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DD 1473, block 20, continued.

k%' have obtained a crystalline rnsn-aged OP conjugate of Cht by treat-
mm* of native crystals with pasrx which is isrphom with the U uzc-
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tian of the hoTiologc aged ojugate will permit delirmation of thc
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approval of the products or services of these organizaticns.

This work has been carried out. with the oollaboration of J. Grunwald,
Y. Segall, N. Steinberg, C.-T. Su; J.L. Sussman, M. Harel and E. Rloth.
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OBJECTIVES

1. General

The objective of this project is to characterize, by andR wn fluores-
cence spectroscopy, conformaticn±l differences between agbd and non-aged
orgarhsphozyl conjug3tes of wtylcholinesterase (AP2E) and chmotyp-
sin (Cht). Such differences may help to explain the unexpected resistance
of the aged form, to commonly eff loyed reactivators.

2. SPcific aims

During the period covered by this zepr* (Septe&Ae l987-Augu-t
1988), the principal lines of were as follows:

a. Preparation of stoichi ic aged and non-aged organophosphoryl
conjugates of Cht and omnparison f their conformational stability.

b. Synthesis of novel 2-naph l-containing fluorescent organcphas-
phates.

c. Preliminary studies of inhibition of T ACME by pyrene-
containing fluorescent org tes.

d. Preparation ard X-ray es of orgarospmphoryl conjugates of
Cht in the crystalline state.
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BACKGROJM

Many serine hydrolases such as acetylcholinesterase (AChE), chyn*-
trypsin (Oit) and' trypsin are inhibited irreversibly by organrposp rus
(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 cxpounds is attributed prima-
rily to their irreversible inhibition of AOhE (2). Although poisoning by
certain OP's can be treated, effectively by various oxime reactivators
which detach the p osphoryl moiety froa the serine hydroxyl of the enzyme
(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 coTnm2ly used reactivators (5-7). This
aging process is particularly pronounced for OP-AChE conjugates in which
the OP moiety ozntains a secndary. alkyl group (1), as I's the case for
conjugates produced by use of diisoproyl ph•sphorofluoridate (DFP), iso-
propyl methylhspinfluoridate (sarin) and pinacolyl methylphospro
fluoridate' (scman). The inability to regenerate aged
OrganCphoSphoryl-AChE conjugates with such oximes renders therapy of
intoxication by suct, OP's notoriously difficult (8, 9).

"Although aging may occar by either acid (10, 11) or base catalysis
(12, 13), it is usually accepted that the co=mT denoninator is the loss
of an alkyl group fron the bound OP moiety, as depicted in Scheme 1.

• -HX -R#
EHN + XP(O)(OR')R ---- E-P(O)(OR')R -----..E-P.(O)(O)R

where : Re alkyl, aryl. al&kyloxy or aryloxy

R'- alkylaryl

X- F.C1, p-nitrophenoxy, dielkyleminc.thaneLhiol

SCHEME 1

It has been suggested that the negative charge resulting frao the
aging reaction imposes an electrostatic barrier to nucleophilic attack on
the pbosphorus atom by the oximate anion of the reactivator (14). However,
kinetic studies with moxdel phosphate ester analogs of the assumed aged and
ncn-aged conjugates indi±.nte that the negative charge would retard reacti-
vation by no more than 50-100 fold (15), whereas, in fact, reactivation of
aged enzyma is not experimentally detectable (7, 11).

We postulated that the observed resistance' to reactivation might
resnit from a conformational change in the enzyme occurring conconitantly
with aging, and that' such a ccnfor~ational change might be ecught by use,
of suitably designed orgacphosphate probes in combination with an appro-
priate physicochemical technique. Fluorescent probes are particularly
suitable for detecting changes in the micrenr ent of the moiety to
which they are attached (e.g. hydropbicity, microviscosity, chirality
and local pH). We have thus been able to provide experimental evidence for
the ccnformaticnal changes postulated, both for AChE and Cht, by use of
suitable flunrescer.t OP's designed and synthesized for this Dupos 1 (16,
17). in parallel, for Cit, we were able to establish,' by use of P-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
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illuminate the structural relationship between the rftsrkcyl residue and
the protein backbone of aged serone esterases relative to their non-aged
onterparts.

Altl.-ugh our eventual interest is in urderstAIrM the active, site&
geometry of the aged OP-AChE conjugate relative to its non-aged counter--
part, as alr~ady rentioned, part of this study was carried out on Oft,
which, like AChE and other 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 Oft is a well-characterized enzym u*0ee sequence
and three-dimensional stucture have been fully elucidated (19).
FUrthezroe, Cht is omrercially available in highly purified form in
large quantities. This renders various experimental appoaches readily
accessible, thus allowing information concerning the aging process to be
directly obtained for OP-Cht conjugates, as well as allwing us to evalu-
ate the feasibility of applying the same approaches to AChE itself.

