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ABSTRACT: The structure of-ketoacyl-[acyl carrier protein] reductase (FabG) frestherichia coliwas
determined via the multiwavelength anomalous diffraction technique using a selenomethionine-labeled
crystal containing 88 selenium sites in the asymmetric unit. The comparison Bf tiedi FabG structure

with the homologou®rassica napusabGNADP™ binary complex reveals that cofactor binding causes

a substantial conformational change in the protein. This conformational change puts all three active-site
residues (Ser 138, Tyr 151, and Lys 155) into their active configurations and provides a structural
mechanism for allosteric communication between the active sites in the homotetramer. FabG exhibits
negative cooperative binding of NADPH, and this effect is enhanced by the presence of acyl carrier
protein (ACP). NADPH binding also increases the affinity and decreases the maximum binding of ACP
to FabG. Thus, unlike other members of the short-chain dehydrogenase/reductase superfamily, FabG
undergoes a substantial conformational change upon cofactor binding that organizes the active-site triad
and alters the affinity of the other substrate-binding sites in the tetrameric enzyme.

Interest in bacterial fatty acid biosynthesis is increasing acyl-ACP G, acyl chain to a @, -ketoacyl form. Next,
due both to a growing appreciation of the complexity of the the p-keto group is reduced by the NADPH-dependent
pathway and to the opportunities that the participating S-ketoacyl-ACP reductase (FabG, the subject of this study),
enzymes afford as drug targets. The architecture of fatty acidand the resulting-hydroxy intermediate is then dehydrated
synthase (FAS)takes two forms in nature. The associated by theS-hydroxy acyl-ACP dehydratase (FabA or FabZ) to
system, FAS |, consists of a single large polypeptide that an enoyl-ACP. Finally, the reduction of the enoyl chain by
contains multiple active sites, and which performs all of the a nucleotide cofactor dependent enoyl-ACP reductase (Fabl,
elongation steps in the pathwab) (This system is primarily =~ FabK, or FabL) produces an acyl-ACP with an elongated
found in metazoans. The dissociated system, FAS Il, is Cy+, acyl chain which is ready to reenter the cycle.
composed of separate proteins, and each protein carries ouElongation ends when the acyl chain either is used for phos-
a different catalytic step in the pathwa®) (This latter system  pholipid synthesis or grows to the maximum length dictated
is found in bacteria and plants. Because of these fundamentaby the length of the active-site tunnel in the synthases, FabF
differences in architecture, there are inhibitors that selectively and FabB.
target enzymes in the bacterial FAS Il system and thus act The FabG enzyme requires NADPH for its activie, (
as antibacterials3j. _ _ . 5), has a monomeric molecular weight of about 25.5K, and

In the FAS Il elongation cycle, the growing acyl chain is  exists as a tetramer in solutioB)( The sequence reveals
carried by ACP to a series of four enzym& First, one of - that the protein belongs to the short-chain dehydrogenase/
the 5-ketoacyl-ACP synthases (FabB or FabF) elongates theredyctase (SDR) family of enzymes, whose members catalyze
a broad range of reduction and dehydrogenase reactions using
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identified no new sites. Using O, the eight independent sets

Table 1: Statistics of X-ray Data Collection h : :
of peaks from the different trials were visually compared. It

peak remote was discovered that there was a subset of peaks in common
‘r’ias‘éﬁ’lﬂeﬁ';%t':a(fge A 02-3;92 6 (2.74-2.60 28-3?;‘6 (2.74-2.60) among the eight sets, after taking into account ambiguities
reflections 175 170 (18 175) 179 428 (18 850) of handedr_1ess and origin. To |dent|f_y all the common peaks
unique reflections 53 360 (6937) 53 656 (7046) from the eight trials, one set was picked as reference, and,
completeness (%)  91.0 (81.4) 91.5(82.7) once the correct origin and handedness of each set had been
gm“'t'ﬁ’"c'ty g'gg(é'?g 066) 3(530(327'7(%) 078) determined, each was transformed and superimposed onto
Vo 11.2 (7.6) 102 (7.2) the reference set. Peaks were chosen which appeared in at

v , — - , — least four of the eight superimposed trials. These totaled 31
alues in parentheses indicate high-resolution sSA&herge= 5 3 |li . X . .
— Inl/3 3 1i wherel; is the intensity of the measured reflection dpd sites, and these_ V\(erg refined aga'nSt_ both data sets using
is the mean intensity of all symmetry-related reflections. MLPHARE. Statistics improved, and difference maps were
calculated and used to identify new sites. Although the
difference maps were quite noisy, the noncrystallographic
symmetry (NCS) enabled us to pick new peaks from the
noise. This was facilitated by noting a “constellation” of four
peaks that repeated at different locations in the ASU (see
Figure 1). It eventually proved that each constellation cor-
responded to a different monomer in its NCS site within the
EXPERIMENTAL PROCEDURES ASU. Crucially, peaks found in this way could also be
o ) ) extended to all eight NCS sites. After three iterations, this
Crystallization. The cloning and overexpression of the rcess resulted in a total of 56 sites. MLPHARE did not
fabG gene, _and the purification of the _F_abG protein, have produce an interpretable map at this point, and no new
been described elsewher0[. The purified protein was — ggjenium positions could be determined from further differ-
dialyzed against 20 mM Tris-HCI, pH 7.9, 1 mM DTT, and - gnce maps. However, refinement of the 56 sites using the
100 mM EDTA. Hanging drop vapor diffusion experiments  oqoram “SHARP v1.3/8(18), resulted in the calculation

showed that the optimal well solution for the crystallization ; ; ; L
of an interpretable experimental map using solvent flipping.
of the unlabeled enzyme was 20% PEG-10000, 100 mM The experimental map was of excellent quality as can be

