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A microchip-based real-time polymerase chain reaction (PCR) device has been developed for the genetic tug-of-war
(gTOW) method that provides quantitative data for research on biorobustness and systems biology. The device was
constructed of a silicon glass chip, a temperature controlling Peltier element, and a microscope. A parallel real-time
amplification process of target genes on the plasmids and the housekeeping genes in a model eukaryote Saccharomyces
cerevisiae were detected simultaneously, and the copy number of the target genes were estimated. The device provides
unique quantitative data that can be used to augment understanding of the system-level properties of living cells.
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Introduction

Intracellular biochemical parameters, such as the gene
expression level of gene products, are considered to have been
optimized during the evolutionary process to allow biological
activities to be carried out in an organism’s habitat. These
parameters should have some permissible range so that.the
systems have robustness against perturbations. However, little
is known about the permissible ranges of parameters in real
cells because there has been no experimental technique to
comprehensively measure the limits of intracellular parameters.
Gene knockout experiments are used to reduce the expression
level of target genes.!? These experiments provide phenotypical
information that reveals the functions of target genes. However,
such experiments do not provide quantitative information
associated with the limit of expression of the target genes in
order to maintain function of the biological systems. Promoter-
swapping experiments, in which the promoter of the target gene
is changed into a strong promoter, are used to increase the

¥ To whom correspondence should be addressed.
E-mail: naito.toyohiro@f.mbox.nagoya-u.ac.jp

expression level of the target genes, and this method also has
provided much useful information for predicting the functions
of target genes, as well as genetic interactions between target
genes.* However, it is also difficult to determine the upper
limit of the expression of the target genes because this method
ignores the native expression level and regulation of the target
genes.®® Genetic screening by a genetic tug-of-war (gTOW)
method allows the upper limit of each target gene in living cells
to be measured by increasing the copy number of that gene.!0!!
Each target gene and its native regulatory DNA elements
(promoter and terminator) are used as a unit so that the increased
copy number of that gene can be determined quantitatively, and
the gene expression level is expected to increase according to
the copy number. Knowledge obtained from the gTOW method
is important for understanding of biology at the system level.!2!

The gTOW method analysis is useful exploring the foundation
of biological systems such as biological robustness.!>"?
Biological robustness is proposed as the main concept for the
application of systems biology in cancer research. Biological
robustness is a fundamental feature of evolvable complex
systems that must be robust against environmental and genetic
perturbation to be evolvable. At the same time, robust systems
face fragility and performance setback as an inherent trade-off.
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Fig. 1 Schematic illustrations of the PCR device for gTOW method. (a) Samples used in the gTOW

method. Two kinds of genes were used, one is LEU2 gene coded on plasmid introduced to S. cerevisiae
and the other gene is LEU3 coded on a chromosomes of S. cerevisiae. After a tug-of-war between the
increasing activity of the copy number from LEU2 and the decreasing activity of the copy number from
LEU3, we could define the copy number of the plasmid. (b) Design of the PCR chip. Two channels
were aligned in a single microscopic field to allow direct comparison of the relative quantities of LEU2

and LEU3.

(c): Schematic -illustration -of the temperature measurement system. . To measure the

temperature at the microfluidic channel, a temperature. sensor was sandwiched between the silicon

wafer and glass cover next to the chip for PCR.

Identification of the basic architecture for a robust system and

the associated trade-off is essential for understanding their faults
and countermeasures against fatal diseases. Although the gTOW
method is the only way to provide quantitative data that can be
used to determine the system-level properties of living cells and
to'quantitate biorobustness against gene overexpression, it needs
high-throughput,
devices to obtain precisely quantified information.

Microchip devices are one of the most suitable technologies to
be introduced to design and build next-generation experimental
devices.  It'may drastically improve the speed and accuracy of
measurement through integration and automation of experimental
procedures:
(PCR)*is an ‘important procedure to understand “biological
systems through the gTOW method. Although several real-time
PCR devices have been reported,'®!® they were not optimized
for the gTOW method. "In this paper, we describe development
of a microchip-based device that realizes parallel real-time PCR
ona Chlp for the gTOW method Lo L

