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Ubiquinone 8 (coenzyme Q8 or Q8) mediates electron trans-
fer within the aerobic respiratory chain, mitigates oxidative
stress, and contributes to gene expression in Escherichia coli. In
addition, Q8 was proposed to confer bacterial osmotolerance by
accumulating during growth at high osmotic pressure and alter-
ing membrane stability. The osmolyte trehalose and membrane
lipid cardiolipin accumulate in E. coli cells cultivated at high
osmotic pressure. Here, Q8 deficiency impaired E. coli growth at
low osmotic pressure and rendered growth osmotically sensi-
tive. The Q8 deficiency impeded cellular O2 uptake and also
inhibited the activities of two proton symporters, the osmosens-
ing transporter ProP and the lactose transporter LacY. Q8 sup-
plementation decreased membrane fluidity in liposomes, but
did not affect ProP activity in proteoliposomes, which is respi-
ration-independent. Liposomes and proteoliposomes prepared
with E. coli lipids were used for these experiments. Similar oxy-
gen uptake rates were observed for bacteria cultivated at low and
high osmotic pressures. In contrast, respiration was dramati-
cally inhibited when bacteria grown at the same low osmotic
pressure were shifted to high osmotic pressure. Thus, respira-
tion was restored during prolonged growth of E. coli at high
osmotic pressure. Of note, bacteria cultivated at low and high
osmotic pressures had similar Q8 concentrations. The protec-
tion of respiration was neither diminished by cardiolipin
deficiency nor conferred by trehalose overproduction during
growth at low osmotic pressure, but rather might be achieved by
Q8-independent respiratory chain remodeling. We conclude
that osmotolerance is conferred through Q8-independent pro-
tection of respiration, not by altering physical properties of the
membrane.

Phospholipid membranes are highly permeable to water but
not to polar solutes. Thus, abrupt changes in external solute

concentration cause water to rapidly leave or enter cells. In
Escherichia coli, osmotically induced dehydration is associated
with inhibition of energy-linked functions that include respira-
tion and active transport (1–3). Well-defined osmoregulatory
systems respond by mediating solute synthesis or the uptake of
exogenous osmolytes to restore cellular hydration (4). For
example, osmosensing transporters activate to mediate osmolyte
uptake as other transporters inactivate at high osmotic pressure.
Evidence suggests that osmotically induced changes to physical
properties of the cytoplasmic membrane contribute to the activa-
tion of osmosensing transporters (5–7). However, the biochemical
basis for the inhibition and subsequent restoration of other energy
linked functions is not understood.

Recent reports indicate that cultivation in a high-osmotic
pressure medium increases the concentrations of two E. coli
membrane lipids: cardiolipin (CL)3 (8) and ubiquinone 8 (also
known as coenzyme Q8 or Q8) (9). CL associates with particu-
lar membrane proteins, including respiratory enzymes (10). In
addition, the osmotic pressure required to activate osmosens-
ing transporter ProP is a direct function of the proportion of
anionic phospholipid in E. coli (CL plus phosphatidylglycerol
(PG)) (11). Q8 is a redox-active lipid that plays three well-es-
tablished physiological roles in E. coli: it mediates electron
transfer from dehydrogenases to terminal oxidases within the
respiratory chain, its reduced form (ubiquinol 8) mitigates oxi-
dative stress by serving as an antioxidant, and it is implicated in
the regulation of gene expression (12). Other ubiquinones and
isoprenoid lipids influence physical properties of phospholipid
membranes (13–18). However, in most cases, the physiological
significance of these effects is unclear.

Sévin and Sauer (9) reported that the Q8 content of E. coli
increased 110-fold during growth in a high-osmotic pressure
medium, that Q8 deficiency impaired the osmotolerance of
E. coli although it did not exacerbate oxidative stress, and that
exogenous Q10 (the mammalian ubiquinone variant) restored
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could not substitute for Q8 as a respiratory electron carrier in
E. coli, they concluded that the elevation of Q8 concentration
contributed to the osmotic stress tolerance of E. coli by affect-
ing physical properties of the cytoplasmic membrane. In fact,
evidence indicates that Q10 can substitute for Q8 as a respira-
tory electron carrier in E. coli (19).

We further examined the impact of Q8 on respiration, osmo-
tolerance, and membrane properties in E. coli. Proton-solute
symporters ProP and LacY served as indicators of those
impacts: ProP activates as lactose transporter LacY inactivates
in response to osmotic upshifts (3). Here we confirm that a Q8
biosynthetic lesion impairs the osmotolerance of E. coli during
growth in minimal salts media without exogenous osmolytes.
We further show that Q8 deficiency impairs respiration and the
activities of ProP and LacY in E. coli cells. We report that Q8
supplementation decreases the membrane fluidity of liposomes
prepared from an E. coli polar lipid extract but does not alter the
osmotic activation of ProP in proteoliposomes (ProP-supple-
mented liposomes in which a protonmotive force can be
imposed without respiration). Thus, Q8 influences the osmo-
regulatory action of ProP by supporting respiration, not by
altering physical properties of the membrane.

During these studies, we observed similar oxygen uptake
rates for E. coli cells cultivated in low- and high-osmotic pres-
sure media. This was surprising, because comparable osmotic
upshifts dramatically inhibit oxygen uptake (2). Such data sug-
gest that respiration is protected by cellular changes that occur
during growth at high osmotic pressure. Remarkably, our data
show no difference in Q8 content between E. coli cells culti-
vated at low and high osmotic pressure. Thus, respiration is not
protected by elevating Q8. Here, we show that respiration is
also not protected by elevating CL or trehalose. Thus, other
changes, such as Q8-independent remodeling of the respiratory
chain, may protect respiration in E. coli cells grown at high
osmotic pressure.

Results

Ubiquinone is required for the growth of E. coli at high
osmolality

Sévin and Sauer (9) reported that the salinity tolerance of
E. coli BW25113 was impaired by mutation �ubiG785::kan,
which blocks Q8 synthesis (20), in Keio Collection strain
JW2226. Key characteristics of Keio Collection strains such as
growth rate, ribosomal content, and protein expression may be
affected by other mutations present in BW25113 (21). How-
ever, the �ubiG785::kan mutation also impaired salinity toler-
ance in the background of WT E. coli (MG1655) during culti-
vation in the M9 minimal salts medium used by Sévin and Sauer
(9) (Fig. S1A) or in MOPS, a standard minimal medium
for physiological studies of E. coli (22) (Fig. 1A). Lesion
�ubiG785::kan affected the growth and osmotolerance of
E. coli strains MG1655 (Fig. 1 and Fig. S1), BW25113 (Fig. S2),
and WG350 (data not shown) similarly. Complementation with
plasmid-borne ubiG restored growth to the �ubiG785::kan
derivative of strain MG1655 (�ubiG pLT1 in Fig. 1A), confirm-
ing that the ubiG lesion was directly responsible for the
decreased salinity tolerance.

