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Background: 5-Aminolevulinate synthase (ALAS) catalyzes the initial step of mammalian heme biosynthesis.
Results: N150H and N150F mutations significantly reduced the rate of quinonoid intermediate formation in the forward

direction, while increasing the reverse reaction rate.

Conclusion: Asn-150 is essential for establishing a catalytic balance between the forward and reverse reactions.
Significance: This is the first report of an ALAS region modulating the ALA synthesis-breakdown balance.

5-Aminolevulinate synthase (ALAS) catalyzes the first step in
mammalian heme biosynthesis, the pyridoxal 5’-phosphate
(PLP)-dependent and reversible reaction between glycine and
succinyl-CoA to generate CoA, CO,, and 5-aminolevulinate
(ALA). Apart from coordinating the positioning of succinyl-
CoA, Rhodobacter capsulatus ALAS Asn-85 has a proposed role
in regulating the opening of an active site channel. Here, we
constructed a library of murine erythroid ALAS variants with
substitutions at the position occupied by the analogous bacterial
asparagine, screened for ALAS function, and characterized the
catalytic properties of the N150H and N150F variants. Quinon-
oid intermediate formation occurred with a significantly
reduced rate for either the N150H- or N150F-catalyzed conden-
sation of glycine with succinyl-CoA during a single turnover.
The introduced mutations caused modifications in the ALAS
active site such that the resulting variants tipped the balance
between the forward- and reverse-catalyzed reactions.
Although wild-type ALAS catalyzes the conversion of ALA into
the quinonoid intermediate at a rate 6.3-fold slower than the
formation of the same quinonoid intermediate from glycine and
succinyl-CoA, the N150F variant catalyzes the forward reaction
at a mere 1.2-fold faster rate than that of the reverse reaction,
and the N150H variant reverses the rate values with a 1.7-fold
faster rate for the reverse reaction than that for the forward
reaction. We conclude that the evolutionary selection of Asn-
150 was significant for optimizing the forward enzymatic reac-
tion at the expense of the reverse, thus ensuring that ALA is
predominantly available for heme biosynthesis.

5-Aminolevulinate synthase (ALAS),? a homodimeric, pyri-
doxal 5’-phosphate (PLP)-dependent enzyme, catalyzes the
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first and regulatory step in mammalian heme biosynthesis,
which is the condensation between glycine and succinyl-CoA
to generate coenzyme A (CoA), CO,, and 5-aminolevulinate
(ALA) (1, 2). The active site of ALAS, like that of other fold type
I PLP-dependent enzymes (3), is located at the dimeric inter-
face and is composed of amino acids from the individual sub-
units (4). Loss-of-function and gain-of-function mutations in
the erythroid-specific ALAS gene (ALAS2) result in X-linked
sideroblastic anemia (XLSA) and X-linked protoporphyria
(XLPP), respectively (5-7), suggesting that the rate of ALA syn-
thesis is a closely regulated physiological process.

The postulated reaction mechanism for the ALAS-catalyzed
reaction is shown in Scheme 1. Two carbanions, termed qui-
nonoid intermediates (with an absorption ata A, ~510 nm),
are generated during the ALAS catalytic cycle for the conden-
sation of glycine and succinyl-CoA (8 —14). An initial quinonoid
intermediate is formed upon removal of the pro-R proton from
the glycine-external aldimine complex (Scheme 1, III) (8 -10),
and a second quinonoid intermediate (henceforth referred to as
quinonoid intermediate II (Scheme 1, VII)) results from the
decarboxylation of the 2-amino-3-ketoadipate condensation
intermediate (11-13). The generated enol, which is in rapid
equilibrium with the quinonoid intermediate II, is then proto-
nated to yield the ALA-external aldimine (Scheme 1, VIII) (13).
Release of ALA from the active site, guided by conformational
transitions, represents the final and rate-limiting step of the
catalytic cycle (11-13). Because the ALAS-catalyzed reaction is
reversible (8) and the quinonoid intermediate II is also gener-
ated upon removal of the C5 proton of ALA during the reverse
reaction (9, 11, 12, 14), the active site of ALAS must have
evolved to minimize the non-productive transformation of
ALA into the quinonoid intermediate II. However, the active
site region responsible for minimizing this non-productive
transformation remains unknown.

ALAS belongs to the a-oxoamine synthase (AOS) family of
PLP-dependent enzymes, whose members catalyze a conden-

phate; AOS, a-oxoamine synthase; AONS, 8-amino-7-oxononanoate syn-
thase; SPT, serine palmitoyltransferase; PDB, Protein Data Bank; KBL,
2-amino-3-ketobutyrate-CoA ligase.

SASBMB

VOLUME 290-NUMBER 52 -DECEMBER 25, 2015


http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.655399&domain=pdf&date_stamp=2015-10-28

Aminolevulinate Synthase, Asn-150, and Catalytic Balance

) O
O +
NH3 External Aldimine II K313 External Aldimine I
N+
@) “H
ALA fo) K313 ALA R o Glycine K§_1~3
“ooc ~2 H ~ H
e % | Hpee o
| N \ !
N N""CH, 4
7~ "H I-II :5 H
R o} i R o .
' | U 0 | Succinyl-CoA
H‘\/,/ SV cH Internal Aldimine ‘:\f CH
H207 H H ) H
4
_ o’S‘ K313H* (v (n -
000 ¢ {/ i He cf;)lLo‘
Nt Glycine + Succinyl-CoA & CoA + CO,+ ALA IN:
Enol - H_ V "
-~ 9 R o}
< &)
N cHy t;l CHy
H \\ H
(V1) D\ )
0y H207H*
“ OD 5 CohS o o Quinonoid Intermediate I
“ooc._~+H -0oc._* riH
\/\c\é/u\? 22 \/\c\é)']\ -
H207H" / . 9
voc_-3 2 2
e H ; — -
CC‘/ R = (o] (7\_ R 7 (o]
N: ~ +| CoAS ~ +|
0 H N~ “CH, N "CHy
R o M !
A | ) w
N~ CHs 2-Amino-3-Ketoadipate Condensation Intermediate
H
)

Quinonoid Intermediate 11

SCHEME 1. Postulated mechanistic cycle for the mALAS2-catalyzed reaction.

