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Abstract 
 
Heme oxygenases (HO) detoxify heme by oxidatively degrading it into carbon monoxide, iron, 
and biliverdin, which is reduced to bilirubin and excreted. Humans express two isoforms: 
inducible HO-1, which is up-regulated in response to various stressors, including excess heme, 
and constitutive HO-2. While much is known about the regulation and physiological function of 
HO-1, comparatively little is known about the role of HO-2 in regulating heme homeostasis. The 
biochemical necessity for expressing constitutive HO-2 is largely dependent on whether heme is 
sufficiently abundant and accessible as a substrate under conditions in which HO-1 is not 
induced. By measuring labile heme, total heme, and bilirubin in human embryonic kidney 
HEK293 cells with silenced or over-expressed HO-2, and various HO-2 mutant alleles, we found 
that endogenous heme is too limiting to support HO-2 catalyzed heme degradation. Rather, we 
discovered that a novel role for HO-2 is to bind and buffer labile heme. Taken together, in the 
absence of excess heme, we propose that HO-2 regulates heme homeostasis by acting as a 
heme buffering factor in control of heme bioavailability. When heme is in excess, HO-1 is 
induced and both HO-2 and HO-1 can provide protection from heme toxicity by enzymatically 
degrading it. Our results explain why catalytically inactive mutants of HO-2 are cytoprotective 
against oxidative stress. Moreover, the change in bioavailable heme due to HO-2 
overexpression, which selectively binds ferric over ferrous heme, is consistent with the labile 
heme pool being oxidized, thereby providing new insights into heme trafficking and signaling. 
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Introduction 
 

Heme is an essential but potentially cytotoxic metallocofactor and signaling molecule (1-
10). Consequently, cells must tightly regulate the concentration and bioavailability of heme 
(8,11-14). In mammals, the total intracellular concentration of heme is governed by the relative 
rates of de novo synthesis, degradation, import, and export. The atomic resolution structures 
and chemical mechanisms of all the heme biosynthetic and catabolic enzymes are known and 
well understood (11,15). While cell surface heme importers (16) and exporters (17,18) have 
been identified,  their molecular mechanisms remain poorly characterized and, outside of 
developing red blood cells in the case of heme exporters, the physiological context in which 
they function is unclear and controversial (19). The bioavailability of heme, which is 
comparatively less well understood, is governed by a poorly characterized network of heme 
buffering factors, intracellular transporters, and chaperones that ensure heme is made 
available for heme dependent processes located throughout the cell.  

When cells are confronted with excess heme, heme synthesis is down-regulated 
(11,20,21) and heme can be detoxified by storage into lysosome-related organelles (22,23), 
export (24,25), or degradation (26-31). Arguably, the best understood mechanism for heme 
detoxification is through the heme catabolism pathway. The first and rate-limiting step of heme 
degradation is catalyzed by the heme oxygenases (HO) (32,33). Mammals encode two HO 
isoforms, inducible HO-1 and constitutive HO-2 (34-37). HO-1 and HO-2 are structurally similar, 
both in primary sequence and tertiary structure, operate using the same chemical mechanism, 
and exhibit similar catalytic properties, including Michaelis constants (KM) and maximal 
velocities (Vmax) (37-39). HOs, which are primarily anchored into the endoplasmic reticulum (ER) 
membrane and whose active sites face the cytoplasm, bind oxidized ferric heme in its resting 
state using a histidine axial ligand. Upon reduction, using electrons from the NADPH-
cytochrome P450 reductase (CPR) system, and dioxygen binding (O2), HOs catalyze the 
oxidative degradation of heme to form biliverdin, ferrous iron (Fe2+), and carbon monoxide (CO) 
(40-44). Biliverdin is subsequently rapidly metabolized to bilirubin via a NADPH-biliverdin 
reductase and expelled from cells (45,46). Given that heme catabolites Fe2+, CO, biliverdin, and 
bilirubin have their own distinct beneficial or detrimental effects on cell physiology in various 
contexts, the activity of HO enzymes and availability of its heme substrate can impact 
metabolism in numerous ways (32,47-55). 

While the structures and mechanisms of HO-1 and HO-2 are largely the same (37-
39,41,43,56), the regulation and expression of these two enzymes is very different (27,31,35). 
HO-1, which is comparatively far better understood, is induced by excess heme, as well as 
several non-heme stressors like oxidative stress, infection, and exposure to various xenobiotics 
(57-61). HO-2, on the other hand, is constitutively expressed across all tissues and cell types, 
being most abundant in the brain and testis (34,35). The current rationale for dual mammalian 
HO isoforms is that HO-2 provides a baseline level of protection from heme in the absence of 
cellular stressors that would otherwise induce HO-1. However, the biochemical necessity for 
expressing constitutive HO-2 is largely dependent on whether sufficient heme is available as a 
substrate under conditions in which HO-1 is not induced.  

Total cellular heme in yeast and various non-erythroid human cell lines is on the order 
of 1-20 µM (62-67). All heme in the cell partitions between exchange inert high affinity 
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hemoproteins, such as cytochromes and other heme enzymes, and certain exchange labile 
heme complexes that buffer free heme down to nanomolar concentrations (8,12-14,63,68,69). 
The factors that buffer heme are poorly understood, but likely consist of a network of heme 
binding proteins, nucleic acids, and lipid membranes (8,12-14,63,66,67,70,71). Labile heme (LH) 
may act as a reservoir for bioavailable heme that can readily exchange with and populate heme 
binding sites in heme dependent or regulated enzymes and proteins. The nature of LH, 
including its speciation, oxidation state, concentration and distribution are not well understood, 
but may be relevant for the mobilization and trafficking of heme. It is currently not known what 
the source of heme is for HOs, i.e. whether it is buffered free heme, certain labile heme 
complexes, or a dedicated chaperone system that traffics and channels heme to HO in a 
manner that bypasses the LH pool.  

The recent development of fluorescence and activity-based heme sensors has offered 
unprecedented insights into labile heme and their diverse roles in physiology (63,68,69,72,73). 
Strictly speaking, these probes report on the availability of heme to the sensor, not necessarily 
free heme coordinated by water (8,13,74). In other words, the heme occupancy of the sensor is 
dictated by the extent to which the labile heme pool can exchange with the probe. However, 
many investigators convert the fractional heme loading of a probe to a buffered free heme 
concentration, which can be done if the heme-sensor dissociation constant is known. While 
problematic in that the sensor may not be probing “free heme”, it nonetheless provides a 
measure of labile heme since the calculated concentration of free heme is related to sensor 
heme occupancy.  

In intact living yeast and various non-erythroid human cell lines, estimates of buffered 
free heme based on genetically encoded heme sensors are on the order of ~5-20 nM 
(63,68,69). If free heme is a heme source for HO-2, which has a KM value of 400 nM for heme 
(37), it is expected to be less than 5% active (Figure 1, black curve), assuming other HO 
substrates, e.g. CPR and O2 are not limiting. In contrast, using heme reporters in human 
embryonic kidney HEK293 and human lung fibroblast IMR90 cell extracts, it was found that free 
heme was as high as 400-600 nM (73,75), corresponding to heme concentrations in which HO-2 
is ~50% active (Figure 1, black curve). Given the relatively large span in estimates of free heme 
using different detection methods, between 20 and 600 nM, it is not clear how active HO-2 is, 
raising the intriguing possibility that it may have alternative roles in heme cell biology distinct 
from enzymatic heme degradation. Indeed, prior reports have found that enzymatically inactive 
HO-2 alleles can rescue cells from oxidative stress (76). Alternatively, if heme were delivered to 
HO-2 using a specific heme delivery system that bypasses LH, the activity of HO-2 would be 
dependent on access to such heme chaperones, making LH or buffered free heme irrelevant 
towards understanding the activity of HO-2 in cells.  

An alternative model for constitutive HO-2 function is that it acts as a component of a 
larger network of proteins that buffer heme. The ferric heme dissociation constant (KD

III) for 
HO-2 is 3.6 nM (77) and, at the lower estimates of buffered free heme concentrations, is 
expected to be fractionally populated with heme (Figure 1, red curve). As such, HO-2 may act in 
a larger network of exchange labile heme complexes and serve as an access point for heme 
distribution, possibly to the ER. Such a model would require that LH is largely oxidized and 
exchangeable with HO-2 and would predict that perturbations in HO-2 expression will perturb 
LH or buffered free heme. 
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In the present report, using the model human cell line, HEK293 cells, we sought to 
determine if endogenous LH is sufficiently accessible and abundant for HO-2 to be actively 
catabolizing heme and establish the oxidation state of LH. HEK293 cells were chosen because of 
extensive prior work in these cell lines probing HO-2 function (64,76,78) and labile heme (67-
69,73). By measuring labile heme, total heme, and bilirubin in HEK293 cells with silenced or 
over-expressed HO-2, and various mutant HO-2 alleles, we found that heme is accessible to HO-
2, but too limiting to support a role for HO-2 in actively degrading heme. Rather, our data 
support a role for HO-2 in regulating heme bioavailability by buffering it. Moreover, the change 
in LH due to HO-2 overexpression is consistent with LH being largely oxidized. Altogether, our 
findings force us to re-think the physiological role of constitutive HO-2 in cell types that have 
limiting levels of LH to support its catalytic activity. 
 
Results 
 
Measuring labile heme in HEK293 cells. In order to determine how active HO-2 is in HEK293 
cells, we first sought to determine the amount of cytosolic labile heme. Towards this end, we 
transiently transfected previously described genetically encoded fluorescent heme sensors into 
HEK293 cells and analyzed labile heme levels using flow cytometry. Heme sensor 1 (HS1) is a tri-
domain construct consisting of a heme binding domain, cytochrome b562 (Cyt b562), an enhanced 
green fluorescent protein (eGFP) whose emission is quenched by heme, and a red fluorescent 
protein (mKATE2) whose emission is relatively unaffected by heme (63). Thus, the 
eGFP/mKATE2 fluorescence ratio of HS1 decreases upon heme binding and is a reporter of the 
buffered exchange labile or bioavailable heme pool in cells. 
 We analyzed intracellular labile heme (LH) using the high affinity heme sensor, HS1, 
which binds heme using Cyt b562 Met7 and His102, a moderate affinity heme sensor, HS1-M7A, 
and a variant that cannot bind heme, HS1-M7A, H102A (63). Between pH 6.8 – 7.4, the 
consensus range of cytosolic pH values reported for HEK293 cells (79-81), the ferric and ferrous 
heme dissociation constants for HS1 are KD

