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Rpb1, the largest subunit of RNA polymerase II (RNAPII), is rapidly polyubiquitinated
and degraded in response to DNA damage; this process is considered to be a
“mechanism of last resort” employed by cells. The underlying mechanism of this pro-
cess remains elusive. Here, we uncovered a previously uncharacterized multistep path-
way in which the polymerase-associated factor 1 (Pafl) complex (PAF1C, composed of
the subunits Ctr9, Pafl, Leol, Cdc73, and Rtfl) is involved in regulating the RNAPII
pool by stimulating Elongin-Cullin E3 ligase complex-mediated Rpb1 polyubiquitina-
tion and subsequent degradation by the proteasome following DNA damage. Mecha-
nistically, Spt5 is dephosphorylated following DNA damage, thereby weakening the
interaction between the Rtf1 subunit and Spt5, which might be a key step in initiating
Rpbl degradation. Next, Rad26 is loaded onto stalled RNAPII to replace the Spt4/
Spt5 complex in an RNAPII-dependent manner and, in turn, recruits more PAF1C to
DNA lesions via the binding of Rad26 to the Leol subunit. Importantly, the PAF1C,
assembled in a Ctr9-mediated manner, coordinates with Rad26 to localize the Elongin-
Cullin complex on stalled RNAPII, thereby inducing RNAPII removal, in which the
heterodimer Pafl/Leol and the subunit Cdc73 play important roles. Together, our
results clearly revealed a new role of the intact PAF1C in regulating the RNAPII pool
in response to DNA damage.
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RNA polymerase II (RNAPII) transcribes a gene from the transcription start site to
generate a nascent RNA through a process including the steps of initiation, elongation,
and termination. Recently, the early elongation stage at promoter-proximal sites was
identified as an important rate-limiting step of transcription. Substantial research effort
in metazoan cells contributed to the understanding of transcriptional regulation at
promoter-proximal sites (1-4). RNAPII molecules often pause at promoter-proximal
sites after initiating transcription from a promoter, and this pause is maintained by the
protein complex composed of NELF (negative elongation factor) and 5,6-dichloro-1-
p-D-ribofuranosylbenzimidazole sensitivity-inducing factor (DSIF) (the human ortho-
log of the yeast Spt4/Spt5 complex) (5-7). The release of paused RNAPII is regulated
by the polymerase-associated factor 1 (Pafl) complex (PAF1C) and the positive tran-
scription elongation factor b (P-TEFb) (3, 8, 9). P-TEFb phosphorylates Spt5 and
NELF, which triggers DSIF to function as a positive elongation factor and NELF to
dissociate from RNAPII (10-12). Subsequently, the elongation factors PAF1C and
Spt6 associate with the RNAPII machinery for fast elongation throughout the gene in
concert with DSIF (13-17).

Like early elongation at promoter-proximal sites, productive elongation in gene bod-
ies is not smooth and continuous, partially because of RNAPII stalling at bulky DNA
lesions (18-21). In response to DNA damage, transcription elongation is severely
inhibited (22-24), and RNAPII molecules are persistently stalled at DNA lesions,
which might induce apoptosis or cell death (24, 25). To survive DNA damage, cells
employ multiple pathways to ensure transcription recovery (26, 27). The transcription-
coupled DNA repair (TCR) pathway efficiently removes transcription-blocking DNA
lesions from the template strand of active genes (reviewed in ref. 28-30), a process ini-
tiated by recognition of DNA lesions by the protein Cockayne syndrome B protein
(CSB) (the human ortholog of yeast Rad26) in an elongating RNAPII-dependent man-
ner (31-33). Recently, several studies have reported the interesting observation that in
both yeast and humans, DSIF is exchanged for CSB as the state of RNAPII changes
from rapid elongation to pausing at DNA lesions (20, 34-36). However, the detailed
mechanism of this phenomenon remains elusive. As an alternative pathway to TCR,
Rpbl, the largest subunit of RNAPII, is ubiquitinated and degraded following DNA
damage, leading to disassembly and removal of damage-stalled RNAPII, which is
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The highly conserved polymerase-
associated factor 1 complex
(PAF1C) is composed of five core
subunits (Ctr9, Paf1, Cdc73, Rtf1,
and Leo1) and involved in all
stages of RNA polymerase Il
(RNAPII)-mediated transcription.
This study involves biochemical
and mechanistic insights into the
role of PAF1C subunits in
regulating the RNAPII pool in
response to DNA damage via a
previously uncharacterized
multistep pathway. The data from
both in vivo and in vitro assays
clearly revealed that PAF1C
orchestrates the exchange of Spt5
and Rad26 via the Rtf1 subunit
and the recruitment of the
Elongin-Cullin E3 complex to
stalled RNAPII via the heterodimer
Paf1/Leo1 in concert with Rad26,
thereby facilitating RNAPII
removal.
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considered the “mechanism of last resort” (reviewed in ref. 37).
This pathway should be precisely regulated to prevent unneces-
sary Rpbl degradation, which might affect cell survival (24). In
budding yeast, the Elongin-Cullin E3 ligase complex, contain-
ing the subunits cullin 3 (Cul3), RING finger protein Rocl
(Rbx1), elongin C (Elcl), and elongin A (Elal), is responsible
for adding lysine 48-linked ubiquitin chains to Rpb1 following
DNA damage (38-40). Moreover, prior studies have shown
that the interaction between the Elongin-Cullin complex and
RNAPII is weak and might be stabilized by Defl, a Rad26-
binding protein (27, 41). Despite these great advances, the
mechanism by which the Elongin-Cullin E3 ligase specifically
recognizes the substrate RNAPII is not very clear.

The highly conserved PAF1C is composed of five core subu-
nits (Ctr9, Pafl, Cdc73, Rtfl, and Leol), with an additional
subunit (Ski8) in human PAF1C, and is involved in all stages
of RNAPII-mediated transcription and RNA processing
(reviewed in ref. 42-44), especially in transcriptional regulation
at promoter-proximal sites, as described above. Intriguingly,
PAF1C has been recently reported to interact with RNAPII in
a CSB-dependent manner under DNA damage conditions and
participate in restoring transcription after DNA damage repair
(20). Unlike the DSIF complex, PAF1C is involved not only in
the assembly of the activated transcriptional RNAPII machin-
ery (during fast elongation) (13, 15-17) but also in binding the
TCR-initiation factor CSB (during RNAPII stalling at DNA
lesions) (20, 36). These findings prompted us to ask whether
PAF1C plays a role in the transition of the transcriptional state
from fast elongation to stalling. Additionally, a previous work
showed that chromatin-bound RNAPII is degraded in a
PAF1C-dependent manner in cells exposed to hydroxyurea
(a chemical causing replication stress) (45), and yet the mecha-
nisms remain unclear. Here, we provide detailed biochemical
and mechanistic insights into the role of PAF1C in orchestrat-
ing the exchange of Spt5 and Rad26 as well as RNAPII
removal at DNA lesions following DNA damage.

