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Synopsis

Homogeneous adenine deaminases (EC 3.5.4.2) from the yeast Saccharomyces cerevisiae and
Schizosaccharomyces pombe and a putative adenosine deaminase (EC 3.5.4.4) from Arabidopsis
thaliana were obtained for the first time as purified recombinant proteins by molecular cloning of the
corresponding genes and their overexpression in Escherichia coli. The enzymes showed comparable
molecular properties to well known mammalian adenosine deaminases, but exhibited much lower £,
values. Adenine was the most favored substrate for the yeast enzymes, whereas the plant enzyme
showed only very low activities with either adenine, adenosine, AMP or ATP. Interestingly, the yeast
enzymes also hydrolyzed N°-substituted adenines from the group of plant hormones cytokinins,
cleaving them to inosine and the corresponding side-chain amine. The hydrolytic cleavage of synthetic
cytokinin 2,6-disubstituted analogues that are used in cancer therapy, such as olomoucine, roscovitine
and bohemine, was subsequently found also for a reference sample of human adenosine deaminase
(ADAT1). ADA1, however, showed a different reaction mechanism than the yeast enzymes,
hydrolyzing the compounds to an adenine derivative and a side chain alcohol. The reaction products
were identified using reference compounds on HPLC coupled to UV and Q-TOF detectors.

The ADAL activity may constitute the debenzylation metabolic route already described for
bohemine and as a consequence, it may compromise physiological or therapeutic effect of
exogenously applied cytokinin derivatives.

Keywords. adenine/adenosine deaminase, aminohydrolase, cytokinin, olomoucine, bohemine,
roscovitine
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INTRODUCTION

Aminohydrolases adenine deaminase (ADE, EC 3.5.4.2; catalyzing irreversible deamination of
adenine to hypoxanthine) and adenosine deaminase (ADA, EC 3.5.4.4; catalyzing irreversible
deamination of adenosine to inosine) are enzymes that are responsible for the metabolic salvage of
purines. Several subclasses of these enzymes have been already described and with the recent
knowledge of full genome sequences of many organisms, it is possible to identify encoding genes and
group the enzymes according to primary structure [1, 2]. Fungal adenine deaminases share a relatively
high sequence homology with both prokaryotic and eukaryotic adenosine deaminases that constitute a
known family of o/p barrel enzymes [3]. Prokaryotic adenine deaminases form a specific group that
differs structurally and evolutionary from the above.

Natural substrates of these enzymes are adenine and adenosine, respectively, but the enzymes can
also hydrolyze 6-chloro-substituted derivatives. Adenosine deaminase can also convert other purine
compounds like 2-amino-6-chloropurine riboside [4], 6-methoxypurine riboside [5], 6-
methylaminopurine ribonucleoside [6], as well as deoxyribose derivatives, AMP, ADP and ATP [7],
and cAMP [8]. Metals ions in specific concentrations are in some cases essential for the activity [9,
10].

Proteins that exhibit adenosine deaminase activity include not only adenosine deaminase (EC
3.5.4.4), but also ADA regulatory proteins (only in prokaryotes) with different conserved structural
domains (EC 2.1.1.63) and tRNA-specific adenosine deaminases (ADAT). ADAT was the first
prokaryotic RNA editing enzyme to be identified in E. coli [11]. Another type of adenosine deaminase
acting on RNA (ADAR) has the ability to deaminate adenosines in any long double-stranded RNA and
convert them to inosines. These enzymes are commonly found in animals, but not known in other
organisms [12].

Two different isoenzymes of adenosine deaminase are found in higher eukaryotes [13], ADA1 and
ADAZ? that are encoded by different genes [14]. In humans, almost all ADA activity is attributed to a
single-chain Zn-binding protein ADA1, whereas ADAZ2 is found in negligible quantities in serum and
may be produced by monocytes [15]. ADA1 is expressed in all human tissues, its activity levels being
relatively high in thymus and duodenum (about 10 nkat/mg), whereas more than 500-fold lower in
liver [16].

Adenine/adenosine deaminases are constitutive components of purine metabolism and their
impairment may cause serious disorders [17]. In humans, adenosine deaminase deficiency links to
severe combined immunodeficiency and as such it was approved for the first gene therapy trial [17].
Lack of ADAT1 activity leads to an accumulation of dATP that causes inhibition of the ribonucleotide
diphosphate reductase activity, which is the enzyme that synthesizes DNA and RNA required during
lymphocyte proliferation. On the other hand, mutations leading to overexpression cause hemolytic
anemia. There is also some evidence that mutations on the other allele (ADA2) may lead to autism
[18].

The crystal structure of adenosine deaminase was solved for the enzymes from mouse [19] and cow
[20]. The protein is folded as an eight-stranded parallel o/p barrel with a deep pocket at the B-barrel C-
terminal end where the active site is formed from Glu and Asp residues and contains Zn>" ion.

There are only scarce reports on the adenosine deaminase in plants. Although completed genome
databases of Arabidopsis-thaliana and other plants show the presence of putative encoding genes, the
corresponding proteins have not been obtained so far nor the activity towards adenosine demonstrated.
The physiological role of these enzymes in plants is unclear, since no activity was detected in plant
extracts. Some articles even speculate that adenosine deaminase is not present at all in plant tissues
[21-23] or that the enzyme activity is too low for efficient adenosine recycling that might be instead
controlled by adenosine kinase (EC 2.7.1.77) [24].

In this paper, we describe cloning and functional expression of three adenine/adenosine deaminase
genes, AAH from Saccharomyces cerevisiae (encoding the protein Aahlp), SPBC1198.02 from
Schizosaccharomyces pombe and At4g04880 from Arabidopsis thaliana. The genes from yeasts have
already been cloned and annotated to encode adenine deaminases of the same subfamily as the enzyme
from Aspergillus nidulans that was obtained as a recombinant protein and characterized [3]. The gene
from A. thaliana was identified by database search (annotated as adenosine/AMP deaminase family
protein). All three enzymes were obtained as recombinant proteins, purified to homogeneity and
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showed to hydrolyze adenine compounds. Interestingly, the yeast enzymes also exhibited a low
activity towards N°-substituted adenines that are commonly known as plant hormones cytokinins. In
plants, the hormones cytokinins act via specific plasma membrane receptors within a two-component
signaling system and regulate numerous developmental and physiological processes, including apical
dominance, flower and fruit development, leaf senescence, and seed germination [25]. They are often
used as exogenous additives to control plant micropropagation. Some other cytokinin derivatives
exhibit anticancer properties due to their ability to inhibit cyclin-dependent kinases [26] or find
applications in skin protective cosmetics as they delay ageing of human fibroblasts [27] and protect
against oxidative damage of DNA [28]. We found the activity towards some of these compounds for a
reference sample of human adenosine deaminase (ADA1).

