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ABSTRACT: A key step in fungal biosynthesis of lysine, enzymatic reduction-@iminoadipate at £to

the semialdehyde, requires two gene productSaccharomyces cersiae, Lys2 and Lys5. Here, we

show that the 31-kDa Lys5 is a specific posttranslational modification catalyst, using coenzyme A (CoASH)
as a cosubstrate to phosphopantetheinylatgs$S#rthe 155-kDa Lys2 and activate it for catalysis. Lys2
was subcloned frons. cereisiae and expressed in and purified froBscherichia colias a full-length
155-kDa enzyme, as a 105-kDa adenylation/peptidyl carrier protein (A/PCP) fragment (resiciizg),1

and as a 14-kDa PCP fragment (residues-884). The apo-PCP fragment was covalently modified to
phosphopantetheinylated holo-PCP by pure Lys5 and CoASH vith @f 1 uM and keo: of 3 min~t for

both the PCP and CoASH substrates. The adenylation domain of the A/PCP fragment activated
S-carboxymethyl--cysteine keafKm = 840 mM~1 min~1) at 16% the efficiency of-a-aminoadipate in
[32P]PR/ATP exchange assays. The holo form of the A/PCP 105-kDa fragment of Lys2 covalently
aminoacylated itself with®fS]S-carboxymethyl--cysteine. Addition of NADPH discharged the covalent
acyl-S-PCP Lys2, consistent with a reductive cleavage of the acyl-S-enzyme intermediate. These results
identify the Lys5/Lys2 pair as a two-component system in which Lys5 covalently primes Lys2, allowing
o-aminoadipate reductase activity by holo-Lys2 with catalytic cycles of autoaminoacylation and reductive
cleavage. This is a novel mechanism for a fungal enzyme essential for amino acid metabolism.

The essential amino acid lysine is biosynthesized by AceiCon oA"Y N
two completely distinct pathways in prokaryotes and plants + . —— e
. . . . o-Aminoadipaf
versus lower eukaryotes. In bacteria (including cephamycin- oKetogluarate. nooc™Acoom Aminosdipae
producing actinomycetes), this six-carbon dibasic amino "
acid is elaborated via the diaminopimelate (DAPathway Lys2Lyss om“/\gf“ Gutamate: ‘,“"“'”f}“““" wo ™A coon

with decarboxylation of DAP drawing off the lysine final o-Aminoadipate o Amipoadipate
product. This pathway has drawn substantial attention Semiskdehyde o _ _ _
because DAP is a key component in bacterial peptidoglycan F‘GUREtli Stche”;ﬁ“c of thetWS'“,e tl"ods)égthet'c, patt)wwayAln fungi

. T except certain Phycomycetes, includiSg cereisiag). a-Ami-
assembly and transpeptidative cross-linkiay The DAP. ._noadipate reductase, product of théS2andLY S5genes, reduces
pathway enzymes are therefore targets for new antibiotic o-aminoadipate ta-aminoadipate semialdehyde.

developmentZ).

In higher fungi, includingSaccharomyces cerisiae and with analogy to DAP in the bacterial biosynthetic pathway,
B-lactam antibiotic producers such Benicillium chrysoge-  is a branch point metabolite, acting both as an essential
num and Acremonium chrysogeni8), the lysine biosyn-  precursor for penicillins in the ACVL{6-(a-aminoadipoyl)-
thetic pathway is routed fronu-ketoglutarate through  cysteinep-valine) tripeptide synthetase step) (and as a
homocitrate, homoaconitate, and homoisocitrdje fFrom progenitor of the essential amino acid lysine. The lysine route
homoisocitrate, oxidative decarboxylation to 2-ketoadipate requires a reduction of thesCarboxylate ob-aminoadipate
and then transamination introduce what becomes the C as well as an amination step. The reduction occurs via the
amino group of lysine im-aminoadipatea-Aminoadipate, action ofa-aminoadipate reductase, the product ofltN&2/

LYS5genes, to yieldr-aminoadipate semialdehyde-Ami-
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protein domain (above) and 420% gradient SDSPAGE gel (below) ofS.

cerevisiae Lys2, fragments of Lys2, and Lys5 overexpressed in
dependent dehydrogenases in the last third of the prdgin ( and purified fromE. coli: (lane 1) 155-kDa full-length Lys2, (lane

; ; 2) 105-kDa Lys2 fragment, amino acids-224, containing the A
It has been known from early enzymatic studias,(1) and PCP domains, (lane 3) 14-kDa Lys2 fragment, amino acids

that the reduction ofi-aminoadipate to thedsemialdehyde ~ gog 924, containing the PCP domain, (lane 4) 31-kDa Lys5
involves concomitant stoichiometric cleavage of ATP to protein.

