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ABSTRACT: Here we report three crystal structure complexes of human phenylethanolbrmethyl-
transferase (PNMT), one bound with a substrate that incorporates a flexible ethanolamine sidp-chain (
octopamine), a second bound with a semirigid analogue substigtélR, 29)-2-amino-1-tetralolcis-
(1R,29-AT], and a third withtrans-(1S,29)-2-amino-1-tetralolfrans-(1S,25)-AT] that acts as an inhibitor

of PNMT rather than a substrate. A water-mediated interaction between the gsiigalroxyl of the
flexible ethanolamine group gi-octopamine and an acidic residue, Asp267, is likely to play a key role

in positioning the side chain correctly for methylation to occur at the amine. A second interaction with
Glu219 may play a lesser role. Catalysis likely occurs via deprotonation of the amine through the action
of Glul85; mutation of this residue significantly reduced khgwithout affecting theK,,. The mode of
binding ofcis-(1R,29)-AT supports the notion that this substrate is a conformationally restrained analogue
of flexible PNMT substrates, in that it forms interactions with the enzyme similar to those observed for
p-octopamine. By contrastrans(1S,29)-AT, an inhibitor rather than a substrate, binds in an orientation
that is flipped by 180 compared withcis-(1R,2S)-AT. A consequence of this flipped binding mode is

that the interactions between the hydroxyl and Asp267 and Glu219 are lost. However, the amines of
inhibitor trans-(1S,29-AT and substrateis-(1R,29)-AT are both within methyl transfer distance of the
cofactor. These results suggest that PNMT catalyzes transfer of methyl to ligand amines only when “anchor”
interactions, such as those identified for ff¥aydroxyls ofp-octopamine andis-AT, are present.

The final step in the biosynthesis of epinephrine (adrena- in kinetic analyses because norepinephrine autoxidizes to
line) from norepinephrine (noradrenaline) involves the me- form noradrenochrome?).
thylation of the primary amine in a reaction catalyzed by  Hydroxyphenylethanolamines (e.g@-octopaminep-oc-
the enzyme phenylethanolamitfemethyltransferase (PN-  topamine, normetanephrine, and norparanephrine) and halogen-
MT,* EC 2.1.1.28, Figure 1A). PNMT is an31 kDa protein  substituted phenylethanolamines (e.g., 2-chloro, 3,4-dichloro,
expressed in the adrenal medulla and in selected neurons irg-fluoro, 4-fluoro, 3-bromo, and 4-bromo) are also substrates
the central nervous systert)( Although the physiological ~ of PNMT (3—6). However, compounds that lack A&hy-
substrate of PNMT is th&® enantiomer of norepinephrine  droxyl such as phenylethylamines and amphetamines are not
(Figure 1), phenylethanolamine (PEA) is used as a substratesubstrates and instead inhibit PNMZ, 7). Semirigid and
rigid analogues of phenylethanolamine have been developed
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hPNMT, human PNMTwt, wild type; hPNMTa, molecule A in the Structure-activity studies have led to a number of findings

asymmetric unit of hPNMT crystals; hPNMT'molecule B in the  regarding PNMT substrate requirements. (1) Stereochemistr
asymmetric unit of hPNMT crystals; PEA, phenylethanolamine; AT, g 9 q (1) y

2-amino-1-tetralol; AdoMet,S-adenosyk-methionine; AdoHcy,S may be important; for example, the hydroxyl of the Ser_“?rigid
adenosyk-homocysteine; THIQ, 1,2,3,4-tetrahydroisoquinoline; GNMT, analogue tetralol must Berather tharSfor substrate activity
glycine N-methyltransferase; GAMT, guanidinoacettenethyltrans- (9). (2) A fully extended side chain conformation for flexible

ferase; CNS, Crystallography and NMR System; PEG 6K, polyethylene substrates is optimal for bindingl4). (3) The bound
glycol with an average molecular mass of 6 kDa;, €carbon of

AdoMet: S, o-sulfur of AdoMet or AdoHcy: SEM, standard error of ~ cOnformation of flexible substrates is likely to have the amine
the mean. coplanar with the aromatic rindLp).
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A OH OH allowing identification of the residues and interactions
HO NH, HO NHCHg involved in substrate binding and revealing for the first time
m PNMT D)V the binding mode of hPNMT substrates. The structures also
Ho A-Norepinephrine HO R-Epinephrine allow a preliminary analysis, supported by mutagenic studies,
; \ of the catalytic mechanism of the enzyme. In addition, the
Mz hiHe pair of structures of hPNMT complexed with AdoHcy and
NL/ ‘ N\> S0 H NH, Nk/ \ N\> sp  H NH; either cis-(1R,29-AT or trans(1S2S)-AT shows that a
NTUN O %D/\)%(OH NTNOL g~ A0 similar molecular scaffold does not necessarily translate to
CH;, O 0 a similar binding mode, and helps to explain why one is a
HO OH  TCe HO OH substrate for the methyl transfer reaction catalyzed by the
S-Adenosyl-L-Methionine S-Adenosyl-L-Homacysteine enzyme and the other inhibits this reaction.
BHO ™ N ' N, W2 10H N, MATERIALS AND METHODS
7
HOD/‘V ©)V HO Crystallization of PNMThPNMT with a C-terminal Hig
Renorepinephrine  R-phenylethanolamine  (R)-p-octopamine tag was expressed and purified as described previo@8)y (
oH oH 21). The protein was concentrated to-580 mg/mL and
810l _NH, F  NH, 5 4 mixed with substrate or inhibitor (final concentration of 50
; j@@: mM) and cofactor productS-adenosyl--homocysteine
8 9% _ 8 1 (AdoHcy, final concentration of 1.7 mM), bringing the final
cis-2-amino-1-tetralol  frans-2-amino-1-tetralol THIQ . .
(1R, 28) (1S,28) concentration of protein to 3340 mg/mL or 1.2 mM.
substrate inhibitor The protein mixture was crystallized by hanging drop vapor
m O@ diffusion using drops of luL of protein and 1uL of
HaNOSS NH mmH | NH precipitant over 10@L of precipitant [5-8% PEG 6K, 0.25
SK&F29661 Cl Ly134046 7-lodo-THIQ M LiCl, and 0.1 M sodium cacodylate (pH 5%.0)].
Data Collection.Crystals of the appropriate size-Q.25
mm x 0.25 mmx 0.25 mm) were cryoprotected by being
NH, dipped into mother liquor with 25% glycerol for 30 s to 2

