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Abstract: The photosensitizer, methylene blue (MB), generates singlet oxygen that irreversibly
inhibits Torpedo californica acetylcholinesterase (TcAChE). In the dark, it inhibits reversibly.
Binding is accompanied by a bathochromic absorption shift, used to demonstrate displacement by
other acetylcholinesterase inhibitors interacting with the catalytic “anionic” subsite (CAS), the
peripheral “anionic” subsite (PAS), or bridging them. MB is a noncompetitive inhibitor of TcAChE,
competing with reversible inhibitors directed at both “anionic” subsites, but a single site is
involved in inhibition. MB also quenches TcAChE’s intrinsic fluorescence. It binds to TcAChE
covalently inhibited by a small organophosphate (OP), but not an OP containing a bulky pyrene.
Differential scanning calorimetry shows an ~8° increase in the denaturation temperature of the
MB/TcAChE complex relative to native TcAChE, and a less than twofold increase in cooperativity
of the transition. The crystal structure reveals a single MB stacked against Trp279 in the PAS,
oriented down the gorge toward the CAS; it is plausible that irreversible inhibition is associated
with photooxidation of this residue and others within the active-site gorge. The kinetic and
spectroscopic data showing that inhibitors binding at the CAS can impede binding of MB are
reconciled by docking studies showing that the conformation adopted by Phe330, midway down
the gorge, in the MB/TcAChE crystal structure, precludes simultaneous binding of a second MB at
the CAS. Conversely, binding of ligands at the CAS dislodges MB from its preferred locus at the
PAS. The data presented demonstrate that TcAChE is a valuable model for understanding the
molecular basis of local photooxidative damage.
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Introduction

An important category of photosensitized compounds
are those that generate reactive oxygen species
(ROS).}? Light excitation of such compounds raises
them to an excited state (singlet or triplet), which
stimulates generation of the ROS by one or both of
two mechanisms. Superoxide radical (O, ) and
hydroxyl radical (HO') are generated by electron
transfer and singlet oxygen (10y) by energy trans-
fer.2> ROS can produce damage to cells by various
mechanisms, including lipid peroxidation,® DNA
degradation,®” and chemical modification of pro-
teins.5 1% Photosensitized compounds are utilized in
a clinical context for photodynamic therapy (PDT) of
malignancies,’* and are often targeted to specific
“addresses” by conjugation with antibodies or pep-
tide hormones.>'%'3 Photoactivated inhibitors can
similarly serve as valuable tools for selective modifi-
cation of enzymes and other proteins,'* both in vitro
and in situ, by binding specifically to their active
sites before photoactivation. For optimal utilization
of photosensitizers in PDT, it is necessary to under-
stand how they interact with their targets, whether
nonspecifically or specifically, the pathway(s) taken
by the reactive species generated by photoexcitation,
the molecular targets, and the specific chemical
damage produced. These issues are both under
active investigation and discussion.'®

We earlier showed that Torpedo californica ace-
tylcholinesterase (TcAChE) provides a useful model
for studying the effects of ROS. Thus, HO radicals
generated by the Fenton reaction® mimic the effects
produced by oxidative stress, namely, peptide bond
cleavage and conversion of the native TcAChE dimer
to an inactive partially unfolded molten globule
state!” with structural features typical of a molten
globule.’®1® Furthermore, the photosensitive rea-
gent, hypericin,?® was shown to specifically target
the molten globule state of TcAChE, and to crosslink
it by generation of 10,2522 In addition, we were
able to identify specific disulfide bond cleavage by
X-irradiation.?? Thus, TcAChE has served as a valu-
able model protein for studying the molecular proc-
esses underlying radiation damage.

The photosensitizer, rose Bengal, as well as
other xanthene dyes, are reversible inhibitors of ace-
tylcholinesterase (AChE) that act as irreversible
inhibitors under illumination.24?® Another photosen-
sitive dye, methylene blue (MB)?® (see Scheme 1 for
the structures of MB and of other compounds used
in this study), was shown to act as a reversible in-
hibitor of bovine erythrocyte AChE2" and Electroph-
orus electricus AChE,?® as well as of human and
horse serum buytrylcholinesterase.2”2° Ozer and
Kiiciikkiling reported that their kinetic studies of
the inhibition of BChE by MB and related com-
pounds revealed more than one binding site and co-
operative binding, whereas the inhibition of AChE
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was consistent with a single binding site, with no
evidence for cooperativity.?8

Recently, we showed that MB acts as an irre-
versible inhibitor of TcAChE under illumination, due
to the action of 0, generated by its photosensitizing
action.!® Plausible targets for this irreversible action
effect are the tryptophan (Trp) residues within the
active-site gorge, associated with either the anionic
subsite of the catalytic anionic site (CAS), near the
bottom of the active-site gorge, Trp84, or with the
peripheral anionic site (PAS), near the entrance to
the gorge, Trp279.%° To further explore the mode of
interaction of MB with TcAChE and the site(s) with
which it interacts, we studied its reversible inhibi-
tion of the enzyme in the dark. In addition, we used
a repertoire of steady state spectroscopic methods,
differential scanning calorimetry (DSC), computer
docking and X-ray crystallography to characterize
the reversible MB/TcAChE complex. These data pro-
vide a valuable molecular platform for investigating
the pathways and possible targets of 10y generated
in situ.