Most of a= fluorescence spectroscop studies to date utilized
pyrene-onitalning OP conjugates of AChE and Cht. Althog much valuable
information was obtained by use of this fluorocphoe, it suffers fron vari-
cous drawbacks; in particular, it is relatively insensitive to its envirm-
ment with respect to both its absorption and emission wavelengths. In this
ieport we will describe the synthesis and initial characterization of &
new class of fluoresennt OP's in which the fluorophore is 2-naphthol (21),..
This probe display - an excited state ionizatiin constant very different.
from that in the ground state, and is known to be highly o~nformation-sen-
sitive when bound to proteins. It is, therefore, a promising candidate for
detecting aging-associated conformational changes, as will be discussed
below.

In this repoz we will also present data obtained by an experimental
approach which provides direct evidene that aging is aompanied 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 seruir cholinesterase by Masson and
Goasdue (21). The approach adopted involves mcnitoring changes in the
circular dich-noism (CD) spectrum of the aged and nra-aged OP conjugates as
a furnction of increasing guanidine hydrochloride oentatiaon. We will
present evidence in support of this contention for two homologous paars of
aged and ncr-aged conjugates of Oft, and will describe the initial charac-
terization of a similar pair of OP conjugates of • AChE, which we
intend to utilize in analogous experiments.

X-ray crystallography is the only experimental approach currently'
available which can yield direct information concerning the three-dim3n-
sional structure of a protein and for thereby detecting conformational
changes which may occur. Examination of homlogous aged and non-aged con-
Jugates by this method may yield direct information as to the putative
agirg-irnluced ccnformatianal change. In the case of a protein for which
the, three-dimensional structure has already been solved, th;is may, in
principle, be most readily achieved by diffusing suitable CP's into crys-
tals of the native enzyne, to yield modified crystals isomacrphus with the
solved, native crystal (For a description of this approach see trader
Results and Discussion, Sectidn 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

S. Synthesis of naphtho1-containing orgaraaphtes

SThe synthetic routes are depicted in Schemes 2-6 (see Results sec-
ticn).

a. Synthesis of 1-(2-hydrcxynaphthyl)acetamidoethylamine (VI): To a
stirred solution of 5.6 g (27.7 mrol) of 2-hydroxy-l-naphthaleneacetic
acid (HNAA, Aldrich) in 150 ml ethyl acetate was added 6.0 g (29 retool) of
solid dicyclohexyl carbodiimide. Tha reaction was allowed to proce'd at
Looa temperature, with ccntinuous stirring, for 3 h. After the pr,•cipi-
tated blj-product, dicyolohexyl urea, was, filtered off, the solution was
treated with activated charcoal. After refiltration, the solvent was
removed by roto-evaporaticn. The resulting lactone (I) was purified by
recryt-tallizaticn from n-hexane, yielding 3.4 g. The purity of the product
was examined by TLC, which revealed a single spot, and by H-NR, which
gave the expected pattern. The m.p., .103-I04°C, was in agreement with the
literature value of 102-103°C (20, 22).

The lactne (i) was reacted with ethylenediamine to yield VI (see
Scheme 3) by the following procedure. CQpound I (3 g, 16.3 mmol) was dis-
solvad in 200 m2 of ethanol; an excess of ethylenediamine (3.3 g, 55 rmol)
was then added; the reaction was then allowed to proceed with stirring,
for 2 h at roo, temperature, with protection from light. The solvent was
removed by roto-evaporaticn, followed by evaporation at high vacuum (0.2
Smw Hg) so as to'renuve residual ethylenediamine. ,he resulting solid was
washed'with CHCl 3 and dissolved in a minimum volume of methanol. The pH of
the solution was adjusted to 3-4, by adding methanol saturated with gase-

r ous HCI, and was oooled in an ice bath. The precipitate which formed at
this -stage was remaved by filtration, and the solvent was evaporated on a

Froto-evaporator. The remaining solid was identified as the desired prod-
uct, VI, by H-N.

b. Synthesis of O-ethyl O-3-nitrop1enyl N-(2(2-4hdoxynaphthyl-
* •:acetamido)ethylamino p&sphoramidate (E(pNP)NPA, VII): O-ethyl

0-2-nitropheenyl ph•sphrochloridate (III) was prepared as follows: A solu-
tion of 2-nitrophenol (4.17 g, 30 reol), in 25 ml of dry ether, was added
dropwise to a solution of ethyl dicdloroptusphate (Aldrich, 4.9 g, 30
mtol) and t-iethylamine (3.03 g, 30 retol) in 30 ml of dry ether at OOC.
After addition of tUe _-nitrphenol, stirring was ccntinued for 5 h at
room temperature. The triethylamine hydrochloride 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 ,sing an oil pump (0.2
mm Hg). The residue was obtaed as a light brown viscous oil (5.19 g)
which was characterized by P-_NPMR (relative to H3PO4 ). 6, -2.7 ppm
(neat).

