DNA synthesis is detectable by fluorescence-activated cell sorting
(FACS) (Fig. 5a), whereas the initiation of ori609 started at 30 min
and continued until 60 min after the release to the S phase. In rad53-1
mutant cells the early origin fired at the same time as in the wild
type, whereas the late origin fired more than 10 min earlier than
in the wild-type cells and continued for 30 min. In addition, the
characteristic long time span of passive replication of the ori609
region in wild-type cells disappeared completely in the rad53-1
mutant cells. Thus the timing of firing of the late origin and the
regulation of replication-fork movement at the terminal region of
the right half of the chromosome VI (ref. 1) are disturbed by rad53-1
mutation. The orc2-1 mutation affected the timing of firing of both
early and late origins without affecting fork movement in the late-
origin region.

Mutations in other genes involved in initiation and elongation of
DNA replication (cdc6-1, mem3-1, pol2-11, dpblI-1, cdc47-1 and
dna2 mutants) had no effect on the block of S-phase progression
although these mutants exhibited increased sensitivity to MMS. We
were surprised to find that Rad53 and Orc2 are involved in
regulating the efficiency of initiation of origins in normal growth
conditions. In fact, a very inefficient origin on chromosome VI,
ori608, was activated quite efficiently in both rad53-1 and orc2-1
mutants (Fig. 4a). Moreover, the timing of initiation of the late
origin ori609 was markedly accelerated in the rad53-1 mutant, and
ori609 became an earlier-initiating origin (Fig. 5b). These results
indicate that rad53 is involved in determining the efficiency and
timing of late-replicating origins of chromosomes by suppressing
the activation of these origins. orc2 may be involved in the regula-
tion of activation of early origins and in suppression of late-origin
firing. In both cases, the suppression of late origins is important in
the cell’s surveillance of S-phase progression when cells are exposed
to DNA-damaging reagents.

In mammalian cells, the reduction in S-phase progression in the
presence of DNA damage may be the result of inactivation of
some origins'’. For example, in CHO cells, ionizing radiation
caused the inhibition of initiation of origins at the dihydrofolate
reductase locus rather than inhibition of elongation'®", indicating
the same downregulation system may be conserved in yeast and
higher eukaryotes. U
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Methods
We used the following yeast strains: W303-1A (genotype MAT-a ade2-1 canl-
100 his3-11,15 leu2-3,112 trpl-1 ura3-1), W303-1B (genotype MAT-a ade2-1
canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1, both from R. Rothstein), 7830-2-
4A (genotype MAT-a his3 leu2 ura3 trpl), DLY264 (genotype MATa rad53-1
(7830-2-4A background), DLY285 (genotype MATa mecl-1 smll (7830-2-4A
background), all three from L. H. Hartwell), JRY4125 (genotype MAT-a orc2-1
(W303 background), from J. Rine), YHY201A (genotype MAT-a orc2-1 (W303
background)), and YHY301A (genotype MAT-a rad53-1 (W303 background)).
Cell-cycle arrest and two-dimensional gel-electrophoresis analyses of
replication intermediates have been described*". Initiation and replication
time analyses were performed as described’. FACS analyses were done as
described”.
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the mean orbital period derivative of <10™"' could be reached in less
than a year of observations. O
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Light-induced rotation of absorbing microscopic particles by
transfer of angular momentum from light to the material raises
the possibility of optically driven micromachines. The phenomenon
has been observed using elliptically polarized laser beams' or
beams with helical phase structure*®. But it is difficult to develop
high power in such experiments because of overheating and
unwanted axial forces, limiting the achievable rotation rates to a

348

Nature © Macmillan Publishers Ltd 1998

few hertz. This problem can in principle be overcome by using
transparent particles, transferring angular momentum by a
mechanism first observed by Beth in 1936*, when he reported a
tiny torque developed in a quartz ‘wave-plate’ owing to the change
in polarization of transmitted light. Here we show that an optical
torque can be induced on microscopic birefringent particles of
calcite held by optical tweezers®. Depending on the polarization of
the incident beam, the particles either become aligned with the
plane of polarization (and thus can be rotated through specified
angles) or spin with constant rotation frequency. Because these
microscopic particles are transparent, they can be held in three-
dimensional optical traps at very high power without heating,
leading to rotation rates of over 350 Hz.

A typical optical-tweezers arrangement was used to trap micro-
scopic calcite particles in three dimensions using between 30 and
300 mW of laser light at a wavelength of 1,064 nm. The optical trap
used a 100x oil-immersion, high numerical aperture (NA = 1.3)
microscope objective. The trapping beam was initially linearly
polarized, and the plane of polarization could be rotated using a
half-wave plate. Alternatively, a quarter-wave plate allowed the
ellipticity of polarization to be varied. The particles were fragments
obtained by crushing a small crystal, giving irregular particles 1—
15 wm across. They were dispersed in distilled water in a trapping
cell consisting of a well in a microscope slide with a coverslip.

