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Mitochondrial-nuclear heme trafficking in budding yeast is
regulated by GTPases that control mitochondrial dynamics

and ER contact sites
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ABSTRACT

Heme is a cofactor and signaling molecule that is essential for much of
aerobic life. All heme-dependent processes in eukaryotes require that
heme is trafficked from its site of synthesis in the mitochondria to
hemoproteins located throughout the cell. However, the mechanisms
governing the mobilization of heme out of the mitochondria, and the spatio-
temporal dynamics of these processes, are poorly understood. Here,
using genetically encoded fluorescent heme sensors, we developed alive-
cell assay to monitor heme distribution dynamics between the
mitochondrial inner membrane, where heme is synthesized, and the
mitochondrial matrix, cytosol and nucleus. Surprisingly, heme trafficking to
the nucleus is ~25% faster than to the cytosol or mitochondrial matrix,
which have nearly identical heme trafficking dynamics, potentially
supporting a role for heme as a mitochondrial-nuclear retrograde
signal. Moreover, we discovered that the heme synthetic enzyme
5-aminolevulinic acid synthase (ALAS, also known as Hem1 in yeast),
and GTPases in control of the mitochondrial dynamics machinery (Mgm1
and Dnm1) and ER contact sites (Gem1), regulate the flow of heme
between the mitochondria and nucleus. Overall, our results indicate that
there are parallel pathways for the distribution of bioavailable heme.

This article has an associated First Person interview with the first author of
the paper.
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INTRODUCTION

Heme b is an essential but cytotoxic metallocofactor and signaling
molecule. As a cofactor, heme facilitates diverse processes that span
electron transfer, chemical catalysis and gas synthesis, storage and
transport (Hanna et al., 2017; Reddi and Hamza, 2016). As a
signaling molecule, heme-mediated regulation of transcription
factors, kinases, ion channels and microRNA processing proteins
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collectively controls iron and redox homeostasis, oxygen sensing,
mitochondrial metabolism, apoptosis, circadian rhythms, cell cycle
progression, proliferation and proteostasis (Hanna et al., 2017;
Reddi and Hamza, 2016).

Although essential for life, heme and its biosynthetic precursors
can also act as toxins, necessitating careful handling of the synthesis
and trafficking of this compound by cells. The hydrophobicity
and redox activity of heme causes it to disrupt membrane and
protein structure and deleteriously oxidize various biomolecules
(Kumar and Bandyopadhyay, 2005; Sassa, 2004). Porphyrins
and porphyrinogens, heme biosynthetic intermediates, are
photosensitizers that can catalyze the formation of reactive oxygen
species (Sachar et al.,, 2016). Many diseases are associated with
defects in heme management, including certain cancers (Shen et al.,
2014), cardiovascular disease (Wu et al., 2011), neurodegenerative
diseases (Atamna and Frey, 2004; Atamna et al., 2002; Schipper
et al., 2009), porphyrias (Puy et al., 2010) and anemias (Yang et al.,
2016). Despite the tremendous importance of heme in physiology,
the cellular and molecular mechanisms that govern the assimilation of
heme into metabolism remain poorly understood.

In eukaryotes, heme is synthesized via a highly conserved eight-step
process. The first and the last three reactions in metazoans (the first and
last two in the yeast Saccharomyces cerevisiae) take place in the
mitochondria and the remaining reactions occur in the cytosol (Piel
et al, 2019). The first committed step of heme synthesis is the
condensation of glycine with succinyl coenzyme A to form
S-aminolevulinic acid (ALA), which is catalyzed by ALA synthase
(ALAS, also known as Hem1 in yeast). ALA is then exported from the
mitochondria into the cytosol where it is converted to
coproporphyrinogen III in four steps. Coproporphyrinogen III is then
transported back into the mitochondria where it is converted to
protoporphyrin  IX (PPIX) in two steps by the enzymes
coproporphyrinogen oxidase (CPOX) and protoporphyrinogen
oxidase (PPOX). In the final step of heme synthesis, ferrochelatase
(FECH) catalyzes the insertion of ferrous iron into PPIX to make heme.

Interestingly, it was recently proposed that the mitochondrial heme
biosynthetic enzymes, ALAS, PPOX and FECH, form a super
complex, or metabolon, that includes additional factors like iron and
porphyrinogen transporters, and putative heme chaperones (Medlock
etal., 2015; Piel et al., 2016). The rationale for a heme metabolon is
that it would facilitate the channeling of potentially toxic reactive
substrates, including porphyrinogen, porphyrin and iron, for efficient
production and trafficking of heme, thereby mitigating their ability to
diffuse freely throughout the cell in an unproductive and deleterious
manner. However, given this rationale, it is unclear why ALAS would
interact with FECH in the heme metabolon if ALA were not the
immediate substrate for FECH. Rather, it is possible that ALAS may
regulate FECH to affect heme synthesis or trafficking.
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Once heme is synthesized by FECH on the matrix side of the
mitochondrial inner membrane (IM), it must be mobilized to
hemoproteins present in virtually every subcellular compartment.
However, the specific factors that govern the trafficking of heme to
target hemoproteins are poorly understood (Hanna et al., 2017,
Reddi and Hamza, 2016). The current paradigm for subcellular
heme trafficking is a sequential one in which mitochondrial heme
transporters export heme into the cytosol, where it can then be
distributed to other locales. This sequential paradigm for heme
distribution was established with the discovery of feline leukemia
virus subgroup C cellular receptor 1b (FLVCRID), the only
putative mitochondrial heme transporter identified to date
(Chiabrando et al., 2012).

An alternative, but far less studied potential mechanism for heme
distribution is through mitochondrial membrane contact sites
(Hanna et al., 2017). Endoplasmic reticulum (ER)-mitochondrial
encounter structures (ERMES), one type of mitochondrial-ER
contact site (Elbaz-Alon et al., 2014), are highly dynamic tethers
that physically link the mitochondrial and ER networks and have
been proposed to play a role in the transfer of lipids and regulate iron
homeostasis (Lackner, 2019; Murley and Nunnari, 2016; Xue et al.,
2017). The frequency of ERMES is in part dependent on
mitochondrial division (Elbaz-Alon et al., 2014). ER tubules
facilitate mitochondrial fission by wrapping around and constricting
mitochondria in an ERMES-dependent fashion, thereby ensuring that
the GTPase Dnml can oligomerize around a compressed
mitochondrial outer membrane (OM) to catalyze the scission of
mitochondria (Friedman et al., 2011). Following fission, the GTPase
Geml disengages ERMES to dissolve the ER—mitochondrial contact
site (Murley et al., 2013). As a consequence, ERMES is dependent on
mitochondrial fission and fusion dynamics (Elbaz-Alon et al., 2014).
Indeed, mutants with defects in mitochondrial fission or fusion
have increased or decreased numbers of ERMES, respectively
(Elbaz-Alon et al., 2014).

Here, using genetically encoded ratiometric fluorescent heme
sensors (HS1) targeted to the mitochondrial matrix, cytosol or
nucleus (Hanna et al., 2016, 2018; Sweeny et al., 2018), we
developed a live-cell assay in yeast to monitor heme distribution
kinetics and probe the role of ALAS, ERMES and mitochondrial
dynamics in subcellular heme trafficking. Surprisingly, we found that
heme trafficking rates from the matrix side of the IM to the
mitochondrial matrix and cytosol are similar, whereas trafficking to
the nucleus is ~25% faster. We propose that the increased rate of
nuclear heme trafficking is required for heme-based mitochondrial—
nuclear retrograde signaling. These data also indicate that heme is
distributed from the mitochondrial IM to other locales simultaneously
via parallel pathways rather than sequentially. Moreover, we
discovered that ALAS negatively regulates mitochondrial-nuclear
heme trafficking, highlighting the close coordination of heme
synthesis and trafficking. In addition, we identified GTPases that
directly (Gem1) and indirectly (Dnm1 and Mgm1) regulate ERMES
as being modulators of nuclear heme transport. Based on our results,
we propose a model in which heme is trafficked via ER-
mitochondrial contact sites to other organelles such as the nucleus.