sation between an amino acid substrate and acyl-CoA (1). The
AQS family also includes 8-amino-7-oxononanoate synthase
(AONS) (15, 16), serine palmitoyltransferase (SPT) (17-20),
and 2-amino-3-ketobutyrate-CoA ligase (KBL) (21), which,
respectively, participate in biotin and sphingolipid biosynthe-
sis, and threonine catabolism. Two other enzymes, CqsA and
LgsA (22-24), involved in quorum sensing, have also been
recently grouped in the AOS family. Even though ALAS shares
a conserved fold and catalytic mechanism with the other AOS
enzymes (except for KBL, which only catalyzes substrate con-
densation, without the subsequent decarboxylation of the keto
acid (21)), the enzyme shows strict specificity for glycine (9, 10,
25), and thus cannot utilize the physiological amino acid sub-
strates of AONS (L-alanine) and SPT (L-serine) (15, 17). This
specificity toward glycine stems in part from the positioning of
an active site threonine (Thr-83 in Rhodobacter capsulatus
ALAS; Thr-148 in murine erythroid ALAS (abbreviated as
mALAS2)) (9, 10, 25), which is located in a glycine-rich stretch
from the opposite monomer (R. capsulatus ALAS amino acids
77'-89"). Interestingly, during the formation of the L-serine
(or L-threonine)® external aldimine, hysteretic behavior is

3 B. M. Stojanovski and G. C. Ferreira, unpublished data.

SASBMB

DECEMBER 25, 2015 +VOLUME 290-NUMBER 52

observed, as monitored in the kinetic trace of the wild-type
ALAS reaction but not in that of the substrate-promiscuous
T148A variant (9). These findings implicate that steric con-
straints imposed by the active site of wild-type ALAS contrib-
ute toward the amino acid substrate specificity.

Recently, we have identified an alternative channel in R. cap-
sulatus ALAS that serves as a potential path for the entry of
glycine into the active site and/or the exit of ALA from the
active site (Fig. 1) (9). The architecture of this channel is shaped
by amino acids from the C-terminal (i.e. R. capsulatus ALAS
amino acids 337-352) and N-terminal (i.e. R. capsulatus ALAS
amino acids 1-24) domains of one monomer and by the gly-
cine-rich stretch from the opposite monomer (i.e. R. capsulatus
ALAS amino acids 77'—89’) (Fig. 1), which, as discussed above,
is important in defining the amino acid substrate specificity (9,
10, 25). Asn-85" (Asn-150" of mALAS2) of this glycine-rich
stretch appears to play a particularly important role in mediat-
ing the opening and closing of this channel. Upon careful anal-
ysis of the crystal structure of R. capsulatus ALAS (26), we
observed that, in the closed conformation, Asn-85' is within an
H-bond distance with GIn-359 of the flexible active site loop
(GIn-424 of mALAS?2; the distance between Asn-85'/0°! from
chain A and GIn-359/N<! from chain B is 2.5 A (Fig. 2)). Inter-
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FIGURE 1. Alternative channel leading to the active site of R. capsulatus
ALAS in the open (A) and closed (B) conformations. In the closed confor-
mation, the repositioning of the side chain of Asn-85’ (yellow sticks) results in
closure of the channel. The N-terminal domain is shown in cyan, the catalytic
domain in gray, and the C-terminal domain in magenta, and the opposite
monomer is shown in yellow. The image was created by aligning the A and B
monomers of PDB code 2BWN with those of 2BWO using PyMOL.

FIGURE 2. Side chain of Asn-85’ becomes reoriented during the closed
(cyan) to open (gray) conformational transition in R. capsulatus ALAS. In
the closed conformation (PDB code 2BWO), the distance between Asn-85"/
0°' from chain A and GIn-359/N¢' from chain B is 2.5 A. In the open confor-
mation (PDB code 2BWN), the distance increases to 5.3 A. Asn-85" in R. capsu-
latus ALAS corresponds to Asn-150" in mALAS2. Succinyl-CoA is shown in
magenta. The image was created by aligning the A and B monomers of PDB
code 2BWN with those of 2BWO using PyMOL.

action between these amino acids promotes closure of the
channel. In contrast, when ALAS reverts to the open conforma-
tion, this interaction is disrupted, and the side chain of Asn-85’
is reoriented away from the active site loop, which, in turn,
results in opening of the channel (Fig. 2). Apart from gating the
active site from the solvent, Asn-85" also plays a vital role in
positioning the carboxyl group of succinyl-CoA (Fig. 2) (10, 26).
Moreover, once condensation with glycine occurs, the succi-
nyl-derived carboxyl group of the resulting 2-amino-3-ketoadi-
pate intermediate is expected to retain the interaction with
Asn-85', implicating an additional role of this amino acid in
catalytic steps subsequent to condensation (i.e. in reaction steps
after intermediate IV of Scheme 1).

Based on the postulated catalytic importance of this invariant
asparagine, we created a small library of variants targeting Asn-
150 of mALAS2 and characterized the catalytic properties of
the N150H and N150F variants. These variants were selected,
to a great extent, because in other AOS enzymes Asn-150 is
substituted by a histidine or a phenylalanine. Our results,
derived from steady- and pre-steady-state kinetic analyses,
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indicate that evolutionary pressure favored the selection of
Asn-150 to optimize the forward reaction, at the expense of the
reverse reaction, thus endowing ALAS with selectivity toward
ALA production and ensuring that ALA is predominantly uti-
lized for heme biosynthesis.

Experimental Procedures

Reagents—The following reagents were obtained from
Fisher: glycine, potassium phosphate monobasic, potassium
phosphate dibasic, HEPES, glycerol, and sodium hydroxide. A
bicinchoninic acid assay kit was from Thermo Scientific.
5-Aminolevulinate hydrochloride was from Acros Organics,
and pyridoxal 5’-phosphate, bovine serum albumin (BSA) stan-
dards, DEAE-resin, and ACA-44 ultrogel were from Sigma.

Construction of Library of Variants—Mutations at positions
Thr-148 and Asn-150 were introduced simultaneously using
combinatorial active site saturation test (27). The strategy used
for designing the library of constructs was similar to those pre-
viously described (28, 29). Staggered oligomers with 15 comple-
mentary oligonucleotides were designed to span the wild-type
mALAS2 cDNA sequence between the Kpnl and AvrlI restric-
tion sites. The forward oligomer with the Kpnl site contained
random nucleotides at positions 148 and 150 (5'-TGC TGG
TAC CTG AGA TVN NGC GWN NGC CCC CAG CTC CAG
CTC CAT GAT TCT TCA GGG T-3’), where N = 25% A +
25% C+25% G+ 25% T; V=33%A +33% G+ 33% C; W =
50% A + 50% T (mutated codons are underlined and the
sequence for the KpnlIsite is in italics). The mutagenic oligonu-
cleotides included the codons for all naturally occurring amino
acids at position Asn-150, whereas at Thr-148 only tryptophan
was excluded. Oligonucleotide B, previously described in Ref.
28, was used as the reverse oligomer. (See Ref. 28 for sequence
of oligonucleotide B.) An annealing reaction, with a final vol-
ume of 6 ul and containing 60 pmol of each oligonucleotide,
was incubated at 65°C for 2 min and slowly cooled down
to room temperature. The annealed oligonucleotides were
extended at room temperature for 20 min in a reaction contain-
ing 2.5 units of Vent polymerase, 33 um dNTPs mixtures, and
Vent reaction buffer. This double-stranded DNA served as
template for PCR amplification (temperature, duration, and
number of PCR cycles as in Ref. 28), and the resulting PCR
product was digested with Kpnl and AvrlII restriction endonu-
cleases and subcloned into a vector previously digested with the
same endonucleases.

