
Multidrug Recognition   151

The Ostensible Paradox of Multidrug Recognition

*For correspondence. Email neyfakh@uic.edu.

J. Mol. Microbiol. Biotechnol. (2001) 3(2): 151-154.

© 2001 Horizon Scientific Press

JMMB Symposium

Alex A. Neyfakh*

Center for Pharmaceutical Biotechnology (M/C 870),
University of Illinois, 900 S. Ashland Ave., Chicago, IL
60607, USA

Abstract

The ability of multidrug-efflux transporters to recognize
scores of dissimilar organic compounds has always
been considered paradoxical because of its apparent
contradiction to some of the basic dogmas of
biochemistry. In order to understand, at least in
principle, how a protein can recognize multiple
compounds, we analysed the transcriptional regulator
of the Bacillus subtilis multidrug transporter Bmr. This
regulator, BmrR, binds multiple dissimilar hydrophobic
cations and, by activating expression of the Bmr
transporter, causes their expulsion from the cell.
Crystallographic analysis of the complexes of the
inducer-binding domain of BmrR with some of its
inducers revealed that ligands penetrate the
hydrophobic core of the protein, where they form
multiple van der Waals and stacking interactions with
hydrophobic amino acids and an electrostatic bond
with the buried glutamate. Mutational analysis of the
binding site suggests that each ligand forms a unique
set of atomic contacts with the protein: each tested
mutation exerted disparate effects on the binding of
different ligands. The example of BmrR demonstrates
that a protein can bind multiple hydrophobic
compounds with micromolar affinities by using only
electrostatic and hydrophobic interactions. Its ligand
specificity can be further broadened by the flexibility
of the binding site. It appears, therefore, that the
commonly expressed fascination with the relaxed
substrate specificity of multidrug transporters is
misdirected and originates from an almost exclusive
familiarity with the more sophisticated processes of
specific molecular recognition that predominate
among proteins analyzed to date.

The Problem of Multidrug Recognition

All living cells express multidrug-efflux transporters. Each
of these membrane proteins actively extrudes structurally
dissimilar organic chemicals thus protecting cells from their
toxic effects. The first such transporter, mammalian P-
glycoprotein, has been discovered in the early seventies.
To date, due to the efforts of many research groups, the
list of multidrug transporters has grown to at least a hundred
and includes transporters of mammalian cells, lower
eukaryotes, archaebacteria, and both Gram-positive and
Gram-negative eubacteria (Ambudkar et al., 1999;

Kolaczkowski and Goffeau, 1997; Loo and Clarke, 1999,
Nikaido, 1998;  van Veen and Konings, 1997).

Since many antitumor, antibacterial and antifungal
agents used in clinics are substrates of multidrug
transporters, these proteins create serious obstacles for
chemotherapy of cancer and infectious diseases and thus
are of immense clinical importance. However, it is not the
clinical importance alone which makes the phenomenon
of multidrug efflux interesting. The problem that has
fascinated researchers since the discovery of P-
glycoprotein is the apparent ability of multidrug transporters
to interact functionally with moderately hydrophobic organic
compounds having no obvious structural consensus. Many
of these proteins have been demonstrated to promote efflux
of dozens of dissimilar drugs, even hundreds in the case
of the most thoroughly analyzed P-glycoprotein. It should
be noted that multidrug transporters are not nonspecific
but rather polyspecific: although they effect efflux of many
hydrophobic compounds, not every hydrophobic drug can
be effluxed by them. Furthermore, different substrates of
a multidrug transporter can significantly differ in transport
affinities while different multidrug transporters can differ in
the spectra of transported drugs. Nevertheless, the level
of substrate promiscuity of these transporters goes far
beyond that of any other known transporter or enzyme.

The traditional model of membrane transport
postulates that a transporter first binds the transported
substrate and then undergoes a conformational change
forcing the bound substrate to dissociate on the other side
of the membrane. However, from what we know about the
binding of substrates to enzymes, such binding must
involve the establishment of a specific set of atomic
interactions between the enzyme residues and the
substrate molecule. Not surprisingly, the very thought that
a binding site of a transporter would be able to establish
such interactions with scores of structurally dissimilar
molecules has been perceived by many as a “violation of
fundamental laws of biology and chemistry” (Roepe, 2000).

