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Fig. 1. A massively parallel microchemostat array for culturing 1,152 yeast

strains. (A) Design of the microchemostat array with ow and control layers
in blue and red, respectively. ( B) Detailed schematic of a pair of micro-
chemostats. (C) lllustration of the chip programming process.

nutrients are supplied by diffusion to each growth chamber (SI
Appendix, Fig. S5). The arrayed cells start to divide and eventually
occupy all available space in the michrochemostat. Once the
microchemostats are confluent, cells are prevented from escap-
ing the bottom of the growth chamber by the shallow sieve
channels. Cells thus are pushed out the top of each micro-
chemostat, where they are carried away by the medium stream and
consequently eluted from the device. Michrochemostat cross-
contamination is avoided because there is no active flow through
the microchemostats. Furthermore, once the growth chambers are
confluent, cells cannot invade other microchemostats (S| Appen-
dix, Movie S1). Details of cell arraying, device priming, and on-
chip cell culturing are given in the SI Appendix, and SI Appendix,
Movies S1-S3 show on-chip cell growth.

To achieve high-quality imaging each strain was grown as
a monolayer by using an active method to push down on the
5- m-high microchemostat roof (Fig. 1B and SI Appendix, Fig.
S1). The microfluidic device was placed on an automated fluo-
rescence microscope to image each microchemostat in phase
contrast and fluorescence at 90x magnification and 20-min time
resolution (SI Appendix, Fig. S3). We determined the on-chip
doubling time to be 129 min, which is comparable to a batch
doubling time of 120 min (SI Appendix, Fig. S7).

Image Analysis. Image analysis was accomplished with a custom-
written software pipeline that automatically conducts all pro-
cessing steps, including chamber segmentation, cell segmenta-
tion, background correction, signal deconvolution, and protein
localization analysis (S| Appendix, Figs. S8-S13). Cell segmen-
tation is accomplished in two steps. First the images were seg-
mented using a watershed, followed by the precise segmentation
of cells using ovuscules and e-snakes (S| Appendix, Fig. S8B). Using
a virtual cell sorting algorithm, we achieved a specificity of 92.3%
for correctly segmented cells (SI Appendix, Figs. S8C and S12).
Aside from being extremely labor intensive, we found that
manual annotation of protein localization can be error prone,
with often limited overlap between two independent annota-
tions. To eliminate our dependency on manual scoring we de-
veloped algorithms to quantify protein localization (SI Appendix,
Fig. S8 D and E). We implemented a fuzzy classification ap-
proach that returns the probability of a cell to display any mix-
ture of six main spatial patterns defined as (i) periphery (cell
membrane), (ii) structure (endoplasmic reticulum, golgi, vacu-
ole, etc.), (iii) punctate (cytoplasmic or nuclear foci), (iv) disk
(nuclear and nucleolar), (v) corona (cytoplasmic), and (vi)
homogeneous (no detectable localization) (SI Appendix, Fig.
S8D). This classifier allowed us to determine subcellular protein
localization, to detect protein localization changes, and to
quantify the timing of localization changes. The probability
vectors of the six spatial patterns carry sufficient information to
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distinguish similar subcellular localizations, such as nuclear
(Hhf1) and nucleolar (Utp10) (SI Appendix, Fig. SS8E), and can
be mapped back to physiologically relevant localization classes as
defined by Huh et al. (5) (SI Appendix, Figs. S8F and S31-S34).
The analysis returned a comprehensive set of data including
single-cell protein abundance, noise, localization, and morpho-
logical features such as cell size (SI Appendix, Fig. S8G and
Movie S4). Details can be found in SI Appendix.

Data Overview and Platform Performance. With 22 microchemostat
devices we captured 23,040 movies, of which 16,731 (72.6%)
passed a stringent quality filter (SI Appendix, Table S2). These
16,731 movies consisted of 21 x 10° images, from which we ana-
lyzed a total of 1.5 x 10% cells, with an average of 199 cells
quantified per image. By comparison, the original University of
California, San Francisco (UCSF) yeast-GFP collection consisted
of 14,562 images (5), the study by Tkach et al. collected 74,664
images (6), and the entire University of Washington - Yeast Re-
source Center (UW-YRC) currently contains ~1.2 x 10° images.
Overall we performed the equivalent of more than 10,000 unique
experiments. All data can be accessed at cellbase.epfl.ch.

We imaged the complete GFP library (4,159 strains) growing
for 6 h in standard conditions (SD-his, 20 g/L glucose), followed
by a switch to medium containing 0.03% MMS for 7 h. We
achieved a coverage of 4,085 strains (98.2%) (SI Appendix, Fig.
S17). On the basis of this dataset, we manually selected a subset
of 576 strains for which we observed protein abundance or lo-
calization changes in response to MMS. This subset was further
analyzed under five additional conditions: (i) 0.2 M HU, (ii) low
MMS (0.0075%), (iii) MMS pulses, (iv) UV pulses, and (v)
hyperosmotic shock (1 M sorbitol).

We used 2,580 duplicate movies to assess the repeatability of
our measurement. The mean and SD of the raw intensity values
correlated well between two independent repeats (RZ,, = 0:91) and
were stable over the entire recording period (SI Appendix, Fig.
S16). The correlations were slightly weaker after deconvolution
owing to low protein abundance in many strains (RZ, = 0:96,
R;"Og =0:43, and Rs = 0:72) (Fig. 2A), and the relationship between
protein noise and abundance was similar to that in previous
experiments (S| Appendix, Fig. S14) (4, 13, 14). Our measurements
were also in good agreement with a FACS measurement
(RZ, = 0:74; SI Appendix, Fig. S20) (4), a recent microscopy study
(Rigg = 0:72; SI Appendix, Fig. S21) (6), and with two methods for
determining absolute protein abundance: tandem affinity purifi-
cation (TAP) western (R,2og =0:78) (15) and mass spectrometry
(R,ZOg =0:84) (SI Appendix, Fig. S14) (16). The latter correlations
allowed us to derive a calibration curve converting arbitrary
fluorescence values to absolute numbers of proteins per cell.

