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ABSTRACT: Type II polyketide synthases (PKSs) utilize a dedicated and essential acyl carrier protein (ACP)
in the biosynthesis of a specific polyketide product. As part of our ongoing studies into the mechanisms
and control of polyketide biosynthesis, we report the second structure of a polyketide synthase ACP. In
this work, multidimensional, heteronuclear NMR was employed to investigate the structure and dynamics
of the ACP involved in the biosynthesis of the commonly prescribed polyketide antibiotic, oxytetracycline
(otc). An ensemble of 28 structures of the 95 amino acid otc ACP (9916Da) was computed by simulated
annealing with the inclusion of 1132 experimental restraints. Atomic RMSDs about the mean structure
for all 28 models is 0.66 Å for backbone atoms, 1.15 Å for all heavy atoms (both values calculated for
the folded part of the protein (residues 3-80)), and 0.41 Å for backbone atoms within secondary structure.
Otc ACP adopts the typical right-handed, four-helix fold of currently known ACPs but with the addition
of a 13-residue flexible C-terminus. A comparison of the global folds of all structurally characterized
ACPs is described, illustrating that PKS ACPs show clear differences as well as similarities to FAS ACPs.
15N relaxation experiments for the protein backbone also reveal that the long loop between helices I and
II is flexible and helix II, a proposed site of protein-protein interactions, shows conformational exchange.
The helices of the ACP form a rigid scaffold for the protein, but these are interspersed with an unusual
proportion of flexible linker regions.

Discovered in 1945, oxytetracycline (otc) and chlortetra-
cycline (1-3) (Figure 1) were the first of a series of related
polyketide (4) compounds displaying potent antimicrobial
activity. As inhibitors of protein synthesis they are excellent
therapeutic agents and the first antibiotics to be described
as “broad-spectrum”. Through overuse, the efficacy of
oxytetracycline has declined due to the acquisition by
sensitive strains of resistance determinants from the otc
producer,Streptomyces rimosus. The strategy of modifying
existing drugs has proved highly effective at overcoming
such inherited resistance mechanisms in pathogenic species.
The chemical alteration of tetracyclines to give the glycyl-
cyclines has yielded a class of compounds with potent
antimicrobial activity against tetracycline-resistant strains that
express both ribosomal protection and efflux determinants
(5-7). It has been proposed that an understanding of the

biosynthetic mechanisms involved in the synthesis of
polyketides such as oxytetracycline could lead to intelligent,
programmable manipulation of the drug assembly process
to yield novel polyketide products (8).

Polyketide biosynthesis follows a similar mechanistic
pathway to fatty acid synthesis whereby successive decar-
boxylative condensations of malonate moieties onto a starter
unit (typically acetate) yield a hydrocarbon chain (fatty acid)
or a highly functionalized carbon chain (polyketide) (9). Acyl
carrier proteins play an essential role in the formation of
both fatty acid and polyketide products. In the type II
synthases found in bacteria (10) and plants (11), ACPs are
small acidic proteins of about 80 residues which are
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FIGURE 1: Aromatic polyketides from type II PKSs.

8423Biochemistry2003,42, 8423-8433

10.1021/bi0342259 CCC: $25.00 © 2003 American Chemical Society
Published on Web 06/25/2003



posttranslationally modified from the inactive apo protein
to the active holo ACP by the transfer of a 4′-phosphopan-
tetheine group from coenzyme A to a conserved serine on
the ACP by holo ACP synthase (12). NMR studies have
provided solution structures for the type II ACPs from the
Streptomyces coelicoloractinorhodin (act) polyketide syn-
thase (13), Bacillus subtilisFAS (14), Escherichia coliFAS
(15), Mycobacterium tuberculosisFAS (16), and the ex-
pressed domain of the type I rat FAS (17). In addition the
three-dimensional structures of the discreteD-alanyl PCP
from Lactobacillus rhamnosus(18) and the modular PCP
from Bacillus breVis (19) have been solved. These studies
have suggested that ACPs and PCPs have a common
topology consisting of a distorted fourR-helical bundle. The
arrangement of the conserved serine at the N-terminus of
helix II is well conserved, but the structures can vary in terms
of helical alignment, length, and surface charge. Recent
crystal structures have also indicated a site of protein-protein
interaction betweenB. subtilisACP and ACPS (20). This
again lies along helix II, and this site has been proposed to
be the point of interaction of all of the discrete FAS proteins
(21). Given the similarities of the acyl carrier protein three-
dimensional structures it was initially suggested that ACPs
from different organisms or different pathways (22) could
be interchanged in vivo or in vitro to give a functioning
synthase. More recently however, work on FAS enzymes
from a number of organisms (23-25) as well as the in vitro
minimal PKS (ACP-KS-CLF) assay (26) have highlighted
examples where ACP substitution resulted in an inactive
complex. Therefore despite similar global folds, ACPs are
not simply interchangeable between FAS and PKS systems
(which produce nonfunctional synthases) (22), between PKSs
(which can yield functional synthases but the distribution of
polyketide products is altered) (for a review see, ref27) and
between NRPSs and FASs (a PCP was modified by a FAS
ACPS but only by replacing helix II of the PCP fromB.
breVis with that ofB. subtilisFAS ACP) (28). 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 these
differences.

