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OprD/OccAB1 mutants displayed low but consistent reductions in susceptibility to
different carbapenems, including IPM, meropenem, and ertapenem. These two
mutants also showed impaired growth on L-Arg but not on other carbon sources,
further supporting a role of CarO and OprD/OccAB1 in basic amino acid and car-
bapenem uptake. A multiple-carbapenem-channel scenario may provide clues to
our understanding of the contribution of OM channel loss or mutation to the
carbapenem-resistant phenotype evolved by pathogenic members of the Acineto-
bacter genus.
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he genus Acinetobacter (family Moraxellaceae, order Pseudomonadales, class Gam-

maproteobacteria) is composed of Gram-negative aerobic bacteria ubiquitously
found in the environment and endowed with a large spectrum of metabolic capabilities
(1-5). Some Acinetobacter members, such as those composing the A. calcoaceticus/A.
baumannii (Acb) complex, are frequently associated with opportunistic nosocomial
infections, with the responsible lineages generally displaying multidrug-resistant (MDR)
phenotypes (3, 4). Infectious Acinetobacter lineages have shown an outstanding ability
to rapidly evolve resistance when subjected to new antimicrobial challenges, and a
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most worrisome problem at present is the worldwide emergence of additional resis-
tance to the last therapeutic options, such as broad-spectrum carbapenem B-lactams
(3-6).

Carbapenem resistance results from an interplay of different factors, including
decreased outer membrane (OM) permeability, overproduction of endogenous or
acquired carbapenemases, efflux pumps, and even modification of metabolic networks
(3, 7-10). The carbapenems traverse the OM barrier through B-barrel protein channels
that are normally employed for the uptake of low-molecular-mass hydrophilic nutrients,
of which two types have been described: general and specific (7, 8). General channels
lack measurable affinities for permeating compounds, as exemplified by the OmpF/C
“fast” porins of the Enterobacteriaceae. On the contrary, specific channels are endowed
with low-affinity binding sites for particular substrates and are thus generally charac-
terized by substrate saturation kinetics in the submillimolar range and competition for
uptake between substrates sharing the same binding site(s) (7, 8). As expected, the
introduction of carbapenem therapy in the 1980s was rapidly followed by the emer-
gence of Gram-negative pathogen lineages displaying channel mutations resulting in
reduced OM antibiotic permeability (7, 8).

The members of the genus Acinetobacter, as for Pseudomonas, lack “fast” general
porins and depend mainly on specific channels for nutrient uptake (7, 8). Although this
absence may explain their general intrinsic resistance to most B-lactams, Acinetobacter
spp. are generally highly susceptible to the carbapenems, indicating the use of specific
OM channels by these antibiotics (3, 6, 8, 9, 11, 12). The identification of such channels
has remained elusive, and a number of OM proteins, including CarO (13-15), the
Omp33/36 protein (16), and a 43-kDa protein designated OprD (17), have been pro-
posed as candidates on the basis of their loss in carbapenem-resistant Acinetobacter
baumannii clinical strains. However, both the role of these OM proteins in carbapenem
uptake and the contribution of their loss or mutation to the carbapenem-resistant
phenotype, particularly in strains displaying another mechanism(s) of resistance, have
been the subjects of controversies (3, 15, 18-34).

A possible explanation for the difficulties in identifying specific channels is the
existence in the Acinetobacter OM of several independent sites allowing significant
carbapenem influx (12, 24). In such a multiple-carbapenem-channel scenario, carbap-
enem resistance may rely mainly on a more robust mechanism of resistance rather than
on reductions in OM permeability resulting from the simultaneous loss of different
uptake sites, especially if these sites play important roles in nutrient uptake. In cells
already possessing a main mechanism of resistance, however, channel mutations
promoting even small reductions in carbapenem uptake may still be selected under
particular conditions, such as low antibiotic concentrations in which small differences
in permeation may favor the growth of the mutants over that of the parental cells (8,
35). It follows that a better understanding of the channels involved in carbapenem
uptake in the Acinetobacter OM may shed light on the contributions of their loss to
resistance and therefore to the adaptation to the clinical environment.

We addressed here the above questions by employing whole cells and a combina-
tion of biochemical, genetic, and microbiological procedures aimed at a more quanti-
tative characterization of OM channels in their original cell milieu in accordance with
procedures described for other Gram-negative bacterial species (7, 8, 12, 36-39). We
selected Acinetobacter baylyi for this purpose, given its ample use as a model for the
study of the general physiological aspects of the genus Acinetobacter (1, 2,5, 11, 40-42).
In short, we characterized the kinetics of imipenem (IPM) diffusion into intact A. baylyi
cells by coupling the influx of this carbapenem with a rapid sink hydrolysis by a
periplasmic VIM carbapenemase. We also characterized the role of CarO in this uptake
by conducting a similar analysis with an A. baylyi mutant lacking the carO gene (AcarO).
The studies presented here revealed different specific channels allowing for significant
IPM influx in the Acinetobacter OM, indicated that CarO is involved in this uptake,
showed that basic amino acids compete with IPM for uptake through both CarO and
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FIG 1 Kinetic analysis of IPM uptake by intact A. baylyi cells. (A) The IPM hydrolysis rates (V) of the WT and AcarO mutants
of A. baylyi (closed and open circles, respectively) at the indicated antibiotic concentrations were estimated using cells
bearing pVIM. All assays were repeated at least three times, and the mean and standard deviation in each case are shown.
(B) Further refinement of the analysis described for panel A to reflect the CarO contribution to IPM influx in which the mean
V,, values of AcarO mutant cells at each IPM concentration were subtracted from the equivalent values for WT cells. In both
panels, the solid lines reflect sigmoidal fits obtained by using the three-parameter Hill equation, y = y, .. X x*/(c® + x9),
and dashed lines indicate the hyperbolic fit using the single rectangular equation, y = y,... X x/(c + x). In all cases, y is
the hydrolysis rate (V,), x is the IPM concentration (uM), y,.., is the V.. (nmol - min=" - mg~"), « is the Hill parameter
coefficient, and c is K, 5 (wM), the concentration of IPM at which V,, = 0.5 X V., and also a measure of the affinity of the
channel for the drug. The maximum IPM hydrolysis rates (obtained with equivalent amounts of disrupted cells) and the
extent of VIM leakage (obtained with equivalent volumes of supernatants after removal of intact cells by centrifugation)
at each antibiotic concentration are shown in Fig. S1 in the supplemental material.