RESULTS

Inter-compartmental heme transport kinetics

In order to probe inter-compartmental heme trafficking in yeast, we
developed an in vivo pulse-chase assay in which, upon the initiation
of heme synthesis, heme mobilization into the mitochondrial
matrix, cytosol and nucleus is monitored using a previously

reported genetically encoded ratiometric fluorescent heme sensor
(HS1) (Hanna et al., 2016). Heme binding to HS1 (Fig. 1A) results
in a decrease in the eGFP to mKATE2 fluorescence ratio of the
sensor. We targeted HS1 to the mitochondria and nucleus by
appending N-terminal Cox4 mitochondrial matrix or C-terminal
SV40 nuclear localization sequences, respectively, as previously
demonstrated (Hanna et al., 2016) and confirmed the localization by
microscopy (Fig. 1B) and organelle isolation and immunoblotting
(Fig. 1C,D). HS1 lacking nuclear or mitochondrial targeting
sequences had a diffuse pattern of expression throughout the
cytosol (Fig. 1B) and was found primarily in the cytosolic fractions
of' mitochondrial and nuclear preparations (Fig. 1C,D). Nuclear- and
mitochondrial-targeted HS1 colocalized with 4’,6-diamidino-
2-phenylindole (DAPI) (Fig. 1B), which can be used to
selectively mark nuclear or mitochondrial DNA depending on
concentration or duration of exposure (Shadel and Seidel-Rogol,
2007; Williamson and Fennell, 1979), and was found primarily in
nuclear and mitochondrial fractions, respectively (Fig. 1C,D).

It is possible that a small fraction of mitochondrial- or nuclear-
targeted sensor might be present in the cytosol and confound
analysis of sub-compartmental heme. In order to assess whether this
were the case, we permeabilized heme-deficient cells lacking
HEM]1, which encodes ALAS, with digitonin, which selectively
permeabilizes the plasma membrane, and treated cells with heme.
As indicated in Fig. 1E, only cells expressing cytosolic HS1
exhibited a significant heme-dependent reduction in eGFP to
mKATE2 fluorescence ratio, with little perturbation to the
fluorescence of mitochondrial- and nuclear-targeted HS1. These
data indicate that mitochondrial- and nuclear-targeted HSI1 is
unresponsive to cytosolic heme.

Inter-compartmental heme trafficking rates were monitored by
inhibiting heme synthesis with 500 uM succinylacetone (SA), an
inhibitor of the second enzyme in the heme biosynthetic pathway,
porphobilinogen synthase (PBGS; also known as ALAD), then
removing the block in heme synthesis by resuspending cells into
medium lacking SA and monitoring the subsequent time-dependent
change in the eGFP to mKATE2 ratio (R) of HS1 localized to
different locations upon the re-initiation of heme synthesis
(Fig. 2A-D). As described by Eqn 1, the fractional saturation of
HS1 (% Bound) is calculated by considering the R-value of the
sensor relative to that when it is 0% (R;,) or 100% (Rmax) bound
(Fig. 2E), which are parameters derived from parallel cultures of
cells continuously maintained in medium with and without SA
(Hanna et al., 2016, 2018) (Fig. 2A-C).

R — Ry
[% Bound] = <7mm> x 100 (1)
Rinax — Ruin
To confirm the SA-mediated block in heme synthesis,

we determined that SA-conditioned wild-type (WT) cells
exhibited intracellular heme concentrations (Michener et al.,
2012) (Fig. S1A) and HS1 R-values (Hanna et al., 2016)
(Fig. S1B) similar to hemlIA cells, which cannot make heme
due to the deletion of ALAS (Hanna et al., 2016). SA pre-
conditioned cells shifted to medium lacking SA exhibited a
time-dependent decrease in HS1 R-values (Fig. 2A—C) in the
cytosol, nucleus, and mitochondria, which is characteristic of
increased heme loading of the sensor due to binding of newly
synthesized heme (Fig. 2E). By contrast, the HS1 R-values in
cells continuously maintained with or without SA remained
characteristically high or low, respectively (Fig. 2A—C), albeit
with some modest time-dependent changes.
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The change in sensor heme saturation following the re-initiation
of heme synthesis revealed three distinct phases: a lag phase, an
exponential phase and a stationary phase (Fig. 2E). The lag phase is
interpreted to be the time required to alleviate the SA-mediated
block in heme synthesis and re-initiate heme production. The
exponential phase represents the rate of heme binding to HS1, which
is governed by the relative rates of heme synthesis and trafficking to
the different subcellular locations. However, when comparing HS1

Fig. 1. Molecular model and subcellular targeting of the heme sensor
HS1. (A) Model of HS1 derived from the X-ray structures of mKATE (PDB:
3BXB) and CG6 (PDB: 3U8P). (B) The subcellular localization of HS1 was
assessed by laser-scanning confocal microscopy. Cells expressing nuclear- or
mitochondrial-targeted HS1 were stained with DAPI to label nuclei or
mitochondria and live cells were imaged at a magnification of 63x. Images
shown are representative of n=3 experiments. ‘Merge’ indicates the merged
images of fluorescence from the DAPI, EGFP and mKATE2 fluorescence
channels. N/A, not applicable. Scale bar: 5 ym. (C,D) Confirmation of
mitochondrial (mito), nuclear (nuc), and cytosolic (cyto) HS1 localization as
assessed by cell fractionation and immunoblotting. Nuclei (C) and
mitochondria (D) were isolated and expression of HS1 was probed using anti-
GFP antibodies. The indicated fractions were confirmed by probing the
expression of PGK1, NOP1, and POR1, which are cytosolic, nuclear, and
mitochondrial marker proteins, respectively. Whole cell extract (WCE), derived
from the spheroplast fraction (5% of input loaded), nuclear fraction (NF),
mitochondrial fraction (MF), post-mitochondrial fraction (PMF), or post-nuclear
fraction (PNF) were electrophoresed on a 14% Tris-glycine SDS—PAGE gel.
Blots shown are representative of n=2 experiments. (E) Validation that
mitochondrial- and nuclear-targeted HS1 do not respond to cytosolic heme.
hem1A cells expressing cytosolic, nuclear, or mitochondrial HS1 were
permeabilized with digitonin, a plasma-membrane-specific permeabilizing
agent, and incubated with the indicated concentration of heme. Fluorimetry
data represent meants.d. of three biological replicates. *P<0.00001 (one-way
ANOVA with Dunnett’s post-hoc test).

heme saturation kinetics between different compartments within a
given strain, the data strictly represent the inter-compartmental
heme trafficking rates since the contribution from heme synthesis is
aconstant. Indeed, expression of cytosolic, nuclear or mitochondrial
HS1 did not perturb heme synthesis (Fig. S2A). Since the final step
of heme synthesis occurs with the insertion of ferrous iron into
PPIX, a reaction catalyzed by FECH at the matrix side of the
mitochondrial IM, the heme trafficking rates reflect heme
mobilization from the mitochondrial IM to the matrix, cytosol, or
nucleus, as well as equilibration of heme between the sensor and
endogenous hemoproteins within a given compartment. Given the
high affinity of HS1 for both ferric and ferrous heme, KJ' = 10 nM
and Kf} <1 nM (calculated to be 1 pM based on a thermodynamic
cycle) at pH 7.0 (Hanna et al., 2018), which is amongst the tightest
measured for an intracellular soluble hemoprotein (Hanna et al.,
2016), we assume the HS1 reporter acts as a heme sink that does not
exchange with other endogenous hemoproteins due to their
presumably weaker heme affinities. If this assumption is valid, the
exponential phase of sensor heme saturation would only reflect the
inter-compartmental transport rates. Additionally, due to the high
affinities of ferric and ferrous heme and their ability to similarly
affect HS1 fluorescence (Hanna et al., 2016), we cannot resolve the
two oxidation states of heme. The stationary phase represents the
maximum limiting heme saturation of the sensor 4 h after alleviating
the SA-mediated block in heme synthesis and typically spans
~70-100% saturation.

