Received Date : 22-Feb-2017
Revised Date., : 09-Mar-2017
Accepted Date: 13-Mar-2017
Article type™" Research Letter

Aggregation” of Mod5 is affected by tRNA binding with implications for tRNA gene-
mediated silencing.

Read, D.F.,Waller, T.J}, Tse, E*? Southworth, D.R? Engelke, D.R:* Smaldino, P.3:*
From the Departments of:

! Biological*@hemistry, University of Michigan, Ann Arbor, Michigan 48109

?Life Sciencesnstitute, University of Michigan, Ann Arbor, Michigan 48109

% University.of Colorado Denver/Anschutz Medical CampAusrora, CO 80045

“ Biology,-Ball State University, Muncie, IN 47306

To whom correspondence should be addressed:

DRE: Uniyersity of Colorado Denver/Anschutz Medical Camphiil Stop C296 Academic
Office 1y L151503,12631 E. 17th Avenue, Aurora, CO 80045,
Email: david.engelke@ucdenver.edu

PJS: Ball State University, Cooper Life Sciences Building, CLO73Muidiel7306, Emé:

pjsmaldino@bsu.edu

The first twerauthors of this manuscript (DFR and TJW) contributed equally.

This is the author manuscript accepted for publication and has undergone full peer review but

has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article

as doi: 10.xxxx/feb2.12627

This article is protected by copyright. All rights reserved


https://doi.org/10.xxxx/feb2.12627�
https://doi.org/10.xxxx/feb2.12627�
mailto:david.engelke@ucdenver.edu�

Readet al.

DRE and PJS conceived and supervised the study; DRE, PJS, DRS, and DFR designed
experiments, PJS, ET, TJW, and DFR performed experiments;, PJS, ET, TJW, and DFR
analyzed data; PJS, DFR, and DRE wrote the manuscript; PJS, DRE, TJW, and DFR

made manuscript revisions.

Running Title:M od5 binds nonsubstrate RNAs with implications for aggregation and gene
silencing.
Keywords: Mod5, tRNA modification, protein aggregation, amyloid fiber, RNA binding,

isopentenyl transferase

Abstract:
Mod5 is a multifunctional protein that modifies a subset of tRNAs in the cytopdasl is also
required for_ an_ RNA-mediated form of transcriptional silencing. Previmwsvo studies have
shown that the nuclear silencing function of Mod5 does not require that the causative tRNA ge
encode asMod5 substrate, though Mod5 is still required. However, previous data have not
directly tested“whether Mod5 can directly bind substrate and nsingtdo RNAs. We herein
demonstrate_that Mod5 directly binds to both substrate and nonsubstrate RNAs, including a
highly structured, notRNA sequence (58RNA), consistent with previousn vivo data.
Furthermore, we show that some RNAs drastically chahgeaggregation behavior of Mod5
with implicationsfor tRNA-gene mediated silencing.
I ntroduction:

tRNAwisopentenyl transferases are highly conserved enzymes that transfer an isopentenyl
group from dimethylallylpyrophosphate (DMAPP) to the N6 position of A37, adjacent to the
anticodon[1-9].The S. cerevisiae enzyme, Mod>5, resides primarily in the cytoplasm where it
modifies mitochondrial and cytoplasmic tRNAB-12].. Mod5 modifies a subset of tRNAs with
specific sequence requirements (AAA) surrounding the target nucleotide af18374] .
Substratesqin“yeast and humabsS] include Tyr-, Ser-, Trp-, and Cys-isoacceptor tRNAs. This
modification®en a tRNA increases tRNA stabiliff6] and the fidelity and efficiency of
translatior—an effect related to the tRNA'’s affinity for the ribosof@e5, 17, 18].

