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Abstract

Heme (iron protoporphyrin IX) is an essential protein prosthetic group and signaling molecule 

required for most life on Earth. All heme-dependent processes require the dynamic and rapid 

mobilization of heme from sites of synthesis or uptake to hemoproteins present in virtually every 

subcellular compartment. The cytotoxicity and hydrophobicity of heme necessitate that heme 

mobilization be carefully controlled to mitigate the deleterious effects of this essential toxin. 

Indeed, a number of disorders, including certain cancers, cardiovascular diseases, and aging and 

age-related neurodegenerative diseases, are tied to defects in heme homeostasis. However, the 

molecules and mechanisms that mediate heme transport and trafficking, and the dynamics of these 

processes, are poorly understood. This is in large part due to the lack of physical tools for probing 

cellular heme. Herein, we discuss the recent development of fluorescent probes that can monitor 

and image kinetically labile heme with respect to its mobilization and role in signaling. In 

particular, we will highlight how heme gazing with these tools can uncover new heme trafficking 

factors upon being integrated with genetic screens and illuminate the concentration, subcellular 

distribution, and dynamics of labile heme in various physiological contexts. Altogether, the 

monitoring of labile heme, along with recent biochemical and cell biological studies 

demonstrating the reversible regulation of certain cellular processes by heme, is challenging us to 

reconceptualize heme from being a static cofactor buried in protein active sites to a dynamic and 

mobile signaling molecule.
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Heme (iron protoporphyrin IX) is an essential cofactor and potential toxin that is required by 

virtually every organism across all of the kingdoms of life. As a protein prosthetic group, 

heme performs a diverse array of critical life-enabling functions that span chemical 

catalysis, electron transfer, and gas binding and transport.1 Rather ironically, heme is also 

cytotoxic because of its hydrophobicity and pro-oxidant redox activity, challenging cells to 

tightly regulate its concentration and availability.2–4 This has contributed to the long-held 

view that there is no “free” or “labile” heme and that it is tightly bound and buried in the 

active sites of kinetically inert hemoproteins or degraded if not utilized by heme enzymes.5 

However, this notion is incompatible with the fact that heme must be rapidly mobilized to 

cognate hemoproteins residing in virtually every subcellular compartment and emerging 

evidence indicating heme can act as a reversible and dynamic signaling molecule.1, 3, 6–13 

How then do cells mobilize heme for insertion into hemoproteins and signaling while taming 

its inherent hydrophobicity and toxicity? In this review, we describe new fluorescent probes 

for heme and how they can be used to reveal the molecules and mechanisms that mediate the 

transport and trafficking of heme and their dynamics.14, 15 We place these latest 

fluorescence-based approaches to characterizing heme homeostasis in the context of other 

modalities for monitoring heme and more traditional biochemical and genetic approaches. 

While our focus will be on eukaryotic heme homeostasis, the principles and approaches 

discussed herein are applicable to prokaryotic systems, as well. As a number of human 

disorders are associated with defects in heme homeostasis, including certain cancers,8 

cardiovascular disease,16 and aging and age-related neurodegenerative diseases,17–19 a 

detailed knowledge of the thermodynamics and kinetics governing heme mobilization and 

availability will undoubtedly lead to new heme-based therapeutics and diagnostics.

The concentration and bioavailability of cellular heme pools are the primary factors that 

contribute to the safe assimilation of heme into physiological processes. The concentration 

of heme is dictated by its biosynthesis and degradation, which are both very well 

understood.1 With few exceptions, all eukaryotes synthesize heme through a highly 

conserved eight-step pathway that is partitioned between the mitochondria and the cytosol; 

the first and the last three steps occur in the mitochondria, and the other reactions occur in 

the cytosol. Heme synthesis begins with the condensation of glycine with succinylcoenzyme 

A to form 5-aminolevulinic acid (5-ALA), the first committed precursor, and ends with the 

insertion of iron into protophorphyrin IX to form heme on the matrix side of the 

mitochondrial inner membrane. Heme degradation is performed by heme oxygenase, a 
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resident of the endoplasmic reticulum membrane that catalyzes the oxidative cleavage of the 

heme ring at the α-methylene bridge to form biliverdin, carbon monoxide (CO), and ferrous 

iron (Fe2+). All of the genes involved in heme synthesis and degradation have been cloned, 

and there are atomic-resolution structures and mechanistic insight into all of the proteins 

involved.1

In striking contrast to heme synthesis and degradation, there is comparatively little 

understanding of the molecules and mechanisms that regulate heme bioavailability. Once 

heme is synthesized on the matrix side of the mitochondrial inner membrane, it is not known 

what factors regulate the movement of heme to hemoproteins present in the matrix lumen, 

