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ABSTRACT: Acyl carrier protein (ACP) is a cofactor in a variety of biosynthetic pathways, including fatty
acid metabolism. Thus, it is of interest to determine structures of physiologically relevantfa@yp

acid complexes. We report here the NMR solution structures of spinach ACP with decanoate (10:0-ACP)
and stearate (18:0-ACP) attached to th@Hosphopantetheine prosthetic group. The protein in the fatty
acid complexes adopts a single conformer, unlike apo- and holo-ACP, which interconvert in solution
between two major conformers. The protein component of both 10:0- and 18:0-ACP adopts the four-
helix bundle topology characteristic of ACP, and a fatty acid binding cavity was identified in both structures.
Portions of the protein close in space to the fatty acid and thghdsphopantetheine were identified
using filtered/edited NOESY experiments. A docking protocol was used to generate protein structures
containing bound fatty acid for 10:0- and 18:0-ACP. In both cases, the predominant structure contained
fatty acid bound down the center of the helical bundle, in agreement with the location of the fatty acid
binding pockets. These structures demonstrate the conformational flexibility of spinach ACP and suggest
how the protein changes to accommodate its myriad binding partners.

Acyl carrier proteins participate in a wide variety of bio- $38
synthetic processes, including the synthesis of fatty adids ( L 0 0
toxins ), oligosaccharides3( 4), polyketides §, 6), biotin o NRi MNVLN/\/SW/HH\
(7), and depsipeptides), They ferry small molecules be- szo\ b o H H o
tween enzymes involved in biosynthesis by covalent linkage o I
as a thioester to the thiol group of-ghosphopantetheine L0 ' Fatty
(Figure 1). This prosthetic group is attached by a post-trans- 4' Phosphopantetheine Acid
lational modification to a serine [S38 in spinach AGR n=8 for 10:0-ACP

. n=16 for 18:0-ACP
e e e (ol Se0UeTCE) Foune 1. Coulent siuctre of e e hosphpanihons
. T . odification of Ser38 in spinach ACP.
divergent, they share a similar four-helix bundle topology
and often can be interchanged with full activity in reactions ~ One well-studied biosynthetic process involving ACP is
in vitro. This prompts the question of whether ACPs are the desaturation of the fatty acid stearate by the enzyme
simply passive molecules that constantly present their cargostearoyl-ACP A%-desaturase A9D). This enzyme, in a
to enzymes or whether protetiprotein and proteirtligand reaction dependent on,@nd two reducing equivalents, acts
interactions affect the utility of ACP as an enzyme substrate. on ACP with an attached stearate (18:0-ACP) to yield oleoyl-
ACP (cis-A®-18:1-ACP).A9D has a strong specificity for
o . _ the 18-carbon fatty acid and inserts the double bond
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Previous investigations of acyl-ACPs have yielded insight where noted. The sample temperature was regulated at 14
into the interactions between ACP and fatty acid chains. °C.
Studies of the binding of acyl-ACPs to hydrophobic resins  Several multinuclear data sets were collected for backbone
showed that ACP shields the fatty acid from interactions and and side chain assignment of both 10:0- and 18:0-ACP:
that this shielding is more effective for acyl chains witi0 HNCO, HNCACB, C(CO)NH, H(CCO)NH, H(C)CH TOC-
carbons {4). In addition,Escherichia coliACP was found SY, and TOCSY*N HSQC (using a USN sample). Data
to undergo subtle conformational changes when bound tofrom additional experiments were used in investigating 18:
fatty acids between six and eight carbons lobhg) (Fluorine 0-ACP: HNCA, CBCA(CO)NH, and HCAN and HCA-
NMR was also used to identify protein residues in contact (CO)N (21) with 18:0-ACP in 100% BO. The latter data
with a specifically fluorinated fatty acidlg). The X-ray sets were used in assigning signals from residues that yielded
crystal structure oE. coli ACP with an attached butyryl  poor signals in the experiments utilizidglN detection. For
group (L7) showed that the short chain fatty acid binds in distance constraints, two NOESY spectra were collected for
the hydrophobic core at the center of the four-helix bundle. each ACP sample: a NOESYN HSQC spectrum (with
However, hydrophobic interaction chromatography data [U-'*N]acyl-ACP samples) and a NOESYe HSQC spec-
suggested that a portion of a longer fatty acid is exposed totrum. In addition, a three-dimensional (3D) NOESYG
solvent (8). aromatic HSQC spectrum was acquired on!fN;U-'3C]-

We present here the solution structures of both 10:0- and 10:0-ACP, and a two-dimensional (2D) NOESYG aromatic
18:0-ACP, including the conformation of the bound phos- HSQC spectrum was acquired on 18:0-ACP in 100%D
phopantetheine and fatty acid. This work follows up on the All NOESY experiments used a mixing time of 120 ms.

earlier observation of large differences in tHdl HSQC The NMRPipe 22) software suite was used to process
spectra of 10:0- and 18:0-ACALY) and is a step toward the raw data sets. Generally, each dimension was subjected
future investigation of ACP-A9D interactions. to the following processing steps: linear prediction (when
necessary) to estimate missing initial points, cosine window
EXPERIMENTAL PROCEDURES function, zero filling, Fourier transform, phase adjustment,

. and baseline correction (in some cases). SPARKY23J (
Sample PreparationU-**N-labeled 10:0- and 18:0-ACP 55 ysed to visualize and manually peak-pick spectra for
were produced as previously describetB)( and NMR ~ he packbone tracing steps. NMRDraw within the NMRPipe
samples were prepared at protein concentrations of 2 mM. gistripution was used to automatically peak-pick the NOESY
The same expression system, but with 99%{0]glucose  yata sets; these peak lists were imported into SPARKY and
(Cambridge Isotope Laboratories, Andover, MA) as the solé ¢hecked manually. The PISTACHIO automated assignment

carbon source during stirred-vessel fermentation, was USEdpackage 24) was combined with manual assignment steps
to produce>98% [U-*C,U-*NJACP. The extent of labeling  \yithin SPARKY.

was determined by mass spectrometry (Mass Spectrometry giycture CalculationTALOS (25) was used to derive

Facility, University of Wisconsin Biotechnology Center, 54y, angular constraints from the backbone assignments.

