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Membrane Fluidity of the Pentachlorophenol-Mineralizing
Sphingomonassp. UG30
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The effect of PCP and NaPCP on the cytoplasmic membranes of the PCP-mineralizing bacterium
Sphingomonasp. UG30 was assessed using fluorescence polarization and total cellular fatty acid
analysis. Direct exposure of resting UG30 cells to PCP up to 250 ppm and NaPCP up to 1000 ppm
did not cause any changes in the polarization ratios or the fatty acid profile of the UG30 cytoplasmic
membranes. Growth of UG30 cells in the presence of 25 ppm NaPCP did not affect the total cellular
fatty acid profile or membrane fluidity as observed by fluorescence polarization.

KEY WORDS: Bacteria; fluorescence polarization; lipid membrane fluidity; pentachlorophenol (BgRi)-
gomonassp. UG30.

INTRODUCTION our group at the University of Guelph for its ability
to mineralize high concentrations (up to 250 ppm) of
Pentachlorophenol (PCP) and sodium pen- NaPCP in minimal salts (MS) medium and up to 300
tachlorophenolate (NaPCP) have been used extensivelyppm in MS medium supplemented with glutamate [13].
in North America to treat railway ties and hydro poles PCP is known to uncouple oxidative phosphoryla-
[1,2] and as an insecticide, fungicide and herbicide [3,4]. tion[14,15] and both PCP and NaPCP have been shown to
Because of its widespread use, PCP contamination haschange the membrane phase inmodel[16,17]and bacterial
been found in sediments, soil, water and sometimes in themembranes [18]. UG30 membranes become de-energized
atmosphere [3-5]. PCP is lipophilic and can accumulate on contact with non-lethal concentrations (12§/mL or
in plant, animal and human tissues [5-8]. It is also em- 120 ppm) of NaPCP [19], suggesting membrane function
bryotoxic, teratogenic and a suspected carcinogen [5,9]is affected. As the membrane is the first point of con-
and as a result, has been designated a priority pollutanttact between the bacterium and its external environment,
by the USEPA [9], European Community and Canada some environmental conditions (i.e., exposure to chem-
[11,12]. The high degree of chlorination makes PCP icals or changes in temperature, ions, pressure or nutri-
resistant to biological degradation or physico-chemical ents)experienced by the cell may alter membrane structure
modification. However, some microorganisms, mostly and function. Under physiological conditions, membrane
isolated from PCP-contaminated soils, can mineralize fluidity is maintained within certain limits to allow the
PCP [4]. Sphingomonasp. UG30 was first isolated by membrane to function optimally [20]. Changes in bacte-
rial membrane fluidity upon exposure to xenobiotics has
1 Department of Environmental Biology, University of Guelph, Guelph, 0€en reviewed [21]. Very few studies have investigated
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the effects of a xenobiotic compound on the membranes treated with TeCB, PCP or NaPCP, cells were resuspended
of degrading bacteria. In this paper, we examined if short- in sterile potassium phosphate buffer (50 mM, pH 7.0). All
term and long-term exposure to PCP and NaPCP affectedsamples were adjusted to an optical density of 0.40 at 600
the cytoplasmic membrane of the PCP-mineralizing bac- nm and used immediately for fluorescence polarization
terium, Sphingomonasp. UG30. This was studied using measurements.
cellular fatty acid composition analysis and fluorescence Fluorescence polarization was determined using the
polarization of membranes in intact cells. membrane probes DPH and DPH-PA as described by Kim
et al. [23,24] with some modifications. OnelL of each
probe from a 12 mM stock solution prepared in THF was

