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Soluble guanylyl cyclase (sGC) is a key component of
NO– cGMP signaling in mammals. Although heme must bind in
the sGC �1 subunit (sGC�) for sGC to function, how heme is
delivered to sGC� remains unknown. Given that GAPDH dis-
plays properties of a heme chaperone for inducible NO synthase,
here we investigated whether heme delivery to apo-sGC�
involves GAPDH. We utilized an sGC� reporter construct, tet-
ra-Cys sGC�, whose heme insertion can be followed by fluores-
cence quenching in live cells, assessed how lowering cell
GAPDH expression impacts heme delivery, and examined
whether expressing WT GAPDH or a GAPDH variant defective
in heme binding recovers heme delivery. We also studied inter-
action between GAPDH and sGC� in cells and their complex
formation and potential heme transfer using purified proteins.
We found that heme delivery to apo-sGC� correlates with cel-
lular GAPDH expression levels and depends on the ability of
GAPDH to bind intracellular heme, that apo-sGC� associates
with GAPDH in cells and dissociates when heme binds sGC�,
and that the purified GAPDH– heme complex binds to apo-
sGC� and transfers its heme to sGC�. On the basis of these
results, we propose a model where GAPDH obtains mitochon-
drial heme and then forms a complex with apo-sGC� to accom-
plish heme delivery to sGC�. Our findings illuminate a critical
step in sGC maturation and uncover an additional mechanism
that regulates its activity in health and disease.

Soluble guanylyl cyclase (sGC, EC 4.6.1.2) responds to NO to
generate cGMP, which acts as a second messenger molecule in
numerous biological settings (1–3). Disruption of sGC activity
is tied to a spectrum of pulmonary, cardiovascular, and neuro-
degenerative diseases (4 –6). The mature sGC enzyme is a het-
erodimer comprised of an � subunit and a � subunit, and only
the sGC� subunit contains a binding site for iron protoprophy-
rin IX (heme) (7). When NO binds to the sGC� heme, it triggers
protein conformational changes that activate cGMP produc-
tion by the sGC heterodimer (8 –11). Thus, cell heme delivery
and insertion processes are critical for allowing sGC to mature
and function in numerous NO-driven cGMP signaling cascades
(12).

Although sGC structure and function have been studied for
decades, the processes that form a functional sGC�/� het-
erodimer are only beginning to be understood (2, 7, 12–14).
This includes the intracellular pathways that transport and
insert heme into the immature apo-sGC� (12). We know that
the chaperone Hsp90 participates in sGC maturation by bind-

ing directly to apo-sGC�. Its binding prevents apo-sGC� from
forming a heme-free sGC�/� heterodimer and also enables
heme insertion into apo-sGC� in an ATP-dependent process
(15, 16). However, how heme is delivered to apo-sGC� remains
unclear.

To address this question, we investigated whether heme
delivery to apo-sGC� might rely on GAPDH. This idea stems
from our recent finding that GAPDH behaves like a heme chap-
erone to deliver heme to at least one mammalian protein, the
inducible NO synthase (17). Here we performed mammalian
cell culture studies with HEK293 cells using the reporter tetra-
Cys sGC� construct (TC-sGC) (18), whose in-cell fluorescence
can be used to follow its heme delivery. We also performed
experiments with purified proteins to assess their potential for
direct interaction and heme transfer. Our findings reveal that
mitochondrially generated or exogenously added hemes are
delivered to apo-sGC� in mammalian cells through a GAPDH-
dependent process that likely involves heme transfer from
GAPDH to apo-sGC�.

Results

Delivery of exogenous heme to apo-sGC� correlates with the
GAPDH expression level and the heme binding ability of
GAPDH

To generally assess GAPDH involvement in heme delivery,
we developed the following cell culture strategy. We first tested
whether siRNA knockdown of GAPDH expression reduces
heme acquisition by the target protein. If affirmative, then we
tested whether the target’s heme insertion can be rescued in the
knockdown cells by transiently expressing siRNA-resistant
forms of WT GAPDH or a H53A GAPDH heme binding–
defective variant that is unable to bind intracellular heme in
mammalian cells (17). If only WT GAPDH could rescue the
heme insertion, then we scored the target protein as having
GAPDH-dependent heme delivery.

