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Abstract

The conversion of cellular prion protein (FiRo the protease resistant isoform (P9Rs considered essential for the progression of transmissible
spongiform encephalopathies (TSEs). A potential therapeutic strategy for preventing the accumulatich isftBriabilize PrP through the
direct binding of a small molecule to make conversion less energetically favourable. Using surface plasmon resonance (SPR)-based technology \
have developed a procedure, based on direct binding, for the screening of small molecules agaimshBbitized on a sensor chip. In this paper
we report some problems associated with the immobilization df Bnio the sensor surface for conducting drug screening and how these problems
were overcome. We demonstrated that the conformational change‘ob®tRe chip surface leads to increased exposure of the C-terminal which
was observed by the increase in quinacrine binding over time, and loss of heparin binding to the N-terminal. In addition, we also report the result
of the successful screening of a library of 47 compounds of known activity in cell line or cell free conversion studies for direct binding to three
forms of Pri® (huPrF, t-huPrP and moPrP). These results show the usefulness of this technique for the identification‘obPiding ligands
and to gain some insight as to their potential mode of action.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction taneously (sporadic type) or can be attributed to genetic reasons
(familial type). Strikingly different from other neurodegenera-
Transmissible spongiform encephalopathies (TSES) are netive diseases, TSEs are also infective (iatrogenic type) and can
rodegenerative diseases affecting animals and hufdqrifhe  be transmitted via transplants, contaminated biological prod-
human form of TSE is known as Creuzfeld—Jakob diseasects from cadavers, blood transfusion, contaminated surgical
(CJD). Formation of amyloidal deposits in affected brain is ainstruments and ingestion of infected materials. The latter has
hallmark of the disease similar to many other neurodegenebeen observed in humans after consumption of cattle affected by
ative conditions such as Alzheimer’s disease. These deposit®ovine spongiform encephalopathy (BSE) and has been termed
are constituted mainly of aggregated prion proteins in a misvariant CJD (vCJD). No effective treatments for CJDs are cur-
folded state. The cause for the misfolding/aggregation of theently available, nor has a bio-molecular component been fully
host proteins at a molecular level is unknown and occurs sponalidated as a drug target. However, it is believed that the forma-
tion of protease resistant insoluble prion protein f®Rvhich
is the main component of amyloidal deposits, from the cellular
Abbreviations:  TSE, transmissible spongiform encephalopathy; CJD, prion protein (Prf), is essential for the progression of the dis-

Creuzfeld—Jakob disease; PfPprotease resistant prion protein; Preellular ease. Therefore, both F¥and Pri€ are currently being used
prion protein; GAG, glycosaminoglycan; SPR, surface plasmon resonance; RLéS potential drug targe{E].

response units; huPfPfull length human Pr; t-huPrf®, truncated human PrES is a membrane brotein of unknown bhvsiological
PrF°; moPrF, full length mouse PrP P phy 9
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(AA51-91), a globular C-terminal domain (AA111-230) 2. Materials and methods
which contains two glycosylation sites (Asn181, Asn18])
and a glycosylphosphatidyl-inositol (GPI) anchor (Ser230)2.1. Materials
[7]. Several compounds are known to interact directly with
Pri including the natural binding partners heparin and N-hydroxysuccinimide (NHS)y-ethyl-V'-(3—diethylamino-
glycosaminoglycans (GAGYB-11], copper[12—16] nucleic  propyl) carbodiimide hydrochloride (EDC), 1 M ethanolamine,
acids (RNA and DNAJ17-21] plasminogenf22,23], laminin ~ HBS-EP buffer, surfactant P20, regeneration solution (10 mM
receptorg24], PrP fragments and PrRtself [23]. Other bind-  glycine—HCI, pH 3.0) and CM-dextran (MW 13000 Da)
ing partners have been reported including various antibodieaere purchased from BlAcore. Sodium phosphate, ethylenedi-
[25,26], Congo Red and quinacrin@7]. However, only one aminetetraacetic acid (EDTA), sodium chloride, sodium hydrox-
compound, quinacrine, can be considered as a small drug-likde and dimethyl sulfoxide (DMSO) were purchased from
molecule. Sigma—Aldrich. Bovine serum albumin (BSA) was purchased
Several studies have reported binding events between PrRrom New England BioLabs. Recombinant full length human
and antibodies, heparin and plasminogen using surface plaprion protein (huPrf), truncated human prion protein (t-
mon resonance (SPIg,23,25,28,29]In all of these studies the huPrP) and full length mouse prion protein (moFjPwere
quantity of Prl® immobilized on the SPR sensor chip was low kindly provided by the Institute for Animal Health (Compton,
(500-1000 RU). Baseline instability was not reported in any ofUK).
these studies although changes in binding behaviour of PrP  All compounds in the test library were purchased from
to some antibodies raised against the N-terminal epitopes ov&igma—Aldrich except the dicarbonitrile compounds, which
time was observe[6]. were from Maybridge, UK andZ-phenyl arginyl-7-amido-4-
As part of an ongoing medicinal chemistry program towardsmethyl coumarin, which was from CN-Biosci, Japan. Com-
the automated screening of potential therapeutic compoungsounds were used as supplied without purification.
against CJD, a direct binding assay for small ligands with
recombinant human prion protein (huP)Rvas explored. SPR  2.2. Preparation of the SPR sensor surface
was selected as an assay platform due to the ease of assay
development, medium sample throughput and automated sam- Biacore 3000 is a commercially available SPR biosensor
ple handling, as well as the reported success of the techniquestrument. It involves attaching one interacting partner to the
as a binding assay for small drug-like molecules against othesurface of a sensor chip and passing the solution containing
drug targets[30—32] However, it is well known that prion the other interaction partner(s) over the surface. The binding
protein binds strongly to metal surfacg3—35] It may also  of molecules to the target attached to the sensor surface gener-
bind to the carboxymethylated dextran (CM-dextran) on theates an evanescent response which is proportional to the bound
gold surface because, structurally, CM-dextran resembles hepiass. No sample labeling is required. In our experiments it was
arin, which is known to bind to prion protein8—11] For  decided to immobilize prion protein on the surface instead of
the convenience and optimal throughput in drug screening fothe compounds to be studied for convenience and throughput.
prion lead discovery, immobilizing PHPon the surface and Experiments were performed using a BIAcore 3000 (BIA-
injecting a compound of interest to study their interactionscore, Uppsala, Sweden) equipped with a CM5 sensor chip.
would be ideal. But drug like compounds normally have aHBS-EP buffer was used forimmobilization of the protein. Prior
low molecular weight between 300 and 800 Da. To observéo immobilization the folded state of the protein was assessed by
binding between a prion protein and those compounds it igcquiring circular dichroism (CD) spectra and comparison with
essential to be able to immobilize prion proteins at a levethe authentic sample as a quality control tool.
between 3000 and 10000 RU and keep the baseline as sta-
ble as possible. A number of problems were encountered.2.l. Standard immobilization procedure
and overcome during the development of an optimal proto- CM-dextran on a CM5 sensor chip was activated by mixing
col for the use of SPR for screening and mechanistic studequal volumes of 100 mM NHS and 400 mM EDC followed
ies. by injection of the mixture over the sensor chip surface for
In this paper we describe the problems associated with thé min at a flow rate of iL/min. The huPr to be immobi-
high huPrf® immobilization levels required for drug screening, lized was injected over the surface for 7 min. The unreacted
possible causes and changes to the immobilization procedusites on the sensor chip surface were blocked by injection of
that overcame these problems. We demonstrate that it is a repbM ethanolamine, pH 8.5 for 7 min.
sitioning of Pr® on the sensor surface that leads to the increased
exposure of the C-terminal, and an increase in quinacrine bind2.2.2. Investigations into optimal immobilization
ing. Interactions between PrRand CM-dextran also resulted in conditions, baseline instability, and its causes
the loss of heparin binding to the N-terminal. We also report the A series of investigations were carried out to assess whether
results of the successful screening of a library of 47 compoundihe commercially available SPR system Biacore 3000 is a viable
of known activity in cell line or cell free conversion studies for tool for screening drug like libraries in lead discovery for prion
direct binding to three forms of P¥P(huPrF, t-huPr® and  disease, and to develop and validate the assay in terms of the
moPrF). high immobilization level, detection limit and baseline stability
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when Prf® is required to be immobilized onto the sensor chip2.2.3. Optimized immobilization procedure
surface. The huPrf was immobilized in the same manner as