Results

Each Subunit of PAF1C Is Involved in Regulating the RNAPII
Pool after DNA Damage. During DNA damage, stalled or
arrested RNAPII is ubiquitinated and thus degraded by the
proteasome, which is considered to be a mechanism of last

resort for survival (reviewed in ref. 37). The largest subunit of
RNAPII, Rpbl, can quickly undergo polyubiquitination and
degradation in response to the ultraviolet-mimetic compound
4-nitroquinoline-1-oxide (4-NQO) (38, 39, 46). A prior study
showed that in yeast lacking the PAFI gene, Rpbl is not
degraded upon hydroxyurea-induced replication stress (45).
These observations led us to investigate the role of Pafl in
Rpb1 degradation upon 4-NQO-induced transcriptional stress.
Notably, following 4-NQO treatment, Rpbl was quickly
degraded in the wild-type (WT) yeast strain but not in the
strain with PAFI gene deletion (pafiA) (lanes 6 to 10 com-
pared with lanes 1 to 5 in Fig. 14; Fig. 1B). Based on accumu-
lating results demonstrating that the functionally conserved
PAF1C acts as a diverse hub to regulate all stages of RNAPII-
mediated transcription and RNA processing (reviewed in Refs
(42—44).) combined with our observation that intact PAFIC is
required to efficiently stimulate Rad6/Brel-mediated monoubi-
quitination of histone H2B (H2Bub) (47), we speculated that
subunits of PAF1C in addition to Pafl might also play a role
in DNA damage-induced Rpbl degradation. Accordingly,
yeast strains with deletion of either the LEOI, CTRY, CDC73,
or RTFI gene were used to evaluate the protein level of Rpbl
after DNA damage (Fig. 14 and S Appendix, Table S1).
Intriguingly, we found that deletion of either the LEOI,
CTRY, or CDC73 gene in strains suppressed Rpb1 degradation
(lanes 11 to 15, 16 to 20, or 21 to 25, respectively, compared
to lanes 1 to 5 in Fig. 14; Fig. 1B). These results indicated that
the subunits Ctr9, Pafl, Leol, and Cdc73, which are stably
associated within PAF1C in most species (42, 43, 48-50), pro-
mote Rpbl degradation in response to DNA damage. This
observation, together with the findings showing that Ctr9 is a
key scaffold protein for yeast PAF1C assembly and functional
regulation (49. 51), suggested that deletion of the Ctr9 subunit
may result in disruption of intact PAF1C assembly and thus
lead to defects in Rpbl degradation in the c#9A strain. The
mechanisms by which the loss of the PAFI, LEOI, or CDC73
gene in yeast causes defects in DNA damage—induced Rpbl
degradation need to be further explored (for a detailed study,
see Figs. 2—4 and SI Appendix, Fig. S5 and the related text).
Intriguingly, we noted that the loss of the RTFI gene (r#f14) in
yeast accelerated the degradation of Rpb1 (lanes 26 to 30 com-
pared to lanes 1 to 5 in Fig. 14; Fig. 1B), which is different
from the effects of loss of the other four subunits of PAF1C
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Each subunit of PAF1C is involved in regulating the RNAPII pool after DNA damage. (A) In vivo DNA damage-induced Rpb1 degradation assay. Loga-

rithmically growing yeast cells were treated with 4-NQO at a final concentration of 5 pg/mL for the indicated times. Samples were prepared by alkaline
extraction and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. The 4H8 antibody was used to
visualize global Rpb1 protein levels. (B) Quantification of the protein levels of Rpb1 shown in A. The intensity of the Rpb1 bands was quantified using ImageJ
software, and the intensity at time 0 was used for normalization. The error bars indicate the means and SDs (means + SDs) (n = 3 separate experiments).
**P < 0.01, ***P < 0.001.
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Fig. 2. The binding of Elal to the heterodimer
Paf1/Leo1 is important for DNA damage-induced
Rpb1 polyubiquitination and degradation. (A) The
purified intact Elongin-Cullin E3 ligase complex
mediates the ubiquitination of the substrate
RNAPII. An in vitro ubiquitination assay was per-
formed as indicated. The reactants were incu-
bated for 120 min at 30°C and analyzed by 6%
SDS-PAGE. The membrane was immunoblotted
with the 4H8 antibody to specifically detect both
Rpb1 and Rpb1-ub (polyubiquitinated Rpb1).
(B and () The heterodimer Paf1/Leo1 promotes
Elongin-Cullin complex-mediated Rpb1 ubiquiti-
nation in a dose-dependent manner. (B) An
in vitro ubiquitination assay was performed in
the presence of incremental amounts of the
Paf11"644%)/Leo1 complex (lanes 3 and 4, final
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concentrations of 1 and 2 pM, respectively). The
reactants were incubated for 120 min at 30°C
and analyzed by 6% SDS-PAGE. The membrane
was immunoblotted with the 4H8 antibody
to specifically detect both Rpb1 and Rpb1-ub.
(O) Quantitative analysis of the in vitro ubiquitina-
tion assay results in B. The band intensity of
Rpb1-ub was quantified using Image] software.
A control (lane 2 in B) was used for normaliza-
tion. The error bars indicate the means and
SDs (means + SDs) (n = 3 separate experiments).
**P < 0.01, ***P < 0.001. (D) Ela1 directly

+ + + +

Rpb1
(4H8)

Rpb1
(4H8)

5 6 7 8

0 30 60 90 120 0 30 60 90 120

0 30 60 90 120 |

min after

4-NQO interacts with the heterodimer Paf1/Leo1. Pull-

lane:1 2 3 4 5 6 7 8 9 10 11

|- o == g e Rpb1

— - | Tubulin

12 13 14 15
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Myc-tag agarose beads bound to Myc-Elc1-Elal
were incubated with the Paf1®'®*%)/Leo1 com-
plex as indicated for 1 h at 4°C. The prepared
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samples were separated by SDS-PAGE, and the gel was subjected to Coomassie blue staining. (£) The extreme C terminus of Elal is important for DNA
damage-induced Rpb1 ubiquitination in vivo. GST beads bound to GST-Multi-Dsk2 were incubated with various yeast cell lysates as indicated for 2 h at 4°C.
The prepared samples were separated by SDS-PAGE and then subjected to immunoblotting with the 4H8 antibody to specifically detect Rpb1 ubiquitination.
pUb, polyubiquitination; mUb, monoubiquitination. (F) Rpb1 degradation was suppressed in a yeast strain lacking the extreme C terminus of Ela1 following
DNA damage. Logarithmically growing yeast cells were treated with 4-NQO at a final concentration of 5 pg/mL for the indicated times. Samples were pre-
pared by alkaline extraction and analyzed by SDS-PAGE and Western blotting. The 4H8 antibody was used to visualize global Rpb1 protein levels.

(lanes 26 to 30 compared to lanes 6 to 10, 11 to 15, 16 to 20,
and 21 to 25 in Fig. 14; Fig. 1B), indicating that the Refl sub-
unit may have an important role in DNA damage—induced
Rpbl degradation (for a detailed study, see Fig. 5 and the
related text). Together, these results demonstrated that each sub-
unit of yeast PAF1C may play a role in regulating the RNAPII
pool after DNA damage.

