ORIGINAL ARTICLE

Human Molecular Genetics, 2017, Vol. 26, No. 21 4290-4300

doi: 10.1093/hmg/ddx317
Advance Access Publication Date: 14 August 2017
Original Article

Treacher Collins syndrome mutations in Saccharomyces
cerevisiage destabilize RNA polymerase I and III

complex integrity

Nancy Walker-Kopp?, Ashleigh J. Jackobel®™', Gianno N. Pannafino®”,
Paola A. Morocho®?T, Xia Xu® and Bruce A. Knutson’*

'Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University, Syracuse, NY 13210,
USA and “Department of Clinical Laboratory Science, Medical Scholars Master in Medical Technology Program,
SUNY Upstate Medical University, Syracuse, NY 13210, USA

*To whom correspondence should be addressed. Tel: +13154648709; Fax: +13154648750; Email: knutsonb@upstate.edu

Abstract

Treacher Collins syndrome (TCS) is a craniofacial disorder that is characterized by the malformation of the facial bones.
Mutations in three genes (TCOF1, POLR1C and POLR1D) involved in RNA polymerase I (Pol I) transcription account for more
than 90% of disease cases. Two of these TCS-associated genes, POLR1C and POLR1D, encode for essential Pol I/IIl subunits
that form a heterodimer necessary for Pol I/IIl assembly, and many TCS mutations lie along their evolutionarily conserved
dimerization interface. Here we elucidate the molecular basis of TCS mutations in Saccharomyces cerevisiae, and present a new
model for how TCS mutations may disrupt Pol I and III complex integrity.

Introduction

Treacher Collins syndrome (TCS) is a rare genetic disorder char-
acterized by the underdevelopment of the facial bones and tis-
sues (1). Current models suggest that TCS is the result of
diminished ribosome biogenesis within the neural crest cells
(NCC), which are transient and multi-potent migratory cells
that eventually differentiate into the facial bones and tissues
(1,2). Dysregulation of NCC proliferation, migration and differ-
entiation results in a wide range of developmental diseases
such as TCS. Ribosomes play a fundamental role in all cells as
they translate mRNA into proteins. Developing NCCs have an
extremely high demand for ribosomes because they have ele-
vated protein synthesis requirements. In TCS cells, the ribo-
some supply is inadequate and they prematurely apoptose
before they fully develop and proliferate, resulting in incom-
plete craniofacial development and deformities (1,2).

Genetic and genome-wide mapping studies first illuminated
the molecular connection between TCS and dysregulated ribo-
some biogenesis. These studies identified three ribosome path-
way genes (TCOF1, POLR1C, POLR1D) commonly mutated in the
vast majority (>80%) of TCS individuals, and each of these genes
play important roles in Pol I transcription (3,4). Most TCS muta-
tions are autosomal dominant and are found in TCOF1 (~80%)
(1). TCOF1 was the first TCS-associated gene identified and en-
codes for a protein called Treacle that interacts with Pol I tran-
scription factors and pre-ribosomal processing factors (4-7), and
recent studies have shown that TCOF1 plays a critical role in the
rDNA damage response (8,9). Mutations in POLR1C and POLR1D
are autosomal recessive and autosomal dominant, respectively,
and they are responsible for ~2% of TCS cases (3,10,11). POLR1C
and POLR1D encode for two essential protein subunits shared
between RNA Polymerase (Pol) I and III that form a heterodimer
which is likely crucial for Pol I/IIl assembly as suggested for the
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Pol II and bacterial counterparts (12-19). It remains unresolved
whether TCS mutations in POLR1C and POLR1D are Pol I-specific
or whether they affect both Pols I and III. Either way, mutations
in these genes likely result in decreased rRNA production, re-
ducing protein synthesis within highly proliferative cell popula-
tions like NCCs that require high levels of ribosome biogenesis
for proper craniofacial development.

Saccharomyces cerevisiae (Baker‘s yeast) Pol I and III are com-
posed of 14 and 17 subunits, respectively (20). Pol I and III share
a common structural, functional and evolutionary framework
that is supported by recent high resolution atomic structures of
yeast Pol I and III (20-24). Both Pol I and III contain a core set of
14 subunits: 7 shared subunits and 7 paralogous subunits.
The subunits AC40 and AC19 are shared between Pols I and III,
and are paralogs to the Pol II subunits Rpb3 and Rpb11 (12). In
humans, POLR1C and POLR1D are the orthologs of yeast AC40
and AC19, respectively. Several of the TCS mutations reside
along the putative interaction interface between the POLRIC
and POLR1D (3). Given their location, current models suggest
that TCS mutations disrupt POLR1C/POLR1D interaction and ul-
timately the assembly of Pol I/IIl, resulting in perturbed ribo-
some biogenesis, tRNA synthesis and mRNA translation (1,3).

In this study, we generated and characterized a panel of
POLR1D TCS mutations in the yeast model system. Here, we de-
scribe the results of these studies that challenge two paradigms
for the molecular basis of TCS that include the notion that
POLR1D mutations affect dimerization with POLR1C, and that
TCS is a Pol I-specific disorder. Taken together, these findings
illuminate an alternate model for how TCS mutations affect
Pol I/III assembly and diminish their transcriptional activity.

Results

Structural basis of TCS causative mutations

X-ray crystal structures of the yeast Pol I enzyme provide a
structural basis for how TCS mutations in POLR1D may affect
the Pol I structure and function and contribute to TCS pathogen-
esis. Human POLR1D is orthologous to yeast AC19, and pairwise
alignment of their protein sequences show they are highly con-
served as evident by their 45% protein sequence identity
(Supplementary material, Fig. S1A) (14). Many of the POLR1D
residues mutated in TCS are evolutionarily conserved between
yeast and humans. In Pol I and III structures, AC19 and AC40
form an interlocked heterodimer that lies on the periphery of
the complex and is required for the Pol assembly (Fig. 1A). As in-
dicated in previous studies, the majority of the mapped POLR1D
TCS mutations lie along a highly conserved surface predicted to
function as the hetero-dimerization domain that allows for the
POLR1C/POLR1D interaction (Fig. 1B). Based on these observa-
tions, we hypothesize that TCS-mutations disrupt the hetero-
dimerization of POLR1C and POLR1D (Fig. 1C).

