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ABSTRACT: 5-Aminolevulinate synthase (ALAS) catalyzes the first step in the heme biosynthetic pathway
in nonplant eukaryotes and some prokaryotes, which is the condensation of glycine with succinyl-coenzyme
A to yield coenzyme A, carbon dioxide, and 5-aminolevulinate. ALAS requires pyridoxal 5′-phosphate
as an essential cofactor and functions as a homodimer. D279 in murine erythroid enzyme was found to
be conserved in all aminolevulinate synthases and appeared to be homologous to D222 in aspartate
aminotransferase, where the side chain of the residue stabilizes the protonated form of the cofactor ring
nitrogen, thus enhancing the electron sink function of the cofactor during enzyme catalysis. D279A
mutation in ALAS resulted in no detectable enzymatic activity under standard assay conditions, and the
conservative D279E mutation reduced the catalytic efficiency for succinyl-CoA 30-fold. The D279A
mutation resulted in a 19-fold increase in the dissociation constant for binding of the pyridoxal 5′-phosphate
cofactor. UV-visible and CD spectroscopic analyses indicated that the D279A mutant binds the cofactor
in a different mode at the active site. In contrast to the wild-type and D279E mutant, the D279A mutant
failed to catalyze the formation of a quinonoid intermediate upon binding of 5-aminolevulinate. Importantly,
this partial reaction could be rescued in D279A by reconstitution of the mutant with the cofactor analogue
N-methyl-PLP. The steady-state kinetic isotope effect when deuteroglycine was substituted for glycine
was small for the wild-type enzyme (kH/kD ) 1.2( 0.1), but a strong isotope effect was observed with
the D279E mutant (kH/kD ) 7.7( 0.3). pH titration of the external aldimine formed with ALA indicated
the D279E mutation increased the apparent pKa for quinonoid formation from 8.10 to 8.25. The results
are consistent with the proposal that D279 plays a crucial role in aminolevulinate synthase catalysis by
enhancing the electron sink function of the cofactor.

5-Aminolevulinate synthase (ALAS)1 (EC 2.3.1.37) is the
first enzyme in the heme biosynthetic pathway in animals,
fungi, and some bacteria, and it catalyzes the condensation

of glycine and succinyl-CoA to produce 5-aminolevulinate
(ALA), coenzyme A, and carbon dioxide (1, 2). In animals,
two chromosomally distinct genes have been identified, one
of which appears to be expressed exclusively in erythrocytes
(3). The high degree of sequence homology between the
two gene products, which are 70% identical for the mature
human enzymes, indicates a structural identity and suggests
the two isoforms differ primarily in regulation of expression
(3). Pyridoxal 5′-phosphate (PLP) is required as an essential
cofactor, and a reaction mechanism has been proposed on
the basis of radiolabeling studies (4). K313 of murine
erythroid ALAS has been identified as the residue involved
in the Schiff base linkage with the PLP cofactor (5), and a
conserved glycine loop has been proposed to form part of
the PLP-binding site (6).

ALAS is a member of theR-family of PLP-dependent
enzymes, in which the covalency changes occur at the
R-carbon of the amino acid that forms an aldimine linkage
to the PLP cofactor through the amino group (7, 8). The
members of this enzyme family, which include the tran-
saminases, are believed to share a common evolutionary
origin (7), and sequence homology analyses have revealed
the absolute conservation of an aspartate residue approxi-
mately 30-40 residues to the N-terminus of the perfectly
conserved lysine that forms the Schiff base linkage with the
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cofactor (7, 9). Significantly, in theR-family enzymes for
which three-dimensional structures are available, including
AAT (10), TPL (11), and DGD (12, 13), this aspartate residue
is positioned to interact with the pyridinium ring nitrogen
of the PLP cofactor. The negatively charged carboxylate
group of the aspartate residue appears to be spatially situated
to play a critical role in stabilizing the protonated form of
the ring nitrogen, thus enhancing the electron sink character
of the cofactor during catalysis. In AAT, mutation of the
conserved aspartate residue (D222) to alanine resulted in an
8600-fold decrease in the catalytic efficiency, and even a
conservative change to glutamate reduced activity 4-fold (14).
Significantly, the D222A and D222N mutations increased
the deuterium isotope effect with [2-2H] aspartate from 2.2
to 6.0, indicating that these mutations do impair the efficiency
with which the PLP cofactor functions as an electron sink.
Reconstitution of the D222A mutant withN-methyl-PLP, a
cofactor analogue where the ring nitrogen has a permanent
positive charge, led to a 10-fold recovery of enzymatic
activity, even though crystallographic studies indicated that
the cofactor analogue was not positioned in an optimal
orientation at the active site (15). In murine erythroid ALAS
the corresponding aspartate residue is D279, and to test if
this residue enhances the electron sink character of the PLP
cofactor in a manner analogous to AAT, we have used site-
directed mutagenesis to replace D279 by alanine or glutamate.
The results provide further evidence to support the postulated
role of this conserved residue in catalysis by theR-family
of PLP-dependent enzymes.

