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REVIEWER COMMENTS
Reviewer #2 (Remarks to the Author):

The manuscript ‘Simultaneous proteome localization and turnover analysis reveals spatiotemporal
features of protein homeostasis disruptions’ by Currie et al. establishes SPLAT, a mass
spectrometry based proteomics approach that links the temporal component of protein turnover
with spatial information of protein localization by combining heavy isotope labeling by SILAC with
subcellular fractionation and tandem mass tag (TMT) labeling. The authors use this approach to
decipher organelle-dependent differences in protein turnover rates upon ER stress, and to identify
stress-induced localization changes of pre-existing and newly synthesized proteins during stress.
Lastly, the authors apply SPLAT to a cellular cardiotoxicity model to investigate temporal and
spatial proteome changes upon treatment with the proteasome inhibitor carfilzomib at cardiotoxic
concentrations.

The manuscript covers a very interesting topic and the authors combine their proteomics analyses
with a wide range of computational approaches. However, the overall novelty remains limited.
While the SPLAT technique is a useful tool to monitor dynamics in cellular stress responses, the
data interpretation in this manuscript does not provide sufficient new mechanistic insights on
proteomic changes in reaction to protein folding stress. More importantly, validation of the method
or findings is missing. Perhaps the collected data could be of some use if made available.

Major comments

1) The manuscript relies on several assumptions, which are not convincing to me and validation is
lacking. E.g. how do the authors account for possible (and reported) changes in ER morphology
upon induction of the UPR? These could explain the observed changes in proteins localizing to
different fractions without them being in different subcellular compartments. ER protein import is
co-translational. How would the observed differences be achieved, in a SRP-independent manner?

2) There needs to be some form of validation that the method indeed identifies protein in the ER

(or other compartments). How reliable is the fractionation method? Some digestion method (e.g.

proteinase K) needs to be applied to distinguish proteins inside the organelle from proteins bound
to the organelle.

3) TMT experiments shot by MS2 have inherent issue with ratio compression. Consequently, the
field has moved to MS3 measurements, including the cited paper (Dephoure 2012) describing
SILAC plus TMT approaches. Why were the samples not shot with MS3? How was ration
compression controlled?

4) To my understanding (a clear description in the figures or legends is missing), the SILAC-TMT
data are based on duplicates. Considering that the manuscript is entirely based on proteomics
data, duplicates are not sufficient. P-values must not be calculated from duplicates. Whether p-
values have been corrected, as required for such experiments, is not apparent from the
manuscript.

5) It is difficult to judge the validity of the SPLAT method without any experimental validation.

6) Relocalization studies require more validation in order to validate the accuracy of the assay. E.g.
do known UPR mediators show expected relocalization? Biochemical validation of mentioned
translocator candidates that show prominent relocalization is required.

7) Half-lives and turnover rates are calculated based on one time point (in duplicate) that is much
earlier than the calculated half-lives. This is not sufficient. Proper time-courses covering beyond 10
days are required to calculate half-lives. This is particularly important since the authors claim that
the single time points used are based on protein half-lives, which consequently need to be
accurate.

8) ER stress is a transient response that typically shuts itself off via feedback loops since prolonged



activation induces apoptosis. Why were such a long treatment time chosen (16h)? Does it lead to
cells death? Are UPR markers of the integrated stress response (i.e. elF2alpha phosphorylation,
detectable ATF4 and CHOP protein levels) still detectable by Western blot? This issue is even more
pronounced for the conditions of inhibiting the proteasome for 48h. Is there any induction of cell
death? Considering the surprising lack of changes in protein degradation, experiments are required
to show that the proteasomal function is actually inhibited over the time span of 48h. Is there a
concurrent induction of autophagy as the other major protein degradation pathway in cells?

9) UPR activation leads to an extensive shutdown in protein translation via the integrated stress
response. How do the observed changes in translation compare to published observation and how
is this difference accounted for in the analyses?

Minor and specific comments
Figure legends have to explain abbreviations and give number of replicates.

Supplemental tables should have a cover page with a title, figure cross-reference and explanation
of the columns.

Labeling in figures should be consistent (e.g. Fig. 2A, B).

Panels in figures do not appear in the order as they are discussed in the results section, please
reorder.

137: add reference for LOPIT approach, revise sentence

187-192: some fold changes do not match the median values shown in Figure S1

235-236: unclear what the authors are trying to say

256-259: include references for suppression of protein synthesis through ribosome remodeling
268-271: where do the numbers (FC, p-values) come from, please make accessible in a table.
Proteins mentioned here are not shown in the figure.

280-285: discussed data is not shown

315-326: discussed data is not shown in a figure or provided as table

355-356: tunicamycin data are not shown. Either show data or remove from the results section.
356: refer to Fig. 4A

360: typo ‘sediment’

367-368: add references for ‘previously known translocators’

367-371: proteins mentioned here are not the ones highlighted in the figure

380: refer to Fig. S3A

380-383: where can this data be found?

408-410: discussed data is not shown

412-414: refer to Fig. 4A

412-417: most mentioned proteins are not shown in the figure. What is the interpretation, could
this be explained by autophagy activation?

419: refer to Fig. S3B

429-430: give examples of stress response proteins that are found in this group

462-466: where can this data be found?

468-470: where can this data be found?

477-479: tunicamycin data is not shown

493-503: an alternative explanation would be folding stress induced stalling of protein trafficking
along the secretory pathway, which is even stated in the abstract (line 37-40)

519-520: title is somewhat misleading because the utilized PI concentration did not cause
sufficient inhibition of proteasomal degradation, as shown in Fig. 6B

536-537: add references for prior reports

538: typo ‘hands’

564-567: refer to Fig. 6D

567-569: are the protein half-lives provided anywhere?

573-574: how many of these proteins showed differential localization upon stress?

642-644: immunofluorescence cannot distinguish between old/new protein pool; hence, these
results do not support the finding that only the young protein pool shifts location. Please rephrase.
644-649: please be careful with interpretation of the results (as stated for lines 493-503).



Otherwise provide additional data that support the ‘ligand-independent EGFR internalization’
hypothesis.
675-676: show data or give reference

Figure 1B: think about emphasizing temporal information gained in MS1 and spatial information
gained in MS2

Figure legend 1B: not clear that ‘SILAC light’ (used in figure) is the same as ‘unlabeled’ in the
legend. Not clear that *“+R[10.0083]’ (used in figure) refers to heavy Arg.

Figure 2B: what was the reason to test against ribosomal proteins?
Figure 2C: it is unclear how one time point is sufficient for such analyses
Is the data shown in Figure 2 provided as a table?

Figure legend 2B: which statistical test was used?

Figure 3C is not discussed in the results section

Figure 4: ER stress is known to cause ER membrane expansion and remodeling. This might alter
the sedimentation behavior of the ER fraction in the LOPIT-DC protocol and provide an explanation
for the appearance of the peroxisome/ERV fraction.

Figure 4B: include LOPIT color code legend

Figure 5A: include LOPIT color code legend

Figure 5C: scale bar missing

Figure legend 5D: Figure does NOT include ‘associated subcellular localization changes’ as stated in
the legend. Please remove.

Figure 6C: what was the reason to test against ribosomal proteins?

Supplemental table S1 does not include data with tunicamycin

Reviewer #3 (Remarks to the Author):

The present study utilized a combination of in vivo dynamic SILAC metabolic labeling and TMT
labeling of spatially separated fractions, known as the SPLAT strategy. Initially, these techniques
were applied to investigate human AC16 cells, a transformed cardiomyocyte line, as well as
induced pluripotent stem cell (iPS)-derived cardiomyocytes. The authors focused on studying the
effects of two common unfolded protein response (UPR) models, thapsigargin and tunicamycin, on
the proteome in AC16 cells. They observed a more severe slowdown in lysosome protein turnover
compared to the endoplasmic reticulum. Additionally, the SPLAT strategy was employed to study a
cardiotoxicity model using human iPS-derived cardiomyocytes exposed to the proteasome inhibitor
carfilzomib. This analysis revealed potential disruptions in carbohydrate metabolism and
contraction proteins as mechanisms underlying carfilzomib-induced cardiotoxicity. An advantage of
the SPLAT strategy is its ability to simultaneously encode temporal and spatial protein information
through isotope labels in the MS1 and MS2 levels.

1) Figure 1, the number of independent experiments and the observed variation between
independent replicates were not explicitly mentioned. It would be beneficial for the authors to
provide this information to better understand the reliability and reproducibility of the results.

2) In Figure 2B, it is highlighted that the protein turnover change is highest in the
nucleus/chromatin compartment. However, there may be concerns about potential misannotation
since the heavy labels in Figure 1E show significant overlap between nuclei/chromatin and
ribosomes. The authors should address this issue and provide further clarification to ensure
accurate annotation of the compartments.

3) The "t" in the legend of Figure 2B likely refers to the "t-test." It is important for the authors to
mention whether they performed adjustments for multiple comparisons?

4) To address the potential for cross-contamination during fractionation of subcellular
compartments, it would be valuable to confirm more translocation events using immunostaining



techniques. For example, in addition to EGFR, the authors should consider examining the
translocation of newly synthesized cathepsin A from the lysosome to the peroxisome (Suppl Figure
4) with tunicamycin and the translocation event of newly synthesized ITGAV to the ER fraction in
the presence of thapsigargin (Suppl Figure 5).

5) Since the fractionation of subcellular compartments is achieved through ultracentrifugation, it is
necessary to demonstrate whether the isolation process preserves the integrity of cellular
organelles under protein misfolding stress or cardiotoxicity, particularly in comparison to untreated
cells.

6) Considering the authors' previous publication on cardiac remodeling (Nat Commun 2018) and
the reported similarity of turnover among interacting partners, it would be valuable to compare the
protein turnover in AC16 cells to that in mouse hearts. This comparison would provide insights into
the generalizability of the results from AC16 cells. Alternatively, similar experiments should be
conducted in other cardiomyocyte-like cell types, such as iPS cells.

7) The phenomenon of "end-membrane stalling" is intriguing, but it is important to explore the
functional consequences associated with it. Additionally, the finding that newly synthesized
proteins are more likely to translocate could be explained by their lack of incorporation into protein
complexes. The authors should explore these potential functional consequences and provide
further insights into the implications of their findings.

8) The findings regarding the mechanism of carfilzomib cardiotoxicity would benefit from in vivo
validation. It is important to investigate whether the disruptions of carbohydrate metabolism and
contraction proteins can be reversed or attenuated to mitigate cardiotoxicity. In vivo experiments
would provide a more comprehensive understanding of the therapeutic implications.

Minor:

e When mentioning the potential impurities in TMT tags leading to spillover to neighboring
channels, it would be helpful for the authors to include a reference or provide supporting evidence
for this statement.

e There is a typo in the phrase "proteins turnover rate." It should be "protein turnover rate."

e In Figure 5C, the confocal images of EGFR lack isotype controls. The authors should consider
including isotype controls to ensure proper interpretation of the results.



Reviewer #1 (Remarks to the Author):

Currie and co-authors present SPLAT, an integrated spatial proteomics and turnover analysis
approach. The idea of SPLAT has been desired for many years amongst the spatial proteomics
community but has remained elusive because of some of the technical difficulties in the
processing of the data and the care needed to ensure reproducibility. The method and data
presented are very interesting and are well show-cased in the manuscript, which | enjoyed
reading. There are a few limitations that are worth addressing but | believe the manuscript is a
sufficient advance that additional experiments would add value but are not needed.

General comments

The results on SCL3A2 are interesting - did the authors look at microscopy analysis of this
translocation?

Did the authors perform any analysis to check that pulsed SILAC strategy did not introduce any
confounding effects? For example, control with and without pulsed SILAC?

I must confess that | am not an expert on ER stress, why was 16 hours chosen as the relevant
time point? Was this decided through some initial experimentation?

Are the light and heavy samples fractionated together, or just the MS is at the same time?

The authors mention that TMT impurities may cause issues. | did not fully understand what was
done to the data when the authors mention corrections in lines 159-162. Perhaps the authors
could expand in the methods section? On a related note, the authors can randomize the TMTs
across the spin speeds to avoid some of this confounding so that neighboring TMTs are not
neighboring spin speeds. Could the authors clarify which TMTs went with which spin speeds?

The narrow isolation window and extensive offline fractions was sensible if SPS-MS3 was not
used. Could the authors clarify the pooling strategy used for the 20 peptide fractions?

Bioinformatics analysis

The authors mention that an 0.99 threshold was used, but it is not clear what this means for an
FDR. This can be calculated as the average error rate above the chosen threshold.

There are quite some number changes which may be difficult to prioritize. Some strategies that
can help:
1) Bandle does not explicitly take into account the paired design, so you can run the
method pairwise for each replicate across conditions.
2) Bandle is better calibrated when thresholding also on the outlier probability
3) Did the authors check that for differential localisation that the same (and enough)
peptides were measured for both samples. Heuristically, having at least two peptides
that were quantified in both is desirable.



4) The authors can run bandle between replicates and filter any hits out of these out of
differential localisation results.= - this is especially useful when there are only two
replicates and so the results are poorly averaged over replicate-replicate variability.

5) One must be careful about unannotated compartments in these analyses. Did the
authors check whether exosome or endosome markers are enriched in their list of
differential localisations?

Minor Comments:

1) The reference to the LOPIT-DC paper is missing on page and | think this acronym
should be spelled out on first use.

2) \log is a symbol and so is always lower case, some figures have uppercase L. In fact,
Log is something else mathematically

3) Figure 2 the p-values are difficult to read

4) Figure 3A Replicate 2 Tunicamycin the PCA plot is mirrored, this happens because PCA
is invariant to reflection. You should be able to specific mirrorY = TRUE to fix this

5) Figure B and C, | think using the same diverging color scale is confusing and C would
definitely benefit from a gradient rather than have 0 as white.

Oliver Crook (University of Oxford)



Response to Reviewers

Reviewer #1 (Remarks to the Author):

“Currie and co-authors present SPLAT, an integrated spatial proteomics and turnover analysis

approach. The idea of SPLAT has been desired for many years amongst the spatial proteomics community but
has remained elusive because of some of the technical difficulties in the processing of the data and the care
needed to ensure reproducibility. The method and data presented are very interesting and are well show-
cased in the manuscript, which | enjoyed reading. There are a few limitations that are worth addressing but |
believe the manuscript is a sufficient advance that additional experiments would add value but are not
needed.”

Response: We thank the Reviewer for the supportive comments and for sharing our enthusiasm on the study.
In response to the comments, we have incorporated major improvements to the manuscript, including:

e We now include a BANDLE thresholding strategy for outliers, estimated FDR, bootstrapping estimate,
to prioritize differential localization events

e We now use a two-peptide rule for TMT data for localization analysis as recommended.

e \We have performed microscopy analysis of SLC3A2 translocation as recommended.

In our view the Reviewer’s helpful suggestions have led to a much-improved manuscript. Please see below
for our itemized responses.

General comments

Reviewer 1 Comment 1: “The results on SCL3A2 are interesting - did the authors look at microscopy analysis
of this translocation?”

Response: In response to the Reviewer’'s comments, we have now performed a new microscopy analysis
using anti-SLC3A2 antibodies in untreated and thapsigargin-treated human AC16 cells. The microscopy
analysis corroborates a change in localization as reflected by a decrease in co-localization index with anti-
LAMP?2 signals (lysosome marker). The data are now included in the new Figure panels 3D-E in the revised
manuscript.



® CYTOSOL

D ® ER

® GA
LYSOSOME
MITOCHONDRION
NUCLEUS

® PEROXISOME
PM

® PROTEASOME
RIBOSOME

Untreated

CHROMATIN
® CYTOSKELETON
UNCLASSIFIED

Correlation K
RFP:GFP
T-test, p=3e-08

LAMP2 DAPI SLC3A2
Thapsigargin

0.50
0.25
LAMP2 DAP|I SLC3A2 Untreated Thapsigargin

Figure 3D. Immunofluorescence of SLC3A2 (red) against the lysosome marker LAMP2 (green) and DAPI (blue). Numbers
in cell boundary: colocalization score per cell. Scale bar: 90 um. E. Colocalization score (Mander’s correlation coefficient)
between SLC3A2 and LAMP2 decreases significantly (t-test P value: 3e-8) following thapsigargin treatment, consistent
with movement away from lysosomal fraction (n= 205 normal cells, n = 32 thapsigargin treated cells).

In addition, the main text has been modified to refer to the new figure panels:

Main text, Results, line 310 “The change in localization of SLC3A2 is corroborated by
immunostaining (Figure 3D), which shows a decrease in co-localization between SLC3A2 and lysosome
marker LAMP2 upon thapsigargin treatment (Figure 3E).”

Reviewer 1 Comment 2: “Did the authors perform any analysis to check that pulsed SILAC strategy did not
introduce any confounding effects? For example, control with and without pulsed SILAC?”

Response: We have not observed any difference that pulsed SILAC has introduced to the AC16 cells in terms
of proliferation rate or viability. Since the SILAC labeled K/R amino acids are added back to K/R depleted
DMEM/F12 media to match the normal concentration of lysines and arginines found in normal DMEM/F12
media precisely (i.e., no total change in amino acid concentrations), we do not expect there to be severe
confounding effects introduced by pulsed SILAC.

To explore this issue further in response to the Reviewer’s comments, we have performed a new
analysis using an orthogonal method to measure the turnover rates of proteins in human AC16 cells and
assess whether the SILAC labeled K/R led to differences in overall label utilization. Heavy water (D.O) labeling
presents an orthogonal method to pulsed SILAC to measure the turnover rates of proteins while avoiding
potential issues such as stimulation of protein synthesis from free amino acids (e.g., see our prior publications
(Hammond et al., 2022; Lau et al., 2018). In our hands from replicate analysis of human AC16 cells labeled
with 6% D,0 (n=5), we find very similar protein half-life distributions between D,O and SILAC, with the median
protein half-life in D.O labeling being 19.1 — 19.9 hours (compared to 19.7 hours among common protein
groups in SILAC). Likewise, we observed very similar half-life distributions in thapsigargin-treated samples
with the median protein half-life in D.O labeling being 37.2 — 39.6 hours (compared to 37.9 hours among
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common proteins in SILAC) (see Reviewer Figure R1). These results are consistent with minimal confounding
effects from pulsed SILAC on cellular protein dynamics.
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Reviewer Figure R1: Histograms of log10 protein turnover rates measured from heavy water labeling, which measures
protein isotope incorporation kinetics without introducing free amino acids unlike pulsed SILAC. Rows: control vs.
thapsigargin treated AC16 cells; columns: replicates (n=5); black dashed line: median half-life in D,O across the
replicates; red: median half-life in SILAC among shared proteins.

Reviewer 1 Comment 3: “/ must confess that | am not an expert on ER stress, why was 16 hours chosen as
the relevant time point? Was this decided through some initial experimentation?”

Response: The dosages and durations were determined based on accepted range in the literature to model
the effect of ER stress on cellular pathologies in cardiac and cardiac-like cells.

For thapsigargin, a treatment of 12 to 18 hours in the ~1 pM range was used with minimal loss in cell
viability (Ghosh et al., 2023; Stoner et al., 2020); whereas treatment of 24 hours or beyond have been
observed to induce apoptosis (Chen et al., 2019; Stoner et al., 2020). Specifically, Stoner et al. used 0.5 uM
thapsigargin for 18 hours in human AC16 cardiac cells to induce ER stress and observed increased XBP1 and
ATG6 expression; whereas Ghosh et al. treated AC16 cells for 0.5 pM thapsigargin for 16 hours in human
AC16 cardiac cells to induce UPR and show upregulated PERK and XBP1 (Ghosh et al., 2023). Chen et al.
used 1 pM thapsigargin in rat H9c2 cardiac myotubes and primary neonatal rat cardiomyocytes for 12 hours
to induce ER stress as evident by BiP induction (Chen et al., 2019). On the other hand, 1 uM thapsigargin
treatment for 24 hours in induced apoptosis in two studies (Chen et al., 2019; Stoner et al., 2020).

For tunicamycin, a range of timepoints from 4 to 18 hours have been used in the literature, and we
have opted to stay within this range while maintaining a 16 hour treatment window to allow drug treatment
and heavy SILAC amino acids to be applied concurrently, and for ease of comparison with thapsigargin. For
instance, Palomar et a.l used a higher dose of 5 ug/mL for 4 hours in human AC16 cardiomyocytes to induce
ER stress as evident by BiP and ATF3 (Palomer et al., 2014). Toro et al. used 2 uM (~1.6 pg/mL) for 6 hours
and 18 hours in human AC16 cardiomyocytes to induce ER stress as evidenced by BiP (GRP78) increase
(Toro et al., 2022). Siltanen et al. used up to 0.3 pg/mL tunicamycin for 24 hours in primary fetal rat cardiac
cells to activate protective UPR (Siltanen et al., 2016). On the other hand, Liu et al. used 1 pg/mL tunicamycin
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for 36 hours to induce apoptosis in cultured neonatal rat cardiomyocytes with about 30% drop in viability (Liu
et al., 2012).

