
Report
The LKB1-like Kinase Elm
1 Controls Septin
Hourglass Assembly and Stability by Regulating
Filament Pairing
Graphical Abstract
1

Elm1
(LKB1-like

kinase)

Longitudinal
Septin Filament

PairingNascent
Septin Ring

Circumferential Single
Septin Filaments

2

3

4

elm1∆

DisorganizationEarly Septin
Hourglass

Transitional
Septin Hourglass

Septin Double Ring during Cytokinesis

Actomyosin Ring
Primary Septum

Unpaired
Septin Filaments

Longitudinal Paired
Septin Filaments
Highlights
d Elm1 is specifically associated with the septin hourglass at

the division site

d Deletion of ELM1 causes filament unpairing in septin

hourglass

d Elm1 controls septin hourglass assembly and stability via

Bni5 and other targets

d Elm1 and Shs1 affect cytokinesis via their roles in septin

assembly and remodeling
Marquardt et al., 2020, Current Biology 30, 2386–2394
June 22, 2020 ª 2020 Elsevier Inc.
https://doi.org/10.1016/j.cub.2020.04.035
Authors

Joseph Marquardt, Lin-Lin Yao,

Hiroki Okada, Tatyana Svitkina, Erfei Bi

Correspondence
ebi@pennmedicine.upenn.edu

In Brief

Protein kinases are known to regulate

septin functions, but their effect on septin

architecture at the filament level remains

unknown. Marquardt et al. show that the

LKB1-like kinase Elm1 in budding yeast

controls septin hourglass assembly and

stability at the cell division site by

regulating filament pairing via Bni5 and

other targets.
ll

mailto:ebi@pennmedicine.upenn.edu
https://doi.org/10.1016/j.cub.2020.04.035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2020.04.035&domain=pdf


ll
Report

The LKB1-like Kinase Elm1 Controls
Septin Hourglass Assembly and Stability
by Regulating Filament Pairing
Joseph Marquardt,1 Lin-Lin Yao,1,2 Hiroki Okada,1 Tatyana Svitkina,3 and Erfei Bi1,4,*
1Department of Cell and Developmental Biology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA 19104-6058,

USA
2Group of Cell Motility and Muscle Contraction, State Key Laboratory of Integrated Management of Pest Insects and Rodents, Institute of

Zoology, Chinese Academy of Sciences, Beijing 100101, China
3Department of Biology, University of Pennsylvania, Philadelphia, PA 19104, USA
4Lead Contact

*Correspondence: ebi@pennmedicine.upenn.edu

https://doi.org/10.1016/j.cub.2020.04.035
SUMMARY
Septins form rod-shaped hetero-oligomeric complexes that assemble into filaments and other higher-order
structures, such as rings or hourglasses, at the cell division site in fungal and animal cells [1–4] to carry out a
wide range of functions, including cytokinesis and cell morphogenesis. However, the architecture of septin
higher-order assemblies and their control mechanisms, including regulation by conserved kinases [5, 6],
remain largely unknown. In the budding yeast Saccharomyces cerevisiae, the five mitotic septins (Cdc3,
Cdc10, Cdc11, Cdc12, and Shs1) localize to the bud neck and form an hourglass before cytokinesis that
acts as a scaffold for proteins involved in multiple processes as well as a membrane-diffusible barrier be-
tween the mother and developing bud [7–9]. The hourglass is remodeled into a double ring that sandwiches
the actomyosin ring at the onset of cytokinesis [10–13]. How septins are assembled into a highly ordered
hourglass structure at the division site [13] is largely unexplored. Here we show that the LKB1-like kinase
Elm1, which has been implicated in septin organization [14], cell morphogenesis [15], and mitotic exit [16,
17], specifically associates with the septin hourglass during the cell cycle and controls hourglass assembly
and stability, especially for the daughter half, by regulating filament pairing and the functionality of its sub-
strate, the septin-binding protein Bni5. This study illustrates how a protein kinase regulates septin architec-
ture at the filament level and suggests that filament pairing is a highly regulated process during septin assem-
bly and remodeling in vivo.
RESULTS AND DISCUSSION

Elm1 Preferentially Stabilizes the Daughter Half of the
Septin Hourglass at the Cell Division Site before
Cytokinesis
Protein kinases regulate septin functions in many different set-

tings. For example, protein kinase A phosphorylates SEPT12

to control septin ring assembly at the annulus of spermatozoa

[6, 18]. A number of protein kinases also regulate septin

organization at the cell division site (i.e., the bud neck) in budding

yeast [5]. However, their precise effect on septin architecture at

the filament level remains virtually unknown.

Loss of the LKB1-like kinase Elm1 causes drastic mislocaliza-

tion of septins (Cdc3-GFP) to the growing bud tip in nearly

100% of the cells (Figure S1A) [14]. Using time-lapse analysis,

we found that assembly of the nascent septin ring prior to bud

emergence was largely unperturbed in elm1D cells (Figures 1A

and 1B). Strikingly, a subset of neck-localized septins began

to migrate into the cortex of a growing bud approximately

12–15 min after bud emergence (Figures 1A and 1B; Video S1),
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suggesting that the septin hourglass becomes unstable at a

specific point in the cell cycle. Kymograph analysis suggested

that the daughter half of the hourglass appeared to be preferen-

tially delocalized in elm1D cells (Figure S1B). In support of this

conclusion, we found that 82% of Bni4, which normally localizes

to the mother side of the septin hourglass [19, 20], was retained

at the bud neck in elm1D cells (Figures 1C and 1D). In contrast,

Kcc4 and Hsl1, which are normally associated with the daughter

side of the hourglass [21, 22], fully migrated to the bud tip of

elm1D cells (Figures 1C, 1D, S1C, and S1D). These data,

together with the observation that Elm1 associated exclusively

with the septin hourglass (Figure 1E), suggest that Elm1 plays

a critical role in regulating septin hourglass assembly and/or

stability.

To address why the septin hourglass is preferentially lost

at the daughter side in elm1D cells, we hypothesized that

membrane-associated proteins, which normally localize to the

mother side of the hourglass, may stabilize the remaining septins

at the bud neck. Deletion of the coding sequence for such a

candidate protein in combination with elm1D would result in
Inc.
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Figure 1. Elm1 Stabilizes the Daughter Half of the Septin Hourglass

(A) Montages of representative cells of WT (YEF8102) and elm1D (YEF8393) strains showing maximum-intensity projections of Cdc3-GFP from 20 min before to

40min after bud emergence with selected frames from time-lapse series taken with a 2-min interval. For this and all subsequent montages, the mother (M) side is

to the left and the daughter (D) side is to the right. T (time) = 0 is bud emergence unless indicated otherwise. Scale bar, 1 mm. See also Figure S1 and Video S1.