Observing similar effects of the ubiG mutation and anaero-
biosis, Sévin and Sauer (9) attributed the impact of the ubiG
defect on growth at low salinity to impaired respiration. This
effect can be masked and the impact of Q8 deficiency on salinity
tolerance highlighted by normalizing each growth rate with
that obtained at the lowest salinity tested (e.g. Fig. 1 (compare A
and B) and Fig. S2 (compare A and B)). The growth of the
�ubiG785::kan mutant appeared to be inhibited more than that
of WT E. coli as the medium osmolality increased (Fig. 1). This
was true when the osmolality was adjusted with NaCl (Fig. 1, A
and B) or with sorbitol, which is not metabolized by E. coli K-12
(Fig. 1, C and D). Thus, the effects of these agents were osmotic,
justifying presentation of the data in terms of measured
medium osmolalities, where the osmolality (�/RT, units of
mol/kg) is the osmotic pressure (�) at a particular temperature
(T) and R is the gas constant.

The ubiG lesion impairs the activity of osmosensing
transporter ProP by impairing respiration

Redundant osmolyte accumulation mechanisms promote
the growth of E. coli K-12 in high-osmolality media (4). They
include the trehalose biosynthetic system (OtsAB) as well as
broad specificity osmolyte transporters ProP and ProU. In addi-
tion, transporter BetT mediates choline uptake, whereas BetB
and BetA mediate the oxidation of choline to glycine betaine.
Respiration generates the protonmotive force that powers pro-
ton-osmolyte symport via transporter ProP (23) and lactose
transport via its paralogue, LacY (24), in aerobic E. coli. LacY
served as a control in these experiments as it is not osmotically
activated, nor does it contribute to osmotolerance.

The impact of mutation �ubiG785::kan on ProP function
was first explored by determining the growth rates of E. coli
strains WG1230 (proP� ubiG�) and WG1535 (proP� ubiG�)
as a function of the osmolality in the presence and absence of
osmolyte glycine betaine (GB) (Fig. 2). Growth stimulation by
glycine betaine indicates ProP activity in these MG1655 deriv-
atives, which lack all other osmolyte accumulation mechanisms
(Table 1). GB stimulated the growth of both strains, but it
appeared to be more effective in the ubiG� strain (WG1230)
than in its �ubiG785::kan derivative (WG1535).

ProP activity is a sigmoid function of the assay medium
osmolality in cells cultivated at low osmolality (25). Such direct
measurement revealed that mutation �ubiG785::kan decreased
ProP activity �10-fold (Fig. 3A). Proline was the ProP substrate
for these measurements, as proline and glycine betaine are
essentially equivalent as ProP substrates (26), and proline is
more readily available in radiolabeled form than glycine beta-
ine. The osmoregulation of transporter activity was retained, as
there was no significant change in the osmolality at which
transporter activity was half-maximal (Fig. 3A (inset) and Table
S1 (parameters �1⁄2/RT and B)). The ubiG defect could affect
ProP activity by impairing generation of the protonmotive force
and by altering membrane properties. A similar, dramatic
impairment of LacY activity (Fig. 3B and Table S1) suggested
that respiration, and hence generation of the protonmotive
force, was impaired in the Q8-deficient bacteria. Osmotic inhi-
bition of LacY activity was not observed, because these experi-
ments involved a narrower osmolality range than was employed
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for previous work (1, 3). In addition, this work was done with
intact cells, whereas an earlier report was based on cytoplasmic
membrane vesicles (3).

Oxygen uptake measurements directly demonstrated the
inhibition of respiration by the ubiG lesion and an osmotic
upshift (Fig. 4A). As expected, mutation �ubiG785::kan dra-
matically decreased the rate of oxygen uptake by bacteria culti-
vated and incubated at low osmolality (compare circles and
squares, Low - Low). That effect was reversed when the ubiG
defect was complemented with plasmid pLT1 (compare circles,
squares, and triangles, Low - Low). As reported previously (1),
respiration was also dramatically inhibited when bacteria culti-
vated at low osmolality were introduced to a high-osmolality
medium (Fig. 4A, Low - Low versus Low - High). Respiration at
high osmolality could be restored to ubiG� bacteria by long-
term cultivation in a high-osmolality medium (Fig. 4A, High -
High). Similar patterns were seen when the osmolalities of the
media were adjusted with NaCl (Fig. 4A) or sorbitol (Fig. 4B).

The above results show that respiration (Fig. 4) and the activ-
ities of protonmotive force– dependent transporters ProP and
LacY (Figs. 2 and 3 and Table S1) are inhibited by a ubiG lesion
(i.e. Q8 deficiency) or osmotic upshifts in E. coli cells. Also, the
restoration of respiration afforded by cultivation of E. coli in a
high-osmolality medium is independent of the osmolyte trans-

porters (ProP, ProU, and BetT), as it does not require provision
of their substrates (e.g. GB, proline, or choline) (Fig. 4). How-
ever, these data do not reveal whether changes to physical prop-
erties of the membrane contribute to the observed effects.

Elevation of Q8 alters membrane fluidity but does not affect
ProP function

Histidine-tagged ProP (ProP-His6) can be purified and re-
constituted in liposomes comprised of an E. coli polar lipid
extract, creating proteoliposomes (PRLs) (27) in which the pro-
tein retains its physiological membrane orientation (3). These
PRLs lack the respiratory chain, but osmoregulated ProP activ-
ity can be supported by an artificially imposed protonmotive
force (27, 28). The osmolality at which ProP becomes active in
cells and PRLs is directly proportional to the anionic phospho-
lipid content, and particularly the CL content, of the host mem-
brane (8, 11). Liposomes and PRLs were therefore employed to
assess the impact of Q8 on physical properties of the membrane
and, in turn, on ProP function.

The limited water solubilities of ubiquinones (29) render the
creation of ubiquinone (Q)-supplemented liposomes and PRLs
challenging. The extent of Q incorporation was therefore deter-
mined for liposomes prepared in three ways: lipid film hydra-
tion alone (30), lipid film hydration with detergent dialysis (27),

Figure 1. Ubiquinone deficiency impairs the growth and osmotolerance of E. coli. E. coli strains MG1655 (WT, circles), WG1533 (MG1655 �ubiG785::kan,
squares) and WG1591 (WG1533 pLT1, triangles) were cultivated in NaCl-free MOPS medium, and growth was monitored nephelometrically after subculturing
in media supplemented with NaCl (50 –500 mM) (A and B) or sorbitol (100 –900 mM) (C and D), as described under “Experimental procedures.” Similar results
were obtained when the bacteria were cultivated in MOPS medium (which contains 50 mM NaCl) before subculturing (data not shown), and plasmid vector
pBAD24 did not restore growth to strain WG1533 (Fig. S4). Means � S.E. (error bars) of four replicate measurements from one of two replicate experiments are
shown. In B and D, each growth rate is normalized with respect to the mean growth rate observed at the lowest osmolality.
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and lipid film hydration with freeze-thaw (14). In each case,
monodisperse, unilamellar liposomes were generated by subse-
quent extrusion through microporous membranes (30). Sup-
plementary Q was not well-incorporated into the lipid bilayer
by lipid film hydration alone or with detergent dialysis. This was
indicated by low Q recovery upon extrusion of such prepara-
tions (Table 2) and by the presence of a yellow residue on
the extrusion membrane. Successful Q8 incorporation was
achieved by lipid film hydration with freeze-thaw, as assessed
by high Q recovery and no yellow residue. As for Q10 (14), only
�2% Q8 (weight of Q8/weight of lipid) was recovered from
liposomes prepared after supplementation of phospholipid
with 3% Q8 (Table 2). Based on these results, data based
on other liposome preparation procedures and preparations
designed to contain significantly larger proportions of Q should
be considered with care (9, 16, 31).

