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ABSTRACT 

 Aminolevulinic acid synthase 2 (ALAS2) is the rate-limiting enzyme of heme synthesis 

in the mammalian erythroid compartment and controls the production of approximately 400 

billion hemoglobin molecules per second in adult human bone marrow.  The ALAS2 gene is 

induced late in erythropoiesis when numerous red cell precursors are intimately associated with a 

central macrophage which facilitates differentiation in niches known as erythroblastic islands.  

Based largely on structure-function and kinetic studies on recombinant human ALAS2 and 

analysis of erythroid progenitor metabolism in culture, we have proposed explanations here for 

ALAS2 enzyme behavior in various blood disorders, including X-linked protoporphyria (XLP), 

X-linked sideroblastic anemia (XLSA), and anemia of chronic disease (inflammation).  Notably, 

we have found that the eukaryotic-specific C-terminal extension of human ALAS2 demonstrates 

an autoinhibitory mechanism that is disrupted in XLP and enhanced in XLSA, resulting in gain- 

and loss-of function enzymes, respectively.  We have also elucidated the metabolic fate of the 

immunoactivated macrophage compound itaconic acid in red cell progenitors and have 

developed a new model for terminal erythropoiesis in the erythroblastic island during an 



inflammatory response.  In particular, we show that itaconyl-CoA is produced by erythroblasts 

from imported itaconate and that itaconyl-CoA competitively inhibits ALAS2 catalysis.  We 

therefore implicate macrophage-derived itaconate as a key factor in states of inflammatory 

anemia.  Finally and perhaps most importantly, we have used the knowledge gained from these 

studies to identify small-molecule antagonists of ALAS2, including itaconate, that may one day 

be used to treat XLP or other conditions involving porphyrin accumulation. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1  Characterization and Quantitation of Heme 

 Heme is a tetrapyrrole macrocycle (porphyrin) with a central iron ion coordinated to 

nitrogen atoms of the pyrrole rings and is planar in the unbound state.  Heme is an ancient 

molecule found in all kingdoms of life and is essential for almost all aerobic organisms in a 

protein-bound state, while paradoxically being cytotoxic in an unbound state (1).  The 

heterocyclic porphyrin component of heme is a so-called “pigment of life” (porphyrin means 

“purple” in Greek) and bears multiple rings with conjugated heteroatoms (monopyrroles) that 

provide a foundation for the rich redox chemistry of heme (2).  Multiple types of heme are found 

in nature (e.g., heme a, heme b, heme c, heme o), each variant with unique porphyrin ring 

substituent(s). Heme b, also known as iron protoporphyrin IX or protoheme, has vinyl side 

groups on its A and B rings and propionate groups on its C and D rings (Figure 1). Heme b is the 

precursor for all other heme types and is the molecular sibling of other key metalloporphyrins in 

eukaryotic organisms, including chlorophyll and cyanocobalamin (vitamin B12) (3,4).  Hereafter 

in this dissertation, heme b will simply be referred to as “heme”.   

 De novo heme biosynthesis appeared early in bacterial evolution (5).  Most organisms in 

general synthesize heme from 5- or -aminolevulinic acid (ALA), although there are some 

parasitic prokaryotes (e.g., Streptococcus species) and eukaryotes (e.g., Boophilus microplus and 

nematodes such as Caenorhabditis elegans) that are heme auxotrophs and instead have evolved 
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heme uptake machinery (6-8). Animals, fungi, and photosynthetic proteobacteria synthesize 

ALA from glycine and succinyl-CoA by the C4 (Shemin) pathway (9), while archaea, higher 

plants, and other bacteria use the more ancient C5 (glutamate) pathway, which utilizes -

ketoglutarate (5). Euglena gracilis is the only known species to utilize both pathways (10).  A 

more comprehensive review of the Shemin pathway for heme synthesis in mammals will be 

provided later in this dissertation (Section 1.2).   

 Once made or taken up, heme is utilized as both a prosthetic group and a signaling 

molecule in diverse pathways and cellular compartments in eukaryotes.  Heme as a cofactor is 

involved in such processes as in diatomic gas production (e.g., nitric oxide synthases), 

transportation (e.g., hemoglobin), and storage (e.g., myoglobin), as well as xenobiotic 

detoxification (e.g., cytochromes P450 (CYPs)), redox catalysis (e.g., catalases and peroxidases), 

and electron transfer (e.g., respiration cytochromes) (11-16).  Most relevant to this dissertation 

and perhaps most notably in general, heme is synthesized and utilized in human erythroid tissue 

as the oxygen-carrying cofactor for more than 300 million hemoglobin molecules (four hemes 

per hemoglobin) in each of approximately 2-3 million human red cells released into circulation 

per second (17).  Heme also functions as a signaling molecule when it binds to heme-responsive 

proteins such as transcription factors, kinases, and microRNA processing proteins (14,16,18,19).  

Heme oxygenases (HOs), namely heme-inducible heme oxygenase 1 (HO-1) and constitutive 

HO-2 in mammals, are the rate-limiting enzymes in heme degradation and sources of another 

important signaling molecule:  carbon monoxide (CO) (20).  “Free heme”, or heme released from 

proteins to which is noncovalently bound is a redox active molecule due to several biologically 

relevant oxidations states of its iron center.  Ferric and ferrous iron are the most common, though 

Fe4+ and Fe5+ states are also possible (21,22).  Free heme is capable of generating reactive 
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oxygen species (ROS) through NAPH oxidases (23) and Fenton chemistry (24).  ROS, like free 

heme itself, function as signaling molecules under homeostatic conditions but are cytotoxic at 

elevated levels.  Directly or indirectly, heme is involved in cell signaling processes that include 

oxygen sensing, iron homeostasis, oxidative stress response, mitochondrial respiration and 

biogenesis, mitophagy, apoptosis, circadian rhythm, and cell cycle progression and proliferation 

(11,16,23,25-32). 

 The quantitation of heme and hemoproteins is not only necessary in a medical setting to 

diagnose various pathological states such as anemia and polycythemia vera associated with 

aberrant hemoglobin levels, but to further investigate and elucidate the impacts of heme as a free 

and protein-bound molecule across numerous systems.  Clinically, heme is most commonly 

assessed as hemoglobin on a per cell basis using Drabkin’s method (33-35).  In basic research, 

heme concentrations are typically determined in processed biological samples using other 

colorimetric approaches, particularly the pyridine hemochromogen assay (36-38), fluorescence 

analysis (39,40), reverse-phase high performance liquid chromatography (HPLC) (41,42) or 

radiolabeling with solvent extraction (43-45).  One exception is the direct quantitation of heme in 

whole cells (i.e., turbid samples) with a rapid scanning monochromator and integrating cavity 

absorption meter (RSM-ICAM) (46), as detailed in Chapter 2 of this dissertation. 

 Spectroscopic assays of heme in biological samples have been carried out for nearly a 

century and were originally conducted to quantitate hemoglobin.  Oxyhemoglobin produces three 

characteristic heme absorbance peaks, known as , , and  (Soret peak) (Figure 2A), each 

resulting from distinct -* electron transitions in the porphyrin with contributions from the iron 

d orbitals (47).  Drabkin’s method involves the oxidation of all hemoglobin species (except 

sulfhemoglobin) to methemoglobin with alkaline potassium ferricyanide, followed by 
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derivatization of the methemoglobin intermediate to cyanmethemoglobin by potassium cyanide 

(33,34).  The result is a single, broad, baselined peak centered at 540 nm that is directly 

proportional to hemoglobin concentration (Figure 2B).  The pyridine hemochromogen assay (36-

38) quantitates heme specifically, using concentrated NaOH to release noncovalently bound 

heme from hemoproteins before axial coordination of the heme iron by two pyridine molecules.  

Potassium ferricyanide is often added as well to ensure that all heme iron is initially oxidized to 

the ferric state. Samples are then split and treated with sodium dithionite (reducing agent) or 

water and absorbance differences between reduced (ferrous heme) and oxidized (ferric heme) 

samples at 557 nm and 540 nm, respectively, are measured (Figure 2B).  Finally, a fluorescence-

based assay may be used quantitate heme.  This extremely sensitive technique relies on detection 

of porphyrin fluorescence (405 nm excitation, 608 nm or 662 nm emission) in samples following 

removal of the heme iron center with oxalic acid and boiling (39,40).  Both boiled and unboiled 

aliquots of samples are analyzed, where fluorescence readings from the latter are subtracted from 

the former to remove the contribution of any endogenous porphyrin.  Due to the inherent 

limitations of fluorescence spectroscopy, including the variability and impact of environmental 

factors such as temperature and bulb life, a real-time linear dynamic range must be obtained with 

tissue-specific assay parameters and fresh standards (i.e., the Beer-Lambert law, which is not 

applicable) (48).  

 Other established approaches for heme quantitation rely on separation of heme from the 

sample prior to spectroscopic analysis and therefore provide a more accurate, albeit more time-

intensive, assessment of heme species.  The  “gold standard” method is reverse-phase HPLC, as 

detailed elsewhere (41,42).  Briefly, heme (and heme synthesis intermediates and degradation 

products) are extracted with acid-acetone solution (~75-80% recovery) and separated on a C18 
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column, with analyte detection by absorbance at 405 nm or fluorescence as described above.  

Analysis of de novo heme levels by radiolabeling (e.g., with 59Fe) can be conducted after acid-

acetone and ethyl ether extraction from tissue samples (43-45).  Though extensive acid washing 

of ethyl ether extracts has been reported to remove contaminant species and provide an accurate 

assessment of heme concentration, HPLC analysis of such extracts has shown otherwise (49). 

 

1.2  Heme Biosynthesis via the Shemin Pathway 

Synthesis of Aminolevulinic Acid 

 Heme biosynthesis in mammals, like in all other non-plant eukaryotic organisms, follows 

the Shemin pathway (9) and requires eight steps and one nuclear-encoded enzyme per step, 

beginning with the production of ALA (Figure 3) (50).  ALA is a non-proteinogenic amino acid 

and is the universal precursor for all tetrapyrroles, including chlorophylls, cobalamin, siroheme 

and coenzyme F430 (3).  ALA synthesis occurs via the condensation of glycine (51) and succinyl-

CoA (52-54) in the first committed and rate-limiting step of mammalian heme biosynthesis (50).  

This reaction is catalyzed by ALA synthase (ALAS), a pyridoxal 5’ phosphate (PLP)-dependent 

enzyme, in the mitochondrial matrix and yields CoA and CO2 in addition to ALA (Figure 3).  

ALAS is thought to have evolved from glutamate-1-semialdehyde aminotransferase (GSAT) 

(55), the PLP-dependent enzyme used to synthesize ALA in the C5 pathway in higher plants (5).  

In this section, a general overview of ALAS will be provided.  A more comprehensive review of 

mammalian ALAS will be presented later in this dissertation (Section 1.3). 

 In animals, ALAS is unique among other heme biosynthesis enzymes in that it has two 

isozymes encoded by two separate nuclear-encoded genes:  ALAS1 (or ALASN, on human 

chromosome 3) and ALAS2 (or ALASE, on the X chromosome) (56).  ALAS1 and ALAS2 likely 
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diverged after a duplication event that occurred between the branching of cephalochordates and 

early vertebrates, with Opsanus tau (toadfish) being the earliest species known to synthesize both 

isozymes (57).  Tissue-specific expression of ALAS1 and ALAS2 was first elucidated with 

ALAS cDNA clones obtained from chicken liver and erythroid cells (58).  ALAS2 is expressed in 

erythroid tissues (e.g., bone marrow) during terminal differentiation of red cell precursors and 

massive upregulation of heme and globin synthesis, while ALAS1 is the housekeeping isozyme 

that controls heme synthesis in all other instances.  ALAS2 transcription is controlled largely by 

GATA binding factor 1 (GATA1) while ALAS1 is regulated by glucose (59) and heme (28,60).  

Both ALAS1 and ALAS2 express multiple splice variants in humans and rodents (61,62).  The 

post-transcriptional forms of the two genes are distinct in that ALAS2 but not ALAS1 contains an 

iron-responsive element (IRE) in its 5’ untranslated region (UTR) that is bound by iron-

responsive proteins (IRPs) in low-iron conditions, effectively blocking translation of the protein 

(63,64).  Interestingly, the human ALAS1 and ALAS2 isozymes maintain only 59% amino acid 

identity (no homology in the N-terminal region) and have greater similarity to the their 

respective isozymes in other species than to each other (65). 

 Structural and protein-protein interaction data have contributed significantly to the 

understanding of the human isozymes.  ALAS structures obtained from the α-proteobacterium 

Rhodobacter capsulatus (66) and Saccharomyces cerevisiae (67) have a high degree of sequence 

homology to the human protein core.  Eukaryotic ALAS contains an N-terminal mitochondrial 

targeting sequence (MTS) that is cleaved after localizing the mature protein to the matrix. 

Mammalian ALAS1 and ALAS2 also have N-terminal heme regulatory motifs (HRMs) in their 

respective presequences and mature proteins, though only ALAS1 has demonstrated conclusive 

evidence for heme-inhibited protein translocation into the mitochondria (68,69).  While human 
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ALAS2 (hsALAS2) binds the ATP-specific succinyl-CoA synthetase (SCS-A) beta subunit 

(SUCLA2), a proposed source of succinyl-CoA substrate, hsALAS1 forms no such interaction 

(70,71).  A more recent study from our lab (72) has identified -ketoglutarate dehydrogenase 

(KGDH) as another protein partner and the primary source of succinyl-CoA during terminal 

erythroid differentiation. ALAS2 has further been shown to bind the other two matrix heme 

synthesis enzymes, protoporphyrinogen (proto’gen) oxidase (PPOX) and ferrochelatase (FECH) 

(73). While functional roles for PPOX- and FECH-ALAS2 interactions are yet to be clarified, the 

complex formed by ALAS2 and caseinolytic mitochondrial matrix peptidase chaperone subunit 

X (CLPX), an AAA+ unfoldase, has been reported to regulate ALAS biochemistry at multiple 

levels, including cofactor loading and enzyme degradation (74-76).  ALAS1 has been shown to 

pair with CLPX as well as Lon peptidase 1 (LONP1), a mitochondrial ATP-dependent serine 

peptidase, and subject to turnover by these two proteins (76). 

 No known mutations of ALAS1 have been identified to date, but two human diseases have 

been associated with loss- and gain-of-function ALAS2 mutations resulting in X-linked 

sideroblastic anemia (XLSA) (77-79) and X-linked protoporphyria (XLP) (78,80,81), 

respectively (Table 1).  XLSA, which can occur due to the limitation of ALA synthesis, leads to 

mismatched iron and porphyrin supplies for heme synthesis.  The results are decreased heme and 

hemoglobin production and microcytic anemia, as well as iron overload as evidenced around the 

nuclei of affected cells (77,78).  XLP mutations also cause unmatched iron and porphyrin levels, 

but with protoporphyrin (PPIX) excess rather than iron due to accelerated ALA synthesis 

(78,80,81).  XLP is a phenocopy of “classic” erythropoietic protoporphyria (EPP), caused by 

loss-of-function mutations in FECH.  Distinct from EPP, however, XLP patients maintain 

elevated ZnPPIX due to nonspecific metallation of some of the accumulating PPIX (Table 1). 
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The associated XLP (and EPP) symptoms of non-blistering cutaneous photosensitivity and 

infrequent liver damage are believed to be caused by leaking PPIX from circulating red blood 

cells and its accumulation in the dermis (where it reacts with sunlight) and hepatic tissue (where 

it crystallizes), respectively (78,81-84).  Only bone marrow transplant is curative for XLP 

(85,86), though melanin-stimulating therapies have been shown to mitigate the exposure of 

porphyrin-loaded dermal capillaries to sunlight (87-90).   

Tetrapyrrole Macrocycle Synthesis 

 Once ALA is released from ALAS, it is transported out of the mitochondria by a hereto 

undefined mechanism and made available to the cytosolic metalloenzyme porphobilinogen 

(PBG) synthase (PBGS, formerly known as ALA dehydratase) (Figure 3).  ALA transport may 

involve solute carrier 25A38 (SLC25A38) (91) and/or SLC25A39 (92) across the inner 

membrane (IMM) and then simple diffusion through porins in the outer membrane.  SLC25A38 

has also been linked to the mitochondrial import of glycine (an ALAS substrate) (93), and 

SLC25A39 may be involved in iron-sulfur cluster biogenesis (92).  In the cytosol, two ALA 

molecules undergo a condensation reaction catalyzed by PBGS.  This second step of the heme 

synthesis pathway yields one molecule of the PBG monopyrrole and two molecules of water 

(Figure 3).  Unlike ALAS, PBGS and the remaining human heme biosynthesis enzymes are 

encoded by a single gene. PBGS (chromosome 9) does contain erythroid and housekeeping 

splice variants, though the only difference is an additional 5’ UTR (94).  Thus the final protein 

product is identical in both erythroid and nonerythroid tissues.  

 The PBGS structure was first characterized in yeast (95) and subsequently in humans 

(96,97) and defined as a symmetrical homooctomer (tetramer of homodimers), where ALA binds 

to the enzyme via a Schiff base to a conserved lysine in the active site. The homooctomer is the 
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predominant quaternary structure, but allosteric changes may cause the homodimers to dissociate 

and reassemble in part as a lower activity, homohexameric morpheein (97). Zinc (one ion per 

monomer) and reduced cysteine thiol groups are required for enzyme activity.  While only four 

of the eight zinc ions are required for maximal catalysis, the other four are involved in tertiary 

stability of the enzyme (78). 

 Loss-of-function PBGS occurs in lead poisoning and the autosomal recessive disorder, 

ALAD deficiency porphyria (ALADP).  In lead poisoning, lead ions (Pb2+) displace the zinc ion 

cofactors of PBGS and strongly inhibit enzyme activity and cause ALA to accumulate (98,99).  

ALADP, the rarest of all porphyrias, has been called a “conformational disease” because PBGS 

mutations have been shown to lower PBGS activity by stabilizing a homohexameric morpheein 

of PBGS (97,100), also leading to ALA buildup (Table 1).  The neurological symptoms 

associated with lead poisoning and ALADP have been attributed to the interaction of ALA, a 

structural analog of the neurotransmitter -aminobutyric acid (GABA), and the GABA receptor 

(101).  

 Following PBG synthesis, hydoxymethylbilane synthase (HMBS, previously called PBG 

deaminase, or PBGD) catalyzes the third step in the heme biosynthesis pathway.  The reaction 

involves the deamination and condensation of four PBG molecules in a head-to-tail arrangement 

to produce a linear tetrapyrrole, HMB, and four molecules of ammonia (Figure 3) (78).  Like 

PBGS, human HMBS (chromosome 11) has distinct erythroid and housekeeping promoter 

regions and splice variants.  The erythroid promoter, located upstream of exon 2, contains 

GATA1 and nuclear factor, erythroid 2 (NFE2) sites not found in the housekeeping promoter, 

located upstream of exon 1 (102).  Unlike PBGS, human HMBS contains erythroid and 

housekeeping splice variants that do not result in an identical enzyme product.  Instead, the 
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erythroid HMBS translational initiation start site is exon 3, while that of the housekeeping 

isoform is exon 1 due to another in-frame AUG codon located 51 bp upstream of the erythroid 

mRNA.  The result is an additional 17 amino acids at the N-terminus of the housekeeping 

enzyme (103). 

 Structural data for the HMBS has been obtained from both human (104) and bacterial 

(105) enzymes.  HMBS is functional as a monomer, but the human form has been crystallized as 

a two-subunit species with a weak dimer interface (104).  Moreover, affinity purification studies 

indicate that HMBS may exist as a homodimer in erythroid tissue (73).  Interestingly, HMBS is 

synthesized as an apoprotein and produces its own covalent dipyrromethane cofactor that binds 

to the active site and catalyzes the addition of four PBG molecules to yield a hexameric linear 

tetrapyrrole (106).  The distal tetrapyrrole of the hexamer is subsequently cleaved, leaving 

behind an enzyme-bound dipyrromethane for future catalytic cycles.   

 Deficiencies in HMBS can cause an accumulation of ALA and PBG and acute 

intermittent porphyria (AIP), the second most common form of porphyria (107).  AIP is an 

autosomal dominant disorder characterized by neurological symptoms and severe abdominal 

pain (Table 1).  However, clinical manifestation of the disease is sporadic and often occurs with 

precipitating factors such as drugs, diet, and hormones that induce ALAS1 and heme production 

for synthesis of CYPs needed for xenodetoxification in the liver (50).  For this reason, exogenous 

hemin (for severe attacks) and glucose supplementation may be used to limit ALA synthesis via 

ALAS1 (59,108).  

 In the fourth step of the heme synthesis pathway, the HMB linear tetrapyrrole is cyclized 

to form a porphyrin macrocycle via uroporphyrinogen (uro’gen) III synthase (UROS), generating 

the uro’gen III isomer and a water molecule (Figure 3).  Like PBGS, the human UROS gene 
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(chromosome 10) has erythroid and housekeeping splice variants that are ultimately translated to 

identical proteins (109).  

 UROS is a highly flexible, monomeric protein devoid of a cofactor, as determined from 

crystal structures for both bacterial (110) and human (111) enzymes. The catalytic reaction 

involves a spiro inversion of the D ring of HMB (112).  HMB does cyclize nonenzymatically in 

the absence UROS but without the D ring inversion, forming the uro’gen I structural isomer.  

Uro’gen I can be decarboxylated by the next enzyme in the pathway, uro’gen carboxylase 

(UROD), to form the coproporphyrinogen (copro’gen) I isomer, but cannot be metabolized 

further (78,113). 

 Mutations in UROS cause congenital porphyria (CEP), an extremely rare autosomal 

recessive disease with clinical symptoms of blistering photosensitivity and hemolytic anemia due 

to the accumulation of cytotoxic uro’gen I and copro’gen I in erythroid cells (Table 1).  Teeth are 

usually stained brown and fluoresce pink, as does urine, beginning at a very young age (50). 

Additionally, a more severe CEP phenotype has been observed in a female patient also carrying a 

gain-of-function ALAS2 mutation (114).  To date, only bone marrow transplant has been shown 

to be curative.  Interestingly, some UROS mutations yield a protein that is catalytically active but 

triggers premature proteosomal degradation. A CEP mouse model with one of these mutations 

has been successfully treated with proteosomal inhibitors such as bortezomib (115). 

Tetrapyrrole Side Chain Modifications 

 Once uro’gen III is released from UROS, it is metabolized by the final cytosolic and fifth 

overall enzyme in the pathway, uro’gen decarboxylase (UROD).  More specifically, the UROD 

enzyme decarboxylates the four acetate side groups of uro’gen III to produce copro’gen III and 

four carbon dioxide molecules.  UROD is also capable of decarboxylating uro’gen I, though it 
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prefers uro’gen III, which explains the elevated levels of this compound in CEP (Table 1).  

Human UROD is mapped to chromosome 1 and contains two transcriptional start sites used in 

equal proportions across all tissues, with the upstream (and major) start site adding a small, 15-

bp 5’-UTR to the mRNA (116).  Contrary to other heme synthesis enzymes, the UROD gene 

does not appear to have any splice variants. 

 UROD functions as a homodimeric enzyme with no cofactors (117), and evidence 

suggests that it decarboxylates the uro’gen acetate groups in a preferred order:  D, A, B, and then 

C, in a clockwise fashion (118).  Surprisingly, there is no evidence of direct protein-protein 

interactions among any of the cytosolic heme synthesis enzymes (UROD, PBGS, HMBS, and 

UROS) (73) despite the theoretical need for substrate channeling of reactive porphyrin 

intermediates before transport back into the mitochondria.  

 Enzymatic deficiency of UROD results in either porphyria cutanea tarda (PCT), an 

autosomal dominant disease, or hepatoerythropoietic porphyria (HEP), an extremely rare 

homozygous form of PCT (Table 1).  PCT is the most common porphyria and develops when 

UROD activity decreases to approximately 20% wild-type activity in the liver (107).  PCT is the 

only form of porphyria that is sporadic, and only ~25% of cases are caused by mutations at the 

UROD locus (119,120).  Even though PCT is an autosomal dominant disease, it is incompletely 

penetrant because 50% enzyme activity is sufficient for normal metabolism. Most cases of PCT 

develop as a result of environmental factors such as alcohol use, smoking, and hepatitis C virus 

infection (121).  However, unlike in ALADP and AIP, risk factors that induce ALAS1 rarely 

cause PCT (122). Interestingly, a potent endogenous inhibitor of UROD is uroporphomethene, a 

product of uro’gen oxidation, which can also trigger symptoms. The mechanism for 

uroporphomethene generation is unclear, but CYPs may play a role (123).  The classic PCT 
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phenotype is chronic blistering photosensitivity, often complicated by infection and resulting in 

skin fragility and scarring over time, with only minor liver anomalies and no neurological 

symptoms (50).  HEP UROD has as low as 5% of wild-type activity in erythroid tissue 

(homozygous null alleles are embryonic lethal) (124).  As a result, the HEP phenotype largely 

mimics that of CEP, and ZnPPIX accumulates in erythroid tissue as in ALADP and XLP (50).  

 In animals, copro’gen III it is transported by a currently unidentified mechanism into the 

intermembrane space (IMS) of the mitochondria and to the antepenultimate pathway enzyme, 

copro’gen oxidase (CPOX) (Figure 3) (125).  ATP binding cassette subfamily B member 6 

(ABCB6) may play a role (126), as it has demonstrated the ability transport planar (but not 

nonplanar) coproporphyrin molecules (127,128).  Copro’gen III is oxidized by CPOX, producing 

a proto’gen IX molecule, two carbon dioxide molecules, and two water molecules in the IMS 

(Figure 3).  The catalytic reaction is specific to the copro’gen III isomer and involves an unusual 

stepwise oxidative decarboxylation of the propionate groups on the A and B rings to vinyl 

groups (78).  The human CPOX gene (chromosome 3) contains a GC-rich promoter region that 

includes GATA1 and Sp1-like sites, as well as a unique CPOX gene promoter regulatory element 

(CPRE) (129). Synergistic activation of GATA1, Sp1-like, and CPRE elements has been shown 

to be necessary for CPOX expression in differentiating murine erythroid precursor cells, while 

the GATA1 site is not required in nonerythroid cells (130).  Interestingly, CPOX mRNA levels 

appear to increase during terminal erythroid differentiation while enzyme activity decreases 

(131,132).  In addition, heterologous CPOX expression in erythroid-induced cells increases heme 

synthesis levels (133) and coproporphyrin accumulates during in situ erythropoiesis (134), 

perhaps questioning the role of ALAS2 as the rate-limiting enzyme at certain stages of red cell 

differentiation. 
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 While it has been established that CPOX is a mitochondrial protein in higher organisms 

(125), CPOX is cytosolic in yeast (135).  A recently developed proteomic mapping strategy has 

specifically localized the N-terminus of mammalian CPOX to the IMS-facing side of the IMM 

(136). Mature CPOX functions as a homodimer without a cofactor (78), and the crystal structure 

has been solved for yeast (137) and human (138) proteins.  The mechanism of CPOX action is 

unusual in that the two decarboxylations occur at the same active site in the homodimer 

(139,140). 

 Most loss-of-function CPOX mutations result in hereditary coproporphyria (HCP) (Table 

1), an autosomal dominant disorder with variable penetrance much like AIP and PCT that 

includes asymptomatic heterozygotes (141).  HCP is manifested in neurovisceral and skin 

symptoms akin to AIP and PCT, respectively, and risk factors (e.g., alcohol use) and treatments 

(e.g., exogenous hemin) for HCP are the same as for AIP (50).  A particular set of CPOX 

mutations results in harderoporphyria (Table 1), a variant of HCP caused by the release of  

2-vinyl-4,6,7-tripropionic acid porphyrin (a tricarboxyl porphyrin) after decarboxylation of the A 

ring and before decarboxylation of the B ring.  The term “harderoporphyrinogen” for which the 

disease is named is actually a misnomer, as the porphyrin secreted from the Harderian gland is 

actually a glycoconjugate, protoporphyrin-1-O-acyl-β-xyloside (142). The increased levels of the 

2-vinyl-4,6,7-tripropionic acid porphyrin result in a similar phenotype to HCP, with the 

exception that hemolytic anemia is observed at birth but resolves with age (140). 

 

Formation of Protoporphyrin IX and Iron Insertion 

 Once proto’gen IX is made, it is transported through the IMM and into the mitochondrial 

matrix by a hereto undefined mechanism (Figure 3).  Data from yeast indicate that the adenine 
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nucleotide translocator (ANT) is involved (143), while proto’gen IX transport in erythroid tissue 

appears to rely on transmembrane protein 14C (TMEM14C) (92,144).  Association of both 

CPOX and PPOX to opposite sides of the IMM could also indicate a simple and direct transfer 

across the lipid bilayer. 

 In the matrix, proto’gen IX is oxidized to protoporphyrin IX (PPIX) via proto’gen 

oxidase (PPOX) in the penultimate step of heme biosynthesis (50).  The reaction requires three 

oxygen molecules and produces three molecules of hydrogen peroxide per PPIX molecule 

(Figure 3).  Interestingly, the hydrogen peroxide byproduct is an ROS whose oxidized products 

of superoxide and hydroxyl radicals are particularly cytotoxic, but this is postulated to be 

controlled in non-disease states by cellular catalases, peroxidases, superoxide dismutases, and 

reductases (5,145).  Human PPOX has been mapped to chromosome 1 and, like the CPOX gene, 

contains tissue-specific promoter elements (146).  Two GATA1 sites in the PPOX promoter 

region are activated specifically in erythroid tissue and cause a four-fold increase in PPOX 

expression in differentiating human erythrocyte precursors (147). 

 PPOX structural and interaction data are relatively plentiful.  Crystals have been solved 

for plant (148), bacterial (149,150), and human (151) forms and in each case the enzyme has 

been shown to function as a homodimer with one flavin adenine dinucleotide (FAD) molecule 

cofactor per monomer.  Unlike CPOX, the PPOX pre-protein requires N-terminal and internal 

targeting sequences to localize to the mitochondrial matrix (152).  Aside from the previously 

noted interactions with ALAS2, CPOX, and FECH, mature PPOX is also a protein partner of 

manganese superoxide dismutase (MnSOD) (73).  The PPOX-MnSOD interaction may help 

explain stable ROS levels despite hydrogen peroxide production during PPOX catalysis.  Finally, 

mature PPOX also binds TMEM14C (144) and associates with a complex made up of FECH, 
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ATP Binding Cassette Subfamily B Member 10 (ABCB10), and mitoferrin-1 (MFN1) (153), 

though the particular role of PPOX in these complexes has not yet been clarified.  

 Human PPOX deficiency results in variegate porphyria (VP), an autosomal dominant 

disease that behaves much like HCP (Table 1).  However, blistering photosensitivity and 

associated skin lesions are more prevalent in VP than HCP (50).  This characteristic may be due 

in part to the accumulation of ROS in VP, perhaps due to both increased levels of porphyrin 

precursors and decreased activity of antioxidant heme-dependent proteins such as catalase and 

glutathione peroxidase (GPx) (145,154).  Increased levels of ALA and PBG in both HCP and VP 

indicate that HMBS may become rate-limiting in these disease states.  Indeed, it has been shown 

that copro’gen III and proto’gen IX allosterically inhibit HMBS in transformed lymphoblasts 

from VP patients (155).  Symptomatic VP patients are treated in the same manner as those with 

HCP and AIP (50). 

 The eighth and final step of heme biosynthesis involves the iron metallation of the PPIX 

macrocycle by FECH, a homodimeric protein on the matrix-facing side of the IMM to produce 

heme (Figure 3) (156).  The iron is believed to be sourced from the endocytosis of extracellular 

diferric transferrin (TFN), bound to Tf receptor 1 (TFNR1) (157).  Ferric iron is released from 

TFN upon endosomal acidification (158) and reduced to the ferrous state by six-transmembrane 

epithelial antigen of the prostate 3 (STEAP3) metalloreductase (159). Ferrous iron is then loaded 

onto divalent metal transporter 1 (DMT1) (160) and released either 1) into the cytosol, forming a 

chelatable “labile iron pool” in which iron is redox-inactive and allocated for storage (i.e., in 

ferritin) or cellular distribution (161); or 2) directly into mitochondria according to the “kiss and 

run” hypothesis (162,163). The latter is thought only to occur during late erythropoiesis when 

iron demand is greatest.  Iron transport across the IMM to FECH is carried out by mitoferrin 
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(MFN) 1 and MFN2 in erythroid and nonerythroid cells, respectively (164,165).  The single 

FECH gene (chromosome 18) contains housekeeping Sp1 and erythroid-specific NFE2 and 

GATA1 elements (166).  Two FECH variants with differing polyadenylation sites exist and are 

putatively generated in a tissue-specific manner, as suggested by the predominance of the larger 

mRNA in murine erythroid precursors (50,167).  Another FECH splice variant is devoid of exon 

2 and results in the translation of a truncated, inactive enzyme.  Interestingly, the amount of this 

variant has been shown to be correlated with heme levels (168).   Finally, alternative splicing of 

FECH pre-mRNA can result in the inclusion of an intronic sequence that contains a premature 

termination codon (PTC). Wild-type FECH is spliced this way in 10-20% of transcripts, while a 

polymorphism in intron 3 (IVS3-48C>T) results in more than double the percentage of aberrant 

mRNA (169,170).   

 Like PPOX, much is known about the structural and protein binding nature of FECH.  

FECH crystals for Bacillus subtilis (171) and human (156) proteins have been solved, including 

characterization of a conserved pi-helix switch involved in heme release (172). Human FECH is 

a homodimer with a [2Fe-2S] cluster in each subunit, bound to a cysteine-rich C-terminal region 

that is lacking in yeast and plants (173,174).  The [2Fe-2S] cluster cofactor for mammalian 

FECH is required for enzyme activity, though it is apparently uninvolved in the catalytic 

mechanism.  Iron-sulfur clusters are ancient structures with diverse redox chemistries, and 

evidence suggests they are important for FECH protein stability (175).  It has been postulated 

that the [2Fe-2S] clusters in FECH may act as sensors of nitric oxide (which destroys the cluster) 

(176), mitochondrial iron status (175), and/or redox or mitochondrial membrane potential (177).  

In addition, unlike other heme synthesis enzymes, post-translational phosphorylation of FECH 

has been demonstrated to impact enzyme activity in human and murine erythroid precursors as 



 

18 

well as zebrafish (178).  More specifically, phosphorylation of a conserved threonine near the 

FECH active site pocket by protein kinase A (PKA) is required for full FECH activity during 

terminal erythropoiesis.  As previously discussed, FECH has multiple protein partners (e.g., 

ALAS2, CPOX, PPOX, ABCB10, MFN1) involved in heme biosynthesis and mitochondrial iron 

supply (73,153).  Furthermore, data indicate that FECH also interacts with -ketoglutarate 

dehydrogenase (KGDH) and SUCLA2 (72,73), both potential sources of succinyl-CoA for 

ALAS, indicating possible regulation upstream of committed heme synthesis. 

 Loss-of-function mutations in human FECH result in the third most common porphyria, 

erythropoietic protoporphyria (EPP) (107) (Table 1).  This disease is classified as autosomal 

recessive, as heterozygous individuals demonstrate 50% enzyme activity and overt disease 

appears only when enzyme activity decreases to less than ~30% of normal (78).  Of note, more 

than 90% of EPP patients have FECH mutations in trans with the aforementioned low-

expression FECH polymorphism (IVS3-48C), which skews aberrant splicing (169).  As 

previously mentioned, the EPP phenotype of ubiquitous nonblistering skin photosensitivity and 

an increased risk of liver disease mirrors that of XLP.  XLP treatments of UVB therapy and -

melanocyte-stimulating hormone (-MSH) are also applicable to EPP.  However, while iron 

supplementation has been shown to improve XLP (179), evidence suggests that it may not 

ameliorate EPP.  The model that iron stimulates ALAS2 synthesis (63,180) combined with the 

possibility that the IVS3-48C polymorphism is unresponsive to iron-mediated increases in proper 

FECH splicing (181) may lead to exacerbation of the disease in EPP patients (179).   
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1.3  Aminolevulinate Synthase in Mammals 

Enzyme Structure and Mechanism 

 Until our most recent study (Chapter 3, ref (182)), structural knowledge of mammalian 

ALAS has been limited to modeling conserved domains after crystal data from R. capsulatus 

(rcALAS, PDB 2BWN, 2BWO, and 2BWP, solved to 2.1-2.9 Å) (66) and S. cerevisiae 

(scALAS, PDB 5TXR and 5TXT, 2.7 Å) (67), as well as computational hypotheses (183).  

Sequence alignments of rcALAS, scALAS, and the human ALAS isozymes (Figure 4) show that 

the bacterial protein has a significantly shorter N-terminal region and lacks a C-terminal (Ct)-

extension of ~40-55 amino acids common to eukaryotes. The rcALAS core, however, is highly 

homologous to human and yeast ALAS proteins, exhibiting ~50% amino acid identity and ~70% 

similarity.  The rcALAS (Figure 5A) and scALAS (Figure 5D) structures both indicate a tightly 

interlocked homodimer whose monomer subunits are made up of three distinct domains, all of 

which contribute to the dimer interface:  a variable N-terminal domain, a conserved catalytic 

domain, and a regulatory C-terminal domain (Figures 5A, 5D).   