other channels, and shed light on the possible roles of channel mutations in the
evolution of carbapenem resistance in Acinetobacter.

(Parts of this research have been presented previously at different scientific meet-
ings [43, 44].)

RESULTS

Kinetic analysis and comparison of IPM uptake by WT and AcarO intact cells of
A. baylyi. A. baylyi has been found to display higher levels of intrinsic susceptibility to
IPM than to other B-lactams (9, 11), indicating an efficient uptake of IPM and thus
providing a well-established model to characterize the type(s) of carbapenem channels
present in the OM. We thus decided to characterize kinetically the process of IPM influx
into intact A. baylyi cells for a more quantitative evaluation of these uptake sites, by
following procedures frequently used for other Gram-negative bacteria (12, 36-39). In
short, IPM uptake was coupled with a rapid “sink” process in the periplasm attained by
a VIM-11 carbapenemase which was obtained by transforming the cells with plasmid
pVIM (see Materials and Methods for details), and the initial IPM hydrolysis rates (V,,) by
the cells were then determined at different concentrations of the carbapenem (Fig. 1
and see Fig. S1 in the supplemental material). Since we are especially interested in the
roles of Acinetobacter CarO family members in the uptake of carbapenems and basic
amino acids (13-15), we also constructed an A. baylyi AcarO mutant in order to
determine the kinetics of IPM permeation into these cells (see Materials and Methods
and Fig. 6 below). Some control experiments (39) were conducted before considering
that the reductions in V,, measured in wild-type (WT) and AcarO cells reflected the
limitation of the corresponding OM to IPM uptake and therefore the total rate of
antibiotic influx (V) into the cells. We first verified that the levels of VIM-11 carbap-
enemase in these cells were sufficient to accurately measure the corresponding IPM
steady-state hydrolysis rates for the antibiotic concentration range tested (Fig. S1). As
shown in Fig. S1, the initial rates of IPM hydrolysis obtained from disrupted WT or AcarO
mutant cells were similar within the IPM concentration range assayed, thus indicating
the presence of surplus VIM-11 carbapenemase. We then analyzed possible VIM leakage
from these cells, a situation that would certainly affect the accuracy of uptake assays.
As also shown in Fig. S1, the rates of IPM hydrolysis in supernatants obtained after
removal of intact WT or AcarO cells by centrifugation generally varied from nondetect-
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able to less than 5% of the maximal values obtained from the corresponding disrupted
cells, thus indicating very low VIM-11 leakage. We thus considered that the V,, values
shown in Fig. 1 provide a good estimation of the rates of IPM uptake by the analyzed
cells for the submillimolar IPM concentration range tested.

As shown in Fig. 1A, IPM influx into A. baylyi WT cells showed saturation at IPM
concentrations close to 400 uM, with a best fit of the experimental data to a Hill model
with a coefficient of 1.86 and an apparent K, for IPM of 221.6 = 20.3 uM. The
saturation kinetics observed at this IPM concentration range thus reinforce the exis-
tence of a specific channel(s) allowing uptake of this carbapenem in the Acinetobacter
OM. It is noteworthy that significant IPM influx was also observed using AcarO mutants
(Fig. TA) with signs of saturation observed at the higher IPM concentrations tested, with
the experimental data fitting best in this case a hyperbolic plot with an apparent K 5
for IPM of 686.4 = 99.7 uM. The latter result revealed the existence of a specific uptake
site(s) for IPM other than CarO in the OM which, although apparently displaying
relatively lower affinity for this carbapenem, may also be relevant in defining the rate
of antibiotic influx into the cells at the concentration range tested.

To examine in more detail the contribution of CarO to IPM uptake, we conducted a
further refinement of the above analysis in which the IPM influx rates of the AcarO
mutants were subtracted from those of WT cells at each IPM concentration tested (Fig.
1B). As shown in Fig. 1B, the results reinforced the notion that CarO provides a specific
uptake site for IPM based on not only the saturation kinetics obtained but also the
apparent cooperative behavior for this site from the best fit of the data to a Hill model
with a coefficient of 2.84. It is worth noting that the apparent K, for IPM in CarO
derived from this subtractive analysis (183.9 = 12.5 wM) was comparable to that
obtained for the specific OprD channel of Pseudomonas aeruginosa (36).

Overall, the above-described kinetic studies (i) reinforced the notion that CarO
participates in the specific uptake of IPM through the A. baylyi OM and (ii) showed the
existence of another specific site(s) displaying a relatively lower affinity for this carbap-
enem but potentially still involved in defining the rate of influx into the cells at
submillimolar external antibiotic concentration ranges.