Exp erim ental

The 'gTOW method can estimate the upper limit of the gene
expression level for each target gene by increasing the copy
number of that gene.” Two kinds of genes were amplified in the
gTOW method to' determine the upper limit copy number of

comprehensive, and accurate measurement

' Especially, real-time polymerase chain reaction

target genes; one was leucine biosynthesis gene LEU2 coded on
the plasmid DNA with a target gene and the other was
transcriptional regulator of leucine LEU3 coded on the
chromosome of Saccharomyces cerevisiae (Fig. 1(a)). By
comparing the relative quantity of LEU2 and LEU3 genes, we
could estimate the copy number of the plasmid per haploid
genome. A design of our device is shown in Fig. 1(b). The
temperature was controlled by the Peltier element and reaction
channels were fabricated on'a silicon wafer. The thermal control
system was comprised of a power supply (HLE, Nihontecmo
Co.; Ltd:, - Fukuoka, . Japan), -a controller - (SP5R7-576,
Nihontecmo Co., Ltd.), the Peltier element  (TEC-12708,
Nihontecmo Co., Ltd.) and LabVIEW-based temperature control
and ‘data-logging - software.  The reaction mixture contained
intercalating dye, *SYBER Greenl, which allowed DNA
detection with a fluorescence microscope. In this device design,
the ‘amplification” process of LEU2 and LEU3 genes could be
detected simultaneously in-a single observation view.

Total DNA used as 4 template DNA sample was extracted
from: wild type yeast cells (BY4741) with pTOW that is a
2-micron. based plasmid with leu2d for the gTOW method.!
Yeast cells, collected’ from 200 pPL of saturated culture, were
suspended’ in lysis solution (10-mM Na-phosphate (pH 7.5),
1.2 M sorbitol;- and 2.5 mg/mL- Zymolyase 100T) (Seikagaku,
Tokyo, Japan) and incubated with a block incubator (BI-525,
ASTEC, Fukuoka, Japan) for 10 min at 37°C to.digest-the cell
wall. Then the cell suspension was heat-shocked at 94°C- for
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Fig. 2 (a) Temperature profile for 20 cycles: one cycle consisted of heating at 95°C for 20 s, 60°C for
20 s, and 72°C for 20 s. (b) Comparison between chip temperature and set point for 1 cycle.

15 min, —80°C for 5 min, and then 94°C for 15 min. After the
cell suspension was chilled and centrifuged, supernatant
(containing total DNA) was used for the following two real-time
PCRs: LightCycler FastStart DNA MasterPLUS SYBER Green
I (Roche Diagnostics K.K., Tokyo, Japan) with LightCycler 2.0
instrument (Roche Diagnostics K.K.) was used for the kinetic
PCR. Supernatant (2 pL) was mixed with each reaction mix
(18 pL) containing 0.5 uM of LEU2 primer set (F:
GCTAATGTTTTGGCCTCTTC, R: ATTTAGGTGGGTTGGG-
TTCT) and LEU3 primer set (F: CAGCAACTAAGGACAAGG,
R: GGTCGTTAATGAGCTTCC) using 0.1% bovine serum
albumin (Sigma Aldrich Japan K.K., Tokyo, Japan). The genes
were amplified using the following thermal cycling profile;
initial denaturation at 95°C for 10 min, followed by 30 cycles
with one cycle consisting of 95°C for 10 s, 60°C for 10 s and
72°C for 7 s.

Reaction channels were fabricated on silicon wafers by using
standard photolithography and deep reactive ion etching
(MUC-21, Sumitomo Precision Products Co., Ltd., Hyogo,
Japan). The reaction channel had a rectangular cross section of
100 pm width and 20 um depth. After dicing the wafers with
an automatic dicing saw (DAD522, DISCO, Tokyo, Japan), inlet
and outlet holes were made using ultrasonic drilling (SOM-121,
Shinoda K.K., Tokyo, Japan). A glass cover (SD-2, Hoya
Candeo, Saitama, Japan) was anodically bonded to the silicon
substrate at 400°C, 1 kV with the handmade anodic bonding
machine consists of a hot plate (MSA Factory, Tokyo, Japan)
and a power supply (31601-5N, Apple Electronics Co., Ltd.,
Shanghai, China). A silicon-glass chip for PCR and silicon-
glass plate sandwiching a temperature sensor for temperature
measurements were put into silicone grease (TCOH-1002,
Taica, Tokyo, Japan) on the Peltier element (Fig. 1(c)). As for
real-time PCR on a chip, the same reaction mixture was used
with different thermal cycling; initial denaturation at 95°C for
2 min, followed by 30 cycles (95°C for 27 s, 60°C for 28 s and
72°C for 155s). Fluorescent intensity was measured by a
fluorescent microscope (Eclipse Ti, Nikon, Tokyo, Japan) and
open source image analysis software (Imagel).

