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Abstract

5-Aminolevulinate synthase is a homodimeric pyridoxal 5’-phosphate-dependent enzyme that
catalyzes the first step of the heme biosynthetic pathway in animals, fungi, and the a-subclass of the
photosynthetic purple bacteria. The reaction cycle involves condensation of glycine with succinyl-
coenzyme A toyield 5-aminolevulinate, carbon dioxide, and CoA. Mutations in the human erythroid-
specific aminolevulinate synthase gene are associated with the erythropoietic disorder X-linked
sideroblastic anemia. Recent kinetic and crystallographic data have facilitated an unprecedented
understanding of how this important enzyme produces 5-aminolevulinate, and suggest possible
directions for future research that may lead to treatments not only for X-linked sideroblastic anemia,
but also other diseases.
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INTRODUCTION

5-Aminolevulinate (ALA) is the universal precursor for all biologically synthesized
tetrapyrroles, including hemes, chlorophylls, cobalamin (vitamin B1,), siroheme, and
coenzyme F43q (5,18). In plants, archaea, and the vast majority of bacteria, ALA is produced
in three enzymatic steps from glutamate, while in animals, fungi, and the a-subclass of the
photosynthetic purple bacteria, ALA is produced in asingle step by 5-aminolevulinate synthase
(ALAS; E.C. 2.3.1.37) (16). This PLP-dependent enzyme functions as a homodimer and
converts glycine and succinyl-CoA into CoA, carbon dioxide, and ALA. The reaction
mechanism is highly unusual for a PLP-dependent enzyme; it involves both proton transfers
as well as a decarboxylation step at the amino acid a-carbon. ALAS catalyzes the rate-
determining step of porphyrin biosynthesis, and its overexpression leads to accumulation of
protoporphyrin 1X in vivo (55).

In eucaryotes, the ALAS mRNA is translated into a precursor protein containing an N-terminal
signal sequence that directs import across the mitochondrial membranes and into the inner
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mitochondrial matrix, where the signal sequence is removed and the citric acid cycle
intermediate succinyl-CoA is available as a substrate. This requirement for succinyl-CoA
metabolically associates heme biosynthesis with oxidative respiration, and represents a key
evolutionary branchpoint between plants and other eucaryotes (44). Vertebrate genomes
encode two highly conserved but differentially expressed ALAS genes, one for the ubiquitously
expressed housekeeping isoform (ALAS1) and the other for the erythroid-specific (ALAS2)
isoform (6). Mutations in the human ALAS?2 gene can result in X-linked sideroblastic anemia,
which is phenotypically characterized by iron accumulation within erythroblast mitochondria
(7,8,19). Approximately one-third of X-linked sideroblastic anemia patients are pyridoxine
responsive, and in these patients ALAS mutations are commonly observed in or near the PLP-
binding site (4). Recently it has been shown that genetic alterations can lead to overexpression
of ALAS? activity and cause a completely different disease, protoporphyria (55). The disease
states caused by under- or over-expression of ALAS2 emphasize the requirement for tight
regulatory control of enzyme activity.

STRUCTURAL FEATURES OF ALAS

ALAS is classified as a member of the a-family of PLP-dependent enzymes. These enzymes
require PLP as an obligatory cofactor and catalyze transformations of amino acids in which
the bonding rearrangements occur at the carbon atom adjacent to the amine that forms an
aldimine linkage to the cofactor (3). On the basis of amino acid sequence data, ALAS was
initially categorized as part of the aminotransferase fold-type | subfamily branch of the a-family
tree (9), but recent analyses based on crystallographic data indicate that ALAS is more
appropriately considered to be part of the fold-type Il subfamily branch (44). This subtle, but
important, distinction greatly increases the likelihood that ALAS evolved from glutamate-1-
semialdehyde aminotransferase, the PLP-dependent enzyme responsible for ALA synthesis in
all organisms not containing an ALAS gene, and thus identifies the evolutionary link between
the heme and chlorophyll biosynthetic pathways.