The doses and duration we used are therefore within the range of cardiac cells in the literature. We
observed a loss of proliferation rate but not viability. In addition, in the revised manuscript, we how show that
the thapsigargin and tunicamycin led to statistically significant induction (limma FDR adjusted P < 0.01) of
established ER stress markers (Glembotski, 2007), including the major canonical marker BiP (GRP78/HSPA5),
ASNS, HERPUD1, HSP90B1, PDIA4, and PTX3 in thapsigargin; and BiP, ASNS, CALR, CANX, DNAJB11,
DNAJC3, HERPUD1, HSP90B1, HSPA13, HSPA5, and PDIA4 in tunicamycin. These results support the ER
stress induction dosage and time point and are now presented in Figure 2A and Figure 5A in the revised
manuscript.
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Figure 2A. Bar charts showing activation of known ER stress markers upon thapsigargin treatment for 8 hours and 16
hours. X-axis: ER stress markers; y-axis: expression ratio (n=6 normal AC16; n=3 thapsigargin). *: limma adjusted P <
0.01; **: limma adjusted P < 0.001; ***: limma adjusted < 0.0001.
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Figure 5A. Bar charts showing activation of known ER stress markers upon tunicamycin treatment for 8 hours and 16
hours. X-axis: ER stress markers; y-axis: expression ratio (n=6 normal AC16; n=3 tunicamycin). *: limma adjusted P <
0.01; **: limma adjusted P < 0.001; ***: limma adjusted P < 0.0001.

Reviewer 1 Comment 4: “Are the light and heavy samples fractionated together, or just the MS is at the same
time?”

Response: With the dynamic SILAC labeling strategy we have employed, the cells were cultured in light
media and then swapped to heavy media for 16 hours (for AC16 cells) or 48 hours (in for iPSC-CMs). Since
the majority of the protein pools are not labeled to saturation, we see heavy and light peaks for a given
peptide species from the same sample. In this way the heavy and light proteins that came from the same cell
culture are digested, tagged, and fractionated together.
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Reviewer 1 Comment 5: “The authors mention that TMT impurities may cause issues. | did not fully
understand what was done to the data when the authors mention corrections in lines 159-162. Perhaps the
authors could expand in the methods section? On a related note, the authors can randomize the TMTs across
the spin speeds to avoid some of this confounding so that neighboring TMTs are not neighboring spin speeds.
Could the authors clarify which TMTs went with which spin speeds?”

Response: Because the TMT isobaric tags are not 100% isotopically pure, up to ~8% of the channel intensity
from a tag can be found to spill over to neighboring channels. The isotopic contamination matrix is provided
by Thermo for each lot of TMT, which can be used to calculate the true channel intensities from the observed
channel intensity (Searle and Yergey, 2020). This is done in this study using scipy.optimize.nnls in the pytmt
module of the SPLAT pipeline. Following the Reviewer’s comment, the contaminant matrices have now been
reproduced in the Supplemental Information (new Supplemental Table S1)

TMT tags were randomized in our study using a random number generator. The channel assignment
metadata was given in the shared data on ProteomeXchange, but is now reproduced in the manuscript as
well following the Reviewer’s comment (new Supplemental Table S3 and Supplemental Table S4). The
impurity correction helps improve reproducibility when the tag assignment in each replicate is randomized
differently, as is the case in this study, because the different degrees of confounding from neighboring
channels that represent different ultracentrifugation fractions in each replicate is corrected. We now clarify
this with the following modification in the main text:

Main text, Results, line 150 “Because the TMT data are row normalized in the LOPIT-DC design, we
incorporated correction of isotope contamination of TMT channels based on the batch contamination data
sheet (Supplemental Table S1) to account for isotope impurity in fractional abundance calculation from
randomized channels across experiments (Supplemental Methods).”

Supplementary Information, Supplementary Methods, Line 26 “TMT-10 plex lots were #WF309595 for
control AC16 replicate 1 and 2; thapsigargin treated AC16 replicate 1, and tunicamycin treated AC16 replicate
1; and #XB318561 for other samples. Isotope impurities in TMT tags can lead to up to 10% spillover to
neighbor channels and decrease quantitative accuracy (Supplemental Table S1). We used the non-negative
least square algorithm in scipy (Virtanen et al., 2020) to solve for the true channel matrix from the observed
channel intensity and impurity matrix for downstream quantification.”

Reviewer 1 Comment 6: “The narrow isolation window and extensive offline fractions was sensible if SPS-
MS3 was not used. Could the authors clarify the pooling strategy used for the 20 peptide fractions?”

Response: Although high-pH reversed phase fractions were collected every minute, the UV chromatogram
(see Reviewer Figure R2) generated during offline fractionation suggested some fractions contained less
peptide content than others. When this was the case, adjacent fractions were pooled for injection into the
second-dimension low-pH reversed-phase separation prior to mass spectrometry. Specifically, the following
high-pH reversed phase fractions were combined, where each humber corresponds to the minute in the
HPLC gradient: 1-3; 4-6; 7-9; 10-12; 30-31; 32-33; 34-35; 36-37; 38-39; 40-41; 42-46. All other fractions were
subjected to LC-MS individually. This scheme was maintained for each experiment.


https://www.zotero.org/google-docs/?LcTD13
https://www.zotero.org/google-docs/?8KKEwS
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Reviewer Figure R2: Representative high-pH reversed phase UV chromatogram for two-dimensional peptide
fractionation. x axis: retention time in minutes. y axis: UV 220 nm (AU). Dashed line: gradient of %B. Fraction was
collected every minute as in the x-axis with negligible post-detector delay.

Bioinformatics analysis

Reviewer 1 Comment 7: “The authors mention that an 0.99 threshold was used, but it is not clear what this
means for an FDR. This can be calculated as the average error rate above the chosen threshold. There are
quite some number changes which may be difficult to prioritize. Some strategies that can help: Bandle does
not explicitly take into account the paired design, so you can run the method pairwise for each replicate
across conditions.”

Response: We thank the Reviewer for the helpful suggestions. We now calculate the estimated FDR for the
chosen threshold as the Reviewer suggested. Based on the estimated FDR, we now use a differential
localization probability threshold of 0.95, and also a bootstrap differential localization probability threshold of
0.95.

In the thapsigargin comparison, 1,306 protein features are differential localization candidates,
including 687 light proteins and 619 heavy proteins, and the estimated false discovery rate is approximately
0.0018 (0.18%). In the tunicamycin comparison, 588 protein features (including 263 light proteins and 325
heavy labeled proteins) are differential localization candidates, and the estimated false discovery rate is
approximately 0.0036 (0.36%). In the carfilzomib comparison, 1,625 protein features (including 767 light
proteins and 858 proteins) are differential localization candidates, and the estimated false discovery rate is
approximately 0.0038 (0.38%).



To further prioritize the targets, we have further highlighted a subset of high-confidence proteins
where both the light and heavy protein features show clear translocation based on the thresholds above,
which result in 330 protein pairs (i.e., 330 light + 330 heavy counterpart) in the thapsigargin comparison, 109
pairs in the tunicamycin comparison, and 339 pairs in the carfilzomib comparison.

Main text, Results, Line 289 “In total, we identified 1,306 translocating protein features (687
light and 619 heavy) in thapsigargin under a stringent filter of BANDLE differential localization probability >
0.95 with an estimated FDR of 0.0018 (0.18%), and further filtered using a bootstrap differential localization
probability of > 0.95. We then further prioritized 330 pairs of differentially localized proteins where the light and
heavy features both show confident differential localization (Supplemental Data S2, Supplemental Data
S4).”

Main text, Results, Line 481 “Parallel to the less prominent changes in vesicle transport,
tunicamycin treatment also led to fewer translocating proteins than thapsigargin, with 620 translocating
features (including 282 light proteins and 338 heavy proteins) at BANDLE differential localization probability >
0.95, corresponding to an estimated FDR of 0.35%, and thresholded by bootstrapping differential localization
probability > 0.95; from which we highlighted 109 proteins where the heavy and light versions both showed
translocation”

Reviewer 1 Comment 8: “Bandle is better calibrated when thresholding also on the outlier probability”

Response: We thank the Reviewer for the helpful suggestion. We now perform thresholding also on the
outlier probability as recommended by the Reviewer, which is applied at 0.95 localization threshold and 0.95
outlier threshold for all locations in untreated cells. To gain more insight into potential partial localizations, we
used a 0.9/0.5 threshold for stimulated cells. This did not change the differential localization estimates but
had an effect on whether a protein is shown to be differentially localized to an assigned compartment vs. the
unclassified subset. In the figures we now give the probability of allocation in select cases after manual
inspection.

Reviewer 1 Comment 9: “Did the authors check that for differential localisation that the same (and enough)
peptides were measured for both samples. Heuristically, having at least two peptides that were quantified in
both is desirable.”

Response: We thank the Reviewer for the suggestion and have now included a two-peptide rule for admitting
proteins for analysis. Expectedly this led to a substantial decrease in the number of common features (by
~33% from 5630-6444 protein features to 3617-4407 protein features in each replicate) that can be
analyzed. While we have followed the Reviewer’s suggestion here, we also believe that the two-peptide rule
has been debated in other proteomics applications and in some instances may be considered overly
conservative (Gupta and Pevzner, 2009). While the main conclusion of the study is not affected by the filter,
some of the highlighted examples have been updated as a result. Future work to re-analyze the data
generated here may be able to recover further changes from the dataset.

Reviewer 1 Comment 10: “The authors can run bandle between replicates and filter any hits out of these out
of differential localisation results. This especially useful when there are only two replicates and so the results
are poorly averaged over replicate-replicate variability.”


https://www.zotero.org/google-docs/?hRKk4G

Response: We thank the Reviewer for the helpful suggestion. Since we have now re-created all the analysis
using three replicates, this particular measure was not pursued in this instance.

Reviewer 1 Comment 11: “One must be careful about unannotated compartments in these analyses. Did the
authors check whether exosome or endosome markers are enriched in their list of differential localisations?”

Response: We fully agree and thank the Reviewer for an important suggestion. We compared proteins in
each assigned compartment in each sample against prior annotations, in order to verify the general
performance of the classification as well as identify potentially unannotated compartments in AC16 cells and
in human iPSC-cardiomyocytes.
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Figure 2C. Distribution of light (unlabeled) protein features in each of the 12 subcellular compartments (n=3); fill color
represents whether the protein is also annotated to the same subcellular compartment in UniProt Gene Ontology Cellular
Component terms.

In normal AC16 cells, approximately 70% of proteins are assigned to localizations that match their known
prior annotations. We believe this is a reasonable number given GO CC annotation is incomplete and lacks
cell type specific contexts. Most compartments contain proteins with matching annotations, with the
exceptions that many ER and GA annotated proteins are interspersed across the two compartments, perhaps
indicative of the interconnectedness of ER and Golgi in the cells; and the lysosome compartment. A closer
inspection shows that in lysosome compartment 93 out of 140 proteins (66.4%) have the “extracellular
exosome [GO:0070062]” cellular component term. In addition, proteins annotated with the “extracellular
exosome [GO:0070062]” cellular component term can also be found in the cytosol, where 151 out of 189
(44.4%) of the classified light (i.e., without SILAC heavy label) proteins have exosome annotation. Although it
is likely that the lysosome fraction contains multiple unannotated endomembrane compartments, because
exosomal proteins would be expected to also reside in other cellular locations when they are not packaged
for secretion, we refrain from renaming the lysosome compartment or making claims about whether these
annotations represent true unannotated compartment within the fraction.

In parallel, we find that 30 out of 49 (61.2%) of proteins in the peroxisome compartment contained
endosomal annotations (early endosome [GO:0005769]; early endosome membrane [GO:0031901];
endosome [GO:0005768]; endosome membrane [GO:0010008]; recycling endosome [GO:0055037]), even
though the fraction was trained with only peroxisome makers. We refer to this compartment as the
peroxisome/endosome in the results section (new Supplemental Figure S5). However, the proteins migrating
to this compartment themselves are not enriched in exosome/endosome terms.
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Supplemental Figure S5. Correspondence of spatial classification with prior annotations in stress cells. As related to
main Figure 2C, the bar charts show the number of light (i.e., non-heavy-SILAC labeled) proteins (y-axis) classified to
each of 12 subcellular locations (x-axis) in thapsigargin (left) and tunicamycin (right) treated AC16 cells (n=3). The colors
represent whether proteins classified to each subcellular location are also known to reside in the subcellular component
of question in Gene Ontology Cellular Component terms retrieved from UniProt. In normal, thapsigargin, and tunicamycin
treated AC16 cells, 69.5%, 71.9%, and 63.0% of classified proteins are consistent with known annotations, respectively;
hence the classified subcellular localization match the expected assignments from prior knowledge and are not
substantially affected by cellular stressors. The expanded peroxisome compartment in stressed AC16 cells primarily
contained non-peroxisome annotated proteins that co-sedimented with the trained peroxisome compartment, and are
referred to as the peroxisome/endosome compartment in the manuscript.

Lastly, in response to the Reviewer’s comments above, we have made every effort to refine the
bioinformatics analysis including compartment classification. The CYTOSOL compartment is now divided to
create a new small fraction that shows a distinct sedimentation profile (hew Supplemental Figure S2A) and
that is separable in the first several principal components. Inspection of the proteins assigned to this
compartment show that it contains a majority of proteins with “cytoplasm [GO:0005737]” terms (63 out of 87),
proteins with cytoskeleton and actin filament terms, as well as potentially dually localized proteins without
both cytosolic and nuclear annotations. We refer to this compartment as the CYTOPLASM in the manuscript
to distinguish from the cytosolic compartment. Similarly, a new CHROMATIN fraction is defined using
markers from the Mulvey et al. 2021 LOPIT data (Mulvey et al., 2021) followed by manual curation to select for
nuclear/chromatin proteins that show a distinct sedimentation behavior (primarily sedimented at the first
ultracentrifugation step). The new map containing 12 fractions led to better separation of clusters and higher
confidence of localization assignment.
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Supplemental Figure S2. Ultracentrifugation fraction distributions of cellular component markers. Replicate one of each
experimental condition is shown. The line plots show the normalized abundance (y-axis) of marker proteins for each


https://www.zotero.org/google-docs/?uPAhW6

subcellular localization experiment across ultracentrifugation fractions (x-axis) as measured by the TMT channel
intensities. The fractions correspond to the ultracentrifugation steps in Supplemental Table S3. Colors correspond to
spatial maps for AC16 cells throughout the manuscript. Black lines show average trend line and standard deviation,
showing consistent sedimentation profiles of subcellular localization in A. normal cells (n=3).

Likewise, we have taken extra effort to revisit the marker assignment of the iPSC-CM data set by
manual curation with the aid of pRoloc methods. We have identified multiple cell junction and desmosome
proteins including JUP, DMD, FLOPT1, and PDLIM5 from a “hidden compartment” that are co-localized with
similar ultracentrifugation profiles as lysosome markers. These proteins have now been added as markers for
a LYSOSOME/JUNCTION compartment. Likewise, multiple sarcomeric proteins can be identified in the iPSC-
CM spatial maps including MYH4, MYH6, and TNNT2. These sarcomeric proteins share similar sedimentation
profiles as chromatin proteins, with highest relative abundance in the first centrifugation step. They have been
added as a marker for a combined CHROMATIN/SARCOMERE compartment. Lastly, we have separated the
40S and 60S ribosomes into two clusters based on their distinct sedimentation behaviors. The new markers
can be found in Supplemental Data S10, and the sedimentation profiles in Supplemental Figure S13.
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Supplemental Figure S13. Ultracentrifugation fraction distributions of cellular component markers in human iPSC-CMs.
Additional iPSC-CM specific compartments and markers were curated manually, including a sarcomere and a cell junction
compartment. The compartments were merged with the chromatin and the lysosome compartments due to similarity in
sedimentation profile under the present ultracentrifugation scheme. Replicate one of each experimental condition is shown.
A. Control iPSC-CM. The line plots show the normalized abundance (y-axis) of marker proteins for each subcellular
localization experiment across ultracentrifugation fractions (x-axis) as measured by the TMT channel intensities. The
fractions correspond to the ultracentrifugation steps in Supplemental Table S3. Colors correspond to spatial maps for
iPSC-CM:s cells throughout the manuscript. Black lines show average trend line and standard deviation, showing consistent
sedimentation profiles upon carfilzomib treatment.

Minor Comments
Reviewer 1 Comment 12: “The reference to the LOPIT-DC paper is missing on page and | think this acronym

should be spelled out on first use.”

Response: Thank you. This has now been updated.



Main Text, Results, Line 127 “In particular, the LOPIT-DC (Localisation of Organelle Proteins by
Isotope Tagging after Differential ultraCentrifugation) method (Geladaki et al., 2019) allows the advantageous
use of sequential ultracentrifugation to enrich different subcellular fractions from the same samples...”

Reviewer 1 Comment 13: “Vog is a symbol and so is always lower case, some figures have uppercase L. In
fact, Log is something else mathematically.”

Response: Thank you. We have now checked the manuscript to ensure all the axis titles read log rather than
Log where applicable (e.g., Figure 2E, Figure 5C, Figure 6M, and Supplemental Figure S6).

Reviewer 1 Comment 15: “Figure 2 the p-values are difficult to read”
Response: We agree with the Reviewer and have remade this figure for clarity. Each new facet in the new
panel Figure 2E now highlights only the comparison between a single compartment and their complement

rather than multiple cross-compartment comparison. The values should hopefully be now more readable.

Reviewer 1 Comment 16: “Figure 3A Replicate 2 Tunicamycin the PCA plot is mirrored, this happens
because PCA is invariant to reflection. You should be able to specific mirrorY = TRUE to fix this”

Response: We thank the Reviewer for the helpful recommendation and now use mirrorY/mirrorX where
applicable for consistent spatial map orientation.

Reviewer 1 Comment 17: “Figure 3B and C, | think using the same diverging color scale is confusing and C
would definitely benefit from a gradient rather than have 0 as white.”

Response: We agree with the Reviewer that the colors and these figure panels are confusing. In the revision,
we have given more consideration to color choices. The specific figure panels in question have been updated
as the new Figure panels 4A-C to more clearly present the consistent localization of heavy and light proteins

Oliver Crook (University of Oxford)

We thank Dr. Crook again for the many helpful suggestions.


https://www.zotero.org/google-docs/?m6hFeT

Reviewer #2 (Remarks to the Author):

“The manuscript ‘Simultaneous proteome localization and turnover analysis reveals spatiotemporal features of
protein homeostasis disruptions’ by Currie et al. establishes SPLAT, a mass spectrometry based proteomics
approach that links the temporal component of protein turnover with spatial information of protein localization
by combining heavy isotope labeling by SILAC with subcellular fractionation and tandem mass tag (TMT)
labeling. The authors use this approach to decipher organelle-dependent differences in protein turnover rates
upon ER stress, and to identify stress-induced localization changes of pre-existing and newly synthesized
proteins during stress. Lastly, the authors apply SPLAT to a cellular cardiotoxicity model to investigate
temporal and spatial proteome changes upon treatment with the proteasome inhibitor carfilzomib at
cardiotoxic concentrations.

The manuscript covers a very interesting topic and the authors combine their proteomics analyses with a wide
range of computational approaches. However, the overall novelty remains limited. While the SPLAT technique
is a useful tool to monitor dynamics in cellular stress responses, the data interpretation in this manuscript does
not provide sufficient new mechanistic insights on proteomic changes in reaction to protein folding stress.
More importantly, validation of the method or findings is missing. Perhaps the collected data could be of some
use if made available.”

Response: We thank the Reviewer for their evaluation of our manuscript and for the constructive critiques.
We believe the Reviewer’s comments have led to a much improved study. In response to the Reviewer, we
have incorporated major improvements to the manuscript, including but not limited to the following:

e We have performed new replicate mass spectrometer experiments for normal, thapsigargin, and
tunicamycin treatment to bring the total number of replicate SPLAT/LOPIT experiments tothree.

e \We have performed a new set of experiments to directly compare MS2 and MS3 based TMT
quantification for spatial proteomics data acquisition.

e \We have performed extensive additional analysis to ensure reliability and reproducibility of the
method, including spatial distance calculations of light/heavy protein pairs, comparison of spatial
predictions to Gene Ontology annotations, new immunofluorescence validation, and analysis of
expected translocation events (e.g. EIF3 subunits and CAV1 in AC16, PSME4/PA200 and BAG3 in
iPSC-CM).

e We have performed new validation experiments of the cell stress models, showing the expected
activation of known ER stress markers upon thapsigargin and tunicamycin; and acquired new data on
cell viability and mitochondrial function assays at multiple doses of carfilzomib in the human iPSC-CM,;
and proteasome activity and autophagy assays to demonstrate proteasome inhibition and
cardiotoxicity.

e We provide new analysis to demonstrate the reliability and reproducibility of cellular compartment
fractionation in normal and stressed cells.

In our view the Reviewer’s helpful suggestions have led to a much improved manuscript. Please see our
itemized responses below.

Major comments

Reviewer 2 Comment 1: “The manuscript relies on several assumptions, which are not convincing to me and
validation is lacking. E.g. how do the authors account for possible (and reported) changes in ER morphology
upon induction of the UPR? These could explain the observed changes in proteins localizing to different



fractions without them being in different subcellular compartments. ER protein import is co-translational. How
would the observed differences be achieved, in a SRP-independent manner?”