 The N-terminal regions of eukaryotic ALAS pro-enzymes are highly variable but all have 

an amphipathic MTS (Figure 4) that is proteolyzed following targeting of the protein to the 

matrix, first demonstrated for ALAS1 from rat liver in vitro (184).  The length of the MTS is 56 

amino acid residues in hsALAS1 (185) and 57 residues in scALAS, although evidence suggests 

that the yeast presequence is not required for mitochondrial import (186,187).  The ALAS2 MTS 

is less well defined and is reportedly homologous to either the ALAS1 MTS and 49 residues in 

length (185) or the ornithine transcarbamylase MTS and 78 residues (188).  As shown in the 

rcALAS structure (66), the overlapping N-terminal regions of prokaryotic and eukaryotic ALAS 

enzymes are very similar and include an arginine (Arg21 in rcALAS and Arg91 in scALAS) that 
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forms a salt bridge with succinyl-CoA and an acidic residue (Glu17 in rcALAS and Asp87 in 

scALAS) that stabilizes enzyme conformation following succinyl-CoA binding (Figure 5B). 

 The ALAS catalytic domain contains a PLP cofactor bound as a Schiff base to either an 

active site lysine (Lys248 in rcALAS and Lys337 in scALAS) or glycine substrate and stabilized 

by an adjacent histidine (His217 in rcALAS and His284 in scALAS) and aspartate (Asp214 in 

rcALAS and Asp281 in scALAS) (Figures 5B, 5C, 5E).  These histidine and aspartate residues 

are responsible for the PLP specificity of the enzyme via hydrogen bonding and salt bridge 

formation, respectively.  A conserved glycine-rich region exists within a conserved loop in this 

region and is necessary for succinyl-CoA substrate binding. Another histidine (His142 in 

rcALAS and His 209 in scALAS) is positioned directly above the active site and drives the 

decarboxylation step of catalysis (189), as described in further detail below.   

 The bacterial and eukaryotic C-terminal domains share two conserved loops, where the 

more downstream of these loops covers the active site and likely controls substrate binding and 

product release by an induced-fit mechanism (Figure 6A).  When this loop is shifted outward, the 

enzyme adopts an “open” conformation in which the active site is widened (Figures 5C, 6A). 

The loop moves inward and locks the enzyme in a “closed” conformation when 1) a conserved 

threonine (Thr365 in rcALAS and Thr452 in scALAS) in the loop noncovalently binds to a) the 

carboxylate group of succinyl-CoA and the previously mentioned N-terminal arginine (Arg21 in 

rcALAS and Arg91 in scALAS) and an isoleucine (Ile361 rcALAS and Ile448 in scALAS) and 

methionine (Met190 in rcALAS and Met257 in scALAS) in the active site; and 2) a conserved 

arginine (Arg368 in rcALAS and Arg455 in scALAS) interacts with the amino-terminal residues 

Glu17 in rcALAS (Figure 5B) or Asp87 in scALAS via a salt bridge (Figure 5F).   
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 The eukaryotic-specific Ct-extension provides an additional level of regulation on ALAS 

activity, as first evidenced by mutations in this region of hsALAS2 with XLSA and XLP human 

disease states (71,80).  This region was further shown to confer an autoinhibitory effect on 

enzyme activity with stable transgenic expression of hsALAS2 with and without the Ct-

extension in a nonerythroid human cell line (190).  Based on the scALAS structure, the Ct-

extension wraps around the homodimer, allowing the Ser543 residue to hydrogen bond to an 

arginine (Arg151) within the glycine-rich stretch on the same subunit and to Glu164, both 

proximal to the active site of the opposite subunit (Figure 5F).  Importantly, the Ct-extension in 

scALAS is ~15 amino acids longer than the same region in its vertebrate counterparts, packing 

into a hydrophobic groove and against a unique 22-residue insertion in the catalytic domain of 

the same subunit (Figures 4, 5E), and appears to stabilize the opposite active site.  Deletion of the 

scALAS Ct-extension results in decreased enzyme activity (67), suggesting that the regulatory 

role of this region is distinct in hsALAS2 and does not explain the post-translational impacts of 

XLSA and XLP mutations.  It is worth noting here that differences in the structures of yeast and 

human Ct-extensions have been verified with the recently solved hsALAS2 structure by our 

collaborators in the UK (PBD 6HRH, 2.3 Å resolution), and the corresponding published work 

(ref (182), see Chapter 3) from our labs comprises Chapter 3 of this dissertation. While specific 

details will be discussed therein, we have indeed been able to demonstrate that the Ct-extension 

of hsALAS2 (Figure 4) confers an autoinhibitory mechanism distinct from that of the yeast 

enzyme. 

 ALAS is a member of the -oxoamine synthase family of PLP-dependent enzymes (191), 

all of which require PLP as a cofactor to catalyze the condensation of acid-CoA thioesters and 

small amino acids.  ALAS follows an ordered Bi Bi mechanism in which glycine is bound before 
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succinyl-CoA, and ALA is released from the enzyme in the final step of the catalytic cycle (192).  

The enzyme has a strict requirement for L-glycine, although mutant murine ALAS2 has been 

shown to metabolize L-serine as well (193).  ALAS is more promiscuous regarding the succinyl-

CoA substrate, as several CoA esters have been found to act as alternative substrates (194).  

Unusually, ALAS behaves as both an aminotransferase and decarboxylase and involves the 

cleavage of two amino acid -carbon bonds, one from the glycine substrate and the other from 

the ALA precursor (189).  The catalytic cycle of ALA production via ALAS has been previously 

elucidated through positional labeling experiments, structural studies, and interrogations of pre-

steady state kinetics with stopped-flow spectroscopy (66,193,195-197) (Figure 6B).  Briefly, the 

cycle is initiated when ALAS is in the open conformation, with the conserved active site lysine 

(e.g., Lys248 in rcALAS) (Figure 4) bound to the PLP cofactor via a Schiff base, forming an 

internal aldimine (Figures 5C, 6B).  PLP is displaced from the enzyme and forms a Schiff base 

with L-glycine once this substrate enters the active site, yielding an external aldimine (Figures 

5E and 6B).  The pro-R-hydrogen of glycine is then stereospecifically abstracted by the active 

site lysine, the first -carbon cleavage, producing a carbanion and the first of two quinonoid 

intermediates.  After succinyl-CoA enters the active site, the enzyme adopts the closed 

conformation (Figures 5B and 6B), and the carbanion attacks the electrophilic carbonyl of 

succinyl-CoA.  The result is a transient tetrahedral intermediate that quickly transforms to a 2-

amino-3-ketoadipate intermediate with the loss of CoA.  Subsequent decarboxylation of the 2-

amino-3-ketoadipate is catalyzed by a conserved histidine (His142 in rcALAS and His209 in 

scALAS) that sits atop the active site (Figures, 5B, 5C, 5F, 6B), resulting in an enolic compound 

in equilibrium with the second quinoid intermediate and the ALA-bound external aldimine.  

Finally, proton abstraction by the catalytic lysine causes cleavage of the second -carbon in the 
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reaction and release of ALA product. This step is accompanied by a return to the open enzyme 

conformation (Figures 5B, 5F, 6B).  

Regulation of Enzyme Synthesis and Localization 

 Synthesis of mammalian ALAS isozymes is differentially controlled in a cell- and time-

specific manner from transcription through translation.  The housekeeping hsALAS1 gene was 

first isolated from a human adult liver cDNA library and localized to chromosome 3 (3p21.2) 

(56,198,199), where it is ~17 kb in length and contains 12 total exons (10 protein-coding and two 

noncoding exons in its 5’-UTR) (61).  In the promoter region of ALAS1, transcription is 

stimulated by a complex of factors consisting of peroxisome proliferator-activated receptor  

coactivator 1 (PGC1), nuclear respiratory factor 1 (NRF1), and forkhead box protein O1 

(FOXO1) (Figure 7A) (59).  Assembly of this complex is limited by glucose and heme by 

distinct mechanisms.  In short, sufficiently elevated glucose levels result in the phosphorylation 

of FOXO1 and disruption of the PGC1-NRF1-FOXO1 activating complex (59), which explains 

why diet can be a precipitating factor in the hepatic porphyrias (50). In addition, 

PGC1 transcription is suppressed by heme-loaded nuclear hormone receptor protein REV-

ERB, a mediator of circadian rhythm (Figure 7A) ().  Elevated heme concentrations also 

diminish ALAS1 transcription via growth response 1 (EGR1) (60).  In mice, Egr1 was found to 

interact with NGFI-A Binding Proteins 1 and 2 (Nab1 and Nab2) and subsequently bind to a 

heme responsive element (HRE) in the proximal promoter region of Alas1 to repress 

transcription (Figure 7A) (60).  The hsALAS1 gene is unique to other mammals in that it contains 

two transcription start sites that are tissue-specific (61).  Interestingly, a single TATA start site is 

used in hepatocytes where ALAS1 and heme synthesis are sensitive to xenobiotics, while 

initiation at a second site upstream of the TATA box also occurs in tissues like brain where 
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ALAS1 is only weakly inducible.  Furthermore, it is likely that use of the single transcription 

start site in liver is associated with a drug-responsive enhancer element in the ALAS1 5’-UTR, 

upon which heterodimers of the nuclear receptors constitutive androstane receptor (CAR) and 

retinoid X receptor (RXR) assemble and promote ALAS1 and ultimately heme synthesis (Figure 

7A) in much the same manner they induce the production of CYPs (200). 

 Like transcription, ALAS1 mRNA translation and protein localization to the mitochondria 

are also controlled by heme-dependent mechanisms.  Humans and rodents have been shown to 

produce two alternatively spliced ALAS1 mRNA variants in similar relative amounts across all 

tissues, where the minor variant contains an additional exon (1B) in the 5’-UTR (61).  Only the 

major variant appears to be sensitive to heme, as exon 1B in the minor variant forms a stable 

stem loop structure that inhibits translation and limits the ALAS1 protein synthesis required for 

heme-mediated mRNA decay (201).  Heme also increases the rate of ALAS1 mRNA degradation 

in chicken liver embryos (202).  As previously mentioned, ALAS1 is translated as a proenzyme 

with a 56-residue N-terminal MTS that is cleaved by an unknown protease following localization 

of the mature protein sequence to the mitochondrial matrix (185).  Although MTSs are poorly 

conserved and have less than 25% identity between ALAS1 and ALAS2, both pre-proteins 

harbor multiple N-terminal HRMs consisting of cysteine-proline (CP) dipeptides (Figure 4) (68).  

ALAS1 contains two CP motifs in its MTS, and heme-dependent inhibition of mitochondrial 

localization of rat ALAS1 proenzyme (Figure 7A) in quail fibroblasts was observed and 

eliminated upon mutation of the CP cysteines to serines (69).  It has been hypothesized that when 

these CP motifs are bound by heme, the anchoring hydrophobic interactions of the ALAS MTS 

with an inner mitochondrial importer such as TOM20 are disrupted (203). 
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 Unlike ALAS1, regulation of ALAS2 synthesis and localization is less dependent on 

heme, which is not surprising given the large quantities of heme required for hemoglobin 

synthesis in differentiating erythroid tissue.  A definitive switch from ALAS1 to ALAS2 

expression occurs during the proerythroblast stage of mammalian erythropoiesis (204-206), 

following stimulation of terminal differentiation by the essential hormone erythropoietin (EPO) 

(207) (detailed further in Section 1.4).  The hsALAS2 gene was first cloned from a human fetal 

liver library and mapped to the X chromosome (Xp11.21) (56), where it is ~22 kb and contains 

11 exons (10 coding exons and a single 5’-UTR exon) (208).  Initial studies on transcriptional 

regulation of the murine Alas2 gene expressed in various cell lines revealed that the proximal 

promoter region within ~720 bp of the transcription start site (TSS) contains several regulatory 

elements specific to the transcription factors GATA1 (two binding sites), nuclear factor erythroid 

2 (NFE2), Sp1, erythroid Krüppel-like factor (EKLF), and hypoxia inducible factor 1 (HIF1) 

(Figure 7B) (209).  HIF1 is interesting in that while it is known to upregulate several other genes 

essential for erythroid differentiation (e.g., EPO and TFNR1), the putative hypoxia-responsive 

element (HRE) in the proximal ALAS2 promoter was found to be insensitive to mutation (210).  

More recently, however, it was found that three HREs ~600-750 bp downstream of the hsALAS2 

gene bind HIF1 protein and upregulate ALAS2 expression (211).  Additionally, introns 1 and 8 

of the hsALAS2 gene include enhancer elements that are functional during erythropoiesis (212).  

Both introns contain GATA motifs, though CRISPR-Cas9 knockout experiments in murine 

erythroid model cells indicate that the intron 1 site is more important for normal terminal 

differentiation (213).  Most recently, the intron 1 enhancer has been modeled as an anchor 

connecting GATA sites in intron 8 and the proximal promoter in a long-distance loop that 



 

26 

increases ALAS2 expression via a complex including GATA1, RNA polymerase II, and other 

factors (214). 

 The fate of ALAS2 mRNA is governed by alternative splicing, post-translational 

modification of a translational initiation kinase, and an IRE in the 5’-UTR that is absent in 

ALAS1 (Figure 7B) (62,215,216).  Splicing of ALAS2 mRNA results in two main isoforms, one 

lacking exon 4 (37 N-terminal amino acids) that results in an enzyme with ~30% wild-type 

activity, along with three additional variants that comprise less than 15% of all transcripts and 

are of little known physiological consequence (62).  Along with other proteins during 

erythropoiesis, ALAS2 translation is reportedly controlled by the heme-regulated eukaryotic 

initiation factor 2 alpha (eIF2) kinase (HRI), where HRI is activated by heme deficiency and 

oxidative stress and subsequently phosphorylates eIF2 to decrease uncoordinated globin 

synthesis and ROS levels, respectively (Figure 7B) (217,218).  

 The presence of IREs and their associated stem loop structure can either be inhibitory or 

stimulatory depending on their location in the transcript. The 5’-IRE present in both ALAS2 

isoforms is bound by one of two IRPs (IRP1 or IRP2, encoded by paralogs IREB1 and IREB2, 

respectively) when iron levels are low, effectively blocking attachment of the ribosomal pre-

initiation complex and peptide chain elongation (215,216,219,220).  The same regulatory 

mechanism has been observed for ferritin (220), an iron storage protein.  Conversely, the 

presence of an IRE in the 3’-UTR of a transcript stimulates translation by limiting RNAse-

mediated degradation of the transcript (221).  Examples of genes relevant to iron homeostasis 

and erythropoiesis whose mRNA contain 3’-IREs are TFNR1 (222) and DMT1 (223).  The 

specific impacts of IRP1 and IRP2 on ALAS2 mRNA translation are dependent on iron (and 

perhaps heme iron), oxygen levels, and the stage of red cell development (219,224,225).  
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Mammalian IRP1 and IRP2 are ~60% identical in primary structure and bind the ALAS2 5’-IRE 

stem loop and inhibit translation by distinct mechanisms (224,226).  Briefly, IRP1 obtains a 4Fe-

4S cluster and functions as a cytosolic aconitase that is unable to interact with the 5’-IRE of 

ALAS2 at sufficient cellular iron concentrations.  In iron deficiency, however, the cluster is lost 

and a conformational change results in the conversion of the aconitase form of IRP1 to an IRE-

binding protein.  Hypoxia inhibits disassembly of the IRP1 aconitase (221).  IRP2 has an unusual 

73-amino acid insertion in the N-terminal domain that is absent in IRP1 but contains three 

homologous iron-binding cysteine residues (227).  IRP2 does not utilize an Fe-S cluster and has 

no aconitase activity.  IRP2 is a stable IRE-binding protein at low iron and/or hypoxic conditions 

and is ubiquitinated and degraded as part of a larger complex when iron and oxygen levels rise 

(224).  Notably, earlier work identified an HRM in the IRP2 protein that is oxidized by heme and 

also results in ubiquitination and subsequent degradation of IRP2 (228).  Although Irp2 has been 

reported to be the primary physiological Irp in mice (229), animals with impaired Fe-S cluster 

biosynthesis demonstrate decreased heme synthesis without porphyria due to IRP1-mediated 

inhibition of ALAS2 synthesis (64,230).  Evidence from an Irp2-/- mouse model demonstrating 

microcytic anemia and porphyrin overproduction suggests that the IRE-IRP system is critical for 

normal erythropoiesis in mammals (63).  However, others indicate that the IRE-IRP system may 

be overwhelmed and decoupled from iron levels when massive upregulation of ALAS2 and iron 

utilization occurs late in erythroid differentiation (63,219,225,231).  One group has provided 

clear evidence that heme-dependent HRI controls translation far greater than the iron-dependent 

IRE-IRP system late in terminal erythropoiesis (231). The aforementioned “kiss and run” model 

of direct iron transport from the plasmalemmal to mitochondrial membrane (162,163) may also 

indicate that the cytosolic iron pool and thus IRE-IRP regulation are bypassed in these cells. 
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 Like hsALAS1, translated hsALAS2 pre-protein contains multiple CP dipeptides in its 

MTS of reportedly 49 or 78 amino acids in length (Figure 4) (185,188,232).  Predictably, 

ALAS2 has been shown to be bound by heme at its two most N-terminal CP motifs and blocked 

from translocating into the mitochondrial matrix in the same manner as ALAS1 (68,203).  

However, in the same cell culture model in which the import of heterologous rat Alas1 was 

shown to be inhibited by heme in quail fibroblasts, rat Alas2 was not affected (69).  These 

contending data have yet to be resolved (Figure 7B), although it has been postulated that the 

ALAS2-specific association with SUCLA2 may be relevant in the mitochondrial localization of 

mammalian ALAS2 (70). 

Regulation of Mature Enzyme Stability and Activity 

 In the mitochondrial matrix, the abundance and enzymatic activity of mature mammalian 

ALAS1 and ALAS2 are regulated via several mechanisms, most of which are associated with 

protein-protein interactions and proteolysis (72,75,76,210).  ALAS1 and ALAS2 have half-lives 

on the order of hours (232,233).  One variable that controls ALAS enzyme turnover is protein 

oxidation, where hydroxylation of proline within the ALAS2-specific C-terminal LXXLAP 

motif (Figure 4) targets ALAS2 for ubiquitination and proteosomal degradation (234). This study 

showed that hypoxia left the proline unmodified and thus stabilized the mature ALAS2 for 2- to 

7-fold greater than the half-life of the protein in normoxia. A later investigation of oxidative 

stress caused by disorders such as -thalassemia found that ALAS2 enzyme activity decreases in 

the presence of ROS and heme as a protective measure in erythroid model cells (235).  

Mitochondrial LONP1, an ATP-dependent serine peptidase, has also been described as a key 

player in heme-dependent ALAS1 oxidation and protein turnover in human liver cell models 

(233).  Another group provided further evidence that LONP1 accelerates ALAS1 degradation 
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following hemin-mediated oxidation of ALAS1 and/or heme binding to the remaining CP motif 

in the mature ALAS1 N-terminal domain (Figures 4, 7A) (76).  In the associated pull down 

experiments, heme-bound ALAS1 also paired with CLPX, and was proteolyzed by the 

mitochondrial proteasomal complex, CLPXP, made up of CLPX and caseinolytic mitochondrial 

matrix peptidase proteolytic subunit (CLPP) (Figure 7A).  Other work in yeast and zebrafish 

have shown that mitochondrial ClpX also interacts with a specific region of the ALAS N-

terminal domain to enhance PLP incorporation and ALA synthesis (Figures 7A, 7B) (74).  In the 

same study, knockdown of ClpX in zebrafish resulted in a sideroblastic anemia phenotype that 

could be rescued with ALA supplementation.  The most recent paper from this group indicates 

that PLP loading of ALAS follows the partial unfolding of a ClpX subdomain extending from 

the PLP binding site to its active site (236). The apparently paradoxical roles of CLPX in ALAS 

biochemistry were made clearer in mammalian erythroid precursor cells and EPP patients 

harboring CLPX (not FECH) mutations (75).  Here, heterozygous erythroid precursors 

expressing wild-type CLPX and the active site mutant found in an EPP family maintained PLP 

incorporation at wild-type levels but were unable to function normally as part of the CLPXP 

degradation complex in murine erythroid cells (Figure 7B), resulting in ALAS2 protein and 

PPIX accumulation (75).  Finally, ALAS2 binds the terminal heme synthesis enzymes PPOX and 

FECH in vitro as part of a heme metabolon (4,73).  It is feasible in this context that the initial and 

final steps of the pathway are interregulated to maintain prevent accumulation of cytotoxic 

porphyrin intermediates, though conclusive evidence for this hypothesis is currently lacking. 

 Substrate-level control of ALAS activity was at the forefront of research in porphyrin 

synthesis more than 50 years ago (52,54,237) but has again gained interest in the last 20 years 

due largely to evidence for protein-protein interactions involving ALAS (70-72).  Glycine is 
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abundant in plasma (~250 M) and can be readily obtained by the cell by glycine transporter 1 

(GLYT1), which is essential for normal hemoglobinization to occur in erythroid precursors (238-

240).  While the mitochondrial import mechanism is not clear, data indicate that SLC25A38 

transports glycine as well as ALA (91,93).  The possibility that glycine for ALA synthesis may 

be derived intracellularly from serine metabolism cannot be excluded, particularly in 

nonerythroid cells.  The primary source of succinyl-CoA, a highly reactive molecule, has long 

been presumed to be the TCA cycle (52,54,70,71,237), although whether primarily from 

KGDH or SCS has been debated and linked to the cellular context of ALAS, including protein 

interactions.  For example, early experiments in hemolysates from chicken demonstrated that -

ketoglutarate is the source of succinyl-CoA when intact cellular “particles” were assayed (54), 

whereas succinate filled this role when these particles were freeze-dried before use and sufficient 

ATP was provided (52).  A later study indicated -ketoglutarate to be an important supplier of 

heme carbon, as KGDH deficiency in a diabetic family resulted in anemia (241).  The strongest 

argument for succinyl-CoA being derived from SCS during erythropoiesis comes from evidence 

that the SUCLA2 subunit of SCS-A binds ALAS2, and in particular the mammalian Ct-

extension, but not ALAS1 (70,71).  Again, this would require large quantities of ATP, beyond 

what is needed to drive basal oxidative phosphorylation, to supply sufficient levels of succinyl-

CoA for the mass production of heme synthesis.  In addition, data indicate that neither Sucla2+/- 

mice (242) nor human patients with SUCLA2 deficiency (MIM #612073) exhibit anemia.   

 Recent work in our lab supports -ketoglutarate as the primary source of heme carbon 

based on mRNA, protein, and activity levels of TCA cycle enzymes, as well as stable isotope 

metabolomics and protein-protein interactions during mammalian erythropoiesis (72).  Briefly, 

we found that SCS and KGDH activities decrease and increase with erythroid differentiation in 
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murine erythroleukemia (MEL) cells, respectively.  These data correlate with the known changes 

in message and protein levels of SCS and KGDH in this same window (206,243,244).  In 

addition, pull down experiments in MEL cells overexpressing hsALAS2 have revealed an ALAS2 

interaction with all three subunits (E1, E2, and E3) of KGDH, where the E1-ALAS2 pair in 

particular has been verified by protein affinity chromatography and western blot (Figure 7B).  

Perhaps most importantly, stable isotope metabolomics revealed that the largest source of heme 

carbon is glutamine, not succinate, in erythroid precursors.  Thus, we have proposed that -

ketoglutarate produced from glutamine via glutamate is metabolized by a distinct pool of 

KGDH enzyme operating outside the TCA cycle that supplies succinyl-CoA to ALAS2 

specifically for heme synthesis. Alternative roles of the SUCLA2-ALAS2 interaction include 

facilitation of ALAS2 mitochondrial localization (70), apoenzyme stabilization, or sequestration 

of succinyl-CoA from SCS early in differentiation (before SCS-A levels decrease).  Post-

translational modification of ALAS2 via succinylation is also plausible (245,246), although 

proteomic data of succinylated proteins during erythropoiesis are lacking. 

Mutations and Human Disease 

 To date, no disease-causing mutations have been found in hsALAS1, while dozens of 

mutations in hsALAS2 have been chronicled and are associated with aberrant erythropoiesis (50).  

As previously mentioned, loss-of-function and gain-of-function mutations in hsALAS2 result in 

XLSA or XLP diseases, respectively (Table 1).  As X-linked disorders, the inheritance pattern of 

XLSA and XLP precludes father-to-son transmission.  Males are fully symptomatic while 

females are variably affected based on the random nature of X-chromosome inactivation and 

lyonization (247,248).   
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 XLSA is characterized by microcytic hypochromic anemia, often with intracellular iron 

overload, and patient symptoms include dizziness, fatigue, and decreased capacity for physical 

activity (249).  Most XLSA mutations are located in translated exons of hsALAS2 and are the 

result of single nucleotide substitutions, with the exceptions of a premature stop, frameshift, and 

a lysine codon deletion at amino acid positions 204, 506, and 535, respectively (250).  Evidence 

for XLSA stemming from mutations in the 5’-noncoding region of hsALAS2 also exists 

(251,252).  A structural analysis of many XLSA mutations has been completed based on the 

crystallized rcALAS protein (66), and mutations found in exon 9 of the hsALAS2 gene and other 

regions that contribute to the integrity of the PLP binding site are treatable with pyridoxine, the 

alcohol form of vitamin B6 (PLP is the aldehyde form).  In contrast, mutations affecting substrate 

binding or protein stability tend to be pyridoxine-refractory.  Several pyridoxine-responsive 

missense XLSA mutations located in the Ct-extension of hsALAS2 have been identified (Figure 

8) and abrogate SUCLA2 binding (71). Of note, the ALAS2-SUCLA2 interaction is also lost in 

the pyridoxine-refractory D190V mutant (N-terminal domain) (70).  Regardless of whether 

XLSA patients are pyridoxine-responsive, however, management of iron overload with chelation 

therapy (e.g., desferrioxamine) or phlebotomy may be required (232). 

 XLP is caused by the accumulation of PPIX due to hyperactive ALAS2 and rate-limiting 

iron incorporation via FECH in the final step of heme biosynthesis (80).  The ALAS2 gain of 

function is caused by multiple frameshift mutations in the eukaryotic Ct-extension (Figure 8) and 

loss of the associated autoinhibitory regulation (80,253,254), likely increasing the rate of ALA 

release from the active site (255).  Uniquely, the Y586F mutation has only been observed in CEP 

patients where increased ALA synthesis via the ALAS2 mutant exacerbates the accumulation of 

uro’gen I and copro’gen I and the associated symptoms of porphyria (114).  XLP phenocopies 
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EPP, in which FECH deficiency also results in elevated PPIX levels.  However, the biochemical 

profile of XLP is usually distinct from EPP in that a large fraction of the PPIX is converted to 

ZnPPIX, presumably due to promiscuous FECH activity in the absence of sufficient iron to 

match accumulating free PPIX (81).  In XLP and EPP, free PPIX accumulates in red cells and 

putatively leaks into circulating plasma, where it fluoresces upon irradiation with sunlight 

(specific excitation wavelength ~405 nm) in the upper dermal capillaries and generates ROS 

(82,83). Furthermore, ROS (the hydroxyl radical in particular) induce lipid membrane 

peroxidation, complement activation, and mast cell degranulation in the surrounding tissue.  

Thus, patients with protoporphyria experience acute, nonblistering photosensitivity characterized 

by painful itching, tingling, and burning of the skin (81).  Liver complications also develop in 

less than 10% of XLP and EPP patients, most commonly later in life, due to the accumulation of 

birefringent porphyrin crystals in hepatic tissue following enterohepatic circulation (81,84).  The 

only known cure for XLP is bone marrow transplant, though this procedure has only been 

completed to avoid or to complement liver transplantation (85,86).  The use of melanin-

stimulating prophylaxes such as narrow-band ultraviolet B (UVB) therapy (82) and an -MSH 

analog (83-85) have been shown to diminish photosensitivity significantly.  Iron supplementation 

may also be a possible XLP therapy due to iron-limited heme synthesis in this disease (179).  

Isonicotinic acid hydrazide (INH), an FDA-approved anti-tuberculosis drug and PLP antagonist, 

was unfortunately ineffective in decreasing PPIX levels in physiological doses (256).  Finally, 

inhibition of ATP Binding Cassette Subfamily G Member 2 (ABCG2), a putative porphyrin 

efflux transporter, was demonstrated to significantly decrease free PPIX release from red cells to 

the skin in an EPP mouse model (257), and thus ABCG2 antagonists such as febuxostat (258) 

could potentially be used in the future to treat XLP and EPP in the future.  
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1.4  Terminal Erythroid Differentiation and Inflammatory Response 

From Colony-Forming Units to Erythrocytes 

 Adult humans generate approximately 2-3 million new mature erythroid cells per second 

from bone marrow tissue to maintain homeostatic oxygen levels throughout the body (17).  

“Definitive” erythropoiesis, which follows “primitive” erythropoiesis early in embryonic 

development, occurs via the stepwise differentiation of hematopoietic stem cells (HSCs) in the 

fetal liver until birth (or three weeks postnatal birth in mice) and in the bone marrow thereafter 

(259,260).  An exception to this is when so-called “stress erythropoiesis” occurs (e.g., due to 

hypoxia or inflammation) when marrow alone cannot supply a sufficient number of circulating 

erythrocytes.  In this case, erythropoiesis in the spleen provides a bolus of new erythrocytes by 

synchronizing the differentiation of resident HSCs (261).  Definitive erythropoiesis in bone 

marrow or spleen progresses from HSCs to reticulocytes, with final erythrocyte maturation 

occurring in circulation (Figure 9) (262). The marrow niche where erythropoiesis occurs is 

characterized by oxygen levels as low as 1% (263). Each stage is characterized by several cell 

surface markers, notably cluster of differentiation (CD) 34 (CD34) in HSCs and early 

differentiation, and CD36 (fatty acid translocase/platelet glycoprotein 4), CD71 (TFNR1), and 

CD235 (glycophorin A) late in differentiation (206,264). The proliferation and differentiation 

capacities of HSCs are controlled by multiple cytokines (e.g., stem cell factor (SCF), granulocyte 

colony-stimulating factor (G-CSF)), transcription factors (e.g., GATA1, GATA2), and cell-cell 

contacts (265).  In addition, erythropoiesis has been associated with increases in mitochondrial 

biogenesis, oxidative phosphorylation, and fatty acid oxidation (266).   

 Differentiating HSCs give rise to two pluripotent progenitors in succession, namely the 

common myeloid progenitor (CMP) and megakaryocyte erythrocyte progenitor (MEP),  before 
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beginning terminal erythropoiesis.  In MEP cells, induction of GATA1, the so-called master 

transcription factor of red cell differentiation, and downregulation of GATA2 occurs in what is 

known as the “GATA switch” (267).  The transition from GATA2 to GATA1 involves 

hypomethylation of the GATA1 promoter region, allowing GATA2 to bind and transactivate 

GATA1 expression.  GATA1, in turn, suppresses GATA2 expression by displacing GATA2 from 

its own upstream enhancer element (268). This process is not instantaneous, as GATA1 activity 

does not supersede that of GATA2 until after MEP cells differentiate into the earliest erythroid-

committed progenitors:  burst-forming unit-erythroid (BFU-E) and colony-forming unit-

erythroid (CFU-E) cells (Figure 9) (262,267,268). 

 Most BFU-E and CFU-E cells can be sorted from the upstream MEP population based on 

decreasing expression of CD34 and increasing expression of CD36 and CD71 markers (269).  

CFU-E is considered the first stage of terminal erythroid differentiation.  Unlike BFU-E 

progenitors, CFU-E are unable to self-renew (270).  While human BFU-E cells require 

approximately 14 days (7 days in mice) to form more than a thousand RBCs, CFU-E need 7 days 

(only 2 days in mice) to divide 4-5 times and generate 16-32 mature erythroid cells (260).  Aside 

from GATA1, the other critical factor at this point of erythropoiesis is EPO, which promotes the 

survival, proliferation, and differentiation.  EPO is produced in the kidney and transcriptionally 

upregulated there in response to hypoxia, driven by HIF2 stabilization and loss of GATA2 

repressor (271).  CFU-E are extremely sensitive to EPO as its cognate receptor (EPOR) gene is 

highly upregulated at this stage (Figure 9) (272).  EPOR activation triggers the JAK/STAT, 

PI3K, and MAPK cascades responsible for propagating anti-apoptotic and differentiation signals 

(271,273).   For example, growth arrest–specific gene 6 (Gas6) is a vitamin K-dependent protein 

that is synthesized and secreted by murine CFU-Es in response to Epo and acts in an autocrine 
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manner via Gas6 receptor (Gas6R) to enhance EpoR signaling via PI3K (274).  BFU-E colony 

formation has also been shown by others to be dependent on EPO, though only in combination 

with SCF and other cytokines (269,275).  Notably, during conditions of stress erythropoiesis the 

number of marrow CFU-E cells cannot replenish RBCs at the required rate despite higher levels 

of circulating EPO.  In response, a large quantity of splenic HSCs differentiate simultaneously to 

produce more CFU-Es (269).   

 Immediately downstream of CFU-E progenitors are proerythroblasts (ProEBs).   ProEBs 

are smaller than CFU-Es at 20-25 m in humans (8-13 m in mice) with RNA-loaded cytosol 

and a single nucleus that occupies ~75-80% of the cell volume (276).  Human ProEB cells divide 

three times to yield mature erythroid cells in less than three days.  ProEBs maintain high levels 

of CD36 and CD71 markers like CFU-E cells, but also begin expressing CD235 (206).  Perhaps 

most significantly, CFU-Es and ProEBs associate with a central, or “nurse”, macrophage (CM) 

which promotes terminal differentiation to the reticulocyte stage in fetal liver, postnatal bone 

marrow, and the spleen (277,278).  This union between erythrocyte precursor and macrophage, 

characterized by physical attachment and various forms of cell-cell communication and 

metabolite transfer, forms a microniche known as an “erythroblastic island” (EBI) (276,279) 

(Figure 9).  ProEBs are sensitive to EPO, though to a lesser extent than CFU-Es (271).  GATA1 

and other transcription factors such as EKLF are also required at this stage (280).  The GATA 

switch is complete and GATA1 is required by ProEBs to avoid apoptosis (281).  Paradoxically, 

overexpression of GATA1 at this stage blocks further differentiation, as it has been suggested 

that caspase-mediated degradation is involved in downregulation of GATA1 activity (267).  It 

was later discovered by another group that EPOR signaling in ProEBs is involved in the process 

of regulating GATA1 and apoptosis via the hematopoietic cell kinase (HCK) (273).  This work 
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demonstrated that phosphorylation of HCK upstream of PI3K/AKT and MAPK pathways 

decreases GATA1 message levels while increasing expression of the B-cell lymphoma-extra 

large (BCL-XL) anti-apoptotic gene.  As previously noted, ALAS2 transcription is enhanced by 

GATA1 via a long-range loop between introns 1 and 8 (214). Murine Alas2 is induced in the 

ProEB stage (205,206,282).  Alas2 expression here is required for induction of downstream 

heme- and globin-synthesizing enzymes, although the manner in which this occurs has been 

described as “sequential” (40), “biphasic” (i.e., PPOX, FECH, and globin genes are upregulated 

separately from the early heme synthesis enzymes and only after sufficient intracellular heme 

levels are reached) (132), and “simultaneous” (283) in different systems and is yet to be clarified 

in vivo.   

 Interestingly, exogenous ALA can stimulate terminal differentiation in MEL cells (284) 

but not when ALAS2 is knocked out in these cells (132).  In addition, overexpression of hsALAS2 

and ALA supplementation both rescued erythroid differentiation in MEL cells with Abcb10 

deficiency, but only the former did so in abcb10 zebrafish mutants (285).  In the mammalian 

liver, exogenous ALA increases the production of heme, which in turn stimulates HO-1 synthesis 

by binding to the BTB and CNC homology 1 (BACH1) transcriptional repressor and causing it 

to disengage the HMOX1 proximal promoter region (286,287).  With upregulation of ALAS2 

and ALA synthesis in ProEBs, however, HMOX1 and HMOX2 message levels decrease ~50% 

(205).    

 ProEBs mature to basophilic erythroblasts (BasoEBs), where human ALAS2 and heme 

synthesis are induced (282).  BasoEBs are so named because of their similarity in color to 

basophils (purple-blue) with Giemsa staining, caused by the elevated concentration of ribosomes 

required to synthesize hemoglobin (276).  BasoEBs are significantly smaller (16-18 m in 
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humans, 6-11 m in mice) than ProEBs and are the first differentiating erythroid cell to show 

distinct heterochromatin formation and decreased EPOR expression (Figure 9) (276,288).  This 

observed decrease in size continues for the remainder of terminal differentiation and has been 

attributed to specific cyclin-dependent kinases (CDKs) identified in mouse knockout 

experiments (289).  In addition to heme and globins, BasoEBs produce high levels of CD36, 

CD71, and CD235, and show increasing levels of Band 3 (SLC4A1) at the cell surface 

(206,276).  GATA1 levels continue to decrease here as they do throughout the rest of terminal 

maturation (267,273).  