The steady-state anisotropy of diphenylhexatriene (DPH)
fluorescence was used to indicate the impact of Q8 on mem-
brane fluidity (or perhaps, more correctly, membrane order), a
representative physical property (32) (Fig. 5). Liposomes con-
taining only Q8 present in the E. coli polar lipid extract (0.11 �
0.05% (Q8 relative to total lipid, w/w)) were compared with
liposomes supplemented with 1% Q8 (w/w). Sévin and Sauer (9)
reported that 1% Q8 (w/w) was present in the membrane of
E. coli cultivated at high osmolality. DPH fluorescence was mea-
sured as a function of temperature in the range 20 – 45 °C (Fig.
5). As expected, the fluorescence anisotropy of DPH in both
preparations decreased with increasing temperature, indicat-
ing an increase in membrane fluidity. In addition, the fluores-
cence anisotropy of DPH in the Q8-supplemented liposomes
was higher than that in the unsupplemented liposomes at every
temperature (Fig. 5). The decrease in membrane fluidity due to
Q8 supplementation corresponded to the impact of approxi-
mately a 5 °C decrease in temperature. Thus, Q8 affected a
physical property of the membrane. Similar analyses have
shown that other ubiquinones decrease the fluidities of mem-
branes with other phospholipid compositions (14, 15, 31, 33, 34).

Next, the impact of Q8 supplementation on ProP activity was
analyzed using PRLs. Unsupplemented or Q8-supplemented
liposomes, the latter with a Q8 proportion of 2% (w/w), were
fused with PRLs containing ProP-His6. The resulting prepara-
tions contained only endogenous Q8 (0.11 � 0.05% (w/w) or 1%
Q8 (w/w)). Liposome fusion is an established technique for the
adjustment of lipid composition (7, 11). Transport assays
revealed no effect of Q8 supplementation on the osmolality
dependence of ProP activity (Fig. 6 and Table S2).

Collectively, these data suggest that Q8 deficiency altered
ProP activity by impairing respiration-dependent generation of
the protonmotive force (observed in cells; Figs. 3 and 4), not by
altering physical properties of the membrane (observed in lipo-
somes (Fig. 5) and PRLs (Fig. 6 and Table S2). By extension, they
also suggest that the osmotolerance exhibited by the growth of
E. coli in high-osmolality media results from changes that pro-
tect respiration.

Does increased Q8 synthesis protect respiration in E. coli
cultivated at high osmolality?

Respiration is dramatically inhibited by osmotic upshifts, but
E. coli can adapt to restore respiration during long-term culti-
vation in a high-osmolality medium. For example, the rate of
oxygen uptake by WT bacteria cultivated and maintained at a
high osmolality in NaCl-supplemented medium (0.97 mol/kg)
is similar to that of bacteria cultivated and maintained at low
osmolality (0.12 mol/kg), even though there is a 76% decrease in
the oxygen uptake rate by bacteria cultivated at the same low
osmolality, and then shifted to the same high osmolality with
NaCl (Fig. 4A). The impact of an osmotic upshift imposed with
sorbitol was less dramatic (Fig. 4B), but respiration was again
restored during long-term cultivation in sorbitol-supple-
mented medium. The protection of respiration attained in the
steady state is consistent with the more rapid growth of ubiG�

than of ubiG� bacteria at high osmolality.
Sévin and Sauer (9) attributed the growth of E. coli at high

osmolality to the accumulation of Q8 and concluded that Q8

Figure 2. Ubiquinone deficiency impairs osmoprotection mediated
by transporter ProP. E. coli strains WG1230 (MG1655 �proW859::FRT
�betT856::FRT �otsA847::FRT proP� ubiG�, circles) and WG1535 (WG1230
proP� �ubiG785::kan, triangles) were cultivated as described in the legend
to Fig. 1 and subcultured with (dashed lines) or without (solid lines)
osmolyte GB (1 mM) in NaCl-supplemented MOPS medium. Growth was
monitored nephelometrically, and data are presented as described under
“Experimental procedures” and in the legend to Fig. 1. Error bars, S.E.
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conferred osmotolerance by affecting physical properties of the
cytoplasmic membrane. In their work, an E. coli metabolite
extract containing 13C-labeled Q10 was added to chloroform-
methanol extracts from bacteria cultivated at low and high

Figure 4. The role of ubiG in aerobic respiration by E. coli. E. coli strains
MG1655 (ubiG�, circles), WG1533 (MG1655 �ubiG785::kan, squares), and
WG1591 (MG1655 �ubiG785::kan pLT1, triangles) were cultivated in NaCl-free
MOPS medium as described under “Experimental procedures.” That medium
contained no NaCl (the low-osmolality medium, 0.12 mol/kg) or 450 mM NaCl
(the high-osmolality medium, 0.97 mol/kg) (A) or no added sorbitol (the low-
osmolality medium, 0.12 mol/kg), or 800 mM sorbitol (the high-osmolality
medium, 0.99 mol/kg) (B). NT, not tested (strain WG1533 does not grow in the
high-osmolality media). Oxygen uptake was measured in media with the
same specifications, as indicated. Triplicate measurements from each of two
experiments were combined. Horizontal lines with error bars represent
means � S.D.

Table 1
E. coli strains and plasmids

Strain or plasmid Genotype Source or reference

DH5� F� �80 dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rk� mk�) supE44 �� thi-1 gyrA relA1 Ref. 59
BKT12 W3110 �clsA856::FRT �clsB861::FRT �clsC788::kan Ref. 39
BW25113 F� �� rph-1 �(araD-araB)567 �lacZ4787(::rrnB-3) �(rhaD-rhaB)568 hsdR514 Ref. 71
JP20 W3110 �otsBA::FRT �treA::FRT �treC::FRT �treF::FRT �ampH::lacI-Ptac-otsBA::FRT Ref. 43
JW2226 BW25113 �ubiG785::kan Ref. 60
MG1655 WT (F� �� rph-1) Refs. 72 and 73
W3110 F� �� IN(rrnD-rrnE)1 rph-1 Ref. 73
WG1230 MG1655 �proW859::FRT �betT856::FRT �otsA847::FRT Ref. 41
WG1533 MG1655 �ubiG785::kan This work
WG1535 WG1230 �ubiG785::kan This work
WG350 F�lacZ trp rpsL thi �(putPA)101 �(proU)600 �(proP-melAB)212 Ref. 74
WG708 WG350 pBAD24 Ref. 27
WG709 WG350 pDC79 Ref. 75
WG1541 WG350 �ubiG785::kan This work
WG1542 WG1541 pDC79 This work
WG1590 WG1533 pBAD24 This work
WG1591 WG1533 pLT1 This work
WG1610 MG1655 pDC347
pBAD24 Expression vector Ref. 76
pDC79 Encodes proP under the control of pBAD and AraC in pBAD24 Ref. 75
pDC347 Encodes full-length clsA under the control of pBAD and AraC in pBAD24 Ref. 77
pLT1 Encodes full-length ubiG under the control of pBAD and AraC in pBAD24 This work

