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AN EXTRACYTOPLASMIC THIOESTER ACYL-ENZYME INTERMEDI ~ ATE?

Nienke Buddelmeijer* and Ry Young

Institut Pasteur, Molecular Genetics Unit and CNBA 2172, 25 rue du docteur Roux, 75724 Paris
cedex 15, France
*Address correspondence : N. Buddelmeijer, 25 wedatteur Roux, 75724 Paris cedex 15, France,

Phone +331403683, Fax +33145688960, E-nraibud@pasteur.fr

Running title: Thioester acyl-Lnt intermediate

*R. Young was supported by NIH grant GM27099 andhgyMolecular Genetics Unit of the Institut

Pasteur. The work was supported by the InstituteRas



23

24

25

26

27

28

29

30

31

32

Thioester acyl-Lnt intermediate

FOOTNOTES

SPermanent address: Ryland F. Young Ill, Sadie ldtfProfessor of Agriculture, Center for Phage
Technology, Dept. of Biochemistry and Biophysicexdas A&M University, 2128 TAMU, College

Station TX USA 77843-2128, Phone: 979-845-2087; Ba9-862-4718, E-mailyland@tamu.edu

Abbreviations used in the text: methoxypoly(ethg@eglycol)-maleimide (malPEG), hydroxyl amine

(HA).
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ABSTRACT

Escherichia coli apolipoprotein N-acyltransferase (Lnt) transfers an acyl group fromsn-1-
glycerolphospholipid to the freea-amino group of the N-terminal cysteine of apolipopoteins,
resulting in mature triacylated lipoprotein. Here we report that the Lnt reaction proceeds
through an acyl enzyme intermediate in which a palitoyl group forms a thioester bond with the
thiol of active site residue C387 that was cleaveby neutral hydroxylamine. Lnt(C387S) also
formed a fatty acyl intermediate that was resistantto neutral hydroxylamine treatment,
consistent with formation of an oxygen-ester linkag. Lnt(C387A) did not form an acyl enzyme
intermediate and, like Lnt(C387S), did not have anydetectable Lnt activity, indicating that
acylation can not occur at other positions in the atalytic domain. The existence of this thioacyl-
enzyme intermediate allowed us to determine whethegssential residues in the catalytic domain
of Lnt affect the first step of the reaction, the érmation of the acyl enzyme intermediate, or the
second step in which the acyl chain is transferretb apolipoprotein substrate. In the catalytic
triad, E267 is required for the formation of the agl-enzyme intermediate, indicating its role in
enhancing the nucleophilicity of C387. E343 is alsmvolved in the first step but is not in close
proximity to the active site. W237, Y388 and E389lay a role in the second step of the reaction
since acyl-Lnt is formed but N-acylation does notacur. The data presented allow discrimination

between the functions of essential Lnt residues tatalytic activity and substrate recognition.
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Thioester acyl-Lnt intermediate

Lipoproteins are major components of the bacter#l envelope; irE. coli, Braun's lipoprotein
(Lpp) at ~16 copies, is easily the most numerous protein. Liptgin signal sequences terminate in a
lipobox motif, L(A/V).s-L.3-A(S)2-G(A)1-Cs1, identifying a Cys residue as the site of post-
translational modification processing (Fig. 1a)).( First, phosphatidylglycerol::apolipoprotein
diacylglyceryl transferase (Lgt) adds a phosphédigigerol (PG) -derivedn-1,2-diacylglyceryl group
via a thioether bond. Next, the signal sequencensved by prolipoprotein signal peptidase (LspA, o
signal peptidase 1), liberating tha-amino group of G. In Gram-negative bacteria and in
Mycobacteria (2), a third stepN-acylation of diacylglyceride G by apolipoproteirN-acyltransferase
(Lnt), follows, generating the mature tri-acylatggbprotein.N-acylation is required for engaging the
Lol machinery B), which either transfers the lipoprotein to thaanleaflet of the outer membrane or
leaves it tethered in the outer leaflet of the mmembrane. All three processing enzymes, as wgell a
the Lol system, are essential. Despite its cemtl@ in the generation of the bacterial envelope, t
catalytic mechanism of Lnt is largely unknown. Tieaction, in which the carbonyl group sif-1-
glycerolphospholipid is linked to the freeamino group of apolipoprotein, involves the formoatof
an acyl enzyme intermediate, analogous to reactidescribed for members of the nitrilase
superfamily, to which Lnt belongs by virtue of thieilarity of its largest periplasmic domain (Fid)