The oxytetracycline PKS however displays a number of
characteristics that may place additional demands on the
protein-protein interactions mediated by the otc ACP. First,
disruption of the aromatase/cyclase (ARO/CYC) gene (otcD1)
in theS. rimosusPKS gene cluster led to loss of chain length
control and yielded a mixture of truncated polyketide chains
(29). This suggested significant interaction of the ARO/CYC
with the minimal PKS and a possible role in chain length
determination. This could therefore involve the ACP and the
bound polyketide, requiring the ACP to mediate multiple
interactions. Second, the otc PKS may preferentially select
malonamyl-CoA as a starter unit rather than acetate requiring
specific protein-protein interactions to override the normal
starter selection (29). Genetic analyses of those systems
which use an alternate starter (30) reveal the presence of
additional genes, including a putative CoA ligase (otcY2-
3) in S. rimosusthat may be involved in the biosynthesis of
malonamyl-CoA (31).

The architecture of the association between the enzymes
and the acyl carrier protein is part of our ongoing studies to
elucidate the priming and early stage mechanisms of

polyketide biosynthesis. We report here the solution structure
and dynamical behavior of the oxytetracycline polyketide
synthase ACP fromS. rimosus. We have investigated this
PKS ACP by multinuclear, multidimensional NMR that
extends earlier studies of the act PKS ACP fromS. coelicolor
and complements our ongoing NMR and X-ray crystal-
lographic studies of type I ACPs (17) and other FAS and
PKS (gris, gra, and fren) type II ACPs. The otc and act ACPs
show similar three-dimensional folds and have a common
angular variation in helix I when compared to FAS ACPs.
This is contrary to claims that this variation may be due to
the quality of the original act structure (14). This is also the
first full relaxation study of an ACP that shows that the PKS
ACP is essentially well folded with a structured scaffold but
the protein contains an unusual number of mobile residues.
Further within the structured core, helix II, a proposed site
of protein-protein interaction shows slow conformational
exchange. Dynamics studies have also revealed that the otc
ACP structure has a long flexible C-terminal loop not
observed in other PKS ACPs. In this paper we also show
that the loop between helices I and II is flexible and contrast
this to examples of FAS ACPs.

MATERIALS AND METHODS

NMR Experimental Data.The apo- form of unlabeled and
15N-labeled otc ACP was prepared and characterized by
ESMS as previously described (32). Typically the lyophilised
protein was dissolved to a final concentration of 2mM in
90%H2O/10%D2O, 2mM DTT, 0.01mM NaN3, and 30mM
sodium deuteroacetate at pH 5.3. Standard NMR experiments
were acquired as described previously (13), including pulsed-
field gradient-assisted 3D15N NOESY-HSQC and 3D15N
TOCSY-HSQC experiments (33) which were carried out on
either a 600 MHz VarianINOVA Spectrometer (University
of Southampton) or a Varian Unity 600 MHz spectrometer
(University of Edinburgh). These datasets were recorded at
25 °C with WATERGATE water suppression (34). Mixing
times of 150 and 65 ms were employed for the 3D NOESY-
HSQC and 3D TOCSY-HSQC, respectively. The data were
processed using nmrPipe (35) and viewed with nmrDraw
and PIPP (36). Assignment of1H and 15N chemical shifts
was achieved using a standard sequential assignment strategy
(37), and 60 HN-HR dihedral angles were measured from
an HNHA spectrum. Eighteen1ø angles were calculated
using relative NOE intensities from a 50ms mixing time 3D
NOESY-HSQC and coupling constants from a 2D COSY
spectrum.

Slowly Exchanging Amide Protons.For the characteriza-
tion of slowly exchanging amide protons, a sample of otc
ACP was prepared as above using 100%2H2O as solvent
and a final pDcorr of 4.78. A series of1H-15N HSQC spectra
were immediately recorded at 500 MHz and 20°C at
averaged times of 1, 4.5, 16, 37, and 70 h after the protein
was dissolved in D2O. Amide peaks observable after 16 and
37 h were described as exhibiting slow and very slow
exchange.

Conformational Restraints and Structure Calculations.
XPLOR (3.81) was used to anneal and calculate a final
family of 28 structures using 1054 distance constraints
(including 147 long-range NOEs) and 78 dihedral angle
restraints. PIPP was used to measure NOE peak volumes
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from 3D NOESY-HSQC experiments with a mixing time
of 150ms with cross-peak intensities classified as strong,
medium, weak, and very weak and assigned to respective
interproton distance categories of 1.8-2.3, 1.8-3.0, 1.8-
3.5, and 1.8-4.5 Å. Seventy-six hydrogen bond restraints
coordinating 38 hydrogen bonds principally within helices
were employed on the basis of slow amide exchange data
(COi-NHi+4 ) 1.3-2.3 Å, COi-Ni+4 ) 2.3-3.3 Å). Further
restraints for hydrogen bond pairs Ala33(CO)-Leu37(NH),
Phe34(CO)-Gly38(NH), Thr68(CO)-Phe34(NH), and Leu4-
(NH)-Asn78(γO) were added after modeling indicated
initially unidentified hydrogen bond receptors for the remain-
ing slow exchange amide protons.