(B) Quantification of the cells in (A). Shown is background (outside the cell)-subtracted intensity of Cdc3-GFP from the sum projection of a given number of cells

for each strain. The mean is plotted, with error bars being standard deviation. a.u., arbitrary units.

(legend continued on next page)
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complete loss of septins at the bud neck. Among all candidate

proteins (Syp1, Bud3, Bud4, Bni4, and Hof1) [23–25], we found

that only the F-BAR protein Hof1 yielded the expected results.

Remarkably, holf1D was synthetically sick with elm1D (Fig-

ure 1F), and the double-mutant cells formed extensive branched

chains and elongated buds, indicative of defects in cytokinesis

and morphogenesis (Figure 1G). Time-lapse analysis indicated

that the double mutant differs from the elm1D single mutant in

at least two septin hourglass-related phenotypes: (1) the entire

septin hourglass was destabilized and moved toward the bud

tip in 49% (n = 35) cells, which never happened in the elm1D

single mutant (Figure 1H), and (2) the amount of septins retained

at the bud neck appeared to correlate positively with the positiv-

ity of the membrane curvature (Figure 1G, arrowheads). These

data imply that the entire septin hourglass is rendered unstable

by deletion of ELM1 but that the mother side of the defective

hourglass is selectively retained by Hof1, leading to daughter

side-specific migration of the hourglass into the bud tip. Thus,

Hof1 plays a critical role in asymmetric stabilization of the

septin hourglass before cytokinesis by anchoring septins to the

membrane or by maintaining membrane curvature.

Surprisingly, bud tip localization of septins persisted in elm1D

cells until after onset of anaphase and completely disappeared

by the end of anaphase, as judged by mitotic spindle geometry

(Figure S1E). Importantly, the fluorescence intensity of neck-

localized septins increased concurrently with disappearance of

the cortical septin signal (Figure S1E; Video S1). This suggests

the existence of a mechanism for septin retention at the

bud tip before anaphase as well as a mechanism for releasing

septins from the bud tip and allowing them to be re-assembled

at the bud neck prior to cytokinesis.

Elm1 Controls Septin Hourglass Stability via Kinase-
Dependent and -Independent Mechanisms
The kinase activity of Elm1 is essential for its substrate Hsl1

and Kin4-mediated roles in the morphogenesis and spindle-

positioning checkpoint, respectively [16, 17, 26]. To determine

whether the kinase activity of Elm1 is also required for septin

hourglass stability, we replaced the endogenous gene with a

kinase-dead (KD) allele of ELM1, elm1K117R (hereafter referred

to as Elm1KD) [27]. Surprisingly, only �70% of elm1KD cells

showed an elongated bud morphology accompanied by
(C) Montages of representative cells of WT and elm1D strains showing maximum-

40 min after bud emergence with selected frames from time-lapse series taken wi

mCherry), YEF8914 (elm1D BNI4-GFP CDC3-mCherry), YEF8818 (WT KCC4-GF

bars, 1 mm. See also Figure S1.

(D) Quantification of the cells in (C). Shown is the cytoplasmic subtracted intensity

maximum value measured in a given number of cells for each strain. The mean i

(E) Representative images taken from a time-lapse of strain YEF9305, showing

(Cdc3-mCherry, magenta). The gray dotted line indicates the cell periphery. Sca

(F) Growth assay of strains YEF10334 (hof1D pRS316-HOF1), YEF10356 (elm1D

URA (left) or SC+5-FOA (right) to select for loss of the cover plasmid pRS316-HO

(G) Representative images of the elm1D hof1D strain grown in YM-1, with CDC3-

YEF10364 were pre-grown on SC+5-FOA plates to select for loss of the cover

indicate septins retained on the membrane with positive curvature. Scale bar, 5

(H) Montages of representative cells of the indicated strains grown in YM-1, with

Strains were pre-grown on SC+5-FOA plates to select for loss of the cover plasm

(hof1D), YEF10356 (elm1D), and YEF10364 (elm1D hof1D). The images show

Scale bars, 3 mm.
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mislocalized septins at the bud tip (Figure S2A, yellow arrows).

In the remaining 30% of cells, the bud was round with normal

septin localization (Figure S2A, yellow arrowheads). These

data suggest that Elm1 may have kinase-dependent and ki-

nase-independent roles in septin organization.

Elm1KD exhibits impaired bud neck localization [28]. We

confirmed this observation by using a strain carrying GFP-

or mApple-tagged elm1KD. Elm1KD was greatly diminished

from the bud neck throughout the cell cycle in 100% of elon-

gated cells (Figure S2B) but showed a stronger signal in the

remaining round cells (Figure 2A, yellow arrow). To test the

possibility that the mutant phenotype may be due to lack of

localization, we artificially tethered Elm1KD to the bud neck

using the GFP-nanobody/binding peptide (GBP) system

[29, 30]. Tagging elm1KD with mApple-GBP at its C terminus

in cells expressing a GFP-tagged core septin (Cdc3 or

Cdc10) led to partial suppression of the elongated bud and

septin delocalization phenotypes (Figure S2C). Tethering

Elm1KD to either terminal septin subunit (Cdc11 or Shs1) led

to even better rescue (Figures 2A, 2B, and S2C). The pattern

of rescue was similar in an alternative forced targeting

experiment in which we used an analog-sensitive (AS) allele

of ELM1 (elm1AS) [31] to inhibit kinase activity (Figure S2D).

Together, these results demonstrate that the major function

of the kinase activity is to target Elm1 to the appropriate

position on the septin hourglass. Elm1 can then carry out

its role in septin organization largely independent of robust

kinase activity. When we repeated the experiment using

an N-terminal construct (amino acids [aa] 1–420, known to

be cytoplasmic on its own [17]), only the kinase-active

Elm11–420 tethered to the septins (via subunit Shs1) was able

to rescue the elm1D phenotypes, whereas the KD Elm11–420
did not exhibit any rescue (Figures S2E and S2F). These re-

sults suggest that Elm1 must have substrates at the bud

neck that control septin organization and that the last 220

aa are required for a kinase-independent role in septin

organization.