III = 3 nM and KD
II = 1 pM and for HS1-M7A are KD

III = 

1 M and KD
II = 25 nM (62,63). As shown in Figures 2a and 2b, flow cytometric analysis of HS1 

eGFP/mKATE2 fluorescence ratios indicate that it is heme responsive. Compared to cells 
cultured in regular media (Reg Media), HS1 expressed in HEK293 cells depleted of intracellular 
heme by culturing in heme deficient (HD) media and with the heme biosynthetic inhibitor 
succinylacetone (SA) for 24 hours have a characteristically high median eGFP/mKATE2 

fluorescence ratio. In contrast, cells cultured with 10 M heme for 24 hours have a 
characteristically low median eGFP/mKATE2 fluorescence ratio (Figures 2a and 2b). On the 
other hand, HS1-M7A and HS1-M7A, H102A are not heme responsive since eGFP/mKATE2 

fluorescence ratios were not sensitive to heme depletion (HD+SA) or heme excess (10 M 
heme) (Figures 2a and 2b). In toto, assessment of the median eGFP/mKATE2 fluorescence ratios 
from replicate flow cytometry data (Figure 2b) indicate that HS1 binds heme tightly enough to 
measure endogenous LH in cells, but HS1-M7A does not.   
 In order to better quantify LH, we adapted a previously developed sensor calibration 
protocol to relate the sensor fluorescence ratios to its heme occupancy (63). The fractional 
saturation of the heme sensor is governed by Equation 1 (63): 
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% 𝐻𝑒𝑚𝑒 𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 =
𝑅−𝑅𝑚𝑎𝑥

𝑅𝑚𝑎𝑥−𝑅𝑚𝑖𝑛
× 100   Equation 1 

 
where R is the eGFP/mKATE2 fluorescence ratio under any given experimental condition, Rmax is 
the eGFP/mKATE2 fluorescence ratio when the sensor is saturated with heme, and Rmin is the 
eGFP/mKATE2 fluorescence ratio when the sensor is depleted of heme. Rmax is determined by 
permeabilizing cells with digitonin and adding an excess of heme to drive heme binding to the 
sensor (“Heme Saturation” in Figures 2a and 2b). Rmin is determined by growing cells with 
succinylacetone (SA) in media that was depleted of heme (HD) (“HD + SA” in Figures 2a and 2b). 
Analysis of the median fluorescence ratios from replicate flow cytometry measurements (Figure 
2b) indicate that the heme occupancies of HS1 and HS1-M7A are ~50% and ~0%, respectively, 
when HEK293 cells are cultured in regular media.  

Cells that accumulate excess intracellular heme, up to 30 M, by supplementation with 

350 M 5-aminolevulinic acid (ALA), a heme biosynthetic precursor, to induce heme synthesis 

or with 10 - 50 M exogenous heme, saturate HS1 to nearly ~100% heme occupancy (Figures 2c 
and 2d). As a consequence, ALA supplementation can also be used as a calibration control to 
saturate HS1 in control experiments to establish % heme occupancy. In contrast, HS1-M7A 
heme occupancy remains at ~0% with ALA supplementation and only increases to ~30% 

fractional heme saturation when intracellular heme approaches 30 M with exogenous heme 
supplementation (Figures 2c and 2d).  
 If one assumes the sensor is binding free heme, the concentration of buffered free heme 
can be determined by Equation 2 (63): 
 

 [Heme] =  
  × 𝐾𝐷

100−
     Equation 2 

 

where KD is the heme sensor-heme dissociation constant and  is the heme occupancy of the 
sensor defined by Equation 1. If one assumes LH is largely reduced, the buffered free heme 
concentration can be estimated to be ~ 1 pM in HEK293 cells cultured in regular media by 
assuming the HS1 median Rmin, Rmax and R values from Figure 2b or 2c, as well the HS1 KD

II value 
of 1 pM. On the other hand, if one assumes LH is largely oxidized, the buffered free heme 
concentration can be estimated to be ~5 nM, assuming a HS1 KD

II value of 3 nM and the 
aforementioned median Rmin, Rmax and R values from Figures 2b or 2c.  

Uncertainties in the concentration of free heme stems from a lack of knowledge of the 
specific oxidation state of LH, which is addressed further below, and a means to precisely 
determine Rmin. The variation in the concentrations of free heme can be estimated based on the 
HS1 and HS1-M7A heme occupancies, their ferric or ferrous heme dissociation constant values, 
and assumptions about the oxidation state of LH (Figure 2e). Regarding Rmin, since heme is 
absolutely required for human cell lines, heme depletion by culturing cells in HD+SA media does 
not completely eliminate intracellular heme and results in only a 2-fold decrease compared to 
cells cultured in regular media (Figure 2d) (64). Past studies in Saccharomyces cerevisiae, which 
can be cultured in the complete absence of heme if supplemented with oleic acid and 
ergosterol, found that labile heme is depleted by > 90% when total heme is diminished by only 
2-fold due to SA treatment (62). The degree to which HEK293 cells are yeast-like in the 
sensitivity of their LH pools to heme depletion will dictate the accuracy of Rmin and therefore 
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sensor heme occupancy and [LH]. Irrespective of the precise values of buffered free heme and 
Rmin, or if free heme even exists, the eGFP/mKATE2 fluorescence ratios of HS1, relative to 
observed Rmin and Rmax values, can nonetheless be used as a readout of sensor heme loading 
and exchange labile heme.  
  
HO-2 regulates heme bioavailability but not heme degradation in HEK293 cells. Having 
established that we can probe LH in HEK293 cells using HS1, we next sought to determine the 
effects of HO-2 silencing on the intracellular concentrations of labile heme, total heme, and 
bilirubin, a readout of HO activity. Silencing HO-2 using small interfering RNA (siRNA) resulted in 
~80% depletion of steady-state HO-2 levels and did not alter HO-1 expression (Figure 3a). HO-2 
silencing results in a small but statistically significant increase in LH, with the median 
eGFP/mKATE2 fluorescence ratio decreasing from 1.1 to 0.9, which corresponds to a 11% 
increase in HS1 heme occupancy, from 63% to 74% (Figure 3b). In contrast, the cellular heme 
degrading activity of HOs are not affected by HO-2 as evidenced by total heme (Figure 3c) and 
bilirubin levels (Figure 3d) being unchanged by ablating HO-2. Heme degrading activity only 
increases when cells are challenged with elevated intracellular heme. Cells cultured with 350 

M ALA, which increases total and labile heme (Figure 2d), exhibit significantly elevated 
bilirubin levels (Figure 3d). Cells cultured with ALA have elevated HO-1 expression, up to ~10-
fold, with no change in HO-2 levels (Figure 3a). In total, our data indicate that HO-2 expression 
affects LH but not heme degradation in HEK293 cells. 
 
HO-2 over-expression decreases heme availability in a manner that does not require its 
catalytic activity. Having established that HO-2 depletion increases LH, we sought to determine 
if HO-2 overexpression could decrease it. Towards this end, an HO-2 overexpression plasmid 
was transiently transfected into HEK293 cells, resulting in greater than 10-fold increase in HO-2 
expression, without affecting HO-1 expression (Figure 4a). Moreover, ALA-induced 
overproduction of heme does not alter steady-state HO-2 levels like it does with HO-1, which is 
induced by heme (Figure 4a). HO-2 overexpression does not affect total heme in either heme-
deplete or replete conditions (Figure 4b) or alter bilirubin levels (Figure 4c). To rule out the 
possibility that electron delivery to the heme oxygenase system via CPR may limit heme 

oxygenase activity (76,78), we also assessed bilirubin production upon addition of 350 M ALA 
to increase heme synthesis and found that HO-2 overexpressing cells had a concomitant 
increase in bilirubin levels (Figure 4c). Interestingly, HO-2 overexpression significantly depletes 
LH in the cytosol, resulting in a shift in HS1 heme occupancy from ~55% to 0% (Figure 4d). Using 
heme sensors targeted to the nucleus and mitochondrial network (Figure S1), we found that 
HO-2 overexpression likewise depletes nuclear LH but does not affect mitochondrial matrix LH 
(Figure 4d). 
 We next sought to determine which features of the HO-2 polypeptide are required for 
its ability to deplete LH when overexpressed (Figure 5a). Mutation of the active site heme-
binding histidine residue to alanine (H45A) results in a HO-2 mutant that is catalytically inactive, 
but retains the ability to weakly accommodate heme (64,82). Overexpression of HO-2 H45A 
depletes LH, just as WT HO-2 (Figure 5b). However, consistent with the diminution of the HO-2 
H45A affinity for heme, there is more LH in cells overexpressing the H45A mutant compared to 
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WT HO-2 in regular media; the HS1 heme occupancies in cells overexpressing WT HO-2 and the 
H45A mutant are 6% and 20%, respectively.  

HO-2 also contains heme regulatory motifs (HRMs), which bind heme through cysteine 
within a cysteine-proline (CP) sequence and often a distal histidine (83,84). In most proteins, 
the HRMs regulate protein degradation; however, in HO-2, the HRMs affect protein dynamics 
(39) and in transfer and loading of heme to the catalytic center (85), but does not otherwise 
affect protein stability or activity (64). We find that mutation of one or both C-terminal HRMs, 
C265A and/or C282A, do not affect the ability of overexpressed HO-2 to reduce LH (Figure 5b).  

Lastly, we tested if mutation of the heme binding pocket affected LH. A H45W/G159W 
HO-2 mutant cannot bind heme (85) and is unable to deplete labile heme when over-expressed 
(Figure 5b). Importantly, the HO-2 mutations tested still resulted in high levels of steady-state 
expression of HO-2 (Figure 5c). Only the H45W/G159W mutant exhibited a decrease in protein 
expression compared to the other HO-2 variants, consistent with a prior study (64). However, 
the ~50% decrease in expression of the H45W/G159W mutant is not the reason why this 
variant cannot deplete LH. If H45W/G159W HO-2 could deplete labile heme as the other HO-2 
variants, but was expressed at half the level, then it would still diminish LH, but to a lower 
degree relative to the other HO-2 variants. Also of note, localization to the ER (Figure S2) and 
total heme levels (Figure 5d) are unaffected by the HO-2 mutations tested (64). Parenthetically, 
the ER-localization of HO-2 is not required for heme sequestration since a mutant lacking the 
ER-tethering C-terminal tail still depletes LH (Figure S3). Altogether, our data indicate that HO-2 
overexpression depletes labile heme due to its ability to bind and sequester heme, not because 
of its ability to catalytically degrade heme. 
 
Labile heme is largely oxidized in HEK293 cells. Since HS1, which is ~50% heme occupied in 
HEK293 cells, can bind both oxidation states of heme tightly, with KD

III and KD
II values of 3 nM 

and 1 pM, respectively, the oxidation state of LH was unclear. The corresponding buffered free 
heme concentrations would span a range between 1 pM and 5 nM if it were fully reduced or 
oxidized, respectively (Figure 2e). Since HO-2 selectively binds ferric over ferrous heme, with a 
KD

III = 3.6 nM (77) and KD
II = 320 nM (86), the observed changes in HS1 heme occupancy upon 

depletion or overexpression of HO-2 is consistent with LH being largely oxidized. If LH were 
reduced, changes in HO-2 expression over the concentration span observed in our work would 
not perturb HS1 heme occupancy due to the large difference in ferrous heme binding affinities, 
KD

HS1 = 1 pM and KD
HO-2 = 320 nM.  

To graphically illustrate this point, HS1 heme occupancy as a function of HO-2 
expression (Figure 6) was modeled using the equilibria depicted in Equation 3 and described in 
greater detail in Supplementary Information.  
 