inner membrane, or intermembrane space, or the transit of heme out of the mitochondria to 

the cytosol and beyond.20 It is also unclear what binds and buffers heme in a manner that 

would mitigate its aggregation and deleterious redox activity. As heme has properties of both 

a metal and a lipid, its transport and trafficking likely mirror those of transition metals like 

iron or copper and mitochondrially derived lipids like cardiolipin (CL) and 

phosphatidylethanolamine (PE).20 These properties of heme invoke the existence of heme 

transporters, chaperones, and carrier proteins, as well as mechanisms involving the 

mobilization of heme through membrane contact points between different organelles and 

vesicular transport.20 The recent development of fluorescent probes for imaging and 

monitoring bioavailable heme has facilitated the discovery of key molecules and 

mechanisms that mediate heme mobilization and its dynamics, especially upon being 

integrated with genetic and biochemical approaches.

BIOLOGICAL HEME MONITORING AND IMAGING

Total cellular heme can be conceptualized as a sum of the contributions from kinetically 

inert and labile heme pools. Kinetically inert heme, which constitutes most cellular heme, is 

unavailable for new heme-dependent functions and corresponds to heme buried in the active 

sites of high-affinity hemoproteins like globins and cytochromes. 14, 15, 20, 21 Kinetically 

labile heme (LH), on the other hand, is available for new heme-dependent functions and 

corresponds to heme that can readily exchange between biomolecules on physiologically 

relevant time scales that support heme-dependent functions. In other words, the labile heme 

pool defines bioavailable heme. While LH is critical for understanding heme transport, 

trafficking, and signaling, its nature—concentration, speciation, oxidation state, and 

localization—and dynamics are not well understood. This is in large part due to the lack of 

tools available to monitor and image LH.

There are a number of approaches that have been developed to probe cellular heme, but until 

recently, none to monitor LH or bioavailable heme relevant to its trafficking and role in 

signaling in intact living cells. The most common analytical methods for monitoring heme 

involve disruption of cells or tissues, acid, and/or heat denaturation to remove heme from 

proteinaceous material, heme extraction using organic solvents (e.g., acetone and butanol), 

and finally quantification by (a) UV/visible (UV/vis) spectroscopy of porphyrin π—π* 

transitions, (b) fluorescence spectroscopy of the demetalated porphyrin, or (c) reversed-

phase high-pressure liquid chromatography (HPLC) coupled to UV/vis or fluorescence 
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detectors. 22, 23 However, these methods probe only total heme and do not differentiate 

between kinetically inert and labile heme.

To exact information about bioavailable heme, the activities of various heme-dependent 

enzymes in cell or tissue extracts are often profiled, including cytochrome P450 enzymes 

(ER), tryptophan 2,3-dioxygenase (cytosol), and peroxidases that can be genetically encoded 

and targeted to different subcellular compartments.21, 24–26 Collectively, while these 

methods have served as powerful tools for identifying changes in steady-state heme 

concentration and bioavailability in a number of contexts, including between healthy and 

diseased cells, they suffer from a number of drawbacks that arise from the fact that cells or 

tissues are homogenized and time-intensive heme analyses and enzyme assays are 

employed. These traditional methods (a) cannot probe subcellular heterogeneity in heme 

pools, (b) may artifactually alter bioavailable heme pools due to the repartitioning of heme 

upon cell lysis, (c) may be unsuitable for probing the spatial and temporal dynamics of 

cellular heme due to the challenges associated with quickly purifying organelles and/or 

isolating them in sufficient quantities, and (d) may be blind to cell-to-cell variation in heme 

pools because large populations of cells are required for these traditional methods of heme 

analysis.

More recently, innovative nondisruptive methods for imaging heme have been developed 

that circumvent all the drawbacks associated with the traditional methods of heme 

quantification just described. These new approaches include Raman27 and photothermal lens 

microscopies,28 as well as the development of fluorescent sensors for heme.14, 15 While 

Raman and photothermal lens microscopies are powerful label-free methods for probing 

heme in cells, they report on only the most abundant high-affinity hemoproteins like globins 

and cytochromes because of the poorly defined spectral characteristics of labile heme and 

insufficient sensitivity to resolve the low concentration of this heme pool.27, 28 On the other 

hand, recently developed ratiometric fluorescent reporters for heme have offered 

unparalleled insight into subcellular LH pools relevant for heme trafficking and signaling.