We applied this approach to sGC. HEK293 cells were initially
heme-depleted by culturing with the heme biosynthesis inhib-
itor succinyl acetone (SA) (19) before being transiently trans-
fected to express our TC-sGC� reporter protein. Cell heme
depletion ensures that heme-free (apo) TC-sGC� will be
expressed. The TC-sGC� incorporates a TC motif near its
heme-binding site that can bind the indicator dye FlAsH and
become fluorescent. Its fluorescence undergoes quenching
when heme binds. In some cases, knockdown cells were
cotransfected with siRNA-resistant and HA-tagged expression
constructs of WT GAPDH (HA-GAPDH) or the GAPDH heme
binding– defective variant (HA-GAPDH H53A). After 24 h, the
expressed apo-TC-sGC� was labeled with the FlAsH reagent,

This article contains supporting information.
* For correspondence: Dennis J. Stuehr, stuehrd@ccf.org.

croARTICLE

J. Biol. Chem. (2020) 295(24) 8145–8154 8145
© 2020 Dai et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://orcid.org/0000-0001-9368-7769
https://orcid.org/0000-0001-9368-7769
https://orcid.org/0000-0001-7818-9112
https://orcid.org/0000-0001-7818-9112
https://orcid.org/0000-0002-7498-1994
https://orcid.org/0000-0002-7498-1994
https://orcid.org/0000-0002-0960-6848
https://orcid.org/0000-0002-0960-6848
https://www.jbc.org/cgi/content/full/RA120.013802/DC1
mailto:stuehrd@ccf.org
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA120.013802&domain=pdf&date_stamp=2020-4-30


heme was added to the cell cultures, and then we assessed heme
insertion into FlAsH-labeled apo-TC-sGC� by monitoring cell
fluorescence over a 3-h period (heme insertion causes quench-
ing of FlAsH fluorescence).

Control cell cultures that received no heme but were labeled
with FlAsH maintained steady fluorescence intensity over the
time course of the reading. Those that also received heme
showed a steady loss in fluorescence, indicating that FlAsH-
labeled apo-TC-sGC� steadily incorporated heme within 2 h
(Fig. 1A). In cells that did undergo GAPDH knockdown treat-
ment, there was loss of GAPDH expression, as confirmed by
Western blot analysis (Fig. 1C), and these cells showed compar-
atively little fluorescence loss after heme addition (Fig. 1A).
Thus, diminished GAPDH expression correlated with poor
heme delivery to apo-TC-sGC�. Notably, normal heme deliv-
ery in knockdown cells was restored by coexpression of WT
HA-GAPDH but not by coexpression of the HA-GAPDH
H53A heme binding– defective variant (Fig. 1B). We conclude
that heme delivery to apo-TC-sGC� correlates with the cell’s
GAPDH expression level and depends on the heme binding
ability of GAPDH.

Delivery of mitochondrial heme to apo-TC-sGC� correlates
with the GAPDH expression level and the heme binding ability
of GAPDH

Because mitochondria are the natural source of biosyn-
thetic heme in mammalian cells, we next tested whether
delivery of mitochondrially generated heme to apo-TC-
sGC� depends on GAPDH. We performed cell culture
experiments as described above but added the natural heme
precursors ferric citrate (Fe-cit) and �-aminolevulinic acid
(�-ALA) to the cells in place of added heme. When added to
cells, these precursors are converted into heme by mito-
chondria (20, 21). Because SA inhibits the �-ALA– con-
verting enzyme, we changed the culture medium to remove
SA prior to adding the heme precursors.

In heme-depleted HEK293 cells expressing FlAsH-labeled
apo-TC-sGC�, adding Fe-cit � �-ALA caused a decrease in
fluorescence after a short delay (Fig. 2A). This indicated that,
after cells had converted the precursors into heme, they
delivered it to apo-TC-sGC�. Heme delivery was inhibited in
cells with GAPDH expression knocked down (Fig. 2A) and
rescued in knockdown cells by expression of HA-GAPDH
WT but not by the HA-GAPDH H53A heme binding–
defective variant (Fig. 2B). Fig. 2C shows that knockdown
lowered native GAPDH expression in cells and that the
TC-sGC� expression levels were similar under the various
experimental conditions. Thus, cell delivery of mitochon-
drial heme to apo-TC-sGC� also correlates with the expres-
sion level of GAPDH and depends on its ability to bind intra-
cellular heme.

