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Mutant Analysis Shows that Alanine Racemases from Pseudomonas
aeruginosa and Escherichia coli Are Dimeric
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Alanine racemases are ubiquitous prokaryotic enzymes providing the essential peptidoglycan precursor
D-alanine. We present evidence that the enzymes from Pseudomonas aeruginosa and Escherichia coli function
exclusively as homodimers. Moreover, we demonstrate that expression of a K35A Y235A double mutation of
dadX in E. coli suppresses bacterial growth in a dominant negative fashion.

In most bacteria the p-alanine-p-alanyl dipeptide is essential
for cross-linking within the peptidoglycan cell wall. It is pro-
duced from the natural amino acid L-alanine by the subsequent
action of two enzymes, alanine racemases, to create D-alanine
and Dp-alanine-p-alanyl ligase. While some organisms contain
only one alanine racemase, others have two isozymes, encoded
by the alr and the dadX genes. The latter group includes Esch-
erichia coli (4) and Pseudomonas aeruginosa (12). Little is
known about the advantages or disadvantages of having two
enzymes or about the interaction between the enzymes. alr
expression is constitutive and seems to provide the p-alanine
necessary to maintain cell growth, while dadX gene expression
is induced by L-alanine to a level much greater than that of alr
and thus is most active when L-alanine is used as a carbon and
energy source (4).

Alanine racemase is an attractive target for the development
of new antibiotics; the enzyme is ubiquitous among bacteria
and generally absent in higher eukaryotes, although it has
recently been found to function as a means of osmoregulation
in some lower marine eukaryotes (7, 10).

There are still open questions regarding the phylogenetic
history of the two alanine racemase genes. For instance, the
sequence identity between Alr and DadX enzymes from the
same organism is not significantly greater than between en-
zymes from different bacteria (12). Likewise, the structural
differences between alanine racemases deserve further atten-
tion. While the alanine racemases from Salmonella enterica
serovar Typhimurium (1, 15), Thermus thermophilus (8), and
Shigella sp. (19) have been described as monomers, the crystal
structure of the alanine racemase from Bacillus stearother-
mophilus reveals a dimer with two identical polypeptide chains
(9). The dimer has two active sites, each of which contains
residues from both monomers. It is noteworthy that, especially
within these active center domains, alanine racemase protein
sequences from different bacteria share a high level of conser-
vation. Pyridoxal-5'-phosphate (PLP), the essential cofactor of
alanine racemases, is in aldimine linkage to an N-terminal
lysine residue as a protonated Schiff’s base (6). This residue
(K39), together with a tyrosine residue near the C terminus
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(Y265) from the other subunit in the dimer, has been identified
as being critical for the racemization of alanine (16, 17). The
contribution of these two residues to enzyme activity was fur-
ther confirmed through cocrystallization of the B. stearother-
mophilus alanine racemase with one of its inhibitors, 1-ami-
noethylphosphonate (11). While the lysine residue is clearly
the catalytic base for the racemization of L- to p-alanine (17),
the tyrosine ring is necessary to stabilize the hydrogen-bonding
network in the active site with p-alanine as the substrate and to
catalyze the reverse reaction, i.e., the conversion of D- to L-
alanine (16, 18).

For our studies we selected the DadX enzyme from E. coli,
which shares an 85% identity with the Salmonella enzyme, and
the alanine racemases from P. aeruginosa, an important oppor-
tunistic human pathogen. We are particularly interested in
whether both species of alanine racemase act as dimers,
whether they can form mixed heterodimers, and how this in-
teraction might be exploited for inhibiting the enzyme. If the
enzymes are obligate dimers, interrupting the interaction be-
tween the monomers might be an attractive means of inhibiting
cell growth.

Cloning of the alanine racemases from E. coli and P. aerugi-
nosa. Gene-specific primers were designed based on the se-
quences of the respective alanine racemase in GenBank
(accession numbers: alrp,, AF165882; dadX,,, AF165881;
dadXg, AE000217; subscripts PA and EC indicate P. aerugi-
nosa and E. coli, respectively). Chromosomal DNA was pre-
pared from P. aeruginosa PAO1 and E. coli MG1655 (5), the
genes were amplified by touchdown-PCR (3), and the resulting
fragments were ligated into the N-terminal 6-His tag fusion
vector pET28 (Table 1). The plasmids were transformed into
E. coli MB1457 and verified by DNA sequence analysis. Some
members of our group previously reported the cloning of the
two Pseudomonas genes (12); the sequence of the E. coli gene
was identical to the published sequence for strain MG1655
(GenBank accession no. AE000217). Sequence comparison us-
ing BLAST revealed a 49% overall identity between the two
DadX proteins and also between the two Pseudomonas alanine
racemases, Alrp, and DadXp,. In particular, the two areas
around the key lysine residue near the N terminus and the
tyrosine residue closer to the C terminus displayed strong
sequence identity with the conserved motifs, ([AS]-V-[VI]-
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristics

Source or reference

Strains
E. coli
MG1655 lam rph-1 Laboratory stock
BL21(DE3)/pLysS F~ ompT hsdSy(rg~ mg~) gal dem (DE3) Cm" Novagen, Madison, Wis.
MB414 recAS56 srl::Tnl0 Laboratory stock
MB1457 DH5a recA™ Laboratory stock
MB1547 supE thi hsdA5 A(lac-proAB) endA F'[traD36 proAB lacl? lacZAM15) Laboratory stock
MB2859 MB1547 alr:FRT This work
MB2946 MG1655 alr::FRT dadX::FRT recA56 srl::Tnl10 This work
P. aeruginosa
PAO1 Wild-type strain Laboratory stock
Plasmids
pET28 T7lac promoter expression vector, Km" Novagen
pBAD18 Ap" OTigg g 2
pBAD33 Cm" oriys 2
pUC19 Ap" 14
pMB3051 pUC19-dadX g (K35A Y253A) This work

K-A-[ND]-A-Y-G-H-G) and (G-E-x-V-G-Y-G-[AG]-[TR]-
[WY]), respectively.

Mutagenesis of the alanine racemase variants. Site-directed
mutagenesis was used to replace the two putative key residues,
lysine and tyrosine, in the active sites of DadX;,, DadXgc,
and Alrp,. Two PCRs were set up using the pET28-cloned
wild-type genes as the template, one combining the T7 termi-
nator primer with a mutagenesis primer and the other com-
bining the T7 promoter primer with the complementary mu-
tagenesis primer. The completed reaction mixtures were
treated with Dpnl and purified. A second, four-cycle PCR
containing equimolar amounts of the partially overlapping
PCR products created the full-length product through self-
priming. T7 primers were added, and the PCR was continued
under standard conditions. The PCR products were ligated
into pET?28, and all mutations were verified by sequencing the
entire gene.

Complementation by pairs of mutants. The alanine race-
mase-deficient E. coli strain MB2946, which was an alr dadX
mutant constructed as described earlier (13), was the host used
for the posttranslational complementation analysis of the var-
ious alanine racemase genes investigated in this study. In order
to prevent intermolecular recombination, we introduced the
recA allele from MB414 into MB2946 by Plvir transduction.
The various alanine racemase variants of alrp,, dadXp,, and
dadXy. were transferred from pET28 into pBAD18 and
pBAD33. These vectors can coexist in the same cell and en-
code resistance to different antibiotics, allowing the easy selec-
tion of cotransformation events.

All pair-wise combinations of the various pBAD18 and
pBAD233 constructs were cotransformed into E. coli MB2946
and screened for restoration of prototrophy (Table 2). Plasmid
selection initially occurred on Dp-alanine-supplemented Luria-
Bertani agar with ampicillin and chloramphenicol. Fifty single
colonies were then picked and transferred to drug plates with-
out D-alanine, and the plates were scored for growth after 24 h
at 37°C. None of the mutant alleles was able to complement
growth of the alanine racemase-deficient double mutant of E.
coli, whereas the wild-type alleles could. With respect to the
cotransformants, allelic complementation occurred only when

both plasmids expressed mutants of the same enzyme; i.e., the
DadXp, (K33A) mutant complemented only when cotrans-
formed with the DadXp, (Y253A) mutant, but not with the
DadXge (Y253A) mutant or Alrp, (Y254A) mutant. It is
notable that all three enzymes behaved identically in this re-
spect. The fact that complementation does occur demonstrates
that all three alanine racemases tested here function as ho-
modimers. The N terminus of one monomer interacts with the
C terminus of the other monomer and vice versa. Each of the
monomers contributes residues to the active site, i.e., the lysine
and the tyrosine residues crucial for the catalytic activity of the
enzyme.