To prepare the final product, E(pNP)NPA (see Scheie 3), a soluticn of
III (3.8 g, 14 mmrl) in 20 ml of dry acetonitrile was added dropwise to a
solution of VI (3.6 g, '.4 meol) and 2.5 g triethylamine in 350 ml of dry
acetcritrile. Stirring at 40 0C was required to achieve partial dissolu-
tion of VI so as to initiate the reacticn. Incubation was contirn•ed over-
night, with stirring, at rocn temperature. The solvent was removed by
roto-evaporation, and the residue was applied to & silica colim-n (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 traces of the
2L-nltrophenolate ion. In order to remve this contanination, th§ product
was reeluted through a snail silica colum' (2.5x15 cm) yielding 0.8 g of a
light yellow v4.scous oil vtdch solidified after drying under rednced pras-
sury (m.p., 67-710 C, after softening at 58-62 0C).

tH-3R (CDC1, relative to T7S): d, 8.14 (2H, d, J -4.5 Hz), 7.92 (1H,
d, J - 4.25 Hz,? 7.77 (1IH, d, J -4.125 Hz), 7.68 (i, d, 3 - 4.50 Hz),
7.45 (1H, m), 7.26 (1H, d), 6.70 tIH, m), 4.08 (2H, m), 4.CO (2H, a), 3.31
(2g m), 3.13 (2H, m, 1.24 (IF, t, J a 6.25 Hz).

P-"t4 (relative to H3 P04 ): o, 4.19 ppm (acetone D6 )

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

Anal. clcd. for C22H2 4N3QP: C, 55.80; H, 5.08; N, 8.87. omand: C,
55.73; H, 4.38; N, 8.2

c. Synthesis of bis-O-p-nibvoiwey! N-{2(2-hy cn thyl-
Wetamido)ethylamino 20s-tramidate ((NP )2NPA) (XI): This comgow was
pr-opared according to the route outlined in Scheme 6. Bis-Lp-nitzsp yl
phospharochloridate (XII) was prepared by adding a mixture of 2-nitrophe-
nol (5.4 g, 39 rmol) and triethylanine (3.94 g, 39 rmol) in 50 ml of dry
acetcnitrile, dropwise, to a stirred soluticn, at 0°C, of 2-nitrphernyl
phosphorodichloridate (VIII, 10 g, 39 mrol) in dry acetcnitrile (50 ml).
The reaction was ccntinued, with stirring, for 4 h at rmam temprature, at
"which stage the reactic ' .had gone to completion as judged by P-N. XII
was not separated from the react-in mixture due to its susceptibility to
hydrolysis, but was directly reacted as such with VI by -adding 50 ml of
the above reacticn mixture dropwise to a stirred solution of VI (3 g, 12.1

Smmo).) and triethylamine (1.2 g, 12.0 mmo"' ) in 30 ml aceatnitrile at 0°C.
The mixture was st-4rred at 00C for 1 h, and for an additional 4 h at rce
temperature. The solvent was ramoved under raduced pressure, and the resi-
due was applied to a silica column (2.4x50 an) and eluted with CHC13 .

Refractionis containing the product wer identifiad both by TLC and by
P-WR (relative to H3P0 4 ): 6, -13.2 ppm (CDCl.). The product obtained

was not copletely pure since, due to its suscepability to hydrolysis, it
contained some free p-nitrophwxol.

