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Abstract
Histamine N-methyltransferase (HNMT) is the sole enzyme responsible for inactivating histamine
in the mammalian brain. The human HNMT gene contains a common threonine-isoleucine
polymorphism at residue 105, distal from the active site. The 105I variant has decreased activity and
lower protein levels relative to the 105T protein. Crystal structures of both variants have been solved,
but reveal little regarding how the T105I polymorphism affects activity. We performed molecular
dynamics simulations of both 105T and 105I at 37°C to explore the structural and dynamic
consequences of the polymorphism. The simulations indicate that replacing Thr with the larger Ile
residue leads to greater burial of residue 105 and heightened packing interactions between residue105
and residues within helix α3 and strand β3. This altered packing is directly translated to the active
site resulting in the reorientation of several co-substrate-binding residues. The simulations also show
that the hydrophobic histamine-binding domain in both proteins undergoes a large-scale breathing
motion that exposes key catalytic residues and lessens the hydrophobicity of the substrate-binding
site.

Introduction
Histamine is a neurotransmitter and neuromodulator that plays important roles in regulating
inflammatory and allergic responses (1,2), gastric acid secretion (3,4), memory and learning
(5-7). Defects in the histaminergic system have been linked with cognitive deficiencies in
neurodegenerative diseases, including Alzheimer's disease and Down syndrome (8-11).

Histamine N-methyltransferase (HNMT, EC.2.1.1.8) is the sole enzyme responsible for
histamine metabolism in the mammalian brain (12). The human HNMT gene contains a
common single nucleotide polymorphism (SNP) that codes for either threonine (T, Thr) or
isoleucine (I, Ile) at residue 105 (rs1801105) (13). The 105I allele is present in 10-15% of the
Caucasian population and ∼6% of the Han Chinese population (13-16). Replacing T105 with
isoleucine results in lower enzymatic activity and decreased levels of immunoreactive protein
in vivo (13,17-20). The apparent KM values for histamine and co-substrate S-
adenosylmethionine (SAM) are 1.3 and 1.8 fold higher, respectively, in the 105I variant than
in the 105T protein (18). The T105I polymorphism was initially thought to be associated with
increased risk for asthma and inflammation (21). However, recent studies have shown no link
between the 105I allele and asthma (22-24) or gastric inflammation (25). Interestingly, it is the
more active105T protein that appears to be associated with disease. Two recent studies suggest
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that the 105I allele confers protection against alcoholism (26,27). The elevated levels of
histamine present in individuals carrying the 105I allele may also provide protection against
infectious agents as well as affect anxiety levels, cognition and sedation (9,10,26).

Several crystal structures of human 105T and 105I HNMT with bound S-
adenosylhomocysteine (SAH) and a diverse set of inhibitors have been solved (18,28),
revealing a two-domain structure (Figure 1A). The larger domain consists of the highly
conserved SAM-binding fold present in many SAM-dependent methyltransferases (Figure
1B). Elements from both the amino and carboxy termini form the hydrophobic substrate-
binding domain, which buries histamine substrates in a pocket lined with 14 aromatic residues
(Figure 1C). The T105I polymorphism is ∼16 Å from the active site in a loop between helix
α4 and strand β3, both of which have SAM-binding residues at their distal ends (Figure 1). The
root-mean-square-deviation of Cα atoms (Cα-RMSD) between the 105T and 105I structures
is 0.4 Å. The largest deviations are in the polymorphic loop region (residues 104-110), which
has larger crystallographic B-factors in105I HNMT. Residue 105 interacts with the same
residues in both variants, the sole exception being the loss of a hydrogen bond between the
hydroxyl group of T105 and the backbone carbonyl L101 in the 105I protein. Both proteins
interact with co-substrate SAH in an identical manner.

The static crystal structures of 105T and 105I HNMT reveal little in regards to how the T105I
polymorphism affects substrate binding or catalysis. Therefore, we have performed multiple
molecular dynamics (MD) simulations of 105T and 105I HNMT at 37°C to examine the
dynamic and structural consequences of the T105I polymorphism. The simulations show that
the hydrophobic histamine-binding domains of both proteins undergo a breathing motion,
exposing the catalytic residues and consequently providing a less hydrophobic site for substrate
docking. Overall, this motion is more restricted in I105 HNMT, and the Ile variant remains
more compact. The larger Ile residue is buried to a greater extent than T105, and interacts with
more of the surrounding residues in α3 and β4. This altered packing is transmitted directly to
the SAM-binding site through α3 and β4, resulting in the reorientation of several key catalytic
residues at their distal ends.

