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Abstract: 5-Aminolevulinate synthase (ALAS) controls the rate-limiting step of heme biosynthesis
in mammals by catalyzing the condensation of succinyl-coenzyme A and glycine to produce
5-aminolevulinate, coenzyme-A (CoA), and carbon dioxide. ALAS is a member of the a-oxoamine
synthase family of pyridoxal 5 -phosphate (PLP)-dependent enzymes and shares high degree of
structural similarity and reaction mechanism with the other members of the family. The X-ray
crystal structure of ALAS from Rhodobacter capsulatus reveals that the alkanoate component of
succinyl-CoA is coordinated by a conserved arginine and a threonine. The functions of the
corresponding acyl-CoA-binding residues in murine erthyroid ALAS (R85 and T430) in relation to
acyl-CoA binding and substrate discrimination were examined using site-directed mutagenesis and
a series of CoA-derivatives. The catalytic efficiency of the R85L variant with octanoyl-CoA was
66-fold higher than that of the wild-type protein, supporting the proposal of this residue as key in
discriminating substrate binding. Substitution of the acyl-CoA-binding residues with hydrophobic
amino acids caused a ligand-induced negative dichroic band at 420 nm in the CD spectra,
suggesting that these residues affect substrate-mediated changes to the PLP microenvironment.
Transient kinetic analyses of the R85K variant-catalyzed reactions confirm that this substitution
decreases microscopic rates associated with formation and decay of a key reaction intermediate
and show that the nature of the acyl-CoA tail seriously affect product binding. These results show
that the bifurcate interaction of the carboxylate moiety of succinyl-CoA with R85 and T430 is an
important determinant in ALAS function and may play a role in substrate specificity.
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Introduction
5-Aminolevulinate synthase (ALAS; EC 2.3.1.37) is a
pyridoxal 5'-phosphate (PLP)-dependent enzyme con-
sisting of two identical subunits, each containing one
molecule of covalently bound PLP. ALAS catalyzes the
Claisen-like condensation of glycine and succinyl-CoA
to yield carbon dioxide (CO,), CoA, and 5-amino-4-
oxopentanoate (5-aminolevulinate; ALA), and repre-
sents the first step of porphyrin biosynthesis in ani-
mals, fungi, and some bacteria. The structural and
mechanistic properties of ALAS are markedly similar
to those of 8-amino-7-oxononanoate synthase (AONS),
serine palmitoyl transferase (SPT), and 2-amino-3-
ketobutyrate-CoA ligase (KBL).'™3

The X-ray crystal structure of the holo form of
Rhodobacter capsulatus ALAS was solved at 2.1 A
resolution and also as enzyme-substrate complexes
with either glycine (2.7 10&) or succinyl-CoA (2.8 A).‘*
ALAS is classified as a member of the a-oxoamine
synthase subfamily of fold type I PLP-dependent
enzymes. AONS, SPT, and KBL are the other mem-
bers and represent the closest structural relatives,
with the enzymes of the subfamily sharing a C* root
mean square deviation of ~1.5 A.>® The reaction
chemistries are also highly similar, all involving
small amino acids, CoA esters, and 1,3-aminoke-
tones. AONS catalyzes the committed step in biotin
biosynthesis,” SPT catalyzes the first step of sphingo-
lipid biosynthesis,® and KBL catalyzes the degrada-
tion of threonine.®

Despite the remarkable structural and mechanis-
tic similarities in this important group of enzymes,
the molecular mechanisms underlying substrate speci-
ficity remain largely unexplored. SPTs utilize palmi-
toyl-CoA as the preferred physiological substrate,™®
however, Han et al. have shown that the SPT of a
coccolithovirus is more active when utilizing myris-
toyl-CoA, a substrate similar to palmitoyl-CoA, but
shorter by two carbons." Before the elucidation of
the X-ray crystal structure of R. capsulatus ALAS, the
bacterial enzyme-catalyzed reaction was examined
with nonphysiological acyl-CoA derivatives as sub-
strates."” Results of this investigation indicate that
some naturally occurring three, four, and five carbon
CoA thioesters can act as substrates and that both
acyl chain length and hydrophilicity of the acyl-CoA
substrate are important factors in determining speci-
ficity. The CoA substrate specificity of ALAS is of
interest due to the localization of the eukaryotic
enzyme in the inner mitochondrial matrix. Specifi-
cally, 90% of cellular acetyl-CoA and between 92 and
97% of short and long chain acyl-CoAs are located
within this organelle,® providing an abundant supply
of possible alternative substrates for murine erythroid
ALAS (meALAS). As such, promiscuous reactions
with alternative CoA substrates would produce highly
reactive 1-3-aminoketones, of presently unknown bio-
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logical significance, that could potentially dimerize
and form toxic dihydropyrazines.'#'>

Previous investigations regarding the binding of
the amino acid substrate of ALAS and substrate speci-
ficity led to the conclusion that the ALAS active site
only accommodates the smallest naturally occurring
amino acid, namely glycine.’® Variants of R. sphaer-
oides ALAS in which the glycine-binding threonine
(T83) is replaced with the subtly smaller amino acid
serine show a dramatic improvement in acceptance of
nonphysiological amino acid substrates.’® This finding
along with the crystal structures suggest that steric
factors within the glycine-binding region of the active
site are the major determinants of amino acid
substrate specificity.

The ALAS active site is within a cleft at the sub-
unit interface and is delimited by a B-strand bent
around the PLP cofactor, in which the pyridinium
ring of the cofactor lies at the bottom of the cavity.*
Connection between the surface of the enzyme and
the active site is by an amphipathic channel, which is
occupied by succinyl-CoA in the substrate-bound
structure (see Fig. 1). Two distinct moieties of succi-
nyl-CoA interact with the enzyme: the solvent acces-
sible adenosyl component and the buried succinate.
The alkanoic acid moiety of succinyl-CoA is bound to
the active site via a strong hydrogen bond network
that stabilizes a closed enzyme conformation (Lendri-
has et al., submitted).*'” At the end of a hydrophobic
tunnel, the guanidino group of the highly conserved
R21 (R85 in meALAS) donates a hydrogen bond to
the carboxylate constituent of succinyl-CoA (see Fig.
1). Simultaneously, the hydroxyl group of the con-
served T365 (T430 in meALAS), which is positioned
at the apex of a conformationally dynamic active site
loop, bridges both the carboxylic acid moiety of suc-
cinyl-CoA and the side chain of R21 to complete a
hydrogen bonding triad (see Fig. 1).* Accordingly,
the chemical characteristics of the acyl-tail of the
CoA substrate may be a determining factor for
the enzyme in discriminating substrate entry into the
active site.

