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Voltage-gated potassium channels such as Shaker help to control
electrical signalling in neurons by regulating the passage of K*
across cell membranes. Ion flow is controlled by a voltage-
dependent gate at the intracellular side of the pore, formed by
the crossing of four a-helices—the inner-pore helices. The pre-
vailing model of gating is based on a comparison of the crystal
structures of two bacterial channels—KcsA in a closed state and
MthK in an open state—and proposes a hinge motion at a
conserved glycine that splays the inner-pore helices wide open’.
We show here that two types of intersubunit metal bridge,
involving cysteines placed near the bundle crossing, can occur
simultaneously in the open state. These bridges provide con-
straints on the open Shaker channel structure, and on the degree
of movement upon opening. We conclude that, unlike predictions
from the structure of MthK, the inner-pore helices of Shaker
probably maintain the KcsA-like bundle-crossing motif in the
open state, with a bend in this region at the conserved proline
motif (Pro-X-Pro) not found in the bacterial channels. A nar-
rower opening of the bundle crossing in Shaker K* channels may
help to explain why Shaker has an approximately tenfold lower
conductance than its bacterial relatives.

The recent elucidation of four K" channel crystal structures has
revealed the general architectural motifs in this large family of
transmembrane proteins'~. Each of the tetrameric structures has a
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central pore formed by two transmembrane helices and a selectivity
filter structure from each of the four subunits. The sequence
homology in the family of K* channels is strongest in the region
of the selectivity filter, a region that is crucial for allowing rapid and
selective permeation of K™ ions®. Structurally, the selectivity filter is
nearly identical in the channels solved thus far. However, the
structures reveal significant differences in the conformation of the
inner-pore helices in the region of the intracellular gate.

On the basis of differences in inner-helix configuration between
two types of bacterial K* channels, KcsA and MthK'®, MacKinnon
and colleagues proposed a general model of K* channel gating. In
the apparently closed KcsA structure, the inner M2 helices are
straight, and they cross in the lower part of the S6 to form an
inverted teepee-like structure. Access from the intracellular surface
to the pore is through a long, narrow, hydrophobic entrance. MthK,
by contrast, was crystallized in conditions that favoured the open
state of the channel. The inner helices are bent at Gly 83, which
splays them apart to form a wide inner pore, 12A across at its
narrowest point. These two structures are proposed to represent the
closed and open states. In the gating model, the inner helices would
swing around the conserved glycine to move from the narrow,
closed KcsA pore to the wide, open MthK pore. This structure-
based gating model is appealing in its simplicity, but it does not fit
with the details of functional experiments done on voltage-gated K*
channels. Here we present a model of gating for a voltage-dependent
K" channel based on constraints established by the state depen-
dence of metal bridging at two engineered binding sites.

A cysteine replacement at Shaker V476 creates a high-affinity
Cd*-binding site that stabilizes an open state of the channel’. Cd**
binding prevents these channels from closing even at very negative
voltages, apparently by forming a bridge between a cysteine in
one subunit and a native histidine (H486) in a neighbouring
subunit’ (Fig. 1). Replacement of the native histidine with tyrosine,
threonine or valine abolished this high-affinity Cd** ‘lock-open
effect. Other ligand combinations (Cys—Cys, His—Cys, His—His)
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Figure 1 The lock-open effect requires metal binding residues at positions 476 and 486.
Channel currents measured in control solutions (black traces) or in the presence of a,
Cd2* or b, Zn?* (grey traces). Lock-open (prevention or delay of closure) occurs only for
channels with two metal-binding ligands (left column), whereas channels with only one
metal-binding ligand (right column) show only a slight slowing of the tails. Activating steps
to +60 mV were followed by closure at —110 mV (C-C, C-H, C-V and C-T), —140mV
(H-C, H-H, H-V and C-Y) or —180 mV (H-Y). Without metal, maximum outward currents
ranged from 0.7 to 2.7 nA; with metal, outward currents (normalized in the figure) ranged
from 15 to 37% of the control because of inactivation.
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could also stabilize the open state, although they were not quite as
effective as the original Cys—His bridge. The Cd** lock-open effect
requires specific metal-binding ligands, either cysteine or histidine,
at both positions, 476 and 486, confirming that Cd** forms a bridge
between these two positions.

