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While X-ray and NMR structures are now available for most components of the Type II fatty acid synthase (FAS),
there are no structures for Type I FAS domains. A region from the mammalian (rat) FAS, including the putative acyl
carrier protein (ACP), has been cloned and over-expressed. Here we report multinuclear, multidimensional NMR
studies which show that this isolated ACP domain contains four a-helices (residues 8§-16 [1]; 41-51 [2]; 58-63 [3]

and 66-74 [4]) and an overall global fold characteristic of ACPs from both Type II FAS and polyketide synthases
(PKSs). £ The overall length of the structured ACP domain (67 residues) is smaller than the structured regions of the
Eschericia coli FAS ACP (75 residues), the actinorhodin PKS ACP (78 residues) and the Bacillus subtilis FAS ACP
(76 residues). We further show that the rat FAS ACP is recognised as an efficient substrate by enzymes known to
modify Type II ACPs including phosphopantetheinyl and malonyl transferases, but not by the heterologous S.

coelicolor minimal polyketide synthase.

1. Introduction

Acyl carrier proteins are small proteins, which play a key role in
fatty acid biosynthesis. These proteins have been found in a
diverse range of organisms including bacteria,' plants,” insects®
and mammals* where their main role is to chaperone the
extending fatty acyl chain and, on chain completion, to act as a
donor of mature fatty acids to diverse biosynthetic processes.’
In bacteria and plants each cycle of condensation, dehydration
and further reduction is catalysed by a group of mono-
functional polypeptides (the Type IT FAS),® while large multi-
functional enzymes (Type I synthases) found in fungi and
animals perform similar biosynthetic cycles.*” In both Type I
and Type II FASs the functional form of the ACP contains a
4'-phosphopanthetheine prosthetic group derived from CoA,
which is attached by the enzyme holo-ACP synthase (ACPS)
to a conserved serine residue within the carrier protein.® The
terminal phosphopanthetheinyl sulfhydryl provides the site of
covalent attachment for the growing fatty acyl chain.

Similar carrier proteins are associated with other acyl trans-
fer dependent pathways including the synthesis of polyketides,’
non ribosomally synthesised peptides,’® lipopeptides,'* acyl-
ation and synthesis of oligosaccharides '? and the production of
D-alanyl lipoteichioc acid.'® Acyl carrier proteins play a central
role in these biosynthetic pathways by recognizing and associ-
ating with several different enzymes during the biosynthesis.
There is therefore an obvious need for structural information
on these proteins.

NMR studies have provided solution structures for Type II
ACPs from E.coli FAS,' spinach FAS," Bacillus subtilis FAS,'

+ Present address: School of Life Sciences, Heriot-Watt University,
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1 The average minimized coordinates for the rat FAS ACP have been
deposited in the protein data bank with access code 1NSL.
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rhizobium NodF carrier protein,’” Streptomyces coelicolor
actinorhodin (act) polyketide synthase (PKS),'® and the Type 1
modular peptidyl carrier protein from Bacillus brevis."” These
studies have suggested that carrier proteins have a common
structure consisting of a four a-helical bundle with the con-
served serine phosphopantetheine attachment site located at the
base of the second helix. Where the structures have been stud-
ied, the apo and 4’-phosphopantetheine containing /olo forms
of these Type II proteins look identical. Recent crystal struc-
tures have also indicated the site of protein—protein interaction
between the B. subtilis ACP and ACPS? (a site proposed for the
interaction of all discrete FAS proteins),”! and the positioning
of the phosphopantetheine bound acyl group within the hydro-
phobic cavity of E. coli ACP>* Given the overall similarities of
the carrier protein three-dimensional structures it was initially
suggested that ACPs from either different organisms® or dif-
ferent biosynthetic pathways?* could be interchanged, either
in vivo or in vitro, to give functioning protein complexes. More
recently, however, work on FAS enzymes from a number of
organisms,”>?’ as well as the in vitro minimal PKS assay*® have
highlighted examples where ACP substitution resulted in an
inactive protein complex. In these cases subtle differences in
structure must be evident and detailed comparisons of carrier
proteins from a range of organisms and biosynthetic pathways
are required to illuminate the differences underlying these func-
tional changes.

At present there is no structure available for a Type I FAS
ACP. Previously Tropf et al.* cloned a region from the rat FAS
gene corresponding to the putative ACP domain and demon-
strated expression in E. coli of a soluble protein with a mass of
9686 Da. This agreed with the calculated mass for the apo-form
of the protein minus the N-terminal methionine. The propor-
tion of holo-ACP present was estimated to be about 1% of the
total ACP obtained. It has been reported by Tropf et al. that
co-expression of the rat ACP with E. coli ACPS produced a
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small increase in the overall levels of the active solo form of the
protein. E. coli ACPS is thought to be relatively intolerant to
ACP substrates but it has been effectively used to post-trans-
lationally modify FAS and PKS ACPs both in vivo***! and in
vitro.3 In vitro incubation of purified rat FAS ACP with E. coli
ACPS and CoA, however, completely converted the inactive
apo-ACP to the active olo form.” The active Type I rat FAS
ACP was modified by several Type II FAS enzymes including
malonyl CoA:ACP transacylase (MCAT) and it was reported
that this Type I FAS ACP could functionally replace in vivo the
actinorhodin PKS ACP, though product production here was
estimated at only 1% of control experiments. These results sug-
gested that the rat FAS ACP was folded into a conformation
similar to that seen for Type II ACPs.

