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Compatrative Study of Prokaryotic Na,s

Na, RosD gene from R. denitrificans
showed an open reading frame of
259 amino acids (29.2 kDa). Both
sequences were identical with the
deposited sequences. Our sequence
of the Na,, SheP gene from S. putre-
faciens, encoding an open reading
frame 0f 295 amino acids (33.1 kDa),
differed, however, from the

V,,=-63.7+1.8
K=13.5£1.7
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sequence deposited in the Gen-

Volt v
cltage (m¥) Bank™ data base in several places
E F Na,SheP (T31A, A54T, V62L, and N88S)
f"‘ 8191 (Fig. 2A). NayBacL, Na,SheP, and
= 208 NayRosD share with NaChBac
5> fE: sequence identities (sequence simi-
100ms 506 v, v,,=-80.0x0.9 larities) of 49% (57%), 32% (44%),
+30mV_A=10mV -20mV 4] 1165209 K =T7.440.8 and 37% (48%), respectively, and
= B0y A2A0MY. g x=9.520.9 hydropathy plots predict a six-
=——  20mv z %% transmembrane architecture for all
ﬁ;;{é%?,,"&v V.. 160mv_-160mV 0.0 - three proteins (Fig. 24).
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C-terminally His-tagged con-
structs of all three Na,s expressed
well in E. coli and could be purified
by metal chelate affinity chroma-
tography (Fig. 2B). NayBacL and
Nay,RosD migrated as a single band
on SDS-polyacrylamide gels (~34
and ~25 kDa, respectively),
whereas Na, SheP migrated mainly
as a ~35 kDa band but also showed
additional smaller bands. The
smaller bands could also be detected
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FIGURE 4. Voltage-dependent activation and inactivation of Na,Bacl, Na,SheP, and Na,RosD. A, /\,vaac.
deactivation tail currents. After prepuises of varying depolarization (from —120 to +30 mV, increments of +10
mV), tail currents were measured at — 120 mV. B, f,veac Steady-state inactivation currents. After a 2-s prepulse,
the channels inactivated to a steady-state level and were reactivated by a second depolarizing pulse (—20 mV).
C, Inaveac-nOrmalized activation curve (open circle, n = 9; £S.E.) and steady-state inactivation curve (closed
circle, n = 9; £S.E.). D, Iyysnep deactivation tail currents. After prepulses of varying depolarization (from —120
to +30 mV, increments of +10 mV), tail currents were measured at —120 mV. E, Iy yspep Steady-state inactiva-
tion currents. After a 500-ms prepulse, the channels inactivated to a steady-state level and were reactivated by
a second depolarizing pulse (—20 mV). F, Iy.vsnep-nNOrmalized activation curve (open circle, n = 6; *S.E) and
steady-state inactivation curve (closed circle, n = 6; +S.E.). G, ly,yrosp deactivation tail currents. After prepulses
of varying depolarization {from —100to +40 mV, increments of +10 mV}, tail currents were measured at —120
MV. H, Iyvroso Steady-state inactivation currents. After a 500-ms prepulse, the channels inactivated to a steady-
state level and were reactivated by a second depolarizing pulse (+20 mV). |, ly,vrosp-Normalized activation
curve {open circle, n = 6; +S.E.) and steady-state inactivation curve (closed circle, n = 6; 2S.E.). The voltages with
half-inactivation/activation and the slope factors are indicated as Vi, (mV) and k (mV/e-fold), respectivelyin C,

F,and /. The intersweep interval was 15sin A, B, D, £, G,and H.

homologues, six of them were commercially available: B. /i-
cheniformis, isolated from soil and plant material (27), and
L. vestfoldensis (28), R. sphaeroides (29), S. putrefaciens (30),
R. denitrificans (31), and Oceanicaulis sp. (32) isolated from sea
water (28 —33). Using the colony-direct PCR method, we were
able to clone the putative Na,, genes from three of these six
bacteria, namely from B. licheniformis, S.putrefaciens, and
R. denitrificans.

Sequencing of the Na,BacL gene from B. licheniformis
revealed an open reading frame of 276 amino acids with a pre-
dicted molecular size of 31.8 kDa, and sequencing of the
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20 40 on Western blots probed with anti-
His antibodies (data not shown).
Mass spectra confirmed that all
main bands represented the full-
length proteins and identified the
molecular masses of the smaller
bands of Na,SheP as 22,662 and
23,053 Da (Fig. 2C). The additional
bands thus represent C-terminal
fragments of Na,SheP that were
generated by cleavage of the car-
boxyl group of residues Arg"*®, the
first arginine of helix S4, and Ala'®’
(Fig. 24).

We transfected mammalian cell
lines (CHO-K1 or HEK 293) with the genes encoding Na, BacL,
Na,,SheP, and Na,RosD and measured the resulting currents
{Fig. 3). Although no currents were observed in non-trans-
fected or mock-transfected cells (data not shown), currents
could be recorded from cells transfected with the Na,, genes,
and all three channels required at least 1 s for 90% recovery
from inactivation. Cells transfected with each of the three Na,s
exhibited large voltage-activated inward currents of up to 10 nA
(Fig. 3, A-C), peaking at —40, —50, and —10 mV for Na, BacL,
Na,, SheP, and Na,RosD, respectively (Fig. 3, D—F). The rever-
sal potential of NayRosD-mediated current (Iyaygesp) Was

Voltage (mV)
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Comparative Study of Prokaryotic Na,s

+42.7 mV in a bath solution containing 150 mm Na™. The
inward currents produced by Na,,BacL and Na,,SheP in a bath
solution containing 150 mm Na™* were, however, peaking at a
membrane potential that was too low to clamp the membrane
potentials at low voltage. To measure the currents produced by
Na,BacL and Na,,SheP, we therefore reduced the NaCl con-
centration in the bath solution from 150 to 75 mm and added
instead 75 mm N-methyl-p-glucamine. The reversal potential of
Laveacr, and Iyavsnep could then be determined as +28.3 and
+33.0 mV, respectively. lon substitution (Ca®*, K*, and
N-methyl-p-glucamine replacement) confirmed that all three
proteins form Na*-selective channels and that they are sensi-
tive to high concentrations of nifedipine (30 um) (data not
shown). Their pharmacological sensitivity closely resembles
that of L-type Cays, as already reported for the previously char-
acterized homologues (5-7).

Ly.veact Was activated with a time constant (T,.vation) ©f
4.92 *+0.73 msat +10mV (# = 15)and inactivated with 7., ctivation
0f96.1 + 9.60 msat +10mV (n = 15). Both time constants were
significantly larger than those of mammalian Na,, channels
=2ms; T, = 10 ms) but faster than those of

(Tactivation inactivation
INaChBac (Tactivation =129 mMS; Tinactivation 166 ms) (5)‘1NaVSheP
(Tactivation = 0.89 + 0.076 ms at —10 mV, n = 17; 7y, ccivation =
9.90 = 0.57 ms at —10 mV, n = 17) and Iyavrosp (Tactivation =
1.61 £0.12 msat +20 mV, n = 15; Ty, ctivation = 2-88 = 1.25ms
at +20 mV, n = 15) were activated and inactivated significantly
faster than Iy,ypaer. a0d Ly,chpaer Remarkably, the time con-
stants of them were as small as those of the a-subunit of the rat
skeletal muscle-type Na,, (34).

We evaluated the voltage-dependent activation of
Na,BacL by measuring deactivation tail currents (Fig. 44). A
Boltzmann fit of the averaged activation curve yielded an
activating potential of 50% activation (Vi,) of —63.7 * 1.8
mV (1 = 9) and a slope factor (k) of 13.5 * 1.7 mV/e-fold
change in current {Fig. 4C). The steady-state inactivation of
the channel was determined by sequential depolarization to
test voltages, followed by voltage clamp to the peak of acti-
vation at —20 mV (Fig. 4B). Steady-state inactivation was a
steep function of voltage, with 50% inactivation at —83.2 *
0.7mV (1 = 9) and k = 5.8 £ 0.6 mV/e-fold change (Fig. 4C).
Although Na,,BacL had similar time constants of activation
and inactivation as NaChBac (5), Na,BacL activated and
inactivated at voltages about 40 mV lower than those of
NaChBac (Table 1).

Boltzmann fits of their activation curves yielded Vi, of
—80.0 = 0.9 mV and k of 7.4 * 0.8 mV/e-fold change for
Na,,SheP (n = 6; Fig. 4, Dand F) and Vi, of —25.9 = 1.2 mV and
k 0f 9.9 = 1.1 mV/e-fold change for Na,RosD (» = 6; Fig. 4, G
and ). The steady-state inactivation of Na, SheP and Na,,RosD
were dependent on the voltage with half-inactivations at
~116.5 0.9 mV (xk = 9.5 + 0.9 mV/e-fold) (n = 6; Fig. 4, Eand
F)and =787 + 1.6 mV (k = 10.7 * 1.6 mV/e-fold) (n = 6; Fig,
4, H and I), respectively. Na, SheP activated and inactivated at
the lowest membrane potential of all NaChBac homologues
studied to date. The voltage dependences of the three prokary-
otic Na, s analyzed in this study are summarized in Table 1.

Previous studies indicated that a glycine residue in the mid-
dle of helix S6, named the “glycine hinge,” is critical for gating of

3690 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 1
V.. of inactivation and activation of prokaryotic Nays

Vi, of inactivation is the membrane potential of 50% steady-state inactivation. Vi, of
activation is the potential of 50% activation. All results are expressed as mean * S.E.
All experiments were performed at pH 7.4 except for the indicated experiment at pH
9.0.

Vi

Note
Inactivation Activation

mvV
Na,BacL —83.2+0.7 —-63.7 £ 18 n=9
Na,,SheP -116 £ 0.9 —80.0 =09 n=6
NayRosD ~787 £ 1.6 —-259*12 n=6
NaChBac —-40 —24 Ref. 5
Na,PZ -35 -10 Ref.7
Na, SP ~22 21 Ref.7
Na,BP =57 =35 Ref. 6

~86 —64 AtpH 90

tetrameric cation channels (15-17). A glycine residue corre-
sponding to the glycine hinge is present in NaChBac (Gly*'?)
but not in Na,BacL (Ala*'%), Na, SheP (Ala**¢), and Na,,RosD
(Thr®®) (red arrow in Fig. 5A). Other glycine residues in
Na,BacL. (Gly***), Na,RosD (Gly**”), and also NaChBac
(Gly**®) are found in the lower part of helix S6. This part is near
the cytoplasmic side and corresponds to the position of the PXP
motif, a Pro-X-Pro or glycine motif that is important for gating
in hERG (human ether-a-go-go related gene) and Ky, channels
(18, 19) (green arrow in Fig. 5A) and creates a kink in helix S6 of
K,1.2 (Fig. 5C). By contrast, Na,,SheP contains no glycine res-
idues in helix S6 (Fig. 54).

