
Alanine aminotransferase (AlaAT) enzyme activity

increases under conditions associated with gluconeogen�

esis such as starvation in mammalian liver [1]. This

enzyme is present in the mitochondrial fraction of rat

liver as well as in the supernatant fraction (soluble

enzyme) [2�4]. Alanine is the prime substrate for this

enzyme and most effective precursor for gluconeogenesis

among amino acids [5�7]. The initial reaction for gluco�

neogenesis from alanine is catalyzed by alanine�2�oxog�

lutarate aminotransferase (EC 2.6.1.2). Its activity, when

measured in homo�genates, changes markedly in

response to various physiological and nutritional treat�

ments [8�12]. Rosen et al. [11] found that AlaAT activity

increased under conditions associated with gluconeogen�

esis—in response to hydrocortisone and dietary protein

and in diabetes and fasting. Beaton et al. [13] concluded

that the increase in the level of AlaAT activity indicates

the involvement of new enzyme synthesis rather than the

release of inhibitors or activators in the liver. The condi�

tions which stimulate gluconeogenesis may initially influ�

ence amino acid transport or some aspects of protein syn�

thesis or nucleic acid metabolism that increase the meta�

bolic pools of amino acids resulting in substrate�induced

AlaAT synthesis. In mammalian liver, starvation produces

an increase in the specific activity of the cytosolic isoen�

zymes but not the mitochondrial isoenzymes [14].

Most of the studies on the purification and charac�

terization of liver AlaAT was restricted to normal male

adult rats. Very little information is available on the

purification and characterization of AlaAT from liver of

fasted male rats. The present study deals with the isola�

tion and biochemical characterization of a novel low

molecular weight cytosolic AlaAT from liver of male rats

during fasting.

MATERIALS AND METHODS

Chemicals. Sephadex G�150, DEAE�Sephadex A�

25, hydroxyapatite, β�mercaptoethanol, pyridoxal phos�

phate (PLP), aminooxyacetic acid, and p�hydroxymer�

curibenzoate were from Sigma (USA). Calibration kits for

isoelectric point determination were from Amersham and

Pharmacia Biotech (USA). Nitro blue tetrazolium,

phenazine methosulfate, L�alanine, and 2�oxoglutarate

were from Merck (India). All other chemicals used were

of analytical grade.
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Animals. Swiss Wistar albino male rats weighing 160�

200 g were obtained from Central Animal House facility,

Department of Zoology, University of Mysore, Mysore,

India. Food was given ad libitum before starvation. Rats

were starved for three days but they were given water ad

libitum. The animal experiments were conducted in com�

pliance with the National Regulation for Animal

Research.

Enzyme purification. The livers from three day fasted

male rats were homogenized in a Sorvall�Omni mixer at

full speed for 30 sec in five volumes of 0.25 M sucrose

containing 0.01 M β�mercaptoethanol. The homogenate

was centrifuged at 10,000g for 30 min. The resulting

supernatant was heated at 55°C for 5 min. Then the pH

was lowered to 5.0 by the addition of 1 M acetic acid with

constant stirring. Denatured protein was removed by cen�

trifugation at 10,000g for 30 min. The clear supernatant

was subjected to 48% ammonium sulfate precipitation

(275 mg of ammonium sulfate per ml was added slowly

with gentle stirring). The precipitate was collected by cen�

trifugation at 10,000g for 30 min and dissolved in a small

volume of 0.01 M potassium phosphate buffer, pH 5.7,

containing 0.01 M β�mercaptoethanol. The solution was

dialyzed against several changes of the same buffer until

the dialyzate failed to give precipitate with an acid solu�

tion of BaCl2. The resulting solution was then centrifuged

at 40,000g for 3 h. The brownish inactive pellet was dis�

carded and the supernatant used for further purification.

