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available for this purpose. In this paper, we took advantage of
the thermal sensitivity of tyresinase to explore the possibility
that tyrosinase folding can be manipulated. We initially exam-
ined various naturally occurring temperature-sensitive tyro-
sinase mutants such as R402Q, P406L, and R422Q (30). How-
ever, their thermally induced misfolding was not very
reversible and therefore not suitable for experiments to study
maturation.Z However, the folding of wild type tyrosinase was
dependent on the incubation temperature, as we were able to
show using DOPA oxidase activity as a folding marker (Fig.
1A). Although incubation at the permissive temperature did
not resolve the structure to the completely native structure
(Fig. 4A), the molecule still acquired COPII-dependant export-
ability from the ER (Figs. 4C and 64) as well as full DOPA
oxidase activity (Fig. 14). We reasoned that these properties
were adequate to study the dynamic properties of a maturing
cargo profein in the ER.

At present, the expression of chimeric proteins tagged with a
fluorescent protein is the only way to study diffusion in living
cells. We noticed that the conventional methods for transiently
expressing tyrosinase-YFP using lipophilic compounds gener-
ally resulted in massive photobleaching when measured with a
FCS setup. As a result, we first determined how expression
levels affect photobleaching using a glass bead-loading method
(42} (Fig. 1C). The relationship suggests that any detectable
levels of folded tyrosinase-YFP expression significantly influ-
ence diffusion in the ERy but as long as the expression level is
below a threshold, random diffusion should be measurable. We
estimated that tyrosinase-YFP would not be “saturated” in our
setup if the expression level was less than 100 kHz. If we
assume that the diameter of folded tyrosinase is smaller than
10 nm and if the fluorescence count per single molecule is
higher than 3 kHz, as observed, this estimation seems reason-
able because the confocal volume (~0.2 fl), which is estimated
to contain fewer than 33 molecules, is far larger than the
volume that tyrosinase-YFP occupies, Qur first conclusion was
that the observed diffusion was markedly suppressed at the

.non-permissive temperature, as measured with FCS. This is
based on the results that thermally misfolded tyrosinase
showed extensive photobleaching irrespective of the expression
level (Fig. 24). As a result of the limited fluctuation, the auto-
correlation function could not be applied to this measurement
(Fig. 2B, top panel, and C). It is conceivable that this result was
caused by the formation of extremely large aggregates. How-
ever, this is unlikely because the apparent molecular size of the
thermally misfolded tyrosinase was no larger than that syn-
thesized in the presence of castanospermine (Fig. 44).

We thus conjectured that these data indicate a status where
random diffusion is restricted by the cellular machinery. This
regulation would presumably help to prevent irreversible mis-
folding because of large aggregate formation by reducing the
chance of collision between proteins with exposed hydrophobic
patches on their surfaces, and would thereby function to main-
tain foldability in stressful conditions. Various respenses to
stress include suppression of translation, induetion of heat-
shock proteins, and enhanced degradation of misfolded pro-
teins (48). In general, it is thought that aggregation is pre-
vented by the repeated binding of molecular chaperones. Our
conclusion may indicate that there is another cellular mecha-
nism that is used to avoid the formation of aggregates, which
are thought to be toxic (49-51). Indeed, thermally misfolded
tyrosinase showed no particular cytotoxicity, in that it was
possible to obtain COS7 cells stably expressing misfolded tyro-
sinase by culturing them at 40 °C.2 This may be partly because
of the proposed restriction of random diffusion to prevent the
formation of aggregates. The observed slow diffusion could be
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caused by either a regulated association with the immobile
matrix or the association with a matrix whose diffusion is
thermally regulated. One candidate for the matrix is the ER
chaperone network, which is composed of weakly interacting
molecular chaperones and folding enzymes (15, 16). Alterna-
tively, it is possible that cells contain protective structures
whose phase or conformation is altered upon heat sheck.

Similar restriction of diffusion has been described in several
reports. For example, in an analysis of protein transport in the
plastid tubules of the tobacco plant, two-photon FCS revealed
that spontaneous diffusion of expressed green fluorescent pro-
teins in plastids was ~50 times slower than that in the cytosol
(52). Interestingly, they found that the FCS recordings in-
cluded the presence of ATP-dependent active transport, which
alternated with “dim periods” in which only random diffusion
was seen, This active transport could function to provide long-
range transport in a 50-pm plastid tubule. They suggested that
the low diffusion coefficient may be caused by fluid-phase vis-
cosity. Similarly, mitochondrial matrix proteins are thought to
have slow diffusion because of steric hindrance because of a
very high protein coneentration in the compartments (53). In-
terestingly, the dynamics of proteins in the matrix is rather
anomalous. Partikian et ol. (54) showed that green fluorescent
protein expressed in the matrix was as highly mobile as in
water, although large enzyme complexes in the matrix were
almost immobilized, suggesting that the mitochendrial matrix
is organized into a highly viscous peripheral area and a central
region with low protein density. Another well known example
is the nuclear proteins. Extensive FRAP analysis has revealed
that molecules in the nucleus show highly diverse dynamics
{reviewed by Refs. 55-59) that most likely depend on their
associations with DNA, which is nearly immobile on a time
scale of several minutes (60).

We thus think that the regulation of immature tyrosinase
mobility occurs on at least two different levels. At present, our
preferred model is that the FRAP-detectable diffusion may be a
result of the cellular machinery for facilitated diffusion in the
ER network. Considering that immature proteins are trans-
ported through the narrow hollow tubules of the ER to the
punctate COPIl-coated sites, and that the diameter of the ER
tubules are only a few times larger than those of average
mature proteins, it is not surprising that active transport of
molecules in the ER is required for efficient maturation. In-
deed, our current research indicates that the mobility of certain
proteins in the ER is regulated.® Further studies on the dy-
namics of maturing proteins should help to understand why
folding is so successful in healthy cells continnously exposed to
various types of folding stresses that easily terminate folding
in vitro.
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Abstract

Dual color fluorescence cross-correlation spectroscopy (FCCS) provides information about the coincidence of spectrally well-
defined two fluorescent molecules in a small observation area at the single-molecule level. To evaluate the activity of caspase-3
in vivo directly, FCCS was applied to single live cells. We constructed chimeric proteins that consisted of tandemly fused enhanced

. green FP (EGFP) and monomeric red FP (mRFP). In control experiments, the protease reaction was monitored in solution, where a
decrease in cross-correlation amplitude was observed due to specific cleavage of the amino acid sequence between EGFP and mRFP,
Moreover, a decrease in cross-correlation amplitude could be detected in a live cell, where caspase-3 activation was induced by apop-
tosis. This is the first report of FP-based in vivo cross-correlation analysis. FP-based FCCS may become the most versatile method

for analysis of protein—protein interactions in live cells.
© 2004 Elsevier Inc. Al rights reserved.

