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Abstract

Heme iron has many and varied roles in biology. Most commonly it binds as a prosthetic group to
proteins, and it has been widely supposed and amply demonstrated that subtle variations in the
protein structure around the heme, including the heme ligands, are used to control the reactivity of
the metal ion. But the role of heme in biology now appears to also include a regulatory responsibility
in the cell; this includes regulation of ion channel function. In this work, we show that cardiac Kae
channels are regulated by heme. We identify a cytoplasmic heme-binding CXXHX1sH motif on the
SUR2A subunit of the channel, and mutagenesis together with quantitative and spectroscopic analyses
of heme binding and single channel experiments identified Cys628 and His648 as important for heme
binding. We discuss the wider implications of these findings and we use the information to present

new hypotheses for mechanisms of heme-dependent regulation across other ion channels.

Significance statement

Heme-containing proteins are found in all living species and carry out a wide variety of biological
functions. It is becoming clear that heme has a wider regulatory role in the cell; one such regulatory
role is in control of ion channel function. In this paper, we have demonstrated heme-dependent
regulation of Karp channels and we have identified the heme binding location as being on a SUR2A
subunit of the channel. We use this information to present a hypothesis for how heme regulation

across numerous ion channels may occur.
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\body

Heme is a small organic molecule with iron in the centre and it plays a vital role in a wide range of
biological systems. Heme-containing proteins form a large and biologically important group of
enzymes: they are found in all living species and carry out a wide variety of functions, for example in
oxygen transport (the globins), electron transfer (the cytochromes), as well as in various heme-
dependent catalytic processes (for example in the cytochrome P450s, nitric oxide synthases,
peroxidases, dioxygenases). For many of these proteins, much structural and mechanistic information
is available, and this has led to an established view that the role of heme in biology is as a prosthetic
group, which means that it binds tightly to a particular protein (such as hemoglobin) thus conferring
specific properties that vary according to the biological requirements. But it is now becoming clear
that this represents only one part of a more complex biological picture and that heme interacts with
proteins in a variety of ways and has a much wider regulatory role in the cell (1-5). The mechanisms

of heme regulation in biology are, at present, largely unknown.

One new regulatory role for heme is in control of ion channel function. lon channels are central to the
control of a vast range of biological processes ranging from neuronal signaling to regulation of blood
pressure, and as a consequence defects in ion channel function lead to a variety of disease states. lon
channel gating (opening and closing of the pore) can be regulated by membrane potential and/or by
ligand binding; furthermore, co-assembly with regulatory subunits and modulation by signaling

pathways yields an additional means of control.

The molecular basis for the regulatory control in ion channels has yet to be precisely defined. The
complexity of the problem is in part because the target proteins and their sites of interaction with
heme are poorly characterised and are probably different in different ion channels, and because the
interactions with heme are often weak and give spectroscopic signatures that are much different to
those in the more well-characterised heme proteins which are often used as a benchmark.
Consequently, the development of ideas about precisely how heme regulates such complex biological
events is at a preliminary stage, and the mechanisms of regulation in structurally diverse channels

have yet to be unravelled.

In this paper, we have examined heme-dependent regulation in cardiac ATP-sensitive K* channels
(Kate). Kate channels regulate the excitability of cardiac ventricular myocytes which is especially
apparent during metabolic stress, such as, ischaemic heart disease and myocardial infarction (6). We
find clear evidence for heme-dependent modulation of cardiac Karp channels and our analyses indicate

that heme interacts with a cytoplasmic regulatory domain to modulate channel activity. We use this



information to present a mechanistic framework for heme-dependent regulation across other ion

channels.



Results

The Karp family of ion channels respond to intracellular ATP and play a pivotal role in linking cellular
metabolism to excitability (7). The most abundant ventricular Karp channel is a heteroctomeric
complex consisting of four pore forming K* channel subunits of the inward rectifier family (Kir6.2) and
four regulatory sulphonylurea receptor subunits (SUR2A) which are members of the ABC transporter
superfamily (8, 9), Fig. S1A. The modulation of Karp channel activity is an important process which

enhances the cardiac muscle response to oxidative stress (10).

Heme increases whole-cell Karp currents. The effect of heme on the Kar current from isolated cardiac
myocytes was investigated using whole-cell patch-clamp recordings. Cardiac myocytes were held at 0
mV and bath application of the Katr channel opener, P1075 (10 uM), resulted in a whole-cell current
which was sensitive to bath application of the selective Karp channel blocker, glibenclamide (10 uM),
that completely blocked the current (Fig. S2A). The application of heme (500 nM) resulted in an
increase in the Kate current, producing a 1.6 fold increase in Karp current (Figs. S2B, C). Heme increased
the Karp current in a dose dependent manner with a maximal response achieved with 500 nM heme;
the half maximal increase in Karp channel open probability in response to heme is ~100 nM, Fig. S2C,
which is in the physiological range for heme concentration within the cell (11). Bath application of
protoporphyrin IX (Fig. S2F), Zn-protoporphyrin IX (Fig. S2D, F) or Sn-protoporphyrin IX (Fig. S2F) did
not result in any change in the Kare currents. In further experiments, FeSO, (500 nM) was superfused
onto cardiac myocytes during the recording (Fig. S2E). However, in contrast to the heme-induced
increases in Karp current, application of FeSO4resulted in a significant decrease in Karp current (Figs.
S2E, F). We conclude that the increases in current are specific to heme, and are not a consequence of

the porphyrin ring or iron alone.

