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ABSTRACT

As an improved strategy for producing
functional macromolecules by in vitro evo-
lutionary optimization, we propose an
automated machine that can process up to
960 samples in parallel. It consists of a
960-well PCR machine with special sealed
plastic reaction vessels and appropriate
handling devices. We show that the heat-
sealing technique does not significantly af-
fect the activity of Taq DNA Polymerase or
that of the temperature-sensitive QB RNA
polymerase but avoids cross-contamina-
tion and evaporation of the samples. In-
itial experiments demonstrate the suitabil-
ity of the apparatus to uniformly process
the samples and to perform the thermocy-
cling. Serial transfer of reaction products
into fresh reaction solution was used to in-
itiate further rounds of amplification as a
typical experimental setup for an evolu-
tionary biotechnology application.
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INTRODUCTION

Optimizing macromolecules in ac-
cordance with the rules of natural
evolution is a new strategy that has re-
cently been introduced into modern
biotechnology. This evolutionary bio-
technology is based on applying the
selection principle to populations of
replicating molecules, viruses, micro-
organisms or cell populations that are
subjected to externally controlled se-
lection pressures (2,6,7). In this way,
biological macromolecules evolve to-
wards final products, which are opti-
mized for a specific application, e.g., li-
gand binding (9,13,23) or catalytic
function (1-3).

The classical experiments of “evolu-
tion in the test tube” by Spiegelman
and coworkers (16,21) were based on
the amplification of specific short se-
quences of RNAs using the enzyme Qf
replicase. Recently other enzymatic
amplification techniques have been in-
troduced into molecular in vitro evolu-
tion: polymerase chain reaction (PCR)
(e.g., References 1-3,23), 3SR (self-
sustained sequence amplification) (5)
and SDA (strand displacement amplifi-
cation) (24).

The statistical analysis of evolution-
ary phenomena requires screening of
large numbers of molecules in isolated
compartments (7). Different species
must be studied under identical reac-
tion conditions, and, vice versa, the
evolution of one species must be ob-

served under different environmental
constraints. Data obtained from these
analyses can assist in the evaluation of
new optimization strategies (20). To
apply these statistical methods on evo-
lutionary experiments with biological
macromolecules utilizing amplification
reactions like PCR (12,19), a machine
for homogeneous and fast temperature
cycling of many samples in parallel is
needed.

Many automated systems have been
developed that accomplish accurate
temperature cycling in appropriate re-
action vessels (e.g., References 11,18,
25). Some systems employ a robotic
arm and a rack to move the sample
tubes between water or oil baths. These
systems generally ensure a uniform
temperature distribution in the reaction
vessels that is required for homogene-
ous reaction conditions. More common
are programmable devices that produce
different temperatures by heating and
cooling a single metal biock. However,
these PCR machines do not always pro-
vide a uniform temperature distribution
across the block, especially when
cycling rapidly. Some commercially
available temperature cyclers circum-
vent this problem by using a stirred
water bath or oven at the expense of
fast cycling (22).

Here we present an automated tem-
perature cycler for evolutionary experi-
ments with up to 960 parallel PCR
samples of 10 — 40 pL in volume, util-
izing three separate thermostating
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aluminum blocks. A vacuum system
ensures close contact between these
blocks and the moved sample carrier.
To deal with such a large number of
samples and to avoid cross-contamina-
tion, it was necessary to develop new
techniques of sample handling and
processing. We therefore constructed
special sealable and disposable plastic
reaction vessels. All components of the
apparatus were tested with RNA and
DNA amplification reactions and a
PCR serial transfer system modeling
the technical requirements necessary
for evolutionary experiments. Both
critical requirements—the uniformity
of temperature for all samples and
rapid heating—are met, and the overall
processing time is short.

