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Abstract The crystal structure of the fatty acid elongating
enzyme B-ketoacyl [acyl carrier protein] synthase I (KAS I) from
Escherichia coli has been determined to 2.3 A resolution by
molecular replacement using the recently solved crystal structure
of KAS II as a search model. The crystal contains two
independent dimers in the asymmetric unit. KAS I assumes the
thiolase afofa fold. Electrostatic potential distribution reveals
an acyl carrier protein docking site and a presumed substrate
binding pocket was detected extending the active site. Both
subunits contribute to each substrate binding site in the dimer.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Each component of the type II fatty acid synthase (FAS)
multi-enzyme complexes of bacteria and plant plastids is en-
coded by a discrete gene, in contrast to the activities of the
type I mammalian and yeast type I FASes that are included in
one and two multi-functional genes, respectively. The occur-
rence of isozymes in type II complexes introduces the possi-
bility for synthesizing diverse fatty acyl products. This role is
well established for isozymes of B-ketoacyl [acyl carrier pro-
tein] synthase (KAS), that is the elongating moiety. Recently
more subtle roles of the two dehydratases encoded by fabA
and fabZ have been delineated [1] and a similar role ascribed
for the acyl carrier protein (ACP) [2]. In bacteria and plastids
three KAS isozymes occur having distinct substrate specific-
ities with respect to chain length, degree of unsaturation and
sensitivity to the antibiotic cerulenin [3-5]. KAS III accom-
plishes the first elongation step from C2 to C4. In plastids
KAS T then adds six C2-units to give C16 chains which
KAS II can elongate to C18 chains. Bacterial FAS by com-
parison synthesizes not only saturated fatty acids but also
unsaturated fatty acids with the branch point in Escherichia
coli occurring at 10 carbons. KAS I coded for by fabB is a
prerequisite for initiation of the unsaturated pathway by elon-
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gating cis A3 C10:1, while KAS II encoded by fabF is unique
in carrying out the final extension in unsaturated fatty acid
synthesis by adding a C2-unit to cis A9 C16:1 [6-9]. Since the
resulting cis A1l C18:1 fatty acid is not essential and KAS 1
can replace KAS III by extending C2 to C4 when overex-
pressed, KAS T is believed to be the only vital B-ketoacyl-
ACP synthase in E. coli [10]. Interestingly while E. coli KAS
I and KAS II share 38% identity and 64% similarity [11] E.
coli KAS 1II is more closely related to plastid KAS I and KAS
II isozymes; for example, E. coli and barley KAS II identity is
45% [12,8,13]. This suggests that despite different functions
the E. coli fabF gene is the progenitor of the plastid genes
specifying KAS T and KAS II. KAS III isozymes not only
have limited homology to KAS I and KAS II [14,15], but
also use a coenzyme A activated primer substrate rather
than an ACP activated one [16,17].

The Claisen condensation catalyzed by KAS I and KAS II
is tripartite: (1) transthioesterification of the fatty acyl primer
substrate from the pantotheine arm of ACP to the enzyme, (2)
decarboxylation of the donor malonyl-ACP substrate to give
an acetyl-ACP carbanion and (3) nucleophilic attack of the
carbanion on the carbon atom of the thioester to form the
elongated B-ketoacyl-ACP product. At least three residues
participate directly in catalysis. The active site, substrate bind-
ing cysteine, Cys-163, of E. coli KAS I was identified a num-
ber of years ago [11], and recently the two histidines, His-298
and His-333, predicted to act in catalysis [14], have been
shown to do so by in vitro mutagenesis and enzymatic anal-
yses of overexpressed wild-type and mutant proteins [18]. In
accord with these observations, the B-ketoacyl-ACP synthase
inhibitor, cerulenin, has been complexed with the analogous
cysteine in crystals of E. coli KAS II [19] in which the anal-
ogous His residues are close enough to the active site cysteine
to participate in catalysis [20]. In the present paper we present
the crystal structure of the essential E. coli KAS I isozyme to
2.3 A resolution and make a comparison with the KAS II
crystal structure.

