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I
n this issue of PNAS, Ekroos and
Sjögren (1) present new structures
of a cytochrome P450 (P450, or
‘‘CYP’’), in one case bound with

two ligands. The results are of consider-
able importance not only in regard to
the practical issues in drug development
but also because they have general sig-
nificance in consideration of the flexibil-
ity of enzymes in recognizing substrates.
The concept of how some enzymes ac-
commodate a broad variety of ligands
and catalyze multiple, regioselective re-
actions on a single substrate is a chal-
lenge to a classical lock-and-key model
of catalysis. The current work has broad
implications for a number of important
enzyme systems and how we understand
them.

Significance of P450-Based Drug
Metabolism and P450 3A4
The P450 enzymes dominate the metab-
olism of drugs, accounting for �75% (2,
3). P450 3A4 is the most abundant P450
in the liver and small intestine and plays
a role in the metabolism of one-half of
the drugs on the market and in develop-
ment (2–4). P450 3A4 was discovered
two decades ago in early studies on the
purification of P450s from human liver
(5, 6) and was soon shown to have a
wide repertoire of substrates, ranging
in size from acetaminophen (Mr 151)
to cyclosporin A (Mr 1201). The en-
zyme is highly inducible by barbiturates
and numerous other compounds (7) and
is also prone to both competitive and
mechanism-based inhibition by drugs,
leading to important drug–drug interac-
tions. To date, attempts to understand
the variability of P450 3A4 activity
among humans at the level of allelic
variants have been disappointing, and a
pharmacogenetic approach to predicting
interindividual patient variation in P450
3A4 and therapeutic effects has not
been very successful (4).

How Does P450 3A4 Select Substrates?
Because of the significance of P450 3A4,
a goal in pharmaceutical discovery and
development is the prediction of modes
of binding of new drugs. Another com-
plicating factor is the cooperativity seen
with some (but not all) ligands. Two
types of cooperative behavior are recog-
nized: (i) homotropic, in which sigmoi-
dal patterns are seen for plots of the
rate (of oxidation) versus concentration
of a substrate, and (ii) heterotropic, in
which one ligand can enhance the cata-

lytic activity toward another (substrate)
(4, 8). Some studies with P450 3A or-
thologues in experimental animals imply
that such behavior may be clinically rel-
evant (9). If this phenomenon does oc-
cur in vivo in humans, it is currently
very unpredictable.

How Does P450 3A4 Work?
Numerous steady-state kinetic, homol-
ogy modeling, and site-directed mu-
tagenesis studies have been done with
P450 3A4 to understand these phenom-
ena, but biophysical studies have been
limited. A number of amino acid resi-
dues have been implicated in the coop-
erativity, particularly in the work of
Halpert’s laboratory (10). A rather fre-
quent suggestion has been that multiple
ligands are bound within P450 3A4 and
that the interaction of the ligands with
each other, in the active site, forms the
basis of the cooperativity (4, 8, 10).
However, the physical evidence for this

hypothesis has been limited. One rela-
tively direct piece of evidence is the
pyrene fluorescence stacking study of
Dabrowski et al. (11). More recent stud-
ies by Fernando et al. (12) are consistent
with the two-ligand stoichiometry for
some (but not all) substrates (see also
ref. 8). The first crystal structures of
P450 3A4 were greeted with enthusiasm
that the secrets of ligand binding would
be revealed (13, 14). The structures are
certainly valuable, although the ligand-
binding issues were still not resolved.
The crystals from Johnson’s group (13)
were grown in the presence of erythro-
mycin, but the ligand was not found in
the crystal. In the structure reported by
Williams et al. (14), the substrate pro-
gesterone was bound but to a site clearly
too distant from the iron atom for catal-
ysis (of oxidation) to occur.

In the new structures of Ekroos and
Sjögren (1), several features are of par-
ticular interest. In contrast to the two
original sets of P450 3A4 structures (13,

14), the protein has a dramatically al-
tered conformation in the substrate-
bound form, a characteristic of other
P450s whose crystal structures are
known both with and without ligands.
Another feature is that the binding of a
ligand can increase the size of the active
site �80%. One of the structures (to 2.8
Å) has two molecules of ketoconazole
(a relatively large substrate�inhibitor, Mr
531) bound in a stacked configuration.
Although the authors concede that this
could be a crystallization artifact, the
results provide the most direct evidence
that the long-postulated multiple compo-
nent binding in P450 3A4 really can oc-
cur. Another crystal structure was solved
with the substrate�inhibitor erythromycin,
also to 2.8 Å. This structure differs from
that of both unliganded P450 3A4 and the
(bis) ketoconazole complex. Interestingly,
the known site of N-demethylation is 17 Å
from the heme iron, and this structure,
like the progesterone-bound structure of
Williams et al. (14), must be considered a
nonproductive complex.