Keywords: Fluorescence cross-correlation spectroscopy; Green fluorescent protein; Monomeric red fluorescent protein; Apoptosis-induced protease

activation

The fiuorescence resonance energy transfer (FRET)
technique has been used for studying protein-protein

interactions in live cells [1]. However, because FRET.

efficiency strongly depends on the distance between do-
nor and acceptor fluorophores (~10 nm) even in their
appropriate angle, the sizes of the target molecule,
and/or interaction molecule are greatly limited.
Instead, fluorescence correlation spectroscopy (FCS)
[2] can be applied for this purpose, as it provides infor-
mation about the mobility of fluorescently tagged target
molecules at a very low concentration (~pM) in vitro
[3,4] and in vivo [5-8]. FCS measurement is based on

* dbbreviations: FRET, fluorescence resonance energy transfer;
FCS, fluorescence correlation spectroscopy; FCCS, fluorescence cross-
correlation spectroscopy; FP, fluorescent protein; EGFP, enhanced
green FP; mRFP, monometic red FP.
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single photon counting at the single-molecule level in a
defined detection volume (~0.25f]) generated by an

excitation laser beam and fine detection optics. The dif-

fusion constant and the concentration of target mole- .
cules can be determined from the auto-correlation
function (G(z)), allowing-us to monitor their interac-
tions in situ {3,4,8],

An extended technique of FCS, dual color fluores-
cence cross-correlation spectroscopy (FCCS), can detect
the coincidence of two spectrally distinct fluorescent
probes in a small detection area at very low concentra-
tions [9-11]. In principle, this technique is. free from
the limitations of FRET. FCCS has been used to detect
the association—dissociation reaction and interaction be-
tween two molecular species in vitro [12-15]. Only a very
few attempts have so far been made at the cross-correla-
tion analysis of live cells [16,17]. Herein, we will report
the usefulness of fluorescent protein (FP)-based cross-
correlation analysis of live cells. For the quantitative
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evaluation of cross-correlation, we constructed a chime-
ric protein in which enhanced green FP (EGFP) is fused
to monomeric red FP (mRFP) [18] via two types of 29
linker sequences cleaved by either enterokinase [19] or
caspase-3 [20]. For the first time, we report here that cas-
pase-3 reaction can be detected in vitro and in vivo
through the decrease of cross-correlation amplitude
~ due to protease cleavage of a specific recognition se-
quence between EGFP and mRFP.

Experimental procedures

Cell preparation. HeLa cells were grown in a 5% COp humidified
atmosphere at 37 °Cin Dulbeceo’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 2x 10° U/L penicillin G,
and 200 mg/L streptomycin sulfate. Transfection of HeLa cells grown
on LAB-TEK chambered coverslips with cight wells (Nalge Nunc

-International) was performed using FuGENE 6 (Roche Molecular
Biochemicals). During FCCS measurements, HeLa cells were main-~
tained in Opti-MEM [ reduced-serum medium (Invitrogen).

Plasinid construction. Enterokinase (k) or caspase-3 (¢3) recogni-
tion sites were engineered in the N-terminus of mRFP (R) or tandem
mRFP dimer (Rg) by polymerase chain reaction (PCR}. The PCR
products were digested and ligated into the multiple cloning site of
pEGFP-Cl (Clontech), These plasmids encode EGFP (Gyand R or Ry
fusion proteins (EGFP-mRFP chimera), G-X-R and G-X-Ra, in which
X = D4K in the case of enterokinase recognition site, X = DEVD in
the case of caspase-3 recognition site.

Protease assay. Proteins (G, R, Ry, G-X-R, and G-X-Ry) for in
vitro measurements wete produced using a wheat germ extract (cell-
free) translation system (211 First, 10.0 ¢l of EGFP-mRFP chimera
was incubated with 0.016 U/ul of recombinant enterokinase (Novagen)
at room temperature. The enterokinase reaction mixture contained
20mM Tris-HC, pH 74, 50 mM NaCl, and 2mM CaClz. Then
10.0 pl of EGFP-mRFP chimera was incubated with 1.0 U/ul caspase-
3 (Calbiochem) at 37°C. The caspase-3 reaction mixture contained
20mM Hepes-KOH, pH 74, 10mM KC, 1.5 mM MgClz, 1 mM

EDTA, 1 mM EGTA, and 10 mM DTT. For in vivo protease reaction

assay, HeLa cells were treated with 50 ng/ml tumor necrosis factor-o
(TNF-0) and 10 pg/ml cycloheximide (CHX).

Microscopy. Live cell fluorescence imaging was performed using an
inverted confocal laser scanning mictoscope LSMS510 (Carl Zeiss).
EGFP was excited at the 488 nm laser line of a CW Ar™ laser and
mRFP was excited at the 543 nm laser line of a CW He-Ne laser
through a water immersion objective (C-Apochromat, 40x, 1.2NA;
Carl Zeiss). Emission signals were detected at 505-550 nm for EGFP
and >560 nm for mRFP by sequential scanning,

FCCS measurement. FCCS measurements were carried out mainfy
with a ConfoCor2 (Carl Zeiss), which consisted of a CW Ar”* laser and
He-Ne laser, a water immersion objective (C-Apochromat, 40x,
1.2MA; Carl Zeiss), and two channels of avalanche photodiodes
(SPCM-200-PQ; EG&G). The confocal pinhole diameter was adjusted
to 90 pm. EGFP was excited at the 488 nm laser line and mRFP was
excited at the 543 nm laser line. The emission signals were split by a
dichroic mirror (570 nm beam splitter) and detected at 505-530 nm by
the green channel for EGFP and at 600-650 nm by the red channef for
mRFP. FCCS measurements were also cartied out with a Leica FCS
system (Leica). In this system, EGFP was excited at the 488 nm laser
line and mRFP was excited at the 594 nm Jaser line. Emission signals
were detected at 5035-530 nm for EGFP and 607-683 nm for mRFP.

Data analysis, The fiuorescence auto-correlation functions of the
red and green channels, G (r) and Gg(z), and the fluorescence cross-
correlation function, G.(z), are calculated by

(6lf(t)'613(t+t)) (1)
(L)

where 7 denotes the time delay, Iy is the fluorescence intensity of the red

channel (7= 1) or green channel (f = g), Gi{z), G;(7), and G.(7) denote

the auto-correlation functions of red (i=j==x=1), green

(i=j=x=g), and cross (i=r, f=g, and x=¢), respectively. Ac-

quired G(z) were fitted by & one-, two-, or three-component model as

(1) =% ZF,(] 4-%)-l (1 +—s:—tr)hm, (2)

where F; and 7; are the fraction and diffusion time of component £,
respectively. N is the average number of fluorescent particles in the
excitation-detection volume defined by radivs wo and length 2z, and
§ is the structure parameter representing the ratio s = zo/wo. The aver-
age numbers of red fluorescent particles (Ny), green fluorescent parti-
cles (Ng), and particles that have both red and green fluorescence
(N} can be calculated by

1 1
o =g

Gt} =

and N, = Ge{0)

Ne= RZORO} @

respectively. When N, and N, are constant, G,(0) is directly propor-

" tional to N.. For quantitative evaluation of cross-correlation among

various samples, G.(0} is normalized by G,(0) (relative cross-correla-
tion amplitude; G,(0)/G,(0)).

