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Abstract

RNA Polymerase 1l (RNAPII) is responsible for transcribing multiple RNA species throughout
eukaryotes. A variety of protein-protein interactions occur throughout the transcription cycle for
coordinated regulation of transcription initiation, elongation, and/or termination. Taking a
proteomics approach to study RNAPII transcription thereby offers a comprehensive view of both
RNAPII biology and the variety of proteins that regulate the process itself. This review will focus
on how mass spectrometry (MS) methods have expanded understanding of RNAPII and its
transcription-regulatory interaction partners. The application of affinity purification mass
spectrometry has led to the discovery of a number of novel groups of proteins that regulate an
array of RNAPII biology ranging from nuclear import to regulation of phosphorylation state.
Additionally, a number of methods have been developed using mass spectrometry to measure
protein subunit stoichiometry within and across protein complexes and to perform various types of
architectural analysis using structural proteomics approaches. The key methods that we will focus
on related to RNAPII mass spectrometry analyses include: affinity purification mass spectrometry,
protein post-translational modification analysis, crosslinking mass spectrometry, and native mass
spectrometry.
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1. Introduction

RNA Polymerase Il (RNAPII) is responsible for transcribing multiple RNA species,
including messenger RNA (mMRNA), noncoding RNAs (ncRNASs), and small nuclear/
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nucleolar RNAs (sn/snoRNAs) [1, 2]. In order to ensure proper transcription of these RNA
species regulatory proteins are dynamically recruited to RNAPII. Transcription regulatory
proteins may be recruited through interactions with the template DNA, the nascent RNA, or
through protein-protein interactions (PPIs) within the transcription complex. The C-terminal
domain (CTD) of the largest of the 12 RNAPII subunits, Rpb1, is a critical regulator of these
PPIs through its dynamic phosphorylation.

Achieving a comprehensive understanding of transcription on the levels of DNA, RNA and
protein requires diverse methodology. High-throughput sequencing method development has
revolutionized the analysis of DNA and RNA and has greatly benefited the transcription
field. These efforts have been driven by a wide variety of high-throughput nucleic acid
sequencing approaches. Proteins are challenging to interrogate using similar high-
throughput approaches as a consequence of their diversity in structure, size, and amino acid
composition (including post-translational modifications). In recent years, proteomics and
complementary structural mass spectrometry approaches have continued to develop at a
rapid rate spurred on by developments in mass spectrometry instrumentation, analysis
software, and various chemical tools.

This review will focus on the application of mass spectrometry to the study of RNA
Polymerase Il (RNAPII) transcription. Mass spectrometry-based approaches to study
RNAPII transcription offers a wholistic view of both the core RNAPII machinery and also
the proteins that regulate overall transcription including RNA processing and chromatin
biology. Therein, this review will discuss how mass spectrometry (MS) methods have
expanded understanding of RNAPII and its transcription-regulatory interaction partners.

2. Overview of Methods for MS Analysis of RNAPII Complexes

2.1 Analysis of RNAPII Interactors by MS based methods

Identification of protein-protein interaction partners of the RNAPII machinery has been a
longstanding interest of the molecular biology community. Many of the known RNAPII
interacting proteins were isolated based on their affinity for RNAPII, with subsequent
identification of the interacting proteins performed using approaches such as cDNA library
screening [3]. However, mass spectrometry-based methods rapidly gained popularity after
FASTA-based protein sequence database searching was enabled by the development of
SEQUEST, and other algorithms, allowing researchers to establish a rapid and direct link
between protein and gene sequences [4]. Using database sequence-based identification,
subunits of large protein complexes, such as the chromatin/transcription related Spt-Ada-
Gcenb-acetyltransferase (SAGA) complex, could be rapidly identified after biochemical
purification [5]. Many of the proteins within the basic transcription machinery have now
been identified as a consequence of wide-spread application of mass spectrometry to
RNAPII transcription; however, adoption of new MS techniques and improved
instrumentation continues to further the transcription field. MS approaches have not only
confirmed and detailed suspected interactions between RNAPII and regulatory proteins, but
have also continued to identify novel interactions. Specifically, affinity purification-mass
spectrometry (AP-MS) has been a key approach in analyzing and mapping RNAPII protein-
protein interactions (PPIs) (Figure 1).
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The yeast transcription elongation complex has particularly benefitted from the application
of AP-MS to studying RNAPII PPIs. Multiple groups used AP-MS pull-downs to identify
that Set2, a methyl transferase, is a direct interactor of RNAPII [6-9]. Additional
experiments showed that the Set2-RNAPII interaction is dependent upon a serine 2
phosphorylated (Ser2P) CTD. The discovery of this interaction was critical for
understanding the coregulation of histone methylation and transcription elongation [6-9].
Similarly, Asrl, a yeast RING finger protein, was found to interact with RNAPII through
AP-MS analysis, in which Asrl was used as the bait protein (Asr1-TAP). Asrl has some
homology to human rA9, which was identified as a candidate RNAPII CTD binding protein
through yeast two-hybrid studies prompting the analysis of Asrl interactors in yeast [10].
Asrl has been shown to function as a novel E3 ligase for RNAPII and functions through a
unique mechanism that is not fully resolved in which two RNAPII subunits, Rpb4 and Rpb7
(hence Rph4/7), are ejected from the RNAPII complex [10]. Interestingly, AP-MS studies
have found that Rpb4/7 levels are reduced when RNAPII complexes are purified using a
number of different elongation factors as bait [11]. Another prime example of the impact of
AP-MS has had on the discovery of novel transcription regulatory proteins is the CTD
phosphatase Rtrl. Mosley et al. [12] identified Rtrl as a bona fide interactor of RNAPII
through reciprocal TAP purifications and Multidimensional Protein Identification
Technology (MudPIT) MS. Rtrl was also isolated from human cells through analysis of the
RNAPII interactome and named RPAP2 [13]. Additional experiments confirmed Rtrl as a
CTD Ser5 phosphatase and identified changes in RNAPII phosphorylation upon its deletion.
Further studies on RPAP2/Rtrl in yeast and human cells has confirmed its role as a CTD
phosphatase that has now also been implicated in the regulation of the unfolded protein
response [14-20]. These discoveries are highlighted here as key examples of the utility of
APMS as a method to identify new interactors and potentially new biology (Figure 4A).

