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OBJECTIVES
1. _General

The objective of this projedt is to characterize, by N'R and fluores-
cence spectroscopy, conformational differences between aged and non-aged
org 1 conjugates of adetylcholinesterase (AChE) and chymotryp—
sin (tht). Such differences may help to explain the unexpected resistance
of the aged forms to commonly employed reactivators.

2._Specific aims

During the period oovered
1988), the pu:'incipal lines of

by this repart (Septembar 1987-August

were as follows:

a. Preparation of stoichi ic aged and non-aged organophosphoryl

b. Synthesis of novel 2-naph
phates.

d. Preparation and X-ray studies of organcphosphoryl conjugates of
Cht in the crystalline state.
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BACKGROUND

Many serine hydrolases such as acetylcl'nlinesterase (AChE), chymo-
trypsin (Cht) and trypsin are inhibited irreversibly by organophosphorus
(OP) esters. Inhibition is achieved by formation of a stoichiametric (1:1)
covalent conjugate with the -active site serine (1).

The powerful acute toxicity of these compounds is attributed prima-
rily to their irreversible inhibition of AChE (2). Although poisoning by
certain OP's can be treated effectively by various oxime . reactivators
mid\detadmtbep*nspmzylmietyfmﬂxesennehydrmylofﬂxemzym
(3, 4), for other OP's, reactivation may be hampered by a parallel compet-
ing reaction which transforms the inhibited AChE into an "aged" form which
can no longer be regenerated by the commonly used reactivators (5-7). This
aging process is particularly pronounced for OP-AChE oonjugates in which
the OP moiety contains a secondary alkyl group (1), as is the .case for
conjugates produced by use of diisopropyl phosphorofluoridate (DFP), iso-
propyl methylphosphonoflucridate (sarin) and pinacolyl methylphosphiono-
£ lwridate (soman). The inability to regenerate aged

organcphosphoryl~AChE cmjugates with such oximes renders therapy of
intoxication by such OP's notoricusly difficult (8, 9).

Although aging may ocour by either acid (10, 11) or base catalysis
(12, 13), it is usually accepted that the common denominator is the loss
of an alkyl group from the bound OP moiety, as depicted in Scheme 1.

' 4 )
EH + XP(0)(0R')R 2 E-P(0)(OR' )R -:5--,54,(0)(0')&
where ¢ Re alk&l. aryl, allF)"loxy or aryloxy . '

R'= alkyl,aryl . ' .
X= F,C1, p-nitrophenoxy, dislkylamincethanethiol
| - somE 1

It has been suggested that the negstive charge resulting from the
aging reaction imposes an electrostatic barrier to nuclecphilic attack on

the phosphorus atan by the oximate anion of the reactivator (14). However,
kinetic studies with model phosphate ester analogs of the assumed aged and

. non-aged conjugates indi~ate that the negative charge would retard reacti-

vation by no more than 50-100 fold (15), whereas, in fact, reactivation of

- aged enzym2 is not experimentally detectable (7, 11).

We postulated that the observed resistance’ to reactivation might
result from a conformational change in the enzyme occurring concomitantly
with aging, and that such a confoimational change might be sought by use
of suitably designed organcphosphate probes in cambination with an appro—
priate physicochemical technique. Fluorescent probes are particularly
suitable for detecting changes in the micrverwironment of the moiety to
which they are attached (e.g. hydrophobicity, microviscosity, chirality
and local pH). We have thus been able to provide experimental avidence for
the conformaticnal changes postulated, both for AChE.and Cht, by use of
suitable flusrescer.t OP's designed and synthesized for this r_:\.xrpr::s%:L (16
17). In parallel, for Cht, we were able to estesblish,’ by use of ““P-N'R
spectroscopy, that the phosphate moiety in the conjugates under study was
in the form of a triester and a diester in the non-aged and aged conju-
gates, respectively, as predicted (18). It was hoped to thus clarify and

P
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illuminate the structural relationship. between the phosphoryl residue and
the protein backbone of aged serine esterases relative to their non-aged
counterparts. :

Altl.ough our eventual interest is in mdetsta.ding the active site:
gecmetry of the aged OP-AChE conjugate relative to its non-aged counter-
part, as already nentioned, part of this study was carried out on ht,
which, like AChE and cther serine hydrolases, is readily inhibited by DFP
and other OP's. We felt that studies of this. type would provide very use-
ful information since Cht is a well-characterized enzyme whose
and three-dimensional structure have been fully elucidated (19).
Furthermore, Cht is camercially available in highly purified form in
large quantities. This renders variocus experimental approaches readily
accessible, thus allowing information concerning the aging process to be
directly obtained for OP-Cht conjugates, as well as allowing us to evalu-
ate the feasibility of applying the same approaches to AChE itself.