Screening and Selection of Functional ALAS Variants—Selec-
tion of functional mALAS2 variants from the Thr-148/Asn-150
library of constructs was accomplished by reversing the ALA
auxotrophic phenotype of Escherichia coli hemA~ (HU227)
cells (30) as described elsewhere (28, 29). High throughput
sequencing was used to identify the introduced mutations
(University of Florida, Interdisciplinary Center for Biotechno-
logical Research).

Overproduction and Purification of Wild-type mALAS2
and Variant Enzymes—Wild-type mALAS2 and the variant
enzymes were overproduced and purified as described previ-
ously (31). All purification steps subsequent to cell lysis were
performed in 1 day, and the concentrated proteins were stored
under liquid nitrogen for further use. All enzymes were purified
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to homogeneity as assessed by SDS-PAGE. The protein con-
centration of the enzymes used for steady-state kinetic analyses
was determined by the bicinchoninic acid-based assay using
BSA as standards and measuring the absorbance of each sample
and standard at 532 nm after incubation at 37 °C for 30 min as
specified in the protocol supplemented by the manufacturer
(Thermo Scientific). Protein concentration of enzymes used in
pre-steady-state kinetic analyses was determined spectroscop-
ically (32).

Steady-state Kinetics—Steady-state activities of the wild-type
mALAS?2 and variant enzymes were determined using a contin-
uous spectrophotometric assay (33). All assays were performed
in 20 mm HEPES, pH 7.5, containing 10% glycerol and at either
30 or 37 °C and monitored with a Shimadzu UV-2401 PC spec-
trophotometer. The pertinent final concentrations in the assays
were 2 uM enzyme (wild-type mALAS2 or variant), 5-200 mm
glycine, and 0.5-20 um succinyl-CoA. The steady-state kinetic
parameters (k_,, and K,) were calculated by fitting the data,
collected as matrices of five glycine and five succinyl-CoA con-
centrations, to the Michaelis-Menten equation (Equation 1)
using non-linear regression analysis (SigmaPlot software).

Vmax[s]
V= m (Ea. 1)
Equilibrium Dissociation Constants for Succinyl-CoA and
CoA—Equilibrium dissociation constants for succinyl-CoA or
CoA were determined by titrating each of the enzymes (wild
type or variants) with increasing concentrations of ligand and
monitoring the quenching of intrinsic fluorescence at 340 nm
upon excitation at 280 nm. The titration experiments were per-
formed at 37 °C and pH 7.5 and monitored using a Shimadzu
RF5301 PC spectrofluorophotometer. Briefly, 1 uM enzyme in
20 mm HEPES, pH 7.5, containing 10% glycerol was titrated
with small aliquots of increasing concentrations of succinyl-
CoA or CoA (from a 24 mm stock for wild-type and N150H and
22 mm for N150F) while stirring, until no further change in
fluorescence emission was observed. The addition of ligand did
not result in significant changes in the reaction volume (~4%
change in the final volume), and it did not affect the pH of the
buffer. The protein and ligands were equilibrated within the cell
for 1 min prior to collecting the spectra. To obtain the fraction
of ligand bound (F.B.) to the enzyme, data were normalized
using Equation 2,

X — X,'
F.B.=

Xf— X; (£q.2)

where x represents the maximal fluorescence emission at a spe-
cific ligand concentration; x; is the emission in the absence of
ligands; and x,is the emission at the highest concentration of
ligand when the enzyme was fully saturated. The equilibrium
dissociation constant, K, was determined by fitting the data to
Equation 3, using SigmaPlot software for the non-linear regres-
sion analyses.

_ Ymax[S]
Ky +[S]

(Eq.3)
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Pre-steady-state Kinetics—Reactions between the enzyme
(mALAS2 or variant)-glycine complex and succinyl-CoA were
analyzed using transient kinetics. Upon rapid mixing of the
enzyme-glycine complex with succinyl-CoA, single-wave-
length spectra were collected at 510 nm on a KinTek stopped-
flow spectrophotometer (model SF-2001). Prior to the kinetic
measurements, the purified concentrated proteins were dia-
lyzed into a 50 mm phosphate, pH 7.5, buffer with 10% glycerol
(v/v) and 40 pum PLP. All reactions were performed at 18 °C
using a buffer composed of 50 mm phosphate, pH 7.5 (37 mm
K,HPO,, 13 mm KH,PO,), and 10% glycerol (v/v). For reactions
under single turnover conditions, with the enzyme molar con-
centration in excess over that of succinyl-CoA, one of the
syringes contained 120 um enzyme (either wild-type mALAS2
or variant) and 200 mm glycine in the above described buffer,
whereas the other syringe contained 40 um succinyl-CoA in the
same buffer. The concentrations of reactants in the observation
cell were one-half of those in the syringes. For reactions con-
ducted under multiple turnover conditions, with succinyl-CoA
in excess over enzyme, one of the syringes contained 60 um
enzyme (either wild-type mALAS?2 or variant) and 200 mm gly-
cine in the above phosphate buffer, whereas the other syringe
contained excess succinyl-CoA in the same buffer. Using the
KinTek stopped-flow software, the time course data were fitted
to either a two- or three-exponential equation (Equation 4),

3
A= D ae M+

n=1

(Eq.4)

where A, is the absorbance at time £; a is the amplitude of each
phase; k is the observed rate constant for each phase, and c is the
final absorbance. The reaction between wild-type mALAS2 or
variant enzymes and ALA was also examined using transients
by monitoring the change in absorbance at 510 nm upon rapid
mixing of the reactants. One of the syringes contained 60 um
enzyme in the above 50 mMm phosphate buffer, and the other
syringe contained ALA in the same buffer. Prior to reacting
mALAS?2 (or the variants) with ALA, the ALA-HCl stock was neu-
tralized in equal molar concentration of NaOH. This was accom-
plished by creating 2-fold serial dilutions of ALA and NaOH,
where the final concentration of ALA in the observation chamber,
neutralized in equal molar concentration of NaOH, varied from
0.5 to 30 mMm. Once the reaction was completed, it was verified that
the pH in the syringe was 7.5. The dependence of the observed first
order rate constants on the concentration of ALA was fitted to an
equation describing a two-step reaction (Equation 5), using non-
linear regression analyses (SigmaPlot software).

