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Covalent inhibition of hAChE by organophosphates causes
homodimer dissociation through long-range allosteric effects
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Acetylcholinesterase (EC 3.1.1.7), a key acetylcholine-
hydrolyzing enzyme in cholinergic neurotransmission, is pre-
sent in a variety of states im situ, including monomers,
C-terminally disulfide-linked homodimers, homotetramers,
and up to three tetramers covalently attached to structural
subunits. Could oligomerization that ensures high local con-
centrations of catalytic sites necessary for efficient neuro-
transmission be affected by environmental factors? Using
small-angle X-ray scattering (SAXS) and cryo-EM, we demon-
strate that homodimerization of recombinant monomeric hu-
man acetylcholinesterase (hAChE) in solution occurs through a
C-terminal four-helix bundle at micromolar concentrations.
We show that diethylphosphorylation of the active serine in the
catalytic gorge or isopropylmethylphosphonylation by the Rp
enantiomer of sarin promotes a 10-fold increase in homodimer
dissociation. We also demonstrate the dissociation of organo-
phosphate (OP)-conjugated dimers is reversed by structurally
diverse oximes 2PAM, HI6, or RS194B, as demonstrated by
SAXS of diethylphosphoryl-hAChE. However, binding of ox-
imes to the native ligand-free hAChE, binding of high-affinity
reversible ligands, or formation of an Sp-sarin-hAChE conju-
gate had no effect on homodimerization. Dissociation moni-
tored by time-resolved SAXS occurs in milliseconds, consistent
with rates of hAChE covalent inhibition. OP-induced dissoci-
ation was not observed in the SAXS profiles of the double-
mutant Y337A/F338A, where the active center gorge volume
is larger than in wildtype hAChE. These observations suggest a
key role of the tightly packed acyl pocket in allosterically
triggered OP-induced dimer dissociation, with the potential for
local reduction of acetylcholine-hydrolytic power in situ.
Computational models predict allosteric correlated motions
extending from the acyl pocket toward the four-helix bundle
dimerization interface 25 A away.

Acetylcholinesterase (EC 3.1.1.7; AChE), a key enzyme of
cholinergic neurotransmission, is encoded by a single gene in
vertebrates, yet in tissues it exists in diverse molecular forms
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(1, 2). AChE is found in different quaternary associations
including monomers, homodimers covalently (-S-S-) linked
via C-terminal cysteines, homotetramers (two reversibly
associated dimers), and clusters of up to three tetramers
covalently attached to distinct structural subunits (3). A likely
evolutionary advantage for the clustering of large numbers of
catalytic centers of this highly efficient biological catalyst, in
neurons and muscle, is to achieve precise spatiotemporal
control in the degradation of the neurotransmitter acetylcho-
line (4, 5). Disruption of the C-terminal region structure
(triggered by covalent bonding, for example) may distort the
dimerization interface and lead to dissociation of AChE dimers
and disintegration of the clustered oligomers. That could
disturb spatiotemporal hydrolysis of acetylcholine in tissue and
compromise neurotransmission. In native AChE, catalytic
properties of different molecular forms are generally assumed
to be identical, in spite of slight variations in amino acid se-
quences at the C termini in some forms (6, 7). Recombinant
AChE forms, truncated at the C terminus to remove inter-
subunit -S-S- bonding in order to form monomeric AChE, are
commonly used for structural studies and show catalytic
properties identical to those of native AChE (7-10). No
enzymatic cooperativity has been reported between subunits of
oligomeric AChE (6). The active serine in the Ser203-Glu334-
His447 catalytic triad in each catalytic monomer of the human
AChE (hAChE) is located at the base of a ~20 A deep active
center gorge. The gorge is narrow and curved and located in
the center of the globular monomer immediately adjacent to
the small acyl pocket (11).

The basic geometry of monomer association into homo-
dimers, an essential element of AChE quaternary structure, is
revealed in X-ray structures of insect, electric ray, and
mammalian AChEs (8, 12). These structures show two
C-terminally located a-helices from each monomer forming a
stable “four-helix bundle” (4HB) dimerization interface, sta-
bilized by hydrophobic intersubunit interactions. Crystal
structures of disulfide-linked covalent homodimers (from
tissue-derived AChE preparations; (12)) and of reversibly
associated monomers (from recombinantly expressed AChE
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OP inhibition dissociates hAChE homodimer allosterically

truncated at the C terminus; (8)) reveal nearly identical tertiary
and quaternary structures.

Similar 4HB homodimers were also observed in X-ray
structures of the structurally closely related o/p hydrolase-fold
proteins, human butyrylcholinesterase (EC 3.1.1.8; hBChE;
(13)), and human neuroligins 1 (hNL1; (14)) and 4 (hNL4;
(15)), and in the cryo-EM structure of human thyroglobulin
(16). Moreover, monomers of hAChE and of neuroligins were
demonstrated to form functionally relevant 4HB heterodimers
with thyroglobulin monomers (17, 18).

The lack of stability of noncovalent 4HB dimers in solution,
leading to their dissociation, could significantly disrupt the
physiological function of both neuroligins and thyroglobulin,
and affect tissue localization of cholinesterases. Thus, there is
the potential for considerable negative biological consequences
associated with the dissociation of these 4HB dimers. A
structural illustration on how destabilization in the dimeric
structure at the 4HB interface could lead to nearly complete
dimer dissociation in solution was reported for the
Leu380Arg/Phe535Lys mutant of hAChE (9).

In the present study, we demonstrate, using small-angle
X-ray scattering (SAXS), cryo-EM, and FPLC size-exclusion
chromatography (SEC), that a construct of wildtype hAChE
lacking the C-terminal cysteines forms reversible 4HB homo-
dimers at micromolar concentrations. They are structurally
identical to hAChE homodimers that are linked covalently by
C-terminal S-S- bonds (8, 12). Exposure of this C-terminally
truncated form of hAChE to paraoxon or the Rp enantiomer of
sarin, but not other organophosphates or a variety of struc-
turally diverse reversible ligands, promotes dissociation of the
homodimers in solution as indicated by SAXS. Dissociation of
reversible hAChE homodimers upon covalent binding of par-
aoxon or the Rp-sarin is likely the result of structural distor-
tions in the impacted acyl pocket of the AChE catalytic gorge,
which are allosterically transmitted to the dimer interface 25 A
away. The structural effect could be reversed by nucleophilic
removal of the conjugated organophosphate. The biological
significance of these organophosphate (OP)-induced structural
changes lies in their potential for long-term loss of neuro-
transmitter turnover capacity in nervous tissue. Emerging
structural details of the dissociation mechanism provide the
first clear experimental evidence of allosteric communication
between the buried active center of hAChE and the dimer-
ization interface located on the surface of the globular hAChE
monomer. Identification of this allosteric mechanism adds to
the understanding of AChE catalysis and its structural dy-
namics. The corresponding knowledge can directly inform and
enhance structure-based design of therapeutics to optimize
treatment of OP intoxication.