Most of our fluorescence spectroscopy studies to date utilized
pyrene-containing OP conjugates of AChE and Cht. Although much valuable
information was obtained by use of this fluorophore, it suffers from vari-
cus drawbacks; in particular, it is relatively insensitive to its environ-
ment with respect to both its absorption and emission wavelengths. In thig
teport we will describe the synthesis and initial characterization of a
new class of flucrescent OP's in which the fluorophore is 2-naphthol (20)..
This probe display:- an excited state icnizafion constant very different.
from that in the ground state, and is known to be highly conformation-sen—
sitive when bound to proteins. It is, therefore, a pramising candidate for
detecting aging-associated conformaticnal charges as will be discussed
below.

Inthisrepcrtmwin alsopresmtdataobtainedbymexperinmtal .
approach which provides direct evidence that aging is acocampanied by an
enhanced conformaticnal stabilization of the OP-enzyme conjugate both in
the immediate vicinity of the active site and in the protein as a whole,
in line with data presented earlier for serum cholinesterase by Masson and
Goasdue (21). The approach adopted involves monitoring changes in the
circular dichroism (D) spectrum of the aged and ncn-aged OP conjugstes as
a function of increasing guanidine hydrochlcoride concentration. We will
present evidence in support of this contention for two homologous pairs of
aged and non-sged conjugates of Cht, and will describe the initial charac-
terization of a similar pair of OP conjugates of Torpedo AChE, which we
1n'tend to utilize in analogous experiments.

ctystallography is the only experimental apptoach cm'rently
available which can yield direct information the three-dimen-
sional structure of a protein and for thereby detecting conformational
charges which may occu.r Examination of homologous aged and non-aged con-
jugates by this method may yield direct information as to the putative
agirg~induced ccnformational change. In the case of a protein for which
the  three-dimensional structure has already been solved, thig may, in
principle, be most readily achieved by diffusing suitable (P's into crys-
tals of the native enzyme, to yield modified crystals isancrphous with the
solved, native crystal (For a description of this approach see under
Results and Discussion, Sectiun 3). Initiation of the use of this experi-
mental approach for aged and non-aged OP derivatives of Cht will be

. described below.
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TECHNICAL APPROACH
1._Synthesis of naphthol-containing organophosphates

The synthetic routes are depitted in Schemes 2-6 (see Results sec-
tion). ' .

a. Synthesis of 1-(2-hydrexynaphthyl )acetamidoethylamine (VI): To a
stirred solution of 5.6 g (27.7 mmol) of 2-hydroxy-l-naphthaleneacetic
acid (HNAA, Aldrich) in 150 ml ethyl acetate was added 6.0 g (29 mmol) of
solid dicyclohexyl carbodiimide. Tha reaction was allowed to proceed at
room terperature, with continuous stirring, for 3 h. After the precipi-
tated by-product, dicvtlchexyl urea, was' filtered off, the solution was
treated with activated charcoal. After refiltration, the solvent was
removed Dy roto-evaporation. The resulting lactone (I) was purified by
recrystallization from n-hexane, yielding 3.4 g. The purity o 1f
was examined by TIC, which revealed a single spot, and by “H-N'R, which
gave the expected pattern. The m.p., -103-104°C, was in agreement with the
literature value of 102-103°c (20, 22). ,

The lactome (1) was reacted with ethylenediamine to yield VI (see
Schema 3) by the following procedure. Copound I (3 g, 16.3 mmol) was dis-
solvad in 200 ml of ethanol; an excess of ethylenediamine (3.3 g, 55 mmol)
was then added; the reaction was then allowed to proceed with stirring,
for 2 h at room temperature, with protection fram light. The solvent was
removed by roto-evaporaticn, followed by evaporation at high vacuum (0.2
mnt Hg) so as to remove residual ethylenediamine. The resulting solid was

washedwithciCl3andd1ssolvedinandninmvolm\eo£meﬂuano1. The pH of

the solution was adjusted to 3-4, by adding methanol saturated with gase-
ous HCl, and was cooled in an ice bath. The precipitate which formed at
this stage was removed by filtration, and the solvent was evaporated on a
mto-evapcrrafot The remaining solid was identified as the desired prod-
uct, VI, H-NMR

b. Synthesis of O-ethyl O-p-nitrophenyl N-{2( 2-hydranynaphthyl~
acetamido)ethylamino phosphoramidate (E(pNP)NPA, VII): O-ethyl

O-p-nitrophenyl phosphorochloridate (III) was prepared as follows: A solu-
ticn of p-nityrophenol (4.17 g, 30 mmol), in 25 ml of dry ether, was added
dropwise to a solution of ethyl dichlorophosphate (Aldrich, 4.9 g, 30
mol) and tiethylamine (3.03 g, 30 mmol) in 30 mi of dry ether at 0°C.
After acdition of the p-nittophenol, stirring was continued for 5 h at
room temperature. The triethylamine hydrochloridée which precipitated was
removed by filtration, and the filtrate was evaporated under reduced pres-
sure, first with a water pump (24 mm Hg) and then using an oil pump (0.2
mm Hg). The residue was obtajarfd as a light brown viscous oil (5.19 g)
which was characterized by P-NVR (relative to H3PO4). 4, -2.7 ppm
(neat). :