Confirmation that adding exogenous heme or the heme
precursors increases intracellular heme levels

To confirm the intended effect of adding heme or the heme
precursors to our HEK293 cells, we utilized a recently charac-
terized fluorescent protein, HS1, which can sense and report
the intracellular heme level (22, 23). The sensor contains a red

(mKATE2) and a green (eGFP) fluorescent protein positioned
in tandem with a cytochrome b heme-binding fragment (22,
23). Only GFP fluorescence is quenched upon heme binding,
and so the GFP:mKATE2 fluorescence ratio is a measure of
sensor heme occupancy. This sensor is used to detect and quan-

Figure 1. Heme delivery to apo-TC-sGC� correlates with the GAPDH
expression level and heme binding property of GAPDH. apo-TC-sGC�1
was expressed in heme-deficient HEK293 cells and FlAsH-labeled. In some
cases, cells also received transfections with GAPDH siRNA or scrambled siRNA
along with HA-tagged GAPDH constructs; all are color-indicated in C. Fluores-
cence was monitored over time after adding buffer or 5 �M heme to cell
cultures. Fluorescence quenching indicates heme delivery to FlAsh-apo-
sGC�. A, the effects of heme addition and of knockdown of GAPDH expres-
sion. B, the capacity of HA-GAPDH or HA-GAPDH H53A expression to rescue
heme delivery in GAPDH knockdown cells. C, representative Western blots
indicating the relative expression levels of the indicated proteins in the cell
supernatants. The fluorescent kinetic traces of A and B are the mean � S.D. of
three wells and are representative of three independent experiments.
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tify labile heme levels in cells in several settings (17, 22). Fig. S1
shows the results of a representative cell sorting experiment we
performed in which HEK293 cells expressing the heme sensor
were given nothing, Fe-cit � �-ALA, or heme for 3 h prior to
analysis. The added heme or Fe-cit � �-ALA caused a leftward
shift in cell distributions regarding their GFP:mKATE2 fluores-

cence ratio. The leftward shift indicates that the heme sensor
increased its heme saturation level (22), confirming that adding
heme or the heme precursors to HEK293 cells causes them to
increase their intracellular heme level.

sGC maturation to a functional heterodimer correlates with
GAPDH expression and its heme binding property

To extend our results within the context of normal sGC mat-
uration, we measured how similar experimental manipulations
of cell GAPDH expression would impact the development of
NO-responsive sGC activity. Because NO can only activate
the mature heme-containing sGC heterodimer, measuring
NO-triggered cGMP biosynthesis activity is a functional mea-
sure of successful heme delivery to apo-sGC� (16).

HEK293 cells were grown under normal conditions (not
heme-depleting) and were transfected to express sGC� and
sGC�. They also had their GAPDH expression altered using
siRNA knockdown with or without transfection of either of the
HA-tagged GAPDH proteins, as described above. We then gave
the cells the NO donor N-ethyl-2-(1-ethyl-2-hydroxy-2-ni-
trosohydrazino) ethanamine (NOC12) or gave them the sGC
activator BAY58-2667 (BAY58) for 30 min to activate their sGC
cGMP production. The NO donor can only activate heme-con-
taining sGC, whereas BAY58 can only activate heme-free sGC
(24). Thus, measuring the extent of BAY58 activation serves to
independently assess the degree of heme insertion into apo-
sGC�, but in an inverse manner relative to the results obtained
with the NO donor.

As illustrated in Fig. 3, cells that were transfected to express
sGC� and sGC� but otherwise had no other manipulations
(untreated) developed cGMP synthesis activity that was
responsive to the NO donor and to BAY58. This confirms pre-
vious reports that cells generate a mixture of heme-containing
and apo-sGC� when they are grown under normal culture con-
ditions (16, 25, 26). Knockdown of cell GAPDH expression by
siRNA treatment was confirmed by Western blot analysis (Fig.
3B) and found to inhibit development of NO-responsive cGMP
activity and increase development of BAY58-responsive activ-
ity. This indicates that GAPDH knockdown caused the cells to
generate a greater proportion of sGC� in its heme-free form. In
comparison, transfecting cells with a scrambled siRNA caused
little or no change in their NO versus BAY58 activation
responses relative to untreated cells. Notably, expressing HA-
GAPDH WT in GAPDH knockdown cells, but not the H53A
HA-GAPDH heme-binding defective variant, reversed the
changes because of GAPDH knockdown so that the NO versus
BAY58 activity profile essentially matched that of the untreated
or the scrambled siRNA-treated cells. Together, these activity
measurements indicate that delivery of mitochondrial heme to
apo-sGC� during normal sGC heterodimer maturation is
GAPDH-dependent; it correlates with the cell’s GAPDH
expression level and with the ability of GAPDH to bind intra-
cellular heme.