Madison, WI). Nine milligrams of [UC,U-*NJapo-ACP  These angular constraints were converted by a PERL script
was converted to the holo, 10:0-acyl, and 18:0-acyl forms 1o CYANA aco files, with the limits of the angular

as previously described, 20). These samples were buffer-  -onsiraint set to twice the standard deviation reported by
exchanged into 100 mM NaCl containing 5 mM MES buffer o] 0s. The NOESY data sets in SPARKY were saved in
(pH 6.1) and 5% BO and concentrated to 500 to yield  yEASY peak format and used as input to the NOEassign
a sample containing 2 mM acyl-ACP. The sample contained (26) macro of CYANA version 2.0 7). For 18:0-ACP,
0.5 mM DSS as a chemical shift reference standard. hydrogen bond constraints betwee(#) and Of — 4) with
Several experiments required a [€G,U-*N]18:0-ACP  a maximum distance of 2.5 A were then added on the basis
sample in pure BD. This “100% BO” sample was prepared  of o-helices identified in initial structures. These additional
as described above with the following additional steps. The constraints were used in a second NOEassign calculation for
sample was frozen in a dry ice/ethanol bath, lyophilized for 18:0-ACP. The 20 best conformers from 100 calculated were
1 day, redissolved in pure;D (99.996% deuterium enrich-  saved for both 10:0-ACP and 18:0-ACP.
ment, Cambridge Isotope Laboratories), lyophilized again, NMR of the Prosthetic GroupA 2C/A4N gradient-
and redissolved a second time. The sample was thenenhanced:-filter module was written in the Bruker pulse
transferred to a dry NMR tube, which was subsequently program language to allow easy modification of traditional
capped with an LDPE cap (Wilmad Glass, Buena, NJ) and NMR experiments with aff,-12C/24N filter. This was based
sealed with Parafilm-M (Pechiney Plastic Packaging, Chi- on the design of Ogura et al§), with the exception that
cago, IL). hard 13C 18C pulses were used instead of wide-band
Data Collection for the NMR Structural StudieBSour inversion pulses and that 903C pulses were added to
NMR spectrometers at the National Magnetic Resonance generate double-quantum instead of antiphase coherence after
Facility at Madison were used in collecting data for backbone the spin echoes. 2B-filtered 'H TOCSY and'H NOESY
and side chain assignments and for NOE constraints: a(50 ms mixing time for both spectra) data were collected
Bruker DMX 750 MHz spectrometer with a triple-axis from the [U+3C,U-**N]Jacyl-ACP samples. For 18:0-ACP,
gradient TXI probe, a Bruker DMX 600 MHz spectrometer resonances from atoms in the cofactor neighboring the
with a TXI CryoProbe, a Bruker DMX 500 MHz spectrom- phosphopantetheine phosphorus were identified using a one-
eter with a triple-axis gradient TXI probe, and a Varian Inova dimensional (1D)'H—3'P protor-phosphorus correlation
600 MHz spectrometer with a ColdProbe. The {LU- experiment29). F;-filtered NOESY#N HSQC spectra were
13Clacyl-ACP samples were used for all experiments except acquired in 2D'H—'H mode to identify the optimal NOESY
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mixing time for the 3D spectrum. For 10:0-ACP, 3D -
f,-filtered NOESY1°N HSQC andf;-filtered NOESY23C 105
HSQC spectra were collected with a mixing time of 180 ms.
For 18:0-ACP, a 30;-filtered NOESY15N HSQC spectrum
was acquired with a mixing time of 300 ms.

XPLOR Model BuildingMolecular topology and param- °
eter files were created for4hosphopantetheine, stearate, 115
and decanoate using distances, angles, and improper values €
from protein-1.0.top, protein-1.0.par, nucleic-1.0.top, and =
nucleic-1.0.par [from XPLOR-NIH version 2.13@] where £

110

possible. Except for the thioester sulfur and carbonyl carbon,

existing atom types were used to describe the prosthetic - e = "’ ° °
. 125 * ® °Fats

group atoms. Bond lengths and angles for the thioester . oSeg -

carbonyl were derived from neutron diffraction studies of A

ester-containing compounds CHOLADO&1f and AC- 130 =

CHOB12 @2) in the Cambridge Structural Database (Cam- - *

bridge Crystallographic Data Centre, Cambridge, U.K.). 85 80 8-15 8.0 75 7o

Bond lengths for the thioester sulfur were derived from H (ppm)