ALAS is most closely related to the other three members of the CoA-dependent
acetyltransferase, or a-oxoamine synthase, subfamily. These enzymes all catalyze reactions
involving small amino acids, CoA esters, and aminoketones, and although only four members
are known, the a-oxoamine synthases are collectively of tremendous biological significance,
because in addition to the important role of ALAS in heme biosynthesis, serine
palmitoyltransferase and 8-amino-7-oxononanoate synthase catalyze the key committed steps
of sphingolipid (24) and biotin synthesis (43), respectively.

Crystal structures of Rhodobacter capsulatus ALAS as the holoenzyme, and with glycine and
succinyl-CoA bound, have been solved (4). The solution of these structures has helped shed
unprecedented light on the enzymological properties of the enzyme, including the relative
positions of the substrates, cofactor, active site residues, and a conformationally mobile loop
of amino acids that closes over the active site in the substrate bound structures, all of which
are illustrated in Figure 1. The cofactor resides nearly 20A down an active site cleft formed at
the subunit interface, almost precisely in the center of the structure in a nearly non-aqueous
environment, which is presumably essential for preventing side reactions. Importantly, the 49%
sequence identity between the R. capsulatus enzyme and the catalytic core of human ALAS2
makes the R. capsulatus structures excellent models for detailed studies of mammalian ALAS,
as well as for predicting the relationships between human ALAS2 mutations and sideroblastic
anemia.

ALAS: AN ENZYME WITH A HISTORY

Our understanding of the broad features of ALAS reaction chemistry is founded upon the
inspired and even heroic efforts of a number of eminent scientists. Early work revolved around
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identifying the biological precursors to heme, which were eventually found to be the substrates
and product of ALAS. The bulk of this work was carried out in the laboratories of Shemin and
Neuberger, dating back to 1945, when Shemin, in the laboratory of Rittenberg, personally
synthesized and ingested 66 grams of 32.4% 15N-labeled glycine in order to follow the fate of
glycine in the body (34,35,45,47). This led to the discovery that glycine is utilized to synthesize
the four pyrrole rings of heme. Subsequent experiments using 14C-labeled acetate, which
Shemin did not ingest, led him to the remarkably prescient postulate that succinyl-CoA, which
was not even known to exist at the time, was the second substrate for heme biosynthesis (42,
46). This was followed a few years later by the discoveries that ALA was the key precursor to
heme and that enzymatic formation of ALA was observable in bacterial and avian extracts
(21,22,33,48). Work in Neuberger’s laboratory independently validated and extended these
discoveries (36,39,40).

Initially three reasonable reaction mechanisms were envisioned whereby ALAS might convert
glycine and succinyl-CoA into ALA, based upon the presumption that PLP was utilized as a
cofactor, and the recognition that the conversion essentially requires replacement of the
carboxyl group of glycine with a succinyl moiety (33) (Figure 2). Initial formation of an
aldimine linkage between glycine and PLP is followed by generation of a stabilized carbanion
that condenses with succinyl-CoA. The carbanion intermediate might arise either from loss of
carbon dioxide (Fig. 2A) or loss of a proton (Fig. 2B). Loss of carbon dioxide would lead to
ALA directly (path 1), whereas loss of a proton would lead to an a-amino-p-ketoadipic acid
intermediate, a molecule that could either be decarboxylated enzymatically (path 2) or
spontaneously in solution to yield ALA (path 3).

Resolution of these uncertainties was accomplished in a series of brilliant radiolabeling
experiments led by Jordan and Akhtar (2). The stereospecifically tritiated pro-R and pro-S
enantiomers of glycine were synthesized enzymatically and utilized to conclusively
demonstrate that ALAS catalyzes removal of the pro-R proton of glycine, supporting the
existence of an enzyme bound a-amino-B-ketoadipic acid intermediate in the reaction sequence
(31,57). Determination of whether or not this intermediate is enzymatically decarboxylated to
yield ALA proved even more challenging, however, due to the high degree of difficulty in
isolating and determining the absolute stereochemistry of the protons at carbon-5 in the product.
In an extraordinary technical achievement it was discovered that the pro-S proton of glycine
is found in the pro-S position of ALA, indicating that decarboxylation of the intermediate must
occur enzymatically, since if it had occurred free in solution this position would have been
found to be racemic (1).