In the present study we have structurally characterised
recombinant rat ACP by CD and multinuclear, multi-dimen-
sional NMR studies to show that this isolated domain adopts a
pH stable folded structure. The rat FAS ACP appears to have a
similar global fold to published ACP structures. This provides
the first evidence for significant structural similarity between a
Type I FAS domain and a Type II acyl carrier protein. The ACP
domain of the Type I rat FAS is modified by the E. coli ACPS
in vivo, and the S. coelicolor ACPS in vitro as well as the
S. coelicolor MCAT all of whose natural targets are Type 11
enzymes. However, in an in vitro minimal Type II PKS assay,?®
rat FAS ACP could not functionally replace act PKS ACP in
the production of the polyketides SEK 4 and SEK 4b.

2. Materials and methods

2.1 Bacterial strains, plasmids and media

An open reading frame (ORF) encoding amino acids 2114—
2202 of the rat FAS was constructed between the Ndel and
BamH]1 sites of pET15b (Novagen).? The 409 bp BgllI frag-
ment from pRJICO005 containing the ACPS gene from E. coli*
was ligated with pET15b-ACP which had been enzymically cut
using BamHIl. The resulting ligation was transformed into
E. coli DH5a and single colonies were checked for a correctly
oriented insert by digestion of plasmid DNA with Xbal and
Sacl. E. coli strains DH5a and BL21(DE3) were used for plas-
mid manipulation and expression of cloned genes respectively.

2.2 Expression of the ACP domain of rat FAS

E. coli cells were grown in Luria-Bertani (LB) media containing
100 pg ml™" carbenicillin at 37 °C (orbital shaker speed 250
rpm). A single colony from freshly transformed BL21(DE3)
was grown overnight in 100 ml LB and aliquots (2.5 ml) from
this flask were used to inoculate growth flasks. The cells were
grown until an absorbance (A4sgs ,m) Of 0.6 was obtained and
then induced by adding isopropyl B-D-thiogalactopyranoside
(IPTG) to a final concentration of 1 mM. After four hours, the
cells were recovered by centrifugation (4500 g, 10 min, 4 °C).
The cell pellet was then resuspended in Tris-Cl buffer (50 mM,
pH 8.0 containing 10% glycerol) and frozen.

2.3 Expression of a "N-labelled apo-ACP domain of rat FAS

20 Flasks containing 100 ml LB media (100 ug ml™' carbeni-
cillin) were inoculated and the cells grown until an absorbance
(Asos nm) Of 1.2 was reached. The bacteria were pelleted by
centrifugation (5500 g, 4 °C, 15 min) and washed with 100 ml
M9 minimal media before further centrifugation (5500 g, 4 °C,
15 min). The pellet was resuspended in 50 ml of M9 minimal
media and 2.5 ml of this suspension was used to inoculate
twenty 500 ml flasks each containing 100 ml of M9 media con-
taining “NH,C1 (1 g L™') and carbenicillin (100 pg ml™").
Expression was induced using IPTG as described previously.
Bacteria were grown for a further 18 hours at 37 °C (250 rpm)
before being harvested as described above.
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2.4 Purification of the ACP domain of rat FAS

Cytosolic proteins were extracted from the cells using a freeze—
thaw method.® Typically, cells from 4 L LB media were frozen
at —78 °C and then slowly thawed with the addition of 100 ml
50 mM Tris-Cl buffer (pH 8.0). Bacterial cells were removed by
centrifugation (5500 g, 4 °C, 15 min), and protein precipitated
from the resulting supernatant by a 0-60% ammonium sulfate
cut was discarded following centrifugation (6800 g, 10 min,
4 °C). The ammonium sulfate concentration was then increased
to 90%, the pH adjusted to pH 4.0 with 2 M HCI and the
suspension was left at 4 °C to allow the protein to flocculate.
Following centrifugation (25000 g, 20 min, 4 °C), the pellet was
resuspended in a minimal volume of 50 mM Tris-Cl buffer and
the pH adjusted to pH 8.0. This solution was desalted on an
HR 16/10 fast desalt column (Pharmacia) and applied to
a HiLoad™ 26/10 Q Sepharose® column (Pharmacia). Both
columns were equilibrated in 50 mM Tris buffer (pH 8.0).
Bound protein was eluted (2 ml min!) over a 400 ml
gradient of 0-1 M NaCl. Fractions shown by 17.5% SDS-
PAGE to contain only rat ACP were freeze-dried and then
desalted into Milli-Q water using an HR10/10 fast desalt
column (Pharmacia). Purified protein samples were prepared
for mass spectrometric analysis using the method of Winston
and Fitzgerald.** All analyses were done using a Micromass
Quattro mass spectrometer equipped with an electrospray
source as described previously.*®

2.5 Circular dichroism

All CD experiments were done at 20 °C on 5 uM (0.05 mg ml™")
protein solutions in a 1 ml CD Quartz cell (Helma, 2 mm path
length) using a Jobin Yvon CD 6 spectropolarimeter. Molecular
ellipticity was recorded over the range pH 1 to pH 7 and
also with 0-6 M guanidinium hydrochloride at pH 5.5 for
wavelengths 190-260 nm.

