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ABSTRACT: The solution structure of the actinorhodin acyl carrier protein (act apo-ACP) from the polyketide
synthase (PKS) ofStreptomyces coelicolorA3(2) has been determined using1H NMR spectroscopy,
representing the first polyketide synthase component for which detailed structural information has been
obtained. Twenty-four structures were generated by simulated annealing, employing 699 distance restraints
and 94 dihedral angle restraints. The structure is composed, principally, of three major helices (1, 2, and
4), a shorter helix (3) and a large loop region separating helices 1 and 2. The structure is well-defined,
except for a portion of the loop region (residues 18-29), the N-terminus (1-4), and a short stretch (57-
61) in the loop connecting helices 2 and 3. The RMS distribution of the 24 structures about the average
structure is 1.47 Å for backbone atoms, 1.84 Å for all heavy atoms (residues 5-86), and 1.01 Å for
backbone atoms over the helical regions (5-18, 41-86). The tertiary fold ofact apo-ACP shows a
strong structural homology withEscherichia colifatty acid synthase (FAS) ACP, though some structural
differences exist. First, there is no evidence thatact apo-ACP is conformationally averaged between two
or more states as observed inE. coli FAS ACP. Second,act apo-ACP shows a disordered N-terminus
(residues 1-4) and a longer flexible loop (19-41 with 19-29 disordered) as opposed toE. coli FAS
ACP where the N-terminal helix starts at residue 3 and the loop region is three amino acids shorter (16-
35). Most importantly, however, although theact apo-ACP structure contains a hydrophobic core, there
are in addition a number of buried hydrophilic groups, principally Arg72 and Asn79, both of which are
100% conserved in the PKS ACPs and not the FAS ACPs and may therefore play a role in stabilizing the
growing polyketide chain. The structure-function relationship ofact ACP is discussed in the light of
these structural data and recent genetic advances in the field.

Polyketides are a diverse family of metabolites produced
by organisms ranging from filamentous bacteria (actino-
mycetes) and fungi to higher plants (O’Hagan, 1991, 1995;
Simpson, 1995). Their widespread occurrence and structural
diversity are matched by a range of biological properties from
antibiosis to immunosuppression and metabolic regulation.
The polyketides are related by a common biosynthetic origin
in which the carbon skeleton is assembled from the sequential
condensation of short-chain carboxylic acids such as acetate,
propionate, or butyrate. The assembly is catalyzed by the
polyketide synthases (PKSs),1 large multifunctional enzymes
which are conceptually similar to the fatty acid synthases
(FASs) (Hopwood & Sherman, 1990; Robinson, 1991;
Hopwood & Khosla 1992). Following each condensation,

FASs typically complete a full reductive cycle of ketore-
duction, dehydration, and enoyl reduction, while the PKSs
can be more specific by curtailing or omitting many of these
steps. The “programming” involved in choosing where to
complete or curtail a cycle involves a complex series of
choices rising to 4n (n is the number of condensations); a
major challenge in the field has been to elucidate how this
is achieved in such a diverse set of organisms.
The PKSs responsible for biosynthesis of aromatic

polyketide antibiotics in streptomycetes (Figure 1) resemble
the type II FAS ofEscherichia coli, with separate enzymes
for each subreaction of carbon chain assembly and modifica-
tion and with all sites being used repeatedly at each relevant
step. For these systems, the work of Khosla et al., Fu et al.,
and MacDaniel et al. has provided information about the
“programmed” assembly of aromatic polyketides from strep-
tomycetes (Khosla et al., 1992, 1993; McDaniel et al.,
1993a,b, 1994a,b, 1995a,b; Fu et al., 1994a,b). InStrepto-
myces coelicolorthe genes responsible for actinorhodin
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production are clustered and are thought to encode 22
proteins (Ferna´ndez-Moreno et al., 1994), most of which are
involved in regulation, actinorhodin export, and tailoring of
the assembled polyketide chain (i.e., cyclase, hydroxylase
and dimerase enzymes). The assembly of “minimal PKS”
sets has shown, however, that just three of these genes (act
I-ORF 1, -ORF 2, and -ORF 3) encoding an acyl carrier
protein (ORF 3), ketosynthase (ORF 1), and a “chain length
determining factor” (ORF 2) are sufficient to produce a
polyketide chain of the correct length and cyclize it to an
initial intermediate containing a single resorcinol-type ring
(Figure 1). The completion of this process effectively ends
classical polyketide biosynthesis. Following these steps,
further enzymes downstream tailor the polyketide chain to
produce actinorhodin (Figure 1). More recently it has been
shown that theactminimal PKS, comprising onlyact I-ORFs
1-3, produces two compounds, SEK4, and an incorrectly
cyclized compound, SEK4b (Fu et al., 1994b) (Figure 1). It
appears that SEK4b could arise from an unusual, nonenzyme-
mediated cyclization beginning at the methyl end of the
polyketide, in turn suggesting premature exposure of this
region to the surrounding medium. These results highlight
the fact that the minimal PKS alone cannot fully control the
initial biosynthetic steps and that noncovalent interactions
between the ACP, polyketide, the three minimal PKS

