


6Nsarinaged-mAChE, and K027NmAChE are 2WHP, 2WHQ, and
2WHR, respectively.

Crystal structure of HI-6Nsarinnonaged-mAChE
Seven datasets were collected after pre-treatment of themAChE

crystals with sarin for 30 minutes followed by 1-, 2-, 3-, 3-, 4-, 5-,
and 10-minute exposures of the sarinnonaged-mAChE crystals to
HI-6, respectively. The structure from the dataset with 1-minute
exposure to HI-6 was determined to a resolution of 2.2 Aû (Table 1).
The structures from the remaining six datasets were refined by 20
cycles of rigid-body refinement followed by 20 cycles of restrained
refinement. In the electron density maps from the 2- and 3-minute
datasets, sarin is also well defined. However, the structures from
datasets with 2Ð10 minute exposures to HI-6 were not further
refined as they are not as good as the 1-minute dataset in terms of
the quality of the electron density that defines sarin. In the initial
electron density map from the 1-minute dataset, there is a high-
density feature corresponding to the phosphorus atom covalently
bound to the Ser203 hydroxyl oxygen atom. In the maps from
other datasets, the occupancy of the phosphorus atom decreases as
the exposure time increases, presumably due to the progress of
reactivation. Gratifyingly, the final electron density map from the
1-minute dataset is of good quality and clearly defines the sarin
conjugate including its isopropoxy chain (Figures 2A and B).

Similar to a previously determined structure of the sarinnonaged-
conjugatedmAChE (sarinnonaged-mAChE) [26], in HI-6Nsarinnonaged-
mAChE, the ÐP = O oxygen atom is hydrogen-bonding to main-
chain nitrogen atoms of Gly121 (2.9 Aû), Gly122 (2.7 Aû) and Ala204
(2.8 Aû), namely, the phosphonyl oxygen atom is anchored at the

oxyanion hole (Figures 2C and supporting information Figure S1);
the methyl group of sarin is accommodated in the acyl pocket
surrounded by aromatic rings of Trp236, Phe295, and Phe297; the
isopropoxyl group is aligned along the axis of the active-site gorge
with its oxygen atom hydrogen-bonding to a water molecule
(Wat169, 2.8 Aû) and to the Ne atom of His447 (3.1 Aû) that forms a
catalytic triad with Ser203 (the distance of Ne to Oc is 3.0 Aû) and
Glu334 (the distance of Nd to Oe is 2.6 Aû).

In the HI-6Nsarinnonaged-mAChE structure, the carboxyamino-
pyridinium ring of HI-6 is sandwiched by cation-pi interactions
from side chains of Tyr124 and Trp286. The side chain of Trp286
undergoes a large conformational change relative to theapo
mAChE (Figure 2D and supporting information Figures S1 and
S2). On the surface of the protein, there is an electron density
located near the indole ring of Trp286. Modelling this density
feature as a carbonate ion resulted in good correlation to the
crystallographic data and this ligand was included in the final
model. The carboxyamino oxygen atom of HI-6 forms a hydrogen
bond to the main-chain nitrogen atom of Ser298 (2.9 Aû), while the
carboxyamino nitrogen atom interacts with the side-chain of
Glu285 via a water-mediated hydrogen bond network (Wat35,
3.0 Aû to the nitrogen atom and 2.7 Aû to the carboxyl oxygen
atom). The electron density for the side chain of Asp74 is
disordered and thus modelled in two conformations: one is similar
to that found in theapo mAChE structure, and the other, which is
dominant, point with its carboxyl oxygen toward the central linker
of HI-6. This interpretation resulted in a residual positive density
in the vicinity of Asp74 that may account for a low-occupancy
position for the oxime moiety of HI-6 (Figure 2A), as shown by the

Table 1. Data Collection and Refinement Statistics.

