Molecular Systems Biology Peer Review Process File

molecu|ar
systems

bio|ogy

Subgenic Pol Il interactomes identify region-specific
transcription elongation regulators

Kevin M. Harlen and L. Stirling Churchman

Corresponding author: L. Stirling Churchman, Harvard Medical School

Review timeline: Submission date: 23 August 2016
Editorial Decision: 16 September 2016
Revision received: 13 November 2016
Editorial Decision: 18 November 2016
Revision received: 29 November 2016
Accepted: 30 November 2016

Editor: Maria Polychronidou

Transaction Report:

(Note: With the exception of the correction of typographical or spelling errors that could be a source of ambiguity,
letters and reports are not edited. The original formatting of letters and referee reports may not be reflected in this
compilation.)

1st Editorial Decision 16 September 2016

Thank you again for submitting your work to Molecular Systems Biology. We have now heard back
from the three referees who agreed to evaluate your study. As you will see below, the reviewers
think that the presented approach and findings are a valuable contribution to the field. However,
they raise a number of concerns, which we would ask you to address in a revision of the study.

The recommendations of the referees are rather clear so there is no need to repeat the
points/comments listed below. Please feel free to contact me in case you would like to discuss
further any of the referees' comments.

REFEREE REPORTS
Reviewer #1:

Harlen & Churchman investigate the interactomes of early and late Pol II transcription elongation
complexes on a single gene in S. cerevisiae. Authors developed a strategy based on the interaction
of two different viral coat proteins with their corresponding RNA stem loop recognition sequences
PP7 and MS2, introduced into the 5' and 3' UTR of a plasmid-encoded and overexpressed TDH3
gene. The coat proteins are co-expressed as RFP and GFP fusions respectively and thus allow
affinity purification of native elongation complexes via the nascent RNA upon transcription of the
stem loop sequence. The authors claim that a short RNase treatment step can largely confine
isolation via the 5' UTR stem loop sequence to early elongating complexes. Quantitative analysis of
the isolated fractions by label-free mass spectrometry allows the authors to identify proteins
associated with Pol II in two different transcriptional states. They identify multiple interactors
during early (e.g. capping/Paf complex, Spt4/5/6) and late (e.g. CCR4-NOT complex, Ess1)
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transcriptional elongation, complementing evidence presented by other groups before. Based on
their mass spectrometric analysis, they propose a role for Rail as negative regulator of early
transcription and for Brel during late elongation. The authors complement these findings with NET-
seq analyses of wildtype yeast as well as various loss-of-function mutants. Taken together, the
authors present an interesting new approach that employs RNA handles to purify nascent RNA
polymerase II complexes from different stages of transcriptional elongation. Although similar
strategies were already used earlier for purification of RNPs (e.g. Youngman & Green, 2005;
Lacadie et al., 2006), their study is the first that applies the strategy to the purification of subgenic
nascent polymerase complexes. In some parts of the submitted manuscript the authors are a bit too
hasty with their conclusions (see below). I recommend that publication is considered after revision.
The authors should conclusively show that their employed mass spec data normalization strategy is
applicable and should address the other points below.

Major concerns

- The authors conducted global factor normalization of mass spectrometric data for each run, based
on its mean protein intensity. Using this normalization strategy the authors assume that overall mean
and variance of the intensity distributions is similar for all runs (e.g. Karpievitch et al., 2012, BMC
Bioinformatics). Did the authors conduct appropriate statistical measures to make sure that this
assumption is true? While this might be a reasonable assumption for replicates within a single
condition, it is questionable whether a comparison of the different conditions (mock vs. 5' enriched
and 3' enriched) can be conducted based on mean-normalized intensities. This needs be clarified and
documented in the supplement section. For example in Figure 3C the authors make a direct
comparison of the normalized protein intensities in 5' and 3' conditions, under the implicit
assumption of similar intensity distributions for both conditions. However, imagine if this would not
be the case and the intensity distribution of the 5' condition would be generally higher than that of
the 3' condition. Then a protein, which is present in both conditions at similar levels, would be on
the lower end of the 5' condition distribution, but on the upper end of the 3' distribution. After
mean/median normalization, the comparison of normalized intensities would then suggest strong
enrichment in the 3' condition, although proteins are generally present at similar levels. This might
lead to entirely wrong conclusions. Thus, the authors have to proof that their chosen normalization
strategy is applicable in this context. If their label-free quantification workflow is robust enough
they should generally better use non-normalized intensities (as in Hubner et al., 2011) or think about
an experimental design using other normalization strategies (e.g. spike-ins etc.) or labeling
approaches (see e.g. Bantscheff et al., 2012, Anal. Chem.).

- The manuscript misses vital parts about the mass spectrometric analysis within the Material and
Methods section. Although the authors did not do the mass spectrometric experiments themselves,
they must at least give details about how it was done by others, such as: How were the samples
processed prior to mass spectrometric analysis? Which instrument was used at which settings?
Which gradient was used for pre-fragmentation? Data-dependent acquisition? Resolution? Essential
details about data processing, apparently with MaxQuant, are also missing. Which settings were
used for the search (MS1 and MS2 tolerances, FDR thresholds for protein identification, databases,
quantification settings)? The manuscript can not be considered for publication unless this is fixed.