HO-2-Heme + HS1 ⇌ HS1-Heme + HO-2    Equation 3 
 
Parameters of the model include the competition constant, KComp, which is defined as the ratio 
of KD

HS1 to KD
HO-2, and the concentrations of HS1 and heme. KComp was fixed as either 0.8 for 

ferric heme (KD
HS1 = 3.0 nM and KD

HO-2 = 3.6 nM) or 3.3 x 10-6 for ferrous heme (KD
HS1 = 1 pM and 

KD
HO-2 = 320 nM). The HS1 heme occupancy was simulated for a variety of concentrations of 

sensor and heme (Figure 6 and Figure S4). The HO-2 concentration in cells is 10 nM (Figure S5), 
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with overexpression resulting in a ~10-fold increase in expression (64) (Figure 4a) and silencing 
resulting in ~80% reduction in expression (Figure 3a). The concentration of HS1 in cells is on the 
order of ~10 nM (63,67). If LH was oxidized, alterations in HO-2 expression between 1 - 100 nM 
would be expected to alter HS1 heme occupancy, as was observed (Figure 6a). On the other 
hand, if LH were reduced, HO-2 concentrations would have to approach mM levels to alter HS1 
heme loading (Figure 6b). Taken together, the change in HS1 heme occupancy due to HO-2 
expression is consistent with LH being oxidized. If one assumed HS1 were sensing free heme, it 
would translate to a buffered free heme concentration on the order of 5 nM in HEK293 cells. 
This conclusion supports our findings that heme may be too limiting for HO-2 (KM = 400 nM) to 
be active in HEK293 cells and explains why bilirubin levels are not altered in response to HO-2 
depletion or overexpression.  
 
Discussion. 
 

Heme oxygenases are arguably the best characterized systems for degrading and 
detoxifying excess heme (26-31). Mammals encode two HO isoforms, an inducible HO-1 and a 
constitutive HO-2 (32-37). The current conceptual paradigm for dual HOs is that HO-2 functions 
to degrade a baseline level of heme under homeostatic conditions and inducible HO-1 provides 
additional protection against heme toxicity in response to various stressors, including excess 
heme, oxidative insults, and exposure to various xenobiotics (57-61). However, prior to this 
work, it was unclear if endogenous heme was sufficiently available as a substrate for HO-2 (78).  

A priori, in conceptualizing cellular heme, one can consider total heme to be the sum of 
the contributions from heme bound to exchange inert and labile heme complexes and unbound 
free heme. Therefore, heme availability to HOs is dependent upon its access to certain labile 
heme complexes that can exchange with HO or free heme. Degrading heme from exchange 
inert heme complexes requires a mechanism for heme dissociation, likely involving 
proteasomal or lysosomal protein degradation and ultimately release of heme into exchange 
labile heme complexes or an unbound free state. Given the large complement and 
concentration of biomolecules that could associate with heme, including proteins, nucleic acids, 
lipids, and an assortment of small molecules, free heme is buffered to very low concentrations.  

The recent development of heme sensors from a number of labs has enabled 
measurements of chelatable heme. Strictly speaking, these sensors measure exchangeable 
heme available to the sensor, not necessarily free heme. Thus, sensor heme occupancy is the 
best parameter to report when interpreting changes in heme availability. On the other hand, if 
one assumes cellular chelatable heme is unbound, sensor heme occupancy values can be 
converted to a buffered free heme concentration. Using a number of different heme reporters 
across various eukaryotic cell lines, from yeast to a number of non-erythroid human cell lines, 
buffered free heme concentrations have been estimated to be between 5 and 600 nM 
(63,68,73,75). Given this ~100-fold span in free heme, which is also a proxy for exchange labile 
heme, it was not known how active HO-2 would be. Moreover, since HO-2 binds ferric heme in 
its resting state (41-44), it was unclear what the oxidation state of the LH pool is or if HO-2 
could even equilibrate with it.  

Herein, on the basis of the changes in HS1 heme occupancy and the lack of change in 
total heme and bilirubin levels in response to HO-2 depletion and over-expression in HEK293 
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cells, we found that LH is largely oxidized and too limiting to support a prominent role for HO-2 
in heme degradation. If assuming HS1 and HO-2 bind free heme, we can estimate a buffered 
free heme concentration on the order of 5 nM, which is identical to that reported recently 
using a peroxidase-based heme reporter in HEK293 cells (69), making heme too limiting to 
support heme degradation by HO-2 (KM

Heme = 400 nM) (37). If assuming HS1 and HO-2 access 
heme via exchange reactions with certain labile heme complexes, heme exchange with HO-2 is 
likewise too limiting to support heme degradation. In this case, the HO-2 free heme KM value is 
physiologically irrelevant, and a screen for heme-protein complexes that can exchange with HO-
2 and knowledge of their KM values with HO-2 is needed to better understand heme substrate 
availability and HO-2 activity in vivo. Regardless of what formalism one uses to contemplate 
heme availability to HO, i.e. free heme vs. exchangeable heme, we found that HO-2 plays a role 
in regulating heme bioavailability through its ability to bind and buffer heme, not by degrading 
it as is typically assumed. Our results have a number of important physiological implications for 
heme availability, signaling, and heme oxygenase function. 

The oxidation state of LH in eukaryotic cells has been a long-standing unresolved 
mystery. LH was first characterized in situ in live human cell lines with genetically encoded 
FRET-based heme sensors (68). In these seminal studies, only the ferric heme affinities of the 
sensors were determined and estimates of buffered free heme concentrations based on sensor 
heme occupancy were by default assumed to be ferric. These studies found free heme to be 
~20 nM in a variety of non-erythroid human cell lines, including HEK293 cells. Studies using 
heme-peroxidase activity-based reporters, which binds ferric heme in its resting state, found 
free heme to be as high as ~400 nM in HEK293 cell lysates (73). These estimates may be higher 
since heme measurements were done in disrupted cell extracts and cell lysis may have resulted 
in heme dissociation from certain heme binding sites. Interestingly, unlike in HEK293 cells, in 
Saccharomyces cerevisiae, heme occupancies for the high affinity heme sensor, HS1, was found 
to be 100% and the lower affinity sensor, HS1-M7A, was 30-50% heme loaded. At the time of 
these studies, it was assumed that LH was largely reduced on the basis of the highly reducing 
environment of the cell, EM = -330 mV (87), which is dictated by the glutathione redox buffer, 
and the reduction potential of monomeric aqueous heme, EM = -50 mV (63,88,89). The heme 
occupancy of HS1-M7A coupled with its KD

II value of 25 nM led to estimates of free heme being 
~25 nM (if LH was primarily reduced) in yeast. Altogether, prior to this study, there were no 
methods to parse LH oxidation state.  

In the current report, we exploited HO-2 selectivity for ferric heme over ferrous heme 
(86) and perturbations to its expression by silencing or over-expression to infer that LH is 
largely oxidized (Figure 6). These findings suggest that the glutathione redox buffer does not 
equilibrate with LH to keep it reduced and supports prior studies that found glutathione binds 

oxidized heme too weakly (KD
III = 20 M) to represent a physiologically relevant buffering factor 

(90). LH being oxidized is consistent with the observation that DNA and RNA guanine 
quadruplexes, which have nM affinities for ferric heme, also appear to bind and regulate heme 
availability in human cell lines (67,71). Moreover, LH being oxidized is also consistent with 
previously reported roles of oxidized heme in signaling. For instance, ferric, but not ferrous, 
heme is required for RNA-binding protein DGCR8 for primary microRNA processing (91). The 

nuclear receptor Rev-Erb can sense and bind ferric heme, which can then act as a sensor for 
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CO or NO by coupling gas binding to heme reduction (92). In addition, ferric heme was 
demonstrated to regulate ATP dependent potassium channels (93).  

Although LH is largely oxidized in HEK293 cells, it may vary between different cell types 
and be highly dynamic and responsive to various stimuli. The Fe(III)/Fe(II) redox couple is linked 
to a number of factors, including access to certain cellular reductants or oxidants (94), ligand 
binding to the heme iron center, e.g. CO or NO (92), and allosteric protein conformational 
changes (95). Exactly how these factors conspire to affect steady-state LH oxidation state, its 
dynamics, and role in metabolism and physiology is not known and may be elucidated by the 
future development of oxidation-state specific heme sensors or chelators.  

Our results suggesting that endogenous LH or free heme is too limiting in some cell 
types to support HO activity has implications for the function of HO-2, HO-1, and emerging roles 
for heme catabolites, e.g. CO, biliverdin, and bilirubin in physiology. First, our results explain 
why overexpression of catalytically inactive HO-2 alleles are cytoprotective against peroxide 
stress (76). It likely does so by sequestering heme, presumably to prevent heme-dependent 
peroxidase or Fenton reactions that are damaging to cells. By extension, we suggest that non-
heme stressors, e.g. ROS, metals, and various xenobiotics, that induce HO-1 expression may 
result in cytoprotection due to HO-1 mediated heme sequestration because endogenous LH or 
free heme may be too limiting in many cell types. The heme sequestration mechanism for 
heme detoxification may also occur if electron delivery to the HOs via CPR is limiting. During 
heme stress, and provided that there is sufficient CPR and NADPH, inducible HO-1 and 
constitutive HO-2 are expected to enzymatically degrade and detoxify excess heme, with their 
relative contributions being dictated by their respective expression levels.  

The ratio of HO-2 to HO-1 protein expression is highly variable across different cell lines 
and tissues, spanning 5000 (frontal cortex) to 0.03 (spleen) (Figure S6) (96). Moreover, HO-1 
can be induced by as much as 100-fold in response to various stressors (97). Thus, cells occupy 
a position along an expansive continuum between their reliance on HO-1 and HO-2. The cell 
line used in this study, HEK293 cells, has a HO-2 to HO-1 ratio of 2 (96,98), explaining why 
silencing of HO-2 still results in measurable bilirubin levels. In most cell types, it is not known if 
free or labile heme is too limiting to support a significant amount of HO activity in the absence 
of excess heme stress, as it is in HEK293 cells, raising the intriguing possibility that HO-2, and 
possibly HO-1, have other roles in heme homeostasis beyond heme degradation.  

Consistent with a potential role for HO-2 in controlling access to heme, it was recently 
demonstrated that HO-2 is degraded by the lysosomal pathway during heme deficiency (64), 
presumably to increase heme availability. A role for HO-2 in regulating heme availability needs 
to be explored further and could represent a mechanism for heme sparing during periods of 
heme limitation. On the other hand, there may be certain cell types in which endogenous LH or 
free heme is much higher than HEK293 cells, e.g. cells of the brain and testes, where HO-2 is 
most highly expressed. Indeed, prior work suggests that, in the brain, HO-2-derived heme 
catabolites can provide protection against oxidative stress and other injuries (31,99,100). Our 
future studies will involve profiling LH in multiple cell types with varying levels of HO-2 and HO-
1 expression to better assess HO function with respect to its heme degrading and buffering 
functions. 

CO, biliverdin, and bilirubin, products of heme degradation, have emerged as key 
metabolites with distinct physiological roles (32,47-55). The only source of these metabolites is 
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from heme degradation via the heme oxygenase system. Our studies in HEK293 cells finding 
that LH is too limiting to support catalytic heme degradation via the heme oxygenase system 
indicates that heme catabolite signaling in many cell types must be coupled to substantially 
increased heme synthesis, redistribution of LH, or influx of heme. In Saccharomyces cerevisiae, 
NO signaling (63) and heavy metal stress (62) was found to increase LH, suggesting that other 
physiological inputs may augment LH to support heme catabolite production. In addition, given 
the identification of mammalian heme importers and exporters, cells may communicate via 
heme, ultimately transducing heme signals to heme catabolites via the HOs to regulate 
physiology and metabolism. 