subunits, and other downstream enzymes (in this case the
ketoreductase) may be required for full stereochemical
control.
To understand how the initial biosynthetic control is

exerted requires a knowledge of the 3D structures and of
the interaction between the ACP, the polyketide assembly
intermediates, and the enzymes with which they interact. At
present, however, the structural and biochemical character-
ization of the type II polyketide synthases is not well
developed. The ACPs of the type II polyketide synthases
responsible for the biosynthesis of tetracenomycin (Shen et
al., 1992), actinorhodin, frenolicin, granaticin, and oxytet-
racycline (Crosby et al., 1995) have been characterized and
isolated in sufficient quantities for NMR study. The acyl
carrier proteins from these enzyme complexes are small
acidic proteins bearing a 4′-phosphopantetheine group that
provides a free thiol to which a growing polyketide or fatty
acid is attached via a thioester linkage (Prescott & Vagelos,
1972). Genetic substitution experiments have shown the
presence of ACP to be essential for function of the PKS but
also that alternative polyketide synthase ACPs (and even a
putative fatty acid synthase ACP) may be substituted to
produce an apparently functional PKS (Khosla et al., 1992,
1993).
We have previously shown that theact ACP is a four-

helix bundle with a strong secondary structure homology with
theE. coli FAS ACP (sequence similarity 47%; Crump et
al., 1996). To help to determine the ACP’s role as a carrier
of the growing, inherently unstable polyketide chain, we have
solved by NMR the solution structure ofact apo-ACP, which
represents the first three-dimensional structure of any PKS
component. We discuss the structural features in relation
to the FASE. coliACP and the structure-function relation-
ships ofact ACP in polyketide biosynthesis.

MATERIALS AND METHODS

Sample Preparation.The details of the NMR sample
preparation have been reported previously (Crosby et al.,
1995; Crump et al., 1996). ACP selectively labeled with
(2S,4R)-[5,5,5-2H3]leucine was prepared as follows. A sterile
seed flask containing 100 mL of LB medium [with 100µL
each of ampicillin (50 mg/L) and kanamycin (50 mg/L)] was
used to inoculate 25 500 mL flasks, each containing 100
mL of LB media. The cultures were allowed to grow to an
A595nmof 1.5. The bacteria were removed by centrifugation
(7000 rpm, 15°C, 15 min) and washed with 100 mL of M9
minimal media. The pellet was resuspended in 50 mL of
M9 media supplemented with 0.01% (w/v) of each amino
acid (including (2S,4R)-[5,5,5-2H3]leucine), and 2 mL of this
solution was used to inoculate each 500 mL flask containing
100 mL of M9 minimal media and antibiotics. The bacteria
were induced immediately by raising the temperature to 42
°C and then left to grow for a further 18 h at 30°C before
harvesting. The protein was purified as described previously
and characterized by electrospray mass spectrometry (ESMS)
(Crosby et al., 1995).
NMR Spectroscopy. NMR experiments were performed

on a Jeol Alpha 500 MHz spectrometer. All spectra were
acquired in phase-sensitive mode employing quadrature
detection in both dimensions using the method of States et
al. (1982) and with presaturation of the water signal using a
DANTE pulse train (Morris & Freeman, 1978). The

FIGURE 1: Proposed biosynthetic pathway to actinorhodin and
the products SEK4 and SEK4b produced by the minimal PKS.
Abbreviations: act I, minimal PKS comprising ORF1+ ORF2,
condensing enzyme/acyl transferase+ chain length determining
factor, and ORF3, acyl carrier protein (McDaniel et al., 1994b);
act III, ketoreductase (Hallam et al., 1988; Fu et al., 1994a);act
VII, putative aromatase, andact IV, cyclase (McDaniel et al.,
1994a);actVI, actVA, actVB, hydroxylase(s), oxidoreductases,
and dimerase (Ferna´ndez-Moreno et al., 1994; Kendrew et al.,
1995).
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following two-dimensional experiments were performed:
NOESY (Jeener et al., 1979; Wider et al., 1984), with mixing
times of 75, 100, and 150 ms; TOCSY (Braunschweiler &
Ernst, 1983; Bax & Davis, 1985) with mixing times of 75
and 100 ms; and DQF-COSY (Rance et al., 1983). Data
sets were collected with 2048 real points in thet2 dimension
with 256 or 512t1 increments and at temperatures of 25 and
40 °C to help resolve assignment difficulties associated with
spectral crowding. Several spectra were acquired at a proton
resonance frequency of 600 MHz on a Varian 600 MHz
spectrometer at the Department of Chemistry, University of
Edinburgh. DQF-COSY, NOESY with a mixing time of 150
ms, and TOCSY spectra with a mixing time of 65 ms were
acquired with improved resolution and sensitivity, aiding
subsequent assignments in many cases.
For the characterization of slow amide exchange, NOESY

spectra were recorded at 500 MHz for 4, 8, 12, 24, and 72
h after the protein was dissolved in D2O (99.90%).
The intensities of the NOE peaks from a 75 and 150 ms

