherichia coli FAS ACP with FabH
(2) and FabG (3) was similarly driven, which led to the
hypothesis that residues along the length of helix Il of
ACP provide a commonly recognized interface. The Fabl-
ACP complex structure (4) suggests that the interface
does not extend along the entire length of helix Il of ACP
but is limited to residues at the base of this helix. Thus,
although the proteins that bind ACP may recognize ACP
using many of the same contacts, the specific nature of
those contacts may vary.

Dissociable type Il FASs utilize the enzyme malonyl
Coenzyme A-ACP transacylase (MCAT, FabD) for the for-
mation of malonyl ACP (5). The structure of MCAT from
the model actinomycete Streptomyces coelicolor (Sc)
was solved in 2003, and a model for the complex with
Scactinorhodin (act) polyketide synthase (PKS) ACP was
suggested (6). This model proposes a largely hydropho-
bic interaction, with the ACP orientated such that the
loop region between helices | and Il of ACP interacts with
MCAT. In this orientation, the leucine of the conserved
ACP DSL motif inserts into a hydrophobic pocket adja-
cent to the MCAT active site entrance while the aspar-
tate of the same motif forms a salt bridge with a con-
served lysine residue. This model is mechanistically
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ABSTRACT Malonylation of an acyl carrier protein (ACP) by malonyl Coenzyme
A-ACP transacylase (MCAT) is fundamental to bacterial fatty acid biosynthesis.
Here, we report the structure of the Steptomyces coelicolor (Sc) fatty acid syn-
thase (FAS) ACP and studies of its binding to MCAT. The carrier protein adopts an
a-helical bundle structure common to other known carrier proteins. The Sc FAS ACP
shows close structural homology with other fatty acid ACPs and less similarity
with Sc actinorhodin (act) polyketide synthase (PKS) ACP where the orientation of
helix I differs. NMR experiments were used to map the binding of ACP to MCAT. This
data suggests that Sc FAS ACP interacts with MCAT through the negatively charged
helix Il of ACP, consistent with proposed models for ACP recognition by other FAS
enzymes. Differential roles for residues at the interface are demonstrated using
site-directed mutagenesis and in vitro assays. MCAT has been suggested, more-
over, to participate in bacterial polyketide synthesis in vivo. We demonstrate that
the affinity of the polyketide synthase ACP for MCAT is lower than that of the FAS
ACP. Mutagenesis of homologous helix Il residues on the polyketide synthase ACP
suggests that the PKS ACP may bind to MCAT in a different manner than the FAS
counterpart.
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consistent in that it places the ACP in a position where
it can access the active site of MCAT. More recently, a
docking study of the interaction of Helicobacter pylori
MCAT with its FAS ACP substrate has been reported (7).
This suggested that ACP and MCAT interact through the
negatively charged residues of helix Il of ACP and posi-
tively charged residues around the MCAT active site.

To date, no biochemical evidence to support either
of these MCAT-ACP models has been reported. It is im-
portant to note that while the H. pylori ACP-MCAT model
uses the cognate FAS ACP, the S. coelicolor study used
the Sc act PKS ACP structure, as the structure of the cor-
responding FAS ACP was unavailable. PKS and FAS
ACPs are, however, generally not interchangeable, and
thus their mode of interaction may be different. Further-
more, alternative mechanisms for PKS ACP malonylation
exist that do not involve MCAT (8). We now report the
structure of the Sc FAS ACP and studies that allow the
nature of the interaction of the FAS and PKS ACPs with
S. coelicolor MCAT to be differentiated.

RESULTS AND DISCUSSION

Structure of Sc FAS apo ACP. To act as the basis of
our studies of ACP-MCAT binding, we first solved the
structure of the Sc FAS apo ACP. Unambiguous assign-
ments of spin systems were made using standard mul-
tidimensional multinuclear NMR experiments, and the
Ambiguous Restraints for Iterative Assignment of NOEs
(ARIA) protocol was used to automatically assign NOEs
(9). One hundred structures were generated in the final
calculation, based on 1811 NOEs, of which 443 were
long-range (Table 1). Twenty structures were selected on
the basis of their energetic favorability, lack of restraint
violations, and small deviations from ideal bonds and
angles (Figure 1, panel a). The model with the lowest
root-mean-square distance (rmsd) to the average was
selected as the representative structure (Figure 1,
panel b). Experimental restraints were well satisfied
with, on average, one NOE violation exceeding 0.3 A
(Table 1). Coordinates have been deposited in the pro-
tein databank under the code 2cnr.