Response: We would like to clarify that morphological changes of ER would not be expected to affect
localization assignment in the LOPIT method, because a spatial map is generated for each replicate and each
condition, as opposed to applying a baseline map to predict localizations in treatment conditions. In other
words, the localization classification is trained separately for each experiment. This gives a marker
sedimentation profile for each experiment, which is visually confirmed to match within an experiment to
ensure that the markers remain well separated in each treatment condition and replicate. In response to the
Reviewer’s comment, we have now included additional analysis to show clear separation of canonical
compartment markers in both control and UPR experiments (new Supplemental Figure S1). Moreover, the
new Supplemental Figure S2 shows the sedimentation profiles in control and UPR conditions, respectively,
which shows that ER localization is based on marker behavior and independent of specific shape of the
sedimentation curve.
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New Supplemental Figure S1. Separation of subcellular component markers in the spatial proteomics data. Scatter
plots of the first (x-axis) and second (y-axis) principal components of ultracentrifugation fraction profiles are shown for
each experimental condition: A. normal, B. thapsigargin, and C. tunicamycin treated AC16 cells, n=3 each. Each data
point is a protein species. The colored data points correspond to marker proteins known to reside in each of 12
subcellular locations used to train the classification models, showing clear and consistent separation across the

gxperimental conditions, 0Qolors corregpond to other, spatial maps, for éC16 cells throughout the manuscript.
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New Supplemental Figure S2. Ultracentrifugation fraction distributions of cellular component markers. Replicate one of
each experimental condition is shown. The line plots show the normalized abundance (y-axis) of marker proteins for each
subcellular localization experiment across ultracentrifugation fractions (x-axis) as measured by the TMT channel
intensities. The fractions correspond to the ultracentrifugation steps in Supplemental Table S3. Colors correspond to
spatial maps for AC16 cells throughout the manuscript. Black lines show average trend line and standard deviation,
showing consistent sedimentation profiles of subcellular localization in the normal, thapsigargin, and tunicamycin treated
AC16 cells (n=3).

We have now extended the Results section of the main text to clarify this point.



Main text, Results, Line 202 “Three biological replicate SPLAT experiments were carried out
for each condition (untreated, thapsigargin, and tunicamycin). [...] A spatial classification model is trained
separately for each condition using a basket of canonical organelle markers which showed clear separation in
PC1 and PC2 in each condition (Supplemental Figure S1). The ultracentrifugation profiles are largely
consistent across treatments and replicates (Supplemental Figure S2).”

Furthermore, in response to the Reviewer’s comment, we have extended the Results section to note
that there is no observed decrease in the proportion of localized proteins in thapsigargin-treated cells with
prior annotations. In normal cells, 69.5% (1353 out of 1946) of proteins confidently assigned to a localization
following localization and outlier probability filters match with UniProt Gene Ontology Cellular Component
(CC) annotation terms of the same compartments, with 194 proteins assigned to the ER compartment
matching UniProt annotations. In thapsigargin treated cells, 1312 out of 1833 proteins with confident
allocations (71.%) match to UniProt annotation. Therefore, ER stress treatment did not lead to a substantial
impact on localization assignment confidence and accuracy (See Figure 2C, Supplemental Figure S5,
Supplemental Data S2 and Supplemental Data S4). While the number of proteins assigned to ER
compartment matching UniProt annotations is lower in thapsigargin cells (149 vs. 194), this can be
attributable to the expansion of other compartments peroxisome/endosome co-sedimenting fraction that
contain also ER vesicles and stress granule proteins (90 total assigned proteins in thapsigargin vs 49).
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Figure 2C. Distribution of light (unlabeled) protein features in each of the 12 subcellular compartments (n=3); fill color
represents whether the protein is also annotated to the same subcellular compartment in UniProt Gene Ontology Cellular
Component terms.
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New Supplemental Figure S5: Number of proteins localized (5% FDR) to one of 10 cellular compartments in the
thapsigargin-treated (left) and tunicamycin-treated (right) AC16 cells. Proteins with unallocated localization are not
included.

This point is now also mentioned in the main text:

Main Text, Results, Line 222 “The accuracy of the spatial classification is supported by the observation
that 69.5% assigned proteins in normal AC16 cells contain matching cellular component annotation in Gene
Ontology despite the current incompleteness of annotations (Figure 2C) and 71.6% of proteins match their
localization annotation in thapsigargin-treated cells (Supplemental Figure S5).”

Reviewer 2 Comment 2: “There needs to be some form of validation that the method indeed identifies
protein in the ER (or other compartments). How reliable is the fractionation method? Some digestion method
(e.g. proteinase K) needs to be applied to distinguish proteins inside the organelle from proteins bound to the
organelle.”

Response: We thank the Reviewer for the comment. With regard to the reliability of the fractionation method,
we note that the spatial component of SPLAT is based directly on the ultracentrifugation fractionation scheme
in the LOPIT-DC protocol which has now been applied to multiple studies (e.g., Geladaki et al., 2019; Shin et
al., 2020). The LOPIT-DC approach is in turn built on well established protocols in spatial proteomics
(Christoforou et al., 2016; Dunkley et al., 2004; Foster et al., 2006; Lundberg and Borner, 2019) which have
been used extensively, including to validate immunofluorescence microscopy determination of subcellular
localization of thousands of proteins (Thul et al., 2017). As the Reviewer will be aware, the principles and
reliability of linking subcellular localization to ultracentrifugation sedimentation patterns can be traced back in
turn to a long tradition of biochemistry experiments including de Duve’s discoveries of the lysosome and the
peroxisome. Assurance that the fractionation protocols were properly carried out in our hands can be seen
from the marker separation comparisons used for supervised learning as noted above (e.g., new
Supplemental Figure S2), which allowed cross referencing to previous spatial maps and annotated
localizations. We have now included new analysis that compares the predicted protein localizations to Gene
Ontology Cellular Component (CC) terms in UniProt retrieved via uniprot.ws.

As stated in our response to Reviewer 2 Comment 1 above, in baseline AC16 cells, 69.5% of
predicted location matches UniProt GO_CC annotations, including 67.8% of ER localized proteins which are
annotated with one of the following terms: endoplasmic reticulum [GO:0005783], endoplasmic reticulum
membrane [GO:0005789], and endoplasmic reticulum lumen [GO:0005788]. This substantial overlap is found
despite the incomplete nature of UniProt annotations (including especially non-canonical protein isoforms)
and the non-exhaustive search terms we used, as well as using less than 10% of identified proteins as
canonical markers, altogether suggesting the fractionation and prediction largely recapitulate known
compartment assignments. The major exceptions are Golgi, which contains a number of proteins annotated
to be in the ER in UniProt, which likely reflects the gradual connection between these two compartments in
vivo, and the lysosomal compartment which contains a number of exosomal and endosomal labels due to
unannotated compartments that are not trained with canonical markers in the spatial model (please see also
our response to Reviewer 1 Comment 11).

We thank the Reviewer for the insightful suggestion for proteinase K treatment of organelles. However,
as proteins bound to organelles are also important parts of the organelle-associated subproteome, and our
goal is not to determine intra- vs. extra- organelle composition, we respectfully suggest that the experiments
are beyond the scope of the current study.
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Reviewer 2 Comment 3: “TMT experiments shot by MS2 have inherent issue with ratio compression.
Consequently, the field has moved to MS3 measurements, including the cited paper (Dephoure 2012)
describing SILAC plus TMT approaches. Why were the samples not shot with MS3? How was ration
compression controlled?”

Response: We thank the Reviewer for the comment. While we agree with the Reviewer that MS3-based TMT
quantification can alleviate (though not eliminate) some ratio compression effect from co-isolated precursors,
it also comes with the significant drawbacks of lowering profiling depth and thus DDA data completeness.
These two analytical attributes are important for this project as we aim to find the spatial distributions of
thousands of proteins and need to compare across independent injections. Ratio compression in MS2-based
quantification can be effectively mitigated using methods, including the following that we have taken:

(1) Ratio compression can be alleviated by performing extensive offline two-dimensional peptide fractionation
to reduce sample complexity. We have performed 20-fraction high-pH fractionation using an HPLC column,
which reduces chromatographic crowding and hence the chance of co-isolated isobaric species from
interfering with the measured TMT ratios.

(2) Isobaric peptide contamination can be further controlled by narrowing the quadrupole isolation window to
increase precursor selectivity for fragmentation. In this study we used a narrow 0.7 m/z isolation, reduced
from more commonly used 1.4 m/z for non TMT studies in comparable instruments. We are heartened to
learn that Reviewer 1 who has extensive expertise in spatial proteomics methods also deems both measures
1 and 2 to be sensible in his comments (see Reviewer 1 Comment 6 above).

(3) In addition, correction of channel crosstalk from isotopic impurities in isobaric tags is known to reduce the
effect of ratio compression, by minimizing the unwanted contributions of neighboring channels in co-isolated
isobaric species (Searle and Yergey, 2020). This correction was performed for all TMT data in this study using
non-negative least square matrix factorization in the pytmt component of the pipeline (see also Response to
Reviewer 1 Comment 5 above).

(4) Another measure that is sometimes taken to further control for isobaric contamination is to calculate the
degree of co-isolation as the fraction of precursor ion signals in the isolation window in the MS1 scan. This is
calculated as the precursor ion fraction (PIF) value in MaxQuant or spectral purity in FragPipe, and can be
used to filter out low-purity MS2 spectra with PIF/purity < 0.5 in some work flows. We did not deem this
measure to be necessary here because the distribution of spectral purity in our experiment was already very
high, with median PIF/purity ~ 0.93 (see new Supplementary Figure S3). Overall, we find that over 75% of
the MS2 spectra had PIF/purity over 0.8 (i.e., estimated 80% isolation purity) and 57% had PIF/purity over
0.9, which corroborates the high measurement accuracy of the MS2-based TMT quantification.

To further explore this issue, we collaborated with Dr. Christopher Ebmeier (Director of Mass
Spectrometry, University of Colorado Boulder) to perform extensive new experiments and acquire a new data
set using MS3-based TMT quantification on a separate aliquot of an identical SPLAT sample in AC16 cells
(untreated, replicate 2). The MS3-based quantification led to fewer quantified protein features than MS2-
based quantification (6028 vs. 7453). To measure whether the subcellular fractions are better resolved in
MS3-based TMT, we used the QSep metrics in the pRoloc package to calculate the normalized ratios of
average between-cluster distance and the within-cluster distance, using the identical set of canonical protein
markers for 10 subcellular fractions used in this study as the clusters. We find that the MS3-based TMT
improved on the resolution of some clusters (e.g., separation of ribosome and cytosol), which is reflected by a
moderate increase in inter-cluster vs. intra-cluster separation (non-diagonal median QSep 3.51 in MS2 vs.
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3.98 in MS3) (New Supplementary Figure S4A). When we performed TAGM-MAP classification of proteins
to the 10 clusters, we observed that the MS3-based TMT likewise led to overall improved appearance of
cluster resolution in the first two principal components (New Supplementary Figure S4B). However From this
experiment, we conclude that while MS3 may lead to better resolution of subcellular fractions in spatial
proteomics studies, this improvement is not substantial for the purpose of subcellular location classification.
MS2 quantification preserves effectively the same group relationships (New Supplementary Figure S4B), and
has similar ability to distinguish subcellular fractions with high confidence.

This observation is consistent with the LOPIT-DC study by the Munro and Lilley groups, who also
used MS2 quantification for their LOPIT-DC spatial proteomics study, and likewise performed MS2/MS3
comparisons and noted that although the SPS-MS3 resolution was somewhat better, MS2 showed effective
separation of organelles with good resolution (Shin et al., 2020). In our view, while there is yet to be a
consensus on the extent to which MS3 quantification may benefit spatial proteomics experiments, given the
main usage of the TMT channel intensity information is pattern recognition rather than numerical ratio
quantification, ratio compression per se may not present serious issues.

Lastly, in our view the notion that the field has “moved to MS3” for TMT quantification is not well
supported by current evidence. Recent landmark proteomics studies, including MoTrPAC (Sanford et al.,
2020) and NCI-CPTAC (Cao et al., 2021; Clark et al., 2019; Dou et al., 2020; Gillette et al., 2020; Krug et al.,
2020; Wang et al., 2021), which are among the deepest and best controlled large-scale studies the
proteomics field has produced, have been performed using MS2-based TMT quantification. The continued
widespread acceptance of MS2-based TMT quantification is also evidenced by a comparison of the number
of data sets on ProteomeXchange associated with publications using MS2 vs. MS3 TMT techniques. In 2015,
the year when the Gygi lab’s multi-notch MS3 TMT data set was deposited to ProteomeXchange, the number
of deposited data sets generated using Q-Exactive and Exploris instruments (which utilize MS2 TMT) was 5,
compared to 4 using Tribrid Fusion/Lumos/Eclipse instruments (44%). Within the last two years (2021 to 2023
July), there were 284 data sets deposited using MS2-only instruments, and 295 using MS3-capable
instruments. Hence both MS2 and MS3 TMT measurements continue to be widely employed in about 50/50
ratios (we note that this is likely an underestimate of MS2 usage since many Fusion Lumos data sets, e.g.,
CPTAC studies, use MS2 for TMT). As the latest Thermo Scientific flagship instrument (Orbitrap Astral) does
not possess MS3 capacity, we expect MS2-based TMT quantification will continue to be widely employed.
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New Supplemental Figure S4. Comparison of subcellular localization assignment in MS2 and MS3-based TMT
measurements. An identical sample (replicate 2 of normal AC16 cells) was analyzed by MS2 and MS3 based
quantification. A. The QSep index in the pRoloc package reflects the between-cluster distance vs. within-cluster
distances of the 12 subcellular locations. MS3 achieved a modest increase in median QSep (3.98 vs. 3.51) suggesting
the subcellular component clusters were slightly better separated. B. Spatial maps of proteins in MS2 vs. MS3
quantification. Colors correspond to other spatial maps in AC16 cells throughout the manuscript. Data point size reflects
the confidence of TAGM-MAP classification.

In response to the Reviewer’'s Comment, we have now added the following to the revised manuscript:

Main text, Results, line 210 “To minimize the potential ratio compression that can result from MS2-
based TMT quantification, we employed extensive two-dimensional fractionation and narrow isolation window,
and verified that identified MS2 spectra had high precursor ion purity (median purity 92-93%) (Supplemental
Figure S3). We further performed a direct comparison of MS2 and MS3 based quantification on an identical
sample (control replicate 2) (Supplemental Figure S4), which confirmed that MS2-based quantification
produced acceptable spatial resolution, consistent with previous observations (Shin et al., 2020).”
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Finally, the newly acquired MS3 SILAC-TMT data has been made publicly available on
ProteomeXchange under the accession number PXD046669. We thank the Reviewer for the opportunity to
address this important point.

Reviewer 2 Comment 4: “To my understanding (a clear description in the figures or legends is missing), the
SILAC-TMT data are based on duplicates. Considering that the manuscript is entirely based on proteomics
data, duplicates are not sufficient. P-values must not be calculated from duplicates. Whether p-values have
been corrected, as required for such experiments, is not apparent from the manuscript.”

Response: Thank you for the comment. We have now gone through the manuscript again to ensure all P
values and sample numbers are listed where applicable. Likewise, other P values (e.g., ANOVA for functional
assays) and multiple testing correction are clearly stated. All protein identification, protein turnover, and
protein abundance comparison experiments are multiple-testing corrected using conventional Benjamini-
Hochberg procedures. As stated below, the number of SPLAT/LOPIT experiments has been increased to
three following the Reviewer’s comments. This has now been made apparent throughout the manuscript.

With regard to the Reviewer’s statement that P values “must not be calculated from duplicates”, we
respectfully offer a different perspective. Setting aside that P values are not an inherent feature of Bayesian
frameworks, we note that the Bayesian statistical method (BANDLE) used in this study for spatial
comparisons determines the posterior probability of protein localization using Gaussian processes of all
proteins and is specifically compatible with any number of replicates including one or two (e.g., see
discussion in (Crook et al., 2022) ). Landmark spatial proteomics studies have found reliable results with one
(Jean Beltran et al., 2016) or two (Thul et al., 2017) replicates per condition. As spatial proteomics involves
large experiments that require many millions of cells and dozens of hours of bench work and data acquisition
per replicate, we believe two replicates were a reasonable starting point. An estimated error calculation
shows that the estimated FDR of translocation events are below 1% across all compared conditions, which is
now highlighted in the text. On a related note, we note that P values of two-group comparisons are also
routinely calculated with as few as two replicates in transcriptomics and proteomics experiments using
common statistical packages that fit for mean-variance trends, such as limma, DESeqg2, and edgeR.

Nevertheless, the Reviewer’s suggestion is well taken. Following the Reviewer’s comment, we have
now performed extensive additional experiments to perform a third biological replicate experiment for normal,
thapsigargin, and tunicamycin treated AC16 cells in the revised manuscript. All relevant spatial and temporal
proteomics analyses have been redone to incorporate the third biological replicate and all relevant figures and
panels (Figure 2B-H, Figure 3A-C, Figure 3F-G, Figure 4A-G, Figure 5B-F, Supplemental Figures S1-S3,
$5-S12) have been remade. Overall, the third biological replicate shows a high degree of reproducibility with
the first two and preserves previously presented findings while increasing confidence. The new set of SILAC-
TMT data have been made publicly available on ProteomeXchange under the accession PXD046671.

In response to the Reviewer’s comments, the following changes have been made in the manuscript

Main Text, Results, Line 455 “Three biological replicate SPLAT experiments were performed in
tunicamycin-treated cells to resolve the temporal kinetics and subcellular localisation of proteins
(Supplemental Figures S1, S2C, S5B, S10).”

Reviewer 2 Comment 5: “/t is difficult to judge the validity of the SPLAT method without any experimental
validation.”
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Response: The major goal of the study is to establish an in vitro method to encode spatial and temporal
information within one mass spectrometry experiment. Both the spatial and temporal components are built on
well established principles and prior methods. We have applied the approach to well established models of
ER stress and show that it behaves as expected, for instance, nominating known ER stress proteins from
temporal kinetics, while allowing new insights where both the spatial and temporal distributions of a protein
change. All presented results are based on direct experimental data. However, the Reviewer’s point is well
taken and in the revision we have taken efforts to provide further considerations on the internal and external
validity of the results through both new comparative analysis with expected changes and experimental
validation, most prominently in the new/updated Figure 2C, Figure 3D-3E, Figure 4A-4C, Figure 4H-4K,
Supplemental Figures S5, S8, S11A-S11C, S14, and S16). As this comment shares similarities with other
comments from the Reviewer (e.g., Reviewer 2 Comment 2 above and Reviewer 2 Comment 6 below),
please see our consolidated responses under the other comments.

Reviewer 2 Comment 6: “Relocalization studies require more validation in order to validate the accuracy of
the assay. E.g. do known UPR mediators show expected relocalization? Biochemical validation of mentioned
translocator candidates that show prominent relocalization is required.”

Response: We thank the Reviewer for the comment. In response, we have now expanded on the text to
evaluate the accuracy of the assay, both in terms of whether known translocators show expected
relocalization, as well as experimental validation.

Regarding expected relocalization of UPR mediators, we note that because of the sample complexity
of bottom-up proteomics experiments, current methods are unable to monitor every protein in the proteome,
especially proteins with low molecular weight or abundance such as many transcription factors. This
challenge is compounded by our requirement of data completeness across three independent sets of mass
spectrometry experiments, and the two-peptide filtering rule in place to ensure rigorous identification and
quantification. The two best known early translocating UPR mediators, XBP1 and ATF6, are not within the
coverage of the spatial proteomics data, so we are unable to comment on their spatial distributions.
Moreover, as the Reviewer pointed out, the translocation of XBP1 and ATF6 are transient events that happen
early in initial ER stress response signaling. Here, we designed the experimental time point with the goal of
capturing the sequelae of unfolded protein response. Therefore, it is not certain whether they would be
expected to show relocalization even if they were within the coverage of the experiment.

