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ABSTRACT. The topology of thes-subunit of the oxaloacetate Ngpump (OadB) was probed with the
alkaline phosphatase (PhoA) afiegalactosidase (lacZ) fusion technique. Additional evidence for the
topology was derived from amino acid alignments and comparative hydropathy profiles of OadB with
related proteins. Consistent results were obtained for the three N-terminal and the six C-terminal membrane-
spanningx-helices. However, the two additional helices that were predicted by hydropathy analyses between
the N-terminal and C-terminal blocks did not conform with the fusion results. The analyses were therefore
extended by probing the sideness of various engineered cysteine residues with the membrane-impermeant
reagent 4-acetamidd-fnaleimidylstilbene-2,2disulfonate. The results were in accord with those of the
fusion analyses, suggesting that the protein folds within the membrane by a block of three N-terminal
transmembrane segments and another one with six C-terminal transmembrane segments. The mainly
hydrophobic connecting segment is predicted not to traverse the membrane fully, but to insert in an
undefined manner from the periplasmic face. According to our model, the N-terminus is at the cytoplasmic
face and the C-terminus is at the periplasmic face of the membrane.

Oxaloacetate decarboxylase Kfebsiella pneumonige H* 2 Na *
whose overall geometry and function are shown in Figure : | 4
1, consists of three different subunitg, 3, and y with @pe.nplasm Y B
molecular masses of 63.5, 44.9, and 8.9 kDa, respectively Lt
(1-5). The cytoplasmic biotin-containing-subunit is bound e G606 T
to the membrane-embeddged and y-subunits, which were : ' ' e b .
shown to be closely associate&Hg). The catalytic reaction © cytoplasm s 2 Na
cycle starts with the carboxyl transfer from oxaloacetate to 1 Lgs 2
the prosthetic biotin group that is attached to the C-terminal
part of thea-subunit. This reaction is catalyzed at a low “ B-H Co .
rate by thea-subunit alone®). In the additional presence pyruvate o
of the Zrf™-containing y-subunit, the rate increases ap- /
proximately 1000-fold, probably because the metal ion
polarizes the carbonyl oxygen bond of oxaloacetate, thereby oxaloacetate
facilitating the carboxyl transfer to bioti6). The carboxy- Ficure 1: Cartoon showing the overall geometry and features of

biotin now moves from the carboxyl transfer site at the the catalytic events: B-H, biotin; B-GO, carboxybiotin; Lys,
oa-subunit to the decarboxylase site at fhesubunit. The biotin-binding reS|du_e; 1, carboxyltransferase reaction; and 2,
mobility of the biotin residue is facilitated by an extended decarboxylase reaction. For details, see the text.

alanine/proline linker in the interdomain region between the . ) .
carboxyltransferase and the biotin doma@). During the Previous experiments already demonstrated thad-ghebunit

course of the subsequent decarboxylation reaction, one to(O2dB) is specifically protected by Néons from proteolytic
two Na“ ions are pumped across the membrane into the digestion, suggesting a Nainding site on this protein7(
periplasm, and one H traverses the membrane in the 11). Complementary evidence for the presence of & Na
opposite direction. This proton is consumed during the binding site on the3-subunit has been obtained with the
release of C@from the biotin carboxylate7( 9). related N& pumps glutaconyl-CoA decarboxylask?) and
The oadGABgenes encoding the-, a-, and-subunits methylmalonyl-CoA decarboxylasé3). Conspicuous resi-
of oxaloacetate decarboxylase have been cloned, sequencedues for such a site are two conserved aspartate residues
and functionally expressed i&scherichia coli(1-3, 6). (D149 and D203) within hydrophobic domains of the
These genes are clustered on the chromosome together witfB-subunit. While mutagenesis of D149 to E or N did not
other genes of the fermentative citrate metabolisi).( yield a new phenotype, mutants with a D203E or D203N
substitution were completely inactive, not only in Na
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ethz.ch. On the basis of these and other results, a direct coupling
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mechanism has been proposed, in which D203 plays anas aPst—NlalV fragment from pCH2 18) and cloned into
essential role in both the vectorial and the chemical reaction. pKAB (downstream of thg-subunit), which was digested
In the proposed mechanism, the carboxybiotin binds togetherwith the compatible enzymeNsi and Nrul, resulting in
with a Na' ion close to D203 of thg-subunit. Subsequently,  plasmid pKAB-‘PhoA. pKAB was constructed by replacing
the Na ion is envisaged to switch to D203, and simulta- the Bcll—Sad fragment of pSK-BXY 6) with the corre-
neously, the proton originally bound to this residue moves sponding fragment obtained with PCR techniques, using
to the biotin carboxylate, where it catalyzes immediate primer A (5-ACGCGCIGATCA ACATCGTC-3) on the
decarboxylation of this acid-labile compound. This exergonic Bcll site (bold letters) of th@-subunit and primer KAB-fus
reaction is coupled to the release of the bound e to (5'-cgafcccggdgcgcecgatagatgcagagetagecggecgG
the positive side of the membran®).( TACATCGCCAGCACGTACT-3) at the C-terminus of the
To select further amino acids for mutational analyses, we -subunit (uppercase letters represent complementary bases
have investigated the topology of OadB by gene fusion at the C-terminus; the bases depicted in lowercase letters
analyses and by determining the sideness of several engiintroduced the following restriction sitesSma in italics,
neered cysteine residues with a membrane-impermeableNrul in bold, Nsil underlined,Sad underlined in italics, and
probe. The results indicate a topology for OadB, consisting Notl underlined in bold). Exonuclease Il was used to
of nine transmembrane helices with interconnecting cyto- progressively digesiadBfrom its 3-end via the 5overhang
plasmic and periplasmic loops. Interestingly, a hydrophobic created byNotl digestion of pKAB-‘PhoA, essentially
and highly conserved domain (segment llla, Figure 6B), according to the method of Henikoft9). The ‘phoA gene
linking helices Il and IV that includes the catalytically was protected from exonuclease Il digestion by the 3
essential D203 residue, does not appear to fold into membraneeverhang-generatingsad site. After treatment with S1
spanningx-helices, as suggested from hydrophobic profiles. nuclease and Klenow fragment, the ends were ligated
Part of this region rather seems to be oriented to the outertogether and the resulting plasmids transformed into com-
surface of the membrane, while other parts reside within the petentE. coliCC118 cells. The screening of in-frame fusions
membrane but do not penetrate through it. On the basis ofwas performed on LB plates, containing 5-bromo-4-chloro-
these results, a new topology model for OadB is proposed. 3-indolyl phosphate, IPTG, and ampicillin (1Q&y/mL).
Numbering of the hydrophobic segments and the connectingPlasmid DNA of blue and pale blue colonies was further
loops in the following text is based on this model (Figure examined by restriction analysis to approximately localize

