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Abstract. Serum alanine aminotransferase (ALT) is used as a
clinical marker of hepatotoxicity. Three forms of human ALT
have been identified, ALT1 and 2 and an alternative splice
variant of ALT?2 (herein called ALT2_2). The standard ALT
activity assay does not discriminate between ALT from
different organs, or the isoforms measured in the plasma. Here,
we show that ALT1 and 2 possess similar enzymatic activity
for alanine and pyruvate but with different K, and k_, values,
while recombinant ALT2_2 protein does not possess any
enzymatic activity. Isolation of organelles from cultured
human skeletal muscle cells, showed localisation of ALT?2 to
the mitochondrial fraction and endoplasmatic reticulum (ER),
but not to the cytosol. In human hepatocytes, on the other
hand, ALT1 was only localised to the cytosol and ER, with
no detection in mitochondria. ALT2 was not detected in
cultured human hepatocytes, liver extract or tissue using
Western blotting or immunohistochemistry. The islet of
Langerhans and cardiomyocytes were other examples of cells
with high expression of catalytic ALT2. A clinical method for
selective measurement of ALT1 and 2 in human plasma is
described, and both ALT1 and 2 were immunoprecipitated
from human plasma and structurally detected using Western
blotting techniques.

Introduction

Alanine aminotransaminase (ALT, ALAT, also known as
glutamate pyruvate transaminase, GPT) is an enzyme that
catalyses the reversible transfer of the amino group of alanine
to the a-ketogroup of ketoglutaric acid to generate glutamate
and pyruvate. By mediating conversion of these four inter-
mediate metabolites, ALT serves as an important contributor
to gluconeogenesis and amino acid metabolism. Earlier studies
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indicate the existence of two isoforms of ALT, although this
was not resolved until Swick et al characterized cytosolic and
mitochondrial forms in rat and porcine tissue homogenates
(1-3). The complete amino acid sequence (495 aa) for ALT1
has been known for some time (4). However, the human
GPT2 was cloned and its mRNA expression confirmed about
11 years later (5). The human ALT genes, GPTI and 2, are
located on chromosomes 8 and 16, respectively, and differential
splicing of the GPT2 gene yields either a protein of 523 amino
acids or, due to an alternative translational start codon usage,
a shorter protein product of 423 amino acids (5-7).

Analysis of serum ALT activity levels is routinely used for
detecting liver injury, a biomarker that has been in use for more
than 50 years (8). Similarly, in preclinical testing of drug
candidates, the increased ALT enzymatic activity in serum is
mainly used as an index of hepatocellular damage. In many
instances, testing of drug candidates sometimes gives serum
ALT elevations in preclinical species without overt histo-
pathological evidence of liver damage (9-11). In addition,
other drugs, such as oxodipine, actually decrease serum ALT
and aspartate aminotransferase (AST) in association with
hepatic damage in both dogs and rats (12). Furthermore, drugs
like cefazolin and isoniazid also decreases serum ALT or AST
activity in several studied animal species (13,14). In theory,
when serum ALT increases without involving liver injury, it
is due to at least two things; either more ALT enzyme is
produced in the liver due to metabolic adaptation/induction
or ALT is released from an extrahepatic organ suffering from
injury. Hence, there is a need to understand more about what
regulates ALT and to study the presence of ALT isoforms in
extrahepatic organs.

We provide new data of the relative enzymatic abilities
and substrate preferences by the different ALT enzymes.
Furthermore, we show cellular localisation of catalytic ALT1
and 2 in hepatocytes and cultured skeletal muscle cells. In
addition to intracellular localisation, we identified tissues that
harbour the highest expression of the catalytically active
ALT?2 isoform, as well as its detection in human plasma for
the first time.

The standard ALT activity assay does not discriminate
between ALT from different organs, or the isoforms measured
in the plasma or serum. An assay that measures both ALT1
and 2 proves valuable in discriminating human liver injury
from other extrahepatic tissue damage.
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Materials and methods

Tissue and cell culture. Normal human tissue lysates from the
liver (GTX27931) and heart (GTX27916) were obtained from
GeneTex, TX, USA. Cryopreserved human hepatocytes from
three different donors (IEM, IZG and GIU) were obtained from
In Vitro Technologies (Baltimore, MD, USA). Cells were
maintained in DMEM (1 g/1 glucose) with 10% FBS, 100 U/ml
penicillin and 100 pg/ml streptomycin, 1% non-essential amino
acids (Gibco) in a humidified atmosphere of 95% air, 5% CO,
at 37°C. Human skeletal muscle cells, Hs94.T (ATCC no.
CRL-7064), were purchased from ATCC (Rockville, MD,
USA). Cells were maintained in DMEM, 4.5 g/I glucose with
10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin,
1% non-essential amino acids (Gibco) in a humidified
atmosphere of 95% air, 5% CO, at 37°C.

