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Abstract

Telomere length regulation is essential for cell viability in eukaryotes. While many

pathways that affect telomere length are known, we do not yet have a complete

understanding of the mechanism of length regulation. To identify new pathways that

might regulate telomere length, we carried out a genetic screen in yeast and identi-

fied the cyclin-dependent kinase complex Bur1/2 as a regulator of telomere length.

Mutations in either BUR1 cyclin-dependent kinase or the associated BUR2 cyclin

resulted in short telomeres. This regulation did not function through the known role

of BUR1 in regulating histone modification as bur1Δ set2Δ and bur2Δ set2Δ double

mutants rescued cell growth but did not rescue the telomere shortening effects. We

found that both bur1Δ and bur2Δ set2Δ were also defective in de novo telomere

addition, and deletion of SET2 did also not rescue this elongation defect. The Bur1/2

cyclin-dependent kinase regulates transcription of many genes. We found that TLC1

RNA levels were reduced in bur2Δ set2Δ mutants; however, overexpression of TLC1

restored the transcript levels but did not restore de novo telomere elongation or telo-

mere length. These data suggest that the Bur1/2 kinase plays a role in telomere elon-

gation separate from its role in transcription of telomerase components. Dissecting

the role of the Bur1/2 kinase pathway at telomeres will help complete our under-

standing of the complex network of telomere length regulation.

Take Away

• Loss of Bur1/2 cyclin-dependent kinase activity causes short telomeres.

• Short telomere phenotype is not due to the role of Bur1/2 in histone modification.

• Short telomeres are not due to decreased levels of telomerase components Est1,

Est2, Est3, or Tlc1.

• In absence of Bur1/2 activity, TLC1 deleted cells do not form survivors.

• Bur1/2 kinase directly or indirectly regulates telomere length.
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1 | INTRODUCTION

Telomere length is maintained around a species-specific equilibrium.

Loss of equilibrium length maintenance can result in critically short

telomeres that signal cell death, cell cycle arrest, or cellular senes-

cence (di Fagagna et al., 2003; Harley et al., 1990; IJpma &

Greider, 2003; Lundblad & Szostak, 1989). In humans, loss of telo-

mere length maintenance and subsequent telomere shortening leads

to specific age-associated degenerative diseases such as bone

marrow failure and pulmonary fibrosis (Armanios, 2009). Multiple

factors contribute to telomere length equilibrium maintenance. First,

the components of telomerase, required for telomere elongation,

are limiting in cells (Armanios et al., 2005; Mozdy & Cech, 2006;

Vulliamy et al., 2004). Having reduced levels of telomerase leads to

progressive telomere shortening over many generations. Second,

telomere length is regulated by telomere binding proteins through

multiple independent mechanisms. In yeast, Tel1 and the Mre11/

Rad50/Xrs2 (MRX) complex mediate telomere elongation (Greenwell

et al., 1995; Keener et al., 2019; Ritchie & Petes, 2000) and the

Rap1/Rif1/Rif2 proteins and the Cdc13/Stn1/Ten1(CST) complex

bind telomeres and regulate telomere length (Gao et al., 2007;

Marcand et al., 1997; Price et al., 2010). In human cells, the

shelterin complex of telomere binding proteins also regulates the

ability of telomerase to elongate telomeres (Palm & de Lange, 2008;

Smogorzewska & de Lange, 2004).

The different telomere binding complexes that determine

telomere length homeostasis are regulated through protein modifica-

tion. The ATM/ATR (Tel1/Mec1 in yeast) kinases regulate telomere

elongation; deletion of both TEL1 and MEC1 in yeast leads to short

stable telomeres (Ritchie et al., 1999). The cyclin-dependent kinase

Cdk1 regulates the telomere elongation during S phase in the cell

cycle (Frank et al., 2006; Li et al., 2009; Liu et al., 2014;

Vodenicharov & Wellinger, 2006). Here, we describe a role for the

Bur1/2 cyclin-dependent kinase in the regulation of telomeres in the

yeast Saccharomyces cerevisiae.

Bur1 is a kinase with homology to cyclin-dependent kinases, and

its activity is regulated by the Bur2 cyclin component (Yao

et al., 2000). BUR1 is an essential gene, while BUR2 deletion mutants

grow slowly, presumably because another cyclin can substitute,

though poorly, for Bur2. The Bur1/2 kinase complex is involved in

regulating transcriptional elongation at several levels in yeast. First,

Bur1/2 regulates Set2, which is a histone methylase specific for

H3K36 trimethylation (Chu et al., 2006). Deletion of SET2 rescues

the lethality of a BUR1 deletion and improves the growth of BUR2

deletion (Chu et al., 2006), likely by decreasing the methylation of

H3K36, since overexpression of histone demethylases also rescues

bur1Δ growth (Kim & Buratowski, 2007). In addition to regulation of

Set2 H3K36 trimethylation, the Bur1/2 kinase complex regulates

transcriptional elongation. The kinase regulates the ubiquitination of

histone H2B (Laribee et al., 2005), and it phosphorylates serine 2 on

the C-terminal domain (CTD) of RNA polymerase II (Liu et al., 2009;

Murray et al., 2001). In addition, the Bur1/2 kinase complex

promotes the recruitment of the PAF1 complex through its role as a

CTD kinase and by phosphorylation of Spt5 (Qiu et al., 2012).

Through these multiple levels of transcriptional regulation, the

Bur1/2 complex regulates the mRNA levels of a large number of

genes (Laribee et al., 2005).

We identified bur2Δ as having short telomeres from a collection

of yeast deletion mutants. We demonstrated that the short telomeres

in both bur1 and bur2 mutants were not rescued by SET2 deletion,

which rescues the growth defect in these mutants. Telomere elonga-

tion in a de novo telomere addition assay was blocked by both bur1

and bur2 mutations. We tested whether the short telomere effect and

loss of de novo elongation were due to low levels of TLC1, as previ-

ously reported in paf1 mutants (Mozdy et al., 2008), but found instead

that overexpression of TLC1 did not rescue telomere elongation.

Finally, bur1 mutants were defective in telomere recombination to

generate survivors, which occurs in the absence telomerase. Taken

together, our data suggest that the Bur1/2 kinase affects telomere

elongation independent of its effects on transcription of telomerase

components.

2 | MATERIALS AND METHODS

2.1 | Yeast strains and plasmids

Yeast strains and plasmids are listed in Tables 1 and 2, respectively.

Oligonucleotides (primers) for polymerase chain reaction (PCR) and

quantitative reverse transcription PCR (qRT-PCR) are listed in

Table 3. The haploid MAT a deletion collection of S. cerevisiae

BY4741 and the yeast strains containing the histone H3 mutants

were gifts from J. Boeke and E. Hyland. Haploid mutants, bur1–1,

bur1–8, and a plasmid containing BUR1, were gifts from G. Prelich

(Murray et al., 2001). Strains for the de novo telomere addition

assay were generated using JHUY877 (Ma & Greider, 2009) by

direct transformation followed by tetrad analysis. JHUY887 is the

haploid strain derived from dissection of JHUY877. The bur1–8

allele was first backcrossed to YPH500 (Sikorski & Hieter, 1989),

followed by mating to JHUY887. The diploid was sporulated to gen-

erate wild-type and bur1–8 mutant strains for analysis. Gene

replacement at the endogenous locus (Brachmann et al., 1998) was

used to generate all deletion mutants in diploid strains, followed by

tetrad analysis. Overexpression of TLC1 was done from the induc-

ible galactose promoter with the plasmid pGalTLC1 that was derived

from pESC-TRP-TLC1/HAT-EST2, a generous gift from V. Zakian.