Figure 3. Q8 deficiency impairs the activities of E. coli transporters ProP
and LacY. E. coli strains WG709 (ubiG�, closed circles) and WG1542
(�ubiG785::kan, open circles) were cultivated in NaCl-free MOPS medium, ini-
tial rates of proline (A) and lactose (B) uptake were determined, and data were
analyzed as described under “Experimental procedures.” Assay medium
osmolalities were adjusted with NaCl at concentrations in the range 0 – 0.15 M.
Means � S.E. (error bars) of triplicate measurements from one of two replicate
experiments are shown. The osmotic activation of ProP in the ubiG� E. coli
strain is shown in the inset to A. The regression lines are shown in the figure,
and the osmolality response parameters for the individual experiments are
shown in Table S1.
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osmolality. The resulting samples were analyzed by flow-injec-
tion MS. Summed intensities of signals attributed to 12C-Q8
were divided by summed intensities of signals attributed to 13C-
Q10, and these ratios were then used to generate calibration
curves and to quantify endogenous Q8. Q8 was reported to be
below the limit of detection in bacteria cultivated at low osmo-
lality, increasing 110-fold to constitute 1% (w/w) relative to
phosphatidylethanolamine (PE) plus PG in bacteria cultivated
at high osmolality (9). The impact of Q on physical properties of
the membrane was assessed by imaging morphological changes
in liposomes (either unsupplemented or supplemented with
Q10 (5% (w/w)) before and after osmotic upshocks.

In the present work, bacteria were cultivated as for the exper-
iments reported in Figs. 3 and 4, and total Q8 (Q8 plus Q8H2)
was determined by LC-MS/MS as described under “Experi-
mental procedures.” As expected, total Q8 was below the limit
of detection in �ubiG785::kan bacteria, and complementation
with plasmid-borne ubiG restored total Q8 to the level

observed in the WT bacteria (Table 3). As for the complemen-
tation of bacterial growth at high osmolality (Fig. S3), restora-
tion of Q8 did not require arabinose induction of transcription
of the plasmid-borne ubiG gene (Table 3).

The following observations and conclusions are inconsistent
with those of Sévin and Sauer (9). Remarkably, no change in
total Q8 content was detected upon cultivation of ubiG� bac-
teria in high-osmolality, NaCl- or sorbitol-supplemented
media, as compared with those cultivated in low-osmolality
medium (Table 3). PE and PG constitute �95% of the phospho-
lipid in E. coli (35), phospholipids are the predominant lipid
species (36), and the proportion of protein to lipid in E. coli is
�6 (37). On this basis and given that the molecular weight of Q8
is 727, 2 nmol of Q8 per mg of protein (Table 3) would corre-
spond with �1% Q8 relative to PE plus PG (w/w). Thus, the
concentration of Q8 in bacteria cultivated at low or high osmo-
lality (Table 3) was comparable with that reported previously,
but only at high osmolality (9).

Table 2
Ubiquinone (Q) content of ubiquinone-supplemented liposomes
Liposomes were prepared, lipid was extracted from the aqueous dispersions, and lipid contents were measured as described under “Experimental procedures.”

Liposome preparation Lipid analysis

Q/lipid % (w/w) Film hydration Detergent dialysis Freeze-thaw Extrusion
Lipida recovery %

(w/w)
Qb recovery %

(w/w)
Measured Q/lipid %

(w/w)

2.0 � � � � 100 � 16 86 � 1 1.7 � 0.3
� � � � 82 � 17 32 � 3 0.6 � 0.1

2.0 � � � � 79 � 11 95 � 2 2.4 � 0.3
� � � � 80 � 18 25 � 1 0.8 � 0.1

1.0 � � � � 95 � 5 92 � 4 1.0 � 0.1
� � � � 89 � 7 84 � 6 0.9 � 0.1

3.0 � � � � 95 � 5 98 � 2 3.1 � 0.2
� � � � 89 � 7 57 � 2 2.0 � 0.1

a The mean weight � S.E. of total lipid (as determined by gravimetric analysis for four independent liposome extracts) relative to the quantity of phospholipid added to the
preparation (as specified by Avanti Polar Lipids, Inc.).

b The mean weight of Q � S.E. (as determined by HPLC analysis for four independent liposome extracts) relative to the weight of Q added to the preparation. The liposomes
prepared by lipid film hydration, alone, were supplemented with Q10. Those prepared by lipid film hydration with detergent dialysis or freeze-thaw were supplemented
with Q8.

Figure 5. Q8 increases the anisotropy of DPH fluorescence in liposomes.
Liposomes comprised of a polar lipid extract from E. coli, with or without
supplementary Q8, were prepared in 0.1 M potassium phosphate, pH 7.4, 0.1
mM K�-EDTA and labeled with DPH (0.2 mol % relative to phospholipid)
before the anisotropy of DPH fluorescence was measured as described under
“Experimental procedures.” Q8 was omitted (closed circles) or added to attain
1% (open circles) Q8 relative to lipid (w/w). Measurements were made at 5 °C
intervals over a 20 – 45 °C temperature range. Duplicate measurements from
each of two experiments are shown.

Figure 6. Q8 does not affect ProP activity in proteoliposomes. ProP-His6–
containing PRLs were fused with E. coli lipid liposomes (open circles) or
Q8-supplemented E. coli lipid liposomes (for a final Q8 concentration of 1%
(w/w)) (closed circles), initial rates of proline uptake were measured, and data
were analyzed as described under “Experimental procedures.” The osmolali-
ties of the assay media were adjusted with sorbitol (0 – 0.48 M). For each prep-
aration, data from two replicate experiments were fit to Equation 1, the
uptake activities were normalized on the resulting Amax values, and the data
were combined and again fit to Equation 1. The resulting regression lines are
shown in the figure, and the osmolality response parameters for the individ-
ual experiments are shown in Table S2.
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Q8 at the concentration that we observe did affect a physical
property of the membrane (fluidity) (Fig. 5). However, Q8 con-
centrations are not elevated during cultivation at high osmola-
lity and hence cannot account for the observed osmotolerance
or protection of respiration.

What protects respiration during bacterial growth at high
osmolality?