o min and flash-cooled in a Nyaseous stream. X-ray diffrac-
o bamane tion data were measured using X-rays generated by a Rigaku
FR-E copper rotating anode generator operating at 45 kV
FiGure 1. Catalytic reaction and chemical structures. (A) Physi- and 45 mA with Osmic Confocal Max-Flux optics (either

O'OQAC.a' rtea'g)“o”. Catﬁ'}’zed(Bb)ySPbN'\t/'Tt that g‘?”;]’%'ff@‘(‘o;eploli\'lMT HiRe< or Maxscreen). Reflections were measured using an
nepnrine 10 [x)-epinepnrine. upbstrates and INNIDITOrs O _ 4 H :
mentioned in the text and numbering schemesRyptoctopamine R-AXIS V™™ imaging plate area det_ector. ACryo IndUStr.leS
and the 2-amino-1-tetralols used in Table 3. CryoCool LN2 was used for cooling the crystals during

cryocrystallographic data measurement. Data were processed
using Crystal Clear (Rigaku Corp.), and phasing was carried
In our previous work, we have determined several crystal out using CNS version 1.129).
structures of human PNMT (hPNMT) complexed with Structure DeterminationThe structures were determined
AdoHcy and different semirigid analogue inhibitors based by difference Fourier methods using the hPN¥AdoHcy—
on the 1,2,3,4-tetrahydroisoquinoline moiety (THIQ, Figure SK&F29661 structure [PDB entry 1IHNNL§)] as the model.
1B) (16, 17). The observed mode of binding of THIQ The asymmetric unit was chosen so that the disulfide bonds
inhibitors in the crystal structures allowed the development observed in the structure were formed between molecules
of a model for norepinephrine substrate bindidg)( This in the same asymmetric unit and not between symmetry-
model supported previous structutactivity studies 18) that related molecules. Model building was performed using O
proposed that the THIQ amine mimics théydroxy rather (23), and the structures were refined using CNS version 1.1
than the amine of thg-hydroxyethanolamine of PEA and (22) or REFMAC (4) followed by a final refinement in
norepinephrine substratesyj. The model of norepinephrine  CNS. Initial coordinates for the substrates and inhibitor were
identified Asp267 as a potential interaction partner of the generated using the Insight 1l 2000.1 (Accelrys) builder
B-hydroxyl group of substrates such as PEA and norepi- module. Topology and parameter files for ligands were
nephrine. Mutagenesis of Asp267 (D267A) supported this generated using PRODR®5) or XPLO2D @6), and
hypothesis, in that substrates with a flexible ethanolamine modified where necessary. The procedure used was to refine
side chain had a lowég, value for this variant than thet the structure of the protein against the diffraction data first,
enzyme 19), whereas the value &, for the rigid analogue  followed by addition of water molecules, then AdoHcy, and
substratenti-9-amino-6-(trifluoromethyl)benzonorbornene, finally the substrate or inhibitor. The criteria for including a
which lacks g5-hydroxyl, was essentially unchanged. This water molecule were the presence &2 F. density at &
result suggested that the role of Asp267 is to position the andF, — F. density at 3 and a hydrogen bond donor or
flexible portion of norepinephrine or PEA within the active acceptor within 3.8 ARqec analysis (10% of reflections) was
site (1L9). Other residues implicated in binding to norepi- used for cross-validatior2f). The histidine tag engineered
nephrine on the basis of this model were Glu219 and Lys57. at the C-terminus of hPNMT to facilitate purification was
Here we present crystal structures of hPNMT complexed not visible in the electron density. When water atoms Wat1

with methyl acceptor substrates and cofactor products,and Wat2 (with no density in theF3 — F. map at b, but
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density at & in the F, — F. ma_p_) were m_Odeled into the Table 1: Kinetic Constants for hPNMT with Selected Substrates
crystal structure, they were positionally refined for 10 cycles and Inhibitora

in CNS followed by individuaB-factor refinement in CNS substrate A
for 20 cycles (theB-factors were arbitrarily set to 40 before orinhibitor  Km (M) K (@M) ke (min-l) (ML min-Y)
refinement).