Results

The catalytic subunit of truncated hAChE forms reversible
homodimers in solution

Monomeric catalytic subunit of hAChE, glycosylated at
Asn265 and Asn464 and truncated at the C terminus, has a
molecular weight of ~65 kDa, similar to bovine serum albumin
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(Fig. 1A4; (8)). When applied to a size-exclusion column at
micromolar concentrations, this hAChE construct elutes
earlier than expected (Fig. 1B) indicating hAChE may be
forming higher-molecular-weight complexes. Upon dilution of
hAChE to nanomolar concentrations, the elution peak
emerges at larger volume values (Fig. 1B) close to those for
bovine serum albumin, and to those expected for globular
proteins of this size. This observation is consistent with the
formation of reversible homodimers that dissociate to mono-
mers when diluted to nanomolar concentrations. We per-
formed FPLC SEC with a series of concentrations of
recombinant monomeric hAChE in the range of 1.5 nM to
15 pM to assess concentration-dependent elution shifts. Peaks
of hAChE were detected by measuring enzyme activity in
elution fractions. Concentrations where peak shifts were
observed indicated an estimated dimer dissociation constant of
14 to 2.4 uM (Table S1, Fig. S1). Three hAChE constructs
were analyzed, which differed in the extent of the N-glyco-
sylation (FLAG-tagged hAChE constructs expressed in either
wildtype HEK293 or expressed in glycosylation-deficient
Gntl™ HEK cells) and/or in the amino acid sequence of the
N terminus (Gntl~ HEK-expressed Tyr337Ala/Phe338Ala
(YAFA) hAChE double-mutant with FLAG-tag removed). The
absence of any notable effect (Table S1) due to differences in
the hAChE N-terminal sequence or the presence of equato-
rially located N-linked glycans appears to be consistent with
the C-terminal 4HB being a primary dimerization interface in
homodimer formation (Fig. 2). Thus, two crystallographic
homodimers are observed in asymmetric subunits of the Gnt1~
HEK-expressed wildtype hAChE (7). In solution, formation of
a homodimer similar to the 4HB dimer and not to the face-to-
face (F-2-F) dimer appears more likely. This notion is consis-
tent with PISA server analysis of dimerization interfaces in this
form of hAChE showing that the 4HB dimer was the more
stable of the two homodimers ((11); Table S2).

The idea that wildtype hAChE associates predominantly as
4HB dimers in solution from monomers expressed in Gntl~
HEK is further supported by cryo-EM analysis (Fig. 3;
Table S3). Consistent with the 1.4 to 2.4 pM range for
homodimer Kq4 values (Table S1), analysis of cryo-EM images
of ~3.0 uM hAChE using 2D classification showed a mixed
population of monomers and dimers (Fig. 3). Indeed, only the
projected 4HB crystallographic dimer, but not the F-2-F dimer,
matched the 2D class dimers (Fig. S2) and preliminary 3D
density (Fig. S3) very well. Estimated maximal dimensions of
monomer particles (79 A) and dimer particles (132 A) were in
excellent agreement with the estimated crystallographic di-
mensions of 77 A for monomer and 132 A for 4HB dimer
(Fig. 2). Moreover, we obtained a low-resolution map of dimer
hAChE at 9.23 A (0.143 FSC) that was used for fitting the 4HB
dimer. The 3D map has been deposited in the EMDB/PDB
under accession code EMD-24404.

The SAXS experiments performed at 7.5, 15, 30, and 60 uM
hAChE concentrations (Table S4) clearly show the absence of
aggregation at all concentrations. There is no upturn in the I(s)
versus s plots at low s (Fig. S4A4), and Guinier plots are linear
throughout the entire Guinier region (s,,;, to R, = 1.3), with
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Figure 1. Monomeric hAChE, recombinantly expressed with a truncated C terminus, forms reversibly associating homodimers in the picomolar to
micromolar concentration range. A, SDS-PAGE gel of hAChE expressed in Gnt1~ HEK293 cells: lane 1, molecular size standards; lanes 2 and 3, 2 and 20 pg
of hAChE devoid of N-terminal FLAG-tag sequence; lanes 4 and 5, 2 and 20 ug of hAChE containing N-terminal FLAG-tag sequence. B, FPLC-size-exclusion
chromatography profiles of FLAG-tagged hAChE at nine discrete concentrations in the range from 1.5 nM to 15 uM (0.0001 mg/ml to 1 mg/ml). Positions of
the homodimer and monomeric peaks are indicated by arrows. Representative profiles from five experiments with overlapping hAChE concentrations.
Values of hAChE activity were corrected for dilution. hAChE, human acetylcholinesterase.

no indication of upturn at low s. A plot of [(0) as a function of
concentration shows a nonlinear increase in I(0) at higher
concentrations, which is consistent with the ratio of homo-
dimers to monomers increasing over this range of hAChE
concentration. Multistate analysis at each concentration of

Figure 2. Two crystallographic dimers (four-helix bundle, 4HB, and
face-to-face, F-2-F) in the single asymmetric subunit of monomeric
wildtype hAChE expressed in Gnt1~ HEK cells, devoid of FLAG-tag.
Shown is the complex of hAChE with donepezil (PDB ID: 604W). hAChE
monomers are rendered as yellow, orange, or gray ribbon, and active center—
bound donepezil is shown as a gray or yellow transparent surface. Sites of
glycosylation (in the two topmost monomers) are indicated by yellow or
white squares and crosses. Wildtype HEK293-expressed hAChE has three
glycosylation sites per monomer, and in Gnt1~ HEK-expressed hAChE sites
indicated by crosses are not glycosylated. Location of the catalytic triad is
shown by black spheres. Maximal crystallographic dimensions of monomer
(77 A) and four-helix bundle dimer (132 A) are indicated. hAChE, human
acetylcholinesterase.
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hAChE using the FoXS server indicates 100% 4HB dimer at 30
pM and 60 pM hAChE, but a mixture of homodimer and
monomer at lower concentrations of hAChE, with 13% and
31% monomer at 15 and 7.5 uM hAChE, respectively (Fig. S5).
This monomer/dimer distribution as a function of concen-
tration is consistent with a dimer dissociation constant in the
1.4 to 2.3 uM range (Table S1).