AMP and pyrophosphate and that the reaction most likely

involves ano-aminoadipoyl-G-AMP mixed anhydride. This  from Gibco BRL. Restriction endonucleases and T4 DNA
enzyme-bound species was proposed to be reduced byigase were obtained from New England Biolabs. The
NADPH to release AMP and thesGemialdehyde (Scheme  expression vectors pET22b and pET28b were purchased from

1, path a). Novagen. {HJCoASH (200 Ci/mol with 70% of radioactivity
In S. cereisiae it is also known that thd.YS5gene in Ppant of CoOASH) was prepared by DuPont New England
product is required fooi-aminoadipate reductiorl?, 13. Nuclear and purified by previously described methd).(

Proposals have been advanced that this small (272 amind®*S]S-Carboxymethyi--cysteine (1000 Ci/mmol) was custom-
acid, 31 kDa) Lys5 protein is a required subunit in a Lys2/ synthesized by DuPont New England Nuclear. Unlabeled
Lys5 heterodimer, although no direct evidence has beenCoASH,L-a-aminoadipatep-a-aminoadipateS-carboxym-
presented for such a two-subunit organizatith, (14. ethyl+ -cysteinepL-a,e-diaminopimelate, adipate;glutamate,
During the course of studies on posttranslational priming NADPH, o-aminobenzaldehyde, tris(2-carboxyethyl)phos-
of the apo forms of non-ribosomal peptide synthetases suchphine (TCEP), and bacterial protease inhibitor cocktail were
as enterobactin synthetasg5), we recently described a all purchased from Sigma.
newly identified family of enzymes, the phosphopantetheinyl  Recombinant DNA MethodfRecombinant DNA tech-
transferases (PPTasedp). PPTases add the phosphopan- niques were performed as previously describ&g).(Puri-
tetheinyl moiety from coenzyme A (CoASH) to a conserved fication of DNA fragments amplified by polymerase chain
serine side chain in the acyl carrier protein (ACP) domain reaction (PCR), gel purification of DNA fragments, and
of polyketide synthases (PKS) and the peptidyl carrier protein plasmid DNA preparation were performed using QIAquick,
(PCP) domain of non-ribosomal peptide synthetases (NRPS)QIAEX II, and QIAprep kits, respectively (QIAGEN). PCRs
(Scheme 2). This posttranslational priming converts inactive were carried out usingfu DNA polymerase as described
apo forms of both PKS and NRPS into active holo forms by the enzyme suppliers (Stratagene). DNA sequencing was
that can now covalently load activated monomers onto performed by the Dana Farber Molecular Biology Core
the phosphopantetheine (Ppant) thiol groups. Acyl chain Facility (Boston, MA). DNA primers were obtained from
elongation then proceeds from upstream to downstreamintegrated DNA Technologies (Coralville, 1. cereisiae
carrier protein domains1{). Homology searching indi-  (wild-type strain S288C) genomic DNA was purchased from
cated that the 31-kDa Lys5 protein 8f cereisiae could Novagen. DNA of theS. cereisiae open reading frame

be a PPTase priming catalysi6). Furthermore, Lys2  YBR115c (YS3 was obtained from Research Genetics
possessed a 120-amino acid stretch (residues 829, see (Huntsville, AL).

Figure 2) that had the hallmarks of a consensus apo-PCP o, erproduction and Purification of Lys5, Lys2 PCP, Lys2
domain. - A/PCP, and Lys2The gene encoding Lys5 was amplified
In this work we have overproduced and purifi@  fom S, cereisiae genomic DNA using the primer pairs:

cerevisiaeLys5, fragments of Lys2, and full-length Lys2 in 5. GAATTCCATATGGTTAAAACCACTGAAGTAGTAA-

E. coliand employed them to validate that Lys5 is a specific gcGaA-3 and 5-CCCAAGCTTTTATAAACCATCATTTT-
PPTase for apo-Lys2. We reformulate the mechanism of cGATGAAATAATC-3". The first primer introduced Bdd
o-aminoadipate reductase, Lys2, as the hydride-mediatedrestriction site (underlined), while the second primer intro-
reductive decomposition of a covalemtaminoadipoyl-S-  duced aHindlll restriction site into the PCR product. The
PCP acyl enzyme intermediate (Scheme 1, path b). Nde/Hindlll-digested PCR product was cloned into pET22b
MATERIALS AND METHODS té)_ %\éﬁ BIE-ZI—i(ZEt))ELS,y)SgeallIrf this plasmid employed to transform