6B). the fusion site and subjected to sequence analysis.
Site-Directed phoA Fusions to Predicted Cytoplasmic and

EXPERIMENTAL PROCEDURES Periplasmic Loops of thg-Subunit.The primers used for

Bacterial Strains the synthesis of PCR products, containing the N-terminal

region ofoadB to which the‘phoA gene had to be fused
X . and the resulting fusion sites are listed in Table A of the
\(]?Aeltggs(ﬁ) Raisdeé‘riglg'gtéolrféozg)s' Bethesda, NED)oli Supporting Information. Fusions to the predicted periplasmic
' : : loop 4 (E217) as well as to putative cytoplasmic loops 2
Media and Reagents (V80 and G134), 5 (L257), 7 (Q338), and 9 (A398) were
obtained as follows. The PCR product resulting from primer
Bnrz and the corresponding primer for a specific fusion site
(L1, -4, -5, and -8; see the Supporting Information) was
digested withKpnl and used to replace ttemdB-containing
Kpnl—Sad fragment from pKAB-‘PhoA. To obtain an in-
frame fusion, pKAB-‘PhoA was first linearized witBad,
mung bean nuclease treated to remove ther@truding
Recombinant DNA Techniques termini, and digested witKpnl. The resulting plasmids were

Standard recombinant DNA techniques were performed transformed into CC118 cells to determine their phosphatase

essentially as described by Sambrook et8).(Polymerase activi_ty._ FurtheroadB—'phoA-fusions Were_const_ructed by
chain reactions (PCRs) were performed using Vent Poly- @MPlifying PCR products from pKAB, using primerig
merase from New England Biolabs (Beverly, MA). DNA for the N-terminal sequence afadB and primers prP41,
sequencing was carried out according to the dideoxynucle-PrP97. prve0, prP103, prN156, prT179, prG184, prTi18o,
otide chain termination method ) using aTaqDyeDeoxy prT245, prL329, and prN365 which define the phoA fusion

terminator cycle sequencing kit and the ABI Prism 310 Site. The PCR products were digested wipnl and Sad
genetic analyzer from Applied Biosystems. and cloned into pKAB-‘PhoA, from which theoadB

_ . containing Kpnl—Sad fragment was removed. For the
Construction of oadB‘phoA Gene Fusions localization of the C-terminus of th&subunit, an in-frame
The ‘phoA gene lacking its leader sequence was removed this purpose, the PCR product, obtained with primer A and
primer PhoA-Gem (See the Supporting Information) using

1 Abbreviations: AP, alkaline phosphatase; IASD, 4-acetamido-4 PKS-BXY (6) as template DNA, was digested wiltll and
maleimidylstilbene-2,2disulfonic acid, disodium salt; IPTG, isopropyl ~ Nrul and moved into pKAB, replacing the corresponding

[-D-thiogalactopyranoside; Lacgrgalactosidase; LB, Luria Bertani; ; _
MTSET, [2-(trimethylammonium)ethyl]methanethiosulfonate bromide; fragment to yield pKAB2. ThePst—NlalV fragment of

PhoA, alkaline phosphatase; SBBAGE, sodium dodecyl sulfate pCH2 containingphoAwas cloned into pKAB2, which was
polyacrylamide gel electrophoresis; TM, transmembrane. digested withNsil and Nrul (Nsil andPstl produce compat-

The bacterial strains used in this study &recoli DH5a

The screening of active alkaline phosphatase {A#p)d
pB-galactosidase fusion proteins was performed on Luria
Bertani (LB) plates containing 1Qay/mL ampicillin, 40ug/

mL 5-bromo-4-chloro-3-indolyl phosphate, or 4@/mL
5-bromo-3-indolyls-p-galactopyranoside and 1 mM isopro-
pyl g-b-thiogalactopyranoside (IPTG).
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ible ends), yielding pKAB-Phoés To make sure that no  follows. The PCR fragments, containing the mutation, were
mutation occurred during the amplification and cloning steps, constructed with a two-step protocol, as mentioned above.
all PCR products as well as the fusion sites were sequencedFor the mutation at the N-terminus of tAesubunit, primers
prNrulfor and prL7Crev were used for the N-terminal part
Construction of oadB‘lacZ Fusions of the PCR fragment. For the C-terminal part of the PCR
fragment, primers prNrev and prL7Cfor were used. Plasmid
pSK-GAB served as the template. After purification, those
PCR fragments served as templates to yield the PCR products
from primers prNrulfor and prNrev. For the mutation at the
C-terminus of theg-subunit, primers prBN and prV430Crev
were used for the N-terminal part of the PCR fragment and
primers prBC and prvV430Cfor were used for the C-terminal
part. Plasmid pSK-GAB served as the template. After
purification, those PCR fragments served as templates to
yield the PCR products from primers prBN and prBC. The
PCR products from this second step contained the mutation.
PCR fragments were digested witrul and Kpn2l (L7C
mutation) orBcll andBst11071 (V430C mutation) and cloned
into pSK-GABC87A. From pSK-GABC87A, which was
isolated fromE. coli IM110 cells, theNrul—Kpn2l (L7C
mutation) orBcll—Bst11071 (V430C mutation) fragment was
removed. Plasmid pSK-GABC87A was obtained the same

pNM480 20) and cloned into pKAB (downstream of the way, using primers prC87Arev and prC87Afor, and prN and

f-subunit), which was digested with the compatible enzymes prC, with pSK-GAB ) as the template.
Nsil and Nrul. For the localization of the C-terminus of the Enzyme Assays
fB-subunit, an additional in-frame LacZ fusion to the C- Assays of Alkaline Phosphatase apidGalactosidase
terminal Met433 was constructed. For this purpose, the PCR Activities. Precultures of. coli CC118 cells harboring the
product, obtained with primer A and primer PhoAsfz(see  oadB—‘phoA fusion plasmids were grown overnight in LB
the Supporting Information) using pKS-BX¥)as template  medium containing 10Qug/mL ampicillin and used to
DNA, was digested withBcll and Nrul and moved into  inoculate 5 mL LB cultures, containing 1@@/mL ampicillin
pKAB, replacing the corresponding fragment to yield and 10 mM IPTG. Cultures were grownrfa h until anAgoo
pKAB2. The Pst—Dral fragment of pNM 481 20), of 0.5-0.8 was reached. The cells were centrifuged, resus-
containing ‘lacZ, was cloned into pKAB2, which was pendedm 1 M Tris-HCI (pH 8.0), and washed twice. The
digested withNsil and Nrul (Nsil and Pst produce compat-  cells were resuspended in 3 mE DM Tris-HCI (pH 8.0)
ible ends), yielding pKAB-Lac&qs To make sure that no  to obtain anAse of 0.8—1.0, permeabilized with sodium
mutation occurred during the amplification and cloning steps, dodecyl sulfate (SDS) and methylene chloride, and assayed
all PCR products as well as the fusion sites were sequencedfor alkaline phosphatase activity, as described by Mitd) (

