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Voltage-gated calcium channels (VGCCs) conduct calcium into
cells after membrane depolarization and are vital for diverse
biological events'. They are regulated by various signalling path-
ways, which has profound functional consequences”. The
activity of VGCCs decreases with time in whole-cell and inside-
out patch-clamp recordings®. This rundown reflects persistent
intrinsic modulation of VGCCs in intact cells. Although several
mechanisms have been reported to contribute to rundown of L-
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type channels®*, the mechanism of rundown of other types of
VGCC is poorly understood. Here we show that phosphatidyl-
inositol-4,5-bisphosphate (PtdIns(4,5)P,), an essential regulator
of ion channels and transporters’™, is crucial for maintaining
the activity of P/Q- and N-type channels. Activation of mem-
brane receptors that stimulate hydrolysis of PtdIns(4,5)P, causes
channel inhibition in oocytes and neurons. PtdIns(4,5)P, also
inhibits P/Q-type channels by altering the voltage dependence of
channel activation and making the channels more difficult to
open. This inhibition is alleviated by phosphorylation by protein
kinase A. The dual actions of PtdIns(4,5)P, and the crosstalk
between PtdIns(4,5)P, and protein kinase A set up a dynamic
mechanism through which the activity of VGCCs can be finely
tuned by various neurotransmitters, hormones and trophic
factors.

P/Q-type Ca>" channels were expressed in Xenopus oocytes and
macroscopic currents were recorded in giant membrane patches
with Ba®" as the external permeant ion. Because depolarization to
-+100 mV activated nearly all channels (see below), the tail current
after such a depolarization (Fig. 1a, I,j(+100)) could be used as a
faithful readout of the total number of functional channels and its
change with time as a true measure of the time course of rundown.
Channel activity stayed constant in the cell-attached mode but
waned on excision of inside-out patches (Fig. 1b). The time for
Tail(+100) to decay to 50% of its initial value (T'so of rundown) was
5.9 * 3.2min (n = 25).

To test the effect of PtdIns(4,5)P, on rundown, we manipulated
the membrane concentration of PtdIns(4,5)P, by either applying a
brief pulse of PtdIns(4,5)P, or sequestering it with a specific
antibody (refs 10, 15). A 2-min application of PtdIns(4,5)P,
immediately after patch excision greatly slowed rundown (Fig.
1b), increasing the T's, by 5.4-fold to 32 = 9.9min (n = 6; Fig.
1c). PtdIns(4,5)P, also increased I (4100 When applied after some
channels had undergone rundown (Fig. 1d), suggesting that it can
reactivate, at least partially, channels that have been rundown
already. Conversely, reducing the amount of PtdIns(4,5)P, with
an antibody against PtdIns(4,5)P, accelerated rundown (Fig. le).
An antibody specific for PtdIns(4)P had no effect at the same
concentration. These results suggest that PtdIns(4,5)P, stabilizes the
activity of P/Q-type channels and its depletion induces rundown.

Notably, P/Q-type channels underwent rundown more slowly
when 2mM Mg-ATP was added to the intracellular solution (Fig.
Lc). But this stabilizing effect was not affected by the inclusion of
either PKI 5-24, a potent inhibitor of protein kinase A (PKA), or the
catalytic subunit of PKA and okadaic acid (an inhibitor of phos-
phatases 1 and 2A; Fig. 1c), suggesting that other signalling path-
ways than PKA are involved. A possibility is that Mg-ATP activates
membrane-associated lipid kinases to replenish PtdIns(4,5)P, (ref.
8). Regardless of the underlying mechanism, sequestering
PtdIns(4,5)P, with antibodies against PtdIns(4,5)P, still markedly
accelerated rundown, and this could be partially reversed by
subsequent application of PtdIns(4,5)P, (Fig. 1f). Together, these
results indicate that PtdIns(4,5)P, is indispensable for maintaining
P/Q-type channel activity in inside-out patches.

Unexpectedly, PtdIns(4,5)P, also exerted a voltage-dependent
inhibitory effect (Fig. 2a): it inhibited the current elicited by weak
depolarizations strongly and the current by intermediate depolar-
izations moderately, but it had little effect on the outward K*
current (flowing through Ca®* channels) evoked by large depolari-
zations. The activation and peak current voltages were both shifted
in the positive direction by 15-20mV in the presence of
PtdIns(4,5)P,, but the reversal potential was unaffected (Supple-
mentary Information).