The tethering experiments with Elm1KD (Figure 2B) or Elm1AS

(Figure S2D) suggest a correlation between the distance to the

terminal subunit in a septin complex (Cdc11-Cdc12-Cdc3-

Cdc10-Cdc10-Cdc3-Cdc12-Cdc11 or Shs1-Cdc12-Cdc3-

Cdc10-Cdc10-Cdc3-Cdc12-Shs1) and rescue capacity. The
intensity projections of the indicated fluorescent protein from 12 min before to

th a 2-min interval. Strains used are as follows: YEF8817 (WT BNI4-GFP CDC3-

P CDC3-mCherry), and YEF8915 (elm1D KCC4-GFP CDC3-mCherry). Scale

of the indicated fluorescent protein from the sum projection normalized to the

s plotted, with error bars being standard deviation.

Elm1-GFP localization (green) in relation to septin structures at the bud neck

le bar, 2 mm.

pRS316-HOF1), and YEF10364 (elm1D hof1D pRS316-HOF1) grown on SC-

F1. Plates were grown for 10 days at 25�C.
GFP (septin) shown in green and mRuby2-TUB1 (tubulin) in magenta. Cells of

plasmid pRS316-HOF1. The image shows maximum projection. Arrowheads

mm.

CDC3-GFP (septin) shown in green and mRuby2-TUB1 (tubulin) in magenta.

id pRS316-HOF1. Strains used are as follows from top to bottom: YEF10334

maximum projections. The gray dotted line indicates the cell periphery.
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Figure 2. The Kinase Activity and Neck

Localization of Elm1 Are Critical for Its Sep-

tin Function

(A) Representative images of the indicated strains

with Elm1KD-mApple-GBP tethered to various

GFP-tagged proteins. Strains used are as follows

from top to bottom: YEF9335 (no GFP), YEF9362

(SHS1-GFP), and YEF9370 (MYO1-GFP). The im-

ages show maximum projections. The yellow ar-

row indicates a round cell with Elm1KD-mApple-

GBP present at the bud neck. The dotted line in-

dicates the cell periphery. Scale bars, 5 mm. See

also Figure S2.

(B) Quantification of the ratio of round cells in

strains used in (A) and Figure S2C. Plotted is the

average of 3 independent experiments of more

than 100 cells. Error bars indicate standard devi-

ation. See also Figure S2.

(C) Representative images of the indicated bni5D

strains with Elm1KD-mApple-GBP tethered to

various GFP-tagged proteins. Strains used are as

follows from top to bottom: YEF9594 (no GFP),

YEF9645 (SHS1-GFP), and YEF9646 (MYO1-

GFP). The images show maximum projections.

The dotted line indicates the cell periphery. Scale

bars, 5 mm. See also Figure S2.

(D) Quantification of the ratio of round cells in

strains used in (C) and Figure S2G. Plotted is the

average of 3 independent experiments of more

than 100 cells. Error bars indicate standard devi-

ation. See also Figure S2.

(E) Left: SDS-PAGE stained with Coomassie Blue,

depicting the amounts of each indicated purified

protein used as input for the in vitro binding assay.

Center and right: in vitro binding assay results for

the indicated GST-tagged proteins bound to

glutathione resin (Coomassie Blue-stained,

center) and their ability to pull down His-SUMO

or His-SUMO-Bni5 (immunoblotted with antibody against hexa-His, right). Yellow boxes indicate purified GST-tagged protein. This experiment was repeated 4

times, with consistent interaction detected for the full-length Elm1, weak interaction for its C-terminal fragment, and weak or no interaction for its N-terminal

fragment.
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terminal subunits Cdc11 and Shs1 bind to Bni5 [32, 33], which, in

turn, localizes the myosin-II heavy chain Myo1 to the bud neck

from bud emergence to onset of cytokinesis [34]. Strikingly,

N-terminally GFP-tagged Bni5 expressed from its native pro-

moter at its endogenous locus (GFP-Bni5) and Myo1-GFP fully

rescued the mApple-GBP-tagged elm1KD or elm1AS phenotype

better than any septin subunit (Figures 2A, 2B, S2C, and S2D),

but Myo1-GFP still failed to rescue the phenotypes associated

with the elm1 KD
1-420 allele (Figures S2E and S2F). These data

suggest that the kinase activity and the C-terminal non-kinase

domain of Elm1 may act in parallel to control septin organization

most effectively at the terminal septin subunits.

Bni5 Becomes Essential for Septin Hourglass Stability in
Cells with No Active Elm1 Kinase
Bni5 could mediate the kinase-dependent and/or -independent

role of Elm1 in septin organization at the terminal septin

subunits because Bni5 is a potential substrate of Elm1 and

may interact with the non-kinase domain [35], which has

been shown to be critical for its kinase-independent role in

septin organization (Figures S2E and S2F). Bni5 also crosslinks

paired septin filaments into closer proximity in vitro by
interacting with the terminal septin subunits [32, 33, 35, 36].

To test this possibility, we deleted BNI5 in cells expressing

full-length Elm1KD. Strikingly, deletion of BNI5 in elm1KD cells

worsened the morphological phenotype and largely abolished

rescue of the elm1KD-GBP phenotypes by GFP-tagged

CDC3, CDC10, CDC11 (Figures S2G and 2D), SHS1, and

MYO1 (Figures 2C and 2D). These data suggest that septin-

tethered Elm1KD may act through or in parallel with Bni5 to con-

trol septin organization. To distinguish these possibilities, we

found that bacterially expressed full-length Elm1 and Bni5 in-

teracted directly in vitro and that this interaction requires its

non-kinase C-terminal domain (Figure 2E). In addition, Elm1,

but not Elm1KD, displayed Bni5-dependent conversion of large

septin filament clusters into shorter filaments, suggesting that

Elm1 may regulate Bni5 function through its kinase activity

[35]. Collectively, these observations suggest that Elm1 could

regulate septin organization through its non-kinase domain-

mediated binding as well as phosphorylation of Bni5. Because

elm1D and elm1KD cells displaymuch stronger defects in septin

organization and cell morphogenesis than bni5D cells [36],

Elm1 must control septin organization through additional

binding partners and/or kinase targets besides Bni5.
Current Biology 30, 2386–2394, June 22, 2020 2389
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Figure 3. Elm1 Controls Paired Filament Formation in the Septin Hourglass

(A) Representative images of cells at 2.5-h a factor arrest and after 1.5-h release for WT (YEF9333) and elm1D (YEF9341), with Cdc3-GFP shown in green. Scale

bars, 5 mm.

