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Abstract

To meet the logistical needs of supply and demand for heme, organisms need to
make it, move it to the right place, and degrade it when necessary. More specif-
ically, the provision and distribution of heme must be coupled with the synthesis
of heme proteins and meticulously regulated so that heme-tuned cellular pathways
are only activated on demand. However, how cells handle heme to meet transient
cellular requirements is yet to be clarified and represents a long-lasting question
in bioinorganic chemistry. This study deploys a genetically encoded heme sensor
(mAPXmEGFP) and Fluorescence Lifetime Imaging Microscopy to investigate the
cellular mechanisms controlling heme bioavailability. The analysis is paired with the
contextualisation of the data within the intricate network of regulation that oversees
the levels of key proteins (i.e. ALAS1, HO-1, HO-2, and GAPDH) and their coordi-
nation with an intracellular heme buffering system that ensures heme homeostasis.
Further, the implications and possible drawbacks deriving from the deployment of
genetically encoded sensors in live cells is discussed and explored.
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Part 1

Introduction



Chapter 1

The study of heme dynamics in biology

Heme is a macrocyclic complex of iron, with the metal ion coordinated equatorially
to the four nitrogen atoms of an electronically delocalised protoporphyrin IX ring
(Figure 1.1A) and to one or two axial ligands [1]. The term “heme” is used widely,
and often interchangeably, to refer to different types of iron Fe-protoporphyrin IX
(e.g. heme A, heme B, heme C, heme D). When one of these heme structures is
bound to a protein, the two axial ligation positions are normally occupied by donor
ligands provided by protein amino acids and by molecules of substrate, solvent,
or gas (Figure 1.1A-B). Heme ligation to the side chains of histidine (H), cysteine
(C), methionine (M), tyrosine (Y), lysine (K), and glutamic acid (E) residues is
known [2,3]. In binding to a protein in this way, the heme becomes either 5- or
6-coordinated (Figure 1.1B). By convention, the proximal position, which is most
commonly a histidine, is assigned as the 5" ligand and is normally shown below the
heme when visualising heme structures. The 6 ligand, if there is one, is then drawn
above the heme on the so-called distal side. This proximal/distal terminology dates
back at least as far as the crystallography studies of Kendrew and Perutz [4,5]. The
distal position can be occupied by a protein amino acid; by a diatomic gas (e.g. O,,
NO, CO); by water, hydroxide or another small molecule ligand (e.g. H,S, CN7);
or it can be vacant giving a 5-coordinate heme species.

The reactivity of the heme is controlled in part by the number and identity of
these ligands at the proximal and distal positions, while stabilisation of the heme
molecule is further controlled by the heme binding pocket via hydrophobic interac-

tions with the porphyrin ring and vinyl groups, and hydrogen bonds between the
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Figure 1.1: (A) The structure of heme B. While heme is mostly hydrophobic, the carboxylate groups
enable hydrogen-bonding interactions between the heme group and other molecules, including
assisting the binding of heme to a protein. The «, (3, §, and y positions of the heme (i.e. edges)
are labeled [7]. (B) The heme group is classified as containing distal and proximal sides, which
are conventionally drawn above and below the plane of the ring, respectively. In heme proteins,
the proximal side is usually bound to an amino acid residue provided by the protein; this helps to
control its reactivity as a redox centre and its properties as a gas-binding molecule for storage and
signaling.

propionate groups and the solvent [6]. The role of the protein can thus be envis-
aged as solubilising the hydrophobic heme molecule, and in doing so controlling the

reactivity of the heme group for biological purposes.

1.1 The emerging roles of heme

Most of what has been learned about the traditional roles of heme in biology relates
to binding of heme to individual proteins such as those involved in oxygen trans-
port (e.g. myoglobin, hemoglobin, cytoglobin, neuroglobin) [8], bioenergetics (e.g.
cytochrome ¢, cytochrome ¢ oxidase) [6,9-13], metabolism and catalysis driven by
the insertion of oxygen (e.g. cytochrome P450, indoleamine 2,3-dioxygenase) [6],
peroxidase catalysis [14], formation of nitric oxide [15] and lipid metabolism (COX-
2) [16].

The non-traditional roles of heme started to emerge as far as back as 1975 when

heme was shown as a regulator of the synthesis of s-aminolevulinic acid synthase 1



(ALAS-1) - the enzyme that catalyzes the first of the 8 steps of the heme biosynthesis
pathway (Chapter 3.1.1) [17]. Heme is now recognised as a regulator of many cel-
lular activities [18-20], including transcriptional regulation and gas sensing [20-22],
degradation of the p53 protein [23], regulation of the circadian clock [24-43], immune
response [44,44], aging [45], and the gating of numerous ion channels [46-60].
Despite its toxicity and lack of solubility, at least two chemical features make
heme suitable as a regulator. The first is that heme is redox active and can respond
to the redox status of the cell by modulating its oxidation state. The second is that
the production and modulation of the reactivity of key cell signalling gases (i.e. O,,
NO, CO) is linked to the presence of heme. Gases like Oy, NO, and CO, can bind
rapidly and sometimes reversibly to heme. Carbon monoxide is itself produced via
degradation of heme by the O,-dependent heme oxygenase enzyme [61,62], and NO
is produced by the heme- and O,-dependent NO synthase enzyme [15]. Overall, the
redox state of heme, heme-binding to proteins and nucleic acids, and the produc-
tion of signalling gases and their binding to heme may all be interconnected. This
suggests multiple layers of regulatory control as a versatile but intricate mechanism

for cell signalling.

1.2 Heme descriptors

The literature on the roles of heme in cells addresses different forms of heme using a
bewildering range of terminologies where phrases such as “labile heme”, “regulatory
heme”, “free heme”, and “heme pool” are often used interchangeably [63]. While
the need to discriminate between the different types of heme in cells is obvious, it is
challenging to provide a precise description of each type. What does “labile heme”
mean? How can “free heme” exist in the cell, given that heme is cytotoxic and poorly
soluble? Does the phrase “regulatory heme” describe a supply of heme dedicated
exclusively for regulatory purposes, or might it be used for other purposes? Does it

actually make sense to talk about “pools” of heme when current estimates for heme

concentration are in the nM to pM range [64-68]7 The lack of precise descriptions

4



for the nature of different types of heme can lead to confusing or contradictory
interpretations. Hence, a commentary on the use of such terminology is provided
here.

The phrase “regulatory heme” has been used in disciplines that vary from blood
disorders like porphyria [69, 70], gene expression [71,72], and heme biosynthesis
[73-75]. Regulatory heme refers to a small portion of the total heme content of the
cell that is present in a regulatory capacity in an intracellular heme pool. These
terms originate from early papers [71,72,75-78|, where it was also suggested that
the nature of regulatory heme was likely to be as free molecules of heme. The
existence of a form of regulatory heme is conceptually useful, and because of this its
nature has been debated as long ago as 1975 when new roles for heme — above and
beyond the traditional roles in oxygen binding, electron transfer and catalysis — were
identified by Granick [75]. In Granick’s work, the regulation of heme biosynthesis
was proposed as being controlled by fluctuations in the concentrations of heme in
a dedicated heme pool where heme was envisaged as being weakly associated to
an ensemble of cytosolic proteins [75,79]. These weak binding interactions were
considered key for heme to be readily exchangeable [75,78]. The term regulatory
heme was then later adopted by scientists in multiple fields [46,69,80-90].

“Free heme” was introduced in the 1970s [72,77,91] and was interpreted as
an intracellular population of free heme molecules either on their own (free) or all
together (in a pool, but not bound to a protein). These early papers noted the
difficulties associated with the idea of a pool of free heme, but, nevertheless, the
concept and the terms “free heme” and “pool of free heme” became engrained in
the literature [77,84,86,87,92,93]. Although broadly adopted, the term “free heme”
has rarely been precisely defined but only taken to imply a heme molecule that is
not bound to anything else. Long and co-workers have recently denoted free heme
as “heme that is not bound to proteins, either because it is newly synthesised and
not yet incorporated into hemoproteins or it has been released from hemoproteins

during oxidative stress” [88,94]. However, there are difficulties with the concept of



free heme, especially in large amounts, because heme is cytotoxic through Fenton
chemistry and radical formation [84, 86, 88,95-97]. Heme is also a hydrophobic
molecule and poorly soluble, so presumably cannot exist in cells without being
solubilised by binding to a protein, cellular membrane [98], or nucleic acids [45,99].
Moreover, heme needs to be ligated at the 5 and 6" ligation position, otherwise
it will stack to form dimers or higher multimers in solution [100, 101]. This is
problematic for cellular handing because, in a dimeric or multimeric form, heme
could not be delivered to proteins that require only one molecule per binding site.
Thus, free molecules of heme are envisaged as only existing transiently in cells.

In more recent years the term “labile heme” has appeared [44,67,88,98,102-113].
The use of this term allows a distinction to be made between the proportion of
the total heme content that is available for mobilisation, and the proportion that
is unavailable (or, more precisely, inert for exchange) because it is bound with a
high affinity, and therefore irreversibly, to proteins. Ideas on what the concepts
of labile heme actually means mimic the early ideas on regulatory heme [75,79].
Labile heme is envisaged as being continuously engaged in transient binding to
intracellular proteins that exist to actively buffer heme concentrations in the cell.
Since some heme is unavailable for distribution in cells, labile heme is thus envisaged
as an intermediary through which heme can move and be distributed through the
cell [98,103-105]. The term labile heme probably finds its origins as an adaptation
of “labile iron pool” that pre-dated it [114]. The use of the term lability, above, to
distinguish a more mobile fraction of the total heme from that which is permanently
(irreversibly) embedded into heme proteins is similar in concept to the kinetic lability
of ligands in inorganic metal complexes [115-117]. Labile ligands exchange very fast
whereas inert ligands exchange slowly. But the availability and distribution of heme
will be defined not just by the kinetic lability of the ligands bound to the heme,
but also by thermodynamics. This is because cascades of heme exchange events
down a thermodynamic gradient (dictated by heme binding affinity) will control the

overall distribution of heme. Hence, it has been proposed that “exchangeable heme”



is a more precise term to convey the concept that both kinetic and thermodynamic
processes are relevant when considering the bioavailability of heme [66, 78,89, 118,

119]. In this thesis, the following working set of definitions is used:

Total heme, H; - The total heme content of a cell. This includes the fraction of
heme that is bound irreversibly to heme proteins and thus not available for
other purposes (defined here as H,,), and the fraction of exchangeable heme

(which includes small quantities of free heme, see below).

Protein heme, H, - The fraction of heme that is irreversibly bound to heme

proteins (including membrane and cytosolic proteins).

Exchangeable heme, H, - A fraction of the total heme that is reversibly bound to
proteins or small ligand molecules (e.g. free amino acids, H,O). Exchangeable
heme can be considered as a reservoir that provides an accessible supply of

heme to the cell.

Free heme, H; - Molecules of heme that are not bound to a protein but weakly co-
ordinated with water molecules. Free heme is expected to exist in vanishingly

small quantities.

In principle, H, = H, + H. + Hj, where H, and H; account for cellular heme

bioavailablity.

1.3 Quantification of cellular heme to understand
heme distribution

The fundamental requirement for heme across virtually all organisms — both in cat-
alytic and regulatory roles — means that cells need mechanisms to manage heme
supply and demand. Supply of heme is regulated by the well-studied heme biosyn-
thesis pathway [61,74,120-122]. At the other end of the heme lifecycle, surplus heme

(when it exists) is degraded by the O,-dependent heme oxygenase enzyme [62,123].



But while the enzymatic machinery for making heme — heme synthesis — and re-
moving heme — heme degradation — is well established, what happens in between is
almost completely unknown. It has long been recognised that cells need a supply
of heme to respond to cellular demands [71,72], but until quite recently tools to ex-
amine this question have been lacking. Granick speculated in the 1970s [75,79] that
the concentration of exchangeable heme in the cytosol was in the range 10-100 nM.
This value is remarkably close to recent measurements (Table 1.1). In the past, the
cellular heme concentration had to be inferred from the amount of heme measured
in soluble cell lysis extracts determined using either fluorometric approaches [124]
or enzymatic reconstitution techniques [64, 81,89, 125]. These methods are likely
to report a concentration that lies somewhere between that for exchangeable heme
(He) and the total amount of heme present in the cell (H;) because the denaturing
methods lead to release of heme from many heme proteins, not just those involved
in regulation. In order to selectively measure concentrations of exchangeable heme,
it is necessary to use a method that is compatible with live cell fluorescence imaging
or spectroscopy [126]. Such an approach is possible by the design and application of
genetically-encoded heme sensors which can be expressed recombinantly in different

cell lines.

1.3.1 Development and applications of heme sensors

This Section provides an historical overview of the different fluorescent heme sensors
that appeared in the literature. Heme concentrations reported from these studies
vary, and are summarised in Table 1.1. A discussion on the mechanisms underlying
the sensing capacity of fluorescent heme sensors is given in Section 2.1.

In the early 2000s, Takeda et al. provided the first proof-of-concept for a heme
sensing technology to deploy in cells. The sensor comprised an EGFP-cytochrome
bsee fusion protein [127] which was later improved for enhanced resonance energy
transfer (RET) between EGFP and cytochrome bsg [128] by optimising the linker

ligating the two proteins.



Fluorescent

Measured heme

Quantification

a,b .
Reporter Heme probe tag(s) K heme (n1M) concentration (nM) mothod Tested in Ref.
Cytosol 26.6 + 5.5
IsdX1, ECFP, Mitochondria 23.3 4+ 4.9
CYSDY-9 e EYED 63.5 + 14.3 e 0t 7 FRET HeLa [65]
ER 5.4 £+ 1.4¢
. Cytosol 20-40
HS1 cytochrome bspo EGFP, 3 (ferric), Mitochondria <2.5 FRET S. cerevisiae [68]
mKATE2 <1 (ferrous)
Nucleus <2.5
P. falciparum ECFP, )
CHY Histidine Rich Protein EYEFP 250 Cytosol 1600 FRET P. falciparum [67]
. . Reconstitution of Human lung
apo-HRP Horseradish Peroxidase - - 600 catalytic activity?  fibroblasts (IRM90) [63,89]
apo-HRP Horseradish Peroxidase - - 2100 £ 2 peroxidase activity? Human [64]
erythrocytes
apo-HRP Horseradish Peroxidase - - 2100 + 2 peroxidase activity? HEK?293 [129]
mAPXmEGFP® | Ascorbate Peroxidase mEGFP 22 4 FRET HEK293 [66]

Table 1.1: Summary of genetically encoded heme sensors reported in the literature. “The heme affinity, frequently expressed as the dissociation constant, K4 heme;
is a key parameter in heme quantitation. K4 neme values should be close to the physiological concentrations of heme (in the nM to uM range), to ensure prompt
response of the sensor to changes in [heme| but also avoiding the sensor from becoming either fully saturated or fully unsaturated (which is essential to study
dynamic cellular processes). K4 neme defines the fraction of total cellular heme which is available for donor—acceptor heme exchange (acceptor = apo-heme sensor).
Heme sensors with the highest heme affinities will accept heme from a larger ensemble of heme donors, and vice versa. Caution is needed when comparing heme
concentrations obtained with different sensors, as the sensors with lower K4 heme Will draw heme from a larger number of donors. bFor ferric heme unless otherwise
stated. ©A relatively low concentration of heme was measured in the endoplasmic reticulum of HeLa cells compared to other cell lines (mouse melanoma B16,
human HCT116 colon cancer cell, human PANC-1, hamster kidney fibroblast BHK-21, and CHO), which was interpreted as due to the high expression levels of
heme oxygenase-1 in the endoplasmic reticulum surface of HeLa cells. “holo-HRP was formed by mixing apo-HRP with HEK293 lysates. The reconstitution of
the catalytic activity of the HRP reporter by its binding to cellular heme was then used to measure heme concentration. “mAPX = monomeric APX; mEGFP
= monomeric EGFP.



Fluorescently labelled variants of heme oxygenase-1 (K18C [130] and D140H [131]
variants) have also been used to detect heme in witro. These sensors were a step
forward in terms of heme quantification, but were not deployed in cells for real-time
monitoring of heme concentrations.

The first genetically encoded heme sensor, CISDY-9 [65], was designed to exploit
the natural dimerisation of a pair of bacterial chaperones (IsdX1 and IsdC). Tagging
each chaperone with a fluorescent probe and linking them with a short peptide
tether produced an intracellular Foster resonance energy transfer (FRET) reporter
which was used to analyse heme populations in HeLa cells (Table 1.1). With the
exception of the endoplasmic reticulum, heme concentrations were found to be evenly
distributed across the cytosol, the mitochondria and the nucleus, which is different
from reported measurements in yeast [68].

Cytochrome by was later engineered with EGFP and mKATE2 fluorescent tags.
This created a sensor that could be deployed in cells [68] in which the fluorescence
intensity of EGFP was quenched (via FRET) on heme binding; the intensity of
mKATE2 was unchanged providing a means of assessing heme concentration by
ratiometric analysis. A somewhat heterogeneous distribution of heme throughout
yeast cells was reported (Table 1.1), and the behaviour of the sensor in cells [105]
supported the concept of a (buffered) reservoir of exchangeable heme that is readily
available for regulatory roles and crucial in the overall physiology of yeast. The same
sensor was then utilised to demonstrate that heme delivery from mitochondria — the
place of heme biosynthesis — to the nucleus was 25% faster than to the cytosol and
the mitochondrial inner matrix. The authors suggested direct membranes contacts
between mitochondria and the ER as a possible pathway for heme delivery to the
nucleus [132,133].

A genetically encoded (FRET-based) heme sensor based on histidine rich protein
2 has been used to quantify heme concentrations in the parasite P. falciparum [67].
In this case, heme concentrations are higher (ca. 1.6 uM), but this is not completely

unexpected considering that 80% of the amount of heme contained in a human body
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is synthesised by red blood cells [63].

Peroxidase-based fluorescent sensors, based on horseradish peroxidase and ascor-
bate peroxidase, were first used to measure dynamic heme fluxes in C. elegans [129].
Ascorbate peroxidase has also been used in this work and in published work [66]
to monitor heme concentrations and distributions in live cells using Fluorescence
Lifetime Imaging Microscopy. In this case, miniscule concentrations (a few nM)
of free heme were measured - corresponding to one molecule or less per cellular
compartment. These observations are consistent with a system that sequesters free
heme.

Heme sensors can be used beyond the determination of heme concentrations. A
GFP-labelled version of cytochrome ¢ peroxidase has been recently developed and
used to study heme protein maturation by heme insertion [112]. In this design,
the percentage of the heme-bound sensor in yeast cells was revealed by the relative
amplitudes of exponential-decay components in the emission measured by fluores-
cence lifetime imaging. This provides a forward-looking approach to establish, in
real-time, the dynamic processes involved in the folding process that accompanies
the formation of heme proteins.

Heme sensor design has also relied on synthetic approaches. Promising exam-
ples include the use of the antimalarial 4-aminoquinoline probe [134] and peptide-
based fluorescent probes [135]. However, synthetic sensors have not found, as yet,

widespread adoption for in cellulo measurements.

1.4 Aims of this work

The aim of this work is to provide a methodological framework for the study of heme
dynamics in the cellular environment through the use of genetically encoded heme
sensors. To meet the transient cellular demands for heme, a readily available supply
is required, but we know little about how heme is mobilised to respond to particular
cellular needs in specific places. Where and in what concentrations is heme located?

How do heme distributions vary under different cellular conditions? What are the
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key players in maintaining cellular heme homeostasis? To answer these questions,
this thesis explores the capabilities of a novel heme sensor (MAPXmEGFP) that, for
the first time, reports on heme bioavailability through changes in mean fluorescence
lifetime rather than fluorescence intensity. In doing so, the two major limitations of
previously reported sensors - due to photobleaching and inner-filtering (Section 2.2)

- are surpassed.
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Chapter 2

A fluorescence lifetime-based method to

report on heme bioavailability

2.1 Introduction

Genetically encoded sensors for heme comprise a heme-binding protein conjugated
to one or more fluorescent proteins where the fluorescence output is modulated
by heme binding (Figure 2.1). There are different mechanisms that can lead to
suitable modulation of the fluorescence output through heme binding: (i) FRET
between the fluorescent protein and a bound molecule of heme; (ii) FRET between
a pair of fluorescent proteins; and (iii) modulation of the fluorescence anisotropy
(i.e. polarisation).

FRET between the fluorescent protein and a bound molecule of heme can only
occur if (i) the heme-binding pocket of the sensor is located in close proximity
to the chromophore-forming amino acids in the fluorescent protein; and (ii) the
emission spectrum of the fluorescent protein is overlapped with either the Soret or
Q absorption bands of heme [136]. In this case, resonance-energy transfer provides a
non-radiative decay pathway for the photo-excited state of the chromophore, via the
heme moiety, that competes with the radiative-decay pathway responsible for the
fluorescence signal (Figure 2.1A). If the distance between the chromophore-forming
amino acids on the fluorescent protein and the heme-binding pocket, r, is much less

than the Forster distance, Ry (calculated from the spectral overlap integral [136]),
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Figure 2.1: Basic principles of fluorescent heme sensor designs. (A) FRET between the fluorescent
tag and a bound molecule of heme: heme-binding to this type of sensor introduces an additional
relaxation pathway for the electronic excited state of the fluorophore. The mean fluorescence
lifetime of the probe changes between the limiting values of Tapo to Tholo for the pure apo- and
holo-forms of the sensor dependent on heme concentration [66]. (B) FRET between a pair of
fluorescent tags: the heme-binding domain of the sensor undergoes a conformational change that
brings two fluorophores into close proximity to one another. In this example, Forster energy
transfer results in a decrease in the emission of a green fluorophore and an increase in emission of
a yellow fluorophore. Hence changes in the relative emission intensities of the two fluorophores can
be used to determine heme concentration [65]. Multiple heme-binding sites may be present in the
heme-binding domain [67]. (C) A FRET sensor (similar to that shown in (A)) that incorporates
an additional fluorophore in order to measure a ratiometric intensity. The sensor is composed of
two fluorophores, but heme-binding triggers the selective quenching of the fluorescence of only one
of them. The unperturbed tag can then be used as an internal reference to monitor the changes
in the intensity of emission for the quenched fluorophore, providing a method for precise heme
quantification [68,105]. Figure adapted from Gallio et al. [118].
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then the efficiency of FRET in the holo-sensor will be near to 100%. On the other
hand, the fluorescence quantum yield of the holo-sensor (i.e. the sensor with heme
bound to it) will be near to 0% and the presence of heme can be inferred from the
quenching of the intensity of the fluorescence emission. Alternatively, if the distance
r is close to the Ry, then there will be an intermediate efficiency for FRET in the

holo-sensor given by Equation 2.1 [136,137].

FRETg  ficiency = = % 100% (2.1)

1+ (%)

Heme induced FRET in a fluorescent heme sensor can also be inferred from a re-
duction in the fluorescence lifetime. A change in the fluorescence lifetime can be
observed by Time-Correlated Single Photon Counting (TCSPC), where the propor-
tions of the apo- and holo- forms of the sensor can also be deduced by determining
the relative amplitudes of functions in the fitting of an exponential decay model.

When Forster resonance-energy transfer (FRET) is used to detect heme, heme
binding induces a conformational change that brings the chromophore-forming amino
acids of a couple of fluorescent proteins (i.e. a donor and an acceptor, respec-
tively) into close proximity (Figure 2.1B). In this case, resonance-energy transfer
between the donor and acceptor leads to subsequent radiative decay from the ac-
ceptor. Hence, the binding of a molecule of heme is detected by the attenuation of
the short wavelength emission band of one of the fluorescent proteins (the donor),
and the appearance of the long wavelength emission band of the other fluorescent
protein (the acceptor).

Heme binding may also modulate the fluorescence anisotropy (i.e. the photose-
lective excitation of fluorophores by polarised light [136]) of a heme sensor. However,
anisotropy methods - which depend on the relation between the emission of fluores-
cent light and the rotational relaxation of molecules - have not yet been exploited
for cellular heme sensing. This is likely due to the highly heterogeneous viscosity of
the intracellular environment [140-142] which affects the local rotational relaxations

and the fluorescence anisotropy of molecules [138,139].
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2.1.1 Aims of this chapter

The aim of this chapter is to build a new fluorescence lifetime-based heme sensor
using GFP and a heme peroxidase. Following a description of the heme sensor,
this chapter deals with its deployment in HEK293 cells to monitor heme bioavail-
ability through live cell Fluorescence Lifetime Imaging Microscopy. The results are
summarised and discussed in the context of a physiological interpretation of the

microscopy data. This work is published [66].

2.2 The mAPXmEGFP heme sensor

For a genetically-encoded heme sensor, a measurement of a fluorescence lifetime
decay profile has significant advantages over a measurement of fluorescence intensity:
(i) the fluorescence lifetime decay can be used to determine the ratio of holo- to apo-
forms of the sensor, but the intensity can only be used to detect the apo-form of
the sensor (because the holo-form of the sensor is quenched); (ii) the quantitative
accuracy of fluorescence lifetime imaging or spectroscopy is independent of sensor
concentration, the inner filter effect (i.e. the attenuation of the excitation beam
due to high concentration of absorbing chromophores which results in fluorescence
being not uniformly distributed in the sample), and photobleaching of the fluorescent
protein (the photon-induced chemical damage of a fluorophore that determines loss
of its ability to fluoresce) [66, 67,112, 118,136, 137]; and (iii) fluorescence lifetime
measurements imply simplified sensor designs because quantitative measurements
that rely on fluorescence intensity quenching require an additional tag to normalise
the signal (Figure 2.1C).

A fluorescence lifetime-based FRET sensor was built following the design in
Figure 2.1A by ligating enhanced green fluorescent protein (EGFP, Figure 2.2B) to
the heme enzyme soybean ascorbate peroxidase (sAPX) (Figure 2.2A). The design
and photophysical characterisation of this sensor was carried out as part of Dr.

Galvin Leung’s PhD project in collaboration with Prof. Andrew Hudson at the
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University of Leicester [66].

(A)

OH

Figure 2.2: (A) Crystal structure of soybean ascorbate peroxidase (APX, holo-form; PDB entry:
10AG) [143]. (B) -barrel structure of an enhanced green fluorescent protein (EGFP, PDB entry:
4EUL) [144]. (C) Chemical structure of the chromophore responsible for the fluorescent properties
of the GFP proteins family [145].

The elements of the fusion sensor were chosen by taking into account both con-
venience and available knowledge to minimise uncertainties during characterisation.
sAPX is a well-known protein [6,146,147] that has found applications in imaging
and proteomics [112,129,148]. sAPX exhibits a mid-range affinity for heme (K4
= 40-400 nM) [149], weaker than those of, for example, globins, cytochromes, and
catalase, which have heme dissociation constants that are typically in the 0.001-1
pM range [129]. From a design standpoint, the ideal heme responsive element in a
heme sensor should possess a K4 value close to the concentration of heme in the mea-
suring environment. The mid-range affinity of sAPX for heme makes it well-suited
to function as a heme responsive element because it is close to previous estimations
of cellular heme concentration (Table 1.1). Such a feature would make the sen-
sor sensitive to fluctuations in the population of heme, providing sensing capacity
over a range of physiologically relevant concentrations [103] and avoiding the risks
of being either easily saturated or not bound in extremely low heme concentration
scenarios [150].

EGFP, besides having been thoroughly studied since the discovery of the green
fluorescent protein (GFP) in Aequorea victoria [150-152], has been widely exploited

as a cellular fluorescent reporter in genetically encoded sensors [153], displays greater
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Figure 2.3: (A) UV-vis spectra of purified apo-mAPXmEGFP (dotted red trace), holo-
mAPXmEGF (red trace), and emission of mEGFP (Fluorescent Protein Database) (300-700 nm).
holo-mAPXmEGFP shows a strong Soret peak at 409 nm, mEGFP aborption band at 489 nm,
and low intensity Q-bands at 542 nm and 634 nm, respectively. The mEGFP absorption is the
predominant band showed by apo-mAPXmEGFP. Soret peak and Q-bands can be reconstituted
in apo-mAPXmEGF through progressive additions of hemin. The emission spectrum of mEGFP
overlaps with the Q-bands of holo-mAPXmEGF (B) Affinity chromatography elution profile of
mAPXmEGFP HiLoad™Superdex™200 pg column (GE Healthcare) (Elution buffer: [KPO4] =
10 mM, [KC]] = 150 mM, pH = 7; T = 6 °C). A first group of aggregates is followed by the
peak corresponding to mAPXmEGFP (at around V = 80 mL) and mEGFP (V = 90 mL). The
SDS-PAGE gels of fractions corresponding to these latter peaks are shown in the inset.

fluorescence quantum yield than GFP, and its folding is generally more efficient [154].
Given the historical importance of GFP-based reporters, the description of the heme
sensor mMAPXmEGFP is accompanied with an overview on the development EGFP
in the next paragraph.

The heme sensing capacity of a sAPX-EGFP fusion protein through RET is
given by the overlap between the absorption QQ bands of heme-bound sbAPX and
the emission band of EGFP (Figure 2.3A and 2.4A). On this basis, mAPXmEGFP
was developed, where complexities arising from homo-dimerisation of sAPX and
EGFP were avoided by introducing point mutations in APX (K14D/E112K) [155]
and EGFP (A206K) [156] to generate monomeric versions of each protein (mAPX
and mEGFP; full sequences in Appendix A.1.2, Figure A.1). The K4 for heme
binding to mAPXmEGFP was determined as 22 nM [66], within the same range of

previously estimated concentrations of exchangeable heme (Table 1.1).
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The development of EGFP

The discovery and isolation of the wild-type GFP (WT-GFP) from Aequorea victoria
by Prof. Osamu Shimomura resulted in a Nobel Prize award for Chemistry in 2008,
which was shared with Prof. Roger Tsien and Prof. Martin Chalfie for the further
development and engineering of the protein. The green fluorescent protein was
originally observed in the early 70’s in jellyfish and other coelenterates as responsible
for the conversion of the blue emission of a calcium-dependent aequorin to green
luminescence. Since then, GFP has proven a versatile tool widely exploited in
biochemistry and cell biology [151] as it does not require a unique jellyfish factor to
fold into the fluorescent structure [157].

The tertiary structure of GFP is constituted by 11 beta strands arranged in
a hollow beta barrel conformation containing a shorth helix that bears the protein
chromophore. The chromophore is a para-hydroxybenzylideneimidazolinone (Figure
2.2C) [158,159] resulting from a cyclisation reaction involving Ser65, Tyr66, and
Gly67 [152,160]. Briefly, the imidazolinone ring is formed by nucleophilic attack
of the amide of Gly67 on the carbonyl of Ser65. Following a dehydration step, a
dehydrogenation of Tyr66 conjugates the electronically delocalised imidazolinone
ring into an extended aromatic system [152,161].

WT-GFP has a two excitation bands (Ag, 1 = 400 nm; Ag, o = 475 nm) with Ag,,
sitting just over 500 nm [162]. However, whilst the longer excitation band provides
better photo-stability and is better suited for microscopy applications, it presents
a relatively low fluorescent quantum yield [162,163]. Moreover, the detection limit
of WT-GFP was determined around 1 pM over cellular autofluorescence [157], a
relatively high concentration for in cellulo applications.

Modern GFPs, adapted for improved brightness, photo-stability, and chromophore
maturation dynamics, differ from WT-GFP for several key features. In particular,
EGFP is an enhanced version of GFP that displays greater folding efficiency and
a single excitation peak (Ag, ~ 490 nm) [144]. EGFP is generated through two
key mutations, F64L and S65T [144, 160, 162, 163]. S65T is regarded responsible
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for the suppression of the absorption maximum at 400 nm of WT-FP by modulat-
ing the ionised state of Glu222 — Glu222 is involved in hydrogen bonding with the
chromophore-forming Ser65 in WT-GFP. On the other hand, F64L is thought of as
responsible for improved folding efficiency [144,154].

Both GFP and EGFP tend to form dimers with consequent concentration-
dependent changes in the shape of their absorption spectrum. A further mutation
in the EGFP (A206K) was introduced in this work to yield the monomeric variant
mEGFP by replacing the hydrophobic residue Ala206 — positioned at the crystallo-

graphic interface of the dimer — with the positively charged Lys [156,164].

2.2.1 Expression and purification of mAPXmEGFP

apo-mAPXmEGFP-(6xHis) was expressed in Escherichia coli BL21(DE3) trans-
formed with pLEICS45-mEGFPmAPX. A starter culture was grown in the pres-
ence of succinylacetone, a potent heme biosynthesis inhibitor [165]. Following ex-
pression, induction and cell harvest, the lysate was centrifuged, filtered, and apo-
mAPXmEGFP was purified by affinity and size exclusion chromatography. The
size exclusion elution profile is trimodal, with peaks in the 65 - 100 mL range.
Fractions corresponding to a 54 kDa species were isolated as a purified product
(apo-mAPXmEGFP-(6xHis)) (Figure 2.3B). Sample purity was evaluated by UV-
vis spectrophotometry and SDS-PAGE (Figure 2.3A-B). holomAPXmEGFP was
prepared by incubation on ice of apo-mAPXmEGFP with 1.5 equivalents of hemin
chloride solution. Successful reconstitution was checked by UV-Vis (Figure 2.3A).
Excess heme was removed from the sample of holo-mAPXmEGFP with a second

round of gel filtration. Full experimental details are outlined in Appendix A.1.2.

2.2.2 The lifetime of mAPXmEGFP reports on heme con-

centration

The fluorescence lifetime of mMAPXmEGFP has been found to be sensitively in-

fluenced by heme binding, confirming its potential as a fluorescent lifetime-based
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heme sensor [66]. This modulation reports on the population of heme bound to
the sensor, thus making a lifetime-based sensor well suited for quantitative appli-
cations. Heme binding to mAPXmEGFP facilitates Resonance Energy Transfer
(RET) from the excited states of mEGFP to the heme chromophore (Figure 2.4A)
and consequently quenches the fluorescence lifetime T of the sensor from T,p, to
Tholo (Tapo > Tholo)- 10 particular, the presence of heme introduces a competi-
tive non-radiative relaxation pathway to the release of a photon by fluorescence
from the exited states of mEGFP (Figure 2.1B). A more detailed description of
the heme-induced quenching mechanism in mAPXmEGFP is provided in Figure 2.4
and summarised here. Biopolymers often display multi-exponential fluorescence de-
cays [136]. mEGFP in particular displays two possible energetically close electronic
excited states, I*, and B* [66,166,167]. Following excitation from the mEGFP non-
interacting deprotonated ground states, I and B, the relaxation mechanism from I*
or B* is different when heme is bound or unbound to mAPX (Figure 2.4B). In par-
ticular, heme bound to the sensor introduces via FRET two additional relaxation
pathways from I* and B*, respectively, that, overall, shorten the mean fluorescence
lifetime of mAPXmEGFP (Figure 2.4C-D). The statistical nature of the concept
of fluorescence lifetime implies that a defined population of excited fluorophores is
composed of randomly emitting species. Following excitation at ¢y, each emitted
photon contributes to describing a probability distribution of emission time-lapses
T; that defines the mean fluorescence fluorescence lifetime, Tyiean, 0f MAPXmEGEFP
(Figure 2.4D), where the fluorescence intensity I(t) traces a first order exponen-
tial decay as a linear combination of each contributing decay component, i [136]

(Equation 2.2).
I(t) =) e (2.2)
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2.2.3 Theoretical underpinnings of heme sensing through

the use of MAPXmEGFP

The photophysical parameters for the description of the fluorescence lifetime decay
of mMAPXmEGFP in the apo and holo forms were determined in collaboration with
Prof. Andrew Hudson (University of Leicester) using apo-mAPXmEGFP isolated
and purified from E. coli [66] (Chapter 2.2.1). The fluorescence decay from excited
apo-mAPXmEGFP consists of two components, Trqs and Tgiow, due to the emission
from the non-interacting excited states of mEGFP, I* and B* (Figure 2.4B). Thus,
the lifetime decay of mAPXmEGFP is well described by a linear combinations of
Tolow and T Weighted by the fractional pre-exponential factors (i.e. amplitudes)

Opast and Kgjow Where (Xpase + Xsiow) = 1 (Equation 2.3).

