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Abstract 

The structural basis of inhibitory effect of organic solvent dimethyl sulfoxide (DMSO) on human 
acetylcholinesterase (EC 3.1.1.7; hAChE) was inferred from the effect of DMSO on kinetics of 
reversible inhibition of uncharged, heterocyclic bis-oximes to hAChE, from DMSO effect on rates of 
reactivation of inactive organophosphate (OP)-hAChE conjugates by bis-oximes and by X-ray 
structures of bis-oxime and DMSO binding to hAChE. The reversible inhibition constant of DMSO for 
hAChE in 0.1 M phosphate buffer pH 7.4 at 22 °C, was Ki= (0.32 ± 0.04) % (or 45 ± 5 mM). The Ki of the 
bis-oxime LG-703 for hAChE was 3.2-fold larger in 1% DMSO, consistent with direct competition 
between LG-703 and DMSO. The X-ray structure of the LG-703*hAChE complex (PDB ID: 6U3P) shows 
DMSO and LG-703 bound to individual hAChE monomers, LG-703 in the chain A and DMSO in the 
chain B. In the co-crystallization both small molecules were present at a similar excess over their 
corresponding Ki values for hAChE (7.8-fold for DMSO and 6.5-fold for LG-703) and formation of two 
different complexes (DMSO*hAChE and LG-703*hAChE), in the same crystal, appears consistent 
with inhibition kinetics. Furthermore, rates of reactivation of paraoxon-inhibited hAChE (POX-hAChE) 
and of VX-hAChE by LG-703 and by a novel heterocyclic bis-oxime LG-1922 were reduced 2 – 3-fold 
in DMSO, consistent with observation of the active-center-bound DMSO molecules in the newly 
solved structure of the LG-1922*POX-hAChE complex presented here and in our POX-hAChE 
structure (PDB ID: 8DT2) showing obstruction of the reactivator access to the conjugated P atom. 
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1. Introduction 

Intoxication by organophosphates (OPs) leads to covalent inhibition of acetylcholinesterase (AChE; 
EC 3.1.1.7), the key enzyme of cholinergic neurotransmission, resulting in harmful accumulation of 
acetylcholine in nervous tissue that can lead to cholinergic crisis and result in death [1,2]. 
Nucleophilic antidotes that reactivate covalent OP-hAChE conjugates are the only therapeutic 
approach that targets the actual cause of OP toxicity. The worldwide approved reactivating antidotes 
are all cationic pyridinium-based oxime derivatives with access restricted to the circulation and 
peripheral nervous system. These oximes are incapable of traversing the Blood-Brain-Barrier and 
reaching AChE inhibited in the central nervous system. Design of novel uncharged reactivating oximes 
has therefore been one of notable directions for their significant therapeutic improvement. Molecules 
of uncharged oximes, by virtue of the absence of an explicit (permanent) charge in their structures, 
are frequently not easily soluble in the aqueous medium and for initial in vitro functional screening 
require dissolution in organic solvents such as dimethyl sulfoxide (DMSO). A presence of DMSO, or 
another organic solvent, is therefore common in the initial functional screening of uncharged 
antidotes [3–8]. 

At concentrations below 0.5% v/v, DMSO has generally little effect on the catalytic activity of hAChE 
[9]. In the presence of DMSO concentrations of 1% or higher, however, DMSO and other solvents have 
pronounced inhibitory effect on catalytic activity of AChEs [9, 10, 11]. Furthermore, the kinetics of 
oxime reactivation of OP-hAChE has been observed to yield somewhat different values of reactivation 
rate constants ([3,12]; Table S1) compared to that in DMSO absence. 

In this study we have quantitatively evaluated the effect of DMSO on the kinetics of interaction of our 
novel uncharged bis-oximes with hAChE and explored specific sites of DMSO binding in X-ray 
structures of their reversible complexes with hAChE. Reversible inhibition constants of hAChE by bis-
oximes were evaluated in the absence and presence of DMSO as well as the reversible inhibition 

constant of the DMSO*hAChE complex. Reactivation rate 
constants of hAChE covalently inhibited by organophosphate 
insecticide paraoxon and by nerve agent VX were evaluated for 
novel uncharged bis-oximes in the absence and in the 
presence of DMSO. 

Finally, in addition to providing the analysis of DMSO binding in 
the previously solved X-ray structure of a reversible complex of 
the bis-oxime LG-703 with native hAChE (PDB ID: 6U3P; [3]) we 
have now solved new X-ray structures of a novel heterocyclic 
bis-oxime LG-1922 (Fig.1) in the complex with hAChE and with 
POX-hAChE conjugate. The latter structure shows a clear 
evidence of specific binding sites of DMSO molecules, in the 
complex. 