AC19 structural elements essential for yeast cell growth

Given the conservation of many TCS mutated residues between
yeast and humans, we developed a plasmid shuffle assay to de-
termine how TCS mutations in AC19 affect yeast cell growth.
We first transformed haploid wild type yeast with a plasmid
construct containing the URA3-selectable marker and the AC19
gene locus, and then deleted the chromosomal copy of AC19
with the Hygromycin B marker gene by homologous recombina-
tion (25). We transformed the resulting AC19 deletion strain
with either wild type or mutant AC19 expression constructs
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Figure 1. Location of POLR1D TCS mutations mapped onto the yeast Pol I struc-
ture. (A) Surface representation of yeast Pol I. The POLR1C ortholog AC40 is col-
ored in purple, and the POLR1D ortholog AC19 is colored in blue. (B) Ribbon
structure of the AC40 and AC19. The dimerization interface is outlined with a
dotted line. Side chains of residues mutated in TCS patients are depicted by red
colored spheres. PyMOL was used to create these images using PDB 4C2M. (C)
Current model for how TCS mutations affect AC19/POLR1D function by disrupt-
ing dimerization with AC40/POLR1C.

containing the LEU2-selectable marker. Finally, transformants
were spread onto media containing 5-Fluoroorotic acid (5-FOA),
which is used to select against the URA3 gene (26), thereby shuf-
fling out the wild type AC19 URA3 plasmid construct and leav-
ing the desired AC19 LEU2 variant.

We dissected the AC19 gene to determine what secondary
structure elements within the protein coding sequence are nec-
essary for cell viability (Fig. 2A, Supplementary material, Table
S1). We individually removed all the known and predicted sec-
ondary structure segments within AC19 and tested the ability of
the deletion variants to grow in the presence of FOA (Fig. 2B,
Supplementary material, Fig. S2A). We found that the conserved
C-terminal two-thirds of AC19 is essential for yeast growth
while the less conserved N-terminal one-third is non-essential.
A simple explanation for these lethal growth phenotypes is that
they disrupt AC19 protein stability and/or expression. In our
assay, AC19 proteins were C-terminally tagged with the
HA-epitope to allow for detection by Western blot. Each of the
inviable AC19 deletion mutant proteins were detected at or near
wild type protein levels (Fig. 2D). These findings are consistent
with a model where the conserved C-terminal region that also
encompasses all the known TCS-mutation sites is critical for
AC19 function and likely POLR1D function as well (Fig. 2C).

Effect of TCS mutations on yeast cell growth

We tested the effect of AC19 mutants that contain a panel of
TCS causative mutations using a plasmid shuffle growth assay.
The first group of mutants we tested were five C-terminal trun-
cations (CTT) mutants modeled after POLR1D frameshift muta-
tions (Supplementary material, Table S1) (3). All CTT mutants
were inviable with the exception of CTTS5, the smallest trunca-
tion mutant, which exhibited wild type growth, indicating this
portion of the AC19 C-terminus is non-essential (Fig. 2B,
Supplementary material, Fig. S2B). These growth results are
consistent with the scanning deletions described above, which
indicated that the conserved C-terminal region of AC19 is es-
sential. The largest truncations CTT1-3 were difficult to detect
by Western blot either due to their small size or their protein
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Figure 2. Effect of various AC19 mutations on yeast cell growth and protein ex-
pression levels. (A) Ribbon structure of AC19. Helices, Beta-sheets and coils are
colored in dark red, blue and grey, respectively. (B) Growth of yeast strains with
indicated mutations in AC19. At the top is an AC19 secondary structure map, fol-
lowed by schematics of various deletions and point mutations used for the
growth assays. Red spheres along the top of AC19 map and red lines within the
individual maps indicate the approximate position of TCS mutations. Strains
were grown in glucose containing media and then spread onto plates containing
FOA and scored for growth. WT (+++), Lethal (-). Black bars denote regions in-
cluded in the deletion construct. (C) Pairwise protein sequence alignment of AC19
o4 thru p3 region with human POLR1D. Identical residues are indicated with an
asterisk below the alignment. TCS mutated residues are denoted with a red aster-
isk. (D) and (E) Representative Western blot depicting protein expression levels of
indicated AC19 scanning deletions (D) and TCS mutations (E) are shown.

instability, while CTT4 and 5 were expressed at levels slightly
below or near wild type, respectively (Fig. 2E). Next, we tested a
group of AC19 mutants containing TCS causative point muta-
tions (Supplementary material, Table S2) (3). Each of the TCS
point mutations were expressed at or near wild type levels
(Fig. 2E). Only one of the mutants, T71I, exhibited a clear slow
growth phenotype on FOA containing media at 30°C
(Supplementary material, Fig. S2B). We also examined the cold
sensitivity of the TCS point mutants. We found that T71I ex-
hibited reduced growth at 18°C, indicative of a ribosome biogen-
esis defect, whereas the remaining mutants grew normally
(Supplementary material, Fig. S2B). It is unclear why the re-
maining TCS mutations lack an observable phenotype in yeast,
which could be attributed to species-specificity.