Data collection HI-6 Nsarin nonaged -mAChE HI-6Nsarin aged -mAChE K027NmAChE K027PKNmAChE

PDB entry code 2WHP 2WHQ 2WHR Ð

Wavelength 1.041 1.041 1.131 0.919

Space group P212121 P212121 P212121 P212121

Unit cell 79.36 112.26 227.0 79.26 112.36 227.1 79.66 112.36 227.1 77.46 110.76 227.5

Resolution (Aû) 29.8Ð2.2 (2.32Ð2.2) 29.2Ð2.2 (2.3Ð2.15) 19.8Ð2.6 (2.7Ð2.54) 29.3Ð3.2 (3.4Ð3.2)

Total no. of refl. 765502 (111128) 633429 (91067) 463807 (46633) 239669 (35230)

Unique refl. 102346 (14724) 110895 (16023) 64776 (8351) 33083 (4774)

Completeness 99.2 (98.9) 99.7 (99.9) 98.0 (87.7) 99.9 (100.0)

Multiplicity 7.5 (7.5) 5.7 (5.7) 7.2 (5.6) 3.8 (3.8)

Rmerge
1 0.065 (0.464) 0.065 (0.436) 0.055 (0.290) 0.105 (0.359)

Mean(I)/sd(I) 21.9 (5.1) 15.3 (4.5) 27.1 (7.2) 14.7 (6.2)

Refinement

R-factor2/Rfree
3 0.180/0.210 0.190/0.210 0.170/0.220 Ð

RMS bonds (Aû) 0.013 0.010 0.004 Ð

RMS angles (u) 1.40 1.20 0.90 Ð

Ramachandran plot4%/no. of residues

Favored 98.1/1022 97.3/1026 96.3/1021 Ð

Allowed 1.9/20 2.2/23 3.2/34 Ð

Outlier 0/0 0.5/55 0.5/56 Ð

1Rmerge= (g |I Ð, I. |)/g I, where I is the observed intensity and, I. is the average intensity obtained after multiple observations of symmetry related reflections.
2R-factor = (g ||Fo| Ð |Fc||)/g |Fo|, whereFo and Fc are observed and calculated structure factors, respectively.
3Rfree uses 2% randomly chosen reflections defined in Brunger [50].
4The Ramachandran plots were determined using the program Rampage [56].
5Residues listed as outliers are A Gly002, B Asp494, B Ser495, B Lys496, and B Ser497.
6Residues listed as outliers are A Gly342, B Gly342 , A Asp494, B Lys496, and B Ser497.
doi:10.1371/journal.pone.0005957.t001
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microsecond molecular dynamics simulations of HI-6Nsarinnonaged-
mAChE described below. The oxime-pyridinium ring of HI-6
enters the catalytic site and forms cation-pi interactions with side
chains of Tyr124, Tyr337, Phe338, and Tyr341. The two carbon
atoms of HI-6 that are near Tyr337 are not well defined by the
electron density map; these atoms clash with the side chain of

Tyr337 (3.1 Aû) and have high B factors. These observations
suggest that the oxime-pyridinium ring is rather mobile (adopting
multiple conformations) in the active-site gorge. In addition, a
minor main-chain displacement for Tyr341 was observed, which is
presumably caused by unfavourable interactions between the
oxime-substituted pyridinium ring and the side chain of Tyr341.

Figure 2. The final electron density map of HI-6 Nsarin nonaged -mAChE (A and B) and close-up views for conjugation of sarin nonaged (C)
and binding of HI-6 (D) to mAChE that is superimposed to the apo mAChE. Since the oxime O1, N1 and C1 atoms could not be
unambiguously defined, they are not included in the final structure. AChE, sarin, and HI-6 are shown in cyan, yellow and orange, respectively. Putative
hydrogen bonding interactions are shown with red dashed lines. In A and B, the 2|Fo| Ð |Fc| map is contoured at 1s (blue), and the |Fo| Ð |Fc| map is
contoured at 3.5s (green) and2 3.5s (red). Theapo mAChE is shown in grey (C and D). A cross-eyed stereo view of HI-6Nsarinnonaged-mAChE is shown
in supporting information Figure S1 and an omit map is shown in supporting information Figure S2.
doi:10.1371/journal.pone.0005957.g002
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the presence of the oxime group at the Phe295 site when K027
binds at themAChE active site in a similar fashion as HI-6.