A small fraction of the enzyme also resides in the nufl®u&0], where its required for

a form of transcriptional silencing, termed tRNA gemediated (tgm) silencin§lll, 21-23].
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Tgm silencing was originally observed in budding yeast as antagonizing pol Il gene promoters
adjacent to tRNA gend24]. The silencing does not involve steric interference, was shown to
occur upstream or downstream of the tRNA g24¢, and is dependent on histone modifications
and chromatin remodelin@5]. This phenomenon sb requires the clustering of the tRNA genes
to the nucleelus, demonstrating a role for nuclear architecture and locali2gio86, 27]
Deletion of,theMOD5 gene relieves silencing of a pol Il promoter adjacent to a tRNA gene on a
reportefplasmid2l, 23] Recently, a form of tgm silencing has been proposed to exist in human
cells[28].

Mod5 inyolvement in tgm silencing mechanisms was further confirmed by the following
observations[22] (1) Mod5 protein is physically associated with tRNA gene loci, (2) Mod
physically “associates with pol Il transcriptionngolex proteins, (3) Mod5 copurifies with
multiple proteins of a chromatin remodeling complex (RSC) and histones that @fiflec
silencing, and_(4) Mod5 co-immunoprecipitates with precursor-tRNAs (pre-tRNA) that are
thought te._be found exclusively in the nucleus. Interestingly, Mod5 was found to
co-immungprecipitate with both substrate and nonsubstrate tRNAs for isopetioenytait
preferentially‘'with corresponding nuclear pre-tRNAs in both types of RNA. Thicerasstent
with the observation that tRNAeges encoding substrate or nonsubstratdRIX&As are both
capable_of*conferring tgm-silencing?2], suggesting that the specificity of Mod5 for enzymatic
modification of tRNA in the cytoplasm is distinct from that of its nuclear role in transcriptional
silencing. Lastly, truncation of the ptRNA transcripts by early termination compromised tgm
silencing, suggesting the mechanism required a tRkAtranript for efficiency.

Based«'on these data, we hypothesize that complexes between Mod5 and nascent
pre-tRNAs at the site of transcription might recruit chromatin modification and remodeling
proteins that affect local chromatin structure to impart silenafngearby transcription by RNA
polymerase.ll..This mechanism would require that Mod5 binds pre-tRNAs wiwethet they
are substratesfor modification at A37, which has not previously been shown. Te&ingshi
complicatedsby the prichke tendency © Mod5 to aggregate in solution and vivo, in
agreement'with recent studies showing that Mod5 forms heritable amyloid-like aggf{@gates
It is possible to select for this heritable aggregairovivo by growth in certain fungicek that

require loss of Mod5 modifications of tRNAs (e.g. fluconazole). However, this agigregt
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Mod5 affects only cytoplasmic tRNA modification and not the nuclear silencing éumndti,
22].

In this study, we show for the first time that Mod5 directly binds to both substrate and
non-substrate RNA® vitro, aswell as the corresponding primary transcript-{RR&lAs. Further,
binding to tRNAlike molecules facilitates aggregation of Mod5. We propose a model for tgm
silencing that includes binding of pre-tRNAs by Mod5.

Materialsand'™Methods:

Recombinant"Mod5 expression and purification: The endogenous Mod5 ORF was amplified by
PCR from a genomic DNA preparation of yeast BY4741 cells using primers with Ndel a
Xhol sequences. PCR products were digested with Ndel and Xhol and ligated into the petl5B
vector, a Bcterial expression plasmid with a 6x histidine C-terminal tag. The plasmid was
transformed into BL2E. coli by electroporation using a BioRad Gene Pulser at at 2.5 kV, 25
uF, 200 Ohms
(http://springerlab.tch.harvard.edu/springer/uploads/Equipment/Genepaiserhpdf. 8 L of

E. coli weresgrown to OD (600 nm) 0.55 in LB + 100 ug/mL Ampicillin (37°C), then induced
with 1.5 mMYPTG (5 hours, 17°C). Cells were pelleted at 2,620 RCF, 15 minutes, 4°C, and
frozen at=80°C. Pellets were resuspended in 120 mL buffer (50 mM Tris-HCIM38ag|, pH