2. Materials and methods

2.1. Protein preparation and crystallization

A recombinant KAS I from E. coli with the N-terminally His-
tagged sequence (MetArgGlySerHisHisHisHisHisHisGlySer) was ex-
pressed and purified as described [18], except that an additional puri-
fication step was necessary. The major peak eluting from the Ni-NTA
column was dialyzed against 50 mM Tris, 2 mM ethylenediamine
tetra-acetate disodium salt and 1 mM dithiotreitol (buffer A) and
loaded onto an anion exchange column (monoQ 5/5, 1 ml column
bed volume) at approximately 15 mg protein per ml bed volume.
The protein was eluted in a linear 0-1 M NaCl gradient in 100 ml
buffer A.

Crystallization was performed as described previously [21]. Crystals
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of the recombinant His-tag extended protein were obtained under the
same conditions as for the wild-type enzyme. They belong to the same
space group, P2,2,2; and have the same cell dimensions, a=59.62
b=142.71 ¢=213.46 [21].

2.2. Data collection

X-ray data were recorded from a single crystal at 18°C with an
R-AXIS II imaging-plate system employing graphite monochromat-
ized CuKa radiation produced with a Rigaku Rotaflex RU 200 rotat-
ing anode operating at 50 kV and 180 mA. 200 non-overlapping
images were collected, each covering a 0.5° oscillation range with a
crystal to detector distance of 120 mm. The images were exposed for
30 min each. Integrated intensities were obtained and reduced with
HKL suite programs DENZO and SCALEPACK, respectively [22].

The data reduction resulted in a 94.3% complete data set (51.0% for
the outer resolution shell, 2.34-2.30 A) comprising 76863 unique re-
flections in the resolution range 30.0-2.30 A. Ryerge Was 7.8% (13.0%
for the outer shell) with an average redundancy of 3.0 and an overall
(Ilol) of 10.6 (4.1 for the outer shell). Data collection statistics are
summarized in Table 1.

2.3. Structure determination

The KAS I structure was solved by molecular replacement (MR)
using the KAS II crystal structure [20] as a search model. The two
proteins share 38% sequence identity [8], and the search model was
not trimmed in any way. The structure could be solved by placing
four monomers or two dimers in the asymmetric unit. We used the
automated script version of the MR program AMoRe [23] with the
‘centered correlation function” (CC option) for all translational
searches [24]. Reflections in the resolution range 15.0-3.5 A were
used for all MR calculations. For the monomer search, what proved
to be the four correct solutions were ranked # 1, # 2, # 3 and # 8 in
the fast rotation function. After the translational search placing the
first monomer, these rotation solutions moved to the top regarding all
criteria (highest correlation coefficients on F’'s and I's and lowest
R-factors), however, with a poor contrast. At this stage, the best
correlation on F’s and the lowest R-factor was 11.1% and 54.2%,
respectively. Positioning of the monomers in turn led to the following
increasing sequence of F correlations: 11.1%, 17.3%, 22.4%, 28.3%
paralleled by decreasing R-factors: 54.2%, 52.6%, 51.3%, 49.5%. In-
dependent rigid body refinement of the four subunits in the asymmet-
ric unit improved the F correlation and the R-factor to 32.4% and
48.1%, respectively, and now with a clear contrast.

When space group symmetry was applied to the MR solution, no
overlaps were detected in the crystal packing. The four molecules are
arranged as two dimers in the asymmetric unit, consistent with the
dimer found in the KAS II structure. From the MR solution NCS-
averaged 2 mF,—-DF, and mF,—DF, maps [25-27] were produced using
only backbone atom (C,, N, O, C) contributions to F,. In these maps,
side chain densities which could be interpreted in terms of the KAS I
sequence were visible for the major part of the structure, indicating a
successful structure determination.