 In mice and humans, globin synthesis lags behind heme synthesis (78,205). It is widely 

believed that the delay in globin production is due to the requirement for sufficient heme to bind 

BACH1 repressor at the -globin locus control region (LCR) and activate globin synthesis, much 

in the same manner HMOX1 transcription is stimulated by heme in nonerythroid tissues (290).  

Two mechanisms have been identified that may mitigate free heme synthesis and the associated 

oxidative stress when heme and globin levels are disproportionate:  1)  excess heme is exported 

via feline leukemia virus subgroup C receptors 1a (plasmalemmal FLVCR1) and FLVCR1b 

(mitochondrial) (291,292), and 2) the previously mentioned HRI protein negatively impacts 

general translation until sufficient heme levels are sensed (217). 

 BasoEBs differentiate to polychromatophilic (or polychromatic) erythroblasts (PolyEBs).  

PolyEBs are 12-15 m and 5-8 m in human and mouse cells, respectively, and display large 

clusters of heterochromatin, as well as a pink-tinted cytoplasm (for which they are named) due to 

accumulating hemoglobin (Figure 9) (276).  CD36, CD71, and CD235 remain abundant, and 

Band 3 levels continue to increase (206).  In mice, the formation and differentiation of PolyEBs 
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is enhanced by G-CSF, which has also been shown to act synergistically with EPO to improve 

myelodysplastic syndromes (293). 

 In the final cell division of erythropoiesis, PolyEBs differentiate to orthochromatophilic 

(or orthochromatic) erythroblasts (OrthoEBs).  OrthoEBs are the smallest red cell progenitors 

(10-15 m in humans, 8-13 m in mice) and the last to contain nuclei, which are at this point are 

filled with aggregates of heterochromatin (Figure 9) (276).  In addition, the orthoEB cytosol has 

the coloration of eosinophils (bright pink) with Giemsa staining due to the extremely high levels 

of hemoglobin.  CD71 levels begin to decline, while those for Band 3 increase further (206).  

Expulsion of the pyknotic orthoEB nucleus results in the formation of two species, the 

pyrenocyte (nucleus surrounded by a thin layer of cytoplasm and plasma membrane) and the 

reticulocyte (Figure 9) (262).  The process of enucleation is a complex process involving 

microtubule and membrane reorganization that is specific to mammals (260,294).  Once 

extruded, pyrenocytes present phosphatidylserine on their cell surface and are subsequently 

consumed by the  of the erythroblastic island (pyrenophagocytosis) (295). Nascent reticulocytes 

are only 8-10 m in humans and 6-8 m in mice and are named for the net-like (reticular) 

appearance of ribosomal RNA aggregates with staining.  Reticulocytes spend approximately 48 

additional hours in the marrow undergoing autophagy (and mitophagy), exocytosis, and further 

membrane remodeling as they clear organelles and change their cell morphology from 

multilobulated to a biconcave disc (260).  Reticulocytes enter blood circulation via pseudopods 

that penetrate the marrow capillary walls (296), a process which is promoted by G-CSF (297).  

 Mature mammalian erythrocytes (RBCs) develop from reticulocytes ~24-48 hours after 

entering circulation (276).  The unique anchoring of an elastic network of cytoskeletal proteins to 

the cholesterol-phospholipid bilayer permits the mature erythrocyte to distort shape as needed 
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during their repeated passaging through narrow blood capillaries (298).  The average lifespans of 

circulating mouse and human RBCs are 45 and 120 days, respectively (260).  With age, RBCs 

progressively lose surface area and volume but maintain hemoglobin content.  When changes 

such as the Band 3 surface marker occur (299), splenic macrophages ingest and clear the 

senescent RBCs as part of the reticuloendothelial system (260).  Notably, the main function of 

the RBC is to transport oxygen and carbon dioxide gases to and from tissues peripheral to the 

alveolar capillaries of the lung, respectively.  In short, oxygen molecules (O2) bind to axial iron 

positions among the four hemes in erythrocyte hemoglobin with homotropic positive 

cooperativity at pH 7.4 in the lungs (Bohr effect) (300).  Increasing carbon dioxide (CO2) and 

decreasing pH in peripheral tissues result in carbamylation of the free hemoglobin amino groups 

and protonation of specific globin residues, respectively, both of which promote oxygen 

dissociation via stabilization of the deoxygenated tertiary and quaternary structures of 

hemoglobin by salt bridge formation (301).  Increasing pH and oxygen levels upon return of the 

RBC to the pulmonary capillaries disrupts the salt bridge interactions and promotes O2 binding 

and the release of CO2 gas for exhalation (Haldane effect) (302,303). 

The Erythroblastic Island  

 The erythroblastic island (EBI) is a niche found in mammalian fetal liver, postnatal bone 

marrow, and the spleen consisting of a CM surrounded by 5-48 developing erythroblasts, from 

CFU-E/ProEBs to immature reticulocytes  (277,278,304).  Scanning electron microscopy (SEM) 

of rat bone marrow illustrates the EBI with intimate cell-cell contacts between erythroblasts and 

the CM (Figure 9) as well as among the erythroblasts themselves (305).  Histological work in 

human marrow depicts the EBI as a rosette in which each erythroblast maintains close contact 

with the CM cytoplasm (306).  Whether EBIs are essential for normal erythropoiesis, however, is 
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not clear.  For example, one mouse study involving the depletion of the CD169+ macrophages by 

diptheria toxin showed a reduced number of erythroblasts but no anemia (307).  Other in vivo 

experiments in which marrow and splenic CM levels were reduced by chemical means showed 

decreased blood and cellular hemoglobin levels without effect on RBC counts, though responses 

to stress erythropoiesis were negatively impacted and polycythemia RBC numbers were 

normalized  (308).  Interestingly, other studies indicate that the treatment of mice and humans 

with the G-CSF cytokine diminishes marrow macrophage levels and increases the number of 

ProEBs and/or decreases reticulocyte and RBC counts (309,310).  However, these effects were 

not observed in the mouse spleen, as EBI formation and erythropoiesis were actually enhanced 

there by G-CSF (309).   

 CMs are a heterogeneous population of macrophages that invariably express only a 

handful of cell surface markers, including CD163, CD169 (sialoadhesin), and vascular cell 

adhesion protein 1 (VCAM1) (Figure 9) (262,311).  Recent SEM experiments on rodent marrow 

show two distinct morphological classes of EBIs, identified as “flat” or “domed” based on the 

appearance of the CM (312). The “flat” classification embodies the classic depiction of the EBI, 

wherein cytoplasmic arms from the CM extend and envelope the red cell precursors.  Unlike 

splenic macrophages, the CM does not phagocytose entire erythroid cells in unperturbed systems 

(276). Beyond these observations, little known about the mammalian CM phenotypes and how 

distinct they are from the other, more well-defined macrophage lineages.    

 Developing erythroblasts communicate with CMs on multiple levels.  For example, cell-

cell contact is mediated by protein interactions, notably erythroblast integrins and macrophage 

VCAM1 (313), erythroblast intercellular adhesion molecule 4 (ICAM4) and macrophage 

integrins (314), and erythroblast macrophage proteins (EMPs) present on both erythroblast and 
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macrophage cell surfaces (Figure 9) (315).  Of these, only EMP has been shown to be 

dispensable for normal erythropoiesis (316).   

 In addition to direct physical contacts, several other interactions have been identified 

between erythroblasts and CMs in the EBI and linked to the process of red cell differentiation.  

The first and perhaps most important is iron delivery (276).  In vivo data suggest that iron for 

heme synthesis in mammalian erythrocyte precursors is provided solely by diferric transferrin 

(holo-TFN) and internalized for use via TFNR-mediated endocytosis and direct endosomal 

transfer to mitochondria (157,162,163).  Clinically, patients with atransferrinemia suffer 

hypochromic microcytic anemia (317).  However, in vitro experimental evidence suggests that 

ferritin is an alternative source of iron for developing erythroid progenitors that involves the CM.  

Specifically, co-cultures of human peripheral macrophages and erythroblasts have demonstrated 

ferritin synthesis and exocytosis by the macrophages in TFN-free media (318).  In a separate and 

much earlier work, erythroblasts were able to take up iron-loaded ferritin via micropinocytosis 

(319).  While integration of these data provides a putative model for erythroblast iron acquisition 

in the EBI, the systems in which the data were collected lacked key systemic iron regulators such 

as hepcidin and erythroferrone.  Briefly, hepcidin is a cysteine-rich peptide that diminishes 

systemic iron levels by inhibiting iron absorption from the gut and release from the liver and 

macrophages (320).  Hepcidin also binds the iron transporter ferroportin (FPN), inducing its 

subsequent endocytosis and degradation and systemic iron deficiency.  ERFE is an erythroblast-

derived hormone that inhibits hepcidin mRNA and protein synthesis but is apparently only a 

significant player during stress erythropoiesis (321).  Without such key iron regulators accounted 

for in vitro, ferritin transfer from CMs to developing erythroblasts may simply be artificial and 

irrelevant in vivo (279). 
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 Perhaps the best described impacts of CMs on terminal erythropoiesis involve the 

essential processes of pyrenocyte engulfment (pyrenophagocytosis) and destruction 

(pyrenocytolysis) following the formation of immature reticulocytes.  Pyrenophagocytosis is 

initiated by the display of phosphatidylserine (“eat me” signal) on the surface of pyrenocytes, 

which is subsequently recognized by the CM receptors T-cell immunoglobulin mucin protein 4 

(TIM4) (322) and c-mer proto-oncogene tyrosine kinase (MERTK) (323).  Interestingly, CMs do 

not phagocytose nucleated erythroblasts except in cases of hemophagocytic lymphohistiocytosis 

(276).  Pyrenocytolysis was first observed in transgenic mice expressing a green fluorescent 

protein (GFP)-histone fusion protein, which was degraded within fetal liver CMs following 

phagocytosis (324).  Pyrenocyte heme contained within the thin cytoplasmic layer surrounding 

the nucleus is believed to be metabolized by HO-1 in the CM.  Mice with decreased Hmox1 

expression have dysfunctional EBIs exhibiting an abnormally domed morphology and interacting 

with only a limited number of erythroblasts (325).  Finally, it has been suggested that CM heme 

may be transported to (and perhaps recycled to) developing red cells in EBIs (279).  Studies have 

shown that macrophages export heme via FLVCR1a (291,292) and that erythroblasts express 

heme-responsive gene 1 (HRG1) (326), a plasmalemmal heme transporter.  However, in vivo 

evidence is currently lacking as models such as an FLVCR1a knockout mouse are not yet 

available (279). 

 The most recently described erythroblast-CM interaction involves EPOR (327,328).  

More specifically, EPOR has been found to be expressed in more than 90% of CMs, and EPO 

treatment increases the number of erythroblasts interacting with CMs in the EBI (327). As 

previously established, CFU-E/ProEBs in EBIs express EPOR and the response to EPO impacts 

GATA1 and other differentiation factors (272,273).  Thus, it can be hypothesized that EPO, 
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widely used in the treatment of anemia, increases red cell counts by affecting both progenitor cell 

differentiation and the physiological integrity of the EBI niche.    

 Finally, soluble factors such as Gas6 (274), insulin-like growth factor 1 (IGF1) (329), and 

the FAS ligand (FASL) also regulate erythroid differentiation in EBIs.  In particular, Gas6 is 

produced and secreted by both murine erythroblasts and CMs and enhances EPO effects by 

autocrine and paracrine signaling mechanisms (274).  In humans, IGF1 is synthesized in CMs 

and promotes BFU-E and CFU-E growth in the early stages of EBI-facilitated erythropoiesis 

(329).  The FAS transmembrane glycoprotein “death” receptor is expressed in all developing 

erythroblasts during terminal differentiation, but FASL is synthesized and secreted only by 

orthoEBs (278).  Interestingly, FASL-activated caspase activity promotes both apoptosis and 

differentiation at basal EPO levels in mammals (330). 

Anemia of Inflammation    

 Anemia is defined by a decrease in RBC count, hemoglobin, or hematocrit (i.e., volume 

of packed RBCs).  Anemia of inflammation (AI), also known as anemia of chronic disease 

(ACD), is most commonly caused by infections, autoimmune diseases, cancer, or chronic kidney 

disease (CKD) (331).  ACD is second only to iron-deficiency anemia (IDA) as the most common 

form of anemia (332), where both AI and IDA patients are hypoferremic and exhibit symptoms 

of fatigue, inability to tolerate exercise, and decreased cognitive function (331).  ACD 

demonstrates as either normochromic normocytic or hypochromic microcytic anemia, the latter 

of which is observed in IDA (333).  Two serological parameters, however, distinguish ACD 

from IDA:  serum ferritin (high in ACD but low in IDA) and serum transferrin (low in ACD, 

high in IDA) (331).  ACD develops following a systemic acute-phase reaction to infection that 

results in elevated levels of numerous inflammatory cytokines, complement factors, and small 
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molecules associated with an immune response (331).  These endogenous substances make up 

part of a general host defense strategy to limit iron and/or heme iron in order to stunt the 

propagation of pathogens or malignant cells by so called “nutritional immunity” (334,335) and to 

decrease iron/heme-associated ROS in inflamed tissues (336).   Moreover, there is an inverse 

relationship between hemoglobin levels and established markers for inflammation (i.e., 

erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP)) in disease states such as 

rheumatoid arthritis (RA) (337). 

 ACD pathogenesis is complex but can be characterized by decreased erythroid survival 

rates and diminished erythropoiesis (Table 2) (331).  For example, tumor necrosis factor alpha 

(TNF) been shown to enhance erythrophagocytosis in the spleen and the liver and hence 

decreasing average erythrocyte lifespan (322). TNF and other cytokines negatively affect early 

and terminal erythroid differentiation, both before and after EBI formation (262,331) (Figure 9).  

While a complete analysis of inflammatory cytokines and their modes of action during 

erythropoiesis is beyond the scope of this dissertation, the effects of TNF, interferon gamma 

(IFN), interleukin 1-beta (IL1), interleukin 6 (IL6), and interleukin-10 (IL10) will be 

discussed.  Each of these factors is produced and secreted by activated leukocytes, including 

macrophages, and negatively impact the spectrum of erythroid differentiation (262).  TNF, 

IL1, and IFN are characterized as type I proinflammatory cytokines and are active at the outset 

of infection. However, IL6 is a type II proinflammatory cytokine that is most impactful later in 

the response (both type I and type II are considered acute-phase factors).  On the other hand, 

IL10 is categorized as anti-inflammatory cytokine.  IL10 is usually involved in the resolution of 

the acute phase, but is known to be a source of pathogenesis in underlying ACD disorders such 

as irritable bowel syndrome (IBS) (338).  Upstream of EBI assembly, IFN impairs CMP 
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development in mice by inducing synthesis of the PU.1 transcription factor in these cells and 

diverting them toward the myeloid lineage (339).  TNF, produced mainly in macrophages via 

toll-like receptor 4 (TLR4) stimulation (340), also negatively affects erythropoiesis prior to 

CFU-E and EBI formation (341).  This cytokine has been linked with decreased BFU-E colony 

formation in RA, likely by inducing pro-apoptotic signals via its cognate receptor, TNFR (342).  

Interestingly, anti-IL6 antibody treatment of RA cells in vitro stunts differentiation at the BFU-E 

stage, indicating that IL6 is stimulatory at this point unless masked by other cytokines (e.g., 

TNF) in vivo (337). 

 During terminal differentiation, cytokines are supplied to EBIs by plasma seeping into 

the marrow as well as by immunoactivated CMs within EBIs themselves.  The phenotypes of 

CMs before and after immune stimulation by antigens like lipopolysaccharide (LPS), the classic 

proinflammatory trigger found in the outer membrane of invading Gram-negative bacteria, have 

remained elusive.  Traditionally, macrophage phenotypes have been designated as naïve (M0), 

proinflammatory (M1), or anti-inflammatory (M2).  However, the unperturbed CM population is 

heterogeneous in nature, as evidenced by an array of cells surface markers and shapes (276,311).  

One model of CMs derived from human CD34+ cells has an M2c-like phenotype (343).  

Classically-activated M1 macrophages produce and secrete the proinflammatory TNF, IL1, 

and IL6 cytokines (but not IFN).  M2 macrophages are sources of anti-inflammatory cytokines, 

including IL10.  All of these M1 and M2 cytokines are known to be generated in activated CMs 

as well (Figure 10) (262,278). 

 Inflammatory cytokines negatively impact terminal erythropoiesis at many levels.  In 

vivo, diminished red cell differentiation in the EBI starts with the restriction of EPO supply from 

the kidneys by TNF and IL1 (262).  These cytokines both block renal EPO synthesis by 
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enhancing GATA1, GATA2, and nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF) (344,345).  NF is an established proinflammatory signaling factor that binds the EPO 

promoter region and represses EPO transcription.  IFN directly antagonizes CFU-E 

differentiation by downregulating EPOR synthesis (346) and promoting FAS receptor expression 

(347).  In addition, IFN stimulates macrophage and erythroblast synthesis and secretion of TNF-

related apoptosis-inducing ligand (TRAIL), which slows erythroid differentiation via the 

MAP/ERK signaling pathway and ultimately diminish the production of orthoEBs (262,348).  

INF has also been shown to impede CFU-E colony formation by a ROS-induced, caspase-

dependent mechanism, though this was only observed in peripheral blood cultures and not the 

marrow (349).  In the EPO-sensitive human TF-1 erythroid cell line, IL6 treatment disrupts 

mitochondrial integrity and diminishes hemoglobinization and terminal erythropoiesis without 

any impact on message levels of heme synthesis enzymes or globins (350).  EPO-independent 

inhibition of differentiation has been observed in MEL cells (ProEB models) when treated with 

conditioned media from LPS-stimulated RAW264.7 cells (an immortalized murine macrophage 

line) (351).  This work specifically showed that MEL cell hemoglobin levels decrease with 

increasing activated macrophage media in a dose-dependent manner.  

 The signature systemic response to infection is to limit iron, including heme iron, 

putatively to deprive invading pathogens and/or to avoid complicating inflammation-derived 

ROS production (334,336).  Factors such as LPS and associated proinflammatory cytokines IL1 

and IL6 contribute to systemic iron deprivation by diminishing TFN expression in the liver 

(331).  TNF, IL1, IL6, and IL10 stimulate iron sequestration in macrophages by upregulation 

and exocytosis of ferritin (318), as well as enhancement of DMT1 expression and the associated 

process of TFNR-driven endocytosis in these cells (352).  Most notably, IL6 upregulates the 
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synthesis of the acute-phase peptide hepcidin, the “master regulator of iron homeostasis”, in the 

liver and macrophages (353) and reportedly contributes to ACD in rheumatoid arthritis (354) 

(Figure 9).  Hepcidin blocks the export of iron from the gut, liver, and macrophages by binding 

and degrading FPN in these tissues (320).  ERFE produced in erythroblasts could neutralize 

hepcidin activity in the EBI, as has been established in stress erythropoiesis (321).  However, 

ERFE synthesis requires strong EPOR signaling usually absent in ACD patients.  In addition to 

restricted EPO from the kidney, hepcidin-mediated intracellular iron loss via TfnR2 (but not 

TfnR1) catabolism has been shown to negatively impact EpoR cell surface localization in mice 

(355).   

 Iron sequestration is detrimental to terminal erythroid differentiation and hemoglobin 

production because iron is required for chelation of PPIX to form heme.  Early ferrokinetic 

experiments in rats point to decreased functional TFNR in erythroid progenitors during infection 

(356), likely due to decreased EPO levels (357) that derail increased (63) or unaltered (225) 

TFNR synthesis observed during normal differentiation.  ALAS2 levels may also be diminished 

via the IRE-IRP system in inflammatory disease states demonstrating hypoferremia.  In addition, 

nitric oxide (NO) may further activate the IRE-IRP system because NO from NO synthase 

(NOS) expressed in immunostimulated macrophages (358) can activate IRP1 (359) and IRP2 

(360) and thus indirectly inhibit hsALAS2 translation (361).  The FECH Fe-S cluster is also 

susceptible to NO-associated destabilization (362), and so NO may also facilitate coordination of 

porphyrin and iron supply during an inflammatory response, as shown in rat liver overexpressing 

NOS2 (363).  However, the IRE-IRP and NOS systems may not be relevant across the temporal 

spectrum of terminal erythroid differentiation or inflammation (225,231,364) and so another 

acute-phase factor could be involved in limiting ALA synthesis as well.  In LPS treated mice, 
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terminal erythropoiesis is effectively blocked at the ProEB/BasoEB level (365), coincidentally 

the point at which ALAS2 synthesis is induced.  Several investigations have previously indicated 

that unimpaired ALAS2 activity is essential for complete erythropoiesis (132,283,366,367).  In 

particular, differentiated MEL cells (132) and murine embryonic stem (ES) cells (283) lacking 

ALAS2 showed stunted hemoglobin synthesis and erythroid differentiation. A zebrafish XLSA 

model (sau) with mild Alas2 deficiency (i.e., no iron overload/ring sideroblasts) demonstrates 

delayed erythropoiesis and aberrant RBCs with greater mean corpuscular volume (MCV) and 

less aggregated chromatin than their wild-type counterparts (366).  Primitive and definitive 

differentiation of Alas2-null mouse embryos and adult mice chimeric for Alas2-null cells, 

respectively, were also negatively impacted despite the differential effects of iron in these 

animals (367).  Perhaps most importantly, bone marrow aspirates and purified erythroblasts from 

RA patients show loss of ALAS2 activity without any alterations in FECH activity (368) or 

cellular iron supply (369,370). 

 Strategies used to counter the innate and chronic immune responses to inflammation 

include the use of erythropoiesis-stimulating agents (ESAs) and iron regulatory therapies (331).  

The potential benefits of recombinant EPO and oral or intravenous (IV) iron to ameliorate 

anemia in ACD are straightforward.  Recent approaches to control iron levels involve antagonists 

of hepcidin and IL6 production (371).  Application of positive modulators of ACD such as Gas6 

and ALA also holds promise.  Overexpression of Gas6R and Gas6, which synergizes with EPO 

in the EBI milieu to stimulate survival and differentiation, has been shown to diminish 

inflammatory TNF, IL1, IL6, and IL10 cytokine synthesis in murine bone marrow-derived 

macrophages (BMDM) (274).  With similar results, ALA treatment of RAW264.7 cells induced 

HO-1 synthesis and subsequently inhibited the production of NO, TNF, IL1, and IL6 (372).  



 

50 

ALA has also been used in photodynamic therapy (PDT) to ablate tumor cells for decades and so 

may be particularly useful in treating ACD stemming from cancers (373).   

 

1.5  Itaconic Acid 

Industrial Building Block and Antimicrobial Agent 

 Itaconic acid (methylenesuccinic acid) is an unsaturated dicarboxylic acid with 

implications in both industrial technology and eukaryotic biochemistry.  Itaconic acid was first 

produced from the distillation of citric acid in 1836 and a few years later the decarboxylation of 

cis-aconitic acid, from which its name is derived as an anagram (374).  Since 1932, itaconic acid 

has been isolated from several filamentous fungi, the first identified as Aspergillus itaconicus 

(375).  Itaconic acid serves these organisms as an antibiotic compound (376).  Today, itaconic 

acid has become a key industrial building block due to its reactive methylene group and 

associated ability to participate in many chemical transformations, including polymerizations 

(377).  The global industrial production of itaconic acid is currently about 80,000 tons annually 

(sold at ~$1 per pound) and could more than double over the next five years (378).  Unlike its 

fossil fuel analogs acrylic and methacrylic acids, itaconic acid is currently mass produced from 

Aspergillus terreus (379) and constitutes a “green” alternative to petroleum feedstocks.  Less 

than a decade ago, itaconic acid was also found to be an important mammalian metabolite 

synthesized by macrophages during the innate inflammatory response (380,381). In addition to 

its role as an antimicrobial agent, itaconic acid (or itaconate, the dianionic form at physiological 

pH) has demonstrated immunological functions akin to the cytokines correlated with its synthesis 

(382).  
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 Itaconic acid is capable of participating in homo- (forming polyitaconic acid) and 

heteropolymerizations by free-radical and condensation reactions to produce plastics, resins, and 

fibers (374).  In 1945, the Pfizer Co. was the first to patent the fermentation process of A. terreus 

to produce itaconic acid on an industrial scale (383).  The current manufacturing process 

involves batch fermentation of A. terreus at 37ºC with glucose or pretreated starch as substrates 

under aerobic, acidic, and phosphate-limiting conditions, generating up to 86 g/L culture 

(374,384,385).  Large-scale aeration requires high energy investments but is necessary to 

maintain mycelia integrity, adequate ATP production, and oxidation of NADH, an inhibitor of 

the glycolytic and TCA cycle enzymes required for the generation of itaconic acid from glucose 

(374).  A. terreus synthesizes itaconic acid from cis-aconitic acid, a TCA cycle intermediate that 

is exported from the mitochondria to the cytosol where cis-aconitic acid decarboxylase (CAD) 

catalyzes the conversion and releases carbon dioxide (386,387).  The A. terreus CAD1 gene 

contains two exons and encodes for a 490-amino acid, 55-kDa monomeric protein.  Interestingly, 

itaconate inhibits the growth of A. terreus and thus limits product yield (388,389). Genetically-

modified strains of A. terreus that generate more itaconate and are less sensitive to this form of 

feedback inhibition are typically used in industrial applications (374,390). 

 The antimicrobial properties of itaconic acid are associated with its ability to inhibit three 

important metabolic pathways in bacterial pathogens:  the glyoxylate shunt, the methylcitrate 

cycle, and the citramalate cycle (374).  The glyoxylate shunt circumvents two steps of acetyl-

CoA decarboxylation in the TCA cycle and instead converts isocitric acid directly to succinic 

acid and glyoxylic acid by isocitrate lyase (ICL), where glyoxylic acid is further metabolized to 

malic acid by malate synthase.  This two-for-one payoff (i.e., succinic acid and malic acid 

molecules are generated from one isocitric acid molecule) allows pathogens such as 
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Mycobacterium tuberculosis (391,392) and Salmonella enterica (393) to shift the carbon source 

for the TCA cycle to odd-chain fatty acids and cholesterol when glucose levels are low.  Itaconic 

acid inhibits ICL activity by acting as a competitive inhibitor for the succinic acid product and 

subsequently reduces the proliferation rate of the invading species (394).  Notably, the ICL 

enzyme is functional in microbes including fungi but does not appear to play a role in vertebrate 

metabolism, making it a putative drug target (374,395).  

 Itaconic acid has also been shown to downregulate the methylcitrate cycle and 

citramalate cycles in M. tuberculosis (392) and Rhodosprillum rubrum (396), respectively.  The 

methylcitrate cycle is essential in M. tuberculosis because it is required for propionyl-CoA 

detoxification via TCA cataplerosis (oxaloacetate) and anaplerosis (succinic acid and pyruvic 

acid) (397).  Itaconic acid inhibits methylisocitrate lyase (MCL) and the associated catabolic 

conversion of methylisocitric acid to pyruvic acid and succinic acid (374).  According to another 

study (392), the growth of M. tuberculosis during macrophage infection is curbed significantly 

by host-derived itaconate due to its negative impacts on both ICL and MCL proteins.  The 

citramalate cycle is an anaplerotic pathway for acetate assimilation and involves carboxylation of 

propionyl-CoA to methylmalonyl-CoA via propionyl-CoA carboxylase (PCC).  Evidence that 

itaconate inhibits PCC has been obtained from R. rubrum, which lacks ICL but not MCL (396).  

Contrary to work on M. tuberculosis, this study showed that the growth of R. rubrum is 

unimpeded by itaconate, possibly due to secretion or metabolism of the itaconate.  

 Itaconate may act also as an endogenous antimicrobial agent by deactivating host B12 and 

depriving invading species of this essential nutrient (398,399).  M. tuberculosis is known to 

scavenge B12 from its host (400) and to be less active in patients suffering from B12 deficiency 

disorders (401).  Recent work (399) has provided a viable explanation for the latter observation.  
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Briefly, immunoactivated macrophages synthesize itaconate (Figure 10) and its CoA derivative, 

itaconyl-CoA, which effectively traps the naturally-occurring B12 radical by suicide inhibition.  

As a result, growth of invading M. tuberculosis is significantly reduced by itaconyl-CoA 

inactivation of host B12 (398) as well as direct itaconate inhibition of pathogen ICL and MCL 

enzymes (392).  

 Unsurprisingly, some pathogens have evolved detoxification mechanisms for itaconate 

(402).  In Pseudomonas aeruginosa and Yersinia pestis, itaconate is metabolized in a three-step 

process catalyzed by separate enzymes encoded in nonhomologous operons (402,403). In certain 

Pseudomonas and Salmonella species, itaconate detoxification occurs as follows:  1)  itaconate is 

converted to itaconyl-CoA by an itaconyl-CoA transferase, 2) itaconyl-CoA is hydrated to (S)-

citramalyl-CoA by itaconyl-CoA hydratase, and 3) (S)-citramalyl-CoA is cleaved to yield acetyl-

CoA and pyruvate by (S)-citramalyl-CoA lyase (403).  Notably, itaconyl-CoA has two isomers, 

2-methylenesuccinyl-CoA and 3-methylenesuccinyl-CoA, the latter of which is regarded as the 

biologically active form.  In Y. pestis, the ripABC operon codes for an itaconyl-CoA transferase 

(RipA), an itaconyl-CoA hydratase (RipB), and an (S)-citramalyl-CoA lyase (RipC) (402).  

Importantly, an analogous metabolic pathway has been proposed for itaconate metabolism in 

mammals (404,405) (Figure 11), though not all enzymes required for this process have been 

verified.   

Mammalian Metabolism    

 The first publication identifying itaconate as a mammalian metabolite dates back to the 

late 1930s, when it was shown that itaconate could be generated from methylated four-carbon 

dicarboxylic acids unable to undergo fatty acid oxidation due to the methyl group at the -

position (406).  This seminal study concluded that itaconate is only a transient intermediate and 
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rapidly degraded, as it was not detected in urine from animals.  In 1947, an investigation on the 

effects of oral and IV administration of various itaconate salts on adult feline metabolism 

revealed that itaconate is a relatively inert species, with no systemic toxicity and little impact on 

RBC profiles in these animals in doses up to 1 g/kg (407).  In 1949, it was discovered that 

itaconate inhibits succinate dehydrogenase (SDH), a TCA cycle enzyme and Complex II of the 

electron transport chain (ETC) in a competitive manner (408).  Two years later, diminished 

growth rates of weanling rats fed itaconate-loaded chow were attributed to this inhibitory action 

of itaconate on succinate oxidation, as these animals demonstrated increased urinary excretion of 

succinate (409). 

 In the late 1950s and early 1960s, another group provided evidence that itaconate is 

oxidized in guinea pig liver mitochondria like other TCA-cycle intermediates such as succinate, 

fumarate, and malate despite lacking a hydrogen at the -position and inhibiting SDH (404).  

This group further showed that isolated mammalian liver mitochondria could metabolize 

itaconate in a similar manner to Pseudomonas and Y. pestis in the presence of Mg2+, ATP, and 

CoA:  1)  itaconate to itaconyl-CoA by SCS; 2) itaconyl-CoA to citramalyl-CoA by methyl 

glutaconase (MGTK, or methylglutaconyl-CoA hydratase); and 3) cleavage of citramalyl-CoA to 

acetyl-CoA and pyruvate by citramalyl-CoA lyase (CYLBL) (398).  It is worth mentioning here 

that despite the production of itaconyl-CoA in liver mitochondria with ATP, MgCl2, and CoA 

addition (404), there is still no direct evidence for SCS catalysis of this process.  Speculatively, 

there may be other requirements such as SCS protein partners (73,410), assumed to be conserved 

in whole mitochondria, that must be in engaged in order for SCS to metabolize itaconate to 

itaconyl-CoA.  Alternatively, another CoA transferase, succinyl-CoA:glutarate-CoA transferase 

(SUGCT) (encoded by the C7ORF10 gene) has been found in human liver and other tissues 
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(411) and is capable of metabolizing itaconate to itaconyl-CoA in vitro using glutaryl-CoA or 

succinyl-CoA as substrate (412). 

 Interest in itaconate metabolism in mammals subsequently waned until the last decade, 

after itaconate was found in lung tissue of mice infected with M. tuberculosis (413).  Around the 

same time, it was discovered that murine macrophages polarize to the M1 phenotype by LPS-

activated Tlr4 receptor and, like A. terreus, produce itaconate via the decarboxylation of cis-

aconitate from the TCA cycle (380).  A metabolomics study further showed that itaconate 

generated in LPS-induced RAW264.7 macrophage models is secreted and accumulates in the 

growth media (381). Seminally, another group reported that immunoactivated RAW264.7 

macrophages synthesize itaconate from cis-aconitate in the mitochondria and effectively break 

the TCA cycle using aconitate decarboxylase (Acod), or immune-responsive gene 1 (Irg1) 

protein (392).  In this same study, it was determined that Irg1 transcription in these cells is 

massively upregulated shortly after LPS treatment and results in up to 8 mM intracellular 

itaconate within 10 hours of infection, presumably to enlist its antimicrobial properties. 

 From this point, numerous studies have evolved and further described the role of 

itaconate as both a pro- and anti-inflammatory agent during the acute-phase of an inflammatory 

response.  Initially, proinflammatory macrophages exhibit a Warburg-like phenotype, attenuating 

oxidative phosphorylation (OXPHOS) and promoting aerobic glycolysis to provide sufficient 

ATP for biogenesis (414).  Concomitantly, succinate levels increase, resulting in murine Hif1 

stabilization via succinate-mediated product inhibition of prolyl hydroxylase domain (PHD) 

enzyme in the cytosol.  Hif1 subsequently enhances the transcription of IL1, among other 

proinflammatory targets (415).  Increased oxidation of accumulating succinate by SDH in the 

mitochondria is a major source of ROS, another marker of M1 macrophage polarization, by 
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reverse electron transport (RET) through Complex I (416).  Surprisingly, itaconate appears to 

counter this action of succinate despite being at least partially responsible for its accumulation by 

decreasing SDH activity.  Itaconate inhibition of SDH (Ki = 0.22 mM, succinate Km = 0.29 mM) 

(417) hypothetically abrogates RET-driven ROS accumulation by blocking succinate oxidation 

(418).  The SDH inhibitor dimethyl malonate prevented RET-driven ROS formation and brain 

injury during reperfusion in a mouse ischemia model (419), suggesting that itaconate may have a 

similar effect (Figure 10).  In addition, RA model mouse tissue and human fibroblast cells 

accumulate measurable itaconate only in the presence of TNF and the proinflammatory state 

(420), while immunoactivated murine Irg1-/- BMDM treated with dimethyl itaconate (cell-

permeable form of itaconate) sustain decreases in proinflammatory factors Hif1, Il1, Il6, and 

NO (417).  A caveat of the latter study is that dimethyl itaconate is not de-esterified to itaconate 

in LPS-activated macrophages (421) and participates in enhanced and perhaps nonphysiological 

itaconate biochemistry such as cysteine modification due to its strong electrophilic character 

(422).  

 Subsequent studies (422-425) have elucidated alternative mechanisms by which itaconate 

modulates oxidative stress.  For example, itaconate has been shown to allosterically inhibit liver 

fructose-6-phosphate 2-kinase (F6P2Kinase), or phosphofructokinase 2 (PFK2) (425), part of a 

bifunctional enzyme complex with fructose bisphosphatase 2 (FBPase2).  Here itaconate 

allosterically inhibits PFK2 and slows glycolysis, putatively shunting glucose-6-phosphate 

through the pentose phosphate pathway and diminishing ROS formation via NADPH and 

glutathione production (426).  Dimethyl itaconate and 4-octyl itaconate (a cell-permeable form 

of itaconate that is metabolized to itaconate in activated macrophages) decrease ROS in murine 

LPS-stimulated BMDMs by stimulating production of nuclear factor erythroid 2–related factor 2 
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(Nrf2) and its downstream target, Hmox1 (423).  More specifically, tandem mass spectrometry 

experiments have inferred that itaconate alkylation (i.e., itaconylation) of Kelch-like ECH 

associated protein 1 (Keap1) cysteine residues by Michael addition reduces Keap1-Nrf2 binding 

and proteosomal degradation of Nrf2 in mice.  The same study further revealed that 

augmentation of the Nrf2 signaling pathway downregulates the production of Il1, interferon 

beta (Ifn), and ultimately itaconate itself, as Ifn was shown to enhance Irg1 expression.  

Interestingly, more recent work describes a similar mechanism in models of mammalian liver 

reperfusion, wherein the upregulated IRG1 stimulates the itaconate-KEAP1-NRF2 axis during 

recovery and decreases synthesis of proinflammatory cytokines such as IL6 (424).  Data from 

another group further verify the anti-inflammatory impact of itaconate in mice via Keap1-

mediated oxidative stress, but at the same time infer that endogenous itaconate and its esterified 

derivatives downregulate the  transcription factor and the associated secondary 

inflammatory response (follows initial Tlr4 induction of factors such as Tnf and Nf) 

independent of the Nrf2 signaling pathway (422). Instead,  protein and its known Il6 gene 

target (427) were found to be negatively impacted by itaconate through activating transcription 

factor 3 (Atf3).  In contrast to its effect on Nrf2-mediated responses, dimethyl itaconate 

inhibition of  activity was positively correlated with cellular ROS levels, putatively due to 

the inactivation of GSH by alkylation of its cysteine moiety (422).  