The voltage dependence of PtdIns(4,5)P, inhibition could be
seen more clearly in the tail currents after various depolarizations.
In control solution, the tail current after depolarization to +10 mV
(Tail(+10)) or +100 MV (Iyait(4+100)) decayed in parallel after patch
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Figure 1 Stabilization of P/Q-type Ca®* channel activity by PtdIns(4,5)P, (PIP,).

a, Representative current trace evoked by the indicated voltage protocol. b, Time course
Of /taiti+100) in control solution or with a 2-min Ptdins(4,5)P, treatment (unbroken line).
Current is normalized to that obtained immediately after patch excision. ¢, Tsq for decay
0f /tai+-100) in control solution, with a 2-min Ptdins(4,5)P, treatment (20 M) immediately
after patch excision, in 2mM Mg-ATP, 2 mM Mg-ATP plus 5 pM PKI 5-24, or 2mM
Mg-ATP plus 8.8 units mI~" PKA catalytic subunit plus 0.3 uM okadaic acid. d, Time
course of /4j(4-100) With @ 2-min PtdIns(4,5)P, treatment during rundown. Arrow indicates
patch excision. e, f, Acceleration of /ii(1-100) rundown by antibodies specific for
Ptdins(4,5)P, (28.5 g ml ™" after 1:10 dilution) in control solution (€) or in the presence of
2 mM Mg-ATP, with partial reactivation of rundown channels by Ptdins(4,5)P, (f). Current
sign is reversed in this and following figures.

excision (Fig. 2b) and the activation curve measured 8-10min
thereafter showed only a slight shift (Fig. 2¢). A 2-min application of
PtdIns(4,5)P, caused the tail currents to bifurcate (Fig. 2d): I' i+ 10)
was inhibited immediately and rapidly to ~25% of its starting
value, whereas I ,ji(+100) Was not obviously affected. (The residual
Iail(+10) became very steady after stopping the application of
PtdIns(4,5)P,, supporting the notion that PtdIns(4,5)P, retards
rundown.) This result suggests that PtdIns(4,5)P, profoundly alters
the voltage dependence of channel activation, making channels
harder to open by weak depolarizations. The activation curve
measured during a 10-min application of PtdIns(4,5)P, showed a
gradual positive shift, which reached a maximum 8-10 min during
application of PtdIns(4,5)P, when Iycy10) was inhibited com-
pletely (Fig. 2e).

The PtdIns(4,5)P,-induced voltage-dependent inhibition is
reminiscent of the action of G proteins on N-type and P/Q-type
channels>'®, which has been modelled as a shift of channel gating
from a ‘willing’ to a ‘reluctant’ mode on the binding of G proteins to
the channel'®. This model might also account for the PtdIns(4,5)P,
inhibition. We thought that channels in the willing mode might be
opened more easily by weak or moderate depolarizations than those
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in the reluctant mode and that PtdIns(4,5)P, action might convert
channels from the willing mode to the reluctant mode. According to
this hypothesis, most channels would exist in the willing mode in
the cell-attached configuration and immediately after patch ex-
cision (81% and 83%, respectively, n = 37), and a small population
(~10%) of channels would be in the reluctant mode. Application of
exogenous PtdIns(4,5)P, would shift most channels to the reluctant
mode, reducing the fraction of willing channels from 85% to 3%,
and increasing the fraction of reluctant channels from 5% to 80%.

The above results create a puzzle: if PtdIns(4,5)P, shifts channels
to the reluctant mode, then why are most channels in intact oocytes
in the willing mode? One possibility is that the endogenous
PtdIns(4,5)P, concentration is too low to convert most channels
to the reluctant mode. Another possibility is that other signalling
mechanisms antagonize the inhibitory action of PtdIns(4,5)P, and
protect the channels from PtdIns(4,5)P,-induced gating shift. We
investigated whether PKA phosphorylation might have such a role
as it regulates the interaction of PtdIns(4,5)P, with Kir channels'”
and it produces opposite actions on Ca®* channels to those induced
by PtdIns(4,5)P,; that is, it augments currents evoked by weak and
moderate depolarizations and shifts the I-V in the negative direc-
ti0n3,18,19.