Furthermore, Krogan et al. [21] demonstrated the usefulness of such an AP-MS approach
with an early effort in characterizing the components of RNAPII transcription elongation
complexes. Suspected elongation factors (DSIF, FACT, Spt6, TFIIF, Rtfl1 and Elongator)
were TAP-tagged (tandem affinity purification) and purified from Saccharomyces cerevisiae
yeast. Different biochemical conditions (e.g. salt concentration) in the purification will
determine the degree of interacting proteins that co-purify with the tagged proteins, referred
to in AP-MS as baits. The pull-down products, referred to in AP-MS as prey proteins, were
then subjected to MALDI-TOF MS for protein identification. These data were able to show
the interaction of Spt5 with Spt4 (both members of DSIF) and also with Spt6. Interestingly,
Spt6 itself was found to interact with the then uncharacterized protein, lws1/Spnl, an
interaction that is involved in a number of transcription-coupled processes [22-25]. Post-
translational modification (PTM) searches of the MS analyses also revealed two
phosphorylated casein kinase Il (CKII) consensus sites within Spt6 [21]. In fact, PTM
mapping depth is enabled through coupling it with AP-MS. Recent papers, utilizing
quantitative AP-MS approaches have further detailed the phosphorylation of Spt6é by CKII
and how this modification regulates the interaction with Spn1[22, 23]. Additionally,
purification of the FACT subunits by Krogan et al. revealed novel interactions of FACT with
CKII, both individually and in a complex with the chromatin remodeler Chd1, as well as
with all the subunits of the complex now known as the RNAPII associated PAF Complex
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(PAFC). Bedard et al. further characterized these findings using MS methods to illuminate
that FACT interacts with PAFC to facilitate CKII phosphorylation of PAFC [26]. Of note,
the two largest subunits of RNAPII were reproducibly identified in purifications of PAFC
and FACT; however, the identification of the remaining 12-subunits of RNAPII was
stochastic across replicates. These data suggest that the majority of purified PAF-C, for
instance, does not associate with RNAPII but rather interacts in a transient fashion during
different stages of transcription.

It is important to note that the impact of AP-MS on the characterization of protein-protein
interactions within the transcription complex has not been limited to the yeast basal
elongation complex. These contributions include the identification of a number of
uncharacterized RNA Polymerase Associated Proteins (RPAPS) in tandem affinity
purifications (TAP) of human RNAPII from HEK?293 cells[13, 27]. Follow up studies on
XAB1/Npa3 and the RPAPs have revealed that they play diverse roles in the regulation of
RNAPII biology that has been uncovered as consequence of AP-MS experiments. XAB1/
Npa3 is a conserved GPN-loop GTPase that has been implicated in RNAPII nuclear import
as an RNAPII chaperone [28-31]. RPAP3 has been characterized as a R2TP-like co-
chaperone that may regulate RNAPII stability as well as that of other proteins/protein
complexes[32-34]. RPAP1 has been characterized to play a role in the interaction between
RNAPII and Mediator [35].

However, while AP-MS of RNAPII and/or interacting, proteins has the ability to both
identify and aid in the characterization of interactions within the transcription complex. The
dynamic nature of these PPIs during transcription can make the determination of specific
bait-prey interactions, and any changes in them, hard to distinguish from non-specific or
random preys. An early approach to solve this problem was pioneered by Ranish et al. [36]
that provided benefits to both the proteomics and transcription fields. Isotope-coded affinity
tag (ICAT) reagents were used in both a purification of the pre-initiation complex (PIC) [37]
and a control purification. The use of ICAT reagents coupled with MudPIT MS/MS
improved the quantitation of relative abundance measurements for prey proteins, allowing
the identification of specific interactions over background noise. Thus, the true components
of the PIC were able to be identified and comprehensively analyzed [36]. More recent
development of database and computational tools such as the CRAPome [38], significant
analysis of interactome (SAINT) [39] and the Coon OMSSA Proteomic Analysis Software
Suite (COMPASS) [40] have aided in the ability to distinguish real bait-prey interactions
from contaminants, and score these interactions, both with probability and fold change
values. For example, using SAINT analysis followed by data visualization by ProHits-viz
[41] of the dataset from Bedard et a/, we performed prey-prey correlation analysis. Using
these approaches, the high degree of copurification dynamics of the two largest RNAPII
subunits can be seen across various baits (Figure 2). As mentioned above, Rpb1 and Rpb2
are readily identified in transcription-related AP-MS studies due to their large size. The
reproducible identification of the other subunits of RNAPII is also readily seen when a core
RNAPII subunit is used as the bait protein (Figure 2, [42]). Along these same lines, a high
degree of correlation is observed between subunits of individual protein complexes such as
PAFC (subunits: Ctr9, Pafl, Cdc73, Leol, and Rtf1). With the proper controls and statistical
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tools, AP-MS can provide insightful data on interaction dynamics within and between
complexes regulating transcription.