—t —t

I(t) = XSlow € Slow + XFast €Fast (23)

The pre-exponential factors ap.s; and gl in Equation 2.3 report on the fraction of
holomAPXmEGFP, f (i.e. the relative abundance of holo-mAPXmEGFP versus
(holo + apo)-mAPXmEGFP) (Equation 2.4).

holo-mAPXmEGFP K Fast

S = ol mAPXmMEGEP + apo-mAPXmEGFP ™ sty + 0o

(2.4)

Equation 2.4 is demonstrated in the following paragraphs. The biexponential fitting
of the Time-Correlated Single Photon Counting (TCSPC) decay profiles for mixtures
of apo- and holo-mAPXmEGFP provided time constants equal to 2.7 ns and 1.3 ns
[66]. In apo-mAPXmEGFP, the lifetime value of I* is shorter than that of B*. Thus,
T« and T« can be reconciled with Tr,gy = 1.3 ns and Tgw = 2.7 ns, respectively.
Heme binding to the sensor introduces - via Resonance Energy Transfer (RET) -
non-radiative relaxation pathways (i.e. vibrational relaxation, VR, and internal
conversion, IC) to the ground state of the heme chromophore that competes with

the emission of photons through fluorescence (Figure 2.4 B). Thus, Tpas; and Tsiow
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Figure 2.4: (A) The overlap between mEGFP emission (green trace) and heme-APX Q-bands
(dotted trace) satisfies the energy match requirement for Resonance Energy Transfer to occur
between the electronic excited states of mEGFP and the heme chromophore in mAPXmEGFP
(inset). (B) Jablonski diagram describing RET from mEGFP electronic excited states [167] to
heme (c.f. mEGFP emission and heme Q band for overlap) with rate constants, krgr g~ and
krer,1+, respectively, followed by vibrational relaxation (VR) and internal conversion (IC) to the
ground state of heme. (C) Time-correlated single-photon counting, from apo- (green) and holo-
mAPXmEGFP (red) (Agy, 475 nm; Ag,,, 510 nm; 37 °C) fitted to a bi-exponential decay function,
I(t) (Equation 2.3), with time constants of 2.7 (Tsjow) and 1.3 ns (Trast) (x> values were typically
between 0.8 and 1.7 for both apo- and holo-mAPXmEGFP. No significant improvement in x? could
be achieved by inclusion of more decay components) [66]. The instrument response function (IRF)
is indicated as a dotted trace. (D) Histograms comparing the distribution of mean fluorescence
lifetimes for the apo-mAPXmEGFP (green) and the holomAPXmEGFP (red). The median is
shifted towards shorter lifetime values in holoomAPXmEGFP compared to apo-mAPXmEGFP.

decrease when heme is bound to the sensor (Figure 2.4C-D).

Assuming that kgppr = krgpr.p = 2.5x10%s™!, 11« (holo) and - (holo) are esti-
mated equal to 1.0 ns and 1.6 ns, respectively [66]. The difference between T« (holo)
= 1.0 ns, tp+(holo) = 1.6 ns, and T+ (apo) = 1.3 ns is not easily resolved from flu-
orescence decay profiles. Hence, the fast component of a fitted biexponential decay
function T, is interpreted as the result of the emission from I*(holo), B*(holo),
and B*(apo). Overall, Tgiow = Tp+(apo) = 2.7 ns whilst Tp.sy, = Mean{t-(holo),
g+ (holo), Ty (apo)}.

The fluorescence quantum yields for each of the excited states I* and B* relative
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to apo- and holoo-mAPXmEGFP are described by Equations 2.5-8, where € is the
probability of photoexcitation to B*, (1 — €) is the probability of photoexcitation to
I*, and f is the fraction of mMAPXmEGFP bound to a molecule of heme as defined

in Equation 2.4.

Qg+ (apo) = kpm 5+ Tsiow X € X (1 — f) (2.5)
Q1+ (apo) = kg 1+ Trass X (1 — €) x (1 = f) (2.6)
Qp-(holo) = kg pTrass X € X f (2.7)

Q1+ (holo) = kg, 1+ Trast X (1 — €) X f (2.8)

Since the integrated intensities of fast and slow decay emissions are pastTrast

and &sjow TSlow, then:

KFast _ QI* (CLpO) + QB* (hOlO) + QI* (h0l0>
XSlow + Kpast QB* (apO)

(2.9)

It follows that the relationship between f and measured values of Xpast and &gjow

is given by Equation 2.10 (C' = IZ’ZL]?(% —1)) by substituting Equations 2.5-2.8 into

Equation 2.9.
KFast o f + C
XSlow + XFast 1 + C

(2.10)

The value of C' can be estimated from the mean value of ﬁ for purely
apo-mAPXmEGFP. To this aim, the value of C' = 0.264 was obtained for f = 0
by expressing mEGFP alone in HEK293, because mEGFP is unable to bind heme.
The expression of mEGFP in HEK293 provides a baseline measurement for in cellulo
experiments in which mEGFP emission is not perturbed by the presence of heme.

Once C was determined from images of HEK cells expressing mEGFP alone,

the fraction of holo-mAPXmEGFP f(i,7) in each pixel with coordinates (i,j) in

2D lifetime images of HEK293 cells expressing mAPXmEGFP is given by Equation

25



2.11 by rearranging Equation 2.10.

.. KFast
ij)=——2 _(140)-C 2.11
f( j) XSlow + Kfast ( ) ( )

Then, using the heme dissociation constant of mAPXmEGFP (K4 = 22 nM [66]),
the heme concentration [Heme] can be determined from the values of f(i,j) with
Equation 2.12, to calculate maps of equilibrium concentration of heme, [Heme],

from 2D distributions of lifetime in images of live HEK293 (see below and Figure

2.5).
Kq

1
flg) 1

[Heme| = (2.12)

2.2.4 Measurement of heme concentration in HEK?293 cells

The capacity of mAPXmEGFP to measure heme concentration was tested in live
HEK293 cells to establish a reporter of changing levels of heme bioavailability. A
stable HEK293 cell line expressing mAPXmEGFP (HEK-mAPXmEGFP) was gen-
erated by antibiotic selection (Appendix A.4.2) and cultured, prior to FLIM, to
produce heme-depleted, normal heme level, and heme-rich conditions. To achieve
this, images of HEK-mAPXmEGFP cells were cultured for 24 hours before imag-
ing in a-Minimum Essential Medium (Sigma Aldrich; o-MEM), o-MEM supple-
mented with 1 mM succinylacetone (SA, Sigma Aldrich) - a heme biosynthesis in-
hibitor - and «-MEM supplemented with 10 uM hemin (Merck), respectively (Ap-
pendix A.6.2-FLIM). The resulting maps of intensity-weighted mean fluorescence
lifetime (Tyean) showed distributions of lifetimes shifted towards longer values un-
der heme depleted conditions (Tyeansa = 2.33 ns) and shorter values under heme
rich conditions (Tyean,n = 2.19 ns) when compared to those measured in the control
(TMean,amEM = 2.25 1ns) [66]. The change in lifetime reports on heme bioavailability
and mimicks the abundance of heme either supplied to the media or reduced by

chemical inhibition of heme biosynthesis.

26



A o-MEM +
o-MEM o-MEM + heme succinylacetone

o
L
O
w
£
20=—21 22 23 !!24
TMean Ins
B
o
TR
O
w
£
X
o
<
S
20 21 22 !!2.3 24
ThMean /NS TpMean /NS Tpmean /NS
C
[Free Heme] /nM
o
TR
(O]
w
£
X
o
g
£

_-.IIIII-___, R __-llllll----____, III._;
0 5 10 15 20 0 5 10 15 20 ¢ 3 " 5 20

[Free Heme] /nM [Free Heme] /nM [Free Heme] /nM

Figure 2.5: Colour maps of intensity-weighted mean fluorescence lifetime and free heme concen-
tration. The intensity-weighted mean fluorescence lifetime, Tyiean, are displayed for HEK293 cells
expressing either (A) mEGFP alone or (B) mAPXmEGFP and cultured under different condi-
tions (Ag,, 488 nm; Ag,, > 495 nm). (Left) o-MEM (with 10% fetal bovine serum); (Middle)
o-MEM supplemented with heme (10 uM; 24 h prior to imaging); (Right) o-MEM depleted of
heme following addition of succinylacetone (1 mM; 24 h prior to imaging). Images of representa-
tive cell clusters are shown. Typically, 10 images per condition were acquired in duplicate. Each
of the colour maps in A and B is accompanied by a histogram showing the frequencies for which
particular values of Tyjean Occur in the spatial distribution of pixels for the images of cells under
different conditions. An arrow indicates the modal pixel value of Tyean. (C) The concentration
of free heme calculated from the relative amplitudes, &gjow and &past, in the images shown in B
using the heme-dissociation constant, K4, for nAPXmEGFP determined in [66] (22 nM at 37°C).
Each of the colour maps for free heme concentration is accompanied by a histogram showing the
frequencies for which particular values of [Heme| occur in the spatial distribution of pixels for the
images of cells under different conditions. Dr. Galvin C.-H. Leung and Dr. Dominic Alibhai are
gratefully acknowledged for the acquisition of this data. Figure adapted from Leung et al. [66].
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2.3 Discussion

The value of mean fluorescence lifetime of mAPXmEGFP for all the conditions
explored corresponds to a miniscule concentration of measured exchangeable heme
([H]aareamr = 4-5 nM, [H]ga = <1 nM, [H]y = 8-9 nM; Figure 2.5C). Sub-nanomolar
concentrations of heme represent a few molecules or less than one molecule (in the
presence of SA) of heme per L. This is consistent with the low solubility in water
and cytotoxicity of free heme [84,86,88,95-97,100, 101] but invalidates the idea of
pools of free heme and implies that heme must be made available through alterna-
tive mechanisms. In particular, it highlights that heme mobilisation might occur
one molecule at a time from a diffuse cellular heme buffer that binds heme tran-
siently, limiting its concentration and maintaining its bioavailability by releasing it
judiciously. The transient nature of the interaction between heme and the buffer -
presumed to be comprised of a poly-dispersed ensemble of low-affinity heme-binders -
would represent the key feature that defines an exchangeable heme pool. Such mech-
anisms would contribute to maintaining heme bioavailability and biocompatibility
by overseeing heme supply to downstream proteins and preventing heme-induced
cytotoxicity, respectively. Heme exchange from the buffer might occur through pre-
dissociation of free heme or via inter-protein interaction between a heme donor and
a heme acceptor. Thus, a network of heme transfer equilibria would be at least
partially responsible for meeting cellular heme demands. In this scenario, heme is
allocated to downstream heme proteins by molecules that bind heme transiently,
according to thermodynamic gradients dictated by heme affinity. This suggests a
scale of heme bioavailability affected by the expression levels of both traditional
heme proteins and the proteins that putatively constitute the heme buffer. In sup-
port of this view, the enzymatic activity of indoleamine 2,3-dehydrogenase (IDO)
was found to decrease in the presence of an apo-myoglobin mutant as a consequence
of heme release to myoglobin (Mb) [168]. While the great affinity of Mb for heme
(K4 = 100 pM) [168] accounts for the thermodynamic stabilisation due to the trans-

fer of heme, IDO shows how heme-binding to heme proteins can prove more dynamic
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and reversible than traditionally thought, indicating how they actively buffer heme
alongside their primary heme-dependent functions.

It is worth noting that altering the oxidation state of the heme iron centre has
the potential of severely affecting the thermodynamics and kinetics of the heme
transfer. In particular, an increased transfer efficiency would be achieved whenever
the redox shift decreases the heme affinity of the buffer component, from which it
would be more easily mobilised. Iron mobilisation from the iron-storage protein
ferritin is based on a similar strategy. In ferritin, iron is stored as Fe(IIl) in a
crystal ferrihydrite inorganic structure and labilised via reduction to Fe(II), which
enhances the solubility of the metal leading to its coordination to cytosolic ligands
and chaperones [169]. Moreover, the d° high-spin electronic configuration of Fe(II)
makes it more labile towards ligand substitution reactions, translating into increased
bioavailability. Incidentally, the ferrous form represents the vast majority of the
labile iron pool [170], a state that is likely maintained by the low cytosolic redox
potential [171]. Conversely, exchangeable heme is thought as largely oxidised in
the ferric heme form [172]. Thus, direct comparisons between heme and metal ions
in cells requires due precaution. Even though the redox state of the heme iron
centre does not severely affect the overall solubility of the complex, the bulkiness
of the tetrapyrrole limits the number of species capable of efficiently binding heme
through the unoccupied axial positions, sufficiently stabilising it, and preventing it
from aggregations and precipitation.

Kinetics can also play a role in making heme bioavailable. From a mechanistic
point of view, the description of heme transfer between two heme-binding molecules
might cover a range of degrees of pre-dissociation, spanning from a purely dissocia-
tive pathway [111] to a purely associative one, with dissociative- and associative-
interchange in the middle. The donor-acceptor couple would define the transfer
mechanism (Figure 2.6). As the exchange process gravitates more towards an asso-
ciative type of transfer, the extent to which a heme sensor can probe exchangeable

heme shrinks, because it implies a decreased amount of free heme available to be
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Figure 2.6: Heme-binding partners (dark gray pacmans) are envisaged as transferring heme to
heme proteins (red circles) by dissociative (pale gray box) or associative (pale yellow box) path-
ways, resembling classical ligand exchange mechanisms in coordination chemistry. In a dissociative
pathway, a free molecule of heme (assumed to be coordinated by a water molecule) is formed tran-
siently following dissociation from a heme-binding partner, and is intercepted by an apo-heme
protein (faded red circles). Alternatively, an associative exchange of heme is possible and is shown
here for the example of heme delivery by chaperones (C, circles). This latter mechanism may
provide better selectivity toward the target heme protein. However, this is not envisaged as being
exclusive to chaperones, but a mechanism which, in principle, is available to be used by heme-
binding partners as well in delivering heme to apo-heme proteins. The different mechanisms of
heme exchange may help to fine-tune the delivery of heme to specific acceptors.

measured. This means that sampling heme bioavailability via free heme quantifica-
tion would prove particularly difficult when the acceptor heme protein binds heme
with a great affinity (e.g. Mb). Such acceptors might be regarded as “heme sponges”
that leave no detectable free heme. Similarly, an associative heme transfer mecha-
nism where there is a direct and cooperative exchange between donor and acceptor
would limit the amount of detectable heme, regardless of the heme affinity of the
acceptor. Arguably, heme delivered by a chaperone is a process falling into this
latter category (Figure 2.6). Nevertheless, a heme sensor like mAPXmEGFP is
well suited to probe exchangeable heme whenever the transfer process is delivered

through a dissociative mechanism, but also as a general reporter of heme bioavala-
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bility changes in the cellular environment, sampling free heme from a wide variety

of chemical equilibria.

2.4 Conclusions

The need for a tool to interrogate exchangeable heme has led to the development of
the fluorescent heme sensor mAPXmEGFP. The sensor was deployed in live HEK293
cells as a reporter of heme bioavailability which, arguably, is capable of detecting
changing levels of free heme, dissociated from a pool of exchangeable heme. For
the conditions examined, a diffuse network of heme buffering proteins is thought
to maintain heme bioavailability. However, fluctuating levels of heme binding pro-
teins are expected to tune heme bioavailabilty in response to environmental changes
and throughout the cell cycle, according to changing requirements of cellular heme.
Thus, the measurement of heme concentration in the matrix of intact cells can only
be relevant in a relative capacity because: (i) the nature of exchangeable heme levels
is dynamic and susceptible to the health and life cycle stage of the cell; and (ii) the
portion of exchangeable heme accessible to a given sensor is dictated by the heme
binding affinity and concentration of the sensor and the proteomic profile of heme
binding proteins (HBPs) when heme concentration is measured. These concepts are

explored in later chapters.

31



Chapter 3

Exploring the roles of HO-1, HO-2,
ALAS-1, and GAPDH in maintaining

cellular heme homeostasis

3.1 Introduction

Heme biosynthesis, heme trafficking and delivery, and heme degradation must co-
ordinate to maintain heme bioavailability [118]. Together, these pathways oversee
the lifecycle of cellular heme (Figure 3.1). Such control likely relies on the interplay
between the regulation of the enzymatic activities and the levels of at least four
proteins: d-aminolevulinic acid synthase 1 (ALAS-1, the enzyme catalysing the rate
determining step of heme biosynthesis [61,74,93,120,122,173,174]), glyceraldehyde 3-
phosphate dehydrogenase (GAPDH, a glycolytic protein that moonlights as a heme
chaperone [106,175-177]), heme oxygenase-1 (HO-1, the inducible form of the heme
degrading enzyme heme oxygenase [123,178,179]), and heme oxygenase-2 (HO-2,
the constitutive form of the heme degrading enzyme heme oxygenase [180-182]).
To begin the discussion, Sections 3.1.1-3.1.3 provide an overview of the roles and

properties of ALAS-1, GAPDH, HO-1, and HO-2 in the context of heme biology.
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Figure 3.1: The life cycle of heme in cells starts with its biosynthesis in the mitochondria and ends
with its degradation by heme oxygenase-1 (HO-1; inducible isoform) and heme oxygenase-2 (HO-2;
constitutive isoform). Heme oxygenase generates Fe?™ which can be recycled for the synthesis of

new heme molecules. A balance between synthesis and degradation contributes to controlling heme
bioavailability in cells. Modified from Gallio et al. [118].

3.1.1 ALAS-1

ALAS-1 catalyses the first step of heme biosynthesis (Figure 3.2) [61,122,183]. Two
genes encode s-aminolevulinic acid synthase: ALAS-1 and ALAS-2. ALAS-1, the
housekeeping form, is ubiquitously expressed, whereas ALAS-2 is solely found in ery-
throcytes and erythroid precursor cells [184-186]. This thesis focuses on ALAS-1 be-
cause no cells of the latter group are involved in the present study. ALAS-1 catalyses
the condensation between glycine and succinyl-coenzyme A to form s-aminolevulinic
acid (Equation 3.1). This reaction represents the first and rate determining step of

the heme biosynthetic pathway [184] (Figure 3.2).

glycine + succinyl-coenzyme A ALASL, 5 aminolevulinic acid (3.1)

A cytosolic precursor of ALAS-1 (preALAS) is post-translationally transported
into the mitochondrial matrix where it is proteolitically processed into the mature
enzyme. The regulation of ALAS-1 levels is mediated by heme through negative feed-
back at three different levels: (i) preALAS-1 mRNA synthesis inhibition; (ii) inhibi-
tion at post-transcriptional steps; and (iii) inhibition of the transport of preALAS-1

from the cytosol into the mitochondria [73]. Whilst the transport of ALAS-1 into the
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Figure 3.2: Heme biosynthesis is an eight-step enzymatic pathway partially occurring in the mito-
chondria and the cytoplasm. The first and rate determining step is the condensation of succinyl
CoA and glycine to form d-aminolevulinic acid, a reaction catalysed ALAS-1 (ALA-synthase). A
series of consecutive cyclisations and decarboxylations leads to protoporphyrin IX and the insertion
of iron - mediated by ferrochelatase - to form heme.

mitochondrial matrix is regulated through heme binding to the cysteine of a heme
regulatory motif (HRM) of preALAS-1 [187], further molecular details for the post-
translational regulation of heme biosynthesis are required [188]. Thus, the regulation
of heme biosynthesis through tuning of ALAS-1 levels is linked to the “regulatory
heme pool”, as referred to in the literature (see Section 1.2) [73,184,187-189]. A de-
crease in the regulatory heme pool levels induces an increase in ALAS-1. Conversely,
increased regulatory heme levels are associated with a decrease in ALAS-1 [184,189).
On the other hand, ALAS-1 can be easily induced with the administration of pro-
toporphyrinogenic drugs. Cellular iron levels are also likely to be involved. Inter-
estingly, freshly-generated heme in the mitochondria does not affect the activity of

ALAS-1 [189], indicating a possible mechanism for the sequestration of mitochon-

drial heme.
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3.1.2 GAPDH

The primary function of glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Fig-

ure 3.3) is to catalyse the 6th step of glycolysis (Equation 3.2) [190].

Glyceraldehyde 3-phosphate+NADT+Pi GAPDH, 1,3-Bisphosphoglycerate+NADH-+H™

(3.2)
However, GAPDH moonlights to execute a varied spectrum of roles (e.g. mRNA
stabilisation, DNA damage and repair control, regulation of transcriptional expres-
sion, signal transduction, apoptosis, and mitochondrial membrane potential mod-
ulation) [176,177,191,192]. Emerging evidence also points to GAPDH as central
for the uptake and transport of heme and its insertion into heme proteins [175].
In particular, GAPDH mediates heme delivery by acting as heme chaperone to a
growing list of proteins: iNOS [106,193,194], HAP1 [106], cytochrome P450s and
catalase [195], sGCB [107], IDO1 and TDO [196,197], Mb and Hb«, {3, and y [198],
and HO-2 [199]. To date, GAPDH is the only heme chaperone that satisfies the fol-
lowing requirements: (i) it is capable of binding and sequestering heme in cells; (ii)
its heme binding properties are linked to downstream heme deliveries; and (iii) it can

associate with apo-heme proteins [175]. However, from the list of proteins proposed
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-

Figure 3.3: (A) Crystal structure of GAPDH (tetramer; PDB: 1ZNQ). (B) The proposed heme
binding site in GAPDH is His53, which lies in between the subunits of the tetramer [106]. Further
details on the identification and modelling of the GAPDH heme-binding site was provided by
Sweeny et al. [106].
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over the years as possible heme chaperones [118], few have been thoroughly studied.
The need to uncover new heme binding proteins that may act as heme chaperones

is a current challenge that is further elaborated in Chapter 4.

3.1.3 HO-1 and HO-2

The heme oxygenase system catalyses the degradation of heme into biliverdin, CO,
and Fe?" [180, 181]. There are three known isozymes of heme oxygenase: heme
oxygenase-1 (HO-1), heme oxygenase-2 (HO-2), and heme oxygenase-3 (HO-3). HO-
3 has exclusively been detected in mice, therefore the discussion in this thesis is
focused on HO-1 and HO-2. HO-1 and HO-2 exhibit different structures [200, 201]
(Figure 3.4), regulation [202], and tissue distribution [180,181]. Most notably, the
HO-1 gene displays consensus sequences for several regulatory elements in its pro-
moter region (e.g. heat-shock factor, AP-1, NFKB, metal regulatory elements). The
shared feature of the different stimuli that induce HO-1 expression is the ability to
cause oxidative stress, including excess heme. Thus, excess heme induces its own
degradation through gene expression of HO-1 [203,204]. In contrast, a single gluco-
corticoid response element (GRE) is known in the HO-2 promoter gene. Generally
speaking, HO-1 and HO-2 are regarded as isozymes and, more specifically, as the
inducible and the constitutive forms, respectively. In HEK293 cells (the model sys-
tem in this study) and, more generally, in the cardiovascular system, HO-2 is the
predominant form under normal conditions. HO-2 possesses heme regulatory motifs
(HRMs) that aid heme transfer to the catalytically active binding site [111] but do
not affect its expression levels. Rather, these are post-translationally down-regulated
by lowered heme occupancy in the active site of HO-2 which triggers its chaperone-
mediated autophagy [205]. Overall, whilst HO-2 degrades heme under physiological
conditions, it aids the restoration of heme levels when low. Hence, HO-2 is gaining
increasing recognition as a key player in the maintenance of physiological levels of
cellular heme as it degrades heme constitutively when heme is present in excess,

but is degraded under heme deficient conditions. Moreover, in the absence of excess
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Figure 3.4: Although HO-1 and HO-2 catalyse the same reaction, they differ in primary structure,
3D structure, and regulation, suggesting different roles in the maintenance of heme homeostasis.
(A) Crystal structure of holo-HO-1 (PDB: 1N45 [201]; residues involved in heme binding in blue).
(B) Crystal structure of holo-HO-2 (PDB: 2QPP [200]; residues involved in heme binding in blue).
(C) Alignment of the structures in (A) and (B), respectively (green: HO-1; blue: HO-2). (D) Align-
ment between the primary sequence of human HO-1 (P09601) and HO-2 (P30515). Mismatches in
the alignment of the amino acid sequences of HO-1 and HO-2 are highlighted in red.

heme, endogenous heme concentration is regarded as too limiting to observe any
HO-2 activity. In this scenario, HO-2 would act as a heme buffering factor that
contributes to maintaining heme bioavalability [172]. Hence, when heme is within

the boundaries of physiologically supported concentration (undefined), holo-HO-2 is

a passive source of exchangeable heme.

3.1.4 Aims of this chapter

Provided that ALAS-1, GAPDH, HO-1, and HO-2 play key roles in controlling cel-
lular heme levels, it is desirable to understand how the cell responds to tailored

perturbations of these systems and to verify the existence of an interplay between
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them. The study of these cellular pathways is carried out in HEK293-mAPXmEGFP
cells by means of two strategies: (i) by inhibiting heme biosynthesis and the activity
of HO-1, and HO-2; and (ii) by using RNA interference (RNAi) to downregulate the
protein levels of ALAS-1, GAPDH, HO-1, and HO-2. The relative levels of these
key proteins is estimated by quantitative immunoblotting. Alongside this analy-
sis, bioavailable heme is estimated by measuring the fluorescence lifetime output of
the mAPXmEGFP sensor. Given the ambiguity generated by the interpretation of
vanishingly low concentrations of heme previously measured with mAPXmEGFP
(Section 2.2.4), a new concept for the interpretation of the lifetime microscopy re-
sults is introduced and deployed: “heme accessibility”. In particular, heme accessi-
bility allows more intuitive reporting on fluctuating relative levels of cellular heme

bioavailability. This is discussed below.

3.2 A new concept of heme accessibility

It can be unclear which type(s) of heme (i.e. total heme, protein heme, exchangeable
heme, or free heme - as defined in Section 1.2) a heme sensor is measuring. This
uncertainty is emphasised by the generally vanishingly low concentration of heme
reported by heme sensors, mAPXmEGFP included (Table 1.1). Thus, given the
absolute need to supply enough heme throughout the cell, interpreting the results
in this form is particularly difficult. Because independent studies measured intra-
cellular heme concentration in the nanomolar range (Table 1.1) [65, 66, 68], it has
been hypothesised that free heme is the type of heme being reported on [66, 118],
consistent with the requirement of keeping its concentration low due to its cytotox-
icity. However, it is problematic to reconcile miniscule amounts of detected cellular
heme with the logistical needs of heme supply and demand to gain physiologically
relevant insights into heme biology. Therefore, how we interpret the output of the
mAPXmEGFP sensor measurements requires revision.

As outlined in Section 2.1, a genetically-encoded heme sensor is normally con-

stituted by an apo-heme protein and a fluorescent tag. The chemical and physical
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properties of the heme-binding moiety specifies the kind(s) of heme the sensor is re-
porting on and the mechanism through which heme binding to the sensor occurs (as
elaborated in Section 2.3 and in Figure 2.6). For example, a heme sensor where the
selected heme binding domain is a protein naturally allocated with heme through
GAPDH (e.g. IDO, HO-2, sGC; Section 3.1.2) would be well suited to study the
maturation of such protein mediated by its GAPDH-dependent heme delivery. How-
ever, with no other heme chaperones confirmed yet (with the possible exception of
HRGY9 [206]) and with little or no information as to how the majority of heme pro-
teins are loaded with heme, we can only attempt to reverse-engineer which kind(s)
of heme any given heme sensor is measuring. For the expression of mAPXmEGFP
in mammalian cells such as HEK293, because mAPX is an exogenous protein (from
soybean; protein sequence in Appendix A.1.2, Figure A.1), no dedicated means of
heme acquisition are arguably in place. Instead, mAPXmEGFP must rely on heme
binding from reservoirs of exchangeable heme, which include free heme and heme
loosely bound to other biomolecules (Section 1.2). It follows that mAPXmEGFP
can probe exchangeable heme to a degree that depends on its heme affinity constant
- because the higher the affinity the more heme can be drawn to the sensor from an
exchangeable reservoir - but also according to how the cells tunes heme bioavailabil-
ity by adapting to environmental changes or as heme bioavailability requirements
change during the cell cycle. Further, it is possible that heme provision might have
to be localised to specific regions of the cell, at different rates and times. Keeping
these complications in mind, mAPXmEGFP can be used as a reporter of changing
levels of heme bioavailability when its access to exchangeable heme changes. This
notion defines the concept of heme accessibility and can be generalised as referring
to the amount of heme available and accessible to any given heme protein, according
to its chemistry, cellular locus, and other relevant factors.

Overall, the concept of heme accessibility contextualises heme measurements in
the cellular milieu, acknowledging the complexities therein, and recognising that the

reported bioavailability, as measured by a probe, is intrinsically relative to the probe
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deployed for the measurement.

3.2.1 mAPXmEGFP heme accessibility can be quantified

In the case of mMAPXmEGFP, heme accessibility as outlined above can be quantified
as the degree of access that the sensor has to exchangeable heme. In particular,
as discussed in Section 3.2, the access of mMAPXmEGFP to cellular heme will be
determined by cellular loci, sensor heme binding affinity, and the specific profile of
heme-binding protein levels - all of which define the nature of exchangeable heme
at the time of the measurement.

A quantitative description of the fluorescence decay of mAPXmEGFP and how
this is affected by heme binding was provided in Section 2.2. As shown, the shorter
lifetime of holoo-mAPXmEGFP compared to apo-mAPXmEGFP and, in particular,
the values of the pre-exponential factors p.s and agow, can be used to determine
the fraction of holomAPXmEGFP (f(i,j); i.e. the ratio between holo- and total-
mAPXmEGFP, as defined by Equation 2.11). Allowing fc as the fraction of holo-
mAPXmEGFP measured in a control experiment, and f as that measured in an
experimental test condition, the percentage heme accessibility change, %Hge., of
mAPXmEGFP is given by Equation 3.3.

J—Jc
fe

% H oo = 100% x (3.3)

% H 4. represents the percentage change in the fraction of holo-mAPXmEGFP f(i, j)
for a particular experimental condition, f, compared to that of a control, fo, and
provides an expression for determining the heme accessibility of mAPXmEGFP,
quantifying the relative amplitude of this change. %H,.. is an adimensional index
that reports on increased or decreased access to heme of mAPXmEGFP. In partic-
ular, changes to heme accessibility of mAPXmEGFP are interpreted as correspond-
ing to increased or decreased cellular heme bioavailability, respectively. When heme

bioavailability increases, % Hgy.. > 0; on the other hand, when heme bioavailability
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decreases % H.. < 0.

3.3 Interference of the activity of ALAS-1, HO-1,
and HO-2.

HEK293-mAPXmEGFP cells were treated with 1 mM SA, 10 uM hemin, and 10
uM ZnPP respectively 24 hours prior to analysis. In this Chapter, although no
significant changes have been implemented to the experimental procedure for the
supply of SA and hemin compared to the previous Chapter, the two chemicals are
used with the specific aim of interfering with ALAS-1 activity (SA), downregulate
ALAS-1 expression (hemin), induce HO-1 expression (hemin), and modulate HO-
2 degradation (hemin) [111,205]. In addition, ZnPP was separately supplied to
compete with heme for the occupancy of the active site of HO-1 and HO-2 and
inhibit the activity of the intracellular heme degradation machinery [207]. For each
of these conditions, heme accessibility of mAPXmEGFP was obtained through FLIM
analysis and the relative protein levels of ALAS-1, HO-1, HO-2, and GAPDH were

measured by fluorescence immunoblotting (experimental details in Appendix A.5).

3.3.1 Analysis of mAPXmEGFP heme accessibility

To measure how the heme accessibility of mAPXmEGFP changes in HEK293-
mAPXmEGFP when heme biosynthesis is inhibited, hemin is supplemented, or the
activity of HO-1 and HO-2 is inhibited, HEK293-mAPXmEGFP cells were cultured
in the presence of 1 mM SA or 10 uM hemin or and 10 uM ZnPP and imaged
by FLIM. The detailed experimental methodology that was developed for these ex-
periments is presented in Figure 3.5. The measured fluorescence decays in each
case were fitted to biexponential models (Equation 2.3) to calculate the distribution
of intensity-weighted mean lifetimes (Figure 3.5A-D). The distribution of the pre-
exponential factors agow and op.s Were also plotted to represent the quantitative

distribution of holo- and total-mAPXmEGEFP in the cells (Figure 3.5E).
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Figure 3.5: HEK293-mAPXmEGFP cells were cultured until 70% confluent in separate microscopy
dishes. 24 h prior to imaging, the minimal growth medium («-MEM, e, 10% FBS) was refreshed
and different dishes were supplemented with the following additives: 1 mM SA, or 10 uM hemin,
or 10 uM ZnPP. In a control experiment, the medium was refreshed with no supplementation.
Images of three cell clusters representative for each condition are shown: (A) Cells grown in «-
MEM (control): (B) Cells grown in o-MEM + 1 mM SA; (C) Cells grown in «-MEM + 10 pM
hemin; and (D) Cells grown in o«-MEM + 10 uM ZnPP. At least seven images per condition
were acquired. Fach of the colour maps is accompanied by a histogram (below) showing the
distribution of frequencies for which particular values of Tyean Occur within the corresponding
cluster. FLIM images were acquired as outlined in Appendix A.6. (E) Examples of the colour-
coded representation of the fast (pqst) and slow (gjow) lifetime fluorescence decay components
of mMAPXmEGFP determined for each condition.

The values of %H,.. were calculated with reference to a control where cells were
cultured in minimum essential medium (a-MEM, o, 10% FBS). % H,.. values are
listed in Table 3.1 (bottom row) with other parameters obtained through fitting
of the 2D lifetime images acquired. mAPXmEGFP heme accessibility is, respec-
tively, lowered and increased by approximately +10% when cells are cultured in the
presence of 1 mM SA or 10 uM hemin. These results show that the amount of

exchangeable heme mAPXmEGFP has access to can be varied within a range that
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spans 20% of the sensor response range through the use of SA and hemin. How-
ever, the concentrations of 1 mM SA and 10 uM hemin lie in the upper limit of
concentrations used in the literature for similar purposes and can compromise cell
viability (Figure 3.9) and modify the normal proteomic profile. These variations
could affect cellular and heme homeostasis to an extent that would affect a truthful

interpretation of the results.

1 mM SA Control 10 uM hemin 10 uM ZnPP
TMean(ns) | 2.30+£0.02  2.25+0.01 2.2040.03 2.10£0.06
XSlow 0.535 0.495 0.457 0.398
AFast 0.465 0.505 0.543 0.602
f(i,9) 0.324 0.374 0.422 0.497
Y% H g -14% - +13% +33%

Table 3.1: Summary of relevant parameters obtained from the fitting of the fluorescence lifetime
decay measured for mAPXmEGFP in HEK293-mAPXmEGFP cells grown in the presence of 1
mM SA; or 10 uM hemin, or 10 uM ZnPP. Lifetimes are expressed as the modal values of lifetime
distributions and averaged over at least seven clusters of cells for which separate images were
acquired - representative examples are shown in Figure 3.5. The pre-exponential factors xgiow
and oast were used to calculate the overall ratio between holo- and total-mAPXmEGFP, f(i,7)
(Equation 2.11), and the corresponding % H .. (Equation 3.3) in reference to the control experiment
where cells were cultured in minimum essential medium only.