Sc FAS ACP consists of four well-defined helices, he-
lix I (GIn5 to 1le19), helix Il (Ser41 to Glu52), helix Il
(Asp61 to Asné6), and helix IV (Arg70 to Met79) linked
by three principal loop regions (Figure 1, panel d). The
longest loop connects helices | and Il and runs from
Ala20 to Asp40. Residues 29-37 comprise a well-
structured turn followed by a short stretch of residues
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TABLE 1. Structural statistics and quality
indicators for the most representative
structure and the ensemble of 20 Sc FAS
ACP structures

NOE restraints Unambiguous Ambiguous
Intraresidue NOEs 769 38
Sequential NOEs 362 53
Medium range NOEs 237 54

Long range NOEs 443 213

Dihedral angle restraints

Backbone W and & 120
Hydrogen bond restraints 39

rmsd to mean for backbone atoms  0.34 = 0.06
rmsd to mean for heavy atoms 1.29 £ 0.18

Average no. of NOE violations

>0.3 A (per structure) 1
>0.5A (per structure)

Representative

Ensemble
structure

Ramachandran plot regions

in most favored (%) 93.3 91.8
in additional 6.7 7.9

allowed (%)
in generously 0.0 0.3

allowed (%)
in disallowed (%) 0.0 0.0

rmsd from ideal geometry

bonds (A) 0.0040 0.0037 + 0.0001
angles (deg) 0.58 0.57 = 0.01
improper (deg) 1.7 1.8 £ 0.1

that connect to helix II. In contrast, loops 2 and 3 are sig-
nificantly shorter. A number of ACPs have been re-
ported to exist in more than one conformation, and it
has been suggested that switching between these might
serve as a control mechanism for ACP recognition (10,
11). In this case, however, we find no evidence for slow,
two-state exchange in the Sc FAS apo ACP, with only a
single set of cross peaks observed in the NMR spectra.
Comparison of the overall fold of Sc FAS ACP with
FAS ACPs from B. subtilis (12) (PDB code 1hy8) and
E. coli (13) (PDB code 1tk8) reveals, as expected, a con-
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Figure 1. Structure of Sc FAS ACP and comparison to the Sc act PKS ACP (PDB code 2kO0y) (14, 15). a) Ensemble of the 20 lowest
energy structures. b) Representative structure of Sc FAS apo ACP. c) Average structure of Sc act PKS ACP. The a-carbons of both
ACPs have been aligned with one another and are orientated with helices | and IV presented toward the reader. d) Sequence align-
ment of Sc FAS ACP and Sc act PKS ACP. Positions of helices are indicated. Amino acids on a yellow background are those that are
identical in both ACPs, whereas those on a green background are residues that are chemically similar in both ACPs. All struc-

tures were drawn using PyMOL (36).

served relative orientation of the four helices (Figure 2,
panel a). Superposition of backbone atoms for Sc FAS
ACP residues 11-19;41-55;65-74 with B. subtilis (6—
14;36-50;65-74) and E. coli (6-14;36-50;65-74)
yields RMSDs of 1.52 and 1.85 A (E. coli vs B. subtilis
yields a fit of 1.41 A). Despite a high degree of sequence
similarity (28.7% identical, 42.5% similar, Figure 1,
panel d) with its polyketide synthase counterpart, the
Sc act PKS ACP (Figure 1, panel ¢, PDB code 2k0y) (14,
15), the structures of the two ACPs show differences in
both helix | and loop 1. Superposition of residues from
Sc act PKS ACP 42-74 (encompassing helices I, I, and
IV) with residues 41—73 of Sc FAS ACP gives an rmsd
of 1.58 A, whereas superpositions including helix | gave
poorer fits. Figure 2, panel b shows a superposition of
the two structures showing the clear displacement of he-
lix I'in the PKS ACP. Loop 1 is also shorter and structur-
ally better defined in the Sc FAS ACP with an rmsd over
residues 18-28 of 0.21 + 0.08 A vs 1.93 Ain the Sc act
PKS structure but bears a similar number of charged
and polar residues along its length (Figure 1, panel d).
The aspartate (Asp40) of the FAS ACP DSL motif is lo-
cated at the base of helix Il, whereas in the Sc act PKS
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ACP the homologous residue is situated on the loop
that precedes this helix.