Minor comments

- Do the authors use a single yeast strain transformed with all three plasmids (pKH202, pDZ276,
PMET25MCP-mCherry), or two different yeast strains with two plasmids each (pKH202 + pDZ276
and pKH202 + PMET25MCP-mCherry) for their experiments? The authors should clarify this and
list the strain(s) in the corresponding Table in the Material and Methods section.

- The authors suggest that Rail might act as a negative regulator during early stages of transcription
elongation. They could better demonstrate this by analyzing the sensitivity of the cells to the
elongation inhibitor 6-azauracil (Wu et al., 2003, Genetics). If Rail acts as negative elongation
factor, low sensitivity of the ARail strain to 6-AU would be expected. I strongly recommend this
experiment is added as it should be doable with little effort and strengthen a key biological
conclusion.

- It is not clear why the Pafl complex (with its components e.g. Pafl and Rtf1) is not enriched over
the mock IP in the isolated 3' ECs, although Pafl somplec subunits show strong ChIP signals over
the entire ORF and also have been shown to be involved in 3' end processing (Crisucci & Arndt,
2011, Genet Res Int). Can this be the result of the global factor normalization? Or might it be that
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elongation complexes transcribing the artificially induced, plasmid-based template are
compositionally different to those performing transcription on chromatin? At least a possible
explaination must be offered.

- Lack of Brel should not allow recruitment of Rad6 to the promoter region during initiation and
thus prevent H2Bub (Wood et al., 2003, JBC; Xiao et al., 2005, MCB). The authors state that the
BrelA mutation should have stronger effects on Pol II dynamics on lowly expressed genes (p. 13, L.
6f). How do the authors come to this conclusion? Can they see such expression dependent effects in
their NET-seq data for known lowly and highly expressed genes?

- As chosen by the experimental design of the study, the authors analyze the composition of Pol I1
elongation complexes transcribing an artificially induced, plasmid-encoded template. Thus, their
findings might eventually represent an incomplete picture of what happens in the chromatin context,
since the presence of chromatin remodeling factors etc. is per se not required. The authors should at
least mention this at some point during the discussion.

- The authors suggest that loss of H2BK 123 ubiquitination on post-polyA nucleosomes in the BrelA
strain might result in accumulation of Pol II at the 3' gene end. However, they do not show that Brel
loss leads to reduction of H2Bub on this position. Thus, their conclusion is only one of several
possible and Pol IT accumulation could also be brought about by other factors (e.g. Swd2), which are
deregulated upon Brel loss. The authors could test whether Pol IT accumulation is Swd2-
independent e.g. by using a Swd2-deficient strain. If the pausing effects, observed in the Brel A
strain, are not detected, their conclusion that H2Bub is responsible for Pol IT accumulation would
become more likely. The author could try this, but as it may be lengthy they could also tone down
the conclusions.

- The author provide evidence that Byel is a negative elongation factor. This may be highlighted in
the abstract as Byel1 is poorly understood yet it is one of very few elongation factors that bind
directly and tightly to Pol II, competing with TFIIS for the binding site (Kinkelin et al.). Do the
authors have any evidence on the interplay between TFIIS and Byel? More generally, can the
authors comment on the TFIIS elongation factor?

- the difference in NET-Seq profiles for deletion strains of Pafl and Rtfl should be better discussed
in the light of the special role of Rtf1 as a Pafl complex subunit.

- According to the journal guidelines, the abstract needs to be shortened down to 175 words.
I also think other parts of the manuscript can be significantly shortened.

Figures and legends

- Figure 1A: It would make sense to put the bar graphs at the bottom into single extra subfigure or
combine it with Fig. 1F, since they display obtained results. According to the authors, the error bar
shown represents the standard error of mean for all other Pol II genes. For how many different Pol 11
genes were reads detected? Since the error bars are virtually invisible, the authors could display the
standard error together with the mean as 'mean +/- SE' above the bar.

- Figure 1C: Could the authors please comment on what exactly the difference between the input
and the 0 min bar is? It would be sufficient to explain this in the Methods section.

- Figure 1E: It is not entirely clear what is shown here and the figure legend cannot resolve this. Is it
a (sequential) GFP/RFP IP of a previously Rpb3 IPed fraction, as suggested by the main text? So
that the input for the GFP/RFP fraction corresponds to the bound fraction of the Rpb3 IP?

- Figure 2: The authors could emphasize in figure legends and main text that all mass spectrometric
analyses (correlation etc.) were performed on the protein level (although a single peptide is the
primarily measured entity by mass spectrometry). How they get from peptide to protein needs to
explained in the Methods parts (see above).

- Figure 5C: Why did the authors choose exactly these sequence windows for Pol II pausing

analysis? Can they support their choice with appropriate citations? Along the same lines, how do the
authors interpret the strong broadening of the ratio distribution for all loss-of-function mutants in
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comparison to the wildtype?

Typos and rewording

-p.2,1.7:"... namely the ' 5' ' and 3' regions..."

-p.2,1. 14: "... dynamics during the 'later' stages of..."

-p.7,1.19: "... all IPs were optimized 'to' be highly efficient..."