This metal bridge can be used as a constraint on the open-state
structure only if it does not distort the open state substantially. We
used the binding of three open-channel blockers—tetraethylammo-
nium (TEA), tetrabutylammonium (TBuA) and the inactivation
ball peptide (EBP)®—as one test for distortion of the open state, by
comparing the affinity of the blockers for both the normal open
state and the locked-open state. The blockers were applied by fast
perfusion switching during a long open pulse either before or after
the channel was locked open (Fig. 2a). For each of the blockers, the
affinity was slightly better for locked-open channels than for
channels in the absence of Cd*" (fold increase: TEA, 2.6 * 0.5;
TBuA, 2.2 = 0.5; EBP, 4.0 £ 1.1). The structural changes produced
by locking the channel open did not change blocker binding much
(and actually slightly enhanced the binding). These changes corre-
spond to a change in binding energy of only about 0.8-1.4 kT, and
are smaller than the ~2.3kT change in TEA affinity produced by
removing four methylene groups in the T441S mutant’.

Many amino-acid substitutions in this region of the S6 affect the
single-channel conductance by up to about fourfold'®", so it seems
reasonable to use single-channel conductance as another test for
distortion of the open state by the metal bridge. The single-channel
current of V476C channels was not significantly different when the
channel was locked open (Fig. 2b). The ratio of the single-channel
current at 0mV with and without 50 uM Cd** is 1.08 *+ 0.12
(n=6). As in the case with blocker affinity, this small change
suggests that the bridge does not drastically alter the open state. A
model of the open state should therefore be able to accommodate a
metal bridge between V476C and H486 without much distortion.

Atasecond engineered site, V474C (at the position of the V in the
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Figure 2 The blocker affinity and single-channel conductance of the locked-open state
are similar to those of the normal open state. @, Open channel blockers applied in the
middle of a step to 0mV give nearly the same block whether the channel is open (dark
grey) or locked open (with prior exposure of 10 uM Cd*, light grey; no blocker, black).
Blocker concentrations: TEA, 1 mM; TBUA, 25 wM; EBP, 0.4 uM. Control currents ranged
from 0.2 to 1 nA; with metal, outward currents (normalized in the figure) ranged from 42%
to 80% of control because of inactivation. b, Single-channel recordings from 476C
channels in 0 pM Cd®* (left) and 50 uM Cd™ (right). Dotted lines show open and closed
levels; the light grey trace shows the closed level in a subsequent pulse where the channel
had inactivated.
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conserved Pro-Val-Pro), Cd*" binds to multiple cysteines and
blocks the current nearly irreversibly'?. Channels with only two
cysteines at V474C bind Cd** reversibly, suggesting that the
irreversible binding seen in a channel with four cysteines is due to
the direct binding of three or four centrally facing cysteines. To
achieve such tight binding, the sulphydryl groups of the cysteine
side chains must come into close proximity to coordinate a single
Cd>" ion jointly. A large change in the distance between these
ligands upon channel opening, such as the change envisioned by the
KcsA/MthK gating model, would predict state-dependent binding
at this position, and Cd** binding should strongly influence the
gating equilibrium.

To test this prediction, it was necessary to simplify the normally
complex, multi-step process of gating. To accomplish this goal,
these studies were conducted in a mutant background that separates
the voltage range of channel opening from that of the multi-step
voltage sensor movement. This background contains three conser-
vative mutations of uncharged residues in the S4 helix: V3691, 1372L
and S376T (ILT)"~'"°. We introduced the V474C mutation into the
ILT background (ILT 474C) and confirmed that it maintained the
essential hallmarks of the ILT two-state model: voltage separation of
the major charge movement and channel opening, a reduced slope
and positive-shifted midpoint of the gating curve, and single
exponential opening kinetics after a short delay (data not shown).