These findings were solidified and expanded upon by purification of the enzyme from multiple
sources (13,54,56), ultimately confirming PLP as an enzyme bound cofactor (13,37) and
allowing utilization of steady-state kinetics to demonstrate that the reaction mechanism is
ordered, with glycine binding before succinyl-CoA, and ALA released last (12,38). The
recently solved crystal structures, wherein the active site is at the bottom of a deeply recessed
cleft that is occluded upon binding of succinyl-CoA, provide a beautiful structural verification
of these kinetic findings (4). Nandi confirmed the reversibility of the ALAS reaction by
utilizing the dangerously volatile compound [*4C]-sodium bicarbonate along with ALA and
CoA to generate radiolabelled glycine, and he was also the first person to observe a quinonoid
intermediate absorption band in spectrum of the purified enzyme with substrates (38).

With the advent of molecular cloning technologies, the stage was set for isolation of large
quantities of recombinant ALAS for even more detailed characterization (14). In the absence
of a crystal structure, identification of the active site lysine residue, that covalently binds the
cofactor in the absence of substrates, was used as a starting point to construct a rudimentary,
but surprisingly, accurate model for the ALAS active site, based on the known three
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dimensional structure of aspartate aminotransferase (15,23). Several key active site residues
involved in cofactor and substrate binding, and catalysis, were correctly identified and
characterized using site-directed mutagenesis (23,27,49,51). These studies were facilitated by
development of a simple continuous activity assay and observation of a spectroscopically stable
quinonoid intermediate in the presence of ALA (26,27). Initial pre-steady state kinetic studies
revealed that ALA release is rate-determining for the reaction cycle and led to the postulate
that conformational changes were associated with substrate binding and product release,
possibly even determining the rates of chemical events at the active site (28). The existence of
catalytically important conformational changes was initially suggested primarily by the
observation that the rate at which glycine, the first substrate, forms an external aldimine with
PLP is accelerated by at least two orders of magnitude in the presence of the second substrate,
succinyl-CoA, and on the difficulty in reasonably assigning the very slow release of ALA from
the enzyme to a chemical event.

A VERY UNUSUAL PLP-DEPENDENT ENZYME

The reaction mechanism of ALAS is highly unusual for a PLP-dependent enzyme. Nearly all
a-family PLP enzymes catalyze cleavage of a single a-carbon substrate bond during the
reaction cycle, but ALAS cleaves two. Of the more than 140 distinct PLP-dependent enzymes
known (41), we are aware of only three other PLP-enzymes that catalyze cleavage of two a-
carbon bonds as part of a normal reaction cycle: 8-amino-7-oxononanoate synthase, serine
palmitoyltransferase, and dialkylglycine decarboxylase. The first two of these enzymes are a-
oxoamine synthases and catalyze reactions analogous to ALAS, while dialkylglycine
decarboxylase is a related enzyme that catalyzes a ping-pong reaction mechanism involving
transamination and decarboxylation half-reactions (44,52). An explanation of why cleavage
of two amino acid substrate a-carbon bonds is so rare requires a brief discussion of PLP
biochemistry.

