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The Effect of Trehalose on the Aggregation of B-amyloid
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4 Research Group for Alzheimer's Disease, Mitsubishi Kagaku Institute of Life Sciences, 11 Minamiooya, Machida,
Tokyo 194-8511, Japan

The effect of trehalose on the aggregation of B-amyloid (AB) was investigated using quartz crystal microbalance
(QCM) and circular dichroism spectroscopy (CD). Here we prepared three types of host AB-guest AP systems differing
in a combination of their secondary structures: namely, B-sheet-f-sheet (system D), B-sheet-random coil (system®@)
and random coil-random coil (system®). The host AB was fixed on the electrode of QCM, and the guest AP was
dissolved in a buffer solution. The host-guest interaction was monitored through a frequency shift (AF) of the quartz
vibration: a larger AF value means the occurrence of a larger degree of host-guest aggregation. When disaccharide
(trehalose, neotrehalose or maltose) was added in the above system, the time dependent profile of AF was significantly
affected. In systems @O and @), ahy of these disaccharides depressed significantly the host-guest aggregation: maltose
and trehalose exhibited the strongest effect in systems D and @), respectively. Interestingly, in system(@), trehalose
rather promoted the aggregation compared with the conirol (without disaccharide), while both maltose and neotrehalose
depressed the aggregation as much as in the cases of systems @ and @. The results of systems @ and @ imply
that trehalose more strongly interacts with AP in a random coil than that in -sheets. In fact, CD measurements
indicated that trehalose retarded the transformation of Ap from a random coil to B-sheet. Taken together, these results
open up the possibility that trehalose modifies the aggregation process of AP through iis preferential interaction with the
random coil state of A . (Received Oct. 27, 2005; Accepted 2005)
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Tablel. Experimental conditions of QUM measurements

system(@ system@) system(@
acetate buffer acetate buffer (pH
Buffer PBS (pH 7.4)
(pH 5.0) 5.0)
host AP AP APz APio
Secondary
Y B-sheet B-sheet random coil
structure
immobilization . . .
Physical physical elecirostatic
method
concentration 25uM 25uM 4uM
guest AP APz APrao APrao
Secondary N .
f-sheet random coil random coil
structure
concentration 10uM 1M 1pM
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Abstract

A new family of weak K* channel toxins (designated k-KTx) with a novel “bi-helical” scaffold has recently been characterized from
Heterometrus fulvipes (Scorpionidae) venom. Based on the presence of the minimum functional dyad (Y5 and K19), k-hefutoxin-1 (k-
KTxl.1) was i'nvéstigated and found to block Kv 1.2 (ICsq ~40 p,M) and Kv 1.3 (IC5¢ ~150 pM) channels. In the present study, k-
KTx1.3, that shares ~60% identity with -hefutoxin 1, has been isolated from Heterometrus spinifer venom. Interestingly, despite the
presence of the functional dyad (Y5 and K19), k<KTx1.3 failed to reproduce the K* channel blocking activity of k-hefutoxin-1. Since the
dyad lysine in'x-KTx1.3 was flanked by another lysine (K20), it was hypothesized that this additional positive charge could hinder the
critical electrostatic interactions known to occur between the dyad lysine and the Kv 1 channel selectivity filter. Hence, mutants of k-
KTx1.3, substituting K20 with a neutral (K20A) or a negatively (K20E) or another positively (K20R) charged amino acid were
synthesized. k-KTx1.3 K20E, in congruence with k-hefutoxin 1 with respect to subtype selectivity and affinity, produced blockade of Kv
1.2 (ICsp = 36.8 = 4.9 uM) and Kv 1.3 (ICso = 53.7 £ 6.7 pM) but not Kv 1.1 channels. k-KTx1.3 K20A produced blockade of both Kv
12 (ICsu=369+49uM) and Kv 13 (ICs5=1157£73 pM) and in addition, acquired affinity for Kv 1.1 channels
(ICso = 110.7 & 7.7 pM). k-KTx1.3 K20R failed to produce any blockade on the channel subtypes tested. These data suggest that
the presence of an additional charged residue in a position adjacent to the dyad lysine impedes the functional block of Kv 1 channels
produced by k-KTx1.3.
© 2004 Elsevier Inc. All rights reserved.

‘Keywords: Scorpion toxin; Voltage-gated potassium channel; Functional dyad; x-Hefutoxin 1; k-KTx1.3; Heterometrus spinifer

The venoms of the black scorpion Heterometrus spp. rotoxins that target Na* as well as various subtypes of
P pp g yp

(Scorpionidae) including the Malaysian black scorpion
(Heterometrus spinifer) have been reported to be of a
lower -order of toxicity in comparison to those from the
Buthidae scorpions [1] from which highly potent neu-

Abbreviation: K*, potassium

* Corresponding author. Tel.: +65 687 43207, fax: +65 677 87643.
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1 Contributed equally to this work.
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K* channels have been isolated [2]. In contrast, mostly
neurotoxins which modify K* channel activity, the role of
which is presumed to be of minor consequence in lethal
envenomation, have been found to be present in low
quantities in the venoms of some Scorpionidae members
[3-5]. Scorpion toxins that target K* channels are compact
peptides that typically contain 23-43 amino acid residues
and three or four disulfide bridges [2,6,7]. Moreover,
almost all of these toxins adopt a highly conserved
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secondary structure, the cysteine-stabilized «/B-fold,
which consists of a segment of an a-helix and a double-
or triple-stranded (3-sheet that are held together in a stable
conformation by two or more disulfide bridges [2,7-10].
These toxins have been classified into three-subfamilies,
called a-, B- and y-KTxs [10-12].

We have recently reported the isolation and character-
ization of a 22-residue long peptide with weak K* channel
blocking activity (ICsq ~40 to 150 uM), k-hefutoxin 1,
from Heterometrus fulvipes venom that adopts a novel fold
comprising of two parallel a-helices cross-linked by two
disulfide bridges [13]. Interestingly, the K* channel block-
ing activity of k-hefutoxin 1 was deduced following its
structural characterization that revealed the presence of
two key residues, tyrosine and lysine at positions 5 and 19,
respectively, positioned at a distance 0f~6.0 Acdbetween the
lysine’s a-carbon and the center of the aromatic face of the
tyrosine [13]. Such a critically positioned dyad, composed
of a positively charged amino acid and a hydrophobic
tesidue, is well-known to constitute the minimum func-
tiona] requirement for K* channel blocking activity of a
variety of toxins isolated from venoms across different
phyla [13-15].