Assuredly, the quality of data AP-MS will continue to improve with the development of new
affinity purification mass spectrometry approaches. Emerging methods include, proximity
biotin-labeling of interacting proteins through approaches including APEX [43], BiolD [44],
and antibody recognition [45]. These methods [43-45] have been shown to further improve
the sorting true interactors from contaminants, a fundamental problem for AP-MS, as
discussed previously. Improvements in MS-based quantitation between samples through
isotopic labeling-based multiplexing techniques [46—48] also have the potential to benefit
the accuracy and sensitivity of AP-MS. Multiplexing through isotopic labeling allows
multiple samples to be analyzed within the same MS run, thereby reducing batch effect and
improving quantitation. These approaches have not been broadly applied to the RNAPII
interactome at this point in time, and so are not discussed at length in this review. However,
Figure 3 depicts an example RNAPII experiment comparing MS quantitation using a label-
free method versus using stable isotope labeling in cell (SILAC)-based multiplexing.

A new MS-based method aimed at achieving deeper mechanistic insights from RNAPII AP-
MS, by specifically looking at 5” and 3° RNAPII complexes, has recently been developed by
Harlen and Churchman [49]. RNA stem-loop sequences were inserted into the untranslated
regions (UTRs) of a single gene with 2 PP7 sequences in the 5> UTR and 2 MS2 sequences
in the 3’ UTR. Plasmids containing either GFP-PP7 coat binding protein or RFP-MS2 coat
binding protein are expressed in these same cells. After total RNAPII is purified via an
epitope tag on Rpb3, antibodies against the RNA stem loop coat proteins are used to isolate
RNAPII complexes that were specifically enriched at either the 5° or 3’ end of the gene. The
purifications were then analyzed via MS to precisely determine the proteins present at early
(57) and late (3°) transcription. The results for the single gene locus used in these
experiments implicate a novel, uncharacterized role for the exonuclease complex Rat1 and
Rail—typically associated with termination—during the earlier phases of transcription [49—
52]. Additional results from these experiments, in conjunction with other techniques,
support a role for the ubiquitin ligase Brel later in transcription than previously thought,
through regulation of RNAPII pausing. This method provides an avenue for analysis of
RNAPII interactors at specific stages of transcription, although it does require multiple
genetic changes to the target gene of interest. Defining the stages of transcription that PPIs
occur during will help to elucidate the mechanisms and functions of RNAPII-interacting
proteins. The specificity of this approach has unique advantages when compared to
purifications based on CTD phosphorylation marks, as these marks are not clear-cut between
the different stages of transcription and may be heterogeneous across different gene types. In
contrast, a disadvantage of analyzing only the 5" and 3’ ends of a gene, compared to
phospho-CTD pulldowns, is the limitation of single gene loci, and the loss of elongation
dynamics that may occur in the gene body. For projects interested in looking at the RNAPII
interactome at the start and ends of genes of interest, this approach holds the potential to
increase the specificity of RNAPII interactome, increasing the amount of PPl mechanism
and function data garnered from AP-MS.
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Finally, an important application of AP-MS to the study of RNAPII is the analysis of
posttranslational modification that may regulate transcription dynamics. Although, the CTD
of Rpb1 receives a majority of the focus in the context of post-translational modifications, it
is not the only region of RNAPII that is modified. Mohammed et al. [53] digested RNAPII
with multiple proteases before multiplexing the digested peptides to be analyzed via MS,
using both collision-induced dissociation (CID) and electron-transfer dissociation (ETD)
fragmentation techniques. These methods allowed the detection of 19 phosphorylation-sites
outside of the CTD, 12 of these being novel, with possible effects on the conformation of the
clamp region. The biological pathways that may be regulated by these phosphorylation
events could regulate RNAPII PPIs, which could be characterized through a variety of
biochemical studies, including AP-MS. Thus, AP-MS has the potential to not only identify
interactors of RNAPII, but also provide essential information regarding RNAPII PTM
dynamics that may regulate those interactions. For both interactor identification and PTM
analysis, AP-MS offers decreased sample population and increased coverage depth
compared to global proteomics. The benefits of AP-MS studies may also be complemented
by other methods. For example, structural studies on the RNAPII interacting protein Spt6
have found that previously uncharacterized phosphorylation sites in the linker region of
RNAPII (51493, T1471, and/or Y1473) stabilize the interaction between RNAPII and Spt6,
playing an important role in the recruitment of Spt6 throughout the genome [54].
Phosphorylation of RNAPII at T1471 was initially reported by a large scale
phosphoproteomics analysis using immobilized metal affinity chromatography (IMAC) in
yeast [55] as well as in a focused proteomics study on RNAPII [53]. Further proteomics-
based exploration of RNAPII PTMs outside of the CTD will undoubtedly benefit
understanding of the complex regulation of the dynamic PPI network that regulates RNAPII
transcription.