To prepare the final product, E(pNP)NPA (see Scheme 3), a solution of
IIT (3.8 g, 14 mmol) in 20 ml of dry acetonitrile was added dropwise to a
solution of VI (3.6 g, 14 mmol) and 2.5 g triethylamine in 350 ml of dry
acetordtrile. Stirring at 40°C was required to achieve partial digsolu-
tion of VI so as to initiate the reacticn. Incubation was contirmed over-
night, with stirring, at room temperature. The solvent was removed by
roto-evaporation, . and the residue was applied to 4 silica colum (2.5x40
an) from which it was eluted with chloroform-ethanol (100:5, v/v). The
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fractions containing the desired product still contained txaces of the
p-nitropherolate ion. In order to remove this contamination, the product
was reeluted through @ snall silica columa (2.5x15 um) yielding 0.8 gy of a
light vellow viscous oil vhich solidified after drying under reduced pres-
sure (m.p., 67-71°C, after softening at 58-62°C).

"H-NMR (CDCl., relative to T™™MS): &, 8.4 (2H, d, J =4.5 Hz), 7.92 (1H,
d, J = 4.25 Hz), 7.77 (1H, 4, J =4.125 Hz), 7.68 (1H, &, J = 4.50 Hz),
7.45 (14, m), 7.26 (1H, 4), 6.70 (1H, m), 4.08 (2H, m), 4.C0 (2H, =), 3.31
(@1 m), 3.13 (24, m, 1.24 (1P, t, J = 6.25 Hz).

P-NYR (relativs to HyPO4): 4, 4.19 pom (acetcne Dg)

Mass spec. (EI) 472 ((M-H)*, 10%); 473 (M*, 8%); 184 ( @ 100%).

Anal. cled. for N3O,P: C, 55.80; H, 5.08; N, 8.87. Found: C,
55.73; H, 4.88; N, 8.%?“24 : ‘

c. Synthesis of bis-O-p-nitrophenyi N-{2(2-hydroxynaphthyl-

acetamido Jethylamino phosphoramida®e ((pNP),NPA) (XI): This campound
propared according to the route outlined in Scheme 6. Bis-p-nitrophenyl
ovidate (XII1) was prepared by adding a mixture of p-nitrophe-
ol (5.4 g, 39 mmol) and triethylamine (3.94' g, 39 mmol) in 50 ml of &y
acetonitrile, dropwise, to a stirred solution, at 0°C, of p-nitrophenyl
phosphorodichloridate (VIII, 10 g, 39 mmol) in dry acetonitrile (50 ml).
The reaction was continued, with stirring, for 4 h at room t ture, at
which stage the reaction had gone to campletion as judged by “*P-NVR. XII
was not separated from the reaction mixture due to its susceptibility to
hydrolysis, but was directly reacted as such with VI by -adding 50 ml of
the above reaction mixture dropwise to a stirred solution of VI (3 g, i2.1
mmo)) and triethylamine (1.2 g, 12.0 mmo”) In 30 ml acetonitrile at 0°C.
The mixture was stirred at 0°C for 1 h, and for an additional 4 h at room
temperature. The solvent was ramoved under raduced pressure, and the resi-

due was applied to a silica column (2.4x50 cm) and eluted with axlj.
fractions containing the product were identifisd both by TIC 'and by
P-N'R (relative to HqPO4): 6, -13.2 ppm (CDCl3). The product obtained
was not caompletely puxe since, due to its suscepa lity to hydrolysis, it

contained some free p-nitrophenol. , '

2._Preparation of stoichiometric sged and non-sged OP-Cht conjugates

Two sets of hamologous pairs of aged and non-sged conjugates of ht
were prepared for the physicochemical studies outlined in the present
repcrt. One pair consisted of diethylphosphoryl-Cht - (CyH50),P(0)-Chit,
and moncethylphosphoryl-Cht - (%H;O)P(O)(O')-Cht. These were agbteviated
as DEP-Cht and MEP-Cht, respectively. These two conjugates were obtained
by. reacting Cht with diethyl-(p-nitrophenyl )phosphate (paraocxon) and ethyl
bis(p-nitrophenyl) phosphate, respectively. The first oonjugate was
obtained with concomitant release of ane equivalent of p-nitrophenocl, and
could be almost fully reactivated by 3-hydroxyiminome-
thyl-l-methylpyridinium iodide (3-PAM, ref. 18 and see below). The second