We have now isolated a new 23-residue peptide from
the venom of H. spinifer that shares ~60% identity with
k-hefutoxin 1, and based on sequence similarity, was
identified as the third member of the k-KTx subfamily
and hence designated as k-KTx1.3. However, despite the
presence of the putative functional dyad (Y5 and K19) in
identical positions in its sequence, k-KTx1.3 failed to
reproduce the blocking activity of x-hefutoxin 1 on Kv
1.2 and Kv 1.3 channels. On analyzing the primary struc-
ture of k-KTx1.3, it was found that the critical lysine (K19)
was flanked by another lysine (K20) and it was postulated
that this additional positive charge may hinder critical
electrostatic interactions reported to occur between the
dyad lysine extremity and the carbonyl oxygen atoms of
conserved residues in the Kv 1 channel selectivity filter.
We have therefore, chemically synthesized mutants of
k-KTx1.3 substituting the flanking lysine with a neutral
amino acid (K20A) or a negatively charged glutamic acid
(K20E) as found in k-hefutoxin 1. Interestingly, by these
single-residue substitutions, we were able to assign K*
channel blocking activity to a scorpion venom-derived
peptide that was otherwise inactive on Kv channels.

1. Materials and methods
1.1. Materials

H. spinifer venom was extracted from live scorpions
maintained in captivity in the Venom and Toxin Research
Laboratory, National University of Singapore as described
previously [16]. Pre-packed chromatography columns
were purchased from Pharmacia Biotech. All drugs

and chemicals were purchased from Sigma Chemicals
with the exception of the following, which were obtained
from the sources indicated: reagents for N-terminal
sequencing, acetonitrile (Fisher Scientific) and trifluoroa-
cetic acid (Fluka Chemika-Biochemika). HPLC-grade
water was obtained by using a Milli-Q purification system
(Millipore).

1.2. Purification of «-KTx1.3

Pooled scorpion venom was subjected to ultra-filtration
using Mr = 35000 micro-concentrators (Amicon).
The venom (500 1) was transferred to the sample reser-
voir of the microconcentrator and centrifuged at 4500 x g
for 90 min at 4 °C. The filtrate of Mr < 5000 was then
subjected to a single-step reverse phase HPLC using
a Sephasil C8 (0.21 cm x 10 cm) column using a Vision
Biocad Workstation (Bio-Rad Laboratories). The column
was equilibrated with 0.1% trifluoroacetic acid and
the proteins were eluted with a linear gradient (20~50%
over 80 min) of eluant (80% acetonitrile in 0.1% trifluoro-
acetic acid). Elution of proteins was monitored at
215 nm.

1.3. Mass spectrometry

Purified k-KTx1.3 was subjected to electrospray ioniza-
tion mass spectrometry as described previously [16] using
a Perkin-Elmer Sciex API 300 triple quadrupole instru-
ment (Sciex) equipped with an ion-spray interface. The
ion-spray and orifice voltages were set to 4600 and 30 V,
respectively. Nitrogen was used as curtain gas with'a flow
rate of 0.6 /min while compressed air was used as a
nebulizer gas. The sample was infused by flow injection
at a flow rate of 50 wl/min using Shimadzu 10 AD pumps
as the solvent delivery system. Matrix-assisted laser des-
orption ionisation-time of flight (MALDI-TOF) mass
spectrometry was performed on a Voyager DE-STR. Bios-
pectrometry Workstation (Applied Biosystems). Saturated
sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic acid)
(10 mg/ml) in 1:1 acetonitrile:water containing 0.3% tri-
fluoroacetic acid was used as the matrix. The sample
(~5 pmolin 1 wl) was spotted onto a stainless steel sample
plate with.1 .l of matrix solution and dried off. Molecular
ions were generated using a nitrogen laser (337 nm) at an
intensity of 1800~2200 and extraction of ions was delayed
by 800 ns. The accelerating voltage was set at 25,000 V and
the grid and guide wire voltages at 93.0 and 0.3%, res-
pectively. The spectrum was calibrated using external
standards.

1.4. Determination of the N-terminal
amino acid sequence

Amino terminal sequencing of the native and pyridy-
lethylated protein was done by automated Edman degrada-
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tion using a Perkin-Elmer Applied Biosystems 494
pulsed-liquid phase protein sequencer (Procise) with
an on-line 785A phenylthiohydantoin-derivative analyzer.
For pyridylethylation, native x-KTx1.3 was re-suspended
in 100 w1 of denaturant buffer (6.0 M guanidinium hydro-
chloride, 0.13 M Tris, 1 mM EDTA, pH 8.0) containing
0.07 M B-mercaptoethano!l and heated at 37 °C for 2 h.
Subsequently, 1.5-fold molar excess (over sulfhydryl
groups) of 4-vinylpyridine was added and incubated at
room temperature for 2 h, after which the sample was
desalted by reverse phase HPLC.

1.5. Peptide synthesis

Linear precursors of x-KTx1.3 with free (k-
KTx1.3(OH)) and amidated (x-KTx1.3(NH,)) carboxy
terminals as well their analogues (k-KTx1.3 K20A, «-
KTx1.3 K20E and k-KTx1.3 K20R) were synthesized by
solid phase ‘methodology with Fmoc chemistry on an
Applied Biosystems (model 433A) peptide synthesizer,
oxidized by air oxidation and purified by HPLC as
described previously [13]. The structures and purity of
the synthetic peptides and native k-KTx1.3 were confirmed
by HPLC co-injection analysis and MALDI-TOF mass
spectrometry measurements. In order to determine the
disulfide pairings, synthetic k-KTx1.3(OH) (0.4 mg) was
dissolved in 0.4 ml of 0.1 M phosphate buffer pH 6.5) and
digested with trypsin (0.1 mg at 37 °C for 3 h). The
digested peptide fragments were separated by HPLC
and subjected to MALDI-TOF mass spectrometry mea-
surements.

1.6. Molecular modeling

The NMR structure of k-hefutoxin 1 (PDB accession
number 1HP9; first out of the ensemble of 20 lowest
energy structures) from H. fulvipes was used as the tem-
plate for comparative molecular modeling of k-KTX1.3.
The molecular model was constructed using Insightll
(Molecular Simulations Inc., USA) as described previously
[17].