Most interestingly, we found that HO-2 overexpression limits heme availability in the 
cytosol and nucleus, but not the mitochondria (Figure 4d). These data indicate that the 
mitochondrial LH pool is insulated from the generation of a cytosolic heme sink. In contrast, if 
mitochondrial LH is populated with exogenously derived heme, by supplementing cells cultured 

in HD + SA media with 6 M hemin chloride, overexpression of HO-2 does reduce mitochondrial 
LH (Figure S7). Together, these data suggest that mitochondrially produced heme flows in only 
one direction, from the inside out, and not vice versa. In contrast, exogenously supplied heme 
can gain access to the mitochondria, but in a manner that is impacted by a cytosolic heme sink. 
These data are consistent with prior findings that exogenously supplied and endogenously 
synthesized heme are trafficked through separate pathways (73). Indeed, we found herein that 
although 350 µM ALA and 50 µM heme supplementation led to similar total intracellular heme 
levels, only the latter was able to populate the lower affinity HS1-M7A heme sensor (Figure 2c 
and d), further highlighting the differences in trafficking and bioavailability between exogenous 
and endogenous heme sources.  

Altogether, our studies demonstrate that HO-2 may not be an active heme catabolizing 
enzyme in certain cell types due to heme substrate being limiting, raising the prospect that it 
may have alternative roles in regulating heme homeostasis. The identification of a heme 
buffering function for HO-2 in regulating heme availability places it with other factors, such as 
glyceraldehyde phosphate dehydrogenase (GAPDH) (63,70,101,102), rRNA and DNA guanine 
quadruplexes (67,71), and mitochondrial-ER contacts sites (66), that affect intracellular heme 
availability and distribution. Future work is required to firmly establish the physiological context 
and consequences of HO-2 mediated regulation of heme availability independent of its role in 
heme degradation. 
 
Experimental Procedures. 
 
Materials. Fetal bovine serum (FBS) (Catalog # 89510-188), Dulbecco’s Modified Eagle’s 
Medium (DMEM) (Catalog # L0102-0500), Trypsin 0.25% (Catalog # 45000-664), 5-
aminolevulinic acid (ALA) (Catalog # BT143115-2G), ascorbic acid, cell culture grade DMSO, 
oxalic acid, Dulbecco’s Phosphate Buffered Saline (DPBS), and LiCOR Intercept Tris buffered 
saline (TBS) blocking buffer (Catalog # 103749-018) were purchased from VWR/Avantor. Opti-
MEM (Catalog # 31-985-070) was purchased from Fischer Scientific. Lipofectamine LTX and 
PLUS reagent (Catalog # 15338100), Lipofectamine RNAiMax (Catalog # 13778075) and a 
mounting reagent with DAPI were purchased from Invitrogen. Succinyl acetone (Catalog # 
D1415) was purchased from Sigma Aldrich. Digitonin and hemin chloride were acquired from 
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Calbiochem. The following primary and secondary antibodies were utilized: rabbit polyclonal 
heme oxygenase 2 antibody (Abcam ab90515); mouse monoclonal GAPDH antibody ( Sigma 
8795); rabbit polyclonal HO-1 antibody (Enzo Life Sciences BML-HC3001-0025); mouse 
monoclonal calnexin antibody (Invitrogen MA3-027); mouse monoclonal ubiquitin antibody 
(P4D1) (Santa Cruz Biotechnology sc-8017); anti-FLAG M2 magnetic bead (Sigma Aldrich 
M8823); goat anti-rabbit secondary antibody (Biotium 20064); and goat anti-mouse secondary 
antibody (Invitrogen SA5-35521). 
 
Plasmid constructs and mutagenesis. The previously described FLAG-tagged WT and mutant 
HO2 constructs were subcloned into the pcDNA3.1 plasmid and driven by the CMV promoter 
(64). For untargeted cytosolic expression of human codon optimized heme sensors, HS1, HS1-
M7A, and HS1-M7A,H102A, the heme sensors were expressed using the pcDNA3.1 plasmid and 
driven by the CMV promoter as previously described (63,67). For heme sensing experiments 
involving mitochondrial matrix and nuclear targeting of HS1, constructs were generated via 
Gateway Cloning (Invitrogen Life Technologies) by PCR amplifying the hHS1 constructs with 
primers containing 5'-attB1 (G GGG ACA AGT TTG TAC AAA AAA GCA GGC T) and 3'-attB2 (GGG 
GAC CAC TTT GTA CAA GAA AGC TGG GT) sequences. The purified PCR fragments were cloned 
into pDONR221 vector via BP recombination reaction. The resulting entry clones were 
subjected to LR recombination reaction with pEF5/FRT/V5-DEST vector to obtain the expression 
plasmids. The mitochondrial and nuclear targeting sequences utilized were from subunit VIII of 
human COXIV, MSVLTPLLLRGLTGSARRLPVPRAKIHSL, and a nuclear localization sequence, 
MDPKKKRKVDPKKKRKV (73). Sequences and plasmid maps are provided in Supplementary 
Information. All plasmids were confirmed by Sanger sequencing. 
 
Cell culture, growth conditions, plasmid transfections, and RNA interference. HEK293 cells 
used in this study were previously described and obtained from American Type Culture 
Collection (ATCC) (63,67). HEK293 cells were grown in regular media - Dulbecco’s Modified 
Eagle’s Medium (DMEM), with 4.5 g/L Glucose and without L-Glutamine and Sodium Pyruvate, 
supplemented with 10% FBS (Heat Inactivated) in T75 flasks (Greiner) (Regular Media). Cells 
were split using .25% Trypsin.  

To deplete heme, cells were cultured with 500 μM succinylacetone (SA) in heme 
deficient (HD) media - DMEM containing 10% heme depleted FBS - for 48-72 hours prior to 
harvesting. To increase heme, cells were cultured with 350 μM 5-aminolevulinic acid (ALA) or 
between 1 and 50 μM hemin chloride in regular or HD media for 20-24 hours. Heme-depleted 
FBS was generated by incubating it with 10 mM ascorbic acid in a 37°C shaking incubator at 200 
RPM for 8 hours. Loss of heme was monitored by measuring the decrease in Soret band 
absorbance at 405 nm; typically the initial Abs405nm was 1.0 and the final Abs405nm was 0.5.  80 
mLs of ascorbate treated FBS was then dialyzed against 3 L of 1X PBS, pH 7.4, three times for 24 
hours each at 4 °C, using a 2000 MWCO membrane (Spectra/Por 132625). Dialyzed FBS was 
then filter sterilized with a 0.2 μm polyethersulfone filter (VWR 28145-501) and syringe (VWR 
53548-010).  

For heme sensor transfections, 1/24 of the HEK293 cells from a confluent T75 flask were 
used to seed 2 mL cultures in each well of polystyrene coated sterile 6 well plates (Greiner). 
Once cells were 30% - 50% confluent, 1-2 days after seeding, the media was changed to 2 mLs 
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of fresh regular or HD+SA media 30 - 60 minutes before transfection. For each well to be 
transfected, 100 µL of a plasmid transfection master mix was added. The master mix was 
prepared by mixing, in order, 600 µL OptiMEM (100 µL per well up to 600 µL), 2 µg of heme 
sensor plasmid, a volume of Lipofectamine Plus Reagent equal in µL to the µg of plasmid DNA 
used, and a volume of Lipofectamine LTX transfection reagent that is double the volume of the 
Lipofectamine Plus Reagent. Prior to adding the transfection mixture to each 6-well plate, the 
master mix was mixed by gentle pipetting and allowed to incubate at room temperature (25 °C) 
for 5 minutes. 48 hours after transfection, the media was changed to fresh regular or HD+SA 
media, and supplemented with the appropriate concentration of ALA or hemin chloride as 
indicated.  Cells were then cultured for an additional 20-24 hours prior to harvesting for various 
analyses, including measurements of labile heme, total heme, and bilirubin, as well as 
immunoblotting.     
  If co-transfecting the heme sensors with the HO2 plasmids, the same procedure was 
followed as above, with the exception that 2 µg of the HO-2 plasmid DNA was added at the 
same time as the heme sensor plasmid, and twice the volumes of the Lipofectamine Plus and 
LTX reagents were used. 

For cytosolic, mitochondrial, or nuclear targeted pEF-hHS1 in which HO-2 plasmids were 
not co-transfected, PolyJET was used in plasmid transfections. The procedure is identical to that 

described above, except that 100 L of a PolyJET transfection reagent master mix was added to 
each well in a 6-well plate. Per well, the master mix consisted of 50 μL of DPBS with 1-2 μg of 
plasmid DNA and 50μL of DPBS with 4-8 μL of PolyJET, and was incubated at room temperature 
for 10-15 minutes prior to adding to the cells. 24-40 hours post transfection, the media was 
changed and cells were then cultured for an additional 20-24 hours with ALA or hemin chloride 
as indicated prior to harvesting for labile heme and total heme measurements. 

In order to silence HO-2 expression in HEK293 cells, we used siRNA against HO-2. 
HEK293 cells were plated in polystyrene coated sterile 6 well plates (Greiner) and cultured in 
regular media as described above. At 10-30% confluency, cells were transfected with  siHMOX2 
(Dharmacon L-009630-00-0005) or non-targeting pool (Dharmacon D-001810-10-05) siRNA 
using Lipofectamine RNAi Max (Thermofisher). Briefly, for each well to be transfected, 9 μL of 
Lipofectamine RNAiMax was added to 150 μL of OptiMEM, and 3 μL of 10 μM siRNA to 150 μL 
OptiMEM. The two solutions were mixed 1:1 and allowed to incubate at room temperature for 
5 minutes. After incubation, 250 μL of the transfection solution was added to the 2 mL cultures. 
After 24 hours, the HO-2 silencing protocol was repeated and the cells were cultured for an 
additional 48 hours. After 72 hours of control or siRNA treatment, cells were harvested for 
analysis.  

In order to transfect the heme sensor plasmids into HO-2 silenced cells, the pEF5-hHS1 
plasmid was transfected using the Lipofectamine LTX reagents as described above after 72 
hours of control or siRNA treatment. After transfecting the heme sensor, cells were cultured for 
an additional 72 hours in either HD+SA or regular media. In order to induce heme excess, cells 
cultured in regular media were treated with 350 μM ALA for 24 hours prior to harvesting.  
 