In this study, we investigate the role of the con-
served R85 and T430 residues of meALAS in recogni-
tion and binding of the acyl-CoA substrate in relation
to catalysis. Substitutions of the conserved residues
with more hydrophobic amino acids (i.e., R85L and
T430V) were introduced to examine the effect of
hydrophobicity and steric hindrance on specificity
toward the CoA-derived substrate. Such a difference
would alter the aliphaticity of the substrate-binding
cleft, which in turn, could affect the acyl chain-binding
properties of this channel. The results presented here
for the R85 and T430 variants of meALAS show that
these residues are involved in both the orientation and
binding of the succinyl-CoA substrate in the active site
and may also, following the substrate binding, assist in
enzyme closure.
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Figure 1. The acyl-CoA binding cleft in R. capsulatus
ALAS. The ALAS dimer appears above the hydrogen bond
network maintained between the alkanoic acid component
of succinyl-CoA and the side chains of the conserved
residues (R21 and T365) is indicated by dashed yellow
lines. The PLP cofactor, succinyl-CoA substrate and the
corresponding R and T residues (R85 and T430) are shown
in stick format.

Results

Kinetic characterization of the R85 and
R85/T430 variants

The steady-state kinetic parameters of the ALAS var-
iants were determined and the results are summarized
in Table I. Wild-type ALAS was active with all of the
CoA-derivatives tested. The K, for octanoyl-CoA was
the lowest with a value of 0.51 pM compared with
2.9 uM for succinyl-CoA. This decreased value contrib-
uted to a catalytic efficiency value that was two-fold
higher than the reaction completed with the physio-
logical substrate succinyl-CoA. Glutaryl-CoA and
B-hydroxybutyryl-CoA were the least catalytically effi-
cient, due to six-fold increases in the K, for both sub-
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strates. Changing R85 to leucine (R85L) imparted
dramatic changes with respect to the physiological
substrate succinyl-CoA. The k. associated with
the R85L-catalyzed reaction using succinyl-CoA as the
substrate decreased greater than 11-fold, whereas the
K54 increased seven-fold. The 66-fold increase in
catalytic efficiency toward octanoyl-CoA as well as the
four-fold increase found with butyryl-CoA for the
R85L variant highlight a shift toward acceptance of
more hydrophobic CoA-derivatives within the acyl-
CoA-binding cleft of this enzyme. The replacement of
R85 with lysine (R85K) yielded a turnover number
that was similar to that of the wild-type enzyme.
When the different acyl-CoA substrates were tested,
this pattern continued with the exception of the reac-
tion with glutaryl-CoA. This CoA-derivative reacted
slower than the physiological substrate succinyl-CoA
as evidenced by a 21-fold decrease in k.,;. Among the
catalytic efficiencies calculated for R85K, octanoyl-CoA
yielded the highest with a value 13-fold greater than
that of the same reaction containing succinyl-CoA. The
steady-state data obtained from the double variant
(R85L/T430V) suggest that steric hindrance as well as
hydrophobicity of the active site are important deter-
minants for preference of CoA-derivative. Affinity for
octanoyl-CoA in the double variant is diminished,
resulting in a two-fold higher K. Conversely, the
reaction of the double variant with butyryl-CoA gave a
K., value of 0.54 pM, a value indistinguishable from
octanoyl-CoA in the R85L variant, and 31-fold lower
than octanoyl-CoA in the double variant. The double
variant-catalyzed reaction with glutaryl-CoA, a deriva-
tive similar to succinyl-CoA but longer by one methyl-
ene carbon, showed undetectable activity as measured
under the assay conditions tested. These data are
shown graphically as normalized specificity constants
in Figure 2, in which the ratio of the catalytic effi-
ciency of each variant for a particular substrate is
compared with the catalytic efficiency of the variant
with succinyl-CoA.

Circular dichroism spectroscopy

To verify whether the R85K, R85L, or R85L/T430V
amino acid substitutions introduced substantial
changes in secondary structure, CD spectra in the
far-UV region (200-270 nm) were recorded for the
wild-type and variant enzymes (data not shown). All
enzymes displayed similar CD spectra indicating that
the introduced residue exchanges did not result in
gross differences in the overall conformation of the
ALAS protein. The enzyme-bound cofactor gives rise
to a defined CD spectrum in the visible region (300—
500 nm) because of anisotropic interactions between
the amino acid side chains and the chromophore in
the active site (see Fig. 3). The CD spectrum thus con-
tains information about the asymmetric orientation of
the bound PLP cofactor in the active site, including
the aldimine linkage between the PLP cofactor and the
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Table I. Comparison of Steady-State Kinetic Constants for Wild-type ALAS, R85K, R85L, and R85L/T430V with CoA

Derivatives as Substrates

Parameter Wild-type ALAS R85K R85L R85L/T430V

Succinyl-CoA as a substrate

kear, min~* 10.0 + 0.2 6.4 + 0.2 0.94 + 0.10 0.11 £+ 0.03

Kfn‘?g\pp, nM 2.9 £ 0.1 12.4 + 0.6 20.3 + 1.0 9.6 + 0.8

keq/ K308, min ™t pM 3.6 £ 0.2 0.53 + 0.04 0.050 + 0.003 0.010 + 0.002

KSY mM 24.2 + 0.4 20.0 + 0.4 63.1 + 2.2 08.4 + 3.5

keat/KSY, min * mM 0.43 + 0.04 0.32 £+ 0.06 0.010 £ 0.002 0.001 £ 0.002
Octanoyl-CoA as a substrate