MATERIALS AND METHODS added to separate 3 mL cell suspensions to a final probe
concentration of 4 M. Initial experiments showed that 10
Bacterial Strains and Growth Conditions min of incubation in the dark, with magnetic stirring, was

o o sufficient to allow for DPH and DPH-PA incorporation
Minimal salts plus glutamate (MSG) or minimal salts g the membranes. Fluorescence polarization was mea-
(MS) growth media were used for cultivation 8phin- g req using a PTI spectrofluorometer (Photon Technology
gomonasp. UG30 as described by Leuetgl.[13]. Cells Inc., London, ON, Canada) equipped with a stirrer and
were grown to mid-exponential phase (21 hr)ina250 mL 5 thermostated cuvette holder. The excitation and emis-
Erlenmeyer flask, at 30°C from a 2% (v/v) inoculum of g0 wavelengths were 358 and 428 nm, respectively, for
mid-exponentially growing cells shaken at 200 rpival- DPH and 364 and 430 nm, respectively, for DPH-PA. Slit
stonia eutrophai850 was grown as described by Bedard \yigths were 11 and 6 nm for excitation and emission, re-
etal.[22]. R. eutrophaH850 was used as a control species  gpectively. Blank samples (with bacteria but no fluorescent
in our membrane studies based on our recently publishedyope added) were recorded to account for light scattering.
research [23,24]. For membrane polarization studies with The effect of the probe solvent, THF, on the membranes
H850 cells, fructose (0.1% w/v) was used as the sole car- a5 found to be negligible. Fluorescence polarization ratio
bon source and cells were aseptically harvested duringpy \yas calculated according to Shinitzky and Barenholz
mid-exponential phase as described by Kinal.[23,24]. [25]: P = (I — IwG)/(lw + In/G), wherelyy andlpy are
the intensities of emitted light polarized in a parallel and
perpendicular direction with respect to the exciting beam
Chemicals of light [26,27]. The grating factor (G) is the correction
g factor for the photomultiplier tubes [28] and is the ratio

from Fisher Scientific (Toronto, ON, Canada). Fruc- of vertically to horizontally polarized light when the ex-

tose was purchased from Sigma Chemical Company CItlng beam ofllght is polarized horizontally [29,30].The

(St. Louis, MO, USA). PCP and NaPCP were pur- rotat|_ona_l constraint o_f_the probe was determined by de-
chased from Aldrich Chemical Company (Milwaukee, polarization of the exciting beam as the membrane probes
WI, USA) and TeCB (2,25,5-tetrachlorobiphenyl) was rotated [31]. Membrane fluidity decreases when the mem-
obtained from Accustandard Inc. (New Haven, CT, Prane lipids become more rigid or gel-like causing the
USA). The fluorescent probes DPH (1,6 diphenyl- polarization ratio to increase due to the constraint exerted
1,3,5-hexatriene) and DPH-PA (p{(6-phenyl)-1,3,5- upo_nthemenjbraneprgbe[26,27].When membranehpl_ds
hexatrienyl]phenylpropionic acid) and the stain DAPI f'ire|nthe_I|qU|d-_crystaII|ne phas_e,agreaterdegreeofflwd-
(46-diamidino-2-phenylindole dihydrochloride) were ob- ity prevails and increased rotation of the membrane probe

tained from Molecular Probes Inc. (Eugene, OR, USA). Can occur, resulting in a lower polarization ratio.

Acetone and tetrahydrofuran (THF) were obtaine

Membrane Fluidity Determinations

Bacterial cultures were grown according to the con- Fatty Acid Compositional Analysis

ditions described above. Aliquots (15 mL) of cells from Total cellular fatty acids were extracted according to
the various growth treatments were aseptically removed. the protocol provided by Microbial ID, Inc. (Newark, DE,
Bacteria were harvested aseptically by centrifugation at USA) [32]. Fatty acids were saponified, methyl esterified
6,400x g for 10 min at 22C and washed three times with  and the fatty acid methyl esters analyzed by GC-FID using
sterile 15 mM Tris-HCI buffer, pH 7.0. In studies compar- MIDI microbial identification as described by Kiet al.