Bacterial Strains, Plasmids, and Material€ompetent Cultures ofE. colipET22b-Lys5 BL21(DE3) [2 L, 2x TY
cells of E. colistrains DH%. and BL21(DE3) were purchased media with 50xg/mL ampicillin] were grown at 25C



Mechanism of Lys2p-Aminoadipate Reductase Biochemistry, Vol. 38, No. 19, 199%173

to an OOy of 0.6. Cultures were induced with 1 mM inhibitor cocktail (Sigma) was added toetty g cells resu-
isopropyl 1-thiog-p-galactoside (IPTG) and grown an ad- spended in 35 mL of buffer A. After lysis and ammonium
ditional 3 h. Cells were resuspended in buffer A [50 mM sulfate precipitation, the 3660% fraction was dialyzed
Tris-HCI (pH 8.0), 10 mM MgCJ, 5 mM dithiothreitol overnight against buffer C [25 mM Tris-HCI (pH 7.5), 10
(DTT)] and lysed by two passages through a French pressurenM MgCl,, 1 mM DTT]. This sample was loaded onto a
cell at 15000 psi. After clarification by centrifugation Q-Sepharose column (2.5 10 mL) at 1.0 mL/min. The
(1700@®), the lysate was fractionated by ammonium sulfate column was washed with 150 mL of buffer C, and the
precipitation. The 3650% fraction was loaded onto a following series of gradients were applied: 50 mL of 0 to
Sephacryl S-100 column (26 115 cm) ata flow rate of 1~ 0.2 M KCI (in buffer C), 250 mL of 0.2 to 0.4 M KCI, and
mL/min of buffer A. Fractions were analyzed by SBS 50 mL of 0.4 to 1 M KCI. Lys2 eluted at approximately 0.3
PAGE, and protein concentration was determined using theM KCI. Fractions containing Lys2, identified hy-aminoa-
colorimetric Biorad protein assay. dipate-dependent ATP-pyrophosphate exchange activity,
The DNA encoding the PCP and A/PCP fragments of Lys2 were pooled and concentrated, and the buffer was exchanged
was amplified using PCR methods from tBe cereisiae for buffer C+ 5% glycerol. This sample was loaded onto a
ORF YBR115c [YS3 using the following primers: (1)'5 Sephacryl S-300 column (2.% 115 cm) at 1.0 mL/min.
GAATTCCATATGGATAAACTACCATTG-3, (2) B-CGG- Fractions containing Lys2 were pooled and concentrated.
GAGCTCTCCACCCGATGATTTAATTCTGTCAATTTC- Protein concentrations were determined by the Biorad protein
3, and (3) >GCGACTCACATATGACTACGAAAAGG- assay and from the calculated extinction coefficient at 280
TCTGGA-3 (Ndd and Xhd sites underlined). Cloning into  nm of 169 380 M* for Lys2.
the Xhd site of pET22b adds a C-terminal hexahistidine tag  Assay for Apoprotein to Holoprotein Coersion by
to the overexpressed protein, appending the amino acidTransfer of fH]PhosphopantetheineThe radioassay for
sequence LEHHHHHH. The PCR product obtained with determination of phosphopantetheinyl transferase activity was
primers 1 and 2 was cloned into pET22b to give pET22b- performed as described previousligy). In a final volume
Lys2PCP. The PCR product obtained with primers 2 and 3 of 100 uL, substrate (Lys2 PCP or A/PCP) was incubated
was cloned into pET22b to give pET22b-Lys2 A/PCP. with 75 mM MES-acetate (pH 5.5), 10 mM MgChb mM
Sequencing of this plasmid revealed two point mutations, DTT, 104 uM [*H]CoASH, and Lys5. Reactions were
which were converted back to wild type by the PCR initiated by addition of 20 nM Lys5, incubated at 3 for
technique splicing by overlap extensidiBl employing the the specified time, and quenched with 0.8 mL of 10%
primer pairs: 5CCTGATCCAACTAAGAACTTGGGCT- trichloroacetic acid (TCA) with bovine serum albumin (BSA)