The dialyzate was applied on a Sephadex G�150 col�

umn (1.5 × 80 cm) equilibrated with 0.01 M potassium

phosphate buffer, pH 7.4, containing 0.01 M β�mercap�

toethanol. The equilibration buffer was used for elution,

and 2.5 ml fractions were collected at a flow rate of

25 ml/h. The elution of protein was monitored at 280 nm

using a Shimadzu 1601A spectrophotometer (Japan). The

fraction containing enzyme activities were pooled and

concentrated. The enzyme concentrate was then applied

to a DEAE�Sephadex A�25 column (2 × 30 cm) equili�

brated with 0.01 M potassium phosphate buffer, pH 7.4,

containing 0.01 M β�mercaptoethanol. The column was

washed with two bed volumes of the buffer. Column

bound protein was eluted with stepwise molarities of

NaCl (0�300 mM) in 0.01 M potassium phosphate buffer,

pH 7.4. The flow rate was adjusted to 25 ml/h and 2.5�ml

fractions were collected. The fractions containing

enzyme activity were pooled and concentrated.

The enzyme active fractions from DEAE�Sephadex

were applied onto a hydroxyapatite column (1.5 × 10 cm),

which was pre�equilibrated with 0.1 M potassium phos�

phate buffer, pH 6.8, containing 0.01 M β�mercap�

toethanol. Elution was carried out stepwise with various

molarities of potassium phosphate buffer (0.1�0.6 M) and

2.5�ml fractions were collected at a flow rate of 25 ml/h.

The fractions with AlaAT activity were pooled.

Active fractions obtained from the hydroxyapatite

column were further subjected to electrophoresis on 7.5%

polyacrylamide gel (8 × 0.5 cm) as described by Davis

[15]. Each protein separation was done in two gels. After

electrophoresis one of two gels was stained with 0.1%

Coomassie brilliant blue R�250 in methanol–acetic

acid–water (40 : 10 : 60 v/v) for 1 h and another was left

unstained. The gels were destained using methanol–

acetic acid–water (40 : 10 : 60 v/v). The unstained gels

were sliced into 10 mm slabs corresponding to the protein

bands of the stained gels. Protein from the gel was

extracted overnight in Tris�HCl buffer.

Enzyme assay. Keto acid was estimated according to

the procedure of Reitman and Frankel [16]. To 0.5 ml of

the buffered substrate (200 mM L�alanine and 2 mM 2�

oxoglutarate in 0.1 M phosphate buffer, pH 7.4), 0.1 ml of

the enzyme solution was added. The reaction mixture was

incubated at 37°C for 30 min at the end of which 0.5 ml

of 2,4�dinitrophenyl hydrazine (DNPH) was added to

stop the reaction. A blank was also maintained simultane�

ously under similar conditions to which 0.5 ml of DNPH

was added before the addition of the enzyme. The vol�

umes in all the tubes were made up to 1.5 ml using appro�

priate amounts of phosphate buffer. The reaction mix�

tures were kept for 20 min at room temperature. Then

4 ml of 0.4 N NaOH was added. The resultant color was

read immediately against the blank at 540 nm.

Polyacrylamide gel electrophoresis. To locate the

enzyme activity, samples were run on polyacrylamide gel

electrophoresis (10%). After electrophoresis, the gel was

washed with 50 mM Tris�HCl buffer, pH 8.5, and incu�

bated at 37°C for 30 min with 10 ml 50 mM Tris�HCl

buffer containing 400 mM L�alanine, 40 mM 2�oxoglu�

tarate, 1 mg phenazine methosulfate, 4 mg nitro blue

tetrazolium, and 1 µmol PLP. Clear translucent bands

against purple color background were obtained [17].

SDS�PAGE was carried out according to the method

of Laemmli [18] and 10% gel was used. Molecular mass

standards (14.3�200 kD) were employed. After elec�

trophoresis, the gel was stained with 0.1% Coomassie

brilliant blue R�250 for detection of the protein bands and

destained with ethanol and 8% acetic acid in water.

The molecular mass of AlaAT was also determined

by gel filtration according to the method of Andrews [19].

RP�HPLC. Alanine aminotransferase enzyme from

electroelution was subjected to RP�HPLC using a Vydac�

C8 (5 µm, 0.21 × 25 cm) column that has been pre�equil�

ibrated with 0.1% trifluoroacetic acid (TFA) in water. The

column was eluted using a linear gradient from solution A

(0.1% TFA in water) to 100% solution B (0.1% TFA in

acetonitrile) for 70 min. The protein was eluted at a flow

rate of 1 ml/min and monitored at 280 nm.