TOPPIX01 B3) in the Cambridge Structural Database. Atom _F'GUTE 2;1 15’51 HS(?SOSSGA%VS of h?|0' grt])? 10£'AC||°~ HOIO{A-CF; X
[ H S colorea red, an U- IS colore ue. samples containe
names for the 4phosph0pantethe|_ne, stearate, and decanoatémM protein in 100 mM NaCl and 10 mM MES, The pH was 6.1,
heavy atoms were taken from residues PNS, STE, and DKA, 5 the sample temperature was°04 Data were collected on a
respectively, in the HIC-UP small molecule librarg4j. Bruker DMX 500 MHz spectrometer.
Protons were numbered according to the attached heavy )
atom, and an additional designator (1, 2, or 3) was appencjeocooled,.va}n der Waals constraints were added to force the
of XPLOR was used to add prosthetic groups onto the residues 3140 were allowed to move during this first step,
peptide backbone of ACP. For both 10:0-ACP and 18:0- but torsion angle database potentieé5<{37) were used to
ACP, 20 protein structures from CYANA were loaded into limit their motion. The final refinement step allowed motion
XPLOR-NIH, and the addUnknownAtoms facility was used Of both the protein and prosthetic group and involved
to generate structures containing an initial random-coil Simulated annealing using van der Waals, torsion angle
phosphopantetheine and fatty acid attached to the protein.database potentials, ambiguous NOEs, intraprotein NOEs
These structures were used as a starting point for the dockingfrom CYANA), and dihedral angle constraints. _
protocol. Cluster Analysis.To search for common fatty acid
Experimentally Ambiguous NOESY Constraifits: dock- conformations, we used a clustering strategy ba;ed on
ing the fatty acid into the 10:0-ACP structure, data from the HADDOCK (38). All 200 structures were backbone fitted
filtered/edited NOESYSN and NOESY!C HSQC spectra (excludln'g reS|dues 3140in 18:0-ACP)'. For 10:0-ACP, the
were used. A particular heavy atom (C or N) of the protein 'MS deviation between the fatty acid heavy atoms was

proton(s) exhibited two NOE peaks in the fatty acid region Petween heavy atoms C1&18 was similarly calculated.
of the NOESY spectrum or involved in a “significant The program cluster_struc from HADDOCK version 1.3 was

contact” if it exhibited three or more NOE peaks in the fatty used to find clusters of fatty acid structures. A 2.0 A cutoff
acid region. For each significant contact, an ambiguous Was used for 10:0-ACP and a 4.0 A cutoff for 18:0-ACP.
constraint 64 A was assigned between the protein heavy For each acyl-ACP, the c_Iuster co_nta_lmng the Iargest number
atom and any atom in the fatty acid; for each close contact, of conformers was considered significant and is presented.
a 4.5 A constraint was similarly assigned. A total of 11 RESULTS
contacts for 10:0-ACP were identified (see Results), and
these provided the constraints to dock the fatty acid into the Conformational Differences between Holo-ACP and 10:
10:0-ACP structure. 0-ACP. The >N HSQC spectrum of spinach holo-ACP
In the case of the more dynamic 18:0-ACP, the filtered/ (Figure 2, red) exhibited 166 peaks. This is nearly twice the
edited NOESY®N HSQC results were scored differently. number of peaks expected from the protein sequedte (
We inferred a contact only if two or more NOE peaks were By contrast, thé®N HSQC spectrum of spinach 10:0-ACP
observed between a protein backbone amide proton and(Figure 2, blue) exhibited 87 peaks, only four fewer than
signals in the fatty acid region, and for each contact, we expected. However, théN HSQC spectrum of spinach 18:
introduced an ambigusus A constraint between the amide 0-ACP (Figure 1 of the Supporting Information) exhibited
nitrogen atom and any fatty acid atom. This resulted in 15 only 73 peaks, 18 fewer than expected. As discussed below,
contacts (see Results). Four of these contacts were alsdhese findings are interpreted as indicating that (1) holo-ACP
assigned ambiguously to amide nitrogens due to overlap inexists in solution in two conformations of approximately
the 1N HSQC spectrum. equal populations, (2) this conformational heterogeneity is
Fatty Acid Dockingln a first step of simulated annealing, resolved when holo-ACP is acylated to yield acyl-ACP, and
the protein was held rigid, while the fatty acid and phos- (3) when the acyl chain is long, as in 18:0-ACP, dynamic
phopantetheine were allowed to move freely to satisfy effects from the cofactor lead to line broadening that obscures
protein—fatty acid NOE constraints. As the simulation several NMR signals from the protein.
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. . .
Analysis of a Se”_es of N HSQC spectra of acyl-ACP Table 1: CYANA Statistics for the Two Acyl-ACP Structures
collected as a function of time revealed the appearance of

peaks at the positions of those of holo-ACP. The peaks that _ _ 18:0 10:0
grew in had'H line widths of around 15 Hz in contrast to ”Oin‘iiggs'ifdi':tame constraints 263 288
_the_ 18-23 Hz line width of thv_e acyl-ACP peaks. This short-range 445 397
indicates that 18:0-ACP was being converted to holo-ACP  medium-range 485 436
through thioester hydrolysis. We have found it possible to  long-range _ 479 315
minimize this problem by using MES buffer at pH 6.1 and ”Ohogadd't'oga' gons"a'”ts 20 0
low temperatures; nevertheless, thioester hydrolysis limits ¢yar:3%e2ng(|’gss o 1
week. By contrast, 10:0-ACP showed little hydrolysis of the residues surveyed -8, 45-78 4-78
acyl group over a period of 2 months. average rms deviation from the mean (A)