PLP-dependent reactions involving amino acids are initiated by formation of a covalent bond
between the cofactor and the substrate amine to form a common intermediate known as an
external aldimine (11,25,30). From the external aldimine several reaction pathways are
possible for a-family enzymes, including transamination, decarboxylation, racemization, and
elimination and replacement of electrophilic amino acid R-groups. Interestingly, a single
unifying principle underlies all of these reactions: the cofactor stabilizes negative charge at the
amino acid substrate a-carbon. The bonds to this carbon atom are labile in the external aldimine
because bonding electrons can delocalize into the pi system of the cofactor, forming what is
referred to as a quinonoid intermediate. This brings up the question as to how nature can
accurately discriminate amongst a variety of different reactions which are all based on a
common chemical property. For example, how does a transaminase prevent decarboxylation
or racemization from occurring? The answer to this vital biological question was provided by
Dunathan, and is simply that the bonds about the substrate a-carbon in the external aldimine
are not all equally labile (Figure 3) (10). The lability of the bonds depends upon their
stereoelectronic relationship to the planar cofactor pi system. Effective cleavage only occurs
for a bond that is aligned perpendicular to the plane of the PLP-aldimine conjugated system.
This stereoelectronic relationship most closely aligns the sigma orbitals of the target bond with
the pi orbitals of the cofactor, and since these orbitals must overlap and rehybridize during the
bond cleavage step, this orientation favors cleavage over the other a-carbon bonds, by a factor
estimated to be about a million-fold (17,53). Thus, binding interactions between the enzyme
and the external aldimine complex orient the target bond perpendicular to the plane of the
cofactor. Cleavage of more than one bond during a reaction cycle implies some intermediate
torsion about the a-carbon bond, an alternate reaction pathway, or that Dunathan’s hypothesis
is not entirely correct. Without direct evidence for any of these possibilities there was obviously
a gap in our understanding of the ALAS reaction mechanism.
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The R. capsulatus ALAS crystal structure with glycine bound clearly indicates that the pro-
R proton of glycine is oriented perpendicular to the plane of the cofactor ring, and points
towards the active site lysine residue that removes this proton prior to condensation with
succinyl-CoA, in perfect agreement with Dunathan’s hypothesis (4). Condensation with
succinyl-CoA at the opposite face of the cofactor and expulsion of CoA leaves the bound a-
amino-B-keto adipate intermediate, as modeled in Figure 1D (29). This structure predicts that
the original carboxyl group of glycine, which is subsequently lost as carbon dioxide, producing
an ALA-bound quinonoid intermediate (27), is only 30° out of the cofactor plane rather than
the 90° theoretically required to use the cofactor as an electron sink. This discrepancy
stimulated a detailed re-evaluation of the ALAS reaction mechanism involving extensive pre-
steady state kinetic experimentation, the results of which benefitted from interpretation within
the context of the crystal structures (29).

The pH-dependence of the individual steps of quinonoid intermediate formation and decay
provide a deeper understanding of the subtleties of the ALAS reaction mechanism. Reaction
of the substrates with ALAS results in a spectroscopically observable quinonoid intermediate
on a time frame coincident with decarboxylation; the earlier reaction steps occurring too
quickly to be observed using traditional stopped-flow spectroscopy (16,59). Formation of the
quinonoid intermediate is acid-catalyzed with an apparent pK, of 7.7, from which it has been
concluded that histidine-207, located directly above the PLP ring in Figure 1D, acts as a general
acid to promote decarboxylation through the substrate carbonyl, as depicted in Figure 4 step
V-VI. ALAS therefore does not violate the stereoelectronic control hypothesis because the
decarboxylation step does not directly utilize the PLP cofactor as an electron sink. Instead it
is the enol (V1) that is in equilibrium with the observed quinonoid intermediate (VIb; electron
movements 2), as well as the ALA-bound external aldimine (VII; electron movements 1), the
latter of which releases ALA to complete the reaction sequence. The involvement of the enol
(V1) in forming the quinonoid in the reverse reaction direction also explains why no quinonoid
intermediate is observed upon reaction of the enzyme with ALA analogs devoid of the carbonyl
functional group (59). The hydrogen bonding network depicted in Figure 1D spans four
conserved amino acid residues bridging the carbonyl group and cofactor ring nitrogen electron
sinks, and provides a structural rationale for suggesting an enol-quinonoid intermediate
equilibrium may be a central feature in the evolution of ALAS and other a-oxoamine synthases.

Quinonoid intermediate decay in single-turnover pH experiments occurs in two kinetic steps,
the first of which is acid-catalyzed with an apparent pK, of 8.1, a value identical to that obtained
by lysine-313-dependent pH titration of the ALAS-ALA complex (27). This step was therefore
assigned to protonation of the enol (V1) by lysine-313, which would quench the quinonoid
absorbance to form the cofactor-bound product (V11). Another revealing observation supports
the assignments for quinonoid intermediate formation and decay. When glycine is replaced by
deuteroglycine in single-turnover experiments there is no kinetic isotope effect observed on
quinonoid intermediate formation, again consistent with this step reflecting the
decarboxylation, but there is a small yet measurable effect (ky/kp = 1.26 + 0.02) on the first
step of quinonoid intermediate decay. This rather remarkable result may be interpreted as not
only indicating that the first step of quinonoid intermediate decay represents a protonation step,
but also that in a significant proportion of turnovers the proton removed from the pro-R position
of glycine at the beginning of the reaction cycle is returned to the corresponding pro-R position
of ALA. The active site lysine, observable at the bottom of Figure 1D, is deeply recessed within
the active site at the center of the structure and below the cofactor, in a position suggesting a
high degree of solvent exclusion. This and the small magnitude of the kinetic isotope effect
support the possibility of partial proton conservation, and provide yet another illustration of
the high degree of orchestration involved in ALAS reaction chemistry. The second step of
quinonoid decay, which is pH-independent and represents the slowest step of the reaction cycle,
must therefore reflect ALA release, and has been assigned to opening of the active site loop,
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which allows ALA to dissociate from the active site. Recently, this assignment has been
supported by using protein fluorescence stopped-flow spectroscopy to resolve the on and off
rates for ALA binding to murine ALAS2. These experiments verify that the changes in
tryptophan fluorescence associated with ALA release are equivalent to ke, determined in
separate steady-state kinetic experiments (data not shown).

