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A3 peptide vaccination prevents
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The caption to Fig. 1 should have included the following statement:
“Two transgenic mice vaccinated with AR consistently failed to
make choices in the radial arm water maze during the 15.5 month
testing period and could not be included in the statistical analysis.
Thus the sample size is smaller for the behavioural studies performed
at 15.5 mo than at 11.5 mo.”

All statistics, results (including means and standard errors in the
figures), and the degrees of freedom and significance values in the
text are correct as published. We have since replicated our findings
with larger numbers of AR vaccinated transgenic mice (n = 20)
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whose performance in the radial arm water maze is again better than
that of non-vaccinated transgenic mice. O
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factor of ten. These values should read 0.1 K to 0.6 K. O
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Supplementary Information for more details) in serum samples (200 pl of blood)
collected at 13 and 25 weeks.

Behavioural tests and data analysis

The water maze apparatus, mouse handling and general testing procedures have been
described”. Before the first spatial learning test at 11 weeks, all mice underwent non-
spatial pre-training (NSP) to assess swimming abilities and to accustom mice to the test**
(see Supplementary Information). Two days after the NSP phase, all mice underwent a
reference memory training with a hidden platform placed in the centre of one quadrant of
the pool for 5 days, with four trials per day. After the last trial of day 5, the platform was
removed from the pool and each mouse received one 60-s swim probe trial. Escape latency
(s), length of swim path (cm), swim speed (cm s, % of floating (speed less then 5 cm s,
% of time in outer zone (near the pool wall), and % of time and path in each quadrant of
the pool were recorded using an on-line HVS image video tracking system® (see
Supplementary Information).

For the probe trials, an annulus-crossing index was calculated that represents the
number of passes over the platform site, minus the mean of passes over alternative sites in
other quadrants. The index expresses the spatial place preference and controls for
alternative search strategies without place preferences, such as circular search paths™. All
mice were re-tested at 15, 19 and 23 weeks of age, one week before the next immunization.
At each re-testing, the platform was placed in the centre of a different, semi-randomly
chosen pool quadrant for all five sessions of training. At the end of the experiment, all mice
were given a cue (visual platform) learning test. This was followed by the open-field test to
investigate spontaneous locomotor exploration. Behavioural data was analysed using a
mixed model of factorial ANOVA. Degrees of freedom were adjusted by Greenhouse—
Geisser epsilon correction for heterogeneity of variance. A Bonferroni Inequality correc-
tion was applied for multiple comparisons. Omega squared (w”) was used as a measure of
effect size caused by different factors.

Analysis of BAPP and amyloid burden in brain

Three 5-pm sections at 25-pm intervals from one cerebral hemisphere were immunos-
tained with Dako 6F/3D anti-A monoclonal antibody to residues 8—17 (which is
primarily reactive against dense-cored plaques) with 4G8 (ref. 28), or with sera from
immunized mice, and counterstained with haematoxylin and resin mounted as described
(M.A.C. et al., manuscript in preparation). For some samples the formic-acid treatment
step was omitted. End products were visualized with diaminobenzidine. Amyloid plaque
burden was assessed using Leco IA-3001 image analysis software interfaced with a Leica
microscope and a Hitachi KP-M1U CCD video camera. The quantitative analysis was
performed at of X 25 magnification, and the image frame and guard size was set to
0,0,639,479 (307,200 pmz) for each slide. The brain area (cortex or hippocampus) was
outlined using the edit plane function, and the area and number of plaques in the outlined
structure were recorded. Data were pooled for all three sections.

Cerebral AB levels were assayed from formic-acid-extracted”’, hemi-brain sucrose
homogenates using an ELISA method (see Supplementary Information) in which Ap was
trapped with either monoclonal antibody to AB4 (JRF/cAb40/10) or AB,, (JRF/cAb42/
26) and then detected with horseradish peroxidase (HRP)-conjugated JRF/Abtot/17. The
dilution of JRF/Abtot/17 and samples were optimized to detect AR in the range of 50 to
800 fmol ml™". ELISA signals are reported as the mean = s.e.m. of four replica wells in fmol
AR per mg total protein (determined with the BioRad DC protein assay), based on
standard curves using synthetic AB,_4 and AB,_4, peptide standards (American Peptide
Co. Sunnyvale, CA). Cerebral BAPPs levels were analysed in supernatant of brain as
described™.
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Vaccinations with amyloid-3 peptide (AB) can dramatically
reduce amyloid deposition in a transgenic mouse model of
Alzheimer’s disease'. To determine if the vaccinations had dele-
terious or beneficial functional consequences, we tested eight
months of AR vaccination in a different transgenic model for
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Alzheimer’s disease in which mice develop learning deficits as
amyloid accumulates® . Here we show that vaccination with AR
protects transgenic mice from the learning and age-related
memory deficits that normally occur in this mouse model for
Alzheimer’s disease. During testing for potential deleterious
effects of the vaccine, all mice performed superbly on the radial-
arm water-maze test of working memory. Later, at an age when
untreated transgenic mice show memory deficits, the AB-vacci-
nated transgenic mice showed cognitive performance superior to
that of the control transgenic mice and, ultimately, performed as
well as nontransgenic mice. The AB-vaccinated mice also had a
partial reduction in amyloid burden at the end of the study. This
therapeutic approach may thus prevent and, possibly, treat Alz-
heimer’s dementia.

The accumulation of fibrils formed from the AP peptide into
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Figure 1 Radial-arm water-maze performance in vaccinated transgenic and
nontransgenic mice. a, Nontransgenic mice (circles, solid lines), transgenic mice
vaccinated with KLH (squares, dashed lines), and transgenic mice vaccinated with AR
(triangles, dotted lines) were tested in the radial-arm water maze at 11.5 months of age
(after five inoculations). All groups learned (trial 4) and remembered (trial 5) the platform
location at this time point. In the same mice at 15.5 months of age (nine inoculations; b),
the transgenic mice vaccinated with AB continued to show learning and memory of the
platform location, whereas the transgenic mice vaccinated with KLH failed to show
learning and memory for platform location on either trials 4 or 5 (*P < 0.05, **P < 0.01;
KLH significantly different from other two groups by LSD post hoc analysis after MANOVA).
This benefit of AR vaccination was found in both the APP-only and APP+PS1 transgenic
mice (¢), with significantly fewer errors on trial 5 in the AB-vaccinated groups (solid bars)
than in the KLH-vaccinated group (open bars) of both genotypes (*P << 0.03). Included for
comparison is the trial 5 performance of another group (hatched bars) of untreated 15—
16-month-old transgenic mice that were tested separately, and are reported on fully
elsewhere?.
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amyloid plaques is a defining characteristic of Alzheimer’s disease
(AD). The A vaccination protocol described in ref. 1 reduced AR
deposits, which suggested that this approach might benefit AD
patients. However, the functional consequences of such vaccina-
tions might be deleterious. For example, plaque-associated inflam-
mation promoted by the immunization could interfere with normal
brain functioning, and/or lead to degenerative changes in the
brain*®. We used a novel working-memory task that combines
elements of a radial-arm maze and a water maze. This radial-arm
water maze is remarkably robust at detecting learning/memory
deficits that develop in AD transgenic mice’ and more efficient in
sample size requirements than other memory tasks typically used
for rodents’.

To test the possibility that vaccinations might cause premature
memory deficits in AD transgenic mice, we assessed learning/
memory performance in the mice at 11.5 months of age after five
inoculations with A or the control vaccine, keyhole limpet haemo-
cyanin (KLH). All mice showed strong learning and memory
capacity, irrespective of treatment or transgene status (Fig. la).
All groups averaged three to four errors on the first trial as they
sought out the new platform location for that day, but averaged less
than one error by trials 4 or 5, demonstrating intact working
memory for platform location between trials and during the 30-
min delay before trial 5. This strong performance by AB-vaccinated
mice indicates that any inflammatory responses caused by the
vaccine were not deleterious behaviourally.

Monthly inoculations were continued until the mice were 15.5
months, when these mice were tested again in the radial-arm water
maze. At 15.5 months the KLH-vaccinated transgenic mice failed to
demonstrate learning or memory of the platform location; their
performance on all trials was the same (Fig. 1b). This is identical to
the performance of other untreated transgenic mice that had been
previously tested in this learning task at this age (Fig. 1¢; ref. 3). In
contrast, the AB-inoculated transgenic mice, although slower to learn
platform location than nontransgenic mice on trial 3 (Fischer’s least

Figure 2 Amyloid pathology in transgenic mice vaccinated with KLH or AB.
Immunohistochemistry for AB in frontal cortex is shown in (KLH-vaccinated) (a) and
(AB-vaccinated) (b) in transgenic mice with values similar to the means shown in Fig. 3c.
Congo-red staining is shown in (KLH) (¢) and (AB) (d) in mice with values corresponding
to the means in Fig. 3b. Horizontal sections are oriented with the corpus callosum in the
lower right corner and anterior to the top. Scale bar, 500 m.
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significant difference (LSD), P < 0.02), were nearly flawless by trial
5, and performed significantly better than the KLH-vaccinated
transgenic mice on both trials 4 and 5 (multiple analysis of variance,
MANOVA: F 15 = 5.83, P < 0.02 and F,55) = 12.16, P < 0.001,
respectively; KLH transgenic group different from both other
groups by Fischer’s LSD post hoc comparisons, P < 0.05 on trial
4 and P < 0.01 on trial 5). Our individual evaluation of the
performance of the two transgenic genotypes made it clear that
both APP-only and APP+PS1 transgenic mice benefited from the
A vaccinations (Fig. 1¢).