Methods
Protein Preparation

Chain A of a 1.9 Å crystal structure of human 105T HNMT (2AOT.PDB (28), residues 5-292)
bound with S-adenosylhomocysteine (SAH) and diphenhydramine (2PM) was the starting
structure for all of the simulations. The substrate molecules were removed, and S-hydroxy-
cysteine was replaced by cysteine at positions 82, 217 and 248. The T105I variant was
generated by replacing Thr 105 with Ile and minimizing the torsional, electrostatic and van der
Waals potential energy of the resultant structure in vacuo (29).

Molecular Dynamics Simulations
Molecular dynamics (MD) simulations of the 105T and 105I HNMT proteins were preformed
with the in lucem molecular mechanics (ilmm) simulation package (30) using protocols
described elsewhere (30-33). The simulations included all hydrogen atoms and explicit flexible
three-centered waters (33). The proteins were solvated in a rectangular box with walls
extending at least 10 Å from any protein atom. Solvent densities were set to 0.997 and 0.933
g/ml for simulations performed at 25 and 37°C, respectively (34). After setting the densities,
the box volume was held fixed and the NVE microcanonical ensemble was employed. A 10Å
non-bonded cut off was used and it was updated every 2 steps. The potential energy function
and associated methods have been described (29-32). A time step of 2 fs was used in all
calculations. All simulations were run for 21 ns and structures were saved every 1 ps for
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analysis. One 25 °C simulation and three independent 37°C simulations were performed for
each system.

Analyses
Average Cα-RMSDs, solvent-accessible surface areas (SASA), and contact-distances were
calculated using structures from the last 5 ns (5,000 structures) of each simulation. SASA was
determined using in-house software implementing the NACCESS algorithm (35). A contact
was defined as a C-C atom distance within 5.4Å, or a heavy atom (O, N, S) distance within
4.6Å between two non-neighboring residues. The data described in Tables I,II, and III are based
on sets of three simulations at 37°C for both 105T and 105I HNMT. The errors are the standard
deviations in the average values of the ensembles for each property reported. In Figure 2, Cα-
RMSF values for the HNMT crystal structure (2AOT (28)) were calculated using
crystallographic B-factors via the equation: Cα–RMSF = (3B-factor/(8π2))1/2 (36). Figure
images were created using CHIMERA (37).

Results and Discussion
We ran multiple simulations of both 105T and 105I HNMT to examine the effects of the T105I
polymorphism on the structure and dynamics of the protein. The root-mean-square deviation
of the Cα atoms (Cα-RMSD) between the 105T and 105I HNMT starting structures after energy
minimization was 0.4 Å. The overall HNMT structure was maintained throughout all of the
simulations, and the polymorphism did not grossly disrupt the protein. However, the structures
of both variants expanded and became slightly flattened during the simulations, while their
overall solvent-accessible surface area (SASA) increased. This was most likely due to the
removal of both the SAH and 2PM substrates (Figure 1). At 37°C, the SAM- and histamine-
binding domains both became more exposed to solvent, and the Cα-RMSD of the SAM-binding
domain reached ∼3Å in both proteins (Table 1). However, the histamine-binding domain
becomes slightly more disrupted in the 105T HNMT simulations, reaching a Cα-RMSD of 5.2
± 0.7 Å compared to 3.7 ± 1.3 Å in the 105I protein.

Figure 2 shows the average Cα-root-mean square fluctuations (Cα-RMSF) about the mean
structure for the 37°C simulations, along with the crystallographic B-factors of HNMT (2AOT,
(28)). The fluctuations during the simulations are of the same magnitude and follow a pattern
similar to the B-factors. The largest Cα–RMSFs were in the helices and loops of both proteins,
especially α1, which makes up one face of the histamine-binding domain, α5 (residues
120-130), and the solvent exposed E276. β-strands positioned within the core of the SAM-
binding domain demonstrated the smallest fluctuations (Figure 2A). The Cα-RMSF values
differ significantly between the105T and 105I HNMT simulations at several places within the
protein structure. Residues on the surface of the histamine-binding domain (β7, α10) fluctuate
more in the105I HNMT simulations. 105T HNMT exhibits larger fluctuations for residues
145-163 and 243-248, which contain buried core SAM (I142, M144, Y147) and histamine
(Y146, Y147, F243, E246) binding residues. The Cα-RMSD and Cα-RMSF values suggest
that the histamine-binding domain of HNMT is quite flexible (Figure 2B, Table I).