.conjugate was obtained with concomitant release of 2 equivalents of p-ni-

trophenol, snd was totally resistant to oxime reactivation. The second
pair, in which both conjugates contained the pyrere cliramophore, oonsisted
of l-pyrenebutyl ethylphosphoryl-Cht (PBEP-Cht) and
l-pyrenebutylhydroxyphosphoryl~Cht (PBP-Cht). These two oonjugates were
prepared by reacting Cht with l-pyrenebutyl ethyl phosphorofluoridate
(PBEPF) and l-pvrenebutyl phosphorodichloridate (FPBPDC), respactively.
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PBEFF and PBPDC were synthesized as dascribed previously (16).
Paracxon was purchased from Sigma (St. |Louis, MO), and ethyl
bis(p-nitrophenyl) phosphate was synthesized by| reacting ethyl phosphoro-
dichloridate with 2 equivalents of pnitrophenol

Large quantities of DEP~ and MEP-Cht (200~4CO mg) were obtairaed by

addition of a fresh concentratad solution of the eppropriate OP
(0.0i-0.1 M) in acetonitrile to a stirred solution of Cit (5-10 mg/ml) in
50 mM scdium pnosphate buffer, pH 7.4, at room tamperature. For prepara-
tion of PEEP- ard PBP-Cht, inhibition was cen edoutinfreshdiluta
solutions in double-distilled vater of both ChY (0.5-1 mg/ml) and of the

water. 'm.ructimwaspert'omedatman emperature, and a8 pH of 7.4 vas
maintained by addition of 0.02 N NaOH (18). In cage 4d the concentra-
timofcxgmicsolvartinﬁafinal inhibi
decrease in enzymic activitywasmwred

solution was then dialivzed against douvble dls led {dd) water, lyophi-
lized, redissolved in ca. 2 ml of Ad water, a
G~10 colum {3x60 cm). The colum was eluted wi.
of 1.5 mi/min, and the main protein fractions
ral lized. The dry OP-Cht conjugates were &
-20" until employed.

3._Circular dichroism measurements

¢3d water at a flow rate
e povled, dialyzed and
]l over dessicant at

Circular dichroism (D) spectra were recorgded with a Jasco J-500C
spectropolarimeter. The abscrption anisotropy ra

)/e where ¢, and ¢, ore’ the
1et-m:}righ¥

~handed cirmlarly polarizsd J.igh respactively, ad ¢ is
their average. .

4._BEnzyme sssays

AChE activity was measured either by the Ellms
acetylthiocholine as substrate, or by a microtitexr procedure based upon it
(25). tht activity was measured either |titrimetrically, wusing
acetyl-N-tyrosine ethyl ester as substrate (26
cally, enplcoying succinyl-Ala-Ala-Pro-Phe-p-nitroa

S._Preparation and chemical modi fication of o

7-Cht was crystallized essentially accor
from concentrated (NHg),S0; in 0.02 M sodium
temperature. We11~fcxmeg tetragonal crystals
crystals of suitable size, i.e., 0.2x0.2x0.6
directly for crystallographic measurements or for

tc Segai et al. (27)
late, pH 5.6, at room
within a month, and
were eamployed either
cal modification.

Crystals of DEP-Cht were preparer] by prol soaking of c:ystals of
7-Cht in a solution of 0.4 mM paracxon in 65% S04, 0.4%
dicxana, 0.0 M sodium cacodylate, pH 5.6, at [room tempera , with
weekly refreshing of the inhibitor solution. The

t of inhibition was
assessed by dissolving crvstals in 0.0025 N HC1 assaying tha solution

for cht activity and protein content as campared ocontrol crystals.

i
|
|
|
t




6._X-ray data collection

. X-ray data were collected under cryogenic conditions which prolong
the crystal lifetims almost indefinitely (28). This was ochieved by shock-
cooling the crystals to ~110°C and collecting the X-zay Gits st this temp~
erature using an apparatus in which a low-tenperature attachment had been
grafted cnto a Rigaku AFCS-R rotating anode diffractometer, permitting
cooling of the crystal by a stream of boiled gas during data collection
without impeding the movements of the diffr: . This permitted cOl~
lection of an entire data set frum a single crystal. .
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RESULTS AND DISCUSSION
1._Synthesis of novel 2-naphthol-contaidfig crgancphosphates