Results
In vitro control experiments

To assess the degree of cross-correlation (G{(7)); see
experimental procedures quantitatively, FCCS measure-
ments were carried out with purified proteins in PBS.
Since the brightness of mRFP is very weak [18], to im-
prove it, we also constructed another probe in which
additional mRFP coding sequence was inserted after
an EGFP-mRFP chimera (EGFP fused to tandem
mRFP dimer). Fluorescent intensity at the red channel
of the G-DEVD-R, was about 2-fold that of G-
DEVD-R (Figs. 1A and C, insets). A mixture of EGFP
and mRFP, which are referred to as MixGR and
MixGR,, were used as control samples against the
linked - proteins, G-DEVD-R and G-DEVD-R,. The
concentrations of the mixture of EGFP and mRFP,
MixGR, and MixGR; were prepared to have the
roughly the same green and red fluorescent intensity ra-
tios as the EGFP-mRFP chimera (Figs. 1A-D, insets).
Amplitudes of auto-correlation curves were almost the
same for G-DEVD-R and MixGR (Figs. 1A and B),
and for G-DEVD-R; and MixGR; (Figs. 1C and D).
In contrast, amplitudes of cross-correlation were only
apparent in G-DEVD-R and G-DEVD-R; (Figs. {A
and C) but almost absent in a mixture of EGFP and
mRFP (Figs. 1B and D). We considered that the small
value G;(0)/G4(0) of the mixture of EGFP and mRFP
(Table 1) was the background due to the leakage
of EGFP emission through the red channel detector
(red detector cross-tatk) because G.(0)/G;(0) of mixture
of EGFP and mRFP became larger at a higher EGFP
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Table 1
Relative cross-correlation amplitude G.(0)/G;(0)
EGFP-mRFP chimera .. Mixture of EGFP and
Sample G.0)/Gy(0) G0/ G:(0)
In PBS
G-DEVD-R 0.369 £ 0.006 MixGR 0.088 + 0.002
G-DEVD-R, 0.373 % 0.007 MixGR, 0.035 & 0.006
In HelLa cells
G-DEVD-R 0.467 £ 0.028 MixGR 0.233 + 0.020
G-DEVD-R, ©.391 3 0.037 MixGR, 0.102 £+ 0.008
G-DyK-R, 0.394 +£0.032 — —_
In apoptotic HeLa cells
G-DEVD-R, 0.047 + 0.005 — —
G-D4K-R, 0.237 £ 0.031 — —

Values are means & SD for three in vitro measurements and for six in
vivo measurements.

concentration and smaller at a higher mRFP concentra-
tion (data not shown). We found that G-DEVD-R; isa
sensitive probe compared to G-DEVD-R because the ra-
tio of relative amplitude between G-DEVD-R; and
MixGR, was higher than that of G-DEVD-R and
MixGR (Table 1). By using auto-correlation analysis,
it is impossible to distinguish G-DEVD-R; from
MixGR; since the diffusion time of G-DEVD-R2 was
only two times larger than that of MixGR2 (data not
shown). We thus concluded that cross-correlation could
clearly discriminate the difference of coincidence of
linked FPs and unlinked FPs.

Real-time monitoring of protease reaction in viiro

In the EGFP-mRFP chimera, addition of protease
should reduce cross-correlation amplitude G.(0). The
protease reaction results in release of EGFP and mRFPs
that may cause reduction of cross-correlation amplitude
G, (0). Because N; and N, are constant during the prote-
ase reaction, G,(0) is directly proportional to the num-
ber of linked proteins N.. The decrease of the intact

in-this figure legénd; the teader. is:referied fo. the web- veTsion“of this paper

G-D4K-R, concentration could be monitored as a
reduction of G.(0)/G,(0). We thus measured how
cross-correlation amplitude of G-DyK-R; was altered
upon addition of enterckinase (Fig. 2A). G.(0) of G-
D.K-R, was gradually reduced after adding 0.016 U/l
enterokinase. Fluorescence intensities in red and green

.channels were constant during the protease reaction

(Fig. 2A, inset} and auto-correlation amplitudes G.(0)
and Gg(0) were also largely unchanged (data not
shown). This suggested that no FRET occurred between
EGFP and mRFP in intact G-D4K-R; and also that the
protease cleaved only the specific recognition sequence.
G.(0)/Gz(0) of G-D,K-R; was reduced to 20% and
reached a plateau at 400 s after 0.016 U/ul enterokinase
addition. We found that the reaction rate was propor-
tional to the amount of the enzyme used (Fig. 2B). In
contrast, no change of G;(0)/G,(0) without enterokinase
was observed. Then, the same time course as for FCCS
measurements was used for real time monitoring of the
cleavage process of 30 nM G-DEVD-R; after caspase-3
addition. G.(0) of G-DEVD-R, was slowly reduced
after adding 1.0 U/ul caspase-3 at 37 °C (Fig. 2C).
G.(0)/Gg(0) of G-DEVD-R, was reduced after adding
caspase-3 (Fig. 2D) though the decay of G.(0)/G;(0)
of G-D;K-R, was slower than that of G-DEVD-R2 at
the same caspase-3 concentration. This demonstrated
that the protease cleavage process could be simply mon-
itored in real time by cross-correlation analysis as an
80% decrease of G.(0) in the small substrate concentra-
tion at a variable enzyme concentration (Fig. 2A) with
specific recognition sequence (Fig. 2C). ‘

In vivo control experiments

Next, we applied this strategy to the EGFP-mRFP chi-
mera expressed in HeLa cells. At the beginning of mea-
surements, strong photobleaching of mRFP occurred
even at the same excitation laser power as in vitro. Conse-
quently, the fluorescent intensity of the red channel de-
creased to about 1/3 and G,{(0) increased about 3-fold
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(Fig. 3). In addition, G.(0)/G;(0) of mixture of EGFP

and mRFP, which indicates the background. due to
the red detector cross-talk, was larger than that of in
vitro measurements (Table I). These results were
indicative of difficuities of in vive measurements, how-
ever, we were able to obtain significant cross-correlation
signal in a EGFP fused to a tandem mRFP dimer.