kear, min~* 3.4 + 0.2 10.3 + 0.4 1.8 + 0.3 (1.0 £ 0.1) x 1073

K&‘fj}pp, nM 0.51 £ 0.04 1.5 + 0.04 0.55 + 0.03 17.2 + 0.6

keq /K508, min ™t pM 6.8 £ 0.8 7.0 £ 0.2 3.3+ 0.1 (5.6 £ 0.2) x 107°

KSY, mM 171+ 0.9 25.2 & 1.1 55.2 & 5.0 74.2 + 3.3

keat/KSY, min ' mM ! 0.14 + 0.01 0.52 £ 0.02 0.030 + 0.005 (1.0 £ 0.08) x 10°°
Butyryl-CoA as a Substrate

keat, min~* 6.3 £ 0.3 10.2 + 0.3 2.01 + 0.08 0.060 + 0.002

K&‘ff}pp, wm 6.1 + 0.09 2.7 £ 0.1 9.3 + 1.0 0.54 £+ 0.03

keq/K3a,p min* uM 1.0 £ 0.1 3.7+ 0.4 0.21 + 0.04 0.03 + 0.002

K5y, 29.3 + 4.6 17.2 + 0.7 70.3 + 6.6 88.2 + 3.9

keat/KSY, min ' mM 0.26 + 0.03 0.50 + 0.01 0.030 + 0.005 (6.1 +£0.8) x 10°%

B-Hydroxybutyryl-CoA as a Substrate

Kear, min~* 4.0 + 0.8 2.8 + 0.1 0.65 + 0.03 (1.0 £ 0.2) x 1074

KGoa o, uM 9.8 + 1.0 5.5 + 0.2 6.1+ 0.8 74.2 + 0.6

keq/KS0a, min ™t pM 0.41 & 0.04 0.51 + 0.04 0.11 £+ 0.02 (1.3 + 0.4) x 10°°

KSY mM 221+ 0.8 18.2 + 3.2 59.1 + 4.7 92.2 + 6.0

keat/KSY, min ™ mM 0.17 £+ 0.06 0.14 + 0.03 0.011 £ 0.003 (1.0 £ 0.3) x 10°°
Glutaryl-CoA as a Substrate

keat, min~* 7.0 £ 0.4 0.30 + 0.03 2.2 +£ 0.1 n/d

KGoa o, uM 17.0 £ 1.6 7.5 £ 0.6 30.1 + 1.1 n/d

keq /K308, min ™t pM 0.41 + 0.05 0.04 + 0.003 0.07 + 0.006 n/d

KSY, mM 28.4 + 0.8 21.2 + 0.2 70.6 + 4.2 n/d

keat/KSY, min ' mM ! 0.29 + 0.02 0.010 + 0.002 (8.0 £0.7) x 10°# n/d

n/d, not determined.

active site lysine (Scheme 1).'89 The visible CD spec-
tra of wild-type ALAS [Fig. 3(A)] show that in the
presence of either succinyl- or octanoyl-CoA there is a
positive cotton effect. However, close inspection of the
results indicates that there is a distinct difference in
the CD maximum in relation to that of wild-type
ALAS; the wavelength maximum for succinyl-CoA blue
shifts 15 nm to ~420 nm, whereas the octanoyl-CoA
dichroic band at ~435 nm increases. The spectra
observed for the R85K variant are different [Fig. 3(B)].
The changes caused by succinyl-CoA binding to the
R85K variant mimic those observed upon octanoyl-
CoA interacting with wild-type ALAS, in that the spec-
tral differences between the two are unremarkable.
Substitutions of polar residues with nonpolar amino
acids yielded proteins (R85L and R85L/T430V) in
which ligand binding induces changes in the PLP envi-
ronment and, consequently, display CD spectra (visible
region) that are markedly different from those of wild-
type ALAS and the R85K variant. Within the R85L
enzyme, succinyl-CoA binding does not cause a shift in
the microenvironment of the chromophore [Fig. 3(C)].
However, all of the remaining CoA-derivatives cause a
negative cotton effect, decreasing the amplitude of
the dichroic band ~50. Steric hindrance and enhanced
hydrophobicity of the acyl-CoA-binding cleft are
hypothesized to be the most exaggerated in the double
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variant. This theory is supported by the CD data which
suggest that R85L/T430V is affected most by the
binding of octanoyl- and butyryl-CoA [Fig. 3(D)]. The
positive cotton effect observed in the spectra for
the enzyme in the presence of these two hydrophobic
ligands could suggest that the exclusion of water and

70 —

5 HE Succinyl-CoA
65 [ Octanoyl-CoA |-|
60 I Butyiyl-CoA

3 B-Hydroxybutyryl-CoA
15} Glutaryl-CoA

Normalized Specificity Constant
=

ol ullln llﬂ IJ

wt R85K R85L.  R85L/T430V
ALAS Variant

Figure 2. Comparison of normalized specificity constants
for murine eALAS variants with different CoA substrates.

The specificity constant (kea/K5om,) With succinyl-CoA as
substrate was arbitrarily defined as equal to 1.00 for each

ALAS variant.
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Figure 3. Visible circular dichroism spectra of wild-type ALAS and the R85 and R85/T430 variants. (A) wild-type ALAS, (B)
R85K, (C) R85L, and (D) R85L/T430V. Spectra of the holoenzymes are in cyan. Spectra of the holoenzymes (100 uM) in the
presence of 100 pM CoA derivative are indicated according to the following color scheme: pink, succinyl-CoA; green,
octanoyl-CoA; blue, B-hydroxybutyryl-CoA; black, butyryl-CoA; and red, glutaryl-CoA.

degree of active site aliphaticity are crucial compo-
nents for determining substrate specificity. Overall, a
comparison of the CD spectra of the wild-type and
R85K variant enzymes with those of the hydrophobic
variants (R85L and R85L/T430V) show that the dis-
tinct change in the microenvironment of the PLP
pocket correlates well with the degree of hydrophobic-
ity inherent to the bound ligand.