2.4. Refinement

The KAS I structure was refined with X-PLOR [28] using the Engh
and Huber structural parameter set [29]. A 5% test data set was
selected at random for R-free evaluation [30]. We used NCS-restraints
throughout all refinement steps. Between refinements, the model was
manually reconstructed from the four-fold NCS-averaged 2 mF,-DF,
and mF,-DF, maps [25-27]. This was done using the graphics display
program TURBO-FRODO [31]. The initial map was based on back-
bone atoms from the rigid body refined MR solution. This cautious
approach was followed at each reconstruction round. Structural parts
which were not clear from the density maps were omitted from the
subsequent refinement and map calculation. Until the entire KAS I
sequence was correctly assigned, only one overall B-factor was refined.
Refinement with four copies of the complete sequence (residues 1-406)
with overall B-factor refinement gave an R, of 26.2% and an Ry
of 28.0%. Subsequent neighbor- and NCS-restrained B-factor optimi-
zation reduced those values to 20.7% and 22.9%, respectively.

The electron densities in the resulting NCS-averaged 2 mF,~DF,
and mF,—-DF, maps showed clear evidence of water molecules. To
avoid overparametrization, we decided to include only NCS-related
water molecules which appear in all four monomers and which there-
fore may be considered structural. Water molecules which appeared in
the averaged maps with sensible hydrogen bonding geometry were
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included in the refinement and kept in the model, if they refined
with B-factors below 55 A? and were well defined in the map.

The KAS I model consists of four NCS related molecules with
structural water: 406 amino acid residues and 127 water molecules
per subunit. This model has been refined with data between 10.0 and
2.3 resolution giving an R-factor of 18.8% (71920 reflections) and an
R-free of 21.9% (3809 reflections, 5% of total). The electron density
i.e. the NCS-averaged 2 mF,~DF, map is well resolved for all residues
except for the termini and some side chains involved in crystal pack-
ing, where some disorder is seen. The model displays good stereo
chemistry with R.M.S. deviations from tabulated values of 0.013 for
bond distances and 1.540° for angles. A Ramachandran plot calcu-
lated with PROCHECK [32] revealed 91.3%, 6.7% and 1.7% of the
non-glycine/proline residues in the most favored, additionally allowed
and generously allowed regions, respectively. One residue in each
subunit, Leu-335, is found in the disallowed region with (0,y)-angles
of (52°, 110°). This residue has a well resolved electron density and is
situated in the active site near Cys-163.

3. Results and discussion

3.1. Overall structure

Sedimentation and gel filtration experiments have shown
that KAS I and II are dimeric enzymes in solution [6,7,33].
The crystal structure of KAS I contains four independent, but
virtually identical subunits in the asymmetric unit. These pair
around two two-fold axes to form two dimers. In contrast,
KAS II crystallizes with only one molecule in the asymmetric
unit and the dimer two-fold axis coincides with a crystallo-
graphic two-fold.

KAS I adopts the thiolase fold, first described for yeast
peroxisomal thiolase [34,35]. The 406 amino acid polypeptide
folds into two o-B-a domains sandwiched together to form an
o-B-o-B-o ‘double whopper’ structure (Fig. 2). Both B-sheets
are mixed with connectivity +3x, +1x, —2x, —1, using the
nomenclature devised by Richardson [36]. The nomenclature
of the thiolase secondary structure elements was employed for
KAS I (Fig. 2). Secondary structure was assigned in TURBO-
FRODO [31] based on the principles by Kabsch and Sander
[37]. A central five stranded anti-parallel B-sheet surrounded

Table 1
Data collection, refinement and B-factor statistics

Data collection statistics (30-2.3 A)

Unique Reflections 76863
Ryerge (70) 7.8 (13.0)
Completeness (%) 94.3 (51.0)
(Ilal) i 10.6 (4.1)*
Refinement statistics (10-2.3 A)

Unique reflections 75729
Ryorkc (Vo) 18.8 (25.1)°
Ryiee (%) . 21.9 (29.2)°
R.M.S. deviation from ideal bond lengths (A) 0.013
R.M.S. deviation from ideal bond angles (°) 1.54°
Atomic B-factor statistics (A%)

(B) protein 14.6

(B) main chain atoms 12.9

(B) side chain atoms 15.2

(B) solvent 24.8

(B) total 15.0

2Values for outer resolution shell (2.34-2.3 Z\);