FoXS was also used to analyze the SAXS data at 30 uM
hAChE (Fig. 4) to compare fits of the experimental I(s) versus
s and P(r) curves to the predicted scattering curves for 4HB
homodimer, F-2-F homodimer, and monomer. The best fit
to the experimental I(s) versus s was clearly the predicted
scattering of the 4HB homodimer (Fig. 4A4). The predicted
4HB homodimer P(r) curve also closely resembles that of the
experimental curve. In contrast, there are clear differences in
the shape of the P(r) curve obtained from the SAXS exper-
iments compared with the predicted P(r) curve for hAChE
monomers, or F-2-F dimer (Fig. 4B). The monomeric form of
hAChE should give a P(r) curve with a single symmetrical
peak at ~24 A and a Dy, of around 72 A, whereas the P(r)
curve observed for SAXS data collected with hAChE shows a
primary peak at ~40 A, a second peak at ~85 A, and a Dy,ay
of ~130 A. The presence of a second peak in the P(r) profile,
which corresponds to the intraparticle distances between
subunits in the dimer, and a Dy, that is nearly twice that
expected for the monomer, are indicative that hAChE pre-
dominantly forms a homodimer in solution at these con-
centrations. Further independent confirmation that the 4HB
dimer is the homodimer form of apo hAChE in solution was
obtained using FoXSDock. In this rigid-body docking anal-
ysis, tens of thousands of hAChE dimer models were fit to
the experimental SAXS data of apo hAChE. The two best
dimer models selected by FoXSDock were both 4HB dimers
that were nearly identical to the 4HB crystal structures
(Table S5, Fig. S6). None of the top ten dimer models
generated by FoXSDock resembled the F-2-F dimer
(Table S5, Fig. S6).
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Figure 4. Small-angle X-ray scattering intensity and calculated P(r) functions for hAChE. Profiles of the 30 uM (2 mg/ml) Gnt1~ HEK-expressed wt apo
hAChE lacking FLAG-tag (black circles) compared with FoXS-calculated predictions for hAAChE monomer (blue line), 4HB hAChE dimer (green line), and F-2-F
hAChE dimer (red line). A, scattering data intensity (black circles with error bars; upper panel) and Residual Intensity (“experimental - model”; lower panel). B,
calculated P(r) functions compared with experimental data (error bars are smaller than the symbol size). Corresponding particle radii of gyration (Ry) were
40 A (experimental), 24 A (monomer), 33 A (F-2-F dimer), and 40 A (4HB dimer). Maximal particle dimensions (Dn.,) were 130 A (experimental), 72 A
(monomer), 100 A (F-2-F dimer), and 130 A (4HB dimer). P(r) curves/data were normalized to the highest value in each curve/data set. 4HB, four-helix

bundle; F-2-F, face-to-face; hAChE, human acetylcholinesterase.

Reversible ligand binding does not affect hAChE saturate all hAChE-binding sites in each hAChE-ligand
dimer-monomer equilibrium complex. Figure 54 shows a P(r) profile overlay of wildtype

To investigate whether binding of reversible noncovalent apo hAChE with P(r) profiles recorded for each of the
ligands to hAChE can alter the enzyme solution structure we reversible ligand complexes. Reversible ligand complex for-
measured the SAXS profiles of a variety of reversible, non- mation did not reveal any significant effects on hAChE so-
covalent ligands (structures shown in Fig. S7) in complex lution structure, in terms of Ry, positions or heights of the
with wildtype hAChE. High-affinity ligands, (-)huperzine A primary or the second peaks in the P(r) curve, or D, values.
(K; = 22 nM; (19)) and ambenonium (K; = 250 pM; (19)) at  The five reversible ligands, being structurally diverse, occupy
1.0 mM concentrations, and lower affinity aldoximes, 2PAM  (when taken together) nearly all available binding sites within
(Kgq = 150 uM; (20)), HI6 (K4 = 38 uM; (20)), and RS194B  the 20 A-deep active center gorge of hAChE, except for the
(K; = 157 uM; (21)) at 5 mM concentrations, were used to  acyl pocket (Fig. S8). These binding sites include Trp86 at the
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Figure 5. Overlays of small-angle X-ray scattering P(r) profiles of diverse ligands incubated with wildtype and mutant hAChE. A, reversible com-
plexes of (-)huperzine A (1.0 mM; red), ambenonium (1.0 mM; blue), 2PAM (5.0 mM; green), RS194B (5.0 mM; gray), and HI6 (5.0 mM; purple) with the 60 uM
(4 mg/ml) wildtype hAChE. B, covalent OP inhibitors forming conjugates with 30 pM (2 mg/ml) hAChE, VX (red), cyclosarin (green), sarin (racemic mixture;
blue), Sp-sarin (gray), Re-sarin (purple), and paraoxon (orange). C, reversal in profiles of paraoxon-conjugated hAChE (30 uM; orange) upon 60 min incubation
of the conjugate with T mM aldoxime reactivators 2PAM (red), HI6 (purple), or 5 mM RS194B (blue). D, paraoxon conjugate of 30 uM (2 mg/ml) Tyr337Ala/
Phe338Ala double-mutant of hAChE (orange) and noninhibited, Tyr337Ala/Phe338Ala double-mutant (black). Profiles of noncomplexed, apo hAChE are
shown as a dotted black line. The Gnt1~ HEK-expressed wildtype hAChE devoid of FLAG-tag was used in experiments under A, B, and C. Error bars of the P(r)
fit are shown with some curves and are the same size as the symbols. All curves were normalized to the highest P(r) value in each curve. hAChE, human

acetylcholinesterase.
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base of the gorge (where all ligands bind), Tyr337 and Phe338
of the choline-binding site (CBS; all ligands bind here as
well), and Tyr72, Tyr124, Tyr341, Trp286, and Asp74 of the
peripheral anionic site (PAS; where only HI6 and ambeno-
nium bind). The X-ray crystal structure of the ambeno-
nium*AChE complex has not been solved yet, but
biochemical data indicate it also binds to the PAS. Moreover,
it is reasonable to assume that binding of this elongated
bisquaternary compound (Fig. S7) spans Trp86 at the base of
the gorge to the PAS at its opening, as seen in X-ray struc-
tures of complexes of a number of similar bisquaternary
compounds such as decamethonium (1MAA), BW284c51
(6050), HI6 (6CQU), TZ2PA6 (1Q84), as well as uncharged
donepezil (604W). Thus, the dimerization equilibrium of
hAChE does not appear to be affected by complexation with
ligands occupying the main gorge volume, including the CBS
and PAS. Interactions of ligands with residues of the hAChE
Q-loop and residues of the a-helical domains on the opposite
side of the active center gorge, constituting the CBS and PAS,
therefore do not seem to disturb the dimerization interface at
the C terminus (Fig. S8). Of importance, none of these
reversible ligands occupy the volume within the acyl pocket,
as defined by the side chains of Phe295 and Phe297 (Fig. S8).