15N Backbone Dynamics. 15N T1 andT2 and NOE relax-
ation data for otc ACP were recorded at 25°C using a Varian
INOVA600 MHz NMR spectrometer.{1H}-15N NOEs were
measured by recording HSQC spectra with and without
proton saturation. The spectra were recorded without NOE
with inter scan delays of 5 s and with NOE using 3 s of
proton saturation and 2 s of delay to give the same total
delay of 5 s between scans. All spectra were processed with
the program NMRpipe.T1, T2, and NOE spectra were
automatically picked using the program CAPP (35), andT1

andT2 values were obtained by nonlinear least-squares fits
of the amide cross-peak intensities to a two parameter
exponential decay using software provided by Lewis E. Kay.
Uncertainties in theT1 andT2 values were estimated from
the nonlinear least-squares fits. Uncertainties in the NOE
values were estimated from the baseplane noise in two-
dimensional1H-15N-HSQC spectra recorded with and without
proton saturation according to Farrow et al., (38).

The theoretical basis forT1, T2 and NOE relaxation of15N
is well established and related to a spectral density function
at 1H and 15N frequency combinations (ω) (39). The data
are related to motional parameters using the “model-free”
assumption for the correlation function (40, 41) where the
spectral density function is

whereτm is the overall correlation time (isotropic tumbling
is assumed),S2 is the order parameter,τ-1 ) τm

-1 + τe
-1

andτe is the effective correlation time describing fast internal
motions. These are referred to asS2 - τm or S2 - τm - τe

models, depending on whether a fast motion is required for
the fit or not. Two further models were considered that
incorporated conformational exchange as anRex (s-1) term
in theT2 equations (39) and are referred to asS2 - τm - Rex

or S2 - τm - τe - Rex depending on where aτe term is
included in the latter model. In addition internal motions were
accounted for with a two timescale model (42, 43).

RESULTS AND DISCUSSION

We have investigated the structure of oxytetracycline ACP
using multidimensional, multinuclear NMR. In common with
other ACPs we have studied, crosspeaks in the HSQC spectra
were well resolved and remained of high quality over time.
The structure was determined using 978 NOEs and 76
hydrogen bond restraints based on slow amide exchange.
Sixty φ and 18 1ø dihedral angle restraints were also
incorporated on the basis of NMR measurements for residues

where conformational averaging was not observed; i.e.,
where coupling constants were not averaged (7 Hz), chemical
shift degeneracy did not occur, and NOE intensity at a mixing
time of 50ms was indicative of restricted mobility.

In the final calculation, 60 structures were generated using
XPLOR. Of these, 28 models were selected on the basis of
their combined lack of restraint violations, small deviations
from ideal bonds and angles, and energetic favorability. A
structure with the lowest RMSD to the average of the final
28 models was selected as the most representative model or
“average” structure and used for detailed study and com-
parisons. All experimental restraints were well satisfied with
no NOE violations exceeding 0.3 Å (Table 1). Over 95% of
φ and 1ø dihedral angles for the 28 models, excluding the
13 residue unstructured C-terminus, fell in the most favorable
or favorable regions of the Ramachandran plot. Residues
regularly falling in the generously allowed regions included
Ser41 and Gln58. Figure 2 shows a best fit superposition of
the 28 structures with otc ACP. The structure resolution is
high, with the backbone RMSD over residues 3-80 being
0.66 Å. There is a clear correlation between the well-defined
structure over helices I-IV and residues 30-40, and the
number of restraints per residue over this region. Few
restraints are observed for the residues 19-29 and the
C-terminal loop. Excluding these regions, the backbone
RMSD drops to 0.44 Å.

The structure consists of a folded amino terminal unit
(residues 3-80) and a highly flexible, structurally undefined
carboxyl terminus comprising approximately 13 residues
(residues 83-95) (Figures 2 and 3). The folded part of the
protein, like all previously studied ACPs, forms a right turn
distorted helical bundle. Secondary structure is dominated
by three main helices (helices I (res 6-17), II (res 41-55)
and IV (res 71-80)) and a fourth, short less well-defined
helix III (res 62-67). The three main helices are of
approximately equal length and the four helices adopt a
down-up-down-up conformation. Helix I lies at an angle of
∼60° to helices II and IV, which in turn are roughly parallel.
A slightly distorted type 1â-turn (res 60-63) precedes helix
III, which also lies at∼60° to helices II and IV but at 90°
to helix I (see Figure 3).