  

Figure 1. Structures of 
heterocyclic bis-oximes LG-703 
and LG-1922 and of dimethyl 
sulfoxide (DMSO). 



2. Materials and methods 

2.1. Preparation of hAChE and bis-oxime reactivators 

Monomeric form of human AChE truncated at the C-terminal amino acid position 547 was expressed 
in Gnt1- HEK293 cells and purified using N-terminal FLAG tag on the anti-FLAG affinity column by 
proteolytic elution, as described before [13]. 

DMSO was purchased from Fisher bioreagents (>99.7%; BP231-100, LOT 245004). 

Bis-oxime LG-703 was prepared as described before [3]. The synthesis of bis-oxime LG-1922 was 
conducted in a similar fashion, although it is presented here for the first time (see Scheme 1). Initially, 
The starting material, 2-(piperidin-3-yl)acetonitrile hydrochloride (1), was N-alkylated by 3-
bromopropionitrile in the presence of N,N-diisopropylethylamine (DIPEA). The reduction of bis-nitrile 
product 2 was achieved by Raney-Nickel under hydrogen atmosphere, resulting in the formation of 
bis primary amine compound 3. Finally, the ensuing reaction of 3 with ethyl (2E)‐2‐

(hydroxyimino)acetate, prepared according to previously described procedure [4], led to desired 
product LG-1922 as racemic mixture. 

 

Scheme 1. Chemical synthesis of bis-oxime LG-1922. Reagents and conditions: a) 3-
bromopropionitrile, DIPEA, THF/methanol (4:1), Ar, room temperature (RT), 48 hours; b) Raney-Nickel, 
methanol, H2, RT, 14 hours; c) ethyl (2E)‐2‐(hydroxyimino)acetate, ethanol, Ar, 80 °C, 72 hours. 

 

2.2. Reversible inhibition of hAChE by DMSO 

Catalytic activity of hAChE in 0.1 M Phosphate buffer, pH 7.4 supplemented with 0.01% BSA was 
measured spectrophotometrically at 22 °C using Ellman assay [14]. The activity assay mixture 
contained 30 µL of the Ellman thiol reagent DTNB (10 mM stock in buffer), 950 µL of the buffer, 10 µL 
of acetylthiocholine (ATCh; 100 mM or appropriate stock in water) and 10 µL of purified hAChE (~10 
nM). The direct inhibitory effect of DMSO was measured by substituting either 5 µL or 10 µL of the 
buffer in the assay mixture with DMSO. The enzyme activity was measured at 0.050 mM, 0.10 mM, 
0.20 mM, 0.30 mM and 0.40 mM ATCh concentrations in the 1.0 mL assay mixture, in the absence (v0) 
and presence of DMSO (vi). All activity assay measurements were done in at least duplicate. At each 
ATCh concentration value of the Ki,app  = [DMSO]*vi/(v0-vi) was calculated and plotted vs. [ATCh] to yield 
a Hunter-Downs plot [13]. Values of intercepts on the ordinate (Ki) and on the abscissa (K[ATCh]) were 
obtained by linear regression using equation [15]: 



𝐾𝑖,𝑎𝑝𝑝 =  𝐾𝑖 · (1 + [𝐴𝑇𝐶ℎ] 𝐾[𝐴𝑇𝐶ℎ]⁄ ) (Eq. 1) 

 

2.3. The effect of DMSO on reversible inhibition of hAChE by LG-703 

The inhibition of hAChE by the uncharged heterocyclic bis-oxime LG-703 (Fig.1.) was measured as 
described for DMSO in the section 2.2. using 0.10 mM, 0.2 mM, 0.50 mM and 1.0 mM final 
concentrations of LG-703 in the assay mixture. Stock solutions of 100 mM LG-703 prepared in either 
water (by titration with ~ 2 µL of 36 % HCL per 100 µL of 100 mM LG-703) or in DMSO, were used in 
inhibition assays. The resulting Ki,app = [DMSO]*vi/(v0-vi) values were plotted in the Hunter-Downs plot 
for each LG-703 concentration. The reversible inhibition constant of LG-703 (Ki

LG-703) in the absence of 
DMSO was determined by linear regression using Eq. 1. and in the presence of DMSO using the 
equation: 

𝐾𝑖,𝑎𝑝𝑝,𝐷𝑀𝑆𝑂 =  𝐾𝑖
𝐿𝐺−703 · (1 + [𝐷𝑀𝑆𝑂] 𝐾𝑖⁄ ) + (𝐾𝑖

𝐿𝐺−703 𝐾[𝐴𝑇𝐶ℎ]⁄ ) · [𝐴𝑇𝐶ℎ] (Eq. 2) 

 