Results

Photodynamic inactivation of TcCAChE

Figure 1(A) shows that TcAChE undergoes time-
and concentration-dependent irreversible inactiva-
tion by MB under irradiation. Similar rates of photo-
inactivation were obtained if white light was used or
if illumination at wavelengths below 600 nm was cut
off by a red-light filter (not shown). Detailed evi-
dence demonstrating that this irreversible inactiva-
tion involves generation of singlet oxygen (105) was
presented earlier.'’

As mentioned in the Introduction, MB has been
shown to act as a reversible inhibitor of Electropho-
rus AChE.?® Tt is, thus, plausible that it binds rever-
sibly within the active site-gorge of TcAChE at the
“anionic” subsite of the CAS, near the bottom of the
active-site gorge, and/or at the PAS near the en-
trance to the gorge. This assumption was supported
by the fact that various reversible inhibitors of
TcAChE, known to bind at the CAS (edrophonium,
EDR), at the PAS (propidium, PROP), or to span the
active-site gorge, BW284c51 (BW), were shown to
retard MB-stimulated photoinactivation [Fig. 1(B)].
Furthermore, kinetic studies recently showed that
MB displays essentially complete competition with
thioflavin (ThT) T.*' which has been shown to be
bound at the PAS in its crystalline complex with
TcAChE.??

Accordingly, we decided to carefully study the
reversible binding of MB to TcAChE by both steady-
state spectroscopy and kinetics, under conditions in
which irreversible photoinactivation was practically
excluded (see Materials and Methods section).
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Scheme 1.

Spectroscopic monitoring of the interaction of
MB with TcAChE

Figure 2(A) shows the effect of increasing concentra-
tions of TcAChE on the absorption spectrum of MB.
The absorption maximum is shifted from 662 to 682
nm, with an isosbestic point at ~671 nm. Figure
2(B) displays a plot showing the dependence of the
concentration of bound MB on the 7TcAChE
concentration.

As mentioned above, binding of MB to 7cAChE
could be occurring at the CAS, at the PAS, or at both.
We used our finding of the large optical shift (20 nm)
between free and bound MB as a tool to monitor the
displacement of MB by ligands whose binding-site
within the active-site gorge of TcAChE had already
been identified. Accordingly, we examined the influ-
ence on the spectrum of the MB/TcAChE complex of a
CAS inhibitor, EDR,?® of a PAS inhibitor, PROP,*?
and of a bifunctional inhibitor, BW, which spans the
active-site gorge, binding at both the CAS and PAS
simultaneously.3*
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Figure 3(A,B) shows that neither a large excess
of the CAS inhibitor alone, nor of the PAS inhibitor
alone, completely reverses the change in the spec-
trum of MB produced by TcAChE, but that both to-
gether, or the gorge-spanning ligand, are capable of
doing so [Fig. 3(C)].

Figure 4 shows an experiment in which, ini-
tially, TcAChE was titrated to saturation with MB.
Upon subsequent titration with EDR, the ratio of
the absorbance at 682 nm to that at 661 nm
decreased from a maximum of ~1.45 to a plateau
level of ~0.8, due to displacement of the MB from
the active-site gorge of the enzyme by EDR. But
upon addition of PROP, the ratio further decreased
to ~0.5, approaching the value of 0.42 characteristic
of free MB. In a control experiment, it was shown
that if EDR was added first, MB that was added
subsequently displaced the bound EDR.

The spectroscopic data thus suggest that MB
can bind both to the PAS of TcAChE and, with much
lower affinity, to the CAS. It is possible, however,

Interaction of Photosensitizing Probe MB with TtAChE
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Figure 1. (A) Irreversible photoinactivation of TcAChE
stimulated by MB. TcAChE samples were incubated in the
presence of various concentrations of MB under illumination,
as described under Materials and Methods, with aliquots
being withdrawn for assay at the appropriate times. The
TcAChE concentration was 2 pM in buffer 1, at 23°C. A, 0.2
wM MB; O, 5 yM MB; @, 10 pM MB; B, 5 pM MB in the
absence of illumination. (B) Effects of reversible AChE
inhibitors on the photoinactivation of TcAChE stimulated by
MB. TcAChE, 1.5 pm; MB, 1 um; EDR, 20 um; BW, 20 um. @,
MB; B, MB + EDR; A, MB + BW.

that the apparent weak binding in fact reflects an
allosteric effect of its binding to the PAS.

