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Abstract
Adenylosuccinate lyase (ASL), a catalyst of key reactions in purine biosynthesis, is normally a
homotetramer in which three subunits contribute to each of four active sites. Human ASL deficiency
is an inherited metabolic disease associated with autism and mental retardation. We have
characterized five disease-associated ASL mutants: R194C and K246E are located at subunit
interfaces, L311V is in the central helical region away from the active site, and R396C and R396H
are at the entrance to the active site. The Vmax (at 25 °C) for R194C is comparable to that of WT;
while those of L311V, R396C, R396H and K246E are considerably reduced and affinity for
adenylosuccinate is retained. The mutant enzymes have decreased positive cooperativity as compared
to WT. K246E exists mainly as dimer or monomer, accounting for its negligible activity; whereas
the other mutant enzymes are similar to WT in the predominance of tetramer. At 37 °C, the specific
activity of WT and these mutant enzymes slowly decreases 30-40% with time and reaches a limiting
specific activity without changing significantly the amount of tetramer. Mutant R194C is unique in
being rapidly inactivated at the harsher temperature of 60°C, indicating that it is the least stable
enzyme in vitro. Conformational changes in the mutant enzymes are evident from protein
fluorescence intensity at 25 °C and after incubation at 37 °C, which correlates with the loss of
enzymatic activity. Thus, these disease-associated single mutations can yield enzyme with reduced
activity either by affecting the active site or by perturbing the enzyme’s structure and/or native
conformation which are required for catalytic function.

Adenylosuccinate lyase (EC 4.3.2.2) catalyzes two β-elimination reactions in the de novo
synthesis of purines: the cleavage of adenylosuccinate (SAMP)1 to AMP and fumarate; and
the conversion of 5-aminoimidazole-4-(N-succinylocarboxamide ribonucleotide) (SAICAR)
to 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) and fumarate (1). Each reaction
is considered as a “uni-bi” reaction, in which fumarate is released from the enzyme before
AMP or AICAR (2). The rate limiting step of the reaction catalyzed by adenylosuccinate lyase
and other members of the fumarase family is thought to be the cleavage of the C(γ)-N bond
(3-5)

ASL is a homotetramer from all species examined (Figure 1 I); for human ASL, each subunit
contains 484 amino acids and has a molecular mass of approximately 55 kDa. The enzyme has
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four active sites (Figure 1 I) and three subunits contribute amino acids to each active site (6).
Recently, a new substrate analog, adenosine phosphonobutyric acid, 2′ (3′), 5′-diphosphate
(APBADP) was synthesized (7). Kinetic studies showed that this substrate analog acts as a
competitive inhibitor with respect to either SAMP or SAICAR (KI ∼ 0.2 μM), indicating that
the two substrates occupy the same active site (7). Furthermore, binding studies showed that
human ASL binds up to 4 mol of APBADP per mol of enzyme tetramer and exhibits positive
cooperativity (7). The cooperative binding of the substrate in human ASL is supported by the
recently deposited human ASL crystal structure (PDB # 2VD6) in which two active sites are
occupied by the substrate SAMP and the other two active sites by the products AMP and

1Abbreviations:

ASL  
adenylosuccinate lyase

SAMP  
adenylosuccinate

SAICAR  
5-aminoimidazole-4-(N-succinylocarboxamide ribonucleotide)

AICAR  
5-aminoimidazole-4-carboxamide ribonucleotide

AMP  
adenosine 5′-monophosphate

HEPES  
N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic acid

AUC  
Analytical ultracentrifugation

CD  
circular dichroism

SDS-PAGE  
sodium dodecyl sulfate-polyacrylamide gel electrophoresis

WT  
wild type

SE  
sedimentation equilibrium

DTT  
dithiothreitol

EDTA  
ethylenediamine tetraacetic acid

KCl  
potassium chloride

APBADP  
adenosine phosphonobutyric acid

2′ (3′)  
5′-diphosphate

S-Ado  
succinyladenosine

Gdn.HCl  
guanidine hydrochloride

DTNB  
5,5′-dithiobis-2-nitrobenzoic acid.
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fumarate, implying that half of the active sites are distinguishable from the other half of the
sites (8).

Adenylosuccinate lyase deficiency is an inherited error of metabolism which results in a
profound effect on the central nervous system (9-11). Clinical symptoms of this deficiency are
varying degrees of mental retardation accompanied by muscle wasting and behavioral changes
such as autism, aggressiveness, and self-mutilation (9). It is common to see these symptoms
developing within the first month after birth. Succinyladenosine (S-Ado) and SAICAriboside
are dephosphorylated succinyl purines which are the derivatives of ASL substrates that
accumulate as a result of a deficiency of this enzyme (10,11). ASL deficient patients have
higher levels of S-Ado and SAICAriboside in cerebrospinal fluid (100 – 500 μM) than in
plasma (2 – 12 μM) (10).

ASL deficiency occurs because of point mutations in the ASL gene. To date, more than 30
point mutations have been identified worldwide, predominantly from Europe (12,13). The
majority of the point mutations are located relatively far from the active site, in the central
helical region which seems to be important for the stability of the tetramer (13,14).

The present study focuses on five representative ASL-deficiency associated point mutations
(R194C, K246E, R396C, R396H, and L311V) that are located at different regions of the
enzyme (Figure 1I). The amino acids R194 and K246 are located in the A/B (or C/D) subunit
interface, whereas amino acid R396 is found at the entrance to the active site (as designated
by bound SAMP) and L311 is located in the central helical region (Figure1 I). In the WT
enzyme, the subunit interface amino acids R194 and K246 each has its electrostatic counterpart.
Thus, R194 of the A subunit interacts with E464 of the B subunit (3.69 Å apart) and K246 of
the A subunit interacts with D182 of the B subunit (2.55 Å apart) (Figure 2). These mutant
enzymes have been successfully expressed, purified, and characterized, as described in this
paper.

Materials and Methods
Materials

SAMP, HEPES, dithiothreitol (DTT), RNase, DNase, and imidazole were purchased from the
Sigma Chemical Company. Sephacryl S-200HR was obtained from Pharmacia. Bio-Rad dye
concentrate was purchased from Bio-Rad Laboratories. All other reagents were from Fisher
Scientific and were of reagent grade. DNA sequencing primers and oligonucleotides for site-
directed mutagenesis were obtained from Biosynthesis, Inc. The QuikChange Site-Directed
Mutagenesis kit was purchased from Stratagene, and the QIAprep Spin Miniprep kit was
supplied by QIAGEN. E. coli Rosetta 2 (DE3) (pLysS) strain was purchased from EMD
Bioscience.