Our inability to observe prototrophy when pairs of mutants
of different proteins were used could have a number of possible
explanations, among which we cannot distinguish. The mono-
mers may be unable to form heterologous dimers at all, due to
subtle structural differences, or dimers might be formed, but
the subunits are unable to form a functional active site or they
form one with activity too low to be observed.

To rule out the possibility that our results were due to
recombination between homologous genes despite the recA
host, and not protein complementation, we checked for inter-
molecular recombination between the two plasmids in MB2946
by retransformation and electrophoretic analysis of the plas-
mid DNA. There was no evidence for the formation of plasmid
multimers, only monomeric plasmids were observed, and no
wild-type recombinants were found (data not shown).

Formation of functional heteroalleles in vitro. To further
verify our observations, we investigated the formation of mixed
dimers from purified DadX alanine racemase of P. aeruginosa
in vitro. It had previously been observed that there was no
significant difference in the specific activities of Alrp, and
DadX,, compared to those of their His-tagged derivatives
(12); thus, DadXp s (K33A) and DadXp . (Y253A) were puri-
fied independently (Fig. 1) by virtue of their His tags and
assayed in a spectrophotometric alanine racemase assay in the
p—L direction (1). Both proteins were inactive in the assay, as
expected from their failure to complement the E. coli alanine
racemase mutant. When both protein preparations were sim-
ply combined in an equal stoichiometric ratio, we were still
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TABLE 2. Complementation of an E. coli alanine racemase double mutant with combinations of mutant alanine racemases
from E. coli and P. aeruginosa“

Plasmid construct

PBADIS-dadXp 5 (K33A)
PBAD33-dadXp, (K33A)
PBADIS-dadXp 5 (Y253A)

PBAD33-dadXp, (Y253A)

PBADI18-dadX e (K35A)
PBAD33-dadX e (K35A)
PBADI8-dadX .. (Y253A)
PBAD33-dadX .. (Y253A)
PBAD18-alrp, (K34A)
PBAD33-alrp, (K34A)
PBAD18-alrp, (Y254A)
pBAD33-alrp, (Y254A)

pBAD18-dadXp 5
pBAD18-dad Xy, (K33A)
pBAD33-dadXp 5
pBAD33-dad Xy, (K33A)
pBADI18-dad Xy, (Y253A)
pBAD33-dadXp, (Y253A)
pBAD18-dad X
pBADI18-dad Xy (K35A)
pBAD33-dad Xy
pBAD33-dad Xy (K35A)
pBADI18-dad Xy (Y253A)
pBAD33-dad Xy (Y253A)
pBAD18-alrp
pBAD18-alrp, (K34A)
pBAD33-alrp A
pBAD33-alrp, (K34A)
pBAD18-alrp, (Y254A)
pBAD33-alrp, (Y254A) - -

I+ | + | No second plasmid

'+ 1+ 11 1+ 1+ 11
| +

+

“ —, p-alanine auxotrophy; +, restoration of prototrophy.

unable to measure any enzyme activity. However, when a stoi-
chiometric mixture of both variants was dialyzed against 50
mM Tris-HCI (pH 8.0)-6 M urea to separate the existing
inactive dimers and then refolded and redimerized by succes-
sive dialysis against 50 mM Tris-HCI (pH 8.0) containing 4, 2,
and 0 M urea, significant alanine racemase activity was re-
stored (Fig. 2). About 20% of the specific activity of the wild-
type enzyme was seen in this preparation. A loss of 50% of the
specific activity would be expected because the denaturation
and renaturation process will restore both inactive ho-
modimers and active heterodimers; additionally, the active het-
erodimers have only a single active site, instead of two in the
wild-type enzyme, resulting in another 50% loss of activity,
giving a maximum theoretical activity of 25%, provided there is
no bias in the affinity of the different monomers for each other.

While our findings do not necessarily exclude the possibility
that the three alanine racemases studied here exist as mono-
mers, our experiments do conclusively show that they are ac-
tive as homodimeric units. Given the elaborate structural and
mechanistical investigations of the B. stearothermophilus en-
zyme as described earlier, the level of homology within the
active center domains throughout most bacterial alanine race-
mases, and the recently established X-ray structure of P.
aeruginosa DadX protein as a homodimer (P. M. Le Magueres
and K. L. Krause, unpublished data), it seems likely that ala-
nine racemases are universally active as dimers. Earlier studies
had already shown that the wild-type enzyme follows Michae-
lis-Menten kinetics (12); cooperation between the two active
sites is thus unlikely.