Docking of FAS ACP with MCAT. The majority of bio-
chemical and biophysical studies of ACP binding sug-
gest that highly conserved residues on helix Il of ACP in-
teract electrostatically with reciprocally charged residues
at the active site opening of its binding partner. Such a
model for the binding of H. pylori MCAT with FAS ACP has
been proposed (7). An alternate model for ACP recogni-
tion by MCAT has been suggested by Keatinge-Clay et al.
(6), where MCAT recognizes a largely hydrophobic surface
presented by the loop region between helix | and Il of act
PKS ACP (Figure 3, panel a). Unlike Keatinge-Clay et al.,
who had only the Sc act PKS ACP structure available to
them, we could utilize the Sc FAS ACP structure, the pri-
mary substrate for MCAT, and thus re-examine the in sil-
ico macromolecular docking of these proteins. Three al-
gorithms were used in this analysis: ZDock (16),
GRAMM-X (17), and ClusPro (18). Each of these has
been assessed in the critical assessment of prediction
of interactions blind protein docking experiment (19).

ZDock produced two distinct clusters of ACP-MCAT
complex. The first closely mimics the model reported by
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Figure 2. Structural superposition of FAS and PKS ACPs. a) Superposition of Sc FAS ACP over residues
6-14;36-50;65-74 (red) and B. subtilis ACP (12) residues 11-19;41-55;70-79 (mauve) oriented with he-
lices I and Il toward the reader. b) Sc FAS ACP superimposed over residues 41-73 with Sc act PKS ACP

residues 42-74 (blue).

Keatinge-Clay et al. (6), with the Sc FAS ACP binding to
residues surrounding the MCAT active site through the
loop region between helix | and Il (Figure 3, panel b). The
second cluster packs helix Il of Sc FAS ACP against
MCAT (Figure 3, panel c), in a manner consistent with
that suggested for H. pylori MCAT (7) and other ACP
binding proteins. The ClusPro algorithm generated one
cluster of carrier protein complexes in the proximity of
the MCAT active site (Figure 3, panel d). Though similar,

these models are rotated with respect to both the
Keatinge-Clay (Figure 3, panel a) and ZDock (Figure 3,
panel b) complexes. Finally, the GRAMM-X algorithm re-
turned only one complex where the ACP is adjacent to
the MCAT active site. This model suggests that the ACP
interacting surface is formed by helix IV (Figure 3,

panel e). This is mechanistically unreasonable, how-
ever, as it orients the phosphopantetheine attachment
site away from the MCAT active site.

Figure 3. Docked ACP-MCAT models. MCAT (gray) has been aligned in each figure. Selected MCAT and ACP resi-
dues are represented as sticks to help orientate the reader. a) Keatinge-Clay model of Sc act PKS ACP (blue)
with MCAT (PDB code 1nnz) (6). b) Representative of ZDock models that suggest binding through the loop re-
gion between helices | and Il of Sc FAS ACP (red) and MCAT. c) Representative of ZDock models that suggest
that Sc FAS ACP interacts with MCAT through helix Il of ACP. d) Model obtained using ClusPro that suggests
that Sc FAS ACP interacts through the loop region between helices | and II. ) Model determined using the
GRAMM-X algorithm that suggests that Sc FAS ACP interacts via helix IV of ACP.
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Figure 4. a) Superimposed *H-*>N HSQC spectra of Sc FAS-holo ACP (black) and Sc FAS-holo ACP in the presence of MCAT
(red, 1:1.75 molar ratio). Resonances associated with the two phosphopantetheine amines are circled in blue. b) Chemical
shift changes of the most perturbed residues Asp38, Glu47, Glu52, Lys58, and Ile59. ¢) Weighted chemical shift pertur-
bations of the Sc FAS holo ACP in the presence of MCAT. The positions of helices are indicated.