The proportion of CL among E. coli phospholipids increases
more than 2-fold during growth in a high-osmolality medium
(8) or in stationary growth phase (38). Three cardiolipin syn-
thases are encoded by the genome of E. coli K-12: ClsA medi-
ates CL synthesis during exponential-phase growth at low or
high osmolality, whereas ClsB and ClsC mediate CL synthesis
during stationary phase (39). In contrast to the strong effect of a
ubiG deletion (Fig. 1), deletion of clsA, clsB, and clsC had no
effect on the osmotolerance of WT E. coli (Fig. S4A, compare
CL synthase– deficient strain BKT12 (triangles) with its WT
parent, W3110 (circles)). In addition, overexpression of clsA
during bacterial cultivation at low osmolality did not protect
respiration from an osmotic upshift (Fig. S4B). Thus, CL accu-
mulation during bacterial growth at high osmolality is not the
change that protects respiration.

Meury (2) showed that osmotic upshifts dramatically impair
respiration in E. coli. The restoration of cell volume and respi-
ration corresponded with the osmotically induced uptake of
exogenous K� or osmolyte glycine betaine or with trehalose
synthesis (2, 40). We therefore tested the hypothesis that
trehalose accumulation protects respiration.

Data in Figs. 1 and 2 illustrate the contribution of trehalose
synthesis to the osmotolerance of E. coli cells that lack osmolyte
uptake systems and/or exogenous osmolytes (compare the
osmolality dependence of the growth of WT E. coli (MG1655,
Fig. 1A) and E. coli WG1230, which cannot synthesize trehalose
(Fig. 2A)) (41, 42). The effect of the trehalose biosynthetic lesion
is less profound than that of the ubiG deletion (compare WT
E. coli (ubiG�) and its �ubiG785::kan derivative (Fig. 1A)), but
trehalose may at least partially protect respiration from cellular
dehydration at high osmolality.

In E. coli JP20, trehalose synthesis is conferred by isopropyl
�-D-1-thiogalactopyranoside (IPTG)-inducible, LacI and Ptac-
mediated expression of an otsAB operon integrated in ampH
(the native otsAB operon is deleted from this strain) (43). With
IPTG induction, the trehalose content in strain JP20 cultivated
at low osmolality is similar to that in the WT parent strain
(WG3110) cultivated at high osmolality (Table 4 and Fig. S5)
(43). If trehalose accumulation were sufficient to protect respi-
ration, E. coli JP20 cultivated in IPTG-supplemented, low-os-
molality medium would respire at the same rate when intro-
duced to low- and high-osmolality assay media. Oxygen uptake
assays revealed no such protection of respiration (Fig. 7).

Discussion

Changes to the osmotic pressure of the cellular environment
trigger rapid transmembrane water fluxes. For example, as the
osmotic pressure increases, water leaves E. coli on a sub-second
time scale (44, 45). Such water efflux is forestalled by the rapid
activation of available osmoregulatory systems that include K�

transporter Trk and osmolyte transporter ProP (4). In the
absence of exogenous osmolytes, glutamate accumulates due to
the inhibition of protein synthesis and serves as the predomi-
nant K� counterion. K� glutamate accumulation only partially
restores cell functions and growth, whereas osmolyte accumu-
lation (e.g. glycine betaine uptake) is fully effective (46).

This rapid and well-characterized osmoregulatory response
overlaps slower osmoadaptive mechanisms that require cellular
remodeling and have been less fully investigated. This report
concerns the protection of respiration afforded by prolonged
incubation and growth of E. coli in a high-osmotic pressure
medium: the rates of oxygen uptake by bacteria cultivated in
low- and high-osmotic pressure media are similar, even though
respiration is dramatically inhibited when bacteria cultivated at
the same low osmotic pressure are introduced to a medium
with the same high osmotic pressure (Fig. 4). Long-term osmo-
adaptation is known to involve the synthesis of osmoregulatory
proteins (e.g. OtsA, OtsB, ProP, ProU, BetT, BetB, and BetA), a
phospholipid (CL), and two osmolytes (trehalose and glycine

Table 3
Cultivation of E. coli under osmotic stress does not elevate total Q8
concentration
Bacteria were cultivated and harvested, and Q8 was extracted and measured as
described under “Experimental procedures.”

Strain Relevant genotype

Growth
medium

supplement
Mean total
Q8a � S.D.

nmol/mg protein
BW25113 ubiG� Nil 1.1 � 0.5

NaCl 1.9 � 1.0
JW2226 �ubiG785::kan Nil ND
MG1655 ubiG� Nil 1.7 � 0.9

NaCl 2.4 � 0.7
Sorbitol 2.1 � 0.5

WG1533 �ubiG785::kan Nil ND
WG1591 �ubiG785::kan Nil 2.7 � 1.2

NaCl 1.6 � 0.2
pLT1 (ubiG�) Sorbitol 2.1 � 0.9

a The mean weight � standard deviation (S.D.) of Total Q8 for 5 independent ex-
tracts relative to the quantity of protein in the cell suspension from which each
was derived. ND 	 Not Detected.

Table 4
The trehalose content of E. coli cells cultivated at low and high osmo-
lalities
Bacteria were cultivated in low-osmolality (LOM) or high-osmolality (HOM) NaCl-
supplemented MOPS medium, with or without IPTG (0.1 mM), as for the oxygen
uptake assays. Trehalose was extracted and estimated by TLC as described under
“Experimental procedures.” A representative chromatogram is shown in Fig. S5.

Strain Growth condition Repa Trehalose contentb

nmol/OD600 unit
W3110 LOM 1 NDc

2 ND
W3110 HOM 1 13.0 � 0.7

2 9.5 � 1.5
JP20 LOM, �IPTG 1 ND

2 ND
JP20 LOM, �IPTG 1 16.3 � 1.6

2 11.5 � 1.1
a Replicate. Two independent experiments were performed for each strain under

each growth condition.
b The quantity of trehalose detected by TLC as described under “Experimental

procedures” is normalized to the optical density (600 nm) of the culture from
which the sample was derived. Trehalose contents are shown as the means �
S.E. of three replicates for each experiment.

c ND, not detected.

Q8-independent protection of respiration in E. coli

J. Biol. Chem. (2020) 295(4) 981–993 987

http://www.jbc.org/cgi/content/full/RA119.011549/DC1
http://www.jbc.org/cgi/content/full/RA119.011549/DC1
http://www.jbc.org/cgi/content/full/RA119.011549/DC1
http://www.jbc.org/cgi/content/full/RA119.011549/DC1


betaine, the latter synthesized through the action of the Bet
proteins only when choline is available exogenously) (4). Here,
we have shown that the protection of respiration achieved dur-
ing growth in a minimal salts medium at high osmotic pressure,
without exogenous osmolytes, does not result from osmotically
induced increases in the cellular content of Q8 (9) (which does
not increase; Table 3), CL (Fig. S4), or trehalose (Fig. 7).

The osmoadaptive mechanism that protects respiration may
be related to the mechanism by which osmotic upshifts inhibit
respiration. By measuring DPH fluorescence anisotropy, Cul-

ham et al. (5) showed that osmotic upshifts decreased the mem-
brane fluidity of liposomes comprised of E. coli phospholipid.
Such a decrease may render the intramembrane diffusion of
electron carriers rate-limiting for respiration, and osmotic
adaptation of the respiratory system may be designed to
address that limitation.