3, 5-GCCCAAGTTCTTAGTTGGATCAGG-3and 3-AA- (375 ug) added as a carrier. Precipitated proteins were
GTCCCGTTCTTTCACTTATCGC-3 5-GCGATAAGT- centrifuged and washed three times with 10% TCA. The
GAAAGAACGGGACTT-3. protein pellet was dissolved in 150 of 1 M Tris base and

Cultures of E. coli BL21(DE3) transformants for the the amount of incorporatedH]Ppant quantified by liquid
overexpression of Lys2 PCP and Lys2 A/PCP were grown, scintillation counting.
resuspended, and lysed as described above, except buffer B The assay for determination of tlig, of Lys5 for Lys2
[5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI (pH 7.9)] PCP was performed with 20 nM Lys5 for 20 min. Reactions
was used. Cell lysates were clarified by centrifugation and to determine theK,, of Lys5 for COASH were performed
loaded onto charged 5-mL HBind columns (Novagen) at ~ with 20 nM Lys5 and 2QuM Lys2 PCP for 20 min.
flow rates of 1.0 mL/min. The columns were then washed For the autoradiograph depicted in Figure 4, 1Q0-
with 50 mL of buffer B followed by 30 mL of wash buffer  reactions were prepared as described above with 175 nM
(60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI at pH  Lys5, 20uM Lys2 PCP, or 1«M Lys2 A/PCP and 7%M
7.9). The proteins were eluted from the columns by addition [*H]JCoASH (200 Ci/mol) for 30 min at 37C. Reactions
of 0.5 M imidazole, 0.25 M NaCl, 10 mM Tris-HCl at pH  were quenched with 10% TCA without BSA and washed,
7.9. Fractions containing the proteins as analyzed by-SDS and precipitated protein was resuspended inR5f SDS
PAGE were pooled and dialyzed twice agai@sL of 50 sample buffer with 2«L of 1 M Tris base. Samples were
mM Tris-HCI (pH 8.0), 2 MM DTT, and 5% glycerol. Protein  loaded onto a 420% gradient polyacrylamide gel, electro-
concentrations were determined by the Biorad protein assayphoresed, Coomassie-stained, destained, and dried. The dried
and from the calculated extinction coefficients at 280 nm of gel was exposed to a Fuji BAS-IP TR 2040 phosphoimager
6 970 M for Lys2 PCP and 103 830 M for Lys2 A/PCP plate overnight and visualized with a Fujix BAS 1000
(20). phosphoimager.

The DNA encoding full-length Lys2 was amplified using Preparation of Samples for Mass SpectromeRgactions
PCR methods from th8. cereisiaeORF YBR115c LYS2 for analysis by mass spectrometry were prepared as described
using the primers: 'S56CGACTCACATATGACTAACGAA- above using final concentrations of 500 nM Lys5, /4d
AAGGTCTGGA-3 and 3-CCCAAGCTTTTAAGCTGCT- Lys2 PCP, and 10@M unlabeled CoASH. MALDI-TOF
GCGGAGCTTCCACGAGCACC-3 (Hindlll site under- mass spectrometry was performed at the Howard Hughes

lined). This PCR product was digested witicd/Hindlll Medical Institute Biopolymers Facility at Harvard Medical
and cloned into pET28b to produce pET28b-Lys2end. School.

pPET22b-Lys2 A/PCP was digested wikia/Sadl and the ATP/[F?P]PP; Exchange Actiity. ATP-pyrophosphate ex-
2880-base pair piece ligated inXba/Sadl-cut pET28b- change was assayed as described previo@dw(ith minor
Lys2end to yield pET28b-Lys2. modifications. Reactions (100L) contained 75 mM Tris-

Cultures for the overexpression of Lys2 were prepared asHCI (pH 8.8), 10 mM MgC}, 5 mM DTT, 5 mM ATP, and
described above for Lys5 except 1.7 mL of bacterial proteaseenough Lys2 A/PCP to maintain linear initial velocity
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A 6 T resuspended in 0.5 mL of water, aff incorporation into
[ . o ] ATP was quantified by liquid scintillation counting.
5 [ . - Radioassay for the Detection of @dent Incorporation

. ] of [3°S]S-Carboxymethylcysteine into Ly#2TCA precipita-
tion assay was employed to detect loading &S[S
carboxymethylcysteine onto Lys2. Reactions (10D)
contained 75 mM MES (pH 7.5), 10 mM Mg£I13 mM
TCEP, 2 mM ATP, 0.5 mM CoASH, 40M [3S]S
carboxymethylcysteine (380 Ci/mol), 14 nM Lys5, and 77

velocity (pmol/min)
w

1k _: nM Lys2. Reactions were preincubated for 30 min afG7
: to allow phosphopantetheinylation of Lys2 before initiation
(1] AN AP IS IO SFENPE SIS I B B by addition of ATP and PS]S-carboxymethylcysteine.
o 1 220 3 . :gH( M§° 6 70 & Reactions were quenched and counted as described above
oASH (u

for the assay for apo to holo conversion.

