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Increased Binding of a Hydrophobic, Photolabile Probe to
Escherichia coli Inversely Correlates to Membrane Potential

but Not Adenosine 5'-Triphosphate Levels
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We describe conditions for a quantitative determination of azidopyrene binding
to Escherichia coli cells. In addition, we define conditions whereby irradiation of
azidopyrene in the presence of cells leads to irreversible association of probe with
celLs. This is presumably due to the light-dependent generation of reactive
nitrenes and subsequent incorporation of nitrenopyrene moieties into cellular
components. These methods allowed us to determine that the amount of azido-
pyrene bound to cells was inversely correlated with the magnitude of the cellular
membrane potential, but was not correlated with high or low adenosine 5'-
triphosphate levels per se. Cells bound more azidopyrene if the AA' was low. Cell-
bound azidopyrene was found to be entirely associated with the inner and outer
membrane. We suggest that the decreased association of hydrophobic probes
upon energization of whole cells reflects a rapid transition in structural properties
of the cell envelope.

In recent years, fluorescent molecules have
been extensively used as probes of biological
membranes (for reviews, see references 1, 2, and
30). These hydrophobic and amphiphilic probes
associate with membranes when added to cells
or artificial systems, and their resultant fluores-
cence properties can be used to monitor a variety
of membrane characteristics.
When added to Escherichia coli cells, the

fluorescence characteristics ofa number ofthese
probes change in response to the energy state of
the celLs. The specific properties of cellular en-
ergy responsible for these changes have not been
well characterized. In general, the addition of
effectors which result in deenergization of cells
leads to increased fluorescence from probes pres-
ent in the cell suspension. This is true of nega-
tively charged 8-anilino-1-naphthalenesulfonate
(ANS) (13, 14, 25) and cis-parinaric acid (36),
positively charged 3,3'-dihexyloxacarbocyanine
(7), and neutral probes, such as N-phenyl-l-
naphthylamine (NPN), 1,6-diphenyl-1,3,5-hexa-
triene, pyrene, and azidopyrene (13-15, 25, 26,
38). In the one case studied, results indicate that
the colicin El-induced reduction in cellularATP
levels is not necessary for the colicin-induced
fluorescence response (28).
Changes in the amount ofprobe bound to cells

have been implicated to form at least part of the
fluorescence changes seen in the case of NPN
(26), azidopyrene (25), and cis-parinaric acid
(36). It seems likely that the enhanced binding
of acriflavine to deenergized cells (24, 33) is a
related phenomenon. In the above cases, the

degree of binding was estimated by centrifuga-
tion of the probe/cell mixture and a determina-
tion of fluorescence intensity either in resus-
pended cell pellets or in the supernatant. How-
ever, it is important to point out that such
determinations must be regarded as semiquan-
titative since dye binding may not strictly cor-
relate to fluorescence from cell-associated probe
existing in a heterogenous environment. Fur-
thernore, this general approach is not suitable
for an attempt at probe localization since manip-
ulations involved in cell fractionation might lead
to a substantial redistribution of probe.
Nieva-Gomez and Gennis have described the

use of azidopyrene as a fluorescent probe that
can be covalently affixed to cells in situ (25).
Upon irradiation, a highly reactive nitrene is
generated, which becomes covalently attached
to neighboring molecules. They found that
whereas changes in fluorescence intensity were
reversible in response to alterations in the en-
ergy state of cells before photolysis, the fluores-
cence intensity of cell-associated probe did not
respond to changes in energy status after pho-
tolysis. It was suggested that photolysis caused
irreversible probe binding, and that the amount
of probe bound increased dramatically if the
cells were deenergized.

In a continuation of this approach, we have
used [3H]azidopyrene to directly quantitate the
binding of this hydrophobic molecule to E. coli
cells. We show that the level of probe binding
negatively correlates with the magnitude of the
cellular membrane potential. Thus, a condition
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of high membrane potential corresponds to low
levels of bound azidopyrene, whereas cells hav-
ing a low membrane potential bind high levels
of probe. Binding is not affected by the level of
ceiluular ATP. Probe associates with outer and
inner membranes in cells with a high or low
membrane potential. This system should be use-
ful for elucidating the cellular changes that re-
sult in altered probe binding.