1.7. Expression in Xenopus oocytes

Kv 1.1 (rat), Kv 1.2 (rat) and Kv 1.3 (human) channels
were studied. Plasmids containing Kv 1.1 were first
linearized with Pstl (New England Biolabs) 3’ to the 3’
non-translated B-globin sequence in a custom-made
high expression vector for oocytes, pGEM-HE [18]
and then transcribed using Ambion’s mMESSAGE mMa-
chine T7 transcription kit (Ambion). The cDNA encoding
Kv 1.2 in its original vector, pAKS?2, was first subcloned
into pGEM-HE [18]. The insert was released by double
restriction digest with Bglll and EcoRI and ligated into
the BamHI and EcoRI sites of pGEM-HE. For in vitro
transcription, the cDNA was linearized with Sphl

and transcribed using the large-scale T7 mMESSAGE
mMACHINE transcription kit (Ambion). The plasmids
pClneo containing the gene for Kv 1.3 were linearized
with Notl (Promega) and transcribed like Kv 1.2. Stage-V
and -VI Xenopus laevis oocytes were harvested by
partial ovariectomy under anaesthesia (3-aminobenzoic
acid ethyl ester methanesulfonate salt, 0.5 g/l, Sigma).
Anaesthetized animals were kept on ice during
dissection. The oocytes were defolliculated by treatment
with 2 mg/ml collagenase (Sigma) in Ca®*-free ND-96
solution (in mM: NaCl 96, KCl 2, MgCl, 1, HEPES 5
adjusted to pH 7.5). Between 1 and 24 h after defollicula-
tion, oocytes were injected with 10 nl of 50-100 ng/ul
cRNA. The oocytes were then incubated in ND-96 solution
(supplemented with 50 mg/ml gentamycin sulphate) at
16 °C for one day.

1.8. Electrophysiological measurements

Two-electrode voltage-clamp recordings were per-
formed at room temperature using a GeneClamp 500
amplifier (Axon Instruments) controlled by a pClamp
data acquisition system (Axon Instruments). Whole-cell
currents from oocytes were recorded 1 day after injection.
Voltage and current electrodes were filled with 3 M KCl.
Resistances of both electrodes were kept as low as
possible (<0.5 M{}). Bath solution composition was
(in mM): NaCl 96, KCl1 2, CaCl, 1.8, MgCl; 2 and HEPES
5 (pH 7.4). Using a four-pole low-pass Bessel filter,
currents were filtered at 1 kHz and sampled at 2 kHz.
Current traces were evoked in an oocyte expressing Kv
channels by depolarizations to 0 mV from a holding
potential of —90 mV. Statistical analysis between groups
of data was carried out using the Student’s r-test and a
probability of <0.05 was considered to be statistically
significant.

2. Results
2.1. Isolation-and purification of «-KTx1.3

Ultracentrifugation of H. spinifer resulted in a filtrate
of Mr < 5000, which would likely contain the neurotoxins
directed against K™ channels. The venom ultrafiltrate
was -then directly subjected to reverse-phase HPLC
which resulted in the separation of over 30 small peptides
(Fig. 1A). The most prominent peak (identified by
arrow) was subjected to mass spectrometry and found
to contain a near-homogenous (~97% purity) peptide
with a molecular mass of 2620.58 4 0.55 Da (electro-
spray ionization mass spectrometry) (Fig. 1B) and
2620.71 Da (MALDI-TOF mass spectrometry) (data not
shown). This peptide was subsequently identified as k-
KTx1.3.
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Fig. 1. Isolatjon and purification of k-KTx1.3: (A) reverse-phase HPL.C of H. spinifer venom tltrafiltrate (Mr < 5000) on a Sephasil C8 (0.21 cm x 10 cm)
column equilibrated with 0.1% trifluoroacetic acid. Proteins were eluted with a linear gradient (20-50% over 80 min) of eluent (80% acetonitrile in 0.1%
trifluoroacetic acid) at a flow rate of 1 ml/min. The elution of proteins was monitored at 215 nm. The peak indicated by arrow was identified as k-KTx1.3 and
subjected to mass spectroscopy, (B) electrospray ionization mass spectrum of k-KTx1.3 shows a series of multiply charged ions, corresponding to a single,
homogenous peptide of molecular mass 2620.58 + 0.55 Da (inset, reconstructed spectrum).

2.2. Determination of the amino acid sequence
of k-KTx1.3

We were able to unequivocally identify all the residues
and determine the complete amino acid sequence of both
native (blank cycles where cysteine residues are found) and
pyridylethylated k-KTx1.3. k-KTx1.3 has 23 amino acid
residues including four cysteine residues. Its calculated
mass, with the expected two disulfide bridges, was
2620.91, which coincides well with the estimated mole-
cular mass. It shared ~60% identity to k-hefutoxin 1
(x-KTx1.1) and k-hefutoxin 2 (k-K'rx1.2) [13] and almost
no sequence similarity to any other known scorpion toxins.
Hence, k-KTx1.3 was identified as the third member of the
recently identified k-KTx subfamily of weak K* channel

toxins and was designated as k-KTx1.3 (Fig. 2). The.amino
acid sequence of k-KTx1.3 is deposited in the SWISS-
PROT protein database (accession number P83655).

2.3. Solid phase synthesis of k-KTx1.3

Due to the low yield (~0.1%) of native k-KTx1.3, it
was chemically synthesized for further characterization.
Since k-hefutoxin 1 and k-hefutoxin 2 had amidated and
free-carboxy termini, respectively, linear precursors of
k-KTx1.3 with both, amidated and free carboxy-termini,
were synthesized by Fmoc solid phase method. Random air
oxidation of the linear precursors of k-KTx1.3 afforded a
major product which was purified until it migrated as a
single peak on analytical HPLC. The purity of synthetic
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1KTx 1.1 Hefutoxin-1

x-KTx 1.2 Hefutoxin-2

k-KTx 1.3 Native

kKTx 1.3 K20E

k-KTx 1.3 K20A

k-KTx 1.3 K20R

©-KTx 1.1 Hefutoxin-1 E20K R21E

{ e |
GHACYRNCWREGNDEETCKERC
GHACYRNCWREGNDEETCKERCG
GFECYRECWRAGHDEETCREECS
GFGCYRSCWKAGHDEETCKEECS
GFGCYRSCWKAGHDEETCKAECS
GFGCYRSCWKAGHDEETCKRECS

GHACYRNCWREGNDEETCKKEC
4 8 8 2

Fig. 2. Amino acid sequences of the members of the k-KTx subfamily. The cysteines are numbered ‘and the disulfide linkages outlined. The residues
contributing to the functional dyad are in bold. The residues by which k-KTx1.3 differs from k-hefutoxin 1 are shaded in grey and the mutated residues in k-
KTx1.3 and k-hefutoxin 1 are underlined. The Swiss-Prot (Swiss Institute for Bioinformatics) accession numbers are P82852, P82851 and P83655, respectively,
for k-hefutoxin 1 and 2 (Heterometrus fulvipes) and k-KTx1.3 (Heterometrus spinifer). The International Union of Pure and Applied Chemistry one-letter

notation for amino acids is used (J Biol Chem 1968;243:3557-9).

peptides was confirmed by analytical HPL.C and MALDI-
TOF mass spectrometry. Synthetic k-KTx1.3 with either
amidated or free carboxy-termini were co-injected with
native k-KTx1.3 on to an analytical HPLC which resulted
in x-KTx1.3 (OH), but not x-KTx1.3 (NH,), eluting
together with the native -peptide as a single peak
(Fig. 3). This confirmed that k-KTx1.3 has a free carboxyl
group at its carboxy-terminal end.