Basic amino acids compete with IPM for uptake into intact A. baylyi cells.
Carbapenem B-lactams and basic amino acids share structural resemblances in parts of
their molecules, which explains their common recognition by the specific site in the
well-characterized P. aeruginosa OprD/OccD1 channel (6, 7, 10, 37, 45) (Fig. S2). These
similarities include, besides an overall positive charge at pH values around 7, a
carboxylate group at C-3 on the five-membered ring of the 4:5 fused bicyclic B-lactam
backbone (the equivalent to the a-carboxylate group in the amino acid) separated by
6 to 7 bond lengths from a positively charged amino group located in the substituent
bound at C-2 on the same ring (the equivalent to the second charged amino group at
the basic amino acid side chain). For P. aeruginosa OprD/OccD1, some length variation
between these two groups is allowed, since Lys, Arg, Orn, and 2,3-diaminopropionate
(DAP), in which the separation between groups covers a range of 6 to 3 bond lengths,
represented almost equally effective competitors of IPM entrance into the cells (37).

To obtain clues on the recognition abilities of the IPM channels of the A. baylyi OM,
we next used competition studies of IPM uptake into whole cells by testing the
competition ability afforded by Lys, Arg, Orn, and DAP among the basic amino acids.
We also tested putrescine (i.e., 1,4-diaminobutane), glutamine, and Gly as potential
competitors, some of them exemplifying compounds that share structural resem-
blances with basic amino acids in different sections of their molecules (32, 37). Based
on the results shown in Fig. 1, we decided to employ a subsaturating concentration of
IPM of 107 uM in these competition assays and to test all compounds at three different
concentrations (0.1, 1, and 10 mM) to better evaluate their relative competition abilities.
We also measured competition for IPM uptake compounds in both WT (Fig. 2, first
[black] bars) and AcarO mutant (Fig. 2, second [light gray] bars) cells, the latter not only
to characterize the recognition abilities of the channel(s) other than CarO but also to
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FIG 2 Effect of basic amino acids and related compounds on rates of IPM influx into A. baylyi WT and AcarO mutant cells. The V,, values in the presence of 107
1M IPM in the absence (0) or presence of the indicated concentrations (0.1, 1, and 10 mM) of the different compounds tested were determined as described
in Materials and Methods. At least three independent measurements were done for each condition, and the means and standard deviations are indicated. In
all cases, the first (black) bars correspond to the values obtained for A. baylyi WT cells, the second (light gray) bars correspond to those of the AcarO mutants,
and the third (dark gray) bars correspond to the values obtained after subtracting the V,, of the AcarO mutants from that of the WT cells under each independent
condition.

better evaluate the contribution of CarO by subtracting the IPM influx values obtained
for these mutants from the corresponding values for the WT cells (Fig. 2, third [dark
gray] bars).

The overall results shown in Fig. 2 allowed us to draw the following conclusions. (i)
Of the different compounds tested, only the basic amino acids Arg, Lys, and Orn were
found to significantly compete for IPM uptake into both WT cells (first bars) and AcarO
mutants (second bars); the other compounds tested (e.g., DAP, glutamine, putrescine,
and Gly) were largely ineffectual as competitors. The latter results not only reinforced
the above notion of the existence of a specific channel(s) for IPM other than CarO in the
A. baylyi OM (Fig. 1) but also indicated that these sites have recognition sites for basic
amino acids. (ii) The subtractive analyses (Fig. 2A to G, third bars) may reveal in further
detail the competition specifically afforded by each of the basic amino acids with IPM
for uptake through CarO. Of them, Arg seemingly represented the most effective
competitor (Fig. 2A to C), thus suggesting differential affinities of the CarO site for these
basic amino acids. (iii) The near lack of competition afforded by putrescine to IPM
uptake (Fig. 2F) strongly suggested that the a-carboxyl group in the basic amino acid
is pivotal for recognition purposes by both CarO and the other specific site(s) of the A.
baylyi OM and revealed similarities between the IPM-specific channels of Acinetobacter
and Pseudomonas (see above). (iv) A similar conclusion might be drawn by the lack of
competition shown by glutamine (Fig. 2E), suggesting that reductions in the electro-
positive character of the side chain amino group impaired recognition by the specific
site(s) of the basic amino acids present in the A. baylyi OM, as occurred with Pseu-
domonas OprD (37). (v) DAP acted as an almost null competitor of IPM entrance into A.
baylyi cells even at the higher concentration tested (Fig. 2D). This suggested that the
length between the a-carboxyl and the side chain amino group is important for
substrate recognition purposes by the IPM-specific site(s) of the A. baylyi OM and
represented a differential feature from those of P. aeruginosa (37). (vi) Gly represented
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FIG 3 Susceptibility to different carbapenems of A. baylyi WT and AcarO mutant cells. Representative results are shown of inhibition halos
generated by IPM, meropenem (MPM), or ertapenem (ETP) disks containing 10 g antibiotic each on A. baylyi WT (dashed black circles)
or AcarO mutant (dashed white circles) cells transformed with pVIM and growing on BM2/Glu solid medium supplemented with 30 ug/ml
of chloramphenicol, and the corresponding diameters obtained in each case are indicated. In the figure corresponding to the AcarO
mutant, the inhibition halos for the WT strain have been superimposed (dashed black circles) for comparison purposes. The differences
in inhibition halos between AcarO mutants and the WT strain for a given carbapenem (limits depicted by white arrowheads) are shown
in the graph on the right. The asterisks indicate the results of the statistical analysis (see Table S2 in the supplemental material). The
reductions in inhibition zones were considered statistically significant when 0.001 < P < 0.01 (**) and 0.01 < P < 0.05 (¥).

an almost null competitor of IPM uptake by either WT or AcarO mutant cells under the
conditions tested (Fig. 2G). Recent liposome swelling studies indicated that reconsti-
tuted A. baumannii CarO could mediate low-level uptake of Orn and also of Gly when
tested at millimolar concentrations in the external medium (32). It should be noted,
however, that OM-specific channels can allow the selective permeation of compounds
for which no sites were detected by competition assays (7, 10, 46) and which could
explain the apparent divergences between previous observations (32) and our obser-
vations described above using whole cells in the particular case of Gly.

