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Summary

The role of the �-ketoacyl synthase domains in dimer-
ization of the 2505 residue subunits of the multifunc-
tional animal FAS has been evaluated by a combina-
tion of crosslinking and characterization of several
truncated forms of the protein. Polypeptides contain-
ing only the N-terminal 971 residues can form dimers,
but polypeptides lacking only the N-terminal 422 resi-
due �-ketoacyl synthase domain cannot. FAS subun-
its can be crosslinked with spacer lengths as short
as 6 Å, via cysteine residues engineered near the N
terminus of the full-length polypeptides. The proxim-
ity of the N-terminal �-ketoacyl synthase domains
and their essential role in dimerization is consistent
with a revised model for the FAS in which a head-to-
head arrangement of two coiled subunits facilitates
functional interactions between the dimeric �-keto-
acyl synthase and the acyl carrier protein domains of
either subunit.

Introduction

In plants and most prokaryotes, the enzymes required
for the de novo biosynthesis of fatty acids from malo-
nyl-CoA exist as discrete individual proteins (type II
FASs), but, in animals, they are integrated into a single
multifunctional polypeptide of 272 kDa that functions
as a homodimer (type I FAS). Catalysis of the acyl chain-
elongation reaction requires appropriate juxtaposition of
the saturated acyl moiety, attached to the active site
cysteine of the β-ketoacyl synthase, and the chain-
extending malonyl moiety, attached to the 4#-phospho-
pantetheine arm of the acyl carrier protein (ACP). The
monomeric form of the type I FAS is unable to catalyze
this reaction, and discovery that the β-ketoacyl syn-
thase active site cysteine of one subunit could be
crosslinked by 1,3-dibromopropanone (DBP) to the
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ACP phosphopantetheine of the companion subunit [1,
2] logically led to formulation of a model for the type I
FAS in which two fully extended polypeptides are orien-
tated head-to-tail, such that two sites for condensation
are created at the subunit interface by direct juxtaposi-
tion of the β-ketoacyl synthase active site cysteine thiol
of one subunit with the 4#-phosphopantethine of the
second subunit [3, 4]. This model, illustrated in cartoon
form in Figure 1A, has enjoyed wide acceptance for 20
years; although, until recently, no serious attempt had
been made to test its validity. We have applied several
novel approaches to evaluate the model that involved
(i) development of a system for the expression of fully
active recombinant FAS in insect Sf9 cells; (ii) engineer-
ing of a panel of FAS mutants compromised in one or
more of the functional domains; (iii) introduction of a
double-tagging procedure that enabled us to engineer
heterodimeric FAS containing different mutations on
each subunit; (iv) engineering and characterization of a
library of more than 30 such heterodimers to identify
pairs of mutated subunits that were capable of comple-
menting each other by producing an active heterodi-
meric FAS; (v) reexamination of the specificity of DBP
crosslinking, taking advantage of our ability to construct
FASs lacking either or both the β-ketoacyl synthase active
site cysteine thiol (Cys161) and the 4#-phosphopanteth-
eine thiol (at Ser2151) in one or both subunits; and (vi)
engineering of a FAS heterodimer consisting of a wild-
type subunit paired with a subunit compromised by
mutations in all seven functional domains. In brief, our
findings have revealed several serious inconsistencies
with the classical head-to-tail model that collectively
make a compelling case for the formulation of an alter-
native model that is consistent with biochemical and
structural data. Thus, (i) β-ketoacyl synthase and malonyl/
acetyl transferase domains interact functionally with
ACP domains of both subunits even though, within
each polypeptide, the phosphopantetheine moiety of
the ACP domain is located more than 1500 residues
distant from the active sites of these catalytic domains
[5]; (ii) the dehydrase domain interacts exclusively with
the ACP domain of the same subunit, even though
these domains are separated by more than 1200 resi-
dues [5]; (iii) the phosphopantetheine thiol in the ACP
domain can be crosslinked by a 5 Å spacer (DBP) with
the β-ketoacyl synthase active site cysteine of either
subunit [6]; and (iv) a heterodimeric FAS containing only
one competent subunit is able to synthesize palmitic
acid [7].

The proposed alternative model is illustrated in car-
toon form in Figure 1B. A key feature of the classical
model is the clear spatial separation of the two β-keto-
acyl synthase domains that lie at opposite poles of the
dimer. However, the β-ketoacyl synthases associated
with the type II FASs are universally dimeric proteins
in which the substrate binding pocket is comprised of
residues from both subunits [8–12]. Although the β-keto-
acyl synthase domains of type I FASs exhibit extensive
sequence similarity, and likely share a common reaction
mechanism with their type II counterparts [13], the pre-
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Figure 1. Cartoons Contrasting the Different
Functional Contacts between Domains in the
Classical Head-to-Tail Model and the Alter-
native Model

(A and B) The (A) classical model is adapted
from [44], and the (B) alternative model is
adapted from [5, 7]. In the classical model,
functional contacts between β-ketoacyl syn-
thase, malonyl/acetyl transferase and dehy-
drase domains, and the ACP occur exclusively
across the subunit interface. KS, β-ketoacyl
synthase; MAT, malonyl/acetyl transferase; DH,
dehydrase; ER, enoyl reductase; KR, β-keto-
acyl reductase; TE, thioesterase.
vailing head-to-tail model had precluded the possibility F
mthat within the type I FAS complex the two β-ketoacyl

synthase domains engage in homodimeric interactions. o
pSince the proposed alternative model does not disallow

this possibility, we formulated an experimental ap- c
lproach designed to resolve this issue.

