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ABSTRACT. The properties of thg-ketoacyl reductase, dehydrase, and enoyl reductase components of the
animal fatty acid synthase responsible for the reduction oftketoacyl moiety formed at each round of

chain elongation have been studied by engineering and characterizing mutants defective in each of these
three catalytic domains. Thesg-tarbon processing” mutants leak the stalled four-carbon intermediates

by direct transfer to CoA. However, enoyl reductase mutants fleltobutyryl, 5-hydroxybutyryl, and

crotonyl moieties, a finding explained, at least in part, by the observation that the equilibrium and rate
constant for the dehydrase reaction favor the formatiofi-bfdroxy rather than enoyl moieties. In this
regard, the type | animal fatty acid synthase resembles its type Il counterggstierichia colin that

both systems rely on the enoyl reductase to pulld@arbon processing reactions to completion. Kinetic

and nucleotide binding measurements on fatty acid synthases mutated in either of the two nucleotide
binding domains revealed that the NADPH binding sites are nonidentical, the enoyl reductase exhibiting
higher affinity. Surprisingly, NADPH binding is also completely compromised by certain deletions and
mutations in the central core region distant from the nucleotide binding sites. Comparable central core
sequences are present in the structurally related modular polyketide synthases, except in those modules
that lack all threg5-carbon processing enzymes. These findings suggest that the central core region of
fatty acid and polyketide synthases plays an important role in facilitating-ta&bon processing reactions.

The synthesis of fatty acids de novo in animals is catalyzed 2S position ). However, characterization of the nucleotide
by a cytosolic, homodimeric protein, the fatty acid synthase binding sites has been hampered by difficulties in distin-
(FAS)}! that contains seven discrete functional domains on guishing between the two sites, and only recently has it
both of the 272 kDa subunitg,(2). These domains cooperate become possible to apply mutagenesis to circumvent this
to achieve the sequential extension of an alkanoic chain, twoproblem. The active site of the dehydrase domain was
carbon atoms at a time, by a series of decarboxylative originally identified from the presence of a HxxxGxxxxP
condensation reactions, each of which is followed by the motif found characteristically in dehydrases and has been
reduction of the-ketoacyl condensation product to a confirmed by mutagenesis#) (Figure 1). The NADPH
saturated acyl moiety. The elongation process is normally binding sites were initially identified by recognition of the
terminated by intervention of the thioesterase domain of the characteristic glycine-rich motif GXGxxG/AxXxxA in a region
FAS when the chain length of the saturated acyl moiety predicted to form a tight turn between the fissheet and
reaches 16 carbon atoms. Reduction of fhéetoacyl  q helix of a “Rossmann fold”, together with a basic region
condensation product involves the sequential action of threefurther downstreans( 7) (Figure 1). The first glycine residue
different enzymes, thé-ketoacyl reductase, dehydrase, and in the motif is believed to be necessary to permit access of
enoyl reductase, that collectively are referred to as the the pyridine nucleotide, since the presence of side chains in
-carbon processing enzymes. The stereochemistry of thesghe turn would block access of the cofactd).(The
reactions was elucidated several years ago and involves thejownstream basic residues typically are found in NADPH-
reduction of the 3-ketoacyl moiety to aRBhydroxyacyl  specific binding sites, where they provide a nest of positive
moiety with transfer of the prochiraShydrogen of NADPH,  charge for interaction with the 2-phosphate of NADFS) (
dehydration to drans-enoyl moiety by the syn elimination  The objectives of this study were to authenticate separately
of the prochiral & hydrogen and theRhydroxyl as water,  the g-ketoacyl reductase and enoyl reductase nucleotide
and finally reduction to a saturated acyl moiety by transfer pinding sites by mutagenesis, to assess the overall kinetic
of the prochiral & hydrogen of NADPH to the prochiral  properties of the threg-carbon processing enzymes, and to
3Rhydrogen and transfer of solvent hydrogen to the prochiral g\ )uate the effects on product formation of blocking each
of these reactions. Finally, the possibility that sequence
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Ficure 1: Location of the active site region of the dehydrase and nucleotide binding regions of the engyketodcyl reductase domains
of the animal FAS. The locations of residues believed to represent characteristic sequence motifs are indicated in boldface, underlined
characters. Secondary structures for the two reductases, shown above the sequences, were predicted using Pré&gictprotein (

EXPERIMENTAL PROCEDURES hydroxybutyryl thioesters of eithel-acetylcysteamine or

. . . CoA and in the backward direction using the crotonyl
Construction of cDNAs Encoding Hisand FLAG-Tagged . ) i .
FASs and Expression of the Proteins in Sfo Cellbe thioesters of eitherN-acetylcysteamine or CoA. Assay

: . . mixtures containing 0.1 M potassium phosphate buffer (pH
strategy for construction of cDNAs encoding the wild-type 7), substrate, and gnzymep\)/vere incubgte dp #37and the(p
FAS, domain-specific mutants and incorporation of asHis ' f

or FLAG tag has been described in detail elsewhdy@— progress of the reaction was monitored spectrophotometri-

13). In vitro site-directed mutagenesis was carried out by cally at 270 nm. For estimation of the reaction equilibrium,
the overlap PCR method4), using Vent DNA polymerase. CoA esters were used as substrates, and the reaction mixtures

| ; > also contained free CoA (5@M); the reactions were stopped
Details of the strategies employed to generate DH s . . o fi )
(His878Ala) and various ER and KR mutants were by the addition of perchloric acid (10% final concentration),