2.2 Analysis of CTD Interactome Dynamics

The CTD of the largest subunit of RNAPII is known to be an essential regulator of
transcription, as its deletion is not compatible with life [56, 57]. Although its composition is
simple, consisting of repeats (number varies with organism) of the amino acid consensus
sequence Tyr1SeroProsThrsSersProgSery, its role in the mechanism of transcription has
proved to be dynamic and intricate. The hypothesis of a CTD Code has been proposed,
wherein the CTD is differentially phosphorylated at each stage of transcription, and this
differential phosphorylation is responsible for recruiting the appropriate transcription factors
to RNAPII [58]. Decoding the full range of PTM states found within the native CTD in
eukaryotic systems is important to understand how RNAPII PPIs are regulated and has been
an intense area of focus in the transcription field. Characterization of both CTD interacting
proteins and CTD PTM states has been driven by a variety of MS-based methods (Figure 4).

One popular approach to identify candidate CTD interactors is to use a purified GSTCTD
for binding assays with lysate from cells of interest (Figure 4C). Carty and Greenleaf [59]
used MALDI-MS to identify phospho-CTD associated proteins (PCAPS) after performing an
in vitro binding assay using a kinase (CTK1) modified CTD as bait and HeL a cell extract as
a source for interacting partners (preys). The novel PCAPs identified in this study suggested
that the phospho-CTD was responsible for recruiting more than just RNA-processing
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proteins, and that CTD phosphorylation played a role in the regulation of a variety of nuclear
processes. A recent publication from Ebmeier et al. [60] used a similar approach with GST-
purified CTD in a binding assay with HeLa nuclear extract. By first phosphorylating GST-
CTD in a kinase assay with either Cdk7 (TFIIH) or Cdk9 (P-TEFb) before the binding assay,
Orbitrap MS of pCTD-bound proteins was able to identify overlapping, yet somewhat
distinct interactomes for the two different pCTD isoforms. Main findings were that 5’
MRNA capping enzymes and SETD1A/B were identified in both interactomes, suggesting
they bind to a phosphorylated CTD. However, SETD2 bound specifically to a P-TEFb
phosphorylated CTD. This type of approach can help better understand how differential
phosphorylation of the CTD recruits specific proteins to the site of transcription. A GST-
CTD approach has also aided in the characterization of an understudied CTD PTM, O-
linked N-acetylglucosamine (O-GIcNAc) [61]. While it was shown over 25 years ago that
the RNAPII CTD is modified by O-GIcNAc [62], the function this modification has during
transcription has remained elusive. Recent ETD MS analysis of GSTCTD after incubation
with O-GIcNAc-transferase (OGT) was able to detect O-GIcNAc modifications on Ser2 and
Ser5 residues [61]. Further experiments demonstrated that O-GICNAC exists on RNAPII at
promoters, and inhibition of O-GlcNAcylation prevented RNAPII progression [61]. These
data suggest an important role for O-GIcNAc in regulating transcription initiation and early
elongation, possibly even through a reciprocal relationship with Ser2 and Ser5
phosphorylation. The interplay between the different CTD PTMs and the proteins that
regulate them is an exciting and ongoing area of study in the transcription field that has been
aided by MS analysis.

Mass spectrometry has helped fine tune the details of how phosphorylation sites of the CTD
are regulated by the interplay between protein kinases and phosphatases, using both /n vitro
and /n vivo approaches. Smith-Kinnaman et a/. [63] used and AP-MS approach to focus on
investigating the role of phosphorylation on the recruitment of the CTD phosphatase Rtr1,
which is enriched in early elongation by ChIP-gPCR. AP-MS was able to identify 20
proteins within the interactome of an epitope tagged version of the Rtr1 phosphatase,
including 9 subunits of RNAPII. However, when Rtrl was affinity purified from CTK1
deletion yeast (CTDK-1 Ser2 kinase), the interaction probability of Rtrl with RNAPII was
decreased. These results, along with other experiments, suggest that the interaction of Rtrl
and RNAPII is regulated by CTDK-1 and that hyperphosphorylation of the CTD is required
for Rtrl recruitment. Synthetic peptides have also been a valuable MS application to study
CTD kinases and phosphatases considering that it is a highly quantitative approach.
Czudnochowski [64] et al. were able to use synthetic CTD peptides that were either
hyperphosphorylated, Ser2P, Ser5P or Ser7P in a time-course experiment with P-TEFb, a
well described Ser2 kinase /n vivo. The phosphorylation status of the CTD after incubation
with P-TEFb, was analyzed by ESI-MS and it was observed that only the Ser7P CTD
peptide was further phosphorylated, and that this phosphorylation occurred on Ser5. These
results indicate a Ser7P CTD as the preferred substrate for the P-TEFb kinase to
phosphorylate Ser5, challenging the dogma of P-TEFb as a Ser2 kinase. Using the
Drosophila melanogaster CTD (DmCTD) as a substrate, Gibbs et. a/similarly found that
DmP-TEFb heavily modifies Ser5P /n vitroin 12/42 DmCTD repeats [65]. These studies
suggest that phosphorylation of the CTD at Ser2P /n vivo may require additional factors