It follows from the above-described results that at least two different uptake sites for
IPM may be described in the A. baylyi OM. One site is represented by CarO, which
showed characteristics of a saturable site in which basic amino acids specifically
competed with IPM for uptake. In addition, these results uncovered the presence of a
second uptake site for IPM displaying somewhat lower affinity for this carbapenem and
also showing competition with basic amino acids.

Loss of CarO in A. baylyi impaired growth on Arg. Given the observations above,
we next analyzed whether CarO could provide the A. baylyi cells with a specific uptake
site for basic amino acids required for growth. From the different basic amino acids
tested as potential carbon sources (Arg, His, Lys, and Orn), A. baylyi WT cells showed
appreciable growth only on Arg although at a rate lower than those obtained in rich
medium or in minimal medium using other carbon sources, including glutamate,
citrate, and pyruvate (Table S4 and data not shown). Still, the loss of CarO specifically
reduced A. baylyi growth on Arg, as reflected by the almost 60% reduction in growth
rates found for the AcarO mutants on 10 mM Arg in comparison to the WT cells (Table
S4, experiment 1; see also Fig. 5A). These results support the notion that CarO provides
A. baylyi with a specific uptake site for Arg, as occurred in the case of A. baumannii
reported previously (15).

Loss of CarO in A. baylyi reduced cell susceptibility to carbapenems. We next
analyzed the potential contributions of CarO loss to IPM resistance in A. baylyi by
comparing the susceptibility phenotypes of WT and AcarO mutant cells for different
carbapenems, including IPM, meropenem (MPM), and ertapenem (ETP) (Fig. 3). Given
the high carbapenem susceptibility of A. baylyi (MIC of 0.0625 wg/ml for IPM), we
decided to use cells transformed with pVIM and therefore displaying increased carbap-
enem resistance (MIC of 12 pg/ml for IPM) (Tables ST and S4) to amplify any effect
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resulting from CarO loss to the susceptibility phenotype. The loss of CarO promoted
only limited increments in the IPM resistance of pVIM-transformed cells, based on the
increases in the MIC values from 12 ug/ml (WT) to 16 wg/ml (AcarO mutants) (Table S1).
Subtle reductions in carbapenem susceptibility of the AcarO mutants were best
observed by comparing the inhibition halos generated in agar diffusion tests by disks
containing IPM, MPM, or ETP (Fig. 3; see also Table S2). In such tests, a gradient
concentration for the antibiotic in the agar is experimentally obtained, with the highest
concentration obtained near the disk and decreasing with distance until a limit in which
no inhibitory concentration is reached (47, 48). Thus, the comparisons between the
halos generated by the WT and the mutant strain may help reveal subtle reductions in
susceptibility for each of these carbapenems resulting from the mutation, which are
manifested at the limits of the antibiotic inhibitory concentration (48). As shown in Fig.
3 (see also Table S2), the AcarO mutants consistently showed small but significant
reductions in susceptibility for all three carbapenems in comparison to the suscepti-
bility of the WT strain. Conversely, significant reductions in the susceptibility of the
AcarO mutants for other B-lactams, including piperacillin, cefoxitin, and cefepime, were
not observed using similar antibiotic diffusion tests (not shown).

The results described above thus reinforced the notion that CarO provides a specific
uptake site for carbapenems in the A. baylyi OM. The observation that the reductions
in susceptibility are only modest (Fig. 3) further suggested the existence of another
relevant specific site(s) allowing carbapenem uptake obtained from the kinetic studies
(Fig. 1).

Carbapenem susceptibility of A. baylyi OM mutants lacking putative carbap-
enem channels. A limited number of A. baumannii OM proteins besides CarO have also
been proposed to participate in the uptake of carbapenems on the basis of the loss or
reduced expression of the proteins in different clinical A. baumannii strains (3, 16, 17).
These include Omp33/36, whose loss has been associated with increased resistance to
carbapenems and other B-lactams (16), and a 43-kDa OM protein designated OprD (17).
A. baumannii OprD, recently also designated OccABT, is part of the OM carboxylate
channel (Occ) family and is similar to the well-known carbapenem-specific channel
OprD/OccD1 of P. aeruginosa, sharing 29% identity and 49% similarity (25, 33). The role
of OprD/OccAB1 in carbapenem uptake has recently been under scrutiny (25, 27).
Moreover, recent liposome swelling studies with reconstituted A. baumannii OprD/
OccAB1 indicated that this protein has general porin features similar to those of OmpF,
allowing uptake of different compounds such as amino acids, carbohydrates, and
antibiotics, including carbapenems and other B-lactams, when these compounds are
present in the external medium at millimolar concentrations (33).

Since our results described above indicate the existence of a relevant specific site(s)
other than CarO that allows carbapenem entrance in the A. baylyi OM, we analyzed
whether individual A. baylyi ACIAD mutants (40) lacking homologs of Omp33/36 or
OprD/OcAB1 showed alterations in carbapenem susceptibility (Fig. 4; see also Table S3).
Comparative protein sequence analysis indicated that A. baumannii Omp33/36
(GenBank accession no. CAJ01528.1) (16) shares 92% identity and 98% overall similarity
with its A. baylyi Omp34 homolog (GenBank accession no. CAG70110.1) and that A.
baumannii OprD/OccAB1 (GenBank accession no. WP_000910001.1) (25) shares 63%
identity and 75% overall similarity with its closest A. baylyi homolog (GenBank acces-
sion no. CAG67206).