To evaluate their role, we mutated the glycines in helix S6 of
Na,BacL, Na,RosD, and NaChBac to alanine, a residue known
to strongly stabilize a-helical secondary structure (35). All
mutants retained the channel currents, but their time constants
of inactivation changed significantly. On the other hand, their
activation rates and also voltage dependences were less influ-
enced by the mutations. Table 2 summarizes the 7, ari0n and
Tinactivation Valtes of all analyzed mutant and wild-type channels
as well as the statistical differences in 7, , vation PetWeen the
wild-type channels and the various mutants. As a control, we
made an alanine substitution of residue Gly*®* in Na,BacL,
which is located in the pore-S6 loop (blue arrow in Fig. 5A). This
mutation had no effect on the time constant of inactivation (Table
2). With 7y, ciivation Of 214 £ 2.19 ms at +10 mV, the NaChBac
G219A mutant showed faster inactivation than wild-type NaCh-

Bac (p < 0.01) (Fig. 5D). NaChBac G229A (T,,,ctivation = 230 =
33.8 ms at +10 mV), NayBacL G224A (7,..crnation = 270 * 533
ms at +10 mV), and Na,RosD G217A (T, ciivation = 609 % 13.0

ms at +20 mV) showed significantly slower inactivation than
the corresponding wild-type channels (p < 0.01) (Fig. 5, D-F).
Inactivation of the NaChBac G219A/G229A double mutant
(Tinactivation = 156 = 16.2 ms at +10 mV) showed no statistically
relevant difference compared with the inactivation of the wild-
type protein and was significantly slower than that of NaChBac
G219A (Fig. 5D). All mutants lacking glycine residues in helix
S6 still showed activation and inactivation.

Na,BacL, Na, SheP, and Na,,RosD do not have a glycine at
the position that corresponds to the glycine hinge in helix S6.
When the residues in this position were mutated to glycine, the
mutants, with the exception of Na, RosD T207G (see below), also
produced measurable inward currents (more than 1 nA) (Fig. 5,
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produced by the endogenous
sodium  channels. Ala**®  of
Na, SheP is the residue in the region
in the lower part of helix S6 that cor-
respondsto the PXP motifinvoltage-
dependent potassium channels
(green arrow in Fig. 5A). The inacti-
vation rate of Na,SheP A226G
(Tinactivation = 11.6 = 0.50 ms at —10
mV) was slightly slower than that of

D E the wild-type channel, but the dif-
o 0-0 g ® 0.0 ference is not statistically significant
- 0 2 o (Fig. 5F). Double mutation of two
g 'g residues also retained the inward
049 < 04 current of sodium ions. The inacti-
o6 Sos vation rate of Na,BacL A214G/
g .l .. E . — . G224A (Typpetivation = 541 * 451
Cha = ggfgﬁ/Gzng Chi — 22212:210224/\ ms at +10 mV, » = 9) was signifi-

1.0 1.0 3 cantly faster than that of Na,BacL
" j " G224A (p < 0.01) and slower than

0 T?r(;oe(msec)aoo S ° T“iﬂfe(msecfoo 1200 that of Na,,BacL A214G, although
NaChBac Na,BacL tbe .difference was not statistically

significant (Fig. 5E). Na,SheP

F ey (5 A216G/A226G  (Tyetnation =
2 %] AR ENAEREARER g 00 THAAN 4% 7.61 = 0.65 ms at —10 mV) inacti-
% 0.2 %’ 02{ | vated as fast as Na,SheP A216G.
Bl gl NayRosD T207G/G217A (T,ctivation =
° Wt B 2093 = 3.90 ms at +20 mV) pro-
S 0.6 1 —— A216G S 0.6 1 duced a current less than 500 pA.
@ —— A226G @ —wr ; C
g 0.8 = 7/§217676/A2?6G g 0.8 4 — G2TA This current could be dlstmgulshed
z z T207G/G217A from that of endogenous sodium

01 i 01 ' channels and showed a faster inacti-
0 40 80 120 0 100 200 300 vation than Na,RosD G217A (p <
Time(msec) Time(msec) 0.01). In summary, mutations of the

Na,SheP

Na,RosD

FIGURE 5. Electrophysiological analysis of the effects of mutations in helix $6. A, alignment of helix S6 and
inner helix sequences of Na,BacL, Na, SheP, Na,RosD, Na,SP, Na,PZ, Na,BP, NaChBac, KcsA (potassium chan-
nel from Streptomyces lividans), K,1.2 (potassium channel from Rattus norvegicus), and the four subdomains
(I-IV) of Nay 1.2 (voltage-gated sodium channel from rat brain). The arrowheads indicate the positions of G201
in Na, BacL (blue), the glycine hinge (red), and the PXP motif (green); residues of these motifs are boxed in the
corresponding colors. Band C, ribbon diagrams of KcsA (Protein Data Bank code 1r3j) (B) and K, 1.2 (Protein Data
Bank code 2r9r) (C) with the residues and motifs described in A shown in the same colors. D, representative
traces of currents produced by wild-type and mutant NaChBac channels activated by the following voltage
protocol. After holding the potential at —120 mV, currents were measured at +10 mV for 500 ms (wild type

residues corresponding to the gly-
cine hinge accelerated the inactiva-
tion rate, mutations of glycines in
the lower part of helix S6 to alanine
reduced the inactivation rate, and
the A226G mutation in Na,SheP
had no effect on the inactivation
rate.

(WT) and G219A/G229A), 100 ms (G219A), and 1 s (G229A). E, representative traces of currents produced by

wild-type and mutant Na,,BacL channels activated by the following voltage protocol. After holding the poten-
tial at —160 mV, currents were measured at +10 mV for 500 ms (wild type, A214G, and A214G/G224A) and 1 s
(G224A). F, representative traces of currents produced by wild-type and mutant Na,SheP channels activated by
the following voltage protocol. After holding the potential at —160 mV, currents were measured at —10 mV for
100 ms. G, representative traces of currents produced by wild-type and mutant Na,RosD channels activated by
the following voltage protocol. After holding the potential at — 140 mV, currents were measured at +20 mV for

100 ms (wild type) and 300 ms (G217A and T207G/G217A).

D-F). Furthermore, NayBacL A214G (T;,activation = 295 = 3.14
ms at +10 mV) and Na, SheP A216G (T;,ctivation = 5-35 * 0.72
ms at —10 mV) showed significantly faster inactivation than the
respective wild-type channels (p < 0.01) (Fig. 5 E-G).
Na,RosD T207G showed only a small and fast inactivated cur-
rent (~200 pA; Tiactivation < 2 ms). Because HEK293 or
CHO-K1 cells express endogenous sodium channels that pro-
duce similar small currents (36), the current produced by the
Na,RosD T207G mutant could not be distinguished from that

\CNEVEN
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DISCUSSION

We cloned three new NaChBac
homologues from B. licheniformis,
S. putrefaciens, and R. denitrificans.
The three channels differ in their
kinetics and voltage dependences,
which may reflect differences in the environment in which the
respective bacteria live. The physiological role of the Na,,
homologue found in the alkaliphilic bacterium Bacillus pseudo-
firmus, Na,,BP, has been well studied (6, 12). Deletion of Na,,BP
resulted in impaired pH homeostasis and reversed pH chemotaxis
(6). These results suggest that Na, BP functions in conjunction
with the multiple resistance and pH adaptation Na*/H" anti-
porter in pH homeostasis, with the sodium-driven motor protein
complex in motility (6), and with the methyl-accepting chemotaxis
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TABLE 2

Time constants of activation and inactivation of prokaryotic Nays
The time constant of activation (7,

activation.

) is the time from 10 to 90% of peak current. The time constant of inactivation (r,

) is the time from peak current to 1/e of

Tinactivation

peak current. Allresults are expressed as mean * S.E. The stanstlcal significance of differences in 7,,, qvauion ©f €ach mutant compared to wild-type protein or other mutants

is shown in the column, “Statistical significance of 7, and 7

inactivation”, "7,

activation

inactivation

of NaChBac, Na,,BacL, Na,SheP, and Na,,RosD were measured at +10, +10, —10,

and +20 mV, respectively. All experiments were performed at pH 7.4. To assess statistical differences in 7,,,cy..u0, Detween wild type and mutant proteins, multiple
comparisons were made by one-way analysis of variance followed by the Tukey-Kramer multiple comparisons test. NS, not significant.

Time constant

Statistical significance of7,

No. of measurements

Tactivation Tinactivation WT G219A G229A
ms
NaChBac 3.73£0.73 118 * 10.2 13
NaChBac G219A 095+ 0.22 214+ 219 p <001 5
NaChBac G229A 12,0 333 230+ 338 p <001 p <001 5
NaChBac G219A/G229A 2.86 * 047 156 + 16.2 NS p <001 p <005 11
WT A214G G224A
NayBacL 492+ 0.73 96.1 * 9.60 15
NayBacL. A214G 1.70 = 027 295 *+ 3.14 p <001 11
NayBacL G224A 369 £ 1.21 270 + 53.3 p <001 p <001 5
NayBacL A214G/G224A 4.63 £ 0.57 54.1 + 451 NS NS p <001 9
NayBacL G201A 2.20 * 0.32 81.0 = 12.6 NS§* 7
wT A216G G226A
Na,,SheP 0.89 £ 0.076 9.90 £ 0.57 17
Na, SheP A216G 0.82 = 0.10 535072 p <001 8
Na,,SheP A226G 0.85 * 0.08 11.6 = 0.50 NS p <001 9
NaySheP A216G/A226G 0.87 £ 0.10 7.61 * 0.65 p <005 NS p <001 10
wT G217A
Na,RosD 1.61 £ 0.12 9.88 + 1.25 15
NayRosD G217A 2.06 *+ 0.45 60.9 £ 13.0 p <001 7
Na,RosD T207G/G217A 292 *+ 0.63 20.93 = 3.90 NS p<001 6

4 A simple comparison between NayBacL wild type and G201 A was made by Student’s ¢ test.

proteins in chemotaxis (12). Multiple resistance and pH adapta-
tion antiporters (37), sodium-driven motor protein complex (38),
and methyl-accepting chemotaxis proteins (39) are found in many
bacteria, and prokaryotic Na,s might thus play the same roles in
other bacteria as Na,BP in B. pseudofirmus.

Because bacteria live in environments that differ in pH, tem-
perature, and ionic conditions, it seems reasonable that they
express Na,s with channel properties that have adapted to their
specific environments. First, activation and inactivation of pro-
karyotic Nays cloned from marine bacteria (Na,,SP, Na,SheP,
and NayRosD but not Na, PZ) were faster than those of homo-
logues cloned from Bacillus species (NaChBac, NayBP, and
NayBacL) (Table 2). Marine bacteria live in an environment
with a higher concentration of sodium ions than soil bacteria,
such as Bacillus species. The fast inactivation of Nays found in
marine bacteria might thus be an adaptation that evolved to
prevent the influx of excess sodium ions into the cytoplasm.
Second, although Na,Bacl. and Na,BP, both expressed in
Bacillus species isolated from soil, have similar kinetics of acti-
vation and inactivation, their voltage dependences differ from
each other. At the neutral pH of 7.4, half of Na, BP is activated
by a voltage of —35 mV and inactivated by a voltage of =57 mV
(6) (Table 1). These membrane potentials are 30 mV higher
than those that activate and inactivate Na,BacL. At pH 9.0, the
pH of the environment in which B. pseudofirmus lives, half of
Na, BP is, however, activated by a voltage of —64 mV and inac-
tivated by a voltage of —86 mV (6). Hence, at the pH of the
environment in which the respective bacterium lives, the two
channels have similar voltage dependences of activation and
inactivation, This finding suggests that the channel character-
istics of prokaryotic Nays have been optimized for the specific
environments of the bacteria.

3692 JOURNAL OF BIOLOGICAL CHEMISTRY

The diversity in the channel properties of prokaryotic Na,,s
can help us to obtain a better understanding of the molecular
mechanisms that underlie ion channel function. The crystal
structure of the K,,1.2/K,,2.1 chimera potassium channel sug-
gested that the S4-S5linker helix pushes down on the lower part
of helix S6 and thus keeps the ion pore closed in the resting state
(13). A single molecule study demonstrated that this region of
KcsA is rotated in the open state (40) and thus confirmed that
this region works as an activation gate. If the pore domain were
folded tightly, such as seen in crystal structures of potassium
channels, the role of the glycine hinge and the PXP motif in
channel gating might be to provide sufficient flexibility to allow
the lower part of helix S6 to bend and move for activation. On
the other hand, prokaryotic Na,, mutants lacking glycine and
proline residues in helix S6 and wild-type Na, ,SheP still show
activation and inactivation (Fig. 5 and Table 2). Neither motif
can thus be essential for gating in prokaryotic Na,;s. Because bend-
ing of helix S6 would be difficult without such gating motifs, it is
likely that in these mutants and in wild-type Na,SheP, the entire
helix S6 has to incline to open the activation gate. Therefore, it is
likely that the pore domain of prokaryotic Nays is folded more
loosely to increase the mobility of helix S6.