. . . (+)-PEA 99+ 6 - 26+0.1 26x 10
AdoMet was modeled into the active site of hPNMT  (1).octopamine 5.5 0.6 - 12401 22x 10
structures by the addition of a methyl group onto the refined cis-(1R29-AT 5.3+0.8 - 0.29+0.02 5.5x 10¢
structure of AdoHcy using SYBYL 7.0 with update #1 from  trans(1S29-AT - 2.10+0.03 - -
Tripos Inc. (1699 S. Hanley Rd., St. Louis, MO). aKinetic data were obtained in 50 mM phosphate buffer (pH 8.0) at

Coordinates and structure factors for the three crystal 30 °C. Each datum point is an average of at least three individual
structures have been deposited as Protein Data Bank entrie%%aﬁ‘)‘remems' Values are reporteciegandard error of the mean
2AN3, 2AN4, and 2ANS. -

Preparation of hPNMT VariantsThe mutants were . ) . . .
prepared using Pfu DNA polymerase and the QuikChange\Blecl)OCIty data were then fitted to eq 1 again using SigmaPlot
site-directed mutagenesis kit (Stratagene), using pET17PNMT-""""

His (20) as the DNA template. The forward primers used V..IS]

for the mutagenesis are shown below with the mutated v=

codons underlined, with the lowercase letters indicating a [S]+ Kn(1 4 [11/K;)
base change from the wild-type sequence: Y35F, 5 RESULTS
TTCGAGCCaCGCGCCTICCTCCGCAACAAC:E185Q),

5-GCCTTCTGCTTGCcAaGCaGTGAGCCCAGATCTTG- Kinetic data for hPNMT angb-octopaminecis-(1R,29)-

3'; E185A, 3-GCCTTCTGCTTGGcaGCaGTGAGCCCA- AT, andtrans(1S29-AT are summarized in Table 1. These
GATCTTG-3; E185D, 3-GCCTTCTGCTTGGACGCAGT-  data confirm results obtained previously with bovine PNMT,
GAGCCCAGATCTTG-3; and E219Q, 5CGGGGCCC- thatcis-(1R,29-AT is a substrate whereasns(1S29-AT
TcGAGcaGTCGTGGTACC-3 is an inhibitor ©). The K, andK; values indicate that all

In addition to creating the Y35F mutation, this primer three compounds bind to hPNMT in low micromolar
introduced a silent mutation which resulted in the loss of a concentrations. High-resolution diffraction data were mea-
BsdHIl restriction site. The Glu185 mutagenesis primers all sured for complexes of the hPNMTAdoHcy species with
introduced silent mutations leading to the gain oBtd p-octopaminegis-(1R,29)-AT, or trans(1S,29-AT, and the
restriction site, while the E219Q primer introduceclad three structures were refined (Table 2). The crystal structures
site. Following mutagenesis, the template DNA was removed are isomorphous with previously published crystal structures
by treatment withDpnl and the remaining PCR products of hPNMT, with two copies of the enzyme present in the
were transformed int&scherichia colistrain IM109 (Prome-  asymmetric unit. In all three of the refined structures, the
ga). Single colonies were picked, and in each case, their DNAPNMT protein fold and the binding mode and contacts
was isolated and screened for the desired mutation using thdormed to the cofactor product AdoHcy are essentially
appropriate restriction enzyme. The fidelity of the PCR identical to those described previously for APNMT structures
amplification and the presence of the mutation were con- complexed with AdoHcy and semirigid analogue inhibitors
firmed by sequencing. The plasmids were then transformed(16, 17). The electron density maps also revealed the
into E. coli strain BL21(DE3)pLysS (Novagen), and the presence of the expected substrate or inhibitor in the active
mutants were expressed and purified by affinity followed site.
by size exclusion chromatography as described previously hPNMT—Substrate Structure$he crystal structures show
(20, 21). that the substratgsoctopamine andis-(1R,29-AT interact

Determination of Kinetic ConstantsA typical assay with the enzyme at the same site that binds hPNMT
mixture consisted of 2&L of 0.5 M phosphate buffer (pH  inhibitors. Furthermore, the aromatic rings of the substrates
8.0), 5uL of [methyi*H]AdoMet containing approximately  bind to the enzyme between the side chains of Phe182 and
2.5 x 10° dpm (specific activity of approximately 15 Ci/  Asn39, in the same manner as the aromatic rings of the THIQ
mmol), varying amounts of PEA and unlabeled AdoMet, 20 moieties of previously determined hPNMinhhibitor struc-
uL of enzyme, and sufficient water to achieve a final volume tures (L6, 17).
of 250uL. After incubation for 30 min at 30C, the reaction p-OctopamineThe chemical structure gf-octopamine
was quenched by addition of 5@Q of 0.5 M borate buffer comprises an aromatic ring substituted with a flexible
(pH 10.0) and the mixture was extracted with 2 mL of a [S-hydroxyethylamine side chain and @hydroxy group
toluene/isoamyl alcohol mixture (7:3A 1 mL portion of (Figure 1B). B-Factors of atoms in the side chain of
the organic layer was removed, transferred to a scintillation p-octopamine (5354 A2 in PNMT, and 45-48 A? in
vial, and diluted with cocktail for counting. PEA and AdoMet PNMTg) are similar to those observed for atoms in the phenyl
concentrations were varied betweenkQ,3and X, Initial ring (51-54 A2 in PNMT, and 42-46 A2 in PNMTg),
rate data were fit to the equation for a sequential reaction suggesting that the side chain conformation becomes ordered
(28) using SigmaPlot 8.0 with the Enzyme Kinetics Module upon binding to the enzyme (by comparison, the average
from Systat Software Inc. (Richmond, CA). Tlkg value B-factor for hPNMT atoms is 47 A. Previous work had
for trans(1S,29-AT was determined at a fixed AdoMet identified structural and conformational preferences for
concentration of 5«M. The concentration of PEA was substrates of PNMT, and the crystal structure validates these.
varied between 0K, and 2.%, while the inhibitor First, whereas a racemic mixture &) and §-octopamine
concentration was varied between KK.4nd 2.%K. Initial was used for crystallization and kinetic studies, tRe

