
ADDENDUM

Heme metabolism in stress regulation and protein production: From Cinderella to
a key player

J. L. Mart�ıneza,b, D. Petranovica,b, and J. Nielsena,b,c

aNovo Nordisk Foundation Center for Biosustainability, Chalmers University of Technology, Gothenburg, Sweden; bDepartment of Biology and
Biological Engineering, Chalmers University of Technology, G€oteborg, Sweden; cNovo Nordisk Foundation Center for Biosustainability, Technical
University of Denmark, Hørsholm, Denmark

ARTICLE HISTORY
Received 21 October 2015
Revised 19 November 2015
Accepted 23 November 2015

ABSTRACT
Heme biosynthesis is a highly conserved pathway which is present in all kingdoms, from Archaea to
higher organisms such as plants and mammals. The heme molecule acts as a prosthetic group for
different proteins and enzymes involved in energy metabolism and reactions involved in electron
transfer. Based on our recent findings and other recent reports, we here illustrate that heme is more
than a co-factor. We also discuss the necessity to gain more insight into the heme biosynthesis
pathway regulation, as this interacts closely with overall stress control. Understanding heme
biosynthesis and its regulation could impact our ability to develop more efficient yeast cell factories
for heterologous protein production.
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Introduction

Metabolic engineering is a well-established discipline
that is in the center of the growing interest and effort
in the development of so-called microbial cell factories
for the production of bulk and fine chemicals, second
generation biofuels, as well as proteins or enzymes of
industrial interest or for therapeutic applications. The
variety of potential microbial cell factories is wide, but
yeasts have proved to be very versatile hosts1,2 and
therefore are increasingly becoming the preferred
choice for cell factory development. Yeasts are particu-
larly attractive for production of recombinant pro-
teins, since they have the eukaryal processing
machinery and hence are able to produce more com-
plex proteins that can be secreted.

We have been working for the past few years on the
establishment of the yeast Saccharomyces cerevisiae as
a robust platform system for production of therapeutic
proteins, such as insulin precursor and, more recently,
human hemoglobin (HbA). The latter can be used for
the development of artificial blood substitutes3,4 and
we can currently produce up to 7% HbA out of the
total cell protein in its active form. However, we are
aware that there is plenty of room for improvement.

The importance of heme for microbial physiology

Heme is an ubiquitous molecule, present in all king-
doms, and very well known to be an essential co-factor
involved in many reactions related to respiration and
electron transfer.5 However heme is more than a co-
factor: its role in microbial cells has important impli-
cations for their metabolism, since internal heme lev-
els can determine cell physiology under certain
conditions. However in most cases, very little is
known about how endogenous heme levels are actu-
ally influenced by the cell environment. One of the
best known examples that shows the variety of heme-
regulation diversity is the response to environmental
oxygen: high levels of extracellular oxygen induce
heme biosynthesis in yeast, while it has the opposite
effect in bacteria.6 Heme levels may determine the
pathogenicity of many bacterial strains according to
environmental oxygen and/or iron levels, thus heme
indirectly also acts as a pathogenicity factor.7 In yeasts,
on the other hand, heme has a wide variety of func-
tions, from energy metabolism to cell protection
against several biological stresses including oxidative
stress response activation.8 Intracellular heme levels in
yeast are responsible for the activation of either the
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genes involved in respiration and/or fermentation. All
these functions are also closely related to the environ-
mental oxygen levels. However, the intracellular heme
levels need to be tightly regulated, since free heme is
toxic as it catalyzes the generation of reactive oxygen
species (ROS).9 The existence of proteins responsible
for controlling internal heme homeostasis has there-
fore been hypothesized in bacteria, although the func-
tion of many of the putative candidates identified still
remains unclear.5 More information is available for
yeasts, in particular S. cerevisiae, although still some
important points need to be solved. For example, it is
very well described how intracellular heme levels can
control the cellular fate via activation of Hap1p, a
transcription factor responsible for activating aerobic
respiration, oxidative stress response and, further-
more, heme homeostasis. It triggers a negative feed-
back response for the endogenous heme biosynthetic
pathway, thus keeping intracellular heme levels within
the non-toxic range (Fig. 1). How oxygen activates
heme biosynthesis is, however, still unknown.