On the other hand, the spatial proteomics data in the study clearly recapitulate known hallmark
translocators in stress response, which we now highlight in the text in response to the Reviewer’s comment.
Considering only the 330 differential localization candidates in the thapsigargin treatment after stringent
filtering criteria, we identified multiple established translocation events. First, PERK-induced shift from EIF2-
dependent to EIF3-dependent translation initiation is a hallmark of translational reprogramming under
integrated stress response (Guan et al., 2017; Lamper et al., 2020). In the spatial proteomics data, we observe
a clear shift of the constitutive EIF3 subunits EIF3A, EIF3H and EIF3L relocalized towards the ribosome
compartment (BANDLE translocation probability > 0.999), consistent with EIF3 engagement with the
ribosome and partition from ribosome-free fractions as previously reported (Guan et al., 2017). Secondly,
caveolae are known to migrate toward the mitochondria as a protective response to various cell stresses
including in the heart (Fridolfsson et al., 2012; Volonte et al., 2016). In the spatial proteomics data, we observe
a shift of caveolin 1 (CAV1) and caveolae-associated protein 1 (CAVIN1) toward the mitochondrial
compartment (BANDLE translocation probability > 0.999). Thirdly, other translocation events highlighted in
the text show relocalization that take place at expected compartments (e.g., relocalization of PA28 and
PA200 toward the proteasome) even if their role in cardiac cell stress has not been established. Taken
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together, we believe these expected translocalization events lend strong evidence to the external validity of
the spatial proteomics data presented in the study. These results are now presented in the new
Supplemental Figure S8.
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Supplemental Figure S8. Known translocation events under cellular stress captured in the spatial proteomics data. A.
Caveolae migration toward the mitochondrion during cellular stress is reflected in the differential localization of CAV1 and
CAVIN1 (BANDLE probability > 0.999) toward the mitochondrion compartment. B. A switch to EIF3-dependent
translation initiation, a hallmark of prolonged ER stress and integrated stress response, is evident in the differential



localization toward the ribosome compartment of three independent EIF3 subunits EIF3A (BANDLE probability: 0.996),
EIF3A (BANDLE probability: 0.996), EIF3H (EIF3A (BANDLE probability: >0.999), and EIF3L (EIF3A (BANDLE probability:
0.992). The nucleus localization probability of these proteins in normal AC16 cells is accompanied by a high outlier
probability (Supplemental Data S2) and may reflect partial ribosome localization. Left: spatial maps of PC1 vs PC2;
colors correspond to other spatial maps for AC16 cells throughout the manuscript. Open circles: location of light and
heavy protein in each condition. Only the map of one of three replicates is shown for simplicity. Right: ultracentrifugation
profiles showing relative abundance (y-axis) across fraction (x-axis). Numbers inside the fraction profile correspond to
BANDLE localization probability.

The main text has now been updated to refer to this figure.

Main Text, Results, Line 294 “The differential localization of these 330 proteins recapitulate previously
established relocalization events in cellular stress response, capturing the migration of caveolae toward the
mitochondrion under cellular stress (Fridolfsson et al., 2012) (Supplemental Figure S8A), and the
engagement of EIF3 to ribosomes in EIF3-dependent translation initiation in integrated stress response (Guan
et al., 2017) (Supplemental Figure S8B), thus supporting the confidence of the spatial translocation
assignment.”

Secondly, the technical reliability of the spatial proteomics data can also be seen from the highly
concordant profiles of light and heavy proteins, which are independently measured in a label-agnostic manner
in the mass spectrometer. We now present more clearly the significant difference in spatial distribution
dissimilarity between light-heavy pair of the same protein species compared to between two different protein
species (Mann-Whitney P < 2.2e-16) (Figure 4A-B, Supplemental Figure S11A-C, Supplemental Figure
S$14B-C). In the majority of the cases except for the special partition cases we highlighted (e.g., EGFR) we
find the expected translocation of the new proteins when the old protein pool relocalizes, which speaks to the
internal validity of the spatial proteomics data.
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Figure 4A. Histogram showing the similarity in light and heavy proteins in normalized fraction abundance profiles in (left)
normal and (right) thapsigargin-treated AC16 cells. X-axis: the spatial distribution distance of two proteins is measured as
the average euclidean distance of all TMT channel relative abundance in the ultracentrifugation fraction profiles across 3
replicates; y-axis: count. Blue: distance for 1,614 quantified light-heavy protein pairs (e.g., unlabeled EGFR, heavy SILAC-
labeled EGFR). Grey: distribution of each corresponding light protein with another random light protein. P value: Mann-
Whitney test. B. Proportion of heavy-light protein pairs with confidently assigned localization that are assigned to the
same location (purple) in normal (left; 93%) and thapsigargin-treated (right; 89%) cells.

Lastly, regarding experimental validation, in the study we have performed new sets of spatial
proteomics experiments to increase the number of replicates for normal, thapsigargin, and tunicamycin to
three, and show that the major results are reproduced. We have also pursued orthogonal observations using
immunostaining of the preferential localization of EGFR to the ER in the thapsigargin comparison. In response
in part to the Reviewers’ input, we have included additional orthogonal experiments in the revised manuscript
to corroborate the observed relocalization events, including the differential localization of SLC3A2, which
shows localization away from lysosome upon thapsigargin treatment (see response to Reviewer 3 Comment
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4). We believe these experimental validations serve to corroborate the credibility of our findings on some
newly discovered protein translocation upon stressors.

Reviewer 2 Comment 7: “Half-lives and turnover rates are calculated based on one time point (in duplicate)
that is much earlier than the calculated half-lives. This is not sufficient. Proper time-courses covering beyond
10 days are required to calculate half-lives. This is particularly important since the authors claim that the single
time points used are based on protein half-lives, which consequently need to be accurate.”

Response: We thank the Reviewer for the opportunity to clarify an important point. The kinetic model
depends on only one variable (k) in the optimization procedure, therefore data from a single time point is fully
sufficient to define the kinetic curve without the use of a time course, provided that the sampling time point is
within the informative region of the turnover function. In practice, the kinetic model is heteroscedastic and a
model sensitivity analysis (e.g., as in our prior studies using analytical solutions to dk/dA under a custom
kinetic model (Lam et al., 2014) or two-compartment models (Hammond et al., 2022)) is seldom pursued. In
our experience, it is typical for studies in the protein turnover literature to report turnover rates where the
sampling time points range have reached 0.25 to 4 half-lives. In our case, in the AC16 experiment sampled at
16 hours, that would translate to being able to reliably measure peptides with half-lives between ~4 and 96
hours, where the proportions of the heavy SILAC peak to the heavy plus light peptides would range from
~11% to 94%. These ratios are well within the dynamic range of MS1 quantification for SILAC experiments,
and covered virtually all reported protein turnover rates in this study. A more detailed discussion on half-life
range based on sampling time points can be found in our recent publication (Hammond et al., 2022).

Although a time course design can aid in ensuring that the sampling time points fall within the
informative regions of kinetic curves and hence support a wider range of measurable half-life, there are also
many instances where a time course design is not necessary or practical. For instance, both we (Lam et al.,
2014) and others (Naylor et al., 2022) have considered the accuracy of single-time-point measurements in
cases where opportunities for biopsies are limited following stable isotope enrichment, such as when biopsy
collection opportunities are limited. In the case of this study, although the SPLAT method can in principle be
applied to any arbitrary time course, additional time points were not pursued because we already had
reasonable expectation of the range of half-lives in the studied cell type and aimed to synchronize the
experimental end point with the perturbation duration.

To further illustrate how protein turnover can be reliably measured from single time points taken earlier
than the protein half-life, we downsampled a full time series in one of our prior publications (Hammond et al.,
2022), which performed stable isotope labeling in C57BL/6J mice to measure protein turnover rates in the
heart, liver, kidney, and skeletal muscle. In the original study design, samples were taken at 12 time points
following day 0, 1, 2, 3,6, 7,9, 13, 16, 21, 24, 31 of labeling, with the measured median protein half-life being
approximately 11 days as is typical in the adult mouse heart under normal feeding conditions. Reviewer
Figure R3 shows the measured log10 protein turnover rates and standard deviations between taking cardiac
data from only a single time point on day 6 (left) (thus much earlier than the half-life of most proteins). The
scatterplots show comparable protein turnover rates (r: 0.94) with the full time course among common
proteins, quantifiable over 2 orders of magnitude, and the single-time-point sampling at day 6 returned
reliable turnover rate values to at least log10(k) of —1.5 (i.e., half life of 21.9 days or over 3x the sampling time
point). The correlation with the full time course is also comparable to a single time point chosen around the
median half-life (day 13) on the right. Hence a judiciously placed single time point is sufficient for protein half-
life calculation, as is consistent with reports in the protein turnover literature.
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Reviewer Figure R3. Single time points are sufficient for protein turnover measurements. Each data point is a
single protein measured by mass spectrometry in the mouse heart. x-axis: the log10 turnover rate (k) of the protein,
calculated as the harmonic mean of constituent peptides, in the full time course experiment. y-axis: the log10 turnover
rate (k) of a protein, calculated as the harmonic mean of constituent peptides, from data of only a single time point (day 6
on the left, day 13 on the right). Error bars: standard deviation in the single time point sampling and the full time course.
Proteins quantified with 3 peptides in the single time point sampling are included.

Reviewer 2 Comment 8: “ER stress is a transient response that typically shuts itself off via feedback loops
since prolonged activation induces apoptosis. Why were such a long treatment time chosen (16h)? Does it
lead to cells death? Are UPR markers of the integrated stress response (i.e. elF2alpha phosphorylation,

detectable ATF4 and CHOP protein levels) still detectable by Western blot? This issue is even more

pronounced for the conditions of inhibiting the proteasome for 48h. Is there any induction of cell death?
Considering the surprising lack of changes in protein degradation, experiments are required to show that the
proteasomal function is actually inhibited over the time span of 48h. Is there a concurrent induction of
autophagy as the other major protein degradation pathway in cells?”

Response: We thank the Reviewer for the comment. As the Reviewer is aware, ER stress is distinct from the
transient ER stress response pathways. Our goal here is to model proteostatic stress on protein
spatiotemporal dynamics, using established models with dosages and time points well within the literature
range. For thapsigargin, a treatment of 12 to 18 hours in the ~1 pM range was used with minimal loss in cell
viability (Ghosh et al., 2023; Stoner et al., 2020); whereas treatment of 24 hours or beyond have been
observed to induce apoptosis (Chen et al., 2019; Stoner et al., 2020). Specifically, Stoner et al. used 0.5 uM
thapsigargin for 18 hours in human AC16 cardiac cells to induce ER stress and observed increased XBP1 and
ATG6 expression; whereas Ghosh et al. treated AC16 cells for 0.5 pM thapsigargin for 16 hours in human
AC16 cardiac cells to induce UPR and show upregulated PERK and XBP1 (Ghosh et al., 2023). Chen et al.
used 1 pM thapsigargin in rat H9c2 cardiac myotubes and primary neonatal rat cardiomyocytes for 12 hours
to induce ER stress as evident by BiP induction (Chen et al., 2019). On the other hand, 1 uM thapsigargin

treatment for 24 hours in induced apoptosis in two studies (Chen et al., 2019; Stoner et al., 2020).

For tunicamycin, a range of timepoints from 4 to 18 hours have been used for cardiac and cardiac-
like cells in the literature, and we have opted to stay within this range while maintaining a 16 hour treatment
window to allow drug treatment and heavy SILAC amino acids to be applied concurrently, and for ease of
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comparison with thapsigargin. For instance, Palomar et al used a higher dose of 5 pg/mL for 4 hours in
human AC16 cardiomyocytes to induce ER stress as evident by BiP and ATF3 (Palomer et al., 2014). Toro et
al. used 2 pM (~1.6 pg/mL) for 6 hours and 18 hours in human AC16 cardiomyocytes to induce ER stress as
evident by BiP (GRP78) increase (Toro et al., 2022). Siltanen et al. used up to 0.3 pg/mL tunicamycin for 24
hours in primary fetal rat cardiac cells to activate protective UPR (Siltanen et al., 2016). On the other hand, Liu
et al. used 1 pg/mL tunicamycin for 36 hours to induce apoptosis in cultured neonatal rat cardiomyocytes
with about 30% drop in viability (Liu et al., 2012).

Based on the Reviewer’s comments, we have now expanded the main text to show known
mammalian ER stress induced markers in the literature (Glembotski, 2007). Following thapsigargin treatment
for 16 hours, we observed robust induction of multiple established ER stress induced genes, including PDIA4,
HSPA5/GRP78/BIP, GRP94/HSP90B1/TRA1/ DNAJB11, HERPUD1, ASNS, and PTX3. Likewise, following
tunicamycin treatment for 16 hours, we observed a robust induction of a multitude of ER stress inducible
markers including PDIA4, CALR, CANX, HSPA5/GRP78/BIP, HSPA13/STCH, GRP94/HSP90B1/TRA1,
DNAJB11, DNAJC3, HERPUD1, and ASNS. While one might not necessarily expect every ER stress marker to
be induced due to the incomplete profiling depth and potential cell type differences, the preponderance of
evidence points strongly to robust UPR induction in a well established model. Relevant to the discussion on
treatment time point, a number of markers were more elevated following 16 hours than 8 hours. We did not
observe loss of cell viability under 16 hours treatment, which is consistent with the literature cited above. The
marker expression data are now presented in the main text as the new Figure 2A and new Figure 5A.
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New Figure 2A: Induction of known ER stress response markers following 16 hours of thapsigargin treatment in AC16
cells. *: limma adjusted P (multiple-testing corrected) < 0.01; **: limma adjusted P < 0.001, ***: limma adjusted P <
0.0001; n=6 for untreated; n=3 for thapsigargin 8 hours; n=3 for thapsigargin 16 hours.
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New Figure Panel 5A: Induction of known ER stress response markers following 16 hours of tunicamycin treatment in
AC16 cells. *: limma adjusted P (multiple-testing corrected) < 0.01; **: limma adjusted P < 0.001, ***: limma adjusted P <
0.0001; n=6 for untreated; n=3 for tunicamycin 8 hours; n=3 for tunicamycin 16 hours.

For proteasome inhibition of 48 hours, this dosage and duration was chosen based on prior work in
the literature for a clinically relevant dose that models cardiotoxicity in human iPSC-derived cardiomyocytes
(Forghani et al., 2021). To explore this issue further, we have performed additional experiments on iPSC-CM
viability and phenotypes under 0 to 5 uM carfilzomib for 24 and 48 hours (new figure panels Figure 6B-6H).
Under the chosen dose (0.5 pg for 48 hours), iPSC-CMs showed sarcomeric disarray consistent with prior
observations on the cardiotoxic effects of carfilzomib (Figure 6B) but maintained viability (82%) (Figure 6C)
while showing significant decreases in oxygen consumption (Figure 6D) basal respiration (Figure 6E),
maximal respiration (Figure 6F), and ATP production (Figure 6H), whereas higher doses are accompanied
with drops in viability at 48 hours. These data are consistent with the prior literature that show the effect of
modeled cardiotoxicity in iPSC-CMs and corroborate the chosen dose.

CcTNT a-actinin DAPI

0 uM Carfilzomib 0.5 uM Carfilzomib

Figure 6B. Confocal microscopy images showing sarcomeric disarray in iPSC-CMs upon 48 hrs of 0.5 uM carfilzomib;
green: cTNT, red: alpha-actinin; blue: DAPI; scale bar: 20 um.
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Figure 6C-H. Cell viability (%), normalized Seahorse oxygen consumption rate (OCR; pmol/min), basal respiration,
maximal respiration, proton leak, and ATP production upon 0 — 5 uM carfilzomib for 24 or 48 hrs; .: adjusted P < 0.1; *:
adjusted P < 0.05; **: adjusted P < 0.01, ANOVA with Tukey’s HSD post-hoc at 95% confidence level; n=5. Error bars:
s.d. for bar charts in panels C, E, F, G, H; s.em. for the OCR graph in panel D. Colors in panel D: dosage, same as panel
C .O: Oligomycin; AA/R: Antimycin A/Rotenone. I. Spatial map with 13 assigned subcellular localizations in iPSC-CMs at
the baseline (top) and upon 0.5 uM carfilzomib treatment (n=2). J. Histogram of log10 protein turnover rates (k), with
median half-life of 97.4 hours and 100.0 hours in normal and carfilzomib-treated iPSC-CM.
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Further in response to the Reviewer’'s comment, we have now performed proteasome activity assays
with iPSC-CMs treated with 0.5 pM carfilzomib for 48 hours. Briefly, we used the Proteasome Glo
Chymotrypsin-Like Cell-Based kit to measure the chymotrypsin-like activity of proteasomes, which are
specifically targeted by carfilzomib. We find that at 48 hours after carfilzomib treatment, proteasome activity
remains suppressed in iPSC-CMs, to about 25% of normal levels (new Figure 6K, see below). It is also clear
that some residual activity persists when compared to the in vitro MG-132 inhibition negative control. We
note also that because the substrate of the assay is an unstructured tetrapeptide linked to a luciferase
substrate, the proteasome assay only measures the catalytic step but not the commitment step of protein
degradation, the latter of which is rate limiting in living cells (Claydon and Beynon, 2012). We observed a
suggestive induction of autophagy at P = 0.053 in iPSC-CMs treated with 0.5 uM carfilzomib for 48 hours,
which may compensate partially for protein degradation (new Figure 6L, see below). Hence, we show that
although carfilzomib continues to inhibit PSMB5 catalytic activity to a significant degree at 48 hours, the
temporal proteomics data paint a more nuanced picture where global per-protein average half-life is similar
but particular proteins are affected. Finally, we would like to emphasize that we have used an established and
clinically relevant dose that has led to verifiable cellular pathologies, and the degree of proteasome activity
per se may not be the driving cause of cardiotoxicity.
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Figure 6K. Proteasome activity in iPSC-CMs treated with 0 (Ctrl) vs. 0.5 uM carfilzomib (Cfzb) for 48 hrs. P value: t-test; n
= 3. L. Autophagy assay for iPSC-CMs treated with 0 (Ctrl) vs. 0.5 uM carfilzomib (Cfzb) for 48 hrs, and positive control
(Pos); data were normalized to DAPI and normal cells. P value: t-test; n = 10.

Finally, the main text has been updated to reflect these changes.

Main Text, Results, Line 548 “To verify toxicity modeling, we measured iPSC-CM viability and
phenotypes under 0 to 5 uM carfilzomib for 24 and 48 hours. Under the chosen treatment (0.5 ug for 48 hours),
iPSC-CMs showed sarcomeric disarray consistent with prior observations on the cardiotoxic effects of
carfilzomib (Figure 6B) but maintained viability (82%) (Figure 6C), while showing significant decreases in
oxygen consumption (Figure 6D), basal respiration (Figure 6E), and maximal respiration (Figure 6F), whereas
higher doses are accompanied with drops in viability at 48 hours and an increase in proton leak (Figure 6G).
ATP production at the 0.5 ug dose was significantly lower than untreated cells at both 24 and 48 hours (Figure
6H). Therefore cardiotoxicity due to carfilzomib can be recapitulated in a human iPSC-CM model, consistent
with prior work in the literature.”

Main Text, Results, Line 602 “At 48 hours of carfilzomib treatment in iPSC-CMs, proteasome
chymotrypsin-like activities are partially suppressed but significant partial activities are also observable (Figure
6K); whereas other proteolysis mechanisms may also compensate for proteasome inhibition, including a
suggestive increase in autophagy (P: 0.053) (Figure 6L).”

Reviewer 2 Comment 9: “UPR activation leads to an extensive shutdown in protein translation via the
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integrated stress response. How do the observed changes in translation compare to published observation
and how is this difference accounted for in the analyses?”

Response: We observed a decrease in global isotope incorporation consistent with decreased translation, as
we described in the manuscript. The spatial profiles of newly synthesized proteins are resolved separately
from pre-existing proteins in the method.

Main Text, Results, Line 232 “This slowdown is consistent with the extensive shutdown in protein
translation under integrated stress response, which decreases the rate of SILAC incorporation into proteins.”

Minor and specific comments
Reviewer 2 Comment 10: “Figure legends have to explain abbreviations and give number of replicates.”

Response: We thank the Reviewer for the reminder. We have now gone through the figure legends again to
make sure we explain abbreviations and list the number of replicates.

Reviewer 2 Comment 11: “Supplemental tables should have a cover page with a title, figure cross-reference
and explanation of the columns.”

Response: We fully agree with the Reviewer. We have now moved the supplemental material to a
Supplemental Information document with a cover page and title as suggested. All Supplemental Figures,
Tables, and Data should now be referenced in the main text. We have reorganized the Supplemental Tables
to include relevant information and into 10 Supplemental Data tables as listed in the Supplemental
Information:

Supplemental Data S1 - Abundance changes in ER stress vs. Normal AC16 cells
Supplemental Data S2 - Protein localization and assignment in Normal AC16 cell
Supplemental Data S3 - Turnover rate ratios in Thapsigargin vs. Normal AC16 cells
Supplemental Data S4 - Protein localization and assignment in Thapsigargin AC16
Supplemental Data S5 - Turnover rate ratios in Tunicamycin vs. Normal AC16 cells
Supplemental Data S6 - Protein localization and assignment in Tunicamycin AC16
Supplemental Data S7 - Protein localization and assignment in Normal iPSC-CM
Supplemental Data S8 - Turnover rate ratios in carfilzomib vs. Normal iPSC-CMs
Supplemental Data S9 - Protein localization and assignment in Carfilzomib iPSC-CMs
Supplemental Data S10 - List of canonical compartment markers in spatial experiments

Each Supplemental Data is now formatted as an Excel spreadsheet, and the columns are now clearly
explained in a Column Description sheet within each Excel file. We thank the Reviewer for the helpful
guidance.

Reviewer 2 Comment 12: “Labeling in figures should be consistent (e.g. Fig. 2A, B).”

Response: We thank the Reviewer for the reminder. We have made every effort to go through all the figures
to make sure the letter labels are consistent, and the figures are referenced consistently in the main text.
Since the changes to the figures are substantial due to new experiments and analyses, they are not
reproduced here. Please refer to the main text and supplemental information for details.