NOESY experiment were examined and the cross peaks
classified as strong, medium, weak, and very weak. The
cross peaks were converted to interproton distances ranging
between 1.8-2.8 Å (strong), 1.8-3.3 Å (medium), 1.8-4.0
Å (weak), and 1.8-5.0 Å (very weak). For partially resolved
peaks, volume integration was approximated by taking row
and column integrals and evaluating with the formula (Holak
et al., 1987)

whereI(j0) is the 1D integral taken alongf2, I(i0) is the 1D
integral taken alongf1 andHi0 j0 is the intensity of the cross
peak at its center.
Backbone dihedral angles were calculated from coupling

constants measured in a DQF-COSY experiment zero-filled
to 8K points in thef2 dimension. For3JHNHR < 5 Hz the
backboneφ angle was restrained to-60° ( 30°, and for
3JHNHR g 9 Hz theφ angle was restrained to 120° ( 30°.
No ψ angles were included. To determine theø1 angles, a
PE-COSY (Mueller, 1987) data set was acquired at 25°C,
and the CRH-CâH coupling constants were extracted from
the simple multiple patterns. In the analysis, it was assumed
that the amino acid side chains adopt one of three energeti-
cally favorable staggered conformations withø1 ) +60°,
180°, or-60°. The side chains analyzed were restricted to
a staggered conformation only if the measured coupling
constants were completely consistent with the intraresidue
NH-CâH and CRH-CâH NOE obtained in a 75 ms
NOESY data set.
To obtain stereospecific assignments for several of the

diastereotopic pairs of leucine methyls, the upfield regions
of the DQF-COSY of the unlabeled and (2S,4R)-[5,5,5-
2H3]leucine-labeledact apo-ACP were compared. A com-
parison of the spectra revealed a missingδCH3 peak for
leucines 4, 5, 10, 14, 26, 31, 45, 52, and 75 in the spectrum
of the labeled ACP.
Experimental constraints for hydrogen bonds within

R-helices were added after the initial set of simulated
annealing structures was calculated. A total of 36 restraints
for 18 R-helical backbone hydrogen bonds were included
[CO-NH(i,i + 4)) 1.8-2.3 Å, CO-N(i,i + 4)) 2.7-3.2
Å]. A single constraint was added for the hydrogen bond

between Leu5 NH and theγO of Asn79 which was identified
after the first round of calculations.
Calculations were performed using the program X-PLOR

3.1 (Brünger et al., 1987) and the dynamic simulated
annealing protocol for extended-strand starting structures
(Nilges et al., 1988). The initial structure was energy
minimized to provide an energetically feasible starting
structure with 2000 cycles of Powell energy minimization.
High temperature dynamics were run for 30 ps at an initial
temperature of 1000 K, with each of the calculations initiated
using randomized dynamics trajectories. Throughout the
entire calculation, after each time step, bond lengths and
angles were corrected to a fixed length [SHAKE (Ryckaert
et al., 1977)]. A total of 699 NOE distance restraints and
94 dihedral angle constraints were used in the calculations.
A low slope (asymptote) 0.1) of the NOE term (a soft
square well potential,rswitch 0.5 Å) was used through the
initial stage, and a force constant,kNOE, for the experimental
NOE distance restraints of 50.0 kcal/(mol Å2) was employed.
Geometric center averaging was used for ambiguous assign-
ments, e.g., methylene protons or methyl groups, and
pseudoatoms were employed (Wu¨thrich et al., 1983) with
the appropriate upper bound corrections on the experimental
restraints. Long-range contacts involving ambiguous aro-
matic ring proton assignments (due to fast ring flipping) were
modeled with (r-6) NOE averaging. In the next stage, the
slope of the asymptote was increased to 1.0 for the final 10
ps of high temperature dynamics. The system was then
slowly cooled (annealed) to a temperature of 300 K in 50 K
steps over a period of 20 ps. The nonbonded repulsive term
was increased concomitantly with the NOE asymptote in an
exponential fashion to prevent further crossing of atoms
during annealing. At 300 K, a final stage of 400 steps of
Powell minimization was performed to yield the final
simulated annealing structures. All of the simulations were
carried out in the absence of internally bound water
molecules, or surrounding solvent molecules, and the elec-
trostatic contributions from Arg, Glu, and Asp residues were
not included. Each structure was analyzed for NOE and
dihedral angle restraint violations, and visualizsation of
structures with Insight II (Biosym) allowed populations of
similar conformers to be superimposed. Within the 30
structures generated by the simulated annealing (SHAKE)
protocol, 24 had a global fold with consistently superim-
posable regions of regular structure and significantly lower
energy terms. Visualization of structures within Insight II
allowed hydrogen-bonding interactions to be assessed and
compared to amide exchange data. With the addition of
hydrogen bond restraints, these structures were further refined
with high temperature dynamics at 1000 K and cooling of
the system in slow 25 K steps to a final 300 K over a period
of 30 ps to give the final family of 24 structures.

