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Molecular Recognition of Sub-micromolar Inhibitors by the
Epinephrine-Synthesizing Enzyme Phenylethanolamine N-Methyltransferase
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The crystal structures of human phenylethanolamine N-methyltransferase in complex with
S-adenosyl-L-homocysteine (7, AdoHcy) and either 7-iodo-1,2,3,4-tetrahydroisoquinoline (2) or
8,9-dichloro-2,3,4,5-tetrahydro-1H-2-benzazepine (3, LY134046) were determined and compared
with the structure of the enzyme complex with 7 and 7-aminosulfonyl-1,2,3,4-tetrahydroiso-
quinoline (1, SK&F 29661). The enzyme is able to accommodate a variety of chemically disparate
functional groups on the aromatic ring of the inhibitors through adaptation of the binding
pocket for this substituent and by subtle adjustments of the orientation of the inhibitors within
the relatively planar binding site. In addition, the interactions formed by the amine nitrogen
of all three inhibitors reinforce the hypothesis that this functional group mimics the g-hydroxyl
of norepinephrine rather than the amine. These studies provide further clues for the
development of improved inhibitors for use as pharmacological probes.

Introduction

Phenylethanolamine N-methyltransferase (PNMT,
EC 2.1.1.28) catalyzes the synthesis of epinephrine (5)
by methylation of norepinephrine (4) using the methyl
donor S-adenosyl-L-methionine (6, AdoMet) (Figure 1).
The enzyme is a 31 kDa protein expressed predomi-
nantly in the adrenal medulla, where 5 is secreted as a
hormone, and in the central nervous system (CNS),12
where 5 is released as a neurotransmitter. The crystal
structure of human PNMT (hPNMT) complexed with
the inhibitor 7-aminosulfonyl-1,2,3,4-tetrahydroiso-
quinoline (1, SK&F 29661) and cofactor product (7,
S-adenosyl-L-homocysteine, AdoHcy) was recently re-
ported.3

We are interested in elucidating the role of central
epinephrine by inhibiting CNS epinephrine biosynthe-
sis. To do this, inhibitors of PNMT that are potent
(active in the nanomolar range), selective (inactive
against other adrenoceptor systems such as the op-
adrenoceptor), and capable of crossing the blood—brain
barrier (BBB)* are required. However, most of the
currently available inhibitors of PNMT developed by
analogue-based methods have K; values in the micro-
molar, rather than the nanomolar range, or are not
selective because they interact with the catecholamine
op-adrenoceptor at concentrations similar to those at
which they inhibit PNMT.5® Inhibitors of PNMT with
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Figure 1. Schematic showing the chemical reaction catalyzed
by PNMT. PNMT transfers an activated methyl group from
S-adenosyl-L-methionine (6, AdoMet) to the amine of nor-
epinephrine (4) to produce epinephrine (5) and S-adenosyl-
homocysteine (7, AdoHcy).

improved characteristics are therefore required and will
be designed by structure-based methods.

A number of current inhibitors of PNMT are based
on either a tetrahydroisoquinoline (THIQ)” or tetra-
hydrobenzazepine (THBA)® framework. In this paper,
the molecular recognition by PNMT of three sub-
micromolar inhibitors using protein crystallography has
been investigated. These are the THIQ derivatives 1 and
2 and the THBA derivative 3 (Table 1). Within this
small set of inhibitors, we nonetheless have either
hydrophilic (SO2NHy) or lipophilic (CI, 1) substituents
on the aromatic ring.

The crystal structure of PNMT:7:1, that is hPNMT
complexed with AdoHcy (7) and a relatively selective
inhibitor 1 (Table 1), was recently determined.® The
7-sulfonamide group on the THIQ moiety makes the
inhibitor 1 too polar to cross the BBB?® [calculated log P
(ClogP) = —0.24, Table 1] and it is therefore ineffec-
tive as a pharmacological tool for the study of CNS
epinephrine. Compound 2 has an iodine at the 7-posi-
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Table 1. PNMT Inhibitor Data

McMillan et al.