(B) Representative image of a PREM-processed sample of WT (YEF9327) and elm1D (YEF9334) after a factor arrest/release. The inset on the right shows the area

in the yellow square. In the inset, paired filaments are pseudo-colored green, and single filaments are pseudo-colored orange. Scale bar in large image, 200 nm;

inset = 50 nm. See also Figure S3.

(C) Distribution of filament width (in nanometers) from structures derived fromWT or elm1D cells. 250 filaments were measured from each strain from a minimum

of 6 structures processed from at least two different trials; p = 1.29 3 10�20. See also Figure S3. The p value is from an unpaired Student’s t test of width

measurements from a given number of septin filaments from structures from WT and elm1D cells.

(D) Representative images of the indicated strains, with Cdc10-mApple (top row) and Cdc10-mApple-GBP (bottom row) shown in magenta and Cdc10-GFP,

which is expressed exogenously from a CEN plasmid, in green. Strains used are as follows: YEF10352 (elm1D CDC10-mApple no GFP), YEF10358 (elm1D

CDC10-mApple CDC10-GFP), YEF10357 (ELM1 CDC10-mApple CDC10-GFP), YEF10279 (elm1D CDC10-mApple-GBP no GFP), YEF10295 (elm1D CDC10-

mApple-GBP CDC10-GFP), and YEF10294 (ELM1 CDC10-mApple-GBP CDC10-GFP). The images show maximum projections. The yellow arrow indicates a

septin ring from a previous cell cycle. The dotted line indicates the cell periphery. Scale bars, 5 mm.

(E) Quantification of the ratio of round cells with no cortical septins in strains used in (D). Plotted is the average of 3 independent experiments of more than 100

cells. Error bars indicate standard deviation. *p < 0.05 by unpaired Student’s t test between the indicated values.
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Loss of Elm1 Causes Filament Unpairing in the Septin
Hourglass
To understand how Elm1 regulates septin hourglass stability at

the filament level, we compared the septin hourglass architec-

ture in WT and elm1D cells using platinum replica electron

microscopy (PREM) [13, 37]. In cells synchronized at the small-

budded stage by a factor arrest and release, the early septin

hourglass, as indicated by Cdc3-GFP, was apparent as a thick

band of fluorescence at the bud neck in WT cells, whereas the

fluorescence signal was split between the bud neck and the
2390 Current Biology 30, 2386–2394, June 22, 2020
bud tip in elm1D cells (Figure 3A). At this stage, cells were

spheroplasted and unroofed, and the resulting cortices were

fixed and processed for PREM. Fragments of early hourglass-

like structures were observed in cortices from wild-type (WT)

and elm1D cells (Figures 3B and S3A). These fragments were

confirmed to contain septin filaments by immunogold labeling

of Cdc3-GFP in parallel sample processing (Figure S3B). In

most structures (87.6%, N = 73) from WT cells, the filament

composition was almost exclusively paired filaments, as we

reported previously [13], with the remainder composed of a
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Figure 4. Elm1 and Shs1 Promote Cytoki-

nesis through Their Collective Control of

Hourglass Assembly and Its Subsequent

Remodeling into a Double Ring

(A) Montages of representative cells of WT

(YEF8118), elm1D (YEF8195), shs1D (YEF8244),

and elm1D shs1D (YEF8246), showing maximum-

intensity projections of Cdc3-GFP 16 min before

and after T = 0 (spindle break) with selected frames

from time-lapse series taken with a 2-min interval.

Scale bars, 1 mm. Yellow boxes indicate the first

time point with a distinguishable septin double

ring. See also Figure S4.

(B) Quantification of the cells in (A). Shown is the

mean of the background-subtracted intensity of

Cdc3-GFP normalized to value at maximum value

in a given number cells for each strain. Error bars

indicate standard deviation. T = 0 is spindle break.

(C) Montages show maximum-intensity pro-

jections of Myo1-GFP 9 min before and 7.5 min

after T = 0 (spindle break), with a 1.5-min interval

between each picture for representative cells of

the WT (YEF8367), elm1D (YEF8381), shs1D

(YEF8502), and shs1D elm1D (YEF8503) strains.

Scale bars, 1 mm. See also Figure S4.

(D) Quantification of the cells in (C). Shown is the

mean of the background-subtracted intensity of

Myo1-GFP normalized to value at maximum value

in a given number cells for each strain. Error bars

indicate standard deviation. T = 0 is spindle break.

(E) Montages show maximum-intensity pro-

jections of Chs2-GFP 5 min before and 10 min

after T = 0 (spindle break), with a 1-min interval

between each picture for representative cells of

the WT (YEF8219), elm1D (YEF8247), and shs1D

(YEF8911) strains. Scale bars, 1 mm.

(F) Quantification of the cells in (E). Shown is the

mean of the background-subtracted intensity of

Chs2-GFP normalized to value at maximum value

in a given number cells for each strain. Error bars

indicate standard deviation. T = 0 is spindle break.

(G) Montages show maximum-intensity pro-

jections of Chs2-GFP 2 min before and 20 min

after T = 0 (spindle break), with a 2-min interval

between each picture, taken from a time-lapse

series with a 1-min interval for representative cells

of each shown phenotype in the shs1D elm1D

(YEF8912) strain. Scale bars, 1 mm.

(H) Quantification of cells with the indicated phenotypes in (E) and (G). n = 25 cells for each strain. ‘‘Asymmetric constriction’’ is constriction from predominantly

one side of the bud neck. ‘‘Lingering’’ is persistent localization of the signal after constriction. ‘‘Split rings’’ is failure to constrict while separating the single band of

the signal into two ring-like signals. ‘‘Failure to constrict’’ is initial localization of a cloudy signal to the bud neck but no clear constriction to a dot. ‘‘No localization’’

is complete failure to localize any signal, even after spindle break.
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mixture of bundled paired filaments and scattered single fila-

ments (Figure 3B). Strikingly, in cortices derived from elm1D

cells, the proportion of structures with predominantly paired

septin filaments was dramatically reduced (10.3%, N = 68),

and the remaining fraction of structures contained mixtures of

paired and single filaments (Figure 3B). The width distribution

of filaments in structures from elm1D cells had a peak centered

at 10 nm (single filaments), whereas that in WT cells had a broad

peak of 15–20 nm (paired filaments) (Figure 3C). Because Bni5

is one of the Elm1 effector pathways, as described above, we

also analyzed the early hourglass structure in bni5D cells by

PREM (Figures S3C and S3D) and found that the septin architec-

ture resembled that of WT cells (Figure S3D). Thus, Elm1 might
regulate filament pairing in the septin hourglass independent of

or in addition to Bni5.