ing the membrane polarization of H850 and UG30 cells [23,24].
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Statistical and Data Analysis Previous studies in our research program showed that
UG30 can mineralize NaPCP up to 250 ppm in mini-
mal salts (MS) medium and up to 300 ppm NaPCP in
MS medium supplemented with glutamate [13,40]. Other
studies have found membrane changes occurring at lower
or within this range of PCP or NaPCP concentrations
[14,18,41,42]. In particular, concentrations of J26/mL
(120 ppm) NaPCP caused decreased ATP levels and trans-
RESULTS AND DISCUSSION membrane. pH grad_ient in immo_biljzed UGSQ.ceIIs, as
well as an increase in the cardiolipin composition of the
membranes [19].

UG30 cells were harvested, washed and 50-250

Initial experiments were undertaken atZ1to deter- ppm of PCP or 50-1000 ppm NaPCP were added
mine the optimal concentration of UG30 cellsto use inthe along with either DPH or DPH-PA. No changes in
fluorescence polarization experiments at a final probe con-the fluorescence polarization ratios were observed when
centration of 4uM. As the cell concentration increased UG30 membranes were directly exposed to 50-250 ppm
the DPH polarization ratio increased, but leveled off at NaPCP or PCP as monitored by DPH or DPH-PA flu-
ODgoonm Of 0.6. In theory, the DPH polarization should orescence at 2C (data not shown). Concentrations
not change as a function of cell concentration. The DPH of NaPCP greater than 250 ppm were tested in our
probe may have been more susceptible to light scatteringstudy as Suwalskyet al. [17] observed alterations to
by cells and/or endogenous cell fluorophores. The polar- artificial dismyristoylphosphatidylethanolamine (DMPE)
ization ratio of the DPH-PA probe did not vary in response  and dimyristoylphosphatidyl-choline (DMPC) membrane
to changing cell concentration ranging from an dam structure after exposure to 0.02 M (5767 ppm) NaPCP. In
of 0.05 to 0.8. For subsequent experiments, ansdoia our study, while higher polarization values were obtained
of 0.4 was used as this allowed a detectable DPH fluores-when UG30 cell membranes were exposed to 1000 ppm
cence polarization value while still being dilute enoughto NaPCP, we believe this was due to the effect of turbid-
minimize light scattering. ity and increased light scattering. NaPCP concentrations

The effectof varying DPH concentrations (1+1K1) above 1000 ppm made the suspension in the cuvette tur-
was assessed at a fixed number ggiy = 0.4) of UG30 bid, rendering it difficult to obtain accurate fluorescence
cells. No change in fluorescence polarization was ob- polarization measurements. As PCP was dissolved in ace-
served as the DPH concentration varied. For subsequentone, the effect of this solvent on fluorescence polarization
experiments, 4.M of each probe was used. This yielded was also examined. No differences were found between
the maximum fluorescence when used @thingomonas  the UG30 cultures exposed to only acetone or those ex-
sp. UG30 cells (data not shown), and was in the same mag-posed to both acetone and PCP added (data not shown). As
nitude of probe concentration used by Fabra de Peetti  there were no significant differences between the effects
al. [33], 1.5uM, Moya-Quileset al.[34], 2 uM, Kim et of PCP and NaPCP, the soluble sodium salt was used in
al. [23,24], 4uM. Antunes-Madeira and Madeira [26,35]; the remainder of the studies.
Antunes-Madeirat al.[36]; Donatoet al.[37—-39] used a
probe concentrations ranging from 0.86 to 1.A4.

All experiments were conducted in triplicate. Values
presented are the averages$D. Statistical analysis was
performed using two-way ANOVA using SigmaStat 2.0
(Jandel Scientific Software).