Spectrophotometric Assay for the FormationcoAmi-
noadipate Semialdehydex-Aminoadipate semialdehyde
production was detected as described previously @2,
where the cyclized form ofi-aminoadipate semialdehyde,
Al-piperidine carboxylate, is trapped as the dihydroquinazo-
linium salt @max = 460 nm,e = 925 M~! cm™%). Reactions
(200 uL) containing 75 mM Tris-HCI (pH 7.5), 10 mM
MgClz, 2.5 mM DTT, 5 mM L-o-aminoadipate, 50&M
CoASH, 15 nM Lys5, and 35 nM Lys2 were preincubated
for 30 min at 37°C to allow phosphopantetheinylation.
Assays were initiated by addition of 2.5 mM ATP, 5 mM
N S o-aminobenzaldehyde, and varying concentrations of NAD-

0 10 20 0 2 PH and monitored for 3 min by absorbance at 460 nm in a

Lys2 PCP (uM) Perkin-Elmer Lambda 6 U¥vis spectrophotometer.

w

velocity (pmol/min)

Ficure 3: Velocity versus substrate concentration plots for the RESULTS
reaction of Lys5 with varying amounts of (A) CoASH with Lys2
PCP at 2QuM and (B) Lys2 PCP with CoASH at 104M. Both PP
sets of reactions were carried out at pH 5.5 with 20 nM Lys5 for Purn‘!cauon of Lys5 P.PTase., Lys2 Fragments, and Lys2.
20 min as described in Materials and Methods. Data shown is the Analysis of the 272-amino acid sequence of Lys5 revealed
average of two experiments. Lys5 exhibitedaof 1 «M and kg the [GXD...(F/W),XXKE(S/A/C)XXK] conserved residues

of 3 min~* toward Lys2 PCP and Iy, of 1 4uM andkcaof 3 min—? characteristic of the PPTase enzyme familg)( Further-
toward CoASH. more, in the 1392-amino acid sequenc&otereisiaelLys?2,
Lys3 Lys2 we noted the cpnserved_residues of an amin.o aciQ—AI\/_IP
APCP PCP ligase (adenylation domain), phosphopantetheinylation site
(PCP domain), and NADPH binding mot6(7, 9, 23. To
o iy s A S * - + - Lns examine these activities, Lys5, the PCP domain of Lys2

- (amino acids 809924), the adenylation and PCP domains
of Lys2 (amino acids +924), and full-length Lys2 were
cloned fromS. cereisiae DNA, overexpressed ift. coli,

# | and purified (Figure 2). Lys5 and Lys2 were purified in their
native forms, while the Lys2 PCP domain and Lys2 A/PCP
double-domain fragment were expressed as C-terminal
hexahistidine fusions and purified by nickel affinity chro-

FIGURE 4: 4—20% gradient SDSPAGE gel (left) and autoradio matography. LysS (31 kDa) and the full-length Lys2 (155
.4 0 - . . . . . "
gram (right) demonstrating phosphopantetheinylation Wath]-[ kDa) were obtained in high purity in quantities of 0.2 and

COoASH of Lys2 PCP and Lys2 A/PCP by Lys5. Reactions were 0:-7 Mg/L of culture, respectively, from inducéd coli cells.
carried out at pH 7.5 for 30 min with 175 nM Lys5, 784 [3H]- Likewise, the PCP and A/PCP fragments of Lys2 were

COASH (200 Ci/mol), and either 20M Lys2 PCP or 1Q«M Lys2 obtained in yields of 14 and 45 mg/L of culture.