Depletion of intracellular free heme reduces Karpr current. The effect of depleting intracellular heme
was also tested by incubating myocytes with succinylacetone (SA) which inhibits heme biosynthesis
by inhibiting the ALA dehydratase enzyme (the second enzyme in the heme biosynthesis pathway);
when intracellular heme levels are decreased a feedback loop causes an increase in expression of
aminolevulinate synthase-1 (ALAS-1, the first enzyme in the pathway). After incubation with SA, an
increase in the expression of ALAS-1 was observed by Q-PCR (Fig. S3A). The Kare channels were opened
by the channel opener P1075 (10 uM) and the resulting currents were recorded from myocytes in the
whole-cell configuration. The currents recorded from the myocytes treated with SA (1 mM) for 4 hours
were significantly smaller in amplitude compared to the amplitude of control untreated myocytes

(Figs. S3B,C).



Heme increases cardiac Karp single channel activity. Karp channels from ventricular myocytes were
recorded in inside-out patches at a holding potential of 70 mV. Immediately after patch excision, the
Kare channel open probability (Pogen) Was high due to lack of ATP in the bath solution (Fig. 1Ai). The
mean amplitude of single channel currents was approximately 4.5 pA with Pgpen of 0.454 £ 0.063, n =
4 for endogenous Kare channels in cardiac myocytes. A localised perfusion pipette, enabling rapid
solution changes to the intracellular side of the patch, delivered a solution containing ATP (500 uM)
directly to the excised patch. The addition of ATP to the patch reduced Pgpen to 0.014 £ 0.009, n = 4
(Fig. 1Aiji,B). Following this, application of hemin (500 nM) with ATP (500 uM) revealed a significant
increase in channel activity, Popen to 0.104 + 0.030, n = 4 (Fig. 1Aiii,B).

Identification of the heme binding location. Identification of heme-binding domains within heme-
dependent ion channels presents a considerable experimental challenge. The Karp subunits Kir6.2 and
SUR2A do not contain any CXXCH cytochrome c-like heme binding motifs, as identified in the BK
channels (12). However, SUR2A contains a CXXHX36H motif (nomenclature follows that in (13)), Fig.
S1B. SUR2A (UniProt id: sp| 060706 | ABCC9_HUMAN) is a 1549 residue protein that belongs to the c-
subfamily of the ATP-binding cassette (ABC) family, an ABC subfamily also referred to as multidrug
resistance-associated proteins (MRP). Based on sequence alignments, SUR2A contains two ATP-
binding domains of ABC transporters (Pfam domain id: PFO0005) in the regions 684-835 and 1325-
1473, and two transmembrane domains of ABC transporters (Pfam domain id: PFO0664) in the regions
303-582 and 990-1260, Fig. S1B. The CXXHX16H motif of the SUR2A subunit (residues 628-648) is
located between the first transmembrane domain and the first nucleotide binding domain, Fig. S1.
The hypothesis that the CXXHXi6H motif is involved in heme binding was therefore tested by
mutagenesis (residues Cys628, His631, His648).

Inside-out patches from HEK293 cells heterologously expressing wild type Kir6.2 and SUR2A show Kare
channel currents with a robust response to heme. In the presence of ATP (500 uM) the Karr channels
had a low open probability (0.023 + 0.009, n = 9) (Fig. S4B, C) compared to the addition of heme (500
nM) when an increase in open probability is observed (0.109 + 0.020, n = 9) (Fig. S4B, C). The increase
in open probability was observed over all voltages tested in macropatches (Fig. S4D). The channels
expressed in HEK293 cells were 4.5pA at 70mV and were sensitive to glibenclamide (50uM) which is
indicative of the Karp channel currents Fig. S4Aiv). The effect of mutations in the CXXHX36H motif (at
C628S, H631A and H648A) was also tested (Fig. 3). Single channel analysis revealed that both single
mutations C628S and H648A had a substantial effect on the Karp channel response to heme (Fig. 34,
B), whereas the H631A mutation had a minor effect on the heme response (Fig. 3C). Double and triple
mutations showed that any combination of mutations that contained C628S and H648A affected the

heme-dependent increases in Karp channel open probability (Fig. 3C). These data are consistent with



the SUR2A subunit of Kare channel being the site of heme binding, and suggest a role for C628 and
H648.

Heme binding to SUR2A. In order to further quantify the interaction of heme with the SUR2A subunit,
we examined heme binding to two model peptides as well as to a fragment of the SUR2A subunit
(residues S615-L933) containing the entire CXXHX16H region. In assessing the spectroscopic properties
of these heme-bound species, it is important to note that the spectra for regulatory heme proteins
often differ from those of well-known heme proteins such as the globins and cytochrome ¢, most likely

because the heme binds more weakly, and in different orientations.

Peptide A (LPFESCKKHTGVQSKPINRKQPGRYHLDNYE) contains the residues corresponding to
C628/H648. At 1:1 hemin:peptide ratio, peptide A binds heme to form a complex that is clearly red-
shifted (Amax = 417 nm, Fig. 4A) compared to free hemin (Amax = 385 nm). Similar absorption patterns
(Amax = 412-417 nm) have been reported for heme binding to peptides with a single cysteine residue
(14) and to proteins with Cys/His coordination (Table S1). Heme binding to a control peptide B
(LPFESSKKATGVQSKPINRKQPGRFALDNFE) in which Cys and His residues have been replaced did not
show any evidence of heme binding under the same conditions.

Additionally, the nucleotide binding domain 1 of SUR2A including the heme binding region (residues
S$615-1933, Fig. S1B) was expressed in E. coli and titrated with heme, Fig. 4B. The absorption spectrum
shows a peak at 413 nm; a similar peak of lower intensity was observed in the absorption spectrum of
the H648A mutant. As mentioned above, similar absorption patterns have been reported for heme
binding to proteins with Cys/His coordination (Table S1), typical for low-spin type-2 heme thiolate
Fe(lll) Soret bands (15). Overall, these data are consistent with heme binding to the SUR2A subunit of
the Kate channel, and are in agreement with the electrophysiology data.