Inspired by a large number of Forster resonance energy transfer (FRET)-based probes for a 

wide range of biological analytes, including transition metals like copper29 and zinc,30–32 

we and others have developed FRET sensors for heme built around hemoprotein scaffolds 

found in Nature. These new heme sensors allow for the dynamic ratiometric imaging of 

heme in intact living cells and subcellular compartments, circumventing the need for cell 

disruption and time-intensive enzyme assays, and have collectively illuminated fundamental 

aspects of heme trafficking, signaling, and cellular dynamics. Song et al. reported the first 

FRET sensor for cellular heme imaging. The sensor, CISDY, consists of a heme sensory 

module containing NEAT domains of two heme transfer chaperones, IsdX1 and IsdC, 

tethered by a linker, and flanked by ECFP and EYFP at the N- and C-termini, respectively 

(Figure 1A). Heme binding induces the heterodimerization of IsdX1 and IsdC, resulting in 

an increase in the FRET efficiency of the ECFP–EYFP pair. Expression of CISDY across 

various human cell lines and in locations spanning the cytosol nucleus, mitochondria, and 

ER not only revealed labile heme levels to be ~20 nM across these compartments but also 

imaged the spatiotemporal dynamics of incorporation of heme into heme deficient cells.
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Contemporaneously, Hanna et al. reported the FRET-based heme sensor 1 (HS1), a fusion of 

cytochrome b562 (Cyt b562), enhanced green fluorescent protein (EGFP), and a red 

fluorescent protein, Katushka 2 (mKATE2)14 (Figure 1B). Binding of heme to Cyt b562, a 

four-helix bundle His/Met heme binding protein from Escherichia coli,33 results in >90% 

quenching of EGFP fluorescence via FRET, whereas fluorescence emission of mKATE2 is 

relatively insensitive to heme binding because it is a poor FRET donor for heme.14 Thus, the 

ratio of heme-sensitive EGFP fluorescence to hemeinsensitive mKATE2 fluorescence 

provides a readout of cellular heme that is independent of sensor concentration. The 

development and application of HS1 to probe heme homeostasis not only serve to highlight 

key principles in sensor development but also have uncovered fundamental insight into heme 

trafficking, dynamics, and signaling.

HEME SENSOR DEVELOPMENT: SUCCESSES AND CHALLENGES

There are a number of key considerations when conceptualizing fluorescent probes for 

heme, including heme selectivity, appropriately tuned heme dissociation constants, and 

minimizing perturbations to heme homeostasis upon sensor expression. The development of 

heme probes CISDY and HS1 highlights both successes and challenges in realizing these 

considerations. In terms of heme selectivity over other potentially interfering metabolites, 

including heme biosynthetic intermediates, e.g., protoporphyrin IX, heme degradation 

products, e.g., bilirubin or biliverdin, and other metals, e.g., iron, copper, or zinc, both 

CISDY and HS1 are selective for heme over protoporphyrin IX, bilirubin, biliverdin, and a 

range of first row transition metals, including manganese, iron, copper, and zinc. The 

success in achieving heme selectivity is likely due to the fact that the heme sensory modules 

of CISDY and HS1 are natural hemoproteins that evolved to utilize heme over other cellular 

metabolites.

In terms of heme binding affinities, the heme dissociation constant, KD, of the probe must be 

tuned such that it is not over- or undersaturated with heme for optimal heme imaging. On the 

basis of the single-site binding model depicted in eqs 1–3, the relationship among labile 

heme concentration, heme sensor KD, and the fractional saturation of the sensor is depicted 

in Figure 2A. It can be seen that the KD of the heme sensor must be similar to the 

concentration of labile heme to ensure that the sensor is 50% bound with analyte so that both 

increases and decreases in heme concentration can be easily monitored.

(1)

(2)
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(3)

The challenge of designing a heme sensor with an appropriate heme binding affinity for 

heme sensing is made even more complicated by the fact that heme can be present in two 

oxidation states, oxidized ferric Fe3+-heme and reduced ferrous Fe2+-heme. The relatively 

reducing cellular environment [Em
cytosol ~ – 320 mV vs the normal hydrogen electrode 

(NHE)], which is governed by the ratio of oxidized to reduced glutathione, coupled with the 

reduction potential of aqueous heme, estimated to be between −50 and −220 mV versus the 

NHE, suggests that LH is biased toward the reduced state.14 However, the actual fraction of 

LH that is reduced is dependent on its speciation and the degree to which it equilibrates with 

the glutathione redox buffer, both of which are unknown.