2.6 Holo-acyl carrier protein synthase assay

S. coelicolor ACPS was expressed in E. coli and purified as a His
tagged protein.?® A typical phosphopantetheinylation assay
contained 50 uM apo-ACP, 1 uM S. coelicolor Hise-ACPS,
0.5 mM CoA, 10 mM MgCl,, 5 mM DTT and 50 mM Tris-Cl
buffer (pH 8.8). The assay components were mixed and
incubated at room temperature overnight, after which the pro-
gress of the reaction was determined by ESMS. The resultant
holo-ACP sample was then desalted into water (Fast Desalt HR
10/10 column) and re-purified by anion exchange chromato-
graphy. Acetyl rat FAS ACP, was prepared by replacing CoA
with acetyl CoA. Protein samples were desalted and analysed
by ESMS as described above.

2.7 Malonylation of the rat FAS ACP catalysed by S. coeli-
color malonyl CoA:ACP transacylase

S. coelicolor His,-MCAT was purified as described previously.*
Transfer of the malonyl residue from malonyl CoA to
holo-ACPs formed the basis of the assay method. Typically,
assay solutions contained 50 uM /olo-ACP, 50 uM malonyl
CoA, 0.1 mM DTT, 50 mM phosphate buffer (pH 6.5) and 1
nM His,-MCAT (46.5U mg™" where one unit of His,-MCAT is
defined as the amount of protein required to catalyze the syn-
thesis of 1 pmol of malonyl ACP per second at pH 6.5 and
30 °C) in 100 pL. Prior to use, ACP was reduced with DTT
(1 mM) (2 hours, 30 °C) and pre-incubated with the MCAT for
15 minutes. Addition of malonyl CoA to the assay was followed
by incubation under the same conditions for 2 hours. The extent
of malonylation was determined following analysis by ESMS.
Malonyl SNAC was synthesized using methods described
previously.®” Concentrations of up to 1 mM malonyl SNAC
replaced malonyl CoA in the normal assay.
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Fig. 1 (a) ESMS of the rat ACP domain: peak A, mass 9686.3 Da (expected mass of rat apo-ACP (—Met) = 9686 Da); peak B, mass 9817.9 Da
(expected mass of rat apo-ACP (+Met) = 9817 Da). The inset to panel A shows the transformed data. (b) SDS-PAGE gel (17.5%): lane 1,6:
molecular weight markers (kDa); lane 2: freeze—thaw supernatant; lane 3: after 0-60% ammonium sulphate cut; lane 4: the 60-90% ammonium
sulphate cut; lane 5: rat apo-ACP eluting from Q. sepharose column (0.25 M NaCl).

2.8 Minimal act PKS assay

Typically the assay?® contained: holo-ACP (50 uM), KS/CLF
(1 uM), DTT (1.0 mM), EDTA (2 mM), malonyl CoA (1 mM)
and 0.1 mM potassium phosphate—10% glycerol, pH 7.3 in a
final volume of 100 pL. The assay was performed using rat FAS
holo-ACP in the presence and absence of S. coelicolor MCAT
(1 nM). C17S act holo-ACP?® was used as a control. Stock solu-
tions of ACP (500 uM were reduced with DTT (1 mM) at 30 °C
overnight. Prior to addition of malonyl CoA, the ACP was
incubated with KS/CLF for 10 minutes followed by incubation
with malonyl CoA for 2 hours at 30 °C. The reaction was
quenched by addition of 50% (w/v) TCA (100 pL) and 100 mg
NaH,PO,. Polyketide metabolites were extracted with ethyl
acetate (3 X 300 uL). The organic extract was pooled, freeze-
dried and the residue was re-suspended in 100 pL methanol.
HPLC analysis was done using Luna (2) C18 RP-column
250 x 4.6 mm (Phenomenex) eluted at a rate of 1 ml min~! with
increasing concentrations of acetonitrile containing 0.05% TFA
(v/v). The column was equilibrated for 5 minutes after injec-
tion of the sample with water—0.05% TFA (v/v). The concen-
tration of acetonitrile was then linearly increased to 75% over
30 minutes. Eluted peaks were detected by monitoring A,gy nm
using a sensitivity of 0.02 absorbance unit full scale (AUFS).
SEK4 was eluted at around 20 minutes followed by SEK 4b at
around 21 minutes.

2.9 NMR methods

The protein was dissolved to a final concentration of 1-2 mM
in D,0 (99.96%) or 10% D,0-90% H,O containing 20 mM
sodium deuteroacetate, | mM NaN; and 1 mM DTT, pH or pD
5.5. NMR experiments were performed on a Varian INOVA or
Unity 600 MHz spectrometer at 25 °C or 35 °C either in the
Division of Biochemistry, University of Southampton or at
PENCE, University of Alberta. Standard 2D and 3D tech-
niques were employed for the assignment of 'H and "N reson-
ances. Spectra acquired included: 3D NOESY-HSQC (150 ms
mixing time); TOCSY-HSQC (55 ms mixing time) and HNHA
data sets; nuclear Overhauser spectroscopy (NOESY) with
mixing times of 50, 100, 140 and 200 ms; total correlation
spectroscopy (TOCSY) with a mixing time of 50 ms; and double-
quantum filtered correlated spectroscopy (DQF-COSY).