2.4. The effect of DMSO on reactivation of OP-hAChEs by LG-703 and LG-1922 

The covalent conjugate VX-hAChE identical to the one resulting from the inhibition by the nerve agent 
VX, was prepared using low toxicity Flu-MP analogue of the nerve agent VX [16]. Inhibition of hAChE 
by Flu-MP results in the VX-hAChE covalent conjugates identical to the one formed upon inhibition 
with the much more volatile hazardous nerve agent VX. Four to ten-fold stoichiometric excess of Flu-
MP or paraoxon was used to inhibit hAChE (~20 µM) for several minutes at room temperature resulting 
in >99 % loss of catalytic activity, to ensure homogeneous inhibition by the more potent SP enantiomer 
of the Flu-MP. Excess unreacted Flu-MP was removed from the inhibition mixture by Sephadex G-50 
separation on two consecutive spin columns (Bio-Spin 6 Tris columns, BioRad, Hercules, CA). Time-
dependent recovery of hAChE activity was monitored spectrophotometrically [12] in 0.1 M Phosphate 
buffer, pH 7.4 (containing 0.01 % BSA) upon addition of LG bis-oximes at 37 °C. The first order 
reactivation rate constant (kobs) for each (oxime + OP-hAChE conjugate) combination was calculated 
by nonlinear regression (of  %Act=A*(1-e(kobs*t)). The dependence of reactivation rates on oxime 
concentrations and determination of maximal reactivation rate constant k2, Michaelis-Menten type 
constant Kox, and the overall second order reactivation rate constant kr were conducted as previously 
described [17]. The effect of DMSO on reactivation rate constants of POX-hAChE within the 
reactivation mixture was evaluated by using LG-703 stock solutions prepared in either water or in 
DMSO. With the DMSO stock solution that resulted in 0.5 %, 1.0 % and 1.5 % DMSO in the reactivation 
mixture. In all other reactivation experiments (LG-703 + VX-hAChE; LG-1922 + POX-hAChE and LG-
1922 + VX-hAChE) LG-703 and LG-1922 stock solutions prepared in water were used and DMSO was 
added into reactivation mixture at the 3 % final concentration or not added to the reactivation mixture, 
at all. 

 

 



 

2.5. X-ray structures of LG-1922 in reversible complexes with native hAChE and with POX-hAChE 
conjugate 
For crystallization, hAChE was dialyzed in 10 mM NaCl, 10 mM HEPES, pH 7, and concentrated to 8 − 
9 mg/mL. The solution of hAChE was combined with a stock solution of reactivator LG-1922 (50 mM 
in DMSO) in a molar ratio of 1:5 to obtain the corresponding binary complex. The mixture was then 
kept on ice for about 1 hour prior to setting up crystallization trays. Crystals were grown by vapor 
diffusion at 10 C in sitting drop microbridges (Hampton Research, Aliso Viejo, CA). Well solutions 
contained 100 mM HEPES pH 7.5, 100 mM KNO3, and 11 % PEG 3350. To obtain the LG-1922 complex 
with POX-hAChE conjugate, crystals of the binary complex, LG-1922*hAChE, were soaked in the 
solution of POX. Specifically, 3 µL of 100 mM POX solution in ethanol were diluted with 400 µL of the 
solution from a chosen crystallization well. The soaking drop containing 10 µL of the corresponding 
POX solution was supplemented with 0.5 µL of LG-1922 stock solution. All crystals were soaked for 4 
min at RT (~22 C). 

For all complexes reported here, X-ray crystallographic data were collected from frozen crystals at 
100 K. Prior to data collection crystals were subjected to two very brief consecutive soaks in the 
cryoprotectant solutions, first in 12.5 % glycerol followed by 25 % glycerol, and then flash cooled by 
plunging into liquid nitrogen. Diffraction data were collected from a single crystal for each complex 
on the ID19 beamline at SBC-CAT using a Pilatus3 X 6M detector at the Advanced Photon Source 
(APS). X-ray diffraction data were integrated and scaled using the HKL3000 software suite [18]. The 
structures were solved by molecular replacement using the CCP4 suite [19]. The structure of the LG-
703*hAChE-RS194B complex (PDB ID 6U3P) [3] was used as a starting model with all waters removed. 
Refinement was performed using the phenix.refine program in the PHENIX  [20, 21] suite and the 
resulting structure analyzed with molprobity [22]. The structures were built and manipulated with 
program Coot [23,24]. A summary of the crystallographic data and refinement is given in Table S2. 
Crystallographic data have been deposited to the PDB with the following codes: 9OMS for LG-
1922*hAChE, and 9OMT for LG-1922*POX-hAChE. 
 