(A) PNMT (B) ot B/A ClogP’
Compound
K;+ SEM K;+ SEM Selectivity
(rM)* (»M)*
1 I | 0562004 10020 180 -0.24
HoNOLS
2 | mH 0.37+0.04 0.22+0.04 0.6 2.72
3 c,mH 026+0.03 45+03 17 331
Cl
8 c/@@w 0.22+0.05 0.021+0.005  0.095 2.90
(@]

2 PNMT and oy K values are taken from ref 10 for 1, 3, and 8 and from ref 7 for 2. K; values are shown for bovine PNMT, since values
for human PNMT are not available. However, a comparison study has shown that inhibitor activity against the human enzyme is similar
to that at the bovine enzyme (ref 34) and that the rank order of potency is the same. ? ClogP values were calculated using the SYBYL (v.
6.9, ref 30) software package and are the calculated logarithm of the octanol—water partition coefficient, indicating the lipophilicity of the
compound. A ClogP value of greater than 0.5 appears to be required to allow passage across the BBB (ref 10).

tion, and should be sufficiently lipophilic to pass the
BBB.1° However, 2 is the least selective of the three
inhibitors (Table 1). Compound 3, which has chloro
substituents at two adjacent positions on the aromatic
ring and incorporates a seven-membered, rather than
a six-membered, fused aliphatic ring, is a sub-micro-
molar PNMT inhibitor and its ClogP value suggests that
it should cross the BBB,° but it is much less selective
for PNMT than 1 (Table 1). These three compounds
were chosen for crystallization in order to (1) determine
the validity of a COMFA model, which hypothesized a
different binding orientation for compounds with hy-
drophilic aromatic substituents versus those with lipo-
philic substituents,”!! and (2) determine the area in
space occupied by the increased steric bulk (additional
methylene unit, as compared to THIQ) of the seven-
membered aliphatic ring of 3. This “pucker” in the
aliphatic ring is readily accommodated by the enzyme
active site and the crystal structure should illustrate
how the “pucker” fits therein. While 3 is not as selective
as 1 (PNMT inhibitory potency versus ay-adrenoceptor
affinity), it is significantly more selective than its 7,8-
dichloro THIQ analogue (8, SK&F 64139, Table 1).
Thus, determining the region of space where the pucker
occurs will likely explain which enantiomer of 3-sub-
stituted-THIQs should bind better at the active site of
PNMT. These enantiomers of 3-substituted-THIQs may
provide an additional approach to improving the selec-
tivity of this class of inhibitors.

Using structural methods, we investigated how the
enzyme accommodates the different aromatic substit-
uents of these inhibitors. Such information will be useful
for the structure-based design of modified inhibitors that
are sufficiently potent, selective, and lipophilic for
studies on CNS epinephrine. Crystal structures of the

two new PNMT:inhibitor complexes (PNMT:7:2 and
PNMT:7:3) are presented and compared with the struc-
ture of the PNMT complex with 1 (PNMT:7:1).

Results

Crystals of the PNMT:7:2 and PNMT:7:3 complexes
were isomorphous with the recently determined struc-
ture of PNMT:7:1% and their crystal structures were
solved by difference Fourier methods (Table 2). In both
new structures, the enzyme fold is the same as that
described for the PNMT:7:1 complex. The crystal struc-
tures of all three inhibitor complexes also show that the
inhibitors and cofactor products are bound in equivalent
sites in the enzyme in each case (Figure 2).

Enzyme Structures Are the Same. A root-mean-
square deviation (rmsd) analysis of the three enzyme—
inhibitor complexes (Table 3) confirms that there are
no significant enzyme structural differences between the
complexes. This is despite significant variations in the
resolution of the diffraction data (2.4—2.8 A) and the
structural differences of the inhibitors. The data in
Table 3 imply that there are greater differences in the
structures of the two monomers in one asymmetric unit
(0.50—0.55 A rmsd) than there are between the enzymes
complexed with different inhibitors (0.24—0.33 A rmsd).
Crystal contacts are largely responsible for structural
differences between monomers A and B, and these are
localized to specific surface regions. For example, the
structure of the surface loop linking B and a4 (residues
111-119) differs by >3 A rmsd between the two
monomers. In monomer A, this loop forms no crystal
contacts, while in monomer B it makes several interac-
tions with a2, the w-loop, and the pg-hairpin of a
symmetry-related monomer A. This induces a change
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Table 2. X-ray Data and Refinement Statistics for Two PNMT
Inhibitor Complexes

PNMT:7:2 PNMT:7:3
Data Measurement

space group P43212 P43212
unit cell (A)

a,b 94.7 94.4

c 186.9 186.6

o, B,y 90°, 90°, 90° 90°, 90°, 90°
observations 52 232 80 055
unique reflections 22 078 20430

resoln range (A) (top shell) 50—2.7 (2.8—2.7) 50—2.8 (2.9—2.8)