The prototype heme sensor, HS1, exhibited ferric and ferrous heme KD values of 3 and <1 

nM at pH 7.0, respectively. However, HS1 was quantitatively saturated in cells across 

multiple locales, e.g., cytosol, mitochondria, and nucleus, indicating that its heme affinities 

were too tight for cellular heme sensing. Mutation of the heme-coordinating methionine 

residue to alanine in the Cyt b562 domain of HS1 generated the sensor variant HS1-M7A, 

which exhibited ferric and ferrous heme KD values of 2 µM and 25 nM at pH 7.0, 

respectively. In the yeast cytosol, HS1-M7A was found to be 20–50% saturated, making it 

well suited for heme sensing experiments. However, in the nucleus and mitochondria, HS1-

M7A was found not to bind heme. If LH is largely reduced, these data would suggest that 

the LH concentrations in the cytosol are ~20 and <2.5 nM in the mitochondria and nucleus, 

respectively. However, these estimates of LH would change depending on the degree to 

which LH is oxidized in cells.14 Prima facie evidence for LH being largely reduced comes 

from the observation that the heme sensor CISDY had similar amounts of heme bound as 

HS1-M7A in cells despite having an ~30-fold difference in ferric heme dissociation 

constants, 2 µM for HS1-M7A14 versus 63 nM for CISDY15 at pH 7. If LH were largely 

ferric, the fraction of heme bound to CISDY would be very different from that of HS1-M7A 

(Figure 2A). On the other hand, the similar fraction of heme bound to CISDY and HS1-M7A 

in cells would suggest these sensors have similar ferrous heme affinities, but, unfortunately, 

the affinity of ferrous heme for CISDY was never determined.15 Future work should be 

focused on expanding the range of sensor heme binding affinities and achieving heme 

oxidation-state selectivity to better elucidate the role of LH in heme trafficking, signaling, 

and dynamics in different compartments and cell types.

Another important consideration is the expression of the heme probe. The expression of the 

sensor can alter the observed labile heme pool, and sensor expression can also interfere with 

heme homeostasis or other aspects of metabolism and physiology. Figure 2B depicts the 

relationship among sensor heme binding affinity, sensor expression level, fractional 

saturation of the sensor, and the observed concentration of labile heme. The simulation in 

Figure 2B is based on a hypothetical competition model between heme sensors exhibiting 

varying heme affinities, KD values of 2, 20, and 200 nM, and a cellular heme buffer, present 
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at 20 nM and having a heme KD value of 20 nM, for 20 nM heme. At a low level of sensor 

expression relative to heme, <20 nM, the observed labile heme pool and the heme saturation 

of the sensor are independent of sensor concentration, which reflects the ideal scenario in 

which the sensor is not present at sufficient concentrations to perturb the heme binding 

equilibria of heme buffering factors. As the level of sensor expression exceeds the 

concentration of heme, >20 nM, one observes that the fractional saturation of the sensor 

decreases because of the presence of excess sensor relative to cellular heme. This results in a 

decrease in the concentration of the observed labile heme pool (see eq 3). Lower-affinity 

heme sensors are less disruptive to the measurement of labile heme at higher levels of sensor 

expression, but the trade-off is that they are less saturated with heme (Figure 2B). In 

practice, one can determine the dependence of the observed LH concentration on sensor 

expression by driving sensor expression using regulatable promoters or promoters of 

different strengths,14 or using flow cytometry to correlate cell–cell variations in sensor 

expression on observed LH.31

Another important consideration is that heme sensor expression can impact heme 

homeostasis or other aspects of physiology. To account for this, one should ensure that cells 

expressing the sensor do not exhibit defects in cell viability or the activity of various heme-

dependent functions, e.g., the activities of heme-regulated transcription factors, respiration, 

or catalase activity. Titration of HS1-M7A in yeast cells using strong, medium, and weak 

promoters did not result in changes in the fractional heme saturation of the sensors or defects 

in heme-dependent processes, indicating that heme sensor expression did not itself impact 

heme availability. These types of experiments described for HS1, which are rarely performed 

with most metal sensors, including CISDY,15 are vital for using the sensors to dissect heme 

cell biology in an unbiased manner.

IDENTIFICATION OF HEME TRAFFICKING FACTORS USING HEME 

SENSORS

The development of fluorescence-based heme imaging agents offers an unparalleled set of 

new tools for elucidating heme homeostatic mechanisms and can complement traditional 

molecular genetics and biochemical approaches to identifying heme transport and trafficking 

factors. The ability to utilize genetic approaches to easily dissect heme transport and 

trafficking pathways is complicated by contributions from heme biosynthetic factors.1, 20 

The establishment of Caenorhabditis elegans, a heme auxotroph lacking the heme 

biosynthetic machinery, as a simple animal model for studying heme homeostatic pathways 

in the absence of confounding contributions from heme synthesis has revolutionized our 

ability to study heme transport and trafficking.20 Indeed, several proteins that facilitate the 

intra- and intercellular distribution of heme were identified in C. elegans using heme-

dependent gene expression profiling coupled with gene silencing/overexpression studies and 

phenotypic analyses.20 These heme-regulated genes include cytosolic heme importers 