APCP. Lys5 Catalyzes Phosphopantetheinylation of Lys2 PCP and
conditions (for.-a-aminoadipate 19.2 nM Lys2 A/PCP for Lys2 A/PCP Covalent posttranslational phosphopantethei-
5 min, forp-a-aminoadipate 860 nM Lys2 A/PCP for 5 min, nhylation of Lys2 fragments containing PCP domains was
for S-carboxymethyl-cysteine 172 nM Lys2 A/PCP for 5 detected usingH]JCoASH as a cosubstrate in a TCA
min, and for adipate 8.6:M Lys2 A/PCP for 10 min). precipitation assay. Lys5 demonstrated PPTase activity
Reactions were initiated with 1 mM sodiuf#P]pyrophos- ~ toward the 14-kDa Lys2 PCP fragment, wittKa of 1 uM
phate (3.9 Ci/mol), quenched with 0.5 mL of a charcoal and akeof 3 min~t. Toward CoASH, Lys5 also exhibited
suspension (1.6% wi/v activated charcoal, 0.1 M tetrasodium & Km of 1 uM and akca of 3 min~* (Figure 3).
pyrophosphate, 0.35 M perchloric acid), and centrifuged. The The PPTase activity of Lys5 was also verified by auto-
charcoal pellet was washed twice with 0.8 mL of water and radiography. The autoradiograph in Figure 4 demonstrates
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Table 1: Kinetic Parameters for Amino Acid-Dependent A
ATP/[*?P]PR Exchange Catalyzed by Lys2 A/IPEP ColBH 4+ - + - CoASH
NHs* Km kear kool K LFE”GP | - — i
el O mM min™ oM min! )
—a-aminoadi HO
L-a-aminoadipate W\)loﬂ 047 2500 5300
0
NH'
-ot-aminoadi HO 8 14
D-o-aminoadipate M oH 2.7 3 [ I
0
B e -y 3
NH;* o . D L o, L1
S-carboxymethy!l HO, = S | ¥ : L 3 3l : ]
-carboxymethyl- \)l 0.43 360 840 o i I —— T o
L-cysteine w OH . L 8, L= L] | I:'E, ERR | & [ed
s 1 -

FiIGUrRe 5: (A) 4—20% gradient SDSPAGE gel (left) and

o autoradiogram (right) depicting CoASH-dependent covalent loading
adipate HO, M 10 027 0.027 of Lys2 A/PCP with f°S]S-carboxymethylcysteine. Reactions were
OH carried out at pH 7.5 for 7 min and contained 145 nM Lys5, 8.6
° uM Lys2 A/PCP, 10QuM [35S]S-carboxymethylcysteine (230 Ci/
. mol), and, when present, 500M CoASH. (B) Schematic of
NHT O aminoacylation reaction to form a thioester linkage of an amino
minopimel HOMOH >30 ND <2x10° acid, in this case®pS]S-carboxymethylcysteine, to the phospho-
(LDy-diaminopimelzte 1 N pantetheine tether of the Lys2 A/PCP PCP domain.
_N!{; 40;11!III|I|IIIII!III|)I|I|I(II!III!|I|IIE
= . —~ 35 =
L-glutamate HO, OH >30 ND <2x10? € E E
Y MY E 30F £
(o] o] = E 3
2 2sE E
@ Reactions were carried out in duplicate as described in Materials E o0k 3
and Methods. > E 3
T 15 =
[e] [ o
. ® 10§ =
the ability of Lys5 to covalently label both the 14-kDa Lys2 > 5 E
PCP fragment and the 105-kDa Lys2 A/PCP fragment With o EI Lk I L)Lk i L1t | Lil) l 111 [l Lill [ I lLLl lE
the PH]phosphopantetheine moiety GH]JCoASH. 01 2 3 4 5 6 7
Conversion from apo to holo form was further validated mM NADPH

by MALDI-TOF mass spectral analysis of Lys2 PCP (data FIGURE6: Velocity versus substrate concentration plot for reactions
not shown). The apo-Lys2 PCP fragment exhibited a mass Of Lys2 with NADPH ando-aminoadipate to forn-aminoadipate

- . semialdehyde. Reactions were carried out at pH 7.5 with 35 nM
of 14 381 Da (calculated mass 14 380 Da). After incubation Lys2, 15 nM Lys5, and, when present, 500 CoASH: (@) Lys2,

with LysS, the holo-PCP fragment displayed a mass of |ys5 with CoASH; () Lys2, Lys5, without COASH. Lys2
14 738 Da (calculated 14 720 Da), having gained, within exhibited aKr, of 620uM toward NADPH andk.o of 670 mim™,

error, the expected 340 mass units of Ppant.