2.4. Assignment of disulfide pairings in k-KTx1.3

To determine the disuvlfide bond pairings, synthetic
k-KTx1.3 was digested with trypsin which yielded three

x-KTx1.3 (OH)—» k-KTx1.3 (NH,)

U

Native x-KTx1.3 —» Native x-KTx1.3 —»
k-KTx1.3 (OH) + k-KTx1.3 (NH,) +
Native k-KTx1.3 Native k-KTx1.3

4 8 12 4 8
(A) Retention Time (min) (B) Retention Time (min)

Fig. 3. Synthesis of x-KTx!.3. Linear precursors of k-KTx1.3 with free
(x-KTx1.3(OH)) and amidated (x-KTx1.3(NH,)) carboxy termini were
synthesized by solid phase methodology with Fmoc chemistry. Synthetic
k-KTx1.3(OH) and k-KTx1.3(NH,) were co-injected with native k-KTx 1.3
on to an analytical HPLC which resulted in k-KTx1.3-(OH) (A), but not
k-KTx1.3 (NHz) (B), eluting together with the native peptide as a single
peak. This confirmed that «-KTx1.3 has a free carboxyl group at its
carboxy-terminal end.

digest products of MW 1639.60, 1511.53 and 1039.08
that agreed with the calculated MW for the digested
fragments SCWKAGHDEETCKK + H,0, SCWKAGH-
DEETCK + H,0 and GEGCYRECS + H,0, respectively
(Fig. 4). These data confirmed that k-KTx1.3, like «-
hefutoxin-1 and 2 [13], also has disulfide combinations
of C1-C4 and C2-C3 (Fig. 5A and 5B). The circular
dichroism spectra of synthetic k-KTx1.3 (OH) revealed
that it has a conformation typical of a-helical structure
(data not shown).

2.5 Molecular modeling of «-KTx1.3

Since k-KTx1.3 shared ~60% identity in primary
sequence including disulfide pairing with k-hefutoxin 1,
the NMR structure of the latter (PDB accession number
1HP9) was used as a template to create a molecular model
of k-KTx1.3. Like k-hefutoxin 1, the model of k-KTx1.3
revealed a compact structure consisting of twoparallel a-
helices that are held together by the two disulfide bridges
(C4-C22 and C8-C18) (Fig. 5A and 5B). The K* channel
blocking activity of k-hefutoxin was deduced based on the
presence of the minimum functional dyad, K19 and Y5,
positioned at a distance of ~6.01 A between the a-carbon
of the lysine and the center of the aromatic face of the
tyrosine (Fig. 5C) [13]. The model of «-KTx1.3 also

GFGCYR SCWK AGHDEETCK K ECS
ATTTTA AKA €S

SCWK AGHDEETCKK

SCWK AGHDEETCK

i i
GFGCYR ECS

Digest product Estimated MW Cafculated MW
Peak 1 . 1639.60 1638.87
Peak 2 151163 1510.70

Peak3 ) 1039.08 . 108818

Fig. 4. Assignment of disulfide pairings in k-KTx1.3. To determine the
disulfide bond pairings, synthetic k-KTx1.3 was digested with trypsin which
yielded three digest products of MW 1639.60, 1511.53 and 1039.08 that
agreed with the calculated MW for the digested fragments SCWKAGH-
DEETCKK + H,>, SCWKAGHDEETCK + H,0 and GFGCYREC-
S + H,0, respectively. These data confirmed that x-K'Tx1.3 has disulfide
combinations of C1-C4 and C2-C3.



674 S. Nirthanan et al./Biochemical Pharmacology 69 (2005) 669-678

(B)

Hefutoxin-1 -KTx1.3

K20 K19 Y5

W

E20 K19 Y5

Fig.5. Molecular model of k-KTx 1.3. The NMR structure of k-hefutoxin 1
(A) (PDB accession number 1HPY; first out of the ensemble of 20 lowest
energy structures) was used as a template to construct a molecular model of
k-KTX1.3 (B) using InsightIl (Molecular Simulations Inc., USA). Like k-
hefutoxin 1, the model of k-KTx1.3 revealed a compact structure consisting
of two parallel a-helices that are held together by the two disulfide bridges
(C4-C22 and C8-C18) (shown in gréen). The K* blocking activity of -
hefutoxin 1 was deduced based on the presence of the functional dyad, Y5
and K19, positioned at a distance of 6.01. A between the a-carbon of the
lysine and the center of the aromatic face of the tyrosine (C). The molecular
model of k-KTX1.3 also showed the presence of this dyad (Y5, K19)
positioned at a distance of 6.64 A (D). The a-carbon backbone structure is
presented in C and D. In both, k-hefutoxin 1 (E) and k-KTX1.3 (F), the dyad
residues (shown in Corey—Pauling-Koltun presentation) K19 (violet) and
Y5 (green) protrude out of a flat surface formed by the edges of the two
parallel a-helices, in conformity with the general architecture of other pore-
blocking K* channel toxins. The amino acid residue at position 20, Glu20 in
k-hefutoxin 1 (G) and Lys20 in k-KTX1.3 (H) is also shown in relation to
the functional dyad (K19, Y5) in the respective toxins. In (G) and (H), both
toxins are shown in similar orientations along the long-axis of the side chain
of K19 with the selected residues in Corey—Pauling-Koltun representation.
The amino acid residues are coloured according to their charge, with blue
and red depicting positive and negative charge, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is
referred to the web version of the article.)

revealed the presence of this functional dyad (K19/Y5)
which were positioned at a comparable distance of 6.64 A
between them (Fig. 5D). As observed in k-hefutoxin 1
(Fig. 5E), both K19 and Y5 in k-KTx1.3 also proirude out
of a flat surface formed by the edges of the two parallel a-
helices (Fig. 5F). These data strongly suggested that the
molecular targets of k-KTx1.3 could also be voltage-gated
K* channels.