Site-directed mutagenesis, enzyme expression, and purification
The Stratagene QuikChange site-directed mutagenesis kit was used to introduce single base
mutations to the pETN25HASL plasmid which encodes human adenylosuccinate lyase (15).
The oligonucleotides shown below and their complementary sequences were used to introduce
the mutations into the cDNA: R194C, GAT GAC CTG TGC TTC CGG GGA GTA AAG
GGT ACC; K246E, G CAG ACA TAT ACA CGA GAA GTG GAT ATT G; L311V, GCC
CGC CAC GTG ATG ACC CTT GTC ATG GAC; R396H, GGA GGT AGC CAT CAG GAT
TGC CAT GAG AAA ATC; and R396C, GGA GGT AGC TGC CAG GAT TGC CAT GAG
AAA ATC. The cDNA was extracted and purified using QIAprep spin miniprep kit. The
mutations were confirmed by DNA sequencing, which was performed at the University of
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Delaware Center for Agricultural Biotechnology using an ABI Prism model 377 DNA
sequencer (PE Biosystems).

The WT and mutant enzymes were expressed as N-terminal His6-tagged proteins in E. coli
Rosetta 2 (DE3) (pLysS) strain. The WT and mutant enzymes were purified to homogeneity
using chromatography on Qiagen nickel nitrilotriacetic acid-agarose (15). The purity of the
enzymes was assessed electrophoretically using 12 % polyacrylamide gels containing 0.1 %
sodium dodecyl sulfate (16).The protein concentration was determined by absorbance at 280
nm using E280

1% = 14.1 (7). After purification, the enzyme was aliquoted and stored at -80 °
C in 50 mM potassium phosphate buffer, pH 7.0, containing 150 mM KCl, 1 mM EDTA, 1
mM DTT, and 10% glycerol (Enzyme Storage Buffer).

Kinetics
The activity of the preincubated WT or mutant enzymes was measured continuously by
assaying (over a 1 min period) at 25 °C in 50 mM HEPES buffer, pH 7.4. The activity was
measured from the decrease in absorbance at 282 nm as 60 μM SAMP is converted to AMP
and fumarate (Standard Assay). The assay was linear over the 1 min period. The difference
extinction coefficient of 10,000 M-1 cm-1 between SAMP and AMP was used to calculate the
specific activity, which was expressed in μmol of substrate converted/min/mg of enzyme used
(17).

The activities of the WT and mutant enzymes in fresh Enzyme Storage Buffer, pH 7.0, were
measured by preincubating the enzymes (∼0.3 mg/mL) at 25 °C for 1 hr and then assaying for
1 min under Standard Assay conditions. Since the data did not obey simple Michaelis-Menten
kinetics, they were analyzed using the Hill equation,

where n = Hill coefficient, and K0.5 = the substrate concentration yielding half the Vmax. The
K0.5 values were determined by varying the SAMP concentrations (0.5 – 10 μM).The standard
error (S.E.) estimates were obtained from the SigmaPlot software (SPSS Inc., Chicago, IL).
Frozen enzyme samples were preincubated at 25 °C for ∼1 hr prior to any experiment since it
has been shown both for the B. subtilis ASL (18) and for human ASL (15) that the restoration
of full activity is a slow process.

Thermal stability
WT and mutant enzyme samples (0.35 mg/mL) in fresh Enzyme Storage Buffer, pH 7.0, were
incubated at 37 °C for ∼75 hrs. Aliquots were withdrawn periodically and assayed for 1 min
under Standard Assay conditions at 25 °C. All the enzyme samples were preincubated at 25 °
C for ∼1 hr before being transferred to 37 °C for stability measurements. The kobs value for
each reaction was determined from the slope of ln [(Et — E∞)/ (E0 — E∞)] versus time. For
each case, E∞ = f E0, where E∞ is the limiting residual activity and f is the fraction of the
limiting activity to the original activity. In order to find values for f, the data were fitted to
Et/E0 = (1-f) e-kt + f, where Et, and E0 are the enzymatic velocities at a given time, t, and 0
time. At the end of the period of incubation at 37 °C, the concentrations of the enzyme samples
were measured; there were no appreciable changes in the concentrations.

WT and mutant enzyme samples (0.35 mg/mL) in fresh Enzyme Storage Buffer, pH 7.0, were
also incubated at the harsher temperature of 60 °C. Aliquots were removed periodically and
assayed for 1 min under Standard Assay conditions at 25 °C. All the enzyme samples were
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preincubated at 25 °C for ∼1 hr before being transferred to 60 °C for stability measurements.
The kobs value for each reaction was determined from the slope of ln (Et/E0) versus time.

Free SH analysis of WT, R396C, and R194C enzymes at 25 °C, 37 °C and 60 °C
WT and mutant enzyme samples (∼0.8 mg/mL) in fresh Enzyme Storage Buffer, pH 7.0, were
incubated at 37 °C for ∼18 hr and separate enzyme samples of WT and R194C were incubated
at 60 °C. Each sample was preincubated at 25 °C for ∼1 hr prior to transferring to the higher
temperature water bath. Aliquots (500 μL) were withdrawn after each incubation and passed
through a Sephadex G-25 column (5 mL), which was equilibrated with 50 mM sodium
phosphate buffer, pH 7.0, containing 300 mM NaCl, to remove EDTA and DTT. Analysis of
free SH groups was conducted at pH 7.0 and 25 °C as follows: an aliquot of the eluted enzyme
sample was mixed with 10 % SDS in the same buffer as the enzyme (yielding a final
concentration of 1 % SDS) and incubated at 25 °C for 2 min. Subsequently DTNB in the same
buffer as the enzyme (final concentration of 1 mM), was added to the mixture and incubated
at 25 °C for a further 2 min. The absorbance of the mixture was measured at 412 nm against
a blank containing buffer, SDS, and DTNB. For each enzyme the absorbance at 280 nm was
measured before and after the Sephadex G-25 column and aliquots were tested for activity
under Standard Assay conditions. The number of free SH groups was calculated as follows:

where εDTNB is 14,150 M-1cm-1 (19), l is the path length, which is 1 cm, and C is the molar
enzyme subunit concentration (subunit molecular weight is 57000).