3. Results and discussion 

3.1. The effect of DMSO on reversible inhibition of hAChE by LG-703 

The presence of DMSO in the hAChE catalytic activity assay mixtures showed reversible, 
concentration dependent interaction with the enzyme (Fig.1.) resulting in inhibition of its activity 
consistent with Ki = 0.32 % or 45 mM for DMSO (Fig.1A). Interaction with substrate ATCh was largely 
competitive as inferred from the linearity of the plot (Fig.1A) and sub-mM values of X-axis intercepts 
(K[ATCh]) similar to Km for ATCh [15]. The value of Ki was reasonably close to those previously determined 
for hAChE (88.7 mM; [9]) and for Electrophorus electricus AChE (80 mM; [10]) considering the 
difference in experimental conditions and the source of AChE. The bis-oxime LG-703 inhibited hAChE, 
in the absence of DMSO, in a less competitive manner vs. ATCh, indicated by the notably larger X-axis 
intercept and with the       Ki

LG-703 = 250 μM (Fig.1B). 



In the presence of DMSO interaction of LG-703 with ATCh assumed a clearly competitive character 
(consistent with reduction of the X-axis intercept value) but inhibition was several-fold weaker, 
resulting in Ki,DMSO

LG-703 = 800 μM (Fig.1B). This reduction in inhibition (or increase in the value of 
Ki,DMSO

LG-703 vs. value of Ki
LG-703 (Fig.1B) was consistent with value of Ki

 for DMSO of 64 mM (Fig.1B), very 
close to the value of 45 mM derived from direct inhibition of hAChE by DMSO. The similarity is 
consistent with proposed kinetic mechanism and scheme for interaction of DMSO with LG-703 and 
ATCh in binding to hAChE (Fig.1B). Thus, DMSO inhibits hAChE reversibly, in a concentration-
dependent manner competitive with ATCh, with Ki = 0.32 % or 45 mM. The inhibitory DMSO binding to 
hAChE appears quantitatively competitive with reversible inhibition of hAChE by heterocyclic bis-
oxime LG-703, increasing its inhibition constant by the factor of 800/250 = 3.2 (Fig. 2B) consistent with 
the value of Ki determined directly for DMSO. 

3.2. The effect of DMSO on reactivation of OP-hAChEs by LG-703 and LG-1922 

Interaction of DMSO with OP-hAChE conjugates significantly affected kinetics of their reactivation by 
heterocyclic bis-oximes LG-703 and LG-1922 (Fig.1). The time-courses of reactivation of both POX-
hAChE and VX-hAChE were slowed-down in the presence of DMSO (Fig.3.) resulting in the altered 
concentration dependence of the reactivation by each of the two bis-oximes (Fig.3B-D). 

Figure 2. Hunter-Downs plots of reversible inhibition of human AChE by A) 0.5 % DMSO (circles) and 
1 % DMSO (triangles) with standard error of Ki,app replicates shown for the each of two DMSO 
concentrations and B) 0.10 mM, 0.2 mM, 0.50 mM and 1.0 mM concentrations of LG-703 in the 
absence (white circles) or presence (black circles) of DMSO. Standard errors show the Ki,app 

variability within four LG-703 concentrations at each ATCh concentration. Corresponding kinetic 
schemes show reversible interaction of DMSO and LG-703 with the substrate ATCh turnover by AChE 
(E). Equations were derived assuming equilibrium conditions [15]. 



 

Values of all reactivation rate constants evaluated from curves of concentration dependences (Fig.3.) 
were affected by DMSO as summarized in Table 1. 

Table 1. The effect of DMSO on kinetic constants of reactivation by heterocyclic bis-oximes.a 

bis-oxime DMSO 
POX-hAChE VX-hAChE 

k2 Kox kr k2 Kox kr 

LG-703 
none 0.36 ± 0.07     5.2  ±1.6       70 ±   9 3.7 ± 0.1 3.1 ± 0.1 1200 ±  10 

+ 0.35 ± 0.18   10     ± 7 34 ±  6 4.0 ± 2.4 8.1 ± 6.0  490 ±   64 

LG-1922 
none 0.16 ± 0.04 6.6 ± 2.1 24 ± 2 0.96 ± 0.24 1.2 ± 0.7    770 ± 230 

+ 0.092 ± 0.008 5.0 ± 0.7 18 ± 1 0.76 ± 0.21 2.2 ± 1.0     350 ±   78 
aMaximal reactivation rate constant k2 (min-1), Michaelis-Menten type constant Kox (mM), and the overall 
second order reactivation rate constant kr (M-1 min-1) were calculated by nonlinear regression from curves in 
Fig. 3 as previously described [12]. Given are standard errors obtained from nonlinear regression. Constants 
were evaluated from two or more experiments. 