- p.8, 1. 14f: "Triplicate IPs of both 5' and..." This sentence is repeated almost identically in 1. 17f
-p.9,L 7:"... normalized MS1 intensities... "

-p. 11, 1. 16: As far as I understood the authors only re-analyzed NET-seq data from WT, ARail and
ARtt103 strains, which were already published in an earlier study (Harlen et al., 2016, Cell Reports).
Their phrasing "As observed previously, loss of both Rail and Rtt103 caused defects..." is thus
misleading and suggests that not only the bioinformatics analysis, but the entire experiment was
repeated in the present study. Similarly, this needs to be clarified also in the figure legends.

-p. 12, 1. 1: Must be 'Figure 4E'

-p. 12, 1. 8 and p. 15, 1. 10: Based on the conducted experiments, the phrase "demonstrates a role"
seems too strong. The authors should better use 'suggest' or 'indicate’

-p.12,1. 22: Must be "... the 3' region... "

- p. 13, 1. 18: Figure 5C

- p. 14, 1. 5: "...data that reveal..."

-p. 14, 1. 7f: "... we looked 'at’ a..."

- p. 14, 1. 9: Must be Figure S1B. Similarly on p. 23, L. 23. There is no reference to Figure S1A in the
whole text. Thus either remove Figure or add reference.

-p. 15,1.20 + p. 34, 1. 12: Must be 5' instead of 52 and 3' instead of 32

- p. 17: Rephrase "... stem-loop sequence from Hocine et al. 2013 ... and 2x MS2 stem-loop
sequence from (Hocine et al. 2013)..."

-p. 19, 1. 2: Must be '3.33 ug'

-p. 19, 1. 5: Must be '4{degree sign}C'

p- 19,1. 13: Must be '0.1 M', and 'l M'

p- 34, 1. 18: "hierarchical" should be in lowercase

- Figure 4A+D: 'Normalized' NET-seq reads

Reviewer #2:

The manuscript by Harlen and Churchman entitled "Subgenic Pol II interactomes identify region-
specific transcription elongation regulators" reports a new strategy to isolate and characterize the
composition of Pol II Elongation Complexes (ECs). This is achieved by immunoprecipitating ECs
from yeast using an affinity tag on Pol II followed by RNA fragmentation, a second IP on RNA
elements (PP7 in 5' UTR or MS2 in 3' UTR) and quantitative mass spectrometry of the resulting
proteins. The authors identify proteins associated with ECs at the 5' and 3' ends of a model gene.
The experiments and analyses are carefully and rigorously performed.

Many of the identified proteins are expected (ie. previously known to be involved in elongation) but
there were some surprises. For example, the Rail termination factor regulates Pol II dynamics at the
5'as well as the 3' ends of genes (but the same is not true for Rtt103). The ubiquitin ligase Brel, the
268 proteasome and the CCR4-NOT complex are all enriched at the 3' ends of genes. A limitation is
that the study is only performed for a single synthetic gene, driven by a GAL promoter, on a high
copy plasmid. However, a similar characterization of different types of genes (discussed in the final
paragraph of the manuscript) is beyond the scope of this work. Instead, the authors address this
limitation by showing that some of the proteins they identify at the 5' or 3' ends of the model gene
function in a similar manner across the genome using NET-seq and previously published ChIP data.

Taken together, this is a new and exciting contribution to the field that will stimulate further
biochemical and in vivo experiments aimed at understanding the contributions of the identified

factors.

Major points to be considered in a revised manuscript:
1. It would be helpful to the reader to have a summary diagram at the end of the paper to bring
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together the key concepts: states of transcription, Pol II CTD phosphorylation states and interactors
that were identified in this study.

2. Please improve the legend for Table S1, and the description of the columns within the table.

3. Can the authors comment on why 3' end cleavage factors aren't more enriched in the 3' IP
samples?

4. The authors state: "NET-seq analysis of byelA cells revealed that Pol II density at the 5’ region of
the RPL26B gene was severely affected (Figure 4A), but no defects were seen at the 3’ end of the
gene near the polyA site." Figure 4B and 4C show increased Pol II in gene bodies and decreased Pol
II near the promoter in byelA cells. In Figure 4A, there appears to be distinct accumulation of Pol 11
in the 3' half of the gene, but before the polyA site byelA cells. Are similar patterns seen on other
genes?

Minor points:

- The prime symbol is corrupted in many instances

- Figure references in the text are not correct in many cases.

- Figure 1B, I can't see which band in the "M" lane correspond to the 250 kDa marker. Please mark
all bands more clearly

- There are many small errors and inconsistencies in the Methods section that should be corrected
(4C instead of 4{degree sign}C, ug instead of pg, etc).

Reviewer #3:

This MS reports a simple, clever approach to the isolation of transcription complexes at different
locations along a highly expressed gene construct. The chief component of the MS is the description
and validation of the method. The novel biological insights provided are limited but interesting. The
technique clearly has the potential to be applied to many other genes, conditions and systems, and
this report will be of wide interest.

I am not entirely sure that Mol Sys Biol is the ideal journal for this report, but it is good work and I
would support publication with relatively minor changes.

Specific points:

1) Figure 3; The proteins labelled in the figure are clearly only a subset of the 5' and 3' enriched
factors, and are not the most strongly enriched. What are the others? These data can presumably be
extracted by analysis of data set S1 but a simple table listing the most enriched genes would be help
the reader understand the specificity of the purification.