The Binding of Ela1 to the Heterodimer Paf1/Leo1 Is Important for
DNA Damage-Induced Rpb1 Polyubiquitination and Degradation.
Prior studies demonstrated that the yeast Elongin-Cullin E3
ligase complex, containing the subunits Elal, Elcl, Rbx1, and
Cul3, is responsible for adding lysine 48-linked ubiquitin
chains to Rpbl for its proteasomal degradation in response to
DNA damage (38-40). Elal, the substrate receptor for the
Elongin-Cullin E3 ligase complex, contains a conserved
“BC-box” in its N-terminal region (S Appendix, Fig. S1A).
Intriguingly, we found that the Elal(3M) mutant, in which
three highly conserved residues (Leu4, Cys8, and Leul2) in the
BC-box were replaced with aspartic acid, did not bind to Elcl
and Cul3 (87 Appendix, Fig. S1 Band C) and that re-expression
of the Elal(3M) mutant in the elz/A strain diminished Rpbl
ubiquitination (SI Appendix, Fig. S1D) and disrupted Rpbl
degradation (87 Appendix, Fig. S1E). Moreover, notably, the
protein level of Elal(3M) was comparable to that of Elal-WT
(lane 4 compared to lane 1 in ST Appendix, Fig. S2A). These
findings, combined with our data showing that the subunits
Pafl and Leol of yeast PAFIC are involved in DNA
damage—induced Rpb1l degradation (Fig. 1) and the observa-
tions that Pafl and Leol function as a heterodimer for

PNAS 2022 Vol. 119 No.40 2207332119

substrate recognition during Rad6/Brel-mediated H2Bub (47)
and that the interactions between human Pafl or Leol and the
Elongin-Cullin complex can be detected in vivo (52), led us to
speculate that the heterodimer Pafl/Leol in yeast PAF1C may
bind to the Elongin-Cullin E3 ligase complex and is involved
in Elongin-Cullin complex-mediated Rpb1 ubiquitination and
degradation. To test this hypothesis, it was necessary to gener-
ate an intact Elongin-Cullin complex and establish a defined
in vitro ubiquitination system. Accordingly, we found by a
coimmunoprecipitation (co-IP) assay that an N-terminal frag-
ment of Elal (amino acids [aa] 1 to 143, Ela1""'*®) was suffi-
cient for Elal binding to Elcl (87 Appendix, Fig. S3 A and B).

Moreover, for the purpose of stabilizing the recombinant pro-
tein Ela1"""%3 Elcl was fused to the N terminus of Ela1""'4%
with a tobacco etch virus—cleavable segment (here named Elc1-
Ela1""'%; “> denotes proteins in a single-chain fusion here
and in 51m11ar nomenclature introduced hereafter). Notably,
the results from analytical size-exclusion column and analytical
ultracentrifugation showed that the Elc1/Elal"""*? complex
(where “/” denotes protein complexes with separate chains here
and similar structures introduced hereafter) and the single-
chain fusion Elc1-Ela1"'*® have similar behaviors (S7
Appendix, Fig. S3 C and D). Subsequently, Elcl—Elal(1'143),
Cul3, and Rbx1 were coexpressed, purified, and assembled into
a Cul3/Rbx1/Elc1-Ela1U-14® complex, as indicated by their
coelution from an analytical size-exclusion column (87
Appendix, Fig. S3E). Finally, using a similar coexpression strat-
egy, we purified an intact thioredoxin (Trx)-tagged Elongin-
Cullin complex (Trx-Cul3/Trx-Rbx1/Trx-Elc1-Elal complex,
lane 3 in ST Appendix, Fig. S3F). To test the E3 ligase activity
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SDS-PAGE. The membrane was immunoblot-
ted with the 4H8 antibody to specifically
detect both Rpb1 and Rpb1-ub. (F) Quantita-
tive analysis of the in vitro ubiquitination
assay results in £. The band intensity of Rpb1-
ub was quantified using Image] software.
A control (lane 2 in E) was used for normaliza-
tion. The error bars indicate the means and
SDs (means + SDs) (n = 3 separate experi-
ments). **P < 0.01.

of the purified Elongin-Cullin complex in vitro, we prepared
the substrate RNAPII (lane 5 in S7 Appendix, Fig. S3F) and
various components of the ubiquitination system (E1 (Ubal),
E2 (Cdc34), and ubiquitin (Ub); lanes 1, 2 and 4, respectively,
in SI Appendix, Fig. S3F). Notably, RNAPII was efficiently
ubiquitinated in the presence of the purified recombinant
Elongin-Cullin E3 ligase complex (lane 3 in Fig. 24). Consis-
tent with this finding, a prior study reported that the human
Elongin-Cullin E3 complex is capable of mediating Rpb1 ubiq-
uitination directly (53). The single-chain fusion Elc1-Elal was
used in the following experiments unless stated otherwise.

To test the role of the heterodimer Pafl/Leol in Elongin-
Cullin complex—mediated Rpb1 ubiquitination in vitro, we first
purified the yeast Paf1(116445)/Leol complex (deletion of the

4 0of 12 https://doi.org/10.1073/pnas.2207332119

N-terminal Ctr9-binding region in Pafl does not affect the
interaction between Pafl and Leol (47, 51) and is beneficial for
the expression and purification of the Pafl''***/Leol com-
plex) (SI Appendix, Fig. S4A and lane 1 in SI Appendix, Fig.
S4B). Notably, the purified Pafl 110445 /Leo1 complex pro-
moted Elongin-Cullin complex—mediated Rpb1 ubiquitination
in a dose-dependent manner (Fig. 2 B and O), implying that the
Paf1 11449 /Leo1 complex might bind to the Elongin-Cullin
complex. Accordingly, we used a co-IP assay and found that
Myc-Pafl and Myc-Leol were coimmunoprecipitated by GFP-
Elc1-Elal but not by GFP-Cul3 (57 Appendix, Fig. S4C). Addi-
tionally, a pulldown assay demonstrated that the Paf1"'®*%9;
Leol complex binds to the recombinant Myc-tagged Elcl-Elal
(Myc-Elc1-Elal) protein directly (lane 3 in Fig. 2D). Moreover,

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207332119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207332119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207332119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207332119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207332119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207332119/-/DCSupplemental

A wr pafiA pafiA + Paf1-WT

0 30 60 9 120 0 30 60 90 120

Il L LI

[ e e Bl

0 30 60 90 120 |f e

Rpb1

— e wm— ws wss Tubulin

lane:1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
B - --WT  — Paf1-WT -
U9 o
_ pafiA + Paf1AC pafiA + Paf1e1rs1en £ i ¥ s
minaherlo 30 60 9 120 0 30 60 0 120 308
Reb1/( SN0 0 S0 &) (0 S S = = go 64 ) Fig. 4. DNA damage-induced Rpb1 degrada-
&0 o P
T RO [ — [ e ————— o tion is dependent on the binding of the heter-
;i 20.44 x odimer Paf1/Leol to Elal. (A and C) DNA
lane:=6e A7 16 519 20 2122 VaS 24 12t % * damage-induced Rpb1 degradation is sup-
g2 i : i . pressed in the mutant yeast strains. Logarith-
C WT leot 0 30 80 90 120 mically growing yeast cells were treated with
gois +4-NQO(min) 4-NQO at a final concentration of 5 pg/mL for

mi;’_ﬁg"g]o 360 % 120 0 30 60 % 120
Rpb1| e s e s ‘-ﬂ—-—-
Tubulin ----.""_---“

lane:1 2 3 4 5 6 7 8 9 10

e
o
!