Heme sensor calibration. In order to determine sensor heme occupancy, Rmin and Rmax was 
determined by depleting heme from cells or saturating the sensor with heme, respectively 
(Equation 1). Heme depletion was conducted by growing parallel cultures in HD + SA media for 
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3 days, as described above. To saturate the sensor with heme, cells from a well of a 6-well dish 
were resuspended in 1 mL of “sensor calibration buffer”, transferred to a microfuge tube, and 
incubated in a 30 °C water bath for 30 minutes. Following this, cells were pelleted at 400 x g for 
4 minutes at 4 °C, the media aspirated, the cell pellet washed with 1 mL PBS at room 
temperature once, and finally resuspended in 500 μL PBS containing 1mM ascorbate before 
being analyzed by flow cytometry. The sensor calibration buffer consisted of 1 mL of serum-free 
DMEM (pre-warmed at 37 °C), 40 μM digitonin (from a 1 mg/mL stock solution in PBS), 100 μM 
hemin chloride (from a 10 mg/mL DMSO stock) and 1 mM ascorbate (from a 100 mM stock 
solution in PBS). The sensor calibration buffer saturates cytosolic and nuclear hHS1 and partially 
saturates mitochondrial hHS1. An alternative method to saturate hHS1 in all compartments 
tested, including the mitochondria, involved culturing cells in 350 µM ALA for 24 hours prior to 
fluorescence analysis.  
 
Flow Cytometry. HEK293 cells were transfected and cultured as described above in 6 well 
polystyrene coated plates. Prior to analysis, cells were washed and resuspended in 1 mL of 1X 
PBS and transferred to a 1.5 mL microfuge tube and pelleted at 400 rcf 4°C for 4 min. 
Supernatant was decanted and cells were resuspended in 500 μL 1X PBS. Cell suspension was 
filtered through 35 μm nylon filter cap on 12x75 mm round bottom tubes (VWR/Falcon 21008-
948). Flow cytometric measurements were performed using a BD LSR Fortessa, BD LSR II, or BD 
FACS Aria Illu flow cytometers equipped with an argon laser (ex 488 nm) and yellow-green laser 
(ex 561 nm). EGFP was excited using the argon laser and was measured using a 530/30 nm 
bandpass filter, mKATE2 was excited using the yellow- green laser and was measured using a 
610/20 nm bandpass filter. Data evaluation was conducted using FlowJo v10.4.2 software.  
Single cells were gated by size (FSC versus SSC) and only mKATE2 positive cells that had median 
mKATE2 fluorescence were selected for ratiometric analysis, which typically corresponded to 
~5000 cells. 
 
Bilirubin measurements. HEK293 cells were transfected and cultured as described above in 6 
well polystyrene coated plates. Prior to analysis, cells were washed and resuspended in 1 mL of 
1X PBS and transferred to a 1.5 mL microfuge tube and pelleted at 400 rcf 4°C for 4 min. 
Supernatant was decanted and cells were resuspended in 1 mL 1X PBS, and counted using a 
TC20 Automated Cell Counter from BioRad. 1x106 cells were pelleted and resuspended in Lysis 
Buffer (10 mM NaPi 50 mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM PMSF, 1x Protease Arrest 
(G-Bioscience 786-437)), then lysed by freeze-thawing using 3 cycles of 10 minutes at -80 °C and 
15 minutes at RT. Lysates were clarified by centrifugation at 21.1xg in a table-top microfuge at  
4°C for 10 minutes. 1% DMSO was added to the cell lysate to solubilize the bilirubin. Bilirubin 
was quantified using the Bilirubin Assay kit from Sigma-Aldrich exactly as described in the 
manufacturer’s protocol (MAK126). A standard curve was generated from bilirubin standards 
made up in cell lysis buffer with 1% DMSO. Bilirubin concentrations were normalized to cell 
number and a cellular concentration was determined by assuming a cell volume of 1.2 pL (103).  
 
Total heme measurements. Measurements of total heme were accomplished using a 
fluorometric assay designed to measure the fluorescence of protoporphyrin IX upon the release 
of iron from heme as previously described. Following the harvesting of HEK293 cells as 
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described above, cells were counted using an automated TC20 cell counter (BioRad). At least 
500,000 cells were resuspended in 400 µLs of 20 mM oxalic acid overnight at 4°C protected 
from light. Following the overnight incubation, an equal volume of 2 M warm oxalic acid was 
added to give a final oxalic acid concentration of 1M. The oxalic acid cell suspensions were split, 
with half the cell suspension transferred to a heat block set at 100 °C and heated for 30 minutes 
and the other half of the cell suspension kept at room temperature (~25 °C) for 30 minutes. All 
suspensions were centrifuged for 3 minutes on a table-top microfuge at 21000 x g and the 
porphyrin fluorescence (ex: 400 nm, em: 620 nm) of 200 µL of each sample was recorded on a 
Synergy Mx multi-modal plate reader using black Greiner Bio-one flat bottom fluorescence 
plates. Heme concentrations were calculated from a standard curve prepared by diluting 2.5-
200 nM hemin chloride stock solutions in 0.1 M NaOH into oxalic acid solutions prepared the 
same way as for the cell samples. In order to calculate heme concentration, the fluorescence of 
the unboiled sample (taken to be the background level of protoporphyrin IX) is subtracted from 
the fluorescence of the boiled sample (taken to be the free porphyrin generated upon the 
release of heme iron). The cellular concentration of heme is determined by dividing the moles 
of heme determined in this fluorescence assay and dividing by the number of cells analyzed, 
giving moles of heme per cell, and then converting to a cellular concentration by dividing by the 
volume of a HEK293 cells, assumed to be 1.2 pL (103). 
 
Immunoblotting. Cells were harvested from a 6 well plate in 1X PBS and pelleted at 21100 x g 
at 4°C for 1 min and resuspended in lysis buffer (10 mM NaPi 50 mM NaCl, 1% Triton X-100, 5 
mM EDTA, 1 mM PMSF, 1x Protease Arrest (G-Bioscience 786-437)). Cells were lysed by freeze-
thawing using 3 cycles of 10 minutes at -80 °C and 15 minutes at RT. Lysates were clarified by 
centrifugation at 21.1xg in a table-top microfuge at  4°C for 10 minutes. Lysate protein was 
quantified by Bradford Assay. Typically, 15-30 µg of lysate protein was prepared in a final 
volume of 20 uL loading buffer, with 1x SDS loading dye in lysis buffer (5x SDS loading dye 
consists of 312.5 mM Tris-HCl, pH 6.8, 50% Glycerol, 346 mM SDS, 518 mM DTT, 7.5 mM 
Bromophenol blue). Samples were boiled at 100°C for 5 minutes in a heat block. Lysate samples 
were loaded onto a 14% Tris-Glycine SDS-PAGE gel (Invitrogen XP00140BOX ) and 
electrophoresed at a constant current of 20 mA for 1.5 hours. Gels were transferred onto 0.2 
um nitrocellulose membranes (Biotrace) overnight, but no longer than 2 days, using the XCell II 
Blot Module (Invitrogen) for a wet tank transfer. Membranes were blocked with Intercept TBS 
Blocking Buffer (LICOR 927-50000). HO-2 and HO-1 were probed with a 1:1,000 dilution of 
rabbit anti HO-2 antibody (Abcam 90515) or 1:1,000 rabbit anti HO-1 (Enzo Life Sciences BML-
HC3001-0025) at 4°C overnight, respectively. GAPDH was probed with a 1:4,000 dilution of 
mouse anti GAPDH (Sigma 8795) for 1 hour at room temperature. Goat anti rabbit secondary 
antibody conjugated to a 700 nm fluorophore (Biotium 20064) or goat anti mouse secondary 
antibody conjugated to a 800 nm fluorophore (Invitrogen SA5-35521) was used at a dilution of 
1:10,000 for 1 hour at room temperature. After application of primary and secondary 
antibodies, membranes were washed with 1X Tris Buffered Saline-Tween (TBS-T) (24.7 mM Tris-
HCl pH 7.4 13.6 mM NaCl, 2.6 mM KCl 0.1% Tween 20) two times for 10 minutes at room 
temperature. Membranes were imaged using a LiCOR Odyssey Clx imager. 
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Immunofluorescence microscopy (IF). The experimental approach for IF are adapted from 
previous literature (64). Briefly, HEK293 cells were cultured on poly-lysine coated coverslips, 
transfected with plasmids expressing FLAG-tagged HO2 and its variants, washed with 
phosphate buffered saline (PBS) and fixed with 4% paraformaldehyde (w/v) before 
immunostaining. IF samples were permeabilized with 1x PBS containing 0.2% Triton X-100 (v/v) 
and stained with corresponding antibodies. Sample images were acquired on an Olympus IX81 
microscope with a Yokogawa CSU-W1 spinning disk confocal scanner unit, an Olympus PlanApo 
60x 1.42 NA objective, and a Hamamatsu ImagEMX2-1K EM-CCD digital camera. 
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Acknowledgments. We acknowledge support from the core facilities at the Parker H. Petit 
Institute for Bioengineering and Bioscience at the Georgia Institute of Technology for expert 
advice and use of equipment. 
 
Funding. The research was supported by the US National Institutes of Health (ES025661 to ARR 
and IH and GM123513 to SWR), a US National Science Foundation grant 1552791 (to ARR), and 
the Georgia Institute of Technology Blanchard and Vasser-Woolley fellowships (to ARR). The 
content is solely the responsibility of the authors and does not necessarily represent the official 
views of the National Institutes of Health. 
 
Conflict of interest. IH is the President and Founder of Rakta Therapeutics Inc. (College 
Park, MD), a company involved in the development of heme transporter-related diagnostics. He 
declares no other competing financial interests. 
 
 
 
  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


 
References 
 
 
1. Chiabrando, D., Mercurio, S., and Tolosano, E. (2014) Heme and erythropoieis: more 

than a structural role. Haematologica 99, 973-983 
2. Chiabrando, D., Vinchi, F., Fiorito, V., Mercurio, S., and Tolosano, E. (2014) Heme in 

pathophysiology: a matter of scavenging, metabolism and trafficking across cell 
membranes. Front Pharmacol 5, 61 

3. Kumar, S., and Bandyopadhyay, U. (2005) Free heme toxicity and its detoxification 
systems in human. Toxicol Lett 157, 175-188 

4. Poulos, T. L. (2014) Heme enzyme structure and function. Chem Rev 114, 3919-3962 
5. Zhang, L., Hach, A., and Wang, C. (1998) Molecular mechanism governing heme signaling 

in yeast: a higher-order complex mediates heme regulation of the transcriptional 
activator HAP1. Mol Cell Biol 18, 3819-3828 

6. Zhang, L., and Hach, A. (1999) Molecular mechanism of heme signaling in yeast: the 
transcriptional activator Hap1 serves as the key mediator. Cell Mol Life Sci 56, 415-426 

7. Hou, S., Reynolds, M. F., Horrigan, F. T., Heinemann, S. H., and Hoshi, T. (2006) 
Reversible binding of heme to proteins in cellular signal transduction. Acc Chem Res 39, 
918-924 

8. Hanna, D. A., Martinez-Guzman, O., and Reddi, A. R. (2017) Heme Gazing: Illuminating 
Eukaryotic Heme Trafficking, Dynamics, and Signaling with Fluorescent Heme Sensors. 
Biochemistry 56, 1815-1823 

9. Mense, S. M., and Zhang, L. (2006) Heme: a versatile signaling molecule controlling the 
activities of diverse regulators ranging from transcription factors to MAP kinases. Cell 
Res 16, 681-692 

10. Kuhl, T., and Imhof, D. (2014) Regulatory Fe(II/III) heme: the reconstruction of a 
molecule's biography. Chembiochem 15, 2024-2035 