 Looking beyond redox implications during macrophage inflammation, one study sought 

to elucidate the impact of itaconate metabolism on cellular biogenesis (418).  Unlike the results 

from more than 50 years previous (404,405), this group found that itaconate could not support 

respiration and that its reported oxidation may have been an in vitro artifact.  Instead, itaconate 

facilitates the Warburg-like shift in metabolism from mitochondrial OXPHOS to aerobic 
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glycolysis by blocking substrate-level phosphorylation (SLP) in murine BMDMs.  Whether the 

observed abrogation of SLP and succinyl-CoA metabolism was due to succinate increases 

attributable to SDH inhibition by itaconate (428) or anaplerosis via glutamine or the GABA 

shunt has not been resolved.  In agreement with the older data (404,405), the possibility that 

itaconate is converted to itaconyl-CoA, a veritable “CoA trap” that consumes ATP and decreases 

upstream succinyl-CoA synthesis in the TCA cycle (Figure 11), may also provide an explanation 

for decreased SLP during inflammation (418).  Other recent studies suggest that itaconyl-CoA 

can also impact the odd-chain fatty acid oxidation and metabolism of the essential pathogen 

nutrient B12 in adipose tissue and inflamed macrophages (398,399).  More specifically, itaconyl-

CoA was shown to enhance homolytic cleavage of the B12 cobalt-carbon bond and subsequent 

formation of a B12-itaconyl-CoA adduct within the active site of methylmalonyl mutase (MUT), 

irreversibly inhibiting MUT and depleting the host macrophages of functional B12 (Figure 11).  

The predicted consequence is toxic propionyl-CoA/propionate accumulation and stunting of 

cholesterol-dependent growth of pathogens such as M. tuberculosis (399). This process is 

reportedly exacerbated by citrate lyase beta-like (CLYBL) protein deficiency (398).  Notably, the 

associated accumulation of methylmalonic acid and propionate would be matched by decreases 

in the MUT product succinyl-CoA, perhaps explaining another route by which SLP could be 

diminished.     

 The intercellular implications of itaconate in mammalian cell physiology are also worthy 

of discussion here.  It is well known that itaconate accumulates within cells at up to millimolar 

levels via IRG1 (392,428).  An early metabolomics study on LPS-stimulated macrophages (381) 

revealed that itaconate is secreted by these cells as well.  More recently, itaconate was shown to 

increase in the media to only 5-10 M over the same time period intracellular accumulations 
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reached 5-10 mM in RAW264.7 and murine BMDM cultures (429).  In addition, metabolomic 

tracing experiments have revealed that itaconate can be imported by mammalian cells (398), 

including polarized macrophages (430), but that this is a slow process (421). Large differences 

between intracellular and extracellular itaconate imply that passive diffusion could be the only 

mode of transport.  In vitro studies have revealed that itaconate serves as an alternative substrate 

for murine mitochondrial dicarboxylate transporters such as Slc25a10 (cognate succinate 

transporter), Slc25a11 (-ketoglutarate), and Slc25a1 (citrate) (423).  Transport across the cell 

membrane via their plasmalemmal counterparts, Slc13a3, Slc13a5 (or a plasmalemmal isoform 

of Slc25a1), and Slc13a2, respectively, is therefore plausible though data supporting such 

promiscuity remain elusive.  The apparently sluggish transport of itaconate likely explains the 

inability to detect itaconate in the circulating plasma of septic patients (429).  However, itaconate 

has been detected and shown to increase inversely to CRP and ESR in the plasma of RA patients 

three months after treatment with the anti-rheumatic drug methotrexate (431).  In contrast, 

itaconate accumulation earlier in local tissues of an RA mouse model (420) and sepsis patients 

(429) correlates directly with disease progression and CRP levels.  

 The antimicrobial character of itaconate may be important both locally and systemically 

in mammals, but the data as a whole suggest that itaconate plays a multifunctional cytokine-like 

role during inflammation states in an autocrine-paracrine fashion (382).  One way itaconate 

might impact intercellular metabolism is by modulating succinate signaling and/or transport, as 

has already been described for the cases of SDH inhibition (417,428) and a shared mitochondrial 

transporter (SLC25A10) (423).  It has also been shown that succinate import by the S. cerevisiae 

dicarboxylic acid transporter is strongly antagonized by itaconate due to a hydrophobic patch 

proximal to the dicarboxylate binding site that promotes van der Waals interactions with the 
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itaconate methylene group (432).  In addition, the succinate cognate G-protein coupled receptor 

91 (GPR91, or SUCNR1) activates both calcium and inositol triphosphate (IP3) signaling 

pathways when human HEK293 cells overexpressing mouse or human GPR91 are treated with 

succinate or itaconate (433).  Curiously, despite the availability of much of this information at 

the time of publication, two recent studies detailing the autocrine and paracrine effects of 

succinate accumulation and secretion in inflamed macrophages (434,435) failed to address the 

possible role of itaconate in these processes. 

 Finally, the autocrine-paracrine effects of itaconate may be relevant in EBIs.  CMs are in 

close proximity of numerous developing erythrocytes (262,276) in EBIs, with close contacts 

established between cell membranes (306).  CMs have a heterogenous and poorly defined  

phenotype (276,311).  However, given that BMDM cultures include CMs (436) and upregulate 

itaconate synthesis and secretion with immunoactivation, we have hypothesized that itaconate 

metabolism alters erythropoiesis during inflammation.  For instance, EPO-induced CD34+ 

progenitors and TF1 erythroid model cells express SUCNR1 (437), and thus erythroblasts could 

be subject to the succinate-itaconate inflammatory axis during an infection.  Like in activated 

macrophages, erythroblast itaconate may also activate the Nrf2-KEAP1 antioxidant pathway to 

counter inflammation-derived ROS.  Itaconate transferred from activated CMs to erythroid 

progenitors by an unknown mechanism could be metabolized to itaconyl-CoA in the 

erythroblasts.  We have shown that itaconyl-CoA, a putative inhibitor or alternative substrate of 

ALAS2, results in diminished or aberrant porphyrin synthesis (Figure 11, see details in Chapter 

4).  As detailed earlier in this review, ALAS2 deficiency has been implicated in stunted erythroid 

differentiation (132,283,366,367). The significance of itaconate-driven attenuation of ALA 

synthesis and erythropoiesis in the context of inflammatory hepcidin and systemic hypoferremia 
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is speculative at this point.  However, the literature suggests that IRE-IRP coordination of iron 

and ALAS2 levels may be less relevant during terminal differentiation (225,231). Thus it is 

reasonable to predict that itaconyl-CoA serves to decrease ALAS2 activity and the associated 

differentiation protocol to limit acute-phase heme iron availability from invading pathogens.  

Additionally, plasma itaconate and itaconyl-CoA plasma recently observed in ACD conditions 

such as RA (431) may explain the observed ALAS2-linked downregulation of heme synthesis in 

this disease (368).  Founded on our contributions to the biochemical knowledge base on heme 

(Chapter 2) and mammalian ALAS2 (Chapter 3), our most recent work (Chapter 4) explores the 

putative impacts of itaconate metabolism on erythroid ALA and heme synthesis in the context of 

inflammation (Chapter 4). 
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1.7 Figures and Tables  

 

 

Figure 1.  Heme b molecular structure.  Pyrrole rings are labeled A, B, C, and D according to 

the Protein Data Bank (PDB) nomenclature and form the planar tetrapyrrole macrocycle via 

methene bridges a, b, g, and d in an unbound state.  Pyrrole nitrogen atoms donate electrons to 

the central ferrous iron (coordination number of 6). Numbers 1-8 identify side chain substitution 

sites, where 1, 3, 5, and 8 are methane groups and 2, 4, 6, and 7 are propionate groups. 
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Figure 2. Absorbance spectra of heme species.  (A)  The oxyhemoglobin spectrum contains 

distinct , , and  (Soret) peaks, whereas the a and b peaks are merged into a single, broader 

band in deoxyhemoglobin.  (B)  Pyridine hemochromes consist of pyridine molecules 

coordination to the two axial iron positions of heme and absorbances result in strong a and b 

peaks for reduced iron (Fe2+) but no discernable peaks for oxidized iron (Fe3+).  

Cyanmethemoglobin absorbs strongly in this region as manifested in a single, broad band 

centered at 540 nm. 
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Figure 3.  Mammalian heme biosynthesis pathway.  Abbreviations are defined in the main 

text. 
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Figure 4.  Protein alignments of human ALAS1 (hsALAS1) and ALAS2 (hsALAS2), S. 

cerevisiae ALAS (scALAS), and R. capsulatus ALAS (rcALAS).  Green, sand, and red 
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triangles identify N-terminal, catalytic, and C-terminal domains of rcALAS.  Starred residues are 

discussed further in the main text and Figures 5 and 6.  The conserved catalytic lysine is 

highlighted in yellow.  Identical residues across all aligned sequences are highlighted in blue, 

while positions with 75% consensus contain red letter symbols boxed in blue.  Mitochondrial 

targeting sequences (MTSs) and heme-regulatory CP motifs are highlighted in green and red, 

respectively.  Residues 50-78 of hsALAS2 are disputedly part of the MTS (see main text) and is 

distinguished from the first 49 AAs with a green font and green outline.  

 

 

 

 

 

 

 



 

104 

 

Figure 5.  Structural highlights from published rcALAS and scALAS structures.  (A)  

rcALAS dimer (closed conformation) with N-terminal, catalytic, and C-terminal domains are 

colored green, sand, and red, respectively.  PLP = yellow, succinyl-CoA = blue.  (B)  rcALAS 

active site, closed conformation; same color scheme as (A);  (C)  rcALAS active site, open 

conformation; same color scheme as (A).  (D)  scALAS dimer (open conformation) with aligned 

rcALAS residues colored cyan and gray on separate monomers; eukaryotic-specific C-terminal 

residues (Ct-extension) = magenta, yeast-specific 22-residue catalytic domain insertion = purple.  

(E)  Top view of (D).  (F)  scALAS active site with conserved rcALAS residues colored as in (A) 

and Ct-extension and 22AA insertion colored as in (E).  Glycine-PLP external aldimine = 

yellow.    
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Figure. 6.  Open and closed conformations and associated kinetic cycle of rcALAS.  (A)  

Alignment of monomer in open conformation (gray with green C-terminal segments) and 

opposing monomer in closed conformation (teal with red C-terminal segments).  (B)  Kinetic 

cycle of ALAS with corresponding open and closed enzyme conformations as described in the 

main text. 
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Figure 7.  Key regulatory features of mammalian ALAS synthesis, stability and activity. 

(A)  ALAS1 regulation in a nonerythroid cell and (B)  ALAS2 regulation in an erythroid-specific 

cell, as described in detail in the main text. 
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Figure 8.  Human ALAS Ct-extension alignment.  Wild-type, XLSA, and XLP sequences are 

colored in black, red, and green, respectively.  Missense mutations are highlighted in the 

corresponding font colors. 
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Figure 9.  Erythroid differentiation in the context of the erythroblastic island niche.  

Diagram includes inflammatory factors found to impact terminal erythropoiesis during infection 

as described in the main text.  Abbreviations are also defined in the main text. 
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Figure 10.  The proinflammatory (M1) macrophage and role of cytokines and itaconate in 

the immune response.  Abbreviations are defined in the main text. 
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Figure 11.  Itaconate metabolism in mammals.  Abbreviations are defined in the main text. 
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Table 1.  Human disease states associated with aberrant heme synthesis. 
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Table 2.  Proinflammatory cytokines and their impacts on erythropoiesis and RBC 

survival.  Abbreviations are defined in the main text. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

113 

 

 

CHAPTER 2 
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2.1  Abstract  

Rapid and accurate heme quantitation in the research lab has become more desirable as 

the crucial role that intracellular hemoproteins play in metabolism continues to emerge. Here the 

time-honored approaches of pyridine hemochromogen and fluorescence heme assays are 

compared to direct absorbance-based technologies using the CLARiTY spectrophotometer (Olis, 

Inc.). All samples tested with these methods were rich in hemoglobin-associated heme, including 

buffered hemoglobin standards, whole blood from mice, and murine erythroleukemia (MEL) and 

K562 cells. While the pyridine hemochromogen assay demonstrated the greatest linear range of 

heme detection, the three methods demonstrated similar analytical sensitivities and normalized 

limits of quantitation of approximately 1 M. Surprisingly, the fluorescence assay was only 

shown to be distinct in its ability to quantitate extremely small samples. Using the CLARiTY 

system in combination with pyridine hemochromogen and cell count data, a common 

hemoglobin extinction coefficient for blood and differentiating MEL and K562 cells of 0.46  

M-1 cm-1 was derived. This value was applied to supplemental experiments designed to measure 

MEL cell hemoglobinization in response to the addition or removal of factors previously shown 

to affect heme biosynthesis (e.g., L-glutamine, iron). 

 

2.2  Introduction 

Heme is an essential and central component in diverse biological processes ranging from 

gas metabolism, one-electron chemistry, and bacterial pathogenesis (1-3) to its more recently 

recognized roles in circadian rhythm and small RNA processing (4,5). From a clinical 

standpoint, the level of hemoglobin-associated heme in blood and body fluid samples can be 

diagnostic of many pathological conditions. Here we have focused on the quantitation of heme in 
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standard hemoglobin solutions, erythroid model cell lines, and blood samples as a benchmark for 

comparison of currently available technologies. 

Traditional strategies for measuring hemoglobin include but are not limited to Drabkin’s 

(cyanmethemoglobin) method (6), pyridine hemochromogen assay (7), fluorescence heme assay 

(8), and reverse-phase HPLC (9). With the exception of the cyanmethemoglobin assay, these 

approaches infer hemoglobin concentrations from measurements of heme. More recently, 

chemiluminescent-based methods based on horseradish peroxidase biochemistry have also been 

developed to quantitate total cellular heme (10) and regulatory heme (11). We have previously 

relied on the pyridine hemochromogen and fluorescence assays to determine cellular heme and 

hemoglobin concentrations as described elsewhere (12,13). Fluorescence analysis is a more 

sensitive technique per se, yet signal emission is complicated by multiple environmental factors 

and therefore does not permit application of the Beer-Lambert law (14). Like the 

chemiluminescence method, both pyridine hemochromogen and fluorescence assays involve 

laborious sample preparations that require the handling and disposal of hazardous chemicals. 

As an alternative, the CLARiTY 1000 spectrophotometer by Olis, Inc. (Bogart, GA) has 

made it possible to measure hemoglobinization in turbid whole-cell suspensions quickly and 

without sample derivatization. This technology has been implemented in situ elsewhere (15-18), 

and here we demonstrate use of the CLARiTY system (Fig. 1A) to quantitate heme in buffered 

blood and cell culture resuspensions. The key component of the CLARiTY is a novel integrating 

cavity absorption meter (ICAM) that contains a quartz cuvette surrounded by a highly reflective 

coating. UV/visible light bracketing the heme Soret band is generated by a rapid-scanning 

monochromator (RSM) and directed into the cuvette to produce isotropic, fully diffused light that 

is subsequently altered only by sample absorption. The light is trapped within the reflective 
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confines of the cuvette until it encounters the output port, and thus its effective pathlength is 

increased significantly. The enhanced pathlength is inversely related to the detected (apparent) 

sample absorbance, and this non-linear effect is corrected by converting the apparent absorbance 

to absorbance per centimeter with the Fry equation (19). The resulting sensitivity of the 

CLARiTY to light absorption in turbid samples is overwhelmingly superior to that of traditional 

transmission spectrophotometers (Fig. 1B). 

In the present study, we assess and validate our protocol for hemoglobin quantitation 

using the CLARiTY system in a side-by-side comparison to pyridine hemochromogen and 

fluorescence heme assays on standard hemoglobin solutions and blood samples. Pyridine 

hemochromogen and CLARiTY assays are further employed to analyze hemoglobinization in 

cultures of differentiating MEL and K562 cells. Specifically, we demonstrate the use of heme 

concentrations from pyridine hemochromogen spectra to calculate red cell indices for mouse 

blood and cell culture samples, a heme proportionality constant for the fluorescence assay, and a 

micromolar hemoglobin extinction coefficient for the CLARiTY. Additional tests of the 

CLARiTY verify the ability of our system to determine the effects of oxygen, glutamine, iron, 

aminolevulinic acid (ALA), and succinylacetone (SA) on hemoglobin levels in MEL cells. In 

general, we expect the protocol described here to be useful for heme quantitation in many non-

erythroid cell types as well.  One exception is plant cells, in which the absorbance signatures of 

chlorophylls and carotenoids significantly overlap the heme Soret peak.   
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2.3  Materials and Methods 

Hemoglobin standards and mouse blood  

Lyophilized hemoglobin from bovine blood (Sigma, St. Louis, MO) was dissolved in 

phosphate buffered saline (1XPBS) to 20 M concentration and diluted for use as standards. 

Whole mouse blood samples were generously provided by L. Wang (University of Georgia, 

Athens, GA). Samples were collected in K2EDTA tubes from adult wild-type C57BL/6 mice 

(one female and one male) and subsequently diluted between 1:250 and 1:100,000 in 1XPBS and 

kept on ice. 

Cell culture 

Cells from the MEL strain DS19 (20) and K562 line ATCC CCL-243, originally 

established by Lozzio and Lozzio (21), were maintained at 37°C and 5% CO2 in complete media 

consisting of DMEM with 25 mM glucose and 1 mM sodium pyruvate (Cellgro, Corning, NY) 

supplemented with 2 mM L-glutamine, 9% (v/v) FBS (Atlanta Biologicals, Atlanta, GA), and 1X 

Pen/Strep (Cellgro). K562 cells were seeded at 1×105 cells/mL and induced to differentiate in 

complete media containing 1 mM sodium butyrate (Sigma). MEL cultures were seeded at 

2.5×105 cells/mL and induced in media with 1.5% (v/v) DMSO (Sigma). Multiday induction 

courses of MEL and K562 cells were carried out in triplicate. In addition, MEL cells were 

induced for 72 or 96 hours under each of the following sets of conditions: 1) 0-4 mM L-gluta-

mine (Cellgro), 2) 5% and 20% oxygen, 3) 100 M iron as iron dextran (Fisons, UK) and/or 100 

M ALA (Sigma), and 4) 500 M SA (Sigma). Hypoxic cultures were grown in a sealed 

incubator flushed with 5% O2/5% CO2/balance N2 at 37°C.   

Cell counting 
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Mouse red cells (1:500 dilution in 1XPBS) were counted on a hemocytometer. MEL and 

K562 cells were washed and diluted in 1XPBS before cell counts were made with a Scepter 

handheld cell counter (Millipore, Billerica, MA) as previously described (22).  MEL and K562 

cell proliferation values were obtained by dividing the ratio of live cells at the end of each time 

course to the number of cells seeded at the beginning by the same ratio for untreated cultures. 

Spectrophotometric hemoglobin quantitation using the CLARiTY  

Absorbances for hemoglobin standards and whole-cell suspensions were measured in the 

Olis CLARiTY 1000A spectrophotometer with an integrated RSM-ICAM containing a 1 mL 

cuvette. A total of 10 scans from 280-520 nm were collected per sample. Apparent absorbance 

values for 1 mL samples were recorded relative to a 1XPBS baseline at the heme Soret peaks of 

400 nm for the standard solutions (which contained methemoglobin) and 410 nm for cell 

samples. Fry correction (19) was carried out to normalize enhanced pathlength values to 1 cm 

using SpectralWorks software (Olis, Inc.). The Soret peak baseline was then determined for the 

corrected spectra by linear interpolation. Heme concentrations were obtained from pyridine 

hemochromogen assays and combined with Fry-corrected absorbance values from the CLARiTY 

to define a hemoglobin extinction coefficient for mouse blood and MEL and K562 cell cultures. 

The assumptions that all cellular heme in these samples is bound to hemoglobin and that each 

hemoglobin tetramer contains four heme molecules were made. The mean corpuscular 

hemoglobin (MCH) was then calculated in picograms per cell according to the following form of 

the Beer-Lambert law, 

MCH =
MHbAFry

εHb N
     (Eq. 1) 
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where MHb = molecular weight of hemoglobin (64.5 kDa), AFry = Fry-corrected absorbance 

(absorbance/cm) at 410 nm, εHb = hemoglobin extinction coefficient, and N = absolute number 

of cells.   

Pyridine hemochromogen assay 

Samples of mouse blood and cell culture resuspensions were kept on ice and disrupted by 

sonication. An equal volume of 50% (v/v) pyridine:0.2 N NaOH solution was added to the 

hemoglobin standards or homogenized cell samples to prepare the pyridine hemochrome 

derivative. Heme content was measured from reduced minus oxidized difference spectra as 

described by Berry and Trumpower (23) and based on the original work of Paul et al (7). Scans 

were carried out on a Cary 1G UV-visible spectrophotometer, whose settings were controlled 

using Cary WinUV software (Agilent, Santa Clara, CA). The absorbance difference between the 

reduced peak at 556 nm and oxidized trough at 540 nm (Fig. S1A) was converted to heme 

concentrations using the extinction coefficient 23.98 M-1 cm-1 (23). 

Fluorescence heme assay 

Fluorescence assays were carried out as previously published (8,13) with minor 

modifications. Briefly, aliquots of hemoglobin standards or sonicated cell samples were diluted 

40-fold in separate solutions of concentrated oxalic acid and split. One sample was boiled at 

99°C for 30 minutes in a Robocycler PCR machine (Stratagene, La Jolla, CA). The other 

solution was treated in the same way except maintained at room temperature throughout to 

control for the presence of endogenous porphyrins. Samples were then analyzed on a 

CLARIOstar microplate reader (BMG LABTECH, Offenburg, Germany) at excitation and 

emission wavelengths of 400 nm and 662 nm, respectively.  

Sensitivity and limits of detection and quantitation  
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Calibration data for hemoglobin standards were pooled to derive a limit of detection 

(LOD) for the CLARiTY, pyridine hemochromogen, and fluorescence heme assays using the 

‘limit of blanks’ approach summarized elsewhere (24). Limits of quantitation (LOQ) and upper 

limits of linearity (LOL) were also determined. The LOQ was defined as the lowest 

concentration at which the calibration curve is linear and the coefficient of variance (CV) of 

replicate samples is less than 20%.  The LOL was identified as the highest concentration of 

standard that remained in linear range of the curve.  Limits were established for raw sample 

concentrations (e.g., LOQR) and normalized to original, pre-derivatized concentrations (e.g., 

LOQN). Finally, analytical sensitivity was defined as the slope of the linear region of the curve 

divided by the standard deviation of the response variable.  

Statistics 

Extinction coefficients and red cell indices for mouse blood and cell culture samples were 

determined as means ± one standard deviation. Statistical significance between slope values was 

evaluated with GraphPad Prism 6 (GraphPad Software, LaJolla, CA). Significance between two 

sets of cell culture conditions was established with the two-tailed Student’s t-test. Multiple 

treatments were analyzed with one-way ANOVA followed by Tukey’s post-hoc analyses using 

freeware from Statistica (Statsoft).  

 

2.4  Results and Discussion 

Detection parameters in pyridine hemochromogen, CLARiTY, and fluorescence assays of 

hemoglobin standards 

Hemoglobin standards were used to derive calibration curves and to compare the 

detection parameters for pyridine hemochromogen, CLARiTY, and fluorescence assays, 
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including LOD, LOQ, LOL, and analytical sensitivity. The pyridine hemochromogen assays 

served a dual purpose in that the results were also used to check the heme content of the 

commercially available hemoglobin, which was not expected to contain four bound heme 

molecules per hemoglobin tetramer due to impurities, the unknown impact of oxidation (i.e., 

conversion to methemoglobin), and molecular structure deformities inherent to the lyophilization 

process.  Based on a comparison of slope values from pooled plots of reduced minus oxidized 

absorbances against both hemoglobin and heme concentrations (Fig. 2A), it was found that the 

lyophilized hemoglobin contained 2.13 heme groups per hemoglobin tetramer. The detection 

parameters listed in Table 1 were defined in terms of heme concentrations using this value. 

Corrected CLARiTY absorbances for the hemoglobin standards at 400 nm (Fig. 2B, S1B) 

were pooled and yielded a heme extinction coefficient (slope) of 0.266 ± 0.004 M-1 cm-1. The 

CLARiTY calibration curve was sigmoidal in shape, and the linear range of response was 

determined by maximizing R2 values between visually identified bend points in the curve (Table 

1). Although the LODR for the CLARiTY was approximately one-third the LODR for pyridine 

hemochromogen assays, the LOQR for the CLARiTY was more than twice the LOQR for 

pyridine hemochromogen. Because the CV dropped below 20% at 0.11 M heme, we defined 

LOQR for the CLARiTY system by the lowest heme concentration in the linear region of the 

curve. This two-fold difference in LOQR was mirrored closely by the analytical sensitivities of 

the two methods. 

Fluorescence heme assays also generated nonlinear calibration data across the range of 

standard concentrations (Fig. 2C). However, unlike the CLARiTY, two of the three series 

maintained linearity through the origin. The slope of the line (505 ± 8 M-1) is referred to as 

Kheme, a proportionality constant in the expression, 
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IF = Khemecheme    (Eq. 2) 

where IF = fluorescence intensity and cheme = heme concentration. The Kheme constant is a 

complex term that is directly proportional to the excitation beam intensity, quantum yield, heme 

extinction coefficient (εheme), and pathlength (14). This relationship holds at absorbances below 

0.05, which can be assumed with the 40-fold dilution of the standard solutions prior to analysis. 

The analytical sensitivity of the fluorescence assay was unexpectedly close to the sensitivity of 

the CLARiTY and less than half the sensitivity of the pyridine hemochromogen assay (Table 1). 

Analytical sensitivity is dependent on statistical variance and is thus indicative of changes in 

fluorescence signal with environmental conditions. Surprisingly, the CLARiTY demonstrated a 

lower normalized LOD (LODN) than the fluorescence assay. That is, given at least 1 mL of 

sample, the CLARiTY and pyridine hemochromogen assays are superior to the fluorescence 

assay at low concentrations. At higher concentrations, the greater linear range and analytical 

sensitivity of the pyridine hemochromogen assay identify it as the preferred approach. Indeed, 

the fluorescence assay protocol employed here is only unmatched in its ability to quantitate 

extremely small samples.    

Heme and hemoglobinization in mouse blood 

As with the hemoglobin standards, the pyridine hemochromogen assay was used to 

determine heme levels in mouse blood dilutions (Fig. 3A). Blood was collected from one male 

and one female C57BL/6 mouse on separate days and analyzed (Table 2). With the exception of 

the female MCH (17.2 pg/cell), HGB and MCH values for both mice fell well within the normal 

ranges for these indices (25,26). Considering established inaccuracies in the hemocytometer 

relative to automated means (27), the elevated female MCH was likely due to an erroneously low 

cell count.  
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Plots of fluorescence (Fig. 3B) and corrected CLARiTY absorbance at 410 nm (Fig. 3C, 

S1C) against heme concentration generated slope values equivalent to Kheme and εheme, 

respectively (Table 2). While we expected εheme values for the CLARiTY to be the same for both 

mice, the lower value for the female mouse could also be explained by a lower than actual cell 

count. Regardless of the deviation, assuming that hemoglobin is saturated with heme and that it 

is the only hemoprotein present in the cells allows us to calculate εHb as 4εheme and directly 

convert absorbance/cm (Beer-Lambert law) or fluorescence intensity (Eq. 2) to hemoglobin 

concentration. In this way, the εHb for the CLARiTY was found to be 0.46 ± 0.01 M-1 cm-1. Of 

further note, visually identified LOQR values for the CLARiTY and fluorescence calibration 

curves were similar to the values for hemoglobin standards. LOLR values, however, were 

significantly higher than the hemoglobin standards for both methods, suggesting that detection 

parameters are analyte specific. 

Hemoglobin quantitation in differentiating K562 and MEL cells 

K562 cells are known to differentiate irreversibly along the erythroid lineage, expressing 

markers such as glycophorin A and synthesizing unusually large quantities of embryonic and 

fetal globins when treated with inducing agents such as sodium butyrate (28). MEL cells induced 

to differentiate by DMSO also exhibit erythroid-specific membrane antigens (29), an increase in 

globin mRNA (30), as well as a decrease in cell size (31) not observed in K562 cells.  

Applying the same approach used to analyze mouse blood, pyridine hemochromogen 

assays on MEL and K562 cells that were induced to differentiate with DMSO (five days) and 

sodium butyrate (seven days), respectively, or left untreated (uninduced) were used to determine 

heme concentrations for each culture. Corrected absorbances from the CLARiTY plotted against 

the heme concentrations for MEL and K562 cells generated slope values that were not 
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significantly different between the two cell types (Fig. 4A). All samples were thus pooled to 

derive a single value for εHb of 0.462 ± 0.004 M-1 cm-1 (Table 3), which is equivalent to εHb for 

pooled mouse blood (Table 2) to two decimal places. Incidentally, we decided to include data 

points that fell outside of the defined linear range (LOQR to LOLR) for the hemoglobin standards. 

We felt this was justified for two reasons: 1) no sigmoidal trend was observed in the cell culture 

analysis, and 2) the CV for the standards was less than 20% at 0.11 M heme, well below the 

minimum observed sample concentration. 

Substitution of 0.462 M-1 cm-1 and cell count numbers into Eq. 1 yielded MCH values. 

The seven-day K562 induction time course (Fig. 4B) produced a mean maximum MCH value of 

7.31 pg/cell in induced samples and only 0.983 pg/cell in the uninduced controls (day 7). The 

induced value is significantly lower than the normal red cell level of 27-33 pg/cell (32), which 

has only been approached previously in K562 cells with glutamine starvation combined with 

hemin treatment (33). The five-day MEL induction time course (Fig. 4C) resulted in a mean 

maximum MCH of 4.47 pg/cell in induced cultures and 0.583 pg/cell in uninduced cultures (day 

5). These values indicate that cellular hemoglobin levels are much lower in MEL cells than K562 

cells. However, this is not unexpected as the average volume of a K562 cell is more than three 

times that of an MEL cell. 

The results of additional studies that validate the ability of the CLARiTY system to 

quantitate hemoglobin in MEL cells under various conditions can be found in the Supplemental 

Material. Specifically, the effects of hypoxia (Fig. S2), glutamine starvation (Fig. S3), iron and 

ALA supplementation (Fig. S4A), and SA treatment (Fig. S4B) on heme production and cell 

proliferation are described. 
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In summary, CLARiTY, pyridine hemochromogen, and fluorescence methods have 

unique strengths and weaknesses for the measurement of hemoproteins. The pyridine 

hemochromogen assay has the largest linear range of operation and the highest analytical 

sensitivity, but it is also the most labor-intensive of the three approaches. The ability of the 

fluorescence assay to detect extremely low concentrations of heme is well known, yet the 

processes of derivatization and associated dilution considerably offset this attribute. 

Additionally, fluorescence requires calibration on a day-to-day basis due to variables such as 

temperature and lamp intensity. In contrast, the consistency of the CLARiTY between sample 

types was clearly established here in defining equivalent εHb values for whole-cell resuspensions 

of mouse blood and differentiating MEL and K562 cells. The CLARiTY also maintained 

normalized limits of detection and quantitation that were comparable, if not superior, to the other 

assays.  Although the linear range of the CLARity is smaller than the other methods, this 

parameter appears to be sample dependent and is significantly larger for whole-cell samples than 

standard solutions of hemoglobin.  Perhaps most importantly, the CLARiTY system is able to 

quantitate protein-associated heme in situ quickly and without sample derivatization or 

destruction, permitting downstream applications and/or analysis.   
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2.6  Figures and Tables 

 

Figure 1. The Olis CLARiTY spectrophotometer diffuses light from a rapid scanning 

monochromator (RSM) to obtain absorbance readings for hemoglobin in turbid whole-cell 

solutions.  (A) Major components of the CLARiTY system include: (i) xenon arc lamp with 

igniter, (ii) RSM, (iii) CLARiTY module with 1-and 10-mL cuvettes adjoined to separate 

photomultiplier tubes, (24) control box to switch scan settings between RSM and CLARiTY, (v) 

computer hard drive, and (vi) electronic box. (B) Overlay of absorbance spectra for MEL cells 

washed and resuspended in 1XPBS following a 72-hour induction in regular media containing 

1.5% DMSO. The apparent absorbance scan of a 1 mL cell sample on the RSM-CLARiTY is 

decreased upon Fry correction (19) for the increased pathlength within the cuvette.  A traditional 

transmission spectrophotometer (Cary 1G by Varian) was used to scan a 1:10 dilution of the 

same cell resuspension analyzed on the CLARiTY. 
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Figure 2. Determination of detection parameters for pyridine hemochromogen, CLARiTY, 

and fluorescence assays of standard hemoglobin dilutions. (A) Pyridine hemochromogen and 

(B) CLARiTY calibration curves. Scans for select points (see arrows) in the LODR-LOQR range 

y = 0.02398xHeme (defined by ref. 23) 
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can be found in the Supplementary Material (Fig. S1A, S1B). (C) Fluorescence calibration line. 

Inset plots magnify the region near the origin.  Each method was carried out on three separate 

days (Series 1, 2, and 3) with two or three repeat measurements per day. Slopes of the linear 

regions of pyridine hemochromogen and CLARiTY curves represent micromolar extinction 

coefficients for pooled data in each type of analysis. Abbreviations: LOD = limit of detection, 

LOQ = limit of quantitation, LOL = limit of linearity, subscript R = value in terms of the raw 

sample concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

133 

A 

 
 

B  

 
 

C 

 
 

Figure 3.  Pyridine hemochromogen, CLARiTY, and fluorescence assays of whole mouse 

blood.  Dilutions of clot-free blood between 1:250 and 1:150,000 were prepared in 1XPBS and 

analyzed for each mouse (Mouse 1 = female, Mouse 2 = male). (A) Pyridine hemochromogen 
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absorbance differences were measured twice for each mouse and corresponding heme 

concentrations were plotted against the number of red cells counted on a hemocytometer. The 

slope values are equivalent to heme content in fmol/cell. Scans maintained the same profile 

illustrated in Fig. S1A. (B) Fluorescence assays were carried out on three repeat samples for each 

dilution of Mouse 2 blood. (C) CLARiTY analysis produced two statistically different extinction 

coefficients for heme in Mouse 1 and Mouse 2. Individual data points bracketing the LOQR 

reveal a Soret peak shift from 400 nm in the hemoglobin standards (Fig. S1B) to 410 nm in 

blood (Fig. S1C). This 10 nm difference was not unexpected, as the lyophilized hemoglobin 

solid used in the standards contained a significant amount of methemoglobin. Inset plots magnify 

the region near the origin. The asterisk mark (*) indicates a limit parameter established for 

purified hemoglobin standards (Fig. 2), shown for comparison. 
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Figure 4. Determination and application of a micromolar extinction coefficient for whole-

cell K562 and MEL suspensions. Data from CLARiTY and pyridine hemochromogen assays 

were used in combination (A) to derive MCH values for induced and uninduced K562 (B) and 

MEL (C) cultures over seven- and five-day time courses, respectively. The regression line for 
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pooled absorbance/cm values (CLARiTY) and heme concentrations (pyridine hemochromogen 

assays) (A) was used to a derive single heme extinction coefficient because individual K562 and 

MEL slopes (lines not shown for clarity) were not significantly different (p = 0.115). Note that 

points that fell outside the linear range determined for hemoglobin standards (LOQR*-LOLR*) 

were included in the regression analysis, as explained in the main text. Error bars indicate ± one 

standard deviation from the mean. 
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Table 1. Detection parameters and assay information for hemoglobin standard solutions. 

Method 

LODR, 

LODN  

(M) 

LOQR, 

LOQN 

(M) 

LOLR, 

LOLN 

(M) 

Analytical 

sensitivity 

(M-1) 

Sample 

volume 

(mL) 

Requires                 

sample              

derivatization? 

Approximate 

time for 1, 96 

cell assay(s) 

Pyridine              

hemochromogen 

0.0959, 

0.194 

0.533, 

1.08 

≥ 10, 

≥ 20 

72.3 1 Yes 10 min, 6 h 

Fluorescence 

0.00143, 

0.0572 

0.0266, 

1.06 

0.213, 

8.52 

28.5 0.012 Yes 1 h, 2.5 h 

CLARiTY 

0.0362, 

0.0362 

1.07, 

1.07 

4.26, 

4.26 

30.8 1 No 1 min, 1.5 h 

All micromolar units reflect heme concentrations. LOD = limit of detection, LOQ = limit of quantitation, LOL = 

(upper) limit of linearity; R subscript indicates the limits in terms of the raw, analyzed sample concentration (as 

shown in Fig. 2); N subscript indicates limit normalization to the underivatized and undiluted sample 

concentration. 

 

 

 

 

 

 

 

 

 

 



 

138 

 

 

 

 

 

 

 

 

 

Table 2. Mouse whole blood indices and spectroscopic constants. 