2.6. Biological activity of k-KTx1.3

Synthetic k-KTx1.3 was screened for K* channel block-
ing activity in X. laevis oocytes expressing a single type
of voltage-gated K* channel (Kv 1.1, Kv 1.2 or Kv 1.3).
k-KTx1.3 did not inhibit currents through Kv 1.1, Kv 1.2 or
Kv 1.3 channels even at high concentrations of 1 mM (see
Fig. 6) suggesting that it was functionally inert on Kv 1
channels.

2.7. Rationale for the synthesis of mutants of k-KTx1.3

- On analyzing the primary sequences of k-KTx1.3 and k-

hefutoxins 1 and 2, it was found that the functional dyad
lysine (K19) in k-KTx1.3 was flanked by another lysine
(K20) (Figs. 2 and 5). Experimental and modeling data
have previously shown the dyad lysine to be a key player in
binding to K* channels principally via electrostatic inter-
actions between its positively charged extremity and car-
bonyl oxygen atoms of the channel selectivity filter
[9,10,19]: It was thus hypothesized that the presence of
an additional positive charge in a position adjacent to the
putative dyad lysine (Fig. 5) could impair the electrostatic
interactions necessary for toxin binding. Thus, mutants
of k-KTx1.3, with the lysine at position 20 mutated to a
neutral (k-KTx1.3 K20A) or another positively charged
(k-KTx1.3 K20R) amino acid or subjected to charge-
reversal (k-KTx1.3 K20E), were chemically synthesized
for further electrophysiological characterization.

2.8. Functional characterization of k-KTx1.3 mutants

The effects of the k-KTx1.3 mutants on oocyte-
expressed Kv 1.1, Kv 1.2 or Kv 1.3 channels were studied.
The application of 200 uM of k-KTx1.3 K20E produced
80.3 and 38.2% blockade of Kv 1.2 and Kv 1.3 channels,
respectively, whereas only a small effect (10.7% blockade)
was observed on Kv 1.1 channels (Fig, 6). The addition of
200 M k-KTx1.3 K20A resulted in a 44.6% blockade of
Kv 1.1 channels as well as 35.0 and 44.1% blockade of Kv
1.2 and Kv 1.3 channels, respectively (Fig. 6). k-KTx1.3
K20R did not produce any blockade of the three Kv 1
channels.

The blockade induced by k-KTx1.3 K20A onKv 1.1, Kv
1.2 and Kv 1.3 (Fig. 7A—C), and by k-KTx1.3 K20E on Kv
1.2 and Kv 1.3 (Fig. 7D and 7E), were concentration-
dependent. The ICs, values for k-KTx1.3 K20A deter-
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Fig. 6. Effects of x-KTx1.3, k-KTx1.3 K20E, k-KTx1.3 K20A, x-KTx1.3 K20R and the double mutant k-KTx1.1 E20K R21E on Kv 1.1, Kv 1.2 and Kv 1.3
channels expressed in X. laevis oocytes. Current traces were evoked in oocytes expressing Kv channels by depolarizations to 0 mV from a holding potential of
—90 mV and then clamped back to —50 mV. Asterisk (*) indicates the comparison of control condition to the presence of the toxin. After application of 200 uM
of k-KTx1.3 K20E, a small effect was observed on Kv 1.1 channels (10.7 £ 2.4% block) whereas 80.3 & 6.9% and 38.2 +£ 4.1% blockade were obtained on Kv
1.2 and Kv 1.3 channels, respectively. After application of 200 M of k-KTx1.3 K20A, we observed 44.6 = 3.1% block on Kv 1.1 channels, 35.0 + 3.8% on Kv
1.2 channels and 44.1 % 4.2% block on Kv 1.3 channels. Native k-KTx1.3 as well as k-KTx1.3 K20R and k-KTx1.1 E20K R21E did not produce any block of
the Kv 1 channels tested. Data are the mean 3=-S.E.M. of at least four experiments.

mined by a sigmoidal fit were 110.7 &= 7.7 uM for Kv 1.1,
36.9 £ 4.9 uM for Kv 1.2 and 115.7 +£ 7.3 uM for Kv 1.3
(Fig. 6F). The ICsg values for k-KTx1.3 K20E were
36.8 £4.9 uM for Kv 1.2 and 53.7 £ 6.7 uM for Kv
1.3 (Fig. 6F). The block by both mutants was reversible
upon washing-out and also shown to be voltage-indepen-
dent (data not shown).

3. Discussion

Molecular models based on comparative analysis of the
protein or peptide under investigation can pave the way for
key experimental work to determine their biological activ-
ity more rapidly and in greater detail [20]. In this context,
the significant structural homology between k-KTx1.3 and
k-hefutoxin 1, including the presence of the functional
dyad residues Y5 and K19 in identical positions, strongly
suggested that the biological activity of k-KTx1.3 would
correspond to that of k-hefutoxin 1. Previously, it was on
the basis of the secondary structure of k-hefutoxin 1,
specifically the presence of the functional dyad (Y5,
K19), that its K* channel blocking activity was predicted
[13]. This was experimentally confirmed by the demon-
stration that k-hefutoxin 1 produced concentration-depen-
dent, voltage-independent and reversible blockade of
currents through oocyte-expressed Kv 1.2 and Kv 1.3
channels with ICsq values of 40 and 150 M, respectively
[13]. Kv 1.1 channels were not significantly affected by
k-hefutoxin, suggesting that its affinity for Kv 1-type
channels was Kv 1.2 > Kv 1.3 3> Kv 1.1. Furthermore,

mutational analysis identified Y5 and K19 as the key
residues for bioactivity since their mutation to alanine,
singly or together, resulted in a total loss of K™ channel
blockade [13].

Despite their unrelated structures and sources, toxins
derived from animal venoms across different phyla, con-
tain a key ‘“dyad” composed of a positively charged
residue (usually a lysine) and a hydrophobic residue
(usually an aromatic amino acid) that constitute a minimal
functional core for these toxins to bind to Kv 1 channels
[8,13-15,21-23]. Additional residues may confer each
toxin with a specific binding profile, the determination
of subtype specificity for instance [21,24]. Interestingly,
recent studies have also suggested that the functional dyad
per se is not a prerequisite for toxin binding to Kv channels,
in which case, other residues may act to form “multipoint
interactions” with these channels [25-27].