With 2 mM Mg-ATP in the intracellular solution, PtdIns(4,5)P,
failed to produce a substantial inhibition of Iy,j410) Or a positive
shift of the activation curve (Fig. 3a, b). This failure was observed in
five of nine patches. By contrast, these PtdIns(4,5)P,-induced effects
were observed in 25 of 25 patches without Mg-ATP. The protective
action of Mg-ATP was probably due to the activation of endogenous
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Figure 2 \loltage-dependent inhibition of P/Q-type Ca®* channels by Ptdins(4,5)P5 (PIP,).
a, Currents recorded immediately before and 80—100s after application of 20 pM
Ptdins(4,5)P» evoked by the indicated depolarization. Dotted line indicates zero current.
b, Time course of rundown of / 1) (filled circles) and / iy-+-100) (0pen circles) in control
solution. Current is normalized to that obtained immediately after patch excision.

¢, Voltage dependence of activation in control solution 1 min (open squares) and
8-10min (filled squares) after patch excision (n = 8). d, Time course of PtdIns(4,5)P,
action on /i (4-10) aNd /1ai+-100). Current is normalized to that obtained before application
of PtdIns(4,5)P,. e, Voltage dependence of activation before (open squares) and 8—10 min
during (filled squares) application of 20 uM PtdIns(4,5)P, (n = 7). Solid lines are fitting
curves (see Methods).
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Figure 3 Crosstalk between phosphorylation by PKA and Ptdins(4,5)P (PIP,).

a, ¢, e, Time course of /(419 (filled circles) and / i-100) (0pen circles) in the presence
of 2mM Mg-ATP (a), 2mM Mg-ATP plus 5 M PKI (€), or 2 mM Mg-ATP plus

8.8 unitsmli~ " PKA catalytic subunit plus 0.3 wM okadaic acid (e), with 20 uM
PtdIns(4,5)P, added during rundown. Current is normalized to that obtained immediately
after patch excision. b, d, f, Voltage dependence of activation before (open squares) and
8-10min after (filled squares) application of 20 pM Ptdins(4,5)P,. b and d are from the
same patch shown in a and ¢, respectively, and f is the average of nine patches with the
same experimental conditions as €. @, Time course of / i1 (filled circles) and /(4-100)
(open circles) with Ptdins(4,5)P, treatment, followed by 2 mM Mg-ATP plus 8.8 units ml ™~
PKA catalytic subunit plus 0.3 uM okadaic acid. h, Voltage dependence of activation
obtained at the times indicated by the symbols described in g.

PKA in the patch because the PtdIns(4,5)P, effects were restored
when PKI 5-24 (1-5 pM) or H-89 (2 pM), both of which are potent
inhibitors of PKA, was added with Mg-ATP (6/7 patches for PKI 5-
24 and 5/7 patches for H-89; Fig. 3¢, d). When phosphorylation by
PKA was strongly promoted by adding the catalytic subunit of PKA
and okadaic acid together with Mg-ATP, the variability seen with
Mg-ATP alone was eliminated and, in nine of nine patches,
PtdIns(4,5)P, no longer inhibited I (410y (Fig. 3e) or shifted the
activation curve (Fig. 3f). In addition, after I 10) was reduced by
a 2-min pulse of PtdIns(4,5)P,, subsequent application of a mixture
that promoted PKA phosphorylation could quickly (albeit partially)
recover the current (Fig. 3g) and shift the activation curve back
towards the control curve (Fig. 3h), suggesting that phosphoryl-
ation by PKA can revert channels from the reluctant to the willing
mode. By comparison, no such fast recovery was observed after
washing out PtdIns(4,5)P, with the control solution (Fig. 2d).
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Figure 4 Model of modulation of P/Q-type Ca>" channels by PtdIns(4,5)P, and PKA. The
channel contains two distinct PtdIns(4,5)P,-binding domains: the high-affinity S (for
stabilization) domain and the low-affinity R (for reluctant and regulatory) domain. The latter
can be phosphorylated by PKA, which dislodges Ptdins(4,5)P, from this domain. Channels
without PtdIns(4,5)P, bound to the S domain are inactive, whereas those with and without
Ptdins(4,5)P, on the R domain are in the reluctant and willing mode, respectively.
Transitions between the various modulated states represent phosphorylation or
dephosphorylation of the R domain (transition 1); binding or unbinding of PtdIns(4,5)P, to
or from the R domain (transition 2); removal or addition of Ptdins(4,5)P» from or to the
membrane (transition 3); and binding and unbinding of Ptdins(4,5)P» to or from the S
domain (transition 4).