MATERIALS AND METHODS

Chemicals, vectors, enzymes and biological material

N°-(2-isopentenyl)adenine 9-glucoside, trans-zeatin (6-((E)-4-hydroxy-3-methylbut-2-
enylamino)purine), trans-zeatin 9-riboside, trans-zeatin 9-glucoside, m-topolin (6-(3-
hydroxybenzyl)aminopurine), kinetin (6-furfurylaminopurine), olomoucine (6-benzylamino-2-(2-
hydroxyethylamino)-9-methylpurine), olomoucine II (6-(2-hydroxybenzylamino)-2(R)-[1-
(hydroxymethyl)propyl]Jamino-9-isopropylpurine), roscovitine (6-benzylamino-2-[ 1-(hydroxy-
methyl)propyl]amino-9-isopropylpurine), and bohemine (6-benzylamino-2-(3-hydroxypropylamino)-
9-isopropylpurine) were from OlChemIm (Olomouc, Czech Republic). N*-methyl-isopentenyladenine
that had been synthesized according to a published protocol [29] was donated by Kristin Bilyeu
(USDA/University of Missouri, Columbia, MO, USA). Cyclin-dependent kinase inhibitors bohemine,
roscovitine, olomoucine and olomoucine II were further purified by HPLC to remove trace impurities
on a System Gold (Beckman, Fullerton, CA, USA) equipped with a Symmetry C18 column, 150 mm x
2.1 mm i.d., 5 pm particles (Waters, Milford, MA, USA) in 15 mM ammonium formate, pH 4.0, with
a linear gradient of methanol from 10 to 90% in 25 min followed by a 5-min isocratic elution, in a
flow rate of 0.3 ml/min at 25 °C.

6-Amino-2-(3-hydroxypropylamino)-9-isopropylpurine and 6-amino-2-[(1-hydroxymethyl)
propyl]amino-9-isopropylpurine that had been synthesized according to a published protocol [30] were
kindly provided by Libor Havli¢ek from the Institute of Experimental Botany, AS CR, Prague.

All other chemicals were from Sigma-Aldrich (Steinheim, Germany). PCR fragment isolation kits,
plasmid purification kits and Ni-NTA agarose were from Qiagen (Hilden, Germany). Bio-Rad Protein
Assay kit (Bio-Rad, Hercules, CA, USA) was used to assess protein concentration.

Advantage DNA polymerase used for the cloning to the pDrive vector (Qiagen) was from Clontech
(Mountain View, CA, USA) and blunt-end generating proofreading polymerase Phusion™ used for
cloning into pET100/D-TOPO and pET151/D-TOPO vectors (Invitrogen, Carlsbad, CA, USA) was
obtained from Finnzymes (Espoo, Finland). Adenosine deaminase from human erythrocytes (ADA1)
was a certified reference material BCR-647 purchased from Sigma-Aldrich (catalytic activity was 2.55
pkat/l [31]).

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BSR20080081

Cloning of the yeast adenine deaminase genes

The Saccharomyces cerevisiae strain used was 23344¢c (MATa ura3), which is derived from the wild
type strain S1278b [32]. Schizosaccharomyces pombe wild type 972 h- was kindly provided by Marie
Kopecka (Department of Biology, Faculty of Medicine, Masaryk University in Brno, Czech Republic).
Fractions of genomic DNA from S. pombe and S. cerevisiae were isolated according to an established
protocol [33].

The gene sequence SPBC1198.02 from S. pombe (GenelD: 2540066, no introns) was amplified
using Advantage DNA polymerase (annealing at 58°C, 30 cycles) and oligonucleotide primers 5'-
GGA GCG ATA TTG TGG GTG AT-3" (forward) and 5'-TTG ATT AAG CTT GAA CTT CCA
CAG-3’ (reverse), inserted into pDrive vector by U/A cloning and replicated in chemically competent
One Shot® TOP10 Escherichia coli cells (Invitrogen) according to the manufacturer’s protocol.
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The gene was then cloned into the expression vectors pET100/D-TOPO (fusing 6x His tag and
Xpress™ epitope to the N-terminus of cloned gene product) and pET151/D-TOPO (fusing 6x His tag
and V5 epitope to the N-terminus of cloned gene product) using a forward primer 5’-CAC CAT GAG
CAA TCT ACC TA-3’ (for both vectors) and a reverse primer 5'-AGC TTG AAC TTC CAC AG-3’
(pET100/D-TOPO, gene specific STOP codon removed) or 5'-TTAAGC TTG AAC TTC CAC AG-3’
(pET151/D-TOPO, gene specific STOP codon maintained), with a blunt-end generating proofreading
polymerase Phusion™ (annealing at 55 °C, 30 cycles). The insert region of the construct was fully
sequenced to confirm the gene identity and used to transform competent cells BL21 Star' "(DE3) One
Shot” Chemically Competent Escherichia coli cells (Invitrogen) according to the manufacturer’s
protocol.

The gene sequence A4H1 from S. cerevisiae (GenelD: 855581, no introns) was cloned by
analogous procedure first to the pDrive vector using touchdown PCR (annealing at 64°C-58°C, 30
cycles, added 5% Triton X-100) with primers 5-CGA AAC TGC ACT GAA ATG GCG CA-3’
(forward) and 5"-CGT GAA ATA CAA AAG GTC CAG C-3" (reverse) and then to pET100/D-TOPO
and pET151/D-TOPO (annealing at 56°C, 30 cycles, 5% Triton X-100) with a forward primer 5'-CAC
CAT GGT TTC TGT GGA GT-3" and a reverse primer 5'-ATG CGA ATA TTT AGT GAC TAC TT-
3" (pET100/D-TOPO) or 5'-CTA ATG CGA ATA TTT AGT GAC TAC TTC GT-3" (pET151/D-
TOPO) as above.