Resonance Raman experiments were used to provide further insight on the SUR2A-hemin interaction.
In the high-frequency, the spectrum of free hemin displays the distinctive features of a ferric 5-
coordinate high-spin complex (5¢-HS) with characteristic bands at 1370 cm™ (v4), 1490 cm™ (v3) and
1571 cm™ (v,) (Fig. 4Ci, Table S2). The vio mode of 5¢c-HS heme is hidden by the vinyl stretching bands
expected in the 1610-1640 cm™ region (1618 cm™ for the in-plane and 1628 cm™ for the out-of plane
vinyl group) (16). When titrated with 0.8 equivalent of hemin, ferric SUR2A(S615-L933) shows
significant differences with free hemin (Fig. 4Cii), indicating that heme is bound specifically. Besides
the bands at 1490 cm™ (v3) and 1573 cm™ (v,) assigned to a 5¢c-HS hemin complex that probably
originates from some unbound hemin, the v4 band shifts to a higher frequency (1373 cm™) and there
are additional bands at 1507 cm™ (vs), 1589 cm™ (v,) and 1641 cm™ (vio) that clearly indicate the
presence of a 6-coordinate low-spin complex (6¢c-LS) (Table S2). The proportion of 6¢c-LS heme is

significantly increased when the concentration of SUR2A(S615-L933) is in excess, as indicated by



increases in intensity of the vs (1505 cm™), v, (1586 cm™) and vio (1640 cm™) bands (Fig. 4Ciii). Time-
dependent resonance Raman spectra of the ferric SUR2A(S615-L933)-hemin complex reveal a build-
up of the 6¢-LS species (Fig. S5), as evidenced by an increase in the intensity of the vs (1506 cm™) and
channel occurs rapidly, but that complete formation of low-spin heme is slower and presumably
involves a conformational rearrangement that ‘locks’ the heme into place complex. The H648A
mutation (Fig. 4Civ) leads to a significant decrease of the 6c-LS species compared to the wild type
protein (Fig. 4Cii) as indicated by the decrease of the intensity of the bands at 1506 cm™ (vs), at 1590
cm? (v2) and 1641 cm™? (vi). These data are consistent with a decreased intensity of the Soret
absorbance band at 413nm for the H648A-hemin complex, and with the electrophysiology data.
Together, the data suggest that heme binds to SUR2A(S615-1933) at a specific location and that H648

plays a significant role.

EPR data support the conclusions above. The spectrum of the ferric SUR2A(S615-L933)-hemin complex
confirms the presence of low-spin heme (g = 2.47, 2.28 and 1.86), Fig. S6ii. As observed in the
resonance Raman data above (Fig. 4Ciii), the proportion of 6¢c-LS heme increases in the presence of
higher concentrations of SUR2A, Fig. S6iii. These g-values are typically observed for His-Cys heme
ligation, as demonstrated in Fig. S7 (15). Some high-spin heme is visible (g = 6, Fig. S4ii), which probably
arises from a small amount of free hemin (compare Fig. S6i). EPR data show that the 6c-LS signals
essentially disappear in the H648A mutant (Fig. S6iii), in agreement with the resonance Raman spectra
(Fig. 4Civ), and confirming the importance of this residue in heme binding. The mutation of the C628S
residue had less of an impact on the EPR spectra (Fig. S6v) (resonance Raman data for C628S showed
a similar pattern), but mutation of H631 decreases the amount of 6¢c-LS species (Fig. Sévi). The

implications of these findings are discussed below.



Discussion

Most of what is known about the role of heme iron in biology has emerged over many decades from
structure/function studies on well-known heme proteins, for example the globins, the cytochromes,
and the many and varied catalytic heme enzymes. But there is evidence in the literature that heme
acts as a signalling molecule and also regulates a variety of other complex biological events in the cell,
which extends the role of heme far beyond the limits of current understanding. As well as roles in
control of ion channel function, there is very good evidence for the involvement of heme in circadian
control (day/night cycle), in control of transcriptional events and gene expression, and in regulation

of phosphorylation and kinase activity (see (1, 3, 17, 18) for reviews).

The mechanisms of heme-dependent regulation are very unclear. It is not yet known how heme is
stored and mobilized within the cell for regulatory control: heme is insoluble in aqueous solutions,
and is most likely bound (weakly) to as yet unknown chaperone/transporter proteins, but the
mechanisms of heme transport across the membrane are not established in detail. Heme
concentrations in the cell have not been measured precisely (estimates are in the range ~100 nM or
less (4, 11, 19), and probably increase during hypoxia and after thrombosis/stroke (20-22) so that local

changes in heme concentration in the cell cannot, at present, be reliably quantified.

Heme binding interactions in ion channels. In the case of ion channel regulation, it has recently
emerged that there is a role for heme (12, 23-26), but the observations are largely empirical, so that
the molecular basis for the regulatory control within individual channel proteins has yet to be properly
defined. A number of heme responsive motifs (27) have been suggested to be involved: these include
Cys/Pro (CP) motifs using thiolate ligation to the heme as in the P450s, or Cys/His motifs (3, 14). In the
case of the Slo1 channels (12), a cytochrome c-like CXXCH motif has been implicated (12, 28). But this
raises immediate questions that do not chime with established patterns of behavior in other heme
proteins, This is because most proteins bind heme reversibly (i.e. non-covalently), whereas
cytochrome ¢ uses complex and specialized biosynthetic machinery to bind heme irreversibly (i.e.
covalently) through thioether bonds from the Cys residues of the CXXCH motif to the heme vinyl
groups (29, 30). There is as yet no evidence that ion channels proteins use similarly specialised
biosynthetic machinery; thus, it seems unlikely that the heme is covalently attached. Neither the
epithelial sodium channels (24) nor the A-type K* channels (23) contain a CXXCH motif, which we

interpret to mean that the mode of heme binding is most likely not the same across all ion channels.