These results indicate that phosphorylation by PKA not only
prevents but also reverses PtdIns(4,5)P,-induced inhibition. We
also attempted to increase endogenous phosphorylation by PKA by
treating intact oocytes with forskolin or 8-bromo cyclic AMP;
however, these treatments failed to produce any clear and consistent
effect on P/Q-type channel currents.

The sites of PtdIns(4,5)P, binding and PKA phosphorylation
remain to be determined. Because the Ca,2.1 subunit contains
several consensus sites for PKA phosphorylation®® and
PtdIns(4,5)P, binds directly to Kir channels'®, we thought that the
P/Q-type channel itself might be the target. We therefore propose a
model (Fig. 4) in which P/Q-type channels possess two distinct
PtdIns(4,5)P, binding sites: the S domain binds PtdIns(4,5)P, to
stabilize channel activity, and the R domain binds PtdIns(4,5)P, to
shift channels to the reluctant mode. The S domain has a higher
affinity for PtdIns(4,5)P, than has the R domain. Finally, phos-
phorylation of the R domain by PKA markedly lowers its affinity for
PtdIns(4,5)P, through electrostatic repulsion and/or allosteric
conformational changes and converts channels to the willing mode.

This model can satisfactorily explain our experimental results. In
intact oocytes, the concentration of endogenous PtdIns(4,5)P, is
sufficiently high to maintain the activity of most channels by
binding to the S domain. Owing to PKA phosphorylation and/or
lower affinity, most channels are devoid of PtdIns(4,5)P, in the R
domain and are thus in one of three interconvertible willing states,
which we assume are biophysically indistinguishable. A very few
channels that are not phosphorylated by PKA and bound to
PtdIns(4,5)P, in the R domain are in the reluctant mode. After
patch excision, the concentration of PtdIns(4,5)P, gradually
decreases (presumably owing to dephosphorylation by lipid phos-
phatases), resulting in the unbinding of PtdIns(4,5)P, from the S
domain and causing the channels to enter an inactive state (that is,
rundown). Meanwhile, most channels are rapidly dephosphory-
lated and become susceptible to PtdIns(4,5)P, binding to the R
domain. Thus, the application of exogenous PtdIns(4,5)P, on the
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one hand restores PtdIns(4,5)P, binding to the S domain, thereby
increasing the number of functional channels and stabilizing
channel activity, and on the other hand converts channels to
the reluctant mode. Phosphorylation by PKA interferes with
PtdIns(4,5)P, binding to the R domain, not only preventing this
conversion but also shifting reluctant channels back to the willing
mode.

We next studied the effect of receptor-mediated hydrolysis of
PtdIns(4,5)P, on whole-oocyte P/Q-type currents. To avoid com-
plications from G-protein-induced inhibition, we examined the
nerve growth factor (NGF)-activated TrkA receptor, which stimu-
lates PtdIns(4,5)P, hydrolysis by directly activating phospholipase
C-y (PLC-y)*". According to our model (Fig. 4), depletion of
PtdIns(4,5)P, in intact oocytes should have two sequential func-
tional effects: first, it should shift the small fraction (~10%) of
reluctant channels to the willing mode; and second, it should induce
channel downregulation. We found that NGF produces a biphasic
effect on current elicited by depolarization to +10 mV (I peax(+10)):
the current increased transiently and then decreased even after
washout of the agonist (Fig. 5a), probably owing to prolonged
activation of TrkA receptors and/or downstream signalling path-
ways®>. The average increase and decrease were 9 * 6% and
34 £ 19% (n = 31), respectively. The I-V curve measured during
the enhancement showed a slight negative shift, consistent with
conversion of reluctant channels to the willing mode, and the curve
measured during the inhibition was essentially a scale down, as
expected from channel rundown to the inactive state (Supplemen-
tary Information).