: . ' rotein was removed by centrifugation, the supernatant was
described previoush4( 7). The final FAS cDNA constructs, pre : i i
in the context of the pFASTBACL1 vector (FB), were used adjusted to pH 5.5, and the proportionS-hydroxybutyryl

to generate recombinant baculoviral stocks by the transposi—COA and crotonyl-CoA present was determined by HPLC,

tion method employing the BAC-to-BAC baculovirus ex- as Qesc.:rlbed. n Fhe section Product Analy5|§. .
pression system, according to the manufacturer’s instructions.  Kinetics. Kinetic parameters were determined from six
SP cells were infected with the purified recombinant viruses independent plots of the experimental data2® points per
and cultured for 48 h at 27C. The tagged FAS proteins Plot (LineweaverBurk, Eadie-Hofstee, HanesWoolf,
were purified from the cytosols as described earlg)(  JohansemLumry, direct linear plot, and nonlinear regres-
Details of the procedures for engineering core deletion and Sion), using the program Enzyme Kinetics (Trinity Software).
replacement mutants and the sequences and location of thékesults are reported as meahsstandard deviations.
primers used are available as Supporting Information. These Measurement of NADPH Binding by Fluorescence En-
proteins, which were all C-terminally Higagged, were  hancement-luorescence was measured with a Perkin-Elmer
purified by a single-step, metal ion affinity chromatography Life Sciences LS50B luminescence spectrometer equipped
procedure. with a thermojacketed cuvette holder, maintained at@p2
Separation of the Dimeric and Higher Oligomeric Forms and a rectangular quartz cell &1 cm). Excitation was set
of the R1508A FAS MutanfThe R1508A FAS mutant at 340 nm, and emission was monitored mostly between 440
purified by nickel affinity chromatography (single band on and 470 nm using a slit width of 3 and 6 nm for excitation
SDS-PAGE) contained a mixture of dimers and higher and emission, respectively. When fluorescence emittgfice,
oligomers, as revealed by gel filtration (BioSep-Sec-S3000, of bound ligand was estimated, emission spectra were
300 x 7 mm; Phenomenex) in 0.2 M potassium phosphate, scanned between 400 and 480 nm. FAS was prepared at 1
pH 7, and 1 mM EDTA. The dimers and higher oligomers mg/mL in 0.25 M potassium phosphate, pH 7, containing 1
were separated first by anion-exchange chromatography onmM EDTA, 1 mM dithiothreitol, and 10% glycerol and
a 1 mL column of HiTrap Q HP (Amersham Biosciences) filtered through a 0.2%m low-protein binding filter, and
using a gradient of 56250 mM potassium phosphate, pH the UV spectrum was recorded. Titration with NADPH,
7, over 30 min; buffers contained 1 mM EDTA, 1 mM DTT, freshly prepared in the same buffer, was done by successive
and 10% glycerol. Dimers and higher oligomers were eluted additions of 2.54L portions to a cuvette containing either
with 100 and 165 mM phosphate, respectively. The higher FAS solution or buffer alone (618 uM NADPH in the
oligomers were purified further by gel filtration. assay). Appropriate corrections were made for volume
Reductase Assaygi-Ketoacyl reductase activity was changes. Fluorescence intensity was corrected for the ab-
monitored spectrophotometrically at 340 nm using either sorbance of exciting light according to the formuda/Fo
trans-1-decalone0) or 5-ketobutyryl-CoA (2) as substrate. = 10°%%, where F,, and Fy are average and original
Enoyl reductase activity was monitored spectrophotometri- fluorescence intensity, respectively, of exciting light akd
cally at 340 nm using crotonyl-CoA as substrai®)( In is NADPH absorbance at 340 nm. NAPDH absorbance was
some experiments where very high concentrations of NAD- calculated from the corrected NADPH concentration using
PH or NADH were used, the absorbance was recorded atthe molar extinction coefficient 6220 ™ cm™L. Corrected
400 nm. fluorescence emission of NADPH was linear throughout the
Dehydrase Assactivity of the dehydrase domain of the  concentration range tested. Fluorescence enhancement was
FAS was assessed in the forward direction usingSkk determined from the difference of NADPH fluorescence
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ime_ns_ities in the presence and absence O_f FAS_' The diS'Table 1: Kinetic Parameters f@-Ketoreductase Mutants
sociation constants and number of binding sites were
calculated from eqgs 13 according to Pry and HsuL§),

trans-decalone reductase activity

where 8 and ' are fluorescence emittence of free and f-ketoacyl . Km(NADPH) KealKem
enzyme-bound NADPH, respectively. reductase mutant _ kear(S™) M) (s 7M7)
wild type? 73.0+1.9 2042 3.65
F = BINADPH], + S [NADPH—FAS] (1) G1888A 7.3+1.2 902+ 251 0.0081
G1886F 1.4+0.1 2700+ 610 0.0004
Kp = [FAS}[NADPH]/[NADPH—FAS] (2) 2 The G1675T, G1672V mutant defective in enoyl reductase activity
was used.