7.5) on_ice” Cells were lysed using a Divitech Microfluidizer (model 110Y) using tesepa

with 200 um orifice cartridgethen 8 passes with 100 um cartridge. Lysate was centrifuged at
5,470 RCE, 15 minutes, 4°C, and the supernatant combined with 60 mL packeqyipbeated
BioRex 70Qs€ation exchange resin (50 mM JHEL, 50 mM NaCl, pH 7.5). The lysate was
allowed to“bid for 1 hour (4°C), spun for 5 minutes at 152 RCF, and the supernatant was
discarded. Resin was washed twice with one volume buffer (200 mM NaCl, 50 mMQlris-H
pH 7.5). Protein was eluted with two resuspensions using 500 mM NaCl, 50 mM TrisHHCI, p
7.5 using one packed resin volume. Elutions were loaded onto a 5 mL packed column of TALON
nickel affinity.resin at 4°C. The column was washed with 50 mL buffer (300 mM Na@i\20
NaPQ,, pH«7:0) and eluted with 5.5 mL 450 mikhidazole, 50 mM NaPg) 300 mM NaQ pH

8.0. Eluent'was run on an 80 mL Sephacrsll0® column (2.7 cm diameter x 19.1 cm height)
using 50 mM TrisHCI, 50 mM NaCl, pH 7.5 buffer at a rate of 1 mL fldlarough per minute at

4°C. 750 pL fractions were collected, examined by SPAGE, then tB 10 highest

concentration fractions were comhihaliquoted, and stored at -80°C.
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DNA Template Synthesis. TemplateDNA fragmentsfor transcription (Supplemental Figure 2)
were ordered through Integrated DNA Technologies. Lyophilized DNA pelletsdiss@ved in
10mM Tris-HCIL containing 1mM EDTA, to a concentration of 100 uM. Equal volumes of
overlappingscomplementary strand pairs were combined and hybridized at 37°C ovéamight
pL of the .50 M solutions of hybridized DNA were then added to atisolwith a final
concentrationof 0.4 uM DNTP’s, 10 mM Tris-HCI, pH 7.4, 50 mM KClI, 1.5 mM Mg@&hd

up to 5 units*Tag DNA polymeragad0] in a final volume of50 puL. The solutions were then
incubated aB5°C for 5 min, 45°C for 5 min, 55°C for 5 min, 65°C for 30 min and37°C for 15

min, ethanel precipitatedesuspended in 18 of water, and stored a0 C.

In vitro transcription and RNA purification: For each transcription reaction, 200 pL solutions of
50 mM Tris-HCI pH 7.5, 15 mM MgG| 5 mM DTT, 2 mM spermidine, 2 mM ATP, UTP, GTP,
CTP, 2/25of volume template (see above), empirically titrated His6-taggetiApBlymerase

(He et al. 4997) were incubated 12 hours at 42°C. Solutions were centiifiuty@@d00 RCF for

5 minutes to remove pyrophosphate precipitate and the supernatants were ethiitatpdec
gel-purified,through a 12% polyacrylamide gel, visualized by shadowing with longwave UV
light, and-passively eluted out of gel slices. RNA was ethanol precipitasedpended in 1X TE

(10 mM TrisHCI pH 7.5, .1 mM EDTA) and stored at -80°C. Radioactive transcripts were
prepared as above, except 0.5 mM ATPt@aimg 10 pCi radioactive a-ATP (Perkin-Elmer)

was substituted, in the above reaction and M@@is reduced to 12 mM.

End-labeling of 5SrRNA: 5STRNA was prepared as described above. RNA was incubated with
calf intestinal alkaline phosphatase (New Endl&iolabs) (20 pL reaction, 1 unit CIP, 17 pmol
5S+RNA, 1x.final (New England Biolabs) cutSmart buffer) for 30 minutes at 37°C. R8&
diluted to.. 50/ pL using bD, then extracted twice, first with 50 pL of 25:24:1
phenol:chleroform:isoamyl alcohol, then once with 50 pL of chloroform. RNA was ethanol
precipitated~then resuspended for radioactive-labdling (50 pL volume, 1x (New England
Biolabs) polynucleotide kinase buffer, 20 units PNK (New England Biolabs), 10 puCi radioactive
gamma®P-ATP). Thereaction was incubated for 30 minutes at 37°C, extracted and ethanol