EXPERIMENTAL PROCEDURES

Materials

Restriction enzymes, Vent DNA polymerase, and T4 DNA
ligase were obtained from New England Biolabs, and were
used according to the manufacturer’s instructions. Sequenase
and deoxy- and dideoxynucleotide triphosphates were from
Amersham. [R-35S] dATP was from Du Pont/NEN Research
Products. The bicinchoninic acid protein assay reagents were
purchased from Pierce Chemical Co. All other chemicals
were purchased from Sigma or Fisher and were of the highest
purity available. The oligonucleotide primers were synthe-
sized in the DNA Synthesis Core Laboratory (University of
Florida). The GeneClean II kit was a product of Bio 101
Inc., while the QIAquick PCR Purification kit and QIAGEN-
tip 100 Plasmid DNA Preparation kit were from Qiagen.
Ultrogel AcA 44 was obtained from IBF Biotechnics Inc.
HiTrap desalting columns were from Pharmacia Biotech.
Acrylamide and gel reagents were purchased from Bio-Rad.
Dialysis tubing was obtained from Spectrum Medical
Industries. Centricon concentrators and Amicon ultrafiltra-
tion cells and membranes were obtained from Amicon.

Methods

Comparison of ConserVed Residues in ALAS and Some
Related PLP-Dependent Enzymes. Protein sequences were
retrieved via computer from the public database at the
National Center for Biotechnology Information (NCBI). The
sequences for each enzyme were aligned using the program
CLUSTAL to identify conserved residues for that enzyme.
Conserved residues comprising the active site of AATase

(the enzyme most closely related to ALAS for which a crystal
structure is known) were then used as markers to visually
look for conservation of similar residues in ALAS and some
other related enzymes, using the active site lysine that forms
a Schiff base with the PLP cofactor as a reference point.
This procedure for identifying putative active site residues
is similar to that previously described for ACCS (16).
Construction of Plasmids pJG8 and pJG15. The pJG8

and pJG15 plasmids encode the full length sequence for the
mature murine erythroid ALAS D279A and D279E mutants,
respectively, and are derived from the pJG3 plasmid encoding
the sequence for the mature murine erythroid ALAS (6). The
method for constructing both plasmids was based on the
method described by Chen and Przybyla (17), with some
modifications. Briefly, two rounds of PCR were performed
to obtain DNA fragments with the desired mutation flanked
by two unique restriction enzyme digestion sites. The DNA
fragments were then amplified by a third round of PCR,
digested with the two unique restriction endonucleases, and
subcloned back into the pJG3 vector. The first round of PCR
generated DNA products that encoded either the D279A or
the D279E mutation and contained a uniqueSmaI restriction
site, a unique restriction enzyme site downstream of the
mutation. The mutagenic primer for D279A was 5′-
CTTCGTAGCTGAAGTCCA, where the nucleotide substi-
tution introduced is underlined, and for D279E was 5′-
CTTCGTA(G/A)ANGAAGTCCA, where (G/A)) 50% G
+ 50% A, and N) 25% each of G, A, T, and C. The
downstream primer used was 5′-TTGAGTAGGCGCA-
CAGA. The PCR mixture (100µL) contained 25 ng of the
pJG3 DNA as the template, 50 pmol of each primer, 200
µM dideoxynucleotide triphosphates, 1 unit of Vent DNA
polymerase, and reaction buffer (New England Biolabs). A
total of 25 cycles of 94°C for 1 min, 45°C for 3 min, and
72 °C for 2 min was followed by an extension of 10 min at
72 °C. The PCR products were purified using the QIAquick
PCR purification kit (Qiagen). The purified products were
then used as megaprimers for the second round of PCR,
which generated DNA fragments with the desired mutation
flanked by theSmaI site and a uniqueXhoI site upstream of
the mutation region. The reaction mixture for the second
round of PCR (200µL) contained 300 ng of the megaprimer,
50 pmol of the upstream primer, 5′-CATAAGCAGACAC-
CCTAGGGT, and the remaining components in the same
amounts as used in the first round of PCR described above.
The program was also the same as that for the first round of
PCR. The generated product was gel purified, and 50 ng
was used as the template for a third round of PCR, using
the upstream and downstream primers. The amounts of other
reaction components and the program were the same as those
in the first round of PCR. The resulting PCR products were
purified, using the QIAquick PCR purification kit. The
purified DNA fragments were digested withSmaI andXhoI,
and subcloned into the pJG3 vector, which had been
previously digested with the same endonucleases. DNA
sequencing was performed according to the dideoxynucle-
otide chain-termination method (18) to verify the mutations.
Protein Purification, SDS-PAGE, and Protein Determi-

nations. Wild-type and mutant forms of ALAS were purified
from bacterial extracts containing the overexpressed protein
as previously described (19). Buffer A (20 mM potassium
phosphate, pH 7.2, containing 1 mM EDTA, 5 mMâ-mer-
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captoethanol, 10% glycerol, and 20µM PLP) was used
throughout the purification and the subsequent characteriza-
tion experiments unless otherwise stated. Protein purity was
estimated by SDS-PAGE (20) and was never less than 95%.
Protein concentrations were determined by the bicinchoninic
acid assay using BSA as standard, following Pierce’s
Application Note #13 as the protocol. Briefly, 50µL of each
protein sample was precipitated with 200µL of ice-cold
acetone and then resuspended in 50µL of deionized water.
Subsequently, 1 mL of the BCA working reagent was added
to each sample. A blank was prepared by adding 1 mL of
the BCA working reagent to 50µL of deionized water. After
incubation at 37°C for 30 min, the absorbance of each
sample was recorded at 562 nm, using the blank as reference.
Bovine serum albumin was used as the standard and was
treated in a manner identical to the samples.
Steady-State Kinetics. Steady-state activity of ALAS was