Figure 3. The effect of DMSO on kinetics of nucleophylic reactivation of OP-hAChE conjugates by heterocyclic 
bis-oximes. A) Time-course of reactivation of VX-hAChE by 1 mM LG-1922 in 3 % DMSO (black circles) and in 
its absence (white circles).  B) Concentration dependence of VX-hAChE reactivation by LG-1922 in 3 % DMSO 
(black circles) and in its absence (white circles). C) Concentration dependence of POX-hAChE reactivation by 
LG-703 in DMSO (black circles) and in its absence (white circles). D) Concentration dependence of POX-
hAChE reactivation by LG-1922 in 3 % DMSO (black circles) and in its absence (white circles). Error bars 
represent standard errors for the first order reactivation rate constants kobs determined at each bis-oxime 
concentration from nonlinear regression of reactivation time-course curves. 



 

Overall, the presence of DMSO reduced values of the second order reactivation rate constants, kr for 
all four tested reactions: LG-703 + POX-hAChE, LG-703 + VX-hAChE, LG-1922 + POX-hAChE and LG-
1922 + VX-hAChE, in a statistically significant manner (Table 1).  The reduction was more than two-
fold in the VX-hAChE for both bis-oximes, and POX-hAChE for LG-703, while the presence of DMSO 
reduced values of kr only by 25% in the reactivation of POX-hAChE by LG-1922. The reactivation by 
each of two bis-oximes was, thus, altered by DMSO for both OP-hAChE conjugates in a similar 
manner. However, The effect on the composite constant kr (kr = k2/Kox ; [17]) of VX-hAChE POX-hAChE 
by LG-1922 was affected by DMSO differently than that of POX-hAChE was primarily in reduction of 
the k2 constant i.e. in compromising the attack angle for nucleophilic attack in reactivation. That was 
consistent with a non-productive LG-1922 conformation revealed by our X-ray structures (Fig. 5). 
Specifically, the majority of Otherwise, reductions in values of the composite constant kr (kr = k2/Kox ; 
[15]) for VX-hAChE were consequence of about two-fold increase in Kox values. The values of the 
maximal rate of reactivation k2 remained largely unchanged (Table 1). That is consistent with simple 
competition between bis-oximes and DMSO where the presence of DMSO does not allow bis-oximes 
to bind to VX-hAChE close to conjugated P atom, in an orientation productive for nucleophilic in-line 
SN2 reactivation. It is reminiscent of the competition between DMSO and ATCh that inhibits activity of 
the native hAChE (Fig. 1A). On the other hand, the small (25 %) reduction in the values of the constant 
kr for POX-hAChE and LG-1922 was consequence of both, a smaller (by about 75 %) reduction in Kox 
values and about two-fold decrease in the values of the maximal rate of reactivation k2 (Table 1). In 
other words, bound DMSO enhanced allowed for binding of the bis-oxime reactivator to POX-hAChE, 
but in orientation that was non-productive for reactivation. In that, essentially non-competitive 
reaction mechanism one has to assume that binding of DMSO induced a change of POX-hAChE 
protein conformation, resulting in smaller values for Kox. 

The possible reason for the limited difference in the mechanisms by which binding of DMSO affected 
reactivation of the two OP-hAChE conjugates may lie in their different size, and in the difference in the 
extent of the active center gorge impaction produced by their formation. Paraoxon inhibition forms 
diethylphosphorylated hAChE (POX-hAChE), while inhibition by VX forms smaller 
ethoxymethylphosphonylated hAChE (VX-hAChE). Of the two optical isomers in OP racemates the SP 

isomer typically forms OP-hAChE about two orders of magnitude faster [25]. The resulting (>99 %) 
predominant, SP chiral VX-hAChE conjugate has the methyl substituent on the phosphorus 
accommodated in the small volume of the hAChE acyl pocket and the larger ethoxy substituent facing 
the more spacious choline binding site of the enzyme. The covalently bound SP-VX thus fits the 
available space of the hAChE active center well, without alterations of the main chain conformation 
and without significant changes in the conformation of the active center amino acid side-chains. That 
has been confirmed in numerous X-ray structures of VX-hAChE: 6U37, 6O5S, 6O66, 6CQT, 6CQW, 
6CQZ [3,26,27]. On the other hand, covalently bound phosphorus in the POX-hAChE conjugate is 
symmetrically substituted with two ethoxy groups, one of which has to enter restricted space of the 
small acyl pocket and distort conformation of the acyl pocket loop in order to be accommodated.  The 
significant acyl pocket loop distortion has been documented in several X-ray structures of POX-
hAChE conjugates: 5HF5, 5HF8, 8DT2, 8DT4, 8DT5 [28,29]. The nature of the distortion differs in 



different structures (Fig.4) and it also appears to be stabilized by reversibly bound DMSO in the 
structure 8DT2 ([29]; Fig.4). Conformations of the AP loop found in structures 5HF8 and 5HF5 would 
exclude DMSO from binding to the site identified in 8DT2 (Fig4.). 