Sample 

Density        

(109 

cells/mL) 

Pyridine hemochromogen Fluorescence CLARiTY 

HGB 

(g/dL) 

MCH           

(pg/cell) 

Kheme
           

(M-1) 

εheme                    

(M-1 cm-1) 

εHb                    

(M-1 cm-1) 

Mouse 1 (♀) 8.35 14.7 ± 0.6  17.2 ± 0.1 NE 

0.110 ± 

0.002 

0.439 ± 0.007 

Mouse 2 (♂) 9.97 14.1 ± 0.4 14.2 ± 0.1 

0.484 ± 

0.007 

0.119 ± 

0.001 

0.475 ± 0.003 

Pooled − − − − 

0.115 ± 

0.002 

0.46 ± 0.01 

Pyridine hemochromogen assay results are based on an extinction coefficient of 23.98 M-1 cm-1 (21).  Cellular 

heme, Kheme, and εheme are equivalent to slope values reported in Fig. 2. Reference 25 reports normal HGB and MCH 

ranges of 13-18 g/dL and 13-17 pg/cell, respectively. Reference 26 provides clinical lab data for normal HGB (10.9-

18.1 g/dL for female mice and 10.8-19.2 g/dL for males) and MCH (13.0-16.8 pg/cell for female mice and 11.7-

16.3 pg/cell for males). 
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Table 3.  Cell culture heme and hemoglobin properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 

Pyridine hemochromogen (induced cells) CLARiTY (all cells) 

Cellular heme 

(fmol/cell) 

MCH 

(pg Hb/cell) 

εheme 

(M-1 cm-1) 

εHb 

(M-1 cm-1) 

K562 cells 0.477 ± 0.005 7.32 ± 0.24 0.114 ± 0.001 0.457 ± 0.005 

MEL cells 0.216 ± 0.001 4.48 ± 0.10 0.116 ± 0.001 0.463 ± 0.005 

Pooled − − 0.115 ± 0.001 0.462 ± 0.004 

Pyridine hemochromogen assay results were obtained for K562 and MEL cells harvested at seven and five days 

post induction, respectively. CLARiTY εheme and εHb values were taken from the linear regression data in Fig. 4A.  
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2.7  Supplementary Information 

Supplemental Figures 

 

A 

 

B 

 

C 

  

 

 

Figure S1. Individual scans of hemoglobin standards and mouse blood. Reduced-minus-

oxidized spectra (A) and Fry-corrected CLARiTY scans (B) for hemoglobin standards in the 

LODR-LOQR range, as indicated by arrows in Fig. 2A and 2B, respectively. Corrected 

CLARiTY scans for select mouse blood dilutions (see arrows in Fig. 3C) bracketing the LOQR 

from the hemoglobin standards analysis. Note the shift in the Soret peak from 400 nm (B) to 410 

nm (C). 
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Figure S2. MEL cells incubated for 96 hours in media containing 0-4 mM L-glutamine. 

Glutamine starvation in K562 cells has been shown to significantly increase hemoglobinization, 

putatively stemming from a decrease in intracellular glutathione and the associated increase in 

oxidative stress (34). Hence we used the CLARiTY to test whether MEL cells respond in a 

similar way to glutamine deficiency (A). However, we did not detect a statistically significant 

difference in the hemoglobinization of induced MEL cells across all glutamine concentrations (p 

= 0.1050) nor uninduced cells incubated in 2 mM and 4 mM glutamine (p = 0.705). On the other 

hand, cell proliferation levels changed markedly with glutamine levels in the media (B). 

Specifically, cell growth increased among uninduced cells with each increase in glutamine 

concentration (p ≤ 0.01).  The same held true for induced cells (p ≤ 0.01) except between 2 mM 

and 4 mM cultures (p = 0.175). These data are not surprising, as glutamine is known to be both a 

nutrient and signal molecule in apoptotic pathways (35).  Note that each concentration was 

determined in triplicate, and error bars indicate ± one standard deviation from the mean. 
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Figure S3. MEL cells incubated for 72 hours under hypoxic (5% O2) and normoxic (20% 

O2) conditions. It has previously been shown that an oxygen gradient controls hematopoietic 

stem cell function in bone marrow, where the most primitive cells concentrate in nearly anoxic 

(and radical-free) regions of the marrow (36). Because hypoxia directly upregulates heme 

biosynthesis at transcriptional (37, 38) and post-translational levels (39), we have used the 

CLARiTY system to verify that hypoxia (5% O2) over a 72-hour induction (A) causes 

significantly greater hemoglobinization in induced MEL cells (p ≤ 0.01). Regarding proliferation 

(B), induced MEL cells grew at a greater rate than uninduced cells at 5% O2 (p = 0.0123). The 

opposite was true under normoxic conditions (p = 0.0009), as is commonly observed.  Unlike 

uninduced MEL cells, no change in relative proliferation was observed for induced cells (p = 

0.6455) between 5% O2 and 20% O2. These data thus support the proposed suitability of 

erythroid precursors to hypoxic environments. 
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Figure S4. Induction of MEL cells treated with iron, ALA, and SA. A previous report by Kawasaki et 

al (40) has established the limiting factors of iron and ALA synthesis and their synergistic effects on 

hemoglobinization in K562 cells. Using combinations of 100 M iron dextran and 100 M ALA over a 96-

hour induction period (A), we used the CLARiTY system to show that iron increases MCH values 

independent of ALA in induced cells. Conversely, ALA increases hemoglobinization independent of iron 

in uninduced cells. Thus we conclude that iron is rate limiting for hemoglobinization in induced MEL cells, 

while ALA synthesis is limiting in uninduced cells. Unlike in K562 cells, there is no apparent synergy 

between iron and ALA treatments in MEL cells. Note that differences in cell growth among induced or 

uninduced samples were marginal (data not shown). Regarding SA supplementation, Sassa et al (41) were 

the first to demonstrate the inhibition of the heme biosynthesis enzyme aminolevulinic acid dehydratase by 

the compound. Our results for a 72-hour induction experiment confirm the significant effects of SA on 

hemoglobinization in both induced and uninduced MEL cells (B). We also observed no significant changes 

in cell proliferation in induced or uninduced cells (data not shown), consistent with data published 

elsewhere (42). 
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Main Text References for Supplemental Figures 

Figure S2. (34,35), Figure S3. (36-39), Figure S4. (40-42) 
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CHAPTER 3 

HUMAN AMINOLEVULINATE SYNTHASE STRUCTURE REVEALS A 

EUKARYOTIC-SPECIFIC AUTOINHIBITORY LOOP REGULATING SUBSTRATE 

BINDING AND PRODUCT RELEASE 
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3.1  Abstract  

 
5’-aminolevulinate synthase (ALAS) catalyzes the first step in heme biosynthesis, generating 5’-

aminolevulinate from glycine and succinyl-CoA. Inherited frameshift indel mutations of human 

erythroid-specific isozyme ALAS2, within a C-terminal (Ct-)extension of its catalytic core that is 

only present in higher eukaryotes, lead to gain-of-function X-linked protoporphyria (XLP). Here 

we report the human ALAS2 crystal structure, revealing that its Ct-extension folds onto the 

catalytic core, sits atop the active site, and precludes binding of substrate succinyl-CoA. The Ct-

extension is therefore an autoinhibitory element which must reorient during catalysis, as 

supported by molecular dynamics simulations. Our data explain how Ct deletions in XLP 

alleviate autoinhibition and increase enzyme activity. Crystallography-based fragment screening 

reveals a binding hotspot around the Ct-extension, where fragments interfere with the Ct 

conformational dynamics and inhibit ALAS2 activity. These fragments represent a starting point 

to develop ALAS2 inhibitors as substrate reduction therapy for porphyria disorders that 

accumulate toxic heme intermediates. 

 

3.2  Introduction  

The tetrapyrrole cofactor heme is essential for various cellular processes across lifeforms. 

In metazoans, heme synthesis occurs via a conserved eight-reaction pathway that requires iron, 

glycine and succinyl-CoA. The first and rate-limiting step is carried out by 5’-aminolevulinate 

synthase (ALAS; EC 2.3.1.37) in the mitochondria (1,2). ALAS catalyzes the pyridoxal 5’-

phosphate (PLP)-dependent condensation of succinyl-CoA and glycine to form aminolevulinic 

acid (ALA), with CoA and CO2 as by-products. The product ALA is then transported into the 

cytoplasm for the subsequent biosynthetic steps that eventually lead back into the mitochondria, 
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where ferrochelatase (FECH) ultimately inserts iron into protoporphyrin IX (PPIX) to produce 

heme(3,4). Vertebrates have evolved two nuclear-encoded ALAS isozymes  (5,6) that share 

~60% amino acid sequence identity. ALAS1 (gene location 3p21.2) is the housekeeping enzyme 

providing a basal level of heme in non-erythroid cell types for cytochromes and other 

hemoproteins. ALAS2 (gene location Xp11.21) is predominantly expressed in erythroid 

progenitor cells and synthesizes 85-90% of total body heme specifically for hemoglobin 

production during erythropoiesis. Mutations in the heme biosynthetic genes, resulting in an 

accumulation of toxic porphyrin intermediates, are associated with a group of inherited disorders 

called porphyrias (3,7). 

The ALAS catalytic mechanism, involving Schiff-base formation between the aldehyde 

carbonyl of the PLP cofactor and ε-amino group of a conserved lysine residue, has been well 

characterized (8-11). Without substrates, PLP is covalently attached to the active site lysine 

(Lys391 in human ALAS2 (hsALAS2)) as an internal aldimine adduct. The reaction begins with 

the glycine substrate replacing lysine in the Schiff-base linkage to form an external aldimine. 

Next, deprotonation of glycine forms a transient quinonoid intermediate that is competent for 

nucleophilic attack on the co-substrate, succinyl-CoA, resulting in a condensation reaction 

releasing the CoA moiety, followed by a decarboxylation assisted by the active site histidine 

(His285 in hsALAS2). Subsequent protonation regenerates the internal aldimine, and allows 

release of the product, ALA. A number of kinetic studies have suggested that the ALAS rate-

determining step is product (ALA) release (8,9). The structure of R. capsulatus ALAS (rcALAS) 

was the first reported for the enzyme (12), revealing an induced-fit mechanism upon substrate 

binding, via an open-to-close transition of a mobile active site loop. Conformational mobility of 

this loop has also been proposed to be a kinetic barrier for product release (8,11,13). 
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Eukaryotic ALAS enzymes have evolved extensions appending to both N- and C-termini 

of the highly conserved catalytic core (Fig. 1a) (14). The N-terminal extensions, harboring the 

mitochondrial targeting sequence (14-17), are poorly conserved between higher and lower 

eukaryotic ALAS enzymes, as well as between metazoan ALAS1 and ALAS2 (Supplementary 

Fig. 1). Metazoan enzymes further encode three Cys-Pro motifs (18), two of which are within the 

targeting sequence. The third Cys-Pro motif, together with an invariant Gln-Glu-Asp-Val motif, 

are found within a 70-90 aa region of poor sequence conservation and unknown function. In both 

ALAS1 and ALAS2, the Cys-Pro motifs have been shown to be responsible for heme-dependent 

inhibition of mitochondrial translocation of the enzyme precursor (19,20).  

The eukaryotic extension at the C-terminus (Ct-extension) ranges from 35 to 60 aa in 

length.  Metazoan ALAS1 and ALAS2 share about 53% sequence identity in their Ct-extensions 

(their major differences are found in the last 9 amino acids), while S. cerevisiae encodes an 

entirely different Ct-extension from metazoans, and also from S. pombe (Supplementary Fig. 1). 

Frameshift indel mutations in exon 11 of the human ALAS2 gene (on chromosome Xp11.21) that 

result in deletion, replacement, or elongation of its Ct-extension are the molecular cause of X-

linked protoporphyria (XLP, MIM 300752), an inherited disorder that presents with painful 

phototoxicity and an increased risk for liver dysfunction and failure (21,22), due to high levels of 

the toxic heme intermediate PPIX. At the protein level, these genetic lesions cause enhanced 

enzyme activity, lending to XLP being referred to as a gain-of-function (GOF) disorder (23-25). 

Recently, a GOF XLP phenotype was reported for mutations of the mitochondrial ATP-

dependent Clp protease ClpX, an AAA+ (ATPases associated with diverse cellular activities) 

unfoldase shown to activate ALAS dimers through partial unfolding of the enzyme to enhance 

loading of the PLP cofactor into the active site (26,27). XLP contrasts with another ALAS2-
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associated blood disorder, X-linked sideroblastic anemia (XLSA, MIM 300751), which results in 

loss of enzyme function and is characterized by heme-deficient and iron-overloaded red blood 

cells (ringed sideroblasts) (28-31). XLSA is attributable to mutations within exons 5-11 

(including a few in the Ct-extension; from Human Gene Mutation Database (32)) that are 

predominantly missense in nature. 

While the dichotomous genotype-phenotype correlation of XLSA and XLP is now widely 

recognized, it remains unknown how the GOF phenotypes in XLP are brought about by various 

mutations in the ALAS2 Ct-extension, although a self-inhibitory role has been proposed for this 

region (33). The recently published ALAS2 structure from S. cerevisiae (scALAS) showed its 

Ct-extension wrapping around the surface of the ALAS homodimer, albeit distant from the 

enzyme active site (34). This sequence, furthermore, bears no homology with other eukaryotic 

counterparts and is likely to be evolutionarily distinct from the mammalian ALAS2 Ct-extension. 

Importantly, deletion of the scALAS extension does not increase its enzyme activity (34), 

contrary to the XLP-causing mutations in hsALAS2. Here, we have determined the crystal 

structure of hsALAS2 which, in combination with molecular dynamics simulations and enzyme 

kinetics, reveals salient features of the Ct-extension that explain its role in enzyme regulation and 

in causing XLP. 

 

3.3  Methods 

Protein expression and purification 

DNA fragments encoding hsALAS2 harboring different N- and C-terminal boundaries 

(Supplementary Fig. 2) were cloned into the pFB-LIC-Bse vector in-frame with a tobacco etch 

virus protease cleavable N-terminal His6-tag and expressed in baculovirus-infected insect cells in 
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Sf9 media. Site directed mutagenesis (R511E) was carried out on hsALAS2ΔN142 and 

hsALAS2ΔN142ΔC545 cloned into pNIC28-Bsa4 vector using the QuikChange method and 

confirmed by sequencing. In addition, hsALAS2N78 containing NheI and BamHI restriction sites 

was cloned into the pET28a vector in-frame with the N-terminal His6-tag.  Variants of the 

hsALAS2N78:pET28a plasmid were prepared via Quikchange mutagenesis, including R511E, 

E569Q, and XLP mutants delAT, delAGTG, delG, and Q548X.  All pET28a fusion proteins 

were transformed into BL21(DE3) competent cells and single-colony inoculations were induced 

at an OD600 of 0.5-0.7 with 0.1 mM IPTG for 16-18 h at 12C. Cultures were then centrifuged, 

and cell pellets were stored at -80C. 

Proteins expressed in pFB-LIC-Bse and pNIC28-Bsa4 were lysed by sonication and 

centrifuged at 35,000 x g. The clarified cell extract was incubated with 2.5 mL of Ni-NTA resin 

pre-equilibrated with lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 10 mM imidazole, 5% 

Glycerol, 0.5 mM TCEP). The column was washed with 100 mL Binding Buffer (50 mM 

HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 10 mM imidazole, 0.5 mM TCEP), 50 mL Wash 

Buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 40 mM imidazole, 0.5 mM TCEP) 

and eluted with 15 mL of Elution Buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 

250 mM imidazole, 0.5 mM TCEP). The eluant fractions were concentrated to 5 mL and applied 

to a Superdex 200 16/60 column pre-equilibrated in GF Buffer (50 mM HEPES pH 7.5, 500 mM 

NaCl, 0.5 mM TCEP, 5% glycerol). Eluted protein fractions were pooled and concentrated to 10-

17 mg mL-1. Where applicable, His6-tag removal was carried out by overnight treatment with 

TEV protease, followed by purification over Ni-NTA resin. 

The hsALAS2 variants expressed in pET28a were similarly purified. Specifically, each 

protein was captured on a HisPur Cobalt Resin (Thermo Scientific) in solubilization buffer 
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consisting of 50 mM Tris-HCl, pH 8.0, 20 M PLP, 100 mM KCl, 10% glycerol, and 0.2% 

Tween-20.  The resin was washed with solubilization buffer containing 15 mM imidazole.  

PMSF was also added at 0.5 mM during sonication, binding and washing steps.  Elutions in 250 

mM imidazole were buffer exchanged over Sephadex G-25 spin columns and quantitated with 

the Pierce BCA Protein Assay Kit (Thermo Scientific).  Purified protein samples (1 g for SDS-

PAGE and 100 ng for western blots) were run out on Mini-PROTEAN Stain-Free 

polyacrylamide gels (Bio-Rad) and bands detected using the ChemiDoc MP imaging system 

(Bio-Rad) and ImageLab software (version 5.1, Bio-Rad).  Multiplex western blotting was 

carried out by transferring gel bands to low-fluorescence PVDF membrane, followed by 

blocking the membrane in 2% BSA at room temperature for one hour and incubation overnight 

at 4C in 1:10,000 rabbit whole-serum polyclonal hsALAS2 (custom-made, purified antibody 

from Invitrogen available through Thermo Scientific, catalog number 21553) and 1:5,000 mouse 

monoclonal anti-6xHis (Proteintech, catalog number 66005-1-lg) primary antibodies in 1% BSA.  

After washing extensively in TBST, the membrane was incubated in 1:50,000 dilutions of 

Invitrogen fluorescent donkey anti-rabbit IgG (DyLight 550, catalog number SA5-10039) and 

goat anti-mouse IgG (DyLight 650, catalog number SA5-10041) secondary antibodies (Thermo 

Scientific) before washing again and imaging on the ChemiDoc system. Uncropped and 

unprocessed scans of blots and gels are provided in the Source Data file. 

Crystallization and structure determination 

Crystals were grown by the vapor diffusion method. To crystallize hsALAS2ΔN142, 

protein was pre-incubated with 5 mM hydroxylamine for 30 minutes on ice to convert PLP into 

the non-covalent form. Sitting drops containing 75 nL protein (17 mg mL-1) and 75 nL well 

solution containing 25% (w/v) PEG 3350, 0.1 M Bis-Tris pH 6.7 and 0.3 M MgCl2 were 
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equilibrated at 20oC. To crystallize hsALAS2ΔN78, sitting drops containing 200 nL protein (11 

mg mL-1), 133 nL well solution containing 20% (w/v) PEG3350 and 0.2 M NH4Cl, and 67 nL 

seed solution derived from previously obtained micro crystals. Crystals were cryo-protected 

using 25% (v/v) ethylene glycol and flash-cooled in liquid nitrogen. Diffraction data were 

collected at the DLS beamline i04 and i24.  

HsALAS2ΔN142 was crystallized in the monoclinic space group C2 with two molecules in 

the asymmetric unit. The data was processed using the Xia2 autoprocessing dials pipeline.   

hsALAS2ΔN78 was crystallized in the monoclinic space group P21 with four molecules in the 

asymmetric unit. The data were processed using non-ellipsoidal anisotropy truncations by the 

STARANISO server, based on a lower limit of 1.2 for the local I/sigI producing resolution cutoff 

of 2.65 Å in the best direction and 3.55 Å in worst. The human structures were solved by 

molecular replacement using the program PHASER from CCP4 (49) and the rcALAS structure 

(PDB code 2BWN) (12) as the search model. The final model was produced by iterative cycles 

of restrained refinement and model building using COOT (50), REFMAC5 from CCP4 (51) and 

Phenix.refine (52). 

The final model consists of Phe143-Met578 of chains A and B. In both chains the last 9 

residues, aa 579-587, and a loop between Ser182 and Ser188 were not visible in the electron 

density map indicating that this region was largely unstructured.  Additionally, chain-to-chain 

variation in electron density quality and loop orientation were found between residues Asp549 

and Cys558, likely reflective of differing crystal packing restraints and an intrinsic tendency for 

conformational heterogeneity within these regions. Coordinates and structure factors for 

hsALAS2ΔN142 were deposited in the PDB with the accession code 6HRH. Statistics for data 

collection and refinement are summarized in Table 1. 
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Crystallography-based fragment screening 

To grow crystals for the fragment screening campaign, 10 mg mL-1 of hsALAS2ΔN142 was 

pre-incubated with 5 mM hydroxylamine for 30 minutes on ice to convert PLP into the 

homogenous, non-covalent form. Crystals were grown by vapor diffusion in 400 nL sitting drops 

in the presence of seeds at 20°C equilibrated against well solutions of 0.1 M Bis-Tris pH 7.0, 0.3 

M magnesium chloride and 23% PEG3350. For soaking, 50 nL of each fragment compound 

(final concentration of 125 mM) was added to a crystallization drop using an ECHO acoustic 

liquid handler dispenser at the Diamond light source XChem facility. Crystals were soaked for 

two hours with fragments from the DSi-Poised Library (Diamond Light Source Ltd) before being 

harvested using XChem SHIFTER technology, cryo-cooled in liquid nitrogen, and data sets 

collected at the beamline I04-1 in “automated unattended” mode. The XChemXplorer pipeline 

(53) was used for structure solution with parallel molecular replacement with DIMPLE from 

CCP4 (54), followed by map averaging and statistical modeling to identify weak electron 

densities generated from low occupancy fragments using PANDDA software (55). Coordinates 

and structure factors for data sets with the 9 bound fragments have been deposited in the PDB 

(Supplementary Table 3), and refinement statistics are found in Supplementary Data 1. 

SAXS 

SAXS experiments for the hsALAS2ΔN142 and hsALAS2ΔN142ΔC545 were performed at 

0.99 Å wavelength on the Diamond Light Source beamline B21 coupled to the Shodex KW403-

4F size exclusion column (Harwell, UK) and equipped with Pilatus 2M two-dimensional detector 

at 4.014 m distance from the sample, 0.005 < q < 0.4 Å-1 (q = 4π sin θ/λ, 2θ is the scattering 

angle). The samples were prepared in a buffer containing 300 mM NaCl, 25 mM HEPES 7.5, 1 

mM TCEP, 2 % glycerol, 1% sucrose and the measurements were performed at 20 ̊C. The data 
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were processed and analyzed with Scatter (56) and the ATSAS program package (57). Scatter 

was used to calculate the radius of gyration Rg and forward scattering I(0) via Guinier 

approximation, and to derive the maximum particle dimension Dmax and P(r) function. The ab 

initio model was derived using DAMMIF (57). Ten individual models were created, then 

overlaid and averaged using DAMAVER (57). 

Activity assays and kinetics 

To measure enzyme activity of hsALAS2ΔN78 and hsALAS2ΔN142 proteins, discontinuous 

colorimetric activity assays were conducted per Shoolingin-Jordan et al (58) with modifications. 

Reaction mixtures consisted of 50 mM potassium phosphate buffer, pH 7.4, 50 M PLP, 1 mM 

DTT, 10 mM MgCl2, various concentrations of glycine and succinyl-CoA (Sigma), and 1-4 g 

mL-1 freshly purified hsALAS2 enzyme (175 L total).  After incubation at 37C for 15 minutes 

(previously checked for linear ALA formation with each enzyme concentration), reactions were 

terminated with 100 L trichloroacetic acid and centrifuged at 13,000 x g for 5 min to remove 

protein.  Supernatants (240 L) were added to freshly prepared mixtures of 240 L of 1 M 

sodium acetate, pH 4.7, and 20 L acetylacetone (500 L total) and boiled for 10 min to 

derivatize the ALA product.  Samples were cooled and three 150 L aliquots per reaction (two or 

three technical replicates) were further derivatized with 150 L modified Ehrlich’s reagent and 

monitored at 554 nm every 60 s in a CLARIOstar microplate reader (BMG Labtech). Assays 

containing small-molecule fragments were scaled down to 140 L reaction mixtures (two 

technical replicates) and included 5% v/v (7 L) of fragment stock solutions or DMSO diluent. 

Absorbance values collected after 5 minutes were converted to molar quantities of ALA using an 

extinction coefficient of 60.4 mM-1 cm-1.  For kinetic studies, apparent Vmax, Km, and kcat values 

were determined by titrating 2.5-50 mM glycine in the presence of 100 M succinyl-CoA and 5-
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100 M succinyl-CoA in the presence of 50 mM glycine.  Michaelis-Menten nonlinear 

regression analysis was subsequently carried out on data for two or three separate protein 

preparations (two or three biological replicates) with Prism software (GraphPad 8.0). As control, 

we confirmed that the His6-tag on the recombinant protein did not influence hsALAS2 activity, 

as shown for WT and R511E variant of hsALAS2ΔN142 (Fig. 3d,e and Table 2). 

Differential scanning fluorimetry  

HsALAS2ΔN142 was assayed for shifts in melting temperature caused by titration of PLP 

and succinyl-CoA in a 96-well PCR plate using an Mx3005p RT-PCR machine (Stratagene). 

Each reaction well (20 μL) consisted of protein (20 μM in a buffer containing 50 mM HEPES, 

pH 7.5, 500 mM NaCl), SYPRO-Orange (Invitrogen) diluted 1,000×. Fluorescence intensities 

were measured from 25 °C to 96 °C with a ramp rate of 1 °C min-1, as described(59). The 

temperature shifts, ΔTm, obs, for each ligand were determined. The experiment was repeated three 

times and an error was calculated based on the standard deviation. 

Fluorescence intensity 

HsALAS2ΔN142 was assayed for shifts in fluorescence intensity caused by titration of PLP. Each 

well (10 μL) consisted of protein (20 μM in a buffer containing 50 mM HEPES, pH 7.5, 500 mM NaCl) 

and varying concentrations of PLP. Schiff base formation was monitored via excitation at 440 nm and 

emission at 520 nm using an Omega plate reader. The experiment was repeated three times and an error 

was calculated based on the standard deviation. 

Modelling hsALAS2 for MD simulation 

The crystal structure of hsALAS2 (this study) was used for all MD simulation studies. 

Missing residues were modelled into the crystal structure based on a homology model of 

hsALAS2 constructed with the scALAS crystal structure (PDB ID: 5TXT) as a template using 

the MODELLER program(60). The homology model was first structurally aligned with the 
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hsALAS2 crystal structure, and the coordinates of the missing residues were then taken from the 

homology model and incorporated into the crystal structure. The structure generated, after an 

energy minimization step, thereby included residues 137-578 from both monomeric units. Three 

different systems were modelled: (i) hsALAS2 apo form (without PLP), (ii) hsALAS2 holo form 

with PLP covalently attached to Lys391 (but without substrates), and (iii) hsALAS2 holo form 

with substrates glycine-PLP and succinyl-CoA.  

In order to model system (iii), the starting structure for the protein was chosen from the 

simulation on system (ii) by clustering all conformations sampled in the trajectory and then 

choosing the structure at the center of the largest cluster as the representative structure. PLP was 

then removed from Lys391 in the representative structure. The substrates glycine-PLP and 

succinyl-CoA were modelled into this structure by using the substrate-bound Rhodobacter 

capsulatus ALAS (rcALAS) structure as a reference template. The structure with PDB ID 2BWP 

(rcALAS with glycine PLP) was first aligned with the representative hsALAS2 structure, and the 

resulting orientation of glycine-PLP was modelled into the representative hsALAS2 structure. In 

a similar manner, the structure with PDB ID 2BWO (rcALAS with succinyl-CoA) was used for 

modelling succinyl-CoA into the representative hsALAS2 structure. Both the monomeric units of 

the representative structure included the two substrates. In order to remove possible bad contacts 

between the substrates and the protein, minimization and equilibration of the system was 

performed in the presence of restraints on the heavy atoms of the protein (a restraining force with 

force constant 1000 kJ mol-1 nm-2 was used). 

All MD simulations were performed in the NPT ensemble (constant number of particles 

(N), constant pressure (P) and constant temperature (T))  for 50 ns using the GROMACS 

program with the CHARMM36 all-atom force field(61,62) and the TIP3P water model(63) 
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(Supplementary Software 1). A time-step of 2 fs was used, and all covalent bonds involving 

hydrogen atoms were constrained using the LINCS algorithm(64). A cut-off of 12 Å was used 

for short-range non-bonded interactions, and the particle mesh Ewald method was employed for 

long-range electrostatics(65). Force field parameters for PLP-lysine, PLP-glycine, and succinyl-

CoA were obtained from the Paramchem server(66,67). Details of the simulation box for all 

systems are shown in Supplementary Table 5. Two sets of simulations were performed for all the 

systems. 

To study the conformational dynamics of ALAS2 R511E variant, the crystal structure of 

hsALAS2ΔN142 was used to perform the R511E substitution using the CHARMM-GUI server(68). 

The simulation protocol was the same as that followed for wild-type ALAS2. 

 

3.4  Results 

hsALAS2 without presequence is sufficient for catalysis 

We expressed in E. coli, as soluble proteins, several constructs of hsALAS2 with 

different truncations within the N-terminal extension, while keeping their Ct-extensions intact 

(Supplementary Fig. 2). The isolated as-purified proteins showed varying degrees of proteolysis 

(see below), as observed previously (24), which we attributed to cleavage of the 40-aa Ct-

extension. For crystallography experiments, we next employed baculovirus-infected insect Sf9 

cells to express hsALAS2 aa 79-587 (hsALAS2ΔN78) and aa 143-587 (hsALAS2ΔN142) resulting 

in soluble proteins with no signs of proteolytic degradation. The majority of the as-purified 

hsALAS2ΔN78 and hsALAS2ΔN142 proteins from insect cells contain the PLP cofactor, with their 

Schiff base predominantly in the deprotonated enolimine tautomer (Supplementary Fig. 3) (35). 

Insect cell-expressed hsALAS2 is active with Km values (31±4 µM for succinyl-CoA, 11.8±1.0 
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µM for glycine) close to those reported by others using a similar assay (24) (Supplementary Fig. 

4a,b). This form of the enzyme is also capable of forming an interaction with the previously 

reported partner, beta subunit (SUCLA2) of the succinyl-CoA synthetase complex SUCLG1-

SUCLA2 (36,37), as revealed by cross-linking using disuccinimidyl glutarate (Supplementary 

Fig. 4c). 

Overall structure of hsALAS2 & conserved features 

We first crystallized the hsALAS2ΔN78 protein and determined its crystal structure at 2.7 

Å resolution by molecular replacement, using the rcALAS structure as a search model. 

Unexpectedly, the N-terminal residues 79-142 of our construct were not visible in the electron 

density. Intact mass spectrometry of purified hsALAS2ΔN78 nonetheless indicates that aa 79-142 

are present (Supplementary Fig. 5a), suggesting this region remains intact in the crystal, albeit 

disordered. This is further revealed by crystal packing analysis of ALAS2 protomers in the 

crystal lattice, leaving space for the N-terminal region (Supplementary Fig. 5b). Subsequently, 

the shorter hsALAS2ΔN142 protein was crystallized, and its higher resolution structure at 2.3 Å 

resolution was determined (Table 1) and will be referred to hereafter in the manuscript.  

The crystal asymmetric unit contains an hsALAS2 homodimer (Fig. 1b), as shown in 

solution by size exclusion chromatography and small angle X-ray scattering (SAXS) 

(Supplementary Fig. 6, Supplementary Table 1). The two monomers (rmsd 0.167 Å) are tightly 

interlocked in the structure, burying a total of 4850 Å2 accessible surface per monomer. The 

dimer interface is largely derived from the catalytic domain and highly conserved with the 

rcALAS structure (Supplementary Fig. 1), although the Ct-extension contributes three aromatic 

residues that mediate inter-monomer interactions (see next section). This said, an hsALAS2 
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construct encoding the catalytic domain alone (aa 143-545, hsALAS2ΔN142ΔC545) is sufficient to 

homodimerize in solution (Supplementary Fig. 6b,e).  

The catalytic core of hsALAS2 is highly similar to rcALAS (sequence identity 50%, 

rmsd 1.1 Å) and to scALAS (45%, 1.5 Å) (Fig. 1c). Together they are part of the superfamily of 

type I PLP-dependent enzymes, in which the catalytic core can be dissected into three sub-

domains. In hsALAS2 (Fig. 1d), they correspond to: subdomain 1 (aa 143-195) forming an α-

helix and a three-stranded, antiparallel β-sheet; the large central subdomain 2 (aa 196-439) 

forming a seven-stranded β-sheet enclosed by nine α-helices in repeated β/α motifs; and the last 

subdomain 3 (aa 440-544) including a three-stranded antiparallel β-sheet, three α-helices and a 

fourth β-strand that contributes to the sub-domain 1 β-sheet.  

Like its orthologs, hsALAS2 is an obligate homodimer in that each active site is formed 

from both monomeric subunits, with one PLP molecule bound per active site. Prior to 

crystallization, the protein was treated with hydroxylamine to convert the covalently-bound PLP 

(in equilibrium between two tautomers; Supplementary Fig. 3) into the non-covalent form that is 

more homogenous (Supplementary Fig. 7). As expected from the sequence alignment 

(Supplementary Fig. 1), hsALAS2 employs a highly conserved set of interactions with PLP, 

involving mainly the central sub-domain of the catalytic core (Fig. 1e). In short, the pyridinium 

ring fits snugly through hydrophobic interactions with His285 and Val359, as well as hydrogen 

bonds with His360 and Asp357. The PLP phosphate is neutralized by four hydrogen bonds from 

its own subunit (Ser257 and Thr388 side-chains, Cys258 and Phe259 main-chains), as well as 

three hydrogen bonds contributed from the opposing monomer (Thr420 and Thr421 side-chains, 

Thr421 main-chain).  
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hsALAS2 C-terminus is a self-inhibitory loop  

The largest structural difference between hsALAS2 and homologs resides in the C-

terminus following the catalytic core. The 40-residue hsALAS2 Ct-extension (Fig. 1b and 

Supplementary Fig. 8) begins with a poorly structured segment (aa 544-557) which stretches 

outward to the protein exterior. There is no clear electron density for part of this segment (aa 

549-555, Supplementary Fig. 8a), suggesting its mobility. The next segment of the Ct-extension 

(aa 560-568, Supplementary Fig. 8b) threads across the interface of sub-domains 2 and 3 as a 

linear polypeptide, with several main-chain amides and carbonyls shielded by hydrogen-bonding 

with catalytic core residues (Arg479 and Glu513, which are not present in scALAS or rcALAS). 

A two-turn helix (α15; Ser568-Phe575) then ensues, forming a lid atop the PLP-bound active 

site, before being directed to the protein exterior (Phe575-Met578). Close examination of helix 

α15 (Fig. 2a) reveals that its two Glu residues, Glu569 and Glu571, form charged interactions 

respectively with Arg511 from subdomain 3 and Lys299/Arg293 from subdomain 2. This helix 

also contributes three aromatic residues Trp570, Tyr574 and Phe575 which stack among 

themselves through π-π interactions and anchor the dimerization interface through hydrophobic 

interactions with Phe267, Thr268 and Ala415 of the opposite dimer subunit. Additional 

hydrogen bonds were contributed from Phe575 and Gly576 (main chain), with Lys271 on the 

opposing subunit and Arg293, respectively. The last 9 residues of the hsALAS2 Ct-extension (aa 

579-587) were not modelled in the structure, likely due to high disorder as they are surface-

exposed. These residues also represent one of the largest sequence divergences between ALAS1 

and ALAS2 (Supplementary Fig. 1). 

The succinyl-CoA-bound rcALAS structure (PDB 2BWO)(12) revealed residues 

involved in substrate succinyl-CoA binding, which are nearly invariant across the phyla (based 
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on sequence alignment in Supplementary Fig. 1), suggesting that hsALAS2 has evolved the same 

binding site. However, when superimposing hsALAS2 and succinyl-CoA-bound rcALAS 

structures, we observed to our surprise that the hsALAS2 succinyl-CoA site is blocked by helix 

α15 and the C-terminus (Fig. 2b), which would sterically overlap with the ADP-diphosphate 

moiety of a modelled succinyl-CoA molecule. Our hsALAS2 structure therefore represents a 

conformation of the Ct-extension that precludes binding of succinyl-CoA to the active site. The 

steric blockade is mediated by several interactions between helix α15 and the catalytic core (Fig. 

2a). These include (i) salt bridges of Glu571 with both Lys299 and Arg293, blocking the 

expected position of the succinyl-CoA ADP adenine group, (ii) the hydrogen bond between 

Gly576 (main-chain) and Arg293 that blocks the 3'-phosphoadenosine moiety, and (iii) the salt 

bridge between Glu569 and Arg511. It is of note that Arg511, a residue from the mobile active 

site loop (aa 505-514), also forms a salt bridge with Asp159 from helix α1. In rcALAS, the 

equivalent Arg511:Asp159 interaction plays a role in succinyl-CoA-induced conformational 

change during catalysis(12) (cf. Fig. 3a).  