GAPDH and sGC� associate in cells

Because GAPDH dependent heme delivery to apo-sGC�
could involve their in-cell association, we investigated under
which circumstances sGC� might associate with GAPDH in

Figure 2. GAPDH delivers mitochondrially produced heme to apo-TC-
sGC�. apo-TC-sGC� was expressed in heme-deficient HEK293 cells and
FlAsH-labeled. In some cases, cells also were transfected with GAPDH siRNA
or scrambled siRNA along with HA-tagged GAPDH constructs; all are color-
indicated in C. Fluorescence was monitored with time after adding buffer or
500 �M �-ALA plus 200 �M Fe-cit to cell cultures. Fluorescence quenching
indicates heme delivery to FlAsh-apo-sGC�. A, the effects of �-ALA � Fe-cit
addition and of knockdown of GAPDH expression. B, the capacity of
HA-GAPDH or HA-GAPDH H53A expression to rescue heme delivery in
GAPDH knockdown cells. C, representative Western blots indicating the rela-
tive expression levels of the indicated proteins in the cell supernatants. The
fluorescent traces of A and B are the mean � S.D. of three wells and are
representative of three independent experiments.
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cells. We performed immunoprecipitation (IP) on supernatants
made from heme-deficient HEK293 cells that expressed apo-
sGC�. Cells were lysed at various times after adding heme to
the cultures. Fig. 4 shows that GAPDH and apo-sGC� were
associated at the time of heme addition, but their association
began to drop off after 15 min of culture with heme and was
practically undetectable after 3 h. A similar sGC� association–
dissociation pattern was observed with the chaperone Hsp90
(Fig. 4), which is known to bind with apo-sGC� to help drive its
heme insertion and then become released (19, 25, 27). Our
results indicate that GAPDH associates with apo-sGC� in cells
prior to and during the heme insertion process and then disso-
ciates when heme insertion is complete.

GAPDH and a GAPDH– heme complex can directly bind with
apo-sGC�

We next probed whether purified sGC� and GAPDH could
form a direct complex and whether heme bound in either pro-
tein would influence their ability to do so. A set concentration
of FITC-labeled sGC� protein (0.5 �M) was titrated with
increasing amounts of GAPDH, and their binding was assessed
by measuring residual fluorescence polarization, which
increases upon protein complex formation because of the com-
plex having a slower tumbling rate (19). Fig. 5A shows that
GAPDH bound to apo-sGC� at lowmicromolar concentrations
and in a saturable manner, whereas sGC� that was heme-re-
plete was much less prone to bind with GAPDH. On the other
hand, we observed that heme-free and heme-bound GAPDH
(at one heme per GAPDH tetramer) could bind with near-equal
affinity to an apo-sGC� heme binding– defective variant (apo-
sGC HD) (28) (Fig. 5B). We utilized this variant in place of WT
apo-sGC� to eliminate any potential complications caused by a
heme transfer occurring during the experiment. Together, our
studies show that heme-free or heme-bound GAPDH can form
a direct complex with apo-sGC�, but GAPDH does not do so
when the sGC� already contains a bound heme.

The GAPDH– heme complex transfers heme to apo-sGC�

Given the above, we examined whether the GAPDH– heme
complex could transfer heme to apo-sGC�. We mixed the
GAPDH– heme complex with an equimolar amount of FlAsH-
labeled apo-TC-sGC� protein at concentrations that allow
their binding to form a complex. This resulted in heme transfer
to FlAsH-labeled apo-TC-sGC�, as indicated by loss in fluores-
cence intensity, which neared completion by around 200 s (Fig.
6). The kinetic traces were fit to a single exponential equation
(Fig. 6) and gave a mean heme transfer rate of 9.2 � 3.7 � 10�3

s�1 (n � 3). In comparison, no fluorescence loss was seen in an
identical experiment that used FlAsH-labeled apo-TC-sGC�
HD variant (Fig. 6). Thus, heme transfer occurred from the
GAPDH– heme complex and depended on the apo-sGC�
recipient having a functional heme binding site.

Discussion

To engage in NO– cGMP signaling, mammalian cells must
first form a heme-containing sGC heterodimer. We found that
cell heme delivery to apo-sGC� is GAPDH-dependent; it cor-
relates with the GAPDH expression level and relies on the spe-
cific ability of GAPDH to bind intracellular heme. These
results, when combined with our findings using purified pro-
teins, argue that GAPDH functions to deliver heme to apo-
sGC� during sGC maturation in cells.

Besides illuminating a fundamental step in the biogenesis of
NO-cGMP signaling, our study makes the following five
advances.