Organophosphate conjugation shifts the dimer-monomer
equilibrium toward monomer

The SAXS profiles of hAChE prereacted with a variety of
irreversible OP ligands to form covalent conjugates at the
active site Ser203 show that several of the OP conjugates
caused an increase in the height of the primary peak and a
reduction in the second peak of the P(r) curve, although
other OPs had no effect. These changes in the P(r) curve
specifically caused by paraoxon (POX) and the Rp enan-
tiomer of sarin indicate a shift in the dimer—monomer
equilibrium toward the monomer upon covalent binding
(Fig. 5B). Multi-FoXS analysis of the SAXS data obtained
with POX indicate that POX-hAChE at 30 uM concentration
equilibrates between approximately 40% homodimer and
60% monomer compared with 100% homodimer for 30 uM
apo hAChE (Fig. S5). This dimer/monomer ratio indicates a
dimer dissociation constant for POX-hAChE about one order
of magnitude higher than the one determined for apo hAChE
(Table S1).

The ability of POX and Rp-sarin to cause a change in the
quaternary structure of hAChE can be explained by their
chemical structures (Fig. S7) and by where they bind in the
active site of hAChE compared with other OPs. All OPs listed
in Figure 5B, except for paraoxon, are methylphosphonates.
Upon covalent binding to Ser203, these OPs position their
smallest substituents on the phosphorus atom, i.e., the methyl
group, into the acyl pocket of the hAChE (Figure 6, Fig. S7).
The structures of paraoxon and Rp-sarin are different (Fig. S7).
The phosphorus atom of paraoxon is symmetrically
substituted and thus has to place one of its two ethoxy groups
into the acyl pocket. In the case of Rp-sarin, owing to its
chirality, it has to approach and bind to Ser203 in such a way

6 . Biol. Chem. (2021) 297(3) 101007

Figure 6. Stereo overlay of X-ray structures of diethylphosphorylated
hAChE obtained by conjugation with paraoxon (PDB ID: 5HF5) and
hAChE from Figure S8 (PDB ID: 4EY5). Only selected loops and side chains
from 5HF5 are shown in red (Q loop and acyl pocket [AP] loop) for clarity.
Conformational changes in conjugated hAChE are indicated by arrows, and
the consequent enlargement in the acyl pocket volume is indicated by
yellow surface. The diethylphosphoryl substituent of 5HF5 residing in the
acyl pocket is rendered as sticks and colored by element (C = yellow, O =
red). Selected residues of the AChE acyl pocket (AP; Phe295, Phe297), pe-
ripheral site (PAS; Asp74, Trp286, Tyr341), and choline binding site (CBS;
Trp86, Tyr337) are also rendered as sticks. Locations of the active site Ser203,
Q loop (in green, covering the active center gorge), and dimer interface at
the C terminus are also shown. hAChE, human acetylcholinesterase.

that its bulky isopropoxy substituent on the phosphorus atom
orients toward the acyl pocket. Both the ethoxy and iso-
propoxy groups are larger than the methyl group of other OPs
and larger than the methoxy group of the neurotransmitter
acetylcholine. Thus, constraints of covalent bonding with
Ser203, stabilization of phosphonyl oxygen in the oxyanion
hole, and tetrahedral geometry around the conjugated phos-
phorus distinguish OPs that promote acyl pocket distortion
upon binding. Another example of the impact of the con-
strained geometry in the active site is butyrylcholine turnover
by AChE, which is about two orders of magnitude slower than
that of the smaller acetylcholine (22) due to different sizes of
their acyl group.

Incubation of the paraoxon diethylphosphoryl-hAChE
conjugate with 1 mM (2PAM, HI6) or 5 mM (RS194B)
aldoxime reactivators resulted in the reversal of P(r) profiles
from the characteristic of a monomer—dimer ensemble to
that of hAChE homodimer (Fig. 5C). Because structurally
diverse aldoximes, including a monopyridinium monoxime
(2PAM), a bispyridinium monoxime (HI6), and the zwitter-
ionic oxime (RS194B), elicited a similar reversal in the P(r)
profile of the paraoxon-hAChE conjugate, the changes clearly
reflect the breakdown of the covalent bond of paraoxon
conjugated with Ser203 rather than reversible aldoxime
binding or nonspecific effects of millimolar aldoxime con-
centrations on the oligomerization state of OP-conjugated
hAChE. Minor deviations compared with apo hAChE in
the shape of P(r) profiles of the oxime-treated conjugate
between 70 and 90 A can be attributed to some residual OP-
conjugate (Fig. 5C).

SASBMB
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Substitution of hAChE Tyr337 and Phe338 with Ala enlarges
the volume of the active center gorge and prevents
OP-induced dimer dissociation

SAXS analysis indicates that paraoxon does not promote
dimer dissociation of the Tyr337Ala/Phe338Ala double-
mutant (Fig. 5D). The volume of the active center gorge is
enlarged in this mutant by substitutions of bulky aromatic
side chains with alanines, and covalently bound paraoxon
fits well. The two mutations increase the volume of the
active site gorge adjacent to the acyl-binding pocket by
approximately 150 A®. Similarity of the P(r) curves of the
paraoxon-inhibited double mutant compared with that of
apo-AChE (Fig. 5D) indicates that the larger volume in the
mutant active site can accommodate paraoxon without
causing structural distortion of the acyl pocket. Of interest,
the large aromatic residues Tyr337 and Phe338 reside in
the choline-binding site and their substitution does not
directly increase the size of the nearby acyl pocket. It is
likely that those substitutions allow the second ethoxy
substituent of paraoxon, the one that points toward the two
aromatic residues in wildtype hAChE, to move a small
amount toward the two introduced alanines in the double
mutant, consequently allowing relief of the acyl pocket
steric strain. Thus, reducing general impaction in the active
center gorge appears to relieve structural constraints to-
ward the C-terminal dimerization interface and prevents
dissociation of the dimer. In addition, it is possible that
Tyr337 and Phe338 (attached to a-helices in the region
330-380) contribute in some manner to transmitting the
conformational strain caused by paraoxon covalent binding
toward the C-terminal a-helices of the dimerization inter-
face (cf. Figs. S8-S11).