In the grant application, we proposed to ambark on the synthesis of s
new family of fluorescent OP's in which the fluorophore would be 2-na-
phthol; this choice was based on the reported spectruscopic properties of
probes based on aromatir hydroxyl derivatives, which exhibit excated state
ionization corstants very different from those cbserved in the groud
state (29), s fact which is reflected in their flucrescence. Thus .he rate
of prot-n transfer which such probes undergo 'is sensitive to the asvail-
ability of proton acceptors and donors, as well as tO their pK,: their
fluccescence, in protein conjugates, should be highly conformation-sensi-
tive (20), and particularly suitable for detectirg the putative conforma-
tional changes imvolved in aging. The synthetic approsch which we have
“Wopted is based on the shove-mentioned work of Laws et 8l. (20), in which
the lactone 'of 2-hydroxy-l-naphthaiene acetic acid (HNAL) was used as &
resgent for attachment of the 2-naphthol probe to proteins. In our case,
HNAA was initially used in 8 coupling reaction with an appropriate amino
salcchol side arm, to yield an adduct, which ocould then be ocoupled with a
suiteble activated OP. 'Indeed, in the initial phase of this project, HNAA
was coupled, vis an anincetharol extension arm (11), to s phosphorochlori~
date (II1I), so as to obtain the desired fluorescen: OP (1V), as shown in
Schame 2,

. ML ONHEN, ) On
MHeCH, Ci, OM O O™

B

‘ it

4, €0 w/CH, },o?.w

\\/ "
e (Cﬂ,ﬁﬂ;ﬂ)?")'PF' TN
T
! €M, COomMmICH,y) 0N
' DL, OCH EH)
v
[ A
SOBE 2

However, as is also depicted in Schame 2, reaction occurred prefersntially
'with the aromatic hydroxyl group, leadirg to formation of an O-aryl ester
(V), rather than to the expectod ligard (IV). So as to obtain s suitable
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naphthol-containing OF of the geraral type represantsd by IV, we decided
o ewploy ethylewdianing as the sidearm., We thus l'oped to direct phoe-~
phoxylstion to the aalno grop (Scheme 3, VI), sinoe it i{s 8 stronger
muclecphile than the arumstic Myroxyl residuse. This resction (Schesw 3)
resulted in an almost exclusive regiosslective posgharylation, to yield
the desired produxct ,VII.

QI - e mh

v

, ' ..
owpnb e
- 2 . e
LB YT ol s raad (U
"e .

Vit

soex )
Compound V11, O-ethyl O-p-nitropharyl N-(2(2-Mydrosynegivtiyl-
' aoetamidn jethyl anino ‘phosphoramidets (L(pNPINPA), was expected to forw &
ron-eged conjugets' with ANE and other sarine hydrolasss. Before prooeed-
ing t© a8 detailed study of the kinetice end stoichiawetry of the (rhib-
ition process, w cooentrsted an the syntheais of the horologous OF which
omuld be used for prodxtion of tte howlcgous sged CP-enzyme oonjugetes. -
Our - first sttevpt was to prepere the chiaridste snalog of E(pNPINPA, e®
dspicted in Schame 4. :

.
 gcamicn )y | € Ot e by
: o~ o &
A
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Separaticn of IX from the reaction mixture proved difficult since the
chloridate is very sensitive to hydrolysis. So as to overcome this prob~
lem, we decided to replace the chloride by the p-nitrophencey (pNP) group,
and, thereby, to obtain bis-(O-p-nitrmphertyl) N—(Z(Z—hym'mcynamthyl
scetamido)ethylamino’phosphoramidate ((pNP),NFA) (XI). We attampted to
obtninﬁxisompardbythaprocod.mwtu:udms&uns

"y
N, | ey yCONHI ), N P{pNP),
CeF m—-

" ' x

e

no,
3

The yield of the desired product (XI) obtained by this procedure was not

satisfactory. Ancther synthetic aspproach was, therefore, adopted. 'Thig

involved synthesis of bis-(p-nitrophenyl )phosphorochloridate (X11), and

;urmtimwithwmyioldmwm X1, as shown in Scheme
(peer)r{0)er, . [ e ] —‘-T;-o ¢ (.’,,F(O)ﬂ

X1 Xiy )

) NCOBECH, ) i, n,cow(cu,),: 5(...),
(s )y pfo)er
| 331 , 1.
. ] A v x
"o,

SCHEVE 6
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- Due to the instability of the intermediate, XII, it was not isolated from
the reaction mixture; insteaq, aftarthofirstnacginmdmtocan-

Although we were not yet satisfied with the purity of the new
fluorescent OP's, va tested their anti-AChE and anti-(ht activity s» as to
obtain preliminary data pertinent to the envisaged large-scals preparation
of the corresponding OP-Cht conjugates. We thought that these initial cata
would also help us to evaluate progress in improving the homogeneity of
these ligands. The following bimolecular rate constants for the inhibition
of (ht and Electrovphorus AChE were calculated from the initial slicpes of
curves cbtained by plotting the log of the percent of the residual enzymic
activity vs. the time of reaction of the esterase with the OP:

Cht AChE (ool )
E(pHP)NPA o 900

(PNP) HPA 8300 S 4s0

-1, -1

Rate constants are N 'win™ ',

It should be mantioned that the semi-logarithmic plot of percent residual
activity vs. time deviated from a straight 1line, and only 70-950% of
enzymic activity (dependiing on the scurce of enzyme and the experimental
conditions) was inhibited, despite the presence of a large excess of
inhibitor over enzyme in the irmhibition medium. Since both inhibitors are
slowly hydrolyzed under the experimental conditions employed, ad in view
of our obeervation that both slow, spontanecus reactivation and aging
occurred, more experiments will be necessary in crder to clarify the
mechaniam(s) underlying the inhibition patterns displayed by the two OP's.
It should be emphasized ‘hat the relatively low potencies of both ligands
as irhibitors of AChE and (ht tend to camplicate calculation of the indi--
vidual rate constants for tne various procisses which occur simultanecusly
during the time required to' achieve significant irhibition. These pro-
cesses include spontanecus hydrolysis of the inhibitor, as well as sponta-
neous reactivation ard aging of the inhibited enzyme. More experiments are
underway to clarify the above. In particular we will place emphasis on the
ultra-purification of the two novel flucrescent OP's 30 as to condirm the

+ inhibition profiles ottainad so far.

on the conformational stability of sged end non-

2._Comparative studies
aged conjugates of Cht

One rsason for the resistance to reactivatic: displayed by sged OP
conjugates of serine hydrolases might be the formati::y of a hyrogen bond”
{(cr borxds) as a8 result of the aging resction, e.9., btetwesn the newly
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formed negative charge on the phosphate group and the active-site histi-
dine, which, in tum, could lead to stabilization of the structure of the
protein; this might find expression in an increased resistance to dunatu-
ration. Evidence for such an increased stability was presented by Masson &
Goasdue (21), who used the transverse urea gradient technique of Creighton
(30) to derconstrate an ircreased resistance to unfolding of an eged OP
oonjugate of human serum cholinesterase. Wa decided to study this putative
conformational stabilization more directly oy monitoring the circular
aichroiam (CD) spectra of hanologous pairs of aged and non-aged OP conju-

‘gates of Cht as a function of the concentration of the denacuring agent

quanidine hydrochloride (Gu.HCl). Two sets of conjugates were studied: a)

- l-pyrenebutyl ethylphosphoryl-(ht (PBEP-Cht; non-aged) and 1l-pyrenebutyl
hydroxyphosphoryl

~tht (PEP~Cht; aged). The prepa:ﬁtim of these flures~
cant OP ccnjugates and their chsracterizstion by P-NMR and £'ucrescence
spectroscopy was earlier carried out and reported in the fiamework of
Grant No. DAMD-17-83-G-9548, and published (17, 18). b)
diethylphosphoryl-tht  (DEP-Cht: non-sged) and monoethylphosphoryl-Cht
(MEP-Cht; aged). As will De spparent in the following, the pyrene-contain-
ing pair of OP conjugates permittod camparison of changes in the active-
site region in the course of denaturation, while the secand set of conju-
gates permitted monitoring of changes in the (D spectrum which could be

-ascribed principally to the contribution of the peptide bonds of the poly~
' peptide backbone.

Figs. 1 and 2 compare the (D spectra of PBEP-Cht and PBP-Cht in the
range of 0-6 M Gu.HC)l. As we have already reported (17), there is a sig-
nificant difference in the (D spectra of the two conjugstes in their
native state, in the region of the pyrene absorption band, at ca. 350 rm,
which indicates s significant difference in the geametry of thoe OP group
in the active site pockets of the two conjugates. Upon increasing the
Qu.HCl concentrations much lower than required for total inactivation .of
the enzyme (2-3 M). Reactivation studies carried out with 3-PAM (18, 31)

‘damonstrated that the ability of PBEP-Cht to'undergo reactivation is not

impaired as long as total denaturation has not bean achieved. All confor-
mationsl trangitions cbeerved above 310m, and at Gu.HC1 concentrations
below 2 M, thus appear to result frem different crientations of the pyrens
probe within the active site rather than from disruption of the site
itself. There is, however, s marked difference between the tendancles of
PBEP-Ct and E3P-Cht to undergo such crientational changes. The non-eged
oonjugate undergoes more such recrientations, the first occurring at a
Gu.HCl1 concentration as low as 0.3 M; in contrast, the first such recrien-
tation observed for PBP-Cht occurs at only 0.7 M Gu.HCl. If one monitors
the changes in ellipticity at 230 rm, one again sees a clear differance
batween the two conjugates. The midpoint of transition for FPBEP-Cht lies
at cs. 3 M Gu.HC1, whereas that for PEBP-Cht lies at ca. 4 M GU.HCl., The
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D data thus suggest that the aging reaction produces both a local stabi-
lization of the pyrene chromophore within the active site ard a more gen-
-eral ¥ -bilization of the protein as a whole (Fig. 5A). ’