In this paper, we have quantified the effect of heme on ATP-dependent potassium channels. These
channels couple electrical activity at the membrane to energy metabolism in numerous cells, such as

pancreatic B cells and cardiac myocytes, and in this way regulate a number of key physiological



processes including secretion and muscle contraction. We showed that heme at physiological
concentrations is a robust activator of Kare channels, Figs S1, 2. We identified a CXXHX16H heme binding
motif on the SUR2A domain as a potential heme binding location. Quantitative analyses of heme
binding to model peptides as well as to a fragment of the SUR2A subunit expressed in E. coli
demonstrate that heme binds to SUR2A(S615-L933), specifically, at this location. At least as far as the
isolated SUR2A domain is concerned (i.e. not within the channel), formation of a low-spin heme
species is not instantaneous, and probably occurs after initial formation of a more loosely associated,
non-specific heme-protein complex, by a slow conformational transition which “locks” the low-spin
SUR2A-hemin complex in place. Mutagenesis, together with single channel data, implicate Cys628 and
His648 as involved in the heme regulatory response, Fig. 3. The spectroscopic data are clearly
consistent with His648 as a potential ligand to a low-spin heme species which, on the basis of EPR g-
values (Fig. S7), we have tentatively assigned as His/Cys ligated species. Our spectroscopic data for the
Cys628 variant do not unambiguously confirm this residue as a ligand to the low-spin heme species,
even though a role for Cys628 is clearly evident from the single channel electrophysiology data. Other
heme binding modes are most likely possible (as also indicated by our findings on the H631 mutant),
so that alternative residues may bind to the heme in the absence of Cys628. Such flexibility of heme
binding - particularly flexibility of Cys ligation and particularly redox-linked ligation changes (15) -
seems to be a feature of these regulatory heme proteins; it probably reflects an intrinsic mobility of
the protein structure (as evidenced by the conformational changes leading to low-spin heme
formation) that can, potentially, absorb binding of heme in more than one orientation. A mixture of

binding modes have been suggested for the Kv1.4 ball peptide-hemin complex (23).

The CXXHX16H motif (residues 628-648) is located between the first transmembrane domain and the
first nucleotide binding domain, Fig. S1. Sequence alignment of the twelve human c-subfamily ABC
proteins (Fig. S1B) illustrates that the CXXHX36sH motif is part of an insertion that is present only in
SUR2A and SUR1. SUR1 is the closest homologue to SUR2A (67% identity) within the ABC subfamily c.
However, although SUR1 also has the insertion, the CXXHX16H motif is not conserved between SUR2A
and SUR1. Hence, this particular mode of heme binding is specific to SUR2A, and does not occur in
other members of this family of ABC transporters. There is evidence for heme binding to ABC-
transporter proteins (31-35) in other (unrelated) heme transport systems, but the heme binding sites

are not established.

Looking at all the heme-dependent ion channels identified so far, we note that cysteine is implicated
as important for heme binding in all cases (Table S1). There is, as yet, no structural information on
how heme binds to any ion channel protein. Modelling of SUR2A based on the crystal structure (36)

of the homologue MRP1 from C. elegans illustrates the orientation of the two transmembrane and
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two nucleotide binding domains, Fig. 2. The region containing the CXXHX1sH motif cannot be modelled
meaningfully (and might be conformationally mobile) because this insertion is missing in MRP1 C.
elegans, but the model indicates that the heme binding region is close to the first nucleotide binding
domain (NBD1, Fig. 24, B). In this regard, there are similarities to the structure of human Slo1, because
the proposed CXXCH heme binding motif in Slol is either invisible or only partly visible in crystal
structures (37-39), and is thus assumed to be located in an unstructured (conformationally mobile)

region of the molecule.

Consideration of heme-dependent regulatory mechanisms across other ion channels. To begin to
create a framework for the development of ideas on the mechanisms of heme-dependent ion channel
regulation, we have summarised schematically the information that has emerged so far for Kam
channels (this work) as well as for Slol (BK) (12) and Kv1.4 (23) channels (Scheme 1). In all three
channels, we note that the heme interacts with a cytoplasmic domain to modulate channel activity,
and in each case the heme is suggested to bind to a flexible region of protein structure. Thus, for the
Kate channels, heme binds to the CXXHX36H motif in the cytoplasmic domain of SUR2A; for the Slol
(BK) channels, heme binds to the cytochrome c-like CXXCH motif in the conformationally mobile region
between RCK1 and RCK2 domains; and for the Kv1.4 channel, heme is suggested to bind to a similar
CXXHX1gH motif close to the N-terminal ‘ball and-chain’ inactivation domain, which introduces a stable
configuration in an otherwise flexible region. Our results indicate that heme binding increases the
open channel probability in Karp channels, but for BK channels the opposite effect is observed and for
the Kv 1.4 channels heme binding impairs channel inactivation. Hence, while there may be similarities
in the modes of heme binding across different channels, the functional consequences are not the same
in each case and are a clear indication of the potential versatility of heme binding processes in ion
channel control. Additional layers of biological control can easily be envisaged when one considers
that heme concentrations are linked to O, concentration by O,-dependent heme degradation
pathways (via heme oxygenase (40)), which itself produces CO. A three-way mechanism of control,
linking heme concentrations to O, and/or CO binding to heme, could provide considerable versatility
around the simple process of heme binding, and would be a neat solution to a conceptually difficult

biological problem.
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Materials and Methods

Detailed methods on the following subjects are available in S1 Appendix, S| Materials and Methods:
isolation of cardiac myocytes, transfection and cell culture, electrophysiology, RNA extraction and
guantitative real-time PCR analysis, expression and purification of SUR2A NBD1, peptide synthesis,
spectroscopy of heme-bound species, bioinformatics analyses, chemicals and reagents, Table S1,

Table S2, Figures S1-5.
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Figure legends

Fig. 1. Heme increases Kare single channel open probabilities. (A) (i) Kare channel currents recorded
from an inside-out patch of a ventricular myocyte at +70 mV exposed to normal bath solution
containing O uM ATP, illustrating high channel activity. (ii) Local perfusion of the same patch with 500
UM ATP reduced channel activity. (iii) Local perfusion of the same patch with 500 uM ATP and 500 nM
hemin increased channel activity. (B) Overlaid amplitude histograms from the above patch, (fitted with
Gaussian distributions) illustrating an increase in single channel activity with application of 500 nM
hemin (dashed line).