In order to circumvent the seemingly intractable
multidrug recognition problem, a number of researchers
entertained an idea that multidrug efflux occurs indirectly,
without physical contact between the transporter and its
structurally diverse substrates. One of such hypotheses,
most frequently expressed in the literature (see, for
example, Wadkins and Roepe, 1997), postulates that
multidrug transporters transport not drugs but mineral ions,
thus changing the pH gradient across the membrane and
dissipating membrane negative electric potential. As a
result, drugs, most of which are positively charged or can
be protonated to become positively charged, redistribute
from cells into the surrounding medium according to the
Nernst equation.

In spite of the ingenuity of this and other indirect efflux
ideas, they contradict a number of experimental facts. The
most convincing of these facts is the multiply documented
finding that certain mutations introduced into the transporter
sequence change substantially the substrate specificity of
a transporter (Ambudkar et al., 1999; Edgar and Bibi, 1999;
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Klyachko et al., 1997; Loo and Clarke, 1999;  Paulsen et
al., 1996;  van Veen and Konings, 1997). Each mutation of
this kind produces a unique set of changes in the efflux
rates of different compounds: some of the drug substrates
are effluxed worse, some better, while the efflux of others
remains unchanged. Importantly, different mutations cause
entirely different changes in the efflux rates. This set of
observations is utterly inconsistent with the indirect efflux
idea, but is fully compatible with the traditional view, namely
that multidrug transporters, like other transporters, possess
substrate-binding sites whose structure is affected by the
specificity-altering mutations.

The existence of multidrug-binding sites in multidrug
transporters is further supported by the existence of scores
of structurally dissimilar inhibitors of these proteins, e.g. of
mammalian P-glycoprotein (Ambudkar et al., 1999; Loo
and Clarke, 1999) or NorA of Staphylococcus aureus
(Markham et al., 1999). The inhibitors are believed to be
recognized by these transporters as substrates, but are
transported either very slowly, or not at all, thus preventing
the effective transport of drugs.

Although apparently highly unusual, the ability to
recognize multiple drugs has arisen many times in the
evolution of membrane proteins. As discussed in other
contributions to this symposium, sequence comparisons
have shown that multidrug transporters belong to multiple
evolutionary families of proteins. Importantly, even within
one family, a multidrug transporter can display much closer
sequence similarity to a regular, substrate-specific
transporter than to another multidrug transporter. For
example, the homologous multidrug transporters – Bmr
and Blt of Bacillus subtilis (Ahmed et al., 1995; Neyfakh et
al., 1991), and NorA of S. aureus (Neyfakh et al., 1992) -
are much closer in terms of sequence similarity to the
tetracycline-specific efflux transporters of Gram-negative
bacteria than to other multidrug transporters of the same
superfamily of major facilitators. In spite of independent
evolutionary origins, even clearly unrelated multidrug
transporters, such as P-glycoprotein and Bmr, demonstrate

surprising functional similarities. These include very broad
but similar spectra of transported drugs (mostly
hydrophobic cations such as rhodamine, ethidium, acridine
dyes, etc.) and similar inhibitors (e.g., reserpine). It appears
that multidrug transporters of different evolutionary descent
use similar mechanisms for multidrug recognition.

Over the past two decades, the problem of substrate
recognition by multidrug transporters has been addressed
in numerous studies that used methods of biochemical,
mutational or kinetics analysis. These approaches brought
about vast amount of specific knowledge about the
functioning of these peculiar proteins. However, these
methods are inherently inadequate in addressing the
problem that is at the heart of the multidrug recognition
paradox. Almost by definition, a clear idea about the atomic
interactions involved in the recognition of multiple drugs
can come only from structural studies of the transporters
and their complexes with the substrates. Although several
multidrug transporters, including P-glycoprotein (reviewed
in Ambudkar et al., 1999; Loo and Clarke, 1999), EmrE
(Schuldiner et al., 1997) and Bmr (data not shown) have
been purified, their high hydrophobicity makes their
structural analysis at the atomic level very difficult at the
present time.

Recognition of Multiple Drugs by BmrR

In our studies, we addressed the problem of multidrug
recognition by investigating a different, yet related protein,
which has a clear advantage of being soluble and thus
amenable to structural analysis. This protein, BmrR, is a
transcriptional regulator of the B. subtilis multidrug
transporter Bmr (Ahmed et al., 1994). Similar to Bmr itself,
BmrR recognizes multiple structurally dissimilar
hydrophobic cations. Upon their binding, it activates the
transcription of the bmr gene and the expression of the
transporter, thus leading to the efflux of the potentially toxic
cations from the bacterial cell. BmrR is a member of the
MerR family of transcriptional regulators and, like all

Figure 1. Structures of BRC (a) and a complex of BRC with one of its inducers, tetraphenylphosphonium (b). Indicated are: the buried glutamate (Glu134), the
α-helix which gets disordered in the complex (α2 helix), and the molecule of the inducer (TPP).