Assignment of Protein NMR Signals.the case of 10:0- Egg'\‘/;’/ot,;gn?tsoms (?';'g 8'7312
ACP, all backbone resonances were assigned on t_he basisramachandran statistics (%) ' '
of HNCACB and C(CO)NH data sets and a comparison of ~ most favored 86 93
the NOESY!N HSQC and TOCSY*N HSQC spectra. additionally allowed 13 7
Data from C(CO)NH, H(CCO)NH, H(C)CH TOCSY, and ~ denerously allowed o o
T_OCSY-_15N HSQC experiments were used to complete the ¢onstraint violations (rms)
side chain assignments. The assignment of 18:0-ACP proved NOE distances (A) 0.0198 0.0023
to be more problematic. We assigned the backbone reso- angles (deg) 0.665 0.141

nances from residues-B0, 44-65, and 68-82 on the basis
of the HNCACB and CBCA(CO)NH data sets. These were gen bonds betweenN¢h) and Of — 4) were added follow-
extended to residues 443, 66, and 67 with information  ing the initial structure calculations for regions identified as
from HCAN and HCA(CO)N data sets. At this stage, the o-helix (residues 315, 41-51, 58-61, and 6778). The
remaining unassigned peaks in the HSQC spectrum includedNOEassignZ6) module of CYANA version 2.047) yielded
one intense peak and several weak peaks that were signifi-a total of 1772 unique distance constraints (see Table 1 for
cantly broadened in the proton dimension (Figure 1 of the details), and 100 conformers were calculated on the basis of
Supporting Information). These weak peaks had no detectedthese. Of these, the 20 conformers with the lowest energy
matches in the HNCA or HNCACB data. Some of these scoresin CYANA were retained. The only disordered portion
backbone peaks corresponded to signals that were assignedf the structure was the poorly assigned region comprising
in 10:0-ACP (Figure 2 of the Supporting Information). Even residues 3%40. The structured regions of the 20 refined
with this information, the low peak intensity prevented the conformers had a backbone rms deviation of 0.48 A.
detection and assignment of side chain resonances. The Both ACPs exhibited a four-helix bundle structure with a
H(CCO)NH, C(CO)NH, HCCH TOCSY, and TOCS¥N distorted square topology (Figures 3 and 4). In a tracing of
HSQC data sets were used to manually assign peaks to thehe chain, helix 1 (residues-37) is followed by an ordered
side chains of residues-B0 and 41-82. The NOESY*C loop region (residues 1838) and helix 2 (residues 3%2);
aromatic HSQC spectra were used to assign residues 31 ana short turn precedes the short helix 3 (residues@g, and
52. an extended loop leads to helix 4 (residues-89). These
10:0-ACP Protein Structure Determinatio’\ total of helices are packed in a right-handed configuration. The main
1481 peaks were picked from the NOES™ HSQC data; difference between 10:0-ACP (Figure 3) and 18:0-ACP
a total of 1973 peaks were picked from the NOESE- (Figure 4) is that residues 3:0 are disordered due to a
HSQC data, and 34 peaks were picked from the NOESY- lack of experimental constraints. Comparison of the structures
13C aromatic HSQC data. In additiot,and v constraints also revealed subtle differences in helix packing (Figure 3
were added for 71 residues on the basis of TALQ@S) ( of the Supporting Information). Alignment of the secondary
analysis of backbone chemical shifts. The NOEass&f) (  structure regions of 10:0- and 18:0-ACP using Dalildd)(
module of CYANA version 2.047) yielded a total of 1536  vyielded a 1.2 A rms deviation. As described below, these
unique distance constraints (see Table 1 for details). Onechanges in helix packing explain the larger binding pocket
hundred conformers based on these constraints were genermbserved for the 18:0 fatty acid than for the 10:0 fatty acid.
ated, and the 20 conformers with the lowest energy scores Fatty Acid Binding Caities. The 20 conformers for 10:
were kept. These structures were well-ordered: 93% of 0-ACP and 18:0-ACP were each analyzed using the CastP
residues in the most favored region, 7% in the additionally server 89, 40) to identify depressions and cavities within
allowed region, and 0.1% in the generously allowed region the protein structures that could be fatty acid binding sites.
of the Ramachandran plot. The average backbone rmsAn internal cavity was consistently found in both the 10:0-
deviation was 0.32 A. Loop regions were well-ordered in and 18:0-ACP structures. In 10:0-ACP, the cavity has an
the model. average volume of 157 ¥and is bordered by residues V9,
18:0-ACP Protein Structure Determinatior\ total of F31, T41, 144, V45, E48, E49, V56, K60, A61, 164, A70,
1067 peaks were picked from the NOES* HSQC data, V73, 174, and L77. In 18:0-ACP, the cavity is larger, an
and 2712 peaks were picked from the NOESE-HSQC average of 228 Ain size. The 18:0-ACP cavity is bordered
data. The constraints resulting from these data were suppley the same residues as the 10:0-ACP cavity, with the
mented with 62¢ and y angle constraints derived from addition of residues 154, N55, D57, and Q62. In one 18:0-
TALOS (25) analysis of the assigned chemical shifts (Table ACP conformer, this cavity was exposed to the exterior of
1). As noted above, additional constraints representing hydro-the protein. Our hypothesis that this internal cavity is the
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. . | FiIGURE 4: Two orientations of the ensemble of 20 conformers
FiURe 3: Two orientations of the ensemble of 20 conformers representing the structure of 18:0-ACP with docked stearate. The
representing the structure of 10:0-ACP with docked decanoate. Theprotein backbone €trace is shown in rainbow colors (from blue
protein backbone €trace is shown in rainbow colors (from blue for the N-terminus to red for the C-terminus). The ensemble of
for the N-terminus to red for the C-terminus). The ensemble of yocked stearate is shown as beige sticks.
docked fatty acids is shown as beige sticks.