If the defect in filament pairing truly underlies the septin

and cell morphology phenotypes in elm1D cells, then artificial

pairing of septin filaments would rescue these phenotypes.

This was the case when adding an exogenous copy of CDC10-

GFP to cells expressing CDC10-mApple-GBP in elm1D cells. A

small but significant proportion of cells (�30%, p < 0.05) ex-

hibited normal cell morphology and septin hourglass stability

(Figures 3D and 3E). Additionally, septin rings from the previous

cell cycle failed to disassemble in WT and elm1D cells when the

septin filaments were artificially tethered together (Figure 3D, ar-

rows). This striking observation suggests that filament unpairing
Current Biology 30, 2386–2394, June 22, 2020 2391
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may be required for septin ring disassembly at the cell division

site. Thus, our analysis suggests that filament pairing is required

for septin hourglass assembly and stability, whereas filament

unpairing is required for septin ring disassembly at the old cell

division site.

Elm1 and the Septin Shs1 Cooperate to Generate an
Appropriate Septin Hourglass for Its Subsequent
Remodeling into a Double Ring
The early hourglass consists of paired filaments arranged in

parallel to the mother-daughter axis, which develops into a

transitional hourglass in anaphase in which the paired fila-

ments are intersected by circumferential single filaments at

the spacing of a septin octamer [13, 38]. At onset of cytoki-

nesis, the transitional hourglass is remodeled into a double

ring consisting of the circumferential single filaments and reor-

ganized circumferential paired filaments that sandwiches the

actomyosin ring (AMR). Because elm1D caused profound de-

fects in septin hourglass assembly and stability (Figure S1E;

Video S1), we asked whether these defects would affect the

hourglass-to-double ring (HDR) transition at onset of cytoki-

nesis. The HDR transition occurred 6–8 min earlier in elm1D

than in WT cells (Figure 4A). Perhaps filament unpairing in

elm1D cells makes the HDR process more efficient. The sep-

tin subunit Shs1 is crucial for maintenance of the circumferen-

tial single filaments in the transitional hourglass [13]. Consis-

tent with this, the septins, on average, took longer to

organize into a double ring in shs1D (Figures 4A and 4B).

Because Elm1 regulates longitudinal paired filament forma-

tion, whereas Shs1 regulates circumferential single filament

formation, not surprisingly, shs1D elm1D cells showed a high-

ly disorganized septin structure during cytokinesis that never

resembled a double ring (Figures 4A and 4B). Thus, Elm1

and Shs1 act in concert to generate a proper septin architec-

ture for the HDR transition.

Proper HDR Transition Is Critical for Execution of
Cytokinesis
The septin hourglass is known to scaffold assembly of the AMR

before cytokinesis [39, 40]. After the HDR transition, a septin

double ring sandwiches the AMR that constricts and directs

formation of the primary septum (PS) catalyzed by the chitin

synthase-II (Chs2) [34, 41]. Proper HDR transition is presumably

important for cytokinesis because septin clearance at the divi-

sion site is essential for AMR constriction [42]. Because Elm1

and Shs1 act coordinately to enable a proper HDR transition,

we monitored their effect on cytokinesis. In agreement with their

septin defects, the shs1D elm1D cells showed a more elongated

phenotype as well as more chains of cells, indicative of a defect

in cytokinesis and/or cell separation, compared with single mu-

tants (Figure S4A). We then analyzed the behaviors of the AMR

(indicated by Myo1-GFP) and PS (indicated by Chs2-GFP) in

cells deleted for ELM1 and/or SHS1. Strikingly, a majority of

the bud neck Myo1-GFP was found in the growing bud cortex

of elm1D cells and then returned to the bud neck before cytoki-

nesis (Figure S4B, arrow and arrowhead, respectively). In elm1D

and shs1D single mutants, Myo1-GFP was able to localize to the

division site prior to cytokinesis and constricted with nearly

normal kinetics (Figures 4C and 4D). However, the level of
2392 Current Biology 30, 2386–2394, June 22, 2020
Myo1-GFP at the bud neck during bud formation was signifi-

cantly lower, especially in shs1D cells, than that in WT cells (Fig-

ure 4D, before the 12-min time point). In elm1D shs1D cells, the

AMR was much more perturbed during cytokinesis. Cells

showed a disorganized and often incomplete AMR that was

highly delayed in constriction initiation, if it constricted at all (Fig-

ures 4C and 4D). Thus, the compounding defects found with

septins at the division site in elm1D shs1D cells gave rise to a

much more disorganized and largely nonfunctional AMR. Simi-

larly, PS formation in elm1D and shs1D single mutants was

largely unaffected (Figures 4E and 4F). However, the double

mutant displayed a vast array of defects in Chs2 localization as

well as its symmetric constriction (Figures 4G and 4H). Together,

these data indicate that Elm1 and Shs1 likely act in concert to

regulate cytokinesis via their direct roles in septin hourglass

assembly and remodeling.

In conclusion, a number of protein kinases are known to

regulate septin functions in diverse processes in yeast andmam-

mals [5, 6, 43, 44], but their regulatory effect on septin assembly

and architecture remains largely unknown. Here we show that

the LKB1-like kinase Elm1 in budding yeast associates specif-

ically with the septin hourglass during the cell cycle and controls

hourglass assembly and stability via kinase-dependent and -in-

dependent mechanisms involving Bni5 and additional targets.