What are the implications regarding
P450 3A4 biochemistry? First, the avail-
ability of multiple modes of loose bind-
ing (e.g., in the erythromycin structure)
can explain some of the ‘‘loose’’ regio-
selectivity of P450 3A4. However, the
view that the active site cavity is com-
pletely noninstructive must be rejected:
the ligand ketoconazole shows interac-
tions with amino acid residues in P450
3A4 (1); work from our own laboratory
shows the striking stereoselectivity of �
vs. � hydrogen abstraction in testoster-
one 6�-hydroxylation (15). Nevertheless,
the availability of alternate and nonpro-
ductive binding modes can frustrate var-
ious biophysical approaches, in which
stoichiometry measurements may or
may not reflect functional interactions
(8, 16). The results of the structural
work of Ekroos and Sjögren (1) showing
the binding of two ketoconazole mole-
cules raise the question of the order of
events leading to that structure. The
(two) molecules are unlikely to dimerize
before a single-event binding, and a
more likely scenario involves some se-
quence of binding, protein conforma-
tional change, and binding of the second
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ketoconazole molecule. This would seem
to be a minimum number of events
(three?), and defining the sequence of
these and the relevant rate constants
(both forward and reverse) remains a
challenge (8). Another point the authors
(1) make is the extent of the differences
between their ligand-bound structures,
i.e., with erythromycin and ketocon-
azole. The implications are that under-
standing the details of the structure of
P450 3A4 with one substrate bound
(e.g., erythromycin) cannot necessarily
predict the structure of the same protein
with another ligand (e.g., ketoconazole,
or vice versa). The authors make the
point that ‘‘it is highly unlikely that the
conformational space [possible] has
been covered by the present structures
alone.’’ A corollary is that previous pre-
dictions made by modeling are suspect
at best, and even modeling based on the
current structures is equivocal, a point
made by Ekroos and Sjögren. However,
the authors do allude to other (unpub-
lished) results of theirs showing that the
P450 3A4-(bis) ketoconazole structure
outperformed the ligand-free structure

in predicting (known) sites of oxidation
of P450 3A4 substrates (1).

Further Implications
In terms of the field of P450 research,
Ekroos and Sjögren (1) propose that
defined ‘‘plastic’’ (or malleable) regions
may be a common feature of the
membrane-bound P450s, or at least
many of them. As an example, work
with rabbit P450 2B4 (17) is consistent
with the view that this enzyme also has
considerable flexibility, which is consid-
ered to be at least a part of the basis for
the broad substrate specificity of the
catalyst. These results have implications
in how P450 biochemistry proceeds to
address issues in the field of structure–
function relationships.

In a broader sense, P450s are proba-
bly not unique in this regard, and we
can also consider implications of the
work for many other enzymes with
broad specificity, e.g., the drug trans-
porter P-glycoprotein�Mdr1, for which
evidence of multiple conformations has
been shown indirectly (18). These gen-
eral considerations are not new and go

back to earlier biochemical discussions
of allostery and induced fit (19). The
original considerations were more di-
rected toward how enzymes achieve high
selectivity, but many features and issues
are relevant here with issues of broad
specificity. As Ekroos and Sjögren (1)
discuss, their structural biology results
do not necessarily distinguish between
dynamic models in which (i) induced fit
and substrate shaping are kinetically
linked with substrate binding and (ii) a
mosaic of protein conformations is al-
ready available and substrate interac-
tions ‘‘catch’’ the most useful ones.
There are general questions beyond
P450s to address, but the P450 3A4
structural biology is an important step.
As the authors point out (1), determina-
tion of more P450 3A4-ligand structures
is clearly in order.

Finally, the relevance of these struc-
tures (1) should be emphasized in that
ketoconazole and erythromycin both
figure in numerous drug interactions
and contraindications. Ketoconazole has
a ‘‘black-box’’ warning for its use as a
drug, i.e., a patient takes this at his or
her own risk (20).
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