Interestingly, heme accessibility change is markedly increased by around 30%
when ZnPP was used for the incubation. In order to quantify the binding of ZnPP
to mAPXmEGFP, in vitro experiments show that ZnPP binds to mAPXmEGFP and
satisfies the energy match requirement for resonance energy transfer with mEGFP
(Figure 3.6A-B). However, ZnPP binding to mAPXmEGFP was found to not affect
the lifetime of the sensor when mEGFP is excited by a pulsed laser light at 490 nm
(Figure 3.6C-D). This can be accounted for by hypothesising that ZnPP binds un-
specifically and away from the mEGFP chromophore - thus impeding FRET due to
excessive distance between the chromophores - or because of a misalignment between
the dipole transition moments of mEGFP and ZnPP [136,137]. Another possible
disruption induced by the presence of ZnPP would be the intrinsic fluorescence of
ZnPP itself (Ag,,, = 589 nm [208]). However, when a solution of ZnPP was excited
with laser light at 490 nm - the excitation wavelength of mEGFP - no fluores-

cence signal was detected, indicating that ZnPP would not affect the measurement
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Figure 3.6: ZnPP binding to nAPXmEGFP. (A) Comparison between the UV-vis spectra of heme-
mAPXmEGFP (red trace) and ZnPP-mAPXmEGFP (purple trace). (B) Overlap between the Q-
bands of ZnPP-mAPXmEGFP (purple trace) (555 nm; 591 nm) and the emission band of mEGFP
(green trace). The Q bands of native heme-APX (dotted trace) are also reported as a reference. (C)
Although ZnPP binds to mAPXmEGFP and the resulting Q-bands overlap with mEGFP emission,
no change in the fluorescence lifetime decay of apo-mAPXmEGFP was measured after incubation
with ZonPP (X%, mapxmecrp = 1075 Xgnpp-mapxmearp = 0.97). (D) The distributions of
the Tvean Of apo-mAPXmEGFP (green) and ZnPP-mAPXmEGFP (purple) measured in HEK293-
mAPXmEGFP are superimposed.

of mAPXmEGEFP lifetime. Thus the effects of ZnPP in HEK293-mAPXmEGFP
are discussed in this Chapter assuming that the lifetime of mAPXmEGFP was not

influenced by the presence of ZnPP in the incubation media.
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3.3.2 Analysis of protein levels

To contextualise the change in the heme accessibility, % H,.., of mAPXmEGFP
measured for the conditions explored in Section 3.3.1, the relative levels of the
proteins ALAS-1, HO-1, HO-2, and GAPDH were measured by fluorescence western
blotting (detailed methodology can be found in Appendix A.5) in whole cell lysates
of HEK293-mAPXmEGFP cultured in minimum essential medium (a-MEM, o«
10% FBS; control) and in the presence of 1 mM SA, 10 uM hemin, and 10 uM
ZnPP, respectively. The percentage changes of ALAS-1, HO-1, HO-2, and GAPDH
are summarised in Table 3.2 and shown in Figure 3.7. The results are discussed in

the following paragraphs of this Section.

Incubation ‘ALAS-l HO-1 HO-2 GAPDH ‘ %H e

1 mM SA -40% -20% -14%
10 uM Hemin -80% -20% +13%
10 uM ZnPP | -100% _40% +33%

Table 3.2: Summary of the measured normalised fold change in the levels of ALAS-1, HO-1, HO-
2, and GAPDH in HEK293-mAPXmEGFP lysates following 24 h incubation with 1 mM SA; 10
uM hemin and 10 uM ZnPP. The fold change was measured by densitometry and normalised
using fB-actin detection (Appendix A.5 for full experimental detail). The table reports the mean
values measured for each incubation (refer to Figure 3.7 for more details). Protein level changes
are colour-coded in green (positive change) and red (negative change). The calculated values of
mAPXmEGFP %H,.. - as defined in Section 3.2 - are also reported on the last column for each
incubation.

Incubation with SA

ALAS-1 is upregulated significantly when cells are incubated with SA (+340%). At
the same time HO-1 and HO-2 are downregulated by -40% and -20%, respectively.
This indicates that when heme biosynthesis is impeded cells compensate for this
disruption by upregulating ALAS-1 — and thus increasing their own heme biosyn-
thetic capacity - whilst decreasing the degradation of heme by HO-1 - the inducible
isoform of heme oxygenase - and HO-2 — the degradation of which is triggered by
lowered heme occupancy in its active site [205]. Such effect suggests a mechanism
of compensation to face the reduced regime of heme production due to the pres-

ence of SA. The slight increase (+5%) in GAPDH is within the standard deviation
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measured for the replicates relative to the untreated cells (control; Figure 3.7).
This scenario is accompanied by a lower level of % H,... detected by mAPXmEGFP
(Table 3.1), highlighting that, overall, cellular heme bioavailability decreases. In this
case, the changes in protein levels is consistent with a mechanism that compensates
for the lowered production of heme due to heme biosynthesis inhibition. It is worth
noting though that the upregulation in ALAS-1 analysed over a longer experimental
time-frame (e.g. 48 hours incubation instead of 24 hours) might fully compensate,
or over-compensate for the fraction of it inhibited by SA, and regenerate completely
bioavailable heme levels. In this scenario, mAPXmEGFP %H,.. would be similar

to the control in Table 3.1 and thus reported as close to zero.

Incubation with hemin and ZnPP

The incubation of 10 uM hemin and 10 uM ZnPP generated the same regulation
pattern of the four proteins ALAS-1, HO-1, HO-2, and GAPDH, differing only in
the amplitude of their relative fold change, with ZnPP inducing enhanced effects ( cf.
hemin; Table 3.2 and Figure 3.7). The addition of exogenous hemin or ZnPP has
increased the intracellular concentration of porphyrins decreasing the requirement
for heme synthesis and leading to a drastic downregulation of ALAS-1 (-80%, hemin;
-100%, ZnPP). In particular, 10 uM ZnPP downregulates ALAS-1 to the point
that it was undetectable by immunoblotting (Figure 3.7E). On the other hand, the
increased heme bioavailability - measured with the positive values of mAPXmEGFP
% Hee (+13%, hemin; +33% ZnPP) - was likely exceeding the buffering capacity
of the cell and induced a dramatic upregulation of HO-1 (4+300%, hemin; +1500%
ZnPP). This speaks for the efficacy of ZnPP in inhibiting the heme oxygenase system
but also in generating oxidative stress, which in turn induces HO-1 expression.
As mentioned in Section 3.1.3, the HO-1 gene is induced by heme binding to its
promoter. Thus, HO-1 upregulation can be regarded as a mechanism to cope with
the increased concentration of heme. By analogy with the effect induced by the
presence of SA, the reciprocal up/down-regulation of ALAS-1 and HO-1 indicates

a compensation mechanism that aids the re-establishment of homeostatic cellular
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Figure 3.7: Quantitative immunoblotting of whole lysates of HEK293-mAPXmEGFP cultured
for 24 h in the presence of 1 mM SA, 10 uM hemin, and 10 pM ZnPP highlights a reciprocal
and opposite regulation of (A) ALAS-1 and (B) HO-1 levels, and (C) GAPDH and (D) HO-2
levels. Error bars show the standard deviation over triplicate measurements. (E) Representative
immunoblots showing a comparison between the band intensities detected in cell lysates of HEK293-
mAPXmEGFP grown in the presence of 1 mM SA (SA), 10 uM hemin (hemin), and 10 uM ZnPP
(ZnPP). Each blot shows respectively (top to bottom) ALAS-1 detection, HO-2 detection, GAPDH
detection, and HO-2 for the conditions explored. Band intensities was measured by densitometry
and normalised using f3-actin detection as an internal control. Membranes were imaged using a
Licor Odyssey Fc. Analysis of band intensities was carried out with Empiria Studio® Software.
Full experimental details in Appendix A.5.

heme levels in response to stimuli that disrupt it. The time-frame of the experiment
(24 h) can once again explain why, despite the substantial up-regulation of HO-1,
it was still possible to detect a positive change in the % H,.. of mAPXmEGFP. The
reciprocal interplay between the levels of ALAS-1 and HO-1 can be visualised in
Figure 3.7A-B.

HO-2 was down-regulated in the presence of hemin and ZnPP by -20% and -40%,
respectively. As recently shown by Ragsdale and collaborators, HO-2 is degraded
when heme occupancy in its active site is reduced [205]. This aligns with the notion
that heme is not being produced (ALAS-1 downregulation) whilst HO-1 is over-

expressed (increased heme degradation), making heme less available. However, it
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clashes with the calculated % H,.. = +33% measured for mAPXmEGFP when in-
cubated with ZnPP. An interpretation of this effect is the following. A high regime
of heme degradation (high level of HO- 1) and a low regime of heme production
(low ALAS-1) generate cellular heme deficiency that leads to heme being released
from the exchangeable heme reservoir, making heme, overall, transiently more bio-
available. In this scenario, the low occupancy in the active site of HO-2 — which
triggers its degradation [205] - can be interpreted as a localised effect within the
endoplasmic reticulum - the main locus of HO-1 and HO-2 [180, 181,207] — where
HO-1 is being highly expressed (+300%, hemin; +1500% ZnPP). In summary, whilst
cellular heme bioavailability is on average increased because heme is being released
from its exchangeable reservoir, the over-expression of HO-1 leads to low heme levels
in the endoplasmic reticulum, and in turn, to the degradation of HO-2.

Interestingly, both hemin and ZnPP induced an increase in GAPDH levels (+20%,
hemin; +30% ZnPP), which, in this context, could enhance the heme buffering ca-
pacity of the cell.

Overall, Table 3.2 and Figure 3.7 highlight two patterns of reciprocal regulation

1mM SA 10 uM hemin 10 uyM ZnPP

ALAS-1 ALAS-1 ALAS-1
4
le le '©
bioavailable hemel— bioavailable hemeT— - bioavailable hemeT--
|e le | e
©| GAPDH ) ©| GAPDH e ©! GAPDH e
HO-1 HO-1 be> HO-1
HO-2 «—— HO-2 «—— HO-2 <!

Figure 3.8: Schematic representation of the effects induced by incubation of HEK293-
mMAPXmEGFP for 24 h with 1 mM SA, 10 tM hemin, and 10 UM ZnPP, respectively. The
red arrows represent increasing (upward-pointing) or decreasing (downward-pointing) levels of
bioavailable heme. As a consequence of changing levels of bioavailable heme, the levels of ALAS-1,
GAPDH, HO-1, and HO-2 are either up-regulated (plus signs) or down-regulated (minus signs).
The arrows connecting bioavailable heme to the other proteins in the case of the 10 UM ZnPP
incubation are dotted because it is not clear whether proteins level are directly affected by the
level of bioavailable heme or by other unknown pathways induced by the presence ZnPP.
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of (i) ALAS-1 and HO-1, and (ii) GAPDH and HO-2 levels, respectively. The
incubation with ZnPP generated the most dramatic effects in terms for ALAS-1
down-regulation, HO-1 up-regulation, and the mAPXmEGFP %H,... However, the
sum of the downstream effects triggered by ZnPP - which are likely to outnumber
heme-dependent cellular pathways - can be hard to predict and take into account.

The observed pattern of regulation is represented in schematic form in Figure 3.8.

3.3.3 SA, hemin, and ZnPP affect the viability of HEK293

cells

The conditions explored in Section 3.3.2 can lead to complications due to unforeseen
downstream effects or cytotoxicity. For example, cells were supplemented with ZnPP
to inhibit the activity of HO-1 and HO-2, but ZnPP lacks specificity despite being
selective. More specifically, ZnPP is a potent inhibitor of heme oxygenase activity
by competing with heme for the occupation of the enzyme’s active site [207], but it
non-selectively binds HO-1 and HO-2, as well as being capable of modulating the
activity of other enzymes such as cytochrome P450, inducible nitric oxide synthase
(iNOS), and soluble guanylate cyclase (sGC) and acts as a transcription cofactor
for several genes [179,207]. Similar considerations also apply to hemin incubation
and, to a minor extent to succinyl acetone when supplied as media additives to cells.
This introduces complications that makes it difficult to draw confident physiologi-
cal arguments to explain heme biology. Ultimately, the disruptions introduced by
adding SA, hemin, and ZnPP to the growth medium reduces cell viability, as shown
in Figure 3.9. Because of such complications, the interference with the functions
of key proteins involved in heme biology is carried out in the next Section through

with a more sophisticated approach, using RNA interference.

49



1.2
1.0

0.8

Viability
[=]
[=)}
1

S S
=
1

0.2
0.0-
> \ad & {
Q&& Q% “Qé& (\}s
g Nl Sl
D AN

Figure 3.9: Relative viability of HEK293-mAPXmEGFP 24 h after the addition to minimal growth
medium of 1 mM SA, 10 UM hemin, and 10 UM ZnPP. The relative viability was measured by
means of a MTT assay (see Appendix A.4.3).

3.4 The use of RNA interference to study heme
bioavailability

In this section, mAPXmEGFP and FLIM are used alongside gene silencing tech-
niques to study cellular heme availability. Using a tailored gene silencing experi-
ment, mMAPXmEGFP and FLIM comprise a toolkit to analyse changes in bioavail-
able heme. This approach minimises the potential for side effects that may influence
heme homeostasis in unpredictable ways. The proteins involved in this study are
known to be involved in heme homeostasis (HO-1, HO-2, GAPDH, and ALAS-1)

A versatile tool to knockdown protein levels at the post-transcriptional stage is
RNA interference (RNAi). RNAi is a natural mechanism for the post-transcriptional
control of gene expression. Briefly, a double stranded RNA - or a hairpin RNA -
is cleaved by Dicer (a RNAase) into a small interfering RNA duplex (siRNA, 21-
26 nucleotides) that works as a template to recognise and bind homologous RNA
sequence produced through the transcription of a given gene. The degradation of
the RNA sequence by Dicer then determines the silencing of the gene that produced
the RNA sequence. The design of siRNA to selectively silence genes has now become
a potent tool in molecular biology [209].

In this study, the HMOX2 and the GAPDH genes were targeted using this
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method. HMOX2 was chosen because the post-transcriptional regulation of HO-2
has recently been linked to the restoration of intracellular heme levels [205]. Simi-
larly, GAPDH was selected in the light of its emerging roles in heme biology (Sec-
tion 3.1.2). The silencing of HMOX2 and GAPDH in HEK239-mAPXmEGFP was
accompanied with the measurement of distribution of lifetime of mAPXmEGFP
through FLIM (Figure 3.10). Moreover, following the silencing of HO-2 (knocked
down by 50%; Table 3.4) and GAPDH (knocked down by 42%; Table 3.4) the
changes in the protein levels of ALAS-1, HO-2, HO-1, and GAPDH were measured

by immunoblotting (full experimental details in Appendices A.4.4 and A.5).

siRNA knockdown of HO-2

A pair of siRNA sequences (HO-2 siRNA1, HO-2 siRNA2; Table 3.3) for the HMOX2
gene (human gene for HO-2) was designed to target respectively the nucleotide
sequences in positions 528-548 and 529-279 of the HMOX2 gene (gene ID: HMOX2-

NM_002134.4) as previously reported in the literature [210].

‘ Sequence 5’-3’ Overhang Number of Bases MW

HO-2 siRNA1 GCACACGACCGGGCAGAAA [81V) 21 6144.83
HO-2 siRNA1_as | UUUCUGCCCGGUCGUGUGC UvU 21 5983.55
HO-2 siRNA2 GUACGUGGAGCGGAUCCAC Uu 21 6115.74
HO-2 siRNA2_as | GUGGAUCCGCUCCACGUAC UvU 21 6012.64

Table 3.3: Sequences and properties of the two siRNA designed to silence HMOX2 (siRNAL;
siRNA2). Sense and anti-sense (as) strands are reported for each siRNA duplexes. Positions 528-
548 and 529-279 of the HMOX2 gene (gene ID: HMOX2-NM_ 002134.4) were targeted.

A 50% knockdown of HO-2 (data shown in Appendix A.5) was followed by
a slight increase in the level of HO-1 (+10%) and a more significant increase in
GAPDH (+25%). The decrease in the HO-2 level was accompanied by the induc-
tion of HO-1 to counterbalance the reduced heme degradation regime due to limited
HO-2 activity. At the same time, the induction of GAPDH may be interpreted as an
attempt to make more heme available to HO-2 - because GAPDH is a heme chaper-
one for HO-2 [199] - by enhancing the activity of the population of the protein that
is still being expressed (50%; cf. normal conditions). The increased level of GAPDH

- which will effectively be buffering cellular heme to a major extent compared to nor-
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mal conditions - also explains why the value of % H,.. for mAPXmEGFP changes
only marginally (-0.2%).

On the other hand, the detected change in ALAS-1 when HO-2 is knocked down
by siRNA was not significant, indicating that the reduced expression of HO-2 does

not affect heme biosynthesis.

RNAi knockdowns | ALAS-1 ~ HO-1  HO-2 GAPDH | %H,..
siRNA HO-2 | unchanged -50% -0.2%
siRNA GAPDH -28% unchanged -42% +7%

Table 3.4: Normalised changes in the levels of ALAS-1, HO-1, HO-2, and GAPDH following
knockdown of HO-2 (siRNA HO-2) and GAPDH (siRNA GAPDH) by RNAi. Protein levels were
measured by densitometry and normalised using f-actin detection (the standard deviation for
each value is typically estimated within a 5% range; Appendix A.5 for experimental details and
immunoblot images). Protein level changes are colour-coded in green (positive change) and red
(negative change). The calculated values of the % H,e. of mAPXmEGFP obtained by FLIM are
also reported in the last column for each incubation.

siRNA knockdown of GAPDH

A commercially available cocktail of siRNA sequences (ON-TARGETplus GAPD;
Dharmacon) was deployed to knockdown GAPDH (43% knockdown; data shown in
Appendix A.5). A slight increase in HO-2 levels was detected (+13%). This indi-
cates increased heme occupancy in its active site, compared to the control, because
not as much HO-2 degradation is triggered [205]. On the other hand, HO-1 levels
do not change. However, a significant increase in the % H,.. of mAPXmEGFP was
measured (+7%). Thus, the knockdown of GAPDH increases heme bioavailability
to a small extent, or at least the access of mMAPXmEGFP to bioavailable heme.
This result consolidates the idea that GAPDH is a heme buffering component and a
heme chaperone. It is plausible that heme loading to mAPXmEGFP is not mediated
by GAPDH because the sensor is a non-native, exogenous protein to the HEK293
wild type milieu. Further, any heme bound to GAPDH is - to a certain extent -
sequestered and not available (i.e. not accessible) to mAPXmEGFP. By knock-
ing down GAPDH, whilst heme loading to proteins that rely on GAPDH for heme

delivery might be compromised, heme becomes more accessible to mAPXmEGFP
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Figure 3.10: HEK293-mAPXmEGFP cells were cultured until 70% confluent in separate four-
compartments microscopy dishes (CELLview). 48 h prior to imaging, minimal growth medium («-
MEM, ae, 10% FBS) was refreshed with a-MEM (serum-free, phenol red-free, antibiotic-free, oo-
free) and cells were transfected with siRNA sequences to target HMOX2 and GAPDH, respectively
(as outlined in Appendix A.4.4). (A) Representative distributions of the Tyean of MAPXmEGFP
in three clusters of HEK293-mAPXmEGFP measured by FLIM when HMOX2 (top left; siRNA
HO-2) and GAPDH (top right; siRNA GAPDH) were knocked down through RNAi. Typically, at
least seven images per condition were acquired. (B) Histograms showing the distribution of Tyiean
for the two RNAI experiments compared to their relative control of untreated cells. (C) Fitting
of the lifetime distribution of mMAPXmEGFP in the two samples yielded the two lifetime decay
components opast and &giow (XFast + Xslow = 1). The figure shows examples of the distribution
of atpast - which reports on the fast decay component of Tyean (Equations 2.3-2.4) due to holo-
mAPXmEGFP - in clusters of cells where HO-2 (left; siRNA HO-2) and GAPDH (right; siRNA
HO-2) were knocked down. The comparison shows a prevalence of higher values of op,st in the
sample where GAPDH was silenced, which indicates higher % H,.. (see text).
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because some of it is being made bioavailable through alternative, less specific path-
ways than the GAPDH mediated trafficking (e.g. non-specific transient binding to
other proteins that are not heme chaperones - i.e. another form of H, - or free heme
binding, Hy).

The increase in HO-2 (+13%) when GAPDH is knocked down might seem
counter-intuitive, because GAPDH facilitates heme binding to HO-2 [175,199]. How-
ever, the general increase in heme bioavailability - indicated by the increased % H,..
of MAPXmEGFP (+7%) - seems to counterbalance the decrease in heme supply me-
diated by GAPDH, by increasing HO-2 heme occupancy. At the same time, such an
increase is not reflected in any change in HO-1 levels indicating that heme, although
generally more bioavailable, is managed by the cell sufficiently such that HMOX1
induction is not required.

This is aided by a reduction in the level of ALAS-1 (-28%), but also suggests the
presence of an underlying heme buffering mechanism. In particular, HO-2 might
be contributing to the buffering of heme as well as to its degradation, as recently
suggested by Reddi and co-workers [172].

It is worth noting that a specific feature of the model system deployed here
(HEK293-mAPXmEGFP) is that the buffering of heme might be mediated by
mAPXmEGFP itself. Overall, such measures control the overall heme bioavailability
and prevent the development of heme induced oxidative stress and the consequent
induction of HO-1 expression.

The observed patterns of regulation following HMOX2 and GAPDH knockdown

are summarised in schematic form in Figure 3.11.

siRNA knockdown of ALAS-1

Silencing of ALAS-1 was also attempted but cells could not survive without sup-
plementing the incubation medium with hemin. The experimental conditions to
accommodate ALAS-1 knockdown without hemin supplementation are currently
being optimised. Hemin incubation is to be avoided to exclude from the analysis

the competing effects that it triggers, which were explored and discussed in Section
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3.3. It is interesting however, that whilst the cell appears to be equipped with a
range of measures to cope with heme when in slight excess, the interference with

ALAS-1 levels seems to irreversibly disrupt cell homeostasis.

siRNA HO-2 ‘ siRNA GAPDH

ALAS-1 «— — ALAS-1

— bioavailable heme @ | bioavailable heme
I
X
GAPDH S GAPDHl—
X *
(+] HO-1 HO-1 ©
I
HO-2 | HO-2 «—

L

Figure 3.11: Schematic representation of the effects induced by siRNA HO-2 (left) and siRNA
GAPDH (right) in HEK293-mAPXmEGFP. The red arrows represent increasing (upward pointing)
or decreasing (downward pointing) levels of either HO-2 or GAPDH 48 h after transfection with
suitable siRNA sequences (experimental details are in Appendix A.4.4). The knockdown of HO-2
or GAPDH led to different cellular responses in terms of bioavailable heme and the levels of ALAS-
1, GAPDH, HO-1, and HO-2 which were are either up-regulated (plus signs) or down-regulated
(minus signs).

3.5 Towards a compartment-selective analysis of
the heme accessibility of mAPXmEGFP

Thus far, the % H,.. of mAPXmEGFP in live cells has been obtained through a
global analysis averaged throughout whole cells imaged by FLIM. A current objective
is to obtain a spatially-resolved, compartment-selective description of bioavailable
heme and its fluctuations through lifetime measurement of mAPXmEGFP. This
would allow, for example, identification of accumulation sites or locations that are
particularly responsive to tailored cellular manipulations that affect the distribution
of heme bioavailability.

To address this question, mAPXmEGFP sensors carrying signal peptides to tar-
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get selected cellular loci were designed. Of particular interest are the following
compartments: (i) mitochondria (main locus of the heme biosynthesis), (ii) the en-
doplasmic reticulum (main locus of HO-1 and HO-2), (iii) the peroxisomes (involved
in the maturation of heme proteins), and (iv) the nucleus (where heme exerts its
functions as a transcription co-factor) [21,65,129]. The required signal peptides to

direct mAPXmEGFP to these locations are listed in Table 3.5 [129].

Target Signal peptide sequence N-term C-term
Nucleus (NLS) MDPKKKRKVDPKKKRKV )
Mitochondria (Mito) MSVLTPLLLRGLTGSARRLPVPRAKIHSL °
Peroxisome (Per) SKL
Endoplasmic reticulum (ER) KDEL

Table 3.5: Signal peptides inserted either on the N-terminus or C-terminus of mAPXmEGFP. The
construct for tagged-mAPXmEGFP sensors were obtained as outlined in Appendices A.2.2-A.2.3.

With mAPXmEGFP localised in specific compartments, it would be possible to
probe cellular heme bioavailability in different regions of the cell. However, upon
transient transfection of mAPXmEGFP constructs tagged with signal peptides at
the C- or N-terminus as in Table 3.5, overexpression was found to be so pronounced
that accurate co-localisation in the target organelles proved problematic. Figure
3.12 exemplifies this by showing the poor co-localisation of mMAPXmEGFP directed
to the nuclei and the mitochondria with nuclear (Hoechst 33342) and mitochondrial
(Mitotracker) stains, respectively.

Transient DNA transfection is often associated with protein overexpression. Thus,
the generation of stable HEK293 cell lines expressing the different peptide-tagged
mAPXmEGFP constructs was attempted to verify whether the genome integration
of the tagged-mAPXmEGFP genes would result in improved compartmental co-
localisation due to reduced expression. However, following initial transfection, cells
did not recover upon initiation of antibiotic selection (Appendix A.4.2). This sug-
gests that the prolonged localisation of mAPXmEGFP in specific compartments is
toxic. Under these conditions, the sensor is thought to act as a thermodynamic sink
that deprives the compartment of heme - otherwise required for essential functions

- and ultimately leading to cell death. Hence, the signal peptide approach towards
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mAPXmEGFP Hoechst 33342 Merge

| NLS-mAPXmEGFP | Hoechst 33342 | [ Merge |
|MITO mAPXmEGEP | [Mitotracker |

Figure 3.12: Confocal images of the fluorescence intensity signal of fixed HEK293 cells tran-
siently transfected with constructs for the expression of mAPXmEGFP and mAPXmEGFP di-
rected to the nucleus (NLS-mAPXmEGFP) and the mitochondria (MITO-mAPXmEGFP) through
the respective signal peptides in Table 3.5. Immediately prior to imaging, cells were fixed in
4% para-formaldehyde (PFA) for 15 minutes at room temperature and washed with phosphate
buffered saline (ThermoFisher). (A) mAPXmEGFP is unevenly distributed in the cellular en-
vironment. In particular, the nuclei appear to be scarcely populated of mAPXmEGFP. Left
panel: mAPXmEGFP; middle panel Hoechst 33343 (nuclear stain); Right panel: merge. (B)
NLS-mAPXmEGFP proved capable of co-localising in the nuclei with Hoechst 33343. However,
NLS-mAPXmEGFP is significantly present in all other regions of the cell. (C) The distribution
of MITO-mAPXmEGFP in HEK293 cells do not seem to be limited to the mitochondria. This
can be seen by comparing the signal of MITO-mAPXmEGFP (left panel) with that of Mitotracker
(middle panel) and merge (right panel).

a spatially-resolved, compartment-selective mAPXmEGFP signal output was aban-
doned. Instead, a segmentation strategy for the isolation of the lifetime signal of

mAPXmEGFP was explored (Section 3.5.1).
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Figure 3.13: (A) Absorption and emission spectra of mEGFP and MitoTracker Deep Red FM
displayed in the visible range (380-700 nm). The spectral shift between mEGFP emission (Agy,
= 488 nm) and MitoTracker Deep Red FM absorption (Agz. = 641 nm) avoids the mitochondrial
stain being excited through RET by the emission of mEGFP. (B) Confocal images of HEK293-
mAPXmEGFP stained with MitoTracker Deep Red FM. Bright-field (top left); MitoTracker Deep
Red FM (top right); mAPXmEGFP (bottom left), merge (bottom right).

3.5.1 Segmentation of mAPXmEGFP lifetime through FLIM

HEK293-mAPXmEGFP cells were stained with Mito Tracker Deep Red FM imme-
diately prior to FLIM following manufacturer’s protocol (Thermo Fischer). Mito-
Tracker Deep Red FM was chosen because its absorption and emission properties
(Agze = 641 nm, Ag,, = 662 nm) do not allow RET with mEGFP when the two flu-
orophores are co-localised and the sample is excited at the excitation wavelength of
MAPXmEGFP (Ag,. = 488 nm) (Figure 3.13). The lifetimes of the two fluorophores
were measured through separate channels and the MitoTracker Deep Red FM chan-
nel images were then used to create segmentation images that were applied to the
mAPXmEGFP channel. Thus, it was possible to isolate, in the mAPXmEGFP life-
time images, the regions occupied by the mitochondria and those outside of these
compartments.

A global analysis of the lifetime traces corresponding to the pixels relative to the
mitochondria, and the subtraction between whole cells and regions occupied by the
mitochondria was then performed. Then, the fraction of holo-mAPXmEGFP in the

mitochondria (fys:1,) compared to that corresponding to all other regions of the cell
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(f Nonrito) Were used to modify Equation 3.3 - expressing the explicit form of % H ..

- and obtain Equation 3.4.

%Hacc,Mito—NOMito = 100% X fMito — fNOMitO (34)

fNoMito

A sample of HEK293-mAPXmEGFP allowed calculation of %H e aito— Nobito
= -11% indicating that the heme accessibility of mAPXmEGFP in the mitochon-
dria of HEK293 cells is 11% lower than in the remainder regions of the cell. This
result aligns with the information provided by other studies (Table 1.1) where the
mitochondria have been identified as heme deprived, compared to other regions.
Because much of the heme biosynthesis occurs in the mitochondria, this is somehow
surprising. On the other hand, it indicates that freshly produced heme might be
sequestered or readily transported out of the mitochondria, explaining how newly
synthesised heme does not affect ALAS-1 activity [189].

In HEK293-mAPXmEGFP cells where HO-2 was knocked down through RNAi
a value for % H e mito— Nomito (SIRNA HO-2) of -11% was obtained, showing that the
knockdown of HO-2 does not affect mitochondrial heme - because % H gee prito— Nodito
(siRNA HO-2) is identical to that of untreated cells. On the other hand, knock-
down of GAPDH yielded a value of % Hace mrito—Nomito (SIRNA GAPDH) of -14%,
showing that, compared to untreated cells, the % Huce mito— Nonrito 0f MAPXmEGEFP
decreases by 3% in the mitochondria. This contrasts with the global analysis (i.e.
not segmented) for the siRNA GAPDH condition (Table 3.4) which shows a 6.5%
increase. It follows that bioavailable heme has to be localised elsewhere in the cell

as opposed to the mitochondria.

3.6 Conclusions

The difficulties encountered in the description of heme bioavailability through the
deployment of heme sensors (introduced in Chapter 2 and discussed in Section 3.2)

can be overcome by focusing on the portion of cellular heme that a given sensor has
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access to. This led to the concept of heme accessibility, which was quantified for
mAPXmEGFP (%H,..; Equation 3.3) and deployed to describe how heme bioavail-
ability changed in response to a number of cellular stimuli aimed at inhibiting,
inducing, or down-regulating key proteins in the maintenance of heme homeostasis
(ALAS-1, GAPDH, HO-1, HO-2). Overall, the analysis highlighted a network of
protein regulation that resists changes in intracellular heme levels. However, the
interplay between the proteins considered in the present Chapter is complex, has
consequences for the overall cell health when disturbed, and is likely connected to
other key cellular pathways and HBPs yet to be discovered. Moreover, the need
to obtain compartment-resolved information from mAPXmEGFP was tackled in
Section 3.5 with a lifetime-based segmentation strategy. Although still in an early
stage of development, this new and simple segmentation strategy - involving deep
red stains commercially available for any cellular compartment - promises to provide

insights towards a spatially-resolved description of cellular heme distribution.
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Chapter 4

The prediction of heme binding sites to

understand heme biology

4.1 Introduction

The combined regulation of ALAS-1, HO-1, HO-2, and GAPDH controls the overall
concentration of cellular heme from its biosynthesis (ALAS-1) to its degradation
(HO-1, HO-2), which is partially mediated by the heme chaperone GAPDH (Chapter
3). However, their interplay is complex and not all heme proteins are assisted by
GAPDH during the process of acquiring heme. Thus, the regulation of heme levels is
likely to involve additional pathways and heme binding partners yet to be discovered.
In particular, the presence of a heme buffering system that binds heme transiently
has been discussed in the literature [66,118] and is thought to constitute the majority
of exchangeable heme, H.. Such a buffer, thought of as being composed of soluble
and membrane proteins, mediates heme loading into downstream heme acceptors
and controls free heme cytotoxicity [84,118].

A detailed description of exchangeable heme and the heme binding partners
that constitutes the heme buffer requires the identification of the HBPs involved.
Depending on the final destination of heme, multiple proteins are likely to be in-
volved. It follows that the identification of such proteins is imperative to outline
the molecular details of how heme is made bioavailable. Because of the transient

nature of the interaction between heme and these unidentified HBPs, their iden-
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tification is puzzling and elusive. To make progress, a combination of traditional
methods ranging from homology modelling to mutational analysis and heme bind-
ing affinity studies will have to be coupled with the use of heme binding prediction
tools and proteomics. The development of suitable heme binding prediction tools is
particularly pressing because transient heme binding is likely non-conventional (e.g.
heme binding to GAPDH; Figure 3.3), differing from traditional heme binding sites
(Chapter 1; Figure 1.1).

Traditional heme binding sites have several common features: (i) a high heme-
binding affinity; (ii) an abundance of alpha-helical structures in the heme binding
sites [3]; (iii) the presence of two axial ligands (distal or proximal) on each side of the
porphyrin ring that coordinate iron and/or stabilise the substrate (Figure 1.1); and
(iv) a hydrophobic micro-environment with limited solvent exposure. Additional
factors that finely-tune the variegated chemistry exerted by heme proteins include
non-bonding side-chain backbone interactions with heme (e.g. hydrophobic inter-
actions, 77t stacking, electrostatic interactions, and hydrogen bonds [211]) and the
specific shape, size, and polarity of the heme binding pocket, which affects substrate
selectivity [3,212].

In contrast, research into the roles of heme as a regulator has uncovered un-
conventional low-affinity heme binding modes mediated by Heme Regulatory Motifs
(HRMs; for example the cysteine-proline motif, CP, which is an important functional
component of HO-2 [182] and Rev-Erb (3 [24]) [3,21,48]. HRMs are usually more
solvent-exposed than traditional binding sites and can be located on the surfaces of
proteins, in between subunits, (as in GAPDH; Figure 3.3), or in disordered regions
(as the HRMs of HO-2, which contribute to the heme transfer to its own active
site) [111,199,213,214]. These low affinity binding modes are consistent with the
requirement of bioavailable heme to be transiently bound in order to be exchanged
with down-stream heme proteins.