HRG-1 and HRG-4,34 the intercellular heme chaperone, HRG-3,35 a putative intracellular 

heme chaperone, HRG-2,36 and ABC-type heme exporter MRP-537 (Figure 3). HRG-4, 

which lacks mammalian homologues, localizes to the plasma membrane, whereas HRG-1, 

which is conserved from arthopods to vertebrates, including mammals, is present in 
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endosomal compartments and mobilizes heme into the cytosol. The intercellular heme 

chaperone, HRG-3, is an 8 kDa protein that binds and delivers maternal heme to developing 

oocytes. Heme is exported from cells via the ABC transporter MRP-5/ABCC5.37 In the C. 
elegans hypodermis, HRG-2, a single-pass type I transmembrane protein containing a 

thioredoxin-like fold, facilitates heme utilization, albeit its mechanism of action is not well-

understood.

In addition to the development of tractable genetic model systems like C. elegans for the 

dissection of heme homeostatic pathways, heme trafficking factors have also been 

serendipitously discovered when certain pathological conditions have been studied. For 

instance, cats infected with feline leukemia virus (FeLV) develop aplastic anemia because of 

a loss of erythroid progenitors. It was subsequently determined that the cell surface receptor 

for FeLV, FLVCR1a, a 12-transmembrane domain (TMD) plasma membrane protein of the 

major facilitator superfamily of transporter proteins, was a cytoplasmic heme exporter that 

protects developing erythroid cells from heme toxicity and susceptibility to anemia11, 38 

(Figure 3). Additionally, it was later determined that an alternative transcriptional start site 

located within the first intron of FLVCR1a results in a shorter transcript that produces a 

truncated six-TMD isoform, FLVCR1b, which transports heme out of the mitochondria39 

(Figure 3). In addition, the homologous cell surface protein, FLVCR2, which is also a 

receptor for FeLV and implicated in disorders of the brain vasculature, e.g., Fowler’s 

syndrome, was demonstrated to serve as a heme importer40 (Figure 3).

Biochemically driven approaches to probing heme homeostatic mechanisms have also been 

instrumental. For instance, a number of cellular heme binding proteins (HBPs) have been 

identified on the basis of their interaction with heme-agarose or blue-sepharose columns and 

submicromolar heme dissociation constants. These HBPs include 22 kDa HBP, 23 kDa HBP, 

SOUL, glutathione S-transferase, fatty acid binding protein (FABP), and glyceraldehyde 

phosphate dehydrogenase (GAPDH)1, 20 (Figure 3). However, with the exception of 

GAPDH (vide infra), it is unknown if these proteins play a role in heme trafficking beyond 

simply buffering excess heme.

While genetic and biochemical approaches to characterizing heme homeostasis have been 

incredibly fruitful, the application of fluorescent heme sensors to probe heme trafficking 

pathways promises to greatly expedite the discovery process for uncovering heme 

homeostatic mechanisms across multiple cell types, organisms, and (patho)-physiological 

contexts. Given the widespread availability of instrumentation capable of high-throughput 

fluorescence measurements, including plate readers and flow cytometers, heme sensors like 

CISDY and HS1 can be integrated with genome-wide overexpression or deletion screens to 

rapidly identify new heme homeostatic factors in a deliberate and methodical manner. 

Indeed, this was recently demonstrated when heme sensor HS1-M7A was used to screen the 

Saccharomyces cerevisiae gene deletion collection for genes that impact heme 

bioavailability.14 After a partial screen of the yeast knockout libary, TDH3, encoding 

GAPDH, was found to control cytosolic heme availability; tdh3Δ cells exhibited a 2–4-fold 

increase in HS1-M7A–detected cytosolic labile heme concentration, but not total heme 

concentration. Further, it was found that heme availability to the nuclear heme-dependent 

transcription factor, heme activated protein 1, Hap1p, was diminished in tdh3Δ cells. Taken 
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together, the data are consistent with a model in which GAPDH buffers cytosolic heme and 

regulates its availability to Hap1p. Given that GAPDH is present at concentrations 

approaching ~1 mM41 and it exhibits nanomolar heme dissociation constants,42 it is likely a 

primary constituent of the cytosolic heme buffer. However, it is unclear at this time if 

GAPDH binds and delivers heme directly to Hap1p in the nucleus or if there are other 

intermediary factors involved. It is worth noting that the identification of GAPDH as a heme 

homeostatic factor using the heme sensor was supported by prior biochemical and cell 

biological studies that demonstrated that GAPDH acts as a heme chaperone in mammalian 

cells and can bind and deliver heme to nitric oxide synthase in a NO-dependent manner 

(vide infra).43

ELUCIDATION OF THE SPATIOTEMPORAL DYNAMICS OF HEME USING 

HEME SENSORS

Heme trafficking and signaling necessitate that there is a pool of kinetically labile heme 

(LH) and molecules and mechanisms in place that can safely and rapidly distribute heme for 

a multitude of heme-dependent or regulated processes.20 The subcellular distribution, 

mobilizing factors, and the spatiotemporal dynamics of LH are not well understood. The 

recent development and application of fluorescent heme sensors have illuminated a number 

of critical aspects of cellular heme distribution and dynamics relevant to heme trafficking 

and signaling and promise to continue shedding light on heme mobilization dynamics.

