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QUANTUM COMPUTING

A bit chilly

Leonard J. Schulman

A guantum computer needs a constant supply of ‘qubits’ in a known state. A nuclear magnetic resonance
experiment that cools qubits by pumping entropy into a heat bath is a step closer to that goal.

On page 470.of this issue, Baugh etal ' demon-
strate progress on one item in a long list of

requirements for a functional quanmum com-

puter™ — ensuring a continuous suppl]' at
the basic carriers of guantum information
{ quanmum bits, or qubits) in known states, The
experiment was small-scale, imvolving just
three gubits and slight cooling to prepare them,
but it potentially shows the way to preparing
Targer numbers of qubits in well -defined states,

The possibility that guantum-mechanical
effects might be used 1o speed up computation
was little expected and long overlooked, The
origin of the possible advantage lies in a
strangg feature of quantum theory; whereas
the state of a classical system with N members
can be specified by a number of parameters
that are |ll1m'+\riﬂ1m3,m]m!\',aq_u.mrumsys-
tem needs a numiber that 15 exponential in X

T 1982, Richard Feynman noted that Thns
discrepancy has implications for computing’:
on the one hand, a seemingly unavoidable
exponential deceleration in classical sinula-
tions of quantum systems; and on the other,
potentially exponential accelerations on quan-
tum computational devices, A quantam algo
rithm that was demonsirably faster than its
classical counterparts” was developed in 1993,
one vear later, a quantum algon thm was found
that could crack the RSA cryprosystem, the
leading methodd for encrypring and authent
cating comnunications”,

More than a decade on, RSA is still used to
progect electronic commerce, How can this be?
It turns gut, simiply, that quantum computers
are wery hard to build, What is required is a
highly controllable, many-qubit device that
can be maintained in complex quantiom states
aver long periods of time, Such a device is too
extraordinarily fragile to exist under normal
circumstances — which iswhy no one has ever
seen Schiriidinger’s infamous cat, dead or alive,
A successful guantum computer needs no cat;
bur it must, like the cat, embody the predic-
tions of quantum theory at a scale of size and
conmiplexity at which that theory has not vet
been verified.

Baugh and colleagues advance' comes in a
rather more modest system, and exploits one
of the better-explored methods for supplying

Cumniumicomputer Heat hath

Figure 1| Draining the heat bath. The

heat-bath algorithmic cooling used by Baugh and
collesgues’ to prepare a quantum bit in a cooled
state. &, After initial preparation, the three gubits
af the quantinim compater il mamy more in an
ambicnt heat bath have a anitorm hias e to their
lower-energy ground state. The overall hiss of

the three-gubit system can he shown'™ (o he the
summed bias of all three qubits divided by b
(1.5eh Oneof the qubits (A} can be conled by
making it inherit the higher bias af the three-qubit
aystern., The exeess ontropy is taken up by the other
s gqubiits (B, C)_ b, Thiese qubits B and Ccanbe
wwappsid For qubits with the original bias from the
heat bath. €, In a fature step, the procedare fram

@ could then be repeatid, with qubit A inheriting
the mew overall system bias {1.75¢0). A limitof 2e
is approached after many stops,

and controlling qubits — mclear magnetic
resonance, or XME. In this approach, each

qubit corresponds to the two possible states of

the spin of a nuclens — up and down, The first
difficulty in using an WMR quantum com-
puater is prarting each qubit in a known state
(initialization). The usual approach to doing
this is to apply a strong magnetic field, the
effect of which is to make the spin-up state a
higher-energy, excited state, and span-down a

lonser-energy, grownd state, This canses 2 pre-
ponderance of ground over excited states. The
process extracts entropy from the system, and
so.can be thonght of as a form of cooling,

However, the effect of this direct cooling 15
smill: the bias” of a qubit (the excess probabil-
ity of its being in the ground state over the
chit?d_sw.t-e} is increased from 0 to a mere
1107 .'\]thuugh such an increase is good
enugh for the saientific and medical applica
tions of NMR |ma.gmg, a BCI'ICI&' pulpns.c
quantum-computing  algorithm  requires
much better initialization” — it needs so-called
‘ancilla’ qubits whose state is almost definite
(harving a bias close to 1), For useful compuata-
tions, hundreds of these ancillas (at least) are
required: direct cooling is, in short, an inade
quate entropy pump,

The above difficulty is particular to NME
based qubit applications, but a second diffi-
culty is universal to all methods: a supply of
ancillas is needed not only af the start, but also
throughout any long computation, During a
computation, the envdronment will occasion
ally interact with the device and canse coding
errors, Fault-tolerance mechanisms that can
prevent these errors from spoiling the compu-
tation do exist, but require additional ancillas.

The potenitial resolution o the difficulties of
initialization and ancilla supply is algorithmic
as much asit is plysical, Quibits biased by just
107 tonwards their ground states may be thought
of as highly disordered, or hot’ {yet not infi-
nitely hot — that woild be zero bias, with total
disorderbetween ground and excited states), A
refrigeration process can be used o transfer
entropy among, a collection of gubits, cooling
some while warming others, Eventually, the
coldest qubits (those with the highest probabil-
ity of being in the ground state, with a bias near
11 will be ready to be used ina computation.
Such a refrigerator works at the level of individ-
vl qubit states and so can be reganded, and
designed, asa computational algorithme

