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The primary mechanism of imipenem resistance in
Pseudomonas aeruginosa has been ascribed to an
outer membrane impermeability owing to a loss of ex-
pression of protein D2. Attenuated total reflection-
Fourier transform infrared spectroscopy in conjunc-
tion with statistical methods has been used as a new
approach to rapidly discriminate four isogenic strains
of P. aeruginosa—susceptible, less susceptible, and
highly resistant to imipenem—and to follow the struc-
tural modifications related to this low permeability.
Decomposition of the broad protein and carbohydrate
contours into underlying Gaussians and comparison
of the susceptible and highly resistant strain provided
quantitative and ultrastructural information on these
strains. This methodology allows for discrimination
not of the mutation itself but of its consequences ob-
served in the protein and carbohydrate absorption re-
gions. Its association with other existing biochemical
methods may be envisaged since it may allow for rapid
orientation of investigations in the field of bacterial
resistance diagnosis. © 1997 Academic Press

The transport of hydrophilic molecules across the
outer membrane of Pseudomonas aeruginosa is facili-
tated by a class of proteins known as porins (1). In these
microorganisms the main mechanism of imipenem (a
carbapenem which shows excellent activity against this
bacterium) resistance has been established as a loss of
expression of protein D2. This OprD protein specifically
facilitates the uptake of imipenem as well as basic
amino acids and peptides (2-4).
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Although great advance has been achieved using bio-
chemically adapted techniques, it would be interesting
to have access to a complementary and nondestructive
analytical tool to investigate the bacterial ultrastruc-
tural resistance-related modifications. Fourier trans-
form infrared spectroscopy (FTIR) may be such a
method since it gives a characteristic “fingerprint”. It
has already proved to be successful in bacterial classi-
fication (5-7) and in studying the effect of growth me-
dium (8) and cryoprotectants (9) on the ultrastructures
of microbials. Recently it has also been used to follow,
in situ, the time course of ciprofloxacin in P. aeruginosa
biofilms (10).

In this work, this technigue has been coupled with an
internal reflection element (ATR-FTIR) to investigate
four well defined imipenem-selected isogenic strains of
P. aeruginosa (susceptible, less susceptible and highly
resistant). With this methodology, we aim at finding
out whether it may be used to rapidly discriminate
these strains and to inform on structural differences,
i.e., to give an initial indication on the resistance mech-
anism implicated.

MATERIALS AND METHODS

Bacterial strains. Pseudomonas. aeruginosa (Pafl1) was a clinical
strain isolated from blood culture of a patient with septicemia at the
Centre Hospitalier, Versailles, France. Selection of resistant strains
was performed with a single agent on Luria-Bertrani agar antibiotic
gradient plates (11). Gradients were prepared in square petri dishes
and the antibiotic concentration provided ranged linearly from zero
to 30 mg/l and non confluent strains (Pafl2, Pafl3 et Pafl4) were
chosen for further studies. Strain Pafl2 was chosen near the confluent
growth zone, and strains Pafl3 and Pafl4 were selected at higher
antibiotic concentration zone. All strains were selected by imipenem.

Antibiotics. These were obtained from the following sources: Imi-
penem (Merck Sharp Dohm-Chibret Paris, France), Ticarcillin + Ti-
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carcillin-clavulanate (Smithkline Beecham, Nanterre, France),
Piperacillin and Piperacillin-tazobactam (Wyeth-Lederlé, Paris,
France), Cefepim (Bristol Myers Squibb, Paris France), Cefpirom
(Roussel, Paris, France), Azthreonam (Sanofi Winthrop, Gentilly,
France), Ceftazidim (Glaxowellcome, Paris, France), Latamoxef
(Lilly France, St Cloud, France).

Susceptibility determination.
dilution method (12).

MICs were determined by a broth

Sample preparation, recording and treatment of ATR-FTIR spec-
tra. The substrate used for ATR measurements was a ZnSe crystal
(50 X 10 X 1.5 mm, from Specac, UK) with a refractive index of 2.4
and an incidence angle of 45° yielding a total of six internal reflec-
tions at the sample. 18h-old bacterial colonies were carefully har-
vested from the blood agar plates with a sterile polystyrene loop
and homogeneously spread to cover the whole ATR crystal surface.
Reproducibility of the normalized spectra was in the range + 2%.