Adenylation Actiity of Lys2 A/PCP The 105-kDa Lys2 that the Ppant terminal thiol attacks the aminoacyl adenylate,
fragment containing the proposed N-terminal adenylation and loading the amino acid onto Lys2 via a covalent thioester
PCP domains was employed to assess adenylation activitylinkage to the holo-PCP domain (Figure 5B). Thex-
via amino acid-dependent ATP#IP]PR exchange. As ex-  aminoadipate analogu&$]S-carboxymethylk--cysteine, pre-
pected, L-a-aminoadipate was an efficient substrate for pared by custom synthesis, was employed to detect this
adenylation by Lys2 A/PCP (Table 1), n-aminoadipate loading in a TCA precipitation assay. Loading was observed
was competent at only about 1/400 the catalytic efficiency. to be proportional to Lys2 A/PCP concentration and saturable
The 4-thio analogue af-a-aminoadipateS-carboxymethyl- over time (data not shown). In addition, aminoacylation was
L-cysteine (S-CMCys), also stimulated ATP{RRchange, demonstrated to be CoASH-dependent, as visualized by SDS
at 15% of the catalytic efficiency of the natural substrate, gel electrophoresis and autoradiography (Figure 5A), dem-
a-aminoadipate. The substantial activity of S-CMCys to onstrating radioactive 105-kDa Lys2 A/PCP double-domain-
support reversible aminoacyl-AMP formation suggested its labeled with the $S]S-CMCys.

utility as a radioactive substrate in the absence of readily Holo-Lys2 Produces-Aminoadipate Semialdehydehe

available radiolabeled -a-aminoadipate.oL-a.e-diami- formation of the product of reduction af-aminoadipate,
nopimelate, adipate, andglutamate were extremely poor g-aminoadipate semialdehyde, can be monitored spectro-
substrates for Lys2 A/PCP-catalyzed adenylation. photometrically. From this assay, tKg of Lys2 for NADPH

Lys2 A/PCP Is Cpalently Loaded with $S]S-Carboxy- was determined to be 620M and thek.,for a-aminoadipate
methylcysteineThe above demonstration that Lys2 A/PCP semialdehyde production to be 670 mirfFigure 6). Under
is both active fora-aminoadipate-AMP formation and identical conditions, but without CoASH, a low level of
covalently primable with phosphopantetheine on its PCP product was formed, presumably resulting from a small
domain led us to the next experimental test of mechanism. fraction of holo-Lys2 phosphopantetheinylatedivo during
After Lys2 has been phosphopantetheinylated, we proposeoverexpression it. coli.
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el e s A NS RERRN RRRRE RARRF for Lys2 and were then corroborated using the larger, two-
50 o o e, domain fragment, Lys2 A/PCP. .
E . ' v ] Lys5 appears to exhibit specificity toward apo-PCP domain
‘i 40 {Kr | ¢ E substrates (data not shown). While we have not assessed the
- 30 | 3 ability of Lys5 to prime the apo-ACP domains of either the
g § \ yeast cytoplasmic type | fatty acid synthase (FAS) or the
S 20p \ E mitochondrial apo-ACP of type Il FAS, Stuible et al. have
1 O'E_ x_ - X 3 recently noted that knockouts of FAS2, PPT2, and Lys5 have
L "" g specific and_ nonov_e_rlapping phenotypes, consistent with
0y 50 100 150 200 250 300 350 partner protein-specific priming by these three yeast PPTases
reaction length (sec) (249).

FiIGURE 7: Loading of Lys2 with $5S]S-carboxymethylcysteine and In turn, the primed, holo form of Lys2 A/PCP was then a

cleavage upon addition of NADPH. Data shown is the average of PrOPer substrate to evaluate the next step in the proposed
two experiments. Reactions were carried out with 14 nM Lys5, 77 mechanism, activation of the amino aciehminoadipate and