Cloning of putative adenosine deaminase gene from Arabidopsis thaliana

Total RNA was isolated from one-week-old seedlings of Arabidopsis thaliana ecotype Col0 using
Trizol reagent (Invitrogen) and reverse transcribed using RevertAid™ H Minus M-MuLV reverse
transcriptase and oligo(dT);s primer (Fermentas, Vilnius, Lithuania).

From cDNA, the gene sequence At4g04880 (GenelD: 825826; the genomic gene contains 10
introns) was amplified and cloned into pDrive vector (annealing at 57 °C, 30 cycles, added 10%
betain) with primers 5'-ACA AAA AAA AAA TGG AAT GGA TAC AAT-3'(forward) and 5'-ATT
ACA ATC AAT ATT CGA GAT GAA TGT TAT-3’ (reverse) and then to pET100/D-TOPO and
pET151/D-TOPO vectors (annealing at 60 °C, 30 cycles) with a forward primer 5'-CAC CAT GGA
ATG GAT ACA ATC ACT G-3" and a reverse primer 5'-AAC GTG CTC TGG CGA GGC-
3’(reverse) (pET100/D-TOPO) or 5'-CTAAACGTGCTCTGGCGAG-3" (pET151/D-TOPO) by the
same procedure as for the yeast adenine deaminase genes.

Expression and purification of recombinant proteins

Protein expression in E. coli cells BL21 Star“(DE3) was induced by 0.2 mM IPTG using a cell
culture of ODg 0.6 maintained at 18 °C overnight in LB medium containing 1% glucose and 100
pg/ml of antibiotics (ampicillin for SPBC1198.02 and carbenicillin for Aahlp and At4g04880).

Recombinant proteins were purified on Ni-NTA agarose (Qiagen) using modified manufacturer’s
miniprep protocol for purification of 6x His-tagged proteins from E. coli under native conditions.
Glycerol was added as a stabilizing agent to all buffers used throughout the purification, i.e. lysis
buffer (50 mM NaH,PO,; 300 mM NaCl, 10 mM imidazole, 0.5% Triton X-100, 10% glycerol, pH
8.0), washing buffer (the same composition without Triton X-100) and elution buffer (50 mM
NaH,PO,, 300 mM NaCl, 300 mM imidazole, 20% glycerol, pH 8.0).

Cells overexpressing the studied enzymes were harvested by centrifugation (5,000 g, 10 min),
resuspended in lysis buffer in volume ratio of 5% to the original culture volume for SPBC1198.02 and
2.5% for Aahlp and At4g04880. The cells were placed in 1.5-ml Eppendorf tubes and broken by
three-times repeated freezing in liquid nitrogen and thawing at 42 °C.

Conditions for protein purification were optimized for 1.2 ml of cell extract per tube for each
protein as follows: SPBC1198.02, binding with 0.3 ml of 50% Ni-NTA slurry, elution with 0.15 ml of
the elution buffer; Aahlp and At4g04880, binding with 0.15 ml 50% Ni-NTA slurry, elution with
0.075 ml of the elution buffer. Optionally, the recombinant proteins were concentrated using an
Amicon Ultra-4 centrifugation device with a 10-kDa cut-off (Millipore, Cork, Ireland) to the
concentration of about 30 mg/ml and stored at 4 °C. Protein purity was checked by SDS-PAGE
performed on a slab gel (10%) in Tris-glycine running buffer [34]. Before application, samples were
heated at 95 °C for 10 min in the presence of 1% SDS and 1% 2-mercaptoethanol. PageRuller™
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unstained protein ladder (Fermentas) was used as a molecular mass marker. Gels were stained for
proteins with Coomassie Brilliant Blue R-250.

Enzyme activity assay

Interactions of the enzymes with substrates were monitored by absorption changes in the range of 200-
500 nm using Agilent (HP) 8345 diode array spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA) in a temperature controlled cell with magnetic stirring. Molar absorption coefficients of
substrates and products were determined experimentally from reference compounds and used for the
calculations of product concentration as shown below for the substrates adenine and adenosine. The
assay method is based on a published protocol for adenine deaminase [35].

Adenine deaminase activity was assayed as an increase in hypoxanthine concentration (calculated
from its absorption at 240 nm - e, 8,850 M! cm'l), with 0.067 mM adenine as substrate, in 0.2 M
potassium phosphate buffer, pH 6.7, at 33 °C. The reaction was started by the addition of substrate.
Adenine itself has an absorption maximum at 260 nm (sAde%S 11,050 M cm'l) and thus it contributes
to the total absorption at 240 nm (£*%,4 5,850 M™' cm™). The concentration of a product released from
the enzymatic reaction was therefore calculated as [P] = AA,40/(€"240 — €°240), Where AA,y is the linear
increase in absorbance during given time period, €4 the molar absorption coefficient of product and
5,40 the molar absorption coefficient of substrate, all at 240 nm.

The activity of adenosine deaminase was determined as an increase in inosine concentration at 240
nm (™49 12,930 M cm™) using the same method as above (0.067 mM adenosine as substrate, 0.2 M
potassium phosphate buffer, pH 7, 37 °C), with the correlation to the adenosine absorption at 240 nm
(€% 5,740 M cm™).

The activity with AMP/ATP was assayed as an increase in IMP/ITP concentration at 240 nm
(SIMP 240 6,670 M! cm'l, €40 6,060 M! cm'l) as above using 5,49 found experimentally: AMP - 3,390
M"' em™ and ATP - 3,080 M cm™.

The activity with cytokinins was assayed as a production of hypoxanthine (or inosine for ribosides)
by the same method as above with the following £ found experimentally: N°-isopentenyladenine -
3,920 M em™, N-isopentenyladenosine - 3,780 M em™', N®-isopentenyladenine 9-glucoside - 3,840
M"' em™, N°-methyl-isopentenyladenine - 3,080 M ' ¢m™, trans-zeatin - 7,900 M cm™, cis-zeatin -
7,6%0 M ecm™, benzyladenine - 5,070 M ecm™, m-topolin - 2,020 M ¢cm™, and kinetin - 4,150 M
cm’.