1/o(1) 13.6 (2.1) 14.4 (2.5)

completeness? (%) 91.3 (77.0) 94.7 (89.0)

Rimerge? (%) 7.5(27.9) 7.5(33.2)
Refinement

resolution range (A) 50—2.7 50—2.8

reflns (|F| > 0) of working
set (test set)

19 883 (2192) 18 408 (2008)

Reryst®/Riree? (%) 23.2/26.8 22.6/27.8
no. non-hydrogen atoms
protein and ligands 4139 4141
water 56 32
rmsd from ideal geometry
bond length (A) 0.008 0.010
bond angle (deg) 1.40 1.54
Ramachandran (nonglycine)
% in most favored region 90.6 87.9
% in disallowed region 0.2 0.0

a Completeness indicates the number of measured independent
reflections divided by the total theoretical number of independent
reflections. ® Rimerge = Z|lobs — lav|/Zlav, over all symmetry-related
observations. ¢ Reryst = X|Fobs — Fealcl/2|Fobs|, over all reflections.
9 Riree (ref 29) is calculated as for Reryst from 10% of the data
excluded from refinement. ¢ Engh and Huber parameters were
used in refinement (ref 35).

Figure 2. (A) A ribbon diagram of the PNMT:7:3 structure,
showing 7 (orange) and 3 (yellow) bound in the active site. (B)
A diagram of the secondary structure of PNMT. In both panels
A and B, secondary structural elements that make up the core
fold are in gray and white. Colors indicate large insertions:
blue for the active-site cover, green for the polyproline linker
region, and cyan for the 2-helix C-terminal insertion. (C) An
Fo — Fc OMIT map for 7 from the structures of PNMT bound
with (i) 1 (ii) 2, and (iii) 3.

in the monomer B loop structure compared to the
noncrystallographically related monomer A loop. Other
regions that vary between monomers A and B are at
the N-terminus (to residue 28), helix o5 (residues 141—
149), the polyproline region (residues 165—172), the loop
following aD (residues 207—209), the -hairpin (residues
223—232), and the loop following aE (residues 249—
252). When these are excluded from the calculation, the
average rmsd for comparison of monomers A and B is
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Table 3. Root-Mean-Square Deviation (A) for C, Atom
Superimposition of Subunits A, B or A and B in the Three
PNMT:Inhibitor Crystal Structure Complexes (1, 2, and 3)

PNMT subunits within the same

crystal structure (A vs B) 1(A) 2 (A) 3 (A)
1(B) 0.50 - -
2 (B) - 0.53 -
3 (B) - - 0.55
Same subunit in three different
crystal structures (A vs A) 1(A) 2 (A) 3 (A)
1(A) - 0.30 0.31
2(A) - - 0.24
Same subunit in three different
crystal structures (B vs B) 1(B) 2 (B) 3(B)
1(B) - 0.29 0.29
2 (B) - - 0.21
Two subunits (A and B) in three 1 2 3
different crystal structures (A&B) (A&B) (A&B)
1(A&B) - 0.31 0.33
2(A&B) - - 0.24

0.33 A, similar to that for comparison of two PNMT
structures complexed with different inhibitors.

Cofactor Binding. Electron density for the cofactor
product (7) is clear and unambiguous in both the PNMT:
7:2 and the PNMT:7:3 structures. The density for 7 in
each of the complexes (Figure 2C) indicates that the
binding orientation, conformation, and enzyme interac-
tions of the cofactor product in the two new structures
are the same as that in the PNMT:7:1 structure. The
enzyme side-chain positions in the cofactor-binding site
are also unchanged. Given that the cofactor-binding
sites are similar and that the rmsd analysis indicates
that there is no change in the overall structure of the
enzyme upon binding the three inhibitors, the structural
basis for variation in the binding of the compounds must
be localized to the substrate/inhibitor-binding site.