L . . . Although the NOESYSC HSQC experiment was successful
fatty acid binding site for ACP is confirmed by NOE data with 10:0-ACP, it did not yield usable data from 18:0-ACP.

as described below. 10:0-ACP Fatty Acid Binding Site and Dockingor 10:
Phosphopantetheine and Fatty Acid Binding SiBecause .l , S
the phosphopantetheine and fatty acid were added in vitro0-ACP. a 3Dfl-f|lter(_ed N_OE_S_Y-15N HSQC spectrum ident-
fied four amides with significant contacts (interpreted as 4

after protein production, they were not labeled wtN and . -
13C. 14N/*2C filtered homonuclear proton experiments, which éhceogi)t;alglttse)ré% tEgleaStt\B(/lgg?—i Sgsg’sgggfrl?rr?zs:ir?]ﬂgrll)?‘l'
- 1

took advantage of this labeling scheme, permitted the . . : ; o
assignment ofH NMR signals from the phosphopantetheine identified four side chain carbons with significant contacts
y (interpreted a 4 A constraints) to the fatty acid: F31 CB,

Ilas thei ificati f I f
group as well as the identification of several suspected fatt \44 CB. E48 CB. and A70 CB. Three other carbons were

acid peaks (documented in BMRB entries 6790 and 6962). . . . . o
The chemical shifts assigned to the phosphopantetheine in|dent|f|ed as “close” (interpreted as 4.5 A constraints): 164

10:0-ACP and 18:0-ACP agree with each other and in general C1: 174 EA’ and 174 Clgt None of ghe §ig(]jpgl; p:oviding
with previous assignments froftreptomyces roseofus ~ VOES to the protein could be assigned to individual protons

polyketide synthesis frenolicin holo-ACR1). One exception of the fatty acid. Constraints based on thes_e 1_1 assignments

is that the protons. to the phosphopantetheine thiol in acyl- Were used to dock the 10-carbon fatty acid into the ACP

ACP are shifted downfield by 0.35 ppm from their positions structure.

in the holo-ACP; this difference can be explained by the  The results of the docking calculations are shown in Figure

thioester linkage to the fatty acid. A majority of the fatty 3. More than 90% of the 200 calculated 10:0-ACP structures

acid peaks were clustered between 1.1 and 0.7 ppm and couldell into a group with a<2.0 A fatty acid rms deviation.

not be assigned because of resonance overlaps. However! he fatty acid is nestled in the space between the four helices

peaks were assigned to protons of the fatty acid on the basisand principally interacts with residues from helicesi2 The

of similarity to chemical shifts of corresponding protons in fatty acid exists in a mostly extended conformation, allowing

free fatty acid. most of the dihedral angles to be in the energetically
The f, filter was also added to 3D NOES¥N HSQC favorable anti position. Extensive proteifatty acid contacts

and NOESYLC HSQC experiments to detect interactions are visible in the models of a single protein conformer with

between the phosphopantetheine/fatty acid and the proteinPound fatty acid (Figure 6B).

backbone. For 10:0-ACP, a 180 ms NOESY mixing time  18:0-ACP Fatty Acid Binding Site and Docking. 3D

was sufficient to obtain NOE cross-peaks, whereas a 300f;-filtered NOESY?*N HSQC spectrum with a 300 ms

ms NOESY mixing time was required for 18:0-ACP. mixing time exhibited weak NOEs between presumed fatty
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Ficure 5: Two orientations showing the phosphopantetheine localization in 10:0-ACP (A) and 18:0-ACP (B). The ensemble of
phosphopantetheine structures is shown as a white surface. The protein is shown as a rainbow ribbon (from blue for the N-terminus to red
for the C-terminus) Carbon and nitrogen (black and blue, respectively) atoms of the protein exhibiting NOE contacts to the phosphopantetheine
in 10:0-ACP are shown as spheres.

acid signals {H resonances between 0.7 and 1.1 ppm) and exhibited a striking difference in the number of resolved
the backbone amides of 11 residues: 16, L48, E49, |54, D57, peaks. Spinach holo-ACP has been described previously as
A61, Q62, 164, S65, Q69, and V73. As in 10:0-ACP, none interchanging between two conformatio), and this is
of the signals providing NOEs to the protein could be confirmed by our results. The holo-ACP peaks (Figure 2,
assigned to individual protons of the fatty acid. Several red) can be separated into two sets. One set of peaks is
ambiguous constraints were identified from NOEs between generally more intense and is clustered in the center of the
the fatty acid and the backbone amides of several residuesspectrum; the sharp, undispersed peaks are diagnostic of a
A70 or 174,112 or K81, D40 or V45, and M46 or E75. The dynamically disordered (largely unfolded) protein. The
6 A constraints based on these assignments were used tsecond set of peaks is less intense but more dispersed. On
dock the stearate fatty acid into the 18:0-ACP structure. the basis of these results, we conclude that spinach holo-
Forty percent of the 18:0-ACP docking conformers ACP exists in equilibrium between a folded and unfolded
comprised the largest clustering of structures (Figure 4). state. The interchange rate for this equilibrium is slow on
Because of the disordered phosphopantetheine and the lackhe NMR time scale, suggestive of an interchange rate slower
of constraints on residues 3#0, the carboxyl end of the than~200 s
stearate was free to sample a variety of different conforma-  Covalent addition of the decanoyl group to phosphopan-
tions. Despite this, the fatty acid binding site of 18:0-ACP tetheine shifts the equilibrium to a folded conformation. A
is similar to that of the much better defined 10:0-ACP (Figure large number of the peaks from 10:0-ACP line up closely
6B). The fatty acid binds at the center of the four-helix with the set of weaker, well-dispersed peaks from holo-ACP
bundle and has protein contacts with helices42 (Figure 2, blue and red, respectively). The small differences
in chemical shifts can be explained by changes resulting from
DISCUSSION introduction of the fatty acid.