Molecular Weight Determination using Analytical Ultracentrifugation (AUC)
Sedimentation equilibrium (SE) experiments of the WT and mutant enzymes were conducted
using a Beckman Coulter ProteomLab™ XL-I analytical ultracentrifuge equipped either with
an An-60Ti or an An-50Ti analytical rotor. Samples (∼0.35 mg/mL) were centrifuged at 11,000
rpm at either 25 °C or 37 °C and after equilibrium was reached (∼17 hr), stepwise radial scans
were performed at 280 nm, using a step size of 0.001 cm (20). Initially, the equilibrium time
was determined by scanning at 5 hr intervals for ∼20 hrs. Data were analyzed using the
SEDPHAT program (21). In all cases the experimental data were globally fitted, assuming that
there is a continuous distribution of non-interacting species, to all the possible theoretical
models of an oligomer in equilibrium with species of different molecular weight. The models
that gave best fits were chosen as representative of that sample. The density of the buffer at 25
°C and 37 °C was calculated using the SEDNTERP program (22). The partial specific volume
of human ASL at 25 °C and 37 °C is 0.7369 and 0.7419, respectively. Prior to each SE
experiment, the WT and mutant enzyme samples of 0.35 mg/mL were preincubated at 25 °C
for ∼1-2 hrs until the maximum specific activity was reached. For the 37 °C experiments, the
mutant and WT enzyme samples of 0.35 mg/mL in fresh Enzyme Storage Buffer, pH 7.0 were
incubated at 37 °C for ∼60 hrs. Aliquots were withdrawn periodically (0 hr, 26 hrs, and 58 hrs)
and SE experiments were performed at 37 °C.

Molecular Weight Determination using Gel Filtration Chromatography
A Sephacryl 200HR (1 × 88 cm) column was used and before loading each sample, the column
was equilibrated with fresh Enzyme Storage Buffer, pH 7.0, at room temperature (∼22 °C). As
soon as possible after each protein was purified, 500 μL of 3 mg/mL sample was loaded onto
the column. Fractions (1 mL) were collected and the absorbance of the fractions was measured
at 280 nm. Molecular weight standards from Amersham Biosciences were used to calibrate the
column.
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For WT and K246E enzymes, fractions designated in Results were pooled and concentrated.
The absorbance of each pool was measured at 280 nm. The activities of the WT and mutant
enzymes in fresh Enzyme Storage Buffer, pH 7.0, were measured by preincubating the enzymes
at 25 °C and then assaying for 1 min under Standard Assay conditions. The K0.5 values were
determined by varying the SAMP concentrations (0.5 – 10 μM).The standard error (S.E.)
estimates were obtained from the SigmaPlot software (SPSS Inc., Chicago, IL).

Circular Dichroism Spectroscopy
The secondary structure of the WT and mutant enzymes was assessed using CD spectroscopy.
Ellipticity was measured on an Aviv - 400 spectropolarimeter from 200 to 250 nm, in 1 nm
increments using a 0.1 cm quartz cuvette. The samples were scanned three times, averaged,
and the background from the buffer (50 mM KPO4 buffer, pH 7, containing 150 mM KCl, 1
mM EDTA, 1 mM DTT, and 10% glycerol) was subtracted. Final protein concentrations were
measured using the Bio-Rad protein assay, which is based on the method of Bradford (23),
with pure WT ASL as the protein standard. The mean molar residue ellipticity [θ] (deg
cm2dmol-1) was calculated from the equation [θ] = θ/10 nCl, where θ is the measured ellipticity
in millidegrees, C is the molar concentration of enzyme subunits, l is the path length in
centimeters, and n is the number of residues per subunit (503, including the His6 tag and
thrombin cleavage site). The WT and mutant enzyme samples of ∼0.34 mg/mL in Enzyme
Storage Buffer, pH 7.0, were incubated at 25 °C for 30 min prior to acquiring CD data. The
ellipticity of the samples was measured at 25 °C.

The WT enzyme sample (∼0.34 mg/mL) in Enzyme Storage Buffer, pH 7.0, were preincubated
at 25 °C for 30 min and transferred to a 37 °C water bath. Aliquots were withdrawn periodically
(0 hr, 25 hrs, and 48 hrs) and the ellipticity of the WT sample was measured at 37 °C.

Fluorescence Spectroscopy
The steady-state fluorescence spectra of WT and mutant enzymes in fresh Enzyme Storage
Buffer, pH 7.0, were measured on a Perkin-Elmer MPF-3 fluorescence spectrometer either at
25 °C or at 37 °C. The enzyme solutions were excited at 290 nm, which is specific for
tryptophan residues, and the emission spectra were scanned and recorded in the range of 300
– 390 nm. The spectra were corrected for the background contributed by the buffer. Prior to
each fluorescent experiment, the WT and mutant enzyme samples were preincubated at 25 °C
for ∼1-2 hrs until the maximum specific activity was reached. At the end of the period of
incubation, either at 25 °C or at 37 °C, the concentrations of the enzyme samples were
measured; there was no appreciable change in the concentration.

The WT and mutant enzyme samples of ∼0.34 mg/mL in Enzyme Storage Buffer, pH 7.0, were
incubated in a cuvette that was thermostated either at 25 °C or at 37 °C for ∼70 hrs. Periodically,
fluorescence spectra were obtained. The kF

obs value for the reaction was determined from the
slope of ln[(Ft — F∞)/ (F0 — F∞)] versus time. For each enzyme, F∞ = f F0, where F∞ is the
limiting residual fluorescence intensity and f is the fraction of the limiting fluorescence
intensity to the original fluorescence intensity. In order to find values for f, the data were fitted
to Ft/F0 = (1-f) e-kt + f, where Ft and F0 are the fluorescence intensity of the enzyme at a given
time, t, and 0 time, respectively.

The WT enzyme samples of ∼0.34 mg/mL in Enzyme Storage Buffer, pH 7.0, that has no
glycerol were incubated separately at 25 °C and 37 °C for ∼1hr. Then a final concentration of
6 M guanidine hydrochloride (Gdn.HCl) was added to each sample and the fluorescence
spectrum at 25 °C and 37 °C was scanned and recorded. The fluorescence spectra of the same
concentration of free Trp (subunit concentration × 5) in Enzyme Storage Buffer, pH 7.0, at 25
°C and 37 °C were scanned and recorded.
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Results
Expression and purity of the human ASL WT and mutants

WT and all the mutants were expressed and purified to homogeneity by the methods described
previously (15) and the purity was assessed using SDS-PAGE (data not shown). Each His-
tagged enzyme exhibited a single subunit band with the expected subunit molecular weight of
∼57,000.

Kinetics at 25 °C
All of the disease-associated mutant enzymes had measurable catalytic activity and could be
characterized kinetically. Kinetic data did not obey the simple Michaelis-Menten equation;
therefore, they were analyzed using the Hill equation and the plots of velocity vs [SAMP] for
WT and all the mutant enzymes are illustrated in Figure 3. The data at pH 7.4 in the direction
of AMP formation for the WT and the mutant enzymes are summarized in Table 1.