®Values for outer resolution shell (2.4-2.3 A). The internal R-value,
Rinerge = Ziia ithict i — Dkt Znict,iTnir i» Where Iy ; = ith observed intensity
of the unique reflection /k/ and (l),; =average intensity obtained
from multiple observations of symmetry related reflections. R«
and Ry, are the R-values for 95% of the reflections used in refine-
ment and 5% not used in refinement but for cross validation. The
R-values are defined as R=ZX||F,|—|F.Il/Z|F,].
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Fig. 1. Alignment of the amino acid sequences of KAS I and KAS II. The position of secondary structural elements as calculated for KAS I
are shown below with assigned labels. Residues that are conserved between the two sequences are emphasized with red boxes.

by o-helices defines both domains in the thiolase fold. The
three structures, KAS I, KAS II and thiolase have six o-heli-
ces in common that are equally distributed between the two
domains, three in each. Another feature common for the three
structures is the interaction between the subunits through the
short NP3 strands related by two-fold symmetry. The hydro-
gen bonds between the backbone atoms connect the -strands
in the N-terminal domains to form a continuous 10 stranded
B-sheet traversing the entire length of the dimer, displaying a
right handed twist of 156° for KAS 1. The CB-sheets cap the

central sheet creating a tunnel harboring the Ca3 and No3
helices. These helices assume the shape of an M in the dimer
(Fig. 3).

In addition to its core domain, thiolase has a long loop ‘on
top’ of the molecule (as seen in the same orientation as in Fig.
3). In KAS I and II the latter is replaced by a capping do-
main. In KAS I, the cap of this domain, consisting of NB1.1
and NB1.2 along with No0.2 and Na3.1, effectively seals the
active site from this approach. The visor of the cap, situated
towards the interface, is defined by Nal.1, a long loop, and

Fig. 2. A schematic outline of the fold of the KAS I subunit. Active site Cys-163 shown in ball-and-stick representation. Following the nomen-
clature proposed by Mathieu et al. for the thiolase fold [34], the N-terminal B-sheet is called N and the individual strands are denoted Nf1,
NB2, etc. An o-helix outside the thiolase core situated immediately after core helix Nal is called Nal.l. The secondary structure assignment
was performed automatically using the Karbsch-Sander algorithm [37]. The figure was constructed with the program Molscript [42].
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Fig. 3. Ribbon structure of the KAS I dimer as viewed perpendicular to the two-fold axis. Helices and strands are red and blue respectively in
the subunit on the right and pink and light blue in the subunit on the left. Active site residues Cys-163, His-298, and His-333 are shown in
ball and stick representation. The site on the right is accessible from above the page, the other from below. Notice the well-defined separation
of secondary structural elements from the capping domain on top and the thiolase core domain below. Constructed using Molscript [42].

No2. The latter two o-helices from both subunits interact to
form an extra dimer interface region extending upward from
the core interface.

3.2. Comparison with KAS II

KAS I and KAS II share 38% sequence identity (Fig. 1).
Not surprisingly they exhibit very similar folds which proved
useful in determining the structure of KAS I. An inspection of
Fig. 1 reveals that the conserved residues are more concen-
trated in the C-than in the N-terminal domain. This is also
reflected in the results from the structural alignments of the
two structures. Superposition of Co atoms of the C-terminal
domains from the two structures results in an r.m.s. for the
Co. atoms of 0.65 A, whereas the equivalent superposition of
the N-terminal domains gives a significantly higher R.M.S. of
0.95 A. Superposition of the Co atoms of the entire structures
yields an R.M.S. of 0.85 A Apart from small variations in the
length of the common o-helices and B-strands, the KAS II
structure contains two additional short B-strands in the long
loop region that connects Ca3 and CB4 in the KAS T struc-
ture. Small o-helices have also been assigned in KAS II in the
stretches of highly conserved residues encompassing amino
acids 220 and 330 (Fig. 1). The o-helix aNO0.2 in KAS I lacks
a match in the KAS II structure which instead has an addi-
tional a-helix between Noal.1 and Noa2. Since all these addi-
tional structural elements cover very short stretches of three to
six residues in the polypeptide chain, they do not perturb the

general picture of KAS I and KAS II sharing the same
fold.

