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Abstract

Single nucleotide polymorphisms in drug metabolizing Cytochrome P450 (CYP) enzymes are
important contributors to inter-individual differences in drug metabolism leading to adverse drug
reactions. Despite their extensive characterization and importance in pharmacogenetics of clinical
drugs, the structural basis of CYP polymorphisms has remained scant. Here we report the crystal
structures of human CYP2C9 and its polymorphic variants, *3 (1359L) and *30 (A477T), with an
anti-hypertensive drug losartan. The structures show distinct interaction and occupation of losartan
in the active site, the access channel and the peripheral binding site. The I359L substitution located
far away from the active site remarkably altered the residue sidechains near the active site and the
access channel. Whereas the T477 substitution illustrated hydrogen-bonding interaction with the
reoriented sidechain of Q214. The results provide structural insights into reduced catalytic activity
of the CYP2C9 variants and have important implications for understanding genetic
polymorphisms in CYP-mediated drug metabolism.
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Adverse drug reactions result in over half a million injuries and deaths and costs millions of
dollars per year in the United States alone.! Identifying human genetic polymorphisms
responsible for pharmacokinetic and pharmacodynamic differences between individuals
could lead to development of safer medication specific to an individual's DNA trait, often
referred to as personalized medicine. Single nucleotide polymorphisms (SNP) in drug
metabolizing cytochrome P450 (CYP) enzymes, which constitute the major enzyme family
in drug metabolism with increasing importance in pharmacogenetics, are key determinants
of variability in drug response.23 Over 700 alleles of CYPs in various ethnic population
have been identified and examined via genetic testing, with many having a significant
impact on enzyme activity and drug metabolism.4-

The highly polymorphic CYP2C9 enzyme, metabolizes up to 15-18% of the drugs that
include warfarin, tolbutamide and glimepiride,phenytoin, flurbiprofen and diclofenac, and
losartan.5-8 Sixty CYP2C9 alleles have been reported until now, and many exhibited altered
activities compared to the wild-type (WT) enzyme (Table S1).° CYP2C9 *3 (1359L) was
associated with reduced catalytic activities towards several substrates such as warfarin,
tolbutamide, and losartan.19-11 Whereas CYP2C9 *30 (A477T) variant demonstrated loss of
antihypertensive effects for losartan. 12-13 Both CYP2C9 *3 and *30 variants showed 77%
and 99% reduced activity, respectively, with losartan compared to the WT enzyme in vitro.

Despite the huge amount of efforts to understand genetic variations and differences in drug
response, and with over 100 structures of multiple human CYPs published in the presence or
absence of various ligands, the structural basis of SNPs illustrating the effect of such amino
acid substitutions is still lacking. Allelic variants are often difficult to purify and crystallize,
largely due to lower expression, yield or stability than their WT counterparts. Moreover,
structurally it might be difficult to comprehend the diminished in vitro activity of expressed
variants since the amino acid changes in the protein occur in the region not directly located
near the active site or the substrate recognition site. In this study, we report the crystal
structures of CYP2C9 and its two important allelic variants, *3 and *30, in complex with an
angiotensin Il receptor antagonist losartan (Table S2). Losartan, a prodrug used mainly as an
anti-hypertensive agent, is primarily oxidized in the liver by CYP2C9 and CYP3A4 to a
more potent E-3174 (Figures S1 and S2).14

The CYP2C9 WT and the *30 variant demonstrated binding of three molecules of losartan,
with one at the peripheral site, another in the active site and the third in the access channel.
Whereas the *3 variant with only two molecules bound, lacked the losartan in the access
channel and illustrated altered binding mode in the active site (Figure 1). The losartan
binding site at the periphery in all the three complexes and the access channel in the WT and
*30 complexes is located at the previously predicted substrate recognition site (SRS) 3, and
5 and 6, respectively, in the CYP2 family of enzymes.15-16

The structural overlay of all the three complexes (root-mean-square deviation, RMSD ~
0.2-0.25 A) revealed the residues located within 5 A of losartan bound on the periphery
(Figure 2). The tetrazole ring of losartan is packed between the residues F226, P227, G228
and T229, whereas the Cl of the losartan interacts with the sidechain of K232. Interestingly,
this peripheral site is similar to that observed in a CYP2CS8 structure where a palmitic acid is
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hydrogen bonded in the same region comprising the cluster of amino acids from P227 to
T229 as shown in Figure S3, A.17 The signature of conserved residues FPGT from 226 to
229 in the human CYP2C8, 2C9 and 2C19 and observation of ligands bound at this site in
multiple CYP2C structures suggest a potential role of such site in substrate recognition.
Across the larger family CYP2 enzymes, the residue at position 226 is variable hydrophobic,
at 227 is conserved proline, at position 228 is either glycine or alanine, and position 229
includes either a hydrophobic or hydrophilic substitution. In addition, the peripheral binding
site of losartan is close to the surface binding site of progesterone in CYP3A4, located in the
Phe cluster of residues in the F-G cassette (Figure S3, B).18 The F and G helices are longer
in the CYP2C9, which lacks such a hydrophobic cluster.