 

 

 

 

 

 

 

 

 

 

Multitude of static AP-loop conformations in POX-hAChEs observed in X-ray structural data is also 
consistent with comparative inelastic neutron scattering (INS) analysis of the native and POX-
inhibited hAChE [29] that identified the AP-loop of POX-hAChE as the most likely structural domain 
with significantly altered vibrational density of states as a consequence of the POX conjugation. It 
appears that binding of DMSO that could statically affect the AP-loop conformation would also have 
a chance to influence its conformational dynamics. 

The analysis of PDB-deposited X-ray structures of VX-hAChE and POX-hAChE conjugates thus reveals 
significant conformational changes in the backbone and side-chains of the POX-hAChE centered in 
the AP loop, while no conformational changes have been observed in VX-hAChE conjugates (of the 
largely predominant SP-VX-hAChE isomer). That structural information is consistent with our 
functional experiments of DMSO inhibition kinetics of hAChE (Fig.2) and bis-oxime reactivation 
kinetics of POX-hAChE and VX-hAChE (Fig.3.; Table 1). 

It is possible that molecules of DMSO specifically bound in the active center gorge of POX-hAChE 
(Fig.4) stabilize one of conformations of the AP-loop that provides a better geometry for the bis-oxime 
stabilization, hence reduction in the Kox values (Table 1). In that binding geometry, however, the ideal 
in-line attack of the oxime group, optimal for fast reactivation, was more difficult to achieve in the 
more compacted active-center volume of the larger POX-hAChE conjugate, compared to more 
spacious active center of the smaller VX-hAChE entity, hence reduction in k2 values (Table 1). 

The opposite effect on the Kox for bis-oxime binding to VX-hAChE, the absence of the effect on k2 
values (Table 1) and the absence of associated conformational changes are all consistent with simple 
size-exclusion competition between DMSO and bis-oxime molecules.  

Figure 4. The acyl pocket loop (AP 
loop) conformations in the non-
conjugated hAChE (green ribbon; 
PDB ID: 6U3P), POX-hAChE with 
DMSO (PDB ID: 8DT2; yellow), 
POX-hAChE without DMSO (PDB 
ID: 5HF5; red), POX-hAChE 
without DMSO (PDB ID: 5HF8; 
magenta). The hAChE backbone 
(in a ribbon), side-chains (in a 
stick) and molecule of DMSO (in a 
ball-and-stick and surface mesh) 
are all in yellow and represent X-
ray structure of the POX-hAChE 
with bound DMSO (PDB ID: 8DT2). 



3.3. X-ray structures of LG-1922 in reversible complexes with native hAChE and with POX-hAChE 
conjugate  

We have solved X-ray structure of the reversible complex of the bis-oxime LG-1922 with POX-hAChE 
conjugate (Fig.5A) where DMSO was present. We found the nitrogen atom of the central substituted 
piperidine heterocycle of LG-1922 bound in direct apposition to Trp286 at a 3.6 Å distance providing 
a main stabilizing interaction and revealing, possibly, a cation- interaction of the most likely 
protonated heterocycle piperidine (Fig. 5A). The shorter, two-methylene group oxime-bearing arm of 
the LG-1922 is directed to the opening of the active center gorge and bulk solvent without significant 
interactions with the enzyme, while its longer, three-methylene group arm extends towards the base 
of the gorge but reaching only half-way, up to the gorge constriction formed by Tyr124 and Tyr337, 
assuming a curled conformation stabilized by - interactions of its oxime group with 4.1 Å distant, 
aromatic ring of Tyr341. The oxime group oxygen points away from the 8.6 Å distant conjugated P atom 
of the POX in a clear non-productive orientation for the SN2-type reaction.  

The structure of LG-1922 bound to the native hAChE (Fig.5B) reveals nearly identical conformation of 
the bis-oxime. The central heterocycle, however, is shifted by 1.1 Å towards the base of the hAChE 
gorge, but slightly more pronounced curling of the lower oxime-bearing arm puts the oxime group to 
the identical position in both structures. Consequently, the distance between Trp286 and piperidine 
nitrogen of the LG-1922 increased by 0.5 Å to 4.1 Å in the LG-1922*hAChE complex, while the distance 

between the oxime group and Tyr341 remained at 4.1 Å. 