Relative Rpb1 levels
o
-2

& the indicated times. Samples were prepared

) @
-.-Y:Zf,\ It:g;:«Tc *':;. by alkaline extraction aAnd analyzed by SDs-
PAGE and Western blotting. The 4H8 antibody
was used to visualize global Rpb1 protein lev-
els. (B and D) Quantification of the protein lev-

leoTA + LeoT-WT leo1A + LeoTAN,C gls of pr1 shown inAand C, respectively.l'lfhe
min afterl > 300 60 90 120 0 30 80 B0 120 % intensity of the Rpb1 bands was quantified
aNQo- o o oo L = e 0.4 * using Image) software, and the intensity at
Rob1 ) () S = == g mm v == o time 0 was used for normalization. The error
T 0.2 T - T T bars indicate the means and SDs (means +
Tubul — — —-— =
ubulln | S S—— D —— 9 30 60 20 120 SDs) (n = 3 of A or (, separate experiments).
lane: 11 12 13 14 15 16 17 18 19 20 +4-NQO(min) *P < 0.05, **P < 0.01, ***P < 0.001.

we mapped the region on Elal involved in binding to the heter-
odimer Pafl/Leol. Notably, a co-IP assay clearly demonstrated
that full-length Elal but not Ela192*) or the other truncations
can bind the heterodimer Paf1/Leol (SI Appendix, Fig. S4D and
lanes 3 to 5 in SI Appendix, Fig. S4F), indicating that the
C-terminal region (aa 345 to 379) of Elal is essential for binding
to the heterodimer Pafl/Leol. Consistent with this finding, an
in vitro ubiquitination assay showed that the Paf1 11449/ Leo1
complex was able to increase the level of Rpb1 ubiquitination in
the presence of the Cul3/Rbx1/Elcl-Elal complex (capable of
binding to the heterodimer Paf1/Leol) (lane 3 compared to lane
2 in ST Appendix, Fig. S4F, SI Appendix, Fgé S4G) but not in
the presence of the Cul3/Rbx1/ Elc1-Ela13%) complex (incapa-
ble of binding to the heterodimer Pafl/Leol) (lane 5 compared
to lane 4 in S Appendix, Fig. S4F; Fig. S4G). Moreover, it is
noted that the activity of the Cul3/Rbx1/Elc1-Ela197*? com-
plex is comparable to that of the Cul3/Rbx1/Elcl-Elal complex
(lane 4 compared to lane 2 in S/ Appendix, Fig. S4F SI
Appendix, Fig. S4G). These results demonstrated that the hetero-
dimer Pafl/Leol promotes Elongin-Cullin complex—mediated
Rpb1 ubiquitination via an interaction between the heterodimer
Paf1/Leol and the C-terminal region of Elal.

Next, we used yeast as a host to test the important role of
the binding of Elal to the heterodimer Pafl/Leol in Elongin-
Cullin complex-mediated Rpb1 ubiquitination and degrada-
tion in vivo. Notably, following DNA damage, the expression
of the Ela1"** mutant (capable of assembling into the
Elongin-Cullin complex but incapable of binding to the hetero-
dimer Pafl/Leol) in the e/aA strain suppressed Rpb1 ubiquiti-
nation (lane 8 compared to lane 7 in Fig. 2F) and disrupted
Rpbl degradation (lanes 11 to 15 compared to lanes 1 to 5 in
Fig. 2F). The protein level of Ela197%) was comparable to
that of Elal-WT (lane 2 compared to lane 1 in S/ Appendix,
Fig. S2A). Together, these results clearly indicated that the
interaction between the C-terminal region of Elal and the het-
erodimer Pafl/Leol is required for Elongin-Cullin complex—
mediated Rpb1 ubiquitination and degradation following DNA

damage.

PNAS 2022 Vol. 119 No.40 2207332119

Each Subunit of the Heterodimer Paf1/Leo1 Is Important for
Its Binding to Ela1. Prior studies have shown that each subunit
of the heterodimer Pafl/Leol plays a role in binding histone
H3 tails to stimulate Rad6/Brel-mediated H2Bub (47) or pro-
moting histone turnover to modulate the chromatin state (54).
These findings led us to test the role of each subunit of the het-
erodimer Pafl/Leol in binding Elal. Accordingly, we intro-
duced the Pafl®"?'®) mutant (with a p-sheet deletion in
Pafl @79 187y which was shown to disrupt the interaction
between Pafl and Leol (48), and performed a co-IP assay.
Notably, we found that the binding of the Pafl'”*'8)/Leo1
complex to Elal was much weaker than that of the WT Pafl/
Leol complex (lane 3 compared to lane 2 in Fig. 34; Fig. 3B).
These results indicated that heterodimer formation is important
for the binding of the Pafl/Leol complex to Elal.

Moreover, prior studies showed that the N-terminal region
and middle region of Pafl bind to Ctr9 and Leol, respectively,
and that the middle region of Leol binds to Pafl (Fig. 35; 48,
49, 51). These findings suggested that the C-terminal region of
Paf1 and the N-terminal and/or C-terminal region of Leol might
be involved in binding Elal. Accordingly, we used a co-IP assay
and tested the capacity of two Pafl/Leol complexes to bind to
Elal (Fig. 3B). Notably, deletion of either the C-terminal region
of Pafl (PaflAC/Leol) or both the N-terminal and C-terminal
regions of Leol (Pafl/LeolAN,C) weakened the interaction
between the Paf1/Leol complex and Elal (Fig. 3C, lanes 3 and 4
compared to lane 2; Fig. 3B). These results indicated that both
Elal-binding regions in Pafl and Leol are important for
the binding of the heterodimer Pafl/Leol to Elal. Additionally,
we %)uriﬁed various Pafl/Leol complexes—Pafl(116’445)/Leol,
Paf1" "%/ Leol, and Paf1"'****/LeolAN,C (lanes 1 to 3,
respectively, in SI Appendix, Fig. S4B)—and tested the capacity
of these complexes to promote Elongin-Cullin complex—
mediated Rpbl ubiquitination in vitro. We noted that the
Pafl M'** /Lol complex promoted Elongin-Cullin - complex—
mediated Rpbl ubiquitination (lane 3 compared to lane 2 in S/
Appendl Fig. S41%; SI Appendiv, Fig. S41), whereas the Paf1 139/
Leol and the Pafl"'®#/[e01AN,C complexes exhibited a
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partial capacity or a complete inability to promote Rpb1 ubiquiti-
nation (lane 4 or 5 compared to lane 3 in S/ Appendix, Fig. S4H,;
SI Appendix, Fig. S41).