measured at 30°C by coupling the production of coenzyme
A to the reduction of NAD+ by R-ketoglutarate dehydroge-
nase and monitoring the increase in absorbance at 340 nm
(21). The assay conditions were 20 mM HEPES, pH 7.2, 1
mM NAD+, 3 mM MgCl2, 250µM thiamine pyrophosphate,
0.25 unit of R-ketoglutarate dehydrogenase, 5-200 mM
glycine, 1-30µM succinyl-coenzyme A, and 2.7µM (wild-
type) or 6.1µM (D279E) ALAS. Data were constructed as
matrixes of five glycine and five succinyl-CoA concentra-
tions from which apparent maximal velocities were deter-
mined by fitting the data to the Michaelis-Menten equation
using the nonlinear regression analysis software program
Enzfitter (Biosoft Publishing Inc.). Data were collected in
duplicate for both enzymes. Secondary plots were used to
obtainKm andkcat values as described (22).
Dissociation Constants for Glycine and ALA. Equilibrium

dissociation constants for the binding of glycine to the wild-
type and mutant proteins were determined at pH 7.5 and 30
°C by separately titrating the proteins (20µM for each
protein) with increasing concentrations of glycine and
monitoring the increase in absorbance at 420 nm upon
formation of the external aldimine between PLP and glycine
(19). Binding of ALA to the wild-type enzyme or D279E
ALAS resulted in a decrease in absorbance at 420 nm, and
instead there was a new absorption maximum formed at 510
nm (wild-type ALAS), or 500 nm (D279E ALAS), indicating
the formation of a quinonoid intermediate. Thus, for binding
of ALA to the wild-type and D279E mutant the absorbance
increase of the quinonoid was used to calculate theKd values.
Conversion of the external aldimine to a quinonoid inter-
mediate upon ALA binding was not observed for the D279A
mutant, however, and theKd for this interaction was
calculated from the increase in absorbance at 420 nm. In
all cases the data were analyzed by nonlinear regression
analysis to determine theKd as previously described (23).
Chemical Synthesis and Purification of N-Methyl-PLP.

N-Methyl-PLP was synthesized by methylation of the free
base form of PLP with a molar equivalence of dimethyl
sulfate, as described by Pfeuffer et al. (24). The cofactor
analogue was purified from unreacted starting material by
traditional column anion exchange chromatography at pH
8.5 using 0.1 M sodium bicarbonate as loading buffer and
0.25 M sodium bicarbonate for elution.
Preparation of Apo-ALAS Enzymes and Reconstitution of

D279A ALAS with N-Methyl-PLP. Apoenzymes of both the

wild-type and the D279A mutant forms were obtained
through extensive dialysis at 4°C against buffer A minus
PLP. The enzymes were dialyzed against at least 10 times
enzyme sample volumes of buffer A, with multiple changes
of the buffer throughout the dialysis. Activity assays and/
or UV-visible spectral analyses were performed to monitor
the dialysis process, since it has been reported that apo-ALAS
is inactive and does not exhibit the 420 nm absorbance
maximum corresponding to the Schiff base formed between
the enzyme and the cofactor (19). The apo-ALAS prepara-
tions were concentrated to the desired final concentration
using centricon-30 concentrators or Amicon ultrafiltration
cells with a YM30 or YM10 membrane.
To obtain the D279A ALAS reconstituted withN-methyl-

PLP, apo D279A was treated with a 10-fold molar excess
of N-methyl-PLP for 1 h at 25 °C, and then the excess
analogue was removed by overnight dialysis, after which the
reconstituted protein was concentrated as described above.
Immediately before use, 1.5 mL of concentrated sample was
applied to a HiTrap desalting column (16 mm× 25 mm,
Pharmacia Biotech) to separate any free cofactor analogue
from the holoenzyme. The sample was eluted with 5 mL
of buffer A without PLP. Spectra of the eluted fractions
were recorded, and the fractions containing the reconstituted
holoenzyme were collected and pooled.
Spectroscopic Methods: UV-Visible and CD Spectra.

Absorption spectra were recorded using a Shimadzu UV
2100U dual-beam spectrophotometer at 25°C. ALAS wild-
type and mutant samples (10-20 µM) were dialyzed for 6
h against three changes of buffer A containing PLP or
N-methyl-PLP at a concentration 110% of that of the enzyme.
The dialyzed samples were centrifuged to remove any
denatured protein. The absorption spectra were then re-
corded using the dialysate as reference.
CD spectra were obtained using a Jasco J710 spectropo-

larimeter calibrated for both wavelength maxima and signal
intensity using an aqueous solution ofD-10-camphorsulfonic
acid (25). UV spectra (2-10 µM enzyme) were recorded
over the wavelength range 200-270 nm using a cylindrical
cell of 0.1 cm path length and a total volume of 300µL.
Visible CD spectra obtained during apoenzyme titrations (8-
15 µM enzyme) with PLP orN-methyl-PLP were recorded
using a cylindrical cell of 1 cm path length and a total volume
of 600 µL. All spectra were obtained at 25°C and are
corrected for buffer contributions.
Determination of Kd, the Equilibrium Constant for Dis-

sociation of PLP or N-Methyl-PLP from ALAS. Kd values
were determined by CD spectrometric titration of the apo
ALAS enzyme with PLP orN-methyl-PLP. ALAS wild-
type and the D279A mutant form were in buffer A minus
PLP at a concentration range of 8-15µM. A series of PLP
or N-methyl-PLP stocks were prepared, and a minimal
volume of each was added to the enzyme cuvette to achieve
the desired PLP orN-methyl-PLP concentration, such that
the total dilution of the protein sample was less than 5%
and could be assumed to be insignificant. CD spectra in
the 400-500 nm region were recorded after each addition
of PLP orN-methyl-PLP. The changes in the spectra were
used to calculate theKd values. Kd is defined as