described for the standard immobilization procedure. The pre-
pared surface was washed thoroughly immediately after the
ethanolamine blocking step, by three consecutive injections of
25 mM NaOH/1 M NaCl solution at an interval of 8 s. The sur-
face was then equilibrated with the running buffer for 30 min
prior to the injection of sample solutions.

2.2.2.1. Selection of optimal concentration of prion protein for
immobilization. To a given immobilization level of a protein,
the theoretical maximum binding resonance units {gfor a
ligand can be calculated using the following formula:

RU immobilised protei
MW protein

2.3. Ligand binding and screening
To account for the detection limits of the machine and base: .
2.3.1. Sample preparation

line noise (5_10 RU), 40_10.0 RU for a sma_II molggular weight The compounds tested can be divided into two groups: water
compound is generally required at a given immobilization level

; . . o o soluble and water insoluble. 80 stock solutions of all water
of the protein. For a compound like quinacrine, if a binding ofS luble compounds were made using running buffer (10 mM
100 RU is required to be observed on the chip surface, the level P 9 9

. : . : " . Sodium phosphate, pH 7.4, 150mM NaCl, 3.4mM EDTA,
of prion protein required to be |mmob_|l|zed Is around 4000 RU'0.005% (v/v) surfactant P20). Similarly, 800/ stock solutions
calculated by the above formula or vise versa.

/ ) 0
To achieve this, a stock solution of hulSrf0.72 mg/mL) of all water insoluble compounds were made in 100% DMSO.

was diluted in 10 mM acetate buffer at pH 5.5 to concentrationsBOth stock solutions were diluted to the requiredy4d con-

of 10, 5.5 and 2v.g/mL, respectively, and these concentrationscemraltlon using the same running buffer.
were used for immobilization. An optimal protein concentration
of 2 g/mL was selected as the universal protein concentratio
for allimmobilizations as this was sufficient to achieve animmo-
bilization level of approximately 4000 RU. A set of known BrP
binders including quinacrine, Congo Red and heparin atMO0
were used to assess the sensitivity of the system at each im
bilization level. Imipramine and caffeine was used as negativ
controls.

%.3.2. Screening procedure

All assays were run at 2% with a flow rate of 3QuwL/min,
using phosphate buffer as a running buffer (10 mM sodium phos-
phate, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 0.005% (v/v) sur-
mfactant P20). HuPfPwas immobilized in flow cell 2, t-huPfP
was immobilized in flow cell 3 and moPfRvas immobilized in
?Iow cell 4, flow cell 1 was used as a reference. The exper-
iments were designed to systematically compare compounds
binding towards huPf® t-huPrf® and moPrf. Compounds