ki[S]

Kis) Tk

kobs = (Eq.5)

Results

Asn-150 Library of Constructs and Screening of Functional
mALAS2 Variants—Combinatorial active site saturation test
(27) was used to introduce mutations at positions Thr-148 and
Asn-150 of the glycine-rich stretch of mALAS2. The combina-
torial active site saturation test combines the features of ratio-
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nal design and combinatorial amino acid randomization at spe-
cific sites, allowing for the design of small libraries of variant
enzymes produced by randomization at sets of two spatially
close amino acids in the active site (27). We screened for func-
tional variants by transforming and reversing the ALA auxotro-
phic E. coli HU227 cells phenotype (30). Approximately 10% of
the over 500 screened colonies grew in the absence of ALA, indi-
cating that the growth of E. coli HU227 cells had been rescued due
to the harbored recombinant, putative mALAS2 variant(s). Plas-
mid DNA isolated from 52 of these colonies was sequenced to
verify the nature of the introduced mutations. Around 90% of the
functional constructs contained mutations at positions 148 and
150, which are occupied by Thr and Asn in wild-type mALAS2,
whereas the other 10% corresponded to the wild-type mALAS2
amino acids. It should be noted that, with the design of the muta-
genic primers, the introduction of codons for the wild-type amino
acids at positions 148 and 150 could not be prevented. The com-
plete list of permissive substitutions is shown in Fig. 3. Seven inde-
pendent and singly introduced amino acids (Ser, Thr, Phe, His,
Ala, Gly, and Trp) were tolerated at position 150 occupied by Asn
in wild-type mALAS2, although the frequency of introduced
mutations varied. Among the functional variants, mutation of
Asn-150 to Ser occurred 10 times more frequently than to either
Gly or Trp and 5 times more frequently than to either His or Phe.
However, substitution of Asn-150 with Pro only emerges when
accompanied by mutation of Thr-148. In contrast, Thr-148
only accepted Ala as a single permissive substitution, and all
other amino acid replacements needed to be concomitant with
substitution of Asn-150 to produce functional mALAS?2 vari-
ants (Fig. 3).

Initial Kinetic Studies and Rationale for Selection of Func-
tional N150H and NI1SOF Variants for Further Detailed
Characterization—The steady-state kinetic parameters and
specificity constants of five of the seven isolated functional vari-
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ants with only Asn-150 mutations were determined at pH 7.5
and 30 °C (Table 1). This temperature was chosen for initial
characterization of the steady-state kinetic properties because
the majority of our studies on wild-type mALAS2 and mALAS2
variants involving enzymatic activity determinations have been
conducted at 30°C (29, 34, 35). Relative to the wild-type
enzyme, the most pronounced reduction in the k_,, value was
observed with the N150H and N150F variants, although the
N150W mutation also reduced the turnover rate by about 40%
(Table 1). The N150A and N150S mutations did not signifi-
cantly perturb the steady-state kinetic parameters of mALAS2
(Table 1).

The purification yields of the N150W variant were typically
poor, which made it technically difficult for us to pursue with
the characterization of this enzyme, particularly the pre-
steady-state kinetic studies, which require considerably high
concentrations of purified protein. In addition, the purification
of the double variant, T148S/N150P, to homogeneity remained
unattainable, and we had to relinquish its potential examina-
tion. Our selection of the N150H and N150F variants as a
means to investigate the role of Asn-150 in mALAS2 catalysis
was based on two criteria: 1) the N150H and N150F mutations
had the greatest effect on the steady-state kinetic parameters of
mALAS2, and 2) histidine and phenylalanine occupy the anal-
ogous position to Asn-150 in the glycine-rich stretch of other
AOS enzymes. Specifically, superimposition of the crystal
structure of R. capsulatus ALAS (PDB 2BWO) with those of
AONS, KBL, and SPT (data not shown) revealed that Asn-85
(Asn-150 of mALAS2) is substituted by a histidine in E. coli
AONS (His-78 in PDB 1DJE) (16), and by a phenylalanine in
E.coli KBL (21) and Sphingobacterium multivorum SPT
(Phe-81 in PDB 1FC4 and Phe-83 in PDB 3A2B) (18). Phenyla-
lanine is also present in Vibrio cholerae CqsA (Phe-79 in PDB
3KKI (23)) but, unlike in other AOS enzymes, Phe-79 makes a
short helical element that is part of an extended loop (22, 23),
with no glycines (data not shown). This extended loop is disor-
dered in the apoenzyme structure of CqsA but not in the sub-
strate-bound enzymes (22). Interestingly, the crystal structure
of Sphingomonas paucimobilis SPT indicates that methionine
(Met-104 in PDB 2JG2) (19) takes the place of the asparagine
found in the ALAS glycine-rich stretch. However, there were no
functional variants with methionine substitutions at position
150 in our library of constructs (Fig. 3). Finally, because we and
others previously reported findings on the catalytic role of Thr-
148 in mALAS2 (Thr-83 in R. capsulatus and Rhodobacter
sphaeroides ALAS) (9, 10, 25), the focus of this study is on the
role of Asn-150.

Steady-state Kinetics and Specificity Constants of the N150H
and N150F Variants—The steady-state kinetic parameters and
specificity constants for wild-type mALAS2, N150H, and
N150F were also determined at 37 °C and pH 7.5 (Table 2). The
N150H and N150F mutations resulted in respective decreases
of 64 and 56% in the k_,, values, with no significant changes in
K5°A, A 4-fold increase in the KS" was noted for the N150H
variant. Interestingly, the k., reported here for mALAS2,
which does not have a N-terminal His tag, is 2.6-fold lower than
the one reported by Tan et al. (36) at identical temperature for
the N-terminal His-tagged wild-type enzyme. However, in that
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TABLE 1
Steady-state kinetic parameters and specificity constants determined at 30 °C and pH 7.5
Enzyme Kot K5 Kon ke K ke K
s 1 mm M s Lomm! s”-pLM’]

WT mALAS2* 0.16 = 0.02 231 23*0.1 7X107°*x1x10° 70X 1073 *£11X10?
N150A 0.13 = 0.007 16 £ 4 3.8*+0.7 81X10%*x2X10° 34X 1072+8X10°3
N150S 0.15 = 0.01 11+16 2.1+04 136 X 10 2+ 28X 1072 71 X107+ 18 X 102
N150W 0.09 = 0.01 39 £ 14 1.1 £0.6 23X107°£1x103 82X 1072 +50X 103
N150H 0.04 = 0.002 16 £5 1.2*£0.2 25X107°+09x103 33X102+7X10°3
N150F 0.06 =+ 0.001 12 +0.7 22+0.1 5X107% %04 %1073 27 X107+ 1.6 X 1072

“ Kinetic constants for WT mALAS2 were reported in Ref. 34.