Helix I (Leu6 to Ala17) is preceded by a short stretch of
well-defined extended structure that packs closely to helix
IV (Arg71 to Thr82) and Tyr55 of helix II. A long 23 residue
loop (loop 1) (Ala18 to Tyr40) connects helices I and II.
The first half of loop 1 (Ala18 to Val29) is ill-defined and
flexible, indicated by a lack of short-range NOEs, and the
RMSD for residues 18-29 is subsequently large (1.37(
0.43 and 2.55( 0.79 Å for backbone and heavy atoms,
respectively). However, the second half of loop 1 (Glu30 to
Asp40) is well structured supported by many short- and long-
range NOEs and H-bonds identified from exchange rate data
and structure calculations. Figures 2 and 3 illustrate the
spatial freedoms of this region that appear to allow the loop
to flex vertically within approximately 5 Å while maintaining
the overall loop shape.

Loop 2 (res 56-70) forms contacts to the helix core in
the form of Gln58-Leu81 and Leu59-Ser80 and ends with
a slightly distorted type Iâ-turn (Gly60-Ala63) prior to helix
III. Helix III is short and essentially only a single turn
(Ala63-Ala67). The turn between helix III and IV adopts
no regular turn conformation but is rigidly held in position

J(ω) ) 2/5(S2τm/(1 + (ωτm)2) + (1 - S2)τ/(1 + (ωτ)2))
(1)
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by a plethora of NOEs connecting the turn to many residues
in loop 1. The final 13 amino acids following helix IV adopt
no specific geometry as predicted from the lack of NOE
restraints.

Arg71 is highly conserved in PKS ACPs and exhibits some
interesting behavior in the NMR datasets. Theε-proton shows

a large downfield chemical shift at 9.15 ppm compared to
more typical values for such a resonance at 7.2-7.4 ppm.
This downfield shift is indicative of theε-proton being
hydrogen bonded. Two NOEs can be distinguished from
Arg71 ε-1H to theR andâ protons of Asp31. This suggests
Asp31 (which is also highly conserved in polyketide ACPs)

Table 1: Structural Statistics and Atomic RMS Differences for 28 Calculated Otc ACP Structures

〈28 otc ACP〉 otc ACP

RMS deviations from experimental
all NOE & H-bond (1054) 0.0227( 0.0037 0.023

distance intraresidue (257) 0.0274( 0.0041 0.030
restraints (Å)a sequential (|i - j| ) 1) (340) 0.0193( 0.0021 0.019

short (1< |i - j| < 5) (74) 0.0221( 0.0031 0.021
long (|i - j| g 5) (94) 0.0288( 0.0060 0.025
short (R-6 averaged) (20) 0.0102( 0.0033 0.010
long (R-6 averaged) (53) 0.0324( 0.0049 0.037
H-bonds (76) 0.0184( 0.0024 0.017

angle restraints (deg) dihedral angles (78) 0.1780( 0.0990 0.138
energies (kcal mol-1)b ENOE 26.54( 3.4369 27.02

EDIHE 0.152( 0.0646 0.096
EREPEL 32.86( 4.2837 30.06

deviations from bonds (Å) 0.0026( 0.0002 0.0026
idealized geometryc angles (deg.) 0.5213( 0.0126 0.5213

improper (deg.) 0.3180( 0.0129 0.3134
RMSD (Å)d backbone atoms (3-80) 0.93( 0.22 0.39

backbone atoms (3-18, 3-80) 0.62( 0.15 0.37
heavy atoms (3-80) 1.62( 0.28 0.72
heavy atoms (3-18, 30-80) 1.25( 0.18 0.72

(φ/ψ) in Ramachandran plot (%)e

residues 3-80 core region 80.6 81.4
additionally allowed regions 16.1 15.7
generously allowed regions 3.1 2.9
forbidden regions 0.2 0

residues 3-18, 30-80 core region 88.3 88.5
additionally allowed regions 9.4 8.2
generously allowed regions 2.3 3.3
forbidden regions 0 0

a The RMS deviation of the experimental restraints is calculated with respect to the upper and lower limits of the input restraints.b The values
for ENOE and EDIHE are calculated from a square well potential with a force constant of 50 kcal mol-1 Å2 and 200 kcal mol-1 rad-2. EREPEL is
calculated with a force constant of 4 kcal mol-1 Å-4, and the final van der Waals radii were set to 0.80 times the value used in the CHARMM force
field. c The values for bonds, angles, and impropers show the deviation from ideal values based on perfect stereochemistry.d Root-mean-square
deviations to the average structure.e As determined by the program PROCHECK (44).