Indeed, similar to the binding of HI-6 in sarinnonaged-mAChE
(Figure 4), in the K027NmAChE complex, the carboxyamino-
pyridinium ring of K027 is sandwiched by Tyr124 and Trp286,

and the 4-oxime-pyridinium ring enters the catalytic site where it is
found parallel to Tyr337 with its oxime oxygen forming a 2.9-Aû
hydrogen bond to the main-chain oxygen of His447 and a 3.1-Aû
hydrogen bond to a water molecule (Wat147). Interestingly, in
contrast to HI-6Nsarinnonaged-mAChE, Asp74 adopts the side-chain

Figure 4. The final 2| Fo| – |Fc| electron density map of K027 NmAChE shown in blue and the positive difference map shown in green
(A). The anomalous difference Fourier map (red) clearly indicating that a bromide ion occupies the Phe295N site (B). The binding of K027 (orange)
within the active-site gorge of mAChE (C and D). The oxygen and nitrogen atoms are shown in red and blue, respectively. Water molecules are shown
with red spheres. K027NmAChE and the apo mAChE are shown in cyan and grey, respectively. The 2|Fo| – |Fc|, |Fo| – |Fc|, and anomalous difference
Fourier maps are contoured at 1s ,63.5s , and 10s , respectively.
doi:10.1371/journal.pone.0005957.g004
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while the carboxyamino-pyridinium portion is stationary or
intrinsically ordered. The HI-6 structure with a contracted
oxime-pyridinium ring and an uncontracted carboxyamino-
pyridinium ring is also observed in the average of all 100,000
conformers collected at 1-ps intervals during the last 1.0-ns period
of the 100 simulations. These observations support the above-
described interpretations of the electron density map of HI-
6Nsarinnonaged-mAChE.

To determine popular conformations of the oxime-pyridinium
ring, all 400 conformers from the most populated cluster (Cluster
1) of the second-round cluster analysis were subjected to a third-
round cluster analysis using the averagelinkage algorithm
(epsilon = 1.0 Aû and RMS on all atoms of HI-6). This analysis
identified 8 clusters. The number of conformers in Clusters 1Ð8 is
235, 81, 20, 20, 20, 2, 2, and 20, respectively. As shown in Figure 6,
no contraction of the oxime-pyridinium ring was observed in any
average conformer of the 8 clusters, noting that no energy
minimization was performed on these average conformers. The
populations of the 8 clusters and the corresponding HI-6
conformers explain why the oxime-pyridinium ring is contracted
but the carboxyamino-pyridinium ring is not in A2C. Further-
more, some HI-6 conformations with the oxime group pointing to
Asp74 and Tyr341 are consistent with the afore-mentioned
interpretation of the HI-6Nsarinnonaged-mAChE crystal structure.
In contrast to the HI-6 conformation in the previously reported
HI-6NmAChE crystal structure [24], none of the 8 average
conformers of HI-6 shown in Figure 6 has the oxime oxygen
atom hydrogen bonding to NPhe295.

Interestingly, the average conformer (denoted as A3C, see
supporting information Dataset S2) of the most populated cluster
(Cluster 1) of the third-round cluster analysis has an RMSD of
1.26 Aû relative to all alpha-carbon atoms of the final model of the
HI-6Nsarinnonaged-mAChE crystal structure. The C&F RMSD
between the two structures is 0.55 Aû, indicating that A3C is the
major composite conformer of A2C, or a major composite
conformer of the crystal structure in solution. In A3C, the oxime-
pyridinium portion is stationary as it is uncontracted (see Figure 5);
the oxime oxygen atom is 6.0 and 6.9 Aû away from NPhe295and

the phosphorus atom, respectively, although the corresponding
distances are 7.3 and 3.7 Aû in the starting structure of the
simulations.