ALA binding kinetics monitored by the transient
intrinsic protein fluorescence

To determine whether a change in the degree of
hydrophobicity of the acyl-CoA-binding pocket could
influence the product binding and concomitant
quenching of the intrinsic protein fluorescence, wild-
type ALAS and the enzyme variants were rapidly
mixed with excess ALA and the changes in intrinsic
protein fluorescence were monitored. The observed
pseudo first-order decay rates of these kinetic traces
were dependent on ALA concentration, and differed
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among the enzymes tested (see Fig. 4). In all cases the
change in observed rate as a function of ALA concen-
tration was hyperbolic, indicating two binding steps.

H R
H—R7Z Internal aldimine
— Ny 2=410-420 nm
HaC O-H a1
H R
7N H. . .
H=N— N ﬁ_%co2 External aldimine
HsC O- -H/ H 2=420 nm
H R
— O\\ R
H=N: __ o o—, C=(CH2)2C02" quinonoid intermediate
N= 2=510 nm
H3C OH H H

Scheme 1. Absorbance maxima associated with chemical
species in the ALAS-catalyzed reaction. R = OPOg-.

PROTEIN SCIENCE ‘ VOL 18:1847-1829 1851



0.16

Observed rate constant (s'l)

Observed rate constant (s™1)

(=]
8]
B~
[}
o

[ALA], mM

0.16 -
~~
Y 0.14
~—
=
s
172}
=]
S
o 0124
s
e
(5]
Z
2
o 0.10 H
° B
0.08 ; ; ‘ ‘ ‘ .
0 2 4 6 8 10 12
[ALA], mM
0.014
=
Z 0012
e
i
5
12}
=i
o}
Q
2
S 0.010 A
ol
[}
2
2
3
0.008 | D

fe=]

10 20 30 40 50

ALA, [mM]
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calculated by fitting the decrease in intrinsic protein fluorescence over time to Eq. (2) for a single exponential process.

(A) wild-type ALAS; (B) R85K; (C) R85L; and (D) R85L/T430V.

Presumably, these two steps are indicative of rapid
formation of an initial collision complex followed by a
slower shift to the closed conformation observed in
the crystal structures of the R. capsulatus enzyme.
Although the resolved ALA “off” rates (i.e., k_,) coin-
cide with the k., values determined through steady-
state kinetics, suggesting that a conformational change
associated with ALA release defines k. for each
enzyme, the collision complex dissociation constants
of the variants are increased. The resolved on and off
rates for the reaction between ALA and wild-type
ALAS were k;, = 0.120 + 0.015 s ' and k_, = 0.140 +
0.005 s~', respectively, with a Kp of 500 + 16 uM.
The rates for the reaction of the R85K variant with
ALA were approximately two-fold lower with k, =
0.090 + 0.003 s " and k_, 0.079 + 0.003 s '; how-
ever, the dissociation constant was three-fold higher at
1470 + 30 pM, indicating decreased affinity for ALA.
Among the more hydrophobic variants, the rates of
protein quenching with ALA were the most rapid for
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R85L with on and off rates of 0.039 + 0.009 s~ and
0.024 + 0.003 s ', respectively, values three-fold
lower that those of the wild-type enzyme. A K value
of 1130 + 27 uM corresponding to a three-fold greater
dissociation of ALA from the R85L variant than that
of wild-type ALAS was calculated. The double variant
bound ALA less tightly, with a K 13-fold lower than
that for wild-type ALAS and an estimated value of
6710 + 33 uM. The on and off rates for R85L/T430V
were also the lowest of the enzymes tested, with rates
measuring k, = 0.007 + 0.0001 s ', and k_, 0.005 +
0.001 s, respectively.

Presteady-state reaction of the variant
enzyme-glycine complexes with
acyl-CoA-derivatives

The R85L and R85L/T430V variant enzyme-glycine
complexes did not yield a measurable absorbance
change at 510 nm, previously assigned to a quinonoid
reaction intermediate (Scheme 1), when rapidly mixed

Acyl-CoA-Binding Site of 5-Aminolevulinate Synthase



Table II. Rates of Quinonoid Intermediate Formation and Decay Under Single-Turnover Conditions

Parameter Succinyl (s™") Octanoyl (s ) Butyryl (s ™) B-Hydroxybutyryl (s™") Glutaryl (s™)
Wild-type ALAS
Qs 6.0 + 0.6 2.3 + 0.4 0.41 + 0.04 n/d 0.220 + 0.03
Qua: 2.00 + 0.30 0.071 + 0.004 0.070 £ 0.005 n/d 0.091 £ 0.005
Qa- 0.072 + 0.005 0.020 + 0.003 0.011 £ 0.003 n/d 0.0010 £ 0.0004
R85K

Q¢ 4.20 + 0.1 1.91 + 0.20 0.323 + 0.020 0.121 + 0.021 0.192 + 0.042
Qa: 1.10 £ 0.1 0.11 + 0.02 0.002 + 0.0001 0.022 + 0.005 0.134 + 0.071
Qaz 0.050 £ 0.004 0.070 + 0.003 0.041 + 0.007 0.013 + 0.001 0.0010 =+ 0.0001

n/d, not determined; Qf, quinonoid intermediate formation; Qg;, first step of quinonoid intermediate decay; Qg., second step of

quinonoid intermediate decay.