Differences between Holo-ACP and 10:0-ACe 5N As a means of comparing the structures of spinach 10:0-
HSQC spectra of holo-ACP and 10:0-ACP (Figure 2) and 18:0-ACP with earlier NOESY data from spinach holo-
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residues 17 and 31 are similar in holo- and acyl-ACP.
However, the acyl-ACP structures were incompatible with
the following holo-ACP NOESY constraints: V%52,
F31-T41, and F3%144. We suggest that these NOESY
contacts are disrupted by binding of the fatty acid at the
center of the four-helix bundle (as in Figure 3). The presence
of fatty acid would push helix 2 away from helix 1,
abolishing the V9-F52 NOE contact. We suggest that the
loop region between F31 and T41 is the entrance to the fatty
acid binding pocket, and the F3T41 and F31144 NOESY
contacts are disrupted by the formation of this pocket. Data
for 10:0-ACP bear this out; however, dynamic effects in 18:
0-ACP obscure all constraints in the region between F31 and
D40. The F52-174 NOESY contacts observed in holo-ACP
also require comment. Although they are incompatible with
the 10:0-ACP structure, they are satisfied in the 18:0-ACP
structure. This result suggests that different conformational
changes accompany conversion of holo-ACP to 10:0-ACP
and 18:0-ACP. This idea is supported by previous work on
E. coli acyl-ACP with short (two to eight carbons) acyl
chains, which suggested that acylation causes a conforma-
tional change in this regiori ). In addition, our CastP cavity
results indicate that the G557 loop region undergoes a
conformational change to accommodate fatty acids with
carbons. In the evaluation of these apparent differences, it
is important to note that the holo-ACP sample studied by
the Prestegard group contained divalent cations added to
reduce the extent of conformational heterogeneity. Because
the acyl-ACPs investigated here did not contain divalent
cations, some of the differences could be unrelated to
acylation. Nevertheless, the differences in NOE constraints
can be rationalized in terms of our model of fatty acid binding
down the center of the hydrophobic core of ACP. Acylation
shifts the conformational equilibrium between the dynami-
cally disordered and folded forms of holo-ACP toward the
folded state, and the conformational changes in this state
resulting from acylation are limited.

Comparison with Other ACP StructureBhe two struc-
tures presented here represent the first three-dimensional
structures of long chain acyl-ACPs. Previous NMR studies
of E. coliacyl-ACP (15) were of samples with shorter fatty
acid chains (six to eight carbons), and the sole X-ray structure
of an acyl-ACP is oE. colibutyryl-ACP (17). Spinach ACP,
the sequence of which is 39% identical to thatEofcoli
ACP, exhibits a similar four-helix bundle topology. Despite
differences in the sequences of the acyl carrier proteins with
known three-dimensional structures, alignments of their 3D

FIGURE 6: Fatty acid binding pocket. Residues identified previously - structures exhibit a high degree of similarity. DaliLit4)

(17) or here by CastP3Q, 40) as lining the fatty acid binding pocket ; 0. .
are shown as a green surface. The position of the fatty acid is shownVaS used to alllgn the. backbone structures of 10:0- and 18:
by a ball-and-stick representation. The protein is shown as a rainbow9-ACP (excluding residues +40) with structures of ACP

ribbon (from blue for the N-terminus to red for the C-terminus): from Bacillus subtilis(45) andMycobacterium tuberculosis
(A) crystal structure oE. coli butyryl-ACP (17), (B) one structure  (46), S. roseofulus polyketide synthetase frenolicin-ACP
of 10:0-ACP, and (C) one structure of 18:0-ACP. (41), Streptomyces rimosymlyketide synthetase oxytetra-
cycline-ACP @7), andE. coli ACP in the holo 48) and
ACP (43), we obtained the NOE-derived distance constraints butyryl (17) forms. TheZ-scores for pairwise fits of the
for spinach holo-ACP stabilized by the addition of MdJ. spinach acyl-ACPs with these family members are shown
Prestegard, personal communication). Our results suggest thain Table 2. The different members of the ACP family all
the structures of holo- and acyl-ACP are comparable, but have very similar secondary structures, but the packing and
the data suggest some specific similarities and differences.length of the helices in each are different, leading to a variety
Constraints between residues 31 and 70 of holo-ACP areof Z-scores. Not surprisingly, the highestscore is found
satisfied by the acyl-ACP structures. This suggests that thefor the fit between the 10:0- and 18:0-ACP structures. This
interactions between helix 4 and the loop region betweenis followed by the fits betweerkt. coli butyryl-ACP and
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Table 2: DaliLite @4) PairwiseZ-Scores for Structures in the ACP correctly localized on the ACP structure. However, the

Family phosphopantetheine contacts are spread across the end of
i , the 10:0-ACP structure (Figure 5A). Notably, many residues
pinach  spinach . . _ 7 .
PDB  ref  10:0-ACP 18:0-ACP in the loop region of residues 388, the beginning of helix
spinach 18:0-ACP this work  10.2 2, and the loop region_ of residues-6@4 are in contact with
E. coli butyry-ACP ol 17 6.4 7.0 the phosphopantetheine. These spheres are close in space to
S. rimosusxytetracycline-ACP 1INQ4 47 5.8 5.6 the white surface representing the variety of phosphopan-
B. subtilisACP 1HY8 45 55 4.9 tethei f fi The whit f d d
S, roseofulusfrenolicin-ACP  10R5 41 59 45 etheine conformations. The white surface does not exten
M. tuberculosisACP 1KLP 46 3.0 35 beyond the NOESY contacts. Thus, the conformation of the
E. coliholo-ACP 1ACP 48 1.8 2.5 phosphopantetheine appears to be restrained only by the

conformation of the covalently attached fatty acid. The
18:0-ACP and betweeR. coli butyryl-ACP and 10:0-ACP.  phosphopantetheine in the structural model of 18:0-ACP
It is surprising that the structure of butyryl-ACP, which (Figure 5B) has more apparent freedom of motion compared
contains a four-carbon acyl chain, more closely resembleswith the phosphopantetheine in 10:0-ACP (Figure 5A). This
18:0-ACP than 10:0-ACP. It is possible that these results is a consequence of the lack of constraints from pretein
simply reflect the difference in primary sequence between phosphopantetheine NOEs, which, in turn, may result from
E. coli and spinach ACP. the increased dynamics of the longer acyl chain.