Hepes, pH 8.5. Within 2 Week_s, crys_tals measuring 0.5 mm seen in Figure 1.
x 0.4 mmx 0.2 mm grew as either diamond or hexagonally o . .
shaped plates, with the (001) surface at the largest face. Model Building and RefinemeriThe experimental map
Attempts to crystallize complexes of protein and cofactor ¢learly showed ag-sheet core in each monomer, and
have so far been unsuccessful. The selenomethionine-labele@PProximately 85% of the ASU could be built into the
enzyme was purified and crystalized under the same €Xperimental map using the program, O. All refinement was
conditions as the native protein. done by simulated annealing using the program, CNS. The
Data Collection All of the MAD data used in the structure  ihitial model was refined starting at 5000 K, but this starting
determination were collected using beamline X25C at the t€mperature was reduced to 2500 K in later rounds. NCS
National Synchrotron Light Source during the experimental restraints were used due to the large number of atoms in the
phase of the RAPIDATA 2000 course. Beamline X25C was ASU and the limited resolution. The residues to exclude from
equipped with the Brandeis B4 detector. All crystals used NCS restraints were determined by superimposing the initial
for data collection were flash frozen in 50% paratone-N and Models for all eight monomers in the ASU and identifying
50% mineral oil, and maintained at 100 K during data the regions of the sequence with significantly different
acquisition. The rotation method was used to acquire’ 360 conformations. In each round, the program O was used to
of data in T oscillations at each of two wavelengths: the €xamine \nF, — DFc andmF, — DFc maps and to rebuild
peak and a high energy remote. Indexing and integration werethe model. Due to the large number of residues in the ASU
performed using MOSFLMI(1), and scaling of the datawas  (~2000), “site-directed” rebuilding was performed by using
performed with SCALA (2). The space group was deter- Ramachandran plots and other stereochemical indicators
mined to beP2;, with unit cell parametera = 61.7 A,b = (PROCHECK (9)), along with extensive calculation of real
120.1 A,c=131.1 A, ang3 = 90.5’. The asymmetric unit ~ spaceR-factors (CNS), to identify problem residues. After
(ASU) contained eight monomers. The data collection and the first round of refinement, crystallograpHrefactors were
processing statistics are found in Table 1. 27.3% for the working setRuork) @and 30.3% for the test set
Experimental PhasingThe measured structure factors (Res). In the second round of refinement, another 8% of the
were phased using the MAD technique. To determine the ASU was built and refined, resulting in &wox = 24.5%
selenium positions, our data were first prepared for Shake and anRest = 27.3%. At this point, CNS was used to add
and Bake v2.1 (SnB)1Q) using the program DREARL@). water molecules that were clearly visible at 2.6 A. Only the
Eight SnB trials were performed, each with a different strongest peaks with the clearest hydrogen-bonding geom-
random number seed. Each trial produced a different list of etry were added, and NCS restraints were used in the
130 candidate peaks. The top 24, 32, 48, and 64 peaks fronpositional and temperature factor refinement of equivalent
each trial were refined against both wavelengths of data in waters in the eight monomers. A third and final round of
separate refinements using MLPHARES]. None of these  positional refinement and temperature factor refinement
refinements improved the statistics. Difference maps, pro- completed the model. The final statistics of the model are
duced using CNS v1.01¢6) and examined using OLY), shown in Table 2.

homotetramer, which is supported by the biochemical
analyses of the binding of substrate to the enzyme. A model
is developed to illustrate how FabG binds cofactor and
substrate that is consistent with both our structural results
and our biochemical analyses.
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Ficure 1: Experimental electron density map of FabG fr&mncoli. The hydrophobic clustering of selenomethionines 122, 125, 126, and

96 is shown. The selenium atoms are colored yellow. These four selenium atoms create the constellation that was pivotal in determining
the anomalous scatterers’ positions (see text). The electron density is contouredatehel.1The figure was created using the program
BOBSCRIPT 87) and rendered with RASTER3LCBE).