Suspected but unconfirmed HBPs that might play a role in heme regulation

include, among others, heat shock proteins such as Hsp70 [215], SapA [216] and
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spermidine dehydrogenase, SpdH [217]. Identifying new HBPs would allow the dis-
covery of novel aspects of heme biology. However, shortlisting plausible candidates
is complicated by the ability of proteins to moonlight - as GAPDH does to chap-
erone heme (Section 3.1.2) - making them multitaskers that exert context-specific
functions to fulfil complex biological behaviour [176,177,191,218]. These secondary
functions can be quite different from their primary role and makes the identification
of proteins that moonlight to make heme bioavailable particularly challenging.
Several bioinformatics tools are available to study heme binding to proteins
(e.g. HemeBind [219], HemeNet [220], TargetS, [221], HEMEsPred [222], HeMo-
Quest [223], AWSEM-heme [224]). However, they remain a niche in the field of
bioinformatics, likely because they lack a structural output to visualise the heme
binding site and generally only provide a list of protein residues with an associated
likelihood of heme binding to those specific residues. Consequently, they have not

been applied widely in the heme protein community.

4.1.1 Aims of this chapter

This Chapter addresses the problem of how unknown heme binding sites can be
predicted and visualised in proteins yet to be structurally characterised. To do so,
a combination of the bioinformatics tool ProFunc [225] and AlphaFold2 [226, 227]
is explored. In particular, ProFunc is used to search for likely heme binding sites
within models of protein structures generated with AlphaFold2. The use of ProFunc
within AlphaFold2-generated structure also aims to compensate the current inability

of AlphaFold2 to predict ligands, metal ions, and co-factors such as heme [228].
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4.2 Using ProFunc to predict heme binding sites

ProFunc is a tool to predict the functions of proteins from their sequence and struc-
tural information retrieved from databases including the PDB, UniProt, and Inter-
Pro [3,225,229-231]. It works by performing alignments, searches for fold matches,
conserved residues, surface cleft analysis, and 3D template searches to identify mo-
tifs or homologues [225]. ProFunc was developed by the Thornton group in 2005 at
the EMBL-EBI and is accessible via its webserver (http://www.ebi.ac.uk/thornton-
srv/databases/ProFunc/). In this Chapter, ProFunc is deployed to scan protein
structures generated by AlphaFold2 and identify matches with amino acid templates.
Templates consist of two to five amino acid residues in a specific 3D arrangement
generated for heme with heterogeny, HET - a section of the PDB to search for non-
identifiable residues, such as heme [229,232]. The work presented in this Chapter
was conceptualised and carried out with Noa Marson (BA, MRes) in collaboration
with Dr Roman Laskowski (EMBL-EBI).

The heme binding sites of STEAP1, Rev-Erb 3, PGRM1, HO-2, GAPDH,
BACH1, BACH2, p53, Rev-Erb «, PER2, CLOCK, IRP2, NPAS2, and ALAS-1
were predicted. The proteins were selected to contain known and suspected heme
binding proteins and divided in three categories: (i) heme proteins with charac-
terised heme binding sites (STEAP1, Rev-Erb 3, PGRMCI1, and HO-2) to test
the validity of this approach, with the results aligned with PDB-deposited crystals
structures of the holo-proteins as a control; (ii) heme-binding proteins with available
crystal structures only in the apo-form (GAPDH, BACH1, BACH2, p53, Rev-Erb «,
PER2, CLOCK, and IRP2); and (iii) heme-binding proteins with no crystal struc-
ture available (NPAS2 and ALAS-1). ProFunc results include a heme binding score
(Table 4.1) and a predicted binding site for each submitted protein. Predicted heme
binding sites were then visualised using PyMOL and manually scanned near the

heme ligand for cysteine and histidine residues.
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Category Protein* Protein Function UniProt ID ProFunc Score
Heme-bound STEAP1 NIeFaHf)reductase QIUHES 218
erystal structure Rev-Erb Transc-rlpplonal regulator Q14995 460
available PGRMC1 Progesterone-binding complex component 000264 130
HO-2 Heme metabolism P30519 740
GAPDH glycolytic enzyme/heme chaperone P04406 160
BACH1 Transcriptional regulator 014867 116
BACH?2 Transcriptional regulator QIBYV9 130
No heme-bound p53 Tumour suppressor P04637 146
crystal structure | Rev-Erb « Transcriptional regulator P20393 296
PER2 Transcriptional regulator (circadian clock) 015055 109
CLOCK Transcriptional regulator (circadian clock) 015516 106
IRP2 Post-transcriptional regulator (iron metabolism) P48200 136
No heme-bound NPAS2 Transcriptional regulator (circadian clock) Q99743 135
crystal structure | ALAS-1 Synthesis of d-aminolevulinic acide P13196 157

Table 4.1: The table shows the name of the protein and its UniProt ID alongside its associated
ProFunc score, an assessment of heme-binding. All proteins except HO-2 have low scores (<460),
meaning ProFunc has assigned heme as an unlikely ligand for the protein. However, there is
evidence in the literature that all these proteins bind heme (see text). Whilst the scores for heme
binding do not reflect what is known about heme proteins, a predicted binding site for each protein
was generated and assessed (Sections 4.2.1-4.2.3).

*All listed proteins are human.

4.2.1 ProFunc predictions of heme binding sites in proteins

with available heme-bound crystal structures

This Section analyses the ProFunc predicted heme binding sites in the AlphaFold2
models of STEAP1, Rev-Erb g, PGRMCI1, and HO-2. The structures of these
proteins in their holo-forms are available in the PDB - STEAP1 (PDB: 6Y9B; [233]);
Rev-Erb g(PDB: 6WMQ); [35]), PGRMC1 (PDB: 4X8Y; [234]), HO-2 (PDB: 2QPP;
[200]). The proteins were chosen as a test sample to assess the quality of the heme
predicted heme binding sites in their AlphaFold2 model against their experimentally
determined structures. The assessment was carried out by aligning the predicted
binding sites with the corresponding crystal structure (Figure 4.1).

The correct heme binding site was identified for Rev-Erb g, PGRMC1, HO-2,
and STEAP1 (Figure 4.1). This control sample of proteins suggests that ProFunc
can predict heme binding sites accurately if provided with sufficient structural data.
This results is promising for the application of ProFunc to generate reasonable heme
binding sites in HBPs for which no heme binding site is crystallographically con-
firmed (Section 4.2.1) or no empirically determined crystal structure is available

(Section 4.2.2).
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(C) PGRMC1 (D) HO-2
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Figure 4.1: ProFunc predicted heme binding sites in the AlphaFold2 models of (A) STEAP1, (B)
Rev-Erb 3, (C) PGRMC1, and (D) HO-2. Each predicted structure (green, left panels) is aligned
for comparison with the respective heme-bound crystal structures deposited in the PDB (purple,
right panels). Protein structures alignments were performed using PyMOL.

4.2.2 ProFunc predictions of heme binding sites in proteins

with available crystal structures without heme bound

To assess to ability of ProFunc to predict heme binding sites in proteins for which
only the crystal structure without heme bound is available, the following pro-
teins were chosen: GAPDH (PDB: 1ZNQ; [106]), BACH1 (PDB: 2IHC; [235,236]),
BACH2 (PDB: 30HU; [235]), p53 (PDB: 3D09; [23,237]), Rev-Erb o«(PDB: 3N00;
[37]), PER2 (PDB: 60F7; [238]), CLOCK (6QPJ; [29]), IRP2 (6VCD; [239]). The
generated ProFunc models are shown in Figure 4.2. Below is a brief description of

the results for each of the analysed proteins.

GAPDH

GAPDH has already been introduced in Section 3.1.2. Further structural details of
the protein are provided here. The ProFunc model has identified a buried region of
high secondary structure in the protein. This shows Thr153, Thr154 and Leul57

interacting with the heme a-hydrophobic edge of the heme (Figure 1.1A), as shown in
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Figure 4.2A. His179 was identified as the closest histidine to heme, which could likely
act as one of its axial ligands. Whilst this binding site is reasonable, another histidine
(Hish3) was previously indicated by Stuehr and collaborators as the most likely heme
binding residue through mutagenesis, spectroscopy, and modelling studies [106]. In
particular, His53 lies in between the subunits of the GAPDH tetramer (Figure 3.3)
and heme binds two Hisb3 residues, each from different subunits. In the same study
[106], His179 (shown by ProFunc in the heme binding site) was deemed unlikely to
bind heme, as site directed mutagenesis to His179 did not affect the heme binding

properties of GAPDH [106].

BACH1

The heme binding residues identified by ProFunc in BACH1 are Gln634, GIn636,
[1e652 and Cys625 (Figure 4.2B). Whilst GIn634 and GIn636 are found in an alpha
helix, I1e652 is located in a fairly disordered region. Cys625 was predicted in close
proximity to the heme and may bind heme axially. BACH1 was previously indicated
to bind heme through one of its six CP motifs, although which one exactly remains
unknown [235,236]. The six CP motifs include Cys224, Cys301, Cys438, Cys464,
Cys495, and Cys649 [235,236], none of which include the Cys625 predicted with

ProFunc, which is not part of a CP motif.

BACH2

The ProFunc predicted heme binding residues in BACH2 include Thr83, GlyS&8,
Leu90, and Cys112 (Figure 4.2C). The hydrophobic amino acids Gly88 and Leu90,
part of an a-helix, interact with the s-hydrophobic edge of heme (Figure 1.1A). The
residue Thr83 points at one of the propionate groups of heme whilst Cys112 function
as a possible axial ligand. Similarly to BACHI, of the five possible CP motifs in
BACH2 [235] - all present in intrinsically disordered regions - none were identified

involved in the heme binding site predicted by ProFunc.
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p53

The ProFunc model of p53 shows heme binding via Pro98, Ser99, His168 and Ser269
(Figure 4.2D). All the residues are located in disordered regions with the exception
of Ser269, which is on a p-sheet. In contrast, independent mutagenesis studies have

shown that heme binding involves Cys275-Ala-Cys277 [23,237].

Rev-Erb «

ProFunc identified Phed477, His602, and Glu604 in Rev-Erb « - all located on alpha
helices (Figure 4.2C) as part of the predicted heme binding site. His602 was identi-
fied by independent mutagenesis studies as a heme binding residue [37]. As shown
in Section 4.2.2, ProFunc was able to successfully predict the heme binding site of
Rev-Erb (3. Thus, the consistency between the ProFunc model of Rev-Erb o and
the mutagenesis studies in the literature [37] may be a result of similarity between

Rev-Erb o and Rev-Erb 3 proteins.

(A) GAPDH (B) BACH1 (C) BACH2 (D) p53
HIs17y ILE-652
foig? LeN | ~91 o
IA cccccc ‘ tEv. ? SER-99 H
~ 1 ssss
(E) Rev-Erb a (F) PER2 (G) CLOCK (H) IRP2

SER-579;

350
, pHE157 fP Hisaad [+
;;;;;;
R385

AAAA

Bu-1ho

GL-s04
ssssss ¥s1130 nR210
THR 33

7777777

Figure 4.2: ProFunc predicted heme binding sites in the AlphaFold2 models of (A) GAPDH, (B)
BACHI, (C) BACH2, (D) p53, (E) Rev-Erb «, (F) PER2, (G) CLOCK, and (H) IRP2.
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PER?2

For PER2, the identified binding residues were Thr334, Thr335, Ala350, and Cys1130
(Figure 4.2F). Again, in contrast to the ProFunc predicted binding site, a CP motif

was identified in the literature as important for heme binding (Cys841-Pro842) [238].

CLOCK

ProFunc selected His144 as axial ligand - consistently with Freeman et al. [29] -
while Asn156, Phel57 and Tyr210 face the a-hydrophobic edge of the heme (Figure
1.1A).

IRP2

Heme was placed by ProFunc in a disordered region of IRP2 with the binding site
defined by the amino acids His128, Leul30 and Ser579 (Figure 4.2H). However, the
residues Cys201-Pro-Phe-His204 have been previously identified as involved in heme

binding [239] - this is in a region of low confidence in the AlphaFold2 model.

4.2.3 ProFunc predictions of heme binding sites in proteins

with no available crystal structures

Where no deposited structural data is available, the use of structure prediction tools
like AlphaFold is necessary in order to predict the heme binding structure through
ProFunc. This Section describes the binding sites predicted by ProFunc in the
AlphaFold2 model of NPAS2 - a protein involved in the regulation of the circadian
clock [28,30-32,38,39,41,42]- and ALAS-1 (Section 3.1.1), for which no empirical

PDB entry is available.

ALAS-1

The binding site identified in the AlphaFold2 of ALAS-1 is located in between two

o-helices of a well-folded region. The binding site consists of His259, Arg261 and
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Ala265. Whilst His259 is axially positioned on top of the porphyrin ring and is
aligned with the Fe atom, Arg261 points towards heme propionate groups and
Ala259 interacts with heme 6-hydrophobic edge. Once again, mutagenesis studies
have shown a CP motif as likely responsible for ALAS-1 heme binding (Cys108-
Pro109) [187]. However, this motif is in a region of low or very low confidence in the

AlphaFold model, so was unlikely to be identified by ProFunc (UniProt ID: P13196).

NPAS2

In the AlphaFold2 model submitted to ProFunc, the residues Val351, Asp355,
Glu359 - shown to interact with the propionate groups of heme - and His348 were
identified as heme binding residues (Figure 4.3B). However, NPAS2 is known to
bind heme via either His119/Cys170 or His119/His171 [21,39,240]. The AlphaFold2
model shows two PAS-like domains in the NPAS2 protein. The binding residues
implicated by the literature are found in one of these domains, and the binding
residues from the ProFunc prediction are found in the other. Whilst the binding
site predicted by ProFunc is not consistent with the literature [29], it is still found

within the same type of domain (PAS domain).

(A) ALAS-1 (B) NPAS2

ARG-261
HIS-259

3 %

GLU-359 l

VAL-351

=

ASP-355

N\

ALA-265

Figure 4.3: ProFunc predicted heme binding sites in the AlphaFold2 models of (A) ALAS-1 and (B)
NPAS2. Although ProFunc has identified a region typical of a PAS domain within the AlphaFold2
model of NPAS2 [29], a [3-sheet bisects the heme molecule. If the binding site is correct, heme
would still bind to Val351, Asp355, Glu359, and His348 albeit in a different orientation.
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4.3 Discussion

There are common features of heme binding sites, which have been used to identify
potential binding sites. This includes the binding of histidine and cysteine to heme
as axial ligands and the presence of structural motifs such as a PAS domain or a
CP motif. Overall, histidine residues were identified by ProFunc in the predicted
binding sites of five of the nine proteins with available crystal structures without
heme bound (GAPDH, p53, Rev-Erb «, PER2 and CLOCK). Of these, two are
consistent with results from mutagenesis studies (CLOCK [29] and Rev-Erb « [37]).

ProFunc was also able to identify the polar residues threonine and asparagine
- interacting with the propionate groups of heme - in the predicted binding sites
of BACH2 and CLOCK. Possible hydrophobic interactions were also recognised
between GAPDH and BACH2 with leucine, BACH1 with isoleucine, BACH2 with
glycine, p53 with proline, Rev-Erb o« and CLOCK with phenylalanine, and PER2
with alanine.

BACHI1, BACH2, Rev-Erb «, PER2, IRP2, and ALAS-1 were previously sug-
gested to bind heme using CP motifs. However, CP motifs have not been identified
in the ProFunc models. In some cases, for example ALAS-1 (Figure 4.4), this may
be explained by the CP motifs being modelled by AlphaFold2 in regions of low con-
fidence. It is possible that regulatory motifs such as these are harder to identify
using template-based methods such as ProFunc, given that there are less holo-heme
proteins that bind heme through CP motifs crystallographically characterised and
deposited in the PDB.

Overall, the combination of AlphaFold2 and ProFunc shows that a template-
based approach to predict heme binding sites can identify - albeit with varying
accuracy - heme binding motifs. However, where the confidence of the AlphaFold2
model is low, the ProFunc predicted binding sites are less consistent with those

suggested by traditional mutagenesis studies.
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Figure 4.4: AlphaFold2 model of human ALAS-1 (UniProt ID: P13196). The model is colour-coded
with regions of high confidence in blue and regions of low confidence in orange. ALAS-1 presents
three CP motifs (enlarged). Heme binding to ALAS-1 was previously suggested to occur at the CP
motif Cys108-Prol09 [187], unlike the binding site predicted with ProFunc (Figure 4.3A), which
lies within the well-folded high-confidence region of the ALAS-1 AlphaFold2 model. In contrast,
the ALAS-1 CP motifs are found in low confidence regions of the AlphaFold2 model. This might
explain the discrepancy with the ProFunc prediction.

4.4 Conclusions

Looking forward, deploying ProFunc to predict heme binding sites can be used as
a guide to identify binding residues in future screening studies for suspected heme-
binders in an effort to identify further key players in the biology of heme. An
example of such endeavour might include microarray analyses and application of
proteomics techniques to simultaneously study expression level (mRNA), protein
levels and their subcellular localisation, leading to a deeper understanding of the
regulation involved in the control of heme homeostasis. Moreover, this information
would also help contextualising further the data accessible through the deployment

of genetically encoded heme sensors.
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Chapter 5

Quantitative analysis of heme trafficking

and heme sensors

5.1 Introduction

In the previous chapters, the use of the mAPXmEGFP heme sensor and bioinfor-
matics tools were explored to further the understanding of cellular heme trafficking.
In this chapter, the limitations associated with the deployment of genetically en-
coded heme sensors is discussed by focussing on the possible interference to heme
homeostasis caused by their expression. These limitations will have to be taken into
account when moving towards a unified rationalisation of cellular heme trafficking.

The logistics regulating heme movements in the cellular milieu is complex and
is thought to involve chaperones as well as transient carriers that actively exchange
heme to other binding partners. Taking into account all the possible modes of
heme trafficking is essential to contextualise the deployment of genetically encoded
heme sensors. In particular, the currently available views on possible mechanisms
to explain how heme supply and demand is met in cells are found scattered in the
literature: (i) a balance between heme biosynthesis and degradation; (ii) mediation
by heme chaperones; (iii) trafficking through membrane contact sites; and (iv) in-
volvement of a diffuse heme buffering system. Each of these concepts is presented

in Figure 5.1 and Sections 5.1.1-5.1.4.
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Figure 5.1: Representation of possible cellular heme delivery mechanisms to downstream heme
proteins (a legend for the symbols used in the figure is on the right hand side). The balance and
interplay between heme synthesis and degradation is mediated by four possible mechanisms of
heme trafficking and delivery. (A) Direct incorporation of free heme into a heme protein. Free
heme is envisaged as being present in limited concentrations [66]. By analogy with the problem
of metalation (i.e. the binding of metal ion cofactors to metal-biding sites), it is possible that
heme has to compete for its binding to heme binding sites with other metal compounds in the cell.
However, molecules such as heme are thought as more easily discerned by proteins, because of its
bulky protoporphyrin ring [241-243]. (B) Heme exchange from a buffering systems. Heme bound
to heme-buffering proteins constitutes a body of exchangeable heme. Possible candidates for heme-
binding proteins that have been suggested in the literature as putative buffering components are
IDO, HBP22/23, SOUL, and albumin [104,168,244]. (C) Chaperone-mediated heme delivery to an
apo-heme protein. (D) Distribution of heme via membrane contact sites between mitochondria -
where heme is synthesised - to target other cellular compartments [133]. Figure adapted from [118].

5.1.1 The balance between heme biosynthesis and degrada-
tion

Cells need to maintain heme availability below the cytotoxic threshold [86, 90, 95].

HO-1 and HO-2, whose mechanism of degradation of heme into biliverdin and CO is

well known [62,123], play a crucial role in maintaining this balance by coordinating

with heme biosynthesis and, in particular, with ALAS-1. This interplay has already

been observed and discussed in Chapter 3.
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5.1.2 The involvement of heme chaperones

The existence of biological chaperone systems is documented for other redox active
transition metal ions (e.g. iron, copper, molybdenum, cobalt, nickel) [245-248].
Cells adopt strategies to tightly regulate the concentrations of different metals ions,
ensuring suitable levels of bioavailability, effective physiological responses, and pre-
vention of cytotoxicity [242,247-262]. The concentration of transition metal ions in
cells is kept at very low levels to avoid inappropriate activation of signalling path-
ways. For instance, the intracellular free copper concentration in S. cerevisiae is
limited to less than one molecule per cell [247,251]. Similarly, free zinc is estimated
in the low femtomolar range in E. coli [247,250]. Instead of being free to circulate
around the cell, metal ions are stored, locked in an inaccessible state, and released
to a network of chaperones or chelators that control their delivery, repurposing, and
ensure fidelity in metalation when two competitive metals can bind to the same
site [242,248,252-257]. By comparison, it is reasonable to presume that cells use
similar principles for the movement and distribution of heme (Figure 5.1C).

The identification of heme chaperones with the specific role of transporting and
selectively delivering heme to downstream proteins would thus clarify the picture
considerably. But very few heme chaperones have been identified over the years. A
notable example is the CecmE chaperone, part of the multi component Cem mem-
brane heme maturation machinery for heme translocation to cytochrome c in most
proteobacteria, archaea, deinococcales, and plant mitochondria [263-265]. However,
this is a special case as it speaks only to the need for formation of covalent links
to heme in the specialised c-type cytochromes. GAPDH is perhaps the most com-
pelling example of a heme chaperone so far identified [106-108,175], introduced in
Section 3.1.2. The interaction between GAPDH and heme was initially thought to
occur to protect heme from degradation during its transport (which at the same
time reduces its cytotoxicity) [194,266]. However, GAPDH has since been found to
be responsible for the delivery of heme to a number of downstream heme proteins

(Section 3.1.2). Among these is to the nuclear transcription factor Hapl [106] in S.
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cerevisiae, to cytosolic iNOS in mouse macrophage cells [106], and to soluble guany-
late cyclase in HEK293 cells [107]. The involvement of GAPDH in heme delivery in
both yeast and mammalian systems is indicative of a broadly conserved strategy for
heme transport [106]. GAPDH is primarily a glycolytic enzyme, and, therefore, its
function as a heme chaperone looks to be opportunistic as far as the cell is concerned.
This begs the question as to whether there are other as-yet unidentified heme chap-
erones lurking about the cell in disguise [118]. Moreover, if heme chaperones are
used at all then more than one could be required to create an effective supply chain.
Arguably, chaperones of chaperones might even exist [108]. But if heme binding
can be opportunistic and does not need a specific heme binding motif — as GAPDH
seems to indicate — then identification of heme chaperones needs to take into account
non-canonical heme binding motifs [3,267]. This issue was explored in Chapter 4.
Well-known heme binding proteins could be re-purposed for the task of cellular
heme delivery under certain conditions. For example, IDO - for which heme delivery
depends on GAPDH and is stimulated by NO [196,197] - is capable of releasing its
heme under certain conditions [168] and suggests the possibility that it could be used
as a source of heme in specific regions of cells (discussed in Section 2.3; [268-271]).
The distribution of heme via chaperones can explain how heme moves from the
mitochondria to other locations, and then subsequently to the endoplasmic reticulum
for degradation by heme oxygenase. But the chaperone mechanism is ill-equipped
to deal with rapid changes in heme availability. If increases or decreases in heme
concentration are required then the rate-limiting steps are heme synthesis and degra-
dation. Upregulation of heme synthesis, by expression of the ALAS-1 in response to
low heme availability, could take at least 30 min [73], while induction of HO-1 for
heme degradation could take hours [272]. Both of these mechanisms are too slow
by far if rapid control of heme concentration is required, for example in the case
of ion channel regulation which is necessary for appropriate cardiac function [50].
Hence, if the cell is solely reliant on heme chaperones, then it runs the risk of spikes

in heme availability should there be a mismatch in timings between the delivery
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and the removal of heme. Taken together, and bearing in mind the failure (so far)
to identify large numbers of heme chaperones, complementary mechanisms will be

required to regulate heme distribution, as elaborated below.

5.1.3 Trafficking through membranes

Evidence is emerging for the involvement of biological membranes as important
factors in the trafficking of cellular heme. Heme has been shown to be capable
of diffusing or even being retained by cellular lipid bilayers [273-275] and exam-
ples of putative membrane heme transporters have been identified, most notably
the mitochondrial exporter Flverlb, which has been reviewed elsewhere [86, 276].
But while heme may or may not necessitate membrane transporters for its move-
ment across compartments, the contribution of lipid bilayers to heme trafficking
is still not completely clarified. A recent study has proposed that the trafficking
of heme through membranes does not rely on transporters and is, in contrast, a
chaperone-less pathway made possible by inter-organellar contact sites. This pro-
vides an elegant solution for the exchange of heme between compartments (Figure

5.1D) [132,133].

5.1.4 Buffering of free heme concentration as a mechanism

of control

An ability to store heme in cells would decrease the reliance of cells on heme syn-
thesis and degradation and could be coupled to mechanisms to make heme more
or less available, on-demand and at speed (Figure 5.1B). To date, there have been
no proteins identified that have the dedicated function of storing heme, but there
is evidence, from recent work [66], of a buffering capacity within cells that can ac-
commodate changes in either the total concentration of heme (i.e. [Hy]), or the
concentration of exchangeable heme (i.e. [H.]), whilst maintaining the capability
to mobilise heme as and when necessary. This could allow heme to travel from one

place to another, where molecules of heme hitchhike across the cell by binding to
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whichever protein(s) they can find en route to its final destination [118]. As indicated
above, it is entirely possible that known heme proteins (such as IDO and GAPDH)
participate in the buffering of free heme concentration (i.e. [Hy]) and protect the
cell against increases or decreases in total, or exchangeable, heme concentrations.
In this scenario for heme buffering, the ability of any given protein to acquire heme
is based on how well it competes for heme (i.e. the heme affinity) against other
proteins. Hence the availability of heme in the cell would be dependent entirely on
the K4 and abundance of these buffering proteins. In this way, the concentration
of free heme is buffered — or, in other words, the availability of heme is kept within
a limited range — by the many heme-binding proteins in the buffer and would be

distributed amongst those proteins according to their relative heme affinities.

5.1.5 The in cellulo measurement of heme bioavailability:

the question of sensor interference

The expression of mMAPXmEGFP in live cells introduces an additional heme binding
species into the cellular milieu that may compete with other heme-binding proteins
for molecules of exchangeable heme, dragging heme out of its natural distribution.
Whilst there would be no issue with the sensor competing for heme with either
heme-binding proteins or small molecules whose sole role is to buffer the concentra-
tion of free heme, it is critical that this competition does not significantly extend
to bona fide heme-proteins (Figure 5.2). Heme binding to the sensor may result
from the exchange of heme between a native heme binder to the sensor. Hence,
to measure heme bioavailability the expressed sensor must integrate into the net-
work of buffering partners, and its presence must not affect the physiological levels
of exchangeable heme (H.), free heme (Hy), or altering other phenotopic traits.
In particular, heterogeneous distribution of mAPXmEGFP may revisit the natural
topology of cellular heme distribution. It then becomes important to validate the
heme bioavailability measurements obtained with mAPXmEGFP by ensuring that

its expression is not disruptive.
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5.1.6 Aims of this chapter

This chapter provides a quantitative basis for the expression of genetically encoded
heme sensors in live cells, with a particular emphasis on mAPXmEGFP. In particu-
lar, it analyses the effects of (i) the heme binding affinity and (ii) the concentration
of the deployed sensor. The repercussions deriving from these two parameters are

discussed in Section 5.2 and 5.3, respectively.

5.2 The heme binding affinity of a heme sensor
can affect heme bioavailability measurements

The concentration of cellular heme measured in this work (Chapter 2) and in the
literature (see Table 1.1) is systematically low. Low concentration values for heme
suggest that heme mobilisation might be occurring one molecule at a time. The
presence of a heme buffer - composed of a poly-dispersed collection of proteins, or
possibly even other biomolecules, binding heme non-specifically and with low affinity
- can reconcile the need for having heme bioavailable and accessible to heme proteins

whilst avoiding heme-induced oxidative stress. This feature of the buffer defines

HP+B+S

Kope ‘ \ B: heme buffering molecule
P: apo-heme protein

Kyp S: apo-heme sensor
BH+P+S —— B+H+P+S BH: exchangeable heme

H free heme
HP: holo-heme protein

K.s HS: holo-sensor

HS+B+P

Figure 5.2: Interference introduced by a heme sensor to the heme exchange from the heme buffer
(or chaperone) to a bona fide heme protein. The transfer of free heme from exchangeable heme
(BH) to apo-heme proteins (P) involves dissociation of heme, to give free heme (Hy), from the
exchangeable reservoir. A heme sensor (S) competes for free heme with the other heme proteins.
The magnitude of this interference will depend on the heme binding affinity of the sensor and its
cellular concentration.
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what is meant by “exchangeable heme”. Crucially, the low-affinity binding for heme
ensures the capability of the buffer to make heme available readily by dissociation,
leading to free heme. This mechanism can also prevent, to some degree, free-heme
induced cytotoxicity because, once dissociated, it can promptly be incorporated
either by apo-heme protein or a different component of the buffer. Hence, a network
of chemical equilibria might account for heme bioavailability. Heme bioavailability
can then be described as the result of heme exchange between a donor and an
acceptor. In particular, the transfer of heme (H) from a buffering heme protein (B)
to a bona fide-heme protein (P) can be formalised in two steps: (i) dissociation of

heme from the buffer; and (ii) binding of heme to the heme protein (Equation 5.1).

BH+P 2™ B H,+ P = B+ HP (5.1)

The heme transfer described in Equation 5.1 is quantified by the heme dissociation
constants of the heme binding partners. The variation in free energy due to the
dissociation of heme from a heme buffering molecule (AGggy) can be obtained
using the free energies of formation AGY of the species indicated in Equation 5.1.

The explicit expression is given by Equation 5.2.

AGq gy = AGY(B) + AGi(Hy) — AG{(BH) (5.2)

Similarly, the variation in free energy due to the binding of heme to a heme protein

is given by Equation 5.3.

AGS yp = AGR(HP) — AGE(Hy) — AGE(P) (5.3)

Overall, the free energies of dissociation from the heme buffer and binding to a heme

protein (AG4y_,yp) are obtained by combining Equations 5.2-5.3 (Equation 5.4).

AGOBH—)HP - AG?(HP)"‘AG?(B)_AG;‘)(BH)_AG?( ) AGO HP+AGd ,BH (54)
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Equation 5.4 can be re-arranged to calculate the values of AG%;_, ;p using the heme

dissociation constants Kqpn and Kqpp (Equation 5.5).

K
AGgy up = AG up + AGpn = —RTIn—=== (5.5)

d,HP

Equation 5.5 (where R = 8.315 J-mol™'- K~! and T' = 293.15 K) thus describes
the stabilisation resulting from the transfer of heme from a heme donor (e.g. a heme
buffering molecule, a heme chaperone) to a downstream heme protein or a heme
sensor. For example, the AGL 4, apxmEqrp for the transfer of heme from a heme
binding protein (BH) for which K4 gy is known to mAPXmEGFP can be calculated.
This thought experiment allows us to visualise that the portion of accessible heme of
mAPXmEGFP is influenced by the thermodynamic properties of both heme binding

partners (Figure 5.3) - see Section 3.2 for the concept of heme accessibility. It follows
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Figure 5.3: The bar chart shows the calculated AGGy_,mapxmecrp for the exchangeable heme
transfer from different heme binding molecules (BH: Mb, sGC, HO-2, Rev-Erbf, Bachl, GAPDH,
PAS2, HRP, CLOCK, and H,0) to mAPXmEGFP. AGS g, mapxmecrp Values were obtained
using Equation 5.5 and the heme dissocation constants of the different BHs available in the liter-
ature (R = 8.315 J -mol™' - K~1; T = 293.15 K).

that there is no clear demarcation between putative components of the buffer and
traditional heme proteins because the extent to which heme is bioavailable depends
on its thermodynamic environment. As long as Kqpu > Kqup (i-e. the affinity for
heme of the acceptor heme protein is greater than that of the heme donor buffer

component) the free energy change will be negative, describing a thermodynamically

81



favoured process (Equation 5.5). This suggests a scale of bioavailability controlled
by the heme binding affinity of the heme binding pairs involved in the exchange of

heme. Figure 5.4 provides a colour-coded representation of such driving force.
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Figure 5.4: The AGY,_, 4 for the heme transfer from a hypothetical heme donor D (with associated
Kp.q) to a hypothetical heme acceptor A (with associated K 4) was calculated for each donor-
acceptor couple in the range 1 nM < K4 < 100 nM (using Equation 5.5 with R = 8.315 J -mol~!-
K=!and T = 293.15 K). The range of K4 values was chosen to be representative of traditional
heme proteins. Warmer colours corresponds to less favoured heme transfer whereas colder colours
correspond to favoured heme transfer according to the sliding colour scale on the right-hand side.
(A) The 3D representation of AGY,_, 4 describes a heme exchangeability surface to visualise the
thermodyanamic stabilisation due to heme transfer from a donor to an acceptor. In particular,
low values of K4, (acceptor with high heme affinity) and high values of K4 p (donor with lower
heme affinity than the acceptor) identify the regions where the thermodynamic driving force for
the transfer of heme from the donor to the acceptor is highest (blue-purple regions). For donor-
acceptor couples with similar K4 the population of holo-donor holo-acceptor will be approximately
equal (yellow region). Less favoured heme transfer is identified by the red region. (B) 2D projection
of the heme exchangeability surface.

The transient nature of these interactions has likely been shaped by evolution
into a delicate series of chemical equilibria where heme is being constantly exchanged
and actively buffered by a pool of heme binders. Consequently, extemporaneous
compositional changes in the proteomic profile of the heme binding proteins can
tune cellular heme bioavailability and would provide a further layer of complexity
in the cellular mechanisms that ensure heme heme bioavailability. Overall, the
distribution of mitochondrial heme is influenced by bona fide heme proteins that
evolved with a high heme affinity (e.g. globins, cytochromes, catalases) that provides
the thermodynamic driving force towards the hierarchical equilibrium distribution
of cellular heme [118,175]. The next Section elaborates on the concept of heme

sequestration by proteins with high heme-binding affinity.
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5.2.1 Heme sequestration by high-affinity heme proteins can

be visualised

The hierarchy of heme binding according to a thermodynamic gradient is defined
by the heme binding affinity of heme proteins and would be responsive to changes
in the relative composition of this ensemble. In other words, the heme accessibility
to bioavailable heme of a given heme protein is tuned by the expression level of
other co-localised heme proteins, particularly those with high heme binding affinity.
As an example, upregulation of proteins in the heme buffer with high heme-affinity
(e.g. a globin, or a cytochrome) would establish a “thermodynamic sink” where the

high-affinity heme proteins act as heme sponges that sequester bioavailable heme by
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Figure 5.5: (A) Schematic representation of the of the coacervate-like structure built through liquid-
phase separation of a suspension of poly-diallyldimethylammonium chloride (PDDA) cross-linked
with ATP in aqueous solution. The structures self-assemble into coacervates where biopolymers
can be encapsulated and co-localised, resembling a protocell environment that allow compartmen-
talisation. (B) apo-mAPXmEGFP was encapsulated in the coacervates and provided with hemin.
The diffusion of hemin through the suspension determines a time-dependent quenching of the flu-
orescent signal of mAPXmEGFP. (C) Following the in situ reconstitution of mAPXmEGFP, the
peroxidase activity of the sensor was observed through the conversion of o-PD into 2,3-DAP. Full
experimental details can be found in Appendix A.3.1.
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locking it into a thermodynamically inaccessible state.

To test this model, a method for the visualisation of heme sequestration by
high affinity-heme binders was explored. apo-mAPXmEGFP was encapsulated in
micro-droplets (i.e. coacervates) generated by liquid phase separation through the
condensation of poly-diallyldimethylammonium chloride (PDDA) and ATP in aque-
ous solution [277] (Figure 5.5A). Upon reconstitution with hemin, the quenching
of the fluorescence of mAPXmEGFP (Figure 5.5B) and the induction of peroxi-
dase activity in the system can be observed with the reaction of H,O, and ortho-
phenylenediamine dihydrochloride (0-PD) - a water-soluble substrate for horseradish
peroxidase (HRP) that produces the yellow-orange product 2,3-diaminophenazine;
2,3-DAP (Figure 5.5C).