Isoelectrofocusing. A calibration kit was used for pI

determination of AlaAT according to the manufacturer’s

protocol. The broad pI calibration kit and enzyme were

run on 10% polyacrylamide gel containing Pharmalyte 3�

10. After focusing, the proteins on the gel were fixed with

20% trichloroacetic acid solution.
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N�Terminal sequencing. The N�terminal sequencing

of the AlaAT enzyme was carried out in a fully automated

Shimadzu PSQ�1 protein sequencer system that employs

Edman’s degradation reaction for sequential separation

of N�terminal amino acids.

Detection of glycoprotein by periodic acid Schiff’s
(PAS) staining. SDS�PAGE was carried out in slab gel as

described above. PAS staining was done according to the

method of Leach et al. [20].

UV�visible spectrum. The absorption spectrum of the

enzyme (1 mg/ml) in 0.1 M potassium phosphate buffer

was recorded between 240�480 nm with a Shimadzu UV

1601A spectrophotometer.

Substrate specificity. Substrate specificity of the

AlaAT was studied using different amino acids and their

derivatives at 200 mM concentration in 0.1 M potassium

phosphate buffer, pH 7.4. The activity was estimated by

the usual assay procedure.

Inhibitor study. For inhibition studies inhibitors such

as aminooxyacetate, hydroxylamine, p�hydroxymer�

curibenzoate, HgCl2, o�phenanthroline, L�ascorbate,

maleate, and glutarate were used. Aliquots of inhibitor

solution at 2.5 mmol/ml were preincubated with purified

enzyme at 37°C for 30 min. A set of control experiments

was performed simultaneously. Reaction was initiated by

the addition of substrate (200 mM alanine and 2 mM 2�

oxoglutarate). The activities were determined as

described above.

Effect of PLP on AlaAT apoenzyme activity. About

10 µg of purified apoenzyme in 0.5 ml buffered substrate,

pH 7.4, was incubated with different concentrations (0�

300 mM) of cofactor (PLP) for 30 min. The enzyme

activity was determined as described above.

Fluorescence emission spectra and protein determina�
tion. The fluorescence intensity of AlaAT was monitored

using a Shimadzu RF�5301pc spectrofluorimeter.

Reaction mixture of 2 ml taken in 1�cm pathlength quartz

cuvettes contained 0.1 M potassium phosphate buffer,

pH 7.4, and 50 µg of AlaAT. The fluorescence spectrum

was measured between 300 to 400 nm with excitation at

280 nm. The protein content was determined by the

method of Lowry et al. [21] using bovine serum albumin

(BSA) as the standard.

RESULTS

Alanine aminotransferase enzyme was purified from

starved rat livers. The crude enzyme extract was subjected

to heat and acid treatment and ammonium sulfate pre�

cipitation. After this, the sample was subjected to gel fil�

tration, which resolved it into three peaks (Fig. 1a). The

first peak containing AlaAT activity was loaded onto a

DEAE�Sephadex column. Of the four protein peaks

resolved in DEAE�Sephadex column chromatography,

one showed with dotted line (Fig. 1b) exhibited about

39% of the AlaAT activity. The enzyme fraction from ion�

exchange chromatography was further loaded onto a

hydroxyapatite column, resulting in three peaks (Fig. 1c).

The third peak with AlaAT activity was concentrated and

subjected to PAGE. The electrophoretic pattern showed

two protein bands, which were extracted separately from

the gel using incubation buffer. The band showing

enzyme activity was designated as AlaAT. A summary of

the purification procedure is given in Table 1.