The 3-dimensional structure of the protein was modeled
using XPLOR 3.81% with a dynamic simulated annealing
protocol.* The initial structure was subjected to 500 cycles of
Powell energy minimization to provide an energetically feasible
structure. High temperature dynamics were run for 40 pico-

seconds at an initial temperature of 1000 K, with each of the
calculations initiated using randomized dynamics trajectories.
Each structure was analysed for NOE and dihedral angle
violations and visualized using Insight IT (Accelrys Software).
A total of 30 structures were calculated from which 24 struc-
tures with converged global folds were selected. A minimized
average structure was calculated from the mean coordinates of
this set of 24 structures. The local angle geometry was analysed
by PROCHECK * for the mainchain angles, ¢ and w.

3. Results

3.1 Expression and purification of the unlabelled and SN
labeled apo-ACP domain of rat FAS

Unlabelled rat apo-ACP eluting from the ion exchange column
at 0.25 M NaCl was shown to be pure by SDS-PAGE (Fig. 1).
The anomalously low molecular weight (6.5 kDa) observed
following SDS-PAGE analysis of ACPs has been previously
reported.’® ESMS analysis showed that there was good agree-
ment between the calculated mass for the expressed protein
with loss of the N-terminal methionine (9686 Da) and the mass
observed by ESMS (9686.3 * 3.5 Da). A small proportion of
the rat apo-ACP observed by ESMS retained the N-terminal
methionine and had a molecular mass of 9817.9 £ 2.9 Da which
is close to the expected molecular mass of 9817 Da. Approxi-
mately 5 mg L™ pure rat FAS ACP were routinely obtained.
The same purification procedure was used for the *N labeled
rat FAS ACP. With theoretical 100% incorporation, the molecu-
lar mass of "*N-labeled rat apo-ACP (—Met) was expected to be
9811 Da, an increase of 125 Da compared with the unlabelled
protein. The most intense set of peaks observed by ESMS was
9800.1 * 0.9 Da, representing 90.4% incorporation of *N. A
low degree of expression before induction led to a small propor-
tion of unlabelled protein also being observed by ESMS. 2 mg
L of ®N-labelled rat FAS ACP was routinely obtained.

3.2 Circular dichroism studies

The CD spectrum of rat ACP shows an intense negative band at
207 nm and a broad shoulder centred at about 219 nm (Fig 2d).
For an infinitely long model o-helix, characteristic negative
absorptions at 180, 208 and 222 nm and a positive absorption at
192 nm are observed by CD (Fig. 2a).*" Since the intensity of
CD signals from a-helices is greater than that of B-sheet or
random coil in the 200-240 nm range, these signals dominate
spectra of proteins with significant o-helical content. Fig. 2d
shows that a-helical signal dominates the CD spectrum of the

Org. Biomol. Chem., 2003,1, 463-471

465




@ o-helix (b) type I E. coli FAS ACP
/ﬁ-sheet i
/f-turn !
{:ﬂ_‘//lﬁandom coil f
Ag X a,
0 Ae n‘
0 \M
160 180 200 220 240 260 %
Wavelength/um 180 200 220 240 260
Wavelength /nm
(c) type I 8. coelicolor| |(d) type I rat FAS ACP domain
: act PKS ACP
o
A 5 ;
£ et Ag
b 0 >
hd % .
% )
H \
g " _
5
Sl
180 200 220 240 260 | 180 200 220 240 260
Wavelength /nm Wavelength /nm

Fig.2 CD spectra for (a) various secondary structures;* (b) Type II E. coli FAS ACP at pH 6.1 (varying concentrations of potassium phosphate);*
(c) Type 11 S. coelicolor act PKS ACP at pH 5.5 (varying concentrations of KCI),** (d) the ACP domain of the Type I rat FAS at pH 5.5 and pH 6.0.

rat FAS ACP. The absorption at 219 nm rather than the ideal at
222 nm may result from the helices being short and influenced
by other secondary structural elements. The E. coli FAS and
S. coelicolor act PKS Type II ACPs both have a negative
absorption near the ideal of 222 nm (Figs 2b and 2c), suggest-
ing greater a-helical content in these proteins.

There is little influence of pH on the structure of the rat FAS
protein between the pH range 2-7 (Fig. 3a). Below pH 2, there is
evidence of a partial loss of structure. For the Type II PKS
ACP from S. coelicolor, a loss of native secondary structure
below pH 4.5 was observed (Fig. 3b) indicating that the sec-
ondary structure of the ACP domain of the Type I rat FAS is
more stable to changes in pH.