FIGURE 2: Superimposed backbone (N, CR, C) trace of the final 28 models of otc ACP viewed from two angles. Helices are colored red
(helix I), green (II), orange (III), and magenta (IV). All residues 1-95 are shown, and the best fit was taken over residues 3-18 and
30-80.
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to be the hydrogen bond receiver; however, models suggest
it is Glu30 that is more structurally aligned. Whichever salt
bridge is formed, it seems likely that the interaction is strong
since the resonances for Arg71δ protons are inequivalent.
Chemical shift degeneracy of arginineδ protons is common
and indicative of a freely mobile, often solvent-exposed side
chain (46). However, the chemical shift difference of Arg71
δ-protons in otc ACP is 0.34 ppm. Similarly four separate
resonances are observed for the four side chain protons of
Glu30, supporting the possibility that Arg71 and Glu30 are
the interacting pair. However, the most interesting observa-
tion regarding Arg71 is the presence of peaks corresponding
to the protons on one of the terminal amine groups. Such
resonances are normally exchange broadened (due to rapid
proton on/off rates catalyzed by the delocalized positive
charge present on arginine) to such an extent they are not
visible (46). It appears that just one NH2 group is exchange
stable since both observed proton resonances correlate to a
single 15N frequency. The models show Arg71 is not
significantly buried but Glu30, Asp31 (conserved), and Glu75
are potential hydrogen bond partners for the guanadinium
protons.

15N Dynamics.Relaxation data forT1, T2, and NOE
relaxation were obtained for 82 out of 95 residues (Figure
4). Residues 40, 47 and 50 gave no fit, and at the C-terminus
of the protein, 85, 89, 90, 91, 92, and 94 also failed to fit
any model. Therefore, motional parameters for 74 residues
in total were reliably extracted. Analysis of the data for otc
shows that the data fall into four groups. First, helices I and
IV both show a predominance of data fit by the simplerS2

- τm or S2 - τm - τe models with highS2 values. This
reflects that structurally both helices I and IV are among
the most well-defined in otc and the act PKS ACP NMR
structures. In the family of otc NMR structures, helices I
and IV superimpose with an RMSD of 0.39( 0.09 Å,
whereas helices I and II and helices II and IV superimpose
with RMSDs of 0.46( 0.14 and 0.46( 0.13 Å, respectively.
The second group is comprised of residues at the C-terminal
tail of otc ACP. Helix IV terminates at Thr82 and both Thr82
and Gly83 are fit best by the two-time-scale model. Beyond
these residues theT1 andT2 values rise toward the C-terminus
and, where fits could be obtained, theS2 values are much
reduced. The dynamics study reveals that the C-terminus is

essentially unstructured from Gly83 to Lys95.
The third group is comprised of the loop regions of otc

ACP between residues 20 to 33 and 56 to 62. Loop 1 shows
elevatedT1 values and elevatedT2 values with the exception
of Leu25. Subsequently the loop shows significantly reduced
order parameters and a number of residues fit only the two
time-scale model. Leu25 shows a large exchange parameter,
having a very shortT2 (71 ms). Structurally this region is
devoid of long-range NOEs with the exception of Ser22,
Ile23 and Leu25 that show contacts to helix I and Tyr39.
However, in this instance the NOE may be slightly mislead-
ing, and its averaging behavior (47) can bias the closest
approach of the two contributing protons. Therefore, the
structures may only reflect the loop populating a state that
brings these hydrophobes within close proximity to helix I,
where in fact it samples a greater conformational space, as
reflected by the dynamics data. This is in contrast to the
recent study of theM. tuberculosisACP, where1H-15N NOE
was measured over the entire ACP sequence (16). Although
a full dynamics study was not performed, the NOE values
observed were constant over the loop and of a similarly high
value to the remainder of the protein. This is backed up by
the structural data where several hydrophobic contacts were
observed between the loop and the helical core. The structure
calculations therefore revealed that the loop is not flexible
and has a defined structure. In the second loop of otc ACP,
there is again an increase inT1 values and a less pronounced
increase inT2 values. Leu59 interestingly shows only a poor
fit to the data forT1. It is unclear at present why this is the
case, except that we have observed that this amide proton is
extremely sensitive to temperature, pH, and salt concentra-
tions and can change its proton shift by up to 1 ppm
(similarly for Ile60 in act acp).

The fourth group of residues are clustered on helix II and
are characterized by fits to theS2-Rex andS2-τe-Rex models
(Leu42 0.67s-1; Val48 0.65s-1; Gly49 0.98s-1; Glu52
1.49s-1; Arg53 1.78s-1; Asp54 0.96s-1). These slower
exchange motions do not however manifest themselves as
an observable flexibility in the NMR structures. The 28 NMR
models would suggest that this helix is ordered and is as
well-defined as helices I and IV, a result of numerous short
and long-range NOEs. The motions of these residues are not
isolated and are also observed on adjacent residues in loop

FIGURE 3: The solution structure of otc ACP (left and center) viewed from two angles and the superimposed set of 28 models (right). All
graphics were generated using MOLMOL (45).
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2 (Val57 1.36s-1; Leu59 1.69s-1) and helix IV (Met76
1.54s-1). Figure 5 shows a ribbon representation of the
motions of the protein where the ribbon thickness is inversely
proportional toS2 and dark blue shading is incremented on
the basis of the observedRex value. In this orientation the
interaction of the C-terminus of helix II with the central
portion of helix IV and loop 2 is visible.