17,20,21

with any of the five acyl-CoA derivatives tested.
Consequently, the investigation of the transient
kinetics associated with the formation and decay of
the quinonoid intermediate was limited to the reac-
tions catalyzed by wild-type ALAS and the R85K vari-
ant, both of which display a quantifiable absorbance
change at 510 nm upon the addition of the acyl-CoA
substrates to the enzyme-glycine complexes. The rates
associated with the lifetime of the quinonoid interme-
diate, measured during the enzyme catalyzed reac-
tions, are indicated in Table II. The reaction time
courses, monitored as absorbance changes at 510 nm,
were fitted to a sequential, three-step mechanism out-
lined by Eq. (1). An initial burst of quinonoid interme-
diate formation, followed by a two-step decay was
characteristic to each of the enzymes tested (see Fig.
5). Of all the acyl-CoA derivatives examined, only
B-hydroxybutyryl-CoA, when rapidly mixed with the
wild-type enzyme-glycine complex, failed to produce
an absorbance change at 510 nm. Overall, faster rates
of quinonoid intermediate formation were observed
for the wild-type enzyme, when compared with the
R85K variant (Table II). The rates of quinonoid forma-
tion when octanoyl-CoA was used as the substrate (2.3
and 1.9 s™') were of the same order of magnitude as
the values recorded for succinyl-CoA (6.0 and 4.2 s™%)
for both the wild-type and R85K enzymes, respectively.
These data support the increased catalytic efficiency
observed from the experiments performed in the
steady-state. Further comparison of the reaction cata-
lyzed by wild-type ALAS with butyryl-CoA versus glu-
taryl-CoA showed that quinonoid intermediate forma-
tion was accelerated 90%. A similar enhancement was
observed for the R85K-catalyzed reaction which
showed a 70% increase in the rate of quinonoid inter-
mediate formation with butyryl-CoA versus glutaryl-
CoA. The preference for butyryl-CoA over glutartyl
CoA suggests that in addition to the hydrogen bonding
properties of R85 and T430, the amino acids that line
the hydrophobic tunnel leading to the terminal guani-
dino group may play a role in substrate acceptance and
orientation. Curiously, only the R85K-glycine complex
when rapidly mixed with B-hydroxybutyryl-CoA gave a
time-dependent absorbance change at 510 nm and rate
associated with quinonoid intermediate formation
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(0.12 sY). This is in stark contrast to the observations
made of wild-type ALAS, where no quantifiable change
with this substrate was detected. This slow rate may be
explained by the mixed polarity of the substrate tail,
an attribute which simultaneously imparts hydrogen
bonding character, as well as aliphaticity to the acyl-
CoA-binding cleft of the variant enzyme.

Discussion

The reactions catalyzed by the highly related members
of the a-oxoamine synthase subfamily of PLP-depend-
ent enzymes can be compared with respect to the
specificity of the acyl-CoA substrate due to the elucida-
tion of the three-dimensional structures of subfamily
members together with mutagenesis, spectroscopic
and kinetic methods.**®?2 Both of the variant
enzymes constructed for the arginine residue (R85L
and R85K) as well as the doubly mutated enzyme
(R85L/T430V) were expressed, overproduced, and
then purified as holoenzymes, indicating that cofactor
binding by the apoprotein was not affected by the
introduction of the amino acid substitutions. However,
replacement of the invariant threonine residue with
valine (T430V) resulted in a poorly expressed, unsta-
ble, and proteolytically susceptible enzyme that could
never be purified to homogeneity (data not shown).
All of the purifiable variants were active with the phys-
iological substrate succinyl-CoA. As the threonine to
valine replacement at position 430 appears to dramati-
cally affect protein stability, we suggest that T430 is
essential not only for optimal molecular recognition of
succinyl-CoA, but also for stable folding. R85 may be
less crucial for proper enzyme function, a finding sup-
ported by the crystallographic data for SPT.® Given
that this enzyme lacks the arginine residue implicated
in salt bridge formation with the carboxylate group of
CoA substrates in the other three members of the
a-oxoamine synthase subfamily and utilizes palmitoyl-
CoA, an acyl-CoA derivative of increased aliphaticity, it
is proposed that acyl-CoA binding in ALAS may be
driven by noncovalent interactions between the two
residues and the substrate. However, considering the
structural and mechanistic data for ALAS and SPT,
turnover likely remains orchestrated by amino acids
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Figure 5. Reaction of wild-type ALAS- and R85K-glycine complexes with different CoA derivatives under single turnover
conditions. The data (ee in green/ee in red) are overlaid with the line representing the best-fit curve (===). The rate constants
for the three step sequence corresponding to both enzymes are listed in Table Il. Green and red data points correspond with
wild-type ALAS and the R85K variant, respectively. (A) octanoyl-CoA, (B) butyryl-CoA, (C) succinyl-CoA, (D) glutaryl-CoA, and

(E) B-hydroxybutyryl-CoA.

that are proximal to the site of o-carbon bond
scission.'7"?3

Comparison of the active sites of AONS and ALAS
showed that the coordination of the acyl-CoA substrate
is assisted by way of pantetheine association with the
enzyme face and tail interactions with the buried
hydrophobic tunnel.**® Both R85 and T430 coordi-
nate the carboxylate tail of the acyl-CoA substrate in
meALAS. The steady-state kinetic analysis of the var-
iants (R85K, R85L, and R85L/T430V) with the family
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of CoA-derivatives showed that the apparent Michaelis
parameters (Kfnfgpp) are dramatically different when
compared with those of wild-type ALAS. Acyl-CoA
substrates of increased hydrophobicity (e.g., octanoyl-
and butyryl-CoA) demonstrated greater affinity for the
variants where the substituted amino acid was ali-
phatic in nature (R85L and R85L/T430V). The 36-fold
decrease in the (K,Cn?gpp) for octanoyl-CoA in the R85L
variant leads us to suggest that the exclusion of water

from the acyl-CoA-binding tunnel is a determining
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feature of substrate binding. Further, in the double
variant, an 18-fold reduction in the Michaelis constant
for butyryl-CoA also supports this hypothesis. The
introduction of valine at position 430 would reduce
the diameter of the hydrophobic tunnel, making steric
hindrance a more significant consideration for sub-
strate binding. These differences identified between
the variant enzymes and wild-type ALAS suggest that
reaction specificity is driven by the chemical character-
istics of the CoA-derived tail and the hydrogen-bond-
ing potential of the invariant acyl-CoA-binding resi-
dues, a phenomenon recognized in the acyl-CoA
thioesterases of the peroxisome.**>

The chemical characteristics of the acyl-CoA tail
are a determining factor in the substrate specificity of
another family of enzymes that utilize related sub-
strates in turnover, the crotonase family.2®*” Among
those enzymes, octanoyl-CoA has been shown to bind
in a characteristic bent conformation.?® This substrate
conformation is accomplished by two structurally con-
served hydrogen bond-donating groups to the carbonyl
moiety of the substrate and through the entropically
driven loss of water coordinated by the hydrophobic
amino acids that line the binding cleft.2® The CD data
for butyryl-CoA with the double variant in addition to
the substrate configuration observed in enzymes that
physiologically utilize octanoyl-CoA led us to suggest
that octanoyl-CoA, which differs from butyryl-CoA by
a four methylene bridge, most likely bends in the
ALAS active site. This hypothesis is further supported
by the data obtained for both wild-type ALAS and
R85L with octanoyl-CoA. For wild-type ALAS, the cat-
alytic efficiency for the nonphysiological substrate oc-
tanoyl-CoA is ~100% greater than that of succinyl-
CoA (Table I and Fig. 2). Congruently, the specificity
constant for octanoyl-CoA compared with that of suc-
cinyl-CoA in the R85L variant is 66-fold higher, indi-
cating a significant change in substrate specificity.
Therefore, we hypothesize that octanoyl-CoA, devoid
of a salt bridge to anchor with the guanidino group of
R85, likely bends, excludes water from the active site,
and assists in enzyme closure, a conformation postu-
lated to be essential for turnover."”