2) Pausing at 5' end is apparently abolished, at least on the individual genes shown, by loss of either
Byel or Rail. This seems unexpected. Are there known interactions that would suggest a common
pathway? Some comment would be helpful.

3) Some of the changes reported are modest - e.g. the effects of brelA at 3' ends. The statistical

significance is high because many genes are involved. An indication of what fraction of genes are
affected might be useful. Do the changes correlate with other features?
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1st Revision - authors' response 13 November 2016

Reviewer #1:

Harlen & Churchman investigate the interactomes of early and late Pol II transcription elongation
complexes on a single gene in S. cerevisiae. Authors developed a strategy based on the interaction
of two different viral coat proteins with their corresponding RNA stem loop recognition sequences
PP7 and MS2, introduced into the 5' and 3' UTR of a plasmid-encoded and overexpressed TDH3
gene. The coat proteins are co-expressed as RFP and GFP fusions respectively and thus allow
affinity purification of native elongation complexes via the nascent RNA upon transcription of the
stem loop sequence. The authors claim that a short RNase treatment step can largely confine
isolation via the 5' UTR stem loop sequence to early elongating complexes. Quantitative analysis of
the isolated fractions by label-free mass spectrometry allows the authors to identify proteins
associated with Pol II in two different transcriptional states. They identify multiple interactors
during early (e.g. capping/Paf complex, Spt4/5/6) and late (e.g. CCR4-NOT complex, Essl)
transcriptional elongation, complementing evidence presented by other groups before. Based on
their mass spectrometric analysis, they propose a role for Rail as negative regulator of early
transcription and for Brel during late elongation. The authors complement these findings with NET-
seq analyses of wildtype yeast as well as various loss-of-function mutants. Taken together, the
authors present an interesting new approach that employs RNA handles to purify nascent RNA
polymerase Il complexes from different stages of transcriptional elongation. Although similar
strategies were already used earlier for purification of RNPs (e.g. Youngman & Green, 2005;
Lacadie et al., 2006), their study is the first that applies the strategy to the purification of subgenic
nascent polymerase complexes. In some parts of the submitted manuscript the authors are a bit too
hasty with their conclusions (see below). I recommend that publication is considered after revision.
The authors should conclusively show that their employed mass spec data normalization strategy is
applicable and should address the other points below.

We thank the reviewer for the clear summary of our work and placing our method in the
context of other strategies to analyze RNPs.

Major concerns

- The authors conducted global factor normalization of mass spectrometric data for each run, based
on its mean protein intensity. Using this normalization strategy the authors assume that overall mean
and variance of the intensity distributions is similar for all runs (e.g. Karpievitch et al., 2012, BMC
Bioinformatics). Did the authors conduct appropriate statistical measures to make sure that this
assumption is true?

While this might be a reasonable assumption for replicates within a single condition, it is
questionable whether a comparison of the different conditions (mock vs. 5' enriched and 3' enriched)
can be conducted based on mean-normalized intensities. This needs be clarified and documented in
the supplement section. For example in Figure 3C the authors make a direct comparison of the
normalized protein intensities in 5' and 3' conditions, under the implicit assumption analysis of
similar intensity distributions for both conditions. However, imagine if this would not be the case
and the intensity distribution of the 5' condition would be generally higher than that of the 3'
condition. Then a protein, which is present in both conditions at similar levels, would be on the
lower end of the 5' condition distribution, but on the upper end of the 3' distribution. After
mean/median normalization, the comparison of normalized intensities would then suggest strong
enrichment in the 3' condition, although proteins are generally present at similar levels. This might
lead to entirely wrong conclusions. Thus, the authors have to proof that their chosen normalization
strategy is applicable in this context. If their label-free quantification workflow is robust enough
they should generally better use non-normalized intensities (as in Hubner et al., 2011) or think about
an experimental design using other normalization strategies (e.g. spike-ins etc.) or labeling
approaches (see e.g. Bantscheff et al., 2012, Anal. Chem.).

This is an important point. Normalization by mean protein intensity assumes that the bulk of
analyzed proteins are at similar relative abundance across samples. Here we are analyzing the
results of a sequential IP, where the first IP isolates all Pol II. The second IP enriches for Pol II
subpopulations that each contain the 12 core Pol IT subunits and the many proteins that
remain associated with Pol II across gene bodies. Thus, these subpopulations are expected to
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be fairly similar and mass spectrometric analysis of the second IP is expected to have
comparable mean protein intensities. Indeed, we see that all samples have similar variances
and the 5’ and 3’ (GFP and RFP) IPs have similar means. Mass spectrometric analysis of the
mock IP identified fewer proteins than the 5’ and 3’ IPs, which explains why the mock IPs
results in higher MS1 intensities. We thank the reviewer for the suggestion to add this analysis
to the manuscript, which is now shown in Extended View figure 1 (Figure EV1). We also
added further information about mean normalization to the Materials and Methods section.

- The manuscript misses vital parts about the mass spectrometric analysis within the Material and
Methods section. Although the authors did not do the mass spectrometric experiments themselves,
they must at least give details about how it was done by others, such as: How were the samples
processed prior to mass spectrometric analysis? Which instrument was used at which settings?
Which gradient was used for pre-fragmentation? Data-dependent acquisition? Resolution? Essential
details about data processing, apparently with MaxQuant, are also missing. Which settings were
used for the search (MS1 and MS2 tolerances, FDR thresholds for protein identification, databases,
quantification settings)? The manuscript can not be considered for publication unless this is fixed.