Detection of apoptosis-induced caspase-3 activation

To assess the potentials of this technique for biologi-
cal application, we investigated FCCS-based detection

of apoptosis-induced caspase-3 activation in vivo. For
apoptosis induction, tumor necrosis factor-a (TNF-a),
and cycloheximide (CHX) were loaded into HeLa cells.
EGFP-mRFEP chimera was distributed mostly in cytosol
and also in the nucleus (Figs. 4A and C, insets). We
selected cells which were weakly fluorescent to obtain
sufficient amplitudes of auto-and cross-correlation.
Cross-correlation signals of G-DEVD-R, and G-D4K-
R, in intact HeLa cells were same (Figs. 4A and C).
Apoptotic morphological changes were observed at 3h
after TNF-a and CHX treatment (Figs. 4B and D, in-
sets). In apoptotic HeLa cells, the cross-correlation
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amplitude of G-DEVD-R, was reduced (Fig. 4B). G.{0)/
G¢(0) of G-DEVD-R; in apoptotic HeLa cells was as
low as in the control, G.(0)/G,¢(0) of MixGR; in intact
HeLa cells (Table 1). On the other hand, even in apop-
totic HeLa cells, the cross-correlation amplitude of G-
D,K-R; was maintained at a higher level because
enterokinase was not distributed in the cefl. While
G (0)/G4(0) of G-D4K-R; in apoptotic cells was slightly
 reduced, it was significantly higher than that of MixGR,
in intact HeLa cells (Fig. 4D and Table 1). G.(0)/G;(0)
of G-D,4K-R; in apoptotic cells was somewhat reduced
(Figs. 4C and D). It was also reduced by caspase-3 treat-
ment in vitro (Fig. 2D). We thought the enterokinase
gite in the linker sequence (D4K) is slightly susceptible
to caspase-3. In apoptotic cells, therse might be cas-
pase-3, and also other protease activities induced by
TNF-a. Finally, the DEVD sequence of G-DEVD-R,
was selectively recognized by caspase-3 in live cells.
These results indicate that cross-correlation analysis
can detect the protease activation in vivo by the use of
tandem mRFP dimer.

Discussion

By using the well-characterized proteolytic reaction of
caspase-3, we have successfully showed that cross-corre-
lation could clearly discriminate the difference of coinci-
dence of linked FPs and unlinked FPs, We made the

linker with the length in no FRET between EGFP and
mRFP occurs because analysis of FCCS would be simpli-
fied. We did not try linker sequences with different lengths
however we made enough length for the linker that did not
inhibit the protease activity in this experiment. One of the
advantages in the FCCS method is that FCCS is applica-
ble to the sample with various (long or short) linker se-
guences. It was practically insensitive to detect the
cleavage of FPs upon caspase-3 reaction by auto-correla-
tion analysis. Assuming only one-direction cross-talk
(green emission into red channel), in the case of EGFP-

- mRFP chimera, G(0) is expected to be constant at single

mRFP and double mRFPs from expanded equation of
G(0) [10]. On the other hand, in the case of mixture of
EGFP and mRFP, G.(0) of double mRFPs is expected
to be lower than single mRFP. Our results measured in
PBS were consistent with these expectations (Table 1).
The quantitative analysis as described here largely de-
pends on the construction of stoichiometrically uniform
probes in which different colored probe is fused to each
other at a 1:1 ratio by conventional recombinant DNA
technique [22]. Previously, it was reported that chemically
synthesized probes, which were heterogeneously labeled,
were not ideal for sensitivity of cross-correlation analysis
[16]. However, since mRFP has relatively lower bright-
ness and susceptibility to photobleaching .[18), red-
shifted improvement of this probe will be beneficial.
‘When Dbrighter, more red-shifted and photostable
mRFP becomes available, FCCS will be one of the
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most sensitive tools for in vive biochemistry. Further-
more, FCCS can also be used to study the molecular
interactions over long distances such as colocalization
of cargoes in the same endocytic vesicles [16] and for
the detection of a large DNA sample of 4kbp 5-Cy5
and 5'-rhodamine green-labeled PCR products [15].
FP-based FCCS may become the most versatile meth-
od for analysis of protein—protein interactions in live
cells. We believe that this fluorescent protein-based
FCCS will be a reliable fluorescence analysis for other
intracellular protein dynamics and must become a
powerful and convenient metheod for the analysis of
protein—protein interactions in intact cells.
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Zinc sensing for cellular appllcatlon
Kazuya Kikuchi'?*, Kensuke Komatsu' and Tetsuo Nagano'

" Numetous tools for Zn?* sensing in living cells have become
available in the past three years. Among them, fluorescence
imaging using fluorescent sensor molecules has been the
most popular approach. Some of these sensor molecules can
be used to visualize Zn®* in living cells. Some of the bivlogical
functions of Zn®*t have been clarified using these sensor
molecules, especially in neuronal cells, which contain a high
concentration of free Zn2*
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Abbreviations

apoCA  apo-carbonic anhydrase

ESIPT excited-state intramolecular proton transfer

FRET fluorescence resonance energy transfer

GFP green fluorescent protein

MF rmossy fiber

PEBBLE Probe Encapsulated By Biologically Localized Embedding
TSQ p-toluenesulfonamide guinoline

Introduction

Biological imaging of spécific molecules can provide
direct information of molecular functions in living

systems, The most important breakchrough for chis pur-

pose is to create selective and sensitive sensing tools.
Over the past three years, rapid improvements have been
made in the development of Zn® -specific sensor mole-
cules. Among several approaches, many fluorescent sen-
sor molecules for the detection of chelacable Zn?t have

been reported. Some of these sensor molecules, such -

as Zinquin [11, ZnAF-2 [2°°], FluoZin-3, FuraZin and

RhodZin-3 [3*%], have led to new findings about the role |

of an"'.in living systems. Fluorescent sensor molecules,

which allow visualization of cations or enzyme activity in
-living ¢ells by fluorescence microscopy, are useful tools

for studying biological systems. :

The adult human body contains up to several grams of
Zn**, making this trace element the second most abun-

dant transition metal cation in biology [4]. Biological
functions of Zn®** have been reported for the protein-
bound form. However, the biological function of free or
looscly bound (labile, chelatable) Z0%7 is less cercain. Itis
found at high concentrations, especially in the brain,
pancreas and spermatozoa, and can be v1suahzed by a
fluorescent dye [5]. In the brain, labile Zn?* is reported to
exist at a concentration’ of several millimolar in the
vesicles of presynaptic neurons, and is released by synap-
tic activity or depolarization, modulating the functions
of certain ion channcls and receprors [6]. Alchough the
mgmﬁcance of Zn®" in biological systems has been
reported, its mechanisms of action are poorly understood.

Thus, fluorescent sensor molecules for detecting labile
Zn?* are needed to clarify the function of Zn®". Many
fluoréscent sensor molecules that can selectively decect
Zn** have been reported in the past three years. A
fluorescent sensor molecule typically consists of a fluo-
rophore and an appropriate switch, which can induce
charactéristic fluorescence changes by Zn®" binding,
either in fluorescence intensity, in the excitation or emis-
sion wavelength, or both. Here, we describe recent pro-
gress in the developmenc of these molecules, especially in
the light of biological application. The chemical proper-
ties of sensor molecules that were reported after 2002 are
summatized in Table 1.