Kinetics of reversible inhibition of

TcAChE by MB

Kinetic data have been used extensively to investi-
gate the interaction of inhibitors with the CAS and
PAS of AChE.?® Accordingly, we decided to comple-
ment the spectroscopic data presented above for the
interaction of MB with 7TcAChE by kinetic
measurements.
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The reciprocal plots of 1/V versus 1/S, in the
presence of increasing fixed concentrations of MB
per plot, show that the inhibitor does not change the
K., of acetylthiocholine iodide (ATC), but decreases
Vmax (Supporting Information Fig. S1). MB seems,
therefore, to act as a classical noncompetitive inhibi-
tor of TcAChE; thus, ATC maintains the same sub-
strate affinity for the [EJ[MB] complex as for the
free enzyme, and MB binds to the [E][S] complex
with the same affinity as it binds to the free enzyme.
Vmax decreases with increasing MB concentration,
most likely due to increasing formation of a nonpro-
ductive ternary [E][MBI[S] complex of the enzyme
with ATC and MB. Similar values were obtained for
Ki, 35.6 nM, and for oKj, 33.1 nM, derived, respec-
tively, from secondary plots of 1/V, ., versus [MB],
and from the slopes of the reciprocal plots of 1/V
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Figure 2. Binding of MB to TcAChE monitored by
absorption spectroscopy. (A) The spectra shown monitor
titration of 5-uM MB in buffer 1, with a concentrated
solution of TcAChE in the same buffer. The values given
represent the final concentrations of TcAChE; under the
conditions used, the dilution of MB is negligible, as is
evident from the sharp isosbestic point. ®, no TcAChE; A,
0.65 uM TcAChE; &, 1.3 pM TcAChE; A, 3.9 uM TcAChE;
0, 6.5 uM TcAChE; O, 9.2 uM TcAChE. (B) Saturation
curve calculated using spectroscopic data similar to those
presented in (A).
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Figure 3. Effect of reversible AChE inhibitors on the
binding of MB to TcAChE as monitored by absorption
spectroscopy. (A) Displacement of MB by EDR.
Concentrations were TcAChE, 12 uM; MB, 5 uM; EDR, 60
uM. @, MB; B, MB + TcAChE; A, MB + TcAChE + EDR.
(B) Displacement of MB by PROP. Concentrations were
TcAChE, 12 uM; MB, 5 pM; PROP, 60 uM. @, MB; B, MB
+ TcAChE; A, MB + TcAChE + PROP. (C) Displacement of
MB by EDR+PROP or by BW. Concentrations were
TcAChE, 5.2 pM; MB, 2.5 uM; EDR, 60 pM; PROP, 60 uMV;
BW, 40 pM. @, MB; B, MB + TcAChE; A, MB + TcAChE +
EDR + PROP; O, MB + TcAChE + BW.

versus 1/S against [MB]. These observations are con-
sistent with the equilibrium scheme shown for non-
competitive inhibition in Scheme 2, where o ~ 1.
The Lineweaver—Burk plots displayed in Figure
5(A,B)*® show that EDR and PROP, respectively,
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both compete with MB for binding to TcAChE, even
though the former binds at the CAS, and latter at
the PAS.

The number of MB binding sites involved in the
inhibition of TcAChE was determined by plotting log
[(Vo/V) — 1] versus log [MB] at a fixed concentration
of the substrate, ATC, in accordance with the follow-
ing equation,®® that is analogous to the Hill equation
for determining the number of substrate-binding
sites®”:

log[(Vo/V) — 1] =n log [MB] —log K (1)

where Vy and V are the velocities in absence and
presence of MB, respectively, and the slope of the
line, n, is the number of binding sites. Figure 6
shows that the plots are linear for a wide range of
fixed ATC concentrations per plot, and for the
increasing MB concentrations used. The average
number of MB binding sites obtained on its basis,
for an ATC concentration range of 0.02-1.5 mM, is
1.06 = 0.07 (SD; n = 6). As the K, of TcAChE for
ATC, as determined by us, is ~0.08 mM, the level of
occupancy of the enzyme by the substrate clearly
does not influence the number of binding sites for
MB that inhibits enzyme activity. The value
obtained for the number of binding sites for MB in
the Torpedo enzyme is in agreement with that
reported earlier for electric eel AChE.?®

Fluorescence spectroscopy

MAC is a competitive inhibitor of AChE that binds
at the catalytic site of the enzyme with concomitant
concentration-dependent quenching of the fluores-
cence of both ligand and enzyme.?®3° Figure 7(A)
shows the quenching of MAC fluorescence by
increasing concentrations of 7cAChE. Figure 7(B)
shows that quenching of the fluorescence of MAC is
reduced significantly by both MB and BW, proving
that, as might be predicted, they can both displace
MAC from the CAS. Figure 8(A) shows that MB
itself can fully quench the intrinsic fluorescence of
TcAChE. Figure 8(B) shows that BW also quenches
the intrinsic fluorescence, but less efficiently than
MB, because the quenching produced by 10 uM MB
alone is reduced in the presence of BW.

Figure 9 displays the effect of two organophos-
phate (OP) inhibitors of AChE on the interaction of
MB with TcAChE. The two OP inhibitors shown in
Scheme 1, paraoxon and pyrenebutyl ethyl phos-
phorofluoridate (PBEPF),*° both inhibit AChE irre-
versibly, by covalent reaction with its active-site ser-
ine, S200; but the pyrenebutyl ethyl phosphoryl
moiety of the conjugate produced by PBEPF is much
bulkier than the diethylphosphoryl moiety in the
conjugate obtained by reaction with paraoxon. Addi-
tion of the diethylphosphoryl-TcAChE conjugate to
MB produces a large “red” shift in its absorption

Interaction of Photosensitizing Probe MB with TtAChE
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Figure 4. Sequential displacement of MB from TcAChE by EDR and PROP. A 5-uM solution of MB in buffer 1 was titrated
with a concentrated solution of TcAChE until a plateau value of the 682 nm/662 nm ratio was reached. Subsequent titration
with concentrated EDR reduced the ratio to a lower plateau, and further titration with PROP reduced the ratio further.

maximum, to a value (~678 nm) approaching that
produced by the free enzyme; in contrast, addition of
the PBEP-TcAChE conjugate only slightly shifts the
absorption maximum (~667 nm), suggesting a sub-
stantial decrease in the affinity of MB for the
PBEPF/TcAChE conjugate.