2.2.2.2. Causes for the baseline increase and methods 10— \pich hound to all three types of PfRre more likely to be C-
improve baseline stability. The binding of quinacrine and hep- e rmina| binders while those which bound to both full length
arin were recorded over a 72h period at an hif#nfmobiliza- protein but not to the truncated form should be N-terminal

tion level of 4000 RU. The sensor surface, prepared using thgingers. Compounds may also show selectivity between human
standard immobilization procedure, was also left running OVeLnd mouse PiEs. Eventually a correlation between binding to
a period of 14 h to assess the baseline stability. The scale of tnﬁoprlﬁ and Pri5¢inhibition in mouse cell lines, huPFrbind-
baseline mcrgase Was.recorded. ) ) . ing and cell line activity could be explored. This interaction
The following experiments were designed to investigate th¢. o provide an insight into the possible modes of action of the
causes of the baseline increase and how to eliminate them: o jine active compounds. For water soluble compounds, each
analytical cycle consisted of running buffer for 1 min (stabiliza-
(2) 8M urea and 6 M guanidine hydrochloride solutions wer&jon phase), a sample injection at @M in running buffer for
injected over the prepared surface to investigate whethef min (association phase) and running buffer for 3 min (disso-
the increased baseline was due to the dimerisation of priogjation phase). Subsequent surface regeneration at a flow rate
protein on the surface. of 35uL/min was carried out using two regeneration solutions:
(b) PrP was mixed with different molecular weight dextrans (i) a 30's injection of 25 MM NaOH/1 M NaCl with 0.0005%
and CM-dextran prior to the injection over the sensor surfacgpg (pH 8.5), (ii) a 35 s injection of 10 mM glycine—HCI (pH
to investigate whether the binding of Fro CM-dextran  3.0). After regeneration the surface was allowed to stabilize for
contributed to the loss of heparin binding to PrP 1 min. The total run time was approximately 8 min/cycle. The
(c) HuPrP was injected over the sensor surface without activasensor chip was usually discarded after 5 days. The data was
tion of the surface to see if the protein attached to the surfacgmaysed and the binding was expressed as %Rbis defined

via physical adsorption. Different washing buffers with var- py the following equation for a 1:1 stoichiometry:
ious properties and concentrations were used to remove the

adsorbed protein. %RUmax = ( RU of compound ’)dx 100
(d) The optimal buffer was used to remove the physically theoretical RU of the compou

adsorbed PP at time intervals between 5 and 30 min to For Compounds using DMSO as a co-solvent, 6.5% DMSO was
select the optimal time for applying the washing buffer to added to the running buffer and a DMSO calibration using buffer
obtain an optimal surface for binding studies and screeningsamples containing 5.5-7.5% DMSO was carried out at the
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beginning and the end of each block of 10 compounds to correct 601
for solvent effects. 0.

2.4. Binding analysis 40

Binding was measured against both huPaRd moPrP for .
a selection of compounds. For aqueous soluble compounds the 201
PrP° surface was prepared using the optimal immobilization 101
procedure. A series of concentrations were injected at a flow rate .
0 24 48 72

of 30 wL/min over immobilized PrB, and the reference surface
at 25°C. A single injection of each solution was carried out from  (A) Time (hr)
the lowest to the highest concentration and sensorgrams were

Response (%RUmax)

recorded for each injection. The sensor surface was regenerate(
with a pulse of 25 mM NaOH/1 M NaCl between each injection. = 20
For compounds requiring DMSO as a co-solvent, a series of , 9}
concentrations were injected in triplicate, in an ascending order, % % 154
each containing 6.5% DMSO. DMSO calibrationwas performed o ©
and the %RW,ax was calculated. I% o 104

The sensorgrams were then overlaid and the data point & L
obtained at the end of the association time was plotted against ~ % 51
the concentration and analysed using Sigma plot to give dis-
sociation constant(p) for each compound at equilibrium. For 0- 3 30
the data which could not be fitted using Sigma plot XKiaewas (B) Time before regeneration (min)
estimated by interpolation of the concentration at 50%RU

20000 Cnenolamine.
3. Results and discussion 18000
= 16000
3.1. Preparation of sensor surface %’ Eggg Regeneration
8 10000 Activation by Injection of

The standard immobilization conditions, as recommended ﬂ% 2888 L L
by the manufacturer of the BIAcore 3000, were followed using o 4000
huPrf to establish a general protocol. Various protein concen- 2030 _ '""""?2'&@?""“1
trations lead to immobilization levels from 500 to 10 000 RU. 2000
In order to accurately measure the interaction of small com- 0 600 1200 1800
pounds with huPr®, an immobilization level of approximately ) Time (sec)

4000 RU was selected. A protein concentration pg2mL was  Fig. 1. (A) Bar chart of quinacrine binding to immobilized huPra 0, 24, 48
used for the immobilization. A set of compounds including and 72 h afterimmobilization. (B) Time dependant removal of adsorbed fuPrP
Guinacrine, CongoRRed and heparinapdf each were nected 121 S1° T 00T e oo (s e, (92
to eva,luate_ the bmdmg assajaple J. Binding was qbgerveq rﬁgdified immgbilization protocol. Ag clear reduction of the baselin)e/ d?]ring the
for quinacrine, heparin and Congo Red, but not for imipramingegeneration was observed.
and caffeine. However, a regeneration step for removing bound
compounds was required for Congo Red and heparin, whereas
quinacrine dissociated completely without the need for anyation of the regeneration solutions, no change of the baseline
regeneration. Different regeneration solutions were evaluated fdevel other than the baseline increase was observed indicating
their ability to regenerate the surface. It was found that Congdhat even at various pH levels and/or ionic concentrations the
Red could only be removed using a sodium hydroxide-basegroblem remained. Furthermore, the baseline increase could not
regeneration solution (100 mM NaOH). Unfortunately at such éhave been caused by contamination of the needle or injector
concentration there was a risk of causing damage to the immdslock with huPri®. A decrease in SPR response with time would
bilized protein, therefore a more dilute regeneration solution obe expected because a variation in the amount of HuBefhg
25 mM NaOH/1 M NaCl with 0.0005% SDS followed by 10 mM washed from the other surfaces onto the flow cells upon use of
glycine—HCI, pH 3.0 was selected. regenerating solutions would occur.