precipitated, then resuspended in 50 pL of 200 mM NacCl.
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Gel Mobility Shift Assays: 16 uM Mod5 was serially dilutedf8ld into buffer (50 mM Tris-HCI

pH 7.2, 50 mM NaCl), in 10 pL aliqt® Next, for all tRNA 5 pL of?P-labeled RNA (~100
CPM/uL) diluted in 3x binding buffer (24 mM Tris-HCI pH 7.2, 150 mM NaCl, 15 mM MyCI

was added.te.each tube and incubated at 37 °C for 30 min. For the 5S binding, ~36,000 CPM/uL
was used,.approximately 6fold higher RNA concentration than for tRNA binding. After
incubation;"3"(L of 6x loading buffer (60% glycerol, 0.1% xylene cyanol) was added and 10 pL
was run on‘an8% native polyacrylamide gel in TBE buffer am30(1 mm thick gel, 7 cm

length, Aguebogue Machine Shop Model 20@els were dried overnight, exposed on
Phosphorimager screens overnight and imaged on a Typhoon 9210 Imager (GE Healthcare).
Band intensities were analyzed using ImageQuant software and statistical analysis was
performed withGraphPad Prism.

RNA competition Assays. 10 puL of 20 uM unlabeled competitor RNAs were titrated usHhg®

serial dilutionstin 1X TE (10 mM TrsICl pH 7.5, .1 mM EDTA) to a final volume of 5 uL
each. 5 pl» of%Pdabeled pre-Tyr RNA (~100 CPM/uL) diludein 3x binding buffer (24 mM
Tris-HCI'pH, 7.2, 150 mM NaCl, 15 mM Mgglwas added to unlabeled competitor RNA tubes.

5 uL of 16-uM purified Mod5 was added to the above mixture for a final Mod5 concentrhtion

5.3 uM, 15 puL final reaction volume. Samples were incubated at 37 °C for 30 min.; then 3 pL of
6x loading buffer (60% glycerol, 0.1% xylene cyanol) were added, and samples were run on an
8% nativepolyacrylamide gel in TBE buffer at low power (30 mA, 1 mm thick gel, 7 cnhlengt
Aquebogue=Machine ShoModel 200). Gels were analyzed as above.sdGralues and
confidence intervals were calculated using GraphPad Prism. Data was fit to

Top — Bottom
1 + 10L0g10(1C50)—X

y = Bottom +

“Top” was given a constraint &f 100% bound, while “Bottom” was constrained t® 0% .

| sopentenylation assay: Reactions were performed %8 mM Tris-HCI pH 7.2, 1.2 mM ATP, 5.8
mM MgCl,, +/- 0.2 mM DMAPP, 10 U SuperRNase-In (Ambion), 40,000 CPM of
internally **P-labeled RNA, 5.3 pM Mod5, 1.2 mM B-mercaptoethanohia 17 L final reaction

volume. Reactions were incubated at 37°C for 1 hour and RNAs were ethanol precipitated. RN
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pellets were washed one time with 70% ethanol, air dried, and resuspended of 80Muurea

and 150 U of RNase T1 (Roche) was added to each. Samples were incubated overnight at 37 °C.
Next, 2 pL of 6x loading buffer (60% glycerol, 0.1% xylene cyanol) was added to each and 10
pL was loaded_onto a 20% polyacrylamide, 7M urea denaturing gel (pre-run at 20 mA, for 2
hrs,1 mm thiek gel, 70 cm length, Aquebogue Machine Shop Modél &ainples were run at

25 mA, 1 mm. thick gel, 7 cm length, Aquebogue Machine Shop Model 200s.The gel was
exposed on"a‘phosphorscreen for 3 hrs and imaged on Typhoon 9210 (GE Healthcare).