Because V474C channels do not conduct current when Cd** is
bound, the gating equilibrium of Cd**-bound channels cannot be
measured directly. However, the release of Cd** in the presence of a
dithiol reagent, 2,3-dimercaptopropanesulphonate (DMPS), is
steeply voltage dependent (in both the ILT and WT'? backgrounds)
in a way that suggests that Cd*>"-bound channels still have voltage-
dependent opening, with release occurring only from the open state.
Therefore, the gating of Cd**-bound channels was inferred from the
voltage dependence of recovery. In 0.5 mM DMPS, the recovery
rates of ILT 474C had a voltage dependence similar to that of gating
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Figure 3 The recovery of ILT V474C channels from Cd®* blockade suggests that
cadmium has little effect on the open/closed equilibrium of bound channels. a, Recovery
was measured by pulsing (+120 mV for 40 ms from —90 mV) in the presence of 0.5 mM
DMPS (squares, current for each pulse; dotted line, 700 pA). b, The recovery rate of ILT
VA474C from Cd* block as a function of voltage with 0.5 mM DMPS (filled squares). The
Cd®* recovery rate for WT 474C from ref. 12 (open squares =+ s.e.m.) and the
corresponding g-Vs (line with vertical scaling to the recovery rates) are plotted for
comparison.
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in ILT V474C (Fig. 3). This agrees with the earlier result in a wild-
type S4 background'? (Fig. 3b), which has more complicated gating.
Although the ILT mutation shifts the voltage dependence by over
90 mV and makes it much shallower, the voltage dependence of
Cd**-free gating (the g-V) agrees with that for Cd*" recovery in
both cases. This, and the agreement between the maximal rate of
recovery in the two mutants, makes a strong case for recovery
occurring only from the open state, and that the open—closed
equilibrium is not altered by Cd** binding. The relative lack of
effect on the gating equilibrium suggests that Cd** is bound almost
equally well in the open and closed states, suggesting that there is
little change in the positions of the side chains of V474C with
opening.

In two separate sets of experiments, we have shown that the two
different metal bridges, V474C and V476C-H486, each occur with
high affinity in the open state. We reasoned that if neither metal
binding event distorted the open-state structure, then Cd*" should
bind both sites simultaneously in the open state. To test
this prediction, we measured the ability of the double mutant
V474C-V476C to bind Cd** at V474C after being locked open at
V476C-H486 (Fig. 4). The channels were first locked open by a
380 ms application of Cd*" to the intracellular surface of the
channel, with a pore blocker (hexyltriethylammonium; Cs-TEA)
present to protect V474C from modification. This treatment pro-
duced a clear lock-open effect, as shown by the sustained inward
current during the negative test pulses. When the locked-open
channels were exposed a second time to Cd**, there was rapid
block at V474C (the rate constant was 3.9 = 0.2 X 10°M s~
n = 3, see Methods). This on rate for the block at V474C was about
sevenfold slower than in a non-locked-open channel'é, but given the
precise distance and geometry constraints required for Cd** bind-
ing to multiple cysteines, it does not seem surprising that even a
small structural change produces a change in the on rate. We know
that the equilibrium binding of Cd** to 474C remains very strong—
essentially irreversible—even when the binding occurs with the
channels locked open. Despite this change in kinetics, it appears
that bridges for both the lock-open effect and for blockade can be
accommodated simultaneously by the open state.

Both of the metal-binding bridges that we observe in the open
state of Shaker are incompatible with the MthK-derived open-state
model. By comparison with known structures with Cys—Cd**—Cys
bridges (Cys-Cg to Cys-Cg of 4.0-6.9 A, for example, in PDB 1D66),

Cd2+ + C4TEA Cd2*
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Figure 4 Cadmium ions can simultaneously bind V474C and bridge V476C-H486. 2 mM
Cq-TEA was added to protect 474C while 40 pM Cd* is applied to lock the channels
open (grey bar). Sustained inward current at negative pulses shows the extent of the lock-
open effect (control, grey trace; stars, the mean current in control (s.e.m., n = 3); black
line, voltage protocol). The decay of current at negative voltages during a second
application of Cd>* (black bar, black trace) monitors binding to V474C.
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the 8 carbons in MthK that are equivalent to the 474C~ Cd**—474C
bridges are 5-12 A too far apart (Fig. 5a, b, right). A similar analysis
for the intersubunit 476C— Cd2+—H486 positions estimates that
these positions in MthK are ~10-15 A more distant than required.