cDNA cloning, expression and purification of ALTI, 2 and 2_2.
We recently cloned and expressed the two forms of human
GPTI and 2 (6). The cDNA for GPT1 (#T0604), GPT2
(#Y4158), GPT2_2 (#T16281) and Enhanced Green Fluorescent
Proteins (eGFP) served as the control in the vector, pReceiver-
BO1 using T7 as promoter and 6xHis-tag for this study, were
obtained from Genecopedia, USA. The competent E. coli
strain, BL21 Star (DE3)pLysS One shot (Invitrogen), was
transformed with either Ex-T0604-B01, Ex-Y4158-B01,
Ex-T6281-B01 or Ex-EGFP-BO1. The entire transformation
reactions were added to 10 ml of Luria-Bertani (LB) containing
ampicillin (50 pg/ml). Cultures were grown overnight at 37°C
with shaking. The overnight cultures were used to inoculate a
250 ml culture of LB-ampicillin containing a cocktail of
protease inhibitors (Complete Mini, Roche, Mannheim,
Germany) that were grown at 37°C until an OD600 of 0.5, at
which time isopropyl-thiogalactopyranoside (IPTG) was
added (1 mM, final concentration) to induce expression of
recombinant 6xHis-ALT1, 2 and 2_2. Growth was continued
at 37°C for an additional 4 h. Cells were harvested by centri-
fugation at 4000 x g for 20 min. The cells were kept as a
frozen cell pellet overnight at -20°C. Recombinant His-tagged
ALTI, 2 and 2_2 proteins were purified under native conditions
according to QIAexpress NI-NTA Fast Start Handbook
(04/2005) from Qiagen. All fractions were analysed by SDS-
PAGE, Sypro Ruby-stained and blotted with specific ALT1
and 2 antibodies. The His-tags were not removed from the
recombinant proteins. Protein concentrations were determined
using BioRad Protein assay. ALT activity from purified
recombinant proteins was measured according to the
International Federation of Clinical Chemistry (IFCC) with
pyridoxal phosphate activation (ALTLP: ACN 684, Cobas,
Roche). Enriched recombinant proteins were stored at -80°C
in ALT buffer, containing phosphate buffered saline (PBS),
1 mg/ml BSA and 25% glycerol, until further use.

Protein analysis. The subcellular fractions, human liver and
heart extracts, recombinant proteins and serum/plasma immuno-
precipitates were boiled for 5 min in 1 x SDS sample buffer
(50 mM Tris-HCI pH 6.8, 12.5% glycerol, 1% sodium dodecyl-
sulfate, 0.01% bromophenol blue) containing 5% B-mercapto-
ethanol. Whole cell extracts from Hs94.T cells were made
using lysis buffer (10 mM HEPES-KOH pH 7.9, 1.5 mM
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MgCl,, 10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF, 0.1% NP40
and protease inhibitors, Complete Mini, Roche, Mannheim,
Germany). The protein extracts were subjected to SDS-poly-
acrylamide gel electrophoresis, performed under reducing
conditions on 12% Tris-Glycine gels. The resolved proteins
were transferred to a nitrocellulose sheet and subjected to
Ponceau staining. The staining intensity was consistently
identical in all lanes. The ALT1 and 2 antibodies used were
described previously (6). For some experiments, two commercial
ALT?2 antibodies were used (sc-46352 and sc-46350, Santa
Cruz, USA). The nitrocellulose membrane was then incubated
with rabbit polyclonal antibodies against ALT1 (Ab10995,
0.1 ug/ml dilution) or ALT2 (Ab 11010 or Ab 11008 at
0.1 ug/ml dilution). The blots incubated with the primary
antibody were probed with the corresponding secondary IgG
antibody (Pierce 31464, 1:50,000 dilution), conjugated to
horseradish peroxidase. The ECL and ECL Advance Western
blot detection system (Amersham, UK) were used according to
the manufacturer's instructions and emitted light was detected
in a Fujifilm LAS 3000 Mini (Science Imaging Scandinavia,
Nacka, Sweden). The resulting bands were confirmed by
comparing the size of the protein in the cell extract with known
molecular markers (MagicMark XP, Invitrogen). In addition,
recombinant ALT1 and 2 proteins were used as positive
controls for all Western blots.

Enzyme kinetics and stability. Pyruvate, NADH, NADPH, LDH,
GDH, alanine, 2-oxoglutarate and glutamate ammonium salt
were purchased from Sigma and used without further
purification. Enzyme activities were determined in coupled
enzyme reactions by employing indicator reactions using LDH
(forward reaction) and GDH (reverse reaction) to react with
the formed products pyruvate and 2-oxoglutarate, respectively.
Both indicator reactions convert NAD(P)H to NAD(P)*. Kinetic
constants for alanine were determined with serial dilutions of
alanine supplemented with 30 mM 2-oxoglutarate, 0.2 mg/ml
NADH, >3 U/ml LDH in 0.1 M phosphate buffer pH 7.3.
Kinetic constants for 2-oxoglutarate were determined with
serial dilutions of 2-oxoglutarate supplemented with 300 mM
alanine, 0.2 mg/ml NADH, >3 U/ml LDH in 0.1 M phosphate
buffer pH 7.3. Kinetic constants for pyruvate were determined
with serial dilutions of pyruvate supplemented with 1 M
glutamate, 0.2 mg/ml NADPH, >7.5 U/ml GDH in 0.1 M
phosphate buffer pH 7.3. Kinetic constants for glutamate were
determined with serial dilutions of glutamate supplemented
with 5 mM pyruvate, 0.2 mg/ml NADPH, >7.5 U/ml GDH in
0.1 M phosphate buffer pH 7.3. Enzyme activity was measured
in a 96-well microtiter plate following the absorbance change
at 340 nm using a spectraMAX (Molecular Devices). A molar
absorptivity of 6,220 M-'em™! was used for NAD(P)H and the
length was determined as 0.4 cm through calibration with
NADH standards. k., Values were based on a molecular mass
of 54 and 58 kDa for ALT1 and 2, respectively. A weight
non-linear-regression analysis program was used to calculate
the kinetic constants (XLfit4 Excel Add-in Version 4.2.2). In
order to determine the purity of various enzyme preparations,
protein solutions were analyzed by SDS-PAGE. The gel was
stained with Syrpo Ruby total protein stain and scanned in
Ettan DIGE Imager (GE Healthcare) according to standard
procedures. Image analysis was then performed and the
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integrated intensity volume from the band corresponding to the
ALT enzyme was then related to the total integrated intensity
volume corresponding to the whole sample (Fujifilm LAS
3000 Mini). For stability experiments with recombinant
proteins, a commercial human serum was used (Sigma-Aldrich,
#H4522, Lot.nr 027K0432). The ALT activity in this serum
was 10 U/l

Isolation of mitochondria from cell lysates. Human primary
hepatocytes or cultured skeletal muscle cells (Hs94.T) (1-2x107)
were used for separating subcellular fractions; cytosol, endo-
plasmatic reticulum (ER)/plasma membrane and mitochondria
fractions. The separation was performed according to
Qproteome Mitocondria Isolation Kit (Qiagen). The cytosol
fraction was concentrated by acetone precipitation before
SDS-PAGE analysis. Protein concentrations were determined
with Bradford protein assay (BioRad). Antibody against
cytochrome C (#21465, Abcam, Cambridge, UK) was used
on Western blot analysis to test the degree of purity of the
mitochondrial fractionation.