Interestingly, the specificity constant for the wild-
type enzyme with octanoyl-CoA is higher than the
physiological substrate, succinyl-CoA, albeit at the cost
of a three-fold reduction in the specificity constant for
the other substrate, glycine. Nevertheless, this finding
and the activity of the enzyme with the other CoA
esters tested here lead us to raise the question as to
what extent ALAS may catalyze formation of 1-3-ami-
noketones other than ALA in vivo. This is currently
unknown, but may warrant further investigation. Con-
ceivably, the potential toxicity, associated with the
generation of other aminoketones rather than ALA,
could be minimized through the action of a regulatory
acyl-CoA-binding protein. In fact, studies have demon-
strated that the acyl-CoA binding protein binds long-

Lendrihas et al.

chain acyl-CoA esters with high specificity and affinity
(with K4 values of 1-10 nM)>®; hence by interacting
with acyl-CoA utilizing enzymes, the acyl-CoA-binding
protein may provide a mechanism for control of free
acyl-CoA esters and regulation of the activity of acyl-
CoA utilizing enzymes. Further, substrate specificity in
vivo might be enhanced via a substrate channeling
mechanism involving interaction between ALAS and
succinyl-CoA synthetase.?® The requirement for such a
mechanism is emphasized by the evidence presented
here.

The chromophoric properties of the PLP cofactor
provide a valuable probe to examine alterations in the
cofactor-binding cleft of ALAS. As PLP is not a chiral
molecule, the cotton effect of PLP bound in the active
site must result from certain asymmetric distortion of
the PLP molecule through interaction with the
enzyme.3° Binding of acyl-CoA substrates to ALAS (or
ALAS variants) most likely induced changes, even if
subtle, in the PLP-protein interaction, as reflected by
the different visible CD spectra (see Fig. 3). Curiously,
for each of the enzymes tested, the most noticeable
spectral deviations from the spectra obtained in the
absence of substrate were produced by CoA-derivatives
with tails that matched the chemical nature of the
amino acid substitution introduced in ALAS. In the
R85L/T430V double variant, binding of either octa-
noyl- or butyryl-CoA induced a marked positive cotton
effect (see Fig. 3). A definite interpretation for the
relationship between substrate binding and induced
cotton effect of the PLP cofactor cannot be provided at
this point. Perhaps the observed effects could be
explained, in part, by a shift in the enzyme conforma-
tional equilibrium toward the closed conformation,
which has been hypothesized for the wild-type enzyme
to be energetically driven by succinyl-CoA binding
(Lendrihas et al., unpublished data).”*° However, a
decrease in active site diameter, triggered by the
entropic loss of water upon the binding of a more
hydrophobic substrate, could also explain the change
in the cofactor microenvironment as evidenced by the
CD spectra. It is therefore premature to assign the
observed CD spectral differences to a particular molec-
ular event (e.g., a protein conformational change, a
PLP reorientation, or a perturbation of the electronic
system of the chromophore). Nevertheless, the CD
spectra in the UV region of all the variants were indis-
tinguishable from that of the wild-type enzyme (data
not shown), indicating no gross alterations in second-
ary structure, and thus suggesting that the differences
observed in the visible CD spectra, upon substrate
binding, are confined to the PLP-binding cleft.
Although specific contributions by single amino acid
substitutions cannot be easily disentangled using CD,
the CD spectral differences in the visible range among
ALAS variants with the family of CoA-derivatives of
different hydrophobicities lead us to propose that
interactions between key residues (e.g., R85 and
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T430) that bind the tail of CoA play a role in deter-
mining substrate specificity.

The proposed kinetic mechanism of the ALAS-
catalyzed reaction is limited by product release, or
opening of the active site loop coincident with product
release.'”” Utilization of protein fluorescence to study
the reverse catalytic reaction, that is, the reaction of
the enzyme with the product, resolves the ALA “off”
rate, and confirms it to be indistinguishable from
kea.”” With this in mind, we investigated whether
mutations to the acyl-CoA-binding residues affect the
rates of product release and/or perturb the enzyme-
product equilibrium (see Fig. 4). Quenching of the
ALAS intrinsic fluorescence with ALA obeyed first-
order decay kinetics. For all the variant catalyzed-reac-
tions, rates of product release and capture are dimin-
ished. The most dramatic decrease is seen in the
double variant; this enzyme exhibited a 13-fold reduc-
tion in the “on” and “off” rates (k_, and k,) for the
reaction with ALA. As CoA-derivatives of increased
hydrophobicity bind with greater affinity to the nonpo-
lar variants (R85L and R85L/T430V), it is possible
that the decreased affinity for the ALA product, a
d-amino acid, may be reversed for aminoketones of
decreased polarity. In this scenario and in agreement
with a mechanism in which a conformational step fol-
lows ligand binding, the affinity of the aminoketones
toward ALAS would not be reduced. The Ky values
would either increase or remain unchanged; this
hypothesis, however, awaits further experimentation
with aminoketones of differing hydrophobicity.