Serological analysis indicated that mice injected with AR devel-
oped antibodies against the AB peptide. Very high titres were found
in both transgenic and nontransgenic mice immunized with A
(IC5p = 27,000 = 5,000 and 48,000 = 18,000, respectively; not
significant). There was no anti-Af activity in the KLH-immunized
transgenic mice, untreated transgenic mice, nor nontransgenic mice
at final dilutions of serum down to 1:16, indicating that transgenic
mice did not spontaneously generate an antibody reaction to AB.

Immunization with AR caused a modest reduction in AP deposits
in the frontal cortex, with a significant reduction in the Congo-red-
stained area of APP+PS1 mice, and a significant reduction in the
AB-immunostained area of APP mice (Fig. 2 and Fig. 3). Reduc-
tions of a similar extent were found in hippocampus. We also
quantified immunostaining using AB40- and AB42-specific anti-
sera, both of which exhibited the same modest reductions found in
total AR immunostaining. We suspect that, with a larger sample
size, statistically significant partial reductions would be found in all
these measures consistent with other recent reports’™''. In general,
the percentage reduction in AR deposition was greater in the APP
mice than the APP+PS1 mice. The absolute reductions were greater,
however, in the doubly transgenic animals. The APP+PS1 mice
already had substantial AB deposits by the time vaccinations were
initiated'”. Further studies will test whether beginning vaccinations
at an earlier age, or combining vaccination with other AB-lowering
treatments, will result in more complete protection from AR
deposition, and improve the cognitive performance of 15-
months-old transgenic mice even further.

Our most important finding here is that A vaccination protects
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Figure 3 Measurement of amyloid histopathology after AR peptide immunization.

a, b, Results for the APP+PS1 mice; ¢, d, results for APP-only transgenic mice. A
significant reduction in Congo-red staining in frontal cortex was found in APP+PS1 mice
vaccinated with AR (n=4) compared to in APP+PS1 mice vaccinated with KLH (n= 5; b).
There was a significant reduction in AR immunostaining in APP-only transgenic mice
vaccinated with AB (n = 3) compared to in KLH-vaccinated APP mice (n = 2; c).

* P < 0.05; **, P< 0.01 by ttest. CX, frontal cortex; HC, hippocampus.
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transgenic mice from developing memory deficits compared with
KLH-immunized (control) transgenic mice. But how important is
the learning paradigm in discerning these differences. We have
found that in using the reference-memory version of the water
maze, mice of this age (15.5 months) have deficits in escape latency,
but not retention on the probe trial’. Thus, the more demanding
working-memory version of the water-maze task may be essential to
detect such differences. Similarly, a spatial task would require intact
function of hippocampal and, to a lesser extent, cortical structures,
the locations where plaques accumulate earliest and to the greatest
extent in these mice'*™".

This vaccination-associated protection from memory impair-
ment occurs in the presence of reduced, but still substantial AR
deposits. The mechanism by which immunization with A blocks
learning and memory deficits is not understood. One possibility is
that the antibodies neutralize AR in some restricted compartment
or deplete a non-deposited form of AR (for example, a soluble form)
that is responsible for the memory loss observed. Recently, soluble
AP has been proposed as the cause of synapse loss in APP transgenic
mice, as some transgenic lines develop reductions in synaptophysin
immunoreactivity in dentate gyrus without developing AR
deposits”. A second possibility is that microglia activated by the
inoculations' can clear the deposited AP, thereby permitting
normal cognitive function. This is not easily reconciled with the
relatively modest AP clearance detected, although exhaustive
regional analyses have yet to be completed. Perhaps even mice
that have already developed extensive brain pathology and memory
deficits can benefit from vaccinations given later in life. In view of
the absence of adverse effects on behaviour and brain functioning,
and the protection of memory functions by the AB vaccines, we
strongly recommend testing of this and related approaches for the
treatment and prevention of Alzheimer’s disease. O

Methods

Vaccination protocols

Mice were obtained by breeding Tg 2576 APP transgenic mice'® with PS1 line 5.1
transgenic mice’, resulting in nontransgenic, APP, APP+PS1 and PSI transgenic mice as
described by us previously'>"”. Human AB1-42 peptide (Bachem) was suspended in
pyrogen-free Type I water at 2.2 mgml™' then mixed with 10 X PBS to yield 1 x PBS and
incubated overnight at 37 °C. Control mice were injected with KLH that was prepared in
the same manner. The antigen suspension was mixed 1:1 with Freund’s complete adjuvant
and 100 pg AB injected subcutaneously by an experimenter who had no role in the
behavioural testing. A boost of the same material (prepared freshly) was made in
incomplete Freund’s at two weeks and injected once monthly for the next three months.
Subsequent monthly boosts were made in mineral oil. Mice were vaccinated, beginning at
7.5 months of age. The sample size of each group was: 6 (3 female/3 male) nontransgenic
mice vaccinated with A or KLH; 7 (4 female/3 male) transgenic mice vaccinated with AB;
7 (4 female/3 male) transgenic mice vaccinated with KLH. The first post-vaccination
behavioural testing period was started 5 days after the fifth vaccination at 11.5 months of
age. The second behavioural testing period was started at 15.5 months of age, one month
after the ninth vaccination. Mice were killed at 16 months of age. We note that transgenic
and nontransgenic mice were also tested for performance in the radial-arm water maze at
6 months of age (before vaccination) and all mice performed well.

Radial-arm water maze testing

Experimenters were unaware of the experimental conditions of the mice at the time of
testing. The maze consisted of a circular pool 1 m in diameter with six swim alleys (arms)
19 cm wide that radiated out from an open central area (40 cm in diameter), with a
submerged escape platform located at the end of one of the arms®'®. Spatial cues were
present on the walls and ceiling of the testing room. The escape platform was placed in a
different arm each day, forcing mice to use working memory to solve the task. Each day,
mice were given the opportunity to learn the location of the submerged platform during
four consecutive acquisition trials followed 30 min later by a retention trial (trial 5). On
each trial, the mouse was started in one arm not containing the platform and allowed to
swim for up to one minute to find the escape platform. Upon entering (all four paws
within the swim alley) an incorrect arm or failing to select an arm after 20 s, the mouse was
gently pulled back to the start arm for that trial and charged an error. All mice spent 30 s on
the platform following each trial before beginning the next trial. On subsequent trials that
day, the start arm was varied, so the mouse could not simply learn the motor rule ‘second
arm to the left), but must learn the spatial location of the platform that day. After the fourth
trial was completed, the mice were placed in their home cage for 30 min, then returned to
the maze and administered the retention trial. The platform was located in the same arm
on each trial within a day, and was in a different arm across days. Over 1-2 weeks of
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training, control groups gradually improved performance as they learned the procedural
aspects of the task, reaching an asymptotic level of 0.5-1 errors on trials 4 and 5. In the
experiments presented here mice were trained until the nontransgenic mice reached
asymptotic performance: 9 days at 11.5 months or 11 days at 15.5 months. The scores for
each mouse on the last two days of testing were averaged and used for statistical analysis.
Sensorimotor tests identified no differences among these groups in open field behaviour
or string agility testing. As in earlier work, all transgenic mice were impaired on the
balance beam, a deficit observed as early as six months of age’, but this deficit was not
modified by AP vaccination.

ELISA analysis for serum antibodies

Ninety-six-well Immulon 4HBX (Dynex) micro plates were coated with the AB1-42
protein (250 ng per well) for 1h at 37 °C. They were washed four times with 0.45% NaCl +
0.05% Tween-20 (washing buffer, WB). The plates were blocked with 5% non-fat dry milk
(NFDM) in PBS overnight at 4 °C and washed the following day. Mouse serum was
prepared in PBS at an initial dilution of 1:16 and subsequent twofold dilutions were made.
All samples were run in duplicate and incubated at 37 °C for 1h followed by washing 10
times in WB. Plates were blocked a second time with 5% NFDM in PBS for 30 min at 37 °C
followed by washing five times before the addition of an anti-mouse IgG HRP-conjugate.
The secondary antibody was diluted 1:5,000 in PBS and incubated for 1 h at 37 °C. Plates
were then washed 10 times in WB and developed with 3,3,5,5-tetramethylbenzidine
substrate (Sigma) in perborate buffer (Sigma). The reaction was stopped with 2 M
sulphuric acid. Plates were read spectrophotometrically at 450 nm. The anti-AB1-42
antibody titre was defined as the reciprocal of the dilution of antisera that produced 50%
of the maximum signal detected for that sample.