The observed direct interaction between the Ct-extension and the active site loop in our 

hsALAS2 structure, through Arg511, implies that the mobility of the active site loop is driven by 

a conformational change of the Ct-extension, and suggests that these two regions act in concert 

to drive the ALAS2 catalytic cycle of substrate binding and product release. We explored further 

the role of R511 by site-directed mutagenesis on the crystallized construct, hsALAS2ΔN142, to 

generate the R511E variant which abolishes charged interactions with Glu569 (Ct-extension) and 

Asp159 (active site loop). Compared to wild-type (WT), the R511E variant is more prone to 

proteolysis at the Ct-extension as shown by SDS-PAGE (Fig. 3b) and intact mass spectrometry 

(Supplementary Fig. 5c,d), suggesting that the interaction of the Ct-extension with the catalytic 
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domain active site loop has been significantly disrupted. Consistent with this, the R511E variant  

is >2 oC more thermolabile than WT protein, with melting temperature similar to the 

hsALAS2ΔN142ΔC545 (WT or R511E) protein with Ct-extension omitted from the construct (Fig. 

3c). Furthermore, we showed by steady-state kinetics that the proteolysis-prone R511E variant 

has 2-fold higher enzyme activity than WT, as indicated by Vmax and kcat values (Fig. 3d,e and 

Table 2). Of additional note, the R511E variant demonstrates a lower specificity (kcat/Km) for 

glycine than WT protein, while the opposite was observed for succinyl-CoA (Table 2). 

Altogether, our data suggest that the salt bridge network of Glu569:Arg511:Asp159 plays 

important roles in regulating the Ct-extension during catalysis. 

Comparison of our hsALAS2 structure with that of scALAS (34) shows that their Ct-

extensions not only differ in sequence (Supplementary Fig. 1) but also in structural locations and 

conformations (Fig. 2c,d). The point of structural divergence occurs after the last helix (α14) in 

the catalytic domain, at position Leu545 of hsALAS2 (Leu489 of scALAS). The hsALAS2 

extension threads across the subdomain interface and shields the substrate binding site from the 

exterior (Fig. 2c, left). In scALAS, by contrast, a two-turn helix directs its Ct-extension back 

along the periphery of sub-domain 3, packs against a unique 22-aa insertion in sub-domain 2 (aa 

302-323, scALAS numbering) not present in hsALAS2 (Fig. 2c, right), and continues to wrap 

around the homodimer surface reaching as far as the N-terminal sub-domain 1 of the opposing 

monomer. Unlike hsALAS2, the Ct-extension in scALAS did not interact with the substrate 

binding site, leaving it exposed as in the rcALAS structure (Fig. 2d).  

Simulations of the ALAS2 C-terminal dynamics 

We next employed molecular dynamics (MD) simulations to understand the mobility of 

the hsALAS2 Ct-extension. Based on the experimental structure, we modelled hsALAS2 in the 
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apo form, the holo form with PLP covalently-bound to Lys391, and the ternary complex with 

glycine-PLP and succinyl-CoA. In the substrate-free apo and holo forms, the Glu569:Arg511 

and Glu571:Arg293/Lys299 salt bridges, serving to stabilize the Ct-extension over the active 

site, remain intact for most of the duration of the simulations (Fig. 4a, left and Supplementary 

Figs. 9-11). In order for succinyl-CoA to bind and orientate in the active site, we reason that the 

Ct-extension must change its conformation. Indeed, simulation of the substrate-bound ternary 

complex shows complete breakage of the salt bridges (Fig. 4a, right and Supplementary Figs. 9-

11), resulting in an open conformation that is structurally poised to bind the substrate succinyl-

CoA (Fig. 4b and Supplementary Movies 1-2). We also carried out MD simulations on a 

hsALAS2 R511E model in which the salt bridge with Glu569 would not be formed, to support 

our experimental observations that Arg511 is important for the integrity of Ct-extension (see 

previous section and Fig. 3). Indeed, the accessibility of the Ct-extension in the R511E model is 

higher than WT, in that the R511E Ct-extension has moved away from the catalytic core over the 

course of the simulation, and this movement leads to an increase in the solvent accessible surface 

area (Supplementary Fig. 12). 

During MD simulations, dimeric hsALAS2 exhibits asymmetry between the two 

subunits, a feature previously reported for murine ALAS2 (38). This asymmetry is particularly 

observed in the dynamics of salt bridges from the two subunits of the ternary complex 

(Supplementary Figs. 10-11, compare bottom left and right panels). Asymmetry is also observed 

at the secondary structure level. Analysis of dynamic cross correlation maps (DCCM), which 

quantify correlations in motions between different regions of a protein (39), shows that covalent 

attachment of PLP to the active site leads to an increased anti-correlation between subdomain 2 

(containing active site residues) of one subunit and subdomain 3 (containing the Ct-extension) of 
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the other subunit (Supplementary Fig. 13a). The anti-correlation across the two subunits is 

facilitated by interaction of PLP from one subunit with Thr420 and Thr421 from the other 

subunit (Supplementary Fig. 13b). Altogether, the simulations data indicate the mobility of the 

hsALAS2 Ct-extension between different conformations during catalysis. 

Revised understanding of disease-causing mutations 

The hsALAS2 crystal structure provides a template to understand the molecular basis of 

disease-causing mutations for XLSA and XLP. To date, over 82 missense mutations affecting 69 

different residues of hsALAS2 have been identified as causing XLSA (Supplementary Table 2 

and Supplementary Fig. 14). These mutations are largely concentrated in the catalytic core and 

many have been previously mapped onto the rcALAS structure (12), allowing the categorization 

of their putative molecular defects including disruption of the dimerization interface, direct 

disruption of catalytic regions, or a global destabilization of the enzymatic fold. 

The hsALAS2 Ct-extension sheds insights on some previously characterized mutations in the 

catalytic core, namely D159N and D159Y. The rcALAS open and closed structures (PDB 

2BWN) show that formation and disruption of a salt bridge between Glu17 (Asp159 in 

hsALAS2) and Arg368 (Arg511 in hsALAS2) is key to transitioning between open and closed 

states (Fig. 3a). Aforementioned in our hsALAS2 structure, Arg511 forms a salt bridge to 

Glu569 of the Ct-extension, and to Asp159 in helix α1 of catalytic core (Fig. 3a). Results from 

our DSF, activity assay and MD simulations (Fig. 3b-e and Supplementary Fig. 12) altogether 

demonstrate the importance of the Arg511:Glu569 interaction towards the structural integrity of 

the Ct-extension. By contrast, disruption of the Asp159:Arg511 interaction, the likely culprit for 

the disease-causing D159N and D159Y variants, may reduce the ability of ALAS2 to adopt the 

catalytically active closed conformation, and stabilize the interaction of Arg511 with Glu569. 
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Gain-of-function XLP mutations all locate to exon 11 encoding the hsALAS2 Ct-

extension. Three reported indel mutations (Q548X, delAT and delAGTG) completely delete the 

two-turn α15 helical region that blocks the ALAS2 active site. A fourth known indel mutation 

(delG) leaves the Ct-extension helix intact, though it results in a frameshift and an additional 12-

aa sequence downstream of that region (24) (Supplementary Fig. 2). Not surprisingly, the 

elongated C-terminus of recombinant delAGTG is subject to proteolysis during protein 

preparation, while the same region of the delG variant is not (Supplementary Fig. 15a). 

Disruption of the 15 helix would alleviate the restriction of conformational change imposed by 

the interaction of the Ct-extension with the active site loop, providing an explanation for the 

increased rates of product release as detailed previously in stopped-flow experiments (9). Our 

steady-state kinetic analysis of intact recombinant hsALAS2 wild-type and XLP variants 

(Supplementary Fig.15b,c) reveals that the kcat and Vmax values for delAT and Q548X are 3- to 6-

fold greater than wild-type and delG proteins (Table 3), in agreement with those reported in the 

literature (9,24) (delAGTG was not assayed due to C-terminal proteolysis and the putative 

formation of heterodimers). The association of the delG mutation with XLP has been 

hypothesized to be the result of increased in vivo enzyme stability relative to that of the wild-type 

(24). We show here that delG has the same 2- to 3-fold wild-type efficiency (kcat/Km) with 

respect to succinyl-CoA as delAT and Q548X (Table 3). Interestingly, this appears to be due in 

part to the lower Km of delG for succinyl-CoA compared to delAT, Q548X, and wild-type forms, 

suggesting that delG has a greater affinity for succinyl-CoA and this may contribute to its 

hyperactivity. 
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Crystallography-based fragment screening  

We performed crystallography-based fragment screening to identify chemical ligands that serve 

as a starting point for development of small molecule therapy towards inherited defects of 

erythroid heme biosynthesis situated downstream of the ALAS2 reaction step, via a substrate 

reduction approach. Through solving 295 X-ray data sets (1.44-1.93 Å resolution) from 

hsALAS2ΔN142 crystals, each soaked with a different compound from a diverse fragment library, 

we identified 9 co-crystal structures each with a fragment bound to a hotspot region surrounding 

the Ct-extension (Fig. 5a and Supplementary Table 3 and Supplementary Data 1). 

Fragments 1-8 (Fig. 5b) are accommodated in a pocket between helix α15 of one subunit 

and its interacting regions (helix α4) in the opposite subunit (Fig. 5c). This pocket is mainly 

hydrophobic in nature, contributed by Tyr574 from helix α15 and residues Phe267, Thr268, 

Lys271, Ile272, Tyr413 from the opposite chain. Five of the fragments (1-5) extend into a subsite 

(referred to as ‘Ia’ in Fig. 5c) packing against Glu155 and Lys152 from the first helix (α1) of the 

catalytic core. As described above, helix α1 stabilizes the active site mobile loop and C-terminal 

helix α15, with contributions from Asp159 that forms the network of charged interactions among 

Asp159:Arg511:Glu569. The aromatic side-chain of Tyr574 (helix α15) adopts an alternate 

conformation when bound to fragments 2-4 (Supplementary Fig. 16). Three other fragments (6-

8) occupy another subsite (‘Ib’ in Fig. 5c) in direct proximity to the last turn of helix α15 (e.g. 

Phe575 and Gly576).  

A ninth fragment (9, Fig. 5b) was found at the opposite side of C-terminal helix α15 with 

respect to the above 8 fragments (Fig. 5c). This site is situated along the 2-fold axis of the 

hsALAS2 homodimer. One side of the fragment contacts a hydrophobic surface (Asn294, 

Ser295, Gly296 and Lys271) from its own subunit; its nitrile group captures hydrogen bonds 
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with the main chain carbonyl of Phe575 (in C-terminal helix α15) and guanidinium side-chain 

from Arg293. The opposite face of the fragment forms van der Waals contact with the same 

fragment bound to the dimeric subunit (9’). 

We next interrogated the effects of the nine fragments in solution using our colorimetric 

activity assay. Activity of hsALAS2 was moderately inhibited by nearly 15% in the presence of 

1 mM fragments 1 or 8 (Supplementary Fig. 17a), an effect that was not due to fragments alone 

interfering with the assay signal, and was also dependent on fragment concentration, reaching 

28% and 22% inhibition with 5 mM fragments 1 and 8, respectively (Supplementary Table 4). 

MD simulations of holo hsALAS2 in the presence of fragment 1 further showed that the 

fragment remained bound to one protomer of the homodimer throughout the 50 ns interval and 

led to enhanced stabilization of R293-E571 salt bridge (Supplementary Fig. 17b), compared to 

fragment-free hsALAS2. Our data therefore suggest that hsALAS2 catalytic activity can be 

potentially modulated by small molecules that target the region close to the Ct-extension.  

 

3.5  Discussion 

ALAS2 represents one of a handful of metabolic enzymes, where different mutations 

within the same protein can lead to distinct disorders associated with loss-of-function (enzyme 

deficiency) or gain-of-function (enzyme superactivity) disorders (40). In particular, this study 

uncovers an autoinhibitory mechanism of ALAS2 mediated by its Ct-extension, providing the 

framework to explain how frameshift indel mutations in the ALAS2 C-terminus lead to the gain-

of-function disorder XLP. 

Previously, a conserved mobile loop in the rcALAS active site, undergoing 

conformational change to bind succinyl-CoA, was proposed as a regulatory feature that 
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committed the enzyme to catalysis through an open-to-close active site transition (12). Here, the 

hsALAS2 Ct-extension imposes additional conformational restriction on this active site loop 

(through the salt bridge network Glu569:Arg511:Asp159), preventing transition to the open 

conformation. To overcome these restraints, displacement of the Ct-extension from the 

conformation depicted in our structure, as supported by our MD simulations, is hence essential 

for both substrate binding and product release. Our data therefore add to the described 

complexity of regulatory mechanisms known to exist to modulate ALAS2 activity (41), 

underlining the importance of its tight regulation to maintain metabolic flux during 

erythropoiesis. 

It is of note that others have shown that the Ct-extension of hsALAS2 most significantly 

impacts ALA release after succinyl-CoA binding (9), suggesting why product release is the rate 

determining step. Previous studies (24) have highlighted that truncation of the Ct-extension does 

not significantly affect the Km for either substrate. Our data here, however, indicate that a lower 

Km for the delG XLP variant may contribute to its elevated catalytic efficiency. Transient 

kinetics monitoring the formation and decay of the intermediate quinoid species pointed to an 

increase in the rate of product release in the truncated forms of ALAS2 (9).  Our structure also 

provides insight into the role of engineered mutations of the active site loop from previous 

studies (33). Specifically, engineered mutations directed to the active site loop of murine ALAS2 

also lead to a similar hyperactivity as the clinical mutations causing XLP. This observation can 

be easily reconciled with the hsALAS2 structure, as it would likely abolish interactions with the 

Ct-extension helix α15 and relieve the autoinhibition.        

We speculate that the C-terminal regulatory feature, observed here for ALAS2, will also 

be present with a similar role in the more ubiquitous ALAS1 isozyme, considering their 
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sequence conservation within this region (e.g. helix α15). However, beyond helix α15 at the far 

C-terminus, ALAS1 and ALAS2 have evolved very diverse amino acid sequences. Being 

surface-exposed, these residues may endow the two isoforms with different protein interaction 

functions. For example, the hsALAS2 Ct-extension is implicated from in vitro pull-down studies 

(24,36,37), as the binding site for the beta subunit SUCLA2 of the succinyl-CoA synthetase 

(SCS) complex in the TCA cycle (42). It has been suggested that during erythropoiesis, the 

ALAS2-SUCLA2 interaction may play a role in directing the cellular pool of succinyl-CoA 

towards heme biosynthesis, away from its conversion to succinate in the TCA cycle (43). 

Additionally, ALAS2 has been shown to be part of a larger heme synthesis metabolon whose 

role is currently undefined, but may involve coordinated regulation of ALAS2 and FECH, the 

last enzyme in the multi-step heme biosynthesis pathway (44). Future studies may determine if 

and how these protein-protein interactions mediate the ALAS2 Ct-extension to regulate catalysis, 

most likely through the autoinhibitory mechanism shown in this study, but potentially also 

through facilitating the PLP loading process of the enzyme, shown to involve the AAA+ protease 

ClpX(26). 

Finally, our structural data provide a starting point for small molecule drug discovery. 

Three porphyria disorders can be classified as erythroid-specific, associated with loss of enzyme 

function in the heme biosynthetic pathway downstream of the ALAS2 step (Supplementary Fig. 

18). These porphyrias result in the accumulation of toxic heme intermediates and point to the 

inhibition of ALAS2 as a potential therapeutic target via the substrate reduction approach that 

has precedence in other inherited metabolic disorders(45). This is supported by the recent siRNA 

knockdown of the ALAS1 mRNA showing effective prevention of adverse effects from acute 

hepatic porphyrias(46,47), pointing to a similar therapeutic benefit of ALAS2 inhibition for 
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porphyrias in the erythropoietic pathway. Small molecule inhibitors that target the ALAS2 active 

site such as the itaconic acid derivative itaconyl-CoA(48), or take advantage of the enzyme’s 

autoinhibitory mechanism mediated by the Ct-extension, are potential avenues for drug 

discovery. Relevant to this, fragments identified from our crystallography-based screening 

campaign have the potential for chemistry optimization into lead inhibitors in the future, aimed 

at increasing residence time at the Ct-extension region to prevent substrate access and product 

release during catalysis.  
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3.7   Figures and Tables 

 

Fig. 1 Domain organization and structure of hsALAS2. (a) Domain architecture of hsALAS1, 

hsALAS2, scALAS and rcALAS, highlighting the catalytic core (grey box) flanked by N-

terminal (black, pink boxes) and C-terminal extension (green in higher eukaryotes, orange in 

lower eukaryotes). (b) hsALAS2 homodimer (this study) composed of monomer A (catalytic 

domain in grey, Ct-extension in dark green) and the opposite monomer B (catalytic domain in 

yellow, Ct-extension in orange. PLP is shown in purple sticks. (c) Structure superimposition of 

protomer from hsALAS2 (this study), scALAS (PDB 5TXR) and rcALAS (PDB 2BWN). (d) 

Domain organization and secondary structure assignment for hsALAS2. Subdomain 1 is shown 

in pink, subdomain 2 in grey, subdomain 3 in cyan, and the Ct-extension in dark green. (e) PLP 

binding site of hsALAS2. PLP-interacting residues from monomer A are shown in grey and from 

opposing monomer B in yellow. PLP is shown in mauve (carbon color).  
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Fig. 2 hsALAS2 C-terminal extension is mobile and interferes directly with active site. (a) 

Interactions of helix α15 from the Ct-extension (dark green) with the catalytic core of monomer 

A shown in light green and the opposing monomer B shown in yellow. (b) Similar view as panel 

A, related by 30o rotation along the horizontal axis. The succinyl-CoA (sCoA) ligand, modelled 

into hsALAS2 from rcALAS (PDB 2BWO), is shown in black lines to highlight steric clashes 

with helix α15. (c) hsALAS2 monomer with catalytic domain in surface representation (light 

green) and Ct-extension in cartoon representation (dark green). The scALAS Ct-extension is also 

superimposed in cartoon representation (grey). (d) rcALAS (PDB 2BWN), scALAS (PDB 

5TXR) and hsALAS2 (this study) homodimers. Catalytic domains are shown in surface 

representation (monomer A light green, monomer B yellow). Ct-extensions are shown in cartoon 

representation for scALAS and rcALAS (dark green for monomer A, orange for monomer B).  
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Fig. 3 Role of C-terminal extension in structural and functional integrity. (a) View of the 

hsALAS2 active site loop conformation within one monomer (catalytic domain light green, Ct-

extension dark green). The active site loop from the open and closed forms of rcALAS (2BWN) 

are overlayed onto hsALAS2. (b) SDS-PAGE of the purified samples from hsALAS2ΔN142 WT 

(square) and R511E variant (up triangle), as well as hsALAS2ΔN142ΔC545 WT (circle) and R511E 

variant (down triangle). (c) Midpoint melting temperatures, determined by differential scanning 

fluorimetry, of the four samples in panel b. Error bars represent mean values +/- SEM from n=3 

technical replicates. **: p-values determined by two sample t-test; p= 0.0026, 0.0011 and 0.0002 

from left to right. (d, e) Progression curves for recombinant hsALAS2ΔN142 WT and R511E 
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variant, for both His-tagged and untagged proteins. Specific activity is equivalent to the initial 

velocity normalized to protein in each assay. Succinyl-CoA and glycine titrations contained 50 

mM glycine and 100 mM succinyl-CoA, respectively. Each nonlinear regression line was fitted 

to data from two biological replicates (n=2), with the data for each replicate (average of two 

technical replicates) plotted as distinct symbols (circle and square). Source data for Fig. 3b-e are 

provided as a Source Data file. 
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Fig. 4 Dynamics of the Ct-extension revealed by MD simulations. (a) Salt bridges in the 

absence (left) and presence (right) of substrates. The structure depicted on the left is the crystal 

structure subjected to energy minimization, and the structure depicted on the right is a 

representative snapshot taken from the simulation performed in the presence of substrates. Salt 

bridges are indicated by dashed lines. Water molecules stabililizing the E569 residue are shown 

in ball and stick representation. (b) The orientation of the Ct-extension in the absence and 

presence of substrates (shown in green and magenta, respectively). The space occupied by 

succinyl-CoA in the simulated structure is shown in blue. 
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Fig. 5 Crystallography-based fragment screening of hsALAS2 (a) ALAS2-bound fragments 

are clustered into distinct regions of the protein. The two subunits of an ALAS2 homodimer are 

colored green and yellow. (b) Chemical structures of the fragments 1-9, which are bound in 

proximity to the hsALAS2 Ct-extension. (c) Close-up view of the Ct-extension region of one 

subunit (green) and its neighboring subunit (yellow), showing the binding modes of fragments 1-

9. For fragment 9, the second molecule (9’) bound to the yellow dimeric subunit is also shown. 
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Table 1 Data collection and refinement statistics for hsALAS2ΔN142 and hsALAS2ΔN78 crystal 

structures.  

Dataset hsALAS2ΔN142 hsALAS2ΔN78 

Beamline Diamond Beamline I04 Diamond Beamline I24 

Wavelength (Å) 0.9795 0.9795 

Unit cell parameters (a,b,c) 125.77 Å, 107.7 Å, 75.71Å 78.21 Å, 155.62 Å, 86.24 Å 

(α, β, γ) 90.0°, 109.0°, 90.0° 90.0°, 98.45°, 90.0° 

Space group C 1 2 1 P 1 21 1 

Resolution range (Å) 71.53 – 2.30 85.32 – 2.65* 

Unique reflections 40141 58818 

Rsym (%) 0.09 (0.71) 0.21 (0.76) 

I/sig(I) 5.8 (1.0) 4.9 (1.5) 

Completeness (%) 94.8 (95.0) 72.6 (19.3)* 

Multiplicity 2.3 (2.3) 3.4 (3.0) 
  

 

Rcryst (%) 0.21 0.21 

Rfree (%) 0.23 0.26 

Wilson B factor (Å2) 43.16 26.8 

Average total B factor (Å2) 
 

 

R.m.s.d. bond length (Å2) 0.003 0.004 

R.m.s.d. bond angle (°) 0.69 0.68 
  

 

Clashscore 6.7 5.78 

Ramachadran favoured (%) 95.6 95.6 

Ramachandran disallowed (%) 0 0 

Rotamer outliers (%) 0 0.15 

*Anisotropic data truncated in STARANISO using local I/sigI cut off at 1.2 results in the inclusion of data to 2.65 

with low isotropic completeness. 

Data from highest resolution shell shown in parenthesis. 
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Table 2 Steady-state kinetics of recombinant hsALAS2 to study effect of His-tag and 

variants.  

Kinetic parameters for recombinant N-terminal His6-tagged and tag-free hsALAS2ΔN142 WT and 

R511E proteins. Reported parameters are best-fit values ± SE for progression curves (Fig. 3d,e) 

derived from the Prism software (GraphPad 8.0). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enzyme 

(His6-tagged 

or tag-free) 

kcat     

(min-1) 

Vmax,SCoA 

(U mg-1) 

Km,SCoA 

(M) 

kcat/Km,SCoA 

(min-1 M-1) 

Vmax,Gly      

(U mg-1) 

Km,Gly 

(mM) 

kcat/Km,Gly 

(min-1 mM-1) 

WT 3.0  0.2 3200  200 39  6 0.075  0.012 4000  130 5.7  0.7 0.52  0.07 

His-WT 3.2  0.3 3600  300 42  8 0.076  0.015 3900  180 5.0   0.9 0.64  0.12 

R511E 6.3  0.5 7700  500 53  7 0.120  0.019 7700  300 26  2 0.24  0.03 

His-R511E 6.4  0.7 6800  500 43  8 0.15  0.03 8000  500 22  3 0.29  0.05 
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Table 3 Steady-state kinetics of recombinant hsALAS2 XLP variants.   

Kinetic parameters for recombinant His6-tagged hsALAS2ΔN78 WT and XLP variant proteins 

expressed in E. coli. Reported parameters are best-fit values ± SE for progression curves 

(Supplementary Fig. 15) derived from the Prism software (GraphPad 8.0).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enzyme 

(His6-

tagged) 

kcat     

(min-1) 

Vmax,SCoA 

(U mg-1) 

Km,SCoA 

(M) 

kcat/Km,SCoA 

(min-1 M-1) 

Vmax,Gly      

(U mg-1) 

Km,Gly 

(mM) 

kcat/Km,Gly 

(min-1 mM-1) 

WT 3.5  0.2 3600  200 32  4 0.110  0.014 3440  90 8.5  0.8 0.41  0.04 

delAT 15.4  0.8 17500  800 56  5 0.28  0.03 16100  310 10.3  0.6 1.50  0.12 

Q548X 17.3  1.1 19900  1000 55  5 0.31  0.04 17700  330 12.4  0.6 1.40  0.11 

delG 4.5  0.2 4000  180 20  3 0.23  0.03 4960  140 6.7  0.7 0.66  0.08 
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3.8  Supplementary Information 

 

Supplemental Tables and Figures 

 

Supplementary Table 1 Data collection and sample parameters for SAXS experiments.  
 

Sample  hsALAS2ΔN142
 hsALAS2ΔN142ΔC545

 

Structural Parameters  
  

Guinier 
  

I(0) (cm3) 0.06 0.07 

Rg (Å) 33.33 31.61 

P(r)  
  

I(0) (cm3) 0.06 0.07 

Rg (Å) 33.37 31.64 

Dmax (Å) 122 121 

Shape model-fitting results 
  

DAMMIF default parameters, 13 

calculations 

default parameters, 13 

calculations 

q range for fitting 8.15E-03 - 2.46E-01 1.13E-02 - 2.57E-01 

Symmetry, anisotropy 

assumptions 

P2, none P2, none 

χ2 range 1.351 – 1.641 1.134 – 1.379 

hsALAS2ΔN142 and hsALAS2ΔN142ΔC545 constructs are referred to in Supplementary Fig. 2. 
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Supplementary Table 2 Missense mutations reported to cause XLSA 

 

No. Exon DNA change Amino acid 

change 

# Unrelated 

pedigrees 

Supplementary 

References 

1 5 c.462G>A p.Met154Ile 1 (1) 

2 5 c.466A>G p.Lys156Glu 2 (2,3) 

3 5 c.475G>A p.Asp159Asn 1 (4) 

4 5 c.475G>T p.Asp159Tyr 1 (5) 

5 5 c.481A>G p.Thr161Ala 1 (6) 

6 5 c.485A>G p.Tyr162Cys 1 (7) 

7 5 c.488G>A p.Arg163His 2 (8) 

8 5 c.495C>A p.Phe165Leu 2 (9,10) 

9 5 c.508C>A p.Arg170Ser 2 (11,12) 

10 5 c.508C>T p.Arg170Cys 6 (10,13,14) 

11 5 c.509G>T p.Arg170Leu 4 (15,16) 

12 5 c.509G>A p.Arg170His 5 (7,14,15) 

13 5 c.514G>A p.Ala172Thr 2 (17) 

14 5 c.569A>T p.Asp190Val 1 (18) 

15 5 c.577G>T p.Val193Phe 1 (19) 

16 5 c.595T>C p.Tyr199His 1 (20) 

17 5 c.606G>A p.Met202Ile 4 (7,19) 

18 5 c.611G>A p.Arg204Gln 2 (21,22) 

19 5 c.622G>T p.Val208Phe 1 (23) 

20 6 c.653G>A p.Arg218His 1 (16) 

21 6 c.670G>C p.Gly224Arg 1 Bishop-unpublished 

22 6 c.679C>T p.Arg227Cys 3 (24,25) 

23 6 c.724G>A p.Glu242Lys 2 (16,25) 

24 6 c.751T>C p.Ser251Pro 1 (26) 

25 6 c.776T>G p.Phe259Cys 1 (19) 

26 6 c.787G>A p.Asp263Asn 3 (16,27) 

27 6 c.791C>A p.Ser264Tyr 1 (28) 

28 6 c.800T>C p.Phe267Ser 1 (19) 

29 7 c.824G>A p.Gly275Glu 1 (29) 

30 7 c.828C>G p.Cys276Trp 1 (30) 

31 7 c.866T>C p.Ile289Thr 1 (31) 

32 7 c.871G>A p.Gly291Ser 2 (19,32) 

33 7 c.895A>C p.Lys299Gln 1 (17) 

34 7 c.897G>C p.Lys299Asn 1 (19) 

35 7 c.902T>C p.Val301Ala 2 (10,33) 

36 7 c.919C>A p.Pro307Thr 1 (19) 

37 7 c.946A>G p.Lys316Glu 1 (19) 

38 7 c.971T>C p.Ile324Thr 2 (7,34) 

39 7 c.984G>? p.Glu328Asp 1 (34) 

40 8 c.1016C>T p.Pro339Leu 1 (16) 

41 8 c.1051G>A p.Gly351Arg 1 (35) 

42 8 c.1054G>A p.Ala352Thr 1 Bishop-unpublished 
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43 8 c.1070A>T p.Asp357Val 1 (19) 

44 8 c.1094A>G p.Tyr365Cys 1 (36) 

45 8 c.1093T>C p.Tyr365His 1 (7) 

46 8 c.1102C>T p.Arg368Trp 1 (34) 

47 8 c.1123C>T p.Arg375Cys 1 (16) 

48 8 c.1163C>G p.Thr388Ser 1 (19) 

49 8 c.1162A>C p.Thr388Pro 1 (37) 

50 9 c.1184G>A p.Cys395Tyr 1 (38) 

51 9 c.1193G>A p.Gly398Asp 1 (30) 

52 9 c.1218G>T p.Leu406Phe 1 (39) 

53 9 c.1231C>T p.Arg411Cys 7 (10,14,16,20,40) 

54 9 c.1232G>A p.Arg411His 4 (16,41) 

55 9 c.1247G>A p.Gly416Asp 1 (42) 

56 9 c.1253T>G p.Ile418Ser 1 (43) 

57 9 c.1276A>G p.Met426Val 1 (18) 

58 9 c.1306C>T p.Arg436Trp 1 (44) 

59 9 c.1315A>G p.Lys439Glu 1 (45) 

60 9 c.1343G>A p.Arg448Gln 5 (13,20,42,46) 

61 9 c.1349A>T p.His450Leu 1 (19) 

62 9 c.1354C>A p.Arg452Ser 6 (42,47-49) 

63 9 c.1354C>T p.Arg452Gly 1 (16) 

64 9 c.1354C>T p.Arg452Cys 15 (2,13,14,16,19,20,42,50) 

65 9 c.1355G>A p.Arg452His 26 (2,10,13,14,42,50-54) 

66 9 c.1373G>A p.Arg458His 1 (55) 

67 9 c.1412G>A p.Cys471Tyr 2 (53,56) 

68 9 c.1427T>A p.Ile476Asn 1 (57) 

69 9 c.1436G>A p.Arg479Gln 1 (58) 

70 10 c.1499A>G p.Tyr500Cys 2 (22,25) 

71 10 c.1508C>T p.Ala503Val 2 (59,60) 

72 10 c.1522A>T p.Thr508Ser 1 (30) 

73 10 c.1549C>T p.Arg517Cys 1 (30) 

74 10 c.1549C>T p.Arg517Gly 1 (10) 

75 10 c.1559C>T p.Pro520Leu 5 (10,16,61) 

76 10 c.1570C>G p.His524Asp 2 (62) 

77 11 c.1634T>A p.Leu545Gln 1 (19) 

78 11 c.1676G>A p.Arg559His 1 (55) 

79 11 c.1679G>A p.Arg560His 1 (63) 

80 11 c.1685T>C p.Val562Ala 1 (14) 

81 11 c.1688A>T p.His563Leu 1 (19) 

82 11 c.1693G>A p.Glu565Lys 1 (19) 

83 11 c.1699A>G p.Met567Val 1 (64) 

84 11 c.1701G>C p.Met567Ile 1 (14) 

85 11 c.1702A>G p.Ser568Gly 4 (65) 

86 11 c.1715G>A p.Arg572His 2 (16) 
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Supplementary Table 3 Fragment-bound hsALAS2 structures from crystallography-based 

screening 

 

PDB 

ID 

Fragment-bound structure 
Resolution (Å) 

Chemical structure 

5QQY 

Structure of hsALAS2 bound with 

PLP and fragment 1 (F9000350): (1-

(thiophen-3-ylmethyl)piperidin-4-ol) 

1.49 

 

5QR1 

Structure of hsALAS2 bound with 

PLP and fragment 2 (F9000534): N-

(cyclobutylmethyl)-1,5-dimethyl-1H-

pyrazole-4-carboxamide 

1.44 

 

5QRA 

Structure of hsALAS2 bound with 

PLP and fragment 3 (F9000413): (4-

methylazepan-1-yl)(thiazol-4-

yl)methanone  

1.73 

 

5QRC 

Structure of hsALAS2 bound with 

PLP and fragment 4 (FM010110): 3-

cyclohexyl-1-morpholinopropan-1-

one 

1.83 

 

5QRD 

Structure of hsALAS2 bound with 

PLP and fragment 5 (F9000430): 4-

((2-(methylsulfonyl)-1H-imidazol-1-

yl)methyl)thiazole 

1.76 

 

5QQW 

Structure of hsALAS2 bound with 

PLP and fragment 6 (XS179878): 2-

methyl-N-(pyridin-4-yl)furan-3-

carboxamide 

1.56 

 

5QQX 

Structure of hsALAS2 bound with 

PLP and fragment 7 (F9000532): N-

(1-ethyl-1H-pyrazol-4-

yl)cyclobutanecarboxamide 

1.51 

 

5QRE 

Structure of hsALAS2 bound with 

PLP and fragment 8 (Z117233350): 

3-ethyl-5-methyl-N-(5-

methylisoxazol-3-yl)isoxazole-4-

carboxamide 

1.68 

 

5QQU 

Structure of hsALAS2 bound with 

PLP and fragment 9 (F9000370): 5-

(1,4-oxazepan-4-yl)picolinonitrile 1.55 

 
 

Data collection and refinement statistics can be found in Supplementary Data 1.   

https://www.rcsb.org/structure/5QQY
https://www.rcsb.org/structure/5QR1
https://www.rcsb.org/structure/5QRA
https://www.rcsb.org/structure/5QRC
https://www.rcsb.org/structure/5QRD
https://www.rcsb.org/structure/5QQW
https://www.rcsb.org/structure/5QQX
https://www.rcsb.org/structure/5QRE
https://www.rcsb.org/structure/5QQU
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Supplementary Table 4  Relative enzyme activities of recombinant hsALAS2 WT (0.025 

M) in the presence of small-molecule fragments 1 and 8.  