Time-resolved SAXS reveals approximate time frame of
paraoxon-induced homodimer dissociation

Rapid time-resolved recording of successive SAXS mea-
surements (TR-SAXS) during the early phase of covalent
inhibition by paraoxon (Fig. 7) was enabled by the availability
of a rapid stopped-flow mixing device and specialized X-ray
detector at the BL-4 beamline of the Stanford Synchrotron
Radiation Lightsource. This allowed us to follow the earliest
kinetics of paraoxon-induced dimer dissociation. The TR-
SAXS data indicate (Fig. 7) that conformational changes in
hAChE triggered by active site Ser203 phosphorylation by
paraoxon occur in the millisecond time frame. At the con-
centration of paraoxon used in these experiments (500 pM;
Fig. 7), covalent inhibition of AChE by paraoxon occurs at
the maximal rate and does not increase with concentration
(23-26). Our estimated first-order reaction rate constant
(kobs=0.13 s%; Fig. 7) is consistent with literature values of
maximal rates of phosphorylation by paraoxon (0.15 s,
(25); ~0.05 s', (23)) and indicates that hAChE dimer
dissociation kinetics parallel paraoxon conjugation with
Ser203. Thus, OP-induced conformational changes in the
active site of hAChE (Fig. 6) are not rate limiting for
homodimer dissociation.
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Figure 7. Time-resolved small-angle X-ray scattering time course of
changes in P(r) profiles of 50 puM hAChE during conjugation with
500 pM paraoxon, recorded every 20 ms during the first second of the
reaction. Red curves indicate start (20 ms) and blue curves the last point
(1000 ms) of the reaction. The rate constant of the reaction (kgps = 0.13 s7")
was obtained from the linear plot of the log of the ratio of P(r) values (at r; =
715 A and r, = 347 A) versus time (inset). Gray points represent the time
course of 50 uM hAChE obtained in the absence of paraoxon. P(r) curves
were not normalized. hAChE, human acetylcholinesterase.

Molecular dynamics simulations show correlated motions of
the acyl pocket loop Arg296 and the dimer interface helices in
paraoxon-conjugated hAChE

From the static X-ray structures (Fig. S12), there is no
evidence for paraoxon-induced conformational change at the
dimerization interface that could lead to dimer dissociation.
This prompted us to study the atomic-level dynamic prop-
erties of native and paraoxon-conjugated hAChE dimers by
molecular dynamics (MD) simulations using well-solvated X-
ray structures as starting structures. The distance between the
paraoxon-conjugated Ser203 in the active site and the dimer
interface on the surface of the protein is approximately 25 A.
Comparative analysis of dimer trajectories of 110-ns MD
simulations of apo-hAChE and paraoxon-hAChE did not
reveal a single defined sequence of conformational changes
that might be responsible for the effects observed in SAXS.
Two general effects, however, were observed. The first one is
that atomic fluctuations of Arg296 in the acyl pocket, the
residue with the largest side-chain displacement upon
paraoxon conjugation, correlated more strongly with atomic
fluctuations of the dimer interface a-helices in the paraoxon-
hAChE dimer compared with those in the apo hAChE dimer
(Fig. 8). The negative values of correlations of MD fluctua-
tions between the acyl pocket Arg296 and the 4HB interface
in the paraoxon-conjugated hAChE suggest that the atoms in
Arg296 and the 4HB interface oscillate toward each other and
then back away, as opposed to a synchronized codisplace-
ment. This dynamic coupling between the two sites indicates
the existence of an allosteric pathway between the acyl pocket
and dimer interface 25 A away, eventually leading to changes
in the geometry of the interface and dissociation of the
paraoxon-conjugated dimers to monomers. Although neither
of the hAChE homodimers effectively dissociated during the
110 ns of MD simulations, some initial signs of separation
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Figure 8. Molecular dynamics correlations of Arg276 of hAChE. Color-
coded correlations of molecular dynamics fluctuations, between acyl pocket
Arg296 (red) and remaining residues of the homodimer detected in 110-ns
molecular dynamics simulations of (A) apo-hAChE (PDB ID: 4EY4) and (B)
paraoxon-conjugated hAChE (PDB ID: 5HF5). The color coding scales in (A)
and (B) were different in order to avoid “bleaching out” in coloring of dimer
in (A). hAChE, human acetylcholinesterase.

were noted for the paraoxon-conjugated homodimer. An in-
ventory of the “solvent box” molecules able to penetrate the
dimer interface indicates an increased propensity of the
paraoxon-conjugated dimer to be solvated (Fig. 9, A-C). From
the initial 42,259 solvent molecules surrounding each hAChE
dimer (Fig. 94) in the first 1 ns MD time frame, only three
water molecules were found within each dimer interface
(Fig. 9D). Later on, however, solvent was 4 to 5 times more
often found in the paraoxon-hAChE dimer interface
compared with apo hAChE. While the dimer interface of
paraoxon-conjugated hAChE had solvent molecules bound at
all times, solvent was completely absent in the apo-hAChE
dimer interface 12% of the time. The average number of
solvent molecules at the interface per 1-ns time frame was
1.7 + 1.2 (ranging from O to 5) for apo-hAChE and 8.1 + 2.2
(ranging from 3 to 10) for the paraoxon-conjugated dimer
(Fig. 9D). The enhanced correlated conformational fluctua-
tions of the paraoxon-conjugated dimer between the acyl
pocket and the dimer interface a-helices (Fig. 8) thus seem
likely to allow easier solvation of the largely hydrophobic
dimerization interface and facilitate consequent dissociation
of monomers.

Discussion

The solution-based structural data of human AChE ob-
tained in this study by four diverse experimental techniques
(high-resolution SEC, cryo-EM, SAXS, and TR-SAXS)
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demonstrate that recombinantly expressed monomer, trun-
cated at the C terminus and deficient in one (Asn350) of three
N-glycosylation sites forms reversible homodimers in solution
with dissociation constants in the 1.4 to 2.3 uM range. This
range overlaps with local concentrations of AChE reported in
tissue, from nanomolar in blood plasma to micromolar in
synapses and nervous tissue (5). The data are consistent with
dimerization occurring through a 4HB interface. Crystallo-
graphic structures of hAChE (28 of 39 deposited in Protein
Data Bank [PDB]) are largely based on fully N-glycosylated
hAChE truncated at the C terminus and expressed in a
monomeric form. They reveal formation of a 4HB homodimer
in the crystal packing. In our 11 recently deposited crystal
structures based on the same hAChE construct as the one used
in this study, we observe a F-2-F homodimer in addition to the
4HB dimer, for a total of two simultaneously formed homo-
dimers in the crystal packing (11, 21, 27). So far, monomeric
hAChE has not been observed in the crystalline state owing to
high hAChE concentrations in the crystallization solutions,
concentrations well above that of the dimer dissociation con-
stant. The closest to the monomeric state was the X-ray
structure of the Leu380Arg/Phe535Lys mutant of hAChE (9)
that showed a severely distorted 4HB dimer (Table S2).
Analysis of our SAXS and cryo-EM data indicates that the 4HB
homodimer is the predominant structure in solution at
micromolar concentrations; thus, distortion of the 4HB
interface would be expected to impair formation of
homodimer.

Of note, the SAXS data indicate that the 4HB dimer inter-
face can be disrupted, and dissociation promoted, by covalent
binding of paraoxon and Rp-sarin enantiomer but not by
several other racemic methyl-phosphono organophosphates or
by a structurally diverse array of reversible noncovalent li-
gands. The ability of paraoxon and Rp-sarin to disrupt the
dimer interface is explained in part by their ability to distort
the acyl-binding pocket in the catalytic gorge of hAChE. This
pocket has evolved to accommodate the methyl group of
acetylcholine and is too small for substituents larger than the
methyl group without causing structural distortion of the
enzyme. That was recognized early on (28) and later confirmed
(22, 29) as the molecular basis for the exquisite substrate
specificity of AChEs.