FabG stock was dialyzed against 10 mM HEPES, 150 mM

Table 2: Structure Refinement Statistics : : .
NaCl, pH 7.4 (HBS-N buffer, Biacore), and diluted to desired

L%S_%lﬁ'eof?eg%%i?g Sv"’gﬁ(mglgggjm) 53125?69'6’& concentratic_ms_ in an HBS-N buffer conta_ining 1004
no. of reflections in test seRGs) 2826 NADPH. Binding was measured by flowing the FabG
no. of protein atoms in asymmetric unit 13253 solution at a flow rate of 2@L/min through the reference
no. of water molecules in asymmetric unit 349 and ACP-containing flow cells in sequence. A blank injection
';tgk iﬁjgoﬁi was also performed with an HBS-N buffer containing the
rms deviations from ideal stereochemistry same concentration of NADPH but no FabG. Following the
bond lengths 0.007 A injection, release of the bound FabG was measured by
bond angles 12 flowing only HBS-N buffer through the flow cells. Regen-
%hperg;)ae'fs 3.2772‘ eration of the chip surface to remove bound FabG consisted
meanB-factor 322 R of allowing the protein to dissociate in HBS-N buffer
Ramachandran plot between injections. The data reported are the differences
residues in most favored region 94.6% between the SPR signals from the ACP containing flow cell
residues in additionally allowed region 54% and from the reference cell. Any contribution of buffer and
NADPH to the signal was removed by subtraction of the
Fluorescence Titration of FabG-NADPH Bindingqui- blank injection from the reference-subtracted signal. Similar

librium binding of NADPH to FabG was measured by experiments were performed to study the concentration
fluorescence titration using a SLM-Aminco 8100 spectrof- dependence of the effect of NADPH on FabG-ACP binding.
luorimeter (Urbana, IL) at 20C. Increased fluorescence of Instead of varying the FabG concentration, different con-
NADPH upon binding to FabG was measured by exciting centrations of NADPH were added to 4R FabG. Blanks
at 340 nm (8 nm band-pass) and monitoring the emission atwere run using buffer containing the same concentrations
455 nm (8 nm band-pass). Aliquots ofi2 of NADPH were of NADPH.
added to 2 mL of 0.xM FabG in 0.1 M sodium phosphate  Effect of NADPH on FabG-ACP Interactions measured
buffer, pH 7.5. The solution was mixed after the addition of by A|phaSCree_rA|phaSCreen techno|ogy is an experimenta|
each aliquot, and the fluorescence intensity was recorded asapproach to study biochemical interactio$,(21). Upon
the average of three readings. Effect of ACP on NADPH |aser excitation, a chemical signal (singlet oxygen) is
binding to FabG was studied by titration of NADPH into 2 generated on the donor beads (streptavidin coated). When a
mL of 0.5uM FabG in the presence of 2M ACP in 0.1  gspecific interaction brings the acceptor beads (antibody
M sodium phosphate buffer, pH 7.5. coated) to the proximity of the donor beads, energy transfer
Surface Plasmon Resonance Measurement of FabG-ACPakes place, resulting in an amplified fluorescence signal at
Binding Binding studies of FabG-ACP interaction were a wavelength that is lower than that of the excitation. We
performed using a Biacore 3000 Surface Plasmon Resonanceapplied this assay system to study the protein:protein
(SPR) instrument. ACP was covalently attached to a car- interaction between FabG and ACP. Binding between the
boxymethyl-dextran coated gold surface (CM-5 Chip, Bia- biotinylated ACP and His-tagged FabG brings streptavidin
core). The carboxymethyl groups on the chip were activated donor beads and anti-(Hidntibody acceptor beads together,
with N-ethylN'-(3-dimethylaminopropyl) carbodimide and emitting AlphaScreen signals. To study the effect of NADPH
N-hydroxysuccinimide. The ACP was attached at pH 4.5 to on FabG-ACP binding, kM His-tagged FabG and iM
this activated surface by reaction of the carboxyl groups of biotinylated ACP were incubated at room temperature in a
the dextran with primary amines on the ACP to form an 384-well ProxiPlate (Packard, Canada) in the presence of
amide linkage. Any remaining reactive sites on the surface different concentrations of NADPH, ranging from 0.1 to 30
were blocked by reaction with ethanolamine. A reference uM. After a 30-min incubation, streptavidin donor beads and
cell was prepared similarly except that no ACP was added. anti-(His) antibody acceptor beads [5@/mL final con-



Structure of FabG Biochemistry, Vol. 40, No. 43, 200112775

Ficure 2: Structure of. coli FabG. (A) The FabG tetramer. Monomers are shown with alternating color schemes for clarftysh&kets

are shown in yellow or green, ard helices in red or blue. (B) A ribbon diagram of the monomer showing the secondary structural
elements with their conventional numbering. The amino and carboxy termini are labeled N and C, respectively. The disordered loop of
residues 146147 is indicated by a gray line. The active-site triad (Ser 138, Tyr 151, and Arg 155) is also shown. The figure was made
with MOLSCRIPT @9) and rendered with RASTERS3LC39).

centration for each bead, (Hi$pg detection system, Pack- ando4’, o5 (primes indicate features in the neighboring
ard, Canada] were added to the above solutions. The reactioomonomer within the tetramer), which together form a four
mixes were then incubatedrfd h before being read by a helix bundle. In this interfaceq4 interacts primarily with
Fusion Universal Microplate Analyzer (Packard, Canada), a4', while o5 interacts mainly witha5'. The ad4—o4'

with excitation at 680 nm and emission at 600 nm. interaction is almost exclusively hydrophobic in nature, and
comprises a number of hydrophobic clusters involving
RESULTS methionine residues (see Figure 1 for an example).d5e