) , , ) and Pourcher et al2p). Each assay was performed at 37
Site-Directed Cysteine Mutants of tfieSubunit °C in duplicate on two separate occasions. The units of
enzyme activity were calculated according to the references

Site-Directed lacZ Fusions to Predicted Cytoplasmic Loops
and the C-Terminus of theSubunit.The primers used for
the synthesis of PCR products containing the N-terminal
region ofoadBto which the'lacZ gene had to be fused and
the resulting fusion sites are listed in Table A of the
Supporting Information. Fusions to predicted cytoplasmic
loop 2 (H72 and V80) and to hydrophobic segment llla
(Q167, L180, G184, and T189) and to the C-terminus were
obtained as follows. Th@adB—‘lacZ fusions were con-
structed by amplifying PCR products from pKAB, using
primer Byx2 for the N-terminal sequence o&dBand primers
prH72lac, prVv80lac, prQl167lac, prL180lac, prG184lac, and
prT189lac, which define the lacZ fusion site. The PCR
products were digested wittpnl and Apd and cloned into
pKAB-‘lacZ, from which the oadB-containingpnl—Not
fragment had been removed. pKAB-‘lacZ was constructed
by removing thélacZ gene as ®ral—Pst fragment from

The primers used for the site-directed mutagenesis are ioned ab tqal id o
listed in Table B of the Supporting Information. Site-directed Mentioned above. Assays figalactosidase activity were

cysteine mutants, placed into predicted cytoplasmic loop 2 Perfomed as described by Mille2). Each assay was
and into hydrophobic segment Illa, were obtained as follows. Performed in duplicate on separate occasions. Oxaloacetate
The PCR fragments, containing the mutation, were con- decarboxylase activities of site-directed cysteine mutants

structed with a two-step protocol. For the N-terminal part were determined as described in B

of the PCR fragments of thg-subunit, primer prN and  Verification of the Expression of th&Subunit

primers prV129Crev, prL178Crev, pry182Crev, prS187Crev,  1q pe sure that thé-subunit was functionally expressed
prP191Crev, prA194Creyv, pri198Crev, and prP205Crev Were from the plasmids, which were used as targets forheA
used; pSK-GABCB87A served as the template. For the gnqqacz fusion constructsE. colicells carrying pKS-BXY
correqundlng PCR fragments for the C-terminal part of the (6), as well as pKAB and pKAB2, were assayed for their
f-subunit, primer prC and primers prvV129Cfor, prL178Cfor, apility to reconstitute the decarboxylation activity after
pry182Cfor, prS187Cfor, prP191Cfor, prAl194Cfor, incypation with the missing- and a-subunits. For this
pri198Cfor, and prP205Cfor were used; pSK-GABC87A ,1h0se, membrane vesicles of the mentioBedoli clones
served as the template. After purification, those PCR \yare prepared, solubilized with 2% Triton X-100, and
fragments served as templates to yield the PCR products fromy,.,pated with isolatedya-complexes as described previ-

primers prN and prC. The PCR products from this second 51y (). The decarboxylation activity was subsequently
step contained the mutation. PCR fragments were digestetdyaiermined 23).

with Kpn2l and Bcll and cloned into pSK-GAB®). From ] )

pSK-GAB, which was isolated from JM110 cells, the VVestern Immunoblotting Analysis

Kpn2l—Bcll fragment was removed. Site-directed cysteine  Cultures were grown under the same conditions described
mutants, placed into the N- and C-termini, were obtained as for the phosphatase assay ghdalactosidase assay experi-
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ments and adjusted to &g of 0.8—1.0. The sedimented and subjected to SDSPAGE (20ug protein per sample,
cells were resuspended in SBBAGE loading buffer, boiled  6.8ug of 5C87A/L7C variant protein per sample), using 10%
for 5 min, and electrophoresed on 8% (PhoA fusions) and SDS—polyacrylamide gels according to the method of
10% (LacZz fusions) SDSpolyacrylamide gels, according Schager and von Jagow2d). After electrophoresis, the gel
to Schigger and von Jagow24). The proteins were blotted  was rinsed briefly with a destaining solution (10% glacial
onto a nitrocellulose membrane (Amersham Life Science, acetic acid/15% methanol), and fluorescence was monitored
Buckinghamshire, U.K.), which was subsequently incubated at an excitation wavelength of 312 nm. The gels were
with antiserum against bacterial alkaline phosphatase orsubsequently stained with silver.

f-galactosidase. Bound antibody was visualized with goat

anti-rabbit IgG (PhoA fusions) or goat anti-mouse 1gG (LacZ RESULTS

fusions) fused to alkaline phosphatase (AP) (Bio-Rad . )

Laboratories, Richmond, CA, and Sigma-Aldrich) and using ~ Hydropathy Profile and Sequence Alignments of the K.
nitrotetrazolium blue and 5-bromo-4-chloro-3-indolyl phos- Pneumoniae Oxaloacetate Decarboxyl@s8ubunit (OadB)

phate for color deve|0pment_ with Related ProteinsOn the basis of hydropathy plOtS, a
topology for OadB with nine membrane-spannindelical
Computer Analyses segments was proposed previousB7)( Nine to eleven

) membrane-spannirg-helices were envisaged for the related
Hydropathy plots were created with the TMpred server g.gypunits of the methylmalonyl-CoA decarboxylase (MmdB)
of the bioinformatics group of the ISREC (Swiss Institute g+ pumps fromVeillonella pawula (28) and Propionige-
for Cancer Researchg). nium modestur(29), for the glutaconyl-CoA decarboxylase
from Acidaminococcus fermenta(i?), and for the malonate
decarboxylase fromMalonomonas rubra(MadB) (30).
Site-specific fluorescence labeling was designed to selec-Additional members of this family have been identified in
tively alkylate cysteines exposed either to the periplasmic 9enome sequencing projects: a MadB homologuetindo-