Kd ) [ALAS] apo[C]ub/[ALAS] holo (1)
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where [ALAS]apo and [C]ub are concentrations of the apo
ALAS and unbound PLP orN-methyl-PLP, respectively, and
[ALAS] holo represents the concentration of the holo ALAS.
The ratioR of bound PLP (orN-methyl-PLP) to total PLP-
(or N-methyl-PLP) was derived as

where [C]t is the total PLP orN-methyl-PLP concentration
and [ALAS]t is the total ALAS concentration.
Changes in the apparent ellipticities at 420 nm (or 440

nm for D279A) were plotted against [C]t, and theKd was
determined by fitting the data to eq 2 using the nonlinear
regression analysis programEnzfitter.
Detection of the Quinonoid Intermediate in ALAS-

Catalyzed ReVerse Reaction. The quinonoid intermediate
was detected from the ALAS-catalyzed reverse reaction by
monitoring the absorbance in the 400-600 nm range at 25
°C. Four hundred microliters of ALAS in buffer A (4-5
µM for the wild-type enzyme and 40-80 µM for D279A
mutant ALAS) was mixed with 40µL of 0.5 M AMPSO
buffer, pH 9. Two hundred microliters of this mixture was
subsequently transferred into both the sample and the
reference cuvettes. The reaction was started by the addition
of 10 µL of 0.5 M ALA-hydrochloride in water freshly
neutralized with 10µL of 0.5 M KOH, while 20µL of water
was added to the reference. The absorbance in the range of
400-600 nm was recorded immediately after the sample was
mixed. The appearance of an absorbance maximum at 510
nm reflected formation of the quinonoid reaction intermedi-
ate.
Kinetic Isotope Effect with D279E. Enzyme activity was

monitored continuously at 30°C using a coupled enzyme
assay essentially as described (21) with either 100 mM
glycine or 100 mM deuteroglycine, 50µM succinyl-CoA,
and 8.3µM wild-type ALAS or 15µM D279E ALAS. Each
set of conditions was run three times, and the values reported
represent the average value with the standard error of
measurement.
pH Titration of Quinonoid Formation with D279E. To

examine the possible pH dependence of quinonoid formation
with ALA, a pH gradient was created by titrating a 60µL
solution of 1 M HEPES free acid or 1 M AMPSO free acid
with increasing volumes of 1 M sodium hydroxide. Fol-
lowing the mixing of buffer and sodium hydroxide, 12µL
of a 1 M solution of ALA-hydrochloride was added to the
buffer, followed by a volume of water sufficient to bring
the total volume up to 500µL. After mixing this solution
with a handheld pipet, 100µL of 120 µM D279E ALAS
was added to yield a final solution containing 100 mM buffer
of varying pH, 20 mM ALA, and 20µM D279E. Twenty
millimolar ALA was determined to be sufficient to saturate
the D279E mutant over the pH range 6.5-9.3 in control
experiments. The solution was thoroughly mixed in the
sample cuvette, and the spectrum was immediately recorded
from 250 to 600 nm. Following the spectral scan, the pH
of the solution was checked by diluting the sample 2-fold
with water in a scintillation vial and reading the pH on a
Fisher Scientific Accumet 915 pH meter. The dilution was
necessary to achieve a sufficient volume of liquid to make

an accurate reading possible, and it had no effect on the final
pH as determined in separate control experiments. HEPES
was used as buffer in the pH range 6.5-8.2, and AMPSO
was used in the pH range 8.2-9.4. The blank solution in
the reference cell was a solution of 100 mM of the
appropriate buffer in the free acid form and 10 mM ALA-
hydrochloride. It was essential to keep the blank acidic
because at neutral to basic pH values there was a time-
dependent increase in absorbance throughout the observed
wavelength range, with the increase being much more
pronounced at shorter wavelengths. This was presumably
caused by some degree of polymerization of the ALA, which
is an aminoketone, at pH values where a significant portion
of the molecules were present as the free amine, since this
effect was not observed in the absence of ALA or when the
pH of the solution was below 7.0. To avoid any effects this
might have on the measured quinonoid formation the
reference solution was allowed to remain acidic, and the
spectrum of the sample solution was recorded immediately
after mixing the enzyme into the solution. The absorbance
at 510 nm as a function of pH was fitted to the equation

while the absorbance at 420 nm was fitted to the equation

using the nonlinear regression analysis programEnzfitter,
where Absmax and Absmin represent the theoretical maximal
and minimal absorbance at 510 nm under the defined
conditions, respectively, and along with the pK term are the
variables in the equation.