7-Aminosulfonyl-1,2,3,4-tetrahydroisoquino-
line (1). To analyze and compare the binding modes of
the three inhibitors, we begin with the enzyme complex
formed with 1.3 The refined OMIT electron density for
the inhibitor is shown in Figure 3A. Significant interac-
tions between 1 and the enzyme are summarized in
Figure 4A and described as follows. The aromatic ring
is sandwiched between the side chains of Phel82 and
Asn39 (Figure 5B). The aliphatic amine forms a hydro-
gen bond to Glu219 and water-mediated hydrogen bonds
to the side chains of Asp267 and Asn39 (not shown).
The amine is also within 4.1 A of the aromatic ring of
Tyr222, suggesting a weak amino—aromatic interaction.
The closest distance between the sulfur of 7 and the
inhibitor is 5.4 A to the aliphatic C4 methylene and the
distance between the sulfur of 7 and the inhibitor amine
is 7.3 A (for both monomers). Both sulfonamide oxygens
can interact with the side chain amine of Lys57, and
one of these also makes water-mediated interactions
with the main chain of Arg44 and the side chain of
Tyrl26 (not shown). The sulfonamide nitrogen is within
3.5 A of both the S-methyl of Met258 and the guanidino
group of Arg44 (not shown), although the latter is
involved in an ion pair interaction with Asp267. The
sulfonamide nitrogen thus does not appear to form any
favorable interactions with the enzyme, which confirms
previous SAR studies.?
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Figure 3. Chemical structures of the three inhibitors are
shown beside their refined PNMT-bound conformations taken
from the three crystal structures: (A) 1, (B) 2 and (C) 3. The
OMIT calculated F, — F. electron density maps for the three
inhibitors are also shown. These were calculated using the
final refined model of the enzyme complex, with the inhibitor
omitted from the map calculation. The electron density around
the iodo substituent of 2 in (B) is continuous with that of
Met258 (not shown) and is consistent with the scattering
expected from an atom of this size. Although partial disorder
is observed around the aliphatic ring of 2, the binding mode
for the inhibitor is established by the strong density for the
iodine and aromatic ring (see Experimental Section).

7-lodo-1,2,3,4-tetrahydroisoquinoline (2). The
OMIT electron density map is consistent with the
chemical structure of 2, showing strong density for the
7-iodo-substituent, but weaker density for the aliphatic
ring (Figure 3B). The halogen substituent interacts with
Val53 (3.5 A) and Met258 (2.6 A) (Figure 4B). The latter
interaction appears to be quite strong, as indicated by
an extension of the electron density downward (Figure
3B) from the iodo substituent and toward Met258. The
bound conformation of 2 is essentially planar, with a
slight puckering of the aliphatic six-membered ring at
C3 (Figure 5). As observed for the complex with 1, the
aromatic ring of 2 is sandwiched between Phel82 (3.8
A) and Asn39 (3.5 A) (Figure 5B). The aliphatic amine
forms a hydrogen bond to the carboxylate of Glu219 (3.0
A) and is 3.4 A from the ring of Tyr222, suggesting a
strong amino—aromatic interaction (Figure 4B). The
amine is also involved in a water-mediated hydrogen
bond to Asp267 (Figure 5B), similar to that in the
complex with 1. The 7-iodo group binds in a small
hydrophobic pocket bounded by side chains from Met258,
Val53, Val269, and Val272 (last not shown). The closest
charged group to the 7-iodo is Arg44 (4.2 A): however,
as noted previously this side chain forms an ion pair
with Asp267, so the charge may not be apparent. Once
again there is no direct interaction between the inhibitor
and the cofactor, although 2 makes the closest approach
to 7 of the three inhibitors described here (4.6 A from
the sulfur of 7 to the C4 methylene of 2). The distance
between the sulfur of 7 and the aliphatic amine of 2 is
6.3 A.

8,9-Dichloro-2,3,4,5-tetrahydro-1H-2-benzaze-
pine (3). The refined OMIT electron density for 3 in

McMillan et al.