Fluorescent sensors with short wavelength
excitation

The first reported selective fluorescent sensor molecule
for Zn*" was p-toluenesulfonamide quinoline (TSQ) [71.
Several TSQ derivatives were synthesized to increase the
water solubility. Among these derivatives, Zinquin can be
used to monitor Zn®" concentrations in living cells
{1,5,8,9]. Zinquin forms a 1:2 complex by Zn** addition.
Recently, detailed complex formation mechanisms have
been reported by potentiometric studies on Zinquin [10].

Kimura and co-workers reported other derivatives of
TSQ, whose fluoreseence properties are improved by sub-
stitution of various functional groups onto the quinoline
structuré. 2-(9-Anthrylmethylamino)ethyl-apppended cy-
clen [11] and dansylamidoethyleyclen [12] were designed
on the basis of the tight binding between carbonic anhy-
drase and arylsulfonamide, which is described later.
Although the excitation wavelength of dansylamidoethyl-
cyclen is in the undesirable ulcraviolet range, its Ky value
is relatively low, 5.5 x 107> M at pH 7.8, suggesting that
this molecule would have high sensitivity. This sensor
molecule is reported to be useful for the detection of
apoptotic cells [12].
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A coumarin-cyclen conjugate-based Zn?* sensor mole-
cule has been re 2portec:l whose fluorescence intensity was
increased by Zn“* addition. Although it takes ~30 min for
imaging Zn 2* because the chelation is not quick, rat
pituitary cells were stained without further derivatization;
thus, the sensor molecule is membrane permeable [13].

Fluorescent sensor molecules based on
fluorescein structure

Fluorescent sensor molecules that are excited bv visible
light are advantageous over sensors with shorter excita-
tion, because excitation at ultraviolet wavelengths can
cause cell damage, and cellular autofluorescence can
interfere with the measurement. Fluorescein is one of
the most widely used fluorophores in biological experi-
ments and is advantageous in that it has a high quantum
vield of fluorescence in aqueous solution, and its excita-
tion wavelength is in the visible range Thus, fluorescein
can be a favorable fluorophore for Zn** fluorescent sensor
molecules and several such sensors have been reported in
the past couple of years that can be used in biological
applications. The intensity of the fluorescence can be
controlled by photo-induced electron transfer (PeT)
between the xanthene ring, which acts as an election
acceptor and fluorophore, and the substituted benzoic
acid moiety, WhICh serves as electron donor {14]. As a
receptor for Zn*
(2-pyridylmethyl)ethylenediamine) derivatives. We syn-
thesized several compounds and ZnAFs were the best
compounds, whose acceptor for Zn®7, N,N-bis(2-pyridyl-
methyl)ethylenediamine, is directly attached to the ben-

zoic acid moiety via the aliphatic amine nitrogen. The.

dyes exhibited good propertles as Zn®* sensor molecules,
and are spemﬁc for Zn®t against other heavy metal ions
and several cations, that exist at high concentration in

, we chose TPEN (VNN N -tetrakis

living cells such as Ca®*, Mg®", Na™ and K™, which did
not enhance the fluorescence intensity even at high
concentration [15,16). We applied ZnAF-2 to monitor

extracellularly released Zn®*, to clasify its function.
Labile Zn®" plays many physiologically important roles,
especially in the central nervous system, where it is
mainly stored in the synaptic vesicles of excitatory
synapses, particularly the synaptic terminals of hippo-
campal mossy fibers (MFs), and is co-released with neu-
rotransmitters in response to synaptic activity. When
high-frequency stimulation was delivered to the MFs,
the concentration of extracellular Zn®t was immediately
elevated in the stratum lucidum, and this was followed by
a slight increase in the stratum radiatum adjacent to the
stratum hucidum (SR proximal). Electrophysiological ana-
lyses revealed that NMDA-receptor-mediated synaptic
responses (TEPSPyypa) in CA3 proximal stratum radia-
tum were inhibited in the immediate aftermath of MF
activation and that thls inhibition was no longer observed
in the presence of a Zn®"-chelacing agent, which indicates
that Zn®* serves as a heterosynaptic mediator [2°°]. From
these results, Zn®" can be the only messenger substance
that is released presynaptically and moves into postsy-
naptic neurons after release of other neurotransmicters
such as glutamate [17**1.

Recently, Molecular Probes, Inc. (http:/fwww.probes,
com/) released a novel type of fluorescent sensor mole-
cules, the FluoZin, FuraZin, IndoZin and RhodZin
group. Among them, FuraZin and IndoZin were shown
to be useful in radometric imaging of Zn®™ in living cells.
Their chelator structure resembles the BAPTA (0,0-
bis(2-aminophenyl)ethylene-glycol-V, N, N,V -tetraacetic
acid) structure, which is used as a chelator in fluorescent
sensor molecules for Ca?*, FluoZin-3 has one acetic acid
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removed from the BAPTA structure; its dissociation
constant with Zn*" is 15nM, on addition of 100 pM
Ca®*, its fluorescence intensity is increased by about half
of the increase upon Zn?" addition {18). FluoZin-3 was
used to monitor Zn®" release from pancreatic B-cells, with
a high sensitivity of 10—40 nM and high temporal resolu-
tion of 16 msfimage [19]. FluoZin-3 showed much higher
sensitivity against the previously reported ratiometric
dyes Fura-Zin and Indo-Zin [20]. Fura-Zin was used to
monitor Zn®" release from neuronal cells [20). RhodZin-3
was reported as a selective intra-mitochondrial Zn**
sensor molecule [21]. RhodZin-3 showed large pH-inde-
pendent fluorescence increase with high affinity for Zn®t
and no Ca®" sensitivity at < 40 M. Sensi ¢ 4/. applicd

Rhod-Zin-3 to cultured cortical neurons to monitor

release of Zn%" from mitochondria [3*°}. It was shown
that submicromolar Zn®* can be found in mitochondria
and membrane depolarization is induced by release of
protein bound Zn?*.

Eippard ¢ &/. reported the Zinpyr group, which containg
dipicolylamine as the Zn** chelator {22,23]. Recently,
they employed this design method for Zn®* fluorescent
sensor molecules by derivatizing the xanthene group with
a Zn** chelator. They reported Zinpyr-4, which forms a
1:1 complex with Zn?™, with a dissociation constant in the
sub-nanomolar range at pH 7 (i.c. two orders of magni-
tude lower than chat of dipicolylamine; 70 nM at pH 7),
because of the additional coordination by the phenolic
oxygen [24*]. The Zn®* pool in rat brain hippocampal
area can be visualized using Zinpyr-4. The hybrid chro-
maphore with fluorescein and rhodamine was used for the
fluorescent sensor Rhodafluor-2 [25].