TABLE 2
Steady-state kinetic parameters and specificity constants determined at 37 °Cand pH 7.5
Enzyme Keae K K5on ke K ke K
st mm M s lmm! s”-p.M”
WT mALAS2 0.25 = 0.004 8£0.7 1.0 £0.1 31 X10°2+£3X10°3 250 X 1072 £29 X 103
N150H 0.09 = 0.002 32*+4 1.2£0.2 2.8X107°*+04 %103 75X 1072+ 14X 103
N150F 0.11 = 0.002 13+2 23+03 85X 103+1x10° 47 X 1072 *7 X103
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FIGURE 4. Binding isotherms for the association of succinyl-CoA or CoA with wild-type mALAS2, N150H, or N150F. Titration of wild-type mALAS2 (A),
N150H (B), and N150F (C) with increasing concentrations of succinyl-CoA and titration of wild-type mALAS2 (D), N150H (E), and N150F (F) with increasing

concentrations of CoA.

study, the enzyme concentration was estimated using a BCA-
based assay after the protein was precipitated with acetone (4,
36). We validated that acetone precipitation can lead to under-
estimation of the protein concentration (data not shown), and
thus, the disparities in the reported k_,, values largely result
from differences in the methods used to quantify the protein
concentration and not from the presence of a His tag.
Equilibrium Dissociation Constants for Succinyl-CoA and
CoA—The equilibrium dissociation constant (K,) values for
succinyl-CoA and CoA were determined at 37 °C and at pH 7.5
by monitoring the quenching in intrinsic protein fluorescence
upon titration of the wild-type or variant enzymes (N150H and
N150F) with increasing concentrations of ligand (Fig. 4). Wild-
type mALAS2 exhibited equal binding affinity toward succinyl-
CoA and CoA, implying that binding is primarily facilitated by
SASBMB
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the CoA moiety (Table 3). Moreover, the wild-type, N150H,
and N150F enzymes have identical K5~°* values, within error,
whereas both variants displayed weaker binding toward CoA
(Table 3). Because CoA lacks a succinyl moiety, the results sug-
gest an important role for the succinyl moiety in the binding of
succinyl-CoA to the active site of the N150H and N150F vari-
ants. Importantly, for the wild-type and variant enzymes, there
are significant differences between the K, and K, values for
succinyl-CoA(Tables 2 and 3 and see “Discussion”).

Single Turnover Experiments—Pre-steady-state reactions
between the enzyme (wild-type or variant)-glycine complex
and succinyl-CoA were conducted under single turnover con-
ditions, with enzyme concentrations in excess over those of
succinyl-CoA, and followed by monitoring the changesinabsor-
bance at 510 nm that result from the formation of the quino-
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TABLE 3
Equilibrium dissociation constants for succinyl-CoA and CoA
Enzyme I(ZCQA KgoA
M M
WT mALAS2 297 +7 302 =12
N150H 2817 495 *£ 25
N150F 284 * 10 486 = 6
0.9 1 A
a
e}
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FIGURE 5. Kinetic traces of the reactions of the enzyme (wild-type or var-
iant)-glycine complex with succinyl-CoA under single turnover condi-
tions. The kinetic traces for the reactions of wild-type mALAS2-glycine (A),
N150H-glycine (B), and N150F-glycine (C) complexes with 20 um succinyl-CoA
(purple circles), as followed by monitoring the changes in the quinonoid inter-
mediate absorbance at 510 nm, were overlaid with the lines (black) calculated
from the data fitting to Equation 4 for a three-exponential process. The
reported succinyl-CoA concentration is that in the observation chamber.

noid intermediate II (Fig. 5 and Scheme 1, VII). Also as in pre-
vious studies (13, 29), we used excess glycine (over 7-fold the
dissociation constant (34)) to ensure that the enzyme (mALAS2
or variant) was trapped in the glycine-bound form, and the sec-
ond step of the quinonoid intermediate II decay approached the
rate of ALA release from the enzyme. This way, the ALA pro-
duced during the single turnover is not expected to compete
with glycine for binding to the enzyme, as ALA binds tightly
and forms a quinonoid intermediate (4,,,, = 510 nm), and
glycine does not bind tightly and is predominantly converted
into an external aldimine (A, = 420 nm) (13). Because of the
rapid formation and transient nature of the quinonoid interme-
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TABLE 4

Observed rate constants for the reaction between the enzyme-glycine
complex and succinyl-CoA

Enzyme k,“ k,” k¢
5! st 5!
WT mALAS2 3.8 £0.03 0.59 £ 0.005 0.038 = 0.001
N150H 0.81 = 0.02 0.16 = 0.002 0.020 = 0.001
N150F 1.36 = 0.03 0.25 £ 0.01 0.039 = 0.001

“ Rate for quinonoid intermediate II formation.
© Rate for first step of quinonoid intermediate II decay.
¢ Rate for second step of quinonoid intermediate II decay.

diate II, it was challenging to accurately discern the individual
kinetic phases at 37 °C, and consequently, the reaction was
monitored at 18 °C and pH 7.5. The reactions for either the
wild-type or variant enzymes are best described by a three-
exponential process (Fig. 5). Previous extensive single turnover
experiments with mALAS2 have led to the assignment of the
following three kinetic steps: 1) generation of the quinonoid
intermediate II (Scheme 1, VII) upon decarboxylation of the
2-amino-3-ketoadipate intermediate (Scheme 1, V); 2) decay of
this quinonoid intermediate, as facilitated by protonation of the
enol (Scheme 1, VI) by Lys-313; and 3) conformational rear-
rangement of the enzyme to induce ALA release from the active
site (Scheme 1, dissociation of VIII) (13). Significantly, the rate
constant (k;) value calculated from the single turnover experi-
ments (13, 29, 35) approximates the off-rate constant (k_,),
ascribed to a protein conformational transition step associated
with product release, as determined by monitoring the quench-
ing of intrinsic protein fluorescence upon binding of ALA to
wild-type mALAS2 (35). Although this assignment is likely
equally valid for the experiments reported here, the possibility
that the third observed kinetic step is associated with steady-
state level of quinonoid intermediate II cannot be ruled out.
Presented in Table 4 are the three observed rate constants for
the reactions catalyzed by the wild-type and variant enzymes.
Significant decreases in the rates of formation of the quinonoid
intermediate II were detected for the N150H- and N150F-cat-
alyzed reactions, with the values of k, = 0.81 = 0.02s™'and k, =
1.36 = 0.03 s~ for the respective observed rate constants
(Table 4). These rate constants for the reactions of the N150H
and N150F variants are by 79 and 64% lower than that of the
wild-type enzyme, respectively. Furthermore, the mutations
resulted in reductions in the rates of quinonoid intermediate II
decay (Table 4). The data implicate an important role for Asn-
150 in catalysis, probably by stabilizing the positioning of the
condensation intermediate in an orientation that is energeti-
cally favorable for its conversion into the quinonoid intermedi-
ate IL.