Fig. 2. (A) SUR2A homology model based on C. elegans MRP PGP-1. a-helices are displayed as barrels,
B-strands as arrows using the colour scheme introduced in Fig. S1B. The insert containing the
CXXHX16H motif (red) which could not be modelled is schematically indicated as a stretch of residues
between the two yellow spheres. (B) Zoom into the SUR2A homology model. Visualisation as in (A),
but only residues that are also present in the multiple sequence alignment in Fig. S1B are shown.

Fig. 3. Effect of mutagenesis of the CXXHX16H region of SUR2A on Kare channel activity. (A) Inside-out
patch of C628S perfused with 500 uM ATP (i), and 500 uM ATP and 500 nM hemin (ii), and plots of
Popen (iif) and mean Pgpen (iv) with no significant change in activity between 500 uM ATP =0.053 £ 0.019,
n =7 and 500 uM ATP with 500 nM hemin = 0.043 + 0.014, n = 7. (B) Representative inside-out patch
of H648A with 500 pM ATP (i), 500 uM ATP and 500 nM hemin (ii), all Pogen Values (iii) and mean
Popen (iv): 500 uM ATP = 0.009 £ 0.005, n =5 and 500 uM ATP with 500 nM hemin = 0.011 + 0.008, n =
5. (C) Mean Pqpen for all mutants; empty bars for 500 uM ATP and hatched bars indicating 500 uM ATP
and 500 nM hemin

Fig. 4. Spectroscopic analysis of heme bound to SUR2A and synthetic peptide. (A) Spectrophotometric
titrations of the synthetic peptide LPFESCKKHTGVQSKPINRKQPGRYHLDNYE with heme. (B)
Corresponding heme titration of the SUR2A truncated protein (residues S615-L933) containing the
heme binding CXXHX16H region; the arrows represent the directions of the absorbance changes with
increasing heme concentration. (C) Room temperature high-frequency resonance Raman spectra of
(i) hemin, (ii) ferric SUR2A(S615-933)-hemin at sub stoichiometric hemin concentrations, (iii) ferric
SUR2A(S615-L933)-hemin with the protein in 4-5 fold excess, and (iv) H648A-hemin. All spectra
collected with 413.1 nm laser excitation.

Scheme 1. Cartoon representation of heme interaction in various ion channels. (A) In the Kare channel
(this work), heme binds to the CXXHXi¢H motif in the unique insertion (G622-P665 in the human
protein) on the cytoplasmic domain of SUR2A, and increases the open channel probability. (B) In Slol
(BK) channel (5), heme binds to the cytochrome c-like motif CXXCH in the disordered region between

the RCK1 and RCK2 domains, and increased concentrations of heme inhibit K* currents by decreasing

13



the frequency of channel opening. Inhibition of channel activity as heme concentration increases is
consistent with other observations (41) in which knockdown of heme oxygenase (which would
increase heme concentration) also reduces channel activity. (C) In the Kv1.4 channel (23), heme binds
to the ‘ball-and-chain’ N-terminus of the A-type potassium channel and impairs the inactivation
process; a heme-responsive CXXHX1sH motif is suggested as being responsible for heme binding, which
introduces a stable configuration in the otherwise disorded region. The membrane is depicted in pale
blue and the intracellular side is on the bottom. The light purple rectangles depict the conduction pore
of the inward rectifier K* channel Kir6.2 subunit in the Kare channel and the Slo1 and Kv1.4 channels.
The grey (TMDO), dark green (TMD1) and light green (TMD2) rectangles represent the transmembrane
domains of the sulphonylurea receptor SUR2A in the Karr channel (colour scheme as in Figure 3), and
the dark purple rectangles are the voltage-sensor domains in the Slol and Kv1.4 channels. Other
transmembrane domains have been omitted for simplicity. NBD: nucleotide binding domains 1 and 2.

RCK1/RCK2: regulator of conductance K domains 1 and 2. Heme is depicted as a red diamond.
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SUPPLEMENTARY METHODS

Chemicals and reagents. Iron protoporphyrin IX (hemin, C34H3,CIFeN;O4, FW 651.96 g/mol)
was purchased from Sigma Aldrich. Aqueous stock solutions of hemin (which is in the ferric
(+3) oxidation state) for spectroscopic and electrophysiology experiments were prepared by
dissolving 1 mg of hemin in 0.1 M aqueous NaOH and then mixing for 10 min. The solution
was clarified by centrifugation at 4000 g for 10 min and appropriate dilutions were made with
corresponding buffers. All electrophysiology buffers with or without hemin also contained 1
mM reduced glutiathione (GSH). Aliquots of hemin were made fresh daily. Exact
concentrations of hemin were calculated spectrophotometrically at 385 nm (e3s5s = 58.4
mM~icm™) (42). In the electrophysiology experiments, it is not known whether the heme stays
in the +3 oxidation state or whether (unknown) heme reductases convert the heme to ferrous

within the intracellular environment. Protoporphyrin IX (C3sH3aN4O4, FW 562.66 g/mol), tin



protoporphyrin IX dichloride (C3sH32N404Sne2Cl, FW 750.30 g/mol) and zinc protoporphyrin
(C34H32N404Zn, FW 626.0 g/mol) were purchased from Santa Cruz Technology (Dallas, USA)
and stock solutions were made up in 0.1 mM NaOH at a concentration of 1 mM, P1075 and
glibenclamide were from Tocris Bioscience, (Abingdon, England) and all other reagents were

from Sigma-Aldrich (Dorset, England).