Results and Discussion

S. cerevisiae lacking the leucine-generating function was used
for the gTOW method. The leucine-generating function of the
cells was obtained by the plasmids. Cells with a higher copy
number of the plasmids can grow faster under the leucine
condition because the activity of the leucine-generating function
derived from the plasmid is very weak. On the other hand, the

copy number of the plasmid is limited by the target gene on the
plasmid. The target gene becomes another genetic selection
bias toward decreasing the plasmid copy number for inhibition
of growth over the upper limit copy number of the target gene.
The copy numbers of the plasmids reach an equilibrium between
the increasing activity of the copy number from LEU2 and the
decreasing activity of the copy number from LEU3, just like a
tug-of-war between the two kinds of genes.

First, we evaluated the temperature control device. The Peltier
element was computer-controlled with a proportional integral
derivative (PID) control algorithm, and we optimized the PID
setting to achieve a high temperature ramp rate, high accuracy,
and small temperature overshoot. The temperature program was
set to 20 cycles (heating at 95°C for 20 s, 60°C for 20 s, 72°C
20 s). As shown in Fig. 2(a), the temperature control device
worked reliably throughout 20 thermal cycles and it also
functioned for over 30 cycles in subsequent experiments. Total
process time could be extended to 3600 s by the temperature
control program, which was an adequate time scale for the PCR
process. The actual holding time in the reaction channel was
95°C for 13 s, 60°C for 12 s, and 72°C for 17 s, all with the
accuracy of +0.3°C; the rate for changing the temperature was
4°C s! and it took 2 s to change the heating-cooling mode
(Fig. 2(b)).- The temperature control system achieved the same
level of the temperature ramp rate and accuracy as the
commercial product we used, and the temperature overshoot
was negligible. .

We tried to amplify two kinds of genes simultaneously in a
single observation view, and we observed increasing fluorescent
intensity of the reaction channel for LEU2 compared to that of
the reaction channel for LEU3 (Fig. 3(a)). = To estimate the
relative fluorescent intensity result from amplification of LEU2
gene to amplification of LEU3 gene, we measured fluorescent
intensity profiles of each image. The relative fluorescent
intensity of a LEU2 channel versus a LEU3 channel was 2.2
times larger after the 30th cycle, whereas there was no change
between fluorescent intensities of the channel for LEU2 and
LEU3 after 10 cycles (Fig. 3(b)). Amplification curves of LEU2
and LEU3 genes were obtained using chips (Fig. 3(c)). After
fitting with a logistic curve, the relative quantities of LEUZ2 and
LEU3 were compared at 40% of their maximum value. The
copy number of the plasmid determined by the amplification
curves obtained by fabricated devices was 365 copies; this value
was quite different from the 107 copies obtained in a bulk
experiment (Fig. 3(d)). The difference is attributed to the
amplification curves of the on-chip PCR experiment being of
low precision due to observation with unfixed focus. Three
possible causes for unfixed focus are: non-uniform thickness of
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Fig. 3 (a) Fluorescent images of microfluidic channel for directly comparing PCR at the 10th cycle
(upper) and 30th cycle (lower). (b) Normalized fluorescent intensity of images from (c). " (c)

" Amplification curves for LEU2 and LEU3 genes by the chip. Open and solid circles indicate normalized =
measured values of LEU2 and LEU3, respectively. The logistic curve was fitted to the measurement
values (dotted line, LEU2; solid line, LEU3). (d) Amplification curves for LEU2 and LEU3 genes
obtained by a commercial PCR instrument. Open and solid squares indicate the normalized measured
values. of LEU2 and LEU3, respectively. The logistic curve was fitted to the measurement values

(dotted line, LEU2; solid line, iLEU3).

the silicone grease, ‘an unstable heating system, and thermal
expansion of the silicon-glass chip.  The non-uniform grease

thickness might cause inhomogeneous heating -of reaction

channels and ‘that would cause slight changes in reaction time
and reaction temperature. Although the silicone grease we used
was a conductive thermal silicone sheet ‘pad to prepare
homogeneous' silicone layers, the thickness of grease was
changed by manually putting chips on the Peltier element.. To
obtain higher precision, it is necessary to use special holders
with a detector to fix in place the PCR chip with the temperature
control system including the Peltier element that is put on the
silicone grease under uniform pressure. The problem of thermal
expansion of silicon-glass chips was also caused by detection
with a manual procedure. To solve the problem we ‘will have to
develop a fluorescent capture system that synchronizes with the
temperature control software to detect the fluorescent signal of
reaction channels periodically. In addition, the PCR device
needs significant improvements, that is;, microfluidic techniques
to integrate experimental procedures and functions into the PCR
device for automation  and exclusion of caused by manual
handling experimental errors. We have developed two key
components, a solution mixing device?®?! and a reaction channel
sealing system,?? for accelerating automation of the procedures
to obtain more quantitative data. We will integrate these key
components with the PCR device developed here in the near
future. There is a possibility that the logistic curve is not
suitable for curve fitting in this case. We attempted to make a
fitting curve using a logistic curve because DNAs were double a
cycle during PCR, and we used the same data analysis method