Mapping ACP Residues Involved in MCAT Binding.
The chemical shifts of amide protons are sensitive to
changes in environment and conformation and as a re-
sult can be used to identify substrate-binding sites. In
this work, *H-*>N HSQC perturbation experiments were
used to map the MCAT binding motif on the Sc FAS ACP.
Ahead of these experiments MCAT activity was con-
firmed as described previously (data not shown) (5).
Uniformly labeled *°N Sc FAS holo ACP (initial concentra-
tion 250 wM) was titrated with MCAT (stock solution
300 M) up to an ACP:MCAT ratio of 1:1.75. Overlaying
the Sc FAS holo ACP spectrum with the titration maxi-
mum (Figure 4, panel a) shows that the chemical shift
deviations are small for most residues, and only one
set of peaks is observed for all residues. This suggests
that the structure of bound and unbound ACP is almost
identical and that the ACP is in fast exchange between
free and bound forms. Small chemical-shift perturba-
tions may also be interpreted as evidence for limited de-
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solvation of surface residues (20). These results are con-
sistent with the complex being short-lived. In the
presence of MCAT a number of resonances are, how-
ever, appreciably perturbed (Figure 4, panel b). The mag-
nitude of these combined chemical shift changes (21)
versus amino acid sequence position at the titration
maximum is shown in Figure 4, panel c. Resonances of
the phosphopantetheine chain amide protons undergo
no chemical shift change in the presence of MCAT (the
cross peaks associated with the two phosphopanteth-
eine amides are indicated with blue circles in Figure 4,
panel a), suggesting that the prosthetic group is held
away from the enzyme when MCAT lacks malonate.
With the exception of K58 and [59, the most signifi-
cant chemical shift changes occur in a contiguous re-
gion stretching from residue 37, immediately prior to the
phosphopantetheine attachment site, continuing up he-
lix Il and then across the top of the loop region be-
tween helix Il and helix Il (Figure 4, panel c). Apart from
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a 4-residue stretch, immediately prior to helix Il little
perturbation of the loop between helices | and Il is de-
tected. Our NMR data thus support a model whereby the
Sc FAS ACP interacts with MCAT through helix Il of ACP
and encompasses negatively charged residues (Asp40,
Glu4é, Glu52 and Glu53) that have all been implicated
in ACP recognition by ACPS, FabG, and FabH (1-3).

Residue lle54 of E. coli ACP showed a significant per-
turbation on binding to FabG, leading to the suggestion
that it might form a hydrophobic contact with the en-
zyme (3). In Sc FAS apo ACP, lle59 (the Ile54 homo-
logue) behaves similarly on binding to MCAT, though
this residue is buried and is therefore unable to partici-
pate in binding. Homologues of this residue may play a
structural role (22). This is supported by the observation
that the 154A mutant of Vibrio harveyi ACP folds incor-
rectly. It appears likely that the perturbation of lle59 and
Lys58 is due to their location at the hinge between heli-
ces Il and lll, potentially making these residues sensi-
tive to changes in structure and environment. We have
recently reported a number of structures for the Sc act
PKS ACP with bound nonpolar acyl chains and observed
large chemical shift changes for the homologous resi-
due lle60 associated with changes in the ¢ backbone
angle (23).

It is significant that the region of the ACP that under-
goes the most chemical shift change upon binding to
MCAT is that which has the propensity to change confor-
mation (10, 24). It is likely, however, that the Sc FAS ACP
undergoes little change in backbone conformation upon
binding and may be limited to side chain rearrangements.
Such behavior, although subtle, would be similar to that
reported in recent studies of the Sc act PKS ACP where
side chain rearrangement, particularly of the leucine of
the DSL maotif, altered the affinity of the protein for ACPS
following phosphopantetheinylation (15).

Characterization of FAS ACP-MCAT Binding. To deter-
mine the role of residues at the interface the conserved
residues, Sc FAS ACP Asp40, Glu46, Glu52 and Glu53
and MCAT residues Arg189 and Arg287 were mutated.
Correct folding was confirmed by circular dichroism
(data not shown) as well as *H-°N HSQC experiments
(see Supporting Information). Overall, the mutants ap-
peared to be correctly folded, although the NMR stud-
ies did reveal small, localized chemical shift changes
arising through alterations in the environment surround-
ing the mutation. The D40A and E52A FAS ACP mu-
tants showed reduced competence as substrates for
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ACPS; D40A FAS ACP was expressed in the inactive
apo form, whereas E52A FAS ACP was expressed as a
mixture of both apo and holo forms. Complete conver-
sion of E52A FAS ACP was only achieved by incubation
of the ACP overnight with a catalytic amount of ACPS
and a 5-fold molar excess of Coenzyme A (CoA) (25). Un-
der the same conditions the D40A mutant could not be
phosphopantetheinylated with Sc ACPS, consistent with
its location at the ACP-ACPS interface (2).

The dissociation constants for the various ACP-MCAT
complexes were determined by monitoring the perturba-
tion of the intrinsic tryptophan fluorescence of MCAT
upon titration with ACP. We have previously used this
technique to study the affinity of ACP for ACPS (15).
Binding of ACP to MCAT results in the quenching of the
intrinsic fluorescence of MCAT (Figure 5, panels a and b).
The dissociation constant (Ky, Table 2) was determined
as 1.9 = 0.3 pM. This is consistent with Ky’s reported
for ACP interaction with other FAS enzymes; for instance,
E. coli FAS ACP has been reported to bind to FabH with
akgof2 =1 puM (2.