We have now extended the Materials and Methods section to include the answers to these
questions. We thank the reviewer for pointing out the omission.

Minor comments

-Do the authors use a single yeast strain transformed with all three plasmids (pKH202, pDZ276,
PMET25MCP-mCherry), or two different yeast strains with two plasmids each (pKH202 + pDZ276
and pKH202 + PMET25MCP-mCherry) for their experiments? The authors should clarify this and
list the strain(s) in the corresponding Table in the Material and Methods section.

We have clarified the plasmids used in these studies in the Materials and Methods section and
strain tables.

- The authors suggest that Rail might act as a negative regulator during early stages of transcription
elongation. They could better demonstrate this by analyzing the sensitivity of the cells to the
elongation inhibitor 6-azauracil (Wu et al., 2003, Genetics). If Rail acts as negative elongation
factor, low sensitivity of the ARail strain to 6-AU would be expected. I strongly recommend this
experiment is added as it should be doable with little effort and strengthen a key biological
conclusion.

We thank the reviewer for the suggested experiment. We assayed the effects of mycophenolic
acid (MPA), which is a transcription elongation inhibitor akin to 6-AU (Figure EV2). As
expected, both railA and byelA mutants display slightly decreased sensitivity to MPA.

- It is not clear why the Pafl complex (with its components e.g. Pafl and Rtf1) is not enriched over
the mock IP in the isolated 3' ECs, although Pafl somplec subunits show strong ChIP signals over
the entire ORF and also have been shown to be involved in 3' end processing (Crisucci & Arndt,
2011, Genet Res Int). Can this be the result of the global factor normalization? Or might it be that
elongation complexes transcribing the artificially induced, plasmid-based template are
compositionally different to those performing transcription on chromatin? At least a possible
explaination must be offered.

The Pafl complex members, Pafl and Ctr9, show a modest enrichment of 1.5 fold in the 3’
interactome with P values of 0.018 and 0.013. Our stringent false discovery rate of 0.05 is the
reason why these factors are not considered enriched in the 3’ dataset. False negatives is a cost
of a stringent false discovery rate, which is why we focused on factors that show enrichment
rather than factors that are not enriched. We have added this information into the text on pg
14.

- Lack of Brel should not allow recruitment of Rad6 to the promoter region during initiation and
thus prevent H2Bub (Wood et al., 2003, JBC; Xiao et al., 2005, MCB). The authors state that the
BrelA mutation should have stronger effects on Pol I dynamics on lowly expressed genes (p. 13, 1.
6f). How do the authors come to this conclusion? Can they see such expression dependent effects in
their NET-seq data for known lowly and highly expressed genes?
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We thank the reviewer for bringing this to our attention. Our statements on this were not
clear and we have not clarified our discussion of our findings in the context of Batta et al.,
2011 and Xiao et al., 2005 on pg. 14. We apologize for the misleading statement.

- As chosen by the experimental design of the study, the authors analyze the composition of Pol II
elongation complexes transcribing an artificially induced, plasmid-encoded template. Thus, their
findings might eventually represent an incomplete picture of what happens in the chromatin context,
since the presence of chromatin remodeling factors etc. is per se not required. The authors should at
least mention this at some point during the discussion.

This point has been added to the text on pg. 18

- The authors suggest that loss of H2BK 123 ubiquitination on post-polyA nucleosomes in the BrelA
strain might result in accumulation of Pol II at the 3' gene end. However, they do not show that Brel
loss leads to reduction of H2Bub on this position. Thus, their conclusion is only one of several
possible and Pol IT accumulation could also be brought about by other factors (e.g. Swd2), which are
deregulated upon Brel loss. The authors could test whether Pol IT accumulation is Swd2-
independent e.g. by using a Swd2-deficient strain. If the pausing effects, observed in the Brel A
strain, are not detected, their conclusion that H2Bub is responsible for Pol II accumulation would
become more likely. The author could try this, but as it may be lengthy they could also tone down
the conclusions.

We have altered the text on pg. 16 to suggest alternative mechanisms.

- The author provide evidence that Byel is a negative elongation factor. This may be highlighted in
the abstract as is poorly understood yet it is one of very few elongation factors that bind directly and
tightly to Pol II, competing with TFIIS for the binding site (Kinkelin et al.). Do the authors have any
evidence on the interplay between TFIIS and Byel? More generally, can the authors comment on
the TFIIS elongation factor?

The role of Byel in transcription and its interplay with Dstl (TFIIS) is indeed interesting and
we thank the reviewer for the suggestion to add the Byel findings to the abstract and we have
done so. We agree that the interplay between Byel and TFIIS will be important to determine,
but we hope that the reviewer can agree that it would be outside the scope of this manuscript.

- the difference in NET-Seq profiles for deletion strains of Pafl and Rtfl should be better discussed
in the light of the special role of Rtf1 as a Pafl complex subunit.

We have added a more thorough discussion of Pafl and Rtfl on pgs. 14.

- According to the journal guidelines, the abstract needs to be shortened down to 175 words.
I also think other parts of the manuscript can be significantly shortened.

We thank the reviewer for noticing and have worked to convey our findings in a more succinct
manner throughout the manuscript.