Each KAS I subunit donates 2348 A2 or 17.8% of the sur-
face area to the dimer interface. In addition the hydrogen
bond interactions between the two N5 strands and the two
salt bridges, Arg-121-Aspl18 plus Lys-181-Glu-175, tie the
two subunits together. Though this interface contains a few
other hydrogen bonds, hydrophobic interactions seem to play
an equally important role. In spite of the fact that none of the
residues involved in the interactions in this dimer are con-
served between KAS I and KAS II, we found it worthwhile
to evaluate the possibility of formation of a hetero dimer
composed of KAS I and II subunits. In Streptomyces coeli-
color polyketide synthases (PKS’s) exist producing aromatic
antibiotics whose KAS counterparts are also dimeric. In con-
trast to E. coli KAS enzymes, the PKS enzymes are hetero-
dimers built up from one subunit lacking an active site cys-
teine and one with this residue [38]. The catalytically inactive
subunit is essential for enzymatic function and has been im-
plicated in chain length determination. A hypothetical hetero-
dimer was constructed from the structures of KAS I and KAS
IT and close examination of the interface interactions did not
reveal structural features that would rule out hetero-dimer
formation. The few clashes observed could readily be avoided
by rearrangements of the pertinent side chains. The potential
for hydrogen bonding and hydrophobic interactions is com-
parable to that found in the homodimers.
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Fig. 4. A and B: Accessible surface map representation of electrostatic potential distribution on the KAS I and KAS II dimer, respectively.
Orientation is the same as in Fig. 3. Positive and negative electrostatic potentials are colored blue and red, respectively. Notice that the overall
distribution of charges is the same: Positive potential around the active site flanked by strong negative potential. An arrow points to the active

site entrances.

Mapping the electrostatic potential [39] on the two dimers
reveals that both surfaces are predominantly negative except
for a strip of positive potential extending from one active site
to the other (Fig. 4A and B). The acyl carrying polypeptide,
ACP has an abundance of negatively charged side chains. The
apparent surface charge distribution is consistent with an
ACP docking functionality around the active site. The same
pattern of calculated charge distribution occurs on the ACP
interacting E. coli FAS enzymes enoyl reductase [40] and ma-

lonyl-CoA :ACP transacylase [41], namely positive around the
active site, negative potential dominating the rest of the en-
zyme surface.

3.3. The active site

The centerpiece of the active site is the cysteine residue,
Cys-163, which accepts the acyl chain from the substrate do-
nor, acyl-ACP via a thioester. Two almost perpendicular his-
tidine side chains point towards the cysteine. One of these,
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Fig. 5. Superposition of the active sites and presumed binding pockets of KAS I (dark gray sticks) and KAS II (white sticks) in ball-and-stick
representation. KAS I residues are labelled with capital letters and KAS II residues in lower case, those marked with ’ are from the other sub-
unit in the dimer. The Co of KAS II Ile-108 overlaps with the Co of KAS I Gly-107, and its side chain points into the cavity in KAS I. The
KAS II structural equivalent to KAS I Met-197 is Gly-198. The KAS II equivalent to Gln-113’ is Ile-114’ and the space occupied by Glu-200
is partially filled by Phe-133’. Glu-200 and GIn-113’ are at the bottom of the KAS I cavity. The only polar residue in the KAS II binding

pocket is Thr-137" which is an alanine in KAS 1.

His-333 makes a hydrogen bond to Cys-163 Sy, while the
other, His-298 connects to Cys-163 Sy via a water molecule.
These residues are completely conserved among decarboxylat-
ing condensing enzymes [14] and have been shown to partic-
ipate in catalysis [18].