The active site losartan in all the CYP2C9 structures make two important polar interactions
with the residue sidechains of R108 and N204. The presence of R108 in the active site is
important for binding affinity of the potent CYP2C9 inhibitor benzbromarone and other
ionized phenols.1® The R108, known to be crucial in the formation of 4’-
hydroxydiclofenac,29-2! rotates by 90° into the active site in the current CYP2C9 complexes
compared with the previously solved CYP2C9 structures (Figure S4, A).22 The guanidino
group of R108 forms hydrogen bond with the tetrazole ring and the hydroxyl of the
imidazole ring in losartan, thereby stabilizing substrate binding near the heme-iron. The
active site losartan is significantly altered in the *3 complex, however, the polar contacts
between losartan and R108/N204 sidechains are maintained in a similar fashion as observed
with the WT and *30 complexes. The biphenyl rings of losartan in *3 active site flips by
90°, which is now 7 A away from the heme-iron in place of 5 A distance in the other two
losartan complexes. In addition to these polar contacts, the residue sidechains of V113,
F114, V237 and V292 were involved in hydrophobic interactions with the active site
losartan in all the three structures as observed with other ligand bound structures of
CYP2C9.22-24 Importantly, the site of hydroxylation of losartan in the active site of
CYP2C9, irrespective of WT, *3 and *30, is positioned away from the heme-iron, in an
orientation not consistent with demonstrated metabolism. Such altered pose of substrate has
been observed in numerous crystallographic structures of CYP enzymes.2526 Since
substrate binding occurs during the first step in the catalytic cycle, it is possible for substrate
to reorient in subsequent steps during the electron transfer from NADPH-cytochrome P450
reductase (CPR). Moreover, the crystallization experiments are performed in the absence of
NADPH or CPR. Additional studies are warranted to elucidate the role of these redox
partners in reorienting the ligand in a conformation suitable for metabolism. The water
molecule is ordered by its interactions with the heme-iron in all the three structures.

In contrast to the *3 complex, the structures of CYP2C9 WT and *30 illustrated binding of
an additional losartan in the substrate access channel. The third losartan in the WT and the
*30 complex was observed in two similar orientations that were superimposable onto each
other. In each of the two structures, the polar Q214 and N218 residue sidechains are
positioned near the imidazole ring of losartan, while the tetrazole of losartan contacts the
polar sidechain of T364 (Figure S4, B) and main chain oxygen of S365 and F476. Apart
from the above residues, majority of residues surrounding the losartan are hydrophobic. In
particular, the sidechain of F100 and F476 m-stacks with the imidazole and the phenyl ring,
respectively, of the access channel losartan found in the WT and *30 complexes. Such -
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stacking interactions by F100 and F476 sidechains are also seen in the warfarin complex,2’
where the only molecule bound in the structure was in this access channel region.

Most importantly, the effect of SNP that results in amino acid substitution from isoleucine to
leucine at position 359 located on the K-helix in the CYP2C9*3 complex is transduced on
the I-helix residues from 307 to 311 (Figure 3). The sidechain of Y308 with the greatest
influence is pushed towards the B4 loop by >3 A, thereby affecting the secondary structural
elements and the orientation of multiple residues. Such effect of 1359L substitution more
than 15 A away from the active site significantly affects the important B4 loop involved in
substrate interaction in the other losartan complexes. The disorder of the B4 loop leads to
altered orientation of multiple residue side chains. Most importantly, the F476, demonstrated
to be important in rt-stacking with losartan and various substrates?8-29 rotates 180° and
protrude into the access channel where the third losartan is bound in the WT and *30
complexes. The *3 allele is the most functionally impaired of all the CYP2C9 genetic
variants, and confers up to 80% and 77% decrease in catalytic efficiency toward glimepiride
and losartan, respectively.12The significant structural change transduced from the 1359L
substitution on K-helix to the rotation of F476 on the B4 loop that blocks the access channel
(Figure S5, A) may help us understand the loss of activity of not only losartan, but also
many other important substrates including flurbiprofen and warfarin that are not metabolized
by this defective allele. Furthermore, a recent study demonstrated that the loss of CYP2C9
activity in these individuals is not compensated for by switching to other CYP or
metabolism pathway, further complicating clearance of the drug.3°

Structural analysis of the CYP2C9 *30-losartan complex with a hydrophobic alanine to a
polar threonine substitution at position 477 on the B4 loop revealed significant re-orientation
of an adjacent Q214, which promotes the formation of a hydrogen bond between these two
residue sidechains. (Figure 4).