Humanized AC19 is viable for yeast cell growth

Given the evolutionary conservation of yeast AC19 and human
POLR1D, they likely play equivalent functional roles. To test this,
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Figure 3. Chimeric yeast AC19 with human TCS region complements yeast cell
growth. (A) Modular depiction of yeast, human and chimeric AC19/POLR1D con-
structs. For the chimeric construct yeast AC19 spanning amino acid residues 59-
108 was replaced with human POLR1D spanning amino acid residues 38-88. (B)
Representative growth phenotypes on glucose complete media containing FOA
of indicated variants are shown. (C) Western blot of indicated chimeric variants
to assess protein expression levels. EV, empty vector.

we created a yeast POLR1D expression vector where we replaced
the AC19 coding region with the POLR1D coding sequence. We
transformed the yeast POLR1D expression construct into the AC19
plasmid shuffle strain and selected on FOA containing media. We
observed no growth indicating that the full-length POLR1D gene
cannot replace AC19 in yeast (Fig. 3A, B). Since the highest conser-
vation between yeast AC19 and human POLR1D reside in the es-
sential C-terminus two-thirds of AC19, we designed a chimeric
yeast-human hybrid where we replaced the conserved C-terminal
portion of AC19 with the POLR1D coding sequence that encom-
passes all known site of TCS mutations. When we transformed
this chimeric yeast-human hybrid and tested it in our plasmid
shuffle assay, the chimera rescued yeast growth to levels compa-
rable to wild type AC19 (Fig. 3A, B), and was expressed at compara-
ble protein levels (Fig. 3C). Likewise, a mutant yeast-human
hybrid with the human T50I mutation, identical to the yeast T71I
mutation, recapitulated the slow growth phenotype (Fig. 3A, B).
The T50I hybrid protein was also expressed at levels comparable
to the wild type AC19 and the chimeric proteins (Fig. 3C). Taken to-
gether, these results show that the POLR1D T50 residue lies within
a region of AC19 that is functionally interchangeable with the cor-
responding region of its human ortholog, demonstrating that
yeast AC19 may serve as a suitable genetic model to understand
pathogenic TCS mutations in POLR1D.

Decreased ribosomal RNA levels of the T71I mutant

The cold sensitive phenotype of the T71I mutant is indicative of
impaired ribosome biogenesis and is often observed in ribo-
some assembly deficient yeast mutants (27). To determine if the
T711 mutation impairs ribosome biogenesis, we isolated total
RNAs from wild type and mutant cells and used native agarose
gel electrophoresis to separate and analyze RNAs that were iso-
lated from cells incubated at 18°C for various times. The T71I
strain exhibited progressively reduced mature rRNA levels
when incubated at the cold temperature (Fig. 4A). The most dra-
matic decrease in rRNA levels for the T71I strain was observed
after 12h at 18°C, whereas rRNA levels from the wild type strain
only exhibited a modest reduction under the same treatment.
The ratio of the mature 25S to 18S rRNA was also compared and
there was relatively no difference between these ratios indicat-
ing a defect in TRNA synthesis upstream of rRNA processing,
possibly at the level of transcription initiation (Fig. 4B).
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Dimerization of yeast and human complexes

The most obvious explanation for slow growth phenotype of
the T71I mutant is that it disrupts the interaction between AC19
and AC40 thereby diminishing Pol I and III assembly. To test
this model, we developed a heterodimer co-expression system
for both the yeast and human AC19/AC40 and POLR1D/POLR1C
complexes, respectively. For the yeast heterodimer, AC19 and
AC40 were inserted into the same vector in a tandem orienta-
tion, each under control of their own T7 promoter, and a single
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Figure 4. Effect of AC19 T71I mutation on ribosomal RNA levels. (A) Native aga-
rose gel electrophoresis of isolated RNA from wild type and T71I yeast cells that
were cold shocked at 18°C for the indicated times. The mature 18S and 25S
rRNA bands are labeled. (B) Relative levels of 18S and 25S rRNA band intensity
normalized the first time point set at 1.0 are shown. Error bars denote standard
deviation of duplicate experiments.
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T7 terminator flanking the last gene (Supplementary material,
Fig. S3A). The vector for the human heterodimers was arranged
similarly (Supplementary material, Fig. S3B). The yeast AC40
and human POLRI1C proteins were Hisg tagged at the N-termi-
nus to allow for Ni-affinity based chromatography. Wild type
yeast and human heterodimers were co-expressed in E.coli and
purified by Ni-affinity chromatography. In both cases, the non-
tagged subunits co-purified with their Hiss tagged partner subu-
nits. The resulting Hisg purified complexes were further purified
by anion exchange and hydrophobic interaction chromatogra-
phy (Fig. 5A), and remained intact during the purification, indi-
cating they form stable complexes (Fig. 5B, C). Using the same
approach, we co-expressed yeast and human heterodimer com-
binations that contain the T71I and T50I mutations, respec-
tively. During the Ni-affinity purification, the mutant complexes
remained together and survived the subsequent multi-column
purification, indicating that they also form stable heterodimer
complexes (Fig. 5B, C). These findings are contrary to our initial
prediction that TCS mutations would prevent hetero-
dimerization of AC19/AC40, suggesting the intriguing possibility
that the T71I and T50I mutations disrupt Pol I and III function by
an unexpected mechanism.

An alternate mechanism that may explain loss of function
of the mutant complexes is that they are less stable than their
wild type counterparts, yet survive co-purification. To test this,
we examined the thermal stability of the yeast and human het-
erodimer complexes using a fluorescence-based protein ther-
mal shift assay. The wild type yeast heterodimer produced a
melting curve with a single peak and a melting temperature
(Tm) of 42.2°C, while the mutant T71I complex produced a
similar melting curve with a Tm of 41.6°C, yielding a relatively
small 0.6°C difference in their thermal stabilities (Fig. 5D, E,
Supplementary material, Table S3). Likewise, the human wild
type and T50I mutant complexes yielded similar Tms with a

A Bacteria Extract D . E
Ni-Sepharose ™
P 60 60 T
Imidazole E 50 504 _06C b
; E 4 _ =
Q-Sepharose 2 4 o 40
Te] 30 4
KCl = 20 1 £
A m Z 10 F 20
0.2M X 10 1
Butyl-Sepharose ~10 1 0
o £l YWT  yT711  hWT  hT50!
= -30 : : . , . .
A u 25 30 35 40 45 80 Heterodimers
02M Temperature (°C) F s
y/h heterodimers e ““""\a_\
B Hiss-yAC40/yAC19 C  His,hPOLR1C/hPOLR1D O w0 :
. W ! » W 0! £ Sy WT -y T71] *hWT*hT50!
. - 35
50-) 50-
37- (WS - - -VACA0 37 |G G S S G S s = -hPOLRIC 30
25- 25- 55 :
- 20- S S = = e - =~ .LPOLR1D 00 02 04 06 08 10
15— o ~  -yAC19 1s. Urea (M)
10- 10-

Figure 5. Co-purification and thermal stability of yeast and human heterodimer complexes. (A) Co-purification scheme for yeast and human heterodimers. (B) and
(C) SDS-PAGE analysis of titrated purified yeast (B) and human (C) wild type and mutant complexes. (D) Thermal denaturation profile of yeast wild type and mutant com-
plexes. (E) and (F) Melting temperatures of yeast and human wild type and mutant complexes in the absence (E) or presence of increasing amounts of urea denaturant (F).