The far UV CD spectrum changed dramatically between
2 M and 4 M guanidinium hydrochloride (GuHCl) indicating
loss of secondary structure. As the GuHCI introduced severe
noise into the spectrum below 210 nm the CD signal result-
ing from the shoulder at 219 nm was used to follow the
denaturation of the protein (Fig. 4). This revealed steady loss in
a-helical content up to 3 M GuHCI with almost complete
denaturing at 6 M GuHCI. The transition is smooth with an
apparently uniform loss of secondary structure over the whole
of the protein. There is no evidence for the persistence of any
single stable element of structure. Similar highly cooperative
unfolding in the presence of GuHCI was observed for the Type
II ACPs of both the E. coli FAS** and the S. coelicolor act
PKS.®

3.3 Rat FAS ACP as a substrate for ACPS and MCAT

Co-expression of the rat ACP with E. coli ACPS led to the
formation of high yields (10 mg L") of holo-ACP (10026.17 £
1.26 Da, expected mass (—Met), 10026 Da) suggesting com-
plete post-translational modification of the apo-ACP by the
heterologous ACPS. E. coli ACPS has previously been shown to
have a broad substrate specificity.?**" This result, however, is
contrary to previous reports of poor post translational modifi-
cation of the rat FAS protein.?® In vitro a catalytic amount of
the Type II ACPS from S. coelicolor was sufficient to give at
least 90% conversion of rat apo-ACP to acetyl-ACP in the pres-
ence of acetyl-CoA. Phosphopantetheinyl transfer is unaffected
by acylation of the phosphopantetheine thiol and ACPS has
been used as a tool to produce acyl iolo-ACPs from apo-ACPs
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Fig. 3 The far UV CD spectrum of (a) the rat ACP domain over the
pH range 1.2-7.0 (b) act apo-ACP over the pH range 3.9-7.0.

directly.’*3! ESMS showed two peaks with masses of 10198.2
2.9 Da and 10066.32 £ 2.38 Da, corresponding to acetyl-ACP
with (expected 10198 Da) and without (expected 10068 Da) the
N-terminal methionine.
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Fig. 5 ESMS showing the transfer of malonyl moieties from malonyl
SNAC to rat holo-ACP by S. coelicolor MCAT (transformed spectrum
inset). Peak A mass 10112.4 Da, peak B mass 10025.4 (A, expected
malonyl ACP (—Met) 10112 Da; B, expected holo-ACP (—Met) 10027
Da).

S. coelicolor Hisc-MCAT catalysed the transfer of malonyl
moieties from both malonyl-CoA and malonyl SNAC to rat
holo-ACP to form malonyl-ACP (10112 Da) (Fig. 5). The extent
of malonylation, however, depended upon the concentration
and source of the malonyl moiety. Approximately a 20-fold
greater concentration of malonyl SNAC was required to
effect the same extent of malonylation than with the natural
co-substrate malonyl CoA under the conditions used.

3.4 Secondary structure and global fold of the Type I rat
apo-ACP

The 'H and "N assignments for the rat ACP were derived from
the analysis of standard 2D and 3D NMR experiments
recorded at 25 °C or 35 °C, pH 5.5. The 'H-"*N HSQC spec-
trum (Fig. 6) of rat apo-ACP showed good chemical shift dis-
persion and HSQC spectra recorded over several weeks showed
no observable changes. The overall chemical shift dispersion for
the methyl groups of buried aliphatic side-chains was poor. In
contrast to other Type II PKS ACPs there are no aromatic
residues in rat FAS ACP. As a result a high resolution 3D struc-
ture determination was not possible from SN labeled protein

alone and this is currently the subject of further study using
13C-5N labeled protein. Nevertheless almost complete 'H and
5N assignments were obtained for the rat FAS ACP. We
observed no unusual chemical shifts with the exception of the
oC protons of R67 that are split by 0.3 ppm and the eNH is
shifted to 8.66 ppm. All the other arginine ¢eNHs had shifts in
the range 7.0-7.5 ppm. There is therefore the suggestion that
this side chain proton may be involved in hydrogen bonding to
helix 1 in a similar fashion to that observed in the related Type
II PKS ACPs studied by NMR in our laboratory.

The NMR short range distance constraints obtained from
the N labeled rat ACP alone are summarized in Fig. 7. The
spectra yielded 41 unambiguous long-range NOEs, along with
165 short-range, 241 sequential and 237 intraresidue NOEs that
were sufficient to provide a low resolution assessment of the
three dimensional fold. Backbone ¢ angles were determined
from 3Jyng, coupling constants in a 3D HNHa experiment and
21 dihedral angle restraints were incorporated into structure
calculations. The CaH-NH(i,i+3), CaH-NH(i,i+4) NOEs and
3Janme <6Hz indicate four a-helical regions for rat apo-ACP
from D8 to 116 (1), G41 to Q51 (2), I58 to Q63 (3) and L66 to
S74 (4). At both the N- and C-termini of the protein, there are
large regions (G1 to Q6 and L75 to N89) where no short or
long-range NOES were observed. Both regions were character-
ized by intense CoH-NH(i,i+1) contacts and weak or missing
NH-NH(:,i+1) contacts. Indeed after L82 only one contact,
apart from the very intense CaH-NH(:,i+1) contacts, was
observed.