The activity of human adenosine deaminase with cyclin-dependent kinase inhibitors roscovitine
(€255 7,660 M cm™) and bohemine (g,55 9,000 M cm™) was assayed as an increase in the
concentration of the debenzylated products absorbing at 255 nm, i.e. 6-amino-2-[(1-
hydroxymethyl)propyl]amino-9-isopropylpurine (&,s5 8,800 M™' cm™) and 6-amino-2-(3-
hydroxypropylamino)-9-isopropylpurine (€255 9,600 M cm™), respectively, using such calculations as
above.

Since some cytokinin derivatives, especially N°-benzyl substituted ones, show limited solubility in
aqueous buffers, they were dissolved in DMSO prior adding to the reaction mixture. The addition of
0.7 % DMSO (final concentration) decreased the rate of control reaction with adenine as a substrate to
about 70%.

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BSR20080081

Identification of recombinant proteins by MALDI-TOF MS

Protein samples were first resolved by SDS-PAGE (10% separation gel) followed by CBB R-250
staining. Protein bands were excised from the gel slab, cut into small pieces and put into 0.65-ml
microtubes (Eppendorf, Hamburg, Germany). In-gel digestion by 1 uM raffinose-modified trypsin
[36] was performed without prior reduction/alkylation at 37 oC for 12 h. MALDI probes were
prepared using a MSP AnchorChip 600/96 microScout target (Bruker Daltonik, Bremen, Germany)
and an a-cyano-4-hydroxycinnamic acid (CHCA) matrix [37]. Measurements were performed in the
reflectron mode for positive ions on a Microflex MALDI-TOF LRF20 mass spectrometer (Bruker
Daltonik) equipped with a nitrogen laser (337 nm). Mass spectra were accumulated from 100-200
shots at a laser repetition rate of 10 Hz; the examined m/z range was 500-4000. The instrument was
calibrated externally using a mixture of peptide standards (Bruker Daltonik). The acquired spectra
were processed by flexAnalysis 2.4 and Biotools 3.0 software (Bruker Daltonik). Protein identification
was achieved using the online version of the program Mascot (Matrix Science, London, UK;
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http://www.matrixscience.com); searches were performed against nonredundant protein databases
(MSDB, Swiss-Prot).

Circular dichroism spectra

Circular dichroism spectra were recorded at 22°C using a Jasco J-810 spectrometer (Jasco, Tokyo,
Japan). Data were collected from 195 to 260 nm, at 100 nm/min, response time 1 s and bandwidth 2
nm, using a 0.1 cm quartz cuvette containing the protein in 0.1 M potassium phosphate buffer, pH 7.0.
Collected data were expressed in terms of the mean residue ellipticity (®,zz) using the equation: ®zg
=@, . My, . 100/(n.c.l), where O, is the observed ellipticity in degrees, M,, is the protein molecular
weight, n is number of residues, / is the cell path length, c is the protein concentration and the factor
100 originates from the conversion of the molecular weight to mg/dmol.

Identification of reaction products by LC-MS

A hybrid Q-Tof micro mass spectrometer (Waters MS Technologies, Manchester, UK) was used for
the high-resolution identification and confirmation of enzyme-generated products. The reaction
mixture for identification of the product of Schizosaccharomyces pombe adenine deaminase
containing 178 nkat/ml of the enzyme and 0.1 mM substrate in 0.2 M potassium phosphate buffer, pH
6.7, was incubated at 33 °C (incubation time 5 h for adenine, 16 h for cytokinin as substrate). The
reaction mixture of human adenosine deaminase with cytokinins and cyclin-dependent kinase
inhibitors contained 5.1 pkat/ml of the enzyme and 0.01 mM substrate in 0.2 M potassium phosphate
buffer, pH 7.0, was incubated at 37 °C for 24 h. Standard samples of the substrates and products (the
same concentrations as for the reaction mixtures) were first. dissolved in DMSO and then in the
corresponding reaction buffer (the final DMSO concentration was 1%). Aliquots of 20 pl were taken
for analysis.

The measurement was performed in connection with HPLC analysis on an Alliance separation
module 2965 and equipped with a photodiode array detector 2996 (Waters) using a reversed-phase
column Symmetry C18 (150 mm x 2.1 mm i.d., 5 pm; Waters) and a post-column splitting of 1:1.
Following the injection, analytes were eluted with a 25-min binary linear gradient (0 min, 2% B; 2-25
min, 90% B; flow-rate of 0.25 ml/min; column temperature of 30°C) of 15 mM ammonium formate
(pH 4.0, A) and methanol (B). Electrospray ionization in the positive ion mode was performed using
the following parameters: source block/desolvation temperature, 100°C/350°C; capillary/cone voltage,
2,500/25 V; and spray/cone gas flow (N;), 50/500 I/h. In the full-scan mode, data were acquired in the
mass range m/z 50 to 1000, with a cycle time of 33 ms, a scan time of 2.0 s, and collision energy of 4
V. For the exact mass determination experiments, a lock spray was used for external calibration with a
mixture of 0.1 M NaOH/10% formic acid (v/v) and acetonitrile (1:1:8 by volume) as a reference.
Accurate masses were calculated and used for the determination of the elementary composition and
structure of the analytes with a fidelity of 5 ppm.