In addition to Pafl and Leol, the conserved multisubunit
PAF1C contains three other subunits, as follows: Ctr9, Cdc73,
and Refl. It is possible that these subunits may also play a role
in Elongin-Cullin complex—mediated Rpb1 ubiquitination and
degradation by the proteasome following DNA damage.
Accordingly, we performed co-IP assays to test the interaction
between PAFIC and Elcl-Elal. As expected, intact PAF1C
bound to Elcl-Elal (lane 2 in Fig. 3D); however, the binding
of PAF1C containing mutant Paf1‘*’*'8”) o Elc1-Elal was
much weaker (lane 4 compared to lane 2 in Fig. 3D). Intrigu-
ingly, the Elc1-Ela1"**> mutant (incapable of binding to the
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heterodimer Pafl/Leol) did not interact with the intact
PAF1C (lane 3 in Fig. 3D). Together, these results indicated
that the interaction between the C terminus of Elal and the
heterodimer Pafl/Leol is important for the binding of PAF1C
to the Elongin-Cullin complex. Moreover, an in vitro ubiquiti-
nation assay showed that intact PAF1C promotes R[i‘)bl ubiqui-
tination much more efficiently than the Pafl®"'**9/Leol
complex (lane 4 compared to lane 3 in Fig. 3E Fig. 3F).
Indeed, available structural and biochemical results indicate
that both Ctr9 and Cdc73 have the appropriate surface to
interact with yeast RNAPII (55, 56). Collectively, these results
indicated that PAF1C might act as a hub for the binding of the
Elongin-Cullin E3 ligase complex and the substrate RNAPII
by the heterodimer Pafl/Leol and either Ctr9 or Cdc73,
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respectively, to promote Elongin-Cullin complex—mediated
Rpb1 ubiquitination in vitro.

DNA Damage-Induced Rpb1 Degradation Is Dependent on the
Binding of the Heterodimer Paf1/Leo1 to Ela1. Both the in vivo
and in vitro results clearly showed that the binding of Elal to
the heterodimer Pafl/Leol is crucial for DNA damage-
induced Rpb1 ubiquitination and degradation (Fig. 2) and that
each subunit of the Pafl/Leol heterodimer is important for its
binding to Elal (Fig. 3). To further investigate the physiologi-
cal relevance of the Pafl/Leol heterodimer’s functions follow-
ing DNA damage, we used yeast as a host to test the effects of
mutants of Pafl and Leol in vivo. Notably, we found that
DNA damage—induced Rpbl degradation was completely
restored by expression of WT Pafl (Pafl-W7T) (lanes 11 to 15
compared to lanes 1 to 5 and 6 to 10 in Fig. 44; Fig. 4B) but
not by the expression of the Pafl AC (with a reduced binding
capacity to Elal) or Paf1®'7"'®” (incapable of heterodimer
formation with Leol) mutant (lanes 16 to 20 and 21 to 25,
respectively, compared to lanes 1 to 5 and 6 to 10 in Fig. 44;
Fig. 4B) in the pafiA strain. Consistently, we found that the
expression of the LeolAN,C mutant (with a greatly reduced
binding capacity to Elal) in the /eo]A strain did not rescue the
rapid Rpb1 degradation induced by DNA damage (lanes 16 to
20 compared to lanes 1 to 5 and 6 to 10 in Fig. 4G Fig. 4D).
As the control, WT Leol (Leol-W1) was expressed in the
leoIA strain (lanes 11 to 15 in Fig. 4G Fig. 4D). Moreover, we
noted that the protein levels of the Pafl and Leol mutants
were comparable to those of WT Pafl and Leol, respectively (S/
Appendix, Fig. S2 B and C). Together, these in vivo data further
confirmed that the specific interaction between the heterodimer
Pafl/Leol and Elal is crucial for Elongin-Cullin-mediated
Rpb1 ubiquitination and degradation following DNA damage.

The Ras-Like Domain of Cdc73 Is Important for DNA Damage-
Induced Rpb1 Degradation. The in vitro ubiquitination assay
showed that intact PAF1C promotes Rpbl ubiquitination
much more efficiently than the Pafl/Leol heterodimer (Fig. 3
E and F), indicating that in addition to Pafl and Leol, other
subunits in PAF1C might play a role in promoting Rpb1 ubiq-
uitination. Ctr9, as a scaffold protein, is critical for the assem-
bly and functions of PAF1C (47-49, 51) and is also involved
in the binding of PAF1C to RNAPII, as indicated by the cryo-
electron microscopy (cryo-EM) structures (16, 55). Consider-
ing these observations collectively, it is reasonable that the loss
of the CTRY gene (c#794) in yeast would cause disassembly of
PAF1C and thus suppress Rpbl degradation in response to
DNA damage (Fig. 1). Intriguingly, in the cdc73A yeast strain,
Rpbl degradation was suppressed following DNA damage
(Fig. 1), but the mechanism is not clear.

Our recent work showed that Cdc73 is assembled into yeast
PAF1C via its middle region (aa 155 to 211, Cdc7315°21D)
(51). Cdc73 contains an N-terminal region and a conserved
C-terminal Ras-like domain (87 Appendix, Fig. S5A4), both of
which are required for the normal level of H2Bub (47). These
observations indicated that the N-terminal region and/or the
Ras-like domain might contribute to the role of Cdc73 in
DNA damage—induced Rpbl degradation. To this end, we
expressed WT Cdc73 (Cdc73-W1T) and the Cdc73"21) and
Cdc73"°°3%? mutants (both maintaining the capability of
assembling into PAF1C, SI Appendix, Fig. S5A) in the cde73A
strain and measured the level of Rpbl degradation in these
yeast strains after treatment with 4-NQO. Notably, the expres-
sion of either Cdc73-WT or the Cdc73"”°**® mutant
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(containing the Ras-like domain) (lanes 11 to 15 or 21 to 25,
respectively, compared to lanes 1 to 5 and 6 to 10 in S/
Appendix, Fig. S5B; SI Appendix, Fig. S5C) but not the
Cdc73% 1) mutant (lacking the Ras-like domain) (lanes 16 to
20 compared to lanes 1 to 5 and 6 to 10 in S/ Appendix, Fig.
S5B; SI Appendix, Fig. S5C) completely rescued the phenotype
of Rpbl degradation, indicating that the C-terminal Ras-like
domain of Cdc73 is involved in DNA damage—induced Rpbl
degradation. Consistent with this finding, prior studies showed
that the Ras-like domain of Cdc73 binds to the C-terminal
domain of Rpbl (56) and contributes to the recruitment of
PAF1C onto chromatin (57). Additionally, we noted a pheno-
type of reduced efficiency of Rpbl degradation in the strain
expressing Cdc73" 2" (lanes 16 to 20 compared to lanes 1 to
5 and 6 to 10 in SI Appendix, Fig. S5B; SI Appendix, Fi? S50).
It is possible that this phenotype of the Cde7372'" strain
might be related to the partial deficiency of PAF1C binding to
RNAPII. Moreover, we noted that the protein levels of
Cdc73"°7%%9) and Cde73"" were comparable to those of
Cdc73-WT (SI Appendix, Fig. S2D).

PAF1C Interacts with Rad26, a Yeast Ortholog of Human
Cockayne Syndrome B (CSB). The above data demonstrated that
PAF1C binds to both the Elongin-Cullin E3 ligase complex and
the substrate RNAPII, which is indispensable for DNA damage—
induced Rpbl ubiquitination and degradation. Next, we asked
the important question of why PAF1C-coordinated Rpb1 degra-
dation occurs specifically in response to DNA damage.