“. 8., 3 and 4 show the corresponding dependence of the O spectrum on
Gu.H concentration for DEF-Chit and MEP-Cht. In the case of this pair of
conju . tes, the D spectrum can be ascribed almost entirely to the poly-
peptide backbcne, as is shown by the fact that the only major band is at
ca. 230 nm. Again, the aged form, MEP-Cht, is significantly more resistant
to denaturation than the non-aged form, DIP-Cht. Comparison of Figs. 3 and
4 reveals that this increased resistance is similar to that seen for the

aining pair of conjugates, as is ‘O be expected if the princi-

pyrene-cont

pal contribution to stabilization comes from an interaction of the neg-
atively charged oxygen on the phosphate attm with a positively charged
graup in its vicinity. (Fig. SB).

line state

X-ray crystallography is, at present, the only way to directly eluci-
date the three-dimensional structure of a protein. Camparison, by X-ray
crystallography, of sged and non-aged OF conjugates of (ht and, subse-
quently, of AChE, would thus yield direct information, at the molecular
level, regarding the conformaticnal change underlying the aging process.

In the case of AChE, alﬂnxghmxwpossessaaystalumfmsmtablel

for X-ray studies (32), the three-dimensional structure of the enzyme has
still to be worked ocut. In the case of Cht, the structure is well known
(19). It was shown earlier by Sigler & Skimmer (33) that «~Cht in the
crystalline state could be almost fully inhibitud by diisopropyl phospho-~
roflucridate, although these authors did not carry out a high-resolution
study 80 as to elucidate the geametry of the CP-inhubited active site. Tho
advantage of such a procedure, as opposed to crystallization of a pre-

formed OP-enzyme oonjugate, is that, if succeSsful, it permits preparation .

of OP-Cht conjugates Isamorphous in crystal stxucture with the umodified
anzyme. Since, as Jlready mentioned, the three~dimensional structure of
ht itself is already }nown, the structures of the correspording conju-
gates can be readily solved. Thus, for example, Rings et al. (34) have
recently adapted this approach to study the conformational changes induced
upon inactivation of ht by S5-benzyl-6-chloro-2-pyrone; it has rot, now-
ever, yet bean adopted for seeking conformational differences between ron-
agedt and aged OP-Cht conjugates. Obviously, the same COP's used (o

the homologous pair of sged and non-aged conjugates, DEP- and MEP-Cht, in
solution, as was done above for the CD studies, could be similarly uti-
lized to produce. the corresponding crystalline conjugates by scaking the

tht crystals in them under suitable experimental oconditions. Such an

eproach vas initiated over a year ago, in ocollaboration with the group of
D.. Joel Sussman in the Dept. of Structural Chemistry at the Weizmamn
Institute. We began by producing crystals of 7-Cht suitable for X-ray
diffraction studies by crystallization from armenium sulfate (27). We
were then able to show that such crystals can be inhibited >80% by parao-
xon, without damage to their stxucture, by exposure t¢ the OP, for about 1
month, in the same (NH.),SO0, solution used! for crystallization; they thus
yield a DEP-Cht crystal isancrphous with that of the urmodified, native
protein.

X-ray data for 7-Oht were collectcd out to 1.9% reeolution from a
single native crystal, using the shock cocling procedure (28), and with
data onllected at -150°C. The crystals are of the same form as previously
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reported (27), with spwe&qup Pdy2,2, and the unit cell at low tempera-
ture is a=b=69.1R, c=96.4% (at roam-temperature as=b=69.7R, c=97.48). The
native structure was refined by a least-squares procedure, starting from
the roam-temperature coordinates (35). The R-factor converged to 24.5%.

As for the native enzyme, a single crystal of DEP-Cht was used to
collect the entire 1.58 data set at -150°C. The unit cell dimerisions were
a=b=67.0R, c=95.8R8, a 0.9% increase in cel). volume over the low-tempera-
ture native cell volune. The DEP-Cht structure was refined starting from .
the refined low-tenmperature native coordinates. The current R-factor of
the conjugate is 21.9%. Tha Fu..~Fjia¢ Map has its highest peak within
bording distance of the active-sire Ser 195 hydrexyl cxygen and it permit-
ted fitting of the DEP moiety to the difference electron density.
Camparison of the two structures, using an Evens & %utherland computer
graphics system showed that the distance belween Ser 195 07 and His 57Ne2
was reduced from 3.43 R in the rative enzyme to 3.05 R in the conjugate.
This result indicates that binding of the OP group at the active site
induces a sizeable conformational change. In the DEP conjugate, the His
57 side chain is also in proximity to the OP moiety. Thus the distance
between His 57 Ne2 and one of the carbons of the DEP group is only 4.05 R.
This observation provides direct experimental evidence in support of the
hypothesis that Ne2 of the imidazole moiety participates in the aging
reaction by stabilizing a carbonium ion intermediate.