MATERIALS AND METHODS
Bacterial strains and media. E. coli K-12 strain

JK1 (W3110 rpsL A-), strain AN180, and its uncA401
derivative (AN120) were used. Medium 63 (23) was
supplemented to 0.15% glucose and 0.15% casein hy-
drolysate for JK1; 0.4% glucose, 10 jig of arginine per
ml, 1 ,Lg of thiamine per ml, and 19 MM proline for
AN120; and 0.4% glycerol, 0.15% casein hydrolysate,
and 1 Mug of thiamine per ml for AN180. If glutamine
uptake was to be measured, 10 MM glutamine was
added.

Photoactivation and binding assay of azido-
pyrene. Cells were harvested at mid-log phase by
centrifugation at 12,000 x g for 5 min at 40C and
suspended in M63 salts at room temperature to 100
Klett units (no. 42 filter). This is equivalent to 7.7 x
10' cells per ml. Portions of 5 ml were added to 150-ml
beakers (2-inch [ca. 5-cm] diameter) or 10 ml to 400-
ml beakers (3-inch [ca. 7.5-cm] diameter) and incu-
bated for 5 min. This and all subsequent manipulations
were carried out with continuous gentle shaking at
370C. Appropriate effectors were added, and incuba-
tion was continued for another 5 min before addition
of [3H]azidopyrene (in methanol) in the dark. The
final concentration of azidopyrene was 2 MM and ap-
proximately 5,000 cpm/ml. The final methanol con-
centration never exceeded 0.2%. After 5 min of incu-
bation in the dark, the samples were placed 26 cm
under a prewarmed General Electric sunlamp (275 W,
110 to 125 V) and irradiated for 10 min. This treatment
led to an increase in solution temperature of less than
20C over the 10-min period. Subsequent steps were
performed under ambient light. Quadruplicate por-
tions of 0.5 ml were removed and centrifuged for 2 min
in an Eppendorf model 3200 centrifuge at room tem-
perature, and the resulting pellets were then washed
twice in M63 salts containing 6 mg of bovine serum
albumin (BSA) per ml. The presence of BSA in the
wash solution greatly increased the reproducibility of
the data. It is possible that BSA served to scavenge
free probe. The samples were resuspended in 0.5 ml of
this same M63/BSA buffer, filtered onto membrane
filters (Celotate, Millipore Corp.; 0.5-nm pore size,
prewashed with the M63/BSA buffer), and washed
twice with 3 ml of this same buffer. The filters were
dried, and radioactivity was determined by counting
the samples in 10 ml of toluene with 4 g of 2,5-diphen-
yloxazole per liter. Azidopyrene binding is expressed
as the percentage of counts per minute added that
remained on the filter. The total counts added was
deternmined by spotting 0.05 or 0.1 ml of the photolyzed
suspension onto a dry filter. Nonspecific binding of
photolyzed azidopyrene to filters was 2.5% and was
determined after photolysis in M63 salts in the absence

of cells. Data are presented without any correction for
such nonspecific adsorption.
Amino acid uptake. Proline uptake was measured

during illumination in cultures under conditions iden-
tical to those used to measure azidopyrene binding,
except that [3H]proline replaced [3H]azidopyrene.
[3H]proline was added immediately after the begin-
ning of irradiation to a final concentration of 19 ,uM
and specific activity of 30 Ci/mol. Samples (0.05 ml)
were filtered, using membrane filters (no. BA85,
Schleicher & Schuell Co.; 0.45-nm pore size) that had
been prewashed with 0.1 M lithium chloride. Filters
were washed once with 3 ml of 0.1 M lithium chloride
and dried; the radioactivity was then determined as
described above with [3H]azidopyrene. The nonspe-
cific uptake at zero time was determined by pipetting
cells and then [3H]proline onto a prewashed filter and
immediately beginning the vacuum and wash. The
zero-time value was subtracted from all time points.

Glutamine uptake was measured in a similar assay,
but ['4C]glutamine replaced proline and was added to
10 MM and 5 Ci/mol. The filters were washed once
with 10 ml of 0.01 M Tris (pH 7.3)-0.15 M NaC1-0.5
mM MgCl2, and the incubation was not carried out
under the sunlamp.
ATP assay. ATP levels were determined by the

luciferin-luciferase assay as described by Berger and
Heppel (6), with the following modifications. The per-
chloric acid extract was frozen overnight. Such storage
did not result in any loss of ATP activity. Potassium
perchlorate was removed by centrifugation for 10 min
at 2,600 x g instead of by filtration. Cell extracts or
ATP standards were added after endogenous light
emission had subsided. Light emission was detected
by a Beckman LS-100 scintillation counter.