The kinetics of heme binding to HS1 (Fig. 2E) can be fitted to
the logistic function described in Eqn 2, where [4] is the maximal
value of HS1 fractional saturation (amplitude), & is the first order
rate constant (min~'), ¢ is the time (min), and #, s is the midpoint
of the transition. The lag time can be defined as 7y s—2/k (Arosio
et al., 2015).

4]

[% Bound(1)] = {55

)

Quite surprisingly, the kinetics of HS1 heme saturation indicated
that heme trafficking to locations as disparate as the mitochondrial
matrix, cytosol, and nucleus is similar, but with heme transport to
the nucleus exhibiting an ~25% increase in rate constant relative to
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Fig. 2. Inter-compartmental heme trafficking dynamics as measured by
the heme sensor HS1. WT cells expressing HS1 in the cytosol (A), nucleus
(B), or mitochondria (C) were either depleted of heme by addition of 500 uM
succinylacetone (SA; heme biosynthetic inhibitor) before removal of SA to
allow re-initiation of heme synthesis (+SA/—SA), or continually treated
(+SA/+SA) or untreated (—SA/—SA) with SA. Upon re-initiation of heme
synthesis in +SA/—SA samples, the rates of heme trafficking to the indicated
subcellular locations were monitored by measuring the time-dependent
change in sensor eGFP/mKATE?2 fluorescence ratio (D) or the fractional
saturation of HS1 (E), which is determined using Eqn 1 and the ‘raw’
fluorescence ratio values shown in A—C. The data in D and E are fitted to Eqn 2.
(F) Rate constants for cytosolic, nuclear, and mitochondrial heme trafficking,
which were extracted from fits to the data represented in E, for triplicate cultures
in nine independent experimental trials, are shown. *P<0.0001; ns, not
significant (one-way ANOVA with Dunnett’s post-hoc test). Heme trafficking
kinetics data shown in A—E represent meants.d. of independent triplicate
cultures.

heme transport to the cytosol and mitochondrial matrix (Fig. 2E,F).
This observation was highly reproducible and the rate constants for
heme trafficking to the cytosol (KY7©), nucleus (KNV), and
mitochondrial matrix (AM'T°) were found to be 0.030=0.005 min~!,
0.03940.003 min~! and 0.031+0.004 min~!, respectively (mean+
s.d.; Fig. 2F). Importantly, in every trial conducted, even if
the absolute rates were different, the relative differences always
followed the same trend, with ANVCSECYTOGMITO  Fitting of
the ‘raw’ unprocessed sensor ratios, R, revealed a similar trend
in the relative rates of heme binding to HS1, with ANUC
(0.039£0.003 min~')>£“YT© (0.026+0.001 min~")=kMITO (0.027+
0.002 min~") (Fig. 2D), albeit with different absolute rate constants
to those determined through fitting processed ‘% Bound’ traces.
This is due to the fact that, for reasons not completely understood,
there are fluctuations in R,,;, and R, over the course of a heme
trafficking experiment (Fig. 2A—C). The ‘% Bound’ is our preferred

metric because it accounts for non-heme dependent changes in
fluorescence ratios.

The similarity in the observed rates of heme trafficking to
different locales might suggest that heme binding to the sensor is
rate limiting. However, measurements of the rate of heme binding to
HS1 in cell lysates of WT cells depleted of heme indicated that heme
binding to the cytosolic, mitochondrial, and nuclear sensors occurs
in less than 2 min (Fig. S3), which is much faster than the ~90—
120 min it takes 50% of total cellular heme to be synthesized
(Fig. S2A) or 50% of HS1 to become heme saturated in the SA
pulse-chase assays (Fig. 2).

In order to rule out any potential artefacts associated with
heme sensor expression itself perturbing the observed heme
trafficking rates, we expressed cytosolic HS1 under the control of
weak (pADH1), medium (pTEF1I), or strong (pGPD) promoters
and found that the observed heme trafficking rates were not
affected (Fig. S2B) despite a nearly 10-fold range in sensor
expression (Fig. S2C). These results are consistent with our
previous findings that sensor expression does not perturb heme
homeostasis or otherwise affect cell viability (Hanna et al., 2016).
Analogous experiments titrating expression with mitochondrial
and nuclear sensors could not be completed due to low sensor
expression and correspondingly low sensor signal-to-noise
ratios associated with pTEFI- or pADHI-driven expression.
Taken together, our data indicate that the SA pulse-chase assays
can be used to measure the rates of heme trafficking to multiple
compartments and that the rates of mitochondrial-nuclear heme
trafficking are ~25% faster relative to heme trafficking to the
cytosol and mitochondria.

In order to rule out that the observed rates of heme trafficking are
due to artefacts associated with SA treatment, we recapitulated
the in vivo heme transport assay in hemlIA cells pulsed with a
bolus of ALA to initiate heme synthesis. As shown in Fig. 3A,
heme trafficking kinetics to the matrix, cytosol, and nucleus
in hemIA cells were qualitatively similar to the results obtained
from the SA pulse-chase assay using WT cells (Fig. 2E.F),
with transport to the nucleus (KNY¢=0.059+0.005 min~') being
faster than to the cytosol (k“YT9=0.030+0.003 min~') and
mitochondrial matrix (KM79=0.028+0.004 min~—') (Table SI).
Notably, the rate enhancement for heme trafficking to the nucleus
was greater in magnitude in hemlIA cells pulsed with ALA
(KNVC/EEYTO=2 0+0.1; Fig. 3A) than in WT cells that have the SA-
mediated block in heme synthesis alleviated (ANVC/kYTO=1.3+0.2;
P<0.01, one-way ANOVA; n=3) (Fig. 2E,F). This observation
suggests that either the use of SA suppresses nuclear heme
trafficking or that the first enzyme in the heme biosynthetic
pathway, ALAS, is a negative regulator of mitochondrial-nuclear
heme trafficking.

ALAS regulates mitochondrial-nuclear heme trafficking

In order to determine if ALAS plays a role in regulating heme
distribution kinetics, we directly compared inter-compartmental
heme trafficking kinetics in WT and hemIA cells. To this end, we
monitored heme distribution dynamics in WT and hemIA cells
with SA-inactivated PBGS that were pulsed with 500 uM
porphobilinogen (PBG), the product of the reaction catalyzed by
PBGS, to re-initiate heme biosynthesis. As with the SA pulse-chase
experiment in WT cells (Fig. 2E,F), the rates of heme trafficking to
the nucleus were greater than rates of trafficking to the cytosol and
mitochondrial matrix in SA-treated WT cells pulsed with PBG
(Fig. 3B,C): kNVUC/KCYTO=15+0.2 versus AMTO/KCYTO=11+0.2
(P=0.05, one-way ANOVA; n=3). Strikingly, in SA-treated hem 1A
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Fig. 3. ALA synthase (Hem1) negatively regulates mitochondrial-nuclear
heme trafficking. (A) hem1A cells expressing HS1 in the cytosol (black),
nucleus (green), or mitochondria (blue) were pulsed with a bolus of ALA to
initiate heme synthesis and the rates of heme trafficking to the indicated
subcellular locations were monitored by measuring the fractional saturation of
HS1 overtime, as in Fig. 2. (B) WT and hem1A cells expressing the HS1 sensor
were pre-cultured with SA to deplete heme and pulsed with a bolus of PBG to
re-initiate heme synthesis. The rates of heme trafficking to the indicated
subcellular locations were monitored by measuring the fractional saturation of
HS1 over time, as in Fig. 2. Data shown in A and B are meants.d. of n=3
cultures (C) Heme trafficking rate constants for the indicated compartments of
WT and hem1A strains, based on data represented in B. Data are meanzs.d. of
triplicate cultures. *P<0.05, **P<0.001 (one-way ANOVA with Dunnett’s post-
hoc test). (D) Analysis of total heme in WT and hem1A strains treated with SA,
ALA or PBG. Data represent the meants.d. of triplicate cultures.

cells pulsed with PBG, heme trafficking to the nucleus was
significantly augmented relative to that in WT cells (Fig. 3B,C):
KNUC/ECYTO=2 0£0.1 in hemIA cells versus KNVC/k“YTO=].5+0.2
in WT cells (P=0.05, one-way ANOVA; n=3). The relatively low
final fractional saturation of the sensor using PBG can be attributed
to the fact that heme-deprived cells were less efficient at using PBG
to make heme (Fig. 3D). WT and hemIA cells treated with SA and
PBG made ~33% of the heme that WT or hemIA cells treated with
ALA made. Thus, it is all the more impressive that in hemIA cells
pulsed with PBG, the nuclear sensor was completely saturated with
heme, unlike in WT cells. Importantly, WT and hemIA cells
synthesized similar levels of heme when supplied with PBG
(Fig. 3D). In total, our results demonstrate that ALAS negatively
regulates mitochondrial-nuclear heme trafficking.