MATERIALS AND METHODS

The main components of the PCR
machine (Figure 1) are (i) plastic reac-
tion vessels, each of which is a plastic
sheet with 96 reaction vessels in a mi-
croplate format (see Figure 2A and
Sealing of the Samples section below);
(ii) a heat sealer to seal the PCR sam-
ples in the reaction vessels (see Figure
2B and Sealing of Samples); (iii) a

liquid delivery system including two
independent pipetting robotic arms to
fill and empty the reaction vessels con-
taining the samples; (iv) a transporta-
tion unit for moving the sample carrier
(holding 10 plastic sheets with 96 reac-
tion vessels each, i.e., a total of 960
samples) between the different pipet-
ting and temperature stations; (v) three
thermostats to perform fast temperature
adjustments required for PCR and a
freeze-storage device to store the reac-
tion solutions for further analysis; and,
(vi) a process control unit with several
computers based on the VME (Versa
Module Eurocard) data bus (a special
computer system).

Sealing of the Samples

Sealed plastic sheets with reaction
vessels were developed to ensure fast
processing under identical conditions
for each sample and to minimize
evaporation and cross-contamination
(Figure 2A). The reaction vessels are
made from films extruded from Macro-
lon® (Kunststoffe Arthur Kriiger, Ham-
burg, Germany); these proved to be
chemically neutral in the test series.
The bottom sheets (107 X 71 mm) with
an initial thickness of 270 um are

3 liquid delivery system

.

| transportation unit

2 sample carrier
4 freeze storage factility

Figure 1. Scheme of the multichannel PCR machine. The transportation unit [1] moves the sample
carrier [2] between the different pipetting [3] and temperature stations [4,5]. The liquid delivery system
[3] includes two independent pipetting robot arms to fill and empty the plastic sheets containing the sam-
ples. The three thermostating facilities [5] required for the PCR and the freeze-storage facility [4] are
shown. The aluminum cover of the central thermostat is removed. The sample carrier is machined with
960 wells in the shape of the reaction vessel cavities to accommodate up to 10 plastic sheets with 96

wells each.
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placed on an aluminum mask contain-
ing the wells and then subjected to hot
air (270°-300°C) from above. The
reaction vessels are sealed after the
wells have been filled with biochemical
reaction solution. Sealing is achieved
by welding a 100-um-thick Macrolon
cover foil to the sheet containing the re-
action vessels by a heat sealer (Figure
2B). The finished and sealed reaction
vessels have a volume of 40 ul and a
wall thickness of 40 um.

As an alternative sealing method,
two commercially available ultrasonic
wave generators (Model 900 M [20

Figure 2. The plastic reaction vessels and the
heat sealer. A) 96-reaction wells are contained
on one plastic sheet. Left: cover sheet. middle:
bottom sheet with wells. right: sealed plastic
sheet. B) Photo of a sealing device for a plastic
sheet with 96 wells. A stepping motor [1] drives
the block with the heating cartridges [2] down
onto a Teflon block [4] carrying the plastic sheets
that are fixed by an aluminum mask [3]. After
reaching the surface of the plastic sheets, the car-
tridges—at a temperature of 273°C—are slowly
lowered a total of one millimeter in five steps
thereby sealing the two sheets vacuum-tight
within 10 s. The insertion of the sheets into the
heat sealer is manually done on a separate bench.
A patent application for this heat sealer has been
filed (Reference 8).
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KHz] and Model 947 M [40 KHz];
Branson, Hannover, Germany) were
tested. By placing a sonotrode directly
on top of the two sheets, the reaction
vessels are sealed within several milli-
seconds.

Liquid Delivery System

A pipetting robot RSP 5052 with
two arms (Zinsser Analytic; Tecan Ro-
botics, Frankfurt, Germany) automat-
ically delivers the samples to the reac-
tion vessels using aerosol-resistant tips
(ART) (Biozym, Hameln, Germany) on
an arm with an 8-channel adaptor, fill-
ing eight vessels in parallel. To empty
the reaction vessels, the second arm of
the robot automatically punctures the
cover film and then extracts the reac-
tion solutions. Sterile cannulas with
luer manus norm are used in order to
minimize cross-contamination.

Transportation Unit and Sample
Carrier

To guarantee fast temperature transi-

tions together with convenient sample
handling, we used an X, y, z - manipula-
tor (CNC machine 82 V4; Fohrenbach,
Lofflingen, Germany). It moves the
sample carrier made of aluminum (444
X 260 x 5 mm) among the three differ-
ent temperature stations required for
the PCR. The sample carrier is ma-
chined with 960 wells in the shape of
the reaction vessel cavities to accom-
modate up to 10 plastic sheets with 96
wells each.