The kinetic data indicate that WT enzyme has a Hill coefficient of 1.9, suggesting positive
cooperativity (Figure 3A). The Vmax values for the two mutant enzymes which are in the subunit
interface (R194C and K246E) are very different from each other. The R194C mutant enzyme
has a Vmax comparable to that of WT enzyme, whereas the Vmax for K246E mutant enzyme is
only ∼2 % that of the WT enzyme. This result suggests that the charge reversal in the K246E
mutant enzyme has greater repulsion than in the R194C mutant enzyme, leading to a less active
enzyme. The K0.5 value for R194C is comparable to that of WT enzyme, while the K0.5 value
for K246E is 50 % that of WT enzyme. Furthermore, the Hill coefficient for R194C mutant
enzyme is 1.3 (Figure 3A), indicating that R194C mutant enzyme retains some positive
cooperativity, albeit reduced. In contrast, the Hill coefficient of the charge reversal mutant
enzyme K246E is 0.5 (Figure 3B) suggesting that it has completely lost its positive
cooperativity; it may be that this enzyme is composed of various oligomeric species with
different substrate affinities or alternatively, this mutant enzyme may consist of one species in
which binding of substrate to the first site decreases the affinity of substrate for other enzyme
sites.

The Vmax for L311V and R396H,C mutant enzymes are ∼72 % and ∼16 %, respectively, that
of WT enzyme indicating that replacing position 396 either with Cys or His greatly affects the
rate of the reaction. The K0.5 values for L311V and R396H mutant enzymes are comparable
to that of WT enzyme, whereas the K0.5 value for R396C mutant enzyme is 50 % that of WT
enzyme. The Hill coefficients indicate that the L311V mutant enzyme retains positive
cooperativity although it is reduced (Figure 3C), while the two R396 mutant enzymes lose
cooperativity (Figure 3D). These data suggest that even though L311V and the two R396
mutant enzymes are not in the subunit interface, they affect the rate of cleavage of the substrate
SAMP.

Thermal Stability at 37 °C
Mutant enzymes may be intrinsically defective in their kinetic parameters or may be
particularly unstable at 37 °C while they are stable at 25 °C. Therefore, the stability of these
ASL-deficiency associated point mutations as well as wild type enzyme was evaluated at 37 °
C (to mimic the physiological conditions). The time-dependent inactivation plots are illustrated
in Figure 4A. It is evident that within the first 15 hrs of preincubation at 37 °C there is a decrease
in activity for each enzyme (except for the K246E mutant enzyme). Each of the enzymes
reaches a limiting activity which does not change either by adding fresh DTT (final
concentration of 1 mM) or by transferring the enzyme samples to a 25 °C water bath. These
observations imply that the enzyme changes over time to another less active form, which is
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stable at 37 °C, and this process is irreversible. In contrast, K246E mutant enzyme had the
lowest activity (2 % that of WT enzyme) and did not change appreciably at that temperature.

The kobs value for the reaction at 37 °C was determined from the slope of ln [(Et — E∞)/ (E0
— E∞)] versus time as shown in Figure 4B. For each plot E∞ = f E0, where E∞ is the limiting
residual activity, f is the fraction of the limiting activity to the original activity, and E0 and
Et are, respectively, the enzymatic velocities at time 0 and the measured time, t. The f, E0,
E∞, and kobs for each enzyme are summarized in Table 2. The kobs values for R194C and L311V
mutant enzymes are comparable to that of WT enzyme, whereas the kobs value for R396H
mutant enzyme is about half that of WT enzyme. In contrast, the kobs value for R396C mutant
enzyme is ∼3 times that of WT enzyme. This result suggests that human ASL adapts different
conformations when the amino acid at position 396 is changed either to Cys or His. The limiting
activities, E∞, of R194C and L311V are comparable to that of WT. On the other hand, the
E∞ of R396C and R396H mutant enzymes is only ∼15 % that of WT (Table 2).

Since WT and the mutant enzymes are relatively stable at 37 °C we sought to evaluate the in
vitro stability of these ASL-deficiency associated mutations under harsher conditions at 60 °
C. WT, R396H, and R396C enzymes are relatively stable at 60 °C for about four hours (Figure
5); then they start to form insoluble aggregates. The L311V mutant enzyme is stable for a
longer period of time (∼24 hrs) without forming any insoluble aggregates. In contrast, R194C
mutant enzyme loses most of its activity within about one hour of incubation at 60 °C (Figure
5) suggesting that, although it is catalytically active and stable at 37 °C, R194C may be the
most thermally unstable enzyme.

Free SH group analysis of WT, R194C and R396C enzymes
Human ASL has thirteen Cys residues in each subunit. According to the crystal structure, R396
is in close proximity to C399 of the same chain: the distance between the Cα of R396 and Cα
of C399 is ∼5 Å, which is a common distance for disulfide bonds in protein (24). We considered
that disulfide bond formation might account for the greater lability at 37 °C of R396C than the
other mutant enzymes. The possibility of disulfide formation was investigated by analyzing
the number of free SH groups in R396C mutant enzyme initially at 25 °C and after
preincubating at 37 °C for ∼18 hr. At 25 °C, the number of free SH groups for WT and R396C
was measured as 12.8 ± 0.2 and 13.7 ± 0.1, respectively, consistent with the extra cysteine
present in the R396C mutant enzyme. Preincubation of either WT or R396C enzymes at 37 °
C did not change the measured number of free SH groups (13.1 ± 0.3 and 14.3 ± 0.3,
respectively) suggesting that there is no disulfide bond formation in R396C mutant enzyme
during the 37 °C treatment.

Since the R194C mutant enzyme is the least stable enzyme at 60 °C, it seemed possible that
oxidation of the Cys may be a cause for instability. This possibility was evaluated by measuring
the number of free SH groups before and after incubation at 60 °C. For comparison, the R194C
mutant enzyme was separately incubated at 25 °C and 37 °C for ∼18 hr and the number of free
SH groups was measured. No change was found in the number of free SH groups either at 25
°C or 37 °C (13.9 ± 0.2 and 14.1 ± 0.4, respectively). However, when the enzyme was
transferred to 60 °C and incubated for 10 min, the number of free SH groups for R194C mutant
enzyme decreased to 8.9 ± 0.3, suggesting that disulfide bonds likely form. In contrast,
incubation of WT enzyme at 60 °C for 20 min resulted in the smaller decrease of free SH groups
to 11.4 ± 0.3 from its initial value of 13.0 ± 0.3, implying that there is less formation of disulfide
bonds in WT enzyme. We conclude that the greater thermal instability of R194C at 60 °C is
due to the more rapid oxidation of its cysteines under these conditions.
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Molecular weights of the human ASL WT and mutants
At 25 °C—Since the kinetic parameters of the mutant enzymes at 25 °C are different from
that of the WT enzyme, we sought to evaluate the effect of these disease-associated mutations
on the oligomeric state of the enzyme at 25 °C using gel filtration. The elution profile of WT
enzyme (Figure 6) indicates that this enzyme exists predominantly as tetramer (∼223 kDa)
with some monomeric species.