This diverse array of toxins, however, all bind to a highly
conserved region among K+ channels located at the pore
helix and selectivity filter [9,10,15,22,27]. Generally, the
binding of toxins to Kv 1 channels involves a combination
of electrostatic, hydrophobic and hydrogen bonding inter-
actions [27]. The major determinant of toxin binding to Kv
1 channels is likely to be the electrostatic interactions
between the extremity of the dyad lysine, which protrudes
into the ion-channel pore, and carbonyl oxygen atoms of
residues from the highly conserved region of the channel
selectivity filter [9,10,15,19,22,27,28]. Hydrophobic inter-
actions between the dyad hydrophobic residue and aro-
matic residues protruding in the channel vestibule are
believed to reinforce the critical electrostatic interaction



HOZIE XL 03 paredwos uoym jueoyrudis A[[eonsnels ‘co°0 > d_-uorenussuod yoes e sjuswiiadye 1moj 1ses] 18 Jo 'H'S F ueeur
a1 a1 Be (d) umoys are yoo[q sfewiusorad pewrxeus sy) pue sanfeA 0571 SUL AW g6— jo [enuazod Surpjoy e wioyy AuI g 01 UonezLrefodop v E DaYOAS BIoM SIURLINY) "% 001 I 198 95e1usdrad Moo[q [ruixeur 91
Jo uonouny B Se PAZIELIION A05M SIUSLIND "SISUURYD (5 Pue (7) €' A PUE Z'[ AY U0 HOZN § TXLN- PUe (J-V) £ 1 AY pue TTAY 1T AY U0 VOTH € 1LY~ £q paonpui 3(20]q 341 JO 3ouspusdap UORENUSOUO)) °/ "SL]

S. Nirthanan et al./Biochemical Pharmacology 69 (2005) 669~678

676

CY Wil [302) £ V-] E) wirt [302M £ 1] (@
CYF Ly VyFzee | (%) dooig | 00001 0001 ool oL b 000L 001 ot I Lo
M-F>V— [T R IR [ITERI I S Ligg 1 Divvs s g by [F TN B -1 (ITR N L Lisriea o O
LLErsiL | rozses | (wi) oo 2z 0
geF09e | 69F08 | (%) wooig e %
, . . rAl W)Y 5 v 5
8'8%76'9¢ | eyFeoc | (wr)o) ror g _ o 2
———————l e H w ........................................... m
veFovy | vex Lol | (%)ioog Loo S / 69 3
. / : :
VLAY b w / Ao
rLE Lo | () 0sgy \w Loz B j4 02
UTiTAY 3025 / \m
XM R g Bt - 0oL — 001
Wl [vozy ¢ ixiy-il ) rt [Y0ZM £ px 1Y) (a) i Ivoey ¢ 1xe -l )
00001 6001 00t oL ! 0001 00l oL 1 1o 60001 000L oot oL L
Lasil g Lisgsg 1 o ___::._, L Liggs g1 (¢ O [FT TR _:Z___. L E.A . Lo e 4y _U Mg Aties € 4 ._::,__ L e g oo 1 O
\,\\ s e ,
i - 0z P/ - 0T w \ A
z | M w P | e
For & 3 . Lov 8
................................ ol al =
oo = < Lo9 S
& b F N
~o8 & S l\\\ 08 =
L4
- 001 " - ooL : - 001




S. Nirthanan et al./Biochemical Pharmacology 69 (2005) 669-678 677

by surrounding the lysine side-chain and allowing its exclu-
sion from solvent [22]. Thus, it appears that the conserved
functional dyad residues from scorpion toxins bind via
conserved molecular interactions to Kv 1 channels.

However, on screening k-KTx1.3 for K* channel block-
ing activity on oocyte-expressed Kv 1-type channels, it was
found that the toxin did not show the expected electro-
physiological effects even at concentrations as high as
1 mM. On analyzing the primary structure of k-KTx1.3,
it was hypothesized that the presence of an additional
positively charged residue (K20) that was found flanking
the putative key lysine (K19) in its primary sequence could
hinder the proposed electrostatic interaction of k-KTx1.3
with the K* channel. Interestingly, the single mutation of
K20 in x-KTx1.3 to a negatively charged glutamic acid, as
found in k-hefutoxin 1, resulted in the mutant k-KTx1.3
K20E acquiring biological activity almost identical to that
of k-hefutoxin 1 with respect to subtype selectivity and
affinity. Accordingly, k-KTx1.3 K20E produced blockade
of Kv 1.2 (ICsg ~37 pM) and Kv 1.3 (ICsg ~54 p.M) but
not Kv 1.1 channels. In contrast, the mutant k-KTx1.3
K20A produced blockade of both Kv 1.2 (ICso ~37 uM)
and Kv 1.3 (ICsg ~116 wM) and in addition, also acquired
affinity for Kv 1.1 channels (ICso ~111 uM). Although,
both k-hefutoxin 1 and the k-KTx1.3 mutants prod,uc'ed
partial blockade of Kv 1 channels, such partial blocks of
these channels have also been reported before for several
scorpion toxins, possibly due to imperfect ion channel pore
occlusion [28-30]. To provide conclusive evidence of our
hypothesis, two other mutants were synthesized: k-KTx1.3
K20R, wherein lysine 20 was mutated to arginine, and k-
KTx1.1 E20K R21E, a double mutant of k-hefutoxin 1,
with the residues at positions 20 and 21 mutated to lysine
and glutamic acid, respectively, as found in x-KTx1.3.
Both caused no significant block on the three Kv channels.

These -data suggest that the presence of an additional
positive charge in a position adjacent to the dyad lysine in
k-KTx1.3 is sufficient, presumably by electrostatic repul-
sion, to'prevent its ability to produce functional blockade of
Kv 1.2 and Kv 1.3 channels. On the other hand, the functional
blockade of Kv 1.1 channels by k-KTx1.3 was impeded if the
dyad lysine was flanked by either a positively or negatively
charged amino acid. Together, these data support previous
reports [13-15,22-24] ‘that Kv 1 channel toxins establish
high affinity interactions principally or in part via electro-
static interactions involving the key dyad lysine and in
addition suggest that the toxin-induced functional blockade
of Kv 1 channels may be easily compromised by changes in
the charge environment of the dyad region.