Results E
F
BExpression of the �-Ketoacyl Synthase

Domain of FAS b
mSeveral attempts were made to express the β-ketoacyl

synthase domain separately from the multifunctional n
mFAS polypeptide. Low-copy number plasmid constructs

(pQE30) encoding residues 1–407 of the rat FAS (either r
pas the “wild-type” sequence or as catalytically inac-

tive mutants Cys161Ala or Lys326Ala), with and without c
wN-terminal or C-terminal histidine tags, failed to gener-

ate significant amounts of soluble recombinant protein p
wwhen transfected into Escherichia coli. Attempts to re-

fold the β-ketoacyl synthase protein recovered in inclu- m
osion bodies were unsuccessful. Inclusion of 80 addi-

tional residues (1–487 FAS, see Figure 2) that have no t
Hcounterpart in either the type II β-ketoacyl synthase or

malonyl transferase proteins, and do not appear to be p
Trequired for functioning of the adjacent malonyl/acetyl

transferase domain [14], did not improve expression, t
tneither did coupling of the β-ketoacyl synthase domain

to glutathione transferase in a GST-β-ketoacyl synthase c
cchimera. Similarly, expression of the β-ketoacyl syn-

thase domain in Sf9 cells produced only small amounts a
Sof insoluble protein. As an alternative strategy to obtain

an isolated β-ketoacyl synthase domain, we introduced 1
va TEV protease cleavage site into the proline-rich linker

region between the β-ketoacyl synthase and the malo- t
vnyl/acetyl transferase domains in the context of a dou-

bly tagged, N-FLAG, C-His6 FAS (406PNTQQAPAPAP u
7HAA was changed to 406PNGPENLYFQoGPHAA, (408tev)-

FAS, Figure 2). This FAS retained full activity and could c
sbe completely cleaved between residues Q and G by

the TEV protease to yield two fragments of w200 and k
b50 kDa (Figure 3A, lanes 2 and 3). Confirmation of the

identity of these species was provided by Western t
vanalysis: the w50 kDa (β-ketoacyl synthase) was anti-

FLAG positive, and the w200 kDa species was anti- s
oHis6 positive (details not shown). Cleavage by the TEV

protease was accompanied by a loss in ability to cata- u
olyze the overall FAS reaction. Surprisingly, however, the

β-ketoacyl synthase domain could not be separated p

from the large FAS fragment by either Ni-NTA or anti-
LAG affinity chromatography of either the “nicked di-
eric” or cold-dissociated “nicked monomeric” forms
f the complex. This finding implied that, in the native
olypeptide, the β-ketoacyl synthase domain maintains
ontacts with downstream domains both via its cova-

ent linkage and via noncovalent interactions.

xpression of the �-Ketoacyl Synthase Domain
used to Cognate FAS Domains
ased on the conjecture that noncovalent interactions
etween the β-ketoacyl synthase and adjacent do-
ains might stabilize the β-ketoacyl synthase, we engi-

eered two partial FAS constructs containing the N-ter-
inal β-ketoacyl synthase domain and encompassing

esidues 1–809 and residues 1–971, which we antici-
ated as representing the first two and the first three
atalytic domains, respectively (Figure 2). Both proteins
ere expressed in Sf9 cells as N-His6-tagged proteins,
urified and characterized. The 1–809 FAS construct,
hich expressed at very low levels (w1 mg/l culture
edium), purified as a species with a molecular mass
f w93 kDa, as estimated by SDS-PAGE, which is close
o the anticipated value of 88 kDa (Figure 3A, lane 6).
igh-performance gel filtration analysis revealed that the
rotein was exclusively monomeric (details not shown).
he 1–809 FAS protein exhibited normal malonyl/acetyl
ransferase activity, but it lacked the β-ketoacyl syn-
hase acyltransferase activity associated characteristi-
ally with the dimeric full-length FAS. The 1–971 FAS
onstruct expressed at much higher levels (w10 mg/l)
nd purified as an w110 kDa species, as estimated by
DS-PAGE, which is close to the anticipated value of
06 kDa (Figure 3A, lane 4). Gel filtration analysis re-
ealed that the purified 1–971 FAS consisted of a mix-
ure of three oligomeric species that exhibited elution
olumes corresponding to w82, 220, and 775 kDa (Fig-
re 3B). Ageing of the mixture of oligomeric species for
–8 days at 4°C in 20 mM phosphate buffer resulted in
onversion of the higher-molecular mass forms to the
pecies with an elution volume corresponding to w82
Da (Figure 3C). Upon restoration of the phosphate
uffer concentration to 0.20 M and incubation at room

emperature, the low-molecular mass species was con-
erted to higher oligomers, predominantly the w220 kDa
pecies. Rechromatography of this w220 kDa species
n the gel filtration column further enhanced purity (Fig-
re 3D). Based on a theoretical molecular mass value
f 106 kDa for the 1–971 FAS polypeptide, the most
lausible interpretation of these results is that the spe-
cies corresponding to molecular masses of w82 and
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Figure 2. FAS Constructs Engineered for This Study