for on-chip and in-bulk PCRs. However, the fitting curve in
Fig.-3(d) does not seem to be the best fitting curve.
Concentrations of PCR solutions change with increasing number
of thermal cycles, which changes the amplification efficiency.
We' considered that ‘using the best suited curve fitting  might
reduce the analytical error between on-chip and in-bulk PCRs.
There are several issues that need to be addressed-regarding
our parallel PCR device. One is that the device used only 2 UL
PCR solution, only 10 percent of the sample volume required
for a bulk experiment for amplifications of DNA. The device
can be extended to an even more parallelized PCR device that
can also prepare calibration curves during the amplifications of
the genes to determine the upper limit copy number of target
genes after fewer thermal cycles with the same or less sample
volume for bulk experiments. . ) s

Conclusions

We developed a real-time PCR chip for gTOW method and
amplified two kinds of genes using the chip. The device could
be improved, however, such as by making a special chip holder,
changing the channel design and modifying channel surfaces to
prevent non-specific adsorption of an enzyme so that the device
can be easily used by systems biologists. The device has good
potential for promoting studies in systems biology.
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Gene overexpression. beyond a permlssﬂ)[e limit causes defects in cellular functions. However, the permissible limits of
most genes are unclear. Prevnously, we developed a genetic method designated g genetic tug-of-war (g TOW) to measure the
copy number limit of overexpression of a target gene. In the current study, we app[led sTOW to the analysis of all
protein-coding genes in the budding yeast Saccharomyces cerevisice. We showed that the yeast cellular system was robust
against an increase in the copy number by up to 100 copies in >80% of the genes. After frameshift and segmentation
analyses, we isolated 115 dosage-sensitive genes (DSGs] with copy number limits of 10 or less DSGs contained a significant
number of genes involved in cytoske[etal organlzatlon and mtracellular transport DSGs tended to be highly expressed and
to encode protein complex members. We demonstrated that the protein burden caused the dosace sensitivity of hlvhly
expressed genes using a gTOW experiment in which the open readmg frame was replaced with GFP. Dosage sensitivities of
~some DSGs were rescued by the SImultaneous increase in the copy numbers of partner genes, indicating that stoichiometric
lmbalances among complexes cause dosave sensitivity. The results obtalned in this study will provide basic knowledge

about the physiology of chromosomal abnormalities and the evo[utlon of chromosomal composmon

[Supplemental material is available for this article.]

Intracellular biochemical parameters, such as gene expression
levels and protein activities, are highly optimized to maximize the
performance of biological systems (Zaslaver et al. 2004,,Deke1 and
Alon 2005; Wagner ZOOS).LThese parameters, however, have cer-
tain permissive ranges to protect the function of the system against
perturbations such as environmental changes, mutations, and
noise in biochemical reactions. This robustness against fluctua-
tions in parameters is considered a common design principle of
biological systems (Alon et al. 1999; Little et al. 1999; von Dassow
et al. 2000). When gene expression fluctuates beyond the robust-
ness of cellular systems, various defects occur in the systems. How-
ever, the differences in the expression limits of different genes and
the factors influencing these differences are unclear. .=

‘We previously developed- the genetic tug-of-war (gTOW)
method to measure the limit of gene overexpression (Moriya et al.
2006, 2011, 2012). Using gTOW, we can assess the limit of gene
overexpression as the copy number limit (CNL) of the target gene as
follows. A target gene with its native regulatory sequences is cloned
into a plasmid for gTOW. The plasmid carries a 2-micron origin,
URA3, and LEUZ with a truncated promoter (leu2d). Yeast cells are
transformed by the plasmid, and the transformants are first se-
lected in medium lacking uracil (—Ura). The cells are then trans-
ferred into medium lacking both uracil and leucine (—~Leu—Ura). In
this medium, leu2d becomes a selection bias to increase the plas-
mid copy number in the cells because the cells with higher leu2d
(plasmid) copy numbers grow faster. As the copy number increases,
the copy number of the target gene also increases, and the gene
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"becomes proportionally overexpressed according to the increased

copy number. If the gene has an overexpression limit at which
cellular function is halted when the limit is crossed (i.e., inducing
cellular death), then the plasmid copy number must be less than