Immunohistochemistry. Tissue microarray slides (normal
organs in duplicates slide type #AA9) were purchased from
Super Biochips, South Korea. The slides contained 2 mm
spots of 30 human organs in duplicates from ~60 separate
individuals. The samples were taken from both male and
female patients aged from 17 to 90 years. According to the
manufacturer, the tissues are sectioned at 4 ym and fixed in
formalin and processed into wax blocks. Immunohisto-
chemical staining for the detection of ALT2 (Ab.11008), and
human cytochrome oxidase IV subunit I (Molecular Probes
A-6403) on tissue sections was performed on the staining
module Discovery XT (Ventana® Medical Systems Inc, USA).
Ventana Medical Systems Inc, USA, supplied all solutions
for deparaffinization, pre-treatment, detection, counterstaining
and rinsing steps. The slides were deparaffinized and
rehydrated in the machine.

Immunohistochemistry protocol for detection of ALT2 was
performed as follows. The sections were pre-treated for antigen
retrieval for 4 min in Protease 1. The primary antibody anti-
ALT2, diluted in 40 xg/ml PBS, was incubated on the
sections at 37°C for 32 min, followed by 16 min incubation
with the prediluted secondary antibody, UltraMap™ anti Rb
AP (Ventana) at RT. The immunoreactions were visualized
with the UltraMAP™ blue kit, which includes development
with NBT-BCIP, for 32 min. The sections were washed
thoroughly in reaction buffer between each step (minimum
3x3 min). All sections were counterstained with nuclear fast
red for 4 min. Dehydration in rising concentration of ethanol,
clearing in xylene and mounting with Cytoseal™ XYL
(Richard-Allan Scientific, USA) were done manually.

Immunohistochemistry protocol for detection of cyto-
chrome oxidase IV subunit I was performed as follows. The
sections were pre-treated for antigen retrieval at 98°C for 40 min
in Cell Conditioning 1, which is a Tris/borate/EDTA buffer
pH 8. The primary antibody was diluted to10 pgg/ml in PBS
and incubated on the sections for 3 h at 37°C. Next, the bio-
tinylated secondary antibody was applied. Goat anti-mouse
immunoglobulin (prod no E0433 Dako A/S, Denmark, diluted
1/200 in Antibody Diluent, Ventana Medical System Inc.)
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with 5% normal goat serum (Dako A/S), were incubated on the
sections for 28 min at RT. The immunoreactions were
visualized with the DAB-MAP™ kit. The DAB-MAP kit
includes blocking of endogenous peroxidase with H,O, and
detection with a streptavidin-biotin complex conjugated with
horseradish peroxidase and development with the chromogene
3,3'-diaminobenzidin (DAB). The sections were washed
thoroughly in reaction buffer between each step (minimum
3x3 min). All sections were counterstained with haematoxylin
for 4 min and blued in Bluing Reagent for 4 min. Dehydration
in rising concentration of ethanol, clearing in xylene and
mounting with Cytoseal XYL were done manually. For every
staining method and occasion, one slide was stained without
primary antibody (only PBS in the primary antibody step) to
serve as negative control.

Measurement of relative levels of ALTI1 and 2 in serum and
plasma. Informed consent was obtained from volunteers prior
to any blood sampling. Blood was taken from 11 healthy
volunteers in either serum or heparin tubes for serum and
plasma preparation respectively. The blood withdrawal to
prepare either serum or plasma did not occur on the same day.
Plasma preparation was performed on ice or at 4°C, while
serum preparation was performed at room temperature (22°C).
Both serum and plasma were stored at -80°C before further
use. Serum or plasma (100 ul) was co-incubated with ALT
antibodies, ALT1 (Ab.10995, 1.0 pg) and ALT2 (Ab.11008,
1.0 pg) end-over-end 2 h at 4°C. Dynabeads (50 pl) (M-280
Sheep anti-rabbit, Dynal, Invitrogen) were added to the serum
or plasma and incubated for an additional 1 h, with end-over-
end mixing. The Dynabeads were removed using a magnet and
the remaining solution was used for ALT activity measurements
(acc. IFCC, ALTLP: ACN 684, Cobas, Roche).