g(’\)ﬂol-)'/\i%42g/|t_|'\/l [(is)sll_SC;leOX)émeﬁtmygy'SL\tgme (StﬁO Cii/anotl))band transfer onto the phosphopantetheinyl terminal thiol as a
uM Co . (@) Lys2, Lys5, with Co » withou » covalent acyl-S-PCP enzyme intermediate. Because radio-
(;g%lgsz, Lys5, with CoASH, addition of NADPH to 5 mM after labeled aminoadipate was not commercially available, to
demonstrate covalent attachment to Lys2 A/PCP we sought
Scheme 3 a surrogate amino acid that was both available in radiolabeled
NADPH NaDP* W form and a substrate for the A domain. The A domain is
ﬁhﬁ\?@:ﬁm \g)\'@ﬁ Jﬁm 7 conveniently a}ssayed by amino aC|d—depend€ﬁ]IPl3./ATP
[ Pofers] — [ Tofee] — [ 7 o] exchange which revealed th&carboxymethyk-cysteine,
e = an analogue of aminoadipate with, @placed by sulfur,
N sustained a robust isotope exchange (Table 1). We then
NADPH Addition Causes Cleage of the {*S|S-Car-  gemonstrated formation of the acyl enzyme CMCys-S-Lys2
boxymethylcysteine-S-Lys2 Acyl Enzythéhe aminoacyl- A/PCP using S]S-CMCys as a substrate, dependent on
S-PCP acyl enzyme (Figure 5B) is an intermediate in prior phosphopantetheinylation with Lys5.
catalytic turnover, then it should be reductively reIe_a&d_ by \we next expressed the full-length 155-kBacereisiae
the cosubstrate NADPH (Scheme 3). A TCA precipitation | ys2 inE. coli, purified it to homogeneity, and demonstrated
assay was employed to assess whether NADPH can reducitg activity, formation ofe-aminoadipate semialdehyde
tively release thioesterifiedfS]S-CMCys from Lys2. After  — 14 s1). Finally, we validated that the radiolabeled CMCys-
preincubation with Lys5, holo-Lys?2 rapidly accumulated the S-enzyme (and correspondingly the-aminoadipoyl-S-
[*S]S-CMCys acyl-S-PCP intermediate in the absence of enzyme in normal turnover) is reductively cleaved by
NADPH, as detectable by TCA precipitation (Figure 7). On  NADPH. Thus the catalytic logic for Lys2 to produce the
addition of NADPH at the 180-s time point and TCA ¢, aldehyde from € a-aminoadipate is to reduce not the
precipitation at 300 s, th&S label was discharged, consistent free acid nor the acyl-AMP but rather an acyl-thioester,
with the redu_ctive cleavage of the radioactive acyl-S-PCP covalently tethered at the PCP domain (Scheme 1b). This
form of Lys2 in the presence of NADPH. has clear formal mechanistic analogy to the reverse direction
of the well-known glycolytic enzyme glyceraldehyde-3-
DISCUSSION phosphate dehydrogenase (GAPDRP)( In the case of
This study reveals the molecular logic of the two-protein GAPDH, the three-carbon aldehyde substrate reacts with an
system ofS. cereisiaeLys2 and Lys5, found ii$. cereisiae active site thiol, provided by a cysteine side chain, to
and other fungi that produce lysine via the fungal homoci- reversibly form the thiohemiacetal tetrahedral adduct. Now,
trate/aminoadipate route. The large size of Lys2 (155 kDa) oxidation yields the acyl enzyme thioester intermediate
is a reflection of at least three and possibly four component (Scheme 3). The acyl group is phosphorylated pinRhe
domains (Figure 2). Residues-224 are presently unas- GAPDH case, by AMP in the Lys2 back reaction.
signed for function, while residues 22808 constitute a With regard to catalytic strategy of Lys2, why convert the
typical 60-kDa adenylation (A) domain for aminoacyl-AMP  acyl-AMP intermediate to the acyl-S-enzyme intermediate
formation. Residues 86924 comprise the apo-PCP domain before reduction, or for that matter why spend an ATP and
and 925-1392 the NADPH-utilizing reductase domain. In not just reduce the free acid? For both Lys2 and GAPDH,
this work, we have assessed elements of function of the A from a thermodynamic perspective, thiohemiacetals are much
domain, PCP domain, and complete Lys2 enzyme. easier to oxidize than free aldehydes and also to reduce than
The ability to express and overproduce the 14-kDa PCP free acids. The input of energy then is required to convert
domain inE. coli provided the initial substrate to assay and the resonance-stabilized COM®f substrates to activated
validate the catalytic posttranslational modification function derivatives (RCOO-AMP, RCOO-Rto accumulate to high
of S. cereisiae Lys5. Lys5, also overproduced in and mole fraction the RCOS-enzyme that reacts with hydride
purified fromE. coli, displayed strong homology to PPTases, from reduced nicotinamide coenzyme.
which load an apo-PCP domain with the phosphopantetheinyl The organization of Lys2 is unusual for a non-ribosomal
moiety of CoASH (6). Both covalent incorporation of peptide synthetase, with a reductase domain fused down-
tritiated phosphopantetheine catalyzed by Lys5 and massstream of the prototypic A/PCP domain pair. In a formal
spectrometric analysis confirmed holo-Lys2 PCP domain sense, the reductase domain is the element catalyzing release
formation. These results established Lys5 as priming enzymeof the covalent acyl-enzyme intermediate. In most NRPS and
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