RESULTS

(a) NMR Restraints. A total of 699 NOE distance
restraints were obtained from the NOESY spectra and were
used in the final structure calculations. These were distrib-
uted as 240 intraresidue restraints, 235 sequential restraints,
131 short-range restraints, and 93 long-range restraints. In
addition, a total of 63φ , 29ø1 and 2ø2 angles were included
in the structure calculations. The distribution of NOEs is
shown in Figure 2. Labeling of the leucines with (2S,4R)-
[5,5,5-2H3]leucine allowed stereospecific assignments to be

V) ∑j I( j0)I(i0)/Hi0 j0 (1)
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made for Leu4 (0.97R, 0.90S), Leu5 (0.70R, 0.68S), Leu10
(1.04R, 1.15S), Leu14 (0.77R, 0.93S), Leu26 (0.73R, 0.84S),
Leu31 (0.81R, 0.49S), Leu52 (0.89R, 1.06S), Leu45 (0.38R,
0.28S), and Leu75 (0.82R, 0.90S). This allowed a greater
number of restraints to be included which required no center-
averaged pseudoatom correction.
(b) Quality of the Calculated Structures.A total of 30

structures were calculated of which 24 displayed a similar
global fold consisting of a four-helix bundle with no NOE
violations>0.5 Å. Hydrogen bond constraints were added,
and a further run of dynamics was applied as discussed in
Materials and Methods. The final set of 24 structures
(referred to collectively as〈ACT〉) was obtained, having
discarded six structures because of misfolding and higher
residual NOE energies. Structural statistics for the final
24 structures are shown in Table 1. The average structure
ACT was calculated from the mean coordinates of the set
of 24 structures, andACTr is the final structure obtained by
restrained minimization (4000 steps) to remove poor covalent
geometry and nonbonded contacts. The final minimized
structure shows no NOE violations>0.3 Å, no angle
violations>3°, and possesses good covalent geometry and
nonbonded contacts as evidenced by small values for the
van der Waals energy (EVDW).

A best fit superposition of the 24 structures withACTr is
shown in Figure 3. Figure 4 shows the RMSDs by residue
for 〈ACT〉 vs the averaged structure. Plots for both the
backbone deviations (Figure 4A) and all non-hydrogen atoms
are shown (Figure 4B). There is a clear correlation between
the regions of well-defined structure, principally helices 1
and 4 and the structured region of the loop from residues 30
to 41, and the number of NMR restraints per residue over
these regions. High RMSDs are observed over the first four
residues at the N-terminus (2-8 Å), and in the first loop
region between residues 18 and 29, all of which show no
long-range NOEs. The atomic RMSDs for the 24 structures
(residues 5-86) superimposed on the geometric average
structureACT are 1.47 Å for the backbone atoms and 1.84
Å for all heavy atoms. With superpositions over residues
5-18 and 41-86 (i.e., principally the four helices and the
loop connecting helices 2 and 3), this number drops to 1.01
Å for backbone atoms and 1.45 Å for all atoms. If residues

5-18 and 68-86 are fitted to the geometric average, the
backbone atoms show an average RMSD of 0.57 and 1.02
Å for all atoms. The backbone is, therefore, well-defined
for the helical regions, especially helices 1 and 4, for which
there is good definition over the side chains as well.
Residues 19-29 appear to adopt an apparently random
conformation relative to the well-defined orientation of the
four helices.
The precision of the torsion angles is assessed in terms of

the order parameterS (Hyberts et al., 1992; Pallaghy et al.,
1993). The angular order parameter is a statistical parameter
whereS) 1 if a given torsion angle is identical in every
member of a structure family andS ) 0 if it appears
completely undefined. Typically,S values of 1.00, 0.99,
0.98, and 0.90 correspond to angular standard deviations of
0°, 8°, 18°, and 26°, respectively. In all, 76% of the residues
haveS(φ) > 0.90 (not including Met1 and Ala2) (Figure
4C), and 71% of residues haveS(ψ) > 0.90 (Figure 4D),
indicating that a large proportion of the torsion angles was
well-defined. The exceptions to this lie in a segment of the
first loop (residues 19-29) between helices 1 and 2 and the
short second loop connecting helices 2 and 3. In particular,
residues Gly19, Glu20, Gly23, Thr24, Gly28, and Asp29 all
show eitherS(φ) or S(ψ) less than 0.5. Examination of the
structures shows that the backbone definition is very low
over this region and there are few NOEs for these residues.
Since the chemical shift dispersion was good for the NOESY
spectra, a lack of restraints is unlikely to be due to fortuitous
overlaps of NOE signals but rather indicates real flexibility
for residues in this region. The majority of the residues from
19 to 29 (>90%) are polar, acidic, or glycines, suggesting
that this region is highly solvent exposed with few residues
available for hydrophobic packing within the protein core.
Examination of spectra after short periods of hydrogen
exchange (<4 h) revealed no stable amides within this region,
further indicating a lack of stable secondary or tertiary

FIGURE 2: Summary of the number and nature of the NOE
constraints per residue versus the amino acid number. The NOEs
are represented as follows: intraresidue (black), sequential (open),
short range (stippled), and long range (horizontally hatched).