4294 | Human Molecular Genetics, 2017, Vol. 26, No. 21

A Pol | B Pol II-SUP4 tRNA c Pol I1I-5S rDNA
WT 7711 WT 711 711
EX: . il . el EX: _ |

*

SN

TJ‘ 1.2 q t)_. 1.2 _61.2
< < <
o | © ©
mﬂ.[) 0:0.0 T T mﬂ.ﬂ T T 1
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
D E F
E 1.2 5 BAI0FLAG T 129 BRPCI-FLAG 1.2 1 BRPC1-FLAG
| DA135-V5 | BRPC2-V5 | DRPC2-V5
-0%’ @ OAC18-HA '(%’ L OAC19-HA o L DAC19-HA
o 0.8 1 o 0.8 1 o 0.8 1
= | r= ] = |
S o6 5 o6 S o6
5 04 1 = 04 = 04 1
2 o2 4 & 02 & 02 -
0.0 0.0 + = 0.0

NoTag WT T71/

NoTag WT T71/

NoTag WT T71/

Figure 6. Effect of AC19 T71I mutation on Pol I/III transcription activity in vitro and recruitment to promoters in vivo. (A-C) Transcriptional activity of wild type and T71I
mutant extracts on either the Pol I IDNA promoter (A), Pol III SUP4 promoter (B), or the Pol III 5S rDNA promoter (C). Activity assays were preformed in duplicate and
representative assay results are shown. Primer extension products are denoted with an asterisk to the right of the gel image. Band intensity of Pol I and Pol III specific
primer extension products are depicted below the gel image as a bar graph. Relative activities (Rel. Act.) were normalized to the highest intensity, which was set at 1.0.
Error bars denote standard deviation. (D-F) Indicated yeast strains were crosslinked and analyzed by ChIP. ChIP results are represented relative to the wild type value,
set at 1.0. The Pol I rtDNA promoter (D), the Pol III LEU-tRNA promoter (E) and the 55 rDNA promoter (F) were analyzed by RT-qPCR. The bar graph depicts results for
three different ChIPs for the indicated epitope tagged proteins. No-tag corresponds to a control yeast strain lacking epitope tags. Experiments were performed in bio-

logical triplicate, and errors bars represent standard deviation.

relatively small 1.6°C difference (Fig. SE, Supplementary mate-
rial, Table S3), indicating that the mutant yeast and human het-
erodimers are nearly as stable as their wild type counterparts,
and further suggests that an alternate AC19 and POLR1D func-
tion is affected by the TCS mutations.

To further compare the stabilities of the complexes, we per-
formed thermal shift assays in the presence of increasing
amounts of urea, a protein denaturant that would challenge the
stabilities of the complexes. If our mutant complexes were less
stable, they would be more susceptible to urea denaturation
compared to the wild type complex. When we increased the
urea concentration in our thermal shift assays, we detected a
decrease in the Tm, indicating that the complexes become less
stable. However, we observed a nearly identical descending
trend with both the wild type and mutant complexes (Fig. 5F),
indicating they have similar stabilities when challenged with
denaturant. Overall, the thermal stabilities of the mutant heter-
odimers closely resemble their wild type counterparts, suggest-
ing that heterodimer complex stability is relatively unaffected
by the TCS mutations, which likely exert their pathogenic affect
by an alternate route.

Pol I and III transcription defects of the T71I mutant

One possible means of affecting Pol I and III function is that T71I
mutation may directly impact the transcriptional activity of
both Pol I and III. To test this, we prepared transcriptionally
competent extracts from wild type and T71I mutant yeast
strains and tested their ability to transcribe reporters controlled
by either the Pol I dependent rDNA promoter or three different
Pol III dependent promoters in an in vitro transcription assay.
For the Pol IIl promoter we tested the SUP4 tRNA promoter, the

5S rDNA promoter and the SNR6 U6 promoter. We found that
the T71I extract had significantly reduced levels of Pol I and III
transcription activity (Fig. 6A, B, C; Supplementary material, Fig.
S4), indicating that the T71I mutation impairs activity of Pol I
and III. These results provide evidence that a TCS mutation may
also affect Pol III function, and challenges the model that TCS is
a Pol I-specific disease.

A reduction in Pol I/IIl activity was further examined by
chromatin immunoprecipitation (ChIP) to determine if the lack
of activity in the T71I mutant strain could be attributed to a re-
duction in Pol I and III recruitment to their respective pro-
moters. We examined the recruitment of wild type and T71I
mutant AC19 along with the two largest subunits of Pol I, A190
and A135, and the largest subunits of Pol III, Rpcl and Rpc2.
Recruitment of the AC19 T71I mutant to the Pol I and Pol III de-
pendent promoters was reduced by 50% or more (Fig. 6D, E, F).
We also detected a similar reduction in recruitment levels of
the two largest Pol I and III subunits (Fig. 6D, E, F), suggesting
the recruitment of Pol I and III is defective in the T71I mutant
strain, providing rationale for the reduction of Pol I and III tran-
scriptional activity.