Inactivation of prokaryotic Nays is thought to occur through
the C-type inactivation mechanism seen in other tetrameric
cation channels. C-type inactivation has been explained by con-
formational changes around the selectivity filter of the channel
(23-25). These conformational changes, which cause the selec-
tivity filter to collapse, act as an inactivation gate. Therefore, the
stability of the selectivity filter could affect the rate of C-type
inactivation. In the case of KcsA, it has been proposed that the
residues adjacent to Gly®®, which is the residue corresponding
to the glycine hinge, interact with residues forming the bottom
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of the selectivity filter, thus stabilizing its conductive conforma-
tion (41). This motif of K 1.2 also locates beside the selectivity
filter (Fig. 5, B and C). Based on the similarity of the primary
sequences, the corresponding region in prokaryotic Nays
would also be near their selectivity filters. All mutations in this
region in NayBacL (A214G), Na,SheP (A216G), Na,RosD
(T207@G), and also NaChBac (G219A) accelerated the inactiva-
tion rate. Remarkably, the T207G mutation reduced ion cur-
rents in Na,,RosD T207G and Na, RosD T207G/G217A. These
mutations would be expected to make the selectivity filter less
stable and easier to collapse. As a result, the mutants would
inactivate faster than the respective wild-type channels.

The lower part of helix S6 is thought to act as activation gate
(13, 40). C-type inactivation always occurs after activation and
thus appears to be coupled to activation. The coupling between
the activation and inactivation gates is thought to be mediated
by residues adjacent to the glycine hinge in helix $6 and the
bottom of the selectivity filter (41). Our glycine-to-alanine
mutations in the lower part of helix S6 reduced the inactivation
rate. This result suggests that the glycine-to-alanine mutations,
which stabilize the lower part of helix S6, weaken the coupling
between the activation and inactivation gates and thus delay
inactivation. Na, SheP is the only channel in which the alanine-
to-glycine mutation (A226G) showed no effect. It thus appears
that although this region is important for the coupling in other
channels, it may not have the same importance for coupling in
Na,SheP. This notion is supported by the fact that Na, SheP
lacks glycines in helix S6 and may thus use a coupling mecha-
nism that in its details differs from that of other prokaryotic
Nays. Ina previous report, a G219P mutation in NaChBac elim-
inated C-type inactivation (16). However, this glycine residue is
not obligatory for activation gating. Therefore, the G219P
mutation might force helix $6 to adopt an unusual bent confor-
mation, in which helix S6 would not be able to mediate the
coupling between the activation and inactivation gates.

Double mutations in the region corresponding to the glycine
hinge and the lower part of helix $6 independently affected the
inactivation rate in NayBacL, Na,RosD, and NaChBac. It is
possible that other regions in helix S6 are also involved in
C-type inactivation. Nevertheless, the mutational results at
these two regions may serve as useful footholds for the study of
C-type inactivation. All mutations in this study had stronger
effects on the inactivation rate than on the activation rate. The
driving force for activation is depolarization, whereas C-type
inactivation is due to the collapse of the selectivity filter, which
depends on thermal instability. It is thus not unexpected that
C-type inactivation is more sensitive to mutations than channel
activation, Although these results provide first clues to the cou-
pling of activation and inactivation in voltage-gated cation
channels, a deep understanding of this phenomenon will
require further mutational studies as well as the analysis of
atomic structures.

Without knowing the three-dimensional structure of Na,,
channels, it is impossible to understand the sodium selectivity
of these channels and how small changes in their primary
sequences result in different voltage dependences and gating
kinetics. A high resolution structure is particularly crucial for
understanding the structural basis of sodium selectivity.

NN
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Because the three Nays characterized in this study could be
expressed at high levels and purified in large amounts, they are
promising candidates for structural studies and thus increase
the chances of obtaining a high resolution crystal structure.
Prokaryotic Nays are the simplest voltage-gated cation chan-
nels known to date. They are composed of fewer than 300
amino acids, and differences in their channel characteristics are
due to small changes in their primary sequences. As functional
analyses proceed and structures become available, prokaryotic
Nay,s have the potential not only to reveal the basic molecular
mechanisms of voltage-gated cation channels but also to pro-
vide insight into the molecular evolution of these channels.
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Fluorescence microscopy is one of the most common techniques
employed in the field of life science. With the rapid progress that
has been achieved with regard to optical systems, fluorescent
proteins (FPs) have acquired important roles for fluorescence
microscopy experiments. In order to visualize the localization and
behavior of particular proteins of interest, FPs such as green
fluorescent protein (GFP) have conventionally been used.! More
recently, techniques for labeling proteins with small molecules have
attracted the attention of many life scientists because they can extend
the range of natural FPs, for example, by incorporating near-infrared
fluorescent dyes, MRI contrast agents, or biofunctional molecules
such as biotin. Several approaches for modifying proteins with small
molecules have been commercialized, including methods based on
the tetracysteine tag,> HaloTag,> and SNAP-tag.* Other protein
labeling methods involving the use of biotin ligase,” transglutami-
nase,® hexahistidine,” tetra-aspartic acid,® etc. have also been
reported. Among the abovementioned labeling methods, only the
tetracysteine tag exhibits fluorogenic properties. In the other labeling
methods, it is necessary to wash the treated cells prior to
microscopic measurements to eliminate background fluorescence.
Thus, new labeling techniques that satisfy the dual criteria of
specificity and fluorogenicity are desirable.

In this paper, we report a specific protein labeling system with
an off-on fluorescence switch. It involves covalent modification of
a genetically engineered hydrolytic enzyme with a rationally
designed fluorogenic probe that exploits the principle of fluorescence
resonance energy transfer (FRET). Using this system, we can
achieve specific and fluorogenic protein labeling under physiological
conditions.

First, we designed the tag protein. Plant or bacterial proteins are
preferably used to achieve bioorthogonal labeling in mammalian
cells. We focused on p-lactamase as the candidate tag because
B-lactamases are small bacterial enzymes that hydrolyze antibiotics
containing a S-lactam structure and have no endogenous counterpart
among eukaryotic cells.” B-Lactamase has been widely used as a
reporter enzyme for examining gene expression in living mam-
malian cells.'® Class A S-lactamases such as the 29 kDa TEM-1"'
have been extensively investigated with regard to their structures,
enzyme reaction kinetics, substrate specificity, inhibitors, etc. 12 The
reaction of TEM-1 with B-lactams involves acylation and deacy-
lation steps (Scheme 1). In the acylation step, Ser70 attacks the
amide bond of the f-lactam ring to form an intermediate acyl-
enzyme complex (ES*). In the deacylation step, an activated water
molecule hydrolyzes the ester bond of the intermediate to yield
the product. Previous studies have shown that Glu166 is essential
for the deacylation step'® and that the E166N mutant of TEM-1
(E1NTEM) accumulates the acyl-enzyme intermediate by markedly
slowing deacylation (k3) relative to acylation (k2)."* We hoped to
exploit the properties of the EINTEM mutant to covalently attach
a fluorescent substrate to S-lactamase.
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Figure 1. (a, b) Fluorescence (left) and CBB-stained (right) gel images of
EI6SNTEM after incubation with (a) CA and (b) CCD. (c) Fluorescence and
CBB-stained gel image of MBP-EI*NTEM mixed with HEK293T cell lysate
after incubation with CCD.

Scheme 1. Mechanism of B-Lactam Cleavage by Class A
B-Lactamases; (E) Enzyme, (S) Substrate, and (P) Product
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Scheme 2. Structures and Labeling Mechanisms of the
Fluorescent Probes (a) CA and (b) CCD
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To investigate the feasibility of fluorescently labeling E'NTEM
under physiological conditions, we designed and synthesized a
penicillin-based fluorescent probe, coumarinyl ampicillin (CA). The
labeling scheme is illustrated in Scheme 2a. Since CA contains
7-hydroxycoumarin, successfully labeled E''NTEM should exhibit
cyan fluorescence. E'NTEM was incubated with CA in 10 mM
Tris-HCI buffer (pH 7.0) at 25 °C, and protein labeling was assessed
by SDS-PAGE. Fluorescent proteins were detected by irradiating
the gels with UV light at 365 nm. When purified E'NTEM was
mixed with CA, a protein band of ~29 kDa was observed that
exhibited cyan fluorescence (Figure 1a); Coomassie Brilliant Blue
(CBB) staining confirmed that this band corresponded to ESNTEM.
In contrast, when wild-type (WT) TEM-1 was incubated with CA,
no cyan fluorescence was seen (Figure Sla). Although CA
successfully labels B'NTEM, other fluorescent bands were also
observed on the gel. Since these bands were also seen when only

10.1021/ja8082285 CCC: $40.75 © 2009 American Chemical Society
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Figure 2. (a) Time-dependent emission spectra (Ax = 410 nm) of CCD
(1 #M) in the presence of E'NTEM in 100 mM HEPES buffer (pH 7.4)
containing 0.1% DMSO at 25 °C. (b—e) Optical microscopic images of
CCD-labeled HEK293T cells expressing E'NTEM-EGEFR (b,c) and EGFR
(d,e), labeled with 5 uM CCD. (b,d) Fluorescence microscopic images,
excitation at 410 nm. (c,e) phase contrast microscopic images. Scale bar:
10 pem.

CA was electrophoresed (Figure S2), a washing procedure should
be performed before observation under a fluorescence microscope.

Next, we designed and synthesized CCD (Scheme 2b), a
fluorescence off—on labeling probe. This molecule has three main
components: 7-hydroxycoumarin, cephalosporin, and 4-(4’-dim-
ethylaminophenylazo)benzoic acid (DABCYL). Since the absorp-
tion spectrum of DABCYL substantially overlaps with the emission
spectrum of 7-hydroxycoumarin, the fluorescence of CCD would
be expected to be largely quenched by intramolecular FRET from
coumarin to DABCYL. Based on related probes of S-lactamase
activity,'” cleavage of the S-lactam of CCD by EISNTEM should
result in covalent attachment of the coumarin to the protein with
concomitant release of the DABCYL moiety as shown in Scheme
2b. After loss of the DABCYL group, the cyan fluorescence of
coumarin should be restored by cancelation of FRET.

The fluorescence spectrum of CCD confirmed that the coumarin
fluorescence was almost completely quenched because of FRET.
The fluorescence quantum yield of CCD was 0.006, which is much
lower than that of CA (® = 0.40). When CCD was incubated with
EISNTEM, the fluorescence increased considerably in a time-
dependent manner (Figure 2a). This indicates that E'®NTEM cleaved
the B-lactam of CCD and eliminated the DABCYL group. When the
DABCYL group was completely eliminated by WT TEM-1, the
fluorescence signal increased approximately 30-fold. The apparent
rate of reaction between CCD and F'NTEM was approximately
80-fold slower than that of the reaction between CCD and WT
TEM-1 (Figure S3), probably because the mutation at E166
decreases the acylation rate (k;) somewhat.'?