Methods. Author manuscript; available in PMC 2020 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burriss and Mosley

Page 8

which contribute to the change in P-TEFb specificity from Ser5P /n vitro. Luo et al. [66]
investigated whether Thr4P affects Ssu72 activity, as the phosphatase seems to require a very
specific CTD substrate with Pro6 in a cis-confirmation [67]. In their experiments, Ssu72
activity was measured by MS, and it was observed that the presence of Thr4P on the CTD
lowered Ssu72 activity by approximately four-fold, but did not completely abolish it. Ssu72
also did not remove Thr4P itself. The authors propose that this activity decrease could be a
mechanism of fine-tuning phosphatase activity.

Thr4P has also recently been implicated in the recruitment of additional transcription
regulators using an AP-MS approach with mutant CTD constructs in yeast. Nemec et al.
[68] affinity purified RNAPII with either WT or T4A (Thr4->Ala) CTDs. Label-free MS-
based quantitation was then used to identify significant interacting proteins (Figure 4A).
These studies found that termination factors, including Rtt103, were significantly decreased
in the T4A mutant. These data, along with other experiments showing termination defects in
the presence of T4A, and the direct binding of Rtt103 to a Thr4P CTD, implicate a role for
Thr4P in the regulation of Rtt103 termination at specific genes. Harlen and Churchman [69]
have also identified roles for Thr4P in the regulation of global transcription. In an effort to
analyze phospho-specific CTD interactomes, sequential immunoprecipitations (IP) with
phospho-site specific monoclonal antibodies were used (Figure 4B). First total RNAPII was
purified via epitope tag and then phospho-site CTD antibodies were used to isolate the
specific populations containing the phospho-CTD of interest for MS. The IPs were then
analyzed via label-free MS to identify prey proteins and the data showed distinct
interactomes for each specific phospho-isoform of RNAPII. In agreement with the Nemec,
et al. study, Rtt103 was found to be enriched in the Thr4P interactome although a different
AP-MS approach was used. Additionally, spliceosome proteins were depleted in the RNAPII
Thr4P interactome, but were enriched in the Ser5P interactome. Along with other
experiments in the study, this data implicates Thr4 in a recruitment and release mechanism
for the spliceosome machinery; unphosphorylated Thr4 may allow its recruitment, while
Thr4P stimulates its release. The data discussed in this section of the review presents roles
for CTD phosphorylation sites other than Ser2 and Ser5 in global regulation of transcription.

Additionally, it is critical to note that in higher eukaryotes, there are heptads within the CTD
that vary from the consensus repeat sequence. A common variant in the 71 position,
normally a serine residue, is lysine. The presence of Lys7 opens up additional possible
modifications, such as acetylation and methylation (discussed below). However, it is
possible that the lysine residue in the 7t position may also be important to mediate specific
metazoan specific PPIs. Recent work has characterized proteins with altered RNAPII
interaction following mutation of eight Lys7 residues to arginine using culture SILAC and
AP-MS (Figure 4B). Lys7 to Arg mutations will retain a positive charge but can no longer be
modified by enzymes who target primary amines for modification. Using this approach, it
was discovered that the RPRD family of proteins (RPRD1A, RPRD1B, RPRD2) are
significantly reduced in RNAPII purifications from Lys7 to Arg expressing HEK293T
cells[70]. Additionally, proteins that have previously been shown to interact with the RPRDs
were also reduced including: RPAP2, RPAP3, MCM7 and RUVBL1. The RPRD family of
proteins had previously been shown to have an increased affinity for doubly phosphorylated
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CTD peptides[71]. Interestingly, the combination of Ser2P and Lys7Ac CTD madification
also shows an increased affinity for RPRD1B.

The methods described in this section include both /n vitroand in vivo modified CTD
approaches. Both approaches have advantages and disadvantages that are important to
consider when deciding how to best experimentally answer a question. A major drawback of
in vitro modified CTD substrates (either GST-CTD or synthetic peptides) is the inability to
fully recapitulate the endogenous heterogeneity of the phosphorylated CTD due to
contributions /n vivo by a variety of kinases [72], removal of an unknown portion of
phosphorylation sites by phosphatases, and sequential modification/modification removal
cycles. For instance, studies on the CTD phosphatase Ssu72 have shown that Ssu72
dephosphorylation may serve as an upstream regulator of another CTD phosphatase, Fcpl
[73, 74]. However, a major advantage of /n vitro approaches, as described earlier in this
section by the data gained, is the ability to control how the CTD is modified and analysis of
CTD interactors by MS is thereby more likely to be precise and quantitative. In contrast, /7
vivo modified CTDs are more likely to retain their endogenous, and thereby biologically
relevant, modification states. However, the difficulty is that endogenous CTD is highly
heterogeneously, and thereby it becomes very difficult to analyze specific CTD PTM
interactomes quantitatively. Both approaches have also suffered from the lack of a technique
to map individual PTM sites on the CTD, limiting the ability to detail exactly where and
how much the CTD is modified at any one time, which will be critical to further
characterizing the dynamics of CTD PTMs regulate PPIs at the site of transcription.
Recently developed methods that aim to directly analyze the post-translational modification
sites of the CTD are discussed in the next section (See Figure 4 for a comparison of CTD
analysis methods).