Thermostating and Freeze Storage
Facilities

All thermostats are constructed from
large aluminum blocks (490 x 270 x
290 mm) to provide a high heat capac-
ity. This ensures that their temperature
remains constant even when the cooler
or warmer sample carrier is placed on
it. Furthermore, this guarantees tem-
perature homogeneity across the alumi-
num block.

The desired temperatures are main-
tained by heating elements placed in-
side the blocks and by cooling with
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Figure 3. Fluorescence monitoring of RNA amplification by O replicase after sealing the enzyme-
containing reaction mixture and removing it from the reaction vessel. Sealing techniques and sub-
sequent reaction conditions are described in Materials and Methods. Relative fluorescence signals are
plotted vs. the reaction time of RNA replication. Curve 1: Reference (unsealed reaction mixture);
curve 2: a liquid OB reaction mixture was heat sealed; curve 3: a frozen QOB reaction mixture was
heat-sealed; curve 4: the reaction mixture was liquid, but the block for the heat-sealing device was
thermostated to -10°C, curve 5: a liquid reaction mixture was sealed with ultrasound; and curve 6:
a frozen reaction mixture was sealed with ultrasound.
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water. The temperature of the sample
carrier is measured by a Pt 100 thermo-
couple probe (type M-FK, measure-
ment based on the temperature depend-
ency of a resistance; Heraeus, Hanau,
Germany), directly affixed to the
sample carrier with silicon glue. Ho-
mogeneity of static temperature across
the sample carrier was experimentally
determined to be 0.5°C. To measure
temperature inside a water-filled well
of a heat-sealed reaction vessel, a Ni-
CrNi sensor (type GTF 300; measure-
ment based on the Seebeck effect;
Greisinger, Regenstauf, Germany) was
inserted through the cover sheet, and
the sheet was sealed with hot-melt glue
(Henkel, Diisseldorf, Germany).

After moving the samples to the ap-
propriate thermostats, the sample car-
rier is pressed onto the chosen station
by a vacuum system integrated into
each block. The high thermal conduc-
tivity of aluminum and the small thick-
ness (5 mm) of the sample carrier ac-
count for a high heat transfer rate. To
achieve a homogeneous and fast tem-
perature adjustment for all 960 sam-
ples, an additional preheated aluminum
cover is lowered onto the samples auto-
matically after the sample carrier is po-
sitioned on the appropriate station.

BIOCHEMICAL TESTS

OB System

To test the compatibility of the seal-
ing procedures with the QP system, the
reaction vessels were filled with 25-uLL
aliquots of reaction solution containing
50 mM Tris-HCI pH 7.5, 10% (vol/vol)
glycerol, 10 mM dithiothreitol, 0.5 mM
each of ATP, CTP, GTP and UTP, 1.0
UM ethidium bromide, 100 mM NaCl,
1 uM QP replicase and 1 nM of the
self-replicating RNA MNV 11 (4). The
reaction vessels were sealed as de-
scribed above and immediately chilled
on ice. After removing the samples
with a sterile microsyringe, the con-
tents of every five adjacent reaction
wells were pooled to provide enough
solution for fluorescence measure-
ments in ultra-micro cuvettes with 100-
UL volumes. RNA amplification by OB
polymerase was monitored by measur-
ing the fluorescence increase of
ethidium bromide during amplification
at 30°C in a thermostated fluorometer
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Figure 4. PCR cycling by the machine. A) Temperature profile of PCR cycles measured in the sample carrier. Time constant (half-time period): 7 s B) Tem-
perature profile of PCR cycles measured in the solution inside a plastic reaction vessel placed onto the corner of the sample carrier. Time constant (half-time pe-

riod): 8.5 s.

LS5B  (Perkin-Elmer, Ueberlingen,
Germany). Excitation wavelength was
A = 514 nm, emission wavelength was
A = 600 nm. RNA replication was initi-
ated after 5-min preincubation by add-
ing 1 uL of a 1 M MgCl, stock solu-
tion. A control reaction was performed
using the same solution except that it
was not sealed in plastic.