Immunoprecipitation of ALT1 and 2 in human plasma. Dyna-
beads (1 ml) (M-280 Sheep anti-rabbit, Dynal, Invitrogen)
were washed three times with PBS using the magnetic
separation and finally resuspended in 1 ml PBS. ALT?2 anti-
body (100 pg) (Ab. 11008) or 100 ug ALTI1 antibody
(Ab.10995) was added to the dynabead solution in PBS and
was allowed to incubate for 1 h end-over-end at 4°C. The
beads were washed five times with PBS after which cross-
linking of the ALT Ig antibodies to the beads occurred using
1 ml 0.2 M triethanolamine pH 8.2. The beads were washed
twice with triethanolamine and resuspended in 1 ml 20 mM
dimetylpipelimidate dihydrochloride (DMP) in 0.2 M trie-
thanolamine pH 8.2. Further incubation for 30 min at 20°C
was performed before separation with magnet. The reaction
was stopped using 1 ml 50 mM TRIS pH 7.5 and incubated
for 15 min. Washing was performed two times with 0.1 M
glycine pH 2.5 and three times with PBS/0.1% BSA. Human
plasma (2 ml) was added, and incubated for 1 h at 4°C end-
over-end. Beads were separated and the supernatant was
removed. The beads were washed five times with PBS before
elution of ALT antigen from the antibodies took place. Three
elutes were saved, 100 x1 0.1 M glycine pH 2.5 (Elute 1, E1),
100 ul 2 M Urea (Elute 2, E2) or 100 pl 1 x SDS buffer
(Elute 3, E3). 2 x SDS-buffer were added to the E1 and 2
elutes and all elutes were boiled for 5 min prior to being
loaded on a SDS-PAGE gel for Western blot analysis.
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Table I. Kinetic constants for recombinant human ALT1, ALT2 and ALT2_2.

Forward reaction

Reverse reaction

Substrate Alanine 2-oxoglutarate Pyruvate Glutamate
Enzyme Km kCﬂ( kCﬂl/Km Km kcal kcaL/Km Km kCﬂl kcal/Km Km kcat kcal/Km
(mM)  min!  min'/mM mM  min’! min/mM  mM  min’! min/mM  mM  min!' min!//mM
rhALTI1 70 16000 230 0.4 10500 24400 1.0 10700 10900 6.7 8000 1200
rhALT2 15 14100 940 1.2 15100 12600 0.3 5200 17300 30 9300 310
rhALT2_2 n.a.? n.a. n.a. n.a.
hALTI1¢ 21 -b - 0.22 - - - - - - - -
hALT?2¢ (mit) 5.1 - - 0.19 - - - - - - - -

aNo activity; >- indicates that investigators did not determine this constant; ‘Gubern et al (18).

Results

Enzymatic activity of alanine aminotransferases. Visualisation
of enriched recombinant ALT1, 2 and 2_2 from bacteria lysates
showed about equal amount of ALT1 and 2 with ~25% purity
for both ALT1 and 2. The ALT2_2 preparation had the
highest purity of the recombinant proteins (>80%). Using the
standard clinical settings for the determination of ALT
activity levels (IFCC standard, ALTLP: ACN 684, Cobas,
Roche), the recombinant proteins ALT1 and 2 yielded 80,500
and 81,500 U/l per mg total protein respectively (at pH 7.6)
from this preparation. Under these conditions, recombinant
ALT2_2 did not possess any enzymatic activity at all. As a
negative control, enzyme preparations were also performed
from cells transformed with a vector construct containing
eGFP. ALT activity measurement from this preparation
yielded no enzymatic activity. In order to characterize the
kinetic activity of the ALT1 and ALT2 enzymes, the steady
state kinetic constants K, and k_,, were determined for alanine
and 2-oxoglutarate (forward reaction), as well for pyruvate and
glutamate (reverse reaction; Table I). Again, ALT2_2 did not
show activity for any of these substrates regardless of
concentration. Values of k_ were roughly in the same order
of magnitude for ALT1 and ALT2 enzymes and for both
forward and reverse reactions, i.e., 5,000-15,000 min’!. For
alanine (forward reaction), ALT1 showed a somewhat higher
K,, than ALT2 (70 mM versus 15 mM respectively), whilst for
2-oxoglutarate ALT1 showed a 3-fold lower K,, than ALT2.
For the reverse reaction, ALT1 had a higher K, for pyruvate
(1 mM) and a lower K, for glutamate (6.7 mM), compared to
ALT?2, which exhibited a K, of 0.3 and 30 mM for pyruvate
and glutamate, respectively. Naturally, in accordance with these
K,, determinations, k. /K, values for both the enzymes are
consequently highest for 2-oxoglutarate and pyruvate.

Stability of recombinant ALTI and ALT 2 by temperature. In
order to test the effect of different temperatures on the stability
of enzymatic activity of catalytically active ALT1 and 2, 3 ug
recombinant protein was exposed to 4°C, room temperature
(22°C) and body temperature (37°C) for different time points
up to 24 h in the presence of a 90%-serum solution (Sigma-

Aldrich). ALT1 was stable under all temperature conditions,
and lost only 20% activity at 37°C for 24 h (Fig. la). The
ALT?2 protein, on the other hand, was very unstable and lost its
enzymatic activities exponentially at 37°C (Fig. 1a). After 24 h,
<1% activity was left. However, at 22°C, ALT2, lost ~50%
activity after 24 h (Fig. 1b), but at 4°C, the ALT?2 protein lost
only 25% activity in 24 h (Fig. lc). Storage of recombinant
ALT1 and 2 in the freezer was also tested. ALT1 protein did
not lose any enzymatic capacity in -20 or -80°C storage for
one week. ALT2 protein, on the other hand, lost 13%
enzymatic activity at -20°C, but remained stable at -80°C for
the one week studied (data not shown).

In a first attempt to investigate why ALT2 enzymatic
capacity is lost, recombinant protein was incubated in glycerol
buffer (ALT buffer) consisting of PBS, BSA and 25% glycerol
instead of human serum. ALT1 and especially ALT2 were
much more stable in this glycerol buffer. Addition of alanine
(100 mM) increased the stability of ALT2 protein further,
whilst a cocktail of protease inhibitors had no effect (data not
shown). Furthermore, ALT2 was more stable in a plasma
environment than in a serum environment (Fig. 1d).