1) It identifies sGC as the second protein to have GAPDH-
dependent heme delivery. This is important from a GAPDH
point of view because it shows that its heme delivery function is
not restricted to inducible nitric oxide synthase (iNOS) and
instead also operates for a completely unrelated protein. This
implies that GAPDH probably plays a broader role as a heme
chaperone. The fact that the new client is sGC is also important

Figure 3. GAPDH expression level and heme binding property correlate
with maturation of sGC activity. HEK293 cells were cultured in normal
medium and transfected to express sGC�1 and sGC� along with cotransfec-
tion with the various siRNA and HA-GAPDH vectors as indicated. The GTP
cyclase activities of cell supernatants were measured in response to the NO
donor NOC12 or to BAY58, which activate mature heme-containing sGC ver-
sus immature heme-free sGC, respectively. A, comparative cyclase activities,
with y axes colored to match bars. B, representative Western blot showing the
protein expression levels in cell supernatants under the indicated culture
conditions. Activity values are the mean � S.D. (error bars) of three measure-
ments and are representative of three experiments each. *, p � 0.05; change
in activity relative to no-treatment control cultures.
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because of its widely appreciated biomedical and pharmaco-
logic significance (1–6).

2) It describes a general method to determine whether any
heme protein has GAPDH-dependent heme delivery. In our

previous paper on GAPDH and iNOS (29), we struggled with
the impact of the cells’ native GAPDH expression level, which
ultimately buffered how expressing the H53A GAPDH heme
binding– defective variant impacted cell heme delivery to
iNOS. Here we describe a combined siRNA GAPDH expression
knockdown and siRNA-resistant GAPDH expression rescue pro-
tocol using WT GAPDH versus the heme binding–defective var-
iant. Proceeding this way, we obtained a reduced background of
native GAPDH expression, which, in turn, allowed us to clearly
test for GAPDH-dependent heme delivery. The same approach
can investigate heme delivery to other proteins.

3) It is the first to show that GAPDH delivers mitochondrial
heme to a client protein. In our previous paper (17) we showed
that mitochondrial heme loads onto GAPDH but did not show
that it is transferred to apo-iNOS. Here we showed that
GAPDH delivers mitochondrial heme to apo-sGC� after the
cells were given mitochondrial heme precursors and also when
the cells were cultured under normal conditions and not given
any heme precursors. Our finding that GAPDH delivers heme
from the natural source (mitochondria) is an improvement
over our previous and current demonstrations that GAPDH
delivers heme that was exogenously added to the cells, which is
an experimentally convenient but artificial means of heme
acquisition.

Figure 4. GAPDH associates with apo-sGC� in cells prior to and during heme delivery. Heme-deficient HEK293 cells expressing apo-sGC� were given 5 �M

heme, and then supernatants (500 �g of total cell supernatant protein) were prepared at the indicated time points and subjected to IP. A, representative
Western blots indicating the relative amounts of Hsp90, GAPDH, and sGC� in the IP at each time point. B, densitometric quantification of Hsp90 and GAPDH in
the IPs. Values are the mean � S.D. of three independent experiments and are compared with t � 0 values for significance determination; *, p � 0.05. IB,
immunoblot.

Figure 5. GAPDH binding to sGC� and the effect of bound heme. A, FITC-labeled apo-sGC� or holo-sGC� (0.5 �M) was titrated with GAPDH, and the change
in FITC residual polarization was measured (increase � complex formation). B, FITC-labeled apo-sGC� HD (heme binding– defective, 0.5 �M) was titrated with
GAPDH or a GAPDH– heme complex. Points are the mean � S.D. for three samples and are representative of two independent experiments.

Figure 6. Kinetics of GAPDH heme transfer to apo-TC-sGC�. FlAsH-labeled
apo-TC-sGC� WT or a HD mutant (5 �M) were given 5 �M GAPDH– heme
complex (one heme per GAPDH tetramer) at 25 °C, and fluorescence (FL) was
recorded over time. A fluorescence decrease indicates heme transfer and
binding within apo-TC-sGC�. The different symbols indicate independent
experiments. Each point is the mean � S.D. for three replicates. Red lines show
the data fit to a single exponential decay equation and give heme transfer
rates of 1.35 � 10�2 s�1, 6.88 � 10�3 s�1, and 7.19 � 10�3 s�1.
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4) It determines the rules of engagement between GAPDH
and sGC� in cells and in their purified forms. We show that
the two proteins associate in cells and that the two purified
proteins can have a direct binding interaction. Their inter-
action occurs according to certain rules. To interact with
GAPDH, sGC� cannot have heme bound, whereas GAPDH
or its heme complex can interact well with apo-sGC�. These
findings are significant because they point toward a mecha-
nism of action; namely, that GAPDH as a heme-bound entity
can bind directly with apo-sGC� and may possibly function
this way for heme delivery.

5) It is the first to observe and kinetically characterize
actual heme transfer from a GAPDH– heme complex to a
client protein. Observing direct heme transfer from GAPDH
to apo-sGC� is important because it informs on the possible
mechanism and provides a framework for further molecular
studies.