As for the AcarO mutants described above, moderate increments in IPM resistance
for pVIM-transformed cells were observed only for the AoprD mutant of A. baylyi, based
on the increments in MIC values in comparison to the corresponding WT strain (Table
S1). Similar conclusions were drawn by measuring the inhibition halos for IPM, MPM, or
ETP of Aomp34 and AoprD mutants, of which only the AoprD cells showed significant
reductions in susceptibility, compared to the corresponding WT strains, to all of these
carbapenems (Fig. 4; see also Table S3). Moreover, determinations of growth rates on
rich medium and on minimal medium using glutamate as a carbon source (Table S4)
indicated significant growth rate reductions only for the AoprD mutant. In addition, as
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FIG 4 Susceptibility to different carbapenems of A. baylyi WT and selected OM mutants. Representative results are
shown of inhibition halos generated by IPM, meropenem (MPM), or ertapenem (ETP) disks containing 10 pug
antibiotic each on A. baylyi WT cells (dashed black circles) or Aomp34 or AoprD mutant cells (dashed white circles)
from the ACIAD collection (40) transformed with pVIM growing on BM2/Glu solid medium supplemented with 30
png/ml of chloramphenicol. For other details, see the legend to Fig. 3. The reductions in inhibition zones (see Table
S3 in the supplemental material) were considered statistically significant when 0.0001 < P < 0.001 (***), 0.001 <
P < 0.01 (**), and 0.01 < P < 0.05 (*). n.s., nonsignificant.

shown in Table S4, this particular mutant was unable to grow on L-Arg as the only
carbon source (see also Fig. 5B). The above-described situations are compatible with a
proposed role for its A. baumannii OprD/OccAB1 homolog as an OM channel for
glutamate and L-Arg, among other substrates (33).

As with CarO, the results described above point to OprD/OccAB1 as also represent-
ing a moderate uptake site for carbapenems in the A. baylyi OM. Since our results also
indicated significant competition between these IPM uptake sites with L-Arg (Fig. 2), we
next evaluated whether the loss of Omp34 or OprD/OccAB1 resulted in any effects on
the growth of the corresponding A. baylyi mutants on this basic amino acid. As shown
in Fig. 5B, only the AoprD mutants were largely impaired in growth in L-Arg, compared
to other carbon sources such as glutamate, as occurred in the case of the AcarO
mutants (Fig. 5A). This reinforced the notion that OprD/OccAB1 may provide the cells
with a second specific uptake site for basic amino acids that is also used by carbap-
enems to permeate the Acinetobacter OM.
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FIG 5 Growth of A. baylyi WT and selected OM protein mutants on L-Arg. The described WT or individual
mutant cells were grown overnight at 30°C in BM2/Glu liquid medium, and 5-ul aliquots of 10-fold serial
dilutions as indicated were plated on BM2 solid medium supplemented with L-glutamate (BM2/Glu) or
L-arginine (BM2/Arg) at 10 mM each. The plates were incubated at 30°C for 24 h (BM2/Glu) and 72 h
(BM2/Arg). The strains used are described in the legends to Fig. 3 and 4.

Further attempts were made to elucidate possible synergic actions on IPM uptake
caused by the simultaneous removal of CarO and any of the above-mentioned proteins
from the OM. For this purpose, Aomp34 AcarO and AoprD AcarO double mutants of A.
baylyi were constructed as detailed in Materials and Methods. However, the significant
increments in susceptibility to sodium dodecyl sulfate (SDS) observed for these double
mutants (Fig. S3) indicated that although not sufficient to promote synthetic lethality,
the function of the OM as a general permeability barrier was substantially impaired by
the simultaneous loss of CarO and OprD or CarO and Omp34 in these cells. These
observations are in concordance with the significant reductions in growth rates ob-
served for the corresponding mutants, compared to those of the single mutants or
the WT strain (Table S4), also indicating alterations in substrate uptake properties.
These results precluded at this stage the study of possible synergic actions on IPM
uptake resulting from the simultaneous removal of two proposed IPM channels
from the A. baylyi OM.

DISCUSSION

The comparative kinetic and competition analyses of IPM uptake by A. baylyi whole
cells conducted in this work allowed us to identify different uptake sites in the OM
allowing for significant influx of carbapenems. One of them was represented by CarO,
which showed saturable kinetics in the IPM submillimolar concentration range com-
patible with a specific uptake site (Fig. 1). Competition for IPM uptake in whole cells by
different compounds further indicated that the CarO site could specifically recognize
basic amino acids such as Arg, Lys, and Orn (Fig. 2). The A. baylyi AcarO mutant was in
fact impaired in growth on L-Arg in comparison to its growth on other carbon sources
(Fig. 5; see also Table S4 in the supplemental material), reinforcing the previous notion
(15) that CarO provides (or forms part of) a specific channel for basic amino acids in
Acinetobacter species. Our studies also revealed the existence in the A. baylyi OM of an
additional specific channel(s) with lower affinity for IPM (than that of CarO) displaying
binding sites for basic amino acids (Fig. 2). Carbapenem susceptibility studies using
other selected A. baylyi mutants pointed to OprD/OccAB1 as representing a second
carbapenem-specific channel (Fig. 4), a result further supported by the observation that
A. baylyi AoprD mutants were impaired in growth on L-Arg (Fig. 5 and Table S4).