Figures and legends

- Figure 1A: It would make sense to put the bar graphs at the bottom into single extra subfigure or
combine it with Fig. 1F, since they display obtained results. According to the authors, the error bar
shown represents the standard error of mean for all other Pol II genes. For how many different Pol 11
genes were reads detected? Since the error bars are virtually invisible, the authors could display the
standard error together with the mean as 'mean +/- SE' above the bar.

We have created a new subfigure with the bar graphs as altered the display of the mean and
standard deviation to be values listed above the bars. We have also added the number of genes
detected in each IP to the figure legend. 186 Pol II genes were detected in the GFP IPs and
1,118 Pol II genes were detected in the RFP IPs.

- Figure 1C: Could the authors please comment on what exactly the difference between the input
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and the 0 min bar is? It would be sufficient to explain this in the Methods section.

The input sample represent whole cell lysate while the Omin is after the Rpb3 IP with no
RNaseA fragmentation. We have added this information to Materials and Methods and the
figure legend.

- Figure 1E: It is not entirely clear what is shown here and the figure legend cannot resolve this. Is it
a (sequential) GFP/RFP IP of a previously Rpb3 IPed fraction, as suggested by the main text? So
that the input for the GFP/RFP fraction corresponds to the bound fraction of the Rpb3 IP?

We thank the reviewer for bringing this to our attention. The reviewer is correct that the input
for the GFP and RFP IPs corresponds to the bound fraction of the Rpb3 IP, demonstrating
that in both the Rpb3 IP and GFP/RFP IPs are highly efficient. We have clarified this in the
Figure 1 legend.

- Figure 2: The authors could emphasize in figure legends and main text that all mass spectrometric
analyses (correlation etc.) were performed on the protein level (although a single peptide is the
primarily measured entity by mass spectrometry). How they get from peptide to protein needs to
explained in the Methods parts (see above).

We thank the author for this suggestion and have clarified this in both the Materials and
Methods as well as figure legends. We mistakenly stated that “MS1 intensities for each protein
in each run were summed.” Instead, for each run MS1 intensities for each peptide from a
given protein were summed to obtain MS1 intensity levels for each protein. We have updated
the text.

- Figure 5C: Why did the authors choose exactly these sequence windows for Pol II pausing
analysis? Can they support their choice with appropriate citations?

These windows were chosen based on wild-type NET-seq data that shows Pol II pausing from
50bp upstream of the polyA site until 200bp downstream of the polyA site. A similar pausing
window was also observed in Schaughency et al., 2014 Plos Genetics, where similar Pol 1T
pausing was observed from -50 to +200 bp around the polyA site.

Along the same lines, how do the authors interpret the strong broadening of the ratio distribution for
all loss-of-function mutants in comparison to the wildtype?

The width increase across the ratio distributions of loss-of-function mutants reflects the
variability of each factor’s impact across the genome.

Typos and rewording

-p.2,1.7:"... namely the ' 5' ' and 3' regions..."

-p.2,1. 14: "... dynamics during the 'later' stages of..."

-p.7,1.19: "... all IPs were optimized 'to' be highly efficient..."

- p.8, 1. 14f: "Triplicate IPs of both 5' and..." This sentence is repeated almost identically in 1. 17f
-p. 9,1 7: "... normalized MS1 intensities... "

-p. 11, 1. 16: As far as I understood the authors only re-analyzed NET-seq data from WT, ARail and
ARtt103 strains, which were already published in an earlier study (Harlen et al., 2016, Cell Reports).
Their phrasing "As observed previously, loss of both Rail and Rtt103 caused defects..." is thus
misleading and suggests that not only the bioinformatics analysis, but the entire experiment was
repeated in the present study. Similarly, this needs to be clarified also in the figure legends.

We have clarified this in the text, see pg. 12 and the legend of Figure 4.

-p. 12, 1. 1: Must be 'Figure 4E'

-p. 12, 1. 8 and p. 15, 1. 10: Based on the conducted experiments, the phrase "demonstrates a role"
seems too strong. The authors should better use 'suggest' or 'indicate’

-p.12,1. 22: Must be "... the 3' region... "

- p. 13, 1. 18: Figure 5C

- p. 14, 1. 5: "...data that reveal..."
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-p. 14, 1. 7f: "... we looked 'at’ a..."

- p. 14, 1. 9: Must be Figure S1B. Similarly on p. 23, L. 23. There is no reference to Figure S1A in the
whole text. Thus either remove Figure or add reference.

-p. 15,1.20 + p. 34, 1. 12: Must be 5' instead of 52 and 3' instead of 32

- p. 17: Rephrase "... stem-loop sequence from Hocine et al. 2013 ... and 2x MS2 stem-loop
sequence from (Hocine et al. 2013)..."

-p. 19, 1. 2: Must be '3.33 ug'

-p. 19, 1. 5: Must be '4{degree sign}C'

-p.19,1. 13: Must be '0.1 M', and 'l M'

- p. 34, 1. 18: "hierarchical" should be in lowercase
- Figure 4A+D: 'Normalized' NET-seq reads

We thank the reviewer for the thorough evaluation of the manuscript and have corrected
these typographical errors.