Reviewer 2 Comment 13: “Panels in figures do not appear in the order as they are discussed in the results
section, please reorder.”



Response: We thank the Reviewer for the reminder. The figure panels should now be referenced in order in
the Results section of the main text.

Reviewer 2 Comment 14: “137: add reference for LOPIT approach, revise sentence”
Response: We have now added the reference to the LOPIT-DC paper and revised the sentence for clarity.

Main Text, Results, Line 127 “In particular, the LOPIT-DC (Localisation of Organelle Proteins by
Isotope Tagging after Differential ultraCentrifugation) method (Geladaki et al., 2019) allows the advantageous
use of sequential ultracentrifugation to enrich different subcellular fractions from the same samples...”

Reviewer 2 Comment 15: “187-192: some fold changes do not match the median values shown in Figure
S1”

Response: We thank the Reviewer for the comment. We have examined the figure in question (hnow moved to
Figure 2A and Figure 5A) for any discrepancy. Some of the ratio differences might have come from unclear
labeling between 8 hours and 16 hours of thapsigargin and tunicamycin treatment. We now refer the readers
to Supplemental Data S1 for numerical fold-changes for accuracy.

Reviewer 2 Comment 16: “235-236: unclear what the authors are trying to say”

Response: We apologize for the confusion. The intended meaning of the text was that there is evidence of
regulated protein kinetics changes, vs. uniform slowdown due to reduced proliferation. We have now
reworded for simplicity.

Main Text, Results, Line 235 “Notwithstanding the overall slowdown, we also observed a wide range of
protein turnover rates in both the untreated and thapsigargin treated conditions that differ by the assigned
subcellular compartment (Supplemental Figure S6).”

Reviewer 2 Comment 17: “256-259: include references for suppression of protein synthesis through
ribosome remodeling.”

Response: We have updated the main text to include two references.

Main Text, Results, Line 232 “This slowdown is consistent with the extensive shutdown in protein
translation due to ribosome remodeling under integrated stress response (Bresson et al., 2020; Pakos-
Zebrucka et al., 2016), shown here by the decreased rate of SILAC incorporation into proteins.”

Reviewer 2 Comment 18: “268-271: where do the numbers (FC, p-values) come from, please make
accessible in a table. Proteins mentioned here are not shown in the figure.”

Response: We apologize for the omission. We now refer to Supplemental Data S3 for the fold-change and
adjusted P values.

Main Text, Results, Line 241 “On an individual protein level, out of the 2516 proteins measured, 1542
showed significant changes in temporal kinetics (Mann-Whitney test, FDR adjusted P value < 0.1), but the vast
majority of these proteins show decreases in turnover as expected, with only 12 proteins showing significant
increased temporal kinetics. Among these are the induced ER stress markers BiP/HSPA5, HSP90B1, and
PDIA4 (Figure 2F; Supplemental Data S3) but also other ER and Golgi proteins that may be involved in
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stress response (Figure 2G). SDF2L1 (stromal-cell derived factor 2 like 1) is recently described to form a
complex with the ER chaperone DNAJB11 to retain it in the ER (Hanafusa et al., 2019). In control cells, we
found that SDF2L1 has a basal turnover rate of 0.027/hr. Upon thapsigargin treatment, its turnover rate
increased to 0.048 /hr (adjusted P: 0.07). DNAJB11 also experienced accelerated kinetics (1.28-fold in
thapsigargin, adjusted P 0.029) hence both proteins may be preferentially synthesized during UPR.”

In addition, where practical, we have now made every effort to match the proteins discussed throughout the
main text to a figure panel, for instance, the proteins above are shown in Figure 2F-2G.
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Figure 2F. Example of best fit curves in the first-order kinetic model at the protein level between normal (gray), and
thapsigargin treated (red) AC16 cells showing four known ER stress markers with elevated turnover (HSPA5, RCNG,
HSP90B1, and PDIA4); Asterisks: FDR adjusted P < 0.1. Because the sampling time point is known, the measured relative
isotope abundance of a peptide (prior to reaching the asymptote) is sufficient to define the kinetic curve and the parameter
of interest (k). G. Turnover rate ratio (thapsigargin vs. normal) of the top proteins with elevated temporal kinetics in UPR
within the ER (blue) and Golgi (green); .: Mann-Whitney test FDR adjusted P value < 0.1; *: < 0.05; ** < 0.01; red dashed
line: 1:1 ratio; bars: standard error.

Reviewer 2 Comment 19: 280-285: discussed data is not shown

Response: We apologize for the omission. We have made every effort to match the proteins discussed
throughout the main text to a figure panel. For the sentences in question, the results of the tunicamycin
comparison has been moved to its own section in the main text under the section “Spatiotemporal proteomics
highlights similarities and differences of ER stress induction protocols” in response to the Reviewer's comment
that the tunicamycin results are not sufficiently highlighted.

Main Text, Results, Line 471 “Compared to thapsigargin treatment however, no significant enrichment
of glycosylation and vesicle transport related terms were found in tunicamycin. Inspection of individual protein
kinetics changes likewise revealed both similar induction of the ER stress response markers HSPA5, HSP90B1
and PDIA4 as in thapsigargin treatment, but other stress response genes PDIA3 and NIBAN1 are not induced
in thapsigargin (Figure 5E). On the other hand, RCN3 (reticulocalbin 3) is an ER lumen calcium binding protein
that regulates collagen production (Martinez-Martinez et al., 2017) and shows increased temporal kinetics in
thapsigargin (Figure 2F) but not in tunicamycin (ratio 0.76 over normal; Supplemental Data S5), altogether
reflecting potential differences in stress response modality to a different ER stress inducer.”

The discussed data are now shown in Figure 5E and Supplemental Data S5.


https://www.zotero.org/google-docs/?GYxuYq
https://www.zotero.org/google-docs/?6LzizO

E HSPA5 HSP9OOB1 PDIA4 PDIA3 DNAJB11 NIBAN1
1.00 1.00 1.00 1.00 1.00 1.00

0.75 4 0.75 4 0.75 4 0.75 4 0.75 4 0.75

RIA

0.50 4 0.50 4 0.50 0.50 0.50 0.50

0.25 0.26 4 0.25 0.25

0.25 4

k:0.054 +/-0.007
k: 0.062 +/-0.009
k:0.085 +/- 0.005

©0.033 +/-0.003 :0.035 +/-0.003 0.034 +/-0.002 - 0.03 +/- 0.009
k: 0.095 +/-0.013 k: 0.051+/-0.007 k: 0.049 +/-0.01 k: 0.031+/-0.002 k:0.038 +/- 0.006

k:0.118 +/- 0.014 | 0.00 k:0.075 +/-0.005 | 0.00 4 k:0.064 +/-0.033 | 0.00 4 k:0.047 +/-0.007 | 0.00 k:0.057 +/-0.01| 0.00 -

0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
Time (hours) Time (hours) Time (hours) Time (hours) Time (hours) Time (hours)

+0.029 +/-0.01

0.00

Figure 5E. Example of best fit curves in the first-order kinetic model at the protein level between normal (gray),
tunicamycin (blue) and thapsigargin (red) treated AC16 cells showing known ER stress markers with elevated turnover in
both ER stress inducers (HSPA5, HSP90B1, and PDIA4) as well as stress response proteins with elevated turnover only in
tunicamycin (PDIA3, DNAJB11, NIBAN1).

Reviewer 2 Comment 20: “375-326: discussed data is not shown in a figure or provided as table”

Response: We apologize for the poor presentation. The data in question (whether light and heavy proteins
have similar localization patterns or are localized to identical cellular locales) is now presented as a figure in
the new Figure 4A-4B.
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Figure 4A. Histogram showing the similarity in light and heavy proteins in normalized fraction abundance profiles in (left)
normal and (right) thapsigargin-treated AC16 cells. X-axis: the spatial distribution distance of two proteins is measured as
the average euclidean distance of all TMT channel relative abundance in the ultracentrifugation fraction profiles across 3
replicates; y-axis: count. Blue: distance for 1,614 quantified light-heavy protein pairs (e.g., unlabeled EGFR, heavy SILAC-
labeled EGFR). Grey: distribution of each corresponding light protein with another random light protein. P value: Mann-
Whitney test. B. Proportion of heavy-light protein pairs with confidently assigned localization that are assigned to the same
location (purple) in normal (left; 93%) and thapsigargin-treated (right; 89%) cells.

The data for the tunicamycin treated AC16 cells is now shown in Supplemental Figure S11A-A11B
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Supplemental Figure S11A. Histogram showing the similarity in light and heavy proteins in normalized spatial
distribution distances in (tunicamycin-treated AC16 cells. X-axis: euclidean distance of fraction profiles across
3 replicates; y-axis: count. Blue: distance for quantified light-heavy protein pairs. Grey: distribution of each
corresponding light protein with another random light protein. P value: Mann-Whitney test. B. Proportion of



heavy-light protein pairs with confidently assigned localization that are assigned to the same location (purple) in
normal (left; 93.0%) and tunicamycin-treated (right; 85.2%) cells.

The data for iPSC-CM is now presented in Supplemental Figure S14B-S14C.
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Supplemental Figure S14B. Histogram showing the similarity in light and heavy proteins in normalized fraction
abundance profiles in (leff) normal and (right) carfilzomib-treated iPSC-CMs. X-axis: euclidean distance of
fraction profiles across 2 replicates; y-axis: count. Blue: euclidean distance for quantified light-heavy protein
pairs. Grey: distance of each corresponding light protein with a random sampled light protein. P value: Mann-
Whitney test. C. In baseline and stressed iPSC-CMs, 87.6% and 80.2% of light and heavy protein pairs are
assigned to the same subcellular localization.

Reviewer 2 Comment 21: “355-356: tunicamycin data are not shown. Either show data or remove from the
results section.”

Response: We apologize for the omission. The results of the tunicamycin comparison has been moved to its
own section in the main text under the section “Spatiotemporal proteomics highlights similarities and
differences of ER stress induction protocols” in response to the Reviewer's comment. In addition, we have
made every effort in the revised manuscript to include in the figure panels all proteins discussed throughout
the main text. For the sentence in question, namely the migration of proteins toward the
peroxisome/endosome co-sedimenting compartment, the accompanying figures are now presented in
Supplemental Figure S12.




BANDLE RNA

Differential Localization . . Granule RBP
Normal Probability Tunicamycin Score ¢

Rep1 Rep2 Rep3 Rep1 Rep2 Rep 3
0.984

o
w

Int. ¢

>0.999
—_

DNAJB11 01 ® e

o0
wo

DNAJC3 >0.999

Int.

0.1 X (]

w o

oo

DNAJC10 >0.999

ER
PDIAG
GA PEROXISOME/

LYSOSOME [l ENDOSOME
=

Int.

o0
wo

>0.999

Int.

oo
wo

EMC4 0.996

o0
wo

PM >0.999

Int.

EMC8

UNCLASSIFIED I

oo
o

>0.999

Int.

Normal Tunicamycin VAPA 0.2 () [ 1)

o0
wo

>0.999

2121210121212

)??}2??)
2121010002101

Int.

VAPB

o
o

21221213111

3
3

rac. 0 1 fac. 10 T Frac

o
3
8
-
3
3
3
-
3
3
3
o

Int.
v v v v v v
S S S o o S S S
N © (o] [{e] © o o o ©o
8 8 8 Sld Sl€ S| 3 S
© © © =] © © © ©

Supplemental Figure S12. Examples of proteins translocating toward the peroxisome-endosome
cosidementing compartment in tunicamycin treatment. (Left) Alluvial plot of significant protein translocation (Pr
> 0.95) from the ER, Golgi apparatus (GA), PM, and lysosome toward the peroxisome/endosome. Colors
correspond to spatial maps for AC16 cells throughout the manuscript. (Right) Ultracentrifugation fraction profile
of DNAJB11, DNAJC3, DNAJC10, PDIA6, EMC4, EMCS8, VAPA, and VAPB showing the localization of the
proteins to the ER and to the peroxisome/endosome fraction in normal and thapsigargin-treated AC16 cells,
respectively. X-axis: fraction 1 to 10 of ultracentrifugation. Y-axis: relative channel abundance. Bold lines
represent the protein of interest; light lines represent ultracentrifugation profiles of all proteins classified to a
respective localization. Colors correspond to subcellular localization in panel B and for all AC16 data throughout
the manuscript. Numbers in the box represent BANDLE localization probability to the compartment. RNA
Granule Score: score from RNA Granule Database (https://rnagranuledb.lunenfeld.ca/). A score of 7 or above is
considered a known stress granule protein. Phi: predicted phase separation participation. Circle denotes a
prediction of True within the database, X denotes a prediction of False. RBP: Annotated RNA binding protein on the
RNA Granule Database. One circle denotes known RNA binding proteins (RBP) in at least one data set; two
circles denote known RBP in multiple datasets. Dashes indicate proteins not found within the RNA Granule
Database.

In addition, the main text has been updated to expand on the tunicamycin result as suggested by the
Reviewers at multiple comments, and to reference Supplemental Figure S12.

Main Text, Results, line 502 “Notably, although tunicamycin also induced the translocation of proteins
toward the peroxisome/endosome fraction, different proteins are involved, including the stress response
proteins DNAJB11, DNAJC3, DNAJC10, and PDIA6 as well as other proteins EMC4, EMCS8, VAPA, and VAPB
(Supplemental Figure S12) which further outlines different modalities of cellular response toward two
different ER stress inducers.”

Reviewer 2 Comment 22: “356: refer to Fig. 4A”

Response: Thank you for the suggestion. In response to the Reviewer’s comments, the discussion in
question has been reorganized to refer to the peroxisome/endosome migration of proteins upon tunicamycin,
presented individually in Supplemental Figure S12 (see our response to Reviewer 2 Comment 21 above).



Reviewer 2 Comment 23: “360: typo ‘sediment”
Response: Thank you. This is now fixed and rewritten.

Main Text, Results, Line 315 “In mammalian cells, ER and peroxisomes are spatially adjacent; the
peroxisome associated fractions sediment prominently at 5000-9000 x g( F3 and F4) in the LOPIT-DC
protocol (Supplemental Figure S2), marked by canonical peroxisome markers PEX14 and ACOX1
(Supplemental Data S2).”

Reviewer 2 Comment 24: “367-368: add references for ‘previously known translocators’

Response: Thank you. We have reorganized the Results section for clarity in response to the Reviewer’s
comments. Expected translocation events are now presented in the main text and referenced.

Main Text, Results, Line 294 “The differential localization of these 330 proteins recapitulate previously
established relocalization events in cellular stress response, capturing the migration of caveolae toward the
mitochondrion under cellular stress (Fridolfsson et al., 2012) (Supplemental Figure S8A), and the
engagement of EIF3 to ribosomes in EIF3-dependent translation initiation in integrated stress response (Guan
et al., 2017) (Supplemental Figure S8B), thus supporting the confidence of the spatial translocation
assignment.”

Reviewer 2 Comment 25: “367-371: proteins mentioned here are not the ones highlighted in the figure.”

Response: We apologize for the poor presentation. In the revision, we have endeavored to include an
individual figure presentation for every protein mentioned, in addition to pointing to the corresponding
Supplemental Data table for numerical values. For the discussion in question (ER vesicle related proteins
migrating toward the peroxisome/endosome co-sedimenting compartment), we now present their individual
fraction profiles and localization probability in the new Supplemental Figure S9.
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https://www.zotero.org/google-docs/?8Z1k6S
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Supplemental Figure S9. Additional examples of proteins translocating toward the peroxisome-endosome
cosidementing compartment upon thapsigargin treatment. (Left) Alluvial plot of significant protein translocation
(Pr > 0.95) from the ER, Golgi apparatus (GA), and nucleus toward the peroxisome. Colors correspond to spatial
maps for AC16 cells throughout the manuscript. (Right) Ultracentrifugation fraction profile of CNOT3, CNOT?7,
CNOT10, LMAN1, LMAN2, SCYL2, SNX1, GOLT1B, GOSR2, RER1, and NAPA showing the localization of the
proteins to the ER and to the peroxisome/endosome fraction in normal and thapsigargin-treated AC16 cells,
respectively. X-axis: fraction 1 to 10 of ultracentrifugation. Y-axis: relative channel abundance. Bold lines
represent the protein of interest; light lines represent ultracentrifugation profiles of all proteins classified to a
respective localization. Colors correspond to subcellular localization for all AC16 data throughout the
manuscript. Numbers in the box represent BANDLE localization probability to the compartment. RNA Granule
Score: score from RNA Granule Database (https://rnagranuledb.lunenfeld.ca/). A score of 7 or above is
considered a known stress granule protein. Phi: predicted phase separation participation. RBP: Annotated RNA
binding protein on the RNA Granule Database. One circle denotes known RNA binding proteins (RBP) in at least
one data set; two circles denote known RBP in multiple datasets.

Reviewer 2 Comment 26: “380: refer to Fig. S3A”
Response: Thank you. The text now refers to Supplemental Figure S12 for the discussion in question.

Main Text, Results, line 502 “Notably, although tunicamycin also induced the translocation of proteins
toward the peroxisome/endosome fraction, different proteins are involved, including the stress response
proteins DNAJB11, DNAJC3, DNAJC10, and PDIA6 as well as other proteins EMC4, EMCS8, VAPA, and VAPB
(Supplemental Figure S12) which further outlines different modalities of cellular response toward two
different ER stress inducers.”

Reviewer 2 Comment 27: 380-383: where can this data be found?



Response: We apologize for the poor presentation. In the revision, we have endeavored to include an
individual figure presentation for every protein mentioned. The discussion in question (same as Reviewer 2
Comment 26 above) is now in Supplemental Figure S12.

Main Text, Results, line 502 “Notably, although tunicamycin also induced the translocation of proteins
toward the peroxisome/endosome fraction, different proteins are involved, including the stress response
proteins DNAJB11, DNAJC3, DNAJC10, and PDIA6 as well as other proteins EMC4, EMCS8, VAPA, and VAPB
(Supplemental Figure S12) which further outlines different modalities of cellular response toward two
different ER stress inducers.”

Supplemental Figure S12 is reproduced under our response to Reviewer 2 Comment 21.

Reviewer 2 Comment 28: “408-410: discussed data is not shown”

Response: We thank the Reviewer for the comment. In response, we have opted to remove the discussion in
question (proteins that move from the plasma membrane toward internal membrane) from the main text in
order to maintain scope and focus. Due to the large-scale nature of the spatial proteomics experiments, we
feel unable to highlight each protein individually despite already adding over 100 graphical elements (e.g.,
individual fractionation profiles) in the revision to ensure graphical representation of the discussed proteins.
The behavior of these differential localization candidates can be found in Supplemental Data S4 and
Supplemental Data S6.

Reviewer 2 Comment 29: “4712-414: refer to Fig. 4A”

Response: We apologize for the omission. The results of the tunicamycin comparison has been moved to its
own section in the main text under the section “Spatiotemporal proteomics highlights similarities and
differences of ER stress induction protocols” in response to the Reviewer's comment. In addition, we have
made every effort to include in the figure panels all proteins discussed throughout the main text. The
discussion in question (lysosome targeting in thapsigargin and tunicamycin) is now associated with individual
protein graphs in Figure 5F.

Main Text, Results, Line 487 “We found that in both tunicamycin and thapsigargin treatment, there
was evidence of lysosome targeting from other endomembrane compartments, including: RRBP1, a
ribosome-binding protein of the ER, GANAB, a glucosidase Il alpha subunit integral to the proper folding of
proteins in the ER, FKBP11, a peptidyl-prolyl cis/trans isomerase important to the folding of proline-containing
peptides, IKBIP, an interacting protein to the IKBKB nuclear kinase, and MANF, a neurotrophic factor which
has relations to ER stress-related cell death when its expression is lowered (BANDLE differential localization
probability > 0.999) (Sayers et al., 2022) (Figure 5F).”
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Figure 5F. Alluvial plot showing the migration of ER, GA, and peroxisome/endosome proteins toward the lysosome (left).
On the right, the ultracentrifugation fraction profiles of translocating proteins RRBP1, FKBP11, GANAB, MANF, IKBIP,
and P3H1 are shown that are targeted toward the lysosome in both tunicamycin and thapsigargin treatment (BANDLE
differential localization probability > 0.95). Numbers in boxes are the BANDLE allocation probability in each condition
(n=3).

Reviewer 2 Comment 30: “4712-417: most mentioned proteins are not shown in the figure. What is the
interpretation, could this be explained by autophagy activation?”

Response: We apologize for the omission. We have made every effort to match the proteins discussed
throughout the main text to a figure panel. In this instance, the mentioned lysosome-targeted proteins are
now presented in Figure 5F, which is reproduced immediately above in our response to Reviewer 2
Comment 29.

We agree with the Reviewer that autophagy activation could be an intriguing explanation for the observed
lysosome targeting events. One of the translocating proteins MANF is a known ER stress response factor and
in other models including mouse kidney and C. elegans has been found to localize to lysosome and to
activate autophagy (Kim et al., 2023; Taylor and Gupta, 2023). However, since we have not investigated
autophagy activation in this study, with the Reviewer’s understanding we prefer to refrain from further
interpretation in the main text.