Gem1, a GTPase that regulate ERMES, negatively modulates
mitochondrial-nuclear heme trafficking

Since mitochondria form dynamic physical contacts with other
organelles such as the ER (Elbaz-Alon et al., 2014; Murley and
Nunnari, 2016), we surmised that one potential route for the
distribution of mitochondrial heme to other compartments, such as
the nucleus, could be through membrane contact sites. In this
scenario, heme may be trafficked to the nucleus via the ER network,
bypassing the cytosol, thereby accounting for the increased rate of
nuclear heme trafficking. To test this idea, we probed heme
distribution rates in deletion mutants with increased or decreased
ER-mitochondrial contact sites.

The ER-mitochondrial encounter structure (ERMES), which
constitutes one type of physical interface between these organelles,
is acomplex that consists of four proteins, Mmm1, Mdm10, Mdm12
and Mdm34 (Boldogh et al., 2003; Kornmann et al., 2009; Sogo and
Yaffe, 1994; Youngman et al., 2004). Mmml and Mdml0 are
anchored in the ER and outer mitochondrial membranes,
respectively, while the cytosolic protein Mdml2 and the
mitochondrial protein Mdm34 help to bridge the interaction
between Mmm! and Mdm10 in the ERMES complex (Boldogh
et al., 2003; Kornmann et al., 2009; Sogo and Yaffe, 1994,
Youngman et al., 2004). The absence of any single ERMES protein
results in dissociation of the entire complex, compromising the
formation of ER-mitochondrial contact sites, mitochondrial
division and morphology (Boldogh et al., 2003; Burgess et al.,
1994; Kornmann et al., 2009; Sogo and Yaffe, 1994; Youngman
et al., 2004). ERMES is negatively regulated by Gem1, which is a
mitochondrial outer-membrane localized GTPase that disengages
ERMES after mitochondrial division (Kornmann et al., 2011,
Murley et al., 2013).

As shown in Fig. 4A,B, gemIA cells, which have increased
ERMES, exhibited a significantly increased rate of mitochondrial—
nuclear heme trafficking, with minimal impact on heme trafficking
to the cytosol and mitochondrial matrix: ANU¢/kYTO=1,6+0.1 in
gemlIA cells versus KNVC/ECYTO=1.2£0.1 in WT cells (P<0.01, one-
way ANOVA: n=3). These data suggest that more stable ER—
mitochondrial contacts increase the flow of heme to the nucleus.
However, in ERMES-compromised mdm12A and mdm34A strains,
heme trafficking rates were unaffected (Fig. 4C—F).

ERMES has been implicated in the transfer of lipids, for example
phosphatidylserine (PS), between the ER and mitochondria (Kawano
et al., 2018; Kornmann et al., 2009; Nguyen et al., 2012). PS is
required for the synthesis of phosphatidylethanolamine (PE) and
phosphatidylcholine (PC) (Schuler et al., 2016). In order to rule out
confounding contributions that may arise due to general defects in PE
or PC synthesis in ERMES mutants, we tested heme trafficking
dynamics in psdIA cells, which lack PS decarboxylase, the enzyme
that catalyzes the formation of PE. As shown in Fig. 4G,H, there were
no defects in heme trafficking dynamics in psdIA cells.

ERMES are highly dynamic and sensitive to the presence of
mitochondrial-vacuolar contact sites, termed vCLAMPs for
vacuolar and mitochondrial patches. Like ERMES, vCLAMPs are
important for metabolite trafficking between mitochondria and the
endomembrane system (Elbaz-Alon et al., 2014). The absence of
one causes expansion of the other, and ablation of both ERMES and
vCLAMPs is lethal (Elbaz-Alon et al., 2014). We therefore sought
to determine if a defect in vVCLAMPs also increased mitochondrial—
nuclear heme trafficking rates as in gemIA cells, which have an
increased number of ERMES foci as found in vCLAMP mutants.
However, neither vps39A nor ypt7A cells (Fig. 41-L), which lack a
component of the HOPS (homotypic fusion and vacuole protein
sorting) tethering complex (Vps39) and a Rab GTPase (Ypt7), both
core components of VCLAMPs (Elbaz-Alon et al., 2014; Honscher
et al., 2014; Murley and Nunnari, 2016), exhibited defects in heme
distribution kinetics. We conclude that Geml, but not the core
components of ERMES and vCLAMP machineries, regulates
mitochondrial-nuclear heme trafficking.

Mgm1 and Dnm1 are positive and negative regulators of
mitochondrial-nuclear heme trafficking, respectively

The mitochondrial network is highly dynamic and is constantly
remodeled by fusion and fission events. The dynamic behavior of
the mitochondrial network is thought to be responsible for the

5

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



RESEARCH ARTICLE

Journal of Cell Science (2020) 133, jcs237917. doi:10.1242/jcs.237917

A

(9]
% Heme Bound % Heme Bound % Heme Bound % Heme Bound

% Heme Bound

% Heme Bound

100
80
60

40

07

100:
80
60

40

0

20

20

BWT Cyto  Ogem1A Cyto
BWT Mito DOgem1A Mito
BWT Nuc Bgem1A Nuc

T
'}“iul”llllﬂ

0 40 80 120 160 200 240
Time (min)
Omdm12A Cyto

Omdm12A Mito
Bmdm12A Nuc

BWT Cyto
BWT Mito
@WT Nuc

N ol
40 80 120 160 200 240
Time (min)
BWT Cyto  @mdm34A Cyto

BWT Mito  Omdm34A Mito
BWT Nuc  @mdm34A Nuc

|
0

0 40 80 120 160 200 240

Time (min)
BWT Cyto Opsd1A Cyto
@WT Mito DOpsd1A Mito
@WT Nuc Bpsdi1A Nuc

100
80
60
40
20

il
0 40 80 120 160 200 240

Time (min)
BWT Cyto Oypt7A Cyto
BWT Mito  Oypt7A Mito
BWT Nuc Bypt7A Nuc

£

0 40 80 120 160 200 240
Time (min)

BWT Cyto  Ovps39A Cyto

BWT Mito  Ovps39A Mito

EWT Nuc  Bvps39A Nuc

)
0 40 80 120 160 200 240
Time (min)

o9 6.0
o
@©
X T 50
D~
£ 40
S E
g E30
©
FE20
IO
Ec10
© o
I Ooo
Cyto Nuc Mito Cyto Nuc Mito
D WT gem1A
oo 50
T2
A
U),><\4'0
£
x C 3.0
g€
e
|: e 2.0
m E
= 2 1.0
[Tle)
T Ooo
Cyto Nuc Mito Cyto Nuc Mito
F WT mdm12A

o
=}

Heme Trafficking Rate
Constant (min-') x 102
5 5 & 8

o
o

Cyto Nuc Mito Cyto Nuc Mito

WT mdm34A

N w >
=) o =)

Heme Trafficking Rate ==
5

Constant (min-') x 102

©
=)

Cyto Nuc Mito Cyto Nuc Mito

WT psd1A

o
=3

pow s
o o o

Heme Trafficking Rate &
5

Constant (min') x 102

o
=)