Histopathology

Mice were overdosed with pentobarbital, perfused with saline and their brains removed.
One hemisphere was immersion-fixed in fresh, buffered paraformaldehyde for 24 h.
Frozen sections were stained for AP peptides by immunohistochemistry'*" or for Congo
red. The area of frontal cortex occupied by stain was measured with a Videometric V150
image analysis system (Oncor) on a Nikon Microphot FX microscope. Stained regions
were measured using HSI segmentation by an experimenter unaware of the subject
condition. Both stain intensity and area were measured, although only areas are reported
here as this is the convention for AR deposits (‘amyloid burden’). The results were not
qualitatively different when evaluating area, stain intensity or their product (total
immunoreactivity'®). Data were collected from equally spaced horizontal sections for both
frontal cortex (anterior to the corpus callosum; 12 per mouse) and hippocampus (10 per
mouse).
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Induction of vanilloid receptor
channel activity by protein kinase G

Louis S. Premkumar & Gerard P. Ahern

Department of Pharmacology, Southern Illinois University School of Medicine,
Springfield, Illinois 62702, USA

Capsaicin or vanilloid receptors (VRs) participate in the sensation
of thermal and inflammatory pain'~. The cloned (VR1) and native
VRs are non-selective cation channels directly activated by harm-
ful heat, extracellular protons and vanilloid compounds*™®. How-
ever, considerable attention has been focused on identifying other
signalling pathways in VR activation; it is known that VR1 is also
expressed in non-sensory tissue"’ and may mediate inflammatory
rather than acute thermal pain’. Here we show that activation of
protein kinase C (PKC) induces VR1 channel activity at room
temperature in the absence of any other agonist. We also observed
this effect in native VRs from sensory neurons, and phorbol esters
induced a vanilloid-sensitive Ca®" rise in these cells. Moreover, the
pro-inflammatory peptide, bradykinin, and the putative endo-
genous ligand, anandamide, respectively induced and enhanced
VR activity, in a PKC-dependent manner. These results suggest
that PKC may link a range of stimuli to the activation of VRs.

PKC is a prominent participant in pain signalling. Targeted
deletion of PKC-e in mice'® markedly attenuates thermal- and
acid-induced hyperalgesia. In turn, activation of PKC-€ potentiates
heat-evoked currents in sensory neurons'“'?. Further, the algesic
peptide, bradykinin, potentiates heat responses'"'?, induces depo-
larization>'®, and evokes secretion'”™" from vanilloid-sensitive
neurons in a PKC-dependent manner. However, the molecular
targets for these effects have not yet been clearly identified. We
therefore investigated whether these actions of PKC are mediated by
VRs. Rat VR1 was expressed in Xenopus laevis oocytes and studied
using a two-electrode voltage clamp technique. Treatment with
12-O-tetradecanoylphorbol-13-acetate (TPA) to activate endogen-
ous PKC increased the amplitude of currents evoked by capsaicin
(Fig. 1a, ¢), anandamide (Fig. 1b, ¢) and protons (extracellular pH 5;
data not shown). In addition, TPA by itself produced a slowly
developing current (Fig. 1a, b) that was not observed in uninjected
oocytes (n = 5) or oocytes expressing the NMDA (N-methyl p-
aspartate) receptor (n = 8). These actions were probably mediated
by PKC because no responses were elicited by the inactive TPA
analogue, 4a-phorbol (n = 4), and responses to TPA were inhibited
by the selective PKC inhibitor®, bisindolylmaleimide (BIM,
200 nM, Fig. 1c).

Next, we examined whether the current induced by TPA alone
was mediated by VR1. In these experiments VR1-expressing oocytes
were treated separately with either TPA or capsaicin, to avoid cross-
sensitization. Figure 1d shows the response of a TPA-treated oocyte
to a series of depolarizing pulses from —80 mV to +80 mV. Out-
wardly rectified currents were evoked that were similar to those
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with either the solution listed above (without ascorbic acid, myo-inositol, and Na-
pyruvate) or a HEPES-based solution containing (in mM) 145 NaCl, 25 glucose, 2.5 KCl, 1
MgCl,, 2 CaCl,, 10 HEPES, bubbled with O, (used for Fig. 3a—c). During spillover
experiments, the extracellular solution also contained 60 nM CGP54626 to prevent
activation of GABA receptors. Presynaptic terminals were labelled with lucifer yellow and
visually identified as a calyx.

Electrodes for postsynaptic recording had resistances of 2—3 MQ; series resistances
during recordings were <5 M, compensated electronically by 90%. Pre- and post-
synaptic cells were voltage clamped to —60 mV, unless otherwise indicated. For presynaptic
recordings, electrodes were 5-6 M, with series resistances of 10-25 M, compensated by
80—90%. Pipettes for recording EPSCs contained (in mM) 135 CsE 5 CsCl, 5 EGTA, 10
HEPES and 2 QX314 (N-(2,6-dimethylphenylcarbamoylmethyl) triethylammonium
chloride) (286 mOsm) at pH 7.25 with CsOH. Pipettes for pre- and postsynaptic
recording of glycine responses contained either low [Cl7]; solution (in mM): 125 Cs-
methane sulphonate, 15 CsCl, 5 EGTA, 1 MgCl,, 10 HEPES, 0.2 lucifer yellow (290 mOsm)
at pH 7.2 with CsOH, or high-[Cl"]; solution in which Cs-methane sulphonate was
replaced with CsCl. Current-clamp recording from gramicidin-perforated patches was
made with pipettes filled with high-[CI]; solution where KCI replaced Cs-methane
sulphonate and CsCl. For paired pre- and postsynaptic recordings, presynaptic pipettes
contained (in mM) 150 KCI (or 145 K-gluconate and 5 KCl for low-[Cl"]; solution), 0.2
EGTA, 1 MgCl, and 10 HEPES". During simultaneous pre- and postsynaptic recordings,
no rundown of EPSCs was observed over the 10—15 min necessary for the experiment.
Voltages were corrected for junction potentials.

EPSCs and IPSCs were elicited by voltage pulses (100 ps, 10-20 V stimuli) delivered
through a glass pipette. During paired pre- and postsynaptic recording, EPSCs were
evoked by action potentials elicited by a depolarizing current pulse delivered through the
presynaptic recording electrode. mEPSCs were recorded at -60 mV in the presence of
0.5 wM TTX. Drugs were applied by pressure ejection or by bath perfusion. Gramicidin D
was prepared in methanol at 5 mgml™ and then dissolved in intracellular solution to a
final concentration of 5 pgml™. EGTA-AM prepared as a stock solution in dimethyl
sulphoxide (DMSO) just before the experiment was diluted in bath solution to 0.2 mM
(final concentration of DMSO, 0.1%). For Ca>* measurements, voltage-clamped terminals
were loaded with the presynaptic K-gluconate pipette fill containing 20 uM Oregon Green
488 BAPTA-1, and without Mg?". Dye was excited (Hg lamp with 1% neutral density filter,
470-nm bandpass excitation filter) at 1 Hz for 100 ms to minimize bleaching. Fluorescence
emission (535 nm bandpass) was detected with a photomultiplier tube and was restricted
to a region just larger than the cell body diameter. Background values, measured in a
region of identical size adjacent to cell body, were subtracted and fluorescence changes
normalized for the average pre-stimulus intensity (AF/F,). Statistical significance was
established using paired and unpaired ¢-tests, as indicated, and errors reported as *1s.d.
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required for cell viahility

Monica J. S. Nadler* 1, Meredith C. Hermosura*i, Kazunori Inabe*§,
Anne-Laure Perraud*t, Qigin Zhut, Alexander J. Stokest,

Tomohiro Kurosaki$, Jean-Pierre Kinetf, Reinhold Penner:,
Andrew M. Scharenberg !l & Andrea Fleig:

t Department of Pathology, Beth Israel Deaconess Medical Center and Harvard
Medical School, Boston, Massachusetts 02215, USA

¥ Laboratory of Cell and Molecular Signaling, Center for Biomedical Research at
The Queen’s Medical Center and John A. Burns School of Medicine at the
University of Hawaii, Honolulu, Hawaii 96813, USA

§ Department of Molecular Genetics, Institute for Liver Research, Kansai Medical
University, Osaka 570-8506, Japan

* These authors contributed equally to this work

The molecular mechanisms that regulate basal or background
entry of divalent cations into mammalian cells are poorly under-
stood. Here we describe the cloning and functional characteriza-
tion of a Ca®"- and Mg*'-permeable divalent cation channel,
LTRPC7 (nomenclature compatible with that proposed in ref. 1),
a new member of the LTRPC family of putative ion channels.
Targeted deletion of LTRPC7 in DT-40 B cells was lethal, indicat-
ing that LTRPC7? has a fundamental and nonredundant role in
cellular physiology. Electrophysiological analysis of HEK-293 cells
overexpressing recombinant LTRPC7 showed large currents regu-
lated by millimolar levels of intracellular Mg-ATP and Mg-GTP
with the permeation properties of a voltage-independent divalent
cation influx pathway. Analysis of several cultured cell types
demonstrated small magnesium-nucleotide-regulated metal ion
currents (MagNuM) with regulation and permeation properties
essentially identical to the large currents observed in cells expres-
sing recombinant LTRPC7. Our data indicate that LTRPC7, by
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Hospital and Medical Center, Seattle, Washington 98195-6320, USA.
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virtue of its sensitivity to physiological Mg-ATP levels, may be
involved in a fundamental process that adjusts plasma membrane
divalent cation fluxes according to the metabolic state of the cell.