The existence of different specific channels allowing for significant carbapenem
uptake in the A. baylyi OM may help explain some of the difficulties in their identifi-
cation in A. baumannii and the controversies about their roles (3, 14, 15, 18, 19, 24, 25,
27, 32, 33) and may provide clues for the understanding of the evolution of carbap-
enem resistance in this opportunistic pathogen. In a multiple-carbapenem-channel
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scenario such as that envisaged here, the simultaneous loss of more than one uptake
site would be required to significantly reduce carbapenem influx and therefore sus-
ceptibility. However, it is unlikely that the simultaneous selection of mutants in two
different channels could occur, particularly if these channels serve specific roles in
nutrient uptake. Therefore, in the context of carbapenem therapy pressure, another
mechanism(s) of resistance such as the acquisition of B-lactamases with carbapen-
emase activity would be expected to be primarily selected, which seems to be the
situation in A. baumannii (3). However, once the cells have acquired a main resistance
mechanism, the selection of mutated variants on a given channel that promote even
slight reductions in carbapenem permeation may still occur in selective antibiotic
concentration windows in which small resistance differences may favor the growth of
the mutants over the parental cells (8, 35, 48). By using antibiotic disk diffusion tests,
we found that A. baylyi cells bearing deletions in carO or oprD, in particular, showed low
reductions in susceptibility to IPM, MPM, and ETP (Fig. 3 and 4). This suggested that
specific concentrations within the corresponding carbapenem gradients occurring near
the limits of the inhibitory concentration for the WT strain may provide special
environments for the selection of such mutants. These “resistance-selective compart-
ments” are likely present at particular locations in the host during the course of
antibiotic therapy (35, 48).

In the context of carbapenem therapy pressure, the multiple-carbapenem-channel
scenario posed above would predict an increased frequency of mutations affecting
carO integrity among A. baumannii strains already displaying a relatively robust mech-
anism of carbapenem resistance. In this context, other authors have reported the
existence of insertion sequence (IS)-mediated disruptive events affecting carO (frequen-
cies ranging from 3 to 14%) among epidemiologically related carbapenem-resistant A.
baumannii clinical isolates in which the overproduction of diverse OXA enzymes
represented the main mechanism of resistance (20-22, 26, 30, 31, 34, 49). It is worth
noting that the simultaneous sequencing of Omp33/36 and OprD (21) or the sequenc-
ing of Omp33/36 (31) or OprD (49) of the isolates analyzed in the cited reports indicated
no disruptive events affecting the corresponding genes. This suggests that while the
complete loss of CarO can be tolerated by A. baumannii under carbapenem selection
pressure, the simultaneous loss of CarO and OprD/OccAB1 may result in unattainable
fitness costs in a situation compatible with a proposed role of the latter OM protein as
a channel for multiple growth substrates (33) or with the ensuing defects in the barrier
permeability functions of the OM (e.g., see Fig. S3 and Table S4). An alternative is
represented by the replacement of either OM protein by variants displaying slightly
reduced permeation/affinity for carbapenems, and in this context, we have previously
shown the existence in the A. baumannii population of four well-defined carO allelic
variants whose exchange is mediated by horizontal gene transfer (24). This suggests the
possibility that noninactivating mutations in carbapenem channels other than CarO
may eventually also emerge in A. baumannii, contributing in time to the stepwise
reductions in the intrinsic susceptibility of this pathogen to these antibiotics.

CarO forms part of a novel family of OM proteins restricted to the Moraxellaceae
family of the Gammaproteobacteria, which includes pathogenic species of the genera
Acinetobacter and Moraxella (14). Therefore, the potential roles of CarO family members
in the physiopathology of these organisms are worth studying in further detail (24, 32).
In this context, OM channel roles in members of this family represent unexpected
features for eight-stranded B-barrel proteins (7, 32). In fact, a number of controversies
exist on whether the different A. baumannii CarO variants might provide channel
functions for basic amino acids and/or carbapenems (14, 15, 18, 19, 32). Recent
crystallographic studies using three recombinant A. baumannii CarO variants indicated
that all of them refolded in similar monomeric eight-stranded B-barrel structures
lacking an open channel in the crystal (32). However, these analyses also indicated that
these proteins interacted preferentially with positively charged compounds and, most
notably, that they could mediate a low but selective uptake of Orn when reconstituted
in phospholipid bilayers (32). The overall experimental evidence from other laboratories
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summarized above and the results presented in this work seem then to concur in that
CarO family members can provide a recognition site for basic amino acids and even
mediate their low-rate diffusion through the OM, although the exact mechanism is still
obscure. There exist different alternatives which may overcome the limitations imposed
by the relatively small size of these OM proteins. It seems feasible in principle that
alternate CarO forms allowing the binding and diffusion of charged substrates are
generated in vivo, and in this context the formation of low-abundance 10-B-stranded
(or even 12-B-stranded) forms may not be completely excluded (32). However, mono-
meric forms may be insufficient to allow the permeation of the bulky carbapenems, and
two other alternatives exist which could explain the participation of CarO in their
uptake. One is that CarO assembles in vivo in oligomeric forms capable of accommo-
dating larger compounds, a situation described for TolC family members which are
structured as trimers in the OM with each protomer contributing to the formation of a
wide-open channel (7). Another possibility is that rather than forming a channel by
itself, CarO may serve as a specific receptor for positively charged compounds whose
import through the OM then requires the recruiting of other OM proteins in a situation
similar to that employed by colicins or certain vitamins (7, 50). We have previously
noted the formation of large molecular structures containing CarO in the A. baumannii
OM (24) which can represent either homo-oligomeric or hetero-oligomeric forms in a
situation compatible with either of the two alternatives posed above.

Further work is in progress to elucidate the details of carbapenem uptake through
the Acinetobacter OM and the identity and roles of the different OM proteins involved
in this process.