To probe for GAPDH involvement, we used targeted protein
knockdown to diminish the expression of native GAPDH in the
cells, and then we rescued expression with a WT GAPDH or a
heme binding– defective variant. It is conceivable that knock-
ing down GAPDH expression could indirectly diminish cell
heme delivery by impacting other functions of GAPDH; nota-
bly, its dehydrogenase activity for cell glycolysis. This potential
effect of GAPDH knockdown was considered and dismissed in
our earlier study of GAPDH involvement in iNOS heme deliv-
ery (29). Moreover, if this were the case, then, in this study, we
should have observed rescue of heme delivery when the H53A
GAPDH variant was expressed in knockdown cells because this
mutant is known to have normal GAPDH dehydrogenase activ-
ity (17). Instead, we suspect that lowering the GAPDH expres-
sion level inhibits cell heme delivery because it lowers the cell’s
pool of the GAPDH– heme complex, which likely represents
the portion of cellular heme that is available for heme delivery
to apo-sGC� and to other GAPDH-dependent proteins like
iNOS.

When GAPDH interacted with sGC� in cells or in purified
form, it favored apo-sGC over heme-replete sGC�. Indeed,
GAPDH dissociated from sGC� in cells during the later stage of
the heme insertion process. This behavior is exactly what one
would expect if GAPDH functions to deliver heme to
apo-sGC�.

We also saw that heme transfer occurred when the purified
GAPDH–ferric heme complex was mixed with an equimolar
amount of apo-sGC� under conditions that allowed them to
form a complex. As noted above, this represents the first direct
demonstration of heme transfer from a GAPDH– heme com-
plex to any client apo-protein. Granted, heme transfer occur-
ring under this circumstance might be expected because the
relative ferric heme binding affinities favor heme binding in
apo-sGC� over GAPDH. The estimated GAPDH ferric heme
Kd is 150 nM (17), whereas the ferric heme Kd of sGC� may
range from 3 to 55 pM, as calculated using the reported heme
kon of 2.8 � 106 M�1 s�1 (30) and the reported koff measures (31,
32). Having an intermediate heme Kd makes sense if GAPDH is
to function in cell heme delivery because it would allow
GAPDH to load heme and then transfer it to downstream high-
er-affinity clients, like apo-sGC� or apo-iNOS.

We also found that the rate of ferric heme transfer from
GAPDH to apo-sGC� (9.2 � 10�3 s�1) is about three times
faster than the reported heme koff of GAPDH (2.8 � 10�3 s�1),
which was determined previously at the same temperature and
in the presence of a 10-fold excess of apo-myoglobin (17). This
rate difference argues that the interaction between the
GAPDH– heme complex and apo-sGC� promotes heme trans-
fer beyond what would occur because of simple heme dissoci-
ation from GAPDH. It will now be possible to study the molec-
ular nature of the interaction between the GAPDH– heme
complex and apo-sGC� and how it enables intracellular heme
delivery to apo-sGC�.

Our results and previous studies suggest a working model for
the heme delivery, heme insertion, and related steps that occur
during maturation of a functional sGC heterodimer in cells
(Fig. 7). In the immature state, apo-sGC� is in complex with
Hsp90 and cannot bind an sGC� subunit to form a heterodimer
(16, 19). Heme that enters the cell cytosol, potentially via the
mitochondrial heme exporter FLVCR1b (33) or via import of
exogenous heme through the cell membrane, and binds to
GAPDH through a still to be determined process to ultimately
generate a pool of safely sequestered and bioavailable heme in
the cell. The GAPDH– heme complex may then bind to the
Hsp90 –apo-sGC� complex to enable heme transfer. Heme
insertion into apo-sGC� then proceeds in an Hsp90- and ATP-
dependent process (12). Heme insertion into apo-sGC� likely
promotes conformational changes that favor dissociation of
Hsp90 and GAPDH from heme-replete sGC�, which, in turn,
enables it to bind with an sGC� partner subunit and form a
heme-containing functional sGC heterodimer (19). This model
introduces some new concepts and provides a framework for
further investigation.