(4). We previously identified the catalytic triad, &2K335-C387, and residues W237, E343, Y388
and E389 in the periplasmic domain as essentialLfdractivity in E. coli (5). Here we describe

genetic, physiological, and biochemical experimemsed at further defining Lnt catalysis.

EXPERIMENTAL PROCEDURES

Srains, plasmids and growth media. Strains PAP105, MC4100 and MG1655 have been itesc6,

6). Strains carrying plasmids were grown in LB wi®0 pg/ml ampicillin.
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Induction of Int genes. Strains were grown at 37°C with shaking in LBQDgoo = 0.2. Expression of
Int from the @ promoter in pUC18 plasmids and from thg promoter of the pBAD18 constructs was
induced with 1 mM isopropyB-thiogalactopyranoside (IPTG), and 0.2% L-arabinasspectively.
The final OQoo Wwas measured after 1 h of induction at 37°C, atkvtime the cultures were placed on

ice.

Sandard DNA manipulation. Plasmid pCHAP7530, encoding Lwith a double c-Myc tag at the C-
terminus, has been described previou8ly Site-directed mutagenesis was performed withspai
synthetic oligonucleotides (data not shown) usinwestep polymerase chain reaction based on the
Quick-change site-directed mutagenesis protocoai{@iene) with pCHAP7530 as template DNA. All
constructs were verified by sequencing. Fragmemnitgainingint in pUC18 derivatives were digested

with EcoRI and HindlIIl and inserted into pPBAD18 fay;, controlled expressiory).

Hydroxylamine treatment. Bacteria (1.6 ml) were centrifuged at 16,000 g5anin and resuspended in
1 ml Phosphate Buffer (PB) (50 mM KPi pH 7.0). Stespwere split into two tubes and centrifuged at
16,000 g for 5 min. One pellet was resuspendedviméutral hydroxylamine (HA; made immediately
before use by dissolving 1.4 g MBH in 20 ml HO and adjusting to pH 7.0 by gradual addition of
32% NaOH) containing 1% SDS. The second pellettvesged identically except 1M Tris-HCI pH 7.0
containing 1% SDS was used instead of HA. Afteubation for 30 min at room temperature, proteins
were precipitated by incubation with 10% TCA for @@ on ice, collected by centrifugation at 16,000
g for 15 min at 4°C, washed twice with acetone, ssilispended either in PEG buffer (see below) for

alkylation with malPEG, or in SDS sample buffer &malysis by gel electrophoresis (see below).



Thioester acyl-Lnt intermediate

102 Alkylation with MalPEG. Pellets were air-dried and resuspended in IlOBEG buffer (1M Tris-HCI
103 pH 7.0, 10 M Urea, 1% SDS and 1mM EDTA). MalPEG wedded to all samples to 0.2 mM and they
104 were then incubated for 30 min at room temperat@a@d 100% ethanol (1.5 ml) was added and
105 proteins were precipitated at -20°C. Protein samplere centrifuged at 16,000 g for 15 min at 4°C.
106 Supernatants were carefully removed and pellete weaed at room temperature and then resuspended
107 in SDS sample buffer and heated at 100°C for 5 pmiar to analysis by gel electrophoresis and
108 immunoblotting.