Light Scattering/Assay: Samples (7.5 uM Mod5, +/- 7.5 puM RNA, in 125 mM NaCl, 5 mM
potassiumgphoesphate, 12.5 mM Tris-HCI, pH 7.4), 100 puL final volume, were loaded into a
96-well Costar plate. As was recorded using a Tecan Safire Il at 37 °C. Readings were
performed in duplicate and normalized to buffer-onlgsA

Fluorescent.microscopy: Imaging used an Olympus IX70 inverted microscope with a CoolSNAP
HQ2 monechrome camera, 100x oil immersion lens. Mod5 was incubated with a
fluorescein=conjugated RNA samples (1 uM Fl-BertRNA, 7.5 uM Mod5, 125 mM NacCl, 5

mM potassium phosphate, 12.5 mM Tris-HCI, pH 7.4, 20 pL volume) for 1.5 hours in humid
conditions#at 37 °C on No. 1.5 glass coverslips. Imaging used 492 nm excitation, 535 nm

emission.

Electron mieroseopy: Eighteen uM Mod5, +/- 7.5 uM pLeu/mLeu/pTyr/mTyrf8SNA, 75 mM

NaCl, 3 mM=NaPQ, 7.5 mM Tris-HCI (pH 7.4) was incubated for 24 hours at 37°C and
sonicated| briefly{31]. Samples were prepared using conventional methods for negative stain
preparation [32] Imaging was at room temperature using a Morgagni 268 at 100kV. Images
were acquired.at 22,000x with an Orius 2000 CCD camera with a pixel size of 2.4 A.

RESULTS:
Mod5 directly bindsto substrate and nonsubstrate RNAs
In our in vitro assays we worked witlthree tRNAs that are predicted substrates for

Mod5-modification: mat-Tyr-tRNArhature tRNAwith 5’leader, intron and 3’ trailer removed),
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pre-Ser-tRNA (with 5’ leader and 3’ trailer), and mat-Ser-tRNA (with leader and trailer
sequences removed). We also used nonsubstrate mature tRNAs (mat-LeytRhAstrate
pre-tRNAs (pre-Tyr-tRNA, pre-LetRNA, and pre-Ala-tRNA), and nonsubstrate 5S rRNA
(Supplementarylable 1). Mat-Tyr, pre-Ser, and mat-Ser-tRNAs contain the &Aésequence
requiremat.fer,modification, while the intron in the pre-Tyr-tRNA disrupts the AAA and thus is
not predicted to_bemodified by the enzyme at A37. The mat-Leu, pre-Leu, mat-Ala, and
pre-AlaftRNA"Sequences do not contain the required AAA at the anticodon loop, nor an A at
position 37,"and are therefore predicted to be nonsubstrates for isopentenylation (Suppfeme
Table 1).

To eonfirm these predictions and the activity of the isolated Mod5 enzyme we performed
isopentenyltransferase assays in the presence or absence of DMAPP substrate and each RNA.
The modification reaction was followed by the digestion of the ptsduith RNase T1 (which
cleaves on the 3’ side of guanosine residues leaving a 3'GMP), and analysis of oligateicleoti
fragments on_denaturing polyacrylamide gels. The transfer of a dimethylafgfitenyl group
from DMAPP=to the RNA would result in a DMPP-dependent shift of the indicated RNase
T1-fragment “‘eontaining the modified base (Supplemental Figure 1). As predicied,ym
mat-Ser, ‘and pr&er tRNAs are modified at the oligo containing the A37 position (Figure 1 A),
while preAla, pre-Tyr-tRNA, pre-Leu-tRNA, and Leu-tRNA are not modified (Figure 1 B)
(summarized in Supplementary Table 1). These data confirm the Mod5 substrateitgpecif
our recombinant enzynié, 3, 5]and show that the enzyme is capable of recognizing the folded
substratessised foin vitro binding assays. We note that we see an additionar 7
oligonucleotide that becomes modified in the substrate-Seatand pr&SertRNAs in the
presence (of Mod5 and DMAPP (Figure 1A). A possible explanation for this is that tinggé is
sequence, similarity in this 7 nt fragment compared to the 10 ntcABfaining fragment
(GAAUCC,_ compared to AAUCC in the A37containing fragment). Furthermore, although
these two,sequences reside in different arms of the tRNA, they are at similar relative positions
within theirrespective arms (Supplemental Figure 3). The lacktifdA in the 7nt fragment
as well as differences in positioning within the tRNA might explain the differences in efficiency
of modification between the two, in which only ~30% of the 7 nt fragment becomes modifie