Probe Incorporation into Membranes

Membrane Fluidity of Sphingomonassp. UG30
Cultures Degrading NaPCP
Direct Effects of NaPCP and PCP orSphingomonas

sp. UG30 Membranes During direct exposure of UG30 membranes to

NaPCP, no changes in membrane fluidity were evident.
The direct effects of varying PCP and NaPCP concen- The question arises as the whether membranes were sus-
trations on UG30 membranes were examined to determineceptible to fluidity changes when exposed to NaPCP
if the different solubility and partitioning properties of for a longer period of time and during degradation of
PCP and NaPCP had differential effects on membrane NaPCP. The fluorescence polarization ratio of membranes
fluidity. NaPCP becomes disassociated upon contact with of UG30 cells growing in MS or MSG media supple-
water, rendering it more water soluble. PCP is more mented with 25 and 50 ppm NaPCP was determined. We
lipophilic and can partition to a greater extentin the bilayer previously observed that concentrations of 25 and 50 ppm
core. NaPCP could be degraded by UG30 within 6 hr (data not
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a) polarization readings were lower than those measured at
3hr.
° 045 _ T During this study, UG30 cultures grown in MS-
§ 003':_ NaPCP and MSG-NaPCP media were harvested for to-
2 ;)3_ [ L tal cellular fatty acid analysis. No significant changes in
5 the ratio of saturated to unsaturated fatty acids or straight
2 921 [ ] chain fatty acids were observed in either media with 25
021 0 ' 25 ' 50 or 50 ppm NaPCP present. The only differences observed

were those related to the composition of branched fatty
acids. Less branched fatty acids were found in MS-grown
b) cultures exposed to 50 ppm NaPCP for 3 hr (8:4%8) as
compared to cells exposed to 25 ppm (1249.1) or to

[NaPCP] ppm

e o':i the control (11.8%k 1.0) (Table I). After 6 hr, control cells
g grown in MSG had a higher percentage of branched fatty
.g 035 acids (10.0%:t 0.7) than cells exposed to 25 ppm NaPCP
g 0 | (7. 7%= 0.4) (Table I1). Decreased levels of branched fatty
S 025 ] acids were observed in cultures exposed to NaPCP. This
02 v decrease in branched fatty acid could serve to decrease
0 % fluidity. We did not observe any changes in saturated to
[NaPCP] ppm

unsaturated fatty acid ratios or fluorescence polarization
Fig. 1. Fluorescence polarization ratio of membraneSpfiingomonas values between different treatments.
sp. UG30 in minimal salts (MS) media during degradation of NaPCP Overall, we did not find any alterations in the struc-
after 3 hr @) and 6 hr () as measured by (a) DPH and (b) DPH-PA. o 6f Sphingomonasp. UG30 membranes after short-
Values are meagt SD (n = 3). . ?

term (immediate) or longer term exposure to PCP or

NaPCP using fluorescence polarization measurements and

fatty acid composition analysis. Even when a longer ex-
shown). Neither the DPH nor DPH-PA probe detected any posure time (24 hr) was used, no change in membrane
membrane fluidity changes in the NaPCP-degrading cul- fluidity was observed (data not shown). A lipid solu-
tures in MS media after 3 or 6 hr, relative to the control ble compound such as PCP would have been hypothe-
(Fig. 1a and b). Similarly, no changes were observed in sized to have an effect on the membrane of this bac-
the fluorescence polarization ratio of the cultures degrad- terium. Other studies have shown that treatments with
ing NaPCP in the MSG-NaPCP media using the DPH or PCP affect membrane fluidity. A fluid to gel-phase shift
DPH-PA probes over the 3 and 6 hr time periods (data not in the membrane oPseudomonas fluorescemss ob-
shown). Itis currently not known why the 6 hr fluorescent served by X-ray diffraction, after treatmentwith 26/mL

Table I. Percentages of Fatty Acids in the MembraneSplingomonasp. UG30 in Minimal Salts (MS) Media During Degradation of NaPCP after
3and 6 hrat 30C