2.3 Direct Analysis of CTD Post-translational Modification Site Compaosition

As discussed in the above section, mass spectrometry has been used to great effect for the
identification and characterization of CTD protein interactors, as well as the dynamics of
these interactions based on general phosphorylation patterns. However, direct MS analysis of
the CTD itself has posed a challenge. Due to the lack of tryptic cleavage sites among
consensus heptads and the repetitive nature of the CTD, the mapping of individual
modification sites has been problematic. However, recent method development provided an
avenue for such analyses. Lys7 residues also provide tryptic cleavage sites at the end of
variant heptads. While coverage is still not ideal, there is some opportunity for modification
mapping. Voss et al. [75] used mass spectrometry to identify acetylation as well as mono-,
di-, or tri-methylation of the human CTD. These findings were supported by another group
which identified the same modifications using an antibody-based approach [76]. In all, these
data found that acetylation or di-/tri-methylation only occurred on phosphorylated CTD
peptides and that specific Lys7 residues could be alternatively acetylated and methylated. In
studies such as these, mass spectrometry provides an advantage over western blot analysis
because the degree of cooccurrence of PTMs on RNAPII CTD peptides can be directly
assessed using MS. Voss et al. found acetylation in combination with mono-repeat
phosphorylation (within two CTD consensus repeats) at Tyrl, Ser2, Thr4, or Ser5 [75]. In
contrast, mono-methylation could occur on either mono-repeat phosphorylated or hypo-
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phosphorylated CTD di-heptad peptides. The combined data shows modification of variant
Lys7 residues to be as dynamic as that of consensus residues. As Lys7 is not essential for
life, but conserved in vertebrates, the authors speculate that Lys7 modification could regulate
the transcription of a subset of vertebrate genes.

Recent method development has taken further advantage of Lys7 residues. These variants do
not occur naturally in yeast, and their presence in higher eukaryotes does not occur until
well toward the distal end of the CTD, thus limiting tryptic cleavage over the full length of
the CTD. To address the compatibility of the CTD for MS analysis, both Suh et a/. [77] and
Shuller et al. [78] endogenously modified the CTD of Rpb1 to be more suitable for MS
analysis, termed the msCTD (Figure 4D). Within a subset of heptads, the 7t position
residue, normally serine, is replaced with either lysine or arginine to facilitate tryptic
cleavage. The msCTDs also contain subsets of heptads with additional residue substitutions
in order to give cleaved fragments unique precursor masses, thus enabling modification
mapping to individual residues within the natively repetitive CTD sequence. Suh et al. [77]
used yeast CTD while Shuller et al. [78] focused mainly on mammalian CTD; despite the
difference in model systems the MS data show striking similarities. Both studies confirm the
presence of phosphorylation on Tyrl, Ser2, Thr4, Ser5, and Ser7, some of which had only
previously been identified by antibody-based approaches. One major conclusion from both
data sets is that on average, Ser2P and Ser5P levels are fold-change levels higher than Tyr1P,
Thr4P, and Ser7P. Authors used this result to caution against direct comparison of different
antibodies for relative quantitation of CTD phosphorylation marks. To confirm that MS
analysis was able to measure phosphorylation changes at a physiologically relevant level,
both studies employed Ser2 kinase inhibition, whether through mutation or drug treatment.
Positively, both data sets showed marked decrease in Ser2P levels upon inhibition, while
there was very little change in phosphorylation of the other CTD residues.

In both msCTD studies, the total phosphorylation level of the CTD was found to be much
lower than expected. Multiply-phosphorylated heptads were found to be rare in both yeast
and mammalian cells. With this initial data observing low total phosphorylation dominated
by Ser2P and Ser5P, authors speculate that the CTD code might end up being simpler than
expected. This idea is somewhat contrary to data presented in the above section, which
suggest important roles for Ser7P, Thr4P and Lys7 madifications in metazoans. One caveat
for these msCTDs is that Ser7 phosphorylation levels may be measured as low due to the
mutations made to make the CTD suitable for mass spectrometry (although this possibility
was considered in the published works). A potential drawback to using a modified msCTD is
that the CTD is no longer wildtype. Both studies confirmed that cells carrying only msCTD
grew in a manner approximate to wildtype. However, it remains to be seen how the
mutations and trypsin cleavage may alter the ability to detect wildtype phosphorylation
marks. Finally, it is also possible that heavily phosphorylated CTD peptides were refractory
to reversed-phase column elution and/or electrospray ionization possibly losing the net
positive charge required for guidance of the peptides through the mass spectrometer.
Challenges with multiply-phosphorylated peptides in reversed phase chromatography have
been reported previously [79] as have ionization issues for heavily phosphorylated
sequences [80], although the latter issue has been reported to have a high-degree of peptide
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sequence dependence. Nevertheless, msCTDs are an exciting new tool for analysis of
quantitative PTM mapping of an /7 vivo modified CTD.