The mamba venom polypeptide toxin, fasciculin
II (Fasll) is a very potent inhibitor of vertebrate
AChEs.*! Tt exerts its action by binding tightly to
the PAS, thus blocking entrance of substrate to the
active-site gorge.*®>*® Figure 10 shows that FasII
completely prevents interaction of MB with TcAChE.

Thermal inactivation and differential scanning
calorimetry of the MB/TcAChE complex

We earlier showed that thermal denaturation irre-
versibly transforms 7cAChE into a molten glob-
ule.***® DSC permitted quantitative characteriza-
tion of this transition,***® as well as of the thermal
stabilization conferred by inhibitors, osmolytes, and
divalent cations.?246

Figure 11 shows that MB, like other reversible
AChE inhibitors,*® provides effective protection of
TcAChE against thermal inactivation.

Thermal denaturation of the MB/7cAChE com-
plex, as of native TcAChE, gives rise to well-defined
DSC transitions (Fig. 12). As we showed earlier for
the native enzyme,** the value of the temperature of
the excess heat capacity maximum (7,,) is depend-
ent on the temperature scan rate (not shown). Ther-
mal denaturation of TcAChE, under the experimen-
used, is calorimetrically
irreversible, since on reheating of the same protein
sample no thermal effect is observed. Such behavior
is characteristic of an irreversible, kinetically con-
trolled process.*”*8 Accordingly, analysis of the DSC
transitions under these conditions utilized a simple
two-state irreversible model (see Materials and
Methods). The results of the fitting of the experi-
mental data to this model are displayed in Figure 12

tal conditions always
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(solid lines) and in Table I. As can be seen, a good
approximation was achieved.

It is clear that binding of MB to 7cAChE sub-
stantially sharpens the cooperativity of the transi-
tion (more than twofold) as measured by the ratio
T. /AT, where AT is the temperature range at the
half-maximum of the DSC transition: namely, 6.1 for
native TcAChE and 13.5 for the MB/TcAChE
complex.

Crystal structure of the MB/TcAChE complex
The kinetic and spectroscopic data presented above
showed that both ligands that bind at the catalytic
site and those that bind at the PAS, as well as
gorge-spanning ligands, can interfere with the bind-
ing of MB. We decided to use X-ray crystallography
to identify the site of interaction of MB with the
enzyme at the atomic level. Accordingly, MB was
soaked into trigonal crystals of TcAChE, and data
collection for the complex obtained, to 2.4 A resolu-
tion, followed by solution of its structure by molecu-
lar replacement, and subsequent refinement, as
described under Materials and Methods.

The crystal structure revealed a single molecule
of MB, bound at the PAS, near the entrance of the
active-site gorge (Fig. 13, upper panels). The MB
molecule is surrounded by six aromatic residues at a
distance of <4 A: Tyr70, Tyrl21, Tyr334, Trp279,
Phe330, and Phe331, all six of which are among the

Ky
E + S *=—— ES§ — E + products

+ +

MB MB
K, Tl lT ak;
aKg
E[MB]+ S <—— E[MB]S 7§L» products
Scheme 2.
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Figure 5. Lineweaver-Burk plots for hydrolysis of ATC by
TcAChE in the presence and absence of reversible
inhibitors. (A) Lineweaver-Burk plots demonstrating the
interference of EDR with binding of MB. The dotted lines
represent the theoretical plots for no interference of EDR
with binding of MB and for interference, namely, complete
competition for the same binding site. ®, TcAChE alone; A,
TcAChE + 0.5 nM MB; B, TcAChE + 5 nM EDR; [,
TcAChE + 0.5 nM MB + 5 nM EDR. (B) Lineweaver—Burk
plots demonstrating the interference of PROP with the
binding of MB. The dotted lines represent the theoretical
plots for no interference of PROP with binding of MB and
for interference, namely, complete competition for the same
binding site. ®, TcAChE alone; B, TcAChE + 0.5 nM MB;
/\, TCAChE + 5 nM PROP; ¢, TcAChE + 0.5 nM MB + 5
nM PROP.

14 conserved aromatic residues which line the
active-site gorge®® (Fig. 13, lower left). In particular,
MB forms a n—n stacking interaction with the indole
ring of Trp 279, with a distance of 3.7 A between the
rings. Superposition of the MB/TcAChE structure on
that of native TcAChE (PDB code 1EA5) shows that
all the gorge main chains and side chains maintain
their native conformation in the complex (data not
shown).
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Figure 7. (A) Quenching of N-MAC fluorescence by
TcAChE. O, 20 uM N-MAC; @, 20 uM N-MAC + 1.5 uM
TcAChE; A, + 3 uM TcAChE; B, + 6 uM TcAChE; (B)
Displacement of N-MAC from TcAChE by MB and by BW.
@, 20 M N-MAGC; [, 20 uM N-MAC + 6 pM TcAChE; v/,
20 pM N-MAC + 6 pM TcAChE + 0.200 pM BW; A, 20 pM
N-MAC + 6 uM TcAChE + 20 uM MB.
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mM MB. (B) Competition of MB and BW. @, 1.5 uM
TcAChE; O, 1.5 uM TcAChE + 20 pM MB; A, 1.5 pM
TcAChE + 100 pM BW; B, 1.5 pM TcAChE + 20 yM MB +
100 pM BW.