‘the limit, and the target gene becomes a selection bias to decrease

the plasmid copy number. Biases arising from leu2d (that increases
the plasmid copy number) and the target gene (that decreases the
plasmid copy number) determine the plasmid copy number in the
cells (thus, we designated this method “genetic tug-of-war”). Be-
cause the bias to increase the plasmid copy number by leu2d is
always the same, the copy number should be associated with the
CNL of overexpression of the target gene. The plasmid copy
number determined under the —Leu—Ura condition is considered
the CNL of overexpression of the target gene if the copy number is
significantly lower than that of the empty vector control (which
is usually ~100 copies per haploid genome). As the plasmid copy
number and the cellular max growth rate under the —Leu—Ura
condition are correlated with each other, max growth rate can also
be an indicator of the CNL of the target gene. Ideally, in gTOW, the
protein level expressed from the target gene increases according to
the copy number increase. However, if the transcription factors for
the target gene are diluted or if there is feedback in expression
regulation, then the copy number increase might not be linearly
reflected in the protein level. In this study, we thus designated it on
the basis of the overexpression limit measured by gTOW as the
““CNL of overexpression” to distinguish the limit of protein over-
expression. We previously determined the CNLs of cell cycle reg-
ulatory genes in the budding yeast and fission yeast and found that
their CNLs were diverse, ranging from less than two to more than
100 (Moriya et al. 2006, 2011).

Several genome-wide analyses revealed the genes that cause
cellular dysfunction upon overexpression (Gelperin et al. 2005;
Sopko et al. 2006). These analyses were performed using promoter
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swapping in which each target open reading frame (ORF)/protein
is highly expressed by the strong inducible GAL1 promoter. The
results obtained by promoter swapping and gTOW are known to be
different (Moriya et al. 2006; Krantz et al. 2009) because the former
technique causes absolute overexpression and the latter causes
relative overexpression from the native level. The promoter swap-
ping approach is useful for determining what happens when
a target protein abundantly exists within the cell. Conversely, it is
difficult to argue how much the target is overexpressed when cel-
lular dysfunction is observed. As gTOW increases the copy number
of the target gene with its native promoter, this argument is pos-
sible. We thus consider that gTOW is a useful method for evalu-
ating the robustness of cellular systems by assessing how much
gene expression is fluctuated from the native level when the sys-
tem halts (Moriya et al. 2012). The advantage of gTOW is that one
cannot only isolate genes causing cellular dysfunctions upon
overexpression but also quantitate the limits of gene overexpres-
sion that are associated with cellular robustness. In addition, we
consider that gTOW is useful for evaluating cellular dysfunction
triggered by the fluctuation of the gene copy number.

In this study, we performed a genome-wide CNL measure-
ment of genes of the budding yeast Saccharomyces cerevisiae using
gTOW to reveal the profile of CNLs of all genes in this organism
and determine why the yeast cellular systems are sensitive to mi-
nor increases in the copy numbers of those genes. First, we isolated
786 genes with significantly low CNLs. Further, we isolated genes
with extremely low CNLs (10 or fewer copies per haploid genome),
which we designated “yeast dosage-sensitive genes” (DSGs). Our
results indicated that the yeast cellular system was robust against
copy number variations (overexpression) in most genes but fragile
against variations in a specific set of genes. Yeast DSGs tended to
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encode protein complex components, as well as proteins involved
in cytoskeletal organization and intracellular transport. Our ex-
perimental evidence suggested that protein burden and stoichio-
metric imbalance are the primary causes of dosage sensitivity.
These findings may have an interesting evolutionary implication
in that DSGs function to constrain and secure the integrity of eu-
karyotic genomes during evolution.

Results

gTOWA000: Analysis of all protein-coding genes in S. cerevisiae
using gTOW

To analyze all protein-coding genes in the S. cerevisiae genome
using gTOW, we performed a series of experiments as summarized
in Figure 1 (for details, see the Methods). We amplified all protein-
coding genes (5806) with their native regulatory regions in the
yeast strain BY4741 chromosome using polymerase chain reaction
(PCR) and then cloned the genes into pTOWug2-836 (Supple-
mental Fig. S1; Moriya et al. 2012). Because not all promoter re-
gions were identified, we cloned genes with their upstream and
downstream sequences up to their neighboring genes (as an ex-
ample, see Supplemental Fig. S2A,B). Cells harboring the gTOW
plasmids with each target gene were cultivated in —Ura and
—Leu—Ura media. We then measured max growth rate under the
—Leu—Ura condition using online monitoring of cellular growth,
and the plasmid copy numbers under the —Ura and —Leu—Ura
conditions using quantitative PCR. We analyzed at least two in-
dependent plasmid clones for each gene. The reproducibility be-
tween each duplicate is shown in Supplemental Figure S3. To this
point, we have succeeded in analyzing >95% of the genes in the
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steps 2-7, the representative data of plate no. 13 are given as an example. The details of each step are described in Methods.
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yeast genome (the entire data can be found in Supplemental Table
S1). Hereafter, we will refer to this analysis as “gTOW 6000.”