under the conditions used compared to nearly 100% in the A37-containing 10 nt fragment.
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Gel mobility shift assay (GMSA) analyses demonstrate that Mod5 binds to botratibstr
and nonsubstrate tRNAs and pre-tRNAs, as weB&d9gNA within a similar range of protein
concentration (Figure 2 A-H). At low concentrations of Mod5, in some cases there are discrete
shifted RNA bands that likely represent monomer, dimer, or higher complexes of RNAs w
Mod>5, though, there is some smearing of signal in lanes consistent with eithestaxeni
complexes,or variably structured complexes under these conditions. At higher coicenoft
protein,“these“give way for all RNAs to supershift at the gel interface, suggasnuch larger
or insoluble'complex (Figure 2-H, discussed below). We Waddress the implications of these
slow-migrating complexes below, but at a minimum these data suggest that Mod5 diredly bind
to RNAs regardless of whether the RNA is a substrate for modification.

To ‘investigate the relative binding strengths of thB$As with Mod5 we used a
competition assay in which Mod5 was bound to a constant concentratidfP-tdbeled
pre-Tyr-tRNA, in the presence of increasing amounts of unlabeled-competitor . RNAs
determined._apparent kg values for the nonsubstrate freutRNA, pre-Ala-tRNA, and
pre-Tyr-tRNA=to be similar (0.4, 1.0, and 0.8 pM, respectively, Figure 3, A, D, and E.). We
further determined the competitive strength of two other nonsubstrates includanghlg
structuredsnon-tRA (5S rRNA, Figure 3 F) and LetRNA (Figure 3 C), and one other substrate
RNA, Tyr-tRNA (Figure 3 B). Leu-tRNA, Tyr-tRNA, and 5RNA sequences (l§ values 3.5,

1.5, and 1.6 uM, respectively) competed with similar strengths to other RN&d. tesgeneral,
these data are consistenittwour previously publishedn vivo data showinghat Mod5 co
immunoprecipitates with both substrate and nonsubstrate tRRIZsand suggests thdhe

capacity to'serve as a substrate for modification does not predict which RNAs Motthda

tRNA acceler ates aggr egation of Mod5

As noted above, at the higher Mod5:RNA ratios the majorittheRNA is bound in a
complex with proteins that remains near the well interface of the gel, suggesting that the RNA is
bound to_asmultimerized or aggregated form of Mod5. This suggested that aggregation of Mod5
is not preventedby its interaction with RNAand possiblytakesthe form of amyloid fibers as
observed by othel[29]. We thus examined the physical form of these interactions further.

To compare the rates of aggregation we measured solution light scattemmg usi

absorbance at 405 nm as a measure of Mod5 precipitation/aggregation over time (Figure 4 A
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The sanple containing Mod5 without RNA demonstrated a modest increasgoin while the
addition of substrates mat-Tyr-tRNA, pre-Ser-tRNA, or matHB8&A led to a 3 to 8 fold
increase in Aogs by 10 hours compared to the Mod5-only sample. Similarly, addition of
nonsubstrate pre-Leu-tRNA or pre-Tyr-tRNA led to 6 to 7 fold increases;gg W contrast,
combining Med5 with 58RNA did not lead to a significant change, notable gittenGMSA

and competition_results (Figures 2 and 3) showing Mod5 binding tRB&. These results
suggesthattRNA-like binding accelerates the aggregation of Mod5, but that the nature of the
bound RNA'iS"important.