Comparison of otc ACP with Other ACP Structures.ACP
structures are now available for fatty acid moieties fromE.
coli (15), M. tuberculosis(16), andB. subtilis (either free
(14) or in complex with ACP synthase (20)), the discrete
alanyl carrier protein fromL. casei(18), the polyketide ACP
from S. coelicolor(13) and the type I rat FAS ACP domain
(17). Table 2 lists a comprehensive set of RMSD values
illustrating the relative quality of the otc ACP structure and
its similarity to other ACP folds. The quality of the folded
segment of otc ACP (residues 3-84) is not as high as that
obtained for the ACP fromM. tuberculosis (ACPM) (section
A). However, a similar calculation performed on residues
3-17 and 30-84 (i.e., exclusion of the first half of loop 1

and the C-terminal tail) suggests the quality of both sets of
structures to be almost identical. ACPM appears to have a
well-structured, rigid loop 1, whereas in otc ACP it is highly
flexible. The15N relaxation properties of this region indicate
that the flexibility is not due to missing restraints in otc ACP,
and similar results have been reported forS. coelicolor
(PKS),B. subtilis(FAS) andE. coli (FAS) ACPs. NMR data
collected on ACPM fromM. tuberculosisand alanyl carrier
protein fromL. caseisuggest that region is well defined (16,
18). Therefore, flexibility in the loop is not attributable to
either the FAS or PKS ACPs.

Helix I. Table 2, part B, lists RMSDs of the PKS otc ACP
overlaid on ACPs from a PKS source (act ACP) and FAS
sources (E. coli, B. subtilis(Bsub), and ACPM) as well as
RMSD values obtained from overlayingE. coli FAS ACP
on the PKS ACPs. Superimposing otc residues 8-80 and
equivalents from the other ACPs shows that the PKS ACPs
are more similar to each other than any of the FAS ACPs
with RMSDs of 2.73 and 3.4-4.0 Å, respectively. Equally
the FAS ACPs overlay more accurately on each other than

FIGURE 4: Relaxation data for otc ACP at three magnetic fields. Plots of15N-T1 (A), 15N-T2 (B), and NOE (C) at 600{b} MHz. Graphical
representation of dynamics parameters derived from the Lipari & Szabo model free analysis (40, 41). (D) Order parameters (S2), (E)
internal correlation times (τe), and (F) two time scale (τs) and (G) conformational exchange terms (Rex) parameters are plotted as a series
of sequential plots.
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on PKS ACPs. Excluding loop 1 from the calculations
narrows the range in which the RMSD values drop, although
PKS/PKS and FAS/FAS superimpositions still generate the
lowest figures. Overlaying just the three major helices gives
lower RMSD values, although in roughly the same ratios
(E. coli/ACPM being the only exception). Conversely, an
overlay of the region from helix II to IV results in very
similar RMSDs, be it PKS/PKS, FAS/FAS, or PKS/FAS.
Indeed the lowest RMSD is generated when otc PKS ACP
is compared toE. coli FAS ACP. Thus, it seems the greatest
variability in structure appears to be the positioning of helix
I relative to the rest of the protein. Figure 6 illustrates the
superimpositions of otc ACP on act ACP,E. coli ACP, M.
tuberculosisACPM, B. subtilis ACP andL. casei alanyl
carrier protein, viewing helix I side on. Helix I in the two
PKS ACPs aligns closely but with a 2 Åaxial displacement.
However, when otc ACP is overlaid with the FAS ACPs, it
is clear that there is a rotational displacement of helix I. In
the PKS ACPs, the N-terminus of helix I is in contact with

the N-terminus of helix IV, as opposed to being positioned
midway along helix IV in the FAS ACPs. This rotation is
most extreme in alanyl carrier protein, where helix I runs
almost antiparallel to helices II and IV and the N-terminus
of helix I is in close proximity to the C-terminus of helix
IV. This angular displacement results in helix I in the FAS
ACPs needing to be slightly longer than that in the PKS
ACPs in order to maintain contact with helices II and IV at
its C- and N-termini, respectively. These contacts are
preserved by an additional turn of helix I in ACPM and half-
turns in the other FAS ACPs. Nevertheless, the C-terminal
end of helix I is spatially conserved with respect to helix II
in all five ACPs shown in Figure 6. Models ofE. coli FAS
ACP binding toE. coli KASIII ( 21) suggest helix II to be
the recognition helix for FAS enzymes but also indicate that
Glu13 from the C-terminus of helix I may play a role. A
mutation V17C in theE. coli ACP has been shown to reduce
FAS activity by 50%, whereas recognition by ACPS was
mostly unaffected (12% reduction in holo levels) (48). In
the otc ACP, the C-terminus of helix I contains the unusual
free cysteine (Cys16 and conserved in a number of type II
PKS ACPs) (Figure 7), whose role is yet to be determined
but which could play a part in polyketide biosynthesis. The
large number of proteins with which ACPs are thought to
interact means that this helix I angular variation between
PKS and FAS ACPs may yet prove significant. In reporting
theB. subtilisACP structure (14), the authors make extensive
claims that the differences between the act ACP structure
and theB. subtilis structure are attributable to the NMR
methods used. Although less precise, the act structure was
not inaccurate, and this is borne out by the observation that
the higher quality otc structure shows similar differences to
the FAS ACPs.