the substrate-binding site is consistent with the inhibi-
tor chemical structure (Figure 3C), showing bulges for
the 8- and 9-chloro substituents and puckering of the
seven-membered aliphatic ring. As in the complexes
with 1 and 2, the aromatic ring is sandwiched between
Phel82 and Asn39 (Figure 5B). The closest distance
between 3 and the sulfur of 7 is 5.4 A (Figure 4C) to
the C5 methylene of the aliphatic ring. The distance
between the sulfur of 7 and the aliphatic amine is 7.9
A. Several hydrogen bonds are formed between the
amine of 3 and the enzyme; the large pucker in the
seven-membered aliphatic ring allows the amine to form
direct interactions with both Glu219 (3.2 A) and Asp267
(2.7 A), in contrast to the water-mediated interactions
observed for interaction with Asp267 in the complexes
with 1 and 2. This water is not observed in the complex
with 3 and is apparently displaced by the inhibitor
amine (Figure 5B). However, the puckered ring confor-
mation of 3 places the amine 4.9 A from the aromatic
ring of Tyr222 (as compared with 4.1 A for 1 or 3.4 A
for 2), so 3 is unlikely to have a significant amino—
aromatic interaction in contrast to the other two inhibi-
tors. Additional interactions between 3 and the enzyme
are, for the most part, van der Waals (Figure 4C). The
8-chloro substituent interacts with Val53 (3.4 A) and
the side chain amine of Lys57 (3.7 A), and the 9-chloro
substituent interacts with Met258 (2.5 A) (Figure 5A).

Comparison of Inhibitor Binding. We compared
the binding modes for each of the three inhibitor-bound
structures of PNMT by superimposing the enzyme
structures. All three inhibitors occupy the same region
of space (Figure 5), sandwiched between Phel82 and
Asn39, and all three are oriented in the same way with
the aromatic ring substituent closest to the N-terminus
of a-helix 3 of the enzyme fold and the aliphatic amine
closest to H1 of the s-hairpin forming part of the cover
of the active site® (Figure 2B).

Discussion

There are significant differences in the binding mode
of these three inhibitors. Although 1 and 2 both incor-
porate the same THIQ ring system, their THIQ scaffolds
do not superimpose. The THIQ moiety of 2 is translated
in the binding site by ~1.2 A relative to 1 and by ~0.8
A relative to 3 (Figure 5A) and, furthermore, the fused
ring system is rotated by ~15° around the planar axis
in the active site relative to the other two inhibitors.
This translation and rotation of the inhibitor scaffold
of 2 is apparently due to the presence of the 7-iodo
substituent. As a consequence of the translation and
rotation, the aliphatic amine of 2 is located in a different
position than that of 1 in the active site, although the
amine makes similar interactions with the enzyme in
both cases. Our previous QSAR and CoMFA analysis
of these two compounds predicted that they would bind
differently to the enzyme, and we proposed a model to
explain this whereby the ligand could bind to the
enzyme in one of two different orientations, depending
on the lipophilicity of the 7-substituent (Figure 6).” The
previous model also proposed that although the amines
would be located differently in the active site, they
would make similar interactions with the enzyme, albeit
from different directions. The crystal structures in this
study show that this simplistic hypothesis regarding the
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Figure 4. Schematics showing important interactions formed between the inhibitors and PNMT at the active site; dashed lines
indicate distances in angstroms: (A) 1, (B) 2, (C) 3. For clarity, some interactions mentioned in the text are not shown. The
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Figure 5. Comparison of inhibitor binding to PNMT. (A) Stereodiagram of the binding mode of the three inhibitors after
superimposition of the enzyme structures, also showing the relative orientations of active site residues Lys57 and Met258 in the
active site of PNMT. Atoms corresponding to 1 are shown in yellow, 2 in light blue (iodine in pink), and 3 in gray (chlorines in
black). Oxygen atoms are shown in red, nitrogens in blue, and sulfurs in green. (B) A side view of the same superimposition.
Residues Asn39 and Phel82 from PNMT form a narrow planar cleft within the enzyme active site. The amine-interacting water
from the cocrystal structures with 1 and 2 are shown. This water is displaced by the out-of-plane amine of 3.

Asn 139

binding of the inhibitors to the active site of PNMT to
be incorrect and that it is changes in the amino acid
positions in the enzyme active site that occur to accom-
modate the two classes (hydrophilic versus lipophilic
aromatic substituents) of inhibitor.

The crystal structures also show that the binding
mode of 3 is more like that of 1 than that of 2, even
though 3 incorporates a lipophilic halogen substituent
rather than a hydrophilic substituent like 1. Thus, the