2. Preparation of stoichiametric aed and rnc-jaed OP-Cht ojlugates

Two sets of homologous pairs of aged and non-eged conjugates of 0t
were prepared for the physicochenical studies outlined in the present
report. One pair co.sisted of diethylposphoryl-Cht - (C2 H50)2(0)-t,
and m0nethylpspkhoryl-Cht - (C2HI'O)P(O)(O-)-Cht. 7TOse wre abbreviated
as DEP-Cht and MEP-Cht, respectively. These two ccnjugates were obtained
by. reacting Cht with diethyl-(p-nitcophenyl )phosphate (paraoxon) and ethyl
bis(p-nitrohenyl) phosphate, respectively. The first ccnjugate was
obtained with concanitant release of one equivalent of p-nitrophenol, and
cold be almost fully reactivated by 3-hydroxyirnime-
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, and was totally resistant to oxime rmactivaticn. The second
pair, in which both ccnjugates contained the pyroa rcwa hore, consisted
of 1-pyrenebutyl ethylkom# yl-0xt (PBEP-Cht) and
1-pyrenebutyl' ILxy h zuayl-.Ct (PBP-Cht). These two conjugates were
prepared by reacting Cht with 1-pyrenebutyl ethyl phosphorafluorirOqte
(PBEPF) and 1-pvrenebutyl phosphorodichloridate (PBPDC), respsctively.
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PBVT and PBPC were synthesized as bad previously (16).
Pa-aoxro was purci.ased frou Sigma (St. Louis, MD), and ethyl
bis(2-nitrephanyl) ptxaphate was synthesized by reacting ethyl ptxnptrxo-
dichioridate with 2 eqivuilents of piitropha1el

Large quantities of DEP- and M3-Cht ( 4CO mg) wee obtain~ed by
droprise addition of a fresh concentated sol •i of the prcpririate OP
(0.01-0.1 M) in acetonitrile to a stirred .qolu on of Cht (5-10 mg/ml) in
50 Mt acdiun prasqate buffer, pH 7.4, at oa . tre. For prepare-
tion of PBEP- and PBP-Cht, inhibýtion was ed out in fresh dilute
solution in dble-distilled sater of both Ci (0.5-1 mrg/ml) and of the
inhibits (0.2-1 It), due to the limited sol lity of the latter in
water. 7he reaction was performed, at Loa tue, and a pH of 7.4 ,as
maintained by addlition of 0.02 N N•OW (18). In case dd the concentra-
tion of organic solvent in the final inhibi meditm exceed 5%. The
decrease in enzymic activity was monitored ically (23)
' until >98% inhibition had been achieved. Greater than 99.9* inhibition was
eraured by subsequent addition of 10 MM c . prosphorofluoridate
(DFP) to the reaction inixture and incubation f a further 30 min. The
solution was then diallmed against double . lied (dd) water, lycphi-
lized, redissolved in ca. 2 ml of &2 water, loaded onto a Sephadex
G-10 column '3x60 cm). The column was elutrd Wi dd water at a flow rate
of 1.5 ml/min, end the main protein fracticas pooled, dialyzed arn
relyophilized. The dry OP-Cht conjugates were over dessicant at
-201 until eloyed.

3. Circular dichroism measurements

Circular dichroism (CD) spectra were with a Jasco J-50OC
spectropozlari ter. Mhe abeorption anisotropy i , ga is defbi*d by

g C weecaderee t ihe o e'fficientsfolt-;irig•-ade circuarly ploarized figS: respectively, and c ia

teir average.

AiE activity was measured either by the El procedre (24), using
acetylthiocholine as substrate, or by a micr Itt procedure based upon it
(25). Cit activity was measured either titrimatrically, usirn,
acetyl-N-tyrasine ethyl ester as substrate (26 , or spectre ,tri.-
cally, ipldying sucoinyl-Al&-Ala-Pro-Phe-p-ni lids (23).

5. Pre tn and chiaical mdificationa of srzL of ,in

I-dit was crystallized essentially acc to Segal et al. (27)
from concentrated (NH4 )2SO4 in 0.02 M sodium cacdylate, pH 5.6, at roan
temperature. Well-fo.med tetragonal crystals 9 rd %.ithin a month, and
crystals of suitable size, i.e., O.2x0. 2x2. 6 mi, were employed either
directly for crystallographic measurements or for •hsical modification.

Crystals of DEP-CIt were prepared by prolongs i soaking of crystals of
r-Cht in a solution of 0.4 MM parsoxon in 65% turated (NH4 )2SO4 , 0.4%
dioxane, 0.0! M sodiumn caodylate, pH 5.6, at roa. temperature, with
weekly refreshing of the inhibitor solution. The ant of intbition was
assessed by dissolving crm-tals in 0.0025 N HCl assayigr ths qolution
for Cht activity and protein content as compared control crystals.