Cyto Nuc Mito Cyto Nuc Mito
WT ypt7A

N el > o
o o o o

Heme Trafficking Rate =
>

Constant (min-") x 102

o
o

Cyto Nuc Mito Cyto Nuc Mito

WT vps39A

Fig. 4. Gem1 is a negative regulator of mitochondrial-nuclear heme
trafficking. Heme trafficking rates were monitored using the SA pulse-chase
assay and rate constants calculated, as described in Fig. 2, for (A,B)

gem1A, (C,D) mdm12A, (E,F) mdm34A, (G,H) psd1A, (1,J) ypt7A, and (K,L)
vps39A cells. Data represent the meanzs.d. of independent triplicate cultures.
*P<0.05, **P<0.01, ***P<0.001 (one-way ANOVA with Dunnett’s post-hoc test).

proper cellular distribution and trafficking of a number of
mitochondrial-derived metabolites, including various lipids
(Chan, 2012; Tatsuta et al., 2014). Given that we identified that
Geml, an ERMES-regulating GTPase, modulates mitochondrial-
nuclear heme trafficking, and because ERMES are associated with
sites of mitochondrial division and the frequency of their formation
can be impacted by mitochondrial fission and fusion (Elbaz-Alon
et al., 2014; Friedman et al.,, 2011), we reasoned that other
GTPases that regulate mitochondrial dynamics might regulate
mitochondrial-nuclear heme trafficking.

Mitochondrial fusion

In yeast, a pair of dynamin-like GTPases, Fzol and Mgm1, drive
OM and IM fusion, respectively (Westermann, 2008). In order to
coordinate double membrane fusion, a protein spanning the
mitochondrial intermembrane space, Ugol, physically tethers
Fzol and Mgml. Mgml is proteolytically processed by the
rhomboid protease Pcpl (DeVay et al., 2009; Zick et al., 2009)
into long (1-Mgm1) and short (s-Mgm1) isoforms. It is thought that
1-Mgm1, which has an inactive GTPase domain, acts as an anchor in
the IM and interacts with and activates the GTPase activity of
s-Mgml in the intermembrane space to promote IM fusion (DeVay
et al., 2009; Zick et al., 2009).

The mgmlIA strain exhibited a marked defect in nuclear heme
trafficking relative to that in WT cells, with a greater than 50%
reduction in HS1 heme loading (Fig. 5A). The modest changes in
sensor loading and variability between biological replicates resulted
in a poor goodness-of-fit (R?>=0.5293) and large error in the rate
constant when fitting the mitochondrial-nuclear heme trafficking
data to Eqn 2 (Fig. 5B, Table S1). Conversely, heme trafficking to
the mitochondrial matrix and cytosol was not significantly impacted
in mgmIA cells (Fig. 5A,B). Interestingly, heme availability to HS1
in the nucleus was similar between WT and mgmIA cells after a
prolonged growth period of ~16h, suggesting that there are
compensatory mechanisms that overcome the defects in nuclear
heme trafficking in mgmlIA cells (Fig. S4A). The rate of heme
synthesis was unperturbed by loss of Mgml, indicating that the
nuclear trafficking defect is not related to general defects in heme
synthesis (Fig. S4B). The effects of the mgm /A mutant on nuclear
heme trafficking is not due to the loss of mitochondrial DNA, which
occurs with high frequency in mgmIA cells; rho® cells, which lack
mitochondrial DNA, did not exhibit an appreciable defect in nuclear
heme trafficking (Fig. 5C,D). Surprisingly, ablation of other
components of the mitochondrial fusion machinery, including
Fzol and Ugol, did not affect heme trafficking rates (Fig. SE-H).
Because the regulation of nuclear heme transport is specific to
Mgml, we tested whether proteolytic processing of Mgml was
important for heme mobilization. As seen in Fig. 51,J, pcpIA cells,
which cannot convert -Mgm1 to s-Mgml, did not exhibit a defect
in mitochondrial-nuclear heme trafficking.

In order to determine whether the defect in mitochondrial—
nuclear heme trafficking in mgmlIA cells is related to the role of
Mgm1 in maintaining the proper folding and structure of cristae in
the IM (Meeusen et al., 2006), we determined whether heme
trafficking was altered in a mutant that lacks the mitochondrial
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Fig. 5. Mgm1 is a positive regulator of mitochondrial-nuclear heme
trafficking. Heme trafficking rates were monitored using the SA pulse-chase
assay and rate constants calculated, as described in Fig. 2, for (A,B)
mgm1A, (C,D) rho®, (E,F) fzo1A, (G,H) ugo1A, (1,J) pcp1A cells and (K,L)
mic60A cells. Data represent the meants.d. of independent triplicate cultures.
*P<0.05 (one-way ANOVA with Dunnett’s post-hoc test).

contact site and cristae organizing system (MICOS). As seen in
Fig. SK,L, mic60A cells, which are missing a core component of
MICOS that is required for proper IM folding (Hessenberger et al.,
2017), did not exhibit a defect in mitochondrial-nuclear heme
trafficking. Taken together, our data strongly suggest that full length
Mgml, but not mitochondrial fusion or IM architecture per se,
positively regulates mitochondrial-nuclear heme trafficking

(Fig. 5).

Mitochondrial fission

In yeast, mitochondrial fission involves recruitment of the GTPase
Dnml to its receptor Fisl on the mitochondrial OM, which is
dependent on the paralogous adapter proteins Mdvl and Caf4
(Westermann, 2008). Once assembled and oligomerized around the
OM, Dnm1 drives the GTP-dependent constriction and scission of
mitochondrial tubules.

Relative to WT cells, the dnmlIA strain exhibited statistically
significant increases in heme trafficking rates to all three
compartments tested, including the matrix, cytosol and nucleus,
but with the most pronounced effect on nuclear heme trafficking:
KNVC/ECYTO=] 5401 in dnmlA cells versus ANVC/kCYTO=1.2+0.1
in WT cells (P<0.01, one-way ANOVA; n=3) (Fig. 6A,B). After
prolonged growth for 16 h, heme availability to HS1 in all three
compartments was similar in WT and dnmliA cells (Fig. S4A).
Additionally, the rate of heme synthesis was unperturbed by loss of
Dnml, indicating that the increase in the rate of heme trafficking is
not due to an increase in the rate of heme synthesis (Fig. S4C).
However, loss of other essential components of the mitochondrial
fission machinery, including Fisl (Fig. 6C,D) and Caf4/Mdvl
(Fig. 6E,F), did not affect heme trafficking. Taken together, our data
indicate that Dnm1, but not mitochondrial fission per se, negatively
regulates mitochondrial-nuclear heme trafficking (Fig. 6).

We next sought to determine the consequence of ablating both
Mgml and Dnml on mitochondrial-nuclear heme trafficking.
Interestingly, mgm 1A dnmIA double mutants exhibited WT rates of
mitochondrial-nuclear heme trafficking (Fig. 6G,H). Therefore,
Mgm1 and Dnml regulate heme trafficking in opposing directions
with similar magnitude.

Mgm1 and Dnm1 regulate the activation of the nuclear heme-
regulated transcription factor Hap1

Given that Mgm1 and Dnm1 are positive and negative regulators of
mitochondrial-nuclear heme trafficking, we sought to determine
their impact on the activation of the heme-regulated transcription
factor Hapl. Heme binding to Hap1 alters the ability of the protein
to promote or repress transcription of a number of target genes,
including CYC1, which Hapl positively regulates (Hanna et al.,
2016; Pfeifer et al., 1989; Zhang et al., 1993, 1998; Zhang and
Hach, 1999). In order to probe Hapl activity, we used a
transcriptional reporter that employs the promoter of a Hapl
target gene, pCYCI, to drive the expression of enhanced green
fluorescent protein (eGFP) (Hanna et al., 2016). As demonstrated in
Fig. 7A, not only was steady-state Hap1 activity greatly diminished
in the heme-deficient hem/A mutant and in response to SA
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Fig. 6. Dnm1 is a negative regulator of mitochondrial-nuclear heme
trafficking. Heme trafficking rates were monitored using the SA pulse-chase
assay and rate constants calculated, as described in Fig. 2, for (A,B) dnm1A,
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Fluorimetry data represent the meanzs.d. of three independent cultures.
*P<0.05, **P<0.01, ***P<0.001 (one-way ANOVA with Dunnett’s

post-hoc test).

treatment, as expected, it was also reduced nearly 3-fold as a result
of loss of Mgml. Conversely, loss of Dnm1 did not affect basal
Hapl1 activity (Fig. 7A, -).