Elution profiles of the R194C, L311V, and K246E mutant enzymes are illustrated in Figure
6,I and the elution profiles of R396C and R396H mutant enzymes are shown in Figure 6,II.
The molecular weight results for these mutant enzymes are summarized in Table 3, column 5.
It is evident that the elution profiles of R194C and L311V mutant enzymes are similar to that
of WT (Figure 6), suggesting that they exist predominantly as tetramer with small amounts of
monomer. In contrast, K246E mutant enzyme has a peak around the void volume, which is >
440 kDa and a broad peak at ∼100 kDa while R396C and R396H mutant enzymes have maxima
at ∼232 kDa and ∼276 kDa, respectively. However, the elution profiles of K246E, R396C, and
R396H mutant enzymes span a wide range of molecular masses (Figure 6), indicating that these
enzymes exist as mixtures of species.

Since the K246E mutant shows an overall negative cooperativity, various fractions (Figure 6)
of the mutant enzyme were characterized kinetically to ascertain whether the kinetics change
with the various oligomeric species present. As a control experiment fractions of the WT
enzyme were characterized kinetically. The data at pH 7.4 in the direction of AMP formation
are summarized in the Supplementary Data Section (Table 1S). For WT enzyme only fractions
35 – 38 had appreciable activity and this enzyme exhibited positive cooperativity.

For K246E mutant enzyme, fractions 26 – 31 and fractions 32 – 36 had measurable catalytic
activity whereas fractions 37 – 43 was inactive. The Vmax of the two pools is similar to the
overall value. However, according to the Hill coefficients, fractions 26 – 31 exhibits negative
cooperativity (n = 0.5) while fractions 32 – 36 shows no cooperativity (n = 1). The enzyme in
fractions 32 – 36 exhibits a single Km value of 0.8 μM, suggesting that this pool contains a
single species of enzyme. In contrast, the enzyme eluting in fractions 26 – 31 shows two distinct
Km values: Km

1 = 0.2 μM and Km
2 = 0.8 μM (like the unfractionated K246E enzyme)

suggesting that this pool is likely to be a mixture of species or a single species with different
affinities. Since we can separate pools on the basis of molecular weight that have different
kinetic properties, it is likely that the 0.5 Hill coefficient of the overall enzyme indicates that
the K246E mutant enzyme is a mixture of species.

Because the elution profiles of the enzymes from gel filtration chromatography show that each
enzyme is a mixture of species, we used analytical ultracentrifugation (AUC) in order to
quantify the species present in each mutant enzyme sample. A constant concentration of ∼0.34
mg/mL was used for all the enzymes and the experimental AUC data at 25 °C were globally
fitted to various theoretical models for an oligomer in equilibrium with species of different
molecular masses. Representative residuals, which illustrate goodness of fit for various models
[e.g. monomer-tetramer (M-tet) or dimer-tetramer (D-tet)], are shown in the Supporting
Information section (Figure 1S and 2S). Results of the molecular weight analyses are
summarized in Table 3, columns 2-4.

According to the best fit models, WT and the mutant enzymes (except the K246E mutant
enzyme) have a predominant amount of tetramer. When the WT enzyme exhibits a high
Vmax (>10 μmol/min/mg), it has a high amount of tetramer (∼80 %) at 25 °C; while some WT
enzyme batches, which exhibited Vmax ∼8.5 μmol/min/mg at 25 °C, had only ∼63 % tetramer
along with monomeric species. The only best fit model for R194C and L311V is the monomer-
tetramer model whereas R396C and R396H mutant enzymes have multiple best fit models.
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The amount of tetramer for R194C and L311V enzymes is ∼63 % and ∼60 %, respectively,
along with monomer. The best fit models for R396C indicate that it exists as ∼68 % tetramer
along with monomer while R396H mutant enzyme also exists predominantly as tetramer (∼72
%), but in equilibrium with dimeric species. However, experimental AUC data of R396C and
R396H mutant enzymes can also be fit with theoretical models of monomer-5mer and
dimer-5mer, respectively, suggesting that the mutations at R396 position destabilize the
tetramer. In contrast, the best fit models of K246E mutant enzyme indicate that the majority
of the protein is present as a dimer (∼90 %) with small amounts of soluble aggregates. It is
clear that the K246E mutation, which is in the subunit interface, greatly facilitates the
dissociation of the tetramer, while the other subunit interface mutant enzyme R194C has little
effect on the dissociation of the complete enzyme.

At 37 °C—Since 37 °C approximates the physiological temperature, the effect of these
disease-associated mutations on the oligomeric state of the human enzyme at 37 °C was
assessed using AUC. A constant concentration of ∼0.34 mg/mL of WT and mutant enzymes
were preincubated at 37 °C and sample aliquots were removed at 17, 43, and 73 hr in order to
conduct sedimentation equilibrium experiments at 37 °C. Since the AUC results at the three
time periods were similar, the results were averaged and are shown in Table 3, columns 6 and
7.

It is interesting to note that at 37 °C the size distribution of the mutant enzymes is similar to
that of 25 °C. The experimental AUC data for WT and the mutant enzymes, except K246E
mutant enzyme, indicate that they have major amounts of tetramer along with some monomer.
However, experimental AUC data of R396C and R396H mutant enzymes fit equally well with
the monomer-5mer and dimer-5mer theoretical models, respectively. According to the best fit
models, the WT and the mutant enzymes have ∼60 – ∼68 % tetramer. These values correspond
well with the limiting Et/E0 values of 0.60 – 0.72 (Table 2), suggesting that the limiting activity
is due to the residual tetramer present. At 37 °C the charge reversal subunit interface mutant
enzyme, K246E, exists predominantly as monomer (∼90 %) with small amounts of soluble
aggregates, consistent with the extremely low specific activity of this enzyme (Tables 1,2).

Circular Dichroism Spectroscopy
At 25 °C—CD spectroscopy was used to evaluate any changes in the secondary structure of
the mutant enzymes. A constant concentration of 0.34 mg/mL was used and the CD spectra of
all the mutants and WT enzyme exhibit minima at 210 and 222 nm, which is typical of proteins
containing appreciable amounts of α-helix. The CD spectra (Figure 7A,B) indicate that all of
these mutants have appreciable amounts of α-helix with minimal changes in the secondary
structure.