Quality of the StructureThe quality of the final FabG o5 interactior) is sterjc. The two heli_ce§ ando5' present
structure was judged both by its stereochemical correctness® 'Un of alanine residues that sterically complement each
and by its agreement with the data. A stereochemical analysisOther- The second dimerization interface is formed between
was performed using PROCHECKS) and X-PLOR 22). ftheﬂ?_ strands from each monomer, Wlth some interactions
The stereochemical statistics were better than average for dnVOIving the a6/a7 subdomain. This interface appears to
structure at this resolution (Table 2), and all residues were Play an important role in the NADP(H)-induced conforma-
in the strictly and additionally allowed regions of the tional change to be dlscusse_d below and is shown in Figure
Ramachandran plot. The finRHactors Rest= 25.0%,Ruork 3. Thg twpﬁ-strands run an_tlparall_el', and the'gap bgtween
= 22.8%) revealed how closely our final structure agreed them is bridged by specific side chaiside chain interactions
with the data. Both were reasonable values for a structure atthat provide most of the interactions between the two
medium resolution, and the relatively small difference Monomers at this interface (Figure 3B). However, Tyr 129
betweerRes;and Ry implies that there was no significant also hgs an important _roIe, as it rga_ches into a pocket in the
overfitting of the data. The completeness of the monomer OPPOSINga6/a7’ domain and participates in an hydrogen-
varied between 85 and 98% among the NCS related Ponding network (Figure 3C).
monomers. The only region missing in all eight monomers ~ Active Site The active-site residues (Ser 138, Tyr 151,
was the loop connecting residue 140 to residue 147, whichand Lys 155) are grouped together near the loop connecting
was presumed to be disordered. p5 anda5 (Figure 2B). Both Tyr 151 and Lys 155 are located

Description of StructureThe structure we report dE. on helix o5, while Ser 128 is in the loop region at the
coli FabG is shown in Figure 2, and it is similar to the overall carboxy terminal end gf5. It is an unusual and consistent
structure of theB. napusFabGNADP* complex Q) except feature of the active site that the orientation of Tyr 151 directs
for a few substantial conformational differences that are its hydroxyl group away from both Ser 138 and Lys 155.
discussed later. The protein contains a typical Rossmann foldFurthermore, the loop connecting the carboxy terminus of
structure, with a twisted, paralltsheet composed of seven  strandf4 to the amino terminus of helix4 lies directly

B-strands flanked on both sides by a total of eiglitelices. ~ over Tyr 151. In two out of the eight monomers in the
The core of the structure is built of two, right-hang3o,3 asymmetric unit, this loop is stabilized by a crystal contact,
motifs. The first is composed of strandsl, 52, and /33, and the electron density clearly shows both the conformation

along with helicesx1 anda2, and the second is made up of 0f the loop and the tyrosine side chain. In four of the
strand$54, 55, andj6, along with helicesi4 anda5. These remaining monomers, there are no crystal contacts to stabilize
two motifs are connected by hela@d. Somewhat separated  this loop, but although the density is weaker, it clearly shows

from the core of the structure is a distinctiscturn-o. motif the same orientation of Tyr 151 and the same positioning of
created by helicea6 anda7. The protein fold is completed  the loop.
by helix a8, which lies adjacent to stran@® andj7. Conformational Changes Induced by Cofactor Binding.

FabG forms a tetramer with two types of dimerization Recently, the structure of a plant FabG was determifgd (
interface. One interface is located between heli@ésa5 and its structure is very similar to tt&e colienzyme reported
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A. B.

Ficure 3: Intermolecular interactions iB. coli FabG. Monomers are shown with alternating color schemes for claritys Alieets are

shown in yellow or green, and helices in red or blue. (A) A view of two interacting monomers. The other two monomers in the foreground
have been removed for clarity. The purple spheres indicate the locations of the active sites. The curved arrows indicate the direction of
motion of thea6/0.7 subdomain upon cofactor binding. Tyr 129 and Tyr'12@ shown, as is the water molecule (red) on the 2-fold axis.

(B) Close up view of the interactions near the 2-fold axis. (C) A close up of the insertion of Tyr 129 into the pocket on the opposing
monomer (see panel A). Figure produced using MOLSCRIBY), @nd rendered with RASTER3[39).