Multidrug Recognition   153

members of this family, consists of an N-terminal DNA-
binding domain, which in the case of BmrR recognizes the
bmr promoter, and a C-terminal inducer-binding domain.

This latter domain has been expressed individually and
shown to retain the ability to bind a number of structurally
diverse inducer molecules with affinities ranging from
submicromolar to tens of micromolar (Markham et al., 1996;
Vazquez-Laslop et al., 1999). The small size (159 amino
acid residues) and the solubility of this domain, termed
BRC for BmrR C-terminus, facilitated its crystallization, both
in the apo form and in complex with one of the inducers.
The results of X-ray analysis of the obtained crystals
(Zheleznova et al., 1999, 2000) are shown in Figure 1 and
can be summarized as follows.

Like most other globular proteins, BRC contains a
hydrophobic protein core, but in the case of BRC an electro
negative glutamate residue is located inside this core
(Glu134 in Figure 1). The molecules of inducers penetrate
the hydrophobic core, where they form multiple van der
Waals and stacking interactions with the surrounding
hydrophobic residues and, most importantly, form an
electrostatic bond with the buried glutamate. In order to
reach inside the protein, inducers cause unwinding and
relocation of a short surface α-helix (α2 helix in Figure 1).
This helix, due to its amphipathic nature, normally shields
the protein core from the aqueous environment. The
unwound helix is disordered in the crystals of BRC-ligand
complexes. However, for topological reasons, it cannot
move fully away from the protein and probably serves as a
flexible lid trapping the molecule of an inducer in the bound
state. In the full-length BmrR protein, the inducer-mediated
movement of the α2 helix is likely to serve as a signal to
the DNA-binding domain effecting the conformational
change in the promoter and activation of transcription.

Two factors contribute to the ability of the rather
unusual inducer-binding site of BmrR to bind different
inducer molecules. The first factor is the nature of physical
forces that hold an inducer molecule in the bound state.
These forces are: electrostatic attraction, which must be
particularly strong in the hydrophobic environment of the
protein core, the large number of van der Waals and
stacking interactions, and finally, the hydrophobic effect,
which prompts the hydrophobic molecules of inducers to
hide inside the protein and minimize their contacts with
water molecules. Notably, no hydrogen bonds are involved
in the binding of inducers by BRC. These bonds are
considered to be the major contributors to the specificity
of molecular recognition, since they have to be of specific
lengths and orientations and, therefore, impose severe
restrictions on the chemistry of a molecule interacting with
a protein.

The second factor is the flexibility of one of the walls
of the binding site, which is formed by the unwound α-
helix. This flexibility should allow ligands of many different
structures to acquire a position within the binding pocket
with a maximum shape complementarity to the surrounding
hydrophobic residues. This necessity for shape
complementarity explains why BRC interacts with many
but not all hydrophobic cations and, like multidrug
transporters, is polyspecific rather than nonspecific. For
example, such molecules as fluoroquinolones, ethidium
or acridine, which are typical substrates of many multidrug

transporters, including Bmr, are not capable of binding
BRC.

Mutational analysis of the BRC residues directly
involved in interactions with the bound inducers has indeed
suggested that inducers of different structure form
somewhat different sets of atomic contacts with the protein
(Vazquez-Laslop et al., 1999). Like the specificity-changing
mutations of multidrug transporters, each individual
mutation in BRC exerted disparate effects on the binding
affinity of different inducers. Even the substitution of an
electro neutral alanine for the buried electro negative
glutamate residue, although completely abolishing the
binding of the majority of inducers, reduced the binding
affinity of one of them only to a minimal extent. Furthermore,
the effects of some mutations on the binding of different
inducers were opposite in direction: the binding affinity
decreased for some inducers but increased for others.

It is tempting to speculate that the same general
principles – electrostatic and hydrophobic interactions as
major forces in ligand binding; lack of involvement of
hydrogen bonds; flexibility of the binding site - govern the
process of substrate recognition by multidrug transporters.
The notion that electrostatic interactions are critical for the
transport of positively charged substrates is in fact strongly
supported by mutational and biochemical studies of several
multidrug transporters (Edgar and Bibi, 1999; Muth and
Schuldiner, 2000; Paulsen et al., 1996; Yerushalmi and
Schuldiner, 2000). However, verification of the direct
relevance of the BmrR results to multidrug transport should
await successful crystallization of at least one multidrug
transporter.