The bis-oxime LG-1922 was synthesized as a racemic mixture with chiral center in the piperidine ring carbon 

where the shorter oxime-bearing arm is attached (Figs.1, 5, 6, and S1). Piperidine ring angle constraints 

that result in minimal geometric and conformational differences between the two enantiomers, as well as 

insufficient resolution of X-ray structures did not allow for distinction of the R from S isomers, determined 

by the puckering of the ring. Both enantiomers fit electron density equally well (Fig. S1), but only one 

enantiomer was used in the structure refinement due to low X-ray data resolution. Both, chiral carbon and 

the entire oxime-bearing arm face bulk solvent outside of the protein envelope of hAChE (Figs 5,6 and S1) 

and do not interact with enzyme residues. We therefore conclude that the chirality of the LG-1922 does 

not play a role in interaction with hAChE and POX-hAChE, and that in that context the compound behaves 

as an achiral molecule. 

A molecule of DMSO is found in the choline-binding site of the LG-1922*POX-hAChE complex, 
harbored between Trp86 (at 4.7 Å) and one of the ethoxy substituents of conjugated POX-Ser203 (at 
3.2 Å; Fig.5). At that position it can restrict rotational freedom of the ethoxy group and not allow it to 
assume fully extended conformation needed to open access to conjugated P atom for the incoming 
oxime group of LG-1922. In the structure of the LG-1922*hAChE complex, just like in the structure of 
POX-hAChE (PDB ID: 8DT2) DMSO was not found at that site, but rather a molecule of glycerol. This 
likely reflects an artifact of crystallographic procedure where glycerol at high concentrations is 
commonly used as the cryoprotectant in the flash-freezing of crystals in preparation for X-ray 
diffraction data collection at low, 100 K temperatures. 



 

Figure 5. X-ray structures of the bis-oxime LG-1922 (white/blue/red sticks) in complex with hAChE. 
A) LG-1922*POX-hAChE complex (with DMSO at ~ 2 % present in the crystal; deposited to PDB as 
9OMT). The conformation of the acyl pocket loop (AP loop) was slightly different in chains A (dark 
blue) and B (light blue) of the crystallographic homodimer.  Conformations of the AP loop in the 
non-conjugated hAChE (PDB ID:6U3P; green) and in the POX-hAChE devoid of the bis-oxime (PDB 
ID:8DT2; yellow) were different as indicated. B) LG-1922* hAChE binary complex (in magenta 
ribbon and sticks), with glycerol was bound in the choline binding site, instead of DMSO (deposited 
to PDB as 9OMS). The structure from the panel A is superimposed (in blue ribbon and thin sticks). 
The central heterocycle of LG-1922 was shifted by 1.1 Å in the binary complex, but the lower oxime 
group held the same position as in the LG-1922*POX-hAChE structure in A. 
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In the LG-1922*POX-hAChE structure DMSO was not found at the opening of the active center gorge, 
next to the AP-loop (like in the PDB ID:8DT2) because this site was occupied by the longer arm of the 
LG-1922 molecule (Fig.6A). Molecule of DMSO was, however, found in the choline-binding site of the 

Figure 6. Sites of DMSO binding revealed in X-ray structures of heterocyclic bis-oximes LG-703 and 
LG-1922. Molecules of DMSO are represented as blue or white mesh and bis-oximes as sticks with 
C atoms colored white. A part of the hAChE Connolly surface (orange) is removed to expose the 
interior of the active center gorge. A) LG-1922 bound in the POX-hAChE (from Fig.5). A choline-
binding site-bound DMSO found in the structure is in white mesh. A blue mesh DMSO is 
superimposed from the POX-hAChE structure 8DT2 (Fig.4). B) LG-703 bound in the non-conjugated 
hAChE (PDB ID: 6U3P: chain A). A white-colored DMSO is superimposed from the chain B of the 
same structure that contains no LG-703. A blue-colored DMSO is superimposed from the POX-
hAChE structure 8DT2 (Fig.4). 
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LG-703*hAChE structure (PDB ID: 6U3P; Fig.6B), in the same location as DMSO in the LG-1922 
structure. 

Among all PDB-deposited X-ray structures of AChE, DMSO was found in only three: in the choline-
binding site of 6U3P (chain B), next to the AP-loop in 8DT2 and in precisely the same position in the 
PDB ID: 4EY5, a reversible complex of hAChE with huperzine A [28]. Details of stabilization of DMSO 
in its two binding sites detected in hAChE reveal stabilization by aromatic Trps (86 and 286) and Tyrs 
(337 and 341), but also by anionic Glu202 and Asp74 (Fig.7). In the seven PDB-deposited X-ray 
structures (PDB IDs: 6QAA, 6R6W, 6SAM, 6QAC, 7AWG, 6QAB, 6QAD) of structurally related human 
butyrylcholinesterase (hBChE; EC 3.1.1.8) DMSO was also found, always in the choline-binding site 
next to Trp82 (equivalent of Trp86 in hAChE) in the location identical/superimposable to the one in the 
choline-binding site of hAChE. This was in spite of glycerol, bound elsewhere within the active center 
gorge of hBChE. The second binding site of DMSO found in hAChE, the one next to the AP-loop, was 
not observed in hBChE, most likely due to the difference in the AP-loop side-chain substituents in 
hBChE that results in larger opening of its active center gorge. The inhibitory effect of DMSO on 
catalysis of BChEs, seems to be less pronounced than in AChEs [9, 10]. We however note that a 
number of other deposited hAChE structures contains unmodeled electron density within the choline 

binding site that can be interpreted as either DMSO or glycerol.  