Substrate Binding and the Inherent Flexibility of the Histamine-Binding Domain
The histamine-binding domain has a mixed α/β structure and is comprised of residues from
both the amino and carboxy termini of HNMT. The interior of the domain is lined with 14
aromatic residues, providing a very hydrophobic pocket for substrate docking and burial. Three
polar residues (E28, Q143, N283) and several water molecules form a hydrogen-bonded
network at the base of the pocket (Figure 1C). These residues interact directly with the
substrate's charged residues to both orient the substrate and catalyze its N-methylation (18,
28). In addition, residues C196 and E246 positioned at opposite ends of the pocket are important
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for substrate binding (28). Because HNMT is inhibited by a variety of rigid, aromatic
compounds that share little structural similarity, it has been hypothesized that the histamine-
binding domain exhibits an inherent flexibility that allows tight binding of diverse compounds
(18, 28). More importantly, because the bound substrate or inhibitor is completely buried in
the crystal structures, the histamine-binding domain must open up in order for the substrate to
enter the active site.

The Cα–RMSD of the histamine-binding domain reached 5.2 Å in simulations of 105T HNMT
(Table I). This deviation was due mainly to the flexibility of α1 (Figures 1, 2). Several aromatic
residues (F9, Y15, F19, F22) align along one side of α1 to form part of the histamine-binding
pocket (Figure 1C). α1 reorients and extends during the simulations, separating the domain
into two clusters of aromatic residues (Figure 3). Throughout the simulations, α1 and α11
remain in contact via multiple salt-bridges and a hydrophobic interaction between F22 and
F243, and the two helices to move in concert (Figure 4B). A hydrophobic patch (V173, W179,
W183, F190, C196, F243) remains available for substrate binding at the back of the pocket
(Figure 3). The motions of α1 open up the histamine-binding domain, increasing the solvent
exposure of the active site by ∼ 200 Å2 (Table I). There also is a large increase in the solvent
accessibility of residues E28, Q143 and N283 at the base of the active site (Figure 3, Table
III). Overall, this provides a more accessible site for docking an amphipathic substrate than the
initial, tightly packed cluster of hydrophobic residues.

Interestingly, α1 appeared to move back towards its starting orientation, in several simulations,
resulting in a partial repacking of the histamine-binding domain's hydrophobic core (Figures
3, 4). This movement was facilitated by the close association of helices α1 and α11 (Figure 4).
It is possible that SAM binding affects the motion of α1, as the co-substrate interacts with
several residues (M32, M144, Y147) positioned near the histamine-binding domain (Figure
1). This periodic opening and closing, or breathing, of the active site would expose both a
hydrophobic patch and the catalytic residues necessary for substrate-docking and orientation,
allowing substrates of various sizes and polarities to bind. The α1-α11 arm could then close
off the active site, burying the substrate.

Effects of the T105I Polymorphism
Horton et al. (2001) reported larger crystallographic B-factors for the polymorphic loop of
105I HNMT than for the 105T protein (18). However, increased flexibility in the residues
immediately surrounding I105 was not observed in the simulations (Figure 2). In the initial
structures of both 105T and 105I HNMT, residue 105 formed backbone hydrogen bonds with
residues in α4 (L101, V102) and hydrophobic contacts with residues in α3 (L68), α4 (L101,
A103, V102, K104) and the adjacent loop (S106, N107, L108) (Figure 5A). The additional
hydrogen bond formed between the hydroxyl group of T105 and the backbone carbonyl of
L101 was maintained throughout the 105T simulations.