None of the mutations eliminated ACP binding to
MCAT entirely. Mutagenesis of Asp40 of the Sc FAS ACP
DSL motif reduced the affinity of ACP for MCAT (Ky of
13.5 = 1.4 pM). In part, this reduction may be due to
the lack of a phosphopantetheine chain, though from
the NMR data presented here we know that the phos-
phopantetheine chain is held away from MCAT when
this enzyme is in its malonate-free form and is unlikely
to contribute appreciably to ACP binding. Significantly,
Asp40 has been proposed as a point of ACP-MCAT inter-
action by Keatinge-Clay (6), so this mutation alone does
not differentiate between this model or one in which he-
lix Il of ACP forms the main point of interaction.

Mutagenesis of Arg189 of MCAT (Figure 5, panel b)
produces a 5-fold increase in Ky (10 + 2.7 wM), while
the effect of mutating Arg287 is less pronounced (Ky of
3.3 = 0.5 wM). Mutagenesis of residues Glu46, Glu52,
and Glu53 of Sc FAS ACP results in a much smaller re-
duction in the affinity of the ACP for MCAT (Figure 5,
panel a, Ky’s of 3.0 = 0.4, 2.7 = 0.7, and 3.5 = 0.4 pM,
respectively). These results suggest that Sc FAS ACP resi-
dues Glu46, Glu52, and Glu53 and MCAT residue
Arg287 lie at the ACP-MCAT interface but are less signifi-
cant for high affinity ACP binding than either Asp40 of
ACP or Arg189 of MCAT. Reichmann et al. have shown
that the energetic consequences of deleting residues at
a binding site are small if those residues lie within a con-
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Figure 5. a) Effect of mutagenesis of Sc FAS ACP on its ability to bind to MCAT. b) Effect of mutagenesis of Arg189
and Arg287 of MCAT on its ability to bind Sc FAS holo ACP. In panels a and b fluorescence data is normalized onto a
percentage scale based on the maximum (F,.,) and minimum (F,;,) fluorescence of the control sample. c) Effect of
mutagenesis of FAS ACP on its ability to act as a substrate for wild-type MCAT. d) Effect of mutagenesis of Arg189
and Arg287 of MCAT on its ability to malonylate Sc FAS holo ACP.

tiguous binding site (26). Thus, although small, the
binding affinity values observed along with the NMR
data provide evidence that the FAS ACP interacts
through a contiguous binding site.

The ability of the MCAT mutants R189A and R287A
to malonylate wild-type Sc FAS ACP and of the Sc FAS
ACP mutants E46A, E52A, and E53A to act as substrates
for wild-type and mutated Sc MCAT was assayed in a
time course assay (Figure 5, panels ¢ and d). In this as-
say, ACP is incubated with malonyl CoA and a catalytic
amount of MCAT, and the formation of malonyl ACP is
followed by mass spectrometry (5). Under the assay
conditions the wild-type MCAT rapidly acylates Sc FAS
ACP, with almost 70% of the ACP being malonylated
within 15 min of the addition of the coenzyme. Malony-
lation of E46A and E53A Sc FAS ACPs is considerably
slower than that of the wild-type ACP, with approxi-
mately 10% of the ACP acylated over the course of the
assay (Figure 5, panel c). Malonylation of E52A Sc FAS
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ACP is greater than that of E46A and E53A but remains
considerably slower than that of the wild-type ACP (ap-
proximately 27% of the ACP malonylated, Figure 5,
panel c). Mutagenesis of R189A of MCAT resulted in al-
most complete abolition of its ability to malonylate Sc
FAS ACP (Figure 5, panel d), whereas R287A acylates ap-
proximately half of the Sc FAS ACP over the course of
the assay. The biological activity of the D40A Sc FAS ACP
mutant could not be tested as it lacks a phospho-
pantetheine chain.

Modeling of the MCAT-ACP Complex. On the basis
of our mutagenesis and NMR data, a model for the Sc
FAS ACP-MCAT complex was calculated using the
HADDOCK algorithm (27). HADDOCK uses NMR data
such as chemical shift perturbation or residual dipolar
couplings in combination with biochemical data from
mutagenesis to define ambiguous distance restraints
that describe the role of residues at an interface and has
been used to explore the binding of numerous protein
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TABLE 2. Dissociation constants for ACP
binding to MCAT

ACP MCAT Ka (M)

FAS holo ACP MCAT 1.9+03

D40A FAS apo MCAT 13.5*+ 1.4
ACP

E46A FAS holo MCAT 3.0 0.4
ACP

E52A FAS holo MCAT 2.7 0.7
ACP

E53A FAS holo MCAT 3.5+ 0.4
ACP

FAS holo ACP R189A MCAT 10.0 = 2.7

FAS holo ACP R287A MCAT 3.3 £0.5

C17S actPKS holo  MCAT 3.8+ 0.6
ACP

D41A C17S act PKS  MCAT 18.7 = 2.7
apo ACP

E47A C17S act PKS ~ MCAT 4.7 = 0.7
holo ACP

E53A C17S act PKS ~ MCAT 43 *+0.3
holo ACP

complexes. Docking was performed using the MCAT
crystal structure (PDB code 1nm2) and the closest to av-
erage NMR structure of Sc FAS apo ACP calculated in
this work.