11. Swenson, S. A., Moore, C. M., Marcero, J. R., Medlock, A. E., Reddi, A. R., and 
Khalimonchuk, O. (2020) From Synthesis to Utilization: The Ins and Outs of 
Mitochondrial Heme. Cells 9 

12. Reddi, A. R., and Hamza, I. (2016) Heme Mobilization in Animals: A Metallolipid's 
Journey. Acc Chem Res 49, 1104-1110 

13. Donegan, R. K., Moore, C. M., Hanna, D. A., and Reddi, A. R. (2019) Handling heme: The 
mechanisms underlying the movement of heme within and between cells. Free Radic 
Biol Med 133, 88-100 

14. Chambers, I. G., Willoughby, M. M., Hamza, I., and Reddi, A. R. (2021) One ring to bring 
them all and in the darkness bind them: The trafficking of heme without deliverers. 
Biochim Biophys Acta Mol Cell Res 1868, 118881 

15. Severance, S., and Hamza, I. (2009) Trafficking of heme and porphyrins in metazoa. 
Chem Rev 109, 4596-4616 

16. Duffy, S. P., Shing, J., Saraon, P., Berger, L. C., Eiden, M. V., Wilde, A., and Tailor, C. S. 
(2010) The Fowler syndrome-associated protein FLVCR2 is an importer of heme. Mol 
Cell Biol 30, 5318-5324 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


17. Quigley, J. G., Yang, Z., Worthington, M. T., Phillips, J. D., Sabo, K. M., Sabath, D. E., Berg, 
C. L., Sassa, S., Wood, B. L., and Abkowitz, J. L. (2004) Identification of a human heme 
exporter that is essential for erythropoiesis. Cell 118, 757-766 

18. Quigley, J. G., Gazda, H., Yang, Z., Ball, S., Sieff, C. A., and Abkowitz, J. L. (2005) 
Investigation of a putative role for FLVCR, a cytoplasmic heme exporter, in Diamond-
Blackfan anemia. Blood Cells Mol Dis 35, 189-192 

19. Ponka, P., Sheftel, A. D., English, A. M., Scott Bohle, D., and Garcia-Santos, D. (2017) Do 
Mammalian Cells Really Need to Export and Import Heme? Trends Biochem Sci 42, 395-
406 

20. Yamamoto, M., Hayashi, N., and Kikuchi, G. (1982) Evidence for the transcriptional 
inhibition by heme of the synthesis of delta-aminolevulinate synthase in rat liver. 
Biochem Biophys Res Commun 105, 985-990 

21. Yamamoto, M., Hayashi, N., and Kikuchi, G. (1983) Translational inhibition by heme of 
the synthesis of hepatic delta-aminolevulinate synthase in a cell-free system. Biochem 
Biophys Res Commun 115, 225-231 

22. Chen, A. J., Yuan, X., Li, J., Dong, P., Hamza, I., and Cheng, J.-X. (2018) Label-Free Imaging 
of Heme Dynamics in Living Organisms by Transient Absorption Microscopy. Analytical 
chemistry 90, 3395–3401 

23. Pek, R. H., Yuan, X., Rietzschel, N., Zhang, J., Jackson, L., Nishibori, E., Ribeiro, A., 
Simmons, W., Jagadeesh, J., Sugimoto, H., Alam, M. Z., Garrett, L., Haldar, M., Ralle, M., 
Phillips, J. D., Bodine, D. M., and Hamza, I. (2019) Hemozoin produced by mammals 
confers heme tolerance. Elife 8 

24. Keel, S. B., Doty, R. T., Yang, Z., Quigley, J. G., Chen, J., Knoblaugh, S., Kingsley, P. D., De 
Domenico, I., Vaughn, M. B., Kaplan, J., Palis, J., and Abkowitz, J. L. (2008) A heme export 
protein is required for red blood cell differentiation and iron homeostasis. Science 319, 
825-828 

25. Doty, R. T., Phelps, S. R., Shadle, C., Sanchez-Bonilla, M., Keel, S. B., and Abkowitz, J. L. 
(2015) Coordinate expression of heme and globin is essential for effective 
erythropoiesis. J Clin Invest 125, 4681-4691 

26. Sassa, S. (2004) Why heme needs to be degraded to iron, biliverdin IXalpha, and carbon 
monoxide? Antioxid Redox Signal 6, 819-824 

27. Ayer, A., Zarjou, A., Agarwal, A., and Stocker, R. (2016) Heme Oxygenases in 
Cardiovascular Health and Disease. Physiol Rev 96, 1449-1508 

28. Desmard, M., Boczkowski, J., Poderoso, J., and Motterlini, R. (2007) Mitochondrial and 
cellular heme-dependent proteins as targets for the bioactive function of the heme 
oxygenase/carbon monoxide system. Antioxid Redox Signal 9, 2139-2155 

29. Gozzelino, R., Jeney, V., and Soares, M. P. (2010) Mechanisms of cell protection by heme 
oxygenase-1. Annu Rev Pharmacol Toxicol 50, 323-354 

30. Hill-Kapturczak, N., Jarmi, T., and Agarwal, A. (2007) Growth factors and heme 
oxygenase-1: perspectives in physiology and pathophysiology. Antioxid Redox Signal 9, 
2197-2207 

31. Munoz-Sanchez, J., and Chanez-Cardenas, M. E. (2014) A review on hemeoxygenase-2: 
focus on cellular protection and oxygen response. Oxid Med Cell Longev 2014, 604981 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


32. Stec, D. E., Ishikawa, K., Sacerdoti, D., and Abraham, N. G. (2012) The emerging role of 
heme oxygenase and its metabolites in the regulation of cardiovascular function. Int J 
Hypertens 2012, 593530 

33. Constantin, M., Choi, A. J., Cloonan, S. M., and Ryter, S. W. (2012) Therapeutic potential 
of heme oxygenase-1/carbon monoxide in lung disease. Int J Hypertens 2012, 859235 

34. Maines, M. D. (1997) The heme oxygenase system: a regulator of second messenger 
gases. Annu Rev Pharmacol Toxicol 37, 517-554 

35. Maines, M. D. (2005) The heme oxygenase system: update 2005. Antioxid Redox Signal 
7, 1761-1766 

36. Maines, M. D., Trakshel, G. M., and Kutty, R. K. (1986) Characterization of two 
constitutive forms of rat liver microsomal heme oxygenase. Only one molecular species 
of the enzyme is inducible. J Biol Chem 261, 411-419 

37. Trakshel, G. M., Kutty, R. K., and Maines, M. D. (1986) Purification and characterization 
of the major constitutive form of testicular heme oxygenase. The noninducible isoform. 
J Biol Chem 261, 11131-11137 

38. Bianchetti, C. M., Yi, L., Ragsdale, S. W., and Phillips, G. N., Jr. (2007) Comparison of apo- 
and heme-bound crystal structures of a truncated human heme oxygenase-2. J Biol 
Chem 282, 37624-37631 

39. Kochert, B. A., Fleischhacker, A. S., Wales, T. E., Becker, D. F., Engen, J. R., and Ragsdale, 
S. W. (2019) Dynamic and structural differences between heme oxygenase-1 and -2 are 
due to differences in their C-terminal regions. J Biol Chem 294, 8259-8272 

40. Trakshel, G. M., Kutty, R. K., and Maines, M. D. (1986) Cadmium-mediated inhibition of 
testicular heme oxygenase activity: the role of NADPH-cytochrome c (P-450) reductase. 
Arch Biochem Biophys 251, 175-187 

41. Matsui, T., Iwasaki, M., Sugiyama, R., Unno, M., and Ikeda-Saito, M. (2010) Dioxygen 
activation for the self-degradation of heme: reaction mechanism and regulation of 
heme oxygenase. Inorg Chem 49, 3602-3609 

42. Yoshida, T., and Migita, C. T. (2000) Mechanism of heme degradation by heme 
oxygenase. J Inorg Biochem 82, 33-41 

43. Kumar, D., de Visser, S. P., and Shaik, S. (2005) Theory favors a stepwise mechanism of 
porphyrin degradation by a ferric hydroperoxide model of the active species of heme 
oxygenase. J Am Chem Soc 127, 8204-8213 

44. Lightning, L. K., Huang, H., Moenne-Loccoz, P., Loehr, T. M., Schuller, D. J., Poulos, T. L., 
and de Montellano, P. R. (2001) Disruption of an active site hydrogen bond converts 
human heme oxygenase-1 into a peroxidase. J Biol Chem 276, 10612-10619 

45. Liu, Y., Liu, J., Tetzlaff, W., Paty, D. W., and Cynader, M. S. (2006) Biliverdin reductase, a 
major physiologic cytoprotectant, suppresses experimental autoimmune 
encephalomyelitis. Free Radic Biol Med 40, 960-967 

46. Baranano, D. E., Rao, M., Ferris, C. D., and Snyder, S. H. (2002) Biliverdin reductase: a 
major physiologic cytoprotectant. Proc Natl Acad Sci U S A 99, 16093-16098 

47. Pamplona, A., Ferreira, A., Balla, J., Jeney, V., Balla, G., Epiphanio, S., Chora, A., 
Rodrigues, C. D., Gregoire, I. P., Cunha-Rodrigues, M., Portugal, S., Soares, M. P., and 
Mota, M. M. (2007) Heme oxygenase-1 and carbon monoxide suppress the 
pathogenesis of experimental cerebral malaria. Nat Med 13, 703-710 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


48. Ong, W. Y., and Farooqui, A. A. (2005) Iron, neuroinflammation, and Alzheimer's disease. 
J Alzheimers Dis 8, 183-200; discussion 209-115 

49. Jazwa, A., and Cuadrado, A. (2010) Targeting heme oxygenase-1 for neuroprotection 
and neuroinflammation in neurodegenerative diseases. Curr Drug Targets 11, 1517-
1531 

50. Lundvig, D. M., Immenschuh, S., and Wagener, F. A. (2012) Heme oxygenase, 
inflammation, and fibrosis: the good, the bad, and the ugly? Front Pharmacol 3, 81 

51. Motterlini, R., and Otterbein, L. E. (2010) The therapeutic potential of carbon monoxide. 
Nat Rev Drug Discov 9, 728-743 

52. Wegiel, B., and Otterbein, L. E. (2012) Go green: the anti-inflammatory effects of 
biliverdin reductase. Front Pharmacol 3, 47 

53. Otterbein, L. E., Bach, F. H., Alam, J., Soares, M., Tao Lu, H., Wysk, M., Davis, R. J., Flavell, 
R. A., and Choi, A. M. (2000) Carbon monoxide has anti-inflammatory effects involving 
the mitogen-activated protein kinase pathway. Nat Med 6, 422-428 

54. Ryter, S. W., and Tyrrell, R. M. (2000) The heme synthesis and degradation pathways: 
role in oxidant sensitivity. Heme oxygenase has both pro- and antioxidant properties. 
Free Radic Biol Med 28, 289-309 

55. Stocker, R., Yamamoto, Y., McDonagh, A. F., Glazer, A. N., and Ames, B. N. (1987) 
Bilirubin is an antioxidant of possible physiological importance. Science 235, 1043-1046 