9

Protein Abundance Changes. To identify proteins whose abun-
dance changed upon MMS treatment, we compared the mean
abundance values of the last three time points with pre-MMS
levels. A total of 124 proteins exhibited a significant fold increase
(P < 0.01, >threefold) (Fig. 2 B and C). Surprisingly, no proteins
were observed with a significant fold decrease. Cells thus accu-
mulated protein upon MMS treatment (Fig. 2B, orange line). A
similar result was recently observed for ~2,500 proteins mea-
sured from bulk populations by mass spectrometry in response to
osmotic shock (17). At steady state, protein abundance is de-
termined by synthesis, degradation, and dilution rates. Cells
arrested within 1 h upon exposure to MMS, effectively elimi-
nating dilution (SI Appendix, Fig. S22). We note that low-abun-
dance proteins could be actively degraded but that their absolute
change in abundance is below the current sensitivity limit. Nev-
ertheless, no medium- or high-abundance proteins were observed
to significantly decrease upon MMS treatment. The same was
observed for the subset of 576 proteins measured in the five ad-
ditional stress conditions (SI Appendix, Figs. S26-S30), suggesting
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that yeast cells rely on dilution for the removal of medium- to
high-abundance proteins, rather than expending energy in active
degradation, under the stress conditions examined here.

We determined the timing and accumulation rates of the 124
up-regulated proteins. Accumulation rates ranged over 3 orders
of magnitude, from ~100 to 100,000 proteins~cellfl-h71. The rate
was independent of initial protein abundance and inversely cor-
related with time to induction (Rs = —0.60; Fig. 2D). For proteins
that increased in low MMS or MMS pulses, the time to induction
was longer compared with high MMS, and accumulation rates
were lower, showing that timing and rates are interdependent (SI
Appendix, Fig. S25).

It is known from gene expression studies that mRNA levels are
globally altered within 30 min after MMS exposure (SI Appendix,
Fig. S24) (18). We tested whether mRNA induction times cor-
related with observed protein induction times but found that
mRNA and protein induction times did not correlate (Rs = 0:15;
Fig. 2D and SI Appendix, Fig. S24). This suggests that yeast cells
optimize protein accumulation to temporally control the in-
crease in protein abundance rather than timing transcript in-
duction. A poor correlation was also observed between protein
and mRNA fold changes in our dataset (S| Appendix, Fig. S23)
and by Tkach et al. (6), but a similar comparison of protein and
mRNA levels during a diauxic shift showed better correlations
between fold change and timing (16). Posttranscriptional mecha-
nisms therefore seem to play a significant role in determining
protein induction timing and abundance levels in response to
MMS. An additional confounding factor may be the fact that MMS
arrests cells, which may amplify differences between mRNA and
protein. Protein levels therefore may correspond well to mRNA
levels in steady-state growth but do so poorly during transitions.

Protein Localization Changes. We determined the extent and dy-
namics of protein relocation events upon MMS treatment. On
the basis of a manual analysis, and confirmed quantitatively using
our computational approach, we identified 118 proteins that
change localization (Fig. 3), of which 81 were not identified in
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the global analysis performed by Tkach et al. (6) (SI Appendix,
Fig. S43). We quantitated the coordinated transition from the
nucleus to the cytoplasm of Mcm2p, Mcmd4p, Mcm6p, and Mcm7p.
The minichromosome maintenance proteins form a complex,
and synchronous transitions occurred over a range of 115-135
min after MMS, exemplifying the accuracy of our temporal
analysis (SI Appendix, Fig. S35).

The 111 relocating proteins could be grouped into five major
transition classes: transitions between cytoplasm and nucleus (28
proteins), transitions from the nucleus to nuclear foci (11 pro-
teins), nuclear periphery aggregations (21 proteins), formation
or dissolution of cytoplasmic foci (33 proteins), and transitions
between the cell interior and the cell membrane (18 proteins)
(Fig. 3A). Predominantly, proteins shuttled between two loca-
tions. Exceptions to this rule were rare. One example was Rnr4,
which could localize to three distinct structures, including the
nucleus, cytoplasm, and to a lesser degree puncta.

The group of 33 proteins forming cytoplasmic protein aggre-
gates was functionally diverse and included enzymes, heat shock
proteins, protein transporters, and uncharacterized proteins. The
largest subclass consisted of P-body components (Edc3, Lsml,
Pbyl, Xrnl, Patl, Lsm7, Dcp2, Depl, Scd6, Dhhl, and Lsm3).
P-bodies are cytoplasmic mRNA processing bodies (19), but it is
unclear whether P-bodies degrade mRNA, serve as sites for
mRNA storage, or both (20, 21). P-bodies have been observed to
form in response to a number of cellular stresses, primarily upon
nutrient starvation, and have been indirectly implicated with the
DNA damage response (22) and more recently in response to
HU but not MMS (6). P-bodies were observed in Candida albi-
cans upon various stresses, including UV irradiation (23). A
recent investigation in S. cerevisiae observed formation of cyto-
plasmic foci upon UV irradiation but identified these as a new
class of UV-induced granules (24). To assess whether P-body
formation was specific to DNA damage and not due to general
stress induced by MMS or HU exposure, we tested whether
P-bodies formed in response to UV irradiation. We found that
P-bodies formed rapidly in response to UV irradiation, which
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