Thiol-Specific Fluorescence Labeling

or to the cytoplasmic face of the membra@§)( To label ~ bacter capsulatuand OadB homologues irchaeoglobus
cysteines exposed to the periplasm, intact celisg(g wet  fulgidus (31) and Treponema pallidun(32). Hydropathy
We|ght) were harvested by Centrifuga’[ion (4@00[’ 30 m|n) profiles of a selection of related proteins are shown in Figure

and resuspended in 200 mL of buffer A [100 mM sodium 2. Clearly, the profiles reveal a considerable degree of
sulfate and 50 mM potassium phosphate (pH 8.0)], containing Similarity. Characteristic is a very hydrophilic region near
40 uM freshly prepared IASD. After incubation for 20 min the middle of the molecules that is flanked on both sides by
at 23°C, the labeling reaction was quenched by addition of & number of hydrophobic stretches. These are mostly
2 mM S-mercaptoethanol, followed immediately by three connected by only short hydrophilic loops. Ten hydrophobic
cycles of centrifugation and washing, using buffer A alone. Portions are found in all proteins and have been numbered
Labeled cells were resuspended in 10 mL of 20 mM I, I Ha, 1V, V, VI, VI, VI, and IX. The most Clearly
potassium phosphate (pH 7.5), 0.5 M NaCl, 1 mM magne- defined hydrophobic stretches in OadB and MmdB are
sium ethylenediaminetetraacetic acid, 0.02 mM diisopropyl segments |, I-VIl, and IX. These are regions predicted to
fluorophosphate, and DNase |. Oxaloacetate decarboxylasd?®@ membrane-spanning domains in previous mo@g|2g).
was purified by affintiy chromatography of a solubilized The profile of MadB shows that stretch Il is clearly an
membrane extract on a SoftLink monomeric avidin additional hydrophobic domain that must be considered a
Sepharose column (Promega), as described previo2gjy ( membrane-spanning-helical segment. The less pronounced
The eluate of the avidinSepharose column was concentrated hydrophobicity that is apparent for OadB and MmdB in this
in a Biomax 10K centrifugal filter (Millipore) to 5660 uL. region is due to the presence of either glutamate or arginine
Cysteines exposed to the cytoplasm were identified with N these sequences (Figure 3). The other region that might
a two-step protocol. External cysteines were blocked by an e forming a membrane integral domain of these proteins is
initial 5 min preincubation of intact cells (5 g wet weighty ~ area VIil. Due to a conserved arginine or lysine residue in
in 200 mL of buffer A, containing 20@M MTSET (freshly th.|s segment, the hydrophobicity is not very pronounced, and
dissolved), a nonfluorescent, membrane-impermeable thiolWith the profile alone, one cannot predict whether area IX
specific reagent. Excess MTSET was removed by three SPans the membrane.
cycles of centrifugation and washing with buffer A. Cells The alignment of the sequences of the related proteins,
were resuspended in 10 mL of 20 mM potassium phoshateshown in Figure 3, provides additional information about
(pH 7.5), 0.5 M NaCl, 1 mM magnesium ethylenediamine- the putative membrane-spanning domains. The most similar
tetraacetic acid, 0.02 mM diisopropyl fluorophosphate, and regions of these proteins fall into the 10 hydrophobic
DNase |. After inside-out vesicles were prepar2d)(they stretches. Next to segment llla, which contains the catalyti-
were dissolved in buffer C [20 mM sodium phosphate (pH cally essential aspartic acid residu@),(the most highly
8.0)]. The exposed unmodified cysteines, which had faced conserved portion is segment VIIl. One should notice that
the cytoplasm, were labeled by adding4@ IASD (freshly the length of nine of the hydrophobic areas of the proteins
dissolved) and incubated for 20 min at 23. The reaction is conserved, comprising between 20 and 28 amino acid
was quenched with 2 mMp-mercaptoethanol, followed residues, which is in the range expected for membrane-
immediately by one cycle of centrifugation and washing with spanninga-helices. Hydrophobic segment llla, however, is
buffer C alone. Vesicles were resuspended in 20 mM much longer, which may be due to unusual folding (see
potassium phosphate (pH 7.5) containing 0.5 M NaCl. below). Gaps of more than one residue can be noticed in
Oxaloacetate decarboxylase was purified, as described abovehe N- and C-terminal portions and in the segment connecting
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Ficure 2: Comparative hydropathy plots of tifesubunit of oxaloacetate decarboxylase frmpneumoniag¢Kp-OadB) and the related
membrane subunits of the Ng@umping malonate decarboxylase frdv rubra (Mr-MadB) and the methylmalonyl-CoA decarboxylases
from P. modestunfPm-MmdB) andV. parula (Vp-MmdB): (—) predicted outside-to-inside helices with the program TMpred (ISREC)
and (- - -) predicted inside-to-outside helices with the program TMpred (ISREC).