Reviewer 2 Comment 31: “479: refer to Fig. S3B”

Response: We thank the Reviewer for the suggestion. The text now refers to Figure 5F, as noted in our
response to Reviewer Comment 29 above.

Reviewer 2 Comment 32: “429-430: give examples of stress response proteins that are found in this group”

Response: We thank the Reviewer for the suggestion. We now give specific examples in the main text on the
stress response proteins that alter in kinetics and localization. The identity and associated fold-change and
statistics can be found in Supplemental Data S6.

Main Text, Results, Line 506 “The translocating stress response proteins DNAJB11, DNAJC10, and
PDIA6 also showed significant acceleration in temporal kinetics in tunicamycin (Mann-Whitney test, FDR
adjusted P < 0.10; Supplemental Data S6)”


https://www.zotero.org/google-docs/?iKZHbg

Reviewer 2 Comment 33: “462-466: where can this data be found?”

Response: In the revised manuscript, we now present Figure 4A-4B that more clearly highlights the similarity
in spatial distance between light and heavy SILAC labeled versions of the same protein species, which is
detailed in our response to Reviewer 2 Comment 20 above and is now reproduced here. Moreover, regarding
the translocation of heavy and light proteins, we now present data in Figure 4C and Supplemental Figure
S$11C that show that the majority of proteins do not deviate significantly in light-heavy spatial distance upon
thapsigargin or tunicamycin treatment, with the highlighted proteins EGFR and ITGAV being among unusual
cases (Z score > ~2). The light-heavy profiles (i.e., new and old EGFR, and ITGAV) of these proteins are
further presented in the updated Figure 4D-4G and the new Supplemental Figure S11D-E)
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Figure 4C. Ranked changes in heavy-light pair euclidean distance upon thapsigargin treatment. The difference in heavy-
light distances in thapsigargin is adjusted by the average changes in the spatial distance of the light protein with 250 other

sampled light proteins to calculate the normalized difference. The majority of proteins show no change (+/- 0.02 in euclidean
distance). The positions of EGFR and ITGAV are highlighted. Inset: Z score distribution of all changes.

Reviewer 2 Comment 34: “468-470: where can this data be found?”

Response: The new Supplemental Figure S11 has been added to show the partition of new and old proteins
and the ER retention of new proteins in tunicamycin treated AC16 cells.
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Supplemental Figure S11: Partition of new and old EGFR and ITGAV in tunicamycin treatment. A. Histogram showing the
similarity in light and heavy proteins in normalized spatial distribution distances in (tunicamycin-treated AC16 cells. X-axis:
euclidean distance of fraction profiles across 3 replicates; y-axis: count. Blue: distance for quantified light-heavy protein
pairs. Grey: distribution of each corresponding light protein with another random light protein. P value: Mann-Whitney test.
B. Proportion of heavy-light protein pairs with confidently assigned localization that are assigned to the same location
(purple) in normal (left; 93.0%) and tunicamycin-treated (right; 85.2%) cells. C. Ranked changes in heavy-light pair euclidean
distance upon tunicamycin treatment. The majority of proteins show no change (+/- 0.02 in euclidean distance). The
positions of EGFR and ITGAV are highlighted. Inset: Z score distribution of all changes. The spatial maps for D. EGFR and
E. ITGAV showing a translocation of newly synthesized (heavy; H) but not old (light; L) proteins from the plasma membrane
(PM) to the ER fraction in tunicamycin treated AC16 cells. Open circles show the location of the proteins in the map.
Numbers denote BANDLE allocation probability. (Right) Ultracentrifugation profiles showing different sedimentation
behaviors of the light and heavy proteins.



Reviewer 2 Comment 35: “477-479: tunicamycin data is not shown”

Response: We apologize for the omission. The new Supplemental Figure S11 has been added to show the
data in tunicamycin treated AC16 cells. Please see our response to Reviewer 2 Comment 34 immediately
above.

Reviewer 2 Comment 36: “493-503: an alternative explanation would be folding stress induced stalling of
protein trafficking along the secretory pathway, which is even stated in the abstract (line 37-40)”

Response: We apologize for the unclear writing, but this was in fact our preferred explanation as well rather
than an alternative explanation, so the Reviewer and we are in agreement. We have now rewritten this for
clarity.

Main text, Results, line 402 “With the function of integrins as cell surface receptors that function in
intracellular-to-extracellular and retrograde communication, the internalization of a newly synthesized V class
integrin subunit, such as due to stress-induced stalling of protein trafficking along the secretory pathway,
would be indicative of a decrease in integrin signaling function through spatial regulation rather than protein
abundance ...”

Reviewer 2 Comment 37: “579-520: title is somewhat misleading because the utilized Pl concentration did
not cause sufficient inhibition of proteasomal degradation, as shown in Fig. 6B”

Response: We agree with the Reviewer that the title is less than ideal. In the revised manuscript, we have
revised the heading of the iPSC-CM section to “Application of SPLAT to the mechanism of cardiotoxicity in
iPSC-CM models”. We have also included new proteasome assay data to show that there is reduced
chymotrypsin-like proteasome activity at 48 hours after 0.5 uM carfilzomib treatment to approximately 25% of
normal iPSC-CM, which is now presented in the new Figure 6K. The figure is detailed in our response to
Reviewer 2 Comment 8 and is not further reproduced here.

Reviewer 2 Comment 38: “536-537: add references for prior reports”
Response: We apologize for the omission. The literature reference has now been included in the main text.

Main Text, Results, Line 543 “This cardiotoxicity has been modeled in vitro by exposure of 0.01 - 10 uM
carfilzomib to human iPSC-CMs (Forghani et al., 2021) [...].”

In addition, in response to the Reviewer’s comments (e.g., see our response to Reviewer 2 Comment 8 above),

we have included substantial new experiments to show cell viability, metabolic dysfunction, proteasome
degradation and autophagy activity under the used dose.

Reviewer 2 Comment 39: “538: typo ‘hands’

Response: This has now been fixed.

Reviewer 2 Comment 40: “564-567: refer to Fig. 6D”

Response: The text has been updated to refer to figure panels more consistently. Protein turnover changes in
carfilzomib-mediated cardiotoxicity is now presented in the new Supplemental Data S8 as well as the new
Figure 7A (please see our response to Reviewer 2 Comment 41 immediately below)


https://www.zotero.org/google-docs/?5NbbIL

Reviewer 2 Comment 41: “567-569: are the protein half-lives provided anywhere?”

Response: We apologize for the omission on our part. The protein turnover changes in carfilzomib-mediated
cardiotoxicity are now presented in tabular formats in the new Supplemental Data S8. The turnover kinetic
changes of the discussed proteins are now also individually presented in the new Figure 7A and Figure 7B.
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Figure 7A. Changes in protein turnover rates between carfilzomib vs. normal iPSC-CMs across selected cellular
compartments; **: P < 0. 01; *: P < 0.05; .: P < 0.1; Mann-Whitney test FDR adjusted P values. error bars: standard error.
B. Kinetic curve representations of proteins with accelerated temporal kinetics in carfilzomib including PSMC2 which
corresponds to the ratio in panel A, as well as additional ERAD proteins and chaperones; gray: normal iPSC-CM; green:
carfilzomib.

Reviewer 2 Comment 42: “573-574: how many of these proteins showed differential localization upon
Stress?”

Response: We thank the Reviewer for the prompt. Upon carfilzomib treatment, we find 339 heavy/light pairs
of proteins that translocate, among which 23 also change in temporal kinetics. In response to the Reviewer’s
comment to focus on biological insights, we now also highlight 2 specific examples in the main text.

Main Text, Results, Line 621 “We observed an interconnectivity of spatial and temporal changes, with
23 out of 339 pairs of confident translocators also showing significant kinetic changes. BAG3, a muscle
chaperone important for sarcomere turnover (Martin et al., 2021a), shows elevated kinetics (Figure 7B) and a
partition away from the soluble cytosol compartment (Figure 7D) toward an expanded compartment in
carfilzomib that co-sediments with Golgi markers. Inspection of existing annotations show that the majority of
categorized proteins are not canonical Golgi proteins but contain cytoplasm and endosome terms; hence it likely
represents a less soluble cytoplasmic fraction consistent with a lower abundance in the last ultracentrifugation
step (Supplemental Figure S13, Supplemental Figure S14, Supplemental Data S9). This is consistent with
the known dynamic partitioning of BAG3 between the cytosol and myofilament fractions for its function (Martin
et al., 2021b). Secondly, we find that accelerated temporal kinetics of PA200/PSME4 proteasome inhibitor


https://www.zotero.org/google-docs/?gGX7mJ
https://www.zotero.org/google-docs/?3KR8MI
https://www.zotero.org/google-docs/?3KR8MI

(Figure 7B) in conjunction with a change in localization from the nuclear compartment in baseline toward the
proteasome compartment upon carfilzomib (Figure 7E).”

The kinetic changes of BAG3 and PSME4 are presented in Figure 7B (see our response to Reviewer 2
Comment 41 immediately above). The translocation results are also presented in the new Figure 7D and Figure
7E. Moreover, the localization and turnover data can be found in Supplemental Data S7, Supplemental Data
S§8, and Supplemental Data S9).
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Figure 7D-E. Spatial map (PC1 vs. PC2) and ultracentrifugation fraction profiles of D. BAG3 and E. PSME4 in normal and
carfilzomib-treated human iPSC-CM, showing a likely differential localisation in conjunction with kinetics changes. White-
filled circles: light and heavy BAG3 or PSME4 in each plot. The kinetic curves of BAG3 and PSME4 are in panel B. Numbers
at arrows correspond to BANDLE differential localization probability (Diff. Loc. Pr.).

Reviewer 2 Comment 43: “642-644: immunofluorescence cannot distinguish between old/new protein pool;
hence, these results do not support the finding that only the young protein pool shifts location. Please
rephrase.”

Response: We agree with the Reviewer and thank the Reviewer for the recommendation to rephrase. This
has now been rephrased for clarity.

Main Text, Discussion, Line 718 “Upon ER stress induction, EGFR immunofluorescence showed a partial
translocation away from the plasma membrane. Although immunofluorescence cannot distinguish between
old and new protein pools, this partial translocation is consistent with the mass spectrometry data showing
partial translocation, involving the newly synthesized heavy protein pool.”

Reviewer 2 Comment 44: “644-649: please be careful with interpretation of the results (as stated for lines
493-503). Otherwise provide additional data that support the ‘ligand-independent EGFR internalization’
hypothesis.”

Response: We thank the Reviewer for the suggestion and have now rephrased the interpretation with better
care to emphasize the hypothesis generated.

Main Text, Discussion, Line 722 “We hypothesize that this partial translocation is suggestive of a liganad-
independent trafficking of newly synthesized protein, rather than ligand dependent activation and
internalization that is agnostic to protein lifetime. Of note, ligand-independent activation and internalization of



EGFR has been previously induced via both starvation and tyrosine kinase inhibitor treatment, leading to
cellular autophagy (Tan et al., 2015), hence this partial translocation may carry functional significance to
protective cellular response.”

Reviewer 2 Comment 45: “675-676: show data or give reference”

Response: We now point to relevant data generated in this study (Figure 1D and Figure 6B), and have
further reworded the sentence for clarity.

Main Text, Discussion, Line 746 “ ...in our experiments we have used only a single time point per
treatment (16 hours post thapsigargin or tunicamycin; 48 hours post carfilzomib), which was selected based
on the drug treatment models but also needed to be sufficient to capture the median half-life of proteins in the
cell types studied (Figure 1D; Figure 6B). Hence the collection time points need to be optimized for different
cell types with distinct intrinsic protein turnover rates.”

Reviewer 2 Comment 46: “Figure 1B: think about emphasizing temporal information gained in MS1 and
spatial information gained in MS2.”

Response: We thank the Reviewer for the suggestion. We have revised the Figure 1 illustrations and legends
to emphasize the temporal and spatial information gained in MS1 and MS2, respectively.
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Figure 1D. Temporal information and spatial information is resolved in MS1 and MS2 levels, respectively. SPLAT allows
the subcellular spatial information of the heavy (new) and light (old) subpools of thousands of proteins to be quantified
simultaneously in normal and perturbed cells.

Reviewer 2 Comment 47: “Figure legend 1B: not clear that 'SILAC light’ (used in figure) is the same as
‘unlabeled’ in the legend. Not clear that ‘+R[10.0083]’ (used in figure) refers to heavy Arg.”

Response: We apologize for the unclear presentation. We have now modified the legends of Figure 1B for
clarity. We have also made it clearer in Figure 1B that +R[10.0083] refers to heavy SILAC.


https://www.zotero.org/google-docs/?AfUemw
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Figure 1B. Dynamic SILAC labeling allowed differentiation of pre-existing (unlabeled, i.e., SILAC light) and post-labeling
(heavy lysine or arginine, i.e., +R[10.0083]) synthesized peptides at 16 hours. The light and heavy peptides were isolated
for fragmentation separately to allow the protein sedimentation profiles containing spatial information to be discerned from
TMT channel intensities.

Reviewer 2 Comment 48: “Figure 2B: what was the reason to test against ribosomal proteins?”

Response: We apologize for the confusion. We did not present all comparisons in the figure in order to avoid
having too many pairwise comparisons and P value in the figure. However, we now realize this is less than
ideal. In the revised manuscript, we now compare each compartment with its complement (i.e., proteasome
vs. non-proteasome, ER vs. non-ER, etc.) in the new Figure 2E, which offers a clearer comparison.
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Figure 2E. Boxplot showing the log2 turnover rate ratios in thapsigargin over normal AC16 cells for proteins that are

localized to the ER (blue) (T) or not (F); or the Golgi (GA; green). P values: Mann-Whitney test. A Bonferroni corrected
threshold of 0.05/13 is considered significant.

Reviewer 2 Comment 49: “Figure 2C: it is unclear how one time point is sufficient for such analyses.”

Response: We have now modified the text for clarity. This panel has been moved to Figure 2F in the new
manuscript and we now explain how a single time point is sufficient for turnover determination. Please also
see our response to the similar Reviewer 2 Comment 7).

Main Text, Results, Line 277 “Because the sampling time point is known, the measured relative
isotope abundance of a peptide (prior to reaching the asymptote) is sufficient to define the kinetic curve and
the parameter of interest (k).”

Reviewer 2 Comment 50: “/s the data shown in Figure 2 provided as a table?”



Response: The data shown in Figure 2 (protein turnover rate changes upon UPR) is provided as a table
containing turnover rates, ratios, P values, and adjusted P values in Supplemental Data S3 for thapsigargin
vs. normal AC16 cells, Supplemental Data S5 for tunicamycin vs. normal AC16 cells. In addition, the
previous Figure 2A (turnover rates vs. abundance changes) is now presented in Supplemental Figure S7,
which is expanded to highlight the turnover rate vs. protein abundance changes in thapsigargin and
tunicamycin treatment, with proteins in three compartments with particular kinetics changes (ER, Golgi, and
Lysosome) highlighted. The protein abundance change information is also provided as a table in
Supplemental Data S1.
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Supplemental Figure S7. Protein abundance and turnover changes following thapsigargin and tunicamycin treatment.
Scatterplots showing the relationship between log2 of protein abundance fold changes (x-axis) and log2 of turnover ratios
(v-axis) in A. thapsigargin and B. tunicamycin treatment. In each of the series of scatterplots from left to right, proteins
assigned to the ER (blue), GA (green), and lysosome (orange) are labeled. Overall protein kinetic changes are only modestly
correlated with protein abundance changes.

Reviewer 2 Comment 51: “Figure legend 2B: which statistical test was used?”

Response: We apologize for the lack of clarity. The figure legends for the former Figure 2B (now labeled
Figure 2F) now clearly state that a Mann-Whitney test with Bonferroni corrected threshold is used.

Main text, Results, line 271 “Boxplot showing the log2 turnover rate ratios in thapsigargin over normal
AC16 cells for proteins that are localized to the ER (blue) (T) or not (F); or the Golgi (GA; green). P values: Mann-
Whitney test. A Bonferroni corrected threshold of 0.05/13 is considered significant.”

Reviewer 2 Comment 52: “Figure 3C is not discussed in the results section.”



Response: We apologize for the omission. Figure 3 in the original submission has been reorganized
substantially in the revision based on Reviewer comments. A more quantitative comparison is shown in the
new Figure 4A to highlight the concordance of the spatial distribution of light and heavy proteins, which is
now discussed in the main text:

Main text, Results, line 370 “ In both normal and thapsigargin-treated cells, we found that the
independently measured spatial profiles of light (pre-existing) proteins and their corresponding heavy SILAC
(newly synthesized) counterparts are highly concordant, with a normalized spatial distribution distance (see
Supplemental Methods) of 0.020 [0.015 — 0.030], compared to 0.117 [0.080 — 0.155] in random pairs of pre-
existing proteins (1,614 light-heavy pairs, Mann-Whitney P < 2.2e-16) in normal cells, and 0.028 [0.019
—0.041] and 0.122 [0.081 — 0.161] in thapsigargin-treated cells (1,614 light-heavy pairs, Mann-Whitney P <
2.2e-16) (Figure 4A).”
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Figure 4. SPLAT reveals protein-lifetime dependent translocation. A. Histogram showing the similarity in light and heavy
proteins in normalized fraction abundance profiles in (left) normal and (right) thapsigargin-treated AC16 cells. X-axis: the
spatial distribution distance of two proteins is measured as the average euclidean distance of all TMT channel relative
abundance in the ultracentrifugation fraction profiles across 3 replicates; y-axis: count. Blue: distance for 1,614 quantified
light-heavy protein pairs (e.g., unlabeled EGFR, heavy SILAC-labeled EGFR). Grey: distribution of each corresponding
light protein with another random light protein. P value: Mann-Whitney test.

Reviewer 2 Comment 53: “Figure 4: ER stress is known to cause ER membrane expansion and remodeling.
This might alter the sedimentation behavior of the ER fraction in the LOPIT-DC protocol and provide an
explanation for the appearance of the peroxisome/ERV fraction.”

Response: We believe this is unlikely, as in the analysis workflow, subcellular localization classification is
performed for each sample separately in a supervised manner using the sedimentation behavior of canonical
markers (see also our response to Reviewer 2 Comment 1). Similarity of sedimentation behavior can also be
seen from the TMT profiles across ultracentrifugation fractions between normal and ER stress samples. The
peroxisome fraction has distinct sedimentation profiles that are reflected in the PC maps.

Reviewer 2 Comment 54: “Figure 4B: include LOPIT color code legend”

Response: We thank the Reviewer for the suggestion. The color code is now added to the figure (labeled as
Figure 3B-C in the order of the revised manuscript).
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Figure 3B. Protein spatial map for SLC3A2 (open black circle) in normal (left) and thapsigargin-treated (right) AC16 cells,
showing its colocalization with lysosomal proteins in normal cells and in PM proteins in thapsigargin-treated cells. Colors
represent allocated subcellular localization. C. Ultracentrifugation fraction profile of SLC3A2 and other amino acid
transporters SLC7A5, SLC1A4, SLC1A5 and ion channel proteins SLC30A1, ATP1B1, ATP1B3, and ATP2B1 with similar
migration patterns. X-axis: fraction 1 to 10 of ultracentrifugation. Y-axis: relative channel abundance. Bold lines represent
the protein in question; light lines represent ultracentrifugation profiles of all proteins classified to a respective
localization. Colors correspond to subcellular localization in panel B and for all AC16 data throughout the manuscript;

numbers within boxes correspond to BANDLE allocation probability to compartment
Reviewer 2 Comment 55: “Figure 5A: include LOPIT color code legend”

Response: We thank the Reviewer for the suggestion. The color code is now added to the figure (labeled as
Figure 4D-G in the order of the revised manuscript).
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Reviewer 2 Comment 56: “Figure 5C: scale bar missing”

Response: We thank the Reviewer for the reminder. A scale bar representing 90 pm is now added to the
figure in question (labeled as Figure 4H in the order of the revised manuscript).
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Figure 4H. Confocal imaging of EGFR immunofluorescence supports a partial relocalization of EGFR from the cell
surface toward internal membranes following thapsigargin treatment. Numbers: The mean intensity of the labeled EGFR
channel of a 3 pixel border at cell boundaries was divided by mean intensity of the whole cell to estimate the ratio of
EGFR at the plasma membrane to the cell interior. Blue: DAPI; Green: EGFR; scale bar: 90 um.

Reviewer 2 Comment 57: “Figure legend 5D: Figure does NOT include ‘c’ as stated in the legend. Please
remove.”

Response: We are unable to find the legend to 5D in the original submission as Figure 5 only had three
panels to our knowledge. However, the figure on new-old protein has been rebuilt as Figure 4 in the current
revision. We apologize for the omission and hope the issue has now been resolved.

Reviewer 2 Comment 58: “Figure 6C: what was the reason to test against ribosomal proteins?”