Figure 2 shows the copy number under the —Leu—Ura con-
dition determined in gTOW 6000. gTOW6000 was performed us-
ing 96-well microplates. We handled 244 plates, as we analyzed
two clones under two culture conditions for each gene. For the
purpose of data quality control and to obtain a negative control,
several empty vector experiments were performed for each plate
(a total of 230 measurements) (Supplemental Table S2). The aver-
age of the empty vector experiments is shown as the orange line
in Figure 2. To identify genes with significantly lower limits than
the empty vector control, we evaluated the copy number data
under the —Leu—Ura condition using Student’s t-test. In total,
919 genes had P-values <0.05, and 786 of them had lower copy
numbers than the vector average (genes surrounded by a blue-
dotted rectangle in Fig. 2). We thus considered the copy numbers
of these genes under the —Leu—Ura condition to be their CNLs of
overexpression. The average copy number of these genes was less
than 85. This finding conversely indicates that the other 5000
genes have similar or higher CNLs than the detectable CNL in
gTOW using pTOWug2-836, and suggests that the yeast cellular
system is generally robust against a nearly 100-fold increase in the
copy number of any one of 80% of its genes. Although some
genes displayed much higher limits than the vector average, there
was no reproducibility between the two clones (Pearson’s corre-
lation coefficient between the duplicates of genes with average
copy numbers of >250 was —0.26). We thus concluded that the
findings were reflective of experimental errors.

In gTOW, there should be a correlation between the CNLs and
max growth rates of low limit genes (Moriya et al. 2006, 2012). In

/-' 786 genes (p < 0.05)

1000 3

100

10

Copy number (-Leu-Ura)

addition, there should be a correlation between the copy numbers
under the —Ura and —Leu—Ura conditions (Moriya et al. 2006).
These expectations were confirmed in gTOW 6000 (Supplemental
Table S3). We next calculated the copy number causing 50%
growth inhibition in gTOW6000. To reduce the effect of experi-
mental errors, we first calculated the moving averages of max
growth rates and CNLs for 100 of the 786 genes with significantly
low CNLs (Supplemental Fig. S4A). To approximate the relation-
ship between CNL and max growth rate (Supplemental Fig. S4B),
we derived a first dimension equation as follows: CNL = 49.24 X
[max growth rate] (R*=0.98). From the equation, the copy number
that gave 50% growth inhibition (max growth rate = 1.11) was
calculated to be 54.7 copies. If the target gene has a very low limit,
then the cells expressing the gTOW plasmid cannot grow under
the —Leu—Ura condition because they cannot produce sufficient
amounts of leucine (Moriya et al. 2006). We next evaluated the
lower limit copy number resulting in no growth in gTOW 6000. We
calculated the moving averages of max growth rates as described
previously in this section. For each bin, we then counted the
number of genes displaying no growth (max growth rate is set as
0.1; see Methods) in both of the duplicated experiments (i.e., fre-
quency of no-growth) (Supplemental Fig. S5A). To approximate the
relationship between frequency of no-growth and CNL (Supple-
mental Fig. S5B), we derived the following equation: [frequency of
no-growth] = —0.0002 X CNL?+ 0.0476 X CNL? — 3.6046 X CNL +
101.53 (R* = 0.996). We used this equation to calculate that a gene
with a CNL of 18.4 could not grow in 50% of cases in the gTOW
experiment.