The hypothesis that intramembrane diffusion of electron
carriers may limit the respiratory rate has been extensively
tested, primarily with experimental systems that replicate the
mitochondrial respiratory chain (e.g. see Ref. 47). Such analyses
yielded a random diffusion (or fluid state) model: respiration
was proposed to occur via random collisions among indepen-
dent respiratory chain constituents (48). That model was chal-
lenged by mounting evidence for the existence of respiratory
supercomplexes, enzyme complexes comprised of respiratory
chain components. Such complexes clearly exist in mitochon-
dria, and there is mounting evidence for their existence in bac-
teria (49, 50). The existence of respiratory supercomplexes was
predicted by the “solid-state” model for respiratory chain orga-
nization (51). However, recent work suggests that, at least in
E. coli, the respiratory chain is highly plastic. Changes in respi-
ratory chain composition, including the synthesis or recruit-
ment of alternative quinones (52), accommodate diverse oxy-
gen levels and terminal electron acceptors. Furthermore,
evidence suggests that interactions among respiratory chain
constituents are dynamic, not static (49). Ultimately, however,
the functional impact of respiratory supercomplexes remains
unclear (53, 54).

Sévin and Sauer (9) were the first to propose that a respira-
tory chain modification would accommodate osmotic stress,
but their lipidomics analysis incorrectly identified increased Q8
concentration as that modification. The following two factors
may have contributed to the differences between the results
reported here and by Sévin and Sauer (9). First, the lipidomics
data provided by Sévin and Sauer included only two molecular
species specific for Q8 (octaprenyl-ubiquinone and octaprenyl-
3-methyl-5-hydroxy-6-methoxy-1,4-benzoquinone). Each me-
tabolite was detected in two forms (�H and �F). For each
metabolite, the quantities of one of the two forms in samples
derived from bacteria grown at low and high osmolality were
not statistically significantly different. For the other form, the
quantities were only marginally different. Second, the flow-in-
jection TOF MS analysis employed by those authors provides
qualitative, not quantitative, data. To overcome this limitation,
Sévin and Sauer (9) inferred absolute concentrations from 12C-
Q8/13C-Q10 ratios using a calibration curve of 12C-Q8 and 13C-
Q10 standards. However, that calibration curve relied on 13C-
Q10 rather than 13C-Q8, it showed poor correlation, and the
data for samples extracted from E. coli grown at low and high
osmolalities were outside and borderline with the standard
curve. In combination, these limiting factors could have led to
incorrect assignment and quantification of Q8 by Sévin and
Sauer. In contrast, we employed quantitative and qualitative
LC-MS/MS analysis for the determination of Q8.

Previous reports of the Q8 content of E. coli cells from expo-
nential-phase, aerobic cultures vary widely. They are difficult to
compare because analytical methodologies and reporting units
also vary. For example, Wallace et al. (55) reported 2.26 nmol of

Figure 7. Trehalose accumulation during growth of E. coli at low osmotic
pressure does not protect respiration from an osmotic upshift. A, growth
rates of E. coli strain JP20 (W3110 �otsBA::FRT �treA::FRT �treC::FRT �treF::FRT
�ampH::lacI-Ptac-otsBA::FRT) in NaCl-supplemented MOPS media of the indi-
cated osmolalities without (circles) or with (triangles) IPTG (0.1 mM) were
determined, and the data were analyzed as described in the legend to Fig. 1.
Error bars, S.E. B, E. coli strain JP20 was cultivated in low osmolality MOPS
medium, without (circles) or with (squares) IPTG (0.1 mM), and oxygen uptake
was measured in low- and high-osmolality MOPS media as described in the
legend to Fig. 4. The high-osmolality medium was supplemented with NaCl.
Triplicate measurements from each of two experiments were combined. Hor-
izontal lines with error bars represent means � S.D.
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Q8/mg of membrane protein (�11 nmol/mg of cell protein),
and Loiseau et al. (56) reported �100 pmol/mg of wet cells
(�0.6 nmol/mg of protein, assuming that dry weight is 30% of
cell weight and protein is 55% of cell dry weight (37)). Our data
are reasonably consistent with these reports.

This study shows directly that respiration is protected during
long-term osmoadaptation. It is possible that osmotic stress
induces the synthesis of an alternate quinone electron carrier,
related to but distinct from Q8, or the synthesis of other respi-
ratory chain constituents. Alternatively, the organization of the
respiratory chain may change during growth at high osmotic
pressure: for example, respiratory supercomplexes may form.

The concept that quinones play physiological roles related to
their impact on membrane physical properties is attractive (9,
57). However, this study provided no evidence for such a role in
E. coli osmoadaptation. The established role of Q8 in respira-
tion fully accounted for its involvement in osmoadaptation.

Experimental procedures

Bacterial strains and plasmids

The E. coli strains and plasmids used for this work are listed
in Table 1, and primers are listed in Table S3. Molecular bio-
logical techniques were performed as described (58, 59). The
ubiG genes of E. coli strains MG1655, WG350, and WG1230
were replaced with �ubiG::kan by P1 cml crl 100 bacterio-
phage-mediated transduction with E. coli JW2226 (60) as donor
and selection on LB Km (kanamycin, 50 �g/ml). The mutation
was confirmed via PCR with the primers listed in Table S3.
Reaction mixtures were prepared as described (61), and PCR
was performed with a PerkinElmer GeneAmp PCR System
2400 thermal cycler (Woodbridge, Canada) programmed as fol-
lows: 5 min at 94 °C; 26 cycles with 45 s at 94 °C, 30 s at 57 °C,
and 2 min/kb at 72 °C; 5 min at 72 °C. Taq polymerase, pur-
chased from Invitrogen (Burlington, Canada), was used unless
otherwise indicated, and oligonucleotides were purchased from
Eurofins MWG Operon (Huntsville, AL).

To construct plasmid pLT1, ubiG was amplified by PCR with
chromosomal DNA from E. coli MG1655 as template, primers
ubiGus and ubiGds (Table S3), and Pwo DNA polymerase (0.1
units/ml) (Roche Applied Science, Laval, Canada). The small
NcoI-HindIII fragment of vector pBAD24 was replaced with
the ubiG amplicon. Transformants of E. coli DH5� were
selected on LB Amp (50 �g/ml ampicillin), and the identity of
the plasmid was confirmed by DNA sequencing (Advanced
Analysis Centre, University of Guelph, Guelph, Canada).

Culture media and growth conditions

Bacteria from frozen stocks were introduced into LB
medium (62) and incubated in a shaking incubator at 200 rpm
and 37 °C. They were subcultured into either M9 minimal salts
(9) or NaCl-free MOPS minimal medium and further incubated
as described. The latter was MOPS medium (22) from which
NaCl was omitted. Minimal media were supplemented with
NH4Cl (9.5 mM) as nitrogen source and fructose (0.2%, w/v) as
carbon source. L-Tryptophan (0.005%, w/v) and thiamine
hydrochloride (0.0001%, w/v) were included to meet auxotro-
phic requirements. NaCl or sorbitol was used to adjust medium
osmolalities, which were measured with a VAPRO Vapor Pres-

sure Osmometer 5520 (Claremont, Canada). Ampicillin (100
�g/ml) was added to maintain plasmids. Culture optical densi-
ties at 600 nm (OD600) were determined with a Pharmacia LKB
NovaSpec II spectrophotometer.