This plasmid was modified by cutting with EcoRI to remove the

HAT tag and 1.3 Kb of the coding region of EST2; after release of

this fragment, the plasmid was reclosed at EcoRI. Passaging of this

plasmid construct in cells was done in casamino acid supplemented

media without tryptophan (CAA). The construction of pBUR1ΔC

was a derivative of pBUR1 where, by Gibson assembly (Gibson

2011), only the first 365aa were contained in the open reading

frame of BUR1. All restriction enzymes, T4 DNA ligase, and Gibson

assembly mix used in these experiments were from New England

Biolabs (NEB).

2 CONNELLY ET AL.178



TABLE 1 Yeast strains used in this study

Strain ID Genotype Source Figure

OY249 (JHUY890) MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 bur1–8::
kanMX4

Prelich gift 1a and 7b

GY114 (JHUy891) MATa his4-912δ lys2-128δ suc2ΔUAS(-1900/-390) ura-
352 ade8 bur1–1

Prelich & Winston, 1993 1a and 7b

JHUY761 MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 lys2Δ0/
lys2Δ0 met15Δ0/met15Δ0 trp1Δ63/trp1Δ63
ura3Δ0/ura3Δ0

Ma & Greider, 2009

YCC212, 213 JHUY761 BUR2/bur2Δ::LEU2 This study 1a

YCC221 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 bur2Δ::kanMX4 Winzeler et al., 1999 1a and 3

JHUY896 MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ LYS2/

lys2Δ0 met15Δ0/MET15 ura3Δ0/ura3Δ0 BUR1/

bur1–8::kanMX4

This study 1b

YCC294 MATa/MATa his3Δ1/his3Δ1 leu2Δ0/leu2Δ LYS2/

lys2Δ0 met15Δ0/MET15 ura3Δ0/ura3Δ0 BUR1/

bur1–8::kanMX4 SET2/set2Δ::LEU2

This study 1c

YCC241 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 bur1Δ::kanMX4

+ pRS426BUR1

This study 1d

EMHy201 (YCC237) MATa his3Δ200 leu2Δ1 lys2Δ0 met15Δ0 ura3–167
trp1Δ63 ade2::his hht1-hhf1hhf1::natMX hht2-hhf2::

hygMX4 RDN::mURA3/HIS3 + pBS4 (HHT2:K36A-

HHF2)

Gift, Hyland et al., 2005 1d

JHUY877 MATa-inc/MATα ade2-101/ade2-101 his3Δ200/
his3Δ200 lys2-801/lys2-801 trp1Δ63/trp1Δ63
ura3-52/ura3-52 leu2Δ1/leu2Δ1:LEU2-GAL-HO VII-

L::ADE2-TG(1-3)-HOsite-LYS2 rad52Δ::hphMX4/

RAD52

Ma & Greider, 2009

JHUY887 MATa-inc ade2-101 his3Δ200 lys2-801 trp1Δ63
ura3-52 leu2Δ1:LEU2-GAL-HO VII-L::ADE2-TG(1-3)-

HOsite-LYS2 rad52Δ::hphMX4

This study

YCC243 MATα his3Δ0 leu2Δ0 lys2Δ0 met15Δ0 bur1–8:KanMX This study

YCC265, 266 MATa-inc bur1–8:kanMX4 ade2-101 lys2-801 leu2 his3

ura3 trp1 leu2Δ1:GAL1-HO-LEU2 VII-L::ADE2-TG

(1-3)-HO SITE-LYS2 rad52Δ::hphMX4

This study 2a,b

YCC267 MATa-inc BUR1 ade2-101 lys2–801 leu2 his3 ura3 trp1

leu2Δ1:GAL1-HO-LEU2 VII-L::ADE2-TG(1-3)-HO SITE-

LYS2 rad52::hphMX4

This study 2a,b

YCC282 MATa-inc BUR1 ade2-101 lys2-801 leu2 his3 ura3 trp1

leu2Δ1:GAL1-HO-LEU2 VII-L::ADE2-TG(1-3)-HO SITE-

LYS2 rad52::hphMX4 set2Δ::URA3

This study 2c

YCC303, 304 MATa-inc bur1–8::kanMX4 ade2-101 lys2-801 leu2 his3

ura3 trp1 leu2Δ1:GAL1-HO-LEU2 VII-L::ADE2-TG

(1-3)-HO SITE-LYS2 rad52::hphMX4

This study 2c

YCC306 MATa-inc BUR1 ade2-101 lys2-801 leu2 his3 ura3 trp1

leu2Δ1:GAL1-HO-LEU2 VII-L::ADE2-TG(1-3)-HO SITE-

LYS2 rad52::hphMX4

This study 2c

YCC328 MATa his3Δ200 leu2Δ1 lys2Δ0 met15Δ0 trp1Δ63
ura3–167 ade2::hisG hht1-hhf1::natMX4

hht2-hhf2-HHTS-HHFS RDN1::Ty1-MET15 TelV::

ADE2

Gift, Hyland et al., 2005 2c

YCC336 MATa his3Δ200 leu2Δ1 lys2Δ0 met15Δ0 trp1Δ63

ura3–167 ade2::hisG hht1-hhf1::natMX4

hht2-hhf2-HHTS:K36A-HHFS RDN1::Ty1-MET15

TelV::ADE2

Gift, Hyland et al., 2005 2c

(Continues)
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TABLE 1 (Continued)

Strain ID Genotype Source Figure

YCC459, 460 MATa-inc/MATα ade2-101/ade2-101 his3Δ200/
his3Δ200 lys2-801/lys2-801 trp1Δ63/trp1Δ63
ura3-52/ura3-52 leu2Δ1/leu2Δ1:LEU2-GAL-HO VII-

L::ADE2-TG(1-3)-HOsite-LYS2 rad52Δ::hphMX4/

RAD52 BUR2/bur2Δ::kanMX4 SET2/set2Δ::URA3

This study

YCC468, 469 MATa-inc ade2-101 his3Δ200 lys2-801 trp1Δ63
ura3-52 leu2Δ1:LEU2-GAL-HO VII-L::ADE2-TG(1-3)-

HOsite-LYS2 rad52Δ::hphMX4 bur2Δ::kanMX4

set2Δ::URA3

This study 2d

YCC466 MATa-inc ade2-101 his3Δ200 lys2-801 trp1Δ63
ura3-52 leu2Δ1:LEU2-GAL-HO VII-L::ADE2-TG(1-3)-