Our study raises many new questions. How does GAPDH
obtain mitochondrial heme? Mitochondrial and endoplasmic
reticulum heme exporters have recently been identified (33, 34)
and can now be tested to see whether they participate in
upstream heme delivery to GAPDH. Why is Hsp90 needed
for the sGC� heme insertion process in cells? Hsp90 was not
needed in our experiment documenting in vitro heme trans-
fer from purified GAPDH to apo-sGC�, despite firm evi-
dence that in-cell sGC� heme insertion is Hsp90-dependent
and requires Hsp90 to form a direct complex with apo-sGC�
(19, 25, 34). What other cellular factors may regulate
GAPDH heme delivery? It is possible that other cell proteins
or small molecules may alter the heme affinity of GAPDH or
its protein interactions to promote or inhibit heme delivery.
One factor that may be involved is NO, which can modify
GAPDH function through S-nitrosation of its Cys residues
(35, 36) and can positively or negatively impact heme deliv-
ery to sGC (16, 37) and to several other heme proteins (38,
39). Finally, which proteins undergo GAPDH-dependent
versus GAPDH-independent heme delivery? This study pro-
vides a general approach to address this question. Exploring
these and other facets will lead to a better understanding of
cell heme allocation and its role in governing heme protein
maturation in health and disease.
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Experimental procedures

General methods and materials

The TC-FlAsH In-Cell Tetra Cysteine Tag Detection Kit was
obtained from Invitrogen. All other reagents and materials
were obtained from sources reported elsewhere.

Molecular biology

pCMV5 mammalian expression plasmids containing rat
sGC�1(1– 690), sGC�1(1– 619), or sGC�1(1– 619) with a tet-
ra-cysteine motif (CCPGCC) at residue 239 –244 have been
reported previously (19). pcDNA3.1 plasmids containing HA-
tagged human GAPDH WT and H53A have been reported pre-
viously (17). pcDNA3.1 plasmids encoding HA-tagged human
GAPDH WT or H53A that are resistant to GAPDH siRNA
(Dharmacon, Lafayette, CO, USA) were made by incorporating
five silent mutations at the region that siRNA targets with prim-
ers listed in Table S1 and using Q5 High-Fidelity DNA Polym-
erase (New England Biolabs, Ipswich, MA, USA), using
pcDNA3.1-GAPDH WT and H53A as templates. The pET20b
vector containing rat sGC�1(1–385) with a C-terminal His6 tag
was a generous gift from Dr. Michael Marletta (University of
California, Berkeley, CA, USA). Rat sGC�1(1–385) with a tetra-
cysteine motif (CCPGCC) at residue 239 –244 (TC-sGC�1(1–
385)) was made with primers listed in Table S1 and Q5 High-
Fidelity DNA Polymerase, using rat sGC�1(1–385) as
templates. Rat TC-sGC�1(1–385) Y135A R139A (heme-bind-
ing variant) (28) was made with primers listed in Table S1 and
Q5 High-Fidelity DNA Polymerase, using rat TC-sGC�1(1–
385) as a template. The pcDNA3.1-eGFP-HS1 construct
encoding the eGFP-mKATE2 heme sensor protein was a gift
from Dr. Amit R. Reddi (Georgia Tech, Atlanta, GA, USA).

Sequencing of all constructs was done by Eurofins Genomics
(Louisville, KY, USA).

Protein purification

His6-tagged rat sGC�1(1–385) and GST-tagged human
GAPDH were expressed in Escherichia coli BL21(DE3) and
purified using methods reported previously (19, 29).

Antibodies and siRNA

The primary antibodies for Western blotting were as follows:
mouse monoclonal human GAPDH antibody (Santa Cruz Bio-
technology, sc-32233, 1:1000), polyclonal sGC�1 antibody
(Cayman Chemicals, 160897, 1:1000), polyclonal human Hsp90
antibody (Cell Signaling Technology, Danvers, MA, USA; 4874,
1:500), mouse monoclonal �-actin antibody (Sigma-Aldrich,
127M4857V, 1:1000), and mouse monoclonal HA-tag antibody
(Sigma-Aldrich, 127M4869V, 1:500). The same sGC antibody
was also used for IP at 1:100. Goat anti-mouse IgG (H � L)-HRP
conjugate (Bio-Rad, 1706516, 1:1000) was used as a secondary
antibody for Western blots. The Western Lightning Plus-ECL
kit from PerkinElmer Life Sciences (Waltham, MA, USA) was
used to visualize the proteins. ON-TARGETplus GAPDH
siRNA was purchased from Dharmacon.