% of total fatty acids

Control 25 ppm NaPCP 50 ppm NaPCP
Fatty acids 3hr 6 hr 3hr 6 hr 3hr 6 hr
Total straight 10.20.71 10.0£1.5 9.85+0.2 10.1+1.3 9.91+0.3 8.9+ 0.69
Total cis-unsaturated 6810.64 69.3t1.4 69.9+-0.7 69.74+1.9 69.5+1.2 67.8+0.37
Total branched 11.%0.96 11.5+£0.7 12.4+1.0 11.9+-0.5 8.44+0.8 15.4+-0.85
Total cyclopropane 0.180.16 0.51+0.2 0.204+0.2 0.42+0.1 0.1%4-0.2 0
Totaliso-branched 0 0 0.0%0.1 0.04+0.1 0.16+0.2 0.6£0.6
aTotal saturated 10:20.9 10.2+15 10.14+0.3 10.1+1.3 9.914+0.3 8.9+0.7
bTotal unsaturated 89+#0.9 89.8+1.5 90.3t1.0 89.9+1.3 90.1+0.3 91.1+0.7
Saturated/unsaturated 1%8.1 11.3+1.8 11.14+0.3 11.3+1.6 11.0+0.3 9.7+0.8

Note.Values are mear: SD (h = 3).
aTotal saturated fatty acids including straight- and cyclopropane chains.
bTotal unsaturated fatty acid including hydroxylated chains.
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Table II. Percentages of Fatty Acids in the MembraneSphingomonasp. UG30 in Minimal Salts and Glutamate (MSG) Media During Degrada-
tion of NaPCP after 3 and 6 hr at 30

% of total fatty acids

Control 25 ppm NaPCP 50 ppm NaPCP
Fatty acids 3hr 6 hr 3hr 6 hr 3hr 6 hr
Total straight 12.8:0.9 15.0:4.5 12.2+0.3 12.14+0.4 10.9+:0.1 10.1+1.1
Total cis-unsaturated 6546 0.9 65.2+4.1 67.74+0.3 67.94-0.6 68.74+0.6 69.5+1.0
Total branched 9.41.2 10.0+0.7 10.3+:0.9 7.7+£0.4 9.904-50.5 9.99+ 0.5
Total cyclopropane 0 0.040.1 0 0 0 0
Totaliso-branched 0 0 0 0 0.49+0.1 0.06+0.10
2Total saturated 12809 15.14+4.45 12.2+0.3 12.1+0.4 10.9+0.1 10.14+1.1
bTotal unsaturated 8781.2 84.94-4.45 87.8£0.3 87.94-0.4 89.14-0.2 89.94-1.2
Saturated/unsaturated 14:71.2 18.0+6.4 13.9+£0.4 13.8£0.5 12.2£0.2 11.2£1.4

Note.Values are meatt SD (n = 3).
aTotal saturated fatty acids including straight- and cyclopropane chains.
bTotal unsaturated fatty acid including hydroxylated chains.

(25 ppm) PCP for 12 hr [18]. Membranes of Chinese sured by fluorescence polarization [23]. To confirm the
hamster fibroblasts showed decreased fluorescence posuitability of the methods, we performed two experiments
larization ratios of 35 and 50% when probed with DPH to determine: (a) if the UG30 membranes could be flu-
andtrans-parinaric acid, respectively, after treatment with idized by TeCB; and (b) if NaPCP could perturb the
282 uM (81.3 ppm) of PCP for 24 hr [42]. In artifi-  membranes oRalstonia eutrophaH850. As expected
cial dismyristoylphosphatidylethanolamine (DMPE) and and in agreement with Kinet al. [23], TeCB at 1.46
dimyristoylphosphatidyl-choline (DMPC) bilayers, expo- and 2.92 ppm fluidized H850 membranes, as measured
sure to 0.02 M (5767 ppm) NaPCP for 4 hr was found by a significant decrease (ANOV4 = 0.05) in the po-

to perturb both bilayer structures as indicated by X-ray larization ratio (Fig. 2a). TeCB also fluidized the UG30
diffraction and DPH fluorescence anisotropy [17]. Flu-

idization of the DMPC and DMPE bilayers was postu- a)

lated to occur with PCP ions intercalating between the 0.45

phospholipid polar head groups [17]. 04
0.35
L
0 o2 '