Fig. 1. Isolation of alanine aminotransferase from fasted rat liver.

a) Elution profile from Sephadex G�150 column. Protein

absorbance at 280 nm (solid line) and relative activity (dotted

line) profiles are shown. b) Elution profile from DEAE�

Sephadex A�25 column. c) Elution profile from hydroxyapatite

column.
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Homogeneity and characterization. The extent of

purification is shown by SDS�PAGE (Fig. 2). Homo�

genate and the preparations obtained after heat and acid

treatment and ammonium sulfate precipitation showed

several bands on SDS�PAGE. The hydroxyapatite fraction

showed two bands (lane 4), and the purified fraction of

AlaAT from electroelution showed only one band under

non�reducing conditions (Fig. 2, lane 5). The purified

AlaAT moved as a single sharp band on PAGE (Fig. 3b).

Parallel mobility was also seen in activity�stained gel with

the appearance of a translucent band (Fig. 3a, lane 5).

AlaAT gave a single positive pink colored band on PAS

staining (Fig. 4). The enzyme eluted as a single sharp peak

in RP�HPLC with the retention time of 50.4 min (Fig. 5).

The sequence analysis of enzyme confirms the presence of

glutamine at the N�terminal position. The relative molec�

ular weight determined on SDS�PAGE was 17.7 kD, while

the apparent molecular mass by the gel filtration method

was 18.3 kD. The isoelectric point was found to be 4.2 with

a specific activity of 17.1 units/min. The activity optimum

pH and temperature were 8.5 and 55°C, respectively.

The absorbance spectrum of the enzyme in the visi�

ble region showed a maximum absorbance at 420 nm.

Upon the addition of L�alanine (10 mM), the 420 nm

peak virtually disappears and a 320 nm peak was marked�

ly increased (Fig. 6).

Thirty different amino acids and their derivatives

(200 mM) were tested as substrates for the alanine amino�

transferase in the presence of 2 mM 2�oxoglutarate as

amino acceptor. The enzyme converts 100% of L�alanine

compared to DL�alanine and L�tyrosine of about 63 and

12.5%, respectively. The results are summarized in Table

2.

The classical inhibitors of AlaAT inhibited the

enzyme activity to a varied extent. Table 3 gives the per�

centage of inhibition of different inhibitors. Hydroxyl�

amine, aminooxyacetate, p�hydroxymercuribenzoate,

and HgCl2 completely inhibited the enzyme activity.

Glutarate and maleate caused 70% inhibition, whereas L�

ascorbate, o�phenanthroline, and EDTA showed little or

no inhibition.

Addition of the PLP to apoenzyme reconstituted

enzyme activity completely with the Km of 0.057 mM

(Fig. 7). The enzyme has a tyrosine specific fluorescence

emission maximum between 310�320 nm and another

maximum at 350�360 nm (data not shown).

The Km values obtained from the secondary plots

were 0.51 mM for alanine and 0.12 mM for 2�oxoglu�

tarate substrates for the enzyme and kcat is 17.1 sec–1 (Fig.

8, a and b).

DISCUSSION

The complete purification of alanine aminotrans�

ferase (AlaAT) from starved male rat liver proved to be

Table 1. Summary of the purification of L�alanine

aminotransferase from fasted liver of adult male rat

Enzyme fraction

Crude homogenate

Heat and acid treatment

(NH4)2SO4 precipitation

Sephadex G�150

DEAE�Sephadex

Hydroxyapatite

Electroelution 

Total
protein,

mg

3375

1980

777

126

67

9.2

1.7

Specific
activity,

units/mg
protein

0.062

0.09

0.21

0.83

1.24

7.5

17.1

Activity
recovery,

%

100

81.6

77.4

49.6

39.2

32.6

13.7

Note: One unit of enzyme activity is defined as the amount of enzyme

forming 1 mg of pyruvate in 30 min at 37°C.