aromatic ring moieties of 1 and 3 adopt a similar bound
position and orientation in the enzyme, although 3 is
translated by ~0.4 A away from the 7-substituent
binding pocket compared with 1, presumably to accom-
modate the two chloro substituents on the aromatic ring.
Curiously, the 8-chloro substituent of 3 and the sulfur
atom of the sulfonamide of 1 are almost coincident
(Figure 5). How is it that these very different chemical
substituents can bind in the same pocket of the enzyme?
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Figure 6. Structures of the proposed orientations of 1
(hydrophilic 7-substituent, left structure) and 2 (lipophilic
7-substituent, right structure) from the CoMFA model (ref 7,
11), showing how the 7-substituents would be in different areas
of space, depending on the lipophilicity of the substituent. The
center structure is a superimposition of 1 and 2, which shows
that the lone pairs (Ip) on the aliphatic ring nitrogens can
reach the same area, albeit from different directions. This
model, which suggested a 180° flip of the THIQ nucleus
depending on the lipophilicity of the 7-substituent, is clearly
invalidated by the present study. However, the model is correct
insofar as it predicted that the same amino acid residue(s)
could interact with the THIQ amine functionality.

It appears that the pocket can adopt a variable hydro-
phobic nature depending on the substituent in this
position. The major changes occur at residues Lys57 and
Met258. Lys57 forms the majority of direct hydrogen
bonds with the sulfonamide oxygens of 1, but shifts
away from the binding pocket by up to 1 A when the
iodo substituent of 2 or the 8-chloro substituent of 3 are
present. In these two structures, the Lys57 side chain
forms a hydrogen bond with the side chain of Tyr85, an
interaction that is not observed in the structure of
PNMT complexed with 1 (Figure 4). Furthermore, the
Met258 side chain also appears to be mobile in the
binding pocket, moving by up to 2 A toward the halogen
substituents of 2 and 3 and away from the sulfonamide
of 1. The sulfonamide oxygen of 1 forms a water-
mediated (3.0 A) hydrogen bond with the main chain of
Arg44. 1t is not clear whether a similar water is present
in the structure with 3 bound, as the electron density
in this region is poor, although any such interactions
would presumably be weaker than those observed in the
complex with 1. However, this may be compensated for
by a strong interaction between the 8-chloro of 3 and
the guanidino group of Arg44 (3.0 A).

Unfortunately, the crystal structures in this study do
not provide sufficient information to allow the un-
ambiguous determination of how a 3-substituent on
THIQ may overlap with the additional methylene unit
(“pucker”) in the aliphatic ring of 3. While SAR studies
have shown a stereochemical preference®#4 and molec-
ular modeling studies have shown how this could occur
(Figure 7), it will require the cocrystallization of hPNMT
with a 3-substituted-THIQ or a THBA with similar
aromatic substituents to answer this question.

The PNMT inhibitors 1—-3 each incorporate three
chemical features: a fused ring system, an aliphatic
amine, and an aromatic ring substituent. The aromatic
ring system appears to be the most crucial element for
binding to PNMT, allowing inhibitors to slot into the
narrow binding cleft between the side chains of Phe182
and Asn39 at the active site (Figure 5). The next most
important feature appears to be the aromatic ring
substituent, which alters the inhibitor binding mode,
although not in the simplistic manner as previously
hypothesized (Figure 6).” The model we proposed to
explain the different binding modes must now be

McMillan et al.

Figure 7. Overlay of 3 (from the crystal structure, shown in
orange) and 3,3-dimethyl-THIQ (shown in white), showing that
the pucker of the seven-membered ring of 3 and a 3S-methyl
on THIQ (shown in yellow) are close to the same area in space,
while a 3R-methyl (shown in red) would be in a different area
in space.

OH
NH,

Figure 8. Hypothetical binding orientations for benzylamine
inhibitors and phenylethanolamine substrates. This model
suggests that the benzylamine nitrogen occupies a similar
binding region at the active site of PNMT as does the
p-hydroxyl of phenylethanolamines. Confirmation of the model
is the observation that 4-aminomethyl-THIQ (9) is a better
substrate than is phenylethanolamine (10) (ref 15). The
observation in this paper that the distances from the AdoHcy
(7) sulfur to the aliphatic amine of 1—3 is 6—8 A implies that
this nitrogen is not binding where the nitrogen of phenyl-
ethanolamine substrates would bind but rather is close to the
region where the -hydroxyl binds. The present study lends
strong support to this model (see text).

revised. Rather than two alternate binding pockets in
the enzyme for 7-substituents (one lipophilic, one hy-
drophilic) there is only one pocket that has the capacity
to accept either lipophilic or hydrophilic substituents.
Thus, the substituents of all three inhibitors bind in
close proximity to each other in the active site, with the
enzyme adapting its chemistry to accommodate the dif-
ferent substituent chemistries presented. However, the
size of the substituent does affect the precise positioning
and orientation of the inhibitor framework, causing
significant translation and rotation of the inhibitor
molecule in the binding site, as in the case of 2.