The lowest energy model (Figure 6) suggests that the
binding interface between Sc FAS ACP and MCAT is in
general agreement with one of the initial models pro-
vided using Z-DOCK (Figure 3, panel c), though as might
be expected, the overall similarity between both mod-
els is low (rmsd 7 A for the superimposition of backbone
atoms over the carrier protein structure). The binding in-
terface is small (surface area 669 A2 and largely polar
in nature. A third of the residues at the interface are hy-
drophilic, which is consistent with a transient complex
(28). The Sc FAS ACP interacts through salt bridges be-
tween helix Il on the carrier protein and helix XI and loop
14 of MCAT. Residue Ser41, the ACP phosphopanteth-
eine attachment site, is placed into the active site tun-
nel of MCAT and locked into position by the formation of
a salt bridge between Asp40 of ACP and Lys298 of
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MCAT (Figure 6, panel b). This permits the phospho-
pantetheine chain to extend into the active site tunnel
of MCAT, where it can accept malonate, bound at its ac-
tive site serine (5). The importance of this contact is re-
flected by mutagenesis of Asp40, which significantly af-
fects the ability of MCAT to recognize the Sc FAS ACP.
Three further salt bridges between Glu46 of ACP and
Arg287 of MCAT (Figure 6, panel ), Glu52 of ACP and
Lys190 of MCAT, and Glu53 of ACP and Arg189 of MCAT
(Figure 6, panel d) serve to hold helix Il in place.

One might expect, on the basis of the mutagenesis re-
sults described here, that Asp40 of ACP may interact
with Arg189 of MCAT. If these residues directly inter-
acted with one another, however, then the phospho-
pantetheine attachment site would be placed too far
from the MCAT active site for malonylation to occur. It
seems reasonable to suggest that Arg189 of MCAT can
interact with either Glu52 or Glu53 of Sc FAS ACP
through simple side-chain rearrangement. Mutagenesis
of Glu52 or Glu53 individually, therefore, produces a
small reduction in affinity as the adjacent residue can re-
place many of the contacts formed previously by the mu-
tated residue. The principal point of interaction is thus
Asp40 of Sc FAS ACP with Lys298 of MCAT.

The structure of the malonyl CoA-MCAT complex (29)
suggests that homologues of Arg189 and Arg287 hold
the adenine ring of malonyl CoA in place, guiding the
phosphopantetheine portion of CoA to the MCAT active
site. This implies a dual role for the arginine residues in
both ACP and malonyl CoA binding. Given the Ping Pong
Bi Bi mechanism of MCAT this would not be mechanis-
tically problematic as neither malonyl CoA nor CoA are
bound at the same time as the Sc FAS ACP (5). Second,
it suggests that our placement of the ACP is correct, as it
permits the ACP phosphopantetheine chain to follow
the same path as that of malonyl CoA.

Binding of Sc act PKS ACP with MCAT. Analysis of
type Il PKS gene clusters shows that the majority lack a
MCAT homologue, leading a number of groups to pro-
pose that in vivo the FAS MCAT participates in polyketide
biosynthesis (30). We therefore investigated the bind-
ing affinity of MCAT for the actinorhodin PKS ACP, by
tryptophan fluorescence titration (data not shown). The
PKS ACP binds to MCAT with approximately half the af-
finity of the FAS carrier protein with a dissociation con-
stant of 3.8 = 0.6 WM. It appears that, despite their simi-
larities, structural characteristics of the two ACPs lead
to differential binding. Unlike the Sc FAS ACP mutagen-
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Figure 6. Model of the Sc FAS ACP-MCAT complex calculated using HADDOCK (27). Sc FAS ACP is shown in pink with MCAT in blue.
The star indicates the position of the MCAT active site serine. Cutaways show the interaction of negatively charged ACP residues
with positively charged residues on MCAT and have been rotated with respect to the main panel to reduce overlap and aid figure

clarity.

esis of Glu47 and Glu53 of Sc act PKS ACP did little to af-
fect binding to MCAT (dissociation constants of E47A-
C17S act PKS ACP and E53A-C17S PKS ACP with MCAT
were determined as 4.7 = 0.7 and 4.3 = 0.3 uM, re-
spectively, effectively within error of one another and the
wild-type act PKS ACP). Mutagenesis of Asp41 of Sc act
PKS ACP (the Sc FAS ACP Asp40 homologue) results in a
significant increase in the dissociation constant for the
complex (18.7 = 2.7 wM), suggesting once again that
this residue forms the principal contact between ACP
and MCAT. Helix Il mutations beyond Asp40 therefore
have little effect on PKS ACP—MCAT interactions.