Beyond the addition of the phosphate group itself, phosphorylation has the potential to
change the structure of the CTD. Recent work has focused on investigating how
phosphorylation might alter the CTD and regulate its interactions beyond the addition of the
mark itself. Gibbs et al. [65] used a combination of mass spectrometry and NMR
spectroscopy to observe that hyper Ser5P alters the local CTD structure via cis-proline
isomerization in a sequence-dependent manner. This proline isomerization was then shown
to modulate the activity of Ssu72, which is known to be cis-proline specific CTD interactor.
Specific mammalian CTD repeat variants were found to more frequently be in a c/s-proline
state upon Ser5P, suggesting a potential mechanism for increased Ssu72 recruitment to
specific regions of the CTD.

2.4 Analysis of RNAPII by structural proteomics

Structural proteomics is a rapidly developing area of mass spectrometry-based method
development (reviewed in [81]). Many methods that fall under the umbrella of structural
proteomics have been used to analyze RNAPII and its interactions with accessory proteins to
provide novel insights into RNAPII biology and to aid in MS method development efforts.
Crosslinking-mass spectrometry (XL-MS), for instance, has been used to study a number of
macromolecular complexes including TFIIH [82]. The cross-linker Bis (sulphosuccinimidyl)
suberate (BS3) has been used to map interactions between RNAPII and TFIIF [83] as well
as interactions between TFIIF and TFIIH [84] to assist in modeling protein complex
positioning within a cryoEM structure of a 32-protein RNAPII pre-initiation complex (PIC).
These structural studies were expanded to a full 52 protein PIC with Mediator using
additional crosslinking experiments of Mediator-PIC and Mediator-RNAPII with the 1-
hydroxy-7-azabenzotriazole analog of DSS (disuccinimidyl suberate), 1,1°-
(suberoyldioxy)bisazabenzotriazole (SBAT) [85]. The data from the BS3 and SBAT XL-MS
studies were later utilized in a cryoEM study of the yeast PIC and PIC-core Mediator
complexes. This 2017 study additionally obtained novel crosslinks using the 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) crosslinker and were able to retain
structures cryoEM with resolutions of 4.7 A and 5.8 A, respectively [86].

BS3-based XL-MS has continued to couple well with cryo-electron microscopy based
structural biology analysis of large transcription-related complexes and has been used to
provide peptide level resolution of amino acid proximity for: RNAPII-PAFC-TFIIS [87],
RNAPII-DSIF-NELF [88], and RNAPII-DSIF-PAFC-SPT6 complexes These approaches
provide a high degree of analytical power for coupling with protein complexes used in
structural biology studies.. An emerging approach for large-scale such as organelle scale
XL-MS is using mass-spectrometry cleavable crosslinkers (reviewed in [89]). MS-cleavable
crosslinkers have been applied to large-scale protein-protein interaction analysis [90] and
could be used for both qualitative and quantitative studies. Although disuccinimidyl
sulfoxide cleavable crosslinking has not been used to interrogate the RNAPII interactome
directly at this point, recent studies on the histone interactions isolated from intact nuclei
could provide novel insights into co-transcriptional histone biology. DSSO crosslinking of
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intact nuclei and subsequent analysis by a MS3-based method identified a large number of
potential histone interacting proteins (n=778) as well as histone crosslinks with known
interactors [91]. While organelle level analysis of protein-protein interactions with DSSO is
a powerful approach, there are still challenges to overcome since the depth of coverage is
limited by multiple factors including the longer cycle times needed to carry out MS3
analysis.

An additional emerging approach in structural proteomics for analysis of RNAPII complexes
involves the application of native spray mass spectrometry. Advances in this area have been
driven by changes in sample preparation approaches, as well as technological developments
and optimizations that allow for large protein assemblies to both ionize and retain their
native quaternary state in gas phase. These approaches can be applied to macromolecular
complexes to obtain precise analytical data related to intact protein complex mass, which
can reveal protein subunit stoichiometry, post-translational modifications, and protein
complex modularity. For RNAPII complexes, native electrospray mass spectrometry has
been used to monitor complex engagement of alpha-amanitin [92, 93], as well as to
investigate the stoichiometry of the yeast capping enzyme alone and in complex with
transcribing phosphorylated-RNAPII (with a 20.2 kDa DNA-RNA scaffold) [94]. These
native-MS studies revealed that phosphorylated RNAPII can interact with either
heterotrimeric (Cet1-Cet1-Cegl) or heterotetrameric (Cegl-Cet1-Cet1-Cegl) forms of the
capping enzyme. The capping enzyme-RNAPII complexes were also monitored in the
presence or absence of either GTP or the GTP analog, GpCpp. Theremarkable utility of the
native-MS approach was clearly illustrated by the authors’ use of negative ion mode
(positive ion mode is typically used for protein analysis in MS) to quantitatively monitor the
addition of the RNA modification (5’-triphosphate end) by capping enzyme. While, protein
complex modularity of RNAPII has not been monitored by native spray mass spectrometry,
this application of the technique is not necessary, due to the wealth of high resolution
RNAPII structural data that has already been obtained. However, noncovalent
nanoelectrospray ionization mass spectrometry-based investigations of the yeast RNAPII-
associated cleavage and polyadenylation factor (CPF) complex has revealed a wealth of
information regarding the modularity of the complex [95]. The native-MS studies of CPF
were able to define polyA-polymerase, nuclease, and phosphatase modules, aidingd in the
selection of subunits for cryoEM structural analysis of the polymerase module of CPF [95].
This study, along with the others highlighted in this section demonstrate the utility of MS-
based structural proteomics approaches in gaining novel insights into the protein complexes
that regulate RNAPII transcription. Native spray MS has also been applied to other
transcription related complexes of interest including RNAPI, RNAPIII, and TFIID [96-98].