Multiple Turnover Experiments—The transient reaction
between the enzyme-glycine complex and succinyl-CoA, mon-
itored by following the absorbance changes at 510 nm, was also
conducted under multiple turnover conditions (18 °C and pH
7.5), with succinyl-CoA concentration in excess over those of
the enzyme. Although the reactions catalyzed by the wild-type
enzyme were best described by a biphasic process, correspond-
ing to the formation of the quinonoid intermediate II followed
by its steep decay into the steady state (Fig. 6, A—C), the pro-
gress curves of the N150H variant-catalyzed reactions dis-
played an apparent prolonged decay of the quinonoid interme-
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FIGURE 6. Kinetic traces of the reactions of the enzyme (wild-type or var-
iant)-glycine complex with succinyl-CoA under multiple turnover condi-
tions. Progress curves, as monitored from the changes in absorbance at 510
nm, were collected for the reactions between the wild-type mALAS2-glycine
complex (30 um) and 30 um (A) and 160 um (B) succinyl-CoA. C, 70-s time
course for the wild-type reaction with 160 um succinyl-CoA is shown. Progress
curves were collected for the N150H-glycine complex (30 um) reacted with
30 um (D) and 160 um (E) of succinyl-CoA and for the N150F-glycine com-
plex (30 um) reacted with 30 um (F) and 160 um (G) of succinyl-CoA. H,
initial 10-s time course for the N150F reaction with 160 um succinyl-CoA is
shown. Where applicable (4, B, and H), the data were fitted to a two-step
exponential equation, and the data points (purple) are overlaid with the
fitted line (black).

diate Il into the steady state (Fig. 6, D and E). This precluded us
from fitting the data for the N150H-catalyzed reactions to a
two-exponential equation, without significant residual error
(data not shown). The extent of this prolonged decay was less
pronounced for the N150F reaction (Fig. 6, F-H), although the
kinetic trace was clearly different from that of the reaction for
the wild-type enzyme. Lowering the succinyl-CoA concentra-
tion in the N150H- and N150F-catalyzed reactions resulted in a
more rapid decay of the quinonoid intermediate II, implying
potential accumulation of reaction intermediates absorbing at
the wavelength of interest (Fig. 5). Of note, in some reactions
(see Fig. 5 legend), we violated the multiturnover premise by
lowering the succinyl-CoA concentration to 30 um with the aim
of showing that the decay of the kinetic trace displayed depen-
dence on the concentration of succinyl-CoA.
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Reaction of ALA with Either Wild-type or Variant Enzymes—
Because the kinetic trace for the multi-turnover reaction for the
variant reactions revealed a prolonged decay of the quinonoid
intermediate II into the steady state (Fig. 6), which may have
resulted from accumulation and transformation of ALA back
into the quinonoid intermediate II (Scheme 1), we set to exam-
ine the mALAS2-, N150H-, and N150F-catalyzed reverse reac-
tions with ALA (pH 7.5 and 18 °C) using stopped-flow spectros-
copy. Previously, we demonstrated that binding of ALA to
ALAS is followed by the formation of a stable quinonoid inter-
mediate (Scheme 1, VII) with a characteristic absorbance max-
imum at 510 nm (11, 12). A biphasic process describes the time
courses for the reactions of wild-type mALAS2, N150H, or
N150F with ALA, when monitored at 510 nm (Fig. 7). In agree-
ment with previous studies (11, 12), the observed rates for the
second and slow phase of the wild-type mALAS2 reaction were
independent of the ALA concentration, while the observed
rates associated with the fast phase rate displayed hyperbolic
dependence on the ALA concentration (Fig. 7). The rate con-
stants (k, and k) and dissociation constant (K,) associated
with the fast phase were obtained by fitting the data for the
ALA-dependent observed rates (Fig. 7, B—D) to Equation 5. The
minimal mechanism used to describe the fast phase is pre-
sented in Scheme 2. The yielded values for the fast phase (i.e., k,,
k_,, and K) along with the rate constant for the slow phase
(kgow) for the wild-type- and variant enzyme-catalyzed reac-
tions are reported in Table 5. As with wild-type mALAS2, the
reaction between ALA and either N150H or N150F occurs in
three kinetic steps. The fast phase of the wild-type mALAS2-
catalyzed reaction is characterized by a rapid equilibrium with a
K, = 2.5+ 0.2 mM and rate constants k, = 0.61 = 0.01 s~ ' and
k_, =0.16 = 0.01 s~ '. We assign the fast phase of the reaction
to rapid binding of ALA to the enzyme followed by the chemical
conversion of ALA into the quinonoid intermediate II (Scheme
1, VII, and Scheme 2). The slow phase, whose observed rate is
independent of ALA concentration, probably represents a con-
formational transition of the enzyme. Interestingly, it was pre-
viously reported that the rate constant for the slow phase (k,.,)
of ALA-quinonoid intermediate formation approximates the
k... when both rate constants are determined at 30 °C (k

cat slow

0.15s * (11); k., = 0.16 s~ * (34)). Similarly, in this study, the

cat

rate of the slow phase of the wild-type reaction with ALA (k,,, =
0.046 s~ '), which we measured at 18 °C, also approximates the
reported k_,, value obtained at 20 °C (k,, = 0.02 s *; value from
Ref. 29).