Validation of specific ALT2 antibody and expression in liver
extract. In order to study the catalytically active ALT2 isoform
and distinguish it from the catalytically inactive ALT2_2,
validation of the novel N-terminal ALT antibody (11008) was
performed. Recombinant ALT2 and 2_2 protein together with
human heart tissue lysate were loaded onto an SDS-page gel
and transferred to a membrane for Western blot detection.
Antibody 11010, directed against the C-terminal, recognizes
both ALT2 isoforms and antibody 11008 recognizes only
ALT2. As seen in Fig. 2, the 11010 antibody detected both
ALT2 (58 kDa + His-tag) and ALT2_2 (47 kDa + His-tag)
and a specific protein in heart lysate at 47 kDa. However,
the antibody 11008 detected only the catalytically active
ALT?2. To study if ALT2 is detected in human liver, we
loaded human liver extract on SDS-PAGE gels and used four
different ALT?2 antibodies (11008, 11010 and two commercial
ALT? antibodies). As seen in Fig. 3, ALT2 was not detected
in the human liver extract using any of these four antibodies.
In contrast, the ALT1 antibody gave an intense band at the
predicted molecular weight. In addition, we also tested another
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Figure 1. Stability of enzymatic activity of recombinant ALT1 and 2 proteins in a serum environment by time (h) at (a) 37°C (b) 22°C (c) 4°C. Black squares
represent ALT1 recombinant protein, black circles represent ALT2 recombinant protein. (d) Stability of recombinant ALT2 (22°C) in a serum (black

triangles) or plasma (black squares) environment.
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Figure 2. Western blotting of recombinant proteins. RP2 represents ALT2
recombinant protein and RP2_2 represents ALT2_2 recombinant protein. HE
represents human heart extract (20 ug) using two different ALT2 antibodies
(left panel Ab.11010 and right panel 11008) for detection. The molecular
marker (M) with known molecular sizes are marked in kDa values.

antibody (B-actin) on the transferred liver extract and found a
clear band at the correct size (47 kDa) indicating the robustness
of the liver extract (data not shown).

Subcellular localization of ALT in human hepatocytes and
skeletal muscle cells. Subcellular localization of catalytic

M LE RP2 LE RP2 ) LERP2  LE RP2 LE RP1
I pon s ! -
- = = - B
:: - ~ o I = 5
- e 4
-— - - - +
- - '
a b = c B di-. e

Figure 3. Western blotting of human liver extract (LE, 20 pg) using ALT2
antibodies (a) commercial sc-46352 (b) commercial sc-46350 (c) Ab.11008
(d) Ab 11010 with ALT?2 recombinant protein loaded at 25, 50, 100 and 200 ng.
(e) Western blotting of human liver extract (LE, 20 pg) using ALT1 anti-
body (10995) with ALT1 recombinant protein loaded at 25, 50, 100 and 200 ng.
The molecular marker (M) with known molecular sizes are shown in Fig. 2.

forms of ALT1 and 2 were studied in human primary hepato-
cytes and in the skeletal muscle cell line, Hs94.T. After
separating cytosol, ER/plasma membrane and mitochondrial
fractions, cell extracts were analysed by Western blotting and
the degree of purification of the cellular components was tested
using an antibody for the mitochondrial cytochrome C. As
shown in Fig. 4a, cytochrome C (10 kDa) appeared mainly in
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C ER MC RP2 M RP2_2 CE RP2

Figure 4. Western blotting of subcellular fractions from primary human hepatocytes. (a) Strong detection of cytochrome C in mitochondria (MC), and weak
detection in endoplasmatic reticulumn (ER) and cytosol (C). (b) Detection of ALT1 using 10995 Ab. in cytosol and endoplasmatic reticulumn. No detection in
MC. RP1 represent ALT1 recombinant protein loaded at 200 ng. (c) No detection of ALT2 using 11010 Ab. in cytosol, ER or MC. RP2 represents ALT2
recombinant protein, loaded at 200 ng; M represents the molecular marker in kDa in a, d, and e. (d) Western blotting of cell extract (CE, 20 ug) from cultured
skeletal muscle cells Hs94.T with detection of a band corresponding to the size of endogenous ALT2 (58 kDa). RP2_2 represents ALT2_2 recombinant
protein loaded at 200 ng. RP2 represents ALT2 recombinant protein loaded at 200 ng. (e) Detection of a band corresponding to the size of endogenous ALT2
(58 kDa) in subcellular fraction of MC and ER in cultured skeletal muscle cells Hs94.T. No band detected in cytosolic fraction.

ALT2

COX IV

Control

Figure 5. Immunohistochemical localization of ALT2 and Cytochrome Oxidase IV Subunit I in human liver. Positive staining for ALT2 (blue) in smooth
muscle cells in the wall of terminal portal venules. Cytochrome Oxidase IV Subunit I is visualised as brown staining in hepatocytes. No signal is detected in

controls where primary antibody is omitted. Lens x10 used for all liver sections.

the mitochondrial fraction with a very weak band present in
ER and cytosol. The ALT1 protein was present in high amounts
in the cytosol of hepatocytes, and to a lesser extent in the ER.
The mitochondrial fraction was absent of any ALT1 (Fig. 4b).
Similarly, ALT2 was absent in all subcellular fractions in
primary hepatocytes, thus localization was not studied in these
cells (Fig. 4c). In order to study the localization of catalytic
ALT?2, skeletal muscle cells were lysed and Western blotting
performed. In Fig. 4d, a band is clearly visible at the predicted
size (58 kDa) in this cell extract, between the recombinant
His-tagged ALT2 (62 kDa) and ALT2_2 (51 kDa). Further,
these cells were also used for analysis of subcellular fractions,
and ALT2 bands at the predicted size were visible in the ER
and mitochondrial fractions, but not in the cytosolic fraction
(Fig. 4e).