The M. tuberculosisACP, B. subtilis ACP, oxytetracy- Fatty Acid Binding SiteWe have used two independent
cline—ACP, and frenolicir-ACP structures have intermedi- methods to characterize the fatty acid binding clefts of
ate pairwise alignment scores, between 3 and 6, with spinachspinach 10:0- and 18:0-ACP: identification of a binding
acyl-ACPs. By contrast, the structural alignment scores of cavity using CastP 309, 40) and NOE-driven ambiguous
spinach 18:0- and 10:0-ACPs with. coli holo-ACP are docking of the fatty acid into the protein structure. In Figure
poor: the respective scores of 1.8 and 2.5 are “not signifi- 6, we compare the results of these methods. The green
cant” and “barely significant”, respectively. Given the high surface represents the binding pocket identified by CastP,
degree of structural similarity between tke coli butyryl- while the fatty acid is shown as balls and sticks. For 10:0-
ACP and the spinach acyl-ACPs, these results seem incon-ACP (Figure 6B), the fatty acid fits neatly into the pocket.
sistent. However, thE. coli holo-ACP structure is an older  For 18:0-ACP (Figure 6C), the fit is not as clean because of
NMR structure and was determined from proton NMR data the relative freedom of motion available to the longer stearate
alone, which provide fewer experimental constraints than chain. This reflects the previously described exposure of long
more recent multinuclear techniques. In addition,Eheoli chain fatty acids to solventg). Despite this conformational
holo-ACP structure exists in two forms in fast excharg@.( freedom, the end of the fatty acid inserts into the same pocket
This further complicated structural refinement of the holo- as seen for the decanoate in 10:0-ACP. A comparison of
ACP structure and may have limited its accuracy. the pocket residues with the input data for the docking

Conformation of the '4PhosphopantetheindNo experi- calculation is shown in Table 3. In general, these data agree,
mental NOESY constraints were observed which could be although some parts of the protein do not show NOE contacts
used to confine the conformation of the phosphopantetheinewith the fatty acid. In particular, 10:0-ACP exhibited no
moiety. We hypothesize that this is a consequence of contacts with residues in helix 1. This may be due to overlap
dynamic disorder of the phosphopantetheine in solution asin the protein spectra, or it is possible that the fatty acid is
observed in previous structures of ACP7(41, 46). One not buried far enough to contact V9. There were also no
argument in support of phosphopantetheine dynamics in-contacts reported to residues near 154. Although several
volves the'H line widths. The amide protons of phospho- individual NOE peaks were assigned in this region, they did
pantetheine in both 10:0- and 18:0-ACP exhibited-13 not meet our threshold for defining a contact. Again, this
Hz line widths in the directly detectet dimension. This may be the result of spectral overlap. In the case of 18:0-
is sharper than the 17 Hz line widths seen for the rest of ACP, NOE contacts with F31 were not observed. However,
the protein. Further evidence comes from the methyl groupsthe >N HSQC peak for F31 in 18:0-ACP was not identi-
of phosphopantetheine. Whereas a representative methyl peakied: it is likely broadened and buried under the peak for
from the protein (174 MG2, a methyl group on lle74) had a 164. Despite these minor differences, the CastP pocket data
1H line width of ~20 Hz, the methyl peaks from phospho- and the NOESY data provide complementary evidence that
pantetheine hatH line widths between 5 and 9 Hz. These the fatty acid binding pocket is located between the helices
data indicate that the phosphopantetheine undergoes segi spinach ACP.
mental motions. Roujeinikova et al.17) identified several residues forming

A second line of evidence for phosphopantetheine motion the acyl chain binding site ifE. coli butyryl-ACP. These
comes from the NOE contacts between protons of the proteinresidues are listed in Table 2. Many of these correspond to
and protons on the phosphopantetheine seen in 10:0-ACPresidues identified by CastP as forming the fatty acid binding
(but not in 18:0-ACP). These contacts are diagrammed in site in 10:0- and 18:0-ACP and are also shown in Table 3.
Figure 5. Carbon and nitrogen atoms (black and blue, This is surprising, since one would expect a butyryl moiety
respectively) with bound protons in NOE contact with the to contact fewer residues than a decanoyl moiety. However,
phosphopantetheine are shown as spheres, and the ensembdareful examination of the crystal structure reveals that the
of phosphopantetheine conformations is shown as a whitebutyryl group does not contact several of the residues
surface. All of these contacting atoms are on the same faceidentified in the 10:0- and 18:0-ACP pocket and does not
of ACP as the phosphopantetheine. On the basis of this, wefully occupy the binding pocket (Figure 6A). In particular,
conclude that the phosphopantetheine and fatty acid arethe methyl end of the butyryl group is nearest residues 28,
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Table 3: Comparison of the Acyl-Binding Pocketsf coli Butyryl-ACP, Spinach 10:0-ACP, and Spinach 18:0-ACP

residues lining the acyl-binding pocket

atom contacts identified by NOEs

E. colibutyryl-ACP
(from the X-ray structure)1(7)

spinach 10:0- and

18:0-ACP from CastP30, 40)