RESULTS

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BSR20080081

Cloning and expression of adenine/adenosine deaminase genes
Adenine/adenosine deaminases hydrolyze N°-amino group of adenine/adenosine, but they may act also
on other substrates such as purines containing chlorine, methoxy or methylamine in the position 6 [4-
6]. In this context, a paper describing enzymatic degradation of N°-furfuryladenine (known as a
cytokinin named kinetin) by Schizosaccharomyces pombe [39] has been particularly interesting,
because yeast do not possess the enzyme cytokinin dehydrogenase (EC 1.5.99.12), commonly
metabolizing cytokinins in plants [40]. As S. pombe is known to contain adenine deaminase [3], we
decided to test the hypothesis that adenine deaminases and possibly also adenosine deaminases may
act on cytokinin bases and ribosides, respectively. Since it is difficult to purify these enzymes their
native sources, two yeast adenine deaminase genes and a homologous gene from Arabidopsis thaliana
have been chosen for cloning and functional expression to obtain active recombinant enzymes.
Translated sequences of the studied yeast genes share 45.7% identity and 61.1% similarity as
calculated by the BioEdit software 7.0.5.3 on the BLOSUM 62 matrix [41], while to the A. thaliana
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enzyme they show only about 16% identity and 31% similarity. When comparing these protein
sequences to mammalian adenosine deaminase from cow and human, the identity is about 20% and
similarity about 40%. Despite the low similarity, all important active site residues deduced from the
structure of bovine adenosine deaminase [20] are conserved as shown in the protein sequence
alignment in Figure 1A. The corresponding A. thaliana gene product contains an adenosine/AMP
conserved domain ¢cd00443 (different from the domain ¢cd01320 present in the yeast enzymes studied
in this work) that is also found in some prokaryotic and eukaryotic enzymes annotated as ADA,
adenosine/ AMP deaminase or ADA like proteins.

Interestingly, there is a part of the amino acid sequence of S. pombe adenine deaminase, which
shows a notable homology to CHASE domain of the cytokinin receptor CRE1/WOL/AHKA4. This
receptor is responsible for cytokinin signal perception in Arabidopsis thaliana and interacts with the
hormone via the CHASE domain [42]. As identified by the NCBI BLAST search (blastp), the CHASE
domain (amino acid residues 198-411 of CRE1/WOL/AHK4) shows 25% identity and 41% similarity
in the stretch of 120 residues (199-320) to the residues 153-275 of SPBC1198.02 (Figure 1B). This
homology was found for the enzyme from S. pombe, but not for the other studied proteins.

All three proteins of interest were obtained by cloning the corresponding genes into pET vectors
followed by IPTG-inducible expression in E. coli. At higher temperatures than 18 °C, the recombinant
protein was localized to inclusion bodies. As shown in Figure 2, homogeneous preparations of all
three enzymes from E. coli cell extracts were obtained by single-step affinity purification on Ni-NTA
agarose. The binding and elution conditions were optimized for each protein as described in Material
and Methods. Although specific activities of both expression products were the same, protein
constructs carrying an additional 3’-translated overhanging sequence from the pET100/D-TOPO
vector (see Table 1) fused to the protein C-terminus were much more resistant to proteolytic
degradation in E. coli cell extracts than the proteins lacking the extended C-terminal sequence and
were therefore used throughout the study.

Protein expression was evaluated by MALDI-TOF peptide mass fingerprinting (Supplement 1)
performed after SDS-PAGE and in-gel digestion. The recombinant proteins were unambiguously
assigned to the UniProtKB/Swiss-Prot protein accession numbers P53909 (S. cerevisiae Aahlp),
QIP617 (S. pombe SPBC1198.02), and Q8LPL7 (4. thaliana ADA). The corresponding sequence
coverage values were 65, 40 and 69%, respectively, probability-based MOWSE scores (Mascot
search) were in the range 121-292, RMS error was below 50 ppm.

Far-UV circual dichroism spectra were used to assess the proper folding and secondary structure
of studied recombinant proteins. Comparison of the measured spectra demonstrated that all tested
aminohydrolase enzymes are correctly folded. All proteins showed spectra typical of a predominantly
o-helix conformation with two negative features at ~ 221 and 208 nm [43]. No significant difference
between the spectra of all three aminohydrolases was found (Supplement 2), which suggests that
secondary structure content of all tested enzymes is very similar.

Biochemical characterization of the recombinant proteins
Activity of purified proteins was stable for one to two weeks when stored at 4 °C in concentrations
above 10 mg/ml with addition of 20% glycerol. Prolonged storage in solution was possible at -20 °C
with 50% glycerol, at -80 °C with 10-20% glycerol or as a lyophilized powder. After dissolving the
lyophilized enzymes, however, the activity decreased significantly within 3-4 h. Thanks to the
straightforward purification, all further studies were done with fresh enzyme preparations. In general,
the activity was highest in potassium phosphate buffers, decreasing to about 75% in Tris/HCI and to
30% in MOPS (data for S. pombe adenine deaminase). Phosphate buffer was therefore used for all
studies.

A comparison of general biochemical properties of the enzymes from S. cerevisiae, S. pombe and
A. thaliana with those published for human adenosine deaminase (ADA1, [44]) is shown in Table 1.
Compared to human ADAI, the yeast enzymes have a similar pH optimum and K., value for the best
substrate. Their k., values, however, are much smaller than that of the human enzyme. The k., value
of A. thaliana protein is extremely low and it is not clear if the protein is really a deaminase enzyme.

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BSR20080081
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Reaction products of the studied enzymes were analyzed and identified using standards on HPLC
equipped with UV and MS detectors (Figure 3). Degradation of adenine (m/z 136) by
Schizosaccharomyces pombe adenine deaminase showed the expected product hypoxanthine with a
typical UV absorption maximum at 250 nm and m/z 137 Da. Hypoxanthine was also confirmed as a
product of the degradations of cytokinins isopentenyladenine (m/z 204) and m-topoline (m/z 242). The
side-chain cleavage product, supposedly an amine was not detected in the chromatogram. Further
experiment with a standard compound benzylamine showed that amines eluted near the dead volume
and thus no identification was possible.