As is clearly seen and has been well described in crystal
structures of AChEs from different species, all AChEs share a
similar small acyl pocket that is distorted by large covalently
bound ligands. This includes the “aged” conjugates of diiso-
propylfluorophosphate with Torpedo californica AChE (PDB
ID: 2DFP) and mouse AChE (PDB ID: 2JGI), and in hAChE
diethylphosphorylated by paraoxon (PDB ID: 5HF5; Figs. 6 and
10 and Figs. S9-S11). In these structures, the OP-conjugated
acyl pocket loops were distorted, and the acyl pocket volume
was enlarged in order to accommodate bulky isopropoxy or
ethoxy groups. On the other hand, numerous X-ray structures
of Sp-methylphosphono-AChE enantiomer conjugates clearly
show undistorted acyl pocket loop conformations by this
smaller OP substituent. The exceptions are recent structures
of Novichok A-234-conjugated hAChE (PDB IDs 6NTL and
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Figure 9. Solvent molecule inventory during the first 105 ns of the 110-ns MD simulations of hAChE dimer. A, box of 42, 259 solvent molecules
(water, cations, and anions) surrounding the hAChE dimer during MD. B, the sum total of 183 solvent molecules (yellow sticks) found in 105, 1-ns time frames
of MD at the interface of the apo hAChE. C, the sum total of 853 solvent molecules (yellow sticks) found in 105, 1-ns time frames of MD at the interface of
paraoxon-conjugated hAChE. D, number of solvent molecules per 1-ns time frame found at interfaces of apo hAChE (white line) and paraoxon-conjugated
hAChE (orange line). hAAChE, human acetylcholinesterase; MD, molecular dynamics.

6NTG) where the acyl pocket—bound ethoxy substituent does pocket—bound substituent but also the propensity of the
not cause any distortion owing to a 1.5-A shift of the conju- conjugated P atom to shift and remain at a distance from the
gated P atom (Figs. S9—S11). Thus, not only the size of the acyl acyl pocket determines the substrate specificity of AChE. This
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Figure 10. Changes in tertiary and quaternary structures of hAChE
triggered by covalent conjugation of paraoxon to the active Ser203 of
hAChE yielding diethylphosphorylated hAChE (OP). Phases of structural
change induced by conjugation: (1) covalent binding of OP; (2) local residue
expansion around site of covalent binding (arrows indicate local expansions
of gray solvent-accessible surface of native hAChE); (3) allosteric confor-
mational transition toward 25-A-distant dimer interface; (4) dissociation of
“red” and “blue” monomers of the hAChE homodimer. More details are
shown in Figures S9-S11. hAChE, human acetylcholinesterase.

structural information is, however, sufficient to provide only a
partial explanation for the P(r) profile shifts observed in SAXS
(Fig. 5B). It seems clear that the large ethoxy group of
paraoxon-conjugated hAChE, firmly held in the acyl pocket by
covalent bonding to Ser203, was able to push away the aro-
matic rings of Phe295 and Phe297 and cause a ~180° flip of
the Arg296 side chain, thus enlarging the acyl pocket volume
and causing distortion of the acyl pocket loop (Fig. 6; (30, 31)).
What remains unclear, however, is how these changes in the
acyl pocket loop could be transmitted to the dimer interface
25 A away and what changes to the interface itself caused the
two monomers to dissociate (Fig. 10). Some insights on the
allosteric network can be gained by the PACCT analysis
(Figs. S9 and S10) pointing at three o-helices in the residue
region 330 to 380.

Close visual inspection of the crystallographic dimerization
interface does not reveal any difference between apo hAChE
and paraoxon-conjugated-hAChE (Fig. S12). PISA server
analysis (Table S2, (11)) furthermore showed that the two
interfaces have very similar profiles of interactions and similar
calculated monomer contact areas (988 A* for apo versus
1005 A? for the conjugate, i.e., only a 1.7% difference in contact
area). The calculated free energies of solvation are also quite
similar (-13.9 kcal/mol for apo versus —13.0 kcal/mol for the
conjugate, i.e., a 6.5% difference). Moreover, 4HB homodimer
packing is still preserved in crystals of both paraoxon- and Rp-
VX-conjugated hAChE (10, 31). Nevertheless, our SAXS data
are consistent with an order of magnitude increase in dimer
dissociation constant of POX-hAChE compared with apo
hAChE 4HB dimer (Fig. S5). MD simulations of solvated
hAChE homodimers indicate a propensity of the paraoxon-
conjugated dimer to increase solvation of the dimerization
interface, mediated by enhanced conformational dynamics at
the interface that are correlated with altered acyl pocket loop
dynamics. Dimer dissociation thus appears to be triggered by
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altered intramolecular dynamics of OP-conjugated hAChE and
not statically by steric or electrostatic changes in the positions
of amino acid side chains that form the dimer interface.
Relaxation of dimeric structure in solution is also reflected in
slight but consistent differences between crystallographic and
solution-based FoXSDock-fitted 4HB dimers (Fig. S6,
Table S5) evident in ~20° relative rigid-body tilt of their
monomeric vertical axes. In contrast, an example of a direct
static disturbance of the dimer interface would be the “irre-
versible” monomerization reported for the Leu380Arg/
Phe535Lys hAChE double-mutant (9), which is obvious both
in solution and in the crystal packing. Dissociation to mono-
mers of the wildtype hAChE that we observed here, however, is
reversible, and homodimers can reassociate following nucle-
ophilic removal of the conjugated phosphorus with oxime
reactivators. We have thus revealed a dynamic communication
between the hAChE active center and the 25-A-distant
dimerization interface promoted by spatial impaction in the
acyl pocket. The OP-mediated communication of the acyl
pocket with the dimer interface was compromised by either
removing impaction from the acyl pocket, for example, in
conjugates with Sp-OP enantiomers, or by enlarging the
nearby choline-binding site in the Tyr337Ala/Phe338Ala
mutant, where “trimming” the size of residue side chains in the
active site resulted in loss of the allosteric communication
induced by paraoxon and Rp-sarin conjugation.