Rad26 is the yeast ortholog of human CSB with ATPase
activity. Mutations in CSB are associated with the autosomal
recessive neurological disorder Cockayne syndrome, which is
characterized by progeroid features, growth failure, and photo-
sensitivity (58, 59). Either Rad26 or CSB is one of the first
proteins to be recruited to the sites of DNA lesions in actively
transcribed genes to start TCR in an elongating RNAPII-
dependent manner (31, 32). Based on these observations com-
bined with cryo-EM structural analyses showing that Rad26
and human PAF1C bind to the upstream DNA and the funnel
of RNAPII, respectively (16, 32), in which the C terminus of
Leol is extended to Rad26 and the Refl Plus3 domain is spa-
tially close to Rad26 (SI Appendix, Fig. S6A), we speculated
that Rad26 might interact with PAF1C via the subunit Leol
and/or Rtfl to enhance the recruitment of PAFIC to stalled
RNAPII. To test this possibility, we used a co-IP assay. As
expected, intact PAF1C was coimmunoprecipitated by GFP-
Rad26 (lane 2 or 6 in SI Appendix, Fig. S6B); the binding affin-
ity of PAF1C for Rad26 was greatly decreased when the Leol
subunit was absent or replaced by the LeolAN,C mutant (lane
3 or 7 compared to lane 2 or 6, respectively, in S/ Appendix,
Fig. S6B). Intriguingly, the absence of Rtfl did not affect the
binding of PAF1C to Rad26 (lane 4 compared to lane 2 in S/
Appendix, Fig. S6B). Consistent with our results, several recent
studies also demonstrated that CSB directly interacts with
human PAF1C mainly via the Leol subunit, not Refl, which is
important for DNA damage—induced recruitment of more
PAF1C to stalled RNAPII (20, 36, 60). Collectively, these data
indicated that Rad26 has a role in mediating the DNA
damage—induced interaction between PAF1C and stalled RNA-
PII, which might provide a prerequisite for PAF1C-coordinated
specific degradation of Rpb1 induced by DNA damage.

PAF1C and Rad26 Promote Rpb1 Ubiquitination in Concert.
We found that the interactions of Elal and Rad26 with

PAF1C are mainly dependent on the Leol subunit and thus
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speculated that Rad26 might also bind Elal directly. To this
end, we performed a pulldown assay and found that Rad26 was
pulled down by the recombinant protein Myc-Elcl-Elal (lane
3 in Fig. 6A4). Moreover, a co-IP assay showed that the Elcl-
Ela1"" truncation but not WT Elcl-Elal or the Elcl-
Ela1"3% or Elc1-Ela1""*"” truncation failed to interact with
Rad26 (lane 5 compared to lanes 2 to 4 in Fig. 6B), indicating
that the middle region (aa 143 to 277) of Elal is important for
its binding to Rad26 (see the insert box with the dashed outline
in Fig. 6B). Intriguingly, we found that the Rad26-binding
region of Elal is also required for Elal binding to the holo-
complex RNAPII (87 Appendix, Fig. S7 A and B and the sum-
marized results in SI Appendix, Fig. S7D) or the subunit Rpbl
(ST Appendix, Fig. S7C and the summarized results in S/
Appendix, Fig. S7D). Consistent with this finding, subsequent
co-IP assays further showed that the Elal(2143-277) muytant
(deletion of aa 143 to 277) was incapable of binding to Rad26
or RNAPII (87 Appendix, Fig. S7 E and F). Additionally, the
in vitro ubiquitination assay showed that the E()uriﬁed Elongin-
Cullin E3 ligase complex containing the Ela1""'*® truncation
(lane 4 in SI Appendix, Fig. S8A4) but not WT Elal or the
Ela1"3% or Ela1""*"” truncation (lane 2 or 3, respectively, in
SI Appendix, Fig. S8A) failed to ubiquitinate either RNAPII
(lane 5 compared to lanes 2 to 4 in SI Appendix, Fig. S8B) or
Rpbl (lane 5 compared to lanes 2 to 4 in SI Appendix, Fig.
S80), indicating that the middle region (aa 143 to 277) of Elal
is critical for specific substrate recognition by the Elongin-
Cullin complex, at least for RNAPII or Rpbl. Together, these
results prompted us to consider the possibility that Rad26 and
RNAPII competitively interact with Elal. To exclude this possi-
bility, we used an in vitro ubiquitination assay. Notably, Rad26
efficientdy promoted Elongin-Cullin complex—mediated Rpbl
ubiquitination in a dose-dependent manner (Fig. 6 C and D),
indicating that Elal simultaneously binds to both the important
TCR-initiating factor Rad26 and the Elongin-Cullin complex
substrate RNAPII via its middle region (aa 143 to 277).

Next, we investigated the role of the middle region of Elal
in yeast after DNA damage. Notably, the expression of the
Ela1**327”) mutant (capable of assembling into the Elongin-
Cullin complex but incapable of binding to Rad26 and recog-
nizing the substrate RNAPII) in the e/lz]A strain diminished
Rpb1 ubiquitination (lane 8 compared to lane 7 in Fig. 6E) and
disrupted Rpb1 degradation (lanes 11 to 15 compared to lane 1
to 5 in Fig. 6F) after treatment with 4-NQO. Notably, the pro-
tein level of Elal®'*37” was comparable to that of Elal-WT
(lane 3 compared to lane 1 in SI Appendix, Fig. S2A). Moreover,
the circular dichroism (CD) spectrums showed that deletion of
the middle region of Elal (aa 143 to 277) may not result in
improper protein folding (S Appendix, Fig. S8 D and E).

The finding that both PAF1C (Fig. 3 E and F) and Rad26
(Fig. 6 C and D) have the capacity to promote Elongin-Cullin
complex—mediated Rpb1 ubiquitination, combined with the
observation that PAF1C directly binds to Rad26 (S Appendix,
Fig. S6), suggested that PAF1C and Rad26 might promote
Elongin-Cullin complex—mediated Rpb1 ubiquitination in con-
cert. As anticipated, we noted that the level of Rpbl ubiquitina-
tion after the addition of both Rad26 and PAF1C was increased
compared to that after the addition of either Rad26 or PAF1C
alone (lane 5 compared to lanes 3 and 4 in Fig. 6G; Fig. 6H).
Collectively, these results indicated that DNA damage-induced
recruitment of the Elongin-Cullin complex to stalled RNAPII at
DNA lesions is dependent on PAFIC and Rad26, which are
required for Elongin-Cullin complex—mediated Rpb1 ubiquitina-
tion and subsequent degradation.
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Decreased Binding Capacity of Rtf1 to Dephosphorylated Spt5
Is a Critical Step in the Exchange of Spt5 and Rad26. Prior
studies showed that Spt5, as a complex with Spt4, suppresses
Rad26-independent TCR in budding yeast (34, 35). Recently,
the Patrick Cramer group (36) reported the cryo-EM structure
of human RNAPII containing TCR factors and the elongation
factors PAF1C and SPT6, revealing that the human DSIF com-
plex (homolog of the yeast Spt4/Spt5 complex) and Refl are
replaced by CSB at DNA lesions. Consistent with the behavior
of human PAF1C and CSB, our results revealed that the yeast
Refl subunit is also not involved in the binding of PAF1C to
Rad26 (87 Appendix, Fig. S6B, lane 4 compared to lane 2). How-
ever, the mechanism by which the exchange of the DSIF complex
and CSB (the Spt4/Spt5 complex and Rad26 in yeast, respec-
tively) is driven in response to DNA damage remains elusive.