Because basal Hapl activity in WT cells might already reflect
heme saturation of Hap1, it is possible that the effects of the loss of
Dnm1 are masked. To address this, we also measured Hap1 activity
under non-heme saturating conditions in which Hap1 activity was
probed just 4 h after alleviation of the SA-mediated block in heme
synthesis. Under these conditions, dnmIA cells had increased Hap1
activity, and mgmIA cells exhibited diminished Hapl activity
relative to that in WT cells (Fig. 7A, A).

The Dnm1 and Mgm1 dependent regulation of Hap1 is not due to
general defects in fusion or fission since fis/A and fzolA cells
exhibited WT levels of Hapl activity when probed 4 h after
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Fig. 7. Mitochondrial-nuclear heme trafficking regulates Hap1 activity
and sensitivity to new heme synthesis. (A,B) Hap1 activity in the indicated
strains as measured by a transcriptional reporter that uses eGFP driven by the
CYC1 promoter, a Hap1 target gene. Hap1 activity in cells that were untreated
with SA (-), treated with 500 uM SA (+), or treated with 500 uM SA followed by
shifting to medium lacking SA for 4 h (A) is shown. Fluorimetry data represent
the meants.d. of three biological replicates. *P<0.001, asterisks not
associated with an indicated pair-wise comparison (blue) were compared to
WT untreated samples; ns, not significant (one-way ANOVA with Bonferroni’s
post-hoc test). (C) Cellular tolerance to new heme synthesis. Cells were pre-
cultured overnight with or without 500 uM SA then allowed to recover on
medium without SA. Sensitivity to new heme synthesis was scored as ‘%
Recovery’, as described by Eqn 3, by comparing growth at the indicated times
to growth of cells continually maintained in medium without SA and with SA.
Growth data represent the meanzs.d. of three biological replicates. *P<0.001
(one-way ANOVA with Dunnett’s post-hoc test relative to WT cells).

alleviation of the SA-mediated block in heme synthesis (Fig. 7B, A).
However, for reasons unclear at this time, steady-state Hap1 activity
was diminished in both fis/A and fzoIA strains (Fig. 7B, —). Taken
together, the respective positive and negative effects of Mgm!1 and
Dnml on nuclear heme trafficking correlate with their effects on
heme activation of Hap1 and appear to be distinct from their roles in
fusion and fission dynamics (Fig. 7A,B, A).

We next addressed whether Mgm1- and Dnm1-regulated nuclear
heme trafficking affected heme-dependent growth of cells. To this
end, we determined the degree to which heme-depleted cells pre-
cultured with SA were able to recover in medium lacking SA (Gasa)
relative to cells continually maintained with (G,g4) or without SA
(G_ga)- As such, the ‘% Recovery’ can be calculated using Eqn 3:

Gasa — G
[% Recovery] = (H) x 100. (3)

Interestingly, as seen in Fig. 7C, after 12 h of growth, mgmiA
cells were better able to tolerate the re-synthesis of heme compared
to WT cells. The superior ability of mgmIA cells grown with SA to
recover in medium lacking SA was not phenocopied by another
fusion mutant, fzolA, suggesting that Mgml-mediated nuclear
heme trafficking may be inhibitory to growth. Conversely, the
fission mutants dnmIA and fisIA had WT levels of recovery from
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the alleviation of the SA-mediated block in heme synthesis,
presumably because sufficient heme was accessing the nucleus to
control growth in a WT manner. After 24 h, all cells achieved
maximal growth recovery after re-initiation of heme synthesis
(Fig. 7C). In total, our data suggest that Mgm1 is not only a positive
regulator of mitochondrial-nuclear heme trafficking, but that this
trafficking is negatively correlated with tolerance to the re-initiation
of heme synthesis.

Heme regulates mitochondrial dynamics

Heme and targets of heme signaling, such as the heme activator
proteins Hapl and the HAP complex (Hap2/3/4/5), collectively
transcriptionally regulate genes involved in mitochondrial
metabolism, including respiration and fission-fusion dynamics
(Buschlen et al., 2003; Hon et al., 2005; Knorre et al., 2016; Zhang
et al., 2017). We therefore sought to determine whether heme itself
could regulate mitochondrial fragmentation, a proxy for fission and
fusion dynamics. To this end, by inhibiting heme synthesis using a
500 uM dose of SA for 4-6 h, we found that there was a nearly
2-fold increase in mitochondrial fragmentation in SA-treated cells
relative to control cells as early as 4 h post-treatment (Fig. 8A,B). The
number of cells with fragmented mitochondria further increased upon
prolonged incubation with SA. The 500 uM dose of SA resulted in an
~60-80% decrease in intracellular heme (Fig. 8C) and alterations in
mitochondrial network preceded any appreciable changes in
mitochondrial membrane potential (Fig. 8D). Hence, the SA-
dependent increase in mitochondrial fragmentation is consistent
with a role for heme in positively influencing mitochondrial fusion
and/or negatively regulating mitochondrial fission.

DISCUSSION

We developed a live-cell assay in yeast to monitor heme transport
dynamics between the mitochondrial IM and the mitochondrial
matrix, cytosol, and nucleus in order to identify new aspects of
heme trafficking and distribution. Saccharomyces cerevisiae is an
unparalleled model system to probe heme distribution dynamics
because, unlike many eukaryotes including mammalian cells,
yeast lacking heme can be made viable if supplemented with
ergosterol and oleic acid. Thus, heme trafficking and transport
dynamics can be monitored without a background associated with
pre-existing heme pools. By integrating the heme trafficking
dynamics assay with yeast molecular genetics approaches, we
have, for the first time, probed the biodistribution of heme while it
is being synthesized in live cells, and identified new factors that
regulate heme trafficking, including the heme biosynthetic enzyme
ALAS (also known as Hem1) (Fig. 3), and GTPases that regulate
ERMES (Geml; Fig. 4A) and mitochondrial fusion (Mgml;
Fig. 5A) and fission (Dnml; Fig. 6). As discussed below, our
results provide fundamental new insights into heme trafficking and
signaling.

The heme trafficking kinetics data challenge the current
conceptual paradigm for the cellular distribution of mitochondrial
heme. The discovery of the first putative mitochondrial heme
exporter, FLVCR1b, the only mitochondrial heme transporter
identified to date (Chiabrando et al., 2012), has often been taken to
imply that heme distribution is sequential, with heme first
transported into the cytosol followed by its mobilization to other
organelles (Hanna et al., 2017; Reddi and Hamza, 2016; Sweeny
et al., 2018). However, we found that heme distribution to the
mitochondrial matrix, cytosol, and nucleus occurs virtually
simultaneously, suggesting the existence of parallel pathways for
heme mobilization to different cellular locales (Figs 2 and 3). Thus,
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Fig. 8. Heme regulates mitochondrial morphology. (A) Representative
image of the mitochondrial network in cells conditioned with 500 pM SA,
showing a mix of tubular (*) and punctate (*) morphology. Scale bar: 5 pm.
(B) Quantitative analysis of the mitochondrial network in Su9—RFP-expressing
WT cells incubated with or without 500 uM SA for varying lengths of time.
Mitochondrial fragmentation was quantified as the ratio of the number of cells
displaying punctate morphology versus the number of cells displaying tubular
morphology. Data show meants.d. of three biological replicates, with 300—400
cells per biological replicate. *P<0.05, **P<0.01, ***P<0.001 (Student’s t-test).
(C) Heme levels in WT or hem1A cells treated or untreated with 500 uM SA for
the indicated periods of time. Data represent the meanzs.d. of three biological
replicates. (D) Changes in mitochondrial membrane potential in WT cells
treated with or without 500 uM SA or 45 pM of the mitochondrial uncoupler
CCCP for varying time periods. Cells were stained with 200 nM membrane-
potential-sensitive dye DiOCg and analyzed by flow cytometry using the
FITC channel. Data show the meanzs.d. of three independent experiments.
ns, not significant (t-test).

there must be additional factors and mechanisms that distribute
heme, in addition to mitochondrial heme transporters that export
heme into the cytosol. Our data suggest that GTPases that regulate
mitochondrial dynamics and ER contact sites constitute novel
components of a newly defined heme distribution network.