To investigate whether there is a possible water molecule that
forms a hydrogen bond to NPhe295as suspected the early stage of
structural refinement, we visually inspected an instantaneous
conformer (denoted as I3Cr, see Figure 7A and supporting
information Dataset S3) that was identified to be the closest to
A3C by the third-round cluster analysis. Because water molecules
are highly contracted in the average conformer A3C, structural
information on water has to be obtained from instantaneous
structures. I3Cr has a C&F RMSD of 0.51 Aû relative to A3C and
it is therefore a major composite conformer of A3C. As shown in
Figure 7A, in I3Cr, the oxime oxygen atom is 6.2 and 6.5 Aû away
from NPhe295 and the phosphorus atom, respectively; there is
indeed a water molecule hydrogen bonding to NPhe295, but this
water molecule does not form a hydrogen bond or a hydrogen-
bond network to the oxime oxygen atom. Instead, the oxime
oxygen atom forms a water-mediated hydrogen-bond network to
the isopropoxyl oxygen atom. The water molecule is 4.7 Aû away
from the Ne atom of His447. In contrast to theapo mAChE
structure, His447 in I3Cr does not have a hydrogen bond to
Glu334 that is presumably pushed away by sarin and HI-6 (see
Figure 7C).

A distance analysis of the 1800 conformers from the most
populated cluster (Cluster 3) of the first-round cluster analysis
identified 14 (1%) instantaneous conformers with a distance of the
oxime oxygen atom to the phosphorus atom ranging from 5.0 to
5.5 Aû. These conformers are similar to I3Cr and they are
composite conformers of A3C. These instantaneous conformers
reveal the trajectories of the oxime group moving toward the
phosphorus atom for reactivation. In one of these, which is
denoted as I3C (see Figure 7B and supporting information Dataset
S4) and has the shortest distance of 5.0 Aû between the oxime
oxygen atom and the phosphorus atom, the oxime oxygen atom
has a hydrogen-bond network to the Ne atom of His447, the
bridging water molecule has a hydrogen bond to the sarin
isopropoxyl oxygen atom, His447 has a hydrogen bond to Glu334,
the Ne atom is 3.1 Aû away from the Oc atom of Ser203, but there
is no hydrogen bond between Ne and Oc as both atoms are
deprotonated (see Figure 7B). Because I3C has a C&F RMSD of
0.90 Aû to the HI-6Nsarinnonaged-mAChE crystal structure, this
instantaneous composite conformer is relevant to the HI-
6Nsarinnonaged-mAChE crystal structure and sheds light on the
reactivation mechanism by HI-6 as will be discussed below.

Cross-checking the simulation using the diffraction data
To cross check the microsecond molecular dynamics simulation

of HI-6Nsarinnonaged-mAChE, deviations for all alpha-carbon atoms
between an aligned conformer and the final model of the HI-
6Nsarinnonaged-mAChE crystal structure (monomer A of the
asymmetric unit) were computed and plotted against B factors of
their corresponding alpha-carbon atoms (see Figure 8), wherein
only alpha-carbon atoms were used for aligning the two structures.
As apparent from Figure 8A, the alpha-carbon deviations of
average conformers A3C and A2C correlate well with B factors for
all residues except for residues 350Ð356 and 372Ð385 that are in
fact involved in crystal contact. The alpha-carbon deviations of
instantaneous conformers I3Cr and I3C also correlate reasonably
with B factors (Figure 8B). These correlations are confirmed by
C&F RMSDs of average conformers A3C (0.55 Aû) and A2C
(0.56 Aû) relative to the corresponding crystal structure and by the
corresponding C&F RMSDs of instantaneous conformers I3Cr

Figure 6. The HI-6 conformations in the average conformers of
all 8 clusters from the third-round cluster analysis (green:
cluster 1; cyan: cluster 2).
doi:10.1371/journal.pone.0005957.g006
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