Starvation. Starvation of JK1 was achieved by
using a-methylglucoside and sodium azide according
to the procedure of Purdy and Koch (29). ATP levels
were depleted in AN120 simply by washing the cells
twice in M63 salts, resuspending them to 100 Klett
units in the same buffer, and incubating them for 1 h
with shaking at 370C. After incubation, they were
washed twice in M63 salts and resuspended to 100
Klett units in that same buffer.
Probe localization. Strain JK1 was grown and

photolyzed as detailed above for the binding assay
except for the following changes. Portions of 100 ml
were photoactivated in 1,000-ml beakers. The extent
of binding was comparable to that obtained with
smaller portions. After the sunlamp was turned off,
glucose was added to the starved samples, and incu-
bation continued for 5 min. The cells were harvested
and washed twice with M63/BSA buffer containing
0.4% glucose. Membrane separations were performed
as described by Smit et al. (34) with the modifications
of Crowlesmith et al. (9), except for the following
changes. After the cells were washed once with ice-
cold 10mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES) buffer, pH 7.4, they were sus-
pended in 1 ml of the HEPES buffer containing 40 Mg
of RNase and DNase. This cell suspension was passed
once through a French pressure cell at 12,000 lb/in2.
The lysate was centrifuged for 20 min at 40C and 1,000
x g, and the entire supernatant was layered onto a
sucrose gradient of three steps (10 ml of 2.02 M, 13 ml
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of 1.44 M, and 14 ml of 0.77 M). All sucrose solutions
contained HEPES buffer. Centrifugation was for 12 h
in a Beckman SW27 rotor running at 27,000 rpm. The
gradients were fractionated by pumping distilled water
onto the top and collecting fractions from the bottom.
The radioactivity in each sample was quantitated by
trichloroacetic acid precipitation. An equal volume of
ice-cold 10% trichloroacetic acid was added to the
samples before filtration onto membrane filters (no.
BA85; Schleicher & Schuell Co.; 0.45-gtm pore size)
which had been prewashed with 10% trichloroacetic
acid. The filters were washed twice with ice-cold 10%
trichloroacetic acid and placed directly into 10 ml of
Biofluor. Within a few hours, the filters dissolved, and
the sample was counted. This method allowed quan-
titative (greater than 90%) recovery of tritium counts
present in the lysate.

Azidopyrene. 1-[3H]azidopyrene and 1-azidopyr-
ene were supplied by Michael Kilbourn, University of
Ilinois. The concentration of azidopyrene in stock
solutions was determined from its molar extinction
coefficient of 49,000 at 357 mm (X..). Using thin-layer
chromatography on silica gel, we found that 1-[3H]-
azidopyrene (stored at 4 Ci/mmol over 1 year) under-
went decomposition to form a preparation containing
48% 1-[9H]azidopyrene, 33% [3H]aminopyrene, and
19% unidentified products. In this regard it is impor-
tant to point out that except where specifically noted
in the text, experiments were carried out with [3H]-
azidopyrene containing little or no decomposed azi-
dopyrene. Since other workers have reported that 1-
[lHlazidonaphthalene (stored at 3 Ci/mol) sustained
extensive radiation damage (5), it is possible that
decomposition of radiolabled azides may be a general
problem in the storage of such chemicals.

Reagents. [3H]proline was purchased from Amer-
sham/Searle; [V4C]glutamine and Biofluor were pur-
chased from New England Nuclear Corp. Carbonyl
cyanide m-chlorophenylhydrazone (CCCP), L-ascorbic
acid, phenazine methosulfate (PMS), and BSA (frac-
tion V, 96 to 99% albumin) were obtained from Sigma
Chemical Co. D-(-)-Lactate (lithium salt) was pur-
chased from Boehringer Mannheim Corp., and casein
hydrolysate was from ICN.

RESULTS
Azidopyrene binding assay. An assay was

developed to quantitate the amount of [3H]azi-
dopyrene irreversibly bound to celis after pho-
tolysis. The probe is allowed to equilibrate with
cells in the dark. After 5 min the probe is asso-
ciated with the cells to the same level as after
optimal photolysis (data not shown), but this
binding is reversed ifthe energy state ofthe cells
is changed before photolysis. This assay is illus-
trated (Fig. 1) by an experiment in which the
time required for optimal irreversible probe
binding was established. For this experiment
washed cells were either starved (see Materials
and Methods) or stored at 40C for approximately
2 h before addition of azidopyrene. These sus-
pensions were then illuminated, and at varying