[NADPH]; = [NADPH]; + [NADPH—FAS] (3)
) acetonitrile concentration was increased over 20 min to 95%
The 8 value determined from the = f((INADPH]) plot and the elution continued for 10 min.

was 33.8-34.0. Thep' was first calculated from eq 1 Dynamic Light ScatteringDynamic light scattering prop-
assuming that at high FAS and low NADPH concentrations, grties of different FAS mutants, 0-0.5 mg/mL, were
>8 uM (subunit) and 65 nM, respectively, all NADPH was  jeasyred with DynaPro-MS/X with Dynamics v.6 software
bound and [NADPH]was zero. The dissociation constant (potein Solutions) in a 12L optical cell at 25°C according
and number of binding sites were then calculated from the 15 manufacturer's recommendations.
Scatchard plot, based on the assumption of a single class of pynamic light scattering analyses gave hydrodynamic radii
equivalent and noninteracting binding sites. The concentra- o¢ 10.17+0.05, 10.40+0.20, and 9.85:0.15 nm for wild-
tion of bound NAPDH was obtained from eq 4 that was (yne FAS, the R1508A dimer, and the double V/A, K/G FAS
derived by substitution of eq 3 into eq 1. mutant, respectively. Assuming ideal spherical protein shape
_ e . and a patrtial specific volume of 0.73 mL/g, molecular masses
[NADPH—FAS] = (F — SAINADPH])/(5 = f) (4) of 759+7, 809439, and 710Gt 25 kDa, respectively, were
The calculated dissociation constant was then used toC@lculated. The actual mass of the FAS dimer is 544 kDa,
reevaluate the concentration of free NADPH in the and the higher than expected val_ues likely result from the
estimation, and a nef value was assessed on the basis of Inherent asymmetry of the FAS dimetg 19).
eg 1 and used in the Scatchard plot again. The calculationsRESULTS
were iterated until further processing produced only minimal
changes in the dissociation constant and binding site values. Catalytic Actvities of FASs Carrying Mutations in the
Usually one to five iterations were sufficient to finalize Putative Nucleotide Binding Regions of the Two Reductase
calculations. Domains Introduction of side chains at positions 1670
Product AnalysisAssay mixtures, in a final volume of (G1670A, G1670S) or 1675 (G1675A) within the glycine-
100 uL, containing 0.2 M potassium phosphate (pH 6.6), rich region of the putative nucleotide binding region of the
0.19 mM NADPH, 40uM AcCoA, 1.5 or 15ug of FAS, enoyl reductase had no effect on either enoyl reductase or
and, if added, 10@M CoASH were preincubated at 3T overall FAS activity. However, replacement of the glycine
for 1 min. Reactions were started by addition of'{2]- residues at positions 1672 (G1672V) or 1673 (G1673Y)
malonyl-CoA (100uM final concentration), and incubation almost completely eliminated both activities. Similarly,
was continued for 2 min. Reactions were stopped by addition replacement of the glycine residues at either position 1886
of perchloric acid to a final concentration of 10% or 6%, or position 1888 within the putativ8-ketoacyl reductase
when either the acyl-CoA pool or free fatty acids was nucleotide binding site dramatically lowered b@tketoacyl
analyzed, respectively. reductase and FAS activity. Neither the G1672V nor G1673Y
Samples for acyl-CoA analysis were centrifuged; the mutants retained sufficient activity to permit evaluation of
supernatant was diluted with starting buffer and chromato- the effect on the kinetics of NADPH binding at the enoyl
graphed on a column of C18 SpheriSorb, 300 A5, 4.6 reductase domain. However, the high turnover number of
x 250 mm (PhaseSeparation Ltd., Deeside, Clwyd, U.K.), the5-ketoacyl reductase exhibited wittans-1-decalone as
in 50 mM sodium phosphate buffer (pH 5.5) for 5 min substrate allowed determination of the NADPH Kkinetic
followed by a five-step gradient, to 27% 50 mM sodium parameters of the twg-ketoacyl reductase mutants. TKg
phosphate (pH 5.5)/10% acetonitrile over 5 min, to 37% 50 values for both of the G1888A and G1886A mutants were
mM sodium phosphate (pH 5.5)/10% acetonitrile over 10 increased about 2 orders of magnitude, and catalytic ef-
min, to 53.5% 50 mM sodium phosphate (pH 5.5)/10% ficiency was reduced-34 orders of magnitude, compared
acetonitrile over 10 min, to 100% 50 mM sodium phosphate to the FAS carrying a wild-typg-ketoacyl reductase domain
(pH 5.5)/10% acetonitrile over 10 min, and to 100% 50 mM (Table 1).
sodium phosphate (pH 5.5)/40% acetonitrile over 10 min.  The availability of mutant FASs defective in only one of
The flow rate was maintained at 1 mL/min. Components in the two nucleotide binding domains provided an opportunity
the effluent were detected by liquid scintillation spectrometry to study the kinetics and pyridine nucleotide binding at each
and/or from absorbance at 260 nm. site without the possibility of interaction with, or interference
Free fatty acids were extracted with hexane/2-propanol from, the second site. Kinetic parameters for both NADPH
(3:2), derivatized with Phenacyl-87), and separated on a and NADH were derived for thed-ketoacyl and enoyl
Phenyl Intersil 5um, 4.6 x 150 mm, column (MetaChem reductase using-ketobutyryl-CoA and crotonyl-CoA, re-
Technologies, Torrance, CA). The column was developed spectively, as substrates (Table 2). In addition Siketoacy!
at 1.5 mL/min in water/62% acetonitrile for 5 min; then the reductase activity was assessed using the model substrate
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Table 2: Kinetic Parameters for thfeKetoacyl and Enoyl Reductases Using NADPH and NADH
p-ketoacyl reductase

enoyl reductase

trans-decalone reductase [-ketobutyryl-CoA reductase crotonyl-CoA reductase

parameter NADPH NADH NADPH NADH NADPH NADH
Keat (S7Y) 73+ 2 1.1+ 0.09 0.8+ 0.0 1.1+ 0.13 9.8+ 0.5 0.12+0.01
Km (uM) 20+ 2 5004+ 47 8.7 0.4 820+ 220 6.5+ 0.6 121+ 24
KealKm (s 2uM™1) 3.7 0.0022 0.092 0.0013 15 0.0010

aThe G1675T,G1672V mutant defective in enoyl reductase activity was ki3ée G1888A mutant defective jfrketoacyl reductase activity
was used. Both FAS mutants were C-terminally FLAG-tagged.