From an initial set of 30 structures, 24 structures converged
with the same global fold after molecular modeling—simulated
annealing. This final set was used to generate a single minim-
ized average structure (Fig. 8a). The low resolution of the rat
ACP structure is reflected in the fact that the backbone RMSD
over residues 8-73 for these 30 structures superimposed on the
average structure is 2.1 A. The backbone RMSDs over the first
8 residues are much higher (7-11 A) reflecting the complete
absence of interresidue non-sequential NOEs involving these
residues. With superposition over residues 8-16 and 38-73
(i.e. over the four a-helices and the loop between helices 2 and
3), the backbone RMSD drops to 1.8 A due to the improvement
resulting from excluding the poorly-defined loop region
between helices 1 and 2. The structure adopted by the poly-
peptide between helices 1 and 2 (residues 17 to 40) does not
conform to an overall motif. Few short-range and no long-
range NOEs were observed involving residues 17 to 28 whereas
residues 29 to 39 showed many more short-range NOEs and
several long-range NOEs involving residues 29 and 30. Thus,
while the start of the loop may be flexible and solvent-exposed,
after residue 29, the loop is more structured and is packed
against the C-terminal of helix 3 and the loop connecting
helices 3 and 4.

The core of the protein forms a four helix bundle (Fig. 8a)
that is stabilized by the formation of numerous hydrophobic
interactions and is typical of other ACP folds. Helix 1 residues
L9 and V10 interact with helix 4 and the C-terminus of helix 2.
L31 in the more structured part of the loop forms interactions
with L64 and T65 in the turn separating helix 3 and 4. However,
unlike the Type II act ACP™ and the Mycobacterium tubercu-
losis ACP,* there are only two hydrophobic residues present on
helix 4, L66 and M72, available to contribute to formation of
the hydrophobic core. Residues L74, L75, L77, 178, L82 are
present in act ACP; and V73,V74 and Y76 in Mycobacterium
tuberculosis ACP. In rat FAS ACP the L66 packs against the
structured part of the loop and the amide of M72 interacts with
the methyl groups of L9. We were not, however, able to discern
any further interactions along helix 4. The long sequence after
M72 (-SSKAGSDTELAAPKSKN-89) contains mainly short
side chain or charged amino acids and it is therefore not
unexpected that we observe little structuring in this region or
interaction with the core of the protein.

Org. Biomol. Chem., 2003,1, 463-471

467




15
N (ppm) o
- G35
106 T65o
-
108 arre T Glse
110 e Q70ce Qd6e.£.063 ®Q70c
Q46¢ ce
N26ca  agys3c N26ce  ‘Bosic
112 Qbcen  whegc Gomm
Esle $38 R62 ST3 Ngocw s Ngoce
114 D8 e Rlco o . ®R20c
HiSe 25 R500
78@ &Ri5c
116 ®E60
g7 574- oll7
118 RS9 Q46 XIO &3 -5
Ve Lég,o\ > Lgml
Q6 E71
120 {M40 ) Rive E48 F49 K68 S SEB
- Les® Dre A322- Q10 &BE ons
S30 K86 A]Zn < 19 o136 PL64
® D Dio
122 Alde Dle © @ Vel 42
R ESle o s
K88- A23 AS3 @16
124 S8 N26 o
L2@ A5 @ - L39
AT6
126 Vise e A84
RO ©
L
128 Lssa
130
D3
92 90 88 86 84 82 80 78 76 714 712 70 68 66 64
1
H (ppm)

Fig. 6 '"H-"*N HSQC spectrum of the

apo-ACP domain of rat FAS. Assignments marked with a ‘c’ correspond to side-chain "H-"*N assignments of

arginine and glutamine residues. The three circled peaks are impurities that have not been observed in subsequent 'H-'*N spectra.

NH;-NH;,,
oH-NHj.,
PH-NH;,
NH;-NH;,
OLH]"NHHZ
oH;-NH;,3

oH;-NH;. 4

oH;-BH;i3
CSI

NH;-NH;
oH-NHj,

PH;-NH;,
NH;-NH;,,
OoH-NH,
oH;-NH;,3

oH;-NH;,.4

oH;-BH;y3

CSI
J

GDGEAQRDLVKAVAHILGIRDLAGINLDS SLADLGLDSLMGVEVR

L = o = =
— _— - il
N _—
il — —ll

0-00000--------- +-0-0--0+--+0+---+00+-0------
+ ++ === -- +--+++++ +++-+++ --=- === -
QILEREHDLVLPIREVRQLTLRKLQEMSSKAGSDTELAAPKSKN
D D DD D -

- =

L] ' f— —

f el E—

— — —

————— 0+-+0++--0--00+--------00000000+0+00-00
- -++-+++ - -- -+-+ - —+- +++++++ +++

Fig. 7 Summary of the sequential and short range NOEs observed for the Type I rat FAS ACP. *Jyn i, coupling constants (<6Hz) and chemical
shift indices (CSls). For the NOE connectivities a symbol D indicates that an NOE could not be observed in either 2D or 3D data due to overlap of

resonances. CSIs of —1, 0, +1 indicate

where chemical shifts correlate with a-helix, random coil and B-sheet respectively. Measured *Jyn_g, coupling

constants <6Hz are indicated by a ‘—’ symbol and >6Hz by a ‘+’ symbol. Spaces indicate that the coupling constant could not be measured due to

peak overlap.

468

Org. Biomol. Chem.,

2003,1, 463-471




(b)

Fig. 8 Ribbon representation and comparison of the global fold of
(a) rat FAS ACP and (b) act ACP.