These experiments were repeated by
sealing a stock solution of 4.2 UM
MNV 11—RNA in water and amplify-
ing the RNA with fresh QP replicase
according to the protocol described

above. All reaction mixtures were ana-
lyzed on a nondenaturing 11% poly-
acrylamide gel, which was photo-

graphed after ethidium bromide
staining.
PCR Amplification

DNA template (Sequence: 5-GGG-
ATTTTTCCTTTTTCTCCCTCGCG-
TAAGCTAGCTACGCGAGGTGAC-
CCCCCCCCGGGGGTTCTCCCCT-
ATAGTGAGTCGTATTA-3) and oli-
gonucleotide primers (primer I: 5'-

Table 1. Time Needed for the Different Pipetting Steps

TAATACGACTCACTATAGGGGAG-
AACC-3; primer II: 5-GGGATT-
TTTCCTTTITTCTCCCT-3") were
synthesized on a Gene Assembler®
Plus DNA Synthesizer (Pharmacia Bio-
tech, Freiburg, Germany) and purified
by denaturing polyacrylamide gel elec-
trophoresis (PAGE). To test the differ-
ent sealing techniques, 25-uL aliquots
of PCR mixture containing 0.5 pM
DNA template, 0.5 uM of each PCR
primer, 10 mM Tris-HCI pH 8.3, 50
mM KCI, 1.5 mM MgCly, 0.01% gela-
tin, 200 uM each of dATP, dCTP, dGTP

Process Filling of one
plastic sheet
(96 wells),
8-channel
arm
No. of different 1
solutions
Technique of multi-dispensing,
dispensing 1 x 8 tips
Time 2 min

The PCR process time for 34 temperature cycles of the des
fer PCR experiment (3 subsequent PCRs, 25 cycles each)
plastic sheet into the heat sealer and subsequent sealing is

Filling Serial
of 10 sheets dilution
(960 wells), (5 times),

8-channel 8-channel
arm arm
1 1

multi-dispensing,
10 x 8 tips

different positions,
5 x 8 tips

20 min 6:30 min

different positions,

cribed system is 1.33 h. The whole process time of the serial trans-
including all automatic steps and sealing is 3.5 h. Insertion of the
done manually on a separate bench and takes 2 min. J

Filling of one Emptying
plastic sheet 8 wells,
(96 wells), 1-channel
8-channel arm
arm
2 8

different positions,

2 x 8 tips single
cannulas
3:35 min 2:30 min
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Figure 5. Non-denaturing PAGE analysis of reaction products of PCR
as described in Materials and Methods, with 44 individual samples (lanes 1

samples processed by the machine in parallel. Two representative gels are shown,
—22) from all areas of sample carrier. Both gels contain a sample processed in a com-

mercial TRIO-Thermocycler in lane R and 2 uL. DNA marker V (Boehringer Mannheim, Mannheim, Germany) in lane M. Molecular weights are given in bp.

and dTTP and 0.04 U/uL Tag DNA Po-
lymerase (Stratagene, Heidelberg. Ger-
many) were distributed on the plastic
sheets and subjected to the welding
procedures described above. Twenty
microliters were removed from each re-
action chamber with a microsyringe
and transferred to commercial 0.5-UL
plastic tubes. An additional 20 UL of
PCR mixture were not sealed and
served as a control solution. Ten mi-
croliters of mineral oil were added to
each PCR sample before subjecting
them to 34 cycles of amplification. The
following temperatures and reaction
times were employed by a commerical
TRIO-Thermocycler™ (Biometra, Got-
tingen, Germany): 30 s at 93°C, 30 s at
55°C, 30 s (7 min during the last cycle)
at 72°C. Finally. they were stored at
10°C until they were analyzed by non-
denaturing 11% PAGE.

Similar experiments were per-
formed by sealing a stock solution of 1
pM of DNA template in water and
subsequently subjecting it to a PCR
with fresh primers and 7Tag DNA
Polymerase, according to the protocol
described above.