RESULTS

Comparison of ConserVed Residues in ALAS and Some
Related PLP-Dependent Enzymes. The three-dimensional
structure of ALAS is currently unknown, but sequence,
secondary structure prediction, and hydrophobicity profile
analyses indicate a significant structural similarity to several
other PLP-dependent enzymes, including transaminases (7,
9). In support of these computational analyses, crystal-
lographic studies have shown that the PLP binding domains
of AATase, DGD, and TPL are similar (11, 13). Several of
the residues comprising the active site are conserved, and
even more strikingly, their spacing within the peptide
sequence relative to the active site lysine that forms a Schiff
base to the cofactor is also conserved. A comprehensive
model postulating the roles of these residues in catalysis by
AAT has been published (10), and subsequent mutagenic
studies have supported this model (14, 15, 27-30). We have
found that many of these active site residues are also perfectly
conserved in the 20 known ALAS sequences, as well as in
glycine acetyltransferase and 8-amino-7-oxononanoate syn-
thase, and postulate they may exhibit functions analogous
to those of the corresponding residues in AAT (Figure 1).
Among these conserved amino acids the aspartate residue

which is approximately 30-40 amino acids to the N-terminus
of the lysine involved in Schiff base linkage with PLP is of
particular interest. In AAT, TPL, and DGD, this residue is

R) (1/2){1+ Kd/[C]t + [ALAS] t/[C]t - [(1 + Kd/[C]t +

[ALAS] t/[C]t)
2 - 4[ALAS] t/[C]t]

1/2} (2)

Abs) [(Absmax- Absmin)/(1+ 10(pK-pH))] + Absmax
(3)

Abs) [(Absmax- Absmin)/(1+ 10(pH-pK))] + Absmax
(4)
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located within a distance of strong ionic interaction with the
ring nitrogen of PLP. The negatively charged side-chain
carboxylate group of this residue plays a critical role in
stabilizing the protonated ring nitrogen of the cofactor, which
enables PLP to function as an electron sink during enzyme
catalysis (14, 15). In mouse erythroid ALAS, D279 appears
to be the residue homologous to D222 in AAT, according
to the sequence comparison (Figure 1).
Kinetic Analysis and Dissociation Constants. The steady-

state kinetics of wild-type and D279E were examined, and
the results are presented in Table 1. Double reciprocal
crossover plots of the raw data indicated a sequential
mechanism. The conservative mutation decreased thekcat
approximately 2-fold and decreased the catalytic efficiency

for glycine 10-fold. The catalytic efficiency for succinyl-
CoA was decreased 30-fold. Since the D279A mutation
resulted in an activity below the detection limit, D279A was
subsequently reconstituted withN-methyl-PLP and assayed
for activity. N-Methyl-PLP is a PLP analogue, which has a
methyl group linked to the ring nitrogen. The ring nitrogen
is therefore permanently positively charged, and this might
circumvent the need for the aspartate residue. However,
reconstitution with the cofactor analogue did not rescue
enzymatic activity to a measurable extent under the standard
assay conditions (data not shown).
The enzymes were titrated with glycine and ALA to

determine the dissociation constants for formation of external
aldimines with substrate and product. Mutation of D279 to
glutamate or alanine increased theKd for glycine about 3.5-
fold. More interesting results were observed for binding of
the product, ALA, where the D279E mutation increased the
Kd 64-fold and the D279A mutation increased theKd 400-
fold.
Absorption and CD Spectroscopic Characterization of

ALAS. Figure 2A compares the visible absorption spectra
of wild-type ALAS with the D279E mutant, and the D279A
mutant in either the PLP orN-methyl-PLP forms. For the
wild-type ALAS, two absorbance maxima were observed
around 330 and 420 nm, respectively. These two absorbance
maxima presumably represent different ionization states of
the imine nitrogen of the internal aldimine formed between
K313 in ALAS and the PLP cofactor. In the D279E mutant
the 430 nm absorption was slightly blue-shifted to about 410

FIGURE 1: (A) Conserved residues in ALAS and someR-family
PLP-enzymes. Numberings used for enzymes are the following:
chicken cytosolic AAT (9),Citrobacter freundiiTPL (10); Pseudomo-
nas cepaciaDGD (37);Escherichia coliTAT (38);Saccharomyces
cereVisiaeHPAT (39), apple ACCS (40), mouse erythroid ALAS
(41),E. coli GAT (7), andBacillus sphaericusAOS (7). Numbers
below each residue indicate their distance (in terms of numbers of
residues) from the Schiff base lysine residue (positive numbers are
designated to be C-terminal to the lysine, while negative numbers
mean the residues are N-terminus to the lysine). The number of
sequences aligned for each enzyme is given adjacent to the enzyme
name: aglycine in Archae and some eubacteria;bserine inRhizobium
sp.; cphenylalanine in wheat;dglycine in wheat; eglycine in
geranium;fserine in leaf mustard;galanine in mycobacteria;halanine
in Helicobacter pylori. (B) Model for the partial active site of
ALAS. Residue numbering is for the murine erythroid ALAS (41).

FIGURE2: (A) Absorption spectra of wild-type and mutant ALASs.
(s), Wild-type at 18.2µM; (‚‚‚) D279A in PLP form at 18.8µM,
(-‚-), D279A reconstituted withN-methyl-PLP at 19.3µM, (- - -),
D279E at 19.0µM. Spectra were recorded in 20 mM potassium
phosphate buffer, pH 7.2, in a 1 cm cell, as described in
Experimental Procedures. (B) CD spectra of ALAS wild-type and
D279A mutant enzymes. (s) Wild-type ALAS at 10µM, (- - -)
D279A in PLP form at 6µM, (‚‚‚) D279A inN-methyl-PLP form
at 8µM.
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nm, and the ratio of the 330 nm to the 410 nm peak heights
was markedly increased. The D279A mutant also displayed
an absorbance maximum around 420 nm, although the
absorption maximum was lower than the wild-type value.
Moreover, the mutant exhibited a poor absorbance maximum
around 330 nm. These data suggest that the binding of PLP
is affected upon mutation of the aspartate residue. When
D279A was reconstituted withN-methyl-PLP, two absor-
bance maxima were detected around 330 and 408 nm,
respectively, indicating the enzyme can bind to the cofactor
analogue. The shift of the 420 nm absorbance to 408 nm is
probably indicative of a difference in the interaction of the
protein with PLP andN-methyl-PLP.
The CD spectra in the region of 200-270 nm were