Spectra were recorded using a Bomem MB-100 (Vannier, Quebec)
FTIR spectrometer equipped with a KBr beamsplitter and a DTGS
detector. One hundred interferograms were averaged per spectrum
at a resolution of 4 cm™*. All spectra were normalized using the
vey Spectral band situated at 2925 cm™. Difference spectra with a
subtraction factor of 1 were obtained using the Galactic “Lab-Calc”
software.

Chemometrics methods. Principal component analysis (13-15) re-
duces multivariate data by transforming them into orthogonal princi-
pal components (PCs) which are linear combinations of the original
variables. These variables are characterized by (a) scores that are
projections of objects, in other words spectra, onto a particular com-
ponent, and (b) loadings, which represents the contribution of a par-
ticular variable to a particular component. A factor analysis method
was developed in the Lab-Calc software to compare our set of spectra.

Deconvolution and curve-fitting. Unresolved features in protein
IR spectra make it difficult to have more insight into detailed second-
ary structures. Increasing instrument resolution does not do away
with this problem because the width of these contributing bands is
generally bigger than adjacent peak-to-peak separation. So, mathe-
matical concepts have to be applied to extract the hidden structural
information. Fourier deconvolution, second derivative and curve-fit-
ting are currently used methods (14).

In this work, deconvolution and curve-fitting of the protein and

TABLE 1

Pattern of Resistance of Pseudomonas aeruginosa
to Various Antibiotics

Antimicrobial

agent Pafll Pafl2 Pafl3 Palf4
Imipenem 0.5 0.5 2 16
Ticarcillin 32 32 32 32
Tic-Clavu 32 32 32 32
Piperacillin 4 4 4 4
Pip-Tazo 4 4 4 4
Ceftazidime 2 2 2 2
Cefepime 4 4 4 4
Cefpirom 4 4 4 4
Latamoxef 8 8 8 8
Aztreonam 2 2 2 2

MIC values (mg/l) of the four isogenic strains of Pseudomonas
aeruginosa, Pafll (susceptible), Pafl2 (same susceptibility as Pafll),
Pafl3 (diminished susceptibility to imipenem), and Pafl4 (highly re-
sistant to imipenem) to different antibiotics.
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Absorbance

FIG. 1. (A) Four mean normalized ATR—FTIR spectra overlaid
in the 1800-900 cm™* range and corresponding to Pseudomonas aer-
uginosa strains: (—) Pafll and Pafl2, (- - -) Pafl3, (---) Pafl4. Condi-
tions: 100 scans at 4 cm™* resolution. (B) Difference spectrum be-
tween Pafll and Pafl4. (C) Difference spectrum between Pafll and
Pafl3.

carbohydrate contours were performed and for the latter procedure
a least-square method (14) calculates a theoretical spectrum which
fits the experimental one as much as possible. The degree of resem-
blance is given by the chi-square value.

RESULTS AND DISCUSSION

Pattern of resistance to g-lactams. The MICs of the
clinical strain Pafll and of the resistant mutants are
reported in table 1. As it can be seen, the four strains
showed the same resistance pattern to all the antibiot-
ics except for imipenem. Strains Pafll and Pafl2 were
equally susceptible while strains Pafl3 and Pafl4 were
respectively less susceptible and highly resistant to im-
ipenem than the clinical isolate. Thus, the only mecha-
nism that prevails here for the resistance to imipenem
is that with a modification of the membrane permeabil-
ity (16-21, 4).

ATR-FTIR spectroscopy of four isogenic strains of P.
aeruginosa. In figure 1A are overlaid, in the “finger-
print” region (1800-900 cm™?), four normalized mean
spectra corresponding to the four strains: Pafll, Pafl2,
Pafl3, and Pafl4. Each spectrum is the average of 10
raw spectra. Our spectroscopic analysis of the bacterial
whole cells is based on two well distinct frequency re-
gions: (i) that of proteins (1800-1480 cm™*) with bands
centered at 1639 cm™' and 1540 cm™, corresponding
respectively to vc_o (80%) + ven + Onn (@mide 1) and
On-n (60%) + ven (@amide 1) of the peptide bond, and
(ii) that of carbohydrates (1215-870 cm™?) with a main
peak at 1078 cm™, assigned to the stretching vibration
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FIG. 2. Representation of the most discriminating principal com-
ponents: PC1 (81.0%), PC2 (7.52%), and PC3 (5.5%).