Isolation of cardiac myocytes. Cardiac myocytes were obtained from adult male Wistar rats
(300-400 g) killed by stunning and cervical dislocation, a method approved under the UK
Animals (Scientific Procedures) Act, 1986. The heart was removed within 1 minute and
cannulated for retrograde perfusion at the aorta using a Langendorff apparatus. The single
ventricular myocytes were isolated through enzymatic digestion with collagenase (type I) and
protease (type XV) as described previously (43). The isolation procedure typically yielded 70 —
90% viable quiescent rod shaped myocytes. Following isolation myocytes were stored in
Tyrode solution at room temperature (approximately 22 °C) at a density of approximately 0.4

million cells/ml and were used for experimentation within 10 hours.

Transfection and cell culture. Human embryonic kidney 293 (HEK293) cells were cultured on
sterile glass cover slips in Minimum Essential Medium (MEM) (Life Technologies) with 10%
Foetal Bovine Serum (FBS), 1% L-Glutamine and 1% streptomycin/penicillin and incubated at
37°C, 5% CO, for at least 24h before transfection or patch-clamp recordings were made.
Transfection of HEK293 cells with plasmids encoding recombinant Kir6.2 and SUR2A was
carried out using Lipofectamine 2000 (Life Technologies, Carlsbad, USA) 12-24 hours before
recording. The rat Kir6.2-pIRES-eGFP and SUR2A-pCMV subunits were a generous gift from Dr

David Lodwick, University of Leicester.



Electrophysiology. Conventional whole-cell patch clamp was used to record membrane
currents from isolated cardiac myocytes with an Axopatch 200 amplifier. Signals were
digitized using a Digidata 1440A interface, and records acquired and analysed using pClamp
10.3 software (Molecular Devices, Sunnyvale, CA, USA). Patch pipettes were made from thick-
walled borosilicate glass (Harvard Apparatus, Edenbridge, UK) using a two-stage vertical puller
(Narashige, Tokyo, Japan) to give electrode resistance between 2-5 MQ and filled with a

solution containing (mM): 140 KCI, 2 ATP, 0.1 ADP, 0.1 GTP, 1 MgClp, 10 HEPES, 5 BAPTA,

titrated to pH 7.2 with NaOH. Cells were superfused with normal Tyrode solution containing
(mM): 135 NacCl, 5 KCl, 0.33 NaH;PO4, 5 Na-pyruvate, 10 glucose, 1 MgCl,, 2 CaCl,, 10 HEPES,
titrated to pH 7.4 with NaOH. P1075 and glibenclamide were from Tocris Bioscience,

(Abingdon, England) and all other reagents were from Sigma-Aldrich (Dorset, England).

Single channel currents were recorded at 70 mV and records were sampled at 10 kHz and
filtered at 2 kHz. To obtain single channel recordings the patch was excised in the inside-out
configuration into a bath containing (mM): 30 KOH, 110 KCI, 10 EGTA, 1.2 MgCl,, 1 CaCl,, 5
HEPES, 1 reduced glutathione, pH 7.2. Pipettes were filled with a solution containing (mM):
140 KCl, 1.2 MgCl,, 2.6 CaCl,, 5 HEPES, pH 7.4. Open probability (Pogen) Was calculated by
measuring the times, tj, where current level corresponded to j =0, 1, 2...N channels open. Popen
will then be equal to (Z?;l tjj)/TN, where N is the number of channels in the patch,
estimated as the maximum number seen during high activity, and T is the duration of the
recording. All experiments were conducted at room temperature (22 + 1 °C). Data are

presented as mean + SEM of n experiments.

Prior to recording, a population of the ventricular myocytes were treated with 1 mM
succinylacetone (SA) to inhibit heme synthesis and a population of myocytes were treated
with hemin (500 nM) in the presence of bovine serum albumin (BSA) in a 1:1 molar ratio as

described before (44) for 4 hours.

RNA extraction and Quantitative Real-Time PCR analysis. Treated and untreated cells at
different time point were collected and total RNA was isolated by using TRI-reagent (Sigma-
Aldrich). cDNA synthesis was carried out using random primers and Superscript Il (Invitrogen).
PCR primers were designed using the Primer Express v2.0 Software program (Applied
Biosystems, Foster City, CA). Primers sequences were as follows: Alas1 forward primer 5’-
TCTTCCGCAAGGCCAGTCT-3’, reverse primer 5- AAGAGGCTGCTCAAGCCCA-3’; GAPDH
forward primer 5’-CAGTGCCAGCCTCGTCTCAT-3’; reverse primer 5’-
AGGGGCCATCCACAGTCTTC-3".



Primers were designed to cross exon-exon boundaries and the concentration optimised (300-
900 nM) to ensure that the efficiency of the target amplification and the efficiency of the
endogenous reference amplification are approximately equal. PCR was performed using SYBR
Green PCR Master Mix, primers and 100 ng of reverse transcribed cDNA in the ABI PRISM 7700
Sequence Detection System, the thermal-cycler protocol was: stage one, 50 °C for 2 min; stage
two, 95 °C for 10 min; stage three, 40 cycles at 95 °C for 15 sec and 60 °C for 1 min. Each
sample was run in triplicate. The CT (threshold cycle when fluorescence intensity exceeds 10
times the standard deviation of the baseline fluorescence) value for the target amplicon and
endogenous control (GAPDH) were determined for each sample. Quantification was
performed using the comparative CT method (AACT). Data are presented as the mean + S.D.
(n = 3—4 for each group). Statistical significance was assessed as P < 0.05 using one-way

analysis of variance.