Are these interactions actually occurring in the open state? Our
use of the Shaker ILT mutation makes channel gating much simpler,
but it does not completely eliminate the possibility of unobserved
intermediate states. It remains possible that after the weakly voltage-
dependent ‘opening’ transition in ILT, the channel undergoes a
further rapid, voltage-independent transition between a narrow
‘snug’ (nonconductive) state and a wide, open state. In this
alternative model, the snug state would permit the tight binding
of cadmium and probably also the tight binding of quaternary
ammonium blockers'. Although the open state in this model might
be wide, its structure would be quite different from that of MthK to
be consistent with the lock-open bridge. Our recovery data would be
compatible with such a model only if a very specific coincidence (for
both wild-type S4 and ILT channels) stabilizes the Cd**-bound
snug state by an amount that almost exactly offsets the stability
normally provided by coupling to the open state. A more serious
challenge to this model is the observed rate of Cd** binding to 474C
in the locked-open channels (Fig. 4). To explain this, we would need
to suppose that the lock-open bridge decreases the occupancy of the
snug state by no more than about sevenfold, which seems incom-
patible with the fact that the bridge reduces the closing rate by at
least 1,000-fold (the dwell time of Cd** on the lock-open site is
nearly a second, even at very negative voltages). Moreover, if the
snug state provides the best fit for blockers like TEA and TBuA",
then locking the channels in the open state ought to reduce the
affinity, contrary to our observation (Fig. 2a). Taken together, the
most straightforward interpretation of this body of functional data
is that both metal bridges occur in the open state, and thus the
structure of the Shaker inner helix in the open (and closed ") states is
significantly different from that of the distant bacterial relatives
KcsA and MthK (although no more different than is common
within families of structurally related proteins).

The two bridges defined here provide strong constraints on the
structure of the open state. Our proposed ‘bent S6’ model (centre,
Fig. 5b) was derived by modifying the KcsA backbone to account for
functional discrepancies with the KcsA structure'®'®. The voltage-
gated K™ channel family has a highly conserved Pro-X-Pro motif in
the middle of the S6, just at the bundle crossing in KcsA, which
could serve as a helix-breaking sequence'*. In our model, a kink in
the KcsA helices was introduced at the Pro-Val-Pro (473-475) motif
to bring V476C and H486 within distances appropriate for metal
binding. This bent S6 model places both Cd** sites in acceptable
binding positions simultaneously. Although we do not think that
the open Shaker channel is likely to be quite so narrow (4-7 A) as to
allow optimum placement of the 474 cysteines for the binding of
Cd*", a slightly larger opening (for example, ~8-9 A) would permit
hydrated K" ions (cross-section ~6 X 6 A)*' and large quaternary
ammonium blockers (such as TBuA or tetrahexylammonium;
cross-sections of ~4.5 X 8 A) to enter the cavity'7?, and would
allow Cd*" to bind with only minor flexibility (see ref. 23). The
ability to assume the very narrow Cd**-binding position with equal
ease from the open and closed states argues against a large motion at
this position and for a constricted entrance to the cavity even in the
open state.

The results indicate that at position V474 the intracellular
entrance to the pore cavity of Shaker K* channels can be narrow
in both states. The constriction of ion flow in the closed state is
below this point, probably at position V478 (refs 16, 24). How, then,
does the channel gate? Use of the conserved Pro-X-Pro as a flexible
hinge or swivel could keep the upper S6 (and position 474) relatively
still, but allow the lower half of the S6 to move, opening the pore by
swivelling the blocking residues away from the central axis (Fig. 5).
This is a different kind of movement than the large outward swing of
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Figure 5 A comparison of the models of potassium channel gating. a, The distances
between the positions equivalent to V474C (yellow) or between V476C (blue) and H486
(cyan) in the KcsA (left) or MthK (right) structures shown from the intracellular surface
(position of the MthK 486-equivalent was estimated from a linear extension of the helix).

helices that would result from a motion around the proposed hinge
at the conserved glycine in the KcsA—-MthK model of gating. In a
combination of the two models, a similar opening motion might
occur by swivelling at the glycine hinge with a fixed bend at the Pro-
Val-Pro while maintaining the proximity of neighbouring V474C
residues (that is, still pivoting around the Pro-Val-Pro).