times portions were removed to the dark. Each
portion was washed twice with the M63/BSA
buffer and then energized by the addition of
glucose before filtration. Upon energization, only
irreversibly bound probe (i.e., probe which is
photolyzed to produce a nitrene and presumably
becomes covalently bound) remains with the cell
and is retained on the filter. As can be seen,
starved cells retained more probe than un-
starved cells, but in both cases photoactivation
was complete after 10 min of irradiation. Al-
though the amount of probe associated with
cells was the same whether or not the cells were
subsequently irradiated (data not shown), irre-
versible binding was dependent upon illumiina-
tion (Fig. 2). It is evident that in contrast to
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FIG. 1. Time course ofphotoactivation of[3H]azi-
dopyrene. Starved (0) or unstarved (0) cells ofstrain
JK1 were irradiated in thepresence of[3HJazidopyr-
ene for the indicated times and then energized and
assayed in the dark for the amount of bound azido-
pyrene as described in Materials and Methods.
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FIG. 2. Light-dependent binding ofazidopyrene to
starved cells of strain JKI. Starved cells were incu-
bated for the indicated times with irradiation (O) or
in the dark (O) and then reenergized and assayed in
the dark as described in Materials and Methods.
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irradiated cell suspensions, cells stored in the
dark before energization by glucose and subse-
quent filtration retained little probe.
Azidopyrene binding correlates to the

membrane potential (A4'). To determine
whether azidopyrene binding correlates to the
cellular membrane potential or ATP levels, an
E. coli uncA mutant was used (Table 1). In this
mutant, the membrane-associated ATPase is de-
fective, and therefore there is no conversion
between membrane potential and ATP. This
allows ATP and A4i to be varied independently.
Although ATP levels can be determined di-
rectly, we found it impossible to measure AAk by
using triphenylmethylphosphonium ion. The ac-
cumulation of this hydrophobic cation in celLs
treated with EDTA is a direct measure of the
membrane potential (32, 37), but such EDTA
treatment causes a large increase in azidopyrene
binding (data not shown). We therefore chose to
use proline uptake as an indirect measure of
A4'. This approach is justified since it is known
at pH 7.0 that active transport of proline is
dependent on the generation of A4 (31).
Probe binding was inversely correlated to the

membrane potential and not to cellular ATP
levels. Conditions of high (high proline trans-

TABLE 1. Azidopyrene binding, proline uptake, and
ATP levels in an uncA mutant

Proline
ATP' uptake
(nmol/ (nmol/

Addition mg of mg of % Azidopyrene
Addition

cell cell boundb

pro- protein
tein) per

min)
None 0.5 3.0 6.9 (6.8, 6.9, 6.8,

7.0)
Glucose (0.4%) 10.0 10 4.1 (4.4,5.1,2.9)
D-Lactate (20 mM) 0.9 16 2.5 (3.2,2.1,1.5,

3.2)
Glucose (0.4%) + D- 13.5 14 2.8 (2.8, 3.1, 2.8,

lactate (20 mM) 2.5)
CCCP (60 j&M) 0.4 <1 12.8 (10.9, 14.3,

13.4, 12.5)
Glucose (0.4%) + 7.2 <1 13.6 (12.8, 13.3,
CCCP (60 pM) 13.9, 14.5)

a ATP was determined in parallel cell suspensions contain-
ing [3H]azidopyrene or [3H]proline (see Materials and Meth-
ods). Sampling was 30 min after the start of illumination. The
data are expressed as the average of triplicate determinations
from each suspension (i.e., the average of six values).

bSince the preparation used in this experiment contains
substantial amounts (see Materials and Methods) of decom-
posed azidopyrene (in the form of aminopyrene), these values
correspond to the sum binding of azidopyrene plus aminopyr-
ene. Of these, only azidopyrene would be covalently bound to
the cells. Similar binding values are obtained when azidopyr-
ene preparations containing no decomposition products are
used. Individual values used in computing average are given
in parentheses.

port) resulted in low probe binding, whereas
conditions of low AAb (CCCP-treated cells) led to
a relatively high amount of probe being bound.
In contrast, 15- to 18-fold differences in ATP
levels led to no significant differences in binding
of azidopyrene, whether A4 was high or low. The
ATP formed in such cells was available as a
source of energy (Table 2).-Glutamine transport
is known to be dependent on phosphate bond
energy derived from ATP (6), and it is clear that
high ATP levels correlate with high glutamine
uptake.