Mod5 forms boeth punctate aggregates and extended fibersin the presence or absence of
RNA:

Mod5 was previously shown to form amyloid fibénsvitro and aggregateas vivo under
selective pressurd 1, 29]. We tested whether RNA affects the ability of Mod5 to form amyloid
fibers by examining protein samples +/- RNA using fluorescence and electron iojpgrd&d/).

We also imaged fibers formed in the presence of fluorescently labeled pre-Ser-tRNA to test
whether the RNA itself was associated with the protein aggregates. Consistent with our GMSAs
(Figure 2°AG), we observe Mod5 fibers and punctate aggregates bound to the fluorescent RNA
(Figure _4-B). For both protein-only samples and those incubated with various RNAs, we
observed both punctate particulates and fibers using electron microscopy (FigiHe) 4
confirming.previous observatio29]. The size of the punctate particulates as welthas
presence offibers suggested protein multimers. Individual fibers had an approcianagter of

5 to 10 nmpand were often seen in bundles with diameters as large as 50 nm. Therregolut
this analysis precluded detection of quantitative differences in the dimensiandiaflual

fibers while spectroscopic assays for changetherate of fiber versus particle formation were
inconclusive (Supplementary Figure)4thus, more detailed analysis of differences with or

without RNA.awaitdurther investigation

Discussion:
We herein demonstratehat Mod5 directly binds to both substrate and non-substrate
RNAsin vitro. This is in agreement with our hypothesis that Mt&BIA interactions play a role

in the mechanism of tgisilencing, where Mod5 bindhe nascent pre-tRNA transcripts as a
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prerequisite for subsequent interactions that modify and remodel local chratnatture. This

is consistent with our previous vivo datashowing thatMod5 co-purifies with the precursor and
mature forms of both substrate and nonsubstrate tRZs The ability of the enzyme to bind
with similar affinities to both substrate and nonsubstrateRKAS suggests thatlthough the
presence ofsan AAA at the A36-A38 position of the active site is predictive of wetdhi
activity [14],.itds_not a major derminant of RNA-binding behavior of Mod5. The observed
differen€es in"binding among tRNAs, piRNAs, and 5SRNA are relatively small, suggesting
substantialtoleérance for variations in RNA structure, as well asseguer binding to Mod5.

Interestimly, upon the addition of RNA to purified Mod5, we observed a marked
increase inslighscattering with all tRNAs and pt&®NAs tested, but not 58RNA (Figure 4 A).
These observations sugg#isat tRNA-like molecules can stimulate Mod5 aggregation whether
or not they are substrates for isopentenylation (Figure 4 A). The reason for tkediyar
different aggregation behavior of 8BNA, even though it binds to Mod5 and can compete with
tRNA binding,_is currently unclear, but could reflect a fundamentalferdift structure in the
ribonuclegprotein. This would not be surprising, since the enzyme evolved specificatlyato fi
tRNA structureinto the active sif@¢4] and the overall effect on the structure of the complex
could be quite distinct with a differently shaped RNA.

A_second observation of interest comes from the effect of RNAs on aggregation by
Mod5. It was previously shown that Mod5 is able to form amyloid-like aggregates, andghat th
aggregation_can be selectedvivo by selecting against functional tRNA-modifying activity
the cytoplasmrwith an antifungal agent, fluconaZ@®. However, we previously showed that
the nuclearssilencing function of Mod5 is not ablated whggregation is selected by this
stressof11], suggesting that the nuclear pool of Mod5 that is associated with RNA polymerase
Il transcription complexes and pre-tRNAs was not subject to the aggregatianidredf the
cytoplasmic. pool. Since aggregation of the purified enzyme is not prevented by RNA binding,
and if anything is enhanced by it, we infer that the immunity of the nuclear function to
fluconazole=selected aggregation might be due to other interactions of Mod5 in the.nugeus
propose anvalternative adel in which the RNAbound form of Mod5 could be the “active”
conformation of the nuclear enzyme, with the enhanced aggregation a necessary part of its

nuclear function. Under this model, tegilencing is facilitated by the multimerization of Mod5
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which mightextend the Mod%particle to neighboring gene promoters to either attract chromatin
modifiers or block access of the transcription machinery to the DNA.