Detection of ALT2 in human tissues by immunohistochemistry.
In line with previous observations from cultured hepatocytes,
ALT?2 expression was not detected in formalin fixed, paraffin
embedded sections of human liver. Smooth muscle cells in the
walls of terminal portal venules were the only ALT?2 expressing
cell type in the liver (Fig. 5). The mitochondrial marker, cyto-
chrome oxidase IV subunit I, was present in high amounts in
the liver parenchyma and was mainly detected in hepatocytes
(Fig. 5). Catalytic ALT2 was also expressed in the cardiac
myocytes and showed a comparable staining pattern to that of
cytochrome oxidase IV subunit I (Fig. 6a). In cross sections
of skeletal muscle fibres and pancreas, ALT2 distribution
was again comparable to cytochrome oxidase IV subunit I,
which indicates that ALT?2 in these tissues localizes to the
mitochondrial compartment (Fig. 6b and c), further supporting
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COX IV

Figure 6. Immunohistochemical localization of ALT2 (blue) and cytochrome oxidase IVs Subunit I (brown). (a) Heart, ALT2 and cytochrome oxidase IV
subunit I positive stainings in cardiac muscle cells. Lens, x10. (b) Skeletal muscle fibers, similar staining for both ALT2 and cytochrome oxidase IV subunit I.
Lens x40. (c) Pancreas, islets of Langerhans show strong positive staining for ALT2 and Cytochrome Oxidase IV Subunit I. Pancreatic epithelial cells shows
weaker staining. Lens x20. (d) Esophagus, smooth muscle layer shows a strong expression of ALT2. Lens x10.

the in vitro finding in cultured skeletal muscle cells (Fig. 4e).
In the esophagus, a strong expression of ALT2 was detected
in the striated and smooth muscle layer. Cytochrome oxidase
IV subunit I was also found in these layers, but with a lower
expression (Fig. 6d).

Immunoprecipitation of recombinant proteins with ALTI and 2
antibodies. The ALT antibodies work well under denaturating

conditions (i.e., Western blot analysis). However, for immuno-
precipitation (IP) to function correctly on ALT in plasma or
serum, the antibodies also need to bind under native conditions.
In order to test this, recombinant ALT1 and 2 were prepared
under native conditions and ALT activity was measured before
the preparations were used in the experiments. Different
antibody concentrations (0.5-20 pg) were incubated with
recombinant ALT1 and 2 proteins in a human serum
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environment and IP was performed using the anti-ALT
antibodies. ALT1 antibody (1 ug, with 50 ul Dynabeads)
precipitated 100% of ALT activity from the solution containing
ALT1 recombinant protein with an activity of 106 U/l. In a
mixture of 50% recombinant ALT1 and 2, total activity was
130 U/1 in which ALT1 theoretically contributed ~53 U/l and
ALT2 ~77 U/l. After IP with the ALT1 antibody (1 pg) 69 U/l
activity remained, indicating that the ALTI antibody pulled
down >100% (115%) of the theoretical ALT1 contributing to
the activity in the solution. Conversely, to study IP using
ALT?2 antibodies (Ab. 11010 and 11008), recombinant ALT2
protein with an activity of 165 U/l was used. Ab. 11010
precipitated ~8-15% of the ALT2 activity when titrating the
antibody concentration (0.25-20 pg). However, antibody 11008
precipitated ALT2, in a dose-dependent fashion. Applying 1 ug
antibody precipitated 25%, 10 ug antibody 55% and 20 ug
antibody 69%.

Detection of ALT2 in human serum and plasma. In our previous
work we found ALT1 was responsible for ALT activity in
human serum of 8 healthy individuals tested (6). However,
based upon the stability result of ALT?2 in plasma in this work,
we decided to test IP on plasma samples taken in Li-heparin
tubes. To ensure highest possible integrity of the blood/plasma,
the preparations were performed using cold tubes stored on ice
and centrifugation took place at 4°C. Applying the IP protocol
on these plasma samples, a lower percentage precipitation of
ALT activity using ALT1 antibody was observed with an
average of 93% (SD, 3.9) precipitation. While ALT activity
from serum samples was precipitated to 99% (SD, 3.0, p<0.001
compared to plasma samples) using the ALT1 antibody.

In order to detect ALT1 and 2 structurally, we first
attempted direct detection by loading IgG and albumin
depleted serum on a gel and performed Western blotting.
Using this approach we did not detect ALT1 or 2 in normal
serum/plasma samples. However, an ALT1 band, but not
ALT?2, was seen in a plasma sample containing high ALT
activity >200 U/1 (data not shown). Instead, we performed IP
using the ALT antibodies on plasma and analysed the elutes
from the IP by Western blot analysis. In Fig. 7a, the band
corresponding to ALT1 in size was easily detected from ALT1
IP of human plasma. To detect ALT2 in plasma, IP was
performed using antibody 11008, and dual detection using
ALT?2 antibody (11010) on Western blot served as an extra
control. A band at the predicted molecular weight for ALT2
was present, in IP elute 1 (glycine) and elute 2 (urea), but not
in elute 3 (SDS) (Fig. 7b).