Expression and purification of SUR2A NBD1. Wild type rat SUR2A NBD1 (S615-L933) coding
sequences were subcloned in the pPSUMODAVE vector using the Ncol and Hindlll restriction
sites. The pSUMODAVE vector was a kind gift of Mr. C. David Owen (University of St. Andrews)
and Dr. David Roper (University of Warwick) (45). The resulting constructs of rat SUR2A NBD1
(5615-L933) containing a His6 tag followed by SUMO and then a TEV protease site were
expressed in E.coli strain BL21 (DE3) with slight modifications to previously described
procedures (46). Briefly, cell cultures were grown in LB Broth containing kanamycin (30
mg/ml) at 37 °C to an ODeoo of 0.4. The incubation temperature was gradually decreased to
18 °C until the ODggo reached 0.8, at which point the expression of the protein was induced by
addition of 0.2 mM IPTG. After 20 h the cells were harvested by centrifugation and the pellets
were stored at -80 °C. Purification of SUR2A NBD1 (residues S615-L933) was carried out at 4
°C. Cells were thawed and resuspended in lysis buffer (20 mM Tris, pH 8.00, 100 mM L-Arg, 2
mM B-mercaptoethanol, 10 mM ATP, 10 mM MgCl,, 5 mM imidazole, 0.2 % [v/v] Triton-X100,
10 % [v/v] glycerol, 2mg/ml deoxycholic acid, 1mg/ml lysozyme, 1 complete ULTRA Tablet,
Mini, EASYpack [Roche]). The cell lysate was loaded onto a 5 ml Ni?*-NTA (Qiagen) affinity
column equilibrated with 20 mM Tris, pH 7.6, 150 mM NaCl, 10 mM ATP, 10 mM MgCl,, 2 %
[v/v] glycerol, and 5 mM imidazole. After washing with equilibration buffer the Hiss-SUMO-
protein was eluted with 20 mM Tris, pH 7.3, 150 mM NaCl, 2 mM ATP, 2 mM MgCls, 2 % [v/V]
glycerol, and 400 mM imidazole. The elution fractions were immediately diluted 3-fold into a
buffer containing 20 mM Tris, pH 7.3, 2 mM ATP, 2 mM MgCl,, 5 mM B-mercaptoethanol and
2 % [v/v] glycerol. Imidazole was removed and the His¢-SUMO tag was cleaved from NBD1

with a His-tagged TEV-protease during overnight dialysis. The Hiss-SUMO tag and His-tagged



TEV protease were removed by reverse Ni**-NTA affinity column and SUR2A NBD1 was
purified to homogeneity with size exclusion chromatography (Superdex 75, GE Healthcare)
using 20 mM Tris, pH 7.3, 150 mM NaCl, 2 mM ATP, 2 mM MgCl,, 5 mM B-mercaptoethanol,
and 2 % [v/v] glycerol. Purity of the final preparations was assessed by SDS-PAGE. Protein

concentration was determined by Bradford protein assay.

Peptide synthesis. The peptides LPFESCKKHTGVQSKPINRKQPGRYHLDNYE and
LPFESSKKATGVQSKPINRKQPGRFALDNFE (with N-terminal acetylation and C-terminal

amidation, purity >95%) were purchased from Thermo Fisher Scientific.
Spectroscopy of hemin-bound species:
i.Difference absorption spectroscopy

Solutions of ferric hemin (g3ss = 58.4 mM™tcm™ (42)) were prepared by dissolving solid hemin
in 0.1 M NaOH. The hemin binding properties of the peptides and SUR2A were studied by
difference absorption spectroscopy using a double beam spectrophotometer (Perkin Elmer
Lambda 40). Hemin (50 - 400 uM) was added step-wise to the sample cuvette containing the
peptides (10 uM) or SUR2A(S615-1933) (7 uM) in 50 mM phosphate, 50 mM NaCl pH 8.00 and
to the reference cuvette containing the peptides/protein-free buffer. Spectra were recorded

after each hemin addition.
ii.Resonance Raman Spectroscopy

Samples (50 pL) of ferric SUR2A(S615-1933), H648A and C628S mutants solutions in 50 mM
Hepes, 50 mM NaCl pH 7.5 at 90-120 uM were prepared in quartz EPR tubes and disposed in a
homemade spinning cell, at room temperature, to avoid local heating and to prevent
photodissociation and degradation. Raman excitation at 413.1 nm was achieved with a laser
power of ~10 mW from a Kr* laser (Coherent 1-302). Resonance Raman spectra were recorded
using a modified single-stage spectrometer (Jobin-Yvon T64000, HORIBA Jobin Yvon S.A.S.,
Chilly Mazarin, France) equipped with a liquid N;-cooled back-thinned CCD detector. Stray
scattered light was rejected using a holographic notch filter (Kaiser Optical Systems, Ann Arbor,
MI). Spectra correspond to the average of three different 1 h accumulations. The spectral
accuracy was estimated to be +1 cm™. The spectral resolution was ~3 cm™. Baseline correction

was performed using GRAMS 32 (Galactic Industries, Salem, NH).

iii.EPR Spectroscopy



X-Band (9.4 GHz) EPR spectra were recorded on a Bruker ELEXSYS 500 spectrometer equipped
with a standard TE cavity (Bruker) and an Oxford Instruments continuous flow liquid helium
cryostat interfaced with a temperature control system. Samples (100 pl) of ferric SUR2A(S615-
L933) and site-directed mutants were prepared in 50 mM Hepes, 50 mM NaCl pH 7.5 at a

concentration of 100 uM, and transferred to quartz EPR tubes.

Bioinformatics analyses. Sequence Analysis. The SUR2A sequence (UniProt id:
sp| 060706 | ABCC9_HUMAN) was retrieved from the UniProt database and used as input for
a NCBI-BLAST sequence similarity search against SwissProt. From the BLAST results twelve
human homologs of the ATP-binding cassette, sub-family C (CFTR/MRP) were extracted using
taxid:9606 as species filter. These sequences were aligned with MAFFT and visualised in
Jalview. The domain structure of SUR2A was analysed considering Pfam domains as identified

by InterProScan.