The numbering system is that of the wild-type rat FAS. His6 and FLAG tags and TEV cleavage sites are not included in the numbering. For
simplicity, the presence of C-terminal His-tag is not indicated in the construct annotation. The TEV recognition site was engineered into the
proline-rich linker region …406PNTQQAPAPAPHAALP… between the β-ketoacyl synthase and the malonyl/acetyl transferase domains in full-
length FAS. Details of these constructions are available as Supplemental Data.
220 kDa represent monomeric and dimeric forms and
that the species corresponding to w775 kDa repre-
sents a higher oligomer. The conditions used to effect
dissociation of the oligomeric forms of the 1–971 FAS
into the monomeric form (4°C, low salt concentration)
and reassociation of the monomeric to the dimeric form
(20°C, high salt concentration) are precisely the condi-
tions that effect dissociation and reassociation of the
full-length FAS [15]. In the case of the full-length FAS,
dissociation and reassociation result in the loss and re-
covery of both overall FAS activity [15] and activity of
the acyltransferase attributable to the β-ketoacyl syn-
thase domain [16], but they do not affect the activity of
the malonyl/acetyl transferase domain, when assessed
with model substrates [16, 17]. These considerations
prompted us to examine the partial activities asso-
ciated with the oligomeric and dimeric forms of the
1–971 FAS. No significant dehydrase activity could be
detected in either the monomeric or dimeric forms of
the 1–971 FAS, suggesting that additional sequences
beyond residue 971 may be required for this activity.
The activity of the malonyl/acetyl transferase domain in
the dimeric form of the 1–971 FAS protein, 2640 ± 78
U/mg assessed with model substrates, was unchanged
upon dissociation and is similar to that reported pre-
viously for the isolated malonyl/acetyl transferase do-
main [14]. However, a striking difference was observed
in the β-ketoacyl synthase-mediated acyltransferase
activity of the dimeric (14.5 ± 0.12 U/mg) and monomeric
(0.7 ± 0.01 U/mg) species. In comparison, the activities of
the full-length FAS dimers and monomers are 6.9 and 0.2
± 0.2 U/mg, respectively. Thus, the 1–971 FAS can be
dissociated and reassociated with accompanying loss

and restoration of the β-ketoacyl synthase-mediated
acyltransferase activity under the same conditions that
produce a similar effect in the full-length FAS.

We attempted to isolate the β-ketoacyl synthase do-
main from the 1–971 FAS construct by engineering a
TEV protease cleavage site between the β-ketoacyl
synthase and malonyl/acetyl transferase domains (Fig-
ure 2, 1–971 (408tev)-FAS, as described above in the
context of the full-length FAS. The protease recognition
site in the 1–971 (408tev)-FAS protein, presented either
as the dimer at 20°C or the monomer at 4°C, could be
completely cleaved by TEV protease, as evidenced by
SDS-PAGE (Figure 3A, lanes 4–5). Western analysis
confirmed the identity of the proteolytic fragments: the
w50 kDa N-terminal β-ketoacyl synthase fragment was
anti-His6 positive, and the w73 kDa C-terminal frag-
ment was anti-His6 negative (details not shown). Never-
theless, when the TEV-cleaved 1–971 (408tev)-FAS spe-
cies were subjected to Ni-NTA affinity chromatography
(the dimeric form at 20°C, the monomeric form at 4°C),
both the N-His6-tagged β-ketoacyl synthase species
and the untagged C-terminal fragment bound to the
column and were co-eluted with 200 mM imidazole.
These results demonstrated that, in the context of both
the monomeric and dimeric forms of the 1–971 FAS,
the β-ketoacyl synthase engages in strong noncovalent
interactions with downstream regions.

Expression, Purification, and Characterization
of a FAS Lacking the N-Terminal �-Ketoacyl
Synthase Domain
To determine whether the presence of the β-ketoacyl
synthase domains was essential for the formation of
FAS dimers, we engineered two C-His -tagged FASs
6

lacking the N-terminal β-ketoacyl synthase domain
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Figure 3. Analysis of Full-Length and Partial FAS Proteins r
(A) SDS-PAGE of: lane 1, molecular mass standards; lanes 2 and 3, a
1–2505 (408tev)-FAS before and after cleavage, respectively; lanes m
4 and 5, 1–971 (408tev)-FAS before and after cleavage, respectively; c
lane 6, 1–809 FAS. c
(B–D) Gel filtration profiles of 1–971 FAS preparations. (B) Original

w1–971 FAS preparation. (C) Monomers produced by cold-induced
cdissociation (apparent Mr w82 kDa, theoretical Mr 106 kDa). (D)
cDimers produced by reassociation of monomeric species and puri-

fication by rechromatography (apparent Mr w220 kDa, theoretical i
Mr 212 kDa. Insert, Mr standard plot. Ol, higher oligomers; Di, di- b
mers; Mo, monomers. (

a

and consisting of residues 423–2505 and 488–2505 (Fig- a
ure 2, �KS-FAS). The shorter construct lacked 64 resi- n
dues from the long linker region between the β-ketoacyl s
synthase and the malonyl/acetyl transferase domains. c
Both constructs expressed well in Sf9 cells, and the w
proteins purified to homogeneity by anion exchange d
and Ni-NTA affinity chromatography had normal β-ket- t
oacyl reductase activity. However, both truncated FAS b
constructs migrated exclusively as monomers on a gel 1
filtration column and were significantly less thermally t

tstable than the wild-type FAS (details not shown).
rosslinking of the N Termini of the �-Ketoacyl
ynthase Domains of Full-Length FAS
survey of the crystal structures of type II β-ketoacyl

ynthase dimers revealed that the N-terminal residues
f the two polypeptide chains typically are separated
y 10–18 Å and are positioned on the surface of the
rotein. We reasoned that if this was also the case in
ype I FASs, then, provided an appropriate residue was
ocated at the N termini, the two polypeptides likely
ould be crosslinked. To this end, we engineered vari-
us FAS cDNA constructs encoding a cysteine residue
ear the N terminus. The first of these constructs had
ncoded, near the N terminus, a cleavage site for either
EV or enterokinase proteases, with a cysteine residue
t the position immediately following the cleavage site
Figure 2, 1–2505 N-FLAG-tev-Cys-FAS and 1–2505
-FLAG-Cys-(408tev)-FAS, respectively). Our intention
as to generate an N-terminal cysteine residue on each
ubunit by proteolytic cleavage and then to exploit the
nique reactivity of the 1-amino, 2-thiol moieties at the
terminus for reaction with bis-thioester crosslinking