Because of their birefringent nature, calcite particles can act as
wave-plates; a calcite particle 3 wm thick is a M/2 plate for 1,064-nm
light. On passage through a fragment of calcite, the ordinary and
extraordinary components of the incident light will undergo dif-
ferent phase shifts. If this results in a change in the angular
momentum carried by the light, there will be a corresponding
torque on the material. Our results can be understood using a
simple plane-wave picture; the interaction between an incident
plane wave and a wave-plate is outlined below. We note that the
calcite wave-plate is trapped at the focal point of the beam, where
the wavefronts are nearly plane.

An incident laser beam can in general have both circularly
polarized and plane polarized components; that is, it will be
elliptically polarized. Elliptically polarized light can be described
by E = E,e“ cos$x + iE,e singy where ¢ describes the
degree of ellipticity of the light (¢ =0 or =/2 indicates
plane-polarized light, ¢ = w/4 circularly polarized light). The
angular momentum of a plane electromagnetic wave (the
incident light) of angular frequency w can be found from the
electric field E and its complex conjugate E* by integrating over all
spatial elements d&’r giving J = (e/(2iw))[d’rE* X E, where ¢ is the
permittivity.

To calculate the change in angular momentum of the light after
passage through a birefringent material, the incident elliptically
polarized light is first expressed in terms of components parallel and
perpendicular to the optic axis of the material by:

E = E ™ (cos ¢ cos § — isin ¢ sin O)i

+ E,e“'(cos ¢ sin 0 + isin ¢ cos 0)) (D

where § is the angle between the fast axis of the quarter-wave plate
producing the elliptically polarized light and the optic axis of the
birefringent material. The phase shift due to passing through a
thickness d with refractive index n is kdn, where k is the free-space
wavenumber, so the emergent light field will be

E = E, e ™" (cos ¢ cos § — isin ¢ sin )i
+ E,e'e™™ (cos ¢ sin 0 + i sin ¢ cos 0)) 2)

where 7. and #, are the refractive indices of the birefringent material
experienced by extraordinary and ordinary rays, respectively.
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The changes in the angular momentum of the light cause a
reaction torque per unit area on the thickness d of material of:

T=— ZiEO2 sin (kd(n, — n.))cos 2¢ sin 20
1)

T iEOZ{l — cos (kd(n, — n.))} sin 2¢ 3)
In general, the first term of equation (3) is the torque due to the
plane-polarized component of elliptically polarized light while the
second term is due to the change in polarization caused by passage
through the medium. For plane-polarized light, ¢ = 0 or /2, so the
torque on the particle is proportional to sin 26, so that a particle will
experience torque so long as 0 is non-zero, and will be at equilibrium
when the fast axis of the crystal is aligned with the plane of
polarization (6 = 0). We found that calcite fragments trapped in
plane-polarized light are aligned in a particular orientation, and a
particular particle is always aligned in the same plane each time it is
trapped. When the plane of polarization is rotated using a half-wave
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plate, a particle’s alignment exactly follows the rotation of the plane
of polarization. In Fig. 1, a calcite fragment is shown to rotate
through 80° as a half-wave plate controlling the polarization of the
trapping beam is rotated through 40°, illustrating the alignment of
birefringent particles to the plane of polarization. To our knowledge,
this is the first report of an optically trapped particle being rotated
through a preset angle; a modification to the set-up whereby the
half-wave plate could be spun at a set rate would also allow the
particle to rotate at a preset frequency.

The second term of equation (3) will be constant for a given laser
power and ellipticity of polarization (characterized by ¢), and will
be maximum for circularly polarized light when the first term
vanishes. Hence, when trapped in a circularly polarized beam, a
birefringent particle will experience constant torque. In a viscous
medium, this torque will be balanced by the drag torque, 7, = D2,
where D is the drag coefficient and 2 is the angular speed, so in this
case a birefringent particle will rotate with constant frequency and
angular speed. We measured the rotation frequencies of trapped

5. @05 or @”
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Figure 1 Three sequential photographs (frames) of a trapped calcite crystal,
showing alignmentwith the plane of polarization of the trapping beam. AX/2 plate
was rotated by 20° between successive photographs, rotating the plane of