A basic algorithmic cooling step was
described by John von Neamann in 1956,
albeit for a different purpose — reliable classi-
cal computation®, He calculated that if each of
three bits has bias & towards the ‘right’ answer
Lo somee guestion, then the bias of the system
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as a whale (the ‘majority vote’} is given by
approximately 1_5e — so the bias of the whole
system is greater than that of any individual
qubit, The majarity function can be computed
‘reversibly’ by a permutation of the eight pos-
sible sequences of the three bits (000,001, ...,
111} such that one of the bits inhenits the
higher bias of the whole system and so is
colder than it was before. The ather two bits
then pick up the excess entropy (Fig, 1a),
Closed-system experiments implementing
this bias amplification have been performed
previously using NMRY, but the need for
continuous ancilla resupply precludes a closed-
systemn solution on a large scale, Instead,
entropy must be pemped out of the computa-
tion qubils into an ambient heat bath', an
approach kiown a5 heat-bath algorithinic
cooling (Fig. 1b). What Baugh et al' have
achieved is an experimental demaonstration of
auch a procedure, They take three hot qubits
from a heat bath, put them in three computa
tion nucled, and then amiplify the bias of ane of
these by a factor of 1.48 — remarkably close to
the theoretically predicted performance of 1.5
This is a significant first step along what wall
surely be a long expenimental journey, leading,
it is to be hoped, to heat-bath algorithmic
conling that can reach far lower temperatures
on many more qubits. It may also be possible,
even in the short term, to test acr_uda] aspect
of open-system cooling; the nse of continuous
entropy pumping to achicve temperatures
lowwer than those possible in a cosed-system
device. Specifically, in a closed three-gubit
system, bias cannot be amplified by more than
a factor of 1.5, whereas inan open systen, a
limit of 2 can be approached'” by repeatedly
remmpmingthelmjuric}laﬂerwchangilg(he
twn used' (high-entropy) qubits for fresh ones
from the heat bath {Fg 1ch The modest
gap between these two limits is a precursor of
a much larger separation in many-qubit
devices: 2 three-qubit open-system experi-
ment exceeding an amplitication of 1.5 will
therefore bea notable milestone, L]
Leonard L Schulman is at the Calitornia Instituts
of Technolegy, 1200 East Callfornla Boulevard,
MC Z56-B0, Pasadena, Caldornia B1125, USA.
e-mail:sehulmanecalteshedy
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CELL BIOLOGY

Silenced RNA on the move

Ralf Dahrm and Michael Kiebler

Proteins are often produced at their site of action, but the RNAs from which
they are made must be kept inactive until they reach the right spot. It seems
this ‘silencing’ of RNA is linked to its transport around the cell.

Almost all cells possess ‘compartments” that
enable them to separate ditferent bialogical
tasks. Meurons, for example, have dendrites
that receive input from other cells, axon
hillocks that integrate the information, and
azons that transmmat sagnals to other neurons,
A key mechanism that cells use to create
this functional subdivision is the localization
of specific messenger RNAs {mRNAs) to dis-
tinct cellular domains’, which allows the cells
o fine-tune gerie expression in both space and
time, But for mENA localization w divide
up a cell effectively, synthesis of the encoded
profein must be repressed until the mRNA
arrives at its site of action’, otherwise the pro-
tein will be made and begin o act all along the
journey. This strongly implies that there st
be a tight coupling between RNA transport
and repression of protein translation, In this
issue, Hittelmaier et al. {page 512)" provide
the first evidence of a direct link between the
WD PrOCEsses.

The authors studied the localization of
B-actin mBNA in migrating cells, During
their pourney, cells extend protrusions in front
of them to explore their path. These projec-
tions are generated by actin proteins polymer-
izing into long filaments that push the cells
membrane ouiwards, The [-actin mENA is
transported o the leading edge, so that the
huge amounts of actin required for filament
growth can be produced quickly and locally
to establish cellular asymmetry (or polarity),
Fibroblast cells, which proliferate around
woids and move inwards to il in the lesion
crater, are 2 classic example of migration
(Fig, 11 This migration behaviour can be con
veniently exploited in cell culture to dissect the

malecular mechanisms underlying the polar-
iation and directed migration of cells, .

Previous work trom the same laboratory”
wlentified a short nucleotide sequence (the
‘ripcode element’) that is necessary and
sulficient o move Bractin mENA 1o the
protrusions of fibroblasts and other migrat-
ing cells inchuding neuroblastoma cells,
The protein ZBPI binds to the zipcode
sequence, and is essential for this localization
i fibroblasts and for the formation of den
dritic filopodia, the precursors of synapses
(the contact points between neurons)”. Noaw,
Hitrtelmaier et ol." demonstrate that ZBP
also represses the translation of [3-actin
mBMA, both i vitre and in intact neuroblas
toma cells, Moreover, newroblastoma cells
lacking functional ZEP1 do not repress the
translation of [i-actin. However, when ZBF1
is reintroduced into these cells, translation is
again repressed, Together, these experiments
show that RNA transport and translational
regulation are more intimately linked than
previously anticipated,

But what occurs to switch the mRNA
from the translational ‘off " state that prevails
during transport to the ‘on’ state once the
RMA-protein complex reaches its destination?
A dose inspection of the ZBP1 sequence
revealed a potential SH3-binding motf, Such
matits can serve as docking sites for the non-
receptor tyrosine kinase Src — an enzyme
that adds phosphate groups to other proteins,
Hiittelmaier ef al. show that Src does indeed
phosphorylate ZEP1 (on tyrosine 398) i viv,
and that the phosphorylation makes ZEP1
much less able to bind to Beactin mRNA
in vitro, Similar mechanisms regulate the

Figura1| A migrating fibroblast call, [3-actin mBMA (red) localizes to the fibroblasts leading cdge,

[ -actin protein is shown as green, and the nocleus is stained blue.
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