Table 2. Amino donor specificity of fasted rat liver ala�

nine aminotransferase

Amino donor

L�Alanine

L�Aspartate

DL�Alanine

L�Tyrosine

L�Leucine

L�Arginine, L�proline, L�serine, L�phenylalanine,
L�glutamate, L�cysteine, L�glycine, L�methionine,
L�isoleucine, L�threonine, L�valine, L�histidine,
β�alanine, L�arginine hydrochloride, L�cysteine
hydrochloride, L�hydroxyproline, DL�phenylala�
nine, DL�threonine, DL�aspartate, DL�isoleucine,
DL�tryptophan, DL�norleucine, DL�histidine
hydrochloride, DL�homocysteine, L�β�phenylala�
nine

Relative
activity, %

100

6

63

12.5

8

0

Table 3. Effect of different inhibitors on the alanine

aminotransferase of fasted rat liver

Inhibitor

Aminooxyacetic acid

Hydroxylamine

p�Hydroxymercuribenzoate

HgCl2

Glutarate

Maleate

EDTA

o�Phenanthroline

L�Ascorbate

Inhibition, %

100

100

100

96

69

70

0

8

7
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difficult and involved a large number of chromatographic

steps. Successive four�step fractionation of ammonium

sulfate precipitate of liver homogenate through gel filtra�

tion, ion exchange, hydroxyapatite, and electroelution

resulted in purification of AlaAT to the extent of 275.14�

fold. Biochemical and biophysical properties of AlaAT of

fasted rat liver are shown in Table 4.

PAGE, SDS�PAGE, RP�HPLC, and N�terminal

sequencing analysis confirmed the homogeneity of the

purified enzyme. The molecular weights of AlaAT from

bovine brain [22], pig heart [23], rat liver [24], Drosophila

[25], tomato [26, 27], Panicum miliaceum [28],

Pyrococcus furiosus [29], Chlamydomonas reinhardtii [30],

Candida maltosa [31], and mitochondrial and cytosolic

form of pig liver and kidney [32] are between 70�125 kD.

However, the molecular weight of AlaAT purified by us

was 17.3 kD. To our knowledge, this is the first amino�

transferase having low molecular weight.

The isoelectric point of AlaAT (pI 4.2) suggests that

the enzyme is acidic in nature. Although the results are

well comparable with the cytosolic AlaATs from bovine

brain, rat liver, guinea pig liver, human liver, rat kidney,

and pig kidney which have pI values between 4.8�5.7 [33],

the mitochondrial enzymes of the above�mentioned

organs and starved chicken liver [34] have pI of 6.7�8.7.

The enzyme activity was the highest at pH of 8.5, in con�

trast to other cytosolic aminotransferases with maximum

activity in pH range of 6.5�7.5.

The absorption spectrum of the purified AlaAT

enzyme indicates that PLP is bound to the protein. The

absorption at 420 nm represents the phosphopyridoxal

form of the enzyme, showing a typical Schiff’s base

formed between the enzyme protein and PLP. The

absorption at 320 nm could be due to the phosphopyri�

doxamine form, the derivative formed by enzyme, cofac�

tor, and alanine. Under the conditions of this experi�

ment, the latter is probably the predominant form. These

results are consistent with our observation that the

enzyme still had 50% activity in the absence of added

PLP. During the purification, the cofactor did not release

Fig. 2. The progress of purification of alanine aminotransferase

enzyme as shown by SDS�PAGE (10%). Samples contained

100 µg crude extract (1), 75 µg heat and acid treatment (2), 75 µg

ammonium sulfate precipitate (3), 30 µg hydroxyapatite fraction

(4), and 20 µg of purified enzyme under non�reducing condition

(5). M represents molecular weight marker in kD, from top to

bottom: myosin H chain (200), phosphorylase b (97.4), BSA

(68), ovalbumin (43), carbonic anhydrase (29), β�lactoglobulin

(18.4), and lysozyme (14.3).

1 2 3 4 5 M
kD

→200
→
→
→

→

→
→

97.4
68

43

29

18.4
14.3

1 2 3 4 5a b

+ +

− −

Fig. 3. a) Activity gel assay for alanine aminotransferase (AlaAT) as

shown in PAGE (10%). Samples contained 30 µg of crude extract

(1), 30 µg heat and acid treatment (2), 30 µg of ammonium sulfate

precipitation (3), 15 µg of ion exchange fraction (4), and 5 µg of

purified enzyme (5). b) Native gel of purified AlaAT (20 µg).

→

Fig. 4. PAS staining of purified alanine aminotransferase (40 µg)

as shown by SDS�PAGE (10%).