The physiological consequences of OP-induced hAChE
dimer dissociation are interesting to consider. Homodimers of
hAChE in tissue are C-terminally disulfide bonded, and thus
conjugation by diethylphosphoryl-based active forms of OP
pesticides like paraoxon and chlorpyrifos oxon, or by Rp- en-
antiomers of nerve agent OPs, would not be expected to lead
to rapid dissociation of the homodimers. However, OP-
induced dynamic relaxation of their quaternary structure,
over an extended time period, could result in lower overall
structural stability and compromised enzyme function. Once
the conformation of the dimer is disturbed at the interface,
access of reactivators could become difficult, and/or their
alignment for efficient nucleophilic substitution compromised,
assuming allosteric communication from the dimer interface
to the catalytic site. Moreover, slow subunit dissociation,
occurring as the disulfide bonds are broken, could lead to loss
of catalytic subunits from their loci in the tissue. Conversely,
prolonged structural disturbances at the dimerization inter-
face, which might occur as the result of binding of ligands such
as small molecules, peptides, or proteins could potentially
affect proper functioning of the ~25-A-distant catalytic triad
in an allosteric manner. Such ligand interactions with the
dimer interface might occur physiologically with endogenous
ligands or might represent a potential mechanism for phar-
macological interventions that could facilitate reversal of OP
intoxication.

Formation of C-terminal 4HB homodimers has been char-
acterized for the closely related o/p-hydrolase fold proteins,
including human butyrylcholinesterase (hBChE) both in crys-
tals and in solution, catalytically inactive human neuroligins
(hNLs), and human thyroglobulin, where dimerization is
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essential for function. Owing to differences in their respective
amino acid sequences, the structures of those 4HB dimers,
although similar, remain distinct. Dimers of hAChE and
neuroligins appear more stable than dimers of hBChE, as
inferred from their predicted energies of solvation (Table S2).
Their quaternary structural geometries differ in the relative tilt
of the vertical monomeric axes (Table S2; Fig. S13). Reduction
in the number of glycosylation sites leads to an increase in the
tilt and slightly improves the stability of crystallographic di-
mers. Binding of large surface peptidic ligands, such as snake
toxin Fas2 to hAChE or neurexin to hNL, causes tilts of 28 to
38 degrees, destabilizing the dimers of hAChE but stabilizing
those of neuroligins (Table S2), consistent with their function
as cell adhesive structural proteins.

Small molecule ligand binding to hAChE can also affect the
tilt in the crystal and reveal a predisposition for dimer desta-
bilization in solution. Covalent inhibition by paraoxon or Rp-
VX causes a noticeable 5.2- to 5.5-degree monomer axes tilt in
hAChE crystals (Table S2), unlike binding of donepezil and
other reversible ligands, which have no effect. In equivalent OP
conjugates with hBChE, where the volume of the acyl pocket is
larger, the monomeric axes tilt is noticeably smaller (1.3-1.8
degrees; Table S2). This is consistent with the minimal dimer
dissociation observed in SAXS of the Tyr337Ala/Phe338Ala
hAChE mutant where the active center gorge volume is
enlarged and similar in volume to hBChE.

Of interest, the geometries of crystallographic homodimers
of hBChE are diverse and depend on glycosylation. Those fully
glycosylated resemble the geometry observed in cryo-EM
structures and appear more similar to dimers of hAChE. In
the structure of thyroglobulin, where the geometry of 4HB
dimers is constrained by other parts of this large protein,
homodimers appear most similar to the geometry of dimers of
partially glycosylated hBChE (only a 5.4° difference in axis tilt).
Monomers in both hNL and in human thyroglobulin’s AChE-
like domain (Fig. S14) retain central solvent-accessible cavities
that correspond to the active-center gorge in the hAChE.
Diffusion of ligands into those cavities has the potential to
create impaction within the cavities and thus alter their
physiologically important dimerization states.

In summary, we describe here allosteric communication
between the central gorge and the surface of an a/p-hydrolase-
fold homodimer that has implications for understanding
oligomer stability and catalytic activity in hAChE and provides
a novel dynamic template for structure-based antidote and
inhibitor design. These allosteric networks in a prototype
member of a/p-hydrolase-fold proteins could better the un-
derstanding of the structural flexibility and dynamics of closely
related and physiologically important noncatalytic members of
this protein family.

Experimental procedures
Human AChE expression and purification

Gntl™ HEK293 mammalian cell culture was used to express
hAChE (either wildtype or the Y337A/F338A double mutant)
as an ~60-kDa monomeric form protein truncated at
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C-terminal amino acid 547 and with a FLAG-tag placed at the
N terminus. hAChE was purified as described (11). Briefly, the
enzyme was eluted from the anti-FLAG affinity chromatog-
raphy column (Sigma-Aldrich) either by proteolytic elution
using cleavage site-specific Recombinant HRV 3C protease
(Sinobiological.com) targeting the engineered Prescission
protease recognition site or by elution with excess FLAG
peptide. The N-terminal sequence of the proteolytically eluted
hAChE was G-P-L-E-G-R- and that of FLAG peptide-eluted
hAChE was D-Y-K-D-D-D-D-K-L-E-V-L-F-Q-G-P-L-E-G-R-.
The amino acid sequence of the mature hAChE protein starts
at E-G-R- and ends at the truncated C terminus with the
sequence -S-A-T-D-T-L-D**,

Ligation of human AChE by reversible and covalent inhibitors

Reversible complexes of hAChE were prepared by adding
reversible ligands to ~30 uM hAChE in at least 10-fold stoi-
chiometric excess, and at least 10-fold excess over the corre-
sponding ligand K; immediately before each SAXS
measurement.

Covalent OP-hAChE conjugates were formed before each
SAXS experiment by adding millimolar concentration of OPs
to 30 uM hAChE, allowing conjugates to form within ~15 min
incubation. Excess unreacted OP was removed by 1 min SEC
in 1 ml Sephadex G-50 spin columns.

Nucleophilic reactivation of OP-hAChE conjugate formed
by paraoxon was performed by incubating millimolar con-
centrations of aldoximes 2PAM, HI6, or RS194B with ~30 pM
OP-hACKhE for 60 min, after which excess OP was removed by
SEC.

Small-angle X-ray scattering analysis

SAXS experiments were used to assess the influence of
reversible and nonreversible ligands on hAChE structure in
solution. SAXS measurements using highly purified, mono-
meric human AChE (with or without N-terminal FLAG-tag) in
both noninhibited and OP-covalently inhibited states were
performed in 50 mM Tris/HCl, 100 mM NaCl, pH 7.4 at
22 °C. SAXS data were collected at the Stanford Synchrotron
Radiation Lightsource (SSRL) BioSAXS beamline (BL 4-2)
supervised by Dr Thomas Weiss and Dr Tsutomu Matsui.
Data were reduced onsite at SSRL (Table S4). GNOM (32) was
used to generate the P(r) curves. FoXS (http://modbase.
compbio.ucsf.edu/foxs; (33, 34)) was used to generate theo-
retical scattering curves for the structure of apo hAChE
monomer and 4B and F-2-F homodimers based on the crystal
structure of apo hAChE (604X). MultiFoXS was used to fit
dimer ensemble and monomer—dimer ensemble models to apo
hAChE (3 mg/ml) and paraoxon-hAChE (3 mg/ml) SAXS data
using monomer and dimer (4B and F-2-F) structures based on
apo hAChE (604X). From the resulting monomer versus
dimer ratios an approximate dissociation constant of hAChE
homodimer was estimated, at two apo hAChE concentration
points, 0.5 mg/ml and 1.0 mg/ml, or a single 2 mg/ml con-
centration (POX-hAChE) using the formula K4 = [monomer]?*/
[dimer].  FoXSDock  (https://modbase.compbio.ucsf.edu/
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foxsdock) was used to generate thousands of homodimer
models using the apo hAChE (604X) monomer structure and
models that best fit the SAXS data for apo hAChE (3 mg/ml),
as well as interface energy (33-35).