At 37 °C—Since, at 37 °C, the activity of WT enzyme decreases to a limiting value (Figure
4A, Table 2), we sought to evaluate any changes in its secondary structure using CD
spectroscopy. The CD spectra obtained upon incubation of WT enzyme at 37 °C over 48 hrs
are illustrated in Figure 7C. After 25 hrs incubation, a small change is observed at 209 nm,
which does not change further (48 hr). These results show that when the WT enzyme reaches
its limiting activity it has slightly more α-helical structure than at 25 °C, suggesting that there
is a small change in the secondary structure under these conditions.

Fluorescence spectroscopy of the human ASL and mutant enzymes
Since the changes in the CD spectra are small, we considered that tryptophan fluorescence
spectroscopy at 25 °C and 37 °C might provide a more sensitive method to detect
conformational changes in human ASL enzyme caused by these disease-associated point
mutations. Additionally, tryptophan fluorescence spectroscopy was used to assess the
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structural changes of WT enzyme in the presence of 6 M Guanidine hydrochloride (Gdn.HCl)
at 25 °C and 37 °C.

At 25 °C—The emission λmax of free Trp is ∼350 nm and its fluorescence spectrum in the
presence and absence of 6 M Gdn.HCl are very similar at 25 °C and 37 °C. Therefore, a
representative of each temperature is shown in Figure 8A. Proteins with completely buried Trp
show an emission λmax of 320 nm (25). In contrast, the fluorescence spectrum of native WT
enzyme at 25 °C (Figure 8A) indicates a blue shift in emission λmax (with respect to free Trp)
to 335 nm suggesting that most of the Trp residues in the enzyme are internalized. However,
in the presence of 6 M Gdn.HCl the λmax shifts to 345 nm indicating that the enzyme is unfolded
and some of the Trp residues are solvent exposed. It is evident that there is a large enhancement
in fluorescence intensity of native WT enzyme relative to free tryptophan and unfolded WT
enzyme. These observations suggest that the local environment of Trp residues in the native
WT enzyme is predominantly non-polar (which agrees with the crystal structure). Similar
fluorescence enhancement is observed in the folded Transmembrane Protein OmpA (26).

At 25 °C, the fluorescence intensity of native WT and mutant enzymes did not change
appreciably during the ∼70 hr incubation time. The results were averaged and are shown in
Figure 8B. All the mutant enzymes also exhibit an emission λmax of 335 nm. The fluorescence
intensities of R194C and R396C mutant enzymes are comparable to that of native WT.
However, the fluorescence intensities of K246E and L311V mutant enzymes are decreased,
while there is an enhancement in the fluorescence intensity of R396H mutant enzyme (∼42 %,
∼75 %, and ∼115 %, respectively) as compared with that of native WT enzyme. The results
imply that the overall structures of the R194C and R396C mutant enzymes are similar to that
of native WT enzyme, while the overall conformations of the L311V, R396H and K246E
mutant enzymes are altered.

At 37 °C—There is a 2 nm red shift in the emission λmax of the native WT enzyme as the
temperature is increased from 25 °C to 37 °C (Figure 8A) indicating that there is slight increase
in solvent exposure of the Trp residues at 37 °C. Furthermore, there is a large enhancement of
the fluorescence intensity in native WT enzyme at 37 °C as compared to that of free Trp
(∼258 % of free Trp) and unfolded WT enzyme but less than that of native WT enzyme at 25
°C. The results imply that the highly non-polar local environment of Trp in ASL at 25 °C
decreases slightly as the temperature is increased to 37 °C.

Time dependent fluorescence intensity changes in native WT and the mutant enzymes at 37 °
C are shown in Figure 9A. The fluorescence intensities of all the enzymes, including WT,
decrease initially and reach a limiting fluorescence intensity as illustrated in Figure 9A. The
kF

obs values for the fluorescence changes were determined from the slope of ln [(Ft — F∞)/
(F0 — F∞)] versus time (Figure 9B) and are reported in the last column of Table 2. The
kF

obs values are similar to the rate constants obtained from the thermal stability studies at 37
°C (Table 2, column 5), indicating that the change in fluorescence measures a subtle
conformational change, which is responsible for the partial inactivation at 37 °C. The limiting
fluorescence intensity of R194C, R396C, and R396H is similar to that of native WT enzyme
at 37 °C (as shown in Figure 8B) suggesting that the overall conformation of those mutant
enzymes is similar to that of WT enzyme. In contrast, the limiting fluorescence intensity of
K246E and L311V mutant enzymes decreases to ∼39 % and ∼71 %, respectively, that of WT
enzyme at 37 °C, implying that their overall structures are different from that of WT enzyme.

DISCUSSION
Human adenylosuccinate lyase deficiency is an autosomal recessive disorder which results in
autistic features, muscle wasting, and various magnitudes of mental retardation. Most of these
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ASL-deficiency-associated mutations occur in the central helical region that seems to be
important for the stability of the tetramer (12). In the present study we evaluated five disease-
associated point mutations (R194C, K246E, R396C, R396H, and L311V) from various parts
of the enzyme structure (Figure 1 I).

For R194C mutant enzyme, the V at 25 °C, the rate constant for inactivation at 37 ° max C as
well as the limiting activity and amount of tetramer at 37 °C are comparable to that of WT
enzyme (Table 2,3). Furthermore, at 25 °C, the fluorescence intensity of R194C is comparable
to native WT suggesting that overall conformation of R194C is comparable to native WT.
When (A)R194 is mutated to Cys, the electrostatic attraction to (B)E464 is lost (Figure 2-I).
The crystal structure indicates that there is another Arg residue, (A)R234, which is even closer
to (B)E464 (3.17 Å apart) that could be stabilizing the A/B and C/D subunit interfaces (Figure
2-I). This (A)R234-(B)E464 interaction may be the reason why the R194C mutant enzyme is
similar to WT enzyme at 25 °C and 37 °C. On the other hand, under harsh conditions such as
60 °C, the R194C mutant enzyme is the least stable enzyme. Preliminary data suggest that
inclusion of the non-cleavable substrate analog, APBADP, in the incubation solution of R194C
mutant enzyme at 60 °C provides appreciable stabilization of the enzyme. Thus, an appropriate
nucleotide analog, by overcoming the instability of a disease-associated ASL mutant, may be
useful in treating some types of ASL deficiency.

In contrast to R194C, the K246E mutant enzyme exhibits an extremely low Vmax (only 2 %
that of WT enzyme) and exists as a mixture of monomer (90 %) and aggregates at 37 °C. The
K246E mutant enzyme, which is a charge reversal, exerts severe repulsion between (A)K246E
and its partner, (B)D182 (Figure 2-II). Furthermore, there are no other positively charged
residues around (B)D182 to compensate for the absence of K246; hence a drastic
destabilization of the human ASL tetramer is observed, yielding dimers or monomers. Since
each catalytic site requires contributions of amino acid side chains from 3 subunits (6), it is
clear why the K246E enzyme is so low in activity.