HOsite-LYS2 rad52Δ::hphMX4 set2Δ::URA3

This study 2d

YCC379 MATa ura3Δ0 lys2Δ0 leu2Δ0 his3Δ1 set2Δ::kanMX4 This study 3

YCC380 MATα ura3Δ0 leu2Δ0 his3Δ1 set2Δ::kanMX4 bur1Δ::
LEU2

This study 3

YCC381 MATa ura3Δ0 leu2Δ0 his3Δ1 SET2 BUR1 This study 3

YCC498, 499, 500, 501 MATa-inc ade2-101 his3Δ200 lys2-801 trp1Δ63
ura3-52 leu2Δ1:LEU2-GAL-HO VII-L::ADE2-TG(1-3)-

HOsite-LYS2 rad52Δ::hphMX4 bur2Δ::kanMX4

set2Δ::URA3 (lost plasmid pGal1TLC1)

This study 4 and 5

YCC502, 503, 504, 505 MATa-inc ade2-101 his3Δ200 lys2-801 trp1Δ63
ura3-52 leu2Δ1:LEU2-GAL-HO VII-L::ADE2-TG(1-3)-

HOsite-LYS2 rad52Δ::hphMX4 bur2Δ::kanMX4

set2Δ::URA3 + pGal1TLC1

This study 4 and 5

YCC506, 507 MATa-inc ade2-101 his3Δ200 lys2-801 trp1Δ63
ura3-52 leu2Δ1:LEU2-GAL-HO VII-L::ADE2-TG(1-3)-

HOsite-LYS2 rad52Δ::hphMX4 BUR2 SET2 (lost

plasmid pGal1TLC1)

This study 4 and 5

YCC508, 509 MATa-inc ade2-101 his3Δ200 lys2-801 trp1Δ63
ura3-52 leu2Δ1:LEU2-GAL-HO VII-L::ADE2-TG(1-3)-

HOsite-LYS2 rad52Δ::hphMX4 BUR2 set2Δ::URA3
(lost plasmid pGal1TLC1)

This study 4 and 5

YCC510, 511 MATa-inc ade2-101 his3Δ200 lys2-801 trp1Δ63
ura3-52 leu2Δ1:LEU2-GAL-HO VII-L::ADE2-TG(1-3)-

HOsite-LYS2 rad52Δ::hphMX4 BUR2 SET2

+ pGal1TLC1

This study 4 and 5

YCC512, 513 MATa-inc ade2-101 his3Δ200 lys2-801 trp1Δ63
ura3-52 leu2Δ1:LEU2-GAL-HO VII-L::ADE2-TG(1-3)-

HOsite-LYS2 rad52Δ::hphMX4 BUR2 set2Δ::URA3
+ pGal1TLC1

This study 4 and 5

YCC562, 563 MATa/MATα his4-912δ/HIS4 his3Δ1/HIS3 lys2-128δ/

lys2Δ0 ura3-52/ura3Δ0 ade8/ADE8 suc2ΔUAS
(-1900/-390)/SUC2 bur1–1(ts)/BUR1

This study 6

YCC214, 215 JHUY761 TEL1/tel1Δ::hphMX4 MEC1/mec1Δ::kanMX

SML1/sml1Δ::TRP1 BUR2/bur2Δ::LEU2
This study 7a

YCC222, 223 JHUY761 MRE11/mrellΔ::kanMX4 BUR2/bur2Δ::LEU2 This study 7a

YCC226, 227 JHUY761 KU80/ku80Δ::kanMX4 BUR2/bur2Δ::LEU2 This study 7a,b

YCC228, 229 JHUY761 RIF1/rif1Δ::kanMX4 BUR2/bur2Δ::LEU2 This study 7a

YCC230, 231 JHUY761 TLC1/tlc1Δ::kanMX4 BUR2/bur2Δ::LEU2 This study 7a

YCC252 MATa/MATa his3Δ1/his3Δ1 leu2Δ0/leu2Δ LYS2/

lys2Δ0 met15Δ0/MET15 ura3Δ0/ura3Δ0 BUR1/

bur1–8::kanMX4 TLC1/tlc1Δ::LEU2

This study 8

BY4742 (YCC36) MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Brachmann et al., 1998 S1

YPH500 (YCC20) MATα ura3-52 lys2-801 ade2-101 his3Δ200 trp1Δ63
leu2Δ1

Sikorski & Hieter, 1989 S1
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2.2 | Telomere length screen in Saccharomyces
non-essential gene deletion collection

To minimize the generation of suppressors in the haploid yeast dele-

tion collection (Winzeler et al., 1999), we obtained a very early

passage of the entire collection. To further minimize any growth

advantage of revertants, strains were amplified by growing on yeast

extract-peptone-dextrose plates (YPD) directly from the 96-well for-

mat plates. Six strains were propagated on one YPD plate in single

strips. After overnight growth at 30�C, each strip of cells was scraped

into water and genomic DNA was prepared from each mutant, cut

with Xho1, and fractionated by 1% agarose electrophoresis as detailed

in Kaizer et al. (2015) and Ritchie et al. (1999). Southern blot telomere

length analysis was performed using a radiolabeled subtelomeric Y0

fragment and, in most cases, a radiolabeled 2-log ladder (NEB). Images

were captured on XAR-5 film (Kodak) or Storage Phosphor screens

(GE Healthcare). Bulk telomere lengths of the mutants were compared

to those of wild type. The telomere lengths in the mutants were cate-

gorized based on a 5-point scale as either very short, short, wild type,

long, or very long. Candidate genes were then re-tested by direct

transformation to delete a given gene in a wild-type diploid, and

tetrad analysis was performed to determine linkage. A germinated

spore from a tetrad was propagated by one passage in liquid culture

overnight for Southern blot analysis. Southern blots shown in this

study contain, in most cases, numbers on the y-axis that indicate the

sizes of the 2-log ladder in kilobases. The numbers on the x-axis

describe the lane for samples analyzed on an agarose gel.

2.3 | De novo telomere elongation assay

The de novo telomere elongation assay was performed as previously

described (Diede & Gottschling, 1999). During the assay, cells were

also collected for Southern, western, and qRT-PCR. For the bur1–8

experiments, the temperature was shifted when the cells were

resuspended in galactose at T = 0 h.

2.4 | Western blot analysis

Samples for western blot analysis were prepared and analyzed as

described (Kaizer et al., 2015). Inactivation of H3 K36 trimethylation

was monitored by immunoblot using the rabbit polyclonal antibody to

histone H3 (trimethyl K36) at 1:2000 dilution (Abcam ab9050). A

mouse monoclonal antibody to phosphoglycerate kinase (PGK1) at

1:10,000 dilution (Invitrogen, 459250) was used as a loading control.