hydrophobic domains Il and Il and hydrophobic segment uniformly distributed OadBPhoA fusions were obtained
lla. by the two different approaches and used for the determi-
From all these results, the structure of OadB and the relatednation of AP activity. A total of seven different OagtacZ
proteins could include 10 transmembrane helical segments.fusions were constructed by PCR technology and used to
However, no information about the orientation of the protein obtain complementary evidence for the folding of OadB
within the membrane is available from these data. To fill within the membrane by measurifiggalactosidase activities.
this gap and to become more confident in the predicted Alkaline Phosphatase (AP) affdGalactosidase Actities
membrane topology of OadB, the gene fusion technology of OadB-PhoA and OadB-LacZ Fusion ProductsThe AP
with alkaline phosphatase apfdgalactosidase was applied activities of the fusion proteins, listed in Table 1, vary over
(33—36). the range of 6-:93 Miller units. Colonies with AP activities
Generation of oadB‘phoA and oadB-‘lacZ Gene Fu- above 5 units were blue, while those with activities below 5
sions. Two different approaches were used to fuse OadB, units were white. Candidates of the first category were
truncated to various degrees from the C-terminus, to alkalinetherefore regarded as positive and those of the second
phosphatase (AP). One set of fusions was obtained by thecategory as negative PhoA fusions. In-frame PhoA fusions
nested deletion method with exonuclease 18,(37), using to the cytoplasmic domain of the protein exhibit240 times
plasmid pKAB-‘PhoA. Gene fusions, encoding hybrid pro- less activity than fusions at periplasmic domain sit@g).(
teins with the decreasing length of OadB at its C-terminus In previous topology analyses for melibiose perme22 (
joined to AP, were thus generated. Clones with positive AP or Mtr permease39) of E. coli, the AP activities of fusion
activities (transformants of various blue color intensities on proteins varied between 1 and 137 Miller units. The authors
XP plates) were selected and subjected to restriction anddefined activities below 20 units as negative, between 20
sequence analyses, as described in Experimental Procedureand 60 units as intermediate, and above 60 units as positive.
In the second approach, PCR technology was applied to Theg-galactosidase activities of the fusion proteins, listed
cover those areas of the protein within the predicted loop in Table 2, vary over the range of-@63 Miller units. LacZ
structures and at the C-terminal end that were not alreadyfusion proteins with activities below 50 Miller units were
obtained by the first method. Thus, a total of 24 different regarded as negative and fusions with activities above 350
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st-oadb
af-oadb
pm-mmdb
vp-mmdb
tp-ocadb

mr-madb
rc-madb
kp-oadb
st-oadb
af-oadb
pr-mmdb
vp-mundb
tp-oadb

mr-madb
rc-madb
kp-oadb
st-oadb
af-oadb
pm-mmdb

tp-oadb

Ficure 3: Sequence alignment of Mr-MadB with Rc-MadB (related
subunit fromR. capsulatus Kp-OadB, St-OadB (related subunit
from Salmonella typhimuriujn Af-OadB (related subunit from.
fulgidug, Pm-MmdB, Vp-MmdB, and Tp-OadB (related subunit
from T. pallidum (for other abbrevations, see the legend of Figure
2). The putative membrane domains are boxed and numbered as

................................... MEQLM SLFPAISTLF

.. MLETLF NIFPGIGTLF
. .MESLN ALIQGLGLMH
. .MESLN ALLQGMGLMH
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Table 1: Properties of OadBPhoA Fusion Proteins

alkaline
fusion  phosphatase anticipated colony  signal strength
positiort  activity? locatiorf colo  in Western blots
P41 36+ 7 loop1P blue average
P57 56+ 2 helix Il blue strong
H72 17+1 loop2C pale blue weak
V80 63+ 4 loop2C blue strong
P103 2+1 loop2C white strong
G134 0 loop2C white weak
N156 9+ 2 loop 3P blue strong
T179 93+ 2 loop 4 P blue average
G184 33+ 3 loop 4 P blue average
T189 21+ 4 loop 4 P blue average
E217 12+ 2 loop5 P blue average
T245 5+ 2 loop 6 C white average
L257 0 loop 6 C white unstable
L286 37+3 helix V blue weak
M289 39+ 4 helix V blue average
V301 10+1 loop 7 P blue average
L329 2+0 loop8 C white average
Q338 3+2 loop 8 C pale blue average
V344 11+ 3 helix VII blue weak
G357 30+ 4 helix VII blue unstable
V358 30+7 helix VII blue unstable
N365 46+ 15 loop9 P blue average
A398 2+0 loop10C  white weak
M433 7+3 C-terminus  blue weak

a2 Amino acid in OadB after which alkaline phosphatase is fused.
b Units of alkaline phosphatase activity calculated according to the
methods of Miller (2) and Pourcher et al2@). ¢ According to the
new model (Figure 6B)! Color of colonies ofE. coli CC118 on
LB amp100-xp40 plates.

Table 2: Properties of OadB.acZ Fusion Proteins

fusion p-galactosidase  anticipated signal strength
positiort activity? locatiorf in Western blots

H72 463+ 21 loop2C strong

V80 399+ 3 loop2C strong

Q167 4364 56 region llla strong

L180 15+ 1 loop 4 P average

G184 0 loop 4 P average

T189 0 loop 4 P average

M433 29+ 23 C-terminus strong

a Amino acid in OadB after whicl#-galactosidase is fusefllUnits
of 5-galactosidase activity calculated according to the method of Miller
(21). ¢ According to the new model (Figure 6B).

Miller units as positive. Sarsero and Pittar89) found
activities between 6 and 246 Miller units and distributed them
into categories below 20, between 20 and 60, and above 60
Miller units. In the topological models of OadB (Figure 6),
we have marked fusion sites yielding positive AP with yellow
circles and those yielding negative AP with white circles.
Positive LacZ fusions are shown in green circles, and
negative LacZ fusions are shown in red circles.

In the following, we will go through the models by
describing the results of the fusion analyses, starting from
the C-terminus. In our new model (Figure 6B), we place the
C-terminal methionine on the peripasmic surface, which
contrasts with the model proposed previousty;(Figure
6A). The PhoA fusion at this side was considered positive
by the blue colony color and the alkaline phosphatase activity
of 7 Miller units. This comparatively low activity can be

described in legend of Figure 6B. Identical residues are representec®XPlained only by weak expression of the fusion construct
by an asterisk and conservative exchanges by a dot. The sequencélable 1). The complementary LacZ fusion was negative with
of Kp-OadB is bold and underlined.