Pol I/III complex integrity in vivo

Our studies to this point suggest that the yeast AC40-AC19 and
human POLR1C-POLR1D mutant heterodimers still form stable
complexes but are transcriptionally defective in Pol I and III ac-
tivity. One caveat to the in vitro heterodimer studies is that the
complexes were expressed in bacteria. To circumvent this issue,
we designed parallel studies in yeast to determine if the mutant
AC19 proteins retain interaction with AC40. We created a yeast
strain with a C-terminally FLAG-epitope tagged AC40 and
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Figure 7. Effect of AC19 T71I mutation on Pol I/IIl complex integrity. (A-D) Western blot analysis of immunopurified Pol I and III. A. Immunopurification of HA-tagged
wild type and T71I AC19 mutant in a FLAG-tagged AC40 yeast background strain. B. Immunopurification of FLAG-tagged AC40 in a yeast strain expressing either HA-
tagged AC19 wild type or T71I mutant protein. (C) and (D) Immunopurification of either HA-tagged AC19 (C) or indicated FLAG-tagged Pol I and/or III subunit protein (D).
(E) and (F) Surface representation of the AC19 and AC40 dimerization interface. AC19 is colored in blue and AC40 is colored in purple. AC40 pocket residues are colored
in dark purple and residue R65 is colored in orange. The T71 and mutant T71I are colored in red and yellow, respectively. Ribbon structures of A135 and A190 are colored
in green and grey respectively along with stick representation of their side chains. Structural depictions of wild type (E) and T71I mutant (F) are shown. The dotted line
represents the space filled by the wild type T71 residue. Note the steric clash of the mutant T71I residue with AC40 R65. Images were created as described in Figure 1.
(G) New model depicting how yeast T71I and human T50I mutations destabilize Pol I and III complex integrity and assembly downstream of heterodimer formation.

transformed this strain with yeast vectors containing either
HA-tagged wild type or T71I mutant AC19. We performed recip-
rocal FLAG or HA immunopreciptations (IP) and found that the
T71I mutant retained interaction with AC40 (Fig. 7A, B), similar
to our results with the bacterially expressed complexes. These
results suggest that the TCS mutations impair Pol I and III activ-
ity by an alternative mechanism.

We next examined whether other Pol I and/or III subunit in-
teractions with AC19 were affected by the T71I mutation, which
would suggest that the TCS mutations affect Pol I and III com-
plex integrity and/or assembly. Closer examination of the T71
side chain position in the Pol I crystal structure reveals that it
fits into a pocket formed within the AC40 dimerization domain,
so when the threonine is mutated to the bulkier isoleucine, the
larger side chain likely overfills the pocket because of an addi-
tional methyl group (Fig. 7E, F). The arginine 69 (R69) side chain
of AC40 forms part of the pocket wall that points toward an in-
terface that interacts with the two largest Pol I subunits. This
pocket is composed of nearly identical residues in human
POLR1C including an equivalent arginine residue at position 78
(Supplementary material, Fig. S1B). Alternating the path of the
R69 side chain will likely result in the deformation of a critical
assembly surface between the largest Pol I subunits and the het-
erodimer. This assembly surface is also conserved with Pol III,

potentially suggesting that the T71I mutation may also affect
Pol Il complex integrity.

We first examined a group of yeast strains where various
Pol I or III specific subunits were C-terminally FLAG-tagged,
including two largest subunits of Pol I, A190 and A135, the Pol
I stalk subunit A43 and the largest subunits of Pol III, Rpcl
and Rpc2. We transformed these strains with our HA-tagged
wild type and T71I mutant AC19 expression constructs, and
tested their interaction by IP. Strikingly, we discovered that
the T71I mutant had significantly reduced interaction with
each of the Pol I and III subunits (Fig. 7C, D), indicating that al-
though the heterodimers can still form, they cannot assemble
with the rest of Pol I/IIl. These findings imply that the T71I
mutation causes a defect in Pol I and IIl assembly and/or com-
plex integrity.

Earlier Pol II studies suggest that the AC40/AC19 Pol II paral-
ogs Rpb3/Rpb11 form a subassembly with Rpb10, also a shared
subunit of Pol I and III. To test whether the T71I mutant forms
this subassembly, we C-terminally FLAG-tagged the shared
Rpb10 subunit and found that the T71I mutant showed signifi-
cantly reduced interaction with Rpb10 (Fig. 7C, D), indicating
that Pol I and Il may not form a similar subassembly in the con-
text of the T71I mutant, and demonstrates that the mutant het-
erodimers are defective in Pol I and IIl complex integrity.
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Discussion

Here our studies show that the yeast T71I and human T50I mu-
tations retain heterodimer interaction but disrupt Pol I and III
complex integrity. This likely reduces the number of functional
Pol I and III complexes available, and further cascades to a re-
duction in the translation potential of these cells. Our results
suggest that the T71I/T50I mutation disrupts a critical Pol I and
III assembly step downstream of AC19-AC40 heterodimer for-
mation (Fig. 7G). Although it was reasonable to assume the
POLR1D mutations would disrupt dimerization based on the lo-
cation of the mutation in the protein structure, our study em-
phasizes the importance of testing these predictions at the
molecular genetic, biochemical and biophysical levels.

Pol biogenesis is a complex process and our understanding
is still in its infancy. The most complete picture of Pol assembly
originates from studies of bacterial Pol, which consists of five
subunits that are homologous to the core subunits of the eu-
karyotic Pols. Bacterial Pol assembly begins with the formation
of the o subunit homodimer (18,19), which is analogous to the
yeast AC40/AC19 and human POLR1C/POLRID heterodimers.
Next, the oo homodimer interacts with the B subunit, which is
analogous to the second largest eukaryotic Pol I subunit, to form
aof intermediate that then combines with the p’ and o to com-
plete the assembly (18,19). The B’ and o are homologous to the
largest eukaryotic Pol subunit and the shared Pol I-III subunit
Rpb6, respectively. Much less is known about eukaryotic Pol as-
sembly, but it is hypothesized that they follow a similar assem-
bly pathway (12).

Elegant developmental studies in zebrafish recently showed
that deletion of both alleles of either POLR1C or POLR1D result
in craniofacial defects (28). The resulting embryos die ~10days
post fertilization, and exhibit reduced Pol I transcribed rRNA
(28). Interestingly, in these same embryos, 5S rRNA levels are
not affected, suggesting that deletion of POLR1C/D results in a
Pol I-specific defect (28). This is in contrary to our results dem-
onstrating that Pol III transcription, which includes 55 rDNA
transcription is impaired in the T71I mutant yeast strain. We
speculate that this may be due to the two different types of 55
TRNA expressed in the zebrafish life cycle, where they express a
maternal and somatic 5S rRNA from different chromosomal loci
(29). During the early stages of development, the maternal 55
rRNA is progressively replaced by the somatic type, which is ex-
clusively found in adult zebrafish (29). Although speculative, an
attractive model explaining these differences is that the mater-
nal 5S RNA expression is dependent on a different eukaryotic
Pol such as Pol II. However, this could simply be due to species-
specific differences between yeast and zebrafish transcription
machineries.