Beyond the mechanistic details revealed by these studies, two important points emerge. First,
the quinonoid intermediate that has proven central to our expanded understanding of the
reaction mechanism is not itself directly on the reaction pathway! In fact, we have recently
isolated a poorly active murine ALAS2 point mutant (R85L) involved in hydrogen bonding
the carboxylate tail of succinyl-CoA that does not form any discernible quinonoid intermediate
(T. Lendrihas and G. C. Ferreira, unpublished observations). Second and more importantly,
the reaction cycle is believed to be kinetically limited by a conformational change associated
with product release. This assignment is extremely noteworthy because ALAS activity limits
the rate of protoporphyrin 1X production, meaning that this conformational change would not
only control the rate of ALA production, but also control flux through the entire porphyrin
biosynthetic pathway. It also suggests that allosteric effectors may exist that bind ALAS and
modulate activity by perturbing the conformational equilibrium associated with product
release. It has already been observed that a conservative mutation in the active site loop (R433K
in murine ALAS?) increases the catalytic rate two-fold (51), and linking the two subunits to
construct a monomeric enzyme increases the catalytic rate five-fold (58). These findings
support the possibility that ALAS activity could be up-regulated in vivo by one or more as yet
undiscovered allosteric effectors. Good candidates include succinyl-CoA synthetase, iron, and
porphyrins.

SUMMARY AND FUTURE DIRECTIONS

Several important findings now bring our understanding of ALAS to an unprecedented level.
Combined kinetic and structural data strongly suggest that while the reaction chemistry is
unusually complex, the kinetics of ALA formation are dominated by conformational flexibility
of an active site loop located near the carboxy-terminus. This hypothesis should be verified in
a rigorous fashion due its impact on heme biosynthesis, sideroblastic anemia, and
protoporphyria. The possibility that the active site loop is a hot spot for mutations conferring
hyperactivity could lead to enzyme variants with applications in photodynamic therapy of
cancers and other diseases (20,32).

Abbreviations

ALA 5-aminolevulinate
ALAS 5-aminolevulinate synthase
PLP pyridoxal 5’-phosphate
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Figure 1. Structural features of the ALAS catalytic core

A and B: side and top views, respectively, illustrating the dimeric structure, the position of the
active site at the subunit interface (50), and the substrates. Note that the cofactor is almost
exactly at the center of the structure. The conformationally mobile active site loop is colored
light brown. C: Monomeric surface structure from the perspective of the adjacent subunit with
PLP-glycine external aldimine (with yellow carbons) and succinyl-CoA (with white carbons)
bound. Open and closed conformations of the active site loop are in red. D: Structural model
for hydrogen bonding interactions with the PLP-bound a-amino-B-ketoadipate intermediate.
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Figure 2. Early hypothetical ALAS reaction mechanisms
See text for details.
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Figure 3. Stereoelectronic control of PLP-dependent reaction specificity

The carbon-hydrogen bond most closely aligned with the z-orbitals of the cofactor, which is
colored green, is approximately a million-fold more labilie than the bonds, which are colored
in red.
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Figure 4. Current understanding of the ALAS reaction mechanism

Ironically, the spectroscopically visible quinonoid intermediate so central to elucidating the
details of the reaction mechanism (V1b) is not directly on the reaction pathway. (See text for
details.)

Cell Mol Biol (Noisy-le-grand). Author manuscript; available in PMC 2010 May 5.