3.5 Minimal PKS assay

As previously shown, when the minimal PKS contained C17S
act holo-ACP, the functional synthase produced a mixture of
SEK4 and SEK4b.?® Substituting the act PKS ACP for holo-rat
FAS ACP abrogated polyketide production. To determine
whether this was a problem of malonyl transfer the assay was
run in the presence and absence of S. coelicolor MCAT. We
have already shown that this enzyme is capable of malonylating
the heterologous holo-rat FAS ACP (vide supra). Addition of
MCAT, however, did not restore functional activity to the
minimal PKS and no polyketides could be detected.

4. Discussion

The rat FAS ACP expressed well in E. coli (5 mg L") as has
been seen previously for other heterologous ACPs (Fig. 1).354
CD analysis shows that the Type I rat FAS ACP has significant
a-helical content although we estimate that this may be slightly
lower than the Type 11 E. coli FAS or S. coelicolor act PKS ACP
(Fig. 2). While the shape of its CD spectrum is strongly influ-
enced by the presence of a-helices, the effects of other types of
secondary structure are more pronounced than for the two
Type II ACPs. The CD analysis showed that the secondary
structure of the rat ACP domain is stable at the acidic pH
required for extended NMR studies. Comparison of CD spec-
tra over a range of pH values showed that this excised domain
appears more stable to acidic pH than the discrete S. coelicolor
act PKS ACP (Fig. 3). Although charged groups make only a
minor contribution to protein stability (compared to hydro-
phobic interactions, H-bonding and configurational entropy)
they are of the order of the total unfolding free energy of the
protein.*® Changes in pH therefore provide a straightforward

way of perturbing the unfolding free energy of a protein. Rat
FAS ACP has a calculated pl of 5.21% compared to 4.0 for
act ACP* pH Induced unfolding may therefore be expected to
occur at a higher pH based on a simple charge accumulation
and repulsion model. The observation that rat FAS ACP is in
fact more pH stable indicates that a significant component of
the free energy difference between the native and denatured
states could arise from a small number of amino acids whose
pK,s are shifted anomalously in the native protein and form
important interactions with charged or polar groups.*’ Similar
denaturant concentrations, however, are required to produce
the same extent of denaturation for all three ACPs (Fig. 4).4**

The NMR studies described here show that the secondary
structure of the rat apo-ACP domain comprises four a-helical
regions (8-16 [1], 41-51 [2], 58-63 [3] and 6674 [4]). The initial
pattern of long-range NOEs observed for the ACP domain of
rat Type I FAS shows strong similarities to the Type II FAS
ACPs of E. coli,”® spinach," B. subtilis,'® M. tuberculosis** and
the S. coelicolor act PKS ACP® suggesting that it forms a
small four-helix bundle, the archetypal fold for these proteins.
Surprisingly we could only identify 41 long range NOEs using
uniformly "*N labeled protein. Compared to other NMR stud-
ies of Type II ACPs this figure is low, even when compared to
the number of NOEs derived from an unlabelled sample of the
Type I act ACP from S. coelicolor (93 long range NOEs). The
number of assigned long-range NOEs for structure calculations
was therefore very limited and is principally due to the absence
of aromatic residues and subsequent poor chemical shift
dispersion of buried aliphatic methyl groups that define the
protein core. In the act PKS ACP 57% of long-range NOEs
involved aromatic residues.’® We are currently pursuing a high
resolution structure determination of the core of this protein
using a *C,"*N labeled sample.

Fig. 8 compares the overall low resolution global fold of rat
FAS ACP with the S. coelicolor act PKS ACP. Although the
form of the fold is similar, helices 1 and 4 are shorter than the
corresponding regions in the PKS ACP. Consequently, whilst
the structured region of the PKS ACP extends for 78 amino
acids, the length of the structured ACP domain in rat FAS ACP
is only 67 amino acid residues. Nevertheless, the observation of
clear secondary structure and tertiary contacts shows, for the
first time, that a Type I domain shows strong structural similar-
ities to its Type II counterpart. The lack of structure in the
C-terminus of the protein (74-89) suggests that this region is
part of the peptide linker to the thiolesterase domain of the
FAS. There is presently no structural information on these
regions in the large multifunctional fatty acid synthases. Recent
studies have addressed domain movements in human fatty acid
synthase using a computational method that aims to identify
flexibility in supermolecular complexes.* The model predicts
that domains II and III*® act as a single rigid body, i.e. the
ER-KR-ACP and TE. This does suggest the ACP and TE
interact with each other on the same subunit but provides no
insight as yet to the structure of the linker.

Walsh and coworkers suggested that the catalytic efficiency
of the in vitro phosphopantetheinyl transfer reaction increased
with the increasing negative charge on the ACP substrate for
the Streptomyces ACPs of the gra, fren, otc and tcm PKS.*! The
ACP domain of rat FAS (amino acids 2114-2202) has a neg-
ative charge of only 3 at pH 7 whereas the PKS ACPs above
have negative charges of at least 11 and E. coli FAS ACP, the
natural substrate has a negative charge of 15. Therefore, it
might be expected that the ACP domain of rat FAS would be a
very poor substrate for E. coli ACPS. However, co-expression
of E. coli ACPS and the rat ACP domain gave high yields
(approximately 10 mg L") of the holo-ACP domain in con-
tradiction to previous results.” While E. coli Type 11 FAS ACP
may be a much better substrate for E. coli ACPS than the Type [
rat FAS ACP domain, the heterologous ACPS is capable of
modifying the ACP domain from the Type I rat FAS. The ACPS
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from S. coelicolor was also shown to be capable of catalyzing
near complete phosphopantetheinyl transfer to the Type I rat
FAS ACP domain in vitro when present in only a catalytic quan-
tity (0.02 molar equivalents). The S. coelicolor ACPS has been
previously shown to have a broad substrate specificity which
includes both Type I and Type II ACPs. ACPS is also known to
be able to transfer acyl phosphopantetheine to the conserved
serine of the apo-ACP*** and we found that acetyl holo rat
FAS ACP could be easily formed using this method. This
method of specifically acylating the rat FAS ACP will prove
invaluable in the preparation of acyl-ACP substrates which can
be used to probe the specificity of other FAS enzymes, as well as
determining the structural changes induced in the protein.