CCD specifically labels EINTEM, as demonstrated by incubation
of the probe molecule with both E'NTEM and WT TEM-1 in 10
mM Tris-HCI buffer (pH 7.0) at 25 °C, followed by SDS-PAGE
analysis. As shown in Figure 1b, only the band corresponding to
EI6NTEM exhibited cyan fluorescence; no fluorescence was as-
sociated with WT TEM-1 (Figure S1b). In contrast to CA, unreacted
CCD yielded considerably weaker fluorescence on the gel. In
MALDI-TOF MS analyses of the samples, the molecular mass peak
for the protein—probe adduct was only detected when E'SSNTEM
was incubated with CCD (Figure S4).

This system can therefore be used to label target proteins in a
biological medium. For example, we fused E'NTEM to maltose
binding protein (MBP, 42 kDa), mixed the purified MBP—E!I®NTEM
construct with HEK293T cell lysate, and incubated the mixture with

CCD at 25 °C for 45 min. SDS-PAGE analysis revealed that fusion
protein was efficiently and selectively labeled with the fluorogenic
probe (Figure Ic).

Finally, we investigated specific labeling of target proteins
displayed on the surface of living cells. EINTEM was fused to the
N-terminus of epidermal growth factor receptor (EGFR), a mem-
brane associated protein, and the construct was produced in
HEK293T cells. After treatment with CCD (see Supporting
Information), the cells were examined under a fluorescence
microscope. Only cells producing the F'NTEM-EGFR fusion
protein emitted cyan fluorescence as a consequence of specific
labeling by the probe (Figure 2b—e).

In conclusion, we have developed a novel protein labeling system
that combines a genetically modified S-lactamase with low mo-
lecular weight fluorogenic f-lactam probes. Through appropriate
probe design, we succeeded in labeling proteins with a sensitive
fluorophore in vitro and on living cells. In principle, this system
does not require washing procedures to remove the unreacted probes
after labeling. Furthermore, since the E1NTEM tag protein is absent
in mammalian cells, it can be used for the specific labeling of
proteins in higher eukaryotes. We anticipate that this labeling system
will find wide application in the field of life science.
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Dual-Function Probe to Detect Protease Activity for Fluorescence

Measurement and “F MRI**

Shin Mizukami, Rika Takikawa, Fuminori Sugihara, Masahiro Shirakawa, and Kazuya Kikuchi*

Noninvasive molecular imaging techniques are a)
important for understanding the actual mechanisms
of biological systems. In biological sciences, espe-
cially those involving cellular systems, the most
widely used imaging technique is fluorescence
microscopy, because of its high sensitivity, high
spatiotemporal resolution, and simple experimen-
tal procedure!! On the other hand, magnetic
resonance imaging (MRI) is one of the most
successful imaging techniques in the field of clinical
diagnosis. As MRI can visualize deep regions of |
animal bodies,”! application of MRI to in vivo
imaging of biomolecules is attracting attention.?!
Several '"H MRI probes have been developed to
investigate pH values,*! metal ions,”! and enzyme
activities.[®)

Recently, heteronuclear MRI has been attract-
ing considerable attention as an alternative molec-
ular imaging technique. One of the most promising
nuclides for MRI is F."”) which has a high NMR
sensitivity that is comparable to that of 'H, and
almost no intrinsic '°F signals can be observed in
living animals. "’F MRI does not have the drawback
of background signals from intrinsic biomolecules,
which interfere with the probe signals. Very
recently, we developed a novel design strategy for
YFMRI probes that can detect protease activity® We
exploited the paramagnetic relaxation enhancement (PRE)
effect to achieve off/on switching of the probe MRI signals

b)

activity.
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Scheme 1. a) Representation of '’F MRI detection of protease activity. b) Chemical
structure of Gd-DOTA-DEVD-AFC and its reaction scheme for detecting caspase-3

(Scheme 1a). Using the '"F MRI probe Gd-DOTA-DEVD-
Tfb (Tfb = para-trifluoromethoxybenzyl) based on this mech-
anism, we were successful in detecting caspase-3 activity by
YF MRIL

Although MRI can visualize deep regions of living bodies,
its sensitivity is inferior to that of fluorescence measurement.
The lower sensitivity requires longer accumulation time for
imaging. If the probes are multifunctional, we can choose the
appropriate imaging method in accordance with the exper-
imental conditions. Higuchi et al. developed the dual-function
probe (E,E)-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-hydroxy)-
styrylbenzene (FSB), which aggregates to amyloidf3 (Ap)
plaques, for FMRI and fluorescence measurements.”!
F MRI signals localized on Af plaques were observed in
living mice in vivo, and fluorescence signals in brain slices ex
vivo.”! As such complementary experiments have resulted in
more reliable conclusions, development of multimodal imag-
ing probes is very important."”! Herein we report a dual-
function probe to detect protease activity by fluorescence
measurement and '°F MRI that is based on the development
of Gd-DOTA-DEVD-Tfb."

We chose 7-amino-4-trifluoromethylcoumarin (AFC) as a
reporter group that is active in both ’F MRI and fluorescence
measurement. AFC is strongly fluorescent in polar solvents,
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and the fluorescence properties of 7-aminocoumarin deriva-
tives depend on the electron-donating ability of the 7-amino
group." Usually, the peptide modification on the 7-amino
group induces a blue shift of the fluorescence spectrum with a
decrease in fluorescence intensity. Thus, AFC has been
utilized as the fluorophore for protease activity detection.!?
Furthermore, the 'F NMR spectrum of AFC shows only a
singlet peak without any coupling to intramolecular protons.
AFC is thus appropriate for '*F MRI.

We designed a bimodal probe Gd-DOTA-DEVD-AFC
(Scheme 1), in which the probe consists of mainly three parts:
Gd&*-DOTA complex (DOTA =1,4,7,10- tetraazacyclodode-
cane-1.4,7,10-tetraacetate), caspase-3 substrate peptide
(DEVD), and “F-containing fluorophore (AFC). When
caspase-3 cleaves the Cterminus of the DEVD sequence,
AFC is produced. After the enzyme is cleaved, the F MRI
signal is increased in much the same manner as in Gd-DOTA-
DEVD-Tib (Scheme 1a). Simultaneously, the fluorescence
spectrum of AFC is increased. Thus, Gd-DOTA-DEVD-AFC
is expected to work as a bimodal probe that detects caspase-3
activity.

The Gd-DOTA-DEVD-AFC probe was synthesized using
Fmoc solid-phase chemistry, followed by complex formation
with the Gd*" ion (Scheme 2). The excitation peak of Gd-
DOTA-DEVD-AFC is at 340 nm, and irradiation at 400 nm
results in little fluorescence emission. The incubation of the
probe with caspase-3 at 37°C induced the excitation spectral
shift toward longer wavelengths. Therefore, when the probe
was excited at 400 nm, the emission at around 500 nm was
substantially increased (Figure 1). From the fluorescence
measurements, the kinetic parameters for hydrolysis of Gd-
DOTA-DEVD-AFC by caspase-3 were measured. The V,,,./
K, value of Gd-DOTA-DEVD-AFCis 7.61 x 10*s™!. On the
other hand, V. /K, of Ac-DEVD-AMC, the commercially
available fluorescent substrate (AMC =7-amino-4-methyl-
coumarin), is 9.91x107*s™, This result indicates that Gd-
DOTA complex does not hinder the enzyme reaction at all.
Thus, Gd-DOTA-DEVD-AFC can be used as a superior
fluorogenic probe for detecting caspase-3 activity.

450 500 550 600 650
Al nm ——

Figure 1. Time-dependent emission spectra of Gd-DOTA-DEVD-AFC
(10 um) with casapse-3 (0.84 mU) in the reaction buffer (pH 7.4) at
37°C. The spectra were measured every 2 min after the addition of the
enzyme. The dotted line indicates no caspase-3. The excitation wave-
length: 400 nm. Reaction buffer: 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES, pH 7.4, 50 mm) containing glycerol (10%),
NaCl {100 mmy), dithiothritol (DTT, 10 mm), ethylenediaminetetraacetic
acid (EDTA, 1 mwm), and 3-{(3-cholamidopropyl)dimethylammonio}-1-
propanesulfonate (CHAPS, 0.1%).

We measured the '°F NMR spectra of Gd-DOTA-DEVD-
AFC and its metal-free analogue DOTA-DEVD-AFC. The
NMR signal of Gd-DOTA-DEVD-AFC was broad and weak
compared to that of the Gd*-free DOTA-DEVD-AFC
(Supporting Information). This change in peak shape and
intensity suggests that F undergoes an intramolecular PRE
effect from the Gd® ion. Longitudinal (7,) and transverse
(T,) relaxation times of DOTA-DEVD-AFC (250 pm) were
(0.479 £0.003) s and (0.152 £ 0.006) s, respectively (Table 1).
In case of Gd-DOTA-DEVD-AFC, we could not estimate
either T, or T, because these relaxation times were markedly
shorter and the "FNMR signal intensity was low. From
molecular modeling, the distance between the Gd** ion and
the °F atom in the probe was estimated to be less than 25 A.
However, as the substrate peptide is flexible, the Gd** ion can
be distributed in closer proximity to “F, such that the PRE
effect works efficiently.

Next, we performed an

cF,
e enzyme assay using F NMR

I\;L /L GFs GF spectroscopy. When  Gd-

N oo " B fTA? o) , )0 ﬂ”“j“‘\g DOTA-DEVD-AFC  was
y O T FmeeT NN “o"vo L 0”0 treated with caspase-3 in the

Fmos A on purry Y-on reaction buffer at 37°C, a
g o 4 G ) sharper and a more intense
O%O’B” F NMR signal was observed,

o CoH with a slight downfield shift

W“) }-—OH ) A /L/-‘ . o COQH (Figure 2). Ty and 7, of the

2 ]

7 o N ‘\N,\(N\ /\]/N\A/d\"‘ YN‘VJLN' \V,NT OT.O cleaved product (250 umM)
ci— O (3 OH{_ 7(‘) o V\COHH o A "o LA were elongated to (0.38+
o ) o~ N : &, 0.04)s and (0.097 £0.004)s,

N Ho-«{) DOTA.DEVD.AFC respectively (Table 1). This

d)

o G-DOTA-DEVD-AFC

Scheme 2. Synthetic route to Gd-DOTA-DEVD-AFC. a) POCH,, pyridine. b) trifluoroacetic acid. ¢) Fmoc
peptide synthesis: 2, Fmoc-Val-OH, Fmoc-Glu{OtBu)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-B-Ala-OH, tris-tBu-
DOTA, deprotection. d) GdCl;-6H,0, 100 mm HEPES buffer (pH 7.4). Fmoc=fluorenylmethyloxycarbonyl.
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finding indicates that the
intramolecular PRE effect
from the Gd*" ion to the “F
atom was cancelled owing to
the cleavage of the probe.
After complete cleavage by
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Table 1: Longitudinal and transverse relaxation times of synthesized
probes.

DOTA-DEVD-AFC
Gd-DOTA-DEVD-AFC _tbl _tbl
Gd-DOTA-DEVD-AFC + caspase-3 0.38(4)1 0.097(4)

[a] Parenthesis denotes standard deviation (n=3). [b] The relaxation
time was too short to be determined. [c] The relaxation times were
measured after the enzyme (250 uM) reaction was complete.

90 min

G T

70 min

r
50 min (
SRS A e S

30 min

Y

without Caspase-3

e ety Pty s~ el e T

Figure 2. Time-dependent '°F NMR spectra of Gd-DOTA-DEVD-AFC
(250 pum) after addition of caspase-3 (1.25 mU) at 37°C. Reaction
buffer: As in Figure 1 plus D,O (5%).

caspase-3 (confirmed by HPLC), the relaxation times 7} and
T, were lower than those observed for the metal-free ligand.
These shorter relaxation times are most likely due to the
intermolecular PRE of the cleaved Gd-DOTA (Supporting
Information, Figure S4).