Intriguingly, we noted that the rate of DNA damage—induced
Rpb1 degradation in the 7#IA strain was higher than that in the
WT strain (lanes 26 to 30 compared to lanes 1 to 5 in Fig. 14;
Fig. 1B). This phenotype is different from that of strains lacking
any one of the other four subunits of PAF1C (Fig. 1), indicating
that Refl might play an important role in PAF1C-coordinated
RNAPII degradation following DNA damage. Refl contains a
Cur9-binding region and two highly conserved domains, the
HMD and Plus3 domains (Fig. 54). The HMD is critical for
PAF1C to promote H2Bub in vivo (47, 61, 62), and the Plus3
domain interacts with the phosphorylated carboxyl-terminal
repeat (pCTR) of Spt5 (13, 63, 64), which is required for the
recruitment of PAF1C to RNAPII and for fast elongation. Based
on these findings, we speculated that the HMD and/or the Plus3
domain of Rtfl might contribute to the important role of Refl
in DNA damage-induced Rpbl degradadon. To test this
hypothesis, we used a complementation assay. To evaluate the
role of these two domains in DNA damage—induced Rpb1 degra-
dation in vivo, we re-expressed the Ref1"****® (lacking the
HMD) or Ref1AThs3 (lacking the Plus3 domain) mutant (Fig.
5A) in the r#fIA strain. Our results clearl?l showed that deletion
of the Plus3 domain of Refl (Ref1“P™¥ lanes 21 to 25 com-
pared to lanes 1 to 5 in Fig. 5B; Fig. 50 but not deletion of the
HMD (Ref11°%%®) lanes 16 to 20 compared to lane 1 to 5 in
Fig. 5B; Fig. 50 significantly promoted Rpbl degradation after
treatment with 4-NQO. Moreover, we noted that the protein
level of each Refl mutant was comparable to that of Refl-WT
(8T Appendix, Fig. S2F). WT Refl (RefI-WT) was expressed in
the 74IA strain as the control. These results indicated that the
Plus3 domain, not the HMD, of Rtfl contributes to the role of
Refl in DNA damage-induced Rpb1 degradation.

In budding yeast, the Burl/Bur2 kinase complex is responsi-
ble for phosphorylation of the Spt5 CTR, and the pCTR is
necessary for Refl binding via the Plus3 domain (13, 63-65).
Based on these findings, we speculated that the rate of Rpbl
degradation might be increased in both the #fIA and
Rf1"" strains after treatment with 4-NQO, most likely
because the interaction between the Plus3 domain of Rtfl and
the pCTR of Spt5 is disrupted. To test this hypothesis, we gen-
erated a strain with deletion of the BUR2 gene (bur2A) and
explored the role of Bur2 in DNA damage-induced Rpb1 deg-
radation in vivo. As anticipated, deletion of Bur2 led to a
decreased level of Spt5 phosphorylation (lane 2 compared to
lane 1 in the Upper panel of Fig. 5D). Intriguingly, we found
that the rate of Rpbl degradation was increased in the strain
lacking Bur2 (bur2A) compared to that in the WT strain after
treatment with 4-NQO (lanes 6 to 10 compared to lanes 1 to
5 in the Lower panel of Fig. 5D; Fig. 5E). These data indicated
that dephosphorylation of Spt5 might be triggered by DNA
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Fig. 6. PAF1C and Rad26 promote Rpb1 ubig-
uitination in concert. (A) Rad26 directly interacts
with Elcl-Ela1. Pulldown assays of purified Myc-
Elc1-ElaT with Rad26 were performed. Anti-Myc-
tag agarose beads bound to Myc-Elc1-Elal were
incubated with Rad26 as indicated for 1 h at
4°C. The prepared samples were separated by
SDS-PAGE, and the gel was subjected to Coo-
massie blue staining. (B) The middle region of
Elal is required for its binding to Rad26. Co-IP
experiments were performed to evaluate the
binding of Rad26 to full-length or truncated
Elal. Extracts were prepared from HEK293T
cells transfected with various combinations of
plasmids, as indicated. The Bottom panel shows
5% of the Myc-tagged fusion proteins for each
IP. A schematic representation of various
protein-binding regions of Ela1 is shown in the
box enclosed by a dashed line in the Lower
panel. (C and D) Rad26 stimulates Elongin-Cullin
complex-mediated Rpb1 ubiquitination in a

u_M;.C dose-dependent manner. (C) An in vitro ubiqui-

tination assay was performed in the presence
of incremental amounts of Rad26 (lanes 3 and
4, final concentrations of 1 and 2 pM, respec-
tively). The reactants were incubated for 120
min at 30°C and analyzed by 6% SDS-PAGE.
The membrane was immunoblotted with the
4H8 antibody to specifically detect both Rpb1
and Rpb1-ub. (D) Quantitative analysis of the
in vitro ubiquitination assay results in C. The
band intensity of Rpb1-ub was quantified using
Image) software. A control (lane 2 in C) was
used for normalization. The error bars indicate
the means and SDs (means + SDs) (n = 3 sepa-
rate experiments). *P < 0.05, ***P < 0.001. ()
Deletion of the Elal middle region suppresses
Rpb1 ubiquitination following DNA damage
in vivo. GST beads bound to GST-Multi-Dsk2
were incubated with various yeast cell lysates
as indicated for 2 h at 4°C. The prepared sam-
ples were separated by SDS-PAGE and then
subjected to immunoblotting with the 4H8 anti-
body to specifically detect Rpb1 ubiquitination.
(F) Rpb1 degradation is suppressed in the yeast
strain lacking the middle region of Ela1 follow-
ing DNA damage in vivo. Logarithmically grow-
ing yeast cells were treated with 4-NQO at a
final concentration of 5 pg/mL for the indicated
times. Samples were prepared by alkaline
extraction and analyzed by SDS-PAGE and
Western blotting. The 4H8 antibody was used
to visualize global Rpb1 protein levels. (G and H)
PAF1C and Rad26 promote Elongin-Cullin
complex-mediated Rpb1 ubiquitination in con-
cert. An in vitro ubiquitination assay was per-
formed in the presence of Rad26 (lane 3),
PAF1C (lane 4), or both Rad26 and PAF1C (lane
5). The reactants were incubated for 120 min at
30°C and analyzed by 6% SDS-PAGE. The mem-
brane was immunoblotted with the 4H8 anti-
body to specifically detect both Rpb1 and Rpb1-
ub. (H) Quantitative analysis of the in vitro ubig-
uitination assay results in G. The band intensity

of Rpb1-ub was quantified using Image) software. A control (lane 2 in G) was used for normalization. The error bars indicate the means and SDs (means +

SDs) (n = 3 separate experiments). **P < 0.01, ***P < 0.001.

damage, which is required for subsequent Rpbl degradation.
Consistent with this finding, we found that the level of phos-
phorylated but not unphosphorylated Spt5 decreased as Rpbl
degradation progressed in the WT strain expressing 13XMyc-
tagged Spt5 (WT (Spz5-13xMyc)) after treatment with 4-NQO
(Fig. 5F). Collectively, these results revealed that disrupting the
interaction between Spt5 and Rtfl by dephosphorylating Spt5
is a critical step in DNA damage—induced Rpb1 degradation.
Prior studies have shown that PAF1C directly interacts with
the pCTR of Spt5 mainly via the Refl Plus3 domain in the
context of the RNAPII transcriptional machinery for fast