 

 

Figure 7. Details of two sites of DMSO (in ball-and-stick) binding to hAChE. A) Choline-binding site 
binding in the LG-1922*POX-hAChE complex (Fig.4). Nearly identical binding site of DMSO was 
found in the PDB ID 6U3P chain B. B) DMSO bound next to the AP-loop in the POX-hAChE structure 
8DT2. The closest distances between atoms of DMSO and hAChE residues are given in black font. 
The blue mesh of DMSO illustrates a steric occlusion created at the active center gorge opening 
for the incoming bis-oxime molecules. Nearly identical binding site of DMSO was reported in the 
structure of the huperzine A*hAChE complex (PDB ID 4EY5). 

A B 



 

4. Conclusions 

This functional and structural analysis of the interaction of solvent DMSO with hAChE and its 
conjugated forms, POX-hAChE and VX-hAChE, reveals two specific, concentration-dependent 
binding sites of DMSO in the active center gorge of hAChE. One is in the choline-binding site of hAChE 
and the other one at the active center gorge opening, next to the AP-loop of the enzyme. 

DMSO inhibits ATCh turnover of hAChE in a competitive manner with Ki = 0.32 % or 45 mM (Fig.2A). It 
also largely competitively compromises reversible binding of heterocyclic bis-oximes, such as LG-
703, in the same concentration range (Fig. 2B). Both effects are most likely due to DMSO binding in 
the choline-binding site, as suggested by structures of two mutually exclusive ligand complexes (LG-
703*hAChE in the chain A and DMSO*hAChE in the chain B of the PDB ID: 6U3P). 

DMSO binding also slows-down the reactivation kinetics of OP-hAChE conjugates, such as POX-
hAChE and VX-hAChE, by uncharged heterocyclic bis-oximes, such as LG-703 and LG-1922, at an 
order of magnitude higher concentration range of DMSO (Fig.3). We are finding that the mechanism 
of DMSO interference depends on the nature of the OP-hAChE conjugate. For conjugates where 
conformation of hAChE (backbone and side-chains) is not changed by covalent binding of substituted 
phosphorus (such as VX-hAChE and most other OP-hAChEs) the slow-down is largely competitive in 
nature, resulting mainly in the increase of the Kox constant (Table 1). The two-fold increase in the value 
of Kox for VX-hAChE in 3 % DMSO for both tested bis-oximes suggests Ki DMSO = ~3 % or ~400 mM, and 
it is possibly due to the DMSO binding next to the AP loop of hAChE as visualized in the X-ray structure 
of POX-hAChE (PDB ID: 8DT2) where DMSO was present at 2 % concentration [27]. Our X-ray structure 
of the bis-oxime LG-1922 in complex with POX-hAChE, however, reveals DMSO bound in the choline-
binding site preventing LG-1922 to adopt an extended, productive orientation for reactivation (Fig.4) 
and resulting in the reduced rate constant k2, in a largely non-competitive type of effect (Table 1). 

The two tested bis-oximes differ in the structure of their central heterocycles, sites of alkyl chain 
substitutions and in their length. It appears that the central homopiperazine of the LG-703, 
symmetrically substituted at 1,4 positions (unlike 1,3 substituted piperidine ring of LG-1922) results 
in 2-3-fold better reactivation efficiency of the VX- and POX-hAChE (Table 1). Nevertheless, the 
observed qualitative and quantitative effects of DMSO on their reactivation kinetics remain nearly the 
same (Fig. 3; Table 1). 

These specific effects of DMSO become relevant in functional screening of novel, uncharged, 
potentially centrally active oxime reactivators of OP-hAChE that frequently exhibit limited solubility in 
the aqueous medium and where initial stock solutions need to be made in organic solvents, such as 
DMSO, that is easily carried over into medium for functional assays. The estimated efficacy of tested 
reactivators could be underestimated under those experimental conditions. 

In addition, structural information obtained from X-ray structures in the presence of DMSO needs to 
be taken with some caution, due to potential for non-physiological artefacts associated with 
methodology of determination. 
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