Our results suggest that the T71I mutation disrupts a Pol
I and III assembly step immediately after heterodimer assembly
as the interaction with the second largest Pol I and III subunits
are disrupted. We also noticed reduced interaction with Rpb10,
which current assembly models suggest would form a subcom-
plex with the heterodimers (12). This may indicate that an
AC40/AC19/Rpb10 subassembly may not form. It is also possible
that the T71I mutation disrupts interaction with one or more
biogenesis assembly factors, ultimately impeding efficient and
stable complex formation. In parallel with our studies, a G1007A
mutation in the second largest Pol III subunit Rpc2 similarly re-
duced Pol Il assembly (30). Intriguingly, this Rpc2 mutation is at
the surface of the heterodimer interaction interface and is adja-
cent to the T71 residue, further stressing the connection be-
tween maintaining the heterodimer interaction surface and

efficient Pol assembly. Finally, it is interesting that the Pol II
AC19 paralog, Rpb11, contains a conserved threonine residue
that aligns with the AC19 T71 residue. Likewise, the Pol II AC40
paralog, Rpb3, contains an arginine that aligns with the AC40
R69 residue. We speculate that a threonine to isoleucine muta-
tion in Rpb11 would have a similar affect on Pol II complex in-
tegrity, yet there are no reports of genetic disorders associated
with Rpb11 nor Rpb3 mutations, so it is possible that this muta-
tion would be lethal.

It is presumed that mutations in shared Pol I and III subunits
can result in Pol-specific diseases. A clear example of this is leu-
kodystrophy, a rare neurodegenerative disorder caused by a de-
fect in genes involved in the maintenance or growth of the
myelin sheath that is characterized as a Pol III specific disease
(31-33). A vast number of genetic mutations cause leukodystro-
phy including a new category of the disease called 4H (hypomye-
lination, hypogonadotropic hypogonadism and hypodontia)
syndrome that is caused by autosomal recessive mutations in
the genes that encode for the two largest Pol III subunits,
POLR3A and POLR3B (31-36). Analogous to the TCS disease
model, the current model for leukodystrophy is that mutations
in POLR3A and POLR3B reduce tRNA synthesis, resulting in de-
creased protein yield, and subsequently affecting the production
of the myelin sheath for the central nervous system (36).

However, not all 4H syndrome patients have mutations in
POLR3A and POLR3B. Recent studies discovered 4H syndrome
mutations in POLR1C, the gene that encodes for the shared Pol
I and III subunit that is also mutated in TCS (36). Biochemical
analysis of two homozygous recessive POLR1C 4H syndrome
mutations (N32I and N74S) revealed that the assembly and nu-
clear import of Pol III was significantly reduced, whereas Pol
I was relatively unaffected (36). The same study tested one
POLR1C TCS mutation (R279Q), which retained Pol I complex as-
sembly, but its import to the nucleolus was impaired (36).
Together, these findings demonstrate that mutations in shared
Pol I and III subunits can result in Pol specific diseases.

Pol specificity of leukodystrophy and TCS is not always
clearly delineated. Our results also provide evidence that TCS is
not necessarily a Pol I-specific disease, but may also affect Pol
111, which would likely further contribute to defects in ribosome
biogenesis and translation. Further examples of this include a
recent study showing that a mutation in POLR1A, the largest
subunit of Pol I, was found in two patients who exhibited symp-
toms characteristic of leukodystrophy (37), which challenges
the idea that leukodystrophy is exclusive to Pol III. It is also pos-
sible that Pol I or Il mutations can cause more than one disease.
For example, mutations in POLR1A are also associated with a
disease called acrofacial dysostosis Cincinnati type, which ex-
hibits TCS clinical features in addition to unique limb anomalies
that include short, broad fingers and toes, common to another
genetic disease known as Nager syndrome (1,38-41). These limb
anomalies are not normally found in TCS patients, so this may
represent an instance where two different disorders occur in a
single individual.

Another example of the broad disease specificity phenom-
ena is Wiedeman-Rautenstrauch syndrome, also known as neo-
natal progeroid syndrome, which is a rare genetic autosomal
recessive disorder characterized by an aged appearance at birth
(42). This syndrome is associated with mutations in POLR3A
and expresses a broad spectrum of clinical features including a
large skull and triangular face as well as underdeveloped facial
bones which is a classical clinical feature of TCS (42).
Furthermore, hypomyelination that is associated with 4H syn-
drome was also noted in patients containing these POLR3A
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mutations (42), indicating the potential convergence of three
separate genetic disorders. Like POLR1A mutations, POLR3A
mutations can result in a broad spectrum of clinical features
that bridge multiple anomalies. More generally, these findings
demonstrate that Pol I and III mutations may not always de-
velop into a single clearly defined disease. Elucidating the un-
derlying molecular basis of Pol I and III mutations is critical as
multiple pathways are likely involved and preventive treat-
ments will rely on our molecular understanding of their disease
mechanisms at the most basic level.

Finally, our studies demonstrate that yeast has the potential
to mimic Pol I and III defects of TCS mutations, and to reveal im-
portant mechanistic detail about the molecular basis of the dis-
ease. This adds to the arsenal of model systems that can be
used to study TCS that includes mice and zebrafish. In future
studies, we will focus on using yeast screens to find suppressors
of the T71I mutation that may illuminate novel rescue pathways
that could be later applied to more complex model systems.