As part of a systematic effort to identify novel Ca’*/cation
channels expressed in haematopoietic cells, we cloned a putative
cation channel transcript, which we later designated LTRPC7. The
predicted protein encoded by the LTRPC7 transcript is homologous
to other LTRPC family members throughout its first 1,200 amino
acids (Fig. la), but is notable for its ubiquitous distribution (see
Supplementary Information) and for a long and unique carboxy-
terminal tail that contains a domain of significant homology to the
MHCK/EEF2« family of protein kinases” (Fig. 1a).

To investigate LTRPC7’s role in cell physiology, we used the DT-
40 B-cell system to produce a cell line with targeted deletion of its
LTRPC7 genes. Although targeted deletion of one LTRPC7 allele was
easily obtained, no clones were obtained with targeted integrations
into both alleles (data not shown), indicating that LTRPC7 is
required for cellular viability. We therefore took an inducible
deletion approach (Fig. 1b) by producing a viable DT-40 cell line
that expressed a tamoxifen-controlled Cre recombinase, and which
also had a stable targeted deletion of one LTRPC?7 allele and LoxP
sites bracketing the LTRPC?7 exons encoding transmembrane span
5, the putative channel pore region and transmembrane span 6 in
the other LTRPC7 allele. Activation of the Cre recombinase by
treatment of this cell line with tamoxifen induced the deletion of
these three exons in most cells (Fig. 1c). As shown in Fig. 1d, this
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Figure 1 LTRPC7 structure and inducible knockout of LTRPC7 in the chicken B-cell line
DT-40. a, Schematic of LTRPC7 with amino-terminal unique regions 1-4,
transmembrane domain regions, coiled-coil region and the MHCK/EEF2« kinase
homology domain (kinase). b, Schematics of wild-type and mutated DT-40 LTRPC7
alleles. Restriction enzyme sites (X, Xbal), probe for Southern blot analysis (solid bar),
exons (open rectangle) and loxP sites (solid triangle) are indicated. Three exons, including
part of the putative transmembrane region (corresponding to mouse LTRPC7 amino-acid
residues 997—-1,158), were replaced with hisD cassettes in the hisD-targeted allele and
flanked by two /oxP sequences in the neo-loxP-targeted allele. Xbal fragments detected by
the probe are shown for wild-type and mutated alleles. ¢, Southern blot analysis of Xbal-
digested DNA from wild-type and mutant DT-40 cells. d, Effect of LTRPC7 inactivation on
cell proliferation. DT-40 wild type and mutant clones (V79-1 and V79-2) harbouring hisD-
and neo-loxP-targeted alleles were cultured either without (open symbols) or with (filled
symbols) 200 nM tamoxifen. Cell numbers were adjusted to 1 x 10° cells per ml, 2 days
after cultivation. Viable cells were monitored daily by trypan blue exclusion.
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induced the growth arrest and subsequent death of the cells over a
48-72-h time frame, providing strong evidence that LTRPC7 is
fundamental in cellular function.

For electrophysiological analysis of LTRPC7, we produced HEK-
293 cell lines with tetracycline-controlled expression of a Flag-
tagged LTRPC7 construct. Treatment of these cells with tetracycline
for 24 h induced a Flag-reactive band with a relative molecular mass
of 220,000 (M, 220K; predicted size of Flag—LTRPC?7, Fig. 2a).
However, by 72-96h, LTRPC7-expressing cells began to swell,
detach and die (Fig. 2b, similar results for all clones). Because of
the potential for cell toxicity at times greater than 24h after
induction, all subsequent analyses were performed 18—24h after
induction. In this time frame, induced cells developed large whole-
cell currents over a 100-300-s time period (Fig. 2c) with a
characteristic outwardly rectifying current—voltage relationship
(Fig. 2d) when perfused with Cs*-based internal solutions (identical
results were obtained with K¥, data not shown). With choline-based
intracellular solutions, the large outward conductances were sig-
nificantly suppressed, indicating that outward currents through
LTRPCY are carried by cations. Stationary noise analysis of outward
currents was performed at +60 mV in the frequency range 0.001—
1kHz and revealed characteristic increases in current variance
during activation of the whole-cell current that levelled off and
finally decreased as the current was fully activated. Through linear
regression of variance versus mean current during the initial
activation phase, we determined an average slope of 2.5 = 0.4 pA
(n = 4), corresponding to a single-channel conductance of ~40 pS,
based on a reversal potential of 0 mV. Because mono- and divalent
ions do not permeate LTRPC7 independently of each other (see
below), this value applies in a strict manner only to the test potential
of +60mV and the ionic conditions imposed by our external and
internal solutions.
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Figure 2 Functional expression of LTRPC7 as a cation channel. a, SDS—polyacrilamide
gel electrophoresis (PAGE) analysis of three clonal HEK-293 cell lines (c1—c3) expressing
a tetracycline-controlled Flag—LTRPC7 construct. Anti-Flag immunoreactive proteins
before (left lanes) or after 24 h of tetracycline (right lanes). b, Phase contrast images of
representative patches of LTRPC7-overexpressing HEK-293 cells 0 and 4 days after
treatment with or without tetracycline. ¢, Average inward and outward currents carried by
LTRPC7 at —80 and +80 mV, respectively. Cells perfused with ATP-free Cs*-glutamate
internal solution (n =7, % s.e.m.). Outward current was markedly suppressed when
choline was used as the major internal cation, with only 10 mM Cs* present (n = 3,
+ s.e.m.). d, Current—voltage relationships under experimental conditions as in ¢,
obtained from representative cells 200 s after whole-cell establishment.
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We next analysed the permeation characteristics of LTRPC7-
mediated currents (Fig. 3). Inward currents were not affected by
substitution of choline for Na" and K" in the extracellular solution
(Fig. 3a), indicating that the inward current is carried exclusively by
divalent ions. Furthermore, inward currents are not affected by
removal of either Ca>* or Mg®* alone (Fig. 3b, c). Only the complete
removal of external divalents amplifies both inward and outward
monovalent current flow (Fig. 3d). The current—voltage relation-
ship under divalent-free conditions (Fig. 3e) demonstrates linear-
ization of the outward currents and significant enhancement of
inward currents as compared with the divalent-containing situa-
tion. These effects are probably due to relief from permeation block
by the divalent ions, which is expected to be strongest at negative
potentials and gradually decreases as the reversal potential for
divalent ions is approached.

The above data are most simply explained by a model in which the
LTRPC7 pore has a high affinity for and is permeant to Ca**and
Mg**, which accordingly obstruct inward fluxes of monovalent
cations. Consistent with this model, LTRPC7-dependent inward
currents are enhanced and outward currents suppressed when cells
are exposed to isotonic (120mM) CaCl, and MgCl, solutions,
conditions in which Ca®* or Mg*" are the only available cationic
charge carriers (Fig. 3fand g, respectively). In light of the significant
Mg** permeation of LTRPC7, a feature to our knowledge unprec-
edented among known ion channels, we assessed Mg”" permeation
at different extracellular Mg** concentrations in reference to inward
currents carried by 2 mM Mg** (Fig. 3h; note the absence of external
Ca®"). Higher concentrations of Mg”" increased inward currents
carried by Mg** and submillimolar Mg®" concentrations progres-
sively increased monovalent influx until divalent-free medium gave
rise to large monovalent inward currents. Thus, LTRPC7 exhibits
clear Mg**-dependent anomalous mole fraction behaviour. At the
same time, outward currents are inhibited with increasing Mg**
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Figure 3 Permeation and block of LTRPC7 by divalent ions. Average inward and outward
currents carried by recombinant LTRPC7 at —80 and +80 mV, respectively. Black bars
indicate solution changes. a, Extracellular solutions contained 10 mM Ca?* and 2mM
Mg?*. Inward currents remained unaffected by application of extracellular solution in
which NaCl was replaced by choline-CI (n = 5). b, Application of Ca®*-free extracellular
solution (n = 5). ¢, Application of Mg?*-free extracellular solution (7 = 5). d, Removal of
both Ca* and Mg2* (n = 5). e, /-V/ relationship of currents under conditions as in d
elicited before divalent-free application (198 s) and just before re-admission of divalents
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concentrations (Fig. 3i), probably in part owing to the shift in
reversal potential occurring with the increase in extracellular Mg**
concentrations, but also indicating that Mg®* upon permeation
might suppress LTRPC?7 intracellularly (see below).