The structure of the MB/TcAChE complex was
compared to that of the ThT/TcAChE complex,>? in
which a single molecule of ThT is similarly bound at
the PAS. The lower right panel in Figure 13 shows
that the ThT and MB molecules in their respective
complexes are almost superimposed, as had earlier
been predicted.?! These structures differ from that
obtained for the complex with TcAChE of tacrine,
whose chemical structure is quite similar to that of
MB (see Scheme 1). In the tacrine/TcAChE complex,
the single tacrine molecule bound is stacked against
both Trp 84 and Phe330 at the CAS.30:46

Thus, while the kinetic and spectroscopic data
obtained in solution showed that both PAS and CAS
inhibitors could prevent binding of MB to TcAChE,
suggesting that it might bind at both the CAS and
the PAS, the X-ray data revealed only a single MB
molecule, bound at the PAS.

Paz et al.
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Figure 9. Effects of paraoxon and PBEPF on binding of
MB to TcAChE. @, 5 yM MB; O, 5 uM MB + 6 pM
TcAChE; &, 5 M MB + 6 pM paraoxon/TcAChE
conjugate; A, 5 yM MB + 6 uM PBEPF/TcAChE conjugate.
The conjugates were prepared as described under
Materials and Methods section.

Discussion

The use of photosensitizers for selective inactivation
of targets in a clinical context is a rapidly developing
area.'* In particular, PDT is providing novel thera-
peutic approaches to the treatment of malignan-
cies.!! We earlier showed that TcAChE serves as a
valuable model system for studying the effects of
irradiative damage by nonspecific generation of
ROS, namely, OH radical'® and '0,.2! Recently, we
reported that MB produces targeted inactivation of
TcAChE under irradiation.”

In this study, we have shown that MB is a
strong reversible inhibitor in the dark, and utilized
an extensive arsenal of techniques to characterize
its binding properties and to clarify its site(s) of
interaction.
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Figure 10. Effect of Fasll on the binding of MB to TcAChE.
®, 1 M MB; O, 1 yM MB + 2 uM TcAChE; A, 1 M MB
+ 2 pM TcAChE + 2 puM Fasill.
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Figure 11. Protection of TcAChE from thermal inactivation
by MB. O, Incubation of 1.5 uM TcAChE at 39°C; @,
Incubation of 1.5 WM TcAChE + 50 uM MB at 39°C.

As expected, binding of MB to TcAChE substan-
tially raised its thermal stability (Fig. 11), and DSC
measurements showed an increase in the tempera-
ture of the thermal transition, accompanied by a
substantial increase in cooperativity (Fig. 12). This
effect is similar to that observed with other reversi-
ble inhibitors binding at either the CAS or the PAS
or spanning the two.*®

Our main concern was to reconcile the data gen-
erated by the variety of experimental tools used, and
to put forward a unified interpretation. As described
under Results, binding of MB to 7cAChE enzyme
could be readily monitored spectroscopically, as it is
accompanied by a 20-nm red shift in the absorption
maximum of the probe [Fig. 2(A)]. This red shift
could be reversed by displacement of the bound MB
by a reversible inhibitor specific for the CAS, EDR,
and by one specific for the PAS, PROP. However, nei-
ther inhibitor alone completely reversed the red
shift. This could, however, be achieved by addition of
the CAS and PAS inhibitors together, or by the
potent gorge-spanning inhibitor, BW.?* The spectro-
scopic experiments in which MB was titrated with
TcAChE irreversibly inhibited by either paraoxon or
PBEPF also support binding of MB at the PAS, as
the paraoxon conjugate produced a large red shift in
MB, whereas the pyrenebutyl conjugate had a much
more limited effect (Fig. 9). It is plausible that the
bulky pyrene moiety stacks against W279 and
impedes association of the conjugate with MB.

Data showing that MB could displace ligands
binding at the TcAChE active site were also obtained
using the fluorescent probe, MAC [Fig. 7(A,B)l.
Moreover, MB itself strongly quenched the intrinsic
Trp fluorescence that is believed to be associated
with the Trp residue at the active site,® which is
now known to be Trp84 (Torpedo numbering).

The data obtained in the kinetic interference
experiments in which MB competes with either EDR
or with PROP on binding to 7cAChE indicate that
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Figure 12. Temperature dependence of the excess molar
heat capacity of TcAChE (N) and of the MB/TcAChE
complex (N+MB) at a scan rate of 60 K h~' in 0.1M NaCl/
10 mM HEPES, pH 7.5. Solid lines represent the best fit for
each experimental curve to a simple two-state model of
protein denaturation (see Materials and Methods section).
The enzyme concentration was 6.9 pM, and the

concentration of MB in the solution of the complex was 31
uM.

both CAS and PAS ligands affect the binding of MB
to TcAChE. Thus, a mixture of either of these
ligands with MB generated a Lineweaver—Burk plot
that resembled the theoretical plot®® calculated on
the assumption of mutual interference between the
ligand and MB, whether at the CAS or PAS.