The overall solvent exposure of the polymorphic site was similar in all simulations (Table I);
however, large variations in the solvent accessibility of both I105 and its surroundings occurred
at 37°C (Table I). Residue 105 was buried to a greater extent in the 105I protein and the larger
Ile formed side-chain contacts with additional residues in α3 (L71, S72) and β3 (V111, F113)
that were absent in all of the 105T simulations (Table 1, Figures 5A, 6B). These packing
differences suggest that any changes in the orientation of the smaller Thr side-chain are buffered
by the additional space present in the polymorphic site and have little effect on the overall
protein structure (Figure 5B). In contrast, the more tightly interacting Ile appears to act as a
pivot point, affecting the orientation of nearby α3, α4 and β3 through its direct side-chain
contacts and transmitting these changes to the SAM –binding site (Figure 5). Several residues
at the distal ends of α4 (E89, P90, Q94) and β3 (T119) interact with the adenosine ring of SAM
(Figure 1B). Although some of the contact distances and solvent accessibilities of residues
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within the SAM-binding site remain similar in both proteins (Tables I, II, III), many of the
SAM-binding residues adjacent to the polymorphic site become much more flexible and
disordered in the 105I simulations (Figures 3B, 3C, Tables II, III). This may explain the increase
in the apparent KM of 105I HNMT for SAM (18).

In contrast to the effects on the SAM-binding site, the active-site distances and the solvent
exposure of residues within the histamine-binding domain are larger and show greater
fluctuations in the 105T HNMT simulations than those of the 105I protein (Tables II, III). The
additional contacts of I105 that disorder the SAM-binding site may play a role in stabilizing
the histamine-binding domain. The larger Ile forms side-chain contacts with L68, L71 and S72
in α3 (Figure 5). The reorientation of α3 in the 105I HNMT simulations allows these residues
to interact with E28 (α2), a catalytic residue, through I66 (Figure 6C). Neither the I105-L71
nor the E28-I66 interactions occur in the T105 simulations (Figure 6). The restricted flexibility
of this region in 105I HNMT could possibly impair substrate binding, accounting for the slight
increase in its apparent KM for histamine (Table 3) (18).

Interestingly, catechol O-methyltransferase (COMT), a fellow member of the SAM-dependent
methyltransferase fold family, also has a common polymorphism (V108M) that occupies an
almost identical position in the COMT tertiary structure as T105I in HNMT (18,28,38).
However, unlike T105I in HNMT, the COMT V108M polymorphism appears to result in
decreased protein stability (39-41) and to have little effect on substrate binding (40,42). MD
simulations of the COMT variants showed that the larger Met formed closer side-chain contacts
with residues within the polymorphic site, resulting in an increased sensitivity to structural
changes in nearby helices and a distortion of the SAM-binding site (38). These changes were
propagated throughout the protein, resulting in an increase in the overall SASA of 108M COMT
and destabilization of the protein.

Conclusions
The HNMT active site undergoes a breathing motion, periodically exposing a trio of catalytic
residues and a core hydrophobic patch important for substrate docking and orientation.
Aromatic residues lining the highly flexible α1 then bury the substrate in the enzyme-substrate
complex. The identity of residue 105 had a significant effect on active site structure and
dynamics. I105 was buried to a greater extent and consequently contacted more residues within
α3 and β3 than did T105. This altered packing reoriented α3 and β3, disordering several key
SAM-binding residues on their distal ends while slightly stabilizing the histamine-binding
domain.
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Glossary