During these measurements an average increase of the base-To eliminate the possibility of dimerisation of huPrRn
line of up to 1.0 RU/min was observed, which was too high tothe chip surface or tight protein—protein interactions between
achieve the reproducibility required for our assay. InterestinglyhuPrf on the surface, two denaturing solutions (8 M urea solu-
an increase in relative binding over a long time period (0, 24, 48ion and 6 M guanidine hydrochloride solution) were injected
and 72 h) was also observed for quinacrifigy( 1A), whichwas  (data not shown). Neither solutions led to a reduction in baseline
initially attributed to a lack of baseline stability. During the eval- level, hence it was assumed that the immobilized protein exists
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Table 1
Ligand/huPr® binding measured by SPR

Quinacrine Heparin Congo Red Imipramine Caffeine
Response after association (RU) 4319.8 101.8+ 5.1 817.2+105.5 -94+1.0 -33+04
Response after dissociation (RU) -04+04 85.7+ 7.3 507.5+100.3 0.1+ 0.24 2.1+ 0.3

Binding of five compounds at 40M (positive and negative controls) to hufSrBfter association and dissociation. Average of three consecutive injections with
standard deviations.

in @ monomeric state and protein—protein interactions were nafitude. The huPrPsurfaces showed a significantly bigger drift
the cause for the baseline drift. _ o using the standard procedure (0.3338.1414 RU/min). How-
The positive drift of the baseline, the increased binding ofever, using the modified immobilization reduced the baseline

quinacrine and decreased binding of heparin over the time drowgrift by more than 50% when compared to the standard proce-
us to investigate the possible interactions between the proteiure (0.1346t 0.0869 RU/min).

and CM-dextran. HuPfPwas injected onto a sensor surface  The surfaces generated by the modified immobilization pro-

(CM 5 chip) which was not activated. As expected, the proteircedure were evaluated again against our set of test compounds.
was physically adsorbed onto the sensor surface due to the ionite binding of quinacrine remained, but still increased, whilst
interactions of the positively charged huPnRith the negatively  heparin binding decreased rapidly over time. Regeneration of
charged sensor surface. When mixed with different moleculaghe protein on the surface was time dependant indicating a cer-
weight dextran a significant reduction in Sretbsorption was  tain repositioning of the huPfRon the chip. However, there was
observed while mixing with CM-dextran completely inhibited no direct evidence from our experiments to indicate a change in
Pri° absorption. This showed that Prihteracts with dextran  the tertiary structure of the huPtRn the chip surface, as was
and binding of PrP to the negatively charged CM-dextran led proposed by a study describing reduction in antibody binding
to PrE changing from positively charged to negatively charged towards the huPf®[26]. It is quite possible that immobilized
therefore unable to absorb onto the negatively charged surfagaF gradually binds to CM-dextran on the surface. This could
via electrostatic interactions. Attempts to remove the protein bause the repositioning of the protein on the surface leading
injection of either acidic solution (to protonate the surface) orto greater exposure of the C-terminal and therefore an increase
a basic solution (to deprotonate the huBrRrere only partly  in quinacrine binding, while the N-terminal becomes occupied
successful, indicating that the observed interactions were n@ly CM-dextran, therefore the heparin binding is lost. Interest-
exclusively due to physical absorption caused by ionic interacingly, the antibodies showing the most severe loss of binding to
tions. Furthermore, removal of the adsorbed hPBm the  the prion protein in the study previously mentioned were raised
surface was time dependent. Up to 95% of the adsorbed fu PrRgainst epitopes of the N-terminal regi@]. This loss of anti-
was removed if the surface was washed with a 100mM HChody binding could be explained by the interaction observed
solution within 5min. A longer incubation time between the petween the huPAPand the CM-dextran. Furthermore, the low
protein and the surface led to an increase of the protein, whicfevel binding of heparin ¢3%RUnayx) immediately after the
could not be removed by the washing proced&ig(1B). Sim-  jmmobilization indicates that the binding between ®réhd
ilarly, when a 25 mM NaOH solution was injected 15 min after CM-dextran is a very fast and irreversible process (reaction com-
the adsorption of huPf95% of the huPrPwas also removed.  pletes within 15 min), or that CM-dextran holds the P the