Time-resolved SAXS analysis

TR-SAXS experiments were used to monitor the rate of
reaction of 500 uM paraoxon with 50 uM hAChE by following
the change in amplitudes of P(r) curves (as a ratio of amplitude
values at r = 71.5 A and r = 34.7 A) collected in subsequent 20-
ms time bins during a 1000-ms total reaction period. Data
were collected at the SSRL BL 4-2 configured with ~1 ms dead
time customized Bio-Logic four syringe stopped-flow mixer
(SEFM400) and Pilatus3 X 1M detector for rapid TR-SAXS data
collection.

FPLC size-exclusion chromatography

High-resolution SEC was used to determine the dissociation
constant of the hAChE homodimer. Purified hAChE prepa-
rations were run on a 24-ml SuperoseTM6 10/300 GL FPLC
column at 0.5-ml/min flow rate in 50 mM Tris/HCl, 100 mM
NaCl, pH 7.4 at 4 °C. Samples were applied in 100-pl volumes,
and 0.5-ml fractions were collected. Three different hAChE
samples were run in duplicate: N-terminally FLAG-tagged
wildtype hAChE either fully glycosylated (HEK form) or
expressed with reduced size of polysaccharide chains (Gntl™
hAChE) and the Tyr337Ala/Phe338Ala Gntl™ hAChE double
mutant with no FLAG-tag. Relative concentrations of AChE in
the fractions were determined by measuring catalytic activity
using an end-point spectrophotometric Ellman assay (36). For
the activity assay, samples were diluted to a final protein
concentration of 0.01 pg/ml

Cryo-electron microscopy
Cryo-EM grid preparation and data collection

Freshly prepared hAChE protein was purified using SEC. A
3-ul sample of 0.2 mg/ml (~3.0 uM) in 10 mM Hepes, pH 7.4,
10 mM NaCl buffer was applied to a Quantifoil 1/2/1.3 grid
(Ted Pella), glow discharged for 20 s at 15 mA (Pelco glow
discharger), plunged with CP3 plunger (Gatan), and blotted for
3 s at 90% humidity (Scheme SI). A total of 963 images were
collected on an Arctica 200-kV microscope with EPU on K2
Summit detector at 130,000-fold magnification at a pixel size
of 1.04 A with C2 aperture of 50 um and objective aperture of
100 pum. A total exposure of 12 s was fractioned into 48 frames
with each frame having an electron dose of 1.345 e/A>
(Table S3).

Cryo-EM data processing

Images were motion-corrected and dose-weighted using
Motion Corr2 (37) (Scheme SI). CTF estimation was done
using GCTF (38), and all procedures were performed in Relion
3.0 (39). Initial particle picking was done using the Laplacian—
Gauss method in Relion. 2D classification showed a mixed
population of monomers and dimers. Dimer and monomer
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particles were picked separately using 2D classes as templates,
and multiple rounds of 2D classification were performed. A
total dimer population with 2744 particles and monomer
population with 99,596 particles were selected. The 4HB dimer
from the X-ray structure 604W (Fig. 3) was projected to
match 2D classes using EMAN2 (40). The dimer particles were
exported to Crysoparc v 3.2 for ab initio model building and
refinement using C2 symmetry. The 4HB dimer from the PDB
604W (Fig. 2) was fitted in the volume using volume fit in
Chimera 1.13.1 (Fig. S3).

Molecular dynamics simulations

PDB-deposited datasets of native ligand-free hAChE
(4EY4) and paraoxon-conjugated hAChE (paraoxon-hAChE;
5HF5) were used as initial structures in the MD simulations
of the two dimeric enzymes. The missing residues of the
surface loops 259 to 264 and 493 to 497 were rebuilt by
MODELER 9v8 (41). MD simulations were carried out using
NAMD 2.9 (42) and the CHARMM c¢36 force field for the
protein (43). The force field parameters for paraoxon-
conjugated Ser203 were obtained from the CGenFF soft-
ware (44) and Quantum Mechanical calculations performed
using Gaussian09 (45). The protonation states of all histi-
dines were assigned based on visualization of their sur-
rounding residues. All other protein residues were assigned
to their canonical protonation state at neutral pH. Both
dimer systems were immersed in a TIP3P water box with a
minimal distance of 20 A to any edge and periodic boundary
conditions were applied. Chloride and sodium ions were
added to neutralize the system and reach a concentration of
100 mM. Production MD simulations were performed in the
constant particle number, pressure, and temperature
ensemble. To allow for an integration time step of 2 fs in
simulations, all bonds involving a hydrogen atom were con-
strained using the SHAKE algorithm (46). Short-range
Coulomb interactions were cut off at 12 A; long-range
electrostatic interactions were calculated using the Particle-
Mesh Ewald summation (47). Langevin dynamics (48) were
used to control the temperature at 295 K with a damping
coefficient of 2 ps™'. The Langevin piston method (49) was
used to keep the pressure at 1 atm. Two independent sim-
ulations, each for ~100 ns, were run for each dimeric system
to interpret the OP-induced conformational changes detec-
ted by SAXS.

Cross-correlation analysis was applied to quantify the
correlated atomic fluctuations between any pair of residues in
both apo- and paraoxon-conjugated hAChE dimers. The
cross-correlation coefficient Cj, between atoms i and j, is a
measure of the correlated nature of their atomic fluctuations
and is computed as follows:

1/2

Cij :<AI‘1 . AI’j>/ ((Ari-AriXArj-Arj))

where Ar; and Ar; are the displacement vectors from the
average position for atoms i and j, respectively. The angle
brackets denote an average over the trajectory. The value of C;
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ranges from -1 to 1 with the correlated (positive) residue pair
moving in the same direction and the anticorrelated (negative)
pair moving in the opposite direction.

Data availability

All data are contained within the manuscript or available to
be shared upon request (please contact corresponding author).
SAXS datasets of native ligand-free (“apo”) hAChE and
paraoxon-conjugated hAChE have been deposited to SASBDB
(Small Angle Scattering Biological Data Bank; https://www.
sasbdb.org/) (50) under respective entry codes SASDL82 and
SASDL92. The cryo-EM map has been deposited in the
EMDB/PDB under accession code EMD-24404.
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