The three-dimensional structures of ALAS and
AONS revealed a hydrogen bonding network between
the invariant arginine and threonine residues and the
carboxylate moieties of acyl-CoA substrates.”* Accord-
ingly, how the use of chemically different acyl-CoA-
derivatives would affect the transient kinetic parame-
ters of the enzymes was evaluated. Single turnover
reactions with a family of CoA-derivatives were used
to determine the rates of quinonoid intermediate for-
mation and decay. The reaction catalyzed by wild-type
ALAS with glutaryl-CoA as the substrate exhibited a
30-fold lower rate corresponding to quinonoid inter-
mediate formation versus the rate calculated with suc-
cinyl-CoA. One possible explanation for the retarded
rate is that the binding of glutaryl-CoA affects the
hydrophobic acyl-CoA-binding tunnel in such a way
that cofactor-mediated electron transfer from the site
of bond scission to the resonance-stabilized pyridin-
ium ring of PLP is perturbed. This notion is further
supported by the dramatic 70-fold reduction in the
second step of quinonoid intermediate decay, with the
absorbance change at 510 nm apparently stabilizing at
a level that approaches steady-state [Fig. 5(D)]. The
R85K variant demonstrated a change in the first step
of quinonoid intermediate decay, with a 10-fold lower
rate for both octanoyl-CoA and glutaryl-CoA when
compared with the physiological substrate succinyl-
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CoA. When R85 is substituted with a lysine, the
enzyme is chemically similar to wild-type ALAS in
many respects, presumably because this conservative
replacement retains the positive charge and hydrogen
bonding properties. In addition, in silico protonation
of the lysine amino group to create the e~ammonium
charge center would contribute charge and polar inter-
actions characteristic of the guanidinium group.3“3>
However, the molecular volume of the amino acid side
chain is different, as is the electrostatic charge distri-
bution. With respect to their n-alkyl moieties, the
n-propylguanidine side chain of arginine is longer
than the n-butylamine side chain of lysine by 1.6 A.33
The R85K substitution could therefore accommodate
the additional sp3 hybridized carbon atom present in
glutaryl-CoA, allowing for a reduction in steric strain
and/or unfavorable van der Waals interactions. Fur-
ther, the increased hydrophobic tunnel length could
also assist the bending of octanoyl-CoA within the
cleft, a circumstance rationalized earlier.

In summary, the spectroscopic and kinetic studies
detailed here demonstrate not only the role played by
R85 and T430 in determining acyl-CoA substrate spec-
ificity, but also provide insight into the structure-func-
tion relationships in ALAS and the a-oxoamine syn-
thase subfamily as a whole. Although R85 and T430
recognize a part of the substrate that is distal from the
bulk of the ligand and the active site, the ability of all
the enzymes to turnover nonphysiological substrates
remains intact. Changing these residues to leucine
and valine abates succinyl-CoA binding and catalytic
efficiency, as well as increases the affinity of the
enzyme for CoA-derivatives of greater aliphaticity.
These observations indicate that a mutation-mediated
decrease in substrate binding energy could be account-
able for the enhanced affinity measured for the hydro-
phobic CoA-derivatives, instead of a direct mechanistic
linkage between these residues and the site of bond
cleavage. Certainly, the conserved amino acid duo
(R85 and T430) are at some distance from the PLP-
binding site, and therefore the coupling of substrate
binding to di-a-carbon cleavage in the active site
presumably involves coordinated movement of the
enzyme upon acyl-CoA binding. However, further
experiments to prove this await the development of
tractable fluorescent probes and the elucidation of
three-dimensional crystal structures with CoA-deriva-
tives bound.

Materials

The following reagents were purchased from Sigma-
Aldrich Chemical Company (St. Louis, MO): ampicil-
lin, DEAE-Sephacel, Ultrogel AcA-44, B-mercapto-
ethanol, PLP, bovine serum albumin, succinyl-CoA,
ALA-hydrochloride, a-ketoglutaric acid, a-ketoglutarate
dehydrogenase, HEPES-free acid, MOPS, tricine, thia-
mine pyrophosphate, NAD", and the bicinchoninic
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acid protein determination kit. Glucose, glycerol,
glycine, disodium ethylenediamine tetraacetic acid
dihydrate, ammonium sulfate, magnesium chloride
hexahydrate, and potassium hydroxide were acquired
from Fisher Scientific (Pittsburgh, PA). Sodium do-
decyl sulfate polyacrylamide gel electrophoresis
reagents were acquired from Bio-Rad. Sal I, Blp 1,
Xho 1, Bam HI restriction enzymes, Vent DNA poly-
merase, and T, DNA ligase were from New England
Biolabs (Ipswich, MA). Oligonucleotides were synthe-
sized by Integrated DNA Technologies (Coralville, 1A).

Methods

Mutagenesis

The pGF23 expression plasmid encodes the full-length
sequence for the murine, mature eALAS.3* The R85L
variant was generated using a previously described
method.?> The mutagenic primers used for the R85L
mutation were 5-GAC CAC ACC TAC CTT GTG TTC
AAG ACT GT-3' and 5-ACA GTC TTG AAC ACA AGG
TAG GTG TGG TC-3/, with the introduced codon sub-
stitution italicized. The PCR-generated fragment con-
taining the R85L mutation was used as a megaprimer
in an independent round of PCR. The PCR-generated
fragment was sequenced to verify the presence of the
desired mutations. Subsequently, the PCR product was
then digested with Sal T and Bam HI and subcloned
into pGF23 digested similarly. The site-directed muta-
genesis for the T430V variant was performed on the
whole plasmid pGF23 using a previously described
method.3® The mutagenic oligonucleotide for T430V
was: 5'-ATC AAC TAC CCA GTT GTG CCT CTG GGT-
3/, with the introduced codon substitution italicized.
The PCR-generated DNA was sequenced between the
Blp T and Bam HI restriction enzyme sites to confirm
the presence of the mutation. The product was then
digested with Blp I and Bam HI and subcloned into
pGF23 digested similarly. The pMAL2 expression plas-
mid, described earlier, encodes the full-length sequence
for the murine, mature eALAS, with the arginine at
position 85 mutated to leucine. The R85L/T430V dou-
ble mutated variant was constructed by digesting the
T430V-encoding plasmid (pTL30) with Xho I and Bam
HI. This T430V mutation-encoding fragment was sub-
cloned into pMAL2 digested similarly.