Fluorescent sensor molecules based on
peptide or proteins

In addition to the small-molecule fluorescent sensor,
peptide- and protein-based fluorescent sensors have also
been reported. Maret reported a metallothionein labeled
with two fluorophores, fluorescein as a donor and rhoda-
mine as an acceptor. This sensor peptide detects Zn? on
the basis of the change in the efficiency of fluorescence
resonance energy transfer (FRET) between two fluoro-
phores. Upon binding of Zn*" with the peptide, the
conformational change brings the two fluorophores closer
together, and enhances the efficiency of FRET, increas-
ing the rhodamine fluorescence [261.

Thompson ¢ /. have reported fluorescent sensing sys-
tems consisting of apo-carbonic anhydrase (apoCA} and
fluorescent aryl sulfonamide (dansyl amide or the deri-
vatives.of 2-0xa-1,3-diazole-4-sulfonamide), which were
originally used as inhibitors of carbonic anhydrase [27-
29]. In the absence of Zn®*, the fluorescent aryl sulfo-
namide cannot bind to apoCA. When Zn”" is added,
apoCA coordinates with Zn*™, which allows binding of
the fluorescent aryl sulfonamide to the holoenzyme. This

binding results in changes of fluorescence intensity,
emission wavelength, lifedme and anisotropy, which
make it possible to detect the change of Zn** concen-
tration. This system has high sensitivity and selectivity,
and can detect Zn®" extracellularly released from hip-
pocampal slices [30°].

Imperiali e al. designed peptide-based Zn** sensors
with a modular scaffold [31-33]. In a recent paper, they
emploved amino acid derivatives of 8-hyrodoxy-quino-
line as Zn®"-sensitive fluorescent chelators positioned
opposite the site of an additionally chelating peptide.
These two peptides, Zn>* chelator and fluorescent sensor
sequence, were bridged with a fi-turn peptide for appro-
priate positioning of the two moictics. The peptide
sequence was optimized and the highest affinity was
9.6 nM. The affinity can be tuned from 10nM to
12 uM by the selection of the peptide sequence around
the fluorescent amino acid [34°].

Protein-based sensor molecules, which can detect Zn?7,
based on mutated green fluorescent proteins (GFPs) are
also reported. These sensor molecules would be useful
because they can be introduced non-invasively into the
cells by transfection, and be targeted to specific tissues,
organelles ot cellular localizadions. Getzoff ¢ @/, reported
a GFP mutant designed to bind Zn** at its conjugated
chromophore site, resulting in enhancement of its fluor-
escence intensity [35]. Mutated GFP-based sensors are
potentially advantageous, and the sensor molecules
reported to date can be improved in terms of sensitiviry
and complexation rate.

Fluorescent sensor molecules for ratiometric
measurement

Recently, other types of fluorescent probes have also
been reported. One particularly interesting type is probes
that énable ratiometric imaging. This is a technigue that
involves observing the changes in the ratio of fluores-
cence intensities at two wavelengths. Compared with the
measurement of the fluarescence intensity at only one
wavelength, this mechod reduces artefacts by minimiz-
ing the influence of extraneous factors, such as the
changes of the probe concentration and excitation light
intensity. Based on the structure of Fura-2, novel fluor-
escent probes have been developed for ratiometric mea-
surement of Zn®": FuraZin, whose chelator structure is
that of FluoZin-1; and ZnAF-RZ, whose chelator struc-
ture is that of ZnAF-2 {36]. Their selectivity for Zn®"
over other cations and their dissociation constants are
similar to fluorescent sensor molecules with the same
type of chelators. Reynolds ez 4/, reported the significance
of intracellular sensor concentration for monitoring Zn**
concentration by the comparison of ratiometric measure-
ment using FuraZin (K4 ~3 uM) and Magfura-2 (K,
~0.02 uM} [37]. Eide e &/, used FuraZin to monitor
Zn** lcvel in the veast Saccharomyces cerevisiae for
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clarifying the function of ZRC1, which works in storage
and detoxification of excess Zn®™ [38°]. It was shown that
Zzcl is required for restoration of Zn™ into the vacuole
during Zn** shock. The conjugated sensor Coumazin-1,
which combines a coumarin fluorophore with Zynpyr-1,
was reported by Lippard ez @/ to monitor membrane-
penetrated fluorescent sensor concentration simulta-
neously with Zn** concentration for ratiometric mea-
surement [39]. They also reported Zin-naphthopyr 1
(ZNP1), which was developed by exztending the
xanthene moiety by naphthalene. Its spectral change
is based on tautomeric deprotonation of Zinpyr deriva-
tive, resulting in emission intensity augmentation at two
wavelengths by Zn?* addition [40).

An interesting concept for ratiometric measurements was
reported by Fahmi & 4/ and is based on Zn2* -induced
inhibition of excited-state intramolecular proton transfer
{ESIPT) [41**,42]. In these sensors, the intramolecular
hydrogen bond that is responsible for the ESIPT process
is replaced by Zn** coordination, resulting in a significant
shift of the emission wavelength. They further deriva-
tized these lead compounds to provide ratiometric Zn®*
sensors with various affinities for Zn*" [43]. A similar
approach was reported by O"Halloran ez 4/ to design
Zinbo-5 for ratiometric measurements by two-phocon
excitation microscopy [44°]. ‘

Other types of fluorescent sensor molecules
Another new type is a long-lifetime luminescent sensor
molecule with lanthanide-complex structures. Lumines-
cent lanthanide complexes, in pardicular Tb** and Eu®*
complexes, have lon§ luminescence lifetimes of the order
of milliseconds. Zn“" sensor molecules were reported,
based on the conjugation of diethylenetriaminepenta-
acetic acid {DTPA)-bisamide lanthanide complex with
two picolylamide Zn®* chelators {45**]. For Th*" com-
plexes, the emission intensity was increased by the addi-
tion of Zn®", and their lifetimes were in the millisecond
range. This increase is ascribed to the efficiency of
intramolecular energy transfer from the pyridyl group
to the lanthanide ion, which is induced by the proximicy
effect from Zn%" chelation.

Kopelman ez @/. reported a nanosensor for Zn?™ based on
PEBBLE (Probe Encapsulated By Biologically Localized
Embedding) [46). The PEBBLE for Zn®" is a polymer
matrix conjugated with two entrapped fluorophores, a
Zn**-sensitive Auorophore and a reference fluorophore.
The sensor was selective for Zn?* in the concentration
range of 4-50 pM of Zn?*. ‘The advantage of this sensor is
its photostabilicy and insensitivity to interference from
proteins.

Rozenzweig e /. reported a conjugate of water-soluble
luminescent CdS quantum dots with L-cysteine capping
for Zn?* chelation [47). The conjugated quantum dots

can detect Zn®" in the submicromolar range by enhanc-
ing the luminescence. This luminescence enhanc-
ement by Zn®T addition can be attributed to activation
of surface states. This is the first report to show the
utilization of quantum dots as selective ion sensors in
the aqueous phase.