MATERIALS AND METHODS

Bacterial strains and plasmids used in this work. A. baylyi ADP1 (1, 2) was kindly provided by L. N.
Ornston (Department of Molecular, Cellular and Developmental Biology, Yale University, New Haven, CT,
USA). The AcarO mutant of this strain was constructed as described below. The A. baylyi ACIAD3459
(Aomp34), ACIAD0240 (AoprD), and ACIAD0697 (AompA) mutants and their corresponding wild-type (WT)
strain (40) were kindly provided by Veronique de Berardinis, Genoscope/CEA, Evry Cedex, France.
SDS-PAGE analysis of isolated OM fractions followed by Coomassie blue staining confirmed the loss of
the corresponding OM proteins in these mutants (not shown).

A. baylyi culture conditions. A. baylyi growth in liquid cultures was done at 30°C in either
Luria-Bertani (LB) medium or BM2 minimal medium under aerobic conditions with vigorous shaking. BM2
basal medium (51) is composed of 62 mM potassium phosphate (pH 7.0), 7 mM (NH,),SO,, and 0.5 mM
MgSO, and was supplemented with 10 uM FeSO, and the carbon sources at the concentrations
indicated in the text. Solid medium incorporated 1.5% (wt/vol) Difco agar into the above-mentioned
liquid media. Where indicated, 15 ug/ml kanamycin (Km), 30 wg/ml chloramphenicol (Cm), or 15 ug/ml
of gentamicin (Gm) was added to the above-mentioned media.

Construction of an A. baylyi AcarO mutant. The A. baylyi genome contains a carO family member
whose product shares 68% identity and 84% overall similarity with A. baumannii CarO (14). A. baylyi CarO
is effectively produced by the cells and represents the second most abundant OM protein after OmpaA,
as determined by SDS-PAGE/immunoblot analyses of OM fractions (Fig. 6), as in the case of A. baumannii
(15, 24). The A. baylyi carO gene was replaced by an antibiotic cassette conferring kanamycin (npt)
resistance derived from plasmid pBBR1TMCS-2 (52). The npt gene was first amplified by PCR using primers
Km_Fw (5'-AAGTGCGAATTCGGATGAATGTCAGCTAC-3') and Km_Rv (5'-CCAGAGGAATTCTCAGAAGAACT
CGTCAAG-3’) containing extra EcoRI sites (underlined), and the resulting fragment was digested with
EcoRIl and cloned into the equivalent site of pBlueScript SK(—) (53), thus generating pBS-npt. Two
fragments of approximately 1 kbp, each containing the chromosomal regions located upstream of (Up)
and downstream of (Dw) A. baylyi carO, were obtained by PCR amplification using primers CarO_UpFw
(5'-GATAGTTCTAGAGGCTTGAAGTGGCTCAAG-3') and CarO_UpRv (5’-GTACCTGGATCCGCACGAACACCTA
CTG-3’) and primers CarO_DwFw (5'-AATGCAAAGCTTCAAAAGATCCGTAACG-3') and CarO_DwRv (5'-
GTCTGGGTCGACTAAACACATTAAAGA-3'), respectively, designed after the A. baylyi genome sequence
information (http://www.genoscope.cns.fr/spip/Acinetobacter-baylyi-whole-genome.html). The primers
incorporated additional restriction enzyme sites (TCTAGA, Xbal; GGATCC, BamHI; AAGCTT, Hindlll;
GTCGAC, Sall) that allowed cloning of the corresponding fragments into pBS-npt bordering the npt gene
by taking advantage of the equivalent sites present in the multicloning site of the vector (53). The
pBS-AcarO:npt plasmid thus obtained was used as a source of a linear DNA fragment of approximately
3 kbp in which the npt gene is bracketed by the immediate chromosomal fragments bordering carO. A.
baylyi cells were transformed with this construction by taking advantage of their natural competence (1).
After the cells were plated on solid LB medium containing Km and incubated for 48 h at 30°C, different
Km-resistant clones were selected for subsequent analyses. The loss of CarO in the OM fractions of these
cells was verified by SDS-PAGE and immunoblotting, and a selected AcarO mutant was used for further
analysis (Fig. 6). No significant impairment in growth on either rich medium (LB) or minimal BM2 medium
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FIG 6 SDS-PAGE and immunoblot analyses of OM fractions of A. baylyi WT and AcarO mutants. The
equivalent of 20 ug of purified OM protein fractions of the indicated A. baylyi cells was subjected to
SDS-PAGE, followed by staining with Coomassie blue (A) or immunoblotting with polyclonal rabbit
antibodies toward A. baumannii CarO («a-CarO) or OmpAb (a-OmpAb) (B). The final positions of CarO and
OmpA and the molecular mass markers in the gels are shown on the left of each panel. For details, see
Materials and Methods.

containing 10 mM potassium glutamate (BM2/Glu) was observed for the A. baylyi AcarO mutant, based
on the growth rates obtained that were similar to those of WT cells (see Table S4 in the supplemental
material). Also, no major alterations in OM permeability barrier functions against SDS were detected in
these mutants, based on the similar SDS susceptibilities shown by AcarO and WT cells when grown in
solid LB medium containing 0.01 to 0.05% of this detergent (Fig. S3 and data not shown).

For the construction of Aomp34 AcarO and AoprD AcarO double mutants, the npt cassette in plasmid
pBS-AcarO:npt (see above) was first replaced with a 0.8-kbp fragment containing the aacC1 gene
encoding gentamicin resistance. This generated pBS-AcarO:aacC1, in which the aacCl gene is now
bracketed by the chromosomal fragments bordering carO and which was used to separately introduce
the AcarO:aacC1 allele into the Km-resistant mutants ACIAD3459 (Aomp34) and ACIAD0240 (AoprD) by
following the procedures described above. After selection in LB solid medium containing 15 pg/ml Km
and 15 ug/ml Gm, different colonies were tested in each case for the loss of CarO by immunoblot analysis
with anti-CarO antibodies as described above. The Aomp34 AcarO and AoprD AcarO double mutants thus
generated were evaluated for SDS susceptibility in comparison with the corresponding single mutants
and the WT strain (Fig. S3).