Two washing procedures were tested, one of which wasurface in a specific conformation which makes the binding site
regeneration before the ethanolamine blocking step while thfyr heparin unavailable.
other was regeneration after the blocking step. Both regenera-
tions were equally efficient at removing hurRand reduced 3.2, Screening of a library of cell line active and inactive
the baseline increase, but washing after the blocking step Wa$mpounds
selected for its ease of integration into the standard settings
(Fig. 1C). A 25mM NaOH/1M NaCl regeneration solution  The existing screening protocol for compounds as potential
was used for the procedure as this solution has been shovemti-prion agents focuses on the use of cell and animal models
previously to be ideal for removing adsorbed huRrBsing  and cell free conversion assays. Compounds which have been
this modified immobilization procedure the baseline drift wasscreened in such systems were assessed for their ability to bind to
reevaluated. Four different surfaces were produced on a CMBrF° by the SPR method described above. Compounds which
chip; a blank surface (no protein), a BSA surface (as proteirare known to be both active and inactive were screened. This
reference), a huPFPsurface (prepared using the new immo- included nucleic acid derivatives, amino acid and peptide deriva-
bilization procedure) and a huPrBurface (prepared using the tives, antibiotics, dyes and a variety of other compounds such
standard immobilization procedure). The baseline was observeas phenothiazine derivatives, all of which were soluble in either
over 100 injections of running buffer, totaling approximately water or DMSQ[2,36—44] For many of the active compounds
2000 min. The blank surface showed a very small negative drifthe mechanism of action is unknown, however, by assessing the
(—0.0170+ 0.0045 RU/min) whereas the BSA surface showedability of active and inactive compounds to bind to huPr&s
a small positive drift (0.0158 0.0023 RU/min) of similar mag-  well as to t-huPrB and moPrf, it might be possible to begin to
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understand these mechanisms. By comparing the results of thisoPrF, but not t-huPrf. Chlorpromazine binds only weakly
study with those of published work in which the compounds haveo huPrf® at 40uM. However, at a much higher concentration
been screened for their ability to inhibit conversion of tB  of 100.M, both compounds, like quinacrine, showed binding
PrP¢ in cell line models, or in cell free conversion assays, ato all three species of PFPsuggesting that they might share
number of conclusions regarding possible modes of action catne same mode of action as quinacrine. It is interesting to know
be made. that promethazine hydrochloride, promazine hydrochloride, and
The compounds screened for binding to the three forms oiimipramine hydrochloride showed some binding to both h&GPrP
PrP* were divided into sub-categories depending on their antiand moPrf at 100u.M, but none to t-huPrPshowing that they
prion activity as reported in the literature. From the screeningare N-terminal binders and may not act by the same way as
a number of compounds, which showed binding to hPtP  quinacrine. The mechanism of action of these compounds is not
huPrP and moPrf were observed. These can be classed asnderstood, but it is possible that they may interfere with the
either multiple site binders (>130%Rldy), strong 1:1 binders  conversion of PrPto PriC. The results presented here suggest
(>50-129%RUhay), or weak to moderate binders in a 1:1 bind- that the direct binding of phenothiazines to PrRay play a sig-
ing model (>5-49%RWax). A compound was classed as not nificant role in the mode of action. The binding of quinacrine to
binding if the response was small enough to be termed not sigiuPrF is stronger than the other active phenothiazines exam-
nificant after visual assessment of the appropriate sensorgranised in this study; it is possible that its effectiveness is related to
its affinity for Pri as there appears to be a correlation between
3.2.1. Cell line active compounds strength of binding and activity in cell line models. It has been
16 out of 21 cell line active compounds were shown to bindsuggested that concentration of phenothiazines by lysosomal
to huPrf® at 40uM (Table 9. A selection of these compounds trapping may lead to an increase in oxygen species, which may
was also screened at 1AM and against t-huPffand moPrP. in turn cause PrPs to become more susceptible to protease action
Compounds which showed high levels of binding to hdPrP at lysosomal pH51].
at 40p.M and after which the surface could not be completely A collection of compounds that were shown to be active in a
regenerated following injection, were not rescreened against thecrapie infected cell line by Perrier et al. were also screened
other forms of PrB. Binding to t-huPrf was, in most cases, for binding to huPrf. These compounds are mimics of the
less than that observed for the huPe® 40.M, whereas no sig- dominant negative PFPmutants that inhibit the formation of
nificant difference was observed between hPaRd moPrf. Pri=¢ [2] and it is believed that these compounds act to pre-
The anti-prion activity of azo dyes such as Congo Red isvent prion replication by blocking Pfprotein X interaction,