Reviewer #2:

The manuscript by Harlen and Churchman entitled "Subgenic Pol II interactomes identify region-
specific transcription elongation regulators" reports a new strategy to isolate and characterize the
composition of Pol II Elongation Complexes (ECs). This is achieved by immunoprecipitating ECs
from yeast using an affinity tag on Pol II followed by RNA fragmentation, a second IP on RNA
elements (PP7 in 5' UTR or MS2 in 3' UTR) and quantitative mass spectrometry of the resulting
proteins. The authors identify proteins associated with ECs at the 5' and 3' ends of a model gene.
The experiments and analyses are carefully and rigorously performed.

Many of the identified proteins are expected (ie. previously known to be involved in elongation) but
there were some surprises. For example, the Rail termination factor regulates Pol II dynamics at the
5'as well as the 3' ends of genes (but the same is not true for Rtt103). The ubiquitin ligase Brel, the
268 proteasome and the CCR4-NOT complex are all enriched at the 3' ends of genes. A limitation is
that the study is only performed for a single synthetic gene, driven by a GAL promoter, on a high
copy plasmid. However, a similar characterization of different types of genes (discussed in the final
paragraph of the manuscript) is beyond the scope of this work. Instead, the authors address this
limitation by showing that some of the proteins they identify at the 5' or 3' ends of the model gene
function in a similar manner across the genome using NET-seq and previously published ChIP data.

Taken together, this is a new and exciting contribution to the field that will stimulate further
biochemical and in vivo experiments aimed at understanding the contributions of the identified
factors.

We thank the reviewer for the positive comments and for the enthusiasm.

Major points to be considered in a revised manuscript:

1. It would be helpful to the reader to have a summary diagram at the end of the paper to bring
together the key concepts: states of transcription, Pol II CTD phosphorylation states and interactors

that were identified in this study.

We agree that a summary would be helpful and we have added Figure 6 summarizing the
results.

2. Please improve the legend for Table S1, and the description of the columns within the table.
We have improved labeling within Table EV1 as well as the legend.

3. Can the authors comment on why 3' end cleavage factors aren't more enriched in the 3' IP
samples?

A number of reasons could explain why our 3’ end purification and mass spectrometry

© European Molecular Biology Organization
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analysis did not identify many 3’ end cleavage factors. 1) The stringency of our statistical
analysis will certainly produce false negatives. For example, two cleavage factors, Ctf2 and
Pcfl1, are enriched in the 3’ IP, but not highly enough to pass our statistical filters. 2)
Cleavage factors are likely transient interactors. 3) Our RNAase treatment may elute off some
interactors. We have now added a discussion of the low enrichment of 3’ end processing
factors to the manuscript (pg 10).

4. The authors state: "NET-seq analysis of byelA cells revealed that Pol II density at the 5 region of
the RPL26B gene was severely affected (Figure 4A), but no defects were seen at the 3’ end of the
gene near the polyA site." Figure 4B and 4C show increased Pol II in gene bodies and decreased Pol
II near the promoter in byelA cells. In Figure 4A, there appears to be distinct accumulation of Pol 11
in the 3' half of the gene, but before the polyA site byelA cells. Are similar patterns seen on other
genes?

We thank the reviewer for noticing an extended range of Byel impact. Similar patterns are
indeed observed on other genes. We have modified the text to describe our byelA results more
completely in pg. 11.

Minor points:

- The prime symbol is corrupted in many instances

- Figure references in the text are not correct in many cases.

- Figure 1B, I can't see which band in the "M" lane correspond to the 250 kDa marker. Please mark
all bands more clearly

- There are many small errors and inconsistencies in the Methods section that should be corrected
(4C instead of 4{degree sign}C, ug instead of pug, etc).

We thank the reviewer for bringing these errors to our attention. We have now corrected
these errors throughout the text.

Reviewer #3:

This MS reports a simple, clever approach to the isolation of transcription complexes at different
locations along a highly expressed gene construct. The chief component of the MS is the description
and validation of the method. The novel biological insights provided are limited but interesting. The
technique clearly has the potential to be applied to many other genes, conditions and systems, and
this report will be of wide interest.

I am not entirely sure that Mol Sys Biol is the ideal journal for this report, but it is good work and I
would support publication with relatively minor changes.

We thank the reviewer for the positive comments and appreciation for the potential of our
approach.

Specific points:

1) Figure 3; The proteins labelled in the figure are clearly only a subset of the 5' and 3' enriched
factors, and are not the most strongly enriched. What are the others? These data can presumably be
extracted by analysis of data set S1 but a simple table listing the most enriched genes would be help
the reader understand the specificity of the purification.

We agree and have added a supplemental table, Table EV2 listing identified factors by their
enrichment.

2) Pausing at 5' end is apparently abolished, at least on the individual genes shown, by loss of either
Byel or Rail. This seems unexpected. Are there known interactions that would suggest a common

pathway? Some comment would be helpful.

To the best of our knowledge, there are no known connections between Byel and Rail. We
mention this on pg. 17

© European Molecular Biology Organization 11
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3) Some of the changes reported are modest - e.g. the effects of brelA at 3' ends. The statistical
significance is high because many genes are involved. An indication of what fraction of genes are
affected might be useful. Do the changes correlate with other features?

We have added an additional analysis to Figure 5, which demonstrates that 60% of genes show

increased polyA pausing in the brelA mutant when compared to wild-type. We did not
identify any distinct features separating the affected and unaffected genes.