Finally, we attempted to visualize caspase-3 activity using
a “F MRI phantom with Gd-DOTA-DEVD-AFC. Because
of the extremely short relaxation time 75, the '’F MRI of Gd-
DOTA-DEVD-AFC had no signals. When caspase-3 was
added to the solution of Gd-DOTA-DEVD-AFC, augmen-
tation of the "F MRI signal of the probe was observed
(Figure 3).

In conclusion, we developed a novel dual-function probe,
Gd-DOTA-DEVD-AFC, which detects caspase-3 activity by
dual signal increase in fluorescence and in F MRI. Because
fluorescence measurement and MRI provide complementary

105 120 135

t/ min nocaspase 15 30 45 60 75 90

Figure 3. Time-dependent fluorescence images (top, 4.,: 400 nm) and
F MR phantom images (bottom, diameter: approximately 2 mm) of

Gd-DOTA-DEVD-AFC (10 pum for fluorescence measurement and 1 mm
for "°F MRI) with caspase-3 (60 nU for fluorescence measurement and
2 muU for '°F MRI) at 37°C. Reaction buffer: As in Figure 1. For

F MRI, [Dg]DMSO (209%) was introduced into the reaction buffer.
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information, such dual-mode probes should be quite useful
for various biological experiments. Although several multi-
modal probes, such as fluorescence measurement and MRI,
have been developed recently,"*l most probes are constructed
by simple attachment of reporter moieties such as fluores-
cence dyes or MRI contrast agents. In contrast, multimodal
probes accompanying plural signal enhancement have been
scarcely reported. Such multimodal smart probes would be
the next-generation probes in multimodal imaging for detect-
ing enzyme activity.
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Development of Ratiometric Fluorescent Probes for Phosphatases by Using

a pK, Switching Mechanism

Shin Mizukami, Shuji Watanabe, and Kazuya Kikuchi*®
The use of fluorescent probes in fluorimetric assays is particu-
larly useful in physiological studies because of their high sensi-
tivity and noninvasiveness. For example, the widely used Ca’*
probe fura-2" and the subsequently developed fluorescent
probes? have contributed significantly to the rapid progress of
intracellular Ca’* signaling studies. One of the outstanding
characteristics of fura-2 is that it exhibits a shift in its excitation
spectra in response to changes in Ca’* concentration, which
enables ratiometric fluorescence measurement at two wave-
lengths. Ratiometric measurement, in which the fluorescence
intensity is monitored at two excitation or two emission wave-
lengths and the ratio of the two values is calculated, is more
practical than normal fluorescence intensity measurement, be-
cause ratiometric measurement can exclude such variables as
the influence of dye localization and fluctuation of excitation
light intensity.”

For the rational design of ratiometric fluorescent probes, the
resonance energy transfer (RET) mechanism is quite useful.”
However, small-molecule RET probes generally require compli-
cated synthesis, which involves conjugation of two different
fluorescent dyes. Therefore, a new design principle for ratio-
metric probes is required. In this study, we developed a novel
design strategy for ratiometric fluorescent probes. We applied
this strategy in the development of fluorescent probes for de-
tecting phosphatase activity.

Phosphatases catalyze the dephosphorylation of various
types of biomolecules, including proteins, nucleic acids, and
lipids, and play significant roles in the regulation of metabolic
pathways in living organisms. Phosphatases are categorized
into several groups, including alkaline phosphatases (ALP),"!
acid phosphatases (ACP)® serine/threonine phosphatases,”
and tyrosine phosphatases (PTP)® to name a few. Thus far, sev-
eral fluorescent probes have been developed for detecting
phosphatase activity.®'? One prototype is 4-methylumbellifery!
phosphate (MUP),”®! which is hydrolyzed by several types of
phosphatases, resulting in an increase in the fluorescence in-
tensity. Other fluorescent phosphatase probes such as 3,6-fluo-
rescein diphosphate (FDP)'® and 6,8-difluoro-4-methylumbetti-
feryl phosphate (DIFMUP)" are also widely used. However,
these probes do not have ratiometric fluorescence properties.
Thus, the development of ratiometric fluorimetric probes that

{a] Dr. S. Mizukami, S. Watanabe, Prof. K. Kikuchi

Division of Advanced Science and Biotechnology
Graduate School of Engineering, Osaka University
2-1 Yamadaoka, Suita, Osaka, 565-0871 (Japan)
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‘% Supporting information for this article is available on the WWW under
http //dx.doi.org/10.1002/cbic.200900214.

can detect phosphatase activities has been attempted by
many research groups.

In addition to the aforementioned limitation, known phos-
phatase probes have another drawback: they have an aryl
phosphate monoester moiety; phosphodiesterases convert
them to the corresponding aryl alcohol, which fluoresce more
strongly than the phosphate monoesters. Although they are
considered structural analogues of phosphotyrosine and are
used as fluorescent probes for detecting tyrosine phosphatase
activity,"'? they are hydrolyzed by serine/threonine phospha-
tases"™™ and ALP/ACPI™" Usually, several types of phosphatase
are activated in biological samples. When known phosphatase
probes such as DIFMUP are used for the detection of phospha-
tase activity, the output fluorescence signal represents the sum
of the activities of several phosphatases. Therefore, there is a
requirement for more specific probes for individual phospha-
tases. For developing a specific probe for a phosphatase, the
design of the enzyme-recognizing structure is important. The
known probes always require an aryl phosphate monoester
structure, and this structural requirement imposes severe limi-
tations on probe design. Herein we report a novel design strat-
egy for fluorescent probes that have an alkyl phosphate mono-
ester structure. We investigated the specificity of the synthe-
sized probes toward several phosphatases and discuss the cor-
relation between their structure and the kinetic parameters in
reaction with ACP.

In our design of new ratiometric probes, we initially focused
on the fluorescence properties of coumarins, Coumarins con-
taining an electron-donating substituent at the 6- or 7-position
generally fluoresce in aqueous solution and have been exten-
sively used for the fluorescence detection of various enzyme
activities.” " **1% |n particular, 7-hydroxycoumarins (umbellifer-
ones) have been widely used because they have strong fluo-
rescence intensities and they are easily synthesized. One of
their distinctive characteristics is that their fluorescence prop-
erties are affected by solution pH;'® excitation wavelength
maxima {(1,,) are approximately 330 and 370 nm in acidic and
alkaline solution, respectively (Figure 1A). This is because the
protonation of the 7-hydroxy group affects fluorescence. By
varying the pK, value of the 7-hydroxy group through judi-
cious substitution, the relative proportion of the phenol and
phenolate forms in a neutral buffered solution can be system-
atically varied. Thus, if the pK, value of the 7-hydroxy group
can be controlled by an enzymatic reaction, the excitation
spectrum of coumarin would change in response to the
enzyme activity.

The conventional approach to vary the pK, values of 7-hy-
droxycoumarins involves substitution of the hydrogen atom at
the 6- or 8-position with a halogen atom such as fluorine or
chlorine; this substitution decreases the pK, value by an induc-
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Figure 1. A} pH dependence of the excitation spectra of 7-hydroxycoumarin
in aqueous solution {/=fluorescence intensity}. B} Effect of a neighboring
anionic group on the pK, values of 7-hydroxycoumarins; fiuorescence inten-
sities were measured at A,,=380 nm and A, =470 nm (25°C).

tive effect.'"” On the other hand, it has been reported that Cal-
cein Blue (pK,=6.9"%) and other 8-aminomethyl-substituted 7-
hydroxycoumarins (pK,=6.6-6.7""") have lower pK, values than
7-hydroxy-4-methylcoumarin (pK,=7.8""). In these cases, the
positively charged ammonium groups probably interact with
the 7-hydroxy group through hydrogen bonding or electrostat-
ic interactions to enhance deprotonation. By extending this
concept, we hypothesized that an anionic group at the 6- or 8-
position might increase the pK, value of the 7-hydroxy group
in the opposite manner.

Compound X Y
1 CH,PO3H, H
¥ N 2 CH,OPOH, H
m 32 CH,CH,0PO4H, H
3b CH,CH,OH H
HO 0 H CH,CH,0PO,H,
X ab H CH,CH,0H
52 CH,CH,CH,OPOsH,  H
5b  CH,CH,CH,0H H

To confirm our hypothesis, we synthesized 7-hydroxy-8-
phosphorylmethylcoumarin 1 (the synthesis is shown in
Scheme S1 in the Supporting Information) and estimated the
pK, value from the fluorescence intensity at various pH values
(Figure 1B). As expected, the pK, value of 1 was considerably
higher {pK,=11.2) than that of 7-hydroxy-8-methylcoumarin
(pK,=8.0). This indicates a strong interaction between the
anionic phosphate group and the 7-hydroxy group. We ex-

ploited this pK, switch to develop a new type of fluorescent
probe, as shown in Figure 2. Here, an anionic group is intro-
duced in the coumarin scaffold at the 6- or 8-position through
a tether to increase the pK, value of the 7-hydroxy group.

S S
phosphalase
HO [N ¢ ;, Kej 0" 0
- M %
HO™

( high pK, low pK,
interaction
high pK,
t M
, }
S

Aom —

Figure 2, Change in the excitation spectrum of 7-hydroxycoumarin deriva-
tives upon reaction with phosphatases (Pi: phosphate group, X: atkyl linker).

After enzymatic removal of this moiety, the pK, value would
decrease due to loss of the electrostatic interaction, resulting
in a change in the excitation spectrum. We selected a phos-
phate group as the leaving anionic group. In this case, the
probe can detect phosphatase activities.

We synthesized 7-hydroxy-8-phosphoryloxymethylcoumarin
2. However, the compound was unstable and decomposed in
aqueous solution. This is probably because the 7-hydroxy
group accelerated the removal of the phosphate group to
form quinone methide, as reported previously,"® as phosphate
is a good leaving group. We then synthesized 3a, which has
an 8-phosphoryloxyethyl group. We also synthesized 4a and
5a in order to examine the effect of the position of the anionic
group and the alkyl chain length, respectively. Compounds
3b-5b, lacking phosphate, were synthesized as control com-
pounds. The synthetic routes are shown in Scheme S2 in the
Supporting Information.

The pH dependence of the excitation spectrum of 3a was
measured (Figure 3 A). Peaks were observed at 333 nm (pH 4.5)
and 381 nm (pH 9.3), Between pH 6.5 and 9.3, the excitation
spectrum has an isosbestic point at 350 nm; this indicates that
only two species, the protonated and deprotonated forms of
the 7-hydroxy group, are present in this pH range. The pK,
values of the 7-hydroxy groups of 3a and 3b were calculated
to be 8.3 and 7.8, respectively, by curve fitting from plots of
fluorescence intensity (4.,=380nm, 1,,=470 nm) versus pH
(Figure 3B). As we had hypothesized, 3a showed a greater pK,
value than 3b.

Compounds 4a and 5a showed similar pK, values (8.1 and
8.2, respectively). The pK, values of the corresponding dephos-
phorylated products 4b and 5b were 7.7 and 7.8, respectively.
In each case, the pK, value of the phosphate monoester is
greater than that of the corresponding alcohol. On the basis of
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Figure 3. A) Change in the excitation spectrum of 3a at various pH values
{%em =470 nm). B) Fluorescence intensities of 3a (o) and 3 b (n) at various
pH values (1,,=380 nm, 4., =470 nm).

these results, it was expected that the excitation spectrum of
3a-5a in neutral buffer solution would change after phospha-
tase-mediated dephosphorylation, as shown in Figure 2.