By use of genome-wide screening, Sopko et al. (2006) pre-
viously isolated 767 S. cerevisiae genes that caused cellular growth
defects when overexpressed by the GAL1
promoter. As we isolated a similar number
of genes with low CNLs (786 genes), we
compared two data sets. As shown in
Figure 3A, only 161 of the 786 genes iso-
lated by gTOWG6000 overlapped with
those in the study by Sopko et al. (2006),
although the overlap was significant (P <
1.5 x 10~® chi-square test). The differ-
ence possibly arose from the difference
in the experimental systems for over-
expressing genes, as is discussed in the
Introduction. The difference was signifi-
cant when we separated isolated genes

O el L : i .
1| 501

Frameshift and segmentation analysis

115 dosage sensitive genes (Copy number limit < 10)

ABP1ACO1ACT1 AFT1 APE3 ARF1 ARF2 ATP4 AXL2 BFA1 BGL2 BIM1 BMH1 BMH2 CAJ1 CCW12 CDC14 CHO1
COF1 CRM1 DMA1 EFT1 EFT2 ERG2 ERG25 ERG28 ERG6 ERV14 ERV29 FAS2 FHL1 GAS1 GAT1 GIC2 GLN3
GSC2 GSP1 HAA1 HSF1 HSP150 KAP120 KAP122 KAP123 KAP95 KAR2 KES1 KIP3 MCM1 MKS1 MPC2 MSC1
MYO1 MYO4 NCE102 NDE1 NSR1 NUP116 OM14 OPI1 PEF1 PEP4 PER33 PET9 PIL1 PMP2 PMP3 PMR1
POM152 POR1 PPZ1 PPZ2 PRB1 PRK1 PSE1 PUB1 RPL15A RPLSA RPS12 RSC3 RSP5 SAC6 SCS2 SEC23
SEC31 SEC4 SFB3 SFP1 SLG1 SNA4 SOK1 SPC42 SRM1 SSE1 STE12 SUR4 TDH3 TED1 TEF1 TEF2 TIF4631
TIP41 TOM20 TOM40 TOM70 TPK1 TPK2 TPK3 TUB2 TUB3 VMA3 VPS4 WWM1 XDJ1 YMR122W-A YRB1

Figure 2. Copy number limits (CNLs) of S. cerevisiae genes determined by gTOW analysis. Genes
were ordered according to their average copy number determined by gTOW under the —Leu—Ura
condition. Each gene has two data points because of the duplication of the experiment. The orange line
and the transparent zone around the line indicate the average copy number with the empty vector and
the standard deviation, respectively. Genes that showed significantly lower limits than those observed in
the vector experiments (786 genes, P < 0.05) are surrounded by the blue dotted rectangle. Genes with
CNLs of 10 and less (dosage-sensitive genes [DSGs]) are surrounded by the red-dotted rectangle. A
confident set of DSGs isolated after frameshift and segmentation analyses (Fig. 4) is shown. The entire

data set is given in Supplemental Table S1.

1001 1501 2001 2501 3001 3501 4001 4501 5001
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T T

by their native expression levels (Fig.
3B). Highly expressed genes were signif-
icantly isolated as genes with low CNLs
in gTOW6000 (P =1.322 x 10~ "*in the
Mann-Whitney U-test), whereas this
finding was not replicated in the study
by Sopko et al. (2006) (P =0.7378 in the
Mann-Whitney U-test). Another differ-
ence between the two experiments was
the proportions of protein complex mem-
bers. The 786 genes isolated by gTOW
contained significant numbers of protein
complex members (Table 1), whereas the
767 genes isolated by Sopko et al. (2006)
did not contain many protein complex
members (Table 1). This might reflect the
fact that protein complex members tend
to be highly expressed (Supplemental
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the cause of the low CNL (for example,
see Supplemental Fig. S7A). Among the
155 genes with CNLs of 20 or less, the
frameshift mutants of 140 of these genes
displayed more than fivefold higher
CNLs than the wild-type genes or their
CNLs increased to the vector level (~100
copies) (Fig. 4B; Supplemental Table S4).
We thus verified that the original target
ORFs of these 140 genes determined the

—-e— gTOW6000

625
(Total 786)

0.0

15-2.0
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Figure 3.

Fig. $6). From these results, we considered that gTOW 6000 would
provide additional clues to understand the cellular effects of gene
overexpression, as this method isolated a different subset of genes
from previous promoter swapping experiments. Of the 161 over-
lapped genes (Fig. 3A), the highly expressed genes among the 786
gTOW 6000 genes were excluded (Fig. 3B), and the complex mem-
bers of 767 genes isolated by Sopko et al. (2006) were enriched
(Table 1), probably due to the characteristics of the opposite data
sets.