The sidechain of Q214 in the CYP2C9 WT structure interacts with the imidazole ring of the
access channel losartan near the hydroxyl moiety, the potential activation site of losartan.
Interestingly, the same sidechain in the *30 variant rotates more than 90° from the losartan
activation site to hydrogen bond with the hydrophilic substitution T477 (Figure S5, B). The
results suggest the possible role of Q214 that may be crucial for activation of a prodrug
losartan by CYP2C9. Indeed, CYP2C9*28 (Q214L) exhibited 87% decreased activity for
losartan oxidation compared with WT.12 Of note, in the previous structures, the residue
Q214 was either located in the region containing engineered amino acids for crystallization,
or not modelled due to disordered electron density.22: 27 31-32

Moreover, the structures of CYP2C9 in complex with losartan are significantly different than
the previously reported CYP2C9 structures.22 27.31-32 A[| the published CYP2C9 structures
until now (08/2017) either contained multiple stabilizing amino acid substitutions introduced
in the F-G loop for crystallization purposes or had disordered or missing electron density of
crucial amino acids in that region near the access channel (Figure S6). Although, these
residues are outside the active site, it is evident that such engineering or poorly ordered
residues affect ligand binding and protein conformations in this F-G region that was
previously attributed to substrate specificity and enzymatic activity.33Furthermore, the
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structural overlay of the CYP2C9-losartan complex with the published flurbiprofen (RMSD
~ 0.41 A) and warfarin (RMSD ~ 0.47 A) complexes of CYP2C9 revealed differences and
similarities of ligand binding. The active site flurbiprofen superimposes with the losartan in
the active site, whereas warfarin that rc-stacks with F476 overlays with the access channel
losartan in the CYP2C9 complex (Figure S6, A and B). This is consistent with previous
findings that the interactions of different ligands to CYP2C9 involve multiple substrate
binding modes and sites.34-35

Overall, the structures are the first representation of allelic variants in CYP super family of
enzymes that illustrate implications of polymorphism upon drug binding and provide a
useful framework to infer altered drug metabolism by genetic variants. Not only do these
structures elucidate the effects of *3and *30, but they also provide crucial insight in
interpreting the *4 (1359T), *18 (1359L, D397A) and *28 (Q214L) variants that
demonstrated reduced activity toward various substrates.36-38 |t is likely that the 1359T in *4
perturbs the residues on the I-helix and the effect is transduced to the active site in a similar
fashion as *3 with 1359L. The *18 variant includes amino acid substitution as in *3, whereas
the *28 with the hydrophobic substitution of leucine at 214 may preclude or differ in
interactions with the substrate compared to the polar glutamine as seen in the CYP2C9-
losartan WT complex. Moreover, the findings of multiple substrate binding sites in each of
these structures suggest the possible role of cooperativity or allosteric regulation by human
drug metabolizing enzymes. It remains to be elucidated whether losartan bound at the
peripheral site triggers the conformational change and move to the active site, or the binding
occurs in sequential fashion with one losartan binding at the peripheral site followed by
another in the active site via the access channel. Indeed, the structures will facilitate
computational approaches for predictions of their effects in drug clearance. Such
information would be very useful for not only obtaining mechanistic insights into how the
allelic variations lead to altered catalytic activities toward one drug, but also evaluating their
effects toward drug-drug interactions especially when designing candidates in drug
discovery as part of the lead optimization process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Structures of CYP2C9 and allelic variants in complex with losartan: (A) Structure of

CYP2C9 WT (yellow) complexed with three molecules of losartan (orange sticks). (B)
Structure of CYP2C9 *3 (orange) with two molecules of losartan (cyan sticks). (C) Structure
of CYP2C9 *30 (green) in complex with three losartan molecules (pink sticks) in similar
orientation and location to that in the WT complex. Heme is in red sticks.Location of each
losartan is represented by red numbers: 1, peripheral site; 2, active site; and 3, access
channel.
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Figure 2.

Structural overlay of CYP2C9-losartan complexes representing interactions of peripheral
losatan (sticks) with the amino acid residue sidechains (sticks) located within 5 A distance.
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Figure 3.
SNP in CYP2C9 *3 and its influence on substrate binding. Overlay of CYP2C9 WT

(yellow) and *3 (orange) complexed with losartan. The effect of distal 1359L is transduced
to the neighboring I-helix residues. The Y308 sidechain is displaced by >3 A (black dashes),
subsequently affecting the B4 loop crucial for substrate interaction near the active site.
Losartans shown as spheres are numbered in red. Part of the protein image isomitted for
clarity.
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Figure 4.
SNP in CYP2C9 *30. The *30 complex (green) associated with A477T substitution on the

B4 loop is superimposed on the CYP2C9 WT complex (yellow) with losartan. The Q214
sidechain in the WT complex interacts with the imidazole ring of losartan, and rotates ~180°
in the *30 complex to hydrogen bond (yellow dashes) with the polar threonine substitution
at 477. Losartans (spheres) are numbered in red.
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