Homology Modelling. An HHPred search against pdb identified the structures of the C. elegans
multidrug resistance protein PGP-1 (PDB-id: 4F4C, 20 % pairwise sequence identity (36)) and
the mouse MRP-1A protein (PDB-id: 3G5U, 18 % pairwise sequence identity (47)), both
covering the transmembrane domains, as plausible templates for modelling SUR2A. The
HHPred target-template sequence alignment was adjusted for consistency with the 4F4C
structure and used as input for model generation in Modeller 9v4. 50 models were generated
and ranked by the DOPE score, and the best ranking model was used for structure analysis

and visualisation in pymol.



FIGURE S1. (A) Schematic representation of cardiac sarcolemmal Karp channel structure; four
SUR2A subunits assemble with four pore-lining Kir6.2 subunits to form an octameric channel
structure. Highlighted in red is the disordered protein region which contains the motif
CXXHX1¢H leading into nucleotide binding domain 1 (NBD1). (B) Multiple sequence alignment
of the human ATP-binding cassette sub-family C (CFTR/MRP) proteins using the CLUSTAL
colour scheme. Shown is the section of the alighment covering the CXXHX16H motif and parts
of the adjacent transmembrane domain 1 (TMD1) and nucleotide binding domain 1 (NBD1).

The SUR2A rat sequence was added for comparison.

FIGURE S2. Heme increases cardiac Kare currents. (A) Whole-cell recording of Karp currents
(current amplitudes are normalised to cell capacitance and expressed as pA/pF) from an
isolated ventricular myocyte. Currents were recorded at 0 mV, and P1075 (10 uM) and
glibenclamide (10 uM) were bath applied as indicated by the bar. (B) Whole-cell recording of
Kate currents, as above, with addition of hemin (500 nM) as indicated by the bar. (C)
Concentration response curve for hemin induced increase in the Karp current in isolated
ventricular myocytes. Experiments were repeated, for the data set for log [hemin] -9, -8 and -
7.5,n=6;-7and-6.5,n=7; and -6 n = 8. Whole-cell recordings of Karp currents from isolated
ventricular myocytes from a holding potential of 0 mV, and P1075 (10 uM), with (D), zinc
protoprorphyrin IX (ZnPP) (500 nM) or (E), FeSO4 (500 nM) and glibenclamide (10 uM) were
bath applied as indicated by the bar. (F) Summary graph showing the change in Karp current
normalised to P1075 current of ventricular myocytes either untreated (control = 1) (n = 6) or
treated with hemin (n = 7), protoporphyrin IX (PP) (n= 3) zinc protoprorphyrin IX (ZnPP) (n =
3), tin protophorphyrin IX (SnPP) (n =4), and FeSO4(n = 5). *** P<0.001 ** P<0.01 vs. control.

ANOVA, Dunnett’s post-hoc test.

FIGURE S3. Inhibition of heme synthesis causes a reduction in Karp currents recorded from
adult rat ventricular myocytes. A) Q-PCR, normalised to the housekeeping gene GAPDH,
showed an up-regulation of ALAS-1 in response to inhibition of heme synthesis with SA (1 mM
for 4 hours). * P <0.05, n = 4, significantly different from control with Student’s t-test. B) i.
Representative whole-cell trace of normalised Kare current (pA/pF) in response to P1075 (10
UM) compared to (ii) a current recording from a myocytes pre-treated with SA (1 mM) for 4
hours. C) Mean peak current elicited by P1075 for control myocytes and those incubated in
SA for 4 hours illustrated a significant decrease from 21.8 + 2.5, n =28 t0 10.7+ 1.8, n=8

(unpaired t-test *P < 0.05).



FIGURE S4. Heterologously expressed Kare channels are activated by heme. (A) Patches were
exposed to 0 @M ATP solution (i), locally perfused with 500 uM ATP (ii) and 500 uM ATP plus
500 nM hemin (iii). Exposure to the Karp blocker glibenclamide (50 uM) inhibited channel
activity (iv). (B) Popen Values are plotted and (C) mean increases in Popen are observed from
0.023 £ 0.009, n =9 for +500 uM ATP alone to 0.109 + 0.020, n =9, (*** P <0.001) for +500
ATP + 500 nM hemin. (D) Macropatch recordings from Karp channels illustrate increase in

channel current at all potentials with the presence of 500 nM hemin, n = 3.

FIGURE S5. High-frequency resonance Raman spectra of (i) hemin, (ii) the SUR2A(S615-1L933)-
hemin immediately after hemin addition, (iii) the SUR2A(S615-L933)-hemin complex 4 hours

after hemin addition.

FIGURE S6. X-band EPR spectra of (i) hemin, (ii) SUR2A(S615-L933)-hemin complex, (iii)
SUR2A(S615-1933)-hemin complex (4-5 fold excess of SUR2A), (iv) H648A-hemin complex, (v)
C628S-hemin complex, and (vi) H631A-hemin complex. The signals indicated by * and **
indicate an artefact signal and minor Cu(ll) contamination, respectively. Experimental
conditions: microwave frequency 9.39 GHz, microwave power 1ImW (left panel) and 0.25 mW
(right panel), 1 scan (left panel) and 4 scans (right panel) per spectrum, field modulation

amplitude 2 mT, field modulation frequency 100 kHz, temperature 20K, [heme]=100uM.

FIGURE S7. Blumberg-Peisach correlation diagram including various heme proteins. The figure
shows a correlation between the strength of the axial field in units of the spin-orbit coupling
constant A (x-axis) and the ratio of the rhombic and axial crystal field parameters (y-axis).

SUR2A lies in the region designated for Cys(S’)/X heme coordination environment (15).
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