The time course of passive activation of currents carried by
LTRPC7 is most consistent with activation due to diffusional
depletion of a small intracellular constituent that suppresses chan-
nel opening. On the basis of the results above and the presence of the
a-kinase domain in LTRPC?7, we suspected that [Mg“]i and [ATP];
might be involved in LTRPC7 regulation. We therefore system-
atically changed the [Mg“]i and [ATP]; of our patch pipette
solutions. LTRPC7 channel activity is strongly suppressed by
Mg-ATP concentrations in the millimolar range (Fig. 4a, d), with
nearly complete suppression of currents at 6 mM Mg-ATP. Under
these conditions, free [Mg”]i varies from 670 to 800 uM, and the
available ATP is essentially all in the physiological Mg-ATP form.
However, no suppressive effect is observed when 2 mM Na-ATP is
added to a [Mg”*];-free internal solution, weighing against a role for
a standard high-energy phosphate group transfer in the suppression
phenomenon as well as indicating that [Mg2+]i is a required factor
or cofactor for inhibition. Figure 4b summarizes the average
currents observed during intracellular perfusion of cells with solu-
tions devoid of ATP but containing different free Mg** concentra-
tions. From this, it is evident that high [Mg®*]; strongly suppresses
LTRPC7-dependent currents even in the absence of ATP, with 3 mM
causing a complete block (Fig. 4e).

To evaluate further the potential role of high-energy phosphate
transfer in suppression, we perfused cells with four different Mg**-
nucleotide trisphosphates (NTP) to define the nucleotide specificity
(Fig. 4c). At 2mM (free [Mg**]; = 700-850 uM), both ATP and
GTP largely suppressed activation of LTRPC7 currents (with essen-
tially identical dose—response curves), whereas CTP and ITP were
less effective compared with NTP-free controls. If the dose—

f g _ iso Mg
—
2 Il
z - s
= 17
Q i
5 q
() 0 el
_0'2 T T T T T T T 1
0 100 200 300
Time (s)
h i
2,500 Inward current 400 Outward current
1,500 ]
g 100
(9]
(o)}
& 50
e
(6]
0

6 -4 3 -2 -

MgCl, (log M) MgCl, (log M)

(300 9). f, g, Application of isotonic CaCl, or MgCl, (120 mM) reversibly enhanced inward
currents and strongly inhibited outward currents (n = 5 each). h, Anomalous mole
fraction behaviour of Mg?* permeation. Changes in inward current measured at —80 mV
as a function of extracellular Mg®* concentration (n = 3—5; Mg?*-free solution plotted at
1 wM) and normalized in reference to 2 mM extracellular Mg?* (extracellular solutions
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response curve for ATP (Fig. 4d) is instead plotted as a function of
calculated free [Mg“]i (Fig. 4e, open boxes), it can be seen that
suppression of LTRPC7 currents by Mg-ATP occurs within a range
of free [Mg**]; that produces only moderate suppressive effects on
LTRPC7 in the absence of ATP or GTP (Fig. 4e, filled circles).
Together, these results would be most consistent with Mg-ATP
acting as a physiological regulator of LTRPC7, as cellular levels of
free [Mg“]i are around 0.5 mM (ref. 3) and cytosolic GTP levels are
at least five times lower than those of ATP, which are typically several
millimolar*.

Finally, as a further test of a role for a high-energy phosphate
transfer reaction in LTRPC7 gating, we performed experiments with
Na-ATP-vy-S and Mg-ATP-v-S, non-hydrolysable analogues of ATP.
Because ATP-vy-S can be used by protein kinases in thio-phosphory-
lation reactions, and thio-phosphate linkages are not susceptible to
protein phosphatases, the result is irreversible protein phosphory-
lation. As shown in Fig. 4f (open diamonds), 2 mM Mg-ATP-v-S
(free [Mg**]; = 700 uM) effectively suppresses LTRPC7 currents. To
address the question of whether this suppression is due to irrevers-
ible thio-phosphorylation of LTRPC7, we performed experiments
in which cells were initially patched with pipette solutions contain-
ing Mg-ATP-y-S (filled circles in Fig. 4f) and subsequently re-
patched around 180s later, this time with an ATP-free pipette
solution to wash out Mg-ATP-y-S. This resulted in essentially full
re-development of LTRPC7 currents, demonstrating the reversibil-
ity of the suppression phenomenon under conditions in which the
participation of a phosphorylation event should have resulted in
irreversible suppression. Therefore, the suppression of LTRPC7
activation by Mg-ATP-y-S is analogous to that of Mg-ATP or
Mg-GTP and is likely to be the result of direct regulation of channel
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activity. By the same logic, Na-ATP-vy-S should behave similarly to
Na-ATP and this is confirmed in Fig. 4f (open circles), where 2 mM
Na-ATP-v-S failed to suppress LTRPC7 activation. We did observe a
Na-ATP-vy-S-mediated delayed and slow inactivation, which may
involve phosphorylation events that downregulate LTRPC7 activity.
We also analysed endogenous currents activated in several cul-
tured cell lines from tissues positive for LTRPC7 transcripts, using
the same experimental conditions that produced maximal LTRPC7
activation in our heterologous HEK-293 system. Each cell type
analysed (Fig. 5) possessed currents with Mg-ATP sensitivity and
current—voltage relationship similar to those observed in HEK-293
cells overexpressing LTRPC7. In particular, the native currents
exhibited strong outward rectification at potentials above +50 mV,
which may be considered the signature of this conductance. We have
adopted the convention that native currents that exhibit sensitivity
to Mg-nucleotide complexes and permeation properties like those
of LTRPC7 are designated as magnesium-nucleotide-regulated
metal ion currents or MagNuM. Our data indicate that LTRPC7
mediates most or all of MagNuM in all cell types so far analysed.
An analysis of LTRPC7 function has also been performed by
Clapham and colleagues®. They concluded that the EEF2a domain
kinase activity was required for channel gating. However, this
conclusion was based in part on increased currents observed
upon addition of 5mM Na-ATP to a standard intracellular solution
containing only 1 mM MgCl,, reducing free [Mg”*]; to 6 WM. As our
data show Mg”* to be an essential (co)factor in regulating LTRPC7
activity, such a drop in free [Mg®*]; would be expected to produce a
large relative increase in current amplitude independent of ATP,
suggesting that conclusions regarding the role of the kinase domain
in channel activation should be taken cautiously. Clapham and
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Figure 4 LTRPC7 gating is modulated by [Mg®*]; and Mg-nucleotides. a, Average inward
and/or outward currents carried by recombinant LTRPC7 at —80 and +80 mV,
respectively. Cells were perfused with internal solutions containing various ATP
concentrations (0 mM Mg-ATP, n = 7; 1 mM Mg-ATP, n = 5; 6 mM Mg-ATP, n = 5;
2mM Na-ATP, n = 5). b, Cells were perfused with internal solutions containing the
indicated MgCl, concentrations in the absence of added ATP (in all cases n = 5). ¢, Cells
were perfused with internal solutions containing 2 mM of various Mg-nucleotides (in all
cases n = 5). Dotted control trace represents 0 ATP taken from a. d, Average changes of
maximum outward current measured at +80 mV as a function of intra-pipette Mg-ATP or
Mg-GTP levels. The change in current size was analysed by subtracting the first data trace
acquired after whole-cell establishment from the one elicited at 300 s. e, Average
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changes of maximum outward current measured at +80 mV as a function of intra-pipette
free Mg?* levels in the absence of added ATP (filled circles). The change in current size
was analysed as in d. Open squares, data points of the ATP dose—response curve in d,
here plotted against the calculated free Mg®* under those conditions. f, Cells were
perfused with internal solutions containing 2 mM of various non-hydrolysable analogues
of ATP (Na-ATP-v-S, open circles, n = 6; Mg-ATP-v-S, open diamonds, n = 3). Filled
circles represent three cells perfused with 2 mM Mg-ATP-vy-S for 120 s and then re-
patched with ATP-free solution. Data sets from re-patched cells were aligned, averaged
and plotted with a delay of 180 s, which represents the average time needed to exchange
pipettes and re-patch individual cells (120's, 198's, 215, respectively).
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Figure 5 Mg-ATP sensitive conductances with LTRPC7 signature are ubiquitous. Wild-
type HEK-293, RBL-2H3 and Jurkat T-lymphocytes were perfused with standard internal
solutions supplemented with either 6 mM ATP (open circles; n = 5, = s.e.m.) or no ATP

colleagues also concluded, on the basis of reversal potential mea-
surements, that LTRPC7 is essentially non-selective for monovalent
relative to divalent cations. However, as monovalent and divalent
ions do not permeate LTRPC7 independently (Fig. 3), the permea-
tion of LTRPC7 at physiological membrane potentials (40 to
—80 mV) is selective for divalent ions, whereas monovalent permea-
tion becomes significant only at rather positive potentials.