56. Davydov, R., Fleischhacker, A. S., Bagai, I., Hoffman, B. M., and Ragsdale, S. W. (2016) 
Comparison of the Mechanisms of Heme Hydroxylation by Heme Oxygenases-1 and -2: 
Kinetic and Cryoreduction Studies. Biochemistry 55, 62-68 

57. Prawan, A., Kundu, J. K., and Surh, Y. J. (2005) Molecular basis of heme oxygenase-1 
induction: implications for chemoprevention and chemoprotection. Antioxid Redox 
Signal 7, 1688-1703 

58. Funes, S. C., Rios, M., Fernandez-Fierro, A., Covian, C., Bueno, S. M., Riedel, C. A., 
Mackern-Oberti, J. P., and Kalergis, A. M. (2020) Naturally Derived Heme-Oxygenase 1 
Inducers and Their Therapeutic Application to Immune-Mediated Diseases. Front 
Immunol 11, 1467 

59. Campbell, N. K., Fitzgerald, H. K., Malara, A., Hambly, R., Sweeney, C. M., Kirby, B., 
Fletcher, J. M., and Dunne, A. (2018) Naturally derived Heme-Oxygenase 1 inducers 
attenuate inflammatory responses in human dendritic cells and T cells: relevance for 
psoriasis treatment. Sci Rep 8, 10287 

60. Alam, J., Shibahara, S., and Smith, A. (1989) Transcriptional activation of the heme 
oxygenase gene by heme and cadmium in mouse hepatoma cells. J Biol Chem 264, 6371-
6375 

61. Keyse, S. M., Applegate, L. A., Tromvoukis, Y., and Tyrrell, R. M. (1990) Oxidant stress 
leads to transcriptional activation of the human heme oxygenase gene in cultured skin 
fibroblasts. Mol Cell Biol 10, 4967-4969 

62. Hanna, D. A., Hu, R., Kim, H., Martinez-Guzman, O., Torres, M. P., and Reddi, A. R. (2018) 
Heme bioavailability and signaling in response to stress in yeast cells. J Biol Chem 293, 
12378-12393 

63. Hanna, D. A., Harvey, R. M., Martinez-Guzman, O., Yuan, X., Chandrasekharan, B., Raju, 
G., Outten, F. W., Hamza, I., and Reddi, A. R. (2016) Heme dynamics and trafficking 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


factors revealed by genetically encoded fluorescent heme sensors. Proc Natl Acad Sci U 
S A 113, 7539-7544 

64. Liu, L., Dumbrepatil, A. B., Fleischhacker, A. S., Marsh, E. N. G., and Ragsdale, S. W. 
(2020) Heme oxygenase-2 is post-translationally regulated by heme occupancy in the 
catalytic site. J Biol Chem 295, 17227-17240 

65. Hopp, M. T., Schmalohr, B. F., Kuhl, T., Detzel, M. S., Wissbrock, A., and Imhof, D. (2020) 
Heme Determination and Quantification Methods and Their Suitability for Practical 
Applications and Everyday Use. Anal Chem 92, 9429-9440 

66. Martinez-Guzman, O., Willoughby, M. M., Saini, A., Dietz, J. V., Bohovych, I., Medlock, A. 
E., Khalimonchuk, O., and Reddi, A. R. (2020) Mitochondrial-nuclear heme trafficking in 
budding yeast is regulated by GTPases that control mitochondrial dynamics and ER 
contact sites. J Cell Sci 133 

67. Mestre-Fos, S., Ito, C., Moore, C. M., Reddi, A. R., and Williams, L. D. (2020) Human 
ribosomal G-quadruplexes regulate heme bioavailability. J Biol Chem 295, 14855-14865 

68. Song, Y., Yang, M., Wegner, S. V., Zhao, J., Zhu, R., Wu, Y., He, C., and Chen, P. R. (2015) 
A Genetically Encoded FRET Sensor for Intracellular Heme. ACS Chem Biol 10, 1610-1615 

69. Leung, G. C.-H., Fung, S. S.-P., Gallio, A. E., Blore, R., Alibhai, D., Raven, E. L., and Hudson, 
A. J. (2021) Unravelling the mechanisms controlling heme supply and demand. 
Proceedings of the National Academy of Sciences 118, e2104008118 

70. Sweeny, E. A., Singh, A. B., Chakravarti, R., Martinez-Guzman, O., Saini, A., Haque, M. 
M., Garee, G., Dans, P. D., Hannibal, L., Reddi, A. R., and Stuehr, D. J. (2018) 
Glyceraldehyde-3-phosphate dehydrogenase is a chaperone that allocates labile heme 
in cells. J Biol Chem 293, 14557-14568 

71. Gray, L. T., Puig Lombardi, E., Verga, D., Nicolas, A., Teulade-Fichou, M. P., Londono-
Vallejo, A., and Maizels, N. (2019) G-quadruplexes Sequester Free Heme in Living Cells. 
Cell Chem Biol 26, 1681-1691 e1685 

72. Abshire, J. R., Rowlands, C. J., Ganesan, S. M., So, P. T., and Niles, J. C. (2017) 
Quantification of labile heme in live malaria parasites using a genetically encoded 
biosensor. Proc Natl Acad Sci U S A 114, E2068-E2076 

73. Yuan, X., Rietzschel, N., Kwon, H., Walter Nuno, A. B., Hanna, D. A., Phillips, J. D., Raven, 
E. L., Reddi, A. R., and Hamza, I. (2016) Regulation of intracellular heme trafficking 
revealed by subcellular reporters. Proc Natl Acad Sci U S A 113, E5144-5152 

74. Bal, W., Kurowska, E., and Maret, W. (2012) The final frontier of pH and the 
undiscovered country beyond. PLoS One 7, e45832 

75. Atamna, H., Brahmbhatt, M., Atamna, W., Shanower, G. A., and Dhahbi, J. M. (2015) 
ApoHRP-based assay to measure intracellular regulatory heme. Metallomics 7, 309-321 

76. Kim, Y. S., and Dore, S. (2005) Catalytically inactive heme oxygenase-2 mutant is 
cytoprotective. Free Radic Biol Med 39, 558-564 

77. Carter, E. L., Ramirez, Y., and Ragsdale, S. W. (2017) The heme-regulatory motif of 
nuclear receptor Rev-erbbeta is a key mediator of heme and redox signaling in circadian 
rhythm maintenance and metabolism. J Biol Chem 292, 11280-11299 

78. Kim, Y. S., Zhuang, H., Koehler, R. C., and Dore, S. (2005) Distinct protective mechanisms 
of HO-1 and HO-2 against hydroperoxide-induced cytotoxicity. Free Radic Biol Med 38, 
85-92 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


79. Sanematsu, K., Kitagawa, M., Yoshida, R., Nirasawa, S., Shigemura, N., and Ninomiya, Y. 
(2016) Intracellular acidification is required for full activation of the sweet taste receptor 
by miraculin. Sci Rep 6, 22807 

80. Fang, Y., Liu, Z., Chen, Z., Xu, X., Xiao, M., Yu, Y., Zhang, Y., Zhang, X., Du, Y., Jiang, C., 
Zhao, Y., Wang, Y., Fan, B., Terheyden-Keighley, D., Liu, Y., Shi, L., Hui, Y., Zhang, X., 
Zhang, B., Feng, H., Ma, L., Zhang, Q., Jin, G., Yang, Y., Xiang, B., Liu, L., and Zhang, X. 
(2017) Smad5 acts as an intracellular pH messenger and maintains bioenergetic 
homeostasis. Cell Res 27, 1083-1099 

81. Fujita, F., Uchida, K., Moriyama, T., Shima, A., Shibasaki, K., Inada, H., Sokabe, T., and 
Tominaga, M. (2008) Intracellular alkalization causes pain sensation through activation 
of TRPA1 in mice. J Clin Invest 118, 4049-4057 

82. Ishikawa, K., Matera, K. M., Zhou, H., Fujii, H., Sato, M., Yoshimura, T., Ikeda-Saito, M., 
and Yoshida, T. (1998) Identification of histidine 45 as the axial heme iron ligand of 
heme oxygenase-2. J Biol Chem 273, 4317-4322 

83. Brewitz, H. H., Kuhl, T., Goradia, N., Galler, K., Popp, J., Neugebauer, U., Ohlenschlager, 
O., and Imhof, D. (2015) Role of the Chemical Environment beyond the Coordination 
Site: Structural Insight into Fe(III) Protoporphyrin Binding to Cysteine-Based Heme-
Regulatory Protein Motifs. Chembiochem 16, 2216-2224 

84. Fleischhacker, A. S., Carter, E. L., and Ragsdale, S. W. (2018) Redox Regulation of Heme 
Oxygenase-2 and the Transcription Factor, Rev-Erb, Through Heme Regulatory Motifs. 
Antioxid Redox Signal 29, 1841-1857 

85. Fleischhacker, A. S., Gunawan, A. L., Kochert, B. A., Liu, L., Wales, T. E., Borowy, M. C., 
Engen, J. R., and Ragsdale, S. W. (2020) The heme-regulatory motifs of heme oxygenase-
2 contribute to the transfer of heme to the catalytic site for degradation. J Biol Chem 
295, 5177-5191 

86. Yi, L., and Ragsdale, S. W. (2007) Evidence that the heme regulatory motifs in heme 
oxygenase-2 serve as a thiol/disulfide redox switch regulating heme binding. J Biol Chem 
282, 21056-21067 

87. Hu, J., Dong, L., and Outten, C. E. (2008) The redox environment in the mitochondrial 
intermembrane space is maintained separately from the cytosol and matrix. J Biol Chem 
283, 29126-29134 

88. Conant, J. B., and Tongberg, C. O. (1930) The oxidation-reduction potentials of hemin 
and related substances: I. The potentials of various hemins and hematins in the 
abscence and presence of pyridine. Journal of Biological Chemistry 86, 733-741 

89. Reddi, A. R., Reedy, C. J., Mui, S., and Gibney, B. R. (2007) Thermodynamic investigation 
into the mechanisms of proton-coupled electron transfer events in heme protein 
maquettes. Biochemistry 46, 291-305 

90. O'Keeffe, R., Latunde-Dada, G. O., Chen, Y. L., Kong, X. L., Cilibrizzi, A., and Hider, R. C. 
(2021) Glutathione and the intracellular labile heme pool. Biometals 34, 221-228 

91. Barr, I., Smith, A. T., Chen, Y., Senturia, R., Burstyn, J. N., and Guo, F. (2012) Ferric, not 
ferrous, heme activates RNA-binding protein DGCR8 for primary microRNA processing. 
Proc Natl Acad Sci U S A 109, 1919-1924 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


92. Sarkar, A., Carter, E. L., Harland, J. B., Speelman, A. L., Lehnert, N., and Ragsdale, S. W. 
(2021) Ferric heme as a CO/NO sensor in the nuclear receptor Rev-Erbss by coupling gas 
binding to electron transfer. Proc Natl Acad Sci U S A 118 

93. Burton, M. J., Kapetanaki, S. M., Chernova, T., Jamieson, A. G., Dorlet, P., Santolini, J., 
Moody, P. C., Mitcheson, J. S., Davies, N. W., Schmid, R., Raven, E. L., and Storey, N. M. 
(2016) A heme-binding domain controls regulation of ATP-dependent potassium 
channels. Proc Natl Acad Sci U S A 113, 3785-3790 