109

110 *H-palmitate labeling of whole cells and Fluorography. Overnight cell cultures were diluted 100 fold
111 in 5 ml fresh medium and grown at 37°C to &= 0.2.°H-palmitate was added to 1Qi per ml
112 andInt expression was induced simultaneously with 0.2%rdbinose. The cultures were incubated for
113 a further 60 min at 37°C. Harvested cells weretéavith HA as described above. Proteins were
114 separated on 10% polyacrylamide-SDS gels. Gels fhvazd in 25% isopropanol + 10% acetic acid for
115 30 min, washed twice in 4@ for 15 min and incubated in Amplify (GE Healthepfor 20 min. The
116 dried gels were exposed to Kodak BioMax XAR film&®d°C.

117

118 SDSPAGE, immunoblotting. For the preparation of whole cell extracts, laitells were centrifuged
119 for 5 min at 16,000 g. Cell pellets were resuspdndeSDS sample buffer containing 4 mM DTT and
120 heated for 5 min at 100°C. Protein samples werdddaat an equivalent of 0.1 @ units and
121 separated in 10% polyacrylamide SDS-PAGE gels. rAfitansfer onto nitrocellulose membranes,
122 proteins were detected by incubating the membratireamtibodies against c-Myc (Sigma) followed by
123 horseradish peroxidase conjugated secondary amgdd rabbit immunoglobin G (Amersham).
124  Secondary antibodies were detected by chemilumamesc(Thermo ScientificBj.

125



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Thioester acyl-Lnt intermediate

RESULTS

The periplasmic thiol of Lnt is blocked in vivo.

The proposed mechanism oFacylation of lipopoteins involves a nucleophilittagk by the
activated thiol of Lnt on then-1-glycerolphospholipid carbonyl group to generatiysophospholipid
byproduct and an acyl enzyme intermediate, whicthén resolved by the apolipoproteiramino
group. Besides the catalytic cysteine, C387, inldéinge periplasmic domain, there are two other Cys
residues, neither conserved: C23 in the firstsim@@mbrane segment (TMS1) and C62 in TMS3 (Fig.
1b). To facilitate biochemical analysis of Lnt emmtic function we altered the non-conserved Cys
residues to Ala, both individually and in combioati in the context of amt allele also encoding a
double c-Myc tag at the cytoplasmic C-terminus.ekpected, both C23A and C62A alleles and the
double substitution complemented Encoli Int conditional null mutant. Surprisingly, when the linig
molecular-weight alkylating agent, methoxypoly(ééme glycol)-maleimide (malPEG; 5 kDa) was
used to assess the state of the thiols in denapuotein samples prepared from whole cells, botthef
single substitutions exhibited only a single mabfe thiol, and the double substitution had noneg. (F
2). This conclusion was confirmed by showing thatdifying the Cys387 to Ser in the parental or
either single substitution had no effect on the benof malPEG-reactive thiols, although as expected
the ability to complement tHet defect was lost. These results indicated thaefisential C387 residue

exists in covalently blocked statevivo.

Lnt exists as a periplasmic thioester acyl enzyme intermediate.

The most likely covalent modification of Lnt woulte an acyl-enzyme intermediate. To test this
idea, we examined the thiol state of Lnt after ttremt with neutral hydroxylamine (HA), which
specifically cleaves thioesters but not oxygenreste amides9). HA treatment of cells producing the

Lnt(C23,C62A) double mutant quantitatively libechtehe C387 thiol, as shown by malPEG
-7 -
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modification (Fig. 3). Lnt lacking all cysteinesni(C23,C62AC387S)) was not modified by malPEG
after HA treatment . These data indicate that tkteaecytoplasmic catalytic thiol of Lnt exists in a

thioester acyl enzyme intermediatevivo.

Lnt(C23,C62AC387S) forms an oxygen-ester acyl enzyme intermediate.