400

trans-1-decalone, which is reduced directly without formation ]
of a covalent acyl-enzyme intermediate. NADPH exhibited ] -
high affinity for both reductase site&4 values in the low
micromolar range) and was about 3 orders of magnitude more
efficient (kalKm) than NADH as the hydrogen donor for both
reductases. Théde, values for thefS-ketoacyl reductase
obtained with NADPH are considerably higher whesns
decalone, rather thaktketobutyryl-CoA, is used as substrate,
suggesting that transfer of tifeketobutyryl substrate onto
the ACP and transfer of the produgtfiydroxybutyryl and/
or crotonyl moieties) back to CoA may be rate limiting. ]
Binding of NADPH to thg-Ketoacyl Reductase and Enoyl T

300 .

F enhancement
N
o
o
|
N

1004

16

Reductase Domainghe availability of FASs defective in 0 4 N AD;’H] w
either of the two nucleotide binding domains afforded the H

possibility of studying the binding of pyridine nucleotides R | Kd n

to each of the two sites individually. Two FAS mutants, 1 | o o
G1673Y and G1888A, both C-terminally His-tagged, were K HY | morerimer
employed in measurements of NADPH binding to the G1888AFAS | 71| 42 1.6
pB-ketoacyl and enoyl reduct_ase (_jomains, re_spectively. The G1673Y FAS | 189 | 156 22
G1673Y and G1888A mutations introduced into Rossmann

motifs within the enoyl reductase agdketoacyl reductase w.-t.FAS | 138

domains, respectively, resulted in specific inhibition of the
targeted activities and loss of FAS activif) ( The fluores-

FiGURE 2: Characterization of the two NADPH binding sites of

FAS by fluorescence enhancement:

G1673Y (open circles),

cence enhancement assays demonstrated the existence of two1888A (closed circles), and wild-type FAS (diamonds). All
proteins were C-terminally His-tagged. FAS protein at 3uM

different pairs of NADPH binding sites in the FAS dimer

(Fgure 2). Compared ith e NADPH binding it in e esitred Wit MABEY Foaseercs Stimrcarent Tuoreseees
ﬁ-keto_acyl rgt;iuctase doma.ln, that n the enoyl rEd"thaseExperimeﬁtal Procedugnfs. The dashed line represents superimposi-
domain exhibited 3.7-fold higher affinity for NADPH and  tjon of G1888A and G1673Y FAS data.
displayed only~25% of the fluorescence enhancement upon
NADPH binding. The combined fluorescence enhancement Incorporation of malonyl moieties into fatty acids by two
data for thes-ketoacyl and enoyl reductase mutants (Figure S-ketoacyl reductase mutants, in the presence of added free
2, dashed line) were in very good agreement with those CoA, was reduced to less than 1% of that of the wild-type
obtained for the wild-type FAS, indicating that the NADPH FAS. The only 4-carbon intermediate released from the
binding sites function independently. enzyme in significant quantity was tifeketobutyryl moiety.
Effect of Mutations in th@-Carbon Processing Enzymes This was the expected result, based on the markedly reduced
on Product Formationln a typical reaction with the wild-  ability of these mutants to bind NADPH required for the
type FAS, more than 97% of the malonyl-CoA utilized is j-ketoacyl reductase-catalyzed reaction. Similarly, the ability
converted to long-chain fatty acid (Table 3). However, small of the dehydrase mutant (H878A) to convert malonyl-CoA
amounts of all of the 4-carbon intermediates leak off the to fatty acid was reduced by more than 2 orders of magnitude,
enzyme, by transfer to CoA, and a trace amount of triacetic compared to that of the wild-type FAS, afichydroxybutyryl
lactone is formed as the result of the unredygéettobutyryl moieties, the substrate for the inhibited reaction, leaked off
intermediate undergoing a second condensation reaction. Thehe enzyme by transfer to CoA. The ability of three different
CoA required for release of the 4-carbon products is enoyl reductase mutants to convert malonyl-CoA to fatty acid
generated as a result of the transfer of the acetyl and malonylwas reduced by more than 2 orders of magnitude, compared
substrate moieties from the CoA thioester to the FAS. When to that of the wild-type FAS. Surprisingly, in the case of
this CoA pool is elevated by direct addition to the reaction these mutants, not only crotonyl moieties, the substrate for
mixture, the amount of 4-carbon products leaking from the the inhibited enoyl reductase, but astydroxybutyryl and
FAS is increased, although overall malonyl-CoA utilization f-ketobutyryl moieties leaked off the enzyme by transfer to
is inhibited (Table 3). Regardless of CoA availability, the CoA. We reasoned that the release hydroxybutyryl
major 4-carbon esters formed giéetobutyryl- and butyryl- moieties from FASs carrying mutations in the enoyl reductase
CoA. domain could possibly result from an equilibrium in the
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Table 3: Products Formed by FASs Carrying Mutations in the Table 4: Dehydrase Activity of FAS in the Forward and Backward
fB-Carbon Processing Enzymes Directions
products (nmol of activity (nmol
malonyl moieties incorporated/mi) direction substrate min~t mg™)
CoA esters fatty forward  SS-hydroxybutyrylN-acetylcysteamine 290.12
FAS CoA TAL ﬁ-keto-C4 ﬂ-OH-C4 41 4:0 acid backward ScrotonyIN-acetyIcysteamine 2F 1.4
- forward  B-hydroxybutyryl-CoA 70.1£ 4.7
wild type + 0.44 18.4 1.3 0.47 11.6 155 backward Crotony|-COA 129 0.8
0 0.65 6.4 0.68 0.17 3.46 358 - - -
G1886F + 066 20.8 0.63 030 0 061 2 Determined at 30@M (nonsaturating concentratior)Vmax values.
(KR") 0 nd nd nd nd nd nd
G1888A + 147 20.2 0.63 029 0 3.0 1004 L 0
(KR") 0 nd nd nd nd nd nd g 8\0—0——0 /tg
H878A + 034 152 75 0 0 O © 801 F 20
(DH") 0 0.15 0.76 2.13 0.04 0 0 2 S8
G1672v.  + 006  6.23 256 165 0 0.2 z 0 [40=
(ERY) 0 084 0.69 0.25 0.16 0 0.94 ’340- L 60 2
G1672V/ + 0.06 4.0 1.97 132 0 0 5 S
G1675T 2 50 - 80 =
(ERY) 0 1.1 1.0 037 020 0 026 < addional FAS
G1673Y + 0.07 4.94 1.89 148 0 0.29 T ol v /100
(ERY) 0 0.72 1.01 0.44 0.24 0 2.1 0 20 40 60 80 100 180