29 Miller units, according to our definition, especially as
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Ficure 4: Immunoblot analysis of OadBPhoA fusion products. Lysates of logarithmically grown cells were electrophoresed on an 8%
SDS—polyacrylamide gel and blotted onto a nitrocellulose membrane. Anti-PhoA antiserum was used to detedP@dRision proteins.
The lanes are labeled after the amino acid residue gfthebunit, to which PhoA had been fused. Lane M shows molecular mass markers;
lane AP shows purified alkaline phosphatase fienecoli, marked with an arrow. The upper band in the immunoblot represents the-OadB
PhoA fusion protein. Bands between AP and the fusion proteins represent degradation products. Lanes M, P41, P57, G134, N156, G184,
and T189 resulted from trial A, lanes AP and P103 from trial B, lanes E217 and T245 from trial C, lanes L286, M289, and L329 from trial
D, lane N365 from trial E, and lanes A398 and M433 from trial F.
the fusion protein was strongly expressed. It will be shown between both surfaces. Therefore, the topology cannot be
below that an engineered cysteine at position 430, threepredicted for the N-terminal part of the protein by fusion
residues before the C-terminus, was specifically accessiblealone. To further analyze the topology, the location of C87
from the periplasm. Hence, the C-terminus is located at theand the mutantsfC87A/L7C and SC87A/V129C was
periplasmic side of the membrane. This defines the orienta- determined. The cytoplasmic location of all three cysteine
tion of helix IX, which is further supported by the low AP  residues confirms the topology model depicted in Figure 6B
activity (2 Miller units, white colonies) of the A398-fused (see below).
product. The membrane topology between residues 360 and The hydrophobic region, flanked by residues T159 and
217 is the same in the two different models and therefore S211, linking the N-terminal block of three membrane helices
consistent with the results from hydropathy profiles and and the C-terminal block of six helices, could fold into two
fusion analyses. As both N365 and the C-terminus are additional membrane-spanning segments, connected by a
periplasmically located, whereas A398 faces the cytoplasm, short loop, as proposed previously (Figure 6A). However,
we need to define an additional membrane-spanning helixthree positive PhoA fusions (T179, G184, and T189) and
(VIII, in Figure 6B) within the region between N365 and three negative LacZ fusions (L180, G184, and T189) in the
A398. suggested cytoplasmic loop do not support this model, and
The information about the membrane topology of OadB rather indicate that the region around residues HI7E89
obtained from the phoA and LacZ fusion approach was also is exposed to the periplasm.
valuable for the N-terminal part of the molecule, although  Stability of Fusion ProteinsTo determine whether the
the results were not as clear as for the C-terminal part. Theresults obtained from the AP aritgalactosidase activity
positive PhoA fusions at positions 41 and 156 might indicate measurements correlated with the synthesis of the fusion
that these residues are in periplasmic loops, as drawn in theproteins, Western immunoblot analyses of the OaBBoA
model shown in Figure 6B. This would indicate three and OadB-LacZ fusions were performed. Figure 4 shows a
transmembrane helices in the N-terminal region before N156 selection of immunoblots with OadBPhoA fusions for
and a cytoplasmic location of the N-terminus. The outgoing which cell lysates were used. In most cases, the expected
helix | is very hydrophobic and is followed by a short fusion products are visible, although they are accompanied
hydrophilic loop and the ingoing membrane helix Il (not by a degradation product that corresponds to the native AP
predicted in the previous model). The polypeptide chain and in part by additional degradation products. The ap-
continues with the extended cytoplasmic loop 2 and the proximate intensities of all OadBPhoA fusion bands are
outgoing helix I, running from 1135 to A155. The orienta- compiled in Table 1 and of the OaeRacZ fusion bands
tion of the latter helix is the same in both models and is in Table 2. In accord with previous studies, the alkaline
supported by the negative PhoA fusions at P103 and G134.phosphatase fusions to periplasmic loops were usually more
The two very strong LacZ fusions at H72 and V80 further stable, yielding bands that were stronger than those to
support the topology of OadB, shown in Figure 6B. However, cytoplasmic loops or to amino acids within helicetO{
the PhoA fusions at P57, H72, and V80 were also positive 43). Exceptions are the fusions at V80 and P103 within loop
and therefore apparently contradict the proposed topology.2, which yielded strong signals on the immunoblot. The
These results indicate that the short N-terminal peptides variance of alkaline phosphatase activities is therefore partly
probably do not adopt unequivocal topologies, but may flip due to the different stabilities of the fusion products.
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Table 3: Features of Cysteine Variants of OadB

Jockel et al.

the gel. The data further show tha€87 of the wild type
was exposed to the cytoplasm. Cysteine variants which

oa%ir‘i:gﬁ:e'”e Sp?&g;fsfrﬁg\)"ty sideness "’llgtc'gggrt?ed became labeled from the cytoplasmic surface yE87A/

- L7C andpC87A/V129C. ThesC87A/L7C mutant deserves
‘(’:"g%ype (c87) 55’ gg’:‘;ﬂ'gggibl . loop 2. C attention, because the oxaloacetate decarboxylase containing
C87AILTC inactive cytoplasm N-terminaltail  the BL7C substitution was inactive. Similar results were
C87A/V129C 60 cytoplasm loop2C obtained with another cysteine mutant near the N-terminus
C87A/L178C 15 not accessible  region llla (BC87A/L4AC) and after insertion of the FLAG epitope after
gg;ﬁgig;g ?é?; %‘gri"’;flggris'b'e Ifggﬁg position M1 of the protein. Hence, an unmodified N-terminal
C87A/P191C inactive not accessible  region lila region of OadB seems to be critical for the function of the
C87A/A194C 28 not accessible region llla enzyme, and therefore, the mutants in this region do not
C87A/1198C 25 not accessible  region llla provide reliable information for assessment of the topology.
gg;%\%ggg O g‘é’rtiag‘;ﬁs'b'e Jegonlla . A periplasmic location was on the other hand found for

cysteine variant8C87A/S187C an@C87A/V430C. These
results confirm exposure of the segment of region Illa around
S187 to the periplasm and further strengthen the periplasmic
exposure of the C-terminal tail. The other cysteine mutants
However, as alkaline phosphatase cleaved from the fusionthat were investigated were not labeled with the fluorescent
sites may contribute to the measured AP activities, we did probe applied from either side of the membrane, indicating
not attempt to correct these activities for the different levels that residues L178, Y182, P191, A194, 1198, and P205 are
of expression of the fusion products, as observed by the|ocated within the membrane or buried within a pocket of
Western analyses. Nevertheless, the correlation of whitethe protein. This also applies to the inaccessible cysteine

colonies with very low to zero AP activities and of blue residues of wild-typgs-subunit residues C291 and C351.
colonies with middle to high AP activities allows us with
DISCUSSION