Response: Since most compartments show no changes in log2 turnover ratios between carfilzomib and
normal iPSC-CMs, the elevated turnover kinetics in the proteasome is contrasted with other compartments
including the ribosome. We did not present all comparisons in the figure in order to avoid having too many
pairwise comparisons and P value in the figure. However, we now realize this is less than ideal. In the revised
manuscript, we now compare each compartment with its complement (i.e., proteasome vs. non-proteasome,
ER vs. non-ER, etc.) which offers a clearer comparison in the new Figure 6M. Thank you for the comment.
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Figure 6M. log2 Turnover rate ratios between carfilzomib-treated and untreated iPSC-CM from the spatiotemporal
proteomics data. Proteins assigned the proteasome compartment have significantly increased temporal kinetics; proteins
in the lysosome/junction and chromatin/sarcomere compartments have significantly reduced temporal kinetics. P values:
Mann-Whitney; with a threshold of 0.05/14 considered significant.

Reviewer 2 Comment 59: “Supplemental table S1 does not include data with tunicamycin”

Response: Thank you for the comment. We now present the tunicamycin data more clearly in a dedicated
section in the main text (Figure 5) to highlight similarities and differences between thapsigargin and
tunicamycin treatment. The tunicamycin data are now presented in separate Supplemental Data
spreadsheets, in Supplemental Data S5 (turnover rates) and Supplemental Data S6 (localization).

We thank Reviewer 2 again for their thorough evaluation and the many helpful suggestions.



Reviewer #3 (Remarks to the Author):

“The present study utilized a combination of in vivo dynamic SILAC metabolic labeling and TMT labeling of
spatially separated fractions, known as the SPLAT strategy. Initially, these techniques were applied to
investigate human AC16 cells, a transformed cardiomyocyte line, as well as induced pluripotent stem cell
(iPS)-derived cardiomyocytes. The authors focused on studying the effects of two common unfolded protein
response (UPR) models, thapsigargin and tunicamycin, on the proteome in AC16 cells. They observed a more
severe slowdown in lysosome protein turnover compared to the endoplasmic reticulum. Additionally, the
SPLAT strategy was employed to study a cardiotoxicity model using human iPS-derived cardiomyocytes
exposed to the proteasome inhibitor carfilzomib. This analysis revealed potential disruptions in carbohydrate
metabolism and contraction proteins as mechanisms underlying carfilzomib-induced cardiotoxicity. An
advantage of the SPLAT strategy is its ability to simultaneously encode temporal and spatial protein
information through isotope labels in the MS1 and MS2 levels.”

Response: We thank the Reviewer for a thorough review of our manuscript and for the many helpful
comments. In response to the Reviewer, we have incorporated major improvements to the manuscript,
including the following:

e We have performed new immunofluorescence microscopy experiments to corroborate the
translocation of SLC3A2

e Asrecommended, we have performed an in vivo validation experiment in C57BL/6N mice treated with
cardiotoxic doses of carfilzomib to support the in vitro experiment results.

e We have included new analyses to demonstrate consistent fractionation and organelle integrity in
stressed cells, and to show that the measured protein localizations agree closely with expected
subcellular compartments in prior annotations.

In our view the Reviewer’s helpful suggestions have led to a much improved manuscript. Please see below for
our itemized responses.

Reviewer 3 Comment 1: “Figure 1, the number of independent experiments and the observed variation
between independent replicates were not explicitly mentioned. It would be beneficial for the authors to
provide this information to better understand the reliability and reproducibility of the results.”

Response: We thank the Reviewer for the suggestion and now clarify the number of replicates in Figure 1.

Main text, Results, Line 177: “For each condition, 3 biological replicate SPLAT experiments were
performed (n=3).”

Reviewer 3 Comment 2: “In Figure 2B, it is highlighted that the protein turnover change is highest in the
nucleus/chromatin compartment. However, there may be concerns about potential misannotation since the
heavy labels in Figure 1E show significant overlap between nuclei/chromatin and ribosomes. The authors
should address this issue and provide further clarification to ensure accurate annotation of the
compartments.”

Response: We thank the Reviewer for the comment. The original Figure 2B has been redrawn for clarity. In
any case, we would like to address the comment about potential misannotations, and note that in the spatial
maps, only PC1 and PC2 are shown, whereas all TMT channels for the ultracentrifugation profiles are used for
localization. The updated Figure 2C for example shows that the majority of the proteins classified to be in the
nucleus or the ribosome are also annotated to be in such compartments in UniProt GO term annotations,



which corroborate the reliability of the compartment classification. The new Supplemental Figure S2 also
shows that the ultracentrifugation profiles between nucleus and ribosome markers are distinguishable despite
some similarity.
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New Figure 2C. Distribution of light (unlabeled) protein features in each of the 12 subcellular compartments (n=3); fill
color represents whether the protein is also annotated to the same subcellular compartment in UniProt Gene Ontology

Cellular Component terms

Reviewer 3 Comment 3: “The "t" in the legend of Figure 2B likely refers to the "t-test." It is important for the
authors to mention whether they performed adjustments for multiple comparisons?”

Response: Thank you for the comment. Where applicable, all P values are multiple testing adjusted, using
Tukey’s post-hoc tests for ANOVA comparison (e.g., Figure 6C-H) , or using Benjamini-Hochberg procedures
for protein turnover and abundance calculations (e.g., Figure 2A, Figure 5A, other proteomics results). These
are now more clearly presented in the legend. The original Figure 2B has been updated as the new Figure 2E
to more clearly highlight the difference between ER/non-ER and GA/non-GA proteins in response to the
comments of the Reviewers. The text now clearly notes that presented t-test P values are below the
Bonferroni corrected family wise error rate (0.05/13 compartments).
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Figure 2E. Boxplot showing the log2 turnover rate ratios in thapsigargin over normal AC16 cells for proteins that are

localized to the ER (blue) (T) or not (F); or the Golgi (GA; green). P values: Mann-Whitney test. A Bonferroni corrected
threshold of 0.05/13 is considered significant.

Reviewer 3 Comment 4: “To address the potential for cross-contamination during fractionation of subcellular
compartments, it would be valuable to confirm more translocation events using immunostaining techniques.
For example, in addition to EGFR, the authors should consider examining the translocation of newly
synthesized cathepsin A from the lysosome to the peroxisome (Suppl Figure 4) with tunicamycin and the
translocation event of newly synthesized ITGAV to the ER fraction in the presence of thapsigargin (Supp!
Figure 5).”



Response: We thank the Reviewer for this important comment. We would like to clarify that cross-
contamination during fractionation is not an inherent issue because the LOPIT/PCP type of approaches do
not require that pure compartments be isolated in any fractions, but simply that localization can be
recognized by distribution patterns across ultracentrifugation fractions using supervised learning with
canonical markers. Because a spatial map is constructed separately for each experiment, the classification is
robust to a certain extent to differences in fractionation procedures, e.g., if one of the fractions were to be
dropped, or swapped, or combined with another.

Nevertheless, the Reviewer’s point is well taken. In the revised manuscript, we have taken both analytical and
experimental approaches to further evaluate the translocation events. For example, we show that in each
experiment, the ultracentrifugation profiles and separation of compartments are highly reproducible; the
proportion of proteins in each compartment that map to the same compartments according to UniProt Gene
Ontology Cellular Component (CC) annotation terms is also similar. Please see our response to Reviewer 3
Comment 5 below for more details. In parallel, we have included additional experimental validation of
SLC3A2 translocation. This target was chosen because it was also suggested by Reviewer 1 and is one of the
prominently highlighted examples in the text (see our response to Reviewer 1 Comment 1). Briefly, the
immunostaining results corroborate the translocation event of SLC3A2 away from the lysosome. This result is
now presented in the new figure panels Figure 3D-3E in the main text.

® CYTOSOL

D ® ER

® GA
Untreated LYSOSOME

MITOCHONDRION

NUCLEUS

® PEROXISOME
PM

® PROTEASOME
RIBOSOME
CHROMATIN

® CYTOSKELETON
UNCLASSIFIED

Correlation K
RFP:GFP
T-test, p=3e-08

LAMP2 DAPI SLC3A2
Thapsigargin

0.50
0.25
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Figure 3. SPLAT captures extensive protein translocation in AC16 cells under UPR. D. Immunofluorescence of SLC3A2
(red) against the lysosome marker LAMP2 (green) and DAPI (blue). Numbers in cell boundary: colocalization score per
cell. Scale bar: 90 um. E. Colocalization score (Mandle’s correlation coefficient) between SLC3A2 and LAMP2 decreases
significantly (t-test P value: 3e-8) following thapsigargin treatment, consistent with movement away from lysosomal
fraction (n= 205 normal cells, n = 32 thapsigargin treated cells).

In parallel, we have also attempted an immunostaining experiment of the translocation of ITGAV.
However, although we may see potential signs of differential spatial distribution, the results were not
conclusive. We reason this experiment is inherently challenging because the events in question are partial
translocations due to the partition of new and existing proteins that cannot be directly distinguished by
common immunostaining techniques; hence the microscopy analysis can only capture net partial changes in



localization. In some instances, immunobiological approaches may also suffer from antibody specificity
issues that do not affect mass spectrometry results. The result of this experiment is presented below in
Reviewer Figure R4 for the Reviewer’s reference.

Control Thapsigargin

Reviewer Figure R4. Inmunofluorescence of ITGAV (red) against DAPI (blue) in normal (control) and thapsigargin-
treated human AC16 cells. Scale bar: 50 um. “2° only” represents a slide incubated without primary antibody as negative
control.

ITGAV

DAPI

Merged

Reviewer 3 Comment 5: “Since the fractionation of subcellular compartments is achieved through
ultracentrifugation, it is necessary to demonstrate whether the isolation process preserves the integrity of
cellular organelles under protein misfolding stress or cardiotoxicity, particularly in comparison to untreated
cells.”

Response: We thank the Reviewer for an important comment, and agree that we will need to demonstrate
whether the cellular organelle integrity is preserved in the ultracentrifugation fractionation method across
normal and stressed cells. The following analyses are now more clearly presented that strongly point to
reproducible compartment integrity and fractionation.

(1) Firstly, the new Supplemental Figure S1 is presented to show comparable canonical marker
separation in untreated vs. thapsigargin and tunicamycin treated cells. Therefore, the subcellular
compartments remain well separable from the same markers after stress, which is consistent with
preserved integrity and biophysical properties of the cellular organelles under protein misfolding
stress. The new Supplemental Figure S10 demonstrates the same applies in the case of iPSC-CM
cardiotoxicity.
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Supplemental Figure S1. Separation of subcellular component markers in the spatial proteomics data. Scatter
plots of the first (x-axis) and second (y-axis) principal components of ultracentrifugation fraction profiles are
shown for each experimental condition: A. normal, B. thapsigargin, and C. tunicamycin treated AC16 cells, n=3
each. Each data point is a protein species. The colored data points correspond to marker proteins known to
reside in each of 12 subcellular locations used to train the classification models, showing clear and consistent
separation across the experimental conditions. Colors correspond to other spatial maps for AC16 cells
throughout the manuscript.
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Supplemental Figure S10: Subcellular localization of proteins following tunicamycin treatment. PC1 and PC2 of
proteins spatial map showing the localization of confidently allocated proteins in tunicamycin-treated AC16 cells.

Each data point represents a protein; color represents classification of subcellular localization consistent with
other AC16 cell data throughout the manuscript.

(2) Second, the new Supplemental Figure S2 now shows highly reproducible fraction distributions
across the same ultracentrifugation speeds/durations in the 10-step ultracentrifugation process
between untreated and treated cells. This provides strong evidence of effective fractionation and
preserved integrity of cellular organelles under protein misfolding stress, as the dissolution of
organelles integrity would be expected to lead to substantial change in sedimentation profile due to
change in density (e.g., a substantial portion of the organelle markers might then be found in the last
ultracentrifugation step with the highest speed where normally soluble cytosolic proteins reside). The
new Supplemental Figure S13 demonstrates the same applies in the case of iPSC-CM cardiotoxicity.



CYTOSOL ER GA LYSOSOME MITOCHONDRION NUCLEUS
g ¥ : . 5 3
9 M
e ° : g g E
2 2 S 8 S
< ° ° 2 3 g
3 5 S S S
2 2 s s s g
2 g g H ° g
5 g . g s g
S e g s S
g 123456780910 12345678091 123456780910 12345678091 12345678910
5 PEROXISOME PM PROTEASOME RIBOSOME CHROMATIN CYTOPLASM
< g < g . 3 3 8
& = : s e <
e ° S . B 3 °
3z s 3 3
5 2 g 3 H 8 8
| [ _ g ----“'[-------- -
g s s < 5 5
g 8 S s i g 1 __l S
g . L 4
1234567280910 1234586780910 123456782910 "12345678091 1223458678291 123458678910
Fraction Fraction Fraction Fraction Fraction Fraction
CYTOSOL GA LYSOSOME MITOCHONDRION NUCLEUS
o s s S <
‘E ° g g 3 : 3
2 s ) s
c < g g 3
5] E g : :
bt 2 s S s &
® g g g . . i
Re) 2 8 2 ° S
8 Triaseveet | 1234b56786M 1234567860 77325678580 T:3a56780m 7732567800
@
e - PEROXISOME PM PROTEASOME RIBOSOME CHROMATIN CYTOPLASM
g
. 8 . 8 : 8 g 8
2 ] . 3 g ¢ £
3 & s e 3 2
< . e g o 3 o
@ - s o °
5 & s 5 s : 51
£ g 8 - g °
s g s ° 2 S g
z 8 g g g
3
123456780910 12345678010 123456780910 "12345678010 12345678010 123456780910
Fraction Fraction Fraction Fraction Fraction Fraction
CYTOSOL ER GA LYSOSOME MITOCHONDRION NUCLEUS
© g
9 3 S 3 8 3 ]
Q E] 9 o b
5 : g g . ¢]
e el g g ]
5 o b S S
L 2 : 3
o ° " 2 2 e
£ 2 . ¢ : s
[$] g ° = - 8| S 3 °
> 5 s 5 g § s g
z 3
S g e N TR R R R R R R R S A I R R R R R L R A 2 D R R R R AR R
S raction Fraction Fraction Fraction Fraction Fraction
‘c PEROXISOME PM PROTEASOME RIBOSOME CHROMATIN CYTOPLASM
5 .
= g g : . 8 E 8 I
B e ° ° . 3
2 s : : : ) :
e o 2 o S
£ 3 g 5 S ° s AN
E g g g LY
s 3 S ° 2 g S R
z S g s 3
12345678010 12345678010 12345678010 12345678010 12345678010 12345678010

Fraction

Fraction

Fraction

Fraction

Fraction

Fraction

Supplemental Figure S2. Ultracentrifugation fraction distributions of cellular component markers. Replicate one
of each experimental condition is shown. The line plots show the normalized abundance (y-axis) of marker
proteins for each subcellular localization experiment across ultracentrifugation fractions (x-axis) as measured by
the TMT channel intensities. The fractions correspond to the ultracentrifugation steps in Supplemental Table S3.
Colors correspond to spatial maps for AC16 cells throughout the manuscript. Black lines show average trend line
and standard deviation, showing consistent sedimentation profiles of subcellular localization in the A. normal, B.
thapsigargin, and C. tunicamycin treated AC16 cells (n=3).
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New Supplemental Figure S13. Ultracentrifugation fraction distributions of cellular component markers in
human iPSC-CMs. Additional iPSC-CM specific compartments and markers were curated manually, including a
sarcomere and a cell junction compartment. The compartments were merged with the chromatin and the
lysosome compartments due to similarity in sedimentation profile under the present ultracentrifugation scheme.
Replicate one of each experimental condition is shown. A. Control iPSC-CM. B. iPSC-CM treated with 0.5 uM
carfilzomib, 48 hours. The line plots show the normalized abundance (y-axis) of marker proteins for each
subcellular localization experiment across ultracentrifugation fractions (x-axis) as measured by the TMT channel
intensities. The fractions correspond to the ultracentrifugation steps in Supplemental Table S3. Colors
correspond to spatial maps for iPSC-CMs cells throughout the manuscript. Black lines show average trend line
and standard deviation, showing consistent sedimentation profiles upon carfilzomib treatment.

Thirdly, the new Figure 2C and Supplemental Figure S5 show similar numbers and proportions of
proteins in each assigned compartment with known UniProt Gene Ontology Cellular Component (CC)
term annotation to the same location in untreated, thapsigargin, and tunicamycin treated cells. This
provides strong evidence that the precision and recall of protein localization classification is not



Count

affected by protein misfolding stress. The new Supplemental Figure S14A shows the same applies in
iPSC-CM cardiotoxicity.
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New Figure 2C. Distribution of light (unlabeled) protein features in each of the 12 subcellular compartments
(n=3); fill color represents whether the protein is also annotated to the same subcellular compartment in UniProt
Gene Ontology Cellular Component terms
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New Supplemental Figure S5. Correspondence of spatial classification with prior annotations in stress cells. As
related to main Figure 2C, the bar charts show the number of light (i.e., non-heavy-SILAC labeled) proteins (y-
axis) classified to each of 12 subcellular locations (x-axis) in thapsigargin (left) and tunicamycin (right) treated
AC16 cells (n=3). The colors represent whether proteins classified to each subcellular location are also known to
reside in the subcellular component of question in Gene Ontology Cellular Component terms retrieved from
UniProt. In normal, thapsigargin, and tunicamycin treated AC16 cells, 69.5%, 71.9%, and 63.0% of classified
proteins are consistent with known annotations, respectively; hence the classified subcellular localization match
the expected assignments from prior knowledge and are not substantially affected by cellular stressors. The
expanded peroxisome compartment in stressed AC16 cells primarily contained non-peroxisome annotated
proteins that co-sedimented with the trained peroxisome compartment, and are referred to as the
peroxisome/endosome compartment in the manuscript.
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New Supplemental Figure S14. Correspondence of spatial classification with prior annotations in human iPSC-
CMs. A. The bar charts show the number of light (i.e., non-heavy-SILAC labeled) proteins (y-axis) classified to
each of 13 subcellular locations (x-axis) in normal (left) and carfilzomib-treated (right) treated iPSC-CMs. Colors
represent whether proteins classified to each subcellular location are also known to reside in the subcellular
component of question in Gene Ontology Cellular Component terms retrieved from UniProt. In carfilzomib
treated cells, a number of proteins are classified as co-sedimenting with Golgi markers; the top associated GO
Cellular Component terms of these proteins are shown on the right and suggest they contain cytoplasmic
proteins and proteins with multiple locations. In normal and carfilzomib-stressed cells, 70.8% and 63.0% of
classified proteins are consistent with known annotations, respectively.

Please see also our similar responses to Reviewer 2 Comment 1 and Reviewer 2 Comment 2, which also
prompted us to show more demonstration of reproducible ultracentrifugation fractionation between normal
and stressed cells. We thank the Reviewer for the reminder to include this information in the manuscript.

Reviewer 3 Comment 6: “Considering the authors' previous publication on cardiac remodeling (Nat
Commun 2018) and the reported similarity of turnover among interacting partners, it would be valuable to
compare the protein turnover in AC16 cells to that in mouse hearts. This comparison would provide insights
into the generalizability of the results from AC16 cells. Alternatively, similar experiments should be conducted
in other cardiomyocyte-like cell types, such as iPS cells.”

Response: We thank the Reviewer for this suggestion and for the opportunity to engage with the Reviewer on
a topic we have a long-standing interest in. When comparing the turnover rates measured in human iPSC-
derived cardiomyocytes to the protein turnover rates in the hearts of male C57BL6/J mice in a recent study
we published (Hammond et al., 2022), we see a very weak but nonetheless statistically significant correlation
(Person’s riin log10 (k): 0.20, P: 2.8e-6). However, we believe a direct comparison of in vitro vs. in vivo protein
turnover rates would be challenging for a number of reasons. Cell culture grown in vitro is not under the
nutrient availability and metabolic constraints of an adult animal, and hence not subject to allometric scaling
laws (West et al., 2002). Secondly, the protein turnover rates measured from bulk heart tissues comprise
proteins from multiple cell types, which can have different proliferation and turnover rates. Thirdly, this
comparison is complicated by species differences (mouse vs. human). Fourthly, in vivo protein turnover rates
are affected by animal age, which is not captured in cell culture in vitro. These represent general limitations of
measuring protein turnover in vitro faced by the whole field, which we have also discussed in prior work
(Hammond et al., 2022). Nevertheless, some general parallels can be drawn between the measured turnover
rates here and those from in vivo studies. For instance, as the Reviewer suggested, protein complex subunits
tend to share similar turnover, which has already been extensively reported by us and by others both in vivo
and in vitro (e.g., (Deberneh et al., 2023; Fornasiero et al., 2018; Lam et al., 2014; Lau et al., 2018; Li et al.,
2014; Mathieson et al., 2018). This can be gleaned from Supplemental Figure S6 through the observation
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that the ribosome and proteasome compartments occupy a limited range over the entire proteome, as these
compartments essentially represent one or few protein complexes. Secondly, proteins in the mitochondria
tend to have longer half-life than those outside the mitochondria, consistent with what we noted previously in
the mouse heart, liver, kidney, and skeletal muscle (Hammond et al., 2022; Kim et al., 2012; Lam et al., 2014;
Lau et al., 2016), likely reflecting a specialized protein quality control mechanism for the mitochondria, and
this can also be seen in the data summarized in Supplemental Figure S6.
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Supplemental Figure S6. Subcellular localization differences in protein turnover rate. Boxplots showing the
log10 protein turnover rates (k) of proteins assigned to each of 12 subcellular localizations in normal (left),
thapsigargin (middle), and tunicamycin (right) treated AC16 cells (n=3).