Helix II. In nearly all ACPs, the phosphopantetheine
cofactor is covalently bound to a serine residue in a “DSL”
sequence motif at the N-terminus of helix II (Ser41 in otc).
B. subtilisACP binds ACPS through interactions of the DSL
motif and helix II with positively charged residues on ACPS
(20). TheB. subtilisACPS was shown to modify a chimeric
ACP constructed from the helix II ofB. subtilisACP and

Table 2: Summary of RMSD Values Derived from Superimposing Structurally Characterized ACPs over Various Regions of Sequence

A

full length res 3-84 res 3-17 30-84 6-17 41-55 71-84

RMSDs relative to
mean /Åa backbone heavy backbone heavy backbone heavy backbone heavy

otc28 overlay 4.08 4.40 0.66 1.14 0.45 0.89 0.41 0.88
ACPM 20 overlay 3.99 4.34 0.42 0.89 0.44 0.93 0.43 1.05
act 24 overlay 1.72 2.11 1.44 1.89 0.99 1.50 0.82 1.34

B
pairwise RMSD/Å otc res 8-80 otc 8-17, 42-80 otc 8-17, 42-55, 71-80 otc 42-80
otc on act act res 9-81 act 9-18, 43-81 act 9-18, 43-56, 72-81 act 43-81

2.73 1.72 1.36 1.74
otc on ACPM acpm res 8-80 acpm 8-17, 42-80 acpm 8-17, 42-55, 71-80 acpm 42-80

3.40 2.16 2.00 1.78
otc on Bsub Bsub res 3-75 Bsub 3-12, 37-75 Bsub 3-12, 37-50, 66-75 Bsub 37-75

4.02 2.97 2.8 2.19
otc onE. coli (xtal) E. coli res 3-75 E. coli 3-12, 37-75 E. coli 3-12, 37-50, 66-75 E. coli 37-75

3.70 2.88 3.13 1.53
E. coli on act 4.01 2.44 2.59 1.72
E. coli on acpm 2.07 2.21 3.70 1.60
E. coli on Bsub 2.11 1.85 1.31 1.90
a All values were calculated using the “fit” routine as implemented in MolMol (45).

FIGURE 5: Ribbon diagram of otc ACP where the ribbon thickness
is proportional to the amplitude of fast internal motions 1-S2.
Residues that exhibit conformational exchange (significantRex
terms) are shaded in blue with the depth of color proportional to
the size of theRex term (600 MHz).
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the remaining scaffold of a PCP but was inactive with the
wild-type PCP (28). Modeling studies have been extended
to E. coli ACP-KASIII complexes and show the highly
conserved Glu41 interacting with Arg249 on the surface of
KASIII. Mutation of Arg249 led to a loss in activity of
KASIII and loss of ACP binding. In addition, Glu41 of the
Vibrio harVeyiACP has recently been shown to be important
for FAS activity but not acyl-ACP synthetase activity (49).
Otc ACP does not have this conserved Glu, but has an Asn
at the equivalent position (Asn46) on helix II (Figure 7).
This is unusual for a type II PKS ACP and analysis of 15

other type II PKS ACPs shows this position is always a
glutamate with the exception of glycine in the curomycin
producerS. curacoi. E. coli KASIII activity and ACP binding
was also sensitive to the mutation of basic residues identified
as partners for Glu47, Glu48, and Glu49 inE. coli ACP
(Figure 7). However, otc shows a mixture of positive charges
(Arg50, Arg53), and negative charges (Glu52, Asp54) at the
C-terminus of helix II. Therefore, although helix II may be
an important recognition site for PKS ACPs, only the
presence of the correct positive/negative residues may ensure
correct KS/CLF binding. This could be why different PKS

FIGURE 6: Superimpositions of otc ACP (blue) on various known ACP structures. Only helices II, III, and IV and the connecting loops
were superimposed to highlight the variable positioning of helix I.

FIGURE 7: Cartoon representation of (A) otc ACP and (B)E. coli ACP. Several negatively charged residues are shown forE. coli ACP,
including Glu41 and Glu47, Glu48 and Glu49, that have been implicated in FAS binding. A different arrangement of positive and negative
charge is shown for otc ACP.
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ACPs are not simply interchangeable and this is currently
under further study.