Materials and Methods

Yeast strains and cell growth assays

Yeast strains used in this study were made in the BY4705 ge-
netic background (MATa ade2-1 ade2A: hisG his3A200 leu2A0
lys2A0 met15A0 trplA63-112 ura3A0) (43). The AC19 plasmid
shuffle strain contained a chromosomal deletion of AC19 using
the pAG32 hygromycin B deletion cassette (25). Indicated Pol I
and/or Pol III subunits were C-terminally FLAG-tagged or V5-
tagged in the AC19 shuffle strain. These yeast strains were
transformed with either wild type or mutant AC19 gene deriva-
tives. Cells were grown on glucose complete (GC) medium lack-
ing leucine (L) and then spread onto GC-L media containing
FOA, incubated at indicated temperatures for 2-4 days, and then
assessed for growth relative to wild type (+-++). Growth assays
were preformed in biological triplicate.

Total RNA extraction and analysis

Total RNA was extracted from 20 ml yeast cells and ethanol pre-
cipitated as previously described (44). RNA pellets were resus-
pended in RNase-free water and 15 ug of RNA was treated with
the Turbo DNase kit (Ambion). DNase treated RNAs were sepa-
rated on a 2% agarose gel containing 1% bleach to protect RNAs
(45). Approximately 2 ug of RNA was analyzed on the gel, and
the RNA was visualized by staining with GelRed dye (Biotium)
and with the Odyssey FC (LiCor) imager. These assays were pre-
formed in biological duplicate.

Heterodimer protein expression and purification

Yeast and human versions of WT and mutant AC40/AC19 and
POLR1C/POLR1ID recombinant protein complexes were ex-
pressed in BL21 (DE3) Rosetta2 cells (Stratagene) by autoinduc-
tion in ZY5052 medium (25 mM Na,HPOy, 25 mM KH,PO,4, 50 mM
NH,4CI, 5mM NaSOy4, 2mM MgSO,, 0.5% glycerol, 0.05% glucose,
0.2% a-lactose, 0.01% tryptone and 0.005% yeast extract) for 16 h
at 37 °C. Cells were harvested by centrifugation, and cell pellets
were washed once with wash buffer (50mM HEPES, pH 7.5,
200mM NacCl and 0.1 mM EDTA). Cell pellets were resuspended
in 5ml lysis buffer (50 mM HEPES, pH 7.5, 200 mM NacCl, 20 mM
imidazole, 0.1 mM EDTA, 10% glycerol, 0.1% Tween-20 and 1 mM
DTT, supplemented with protease inhibitors) per 1g of cells,
and lysed by sonication. Lysates were cleared by centrifugation,
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and cleared lysates were added to Ni-Sepharose affinity me-
dium (GE Healthcare) and incubated for 4H at 4°C. Complex-
bound beads were washed with 10 column-volumes wash buf-
fer (50mM HEPES, pH 7.5, 1M NaCl, 40 mM imidazole, 0.1 mM
EDTA, 10% glycerol, 0.1% Tween-20) and eluted with elution buf-
fer (50mM HEPES, pH 7.5, 200mM NaCl, 250mM imidazole,
0.1mM EDTA, 10% glycerol, 0.1% Tween-20 and 1mM DTT).
Peak elutions were pooled, desalted with a 40-kDa-cutoff Zeba
Spin desalting column (ThermoScientific) and further purified
over a His HiTrap HP column (GE Healthcare). Fractions were an-
alyzed by SDS-PAGE, and those containing purest AC40/AC19
complexes were desalted and further purified with a HiTrap Q
HP column (GE Healthcare) linear gradient of buffer A (50 mM
HEPES, pH 7.5, 200mM NaCl, 0.1mM EDTA, 5% glycerol,
0.05%Tween20) to buffer B (50 mM HEPES, pH 7.5, 800 mM Nacl,
0.1mM EDTA, 5% glycerol, 0.05% Tween-20) over 10 column vol-
umes. Complexes eluted at approximately 800 mM NaCl and
were subsequently diluted into buffer A (100 mM sodium phos-
phate, 1.5M ammonium sulfate, pH 7.5) for polishing with
HiTrap Butyl over a linear gradient to buffer B (100 mM sodium
phosphate, pH 7.5). Complexes eluted at approximately 200 mM
ammonium sulfate. Pure complexes were desalted into buffer C
(50 mM HEPES, 150 mM NaCl, pH 7.5) and concentrated on a 10-
kDa-cutoff Centricon filter (Millipore).

Protein thermal shift assays

Thermal shift assays for wild type and mutant yeast and hu-
man complexes were carried out using the Protein Thermal
Shift™ Starter Kit (Life Technologies) and an Eppendorf
Realplex Mastercycler EP GradientS RTPCR instrument.
Complexes were diluted in buffer C to final reaction concentra-
tions ranging from 5 to 30 ug/ml. Reactions which compared Tm
over increasing urea concentrations had a constant protein
amount of 15pug/ml. Protein melt reactions were assembled on
ice according to kit instructions in 20pl reactions, and were
added to 96-Well twin.tec qPCR plates (Eppendorf) in triplicate,
sealed with Masterclear real-time PCR film (Eppendorf) and al-
most immediately fluorescence emission was measured. The
samples were heated from 25°C to 95°C over 25minutes. The
data were analyzed using the dFluorescence derivative method.
The Tm values were taken as the minima in the derivative plot
(derivative melt profiles). The mean of three experiments were
considered for data analysis.

Preparation of transcription-competent extracts

Transcription-competent extracts were prepared as previously de-
scribed (46). Two liters of wild type or T71I mutant strains were
grown to an OD of 1.0 in YP medium containing 2% glucose as a
carbon source. Extracts contained approximately 15 mg/ml protein.