Then, apo-mAPXmEGFP and apo-sperm whale myoglobin (H64Y /V68F) - also
known as green myoglobin, gMb; K; ~10 pM [278,279] - were co-encapsulated,
mimicking co-localisation in a protocell structure that simulates the compartmen-
talisation of the cellular environment. The apo-gMb probe was chosen as it is rou-
tinely used in a well-established heme exchange assay developed by Olson and co-
workers [111,278]. To visualise the heme sequestration capability of gMb and the
subsequent impediment of the heme accessibility of mAPXmEGFP, the two encap-
sulated proteins were acoustically patterned in an ordered arrangement (Appendix
A.3.1). Subsequently, the system was provided with hemin and the reaction with
(0-PD) and H,O, was induced to detect peroxidase activity (Figure 5.6). In this case
no peroxidase activity and no quenching of the fluorescence of mAPXmEGFP was
measured. In contrast, when apo-mAPXmEGFP was encapsulated alone in coacer-
vate structures, reconstitution with hemin determines quenching of the fluorescence
and the activation of peroxidase activity (Figure 5.5A-B). This result indicates that
heme distribution is hierarchical and favours the highest affinity heme binder (i.e.

gMb over mAPXmEGFP) in the confined coacervate environment.
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Figure 5.6: (A) Coacervates were patterned by means of sound waves and encapsulated with
mAPXmEGFP. The coacervates are visible as green dots on the left-hand side of the im-
ages. (A) apo-mAPXmEGFP does not determine the conversion of o-PD into 2,3-DAP (2,3-
diaminophenazine) and the fluorescence intensity of the sensor is unchanged after 60 minutes
incubation. (B) When the patterned mAPXmEGFP is reconstituted with hemin it is possible to
observe the time-dependet quenching of its fluorescence as well as the establishment of peroxidase
activity (yellow signal). (C) When mAPXmEGFP was co-encapsulated with gMb (labelled with
Dylight 405 (Thermo Fischer); blue dots), no peroxidase activity was detected, indicating that the
supplied hemin is preferentially populating gMb over mAPXmEGFP.

5.3 The concentration of a heme sensor can affect
heme bioavailability measurements

As discussed in Section 5.2, the heme binding affinity of heme proteins affects the
equilibrium distribution of heme. Similarly, the proteomic profile of heme proteins
will affect cellular heme as the relative protein content of the cell can favour the
holo-form of the heme proteins that are more highly expressed. This is particularly
relevant in the case of genetically encoded heme sensors because heme bioavail-

ability measurements may be biased according to heme sensor abundance - which
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Figure 5.7: A computational model describing the interference to exchangeable heme induced by
increasing concentrations of total mAPXmEGFP, [mAPXmEGFP]r (apo- + holo-mAPXmEGFP;
horizontal axis). Exchangeable heme (H.) is assumed to be mostly buffered through transient
binding to heme binding partners, H,. A smaller proportion of exchangeable heme is due to
free heme existing as free molecules, Hy (red trace). At higher concentrations of mAPXmEGFP
more exchangeable heme is transferred to the sensor. The concentration of holo-mAPXmEGFP
is shown in pink, [holo-mAPXmEGFP]. To create the model, the total concentration of cellular
heme, [Hr|, was assumed equal to 3 uM, as previously estimated [111,213]. The concentration of
free heme, [Hy], was taken as equal to 5 nM (as obtained in Chapter 2) and the heme dissociation
constant of mAPXmEGFP is 22 nM [66]. The total concentration of heme-binding partners was
assumed to be 10 x [H]p to effectively buffer cellular heme. It can be seen that up to the non-
interfering concentration of [MAPXmEGFP|y; = 1 uM cellular heme levels are not affected by
[MAPXmEGFP]|r.

depends on the expression level and cellular distribution of the sensor itself, which
may be compartment-specific. Such concerns represents possible limitations for the
deployment of sensors like mAPXmEGFP in live cells.

Whilst unavoidable, the perturbation introduced by the expression of the sensor
needs to be minimised by reducing its concentration below an interfering threshold,
which, for mAPXmEGFP, was estimated to be around 1 uM (Figure 5.7). This re-
sult was obtained under three assumptions: (i) total heme concentration in HEK293
cells is equal to 3 pM [205]; (ii) the concentration of free heme in the absence of
mAPXmEGFP under normal conditions is equal to 5 nM [66]; and (iii) the concen-
tration of heme binding partners is 10 times higher than the total concentration of
heme.

According to this model a concentration of mAPXmEGFP up to 1 uM is not

expected to alter the bioavailability of cellular heme because it would not lower
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the concentration of free heme, Hy, or heme bound to heme binding partners, H,.
Hence, it is paramount to maintain mAPXmEGFP within the non-interfering range
of concentrations (up to 1 uM). It follows that accurate estimations of the working
concentration of mAPXmEGFP are necessary to ensure that the expression of the
sensor is not perturbing the homeostatic concentration of cellular heme.

In order to do this, mAPXmEGFP concentration was estimated in HEK293-
mAPXmEGFP by fluorescence western blotting (Section 5.3.1) and, subsequently,

by pairing FLIM with Fluorescence Correlation Spectroscopy (Section 5.3.2).

5.3.1 Determination of mAPXmEGFP concentration in HEK293

by immunoblotting

Using increasing amounts of purified mAPXmEGFP a calibration curve for the
determination of sensor concentration of whole lysates of HEK293-mAPXmEGFP
was obtained (Figure 5.8). A total of 2.5 million cells were lysed and the volume of
each cell was assumed equal to 3 pL, as reported in the literature [205]. The average
cellular concentration of sensor was determined by densitometry as ~ 80 nM (Figure
5.8), much below the 1 uM threshold estimated in Figure 5.7.

It is worth noting that immunoblotting is a semi-quantitative approach and can
only provide an approximate figure for the overall average sensor concentration,
averaged over the sum of the cells in the sample lysate. However, mAPXmEGFP
is likely to show compartment localisation preferences leading to a heterogeneous

distribution of its concentration.
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Figure 5.8: (A) Increasing amounts of purified mAPXmEGFP, following overproduction in E.
coli, were loaded in replicates on a SDS-PAGE gel ranging from 30 ng to 60 ng of total protein
alongside 5 pg of total cell lysate obtained from 2.5 million HEK293-mAPXmEGFP cells (total
protein measured by BCA assay). Protein bands were transferred on a low-fluorescence PVDA
membrane and band intensities detected by fluorescence immunoblotting using anti-GFP antibody
(full experimental details in Appendix A.4.6). (B) Band intensities from the purified sensor were
analysed by densitometry to build a calibration curve (y = 0.014x —0.37; R? = 0.98) that was then
used to calculate the estimated average concentration of mMAPXmEGFP in HEK293-mAPXmEGFP
cells using the intensities of the bands obtained from the whole cell lysates ((mAPXmEGFP] ~ 80
nM).

5.3.2 Determination of mAPXmEGFP concentration and
heme biovailability in live cells: pairing FLIM with

Fluorescence Correlation Spectroscopy

It is possible to explore how different local cellular concentrations of mAPXmEGFP
affect heme bioavailabilty by pairing FLIM with Fluorescence Correlation Spec-
troscopy (FCS), a powerful tool to study dynamic processes in vitro. Fluorescence
Correlation Spectroscopy is a single molecule time-resolved technique that measures
the fluorescence intensity of a probe diffusing through a confocal volume typically
set at V' = 1 fLL [136,280-284]. The fluorescence counts measured at t = 0 are then
compared with those measured after a number of time lapses (generally within 10
s after t = 0) to generate a time-dependent correlation of the signal that describes

a self-similarity trace. The autocorrelation trace is then fitted to different diffusion
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models (chosen according to the type of environment the fluorophore is diffusing in)
allowing us to obtain parameters that include the concentration and the diffusion
coefficient of the fluorophore.
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Figure 5.9: The FCS-FLIM approach allows measurement of heme bioavailability and
mAPXmEGFP concentration in live cells. (A) The distribution of mAPXmEGFP in HEK293-
mAPXmEGFP is not homogeneous. Fluorescence intensity in the confocal image of the cluster of
cells shown in the inset identifies the nucleus as a region of lower sensor concentration compared to
the cytosol. Pixel intensity analysis along the coordinates indicated in the white segment (inset A,
B, C, D, E) is qualitatively shown in the plot. (B) Whole cell FLIM analysis of the cell cluster shows
a distribution of mAPXmEGFP mean fluorescence lifetime (black histogram) that lies in between
that of the nuclei (blue histogram) and the cytosol (red histogram). The faster mean fluorescence
lifetime measured in the cytosol (red histogram) corresponds to higher heme bioavailability in this
region compared to the nuclei (blue histogram). (C) FCS analysis was performed in the points
indicated by the blue and red arrow respectively for which two separate autocorrelation traces
were fitted to a self similarity model suited for the highly crowded cellular environment where
the fluorophore is free to diffuse three-dimensionally (panel D; explicit fitting model in Appendix
A.6.2-FCS). The measured concentrations at the two selected points are reported in the inset of
panel (D).

By deploying FCS during live-cell confocal imaging, different regions of the cellu-
lar environment on the confocal plane can be separately studied. This technique was

paired with FLIM in an FCS-FLIM approach that allows measurements within the
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same microscopy session of both heme bioavailability (by FLIM) and mAPXmEGFP
concentration (by FCS). The concentration of the sensor was observed to be het-
erogeneously distributed (Figure 5.9A) with an order of magnitude difference be-
tween the nuclear and the cytosolic regions ([mMAPXmEGFP]|,ucieus = 929 £ 27 nM;
MAPXmEGFP] 050 = 2668 £ 473 nM) (Figure 5.9D). These values are higher
than the concentration measured by western blot from cell lysates (~ 80 nM; Sec-
tion 5.3.1). It is worth noting that immunoblotting results are semi quantitative,
averaged amongst the number of cells lysed, and do not account for possible ex-
pression level variations between different cells. On the other hand, FCS measures
individual regions of single cells one at a time. The areas immediately surround-
ing the point analysed by FLIM were then isolated by segmentation in FLIM-fit
for lifetime analysis to establish a possible correlation between sensor concentration
and heme bioavailability. Interestingly, the area corresponding to the nucleus in
the cluster of cells analysed (Figure 5.9C, blue arrow) showed distribution of longer
mAPXmEGFP mean fluorescence lifetimes (Figure 5.9B, blue histogram) compared
to the measured cytosolic area (Figure 5.9C, red arrow; Figure 5.9B red histogram).
This indicates that higher heme bioavailability in the cytosol (shorter mean fluo-
rescence lifetime) corresponds to higher mAPXmEGFP concentration, suggesting
that the equilibria showed in Figure 5.2 may be shifted in the cytosol towards the
holo-form of mMAPXmEGFP due to its higher concentration.

This FCS-FLIM experiment was followed by the measurement of several self-
similarity traces at a number of points in different cell clusters. However, in most
cases no reliable autocorrelation of the mAPXmEGFP fluorescent signal could be
consistently measured, as accurate FCS measurements rely on fluorophore concen-
trations in the nanomolar range [136,280]. To further investigate the FCS-FLIM
approach, limiting the expression level of mAPXmEGFP to establish a statistically

relevant correlation between sensor and heme concentration is desirable.
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5.3.3 Controlling sensor expression with inducible systems

Being able to exert control over the in cellulo population of mAPXmEGFP repre-
sents a current objective that would allow the minimisation of the potential draw-
backs caused by high sensor expression regimes and deploy systematically the FCS-
FLIM approach explored in Section 5.3.2. Towards this goal, a DNA fragment encod-
ing mAPXmEGFP was inserted into a pMK240 vector [285] (Figure 5.10), which has
a puromycin resistance gene encoding puromycin N-acetyltransferase (PAC) [286]
with AAVS1 homologous arms [285,287] and the expression of the sensor is under

the regulation of the Tet-On operator [288,289].
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Figure 5.10: (A) Cloning strategy to obtain an inducible system for the controlled expression of
mAPXmEGFP in mammalian systems. A traditional cut-and-paste approach was deployed. The
pMK240 vector was developed by Prof Kayoko Tanaka and co-workers (University of Leicester)
whereas the mAPXmEGFP fragment flanked by Mlul and BglII restriction sites was purchased
from TWIST bioscience. (B) The single and double digestion of the obtained construct show the
linearised product (Mlul) and the release of the insert mAPXmEGFP (1.5 kb; Mlul + BglII)
confirming successful cloning. See Appendix A.2.4 for further details.

HEK?293 cells were co-transfected with pMK240-TWIST-mAmE and an AAVS1
targeting CRISPR-Cas9 construct (Addgene #72833) [287] (Figure 5.11). Integrated
clones were selected with puromycin for 4 weeks. 11 monoclonal lines resistant to
puromycin were isolated (experimental details in Appendix A.4.1-A.4.2) for further
analyses. These lines are yet to be screened to identify the best performing clones
based on their responsiveness to the induction of the expression of mAPXmEGFP
by doxycycline. mAPXmEGFP expression levels are expected to increase propor-
tionally to the concentration of doxycycline added to the medium. The performance
of each clonal line, in terms of response to induction of sensor expression, will be

evaluated by immunoblotting and FCS-FLIM. It will also be necessary to perform
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genotyping to verify the correct insertion of the construct into the AAVSI locus.
The establishment of a reliable inducible system will clarify if and how different
concentrations of mAPXmEGFP sensor provide different responses through the ap-
plication of the FCS-FLIM approach introduced in Section 5.3.2. This work is yet

to be explored.

pMK240-TWIST-mAPXmEGFP

AAVST arml AAVS1 arm2

mAPXmEGFP

| Aavsiam1F | AAVS1arm2R |

AAVS1 locus CRISPR/Cas9 targeting site

\ Genome integration in HEK293

AAVS1 arm1 Tet-On mAPXmEGFP { AAVS1 arm2

Figure 5.11: Schematic representation for the insertion of the donor plasmid pMK240-TWIST-
mAPXmEGFP at the AAVS1 locus.

5.4 Conclusions and discussion

A key element to the successful deployment of the sensor technology is to ensure that
normal heme homeostasis in the cell is not perturbed and that the sensor integrates
seamlessly with the existing heme binders in the cellular environment. The possi-
ble limitations of the deployment of mAPXmEGFP as a tool to investigate heme
trafficking derive from its heme binding affinity and its concentration. In Section
5.2, it was shown that the thermodynamics of heme binding to mAPXmEGFP is
influenced by the heme binding affinity of neighbouring binding partners. In Sec-
tion 5.3, the local cellular concentration of the sensor was suggested to be capable
of biasing the measurements of heme bioavailability and a possible correlation be-
tween mAPXmEGFP concentration and measured heme bioavailability. Thus, such
parameters need to be carefully contextualised when applying a heme sensing tech-

nology to understand its cellular trafficking. However, improving on these aspects
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is not an easy task. The heme binding affinity can only be tuned by designing,
optimising and characterising new heme sensors that will likely report on different
fraction of exchangeable heme compared to that accessible to mAPXmEGFP. On
the other hand, controlling the concentration of a given heme sensor will be impor-
tant for advanced application to minimise the impact and interference introduced
by the expression of an exogenous protein in cells. The effect of different sensor con-
centration regimes below the non-interference threshold can be monitored through
FCS-FLIM, a yet unexplored approach which has been introduced in this Chapter.

These observations suggest that differently designed sensors deployed in different
concentrations give access to information regarding different aspects of heme biol-
ogy. For example, a heme sensor designed to measure heme using GADPH as heme
binding probe will be well suited to study heme trafficking mediated by GAPDH.
On the other hand, a hypothetical heme sensor based on a traditional heme protein
(e.g. Mb, cytochrome c¢) will provide information on heme loading to such proteins.
Finally, deploying a sensor like mAPXmEGFP - where mAPX is not naturally ex-
pressed in the cell line used as a model (i.e. HEK293) - can only provide data relative
to the portion of exchangeable heme (the total amplitude of which is unclear, but
could involve the entire hemome) accessible to the sensor itself. Hence, obtaining a
description of cellular heme trafficking through the use of heme sensor technologies
that reconciles the mechanisms introduced in Sections 5.1.1-5.1.4 will likely require
different kinds of sensors designed to probe selectively each of the above mentioned
pathways: (i) a balance between heme biosynthesis and degradation; (ii) mediation
by heme chaperones; (iii) trafficking through membrane contact sites; and (iv) in-
volvement of a diffuse heme buffering system. Moreover, the heme synthesis and
degradation regimes at the time of each measurement will always have to be taken
into account by measuring the relative increase or decrease of ALAS-1, HO-1, and

HO-2 protein levels.
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Chapter 6

Summary and future work

Overall, this thesis proposes a framework for the systematic study of heme home-
ostasis through the deployment of genetically encoded heme sensors. It takes into
account the complexities of the cellular environment, the intricate network of reg-
ulatory pathways heme is involved in, and the possible repercussions due to the

expression of heme sensors. The main results can be summarised as follows:

e The mAPXmEGFP sensor was successfully deployed in live HEK293 cells
(Chapter 2) to report on changing levels of heme concentration through the

analysis of its lifetime decay.

e The concept of heme accessibility, % H,.., was elaborated in Chapter 3 to bet-
ter describe how sensor-measured heme bioavailability depends on the relative

access a given heme sensor has to exchangeable heme.

o The analysis of the % H,.. of mAPXmEGFP in Chapter 3 for cells grown under
different conditions where ALAS-1, GAPDH, HO-1, and HO-2 (all of which
play key roles in heme homeostasis) were inhibited, induced, or down-regulated
highlighted a complex network of protein regulation that resists changes in
cellular heme levels. In particular, the reciprocal regulation of ALAS-1 and
HO-1 suggested that the balance between heme biosynthesis and degradation

is likely the major contributor to heme homeostasis, albeit not the only one.

o A lifetime-based methodology for the isolation of the mitochondrial signal of
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mAPXmEGFP through organelle staining with Mito Tracker Deep Red FM
was also developed in Chapter 3. This method can be used to quantitatively
map the relative distribution of cellular heme using mAPXmEGFP and Deep

Red stains selective for each cellular compartment.

e The need to provide tools to uncover key HBPs - which may play hitherto con-
cealed roles in meeting the logistical requirements of cellular heme trafficking
- was tackled in Chapter 4 by combining ProFunc with AlphaFold2 in order

to predict heme binding sites within AlphaFold2-generated protein structures.

e The influence of thermodynamics and sensor concentration on the binding of
heme to mAPXmEGFP was quantitatively addressed in Chapter 5. In turn,
the combination of FCS and FLIM to study of heme bioavailability in live cells
was adopted for the first time to monitor both sensor concentration and heme

bioavailability.

The logistics for the distribution of heme in cells have yet to be fully revealed.
The dynamic requirements of cellular supply and demand may be complex and
perhaps there is no single mechanism for the movement of heme within cells that
dominates. Chaperones, buffer proteins, membranes, and transporters are likely to
work together in a concerted way, and could provide contingencies for heme supply
under conditions where the cell needs to react quickly to changes in heme demand.
All of these mechanisms are normally considered individually but are likely cooper-
ating with each other. Thus, the interplay between heme biosynthesis, degradation,
transcriptional and post-transcriptional regulation of heme buffering proteins, are
all envisaged as jointly contributing to the maintenance of heme bioavailability in

cells (Figure 6.1).

95



Gene regulation

. Regulation of heme S

Heme biosynthesis a s,
. .z — ¢ H

biosynthesis S

R
» g |

l

Housekeeping Exchangeable Heme dependent regulatory proteins
heme proteins heme and ion channel regulation

“, Heme exchange Heme exchange . R’ W),
(‘ GAPDH . ‘* A “\%

—_—

.......

NOS H
Rl
Heme degradation E B
HO-1/2
Nos | o,

lo Signalling and ion channels gating

2 .
through gas sensing
co @ o— oy gree 5

‘ = Buffering heme molecule . = Housekeeping heme protein =Heme . =Heme + CO/NO bound
. R ‘ _ Heme dependent regulatory _ Protein producing cell signalling ‘ Heme + H,0 bound = Ions translocated by
T, *  protein gases (different shades of green) (i.e. free heme) ion channels

Figure 6.1: The possible interconnected pathways for the movements of heme in cells, and the
links to signaling gases such as CO and NO. Heme biosynthesis provides cellular heme (top).
A proportion of this is bound irreversibly to heme-binding housekeeping proteins (red circles).
It is worth noting that inducers of ALAS-1 have also been observed inducing the expression of
cytochrome P450 [184] and globins [189,290], suggesting that heme production might be accompa-
nied by the expression of proteins that bind heme with high affinity, providing a thermodynamic
drive that keeps heme levels low. At the same time, a body of exchangeable heme is envisaged
to make heme available for regulatory proteins (R; right) by binding heme reversibly or through
chaperones like GAPDH. These heme-binding partners constitute an exchangeable reservoir that
can provide a flexible supply of heme and protect against changes in heme concentration. Once
formed, heme-bound regulatory proteins can serve in regulatory roles by, for example, binding
to DNA for transcriptional control (top right; including the regulation of heme biosynthesis, cir-
cadian rhythm, and ion channels) [23,27,29,48,50,61,291-293]. The green circles indicate the
proteins that produce cell signaling gases - NOS (left) and HO-1/2 (middle). The synthesis of
NO by NOS, and the production of CO by the heme degrading HO enzyme, add multiple layers
of complexity to the picture by coupling the formation of cell signaling gases to heme-dependent
processes [34,180,181]. For example, GAPDH-mediated heme delivery is highly dependent on NO
fluxes for the maturation of heme proteins [175,193,195-197,294-298] and the regulation of heme
biosynthesis has been found reciprocal to that of the circadian clock and genes that encode heme
proteins such as NOS, sGC, and other key regulators of physiological cascades [29,204,299-302].
Figure adapted from Gallio et al. [118].
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6.1 Future work

Many aspects of heme trafficking have remained unstudied for decades due to the
lack of appropriate tools to address the problem. A renewed interest - which re-
mained dormant since the pioneering studies of Granick and collaborators [75, 79
- was sparked in the past decade by the continuous emergence of heme-dependent
regulatory roles [21,118], the discovery of the heme chaperone GAPDH [106,108,175,
194], and the development of genetically encoded heme sensors like mAPXmEGFP
as in this work. However, many challenging questions are still awaiting an answer
which will contribute to a unified description of heme homeostasis. A few examples
of open questions that will need to be addressed in the future are introduced below.

Obtaining highly-diffracting crystals of holo-mAPXmEGFP would help to vali-
date heme-fluorophore distances and provide a structural framework for the commu-
nication through FRET between the two chromophores. mAPXmEGFP has proven
difficult to crystallise; over 230 crystallisation conditions were screened for the sensor
both in the apo- and holo- forms, mostly unsuccessfully. Only one particular set of
conditions has proved promising for holo-mAPXmEGFP (Appendix A.3). However,
crystals of suitable size for X-ray analysis have not, thus far, been obtained. More
trials and optimisation are required.

It would be desirable to analyse the movements of heme between cellular loca-
tions. This could be achieved by deploying a combination of heme-binding scaffolds,
signal peptides and fluorescent tags to report on the simultaneous changes in heme
concentrations within two (or more) subcellular compartments in cells expressing
more than one of the heme-reporters directed to different compartments.

It will be increasingly important to develop methods to study the time-resolved
response of the cells to tailored perturbations such as the up/down-regulation of
ALAS-1, GAPDH, and HO-1/2. To access this information by using fluorescent
heme sensors, long and repeated laser exposures - which are normally lethal to the
cells - will be required. Thus, there is a need to develop less invasive methodologies

to maintain cells viability during measurements. A solution may be represented by
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multiphoton-FLIM, which requires significantly red-shifted Ag, and would minimise
phototoxicity [136,137].

Little information is currently available on the balance between the redox states
of heme in cells, even though this is a critical aspect of its biological functions. Thus,
there is a need to discriminate between reduced (ferrous) and oxidised (ferric) heme
in heme-sensing experiments.

Finally, it will be important to establish a link between cellular heme lev-
els and those of its metabolites (i.e. biliverdin and bilirubin) as increasing evi-
dence points at an interplay between the biological pathways involving these three
tetrapyrroles [303-309]. This can be achieved by integrating fundamental studies
on heme bioavailability - like the one presented in this thesis - with the rich biology
of its catabolites.

The multi-decade quest to uncover the underlying mechanisms that make heme

bioavailable - with all its ramifications - is far from over.
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Appendix A

Materials and methods

A.1 Recombinant DNA Techniques

A.1.1 General procedure for the transformation of compe-

tent F. coli cells

100-200 mL of BL21(DH3) or DH5«x competent E. coli cells from glycerol stocks
(100-200 pL) were thawed at 0 °C and 1 pL of DNA at 100 uM was subsequently
added. The mixture was gently mixed and incubated at 0 °C for 30 minutes. Then,
a heat shock treatment at 42 °C for 45 seconds was followed by incubation at 0 °C
for 2 minutes. The mixture was transferred to 1 mL of lysogeny broth (LB) and
incubated at 37 °C for 45 minutes in a shaking incubator (150 rpm). The small
growth (100 puL ) was plated on an LB-agar Petri dish - supplemented with suitable
antibiotic - and incubated overnight at 37 °C. The growth of single colonies proves
the transformation under antibiotic control to be successful. A single colony was
picked from the plate and grown overnight in 10 mL in LB in the presence of suitable
antibiotic (37 °C, 150 rpm). Cell stocks were created in 50% glycerol and stored at
-80 °C.
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A.1.2 Expression and purification of mAPXmEGFP

The mAPXmEGFP expression construct is contained in the pLEICES45 vector.
The DNA construct was provided by PROTEX (University of Leicester). The amino
acid sequence of mMAPXmEGFP is provided in Figure A.1. apo-mAPXmEGFP was
expressed in E. coli BL21(DE3) cells transformed with pLEICS45-mAPXmEGFP. A
starter culture was grown overnight in LB medium supplemented with 100 pg/mL
ampicillin (Sigma Aldrich) at 37 °C in an orbital shaker (150 rpm). The starter
culture was diluted 1:100 with LB medium ([Ampicillin] = 100 pg/mL) in 2 L baffled
Erlenmeyer flasks and re-incubated (37 °C, 150 rpm) until the optical density at
600 nm was between 0.4-0.7. Expression was induced with 0.5 mM isopropyl 3-D-1-
thiogalactopyranoside (IPTG) and by dropping the temperature to 23 °C. Cells were
harvested 20 h post-induction (10 minutes, 4000 rpm, 4 °C) and resuspended in lysis
buffer (10 mM KPO,, 150 mM KCI, pH = 7) supplemented with deoxyribonuclease
I (Sigma Aldrich), EDTA-free protease inhibitor cocktail (Roche), and lysozyme
(Sigma Aldrich). The suspension was sonicated on ice (4 bursts, 50%, 30 seconds
on/off cycles) and the lysate was clarified by centrifugation (19000 rpm, 30 minutes,
4 °C). The homogenate was filtered (0.2 pm pores filter) and its volume was reduced
to approximately 10 mL using a 50 kDa cut-off filter. mAPXmEGFP was purified
by loading the lysate onto a nickel affinity column (HisTrap excel 5 mL; Washing
buffer: [KPO,] = 10 mM, [KCI]] = 150 mM, [Imidazole|] = 100 mM, pH = 7; Elution
buffer: [KPi] = 10 mM, [KCl] = 150 mM, [Imidazole] = 500 mM, pH = 7; T = 6 °C).
The eluate was de-salted with a PD10-G25 column (GE Healthcare) following the
manufacturer’s protocol and further purified by gel filtration on HilL.oad Superdex
16/600 200 pg column (GE Healthcare) (Elution buffer: [KPO,] = 10 mM, [KCI| =
150 mM, pH = 7; T = 6 °C).
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Figure A.1: Amino acid sequence of mAPXmEGFP. The colour-coded annotations identify the
different domains of the fusion protein. Green: mEGFP; red: mAPX; gray: linker.

A.1.3 Expression and purification of sperm whale myoglobin

H64Y /V68F (gMb)

The gMb (sperm whale myoglobin H64Y /V68F') expression construct is contained in
the pEMBL19 vector (pEMBL19-gMb). The construct was originally developed by
Olsen and co-workers [278]. The amino acid sequence of gMb is provided in Figure
A.2. The expression protocol was adapted from the methods previously reported in
the literature [278,310]. E. coli BL21(DE3) cells were transformed with pEMBL19-
gMb. A starter culture was grown overnight in LB medium supplemented with 200
ug/mL ampicillin (Sigma Aldrich) at 37 °C in an orbital shaker (150 rpm). The
starter culture was diluted 1:100 with LB medium ([Ampicillin] = 200 pg/mL) in
2 L baffled Erlenmeyer flasks and re-incubated (37 °C, 150 rpm) for 21 h. Cells
were harvested 20 h post-induction (10 minutes, 4000 rpm, 4 °C) and resuspended
in lysis buffer (50 mM Tris, 1 mM EDTA, 0.5 mM DTT) supplemented with de-
oxyribonuclease I (Sigma Aldrich), EDTA-free protease inhibitor cocktail (Roche),
lysozyme (Sigma Aldrich). The suspension was sonicated on ice (4 bursts, 50%, 30
seconds on/off cycles) and the lysate was clarified by centrifugation (19000 rpm, 30

minutes, 4 °C). The homogenate was first enriched in gMb in a two-stage salting

102



purification. Ammonium sulfate (Fischer Bioreagent) was slowly added 40% m/V
and the suspension incubated at 4 °C for 2 h. The suspension was centrifuged (4000
rpm, 10 min) and further ammonium sulfate was slowly added to the supernatant
to 20% m/V (concentration zeroed to the previous addition). The suspension was
incubated at 4 °C for 2 h and centrifuged (4000 rpm, 10 min). The supernatant
was dialysed overnight twice using 14 kDa cut-off dialysis tubes (20 mM Tris, 1
mM EDTA, pH8). The dialysed sample was concentrated using a 10 kDa cut-off
filter and further filtered through 0.2 um pores. Gel filtration was performed on
the sample using a Hiload 16/600 Superdex 75 column (elution buffer: 20 mM
Tris, 1 mM EDTA, pH 9). Fractions containing gMb were identified by SDS-PAGE,
pooled, concentrated, and applied to a DEAE-Sepharose (Sigma) ion exchange col-
umn equilibrated in 20 mM Tris, 1 mM EDTA, pH 8.4. A dark green solution was
obtained. gMb purity was assessed by SDS-PAGE and UV-Vis. The gel filtration
elution profile and UV-vis spectra of gMb are shown in Figure A.3.

MVLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASEDLKKYGVTFLTALGAILKKKGH

gMb

12 20 3e 40 50 60 70 8e

HEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHPGNFGADAQGAMNKALELFRKDIAAKYKELGYQG
= £Mb

92 1ee 11e 120 132 148 158

Figure A.2: Amino acid sequence of gMb.

Extraction of heme from gMb to obtain apo-gMb

The procedure was adapted from Teale’s method [311]. In a glass test tube, an
ice-cold 1 mL aliquot of ~100 uM gMb was acidified by addition of 0.1 M HCI
drop-by-drop until the dark green solution turns bright pink. Approximately 1 mL
of ice cold butanone was added. The organic and aqueous phases were shaken and
the test tube incubated at 0 °C for 10 min. A pink butanone layer was obtained
over a colourless aqueous layer. The aqueous layer containing apo-gMb was isolated
and dialysed against H,O to remove traces of ketone. Successful heme extraction

was confirmed by UV-Vis (Figure A.3).
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Figure A.3: (A) Gel filtration and (B) UV-vis spectra of gMb (the spectra of apo-gMb (black trace)
and holo-gMb (green) are compared).

A.1.4 SDS-PAGE

Discontinuous polyacrylamide gels (10%) containing 0.1% SDS and polyacrylamide
stacking gels (5%) were used. A Bio-Rad gel system with 0.75 mm gel thickness was
used (materials in Table A.1). Samples were prepared by adding an equal volume
of sample and sample buffer (100 mM Tris-HCI, pH 6.8, 4% SDS, 20% w/v glycerol,
0.002% bromophenol blue, 25 mM DTT) then boiled for 5 min. The gels were run
in SDS running buffer (25 mM Tris-HCI, 192 mM glycerine, 0.5% w/v SDS) at 180
V until the dye front reached the end of the gel. Gels were soaked in InstantBlue™
Coomassie stain (Expedeon) for 1 h before destaining with distilled water by leaving

the gels to gently shake on a rocker overnight.

Solution components 10% Resolving gel (mL) 5% Stacking gel (mL)
1,0 1.0 6.8
30% acrylamide mix 3.3 1.7
1 M Tris (pH 6.8) 2.5 1.25
10% SDS 0.1 0.1
10% ammonium persulfate 0.1 0.1
TEMED 0.004 0.01

Table A.1: Materials and required to prepare 10 mL solutions Tris-glycine SDS-PAGE gels.
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A.1.5 Titration of apo-heme proteins with hemin

Using a double beam Perkin Elmer Lambda 40 UV /VIS spectrometer, sequential
equal amounts of the hemin titrating solution prepared as in Appendix A.1.6 were
added both to the sample cuvette (containing the protein dissolved in 10 mM potas-
sium phosphate, and 150 mM KCI at pH 7) and the reference cuvette, recording a
spectrum after 3 minutes of equilibration following each addition (tipically in the

700-250 range nm). A representative example is shown if Figure A 4.

Absorbance (a.u.)

0.0

T T T
300 400 500 600 700

Wavelength (nm)

Figure A.4: A purified sample of 5 uM mAPXmEGFP was titrated with sequential amounts
of 100 uM hemin titrating solution prepared as outlined in Section A.1.6. While the 280 nm
absorption is due to aromatic side-chain amino acids, the relative band intensities at 406 nm and
488 nm arise from heme incorporated by the mAPX (Soret band) moiety and mEGFP in the fusion
protein, respectively. Each subsequent addition of hemin led to an increase in the relative holo-
protein concentration shown by the increment of the intensity of the Soret band. An absorbance
ratio value Agyret/Asgo approaching 2 has been previously used as a parameter to assess protein
purity [312].

A.1.6 General procedure to dissolve hemin and ZnPP in

acqueous solutions

Hemin
A microspatula tip full of hemin chloride (Sigma Aldrich) was suspended in 1.5
mL centrifuge tube by adding 50 uL of 0.1 M NaOH (VWR). The suspension was

diluted with 1 mL of dH,O and centrifuged (13000 rpm; 30 s). The supernatant was

105



removed (500 pL) and diluted 1:1 with dH,O in a clean tube. Centrifugation and
dilutions were repeated until a clear solution was obtained. The solution of hemin
was sterilised by filtration using a 0.2 um pores membrane. The concentration of
the sample was measured from the absorbance at 385 nm, and using ezg5 = 58400

M~tem~!. The UV-vis spectrum of hemin is shown in Figure A.5.

ZnPP

ZnPP (25 mg; Sigma) was diluted with 25 mL of DMSO to make a 25 mg/mL stock.
From the 25 mg/mL ZnPP, 4 uL was diluted with 4 puL of 0.1 M NaOH (VWR).
The suspension was diluted with 750 uL of dH,O and centrifuged (13000 rpm; 1
min). The supernatant was removed (500 pL) and diluted 1:1 with dH,O in a clean
tube. Centrifugation was repeated and the supernatant filtered (0.2 um pores). The
absorbance of the sample at 412 nm was measured by UV-Vis spectroscopy using

€412 = 87400 M~tem™!. The UV-vis spectrum of ZnPP is shown in Figure A.5.
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Figure A.5: UV-Vis spectra of (A) hemin and (B) ZnPP.