well documented. Congo Red has been shown to have antithough no direct evidence for this is available. The results
prion activity in a number of different systems both in vitro of this investigation show that direct binding to Brmay be
[45-47]and in vivo[48]. Congo Red has also been shown toinvolved in the mechanism of action of some of these com-
bind to PrP amyloid plaqueig9] and acts by preventing the pounds. However, the binding of these compounds to HyPrP
accumulation of newly formed P#Prather than by destabilising t-huPrP and moPrP varies widely, and those compounds that
existing PrP¢. It has been suggested that Congo Red, and simiare the most active in cell lines do not necessarily bind most
lar sulfated glycans, compete with endogenous sulfated glycarstrongly to huPrf. 2-Amino-6-[(2-aminophenyl)thio]-4-(2-
(which may be involved in the formation of P¥® for binding  furyl)-pyridine-3,5-dicarbonitile (Cp-60), which is an inhibitor
at the glycosaminoglycan (GAG) site on BrBnd thus inhibit  of PrPCreplication in cell line assay&], did not bind to huPrP
Pri=¢ formation[10]. The binding of Congo Red and other azo at either 40 or 10Q.M. The analogue of Cp-60, 2-amino-6-[(4-
dyes to huPrP has been confirmed in this investigation. Congochlorophenyl)thio]-4-(2-furyl)pyridine-3,5-dicarbonitrile (A4),
Red was shown to bind most strongly compared with the othewhich has a similar 16 to Cp-60, showed clear binding to all
dyes that are known to be active in cell lines. three species of PHRat 40uM. The other two analogues A3 and
Derivatives of acridine and phenothiazine have also beeA5 seem to be selective towards t-huPrRs no direct evidence
shown to inhibit Pri¢ formation in cells chronically infected is available as to the mechanism of action of these compounds,
with prions. Promethazine, promazine, chlorpromazine, aceand whether the effects observed are caused by disruption of
promazine, imipramine and quinacrine dihydrochloride are alPrP-/protein X interactions, it is possible that the binding to
known to be effective in inhibiting PA® formation in scrapie PrP° observed, especially the binding to the C-terminal of PrP
infected cell§40] and were all assessed for bindingto hUBtP  may play a role in the mechanism of inhibition.
huPrP and moPrP. Three out of six compounds showed varied ~ Generally, the binding of dicarbonitiriles to Fri relatively
degrees of binding to huPrRat 40u.M, two bound to moPr®,  weak when compared to compounds such as Congo Red, which
butonly quinacrine also bound to t-hur& 40pM. Quinacrine  may be further evidence as to their differing modes of action.
has been shown previously to bind to Pty SPR50]and NMR ~ Compounds that are active in cell lines, but that bind weakly
[22]. It interacts with three C-terminal residues (Tyr225, Tyr226to PrF, may elicit their effects through interaction with other
and GIn227) and the results of this investigation support théactors such as protein X.
NMR study and binding of quinacrine to all three species ofPrP 1 N8-ethenoadenosiné-Bhonophosphate disodium salt (Cp-
was observed. At 100M all six compounds interacted with 7) did not bind to either form of PfPat any of the concentrations
huPrP and moPrf and three bound to t-huPYPAt 40uM  used. As this compound has been shown to produce a non-classic
acetopromazine meleate salt binds weakly to both huRril  dose response in cell line studies it is possible that binding to
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Table 2
Observed binding (%R of cell line active compounds screened against three forms & &r20uM
Compound huPfP%RUnax+ S.D.  t-huPr® %RUnax+ S.D. moPrf %RUna+ S.D. Reference, activity in cell line
Dyes
Congo Red 1782.8 n.a. n.a. [38,39,41](ICs0=1pM) [43]
(|C502 7.5fLM)
Evans blue 809.8 n.a. n.a. [39,41]
Thioflavine S 3823 n.a. n.a. [39,40]
Primuline 326.3 n.a. n.a. [39,41]
Trypan blue 261.3 n.a. n.a. [39]
Direct Red 80 (Sirius Red) 82.0 n.a. n.a. [39]
Phenothiazine derivatives
Quinacrine dihydrochloride 884 + 1.0° 36.9 + 0.5° 101.7 + 0.7° [36,37](ICs0 = 300—400 nM)
Chlorpromazine hydrochloride 139 + 0.9° —23+£0.2 23406 [37] (IC50=2uM)
Promethazine hydrochloride 37 0.7° -3.2+ 0.7 —26+ 0.9 [37] (IC50=8 uM)
Promazine hydrochloride 7217 —6.7+04 144 2.7 [37] (IC50=5uM)
Acetopromazine maleate salt 11.1 + 04° —0.94+ 0.2 6.0 + 0.6° [37] (IC50=5uM)
Imipramine hydrochloride 3.2 02 -5.3+0.2 —28+0.2 [37] (IC50=10uM)
Dicarbonitriles
2-Amino-6-[(4-chlorophenyl) 847 + 53° 154 +1.2° 754 + 4.5° [2] Cp-60 analogue A4
thio]-4-(2-furyl)pyridine-3,5-dicarbonitrile (IC50=18.6p.M)
2-Amino-6-[(4-chlorophenyl) thio]-4-phenyl 0.2+ 0.2 114 +1.7° 19+ 0.5 [2] Cp-60 analogue A3
pyridine-3,5-dicarbonitrile (ICs0=35uM)
2-Amino-6-[(2-aminophenyl) -03+11 —21+04 -12+13 [2] Cp-60 (IGo=18uM)
thio]-4-(2-furyl)pyridine-3,5-dicarbonitile
2-Amino-6-[(4-chlorophenyl) thio]-4-(2- —-3.8+ 3.2 16.7 £ 2.2° -11+33 [2] Cp-60 analogue A5
thienyl)pyridine-3,5-dicarbonitrile (IC50=15.5uM)
Nucleic acids
1,N8-ethenoadenosine 5¢c-monophosphate  5.03=+ 0.9 0.8+ 0.6 1.7+ 1.8 [2] Cp-7 (not classic dose
disodium salt response)
2',3-Di-0-acetyladenosine 43 0.2 1.1+ 0.3 1.4+ 0.1 [2] Cp-32 (1Gso = 60M)
Miscellaneous compounds
Copper(ll) phthalocyanine tetrasulfonic acid 311.3 n.a. n.a. Phthalocyaniri@3] (PrF¢
tetra-sodium st 3% of control at 1Qug/MI)
Valproic acid® 1398 n.a. n.a. Antiepileptic drufB5]