TABLE 1 (Continued)

Strain ID Genotype Source Figure

W303 (OAy1003) MATα ade2–1 trp1–1 ura3–1 leu2–3,112 his3–11,15
can1–100 RAD5

Viggiani & Aparicio, 2006 S1

YCC205 MATa/MATα ura3Δ0/ura3Δ0 LYS2/lys2Δ0 his3Δ1/
his3Δ1 leu2Δ0/leu2Δ0 met15Δ0/MET15 TLC1/

tlc1Δ::kanMX

This study S2

JHUY895 MATa/MATα ura3Δ0/ura3Δ0 LYS2/lys2Δ0 his3Δ1/
his3Δ1 leu2Δ0/leu2Δ0 met15Δ0/MET15 BUR1/

bur1::kanMX

This study S3

TABLE 2 Plasmids used in this study

Plasmid name Brief description Source

pRS316 Control plasmid for

experiments

Sikorski &

Hieter, 1989

pBUR1 Contains BUR1 coding

region in pRS316

(GP111, JHU1169)

G. Prelich gift

pRS426BUR1 Contains BUR1 coding

region in pRS426

(JHU1171)

This study

pBUR1ΔC Contains BUR1 1–365aa

only in pRS316

(JHU1255)

This study

pBS4 (pH3:

K36A)

Plasmid in EMHy201

(HHT2:K36A HHF2/

TRP/CEN/ARS/AmpR)

Hyland et al.,

2005

pESC-TRP-

TLC1/HAT

EST2

Overexpression plasmid

containing TLC1 and

EST2 (JHU1054)

V. Zakian gift

pGal1TLC1 Overexpression plasmid

containing TLC1 derived

from pesc-TRP-TLC1/

HAT EST2 (JHU1238)

This study

SCR1/topo

PCR2.1

Control plasmid for SCR1

expression (BCC41)

This study

ARN1/topo

PCR2.1

Control plasmid for ARN1

expression (BCC43)

This study

pVL1091

(JHU995)

Control plasmid for EST1

expression (Cdc13-Est1

fusion/pRS415)

Evans &

Lundblad, 1999

pVL369

(JHU612)

Control plasmid for EST2

expression (2μ ADH-

EST2 integrating)

Lingner

et al., 1997

pAY30

(JHU1166)

Control plasmid for TLC1

expression

(pRS316 TLC1)

A. IJpma

collection
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Immunoblots were analyzed on an Odyssey Infrared Imaging System

(LI-COR Biosystems) using the quantification software provided. Band

intensity of the samples were normalized to the loading control and

expressed as a ratio of signal intensity.

2.5 | Quantitative PCR analysis

To determine mRNA levels, we used qRT-PCR. Total RNA was

extracted according to the protocol recommended by the RNeasy

TABLE 3 Primers used in this study

Primer ID 50-30 sequence Function Source

OCC8 CGAATATTTAGAGAGAATCCGTCAC A primer for YLR226W BUR2 Winzeler et al., 1999

OCC16 TCAGTTATGGCTGTAGGTATTCCAT B primer for YLR226W BUR2 Winzeler et al., 1999

OCC162 TTTTGAATCATATTGAAACAAGGGT C primer for YLR226W BUR2 Winzeler et al., 1999

OCC163 TCGAAAATATTATTGATGCTTGTGA D primer for YLR226W BUR2 Winzeler et al., 1999

OCC164 CGTAGTATTTTCGTTTAAAATATATTACAGTAAG

ATAATGAGATTGTACTGAGAGTGCAC

Upstream primer for KO of YLR226W BUR2 Winzeler et al., 1999

OCC165 CTGATCCCTCCAATTAAACATAACTTGTACTCTA

TTTTTACTGTGCGGTATTTCACACCG

Downstream primer for KO of YLR266W BUR2 Winzeler et al., 1999

OCC166 GACCTAGGTCTCATTGTGACT A1 primer for YLR226W BUR2, 170 bp from ATG This study

OCC167 AAGGTACTGTTGACTGCTAT D1 primer for YLR226W BUR2, 304 bp down

from TAA

This study

OCC176 GGTAGCAACTCTGATATTCCACTGT A confirmation primer for YPR161C BUR1,

258 bp up from ATG

Winzeler et al., 1999

OCC177 CTGTACACCCGTAAACTTTCTCACT B confirmation primer for YPR161C BUR1 Winzeler et al., 1999

OCC178 AGGAGTTAATAGATACGGACCCAAC C confirmation primer for YPR161C BUR1 Winzeler et al., 1999

OCC179 TTTTTGGCACTCTTTTAAATGGTAT D confirmation primer for YPR161C BUR1 Winzeler et al., 1999

OCC182 CAGATGCAGATCATTCTTCAGGAAT A1 confirmation primer for YPR161C BUR1 This study

OCC183 TTGAACCAGTGACTTAGCTGGGAGT D1 confirmation primer for YPR161C BUR1

426 bp down from TAA

This study

OCC224 GAGAAGAAGCTGACTTCGACTATTG A confirmation primer for YJL168C SET2 Winzeler et al., 1999

OCC174 TTCAGTATTTCTTTTTCATCTTCCG B confirmation primer for YJL168C SET2 Winzeler et al., 1999

OCC175 GCTAAAGACATCGTGAAAATCCTAA C confirmation primer for YJL168C SET2 Winzeler et al., 1999

OCC225 AAAAATAAAGACACTTGAAACGCAC D confirmation primer for YJL168C SET2 Winzeler et al., 1999

OCC228 GTGGGATGGGATACGTTGAG SCR1(pol lll transcript) forward primer.

Anneal to nt 20–39 (YM)

This study

OCC229 TTTACGACGGAGGAAAGACG SCR1(pol lll transcript) reverse primer.

Anneals to nt 144–163 (YM)

This study

OCC230 ACCGATCCTCTTCTCGACCT TLC1 forward primer. Anneals to nt 417–436 (YM) This study

OCC231 TAAACAGCGAACTCGTGCAA TLC1 reverse primer. Anneals to nt 516–535 (YM) This study

OCC232 GAGATGAACAACAGCGCAAA EST1_F forward primer (SVC) This study

OCC233 GAAACGCCATCTTTTTCTGG EST1_R reverse primer (SVC) This study

OCC234 AAAACTGGCTGACGATTTCC EST2_F forward primer (SVC) This study

OCC235 TTGGGAGCTTACGGCTAAAA EST2_R reverse primer (SVC) This study

OCC236 ATCATTGGCGATGCTGACTT EST3_F forward primer (SVC) This study

OCC237 CAAATATCGTGGCCTGGTTT EST3_R reverse primer (SVC) This study

OCC238 AATGGAGGGCCAGAAAGACT ARN_F forward primer (SVC) This study

OCC239 TCAAAAGGACACCAACGACA ARN_R reverse primer (SVC) This study

OCC248 TGACGGGCGAATTATACAAC EST2_F new forward primer This study

OCC249 ATTTTCCAAGCAGCGCCTTT EST2_R new reverse primer This study

OCC274 atccttggtttaaagaggactagGTTATACTATTCTCTCTTC

CTTTCTGGC

GP111fwd Gibson deletion of BUR1 for BUR1ΔC This study

0CC275 AGAGAGAATAGTAT

AACctagtcctctttaaaccaaggatggtgt

GP111rev Gibson deletion of BUR1 for BUR1ΔC This study
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Mini Kit (Qiagen, 74104) and quantitated using a NanoDrop ND-1000

Spectrophotometer. One microgram of RNA was reverse-transcribed

according to the protocol using a Superscript III First-Strand Synthesis

System for RT-PCR (Invitrogen, 18080-051). Transcript levels were

quantitated in triplicate with target gene-specific primer pairs using IQ

Cyber Green Supermix (Bio-Rad) and detected in a CFX96 RT-PCR

machine (Bio-Rad). Plasmids containing each target gene were serially

diluted as standard controls. CFX Manager Software (Bio-Rad) was

used to obtain the relative expression of the target gene normalized

to expression in wild type, and triplicate variation was quantified by

standard error of the mean (SEM). During the de novo telomere elon-

gation assay, samples of each strain were collected at the T = 0 h and

T = 4 h for RNA preparation.