During fatty acid and polyketide biosynthesis malonyl
groups are normally transferred to the ACP by a malonyl
CoA:ACP Transacylase (MCAT) enzyme. The Type I FAS
proteins typical of higher organisms possess integral MCAT
domains,*> while the Type II FAS proteins of bacteria and
plants use discrete MCAT proteins.”® MCAT from E. coli has
been isolated and a three dimensional structure determined.*
The Type I MCAT isolated from E. coli is known to be specific
for the transfer of malonate from malonyl CoA, and is capable
of transferring this acyl group to heterologous carrier proteins
including the nodulation protein from Rhizobium?® and rat
FAS ACP® The S. coelicolor MCAT has also recently been
characterized, is known to have the same specificity for malonyl
CoA, and can acylate a heterologous carrier protein, the FAS
ACP from E. coli.*® In this paper we have shown that S. coeli-
color MCAT will transfer malonate from both CoA as well as
the malonyl N-acetylcysteamine derivative to the rat FAS ACP.
Rates of transfer for malonyl CoA to rat FAS ACP as similar
to that seen with the natural S.coelicolor FAS ACP substrate,
(Fig. 5). Malonyl-SNAC, however, is a much poorer substrate
for the MCAT catalysed transfer with a 20-fold increase in
substrate concentration needed to obtain equivalent rates of
ACP malonylation suggesting that the CoA portion makes a
significant contribution to the initial binding of the malonyl
CoA.

Clearly the Type I rat FAS ACP possesses a global fold simi-
lar to that seen for Type II ACP structures. This protein can
also be converted to the active holo form and acylated by hetero-
logous Type II enzymes, ACPS and MCAT respectively. A
recently published Bacillus subtilis ACP/ACPS X-ray struc-
ture?® and modelling studies by Rock and co-workers®' has
given an indication of the protein-protein interactions which
are important in these complexes. The X-ray structure of the
ACP/ACPS complex clearly shows that negative charges on
helix 2 of the ACP interact with positive groups on the ACPS.
Fig. 9 shows a sequence pileup of a section of helix 2 of

Helix 2
I —
o N ke t* oL .
Rat FAS ACP (FAS) 32 ;g LGLDSLMGVEVROILEREHDL
Bacillus subtilis (FAS) 30 EDLGADSLDVVELVMELEDEFDM
E. coli (FAS) 30 EDLGADSLDIVELVMALEEEFDT
Streptomyces coelicolor (PKS) 36 EDIGYDS TAARLESRYGV

Fig. 9 Sequence alignment of ACPs. The alignment was produced by
ClustalX and conserved residues are highlighted with an asterisk. Helix
2 is shown above the sequence.

representative examples of Type I, Type II FAS and PKS ACPs.
Acidic residues on this helix may be involved in protein—protein
interactions and basic patches have been identified adjacent to
the active site enzymes of the E. coli FAS enzymes.”' Rat FAS
ACP contains two glutamate residues on helix 2 (E44 and E50)
in the same positions as the other ACPs indicated. It is therefore
extremely interesting to note the possibility that a Type I ACP
may interact with ACPS as well as other FAS proteins in a
similar fashion to a Type II ACP. Given the similarities in ACP
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three-dimensional structure it would seem reasonable in some
circumstances that one carrier protein may be substituted with
another. This has been suggested for the PKS complex where
attempts have been made to replace the normal act ACP (both
in vivo* and in vitro®') with ACP homologues from other PKS
complexes, as well as the Saccharopolyspora erythraea FAS
ACP to generate potentially functional systems. More recent
studies have indicated that heterologous ACP substitutions are
not always possible, for example, polyketide ACPs are inactive
in E. coli acyl-ACP synthase assays,?® while both the rhizobium
nodulation protein® and the tetracenomycin PKS ACP?*" were
not substrates for the enzyme KAS III, which initiates fatty acid
biosynthesis in Type II systems. We have previously shown that
replacement of a Type II PKS ACP with a Type II FAS ACP in
a PKS minimal system completely abolishes polyketide produc-
tion.?® In this paper the Type I rat FAS ACP was also incapable
of replacing the Type II act ACP in the S. coelicolor in vitro
minimal system either in the presence or absence of MCAT.
This contradicts a previous in vivo report.” This shows that
although the gross three-dimensional structures of ACPs are
similar, subtle differences exist which may perturb either pro-
tein-substrate, or protein-protein interactions. We are currently
closely examining the structures of a number of Type I and
Type I1 ACPs from both FAS and PKS in order to more fully
understand these differences.
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