Ficure 4: Gross conformational differences between NA®und and unbound forms of FabG. A stereoview of the alpha carbon traces
of bothE. coli FabG (orange) anl. napusFabGNADP™ (black) are shown superimposed. Areas which undergo significant conformational
change are indicated by thick lines and labeled: db&.7 subdomaind), the f4—o4 loop (), and thef5—a5 loop (). The disordered
B5-05 loop in E. coli FabG (residies 1406147) is indicated by a dashed red line. The positions of the active-site residues are shown for
both FabG (red circles) and FaBGADP* (black circles). The figure was made with MOLSCRIP39),

here. TheB. napusFabG structure is a binary complex while it forms a short helical segment that packs against helix
containing bound NADP, whereas this cofactor is absent o5 in the FabGNADP*' structure. One effect of these
from our structure. The strong homology between the concerted movements is that the distance betwegiand
structures and sequencedofcoli FabG and. napus-abG the C-terminus op4 (~8 A) is unchanged as the two regions
(49% identical) supports the conclusion that the two enzymesmove together. In FabG, th@d—a4 loop makes a weak
bind the cofactor in an identical manner. This allows us to contact with thex6/0.7 subdomain through the hydrophobic
compare the two structures to examine the conformational packing of lle 89 with Met 188. Also, the4—a4 loop makes
changes induced by cofactor binding in FabG enzymes. a hydrogen bond from the backbone amide of Arg 91 to the
A superposition of the two structures (Figure 4) reveals OH group of the active-site Tyr 151. This latter residue is
that the binding of NADP is associated with significant inserted between th#4—a4 loop and thex4 helix, prevent-
conformational changes that can be divided into three distincting the two from interacting. In FabGADP™, these weak
regions. The first, labelec in Figure 4, is theo6/a7 interactions are broken, and thé—o4 loop makes a number
subdomain that swirgg9 A as asingle unit from its position of new interactions with helixi4. Among these interactions
in FabG to a position adjacent to the active-site cleft in the are the hydrophobic packing d@inlle 105 andbnval 122
complex (see also Figure 3A). The second region, labeled (residues with theon prefix refer to theB. napusFabG
in Figure 4, is the loosely packed loop connectfdgand sequence), a salt bridge betwd®swrg 107 andbnGlu 121,
a4 in FabG that becomes tightly associated within the and the hydrogen bonding of the backbone amidénbie
FabGNADP' complex. Finally, the loop betwegfb and 105 to the OD1 obnAsn 126. All of the residues involved
o5, labeledc in Figure 4, is disordered in the FabG structure, in these interactions are conserved betweergtheoli and
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Ficure 5: Model of theE. coliFabGNADP(H) complex. (A) Interactions between NADP(H) adcoli FabG. Only shown are interactions

which are not possible in the free form of the enzyme. Hydrogen bonds are indicated by dotted red lines. Salt bridges are indicated by thick,
hatched, black lines. The active-site triad (Ser 138, Tyr 151, Lys 155) is on the rightofiformational changes in the active sitebof

coli FabG induced by cofactor binding. Stereoviews of the active sike 0bli FabG (blue) and. coli FabGNADP(H) (modeled, orange)

are shown superposed. The conformational changes in the residues are driven by cofactor binding. Figure made with MOBSCRIPT (
and rendered with RASTER3CBE).

B. napusenzymes, except for the conservative substitutions This movement is blocked by the side chain of Tyr 151 in
of a valine for an isoleucine and a glutamate for an aspartate.the cofactor-free conformation.
It should be emphasized that these differences between FabG Negatie Cooperatie Binding of NADP(H) to FabGThe

and FabGNADP* are not crystal artifacts because they are opserved conformational changes induced by the binding of
present in comparisons with all eight monomers in the cofactor motivated us to investigate the possibility of allostery
asymmetric unit of thé. coli FabG crystal structure. in the FabG catalytic mechanism. The affinityfcoli FabG
Modeling of Cofactor Binding to E. coli Fabhdo gain for NADPH was determined by fluorescence spectroscopy
further insight, we modeled the binding of NADP(H) o in the presence and absence of@0 ACP (Figure 6). FabG
coli FabG using thé. napus=abGNADP™" coordinates9). bound NADPH both in the presence and in the absence of
Figure 5A shows a close up of the modeledcoli FabG ACP, although the shape of the binding curve in the presence
NADP(H) interaction. All of the residues shown are strictly of ACP saturated at a lower NADPH concentration. This
conserved in 11 of 11 sequences examined, with theindicates a negative, heterotropic cooperative effect of ACP
exception of Thr 186, which is conservatively replaced by on the binding of NADPH (Figure 6A). Analysis of these
serine, in 4 of 11 sequences. The binding of NADPH creates binding isotherms showed that, in the absence of ACP, the
a bridge between the active-site residues on the right andbinding of NADPH to FabG exhibited a slight negative,
the a6/07 subdomain on the left, and this drives the homotropic cooperativity (with a Hill constant of; = 0.9)
concerted movement of the three regions described above(Figure 6B). The low cooperativity observed with NADPH
In doing so, the active-site serine is moved into a location alone could potentially be accounted for by the presence of
where it could potentially form a hydrogen bond with the minor amounts of NADP contaminating the NADPH. In
carbonyl of the incoming thioester substrate (see text below contrast, the degree of negative cooperativity was signifi-
and Figure 5B), and hydrogen bonds are formed betweencantly increased by the presence of ACP (the Hill constant,
the 2 nicotinamide ribose hydroxyl and the OH group of ny = 0.7) (Figure 6C). These data were used to calculate
Tyr 151 and thee-NH2 of Lys 155. A final significant the number of apparent NADPH-binding sites in the presence
interaction is the salt bridge between Arg 15 and the negative and absence of ACP (Figure 7). In the absence of ACP, there
charges on both Asp 187 and the pyrophosphate moiety ofwere 3.8+ 0.4 NADPH sites (Figure 7A), which corresponds
NADP(H). The salt bridge interaction between Arg 15 and to the number of sites on the FabG tetramer. In the presence
Asp 187 is also present in the cofactor-free conformation, of ACP, the affinity for NADPH increased, and the number
and both residues are strictly conserved in the 11 FabG of these higher affinity sites per FabG tetramer was 26
sequences examined. Arg 15 and Asp 187 are positioned0.16. Taken together, the negative cooperativity and stoi-
near the amino termini of helicasl anda6, respectively, chiometry calculations indicate that ACP binding converts
and the backbone moves to maintain the electrostaticthe four equivalent NADPH sites on FabG to a single, higher
interaction between these two residues when the cofactoraffinity NADPH site in the Fab@ACP-NADPH ternary
binds (Figure 2). complex, and that the other three sites on the FabG tetramer