We propose that the ~25% faster rate of heme trafficking to the
nucleus relative to the cytosol or mitochondrial matrix (Fig. 2F) is
suggestive of heme acting as a mitochondrial-nuclear retrograde
signal that enables cells to adapt their metabolism and physiology
for life with heme and properly functioning mitochondria. Indeed,
the activity of the heme-regulated nuclear transcription factor,
Hapl1, correlated with perturbations to mitochondrial-nuclear heme
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trafficking caused by deletion of Mgml or Dnml, which are
positive and negative regulators of heme trafficking, respectively
(Fig. 7A). Rather surprisingly, as part of this heme-based retrograde
signal, diminished mitochondrial-nuclear heme trafficking in
mgmlA cells correlated with enhanced cellular growth in response
to the re-initiation of heme synthesis (Fig. 7C). This may be due to
the detrimental effects of potentially cytotoxic levels of heme
accumulation in the nucleus. Indeed, as a redox active molecule,
heme may promote oxidative damage in the nucleus (Hanna et al.,
2017; Reddi and Hamza, 2016). Alternatively, heme may act as an
anti-proliferation signal through its ability to act as a transcriptional
regulator by binding G-quadruplexes in DNA (Gray et al., 2019) or
by controlling transcription via Hapl and the HAP complex
(Buschlen et al., 2003; Hon et al., 2005; Zhang et al., 1993, 1998;
Zhang and Hach, 1999). Taken together, our results indicate that the
relatively fast rate of nuclear heme acquisition may play an
important role in mitochondrial-nuclear retrograde signaling.

Interestingly, we found that ALAS negatively regulated
mitochondrial-nuclear heme trafficking (Fig. 3). This result may
explain the functional role of ALAS and FECH interactions in a
proposed IM heme biosynthetic supercomplex (Medlock et al.,
2015; Piel etal., 2016). The rationale for protein-protein interactions
in a biosynthetic pathway usually invokes the requirement for
substrate channeling in order to mitigate the dissociation of
potentially toxic substrates and ensure rapid flux. However, the
biochemical necessity for an interaction between ALAS and FECH,
the first and last enzymes in the heme synthesis pathway, is not clear
in the context of substrate channeling. Our results suggest that
interactions between ALAS and FECH may be regulatory because
we find that ALAS decreases heme trafficking from FECH in the
mitochondrial IM to the nucleus. Because a number of factors are
known to regulate ALAS expression and mitochondrial import,
including glucose, iron and heme (Keng and Guarente, 1987;
Kubota et al, 2016), we propose that the regulation of
mitochondrial-nuclear heme trafficking by ALAS might be part
of a complex circuit that links nutrient status to heme-based
retrograde signaling. However, the precise physiological context
and mechanism of ALAS-mediated regulation of mitochondrial—
nuclear heme trafficking needs to be further explored.

What is the mechanism of mitochondrial-nuclear heme
trafficking? We identified three conserved GTPases in control
of mitochondrial fusion (Mgml) and fission (Dnml), and ER—
mitochondrial contact sites (Gem1) as regulators of mitochondrial—
nuclear heme trafficking. One unifying model consistent with our
data is that mitochondrial-ER contact sites facilitate the distribution
of' heme to the nucleus and other extra-mitochondrial locales. Indeed,
both dnmIA and gemlIA cells, which exhibit more stable
mitochondrial-ER contact sites (Elbaz-Alon et al., 2014; Murley
et al., 2013), also exhibit increased rates of nuclear heme trafficking
(Figs 4A, 6A).

In accordance with this model, we suggest that Mgm1-mediated
regulation of mitochondrial-nuclear heme trafficking occurs in a
Dnml and ERMES-dependent manner. In such a model, Mgml
promotes mitochondrial-nuclear heme trafficking because of its
ability to drive mitochondrial fusion and provide a balancing force
to oppose Dnml-dependent mitochondrial fission. As a
consequence, mgmlA cells would be expected to — and do —
exhibit diminished mitochondrial-nuclear heme trafficking because
there is no Mgml present to counteract Dnm1l-mediated fission
(Fig. 5A). Consistent with this model, we observed a restoration of
WT levels of mitochondrial-nuclear heme trafficking in mgmiA
dnmliA cells (Fig. 6D).

However, a number of issues must be resolved regarding the
ERMES-dependent model for heme trafficking. First, we do not
currently have a means to monitor heme at ER membranes to more
directly assess the impact of ERMES and ER—mitochondrial contact
sites on heme trafficking. Second, it is unclear at this time why other
fission and fusion mutants did not exhibit defects in heme
trafficking (Figs 5, 6), which suggests additional functions of
Mgml and Dnm! beyond mitochondrial dynamics. Third, we did
not observe that mutants with defects in essential components of the
ERMES complex, including mdm12A and mdm34A, exhibit altered
mitochondrial-nuclear heme trafficking rates. One explanation is
that there are multiple types of ER—mitochondrial contact sites in
addition to ERMES that exist, including the conserved ER
membrane protein complex (EMC) (Lahiri et al., 2014). It is also
possible that mitochondrial-derived vesicles, which are responsible
for the trafficking of cargo to vacuoles and lysosomes, offer
alternative routes of mitochondrial heme efflux (Reddi and Hamza,
2016). Thus, a heme distribution phenotype may only be observed
in multigenic knockouts defective in many parallel routes for heme
trafficking.

An alternative to the ERMES-dependent model for heme
trafficking is that each GTPase identified may play distinct and
unrelated roles in heme trafficking. For instance, the human
homolog of Mgml, OPAI1, was previously found to physically
associate with FECH in the heme metabolon (Piel et al., 2016). As
such, it is possible that Mgm1/OPA1 regulates the heme metabolon,
and its interactions with putative heme trafficking factors, to effect
mitochondrial-nuclear heme trafficking. Given the lipid-like
properties of heme (Reddi and Hamza, 2016) and the fact that
Dnml and Geml are lipid-interacting OM-associated GTPases
(Macdonald et al., 2014), we speculate that heme may be
sequestered by Dnml or Geml in the OM to suppress heme
trafficking. Geml also has roles in mitochondrial positioning and
cytoskeleton anchoring that may contribute to heme distribution
dynamics (Koshiba et al., 2011). We are currently exploring the
molecular mechanisms underlying Mgml-, Dnml- and Geml-
mediated heme trafficking and whether they cooperate through a
common mechanism or act independently of each other. Since
ablation of both Mgm1 and Dnm1 restored heme trafficking to WT
levels, these factors may positively and negatively regulate a
common downstream target, respectively, and are likely to play
indirect roles in regulating heme trafficking. It is also possible that
the mutants identified to have altered heme trafficking rates also
have changes in expression of endogenous hemoproteins that have
the capacity to compete with HS1 for heme.

Interestingly, our data suggest that heme may impact
mitochondrial dynamics (Fig. 8). We speculate that there may be
feedback mechanisms by which heme itself, possibly acting through
Mgm1 or Dnml1, can regulate heme distribution dynamics between
the mitochondrial network and the nucleus. Notably, mitochondrial
fragmentation alone does not impact heme trafficking dynamics
since certain fission and fusion mutants with hyper-fused or hyper-
fragmented mitochondria (i.e. fis/A and fzolA cells, respectively)
exhibited WT rates of heme trafficking. We are currently probing the
underlying mechanisms that govern heme regulation of
mitochondrial fragmentation.