(1)
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Table 2: Statistics for Crystallographic Data Measurement and Structure Refinement
(R)-p-octopamine with AdoHcy cis-(1R,29-AT with AdoHcy  trans(1S,2S)-AT with AdoHcy

space group P452,2 P452,2 P452,2
unit cell
a=b(A) 93.5 93.8 94.0
c(A) 188.7 187.1 187.5
o= =1y (deg) 90 90 90
no. of observations 299485 286033 233616
no. of unique reflections 43061 42859 29890
resolution range (A) (top shell) 42.2 (2.28-2.20) 66-2.2 (2.28-2.20) 39-2.5(2.59-2.50)
redundancy 6.95 (6.99) 6.67 (6.28) 7.82 (7.87)
/ol 11.9 (4.3) 12.8 (3.7) 13.9 (4.1)
completenesq%) 100 (100) 99.2 (99.4) 100 (100)
Rmerg® (%0) 8.0 (44.7) 7.9 (46.4) 7.6 (46.2)
refinement
no. of reflections || > 0)
total 43059 42856 29889
test set 4343 4317 2990
Reryst/Riree (%) 23.0/27.4 (41.8/43.3) 21.7/25.6 (37.0/39.2) 21.7/24.6 (34.8/39.7)
no. of non-hydrogen atoms 4487 4508 4417
no. of protein non-hydrogen atoms 4154 4176 4164
no. of ligand non-hydrogen atoms 79 76 81
no. of waters 254 256 172
rmsd from ideal geometry
bond lengths (A) 0.007 0.006 0.007
bond angles (deg) 14 1.3 1.4
coordinate error
from Luzzati plot (A) 0.32 0.29 0.32
from cross-validated Luzzati plot (A) 0.38 0.35 0.39
averageB-factor (A2)
all atoms 47.2 44.4 56.2
protein 47.0 44.1 56.3
substrate 44.3 40.4 50.9
cofactor 48.9 38.3 58.5
waters 49.7 49.3 55.6
Ramachandran plot (%)
most favored region 91.1 92.2 91.8
disallowed region 0 0 0

a Completeness indicates the number of measured independent reflections divided by the total number of theoretical independent reflections.
b Rmerge= Y |lobs — lad/3 lav, OVer all symmetry-related observatiofifeyst = ¥ |Fobs — Fead/3 |Fobd, Over all reflections? Ry is calculated as for
Reyst from 10% of the data excluded from refinement. Values in parentheses are for the top shell of data.

enantiomer 9) appeared to be preferentially bound to the 17). The same ordered water also mediates an interaction
enzyme, as determined by the fit to the electron density between thg@-hydroxyl and the backbone oxygen of Asn39.
[though the possibility that a small proportion 08){ Superimposition of the hPNMT crystal structures reveals that
octopamine is bound to the enzyme cannot be ruled out]. the p-hydroxyl group of the octopamine substrate occupies
Second, the structure of hPNMT with boupébctopamine essentially the same position as the sulfonamide sulfur,
revealed that the flexible portion of the substrate adopts an8-chloro, and iodo aromatic substituents of the PNMT
extended (rather thagauch¢ conformation 8, 14) (Figures inhibitors SK&F29661, LY134046, and 7-iodo-THIQ, re-
2A and 3A). Third, the amine is coplanar with the aromatic spectively (Figure 4A) 17).
ring (15). The amine op-octopamine is within 3.5 A of the aromatic
Also as predicted previously, thg-hydroxyl of the ring of Tyr222, suggesting a possible amireromatic
octopamine side chain occupies essentially the same positiorinteraction. There are no other direct interactions between
and forms similar interactions as the amine of bound THIQ the substrate amine and the enzyme, but the crystal structure
inhibitors (Figure 3A and 4A)X6, 18). Thus, the3-hydroxyl suggests two possible water-mediated interactions. Thus, in
is within direct hydrogen bonding distance of Glu219 (2.9  one of the two hPNMT molecules in the asymmetric unit
3.0 A) (Table 3 and Figure 2A). A water-mediated interaction (hPNMT,), a water (Wat1) forms a hydrogen bond network
with Asp267 is particularly strong, as indicated by the between the substrate amine and the side chains of Glu185
continuousF, — F. omit electron density @ linking the and Glu219. In the second hPNMT molecule (hPNWT
substrate hydroxyl, the ordered water, and the acidic sideWatl may be present, but at a lower occupartey;— F.
chain of Asp267 (Figure 3A). The distances to this water density is found at the®contour level, but B, — F. density
(Wat3, Table 3) are shorB{OH-+-2.5-2.6 A:--water++2.4— is only obvious at 0.5. Instead, in hPNM§, a water (Wat2)
2.6 A--Asp267), suggestive of a strong (low-barrier) hy- is located between the amine and the sulfur of AdoHcy, close
drogen bond 29). The S-hydroxyl also forms a water-  to the position of the donor methyl group if it were AdoMet
mediated interaction with the side chain of Asn39. bound in the cofactor site rather than AdoHcy. Curiously,
The p-hydroxyl group forms a water-mediated hydrogen there isF, — F. density at & at the Wat2 position in
bond with the side chain of Lys57 (Figure 2A), confirming hPNMT,4, but no &, — F. density is obvious, even at &5
the involvement of this side chain in ligand orientatid,( If waters are modeled and refined at both Watl and Wat2