The C-Terminus.The unusual random coil carboxyl
terminus of otc ACP consists of seven alanines and glycines,
one proline, and five polar or charged residues producing a
highly flexible and solvent-exposed tail. The carboxyl
terminus of ACPM is substantially longer at 35 amino acids.
Helix IV ends at approximately the same position as that in
otc ACP, but whereas residues 82-95 in otc ACP are random
coil, residues 82-96 in ACPM adopt a “molten” state and
are described as being relatively ordered (16) and show NOE
contacts from “molten domain” residues to the main fold of
the protein. ACPM residues 97-115 are random-coil in
nature. The function(s) of this unusual feature in these ACPs
is still unknown. Suggestions have been made (16) that, since
ACPM is involved in the synthesis of very long chain
mycolic acids, it interacts with only long chain intermediates
and adopts no regular structure in the non-derivatized holo
protein. Carrying this idea across to polyketides would
suggest that oxytetracycline is an abnormally long chain
antibiotic; however, this is not the case (backbone 19 carbon
atoms). Another suggestion (16) is that the tail forms an
additional protein-protein interaction. Comparison of the
aligned sequences of otc ACP and ACPM shows that
residues 82-96 contain a high proportion of alanines and
contain a proline, a lysine, and an arginine misaligned by
just one amino acid. Salt bridges from the Lys/Arg to acidic
residues located variably on other pathway enzymes may
serve to stabilise complex formation. Such sequence similari-
ties leads one to speculate that protein-protein interaction
is perhaps a more logical role for the tail although in ACPM
these residues form part of the molten domain and are not
as flexible and solvent-exposed as in otc ACP.

Inherent flexibility is a common theme in regions of
proteins involved in protein-protein or protein-nucleic acid
interactions (50). We have compared the relaxation data for
otc ACP with a number of other small proteins whose data
were available in the Indiana Dynamics Database (IDD) and
within our group. The averageS2 is 0.86 ( 0.06 (98%)
(Human Cardiac Troponin C), 0.83( 0.04, (Human Eo-
taxin), 0.83( 0.06 (95%) (Glutaredoxin-1), 0.85( 0.03
(88%) (Ubiquitin), 0.85( 0.04 (Chymotrypsin Inhibitor-2),
0.84 ( 0.03 (81%) (Calbindin (free)), 0.88( 0.07 (90%)
(IL-4), and 0.86( 0.04 (84%) (C-terminal Kunitz Domain)
using residues with NOE500 > 0.60 and NOE600 > 0.65. The
figure in brackets is the number of residues whose NOE600

> 0.65 or NOE500 > 0.60 expressed as a percentage of the
total number of residues measured. For otc ACP, the average
S2 is 0.82 ( 0.05 over residues with NOE> 0.65, only
slightly lower than the average figures reported for other
small proteins that have been studied by15N relaxation.
However, the number of residues with NOE> 0.65 is only
67% of the total, significantly lower than above where 89%
on average are above 0.65. This is partly attributable to a
long flexible C-terminal tail in otc ACP, which is either
absent or much shorter in the proteins analyzed above.
Excluding the C-terminus of otc ACP gives a number of
75%, still appreciably lower than above. Interestingly the
dynamics studies described here suggest that although helix
II appears well-structured in the NMR models, many of its
residues undergo a small amount of conformational ex-
change. This is not on the same scale as that seen forE. coli

ACP where extremely fast amide exchange was observed
for Ser36, Leu37, Asp38, Thr39, Glu41, Ala45, and Leu46
in helix II (kex > 0.70 min-1) (51), while we observed that
helix II amides are more highly protected in otc ACP (data
not shown). Nevertheless, a small amount of flexibility in
helix II may allow for distortion in an ACP-PKS complex.
Helix II is heavily implicated as an important protein-protein
recognition site, and flexibility may allow the protein to
accommodate an interaction with another protein or modulate
the binding affinity through the quenching or nonquenching
of these motions.

The otc ACP presents a picture where a scaffold (which
itself has elements that are flexible) is surrounded by flexible
sites, perhaps allowing some distortion of the structure. In
the case of the otc ACP (and other polyketide ACPs), multi-
ple protein recognition sites and flexibility may be of
particular importance since the protein must interact with
numerous enzymes. For priming it must interact with the
holo synthase enzyme for conversion to the holo form.
During elongation of the polyketide it will interact with the
ketosynthase enzyme as well as the chain length factor (from
otcY1), followed by a reductase (otcY2) and the bifunctional
ARO/CYC (otcD1). There is also the possibility that several
of these enzymes will simultaneously interact with the otc
ACP. Disruption of theotcD1gene product has been shown
to produce four shunt products (LH1-LH4) that all contain
the correct malonamide starter unit but have truncated and
misfolded carbon chain lengths (29). It is speculated therefore
that ARO/CYC is required along with the ACP-KS-CLF
and KR to form a properly integrated complex. Indeed the
KR does not perform its reduction in the absence of the ARO/
CYC (29). The possibility that the ACP aids in the fidelity
of the polyketide processing by interacting with these
synthase components is a tantalising concept that were are
currently pursuing.
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