To demonstrate directly that Lnt was acylated o8 2ells induced for synthesis of Lnt variants
with different substitutions at C387 were labeleithwH-palmitate and analyzed by fluorograpfiyi-
palmitate was incorporated into both Lnt(C23,C62Anhd Lnt(C23,C62AC387S), but not
Lnt(C23,C62,C387A) (Fig. 4). The thioester formadC887 with the labeled palmitate proved to be
sensitive to neutral HA, both in terms of losing tabel and becoming sensitive to derivitizatiothwi
malPEG, whereas the C387S label did not. Thesdtsdaadicate that C387 indeed forms a thioester
bond with palmitate and also that, if the conser@d is replaced by Ser, Lnt is able to form an
oxygen-ester that is resistant to HA treatment.tHarmore, only residue 387 is involved in the

formation of acyl enzyme intermediates, since LARLC62,C387A) does not incorporate fatty acids .

Residues affecting thioester acyl enzyme formation and N-acylation of apolipoproteins.

Previously, several essential residues in Lnt videetified by site-directed mutagenesis andran
vivo complementation assag)( To examine whether the defects in these mui@mitd be correlated
with thio-acylation of Lnt, each mutation was ceshin the Lnt(C23,C62A) background and the effect
on the state of the C387 thiol determined by malREglation. Lnt variants were also analyzed for
maleimide modification after HA treatment as a colnfor the accessibility of the thiol group of CB38
A double band was detected in Lnt(C23,C62AC3878)bably representing non-acylated Lnt (lower
band) and oxygen-ester acyl-Lnt (upper band) (5jgThis Lnt variant was not modified by malPEG
because it lacks C387. Lnt(C23,C62A) was modifigdrialPEG only after treatment with HA as seen

before (Figs. 3, 4 and 5). Lnt variants with subsbns at two glutamate residues E267 and E343
-8-
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exhibited malPEG modification independent of HAatreent, indicating that both mutations cause a
defect in thio-acylation of C387 (Fig. 5). Thessidees therefore play a role in the first stephefN-
acyltransferase reaction. Lnt containing the K33blstitution is partially alkylated by malPEG ireth
absence of HA, suggesting that it plays a rolehi gtabilization of the tetrahedral intermediatest t
are formed as part of both sted9)( The W237, Y388 and E389 substitutions showednatPEG
alkylation (or slight modification in case of W23ifj) the absence of HA, indicating that C387 is
acylated in these allele products . These sulistitsiaffect the maturation of major lipoprotein L&)

and are thus required for theacylation of substrate apolipoproteins.

DISCUSSION

Based on similarities of the Lnt periplasmic domaiith the nitrilase superfamily, it has been
proposed that the apolipoprotéikacylation involves a thioester acyl enzyme intediate between an
acyl group derived from &n-glycerolphospholipid, usually phosphatidylethamal@e (PtdEtn)n vivo
(11), and the thiol of C387 (see scheme 1). Here we Imesented evidence supporting this model,
showing thatn vivo, the bulk of Lnt molecules exist as the C387-aaytyme intermediate.

To our knowledge, Lnt is one of the few enzymes #xastsin vivo in its reaction intermediate form
and is the only protein found to have a persistattacytoplasmic thioester of any kind. This sugges
that the thioester linkage is sequestered fromatinigeous milieu of the periplasm, presumably by
having the C387 at the membrane interface, whicghmalso facilitate the thermodynamically
unfavorable loading reaction where then-1 acyl group of linked in oxygen-ester to
phosphatidylethanolamine is transferred to the C88@l. Since each of the ~iQipoproteins
produced in the bacterial cell per generation nigstprocessed by Lnt, the total flux of fatty acid
through the Lnt thio-ester must be upwards of 20% rholecules/min. Thus the persistent thio-ester

form of Lnt is likely to be in a state of rapid $gasis and discharge into nascent lipoproteins.