Table 1: Structural Statistics and Atomic RMS Differences foract
apo-ACP

〈ACT〉a ACTr
RMS deviation from exptl restraints (Å)
long (|i - j| > 5)b 0.019( 0.010 0.001
short (1e |i - j| e 5) 0.018( 0.009 0.005
sequential (|i - j| ) 1) 0.022( 0.007 0.008
interresidue (R-6 averaged) long 0.023( 0.004 0.001
intraresidue (center averaged) 0.008( 0.003 0.004

ENOE (kcal mol-1)c 10.03( 4.0 1.07
EDIHE (kcal mol-1) 0.204( 0.15 0.086
EVDW (kcal mol-1) 0.014( 0.319 0.200
deviations from idealized geometryd

bonds (Å) 0.003( 0.0003 0.0007
angles (deg) 0.460( 0.024 0.34
impropers (deg) 0.265( 0.014 0.213
a The structural notation is as follows:〈ACT〉 is the final 24

simulated annealing structures;ACT is the mean structure obtained by
averaging the coordinates of each ACT structure best fitted over residues
5-86; ACTr is the structure obtained after 4000 steps of restrained
energy minimization ofACT. b The RMS deviation of the experi-
mental restraints is calculated with respect to the upper and lower limits
of the input restraints.c The values forENOE are calculated from a
square well potential with a force constant of 50 kcal mol-1 rad-2.
EVDW is calculated with a force constant of 4 kcal mol-1 Å-4, and the
final van der Waals radii were set to 0.75 times the value used in the
standard CHARMM force field.d The values for bonds, angles, and
impropers show the deviation from ideal values based on perfect
stereochemistry.
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structure. For the protein as a whole, 47% of the side chains
haveS(ø1) > 0.90 (not including alanines and glycines)
(Figure 4E). S(ø1) < 0.65 is observed for charged residues
such as Asp (22, 25), Glu (20, 53), Arg (55), Ser (27, 54,
59), and several residues (Leu4, Thr6) at the N-terminus.
These residues are generally located at the surface of the
protein as evidenced by calculated fraction-accessible surface
area (frac ASA) (Figure 4F) (Lee & Richards, 1971).
The local angle geometry of the 24 structures was analyzed

by Procheck-NMR (MacArthur & Thornton, 1993) for the
three main chain anglesφ, ψ, andø1. A Ramachandran plot
showed that 71% of all the residues analyzed have (φ,ψ)

angles that lie in the most favored regions and 26% lie in
the additionally allowed regions. Those residues that lie in
the generously allowed regions and forbidden regions in
some models (2% and 1%, respectively) are predominantly
residues with very few NMR restraints (i.e., Ala2, Thr3, Leu4
at the N-terminus of helix 1; Glu20, Thr21, Thr 24, Asp25,
Leu26, Ser27 in the largely unstructured portion of the loop
between helices 1 and 2; Ser42 at the N-terminus of helix 2
and Ser59 in the loop between helices 2 and 3). There is
no NMR evidence to suggest that these really do have
positive angles, and no dihedral restraints were invoked for
these because they all show averaged3JHNR coupling

FIGURE 3: Stereoview showing the best fit superposition of the backbone (N, CR, C) atoms of the 24 simulated annealing structures. All
the residues are shown (1-86), and the best fit was taken over residues 5-18 and 30-86.

FIGURE 4: Atomic RMS distribution of the 24 individual simulated annealing structures about the average structure best fitted for residues
5-86, for backbone atoms only (A) and for all heavy atoms (B). Angular order parameters are shown forφ (C), ψ (D), andø1 (E). Also
shown is the fractional solvent-accessible area calculated for the average minimized structures (F).
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constants of 6-8 Hz. A single Ramachandran plot generated
for the averaged, minimized structureACTr shows 73.3%
of theφ/ψ angles in the most favored regions, 25.3% in the
additionally allowed regions, 1.3% in generously allowed
regions, and no residues in forbidden areas. For the more
highly structured regions over residues 5-18, 30-58, and
62-85, these figures are 82.1%, 16.1%, 1.8%, and 0%,
respectively.
(c) Hydrogen Bonds. The structure ofact ACP is

characterized by a number of long-range hydrogen bonds in
addition to the short-range bonds reported previously for the
secondary structure (Crump et al., 1996). A total of 24
slowly exchanging amides were identified of which 18 are
involved in helical hydrogen bonds (helix 1, amide NH of
residues 10-15 inclusive; helix 2, amide NH of residues
49-53 inclusive; helix 4, amide NH of residues 73-79
inclusive). The remaining six, the amide protons of Leu5,
Leu33, Arg34, Ile38, Val68, and Thr70, are involved in
hydrogen bonds within turns or the tertiary structure of the
protein and possess exchange protection factors (Bai et al.,
1993) of at least 200-fold. In the structures generated from
the first round of simulated annealing, four of the hydrogen-
bonding partners could be identified from visualization of
the structures. These included Leu5(NH) to Asn79(γCO),
Ile38(NH) to Arg34(CO), Val68(NH) to Ala65(CO), and
Thr70(NH) to Thr70(γO).
Five potential short- and long-range hydrogen bonds could