Analysis of the reaction mixture of human adenosine deaminase with cytokinins did not show
hypoxanthine or any other detectable products. However, when the reaction with a cyclin-dependent
kinase inhibitor roscovitine (m/z 355) was analyzed, an unexpected product was detected, having the
molecular mass less by 1 Da than 6-hydroxy-2-[(1-hydroxymethyl)propyl]amino-9-isopropylpurine
that would have been expected as the product if the reaction had proceeded as for the S. pombe
adenine deaminase. Using accurate mass determination, the compound was identified as 6-amino-2-
[(1-hydroxymethyl)propyl]Jamino-9-isopropylpurine, m/z 265. Since it was possible to obtain the
compound from the stock in our laboratory, the identification was further verified by comparing
retention time and UV spectrum (maxima at 222, 256 and 295 nm). Another cyclin dependent kinase
inhibitors, olomoucine II (m/z 371), having the purine part of the molecule identical to that of
roscovitine, gave the same hydrolytic product. Analogous product identification using an available
reference compound was performed for the reaction of bohemine (m/z 341) that was hydrolyzed to 6-
amino-2-(3-hydroxypropylamino)-9-isopropylpurine (m/z 251, UV spectrum maxima at 222, 255 and
296 nm). Hydrolysis of olomoucine (m/z 299) gave 6-amino-2-(2-hydroxyethylamino)-9-methylpurine
(m/z 209) that was identified by accurate mass determination (unfortunately a reference compound for
the hydrolytic product of olomoucine was not available). The expected side-chain cleavage product
benzylalcohol was also searched for with a standard compound, but as it eluted near the dead volume
in the chromatogram, no clear identification was possible.

Based on the above experimental data, we propose reaction schemes for yeast adenine deaminase
and human adenosine deaminase as shown in Figure 4.

Activity assays with adenine/adenosine, cytokinins and cyclin-dependent kinase inhibitors
Adenine/adenosine deaminase activity of purified enzyme preparations can be simply assayed, apart
from TLC and radioactivity measurements [45], by monitoring UV spectra reflecting the changes in
substrate or product hypoxanthine/inosine concentrations [3, 20, 35]. The latter option was preferable,
since it could be presumably used also for other substrates than adenine/adenosine that do not release
ammonia, but primary amines when metabolized by the enzyme.

UV absorption spectra of adenine show a maximum at 260 nm, which is close to hypoxanthine
maximum at 250 nm (Figure 5C), but adenine shows far less absorption at 240 nm, where its
conversion to hypoxanthine can be monitored [20], Figure SA. The same method can be applied to
adenosine/inosine, AMP/IMP and ATP/ITP that show similar shape of absorption spectra with slightly
different molar absorption coefficients (see Material and Methods). The other released product
ammonia, shows negligible contribution to the total absorption [46].

Deamination of cytokinins that have the main absorption band shifted to about 269 nm and release
hypoxanthine or inosine can be also monitored at 240 nm (Figure 5B,C). The other respective
products, N°-sidechain amines, have negligible contributions to the 240 nm absorption.

Human adenosine deaminase cleaves adenosine producing spectral changes similar to those of the
yeast adenine deaminases acting on adenine and its activity can be assayed as the production of
inosine at 240 nm (Figure 6A). The enzyme, however, does not cleave cytokinins at all. Interaction of
human adenosine deaminase with cyclin-dependent kinase inhibitors showed spectral changes that
were completely different from those of adenine/adenosine reactions and cytokinin reactions of the
yeast enzymes. The nature of these changes was fully understood only after identification of the
reaction products by HPLC coupled to Q-TOF mass spectrometer as described in the previous
paragraph. As shown in Figure 6B, the spectrum of hydrolyzed roscovitine shows a significant
increase in the region of 250-260 nm that reflects the release of the hydrolytic product 6-amino-2-[(1-
hydroxymethyl)propyl]amino-9-isopropylpurine with a characteristic absorption maximum at 255 nm
(Figure 6C). On the basis of determining the molar absorption coefficient of this compound that was
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synthesized (see Materials and Methods), it was possible to assay the rate of the hydrolysis of
roscovitine and olomoucine II that gives the same product. The same approach was used to determine
the rate of enzymatic hydrolysis of bohemine to 6-amino-2-(3-hydroxypropylamino)-9-
isopropylpurine. As the hydrolytic products of the other tested compound olomoucine was not
available, it was not possible to assay the activity directly, but only estimate its values using the molar
absorption coefficient of the product of bohemine that is supposed to show similar absorption.

Reaction rates of adenine/adenosine deaminases with cytokinins and cytokinin derivatives

Of the three recombinant proteins prepared in this work, only the yeast enzymes were capable of
hydrolytical cleavage of cytokinins. Cyclin-dependent kinase inhibitors derived from cytokinins, but
not the cytokinins themselves, were also substrates of human ADA1. Relative reaction rates of all
studied enzymes with various substrates are shown in Table 2. The yeast enzymes both showed
substrate specificity that unambiguously confirms their classification as adenine deaminases, despite
being annotated in databases as adenosine deaminases (e.g. the entries P53909 and Q9P617 in
UniProtKB/Swiss-Prot). Adenine was by far the best substrate, followed by AMP-and ATP, while the
cleavage of adenosine and cytokinins proceeded at rates of several percent of that of adenine. The
hydrolysis of the N°-sencondary amino group of cytokinins produced hypoxanthine/inosine molecule
and an amine from the cytokinin side-chain as described above (Figure 4).

The enzyme from A. thaliana, in addition to its low activity, did not show a clear preference for
either adenine, adenosine, AMP or ATP, and did not cleave cytokinins at all.

Human adenosine deaminase showed substrate specificity that clearly differed from the above
enzymes. The highest activity was found with adenosine, followed by 10-fold lower values obtained
with adenine, AMP and ATP. Surprisingly, the enzyme did not cleave cytokinins, but showed reaction
rates similar to adenine and ATP/AMP with the derivatives of cytokinins bearing hydrophobic chains
at C2 and C9 that are known as effective cyclin-dependent kinase inhibitors. As found by HPLC-MS
analysis of the products, the N°-secondary amino group of these compounds was cleaved in an
opposite manner (i.e. at its exo-side) than in the case of yeast adenine deaminase reaction with
cytokinins, leaving the primary amino group on the purine ring and assumedly releasing benzylalcohol
derived from the N° side-chain (Figure 4).