Reviewer 3 Comment 7: “The phenomenon of "end-membrane stalling" is intriguing, but it is important to
explore the functional consequences associated with it. Additionally, the finding that newly synthesized
proteins are more likely to translocate could be explained by their lack of incorporation into protein complexes.
The authors should explore these potential functional consequences and provide further insights into the
implications of their findings.”

Response: We thank the Reviewer for the comment. While we agree with the Reviewer that this is an
intriguing result, and one that in our view showcases the rationale to combine temporal and spatial
proteomics analyses, we respectfully suggest that the investigation of functional consequences would require
orthogonal methods to distinguish and manipulate new vs. old proteins, and is therefore rather non-trivial.
Although the temporal dynamics of proteins can in some cases be validated using fluorescence timer tags,
these specialized techniques require extensive validation themselves for each targeted protein, and may also
affect the degradation and localization of the proteins through the constructs. We therefore suggest that
these experiments are better suited for future follow up studies.

Reviewer 3 Comment 8: “The findings regarding the mechanism of carfilzomib cardiotoxicity would benefit
from in vivo validation. It is important to investigate whether the disruptions of carbohydrate metabolism and
contraction proteins can be reversed or attenuated to mitigate cardiotoxicity. In vivo experiments would
provide a more comprehensive understanding of the therapeutic implications.”

Response: The major goal of our study is to establish an in vitro method to encode spatial and temporal
information within one mass spectrometry experiment. We have applied the method to the cardiotoxic
mechanisms of carfilzomib to demonstrate its applicability to a different, non-proliferative cell type for
generating biologically relevant findings, e.g., overall protein degradation rate is unchanged upon carfilzomib
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but the turnover of proteins in specific compartments such as sarcomeric proteins are preferentially affected.
We believe that extensive validation and follow-up of specific targets would be beyond the scope of this
work.

Nevertheless, the Reviewer’s point is well taken. In response to the Reviewer’s comment, we have
now included a new experiment from the hearts of mice exposed to carfilzomib. Briefly, wild-type C57BL/6N
mice were treated with 8 mg/kg carfilzomib or vehicle (n=5 each) via i.p. Injection twice a week for up to two
weeks following established literature protocol (Efentakis et al., 2021). Cardiotoxicity is confirmed using
echocardiography to show significant reduction in fractional synthesis and ejection fraction as reported. A
global proteomics profiling experiment comparing the expression of 3,379 proteins showed that among the
most significantly regulated proteins (top 1 percentile) are myosin heavy chain beta (MYH7) and desmoplakin
(DSP), (limma FDR adjusted P values < 0.05). Both proteins were shown in our iPSC-CM studies to show
decreased turnover which is consistent with accumulation under proteasome inhibition. Moreover, pathway
analysis shows a specific repression of metabolism-related terms including glyconeogenesis. Therefore in our
view, this limited validation experiment corroborates the findings from iPSC-CMs. Moreover, relatively few
proteins are changed in statistically significant manners on an individual protein level (25 out of 3,379 at 10%
FDR); the results corroborate the potential utility of using protein dynamical parameters to interrogate
molecular changes following proteostatic interruptions.

The relevant in vivo experiment data are now presented in the new Supplemental Figure S16 (see
next page). The new set of mouse heart carfilzomib treatment proteomics data has been deposited on
ProteomeXchange under the accession PXD046670.
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New Supplemental Figure S16. In vivo cardiac effect of carfilzomib. A. Ejection fraction (EF) and fractional shortening
(FS) of carfilzomib (CFZ) treated mice (n=5 for week 0 and week 1, n = 2 for week 2), and vehicle (Veh) treated mice (n =
5), injected twice weekly. Two-way ANOVA with Tukey's correction, p-value 0.0001 to 0.001: ***, p-value 0.001 to 0.01:

* p-value 0.01 to 0.05: * B. Gene set enrichment analysis of protein quantification (Carfilzomib vs. DMSQO) showing a
number of significantly enriched terms (y-axis) implicated in cardiac dysfunction and mitochondrial changes. Size denotes
number of quantified proteins in the gene set, color: GSEA FDR adjusted P value; x-axis: GSEA normalized enrichment
score (NES). C. Two weeks of carfilzomib treatment led to 11 differentially expressed proteins at 5% FDR (25 at 10%
FDR) in the mouse heart (n=2 for carfilzomib treated mice, n=5 for vehicle) out of 3379 quantified proteins. The significant
proteins are visualized in bar charts to show the normalized expression in vehicle and carfilzomib treatment, highlighting
the accumulation of MYH7 and DSP in carfilzomib. Error bars: median absolute deviation. *: limma FDR adjusted P <

0.05; **: limma FDR adjusted P < 0.01.

In addition, the main text has been updated to reference this new result.



Main Text, Results, Line 646 “Finally, we assessed the protein-level expression profiles in the hearts of
mice treated with carfilzomib for 2 weeks to model cardiac dysfunction (Supplemental Methods). Notably, we
find differential protein abundance analysis showed that MHC-3 (MYH7) and desmoplakin (DSP) are the 1st
and 5th most significantly up-regulated proteins among 3,379 quantified proteins in the hearts of mice treated
with carfilzomib (Supplemental Figure S16), consistent with their accumulation following proteasome
inhibition and suggesting the possibility that similar proteostatic lesions may underlie cardiotoxicity
mechanism in vivo.”

Minor

Reviewer 3 Comment 9: “When mentioning the potential impurities in TMT tags leading to spillover to
neighboring channels, it would be helpful for the authors to include a reference or provide supporting
evidence for this statement.”

Response: We now include the reference (Searle and Yergey, 2020) in the manuscript, which details some of
the rationale and methodology behind using matrix factorization to correct for isotope spillover, and also
provides evidence of a secondary benefit of impurity correction, namely reducing the TMT ratio compression
effect. Moreover, we have updated the main text and Supplemental Information for clarity, and a new
Supplemental Table S1 to document the isotope impurities of the used TMT lots as provided by the
manufacturers (Thermo Scientific) has been added:

Main text, Results, line 150 “Because the TMT data are row normalized in the LOPIT-DC design, we
incorporated correction of isotope contamination of TMT channels based on the batch contamination data
sheet (Supplemental Table S1) to account for isotope impurity in fractional abundance calculation from
randomized channels across experiments (Supplemental Methods).”

Supplementary Information, Supplementary Methods, line 26 “TMT-10 plex lots were #WF309595 for
control AC16 replicate 1 and 2; thapsigargin treated AC16 replicate 1, and tunicamycin treated AC16 replicate
1; and #XB318561 for other samples. Isotope impurities in TMT tags can lead to up to 10% spillover to
neighbor channels and decrease quantitative accuracy (Supplemental Table S1). We used the non-negative
least square algorithm in scipy (Virtanen et al., 2020) to solve for the true channel matrix from the observed
channel intensity and impurity matrix for downstream quantification.”

Reviewer 3 Comment 10: “There is a typo in the phrase "proteins turnover rate." It should be "protein
turnover rate.”

Response: This has been amended in the revision. Thank you.

Reviewer 3 Comment 11: “In Figure 5C, the confocal images of EGFR lack isotype controls. The authors
should consider including isotype controls to ensure proper interpretation of the results.”

Response: We thank the Reviewer for the comment. Where applicable, we have incorporated secondary
antibody only negative control (e.g., see Reviewer Figure R4 under our response to Reviewer 3 Comment 4
above, and Reviewer Figure R5 below). While we agree with the Reviewer that an isotype control can be
valuable in some experiments, it is not commonly pursued for immunofluorescence microscopy for fixed cells.
In the case of this EGFR immunostaining experiment, we did not suspect non-specific binding from the
antibody isotype, because this is a commonly used mouse monoclonal IgG antibody (abcam ab30), the
immunofluorescence patterns matched with expected subcellular localization, and the mass spectrometry
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data already provided a high prior likelihood for the results.

2° only

SLC3A2

DAPI

Merged

Reviewer Figure R5. Negative control for SLC3A2 (red) against DAPI (blue) in human AC16 cells. Scale bar: 50 um. “2°
only” represents a slide incubated without primary antibody as negative control. Figures correspond to the SLC3A2
immunostaining data shown in Figure 3D-3E.

We thank the Reviewer again for the many helpful suggestions. It is our sincere belief that the manuscript has
improved substantially as a result.
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REVIEWERS' COMMENTS
Reviewer #1 (Remarks to the Author):

The manuscript is much improved and the MS results are very convincing. The strenghts of this
manuscript are: the new methodology which combines two approaches which are both high in
information content but technically demanding, as well as the demonstration on multiple
interesting biological systems showing that the methodology is robust. Such methodology as been
elusive to the community so I am grateful this has been tackled. The authors acknowledge
limitations of the approach and this is warmly welcomed.

I have minor comments but do not need to review a revised manuscript:
1) The abstract is quite long and perhaps could benifit from some prioritisation.
2) Some switching between dynamic/dynamical - which do you really mean? (I think dynamic)

3) PCA plots: It is perhaps worth introducing some transparency to improve the density of the
points; and also ensure the aspect ratio is more faithful to the variance explained in each
component.

4) (Likely out of scope) It would be extremely interesting if translocating protiens had different
conformations, especially if there are heavy and light localisation differences. The experimental
methodology here is weak but some hints could be examined using computational approaches
(https://www.biorxiv.org/content/10.1101/2022.10.17.512570v1.full). I wonder if the authors had
thought about this, but I do not expect them to examine this here.

Reviewer #2 (Remarks to the Author):

Comments

The authors have carried out extensive additional work to address the points carefully. This has
improved the manuscript a lot. I would not ask for any additional major points to address
experimentally. It would be important though to clarify a couple of remaining points:

The authors argue (reviewer 2 comment 2) that they would not want to compare with Prot K
digested samples as they also want to be able to see organelle-associated proteins. I can agree
with this point. Consequently, it would be important to word throughout the text more clearly that
the data (and the use of the word “translocation”) does not indicate that there has been an actual
import of proteins into the organelles or their membranes. For this, it would be critical to compare
whether proteins are attached to or inserted into the organelle, typically done by digestion of
associated factors.

I agree with the authors that LOPIT can generally deal with changes in the shape of an organelle,



based on colocalization with markers. For ER stress, subcompartmentalization within the ER has
been described, e.g. by forming tubular structures, which may not colocalize with the used marker
proteins anymore. Can this be identified by the described approach? If not, it would be useful to
discuss this, e.g. in the limitations section.

I may have overlooked, please specify whether there was a cut-off for minimal number of peptides
required to include the data.

Side point:

I do not agree with the suggestion that the extensive fractionation and small isolation window
mitigate the issues with MS2. However, this is not an issue that should prevents publication of the
data in the manuscript. For future consideration, I would like to point the authors to their new
supp fig S4B and the much improved separation of compartments by an MS3 method, which
strongly supports that ratio compression in the MS2 data has been a large aspect in blurring the
compartment boundaries.

Reviewer #4 (Remarks to the Author):
The authors have convincingly addressed the points raised by Reviewer 3.

I have, however, a technical suggestion: the methods are distributed accross the Results section,
the methods section of the main paper and the supplementary methods. This makes it difficult for
the interested reader to find specific technical details.

More specifically, all the MS analysis pipeline steps should be explained in the methods section of
the main text. Some specific details from there could be referenced to the supp methods. All the
new developments performed in this work in relation to previous ones should be described in the
methods of the main text.

Then the authors can comment on these methods from a more general viewpoint in the Results
section. For more clarity, this is not a good idea to use the Results as a substitute of the methods.
Also:

-what are the changes in the new version of pyTMT tool?

-what does the SPLAT pipeline specifically contains? i.e. RIANNA is included in the SPLAT or used
separately? Is SPLAT a software package or a name for the whole technique including separate
algorithms? Please explain better

-the isoform-aware rollup of quantitative peptide info into protein info is not fully clear and needs a
more elaborate explanation (in the methods section).

-peptide identification is performed using Percolator at 5%FDR, but in another place of the text it
is said FDR is 1%, please correct.

-how does the author calculate protein FDR after peptide rollup to proteins?



Response to Reviewers

Reviewer #1 (Remarks to the Author): “The manuscript is much improved and the MS results are very
convincing. The strenghts of this manuscript are: the new methodology which combines two approaches
which are both high in information content but technically demanding, as well as the demonstration on
multiple interesting biological systems showing that the methodology is robust. Such methodology as been
elusive to the community so | am grateful this has been tackled. The authors acknowledge limitations of the
approach and this is warmly welcomed. | have minor comments but do not need to review a revised
manuscript:”

Response: We thank Reviewer 1 again for the encouraging comments.
Reviewer 1 Comment 1: “The abstract is quite long and perhaps could benifit from some prioritisation.”
Response: We have now shortened the abstract to under 200 words.

Reviewer 1 Comment 2: “Some switching between dynamic/dynamical - which do you really mean? (I think
dynamic)”

Response: We have now standardized usage to “dynamic”.

Reviewer 1 Comment 3: “PCA plots: It is perhaps worth introducing some transparency to improve the
density of the points; and also ensure the aspect ratio is more faithful to the variance explained in each
component.”

Response: We appreciate Reviewer 1’s suggestion. We have now reduced the point size to improve
density. We would like to refrain from introducing transparency out of concern that it will affect color
perception. Although we fully agree with Reviewer 1 that the aspect ratio of PCA plots should ideally scale
to each PC’s variance explained, in practice we worry this will lead to very many panels with different
shapes. Instead, we have made another effort to double check that the variance explained by a PC is clearly
labeled for each axis in all PCA plots.

Reviewer 1 Comment 4: “(Likely out of scope) It would be extremely interesting if translocating protiens had
different conformations, especially if there are heavy and light localisation differences. The experimental
methodology here is weak but some hints could be examined using computational approaches
(https://www.biorxiv.org/content/10.1101/2022.10.17.512570v1.full). | wonder if the authors had thought
about this, but | do not expect them to examine this here.”

Response: We appreciate the Reviewer’s insight and for bringing to our attention an interesting article.
While we are unable to address this question within the scope of the present work, we would be excited to
explore this issue in the future.

Reviewer #2 (Remarks to the Author): “The authors have carried out extensive additional work to address
the points carefully. This has improved the manuscript a lot. | would not ask for any additional major points
to address experimentally. It would be important though to clarify a couple of remaining points:”
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Response: We thank Reviewer 2 again for their many useful suggestions, which have helped us
tremendously in improving the manuscript. We have included our responses to the remaining points below.

Reviewer 2 Comment 1: “The authors argue (reviewer 2 comment 2) that they would not want to compare
with Prot K digested samples as they also want to be able to see organelle-associated proteins. | can agree
with this point. Consequently, it would be important to word throughout the text more clearly that the data
(and the use of the word “translocation”) does not indicate that there has been an actual import of proteins
into the organelles or their membranes. For this, it would be critical to compare whether proteins are
attached to or inserted into the organelle, typically done by digestion of associated factors.”

Response: We thank Reviewer 2 for raising this salient point and agree it would be important to distinguish
association from insertion. In response, we have replaced the wording of “translocation” with “differential
localization” or provided clarification where applicable, to avoid misunderstanding.

Reviewer 2 Comment 2: “/ agree with the authors that LOPIT can generally deal with changes in the shape
of an organelle, based on colocalization with markers. For ER stress, subcompartmentalization within the ER
has been described, e.g. by forming tubular structures, which may not colocalize with the used marker
proteins anymore. Can this be identified by the described approach? If not, it would be useful to discuss
this, e.g. in the limitations section.”

Response: We agree with Reviewer 2. We have reorganized the text to more thoroughly discuss additional
limitations in the beginning of the Discussions section. We now mention the limitation as recommended that
under stress, some organelles may sub-compartmentalize or fragment, which is currently difficult to trace.

Reviewer 2 Comment 3: “/ may have overlooked, please specify whether there was a cut-off for minimal
number of peptides required to include the data.”

Response: A minimum of two peptides is required for inclusion in the data. This was mentioned in the
Results section but is now more clearly specified in the Methods section.

Reviewer 2 Comment 4: “Side point: | do not agree with the suggestion that the extensive fractionation and
small isolation window mitigate the issues with MS2. However, this is not an issue that should prevents
publication of the data in the manuscript. For future consideration, | would like to point the authors to their
new supp fig S4B and the much improved separation of compartments by an MS3 method, which strongly
supports that ratio compression in the MS2 data has been a large aspect in blurring the compartment
boundaries.”

Response: We thank Reviewer 2 for sharing further thoughts on this topic. We will strive to consider MS3-
based TMT experiments in the future.

Reviewer #4 (Remarks to the Author): “The authors have convincingly addressed the points raised by
Reviewer 3.”

Response: We thank Reviewer 4 for evaluating the manuscript and providing feedback regarding our
response to the previous comments.



Reviewer 4 Comment 1: “/ have, however, a technical suggestion: the methods are distributed accross the
Results section, the methods section of the main paper and the supplementary methods. This makes it
difficult for the interested reader to find specific technical details. More specifically, all the MS analysis
pipeline steps should be explained in the methods section of the main text. Some specific details from there
could be referenced to the supp methods. All the new developments performed in this work in relation to
previous ones should be described in the methods of the main text. Then the authors can comment on these
methods from a more general viewpoint in the Results section. For more clarity, this is not a good idea to
use the Results as a substitute of the methods.”

Response: We agree with Reviewer 4 and have now moved part of the method descriptions toward the
Methods section from the Results section for a clearer distinction.

Reviewer 4 Comment 2: “Also: -what are the changes in the new version of pyTMT tool?”

Response: Changes to the pyTMT tool resulting from this work are (1) functionality to perform isotope
contaminant correction using nnls, and (2) summing peptide intensities into proteins based on isoform roll
up. During the revision we have also added compatibility with MS3-level TMT data. The changes were
mentioned in the Results before, but are now more clearly stated in the Methods section.

Reviewer 4 Comment 3: “~-what does the SPLAT pipeline specifically contains? i.e. RIANNA is included in
the SPLAT or used separately? Is SPLAT a software package or a name for the whole technique including
separate algorithms? Please explain better.”

Response: In response to this comment, we clarify that SPLAT is intended to refer to the overall
experimental approach described in the manuscript. To facilitate analysis of the generated spatiotemporal
data, we also provide a computational pipeline, which is nowreferred to as “splat-pipeline” in the manuscript
to distinguish from the overall experimental appraoch, to help interested readers perform analysis, should
they wish to use it. We now clarify in the Methods that the “splat-pipeline” computational pipeline provides
a Snakefile to initiate database search through Comet and Percolator, then calls Riana and pyTMT. Riana is
a standalone software and has been used in our previous publication (Hammond et al. Mol Cell Proteomics
2022), which integrates MS1 chromatogram areas under curves for specific peaks upon SILAC or other
isotope labeling, then performs signal processing, filtering, and kinetic curve-fitting. pyTMT is a simple
Python tool that returns the TMT channel intensity of each scan, performs isotope purity correction, and
appends the channel intensity values to the Percolator output file. The splat-pipeline also performs simple
operations to merge the MS1 and MS2 quantification results so that they can be used for downstream
analysis, such as using established R packages like pRoLoc and BANDLE. While we provide the “splat-
pipeline” for convenience, its use is optional for the overall experimental technique. We anticipate an
experienced proteomics researcher will be able to substitute the data processing steps with the database
search, post-processing, MS1 quantification, MS2 quantification, kinetic modeling, and spatial proteomics
analysis software tools of their choice. We now provide additional clarifications in the Methods section.

Reviewer 4 Comment 3: “-the isoform-aware rollup of quantitative peptide info into protein info is not fully
clear and needs a more elaborate explanation (in the methods section).”

Response: We have now expanded on the explanation in the Methods section. The text now clarifies that
the roll up takes a similar approach to that described for protein inference in the PickedProtien procedure



(Savitski et al. 2015), namely, discard peptides that are mappable to two proteins except when those that
are mappable to two isoforms in the same protein. Our approach is more conservative in that we also
discard a shared peptide between two isoforms of the same protein if the non-canonical isoform protein
possesses its own unique peptide, because we wished to avoid the isoform’s potential contribution to the
canonical protein’s spatial profile.

Reviewer 4 Comment 4: “-peptide identification is performed using Percolator at 5%FDR, but in another
place of the text it is said FDR is 1%, please correct.”

Response: We apologize for the typo. We indeed thresholded the Percolator FDR at 1%, along with using a
two-peptide rule. The text has now been corrected.

Reviewer 4 Comment 5: “-how does the author calculate protein FDR after peptide rollup to proteins?”

Response: Our main filtering criteria for inclusion into the spatial data uses peptide-level FDR as our goal is
to determine which peptides should be considered in using their ultracentrifugation fraction profiles for
subcellular compartment assignment. Protein-levle false positives were controlled with a very conservative
two-peptide filter requiring two confident peptide identifications for a protein to be included.
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