In conclusion, we have cloned a member of the LTRPC family of
ion channels, designated LTRPC7, and analysed its role in cellular
function. Our data indicate that LTRPC7 is an intracellular ligand-
gated ion channel whose activation may be linked to cellular energy
metabolism through its sensitivity to cytosolic Mg-ATP levels, and
that it effectively permeates both Ca®* and Mg**. As loss of LTRPC7
function would presumably disrupt the coordination of cellular
energy production with the homeostasis of these (and possibly
other) divalent cations, these functional characteristics plausibly
account for the cellular death that occurs in standard cell culture
conditions upon deletion of the DT-40 LTRPC7 genes. Further-
more, because of its link to cellular energy metabolism, LTRPC7
may represent a direct mediator of the toxic divalent cation entry
that occurs during severe metabolic stress conditions such as
hypoxia or hypoglycaemia. O

Methods
Expression analysis

RT-PCR (PCR with reverse transcription) analysis was performed from the indicated
human tissue complementary DNA libraries according to the manufacturer’s protocols
(Life Technologies). For LTRPC7, oligonucleotides used were GTCACTTGGAAACTGG
AACC and CGGTAGATGGCCTTCTACTG to produce a 278-base-pair (bp) band. PCR
was performed using standard techniques and 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and
72 °C for 60 s. The approximate intensity of the ethidium bromide staining of correct sized
bands was estimated by eye to be 1-2+. The LTRPC7 primers used in these reactions were
generated from initial expressed sequence tag sequences, and contain a single base pair
mismatch at the 5" end of the primer based on the corresponding region of LTRPC7
sequence obtained from subsequent clones. Multiple tissue northern blots for human
tissues and cell lines were obtained from Clontech and all hybridizations were performed
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(filled circles; n = 5, = s.e.m.). Under these experimental conditions the store-operated
Ca®* current fpac contributes a larger proportion of inward currents than when LTRPC7 is
overexpressed, accounting for the right-shift in reversal potential.

according to the manufacturer’s protocols. LTRPC7 northern blots were performed using
a dUTP-labelled RNA probe generated from a 500-bp fragment corresponding to
approximately residues 1,695-2,195 of the human LTRPC?7 transcript. The probe was
generated using a T7-directed RNA probe synthesis kit from Ambion.

Electrophysiology

HEK-293 cells transfected with the Flag—murineLTRPC7/pCDNA4-TO construct were
grown on glass coverslips with DMEM supplemented with 10% fetal bovine serum,
blasticidin (5 ngml™), and zeocin (0.4 mgmlI™). LTRPC7 expression was induced by
adding 1 wg mI™ tetracycline to the culture medium. Whole-cell patch-clamp experiments
were performed at 21-25 °C 18—24 h after induction, using cells grown on glass coverslips
and kept in a standard modified Ringer’s solution of the following composition (in mM):
NaCl 145, KCl 2.8, CsCl 10, CaCl, 1, MgCl, 2, glucose 10, HEPES-NaOH 10, pH7.2. In
some experiments, nominally Ca’*and/or Mg**-free extracellular solutions or isotonic
CaCl, and MgCl, solutions (120 mM) were applied by pressure ejection from wide-tipped
pipettes. Intracellular pipette-filling solutions contained (in mM): Cs-glutamate 145,
NaCl 8, MgCl, 1, Cs-BAPTA 10, HEPES-CsOH 10, pH 7.2. In some experiments, Cs-
glutamate was replaced equimolarly by K-glutamate or choline-chloride. Free [Mg**]i was
calculated by Patcher’s Power Tools (http://www.wavemetrics.com/Users/ppt.html).
High-resolution current recordings were acquired by a computer-based patch-clamp
amplifier system (EPC-9, HEKA). Immediately following establishment of the whole-cell
configuration, voltage ramps of 50-ms duration spanning the voltage range of —100 to
+100 mV were delivered from a holding potential of 0 mV at a rate of 0.5 Hz over a period
of 200—400s. All voltages were corrected for a liquid junction potential of 10 mV between
external and internal solutions when internal solutions contained glutamate. Currents
were filtered at 2.3 kHz and digitized at 100-ps intervals. Capacitive currents and series
resistance were determined and corrected before each voltage ramp using the automatic
capacitance compensation of the EPC-9. The low-resolution temporal development of
currents at a given potential was extracted from individual ramp current records by
measuring the current amplitudes at voltages of —80 mV or +80 mV.

Full methods for all cloning, construction of expression constructs, SDS—PAGE and
immunoprecipitation analyses, and construction of DT-40 cell lines are available as
Supplementary Information.
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Free ADP-ribose (ADPR), a product of NAD hydrolysis and a
breakdown product of the calcium-release second messenger
cyclic ADPR (cADPR), has no defined role as an intracellular
signalling molecule in vertebrate systems. Here we show that a
350-amino-acid protein (designated NUDT9) and a homologous
domain (NUDT9 homology domain) near the carboxy terminus
of the LTRPC2/TrpC7 putative cation channel' both function as
specific ADPR pyrophosphatases. Whole-cell and single-channel
analysis of HEK-293 cells expressing LTRPC2 show that LTRPC2
functions as a calcium-permeable cation channel that is specifi-
cally gated by free ADPR. The expression of native LTRPC2
transcripts is detectable in many tissues including the U937
monocyte cell line, in which ADPR induces large cation currents
(designated I ppg) that closely match those mediated by recom-
binant LTRPC2. These results indicate that intracellular ADPR
regulates calcium entry into cells that express LTRPC2.

The LTRPC family of putative ion channel proteins® has a unique
amino-terminal region of 600—700 amino acids that can be divided
into 4 smaller sub-regions based on their high level of conservation
in one or more family members. Next there is a region of around 300
amino acids that contains the putative pore-forming transmem-
brane spans, and then a region with predicted coiled-coil character,
and finally a C-terminal extension of variable length and unique
structure for individual LTRPC members. Figure la illustrates the
structural elements of LTRPC2, which was originally designated
TrpC7 (ref. 1), but was named LTRPC2 in a recently proposed
nomenclature’.

|| Present address: Department of Pediatrics and Immunology, University of Washington and Children’s
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Whereas northern blotting indicates that LTRPC2 was domi-
nantly expressed in brain (data not shown, consistent with previous
reports'), polymerase chain reaction after reverse transcription of
RNA (RT-PCR) detected LTRPC2 transcripts in many other tissues,
including bone marrow, spleen, heart, leukocytes, liver and lung
(data not shown). Specificity of the RT-PCR analysis was con-
firmed by cloning a full-length LTRPC2 transcript from a human
monocyte complementary DNA library. On the basis of its unique
C-terminal structure, we subsequently cloned a new ¢cDNA from a
spleen cDNA library, designated NUDT9. Its expression was detect-
able by RT-PCR in every tissue analysed, including bone marrow,
spleen, heart, leukocytes, liver, lung, kidney, prostate, testis and
skeletal muscle (data not shown). The C-terminal region of LTRPC2
and NUDT?9 share 50% homology and are also homologous to the
Caenorhabditis elegans predicted protein EEED8.8 (Fig. 1b).
Sequence analysis of NUDT9 revealed the presence of a putative
signal peptide/anchor and a Nudix box sequence motif. Nudix
boxes are found in a family of diverse enzymes that catalyse the
hydrolysis of nucleoside diphosphate derivatives’. This motif is
highly conserved in EEED8.8, and is present in a less conserved form
in the NUDT9 homology region (NUDT9-H) of LTRPC2.

On the basis of the presence of the Nudix box in NUDT9 and the
homology between NUDT9 and LTRPC2, we thought that identify-
ing a potential substrate for NUDT9 would provide insight into
LTRPC2 function. We therefore expressed NUDT9 in Escherichia
coli, purified the protein, and screened a series of nucleoside
diphosphate derivatives for enzymatic activity. The recombinant
protein was a highly specific ADPR pyrophosphatase (yielding AMP
and ribose 5-phosphate) with a K, of 100 = 10 wM and a V,,,,, of
11.8 £ 0.3 pmolmin~'mg~"' protein. We then expressed the
LTRPC2. NUDT9-H in E. coli and evaluated its activity towards
the same panel of substrates. NUDT9-H had the same specific
ADPR pyrophosphatase activity and an identical K, (100=*
10uM), but a far lower level of activity (V .=
0.1 wmolmin~'mg~"'). This may be because of the substitution
of RIL and QE amino acids in LTRPC2 for the conserved REF triad
and EE diad found in the Nudix motifs of NUDT9 and EEEDS.8, as
these are important for the catalytic activity of other Nudix
hydrolases’. However, we cannot exclude that the reduced activity
of the LTRPC2 NUDT9-H domain relative to that of NUDT9 may
be because it is not in its native protein context.