Suzuki and colleagues originally reported that aggregated Mod5 in the cytoplasiysconve
resistanceo certain fungicidef29], which might be consistent with the property having evolved
in fungi to.provide a reserve population of yeast that are resistant tdugail attack.
Interestingly, the _human orthologue, TRIT1, has retained both the cytoplasmic and nuclear
functions of'Mod522] and we recently demonstrated that it retains the amyloid fibril formation
potential of ' Mod5[33] . It is not clear why fibril formation would have been retained in an
organismas distant from fungi as humans if cytoplasmic aggregation were the selective pressure,
though it isipessible that thmethod of removing Mod5 might regulate cholesterol biosynthesis
or protein“prenylation by modulating the availability of substrates. We suggesteamte
hypothesis, that the fibril formation is a positive attribute in tgm silencing tihat been
corserved _for_that reason. The observation that apparent-iRébhAated silencing has been
observed near_pol Il transcription units in human cgl& would be consistent with such a

conservationrof function.
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Figure L egends:

Figure 1. 'Mod5 isopentenylation assay#®\) Substrate or (B) nonsubstral@NA geneswere
transcribed in the presence*3®-adenosine creating internally labeled RNAs. RNAs were then
incubated with Mod5 in the presence or absence of DMAPP. The samples were subsequently

digested with RNase T1lnd fragments separated with 20% denaturing PAGE. Fragments
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containing the modifiable adenosine in the absence of DMAPP are indicatechvatiteaisk*.
A shifted band in the presence of DMAPP indicates the presence of a madifiedsine
containing an isopentenyl group (See Supplemental Figure 1).

Figure 2. Med5 binds to substrate and nonsubstrate RNAs. Phosphorimage of representative
nondenaturinggel electroplmograms of purified recombinant Mod5 aif@dabeled RNAs (A)
preLeutRNAT(B) matLeutRNA, (C) preTyr-tRNA, (D) matTyr-tRNA, (E) preAla-tRNA,
(F) hpre-SertRNA, and (G)matSertRNA (H) 5SrRNA with decreasing Mod5 concentrations
(5.3 M, (1.78 uM, 0.593 pM, 0.198 pM, 0.0658 pM, 0.0219 pM, 0.00732 uM, 0.00244 uM,
0.000813 uM,0:00 uM. In (H) the lane with .00244 uM Mod5 was omitted).

Figure 3: Effect of Mod5 binding to *P-labeled pre-Tyr RNA in the presence of substrate and
nonsubstrate RNAs. Phosphorimages of representative (of three repetitions) nondenaturing gel
electrophortograms with indicated concentrations of unlabeled (A)}Le@tRNA, (B) mat
Tyr-tRNA «(C)matLeutRNA, (D) h-preAla-tRNA, (E) preTyr-tRNA, and (F) 59RNA, with

a graphic representation (to the left of each phosphorimage) of concertegtendent effect

of Mod5 binding to*’P4abeled preTyr-tRNA by unlabeled competitor RNAs. (G) A table of

ICs0 values'and 95% confidence intervals by RNA.

Figure 4: tRNAs increase Mod5-aggregation, Mod5 forms amyloid fibers in the presence of

RNA, and the'fibers bind RNA. (A) Protein incubated with substrate tRNAs (Aigt-tRNA, pre
SertRNA, matSertRNA) or nonsubstrate tRNAs (piieyr-tRNA, preLeu-tRNA) demonstrated

a ~58 fold increase in absorbance after 10 hours compared to the-dnbdSample. Protein
incubated withbbSTRNA did not increase overall absorbance. (B) Mod5 amyloid fibers bound to
a fluoresceidabeled SetRNA. (C-H) Electron micrographs of Mod5 amyloid fibers formed
(from left to.right) in the €) absence of RNA , or the presence of (D)lpetRNA, (E) mat
Leu-tRNA,(F) preTyr-tRNA, (G) matTyr-tRNA, or (H) 5SrRNA. 22,000x magnification.
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