eagents, by using a variation of the “native chemical
igation” reaction commonly used to couple large poly-
eptides [18, 19]. To our surprise, the introduction of
cysteine residue near the N terminus facilitated the

rosslinking of the FAS subunits by low concentrations
f bis-maleimido crosslinking reagents, obviating the
eed to generate an N-terminal cysteine residue by
roteolysis. Approximately 98% of the crosslinked FAS
igrated in the dimer fraction upon gel filtration, ruling
ut the possibility that interdimer crosslinking had
ccurred. Consequently, additional constructs were
ngineered to facilitate full exploitation of this finding
Figure 2, 1–2505 Cys-(408tev)-FAS and 1–2505 N-His6-
ys-(408tev)-FAS). The conditions employed for cross-

inking via the engineered cysteine residues were opti-
ized to minimize “nonspecific” crosslinking, as revealed

n control experiments with the wild-type FAS. In all of
hese experiments, acetyl-CoA was included in the reac-
ion mixture to acetylate the Cys161 and 4#-phospho-
antetheine thiols and minimize the possibility that the

eagents would introduce crosslinks between the β-keto-
cyl synthase and the ACP domains. Using bis-malei-
idohexane at a concentration of only 80 �M, all four

onstructs containing engineered cysteine residues
ould be crosslinked under conditions in which the
ild-type FAS was relatively unaffected (Figure 4A,
ompare lanes 4–7 with lane 8). Furthermore, these
onstructs also could be crosslinked by reagents hav-

ng shorter spacer elements, bis-maleimidobutane and
is-maleimidoethane (details shown for 1–2505 Cys-

408tev)-FAS, Figure 4A, lanes 2 and 3). Most significantly,
heterodimer consisting of one wild-type (N-His6-FAS)

nd one 1–2505 N-FLAG-Cys-(408tev)-FAS subunit was
ot crosslinked by bis-maleimidohexane under these
ame conditions (Figure 4A, lane 9), revealing that a
ysteine residue near the N terminus of both subunits
as required to form the crosslink. The ranges of S-S
istances that can be crosslinked by the ethane, bu-
ane, and hexane bis-maleimides have been estimated
y stochastic dynamics simulations as 6.3–10.5, 4.5–
4.1, and 3.5–15.6 Å, respectively [20], indicating that
he cysteine residues engineered at the N termini of the
wo FAS subunits must be approximately 6.3–10.5 Å
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Figure 4. Electrophoretic Analysis of FAS Species Crosslinked at
Engineered Cysteine Residues

(A) Various FASs were treated with different bis-maleimide (BMx)
crosslinking reagents (E, ethane; B, butane; H, hexane) electropho-
resed on 4% polyacrylamide gels and stained with Pro-Blue.
(B and C) FASs were treated with BMH and TEV protease, as indi-
cated, electrophoresed on 7% polyacrylamide gels, and either
stained with (B) Pro-Blue or (C) subjected to Western analysis with
anti-FLAG antibodies. The positions of molecular mass standards
are shown in lane 1 of (B). FAS species: a, 1–2505 Cys-(408tev)-FAS;
b, 1–2505 N-FLAG-tev-Cys-FAS; c, 1–2505 N-FLAG-Cys-(408tev)-
FAS; d, 1–2505 N-His6-Cys-(408tev)-FAS; e, 1–2505 N-His6-FAS; f,
heterodimer of 1–2505 N-His6-FAS and 1–2505 N-FLAG-Cys-
(408tev)-FAS (see the Supplemental Data for heterodimer isolation
procedure); g, 1–2505 N-FLAG-(408tev)-FAS. The concentration of
all crosslinkers in this experiment was 80 �M. The crosslinked spe-
cies marked by the arrow in (A) accounted for 28%–37% of the
total stained polypeptide species detected in the gel.
apart. Additional experiments revealed that DBP, which
can crosslink thiols with a maximum spacing of 5.6 Å,
could also generate a unique crosslinked species with
FASs containing an engineered cysteine residue. This
species is distinct from that formed by crosslinking of
the Cys161 and 4#-phosphopantetheine thiols by DBP,
as it was not formed from wild-type FAS (details not
shown). Unequivocal evidence that the crosslinking in-
volved the two N-terminal β-ketoacyl synthase domains
was obtained by crosslinking the 1–2505 N-FLAG-Cys-
(408tev)-FAS and the 1–2505 N-His6-Cys-(408tev)-FAS
homodimers with bis-maleimidohexane (Figure 4B, lanes
4 and 8); then, by exploiting the presence of the TEV pro-
tease cleavage site introduced between the β-ketoacyl
synthase and the malonyl/acetyl transferase domains,
the products were digested with TEV protease (Figure
4B, lanes 5 and 9). A distinct 90 kDa species that re-
acted positively to anti-FLAG antibodies in Western
analysis could be detected in the digest (Figure 4C,
lane 4), confirming that it was formed by the crosslink-
ing of the N-terminally FLAG-tagged β-ketoacyl syn-
thase domains within the context of the dimer. A control
experiment, in which the same FAS species was sub-
jected to TEV protease digestion, without prior treatment
with the crosslinker, yielded only an anti-FLAG-positive
45 kDa species corresponding to a single β-ketoacyl syn-
thase domain (Figure 4C, lanes 1 and 2). N-FLAG-
tagged FAS containing the 408tev cleavage site but
lacking the engineered cysteine residue generated ex-
clusively the 45 kDa species upon treatment with bis-
maleimidohexane and TEV protease (Figure 4C, lanes 5
and 6).