Discussion

Serum alanine aminotransferase (ALT) activity is used in
clinics and in safety assessment of pharmaceuticals as a
surrogate marker of liver injury. The cloning of ALT2 and the
demonstration of differential tissue expression at mRNA levels
for GPTI and 2 (5,15), led to the hypothesis that increased
serum ALT levels are caused by a specific leakage of ALT2
from other organs than the liver (5). Indeed, ALT activity was
found in other organs, mostly in the kidneys (50% of liver
activity/g tissue), heart (20%), skeletal muscle (10-20%) and
pancreas (16,17). The basal levels of ALT in blood are, in
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Figure 7. Immunoprecipitation of (a) ALT1 or (b) ALT2 from human
plasma sample. Detection of a band corresponding to ALT1 (54 kDa) in E1
represents Elute 1 using 0.1 M glycine pH 2.5, E2 represents Elute 2 using
2 M Urea and E3 represents Elute 3 using 1x SDS buffer. RP1 is an ALT1
recombinant protein loaded at 200 ng and RP2 is ALT2 recombinant protein
loaded at 200 ng.

part, a result of a poorly understood process involving hepato-
cytes and possibly turnover in other tissues. In connection with
liver injury, and according to the currently accepted view, ALT
and other enzymes leak from necrotic cells and reach the
blood. The current ALT assay measures total catalytic activity
in plasma or serum, which is the combined activity of ALT1
and 2. In our earlier study, using novel ALT1 and 2 anti-
bodies, we extended previous work from transcriptional levels
and showed that there is a differential tissue expression of
ALT isoforms, yet, the dominant form present in normal human
serums is ALT1 (6). The ALT1 protein is mainly expressed
in the liver and kidney. ALT?2 proteins are mainly expressed in
the pancreas, brain, adrenal gland, skeletal muscle and heart.
However, analysing heart and muscle extracts more closely
with Western blotting, we detected only high expression of a
splice variant of ALT2 (ALT2_2). At that time, it was not
known if ALT2_2 also harboured enzymatic activity.

In the present study we showed that the recombinant
ALT?2_2 does not possess any enzymatic activity and that the
recombinant ALT1 and 2 proteins possess about equal
enzymatic activity when present towards alanine and 2-oxo-
glutarate in standardised settings, which add to the knowledge
on ALT biochemistry without conflicting with previously
published findings (5). The fundamental question of why a
splice variant of ALT2 is produced is not addressed in this
study. Since measurement of ALT activity is an indication of
hepatic damage used in the clinic and preclinic, we focused
on the catalytically active ALT2 and its presence in extra-
hepatic organs.

To understand the basic biochemistry of ALT1 and 2,
enzymatic kinetics was studied. We found the enzymatic K,
for alanine to be ~4-fold lower for ALT2 than for ALTI,
while the K, for 2-oxoglutarate was similar between the
enzymes. The K for human endogenous ALT1 and 2 was
reported only once before with somewhat different K, values,
but the same ratio between ALT2/ALT1 (18). This K, ratio is
also in agreement with data from rat cytosolic and mito-
chondrial ALT by Swick et al (2). All our enzymatic reactions
were performed between pH 7.3-7.6 to mimic in vivo
conditions. The pH optimum curves were reported for rat
ALT proteins, in which the cytosolic ALT (corresponds to
ALT1) has an optimum pH between 7.3-7.8 and the mito-
chondrial ALT (corresponds to ALT2) between pH 7.4-8.2 (2).
Of the four substrates in the ALT reaction, alanine and pyruvate
are likely to be rate limiting when considering in vivo
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Table II. ALT activity in human plasma before and after IP with ALT1 and 2 antibodies.

Volunteers ALT activity ALT activity after IP with ALT1 Ab % ALT activity removed with ALT1 Ab
U/1 un un
1 20 1 95
2 41 2 95
3 35 4 89
4 43 5 88
5 29 3 90
6 24 1 96
7 58 7 88
8 14 0 100
9 23 2 91
10 19 1 95
11 17 1 94

concentrations (19). Our data show that ALT2 has a higher
k../K,, than ALT1 for both alanine and pyruvate, which
indicates that ALT2 is more active than ALT1 at lower
concentrations of limiting substrates e.g. during starvation
(19). DeRosa et al proposed that the function of ALT1 and 2
in vivo differs, and that mitochondrial ALT with a higher
affinity for alanine, mainly functions in the direction of
converting alanine to pyruvate, whereas the cytosolic ALT
would function in both directions (20). However, our data
suggest that ALT2 functions as a complementary system in
the generation of pyruvate for gluconeogenesis during stressful
conditions, such as starvation. The localisation of ALT?2 to
mitochondria would, according to this hypothesis, aid in
pyruvate generation and prevent compromisation of the Krebs
cycle.

In order to study the expression of catalytically active
ALT?2 in cells and tissues, we used the new N-terminal ALT2
antibody (11008) and showed that it recognized only the
catalytically active ALT2 and not ALT2_2. We used four
different ALT2 antibodies in an attempt to detect ALT2 in
human liver extract using Western blot analysis. Despite this,
we were still unable to detect any ALT?2 in human liver extract.

One explanation for our failure to detect ALT2 in human
liver is that ALT2 in human liver exists in such minute amounts
that detecting it using Western blotting is not possible, and
the use of enzymatic activity is, at present, the only way of
detecting ALT?2 in low expressing cells and cell compartments
(2,21). However, as in the previous work, we found high levels
of ALT1 in the liver extract. This result is further supported
by our purification of cell organelles. We found ALTI in the
cytosolic fraction of human hepatocytes, but were not able to
detect ALT2 in any of these fractions (ER, mitochondria,
cytosol) of hepatocytes. On the other hand, we were able to
detect ALT2 in the ER and mitochondrial fraction, but not in
the cytosol in cultured skeletal muscle cells. To our knowledge,
this is the first report of the structural localisation of human
ALT? to the mitochondrial fraction. The very first indication
that ALT exists in the mitochondria came from Hird and
Rowsell who reported alanine aminotransferase activity in the
soluble phase and particulate fraction of rat homogenates (22).
Since then, other studies found ALT activity in the mito-