A.2 Molecular cloning

A.2.1 Agarose gel electrophoresis

Agarose was dissolved in 1x TAE buffer (40 mM Tris/0.4 mM EDTA pH 8/20 mM

acetic acid) to a concentration of 0.5-1%. The suspension was briefly microwaved
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(950W) at 30 second intervals to obtain a clear solution. The solution was left to
cool slightly before the addition of peqGREEN, and then left to set. DNA samples
(10 ng) were mixed with loading dye (Qiagen). The samples were loaded onto the
gel alongside a DNA ladder and the gel was run at 80 V for 30 minutes in TAE
buffer. The gel was then visualised under UV-light. The DNA ladders used were
1 kb Plus DNA Ladder and Quick-Load Purple 1 kb DNA Ladder (New England
BioLabs, NEB).

A.2.2 Site-directed mutagenesis on pEGFP-C1-Cyto-APX,
pEGFP-C1-Mito-APX, and pEGFP-C1-NLS-APX

The mutations K14D and A206K on the APX domain, and E112K on EGFP are
required in order to express in-vivo the monomeric sensor mAPXmEGFP. The
plasmids pEGFP-C1-Cyto-APX, pEGFP-C1-Mito-APX, and pEGFP-C1-NLS-APX
expressing EGFP-APX (pEGFP-C1-Cyto-APX) and EGFP-APX, including signal
peptides for the localisation of the sensor in the mitochondria (pEGFP-C1-Mito-
APX) and nucleus pEGFP-C1-NLS-APX respectively were kindly donated by Prof.
Igbal Hamza [129] (see Table 3.5 for peptide sequences). Site-directed mutagenesis
was performed on the plasmids that encode mAPXmEGFP. PCR tubes were pre-
pared by mixing 12.5 puL of Primestar enzyme mix (Takara), 1 puL of forward primer
(F) 10 uM, 1 puL of reverse primer (R) 10 uM, 1 uL of plasmid DNA template 10
ng/ul, and 9.5 uL of sterile deionised H,O. Primers and PCR conditions for each

point mutation are listed below (mutations sites are underlined):

K14D

F (5-3"): TGATTACCAGGACGCCGTTGAGAAG

R (5-3"): GCACTCACAGTTGGGTAAG

PCR program:

98 °C for 2 min (hot start); Touch down 11 times (68-58 °C); Cycle 20 times (denat-

uration: 98 °C, 10 s, annealing: 60 °C, 5 s; elongation: 72 °C, 45 s); final elongation
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(72 °C, 5 min)

E112K

F (5-3"): GGGTGGACCTAAAGTTCCATTCC

R (5-3"): GTGACCTCAACGGCAACA

PCR program:

98 °C for 2 min (hot start); Touch down 11 times (74-64 °C); Cycle 20 times (denat-
uration: 98 °C, 10 s, annealing: 60 °C, 5 s; elongation: 72 °C, 45 s); final elongation
(72 °C, 5 min)

A206K

F (5-3"): CACCCAGTCCAAACTGAGCAAAGAC

R (5-3"): CTCAGGTAGTGGTTGTCG

PCR program:

98 °C for 2 min (hot start); Touch down 11 times (66-56 °C); Cycle 20 times (denat-
uration: 98 °C, 10 s, annealing: 60 °C, 5 s; elongation: 72 °C, 45 s); final elongation
(72 °C, 5 min)

The PCR products were treated with KLD enzyme mix (Kinase, Ligase, and
Dpnl, New England BioLabs® Inc.) for phosphorylation, ligation/re-circularisation
and template removal following the manufacturer’s protocol. Subsequently, DH5-
competent cells were transformed separately with each of the obtained constructs.
The KLD reaction mixtures were added to the cells, which were incubated at 0 °C for
30 minutes, followed by a 45 seconds heat shock at 42 °C, and further 2 minutes of in-
cubation at 0 °C. Cells were reconstituted in SOB medium for 2 h at 37 °C, plated on
an LB-agar Petri dish and incubated overnight at 37 °C. A single colony was picked,
inoculated in LB ([Kanamycin] = 50 pg/mL) and incubated overnight at 37 °C.

Cells were pelleted by centrifugation (4000 rpm) and the plasmid DNA constructs
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extracted using a QIAprep Spin Miniprep Kit following the manufacturer’s proto-
col. The new constructs were respectively labelled pEGFP-C1-Cyto-mAPXmEGFP,
pEGFP-C1-Mito-mAPXmEGFP, and pEGFP-C1-NLS-mAPXmEGFP.

A.2.3 Insertion into pEGFP-C1-Cyto-mAPXmEGFP of the
signal peptide sequences for localisation in the perox-

isomes and endoplasmic reticulum respectively

C-term insertion of KDEL sequence to target the endoplasmic reticulum
F (5-3"): GACCTGTAAGGATCCACCGGATCTAG

R (5-3"): GTCCTTGGCSTCAGCAAACCCAAG

C-term insertion of SKL sequence to target the peroxisomes

F (5-3"): ACTGTAAGGATCCACCGGATCTAG

R (5-3"): TTGCTGGCATCAGCAAACCCAAG

PCR program (for both insertions):

98 °C for 2 min (hot start); Touch down 11 times (72-62 °C); Cycle 20 times (de-
naturation: 98 deg, 10 s, annealing: 62 °C, 15 s; elongation: 72 °C, 135 s); final
elongation (72 °C, 120 s). The PCR products were digested and purified follow-
ing the procedure reported above. The new constructs were respectively labelled

pEGFP-C1-ER-mAPXmEGFP, pEGFP-C1-Per-mAPXmEGFP.

A.2.4 pMK240-mAPXmEGFP

pMK240-mAPXmEGFP was obtained through insertion of a mAPXmEGFP encod-
ing gene in modifying pMK240 [285] (Figure A.6A-B). A DNA fragment encoding the
fusion protein mAPXmEGFP was purchased from TWIST Bioscience. The codon
sequence was optimised for mammalian expression to encode the mAPXmEGFP
amino acid sequence in Figure A.2 and Mlul and BglII restriction sites were added
respectively at the 5" and 3’ ends. Internal Mlul and BgllII cut sites were avoided.

pMK240 and the insert were digested with Mlul and BglIl. Then, the insert was
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pasted in between the Mlu I-Bgl II sites in the multi-cloning site of pMK240 using
Quick Ligation™ (New England Bioscience M2200) using a 1:3 molar ratio vec-
tor:insert. The ligation product was used to transform DH5xF. coli cells. pMK240-
mAPXmEGFP (Figure A.6B) was purified and isolated using a QIAprep Spin

Miniprep Kit following the manufacture’s protocol.

(A) (B)

lac_promoter, +3
5V40 poly(A) signal

pmk240 ‘ a 2 pMK240_mAPXMEGFP
9299 bp 10772 bp

M13 fwd S
T7 promoter M hPGK promoter

bGH poly(A) signal

V40 poly(A) signal
ter

MVS1 arm 2 oligo
bGH poly(A) signal hPGK promos

Figure A.6: (A) pMK240 and (B) pMK240-mAPXmEGFP plasmid maps.

A.3 Crystallisation screen for mAPXmEGFP

A precipitant was identified from the MORPHEUS protein crystallisation screen
[313] that led to small crystals of holo-mAPXmEGFP (Figure A.7A): 12.5% w/v
PEG 1000, 12.5% w/v, PEG 3350, 12.5% v/v MPD; Additives: 0.003 M of each
NPS; Buffer: 0.1 M bicine/Tris base pH 8.5. Obtaining a crystal structure of the
sensor will allow to experimental determination of the Forster distance in the sensor.
The AlphaFold2 model of mAPXmEGFP shows a disordered, low-confidence region
separating mAPX (rich in o-helices) and mEGFP (B-barrel) (Figure A.7B).
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Figure A.7: (A) Picture of crystals of holo-mAPXmEGFP obtained in a small-scale crystallisation
trial. (B) AlphaFold2 model of mAPXmEGFP. The model is colour-coded with regions of high
confidence in blue and regions of low confidence in orange.

A.3.1 Encapsulation of mAPXmEGFP and gMb in coacer-

vates

The work described in this Section was carried out with Dr. Ananya Mishra (Uni-

versity of Bristol).

Fluorescence microscopy

Fluorescence imaging was performed using a Leica DFC 310FX and dye molecules
and protein were excited by using specific filters with the following excitation (Ag,)
and emission (Ag,,) wavelength cutoffs. mAPXmEGFP, Ag, = 450 - 490 nm and
AEm = 510 nm; 2,3-DAP, Ag, = 515 - 560 nm and Ag,, = 580 nm. All glass slides

used for the imaging were functionalised with PEG-TMS.

Acoustic Trapping of coacervates

For 2D array formations of PDDA/ATP coacervate microdroplets the orthogonal
transducer pairs were run at slightly different frequencies during the trapping pro-
cess. They were operated at the third harmonic frequency (6.76/6.78 MHz and
10 V). Patterned PDDA/ATP coacervate micro-droplets were prepared in situ by
adding an aqueous solution of ATP (150 uL, 50 mM, pH 8) to an aqueous solution
of PDDA (300 pL, 25 mM monomer, 100-200 kDa, pH 8) in the presence of the

two orthogonal acoustic standing waves generated from opposing transducer pairs.
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The mixtures were kept standing for 30 mins to ensure homogeneous formation of
the coacervate droplets by continuous coalescence in the square chamber resulting
in a 2D microdroplet array. mAPXmEGFP/gMb encapsulation was carried out
by addition of the protein into the sample chamber prior to introducing ATP to
trigger the formation of spontaneous mAPXmEGFP /gMb captured micropatterned
coacervates. The supernatant in the acoustic chamber was carefully removed and
exchanged with dH,O water three times under the same acoustic force field. Flu-
orescent microscope images were recorded at the centre of the trapping chamber

within the observation window.

Acoustic device

A custom-built acoustic trapping device based on a square arrangement of four
piezoelectric transducers (Noliac, NCE 51, L.15 x W2mm x T1 mm) was used. The
opposing transducer pairs were wired in series, driven by two signal generators (Ag-
ilent 33220a-001), and connected to an oscilloscope (Agilent DSOX2014A). A PEG
functionalised glass coverslip was attached to the bottom of the device using an

adhesive.

A.4 Tissue culture techniques

A.4.1 Cell culture

HEK?293 cells were purchased from the European Collection of Authenticated Cell
Cultures and maintained in o-MEM (Gibco) supplemented with 10% foetal bovine
serum (Gibco) and 1% (v/v) penicillin-streptomycin (xa; Gibco, 15140-122) at 37
°C and 5% CO, in T75 or T25 flasks (Greiner). Cells expressing mAPXmEGFP
were maintained in o-MEM (Gibco) supplemented with 10% foetal bovine serum
(Gibco) and 200 pg/mL geneticin (Gibco) at 37 °C and 5% CO,, in T75 or T25 flasks
(Greiner) or 10 cm Petri dishes (Nunc). Cells were sub-cultured once approximately

80% confluence was reached and trypsinised using TrypLE (Gibco).
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A.4.2 General procedure to generate a new stable HEK293

cell line

HEK293 cells from a confluent T75/25 flask were used to seed 2 mL cultures in
polystyrene-coated 6-well plates (Greiner) and cultured until 70-80% confluent. Typ-
ically, 200-500 ng of DNA were used for each transfection using Lipofectamine 3000
(Invitrogen) as per manufacturer’s instruction in serum-free medium. After 24-48 h
the medium was changed to a complete formulation and cell cultured until confluent.
Cells were sub-cultured onto a 10 cm Petri dish for antibiotic screening by refreshing
the medium containing a suitable antibiotic every second day over a period of approx-
imately four weeks. Cells transfected with pLEICS138-mAPXmEGFP were screened
with 500 pg/mL geneticin (G418, Thermo Fischer Scientific). Cells transfected with
pMK240-mAPXmEGFP were screened with 1 pg/mL puromycin. Antibiotic selec-
tion was continued until single clones started to appear. Clones were isolated with
the agarose method (Lindeberg’s method) and individually sub-cultured for func-
tional tests. Cell stocks of successful clones were prepared by harvesting confluent
cultures and resuspending them in maintenance medium with 5% DMSO. At least
1 million live cells were aliquoted in 1 mL cryo-tubes and incubated overnight in
an iso-propanol bath at -80 °C. Cryo-tubes were then put under liquid nitrogen for

long-term storage.

A.4.3 MTT assays for cellular viability

HEK293-mAPXmEGFP cells were seeded in a 96 well plate (Greiner) and cultured
by refreshing the medium every second day (medium: o-MEM, 10% bovine serum
albumin; 200 pg/mL geneticin). Upon reaching 80% confluence, the medium was
refreshed and supplemented with 10 uM ZnPP, 10 uM hemin, or 1 mM succinyl
acetone respectively (each condition repeated on separate wells for a total of 12
replicates). Cells were incubated for 24 h and MTT assay was performed following

manufacturer’s protocol (Biotium).
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A.4.4 RNA interference

The knockdown of HO-2 and GAPDH was accompanied by the following control
conditions: (i) untreated cells; (ii) cells transfected with ALLstar siRNA as a nega-
tive control (Qiagen); and (iii) cells transfected with siRNA-GAPDH (smart POOL,

Dharmacon) as a positive control.

HO-2

Two consecutive rounds of siRNA transfection were carried out. HEK293 cells were
plated in 6-well plates and cultured until 90% confluent. Immediately prior to trans-
fection cells were washed 1x with warm transfection medium (T-medium; serum-free
and antibiotics-free a-MEM (Gibco)) and supplemented with 1 mL of T-medium.
200 pg RNA transfection master mixes were prepared by mixing 10 nuL of 10 uM
siRNA1 with 10 pl of 10 uM siRNA2 and 20 pL of Lipofectamine 3000 diluted
1:25 with T-medium (siRNA1 and siRNA2 sequences are reported in Table 3.4).
Transfection master mixes were incubated 30 min at room temperature and then
quantitatively added to the 1 mL cultures in the 6-well plates. Transfection cultures
were incubated overnight, sub-cultured quantitatively into a 10 cm dish and incu-
bated again. On the next day, a 200 pg siRNA transfection was carried out as above
in the 10 cm dishes. Cells were lysed for immunoblotting or harvested for further

analysis 24 h after the second round of transfection .

GAPDH

ON-TARGETplus GAPD control siRNA (Dharmacon D-009630-00-0005) was used.
This cocktail of siRNA sequences is normally used as positive control. Transfec-
tion was carried out according to the manufacturer’s protocol with modifications.
Briefly, HEK293-mAPXmEGFP cells were plated in a 10 cm Petri dish and cul-
tured in complete medium (a-MEM, aex, 10% FBS) until there was 50%-70% con-
fluency. Solutions of 5 utM RNA mix were prepared by diluting 100 uM siRNA
stock with RNAse free H,O. The transfection mix was prepared by mixing 3.3:1 the
5 uM ON-TARGETplus GAPD solution with DharmaFECT reagent (Dharmacon)

114



as per manufacturer’s instruction using serum-free and antibiotic-free media. Prior
to transfection, cells were gently washed with 1xPBS and media was replaced with
6.4 mL serum-free and antibiotic-free a-MEM supplemented with 1 mM sodium
pyruvate. Transfection mix was added to the cells to a final volume of 8 mL. and

incubated for 48 h prior to further analysis.

A.4.5 Lysis of HEK293 cells

Cells were cultured in either a 6-well plate (Greiner Bio-one) or 10 cm dishes (Nunc).
Prior to lysis cells were gently washed with a minimum amount of ice-cold 1xPBS
(Greiner Bio-one). Ice-cold lysis buffer (1x RIPA buffer (ThermoFisher) supple-
mented with EDTA-free protease inhibitor (SLS)) was added to the cells which
were subsequently scraped, transferred onto a 15 mL tube and incubated on ice
for 10 minutes. The cell suspension was sonicated (50% amplitude, 1 bursts of 2
seconds). Lysates were incubated on ice for further 10 minutes on a rocker and
then clarified by centrifugation at 13000 rpm in a table-top centrifuge at 4 °C for
30 min. Lysate protein was quantified by Pierce BCA protein assay following the
manufacturer’s protocol (Thermofisher). Lysates were aliquoted and stored at -80

°C.

A.4.6 Modified cell lysis protocol for mAPXmEGFP quan-
tification in HEK293-mAPXmEGFP by immunoblot-
ting

Cells were cultured in either a 6-well plate (Greiner Bio-one) or 10 cm dishes (Nunc).
Prior to lysis cells were gently washed with PBS, detached using TrypLE (Gibco),
and resuspended in PBS. Cells were counted using a Countess’ automated cell
counter (Invitrogen) and 2.5 million cells were transferred in a 1.5 mL microcen-
trifuge tube and centrifuged (1200 rpm, 5 min). The supernatant was discarded and

the cell pellet re-suspended in ice-cold lysis buffer (1x RIPA buffer (ThermoFisher)
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supplemented with EDTA-free protease inhibitor (SLS)). Cells were lysed by incuba-
tion on ice for 15 min followed by sonication (50% amplitude, 1 bursts of 2 seconds).
Lysates were incubated on ice for further 15 minutes on a rocker and then clarified
by centrifugation at 13000 rpm in a table-top centrifuges at 4 °C for 15 min. Lysate
protein were quantified by Pierce BCA protein assay in a 96-well plate (Greiner)
following the manufacturer’s protocol (Thermofisher) and using a CLARIOstar Plus

fluorescence microplate reader. Lysates were stored at -80 °C.

A.5 Immunoblotting

Typically, 5-25 pg of lysate protein was prepared in a final volume of 10 pL of loading
buffer using 4x Laemmli buffer (250 mM Tris pH 6.8, 8% SDS, 40% glycerol, 1.4 M
B-mercaptoethanol, 0.02% bromophenol blue). Samples were boiled at 100 °C for
5 min. The lysate samples were loaded onto a 17-well NuPAGE 4-12% BisTris gel
(11.0 mm x 17 well; Invitrogen) and electrophoresed at a constant voltage of 160 V
for 1 h. Gels were transferred onto a low-fluorescence PVDF membrane using the
XCell II Blot module (Invitrogen) for a wet transfer at a constant voltage of 30 V
for 1 h. Membranes were blocked with 5% Blotto dry milk in Tris Buffered Saline-
Tween, TBST (0.1% Tween) for 1 h at room temperature. ALAS-1, HO-1, HO-2,
GAPDH, and mAPXmEGFP were separately probed by overnight primary antibody
incubation at 4 °C using rabbit anti-ALAS-1, rabbit anti-HO-1, rabbit anti-HO-2,
rabbit anti-GAPDH, and rabbit anti-GFP. Each detection was accompanied with
the measurement of -actin as internal control, which was probed with a 1:2000
dilution of mouse anti-f3-actin (antibodies.com A85272).

ALAS-1 was probed with a 1:1500 dilution of rabbit anti-ALAS-1 (antibod-
ies.com A8855), and HO-1 was probed with a 1:2500 dilution of rabbit anti-HO-1
(Bethyl Laboratories A305-354). HO-2 was probed with 1:2000 dilution of rabbit
anti-HO-2 (Bethyl Laboratories A303-662). GAPDH was probed with a 1:20000
dilution of rabbit anti-GAPDH (antibodies.com A85377), and mAPXmEGFP was
probed 1:1000 with rabbit anti GFP (antibodies.com A87774).
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Following primary antibody incubation membranes were washed 3x with TBST
on a rocker (5-min wash each). Membranes were incubated and gently rocked for 1
h at room temperature with goat anti-mouse secondary antibody (Biotium 20344)
conjugated to a 680 nm fluorophore and donkey anti-rabbit secondary antibody
(Biotium 20065) conjugated to a 790 nm fluorophore. Secondary antibodies were
diluted 1:20000 in blocking buffer. After secondary antibody incubation membranes
were washed 3x with TBST on a rocker (5 min wash each). Membrane images were
acquired using a Licor Odyssey Fc imager with 2 min acquisition on the 700 and

800 channels. Images were analysed using Empiria Studio® Software.

Representative immunoblot detection of ALAS-1, GAPDH, HO-1, and

HO-2 for the siRNA experiments
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Figure A.8: Representative immunoblots showing a comparison between the band intensities de-
tected in triplicate for whole-cell lysates of HEK293-mAPXmEGFP where HO-2 and GAPDH were
knocked down by siRNA, respectively. (A) Comparison between the bands intensities of ALAS-1
for the two knockdown experiments. (B) Bands intensities of, respectively, GAPDH, HO-1, and
HO-2 in HEK293-mAPXmEGFP where GAPDH was knocked-down by approximately 42%. (C)
Band intensities of, respectively, GAPDH, HO-1, and HO-2 in HEK293-mAPXmEGFP where
HO-2 was knocked-down. Membranes were imaged using a Licor Odyssey Fc. Analysis of bands
intensities was carried out with Empiria Studio® Software using B-actin detection as an internal
control to normalise the signal. The control shown in the figure corresponds to untreated cells.
Results are discussed in Section 3.4.
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A.6 Confocal microscopy

Cells were seeded into CELLview dishes (Greiner Bio-One) in the presence of 2
pg/mL poly-D-lysine for improved cell attachment [314] and were grown in phenol
red—free &-MEM medium supplemented with 1% penicillin-streptomycin solution
(aer), 200 pM geneticin, and 10% fetal bovine serum with the exeption of the siRNA
experiments, where phenol red—free a-MEM was used with no further additives to
minimise cytotoxicity. Separate compartments on cell dishes were treated either 24
h (1 mM SA, 10 uM hemin, 10 uM ZnPP) or 48 h (siRNA experiments) prior to

imaging.

A.6.1 Staining of HEK293-mAPXmEGFP with Hoechst and

Mitotracker, respectively

HEK293 cells stably or transiently transfected to express mAPXmEGFP were cul-
tured in a microscopy dish (Greiner Bio-one) until 80% confluent. Cells were stained
with Hoechst 33342 (Invitrogen; Ag, = 361 nm; Ag,, = 486 nm) or Mitotracker Deep
Red FM (ThermoFischer; A, = 641 nm; Ag,, = 662 nm) following manufacturer’s
protocol. Images were taken on a Leica SP5II confocal microscope using a 63x oil
immersion lens. For Hoechst 33342 detection, an excitation filter was used with a
band pass centered at 405 nm, and fluorescence emission was collected between 410
and 440 nm. For mAPXmEGFP detection, an excitation filter was used with a band
pass centered at 488 nm, and fluorescence emission was collected between 505 and
530 nm. For Mitotracker Deep Red FM, an excitation filter was used with a band
pass centered at 633 nm, and fluorescence emission was collected between 649 and

709 nm.

A.6.2 Time-resolved measurements

Live-cell time-resolved measurements were performed on a laser-scanning confocal

microscope (Leica SP8X; University of Bristol, Wolfson Bioimaging Facility) using a
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63x /1.20 water immersion lens equipped with a pulsed white light laser, Picoquant
electronics that allow Time Correlated Single Photon Counting (TCSPC) fluores-
cence lifetime data acquisition and fluorescence correlation spectroscopy measure-

ments, and a SymPhoTime software (PicoQuant).

FLIM

For mAPXmEGFP lifetime detection, an excitation filter was used with a band pass
centered at 488 nm, and fluorescence emission was collected between 495 and 551 nm.
For Mitotracker DeepRed FM lifetime detection, an excitation filter was used with
a band pass centered at 633 nm, and fluorescence emission was collected between
640 and 716 nm (Repetition rate: 40 MHz; image format: 256x256). Cells were
maintained at 37 °C, with 5% CO,. Typically, 10 images per condition explored
were acquired. For every image acquired, six replicates of 30 second-acquisitions
were performed. A global-fitting algorithm for multiexponential models was applied
in FLIMfit to analyze all the pixel decay profiles in images recorded from HEK293-
mAPXmEGFP [315]. If the photon count was below 200 for a single pixel in an
image, then a black colour was assigned to that pixel in the image. Segmentation
images were created using a custom pipeline for the plugin Modular Image Analysis
(MIA) in FiJi. The custom pipeline to obtain segmented images to isolate mitochon-
drial signals was developed by Dr. Dominic Alibhai (Wolfson Bioimaging facility,

University of Bristol).

FCS

Prior to live-cell FCS measurements conducted at 37 °C and 5% CO,, the con-
focal volume was calibrated using the PicoQuant calibration script (available at:
https://www.tespe.com/doku.php/howto:calibrate the confocal volume for fes us-
ing_the fes calibration_script; last accessed: 06/23) and aqueous solutions of
Rhodamine 6G (Rh6G) in the 1-20 nM range (Figure A.9) (measured confocal vol-
ume: Veg = 0.93 {L).

An adjusted diffusion coefficient of Rh6G in water at 37 °C (5.5x107% cm?s™!)
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Figure A.9: Representative autocorrelation traces of a triplicate measurement of 20 nM Rh6G in

dH,0 using the PicoQuant FCS calibration script. Grouped fitting of the traces was performed in
SymPhoTime64 using a pure diffusion model (red trace).

was obtained by using a tabulated value at 25 °C (4.14x10° cm?s™! [284]) and by
taking into account that the diffusion coefficient is temperature dependent according

to the Stokes-Einstein relationship (Equation A.1).

kT

D(T) = 6mn(T)r

(A1)

Where 7)(T) is the viscosity of the solvent at a given temperature, k is the Boltz-
mann constant (1.38 x 1072*J-K~1) and r is the hydrodynamic radius. If the calibra-
tion experiment is not performed at T=25 °C | the tabulated values should be recal-
culated using Equation A.2 (P. Kapusta, Absolute Diffusion Coefficients: Compila-
tion of Reference Data for FCS Calibration, Rev. 1, PicoQuant GmbH., Berlin, 2010,
https://www.picoquant.com/images/uploads/page/files/7353 /appnote__diffusionco-

efficients.pdf; last accessed: 06/23).

t+273.15
n(t)

mAPXmEGFP was excited using white laser light with a band pass filter centered

D(T) = D(273.15K) x x 2.985-10%Pa-s- K! (A.2)

at 488 nm, and fluorescence emission was collected between 496 nm and 551 nm.
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Triplicate measurements were acquired for each of the selected points in the confocal
plane. The acquisition time duration for each measurement was set at 10 s.

The measured self-similarity traces were plotted using the SymPhoTime 64 soft-
ware using the group FCS script and fitted therein. Dynamic processes in solution
that affect the emission of fluorescence molecules causes fluctuations in their flu-
orescence signal F'(t) and are characterised by an autocorrelation function G(7)
(Equation A3; normalised) [136].

F(t+ 1))

INRAGE
GO = rar (A3)

Equation A.3, when applied to systems where the 3D diffusion of the fluorophore
is obstructed - for example by highly crowded environments - takes the analytical
form in Equation A.4 where N, is the mean number of molecules in the confocal
volume, T, is related to the beam waist and the diffusion coefficient d,, is an anomaly
parameter equal to 2 for free diffusion but increases with increasing obstruction, and
Kk is related to the ratio between the beam waist and the axial radius of the focus.

For a complete description of the model please refer to Wachsmuth et al. [283].

G(r) = Ni (1 + (Tl)w> <1 + é (;)) i (A1)

Equation A.4 was used to fit the measured auto-correlation traces. Equation A.4
represents the recommended model (indicated in SymPhoTime as “triplet extended
(3D)” model) for fluorophores where the average photon count rate is not completely
stable (commonly observed in cells) and/or the dye is diffusing in all three space di-
rections through a crowded environment (see: https://www.tcspe.com/doku.php /howto:cal-

culate _and_fit_fes traces with_the fecs script; last accessed: 06/23).
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In addition to heme’s role as the prosthetic group buried inside
many different proteins that are ubiquitous in biology, there is
new evidence that heme has substantive roles in cellular signaling
and regulation. This means that heme must be available in locations
distant from its place of synthesis (mitochondria) in response to tran-
sient cellular demands. A longstanding question has been to estab-
lish the mechanisms that control the supply and demand for cellular
heme. By fusing a monomeric heme-binding peroxidase (ascorbate
peroxidase, mAPX) to a monomeric form of green-fluorescent pro-
tein (MEGFP), we have developed a heme sensor (NAPXmEGFP) that
can respond to heme availability. By means of fluorescence lifetime
imaging, this heme sensor can be used to quantify heme concen-
trations; values of the mean fluorescence lifetime (tyean) for
mAPX-mEGFP are shown to be responsive to changes in free (un-
bound) heme concentration in cells. The results demonstrate that con-
centrations are typically limited to one molecule or less within cellular
compartments. These miniscule amounts of free heme are consistent
with a system that sequesters the heme and is able to buffer changes
in heme availability while retaining the capability to mobilize heme
when and where it is needed. We propose that this exchangeable
supply of heme can operate using mechanisms for heme transfer that
are analogous to classical ligand-exchange mechanisms. This ex-
quisite control, in which heme is made available for transfer one
molecule at a time, protects the cell against the toxic effect of excess
heme and offers a simple mechanism for heme-dependent regulation
in single-molecule steps.

heme biology | fluorescence lifetime imaging | biosensing

eme is essential for the survival of virtually all living systems—

from bacteria, fungi, and yeast, through plants to animals. The
family of heme proteins is vast, and heme proteins are responsible for
a multitude of functions that are essential for the survival of the cell.
To meet the needs of supply and demand for heme in cells, most
organisms need to synthesize it. Biosynthesis of the heme cofactor
is, therefore, one of the most important metabolic processes in
biology; it occurs as an eight-step enzymatic pathway, the last three
steps of which occur in the mitochondria (1). Surplus heme, on the
other hand, is removed by heme oxygenase located in the endo-
plasmic reticulum (2). However, while the machinery for heme
synthesis and degradation is well known, a decades-old question
has been to establish precisely how heme is transported between its
place of synthesis and subsequently made available to other regions
of the cell where heme is in demand. Recent published work has
hypothesized that membrane structures (3) and membrane contacts
(4) are involved in the heme trafficking mechanism. Nevertheless,
the scarcity of information in this area stands in stark contrast to the
extensive efforts that have been directed toward understanding the
structures and reactivities of many different heme proteins (e.g.,
refs. 5-8). An answer to this long-standing question on heme
transport has recently become even more pressing because it is
now established that heme has a regulatory/signaling role in the
cell that goes well beyond the existing known requirements for
heme in the housekeeping proteins that are essential for cell

PNAS 2021 Vol. 118 No. 22 €2104008118

survival. These regulatory roles include transcriptional regulation
and gas sensing, regulation of the circadian clock, and the gating of
numerous ion channels (9-11). Deficiencies or excesses in cellular
heme concentration also have widespread implications in health
and disease [aging (12, 13), cardiovascular disease (14-16), inflam-
mation (17-19), and immune response (17, 19-21)], and thus there
is a need to understand the logistics of heme supply and demand.
The absolute requirement that heme, once synthesized, is then
made available around the cell raises a number of fundamental
questions that currently have no complete answers. One idea is
that there is a pool of free heme to respond to cellular demands, and
this has been discussed as far back as the 1970s (22, 23). However,
the concept of a “heme pool” is problematic from both a chemical
and biochemical perspective. The first is that heme is cytotoxic
because it promotes the formation of free radicals through Fenton
chemistry. So, if free heme is present in uncontrolled concentrations—
for example, in a pool—then it would be a nuisance to the cell. A
second problem is that heme is a hydrophobic molecule by virtue of its
conjugated tetrapyrrole ring structure and is therefore insoluble;
it also dimerizes extensively in aqueous solution (24) and in this
form cannot be delivered to proteins that require only one molecule
of heme per binding site. A free molecule of heme can therefore
only exist transiently, and if a large reserve of heme is present, the
heme molecules would presumably need to be exchanged rapidly
between binding partners to remain solubilized, in the same way
that heme is solubilized within the interior of other well-known
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heme proteins (e.g., hemoglobin). A third unknown is that while
the need for availability of heme around the cell is undisputed with
the exception of certain pathogenic bacteria [which do not syn-
thesize heme and instead acquire it from the host (25)] and the
CcmE chaperones for cytochrome c [in itself a special case as cy-
tochrome ¢ binds heme covalently (26, 27)], very few heme trans-
porters have been identified (28-31).

New, more sensitive, and more sophisticated approaches are
needed to develop a better understanding of the dynamics of

cellular heme availability and the mechanisms that control it.
Using fluorescence lifetime imaging (FLIM), we have probed the
availability of heme in different locations of live cells via its in-
teraction with a genetically encoded sensor. While extremely low
concentrations of free heme have been determined quantitatively
using this approach, the response of the sensor indicates the ex-
istence of a larger reserve of heme, which provides an exchange-
able supply that can be mobilized between heme-binding partners.
These results indicate that heme availability is not linked to a
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Fig. 1. Heme sensing in cells. (A) The sensor is mAPX (gray) conjugated to mEGFP (green). Binding of heme (dark red) to mAPX results in RET from pho-
toexcited mEGFP, with concomitant reduction in emission lifetime. (B) The principle of the sensor operation is based on different decay pathways from excited
states of mEGFP in the presence and absence of heme. Excitation (Ex, blue) of mEGFP from the ground state, Sy, to excited-vibronic states, S; and S, is
followed by vibrational relaxation (VR). Decay pathways from S; and S, are either (A) fluorescence emission (green) with rate constants, kem s1 and Kem s,
respectively, or (B) RET to an electronic-excited state of heme (c.f. mEGFP emission and heme Q band for overlap) with rate constants, krer,s1 and Krer,s2,
respectively, followed by VR and internal conversion (IC) to the ground state of heme. (Inset) Equations for fluorescence lifetimes, s, and ts;, in the presence
and absence of heme. (C) Absorption and fluorescence spectra for mMAPXmEGFP and mEGFP (Ag,, 488 nm). Partially resolved bands (centered at 490 nm) for
mEGFP are assigned to S; and S,; a further weak absorption band for mEGFP (S3) and, on addition of heme, Soret and Q bands (408 and 541 nm) are observed.
(D) (i) Time-correlated single-photon counting, N (t), from apo- (green) and holo-mAPXmEGFP (red) (Aex, 475 NM; e, 510 nm; 37 °C) fitted to a biexponential-
decay function, E(t), with time constants of 2.7 (tsiow) and 1.3 ns (teast)- (i) Normalized residuals for fitting to the decay profiles, (N(t) — E(t)) / \/E(t). xz values
were between 0.8 and 1.7 for biexponential fitting to the reported decay data. Significant improvement in x? cannot be achieved by inclusion of >2 decay
terms. y 2=(1/h) x X (N — E) %E {h time bins}. (E) (i) Sequential additions of heme to apo-mAPXmEGFP lead to a gradual increase in the amplitude of the fast
(atpast) relative to the slow (asjow) component and a decrease in the mean lifetime, tyean- (i) Ts1 and ts, for apo-mAPXmEGFP are the same as the optimized
values of tgjon and te,st from E(t). Both 154 and s, are reduced in holo-mAPXmEGFP (see B, Inset), and estimates have been made for these values by assuming
that kret.s1 = kret,s2 (S Appendix). (iii) The biexponential model, E(t), for mixtures of apo- and holo- mMAPXmEGFP has a slow-decay component, tsjow, €qual to
151 (@po) and a fast-decay component, tr,st, equal to the mean of 1s; (apo), ts1 (holo), and s, (holo). (F) A theoretical single-site binding model fitted to the
amplitude, ar,, in decay profiles obtained by sequential additions of heme to apo-mAPXmEGFP at 37 °C. The estimation of error bars in E and F is described
in SI Appendix, section 2.