Structures of PNMTSubstrate Complexes Biochemistry, Vol. 44, No. 51, 2009.6879

Ficure 2: Stereoviews of (A)R)-p-octopamine, (Bris-(1R,29-AT, and (C)trans(1S29-AT bound in the active site of hPNMT. Hydrogen

bonds are shown with black dotted lines. Interactions between the AdoHcy sulfur and tyrosine hydroxyls are shown with red dotted lines.
The distances between the nitrogeng-aictopaminegis-(1R,29-AT, or trans(1S,2S9)-AT and the sulfur of AdoHcy are shown with green

dotted lines (the range indicates the measured values for both hPNMT complexes in the crystallographic asymmetric unit). The position of
Wat2, described in the text, is shown in panel A.

positions of both A and B enzymes, the refinBdactors rotatables-hydroxyethylamine of PEA is constraineddis-
are 44.3 & (Watl) and 50.2 A (Wat2) for hPNMT, and (1R,29)-AT through cyclization. The @®)-hydroxyl was
53.9 & (Watl) and 30.7 A(Wat2) for hPNMTs. Electron thought to mimic thes-hydroxyl of PEA and the (§-amino
density maps calculated from these structures revealgroup to mimic the extended conformation of the ethylamine
2F, — F. density at & for Watl in hPNMT but negligible (17). The crystal structure of hPNMT complexed witts-
2F, — F. density at & for Wat2 in hPNMTa. These results  (1R,29-AT confirms this, in that the hydroxyl group ofs-
suggest that both water molecules may be present in both(1R,2S5)-AT binds at the same position as thenydroxyl of
enzyme molecules in the asymmetric unit, but perhaps notp-octopamine and makes identical interactions with the
at full occupancy. In any case, Wat2 may not be relevant to enzyme. The amines ofs-(1R,25)-AT and octopamine also
catalysis as it is likely to be displaced by AdoMet in the bind to the enzyme in a similar manner (Figures 2A,B and
substrate complex and by the methylated product in the 4B). The bound conformation @is-(1R,29-AT is the low-
product complex. energy half-chair conformation and is that predicted to
cis-(1R,2S)-2-Aminotetralol (substrate).-€ldR,2S)-AT is interact with PNMT 8), with the hydroxyl group axial and
a conformationally restricted analogue of PEA, the freely the amine equatorial. The amine ois-(1R29-AT is a
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FiGUrRe 3: Simulated annealing, — F. omit electron density maps contoured at 8A) p-Octopamine showing interactions of thénydroxyl
with Asp267 and Glu219. (Bjis-(1R,29)-AT in the active site of hPNMZ (monomer B in the asymmetric unit). (€is-(1R,29-AT in the
active site of hPNMT (monomer A in the asymmetric unit). (Ojans(1S,29-AT in the active site of hPNMZg (monomer B in the
asymmetric unit). (Ejrans(1S,29)-AT in the active site of hPNMZA (monomer A in the asymmetric unit).

similar distance from the sulfur of AdoHcy, and the angle noted, however, that whereas the omit density for the
between the €N bond of the substrate and the sulfur of hydroxyl group oftrans(1S29-AT in hPNMTg was clearly
AdoHcy is also similar to those for octopamine (Table 4). defined at 4, the omit density for the hydroxy! of the ligand
The two water molecules identified near the amine of in PNMTa was poorly defined, suggesting that the interaction
p-octopamine (described above) are also present iithe  with Tyr35 is relatively weak (Figure 3C).
(1R,29-AT complex. In hPNMT, only Watl is modeled AdoMet ModelingThe finding that the amines dfans
(B-factor = 33 A?), thoughF, — F. density suggests that (1S29-AT (an inhibitor) and the two substratpsoctopam-
Wat2 may also be present at a lower occupancy. In hPAMT ine andcis-(1R,29-AT were located in a similar position
both Watl and Wat2 are modeled, wBhfactors of 35 and and almost equidistant from the sulfur of AdoHcy prompted
29 A2, respectively. us to investigate the catalytic arrangement further. A methyl
trans-(1S,2S)-2-Aminotetralol (inhibitor). traf{4S 29)- group was modeled onto AdoHcy in the three crystal
AT is a stereoisomer dfis-(1R,2S)-AT, wherein the critical structures to generate a model of AdoMet. Distances and
hydroxyl and amine groups are irtrans configuration with angles between the substrate acceptor amine and the AdoMet
respect to each other. This isomer of AT is not methylated donor methyl were measured for all three structures (Table
by PNMT, but it does bind to the enzyme and inhibits its 4). The distances between the amine and the donor methyl
activity (Table 1). The binding mode of theans(1S29)- for p-octopamine,cis-(1R,25)-AT, and trans(1S29)-AT
AT identified from the crystal structure of the complex were similar (3.73.9 A). In contrast, the angles between
reveals that compared witlis-(1R,29)-AT, thetransisomer the C-N bond and the donor methyl group are different for
is flipped by 180 through the plane of the aromatic ring the substrates and the inhibitor. Thus, leoctopamine and
(Figure 4D). A consequence of this flipped binding mode is cis-(1R,29-AT, the angles are 8993°, roughly tetrahedral.
that the hydroxyl otrans(1S,25)-AT does not interact with By comparison, the angle for nucleophilic attack by the
the acidic side chains of Asp267 and Glu219, but instead amine oftrans(1S29-AT is more than 30 larger (129-
interacts with Tyr35 (Figure 2C). Surprisingly, the amine of 132, Table 4).
the inhibitor is bound in a position similar to that observed  Mutation of Key Residue®n the basis of the substrate-
for the two substrates, and Watl and Wat2 (described abovebound structures, it became apparent that Glu185 may play
for the substrate structures) are also present. It should bean important role in catalysis, since it makes water-mediated
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Ficure 4: Overlays of molecules bound in the active site of hPNMT. R)§-Octopamine (orange) and SK&F29661 (yellow) showing
the position of the5-hydroxyl relative to the ring nitrogen of THIQ and the position of firydroxyl of octopamine in relation to the
7-substituent of THIQs. (B)R)-p-Octopamine (orange) arads-(1R,29-AT (green). (C) R)-p-Octopamine (orange) aricAns(1S,29)-AT
(purple). (D)cis-(1R,29-AT (green) andrans-(1S2S)-AT (purple).