-9-
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Nevertheless, the persistent intermediate statenofstands in distinct contrast to Sortase, which
catalyzes the covalent attachment of secretedipsotarrying the LPXTG motif to the peptidoglycan
of Gram-positive bacteria, and which has also b&®wn to use a covalent thiol intermediatg)(
However, probably due to its transient charactes,thioester between sortase and LPXTG-containing
surface proteins has not been directly demonstiateto. Sureeet al. recently reported the solution
structure of sortase with a covalently bound pepadalog of the LPXTG sorting signdl3j. The
attack of the carbonyl group of threonine by thivacsite cysteine leads to the formation of aeisier
and results in structural changes in the overatbse structure. This movement creates an entmt poi
for the peptide portion of lipid I1.

The first step of thé\-acyltransferase reaction requires the activerssedues C387 and E267 as
well as E343. In the predicted structure of theilage domain of Lnt, E343 is located on a flexible
loop facing away from the active sitB).( The data presented here suggest a role for E848ther
with E267, in the activation of C387 for attack ¢me carbonyl group of the phospholipid.
Alternatively, this residue might be involved ingitoning the phospholipid in close proximity ofeth
active site pocket to facilitate nucleophilic akdoy C387. The acyl moiety at the 1-position of Rtd
is the acyl donor for Lntl{l). Electrostatic interactions between the posiyiveiarged head group of
PtdEtn and the negatively charged E343 could thezedtabilize the interaction between phospholipid
and Lnt. Phosphatidylglycerol (PtdGro) and cargioli(CL) can also act as acyl donors for Lnt in
strains lacking the phosphatidylserine synthases @ass) (14). The intermediate state of Lnt has not
been examined under these conditions.

In the second step of the reaction, the acyl grapgransferred to thex-amino group of
apolipoprotein. The active site residue C387 iviregl, as are W237, Y388 and E389. Like E343,
W237 faces away from the active site pocket. Weothgsize that W237 and Y388 recognize and
interact with the diacylglyceryl moiety of.Cof apolipoprotein. Five of the seven essentiabiess are

conserved in Lnt oM. smegmatis, but W237 and Y388 are altere?).(Mycobacterial lipoproteins are
-10 -
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modified with a diacylglyceryl containing mycobacé specific fatty acids. The fact that Lnt bf.
smegmatis cannot complement a conditiortal coli Int mutant suggests that W237 and Y388 play a
role in substrate specificity. INlycobacteria, Int is found in an operonM. smegmatis) or fused .
tuberculosis) with a gene gpm-1) encoding polyprenol monophosphomannose synttdge The N-
acyltransferase domain enhances Ppm-1 activitghHsueffect of mannosyltransferase on Lnt function
is currently unknown15). K335 probably stabilizes the oxyanion of theabkéedral intermediates that
are formed as part of the Lnt reaction similar e teaction catalyzed by members of the nitrilase
family. Apolipoprotein fulfills hereby the role cd water molecule in the second step of the Lnt
reaction (6).

Lnt forms an oxygen-ester acyl enzyme intermedmten the thiol group of cysteine is replaced
with the hydroxyl group of serine. This enzyme @ functional because it is unable to donate tly¢ ac
group to apolipoprotein. Whether E267 is requir@ckiie acylation of serine is unknown.

In the structural model, E343 and W237 are locatetbops facing away from the active site pocket
(5) that are predicted to be flexible and to open @lode upon phospholipid and substrate binding,
respectively. The formation of the thioester enzyor@bably involves structural rearrangements of the
active site allowing entry of the apolipoproteirbstrate, similar to sortase. Alternatively, thegso
may be closely located to the outer leaflet ofitireer membrane in order to cap the active site gock
on top of the phospholipid bilayer, there by allogiieasy access to the 1-carbonyl group of PtdEtn in
the first step (E343) and positioning of the digtyteryl cysteine for acylation in the second step