reasonable confidence to place the OadoA fusion to

Construction of OadB Cysteine Variants and Sideness of of OadB (Figure 6B), which differs in several important
Cysteine Residue$o construct cysteine OadB variants, we aspects from a previous on27 Figure 6A), which was
first removed the cytoplasmic cysteine 87 and changed it to based on predictions from hydropathy plots only. The
an alanine. This mutation did not interfere with catalytic hydropathy plots of OadB indicate-&81 different hydro-
activity (Table 3). Membrane-located cysteines 291 and 351 phobic segments with sufficient extension to span the
did not have to be removed, because they were not accessiblenembrane (Figure 2), and nine of these were predicted to
for IASD. Ten new OadB cysteine variants were obtained, be the only membrane-spanning domains of the previous
which are listed in Table 3 together with the specific model. Two less pronounced hydrophobic areas of OadB can
oxaloacetate decarboxylase activity, their sideness, and theitbe identified, following the first and preceding the last
anticipated location of each. All double mutants exhibited membrane domain of the previous model. Hydropathy profile
specific oxaloacetate decarboxylase activities between 15 andalignments indicate that the area following TM helix | is
60 units/mg protein, except for cysteine mutants in the clearly more hydrophobic in several related proteins, e.g.,
N-terminal tail and for two proline mutants in the hydro- MadB, because E59 leading to a depression of hydrophobic-
phobic region llla, which were inactive. All mutant proteins ity in OadB is replaced by V in MadB3(). In all related
were synthesized at levels nearly identical to that of the wild- proteins, the hydrophobicity of the segment preceding the
type enzyme, except for the mutants with P/C substitutions last membrane domain is clearly lower than those of the other
and the cysteine mutant in the N-terminal tail, which were segments, in this case being caused by a conserved arginine
only poorly synthesized. Accessibility of cysteine residues or lysine residue. This segment comprises the most highly
was determined with the membrane-impermeable, thiol- conserved region of the protein besides that part of the
specific fluorescent probe IAS26). Labeling of periplas- hydrophobic segment llla that includes the catalytically
mically oriented cysteines was achieved by direct exposureessential D203 residug)( It has therefore already been
of intact cells to the probe, while labeling of cytoplasmically speculated that the area preceding the C-terminal helix might
oriented cysteines was performed with inside-out membranealso have an integral membrane locati@8)(
vesicles, after external targets had been alkylated by a In the following discussion, we want to go through the
nonfluorescent membrane-impermeable blocking agent (MT- protein from the N-terminus to the C-terminus, describing
SET). After the labeling reaction, the mutant oxaloacetate the evidence from the various techniques used in this study
decarboxylases were purified by affinity chromatography on for the folding of OadB within the membrane. OadB has a
avidin—Sepharose, subjected to SBBAGE, and inspected  blocked N-terminal methionine, which was defined by
for protein bands, containing the fluorescent label. The data sequencing of the appropriate cyanogen bromide pepjde (
depicted in Figure 5A show that the-subunit of all We propose in our new model (Figure 6B) that a tail of
decarboxylase variants that were investigated was specificallyapproximately 15 N-terminal amino acids is exposed to the
labeled from the cytoplasmic side of the membrane. In all cytoplasm. OadB with an L7C mutation was specifically
samples, the intensities of the fluorescence ofatfmibunit alkylated from the cytoplasmic side of the membrane.
were comparable, as were the intensities of the silver-stainedUnfortunately, the above-mentioned mutant did not exhibit
bands of thex- andS-subunits (Figure 5B). An exceptionis  oxaloacetate decarboxylase activity and, therefore, does not
the SC87A/L7C variant, where less protein was applied to provide valuable information for assessment of the topology.

aProbed with the membrane-impermeant agent I1ARB).(° Ac-
cording to the new model (Figure 6B).
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Ficure 5;: SDS-PAGE of purified oxaloacetate decarboxylases after site-specific labeling of cysteine residues with the fluorescent probe
IASD and corresponding silver-stained SDS gels. (A) Cysteine residues accessible from the periplasm (P) and cytoplasm (C) and (B)
corresponding silver-stained SDS gels. The solabi&ibunit serves as a positive control for accessibility from the cytoplasm, as it contains
four cysteine residues. Wild type and cysteine varigi@87A, fC87A/L178C,C87A/Y182C,5C87A/S187CC87A/P191CSC87A/

A194C, SC87A/1198C,3C87A/P205C resulted from trial AJC87A/L7C from trial B, angsC87A/V129C and3C87A/V430C from trial

C. Twenty micrograms of protein was applied per sample, except fof@87A/L7C variant, where 6.8g of protein was applied.

This phenotype was also observed with another cysteineis defined by the results just mentioned and the AP-positive
mutant 3C87A/L4C) or by inserting a FLAG epitope into  fusion at N156.
the N-terminal tail. Therefore, this part of the molecule seems  Following the short peptide PR T;s0, Which includes a
to be critical for the functional integrity of the decarboxylase. conserved proline residue, the OadB sequence continues with
Such a critical role would be more consistent with an internal a hydrophobic region between L160 and L210 that has been
location, perhaps at the interface with tesubunit, rather  termed region llla. The topology analysis of this area yielded
than an external (periplasmic) location. a positive LacZ fusion at Q167, positive PhoA fusions at
The first TM helix (1) is very hydrophobic and runs from T179, G184, and T189, and negative LacZ fusions at L180,
L16 to A36. This is followed by the first periplasmic loop, G184, and T189. In addition, S187 has been mutagenized
comprising amino acids #KFEP,; and the less hydrophobic  into a cysteine residue, and this was shown to be periplas-
helix I, which runs from L42 to L63. The positive PhoA mically exposed. A cysteine introduced at position 182 was
fusion at position P41 within the periplasmic loop is in accord not accessible to the alkylaing probe and may therefore have
with this folding. However, a positive PhoA fusion at P57 an integral membrane location or may be buried within a
within helix Il and fusions at H72 and V80 in the adjacent pocket of the protein. These results strongly indicate that
cytoplasmic loop indicate that within this short N-terminal the peptide comprising T179 to T189 extends into the
region of OadB the PhoA fusion technique fails to make periplasm. On the basis of the hydrophobicity of the sequence
reliable predictions about the topology. Anomalously high between L160 and L178, this portion of the protein should
levels of alkaline phosphatase activity near the N-terminus insert into the membrane. However, it is too short to span
of cytoplasmic loops of membrane proteins is a well- the membrane as tww-helices. We propose, therefore, that
recognized phenomeno#4). Therefore, the topology of this  the polypeptide chain following L160 inserts into the
area has also been analyzed by LacZ fusions at H72 andmembrane from the periplasm and folds backward to emerge
V80, and both had very high-galactosidase activities. The from its surface again with T179. Such very short membrane-
cytoplasmic location of the extended loop connecting helices integrala-helical structures have been identified in the pore
Il and Il was supported by the negative PhoA fusions at helices of the potassium channel fr&treptomycesdidans
P103 and G134 in the C-terminal part of this loop. whose structure was determined recently by X-ray analysis
Furthermore, the wild-type cysteine 87 and cysteine replacing at 3.2 A @5). It may be worth mentioning that defining the
valine at position 129 were both exclusively alkylated from region between T179 and T189 as a periplasmic loop rather
the cytoplasm. It should also be noted that the extendedthan as an integral membrane portion is more compatible
cytoplasmic loop 2 is a specific property of OadB fradn with the gaps of five to six residues found here in the various
pneumonia@ndsS. typhimuriumwhereas the relatggsub- related proteins. For the region between L190 and L210, we
unit of methylmalonyl-CoA decarboxylase 6f parvula has propose again that it inserts from the periplasm into the
only 15 amino acid residues in this region with no apparent membrane, but not so far as to reach the cytoplasmic surface.
similarity to its relatives. Hence, folding of the OadB region Rather, the polypeptide chain turns the direction and emerges
between amino acids 64 and 134 into an additional TM helix from the perplasmic surface with S211. The integral mem-
is unlikely. The next TM helix runs from 1135 to A155 and brane location of this area is likely because of the inacces-