In view of the 1:1 stoichiometric ratio estab-
lished for the inhibition of 7cAChE by MB (Fig. 7),
simultaneous binding of the ligand at the CAS and
PAS is unlikely to occur. Strong support is provided
by the crystal structure of the MB/TcAChE complex
(Fig. 13, upper and lower left panels), which clearly
shows a single MB molecule bound at the PAS,
stacked against W279, in a position very similar to
that assumed by ThT in its corresponding 7cAChE
complex®? (Fig. 13, lower right panel). This complex
is further stabilized by a cation-n interaction with
F330 (Fig. 13, lower left panel). In this conforma-
tion, the F330 should also hinder the binding of a

Table I. Arrhenius Equation Parameter Estimates for
TcAChE and for Its Complex with MB

Function TcAChE MB/TcAChE (1:4.5)
AH (keal mol ™ 1) 544.4 + 4.2 765.8 + 5.2
E4 (kecal mol™1) 744 + 1.6 146.8 + 1.8
T* (°C) 42.6 + 0.2 479 + 0.1
R 0.9992 0.9985

The correlation coefficient (r), used as a criterion for fitting
accuracy, was calculated according to the equation,

r= /S s~/ Sy (i — yP)?, where y; and

y%e are, respectively, the experimental and calcu-

lated values of the measurable parameter; y* is the
mean of the experimental values of the measurable
parameter and n the number of points.

Interaction of Photosensitizing Probe MB with TtAChE



Figure 13. Crystal structure of the MB/TcAChE complex. Upper left: overall view of the complex. The TcAChE molecule is
oriented with the entrance to the active-site gorge at the top. MB is seen in the PAS, where it is stacked against W279. MB
carbon atoms are displayed in green, a-helices in red, B-sheets in yellow, and turns in green; upper right, same
representation as upper left, but rotated by 90° around the x-axis so that the viewer is looking down the active-site gorge;
lower left: view of the PAS in the MB/TcAChE complex. The enzyme is shown as a red ribbon, MB as a stick model with
carbon atoms in green, nitrogen in blue and oxygen in red, and aromatic side chains as blue sticks. MB is within 4 A of the
six conserved aromatic residues displayed; lower right: superposition of the PAS regions of the MB/TcAChE and ThT/TcAChE
complexes. MB is shown as blue sticks, ThT as orange sticks, and TcAChE in a red ribbon representation. The side chain of
Trp279 is displayed in raspberry color. As the conformation of TcAChE in the crystal structures of the two complexes is
practically identical, only that of the ThT/TcAChE structure (PDB code 2J3Q) is shown.

second MB at the CAS. Conversely, if, using Auto-
dock, MB is docked at the CAS, the F330 phenyl
ring stacks against it in the model structure very
similarly to F330 in the tacrine/TcAChE crystal
structure (Fig. 14). Overall, the crystal structure of
the MB/TcAChE, together with the docking data, do
not seem to favor two MB molecules residing simul-
taneously within the active-site gorge of TcAChE, a
conclusion consistent with the 1:1 stoichiometry of
MB inhibition of enzymic activity.

In the EDR-TcAChE complex (2ACK.pdb), the
phenyl group of F330 is not in close contact with ei-
ther the quaternary nitrogen or the aromatic ring of
EDR.?° Nevertheless, it is rotated 90° relative to its
orientation in the native crystal structure
(1EA5.pdb). Furthermore, replacement of the homol-
ogous aromatic residue by Ala in both human and
mouse AChE, that is, generation of the Y337A mu-
tant, decreases the affinity for EDR 10-15-fold.>%%!
Thus, in aqueous solution, F330 seems to influence

Paz et al.

the binding of EDR. As MB stacks against F330,
and this interaction most likely contributes to the
stabilization of the MB-TcAChE complex, it is plausi-
ble that at a sufficiently high concentration, EDR
will interact preferentially with the phenyl ring of
F330 in the MB-TcAChE complex, thus displacing
MB from its location as seen in the crystal structure.
Yet EDR does not completely displace MB from the
gorge, and it may be conjectured that MB remains
stacked against the indole ring of W279 in an
altered orientation, from which it can only be com-
pletely displaced by PROP. Conversely, PROP cannot
completely remove the bound MB due to the latter’s
interaction with F330. Thus, under the experimental
conditions utilized, and the ligand concentrations
used, only a mixture of EDR and PROP, or a gorge-
spanning ligand, such as BW, can achieve the com-
plete removal of MB from the active-site gorge. The
fluorescence data displayed in Figures 7 and 8,
which show that N-MAC is displaced by MB, can
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Figure 14. Overlay of the crystal structure of the MB/
TcAChE complex and of a model structure in which MB is
docked within the CAS. The overlay shows that the MB
bound at the PAS (magenta) precludes simultaneous
binding of a second MB at the CAS (cyan) due to its effect
on the orientation of the phenyl group of F330.

also be explained in structural terms. N-MAC may
be assumed to bind at the CAS sandwiched between
W84 and F330,%° analogously to tacrine.?° The con-
formation adopted by the phenyl ring of F330 in the
MB complex should thus impede binding of N-MAC
at the CAS just as it inhibits binding of a second
MB molecule.

In a cellular environment, it is well documented
that 0, reacts close to its site of generation.'® The
data that we have presented here show that MB is
acting within the active-site gorge of TcAChE, and
suggest W279 as a likely target. It is, of course, im-
portant to know which other residues are photooxi-
dized, and for this purpose, mass spectrometry pro-
vides a powerful tool.??