Cell culture and transient transfection

HEK293 cells were cultured on fluorescent 96-well plates or
on 10-cm dishes as described elsewhere (19). TC-sGC�(1– 619)
and HA-GAPDH WT and mutant proteins were transfected
into HEK293 cells using a method reported previously (19).
GAPDH knockdown was performed using GAPDH siRNA
according to a method reported previously (29). In some cases,

Figure 7. Model of GAPDH-dependent sGC maturation in cells. Mitochondrial heme or exogenous heme enters the cell cytosol and binds to the GAPDH
tetramer to form a GAPDH– heme complex. This species then binds to the apo-sGC�–Hsp90 complex, heme transfer and insertion into apo-sGC� occur, and the
proteins dissociate. The holo-sGC� subunit then binds with an sGC� partner to create the mature and functional sGC heterodimer. See text for further details.
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the heme biosynthesis inhibitor succinyl acetone was added at
400 �M 72 h prior to transfection to enable cell accumulation of
apo-sGC�(1– 619) (19).

IP and Western blot analysis

IP of sGC� was performed using a method reported previ-
ously (19). Briefly, anti-sGC� antibody was used to IP its bound
proteins in HEK293 cell supernatant using protein G beads.
GAPDH and Hsp90 were then probed using the respective anti-
bodies. PAGE and Western blot analysis were performed using
standard procedures. Band intensities were quantified using
ImageJ (National Institutes of Health). Two-tailed Student’s
t test was performed to compare band intensities obtained
from three independent experiments using a 95% confidence
interval.

In-cell FlAsH labeling of TC-sGC�(1– 619) and in vitro FlAsH
labeling of TC-sGC�(1–385) proteins

TC-sGC�(1– 619) expressed in HEK293 cells was labeled
with the TC-FlAsH In-Cell Tetra Cysteine Tag Detection Kit
(Invitrogen) using a method reported previously (19). Purified
TC-sGC�(1–385) and TC-sGC�(1–385) Y135A/R139A were
labeled with the TC-FlAsH In-Cell Tetra Cysteine Tag Detec-
tion Kit using a method published elsewhere (40).

Monitoring heme insertion into sGC�(1– 619) in cells

Heme insertion into FlAsh-labeled TC-sGC�(1– 619) ex-
pressed in cells was monitored at 37 °C on a Flexstation3
96-well plate reader instrument (San Jose, CA) as reported pre-
viously (19).

Monitoring heme transfer from GAPDH to sGC�(1–385) in
vitro

The heme–GAPDH complex was made by a method
described previously (41) with modifications. Briefly, 25 �M

GAPDH tetramer in 4-(2-hydroxyethyl)-1-piperazinepropane-
sulfonic acid buffer (40 mM (pH 7.6), 150 mM NaCl) was incu-
bated with 30 �M hemin for 15 min at room temperature. The
mixture was then passed through a PD10 column to remove
unbound heme. To monitor heme transfer from GAPDH
to FlAsh-TC-sGC�(1–385) proteins, 5 �M heme–GAPDH
tetramer was added to 5 �M FlAsh-TC-sGC�(1–385) in a fluo-
rescence cuvette, and fluorescence emission was monitored
over time at 25 °C in a Hitachi F2500 fluorescence spectropho-
tometer (Hitachi, Harrodsburg, KY, USA) with excitation/
emission set at 508 nm and 528 nm, respectively. The resulting
curves were fit to a first-order exponential equation in Origin
Lab 8.0 (Origin Lab Corp., Northampton, MA, USA) to calcu-
late the rates of fluorescence emission change.

Detecting the labile heme level in cells

The composition of the eGFP-HS1 heme sensor and its use
was as described previously (17, 22). Briefly, HEK293 cells cul-
tured in DMEM with high glucose and FBS (10%) were trans-
fected with pcDNA3.1-eGFP-HS1 using Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA). After 16 h, the
medium was replaced, and cells were treated with medium con-
taining nothing, heme (5 �M), or �-ALA (500 �M) � Fe-cit (200

�M) for 3 h. Cells were removed from the dish, washed with
PBS, and resuspended in PBS � glucose. mKATE2-positive
cells (1 � 106 per condition) were analyzed for the intensity of
their GFP and mKATE2 fluorescence on a BD LSRFortessa
instrument (BD Biosciences) (mKATE2 excitation 588 nm,
emission 620 nm; GFP excitation 488 nm, emission 510 nm).
Data were analyzed using FlowJo v10 (BD Biosciences) and pre-
sented as the ratio of GFP:mKATE2 fluorescence in cells versus
cell number.

cGMP ELISA

cGMP formation and its concentration in cell supernatant
assays was determined by a method described previously (19)
using a cGMP ELISA kit (Cell Signaling Technology). Two-
tailed Student’s t test was performed to compare activities
obtained from three independent experiments using a 95% con-
fidence interval.

Fluorescence polarization measurements

FITC labeling of purified sGC�1(1–385) proteins and resid-
ual fluorescence polarization measurements were performed at
room temperature using methods described previously (42).

Data availability
All data are contained within the article.
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