20f9 | PNAS
https:/doi.org/10.1073/pnas.2104008118

Leung et al.
Unravelling the mechanisms controlling heme supply and demand


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104008118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2104008118/-/DCSupplemental
https://doi.org/10.1073/pnas.2104008118

Downloaded from https://www pnas.org by UNIVERSITY OF BRISTOL on June 1, 2023 from IP address 137.222.114.250.

dedicated heme pool nor is controlled solely by specific heme
chaperones. Instead, we propose that an exchangeable (buffered)
reservoir of heme is present in the cell to provide not only a flexible
supply of heme but also protection against the undesirable cyto-
toxic consequences of excess heme concentrations.

Results

A heme sensor was constructed comprising the apo form (i.e., without
heme) of a monomeric form of ascorbate peroxidase (APX), referred
to here as apo-mAPX, fused to a monomeric form of green
fluorescent protein (mEGFP) (as in Fig. 14; further details of
the construct designs are given in Materials and Methods). APX is
a heme-dependent peroxidase (32). Its catalytic activity has been
used for proteomic mapping in cells (33) and to identify the
accumulation of heme in cellular compartments (34); EGFP has
also been fused to APX in order to identify the cellular location
of the enzyme (34). It is a homodimer in solution (34), and the
monomeric (mutant) form was used in this work with mEGFP to
avoid complexities arising from dimerization of either APX or
GFP in the FLIM experiments below. This heme sensor (referred
to as mAPXmEGFP) is able to quantify precisely heme concen-
tration in live cells via measurement of the fluorescence lifetime of
mEGFP. By recording the decay at a single emission wavelength,
the ratio of apo to holo forms of mAPXmEGFP, and hence the
heme concentration, can be determined precisely in our FLIM
experiments. A major advantage of FLIM of mAPXmEGFP is that
neither inner filtering of the fluorescence emission nor the partial
inactivation of the fluorescent protein by photobleaching have an
effect on photon emission times from mEGFP (35). Hence the two
major limitations of previous designs for fluorescent heme sensors
(4, 36-43) will not affect our experimental studies. Inner filtering
and photobleaching does have a significant effect on the measured
intensity of fluorescence emission, and all previous sensor designs
comprising a heme-binding protein and one or more fluorescent
proteins have relied on the measurement of fluorescent emission
intensity to determine heme concentrations. In the work presented
here, mMAPXmEGFP uses a single fluorophore for lifetime studies;
the decay parameters of mAPXmEGFP can be recorded accu-
rately, and heme concentration can be determined more precisely.

Under irradiation from a picosecond-pulsed laser (at 475 to
488 nm), the fluorescence decay from apo-mAPXmEGFP con-
tains two components derived from excitation to, and subse-
quently emission from, a pair of noninteracting excited states, S;
and S, (Fig. 1 B and C) (44). The principle of the design is that
binding of heme to the sensor facilitates resonance-energy transfer
(RET; Fig. 1B) from these excited states of mEGFP to the heme
chromophore and, subsequently, internal conversion and vibrational
relaxation to the ground state. Hence, heme binding leads to a de-
crease in the emission lifetimes, t; and t,, from each of the excited
states of mEGFP (Fig. 1B, Inset).

In initial in vitro experiments, the apo-mAPXmEGFP protein
was isolated and purified from Escherichia coli cultured in media
supplemented with succinylacetone (Materials and Methods). Suc-
cinylacetone inhibits the second step of the eight-step heme syn-
thesis pathway and thus limits the amount of heme available to the
cells (45). mAPXmEGFP, expressed in E. coli under these growth
conditions, is isolated 97% in the apo form (Materials and Methods).
The absorption spectrum (green solid line in Fig. 1C) accordingly
shows strong peaks only for mEGFP (i.e., 470 and 490 nm). On
addition of heme to apo-mAPXmEGFP, a further absorption band
is observed, as expected, in the heme Soret region (408 nm). Where
mEGFP was expressed in E.coli, under the same conditions as for
mAPXmEGEFP (with the exception of the addition of succinylace-
tone), the absorption spectrum for mEGFP alone (black solid line in
Fig. 1C) is similar to that for apo-mAPXmEGFP. The fluorescence
emission spectrum of mEGFP is unchanged by fusion to mAPX
(peak maximum at 509 nm; as shown in green and black dot-dash
lines in Fig. 1C).
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Fluorescence decay profiles for emission were measured for
apo-mAPXmEGFP in the presence of varying amounts of heme
and hence with different ratios of apo to holo (i.e., heme bound)
forms of the sensor (Fig. 1D). The entire set of decay profiles
(n = 14) can be fitted to a biexponential decay with fixed time
constants of 2.7 (tsjow) and 1.3 ns (Tgas). The amplitude of the
fast-decay component (ag,s) increases relative to the slow-decay
component (agjow) With sequential additions of heme leading to a
decline in the intensity-weighted mean lifetime, Tyiean (Fig. 1E, i;
where Tyean = (T 0 X 1m2) / (Zn Oy X T,,) {m = Slow, Fast};
Osiow T OFast = 1). The emission lifetimes ts; and ts, for apo- and
holo-mAPXmEGFP correspond to the fitted time constants Tgjow
and Tg,. Both tg; and tg, are reduced in holo-mAPXmEGFP
compared to apo-mAPXmEGFP due to the competing nonradiative
RET pathway (Fig. 1B, Inset and Fig. 1E, ii). Indirect evidence
suggests that the emission spectra from S; and S, are near perfectly
superimposed (SI Appendix, Fig. S1B). Because rate constants for
RET depend on overlap between the emission spectrum of the donor
and the absorption spectrum of the acceptor, krgrs1 and krer,so, are
expected to be approximately equal. Resonance energy transfer will
make the values of tg; and ts, for iolo-mAPXmEGFP higher and
lower, respectively, than ts, for apo-mAPXmEGFP (SI Appendix,
section 1 and Table S1). Hence it is possible to apply a biexponential
decay model for all measurements containing different ratios of apo-
and holo-mAPXmEGFP, where one of the components has a time
constant (Tgew) €qual to the long decay lifetime (ie., Ts; in apo-
mAPXmEGFP) and another component has a time constant (Tgag)
equal to the mean of the three short decay lifetimes (i.e., Ts; in apo-
mAPXmEGFP and both tg; and ts, in Aolo-mAPXmEGFP (Fig. 1E,
iii)]. In this way, it is possible to determine the ratio of the con-
centrations of apo- to holo-mAPXmEGFP from the relative ampli-
tudes of these fitted-exponential terms, ogjow and .y (S Appendix,
Eg. S8). A 1:1 binding model can be used to rationalize the changes
in ogjow and o, Observed following sequential additions of heme to
apo-mAPXmEGFP (Fig. 1F, full details given in S Appendix, section
2). The precision for the fitting of a 1:1 binding model to the lifetime
data supports the proposed model given in Fig. 1E. Using this ap-
proach, the heme-dissociation constant for mAPXmEGFP has been
determined (Kyg = 22 nM; lower limit, 7 nM; upper limit, 66 nM).
The K4 of mAPXmEGFP was found to be independent of both pH
and ionic strength (SI Appendix, Fig. S3).

Subsequent to these in vitro experiments above, both mEGFP
(alone) and apo-mAPXmEGFP were expressed in separate HEK293
cell lines. The total concentration of expressed mMAPXmEGFP was
estimated to be ca. 1 pM (ST Appendix, Fig. S4). Expression of
mEGFP in HEK cells allows agjow and o, to be determined in
the absence of RET (as the latter requires heme in close prox-
imity to mEGFP, Fig. 1B). The fluorescence decay was measured
at different locations in HEK cells by confocal FLIM. The mea-
sured decays were fitted to separate biexponential functions, and
the resulting amplitudes and lifetimes of the decay components
were used to calculate intensity-weighted mean lifetimes, Tyean =
(Zn O X rmz) | (Zm O X T,,) {m = Slow, Fast}. Fig. 2 shows color
maps of Tyjean for cells expressing both mEGFP (alone) and apo-
mAPXmEGFP. Each of the color maps is accompanied by a
histogram showing the frequencies for which particular values of
Tmean OCCUT in the spatial distribution of pixels for the images of cells
under different conditions. While the concentration of the sensor is
highest in the cytosol, there is still a sufficient concentration of the
sensor in the nucleus and other parts of the cell. In the presence
of high concentrations of free heme, there is substantial quenching
of the sensor fluorescence in the nucleus (SI Appendix, Fig. S6). The
time constants obtained for a biexponential function using a global-
fitting algorithm to the imaging data for both mEGFP and
mMAPXmEGFP were 2.5 (Tsjow) and 1.2 ns (Tg,g)- Fluorescence
lifetimes for the sensor were expected to be marginally shorter in
HEK cells (in vivo) than those observed for the purified protein
(in vitro; Fig. 1D) due to the inverse dependence of fluorescence
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Fig. 2. Color maps of intensity-weighted mean fluorescence lifetime and free heme concentration. The intensity-weighted mean fluorescence lifetime,
Tmean TOor HEK293 cells expressing either (A) mEGFP alone or (B) mAPXmEGFP and cultured under different conditions (Agx, 488 NnmM; Agy, > 495 nm). (Left)
o-MEM (with 10% fetal bovine serum); (Middle) a-MEM supplemented with heme (10 pM; 24 h prior to imaging); (Right) a-MEM depleted of heme following
addition of succinylacetone (1 mM; 24 h prior to imaging). If the photon count was below a value of 200 for an individual pixel, then a black color was
assigned to that pixel in the color map (this is the threshold criteria used in the FLIM experiments for the estimation of the decay parameters; Materials and
Methods). Each of the color maps in A and B are accompanied by a histogram showing the frequencies for which particular values of tyean 0ccur in the spatial
distribution of pixels for the images of cells under different conditions. An arrow indicates the modal pixel value of tyean. (C) The concentration of free heme
calculated from the relative amplitudes, asjow and oast, in the images shown in B using the heme-dissociation constant, Ky, for mAPXmEGFP determined in
Fig. 1F (22 nM at 37 °C). The full calculation is outlined in S/ Appendix, section 3. The detection limit for [Free Heme] is <1 nM (0.6 molecule per fL). Each of the
color maps for free heme concentration is accompanied by a histogram showing the frequencies for which particular values of [Free Heme] occur in the spatial
distribution of pixels for the images of cells under different conditions. The black color has been used to represent pixels for which the photon count was
below the threshold of 200. All colors other than black represent reliable measurements of [Free Heme]. For the images in the Left column of A and B, the
time-correlated single-photon counting data and the fitted-biexponential decay curves are shown in S/ Appendix, Fig. S6.
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lifetime on the square of the refractive index (27, 29). The average
x* value for biexponential modeling of the pixel data in a single
image was 0.99 (SI Appendix, Fig. S6 and section 6).

For both mEGFP and mAPXmEGFP, separate images were
obtained for HEK293 cells grown in a-minimum essential me-
dium (a-MEM,; Fig. 2, Left), in a-MEM supplemented with heme
(Fig. 2, Middle), and in a-MEM supplemented with succinylace-
tone to deplete heme from cells (Fig. 2, Right). For mEGFP, the
modal value for Ty, does not change in the images recorded
under the three different conditions—this is evident as the peak in
the histogram is between 2.36 and 2.37 ns (Fig. 24, Left, Middle,
and Right ). In each example for mEGFP, the distribution of Tyean is
approximately symmetrical with a narrow full-width half-maximum
of 0.06 to 0.07 ns. In contrast, for mAPXmEGFP, the modal value
for Tyean does change significantly in the images recorded under the
three different cell culture conditions. In a-MEM, the modal value
for Tyean of MAPXmEGFP was 2.25 ns (Fig. 2B, Left), which is
significantly lower than the value measured for mEGFP above due
to RET from the excited mEGFP chromophore within the sub-
population of mAPXmEGFP that contains a bound molecule of
heme (refer to Fig. 1B). Under heme-supplemented conditions, the
modal value of Te., Was further reduced to 2.19 ns (Fig. 2B, Mid-
dle). There is a considerable tail in the distribution toward shorter
lifetimes, which indicates that there are regions of the cell with much
higher concentrations of heme. Under heme-depleted conditions,
the modal value for Tyfean of MAPXmEGP was 2.33 ns (Fig. 2B,
Right), which is close to that observed in the cell lines expressing
mEGFP alone (Fig. 24). This is consistent with there being no heme
bound to mAPXmEGP under these heme-depleted conditions. All
of the images shown in Fig. 2 contain multiple cells (>2, up to 5
cells). The modal value and the spatial distribution of values for
TMean 1S cOnsistent among the discrete numbers of cells in each
image recorded under the different conditions.

These FLIM experiments show that values of Tyjean are low-
ered in mAPXmEGFP when a heme molecule bound to mAPX
is located in close proximity to mEGFP (<10-nm distance). In the
case of the HEK cell lines expressing mEGFP on its own (Fig. 24),
the absence of a heme-binding domain fused to the fluorescent
protein means that there is little variation in Ty, €ven when
there are significant changes in cellular concentrations of heme.
In contrast, for the HEK cells lines expressing mAPXmEGFP
(Fig. 2B), there are substantive differences in modal values of
Tmean Measured under conditions of different heme concentration.
Using the results from the in vitro studies (Fig. 1), it is possible to
transform the imaging data from live cells (Fig. 2B) to construct a
map illustrating the concentration of free heme in the cell (Fig. 2C;
SI Appendix, Eqs. S17 and S18—the full calculation is described in
SI Appendix, section 3). Free heme will be a small fraction of the
total heme present in cells. There will be considerably larger
fractions associated with known hemoproteins and bound revers-
ibly to other heme-binding partners. In free heme, the iron ion
exists in a square planar complex with protoporphyrin IX only (the
axial coordinate positions could be occupied by water molecules).
Each of the color maps for free heme concentration, in Fig. 2C, are
accompanied by a histogram showing the frequencies for which
particular values of concentration exist in the spatial distribution of
pixels for the images of cells under different conditions. The
breadth of the distribution shown in the histogram plots indicate
how the spatial distribution of free heme varies within the discrete
number of cells in each of the images. The free heme concentration
determined here has a modal value of 4 to 5 nM under normal
conditions, reducing to <1 nM under heme-depleted conditions.
These concentrations correspond to 2.4 to 3.0 molecules of heme
per fL (control conditions) to <1.0 molecule per fL (under heme-
depleted conditions).

We have explored the possibility that the presence of the sensor
can perturb the concentration of free heme in cells. A model has
been constructed, in which the sensor (A = mAPXmEGFP in
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Fig. 3) competes with the apo-proteins (B in Fig. 3) for the available
heme in the cell. At the measured expression level for the sensor of
ca. 1 uM (SI Appendix, Fig. S4), the sensor will not perturb the
cellular biochemistry by depleting the availability of heme (forming a
complex AH) as long as the total concentration of heme exceeds or
equals 3 pM (the value reported in ref. 46 from denatured cell ly-
sates). In this model, the total concentration of heme will include a
minute fraction of free heme (estimated to be 5 nM; as in
Fig. 2C, Left) and a larger fraction associated with reversible
binding partners, BH.

Discussion

The quantitative maps of free heme concentration derived from
the FLIM experiments demonstrate very low amounts of free heme
(ca. 5 nM). We interpret this to mean that free heme represents a
minute fraction of the entire amount of heme present in the cell.
Indeed, this concentration of free heme stands in sharp contrast to
the much higher concentration of 3 pM measured in ref. 46 fol-
lowing the denaturing of cell lysates; this much higher concentra-
tion would be dominated by contributions from the population of
heme molecules that are bound to proteins rather than the small
amounts of free heme. Our in vivo measurement of free heme in
HEK?293 cells is also one to two orders of magnitude lower than
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Fig. 3. A computational model illustrating how the concentration of ex-
changeable heme varies as a function of the total concentration of the
expressed sensor, [Alo; A = mAPXmEGFP. Exchangeable heme will be mostly
associated with binding partners, B (where [BH], in gray, represents the
concentration of heme bound to B). A minute proportion of the ex-
changeable heme exists as free molecules, H (with the concentration, [H],
shown in dark red). At higher values of [Aly, a larger proportion of ex-
changeable heme will be transferred to the sensor. The concentration of the
holo form of the heme sensor, [AH], is shown in light red), where the total
concentration of the expressed sensor, [Aly = [A] + [AH] is given on the
horizontal axis ([A] = concentration of the apo form of the sensor). The
model has been created by assuming that the total concentration of heme,
[Hlo = [H] + [BH] + [AH], is 3 uM (46); the concentration of free heme, [H], in
the absence of a sensor or acceptor protein is 5 nM (as observed in Fig. 2,
Lower Left); and the K4 for heme dissociation from the sensor is 22 nM
(Fig. 1F). The total concentration of heme-binding partners, [Bl, = [B] + [BH],
has been assumed to be 10 x [H], to achieve effective buffering of heme
concentration. We have determined an experimental value of 1 pM for the
cellular concentration of the sensor (dotted line, S/ Appendix, Fig. S4). At and
below these concentrations, the expression of the sensor does not interfere
with the availability of heme in cells, and the concentration of exchangeable
heme (both [BH] and [H]) is unaffected, as shown in the plot.
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the reported values in other cell lines: HeLa (42), yeast (41), and
IMR90 (11). These authors have described the concentrations as
representing labile heme (41, 42) and regulatory heme (11) but,
in these earlier publications, the exact identity of the heme species
in labile heme and regulatory heme has not been described.

Numerous substantive conclusions derive from this quantita-
tive measurement reported in Fig. 2. Perhaps the most obvious is
that the long-held concept of a pool of free heme (22, 23) becomes
immediately irrelevant because there are too few molecules of
heme available to support a dedicated pool. By restricting free
heme to such miniscule concentrations, the problems associated
with heme-dependent cytotoxicity are also solved because the
probability of free heme reacting with oxygen or other reactive
oxygen species is much reduced.

Thinking more widely, these minute and presumably transient
concentrations of free heme will be dwarfed by the total heme
complement within the cell, which will be incorporated into mul-
tiple housekeeping and other proteins that are essential for cellular
function. For a proportion of this total heme complement, heme
binding to a respective protein is so tight as to be practically
irreversible—with the heme only released upon enzymatic degra-
dation and not available for movement around the cell or for in-
teraction with the sensor in our experiments. However, for the
experiments in Fig. 2B to be viable, at least some proportion of the
total heme complement—that which is not bound irreversibly to
housekeeping proteins—must be available for exchange. Our ex-
periments are thus consistent with the idea that there is a pop-
ulation of the total heme complement that is bound more weakly
and therefore reversibly to heme-binding partner proteins or to
other molecules (which might include free amino acids) that can
buffer against changes in the heme concentration. The changes in
concentration of free heme observed in the imaging experiments
are relatively small (<0.6 to 2.4 molecules per fL; Fig. 2C), which is
consistent with a buffering mechanism. These heme molecules that
are weakly bound to buffer molecules, along with the miniscule
population of free heme, would constitute a body of exchangeable
heme in the cell.

A model that is consistent with the sensor measurements is
outlined in mechanistic form in Fig. 4. The foundation for the
model is an exchange mechanism for managing heme supply and
demand in cells involving a body of reversible heme-binding part-
ners, which might be known heme proteins or other proteins (see
legend). In earlier publications, the existence of what was termed a
regulatory heme pool (48, 49) or intracellular heme pool (50) was
proposed to account for varied observations in blood disorders
such as porphyria (51, 52), gene expression (22, 53, 54), heme
protein levels (23), and heme biosynthesis (55, 56). More recently,
the weakly bound fraction of the total heme complement has been
referred to as labile heme (41, 42, 57) and regulatory heme (11).
While the model presented in Fig. 4 can still be reconciled with
earlier work, it uses the concept of exchangeable heme, as intro-
duced above, to account for both the presence of weakly bound
heme (to act as a buffer against changes in heme concentration)
and the transient existence of free heme (which is measured pre-
cisely by the FLIM experiment). The model in Fig. 4 also describes
a mechanism for heme exchange. We see clear advantages of such
an exchange mechanism between protein partners, designed for the
purpose of managing heme supply and demand. It would provide a
powerful buffering capacity for the cell to mitigate changes in heme
concentration. This heme-buffering capacity would be useful to
manage changes in the supply and demand of heme that require
immediate adjustment and that cannot be mitigated in a timely
manner by up-regulation of heme oxygenase or heme synthesis.
A supply of exchangeable heme, to be made available on demand in
this highly controlled fashion as shown in Fig. 4 4 and B, could
also be utilized for precise and tightly regulated heme-dependent
signaling control.
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This process of heme exchange as described above is analogous
to classical mechanisms for ligand and solvent exchange that have
long been established in transition metal chemistry (58). Exchange
of heme between partners in cells is simple in concept, as outlined
in Fig. 4, but by analogy with the versatile ligand exchange mech-
anisms that are known in metal complexes could conceivably
proceed by several different routes (e.g., associative, dissociative, or
interchange mechanisms). It would avoid the need for specific
heme chaperones which, aside from exceptional examples [such
as GAPDH (31)], have persistently eluded identification over
decades. Note, however, that our data do not rule out the use of
chaperones altogether, and they might be useful in mammalian
systems in cases where more directed heme transfers or alloca-
tions are required. We expect that a cell will take advantage of all
possible mechanisms for transfer of heme from the exchangeable
reservoir, but one example is illustrated in Fig. 4C. A dissociative
pathway, as shown in Fig. 4C, provides a mechanism by which the
release of at least a single molecule of heme has a finite probability.
Even transient release of a free molecule of heme into the aqueous
medium of the cell would be sufficient for its capture by another
protein (such as a regulatory or signaling heme protein) or, as in
this work, by a sensor. Free heme concentrations in the region of 1
molecule per fL, as identified here, in the vicinity of a signaling site
are still sufficient to ensure its population with heme by this ex-
change process, although dissociation of heme might present an
activation energy barrier (Fig. 4D). The concentration of free heme
is controlled by the relative rates of association and dissociation of
heme from reversible-binding partners. While the former process
dominates leading to only a few molecules of free heme per fL. (or
a transient existence for an individual molecule of free heme), the
binding partners have sequestered a much larger concentration of
exchangeable heme. We speculate that the total concentration of
exchangeable heme will remain relatively constant in the cell;
however, the transiency of free heme (i.e., the free heme concen-
tration) could be controlled by changes in the relative composition
of the buffering ensemble, which is expected to differ in various
compartments of the cell to meet specific local demands for heme.
An alternative mechanism might involve association of exchange
partners [as suggested for exchange of metal ions in cells (59),
SI Appendix, Fig. S7].

In the mechanism shown in Fig. 4C, the abundance of heme-
binding partners dictates both the overall buffering capacity and
hence the free heme concentration in the cell (as shown in
SI Appendix, Fig. S54). Fixing the availability of heme within a
defined range allows the cell to exclusively supply heme to pro-
teins possessing a Ky value below the threshold of free heme
concentration which is thus generated (this concept is illustrated
in ST Appendix, Fig. S5B using a simple competitive binding model).
This exquisite control also provides a mechanism for heme-dependent
signaling and regulation, as heme can be supplied discretely, leading
to the switching on of proteins in single-molecule steps. Since
changes in the availability of heme could be deleterious due to
switching on/off of heme dependent functions, the control of heme
supply is vital to the cell.

Armed with a better understanding of heme localization and
mobilization across compartments in cells, the future holds the
possibility to establish how deficiencies or excesses of heme af-
fect the regulation of numerous functions known to have heme
dependencies [e.g., regulatory proteins involved in gene expression
and circadian response (60-62)]. Our model of heme availability
will lead to a more complete understanding of the activities and
consequences of these regulatory proteins and various immune
pathologies for which heme homeostasis is a key driver (20). Since
heme concentrations are known to increase during hypoxia and
after thrombosis/stroke, there are important consequences for
cardiovascular disease (14), as well as in neuronal survival and
aging which are also dependent on heme (12).
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Fig. 4. An exchange mechanism for managing heme supply and demand in cells. (A and B) We envisage a body of reversible heme-binding partners,
represented by pacmans in different shades of gray (referred to as B in Fig. 3), along with potential heme-acceptor proteins (shaded light red pacmans; these
might also be the sensor, referred to as A in Fig. 3). These heme-binding partners could be known heme proteins [indoleamine 2,3-dioxygenase, for example,
is known to lose its heme under certain conditions (47)] or other proteins such as GAPDH (28, 29, 31). Heme is shown as a dark red square or diamond (referred
to as H in Fig. 3). (C) Heme exchanges between heme-binding partners via dynamic chemical equilibria. (Left) Heme in the cell is bound to a heme-binding
protein: we refer to this as exchangeable heme. (Middle) Dissociation of heme from a heme protein is typically a rare event; it results in an apo-partner
protein and a molecule of free heme. These free heme molecules are presumed to be transiently formed and may be ligated with weak, easily dissociated
ligands (e.g., H,0) or otherwise solvated (24). (Right) The heme thus released then binds to other heme-acceptor proteins (light red) (or is picked up by a
sensor). The free heme reported by our sensors (Fig. 2) measures the likelihood that heme will dissociate from a partner protein, with higher concentrations
describing a more frequent event. Thus, the free heme in each region of a cell is controlled by the dissociation constants and the relative abundance of all
heme-binding partner proteins in that region. (D) A consequence of the thermodynamic reversibility of heme binding is that the transfer of heme can be
facilitated between the exchangeable pool and another protein. The energy profile of this heme exchange mechanism is indicated.

Materials and Methods

Protein Expression and Purification for In Vitro Characterization of mEGFP and
mAPXmEGFP. mAPX was created from the wild-type protein by incorporation
of the K14D and E112K mutations and then expressed recombinantly as a
fusion protein with mEGFP (63) in a pLEICS-45 vector carrying ampicillin
resistance and a N-terminal His tag. This fusion protein—containing the
double mutation (K14D/E112K)—is referred to as mAPXmEGFP in this work.
mMEGFP was inserted into a pLEICS-01 vector carrying ampicillin resistance
and a N-terminal His tag. For in vitro characterization experiments, mEGFP
alone and the mAPXmEGFP sensor were expressed in E. coli BL21(DE3). In
both cases, cells were grown in lysogeny broth (LB) at 37 °C until the optical
density at 600 nm was 0.6 to 1.0. Protein expression was induced with
250 pM isopropyl--D-thio-galactoside and incubated at 23 °C overnight. For
expression of mMAPXmEGFP in E. coli, the LB media was supplemented with
succinylacetone (1 mM; Sigma Aldrich); otherwise, the protocols for ex-
pression of mMAPXmEGFP and mEGFP were the same. Cells were pelleted by
centrifugation (3,000 g, 30 min, 4 °C) and resuspended in a buffer solution
containing 10 mM potassium phosphate (pH = 7) and 150 mM KCl followed
by addition of lysozyme (2 mg/mL; Sigma Aldrich), DNase (0.1 mg/mL; Sigma
Aldrich), and protease inhibitor mixture (Roche). The solution was then
sonicated on ice in cycles of 30 s (on)/ 30 s (off) for 30 min. The lysate was
clarified by centrifugation (20,000 g, 30 min, 4 °C). Both mEGFP and
MAPXmEGFP were purified from the supernatant by loading onto a nickel
affinity column (Ni-NTA Agarose, Qiagen), washing with 100 mM imidazole,
and elution with 300 mM imidazole. The eluate was desalted with a PD10-
G25 (GE Healthcare) column and further purified on a HiLoad Superdex
200-pg column (GE Healthcare) in 10 mM phosphate buffered saline (pH = 7)
containing 150 mM KCI (64). The concentration of the protein was estimated
using an absorption coefficient for EGFP of 53,000 M~"-cm~" at 514 nm (65).
The absorption coefficient for holo-APX is 107,000 M~" . cm™" at 410 nm (66).
Using this value to estimate the amount of holo-mAPXmEGFP, the per-
centage of protein isolated in the apo form (97%; see main text) was
determined.
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Others have reported on the multimeric nature of APX (67) and EGFP (68).
By utilizing monomeric forms of these proteins and avoiding the possibility
of the fused construct oligomerizing through association of either heme-
binding or fluorescent protein domains, a precise quantitative measurement
of heme via fluorescence lifetime is possible. If one or both of the protein
domains dimerizes in an APX + GFP construct, there will exist alternative
pathways for nonradiative energy transfer between the fluorescent protein
if there is more than one bound heme molecule. This will have an impact on
the number of decay components and the intensity-weighted mean lifetime
for the fluorescence emission. Hence, a monomeric sensor is essential to
ensure a 1:1 stoichiometric interaction between the reporter and heme for
quantitative mapping via lifetime measurements of heme concentrations in
live cells. The sensor used in our experiments comprises the monomeric
forms of both the heme-binding protein (the K14D/E112K variant of APX,
referred to as mAPX), and mEGFP.

In Vitro Time-Correlated Single-Photon Counting of Fluorescence Emission from
mEGFP and mAPXmEGFP. Time-correlated single-photon counting decay curves
measured from in vitro protein samples (1 pM concentration of protein, in
10 mM potassium phosphate (pH = 7)), were measured using a Horiba Jobin
Yvon fluorimeter (Fluorolog & Fluorohub) with pulsed laser excitation (478 nm;
<200-ns pulse duration). Data sets of decay profiles were fitted globally to a
multiexponential function using the FLIMfit software (69). Unless otherwise
stated, all measurements were made at 37 °C.

Mammalian Cell Transfection. HEK293 cells purchased from the European
Collection of Authenticated Cell Cultures were maintained in a-MEM (Gibco)
supplemented with 10% fetal bovine serum (Gibco) at 37 °C and 5% CO,.
Cells were transfected with mAPXmEGFP in pLEICS-138 vector or mEGFP in
pLEICS-12. Transfection was performed with Lipofectamine 3000 reagent
(Thermo Fischer Scientific) according with the manufacturer’s protocol.
Stable cell lines were generated by selection with 500 pg/mL Geneticin
(G418, Thermo Fischer Scientific) over a period of 3 wk. A Western blot was
performed on lysates to estimate the concentration of mAPXmEGFP from
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HEK293-pLEICS-138-mAPX cells using known quantities of recombinant
protein spiked into wild-type HEK293 as a protein standard (S/ Appendlix,
Fig. S4).

FLIM of Mammalian Cell Lines. Cells were seeded into CELLview dishes (Greiner
Bio-One) and were grown in phenol red-free a-MEM media supplemented
with 10% fetal bovine serum. Separate compartments on cell dishes were
treated 24 h prior to imaging with either 1 mM succinylacetone or 10 uM
heme (iron protoporphyrin IX chloride, hemin). FLIM was performed on a
laser-scanning confocal microscope equipped with a pulsed white light laser
(Leica SP8X; University of Bristol, Wolfson Bioimaging Facility). An excitation
filter was used with a band pass centered at 488 nm, and fluorescence
emission was collected between 495 and 550 nm. Cells were maintained at
37 °C, with 5% CO,. A global-fitting algorithm for multiexponential models
was applied to analyze all the pixel decay profiles in images recorded from
cell lines expressing mEGFP or mAPXmEGFP (69). Individual values for the
amplitudes and lifetimes of the decay components were used for both
the calculation of free heme concentration (S/ Appendix, section 3) and the
calculation of the intensity-weighed mean lifetime, tmean, in order to gen-
erate color maps of the heme distribution in cells (see Results). If the photon
count was below 200 for a single pixel in an image, then a black color was
assigned to that pixel in the color maps. Any assigned color other than black
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Heme is essential for the survival of virtually all @
living systems—from bacteria, fungi, and yeast, through plants to ' ] @ Home sensor
animals. No eukaryote has been identified that can survive without .’

. . . Heme biosynthesis ——
heme. There are thousands of different proteins that require heme

in order to function properly, and these are responsible for » ¥ | __ (. Heme protein
processes such as oxygen transport, electron transfer, oxidative Ho "
stress response, respiration, and catalysis. Further to this, in the Fe* *biliverdin+CO

f h has b h h . Exchangeable Heme-dependent
past tew years, heme has been shown to have an important | heme regulatory protein

regulatory role in cells, in processes such as transcription,

regulation of the circadian clock, and the gating of ion channels. To act in a regulatory capacity, heme needs to move from its
place of synthesis (in mitochondria) to other locations in cells. But while there is detailed information on how the heme lifecycle
begins (heme synthesis), and how it ends (heme degradation), what happens in between is largely a mystery. Here we summarize
recent information on the quantification of heme in cells, and we present a discussion of a mechanistic framework that could meet
the logistical challenge of heme distribution.

heme, heme quantification, heme trafficking, heme homeostasis, heme sensors

to a porphyrin and to one or two axial ligands," the term heme
is used widely, and often interchangeably, to refer to different
types of iron protoporphyrin IX where the precise heme
structure (e.g,, heme a, heme b, heme ¢, heme d, etc.) is not
always elaborated. When one of these heme structures is
bound to a protein, the two axial ligation positions are
normally occupied by donor ligands provided by protein amino
acids. Heme ligation to the side chains of His, Cys, Met, Tyr,
(B) Lys, Glu residues and even the N-terminus is known.”” In

binding to a protein in this way, the heme becomes either S- or

6-coordinated, Figure 1B. By convention, the proximal

Heme is a macrocyclic complex of iron, with the metal ion
coordinated equatorially to the four nitrogen atoms of an
electronically delocalized protoporphyrin IX ring (Figure 1A)
and to one or two axial ligands. Broadly following an IUPAC
convention that defines heme as a complex of iron coordinated

(A)

Distal

|
— @ —
|
Proximal

Hydrophobicity

Figure 1. (A) The structure of iron protoporphyrin IX, also known as
heme b. While heme is mostly hydrophobic, the carboxylate groups
enable hydrogen-bonding interactions between the heme group and
other molecules, including assisting the binding of heme to a protein.
(B) The heme group is classified as containing distal and proximal
sides, which are conventionally drawn above and below the plane of
the ring, respectively. In heme proteins, the proximal side is usually
bound to an amino acid residue provided by the protein; this helps to
control its reactivity as a redox center'*”"”" and its properties as a gas-
binding molecule for storage and signaling."'