Residue L311 is in the central helical region towards the middle (Figure 1 I). At 25 °C, its
Vmax is ∼76 % that of WT enzyme and the amount of tetramer is ∼60 %, which is lower than
that of WT enzyme (∼80 %), while at 37 °C the amount of tetramer is similar to that of WT
enzyme (∼68 %). Since Val is less hydrophobic than Leu (27), it might be expected that there
would be weakening of the long range hydrophobic interactions in the L311V enzyme
(27-29 ). Replacing Leu by Val (with its lower molar volume) increases the flexibility of the
hydration shell (28,29) which leads to some destabilization of the tetramer, perhaps decreasing
somewhat the subunit interactions as reflected in the reduced Hill coefficient (n = 1.3). In
addition, its decreased fluorescence intensity indicates that the L311V enzyme has an altered
conformation which can account for its diminished catalytic activity.

Our experimental results show that R396C and R396H mutant enzymes exhibit substantially
decreased residual activity (∼17 % that of WT enzyme) at 25 °C and 37 °C while maintaining
similar amounts of tetramer as WT enzyme. Residue R396 is in close proximity to the entrance
to the active site (Figure 1 I), where its side chain points towards the solvent. Many proteins
have positively charged Arg residues around the active site entrance while the side chain faces
toward bulk water (30). Water forms more ordered hydration shells around polar groups than
the non-polar groups, leading to longer residence times of water (30). This ordering of water
extends the proteins’ electrostatic surfaces well away from their physical surfaces (made up of
amino acid side chains) and increases the capturing of visiting ligands (30), in this case the
negatively charged SAMP or SAICAR. Any substitution for these positively charged Arg
residues on the surface decreases the extended electrostatic surface, leading to diminished
capturing of the substrate molecules and a decrease in activity, as in the R396H and R396C
enzymes.

De Zoysa Ariyananda et al. Page 12

Biochemistry. Author manuscript; available in PMC 2010 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For wild type enzyme, the dependence of initial velocity on adenylosuccinate concentration
provides the first evidence for kinetic cooperativity in this enzyme, probably because the
kinetics were examined over a wider range of substrate concentration than previously. Also,
we recently reported that direct binding of the non-cleavable substrate analog, APBADP, by
human ASL shows positive cooperativity (7); we now conclude that human ASL shows
positive cooperativity in kinetics as well as in substrate binding. The K0.5 data of these disease-
associated point mutations of ASL indicate that there are only small changes in the affinity of
the enzyme for its substrate whereas the greatest change is in the extent of cooperativity. These
changes in the extent of cooperativity might be due to the conformational changes caused by
the disease-associated point mutations that lead to a change in the degree of communication
among the subunits.

Such conformational changes were investigated using tryptophan fluorescence spectroscopy,
which is extremely sensitive to any changes in the molecular environment and polarity (25,
31-33). In native human ASL there are five Trp in each subunit: (B)W45 is surface exposed;
(B) W39, (B) W43 and (B) W175 are buried; and (B) W326 is shared between B/A and B/C
subunit interfaces (Figure 1 II). However, the fluorescence emission intensity of native WT
enzyme at 25 °C is much greater than that of free Trp and WT enzyme in the presence of 6 M
Gdn.HCl at 25 °C, implying that the local environment (within 6 A) of Trp is predominantly
non-polar.

The fluorescence intensity of R194C mutant enzyme at 25 °C is similar to that of WT enzyme
indicating that the overall conformation of R194C mutant enzyme is comparable to that of WT
enzyme. The two human ASL crystal structures indicate that there are subtle changes near
Arg194 during catalysis; therefore, changing Arg at position 194 to a Cys leads to a slight
destabilization of the subunit interface without changing either Vmax or the overall
conformation, which reduces positive cooperativity as indicated by the Hill coefficient (n=1.3).
A similar scenario has been documented for phenylalanine ammonia-lyase (34).

In contrast, K246E mutant enzyme (which exists as a mixture of monomer-dimer along with
some aggregates) has the lowest fluorescence intensity and is similar to that of the unfolded
WT enzyme at 25 °C. These observations suggest overall conformational changes in the mutant
protein greatly influence the communication among the subunits as indicated by the plot of
initial velocity vs [SAMP] of K246E mutant enzyme, which exhibits apparent negative
cooperativity (i.e., n is <1). It is possible that one site of K246E mutant enzyme binds substrate
with high affinity and decreases the binding affinity for the enzyme’s other sites (35).
Alternatively, the apparent negative cooperativity can be attributed to the presence in the
preparation of several species of active enzyme with different affinities for substrate (35,36).
For K246E mutant enzyme, the gel filtration data demonstrate that there are several species of
the enzyme with different affinities for its substrate, so in this case that is probably the preferred
explanation for the apparent negative cooperativity.

At 25 °C, as indicated by the fluorescence data the overall conformation of R396H mutant
enzyme is different from native WT, whereas the overall conformation of R396C mutant
enzyme is similar to that of native WT enzyme. According to the crystal structure, (A)R396
belongs to helix-19, where several residues in that helix have direct electrostatic interactions
with the residues in subunits B and C and there is indirect stabilization of some of these inter-
subunit interactions by (A)R396. Furthermore, a comparison between the two human ASL
crystal structures (PDB # 2J91 and 2VD6) indicates that there are significant conformational
changes in helix-19 after the catalysis of SAMP, which might be important for maintaining
positive cooperativity. Changes in helix-19 may therefore cause destabilization of the tetramer
and loss of inter-subunit communication, as indicated by the Hill coefficient (n = 1).
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Most of the ASL deficient patients identified to date are compound heterozygotes (12). The
mutations that we investigated in the present study are found paired in patients as follows:
R396H/L311V (37) and R396C/R194C (9). These two patients have been described as having
severe mental retardation while the two reported patients with the K246E mutation exhibit
moderate to severe mental retardation (38). Although, the individual R194C and L311V mutant
enzymes have comparable activity to WT enzyme, the genetic combination of R194C/R396C
and L311V/R396H result in marked ASL deficiency. One or more of the following may explain
the symptoms of these patients: 1. the protein might be a collection of hybrids (i.e., each
tetramer is composed of some subunits of L311V and some of R396H) with kinetic and
physicochemical characteristics different from those of either mutant alone or of the average
of the two mutants; or 2. the expression of the mutant enzymes may be low. These possibilities
may lead to a drastic decrease in catalytic activity, with resultant accumulation of S-Ado and
SAICAriboside (the dephosphorylated substrates of SAMP and SAICAR) in high
concentrations in the cerebrospinal fluid. These possibilities are currently being evaluated in
this laboratory. It has been suggested that the accumulating S-Ado and/or SAICAriboside are
toxic and may interact with the adenosine receptor in neurological tissues; however,
experimental studies have not yet supported this possibility (13). Although the biochemical
mechanism of central nervous system damage has not been established, there is a clear
association of adenylosuccinate lyase deficiency with autistic features and mental retardation.
It is anticipated that elucidation of molecular basis of ASL deficiency may lead to effective
pharmacological treatment of the disease.