Activation of TrkA receptors leads to stimulation of the mitogen-
activated-protein-kinase (MAPK) pathway and PLC-y*', which
catalyses the hydrolysis of PtdIns(4,5)P, into diacylglycerol
(DAG) and inositol-1,4,5-triphosphate (InsP3), two second-mes-
sengers that activate protein kinase C (PKC) and release Ca*" from
intracellular stores, respectively. Much evidence indicates that the
NGF-induced effects resulted directly from TrkA receptor-mediated
breakdown of PtdIns(4,5)P, rather than downstream signalling
molecules and pathways. First, activation of the Tyr499Phe mutant
of TrkA, which is uncoupled from the MAPK pathway'*?', produced

similar effects (8.4 * 3.8% increase followed by 15.4 * 10% inhi-
bition, n = 18) to those of wild-type receptors. But activation of the
Tyr794Phe mutant TrkA, which is unable to stimulate PLC-"**',
produced neither enhancement nor inhibition (Fig. 5b), indicating
that hydrolysis of PtdIns(4,5)P; is essential for both actions. Second,
preincubation of oocytes with thapsigargin, which depletes intra-
cellular Ca®* stores, abolished NGF-induced increase in intracellu-
lar concentrations of Ca®" but did not affect the NGF-induced
regulation of P/Q-type channels (9.0 * 6.4% increase, 42 * 16.4%
inhibition, n = 10, Fig. 5¢), indicating that InsP3-induced release of
Ca’" has no role. Third, activation of PKC by a phorbol ester,
phorbol-12-myristate-13-acetate (PMA) (10-500 nM), produced a
similar biphasic effect on P/Q-type channels as did NGF (8 = 4%
increase, 30 = 18% inhibition, n = 14). But, whereas PMA-
induced regulation was completely blocked by the PKC inhibitor
bisindolylmaleimide I in 17 of 22 oocytes, the NGF-induced effects
remained unchanged in 12 of 14 oocytes (8.0 = 4.4% increase,
31 *£ 16% inhibition, n = 12, Fig. 5d). These results indicate
although PKC activation regulates P/Q-type channels, it is not
required for the NGF action. Last, application of InsP5 (100 uM)
or DAG (20 pM) to the intracellular side in inside-out patches had
no effect on Iii410) OF Tril(+100) indicating that these second
messengers do not mediate the effects of NGF (Supplementary
Information).

We further investigated whether PtdIns(4,5)P, regulates the
activity of VGCCs in native cells. In bullfrog sympathetic neurons,
the neuropeptide chicken type II luteinizing hormone-releasing
hormone (LHRH) induces both voltage-dependent and voltage-
independent inhibition of N-type Ca*" channels®. Because stimu-
lation of LHRH receptors activates PLC*, we tested the hypothesis
that the latter effect may be the result of PtdIns(4,5)P, breakdown.
With a physiological concentration (~213nM) of free Ca>* in the
pipette solution, LHRH markedly inhibited the tail current after
pulses to +60 mV (I, t60)) (Fig. 5¢). There was usually no or only
partial recovery after washout of LHRH. This inhibition was largely
voltage independent (Fig. 5g). Notably, the voltage-independent
component was significantly greater than that obtained with low
concentrations (~10nM) of free Ca>" (ref. 23), consistent with a
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Figure 5 Regulation of P/Q- and N-type Ca®* channels through receptor-mediated
hydrolysis of PtdIns(4,5)P,. a—d, P/Q-type channels in oocytes. a, Biphasic effect of NGF
(100ng ml") on the whole-00cyte / peax(+-10) iN @n oocyte expressing TrkA receptors. ~V/
curves were measured during the gaps. b—d, Comparison of NGF-induced inhibition of
I peak(-+10) in 00CYtes under various experimental conditions: expression of either wild-type
or mutant TrkA receptors (b); with or without overnight thapsigargin (Tg, 100 nM)
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treatment (c); and with or without overnight bisindolylmaleimide | (BIM, 10 wM)
preincubation (d). e—g, N-type channels in bullfrog sympathetic neurons. e, f, Inhibition of
I ail+-60) Dy LHRH in a neuron without (e) and with (f) U73122 preincubation (5 pM for
10 min). g, Comparison of LHRH-induced inhibition of the tail current after depolarization
to the indicated voltages in neurons without (n = 8) and with (n = 6) U73122
pretreatment. Error bars represent s.e.m.
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role for PLC, which requires Ca®>" for maximal activity?>. Most
notably, the LHRH-induced inhibition was greatly attenuated in
neurons pretreated with a membrane-permeable PLC inhibitor
U73122 (Fig. 5%, g); however, it was not altered by pretreating the
neurons with a PKC blocker staurosporin (0.5-1 uM for 30 min);
LHRH reduced 460y by 62 £ 11% (n=7) and 62 = 7%
(n = 4) in untreated and treated neurons, respectively. In addition,
dialysing the cells with 100 pM InsP; neither inhibited the current
nor occluded LHRH-induced inhibition (50 = 7%, n = 4). These
results suggest that the LHRH-induced inhibition is most probably
a direct consequence of a decrease in the membrane quantity of
PtdIns(4,5)P, rather than being mediated by PKC, InsP; or Ca’". In
our model (Fig. 4), this inhibition corresponds to the conversion of
active channels (predominantly in the willing mode) to inactive
channels owing to loss of PtdIns(4,5)P, from the stabilization
domain.