94. Kathiresan, M., Martins, D., and English, A. M. (2014) Respiration triggers heme transfer 
from cytochrome c peroxidase to catalase in yeast mitochondria. Proc Natl Acad Sci U S 
A 111, 17468-17473 

95. Reedy, C. J., and Gibney, B. R. (2004) Heme protein assemblies. Chem Rev 104, 617-649 
96. Wang, M., Herrmann, C. J., Simonovic, M., Szklarczyk, D., and von Mering, C. (2015) 

Version 4.0 of PaxDb: Protein abundance data, integrated across model organisms, 
tissues, and cell-lines. Proteomics 15, 3163-3168 

97. Maines, M. D. (1988) Heme oxygenase: function, multiplicity, regulatory mechanisms, 
and clinical applications. FASEB J 2, 2557-2568 

98. Geiger, T., Wehner, A., Schaab, C., Cox, J., and Mann, M. (2012) Comparative proteomic 
analysis of eleven common cell lines reveals ubiquitous but varying expression of most 
proteins. Mol Cell Proteomics 11, M111 014050 

99. Dore, S., Takahashi, M., Ferris, C. D., Zakhary, R., Hester, L. D., Guastella, D., and Snyder, 
S. H. (1999) Bilirubin, formed by activation of heme oxygenase-2, protects neurons 
against oxidative stress injury. Proc Natl Acad Sci U S A 96, 2445-2450 

100. Dore, S., Sampei, K., Goto, S., Alkayed, N. J., Guastella, D., Blackshaw, S., Gallagher, M., 
Traystman, R. J., Hurn, P. D., Koehler, R. C., and Snyder, S. H. (1999) Heme oxygenase-2 
is neuroprotective in cerebral ischemia. Mol Med 5, 656-663 

101. Dai, Y., Sweeny, E. A., Schlanger, S., Ghosh, A., and Stuehr, D. J. (2020) GAPDH delivers 
heme to soluble guanylyl cyclase. J Biol Chem 295, 8145-8154 

102. Chakravarti, R., Aulak, K. S., Fox, P. L., and Stuehr, D. J. (2010) GAPDH regulates cellular 
heme insertion into inducible nitric oxide synthase. Proc Natl Acad Sci U S A 107, 18004-
18009 

103. Chien, H. C., Zur, A. A., Maurer, T. S., Yee, S. W., Tolsma, J., Jasper, P., Scott, D. O., and 
Giacomini, K. M. (2016) Rapid Method To Determine Intracellular Drug Concentrations 
in Cellular Uptake Assays: Application to Metformin in Organic Cation Transporter 1-
Transfected Human Embryonic Kidney 293 Cells. Drug Metab Dispos 44, 356-364 

 
  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


Figures and Figure Legends. 
 

 
Figure 1. Fractional heme occupancy and activity of HO-2 as a function of free heme 
concentration. The heme occupancy of HO-2 (red curve; right y-axis) was simulated using a 1-
site heme binding model governed by the following equation: [Heme] / {[Heme] + KD}, assuming 
a heme-HO-2 KD value of 3.6 nM. The fraction of maximal velocity, V/Vmax, (black curve; left y-
axis) was simulated using a Michaelis-Menten model governed by the following equation: 
[Heme] / {[Heme] + KM}, assuming a heme KM value of 400 nM. The light blue shaded region 
represents the span of values reported for buffered free heme in cells and the black arrow 
indicates the concentration of intracellular free heme in which HO-1 is induced. 
 
  

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2021. ; https://doi.org/10.1101/2021.06.06.447256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.06.447256
http://creativecommons.org/licenses/by/4.0/


 
 
Figure 2. Heme Sensor 1 (HS1) can sense labile heme in HEK293 cells. (a) Representative violin 
plots depicting the distribution of eGFP/mKATE2 fluorescence ratios in single HEK293 cells 
expressing the high affinity heme sensor, HS1, the moderate affinity heme sensor, HS1-M7A, 
and the heme binding incompetent control scaffold, HS1-M7A, H102A. The heme 
responsiveness of the sensors was established by culturing HEK293 cells in regular media (Reg. 
Med.; DMEM with 10% FBS), heme deficient (HD) media supplemented with succinylacetone 
(SA) (HD + SA; DMEM with heme depleted 10% FBS and 500 µM SA), or in regular media with 10 
µM hemin chloride (10 µM Heme). In order to saturate the sensors, cells were permeabilized 
with digitonin and incubated with 100 µM hemin chloride (Heme Saturation; serum free DMEM 
with 1 mM ascorbate, 40 µM digitonin, 100 µM hemin chloride). (b) Median heme sensor 
eGFP/mKATE2 fluorescence ratio values derived from flow cytometry experiments (as in panel 
a) from triplicate HEK293 cultures. (c) Median heme sensor eGFP/mKATE2 fluorescence ratio 
values derived from flow cytometry experiments from triplicate HEK293 cultures grown in HD + 
SA media or in regular media supplemented with the indicated concentrations of hemin 
chloride or 5-aminolevulinic acid (ALA) for 24 hours. Representative violin plots of 
eGFP/mKATE2 fluorescence ratio distributions from single cell analysis of HEK293 cultures are 
shown in Figure S8a. (d) Measurements of total heme in triplicate HEK293 cultures grown in HD 
+ SA media or in regular media supplemented with the indicated concentrations of hemin 
chloride or 5-aminolevulinic acid (ALA) for 24 hours. (e) Relationship between sensor heme 
occupancy for HS1 and HS1-M7A and buffered free heme, depending on weather heme is 
oxidized (ferric) or reduced (ferrous). See main text and Experimental Procedures for details. 
The statistical significance is indicated by asterisks using one-way ANOVA for multiple 
comparisons using Tukey’s range test. *p<0.05, **p<0.01,***p <0.001, ****p<0.0001, ns = not 
significant. 
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Figure 3. HO-2 silencing increases labile heme but does not affect total heme or bilirubin levels. 
(a) Representative immunoblot of HO-1 (HMOX1), HO-2 (HMOX2), and GAPDH expression in 
HEK293 cells treated with or without 350 µM 5-aminolevulinic acid (ALA) and scrambled (Ctrl 
siRNA) or targeted (HMOX2 siRNA) siRNA against HO-2 (Left). Immunoblot analysis from 6 
independent trials demonstrates that siRNA against HMOX2 results in ~80-90% silencing of HO-
2 protein expression (Right). (b) Median heme sensor eGFP/mKATE2 fluorescence ratio values 
derived from flow cytometry experiments from 9-13 replicates of HEK293 cultures grown in HD 
+ SA media, regular media, or regular media supplemented with 350 µM ALA or control or 
targeted siRNA against HMOX2. Representative violin plots of eGFP/mKATE2 fluorescence ratio 
distributions from single cell analysis of HEK293 cultures are shown in Figure S8b. (c) 
Measurements of total heme in quintuplicate HEK293 cultures grown in regular media 
supplemented with control or targeted siRNA against HMOX2. (d) Measurements of total 
bilirubin in 3-6 replicates of HEK293 cultures grown in in HD + SA media, regular media, or 
regular media supplemented with 350 µM ALA or control or targeted siRNA against HMOX2. 
The statistical significance is indicated by asterisks using one-way ANOVA for multiple 
comparisons using Tukey’s range test. *p<0.05, **p<0.01,***p <0.001, ****p<0.0001, ns = not 
significant. 
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Figure 4. HO-2 overexpression depletes cytosolic and nuclear labile heme but not total heme, 
bilirubin levels, or mitochondrial labile heme. (a) Representative immunoblot of HO-1 (HMOX1), 
HO-2 (HMOX2), and GAPDH expression in untransfected (UT) or HO-2 overexpressing HEK293 
cells treated with or without 10 µM hemin chloride. (b) Measurements of total heme in 
triplicate untransfected (-) or HO-2 overexpressing (OE) (+) HEK293 cultures grown in HD + SA 
or regular media. (c) Measurements of total bilirubin in triplicate untransfected (-) or HO-2 
overexpressing (OE) (+) HEK293 cultures grown in regular media with or without 350 µM ALA. 
(d) Median cytosolic, nuclear or mitochondrial (mito)-targeted HS1 eGFP/mKATE2 fluorescence 
ratio values derived from flow cytometry experiments from triplicate untranfected (-) or HO-2 
overexpressing (OE) (+) HEK293 cells grown in HD + SA or regular media. Representative violin 
plots of eGFP/mKATE2 fluorescence ratio distributions from single cell analysis of HEK293 
cultures are shown in Figure S8c. The statistical significance is indicated by asterisks using one-
way ANOVA for multiple comparisons using Tukey’s range test. *p<0.05, **p<0.01,***p <0.001, 
****p<0.0001, ns = not significant. 
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Figure 5. Heme sequestration and buffering requires the HO-2 heme binding pocket but not 
catalytic activity, heme regulatory motifs (HRMs), or ER membrane-tethering. (a) Schematic of 
HO-2 and residues of interest, including heme binding ligand H45, a residue that accommodates 
heme binding within the heme binding pocket, G159, Cys residues within Cys-Pro (CP; stars) 
dipeptides in the HRMs, C265 and C282, and the ER membrane-spanning region spanning 
residues 288-316 (blue). (b) Median cytosolic HS1 eGFP/mKATE2 fluorescence ratio values 
derived from flow cytometry experiments from triplicate HEK293 cells that were untransfected 
(UT) or overexpressing WT or the indicated mutant HO-2 alleles. Cells were cultured in HD + SA, 
treated with or without 50 µM hemin chloride,  or regular media, treated with or without 350  
µM ALA. Representative violin plots of eGFP/mKATE2 fluorescence ratio distributions from 
single cell analysis of HEK293 cultures are shown in Figure S9. (c) Representative immunoblot 
demonstrating overexpression of the indicated HO-2 (HMOX2) alleles relative to untransfected 
(UT) cells. (d) Measurements of total heme in triplicate cultures of HEK293 cells that were 
untransfected (UT) or overexpressing WT or mutant HO-2 grown in regular media. The 
statistical significance is indicated by asterisks using one-way ANOVA for multiple comparisons 
using Tukey’s range test. *p<0.05, **p<0.01,***p <0.001, ****p<0.0001, ns = not significant. 
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Figure 6. The effects of HO-2 depletion or overexpression on HS1 heme occupancy are 
consistent with labile heme being oxidized. (a) Simulation of HS1 heme occupancy as a function 
of HO-2 expression assuming the equilibrium model depicted in Equation 3, with [HS1] = 10 
nM, and heme being oxidized and present at 1 nM (black), 5 nM (blue), or 10 nM (grey). (b) 
Simulation of HS1 heme occupancy as a function of HO-2 expression assuming the equilibrium 
model depicted in Equation 3, with [HS1] = 10 nM, and heme being reduced and present at 1 
nM (black), 5 nM (blue), or 10 nM (grey). See text for details and Supporting Information for 
derivations of the equilibrium model. See also Figure S4, which depict simulations for 100 nM 
and 1 µM [HS1] and 0.1, 0.5, and 1.0 equivalents of heme relative to [HS1] in oxidized or 
reduced states. 
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