chondria of rat, pig, guinea pig, chicken and insects (20,23).
Furthermore, proven localisation of ALT?2 in the mitochondria
in the liver of gilthead sea bream (Sparus aurata) was
previously reported (24). Interestingly, the percent of ALT
activity in the mitochondria between mammal species differs
greatly. Swick et al reported that rat liver has a proportion of
90% in the cytosol and ~9% of the total ALT activity in the
mitochondria (2). To our knowledge, ALT subcellular
localisation in human liver was only reported once. While the
cytosolic fraction accounted for 86% of the ALT activity,
~5% was found in the mitochondria (21). DeRosa et al, on
the other hand, found ~54% of the total ALT activity in
mitochondria from pig liver and the remainder (46%) in the
cytosolic fraction (20). At the other extreme, chicken liver was
shown to only have the mitochondrial ALT (20). Furthermore,
while starvation in rat produced an increase in the specific
activity of cytosolic ALT, but not mitochondrial ALT (25),
Fujiwara et al demonstrated a 100-fold increase in mito-
chondrial ALT in the liver of chickens during a 7-day
starvation period (26). It is known that chickens maintain
high blood glucose (>10 mM), even during prolonged
starvation, due to hepatic gluconeogenesis from alanine
supported by mitochondrial ALT (26-28). Further work
would have to focus upon ALT isoforms in liver and extra-
hepatic organs between different species and the relevance
for function and application to liver injury in preclinical
models (rat, mouse, dog, monkey etc.).

Using immunohistochemistry, we found high expression
of catalytic ALT2 in heart muscle, skeletal muscle, smooth
muscle in many different tissues, and in the islets of
Langerhans. As a positive control for mitochondrial staining,
an antibody against cytochrome oxidase IV subunit I was
used. It was quite clear that ALT2 in skeletal muscle tissue
was localised to mitochondria when compared to the staining
pattern of cytochrome oxidase, which further supports our
results from cultured skeletal muscle cells.

An interesting finding was the very dense ALT?2 staining in
cardiomyocytes. Mild increases of serum ALT levels during
myocardial infarction occurs in many patients (29). The plasma
ALT activity in these patients reaches 100-200 U/l and
originates from the heart tissue (30). Our data presented here,
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together with the weak detection of ALT1 in heart tissue (6)
indicates release of ALT2 from damaged cardiomyocytes.

Our finding of ALT2 expression in the islets of Langerhans
is also linked to clinical observations. Diabetes mellitus patients
undergoing pancreatic islet transplantation have self limiting
and mild ALT increases (transaminitis) for unknown reasons
(31). The data presented here provide a hypothesis for the
serum ALT increase as a possible ALT2 leakage from dying
islet cells.

By using immunoprecipitation of ALT1 from human serum
and plasma, we found a higher degree of catalytically active
residue in the plasma preparation compared with the serum
preparation. The reason for this is unknown but one factor
contributing is the instability of ALT2 in a serum environment,
due to time in preparation. Another possibility is the
stabilisation factors present in plasma and not in serum, which
our data in Fig. 1d indicate. We and others have found that
recombinant catalytic ALT2 rapidly loses its enzymatic
capacity when stored in serum at 37°C (32). ALT2 protein was
much more stable at room temperature, and even more at 4°C.
At -80°C we found both ALT1 and 2 completely stable when
tested one week later. In contrast ALT1 is much more stable
than ALT2, and showed some loss of activity only at 37°C. In
addition, we investigated this further using a buffer containing
glycerol and albumin. In this buffer ALT2 still lost its
catalytic capacity, but at a much slower rate than in serum.
Stabilisation of rat mitochondrial ALT with glycerol was
previously reported (2). We found that adding alanine to the
test tube slows down the process. However, adding a cocktail
of protease inhibitors to the serum, had no effect on slowing
down ALT?2 enzymatic activity. Rat liver mitochondrial alanine
aminotransferase is known to be a very unstable enzyme, a
property that prevented efforts to purify it (2). Use of trehalose
in the extraction was reported to improve mitochondrial ALT
stability, while protease inhibitors were without effect, which
is in line with our observations of human ALT?2 (33).

So, by preparing plasma samples on ice and quickly
freezing them at -80°C, ALT residual activity after IP was
higher than the serum in the normal individuals tested. We
immunoprecipitated ALT1 from plasma samples and then
remeasured ALT activity, a concept used to measure the
cytosolic and mitochondrial forms of AST in plasma or serum
(34). As seen from Table II, the major fraction of ALT isoform
in plasma of normal healthy volunteers is ALT1, however all
ALT activity cannot be removed with the ALT1 antibody
when plasma is used compared to serum preparations.
However, this residual ALT activity is removed with an
ALT?2 antibody, supporting the notion of ALT2 in plasma
preparations. However to show that plasma contained both
ALTI and 2, ALT1 was precipitated from human plasma,
and the elute was loaded on a gel and a band was detected at
the predicted molecular weight. Then, the remaining precipitate
was also loaded on a gel and subjected to detection using two
ALT?2 antibodies. A band was detected at the predicted
molecular weight (58 kDa). However, the band was much
weaker than ALTI, even using ECL advance detection
system, known to have a detection limit down to 1 picogram.

In conclusion, we have specifically detected the catalytically
ALT?2 in different human tissues (such as the heart, smooth
skeletal muscles and pancreas but not in the liver) and in
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human plasma for the first time. We also showed that ALT2
is localised to the mitochondria of skeletal muscle cells and that
ALT]1 is the cytosolic form of ALT in hepatocytes.

We also developed a rapid clinical method based upon the
routine standard method, in which measurement of ALT1 and 2
in a given human plasma sample is achieved. Application of
this method to clinical samples fast track the problem solving
activities of drug projects (or help a physician) in directing
focus towards or away from the liver. Future work has to focus
upon validating this [P/activity method of selective ALT1 and
2 measurement described in this study, before testing the
hypothesis, if a tissue injury in an ALT2 rich organ impacts the
standard ALT activity in the circulation and selectively being
measured.
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