The concentration and distribution of LH define the heme pool that can be utilized for heme 

trafficking and signaling. Heme imaging experiments with heme sensor HS1-M7A revealed 

that the cytosol has the most LH, ~20–40 nM, with the nucleus and mitochondria having 

considerably less LH, <2.5 nM. Given this subcellular distribution of heme, we proposed 

that the cytosol serves as a heme reservoir for trafficking and signaling, with GAPDH 

constituting the bulk of the cytosolic heme buffer (vide supra).14 However, the physiological 

significance of cytosolic LH has yet to be established.

Rather surprisingly, mitochondria, which are sites of heme biosynthesis and have a very high 

demand for heme due to the heme requirements of the respiratory complexes, have a low 

concentration of LH, <2.5 nM or fewer than one molecule.14 For reference, total ferrous 

heme in the yeast mitochondria has been estimated to be ~30 µM, or ~9000 molecules.44 

This low concentration of mitochondrial LH suggests that, once synthesized, matrix heme is 

trafficked in a manner that limits its availability and circumvents the LH pool. This notion is 

consistent with the recent identification of mitochondrial heme metabolism complexes that 

traffic heme via transient protein–protein interactions.45

The nucleus also has a limited LH pool, <2.5 nM or fewer than six molecules. On one hand, 

this small amount of nuclear LH is not surprising given the toxicity of heme and the need to 

limit its exposure to genetic material.2–4 On the other hand, this observation raises the 

intriguing question of how nuclear heme-regulated transcription factors acquire heme given 

that the heme regulatory motifs (HRMs) of many of these factors exhibit micromolar heme 

dissociation constants (vide infra).46
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How dynamic are labile heme pools, and what are the factors that mobilize them for 

trafficking and signaling? Experiments with HS1-M7A probing cellular LH have revealed 

considerable insight into cellular heme dynamics. For instance, flow cytometry of a 

population of exponential-phase yeast cells revealed that there is a dynamic trimodal 

distribution of cells exhibiting high (~40 nM), medium (~20 nM), and low (<1 nM) 

concentrations of LH, suggesting LH may be dynamically regulated.14 It is tempting to 

speculate that this trimodal distribution may be due to a mixed population of cells in 

different phases of the cell cycle, e.g., G1, S, and G2/M phases, or metabolic cycle, e.g., 

oxidative (Ox), reductive/building (RB), or reductive/charging (RC) phases.47 Indeed, with 

respect to the latter, the expression of genes involved in heme biosynthesis and degradation, 

as well as the concentration of heme biosynthetic intermediates, exhibits periodic 

oscillations corresponding to different metabolic states.47 However, further experiments are 

required to establish the origin and physiological consequences of the cell-to-cell 

heterogeneity in LH.

The signaling circuits that couple heme mobilization to heme utilization are poorly 

understood. One possibility is that there are transient and/or periodic changes in heme 

synthesis and degradation for controlling heme-regulated factors, as was demonstrated 

during metabolic cycling47 (vide supra). Another possibility is that there are physiological 

stimuli that can mobilize or redistribute LH for use in signaling or trafficking. Two notable 

examples of this stem from prior work demonstrating the ability of signaling molecules like 

hydrogen peroxide (H2O2) and nitric oxide (NO) to mobilize subcellular heme pools. For 

instance, in yeast, H2O2 triggers heme transfer between cytochrome c peroxidase (Ccp1p) 

and catalase (Cta1p) in the mitochondria.48 Respiratory chain-derived H2O2 labilizes heme 

from Ccp1 by oxidizing heme-coordinating His175 to 2-oxo-His, leading to heme labilization 

and transfer to Cta1p.

NO also profoundly impacts LH dynamics and heme bioavailability. For instance, Stuehr 

and colleagues found that NO blocked insertion of heme into a number of hemoproteins, 

including inducible nitric oxide synthase (iNOS), hemoglobin, catalase, and cytochrome 

p450 enzymes.43, 49 Using iNOS as a model hemoprotein to elucidate the mechanism of 

NO-regulated heme insertion, it was found that GAPDH is a heme chaperone that regulates 

insertion of heme into iNOS in a NO-dependent manner. S-Nitrosation of GAPDH at Cys152 

weakened heme–GAPDH interactions and prevented GAPDH from transferring heme to 

iNOS.