6. X-ra data collection~

X-ray data were collected under czyogen'ic =aditicneuhici polcnrq
the crystal lifetime almocst indesfinitely (28). This wa achived by sho~ck-
cooling the crystals to -l1100C and collecting the X-tay elita at this tamp-
erature using an apparatus in vallch a low-tuipe~rature attachrant had been
graf tad onto a Rigalau 'APC5-R rotating -1d diffractmwtor, permitting
cooling of the crystal by a strew of boldN gsdrn data collection
wi~,zt impeding the nvwwta of the diffr coae. Thi. permitted MIl-
lecticn of an .nt~rw data set from a single crystal.
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RESULTS AND DISCUSSICM

1. Synthesis of novel 2-r or-<rng ar sates

In the grnt applicatIan, we prtposed to er*tex on the synthesis of'a
rnw fanily of fluorescent CP's in which the fluorohcore would be 2-na-
phthol; this choice was based on the ip•rted spectroecopic prieerties of
probes based on aromatic hydrotyl derivatieu, which exhibit excited state
ionizatilon costants very different frcm thome obeerved in the ground
state (29), a fact which is reflected in their fluixrene. Thz Jhe rate
of prot$n transfer which such probes undergo is ausitive to the avail-
ability of proton acceptor= and donors, as well as to their pKa; their
fluorescec, in protein ocnjugates, hLould be highly oonformetcon-sensi-
tive (20), and particularly suitable for detectirg the putative confcora-
tional changes involved in aging. The synthetic approach which we haew
O5p~td is based on the aoe-monticroed work of Laws at &1. (20), in which
the lactone 'of 2-thoxy-l-napthallen acetic acid (MAO) was used as a
reagent for attachent of the 2-naphthol probe to proteins. In our case,
KW was initially used in a coupling react'-on with an apropriate ano
alcohol side arm, to yield, an addhct, which could then be ooupled with a
suitp0ble activated CO. IIndeed, in the initial phase of this project, MM
was ccuplwer, vi& an amincethA.nol extension arm (II). to a pkxsrochlori-
date (III), so a to obtain the desired fluoresoer CO (IV), as shoxn in
Scheme 2.

NCMI I 00

I~#e

"$OOCO.~i e4, lo

SCMIEf 2

However, as is also depicted in Schn 2, reactlon occurred preferentially
'with the aromatic hydroxyl group, Iedirq to formation of an O-aryl ester
(V), rather than to the expected ligand (IV). So as to obtsin a suitable
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Separaticu of IX fron the r-actIon mixture pt difficult since the
chloridate is vey sensitive, to hydrolysis. So am to overcom this prcb-
lem, wedecided to replace the chloride by the Lp-nitraphenoxny (pIP) grcup.
and, t.lareby, to obtain bi-Opnt-wr! N-(2(2-bycn~hl
actmd~tyadoOohrmdt ((Pi'P )2p) (XI). We attu,,ted to
obtain this compound by the procedure outlined in S&mus 5..

-0

SOfm 5

17? yield of te desired product (XI) obtained by this procedure was not
satisfactory. Another synthetic aproach was, therefore, adopted. 'This
iiwolved synthesis of big- (p-nitrctw•7yl )phcphorochoridate (XII), and
its reaction with VI to yield the expected product, XI, as sh1wn in Scheom
6.

(.e)P•)c,, .* . -w --. " (OWe),P(o)C,

willi Xil

v I

mes
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Due to the instability of the intermediate, XII, it wa not isoated from
the reaction mixture; instead, after the first react~~tn had gore to comn-
pletia'n. as indicated by mn~zitoring its program by P-RU sectroeaopy.,
caw .quivaleit of V1 was added to the reaction mixture. XI. prepared by.
thi~s pat~way, wiaq, 1 solated by dr'"watograrkmy on silica gui, ad cheracter-
lied by -Hand -P-NMR'.

Although we waex riot yet satisfied with the purity of the tow
fluorescent OP's, w-A tested their anti-A~E and anti-Cht activity so as to
obtain preliminary data pertinent to the envisaged larg-scale preparaticon
of the correspondingj OP-Cht cojugates. web thought that d im nitial eata
would also help us to evaluate programs in ispmroing the haugeneity of
thee. ligarxi. The following bimolecular rate conrstants for th inhibi tion
of 0*t and Eleqtropru AOhE were calculated from the Initial sloses of
curves obtained by plotting the log of the percent of the raildael armyeic
activity vs. the time of reaction of the esterase with then MV

Chi A £h(90;

E(pRr)NRA 300 900

(POP) 2NPA 8300 450

Rate constants are 14- 1min-1.