recorded for wild-type ALAS and D279A in both PLP and
N-methyl-PLP forms (Figure 2B). There was no significant
difference in the spectral pattern, suggesting that no gross
conformational change was introduced through the mutation
of aspartate residue or the reconstitution of the mutant with
cofactor analogue. It is likely, however, as has been
proposed with other mutants of PLP-dependent enzymes (30,
31), that small conformational changes would be confined
to the region immediately surrounding the site of the
mutation.
In contrast, significant differences in the CD spectra were

detected between the wild-type and the mutant in both PLP
andN-methyl-PLP forms in the region of 350-500 nm. The
wild-type enzyme exhibited a strong positive band around
420 nm. The mutant in both forms displayed two positive
bands, around 410 and 440 nm, with molar ellipticities lower
than those of the wild-type enzyme (i.e., ranging from 13 to
30% of the wild-type enzyme values, data not shown); these
results suggest that the cofactor binding mode must differ
between the wild-type enzyme and the mutant.
Determination of Kd, the Affinity Constant for Binding of

PLP or N-Methyl PLP to D279A ALAS. To characterize
further the effects of mutation of D279 in relation to the
PLP cofactor at the ALAS active site, the equilibrium
constant for dissociation of PLP orN-methyl-PLP was
determined for the mutant and compared with the wild-type
Kd value. This was accomplished through CD titration of
the apoenzyme with PLP or its analogue in the visible region.
Changes in the apparent ellipticity were plotted against PLP
orN-methyl-PLP concentrations in the sample. TheKd value
was determined from the theoretical curve that best fits the
experimental data. The results are illustrated in Figure 3;
D279A exhibited less affinity for the PLP cofactor than the
wild-type ALAS, as theKd value was increased 19-fold from
1.6 to 30µM. The mutant bindsN-methyl-PLP even less
tightly, as theKd value was 42-fold higher than that of the
wild-type enzyme with PLP.

Detection of Quinonoid Intermediate in the ReVerse
Direction of the Reaction Catalyzed by D279A Reconstituted
with N-Methyl-PLP. The D279A mutation rendered the
activity of the enzyme to be below the detection limit of the
current ALAS activity assay, so any kinetic or isotope effect
characterization of this mutant became impracticable. In an
effort to elucidate the role of D279 in ALAS catalysis, a
partial reaction involving the formation of the quinonoid
intermediate in the ALAS-catalyzed reverse reaction was
studied. The addition of ALA to the wild-type enzyme leads
to the appearance of an absorbance maximum at 510 nm,
which results from the formation of a quinonoid intermedi-
ate.2 Not surprisingly, mutation of the aspartate residue
abolished the ability of the enzyme to catalyze the production
of the intermediate, and as a result, no absorbance maximum
was detectable at 510 nm. However, reconstitution of
D279A withN-methyl-PLP rescued the partial reaction. An
absorbance maximum around 510 nm was observed upon
addition of ALA to the reconstituted mutant, although the
absorption maximum was much lower than that of the wild-
type (Figure 4).
Kinetic Isotope Effect. To assess the effect of the D279E

mutation upon enzymatic removal of thepro-R proton of
glycine, both the wild-type and D279E mutant were exam-
ined for a KIE when deuteroglycine was substituted for

2 G. A. Hunter and G. C. Ferreira, manuscript in preparation.

Table 1: Steady-State Kinetic and Equilibrium Parameters for Reaction of ALAS

glycine SCoA ALA

ALAS
kcat

(min-1)
Km

(mM)
kcat/Km

(min-1 mM-1)
Kd

a

(mM)
Km

(µM)
kcat/Km

(min-1 µM-1)
Kd

b

(mM)

wild-type 10( 1 23( 1 0.4( 0.04 22( 2 2.3( 0.1 4.5( 0.5 0.025( 0.003
D279E 5.8( 0.8 140( 30 0.04( 0.01 76( 7 35( 5 0.16( 0.04 1.6( 0.1
D279A <0.01 81( 6 10( 1
a From three replicate spectrophotometric titrations at pH 7.2 in buffer A minus PLP.b From three replicate spectrophotometric titrations at pH

8.9 in 50 mM AMPSO buffer containing 10% (v/v) glycerol.

FIGURE3: CD titration of wild-type and D279A mutant apo-ALAS
enzymes with PLP orN-methyl-PLP. The titration was performed
by recording CD spectra of ALAS enzymes in the presence of 0-1
mM PLP or N-methyl-PLP. Changes in the apparent molar
ellipticities (at 440 nm for D279A and 420 nm for the wild-type)
were plotted as a function of [PLP] or [N-methyl-PLP] for each
enzyme. (b) Wild-type ALAS (7.1 µM) titrated with PLP, (9),
D279A ALAS (19µM) titrated with PLP, (2) D279A ALAS (19
µM) titrated withN-methyl-PLP. The determinedKd’s were 1.6(
0.1 µM for wild-type ALAS, 30( 1 µM for D279A, and 68( 3
µM for D279A reconstituted withN-methyl-PLP.