be identified by inspection of the structures, although for
those involving backbone amide NHs, no significant ex-
change protection was found. These included the long-range
hydrogen bonds Tyr56(εOH) to Asp9(γOC), Thr7(γO) to
Arg72(úNH2), Arg67(NH) to Asp63(CO), Gly66(NH) to
Asp62(CO), and Ala65(NH) to Pro61(CO).
(d) Description of the Structure. The average minimized

structure ofact apo-ACP is shown as a Molscript schematic
in Figure 5. The structure consists of three majorR-helices
(1, 7-16; 2, 42-53; and 4, 72-85), a shorter helix (3, 62-
67), a large first loop separating helices 1 and 2, and a shorter
second loop connecting helices 2 and 3. Helices 1 and 4
run antiparallel and are particularly well-defined by numerous

contacts between Leu5, Thr7, Leu10, Leu75, and Asn79
(Figure 6). The backbone atomic coordinates for helix 2,
which runs almost parallel to helix 4, appears slightly less
well-defined in the final structure, and its orientation is
principally defined by the long-range interactions of Leu52
and Leu45. The four helices are amphipathic, with the
notable exceptions of Arg72 and Asn79 (frac ASA 0.52 and
0.16), which are buried, and both Leu43 and Leu77, which
are solvent exposed and apparently separated from the central
hydrophobic core. Helices 1, 2, and 4 pack around a central,
predominantly hydrophobic cleft, with the more structured
part of the first loop sitting at its base. The relative
orientations of the aromatic groups Phe30, Phe35, and Tyr40
are well-defined in the base of the cleft, and the significant
numbers of long-range NOEs to these residues (Figure 2)
are responsible for defining the region of the loop.
Residues 19-29, though showing characteristic sequential

NOEs, show no observable long-range NOEs and only a few
short-range NOEs, mainly between Thr21 and Gly23.
Structural definition of this region is therefore low. The
CRH-NH(i,i + 2) contact between Thr21 and Gly23 is
typical of a tight turn between residues Glu20 and Gly23.
The structure over residues D22 and G23 is typical of a turn
I′, but steric hindrance between T21 and D22 side chains
prevents the full formation of the turn. No NH-NH(i,i +
2) was observed between Thr21 and Gly23, providing
additional evidence that the tight turn has not fully formed.
(e) Buried Hydrophilic Groups.We reported previously

(Crump et al., 1996) that Arg72 may be buried, because the
large chemical shift difference (0.55 ppm) of theδCH
protons suggested that the chain may be immobilized.
Further analysis revealed additional weak NOEs betweenúN
protons andεN protons of Arg72 to both methyl groups of
Leu31, confirming that it is buried. Similarly, the CR and
Câ protons of Arg11 show long-range NOEs to the ring
protons of the buried Phe30 residue, although in this case a
large chemical shift difference is not observed for the side
chain Cδ protons (0.07 ppm). Arg11 and Arg72 show
fractional ASAs (Figure 4F) of 0.35 and 0.52 andS(ø1)
(Figure 4E) values of 1.00 and 0.99, respectively, suggesting
that they are significantly immobilized and buried. On an
atom-by-atom basis, the accessible areas of both Arg11úNH2

groups are 36.7 and 38.3 Å2 (evaluated with Chothia van
der Waals radii), and both Arg72úNH2 groups are 45.4 and
15.6 Å2. These compare to a value of approximately 50 Å2

FIGURE 5: Schematic diagram showing the restrained minimized
average structure ofact apo-ACP. The figure was created using
the program Molscript (Kraulis, 1991).

FIGURE 6: The best fit superpositions of residues 7-18 and 68-
86 (helices 1 and 4) and selected buried side chains for the 24
simulated annealing structures.
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for the same fully exposed groups in a model Gly-Arg-Gly
tripeptide. Thus, in the average structure, the guanidinium
group of Arg11 is solvent exposed while the hydrophobic
region of the side chain is buried and packed against Phe30.
Arg72 shows one well-buriedúNH2 group with Thr7(γO)
acting as a possible hydrogen bond acceptor for these protons
(Figure 7). No restraint was explicitly included in the
calculations for this interaction, and significant exchange
broadening of theúNH2 resonances suggests that appreciable
solvent exchange rates are still occurring. In addition, the
úNH2 resonances are not observed during hydrogen-exchange
experiments, suggesting that Arg72 may only be weakly
hydrogen bonded.
Asn79 also appears to be buried in the final structures,

showing a fractional ASA of 0.16 and an accessible area
for the Nγ atom of only 10.9 Å2 (approximately 35 Å2 in a
Gly-Asn-Gly tripeptide). The backbone amide of Leu5
shows slow amide exchange (protection factor>200), and
clear NOE connectivities can be seen between the AsnγN
protons and the Leu5 backbone amide proton. This brings
the Asn(γNH2) and Asn(γCO) groups in close proximity to
the Leu5 backbone amide and carbonyl group, allowing the
formation of Asn79(γNH2)-Leu5(CO) and Leu5(NH)-
Asn79(γCO) hydrogen bonds. Further evidence for burial
of the Asn79 side chain comes from the observation of short-
range NOEs from theγNH2 group to the methyl groups of
Leu75.