It stouild be manticned that the ssui-logarlthmic plot of Iec~ residual
activity vs. time deviated from a straight line, and only 70-904 of
enzynic activity (deperruing on the source of uwzynm and the m~erijmantal
ccrd~iticai) was inhibited, despite the presence of a large exces of
linhibitor over enzyme in the inhibition mediu~m. Since both izltbitora are
slowly hydrolyzed under the experimntal~l vatditiram am~loyed, ad in view
of cur observation, that both slow, sprzntancus reactivatioun and aging

__ Lea, more exper~iments will be necessary in ords to clarify the
mmcheniam(s) underlying the inhibitiona patterns displayed by the two OP's.
It shoculd be emphrasized t-hat the relatively low potencies of both ligards
as inhibitors of AChE airS Cht tend to complicate calculaticn of the indi-
viclial rate constants for tne varicus proccases which ocu similtaneoaly
during the time required to, achieve sini~ificant inhibitionr. 7hese pro-
cesses include sponrtaneous hydrolysis of the inhibitor, as well assponta-
ne"u reactivaticon and aging of the inhibited uizyrr. More experiiunts are
unrderway to clarify the above. In particular we will place emphasis car the
ultra-p~irificaticrr of the two novel fluorescent OP'sa so as to mnirm the
inhibitionr profiles obtainead so far.,

_.2T~tv studies can the conforrnatIcaral stabilit of age &,d ncn-
agdccniugate of Cht

crre raasmn for the resistardce to reactivatic,' displayed by aged OP
conjugates of serine hydrolases might be the fonrmsat,, of a hM-kngsn bond'
(or bonds) as a result of the aging reactionr, e.g., between the rewly



PAGE 14

formed negative charge on the phosp•mte group and the active-site histi-
ditn, which, in turm, oculd 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 &
Goasdua (21), who used the transverse urea gradient technique of Creighton
(30) to demonmtrate an ir=reased resistance to un.fold•ng of an aged OP
conjugate of human serum chl~inesterase. Wo decided to study this putative
.. formational stabilization 11re. directly oy mnitoring the circular
dichroiam (CD) spectra of homologous pairs of aged and rxo-aged OP conju-
-gates of Mt as a function of the cocentration of the denacuring agent
.anidine hydfrochloride (GUM.Cl). Two sets of onjugates wre studied: a)
i-pyreneb-tyl ethyl p sri-Cht (PBEP-Cht; rn-aged) and i-pyrenebutyl
hiJP yl-Cht (PBP-Cht; aged). The prepAAtion of these flt.res-
oent OP conjugates and their characteiIzaticn by "P-NMR and f'uoresoao
spectr ecopw was wwlier carried out and reported in the funrwok of
Gant No. D4A&-17-83-G-9548, and published (17, 18). b)
diethyiphoisptry-alt (DEP-Cht; n-aged) and miraoethy4?iosp*i yl-OCt
(MeP-Oht; aged). Am will be apparent in the following, the pyrene-ccntain-
ing pair of OP ccnJugates permitted compariscn of changes in the active-
site region in the course of denaturation, while the secon set of conju-
gates permitted monitoring of changes in the CD spectrum which oould'be
ascribed principally to the contribution of the peptide bonds of the poly-
peptide backbone.

Figs. I and 2 compare the CD spectra of PBEP-Cht and PBP-CMt in the
range of 0-6 M Gu.HM. As we have already reported (17), there is a sig-
nificant difference in the CD spectra of the two oonjugatas in their
native state, in the region of the pyrene absorption band, at ca. 350 rnm,
which Indicates a significant difference in the geometry of tho OP group
in the active site pockets of the two conJugates. t~o increasing the
Ou.HC1 concentrations much lower than required for total inactivation ,of
the enznme (2-3 M). Reactivation studies carried cut with 3-PAM (18, 31)
drcratrated that the ability of PBEP-Cht to'undergo reactivation is not
izrITawr1 as long as total denaturation has rot been achieved. All oonfor-
mntional transitions observed above 310mn, and at GU.HCI ooncentraticne
below 2 M, thus appear to result from different orlentations of the pyrsiw
Probe within the active site rather than from disruption of the site
itself. There Is, however, a marked difference between the terrmncies of
PSEP-Cht and FBP-Cht to undergo such orientational changes. The rnm-aged
conjugate undergoes JMre such reorientations, the first occurring at a
GuM.Cl concentraticn as low as 0.3 M; in contrast, the first such rxoien-
tation observed for PBP-Cht occurs at only 0.7 M GU.HCl. If one miitors
the changes in ellipticity at 230 run, one again sees a clear difference
between the two conjugates. The midpoint of transition for PBEP-Cht lies
at ca. 3 M GU.HCl, whereas that for PBP-Ct lies at ca. 4 M QU.HMC. The
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CD data thus suggest that the aging reaction produces both a local stabi-
lization of the pyrene chra¶Ehre within the active site ard a MOre gin-
eral a' -bilizaticn of the protein as a whole (Fig. 5A).