Our study shows that PtdIns(4,5)P, has two distinct and oppos-
ing actions on VGCCs: stabilization of channel activity and voltage-
dependent inhibition. A further twist is that the inhibitory action
can be prevented and reversed by phosphorylation by PKA. Thus,
the precise modulatory action of PtdIns(4,5)P, on VGCCs depends
not only on the dynamic concentration of membrane PtdIns(4,5)P,,
which is determined by the activities of phospholipases as well as
lipid kinases and phosphatases, but also on the concentration and
state of other signalling pathways. As PtdIns(4,5)P, and its regulat-
ing enzymes are present at synapses’*®, and PtdIns(4,5)P, is
thought to be important in exocytosis and endocytosis**%, regu-
lation of VGCCs by PtdIns(4,5)P, could have profound conse-
quences on synaptic transmission and plasticity.

Note added in proof: While this paper was being revised, a paper on
modulation of M-current channels by PtdIns(4,5)P, appeared:
Suh, B.-C. & Hille, B. Recovery from muscarinic modulation of
M current channels requires phosphatidylinositol 4,5-biphosphate
synthesis. Neuron 35, 507-520 (2002). O

Methods

Oocyte expression and neuron isolation
Rabbit brain Ca,2.1, rat brain 84, rabbit skeletal muscle a,8, rat TrkA and its mutants, and
rat p75 were subcloned into variants of pPGEMHE or pUCHE. We synthesized cRNAs
in intro and injected them in various combinations into Xenopus oocytes, which were
obtained and maintained as described®.

Sympathetic ganglia were isolated from mature bullfrogs (Rana catesbeiana) and single
neurons were isolated as described®. The dissociated cells were kept in 73% L15 medium
(4°C) and used within 48 h.

Electrophysiology

For two-electrode voltage-clamp studies, the electrodes were filled with 3 M KCl and had
resistances of ~0.5—1 M. The bath solution contained (in mM) 10 BaCl,, 5 KCl, 60
tetraethylammonium ion (TEA)-OH, 20 NaOH and 5 HEPES (pH 7.4 with HCI).
Currents were evoked every 6 s by 40-ms depolarizations to various levels from a holding
potential of —80 mV. For macropatch recordings from oocytes, the pipettes had a
diameter of 15-30 pm and were filled with a solution containing (in mM) 45 BaCl,, 80 KCI
and10 HEPES (pH 7.3 with KOH). The control bath solution contained (in mM) 125 KCl,
4 NaCl, 10 HEPES and 10 EGTA (pH 7.3 with KOH). Macroscopic currents were evoked
from a holding potential of —80 mV every 3 s by 10-ms depolarizations ranging from
—20mV to +100mV in 10-mV increments, followed by a 15-ms repolarization to
—20mV. For whole-cell recordings from sympathetic neurons, the pipettes were fire-
polished and had resistances of ~2-3 MQ when filled with a solution containing (in mM)
120 CsCl, 10 HEPES, 8 EGTA, 2 MgCl,, 5 CaCl,, 2 Na,-ATP and 0.5 Na-GTP (pH 7.3 with
CsOH). The series resistance was compensated by 70-90%. The control bath solution
contained (in mM) 2 BaCl,, 145 TEA-CI, 10 glucose and 10 HEPES (pH 7.3 with TEA-
OH), with 2.5 pM nimodipine to block L-type channels. Currents were evoked from a
holding potential of —80 mV every 3s by 15-ms depolarizations from —50 mV to
+60mV in 10-mV increments, followed by a 15-ms repolarization to —50 mV. Currents
were filtered at 2 kHz, digitized at 10-50 kHz and analysed with pClamp8 (Axon
Instruments). We carried out experiments at 20-22 °C.