DISCUSSION
(a) Comparison of act apo-ACP with E. coli FAS ACP.

The NMR structural studies have been centered solely on
theact apo-ACP (Crosby et al., 1995), while previous NMR
studies onE. coliFAS ACP have centered on theholo form.
A NOESY spectrum collected on aholo/apomixture (80%/
20%) foractACP was essentially unchanged when compared
to theapodata (unpublished results). ForE. coliACP, 90%
of the chemical shifts agreed to within 0.01 ppm when the
apo andholo forms were compared (Andrec et al., 1995),
and NOESY experiments suggested little interaction between
the phosphopantetheine and ACP (Holak et al., 1988b). On
this basis it also appears that little interaction occurs between

the ACP and its phosphopantetheine cofactor in either the
FAS or PKS proteins.
Comparison of theE. coli FAS ACP with theact apo-

ACP indicates a common overall structure of anR-helical
bundle. We recently showed that a strong secondary
structure homology exists betweenE. coli FAS ACP and
act apo-ACP, with theact apo-ACP having a very similar
R-helical content (49%), compared with 51% inE. coliACP
(Crump et al., 1996). The solution structure ofE. coliACP
(Holak et al., 1988a,b; Kim & Prestegard, 1990a) shows three
helices (the fourth being short and not present in some
models) arranged around a hydrophobic core which forms
the presumptive binding site for a growing fatty acid chain
(Jones et al., 1987). The structure is thought to be confor-
mationally averaged between several states, perhaps reflect-
ing flexibility required to accommodate a growing fatty acid
chain (Kim & Prestegard, 1989). A superposition of theact
apo-ACP on E. coli ACP over the backbone atoms of
residues 5-18, 35-70, and 72-82 (E. coliACP 3-16, 29-
64, and 66-76) gives an RMSD of 2.4 Å (Figure 8),
demonstrating that this homology extends to the solution
structure. The well-structured part of the first loop separating
helices 1 and 2 inact apo-ACP (30-41) shows some three-
dimensional homology with the corresponding residues (24-
35) in E. coli FAS ACP, while the preceding unstructured
region, not surprisingly, shows larger differences. The
unstructured portion of this loop inact apo-ACP contains
three extra residues compared toE. coli ACP, and in both
structures these residues are predominantly acidic and highly
solvent exposed. Another structural difference is the dis-
ordered N-terminus (residues 2-3) in act apo-ACP followed
by an extended structure over residues 4-6 preceding helix
1. This is significantly different from helix 1 inE. coliFAS
ACP (helix 1, 3-15).
Important areas of homology exist around the almost 100%

conserved D-S-L motif which is present at the N-terminus

FIGURE 7: Schematic representation showing the partially buried
Arg72 and Asn79 (100% conserved in all type II PKS ACPs) in
the restrained minimized average structure ofact apo-ACP.
Putative hydrogen-bonding interactions are indicated for Thr7(γO)
to Arg72(úNH2), Leu5(NH) to Asn79(γCO), and Leu5(CO) to
Asn79(δNH2). This figure was created using Molscript (Kraulis,
1991) and Raster3D (Merritt & Murphy, 1994).

FIGURE8: Best fit superposition of the minimized average structure
of act apo-ACP (yellow) and theE. coli FAS ACP (purple). A
single average model forE. coliACP obtained from the Brookhaven
Protein Data Bank was used for the fitting.
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of helix 2 in bothact apo-ACP andE. coli ACP (Crump et
al., 1996) and is preceded by several residues in the loop
region with a similar tertiary fold. It has been shown that
E. coli holo-synthase can phosphopantetheinylateact apo-
ACP (at Ser42 within the motif) and also other PKS ACPs
to significant degrees (Crosby et al., 1995). The ability of
this FAS enzyme to recognize heterologous PKS ACPs
suggests that the D-S-L motif forms an important molecular
recognition site for theholo-synthase enzyme. None of the
residues within this motif are significantly buried in the final
average structure ofact apo-ACP (frac surface accessibility
>0.8), suggesting that they may all be available to form
important interactions with theholo-synthase enzyme. In-
terestingly, a related PKS ACP fromStreptomyces griseus,
which has an E-S-L motif, was not modified to theholo form
by E. coli holo-synthase, suggesting that a conservative
mutation within this motif may prevent molecular recognition
despite similar secondary structure in theS. griseusACP
(unpublished results).
The overall dynamics ofact apo-ACP differ significantly