Does the narrow opening of Shaker limit the maximum con-
ductance of the channel? It has been proposed that the lower end of
the S6 of Shaker contributes to a barrier for ion flow'*"". The MthK
single-channel conductance’ is ~220 pS, whereas Shaker conduc-
tance is about tenfold smaller, ~24 pS, in similar conditions®. The
negative charges found in MthK and another large conductance
channel, BK, account for only a small part of the difference in the
conductance, only about twofold***’. To account for the large
difference in current flow, we suggest that a narrow opening in
the class of smaller conductance channels such as Shaker places a
diffusional barrier to ion conduction in the inner pore. Changing
the geometry of the inner pore could modulate this conduction
barrier, allowing for the tuning of single-channel conductance while
maintaining strict ion preference in the selectivity filter. ]

Methods

Molecular biology

Mutations were introduced by polymerase chain reaction (PCR) mutagenesis into our
modified ‘wild-type’ cDNA", Shaker H4 A6-46 C301S C308S T449V. The ILT mutations
(V3691, 1372L and S376T) were transferred to our background by PCR generation of a
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b, The proposed Shaker pore structure (centre) is based on KcsA (left) but places a bend in
the S6 at the conserved Pro-X-Pro motif (side view, colours as in a with Cd>* in magenta).
¢, An intracellular view of a gating model based on the two Cd* bridges and previous
constraints on the closed state'®.

fragment that was subcloned into the Xbal/BglII sites. Because the V476H mutant in a
wild-type background opens at very negative voltages, we placed the mutation in an $4-LT
(I372L, S376T) background™ to shift gating into a more accessible voltage range. All
mutations were confirmed by sequencing.

Recording and solutions

Channels were transiently expressed in HEK 293 cells by electroporation as described
previously'?; recordings were preformed 1-3 days after transfection. All experiments were
conducted in inside-out patches pulled from identified transfected cells. The methods for
rapid perfusion switches and electrophysiological recordings were as previously
described'?, except in Fig. 4. In Fig. 4, a piezoelectric-driven solution-switching
mechanism was used with a four-barrelled perfusion pipette®®. Intracellular solutions
contained (in mM) 160 KCl, 10 HEPES, 1 EGTA and 0.5 MgCl, (bath). Extracellular
solutions contained (in mM) 60 KCI, 100 NaCl, 3 CaCl,, 1 MgCl, and 10 HEPES, except in
the experiments of Fig. 2b and Fig. 3, which contained 10 KCl and 150 NaCl.

When Cd*>" or Zn** were included, the EGTA was left out of the solution. The
experimental cadmium and zinc concentrations are reported as the total concentration of
metal. However, we used the chloride-buffer-corrected free concentration of Cd** to
calculate the on rate constant in Fig. 4 (in the presence of 160 mM chloride ion, the
calculated ratio of free [Cd*™] to total [Cd*"] is 0.13). For comparison, the previously
reported on rate of Cd** to the single-mutant V474C channels'® is
2.9+ 04 % 10°M 's! (n = 4) when corrected for buffering in the same way.

In the ILT mutants, there was evidence of a voltage-dependent block at positive
voltages, which was alleviated by the removal of MgCl, from the intracellular solutions; the
ILT experiments shown were carried out in the absence of internal MgCl,.

The enhanced ball peptide we used in Fig. 2 has the sequence of the first 20 amino acids
of Shaker with two mutations, E12K and E13K, to increase the positive charge®. DMPS
stock solutions in water (50 mM) were made daily and kept on ice. Dilutions into
intracellular solution were made just before each experiment.