DISCUSSION

In yeast, adenine deaminase is responsible for the metabolic salvage of purine compounds. A4H1
gene in Saccharomyces cerevisiae is strongly downregulated when the yeast enters quiescence under
nutrient limiting conditions. Downregulation is maintained via proteasome- and SCF-dependent
degradation [47]. As shown in this work, k., values of the yeast enzymes are about 50-fold lower than
that of human ADA1 [44], but probably still sufficient for the metabolic function. The data obtained in
this work with the recombinant adenine deaminase from Schizosaccharomyces pombe are in
agreement with the older report describing enzymatic degradation of kinetin by this yeast [39]. This
protein exhibits a partial amino acid sequence similarity to the CHASE domain of cytokinin receptor
that may account for its ability to bind and hydrolyze not only kinetin but also other cytokinins and
cytokinin derivatives, albeit at lower rates than its natural substrate adenine (Table 2). It is not likely,
however, that the yeast adopts a specific metabolic pathway for cleaving cytokinins, since it does not
commonly interact with cytokinin-producing systems.

The protein from Arabidopsis thaliana encoded by the gene At4g04880 shows very low activity
without obvious substrate preference for adenine, adenosine, AMP or ATP. The protein may perform
different functions than metabolism of purine compounds, which in plant is believed to be controlled
by adenosine kinase [24]; perhaps it may be involved in plant defense. Recent data from
GENEVESTIGATOR [48] shows that the expression of the gene 4t4g04880 is strongly induced by
biotic stress (probeset 255299 at, array name Agro_inf rep 3). The gene expression is 10-fold
upregulated in mature Arabidopsis siliques infected with Agrobacterium tumefaciens. As found in rice,
genes coding for deoxycytidine deaminase (Os07g14150) and AMP deaminase (Os05228180) are as
well upregulated during an infection with the fungal pathogen Magnaporthe grisea and may be
involved in RNA-editing [49]. These proteins, however, do not share significant sequence homology
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with the product of the gene Ar4g04880 studied in this work, the former belonging to cytidine
deaminase family and the latter to AMP deaminase family that includes the embryonic factor FACI
[50].

Some synthetic cytokinin derivatives exhibit anticancer properties due to their ability to inhibit
cyclin-dependent kinases [26] and currently they undergo testing in clinical trials as drugs for
treatment of some types of cancers and glomerulonephritis, others such as kinetin find application in
skin protective cosmetics as delay ageing of human fibroblasts [27] and protect against oxidative
damage of DNA [28]. Our results show that in humans, the high activity of adenosine deaminase
(ADA1) may attenuate the level of some of the active compounds and thus compromise their
physiological or therapeutic effect. These compounds are hydrolyzed (debenzylated) via different
reaction mechanism than the natural substrate adenosine and at a lower rate, but due to very high
turnover number of the enzyme, the rate may be still quite significant. Debenzylation of bohemine by
mouse liver microsomes supplemented with NADPH was already described as‘one of the main
biotransformation routes [30]. The different product specificity of yeast and human adenine/adenosine
deaminases when acting on secondary amino group may be similar to the case of polyamine oxidases.
Plant and bacterial polyamine oxidases oxidize the carbon on the endo-side of the N4-nitrogen of
spermidine and spermine, while animal polyamine oxidases and yeast (Saccharomyces cerevisiae)
spermine oxidase oxidize the carbon on the exo-side of the N4-nitrogen [51].

We suggest that the survey of potential biologically active compounds derived from adenine should
include also an assessment of the hydrolytic cleavage by ADA1 using the methods described in this
work. As none of the enzymes studied in this work was not capable of cleaving N-
methylisopentenyladenine and the hydrolytic cleavage of a tertiary amino group is highly unlikely, we
also suggest that additional methylation of these compounds at N6 may fully prevent the degradation
by deaminases.
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Table 1 Biochemical characterization of studied adenine/adenosine deaminases
Enzyme

Feature S. cerevisiae S. pombe A. thaliana = H. sapiens

Aahlp SPBC1198.02 ADA ADA1
Molecular mass (Da)" 39,6337 41,197 39,9477 40,762
pH optimum 7.04 6.7+ 6.7+ 6-8 [44]
Temperature optimum (° C) 30-37%" 3381 30" 37 [15]
Specific activity (nkat/mg) 139% 326% 0:12° 8970 [44]
K (LM) 5548 3248 - 52 [44]
keat (s 5.5% 13.48 0.005' 366"
ke Kon 0.10° 0.46° - 7.0

"Calculated from amino acid sequence by Bioedit 7.0.5.3 [41]; see Figure 2 for SDS-PAGE of the
recombinant proteins prepared in this work

"The value does not include the 6x His tag and Xpress'™ epitope
(MRGSHHHHHHGMASMTGGQQMGRDLTDDDDKDHPET of 3,875 Da) and vector 3’-
translated overhanging sequence (KGELNDPAANKARKEAELAAATAEQ of 2,582 Da) from
pET100/D-TOPO fused to N- and C-termini of the recombinant protein, respectively

*Measured in 0.2 M phosphate buffers, at optimum temperature

*With adenine as a substrate

'With adenosine as a substrate, measured in 0.2 M phosphate buffers pH 7 at 37°C

"Measured in 0.2 M phosphate buffer, at optimum pH

*Measured with 0.067 mM substrate ini 0.2 M phosphate buffer, at optimum pH and temperature

SMeasured with 0.033 mM adenosine in 0.2 M phosphate buffer, pH 6.7, at 30 °C

" The value was calculated from published specific activity [44] and molecular mass
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Table 2 Comparison of reaction rates of adenine/adenosine deaminases with various substrates
Reaction rates were assayed with 0.067 mM substrates as product formation at 240 nm except for
cleavage products of cyclin-dependent kinase inhibitors that were assayed at 255 nm (for details see
Materials and Methods) under the optimum conditions as in Table 1 (n.d. — activity not detected). All
reaction mixtures contained DMSO, which was used to dissolve the substrates, at a final volume
concentration of 0.7%.