4. Preliminary studies on the inhibition of Torpedo AChE by pyrene-con-~ -
taining fluorescent crganophosphates

During the fihal quarter of the pericd covered by this report, we
initiated work on AChE from Torpedo californica. We éonsider the
enzyme more suitable than Electrophorus AChE for continuation of our stud-
ies on conformational differences between aged and non-aged OP-AChE conju-
gates. This is because the complete amino acid sequence of Torpedo AChE is
available as a result of the cloning and sequencing studies of Palmer
Taylor ard his associates (36, 37), and because the recent crystallization
of a dimeric form of Torpedo AChE in our ¢.n laboratory, to yield crystals
of a quality suitable for X-ray crystallography (32), makes it likely that
the three-dimensional structure of the Torpedo enzyme will become -avail-
able. Accordingly, we intend to use, in our spectroscopic studies, the
same highly purified preparation of Torpedo G, AChE which we are using to
obtain crystals of the enzyme (32). So far we have inhibited this AChE
preparation with both FBEPF and FPBPDC, adopting a procedure similar to
that used for preparation of the corresponding OP-Cht conjugates, and
removing the excess free ligand from ‘he conjugates by gel filtratinon a |
Biogel P-4 colum. Roth of the OP's sarve as efficient inhibitors of
AChE. PBEP-AChE, the conjugate cbtained by use of PBEPF, could be
reactivated >90% by 1 mM pyridine-2-aldoxime methiodide (2-PAM) at pH 7.0,
thus showing that, as expected, it does not undergo aging. AChE
similarly reacted with PBPDC was, again as expected, campletely resistant
to reactivation by 2-PAM, indicating that the aged oonjugate, PBP~AChE,
had been cbtained. We are now about to initiate studies on the conforma-.
tional stabilization of the aged vs. the non-aged conjugate,’ similar to
those performed for Cht, in which we will monitor the O spectra of the
two conjugates as a function of guanidine concentration. '
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SUMMARY AND CONCLUSIONS

1. A synthetic procedure was developed to attach the fluorescent probe,
2~-hydroscy~1-naphthalene acetic acid, via ar ethylenediamine extension arm,
to an organcphosphoryl residue capable of inhibiting AChE. The expected COP
was cbtained, af‘er considersble synthetic efforts, and was found to serve
as a oovalent inhibitor of both AChE and Cht. In view of the complex
kinetic behavicr cbserved, further purification will be necessary prior to
interpretation of the data. )

2. Two pairs of non-aged and aged stoichicmetric OP-Chit conjugates were
prepared and the conformaticnal stabilities of these pairs were compared
by measuring their susceptibility to guanidine denaturation by monitoring
changes in their circular dichroism spectra. For both pairs the aged con-
Jugate was found to be substantially more stable than the coxrresponding
non-aged form.

3. An OP conjugate of crystalline 7-Cht was prepared by diffusing paracxon
into crystals of the native enzyme, to vyield an OP oconjugate,
diethylphosphoryl~Cht, isomorphous with the native Cht crystal. This per-~
mitted ready elucidaticn of its three-dimensional structure in which it
was possible to visualize the diethylphosphoryl moiety within the active
site. Similar preparation of a corresponding aged conjugate should. enable
us to accurately determine the conformational changes wnderlying aging at
the atomic levei. . :

4. Non-aged and aged stoichiametric flucrescent OF conjugates of Torpedo
AChE were prepared by its reaction with appropriate pyrenebutyl-containing
OP's, Preliminary circular dichroism measurements reveal significant dif-
ferences between the two conjugates which are btroadly similar to those
observed for the corresponding Cht cmjugates:
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Figure 1: Cirsular dichroism spectra of PBEP-Cht as a function of Gu.HCl
concentration. The concentration of the conjugate was 4x107° M. The num-
bers adjacent to each curve denote the relevant Gu.HC1l concentraticn.
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Figure 2: Circular dichroism spectra of PBP-Cht as a on or Gu.HC1
concentration. The concentration of the conjugate was 4x107° M. The num-
bers adjacent to each curve denote the relevant Cu.HC1l concentration.
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Figure 3: Circular dichroism spectra of DEP-Cht as a function of Gu.HCl
concentration. The concentration of the conjugate was 4x107° M. The num-
bers adjacent to each curve derote the relevant Gu.HCl concentration.
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Figure 4: Circular dichroism spectra of MEP-Cht as a on 'of Gu.HC1
concentration. The concentration of the conjugate was 4x107° M. The num-
bers adjacent to each curve denote the relevant Gu.HC1 concentration.
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Figure 5: Dependence of the
o Gu.HCl concentration, for DEP.
and PBP-Cht (Fig. 5B).
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