Conclusion ‘
Reported Zn®* fluorescent sensors can be used for mon-
itoring intracellular Zn®" concentration changes. How-
ever, all the reported fluorescent sensor molecules are noc
necessarily appropriate in all the studies for clarifying the
physiological function of Zn**. So, careful consideration
in both the chemical and biological properties of the
sensor molecules is necessary. The effective concentra-
tion range and the kinetic parameters, such as association
and dissociation rates constant, are important. In addition
to these chemical parameters, biological parameters, for
example, cell-membrane permeability, intracellular loca-
lization, and the toxicity of the excitation light and the
sensor molecules themselves o the cells, should also be -
considered. 'The purpose of the measurement is also
important. For example, to study the distribution of
Zn*" in biological samples with high resolution and no
requirement for temporal resolution, a staining method,
such as Timm’s staining, measured by electron micro-
scopy would be the most suitable [48,49]. Possible future
directions for the development of Zn®" sensor molecules
include covering of a2 wider K4 range, shifting the excita-
tion wavelength towards the infrared region, targeting the
probe to specific subcellular locations, and improving the
dynamic range of ratiomettic sensors. These goals will
provide a variety of new sensor molecules that will
stimulate new research and further the understanding
of the role of Zn*" in biclogy.
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Molecular basis of the high-affinity activation of type 1 ryanodine receptors

by imperatoxin A
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Both imperatoxin A (IpTx,), a 33-residue peptide toxin from
scorpion venom, and peptide A, derived from the II-1II Joop
of dihydropyridine receptor (DHFR), interact specifically with
the skeletal ryanodine receptor (RyR1), which is a Ca®*-release
channel in the sarcoplasmic reticulum, but with considerably
different affinities. IpTx, activates RyR1 with nanomolar affinity,
whereas peptide A activates RyR1 at micromolar concentrations.
To investigate the molecular basis for high-affinity activation of
RyR1 by IpTx,, we have determined the NMR solution structure
of IpTx,, and identified its functional surface by using alanine-
scanning analogues. A detailed comparison of the functional
surface profiles for two peptide activators revealed that IpTx,
exhibits a large functional surface area (approx. 1900 A2, where
1A=01 nm), based on a short double-stranded antiparallel 8-
sheet structure, while peptide A bears a much smaller functional

surface area (approx. 800 A?), with the five consecutive basic
residues (Arg®™!, Lys®?, Arg®, Arg® and Lys®*) being clustered
at the C-terminal end of the o-helix. The functional surface of
IpTx, is composed of six essential residues (Lew’, Lys?, Arg®,
Arg®, Arg? and Arg®) and several other important residues (His®,
Lys®, Arg®, Lys", Lys", Lys®, Gly®, The®, Asn” and Lys"),
indicating that amino acid residues involved in RyR1 activation
make up over the half of the toxin molecule with the exception of
cysteine residues. Taken together, these results suggest that the site
where peptide A binds to RyR1 belongs to a subset of macrosites
capable of being occupied by IpTx,, resulting in differing the
affinity and the mode of activation,

Key words: excitation-contraction coupling, imperatoxin A,
NMR, peptide A, ryanodine receptor, solution structure.

INTRODUCTION

In cardiac and skeletal muscle, the ryanodine receptor {RyR)
is a Ca**-release channel in the sarcoplasmic reticulum (SR)
and the dihydropyridine receptor (DHPR) is a voltage-gated L-
type Ca®* channel. These two receptors play central roles in the
sarcolemma excitation—contraction (E-C) coupling that links an
electrical stimulus (depolarization) to release of Ca* from the
SR [1]. Cardiac and skeletal muscles express different subtypes
of DHPRs and RyRs, causing tissue-specific E-C coupling.
In cardiac muscle, E-C coupling is induced by the entry of
extracellular Ca** through DHPR, whereas skeletal type E-C
coupling requires a direct physical coupling between DHPR and
RyR [2,3]. Evidence supporting this physical coupling between
skeletal DHPR and RyR1 (skeletal type RyR) includes successful
co-immunoprecipitation [4] and identification of regions involved
in the physical coupling between the two channels. Specifically,
interactions have been observed between portions of the
subunit of DHPR, including the II-111 loop, the ITI-IV loop and the
C-terminal segment, and the Arg'"™—Asp'" region of RyR1 [5-
12]. It has been proposed that these interactions canse orthograde
signalling from DHPR to RyR1 for activation of RyR1, and
retrograde signalling from RyR1 to DHPR for RyR1-mediated
enhancement of Ca®* current [11,13].

Imperatoxin A (IpTx,), a 33-amino-acid peptide from the
venom of the scorpion, Pandinus imperator, was the first peptide

toxin found to activate RyR1 with high potency and affinity, and
it has been used in several biochemical and biophysical studies
related to the E-C coupling [14,15]. Interestingly, it has been
suggested that IpTx, activates RyR1 by mimicking a domain of
DHPR that is critical for triggering Ca** release, Using synthetic
peptides corresponding to small segments of the II-III loop
in skeletal DHPR, El-Hayek et al. [7] found that only the
N-terminal portion (peptide A; Thr'-Leu®™) was capable of
activating RyR1, and subsequently identified a ten-residue active
region (Arg®'-Leu®™) [16]. In addition, Gurrola et al. [17]
reported that a peptide A-containing segment (Glu**—Leu®”)
might bind to the same RyR1 site as IpTx,, as shown by the
results of competitive binding of *1-labelled IpTx, to the SR.
This was additionally supported by the report that both peptides
produced almost identical changes, with non-additive effects, in
RyR1 gating characteristics [18]. Although these observations
strongly suggested that IpTx, and peptide A share a common
binding site on RyR1, the two peptide activators show very
low sequence identity (approx. 18 %), very different molecular
structures, and considerably different affinities in RyR 1 activation.
IpTx, activates RyR1 with nanomolar affinity, whereas peptide A
activates RyR1 at micromolar concentrations [17].

In order to examine the molecular basis by which two peptide
activators, IpTx, and peptide A, act at a common site on RyR1
with different affinities, the present study reports the solution
structure of IpTx, as determined by NMR speciroscopy and

Abbreviations used: «-CTX, w-conotoxin; DHPR, dihydropyridine receptor; DQF-COSY, double-quantum-filtered COSY: E-C, excitation—contraction;
Fmoc, 9-fluorenylmethoxycarbonyl; HOHAHA, homonuclear Hatmann—Haihn; 1pTx,, imperatoxin A; wipTx,, wild-type IpTxs; NOE, nuclear Overnauser
effect; PEG, poly{ethytene glycol); RyR, ryanodine receptor; RMSD, root mean square difference; RyR1, skeletal RyR; SR, sarcoplasmic reticuium.
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dynamic simulated annealing calculations, and we have combined
this structural information with the results of [*H]ryanodine
binding assays using alanine-scanning analogues. On the basis
of the structure—activity relationships for IpTx,, we propose that
the peptide A-binding stte on RyR1 belongs to a subset of macro-
sites capable of being occupied by IpTx,, resulting in the ob-
served differences in RyR1 affinity and activation. Furthermore,
a comparative structural analysis with the cone-snail w-conotoxin
MVIIC (-CTX-MVIIC), a neuronal P/Q-type calcium-channel
blocker, revealed that the characteristic shape of charged surface
rather than globular shape is important to the interaction with
RyR1, thus providing a structural insight for the specific inter-
action mode of RyR1-targeting peptide effectors.