@ Product formation was analyzed under steady-state conditions where Time (min)

no more than 10% of the substrate was utilized. Standard deviations FIGURE 3: Determination of the equilibrium of the dehydrase
for the duplicate assays were less thah0% in most cases and did ~ reaction. The reaction mixtures contained wild-type FAS (2g0

not exceedt20%. Abbreviations: TAL, triacetic lacton@:keto-C4, mL), free CoA (50uM) as acceptor, and eith@rhydroxybutyryl-
B-ketobutyryl;3-OH-C4,8-hydroxybutyryl; 4:1, crotonyl; 4:0, butyryl; CoA or crotonyl-CoA (100uM) as substrate. After 90 min
KR~ p-ketoacyl reductase knockout; ERenoyl reductase knockout.  incubation, additional FAS (17@g/mL) was added to the reaction
H878A FAS had no tag; wild-type, G1672V, and G1888A FAS were Mixture. The products were identified by HPLC, as described in
C-terminally His-tagged. All other mutants had a C-terminal FLAG Experimental Procedures. Key: open circles, forward reaction;
tag. closed circles, backward reaction.

dehydrase reaction that favored hydration, rather thanbackward hydration reaction, as suspected (Figure 3). In
dehydration. This possibility was investigated experimentally contrast, neither of the two reductase-catalyzed reactions is
with the wild-type FAS. reversible to any detectable level (details not shown).

Characterization of the Dehydrase Reactidre dehy- Role of the Central Core Region in Facilitating the
drase reaction traditionally has been monitored in the forward g-Carbon Processing Reaction¥he region between the
direction, using th&s-5-hydroxybutyryl thioesters of either  dehydrase and enoyl reductase domains, consisting of
N-acetylcysteamine or CoA as substrates. The former actsapproximately 600 residues, has not been assigned a catalytic
solely as a model substrate and is dehydrated withoutrole. Earlier, we identified, in tryptic digests of the FAS,
formation of a covalent acyl-enzyme intermediate, whereas polypeptides originating from this core region that appeared
the latter can be transferred, through the action of the broadto form dimers spontaneousI2@), and further support for
specificity malonyl/acetyl transferase, to the phosphopan-a role of the central core in stabilization of the dimer
tetheinyl moiety of the ACP domain for presentation to the subsequently was obtained using the yeast two-hybrid
dehydrase and the product transferred back to a CoA acceptosystem. Fusion of residues 979631 of the human FAS to
via the same routel@). Thus theK,, values for the CoA both the DNA binding and activation domains of GAL4
thioester substrates are determined by the interaction withpromoted -galactosidase expression, as did fusion of
the malonyl/acetyl transferase domain and are in the micro-residues 9791295 to the DNA binding domain and fusion
molar range, whereas the€,, values for theN-acetylcys- of residues 12961631 to the activation domai2{). These
teamine thioester substrates are determined by direct inter{findings suggested that a dimerization domain may be formed
action with the dehydrase domain and are in the millimolar through the interaction of the N- and C-terminal halves of
range. Since the high absorbance at 270 nm limits thethe core regions of the two subunits. Similar extensive,
concentration of this substrate that can be used in thenoncatalytic core sequence elements are also commonly
spectrophotometric assay, we compared the activities in thefound in the structurally related modular PKSs which, like
forward and backward reaction witN-acetylcysteamine  the FASs, also function as dimers. Nevertheless, we were
thioester substrates at the same, subsaturating concentratiorntrigued by the observation that a few PKS modules have
In assays using the CoA thioesters, it was possible to usebeen characterized that are completely lacking in coding
saturating substrate concentrations. With both types of sequences for any of thcarbon processing enzymes and
thioester substrate, activity in the backward direction was these modules are completely devoid of core sequence
higher than in the forward direction (Table 4). The H878A elements; for example, module 2 of the rifamycin PR3)(
dehydrase mutant was compromised in ability to catalyze modules 1 and 2 of the pyoluterin PK33j, and module 12
both the forward and backward reactions, indicating that the of the rapamycin PKS24), all of which consist ofi-ketoacyl
dehydration and hydration reactions are indeed catalyzed bysynthase-acyl transferaseACP domain arrangements, and
the same domain (data not shown). module 6 of the 10-deoxymethynolide/narbonolide PRS),(