2.6 | Detection of single-stranded DNA

We followed the modified protocol for in-gel native hybridization

documented by the Wellinger lab (Dionne & Wellinger, 1996). Single-

stranded DNA signals were detected on a Typhoon 9410 scanner

(GE Healthcare).

3 | RESULTS

3.1 | bur1 and bur2 mutants have short telomeres

To identify genes that regulate telomere length, we screened the yeast

deletion collection of �4800 non-essential genes (Winzeler et al., 1999)

using Southern blots to examine telomere length in individual knockout

strains. Other groups also employed a similar strategy to look at genome

wide regulators of telomere length and characterized a network of telo-

mere length regulators revealing mutants we also found (Askree

et al., 2004; Gatbonton et al., 2006; Ungar et al., 2009). However, in our

screen, we identified a novel mutant, bur2, that was not reported in the

other screens. bur2Δ cells are viable but grow very slowly (Yao

et al., 2000), and the deletion strain can quickly pick up suppressors,

which is likely why it was not identified in the other deletion collection

screens. Our Southern analysis utilized a very early replicate of this

collection that had not been grown extensively (a gift from J. Boeke), all-

owing us to avoid the overgrowth of suppressors (see Section 2).

To verify that bur2Δ mutants have short telomeres, we deleted

BUR2 in a diploid strain and sporulated it to obtain wild-type and bur2Δ

haploid strains. The bur2Δ strain grew very slowly compared to wild type

as expected. To examine telomere length in the mutant, we prepared

DNA from patches of cells made immediately after sporulation to avoid

enriching for suppressors. We found that bur2Δ cells have short telo-

meres compared to the isogenic wild-type cells from the same tetrad.

The original isolate from the deletion collection had even shorter telo-

meres, likely due to the increased number of cell divisions (Figure 1a).

Since Bur2 is the cyclin component of a Cdk/cyclin complex (Yao

et al., 2000), we wanted to test the role of its partner, Bur1, the catalytic

Cdk kinase, in telomere length regulation. BUR1 is an essential gene and

thus a knockout of this gene is not represented in the haploid deletion

collection (Winzeler et al., 1999). To examine telomere length in bur1

mutants, we obtained two temperature-sensitive alleles, bur1–1 and

bur1–8 (gift from G. Prelich; see Murray et al., 2001), and measured

telomere length by Southern blot. Both bur1–1 and bur1–8 showed

short telomeres, even when grown at the permissive temperature

(Figure 1a). Given the strong growth defect in bur1–1, it was difficult to

characterize this mutant and we chose to further characterize bur1–8

which had a less severe growth defect and would thus not pick up sup-

pressors as readily. To confirm that the short telomeres in the bur1–8

cells were due to the mutations in BUR1 and not a suppressor in this

strain, we introduced a plasmid expressing BUR1, pBUR1, and found

that this rescued the short telomere phenotype back to wild-type levels,

while the empty vector pRS316 did not (Figure 1b).

3.2 | Short telomeres in bur1 and bur2 are
independent of histone modification pathway

The Bur1/2 kinase complex plays several roles in transcriptional regu-

lation (Chu et al., 2006). One major role is regulation of histone H3

modification by Set2. BUR1 deletion lethality is suppressed by dele-

tion of the SET2 histone methyltransferase (Chu et al., 2006). SET2

deletion relieves the transcriptional repression caused by H3K36

trimethylation, thus allowing for growth in the absence of Bur1 kinase

activity. To determine whether telomere length changes were medi-

ated by this transcriptional repression pathway, we examined the

growth potential and telomere length in set2Δ and bur1–8 set2Δ dou-

ble mutants. SET2 deletion partially rescued the temperature-sensitive

growth defect of bur1–8 (Figure 1e) but did not rescue the short telo-

meres (Figure 1c), suggesting that the short telomeres in bur1–8 cells

are independent of the histone methylation pathway of Set2.

To further examine the role of histone methylation on the viabil-

ity of Bur1 mutants and on telomere length, we investigated a strain

expressing only a mutant version of H3, H3:K36A, which cannot be

methylated by Set2. Expression of this histone mutant has been

shown to rescue the growth of bur1Δ mutants (Chu et al., 2006). By

mating a bur1Δ haploid covered by pBUR1 to cells deleted for the H3

locus with a plasmid expressing H3:K36A (Dai et al., 2008), and

selecting diploids for dissection, we show expression of H3:K36A res-

cued lethality of bur1Δ, but these cells still showed short telomeres

(Figure 1d). The fact that rescuing the histone modification defects of

bur1Δ rescued growth but not telomere length further suggests that

the short telomeres in the bur1–8 cells are independent of changes in

H3K36me3 in transcriptional regulation.

3.3 | bur1 and bur2 mutants are defective in de
novo telomere elongation

To more directly examine the role of the Bur1/2 cyclin kinase complex

in telomere elongation, we use the de novo telomere elongation assay

(Diede & Gottschling, 1999). In this assay, a short telomere seed is
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exposed by cutting with a galactose inducible HO endonuclease, and

elongation of the seed sequence is followed over 7 h while cells are held

in nocodazole to allow S phase to finish but then block cell cycle pro-

gression into the next cell cycle. We grew two independent isolates of

bur1–8 at the permissive temperature, arrested them in nocodazole for

4 h, added galactose to induce HO cutting and kept half of the culture at

the permissive temperature while the other half was shifted to the

restrictive temperature of 38�C and time points were collected. The

bur1–8 mutants showed some telomere elongation at the permissive

temperature of 30�C (Figure 2a); however, at the restrictive temperature

of 38�C, elongation was abolished (Figure 2b). Telomere elongation was

seen in wild-type cells at both temperatures (Figure 2a,b). To verify that

bur1–8 function was compromised at the restrictive temperature, we

examined the H3K36 modification with a trimethylation-specific

F IGURE 1 Short telomeres in bur1 and bur2 mutants. (a) Southern blot analysis of telomeres from WT, bur2Δ, bur1–1, and bur1–8 mutants.
bur2Δ isolated from the haploid screen of yeast deletion mutants is indicated with an arrow (Lane 5), in addition two independent segregants of
bur2Δ haploids from BUR2/bur2Δ heterozygous diploids are shown (Lanes 3, 4). Telomere lengths of bur1–1 and bur1–8 temperature-sensitive
alleles of BUR1 grown at 25�C and 30�C, respectively, are shorter than WT (Lanes 7, 8 and 9, 10). (b) The short telomere length in bur1–8 is
rescued by a centric plasmid expressing BUR1 (Lanes 5, 6). (c) Telomere length in bur1–8 and bur1–8 set2Δ mutants is shorter than WT and set2Δ
(Lanes 5, 6). (d) Lethality of bur1Δ is rescued by a plasmid expressing histone mutant H3:K36A; however, telomere length is shorter than WT
(Lanes 3, 4, 5). (e) Growth rate of bur1–8, set2Δ, bur1–8 set2Δ mutants at permissive (25�C) and restrictive (37�C) temperature. Serial 10-fold
dilution of cells plated at different temperatures indicated bur1–8 set2Δ mutants grow better than bur1–8 mutants alone at 37�C
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antibody and found that trimethylation was compromised in this mutant

at 38�C (Figure 2c) as expected from previous work (Chu et al., 2006).