Protein purification, SDS-PAGE, protein
determination, and steady-state analysis
Recombinant murine eALAS and the R85 and R85/
T430 variants were purified from DHsa Escherichia
coli bacterial cells containing the overexpressed pro-
tein as previously described.?* Sufficient expression of
the T430V variant could not be obtained. Protein
purity was estimated by SDS-PAGE®” and was always
greater than 90%. Protein concentration was deter-
mined by the bicinchoninic acid method using bovine
serum albumin as the standard.3® All protein concen-
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trations are reported on the basis of a subunit molecu-
lar mass of 56 kDa. Enzymatic activity was determined
by a continuous spectrophotometric assay at 30°C.3°

Structural analyses

The protein data base files 2BWN, 2BWO, and 2BWP,
corresponding to the R. capsulatus ALAS holoenzyme,
succinyl-CoA bound, and glycine bound crystal struc-
tures were used as templates to model the murine
eALAS Michaelis complex structure.* Hydrogen bond
determinations were accomplished using Deepview/
Swiss-PdbViewer software.3"3%

Circular dichroism spectroscopic measurements
Spectroscopic measurements were performed with
enzyme that was dialyzed in 20 mM HEPES, pH 7.5
with 10% glycerol to remove free PLP. Circular dichro-
ism (CD) spectra were obtained using an AVIV CD
spectrometer calibrated for both wavelength maxima
and signal intensity with an aqueous solution of D-10
camphorsulfonic acid.*® Protein concentrations were
100 uM for each enzyme tested. The final concentra-
tion of each CoA-derivative was 100 pM, giving a 1:1
molar ratio of enzyme to ligand. At least three CD
spectra were collected per experiment and averaged
using a 0.1 cm path length cuvette with a total volume
of 300 pL. Blank CD spectra contained all components
of the solution except enzyme. CD spectra containing
the enzyme sample were collected immediately after
adding the enzyme. The spectra of the samples con-
taining enzyme were analyzed after subtracting the
blank spectra.

Stopped-flow spectroscopy

All of the experiments were carried out at 30°C in
100 mM HEPES, pH 7.5, and 10% (v/v) glycerol. The
concentration of reactants loaded into the two syringes
was always two-fold greater than that present in the
cell compartment after mixing, with glycine and the
enzyme preincubated in one syringe and the CoA-
derivative in another. Because of the difference in K,
values for the CoA-derivatives among the two enzymes
tested, different CoA-derivative concentrations were
used to ensure the identification of a single enzyme
catalyzed event. For the wild-type reaction, the final
concentrations were: 120 pM wild-type ALAS and
130 mM glycine. The final concentrations of each inde-
pendently examined CoA-derivative were: succinyl-
CoA, 10 uM; octanoyl-CoA, 10 uM; butyryl-CoA,
20 uM; B-hydroxybutyryl-CoA, 30 pM; glutaryl-CoA,
30 puM. For the R85K-catalyzed reaction, the final
concentrations were: 120 uM R85K and 130 mM gly-
cine. The final concentrations of each independently
examined CoA-derivative were: succinyl-CoA, 20 uM;
octanoyl-CoA, 10 uM; butyryl-CoA, 10 pM; B-hydroxy-
butyryl-CoA, 10 uM; glutaryl-CoA, 20 pM. Rapid
scanning stopped-flow kinetic measurements were
conducted using an OLIS model RSM-1000 stopped-
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flow spectrophotometer. The dead time of this instru-
ment is ~2 ms, and the observation chamber optical
path length is 4.0 mm. Scans covering the wavelength
region 270-550 nm were acquired at a rate of 31,
seven or three scans per second to condense the
resulting data files to a tractable size for data fitting
analysis. An external water bath was utilized to main-
tain constant temperature (30°C) of the syringes and
observation chamber. Observed rate constants were
determined by global fitting of the acquired spectral
data sets, using the single value decomposition soft-
ware provided by OLIS.#' The quality of fits were
judged by visual analysis of the calculated residuals in
conjunction with the Durbin—Watson statistic.#* Single
turnover data were interpreted using a three kinetic
step mechanism as described by Eq. (1).

1 2 3
kobe kobs kl)bﬁ
A=B=C-=D (1)

The observed rate constants were determined
from at least three replicate experiments, and the
reported values represent the average and standard
error of measurement for each experimental condition.

Intrinsic protein fluorescence quenching and
product binding

The presteady state kinetics of the product binding
reaction of ALAS and the R85 and T430 variants were
examined by measuring changes in the intrinsic pro-
tein fluorescence intensity. An OLIS RSM-1000F rapid
mixing spectrofluorimeter, equipped with a high-inten-
sity xenon arc lamp, was used to follow the reaction.
The enzyme and ligand in 20 mM HEPES (pH 7.5)
and 10% glycerol were maintained at 30°C in separate
syringes before their mixing in the reaction chamber.
The concentrations of enzyme and ligand in the reaction
chamber were 1/2 of those in the syringes. The intrinsic
protein fluorescence, as measured with 5 pM enzyme,
was evaluated in the presence of increasing concentra-
tions of the product, ALA. The excitation wavelength
and the slit width were 280 and 5 mm, respectively.
Scheme 1 illustrates the relationship between wave-
length maximum and the dynamic process being moni-
tored. The emitted light was filtered using a cutoff filter
(WG 320; 80% transmittance at 320 nm; Edmund
Optics, Barrington, NJ). Typically, 500 time points were
collected for varying lengths of time, and three or more
experiments were averaged. Each averaged data set was
then fitted to Eq. (2), using the global fitting software
provided with the instrument.

AF () = Aye kot + A, (2)
where F,,s(t) is the observed fluorescence change (in
arbitrary units) at time t, ko, is the observed first-

order rate constant, A, is the pre-exponential factor
and A, is the offset. The observed rate constants were
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then plotted against ligand concentration and the data
were fitted to Eq. (3) by nonlinear regression. The rates
of dissociation (k.¢) and association (ko) as well as the
ligand binding constants (Kp) were calculated from the
asymptotic maximal observed rate, the ordinate inter-
cept, and the ligand concentration (x) in Eq. (3).

koffx
KD +Xx

f(x) = kon + (3)
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