3514 Biochemistry, Vol. 37, No. 10, 1998 Gong et al.



glycine during steady-state catalysis. The average time
course values of the analyses are shown in Figure 5. The
KIE observed for the wild-type enzyme was small but
significant (1.2( 0.1), indicating that removal of thepro-R
proton of glycine was only partially rate-limiting. With
D279E, however, the KIE was increased to 7.7( 0.3,
indicating cleavage of this bond had become entirely rate-
limiting with this conservative mutation.
pKa for Quinonoid Formation with D279E. We have

observed with the wild-type ALAS that quinonoid formation
in the presence of saturating levels of ALA is pH-dependent,
with quinonoid formation being favored as the pH is
increased. Titration of the ALA saturated wild-type enzyme
gave an apparent pKa for quinonoid formation of 8.10 with
an extinction coefficient for the quinonoid of 38,300 M-1

cm-1.2 Figure 6A shows the spectra of ALA saturated
D279E ALAS at various pH values, and Figure 6B gives
the titration results, which indicate the mutation shifts the
pKa for quinonoid formation with ALA from 8.10 to 8.25.

The calculated extinction coefficient for the D279E mutant
quinonoid is 40 620 M-1 cm-1. The values for the extinction
coefficients of both the ALAS wild-type and D279E quinon-
oid forms are similar to those estimated for the quinonoid
forms produced during the reaction of either serine hy-
droxymethylase withL-phenylalanine (32, 33) or tryptopha-
nase with alanine (34).

DISCUSSION

PLP-dependent enzymes that catalyze reactions involving
amino acid substrates all utilize the cofactor to facilitate the
specific, heterolytic cleavage of one of the bonds to the
R-carbon of the substrate, which is covalently attached to
the cofactor via a Schiff base linkage. The electrons from
the cleaved bond delocalize into the pyridinium ring and
reside primarily on the ring nitrogen, forming a quinonoid
intermediate. To act as an electron acceptor and facilitate
this process the pyridine ring nitrogen must be protonated,
thus enhancing the lability of the bonds to theR-carbon of
the substrate (35). The pKa of the pyridine nitrogen of
pyridoxal Schiff bases is about 5.9 in aqueous solution (36),
so at physiological pH values only a small fraction of the
molecules will be in the proper protonation state for catalytic
bond cleavage. Members of theR-family of PLP-dependent
enzymes appear to have evolved to create an active site

FIGURE 4: A. Detection of the quinonoid intermediate in the wild-
type ALAS and D279A-catalyzed reverse reaction. (s) Wild-type
ALAS at 7.4µM, (- - -) D279A in PLP form at 50µM, (‚‚‚) D279A
reconstituted withN-methyl-PLP at 48µM. Reactions were
performed in 50 mM AMPSO buffer, pH 9.0, at 30°C. ALA-
hydrochloride was neutralized with KOH immediately before being
added to the enzyme sample. Absorption spectra were recorded
upon addition of ALA to 25 mM.

FIGURE 5: Steady-state kinetics of wild-type and D279E ALAS
with glycine and deuteroglycine: (A) 8.3µM wild-type ALAS
plus 100 mM glycine, (B) 8.3µM wild-type ALAS plus 100 mM
deuteroglycine, (C) 15µM D279E ALAS plus 100 mM glycine,
(D) 15 µM D279E ALAS plus 100 mM deuteroglycine. Each set
of conditions was assayed three times, and the lines shown represent
the average values for the three runs. For wild-type ALASkH/kD
) 1.2( 0.1, and for D279E ALASkH/kD ) 7.7( 0.3.

FIGURE 6: (A) UV-vis spectra of 20 mM D279E ALAS in the
presence of 20 mM ALA at various pH values. The pH was (from
the lowest to highest absorbing spectrum at 500 nm) 6.92, 7.25,
7.52, 7.78, 8.04, 8.13, 8.31, 8.58, 8.77, and 9.07. (B) Plot of the
observed absorbance at 500 nm (increasing with pH) and 425 nm
(decreasing with pH). The curves are the best fit lines as determined
by nonlinear regression analysis using eqs 3 and 4, and give a pKa
of 8.25.
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environment that raises this pKa substantially by positioning
the side chain carboxylate of an aspartic acid residue within
a distance of strong ionic interaction of the PLP ring nitrogen,
thus ensuring the proper protonation state for catalysis even
at elevated pH values. This aspartate residue resides 30-
40 amino acids to the N-terminus of the perfectly conserved
lysine residue that forms the Schiff base linkage with the
PLP cofactor (Figure 1) (7, 9).
The work reported here investigated the role of D279 in

ALAS function. This aspartate residue is conserved in all
known ALAS sequences from a variety of sources, and is
34 amino acids N-terminal of the lysine involved in Schiff
base linkage with PLP (Figure 1). To define the role of D279
in ALAS function, site-directed mutagenesis was employed
to obtain the D279A and D279E mutant enzymes. Replace-
ment with alanine results in the loss of the carboxyl group,
while the conservative glutamate mutation displaces the
carboxyl group one methylene group farther away from the
peptide backbone.
Purified D279A exhibited no detectable activity, even

when reconstituted withN-methyl-PLP (data not shown).
This is not surprising, because the catalytic efficiency for
wild-type AAT is over 1000 times that of ALAS, and since
the D222A mutation in AAT leads to 104-fold decrease in
the catalytic efficiency, and reconstitution withN-methyl-
PLP increases this activity by only 10-fold (13, 14), it can
be calculated that similar losses of activity in ALAS would
result in activities below the detection limit of the current
assay (21). The lack of detectable activity with the D279A
mutant indicates that the presence of the carboxyl group of
the side chain at this position is crucial to enzyme activity.
Additionally, since the conservative D279E mutation de-
creased thekcat to approximately 50% of that of the wild-
type enzyme, it is also apparent that the spatial positioning
of the carboxyl group is important to the integrity of enzyme
activity.
The spectroscopic characterization andKd