PNAS 2022 Vol. 119 No.40 2207332119

elongation (8, 15-17). Combining this finding with our results
showing that PAF1C and Rad26 are required for Elongin-
Cullin complex loading onto stalled RNAPII at DNA lesions
(Figs. 2—4, and 6), along with the interesting observation that
Spt5 is replaced by Rad26 in the RNAPII machinery following
DNA damage (36), we speculated that either deletion of the
Rtfl subunit (or the Plus3 domain of Rtfl) or loss of Bur2 in
the strain might facilitate the replacement of Spt5 by Rad26 on
the stalled RNAPII machinery at DNA lesions. To test this
hypothesis, we used a co-IP assay to detect the interaction
between Rad26-13xXMyc and RNAPII or Spt5-3XHA in the
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DNA damage (e.g., induced by 4-NQO treat-
ment), an unknown phosphatase (PPase) is
recruited to dephosphorylate the Spt5 pCTR,
thus disrupting the interaction between Rtf1
and Spt5 on the damage-stalled RNAPII
machinery at DNA lesions, as indicated by the
red star. (C) Rad26 is loaded to replace the
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WT strain and the r#1A, Rz;ﬂAP[”_3 or bur2A mutant strains
after 30 min of 4-NQO treatment (lanes 2 to 5 in Fig. 5G).
Notably, the amount of Rpbl coimmunoprecipitated by
Rad26-13XMyc in all three mutants was greater than that in
the WT strain (lanes 3 to 5 compared to lane 2 in Fig. 5G; Fig.
5H). However, the signals of Spt5 were not detected in these
co-IP assays, indicating that Spt5 was completely absent from
RNAPII complexes bound to Rad26 (Fig. 5G). A previous study
has reported that 15 serines from the first amino acid of 15 copies
of a 6-aa repeat at Spt5 CTR are the potential phosphorylation
sites (SI Appendix, Fig. S9A and ref. 13). To further investigate
the importance of Spt5 dephosphorylation following DNA dam-
age, we mutated these 15 serines at Spt5 CTR into alanines in
yeast (named as Spz5(15A4)) to prevent phosphorylation of the
Spt5 CTR (SI Appendix, Fig. S9A). Notably, 15A mutations
abolished the Spt5 phosphorylation (lane 2 compared to lane 1
in the upper panel of SI Appendix, Fig. S9B) and modestly facili-
tated either the DNA damage—induced Rpbl degradation (lanes
6 to 10 compared to lanes 1 to 5 in the lower panel of S/
Appendix, Fig. S9B; SI Appendix, Fig. S9C) or the recruitment of
Rad26 on the stalled RNAPII (lanes 3 compared to lane 2 in S/
Appendix, Fig. S9 D and E).

Collectively, our results uncovered an uncharacterized path-
way through which following DNA damage, Spt5 dephos-
phorylation is induced, thus weakening the interaction
between the Ritfl subunit of PAF1C and Spt5, which mod-
estly facilitates the replacement of Spt5 in the stalled RNAPII
machinery by Rad26 at DNA lesions, thereby inducing down-
stream events such as RNAPII removal (as studied in this

report) or TCR.
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250 to 350) of Ela1, respectively.

Discussion

When it encounters a site of DNA damage, the RNAPII
machinery undergoes a state transition from fast elongation to
stalling for TCR or RNAPII removal, which involves the
important event of DSIF replacement by CSB via an undefined
mechanism. Intriguingly, PAF1C might participate in the
assembly of these two states of the RNAPII machinery, imply-
ing that PAF1C might have an important role in orchestrating
this complex process. A recent study showed that the CSB-
PAF1C axis is required for transcription recovery but not for
clearance of DNA lesions by TCR after DNA damage (20). In
this report, we showed that PAF1C modulates the exchange of
Spt5 and Rad26 and then supports the localization of the
Elongin-Cullin E3 ligase complex on stalled RNAPII for degra-
dation in concert with Rad26.

Clearly, the in vitro and in vivo results in this manuscript
combined with previous findings uncovered an uncharacterized
and multistep pathway for RNAPII removal, as follows. In the
absence of DNA damage, binding of the Spt5 pCTR to the
Rtfl subunit (via the Plus3 domain) of PAFIC to recruit
PAF1C to the RNAPII machinery is required for fast elonga-
tion (8, 13, 15-17) (step 1, Fig. 7A). In the presence of DNA
damage (e.g., induced by 4-NQO treatment), the RNAPII
machinery is stalled at DNA lesions, and an unknown phos-
phatase (PPase) is recruited to dephosphorylate the Spt5
pCTR, thus disrupting the interaction between Rtfl and Spt5,
which might facilitate the exchange of Spt5 and Rad26 (Fig. 5)
(step 2, Fig. 7B). Subsequently, Rad26 is loaded to replace the
Spt4/Spt5 complex at DNA lesions in a RNAPII-dependent
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manner, which might be ensured by PAF1C binding (20,
34-36) (step 3, Fig. 70). And then Rad26 recruits Defl (41)
and more PAF1C (assembled in a Ctr9-mediated manner) to
stalled RNAPII by binding to the Leol subunit (S/ Appendix,
Fig. S6 and ref. 20) (step 4, Fig. 7D). Importantly, PAF1C spe-
cifically (via the heterodimer Pafl/Leol or the subunit Cdc73)
facilitates the targeting of the Elongin-Cullin complex to stalled
RNAPII for degradation in concert with Rad26 and Defl1 (step
5, Fig. 7 E and F) (Figs. 2-4 and 6 and ref. 27), or Rad26 pro-
motes TCR pathway activation (31, 32, 35). In this pathway,
DNA damage-induced Spt5 dephosphorylation is an interest-
ing observation; it indicates that phosphatase(s) could target
Spt5 to dephosphorylate it, which is triggered by DNA dam-
age. It is necessary to identify these phosphatase(s) and the
underlying mechanism in the future.

Accumulating studies have shown that Rad26 is a necessary
factor in TCR, in which Rad26 first associates with DNA
lesions in an RNAPII-dependent manner and subsequenty
recruits TCR factors to initiate DNA repair (31, 32, 35). How-
ever, the role of Rad26 in DNA damage-induced RNAPII
removal is ambiguous, as the loss of Rad26 (r2d264) in strains
results in much more efficient Rpb1 degradation (41), consis-
tent with the loss of CSB in human cells (24). One possible
explanation for the phenotypes observed in the 74264 strain is
that cells rapidly remove RNAPII to convert active genes into
inactive genes and further utilize global genomic repair to
remove DNA lesions for cell survival. Our findings showed that
PAF1C, in concert with Rad26, specifically localizes the
Elongin-Cullin E3 ligase complex on stalled RNAPII for its
ubiquitination and subsequent degradation by the proteasome.
Consistent with this finding, CSB, the human ortholog of yeast
Rad26, regulates the recruitment of the human Elongin-Cullin
E3 ligase complex to DNA damage sites (66). Collectively, our
results and these previous findings indicate that Rad26 is
involved in both the RNAPII removal and TCR pathways. The
underlying mechanisms of Rad26 in coordinating these two
pathways need to be uncovered in the future.
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