Finally, the identity of the residues involved in forming
the intersubunit crosslink was established by mass
spectrometry. The N-His6-Cys-(408tev)-FAS was cross-
linked with bis-maleimidohexane or DBP, the reaction
was quenched with mercaptoethanol, and the FAS was
subjected to limited tryptic digestion and carboxyami-
domethylated at cysteine residues. The His-tagged
peptides were isolated by Ni-NTA affinity chromatogra-
phy and were analyzed by MALDI-TOF MS. All four ex-
pected His-tagged peptides were identified. The small-
est peptide, MH+ 1185.697 Da, was matched to the
tryptic peptide EGASH6 (expected MH+ 1185.505 Da)
derived from the C terminus of FAS. The second pep-
tide, MH+ 1673.04, was matched to the N-acetylated,
carboxyamidomethylated N-terminal tryptic peptide
MH6ASICAR (expected MH+ 1672.745 Da). The third
peptide, MH+ 1970.181 Da, corresponded to the same
N-terminal tryptic peptide in which the cysteine residue
had been reacted with BMH and the second maleimido
group had been reacted with mercaptoethanol in the
quenching step (expected MH+ 1969.847 Da). Most im-
portantly, the fourth peptide, MH+ 3506.757 Da, corres-
ponded to a pair of N-terminal tryptic peptides linked
with a bis-maleimidohexane moiety between the two
cysteine residues (expected MH+ 3506.549 Da, Figure
5A). Similarly, reaction of FAS with DBP generated three
products, 1185.645, 1673.005, and 3284.726 Da, corre-
sponding to the C-terminal, the carboxyamidometh-
ylated N-terminal, and the crosslinked N-terminal pep-
tides, respectively (expected MH+ 1185.505, 1672.745,
and 3284.450 Da); the spectrum for the crosslinked
N-terminal peptides is shown in Figure 5B.

The sequence of N-terminal tryptic peptides cross-
linked with bis-maleimidohexane and DBP was exam-
ined by LC ESI MS/MS (Figure 5C and Supplemental
Data available with this article online, respectively). MS/
MS spectra of the crosslinked peptides are dominated
by cleavages within the His-tag portion of their se-
quences. In addition to y and b ions, intense internal
ions derived from the H6 portion of the tag are also
observed (for details, see DBP data in the Supplemen-
tal Data). With the exception of the y1 ion, all other
observed y ions encompass the crosslink site (Cys11-
Cys11) and are consistent with the crosslinker still at-
tached to both anchoring sites. As expected, the cross-
linker itself is relatively stable under conditions of
MS/MS. Due to the isobaric nature of product ions de-
rived from cleavages at various positions within two
identical MHHHHHH sequences present in the cross-
link peptide, many of the observed ions are likely to
represent mixtures of discrete MS/MS products. Never-
theless, these ambiguities do not affect the conclusions
that can be drawn about the identity and sequence of
the crosslinked peptide species. In conclusion, the mass
fragmentation data establish unequivocally that both bis-
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Figure 5. Verification by Mass Spectrometry
that Cysteine Residues Engineered at the N
Termini of FAS Can Form an Intersubunit
Crosslink

(A–C) Homodimeric 1–2505 N-His6-Cys-
(408tev)-FAS was treated with either (A and C)
BMH or (B) DBP and digested with trypsin,
and the N-terminal His-tagged peptides
were isolated and analyzed by either (A and
B) MALDI-TOF MS or (C) ESI Tandem MS.
The sequence of the crosslinked peptide, to-
gether with annotations of ions, is shown
above the spectra; the crosslinker moiety at-
tached to the two cysteine thiols is shown
as “X.” (A and B) For the MALDI-TOF MS,
experimental monoisotopic MH+ masses are
shown above the spectra; corresponding ex-
pected masses for N-terminal peptides of
FAS dimer crosslinked with BMH and DBP
are 3506.549 and 3284.450 Da, respectively.
In (A), mass increments of 18 and 36 Da re-
present products of hydrolysis of one and
both N-alkyl succinimidyl moieties to N-alkyl
succinimic acid. For clarity of presentation,
in (C), an original ESI tandem mass spectrum
was deconvoluted to a zero charge state and
then redrawn to show fragment ions as sin-
gly charged species. Annotation of fragment
ions follows the established nomenclature
[45]. Thus, b, y, and I denote N-terminal, C-ter-
minal, and internal fragments, respectively;
symbols y-y present crosslinked fragments;
H is a His immonium ion, and a = b −28 Da.
The −28 ion as well as the −17 and −18 Da
ions are commonly produced upon fragmen-
tation of peptides. Most of the −17 Da, −18
Da, and internal ions are not annotated.
When several possible crosslinked frag-
ments have identical predicated m/z, only
the one combining the longest and shortest
sequences within two identical counterparts
of the precursor ion is shown. The double-
headed arrow in (C) marks a portion of the
spectrum shown with 10-fold amplification
of intensity scale (y axis).
maleimidohexane and DBP are capable of forming in- d
utersubunit crosslinks between the cysteine residues

engineered at the N termini of the β-ketoacyl synthase 9
ddomains.
t
aDiscussion
i
βOur inability to express the β-ketoacyl synthase domain

of FAS as a freestanding protein, or to recover the do- t
mmain following proteolytic cleavage from either full-length

or truncated forms of FAS, necessitated the development c
dof alternative strategies to evaluate the possibility that

this domain might engage in homodimeric interactions e
2critical for the functioning of the complex.