is. 3 and 4 sho~w the correspcrin dependene of the CD spectrum on
GUW.W onientration for DEr-Ct and MO'-Cht. In the case of this pair of
ccnjuo tee, the CD spectrun can be ascribed almost entirely to the poly-
peptide bwckbzi, as is shown by the fact that the only major bad is et
ca. 230 ran. Again, the aged form, MEP-Cht, is significantly more resistant
to denaturation than the non-aged form, DLI-Qit. C3%varison of Figs. 3 ad
4 reveals that this increased resistance is similar to that sem for the
pyrene-wtaining pair of conjugates, as.'is to be expected if the yrinci-
pal contribution to stabilization cmss frrm an interaction of the neg-
atively charged oxygen an the phosphate atom with a positively daged
group in its vicinity. (Fig. 5B).

3. Preparation of noa•-a ed 1 OP M__ Satn of Cit in the -
line state

X-ray crystallography is, at present, the only way to directly eluci-
date the three-dimensicnal structure of a protein. Comparisom, by X-ray
crystallography, of aged and non-aged OP conjugates of Cht and, subse-
quently, of AChE, would thus yield direct information, at the molecular
level, regarding the ocniforraticnal change underlying the aging process.
In the case of ACME, although we now possess a crystalline form suitable
for X-ray studies (32), the three-dimensional stxucture of the enzyme has
still to be worked out. In the case of Cht, the structure is well known
(19). It was shown earlier by Sigler & Skirmer (33) that ot-Cht in the
crystalline state could be almost fully inhibitud by dilsopriyl, psmho-
roflucridate, although thet-e authors did not carry cut a high-resolution
study so as to elucidate tho geometry of the CP-Isnhbited active site. ThI
advantage of such a procedure, as ýIsed to crystallizaticn of a pre-
formed CP-enzyme conjugate, is that, if succetsful, it permits preparation
of OP-Cht conjugates Iscmvrahus in crystal structure with the irundified
enzyme. Since, as already ment~ioned, the three-dimesional structure of
Cit itself is already krnca, the structures of the corresponding conju-
gates can be readily solved. Thus, for examle, Rings at al. (34) have
recently adapted this approach to study the ccnformaticial changes induced
upon inactivation of Cht by 5-benzyl-6-chloro-2-pyrcneu* it has not, how-
evr, yet been adopted for seeking conformaticnal differences between non-
aged and aged OP-Cht conjugates. Obriocsly, the same OP's used to prodkce
the hcmologous pair of aged and non-aged conjugates, DEP- and r47-Cht, in
solution, as was done above for the CD studies, could be similarly uti-
lized to produce the correspnidng crystalline conjugates by soaking the
Cht crystals in them under suitable experimental conditions. Such an
&proac/i was initiated over a year ago, in collaboration with the group of
D.. Joel Sussman in the Dept. of Structural Chemistry at the Weimsann
Institute. We began by producing crystals of r-Cht suitable for X-ray
d~ffraction studies by crystallization from awmniium sulfate (27). We
were then able to show that such crystals can be inhibIted >80% by parso-
xon, withut damage to their structure, by exposure to the OP, for about 1
month, in the same (NN4)2S04 solution us"ed fur crystallization: they thus
yield a DEP-Cht cry-stal iscmorrhrus with that of the .;nmodified, native
protein.

X-ray data for I-Cit were ollectod out to 1.99 rsol•utio fran a
single native crystal, ising the shcxrk cooling procedure (28), and with
data collected at -l15r'C. The crystals are of the same form as previously
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repted (27), with space u P42212, and the unit cell at low tImpere-
ture is a-bo-69.1R, c-96.4d (at room-temperature amb-69.7R, c-97.4R). The
native sructure was refined by a least-squares procedure, starting from
the room-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.IR data set at -150 0 C. The unit cell dimensions were
a-b-67.CR, c-95.8R, a 0.9% increase in ces3. volume over the low-tempera-
ture native cell volume. The DEP-Cht structrwe was refined starting from
the refined low-tmperature native coordinates. The current R-factor of
the oonjugate is 21.9%. The F -F.at map has its highest peak within
bonding distance of the active-s.e 0 195 hydroxyl oxygen and it permit-
ted fitting of the DEP moiety to the difference electrm density.
Comparison of the two strctures, using an Evans & Tutherland computer
graphics system showed that the distance between Ser 195 Or and His 57Nc2
was reduced from 3.43 R in the native enzyme to 3.05 R in the conjugate.
This result indicates that binding of the OP group at the active site
induces a sizeable conformaticnal change. In the DEP conjugate, the His
57 side chain is also in proximity to the OP moiety. Thus the distance
between His 57 Nc2 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 Nc2 of the imidazole moiety participates in the aging
reaction by stabilizing a catbuium icon intermediate.