While the k-KTx subfamily of scorpion toxins, which
interact only weakly with Kv 1 channel subtypes, are yet to
be investigated for biological activity against other K*
channels, it must also be remembered that despite the
remarkable achievements made in the recent past with
respect to the biology of K* channels, many K channel
currents remain elusive and await the discovery of novet

ligands for their identification and characterization [10,12].
Hence it is possible that scorpion toxins such as k-hefu-
toxin 1 and k-KTx1.3 may have been selected by natural
evolution for other high-affinity molecular targets that are
still currently unknown.
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Abstract: We have developed a series of fluorescent Zn?+ sensor molecules with distinct affinities for Zn?*,
because biological Zn?* concentrations vary over a wide range from sub-nanomolar tc millimolar. The new
sensors have Ky values in the range of 10-8—10"* M, compared with 2.7 nM for ZnAF-2. They do not
fluoresce in the presence of other biologically important metal ions such as calcium or magnesium, and
they can detect Zn?* within 100 ms. In cultured cells, the fluorescence intensity of ZnAF-2 was saturated
at low Zn2* concentration, while that of ZnAF-3 (Ky = 0.79 xM) was not saturated even at relatively high
Zn2* concentrations. In hippocampal slices, we measured synaptic release of Zn?* in response to high-
potassium-induced depolarization. ZnAF-2 showed similar levels of fluorescence increase in dentate gyrus
(DG), CA3 and CA1, which were indistinguishable. However, ZnAF-3 showed a fluorescence increase
only in DG. Thus, by using a combination of sensor molecules, it was demonstrated for the first time that
a higher Zn2* concentration is released in DG than in CA3 or CA1 and that we can easily visualize Zn*
concentration over a wide range. We believe that the use of various combinations of ZnAF family members
will offer unprecedented versatility for fluorescence-microscopic imaging of Zn?* in biological applications.

Introduction

For over a century, zinc (Zn>") has been known as an essential
trace element, acting as a structural component of proteins or
in the catalytic site of enzymes.! In general, Zn?" is tightly
associated with proteins and peptides. However, recent advances
in cell biology have revealed a fraction of Zn?* that is free or
chelatable in some organs (brain,% pancreas,’ and spermatozoa®).
In the brain, a considerable amount of chelatable Zn>" is
sequestered in the vesicles of presynaptic neurons and is released
when the neurons are active.” Zn?" is also associated with
neuronal disorders,® though its role in them is poorly understood.
So there is much interest in its detection in vivo, where its
concentration varies from 107! M in the cytoplasm’ to
1074 M in some vesicles.! However, the lack of appropriate

T The University of Tokyo.
+JST Agency.
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detecting tools, especially for such a broad concentration range,
hinders further investigation of this spectroscopically silent metal
ion.

Fluorescent sensor molecules offer useful information about
chelatable Zn?* in cellular systems, because we can study the
concentration or distribution of Zn?>t i real time,? and
fluorescence imaging of Zn?* has become a widely and
frequently used technique. The first reported sensor molecules
for cellular Zn** were arenesulfonamides of 8-aminoquinoline,
such as TSQ ! and Zinquin.!! They form 1:2 complexes with
Zn**, emitting strong fluorescence on UV excitation. Since then,
various kinds of fluorescent Znt sensor molecules have been
developed and examined, such as TSQ derivatives,'> peptide
or protein-based sensors,! sensors for ratiometric measure-
ment,'? and others.!* Above all, various fluorescein derivatives
were introduced: NGs,'¢ ZPs,” FluoZins,'® ZnAFs,' and
others.?’ Fluorescein derivatives have many advantages over
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Zinquin. The high quantum yield in aqueous solution provides
high sensitivity in the cellular environment, and the excitation
wavelength in the visible range minimizes cell damage during
irradiation. These sensors have led to great advances in Zn?"
biology, and further development of sensor molecules would
be very valuable.?!

We set out several criteria for developing novel fluorescent
Zn** sensor molecules. First, for intensity-based measurement,
the sensor should have no signal in the absence of Zn2¥, and
the signal should increase in the presence of Zn?* in an all-or-
none fashion. Second, the sensor should be selective for Zn*,
without interference by biologically important metal ions, such
as Ca?* or Mg?*. Third, complexation and decomplexation with
Zn?* should be rapid, to provide a fast response. Fourth, for
intracellular study, the sensor should be derivatizable into a cell-
permeable form that can penetrate through the cell membrane
and be hydrolyzed intracellularly to afford the sensor, which is
then trapped in the cell. Fifth, their affinity for Zn?>* should be
appropriate for the Zn** concentration range of interest.

We previously showed that ZnAFs, which satisfy most of
the requirements mentioned above, can serve as useful tools
for biological applications.!??? However, the affinity for Zn?+
remains an issue. To follow changes of Zn?* concentration, it
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is desirable to use a sensor molecule whose apparent dissociation
constant (Ky) is near the target concentration of Zn?*. Almost
all Zn?* sensor molecules recently developed have Ky values
in the nanomolar region (ZnAF-2, 2.7 nM), because cytosolic
free Zn?* concentration is controlled at ~1 oM or lower.’
Neither Zn?t deficiency nor Zn?" excess affects cell viability
and function,”® and these sensors can easily be used in
cytoplasm, etc. However, at higher concentrations of Zn?", the
fluorescence intensity of these sensors would be saturated. Zn?*
is known to be sequestered in synaptic vesicles of many
excitatory forebrain neurons, and the concentration of Zn?*
inside the vesicle was reported to be in the micro- to millimolar
range.® This vesicular Zn>* is also released into synaptic space,
where it is estimated to achieve peak levels of 10—30 4M.>* In
such circumstances, sensor molecules with high affinity would
have no ability to detect changes of Zn?>* concentration. So,
for precise analysis of the biological roles of Zn?t, we require
a range of sensor molecules with Ky values not only in the nM
range, but also higher.

Among Zn?* sensor molecules so far reported, only Newport
Green (K4~ 1 uM) has been used as a low-affinity Zn>* sensor
to detect synaptically released Zn>*, for which purpose the Zn>*
concentration was calculated on the basis of the Ky value.?
There is little other evidence to support the idea that the release
of Zn>* reaches micromolar levels, so confirmation remains
desirable.