We examined the suitability of these compounds as fluores-
cence probes for phosphatases. When ACP was added to a
10 puM solution of 3a, the excitation spectrum changed in the
expected manner as a function of time. Compounds 4a and
5a showed similar spectral changes. For example, the excita-
tion spectrum of 5a shows a decrease at 330 nm and an in-
crease at 380 nm (Figure 4), originating from the protonated
and the deprotonated forms, respectively. The occurrence of
the enzyme reaction was confirmed by HPLC (Figure S1, Sup-
porting Information).

Next, we studied the reactivity of other phosphatases
toward 3a. As expected, 3a was not dephosphorylated by

200 -
150 +
100

!

50

280 320

360 400 440
Alnm —

Figure 4. Excitation spectra of 5a before and after the addition of ACP in
100 mm HEPES buffer solution (pH 7.4) (4., =470 nm).

PTPs (CD45 and PTP1B) or by serine/threonine phosphatases
(PP1 and PP2A,). On the other hand, ALP induced a partial
change in the excitation spectrum of 3a. However, the reac-
tion rate decreased progressively as the reaction proceeded.
This result suggests that the reaction product 3b inhibits ALP
activity. To confirm this putative product inhibition, we exam-
ined the effect of 3b on the fluorescence intensity increase of
a commercial fluorescent substrate, DiIFMUP. The fluorescence
intensity of DiIFMUP increased significantly after the addition of
ALP, whereas pre-incubation with 3b inhibited this increase
(Figure S2, Supporting Information). This supports the view
that 3b causes product inhibition. This inhibition was not ob-
served with the other phosphatases we studied, so this may
provide a clue to the development of selective ALP inhibitors.
It is also noteworthy that some coumarin derivatives are pro-
tein kinase inhibitors.l'”!

To examine the properties of the new fluorescent probes
more quantitatively, we estimated the parameters K, and V,.,,
of ACP for 3a-5a by fitting the plot of the initial velocity of
the enzyme reaction versus substrate concentration with the
Michaelis-Menten equation (Table 1). DIFMUP was used as the

Table 1. Kinetic parameters of 3a, 4a, and 5a with acid phosphatase”

Compound Ky (pm] Vs X 10° IMmin~" Vo Kig Imin']
3a 54418 4.7+03 8.7x107°
4a 107 +£27 53+3 50x107*
5a 32+12 1742 53x107*
DIFMUP 41+19 31+9 7.6x107*

fal Kinetic data were measured at 30°C in 100 mm HEPES buffer (pH 7.4)
containing 1.0 mm DTT and 1.0 mm EDTA.

standard substrate under the same conditions. Among the
three synthesized probes, 4a and 5a showed high V.,/Ky
values, which were similar to that of DiIFMUP, whereas 3a was
the worst substrate. The difference in the V,,, /Ky values of 3a
and 4a presumably reflects the difference in steric crowding
around the phosphate group, because 3a and 4a are re-
gioisomers; that is, 3a is an 8-substituted coumarin and 4a is
a 6-substituted coumarin, and the 6-position of 7-hydroxycou-
marin is less crowded than the 8-position. Compound 5a had
an additional methylene group in the linker, and it showed an
approximate sixfold increase in the V,,.,/Ky value in compari-
son with 3a. This finding indicates that further modification of
the linker group might yield more selective and reactive fluo-
rescent probes for ACP. Our design principle could also be
used to develop specific probes not only for ACP but for other
phosphatases as well.

In conclusion, we have developed a novel design strategy
using a pK, switching mechanism for the design of ratiometric
fluorescent probes to detect phosphatase activity. This design
strategy is based on a pK, shift of the 7-hydroxy group of 7-
hydroxycoumarin derivatives induced by an adjacent anionic
group, which is directly coupled to a change in the excitation
spectrum. The synthesized probes are efficiently dephosphory-
lated by ACP, and changes in the excitation spectrum are ob-
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served. These probes are not dephosphorylated by two protein
tyrosine phosphatases (PTP1B and CD45) and serine/threonine
phosphatases (PP1 and PP2A,), but are slightly dephosphory-
lated by ALP. The widely used fluorescent phosphatase probe,
DiFMUP, responds to all types of phosphatase activity; there-
fore, our new probes show different enzyme specificity from
previously known probes. The enzyme kinetic data indicate
that modification of the linker could dramatically change the
enzyme affinity.

Our probe design strategy has afforded ACP-selective fluo-
rescent probes. However, in principle, the probe structure can
be changed significantly, provided that the hydroxy group (the
7-hydroxy group in this case) interacts with the ionic group
(phosphate group in this case). Thus, this strategy should be
applicable to the synthesis of fluorescent probes that are
highly specific for various types of phosphatases by modifying
the linker structure. Further, as discussed above, ratiometric
fluorescent probes are preferable for quantitative bio-imaging
experiments. As our probe design strategy intrinsically yields
ratiometric probes, it should be helpful for the rational devel-
opment of a wide range of fluorescent probes for the ratio-
metric bio-imaging of various hydrolases such as phosphodies-
terases and sulfatase in living organisms.,
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Zinc (Zn) plays important roles in various biological activities but there
is little available information regarding its functions in spermatogen-
esis. In our current study, we further examined the role of Zn during
spermatogenesis in the Japanese eel (Anguilla japonica). Human CG
(hCG) was injected into the animals to induce spermatogenesis, after
which the concentration of Zn in the testis increased in tandem with
the progression of spermatogenesis. Staining of testicular cells with
a Zn-specific fluorescent probe revealed that Zn accumulates in germ
cells, particularly in the mitochondria of spermatogonia and sperma-
tozoa. Using an in vitro testicular organ culture system for the
Japanese eel, production of a Zn deficiency by chelation with
N,N,N',N'-tetrakis (2-pyridylemethyl)ethylenediamine (TPEN) caused
apoptosis of the germ cells. However, this cell death was rescued by
the addition of Zn to the cultures. Furthermore, an induced deficiency
of Zn by TPEN chelation was found to inhibit the germ cell prolifer-
ation induced by 11-ketotestosterone (KT), a fish specific androgen,
17,20 8-dihydroxy-4-pregnen-3-one (DHP), the initiator of meiosis in
fish, and estradiol-17B (E2), an inducer of spermatogonial stem-cell
renewal. We also investigated the effects of Zn deficiency on sperm
motility and observed that TPEN treatment of eel sperm suppressed
the rate and duration of their motility but that co-treatment with Zn
blocked the effects of TPEN. Our present results thus suggest that Zn
is an essential trace element for the maintenance of germ cells, the
progression spermatogenesis, and the regulation of sperm motility.

apoptosis | germ cells | in vitro culture | Japanese eel | sperm motility

Zinc (Zn) is well known as an essential trace element for a
variety of biological activities. In biological systems, Zn is
present in protein-bound and jonic forms, and plays important
roles in mediating the function and structure of proteins, and in
maintaining physiological balance. In vertebrates, Zn accumu-
lates in the testis at high levels which are comparable to those in
liver and kidney (1). In epidemiological studies in human, the
inhibition of spermatogenesis and sperm abnormalities have
been observed in patients with Crohn’s disease and nutritional
disorders, both of which induce a Zn deficiency (1-3). In vivo
experiments in rodents have also demonstrated that a Zn
deficiency can cause severe damage to the testes such as atrophy
of the testicular tubules and the inhibition of spermatid differ-
entiation (4, 5). Moreover, there are some reports that exposure
to Zn can alleviate testis damage by stresses such as heavy metals,
fluoride, and heat (6). These findings suggest that the testes may
harbor a Zn-incorporation system, and that Zn itself may exert
protective effect against testicular injury and play an essential
role in the maintenance of testicular functions. However, there
has been no evidence reported to date that shows any direct
effects of Zn upon spermatogenesis in vertebrates.

In contrast to spermatogenesis, the effects of Zn on sperm
motility have been examined in a number of vertebrate and
invertebrate species. In humans, sperm motility declines in
association with increased Zn concentrations in the seminal
plasma (7). Morisawa and Yoshida have also reported that Zn in
the seminal plasma of human suppresses sperm motility, and that

www.pnas.org/cgi/doi/10.1073/pnas.0900602106

the removal of Zn by binding to a protein named semenogelin
enhances motility (6). On the other hand, in sea urchin, treat-
ment with the bivalent metal ion chelator, ethylenediamine tetra
acetic acid (EDTA), inhibits sperm motility that is reversed by
the addition of Zn (9). These results suggest that extracellular Zn
indeed affects sperm motility but whether this is inhibitory or
stimulatory appears to be species-specific. Additionally, it has
been reported that Zn is present in sperm mitochondria and
flagella (10, 11) but there had been no reports to date concerning
the role of intracellular Zn upon sperm function.

To further study the role of Zn upon spermatogenesis in our
current study, we chose Japanese eel (4nguilla japonica) as our
animal model. In the Japanese eel in vivo, a complete pathway
of spermatogenesis, from the spermatogonia stage to sperm
maturation, can be induced by the injection of human CG (hCG;
12). Furthermore, we have developed a testicular organ culture
system for the Japanese eel in our laboratory, which is the only
currently available system of its kind in which the induction of
complete spermatogenesis can be performed in vitro by the
addition of 11-ketotestosterone or hCG (13, 14). By in vivo and
in vitro analyses of spermatogenesis in the Japanese eel, we have
previously further clarified the regulatory mechanisms underly-
ing fish spermatogenesis (15, 16). Additionally, we have revealed
the inhibitory effects of 4 trace elements (lead, molybdenum,
rubidium, and arsenic) on fish spermatogenesis using our in vitro
testicular organ culture system (17). In our present study, we
again used the Japanese eel model to investigate the concentra-
tion and distribution of Zn in testis during spermatogenesis.
Moreover we examined the effects of Zn addition and deficiency
on spermatogenesis and sperm motility in vitro.

Results

Changes in the Levels and Distribution of Zinc (Zn) in the Testis of the
Japanese Eel during Spermatogenesis. Before injection with hCG,
the concentration of Zn in the testis of the Japanese eel was
approximately 50 ug/g. After injection, the Zn concentration in
the testis gradually increased, and the highest levels were ob-
served on day 9. Thereafter, the concentration of Zn remained
at high levels until day 18 (Fig. 1).

To detect the distribution of Zn in eel testes, an unfixed
testicular fragment was stained with a fluorescence sensor for
Zn(II), ZnAF-2DA. Strong fluorescent signals were obtained in
the lobules but not in the interstitial tissue (Fig. 24 and B). We
thus further investigated the distribution of Zn in testicular tissue
using isolated cells. Germ cells were found to be strongly stained
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Fig. 1. Changes in the Zn concentrations in the testis of the Japanese eel
after injection of human CG (hCG). The different letters indicate statistically
significant differences (P < 0.05).

by ZnAF-2DA but Sertoli cells showed no signal (Fig. 2 C and
D). When the germ cells were treated with 10 mM N,N,N' ,N'-
tetrakis(2-pyridylemethyl) ethylenediamine (TPEN) for 1 h
before staining with ZnAF-2DA, fluorescence was not detected
(Fig. 2 E and F). We also stained the germ cells at various stages
with ZnAF-2DA, that is, spermatogonia, spermatocytes, sper-
matids, and spermatozoa. ZnAF-2DA signals were detectable in
spermatogonia, most notably in the mitochondria (Fig. 3 A-C).
Additionally, the mitochondria of the spermatids and sperma-
tozoa also displayed strong ZnAF-2DA signals (Fig. 3 D and E).