Data analysis
Because channels continue to undergo slow inactivation when they are locked open, even
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at very negative potentials, the lock-open currents were normalized to the current level in
the control case for comparison. To estimate the Kj,, of the blockers, the amount of block
was estimated by isochronal comparison of the scaled traces.

In the single-channel recordings, the leak current and capacitative transients were
subtracted with an idealized fit to a blank trace. Traces were filtered at 1 kHz, sampled at
2kHz.

The rates of recovery of Shaker V474C from block by Cd*™ by DMPS were measured as
the single exponential fit of the current as a function of the cumulative exposure at the test
voltage. The test pulses were adjusted in length so that the time constant of recovery
would be equal to at least two pulse durations. These single exponential rates were
plotted versus voltage. Because of the large variation in the g-V midpoint for each
experiment, the voltage of the recovery was corrected for the g-V midpoint of the
individual experiment'®: V orrected = V + (Vimid — Vmia)- The average Boltzmann fit of
the g-Vs is plotted.
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De novo engineering of gene circuits inside cells is extremely
difficult'~, and efforts to realize predictable and robust perform-
ance must deal with noise in gene expression and variation in
phenotypes between cells'*'>. Here we demonstrate that by coup-
ling gene expression to cell survival and death using cell-cell
communication, we can programme the dynamics of a population
despite variability in the behaviour of individual cells. Specifically,
we have built and characterized a ‘population control’ circuit that
autonomously regulates the density of an Escherichia coli popu-
lation. The cell density is broadcasted and detected by elements
from a bacterial quorum-sensing system'>'*, which in turn regu-
late the death rate. As predicted by a simple mathematical model,
the circuit can set a stable steady state in terms of cell density and
gene expression that is easily tunable by varying the stability of
the cell-cell communication signal. This circuit incorporates a
mechanism for programmed death in response to changes in the
environment, and allows us to probe the design principles of its
more complex natural counterparts.

Our circuit (Fig. 1la) programmes a bacterial population to
maintain a cell density that is lower than the limits imposed by the
environment (for example, by nutrient supply). The LuxI protein of
the well-characterized LuxI/LuxR system from the marine bacterium
Vibrio fischeri"' synthesizes a small, diffusible acyl-homoserine
lactone (AHL) signalling molecule. The AHL accumulates in the
experimental medium and inside the cells as the cell density increases.
At sufficiently high concentrations, it binds and activates the LuxR
transcriptional regulator, which in turn induces the expression of a
killer gene (E) under the control of a luxI promoter (pp.)".
Sufficiently high levels of the killer protein cause cell death.

We implemented the circuit using a two-plasmid system (Fig. 1b),
where pLuxRI2 expresses Luxl and LuxR upon induction by
isopropyl-B-D-thiogalactopyranoside (IPTG), and pluxCcdB3
responds to activated LuxR (at sufficiently high cell density) and
causes cell death. The lacZoa—ccdB killer gene codes for a fusion
protein of LacZo and CcdB. The LacZo portion of the fusion
protein retains the ability to complement LacZAM15 in appropriate
cell strains (for example, Top10F’ cells), allowing the measurement
of fusion protein levels using a LacZ assay (see Methods). The CcdB
portion retains the toxicity of native CcdB, which kills susceptible
cells by poisoning the DNA gyrase complex'®.

A simple mathematical model predicted that the system would
reach a stable cell density for all realistic parameter values (see
Methods), although it might go through damped oscillations while
approaching the steady state. Experiments confirmed our predic-
tions. Figure 2a shows the growth of Top10F' cells containing the
population-control circuit at pH 7.0. As anticipated, the uninduced
culture (circuit OFF) grew exponentially and reached the stationary
phase upon nutrient exhaustion. The induced culture (circuit ON)
grew almost identically, until its density reached a threshold (at 7 h).
It then deviated sharply from the OFF culture and briefly went
through a damped oscillation (between 7 h and 24 h) of at least one
cycle before reaching a steady-state density about ten times lower
than that of the OFF culture. The measured peak density (at 10h)
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