The aliphatic amine is the most adaptable binding
feature of the inhibitors, with a separation of ~1—2 A
for any two of the amines of the three superimposed
inhibitors in the active site (Figure 5). Yet in all three
cases, the amine makes several energetically favorable
interactions with the same enzyme residues. Thus, the
enzyme accepts alternate presentations of the amine,
allowing similar interactions to form in all three cases.
This result provides support for our hypothesis that the
amines of inhibitors of PNMT can bind in different
positions in the active site while still interacting with
common enzyme residues.”

The natural substrate of PNMT, norepinephrine (4),
incorporates an aromatic ring and an amine as well as
a hydroxyl group that is critical for its substrate
specificity. The inhibitors 1—-3 each incorporate an
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aromatic ring and an amine, and potentially act as
conformationally restricted analogues of 4. The reaction
catalyzed by PNMT requires nucleophilic attack by the
amine nitrogen of 4 on the methyl group of the cofactor.
For such an attack to occur, the amino group must
approach to within 2—3 A of the AdoMet (6) methyl
carbon and, by extrapolation, to within 4—5 A of the
sulfur of 6 or 7. However, the ring nitrogens of 1, 2, and
3 are located 7.3, 6.3, and 7.9 A, respectively, from the
sulfur of 7. This is further confirmation of previous SAR
studies that suggested that the amine moieties of these
inhibitors do not mimic the amine of 4 but, more likely,
mimic the S-hydroxyl group (Figure 8).15 These conclu-
sions were based on the observations that 4-amino-
methyl-1,2,3,4-tetrahydroisoquinoline (9, K, =47 £ 9
UM, Vmax = 3.4 + 0.3 nmol/min/mg) was a better
substrate for PNMT than phenylethanolamine (10, Kn,
=70 £ 6 uM, Vimax = 2.2 =+ 0.2 nmol/min/mg), and that
4-hydroxymethyl-1,2,3,4-tetrahydroisoquinoline, although
it bound to the enzyme (11, K; = 170 £+ 10 uM), was not
a substrate.

R NH,
OH
NH
9 R=NH, 10
11 R=OH

Analysis and comparison of the three PNMT inhibitor
complexes has enabled us to identify critical chemical
components for PNMT binding and inhibition. We
intend to further investigate PNMT inhibition to achieve
our goal of clarifying the precise physiological role of
CNS epinephrine by inhibiting its biosynthesis in vivo.
Although current inhibitors are not appropriate for this
task, they have proven to be enormously useful for
mapping the PNMT pharmacophore. This information
will be useful in future inhibitor design studies, the
results of which may be used to develop pharmacological
tools aimed at clarifying the proposed roles of CNS
epinephrine in the central control of blood pressure,®
respiration,” and pituitary hormone secretion’® and to
investigate further the link between CNS epinephrine
and ethanol intoxication® or Alzheimer’s disease.?°

Experimental Section

Crystallization of PNMT—Inhibitor Complexes. Re-
combinant wild-type human PNMT was produced as described
previously.?! Compound 1 was kindly provided by Smith Kline
and French Laboratories, Smith Kline Beecham Corp., Phila-
delphia, PA. Compounds 27 and 32> were synthesized as
described previously. Protein crystallization was performed
using the method described to produce crystals of the PNMT:
7:1 complex.?® Protein homogeneity was assessed by SDS—
PAGE and purified PNMT was concentrated to >100 mg/mL
in 20 mM Tris buffer, pH 7.2, 1. mM EDTA, and 0.5 mM DTT.
DTT, cofactor product, and inhibitor were added to the
following concentrations: 11 mM DTT,2 mM 7, and 11 mM 2
or 15 mM 3. The final concentration of protein was 80 mg/
mL. Complexes were crystallized at 20 °C by hanging drop
vapor diffusion in cacodylate buffer (0.1 M, pH 6—6.25) using
PEG 6K (6—10%) and lithium chloride (0.25 M) as precipitant.
Crystal complexes with either 2 or 3 grew within 3—4 weeks.
Crystals were isomorphous with PNMT:7:1 crystals, with
space group P432,2 and two monomers in the asymmetric unit.
Crystals of the complex with 2 or 3 were soaked in cryo-
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protectant-containing reservoir solution plus 25% glycerol and
then flash frozen in a gaseous nitrogen stream (100 K).