The cofactor-induced conformational changes have im- exhibit lower affinities for NADPH.

portant effects on the orientations of the three active-site Effect of NADPH on Fab&ACP InteractionsACP was
residues (Figure 5B). Ser 138, located at the C-terminus ofa mixed inhibitor of the FabG reaction with respect to
B5, moves by 4 A, and the hydroxyl group swings around NADPH, supporting a sequential kinetic mechanism, al-
by 18C. Lys 155 does not change its position, but the though ACP does bind to the free enzyme and does not bind
orientation of the side chain shifts by 9@inally, although to the same site as NADPH. The bindingtfcoli FabG to
thea carbon of Tyr 151 does not move, the side chain rotates ACP was analyzed by surface plasmon resonance both in
by 12C. Also clearly visible to the right in the sterecimage the presence and in the absence of NADPH (Figure 8). FabG
presented in Figure 5B is the motion of tfd—a4 loop. bound to ACP with an appare# of 4.5uM (Figure 8A)
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FIGURE 7: Calculation of the binding stoichiometry for NADPH

14 in the presence and absence of ACP. NADPH binding experiments
were performed in the absence (panel A) and presence (panel B)
of 20 uM ACP and the data analyzed using a Scatchard plot. The

number of NADPH binding sites per FabG tetramer was calculated

5.0

25 ) as 3.8+ 0.4 in the absence of ACP and 1.2680.16 in the presence
5 o e W of ACP.
0.0 1 1 1 i g [NAOPHIGM)
0 1 2 3 4 5 6 7 8 in the absence of NADPH. The presence of NADPH (100

uM) had a large effect on the binding of FabG to ACP

FicurRe 6: Negative cooperative binding of NADPH to FabG. g_FIGQUI(/? 8’n%atnhelsr§ a.nrg I?r)1 r-:;he aprp%rﬁj‘]:gis reducfddto d
Binding of NADPH to FabG in the absenc@)and presence of -0 uM, and the maximum measured binding was reduce
20uM ACP (@) was studied by fluorescence titration with excita- By 70%. The inhibitory effect of NADPH on FabG binding
tion at 340 nm and emission at 455 nm, as described under Experi-to ACP decreased with the NADPH concentration, with an
mental Procedures. The relative fluorescence intensity (observedgpparent equilibrium constant of 10uM. These data are
fluorescence minus the initial fluorescence) was fit using nonlinear consistent with a model where the high-affinity binding of

regression analysis to the Hill equation (A). The addition of ACP : . .
to FabG decreased the maximal binding of NADPH. To make the ACP to one active site decreases the affinity of the other

data easier to compare, the relative fluorescence data were normsites for ACP. This results in75% less total ACP binding
alized to the total fluorescence change in each experiment and exto FabG and corresponds to a reduction in the number of
pressed as B (for binding). Double-reciprocal plots of the data higher affinity ACP sites from 4 to 1.

showed negative cooperativity of NADPH binding (B and C). . . . .
Conventional Hill plots of the data are shown as insets with an This observation was corroborated by performing a similar

estimated Hill coefficient of 0.9 and 0.7 in the absence and presence€Xperiment in solution using AlphaScreen technology. His-
of ACP, respectively. tagged FabG and biotinylated-ACP were allowed to bind in

1/[NADPH] (uM™")
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Ficure 9: Effect of NADPH on ACP binding to FabG using

AlphaScreen technology. Biotinylated ACP and His-tagged FabG

were mixed and incubated for 30 min as described in the

Experimental Procedures. Streptavidin donor beads and anti(His)

antibody acceptor beads were then added and the degree of

interaction quantitated as a function of NADPH concentration. The

4 apparent equilibrium constant for the inhibition of ACP binding

by NADPH was 3uM.