13470 Biochemistry, Vol. 38, No. 41, 1999

I
@ I
F PR
a7 kK pu1 (N)yss T
:I A :;:‘LL JkI.I_F‘ :LLG
w G
S Fog, GF plafa
viis||LsT VMAG Fa
Lpa| Gy
A F
Ao ||e Eaflo' v
AL A A

LM H15 T 64 (Gliaa
A
G gal LES S

Jockel et al.

IV .V VI VII VIII IX

28 P 2esk 328 39@ K 3% 2N EI
f EI é:m v Q
M v G DG

3
LG Fia P 338

s"ENA. :p@bﬂ :.KY l'\"G ,_If( KSV Ap 2 Le@
M L ‘-@103 A 245® T kF 398
| P AMAY sy Namdv R

NH- R fa, AHvp, Q GMsL TD VO®25?

p, G E
J:U 'AﬁKLH QME K “RK;gM
N I llla iV V VI Vil Vil IX

Ficure 6: Topological models of the oxaloacetate decarboxyfasebunit. The amino acid residues, to which the signal sequence-
depleted alkaline phosphatase (AP)/bgalactosidase was fused, are marked by circles. Fusion sites yielding clones with positive AP
activities (=5 units, blue colonies) are yellow, and those with negative AP activiti€s nits, white colonies) are white. Fusion sites

yielding clones with positivgs-galactosidase activities are green360 units), and those with negatiylegalactosidase activities<60

units) are red. The yellow circles outlined in red mean red and yellow circles, e.g., negative LacZ and positive PhoA fusion. The green
circles outlined in yellow mean green and yellow circles, e.g., positive LacZ and positive PhoA fusion. The amino acid residues, which had
been changed to cysteines, are indicated by squares. Cysteines, which are labeled from the cytoplasmic side, are green, and those which are
labeled from the periplasmic side blue, and those which are not labeled from either side white. Panel A shows the previo@3)model (

Panel B shows the new model.

sibility of four cysteine mutantsgC87A/P191C,5C87A/
A194C, SC87A/I198C, andfC87A/P205C) to the polar
fluorescent alkylating agent IASD. The putative role of D203
as a binding site for Naor H* during the transport of these
cations across the membra® ould hardly be compatible

critical role of this area is further indicated by seven invariant
residues around the universal and functionally indispensable
D203. The enzymic activity was completely abolished even
with the most conservative exchange of D203 with9 [n

the SC87A/P191C oiBC87A/P205C mutants, the oxaloac-

with a location of this residue outside the membrane. The etate decarboxylase activity was either severely reduced or
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extinguished. Likewise, the insertion of FLAG epitopes contains nine positively charged R and K residues and two
(DYKDDDK) between amino acids L178 and Y182 led to negatively charged D and E residues. The rule is valid also
inactive oxaloacetate decarboxylases. Hence, several mutafor cytoplasmic loop 8, which contains two K residues and
tions in this part of the molecule have drastic effects on the one D residue. However, cytoplasmic loop 10 contains one
catalytic activity of the enzyme, corroborating its functional positive and two negative charges, and periplasmic loop 9

significance. has three positively charged and no negatively charged amino
It is envisaged that the polypeptide emerges from the acids. It is possible, therefore, that the main determinant for
membrane again with the periplasmic peptidg@EKLAPE,;~. the proper insertion of OadB into the membrane is the highly

The next TM helix (IV) runs from L218 to Q237 and is positively charged cytoplasmic loop 6. Overall, OadB has a
continued as a highly charged cytoplasmic loop between net charge oft-4 in the cytoplasmic loops and a net charge
P238 and K265. This folding is in accord with the positive of +4 in periplasmic loops.
PhoA fusion at E217 and two negative PhoA fusions at T245 We provide here with confidence information about the
and L257. The protein curls again into a TM helix (V) folding of the oxaloacetate decarboxylagésubunit within
between 1266 and G293 and forms the periplasmic loop the membrane. This topology is a suitable point of departure
between N294 and T308. The folding is supported by three for functional studies of the Napump by site-directed
positive PhoA fusions at L286, M289, and V301 and the mutagenesis. We will report elsewhere that specific mutations
inaccessibility of C291 to the charged alkylating agent IASD. within the newly recognized helix VIII abolish the oxalo-
The next TM helix (VI) starts with V309 and ends with acetate decarboxylase activity, thus emphasizing the func-
A327. The following cytoplasmic loop is supported by the tional significance of amino acids in this region.
two negative PhoA fusions at L329 and Q338. As pale blue
colonies were obtained at the latter fusion site, Q338 may ACKNOWLEDGMENT
alternatively be located within the next outgoing TM helix
(VII), which could start with F334 already. Within this helix
and the adjacent periplasmic loop, positive PhoA fusions
were obtained at V344, G357, V358, and N365. The positive
PhoA fusions within the helix are in accord with the notion
that five or more residues of an outgoing TM helix could
promote the export of AP4Q, 46). The folding of OadB in SUPPORTING INFORMATION AVAILABLE
the region comprising TM helices VIl is the same in
the previous model and our model presented here. The old Table A listing the primers used for generationoadB—
model predicted a large periplasmic loop and an ingoing TM 'PhoA fusions andbadB-"lacZ fusions and Table B listing
helix for the C-terminal part of the molecule. This folding, the primers used for construction of site-specific cysteine
however, is not in accord with a negative PhoA fusion at mutants in OadB. This material is available free of charge
A398 and the positive PhoA and negative LacZ fusion at Via the Internet at http://pbs.acs.org.
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