Most importantly, this study defines Elm1 as the first regulator

of filament pairing in vivo to control assembly of a specific septin

architecture. In mammalian cells, septin filaments are also

organized into an hourglass-like shape during furrow ingression

[2, 45], which is then remodeled into a double ring-like structure

during the early midbody stage before abscission [46–48]. It

would be of particular interest to determine whether there is an

Elm1-like mechanism in mammalian cells that controls septin

assembly and/or remodeling during cytokinesis.
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Restore Western Blot Stripping Buffer Thermo Scientific Cat. # 21059

Zymolyase 100T Amsbio, Oxfordshire, UK Cat#: 120493-1
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Tannic Acid Mallinckrodt, Kentucky, USA Cat#:1764

Uranyl Acetate Structure Probe, Pennsylvania, USA Cat#:02624

Critical Commercial Assays

Pierce Fast Western Blotting Kit, Supersignal

West Pico,Mouse

Thermo Scientific Cat #: 35060

Quick-Fusion Cloning Kit BiMake Cat #: B22612

Experimental Models: Organisms/Strains

Saccharomyces cerevisiae strains, see Table S1 This paper N/A

Oligonucleotides

Primers, see Table S2 This paper N/A

Recombinant DNA

Plasmid: YIp128-CDC3-GFP [49] N/A

Plasmid: YIp128-CDC3-mCherry [50] N/A

Plasmid: pHIS3p: mRuby2-Tub1+30UTR::HIS3 [51] N/A

Plasmid: pHIS3p: mRuby2-Tub1+30UTR::URA3 [51] N/A

Plasmid: pHIS3p: mRuby2-Tub1+30UTR::HPH [51] N/A

Plasmid: pFA6a-mCherry-URA3 C. Burd N/A

Plasmid: pFA6a- link-yoEGFP-SpHIS5 [52] Addgene Plasmid #: 44836

Plasmid: pFA6a- link-yoEGFP-CaURA3 [52] Addgene Plasmid #: 44872

Plasmid: pFA6a-link-yomApple-SpHIS5 [52] Addgene Plasmid #: 44844

Plasmid: pFA6a- link-yoEGFP-NatMX6 This Paper N/A

Plasmid: pFA6a- link-yomApple-GBP-CaURA3 This Paper N/A

Plasmid: pFA6a-TRP1 [53] Addgene Plasmid #: 41595

Plasmid: pFA6a-HIS3MX6 [53] Addgene Plasmid #: 41596
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Plasmid: pFA6a-URA3-KanMX6 [54] Addgene Plasmid #: 53194

Plasmid: pRS316-HOF1 [55] N/A

Plasmid: pGFP316-CDC10 [56] N/A

Plasmid: pGEX-4T1 GE Healthcare Cat #: 28-9545-49

Plasmid: pGEX-4T1-Elm1FL This Paper N/A

Plasmid: pGEX-4T1-Elm11-420 This Paper N/A

Plasmid: pGEX-4T1-Elm1421-640 This Paper N/A

Plasmid: pET His6 Sumo TEV LIC Scott Gradia Addgene Plasmid #: 29659

Plasmid: pET-His6-Sumo-Bni5 This Paper N/A

Software and Algorithms

MetaMorph version 7.8.10.0 Molecular Devices N/A

Fiji [57] https://imagej.nih.gov/ij/

Other

Amicon Ultra-Ultracel-10K (10,000 MWCO) Millipore Cat #: UFC801024
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for research materials may be directed to and will be fulfilled by the Lead Contact, Erfei Bi (ebi@

pennmedicine.upenn.edu).

Materials Availability
Reagents generated in this study will be made available on request.

Data and Code Availability
Data supporting the findings of this study are available within the paper and its Supplemental Information files and from the authors

upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The budding yeast Saccharomyces cerevisiae is our experimental model. All yeast strains used in this study are listed in Table S1.

Standard culture media and genetic techniques were used [58]. Yeast strains were grown routinely at 25�C in synthetic complete

(SC) minimal medium lacking specific amino acid(s) and/or uracil or in rich medium YM-1 [59] or yeast extract/peptone/dextrose

(YPD). New strains were constructed either by integrating a plasmid carrying a modified gene at a genomic locus or by transferring

a deletion or tagged allele of a gene from a plasmid or from one strain to another via PCR amplification and yeast transformation

[52, 53] (see footnotes in Table S1).

METHOD DETAILS

Primers and Plasmids
All primers were purchased from Integrated DNA Technologies and described in Table S2. Sequencing of constructs was performed

at the DNA Sequencing Facility, University of Pennsylvania. Plasmids YIp128-CDC3-GFP [49] and YIp128-CDC3-mCherry [50] (inte-

grative, LEU2) carries an N-terminally GFP- or mCherry-tagged CDC3 under the control of its own promoter, respectively. Plasmids

pHIS3p::mRuby2-Tub1+30UTR::URA3, pHIS3p::mRuby2-Tub1+30UTR::HPH, and pHIS3p:mRuby2-Tub1+30UTR::HIS3 [51], pFA6a-

link-yoEGFP-SpHIS5, pFA6a-link-yoEGFP-CaURA3, and pFA6a-link-yomApple-SpHIS5 [52], pRS316-Hof1 [55], pGFP316-Cdc10

[56], and pFA6a-His3MX6 and pFA6a-TRP1 [53] were described previously. Plasmid pFA6a-URA3-KanMX6 was a generous gift

from John Pringle (Stanford University) and is described previously [54]. Plasmid pFA6a-mCherry-URA3 was a generous gift from

C. Burd. Plasmid pGEX-4T1 was purchased from GE Healthcare (Cat #: 28-9545-49). Plasmid pET-His6-Sumo-TEV LIC (Addgene

# 29659) was a generous gift from Scott Gradia (University of California at Berkeley).

The following plasmids were generated for this study: pFA6a-link-yoEGFP-NatMX6, pFA6a-link-yomApple-GBP-CaURA3,

pFA6a-link-yomApple-GBP-SpHIS5, pGEX-4T1-Elm1FL, pGEX-4T1-Elm11-420, pGEX-4T1-Elm1421-640, and pET-His6-Sumo-Bni5.