HNMT histamine N-methyltransferase

SNP single nucleotide polymorphism

SAM S-adenosylmethionine

SAH S-adenosylhomocysteine

2PM diphenhydramine

COMT catechol O-methyltransferase

MD molecular dynamics

SASA solvent accessible surface area

Cα-RMSD Cα-root-mean-square deviation from the starting structure

Cα-RMSF Cα-root-mean-square fluctuation about the mean structure
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Figure 1. Bi-domain structure of histamine N-methyltransferase
(A) Ribbon diagram of HNMT (2AOT) with the SAM and histamine binding domains colored
gray and red, respectively. Product S-adenosylhomocysteine (SAH), inhibitor
diphenhydramine (2PM), and polymorphic residue 105 are colored by atom. (B) Key residues
in the highly conserved SAM-dependent methyltransferase domain. SAM interacts with
residues from α4 (Q94), α5 (S120), β2 (E89, P90), β3 (T119) and β4 (I142, M144). SAH is
colored magenta and shown in licorice representation, residues are colored by atom and shown
in space-filling representation. (C) Key residues in the histamine-binding domain. A trio of
catalytic residues (E28, Q143 and N283) is involved in the N-methylation of HNMT substrates.
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The substrate is buried in a hydrophobic domain lined with aromatic residues (shown in licorice
representation).
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Figure 2. Mobility of HNMT during MD
(A) Cα-RMS fluctuations (Å) per residue from the 105T (green) and 105I (blue) MD
simulations at 37°C. Cα-RMSFs were calculated relative to the average structure over the last
10 ns of each simulation. Experimental B-factors of the 105T HNMT crystal structure (2AOT,
(28)) are colored in black. (B) Cα-RMSF difference plot for the HNMT simulations. Positive
and negative values indicate greater overall fluctuations in the 105T and 105I HNMT proteins,
respectively. Secondary structural elements are depicted as  for α-helices, and  for β-
strands, and are colored to match the SAM- and histamine-binding domains shown in Figure
1. * = residue 105.
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Figure 3. Snapshots from a MD simulation of 105T HNMT at 37°C
α1 elongates, breaking apart the aromatic cluster within the histamine-binding domain, and
exposing E28, Q143 and N283 to the solvent. Hydrophobic interactions between α1 and α11,
and salt bridges throughout the domain allow the hydrophobic cluster to reform. This breathing
motion may facilitate the entry of charged substrates in a highly hydrophobic environment.
Hydrophobic residues within the histamine-binding domain are shown in space-filling
representation and colored in green (α1) and red. The catalytic trio (E28, Q143, N283) and the
K185-D265 salt bridge are colored by atom and shown in licorice representation.
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Figure 4. Distances between core residues within the histamine-binding domains of 105T and 105I
HNMT
The contact distances between core residues within the histamine-binding domain (F19-Y147,
V173-F243) fluctuate greatly with time, reflecting the periodic breathing motion of HNMT
that may facilitate substrate binding. The distance between F19 and F243 is more constant
throughout the simulations, as α1 and α11 remain in contact and move together. The figures
shows plots of (A) F19 CG (α1) – Y147 OH (α6), (B) F19 CG (α1) – F243 CZ (α11), and (C)
V173 CG1 (β5) – F243 CZ (α11) contact distances with time for the 105T (green) and 105I
(blue) HNMT simulations at 37°C. (D) Ribbon diagram of HNMT showing the positions of
residues F19, Y147, V173 and F243 within the histamine binding domain (red). Residue side-
chains are shown in licorice representation and colored by atom.
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Figure 5. Snapshots of polymorphic packing taken from the 20 ns structures of the 105T and 105I
HNMT MD simulations at 37°C
(A) Packing at the polymorphic site. The larger Ile is more buried, forming side-chain contacts
with residues from α3 (L71, S72) and β3 (V111, F113) that are not present in the 105T
simulations. (B) The polymorphic packing affects the SAM-binding site. Structural overlay of
the polymorphic and SAM binding-sites from the 20ns structures of three independent
simulations of 105T and 105I HNMT. The more tightly packed Ile acts as a pivot point between
α3, α4 and β3 disrupting the orientation of key SAM-binding residues (E89, P90, Q94, T119).
The side chain of the polymorphic residue and its contacts are colored by atom and shown in
space-filling and licorice representations, respectively. (C) Distributions of the Cα-RMSDs for
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residues E89, P90, Q94 and T119 during the last 10ns of all three of the 105T (green) and 105I
(blue) HNMT simulations at 37°C. The SAM-binding residues are more mobile in 105I HNMT,
existing in a large ensemble of conformations that differ greatly from their respective positions
in the starting structure. The distribution for 105T HNMT is narrower, indicating that the active
site structure of 105T HNMT is maintained throughout the simulations. The vertical scales are
arbitrary.
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Figure 6. Translation of polymorphic packing effects to the histamine-binding site
Secondary structures surrounding the polymorphic residue are more susceptible to changes in
orientation brought on by altered contacts between L71 and S72 with the larger Ile side-chain.
These structural changes are translated to the histamine-binding site via a new contact between
α3 (I66) and α2 (E28). (A) Ribbon diagram of HNMT showing the location of residues 105,
L71, L72, I66 and E28. Side-chains are shown in space-filling representation and colored by
atom. Plots of (B) 105 CG2 – L71 CD2 (α3), and (C) I66 (α3) – E28 (α2, catalytic trio) contact
distances for the 105T (green) and 105I (blue) HNMT simulations at 37°C.
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Table I
General Properties of the Simulations