Is Multidrug Recognition a Paradox?

Probably the most important lesson from the study of BRC
is that multidrug recognition is a rather simple process that
does not require any sophisticated molecular mechanism.
More generally, this study has shown that functional
interactions of proteins with small molecules do not
automatically presume high chemical specificity. The origin
of the popular perception of multidrug efflux as a challenge
to fundamental laws of nature lies, therefore, not in some
special mechanism of multidrug recognition, but in us, or,
more specifically, in our almost exclusive familiarity with
the processes of substrate recognition by highly specific
enzymes.

Largely for historical reasons, the substrate-binding
sites, with which we are most familiar and which we
traditionally use as a paradigm for enzyme-substrate
interaction, are the binding sites of enzymes dealing with
hydrophilic molecules: sugars, amino acids, ATP, etc. These
enzymes, in order to be effective, must withstand severe
competition with numerous molecules of water for the
binding of their substrates. The only way they can achieve
this goal is to position the groups interacting with the
substrate in a way that would precisely match molecular
features of the substrate molecule. This “lock and key”
principle allows for effective binding of substrates and, at
the same time, automatically dictates high substrate
specificity.

In contrast, proteins interacting with hydrophobic
substrates do not have to compete with water for the
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substrate and, therefore, in order to achieve a comparable
binding affinity, do not have to render precise spatial
matching of interacting groups. In fact, the mere creation
of a hydrophobic environment within the binding site can
theoretically be sufficient for an effective binding.
Introduction of an electric charge into this environment
would increase the binding affinity of oppositely charged
hydrophobic molecules even further. The only evolutionary
pressure such enzymes should withstand is to avoid the
binding of improper substrates. For such enzymes,
therefore, substrate specificity is not an inherent property
of the binding mechanism, but rather an additional feature,
developed in the course of evolution to prevent the catalysis
of inappropriate reactions.

In the particular case of transporters recognizing
hydrophobic substrates, as long as they avoid pumping
out molecules critical for the cell, they remain evolutionarily
fit. The cell contains only a limited number of essential
hydrophobic molecules - certain co-enzymes and a small
number of metabolites - which are usually tightly bound
inside the cell to avoid their loss to passive outward
diffusion. Therefore, efflux transporters recognizing
hydrophobic substrates do not have to be particularly
specific. At most, the geometry of their substrate-binding
sites should be incompatible with the binding of a few
essential molecules. This leaves such transporters with
the capacity to efflux a multitude of other hydrophobic
molecules, both the intended substrates and,
opportunistically, the exogenous substrates that have
nothing to do with the function for which each transporter
has evolved. Even drugs that are not hydrophobic but are
still able to bind to the active site of the transporter can
also become its substrates. For example, the
Pseudomonas aeruginosa transporter MexXY-OprM,
besides hydrophobic drugs, is also able to transport
hydrophilic aminoglycosides (Aires et al., 1999), which may
be opportunistically recognized by this transporter due to
their exceptionally high positive charge.

Because of the highly relaxed substrate specificity, the
evolutionary process can use essentially the same
“hydrophobic” transporter for dif ferent purposes. For
example, two transporters of B. subtilis, Bmr and Blt, share
51% sequence identity and are almost identical in substrate
specificity. Yet, their expression is controlled by distinct
transcriptional regulators responding to different inducers,
thus suggesting different functions for the two transporters
(Ahmed et al., 1995). Similar situation exists in Gram-
negative bacteria, where scores of functionally and
structurally similar RND-type transporters are controlled
by distinct regulators (Nikaido, 1998). Since most drugs
are hydrophobic molecules (otherwise they would be
unable to enter the cell), and since cellular transporters
never evolved NOT to recognize them, they become
substrates to many transporters whose function is to efflux
specific hydrophobic molecules. This explains the
astounding abundance and structural variety of multidrug
transporters discovered in living cells. This notion also
implies that, by designating a protein multidrug transporter,
we essentially admit that the true biological function of this
transporter is unknown.

In conclusion, the study of multidrug transporters and
related proteins has led, in our opinion, not to the originally

expected discovery of a highly sophisticated mechanism
of multidrug efflux, but to re-evaluation of the existing
dogmas of molecular recognition, which erroneously led
us to believe that multidrug efflux was somehow
incompatible with fundamental laws of nature.
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