The specificity of the antibody was shown by the absence of the H3K36

trimethylation band in the set2Δ mutants and in cells expressing the

mutant H3:K36A, which cannot be methylated. These results indicate

that loss of Bur1 function, over the course of a 4-h temperature shift,

blocks telomere elongation.

Several studies suggested that temperature shifts can affect telo-

mere length (Paschini et al., 2012; Romano et al., 2013). To determine

whether temperature affected telomere length in our experiments, we

grew wild-type cells in liquid culture at 37�C by continuous passaging

over 4 days, collected cells each day for genomic DNA, and screened

for telomere length by Southern blot (see Section 2). Telomere short-

ening occurred with progressive growth at 37�C as previously

reported (Paschini et al., 2012; Romano et al., 2013). The degree of

shortening was remarkably strain dependent with large changes in

telomere length in the W303 strain which showed short telomeres

when grown at 37�C that were comparable in length to a Ku-deficient

strain (Figure S1). This suggests that telomere length changes using

temperature-sensitive alleles must be interpreted with caution.

To avoid these effects of temperature shifts on telomere length

(Paschini et al., 2012; Romano et al., 2013), we also examined the role

of the Bur1/2 kinase complex without using temperature shifts in the

de novo telomere elongation assay. We were unable to generate

bur1Δ set2Δ double mutants in this genetic background; thus, we gen-

erated BUR2/bur2Δ, SET2/set2Δ double heterozygous diploids and

analyzed fresh haploid spores to measure de novo telomere elonga-

tion. De novo telomere elongation was defective in two independent

isolates of bur2Δ set2Δ, but elongation was still seen in the set2Δ

mutant similar to wild-type cells (Figure 2d). These data provide fur-

ther evidence that the Bur1/2 cyclin-dependent kinase complex is

required for de novo telomere elongation.

3.4 | Bur1/2 kinase regulates the mRNA levels of
telomerase components

Telomere length is regulated in part by the very low expression levels

of the protein component, Telomerase Reverse Transcriptase (TERT),

or the RNA component (Cristofari & Lingner, 2006; Greider, 2006;

F IGURE 2 De novo telomere addition in bur1–8 and bur2Δ set2Δ mutants. (a) De novo telomere elongation assays were carried out for 0, 1,
3, 5, and 7 h after galactose induced cutting to expose a telomere seed. bur1–8 cells showed reduced elongation compared to WT cells at 30�C.
(b) De novo telomere elongation assays performed in bur1–8 cells at 38�C showed no elongation when compared to WT cells. (c) Temperature
sensitivity of histone trimethylation by western blot analysis of trimethylated H3:K36A in two independent bur1–8 mutants grown at permissive
(25�C) or restrictive (38�C) temperatures. The upper panel shows the PGK1 protein loading control; the lower panel shows a non-specific band
just above the trimethylated H3K36 band (arrow). The four lanes on the right serve as controls for the H3K36 antibody specificity. (d) De novo
telomere elongation assays performed in two independent bur2Δ set2Δ mutants compared to set2Δ alone
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Mozdy & Cech, 2006). Both TERT and the telomerase RNA are

haploinsufficient in human and mouse cells (Armanios et al., 2005; Hao

et al., 2005; Marrone et al., 2004; Strong et al., 2011). In yeast, muta-

tions in transcription factors, including the PAF complex, result in a

reduction in the levels of the telomerase RNA, TLC1, and telomere

shortening (Mozdy et al., 2008). Given that the Bur1/2 kinase complex

is also a transcriptional regulator, we wanted to determine whether

changes in the abundance of telomerase components were causing the

short telomeres in bur1 and bur2 mutants. Microarray experiments pre-

viously identified a large set of genes that are either upregulated or

downregulated in bur2Δ mutants (Laribee et al., 2005). In their study,

EST2 (yeast TERT component) showed a small increase in expression.

We examined the levels of mRNA for each of the four yeast telo-

merase components: EST1, EST2, EST3, and TLC1 by qRT-PCR (see

Section 2). As a control, we examined ARN1, which was previously

shown to be upregulated in a bur2Δ mutant (Laribee et al., 2005). RNA

was prepared from wild-type, bur2Δ, bur1Δ set2Δ, and set2Δ mutants

for qRT-PCR, and the relative mRNA levels were normalized to wild

type for each gene (Figure 3). The mRNA levels for EST1, EST2, and

EST3 were elevated in the bur2Δ mutant, and the mRNA levels of EST1

and EST2 were elevated in the bur1Δ set2Δ double mutant. In contrast,

TLC1 levels were significantly decreased in both bur2Δ and the bur1Δ

set2Δ mutants. These gene expression data indicate that transcription

of telomerase components is regulated by the Bur1/2 kinase complex,

and in particular, TLC1 expression levels are decreased.

3.5 | bur2Δ set2Δ mutants overexpressing TLC1
are still deficient in de novo telomere elongation

To examine whether deficient TLC1 levels were responsible for the

short telomeres in Bur1/2 kinase complex mutants, as seen previously

for the PAF complex mutations (Mozdy et al., 2008), we set out to

overexpress TLC1. We modified a plasmid in which TLC1 is driven by

the Gal promoter (Boule et al., 2005) and tested whether this construct,

pGalTLC1, could rescue a null mutant in TLC1. We transformed TLC1/

tlc1Δ heterozygous diploids with pGalTLC1, sporulated, and found that

pGalTLC1 rescued telomere shortening in tlc1Δ cells (Figure S2). We

next examined whether expression of pGalTLC1 could rescue de novo

telomere addition in the bur2Δ set2Δ mutants. Two independent

bur2Δ/BUR2, set2Δ/SET2 heterozygous diploids containing pGalTLC1

were sporulated to generate haploid bur2Δ set2Δ or set2Δ mutants,

and de novo telomere elongation assays were carried out. The cells

were first grown in raffinose minimal media without uracil to maintain

plasmid selection and with nocodazole to allow S phase progression

without allowing additional cell cycles. Galactose was added at time

zero to induce both the cleavage of the chromosome and TLC1 tran-

scription. No telomere elongation was seen in the two independent

bur2Δ set2Δ haploids, while elongation was seen in the isogenic wild-

type and set2Δ mutants (Figure 4a). qRT-PCR confirmed that Tlc1 RNA

was overexpressed in the bur2Δ set2Δ cells that contained the plasmid

(Figure 4b). These results indicate that the lack of telomere elongation

in the bur2Δ set2Δ strains is not due to low levels of Tlc1.