Property 105T HNMT 105I HNMT

Initial 37°C Initial 37°C

Cα–RMSD of Methyltransferase Domain (Å)a NAg 3.4 ± 0.6 NA 3.0 ± 0.8

Cα-RMSD of Histamine Binding Domain (Å)b NA 5.2 ± 0.7 NA 3.7 ± 1.3

Total SASA (Å2)c 13618 16745 ± 609 13596 16064 ± 754

SAM Site SASA (Å2)d 289 501 ± 102 288 455 ± 93

Histamine Binding Site SASA (Å2) e 359 645 ± 70 354 613 ± 92

Residue 105 SASA (%) 41.2 43.0 ± 1.7 52.0 29.8 ± 19.9

Polymorphic Site SASA (Å2)f 498 411 ± 2 514 460 ± 43

a
Cα-RMSD values were calculated using structures from the last 5 ns (5,000 structures) of each simulation. The Cα–RMSD of the methyltransferase

domain was calculated using the Cα-atoms of all residues colored black in Figure 1. All values are expressed as means and standard deviations of the
means from three independent simulations at 37°C.

b
The Cα–RMSD of the histamine-binding domain was calculated using the Cα-atoms of all residues colored red in Figure 1.

c
The total solvent-accessible surface area (SASA, Å2) was determined using the NACCESS algorithm (35).

d
The following residues were used to calculate the SASA of the SAM binding-site: M32, G60, E89, P90, Q94, T119, S120, I142, M144, and Y147.

e
The following residues were used to calculate the histamine binding-site SASA: F9, F19, F22, Y147, V173, W179, W183, C196, Y198, and F243.

f
The following residues were used to calculate the polymorphic site SASA: L68, L71, S72, L101, K104, S106, N107, L108, F113, V111, and residue

105.

g
NA: not applicable.
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Table II

Active-Site Distances (Å)

Contact Paira 105T HNMT 105I HNMT

SAM-Binding Domain Initial 37°C Initial 37°C

M32 CE – I142 CG2 3.6 8.5 ± 4.3 3.6 7.1 ± 2.4

P90 CD –T119 CB 5.3 5.3 ± 0.4 5.3 5.2 ± 0.6

P90 CD – M144 CD 8.2 13.1 ± 2.1 8.2 13.3 ± 2.7

Q94 CG – I142 CB 12.7 13.9 ± 1.6 12.7 14.7 ± 2.1

S120 CB – M144 CG 7.1 9.1 ± 1.6 7.1 8.5 ± 2.0

Histamine-Binding Domain

E28 OE1-Q143 NE2 3.5 12.4 ± 7.1 3.0 9.5 ± 4.1

E28 OE2 – N283 ND2 2.7 9.2 ± 4.6 2.7 8.8 ± 2.7

Q143 NE2 – N283 ND2 5.7 8.6 ± 1.5 5.8 11.2 ± 1.7

F9 CB – C196 CB 6.7 19.1 ± 6.0 6.7 11.7 ± 3.8

F19 CG – Y147 OH 7.4 17.6 ± 2.8 7.4 11.4 ± 3.6

V173 CG1 – F243 CZ 8.6 16.5 ± 2.2 8.6 12.4 ± 1.9

W183 CG – Y198 CG 3.7 4.7 ± 0.4 3.7 4.7 ± 0.1

a
Contact distances were calculated over the last 5 ns (5,000 structures) of each simulation. All values are expressed as means and standard deviations

of the means of three independent simulations at 37°C.
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Table III

Active-Site Residue Solvent Exposure

Side-Chain SASA (Å2) a 105T HNMT 105I HNMT

SAM-Binding Domain Initial 37°C Initial 37°C

E89 10 36 ± 4 10 40 ± 18

P90 56 47 ± 5 56 43 ± 13

Q94 60 41 ± 25 60 57 ± 5

T119 47 52 ± 4 47 49 ± 5

I142 12 57 ± 40 12 41 ± 29

M144 20 54 ± 23 20 57 ± 22

Histamine-Binding Domain

F9 34 112 ± 42 34 131 ± 32

E28 5 72 ± 40 5 77 ± 36

Q143 30 68 ± 23 30 82 ± 17

N283 1 16 ± 12 1 10 ± 5

Y147 78 114 ± 30 78 102 ± 22

C196 14 30 ± 16 14 34 ± 13

Y198 58 63 ± 24 58 57 ± 15

E242 18 79 ± 24 18 73 ± 30

F243 25 43 ± 17 25 42 ± 9

L285 0 25 ±18 0 27 ± 18

a
Side-chain solvent-accessible surface areas (SASA, Å2) were determined using the NACCESS algorithm (35). Calculations used structures from

the last 5 ns (5,000 structures) of each simulation. All values are expressed as means and standard deviations of the means of three independent
simulations at 37°C.
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