1.46 2.92
[TeCB] ppm

o
w

2.4.7 Direct Effects of PCP, NaPCP, and
2,2 ,5,8-Tetrachlorobiphenyl (TeCB) on the
Membranes ofRalstonia eutrophaH850 and
Sphingomonassp. UG30

Polarization ratio

o
[

During our research into the effects of NaPCP on
UG30 membranes, no adverse effects were observed. Ong,
possible reason for the lack of effect may be that the

o
kS

(=]
©»

Polarization ratio

(=
N

changes in the UG30 membranes were too subtle to be 0.45
detected by the methods employed. The lack of effect of - T
PCP or NaPCP on UG30 membranes raised questions a: 0.35 T
to the suitability and accuracy of our methodology. If the .3 - T
methods used were suitable, then our results may sugges 0.25 .:
that the UG30 membranes are resistant to fluidization by 2 ] :
PCP and NaPCP and/or PCP may be a poor fluidizer of 0 0.29 1.46 2.92 5.84
biological membranes. [TeCB] ppm
Rals:/(\)/ﬁiahz\l{letrogf;ILOSUEf(l)y CZ?]OVIZ\)IZ ;It?éizggnz)?/ra(;‘i?esctm Fig._2. Direct effects of2,25,B—tet_rachlorobiphenyl (TeCB) on (&al-

. stonia eutrophaH850 and (b)Sphingomonasp. UG30 membranes as
exposure to low concentrations of TeCB (&5- measured by the DPH fluorescence polarization ratio. Values are mean
tetrachlorobiphenyl) and this fluidization could be mea- +sbD (=23).
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a)

0.45

0.4

0.35

0.3

polarization ratio

0.25

0.2

0 25 50

[NaPCP] in ppm

0 25 50

[NaPCP] ppm

100

0.5
0.45
0.4
0.35
0.3
0.25
0.2

Polarization ratio

100

Fig. 3. Direct effects of NaPCP on (&alstonia eutroph&850 and (b)
Sphingomonasp. UG30 membranes as measured by DPH fluorescence
polarization. Values are meanSD (n = 3).

membranes although the values were not statistically sig-
nificant (ANOVA, p = 0.05) even at a higher TeCB con-
centration (5.84 ppm). The results showed that the UG30
membranes were fluidized by TeCB, although they were
slightly more resistant than H850 membranes. The results
also indicated the suitability of our fluorescence polariza-
tion method and suggested that the lack of effect of NaPCP
may be due to the poor ability of this compound to flu-
idize biological membranes. As confirmation, NaPCP at
100 ppm did not significantly alter the polarization ratio
or either H850 or UG30 membranes (Fig. 3a and b). In-
terestingly, the membranes of UG30 had a saturated to
unsaturated fatty acid ratio of 11.5-14.7% (Tables | and
I) as compared to the 50% ratio in H850 membranes
[23]. The lower amount of saturated fatty acids in the
UG30 membranes may have resulted in the membrane
being less easily perturbed by NaPCP. While our research
shows that the membranes of UG30 are more resistant
to fluidization tharRalstonia eutroph&850 membranes,

we cannot rule out that NaPCP does not disturb membrane

structure in either of the microorganisms or other microor-
ganisms not capable of degrading NaPCP. It may be that
the effects of NaPCP were too subtle to be detected by
the methods employed and/8phingomonasp. UG30
membranes are not affected by PCP and NaPCP, which

Denich, Beaudette, Cassidy, Lee, and Trevors

it can easily mineralize. However, to our knowledge the
fluorescent polarization values reported in this study and
in the review by Deniclet al.[21] are the first available
for a Sphingomonasp.
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