Data Measurement and Structure Determination.
Diffraction data for the two crystals were measured using a
Rigaku RU200HR copper rotating anode generator (operating
at 46 kV and 60 mA) with a Yale Mirror system. An Oxford
cryostream and an RAXIS-11C image plate area detector were
used for data measurement at 100 K. Crystallographic sta-
tistics for the single-crystal data from both complexes are
summarized in Table 2.

Crystallographic data were processed using DENZO and
SCALEPACK?* and phasing was carried out using CNS v0.9.%%
The PNMT:7:2 complex (PDB code 1N7J) was solved by
difference Fourier methods using the structure of PNMT:7:1
as the model (PDB code 1HNN).2 The PNMT:7:3 structure
(PDB code 1N71) was solved by difference Fourier methods
using the refined structure of the PNMT complex with 7 and
2. Model building was performed using O,?° and the structures
were refined using CNS v0.9.%° Initial coordinates for the
inhibitors were generated using Insight 11.2 Topology and
parameter files were generated for the two inhibitors using
XPLO2D? and modified where necessary. The procedure used
was to model the structure of the protein first and then add
water molecules, followed by 7 and finally the inhibitor. R-free
analysis (10% of reflections) was used for cross-validation.?52°

Structural Analysis. The final models for both enzyme—
inhibitor complexes comprise 261 of 282 residues in one
monomer of the asymmetric unit and 267 of 282 residues in
the other. The missing residues are at the N-terminus in each
case; electron density was not observed for residues 1—21 in
the first monomer and residues 1—15 of the second. Average
B values for the complexes were calculated using CNS v0.9.%°
B values for PNMT:7:2 are 45 A? (protein), 43 A2 (2), 51 A?
(7), and 41 A2 (water). The average B values for the PNMT:
7:3 complex are 51 A2 (protein), 37 A2 (3), 46 A2 (7), and 41 A2
(water). For the purposes of comparison, the average B values
for the PNMT:7:1 complex are 47 A? (protein), 46 A2 (1), 50 A?
(7), and 46 A2 (water).

Root-mean-square deviations between pairs of structures
and subunits were calculated using Insight 1127 (Table 3).
ClogP values were calculated using the CLOGP module in
SYBYL.3° For comparison of inhibitor binding, the programs
Insight 11?7 and O2® were used: crystal structures were first
superimposed by least-squares analysis of all enzyme Ca
atoms, and then the position and orientation of each inhibitor
within the active site were analyzed and compared. Distances
between atoms were measured using 0.%® Figures of the
enzyme reaction and active site interactions were created using
I1S1S.3t All other figures were generated using Molscript,®?
Bobscript,® Insight 11,%” and 0.%6

Inhibitor Modeling. Inhibitor models were built into their
respective electron density maps based on the shape and
contour of the electron density in the active site. Using the
program O,% each inhibitor was rotated and translated to a
number of orientations, until a fit with the electron density
was achieved. Partial disorder is observed around the aliphatic
ring of 2, suggesting that this region of the inhibitor could be
flexible when bound to the protein. Alternate binding modes
were modeled to investigate whether better fits could be
achieved between 2 and the electron density, but all other
binding modes resulted in strong (3o or higher) residual F, —
F¢ electron density. The final refined conformation of 2 was
modeled using the strong density for the iodine atom and the
density for the aromatic ring as a guide. Thus, the electron
density around the iodine in Figure 3B is consistent with the
scattering expected from an atom of this size. The position of
the iodine was confirmed using high contour electron density
maps. In addition, continuous electron density (at the 1o level)
between the modeled iodine atom and the side chain of Met258
(not shown) is indicative of strong van der Waals interactions
between the two groups.

Molecular Modeling. The structures in Figures 6 and 7
were constructed using the SYBYL software suite.?® The
structure of 3 in Figure 7 was generated from the crystal
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structure reported in this paper. The other structures were
built in SYBYL and are shown as low-energy conformations
from the “Compute: Minimize ...” function, using Gasteiger—
Huckel charges. The structures were superimposed using both
ends of a 2.0 A normal through the centroids of the aromatic
rings, and the lone pairs on the aliphatic ring nitrogens (2.4
A long, to simulate hydrogen-bonding distance). Hydrogens
have been omitted for clarity.
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