. DISCUSSION

Relation of FabG to the SDR Familffhe short-chain
dehydrogenase/reductase (SDR) family contains a wide
variety of enzymes in organisms ranging from bacteria to
30 Y ] mammals 23). These molecules share the common function
of adding or removing hydrogen in a NAD(H)- or NADP-
(H)-dependent manner from specific substrates. Notable
medically relevant examples are the steroid dehydrogenases,
NADPH (uM) which are active in controlling high blood pressure and

FioURE 8 Effect of NADPH on FabG binding to ACP. Bindin fertility in humans 4). Structurally, FabG appears to be a
ofGLléabG. to ACP at different concentratior?s of NA.DPH wgs typical gxampl_e of thgs_e proteins, containing apprpxmately
measured by real-time biomolecular interaction analysis with the 250 amino acids, existing as a tetramer and having/gn
Biacore 3000 instrument as described in the Experimental Proce-structure with the signature Rossmann fold mofif. (This
dures. ACP was covalently immobilized to CM-5 chip and solu- Rossmann fold creates a “topological switch point” at the
tions of FabG both with@®) and without ©) NADPH were in- carboxy termini of two centrg strands, and the cleft formed

jected. Data reported are differences in the SPR signal between . . . A . . -
Jthe ACP contaﬁ]ing flow cell and the reference cellg.] (A) FabG &t this point creates a nucleotide-binding site which binds
showed decreased binding to ACP in the presence of NADPH, the cofactor 7). Also, FabG contains the highly conserved

and the apparer{y of FabG to ACP decreased from 4.2 to 1.6 catalytic YXsK motif which is usually present near the
ﬂM{h(BL;kllDeraXimal tt)in?ing_signal OL F%?G to ACPtdecrgT_etl)sed carboxy terminus of an helix (23). In FabG, the motif is
o o b o " epresente a5 Tyr 15X -Lys 155, and the adjacent hei
10.2uM. is a4. Add|t|0|_1f';1lly, FabG has a cqnserved serine rg3|due
(Ser 138) positioned near the tyrosine and lysine. This Tyr-
the presence of different concentrations of NADPH, and the Lys-Ser catalytic triad is present in a number of SDR
degree of association was determined by fluorescence resoenzymes 23). Although the precise catalytic mechanism
nance energy transfer between donor beads coated withmediated by these residues is a matter of debate, it appears
streptavidin and acceptor beads containing bound anti«His) that the tyrosine and lysine residues are involved in actual
antibody as described in the Experimental Procedures. Thecatalysis 25), whereas the serine participates in substrate
addition of NADPH caused a progressive decrease in thebinding and alignment2g). According to this scheme, Lys
total ACP binding to FabG (Figure 9). The apparent equi- 155 and Tyr 151 cooperate to transfer a proton to the keto
librium constant for NADPH inhibition was &M, which moiety of the substrate and Ser 138 forms a hydrogen bond
was slightly lower than the 1M value in Figure 8. The  with the thioester carbonyl to correctly position tfieke-
reduction in this experiment was75%, which is in close  toacyl-ACP in the active site. Determining the mechanism
agreement with the surface plasmon resonance experimenof the FabG active site will be the focus of our future studies
(Figure 8). These two technologies point to the number of on this enzyme.
high-affinity ACP binding sites being reduced from 4 to 1 Cofactor Binding Dries Conformational Change and
in the presence of NADPH. Organizes the Acte Site.A comparison of our structure of