In the above experiments, it is not unambig-
uously established that probe binding correlates
to A4 and not to some metabolic product derived
from catabolism of glucose or lactate. However,
the addition of the artificial electron-donating
system ascorbate/PMS resulted in low azido-
pyrene binding (Table 3). As expected, this effect
was abolished by inhibition of electron transport

TABLE 2. Giutamine uptake andATP levels in an
uncA mutant

Gluta-
ATP mie up-
(nimol/ take

Addition mgof(nmoo
celi- mg ofceU pr-Clpo
tein) cell pr

min)

None 0.3 <1
Glucose (0.4%) 14.0 34
D-LaCtate (20 mM) 0.8 2.5
D-LaCtate (20 mM) + CCCP 2.0 1.0

(60 JM)
Glucose (0.4%) + CCCP (60 7.5 15
JM)

TABLE 3. Effect ofascorbat4/PMS onproline
uptake and azidopyrene binding

Proline
uptake

Addition (nmol/ % Azidopyrene
mg of bound

cell pro-
tein)

None 2.0 9.4 (10.9, 9.2,8.0)
Ascorbate (20 mM) + 10.0 5.3 (5.6, 5.8, 4.8,
PMS (0.1 mM) 4.9)

Ascorbate (20 mM) + 1.5 8.2 (9.0, 8.2, 8.9,
PMS (0.1 mM) + 6.7)
KCN (3 mM)

Ascorbate (20 mM) + <0.2 10.5 (13.7, 9.1,
PMS (0.1 mM) + 8.9, 10.4)
CCCP (60 ,uM)
I Strain used was AN180 grown as described in

Materials and Methods with 0.4% glycerol as carbon
source.

b Individual values used in computing average are
given in parentheses.
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by cyanide or collapse of the membrane poten-
tial by CCCP. These results indicate that it is
the membrane potential and not some aspect of
metabolism that affects probe binding.

Since a full understanding of the phenomenon
under investigation requires localization of cell-
associated probe (see below), the determinations
described in this section were carried out under
conditions in which the probe was irreversibly
bound to the cells via photolysis. It is important
to point out that such photolysis had no adverse
effects on the ability of cells to be energized. For
example, active transport of proline was linear
throughout the 10-min period of photolysis, and
ATP levels were similar whether assayed before
or after photolysis.
Probe localization. To determine the loca-

tion of cell-associated probe, both starved and
unstarved celLs containing bound azidopyrene
photoproduct were disrupted in a French pres-
sure cell, and the total cell lysate was subjected
to sucrose gradient centrifugation under condi-
tions which separate inner and outer membranes
from other cell constitutents.
Probe associated with either starved or ener-

gized cells was found almost entirely in two
peaks which migrated well ahead of unbound
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FIG. 3. Distribution ofprobe in starved and ener-
gized cells ofstrain JKI. [3H]azidopyrene (final con-
centration, 2 M; 35,000 cpm/ml) was added to sus-
pensions of cells which had been starved (-) or not
starved and energized by addition of 0.4% glucose
(0). After photolysis and ceU breakage as described
in Materials and Methods, equal amounts of (OD2w
units) lysate were loaded onto separate sucrose gra-
dients and subjected to centrifugation. Sedimentation
was from right to left. Gradients were fractionated,
and radioactivity was determined as described in
Materials and Methods. ODAm recovery is typically
100%. Greater than 90% of the counts added to the
gradient were precipitable by trichloroacetic acid.
The arrow indicates theposition to which photolyzed
free azidopyrene migrates under these conditions.
The cells used in this experiment bound 12% (ener-
gized) and 24% (starved) of the azidopyrene present
in the cell suspension.

photolyzed azidopyrene (Fig. 3, arrow). It was
established in several ways that these peaks
coincided exactly with the position of inner and
outer membranes. When the optical density at
280 nm (0D280) profiles of the gradients shown
in Fig. 3 were determined, three peaks were
observed (data not shown). Two of these coin-
cided with the peaks of radioactivity, whereas
the third was centered at fraction 41 and prob-
ably represents absorbance from cellular non-
membrane material. When cells grown with
[3H]acetate to label membrane phospholipids
were subjected to a similar treatment and anal-
ysis, the obtained profile of radioactivity was
identical to that seen in Fig. 3 except for an
additional peak of radioactivity near the top of
the gradient. Whereas only the peak nearest the
bottom in Fig. 3 (fractions 7 to 14) contained
detectable colicin Ib receptor activity (an outer
membrane marker, 21), 89% of the total NADH
oxidase activity (an inner membrane marker)
was confined to the peak contained in fractions
21 to 28, and 11% was in the peak at fractions 7
to 14.
These data together with a comparison of our

results with published profiles of similar prepa-
rations (9, 34) unambiguously establish that azi-
dopyrene is associated almost entirely with inner
and outer membranes. Furthermore, it can be
seen that although the distribution of azidopyr-
ene between inner and outer membranes is iden-
tical in starved and energized cells, membranes
isolated from starved cells contain more probe.