3. Conclusion

While there is valuable knowledge of transcription dynamics to be gained through high-
throughput sequencing methods, mass spectrometry-based analysis of RNAPII and its
associated proteins is critical to advance our discovery of new transcription-related biology
and related mechanisms. Application of mass spectrometry to the study of RNAPII
transcription has shown to be immensely useful in both the qualitative and quantitative
analysis of protein-protein interactions that regulate the process. Advances in MS

Methods. Author manuscript; available in PMC 2020 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burriss and Mosley

Page 13

technologies in sample preparation, instrumentation, and data analysis will increasingly
facilitate sensitive and accurate quantitation of protein-protein interactions, post-translational
modifications, and enzymatic activity. The emerging area of structural proteomics has
already greatly benefitted the transcription field and there is no doubt that technological
advancements will continue to change the types of mechanistic questions that can be asked
and answered about RNAPII transcription.
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Highlights
Mass spectrometry analysis has advanced our understanding of RNA

Polymerase biology from both qualitative and quantitative perspectives.

The various applications of mass spectrometry to RNA Polymerase |1
complexes and relevant results are reviewed.

Affinity purification-mass spectrometry of RNAPII complexes has led to the
discovery of novel transcription- and protein complex assembly-related
biology

Analysis of C-terminal domain modifications and interactors by mass
spectrometry continues to inform our understanding of the CTD code

Structural proteomics methods are rapidly advancing our understanding of the
mechanisms of RNAPII transcription and its associated protein complexes
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Figure 1: AP-MS of RNAPII and regulators to build the RNAPII interactome.
MS/MSanalysis of RNAPII purifications allows identification of RNAPII-interactors.

Subsequent purifications of proteins of interest enable interaction mapping.
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Figure 2: Prey-prey correlation analysis of RNAPII, FACT, and PAFC purifications.
Following significance analysis of interactome (SAINT), the degree of correlation between

the quantity of various co-purifying proteins was analyzed using ProHits-viz (Nat Methods.
2017 Jun 29;14(7):645-646.). Quantitative data was reanalyzed from Bedard LG,
Dronamraju R, et al. J Biol Chem. 2016 Jun 24;291(26):13410-20.
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Figure 3: Strategies for Quantitative Analysis of RNAPII interactors.
A) Label-free quantitation of RNAPII associated proteins can be done from multiple

conditions. Individual mass spectrometry is performed and then quantitation is performed by
either MS1 precursor quantitation of ion intensity and/or MS2 fragment ion count based
quantitation (referred to as spectral counting or peptide-spectrum match (PSM) counting).

B) SILAC based quantitation can be performed using cells grown in various combinations of
light and heavy amino acids typically focused on lysine and arginine. Samples can be mixed
together based on equal cell numbers or by equal protein concentration. Quantitation is then
performed by analysis of the heavy isotope containing or light isotope containing MS1 ion
intensities. MS2 based fragment ion analysis is still used for peptide fingerprinting but is not
used for quantitation in SILAC based approaches.
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A) Affinity Purification Mass
Spectrometry (AP-MS)

B) Sequential
Immunoprecipitations

C) GST-Tagged CTD

D) MS-Modified CTD
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Figure 4: Strategies for Analysis of the CTD and CTD interactors.
A) Affinity Purification Mass Spectrometry (AP-MS) of RNAPII complexes allows

identification (ID) of RNAPII interactors. Interactors of interest with CTD Interaction
Domains (CIDs) may then be purified to analyze the CTD interactome. B) Purification of
total RNAPII followed by IPs using antibodies specific for CTD phospho-sites. MS analysis
to identify protein interactome for CTD phospho-forms. C) Purification of GST-tagged CTD
peptides to be phosphorylated by CTD kinases and used in binding assays. MS analysis of
bound proteins to ID CTD-interacting proteins. D) Modification of the CTD in cells to
increase suitability for MS analysis. Mutation of select Ser7 residues to lysine to provide
trypsin cleavage sites, as well as additional mutations to create unique mass peptides. MS
analysis of these msCTDs allows mapping of specific post-translational modifications.
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