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An unlikely heme chaperone confirmed at last

DOI 10.1074/jbcH118.005247
Angela S. Fleischhacker and © Stephen W. Ragsdale'

From the Department of Biological Chemistry, University of Michigan, Ann Arbor, Michigan 48109

Edited by Norma M. Allewell

Labile heme, as opposed to heme that is tightly bound within
proteins, is thought to require a chaperone to be trafficked
within the cell due to its cytotoxicity, but the identity of this
chaperone was not known. A new study reveals that an unlikely
protein, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
is a heme chaperone that binds and transfers labile heme to
downstream target proteins. These results provide a new frame-
work for understanding heme homeostasis and raise intriguing
questions regarding the intersection of heme transport, carbo-
hydrate metabolism, and intracellular signaling.

Heme is one of the most important biological cofactors.
Much of the cellular heme is tightly sequestered in proteins that
function to bind and transport oxygen, catalyze oxygen-depen-
dent reactions, and perform electron transfer. Cells also con-
tain a pool of exchange-labile heme (LH),? which includes pro-
teins that bind heme with lower affinity at sites such as heme
regulatory motifs (1), which play a role in cellular signaling. It
has been long proposed that cells also contain a heme chaper-
one that can interface with the LH pool and transfer heme to its
target proteins. However, such a protein has never been identi-
fied. In this issue, Sweeny et al. (2) describe experiments per-
formed in vitro and in mammalian cells and yeast demonstrat-
ing that the glycolytic enzyme GAPDH moonlights in this role,
shuttling heme from its site of synthesis to target proteins.

Cellular heme can be acquired from exogenous sources or
newly synthesized, with the final synthetic step occurring in the
mitochondria prior to transport to the cytosol (Fig. 1). There is
growing interest in studying the resultant LH pool to gain a
more complete understanding of how heme levels are set and
maintained. Recent results have suggested that the LH pool
responds to overall cellular heme levels, as different compart-
ments maintain different concentrations of LH to reflect the
binding affinities of hemeproteins (~20-40 nM in the cytosol
and below 2.5 nMm in the nucleus in Saccharomyces cerevisiae,
measured using a ratiometric fluorescent heme sensor) (3).
Furthermore, the LH pool is dynamic: Nitric oxide (NO) rapidly
mobilizes heme within the LH pool (3). However, one of the
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most basic questions about this pool is how the toxicity of free
heme is controlled. Heme needs to be sequestered and escorted
by protein chaperones as it travels from its source to its final
destination in a tightly controlled manner. Several proteins
have been predicted to play such a role based on their heme-
binding affinity (4), including GAPDH (3, 5); however, none of
these had been directly shown to bind heme or to be involved in
delivering heme to its downstream protein targets.

GAPDH is best known for its function within glycolysis, con-
verting glyceraldehyde 3-phosphate to 1,3-bisphospho-p-glyc-
erate, and thus a role in energy metabolism and in the produc-
tion of ATP and pyruvate. As a result, GAPDH is a “most
unlikely protein,” as termed by Sweeny et al. (2), to be involved
in heme trafficking. However, various nonglycolytic functions
have been assigned to GAPDH, and studies have suggested that
the GAPDH subcellular location is dynamic, which seems
unnecessary for GAPDH’s function in glycolysis (6). Stuehr’s
group began tracking a potential heme-trafficking role for
GAPDH around 2010 when they knocked down GAPDH in
mammalian cells and found reduced heme content and activity
of heme-dependent inducible nitric oxide synthase (iNOS) (5).
Then, Hamza and Reddi and colleagues (3) found that knocking
down the yeast homologue of GAPDH, TDH3, led to increased
LH, yet reduced transcriptional activity of the nuclear, heme-
dependent transcription factor Haplp. The question that
remained then is whether GAPDH directly binds and chaper-
ones heme to target proteins or assists in heme trafficking in a
more passive way, for example, by limiting the cytotoxicity of
heme as proposed by another group (7).

To address these questions, Sweeny et al. (2) started with the
premise that a histidine residue should be involved in heme
binding; they then used computer modeling, site-directed
mutagenesis, and binding experiments to identify the GAPDH
heme-bindingite, including His-53 as an axial ligand. Addition
of a "*C-labeled heme precursor to promote intracellular syn-
thesis of "*C-heme coupled with a tagged form of WT GAPDH
and a H53A variant that binds heme 10-fold less tightly con-
firmed that the affinity-purified GAPDH contained labeled
heme, whereas the His-53 variant did not. Thus, based on these
and other experiments, it was clear that GAPDH has a specific
binding site for heme.

The authors next demonstrated that GAPDH directly chap-
erones heme delivery to two target proteins, cytosolic murine
iNOS and nuclear yeast Hap1, using **Fe-heme to determine
heme incorporation and a ratiometric fluorescent heme sensor
(3) to measure LH levels. **Fe-heme was incorporated into
iNOS only when induced in heme-depleted mouse macro-
phages containing WT GAPDH, but not its H53A variant. Fur-
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Figure 1. Model of GAPDH as a heme chaperone that sequesters and transfers bioavailable heme to target hemeproteins. Heme can be synthesized
endogenously from 8-ALA (aminolevulinic acid) or imported from exogenous sources through the plasma membrane. Sweeny et al. (2) demonstrate that
GAPDH can bind both exogenous and endogenously generated heme and make heme bioavailable to target proteins. They also show that GAPDH-bound
heme can be delivered to soluble proteins such as iNOS or to nuclear proteins such as the transcription factor Hap1p. There are likely heme chaperones other

than GAPDH to interact with the many cellular target proteins.

ther, the heme-dependent activity of iNOS was significantly
suppressed when expressed in cells containing the H53A vari-
ant as compared with WT GAPDH. As for Hapl, its heme-de-
pendent activity decreased by 50% even as intracellular LH
concentrations increased by 50% upon deletion of TDH3
(the yeast homologue of GAPDH) in yeast strains. Both Hap1
activity and LH concentrations returned to normal levels
when the TDH3 deletion strain was complemented with
TDH3 or human GAPDH, but not with the His-to-Ala vari-
ants of either protein.

Sweeny et al. (2) make a convincing argument for GAPDH as
a heme chaperone that plays a critical role in heme trafficking,
increasing the bioavailability of heme to its protein targets as a
part of a dynamic network. Of course, this finding raises multi-
ple new questions about how the system works. For example,
does heme binding by GAPDH also protect the cell from cyto-
toxicity, as previously proposed (7)? Does GAPDH play a role in
the dynamic modulation of LH caused by NO? Is there any
functional interplay between GAPDH’s known glycolytic role
and this chaperone activity? What other proteins are involved
as targets and chaperones? Given that intracellular LH
increased by ~50% upon deletion of TDH3 in yeast, GAPDH
appears to sequester a significant amount of LH. Thus, many
other unidentified proteins must obtain heme from GAPDH.
Sweeny et al. mention soluble guanylate cyclase, hemoglobin,
cytochrome P450, and catalase as potential GAPDH target pro-
teins. Similarly, there are likely other chaperones for LH, high-
lighting the possibility that other unlikely proteins can “moon-
light” in this role, and possibly chaperones of chaperones, as
heat shock protein 90 may play a supporting role (8, 9). Finally,
how does GAPDH recognize and transfer heme to target pro-
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teins? These answers and more will further our understanding
of heme trafficking.
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