Effects of Zn and Zn Chelators on Japanese Eel Testes in Vitro. To
investigate the putative key role of Zn during spermatogenesis,
we analyzed the direct effects of Zn on the testis in the presence
or absence of 11-ketotestosterone (KT). After culturing for 6
days, testicular fragments in the control group were found to be
occupied by type A spermatogonia. Although the histological
structure of the testicular fragments cultured with KT alone did
not differ from the control group, the incorporation ratio of
BrdU into the germ cells had significantly increased (Fig. 4), as

«Sertoli cell < Sertoli cell

Germ cell
=

N o~

Germ cell

E
=
E

Fig. 2. The zinc distribution in the testis of the Japanese eel determined by
staining with a Zn-specific fluorescent probe, ZnAF-2DA (A, C, and E). Bright field
images are also shown (B, D, and F). (A and B) testicular fragments of the Japanese
eel at 15 days after injection of hCG; (C and D) germ cells and Sertoli cells; (€ and
F) TPEN-treated germ cells. (Scale bars: A and B, 100 um; C-F, 20 um.)
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Fig. 3.  Zinc distribution in germ cells of the Japanese eel. Zn was stained
using ZnAF-2DA. Fluorescence images are shown for (A) Zn, and (8) mitochon-
dria. (C) Bright field image of spermatogonia. (D) Zn fluorescence and (E)
bright field image of spermatids and spermatozoa. M, mitochondria; St,
spermatid; Sz, spermatozoa. (Scale bars: 10 um.)

also reported in our previous study (13). Treatment of the
Japanese eel testicular fragments with any level of Zn with or
without KT did not affect the histology of the testis or the BrdU
index (Fig. 44). Treatment with ethylenediamine-N,N,N',N'-
tetraacetic acid, calcium(II), disodium salt (Ca-EDTA), an
extracellular Zn chelator, also did not affect the BrdU index or
testicular morphology after 6 days in culture (Figs. 4B and 5B).
In contrast, exposure to 0.01 and 0.1 mM TPEN, an intracellular
chelator of Zn, inhibited BrdU-incorporation into germ cells
(Fig. 4B), and induced germ cell death (Figs. 4B and 5C).
Significantly, both the cell death and the inhibition of BrdU
incorporation induced by TPEN was rescued by the addition of
Zn (Figs. 4B and 5D). We further investigated the type of cell
death that occurred using a TdT-mediated dUTP nick-end

>
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KT(10ng/ml) - + - + - + - + - + - +

CaEDTA(0.1mM) - - + + - - - - - - - -
TPEN (mM) - - - - 0001001 01 01
Zn(0.25mM) - - - - - - - - - - + +

Fig.4. Effects of Zn and Zn chelators on the early stages of spermatogenesis
in vitro. The BrdU-labeling index was determined for germ cells in testicular
fragments cultured with Zn (A) or Zn chelators (B) with or without KT. The
number of BrdU-positive germ cells is expressed as a percentage of the total
number of germ cells. C, control; Zn, ZnCly; KT, 11- ketotestosterone; TPEN,
N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine; CaEDTA, ethylenedia-
mine -N,N,N',N'- tetraacetic acid, calcium(ll), disodium salt, dihydrate. Results
are given as the mean + SEM. The different letters on the columns indicate
statistically significant differences (P < 0.05).
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Fig. 5. Light micrographs of testicular fragments after culture with Zn
chelators for 6 days. (A-D) Hematoxylin and eosin-stained testicular fragments
cultured for 6 days. (A) control; (B) cultured with 0.1 mM CaEDTA; (C) cultured
with 0.01 mM TPEN; (D) cultured with 0.1 mM TPEN and 0.25 mM ZnCl,. (E and
F) One-day cultures of testicular fragments subjected to a TUNEL assay. (E)
control; (F) cultured with TPEN. Dark stained cells are TUNEL-positive (E and F).
Sg, spermatogonia; dSg, dead spermatogonia; T, TUNEL-positive cells. (Scale
bar: 20 um.)

labeling (TUNEL) assay after a 1-day culture in the presence of
TPEN. In the control and KT-treatment groups, no cell staining
was observed (Fig. 5E). However, TUNEL-positive germ cells
were detectable after treatment with 0.01-0.1 mM TPEN with
or without KT (Fig. 5F).

We also investigated the effects of 0.001 mM TPEN, a dose
that does not cause cell death, upon KT-induced spermatogen-
esis using our testicular organ culture system. Treatment with
this dosage for 6 days had no effects on the histological structure
of the testicular fragments. In contrast, after 15 days of this
treatment, the testicular fragments were found to only have type
A spermatogonia, although those cultured with KT alone con-
tained the more progressed germ cells, type B spermatogonia
(Fig. 6 A-C). Importantly, the addition of Zn led to a recovery
of spermatogenesis, such that the TPEN/KT treated cultures
resembled those exposed to KT alone (Fig. 6D).

Effects of Zn on the Germ Cell Proliferation Induced by Various Steroid
Hormones. In the Japanese eel, KT, 17«,20B-dihydroxy-4-
pregnen-3-one (DHP), and estradiol-178 (E2) induce DNA

Fig.6. Light micrographs of testicular fragments after culture with 10 ng/mL
KT and 0.001 mM TPEN for 15 days. (A) Control; (B) cultured with 10 ng/mLKT;
(Q) cultured with KT and 0.001 mM TPEN; (D) cultured with KT, TPEN, and
0.0025 mM ZnCl,. SgA, type A- spermatogonia; SgB, type B-spermatogonia.
(Scale bar: 20 pm.)
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Fig. 7. Effects of a low dose TPEN upon germ cell proliferation in vitro.
Testicular fragments were cultured with 0.001 mM TPEN and/or 10 ng/mL KT
or DHP for 6 days (A) or cultured with TPEN and/or 1 ng/mL E2 (B). (C) Testicular
fragments cultured without TPEN as a control for each steroid hormone; T,
with TPEN; T+Z, with TPEN and Zn. KT, 10 ng/mL 11- ketotestosterone; DHP,
10 ng/mL 17q,20B-dihydroxy-4-pregnen-3-one; E2, 1 ng/mL estradiol-178.
Asterisks indicate significant differences from the negative control (P< 0.05).
Daggers indicate significant differences from the control for each steroid
hormone treatment (P < 0.05).

synthesis in germ cells thereby initiating spermatogenesis, mei-
osis, and spermatogonial stem-cell renewal, respectively (13, 16,
18). To elucidate at the stages of spermatogenesis at which Zn
functions, that is, spermatogonial stem-cell renewal, spermato-
gonial proliferation or meiosis, we examined the effects of a
0.001 mM concentration of an intracellular Zn chelator on the
germ cell proliferation induced by 10 ng/mL KT, 1 ng/mL E2, and
10 ng/mL DHP. These doses of KT, DHP and E2 were previously
shown to be optimal for the induction of DNA synthesis in germ
cells in vitro involving the initiation of spermatogenesis, meiosis,
and spermatogonial stem-cell renewal, respectively (13, 16, 18).
The rates of BrdU incorporation increased after treatment with
KT and DHP for 6 days. However, treatment with 0.001 mM
TPEN decreased the levels of BrdU incorporation induced by
DHP or KT (Fig. 74). To then investigate the effects of Zn on
E2-induced germ cell proliferation, eel testes were cultured with
E2 with or without 0.001 mM TPEN for 15 days according to the
method of Miura et al. (18). Treatment with E2 alone signifi-
cantly increased the number of BrdU-positive germ cells,
whereas E2 in combination with 0.001 mM TPEN suppressed
germ cell proliferation. This inhibition by TPEN was rescued by
Zn treatment (Fig. 7B).

Effects of Zn Deficiency on Sperm Motility. In the mitochondria of
Japanese eel sperm, strong ZnAF-2DA signals were observed.
Hence, we analyzed the effects of Zn chelators on the rate and
duration of eel sperm motility. Treatment of the sperm with
Ca-EDTA did not alter their motility rate or duration at any
concentration (Fig. 84 and B). In contrast, the addition of TPEN
decreased both the motile rate and duration in a dose-dependent
manner: 0.1-1 mM TPEN was found to be an effective concen-
tration range for both indices. Furthermore, treatment with 1
mM Zn treatment rescued the inhibition of sperm motility by 1
mM TPEN (Fig. 8 4 and B).

Discussion

Some previous studies have reported that a high concentration
of Zn is detectable in testis, and that a Zn deficiency inhibits
spermatogenesis and causes sperm abnormalities (5, 19). How-
ever, there are currently few reports that address the function of
Zn during spermatogenesis in any detail. We thus investigated in
our current study the distribution of Zn in testis and the direct
effects of Zn upon spermatogenesis using an in vitro testicular
organ culture model derived from the Japanese eel.

PNAS | June 30,2009 | vol.106 | no.26 | 10861

PHYSIOLOGY



Ca-1 9o1 01 1 T+Zn

TPEN (mM)

(@]

250

oy}

o

Motility duration (sec;
a 5 o 8
QS 8 Q
O [ ]

Ca-1 001 01 1 T+Zn

TPEN (mM)

Fig.8. EffectsofZnchelatorsonthe motility of Japanese eel sperm. (A) Ratio
of motile sperm; (B) duration of sperm motility. C, control; Ca-1, incubated
with 1 mM Ca-EDTA; T+Z, incubated with 1 mM TPEN and 1 mM ZnCl,.
Asterisks indicate statistically significant differences from the control.

Our present analyses show that the Zn concentration in the
testes of the Japanese eel gradually increases following an
injection with hCG, and peaks on day 9 after this induction.
Additionally, using a fluorescent Zn probe, strong signals were
observed in germ cells, particularly spermatogonia, but not in
the interstitial tissue or Sertoli cells. Similar to our present
findings, Sgrensen et al. have previously demonstrated by
autometallography (AMG) that Zn is present in spermatogo-
nia and primary spermatocytes in mouse (20). We previously
demonstrated in our laboratory that a single injection of hCG
first induced spermatogonial proliferation, then initiated mei-
osis on about day 12, and induced spermiogenesis on day 18
postinjection (12). Taken together therefore, our current data
and previous findings suggest that Zn accumulates in the testis
during early spermatogenesis, and may play a key role in the
regulation of the spermatogonial proliferation and in the
meiosis of germ cells. In the germ cells of other vertebrates,
some Zn transporters have been observed. In rat, metal-
lothionein (MT) was detected in spermatocytes (21) and other
reports have shown that a testis-specific metallothionein-like
protein (tesmin) is also present in these cells (22, 23). Addi-
tionally, Chi et al. have demonstrated that Zn accumulates in
sperm in the mouse and that the Zn-exporter, ZnT-7, is present
in the mouse testis, suggesting that Zn may be supplied to the
germ cells via ZnT-7 (24). We speculate therefore that Zn may
be accumulated in the germ cells of the Japanese eel via such
transporter molecules.

In our present experiments in eel, Zn was found to accumulate
prominently in the mitochondria in spermatogonia, spermatids
and spermatozoa. In mouse, as detected via the AMG technique,
sperm mitochondria were also previously shown to accumulate
Zn, similar to our current results (10). Costello et al. have
reported that Zn is imported into the mitochondria of prostate
and liver cells in the form of a Zn-ligand complex such as
Zn-citrate and Zn-MT (25, 26). Additionally, the membrane type
Zn transporter protein ZnT-1 is expressed in the mitochondria
of mouse spermatozoa (21). Taken together, there is now ample
evidence to suggest that mitochondria may harbor a transporting
system for Zn, and that Zn itself may have an important role to
play in mitochondrial function in germ cells. In addition to

10862 | www.pnas.org/cgi/doi/10.1073/pnas.0900602106

mitochondria, Zn has also been detected in other areas of the
cytoplasm in eel spermatogonia. In rat, Zn accumulates in the
cytoplasm of both spermatogonia and spermatocytes (20). Fur-
thermore, murine ZnT-7 is present in Golgi apparatus of sper-
macytes and spermatids (24). Thus, other organelles and cyto-
solic compartments may also accumulate Zn as part of its germ
cell functions.