Growth curves

Bacterial growth was monitored using a Nephelostar micro-
plate nephelometer (BMG Labtech, Ortenberg, Germany) as
described (41) with the following modifications. Bacteria were
subcultured into M9 or MOPS minimal medium (2%, v/v) and
incubated until the ubiG� strain reached an OD600 of 0.5. They
were then subcultured (1% (v/v) for ubiG� strains, and 2% (v/v)
for ubiG� strains) into the same medium supplemented with
NaCl (50 –500 mM) or sorbitol (100 –900 mM), with or without
glycine betaine (1 mM), or arabinose (1.33, 13.3, or 133 �M), as
indicated. Aliquots (200 �l, four replicates per test) were dis-
tributed into sterile 96-well microtiter plates (Thermo Fisher
Scientific, Ottawa, Canada) which were covered with a Breathe-
Easy� sealing membrane (Sigma-Aldrich, Oakville, Canada).
Bacterial growth was monitored for 19 h at 36 °C. The natural
logarithms of the nephelometer units measured at each time
point were plotted versus time. Growth rates, determined by
linear regression, were the slopes of these plots during the expo-
nential phase of growth, as illustrated in Fig. S1. Growth rates
were normalized by dividing each growth rate by that obtained
at the lowest NaCl or sorbitol concentration tested.

Determination of Q8 and Q8H2 from E. coli by LC/tandem MS

LC/MS/MS was used for the determination of Q8 and its
reduced form, Q8H2, in E. coli samples. Briefly, bacteria were
cultivated as for transport assays. Aliquots (11 ml) were har-
vested by centrifugation (12,000 
 g, 10 min, 4 °C), washed (11
ml of saline (0.85% (w/v) NaCl), resuspended in saline (1.1 ml),
and transferred to microcentrifuge tubes. Samples (0.1 ml)
were taken for protein analysis; the remaining samples were
lyophilized. Each lyophilized sample was resuspended in 100 �l
of PBS (137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.8 mM

KH2PO4), and internal standard (100 pmol of Q10; Sigma-Al-
drich) was added. Each sample was transferred to a 15-ml screw
top tube to which 2 ml of methanol and 10 ml of water-washed
hexane were added. The mixture was then mixed vigorously for
1 min and centrifuged (1,430 
 g, 5 min, 4 °C), and 9 ml of the
top hexane layer was collected then dried using a rotary evapo-
rator. The resulting dried lipids were redissolved in 180 �l of
ice-cold ethanol (HPLC grade), and 2 �l was injected onto an
Agilent 1290 UHPLC system connected to an Agilent 6495 tri-
ple-quadrupole mass spectrometer. Analytes were separated on
a Luna 5-�m C18(2) 100-Å column (150 
 4.6 mm; Phenome-
nex) by gradient elution using mobile phase A (2.5 mM ammo-
nium formate in 95:5 methanol/isopropyl alcohol) and mobile
phase B (2.5 mM ammonium formate in 100% isopropyl alco-
hol) at 0.4 ml/min. The gradient consisted of 50% mobile phase
B from 0 to 15 min, 50 –70% B from 15 to 17 min, 70 –100% B
from 17 to 19 min, and then 50% mobile phase B from 19 to 24
min. Flow was then directed into the triple quadrupole mass
spectrometer with parameters set as follows: gas temperature 	
290 °C; gas flow 	 14 liters/min; nebulizer pressure 	 25 p.s.i.;
sheath gas heater 	 400 °C; sheath gas flow 	 11 liters/min;
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capillary voltage 	 3,000 V. Detection of Q8, Q8H2, and Q10
was by multiple-reaction monitoring (MRM) in positive ion
mode using the above general MS parameters with fragmen-
tor voltage at 380 V and cell accelerator voltage at 5 V. In
each case, the fragment ions generated by collision-induced
dissociation of the [M � H] were used for quantification.
MRM settings for the target analytes were as follows (parent
ion3 fragment ion); Q8 (m/z 727.13 197.1) with collision
energy (CE) 	 33 V; Q8H2 (m/z 746.13 197.1) with CE 	 33
V; and Q10 (m/z 863.63 197.1) with CE 	 37 V. Q8 and Q10
were quantified against authentic commercial standards
obtained from Avanti Polar Lipids (Alabaster, AL) and Sig-
ma-Aldrich, respectively. The Q8H2 standard was generated
from Q8 by a sodium borohydride–mediated reduction.

Preparation of Q-supplemented liposomes

Liposomes were prepared using an E. coli polar lipid extract
(Avanti Polar Lipids), with or without Q8 (Avanti Polar Lipids)
or Q10 (Sigma-Aldrich). Samples containing Q were covered to
limit light exposure. E. coli polar lipid extract (100 mg of lipid in
4 ml of chloroform) was combined with the appropriate ubiqui-
none solution (in chloroform), the chloroform was removed by
rotary evaporation at 37 °C, and the remaining lipid film was
dried in a vacuum desiccator for 1 h. The lipid film was rehy-
drated in 10 ml of rehydration buffer (0.1 M K�-phosphate, pH
7.4, containing 0.5 mM K�-EDTA) by magnetic stirring for 1 h
at room temperature. Aliquots (0.8 ml) of each liposome sus-
pension were stored in liquid nitrogen (�196 °C). Before use,
they were thawed at room temperature and extruded 21 times
through a Whatman Nucleopore track-etched membrane
(0.4-�m pore diameter, Millipore Sigma) using a 1-ml Liposo-
Fast extruder (Avestin, Ottawa, Canada) at room temperature.
For liposomes prepared by detergent dialysis, the rehydration
buffer was supplemented with n-octyl-�-D-glucopyranoside
(51.3 mM). Following rehydration, the detergent was removed
by dialysis against detergent-free rehydration buffer (3 
 925
ml over 24 h). For liposomes prepared by freeze-thaw, the lipid
suspension was rehydrated at 60 °C, subjected to 15 freeze-
thaw cycles (freezing in liquid nitrogen for 5 min, thawing at
60 °C for 10 min), stored in liquid nitrogen, and thawed at 60 °C
before extrusion.

Lipid analysis: Liposomes

Lipids were extracted from aqueous lipid dispersions essen-
tially as described (63, 64). Briefly, liposome aliquots (0.16 ml)
were transferred to 1.5 ml siliconized, snap-capped microcen-
trifuge tubes (Thermo Fisher Scientific) and combined with
chloroform (0.2 ml) and methanol (0.4 ml). After incubation at
room temperature for 15 min, the samples were centrifuged at
13,400 
 g (5 min). Chloroform (0.2 ml) and rehydration buffer
(0.2 ml) were added to achieve phase separation, the samples
were centrifuged at 13,400 
 g (5 min), and the two-phase solu-
tion was stored at 4 °C overnight.