Growth rate determinations. The growth rates of the different A. baylyi mutants and corresponding
WT cells analyzed here in LB broth or liquid BM2 minimal medium supplemented with the indicated
carbon sources (Table S4) were determined at 30°C under aerobic conditions and vigorous shaking. For
this purpose, a seed culture grown overnight was diluted 1/100 in fresh culture medium and incubated
as described above, and aliquots were withdrawn at different time intervals to determine the absorbance
at 600 nm (A4, to estimate the corresponding growth rates in accordance with standard procedures.

A. baylyi growth on amino acids as carbon sources. The ability of the different A. baylyi mutants
and corresponding WT cells analyzed here to use a given amino acid as a carbon source was tested as
described for A. baumannii (15), using BM2 minimal medium supplemented with the indicated amino
acids at the concentrations specified in tables or figure legends.

IPM uptake assays by intact A. baylyi cells. Quantitative estimations of the diffusion rates of IPM
through the OM of intact A. baylyi cells were done by measuring the rate of IPM hydrolysis by cells
containing a periplasmic VIM-11 carbapenemase essentially in accordance with previously described
procedures (7, 36, 39). In short, WT or AcarO mutant cells were first transformed with plasmid pVIM
expressing the bla,,.,, gene (54) and resistant clones were selected in LB agar plates containing 30
ng/ml Cm. The metallo-B-lactamase VIM-11 displays good catalytic efficiency for IPM hydrolysis, with K,,,
and k,, values for the purified enzyme of 9.4 uM and 20 s, respectively (54). The correct export and
assembly of this enzyme into the A. baylyi periplasm were assessed by comparing the increases in MICs
of IPM for A. baylyi cells bearing pVIM (12 pg/ml) with those for cells bearing the empty plasmid vector
paf) (0.0625 pg/ml). In addition, the amounts of VIM-11 produced by WT and AcarO mutant cells
transformed with pVIM were similar, based on SDS-PAGE and immunoblot analyses with anti-VIM (Fig. S1).

To assay IPM uptake by whole cells, WT or AcarO mutants bearing pVIM were grown at 30°C in LB
broth containing 30 ug/ml Cm to an A4, of 0.6. At this stage, the cells were harvested by centrifugation
at 1,500 X g for 20 min at 4°C, rinsed twice with an ice-cold solution of 10 mM HEPES (pH 7.5)-200 mM
NaCl-5 mM MgSO,, resuspended in the same medium to an Ag,, of 0.2, and kept on ice until
measurements were made. The initial rates of IPM hydrolysis (V,,) were measured spectrophotometrically
at 30°C by following the decrease in A;,, at each IPM concentration in a final volume of 1 ml of
resuspension medium. A Jasco V-630 UV-VIS spectrophotometer and quartz cuvettes with a 10-mm path
length were used for this purpose. The total rates of IPM hydrolysis were measured on cell aliquots after
sonic disruption to release all VIM imipenemase into the medium by using equivalent cell volumes. The
extent of VIM leakage from intact cells into the medium was measured using the supernatants of
equivalent cell volumes after centrifugation at 1,500 X g for 10 min.
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B-Lactam susceptibility assays. Where indicated, the MICs for IPM (Table S1) were determined by
the agar dilution method employing Mueller-Hinton agar (MHA) in accordance with CLSI-recommended
procedures (55). Intermediate MIC values were determined by using the appropriate IPM dilutions. To
best evaluate differences in susceptibility between A. baylyi WT and AcarO mutant cells to carbapenems,
we compared the corresponding inhibition zones generated by the diffusion from disks containing the
tested antibiotics (47) on bacteria growing on minimal agar medium. In short, the analyzed strains were
grown overnight at 30°C in liquid BM2/Glu medium, and aliquots of these cultures were diluted with BM2
basal medium to a turbidity corresponding to 0.5 McFarland units. The suspensions were spread on the
surfaces of petri plates containing BM2/Glu agar medium and other additions specified in the figure
legends. Antimicrobial disks containing 10 pg of the indicated B-lactams (BBL Sensi-Disc; Becton
Dickinson and Company, Sparks, MD, USA) were carefully deposited on the center of the agar surface,
and the plates were subsequently incubated at 30°C for 24 h. The diameters of the growth inhibition
zones on several replicates were measured to evaluate the effects of a particular mutation on the
susceptibility of the analyzed cells to a given B-lactam. MHA was not employed for this purpose to
reduce possible interferences exerted by the free basic amino acid content of this rich medium (56).

SDS-PAGE and immunoblot analyses of A. baylyi OM fractions. Whole A. baylyi cells or the
corresponding OM fractions were analyzed by SDS-PAGE using 12% (wt/vol) polyacrylamide gels in
accordance with protocols previously described for A. baumannii (14, 15, 24). Where indicated, immu-
noblot analyses were conducted using rabbit polyclonal antibodies against A. baumannii CarO (14, 15,
24), OmpAb (12), or VIM-2 (the latter kindly provided by R. Bonomo and A. Vila). Determinations of
protein contents in the different OM fractions were done by a modified Lowry procedure incorporating
0.1% SDS to solubilize membrane proteins as described previously (14).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.01737-16.

TEXT S1, PDF file, 0.5 MB.
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