Fig. 5. RP�HPLC analysis of purified alanine aminotransferase.

Ten microgram of enzyme was applied onto a Vydac C8 column

(5 µm, 0.21 × 25 cm) equilibrated with 0.1% TFA in water.
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from the enzyme. A similar tight binding between PLP

and apoenzyme was observed in AspAT of C. reinhardtii

[35] and higher plants [36, 37]. The reconstitution of the

cofactor with the enzyme is reversible. The 5′�phos�

phates of both pyridoxal and pyridoxamine were equally

effective in completely restoring activity to the apoen�

zyme.

The results from substrate specificity data confirmed

that the enzyme exhibits absolute specificity for L�ala�

nine compared with other amino acids and β�alanine.

Alanine is recognized as the most important amino acid

donor to hepatic gluconeogenesis [38] but its significance

as a hepatic nitrogen donor has received little attention. It

is a principal amino acid released by skeletal muscle and

taken up by the liver in starvation [38]. Alanine is also of

great importance in the fed state, not only because of its

being a constituent of dietary protein but also because of

its production by intestinal cells, where it is a major end

product of glutamine metabolism [39].

Alanine aminotransferase activity was strongly inhib�

ited by aminooxyacetate and hydroxylamine, which are

PLP antagonists. The enzyme activity was completely

inhibited by p�hydroxymercuribenzoate and HgCl2,

which are typical reagents for sulfhydryl groups. These

results are comparable with those reported in the literature

for cytosolic aminotransferase from other sources [24].

Our results are consistent with direct involvement of both

PLP and free �SH groups in enzyme catalysis. Similar

observations on inhibition by antagonists of PLP and by

Fig. 7. Effect of pyridoxal 5′�phosphate on alanine aminotrans�

ferase apoenzyme activity. The enzyme (10 µg/ml) in 0.1 M potas�

sium phosphate buffer was used in each assay and activity is

expressed as µg of product (pyruvate) released/min at 37°C.

Fig. 8. Ping�pong mechanism of the bi�bi reaction of L�alanine

aminotransferase enzyme from fasted rat liver. a) Lineweaver–

Burk plot of initial velocity data from an experiment in which ala�

nine was the variable substrate at four different fixed concentration

of 2�oxoglutarate. b) Secondary plot of intercepts (1/Vmax) and

slopes as a function of the co�substrate concentration.
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sulfhydryl reagents have been observed in alga [35],

Chlamydomonas, and higher plants [40�42].

Inhibition by substrate analogs such as maleate and

glutarate to an extent of 70% suggested that the dicar�

boxylic acids bind to the enzyme by attachment at the

same groups as do the substrate keto acids [43]. Velick and

Vavra [44] reported that these dicarboxylic acids were

noncompetitive inhibitors with respect to both the keto

and amino acid substrates, indicating that these analogs

bound with both the pyridoxal and pyridoxamine forms of

the enzyme. Similar results were observed for AlaAT of rat

liver [45]. However, Bulos and Handler reported that

maleate was a competitive inhibitor with respect to 2�

oxoglutarate and uncompetitive inhibitor with respect to

alanine [43]. EDTA and phenanthroline did not show any

effect on enzyme activities, indicating that the enzyme is

not metal dependent.

The N�terminal amino acid reported for cytosolic

enzymes of rat liver is alanine [31], while in our studies we

observed glutamine. The only glutamine residue appears

in the seventh position of the cytosolic high molecular

weight enzyme. Thus cleaving off of six N�terminal

residues from the high molecular weight enzyme cannot

generate the low molecular weight enzyme.

The parallel lines obtained for double reciprocal

plots indicated the ping�pong bi�bi mechanism for the

enzyme reaction [46].

Hence, we conclude that the low molecular weight

alanine aminotransferase is a novel enzyme not reported

so far, with all its properties distinctly different from the

high molecular weight alanine aminotransferase reported

from normal rat liver.

We thank Prof. Cletus J. M. D’Souza (Department

of Biochemistry, Mysore) for his valuable suggestions

during this study.
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