3.6 | bur2Δ set2Δ mutants overexpressing Tlc1
RNA have short telomeres

The lack of telomere elongation in the de novo assay suggests that

Bur1/2 regulates telomere elongation in vivo over a short time frame.

To determine whether overexpression of Tlc1 RNA would rescue telo-

mere length given multiple cell divisions, we examined endogenous

telomeres in cells expressing the pGalTLC1 construct for four succes-

sive passages. Overexpression of Tlc1 did not rescue the short telo-

mere phenotype of the bur2Δ set2Δ mutants (Figure 5). However, as

shown previously, long-term overexpression lead to some telomere

shortening, due to titration of the Ku proteins from telomeres

(Singer & Gottschling, 1994; Stellwagen et al., 2003). These data,

taken together with the absence of de novo telomere elongation, fur-

ther suggest that the low level of Tlc1 is not responsible for the short

telomeres in cells lacking Bur1/2 kinase complex activity.

3.7 | The C-terminal domain of Bur1 is not
necessary for telomere maintenance

The C-terminal domain of Bur1 was shown to interact with RPA and

play a role in the DNA damage response (Clausing et al., 2010). To

determine if the function of Bur1 at telomeres is mediated by this

RPA interaction, we generated a C-terminal truncation of Bur1 similar

F IGURE 3 Expression of telomerase components in Bur1/2
kinase mutant cells. Quantitative PCR (qRT-PCR) of telomerase
components EST1, 2, 3, and TLC1 and a control ARN1 were analyzed
in WT, bur2Δ, bur1Δ set2Δ, and set2Δ cells. Error bars represent SEM
(N = 3 technical replicates) [Colour figure can be viewed at
wileyonlinelibrary.com]
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to that used by Clausing et al. and asked whether it would rescue the

short telomeres in the bur1–1 mutant. A plasmid expressing full length

BUR1 rescued the short telomeres in the bur1–1 mutant (Figure 6), as

we saw previously (Figure 1a). In addition, the C-terminal truncation

of Bur1, BUR1ΔC (1–365aa), rescued telomere length to the same

extent as full length Bur1, indicating that the C-terminal region is not

required for telomere maintenance. pBUR1ΔC also rescued bur1Δ

lethality and did not change telomere length after four passages

(Figure S3).

3.8 | Epistasis analysis of BUR2 with genes
involved in telomere maintenance

To determine whether Bur1/2 activity plays a role in a known path-

way of telomere length regulation, we made double mutants of bur2Δ

with genes known to affect telomere length, including tel1Δ, mre11Δ,

rif1Δ, ku80Δ, and tlc1Δ (Figure 7a). All double mutants were con-

structed in a heterozygous diploid that was sporulated to generate

isogenic single and double mutant combinations. Both bur2Δ tel1Δ

and bur2Δ mre11Δ had telomeres that were shorter than either of the

mutants alone. This suggested that BUR2 functions in a pathway

separate from Tel1 and the MRX complex. rif1Δ mutants have signifi-

cantly longer telomeres than wild type (Hardy et al., 1992). The dou-

ble mutant bur2Δ rif1Δ had telomeres that were slightly shorter than

rif1Δ but still longer than wild type, indicating that deletion of bur2Δ

in a rif1Δ background partially blocks the excessive telomere elonga-

tion in this strain and that the two genes may be in different telomere

length regulation pathways. The bur2Δ yku80Δ double mutants had

shorter telomeres than both single mutants, suggesting that Bur2 is in

a different pathway than Ku. Consistent with this, we saw a synthetic

growth defect in the double mutants compared to either single

mutant. Only the double mutants of bur2Δ tlc1Δ showed no additional

shortening of telomeres compared to that seen in tlc1Δ, further

suggesting that the Bur1/2 kinase complex functions in the regulation

of telomerase.

Because yku80Δ mutants have excessive single-stranded DNA at

their telomeres, we examined bur1–8 and bur2Δ mutants on non-

denaturing Southern blots to look at single-stranded telomeric DNA.

yku80Δ mutants produced the expected signal in non-denaturing gels;

however, we did not detect single-stranded telomeric DNA in bur2Δ

or bur1–8 and bur1–1 at either 25�C or 30�C (Figure 7b). We con-

clude that the Bur1/2 kinase complex does not regulate telomere

integrity in the same pathway as Ku.

F IGURE 4 Overexpression of Tlc1 does not rescue de novo telomere elongation. (a) De novo telomere elongation in bur2Δ set2Δ cells with
or without pGalTLC1. Two independent isolates of bur2Δ set2Δ were examined and compared to WT cells or set2Δ mutants alone. (b) qRT-PCR
of EST1, 2, 3, and TLC1 and the control ARN1 from RNA isolated during the de novo elongation assay at T = 4 h shown in part (a). Tlc1 is the only
component downregulated in bur2Δ set2Δ cells, and the levels are increased over 10-fold in cells containing the pGalTLC1 plasmid. Error bars
represent SEM (N = 3 technical replicates [Colour figure can be viewed at wileyonlinelibrary.com]
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3.9 | bur1–8 mutants block telomeric
recombination in tlc1Δ survivors

To further study the interaction of Bur1/2 and telomerase, we exam-

ined the progressive telomere shortening in bur1–8 tlc1Δ cells pas-

saged for successive days in liquid culture. The initial generation of a

haploid bur1–8 tlc1Δ from a heterozygous diploid showed telomere

lengths similar to tlc1Δ. When telomerase mutants are grown for 6 or

more days in culture, progressive telomere shortening occurs, and ulti-

mately, survivors arise via a Rad52-mediated recombination process

(Lundblad & Blackburn, 1993). We followed telomere length during

progressive days of growth in bur1–8 tlc1Δ double mutants. With pro-

gressive growth, the rate of telomere shortening was similar in bur1–8

tlc1Δ double mutants and tlc1Δ mutants grown at semi-permissive

temperatures of 30�C or 34�C. However, while the tlc1Δ cells showed

evidence of telomere recombination after 6 and 7 days in culture,

strikingly, the bur1–8 tlc1Δ mutants showed no telomere recombina-

tion (Figure 8). Previous work linked RAD52 and DNA damage

response with Bur1/2 (Clausing et al., 2010), and Bur1/2 regulation of

histone ubiquitination has been shown to regulate recombination

(Uckelmann & Sixma, 2017). Our data further indicate that Bur1/2 is

required for generation of survivors in telomerase mutants through

telomere recombination.