of phosphate groups (v PO3") from sugars and nucleic
acids (5-7). For comparison, we also display in figures
1B and 1C respectively, the mean difference spectra
between strains 1 and 4 (Pafll-Pafl4) and between
strains 1 and 3 (Pafl1-Pafl3). A cursory examination of
the difference spectrum between the susceptible strain
Pafll and the highly resistant strain Pafl4, shows posi-
tive and negative absorbances in the protein and carbo-
hydrate region respectively. This suggests that, com-
pared to Pafll, the highly resistant strain has lower
protein and higher carbohydrate content. On the other
hand, the difference spectrum between Pafll and Pafl3
exhibits no significant differences in these two regions
since their MICs are closer.

Principal component analysis. Descriptive analysis.
PCA was applied to a set of 40 normalized spectra (10
per strain), in the 1800-900 cm™* spectral range. This
procedure allowed to extract the main components,
which are not correlated and which best explained the
variations observed in the cellular components. As
shown in Fig. 2, three principal components came out
to be most discriminating and carried different infor-
mation: PC1 (81.0%), PC2 (7.5%), and PC3 (5.5%). PC1
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delivered more information on amide | for g-strand
structure at 1626 cm™* (22) and amide Il at 1535 cm™.
The latter may be ascribed to g-strand structure but,
at this stage we can not ascertain that this is so, since
it has hardly been discussed in the literature, even
for simple polypeptides and proteins. PC2 was more
informative on nucleic acids, polysaccharides and turns
while PC3 conveyed more information concerning car-
bohydrates and turns (22, 23).

This can be better appraised by projecting each spec-
trum as a point in a two-dimensional plane composed
by the two main principal components (Fig. 3). Points
belonging to the same strain were then clustered in an
ellipse; Pafll and Pafl2 were grouped in a single ellipse
since they had the same MIC value with respect to
imipenem. Indeed, the higher the disparity in the MICs
the more distinct are the ellipses or cluster of points.
Thus PCA of the ATR-FTIR spectra allows to discrimi-
nate these strains with respect to their resistance index
to imipenem. However, it should be noted that in a
recent study (24), chemometrics method failed to dis-
criminate the diffuse reflectance absorbance spectra of
19 hospital isolates and the authors had to access to
artificial neural networks for rapid identification of
these strains.

Deconvolution and curve fitting: Ultrastructural and
guantitative analysis. Comparison between Pafll and
Pafl4 strains. In Fig. 4 are condensed the major re-
sults obtained after deconvolution and curvefitting of
the average normalized spectra of the susceptible and
highly resistant strains. For Pafll, boxes 4A and 4B
depict respectively in the protein (1800-1480 cm™*) and
carbohydrate (1215-1480 cm™') regions fourteen and
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FIG. 3. Discrimination of four strains of Pseudomonas aerugi-
nosa, Pafll, Pafl2, Pafl3, and Pafl4 using principal component analy-
sis of the ATR-FTIR spectral data. PC1 versus PC2 scores plot of
the 40 IR spectra of the different strains. This analysis reveals three
clusters, with Pafll and Pafl2 grouped in the same ellipse since they
have the same MIC value.
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FIG. 4. Decomposition and curvefitting of the mean normalized ATR-FTIR spectra of Pseudomonas aeruginosa susceptible and highly
resistant strains. (A) and (B): Pafll Protein and carbohydrate absorption regions, respectively. (C) and (D): Pafl4 Protein and carbohydrate
absorption regions, respectively. The difference between the calculated spectrum (- - -) and experimental spectrum (—) is given by the chi-
squared value which is 0.002 and 0.005 for Pafl1l and Pafl4, respectively.

thirteen underlying Gaussians. Concerning strain
Pafl4, the same number of bands were found for the
protein region (box 4C) whereas in the carbohydrate
region (box 4D) only 12 Gaussians were present and
frequency shifts were also noticed. It should be noted
that in each case, the experimental (full line), calcu-
lated (dashed line) spectra fit very well.