2nd Editorial Decision 18 November 2016

Thank you again for submitting your work to Molecular Systems Biology. We have now heard back
from reviewer #1 who was asked to evaluate your revised study. As you will see below, this
reviewer is satisfied with the modifications made and thinks that the study is now suitable for
publication in Molecular Systems biology.

Before we formally accept your paper, we would ask you to address some minor editorial issues
listed below.

REFEREE REPORTS

Reviewer #1:

The authors have addressed my concerns and the manuscript is suited for publication in MSB.

© European Molecular Biology Organization
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Corresponding Author Name: Stirling Churchman

Journal Submitted to: Molecular Systems Biology

Manuscript Number: MSB-16-7279

Reporting Checklist For Life Sciences Articles (Rev. July 2015)

This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s
authorship guidelines in preparing your manuscript.

A- Figures

1. Data

The data shown in figures should satisfy the following conditions:

>

>
>
>
>

the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner.

figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful way.

graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates.

if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
justified

Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation.

2. Captions

Each figure caption should contain the following information, for each panel where they are relevant:

>

>
>
>
>
>
>
>

a specification of the experimental system investigated (eg cell line, species name).

the assay(s) and method(s) used to carry out the reported observations and measurements

an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or

biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

* are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

Please ensure that the answers to the following questions are reported in the manuscript itself. We encourage you to include a
specific subsection in the methods section for statistics, reagents, animal models and human subjects.

In the pink boxes below, provide the page number(s) of the manuscript draft or figure legend(s) where the
information can be located. Every question should be answered. If the question is not relevant to your research,

please write NA (non applicable).

USEFUL LINKS FOR COMPLETING THIS FORM

http://www.antibodypedia.com
http://1degreebio.org

http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-repo

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm

http://ClinicalTrials.gov
http://www.consort-statement.org

http://www.consort-statement.org/checklists/view/32-consort/66-title

http://www.equator-network.org/reporting-guidelines/reporting-recommendations-for-tun
http://datadryad.org

http://figshare.com

http://www.ncbi.nim.nih.gov/gap

http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/

http://jjj.biochem.sun.ac.za
http://oba.od.nih.gov/biosecurity/biosecurity_documents.html
http://www.selectagents.gov/

B- Statistics and general methods Please fill out these boxes if you cannot see all your text once you press re
1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size? N/A
1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used. N/A

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

For NET-seq analysis well expressed genes, those genes that had a reads per kilobase per million
mapped reads (RPKM) in of at least 10 in the wild type sample and were at least 500 bp long were
analyzed. Criteria was etablished from previous NET-seq studies, see Harlen et al, 2016.

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. N/A
randomization procedure)? If yes, please describe.

For animal studies, include a about r ion even if nor was used. N/A
4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results |N/A
(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done N/A

5. For every figure, are statistical tests justified as appropriate?

All statisical tests are deemed appropriate for each figure.

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

 The data in each statistical analysis meet the assumpotions of the analysis and are outlined in the
methods and figure legends.

Is there an estimate of variation within each group of data?

Yes, variance and tests for difference in variance are displayed in Figure EV1.

Is the variance similar between the groups that are being statistically compared?

C- Reagents



D- Anima

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g.,
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

3x-FLAG antibody, Sigma A4596. GFP nanobody, ChromoTek gtm-10. RFP nanobody, ChromoTek
rtm-10.

E- Human Subjects

F- Data A

G- Dual u:

top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for N/A
mycoplasma contamination.

* for all hyperlinks, please see the table at the top right of the document

| Models

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |N/A
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a of i with ethical r ions and identify the [N/A
[committee(s) approving the experiments.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), 1000412, 2010) to ensure |N/A
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting

Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

11. Identify the committee(s) approving the study protocol. N/A
12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments N/A
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human

Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. N/A
14. Report any restrictions on the availability (and/or on the use) of human data or samples. N/A
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. N/A
16. For phase Il and Ill randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right)  |N/A
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under

‘Reporting Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at [N/A

ccessibility

18. Provide accession codes for ited data. See author guideli under ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

le. Proteomics and molecular interactions

Genomic data depositied to GEO, GEO Accession: GSE83546. Proteomics data availbe as
supplemental file.

respecting ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible
with the individual consent agreement used in the study, such data should be deposited in one of the major public access-|
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the ~ [N/A
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of

datasets in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in

unstructured repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while N/A

21. As far as possible, primary and referenced data should be formally cited in a Data Availability section. Please state
(whether you have included this section.

Examples:

Primary Data

Wetmore KM, Deutschbauer AM, Price MN, Arkin AP (2012). Comparison of gene expression and mutant fitness in
Shewanella oneidensis MR-1. Gene Expression Omnibus GSE39462

Referenced Data

Huang J, Brown AF, Lei M (2012). Crystal structure of the TRBD domain of TERT and the CR4/5 of TR. Protein Data Bank
4026

AP-MS analysis of human histone deacetylase interactions in CEM-T cells (2013). PRIDE PXD000208

Data availability seciton included.

22. Computational models that are central and integral to a study should be shared without restrictions and provided in a
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized
format (SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the
MIRIAM guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list
at top right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be
deposited in a public repository or included in supplementary information.

N/A

se research of concern

23. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.

N/A