- 60 kDa

- -50 kDa

»
- 40 kDa

- 30 kDa
- 25 kDa

- 20 kDa

FIG. 1. Purification of Pseudomonas aeruginosa His;-DadX (K33A)
from E. coli BL21(DE3)/pLysS, pET28-dadXp, (K33A). Lane 1, crude
extract; lane 2, flowthrough fraction, not binding to Pharmacia’s His-
Trap matrix; lanes 3 to 6, elution of non-His-tagged proteins with 1, 5,
10, 50, and 100 mM imidazole, respectively; lane 7, elution of Hisg-
DadX (K33A) with 500 mM imidazole; lane 8, molecular weight stan-
dard (Invitrogen). The wild-type and the His,-DadX (Y253A) proteins
were purified in the same way (not shown). An arrow indicates the
Hisg-DadX protein.
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Interactions in the

Specific Activity

DadX dimer active sites °
Theoretically ® | Experimentally °
Wild-type 100% 83u/mg
Enzyme ~100%
K334-
< 0.3u/
Mutant 0 wme
<4%
Mutant <4%
K334 + Y2534 25% 17u/mg
Mutants ~20%
O
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FIG. 2. Restoration of P. aeruginosa DadX activity through denaturation and renaturation of a mixture of two independently generated mutant
proteins. a, in the alanine racemase dimer two catalytic sites are formed with K33 and Y253 as two of their key residues; the possible active and
inactive combinations for the mutants studied are listed. b, in determining values for theoretically determined specific activity, it was presumed that
there is no difference in mutual affinity between wild-type and mutant monomers. ¢, purified enzyme variants were used to determine the specific
activity in a spectrophotometric assay measuring the conversion of D- to L-alanine; the protein was denatured in 6 M urea and renatured as
described; the wild-type specific activity was also measured after denaturation and renaturation (note that since 0.3 U/mg was our detection limit
in the assay, no activity was detectable at <0.3 U/mg).
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FIG. 3. Dominant negative effect of a dadX . double mutant on E. coli alr. The K35A Y253A allele of dadX - (pMB3051) or a control plasmid
(pUC19) was transformed into strains MB2859 (alr) and MB1547 (wild type). Cell growth was monitored with (solid line, square symbols) and
without (dotted line, round symbols) the addition of 1 mM IPTG (added 180 min after inoculation) in Luria-Bertani medium at 37°C.
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Alanine racemase mutants as dominant negative alleles can
act like a peptide antibiotic. Alanine racemase is a potentially
attractive target for the development of novel antibiotics. We
investigated whether it is possible to inhibit bacterial growth by
expressing a mutant alanine racemase. For this purpose, a
dadXgp double mutant (K35A Y253A) was constructed by
transferring the insert from pET28-dadXg- (K35A) into
pUCI9 and replacing the Sphl-EcoRI C-terminal fragment in
the resulting plasmid with the Sphl-EcoRI fragment from
PET28-dadXyp (Y253A). Sequencing of the complete gene
confirmed the presence of both active-site mutations in the
insert of the newly designed plasmid, pMB3051. Expression in
E. coli MB2859, an alr::FRT mutant of E. coli MB1547 (lacl?),
created as described earlier (13), was studied. The dadXg
(K35A Y253A) allele in pMB3051 is under the control of the
IPTG (isopropyl-B-p-thiogalactopyranoside)-inducible lacUVS
promoter, and when its expression was induced, bacterial
growth was effectively inhibited (Fig. 3).

Expression of the double-mutant protein was apparently
sufficient to sequester enough of the wild-type protein into
inactive dimers to preclude wild-type DadX dimers from being
formed. While this is an encouraging result, it has to be con-
sidered that our experiment was performed with an a/r mutant.
In the wild-type strain, the alr gene provides sufficient alanine
racemase to support growth. Alr is not significantly affected by
the DadX overexpression. Any potential inhibitor protein or
inhibitor peptide would have to be engineered to bind suffi-
ciently well to both Alr and DadX to effectively control bac-
terial growth or be intended for those organisms, such as My-
cobacterium tuberculosis and Mycobacterium avium (13), that
have only a single alanine racemase gene. However, this dem-
onstrates the potential effectiveness of new alanine racemase
inhibitors, peptide based or not, that do not target the catalytic
mechanism of the enzyme but instead block dimer formation.
This could have the added advantage of being highly strain
specific and not interfere with other PLP-containing or ala-
nine-utilizing enzymes.
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