from E. coli ACP. The structure ofact apo-ACP has been
determined with 699 experimental constraints of which 93
are long-range NOEs. In later calculations of theE. coli
ACP structure (Kim & Prestegard, 1990a) 450 restraints with
48 long-range restraints were used. Neitheract apo-ACP
norE. coliACP benefits from the strong structure-stabilizing
influence of intramolecular disulfide bridges, and as a result
the proteins may be expected to adopt more flexible, open
structures (Byeon & Llina´s, 1991). Internal motion of the
E. coli ACP around residues Phe50, Ile3, Leu45, and Ile72
led to the observation of abnormally short and variable
distances between these residues and was the principal reason
for invoking a conformationally averaged model. Inact apo-
ACP a homologous set of contacts are observed from Tyr56
(Leu5, Leu52, and Ile78), yet these long-range contacts are
all satisfied in the final structures. Thus, despite a larger
flexible loop and a slightly lowerR-helical content (49% as
opposed to 51%),act apo-ACP appears to show a single
conformation on the NMR time scale as opposed to two or
more states in theE. coliACP. Although never structurally
characterized, a similar interconversion of states for spinach
ACP-I was observed (Kim & Prestegard, 1990b), suggesting
that this phenomenon may be a general feature of FAS ACPs
which is not present in PKS ACPs. The somewhat larger
unstructured loop inact apo-ACP may therefore provide an
alternate mechanism for allowing the ACP to accommodate
a growing polyketide chain.
(b) Structure-Function of act ACP.The overall three-

dimensional homology betweenact apo-ACP,E. coli FAS
ACP, and other ACPs (Ghose et al., 1996) is strong, despite
their differential roles. There is a general failure of FAS
ACPs to substitute for PKS ACPs in genetically engineered
systems [E. coli FAS ACP cannot substitute fortcm ACP
(Shen & Hutchinson, 1993),S. coelicolor’sown FAS ACP
can substitute foractPKS ACP to only a very small extent
(Revill et al., 1996), while the presumptiveSaccharopoly-
spora erythreaFAS ACP (Hale et al., 1987) has only a low
level of activity when substituted foract ACP (Khosla et
al., 1992)]. This suggests that subtle differences may confer
binding specificity to these proteins.act apo-ACP contains
a number of buried polar groups in addition to the hydro-
phobic side chains expected to constitute a hydrophobic core.
A polar environment and the presence of suitable hydrogen

bond donors within the core ofact apo-ACP may provide a
mechanism for polyketide stabilization in a similar fashion
to the stabilization of fatty acids within the hydrophobic cleft
of FAS ACPs. Arginine side chains are commonly found
in protein-protein/protein-ligand interactions (Mrabet et al.,
1992). The guanidinium group of arginine may hydrogen
bond to separate acceptors in a bidentate arrangement, or to
just one acceptor, forming a bifurcated bond (Borders et al.,
1994). Arg72 and Asn79, which are 100% conserved in the
type II PKS ACPs, may be particularly important. We have
observed NMR chemical shifts for theεNH of Arg73 and
Arg71 (unpublished results) ingris and otc PKS ACPs,
which are similar to that ofact ACP (εNH 9.06 ppm) and
similarly large splitting for theδCH2 resonances. This
suggests a conserved local structure surrounding this residue
and permits the general observation that this group may
always be partially buried. Attempts to identify a binding
site for fatty acids inE. coliACP (Jones et al., 1987) showed
that residues at the N-terminus of helix 4 may be involved
in interactions with the fatty acid. If a similar binding mode
holds for polyketide ACPs, the Arg72 and Asn79 may be
suitably positioned for interaction with the polyketide chain.
Although the work of McDaniel et al. (1993a,b, 1994a,b,
1995a,b) has ruled against a programming role for the PKS
ACPs, they may have an important stabilizing role for the
elongated polyketide chain. In no case have partially
assembled oligo-keto acid precursors of aromatic polyketides
been isolated. This can, in part, be attributed to their inherent
instability. Biomimetic studies (Harris & Harris, 1986)
showed that under highly basic conditions pentamers or
hexamers could be prepared by enolizing all the carbonyl
groups, and it is clear that the compounds would spontane-
ously cyclize in neutral, aqueous solution. Cyclization of
the polyketide chain has been shown to occur in a controlled
fashion in aromatic polyketide biosynthesis, which suggests
that important interactions between the polyketide chain and
act apo-ACP may occur to sequester the chain from the
aqueous environment and to stabilize the polyketide chain
by hydrogen bonding, perhaps by enolizing several of the
polyketide chain carbonyl groups. The lack of information
on bound intermediates means that these interactions remain
to be confirmed. It may be sufficient, however, to enolize
just two of the eight carbonyl groups of actinorhodin (perhaps
numbers three and six), leaving more stable diketide units.
Since it has been shown that the minimal PKS and the next
downstream enzyme, the ketoreductase, are required to
control the initial cyclization (Fu et al., 1994b) (Figure 1),
the bound polyketide may also form simultaneous nonco-
valent interactions with the ACP, ketosynthase, chain-length
determining factor, and the ketoreductase. There is almost
certainly the potential for enormous complexity in the
interaction of the polyketides and the synthase subunits which
may ensure high fidelity of polyketide processing. We are
currently pursuing these ideas by investigating the precise
interaction of the polyketide intermediates with the acyl
carrier proteins and the isolation and characterization of the
other components of the type II PKSs responsible for the
biosynthesis of aromatic polyketides in streptomycetes.
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