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In gram-negative bacteria, coexpression of single- and multicomponent efflux pumps may result in multi-
plicative enhancement of the level of resistance against cytoplasmically acting antibiotics. Here, a simple model
is presented to show that this cooperative effect can be accounted for only if substrate capture by the
multicomponent efflux transporter occurs in the periplasm but not the cytosol.

Multicomponent efflux pumps, exemplified by the Esche-
richia coli AcrAB system (5), provide an important means of
drug (9) and solvent (11) resistance in gram-negative bacteria.
These systems span both the inner and the outer membranes
and the periplasm (14), and they were initially assumed to
capture substrates in the cytoplasm and directly export them
across both membranes. However, recent functional (2, 6, 12)
and structural (4, 8, 13) data favor the view that substrate
capture may actually occur in the periplasm, thus accounting
for the fact that these systems may confer resistance against
beta-lactam antibiotics. Nevertheless, since AcrAB also medi-
ates resistance to cytoplasmically acting and highly membrane-
permeative drugs, such as chloramphenicol and tetracyclines
(10), the possibility remains that the latter might be captured
from the cytoplasm, thus providing a dual route of substrate
efflux.

A second type of efflux transporter is represented by single-
component pumps located in the inner membrane, such as
TetA (7) and CmlA (1). In a very thorough study on the effects
of coexpressing various combinations of efflux transporters (3),
Lomovskaya and colleagues found that the combination of a
multicomponent efflux transporter with a single-component
pump (with overlapping drug specificity) resulted in multipli-
cative enhancements of the levels of drug resistance. In con-
trast, combinations of like types of transporters resulted in
additive levels of drug resistance only. This pattern was con-
sistently observed with several combinations and expression
levels, with both E. coli and Pseudomonas aeruginosa, and with
both chloramphenicol and tetracycline.

To explain the observed multiplicative enhancement of drug
resistance, the authors presented a model based on the differ-
ent target compartments of pump action; they did not explicitly
address the compartment of substrate capture by the multi-
component pumps. Here, it is shown that the observed multi-
plicative level of resistance can be accounted for only if sub-
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strate capture by the multicomponent pump occurs in the
periplasm but not in the cytosol. This conclusion is based on
the following assumptions. (i) Drug diffusion and active efflux
are in dynamic equilibrium across both the inner and the outer
membranes. (ii) The rates of efflux are proportional to the
substrate concentration in the cell, i.e., [§] < K,,,.

We will use the following definitions: C.,, C,, C.,, concen-
tration of the antibiotic in the cytoplasm, periplasm, exterior;
D,, D, diffusion rates across the inner, outer membrane; d,, d,,
diffusion rate constants for the inner, outer membrane; P;, P>y,
P,, efflux pumping rates across the inner membrane, both
membranes, the outer membrane; p;, poa, P, efflux rate con-
stants across the inner membrane, both membranes, the outer
membrane; these constants comprise both the number of the
efflux pump molecules and their specific activity for the anti-
biotic in question; pI,, p2;, etc., efflux rate constants for indi-
vidual pumps expressed in combinations.

Note that both diffusion and efflux will be treated in a sim-
plified manner, since the area across which mass transfer oc-
curs is the same for both processes and thus cancels out.

Let us first consider the simple case of a single-component
efflux pump in the cytoplasmic membrane (cf. Fig. 1A). Here,
the periplasmic substrate concentration will equal the exterior
concentration:

ex’

C,p = Cex (1)

The rate of diffusion across the inner membrane will be
proportional to the concentration gradient:

pp

D;=d;-(Cp, — Cq) (2)
The rate of efflux will be given by
P, =p;- Ccyt (3)

From equations 1 to 3 and the equilibrium condition (D; =
P,) we obtain

Cext/Ccyl =1 +pi/di (4)

For cytoplasmically acting antibiotics, C,,,/C,,, will be the

factor of resistance conferred by the pump. If we combine two



5288 NOTES

M OM

oyt PP ext

B) Py >

b, <= b

i o

C) P, P

D, D

i o

FIG. 1. Schematic of drug influx and efflux across the two mem-
branes of the gram-negative cell. (A) A single-component efflux pump
in the inner membrane. The symbols P; and D; represent efflux and
diffusion, respectively, which will be equal at equilibrium. (B) A mul-
ticomponent efflux pump, with (hypothetical) substrate capture from
within the cytoplasm. At equilibrium, the rate of efflux (P,,,) equals
diffusion across both the inner (D;) and the outer (D,) membrane.
(C) A combination of a single-component pump with a multicompo-
nent pump that captures its substrate from the periplasm. Equilibrium
of pumping and diffusion rates exists separately for the two mem-
branes; the pumps are working in series.

simple pumps (which work in parallel across the cytoplasmic
membrane), it is easy to see that equation 4 will become

Coxt/Coy =1 + (pl; +p2)/d; =1+ plj/d; + p2,/d, (4a)

This is in line with the experimentally observed additive level
of resistance conferred by two simultaneously expressed single-
component pumps (3).