Isolation of low limit genes (yeast DSGs)

To further understand the characteristics of low limit genes, we
performed additional experiments to isolate a confident set of
genes with CNLs of 10 or less. We introduced a frameshift mu-
tation in each of the 182 genes to confirm whether the expression
of the protein but not that of the DNA and RNA elements de-
termined the limit (Fig. 4A). Frameshift analysis could also deter-
mine whether either of the bidirectionally overlapped genes was

2.0-25
25-3.0

Protein abundance (log)

Comparison of gTOW6000 data with data of another overexpression analysis performed
using promoter swapping. (A) Overlap of genes identified by the overexpression analyses performed by
Sopko et al. (2006) and in this study. (B) Distribution of genes identified by overexpression analysis
ordered by their native protein levels. Each bin contains genes ordered by their native protein levels
(Ghaemmaghami et al. 2003). The protein abundance unit is molecules per cell. Error bars, SEM.

CNLs (denoted as “fs verified” in Supple-
mental Tables S1, S4).

We further analyzed the 15 genes in
frameshift mutants that did not exhibit
increased limits (12 of them are indicated
by red circles in Fig. 4B). They were cate-
gorized as four different types of genes as
follows. (1) One of the overlapping ORFs
appeared to cause the low limits. The
cloned regions contained two overlap-
ping ORFs in cases of YFLOIOC/WWM 1-
YFLOIOW-A/AUA1 and YGL167C/PMRI-YGL168W/HURI. Be-
cause the frameshift mutants of WWM 1 and PMRI1 displayed in-
creased CNLs, we concluded that these genes were responsible for
the low CNLs. The result for YGL167C is shown in Supplemental
Figure S7A as an example. (2) Because both clones containing one
of the two neighboring genes (YNL024C-A/KSH1-YNL0O25C/SSN8)
exhibited low CNLs but the frameshift mutations did not in-
crease the CNL of either gene (Supplemental Fig. S7B), we con-
cluded that an RNA gene (NME1) caused the low limits. (3) For
genes for which the frameshift mutations did not increase their
CNLs but the cause could not be ascertained from their genome
annotations, we segmented the fragments into 5" UTR and ORF-3’
UTR fragments and measured their limits (Fig. 4A). Both the 5’
and 3’ segmented fragments of CPS1, FHL1, GRX3, HOM3, TPK1,
and TPK3 (underlined in blue in Fig. 4C) displayed increased
copy numbers. These ORFs may have been expressed from ATGs
other than the annotated ones. (4) The segmented fragments
(ORF-3" UTR) of ASE1, DIE2, IRC8, and SFP1 did not exhibit in-
creased CNLs (underlined in red, Fig. 4C). For DIE2 and IRCS8, we

3.0-35
35-4.0
40-45
45-5.0
5.0-5.5

Table 1. Characteristics of DSGs
Protein complex Genes with no. Genes with no. Intrinsic protein Yeast Essential
members® of PPIs 21° of PPIs 25" disorder (2150)¢ ohnologs? genes®
Yeast DSG' 69.6% (80/115) 75.7% (87/115) 36.5% (42/115) 23.5% (27/115) 34.8% (40/115) 26.1% (30/115)
(limit <10)
P-value 9.05x 1077 7.80 x 10 '° 1.5 10770 3.43x 1077 221 x10°° 2
gTOW6000 786  61.5% (483/786) 60.3% (474/786) 25.7% (202/786)  24.8% (195/786)  27.2% (214/786) 27.4% (215/786)
genes
P-value <2, 2% 1070 937 x 107'° <22 % 10718 <2.2 % 10716 3.23x 10710 9.90 x 1078
Overlapped 161 62.7% (101/161) 64.6% (104/161) 29.8% (48/161) 32.3% (52/161) 34.8% (56/161) 28.0% (45/161)
genes
P-value 4.06 x 107° 1.37 x 107° 1.40 x 1077 4.91 x 10712 3.75 x 1077 0.01705
Sopko 767 genes 46.0% (353/767) 57.4% (440/767) 21.1% (162/767)  26.2% (201/767)  21.8% (167/767) 20.9% (160/767)
P-value — 3.92 % 1077 3.08 X 1077 <2.2 X107 3.91 x 1072 =

All genes

46.5% (2690/5783)

47 .4% (2742/5783)

14.9% (863/5783)

13.6% (786/5783)

19.0% (1098/5783)

20.2% (1168/5783)

?Protein complex components (mips; ftp://ftpmips.gsf.de/yeast/catalogues/complexcat/complexcat_data_18052006).

bprotein—protein interactions (dip; http://dip.doe-mbi.ucla.edu).
SIntrinsic protein disorder (Vavouri et al. 2009).
dyeast ohnolog (http://wolfe.gen.tcd.ie/ygob/).

Essential genes (http://www-deletion.stanford.edu/YDPM /YDPM_index.html).
fComplete data set for yeast DSGs is given in Supplemental Table S5.
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