To test the uniform processing of
parallel PCR samples by the robot de-
scribed here, 96- x 30-uL volumes of
the above-described PCR mixture, but
with 90 template molecules per UL

656 Biolechniques

(0.15 fM) and 0.02 pg/uL of salmon
sperm DNA (Sigma-Aldrich, Deisen-
hofen, Germany), were heat-sealed in
the reaction vessels. The plastic sheet
was cut by hand into pieces with 2x 2
reaction chambers that were distributed
uniformly over the whole area of the
sample carrier. After a total of 45 tem-
perature cycles as described above, 10
uL of each sample were removed for
analysis by nondenaturing 10% PAGE.

Finally, to test the suitability of the
multichannel PCR apparatus for evolu-
tionary experiments, a serial transfer
experiment was performed employing
all the components of the machine.
Forty-eight reaction chambers in four
rows (every other row: rows B, D, F
and H in the microplate format) of a
plastic sheet were filled by the pipet-
ting robot with the above-described
PCR mixture but with 1.4 pM of DNA
template and 0.02 pg/ul of salmon
sperm DNA. The 48 remaining cham-
bers in the rows in between (rows A, C,
E and G) were likewise filled with
reaction mixture excluding template.
After heat-sealing the reaction vessels,
the sheet was subjected to 25 tempera-
ture cycles on the sample carrier as de-
scribed above. Subsequently, the pipet-
ting robot removed 3.6 pL from the
first reaction chamber of each row, di-
luted it in water 1:36000 times by five

serial dilutions in a microplate and then
mixed 15 pL of the final dilution with
15 uL of twice-concentrated PCR mix-
ture excluding template, in each of the
12 chambers of the appropriate row in a
fresh plastic sheet (so that the filling
pattern with [in rows B, D, F and H]
and without [in rows A, C, E and G]
template was maintained). Again, 25
temperature cycles were performed af-
ter heat-sealing the reaction vessels,
and the whole procedure of diluting the
products and initiating a further round
of PCR amplification by serial transfer
to the appropriate row of a new plastic
sheet was repeated. Volumes of 10 UL
were removed from each individual re-
action chamber of the three plastic
sheets and analyzed by nondenaturing
10% PAGE.

RESULTS

The biological compatibility of dif-
ferent sealing techniques was tested
with RNA-dependent RNA polymerase
of OP phage that replicates a number of
nonphysiological short RNA templates
(4) and with Tag DNA Polymerase that
amplifies DNA molecules in a sub-
sequent PCR (12,19). Neither the ther-
mostable Tug DNA Polymerase nor the
nucleic acids were significantly af-
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fected by the heat or ultrasound-sealing
procedures (results not shown). How-
ever, the heterotetrameric and quite un-
stable QP replicase (14,15) showed a
great loss of activity. This was evi-
denced by the lower increase in ethid-
ium bromide fluorescence in a sub-
sequent amplification reaction (Figure
3) and confirmed by gel electrophore-
sis. This inactivation is attributable to
denaturation of Qf replicase during the
sealing procedure with heat (and not
cooling the sample) or with ultrasound.
We found, that the most reliable sealing
technique to minimize the loss of activ-
ity of sensitive biological samples was
sealing by heat on a Teflon® block with
cooled or frozen samples (curve 3, Fig-
ure 3). Based on this technique, a paral-
lel sealing device was constructed that
can handle up to 96 samples on a single
plastic sheet (Figure 2 and Materials
and Methods).

Multiple thermostating blocks were
used to obtain maximal cycling rates
for a large number of samples. Instead
of employing one block that must be
heated and cooled repeatedly, a sepa-
rate block exists for each desired tem-
perature. Rapid changes among these
temperatures can be achieved by trans-
ferring the samples among the different
stations and pressing them onto the
blocks with a vacuum system. The use

of separate blocks also ensures spatial
and temporal homogeneity of the dif-
ferent temperatures, whereas devices
that heat and cool the samples in one
metal block often show substantial dif-
ferences in the temperature profiles of
different samples when operating in
rapid cycles (22).