We used the following reagents: purified brain PtdIns(4,5)P, (Avanti Polar Lipids),
which was sonicated for about 15 min before application; the catalytic subunit of PKA,
okadaic acid, PKI 5-24, PMA, diacylglycerol, U73122, bisindolylmaleimide I, staurosporin
and H-89 (Calbiochem); antibodies against PtdIns(4,5)P, and PtdInsP (Assay Designs);
Mg-ATP, thapsigargin, InsP;, nimodipine and trypsin (Sigma); NGF and dispase II
(Boehringer Mannheim); collagenase type I (Worthington Biochemical); and chicken type
II LHRH (Peninsula Laboratories). Stock solutions of water-insoluble reagents were made
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in dimethyl sulphoxide, stored at —20 °C and diluted to appropriate final concentrations
before use.

Data analysis

The voltage-dependence of channel activation was fitted with the sum of three Boltzmann
functions of the form f-1/{1 + exp[—(V — V) /ki 1} + f2-1 /{1 + exp[—(V — V1) /Ko 1} +
f31/{1 +exp[—(V — V3)/k;1}, where f,, V, and k, are, respectively, the fraction,
midpoint of activation and slope factor of the three components, with the constraint of
f1+f2+f3=1. The first two functions describe the willing and reluctant channels,
respectively, with parameters V;, = 7.7mV, k; = 5.5mV, V, = 35mV and k, = 10 mV,
which were chosen by fitting the activation curves, obtained either in cell-attached
recordings or 8—10 min after application of 20 pM PtdIns(4,5)P,, with the sum of two
Boltzmann components. The third function has no theoretical meaning but is required to
correct for voltage-dependent inactivation, which is most pronounced for inward currents
evoked by depolarizations between +30 and +70 mV. V3 and k3 are 73 mVand 13.7 mV,
respectively, on the basis of fitting the activation curve from patches that showed relatively
strong inactivation. Thus, in the final fitting process, the only variables were the fractions
of the three components.

T'50 was defined as the time for current to decay to 50% of its starting value. In cases in
which the recording was lost before T'sy was reached, the decay phase of the current was
fitted with either a single or double exponential function and T's, was extrapolated on the
basis of the fitting. These patches were held for more than 15 min after patch excision and
thus T'sy was more than 15 min. About 50-70% of the patches under each condition
(except the control) in Fig. 1¢ were analysed by this method. To verify the validity of such
analysis, we intentionally truncated the data to 15 min from two 30-min recordings and
found that the extrapolated T's, was nearly identical to the measured value. In experiments
to study the effect of NGF on P/Q-type channels, NGF (100 ngml™") was applied for
9min. The effect was quantified according to the equation I,/Icon = 100-[(Icon — 1)/
Iconl, where Iy is the current immediately before NGF application and I, is the
maximum current during NGF application (enhancement) or the current obtained 9 min
after washout of NGF (inhibition).

Unless indicated otherwise, data are presented as the mean = s.d., with the number of
observations in parentheses.

Received 8 July; accepted 20 August 2002; doi:10.1038/nature01118.
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Thiamine derivatives bind messenger
RNAs directly to regulate bacterial
gene expression
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Although proteins fulfil most of the requirements that biology
has for structural and functional components such as enzymes
and receptors, RNA can also serve in these capacities. For
example, RNA has sufficient structural plasticity to form ribo-
zyme"? and receptor™* elements that exhibit considerable enzy-
matic power and binding specificity. Moreover, these activities
can be combined to create allosteric ribozymes™° that are modu-
lated by effector molecules. It has also been proposed”™"* that
certain messenger RNAs might use allosteric mechanisms to
mediate regulatory responses depending on specific metabolites.
We report here that mRNAs encoding enzymes involved in
thiamine (vitamin B,) biosynthesis in Escherichia coli can bind
thiamine or its pyrophosphate derivative without the need for
protein cofactors. The mRNA—effector complex adopts a distinct
structure that sequesters the ribosome-binding site and leads to a
reduction in gene expression. This metabolite-sensing regulatory
system provides an example of a ‘riboswitch’ whose evolutionary
origin might pre-date the emergence of proteins.