The active sites in the KAS I dimer are accessible at the
bottom of narrow funnels defined by Phe-201, Phe-229, Phe-
390, Phe-392 and Thr-300. The spatial equivalent to the thi-
olase active site access area is covered completely by the cap
of the capping domain defined by secondary structure ele-
ments Na0.2, NB1.1, NB1.2, Nal.1, and Na3.1 as described
in Section 3.1 and (Fig. 2).

In each KAS I subunit a 163 A3 cavity stretches from the
active site cysteine 163 to glutamine 113, located on the other
subunit (Fig. 5). The distance between the two specified side
chains is circa 16 A which seems reasonable for harboring the
KAS I substrates. The two GlIn-113s, which are located on the
interface of the visor cap, are linked by hydrogen bonds.
Residues Gly-107, Met-197, Glu-200, Phe-201, Leu-335, Phe-
392 plus Val-134 and Met-138 coming from the other subunit
line the cavity with the side chain of Glu-200 pointing inward.
Similar calculations do not reveal this cavity in the uncom-
plexed KAS II structure. Recently, the crystal structure of
KAS II in complex with the inhibitor cerulenin was deter-
mined to 2.65 A resolution [19] revealing the inhibitor where
we see the cavity in KAS I. In the uncomplexed KAS II
structure [20] this cavity was occluded by the side chains of
Phe-400 (Phe-392 in KAS I) and Ile-108 which thus have to
change rotamer conformation to accommodate substrates of
corresponding length (Fig. 5). This is in contrast to uncom-
plexed KAS I where the cavity is open and Phe-392 has a
conformation that facilitates access to the binding pocket.
Furthermore Ile-108 is replaced by a glycine in KAS 1.

The comparison of the cavity structures reveals the prob-
able basis for the differences in substrate specificities between
KAS I and KAS II; KAS II is able to harbor a two carbon
atoms longer substrate and with a cis double bond at position
9. The isoleucine to glycine substitution mentioned above
combined with the substitution of Gly-198 to Met-197 in
KAS I changes the outline of the cavity without really affect-
ing its size. KAS I in contrast to KAS II is able to elongate cis
A3 C10:1 and KAS II is essential for the elongation of cis A9
C16:1 to cis A1l C18:1. The double bond changes position
relative to the carboxyl moiety of the substrate. The nature of
the binding pocket in KAS II must be so that it prevents

binding of the initial unsaturated substrate (cis A3 C10:1).
This may indicate that the short chain unsaturated acyl chain
is hindered access to KAS II because of the shape of the
binding pocket whereas C18:1 is incompatible with KAS I
primarily because the binding pocket in this case is simply
not deep enough.

From the structure of the cerulenin-KAS II complex it was
postulated that further structural adjustments have to take
place to bind the longest substrates and some rotation of
Phe-133, at the end of the cavity, was suggested as likely.
This residue is a valine in KAS T and in the region occupied
by the phenylalanine side chain in KAS II, KAS I has the
charged side chain of Glu-200 (Gly-201 in KAS II). This side
chain would come too close for long substrates and charge
repulsion should thus prevent access of a hydrophobic sub-
strate to its vicinity at the end of the channel.

3.4. Conclusions

We conclude that (1) the overall structures of KAS I and I
are highly similar with respect to folding topology and surface
electrostatic potential. (2) Electrostatic potential mapping of
KAS I and II as well as other ACP binding enzymes of the E.
coli FAS reveals a pattern which may well be general to these
enzymes. An overall negative potential except for a strong
positive potential encompassing and, in the case of oligomeric
enzymes connecting the active sites. This pattern seems ideal
for specific docking of the negatively charged ACP molecule.
(3) KAS I has a cavity which is very similar to the cerulenin
binding pocket seen in the KAS Il-cerulenin complex struc-
ture [19]. This cavity is less hydrophobic in character than the
KAS II cavity, indeed a negatively charged residue at one end
of the cavity probably limits the substrate carbon chain
length. Furthermore, differences in the form of the cavity
can explain discrimination among the cis unsaturated fatty
acid substrates. In contrast to KAS II, contact between the
two substrate binding cavities in the KAS I dimer seems hin-
dered by residues on the interface. This observation has im-
plications for differences in substrate specificity.
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