Figure 2 Nine frames of a trapped calcite crystal, showing free rotation due to an
elliptically polarized trapping beam. The speed of rotation is limited by the viscous
drag on the particle. As the optical torque acting on the particle depends on its
orientation, the rotation speed is not constant. The frames are 40 ms apart. Scale
bar, 10 um.
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polarization by 40°, as shown by the arrows, and exerting an alignmenttorque on
the crystal, causing it to rotate to a new position. This can be used to rotate the
particle at a controlled speed, or to control its orientation.
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Figure 3 The degree of circular polarization required to cause spinning of a
trapped particle depends on its thickness. Here we compare measurements of
the minimum angle required for rotation with the theoretical solution. Only if the
particle is the exact thickness of a half-wave plate will it always spin in elliptical
light. For all other particle thicknesses, there is some angle 6 for which the
maximum alignment torque will be greater than the spinning torque. The degree
of ellipticity of polarization (measured by ¢) required for the onset of rotation is
found from the case where the alignment torque is maximum and the total torque
is zero, which is when sin[kd(n, —n.)]cos2¢ = {1 — cos[kd(n, —n,)]} sin2¢. The
solution to this is ¢owe =[7 —kd(n, —ne)/4. In general a particle will be aligned to
the plane of polarization of the trapping beam unless there is sufficient torque due
to the circularly polarized component to set itinto rotation, when it will experience
a position-dependent torque.
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Figure 4 The variation of rotation frequency with the polarization of the trapping
beam. The sudden onset of rotation when the minimum angle is reached can be
clearly seen. The theoretical response of the particle allows a particle of unknown
size to be measured, or can be used to determine the viscosity of a fluid. In this
case, the trapping beam has a power of 50mWW, and the particle is 6.15 um in
radius and 2.3 um thick. The frequency of rotation for a trapping beam of power P
and optical frequency wisf = [Re(P{[1 — coskd(n, — n.)? sin?2¢ — sinkd(n, —
ne) cos? 2¢}"®))/(2wwD). The drag torque coefficient D can be estimated by
representing the particle as an ellipsoid®. The drag will lie between that of a
sphere of radius a in a medium of viscosity u (D = 8wua®) and a disk of the same
radius (D = (32/3)ua®). Under the very low Reynolds number flow conditions
encountered here, the surface texture and fine structure of the particle are
unimportant. The maximum rotation speed, f = P/mwD, will result when the
incident light is circularly polarized and the particle is a half-wave plate. Small
particles will generally rotate faster due to less drag, but as particles become too
small, their thickness becomes much less than the ideal half-wave case, and they
will not intercept all of the power available to spin larger particles.

calcite fragments by detection of back-scattered light'; the results
show that calcite fragments rotate at constant frequency in circu-
larly polarized light, and that this frequency is proportional to the
laser power. A rotating particle is shown in Fig. 2. The fastest
rotation frequency measured was 357 Hz, for a particle 1 pm thick
trapped in a 300-mW laser beam.

For the general case of elliptically polarized light, both the
alignment torque and the spinning torque will act, and the effect
on the birefringent particle will depend on the thickness d and the
ellipticity ¢ of the light. The particle will only rotate if the maximum
alignment torque is less than the spinning torque. This is shown in
Fig. 3. In Fig. 4 we plot the variation of rotation rate of a larger
calcite crystal with degree of ellipticity of the trapping beam ¢,
showing the characteristic behaviour of a birefringent particle in
elliptically polarized light.

The agreement between our results and the theory outlined above
shows that the calcite particles act as microscopic wave-plates. The
measurement of the rotation speed of spinning particles is a less
accurate but simpler analogue of Beth’s experiment®. In particular,
assuming conventional viscous drag, the observed speeds are con-
sistent with the accepted intrinsic spin angular momentum of Aiper
photon (see Fig. 4). Our results also show how optical torques can
be exerted on certain microscopic objects with high precision and
efficiency, with minimal heating. Depending on the details of the
arrangement, a constant torque independent of orientation can be
exerted, leading to rotation rates up to hundreds of hertz, or
alternatively the orientation of the object can be smoothly con-
trolled.
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The controllability of the motion of calcite particles and the
minimal absorption involved suggests calcite as an ideal material for
optically driven rotary micromachines. Such micromachines could
include pumps, stirrers, or optically powered cogwheels. The rota-
tion could also be used to study the viscosity of small samples of
fluids, or the alignment of calcite particles could be used to hold
probe particles in particular orientations, which could be useful for
atomic-force or other forms of microscopy. The birefringence of
biological samples is usually much less than that of calcite, but may
sometimes be large enough to allow the same alignment and free
rotation to be achieved. O
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Combinatorial synthesis methods allow the rapid preparation and
processing of large libraries of solid-state materials. The use of
these methods, together with the appropriate screening tech-
niques, has recently led to the discovery of materials with
promising superconducting', magnetoresistive’, luminescent’~
and dielectric® properties. Solid-state catalysts, which play an
increasingly important role in the chemical and oil industries’,
represent another class of material amenable to combinatorial
synthesis. Yet typically, catalyst discovery still involves inefficient
trial-and-error processes®’, because catalytic activity is inherently
difficult to screen. In contrast to superconductivity, magneto-
resistivity and dielectric properties, which can be tested by
contact probes, or luminescence, which can be observed directly,
the assessment of catalytic activity requires the unambiguous
detection of a specific product molecule above a small catalyst site
on a large library. Screening by in situ infrared thermography"'
and microprobe sampling mass spectrometry'>'’ have been sug-
gested, but the first method, while probing activity, provides no
information on reaction products, whereas the second is difficult
to implement because it requires the transport of minute gas
samples from each library site to the detection system. Here I
describe the use of laser-induced resonance-enhanced multiphoton
ionization for sensitive, selective and high-throughput screening of a
library of solid-state catalysts that activate the dehydrogenation of
cyclohexane to benzene. I show that benzene, the product molecule,
can be selectively photoionized in the vicinity of the catalytic sites,
and that the detection of the resultant photoions by an array of
microelectrodes provides information on the activity of individual
sites. Adaptation of this technique for the screening of other
catalytic reactions and larger libraries with smaller site size seems
feasible, thus opening up the possibility of exploiting combinatorial
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