Relative Binding

zc A 1 1 1
0 50 100 150 200 250



12780 Biochemistry, Vol. 40, No. 43, 2001 Price et al.

E. coli FabG lacking cofactor with the recently determined Figure 2). We believe that their alternate model is untenable
structure of theB. napusFabGNADP* binary complex for steric reasons.
reveals that the cofactor binding induces a significant We have previously shown that ACP recognizes a constel-
conformational change (Figure 4). There is little doubt that lation of surface features on each of its partner enzy3®s (
cofactor binding actually drives these conformational changes; Although we have not identified the ACP-binding site on
as shown in Figure 5A, all of the major interactions between FabG, our proposal for substrate binding would suggest that
FabG and the cofactor are only possible after the confor- the a6/07 subdomain is adjacent to, or forms part of, this
mational change has occurred in the protein. Also, not site. This, in turn, suggests that the observed conformational
apparent in Figures 4 and 5 is the fact that NADPH cannot change may alter the ACP-binding surface on the enzyme,
access its binding site in the structure we determine.of  perhaps to promote its interaction with theetoacyl-ACP
coli FabG (which lacks cofactor) because the loops connect-substrate. Some members of the fatty acid biosynthetic
ing B4 to a4 andp5 to o5 sterically block the site. Part of  enzyme group, notably Fab&2), FabH 33,34, FabB @35),
the conformational change is the movement of these two and FabF 36), have their active sites at the base of a
loops to allow the binding of cofactor. It is worth noting hydrophobic tunnel that accommodates the ACP prosthetic
that the regions of FabG that undergo a conformational group. It is therefore significant that a comparison of the
change show small but clear differences in the monomersFabG and Fab@®ADP™ structures reveals that only the latter
of the ASU (on the order of 1 A), and some segments are has a defined tunnel, and it is created by the movement of
completely disordered. This supports the notion that they arethe a6/a7 subdomain toward the body of the protein. Thus,
flexible in the absence of cofactor. the conformational change not only organizes the active-
An important consequence of the conformational change site constellation but it may also be a mechanism that ensures
is the reorientation of the three active-site residues. Tyr 151 that -ketoacyl-ACP most efficiently binds to the enzyme
and Lys 155 are directly affected since they both interact in the catalytically productive state. This view is supported
with the 2 nicotinamide ribose hydroxyl group of NADP- by the data shown in Figure 8A, which demonstrates
(H) (Figure 5A), whereas the effect on Ser 138 is indirect. increased binding affinity (loweKy) of FabG to ACP in the
By comparing the positions of the three residues before andpresence of NADPH.
after the conformational change (Figure 5B), it is apparent Conformational Change and Cooperaty. The confor-
that the Fab@IADP* active site represents the functional mational change not only reorganizes the active site and
state 0). In the active-site triad of FabG lacking cofactor, promotes ACP binding but it also appears to provide a
the three side chains are inappropriately oriented to supportstructural basis for the transmission of negative cooperativity.
either cofactor binding or productive catalysis. Most notably, FabG is a tetrameric enzyme and the NADPH binding
the side chains of Tyr 151 and Lys 155 are pointing in exhibits moderate negative cooperativity (Figure 6). The
opposite directions (Figure 5B). extensive and intimate subunisubunit interactions shown
Conformational Change May Promote the Binding of Acyl- in Figure 3 are consistent with the transmission of the
ACP. The structures of a number of SDR enzymes are conformational change from one monomer to another as-
known, and none show evidence for the type of cofactor- sociated with NADPH binding to an active site. Particularly
induced conformational change that we have reported for suggestive is thea6/o.7 subdomain that experiences a
FabG. For example, the structures af-Bydroxysteroid significant repositioning upon cofactor binding. Tyr 229
dehydrogenase(), GDP-mannose 4,6-dehydratag8)(@and spans the monomer-monomer interface and makes a number
17p-hydroxysteroid dehydrogenase9j all appear to have  of specific interactions with the two loops that connect the
undistorted cofactor-binding sites in the free form that do subdomain to the body of the protein (Figure 3C). It is
not require major reorganization for the formation of the therefore well positioned to structurally mediate the allostery
binary enzyme-cofactor complex. The particular reason this in FabG.
mechanism should operate in FabG may be related to the This negative cooperativity is significantly increased by
way the lipid substrate is delivered to the active site by a the presence of ACP (Figure 6), which suggests that an
4'-phosphopantetheine group attached to ACP. Although we additional conformational change occurs following ACP
have no direct evidence, the structure of the FabGfactor binding. A similar substrate-induced conformational change
complex suggests that tifeketo substrate accesses the active has been observed imnHSDH (30). A comparison of the
site from above as viewed in Figure 2B. This direction avoids binary 7a-HSDH-NAD* complex with the ternary complex
steric clash between the cofactor and the phosphopantetheineontaining both NADH and hydroxysteroid substrate shows
group, most easily positions theketo group adjacent to  that there is a substrate-binding loop which swings toward
the reducing equivalents of the nicotinamide ring, and the active-site cleft upon hydroxysteroid binding. This
involves elements of FabGuf/a7) that are topologically  substrate-binding loop ofa#HSDH corresponds precisely
equivalent to the substrate-binding regions of other SDR to the a6/a7 subdomain of FabG in a structural alignment
enzymes. Also, this mode ¢#-keto-substrate binding is of the two enzymes. The structure of-HSDH in the
analogous to what is observed in the ternary structure of absence of both cofactor and hydroxysteroid-substrate has
another SDR enzyme,a?hydroxysteroid dehydrogenase not been determined, and it is not known whether a
(7a-HSDH), with NADH and hydroxysteroid substratedy, conformational change similar to that observed in FabG
which shows the substrate and cofactor accessing the activeoccurs in @-HSDH upon cofactor binding. However, the
site from opposite sides. It should be noted that this mode existence of substrate induced conformational change-in 7
of binding differs fundamentally from the proposal of Fisher HSDH strongly suggests that such an effect may also occur
and co-workersq) in which both the cofactor and thieketo in FabG. In addition, our biochemical data presented in
substrate approach from the same side (from the front in Figures 6 through 9 are consistent with a model where the
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high-affinity binding of ACP to one active site decreases 15. Otwinowski, Z. (1991) inlsomorphous Replacement and
the affinity of the other sites for ACP.

Our structure indicates that the movements associated with

NADPH (Figures 3A and 4) and ACP binding could be
transmitted within the tetramer to promote the open confor-

mation of the adjacent active site, thus reducing the substrate

and cofactor affinities for a site where the reaction is
complete. This could provide a mechanism by which product
is expelled and the active site cleared to allow the binding
of a NADPH molecule angb-keto-substrate for the next
catalytic cycle.
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