Table 3: Interactions of Enzyme with Bound LigaAds

(R)-p-octopamine cis-(1R,29)-AT trans(1S29)-AT
hPNMT atom atom distance (A) atom distance (A) atom distance (A)
E219 @ -OH 2.9-3.0 1-OH 2.6-2.7 C3 2.9
D267 Oy, S-OH 3.4-3.5 1-OH 3.334 C4 3.0-3.4
Wat3 $-OH 2.5-2.6 1-OH 2.5 Cc2 2.13.2
Watl NH 2.6 2-NH, 2.8-2.9 2-NH 3.1
Wat2 NH, 2.4 2-NH, 2. 2-NH, 2.1
Y222 G, NH; 3.4-3.5 2-NH 3.3-34 2-NH 3.8
Y35 OH 1-OH 2.6
M258 G C3 3.% C6 35 C8 3.7

C5 3.F

Wat4 (to K57) p-OH 2.7-2.9
F182 G C8 3.5-3.6 C2 3.4 C5 38
F182 G C5 3.4
V269 Cs; C4 3.7

a Cutoffs are<3.5 A for hydrogen bond or amirearomatic and<3.8 A for van der Waals interactions (only the closest interaction is listed).
Atoms in octopamine and the two AT isomers are numbered according to FigufehPBIMT, only. chPNMTg only.

interactions with the attacking amine. Also, on the basis of similar to that of the wild-type enzyme, but the yield of the
the interactions of the hydroxyl dfans(1S2S)-AT with soluble protein for the E185A variant was greatly reduced.
Tyr35, it was of interest to examine the role of this residue. The reasons for this are unclear.

Therefore, the hPNMT variants Y35F, E185A, E185D, and A comparison of the kinetic data for wild-type and variant
E185Q were prepared as His-tagged derivatives. For com-hPNMTSs [including the E219A, D267A, and D267N variants
parative purposes, the E219Q variant was also prepared. Irfor which data have been reported previoush) is
general, the yield of the purified protein for the mutants was provided in Table 5. Both the E185A and E185Q mutants
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Table 4: Distances and Angles for Substrate or Inhibitor Amines and Methyls and Sulfurs of AdoMet and AdoHcy, Respectively

N...SD N...CE C_N...SD C_N...CE C]/_SD"'N SD_CE'"N CS*_SD'"N
AdoHcy AdoMet AdoHcy AdoMet AdoHcy AdoMet AdoHcy
A) A (deg) (deg) (deg) (deg) (deg)
octopamine 5.3 3+73.8 90-93 89-92 93-94 141144 97-98
cis-(1R,29)-AT 5.4-5.6 3.73.9 91-93 91-93 99-100 15+154 106-101
trans(1S529-AT 5.3-5.5 3.73.8 129 129-132 93-96 153-157 109-113

2 The range for each measurement indicates the values measured

for each of the two complexes in the crystallographic asymmetric unit.

Table 5: Michaelis-Menten Data for hPNMT Variant8

hPNMT form  Kn(PEAY (uM) Kn(AdoMet) @M)  kear(min™2)
wild type 99+ 6 3.4+0.2 2.8+0.1
Y35F 1730+ 15 45+ 7 1.05+0.11
E185A 102+ 6 1.7+ 0.1 0.17+0.01
E185Q 101+ 6 1.3+01 0.01+ 0.001
E185D 320+ 32 14+ 1 0.85+ 0.04
E2194 580+ 76 7.1+ 0.8 1.31+0.11
E219Q 17H 17 6.7£ 0.5 29+0.1
D267A° 2050+ 130 8.3+ 0.7 0.13+0.02
D267N° 1640+ 70 7.1+ 0.8 0.10+ 0.01

aKinetic data were obtained in 50 mM phosphate buffer (pH 8.0) at
30 °C. Each datum point is an average of at least three individual
measurements. Values are reportectastandard error of the mean
(SEM). P Data from refl19. ¢ PEA used in these assays was racemic.

were found to have values &, for PEA similar to that of
wild-type hPNMT, suggesting that the mutations did not
affect the binding mode of the substrate. Thi€jr values

for AdoMet were slightly lower than for the wild type. The
E185D variant had moderately increasgglvalues for both
PEA and AdoMet. Most importantly, th&, values for
E185D, E185A, and E185Q were reduced by 3-, 15-, and

constrained conformation of the latter does represent the
bound conformation of the flexible substrates. Kinetic
analysis ofcis-(1R,29-AT shows that it binds 1 order of
magnitude more tightly to hPNMT than its flexible coun-
terpart PEA, and that whereas thg value is lower forcis-
(1R,29)-AT, methyl transfer K../Ky) for this substrate is
slightly more efficient than for PEA (Table 1). The crystal
structures show that the amine and hydroxyl groups of the
semirigidcis-(1R,29-AT substrate form the same interactions
as those of the flexible substrate, indicating that the semirigid
analogue gains an entropic advantage over PEA for binding
to PNMT.