PLPdetermination
for D279A provide evidence to implicate D279 in PLP
binding (Figures 2 and 3). As the mutation did not introduce
any gross change in the overall conformation of the enzyme,
the altered binding mode could only suggest that the mutated
residue is directly positioned in the cofactor binding pocket.
Moreover, D279 contributes considerably to the cofactor
binding affinity, as replacement with alanine leads to 19-
fold increase in theKd value.
The reconstituted mutant exhibits an even lower affinity

for the cofactor analogue, reflected in the 42-fold increase
in theKd value, as compared to that of the wild-type enzyme
for PLP (Figure 3). This may explain, at least in part, why
the cofactor analogue could not fully rescue the activity of
the mutant. In fact, crystallographic studies on D222A AAT
reconstituted withN-methyl-PLP reveal that the cofactor is
not held in a proper orientation within the active site of the
enzyme (14). The active site in the mutant AAT undergoes
significant rearrangement to accommodate the PLP analogue,
and as a resultN-methyl-PLP is not held in the most
favorable position to work as an electron sink during enzyme
catalysis (14). In addition, steric hindrance also causes weak
binding of the cofactor analogue to the mutant enzyme (14).
If D279 is positioned to protonate the PLP ring nitrogen

it would be expected that mutation of this residue would
impair the electron-withdrawing capacity of the cofactor. This

would be manifest as a decrease in enzymatic formation of
the quinonoid intermediates that form upon addition of
glycine plus succinyl-CoA or ALA to the enzyme.2 We
conducted several experiments to test this hypothesis, with
the results shown in Figures 4-6. Since ALAS forms a
stable quinonoid upon binding ALA alone, we first examined
the effect of mutation of D279 upon quinonoid formation
with ALA. In contrast to the wild-type enzyme, the D279A
mutant yields no absorbance maximum around 510 nm in
the presence of ALA (Figure 4), indicating that abstraction
of the proton from ALA is severely impaired. Importantly,
when the mutant is reconstituted withN-methyl-PLP, some
accumulation of the quinonoid intermediate is detected at
510 nm. This result suggests that by “fixing” a positive
charge at the ring nitrogen position, some electron-withdraw-
ing ability of the cofactor in the mutant is recovered in this
partial reaction. A similar approach was not possible for
the forward reaction because ALAS does not form an
observable quinonoid with glycine alone. A quinonoid
intermediate does form upon addition of succinyl-CoA to
the ALAS-glycine complex, but this intermediate forms and
decays to products too rapidly to measure accurately using
conventional spectroscopy.2

The electron-withdrawing capacity of the cofactor in the
forward reaction was studied using deuteroglycine to look
for an isotope effect during cleavage of thepro-RC-H bond.
When glycine was replaced by deuteroglycine the KIE
observed for wild-type ALAS during steady-state enzyme
catalysis was very small (kH/kD ) 1.2), indicating that
cleavage of thepro-R C-H bond of glycine is not rate-
limiting for the overall reaction, and instead some other step
such as substrate binding or product release is rate-limiting.
When D279 was conservatively mutated to glutamate,
however, the KIE increased to 7.7, indicating that removal
of the pro-R proton of glycine had become entirely rate-
limiting for the overall reaction. The appearance of a steady-
state KIE with deuteroglycine when D279 is mutated to
glutamate demonstrates that this mutationspecificallyimpairs
the ability of the enzyme to utilize the cofactor as an effective
electron sink and cleave thepro-R proton bond of glycine;
other steps in the reaction sequence are not so adversely
affected.
Spectrophotometric titration of the ALA saturated D279E

mutant showed that the apparent pKa for quinonoid formation
was raised from 8.10 to 8.25 by the mutation. This result
shows that the mutation results in a lessened ability of the
enzyme to use the PLP cofactor as an electron sink to form
the quinonoid intermediate at physiological pH. One pos-
sible explanation for this is that the side chain carboxyl group
has been displaced by the mutation and thus does not stabilize
the protonated form of the cofactor ring nitrogen as ef-
fectively. Alternatively, it could also be argued that the pKa

of the side chain of glutamate, which at 4.5 is higher than
that of aspartate (4.1), raises the apparent pKa for quinonoid
formation. In either case, the results indicate D279 plays a
role in enhancing the function of PLP as an electron sink.
Taken together, the work described here is consistent with

the proposal that D279 in ALAS contributes to the proton
abstraction that occurs during ALAS catalysis by stabilizing
the protonated PLP ring nitrogen. Figure 1B summarizes
the current knowledge about the PLP cofactor binding pocket
in ALAS. K313 forms a Schiff base linkage to the aldehyde
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group of the cofactor (5); a conserved glycine-rich loop motif
containing a catalytically essential arginine residue anchors
the phosphate group of PLP (6), and finally, D279 interacts
electrostatically with the ring nitrogen of the cofactor.
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