The total lipid content was determined gravimetrically (65).
Four aliquots (50 �l) of the organic phase were applied to tared,
microaluminum weigh boats (13-mm diameter 
 3.5-mm
height, Cole-Parmer Canada Co., Montreal, Canada) with a
Hamilton syringe and dried to constant weight at room temper-

ature (they were dried under a gentle stream of air for 2 min and
then placed under a vacuum for 2.5 h). Each boat was weighed
with a Mettler AT250 analytical microbalance (Mettler Toledo,
Mississauga, Canada). Two independent gravimetric analyses
were conducted per liposome preparation.

The Q content of the lipid extracts was determined by
HPLC on a Zorbax XDB-C18 (4.6 
 75 mm, 3.5 �m) reversed-
phase column (Agilent Technologies) maintained at 25 °C with
an absorbance detector. Four aliquots (20 �l) of the organic
phase were injected and eluted isocratically with acetonitrile/
tetrahydrofuran/water (55:40:5) at a flow rate of 1 ml min�1

(66). Oxidized Q8 and Q10 were detected at 275 nm (67) with
retention times of 3.3 and 5.9 min, respectively. Reduced coen-
zyme Q8, which absorbs at 290 nm (67), was not detected in
these samples. Q8 and Q10 were quantified by area comparison
with authentic standards (31.2 ng to 2.5 �g Q) prepared as
described (66). Peak fronting could be avoided by diluting sam-
ples containing more than 1 �g of Q, and it did not affect quan-
titation. Two independent HPLC analyses were conducted for
each liposome preparation.

Diphenylhexatriene fluorescence anisotropy

Liposomes were labeled with DPH as described (15), with
the following modifications. Following extrusion, liposomes (in
rehydration buffer) were supplemented with 0.06% DPH (w/w,
relative to lipid; �0.2 mol%) (Molecular Probes, Inc., Eugene,
OR) and incubated for 18 –20 h in the dark at room tempera-
ture. Fluorescence measurements were performed at the spec-
ified temperature using a PTI QuantaMaster QM-8 steady state
fluorimeter as described (5). Duplicate measurements from two
independent experiments were combined and analyzed as
described (5). The data were analyzed by nonlinear regression
with the polynomial quadratic function using SigmaPlot 12.5.

Transport assays

Bacteria were cultivated in NaCl-free MOPS medium, and
initial rates of proline or lactose uptake by intact cells were
determined as described previously (25). The expression of lacY
was induced by adding IPTG (1 mM) to the final growth
medium. Initial rates of proline and lactose uptake were mea-
sured with L-[14C(U)]proline (0.2 mM) (PerkinElmer Life Sci-
ences) and D-[glucose-1-14C]lactose (0.2 mM) (Amersham Bio-
sciences, Bath, UK), respectively. Each measurement was
performed in triplicate with two different cell suspensions. The
initial rates of substrate uptake as a function of the osmolality
were analyzed by linear (LacY data) or nonlinear regression
(ProP data) using SigmaPlot 12.5. The latter data were fit to
Equation 1 (25),

A � Amax(1 � exp 	 (� 	 �1⁄2)/RTB)�1 (Eq. 1)

where Amax is the uptake rate that would be observed at high
osmolality, R is the gas constant, T is the temperature, �1⁄2/RT is
the medium osmolality yielding half-maximal activity, and B is
a constant inversely proportional to the slope of the response
curve.

ProP-containing PRLs (0.2 mg/ml protein, 60 mg/ml E. coli
lipid in 0.1 M potassium phosphate, pH 7.4, 0.5 mM potassium
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EDTA) were prepared as described (27). The PRLs were then
fused with liposomes that were or were not supplemented with
Q8. Extruded liposomes (450 �l, 10 mg/ml) were mixed with a
quantity of PRLs containing the same quantity of lipid (75 �l).
The mixture was centrifuged at 386,000 
 g at 20 °C for 22 min.
The pellet was resuspended in 150 �l of the same buffer and
extruded as described above (see “Preparation of Q-supple-
mented liposomes”).

Initial rates of proline uptake by the PRLs were measured as
described (25). Each assay was performed in duplicate, and two
independent experiments were performed. The data were fit to
Equation 1 by nonlinear regression as described above (25).

Oxygen uptake assays

Cell suspensions for oxygen uptake measurements were pre-
pared as for transport assays, with the exception that bacteria
from the 24-h LB culture were subcultured in both NaCl-free
MOPS medium (the low-osmolality medium) and MOPS
medium containing 450 mM NaCl or 800 mM sorbitol (the high-
osmolality media). Wash and assay buffers were prepared to
match the osmolalities of the growth media as described (25).

Oxygen uptake was measured essentially as described by
McManus and Josephy (68). Assay buffer (2 ml) was added to
the reaction chamber of a Clark oxygen electrode (Qubit Sys-
tems, Kingston, Canada). After an equilibration period (1 min),
cell suspension (100 �l) was added to the chamber, and oxygen
depletion within the chamber was monitored for 10 min. Meas-
urements were performed at room temperature and in tripli-
cate per treatment per sample. All experiments were repeated
at least twice. Linear regression was used to determine the ini-
tial rate of oxygen depletion (corresponding to bacterial oxygen
uptake) using the slope of the line between 1.5 and 4 min of the
10-min measurement period.

Trehalose assays

The trehalose contents of bacterial cells were determined by
TLC as follows. Bacterial cultures were prepared as for oxygen
uptake assays, and their optical densities (600 nm) were
recorded. Bacteria were sedimented from a 24-ml aliquot of the
final culture (10 min, 3,400 
 g, room temperature) and resus-
pended in 1 ml of an unsupplemented MOPS medium adjusted
with NaCl to attain the same osmolality as the growth medium.
The suspension was transferred to a microcentrifuge tube, the
cells were sedimented (2 min, 15,800 
 g, room temperature),
and they were resuspended in TCA (36 �l, 15% (w/v)) and incu-
bated on ice for 10 min. The suspension was centrifuged (2 min,
15,800 
 g), and aliquots (2 �l) of the supernatant were spotted
on Silica Gel 60 F254 Micro TLC/AL plates (SiliCycle, Quebec
City, Canada) with authentic trehalose standards (5, 10, 15, and
20 nmol). The plates were developed with the solvent system
n-butanol/ethanol/water (5:3:2 by volume), dried, dipped in
methanol/sulfuric acid (95:5, v/v), and charred at 150 °C until
the spots appeared (less than 1 min). The quantities of material
comigrating with authentic trehalose were estimated by densi-
tometry using a Bio-Rad ChemiDoc XRS� system and analyzed
with ImageJ.

Protein assays

The protein concentrations of cell and PRL suspensions were
determined by the bicinchoninic acid (BCA) assay (69) with the
BCA kit from Pierce and by the Shaffner–Weissmann assay
(70), respectively, with BSA as the protein standard.
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