To further clarify the role of Zn in germ cells, we also
investigated the effects of Zn and intra/extracellular Zn ch-
elators on spermatogenesis using our in vitro testicular organ
culture system develop from the Japanese eel. The results of
these experiments demonstrated that treatment with the in-
tracellular chelator TPEN caused germ cell death, which was
blocked by the addition of Zn. This suggests that Zn is an
essential trace element for the maintenance of germ cells. We
performed a TUNEL assay using cultured testes and found
that TPEN specifically caused apoptotic death in germ cells.
There are some reports that a Zn deficiency causes apoptosis
in various cell and tissue types. In human lymphocytes and rat
hepatocytes for example, treatment with TPEN causes DNA
fragmentation (27, 28). Interestingly, an in vitro and in vivo Zn
deficiency was shown to induce caspase-3 activity in human
mast cells and rat embryos, respectively (29, 30). Furthermore,
treatment with Zn induces the antiapoptotic protein Bcl-2 and
inhibits apoptosis in U947 cells (31). Caspase-3 and Bcl-2 in
mitochondria have important roles in mitochondrial apoptosis;
caspase-3 is released after cell damage and induces apoptosis,
whilst Bcl-2 suppresses the apoptotic response (32). In our
present study using a fluorescent Zn probe, we found that Zn
accumulates in the mitochondria of germ cells and this may
underpin its protection of these cells from apoptosis. However,
the molecular mechanisms of how Zn regulates caspase-3 and
Bcl-2 in mitochondria remain unclear at present. Some studies
have addressed the correlation between Zn and apoptosis and
suggest that Zn may function as an antioxidant in cells (32).
Further studies will be necessary to clarify the role of Zn in the
maintenance of germ cells.

We additionally investigated the influence of mild Zn defi-
ciency on spermatogonial stem-cell renewal, spermatogonial
proliferation, and meiosis in vitro. In a previous study, we
reported that KT, E2, and DHP induce spermatogenesis, sper-
magonial stem-cell renewal, and meiosis in eel germ cells,
respectively (13, 15, 16). In our present report, TPEN was found
to inhibit all steroid hormone-induced DNA synthesis in the
testes of the Japanese eel. These results suggest that Zn has an
important role in DNA synthesis involving mitotic cell prolifer-
ation and meiosis. A previous study using 3T3 cells has reported
that treatment with the Zn chelator, diethylenetriaminepenta-
acetic acid, decreases the mRNA expression and activity of
thymidine kinase, after which DNA synthesis was inhibited in
3T3 cells (33). Furthermore, steroid hormone receptors such as
progestin, androgen, and estrogen receptors all harbor Zn finger
motifs within their structures (34). Other transcription factor
genes containing Zn-finger motifs are also expressed during
spermatogenesis (35). These findings suggest therefore that
during steroid hormone-induced DNA synthesis, germ cells may
incorporate Zn to activate a number of specific enzyme and Zn
finger proteins, which are functionally disrupted by TPEN.
Further analyses will be necessary to clarify the role of Zn on the
functions of steroid hormone receptors and transcription factors
during spermatogenesis.

Our current findings demonstrate that treatment with TPEN
decreases sperm motility in the Japanese eel. Consistently in this
regard, studies of human sperm have also demonstrated that
diethyldithiocarbamate, which is an intracellular Zn chelator,
inhibits sperm motility and decreases sperm velocity (36). These
results suggest that intracellular Zn is important for sperm
motility. As mentioned above, the mitochondria in the sperm of
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the Japanese eel accumulate Zn. The ATP synthesized by the
mitochondria is required for sperm flagella motility (37). Hence,
Zn may have a function in mitochondrial ATP synthesis. Addi-
tionally, carbonic anhydrase (CA) is necessary for eel sperm
motility, and this enzyme is expressed in the sperm membrane.
CA catalyzes the reversible hydration of carbon and regulates the
pH in various fluids. After spermiation, CA in the eel sperma-
tozoa is activated after which it increases the pH and then
induces sperm motility (15). CA is also known to be a Zn-binding
protein, and its activity is dependent on the Zn concentration
(38). Additionally, the removal of Zn from Zn-protein com-
plexes extracted from human U87 human glioblastoma-
astrocytoma cells by TPEN inhibited the function of the tran-
scription factor, Spl (39). Although there is currently no
information on effects of TPEN on CA activity, we speculate
that TPEN may inhibit sperm motility by sequestering Zn away
from this enzyme in sperm.

In conclusion, the results of our present study demonstrate
that the Zn concentration in testis increases during spermat-
ogenesis, and that Zn accumulates mainly in germ cells but not
in either interstitial tissue or Sertoli cells. Our in vitro testic-
ular organ culture experiments also demonstrated that a Zn
deficiency causes the inhibition of DNA synthesis in germ cells,
and induces an apoptotic response. Additionally, a Zn defi-
ciency was found to suppress sperm motility in the Japanese eel
animal model. These results suggest that Zn is an essential
trace element for the maintenance and regulation of both
spermatogenesis and sperm motility. However, the detailed
mechanisms of Zn action during spermatogenesis remain to be
clarified in further studies.

Materials and Methods

Animals. Cultivated male Japanese eels (180-200 g) were purchased from a
commercial supplier and kept in a freshwater tank at 23 °C until use.

Measurement of Zn in Testis During Spermatogenesis. A previous report has
indicated that hCG injection of a cultivated Japanese eel induces a complete
cycle of spermatogenesis (11). Hence, these animals were injected with 1,000
IU/eel of hCG following anesthetization by ethylbenzoate. After injection, the
fish were kept in a freshwater tank at 23 °Cfor 1, 3, 6,9, 12, 15, and 18 days.
Thereafter, hCG-injected eels (n = 5 for each day) were anesthetized and
dissected, and the testes were collected and stored at —30 °C until measure-
ment of Zn concentration. Before the experiments, testicular fragments were
sampled from 5 uninjected eels as an initial control group. The testicular
samples were dried for 12 h at 80 °C. For the analysis of Zn, dried testes were
digested with HNO3 in a microwave oven (ETHOS D, Milestone S.r.l.). The
concentration of Zn was then measured using an inductively coupled plasma-
mass spectrometer (ICP-MS; HP-4500, Hewlett-Packard).

Distribution of Zn in the Testis. We stained both the testicular fragments of the
Japanese eel and the cells derived from these tissues with a Zn-specific probe.
For this purpose, testis samples collected from the eels were cut into 100-um
sections in ice-cold eel Ringer's solution using a Vibratome 3000 (Vibratome).
Testicular cells were also prepared according to Miura et al. (40, 13, 16) for Zn
staining. Briefly, testes were harvested and testicular cells were isolated by
collagenase and dispase treatments. After treatment with DNase |, testicular
cells were cultured in plastic culture dishes at 20 °C overnight and both
fibroblasts and interstitial cells were allowed to adhere to the bottom of the
dish, thus separating these cells from germ cells and Sertoli cells. The germ cells
and Sertoli cells were then collected from the culture dishes and plated in
collagen-coated dishes at 20 °C overnight. After this overnight culture, only
the Sertoli cells adhere to the bottom of the dish. Thereafter, germ cells were
collected in a test tube, and both the germ cells and Sertoli cell preparations
were used to analyze the Zn distribution. Sertoli cells and germ cells could be
identified using a variety of distinguishing characteristics and specific marker
expression. Sertoli cells attached and spread to the bottom of the dish,
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whereas germ cells did not attach and appeared spherical in shape. Further-
more, only germ cells express the progenstin receptor. We separated germ
cells and Sertoli cells using this method previously (16).

Before staining of the germ cells, they were attached to a polyL-lysine
coated glass slide. Testicular fragments, attached germ cells and Sertoli cells
were then washed 3 times in eel Ringer’s solution, and incubated with 1 uM
of a permeable Zn-specific probe, Zn-AF 2DA (41) in eel Ringer’s solution for
45 min at 20 °C. After this incubation, the cells were washed again in the
Ringer'ssolution for 1 hat 20 °Cand analyzed by fluorescence microscopy. The
mitochondria of the spermatogonia were stained using MitoTracker Red
(Invitrogen Co. Ltd.) according to the manufacturer’s instructions with minor
modifications before staining with Zn-AF 2DA.

In Vitro Testicular Organ Cultures. Organ cultures were prepared in accordance
with the method of Miura et al. (13, 42). Male Japanese eels were dissected after
anesthetization with ethylbenzoate. The testes were then collected, placed in
ice-cold eel Ringer's solution and dissected into small pieces. Testicular fragments
were placed on nitrocellulose membranes on top of cylindrical 1.5% agarose gels
and set into a 24-well culture plate. Thereafter, 1 mL of Leibovitz’ L-15 culture
medium (Invitrogen Co. Ltd.) for eels (13) was added into each well with or
without 0.01-1 mM ZnCl; (Zn), 0.001-0.1 mM TPEN, or 0.001-0.1 mM Ca-EDTA,
which are intracellular and extracellular chelators of Zn, respectively, in combi-
nation with or without 10 ng/mL KT. The concentrations of Zn and chelators used
in the in vitro experiments were based on the results obtained from the Zn
measurement in the testis. Testicular fragments were incubated for 6 or 15 days
and then fixed Bouin’s solution for histological analysis.

Analysis of the Effects of a Mild Zn Deficiency upon Germ Cells. Testicular
fragments were cultured with 0.001 mM TPEN in combination with 10 ng/mL
KT, 1 ng/mL E2, and 10 ng/mL DHP for 6 or 15 days. Thereafter, testicular
fragments were fixed and their histology was analyzed as described above.

Detection of Germ Cell Proliferation. The proliferation of Japanese eel germ
cells was analyzed by immunohistochemical detection of 5-bromo-2-
deoxyuridine (BrdU, Amersham Pharmacia Biotech) incorporation into repli-
cating DNA. After culture for 6 or 15 days, testicular fragments were labeled
with a 0.5 pl/mL BrdU solution for 18 h at 20 °C, and fixed in Bouin's solution.
The fixed testicular fragments were then embedded in paraffin, cutinto 4-um
sections, and subjected to immunohistochemistry with a mouse monoclonal
anti-BrdU antibody.

TdT-Mediated dUTP Nick-End Labeling (TUNEL) Assay. For the detection of
apoptosis, the TUNEL assay was performed. One-day cultured testicular frag-
ments were fixed in Bouin’s solution, cutinto 5 pum-thick paraffin sections and
then analyzed using an In Situ Cell Death Detection Kit (Roche Diagnostics,
Ltd.) according to the manufacturer’s instructions.

Effects of Zn on Sperm Motility. Eel sperm was collected after injection of the
animals with hCG as described by Ohta et al. (43) and diluted 1:10,000 with
artificial seminal plasma (149.3 mM NacCl, 15.2 mM KCl, 1.3 mM CaCl, 1.6 mM
MgCly, and 10 mM NaHCO3, adjusted to pH 8.2, see 43). The diluted sperm
were then treated with 0.01-1 mM TPEN or 0.01-1 mM Ca-EDTA with or
without 1 mM ZnCl, for 12 h at 4 °C. Thereafter, the sperm motility rate in
seawater was measured as described previously (43). The duration of sperm
motility was measured from 15 s after dilution in seawater until all movement
had ceased completely.

Statistical Analysis. The results presented in this study are expressed as the
mean + SEM. In instances where the data did not distribute normally, these
values were converted to a logarithmic scale. Differences between the
means were analyzed by 1-way analysis of variance followed by a Bonfer-
roni multicomparison test. Statistical analysis was performed using Graph-
Pad Prism software (GraphPad Software Inc.). In all cases, significance was
set at P < 0.05.
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