(treatment of ScN2a cells

causes increase in Fi§
Suramine 399.3 + 0.9° 128.1 & 2.1° 3635 + 1.5° Lysosomotropic ageri86]

(ICs0=12.3uM)

Bold values indicate compounds classed as binding t& RtRIOuM. Results are mea# S.D. of three individual injections; n.a.: compound was not screened
against the PrPform as indicated.

2 SPR surface could not be completely regenerated following injection of compound, therefore results are from single injections only.

b Compound showed binding at 1001

Pri does not play a role in its mechanism of action. Similarbinding to Pri® mightinterfere with the interaction of PrRvith
results were observed for 2,3-GHacetly adenosine. Pri=¢ or other factors involved in the conversion process.
Tetrapyrrole compounds such as porphyrins and phthalocya- The binding of another compound, valproic acid, to hPrP
nines have been shown to be inhibitors of ¥¥[36]. Cell free  was demonstrated. It has been shown to cause an increase in lev-
conversion experiments suggest that the mechanism of actias of Prf® and Pri¢in scrapie infected neuroblastoma cells by
involves direct interactions with P¥Por PrPC. Copper(ll)  several orders of magnitud88]. Valproic acid is metabolised
phthalocyanine tetrasulfonic acid tetrasodium salt was selectdd vivo into a range of metabolites and it is possible that one of
as a compound to represent this class and it clearly exhibitetthese metabolites is responsible for the effects observed in cell
binding to huPrf by SPR. The degree of binding was similar line studies, or that direct binding of valproic acid to huPrP
tothat of the dyes tested, which is not unexpected as tetrapyrrol@s observed in this investigation, could be directly responsible
bear a structural resemblance to Congo Red and are also knovier the increase in PA®levels through an unknown mechanism.
to bind strongly to many proteins, causing changes in proteitetabolites of valproic acid are well known to react with nucle-
conformation. The strong binding of copper(ll) phthalocyanineophiles of cellular proteins and this may also be the cause of the
tetrasulfonic acid tetrasodium salt to huPrfuggests that it is  effects observed in cell line assays.
this direct interaction with PfPthat may be responsible forthe ~ Suramine is a good inhibitor for P¥P formation in cell
effects observed in cell line and cell free conversion studies. Thibne studies. It is a polysulfonated napthylurea, which has
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Table 3
Observed binding (%R of cell line inactive compounds screened against three forms & &r20uM
Compound huPf®%RUnax+ S.D. t-huPr %RUnax+ S.D. moPr® %RUnax+ S.D.
Diverse compoundi2]
4 6-Diamidino-2-phenyl indole dihydrochloride (DAPI) (Cp-14)  258.9 + 3.128 953 + 1.72 2443 + 1.52
3-Nitro-4,4-methylene dianiline (Cp-47) 12.6 £ 1.72 09+1.7 119 + 142
Urocanic acid (Cp-39) 14 34 —-109+ 1.1 —13.3+ 3.7
Allantoic acid (Cp-38) 1.8-1.6 —-7.9+0.8 —-9.9+ 0.6
{[Imino(2-methoxyanilino)-methylJaminonethanimidamide 41+1.0 —25+1.0 25+ 15
hydrochloride (Cp-59)
4-Amino-1-(2-furyl methyl)-2-(methyl —-0.6+ 0.7 -35+0.7 0.7+ 1.4
thio)-1H-imidazole-5-carbonitrile (Cp-76)
2-Amino-4,6-di(2-furyl)-4H-pyran-3,5-dicarbonitrile (Cp-75) -57+0.3 —45+ 0.6 -594+ 0.9
Amino acid/peptide derivativg®]
Z-phenyl arginyl-7-amido-4-methyl oumarin (Cp-¥3) 483.3 n.a. n.a.
PGlu-Gly-Arg-Phe amide acetate salt (Cp20) 60.7 n.a. n.a.
Z-Arg-0-bzl hydrochloride (Cp-54) 29.6 + 0.72 104 + 0.52 2554+ 032
MTH-pL-arginine hydrochloride (Cp-34) 2F 1.4 -39+ 03 -51+ 0%
H-Ala-Arg-OH acetate (Cp-5) 2811 —-58+0.6 -58+1.0
Chloroacetylpr-norleucine (Cp-6) 0.8 0.9 -3.7+05 -3.6+ 0.9
N-phthaloylpr-histidine (Cp-45) 2H 13 —54+22 —4.7+14
Water soluble antibioticf2]
Ribostamycin sulfate salt (Cp-21) 7.4 + 082 -05+ 0.9 1.1+ 08
Geneticin disulfate salt (Cp-19) 10803 -1.6+ 0.68 —-2.6+ 05
Sisomycin (Cp-23) 94 4+ 0.12 25+ 0.2 6.4 +0.12
Streptomycin sulfate salt (Cp-21) 3.0+ 012 0.4+ 0.22 1.0+ 0.2
Butirosin disulfate (Cp-15) 3204 -21+0.2 1.1+ 05
Nucleic acidq2]
Adenosine 23-cyclic monophosphate sodium salt (Cp-29) 4£89.5 —-42+04 -29+03
Adenylyl (3,5) cytidine (Cp-27) 5.3t 1.0 —-1.7+0.3 —-0.4+ 0.5
Guanosine 2 and 3-monophosphate (Cp-33) 362.0 -42+04 -284+1.3
Phenothiazine derivativg37]
Haloperidol 24.6 + 2.52 3.6+ 0.8 202 +3.12
2-Chloro-phenothiazine 44 0.2 -6.8+ 0.8 —4.6+ 0.6°
Clozapine 89 + 232 -1.1+ 05 3.3+ 2.
Carbamazepine —-05+1.0 —-9.2+04 —4.8+ 2.3

Bold values indicate compounds classed as binding t& RtRI0uM. Results are meah S.D. of three individual injections; n.a.: compound was not screened
against the form of PfPas indicated.

@ Compound showed binding when screened atjia0

b SPR surface could not be completely regenerated following injection of compound, therefore results are from single injections only.

been associated with a large number of biological activi- Eight of the 22 compounds assessed from a study by Perrier
ties. Like quinacrine, it is also a lysosomotropic compoundet al.[2] were shown to bind to huPFRvith varying strengths at
(substances that are taken up selectively into lysosomes) add® or 100uM. This is not unexpected because these compounds
has been suggested to prevent $rformation indirectly, were selected as mimics of the dominant negativé PnBtants

or by reducing the metabolic half-life of P¥?[39]. The and were all chosen using the same pharmacophore as the active
endocytic pathway is believed to be involved in the con-compounds, many of which showed binding to huRrRventy
version process from PfPto PrF¢ and suramine may act of these compounds were also assessed for binding to t-AuPrP
via a similar mechanism to Congo Red and PPS in thisand moPrf, of which eight bound weakly to both proteins at

respect. either 40 or 10wM. One of the diverse compounds, DAPI (Cp-
14), which showed strong binding to all forms of Br& 40 and
3.2.2. Cell line inactive compounds 100uM, is used for staining DNA in fluorescence microscopy

A group of 26 compounds were screened for binding toand binds to cellular proteins such as tubulin, and therefore its
huPrf, t-huPrf and moPrf (Table 3, which comprised of  strong affinity for Pri® was not unexpected.
compounds which had previously been screened for activity in  Cp-73 and Cp-20 bound to huBtfbut the surface could not
prion infected cell lines from a study by Perrier et[@], and  be regenerated after the binding and were therefore excluded
those from a study by Korth et #10]. Ten of the 26 compounds from further study. The remaining diverse compounds bound
screened showed varied levels of binding to h§PaP40uM.  very weakly or did not bind to PfP Three of the seven amino
The binding of a further three compounds to huPrias only  acid/peptide derivatives bound to huPr® varying degrees.
observed at 10QM. The results suggest that some small peptides bind t&,PrP
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Suramine sodium salt 4',6-Diamidino-2-phenylindole
dihydrochloride
Compound huPrPC moPrPC
Kp (uM) Kp (uM)

Quinacrine dihydrochloride 15 -
2-Amino-6-[(4-chlorophenyl) thio]-4- n/a* n/a*
(2-furyl)pyridine-3,5-dicarbonitrile
Suramine 8.41 7.31
4’ 6-Diamidino-2-phenyl indole 1.13 1.12
dihydrochloride (DAPI) (Cp-14)
Z-Arg-ONbzI hydrochloride (Cp-54) 103 -

* Unable to get a good fit. Estimated Kp = 20 uM (huPrP€); 55uM (moPrP¢).