Typically obtained PCR temperature
profiles are given in Figure 4. Figure
4A shows a temperature profile mea-
sured in the sample carrier; Figure 4B
shows a profile measured in the plastic
reaction vessels. The temperature jump
begins when the sample carrier is
placed on the appropriate block and the
vacuum system is switched on. The
time required for a temperature adjust-
ment of an aqueous solution in the re-
action vessels from 55° to 72°C is 30 s,
from 72° to 93°C is 30 s and decreasing
the temperature from 93° to 55°C takes
45 s. In a dynamic measurement at dif-
ferent locations all over the sample car-
rier, we obtained an average time con-
stant (half-time period) of 149 s
(standard deviation of 5.3 s) in solution
in comparison to 7 s (standard devia-
tion of 1 s) measured in the sample car-
rier. A further reduction of the time
constant (8.5 s in solution, standard de-
viation of 1.3 s) can be achieved by us-
ing heat-conducting grease between the
reaction vessels and the sample carrier.

This proved not to be necessary for the
described PCR system.

The time constant for temperature
changes is about 9 times larger when
the vacuum system is not used. An arbi-
trary temperature profile between the
two extremes can be simulated by peri-
odically switching the vacuum system
on and off to achieve the desired heat
transfer rates. This flexibility is impor-
tant because it is known that DNA am-
plification is critically dependent on
temperature-time profiles (25).

Different profiles were tested for
their efficiency and accuracy of ampli-
fication across the sample area. As a
test system, we used a PCR with low
template (0.15 fM) and high nontem-
plate (0.02 pg/uL) (salmon sperm)
DNA as described in Materials and
Methods. Employing the vacuum sys-
tem, uniform products were found in an
experiment with 96 separate samples of
each 30-uL volume distributed uni-
formly over the whole sample carrier
(Figure 5). An experiment with 960
ten-uL samples in 10 plastic sheets
processed in parallel, which were ana-
lyzed by PAGE of each 12 pooled sam-
ples, showed equivalent results.

Finally, a serial transfer experiment
was used to test all components of the
device in an evolutionary type of pro-
cess. A defined pattern of reaction

Figure 6. Non-denaturing PAGE analysis of twice serially transferred PCR products. Two representative gels of the products of the last of three subsequent
PCRs are shown as described in Materials and Methods. Both gels contain 2 pL of DNA marker V in lane M. Molecular weights are given in bp. The left gel
shows the products of wells C1 to C12 and D1 to D12; the right gel shows the products of wells E1 to E12 and F1 to F12 after two serial transfers. Rows C and
E of the microplate-formatted plastic sheet show no products, while rows D and F do show products, indicating that the initial filling pattern is maintained
throughout the serial transfer experiment without cross-contamination.

Vol. 18, No. 4 (1995)



BioFeature

chambers was filled by the pipetting ro-
bot with PCR mixture including tem-
plate and neighboring reaction cham-
bers with PCR mixture excluding
template (see Materials and Methods).
After two serial transfers including the
dilution of reaction products and main-
taining the filling pattern in the plastic
sheet, we found that all samples were
correctly processed without cross-con-
tamination (Figure 6). Table 1 shows
the times necessary for the different
processing steps.

DISCUSSION

Our experiments with PCR mixtures
in 96 and up to 960 sample wells show
that our device is suitable for parallel
processing of this biological reaction
under reproducible and homogeneous
conditions. In contrast to other ap-
proaches (10,17), it is optimized for
evolutionary types of experiments.
This was shown by applying the serial
transfer method (21,24) to a PCR.
Similar experiments simulating condi-
tions for Darwinian evolution (5,9,24)
are now possible with up to 960 sam-
ples that can be processed in parallel.

We also showed that solutions
containing O RNA polymerase can be
sealed without loss of activity so that
this isothermal amplification system
can be employed in our machine as
well. As demonstrated previously
(4,16), RNA molecules replicated by
OPB polymerase can be used as a model
system for studying evolution at the
molecular level. Moreover, all compo-
nents of our system (the plastic materi-
als, the setup with three heating blocks
and a sample carrier that is accessible
from above) are suitable for performing
fluorescence measurements directly in
the reaction chambers. Experiments are
in progress where both PCR and repli-
cation by the Qf enzyme are monitored
using fluorescent dyes to follow the
evolution of the nucleic acid molecules
directly in vitro.
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