Role of thes-Hydroxyl of PNMT Substrate3he crystal
structures also confirm that the amines in THIQ inhibitors
of PNMT mimic the binding of theg-hydroxyl group of the
substrate. Thes-hydroxyl is thought to be critical for
substrate activity; no substrate activity was found for
dopamine §) (the compound corresponding to norepineph-
rine without thef-hydroxyl), and instead, it inhibits the
enzyme ). However, the presence of/ahydroxyl group
is not an absolute requirement, since conformationally
defined rigid analogues lacking a hydroxyl group are

~300-fold, respectively, suggesting that this residue may play substratesi(2, 13). Furthermore, it is possible to replace the

an important, albeit not critical, role in catalysis. Intriguingly,

pB-hydroxyl with other hydrogen bond donors and still

the most dramatic effect on catalysis was that caused bymaintain substrate activity; thus, the diaming-gmino)

mutation of Glu185 to the nonacidic GIn. By comparison,
the E219Q mutant had no effect on the catalytic rate.
Replacement of Tyr35 with phenylalanine substantially
reduced the level of binding of PEA and AdoMet. The effect
of this mutation on AdoMet binding is perhaps not surprising
as the Tyr35 hydroxyl interacts with a carboxylate oxygen
of the amino acid portion of AdoHcy and, presumably, of
AdoMet (16). However, it is not clear why the binding of

compound phenylethylenediamine is a substrate of the rabbit
enzyme §). Nonetheless, it is clear that in physiological
substrates of PNMT, thg-hydroxyl group is critical for
activity.

The -hydroxyl makes several strong interactions with
hPNMT, and these interactions may help to select the
conformation of the flexible ethanolamine side chain that
correctly positions the amine for nucleophilic attack. Fur-

PEA was affected by this mutation as there are no ObViousthermore, in the absence of tiiehydroxyl, the amine of

interactions between PEA and Tyr35. The reduced binding
affinity of PEA may, however, simply be a consequence of
the weaker binding of AdoMet; the enzyme is likely to
undergo a conformational change to enable access to th
active site for both cofactor and substrate (or inhibit@) (

and binding of the large AdoMet cofactor may help induce

these changes. Mutation of Tyr35, located close to an unusua

type Vla Cis-Pro)s-turn (Pro42-Pro43) suggested as a hinge
point for conformational changd 1), may affect the energet-
ics of such conformational changes and thus affect PEA
binding. More surprising was the fact that the catalytic rate
was not greatly affected by the Y35F mutation, indicating
that the hydroxyl of Tyr35 is not significantly involved in
catalysis.

DISCUSSION

The crystal structures of hPNMT complexed with sub-
strates p-octopamine andcis-(1R,2S)-AT show that the

flexible ethylamine substrates has the potential to interact
with either Glu219 or Asp267 rather than with Glu185. This
could explain why dopamine and phenylethylamine, which

Qack the 5-hydroxyl group, are inhibitors rather than sub-

strates of PNMT. The strong water-mediated interaction
formed with Asp267 by thes-hydroxyl may also act to
anchor the substrate in the active site so that it does not slide
away from the methyl donor during catalysis. Noteworthy
in this context is the fact that there are very few other
hydrogen bond interactions with the substrate that could keep
it locked in place in the large binding site of the enzyme.
The kinetic data for the D267A and D267N variants of
hPNMT support the notion that this residue is important for
orienting and anchoring the substrai®)( Substrates with

a flexible ethanolamine side chain exhibit lower values of
Keat With Asp267 variants compared to that with ting
enzyme (Table 5 and ré&®), but the value ok.4 s relatively
unchanged for a rigid analogue substréilt8)( The E219A
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variant shows a much smaller effect than the Asp267 variants
on bothK, andk., suggesting that this residue plays a lesser
role, if any, in substrate orientation and catalysis. The reasons
for this are not clear, though the electron density and refined
structure support the kinetic data in that stronger (shorter)
bonds are formed from the substrate (via a water) to Asp267
compared with Glu219. Interestingly, thg, values for the
alanine and asparagine variants of Asp267 are both3po

fold lower than the wild-type value, suggesting that an
ionized carboxylate is important, while for both the alanine
and glutamine variants of Glu219 the effect &gy is
negligible, suggesting that its ionization state is less impor-
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Proposal for the Catalytic Mechanism of PNMWeth-

yltransferases are thought to catalyze direct transfer of the

methyl group from AdoMet to the substrate via an2S
mechanism 30). The crystal structures of glyciné\-
methyltransferase (GNMT) and guanidinoacetsiteneth-

yltransferase (GAMT) have been used to model the catalytic

substrate-cofactor complexes and to propose catalytic
mechanisms foN-methyl transfer by these small molecule
N-methyltransferase8{, 32). In GAMT, acidic residues are

proposed to deprotonate the acceptor amine so that it forms

a sufficiently strong nucleophile to attack the methyl group
of the cofactor, AdoMet31). In GNMT, glycine is held in

position by hydrogen bonds that orient the lone pair orbital

of the glycine nitrogen toward the methyl group of AdoMet.