Dimers formed by the 1–971 FAS, which are active in e
bthe β-ketoacyl synthase-catalyzed acyltransferase re-

action, can be converted to monomers by cold-induced a
mdissociation in low-ionic strength buffer and reassoci-

ated to dimers by rewarming in high-ionic strength phos- c
Tphate. The monomer to dimer transition is accompanied

by restoration of β-ketoacyl synthase acyltransferase ac- t
ativity. These are exactly the same conditions that effect
issociation and reassociation of full-length FAS sub-
nits, indicating that structural elements within the first
71 residues may play a role in the maintenance of the
imeric form of the FAS. The inability of the 1–809 FAS

o dimerize suggested that perhaps both the β-keto-
cyl synthase and the dehydrase domains are involved

n stabilizing the FAS dimer. In type II FAS systems,
-ketoacyl synthase [21] and dehydrase [22, 23] pro-
eins are dimeric, whereas the malonyl transferase is
onomeric [24, 25]. Further experiments focused specifi-

ally on the role of the β-ketoacyl synthase domain in
imerization, and, significantly, two FASs lacking the
ntire N-terminal β-ketoacyl synthase domain (488–
505 and 423–2505 �KS-FASs) were both found to be
ntirely monomeric and significantly less thermally sta-
le than the full-length wild-type FAS. These properties
re very similar to those reported previously for a FAS
utant in which the β-ketoacyl synthase active site

ysteine residue had been replaced with threonine [26].
hus, for the FAS to form dimers, the β-ketoacyl syn-
hase domains must be present, and the integrity of the
ctive site region must be preserved.
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Direct evidence indicating that the β-ketoacyl domains
might be close enough to form dimers was sought by
using a crosslinking approach in which a new cysteine
residue was introduced near the N terminus of the FAS
(position −3). Indeed, the two polypeptides of these
mutant FAS dimers could be readily crosslinked by DBP
and bis-maleimide reagents with spacer distances as
short as w6 Å. Compelling evidence was obtained indi-
cating that the crosslinking involves the engineered
cysteine thiols at the N termini of the two polypeptides.
Thus, following treatment with the crosslinking rea-
gents, proteolytic cleavage at a TEV recognition site in-
troduced immediately downstream of the β-ketoacyl
synthase domain revealed that the two N-terminal do-
mains had been crosslinked. Crosslinking was not ob-
served in a heterodimer that contained an engineered
cysteine residue in only one subunit. Furthermore,
crosslinking was observed with four fully active FAS
species that contained sequences of different lengths
and composition upstream from the engineered cyste-
ine residue. Therefore, we regard it as highly unlikely
that the proximal positioning of the two N termini repre-
sents an artifact produced by a structural rearrange-
ment of the dimer brought about by the introduction of
a specific unnatural sequence at the N termini. Conclu-
sive evidence verifying that the bis-maleimide and DBP
reagents introduce an intersubunit crosslink via the
cysteine residues engineered at the N termini was ob-
tained by mass spectrometric analysis.

These experiments provide irrefutable evidence that
the N termini of the two β-ketoacyl synthase domains
of the type I FAS dimer are located close together. It
seems highly likely then that the N-terminal β-ketoacyl
synthase domains are in fact homodimeric. Indeed, it is
possible to model the β-ketoacyl synthase domain as
a dimer based on the known crystal structures of the
freestanding type II counterparts (Figures 6A and 6B).
Furthermore, each of the crosslinkers used to ligate the
cysteine residues engineered at position −3 can be ac-
commodated in the structure. The structure of the
N-terminal region containing the propanone crosslinker
is shown in Figure 6C.

Recent single-particle analysis of electron micro-
graphs of N-terminally His6-tagged FAS decorated with
Ni-NTA nanogold have revealed that the gold clusters
are localized exclusively near the center of the FAS di-
mer (F.J.A., J.Z. Chadick, I.K. Cheung, H. Stark, A.W.,
A.KJ., and S.S., unpublished data). Collectively, these
findings indicate that the two N-terminal β-ketoacyl
synthase domains of the FAS are homodimers and are
positioned near the center of the dimer.

In summary, there is now a substantial body of evi-
dence indicating that the β-ketoacyl synthase domains
of the animal FAS function as a homodimer and play
a significant role in stabilizing the dimeric form of the
complex. Thus, (i) activity of the partial reactions of
the β-ketoacyl-synthase—acyl chain transfer to the
active site cysteine, decarboxylation of malonyl moie-
ties to form the active carbanion species, and conden-
sation of the substrates to form the β-ketoacyl moiety—
all require the dimeric form of the FAS [13, 27]; (ii) FASs
carrying certain single residue mutations in the active
site region of β-ketoacyl synthase (Cys161Thr and
Lys326Leu) fail to form stable dimers [28]; (iii) FAS lack-
Figure 6. Homology Modeling of the β-Ketoacyl Synthase Domain
of FAS

(A and B) Ribbon presentation of the X-ray structure of Streptococ-
cus pneumoniae KAS II and a model of β-ketoacyl synthase domain
of FAS, respectively. The subunits are distinguished by blue and
red coloring.
(C) View of an N-terminally modified model of the β-ketoacyl syn-
thase domain crosslinked with 2-propanone; compared with that in
(B), the view is rotated 180° about the vertical axis in the plane of the
paper. The MACAR peptide was attached to the N-terminal methio-
nine of the β-ketoacyl synthase domain to mimic the sequence of one
of the FASs engineered with a cysteine residue at position −3. A
helical structure of the N-terminal peptide region was assumed
based on a survey of the protein 3D database for similar se-
quences. 2-propanone was modeled in CS Chem 3D Pro, v.5.0
(CambridgeSoft Corp.), coordinates were transformed into pdb
format, and a crosslinker was built into the model of the MACAR
β-ketoacyl synthase dimer.
ing the β-ketoacyl synthase domain is entirely mono-
meric (this report); (iv) the partial FAS construct con-
taining residues 1–971, which lacks the central core
region that is thought to play an important role in dimer-
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ization, is capable of forming dimers that can reversibly t
tdissociate into monomers under the same conditions

as whole FAS (this report); (v) crosslinking studies re- d
oveal that the two N termini of FAS subunits are in close

proximity in the FAS dimer (this report); (vi) electron l
dmicroscope images of N-His6-tagged FAS with Ni-NTA

nanogold show two distinct nanogold clusters located s
lnear the center of the structure, not at opposite poles

as would be predicted by the head-to-tail model (F.J.A. s
ket al., unpublished data).