(a) Protein absorption region (1805-1480 cm™).
Comparison of the decomposition of the ATR-FTIR
spectra of the susceptible and highly resistant strains
in their protein absorption region (Figs. 4A and 4C

respectively) shows some significant differences. In
fact, for Pafl4, the areas of the bands at 1638 and 1628
cm™* assigned to B-strand structure (22, 23); 1556 and
1524 cm™* ascribed to amide 11, are respectively dimin-
ished by 13.7 + 3.0%, 18.3 + 7.5%, 9.7 = 4.7%, 40 +
12%, with respect to Pafll (table I1). While the amide
I component bands have been well discussed in the
literature for secondary structure of bacterial proteins,
this is not the case for the amide Il ones. As far as we
know, the components of this band have not yet been
described in detail for micro-organisms. Taking into
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TABLE 11
Quantitative Analysis of the Major Component Bands of the Protein Absorption Region

Band areas
Band
(cm™) Al A2 A3 Ad ((A1-A4/A1) x 100 Assignment
1638 95+0.1 9.8 +£0.1 93+04 8.02 = 0.2* 13.7 = 3.0 [-strand®
1628 71+04 75 +05 72+04 5.8 + 0.2* 183+ 75 p-strand®
1556 6.2 +0.1 6.6 + 0.2 6.4 +05 5.6 = 0.2* 9.7 £ 47 amide 11
1524 45+ 04 51+04 4904 2.7 £ 0.3* 40 + 12 amide 11

The main Gaussian bands characterizing the protein absorption region (1800-1477 cm™?) of the four strains (22, 23) have been estimated.
Band areas Al, A2, A3 and A4 correspond respectively to strains Pafll, Pafl2, Pafl3 and Pafl4, and are represented as means = S.D. *p <
0.01: significantly different from other groups. ° Amide | §-strand structure. Amide Il bands originate mainly from 6y (60%) and contributions

from vey.

account that we are studying whole bacterial cells (i.e.,
a complex system), we have preferred to restrict their
assignment to the amide Il band. Note that for other
proteins (animal) only few reports have described the
amide Il g-strand structure.

Thus, the highly resistant Pafl4 strain exhibits a de-
crease in protein content (14-18% for S-strand struc-
ture and 10-40% for amide 1) compared to the suscepti-
ble strain, Pafll. Considering the fact that D2 repre-
sents, at most, about 10% of the total outer membrane
protein of this organism (16), the loss of this minor
protein can not wholly explain this overall protein con-
tent decrease. Therefore, the observed differences may
be due to decreased quantities of any §-structure con-
taining peptide from the cytosol and outer membrane
(e.g., protein F, D and H). This is also reflected in the
amide 11 absorption intensity loss. Indeed, Opr F is the
major channel-forming protein in the outer membrane
(25,26). It has been proposed that Opr F is comprised
of a series of B-strands separated by periplasmic or
surface-exposed loop regions (26). Opr D topology
model was predicted as 16 g-strands, connected by
short loops at the periplasmic side (4). Circular dichro-
ism analysis of Opr H (smallest outer membrane pro-
tein) revealed 47.3% of 8-sheet structure content. PCR-
based site-directed deletion and epitope insertion mu-
tagenesis was used to test a topological model of Opr
H as an eight-stranded g-barrel (27). Thus, we suggest
that the observations we made may be the global result
of multiple loci lesions rather than a single pleiotropic
mutation (28). No significant differences were observed
between Pafll, Pafl2, and Pafl3 strains (Table I1).