To generate pFA6a-link-yEGFP-NatMX6, the NatMX6 cassette was amplified by PCR using the plasmid pAG25 (Addgene

#35121) as the template DNA and the pair of primers pR32-pmeI and pR29-bgIII to flank the NatMX6 cassette with PmeI and BglII
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sites. The resultant PCRproduct was then digestedwith BglII and PmeI and ligated into the plasmid pFA6a-link-yoEGFP-KanMX6 cut

with the same restriction enzymes to remove the KanMX6 cassette. The plasmid pRS315-INN1-C2-mApple-GBP-6xHis was con-

structed by amplifying the GBP-6xHis fragment out of pYA889-1, a generous gift from Yoshinori Ohsumi at the Tokyo Institute of

technology [60]. To generate pFA6a-link-yomApple-GBP-CaURA3 and pFA6a-link-yomApple-GBP-SpHIS5, the yomApple-GBP

fragment was amplified by PCR using the plasmid pRS315-INN1-C2-mApple-GBP-6xHis as the template DNA and the pair of

primers pRS315-F-PacI and GBP-R-AscI-term to flank the yomApple-GBP fragment with PacI and AscI sites. The resultant PCR

product was then digested with PacI and AscI and ligated into either plasmid pFA6a-link-yoTagRFP-CaURA3 or pFA6a-link-yo-

TagRFP-SpHIS5, respectively [52] cut with the same restriction enzymes to remove the yoTagRFP cassette. To generate plasmids

pGEX-4T1-Elm1FL, pGEX-4T1-Elm11-420, and pGEX-4T1-Elm1421-640, the chromosomal DNA of the yeast strain YEF473A was used

as template DNA for PCR amplification using the pairs of primers Elm1-F-BamHI FL and Elm1-R-XhoI FL, Elm1-F-BamHI FL and

Elm1-R-XhoI 1-420, and Elm1-F-BamHI 421-640 and Elm1-R-XhoI FL, respectively, to flank different Elm1 fragments with BamHI

and XhoI. These fragments were then digested with BamHI and XhoI and ligated into PGEX-4T1 (GE Healthcare, Chicago, IL,

USA) linearized with BamHI and XhoI. To generate pET-His6-Sumo-Bni5, the chromosomal DNA of YEF473A was used as

template DNA for PCR amplification using the pair of primers Bni5-F-SspI and Bni5-R-BamHI to flank Bni5 with SspI and BamHI.

This fragment was then digested with SspI and BamHI and ligated into pET His6 Sumo TEV LIC (Addgene # 29659) linearized via

SspI and BamHI.

Live-cell imaging and quantitative analysis
For time-lapse microscopy, cells were grown at 25�C to exponential phase in liquid SC or YM-1 media. For cells grown in SC media,

cells were briefly sonicated at 15% power for 5 s to declump, concentrated by centrifugation, spotted onto a poly-lysine-coated

glass-bottom dish, and then embedded with SC containing agarose [61]. SC medium was added to dish for live imaging. For cells

grown in YM-1 media, cells were harvested as described above and spotted onto concanavalin A-coated glass-bottom dish. Super-

natant containing non-immobilized cells was removed, and YM-1 medium was added to dish for live imaging. Images were acquired

using a Nikon microscope (model Eclipse Ti-U, Tokyo, Japan) equipped with a Nikon 100x/1.49NA oil objective (model CFI Apo TIRF

100x), and a Yokogawa spinning-disk confocal scanner unit (model CSU-X1, Tokyo, Japan). A Photometrics Evolve Delta 512X512

EMCCD Digital Monochrome Camera (Tucson, AZ, USA) was used for image capture. Solid-state lasers for excitation (488 nm

for GFP and 561 nm for RFP) were housed in a launch constructed by Spectral Applied Research (model ILE-400, Richmond Hill,

Ontario, Canada). The imaging system was controlled by MetaMorph version 7.8.10.0 (Molecular Devices, Downingtown, PA,

USA). Images were taken with z stacks of 13 3 0.7 mm for all the experiments with SC medium and 11 3 0.8 mm or 11 3 1.1 mm

for the experiments with YM-1.

For quantification of the fluorescence intensity of targeted protein signal (Bni4-GFP, Cdc3-GFP, Cdc3-mCherry, Hsl1-GFP, Kcc4-

GFP, Myo1-GFP, and Chs2-GFP), a sum projection was created and quantification was performed with ImageJ (National Institutes

of Health). A polygon was drawn around the region of interest and the integrated density was measured. The fluorescence intensity

of the background was subtracted from this measurement (outside the cell except for quantification in Figures 1D and S1D in which

cytoplasmic signal was used). For Figure 1B this value was used for data analysis (see below). For Figures 1D, S1D, 4B, 4D, and 4F,

the data were normalized to the peak intensity (100%) of the fusion protein signal at the bud neck in the cell. Data were analyzed

with Microsoft Excel, and expressed as the mean value ± standard deviation (SD).

For snapshot images, cells were grown at 25�C to exponential phase in liquid YM-1 or SC media. For elm1D hof1D strain used in

Figure 1G, cells were cultured in liquid YM-1 media overnight. For Elm1AS strains used in Figure S2D, cells were treated with 25mM

1NM-PP1 (Santa Cruz Biotechnology, Dallas, TX) or same volume DMSO as control in liquid SC media overnight. Cells were briefly

sonicated at 15% power for 5 s to declump, concentrated by centrifugation, and spotted onto a slide. Images were taken as

described above except with z stacks of 15 3 0.7 mm for all the experiments. To quantify cell numbers with elongated phenotypes

(Figures 2B, 2D, S2D, S2F, and 3E), cells were counted as round if the bud length:width% 1.2, while they were counted as elongated

if > 1.2.

Protein purification and in vitro binding assays
BL21 cells transformed with either pGEX-4T1 (GST alone), pGEX-4T1-Elm1FL (GST-Elm1FL), pGEX-4T1-Elm11-420 (GST-Elm11-420),

pGEX-4T1-Elm1421-640 (GST-Elm1421-640), pET-His6 Sumo-TEV-LIC (6xHis-SUMO alone) or pET-His6-Sumo-Bni5 (6xHis-SUMO-

Bni5) were grown to an OD600 0.6-1.0 before being induced for 3 hours with 0.3mM IPTG (Lab Scientific, Highlands, NJ, USA) at

37�C. Cells were then lysed in either GST lysis buffer (50mM Tris-HCl, pH7.5, 300 mM NaCl, 1.25mM EGTA, 1mM DTT and 0.1%

NP-40) or 6xHis-SUMO lysis buffer (50mM Tris-HCl, pH7.5, 300 mM NaCl, 1.25mM EGTA, 1mM DTT, 0.1%NP-40 and 15 mM imid-

azole) by sonication 10 times for 15 s each. The resultant lysates were then centrifuged at 40,000 X g for 30 min at 4�C. The super-

natants were then incubated with either Glutathione Sepharose 4B (GE Healthcare) or Complete His-Tag Purification Resin (Roche,

Basel, Switzerland), that had been prewashed with TBS, for 1 hour at 4�C. The beads were then washed twice with TBS (50 mM Tris-

Cl, pH 7.5. 150 mM NaCl) before being transferred to columns for elution by either GST elution buffer (50mM Tris-HCl, pH8.0,1 mM

DTT,200mMNaCl and 10mM reduced glutathione) or 6xHis-SUMO elution buffer (50mM Tris-HCl, pH7.5,200mMNaCl and 300mM

imidazole). The eluted proteins were dialyzed in dialysis buffer (100 mM NaCl, 5mM Tris-HCl pH7.5, 1mM DTT) at 4�C overnight.