The simplest model to relate NUDT9/NUDT9-H activity to
LTRPC2 function is to have LTRPC2 as an ion channel somehow
regulated by ADPR. To test this, we used a human embryonic kidney
cell line (HEK-293) with tetracycline-regulated transcription of a
Flag-tagged LTRPC2 construct. As can be seen in Fig. 2a, in wild-
type cells, no transcript was detectable using an LTRPC2-specific
probe. After tetracycline induction of cells stably transfected with a
textracycline-controlled LTRPC2 construct, substantial expression
of an around 6-kilobase (kb) recombinant LTRPC2 transcript was
detectable. Similarly, anti-Flag immunoreactive protein of the
correct predicted molecular mass was detected in western blots
only after tetracycline induction of the stably transfected cells
(Fig. 2b). Finally, anti-Flag immunofluorescence indicated that a
significant portion of LTRPC2 was localized at or near the plasma
membrane (Fig. 2¢); this led us to perform patch-clamp analyses of
plasma-membrane currents. Without tetracycline induction, ADPR
has no detectable effect on plasma-membrane currents (Fig. 2d).
Furthermore, in the absence of ADPR in the patch pipette, basal
currents in tetracycline-treated cells are the same as in wild-type
HEK-293 cells. This indicates that LTRPC2 is not open con-
stitutively under our conditions of standard intracellular solutions.
In contrast, after tetracycline induction, large inward and outward
currents reversing at 0 mV were induced by 100 uM ADPR (Fig. 2d;
Fig. 2e, linear I-V curves at various times of current development).
No current activation was observed using 100 uM of a variety
of closely related molecules, including NAD*, cADPR, ATP, ADP,
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experiment advances the close analogy between the macroscopic
quantum physics of superconductivity and superfluidity. Both
systems exhibit persistent currents, quantized circulation (fluid
and magnetic), sing weak links and now, double-path quantum
interference. U

Methods

To derive equation (2) we follow a heuristic method similar to that which Feynman*
applied to the analogous superconducting case. Consider the interferometer in Fig. 1a to
be rotating at angular velocity €. The total external current passing through the
interferometer may be written as:

I, =I.sing, + I sing, = 2I_cos (Q) sin (@) (5)

We assume that the fluid in the torus is characterized at every point by a quantum phase
factor which is macroscopically coherent. The rotation of the torus entrains the superflow
which is then almost that of a solid body, », = QR. Around a closed path in the
interferometer, as indicated by the dotted line in Fig. 1, the phase can change only in
multiples of 27.

b 2m;,

« h

d2 2
$Ve-dl = 270 = f vdl+ ¢, +J I yedl — ¢y = — %mm 16, — &,

. h
(6)

The limit points, a—d, in the integrals are shown in Fig. 1a. In equation (6) we have used
the concept™ that the phase gradient is proportional to superfluid velocity,

V¢ = 2mv,)/h. Equation (6) may be solved for ¢, — ¢,, which, when inserted into
equation (5) gives

I, = I. sin® 7)
where @ = (¢, + ¢,)/2 is the phase difference across the ends of the interferometer. We see

that the rotating interferometer behaves as a single Josephson weak link, whose maximum
current is given by the quantum interference term:

cos (7r 29.A>‘ 8)
K3

Here k; = h/(2m;) is the quantum of circulation, A is the interferometer area vector,
normal to the plane, and we have included a scalar product describing the more general
case when the rotation axis is not parallel to A.

I'=2I,

c
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It has generally been believed that, within the context of the
Bardeen—Cooper—Schrieffer (BCS) theory of superconductivity,
the conduction electrons in a metal cannot be both ferromag-
netically ordered and superconducting"’. Even when the super-
conductivity has been interpreted as arising from magnetic
mediation of the paired electrons, it was thought that the super-
conducting state occurs in the paramagnetic phase**. Here we
report the observation of superconductivity in the ferromagneti-
cally ordered phase of the d-electron compound ZrZn,. The
specific heat anomaly associated with the superconducting transi-
tion in this material appears to be absent, and the superconducting
state is very sensitive to defects, occurring only in very pure
samples. Under hydrostatic pressure superconductivity and
ferromagnetism disappear at the same pressure, so the ferromag-
netic state appears to be a prerequisite for superconductivity. When
combined with the recent observation of superconductivity in
UGe, (ref. 4), our results suggest that metallic ferromagnets may
universally become superconducting when the magnetization is
small.

The compound ZrZn, was first investigated by Matthias and
Bozorth® in the 1950s, who discovered that it was ferromagnetic
despite being made from nonmagnetic, superconducting constitu-
ents. ZrZn, crystallizes in the C15 cubic Laves structure, as shown in
the inset of Fig. 1, with lattice constant a = 7.393 A. The Zr atoms
form a tetrahedrally coordinated diamond structure and the mag-
netic properties of the compound derive from the Zr 4d orbitals,
which have a significant direct overlap®. Ferromagnetism develops
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below the Curie temperature Ty, = 28.5K with a small ordered
moment p, = 0.17p, per formula unit. ZrZn, has a large electronic
heat capacity at low temperatures C/T = 47 mJ K> mol ™" signal-
ling an abundance of low-energy magnetic excitations in addition to
conventional spin-wave contributions’. The low Curie temperature
and small ordered moment render ZrZn, special among stoichio-
metric ferromagnetic metals and indicate that the compound is
close to a ferromagnetic quantum critical point. The most remark-
able magnetic property of ZrZn, is the effect of a magnetic field on
the ordered moment’. Figure 1 shows the magnetization of ZrZn, as
a function of magnetic field. At T = 1.75K a relatively small field
uoH = 0.05T is required to form a single ferromagnetic domain.
On further increasing the field, the ordered moment is rapidly
increased with a field of 6 T causing a 50% increase in the ordered
moment, which is unsaturated up to 35T, the highest field
measured®. This behaviour contrasts strongly with the elemental
ferromagnets Fe, Ni and Co, in which, after a single domain is
formed, fields applied parallel to the easy axis have only a small
effect on the ordered moment.

The proximity of ZrZn, to a ferromagnetic quantum critical
point has led to numerous proposals that it might be a super-
conductor’™!. We have therefore studied the resistivity, a.c. (differ-
ential) susceptibility and specific heat capacity of high-purity ZrZn,
at low temperatures. Figure 2 shows measurements of the basic
physical properties of ZrZn, for two samples of differing quality.
The highest-quality sample (C) has a low-temperature residual
resistivity of 0.62 wQ cm consistent with charge carrier mean free
paths of several hundred angstroms. Figure 2a shows that there is a
rapid drop in the electrical resistivity below a temperature of
Tsc = 0.29K, suggesting a transition to superconductivity. The
resistance drop is absent in the lower-quality sample (sample A),
which has a residual impurity scattering rate five times higher than
sample C. The application of a field of 0.2 T suppresses the drop, as
expected for a superconducting transition. A second signature of
superconductivity is the diamagnetic screening of a magnetic field,
which can be observed in the a.c. susceptibility. Because ZrZn, is
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Figure 1 Magnetization curves and crystal structure of ZrZn,. A spontaneous moment ps
develops below the Curie temperature Ty, = 28.5K. For T = 1.75K, we find a
spontaneous moment u, = 0.17p5 per formula unit (f.u.) and a coercive field (deter-
mined from a hysteresis l0op) of uoH* = 2 X 10~ T (ug: Bohr magneton). The increase
of the ordered moment with field demonstrates the unsaturated nature of the ordered
moment and indicates the presence of a large longitudinal susceptibility. Inset, the cubic
C15 Laves phase unit cell of ZrZn,, where the Zr atoms (large spheres) form a
tetrahedrally coordinated diamond structure. The samples investigated here were grown
by a directional-cooling method?® in which zone-refined Zr and Zn were melted in a high-
purity Y»03 crucible sealed inside a Ta pressure container. Single crystals were cut from
the resulting ingot by spark erosion. Neutron and Laue X-ray diffraction spectra were
consistent with the C15 structure previously reported. Electron-probe microanalysis
revealed no impurity phases or segregations of the constituent elements at the resolution
limit of 0.5%.
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Figure 2 Evidence of superconductivity in high-purity single crystals of weakly
ferromagnetic ZrZn,. a, Resistivity versus temperature, o(7), at uoH = 0and 0.2T,
respectively, as measured in a dilution refrigerator using a four-terminal a.c. technique.
Sample A (non-superconducting) is of lower quality than sample C, that is, sample A has a
five times higher residual resistivity po. b, Real (reactive) part of the low-amplitude a.c.
susceptibility in Sl units versus temperature for an a.c. amplitude of 1078 T, ReAx(T), at
various superposed d.c. fields after subtraction of the background due to the ferro-
magnetism. Measurements were performed at low frequencies with a miniature
susceptometer comprised of a primary and a balanced pair of secondary coils. The
background was extrapolated from the T-independent susceptibility above Tg, the
superconducting ordering temperature. For the lowest excitation amplitudes ReAx(T)
approaches almost complete diamagnetic shielding: —0.65 (near —1). An analogous
diamagnetic contribution is absent in the low-quality sample (sample A) (not shown). ¢,
Imaginary (dissipative) part of the a.c. susceptibility, InAx(T). Below Tsc a substantial
contribution develops, typical of type Il superconductors. d, Specific heat divided by
temperature versus temperature, G/T(T), at uoH = 0and 1.5 T as measured in a dilution
refrigerator by a conventional heat pulse relaxation technique. The field-independent
upturn below 0.15K is related to nuclear quadrupolar contributions of Zr.
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ferromagnetic, the a.c. susceptibility, y = dM/dH, has a large
component that is due to ferromagnetic domain alignment at low
fields. We have therefore subtracted a temperature-independent
background, measured above Tsc, from our susceptibility data.
Figure 2 shows the resulting real (reactive) and imaginary (dis-
sipative) parts of the susceptibility, ReAx and ImAy respectively. A
strong diamagnetic signal in ReAy associated with superconducting
screening is observed below T = 0.29 K. For the lowest excitation
amplitudes ReAy approaches —0.65 as T — 0, comparable with the
ideal value of —1. A concomitant increase in the dissipative compo-
nent ImAy is observed, as for other type II superconductors. The
a.c. susceptibility of the low-quality sample (sample A) does not
exhibit any signs of a diamagnetic contribution. We have also
performed SQUID (superconducting quantum interference
device) d.c. magnetization measurements below 1K on sample C
(not shown). The zero-field-cooled d.c. magnetization corresponds
quantitatively with ReAx, as expected, while the field-cooled mag-
netization shows a negligible Meissner effect (flux expulsion), as do
oxide superconductors. The low-temperature specific heat is shown
in Fig. 2d. In the temperature range around Tsc no anomaly is
observed, and the normal-state electronic contribution of
C/T = 47m] mol ' K™ prevails. The specific heat shows a pro-
nounced increase below 0.15 K, which is unaffected by the applica-
tion of a 1.5-T magnetic field, suggesting that it is not associated
with the superconductivity, but rather with a nuclear quadrupolar
contribution.