In conclusion, we have presented kinetic, physi-
cochemical, structural, and computational evidence
that the photosensitizing agent, MB, which is a
potent reversible and irreversible inhibitor of
TcAChE, as well as of other ChEs, exerts its effect(s)
by binding to the PAS of the enzyme.

Materials and Methods

Materials

TcAChE was the dimeric (Gy) glycosylphosphatidyli-
nositol-anchored form from 7. californica electric
organ tissue, purified by affinity chromatography
subsequent to solubilization with phosphatidylinosi-
tol-specific phospholipase C,% as described earlier.*®
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Concentrations of stock solutions were determined
by titration with paraoxon (O,O-diethyl-O-[4-
nitrophenyllphosphate.>*

MB was obtained from Merck KGaA (Darm-
stadt, Germany), and recrystallized from ethyl ace-
tate. ATC, 5,5'-dithiobis-(2-nitrobenzoic  acid)
(DTNB), sodium azide, PEG 200, 2-(N-morpholino)e-
thanesulfonic acid (MES), and bovine serum albu-
min were purchased from Sigma (St. Louis, MO), as
were the reversible AChE inhibitors, EDR, decame-
thonium bromide, tacrine hydrochloride, d-tubocura-
rine chloride, and BW284c¢51 (BW), and the irrevers-
ible OP inhibitor, paraoxon. Propidium ethiodide
was obtained from Calbiochem (San Diego, CA).
FaslI was purchased from Alomone Laboratories (Je-
rusalem, Israel). 1-PBEPF was prepared according
to Amitai and coworkers.?° The chemical formulae of
the principal probes used in this study are displayed
in Scheme 1.

Determination of inhibition constants and
number of binding sites

All inhibition studies of TcAChE by MB and other
reversible ligands were performed in a 1-mL cuvette
containing ~0.025 nM TcAChE in 0.1M NaCl/10 mM
sodium phosphate, pH 7.0 (buffer 1), containing
0.01% gelatin, at 25°C. The inhibition constant, Kj,
for inhibition of TcAChE by MB was determined by
preincubating the enzyme with increasing concen-
trations of the ligand (10-90 nM) for 2 min in a
dark compartment before measurement of residual
enzymic activity. Measurement of activity was initi-
ated by adding DTNB and ATC to final concentra-
tions of 0.6 and 0.02-0.1 mM, respectively, in accord-
ance with the protocol of Ellman and coworkers,?®
followed by monitoring the increase in absorbance at
412 nm for 1.2 min.

Preparation of conjugates of PBEPF and
paraoxon with TcCAChE

An aliquot of 6 puL. of 5 mM PBEPF in dry dioxane
was added to 0.5 mL of 30 um TcAChE in buffer 1 at
room temperature. After 5 min, an Ellman assay
revealed >99% inhibition. The solution was passed
over a 10-mL Biogel P-6 to separate the enzyme con-
jugate from free PBEPF and its hydrolysis products.
The peak protein fractions were pooled, and concen-
trated in a Cetnricon apparatus to a final concentra-
tion of 23 pm PBEP-TcAChE.

A diethylphosphoryl-TcAChE conjugate was pre-
pared similarly by the addition of 10 pL of 2 x
10°M paraoxon in ethanol to 0.5 mL of 23 pm
TcAChE in buffer 1. As for the PBEP-TcAChE conju-
gate, >99% inhibition was obtained within 5 min.
Gel filtration, followed by concentration of the pooled
protein fractions, were also performed similarly, to
yield a stock solution of 15-um diethylphosphoryl-
TcAChE.
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Examination of competition between MB and
other reversible inhibitors for binding to

TcAChE

The competition between MB and two classical cati-
onic ligands, EDR, which binds specifically at the
CAS, located deep in the catalytic gorge, and PROP,
a ligand specific for the peripheral anionic-site
(PAS), was examined by comparing the Lineweaver—
Burk plots of AChE activity versus ATC concentra-
tion under the following experimental conditions: (a)
in the absence of inhibitor; (b) in the presence of a
fixed concentration of MB; (c) in presence of a fixed
concentration of the CAS or PAS ligand; (d) in pres-
ence of a mixture of the same concentrations of MB
and of the same CAS and PAS ligands as used in (b)
and (c). The Lineweaver—Burk plots obtained were
compared with two theoretically distinguishable
lines suggested by Krupka®® for two cases: (a) MB
competes with the second ligand for the same bind-
ing site (interference); (b) Simultaneous binding of
MB and the second ligand does not involve any
steric overlap (no interference).

Photooxidation

Irreversible inactivation of TcAChE by photooxida-
tion in the presence of MB was performed as
described.*”

Steady state spectroscopy

Absorption spectroscopy utilized a Uvikon 940 spec-
trophotometer (Kontron AG, Munich, Germany), and
fluorescence measurements were performed on a
Jasco FP-750 spectrofluorometer (Jasco, Easton,
MD). All spectroscopic measurements were per-
formed in buffer 1 at room temperature.