Next, let’s consider a multicomponent pump, assuming sub-
strate capture to occur exclusively in the cytosol (cf. Fig. 1B).
At equilibrium, diffusion across the outer membrane will equal
that across the inner membrane, and both will equal pumping:

Di:Do:PZM (5)

Diffusion across the outer membrane will again depend on
the concentration gradient:

Do = do ) (Cexl - Cpp) (6)

Diffusion across the inner membrane will still conform to
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FIG. 2. Modeled antibiotic resistance levels for the combination of
a multicomponent efflux pump with a single-component pump. The
axis next to the solid arrow represents the level of resistance conferred
by the multicomponent pump alone, while the dashed arrow indicates
the resistance due to the single-component pump; the ranges have
been selected arbitrarily. The axes are graded in units of fold increase
of inhibitory drug concentrations conferred by the pumps. The surfaces
represent the levels of resistance conferred by the two pumps com-
bined. In panel A, substrate capture by the multicomponent pump is
assumed to occur in the cytosol, and the area has been calculated using
equation 12. In panel B, periplasmic substrate capture is assumed, and
equation 14 has been used. Only periplasmic substrate capture results
in a multiplicative action of the two pumps.
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equation 2. With a P,,, value of >0, this means that equation
1 will no longer apply; instead,

Ccyt < Cpp < Cext (7)

Since substrate capture is supposed to occur in the cytosol,
the rate of efflux pumping will again be proportional to the
cytoplasmic concentration:

Py = pom Ccyt (8)

From equations 2, 3, 5, 6, and 8 we obtain

Cext/Ccyt =1 +p2M/di+p2M/do (9)

For the case of combining two multicomponent pumps, we
obtain

cht/ccyt =1+plwm/d;+ plyu/d, + p2ou/d; + p2u/d, (9a)

Again, this agrees with the experimental finding of additive
action of two different multicomponent efflux transporters
combined (3).

Now, let’s turn to the case of combining a single-component
pump with a multicomponent pump, again assuming substrate
capture by the multicomponent pump to occur exclusively in
the cytoplasm. Direct export across both membranes will equal
diffusion across the outer membrane:

Do:P2M (10)

The combined efflux from the cytoplasm mediated by the
two pumps will equal diffusion from the periplasm into the
cytoplasm:

D;=P;+ Py (11)

The individual components of mass transfer will still obey
the above equations 2, 3, 6, and 8. In conjunction with equa-
tions 10 and 11, we obtain

Cext/Ccyl =1 +pi/di +p2M/di +p2M/do (12)

By comparison with equations 4 and 4a and 9 and 9a above
and from the example data in Fig. 2A, we see that this is just
the additive effect of the two individual pumps. This is because
both pumps, despite their different target compartments, cap-
ture the substrate from the same source compartment (the
cytosol) and thus still will work in parallel rather than in series.
For working in series with the simple efflux transporter, the
multicomponent pump must capture its substrate from the
periplasm. In that case, the relation expressed in equation 4
will hold for both the inner and outer membranes, respectively
(cf. Fig. 1A and C):
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Cpp/Cou =1+ pidd; and C./C,,=1+p,d, (13)
from which we obtain
Cexl/ccyl = (1 +pl/dl)(1 +pu/d0) (14)

Figure 2B illustrates that this final formula indeed accounts
for the experimentally documented multiplicative effect of co-
expressing a single-component efflux pump with a multisubunit
efflux pump (3). It thus turns out that only periplasmic sub-
strate capture enables multisubunit-type efflux pumps to co-
operate in a multiplicative manner with single-component
transporters located in the inner membrane. Moreover, coex-
pression with a well-characterized pump should provide a use-
ful experimental strategy for assessing the compartment of
substrate capture for an uncharacterized extrusion system.

This work was supported by an Operating Research Grant from
NSERC to M.P. (no. 250265-2003-GSC-032).
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