The equilibrium of the dehydrase reaction, assessed usingwhich consists of #-ketoacyl synthaseacyl transferase
the CoA thioester substrates, was found to favor the ACP—thioesterase ensemble. These modules apparently are
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Table 5: Conserved Sequence Element in the Central Core Region
of FASs and PKSs

origin sequence
rat FAS WGAFRHFQLEQDKP
chicken FAS WGSFRHLPLQQAQP
human FAS WGAFRHFLLEEDKP
Caenorhabditis elegans FAS WGSMRHIVVKDEDV
Drosophila melanogaster FAS WGSYRHLKMESRPP
Rifamycin PKS module 1 WGLVRSAQSEHPGR
Rifamycin PKS module 3 WGLGRAVALERLDR
Rapamycin PKS modules 9-13 SGLMRSAQSEHPGR
Pyoluteorin PKS module 3 WGLGKTLALEHPEH
Pikromycin PKS module 1 WGLGRVVALEHPER
Pikromycin PKS module 2 WGLVRTAQTENPGR
Pikromycin PKS module 3 WGMGRVAALEHPER
Pikromycin PKS module 4 WGLGRSAQTESPGR
Pikromycin PKS module 5 WGLGRVVALEHPER
Consensus sequence WG--R-=--E

Biochemistry, Vol. 43, No. 32, 2004.0463

intermediate, and activity is observed in both the monomeric
and dimeric forms of the FAS.

In an attempt to identify a relatively short sequence
element within the core region that might be essential for
functioning of the FAS, we performed multiple alignments
of sequences from the central core regions of animal FASs
and from those modules of the PKSs mentioned above that
contain functionap-carbon processing domains. In general,
the central core regions are poorly conserved. Nevertheless,
we were able to identify a short, relatively well-conserved
sequence element within the core region of FASs and
modular PKSs (Table 5). This sequence element is present
in PKS modules regardless of whether coding regions for
dehydrase or enoyl reductase domains are present, so that it
is unlikely to play a catalytic role in either of these two
domains that flank the central core region. Deletion of this
14-residue sequence from the rat FAS resulted in total loss
of FAS activity (Table 6). The A14-FAS” purified as a

perfectly capable of carrying out a chain elongation step, mixture of mainly higher oligomers with very small amount
which is believed to require a dimeric module, in the absence of dimers and monomers, as monitored by gel filtration
of the putative core dimerization domains. We therefore analysis. Dynamic light scattering analysis disclosed the
began evaluation of the possibility that the core region was presence of only higher oligomeric species, £.6.5 MDa.
essential for facilitating thg8-carbon processing reactions The higher oligomeric species are built possibly from FAS
catalyzed by the animal FAS. Initially, we engineered two dimers considering that-ketoacyl synthase-mediated acyl-
large deletion constructd1153-1544 andA1010-1633.
The 1153-1544 deletion was designed to exclude the FAS, was~61% of that of the wild-type FAS dimer.
polypeptide region that we had earlier found to undergo Nevertheless, the ability of thA14-FAS to catalyze the
spontaneous dimerizatior2@), and the longer deletion
essentially excludes the entire region from the likely C- to only ~4% of that of the wild-type FAS dimer. The
terminus of the dehydrase into the N-terminal region of the activities of the malonyl/acetyl transacylase and thioesterase
enoyl reductase domain. Both deletion constructs purified domains, assessed using model substrates, were essentially
predominantly as higher oligomers, although very minimal unchanged from those of the wild-type FAS. As in the case
amounts of dimers were also detected by gel filtration of the two large deletion FASs, th®14-FAS lacked both
analysis, and both preparations were completely inactive inreductase activities, and fluorescence enhancement experi-
the overall FAS reaction. Significantly, both deletion con- ments revealed that both types of nucleotide binding sites
structs were completely lacking fitketoacyl reductase and
enoyl reductase activities, although catalytic activities of the in the forward direction using the model substrate, wai%
malonyl/acetyl transacylase and thioesterase domains weref that of the wild-type FAS. Replacement of the 14 residues
preserved. Ngi-ketoacyl reductase activity was detectable in the reverse order generated an inactive FAS with properties
in these FASs even when assayed usings-1-decalone as
substrate. This model substrate is reduced by the wild-typeintegrity of the protein did not result simply from the
FAS without prior formation of a covalent acyl-enzyme

transferase activity, which requires the dimeric form of the

condensation reaction was severely compromised, amounting

had been completely eliminated. Dehydrase activity, assayed

similar to that of theA14-FAS, indicating that disruption of

introduction of a gap in the sequence (details not shown).

Table 6: Properties of FASs Containing Mutations in the Central Core Region

FAS sequence (1497-1517f ot Nimg  EAs Kk mR DA KSAT KSC  MAT TE
wild type NVYRDGAWGAFRHFQLEQDKP dimer normal 100 100 100 100 100 100 100 100
Al4 NAYR-=-mmm—mmm————— DGP oligomer none 0 0 0 21 61 4 100 93
V/A, K/IG* NAYRDGAWGAFRHFQLEQDGP dimer normal 100 100 nd 100 100 100 112 92
V/A, W/A,K/G NAYRDGAAGAFRHFQLEQDGP oligomer none 0 0 0 nd 19 0 52 43
R1508K NVYRDGAWGAFKHFQLEQDKP dimer + oligomer nd 58 68 nd nd nd nd 77 74
R1508D NVYRDGAWGAFDHFQLEQDKP dimer + oligomer nd 14 14 nd nd nd nd 68 59