Similar to the wild-type mALAS2-catalyzed reaction, the
observed rates for the fast phase of the N150H or N150F reac-
tions reached plateau with increasing ALA concentrations,
whereas the observed slow phase rate for either reaction was
ALA concentration-independent (Fig. 7). Importantly, k, of
1.39 + 0.07 s~ ' and k, of 1.12 + 0.06 s ' were, respectively,
obtained for the fast phase rate constant of the N150H- and
N150F-catalyzed formation of the ALA-quinonoid intermedi-
ate, indicating increases of 57 and 45% in the reaction rate con-
stants relative to that of the wild-type enzyme (Table 5). More-
over, fitting the data for the fast phase rates to Equation 5
yielded K5 2.5 + 0.2 mm, K5"* 4.7 = 1.3 mm, and K54 =

2.7 £ 0.7 mMm for wild-type mALAS2, N150H, and N150F,
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FIGURE 7. Reactions of wild-type and variant enzymes with ALA. A, progress curves for the reactions of 15 mm ALA with 30 um of either wild-type mALAS2
(dark cyan), N150H (gray) or N150F (purple) were collected by monitoring the changes in absorbance at 510 nm. The initial 5 s of the kinetic traces are displayed
in the inset. The data were fitted to a two-exponential equation, and the fitted lines are shown below the circles. B, C, and D show the ALA concentration
dependences of the rates of the two phases for the N150F, N150H, and wild-type mALAS2 reactions, respectively. The ALA-dependent observed rates for the
fast phase (clear circles) of the wild-type or variant reactions were fitted to Equation 5, and the rate constants and K4 values are reported in Table 5. For the
wild-type or variant enzyme-catalyzed reactions, the observed rates of the slow phase (filled circles) were independent of the ALA concentration. All reactions

were done in triplicates, and the error bars are shown below the symbols.
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SCHEME 2. Minimal mechanism describing the fast kinetic phase for the
reaction between ALAS and ALA monitored at 510 nm.

TABLE 5

Rate constants for the reactions of wild-type and variant enzymes with
ALA

Fast phase

Slow phase
Enzyme Kyta k, k_, Ksiow
mm st st st
WT mALAS2 25+02 0.61 = 0.01 0.16 = 0.01 0.046 = 0.006
N150H 4713 1.39 = 0.07 0.03 = 0.07 0.039 = 0.007
N150F 2.7 *+0.7 1.12 = 0.01 0.1 = 0.06 0.043 = 0.006

respectively (Fig. 7 and Table 5). These values are comparable,
within error, with only a slight increase in the K4™* for N150H
relative to that for the wild-type enzyme.

Discussion

Because even subtle disturbances in the rate of ALA synthe-
sis, due to loss-of-function or gain-of-function mutations in the
ALAS?2 gene, result in erythropoietic disorders (such as XLSA
and XLPP (5-7)), the necessity to evolve away from hypoactiv-
ity and hyperactivity must have been a defining evolutionary
pressure in shaping the active site of ALAS2. Besides the critical
need to synthesize ALA at a physiologically relevant rate, it can
be argued that equally important evolutionary necessities,
albeit quite overlooked, were for ALAS to minimize the non-
productive transformation of ALA and establish a catalytic bal-
ance between the forward and reverse reactions. The combina-
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tion of these factors has probably made it possible for
differentiating erythroid cells to utilize ALA predominantly for
heme biosynthesis, rather than for glycine and succinyl-CoA
production. However, regions of the active site contributing to
the achievement of this catalytic balance have never been iden-
tified prior to this study.

Structural analysis of R. capsulatus ALAS revealed essential
roles for Asn-85" (Asn-150" of mALAS2) in gating the alterna-
tive active site channel and coordinating the positioning of both
succinyl-CoA (10, 26) and the condensation intermediate (Figs.
1 and 2). Based on these observations, we created a small library
of constructs harboring substitutions at the position occupied
by Asn-150, and we conducted detailed equilibrium and kinetic
studies with the N150H and N150F variants. Our selection of
these functional variants was mostly based on the finding that
Asn-150 is substituted by a histidine or phenylalanine in other
AOS enzymes.

Comparison of the steady-state kinetic parameters for the
N150H and NI150F variants with those for the wild-type
enzyme indicated that the mutations resulted in decreases in
the k_,, values by approximately one-half (Table 2). Because
release of ALA from the enzyme represents the slowest step in
the reaction (11, 12), our findings indicate that the amino acid
substitutions introduced in the glycine-rich stretch perturb the
release of product. Even though Asn-150 coordinates the posi-
tioning of succinyl-CoA, no changes in the K3-°* value were
detected with the N150H and N150F mutations. Moreover, the
binding affinity toward succinyl-CoA was not perturbed by
these mutations, because the K5-°* values of the variants were
identical with that of wild-type mALAS2 (Table 3). Signifi-
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cantly, the determined K5“°* value for wild-type mALAS2
(297 = 7 um) is comparable with the concentration of succinyl-
CoA required to achieve half-maximal protection against
reduction with sodium cyanoborohydride (261 * 75 um) (37).
However, the binding of CoA to either variant was weaker than
to wild-type mALAS2, although in the absence of structural
information, it is difficult to rationalize how the N150H and
N150F mutations weaken the affinity, particularly since Asn-
150 interacts with the succinyl rather than the CoA moiety. It is
possible that the substitutions indirectly perturb the integrity of
the CoA-binding site. Because the crystal structure of R. capsu-
latus ALAS reveals that Asn-85" interacts with GIn-359 of the
active site loop (Fig. 2), and this loop, when it adopts the closed
(but not the open) conformation, directly interacts with the
pantetheine moiety of CoA, through hydrogen bonds between
pantetheine N* and N* and the respective main chain carbonyl
groups of the loop Thr-365 and Pro-364 (R. capsulatus ALAS
numbering), it is plausible that the Asn-150 mutations affect
the interactions with the CoA group by compromising the abil-
ity of the variants to reposition the loop in the closed confor-
mation. These detrimental effects on the interactions with CoA
might then be overcome by the binding of the succinyl moiety,
which directly interacts and stabilizes the active site loop in the
closed conformation (hydrogen bonds with the side chain of
Thr-365), allowing for the CoA moiety to reestablish the hydro-
gen bonds with the carbonyl groups of the main chains of Thr-
365 and Pro-364. These differences in interactions might
explain why the affinity of the Asn-150 variants is weakened for
CoA but not for succinyl-CoA. However, the molecular details
associated with these interpretations will need to be verified
experimentally, by resolving the crystal structures of the vari-
ants. Interestingly, the binding of succinyl-CoA to the wild-type
enzyme is primarily facilitated by the CoA, not the succinyl,
moiety, as evident from the identical K, values for succinyl-
CoA and CoA (Table 3). This finding is not unexpected because
structural data (26) indicate that it is the CoA moiety of succi-
nyl-CoA that participates in most interactions with ALAS.