In addition, NO mobilizes cell-wide heme pools. On the basis of experiments performed 20 

years ago in endothelial cells demonstrating that NO increases the size of cellular iron pools 

due to the enhanced activity of the heme-degrading enzyme, heme oxygenase, it was 

proposed that NO induced the release of heme from a number of hemoproteins.50 

Application of heme sensor HS1-M7A in yeast cells provided a direct demonstration of NO-

mediated heme mobilization for the first time.14 Treatment of yeast cells with the small 

molecule NO source, NOC-7, resulted in a rapid increase in the LH concentration in the 

cytosol (from 17 to 40 nM) and nucleus (from <2.5 to 218 nM) within 20 min, followed by a 

slower re-establishment of the initial steady-state heme levels over the course of ~80 min. 

However, at this time, a proteome-wide description of proteins that bind and release heme in 
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an NO-dependent manner is not known, and the physiological consequences of NO-

mediated heme mobilization, and in particular the reason for the exquisite sensitivity of 

nuclear LH to NO, are not understood.

Mechanistically, there are a number of pathways that may lead to NO-dependent heme 

release and mobilization from cellular factors. For instance, nitrosylation of ferrous 

hemoproteins can labilize the trans ligand, e.g., His, and weaken the heme affinity, causing 

heme release. 51, 52 Alter-natively, S-nitrosation of certain heme-coordinating cysteine 

thiols53 or allosteric Cys sites that may impact heme binding43 can also result in heme 

dissociation. Indeed, the thiol-specific alkylating agent, iodoacetimide (IAM), impacted NO-

dependent changes in LH as measured by HS1-M7A, suggesting that the sites of heme 

mobilization may in fact be thiol-containing factors.14 Importantly, hydrogen sulfide (H2S), 

another physiologically relevant signaling molecule, may labilize heme and regulate heme 

mobilization in a manner analogous to that of NO.54 For instance, H2S may bind and reduce 

the heme iron center, releasing ferrous heme in proteins that bind it more weakly than ferric 

heme. Alternatively, H2S-dependent persulfidation may result in allosteric changes in certain 

hemoproteins that result in heme dissociation.

NATURE OF HEME SIGNALING

Long conceptualized to act solely as a protein cofactor, heme serves as a dynamic signaling 

molecule, as strongly suggested by more recent studies. Here we discuss the meaning of 

heme signaling and how the distribution and spatiotemporal dynamics of LH may impact 

heme signaling pathways. We define heme-based signal transduction as any pathway in 

which binding of heme to or dissociation of heme from a target protein alters its activity, 

leading to changes in metabolism and physiology. A defining feature of heme signaling is 

that there is a distribution of heme-bound and unbound states of the target protein during 

active signaling. By this definition, heme signaling does not include the large number of 

heme-dependent proteins like respiratory complexes and enzymes like cytochrome P450s 

that are found almost exclusively in their heme-bound states and not regulated at the level of 

heme binding or dissociation. Therefore, a thermodynamic signature of heme signaling is 

that the heme dissociation constant of the target protein is similar in magnitude to the local 

LH pool, i.e., KD ~ [LH]. If KD ≫ [LH] or KD ≪ [LH], large fluctuations from the steady-

state LH concentration are required to support heme-based signaling, which would pose 

significant energetic barriers.

There are a number of illustrative examples of heme signaling in Nature on which 

fluorescent heme probes have shed light. For instance, binding of heme to a number of 

nuclear transcription factors, including Hap1 in yeast and p53, Bach1, Rev-erb-α, and Rev-

erb-β in mammals, alters their activity and collectively impacts diverse functions spanning 

oxygen sensing, iron homeostasis, the antioxidant stress response, mitochondrial respiration 

and biogenesis, mitophagy, apoptosis, circadian rhythms, cell cycle progression, and 

proliferation. 7–9, 46, 55–58 As noted earlier, many heme-regulated nuclear transcription 

factors exhibit micromolar heme dissociation constants,8, 46 but that of nuclear labile heme 

was found to be <2.5 nM.14 This would suggest that these transcription factors are not 

populated with enough heme to alter their transcriptional activity. One explanation is that the 
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affinities of many heme-regulated factors are mischaracterized. Indeed, a re-evaluation of the 

heme dissociation constant of HRM-containing transcription factor Rev-erbβ found that 

heme binds 100-fold tighter than previously estimated, ~20 nM versus 2–6 µM.59 A number 

of factors likely contribute to the mischaracterization of heme binding affinities, including 

the propensity of heme to aggregate in aqueous buffers60 and the characterization of peptide 

fragments of the heme binding domains rather than the full length native proteins.46 With 

regard to the latter, as heme binding is a combination of heme iron axial ligand coordination, 

protein–porphyrin hydrophobic interactions, and ionic interactions between the heme 

propionates and charged protein residues, peptide fragments of native proteins are likely 

devoid of many key structural determinants of the energetics of heme binding.61

Another intriguing possibility to account for the population of low-affinity heme regulatory 

sites of transcription factors with heme is that there may be transient increases in LH 

concentration caused by active signaling processes. Indeed, this concept is supported by the 

fact that signaling molecules like NO can result in a >10-fold increase, from <2.5 nM to as 

much as ~200 nM, in nuclear LH concentration as determined using heme sensor HS1-