Differential scanning calorimetry
Calorimetric experiments utilized a MicroCal MC-
2D differential scanning microcalorimeter (MicroCal,
Northampton, MA) as described previously.22 All sol-
utions were degassed by stirring under vacuum
before scanning, and an overpressure of 2 atm of dry
nitrogen was maintained over the liquid within the
cell throughout the scan. The reversibility of the
thermal transitions was checked by performing a
second scan on the same sample, immediately after
it had been cooled to room temperature. The molar
excess heat capacity curves were smoothed and plot-
ted using the Windows-based ORIGIN software
package supplied by MicroCal (Northampton, MA),
as described previously. 656

In our earlier study,** we showed that thermal
denaturation of TcAChE could only be adequately
described by a two-state model, NiD, which con-
siders only two significantly populated macroscopic
states, the initial or native state (IN) and the final or
denatured (D) state, where & is a first-order kinetic
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Table II. Data Collection and Refinement Statistics for
the MB/TcAChE Complex

Data collection

Space group P3,21
Cell parameters (A) a=111.1
b=111.4
c=137.1
Molecules (a.u.) 1
Resolution (A) 30-2.43
Total reflections 848,294
Unique reflections 35,368
Completeness (%)? 99.9 (97.2)
Avg. I/c(I) 34.8 (5.55)
Ruerge (%) 5.6
Refinement statistics
R (%)* 19.96
Reee (%) 24.54 (5.2% of data)
RMSD, bond lengths (A) 0.019
RMSD, bond angles (°) 1.98

PDB code 2w9i

? Values in parentheses relate to the highest resolution
shell, 2.52-2.43 A.

b Rierge = ZI1I — (I)1/Z1, where I is the observed intensity,
and (J) is the average intensity obtained from multiple obser-
vations of symmetry-related reflections after rejections.

‘R = ZIIF,l — |IF.I1/Z1F,|, where F, and F. are the
observed and calculated structure factors, respectively.

constant that changes with temperature, as given by
the Arrhenius equation: & = explEA(1/T* — 1/T)/R],
where E, is the energy of activation, and T%* is the
temperature at which the rate constant equals 1
min ! (for details see Ref. *7).

X-Ray crystallography

Trigonal crystals of TeAChE*® were soaked for 20 h
at 4°C in 2 pL of 2.5 mM MB dissolved in the crys-
tallization solution [46% PEG 200 (v/v)/100 mM
MES, pH 6.5], using the hanging drop procedure.’”
The crystals were then transferred to cryoprotectant
oil and flash cooled in a stream of liquid nitrogen,
using a Oxford Cryosystems apparatus.

Data collection was performed “in-house,” using
a RIGAKU RU-H3R running at 50 kV/100 mA with
Osmic blue confocal optics at 120 K. Diffraction
images were recorded on a RAXIS-IV++. DENZO
and SCALEPACK were used to integrate and scale
the data.®® Data were truncated with the CCP4 pro-
gram TRUNCATE,”® and 5.2% of the reflections
were randomly used as test reflections.

A model of MB was constructed using the
GaussView 3.09 program (Gaussian, Carnegie, PA),
and converted to a pdb file format using Babel.®°

Rigid body refinement in CCP4%! was based on
a previously solved trigonal crystal form of native
TcAChE (PDB code 1EA5), excluding water mole-
cules and carbohydrates. Initial 2F,—F, and F,-F,
electron density maps were calculated using 30-2.4
A data, and the initial F,—F. map was used, with
the aid of the program Coot,? to fit MB into positive
density at the entrance to the active-site gorge of

PROTEIN SCIENCE ‘ VOL 21:1138-1152 1148


http://firstglance.jmol.org/fg.htm?mol=1EA5
http://firstglance.jmol.org/fg.htm?mol=2w9i

the enzyme, and to add 101 water molecules. Subse-
quent rounds of restrained refinement with overall
B-factor refinement were performed, and 56 carbo-
hydrate atoms were added, until convergence to val-
ues of Ry = 19.96% and Rpee = 24.54% (Reree Was
as defined by Brunger®®). As analyzed by Molpro-
bity,®* 96.0% of all residues are in favored regions,
and 99.6% in allowed regions of the Ramachandran
plot, the only outliers being Asp380 and Asn457,
which are both glycosylated surface residues. Table
IT displays the data collection and refinement statis-
tics. The crystal structure of the MB/TcAChE com-
plex has been deposited in the PDB with access code
2WIL.

Computer docking and MD simulations

MB was docked into the protein conformation
extracted from the X-ray structure of the tacrine/
TeAChE complex (pdb code 1ACJ)*° by use of the
AutoDock program.®®® The docked MB overlaid
well at the location of tacrine in the complex. As the
conformation of the protein during the docking pro-
cess is fixed, and MB is larger than tacrine, an MD
simulation was performed based on the docked MB/
TcAChE complex. The complex, together with the
crystal water molecules included in the 1ACJ struc-
ture were inserted into a box of dimensions 10.6 x
10.6 x 10.6 nm?, with the minimal distance of the
protein from its walls being 2.0 nm. This box was
solvated by use of a simple point-charge water
model,®” and the resulting solvated box then submit-
ted to energy minimization. Counterions were subse-
quently added, to provide a neutral simulation sys-
tem. Energy minimization was then repeated on the
whole system. After convergence had been reached,
the solvent, the counterions and the protein, as well
as MB, were coupled separately to a temperature
bath at 300 K. The whole system was then equili-
brated for 10 ns. MD simulations were carried out
with the GROMACS package®®® as described
earlier.”®
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