Our purpose in this study is to develop a range of low-affinity
sensor molecules whose Ky values are higher than nanomolar
order without any loss of favorable characteristics, such as low
basal fluorescence and selectivity for Zn2*,

In designing low-affinity sensor molecules, we chose ZnAF-2
as a basal structure. ZnAF-2 has a fluorescein fluorophore
conjugated to N,N-bis(2-pyridylmethyl)ethylenediamine as a
Zn?" chelator. The design of the chelator was based on the
structure of TPEN (N,N,N',N'-tetrakis(2-pyridylmethyl)ethyl-
enediamine). These groups offer the following advantages.
Derivatives of fluorescein that are amino-substituted at the
benzoic acid moiety emit little fluorescence due to the photo-
induced electron transfer (PeT) quenching pathway, resulting
in low basal fluorescence and high sensitivity.> TPEN is known
as a selective chelator of Zn*t over Ca?t or Mg2t.2% For
intracellular application, a cell-permeant form can be obtained
readily, because the TPEN moiety itself cannot be protonated
at physiological pH, so the sensor remains intact. Moreover,
the structural separation of sensor and chelator moieties means
that modification of the chelator should not affect the fluores-
cence properties, such as maximum/minimum quantum yield
or excitation/emission wavelength. This approach, leaving the
fluorophore intact, is a characteristic advantage of fluorescent
sensors utilizing the PeT mechanism. Therefore, we set out to
develop a series of Zn>* sensor molecules by modification of
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Figure 1. Structures of ZnAF family members. ZnAF-2 was previously
reported to visualize Zn?* in brain slices. The other sensor molecules were
newly synthesized.
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Figure 2. Changes of fluorescence intensity for 1 uM ZnAFs (ZnAF-2,

black circle; ZnAF-2M, red circle; ZnAF-2MM, red square; ZnAF-3, blue

circle; ZnAF-4, black square; and ZnAF-5, blue square) as a function of

the concentration of free Zn?* in 100 mM HEPES buffer (pH 7.4, 7= 0.1

(NaNO3)).

the TPEN moiety to obtain various Ky values without affecting
the sclectivity against other ions.

Here, we report a series of fluorescent sensor molecules for
Zn** with various Ky values from nanomolar up to millimolar
range. Their design, synthesis, and fluorescence properties are
described. We also present applications to cultured cells and
hippocampal slices.

Results and Discussion

Design and Synthesis. Figure 1 illustrates the structures of
7Zn?t sensor molecules, ZnAF-2 and its new derivatives. ZnAF-2
was synthesized by conjugating 5-aminofloorescein and dipi-
colylamine via a linker, dibromoethane, so we introduced
various chelators instead of dipicolylamine and left the fluoro-
phore unchanged. The design was based on three strategics.
First, we introduced steric hindrance at the nitrogen atom on
the pyridine ring by substituting a methy! group at the 6-position
(ZnAF-2M, ZnAF-2MM). Second, we removed one ligand,
picolylamine (ZnAF-4). Last, we increased the distance between
the ligands (ZnAF-3, ZnAF-5). The synthetic schemes for these
sensors are described in the Supporting Information.

Fluorescence Properties. We measured the fluorescence
intensity of these sensor molccules in various concentrations
of Zn?*". As we had expected, these sensors showed changes in
fluorescence intensity at higher Zn?>™ concentrations than
ZnAF-2 (Figure 2) but retained almost the same fluorescence
properties, such as absorption/emission wavelength and maximum/

minimum quantum yield, which is convenient when using and
comparing several sensors (Table 1). In each case, the fluores-
cence increase fitted well with a 1:1 binding model and the
Hill coefficient of 1 suggests that a 1:1 Zn>*—ZnAF complex
was formed. The apparent dissociation constants were as
follows: ZnAF-2M, 38 nM; ZnAF-2MM, 3.9 uM; ZnAF-3,
0.79 uM; ZnAF-4, 25 uM; and ZnAF-5, 0.60 mM (Table 2).
Thus, we can follow a wide Zn*" concentration range from
10710 M up to 1073 M by using different sensor molecules.
Furthermore, by using them in combination, we can easily
estimate the Zn2* concentration. For example, if the concentra-
tion of free Zn?T is 10 nM, there is strong fluorescence in
ZnAF-2, weak fluorescence in ZnAF-2M, and no fluorescence
in ZnAF-3 (Figure 2). At 100 nM Zn%*, there is strong
fluorescence in both ZnAF-2 and ZnAF-2M and little or no
fluorescence in ZnAF-3. At 1 uM Zn?%, there is strong
fluorescence in ZnAF-3 and no fluorescence in ZnAF-4.

Among these sensors, ZnAF-2MM has lower quantum yield
and fluorescence intensity in the presence of Zn?* than the
others. The fluorescence enhancement of ZnAFs, we consider,
is attained through Zn?>* coordination to the amine on the
benzoic acid moiety of fluorescein. In the absence of Zn?, the
fluorescence is quenched due to the PeT from the benzoic acid
moiety to the xanthene moiety. However, Zn?t coordination
alters the HOMO energy level of the benzoic acid moiety,
thereby preventing PeT and leading to the enhancement of
fluorescence from the xanthenc moiety (fluorophore).?® In
ZnAFE-2MM, the two methyl groups may alter the coordination
structure of the Zn**—ZnAF complex, in a way that less strongly
affects the HOMO energy level of the benzoic acid moiety,
resulting in weak fluorescence.

Thus, we have completed developing a range of Zn?>* sensor
molecules with various affinities for Zn>* but whose fluores-

cence properties resemble those of ZnAF-2.

Determination of Complexing Rate. We then measured the
complexing rate of these sensor molecules (Figure 3). When
an excess amount of Zn*t was added, all the sensors synthesized
showed very rapid saturation of the fluorescence signal within
about 100 ms, except for ZnAF-2MM, which reached maximum
fluorescence after 1 s. Therefore, these sensors except for
ZnAF-2MM are suitable for detecting rapid change in cellular
7Zn2t concentration. The calculated association (kop) and dis-
sociation (ko) constants are shown in Table 2. The kon values
of ZnAF-2M, ZnAF-3, and ZnAF-4 are almost the same as that
of ZnAF-2, and the ko values are larger than that of ZnAF-2,
implying that these sensors can detect Zn®" increase as fast as
ZnAF-2 and Zn2* decrease faster than ZnAF-2. ZnAF-2MM
and ZnAF-5 have smaller k, values than ZnAF-2. Apparently,
just one picolyl group is important for the sensor to make a
rapid complex with Zn?>*. On the other hand, the ke values of
ZnAFs are strongly dependent on the Zn?* chelating structure.
The kotr values of higher affinity sensors, such as ZnAF-2 or
ZnAF-2M, may be relatively small but are not too slow for
reversible assay of Zn?* concentration. It is also clear that low-
affinity sensors are more suitable for monitoring Zn?t in a
reversible fashion because of their large kogr values.

Metal Ion Selectivity. Figure 4 illustrates the fluorescence
intensity of ZnAFs in the presence of various metal ions. Like
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