The analysis of protein—protein interactions involv-
ing FAS ACP clearly points to acidic residues along the
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length of helix Il acting as a universal recognition do-
main. Positively charged residues around the active
sites of interacting enzyme partners can usually be iden-
tified, though as yet no common interaction motif has
been established (3). The results described in this pa-
per confirm these findings for Sc MCAT and Sc FAS ACP
and suggest that the ionic interaction with Asp40, the
acidic residue adjacent to the active site serine, provides
the major point of contact. Evidence for other interac-
tions is limited, though Arg249 of B-ketoacyl-ACP syn-
thase Il (FabH) was implicated as the residue critical for
the interaction between this enzyme and its cognate car-
rier protein (2). Here in silico modeling predicted Glu41
(the Sc FAS ACP Glu46 homologue) as the Arg249 bind-
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ing partner, though more extensive ACP interactions
could not be ruled out. Finally, mutations of three basic
residues at the enoyl reductase (Fabl)-ACP helix Il inter-
face significantly affected kinetic parameters when com-
pared to the wild-type enzyme (4). Here the Arg204 mu-
tation appeared to be most sensitive to mutation, and
analysis of the crystal structure suggested that the bind-
ing partner for this residue was Glu48 (the Sc FAS ACP
Glu53 homologue). Thus the possibility exists that the
principal point of contact may change depending on the
ACP-FAS enzyme binding partner.

Conclusion. The recognition of the correct protein part-
ner within a multienzyme complex is vital if the integrity
of a biosynthetic sequence is to be maintained and the
correct product formed. We have used data gained from
NMR experiments, site-directed mutagenesis, and in vitro
assays to guide the information-driven docking of Sc FAS
ACP and MCAT and to suggest a biochemically reason-
able structure for the complex. This model suggests that
the Sc FAS ACP recognizes MCAT using a series of con-
served glutamic and aspartic acids along helix Il that inter-

act with reciprocally charged residues at the mouth of
the MCAT active site opening. This mode of binding has
also been proposed for ACP recognition by ACPS, FabG,
and FabH (1-3).

Except for the mutagenesis of the aspartate of the
ACP DSL motif, mutagenesis of helix Il residues on the
homologous PKS ACP resulted in insignificant changes
in MCAT binding affinity. Consequently, the model sug-
gested by Keatinge-Clay et al. (6) for the interaction of Sc
act PKS ACP with MCAT via loop | of ACP, or indeed, a
binding mode similar to that suggested by the ACP-Fabl
co-crystal (4), can therefore not be discounted for the
binding of this protein to MCAT. It is thus reasonable to
suggest that the PKS and FAS ACP may associate with
MCAT by different mechanisms, while retaining the prin-
cipal contact with the aspartate of the ACP DSL motif.
The information presented here may provide a useful
mechanism for the optimization of specific interactions,
allowing, for example, the introduction of alternative
acyl transfer enzymes, which may lead to the produc-
tion of novel compounds.

METHODS

Protein Expression and Purification. All proteins were ex-
pressed from E. coli strain BI21(DE3). ACPs were expressed
and purified as described previously (25). In this work, the C17S
mutant of act PKS ACP has been used throughout in order to pre-
vent intramolecular disulfide bond formation between Cys17
and the thiol of the phosphopantetheine chain (31). This mu-
tant behaves in all regards like the wild-type ACP. Single **N- or
double **N/*3C-labeled Sc FAS holo ACP was expressed in M9
minimal media with *>N ammonium chloride and **C glucose as
the sole nitrogen and carbon source, respectively. Sc MCAT en-
zymes were expressed in a hexa-histidine-tagged form and puri-
fied by nickel affinity chromatography as described previously
(5). The hexa-histidine tag was not removed prior to biochemi-
cal studies.