(W237).
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Scheme 1
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0]
R—C
CHs —CH—CHo —S—CHo— (|3H—NH
- ’
O0=C c=0

o) 0=C c=0

305
306

-15 -



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

Thioester acyl-Lnt intermediate

FIGURE LEGENDS

Figure 1 : Lipoprotein modification in Gram-negative bacteria

a. Maturation of tri-acylated lipoproteins is sutpsently catalyzed by
phosphatidylglycerol::prolipoprotein diacylglycertdansferase (Lgt), prolipoprotein signal peptidase
(LspA) and apolipoproteilN-acyltransferase (Lnt). b. Membrane topology of imthe cytoplasmic
membrane ofE. coli (17). Native cysteine residues are indicated, C38lbeated in the nitrilase
domain (residues 220-468) facing the periplasm. Galytic triad residues E267-K335-C387 are
illustrated as rectangles, other essential resitivi@37, E343, Y388 and E389 are indicated as circles

Charged residues surrounding the transmembraneesggare shown with — and + symbols.

Figure 2 : Lnt is blocked from alkylation by malPEG

Cells producing variants of Lnt were treated wilkykating reagent malPEG after sample denaturation
with CHCl/MeOH. Gene expression was induced with 1 mM IPTEB@ pUC18mt derivatives.
Equal amounts of protein were analyzed on an immlatdhat was developed with antibodies against
c-Myc. Non-modified Lnt (Lnt), alkylated Lnt (Lnt-alPEG) and Lnt dimer (*) are indicated. The
dimeric form of Lnt is dependent on C23 and candzhiced in the presence of reducing agents (not

shown).

Figure 3 : Lnt is alkylated by malPEG after treatment with neutral hydroxylamine

Total extacts of cells producing Lnt with C387 &g bnly cysteine residue Lnt(C23,C62A) or Lnt
lacking all three cysteines Lnt(C23,C62AC387S) walleylated with malPEG after treatment with
neutral hydroxylamine. Samples were separated b$-80PAGE and analyzed by immunoblotting

with antibodies against c-Myc.
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Thioester acyl-Lnt intermediate

Figure 4 : Lnt forms thioester acyl enzyme intermethte

a. Labeling of Lnt(C23,C62A) and Lnt(C23,C62AC38%@)h *H-palmitate. (-) vector only sample.
Gene expression was induced from thg, promoter of pBAD18nt derivatives with 0.2% L-
arabinose. Whole cells were treated with neutrartwylamine to releas#i-palmitate from thioester
acyl enzyme linkage (lanes 2, 4 and 6). b. Lnt(CB2C387A) does not incorporatd-palmitate (lane
5). Lnt(C23,C62A) and Lnt(C23,C62AC387S) were lablein parallel and served as controls. c.
Release ofH-palmitate was verified by alkylation with malPE#®&d analysis on immunoblot using
antibodies against c-Myc. Lnt(C23,C62A) was alkgthby malPEG after treatment with HA (lane 3)

but Lnt(C23,C62AC387S) was not (lane 7).

Figure 5 : Effect of essential residues on the a@tlon state of Lnt

Seven substitutions that abolished function wenabined in Lnt(C23,C62A) and analyzed for Lnt
acylation by malPEG alkylation. Lnt(C23,C62AC38T&)ks all cysteines and is included as a control.
Whole cells were treated (+) or not (-) with 1M tralhydroxylamine and subsequently with malPEG.
Samples were separated by SDS-10%PAGE and andbyzadmunoblotting with antibodies against

c-Myc. Alkylated (Lnt-malPEG) and non-alkylatedries of Lnt are indicated.

Scheme 1: Model for N-acyltransferase reaction anthe role of essential residues

Model of the Lnt reaction. Step 1 : formation oé tfhioester acyl enzyme intermediate. E267 actvate
the sulfydryl group of C387 that can then attack 1hcarbonyl-group of phospholipids. Besides the
active site residues C387 and E267, residues E34%3835 are also required. Step 2 : formatioiNof
acyl-S-diacylglyceryl (mature) lipoprotein. W237, Y38838 and the active site residues C387 and
K335 are necessary for this step. Tetrahedralrmedrates are formed as part of the reaction; ip te

between Lnt and 1-acyl group of phospholipidst@p between Lnt and apolipoprotein (not shown).
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Figure 1
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Figure 2
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Figure 5
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