All of the data summarized above, together with the [
shomology modeling of the dimeric β-ketoacyl synthase

domains, are consistent with the revised model we pro- T
pposed earlier (Figure 1B).

Clearly, dimeric N-terminal β-ketoacyl synthase do- F
mains cannot be accommodated by the head-to-tail
model (Figure 1A), which predicts that the N-terminal E
β-ketoacyl synthase domains are distantly located at

Eopposite poles of the w180 Å-long dimer [29], where
Fthey could not be ligated by crosslinkers with a range of
T

only w6 Å. On the other hand, the new data are entirely s
compatible with the alternative model (Figure 1B) that v
predicted that the two β-ketoacyl synthase domains n

alikely are located close together [5, 7]. Thus, the two
polypeptides are orientated head-to-head and not head-
to-tail. Since the β-ketoacyl synthase and the malonyl/ D

Tacetyl transferase domains located at the N terminus can
sinteract functionally with the ACP domains of either sub-
funit, the head-to-head juxtaposition does not imply that
8

the polypeptides lie side-by-side in a parallel orienta- m
tion. Rather, they must be coiled so as to permit the n
full range of functional interactions defined by earlier d

omutant complementation studies. The challenge ahead
sis to generate a more detailed map of the topographical
tfeatures of the FAS complex that will reveal exactly how
(

the two subunits interact both structurally and function- c
ally. We are presently pursuing a combination of chemi-
cal crosslinking and structural analysis by single-par-

C
ticle electron microscopy to address this task. T

s
p
uSignificance
b
cThe current textbook models for the animal FAS are
m

based on the premise that the two subunits are ar- o
ranged in a fully extended, antiparallel orientation— d

1the “head-to-tail model” [30]. There is now extensive
fbiochemical evidence that calls into question this view
bof the complex, and the cornerstone of the model, the
rassumption that the �-ketoacyl synthase active site q

cysteine and the ACP phosphopantetheine thiols can p
be crosslinked exclusively between subunits, has 4

dproven to be incorrect, as the two thiols can also be
crosslinked within the same subunit [6]. The original

Cmodel also precluded the possibility that the two N-ter-
Fminal �-ketoacyl synthase domains could engage in
1homodimeric interactions, since these domains were
ppredicted to lie far apart at opposite poles of the di-

mer. The results of the present study, together with
Tpreviously obtained experimental data from our labora-
o

tory, provide a compelling argument that the two �-keto- B
acyl synthase domains in fact lie close together and a

ware likely to form a homodimer. Thus, the type I and
ype II �-ketoacyl synthases likely share a similar qua-
ernary structure. The animal FAS has served as a para-
igm for understanding the structural organization and
peration of the modular polyketide synthases. These

arge multienzymes are designed with the same basic
omain architecture as the FAS, and they indeed re-
emble multiple FAS ensembles, each of which cata-
yzes a single chain-extension step, together with a
eries of �-carbon processing reactions. These poly-
etide synthases also function as dimeric modules
31], and it has been postulated that the �-ketoacyl
ynthase domains may themselves be dimeric [32].
he definitive experimental demonstration of the
roximity of the �-ketoacyl synthase domains in the
AS dimer lends support to this view.

xperimental Procedures

ngineering and Expression of Constructs Encoding
AS and Its Various Subfragments
he general strategies for cDNA construction, baculoviral expres-
ion in Sf9 cells, and purification of FASs have been described pre-
iously [6, 26, 28, 33–35]. Details of the procedures used to engi-
eer the various modified and truncated FASs used in this study
re available as Supplemental Data.

issociation and Reassociation of the 1–971 Fragment of FAS
he purified 1–971 FAS was diluted with water to give 20–25 mM
odium phosphate (pH 7.3) and 1% glycerol; DTT was added to a
inal concentration of 1 mM, and the protein was stored at 4°C for

days. Oligomeric status was monitored by size-exclusion chro-
atography on a BioSep-SEC-S 3000 column, 300 × 7.8 mm, (Phe-

omenex), equilibrated and eluted with either 100 or 200 mM so-
ium phosphate buffer (pH 7.3) containing 1 mM DTT at a flow rate
f 1 ml/min at 20°C. Reassociation was performed by restoring the
odium phosphate buffer and glycerol to 0.2 M and 10%, respec-
ively, followed by incubation at 30°C for 60 min. The reassociated
dimeric) form of 1–971 FAS was further purified by size-exclusion
hromatography.

rosslinking of FAS
he storage buffer of FAS preparations was replaced with 0.2 M
odium phosphate (pH 7), containing 1 mM Tri(2-carboxyethyl)-
hosphine hydrochloride, and 10% glycerol by repeated centrifugal
ltrafiltration in MWCO-100 kDa units until the solution contained
elow 0.5% storage buffer. FAS preparations, 0.5 mg/ml, were
rosslinked with bis-maleimido crosslinkers in the presence of 0.2
M acetyl-CoA for 30 min at room temperature. Stock solutions
f bis-maleimido crosslinkers (Pierce Chemical Co.) were made in
imethylformamide. The solvent concentration was kept below
.5%, and control samples received identical amount of dimethyl-
ormamide. Crosslinking with 6- to 7.5-fold excess of DBP, purified
y HPLC [36], was done as described previously [6], except that
eactions were carried out for 30 min. Crosslinking reactions were
uenched by the addition of mercaptoethanol to 1 mM. Reaction
roducts were analyzed by SDS-PAGE by using a 3% stacking and
% separating gel and were stained as described [6]. FAS hetero-
imer was prepared and purified as described previously [7].