Heme metabolism and its applications in
heterologous protein production

Interestingly, the relation between heme biosynthesis
and its intracellular levels and heterologous protein
production is not only restricted to the overexpression
of heme-containing proteins. Previous studies
reported that integration of heme biosynthesis path-
way from the bacterium Vitreoscella stercoraria, also
in combination with recombinant bacterial hemoglo-
bin, improved respiration and heterologous protein
synthesis in the yeast Pichia pastoris.10,11 How the Vit-
reoscella hemoglobin accounts for improved respira-
tion as well as how it enhances protein production is
not understood. Furthermore, other studies have dem-
onstrated that deletion of HAP1, a gene encoding the
main transcription factor responsive for intracellular
heme levels regulation, has a positive impact on
recombinant protein production in the yeast Kluyver-
omyces lactis.12 It is not known how HAP1 deletion
results in a better recombinant protein yield.

In our recent study on recombinant human hemo-
globin production in S. cerevisae 4 we aimed to
increase the pool of heme while avoiding negative
feedback of the biosynthesis pathway, so we knocked-
out the HAP1 gene, which resulted in increased capac-
ity for protein production. We additionally performed
genome-wide transcription analysis to study how the
transcriptional regulation was affected. The analysis
showed that the deletion of HAP1 inactivated respira-
tion and enhanced the endogenous heme biosynthesis.
We speculate that by allowing down-regulation of res-
piration and up regulation of heme-synthesis the cell
found it beneficial to produce high levels of recombi-
nant HbA by draining the toxic excess of intracellular
heme.

Even more surprisingly, the deletion of HAP1 also
resulted in up-regulation of all the cellular pathways
related to protein synthesis such as the ribosomal sub-
units assembly, the cytosolic translation process and
aminoacyl-tRNA biosynthesis among others, mean-
while the protein processing related reactions in the
endoplasmic reticulum were downregulated.

We reported previously a direct relation between
recombinant protein production and high levels of
oxidative stress in yeast cells, due to the burden of
additional protein folding processes generated in the
ER.13 We showed that using anaerobic fermentation
conditions mitigated this negative effect, decreasing

Figure 1. Schematic representation of the mechanism of action
of the transcripton factor Hap1p in response to high heme levels,
as a consequence of an increase in the environmental oxygen
concentration. High intracellular heme activates Hap1p which
subsequently induces the transcription of genes involved in both
mitochondrial respiration and the oxidative stress response. It
also induces the activation of Rox1p, a transcriptional repressor
that blocks ANB1 transcription (Anb1p is a transcription factor
which initiates anaerobic metabolism) and is also responsible for
heme homeostasis by repressing HEM13.
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oxidative stress by reducing the intracellular ROS con-
tent.14 However, further analysis of the transcriptional
data (using a transcription factor enrichment algo-
rithm) revealed that not only oxidative stress related
processes were downregulated after HAP1 deletion,
but also several other transcription factors involved in
other stresses in the yeast cells (MSN2, MSN4, POS5
among others).4 At this stage we do not know how is
the relation between heme metabolism and cell stress
regulation mediated.

Conclusion

Internal heme levels and its main transcriptional regu-
lator of biosynthesis Hap1p seem to be 2 very impor-
tant elements when studying and developing more
efficient yeast cell factories for protein production. For
production of heme-proteins, the heme level is typi-
cally increased by adding external supplements such
as the heme precursor 5-aminolevulinic acid (ALA) or
hemin, prior to or throughout the fermentation. This
is, however, a very expensive solution and is therefore
a limiting factor for process scale up to industrial pro-
duction levels. However, our previous work demon-
strates that a hap1- strain can be a very good starting
point for further engineering and thus overcome prob-
lems with heme depletion and hereby enhance pro-
ductivity in a cost efficient manner.

In terms of other recombinant proteins, our work
also confirms that there is a positive correlation
between HAP1 deletion and cell performance, most
likely due to reduced cellular stress, although more
experimental work at this stage is required.

It would be also of interest to investigate the entire
Hap1p regulatory network and learn more about path-
ways, genes and proteins which could lead us to other
interesting engineering targets with a similar result.
This kind of investigation would require a systems
biology approach, combined with detailed cell physiol-
ogy characterization and follow-up with molecular
and cell biology studies, but it would lead toward new
knowledge about the host cell, and hence the design of
more robust production platforms.
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