DISCUSSION
Although azidopyrene binding is inversely cor-

related with the magnitude of the membrane
potential in whole cells, this relationship must
be indirect due to the neutral character of the
probe. Furthermore, less quantitative studies
utilizing negative, positive, and neutral probes
are consistent with the results and conclusions
presented here. It seems likely that azidopyrene
binding responds to structural changes in the
cell envelope occurring as a direct consequence
of the membrane potential. These structural
changes must be reversible in order to account
for the reversibility of probe binding upon ener-
gization in the absence of photolysis. ATP can-
not elicit this change in the absence of a change
in membrane potential even though ATP serves
as an energy donor for glutamine transport, a
function occurring across the envelope.
Although the results of several studies indi-

cate that small hydrophobic molecules penetrate
the outer membrane of intact E. coli and Sal-
monella typhimurium poorly (22, 27), we find
substantial association of azidopyrene with
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whole celis ofan E. coli K-12 strain. We estimate
that energized and deenergized cells bind on the
average approximately 6 x 104 and 1.8 x 106
probe molecuiles per cell, respectively. Our re-
sults demonstrate that in both energized and
deenergized celLs, such cell-bound probe is as-
sociated with inner and outer membranes. The
critical question i what structural transitions
account for decreased probe binding upon gen-
eration of a membrane potential across the inner
membrane.

Helgerson and Cramer (13) found that EDTA-
treated cells showed high binding of the neutral
hydrophobic probe NPN compared with that
observed in energized cells. They proposed that
increased probe uptake results from a permea-
bility change in the outer membrane which al-
lows NPN access to the inner membrane. This
explanation is difficult to reconcile with the re-
versible nature of the probe response. Thus,
although a simple permeability change could
explainhow probe gets into the inner membrane,
it does not explain how probe is expelled upon
energization. We think it likely that increased
association with deenergized cells results at least
in part from increased binding to the cell enve-
lope via the generation of new available binding
sites in response to a decrease in A+4.
One can only speculate as to how a change in

inner membrane Af can bring about structural
changes which could result in increased binding
of azidopyrene. Possible binding to protein,
phospholipid, lipopolysaccharide, or other en-
velope components may be shielded in energized
cells. Since dissolution of azidopyrene into the
fatty acid domains of phospholipids and lipo-
polysaccharide would require displacement of
fatty acid chains, one can consider the possibility
that the energy state of the inner membrane
influences the lateral pressure of fatty acid
chains (8, 11). This might influence their inter-
action with azidopyrene.

Just how the magnitude of the membrane
potential across the inner membrane is able to
influence outer membrane structure remains to
be explained. It is possible that ionic species in
proximity to the outer membrane might respond
directly to the inner membrane A+. Membrane
potential-dependent changes in the inner mem-
brane might be communicated to the outer
membrane through sites of adhesion (3) or ap-
position (20). It is also possible that the energy-
dependent translocation of membrane compo-
nents from the inner to the outer membrane
confers a specific structural state and that this
condition results in suboptimal interaction with
azidopyrene. In this regard it is interesting to
note that the translocation of phospholipids

from the inner to the outer membrane of E. coli
is inhibited by reagents that disrupt the proton
motive force, but not by arsenate, which reduces
cellular ATP (10). It is further possible that Ai
might influence the pressure of the inner mem-
brane against the outer membrane (35) and in
so doing affect the volume of the periplasmic
space. Such changes might well be translated
into altered probe binding. Although the effect
of membrane energization of the magnitude of
the Donnan potential across the outer mem-
brane (35) is not known, one could imagine that
this potential might indeed affect binding of
azidopyrene to the cell envelope.

Nitrenes, the purported reactive species of
azido probes, are very reactive and can undergo
a variety of reactions which lead to covalent
attachment to neighboring molecules (19). Al-
though there have been reports that azido
probes do not insert into phospholipids with
saturated fatty acids (4, 12), recent work has
demonstrated covalent attachment of azido
probe derivatives to both intrinsic proteins (5,
16-18, 39) and lipids (5). Studies are under way
to determine the specific location of azidopyrene
in energized and deenergized E. coli K-12 cells.
These studies should lead to an understanding
of the relationship between envelope structure
and the energy state of cells.
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