The in vivo assay to monitor real-time dynamics of inter-
compartmental heme trafficking has revealed new insights into
mobilization. We expect that the tools and approaches presented
here could be used to probe a number of human diseases, including
certain cancers, neurodegenerative disorders and blood diseases,
that are associated with defects in heme homeostasis, mitochondrial
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dynamics and contact sites (Atamna and Frey, 2004; Atamna et al.,
2002; Wang et al., 2008). Indeed, given that mitochondrial
dynamics and contact sites with the endomembrane system are
conserved between yeast and humans, and the factors that regulate
them have homologs or functional analogs between lower and
higher eukaryotes (Abrams et al., 2015; Cipolat et al., 2004;
MacVicar and Langer, 2016; Schrepfer and Scorrano, 2016;
Westermann, 2008), our studies in yeast may be of broad
applicability to better understand how membrane and organelle
dynamics impact heme transport and trafficking.

MATERIALS AND METHODS

Yeast strains, transformations and growth conditions

S. cerevisiae strains used in this study were derived from BY4741
(MATa, his3A1, leu2A0, metl5A0, ura3A0). fis]A:KanMX4, dnmlIA::
KanMX4, mgmliA::KanMX4, pcplA::KanMX4, ugoIA::KanMX4, caf4A::
KanMX4, mdviA::KanMX4 strains were obtained from the yeast gene
deletion collection (Thermo Fisher Scientific). We also used the previously
reported strains LI109 (rho®) (Reddi and Culotta, 2013) and DH001b-3
(hemlA::HIS3) (Hanna et al., 2016). AR1029-3 (mdvIA::KanMX4 caf4A::
HIS3) was generated by deleting CAF4 with pAR1047 in mdvIA::KanMX4
cells. OM232 (mgmlIA::HIS3) and OM233 (dnmlA::KanMX4 mgmliA::
HIS3) were generated by deleting MGM! with pAR1051 in WT and
dnmi1A::KanMX4 cells, respectively. All strains were confirmed by PCR,
mitochondrial morphology (Fig. S5), and, if derived from the yeast deletion
collection, sequencing the unique barcodes flanking the KanMX4 deletion
cassette.

Yeast transformations were performed by the lithium acetate procedure
(Gietz and Schiestl, 1991). Strains were maintained at 30°C on either
enriched yeast extract (1%) and peptone (2%) based medium supplemented
with 2% glucose (YPD), or synthetic complete medium (SC; Sunrise
Science Products) supplemented with 2% glucose and the appropriate
amino acids to maintain selection (Hanna et al., 2016). Cells cultured on
solid medium plates were done so with YPD or SC media supplemented
with 2% agar (Hanna et al., 2016). Selection for yeast strains containing the
KanMX4 marker was done on YPD agar plates supplemented with G418
(200 pug/ml) (Hanna et al., 2016). WT cells treated with the heme synthesis
inhibitor, SA, and hemlIA cells were cultured in YPD or SC media
supplemented with 50 ug/ml of 5-aminolevulinic acid (ALA) or 15 mg/ml
of ergosterol and 0.5% TWEEN 80 (YPDE or SCE, respectively) (Hanna
et al., 2016; Ness et al., 1998). All liquid cultures were maintained at 30°C
and shaken at 220 rpm.

Plasmids

The caf4::HIS3 disruption plasmid pAR1047 was generated by first PCR
amplifying the upstream (—650 to —129) and downstream (+2110 to +2479)
sequences relative to the CAF4 translational start site, introducing 5" BamHI
and 3’ Xhol, and 5 Xbal and 3" BamHI restriction sites, respectively. The
CAF4 PCR products were digested with the enzymes indicated and ligated in
a trimolecular reaction into the HIS3 integrating plasmid pRS403 (Sikorski
and Hieter, 1989) digested with Xhol and Xbal, resulting in pAR1047.
Transformation of yeast strains with pAR1047 linearized with BamHI
resulted in deletion of CAF4 sequences from —128 to +2109.

The mgm1::HIS3 disruption plasmid, pAR1051, was generated by first
PCR amplifying the upstream (=532 to —5) and downstream (+2736 to
+3023) sequences relative to the MGM] translational start site, introducing
5’ BamHI and 3’ Xhol, and 5’ Xbal and 3’ BamHI restriction sites,
respectively. The MGMI PCR products were digested with the enzymes
indicated and ligated in a trimolecular reaction into the HIS3 integrating plasmid
pRS403 (Sikorski and Hieter, 1989) digested with Xhol and Xbal, resulting in
pAR1051. Transformation of yeast strains with pAR1051 linearized with
BamHI resulted in deletion of MGM1 sequences from —4 to +2735.

Cytosolic, mitochondrial- and nuclear-targeted heme sensors, HS1, were
sub-cloned into pRS415 [American Type Culture Collection (ATCC)] and
driven by ADH, TEF, or GPD promoters as previously described (Hanna
et al., 2016). The Hapl reporter plasmid in which eGFP is driven by the
CYC1 promoter was also as previously described (Hanna et al., 2016).

Heme trafficking dynamics assay

Overview

Inter-compartmental heme trafficking rates were monitored by inhibiting
heme synthesis with SA in sensor-expressing cells, then removing the
block in heme synthesis by resuspending cells into medium lacking SA
and monitoring the time-dependent change in the percentage of heme
bound to heme sensor 1 (HS1) localized to the cytosol, nucleus, and
mitochondrial matrix upon the re-initiation of heme synthesis. The
fractional heme saturation of the sensor was determined using previously
established sensor calibration protocols (Hanna et al., 2016). The
percentage of the sensor bound to heme, % Bound, was calculated by
determining the sensor eGFP/mKATE2 fluorescence ratio (R) under a
given test condition relative to the eGFP/mKATE2 fluorescence ratio when
the sensor was 100% (R ax) or 0% (R,,;n) bound to heme as described in
Eqn 1 (Hanna et al., 2016).

Rmin Was determined by measuring the HS1 eGFP/mKATE2 ratio in
parallel cultures that were conditioned with SA, which inhibits the second
enzyme in the heme biosynthetic pathway, ALA dehydratase (ALAD)
(Ebert et al., 1979), and R,,,,x was determined by permeabilizing cells and
adding an excess of heme to saturate the sensor (Hanna et al., 2016). Given
HS1 is quantitatively saturated with heme in the cytosol, nucleus, and
mitochondria of WT yeast, we typically determined R, by measuring the
HS1 eGFP/mKATE2 ratio in parallel WT cultures grown without SA
(Hanna et al., 2016).

Growth for SA pulse-chase assay

HS1-expressing cells were cultured with or without 500 uM SA (Sigma-
Aldrich) in SCE-LEU medium. Triplicate 5 ml cultures were seeded at an
initial optical density of ODgp0=0.01-0.02 (2-4x10° cells/ml) and grown
for 14—16 h at 30°C and shaking at 220 rpm until cells reached a final
density of ODgoonm~1.0 (2x107 cells/ml). After culturing, 1 OD or 2x107
cells were harvested, washed twice with 1 ml of ultrapure water, and
resuspended in 1 ml of fresh SC-LEU medium. The cells that were pre-
cultured without SA provided HS1 R, values. The SA-conditioned cells
were split into two 500 ul fractions. One fraction was treated with 500 uM
SA to give HS1 Ry, values. The other fraction was not treated with SA so
that heme synthesis could be re-initiated to give compartment-specific
heme trafficking rates. HS1 fluorescence was monitored using 200 pl of a
1 OD/ml (2x107 cells/ml) cell suspension in black Greiner Bio-one flat
bottom fluorescence plates with a Synergy Mx multi-modal plate reader.
eGFP (excitation 488 nm, emission 510 nm) and mKATE2 (excitation
588 nm, emission 620 nm) fluorescence was recorded every 5 min for 4 h,
with the plate being s