Concluding Remarks
This paper describes the study of five ASL-deficiency associated point mutations: K246E,
R194C, L311V, R396C and R396H. We conclude that the most detrimental point mutation is
the interfacial K246E mutant enzyme, which is observed as a monomer or dimer, but no
tetramer, and has a residual activity of only 2% that of WT enzyme with no positive
cooperativity. In contrast, the interfacial R194C mutant enzyme is very similar to WT enzyme
in kinetic properties, and state of oligomerization at 25 °C and 37 °C; however, it exhibits
marked thermal instability, which is best observed at 60 °C. The L311V mutation (located in
the central helical region) results in an enzyme with a Vmax of 72% that of WT enzyme; however
its state of oligomerization at 25 °C and 37 °C is similar to WT and shows conformational
changes along with decreased positive cooperativity. Finally, the two replacements for
Arg396, R396C and R396H, yield enzyme with the relatively low activity of ∼17% that of WT,
which exhibit conformational changes and loss of positive kinetic cooperativity; these effects
are probably due to the location of Arg396 at the entrance to the active site. Thus, these disease-
associated single mutations can yield enzymes with reduced activity either by affecting the
catalytic reaction or by perturbing the enzyme’s multimeric structure and/or native
conformation, which are required for catalytic function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
(I) The crystal structure of the human ASL which was crystallized with the products and the
substrates (PDB # = 2vd6) (8). Each individual subunit is color coded and one active site of
four is designated by a circle. The substrate, SAMP, is shown in pink and located in the two
upper active sites and the products AMP (green) and fumarate (gray) are shown in the two
lower active sites. The positions of the amino acids L311, R194, and R396, (in white) and
K246 (in light brown) are shown in the A subunit. (II) The positions of Trp residues are shown
in the B subunit: W39 (in white) W43 (in purple) W45 (in maroon) W175 and W326 (in white).
The substrate and the products were removed from the active sites for clarity.
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FIGURE 2.
Electrostatic partners which are in close proximity to the subunit interface residues, R194C (I)
and K246E (II). The color of each residue corresponds to the color scheme of the ASL tetramer
shown in Figure 1.
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FIGURE 3.
Specific activity (ν) vs [SAMP] plots of WT and the mutant enzymes. (A) Kinetic plots of WT
and R194C mutant enzymes. (B) Kinetic plot of K246E. (C) Kinetic plot of L311V mutant
enzyme. (D) Kinetic plots of R396 mutant enzymes.
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FIGURE 4.
(A) Time dependent thermal inactivation plots (Et/E0 vs time) of WT and the mutant enzymes
at 37 °C. (B) The plots of ln [(Et — E∞) /(E0 — E∞)] vs time at 37 °C. The slope of each plot
yields the kobs of each enzyme. The E0 and Et, are the enzymatic velocities at time 0 and time
t, respectively. The E∞ is the limiting activity of each enzyme and E∞ = f E0 where f is the
fraction of the limiting activity to the original activity of the enzyme.
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FIGURE 5.
Time dependent thermal inactivation plots (Et/E0 vs time) of WT and the mutant enzymes at
60 °C. It is assumed that Et/E0 goes to zero in calculating the rate constants for inactivation.
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FIGURE 6.
Gel filtration elution profiles of WT and mutant enzymes at 25 °C. These elution profiles were
obtained by applying 500 μL of each protein (∼3 mg) to a Sephacryl 200HR column (1 × 88
cm) equilibrated with Enzyme Storage Buffer, pH 7.0. The molecular weight standards used
are V0, blue dextran (30 mL); Ferritin-440 kDa; Catalase-232 kDa; Yeast alcohol
dehydrogenase-141 kDa; Albumin- 67kDa; Ovalbumin-43 kDa. (I) The elution profiles of WT,
R194C and L311V enzymes. (II) The elution profiles of WT, R396H and R396C enzymes.
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FIGURE 7.
CD spectra of WT and mutant enzymes. These spectra were determined with the protein
(∼0.34 mg/mL) in Enzyme Storage Buffer, pH 7.0. (A) The CD spectra of WT enzyme and of
R194C and K246E mutant enzymes at 25 °C. (B) The CD spectra of WT enzyme and of L311V,
R396C, and R396H mutant enzymes at 25 °C. (C) The CD spectra of WT enzyme at 37 °C.
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FIGURE 8.
The fluorescence spectra of WT and mutant enzymes at 25 °C and 37 °C were determined with
the protein (∼0.33 mg/mL) in fresh Enzyme Storage Buffer, pH 7.0. (A) The fluorescence
spectra of WT enzyme at 25 °C and 37 °C in the absence and presence of 6 M Gdn.HCl and
the fluorescence spectra of free Trp in the Enzyme Storage Buffer, pH 7.0. (B) Limiting
fluorescence intensities of WT and mutant enzymes at 25 °C (measured at 335 nm) and at 37
°C (measured at 337 nm).
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FIGURE 9.
(A) Time dependent fluorescence change at 37 °C (Ft/F0 vs time) measured at 337 nm of WT
and mutant enzymes. (B) The plots of ln [(Ft — F∞) /(F0 — F∞)] vs time and the slope of each
plot yields the kF

obs of each enzyme. The F0 and Ft, are the fluorescence intensities at time 0
and time t, respectively. The F∞ is the limiting fluorescence intensity of each enzyme.
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Table 1
Kinetic parameters of human ASL enzymes at 25 °C

Enzyme Vmax ± S.Ea

(μmol/min/mg)
K0.5 ± S.Ea

(μM)
Hill coefficienta

WT 11.9 ± 0.1 2.02 ± 0.04 1.9 ± 0.3

R194C 12.0 ± 0.9 2.2 ± 0.3 1.3 ± 0.2

K246E 0.23 ± 0.03 0.8 ± 0.2 0.5 ± 0.1

L311V 8.6 ± 0.7 3.4 ± 0.5 1.3 ± 0.1

R396H 1.9 ± 0.2 3.8 ± 0.8 0.9 ± 0.2

R396C 2.0 ± 0.2 1.1 ± 0.2 0.9 ± 0.1

a
The Vmax, K0.5, and Hill coefficient values were determined by varying the concentration of SAMP and fitting the data to the Hill equation using Sigma

Plot. The values are shown along with their standard errors.
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