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

position, which is most commonly a histidine, is assigned as
the fifth ligand and is normally shown underneath the heme
when visualizing heme structures. The sixth ligand, if there is
one, is then drawn above the heme on the so-called distal side.
This proximal/distal terminology dates back at least as far as
the crystallography studies of Kendrew and Perutz.*® The
distal position can be occupied by a protein amino acid; by a
diatomic gas (e.g, O, NO, CO); by water, hydroxide, or
another small molecule ligand (e.g,, H,S, CN™); or it can be
vacant giving a S-coordinate heme species. The reactivity of the
heme is controlled in part by the number and identity of these
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Figure 2. The possible interconnected pathways for the movements of heme in cells, and the links to signaling gases such as CO and NO. From the
total heme synthesized in the cell (top), a proportion is bound irreversibly to heme-binding housekeeping proteins (red circles) that are essential
for cell survival. A body of exchangeable heme is envisaged as being mostly weakly bound, soon after heme biosynthesis, to heme-binding partners
(dark gray pacmans in this and other figures, which could be heme proteins or non-heme proteins) and available for exchange to heme dependent
regulatory proteins (R, right). These heme-binding partners constitute an exchangeable, buffered, reservoir that can provide a flexible supply of
heme and protect against changes in heme concentration. Once formed, these heme-bound proteins can serve in regulatory roles by, for example,
binding to DNA for transcriptional control (top right; including the regulation of heme biosynthesis'*"**3”'?>7**) or to ion channels (middle
and bottom right**'*). In green circles are shown the proteins that produce cell signaling gases—nitric oxide synthase (NOS, left) and heme
oxygenase (NOS, middle). The synthesis of NO by NOS, and the production of CO by the heme degrading HO enzyme, adds multiple layers of
complexity by coupling the formation of cell signaling gases to the heme-binding process. This would allow both CO and NO to bind to any heme
protein with a regulatory function (bottom right) but could equally well occur for other heme dependent regulatory processes. It is worth noting
that, while the binding of 7-acid ligands like CO is traditionally associated exclusively with heme in its ferrous form, ferric heme has also been
shown capable of binding CO/NO.*' For the purposes of this review, movement of ferric/ferrous heme is presumed to mean heme b.

ligands at the proximal and distal positions, while stabilization catalysis driven by the insertion of oxygen (e.g., cytochrome
of the heme molecule is further controlled by the heme- P450, indoleamine 2,3-dioxygenase),’ peroxidase catalysis,”
binding pocket via hydrophobic interactions with the formation of nitric oxide,” and lipid metabolism (e.g., COX-

porphyrin ring and vinyl groups, and hydrogen bonds between 2)."°
the propionate groups and the solvent.’ In addition to these widely known roles for heme in biology,
The role of the protein can thus be envisaged as solubilizing there is now a substantial body of evidence that identifies heme
the hydrophobic and thus poorly soluble heme molecule, and as a regulator of various cellular activities.'' ~'® The first report,
in doing so controlling the reactivity of the heme group for to our knowledge, of heme as a regulator was as far back as
biological purposes. Over the past several decades, most of 1975, when heme was observed as regulating the synthesis of
what has been learned about the role of heme in biology relates o-aminolevulinic acid synthase which catalyzes the first step of
to binding of heme to individual proteins such as those the 8-step heme biosynthesis pathway.'” We see chemical logic
involved in oxygen transport (e.g, myoglobin, hemoglobin) in the concept of regulatory mechanisms in cells that are linked
and sensing (e.g, cytoglobin, neuroglobin),” bioenergetics to heme binding, but the idea of heme as a regulator laid
(e.g,, cytochrome ¢, cytochrome ¢ oxidase),’ metabolism and dormant in the literature for many years. Despite its toxicity
1542 https://doi.org/10.1021/jacsau.1c00288
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and lack of solubility, heme has a number of redeeming
features that make it easier to understand why it could regulate
cellular functions. The first is that heme is redox active and can
respond to the redox status of the cell by modulating its
oxidation state. The concentration of heme in cells is
controlled by the balance of heme biosynthesis (to increase
heme concentrations) and heme oxygenase activity (which
degrades heme and produces CO as a byproduct). Cell
signaling gases, such as O,, NO, and CO, can bind rapidly and
sometimes reversibly to heme—this could be exploited
alongside the association of heme with a protein to create a
second layer of regulatory control. CO is itself produced via
degradation of heme by the O,-dependent heme oxygenase
enzyme,"*~*° and NO is produced by the heme- and O,-
dependent NO synthase enzyme;’ i.e., the production of cell
signaling gases also depends on the presence of heme. We
envisage that the redox state of the cell, the oxidation state of
the heme, the balance between heme synthesis and
degradation, and the relative concentrations of O,, NO, and
CO may all be interconnected as outlined in Figure 2. This
could be used as a versatile mechanism for cell signaling.
Examples of heme-dependent regulation are beyond the scope
of this review but have been summarized recently.'”'> They
include, among others, transcriptional regulation and gas
sensing,'"'>"* degradation of the p33 protein,”’ regulation of
the circadian clock,”*~** immune reiponse, 4 aging,45 and
the gating of numerous ion channels.”*~®

The fundamental requirement for heme across virtually all
organisms—both in catalytic and regulatory roles as outlined
above—means that cells need mechanisms to manage heme
supply and distribution. Supply of heme is regulated by the
well-studied heme biosynthesis pathway.”” At the other end of
the heme lifecycle, surplus heme (when it exists) is degraded
by the O,-dependent heme oxygenase enzyme.'®'® But while
the enzymatic machinery for making heme—heme synthesis—
and removing heme—heme degradation—is well established,
what happens in between is almost completel;r unknown. It has
been recognized as far back as the 1970s”"* that cells need a
supply of heme to respond to cellular demands, but until quite
recently tools to examine this question have been lacking. In
this review, we outline recent advances in the development of
methods for measuring heme in cells, and we present ideas on,
and possible mechanisms for, heme mobilization consistent
with quantitative determinations of heme concentration.

To begin the discussion, we describe and define the
terminology. For the purposes of this review, we take heme
(in the context of heme transport) to mean heme b. Literature
on the role and distributions of heme in cells has used a
bewildering, and at times imprecise, range of terminologies.
Phrases such as “labile heme”, “regulatory heme”, “free heme”,
and “heme pool” are all used in the literature, often
interchangeably.”” While the need to discriminate between
these types of heme in cells is obvious, it is challenging to
provide a precise description of each. What does “labile heme”
mean? How can “free heme” exist in the cell, given that heme is
cytotoxic and poorly soluble? Does the phrase “regulatory
heme” describe a supply of heme dedicated exclusively for
regulatory purposes, or might it be used for other purposes?
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Given its insolubility and cytotoxicity, does it actually make
sense to talk about “pools” of heme when current estimates for
heme concentration are in the nM to uM range?”*~"” The lack
of precise descriptions for the nature of different types of heme
can lead to confusing or contradictory interpretations. Below
we provide a summary and offer some suggestions, which we
hope will be helpful in future discussions for both specialists
and newcomers to the field.

In disciplines that vary from blood disorder (e.g, porphy-
8081 gene expression,”””” and heme biosynthesis,"* a
small portion of the total heme content of the cell has been
referred to over many years as being present in a regulatory or
intracellular heme pool. These terms originate from early
papers’"7>*37%¢ where it was also suggested that the nature of
heme was a free molecule (see below). The existence of a form
of regulatory heme is conceptually useful, and because of this
the nature of regulatory heme has been debated as long ago as
1975 when new roles for heme—above and beyond the
traditional roles in oxygen binding, electron transfer, and
catalysis—were identified by Granick.®® In Granick’s work, the
regulation of heme biosynthesis was proposed as being
controlled by fluctuations in the concentrations of heme in a
dedicated heme pool where heme was envisaged as bein

weakly associated with an ensemble of cytosolic proteins.**®

These weak binding interactions were considered important
for heme to be readily exchangeable.*”*® The terms were then
later adopted by scientists in multiple fields.*>****~*® Hence,
since Granick’s initial studies, the phrases “regulatory heme”
and “free heme” have been widely used although not precisely

defined.

To the best of our knowledge, the term free heme was
introduced in the 1970s"*"*” and was interpreted as an
intracellular population of free heme molecules either on their
own (free) or all together (in a pool). These early papers noted
the difficulties associated with the idea of a pool of free heme,
but, nevertheless, the concept and the terms “free heme” and
“pool of free heme” became ingrained in the litera-
ture. "> 100101 The term “free heme” has never been
precisely defined—broadly speaking it has been taken to mean
a heme molecule that is not bound to anything else. There are
difficulties with that idea, however, and the concept of large
amounts of free heme, because heme is cytotoxic through
Fenton chemistry and radical formation.”>**%%19>71%% g jf
heme is free in the cells, it would cause problems. Heme is also
a hydrophobic molecule and poorly soluble, so presumably
cannot exist in cells without being solubilized by binding to a
protein, cellular membranes,'” or even nucleic acids.*'%
Moreover, heme needs to be ligated at the fifth and sixth
ligation position, otherwise, it will stack to form dimers, or
higher multimers, in solution.'®”'% This is problematic for
cellular handing because, in a dimeric or multimeric form,
heme could not be delivered to proteins that require only one
molecule per binding site.

We envisage that a “free” molecule of heme can therefore
only exist transiently in cells. In this review, we will use the
term “free heme” to indicate molecules of iron protoporphyrin
IX, in the ferrous or ferric oxidation state, existing in the
absence of any protein binding partner but weakly associated
with water molecules as ligands at the fifth and sixth
coordination sites.
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Figure 3. Representation of possible mechanisms for distribution and delivery of heme across the cell. (A) The life cycle of heme in cells starts with
its biosynthesis in the mitochondria (full dashed square) and ends with its degradation by heme oxygenase (HO-1/2). Heme oxygenase generates
Fe®* which can be recycled for the synthesis of new heme molecules. A balance between synthesis and degradation contributes to the controlling
heme concentrations in cells. (B—E) The supply of heme to the locations where it is in demand is suggested as occurring via four possible
mechanisms (colored panels). In (B), direct distribution of free heme into a heme protein (red circle), a heme-dependent regulatory function (R,
white box), or a genetically encoded/synthetic heme sensor for quantification studies (S, green circle). Free heme (either ferrous or ferric) is
envisaged as being present in minuscule concentrations but will still represent a mechanism for heme to be made available in cells.”” In (C),
chaperone-mediated heme delivery to an apo-heme protein (pale red circle), for example by GAPDH.'"*~"" In (D), heme bound to heme-binding
partners (dark gray pacman) constitutes a body of exchangeable heme readily available for downstream applications, in the same way as in (B).
Possible candidates for heme-binding proteins are IDO, HBP22/23, SOUL, and albumin.''"'** 1% In (E), distribution of heme via membrane
contact sites between mitochondria—where heme is synthesized—to target cellular compartments which bypasses the need for transporters to
mediate the delivery of heme.'”"

is because cascades of heme exchange events down a

In recent years the term “labile heme” has ap- thermodynamic gradient (dictated by heme binding affinity)

peared.*#78901051097120 The yge of this term allows a will control the overall distribution of heme. Hence, our
distinction to be made between the proportion of the total opinion is that “exchangeable heme”—which has been adopted
heme content that is available for mobilization, and the in a limited number of examples””*>*”'**—is a more precise
proportion that is unavailable (or, more precisely, inert for term to convey the concept that both kinetic and
exchange) because it is bound with a high affinity, and thermodynamic processes are relevant when considering the
therefore irreversibly, to proteins. Ideas on what the concepts bioavailability of heme.

of labile heme actually means mimic the early ideas on free

heme.*”®” Labile heme is envisaged as being continuously

engaged in transient binding to intracellular proteins that exist We propose here a working set of definitions.

to actively buffer heme concentrations in the cell. Since some Total Heme (H,). The total heme content of a cell. This
heme is unavailable for distribution in cells, labile heme is thus includes the fraction of heme that is bound irreversibly to
envisaged as a intermediary through which heme can move and proteins and thus not available for other purposes (defined
be distributed through the cell. > The term labile heme here as Hy), and the fraction of exchangeable heme (which
probably finds its origins as an adaptation of “labile iron pool” includes small quantities of free heme, see below).

121

that predated it. Exchangeable Heme (H,). A fraction of the total heme

that is reversibly bound to proteins or small ligand molecules
(e.g, free amino acids, H,0). Exchangeable heme can be

The use of the term lability to distinguish a more mobile
considered as a reservoir that provides an accessible supply of

fraction of the total heme from that which is permanently
(irreversibly) embedded into heme proteins is similar in
concept to the kinetic lability of ligands in inorganic metal

heme to the cell.
Free Heme (H;). Molecules of heme that are not bound to

complexes.'”*™"** Labile ligands exchange very fast, and inert a protein but weakly coordinated with water molecules. We
ligands exchange slowly. But the availability and distribution of expect free heme to exist in vanishingly small quantities. Long
heme will be defined not just by the kinetic lability of the and co-workers'*® have recently offered a definition for free
ligands bound to the heme, but also by thermodynamics. This heme which is similar to that proposed here.
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In principle, H, = H, + H, + Hy, where Hy, is the amount of
heme that is bound irreversibly to heme proteins (including
membrane and cytosolic proteins).

Given the need to move heme from its place of synthesis (in
the mitochondria) to other regions of the cell, how can cells
control the balance of supply and demand and what
mechanisms are in place to do this?

The balance between heme biosynthesis and degradation is
part of the regulatory control that the cell needs to maintain
heme availability below the cytotoxic threshold (Figure
3A).7%1%%"*7 Heme oxygenase, whose mechanism of degrada-
tion of heme into biliverdin and CO is well-known, " plays a
crucial role in maintaining this balance. Heme oxygenase-1 is
transcriptionally regulated and induced by infection, inflam-
mation, oxidative stress or increasing concentrations of
heme.'”®'*” Interestingly, the post-transcriptional regulation
of heme oxygenase-2 (abundant in the brain, testes, and neural
tissue) has been shown to be controlled by heme occupancy in
the active site."* Specifically, heme oxygenase-2 appears to be
destabilized and more likely to be degraded when heme is not
bound, which is the likely situation under conditions of heme
deficiency and when high heme oxygenase activity is
undesirable. This regulation would help to keep heme
concentrations within a suitable physiological range under
conditions of cellular heme deficiency.

The existence of biological chaperone systems is documented
for other redox active transition metal ions (e.g., iron, copper,
molybdenum, cobalt, nickel)."*'~"** Cells adopt strategies to
tightly regulate the concentrations of different metals ions,
ensuring suitable levels of bioavailability, effective physiological
responses, and prevention of cytotoxicity.'”>~'*’ The concen-
tration of transition metal ions in cells is kept at very low levels
to avoid inappropriate activation of signaling pathways. For
instance, the intracellular free copper concentration in
S. cerevisiae is limited to less than one molecule per
cell.'**"*7 Similarly, free zinc is estimated in the low
femtomolar range in E. coli.'**'*° Instead of being free to
circulate around the cell, metal ions are stored, locked in an
inaccessible state, and released to a network of chaperones or
chelators that control their delivery, repurposing, and ensure
fidelity in metalation when two competitive metals can bind to
the same site.'’*"**~'** By comparison, it is reasonable to
presume that cells use similar principles for the movement and
distribution of free heme (Figure 3C,D).

The identification of heme chaperones with the specific role
of transporting and selectively delivering heme to downstream
proteins would thus clarify the picture considerably. But very
few heme chaperones have been identified over the years. A
notable example is the CcmE chaperone, part of the multi
component Ccm membrane heme maturation machinery for
heme translocation to cytochrome ¢ in most proteobacteria,
archaea, deinococcales, and plant mitochondria."*™'%* How-
ever, this is a special case as it speaks only to the need for
formation of covalent links to heme in the specialized c-type
cytochromes. GAPDH is perhaps the most compelling example
of a heme chaperone so far identified.' ~"'¥"** The
interaction between GAPDH and heme was initially thought
to occur to protect heme from degradation during its transport
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(which at the same time reduces its cytotoxicity).'>> But
GAPDH has since been found to be responsible for the
delivery of heme to the nuclear transcription factor Hap1'*® in
S. cerevisiae, to cytosolic iNOS in mouse macrophage cells,""?
and to soluble guanylate cyclase in HEK293 cells."™*

The involvement of GAPDH in heme delivery in both yeast
and mammalian systems is indicative of a broadly conserved
strategy for heme transport.''> GAPDH is primarily a
glycolytic enzyme, and, therefore, its function as a heme
chaperone looks to be opportunistic as far as the cell is
concerned. This begs the question as to whether there are
other as-yet unidentified heme chaperones lurking about the
cell in disguise. Certainly, if heme chaperones are used at all
then more than one could be required to create an effective
supply chain. Arguably, chaperones of chaperones might even
exist.''* But if heme binding can be opportunistic and does not
need a specific heme-binding motif—as GAPDH seems to
indicate—then identification of heme chaperones becomes an
incredibly demanding task which would need to take into
account noncanonical heme-binding motifs in addition to the
large number of proteins with known heme-binding sites.”">’

All of this leads us to the conclusion that existing, well-
known heme-binding proteins could be repurposed for the task
of cellular heme delivery under certain conditions. For
example, indoleamine 2,3-dioxygenase, whose mechanism
and structure is well-documented,">* %> has recently been
shown to lose its heme under certain conditions,'® which
suggests the possibility that it could be used as a source of
heme in specific regions of cells. In all likelihood, there may be
other cellular proteins that can similarly masquerade as heme
chaperones.

The distribution of heme via chaperones can be used to explain
how heme moves from the mitochondria to other locations,
and then subsequently to the endoplasmic reticulum for
degradation by heme oxygenase. But the chaperone mecha-
nism is ill-equipped to deal with rapid changes in heme
availability. If increases or decreases in heme concentration are
required, then the rate-limiting steps are heme synthesis and
degradation. Upregulation of heme synthesis, by expression of
the ALA synthase enzyme, in response to low heme availability
could take at least 30 min,'®* while induction of heme
oxygenase-1 for heme degradation could take hours.'®® Both of
these mechanisms are too slow by far if rapid control of heme
concentration is required, for example in the case of ion
channel regulation which is necessary for appropriate cardiac
function.”® Hence, if the cell is solely reliant on heme
chaperones, then it runs the risk of spikes in heme availability
should there be a mismatch in timings between the delivery
and the removal of heme. Taken together, and bearing in mind
the failure (so far) to identify large numbers of heme
chaperones, we suggest that complementary mechanisms will
be required to regulate heme distribution. We elaborate on this
below.

An ability to store heme in cells would decrease the reliance of
cells on heme synthesis and degradation and could be coupled
to mechanisms to make heme more or less available, on-
demand and at speed (Figure 3D). To date, there have been
no proteins identified that have the dedicated function of
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Table 1. Summary of Reported Cellular Heme Concentrations from Known Heme Reporters or Fluorescent Heme Sensors

fluorescent Ky

heme,
reporter heme probe tag(s) (nM)**
CYSDY-9 IsdX1, IsdC ECFP, EYFP  63.5 + 14.3
HS1 Cytochrome bgg, EGFP, 3 (ferric),
mKATE2 <1 (ferrous)
CHY P. falciparum ECFP, EYFP  ~250
Histidine rich
protein
apo-HRP Horseradish - -
peroxidase
apo-HRP Horseradish - -
peroxidase
apo-HRP Horseradish - 270 + 40
peroxidase
mAPXmEGFP®  Ascorbate peroxidase =~ mEGFP 22

measured heme

concentration (nM) quantitation method tested in ref.
Cytosol 25.6 + 5.5 FRET HeLa 70
Mitochondria 23.3 + 4.9
Nucleus 31.0 + 7.0
ER 54 + 1.4°
Cytosol 20—40 FRET S. cerevisiae 7
Nucleus <2.5
Mitochondria <2.5
Cytosol 1600 FRET P. falciparum 78
600 peroxidase activity” ~ Human lung 797
fibroblasts
(IRM90)
2100 + 2 Reconstitution of Human erythrocytes 7
catalytic activity”
433 + 125 Reconstitution of HEK293 7
catalytic activity*
Cytosol 4 RET HEK293 7

“The heme affinity, or conversely the dissociation constant Kyy..., is a key parameter in heme quantitation. Ky}, values should be close to the
physiological concentrations of heme (in the nM to M range), to ensure prompt response of the sensor to changes in [heme] but also avoiding the
sensor becoming either fully saturated or fully unsaturated (which is essential to study dynamic cellular processes). Kypeme defines the fraction of
total cellular heme which is available for donor—acceptor heme exchange (acceptor = apo-heme sensor). Heme sensors with the highest heme
affinities will accept heme from a larger ensemble of heme donors, and vice versa. Caution is needed when comparing heme concentrations
obtained with different sensors, as the sensors with lower Ky}, will draw heme from a larger number of donors. YFor ferric heme unless otherwise
stated. “A relatively low concentration of heme was measured in the endoplasmic reticulum of HeLa cells compared to other cell lines (mouse
melanoma B16, human HCT116 colon cancer cell, human PANC-1, hamster kidney fibroblast BHK-21, and CHO), which was interpreted as due
to the high expression levels of heme oxygenase-1 in the endoplasmic reticulum surface of HeLa cells. “holo-HRP was formed by mixing apo-HRP
with HEK293 lysates. The reconstitution of the catalytic activity of the HRP reporter by its binding to cellular heme was then used to measure
heme concentration. “mAPX = monomeric APX; mEGFP = monomeric EGFP.

storing heme, but there is evidence, from recent work,”” of a
buffering capacity within cells that can accommodate changes
in either the total concentration of heme (i.e., [H,]), or the
concentration of exchangeable heme (ie., [H.]), while
maintain the capability to mobilize heme as and when
necessary. As indicated above, it is entirely possible that
known heme proteins (such as indoleamine 2,3-dioxygenase,
and GAPDH) participate in the buffering of free heme
concentration ([Hy]) and protect the cell against increases or
decreases in total, or exchangeable, heme concentration. In this
scenario for heme buffering, the ability of any given protein to
acquire heme is based on how well it competes for heme (i.e.,
the heme affinity) against other proteins. Hence the availability
of heme in the cell would be dependent entirely on the Ky, and
abundance, of these heme-binding partners. In this way, the
concentration of free heme is buffered—or, in other words, the
availability of heme is kept within a limited range—by the
many heme-binding proteins in the buffer and would be
distributed among those proteins according to their relative
heme affinities.

Crucially, in this buffering model the hierarchy of heme-
binding affinity would be responsive to changes in the
composition of the buffering proteins. As an example,
upregulation of proteins in the buffer with high heme affinity
(e.g., a globin, or a cytochrome) would deplete the capacity of
the exchangeable heme reservoir to release heme, as heme was
dragged to thermodynamically inaccessible sites. As well as
providing a reservoir of exchangeable heme able to meet the
localized and instantaneous demands of the cell, such a
buffering system would, along with the heme degradation
pathways, prevent heme-induced cytotoxicity by limiting the
concentrations of free heme within the cell. The interplay

1546

between heme biosynthesis, degradation, transcriptional and
post-transcriptional regulation of heme buffering proteins, are
all envisaged as jointly contributing to the buffering of heme in
cells.

Evidence is emerging for the involvement of biological
membranes as important factors in the trafficking of cellular
heme. Heme has been shown to be capable of diffusing or even
being retained by cellular lipid bilayers'®*~"*® and examples of
putative membrane heme transporters have been identified,
most notably the mitochondrial exporter Flverlb, which have
been reviewed elsewhere.””'%” But while heme may or may not
necessitate membrane transporters for its movement across
compartments, the contribution of lipid bilayers to heme
trafficking is still not completely clarified. A recent study has
proposed that the trafficking of heme through membranes does
not rely on transporters and is, in contrast, a chaperone-less
pathway made possible by interorganellar contact sites. This
provides an elegant solution for the exchange of heme between
compartments (Figure 3E)."”>'7!

Granick speculated in the 1970s***” that the concentration of

exchangeable heme in the cytosol was in the range 10—100
nM. This value is, in fact, remarkably close to recent
measurements (Table 1). In the past, the cellular heme
concentration has had to be inferred from the amount of heme
measured in soluble cell lysis extracts determined using either
fluorometric approaches172 or enzymatic reconstitution
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Figure 4. Basic principles of heme sensor designs. (A) RET sensors: Heme-binding to this type of sensor introduces an additional relaxation
pathway for the electronic excited state of the fluorophore. The mean fluorescence lifetime of the probe changes between the limiting values of 7,
to Ty for the pure apo and holo forms of the sensor dependent on heme concentration.”” (B) FRET sensors: The heme-binding domain of the
sensor undergoes a conformational change that brings two fluorophores into close proximity to one another. In this example, Forster energy
transfer results in a decrease in the emission of a green fluorophore and an increase in emission of a yellow fluorophore. Hence changes in the
relative emission intensities of the two fluorophores can be used to determine heme concentration.”® Multiple heme-binding sites may be present in
the heme-binding domain.”® (C) A RET sensor (similar to that shown in (A)) that incorporates an additional fluorophore in order to measure a
ratiometric intensity. The sensor is composed of two fluorophores, but heme-binding triggers the selective quenching of the fluorescence of only
one of them. The unperturbed tag can then be used as an internal reference to monitor the changes in the intensity of emission for the quenched
fluorophore, providing a method for precise heme quantitation.””"">

74,89,97,

techniques. ' These methods are likely to report a measure concentrations of exchangeable heme, it is necessary

concentration that lies somewhere between that for exchange- to use a method that is compatible with in vivo fluorescence
able heme ([H,]) and the total amount of heme present in the o . 4 .
cell ([H,]) because the denaturing methods lead to release of imaging or spectroscopy of live cells. " Such an approach is

heme from many heme proteins. In order to selectively possible by the design and application of genetically encoded
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heme sensors which can be expressed recombinantly in
different cell lines.

Genetically encoded sensors comprise a heme-binding protein
conjugated to one or more fluorescent proteins. For the sensor
to report on the presence and quantify the concentration of
heme, the fluorescence output must be modulated by heme
binding. There are different mechanisms that can lead to
suitable modulation of the fluorescence output.

a. Forster Resonance-Energy Transfer between the
Fluorescent Protein and a Bound Molecule of Heme.
The heme-binding pocket of the sensor must be located in
close proximity to the chromophore-forming amino acids in
the fluorescent protein, and the emission of the fluorescent
protein must have spectral overlap with either the Soret or Q
absorption bands of heme.'”* In this case, resonance-energy
transfer provides a nonradiative decay pathway for the
photoexcited state of the chromophore, via the heme moiety,
that competes with the radiative-decay pathway responsible for
the fluorescence signal (Figure 4A,C).

b. Forster Resonance-Energy Transfer between a Pair
of Fluorescent Proteins. Unlike in (a), the heme-binding
pocket must be distant from both fluorescent proteins, and,
instead, the binding of heme to the sensor must lead to a
conformational change that brings the chromophore-forming
amino acids on each of the fluorescent proteins (i.e., the donor
and acceptor sites) into close proximity; see Figure 4B. In this
case, resonance-energy transfer between the donor and
acceptor leads to subsequent radiative decay from the acceptor.
Hence the binding of a molecule of heme is detected by the
attenuation of the short wavelength emission band of one the
fluorescent proteins (the donor), and the appearance of the
long wavelength emission band of the other fluorescent protein
(the acceptor).

In order to distinguish between the mode of operation of
these two different designs for heme sensors, we will refer to
the mechanism described in (a) as just resonance-energy
transfer (RET) and the mechanism described in (b) as
fluorescence resonance-energy transfer (FRET).

Further consideration is given here to the heme sensor
design comprising a heme-binding domain and a single
fluorescent protein (i.e, that shown in Figure 4A). If the
distance between the chromophore-forming amino acids on
the fluorescent protein and the heme-binding pocket, r, is
much less than the Forster distance, R, (calculated from the
spectral overlap integral' "), then the efficiency of RET in the
holo-sensor will be near to 100%. The fluorescence quantum
yield of the holo-sensor (i.e., the sensor with heme bound to it)
will be near to 0%, and the presence of heme can be inferred
from the quenching of the intensity of the fluorescence
emission. Alternatively, if the distance r is close to the R, then
there will be an intermediate efficiency for RET in the holo-
sensor (given by 100% X 1/(1 + (r/R,)°). The fluorescence
quantum yield of the holo-sensor will be reduced (but will not
equal zero), and the presence of heme can be inferred from
either the reduction in the emission intensity or from a
reduction in the fluorescence lifetime.

A change in the fluorescence lifetime can be observed by
time-correlated single photon counting, where the proportions
of the apo- and holo-forms of the sensor can also be deduced
by determining the relative amplitudes of functions in the
fitting of a multiexponential decay model, Figure 4A. For a
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genetically encoded heme sensor, a measurement of a
fluorescence decay profile has significant advantages over a
measurement of fluorescence intensity: (i) The fluorescence
decay can be used to determine the ratio of holo- to apo-forms
of the sensor, but the intensity can only be used to detect the
apo-form of the sensor (because the holo-form of the sensor is
quenched). Sensor designs that rely on measurements of
fluorescence quenching require an additional tag (distant from
the heme-binding pocket and the other chromophore site) to
normalize the signal intensity. (ii) The quantitative accuracy of
fluorescence lifetime imaging or spectroscopy is independent
of the inner filter effect or partial photobleaching of the
fluorescent protein.

Another property of the emission of a fluorescent protein is
the anisotropy (polarization), which might be modulated by
changes in the rotational diffusion between the apo- and holo-
forms of the sensor. The sensitivity of a polarization
measurement will be highly dependent on the local viscosity
and, as yet, it has not been exploited in the context of heme
sensing.

The in vivo deployment of a heme sensor in cells introduces an
additional heme-binding species into the cellular milieu. Hence
the sensor will compete with other heme-binding proteins in
the cell for molecules of exchangeable heme. While there
would be no issue with the sensor competing for heme with
either heme-binding proteins, or small molecules, whose roles
are to buffer the concentration of free heme, it is critical that
this competition does not extend to bona fide heme proteins
that require heme either for their function or to adjust their
properties. To accurately measure the availability of heme in
cellular compartments, the expressed sensor must integrate
into the network of buffering partners, and its presence must
not result in a significant change either to the amount of
exchangeable heme (H,) associated with these heme-binding
partners, or to the miniscule amount of free heme (Hy) in the
cell. For a certain concentration of exchangeable heme, it is
fairly straightforward to estimate an appropriate range of
concentrations for the sensor that will preserve heme
homeostasis in the cell.”” On the basis of measurements in
the cytosol of HEK293 cells,”” a sensor concentration of up to
1 M would not be expected to alter the availability of heme
for exchangeable heme concentrations equal to, or in excess of,
3 pM. It is realistic to assume that, if a sensor is deployed in a
localized area of the cell (e.g., directed specifically to the
nucleus), then the sensor concentration may exceed 1 M.
Hence, we anticipate that, in future, controlling the
concentration of expressed sensor will be increasingly
important.

There are a number of reports of different fluorescent heme
sensors in the literature. We summarize them briefly below.
Heme concentrations reported from the studies of these
sensors are given in Table 1.

In the early 2000s, Takeda et al. provided the first proof-of-
concept for a heme sensor. The sensor comprised an EGFP-
cytochrome bg4, fusion protein,176 and it was subsequently
optimized for enhanced RET.'”” Fluorescently labeled variants
of heme oxygenase-1 (K18C'”® and D140H"" variants) have
also been used to detect heme in vitro. These sensors were a
step forward in terms of heme quantification, but were not
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deployed in cells for real-time monitoring of heme
concentrations.

The first genetically encoded heme sensor was CYSDY-9.”®
CISDY-9 was designed to exploit the natural dimerization of a
pair of bacterial chaperones (IsdX1 and IsdC). Tagging each
chaperone with a fluorescent probe and linking them with a
short peptide tether produced an intracellular FRET reporter
which was used to analyze heme population in HeLa cells,
Table 1. With the exception of the endoplasmic reticulum,
heme concentrations were found to be evenly distributed
across the cytosol, the mitochondria and the nucleus, which is
different from the observations in yeast (see above and ref 79).
It may be the case that results from different sensor systems
cannot be directly compared, see Table 1.

Cytochrome bss, was later engineered with EGFP and
mKATE? fluorescent tags. This created a sensor that could be
deployed in cells” in which the fluorescence intensity of EGFP
was quenched (via RET) on heme-binding; the intensity of
mKATE2 was unchanged providing a means of assessing heme
concentration by ratiometric analysis. A somewhat heteroge-
neous distribution of heme throughout yeast cells was
reported, Table 1, and the behavior of the sensor in cells'"?
supported the concept of a (buffered) reservoir of exchange-
able heme that is readily available for regulatory roles and
crucial in the overall physiology of yeast. The same sensor was
then utilized to demonstrate that heme delivery from
mitochondria—the place of heme biosynthesis—to the
nucleus was 25% faster than to the cytosol and the
mitochondrial inner matrix. The authors suggested direct
membrane contacts between mitochondria and the ER as a
possible pathway for heme delivery to the nucleus.'””"”"!

A genetically encoded (FRET-based) heme sensor based on
histidine rich protein 2 has been used to quantify heme
concentrations in the parasite P. falcipm’mn.78 In this case,
heme concentrations are higher (ca. 1.6 uM), but this is not
completely unexpected considering that 80% of the amount of
heme contained in a human body is synthesized by red blood
cells.”?

Peroxidase-based fluorescent sensors, based on horseradish
peroxidase and ascorbate peroxidase, were first used to
measure dynamic heme fluxes in C. elegans.”” Ascorbate
peroxidase has also been used recently to monitor heme
concentrations and distributions in live cells’”’ using
fluorescence lifetime imaging microscopy. In this work,
miniscule concentrations (a few nM) of free heme were
identified—corresponding to one molecule or less per cellular
compartment. These observations are consistent with a system
that sequesters free heme.

Applications of heme sensors can extend beyond the
determination of heme concentrations. A GFP-labeled version
of cytochrome ¢ peroxidase has been recently developed and
used to study heme protein maturation by heme insertion.'"”
In this design, the percentage of the heme-bound sensor in
yeast cells was revealed by the relative amplitudes of
exponential-decay components in the emission measured by
fluorescence lifetime imaging. This provides a forward-looking
approach to establish in real-time the dynamic processes
involved in the folding process that accompanies the formation
of heme proteins.
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There are other technological approaches to heme quantifica-
tion, including the use of the antimalarial 4-aminoquinoline
probe'® and peptide-based fluorescent probes.'®" The use of
heme catabolites—biliverdin and bilirubin—as a way of
tracking and studying heme biochemistry is also promising
and is starting to provide interesting insights into the interplay
between the biochemistry of heme and other biological
pathways." >~

Detailed information on the mechanism to transfer heme from
one place to another—for example between protein ?artners—
is as yet poorly defined. It has been suggested’’ that an
exchange mechanism between protein partners might play a
role, as shown in Figure S. This is envisaged as heme exchange
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Figure S. Possible mechanisms for exchange of heme. Heme-binding
partners (dark gray pacmans) are envisaged as transferring heme to
heme proteins (red circles) by dissociative (pale gray box) or
associative (pale yellow box) pathways, resembling classical ligand
exchange mechanisms in coordination chemistry. In a dissociative
pathway, a free molecule of heme (assumed to be coordinated by a
water molecule) is formed transiently following dissociation from a
heme-binding partner, and is intercepted by an apo-heme protein
(faded red circles). Alternatively, an associative exchange of heme is
possible and is shown here for the example of heme delivery by
chaperones (C, circles). This latter mechanism may provide better
selectivity toward the target heme protein. However, we do not
envisage this as being exclusive to chaperones, but a mechanism
which, in principle, is available to be used by heme-binding partners as
well in delivering heme to apo heme proteins. The different
mechanisms of heme exchange may help to fine-tune the delivery of
heme to specific acceptors.

= Heme chaperone

(e.g. GAPDH) =Heme + H,0

bound
(ie. free heme)

between a donor, which could be a buffering molecule or a
chaperone, and an acceptor such as a heme protein or a heme
sensor. This heme exchange could take place by a range of
different pathways (corresponding to dissociative or associative
mechanisms) for delivery of heme to specific acceptors. The
existence of such a mechanism, as outlined in Figure 5, would
account for the buffering of the concentration of free heme,
changes in heme availability, and how cells are able to hoard
supplies of heme despite the undesirable effects of heme. It
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would also provide a responsive capability for mobilization of
heme when and where needed.

The logistics for the distribution of heme in cells have yet to be
fully discovered. In practice, the dynamic requirements of
cellular supply and demand may be complex, and perhaps
there is no single mechanism for movement of heme within
cells that dominates. Chaperones, heme-binding partners,
membranes, and transporters may well work together in a
concerted way and could provide contingencies for heme
supply under conditions where the cell needs to react quickly
to changes in heme demand. We see the role of a buffered
reservoir of heme-binding proteins, potentially in large
numbers, as being important. This could allow heme to travel
from one place to another, where molecules of heme hitchhike
across the cell by binding to whichever protein(s) they can find
en route to their final destination.
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