4. Preliminary studies on the inhibition of Torpedo AChE b! pyrene-
tsining fluorescent crganohosphates

During the final quarter of the period covered by this report, we
initiated work on AChE ZiLm Torpedo californica. We consider the Torpedo
enzyme moe suitable than Electrophorus AChE for ccntinuation 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 Tor AChE is
available as a result of the cloning and sequencing studies of Palmer
Taylor and his associates (36, 37), and because the recent crystallization
of a dimeric form of Torpedo AChE in our cn laboratory, to yield crystals
of a quality suitable for X-ray crystallography (32), makes it likely that
the three-dimensional structure of the Trpedo enzyme will become avail-
able. Accordingly, we intend to use, in our spectroscopic studies, the
same highly purified preparation of G2 ACdE which we are using to
obtain crystals of the enzyme (32). So far we have inhibited this AChE
preparation with both FBEPF and PBPDC, adopting a procedure similar to
that used for preparation of the corresponding OP-Cht conjugates, and
removing the excess free ligand from the conjugates by gel filtration on a

'Biogel P-4 column. Poth of the OP's sarve as efficient inhibitors of
Torpedo AChE. PBEP-AhE, the conjugate obtained 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. edAChE
similarly reacted with PBPDC was, again as expected, completely resistant
to react~vaticri by 2-PAM, indicating that the aged conjugate, PBP-AChE,
had been obtained. We are now about to initiate studies on the canforna-
tional stabilizaticn of the aged vs. the onri-aged conjugate,' similar to
those performed for Cht. in which we will monitor the CD spectra of the
two conjugates as a function of guanidine ccncentraticn.
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1. A synthetic procedure was developed to attach the fluorescent probe,
2-hydroxy-l-naphthalene acetic acid, v•-a an. et ylenediamlne extenston arm,
to an orgarnphosphxyl residue capable of inhibiting A2hE. The expected OP
was obtained, after considerable synthetic efforts, and was found to serve
as a covalent inhibitor of bot A~hE and Cht. In view of the complex
kinetic behavior observed, further purification will be necessary prior to
interpretation of the data.

2. Two pairs of non-aged and aged stoichiometric OP-Mt conjugates were
prepared and the conformational stabilities of these pairs wer cared
by measuring their susceptibility to guanidine denaturation by mn~itoring
changes in their circular dichroism spectra. For both pairs the aged on-
jugate was found to be sutbtantially more stable than the ccrresponding
non-aged form.

3. An OP conjugate of crystalline r-Cht was prepared by diffusing paraoxcn
into crystals of the native enzyme, to yield an OP conjugate,
diethylphosphcryl-Cht, isomorphous with the native 0ht crystal. This per-
mitted ready elucidation 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 conformaticnal changes unr-hlying aging at
the atomic levei.

4. Non-aged and aged stoichiometric fluorescent OP ccjugates of Torpe
AChE were prepared by its reaction with appropriate prenebutyl-ccataining
OP's. Preliminary circular dichroism measurements reveal significant dif-
ferences between the two conjugates which are broadly sWmilar to those
observed for the corresornding Cht conjugates.
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Figure 1: Circular dichrolsm spectra of PBEP-Cit as a funcq±on of GU.HC1
concentrati.ca. lbe mc~entraticn of the conjugate was 4x3.O-M. The num~-

bers adjacent to eich curve denote the relevant Gu.HMl ocacentraticn.
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Figure 2. Circular dichroism spectra of PBP-Cht as a furcion or Gu.MCI
concentraticn. The coccentratin of ths conjugate was 4x10- M. The num-
bers adjacent to each curve denote the relevant Gu.HC1 ccncentration.
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Figure 3: Circular d.chroism spectra of DEP-Ct as a fu,,cý.n of Gu.HCl-
concentration. The concentration of the conjugate was 4xlO-. M. The nun-
bers adjacent to each curve denote the relevant Gu.HCl concentration.
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Figure 4: Circular dichroism spectra of MEP-cht as a ftx cýIcriof W. HC1
cccentraticr. The conentraticn of the cmJugate was 4xl"0- M. The nzum-
bers adjacent to each curve denote. the relevant i. Hc1 corentraticri.
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