spinach 10:0-ACP spinach 18:0-ACP

V7,V11 V9 I6N

F28 F31 F31CB, S32N

L42, V43, L46 T41,144,V45, L48 T41N, 144CB, L48CB L48N, E49N
154 V56 D57N

A59, M62 A61, 164 Q62N, 164N, CG1 AGLN, 164N
A68, Y71, 172 A70,V73,174,L77 A70CB, I74CA, CG1 QG69N, V73N

42, 43, 46, 62, and 68. According to CastP, residues 7, 11, Biological Implications.ACP is a unique molecule in
71, and 72 do not line the fatty acid binding pocket. In biology, because it must host a wide variety of fatty acids
contrast to butyryl-ACP, the decanoyl group in 10:0-ACP and fatty acid metabolites from 4 to 18 carbons in length.
(Figure 6B) contacts a larger portion of these pocket residues.By comparing the structures and fatty acid localization of
Although the localization of the fatty acid in 18:0-ACP is E. coli butyryl-ACP (17), spinach 10:0-ACP, and spinach
more uncertain, it also occupies a larger portion of the pocket 18:0-ACP (Figure 6), we find that ACP undergoes small
thanE. coli butyryl ACP (Figure 6C). On the basis of these conformational changes to accommodate longer fatty acids.
results, we suggest that, as expectédcoli and spinach ~ The structures of 10:0-ACP and 18:0-ACP presented here
ACP share a common fatty acid binding site down at the confirm the hypothesis that ACP does not fully protect fatty
center of the helical bundle. As the fatty acid attached to acids more than 10 carbons in lengtld,(18). These results
ACP becomes longer, conformational changes in ACP have implications for enzymes involved in ACP-dependent
enlarge the pocket to accommodate the fatty acid. This is reactions, such aA9D. Previous studies have shown that
similar to the induced fit binding of substrates in an enzyme the catalytic efficiency ofA9D is reduced ) and the rate
active site. of breakdown of the ES complex forA9D is increased1(d)

Fatty Acids with More Than 10 CarbonBrevious work  as the acyl chain length is shortened. These results were
has shown thaE. coli ACP is unable to fully protect fatty  rationalized in terms of a loss of stabilizing hydrophobic
acids longer than 10 carbortsg]. In this work, we identified  interactions between the shorter acyl chain and the hydro-
cavities in 10:0-ACP and 18:0-ACP of 157 and 228, A phob|c channel, |eading to an increasekip for the ES
respectively. It is important to note that this difference in complex. The present results suggest that a shorter fatty acid
cavity size cannot be explained by the lack of structural js more strongly anchored in the hydrophobic core of ACP
constraints in 18:0-ACP involving residues-340. Except  and that formation of the 5 complex would also have to
for Phe31, all of the residues in the fatty acid binding pocket oyercome favorable ACP interactions to enter the hydro-
of 18:0-ACP are structured. Instgad, an alignment of thelloz phobic substrate binding channel. By contrast, longer acyl
0- and 18:0-ACP structures (Figure 3 of the Supporting chains have an increased level of solvent exposure and induce
Information) revealed differences in helix packing. The greater flexibility in the phosphopantetheine loop, which may
distance between hellce.s 2 and 4 is greater in 18_:0- than inpe more easily molded during proteiprotein interactions
10:0-ACP. A conformational change around helix 3 also 4 match the shape of th&9D surface and substrate binding
enlarges the pocket in this region and is accompanied by channel. These considerations may apply to other systems
changes in thé>N HSQC peaks for these residues (docu- a¢ require partitioning of the fatty acid between the

mented in BMRB entries 6790 and 6962). Thus, ACP nyqronhobic core of ACP and an enzyme fatty acid binding
accommodates fatty acids of various lengths through rear-gjio  For example, acyl-ACP with 12 carbon fatty acids

rangement of its four-helix bundle. _ has been shown to be a negative regulatorEofcoli
The Vega Multipurpose Toolki0) was used to deter mine [-ketoacyl-acyl carrier protein synthase Ill, and this inhibition
the volumes of the decanoate and stearate fatty acids base% strengthened for longer fatty acidslj. Thus, fatty acie-

g\rs' idealize_d sltru\(/:\';lrj]res. Thﬁs‘:‘; volumes ¥vere 1_7 d8' an_d :_3|05ACP interactions may contribute to the differential stability
L r.espect|r\]/e y. W e_reafot.OeAglganoelltezit%am :'Lséi/'m' arof the enzyme-acyl-ACP complex, depending on the nature
in size to the cavity in 10:0- (only , or () of the bound substituent.

larger than the cavity), stearate+s77 A3, or 33%, larger
than the cavity in 18:0-ACP. This is another piece of ACKNOWLEDGMENT

evidence for solvent accessibility of the fatty acid in 18:0-

ACP. Others have suggested that, because a long chain fatty \We thank Gabriel Cornilescu, Klaas Hallenga, and Marco
acid is too large to be accommodated within the hydrophobic Tonelli of the National Magnetic Resonance Facility at
core of ACP, it will preferentially localize to a second fatty Madison for assistance in data collection and analysis. We
acid binding site within ACPX7). We see no evidence of  ajso thank Adam Steinberg for assistance in figure prepara-
this from the NOESY data. Instead, we hypothesize that the tion. PyMOL 0.98 (DeLano Scientific, San Carlos, CA) was

fatty acid of 18:0-ACP is more dynamic than that of 10:0- ysed in producing the molecular structures in the figures.
ACP as a result of increased solvent accessibility. This results

in the failure to resolve signals from residues-3D in 18:

0-ACP. This hypothesis will be tested by using NMR
relaxation to examine the dynamics of both the protein and  Assigned!>N HSQC spectra of 10:0- and 18:0-ACP and
fatty acid in ACPs with acyl chains of various lengths. a figure showing differences in helix packing of 10:0- and

SUPPORTING INFORMATION AVAILABLE
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18:0-ACP. This material is available free of charge via the

Internet at http://pubs.acs.org.
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