leavage by TEV Protease
AS in 50 mM sodium phosphate (pH 7)/1 mM EDTA/1 mM DTT/
0% glycerol was digested with 2 U TEV protease (Invitrogen Corp.)
er 1 �g FAS for 3 days at room temperature.

rypsinization of Crosslinked FAS and Purification
f N-Terminal Peptides
efore trypsinization, the pH of crosslinked FAS preparations was
djusted to 8, and acetonitrile was added to 5%. FAS was digested
ith TPCK-trypsin (Worthington Biochemical Corp.) at a ratio of
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2.5:1 at 37°C for 18 hr. Then, 6 M guanidine/0.1 M potassium phos-
phate (final pH 8) was added to achieve 4 M guanidine concentra-
tion; the protein was carboxyamidomethylated with 1.5 mM io-
doacetamide for 1 hr, and the reaction was stopped by the addition
of mercaptoethanol to 2.5 mM.

His-tagged peptides were purified on Ni-NTA silica spin columns
(Qiagen Inc.) according to the manufacturer’s recommendations. In
brief, the reaction mixture was supplemented with 5 mM imidazole
and spun through the column. The column was washed twice with
30 mM imidazole in 3 M guanidine/50 mM potassium phosphate
(pH 8), then washed twice with 5 mM ammonium carbonate. Bound
peptides were eluted with 0.1% trifluoroacetic acid in 20% acetoni-
trile and were used directly for mass spectrometric analysis.

Identification of Crosslinked Cysteine Peptides
by Mass Spectrometry
MALDI-TOF MS analysis of peptide mixtures (in 50% acetonitrile/
0.1% TFA) was performed in a water-saturated dihydroxybenzoic
acid matrix mixed 1:1 directly on the MALDI target, and the mix-
tures were allowed to crystallize at room temperature. A Voyager
DE STR mass spectrometer (Applied Biosystems) was operated in
the positive reflector mode under conditions of external calibration.
Instrumental control and data analysis were afforded by Voyager
5.1 and Data Explorer software (Applied Biosystems), respectively.
Nano LC ESI MS and MS/MS analysis was performed by utilizing
an LC Packings Ultimate HPLC system together with Switchos and
Famos Autosampler (LC Packings/Dionex) on-line with a QStar XL,
Qq TOF hybrid mass spectrometer (Applied Biosystems/MDX
Sciex), equipped with nano-spray ion source (Protana, Odense)
and PicoTip Emitter tips (New Objective Inc.). Samples (2–3 �l)
were desalted on-line by using a Nano-Precolumn (C18, 5 �m, 100
Å, 300 �m × 1 mm), and peptides were separated on a PepMap100
column (C18, 3 �m, 75 �m id, LC Packings/Dionex) by using a
gradient of acetonitrile in 0.1% formic acid at a flow rate of 300 nl/
min. The instrument was controlled by Analyst software and oper-
ated automatically under conditions of external calibration with in-
formation-dependent acquisition software (Applied Biosystems/
MDX Sciex). Data analysis was performed with Bioanalyst software
(Applied Biosystems/MDX Sciex). Deconvolution of MS/MS data to
produce zero charge spectra was done by using a Bayesian pep-
tide reconstruction script. Interpretation of MS/MS spectra of
crosslinked peptides was aided by MS2Assign software (Sandia
National Laboratories, http://roswell.ca.sandia.gov/~mmyoung) [37].

Enzyme Assays
Overall FAS activity [38] and trans-1-decalone reductase activity
associated with the β-ketoacyl reductase domain [33] were as-
sessed spectrophotometrically. The acyl transferase activity of the
β-ketoacyl synthase domain that is responsible for the transloca-
tion of saturated acyl moieties from the phosphopantetheine thiol
to the active site Cys161 was assessed at 10°C with model sub-
strates, by monitoring the shuttling of decanoyl moieties from pan-
tetheine and CoA thiols [39]. Activity of the malonyl/acetyl transfer-
ase domain was assayed by monitoring the transesterification of
[1-14C] acetyl moieties from CoA to pantetheine [40]. Dehydrase
activity was measured spectrophotometrically [41]. Units of activity
are nmol substrate utilized per min.

Homology Modeling of �-Ketoacyl Synthase Domain
Four X-ray structures of one chain of type II β-ketoacyl synthases,
1kas (E. coli, 22% identity, 40% similarity), 1ox0a (Streptococcus
pneumoniae, 22% identity, 37% similarity), 1j3na (Thermus thermo-
philis, 28% identity, 43% similarity), and 1e5ma (Synechocystis Sp.,
27% identity, 42% similarity), were used as templates to model the
β-ketoacyl synthase domain of rat FAS. A multiple alignment pro-
duced by clustalw was submitted to SWISS-MODEL [42, 43]. The
model of the dimer was created by superimposing two identical
models with the chains A and B of S. pneumoniae β-ketoacyl syn-
thases II dimer by using Swiss-PdbViewer, v. 3.7. Clashes were re-
moved by manipulation of side –chains, and the model was refined
by energy minimization with GROMOS96 implementation of Swiss-
PdbViewer. The accuracy of this model depends on the degree of
similarity between the structure of the β-ketoacyl synthase domain
of rat FAS and type II β-ketoacyl synthase.

Supplemental Data
Supplemental Data including details of the procedures used to en-
gineer, express, and purify the various protein constructs used in
this study, together with the mass spectrometric analysis of the
peptides derived from dibromopropanone-crosslinked FAS, are
available at http://www.chembiol.com/cgi/content/full/11/12/1667/
DC1/.
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