Protein concentrations were determined by standard curve intensity measurements from Coomassie blue-stained BSA of

known concentrations.
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For in vitro binding, 8 mg of either GST, GST-Elm1FL, GST-Elm11-420, or GST-Elm1421-640 was incubated with 20 mg of either 6xHis-

SUMO or 6x-His-SUMO-Bni5 for 1 hour with rotation at 4�C in the presence of Glutathione Sepharose 4B (GE Healthcare) beads

in binding buffer (20 mM MOPS, pH7.0, 1 mM EGTA, 100 mM NaCl, 1 mM DTT, 0.1%NP-40). Beads were then washed five times

with fresh binding buffer before being extracted with 50 mL of 1X Laemmli Buffer (Bio-Rad Laboratories, Hercules, CA, USA).

15 mLwere separated via SDS-PAGE, transferred to PVDFmembrane, and blotted with anti-6xHis antibody (1:3000 dilution) followed

by HRP-labeled secondary antibody and ECL reagents from the Pierce Fast Western kit (Thermo Scientific, Waltham, MA, USA).

The same amount of protein used for the interaction assay was run on a separate gel and stained with Coomassie Blue to serve

as the input sample. To check for similar GST pulldown, 15 mL of each in vitro binding reaction was separated via SDS-PAGE

and stained with Coomassie Blue.

Cell synchronization, spheroplasting, and unroofing
Cells were prepared for PREM as described previously [13]. Briefly, cells of different strains containing the bar1D were cultured in

50 mL YM-1 medium with shaking at 25�C to achieve OD600 = 0.4. 0.5mg/mL of a-factor pheromone (Research Genetics, Huntsville,

AL, USA) was added to the culture and further incubated at 25�C to achieve arrest in G1 as unbudded cells. Cells were then washed 3

times with fresh YM-1 media and released into pheromone-free YM-1 for 1.5 hours at 25�C until synchronized cells had small to

medium buds.

Cells were washed with 40 mM Tris-EDTA (TE) (pH 8.0), and then incubated in 3 mL TE plus 5 mL b-Mercaptoethanol for 15 min

at 30�C. After centrifugation, the cell pellet was resuspended in spheroplast buffer (10 mM PIPES, 1.2 M sorbitol, pH 6.5) containing

0.3 mg/mL zymolyase-100T (Amsbio, Oxfordshire, UK) and incubated at 35�C with moderate shaking for 1 hour. Sephroplasts were

washed three times with the spheroplast buffer and then mounted to a poly-lysine-coated coverslip. Two coverslips with sphero-

plasts on top were dipped into the spheroplast buffer and 1X KHMgE buffer (70 mM KCl, 20 mM HEPES, 5 mM MgCl2, 3 mM

EGTA) sequentially, and then pressed against each other with the spheroplasts in between the coverslips on a slide with one

drop of the 1X KHMgE buffer. The coverslips were lifted and then fixed immediately in 2% glutaraldehyde in 1X KHMgE buffer at

room temperature (RT z23�C) for 20 min.

Immunogold labeling
The coverslips with fixed unroofed spheroplasts were quenched in 2mg/mL and 5mg/mLNaBH4 in phosphate-buffered saline (PBS)

for 10 min sequentially, blocked in 1% glycine for 10 min, and then washed three times in PBS. The coverslips were blocked in PBS

with 5% donkey serum for 30 min. Each coverslip was incubated with the goat polyclonal anti-GFP antibody (1:50 in PBS with 5%

donkey serum, ABCAM ab5450) at RT for 1.5 hours. After washing five times with PBS and blocking for 10 min in immunogold-la-

beling buffer (20 mM Tris-HCl, pH 8.0, 0.5 M Nacl, and 0.05% Tween 20) containing 0.5% donkey serum, the coverslips were incu-

bated with 18-nm Colloidal Gold AffiniPure Donkey Anti-Goat IgG (H+L) (Jackson ImmunoResearch Laboratories, Inc. 705-215-147,

1:5 dilution) in immnogold-labeling buffer containing 5% donkey serum at RT for overnight. After washing five times in immunogold-

labeling buffer containing 0.05% donkey serum, the coverslips were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate,

pH 7.3.

Critical point drying and platinum coating
Unroofed cortices were dried and coated for PREM as described previously [13, 37]. The coverslips with fixed unroofed spheroplasts

were treated in 0.1% tannic acid in water for 20min. After washing three times with water, they were stained in 0.2% uranyl acetate in

water for 20 min, which was followed by sequential incubation in 10, 20, 40, 60, 80, 100% ethanol and then critical point-dried with

Samdri PVT-3D (Tousimis) CPD. Platinum was rotary-shadowed to the samples at 45� angle to form �2-nm layer and carbon was

then rotary-shadowed at 90� angle to form a 3.5-4 nm layer.

PREM imaging and analysis
After detaching the glass coverslips with hydrofluoric acid, coated samples weremounted on EMgrids and imaged using a JEM1011

transmission electron microscope (JEOL USA, Peabody, MA) operated at 100 kV. Images were captured with an ORIUS 832.10W

charge-coupled device (CCD) camera (Gatan, Warrendale, PA), and were presented in inverted contrast. Structures of interest

were color-labeled using the Adobe Photoshop. To determine the filament composition of hourglass fragments, filaments between

7-12 nm in width were considered to be single septin filaments while those between 14-20 nm in width were considered to be paired

septin filaments [13]. More than 5 single septin filaments in a given structure was designated as a mixture of single and paired. The

entire procedure of synchronizing, speroplasting, unroofing, and PREM processing was repeated four times to attain the number of

structures reported as counted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean value ± SD throughout this study. All p values shown are the results of an unpaired Student’s t test

assuming unequal variances from the datasets from WT and elm1D cells.
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