(b) Carbohydrate absorption region (1215-870 cm™1).
Differences in the ultrastructural and conformational
status between the susceptible and resistant bacterial
cell-wall polysaccharides generate different spectral
profiles. Consequently different solutions (12 and 13
Gaussians for Pafl4 and Pafll respectively) for the
curve-fitting process and shift in frequencies result, as
displayed in Figs. 4B and 4D. Frequency displacements

concern bands at 1165, 1065 and 961 cm™* which are
respectively upshifted to 1171, 1069 and 966 cm™* and
those at 1125, 1105 and 1088 cm™* which are respec-
tively downshifted to 1117, 1099 and 1084 cm™*. Some
other bands do not undergo any noticeable modifica-
tions, e.g., at 1148, 987, 934 and 916 cm™*. The curve-
fitting method has also been compared with the second
derivative one (see Table 111 and comments). It should
be noted that in the 1215-870 cm™* spectral region sev-
eral macromolecules (aminosugars of the peptidogly-
can, lipolysaccharides, polysaccharides, phospholipids,
which are all wall components, and nucleic acids from

TABLE 11l

Comparison between Curve-Fitting (CF)
and 2™ Derivative (DI1) Methods

Pafll Pafl4
CF bands D Il bands CF bands D Il bands

1165 1170 1171 1172
1148 1149 1148 1151
1125 1122 1117 1120
1105 1105 1099 1101
1088 1085 1084 1084
1065 1069

1045 1053 1047 1057
1020 1034 1031
988 989 990 991
961 962 966 964
934 935 934 933
916 916 914 914
891 891

The same tendency was globally observed with these two resolu-
tion-enhancement methods except for two bands viz. at 1065 and
1020 cm™* for Pafll susceptible strain (1069 cm™ for Pafl4) which
are clearly visible in the curve-fitted bands but not in the 2" deriva-
tive ones. However, because a 15-point 2™ derivative was used only
the onset of these bands were observed. Taking this into account,
the same number of component bands and the same frequency shifts
tendency were observed with the two methods.
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the cytoplasm) absorb (8, 29, 30). For the group of
bands which are upshifted in the spectrum of the resis-
tant strain, the 1171 cm™* is mainly assigned to vco
and é6con Of polysaccharides as well as various vpg of
different functional phosphate groups; the 1069 and
1034 cm™! ones to carbohydrate functional groups
while the 966 cm™ band is attributed to asymmetric
O-P-0 stretching modes from nucleic acids. Among the
downshifted ones, the 1117 and 1099 cm™* bands may
be attributed to CO stretching modes from aromatic
ester and carbohydrate functional groups, while that
at 1084 cm™* may be ascribed to both contributions
from oligosaccharide ring modes, vcc and the various
vpo from different functional phosphate groups and
PO; asymmetric stretching of nucleic acids (31). How-
ever, the observation in the curve-fitted bands of two
features at 1020 cm™* (Pafl1) and 1034 cm™* (Pafl4) can
not be ascribed to an upshift in frequency. The former
band may be assigned to CO, CC and CCO stretching
modes of cell-wall polysaccharides but, because the ul-
trastructural and conformational modifications in the
resistant strain generate other additional vibrational
features (e.g., HCO and HCC), a vibrational frequency
is observed at 1034 cm™* (31).

The changes observed in the protein spectral region
were somehow expected because the mutant strain un-
derwent genetic lesions which resulted in the loss of
various outer-membrane proteins. However, the modi-
fications described in the carbohydrate spectral region
lead us to suggest that the loss in outer-membrane
proteins engender drastic repercussions on the cell-
wall polysaccharides also. Since the exact nature of the
mutant strain is unknown, these observations may be
ascribed to multiple loci lesions rather than pleiotropic.
Furthermore, since this strain is not of the Mar (multi-
ple antibiotic resistance) phenotype, this excludes sin-
gle pleitropic lesions (28). On the other hand, we believe
that the lipopolysaccharides of the outer membrane in
the imipenem variant was not altered because this
strain was not resistant to quinolones and did not pro-
duce g-lactamases (17, 28, 32).

In conclusion, this first ATR-FTIR spectroscopic
study has proved to be useful in discriminating suscep-
tible and resistant strains of P. aeruginosa after treat-
ment of the spectral data. The results stemming from
this study also show that the induced porin modifica-
tion engender other changes at the cellular level and
our spectroscopic data reflect the consequences of these
changes. To take this a step further, i.e., to have a
direct correlation between the spectral differences ob-
served and the resistance-related structural modifica-
tions, this methodology alone does not suffice but may
be used in conjunction with other existing biochemical
methods. FTIR probes the total composition of a given
organism in a single experiment and may allow to rap-
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idly orientate investigations in the field of bacterial
resistance diagnostic.
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