purified oligomer none 0 0 0 19 53 3 64 53
R1508A NVYRDGAWGAFAHFQLEQDKP { 86 95

purified dimer

normal

100 80 97 93 100 79

2 Mutated residues are highlighted in boldface charactef&S preparations were characterized by gel filtration and dynamic light scattering.
TheAl14 and V/A, W/A, K/G FAS preparations consisted entirely of the higher oligomeric fertnNiDa), the R1508D and R1508A mutant FAS
preparations consisted predominantly of higher oligomef®{s6), and the R1508K mutant was mostly in the dimeric forrB8(%). ¢ The V1498A
and K1516G mutations initially were introduced to engineer restriction sites in the cDNA that facilitated replacement mutagenesis but were restore
in the R1508 mutants. Specific activities determined for the wild-type FAS were 193@0, 20220+ 250, 13404 25, 131+ 1, 1544+ 1, 74+
1, 25204+ 170, and 112G+ 20 nmol min! mg™? for FAS, KR, ER, DH, KS-AT, KS-C, MAT, and TE assays, respectively. All determinations

were done at least twice. Standard deviations were lower than 7% of the value shown in the table. KS-AT and KS-C are decanoyl transferase and

[-ketobutyryl-CoA synthase activity of thé-ketoacyl synthase domain, respectively.=achot determined.
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Single-residue mutagenesis within this region revealed thatates 3-ketobutyryl,5-hydroxybutyryl, crotonyl, and butyryl
mutations at either W1504 (in the context of the benign moieties, by transfer to CoA. Whereas FASs compromised
V1498A, K1516G double mutation) or R1508 alone was by mutations in any of thg-carbon processing domains have
sufficient to eliminate the two types of nucleotide binding little or no ability to synthesize long-chain fatty acids, they
sites and cause the formation of higher oligomers. The effectretain the ability to dispose of the 4-carbon intermediates
of introduction of mutations at R1508 was studied in detail. that are stalled on the protein, by transfer to CoA. In the
The R1508K mutant had properties similar to that of the case of thgg-ketoacyl reductase and dehydrase mutants, the
wild type, whereas the R1508D/A mutants purified mainly major 4-carbon moieties released are those that are the
as higher oligomers with impaired properties. Approximately substrates for the mutated domain, that is,AHestobutyryl
80% of the R1508A FAS expressed 8B cells could be  and g-hydroxybutyryl moieties, respectively. Surprisingly,
purified as the high molecular mass oligomeric form we found that the enoyl reductase-defective FAS mutant
estimated by gel filtration to be above 2 MDa (void volume) releases not only crotonyl moieties but also the upstream
and by dynamic light scattering to be 1646 0.2 MDa. intermediates3-hydroxybutyryl and3-ketobutyryl moieties.
Higher oligomeric forms were inactive in the overall FAS Although the two reductase reactions are essentially irrevers-
reaction and unable to bind NADPH. However20% of ible, the dehydrase catalyzes the reverse hydration reaction
the expressed R1508A FAS was purified in the dimeric form more efficiently than the forward dehydration reaction.
and exhibited normal NADPH binding and normal FAS Furthermore, the equilibrium in this reaction lies toward
activity. This R1508A dimer could be reversibly dissociated substrate rather than product formation. These findings
into monomers under the same conditions used to inter-explain, at least in part, the observation that several
convert wild-type dimers and monomers. However, the downstream intermediates are shed from the FAS enoyl
higher oligomeric form of R1508A could not be dissociated reductase mutant and reveal an unanticipated similarity
into monomers under the same conditions. between the type | FAS and its type Il counterpart in

Escherichia coli{31) in that, in both systems, the equilibrium
DISCUSSION in the dehydration reaction favors formation of fvaydroxy

The location of the nucleotide binding regions in the over the enoyl intermediate by a ratio of approximately 9:1.
B-ketoacyl reductase and enoyl reductase domains of the FASThus, in both systems the enoyl reductase plays a critical
has been ascertained unequivocally, and the importance ofole in pulling the g-carbon processing reactions toward
the presence of the conserved glycine residues in theproduct formation.
predicted Rossmann fold has been verified by mutagenesis. In a seminal investigation, an enoyl reductase knockout
Earlier attempts to characterize the pyridine nucleotide mutation was previously introduced to module 4 of the
binding sites of avian and mammalian FASs that employed polyketide synthase responsible for the production of eryth-
either fluorescence enhancement or equilibrium dialysis wereromycin by Saccharopolyspora erythrad&2). In this case
hampered by an inability to distinguish clearly between the two adjacent glycine residues within the putative NADPH
[-ketoacyl reductase and enoyl reductase binding sites andbinding region of the enoyl reductase (positionally equivalent
relied on the assumption that the fluorescence enhancemento Gly 1672 and Gly 1673 in the rat FAS) were replaced
associated with NADPH binding was the same for all sites with Ser-Pro. The major product formed by the modified
(26—29). These studies concluded that the FAS contained polyketide synthase was identified A§7-anhydroerythro-
two to four binding sites per dimer and disagreed as to mycin C, as expected if the enoyl intermediate produced by
whether the binding sites were identical. However, Poulose module 4 is elongated by thitketoacyl synthase of module
et al. 30) devised a new analytical procedure that did not 5. In retrospect, it is intriguing that tihydroxy equilibrium
assume similar enhancement factors and estimated that théntermediate formed by module 4 was not elongated. Two
FAS contained two pairs of binding sites per dimer with possible explanations come to mind. It is possible that the
different affinities and different enhancement factors. By dehydrases associated with polyketide synthases differ from
using pyridoxal phosphate to inactivate specifically the those involved in fatty acid synthesis in that the equilibrium
binding site in the enoyl reductase domain, the authors favors the forward (dehydration) reaction. Alternatively, the
deduced that the site with low affinit)K§ 7 «M) and higher B-hydroxy intermediate may be a very poor substrate for the