Thus, GNMT appears to catalyze methyl transfer via

“proximity and orientation effects"31). There are no acidic

residues close to the amine, and the substrate is proposed to

be bound in the neutral forn8y). The lone pair of the neutral
amine acts as the nucleophile fagZSattack on the methyl
group of AdoMet. For GAMT, there are several acidic

residues in the vicinity of the amine, and the amine is thought
to be protonated when initially bound so that deprotonation

would need to occur prior to nucleophilic attack. In both
enzymes, thermal motion is thought to lead to collision of

the lone pair of the substrate amine and the methyl group of

the cofactor so that\& transfer of the methyl group to the
acceptor amine takes placg?y.

The hPNMT structural and kinetic data presented here
suggest that this enzyme also catalyzes methyl transfer,
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Ficure 5: Proposed reaction mechanism for methyl transfer by
hPNMT. (A) Deprotonation. The amine is likely to be protonated
when bound in the active site, due to the presence of nearby acidic

A216/
—N

through proximity and orientation effects. Thus, a major role residues. Deprotonation of the amine is required prior to 2 S
of the enzyme is to position and anchor correctly the two reaction. In the proposed mechanism, a proton is abstracted from

substrates, the methyl donor AdoMet and the acceptor the octopamine amine by Glu185 via a bridging water. Hydrogen

substrate. Asp267 probably plays a role in anchoring the
fB-hydroxyl and Glu185 in anchoring the amine. The geom-

bonding distances between atoms are listed in Table 3. (B)
Nucleophilic attack. Thermal motion of the enzyme induces
collision of the amine lone pair with the AdoMet methyl group,

etries of the acceptor amines of the substrates for both PNMT allowing methyl transfer to proceed via aRZSmechanism. (C)

and GNMT (glycine modeled in GNMT and octopamine or
cis-AT in hPNMT) are similar and indicate that the reaction
for PNMT is an {2 nucleophilic attack by the substrate
amine on the activated methyl group of the cofactor
(tetrahedral geometry of the amine lone pair with, C
collinearity of the amine with thegS-Cg bond vector) 19,
33).

In GAMT, deprotonation is thought to occur through a

Products of the reaction, methylated octopamine and AdoHcy, are
bound in the active site. Ad refers to the adenine ring of AdoMet
and AdoHcy.

the catalytic rate drops 300-fold; the E185D variant exhibited
only a 3-fold decrease. This suggests that it is crucial for
the carboxylate to be ionized, and supports the notion that
Glul85 assists in deprotonation of the amine. Changing the

direct interaction between the substrate amine and the sidecarboxylate to an amide probably disrupts the hydrogen bond

chain of an aspartic acid residuglj. In hPNMT, the X-ray

network among the substrate and Glu185, Watl, and Glu219

structures suggest that deprotonation is most likely to occur (Figures 2 and 5); the Glul85 side chain is positioned by
through the water-mediated interactions with Glu185 or interactions with two hydrogen bond donors (Figure 5) which

Glu219 (Figure 5). When Glul85 is replaced with glutamine,

would not interact favorably with a glutamine side chain.
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Disruption of the network in E185Q could conceivably result A second, and perhaps more plausible, explanation for why
in repositioning of the water such that it is unable to abstract PNMT does not utilizetrans(1S529)-AT as a substrate is
a proton from the substrate. By comparison, an E219Q the strength and positioning of anchor points in the binding
mutation would not disrupt the network in the same way site. We described above how thérydroxyl of p-octopam-
since the side chain interacts with atoms that can act asine and the equivalent hydroxyl dfis-(1R,2S)-AT form
hydrogen bond donors or acceptors. However, and surpris-strong interactions especially with Asp267, which may serve
ingly, the E185A variant barely exhibited a 10-fold decrease to anchor the substrate during catalysis. By comparison, the
in keat compared with that of the wild type. This could be hydroxyl group oftrans(1S2S)-AT interacts with Tyr35
either due to an effect on active site hydrophobicity such only, and the poor quality of the electron density for this
that the substrate amine is not protonated when bound orgroup in comparison to that for the water-bridged Asp267
because the E185A mutant allows the attacking water to interaction suggests a relatively weak interaction. The similar
attain a reasonable, but certainly not optimal, position for positioning of the amines but differing positions and strengths
the reaction to proceed. The overall lack of an effect of the of the hydroxyl interactions o€is-(1R,2S5-AT and trans
substitutions of Glu219 indicates that Glu185 plays a more (1S529)-AT suggests thatrans(1S2S)-AT may not be
significant role than Glu219 in catalysis. However, a full utilized as a substrate because it lacks the correct or sufficient
explanation of the mutagenesis results and a further indicationanchoring. In this context, it should be noted that rigid
of the role of Glu185 must await the determination of the analogues exist that are PNMT substrates but that lack
structures of E185Q and E185A mutant hPNMTs in complex hydroxyls, for exampleanti-9-aminobenzonorbornene (Fig-
with substrate. ure 1). This compound therefore does not have the hydroxyl
The structural evidence indicates that the acceptor amines‘anchor” that we propose is required for substrate activity.
interact directly with the protein in the N-methylation of However, our preliminary modeling of this compound in the
glycine by GNMT @2) and guanidinoacetate by GAMBY), active site of the enzyme suggests that the bridging meth-
rather than through water-mediated interactions shown byylenes would occupy a position similar to that of the
hPNMT. Another difference between hPNMT and these two S-hydroxyl of octopamine, and this could provide a steric
enzymes is the distance between the acceptor amine and th&ather than a hydrogen bond) anchoring constraint.
sulfur of AdoHcy (or methyl of modeled AdoMet). For
GAMT and GNMT, the aminesulfur distance is~4 A, ACKNOWLEDGMENT
whereas the same distance-i$.5 A longer in hPNMT (5.3
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