 

 

 

 

 

 

 

 

 

 

Activity values represent the mean of three biological replicates ± SD (each biological replicate 

is the average of two technical replicates) and have been normalized to WT enzyme treated with 

DMSO (diluent). Source data are provided as a Source Data file. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Additive Concentration WT Activity % WT Activity 

DMSO ‒ 1.00  0.06 100  6 

Fragment 1 1 mM 

5 mM 

0.84  0.03 

0.72  0.02 

84  3 

72  2 

Fragment 8 1 mM 

5 mM 

0.85  0.04 

0.78  0.03 

85  4 

78  3 
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Supplementary Table 5 Simulation box details 

System Number of atoms (including water) Box dimensions (in Å) 

No PLP 168,426 119.1 × 119.1 × 119.1 

With PLP 168,478 119.1 × 119.1 × 119.1 

With substrates 170,469 119.6 × 119.6 × 119.6 
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Supplementary Fig. 1 Structure-based sequence alignment of ALAS orthologues. Sequences 

of the crystallized constructs used in the structure determination of hsALAS2 (hsALAS2_str), S. 

cerevisiae ALAS (scALAS_str), and R. capsulatus ALAS (rcALAS_str) are aligned, on the basis 
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of Cα-superposition of their structures. Additionally, full-length sequences of ALAS1 from 

bovine (HEM1_BOVIN), rat (HEM1_RAT) and human (HEM1_HUMAN), as well as full-

length sequences of ALAS2 from bovine (HEM0_BOVIN), rat (HEM0_RAT) and human 

(HEM0_HUMAN) are appended to the alignment. For the hsALAS2_str sequence, vector-

encoded residues at the beginning of the construct are denoted in red letters, and secondary 

structure assignment is shown at the bottom of the alignment (α-helix, red; 310 helix, purple; β-

strand, green). 
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Supplementary Fig. 2 Domain architecture of hsALAS2. hsALAS2 is a 587-aa polypeptide 

(top) containing a mitochondrial targeting sequence (blue), an unstructured domain of unknown 

function (grey), a conserved catalytic domain (light green) and a C-terminal extension unique to 

eukaryotes (pink). Bottom: Black bars denote attempted constructs that were insoluble during 

expression tests, green bars represent soluble wild-type constructs in this study, and orange bars 

indicate constructs of disease-associated variants in this study.  
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Supplementary Fig. 3 PLP loading of recombinant hsALAS2. (a) UV-Vis spectrum of 

hsALAS2ΔN142 comparing different ratios of the PLP tautomeric states of holoenzyme when 

isolated from insect cell (Sf9) or E. coli cell expression systems. E.coli-expressed hsALAS2 

produces holoenzyme in the protonated ketoenamine tautomer (shown by absorption maximum 

at 420 nm), whereas insect cell-expressed hsALAS2 likely yields holoenzyme in the 

deprotonated enolimine tautomer (shown by absorption maximum at 335 nm and lack of 

absorbance at 420 nm). Raw data points plotted from one experiment. (b) A plot of fluorescence 

intensity increase with excitation at 440nm and emission at 520nm. Titration of excess PLP to 

insect cell-expressed hsALAS2ΔN78 shifts the equilibrium towards the protonated ketoenamine 

form, shown by increased fluorescence of the internal aldimine. Data are presented as mean 

values +/- SEM from three technical replicates (n=3). (c) Midpoint melting temperatures, 

determined by differential scanning fluorimetry, of insect cell-expressed hsALAS2ΔN78 and 

hsALAS2ΔN78ΔC545. The ketoenamine form resulting from titration of PLP to both proteins is 

thermally more stable. Data are presented as mean values +/- SEM, from n=3 technical 

replicates. Source data are provided as a Source Data file. 
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Supplementary Fig. 4 Functional integrity of recombinant hsALAS2ΔN78 and hsALAS2ΔN142 

proteins. (a, b) Kinetic progress curves for recombinant hsALAS2ΔN142 protein overexpressed in 

Sf9 insect cells. Specific activity represents initial reaction velocity normalized to protein in each 

assay (4 µg mL-1), where succinyl-CoA and glycine were titrated in the presence of 50 mM 

glycine and 100 µM succinyl-CoA, respectively. One unit of activity (U) is the amount of 

enzyme needed to catalyze the formation of 1 nmol ALA per hour. Each regression line was 

fitted to data from two biological replicates (n=2), with the data for each replicate plotted as 

distinct symbols (circles and squares). (c) Crosslinking SDS-PAGE of interactions between 

hsALAS2ΔN78 and succinyl-CoA ligase. Results shown are representative of three independent 

experiments. Lane 1, molecular weight markers in kDa; Lane 2, purified succinyl-CoA ligase 

(SUCLG1-SUCLA2); Lane 3, SUCLG1-SUCLA2 after incubation with di(N-succinimidyl) 

glutarate crosslinker (DSG), showing crosslinked oligomeric species of SUCLG1-SUCLA2 (*); 

Lane 4, purified hsALAS2ΔN78; Lane 5, hsALAS2ΔN78 incubated with DSG, showing crosslinked 

oligomeric species of hsALAS2 (**); Lane 6, mixture of SUCLG1-SUCLA2 and hsALAS2ΔN78 

incubated with DSG, showing crosslinked species representing the complex between SUCLG1-

SUCLA2 and hsALAS2ΔN78 (***). Protein identity of all asterisked bands (1-3) were confirmed 

by tryptic digest MS/MS, in which mapped peptides corresponding to each of the three 

component proteins are shown in the inset figure. Source data are provided as a Source Data file. 
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Supplementary Fig. 5 N- and C-termini of our recombinant hsALAS2 proteins. (a) 

Deconvoluted mass spectrum of both purified hsALAS2ΔN142 and hsALAS2ΔN78 proteins 

expressed in SF9 cells and used in structural studies are shown to have a fully intact N-terminus 

and C-terminus, after expression and purification. (b) Intermolecular packing of hsALAS2ΔN78 

crystals, showing space between dimers (blue ribbons) that could account for the disordered N-

terminus. (c) Deconvoluted mass spectrum of E.coli expressed hsALAS2ΔN142 shows 

predominantly intact protein (expected MW 52122.7 Da, measured MW 52123.6 Da) with three 

additional degradation peaks at low relative abundance to intact protein. Peak at 48588 Da 

corresponds to hsALAS2 143-558, peak at 48120.6 Da corresponds to hsALAS2 143-554 and 

peak at 48050.4 corresponds to hsALAS2 143-553 (d) Deconvoluted mass spectrum of E.coli 

expressed R511E variant of hsALAS2ΔN142 shows no signal for intact protein (expected MW 

52095.49 Da) and high abundance of the three degradation peaks seen in WT. Peak at 48561 Da 

corresponds to R511E hsALAS2 143-558, peak at 48092.9 Da corresponds to R511E hsALAS2 

143-554 and peak at 48022.4 corresponds to R511E hsALAS2 143-553. Source data for 

Supplementary Fig. 5a, c and d are provided as a Source Data file.   
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Supplementary Fig. 6 Small angle X-ray scattering studies of hsALAS2ΔN142 and 

hsALAS2ΔN142ΔC545. (a) SEC-SAXS signal plot of hsALAS2ΔN142, with each data point (orange 

circle) representing the integrated area of the ratio of the sample SAXS curve to the estimated 

background. (b) SEC-SAXS signal plot of hsALAS2ΔN142ΔC545, construct that contains only the 

catalytic domain without the C-terminal extension. (c) Log10 intensity plot of subtracted and 

merged SAXS frames. Red circles represent scattering data points from hsALAS2ΔN142ΔC545, and 

blue circles represent scattering data points from hsALAS2ΔN142. (d) Orthogonal views of the ab 

initio envelopes calculated from SAXS data for hsALAS2ΔN142. (e) Orthogonal views of the ab 

initio envelopes calculated from SAXS data for hsALAS2ΔN142ΔC545. Source data are provided as 

a Source Data file. 
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Supplementary Fig. 7 PLP binding site. 2Fo − Fc electron density map of the active site 

region, contoured at 1σ, revealing residues of hsALAS2 that interact with PLP. As expected, no 

covalent linkage was observed between PLP and its Schiff base Lys391 in the crystal. 
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Supplementary Fig. 8 The hsALAS2 C-terminal extension. (a) Composite 2mFo-DFc omit 

map (by Phenix software) of the hsALAS2 Ct-extension, contoured at 1 , shown for one 

subunit of the homodimer. Black lines represent Ct-extension residues 555-578 built onto the 

density. (b) Topology of an hsALAS2 Ct-extension (dark green), packing against the catalytic 

core of its own protomer (light green) and of the opposing protomer in the homodimer (yellow). 

PLP is shown as purple sticks. Interacting residues of the catalytic core and the unstructured 

portion of the Ct-extension are displayed. Residues 550-554 are disordered in the structure and 

hence not modeled. 
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Supplementary Fig. 9 Conformational landscape of the Ct-extension in terms of salt bridge 

dynamics. The figure shows probabilities as a function of R511-E569 distance and R293-E571 

distance. To calculate the distance between two residues, the distance between the centers of the 

guanidium group of arginine and the carboxylate group of glutamate was calculated. Distance 

values were calculated separately for the two subunits. The data for the two subunits was merged 

while computing the probabilities. A total of 50 ns of simulation was performed for each of the 

three systems shown above. Distinct conformations of the Ct-extension have been marked in the 

figure as “I”, “IIa”, “IIb” and “III”. These conformations have been defined below the 

probability plots. Source data are provided as a Source Data file. 
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Supplementary Fig. 10 Dynamics of salt bridges involving E569. The variation of the distance 

between the residues participating in salt bridges is shown as a function of simulation time. To 

calculate the distance between two residues, the center of a given residue was defined as the 

center of mass of the side-chain guanidinium/amine/carboxylate group, depending on the amino 

acid type. The distance between the residue centers was then calculated. The salt bridge R511-

E569 is stable in the apo form but broken in order to accommodate substrates. E569-R572 is a 

non-native salt bridge that is observed when R511-E569 is broken. Two sets of simulation were 

performed and both data are shown here. Source data are provided as a Source Data file. 
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Supplementary Fig. 11 Dynamics of salt bridges involving E571. The variation of the distance 

between the residues participating in salt bridges is shown as a function of simulation time. To 

calculate the distance between two residues, the center of a given residue was defined as the 

center of mass of the side-chain guanidinium/amine/carboxylate group, depending on the amino 

acid type. The distance between residue centers was then calculated. The salt bridges R293-E571 

and K299-E571 are broken in order to accommodate substrates. E571-R572 is a non-native salt 

bridge that is observed when R293-E571 and K299-E571 are broken. Two sets of simulation 

were performed and both data are shown here. Source data are provided as a Source Data file. 
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Supplementary Fig. 12 Accessibility of the Ct-extension. (a) In the current MD simulations, 

the distance between the center of mass of the catalytic core of the homodimer (purple dot) and 

the center of mass of Ct-extensions from each of the two monomers (orange and green dots) is 

being measured. These distances are marked by two dotted lines. (b) Variation of the distance 

defined in (a). The R511E model exists in conformations in which the Ct-extension has moved 

away from the catalytic core, especially in the last 10 ns. (c) Variation of solvent accessible 

surface area (SASA) of the Ct-extension over the course of the simulation. The R511E mutant 

exists in conformations in which the Ct-extension has moved away from the catalytic core, and 

therefore has a higher SASA. Source data are provided as a Source Data file. 
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Supplementary Fig. 13 Dynamic cross correlation maps (DCCM). (a) The correlation in the 

dynamics of different regions of the protein is shown here. The last 10 ns of the trajectories were 

considered in the analysis. The dotted rectangles on the plots indicate regions that show 

increased correlation upon covalent attachment of PLP to the active site. (b) Interactions between 

the phosphate moiety on PLP and surrounding residues. Dotted lines indicate hydrogen bonds. 

S257 and C258 belong to the same subunit as PLP, and T420’ and T421’ belong to the opposite 

subunit. Source data for Supplementary Fig. 13a are provided as a Source Data file. 
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Supplementary Fig. 14 Mapping of disease-causing missense mutations onto hsALAS2 

structure. Sites of missense mutations that lead to the XLSA disorder (spheres) are mapped onto 

a domain organization schematic (top) and the hsALAS2 structure shown as a homodimer (green 

and yellow subunits)(bottom). 
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Supplementary Fig. 15 XLP causing variants of hsALAS2. (a) SDS-PAGE (top) and 

multiplex western blot (bottom) of recombinant His6-tagged hsALAS2 proteins (1 µg/lane and 

100 µg/lane, respectively; purity > 90%), expressed in either Sf9 (hsALAS2N142) or E. coli 

BL21(DE3) (hsALAS2N78) cells as indicated.  Results are representative of two independent 

experiments. Lanes 1 and 10 are molecular weight standards; lane 2 is WT hsALAS2ΔN142; lane 3 

is WT hsALAS2ΔN78; lanes 4-7 are XLP variants reconstructed on hsALAS2ΔN78, lanes 8 and 9 

are the experimental variants E569Q and R511E reconstructed on hsALAS2ΔN78. (b,c) 

Michaelis-Menten curves for purified, E. coli-expressed hsALAS2ΔN78 WT and XLP variants 

with titration of succinyl-CoA (b) and glycine (c). Regression lines represent the mean of three 

biological replicates (n=3), with the data for each replicate plotted as distinct symbols (circles, 

squares and triangles). Specific activity represents initial velocity normalized to protein in each 

assay (1-4 µg mL-1), where succinyl-CoA and glycine titrations were conducted in the presence 

of 50 mM glycine and 100 µM succinyl-CoA, respectively. Data with statistics are presented in 

Table 3. Source data are provided as a Source Data file.  
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Supplementary Fig. 16 Alternative conformation of Tyr574. In structures bound with 

fragments 2-4 (colored sticks), the Tyr574 side-chain (colored lines) adopts a different rotamer 

conformation from other structures (black line). 
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Supplementary Fig. 17 Impacts of fragment binding on hsALAS2. (a) Enzyme activity of 

hsALAS2ΔN78 expressed in E. coli and pretreated with fragments. Purified hsALAS2ΔN78 (4 g 

mL-1) or buffer (no enzyme) was preincubated with fragments 1 and 3-9 at 1 mM concentrations 

or DMSO (diluent for fragments) at 37C for 15 min prior to the initiation of reactions as 

detailed in the Methods. Assays with protein were run using three separate hsALAS2ΔN78 preps 

(each with n=3 technical replicates). Each plotted activity value (biological replicate) was 

normalized to protein pretreated with DMSO, and each bar represents the mean of three 

biological replicates.  No-enzyme assays were run in n=3 technical replicates (bars represent the 

only biological replicate).  Statistical significance relative to assays with protein and DMSO was 

established using one-way ANOVA (p = 0.0003) followed by Tukey’s post-hoc analysis (** 

indicates p < 0.01 vs. DMSO control: fragment 1, p = 0.0022; fragment 3, p = 0.98; fragment 4, 

p > 0.99; fragment 5, p = 0.97; fragment 6, p = 0.85; fragment 7, p = 0.60; fragment 8, p = 

0.0023; fragment 9, p > 0.99). (b) Conformational landscape of the Ct-extension in terms of salt 

bridge dynamics, from MD simulations of holo hsALAS2 in the presence of fragment 1. The 

figure shows probabilities as a function of R511-E569 distance and R293-E571 distance. The 
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distances have been calculated in a manner similar to that described for fragment-free ALAS2 

(Supplementary Fig. 9). Two distinct conformations (I and II) are observed. Only monomer B of 

the homodimer was included in the analysis because fragments have dissociated from monomer 

A during the 50 ns run. Source data are provided as a Source Data file.  
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Supplementary Fig. 18 Pathway of haem biosynthesis in developing erythrocytes. Enzymes 

associated with erythropoietic porphyria are labelled in red, and the proposed therapeutic target 

via the substrate reduction approach, ALAS2, in blue. 
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CHAPTER 4 

THE IMMUNOMETABOLITE ITACONIC ACID INHIBITS ERYTHROID HEME 

SYNTHESIS AND DIFFERENTIATION AT THE POINT OF AMINOLEVULINATE 

SYNTHESIS IN STATES OF INFLAMMATORY ANEMIA 

 

4.1  Introduction 

 Induction of heme biosynthesis is a critical process in differentiating red cell precursors 

and is ultimately responsible for the production of over 400 billion hemoglobin molecules per 

second in adult human bone marrow (1).  In metazoans, heme production in the erythroid 

compartment is a committed pathway that consists of eight catalyzed steps, beginning with 5-

aminolevulinic acid (ALA) production via the rate-limiting and pyridoxal 5’-phosphate (PLP)-

dependent enzyme ALA synthase 2 (ALAS2) and concluding with the insertion of ferrous iron 

into protoporphyrin IX (PPIX) by the iron-sulfur protein ferrochelatase (FECH) (2) (Figure 1).   

ALAS2 is massively upregulated by erythroid-specific factors such as GATA binding factor 1 

(GATA1),  nuclear factor, erythroid 2 (NFE2), and erythroid Krüppel-like factor (EKLF) (3,4) in 

the proerythroblast and basophilic stages of development in mice and humans, respectively (5), 

and subsequently promotes the remaining steps of erythroid differentiation (6-8).  Notably, 

ALAS2 induction occurs after intimate contacts between a red cell progenitor and central 

macrophage (CM) are established in an erythroblastic island (EBI) (Figure 1) (9-11).  The CM 

reportedly assists in erythroblast development by inhibiting apoptosis (12), facilitating iron 

delivery (13-15), and enhancing enucleation by pyrenocytosis (11,16).  By affecting iron supply, 
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the CM indirectly controls porphyrin synthesis in the developing red cells via the iron-responsive 

element (IRE) present in the ALAS2 5’-UTR (17-19).  Low cellular iron status has been shown to 

enhance the binding of iron-responsive protein 1 (IRP1) (20) or IRP2 (21) to the ALAS2 IRE and 

inhibit translation.      

 Several congenital and acquired disorders have been linked to aberrant ALAS2 activity.   

For example, missense mutations throughout ALAS2 result in X-linked sideroblastic anemia 

(XLSA) with associated microcytosis and mitochondrial iron overload due to enzyme loss of 

function (22,23).  Some XLSA mutations occur in the C-terminal domain of eukaryotes and have 

been linked to disruption of the ALAS2-specific interaction with the succinyl-CoA synthetase 

(SCS) ATP beta subunit (SUCLA2) (24).  In contrast, frameshift mutations in the same region 

are responsible for PPIX accumulation and photosensitivity caused by gain-of-function ALAS2 

in X-linked protoporphyria (XLP) (25-27).  A missense substitution of the penultimate residue of 

ALAS2 has also been found to increase intermediate porphyrin levels during heme synthesis and 

exacerbate congenital erythropoietic porphyria (CEP), a disease caused by loss-of-function 

uroporphyrinogen synthase (28).   

Most relevant to our work here, microcytosis and loss of ALAS2 activity have been 

observed in the bone marrow of patients suffering from anemia of chronic disease (ACD) and 

underlying rheumatoid arthritis (RA) (29).  Systemic iron loss resulting from interleukin-6 (IL6) 

induction of the iron-regulating serum peptide hepcidin during infection (30,31) may serve to 

restrict iron availability to invading pathogens and could control ALAS2 synthesis and heme iron 

levels via the inhibitory action of apo-IRPs (21,32).  However, ferrokinetic studies in RA 

patients do not indicate reduced iron supply to bone marrow erythroblasts (33,34), and FECH 

activity in RA patients is normal (29).  This contrasts with what is found in iron-deficiency 



 

220 

anemia (IDA) (35), IRP2 knockout mice with decreased transferrin receptor expression (21), and 

low cellular iron conditions in general (36), where FECH is thought to be limited by decreased 

iron-sulfur cofactor assembly.  In addition, ALA synthesis is reduced to a far greater magnitude 

in RA samples of whole bone marrow than in purified erythroblasts (29), suggesting that resident 

immunoactivated leukocytes contribute to the loss of ALAS2 activity and the corresponding 

anemia.   

In the last decade, multiple studies have revealed that macrophages synthesize itaconic 

acid (Figure 2A), an ,β-unsaturated carboxylic acid and close analog of succinic acid (Figure 

2B) (methylenesuccinic acid), at the outset of an inflammatory response (37-42).  Itaconate is 

generated in millimolar quantities from the TCA cycle intermediate cis-aconitate via immune-

response gene 1 (IRG1) protein, which highly upregulated by proinflammatory factors such as 

lipopolysaccharide (LPS) and interferon-gamma (IFNγ) in bone-marrow derived macrophages 

(BMDMs) (39,41).  Importantly, itaconate is secreted by macrophages (38,40,42), including 

bone marrow-derived macrophages (BMDMs), and has been identified in local tissues during 

sepsis (40) and in the blood plasma of RA patients (43).  Thus it is believed that itaconate has 

cytokine-like character and impacts mammalian metabolism via autocrine, paracrine, and 

endocrine processes (44).  Such effects could be pro- and/or anti-inflammatory in nature, as 

described in detail elsewhere (42,43,45-48).  For example, itaconate has been shown to consume 

glutathione on one hand (46) but stimulate the nuclear factor erythroid 2–related factor 2 (NRF2) 

antioxidant pathway on the other (47), both via Michael addition-like alkylations of sulfur 

moieties (46,47).  Itaconate inhibits SDH activity (41,42,49) and has been associated with 

succinate-driven stabilization of HIF1 stabilization and proinflammatory interleukin 1-beta 

(IL1β) production (50).  It has also attenuates liver phosphofructokinase 2 (PFK2) activity in 
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glycolysis (51) and further disrupts the TCA cycle by blocking substrate-level phosphorylation 

(52).  Older publications proposed that itaconate is converted to itaconyl-CoA (Figure 2C) by 

reverse SCS activity (53,54) with ATP or GTP supplementation, though direct evidence for this 

was lacking.  Itaconyl-CoA has recently demonstrated antimicrobial activity by inactivation of 

vitamin B12 (55).  B12 can be scavenged by microbes in their host organisms (56), and the suicide 

inhibition of the B12-dependent methylmalonic acid mutase (MUT) by itaconyl-CoA leads to the 

accumulation of toxic proprionyl-CoA and may curtail cholesterol-dependent growth of 

Mycobacterium tuberculosis (55,57).    

Here we further expand on our previous work showing that itaconate inhibits erythroblast 

hemoglobin synthesis in an ALA-responsive manner (58).  Specifically, we hypothesize that the 

itaconic acid produced and secreted by bone marrow macrophages during an inflammatory 

response is converted to itaconyl-CoA in neighboring erythrocyte precursors and controls 

porphyrin synthesis at the point of ALAS2 catalysis.  Moreover, we provide evidence that 

itaconyl-CoA is produced by a CoA transferase and not SCS in red cell progenitors.  We believe 

this mechanism as a whole is important during chronic conditions of anemia when itaconate has 

been shown to accumulate.  

 

4.2  Materials and Methods 

Reagents 

All reagents were obtained from Sigma unless otherwise noted.  13C5-itaconic acid was 

synthesized by the Metabolite Standards Synthesis Core at SRI International, arranged through 

the NIH Common Funds Metabolomics initiative (59).  The biologically active isomer of 

itaconyl-CoA (3-methylenesuccinyl-CoA) was prepared from recombinant human succinyl-
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CoA:glutarate-CoA transferase (SUGCT) using itaconate and succinyl-CoA as substrates.  The 

synthesis reaction was conducted in MOPS-KOH buffer at pH 7.0 and 37ºC for 10 min using 250 

g/mL SUGCT before quenching with formic acid.  The resulting mixture containing the 

itaconyl-CoA product was clarified by centrifugation, and supernatant aliquots were loaded onto 

a Bridged Ethylene Hybrid (BEH) C18 column in a Waters Acquity UPLC system.  Separations 

were run using a linear mobile phase gradient of ammonium formate and acetonitrile as reported 

elsewhere (60), and eluting itaconyl-CoA peaks were collected and pooled over multiple 

injections before spectrophotometric quantitation (260 nm, 16.4 mM-1cm-1 extinction coefficient) 

and freeze-drying. 

Cell culture 

DS19 murine erythroleukemia (MEL) cells (61,62) were used as erythroblast models and 

propagated in DMEM/F12 media (Corning) containing 25 mM glucose and 1 mM sodium 

pyruvate supplemented with 2 mM glutamine, 10% FBS, and 1% penicillin-streptomycin 

(pen/strep) under a humidified 5% CO2 atmosphere.  Erythroid differentiation of these cells was 

induced with 1.5% v/v dimethyl sulfoxide (DMSO).  Uninduced cells were passaged at 2 x 104 

cells/mL every 48 h while induced cells were seeded at 5-10 x 104 cells/mL and cultured in 

DMSO media for 72 h.  Select differentiating cultures were treated with 1 mM 13C5-labeled 

itaconate or 2.5 mM unlabeled itaconate as indicated. 

A stable DS19 MEL cell line overexpressing human ALAS2 (DS19-ALAS2) was created 

and used to test the effects of 2.5 mM itaconate on the elevated levels of porphyrins produced by 

these cells.  Human ALAS2 was subcloned from pMAL-c2AE2 (gift of David Bishop) into the 

pEF1a vector (gift of Alan Cantor) as previously described (63) to generate a construct with an 

amino terminal FLAG tag after the ALAS2 mitochondrial targeting sequence (MTS). 
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Heme and porphyrin analysis 

MEL cells treated with or without 2.5 mM unlabeled itaconate and 1.5% DMSO were 

analyzed in quadruplicate (n=4 biological replicates) for heme and porphyrins by HPLC as 

reported previously (64).  Briefly, 50-200 million cells from each replicate were washed in PBS 

and pelleted before snap freezing and storage at -80°C.  Thawed 100 L samples were sonicated 

and extracted with either 3 M HCl for 1 h at 37ºC (for porphyrin intermediates) or a 1:4 volume 

ratio of glacial acetic acid and ethyl acetate mixture (for heme and PPIX) and then centrifuged.  

Intermediate porphyrins were measured by HPLC analysis of the supernatant in the clarified HCl 

mixture.   Heme and PPIX levels were quantitated from the upper (organic layer) of the acetic 

acid-ethyl acetate mixture.  Molar quantities were normalized to protein in all samples. 

Fluorescence scans of 200 L media samples from uninduced DS19-hsALAS2 cells 

treated with 2.5 mM itaconate over 72 h were conducted in triplicate (n=3 biological replicates) 

on a microplate reader and subsequently quantitated at 405/10 nm excitation and 630/40 nm 

emission.  Media were harvested and clarified of cells by centrifugation and filtration.  Raw 

relative fluorescence units (RFUs) were corrected by background subtraction (same media 

incubated without cells) and normalization to cell counts (Scepter 2.0 from EMD Millipore). 

Metabolomics 

LC- and GC-MS were implemented as described in previous work (58) in a targeted 

metabolomic analysis of intra- and extracellular compounds from MEL cell cultures under 

various conditions as indicated (n=4 biological replicates).  Collected output signals represent 

Area Under the Curve (AUC) values normalized to both total signal and cell counts.  LC-MS 

was employed to trace 1 mM 13C5-itaconate metabolism and primarily determine the impact of 

itaconate on levels of associated CoA derivatives in DMSO-induced MEL cells.  GC-MS data 



 

224 

were gathered for cell pellet and culture media samples and were used to assess small-molecule 

effects of 2.5 mM itaconate on differentiating MEL cell metabolism.  Specifically, metabolites 

associated with glycolysis, the TCA cycle, amino acid metabolism, and odd-chain fatty acid 

oxidation were targeted. 

Bioinformatics 

UniProtKB (65) and the National Center for Biotechnology Information (NCBI) were 

used to blast the amino acid sequence of the Pseudomonas aeruginosa itaconyl-CoA transferase 

(PaIct) to search for a human CoA transferase homolog.  BLASTp from NCBI was configured 

for pairwise amino acid alignment to quantitate sequence homology.  The alignment figure was 

prepared using T-Coffee freeware (66).    

Expression and purification of recombinant enzymes 

The cDNA encoding mitochondrial human ALAS2 (AA79-587) and SUGCT (AA39-

445) were subcloned into the pET28a vector (Novagen) downstream of an in-frame N-terminal 

His6-tag using NheI and BamHI sites for the ALAS2 (pET-A79) plasmid and NheI and HindIII 

sites for SUGCT (pET-SUGCT).  The pET-A79 and pET-SUGCT plasmids were transformed 

into BL21(DE3) competent cells (New England Biologicals), and single-colony inoculations 

were induced at an OD600 of 0.5-0.7 with 0.1 mM IPTG for 16-18 h at 12°C and 18°C, 

respectively.  Culture pellets were stored at -80°C until purification.  After thawing, protein was 

resuspended in ice-cold solubilization buffer consisting of 50 mM Tris-HCl, pH 8.0, 20 μM PLP, 

100 mM KCl, 10% glycerol, and 0.2% Tween-20.  Mixtures were then sonicated in the presence 

of 0.5 mM phenylmethylsulfonyl fluoride (PMSF) to minimize proteolysis during cell lysis.  

Proteins in the lysate were subsequently batch purified on HisPur Cobalt Resin (Thermo 

Scientific) and washed with solubilization buffer containing 0.5 mM PMSF and 15 mM 
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imidazole at 4ºC.  Elutions in 250 mM imidazole were buffer exchanged over Sephadex G-25 

spin columns at 4ºC to > 90% purity (SDS-PAGE).  Final protein concentrations were 

determined with the Pierce BCA Assay Kit (Thermo Scientific). 

Human SCS-A was prepared by subcloning mature SUCLA2 and SUCGL1 cDNA 

(DNASU) into pET14b NdeI and BamHI sites and pET28a NheI and BamHI sites, respectively, 

followed by cotransformation of the two constructs (pET14b-SUCLA2) and pET28a-SUCGL1) 

into BL21(DE3) cells.  Single-colony inoculations were induced as was done for pET-A79 and 

pET-SUGCT plasmids, except that cultures were grown overnight at 22°C before harvest and 

freezing of cell pellets.  Thawed pellets were solubilized in 50 mM Tris-HCl, pH 8.0, 300 mM 

KCl, 10% glycerol, 0.2% Tween-20, and 1 mM PMSF, with sonication and SCS-A protein was 

isolated by batch affinity purification on HisPur Cobalt Resin.  The resin was washed with 

solubilization buffer including 2 mM Mg-ATP to eliminate DnaK contamination.  After elution 

in 250 mM imidazole, protein was concentrated with buffer exchange (to solubilization buffer 

alone) using an Amicon 30K Centrifugal Filter (EMD Millipore).  Protein concentrations were 

determined by BCA analysis.  

 

Spectrophotometric assays and kinetics 

Discontinuous colorimetric ALAS activity assays were conducted with derivatized ALA 

detection via Ehrlich’s modified reagent as previously described (67), except with microscale 

modifications. Reaction mixtures were 175 L in volume and consisted of 50 mM potassium 

phosphate buffer, pH 7.4, 50 M PLP, 1 mM DTT, 10 mM MgCl2, 50 mM glycine, various 

concentrations of succinyl-CoA, and 2-4 g/mL purified human ALAS2 (hsALAS2) enzyme.  

After incubation at 37C for 15 minutes (checked for linear ALA formation with applied enzyme 
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concentrations), reactions were terminated with 100 L of 15% w/v trichloroacetic acid (TCA) 

and then centrifuged at 13,000 x g for 5 min to remove protein.  Supernatant volumes of 240 L 

were added to 260 L of freshly prepared 1:12 v/v mixtures of acetylacetone:1 M sodium 

acetate, pH 4.7, and boiled for 10 min to derivatize the ALA product.  Samples were cooled and 

150 L aliquots per reaction were combined with 150 L modified Ehrlich’s reagent (300 L 

total) and monitored at 554 nm every 60 s in a CLARIOstar microplate reader (BMG Labtech).  

Absorbance values collected after 5-10 minutes were converted to molar quantities of ALA using 

an extinction coefficient of 60.4 mM-1 cm-1.  For inhibition studies, Ki and mode of inhibition 

were determined by titrating 10-200 M succinyl-CoA in the presence of 50 mM glycine 

substrate and 0, 200, and 1000 M itaconyl-CoA.  Michaelis-Menten nonlinear regression 

analysis was subsequently carried out on data for three separate protein preparations (three 

biological replicates) with Prism software (GraphPad 8.4).   

Pig heart SCS-G (Sigma) and recombinant SCS-A were assayed for reverse activity (GTP 

or ATP consumption as appropriate) with succinate and/or itaconate as substrates using a direct 

spectrophotometric assay for CoA ester bond formation at 225-235 nm (68).  Reaction mixtures 

included 10-50 mM neutralized succinate and/or variable itaconate concentrations with 0.1 mM 

CoA, 0.1 mM GTP or ATP, 1 mM MgCl2, and 2.5 g/mL SCS-G or SCS-A at room temperature 

in potassium phosphate or Tris buffer, pH 7.4, respectively.  Reactions were monitored in 1-mL 

volumes on a Cary 1G UV-Vis spectrophotometer (Varian) or in 300-L volumes on the 

microplate reader.  Assays were conducted in duplicate or triplicate. 

HPLC assays of CoA transferase activity 

SUGCT activity was determined as reported in the literature (69) with minor changes.  

Briefly, 400 L reaction mixtures were prepared containing 2 mM itaconate, 0.2 mM succinyl-
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CoA, and 2 M purified enzyme in 50 mM Na-HEPES buffer, pH 7.2, at 30ºC.  After 3 min, 150 

L reaction aliquots were quenched with 15 L of 20% formic acid and diluted further with 150 

L H2O.  Mixtures were clarified at 20,000xg for 15 min before 20 L aliquots were injected 

into an Agilent 1220 Infinity LC HPLC equipped with a 100 mm x 4.6 mm Poroshell 120 EC-

C18 column (2.7 m particle size) at 30ºC.  Itaconyl-CoA, succinyl-CoA, and CoA peaks were 

detected at 260 nm upon elution and identified against standards loaded in the same background 

without enzyme.  Experiments were conducted in duplicate (n=2 biological replicates).  

Immunoblotting 

Mitochondria from MEL cells treated with and without DMSO and 2.5 mM itaconate for 

72 h were isolated using the reagent-based protocol from the Pierce Mitochondrial Isolation Kit 

(Thermo Scientific).  Two biological replicates (n=2) were prepared for each condition.  Protein 

levels were quantitated with the Pierce BCA Protein Assay Kit (Thermo Scientific), and 20 g 

samples boiled in Laemmli buffer were loaded into wells on Mini-PROTEAN Stain-Free 

polyacrylamide gels (Bio-Rad).  Protein bands were detected using the ChemiDoc MP imaging 

system (Bio-Rad) and ImageLab software (version 5.1, Bio-Rad).  Immunoblotting was carried 

out by transferring gel bands to low-fluorescence PVDF membrane (Bio-Rad), followed by 

blocking the membrane in 2% BSA at room temperature for 1 h.  Membranes were incubated in 

1:2,000 rabbit polyclonal hsALAS2 (custom-made), 1:5,000 rabbit polyclonal hsFECH (custom-

made) and 1:1,000 rabbit polyclonal SUGCT (Novus Biologicals) primary antibodies in 1% BSA 

overnight at 4ºC.  After extensive washing in TBST, membranes were placed in dilutions of 

1:50,000 Pierce fluorescent donkey anti-rabbit IgG (Dylight 650) secondary antibody (Thermo 

Scientific) before washing again and imaging on the ChemiDoc system. 

Statistics 
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Statistical significance was determined for experiments with n > 2 biological replicates 

based on  = 0.05 unless otherwise noted.  Regression analysis of kinetic ALAS2 data were 

carried out on the Prism software (GraphPad 8.4).  One- or two-way ANOVA analysis or 

Student’s t-tests were conducted with Bonferroni correction for multiple comparisons (to control 

for Type I errors) for LC-MS and other data as indicated.  GC-MS metabolomic data for MEL 

samples (n=4) were analyzed using MetaboAnalystR (70) and included partial least squares 

discriminant analysis (PLS-DA) based on PCA analysis, volcano plotting (=0.01 and fold-

change > 2.0), and heat mapping of the 25 most discriminatory metabolites (t-test on groups 

treated with or without itaconate). 

 

4.3  Results 

Itaconate decreases heme and porphyrin synthesis in erythroid precursors 

We have previously shown that the inflammatory metabolite itaconic acid attenuates 

hemoglobin production in an ALA-responsive fashion in MEL cells (58).  Here we demonstrate 

that heme, PPIX, and intermediate porphyrin levels are significantly decreased during MEL cell 

differentiation in the presence of itaconate (Figures 3A-D), indicating that inhibition occurs 

upstream of uroporphyrinogen decarboxylase (UROD) catalysis in the heme synthesis pathway 

(Figure 1).  We have also examined the effects of itaconate on transgenic MEL cells 

overexpressing hsALAS2.  These cells normally will exhibit porphyrin-based fluorescence 

resulting from the excess production of ALA.  However this fluorescence is reduced (Figure 3E) 

by itaconate treatment.  In agreement with the literature (71), we verified that medium from 

itaconate-producing RAW264.7 macrophage cultures decreases heme levels in MEL cells 

(Figure S1A).   
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In agreement with our MEL cell data (58), hemoglobin production in EPO-induced 

human TF1 cells is diminished with itaconate and can be rescued by ALA (Figure S1B).  

Additionally, we noticed a significant increase in cell proliferation with itaconate.  TF1 cells 

express the succinate cognate G-protein coupled receptor 91 (GPR91, or SUCNR1) (72), which 

is not expressed in MEL cells (73) or erythroid-differentiated CD34+ cells (74).  Because 

SUCNR1 is sensitive to itaconate (75) and known to stimulate ERK signaling, we added 

combinations of itaconate and the SUCNR1 antagonist compound 4c (gift of Xin Li) or MEK 

inhibitor U0126 to differentiating TF1 cultures to interrogate the impact of the SUCNR1-

MAPK/ERK pathway on differentiation.  The inhibitors independently rescued hemoglobin 

levels and proliferation rates measured in control cells, suggesting that the observed decrease in 

hemoglobinization is at least partially due to nonspecific itaconate binding to SUCNR1 and the 

associated increase in TF1 cell proliferation via the SUCNR1-ERK signaling axis (72) (Figure 

S2A, S2B). 

Itaconate is imported by erythroid precursors and converted to itaconyl-CoA 

 Metabolomic tracing of uniformly-labeled (13C5)-itaconate in DMSO-induced MEL 

cultures resulted in the intracellular accumulation of the same species (Figures 4A, 5A, S3A, 

S4A).  Mitochondrial itaconate transporters including SLC25A10 (succinate) and SLC25A1 

(citrate) have been identified in vitro (47).  While these proteins are expressed at significant 

levels in erythroid-differentiating MEL (73) and CD34+ cells (74), their plasmalemmal 

counterparts are not.  To date a cell-surface itaconate transporter has not been identified in any 

mammalian cell type (76).  Interestingly, differentiating MEL cells treated with 13C5-itaconate 

accumulated 13C5-itaconyl-CoA as well (Figure 4B), demonstrating that these cells have the 

capacity to convert itaconate directly to itaconyl-CoA.   
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Itaconyl-CoA is produced from itaconate via SUGCT but not SCS 

Indirect evidence from approximately half a century ago suggested that itaconate is 

converted to itaconyl-CoA by SCS (53,54) and in the absence of definitive data it has been 

assumed by others to occur in this fashion (52,60).  We examined this question experimentally 

and found  that neither ATP- nor GTP-specific SCS is able to utilize itaconate under the same 

conditions as succinate in vitro (Figures 6A, 6B, S5A, S5B) and that SCS activity is inhibited by 

itaconate in a dose-dependent manner (Figure 6C).   

Pseudomonas aeruginosa itaconyl-CoA transferase (PaIct) is a protein that has been 

shown to be capable of generating itaconyl-CoA from itaconate without nucleotides.  Using a 

bioinformatics approach, we found that mammalian succinyl-CoA:glutarate-CoA transferase 

(SUGCT) (encoded by the C7ORF10 gene) is a homolog of PaIct with ~30% sequence identity 

and ~50% similarity (Figure 7A).  Others have demonstrated SUGCT activity with the canonical 

substrate glutaryl-CoA (69).  We cloned, expressed, and isolated recombinant SUGCT and 

determined that it effectively catalyzes the production of itaconyl-CoA using succinyl-CoA as 

well (Figure 7B).  In agreement with transcript data in MEL cells (73), immunoblotting showed 

that SUGCT protein is present at similar levels in mitochondria isolated from DMSO-induced 

and -uninduced MEL cells (Figure 7C). 