MATERIALS AND METHODS
Materials

Fmoc (9-fluorenylmethoxycarbonyl) amino acids and other re-
agents used for peptide synthesis were obtained from Applied
Biosystems. Fmoc-preloaded resin was obtained from Watanabe
Chemical Industries (Hiroshima, Japan). [*H]ryanodine was ob-
tained from NEN Life Science Products (Torrance, CA, U.5.A.).
All other regents were of high-purity reagent grade from Sigma
Chemical Co.

Peptide synthesis of wild-type IpTx, (wipTx,) and analogues

Peptide synthesis was conducted on an Applied Biosystemns model
433A peptide synthesizer. The linear precursors of wlpTx, and
alanine-scanning analogues were synthesized by solid-phase
Fmoc chemistry starting from Fraoc-Arg(2,2,5,7.8-pentamethyl-
chroman-8-sulphonyl)-Alko or Fmoce-Ala-Alko resin and using
a variety of blocking groups for amino acid protection. After
cleavage by trifluoroacetic acid, crude linear peptides were
extracted with 2 M ethancic acid, diluted to final peptide con-
centrations of 25 uM in a solution of 1 M ammonium acetate
and 2.5 mM reduced/0.25 mM oxidized glutathione adjusted to
pH 7.8 with aqueous NH,OH, and stirred slowly at 4 °C for
2-3 days. The folding reactions were monitored by HPLC.
The crude oxidized products were purified by successive chro-
matography with CM-cellulose CM-32 and preparative HPLC
with Cy silica columns. The purity of all analogues was confirmed
by analytical HPLC and MALDI-TOF-MS (matrix-assisted laser-
desorpticn ionization—time-of-flight MS) measurements.

CD measurements of wipTx; and analogues

CD spectra were measured on a JASCO J-750 spectropolarimeter
in solution {0.01 M sodium phosphate in water, pH 7.0} at 20 °C
with a quartz cell of pathlength 1 mm. The spectra were expressed
as molecular ellipticity {87 in deg - cm® - dmol ™.

NMR measurements of wipTx,

NMR spectra were recorded on a Bruker DRX 600 spectrometer.
All two-dimensional NMR experiments {ie. DQF-COSY
(double-quantum-filtered COSY) [19], E-COSY (exclusive
COSY)[20], HOHAHA (homonuclear Hartmann—Hahn) [21] and
NOESY [22]} were performed with standard pulse sequences
and phase cycling,. HOHAHA spectra were recorded with mix-
ing times of 60 and 80 ms. NOESY spectra were recorded with
mixing times of 100, 200 and 300 ms. In all experiments, 512
increments of 2048 data points were recorded with 64-128 trans-
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ients and were zero-filled once along the ¢, dimension. A com-
plete set of the two-dimensional spectra was recorded at 27 °C
(pH 3.4). Synthesized wIpTx, (a final concentration of 5 mM)
was dissolved in 0.2 ml of water containing *H,0O at 10 % (v/v)
o1 99.9 % (v/v). Spectra were processed and analysed with Bruker
XWIN-NMR software.

Structure calculations of wipTx,

Observed NOE (nuclear Overhauser effect) data were classified
into four distance ranges, 1.8-2.7, 1.8-3.5, 1.8-3.0 and 1.8-6.0 A
(1A =0.1 nm), corresponding to strong, medium, weak and very
weak NOE values respectively. Pseudo-atoms were used for the
methyl protons or the non-stereospecifically assigned methylene
protons [23]. Correcting factors for the use of pseundo-atoms were
added to the distance constraints. In addition, 0.5 A was added to
the distance constraints involving methyl protons [24). For each
disulphide bond, three distance constraints, S()-S(j), SE)-C*(})
and S(f)-C#(7), were used with target vahues set to 2.02(-+ 0.02),
2.99(+ 0.5) and 2.99(F 0.5) A respectively [25].

All calculations were performed using the X-PLOR 3.1 pro-
gram [26] running on a SGI O2 workstation. Three-dimensional
structures were calculated on the basis of distance and torsion
angle constraints experimentally derived with dynamic simulated
annealing protocols. The 20 best structures were chosen for
structural analysis, based on the X-PLOR energy and best fit.
The structures were analysed with the PROCHECK-NMR [27]
and PROMITIF [28] software packages. Structural figures were
generated with the MOLMOL program [29] and the INSIGHT II
2000 program (Accelrys Inc.).

Isolation of SR vesicles

A heavy fraction of SR was prepared from rabbit back and leg
fast twitch muscles with a modification of the previously described
method [30]. Briefly, about 150 g of muscle was homogenized in
a Waring blender with 4 vol. of 2.5 mM NaOH for six bursts of
20 s at intervals of 3 min. During the homogenizatien, the pH was
adjusted to 6.8 with NaOH. The suspension was centrifuged at
10000 g for 3 mininaNo. 9rotor in a Hanil Supra22K centrifuge.
The supernatant was filtered through eight layers of cheesecloth
and then through Whatman filter paper (No. 4). After re-adjusting
the pH to 6.8, if necessary, the filtrate was centrifuged again at
17000 g for 30 min in the above apparatus. The pellets were
suspended in the final buffer consisting of 0.15 M KCIl, 20 mM
Mops (pH 6.8) and 0.3 M sucrose in the presence of the following
protease inhibitors: pepstatin (1 xM), leupeptin {1 uM), PMSF
(100 uM) and trypsin inhibitor (I xM). The suspension was
centrifuged again at 17000 g for 30 min in a No. 7 rotor in a Hanil
Supra22K centrifuge. The peliets were resuspended in the same
final buffer and the final protein concentration was determined
by the Bradford method [30a] using BSA as the standard. The
obtained SR was quickly frozen in liquid N, and then stored at
— 70 °C vuntil use.

i*H]Ryanedine hinding assay with wipTx, and analogues

PH]Ryanodine binding to rabbit skeletal SR vesicles was per-
formed as previously described [31] with some modifications.
Briefly, 0.04 mg of skeletal SR vesicles was incubated with
various concentrations of wIpTx,, or one of the analogues, for
2 h at 37 °Cin a reaction mixture of 250 ul {0.2 MKCl, 20 mM
Mops (pH 7.3), 5 nM [*H]ryanodine and 10 uM free Ca’*}, After
incubation, 100 u1 of poly(ethylene glycol) (PEG) solution (30 %