Fig. 2. Compounds for which dissociation constaits)(were determined.

although they are likely to be metabolised within cells and this3.3. Kinetic studies of the selected binders
binding may be lost. Four out of five water soluble antibiotics
bound to huPrP very weakly with varying affinities. This was The representative best binders in each substructural class
not unexpected as antibiotics are known to bind reversibly tavere subjected to kinetic studieBig. 2). Quinacrine binding
serum albumin and other tissue proteins and therefore binde huPr® was examined at concentrations ranging from 0 to
ing to PrP is probably as a result of their non-specific nature.30uM (Fig. 3A and B). Nonlinear regression of quinacrine
None of the three nucleic acids tested bound to any form obinding (RU) as a function of concentration gave a dissociation
Pri*, at either 40 or 10Q.M concentration. In conjunction constantkp, of 15uM. The ICso for quinacrine in cell lines is
with the weak binding of the same class of compounds dismuch lower than th&p calculated using SPR, and other in vitro
cussed earlier, this class of compounds is unlikely to yieldstudies Kp from NMR is~4.6.M). This low IC5q value in cell
potential therapeutic agents which act through the binding tdines may be due to the intracellular concentration of quinacrine
Pris. by cell membrane§s2]. Similarly other members of the phe-
Phenothiazine derivatives, which were inactive in cell linenothiazine family might also be expected to have a hidhgr
studies, bound to huPfPand moPrf at either 40 or 10Q.M than 1Gsg in cell lines. Therefore, an intracellular concentration
with similar strength to the cell line active phenothiazines. Thiseffect may be occurring with all members of this family.
demonstrates that the structural similarity of compounds may The binding kinetics for polysulfonated suramine to hdPrP
be significant for binding to huPFPbut that this is not neces- and moPrf are similar and in agreement with itsg&in cell
sarily an indication that a compound will be active in cell line line studies. It is interesting to see that DAPI gave the lowest
studies. Kp value, butis inactive in the cell line studies. It may be due to
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160 out five showed some inconsistent cell line activity, none of

140 - . the five compounds showed any binding to any of the three
species of PrP.

e Six out of 10 compounds in the phenothiazine family showed

5 1004 g cell line activity and they all show binding towards Pri

some degree. This indicates that their mode of action might be

through the binding to PfPas quinacrine was also observed

to bind to this protein.

Four out of six dicarbonitrile-based compounds showed cell

20 4 line activity, but their binding to PfPvaried, therefore it can

only be speculation that their mode of action is via®pihd-

ing, to disrupt the interaction between Prand protein X as

5 5 = = was reported. However, analogues A4, A3 and A5 all showed

120 4

Response (RU
[=2] 0
o o

B
o
!
[ ]

(A) Quinacrine (uM) some selective binding towards t-hurfrhis class of com-
pounds might be selected as a lead structure for developing

160 specific binders for the C-terminal of hufrP
140 { e

= 1201

% i 4. Conclusions

5

§ An SPR system using Biacore 3000 has been identified as a

o useful tool for the screening of compounds binding to®#n

‘ optimal immobilization procedure was developed, which sig-
800 1000 . . . . .
®) 20 _ mﬁcgntly rc_aduced _the observed baseline increase. The intensive
Jime {360) studies of interactions between Br@nd CM-dextran revealed
Fig. 3. Binding of quinacrine to huPfPimmobilized on a sensor chip. (A) that the interactions between immobilized Prénd the CM-
Nonlinear regression of the binding data. The value for the dissociation constaitextran matrix are fast and irreversible. It results in the heparin
(KD) of.t.he binding system is 15M. (3) Sensorgram§ of quinacrine binding to binding site on the N-terminal of P?Pbecoming unavailable
gr(;r:'c\)/lblllzed huPrf. The concentrations of quinacrine used ranged from 0 totherefore heparin binding is weakened and lost over time. It also
' causes the slight conformational change and repositioning of
Pri* on the chip surface leading to an increased exposure of the
the fact that the labile amidino group can easily be metabloiseg-terminal of PriS, therefore the quinacrine binding increases
in the cell or due to its polarity, makes it unable to cross thegyer the time.
plasma membraneZ-Arg-O-bnzl hydrochloride (Cp-54) also  The optimized immobilization and screening protocol
has an amidino group whilst thép is much higher and it is  enabled reproducible binding measurements to be made and led
also inactive. This makes the first speculation more convincingg the development of a more robust assay, which was used to
Further kinetic studies are required for Cp-60 analogue A4 t&creen a library of potential prion disease therapeutics against
obtain a reliableXp or confirm it is a non-specific binder. huPrF. Overall, the screening results show that direct binding
Insummary, screening results from alibrary of 47 compoundso prF€ s likely to play a significant role in the anti-prion activity
of known activity in cell line and cell free conversion studies by of 3 number of compounds. While binding to Friself does
SPR showed some interesting trends: not directly indicate that a compound will have an anti-prion
effect in cell line assays, a compound which binds to%PigP
e In general, compounds that bind to both huPaRd moPrP more likely to have an effect than once which does not. The
showed slightly stronger binding towards huPrBxcept exact role this binding plays in the mechanism of action of these
quinacrine which binds to moPrPreferably. For compounds compounds is not fully understood. However, stabilisation of
(suramine, Cp-14, Cp-54, etc.) which bind to huPemd/or  the native structure with a ligand through binding to specific
moPrf¥, but bind more weakly to t-huPfRit is most likely  sites, which makes conversion to Bffess favourable, or by
that they bind preferably towards the N-terminal of the pro-disrupting the interaction of PFPwith PrP°C, or other cofac-
tein. tors such as protein X, may be possible mechanisms of action.
o All six dyes which have been shown to be active in cell lineFurther investigation of active and inactive compounds that bind
studies bound to PfPvery strongly. In most cases binding to Prf° may help to provide an insight into the mechanism of
exceeded 100%Rkhx and the bound compounds could not action of potential prion therapeutics.
be removed from the chip surface, indicating that these are The SPR ligand/prion protein binding assay described is cur-
mostly non-specific. However, it is quite possible that theirrently employed in the screening of combinatorial libraries as
cell line activity may be due to binding to FrP part of a medicinal chemistry program towards identification of
¢ Nucleic acid-based compounds are unlikely to be a useful leadovel prion therapeutics. Further results will be reported else-
series for therapeutics targeting PrBecause although two where.
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