Our study further revealed that the equilibrium dissociation
constant, K5-°#, which reflects the binding affinity of the
enzyme toward succinyl-CoA, differs significantly from the
Michaelis constant K3<°#, which is a constant that describes
the ligand concentration at which V equals %2 V, .. The
Michaelis constant is often misinterpreted for the dissociation
constant, although the two constants may or may not be equal
to each other (38). In the case of wild-type ALAS, the K5~°*
value is about 300-fold greater than the K3-°* (Tables 2 and 3).
These data indicate that K3<°* does not represent a measure of
substrate affinity analogous to the k_, /k; term, which describes
the K, but rather it represents a complex kinetic function of
multiple rate constants in the pathway. The complexity of the
K, expression of a reaction pathway containing a single inter-
mediate, which is far less complicated than the multi-interme-
diate pathway of the ALAS mechanism, has been reported else-
where (38).

The significant reductions in the observed pre-steady-state
rates for the formation (k;) and decay (k,) of the quinonoid
intermediate II (Scheme 1, VII) that ensued when Asn-150 was
substituted with a histidine or phenylalanine strongly implicate
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an essential role for this asparagine in catalysis. In comparison
to the wild-type enzyme, the N150H- and N150F-catalyzed
reactions between glycine and succinyl-CoA, examined during
a single turnover, resulted in reductions by 79 and 64% in the
rate of formation of the quinonoid intermediate II, while the
initial rate of quinonoid decay was reduced by 73 and 57%,
respectively (Table 4). Because Asn-150 is predicted to inter-
act with the succinyl-derived carboxyl group of the condensa-
tion intermediate (the 2-amino-3-ketoadipate intermediate
(Scheme 1, V), which is a precursor of the quinonoid interme-
diate II (Scheme 1, VII)), it is plausible that the mutations affect
the attainment of a catalytically optimal orientation between
this intermediate and reactive centers. Consequently, the ener-
getic barrier associated with its transformation into the quinon-
oid intermediate II is increased. Moreover, modifications in the
active site environment introduced by the N150H and N150F
mutations endowed the variant enzymes with a catalytic ability
to transform ALA back into the quinonoid intermediate Il at an
accelerated rate (57 and 45% increases in the k, values of N150H
and N150F over that of the wild-type enzyme (Table 5)).

Significantly, our results demonstrate that Asn-150 is essen-
tial for establishing a catalytic balance between the forward and
reverse reactions of mALAS2 by favoring formation of ALA
over its non-productive transformation into the quinonoid
intermediate. We arrived at this conclusion based on the differ-
ences detected in the rates of quinonoid intermediate forma-
tion during the forward (i.e. with glycine and succinyl-CoA) and
reverse (i.e. with ALA) reactions when catalyzed by the variant
and wild-type enzymes (Tables 4 and 5). In fact, relative to the
rate of quinonoid intermediate II formation in the forward
reaction (k, = 3.8 = 0.03 s~ !; Table 4), the wild-type enzyme
transforms ALA into the quinonoid intermediate at a rate that
is 6.3-fold slower (k, = 0.61 = 0.01s~*; Table 5). In contrast, the
magnitudes of the rates for the N150H- and N150F-catalyzed
forward and reverse reactions are strikingly different. This dif-
ference is particularly accentuated in the N150H-catalyzed
reaction, with the quinonoid intermediate II formation from
ALA (reverse reaction, k, = 1.39 + 0.07 s~ '; Table 5) occurring
atarate 1.7-fold faster than that from glycine and succinyl-CoA
(forward reaction, k, = 0.81 * 0.02 s~ '; Table 4), whereas the
rate of the N150F-catalyzed forward reaction (k, = 1.36 = 0.03
s~'; Table 4) is only 1.2-fold faster than that of the reverse
reaction (k, = 1.12 = 0.07 s~ *; Table 5). These results suggest
that evolutionary pressure favored the selection of this invari-
ant asparagine to endow ALAS with improved catalytic speci-
ficity toward the reaction with glycine and succinyl-CoA, while
minimizing the reactivity with ALA.

We postulate that the selection of an amino acid with a polar,
rather than a non-polar (particularly a phenyl group), side chain
at position 150 of mALAS2 was influenced by the presence of
the terminal carboxyl group in the acyl chain of succinyl-CoA.
This deduction was reached from the observation that pheny-
lalanine, in place of asparagine, is present in the glycine-rich
stretch (or extended loop in CqsA) of AOS enzymes that utilize
acyl-CoA substrates with hydrophobic acyl chains (acetyl-CoA
in the case of KBL, palmitoyl-CoA in SPT, and decanoyl-CoA in
CqgsA) (17, 21, 22). In contrast, the polar amino acids histidine
and asparagine are present in AONS (16) and ALAS, respec-
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tively; these enzymes utilize acyl-CoAs whose acyl chains ter-
minate with carboxyl groups (pimeloyl-CoA in the case of
AONS).

However, additional evolutionary pressure(s) must have
guided the selection of Asn-150 over other polar amino acids
because, as demonstrated in our study, the N150H mutation
has detrimental effects on the rate of the forward reaction.
Thus, it is possible that during some evolutionary stage, besides
the obvious positive selective pressure from the substrates, neg-
ative selective pressure by ALA also contributed to the shaping
of the active site architecture of ALAS, culminating in the selec-
tion of Asn-150, which in turn was important in minimizing
reactivity with ALA. This lack of reactivity was necessary to
ensure that ALA is utilized predominantly for heme biosynthe-
sis rather than for glycine and succinyl-CoA production. More-
over, Thr-148 (mALAS2 numbering), which resides on the
Asn-150-containing glycine-rich stretch, has been shown to be
essential for the specificity of ALAS toward the amino acid sub-
strate (9, 10, 25). We conclude that the evolutionary selection of
Thr-148 and Asn-150 contributed profoundly toward the func-
tional specialization of ALAS, with the former amino acid help-
ing the enzyme to differentiate itself from the other AOS
enzymes in relation to substrate utilization, and the latter resi-
due optimizing ALAS for ALA synthesis by favoring the for-
ward reaction at the expense of the reverse.

Even though presently we cannot discern with certainty the
molecular details that mediate the catalytic balance shift
toward the reverse reaction, it is plausible that the N150H and
N150F mutations decelerate the release of ALA from the active
site, with the resulting accumulation and transformation of
ALA into the quinonoid intermediate. This possibility is not
without foundation if we consider that the analogous aspara-
gine in R. capsulatus ALAS regulates the opening and closing of
the alternative channel (Figs. 1 and 2 (a putative site for ALA
release)) and that substitutions of Asn-150 reduce the k_,, val-
ues, which is at least partly determined by the rate of ALA
release (11, 12). A different, but not mutually exclusive, possi-
bility is that the active sites of the Asn-150 variants provide a
catalytic environment that lowers the energetic barrier
required for the chemical transformation of ALA into the qui-
nonoid intermediate.
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