enhancement (800 EM 1) was associated with the-ke- p-ketoacyl synthase of module 5. The first possibility seems
toacyl reductase domain and that with higher affinii§g ( rather unlikely, in view of the overall structural similarity
1.3uM) and lower enhancement (400 1) was associ-  of the intermediates of the two pathways and the general

ated with the enoyl reductase domain. The engineering of rule that enzymes do not change the equilibria of catalyzed
mutant FASs defective in only one of the two nucleotide reactions. The mutant strain produa&®’-anhydroerythro-
binding sites in the present study has permitted unambiguousmycin C at only one-fifth of the rate that the wild-type strain
characterization of the two sites individually. Both kinetic produces erythromycin A, suggesting that perhaps the enoyl
experiments and direct measurement of the fluorescenceintermediate is not as good a substrate as is the saturated
enhancement accompanying nucleotide binding confirmed intermediate for thg-ketoacyl synthase of module 5. Thus
the earlier findings of Poulose et al. that the binding site in it is possible thag-ketoacyl synthases can act as “gatekeep-
the enoyl reductase domain exhibits higher fluorescent ers” by discriminating against certain of the intermediates
enhancement and lower binding affinity than that associated produced by the upstream module. In this particular case,
with the -ketoacyl reductase domain. NADH is a relatively the-hydroxy intermediate produced by the mutated module
ineffective hydrogen donor for both reductases. 4 may be a very poor substrate for the&ketoacyl synthase

In addition to synthesizing long-chain fatty acid, the wild- of module 5. This possible explanation conceivably could
type FAS releases small amounts of the 4-carbon intermedi-be tested experimentally by replacing, in the context of the
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module 4 enoyl reductase mutant, {hiéetoacyl synthase  oligomerization is limited to formation of the dimer, which
of module 5 with aB-ketoacyl synthase that is known to exhibits near-normal properties, but misfolding at this stage
accepis-hydroxy intermediates as substrates for elongation. results in the irreversible formation of higher oligomers,
Our supposition that the absence of central core regionswhich are unable to bind NADPH, catalyze the condensation
in those PKS modules that lacg-ketoacyl reductase, reaction, or efficiently catalyze the dehydrase reaction.
dehydrase, and enoyl reductase domains might indicate a role A role for the central core in the dimerization process had
for these sequence elements in facilitatiiigarbon process-  been suggested earlier, and this study reveals that certain
ing reactions in PKSs and FASs appears meritorious, sincedeletions and mutations in the central core region can lead
deletions and replacements in this region could be identified to the adoption of conformations that do not allow proper
that completely eliminate reductase activity in FAS. The loss dimerization of the FAS. More surprising, perhaps, is the
in pB-ketoacyl reductase and enoyl reductase activities finding that deletions, and even single-site mutations, in the
observed with thé\1153-1544,A1010-1633, andA1501— core region can disrupt entirely the NADPH binding sites
1514 core deletions and the W1504A mutation could be located distantly toward the C-terminus of the FAS. As
accounted for entirely by the elimination of NADPH binding indicated above, the structurally similar modular PKSs, which
in the two reductase domains. All of these core mutations also function as dimeric units, lack comparable central core
also caused the FAS to form higher oligomers containing at sequences only in those modules that are completely devoid
least eight subunits. However, the aberrant oligomerization of g-carbon processing domains. We suggest, therefore, that
apparently cannot be attributed to global misfolding of the the central core region may be required for the adoption of
FAS polypeptide chain, since activities of the acyl transferase a specific conformation that facilitates nucleotide binding
of p-ketoacyl synthase, malonyl/acetyl transacylase, andand access of intermediates to tfiecarbon processing
thioesterase domains, located near the N-terminus and theenzymes in the FASs and modular PKSs.
C-terminus, typically are retained in these mutants. Similarly,
dehydrase domain activity is retained, albeit reduced by 75 NOTE ADDED IN PROOF
80%. Unlike KS acyl transferase activity, KS condensation
activity is practically abolished, indicating lack of com-
munication in the pathway providing substrates for the
condensation. We suspect, therefore, that mutations in the
central core may result in improper folding of the core region
that compromises the ability of the protein to undergo normal
dimerization, resulting in the formation of higher oligomers
that retain some partial activities but are unable to bind
NADPH and to provide substrates for the condensation
reaction. The R1508A single mutant is particularly intriguing,
since this FAS can form two species, with quite different
conformations, that can be readily separated from each othera ckNOWLEDGMENT
and are not interconvertible. One species is dimeric and has
nucleotide binding and catalytic properties essentially indis- We thank Dr. Robert Ryan for use of his luminescence
tinguishable from those of the wild-type FAS. In addition, spectrometer and Drs. Gerry McDermott and Christine Trame
this species can be reversibly dissociated into monomersof the Lawrence Berkeley National Laboratory for making
under the same conditions that effect interconversion of wild- their DynaPro-MS/X available to us and for their valuable
type FAS dimers and monomers. The only significant help with experiments.
difference from the wild-type FAS dimers that we have
noticed is that the R1508A dimers are markedly less heat SUPPORTING INFORMATION AVAILABLE

stable than are those of the wild type (details not shown).  peajls of the procedures used to construct replacement
The R1508 higher oligomeric species exhibits properties 5nq deletion mutations in the core region of the FAS. This

similar to those described above for the core deletion materigl is available free of charge via the Internet at http:/
mutants; i.e., they are unable to bind NADPH and catalyze pubs.acs.org.
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