In vitro transcription assays

Transcription assays were performed as previously described
(46). Briefly, assays were assembled in 50 pl reactions containing
0, 45, 90, 180 ug extract, 1ul RNase Out (Invitrogen), 100 uM each
NTP, 200 ng plasmid template DNA, 12.5uL 4x transcription buf-
fer (80 mM HEPES-KOH, pH 7.9, 200 mM KCl, 40 mM MgCl,, 20 mM
EGTA, 0.2mM EDTA, 10mM DTT and 40% glycerol). Pol I and III
transcription reactions contained 10 mg/ml or 1 mg/ml o-amani-
tin, respectively. Transcription reactions were incubated at room
temperature for 30 min and stopped by addition of 180ul stop
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solution (100mM NaOAc, 10mM EDTA and 0.5% SDS) supple-
mented with 10 pg/ml Glycogen (Ambion). RNA was extracted
with phenol/chloroform (2:1) once, ethanol (EtOH) precipitated
and dried. RNA were reverse transcribed using a Superscript IV
cDNA synthesis kit (Invitrogen) and a Lacl primer fluorescently
labeled with Cyanine 5.5. cDNAs were EtOH precipitated, and
pellets were washed with 80% EtOH, dried, resuspended in
RNase A (40pg/ml), incubated for 3min at room temperature,
and then followed by the addition of 3 ul formamide loading dye
containing bromophenol blue (95% formamide, 5mM EDTA,
0.025% w/v bromophenol blue). Samples were heated for 1min
at 90°C, cooled on ice, and run on a denaturing 6% urea acrylam-
ide gel. Gels were visualized by an Odyssey scanner (LiCor) using
the 700-wavelength channel. These assays were preformed in bi-
ological duplicate and representative results are shown.

Chromatin immunoprecipitation

Chromatin immunopreciptiation assays were conducted as previ-
ously described (46-48). Briefly, yeast strains expressing various
epitope tagged Pol I/III subunit variants were grown in GC medium
lacking leucine. Cells were crosslinked with 1% formaldehyde
(Sigma) for Smin at room temperature. After crosslinking, cells
were harvested and washed twice with cold TBS buffer (50 mM
Tris-Cl, pH 7.5, 150 mM Nacl). Cells were resuspended in ChIP buf-
fer (150 mM NacCl, 50 mM Tris-HCl, pH 7.5, 5mM EDTA, 0.5% NP-40
and 1.0% Triton X-100) supplemented with 0.5mM DTT, 0.5mM
PMSF and protease inhibitors. Cells were lysed with 0.5-mm zirco-
nia beads (Biospec) with a Bead Ruptor 12 (Omni) at 2 x 45s inter-
vals until greater than 95% cell breakage was achieved. Lysates
were sonicated 4 x 10min on high setting with the Bioruptor
UCD-200 (Diagencode). Sonicated lysates were cleared by centrifu-
gation, and protein concentrations were determined by Bradford
assay. Next, 500 ug of sheared chromatin was incubated overnight
at 4°C with either 10 pl anti-HA (Biotool), anti-V5 (Biotool), or anti-
FLAG (Biotool) affinity agarose beads. Beads were washed three
times in ChIP buffer containing 1 M NacCl, once with standard ChIP
buffer, and once with water. Next, 100 ul of ChIP elution buffer
(25 mM Tris-Cl, pH 9.8, 1 mM EDTA) was added to beads and boiled
for 10 min. The suspension was centrifuged, and supernatant con-
taining the eluted DNA was collected. The beads were washed
with 60 ul water and centrifuged, and the supernatants were com-
bined. Eluted DNA was used directly in quantitative PCR using the
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). To deter-
mine the immunoprecipitated ChIP signal, values were calculated
as the ratio of the percentage precipitated at a specific locus to the
percentage precipitated at the DNA POL1 reference locus. All val-
ues are expressed relative to wild type, which was set at 1.0.
Experiments were performed in biological duplicate. Primer sets
used for gqPCR are listed as follows: Pro-rDNA-F, 5-TCGGC
GAGAAATACGTAGTTAAG-3'; Pro-tDNA-R, 5-CCTCACACTTGTAC
TCCATGAC-3’; DNA-POL1-F, 5-TTTCTGCTGAGGTGTCTTATAGA
ATTCA-3’; DNA-POL1-R, 5-CGTTTGGGCCCATGCAT-3'. Pro-
LEUtRNA-F, 5-AGACGAGCAGCTTATCCCATAATGA-3'; Pro-LEUtRNA-
R, 5- GTGACGCCTGGTCGGTAAAAAGAT-3'. Pro-55-rDNA-F, 5'-CCAC
CTACTGAACATGTCTGG-3'; Pro-5S-1DNA-R, 5-ACGGTGCTTTCTG
GTAGATATG-3'. These assays were preformed in biological
triplicate.

Pol I/IIl immunoprecipitations

IP assays were conducted as previously described (44,46).
Briefly, epitope tagged (HA or FLAG) proteins were purified from

200ml mid-log-phase cultures grown in minimal glucose-
containing medium. For HA-tagged AC19 IPs, either wild type
HA-tagged AC19 or mutant T71I plasmid constructs were trans-
formed into AC19 plasmid shuffle yeast strain containing chro-
mosomally FLAG-tagged indicated Pol I or Pol III subunit genes.
Cells were collected by centrifugation and lysed by zirconia
bead-beating in lysis buffer (100mM Tris-HCI, pH 7.9, 250 mM
AmSO,4, 1mM EDTA and 10% glycerol) supplemented with
0.5mM DTT, 0.5 mM PMSF and protease inhibitors, and lysates
were cleared by centrifugation. Approximately 3-4mg of the
whole cell extract diluted with two volumes of dilution buffer
(25mM HEPES, pH 7.5, 50mM NaCl and 1mM EDTA) was incu-
bated overnight at 4°C with either 20 ul of anti-HA affinity aga-
rose (Biotool) or 20 ul of anti-FLAG affinity agarose (Biotool) for
HA and FLAG immunoprecipitations, respectively. Beads were
washed three times in 1ml TBS buffer containing 0.1% Tween
and two times with TBS buffer, and then the proteins were
eluted with 1x NuPAGE LDS sample buffer (Invitrogen) at 70°C
for 10min. Samples were resolved on 4-20% polyacrylamide
gradient gels (Bio-Rad) in Tris-Glycine-SDS running buffer for
35min at 200V. Proteins were transferred to PVDF and probed
with mouse monoclonal antibodies against FLAG (Sigma,
F1805), and HA (SCBT, F-7). These assays were preformed in bio-
logical duplicate and representative results are shown.

Supplementary Material

Supplementary Material is available at HMG online.
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