A thiamine pyrophosphate (TPP)-dependent sensor/regulatory
protein has been proposed to participate in the control of thiamine
biosynthetic genes", but thus far no such protein factor has been
shown to exist. Recently, we established that the mRNA leader
sequence of the btuB gene of E. coli can bind coenzyme B,
selectively, and that this binding event brings about a structural
change in the RNA that is important for genetic control. In the
current study, we set out to determine whether mRNAs that encode
thiamine biosynthetic proteins might also use a riboswitch that is

© 2002 Nature Publishing Group

located in their untranslated leader sequence. We prepared (3-
galactosidase translational fusion constructs that encompass the
5'-untranslated regions of thiM and thiC mRNAs of E. coli, each of
which includes a previously identified ‘thi box’ domain whose
sequence and potential secondary structure are conserved in several
species of bacteria and archaea''. The thiM and thiC translational
fusion constructs exhibit thiamine-dependent suppression of -
galactosidase activity of 18- and 110-fold, respectively, when host
cells are grown in a minimal medium. A transcriptional fusion
containing the thiM leader is not subject to suppression by thia-
mine, but a similar fusion with thiC leader yields a 16-fold
modulation with thiamine, suggesting that a significant portion
of genetic control observed with thiC occurs at the level of
transcription.

These constructs were subsequently used to prepare DNA tem-
plates by polymerase chain reaction (PCR) for in vitro transcription
of RNA fragments. The resulting RNAs were subjected to a struc-
ture-probing process'*'® to reveal whether the RNAs undergo
structure modulation upon binding of ligands. Internucleotide
linkages in unstructured regions are more likely to undergo spon-
taneous cleavage compared to linkages that reside in highly struc-
tured regions of an RNA'. The 165-nucleotide thiM RNA fragment
(165 thiM) has a distinct pattern of cleavage products that is
generated when the RNA is incubated for an extended period in
the absence of TPP (Fig. 1a). Upon addition of 100 pM TPP, 165
thiM undergoes substantial structural alteration, with many inter-
nucleotide linkages in the region spanning positions 39-80 exhibit-
ing a reduction in spontaneous cleavage. This indicates that TPP
binds to the RNA and stabilizes a defined structure within this
region, resulting in a lower rate of fragmentation.

The fragmentation patterns are largely congruent with potential
stem and bulge structures that are identified by a secondary-
structure prediction algorithm'”'®. Most linkages that experience
a ligand-induced reduction of cleavage are encompassed by the thi
box and nucleotides that reside immediately 5" relative to this
domain (Fig. 1b). Other linkages that undergo cleavage, but that
are not modulated by TPP, are predicted to reside in bulges or in the
loops of hairpins. Predicted base-paired structures labelled P2—-P7
include linkages that exhibit the lowest levels of spontaneous
cleavage, implying that they remain structured in both the presence
and absence of TPP. Nucleotides 126-130 encompass the only
region apart from those described above that becomes more
structured upon TPP addition. These nucleotides correspond to
the Shine-Dalgarno (SD) sequence, which is required to be
unpaired for efficient translation of mRNAs in prokaryotes. These
findings are consistent with a genetic control mechanism in which
the thiM RNA binds to TPP and forms a complex such that the
ribosome cannot gain access to the SD sequence.

Similarly, structure probing was used to examine the mRNA
leader for thiC. The 240 thiC RNA also exhibits extensive modu-
lation of its pattern of spontaneous cleavage, and again the majority
of the changing pattern is located in the thi box and in the region
located immediately upstream of this domain (Fig. 1c). These
regions of highest structure modulation in thiM and thiC can be
folded into similar secondary structures (Fig. 1d), and carry several
common sequence elements within and adjacent to the thi box
domain. Therefore, we propose that the structures of thiM and thiC
spanning stems P1-P5 comprise TPP-binding motifs that are
analogous to aptamers, which are engineered ligand-binding
RNAs>*"°. Nucleotides residing 3' relative to this natural TPP
aptamer are probably involved in converting the metabolite binding
event into a genetic response (see below).

The sensitivity of metabolite detection by these mRNAs was
assessed by establishing apparent dissociation constant (apparent
Kp) values for TPP, thiamine, and thiamine monophosphate (TP).
Values were generated by monitoring the extent of spontaneous
cleavage at several ligand-sensitive sites within the RNA over a range
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