4 | DISCUSSION

The Bur1/2 kinase complex is well characterized for its multiple roles

in regulating transcriptional elongation (Qiu et al., 2012). Besides reg-

ulating trimethylation of H3K36 through Set2, this kinase complex

also phosphorylates the CTD of RNA polymerase II and directly phos-

phorylates the transcriptional regulator Spt5. Recent studies suggest

that there are also other targets of the kinase (Qiu et al., 2012). Here,

we describe a role for the Bur1/2 kinase complex in the regulation of

telomere elongation.

F IGURE 5 Overexpression of Tlc1 does not rescue telomere
length in bur1Δ set2Δ cells. Telomere length was not increased by
pGalTlc1 overexpression in bur1Δ set2Δ cells (Lanes 10, 11, 12, 13).
Two of the haploids from independent diploid dissections are the
same strains used for de novo telomere addition in Figure 4. The
other two haploids are isogenic from the same dissections. These
selectively grown haploids were propagated after the second passage
in CAA media containing galactose and no tryptophan for plasmid
selection. Cultures were harvested after two additional passages for
analysis, for a total of four passages. Shortening in cells containing the
overexpressed Tlc1 RNA is most likely due to titration of the Ku
proteins from telomeres

F IGURE 6 Telomere length is rescued by pBUR1ΔC in bur1–1
cells. The short telomere length phenotype in the bur1–1 mutants was
rescued by plasmids expressing full length BUR1 (Lanes 14–17) and
truncated BUR1ΔC (Lanes 7–10) as compared to vector alone
(pRS316, Lanes 3–5 and 19–21). These haploids were only passaged
once before growth for Southern analysis and may explain why there
is a slight shortening of the telomere length in bur1–1 with both BUR
clones
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4.1 | The Bur1/2 kinase complex regulates
telomere elongation

We found that bur1 and bur2 mutants have short telomeres and fail

to elongate telomeres in a short-term de novo telomere elongation

assay. While several components of telomerase are transcriptionally

regulated by Bur1/2, only Tlc1 showed decreased expression in the

bur1 or bur2 mutants. Overexpression of Tlc1 in bur1 and bur2

mutants did not rescue the short telomeres or the telomere elonga-

tion defect.

Several different approaches suggest that the Bur1/2 kinase

complex may play a role in telomere elongation that is separate from

its role in transcriptional regulation. First, while deletion of SET2

rescues the growth defect of both bur1 and bur2 mutants, it did not

rescue the telomere length defects. Second, while Tlc1 mRNA levels

were reduced in the absence of bur1 and bur2, reintroduction of Tlc1

did not rescue the telomere length phenotype. This is in contrast to

what has been found for mutations in the PAF transcription factor

components, where reintroduction of Tlc1 did rescue the short telo-

meres (Mozdy et al., 2008). Third, telomere elongation in the de novo

telomere length assay was blocked in both bur1–8 and bur2Δ set2Δ

mutants even when Tlc1 RNA was overexpressed. This loss of telo-

mere elongation during a single cell cycle suggests a critical role of the

Bur1/2 kinase in telomere elongation.

4.2 | Epistasis analysis suggests Bur1/2 regulates
telomerase activity

To understand what role the Bur1/2 kinase complex might play in

telomere function, we generated a series of double mutants to exam-

ine epistasis. Tel1 and the MRX complex are known to be in the same

pathway of telomere length maintenance (Ritchie & Petes, 2000).

Consistent with this, both bur2Δ tel1Δ and bur2Δ mre11Δ double

mutants had shorter telomeres than bur2Δ, suggesting that Bur2 may

be in a different pathway than Tel1 and the MRX complex. The double

mutant bur2Δ yku80Δ also had shorter telomeres than either single

mutant alone, again suggesting that the Bur1/2 kinase complex is in a

different pathway than Ku at telomeres. The long telomeres in a rif1Δ

mutant were shorter in bur2Δ rif1Δ double mutant but were still

F IGURE 7 Epistasis analysis of bur2Δ mutants. (a) Telomere lengths of single and double mutant haploid spores were compared by Southern
blot analysis. Heterozygous diploids were generated as double mutants with bur2Δ and several genes that affect different pathways of telomere
maintenance including tel1Δ (Lanes 7, 8), mre11Δ (Lanes 11, 12), yku80Δ (Lanes 15, 16), rif1Δ (Lanes 19, 20), and tlc1Δ (Lanes 23, 24). In this
Southern, as compared to the others in this study using detection of the Y0 region, the telomere G1-3T repeats are detected using a poly GT
probe. (b) Non-denaturing in-gel hybridization to examine single-stranded DNA at telomeres. yku80Δ was used as a control to verify single-
stranded telomeric DNA (Lanes 6, 7, 15). Neither bur2Δ, bur1–1, nor bur1–8 showed evidence of increased single-stranded DNA. Note: A
radiolabeled DNA ladder was not included with the probe in the hybridization mix
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longer than wild type, suggesting the activity of the Bur1/2 kinase

complex may be partially required for excessive elongation of rif1Δ at

telomeres; however, other pathways also play a role. The telomere

length of bur2Δ tlc1Δ double mutants was very similar to tlc1Δ alone,

which suggests that the Bur1/2 kinase complex affects telomere

length through telomerase activity. However, the lack of rescue of

telomere length in strains overexpressing Tlc1 suggests that it is

unlikely the transcriptional effect of bur1 on Tlc1 that meditates this

effect.

There are several models for how Bur1/2 may regulate telomere

length. One model suggests that the effects may be mediated through

telomeric chromatin since Bur1/2 regulates histone modification.

However, loss of SET2 did not rescue telomere length, and therefore,

if there is a chromatin effect, it does not act through H3K36

trimethylation. A second model is that Bur1/2 directly phosphorylates

a protein involved in telomere homeostasis. Our epistasis analysis sug-

gests that the most likely target would be one of the telomerase pro-

tein components because the telomere lengths of the double and

single mutants were similar. We cannot rule out the possibility that

the Bur1/2 short telomere phenotype is due to transcriptional regula-

tion of genes other than the telomerase components.

4.3 | Bur1/2 regulates telomere recombination
and the generation of survivors

The lack of survivors in bur2Δ tlc1Δ double mutants suggests a role

for the Bur1/2 kinase complex in the break induced replication that

elongates telomeres (Bosco & Haber, 1998). The Bur1 human homo-

log, Cdk9, is required for recruitment of BRCA1 and BARD1 to

double-strand breaks to regulate homologous recombination

(Nepomuceno et al., 2017). In yeast, Bur1 regulates the mono-

ubiquitination of histone H2B (Wood et al., 2005), which in turn

regulates homologous recombination (Uckelmann & Sixma, 2017). The

absence of survivors in bur2Δ tlc1Δ double mutants are very similar to

what is seen in a tel1Δ mec1Δ double mutant, in which telomeres

shorten and are maintained as short, but survivors are not generated

(Ma & Greider, 2009). Strikingly, human ATM also regulates histone

H2B monoubiquitination (Moyal et al., 2011), suggesting a common

pathway of chromatin modification by which both the Bur1and Tel1/

Mec1 kinases mediate telomere recombination and generate survivors

in tlc1Δ yeast. Determining the mechanism of Bur1/2 on telomeres

will be important for understanding telomere homeostasis.
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