Itaconate impacts flux through the erythroblast TCA cycle and glycolytic shunts  

Chromatographic MS analysis of differentiating MEL cells treated with 1 mM 13C5-

itaconate or 2.5 mM unlabeled itaconate indicated that TCA-cycle metabolite levels deviated 

significantly from untreated controls.  Specifically, succinate (Figures 4C, 5A, 5B, S3A, S4A, 

S4B) and succinyl-CoA (Figure 4D) were elevated in itaconate-treated cultures.  Neither was 

labeled by 13C5-itaconate.  Succinate was particularly high, which is not surprising given the 
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established direct inhibitory action of itaconate on SDH in other cell types (41,42). Fumarate 

increased as well with itaconate (Figure 5A) despite putative SDH inhibition. The -

ketoglutarate derivative 2-hydroxyglutarate (Figures 5A, S3A, S4A, S4B) also accumulated, and 

increased glutamic acid was found in the media (Figure S4B).  Both of these observations may 

be due to product inhibition of -ketoglutarate dehydrogenase (KGDH) by succinyl-CoA (77).   

Our results also suggest that glycolysis is disrupted by itaconate during terminal 

erythropoiesis.  Intermediates of glycolytic shunts such as the pentose phosphate and serine-

glycine synthesis pathways increased compared to controls, including AMP (Figure 4E), 

adenosine and thymine (Figure 5A), serine (Figures 5A, 5B, S3A, S3B, S4A, S4B) and glycine 

(Figure S4A).  Glutathione levels were also elevated (Figures 5B, S4B), which was unexpected 

since itaconate has been reported to directly alkylate glutathione in LPS-activated macrophages 

(46).  Myoinositol (Figures 5A, S3A, S4A) and inositol (Figure 4F), products of glucose-6-

phosphate metabolism, increased with itaconate as well.  Allosteric inhibition of the glycolysis-

activating phosphofructokinase 2 (PFK2) by itaconate, a phosphoenolpyruvate (PEP) analog, has 

been described in the liver (51) could also explain these observations in our differentiating 

erythroid progenitors.  

Itaconate impairs metabolism of amino acids and fatty acid oxidation compounds 

It is well established that aliphatic amino acids and odd-chain fatty acids are ultimately 

catabolized to propionyl-CoA and then methylmalonyl-CoA by propionyl-CoA carboxylase 

(PCC) and B12-dependent methylmalonyl-CoA mutase (MUT), respectively.  Further 

metabolomic data gathered here indicate that flux through these pathways is attenuated in 

differentiating erythroblast cultures treated with itaconate, likely via itaconyl-CoA and its ability 

to inactivate B12 and MUT activity as previously discussed in adipocytes (55) and macrophages 
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(57).  We found increased levels of propionyl-CoA (Figure 4G), propionyl-carnitine (Figure 4H), 

and methylmalonic acid (Figures 5A, 5B, S3A, S3B, S4A, S4B) with itaconate treatment.  

Upstream of propionyl-CoA, we measured elevations in the odd-chain fatty acids heptadecanoic 

acid (Figures 5A, S4A) and nonanoic acid (Figure S4B), as well as the aliphatic amino acids 

threonine, valine, methionine, and isoleucine (Figures S4A, S4B).  Notably, itaconyl-CoA 

accumulations may also explain increased pyruvate and glyoxylate levels (Figures 5B, S3B, 

S4B).  Itaconyl-CoA is an alternative substrate of methylglutaconase (MGTK) and is converted 

by this enzyme to citramalyl-CoA (54,55).  It is therefore reasonable to believe that citramalyl-

CoA lyase (CLYBL) catalyzes the cleavage of citramalyl-CoA to pyruvate and acetyl-CoA (54) 

in lieu of metabolizing glyoxylate (78). 

Itaconyl-CoA inhibits ALAS2  

Itaconyl-CoA (Figure 2C) is a close analog of succinyl-CoA (Figure 2D) and therefore 

may impact ALAS2 enzyme activity and contribute to the increase in succinyl-CoA in induced 

MEL cells (Figure 4D).  To investigate this, we carried out a comprehensive steady-state kinetic 

analysis of recombinant hsALAS2 using a modified discontinuous colorimetric assay protocol 

(67).  Assay data revealed itaconyl-CoA to be a competitive inhibitor of recombinant hsALAS2 

with a Ki of 100 ± 20 M (Figures 8A, 8B).  The measured Km of succinyl-CoA of 10 ± 2 M for 

the uninhibited enzyme agrees with the literature for the mammalian enzyme (24,27,67,79,80).  

We further showed that itaconate is not an inhibitor of ALAS2 (Figure S6A).  Continuous 

coupled ALAS assays were also carried out because ALA derivatives synthesized from 

alternative acyl-CoA substrates have unpredictable stability in the -aminoketone formed via 

reaction with acetylacetone in the discontinuous assay protocol (67).  Results of the coupled 
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assays indicate that itaconyl-CoA is not an alternative ALAS2 substrate even at millimolar 

concentrations (Figure S6B). 

 

4.4  Discussion 

Itaconate is an antimicrobial compound whose impact on mammalian liver metabolism 

was first explored in the 1940s (53,81,82).  Itaconate has recently been identified as a product of 

IRG1 catalysis in immunoactivated macrophages (39-42) that manifests cytokine-like properties 

once secreted (44).  Importantly, measurable quantities of itaconate have been found in bronchial 

lavages of patients with severe lung infections (40) and in blood plasma of RA patients (43).  

Experiments examining the impact of RA on the erythroid compartment have shown diminished 

ALAS2 activity in microcytic red cell precursors, most significantly in the context of whole bone 

marrow samples containing immunoactivated leukocytes such as BMDMs (29). We provide 

evidence here that itaconate has a significant impact on the erythroid compartment (Figures 8, 

S7).  

Based upon the results of this study, we propose that itaconate negatively alters heme 

biosynthesis and erythroid differentiation at the point of ALAS2 catalysis in the context of an 

inflammatory EBI.  Specifically, we have determined that heme, PPIX, and intermediate 

porphyrin levels are decreased in MEL cells differentiated in the presence of itaconate or media 

from immunoactivated, itaconate-generating macrophages.  Addition of ALA to itaconate-treated 

cultures rescues hemoglobinization as described previously (58).  Carbon-13 tracing data show 

that itaconate is imported by differentiating MEL cells and is subsequently metabolized to 

itaconyl-CoA.  Levels of succinyl-CoA are also increased in these cells with itaconate 

supplementation, suggesting that ALAS2 is directly affected.  Indeed, our kinetic assays 



 

234 

demonstrated that itaconyl-CoA is a competitive inhibitor of ALAS2 without acting as an 

alternative substrate.     

   An alternative explanation for decreased ALAS2 activity in inflammatory states such as 

ACD is that systemic iron is sequestered via hepcidin (30,31) and could thus downregulate 

ALAS2 synthesis via the IRE-IRP system.  However, the effects of hepcidin on systemic iron 

levels may lag behind the induction of IRG1 and itaconate synthesis that occurs at the beginning 

of an inflammatory response.  Additionally, erythroblast iron delivery during terminal 

erythropoiesis bypasses the cytosolic iron pool for IRPs, and IRP numbers in general appear to 

be overwhelmed late in erythroid differentiation when heme synthesis is massively upregulated 

(83).  A more recent study has verified low levels of IRP1 and IRP2 relative to ALAS2 at the 

basophilic erythroblast stage in mice and has provided evidence that heme-regulated eukaryotic 

initiation factor 2 alpha (eIF2) kinase (HRI) predominantly controls hemoglobin synthesis in 

both iron-replete and -deficient conditions in these cells (84).  Perhaps most significantly, 

ferrokinetic data from RA patients do not indicate reduced iron supply to marrow erythroblasts 

(33,34) and suggest that iron may not significantly regulate ALAS2 in this disease state.  Iron-

dependent FECH activity is also unaffected in these cells (29).  We therefore postulate that 

itaconate plays a significant role in ACD by inhibiting ALAS2 catalysis in the bone marrow 

during an inflammatory response. 

Additional data also support many of the previously substantiated effects of itaconate on 

glycolysis (51), B12 metabolism (55,57), and the TCA cycle (39,41,42) in other tissues (Figure 

S7).  For example, we see increases in compounds such as inositol as well as products of the 

pentose phosphate and serine-glycine synthesis pathways, possibly due to allosteric inhibition of 

PFK2 (51).  Elevated levels of aliphatic amino acids (e.g., valine), odd-chain fatty acids (e.g., 
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heptadecanoic acid), and propionyl-CoA metabolites suggest that itaconyl-CoA compromises B12 

constitution in erythroblasts and irreversibly inhibits the MUT enzyme as seen in adipocytes and 

immunoactivated macrophages (55,57).  In addition to succinyl-CoA, elevations in succinate and 

fumarate were also observed with itaconate treatment.  It is tempting to postulate that succinate 

accumulation is caused by itaconate-driven inhibition of SDH and accounts for succinyl-CoA 

production via the reverse SCS reaction.  However, this does not justify the increase in fumarate.  

We also demonstrated in vitro that itaconate inhibits reverse SCS activity and is not converted to 

itaconyl-CoA by SCS as proposed by others (52-54).  Instead, bioinformatic and immunoblotting 

data suggest that exogenous itaconate is derivatized to itaconyl-CoA by SUGCT in red cell 

progenitors.  Additionally, we now know that succinate contributes very little to the supply of 

heme carbon during erythroid differentiation and that succinyl-CoA used for heme synthesis is 

supplied primarily through a separate pool of KGDH acting outside of the TCA cycle (58).  

ALAS2 inhibition thus provides a valid explanation for both increased succinyl-CoA and 

decreased porphyrin synthesis when erythroid precursors are exposed to itaconate.  

Despite the many findings of this study, additional questions regarding the impacts of 

itaconate in vivo remain.  For instance, erythroblast and macrophage studies here were limited to 

immortalized cell lines.  While investigation of itaconate effects in immune-stimulated EBI 

cultures would be ideal, colonization of these cells while maintaining their in vivo integrity is not 

straightforward (85,86).  The differentiation of murine Ter119+ or human CD34+ erythroid 

precursors in co-cultures with LPS-stimulated BMDMs or CD14+-derived M2c-like cells (87), 

respectively, would be a logical next step to improve our understanding of itaconate in this 

complex system.  Current knowledge of itaconate transport is limited to mitochondrial succinate, 

-ketoglutarate, and citrate carriers from the SLC25 family (47).  The corresponding plasma-
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membrane SLC13 transporters are not expressed in MEL cells (73) or EPO-induced CD34+ cells 

(74), and so additional means of itaconate cell entry necessitate exploration.  As our data from 

EPO-induced TF1 cell experiments indicate, the cell-surface succinate receptor SUCNR1 

previously investigated during hematopoiesis (72) also merits further attention.  Additionally, the 

contributions of SCS, SUGCT, or other CoA transferases such as malonyl-CoA synthetase (88) 

to the synthesis of itaconyl-CoA in developing red cells are unknown.  Protein complexes in the 

TCA cycle (89), glycolysis (90), fatty acid oxidation (91), and heme synthesis (63), may also be 

involved in itaconate metabolism and should be explored, including the well-established 

ALAS2-SUCLA2 interaction (24,92).   

Finally, the precise mechanism of ALAS2 enzyme modulation by itaconate and the 

therapeutic benefits of this immunometabolite are yet to be elucidated.  We have recently 

crystallized hsALAS2 and have proposed an autoinhibitory mechanism for the eukaryotic-

specific C-terminal extension (27) that may be impacted by itaconyl-CoA.  Surface plasmon 

resonance (SPR) and bilayer interferometry (BLI) experiments are currently under way to 

precisely characterize the binding of itaconyl-CoA to ALAS2.  Itaconate cysteine residue 

alkylation (i.e., itaconylation) has been demonstrated in macrophages (47) and should thus be 

examined in ALAS2 and its associated protein complexes.  Importantly, ALAS2 is a valuable 

drug target under conditions where cytotoxic porphyrins accumulate.  Tissue-specific delivery of 

itaconate to the erythroid compartment could potentially serve to mitigate porphyrin synthesis in 

diseases such as XLP or cancer patients prescribed kinase inhibitors known to inhibit FECH and 

elicit porphyria symptoms (93). 
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4.6  Figures 

 

Figure 1.  Heme biosynthesis and the erythroblastic island.  The terminal steps of 

erythropoiesis occur while erythroblasts are closely associated with a central macrophage via β 

integrins, vascular cell adhesion protein 1 (VCAM1), erythroblast macrophage protein (EMP), 

and intercellular adhesion molecule 4 (ICAM4).  Heme synthesis in this context is fully activated 

by the basophilic erythroblast (BasoEB) stage of development.  Other abbreviations:  HSC = 

hematopoietic stem cell, CFU-E = colony forming unit-erythroid, ProEB = proerythroblast, 

PolyEB = polychromatic erythroblast, OrthoEB = orthochromatic erythroblast, SCoA = succinyl-

CoA, ALAS2 = aminolevulinic acid synthase 2, PBGS = porphobilinogen synthase, HMBS = 

hydroxymethylbilane synthase, UROS = uroporphyrinogen III synthase, UROD = URO 

decarboxylase, CPOX = coproporphyrinogen III oxidase, PPOX = protoporphyrinogen oxidase, 

PPIX = protoporphyrin IX, FECH = ferrochelatase.  Heme synthesis enzymes are in bold. 
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Figure 2.  Itaconate and succinate with CoA derivatives.  Molecular structures of itaconate 

(A) and its analog succinate (B) and their respective CoA derivatives itaconyl-CoA (C) and 

succinyl-CoA (D).  The itaconyl-CoA isomer shown is the biologically active form, 3-

methylenesuccinic acid. 
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Figure 3.  Porphyrin and heme analysis of MEL cells treated with itaconate.  Heme (A), 

protoporphyrin IX (B), and intermediate carboxylated porphyrins (C,D) were determined by 

HPLC per mass of protein input for wild-type MEL cells differentiated in DMSO media for 72 h.  

Relative fluorescence of cyclic porphyrins in media from MEL cell cultures overexpressing 

hsALAS2 over 72 h without DMSO induction (E).  Itaconate concentrations were 2.5 mM in all 

experiments shown here.  Specific experimental conditions are provided in the Material and 

Methods section.  Bars represent means ± one SD (n=3-4 biological replicates as indicated).  

Multiple t-tests combined with Bonferroni analysis produced p-values < 0.01 for all PBS vs. 

itaconate comparisons shown. 
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Figure 4.  LC-MS analysis of metabolites from differentiating MEL cells treated with 

labeled itaconate.  MEL cultures were induced with DMSO and treated with PBS or 1 mM 

labeled itaconate for 72 h.  Select metabolites targeted by LC-MS analysis appear on the y-axes.  

Analyses were conducted as described in the Materials and Methods section. Bars represent 

means ± one SD (n=4 biological replicates).  ND = not detected. Multiple t-tests combined with 

Bonferroni analysis produced p-values < 0.01 for all PBS vs. 13C5-itaconate comparisons except 

PBS vs. (D) succinate (0.024) and (H) AMP (0.034).     
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Figure 5.  GC-MS metabolomic analysis of differentiating MEL cultures treated with 

unlabeled itaconate.  PLS-DA and associated VIP scores were determined from PCA data by 

MetaboAnalystR for MEL cells (A) and media (B) in cultures induced with DMSO and treated 

with PBS or 2.5 mM itaconate for 72 h.  Results are based on n=4 biological replicates for each 

sample set.   

 

 

 

 

 

 

 

 



 

251 

 

Figure 6.  Impacts of itaconate on SCS activity. Succinate but not itaconate at 10 mM 

concentrations is metabolized by pig heart SCS-GTP (SCS-G) (A) and recombinant SCS-ATP 

(SCS-A) (B).  Itaconate inhibits SCS-A (C) at the indicated ratios using 50 mM succinate in all 

reactions.  Summary bar plots represent mean rates of acyl-CoA formation at 225-235 nm.  The 

corresponding UV scans for (A) and (B) are provided in Figure S7.  Bars represent means and 

error bars = one SD (n=2-3 biological replicates). (A) Student’s t-test p-value = 0.0001; (C) one-

way ANOVA p-value = 0.0022 with Bonferroni post-hoc test p-values = 0.026, 0.0022, and 0.15 

(ns) for control vs. 1:200, control vs. 1:50, and 1:200 v. 1:50, respectively. 
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Figure 7.  SUGCT converts itaconate to itaconyl-CoA.  Human SUGCT is homologous to the 

Pseudomonas aeruginosa itaconyl-CoA transferase (PaIct) (A).  Black and gray boxes highlight 

identical residues and conservative substitutions, respectively.  Discontinuous HPLC assays 

demonstrated that SUGCT generates itaconyl-CoA from succinyl-CoA and itaconate in vitro (B).  

Immunoblotting of MEL mitochondria from cells treated with and without 2.5 mM itaconate and 

DMSO for 72 h (C).  MEL mitochondrial lysates were probed with anti-ALAS2, anti-FECH, and 

anti-SUGCT primary antibodies.  Specific conditions for the HPLC assays and immunoblotting 

are described in the Materials and Methods.  The HPLC chromatogram (B) and western blot (C) 

shown are representative of n=2 biological replicates. 
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Figure 8.  ALAS2 inhibition by itaconyl-CoA.  Kinetic progress curves (A) and Lineweaver-

Burk plot (B), indicating competitive inhibition of ALAS2 with Ki = 100 ± 20 M (mean ± SD) 

for itaconyl-CoA; Km = 10 ± 2 M (mean ± SD) for succinyl-CoA.  Reactions were conducted as 

described in the Materials and Methods (n=3 biological replicates from separate protein 

preparations). 
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Figure 9.  Model of the erythroblastic island during an inflammatory response.  IL6 

(interleukin 6), TNF (tumor necrosis factor-alpha), and IL1β (interleukin 1-beta) are 

proinflammatory cytokines; TLR4 = toll-like receptor 4, IFNGR = interferon-gamma (IFNγ) 

receptor, GSH = glutathione, NOS = nitric oxide synthase.  Specifics details and other 

abbreviations are provided in the main text. 
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4.7  Supplementary Information 

Supplemental Methods 

Cell lines 

TF1 hematopoietic cells (ATCC CRL-2003) were maintained in RPMI-1640 media 

containing 10% FBS, 2 mM glutamine, 1% pen-strep, and 5 ng/mL GM-CSF.  GM-CSF was 

replaced with 2 U/mL human erythropoietin (EPO) (Amgen) to induce erythroid differentiation.  

TF1 cultures were seeded at 1 x 105 cells/mL and differentiated for 4 days in the presence of 

itaconate, succinate, ALA, MEK inhibitor U0126, and/or SUCNR1 inhibitor compound 4c (gift 

of Xin Li). 

Cells from the adherent RAW264.7 (RAW) blood monocyte/macrophage line (ATCC 

TIB-71) were grown under the same conditions as uninduced MEL cells (see Materials and 

Methods in the main text), except that DMEM media containing 4 mM glutamine (Corning) was 

used instead of DMEM/F12 and 2 mM glutamine.  RAW cells were plated at 2 x 105 cells/cm2 

and treated with 100 ng/mL lipopolysaccharide (LPS) from E. coli (O111:B4) for 24 h to induce 

an inflammatory phenotype.  The RAW-conditioned media was then harvested and clarified by 

centrifugation and filtration before application to DMSO-induced MEL cells at 20% v/v as 

indicated. 

Spectrophotometric hemoglobin quantitation 

Cellular hemoglobinization of TF1 cells was measured as previously described (94) with 

modifications.  Briefly, 10 mL cultures were washed and concentrated in 1.2 mL PBS.  Cell 

counts (Scepter 2.0, EMD Millipore) were made on 1:50 dilutions of the PBS suspensions 

followed by hemoglobin quantitation of 1-mL samples on the RSM-CLARiTY (Olis) at 411 nm.  

The empirical Javorfi correction factor (95) was applied to account for the enhanced pathlength 
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of incident light through the turbid samples.  Corrected absorbance values were used in 

combination with a micromolar extinction coefficient of 0.291 to determine cellular hemoglobin 

levels. 

Recombinant ALAS assays 

Discontinuous colorimetric assays were carried out as described in the main text 

Materials and Methods section.  Continuous coupled assays (67) were also used as previously 

reported to determine whether itaconyl-CoA is an alternative ALAS2 substrate.  Coupled 

reactions were run in 300 L volumes containing 100 mM MOPS buffer, pH 6.8, 0.2 mM 

sodium pyruvate, 100 M PLP, 0.2 mM thiamine pyrophosphate, 0.2 mM NAD+, 10 mM MgCl2, 

1 mM DTT, and 0.12 U pyruvate dehydrogenase from porcine heart (Sigma). Recombinant 

hsALAS2 (0.5 M) was assayed in the presence of 500 M itaconyl-CoA or succinyl-CoA 

control.  Absorbance values for assays run without enzyme were subtracted from those obtained 

with enzyme to correct for nonenzymatic acyl-CoA hydrolysis during reactions.  A millimolar 

extinction coefficient of 6.22 was applied to determine the corrected rate of NADH and ALA 

production. 
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Supplemental Figures 

Supplemental Figure 1.  Hemoglobinization of erythroblast models treated with LPS-

activated macrophage media or itaconate.  MEL cells were differentiated with DMSO for 96 h 

in the presence of 100 ng/mL LPS or media from RAW264.7 cells pretreated with PBS (RAW) 

or 100 ng/mL LPS (RAW+LPS) for 24 h (A).  TF1 cells were induced with EPO for 96 h and 

treated with itaconate (itac) and/or ALA (B).  Experiments were carried out as described in the 

Supplemental Methods section.  Bars represent means (n=2-3 biological replicates) and error 

bars = one SD.   Two-way ANOVA analysis of (C):   p < 0.0001; Bonferroni post-hoc analysis:  

p < 0.001 for control vs. 20% RAW+LPS, LPS vs. 20% RAW+LPS, and 20% RAW vs. 20% 

RAW+LPS for relative Hb/cell (rest > 0.99) and p < 0.02 for all cell density comparisons except 

control vs. LPS (> 0.99). 
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Supplemental Figure 2.  Impacts of itaconate on SUCNR1 and MAPK/ERK signaling in 

TF1 cells.  Inhibition of hemoglobinization in EPO-induced TF1 cells by itaconate (itac) is 

rescued by SUCNR1 antagonist compound 4c (A) and MAPK/ERK pathway inhibitor U0126 

(B).  Cognate SUCRN1 substrate succinate (succ) was tested for comparison. Experimental 

details are described in the Supplemental Methods.  Bars represent means for n=2 biological 

replicates (A) or means ± one SD for n=3 (B).  Multiple t-tests were used to compare all groups 

in (B) with Bonferroni post-hoc tests:  p < 0.02 for all Hb/cell comparisons except control vs. 

itac+U0126 (0.079) and succ+U0126 (> 0.99) and succ vs. itac+succ (>0.99); p < 0.01 for all cell 

density comparisons except control vs. itac+U0126 (0.29) and succ+U0126 (> 0.99) and succ vs. 

itac+U0126 (0.38). 
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Supplemental Figure 3.  Volcano plots derived from GC-MS analysis of MEL cultures 

treated with itaconate.  Differential metabolite analysis for DMSO-induced MEL cells (A) and 

culture media (B) in the presence or absence of 2.5 mM itaconate over 72 h.  C1088 and C1475 

are hereto unidentified compounds.  Statistics were determined with MetaboAnalystR software, 

=0.01 with a minimum 2.0 fold-change (FC) on n=4 biological replicates per group.  
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Supplemental Figure 4.  Heat maps generated from GC-MS analysis of MEL cultures 

treated with itaconate.  DMSO-induced MEL cells (A) and culture media (B) in the presence of 

PBS or 2.5 mM itaconate over 72 h. Maps list the 25 most changed metabolites (Student’s t-test) 

between PBS- and itaconate-treated samples.  Analysis performed with MetaboAnalystR 

software on n=4 biological replicates.  Numbers at the head of columns indicate the replicate 

number. 
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Supplemental Figure 5.  SCS activities with succinate or itaconate as substrates.  

Recombinant SCS-ATP (SCS-A) and pig heart SCS-GTP (SCS-G) process the canonical 

substrate succinate (A, C) but not itaconate (B, D).  UV scans are representative of n=2-3 

biological replicates of reactions conducted as described in the Materials and Methods section. 
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Supplemental Figure 6.  ALAS activity assays with itaconate and itaconyl-CoA.  

Discontinuous assays (A) and continuous assays (B) for ALAS2 activity in the presence of 

itaconate and/or itaconyl-CoA with succinyl-CoA substrate as a control.  Reactions were 

prepared as described in the main text Materials and Methods and Supplemental Methods 

sections.  Bars represent means ± one SD (n=3 biological replicates).  (A) Multiple t-tests 

combined with Bonferroni analysis produced p-values < 0.0001 except for comparisons between 

groups with baseline activity (~0) or normal activity (~1). (B) Student’s t-test p-value = 0.0001.  
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Supplemental Figure 7.  Proposed scheme for itaconate metabolism in differentiating 

erythroblasts.  FBPase2 = fructose-2,6-bisphosphatase.  Other abbreviations are provided in the 

main text. 
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CHAPTER 5 

CONCLUDING REMARKS 

 

5.1  Heme Quantitation in Whole Red Cells and Their Progenitors 

 Accurate determination of heme levels in cells of the erythroid lineage is critical for 

clinical diagnosis as well as basic research of hematological disease states.  Patient heme levels 

have been reliably measured as hemoglobin using Drabkin’s method for many years (1,2), while 

approaches used in research settings have included radiolabeling with solvent extraction (3), 

pyridine hemochromagen assay (4), fluorescence analysis (5,6), and the current “gold standard” 

of high-performance liquid chromatography (HPLC) (7,8).  However, each of these methods 

requires sample destruction and processing with hazardous chemicals prior to the determination 

of heme.  

 Here we have presented a protocol from our lab (Chapter 2 and ref (9)) detailing the 

direct quantitation of heme and hemoglobin in turbid resuspensions of living erythrocyte 

precursors and mature red blood cells with the CLARiTY spectrophotometer (Olis).  Briefly, 

UV/visible light surrounding the heme Soret wavelengths is generated by a rapid-scanning 

monochromator (RSM) and converted to isotropic light that is subsequently altered only by 

sample absorption in an integrating cavity cuvette.  The fully diffused light remains trapped 

within the reflective confines of the cuvette until it encounters the exit port to the detector, 

therefore increasing the pathlength to several times the dimensions of the cuvette.  The enhanced 

pathlength is inversely related to the detected (apparent) sample absorbance, and this nonlinear 
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effect is corrected by converting the apparent absorbance to absorbance per centimeter with first 

principles (10). The resulting sensitivity of the CLARiTY is much superior to that of traditional 

transmission spectrophotometers.  Since there is no need for sample derivatization, accurate and 

precise heme measurements can be made using this method and combined with downstream 

analysis (e.g., immunoblotting). 

 

5.2  Erythroid-specific aminolevulinic acid synthase (ALAS2) 

 ALAS is found in photosynthetic bacteria and non-plant eukaryotes and operates as the 

rate-limiting enzyme of heme biosynthesis in the mitochondria of higher organisms (11).  Two 

distinct genes encode housekeeping ALAS1 and erythroid-specific ALAS2, on chromosome 3 

and the X-chromosome, respectively, in humans (12).  Though the catalytic and C-terminal 

domains of the human isozymes are largely conserved, the unstructured N-terminal domains 

containing mitochondrial targeting sequences (MTSs) are unique (13,14).  The complete 

structure of mammalian ALAS protein had remained elusive for decades, primarily due to the 

inability to prepare homogeneous recombinant protein with an intact C-terminal region that is 

missing in lower organisms.  Here (Chapter 3 and ref (15)) we present the crystal structure of 

human ALAS2 (hsALAS2) (PBD 6HRH, 2.3 Å resolution) and describe the autoinhibitory 

function of the eukaryotic-specific C-terminal (Ct)-extension therein, including molecular-level 

explanations for loss- and gain-of-function mutations that result in X-linked sideroblastic anemia 

(XLSA) and X-linked protoporphyria (XLP), respectively.   

 ALAS is a homodimeric enzyme that requires pyridoxal 5’-phosphate (PLP) as a cofactor 

and catalyzes the condensation of glycine and succinyl-CoA to yield ALA.  Earlier work in 

which the structure of Rhodobacter capsulatus ALAS was solved identified a conserved mobile 
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loop over the conserved ALAS active site that undergoes a conformational change to bind 

succinyl-CoA and release ALA product (16).  We now propose that the largely unstructured Ct-

extension of hsALAS2 includes a two-turn -helix (15) that provides conformational 

restriction on this active site loop via a salt-bridge network.  Engineered mutations of key 

residues substantiate our hypothesis that the open and closed conformations of ALAS2 are 

facilitated by disruption and formation of these salt bridge interactions, respectively.  Combined 

with data from molecular dynamics (MD) simulations, we believe that modulation of these 

interactions during the ALAS2 catalytic cycle are critical for both substrate binding and product 

release.  In XLSA, the characteristic missense mutations stabilize the closed 15-mobile loop 

state.  Oppositely, frameshift mutations in the Ct-extension associated with XLP result in loss of 

the 15 helix and the autoinhibitory mechanism that contributes to the closed conformational 

state.  An exception is the delG XLP mutant, in which the primary sequence is compromised 

downstream of the 15 helix.  Our kinetic data indicate that the delG enzyme is distinct from 

other XLP mutants in that it has enhanced catalytic specificities for both substrates. 

 Moving forward, we postulate that regulatory features of the ALAS2 Ct-extension are 

important in ALAS1 catalysis and may impact ALAS protein-protein interactions as well.  

Though the N-terminal domains of ALAS1 and ALAS2 are unique, the catalytic and C-terminal 

domains are similar.  ALAS1 maintains the 15 helix found in the Ct-extension of ALAS2.  

Unfortunately, ALAS1 has proven difficult to express using recombinant methods that are 

successful for ALAS2.  ALAS2 is distinct from ALAS1 in that it binds the ATP-specific 

succinyl-CoA synthetase (SCS) subunit (SUCLA2) (17), putatively within the Ct-extension (18).  

We have previously shown that SCS does not contribute significantly to the production of 

succinyl-CoA for erythroid heme synthesis (19), perhaps because ALAS2-SUCLA2 binding 
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stabilizes apo-ALAS2 early in terminal differentiation or prevents the formation of functional 

SCS enzyme.  The ALAS2-SUCLA2 interaction has also been found to be part of a larger heme 

synthesis metabolon (20) that includes the terminal pathway enzyme ferrochelatase (FECH).  

Thus some form of feedback loop may be in place and relevant to the ALAS2 Ct-extension.  In 

addition, the established interaction between ALAS2 and the AAA+ protease subunit CLPX 

(21,22), which enhances PLP loading of ALAS2, may also be relevant and should be 

investigated further. 

 Lastly, our structural studies may lead to drug discovery for the treatment of disorders in 

which cytotoxic porphyrins accumulate due to ALAS2 hyperactivity (XLP) or loss of enzyme 

function downstream of ALA synthesis found in other porphyrias.  Specifically, we have 

identified small-molecule fragments from crystallography-based screens proximal to the ALAS2 

Ct-extension that decrease ALAS2 activity in vitro.  While our findings to this point have been 

modest (i.e., significant impacts observed at millimolar fragment concentrations), chemical 

optimization of inhibitory fragments could generate products of pharmacological significance. 

  

5.3  Impact of Immunometabolite Itaconic Acid on Erythroid Heme Biosynthesis 

 Induction of mammalian erythroid heme biosynthesis is initiated with upregulation of 

ALAS2 synthesis during terminal erythropoiesis (23), when dozens of developing red cell 

precursors are intimately associated with a central macrophage in a bone marrow microniche 

known as an erythroblastic island (24).  It has been previously reported (25) that ALAS2 

deficiency contributes to chronic microcytic anemia observed in rheumatoid arthritis (RA) 

without an alteration in erythroblast iron supply or altered activity of iron-dependent 

ferrochelatase (FECH),  the final heme synthesis pathway enzyme.  Separately, bone marrow-
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derived macrophages (BMDMs) have been shown to produce millimolar quantities of the 

succinate analog itaconic acid (methylenesuccinic acid) and to secrete this compound at the 

outset of an innate immune response (26-28).  Itaconate has recently been reported to accumulate 

in the bronchial tissue during sepsis (28) and in the blood plasma of RA patients (29).  In an 

earlier study utilizing a technique to determine whole-cell hemoglobin (Chapter 2 and ref (9)), 

we found that itaconate diminishes hemoglobinization and that ALA rescues this effect in the 

erythroid compartment.  Here (Chapter 4) we have proposed that macrophage-derived itaconate 

is imported by differentiating red cell progenitors in erythroblastic islands and subsequently 

affects multiple metabolic pathways.  In particular, we have determined that heme is reduced at 

the point of ALAS2 catalysis. 

 We have cultured erythroid-differentiating murine erythroleukemia (MEL) cells in the 

presence of itaconate or itaconate-producing macrophage media and found that heme and 

intermediate porphyrin levels are significantly diminished in all cases. Metabolomic tracing data 

from these cells have revealed that itaconate is imported and converted to itaconyl-CoA during 

terminal differentiation.  We have also demonstrated that the reverse SCS reaction may not be a 

valid source of itaconyl-CoA as has been assumed about 50 years (30,31).  Instead, succinyl-

CoA:glutarate-CoA transferase (SUGCT), the mammalian homolog of the Pseudomonas 

aeruginosa itaconyl-CoA transferase (PaIct), is a putative source of endogenous itaconyl-CoA.  

SUGCT is expressed in MEL cells and is capable of synthesizing itaconyl-CoA from itaconate 

and glutaryl-CoA (32) or succinyl-CoA in vitro.   

 In addition to porphyrin deficiency and itaconyl-CoA accumulation in differentiating 

MEL cells, we have observed increases in the TCA-cycle metabolites succinate and succinyl-

CoA.  It is enticing to believe that itaconate inhibited succinate dehydrogenase (SDH) as 
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established elsewhere (33-35) and led to elevated succinate and subsequently succinyl-CoA by 

the reverse SCS reaction.  However, we have demonstrated that itaconate is an inhibitor of 

reverse SCS activity, pointing to the possibility that succinyl-CoA accumulation occurred at the 

point of ALAS2 catalysis.  Indeed, we have shown that itaconyl-CoA inhibits recombinant 

hsALAS2 activity without being utilized as an alternative substrate.   

Altogether, we provide evidence for a model in which heme synthesis occurring in the 

context of erythroblastic islands is attenuated at the level of ALA synthesis by the conversion of 

macrophage-derived itaconate to itaconyl-CoA within developing erythroblasts.  The impacts of 

this mechanism may be linked to anemia associated with chronic disorders such as RA, in which 

itaconate has been shown to accumulate systemically (29).  Further validation of this model will 

require experiments in a more physiologically-relevant context such as cultured erythroblastic 

islands and a comprehensive investigation of possible plasmalemmal itaconate transport 

mechanisms.  In addition, the potential impact of the succinate GPCR receptor (SUCNR1) merits 

attention, as SUCNR1 is expressed in some erythroid progenitors (36) and has been shown to be 

activated by itaconate (37).  Surface plasmon resonance (SPR) and bilayer interferometry (BLI) 

experiments are currently being conducted and will characterize the binding of itaconyl-CoA to 

recombinant hsALAS2 more precisely.  Our metabolomic data confirm other reports that 

itaconate impacts glycolysis (38) and B12 metabolism (39,40) in addition to heme synthesis.  

Thus, protein complexes reported along these pathways should also be explored in the presence 

of itaconate, including the effect of the ALAS2-SUCLA2 interaction.  Finally, ALAS2 is a 

valuable drug target under conditions where cytotoxic porphyrins accumulate.  As described for 

the small-molecule fragments identified in our ALAS2 structure study (Chapter 3), tissue-

specific delivery of itaconate to the erythroid compartment could potentially serve to mitigate 
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porphyrin synthesis in diseases such as XLP or other conditions known to elicit symptoms of 

porphyria. 

 

From analytical biochemistry to enzyme structure-function to cell culture, the studies 

described in this dissertation have probed and elucidated multiple aspects of erythroid heme 

synthesis in mammals.  Critically, we have begun to characterize the nature of intrinsic and 

extrinsic regulation of the first and rate-limiting pathway enzyme ALAS2 in the context of 

porphyria and inflammation.  Future studies will be focused on differentiating the molecular 

dynamics of wild-type and variant ALAS2 and the housekeeping ALAS1 enzyme.  Experiments 

will include the identification and interrogation of residue-specific ALAS protein interactions.  

The impacts of small-molecule inhibitors, including the immunometabolite itaconic acid, on 

ALAS activity will also be investigated in more relevant physiological contexts, with a keen eye 

on possible therapeutic applications. 
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