Mutagenesis and Sequencing. Mutants were prepared using
the Stratagene Quikchange method as outlined in the manufac-
turer’s protocol. Complementary oligonucleotide primers of the
following sequences were synthesized by Sigma Genosys: D40A
FAS FOR 5’-CGACGTC GCT TCGCTGTCC-3', D40OA FAS REV, CGA-
CAGCGA AGC GACGTCC-3'; E46A FAS FOR 5'-CGCTGTCCATGGTC
GCT GTCGTCGTCGC-3', E46A FAS REV 5’-GCGACGACGAC AGC
GACCATGGACAGCG-3'; E52A FAS FOR 5’-GTCGCCGCCGCC GCT
GAGCGCTTC, E52A FAS REV 5’-GAAGCGCTC AGC GGCGGCGGC-
GAC-3’; R189A MCAT FOR 5’-GCCCGAGGGTGTG GCT AAGG-
TCGTCCCGCTG-3’, R189A MCAT REV 5’-CAGCGGGACGACCTT AGC
CACACCCTCGGGC-3'; R287A MCAT FOR 5'-GGGCTGGCCAAG GCT
GCGCTGCCCGGAGTG-3’, R287A MCAT REV 5’-CACTCCGGGCA-
GCGC AGC CTTGGCCAGCCC-3'. The resultant plasmids were se-
quenced (Cogenics, U.K.) to confirm mutagenesis.

NMR of Sc FAS-ACP. For Sc FAS ACP structural studies, stan-
dard triple resonance experiments were acquired for sequential
and side-chain assignment on a Varian INOVA 600 MHz spec-
trometer. Structural restraints were acquired from a single 3C/

625-636 ¢ 2009 ARTHUR ET AL.

15N NOESY-HSQC (32). For the noncovalent binding studies,
standard sensitivity enhanced HSQC spectra were acquired.
Spectra were processed and viewed with nmrPipe (33), Sparky
(34), and Analysis (35). All structure calculations were carried
out using the ARIA protocol Version 1.2 (9).

Mass Spectrometry. Electrospray mass spectrometry (ESMS)
was used for the analysis of protein samples after purification
or in our standard discontinuous assays. For ESMS analysis all
samples were desalted and concentrated on C4 chromato-
graphic resin. Proteins were ionized with a Nanomate chip
based nanoflow source, using a pressure of 0.3 psi and a spray
voltage of between 1.4 and 1.6 kV, and analyzed in positive
ion mode on a Applied Biosystems QStar XL mass spectrometer.

Sc MCAT Catalyzed Malonylation of ACP. Purified MCAT was as-
sayed for its ability to malonylate FAS ACP. Briefly, FAS holo ACP
was treated with dithiothreitol to reduce any disulfide bonds,
and this reduced ACP (50 wM) was incubated with malonyl CoA
(50 M) and MCAT (0.1 nM) at 30 °C in potassium phosphate
buffer (100 mM, pH 7.3) and glycerol (10% v/v). Reactions were
quenched at 0, 5, 15, and 30 min and prepared for ESMS.

Tryptophan Fluorescence Titration. All fluorescence spectra
were recorded using a Spex Fluoromax spectrophotometer (Jo-
bin Yvon). Tryptophan fluorescence was excited at 295 nm and
measured over 280-420 nm, using a slit width of 0.75 pum, in-
tegrating over 1 s. Sc MCAT (1 wM, 2 mL) was titrated with mo-
nomerised holo ACP (200 uM stock) to a total ACP concentration
of 10 wM. All assays were performed at 25 °C in potassium
phosphate buffer (100 mM, pH 7.3) containing glycerol
(10% v/v) and dithiothreitol (1 mM).

Macromolecular Docking of FAS ACP and MCAT. Docking was
performed using both the MCAT crystal structure and the clos-
est to average NMR structure of Sc FAS apo ACP calculated in
this work. The proteins were docked with one another using
ZDock (16), GRAMM-X (17), and ClusPro (18) following the stan-
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dard protocols for each package. For the information-driven
docking of ACP and MCAT the protein—protein docking program
HADDOCK was used (27). Crystallographic waters and metal ions
were removed from the MCAT PDB file prior to docking. Mutagen-
esis and chemical shift perturbation data for residues at the in-
terface were used to define a series of ambiguous interaction re-
straints. Active residues were defined as those having chemical
shift perturbations larger than the average and a relative resi-
due accessible surface area larger than 50%. Surface accessible
residues adjacent to the active residues were defined as pas-
sive. During docking calculations helix Il of ACP and the regions
surrounding Arg189 and Arg287 on MCAT were considered flex-
ible. One thousand rigid-body solutions were generated. The
best 200 were refined in torsion angle space and in water.
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