M7A.14

Heme can also regulate certain ion channels.62, 63 For instance, binding of heme to His and 

Cys residues on a cytoplasmic CXXHX16H motif of cardiac KATP channels results in 

increased currents.63 Heme increases KATP currents in a dose-dependent manner with a 

maximal response achieved with 500 nM heme, and the half-maximal increase in KATP 

channel open probability was achieved with ~100 nM heme. These regulatory concentrations 

of heme are in the physiological range of cytosolic LH, found to be ~20–40 nM using heme 

sensors HS1-M7A and CISDY.14, 15 Thus, these KATP channels are heme sensors, and their 

activity can be dramatically altered with even small perturbations to LH.

Another very interesting case of heme signaling is the ability of heme to regulate micro 

RNA (miRNA) processing.64 Heme activates DGCR8, a RNA binding protein that 

cooperates with the RNase III enzyme Drosha to recognize and cleave long primary 

transcript pri-miRNA into precursor miRNAs (pre-miRNAs) in the nucleus. Ferric and 

ferrous heme dissociation constants for DGCR8 were estimated to be <200 fM and >1 µM, 

respectively,64 leading to the conclusion that ferric heme is the active effector for DGCR8-

mediated miRNA processing. However, the current lack of oxidation-state specific heme 

sensors makes it difficult to evaluate the relative contributions of ferric versus ferrous LH 

toward heme signaling processes.

CONCLUSION

The past decade has witnessed an explosion in our understanding of heme cell biology. The 

development of new and innovative genetic, biochemical, and biophysical approaches, and 

in particular fluorescent heme imaging platforms, has revealed unprecedented insight into 

heme transporters and chaperones, and the spatiotemporal dynamics of labile heme relevant 

to its trafficking and role in signaling. The continued development of next-generation heme 

sensors with an expanded range of heme binding affinities, oxidation-state selectivities, and 

fluorescence emission wavelengths for simultaneous imaging of different subcellular 
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compartments and tissues will greatly expand the tools available to deepen our 

understanding of heme trafficking and signaling in multiple organisms and physiological 

contexts.
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Figure 1. 
Genetically encoded fluorescent heme sensors (A) CISDY and (B) HS1. Panel A was 

adapted with permission from ref 14. Copyright 2015 American Chemical Society. The 

molecular model of HS1 was generated using PyMol and is derived from the X-ray 

structures of mKATE [Protein Data Bank (PDB) entry 3BXB] and CG6 (PDB entry 3U8P).
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Figure 2. 
Simulations of the dependence of the (A) fractional heme saturation of the sensor on labile 

heme concentrations and (B) observed labile heme concentration and fractional saturation of 

the heme sensor on sensor expression level. (A) The relationship between labile heme 

concentration and fractional heme saturation of the sensor is shown for sensors with heme 

dissociation constants of 2000 nM (black), 200 nM (red), 20 nM (yellow), 2 nM (green), and 

0.2 nM (blue). Optimal heme sensing is achieved when the Kd of the heme sensor is similar 

to the concentration of labile heme. The simulation is based on the model depicted in eqs 1–

3. (B) Dependence of the observed sensor fractional saturation (dashed lines) and the 

concentration of labile heme (solid lines) on sensor expression. The simulations were 

conducted using Hyperquad Simulation and Speciation HySS 2009, assuming a hypothetical 

competition between the heme sensor and a cellular heme buffer, present at 20 nM and 

having a heme KD value of 20 nM, for 20 nM heme. Simulations are shown for three sensors 

with KD values of 2 nM (orange and red), 20 nM (green and black), and 200 nM (light blue 

and dark blue).
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Figure 3. 
Model of eukaryotic heme transport and trafficking. The final step of heme synthesis occurs 

in the mitochondrial matrix, and heme must be transported out of the mitochondria and 

incorporated into a multitude of hemoproteins found in different compartments. This process 

is likely mediated by heme chaperones and transporters. Proteins previously implicated in 

heme transport, trafficking, or buffering are identified, and trafficking pathways that are 

currently unknown are marked with question marks.
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