The field dependence of the a.c. susceptibility allows us to
identify the critical field poH, below which superconductivity
appears. A typical trace showing the rapid increase of Imy as the
field is lowered through poH, is shown in the inset of Fig. 3. From
the temperature dependence of this onset field we have determined
the superconducting phase diagram shown in Fig. 3. At the lowest
temperatures investigated, T = 25mK, we find p,H, =04T,
which corresponds to a superconducting coherence length of
£=290A.

It has been known for some time that the ferromagnetism in
ZrZn, is rapidly suppressed under pressure'. This, and the predic-
tion that superconductivity is controlled by the quantum critical
point where ferromagnetism disappears at zero temperature, led us
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Figure 3 Superconducting phase diagram of ZrZn,. Temperature dependence of the
upper critical magnetic field uoH,, as derived from the dissipative part of the a.c.
susceptibility, Imx. The value of u,H,,(T = 0) corresponds to a coherence length of
£=290A. We note that woHe is larger than the values of elemental Zr and Zn by two
orders of magnitude, where Tgc of Zr and Zn are 0.875K and 0.65 K, respectively. Inset,
typical field dependence of the dissipative part of the a.c. susceptibility, Imx, used to
determine poHco.
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to perform high-pressure studies. Figure 4 summarizes the effect of
pressure on the Curie temperature, Ty, and the superconducting-
transition temperature, Tsc. Hydrostatic pressure suppresses both
the ferromagnetism and the superconductivity above a critical
pressure of P, = 21 kbar. Thus, it is not sufficient to be close to
the ferromagnetic quantum critical point for superconductivity to
occur in ZrZn,; the compound must also be in the ferromagnetic
state.

The superconductivity in ZrZn, has a number of remarkable
features. First, it only appears to occur in high-purity single-crystal
samples. Unconventional or non-s-wave forms of superconductiv-
ity generally require the superconducting coherence length
£=1290A to be somewhat smaller than the electronic mean free
path I (ref. 13). Thus, in view of its sensitivity in ZrZn, to the
quality of the sample, the superconductivity in ZrZn, is likely to be
unconventional. Second, there is no superconducting anomaly in
the specific heat. If we interpret this literally, it means that the
superconducting state is strongly gapless with large portions' of the
Fermi surface, or even all of it, surviving in the superconducting
state. The ‘zero-field’ superconducting transition in ZrZn, is fun-
damentally different to that in a conventional superconductor,
because it occurs in the presence of ferromagnetism. The transition
in ZrZn, has some similarities to the transition in a conventional
superconductor for applied fields close to uoH,, where the super-
conducting anomaly is suppressed”. A second class of materials
that show weak superconducting anomalies are the underdoped
copper oxide'® superconductors. A key characteristic of the super-
conducting transition in a ferromagnet may be the absence of a
strong specific heat anomaly. Third, the superconductivity in
ZrZn, is observed only within the ferromagnetic phase, which
poses the question: what is the microscopic relationship between
ferromagnetism and superconductivity'"'”'¥? We can exclude sce-
narios in which the superconductivity is due to inclusions of a
second phase or a surface impurity, on the basis of thorough
metallurgical tests and because the superconductivity and ferromag-
netism disappear at the same pressure’. A macroscopic, that is, a
uniform coexistence of the two states throughout the sample is
consistent with the magnetic response we observe. In fact, an
incomplete Meissner effect, that is, imperfect screening, is thought

P (kbar)

Figure 4 Pressure dependence of the ferromagnetic ordering temperature Tgy and
superconducting ordering temperature 7sc. The pressure dependence of Ty was
determined in d.c. magnetization measurements. The pressure dependence of Tgc was
determined from the resistivity, where typical curves are shown in the inset.
Superconductivity disappears for P > P, = 21 kbar, in the paramagnetic phase down to
the lowest Tmeasured, T = 15 mK. Note that Tg; for clarity is magnified by a factor of
ten.
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to be a signature of such a phase coexistence of superconductivity
and ferromagnetism®.

If metals close to a zero-temperature magnetic instability gen-
erally exhibit superconductivity, we might expect to observe thisin a
simple transition metal compound, as we have reported here. Our
observations in ZrZn, contrast with materials such as ErRh,B,
(ref. 21) or the recently discovered RuSr,GdCu,Oy (ref. 22) in
which clearly distinguishable subsystems support either ferromag-
netism or superconductivity. The presence of superconductivity
throughout the entire pressure range for which ferromagnetism
exists distinguishes ZrZn, clearly from UGe, (ref. 4), which is a
strongly uniaxial 5f ferromagnet which shows a coexistence of
superconductivity and ferromagnetism over a much smaller pres-
sure range and is a member of a different class of materials. In
contrast to these systems, the bands at the Fermi energy in ZrZn, are
predominantly Zr4d (ref. 6), and the magnetism and supercon-
ductivity derive from the same 4d electrons. Thus far we have said
little about the details of the superconductive pairing mecha-
nism. Both the longitudinal and transverse components of the
susceptibility””® are large for ZrZn, in the ferromagnetic state.
This makes ZrZn, an excellent candidate for magnetically mediated
pairing.

The most intriguing feature of the superconductivity in ZrZn, is
that it only occurs in the presence of ferromagnetism and is hence
promoted by the ferromagnetic state. This may arise naturally in
scenarios where the Cooper pairs are in a parallel-spin (triplet) state,
which is already favoured in the ferromagnetic state. Such behav-
iour could well be universal for itinerant ferromagnets in the limit of
small Curie temperature and long electron mean free path. Our
observations link several candidate classes of magnetically mediated
superconductors in an unexpected way and suggest that funda-
mental notions concerning the relation of superconductivity and
magnetic order need to be reexamined. O
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Nitrogen is an essential element for life and is often the limiting
nutrient for terrestrial ecosystems"’. As most nitrogen is locked in
the kinetically stable form®, N,, in the Earth’s atmosphere, pro-
cesses that can fix N, into biologically available forms—such as
nitrate and ammonia—control the supply of nitrogen for organ-
isms. On the early Earth, nitrogen is thought to have been fixed
abiotically, as nitric oxide formed during lightning discharge*~S.
The advent of biological nitrogen fixation suggests that at some
point the demand for fixed nitrogen exceeded the supply from
abiotic sources, but the timing and causes of the onset of
biological nitrogen fixation remain unclear’™"'. Here we report
an experimental simulation of nitrogen fixation by lightning over
a range of Hadean (4.5-3.8 Gyr ago) and Archaean (3.8-2.5 Gyr
ago) atmospheric compositions, from predominantly carbon
dioxide to predominantly dinitrogen (but always without
oxygen). We infer that, as atmospheric CO, decreased over the
Archaean period, the production of nitric oxide from lightning
discharge decreased by two orders of magnitude until about
2.2 Gyr. After this time, the rise in oxygen (or methane) concen-
trations probably initiated other abiotic sources of nitrogen.
Although the temporary reduction in nitric oxide production
may have lasted for only 100 Myr or less, this was potentially
long enough to cause an ecological crisis that triggered the
development of biological nitrogen fixation.

Because biological nitrogen fixation is energetically expensive and
does not occur if adequate supplies of fixed nitrogen are available, it
has been generally thought that the development of metabolic
pathways to fix nitrogen arose only in response to a crisis in the
supply of fixed nitrogen on the early Earth. This sudden reduction
may have occurred soon after the origin of life’™"" as the prebiotic
source of organic material was depleted by the emerging life forms.
In this scenario, the abiotic sources of fixed nitrogen were unable to
sustain even simple microbial ecosystems. But many modern
microbially dominated ecosystems are satisfied with abiotic inflows
of fixed nitrogen and do not express nitrogen fixation; thus nitrogen
fixation may have arisen much later", once biological demand had
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