Relative reaction rate %o

Substrates
S. cerevisiae  S. pombe A. thaliana H. sapiens
Aahlp SPBC1198.02 ADA ADA1l
Adenine 100 100 100" 9.9 pox
Adenosine 1.4 2.0 30" 100 %
AMP 33 45 56" 9.1 §
ATP 33 33 68’ 8.8 8
N°-Isopentenyladenine 2.1 2.9 n.d. n.d. g
N°-Isopentenyladenosine 1.2 1.9 n.d. n.d. 3
N°-Isopentenyladenine 9-glucoside n.d. 11 n.d. n.d. %
N°-Methyl-isopentenyladenine n.d. n.d. n.d. n.d. $
cis-Zeatin 1.7 2.5 n.d. n.d. E
trans-Zeatin 1.8 1.6 n.d. n.d. §
trans-Zeatin riboside n.d. n.d. n.d. n.d. E
trans-Zeatin 9-glucoside n:d. n.d. n.d. n.d. %
Benzyladenine 0.7 3.8 n.d. n.d. g
Kinetin 2.6 2.8 n.d. n.d. Y
m-Topolin 2.5 4.0 n.d. n.d. :i_J
o
Cyclin-dependent kinase inhibitors i
Bohemine n.d. n.d. n.d. 13.6 %)
Roscovitine n.d. n.d. n.d. 6.8 =
Olomoucine n.d. n.d. n.d. 7.3%
Olomoucine 11 n.d. n.d. n.d. 7.0

"Measured with 0.033 mM substrate in 0.2 M phosphate buffer, pH 6.7, at 30 °C

"Estimated using the molar absorption coefficient of inosine at 240 nm (spectral data for the product
hypoxanthine 9-glucoside are not available)

‘Estimated using the molar absorption coefficient of the product of bohemine at 255 nm (spectral data
for the specific product are not available)
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Figure legends

Figure 1  Protein sequence alignment of adenine/adenosine deaminases.

(A) Multiple protein sequence alignment by ClustalW ( BioEdit software 7.0.5.3 [41]). Protein
identification: Saccharomyces cerevisiae Aahlp (GenelD: 855581), Schizosaccharomyces pombe
SPBC1198.02 (GenelD: 2540066), Arabidopsis thaliana ADA (GenelD: 825826), Homo sapiens
ADAI1 (GenelD: 100), Bos taurus ADA (GenelD: 280712). Black and gray shading identical and
similar amino-acids present at that position in at least 70% of input sequences, respectively. Active
site residues that were identified in the structure of Bos faurus ADA [20] are marked as follows:
histidyl ligands to zinc (*), substrate binding residues (s). (B) Protein sequence alignment of S. pombe
adenine deaminase SPBC1198.02 (GenelD: 2540066) and cytokinin receptor CRE1/WOL/AHK4
(GenelD: 814714) from Arabidopsis thaliana.

Figure2  SDS-PAGE of adenine/adenosine deaminases produced from pET100/D-TOPO
clones

Separation was carried out using a discontinuous buffer system according to Laemmli [34] and the
protein bands were visualized by staining with CBB R-250. From the left: (1) £. coli extract before
induction (10 pg of protein), (2) cytosolic fraction after induction of S. cerevisiae Aahlp (10 pg of
protein), (3) cytosolic fraction after induction of S. pombe SPBC1198.02 (10 pg of protein), (4)
cytosolic fraction after induction of 4. thaliana ADA (9 ng of protein), (5) purified S. cerevisiae
Aahlp, estimated molecular mass 46.0 kDa (2.2 pg), (6) purified S. pombe SPBC1198.02 , estimated
molecular mass 48.0 kDa (2 ug), (7) purified A. thaliana ADA, estimated molecular mass 46.5 Da (1.7
ug) and (M) molecular mass markers.

Figure 3  HPLC-MS analysis of reaction products

Schizosaccharomyces pombe adenine deaminase: (A) The following standard compounds with the
indicated retention times were separated and monitored at 250 nm: hypoxanthine (2.62 min), adenine
(3.24 min) and isopentenyladenine (22.18 min); (B) adenine degradation by S. pombe adenine
deaminase producing hypoxanthine (2.60 min); inset graphs show UV absorption and MS spectra, the
substrate adenine was completely converted; (C) isopentenyladenine degradation by the adenine
deaminase producing hypoxanthine (2.60 min); insets show UV and MS spectra, the substrate
isopentenyladenine was converted only partially (22.20 min).

Human adenosine deaminase: (D) Separation of roscovitine (26.46 min) and (E) 6-amino-2-[(1-
hydroxymethyl)propyl]amino-9-isopropylpurine (20.35) standards, inset graphs show UV absorption
and MS spectra; (F) roscovitine degradation by human adenosine deaminase producing 6-amino-2-[(1-
hydroxymethyl)propyl]amino-9-isopropylpurine (20.20 min); inset graph shows MS spectrum. For
experimental details see Materials and Methods.

Figure 4  Reaction schemes of adenine/adenosine deaminases

(A) Hydrolysis of adenine/adenosine to hypoxanthine/inosine by adenine/adenosine deaminase, (B)
hydrolytic cleavage of kinetin by yeast adenine deaminase, both occurring at the endo-side of the
substrate N°-amino group, and (C) hydrolytic exo-side cleavage of roscovitine by human adenosine
deaminase ADAI.

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BSR20080081

Figure 5  Spectrophotometric assays of adenine deaminase activity

Activity assay of S. pombe adenine deaminase: (A) adenine hydrolysis accompanied by spectral
changes due to the produced hypoxanthine; (B) N*-isopentenyladenine hydrolysis and production of
hypoxanthine, a detailed view of the spectrum region around 240 nm is shown in the inset; (C) UV
spectra of 0.13 mM standards: adenine (1), hypoxanthine (2), and N°-isopentenyladenine (3); the
maximum spectral difference at 240 nm is indicated, which was used for monitoring of hypoxanthine
production. For details see the Materials and Methods section.

Figure 6  Spectrophotometric assays of human adenosine deaminase activity
Activity assay of H. sapiens adenine deaminase ADA1: (A) adenosine hydrolysis accompanied by
spectral changes due to the produced inosine; (B) spectral changes due to the cleavage of roscovitine;
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(C) UV spectra of 0.02 mM standards: roscovitine (1) and 6-amino-2-[(1-
hydroxymethyl)propyl]amino-9-isopropylpurine (2); the maximum spectral difference at 255 nm is
indicated, which was  used for monitoring of product formation. For details see the Materials and
Methods section.
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l’ts.

A

S. cerevisiae Aahlp -—-MWSVEFLQELERCEHELEN TLEEDLLFPLAKRND IEE—-EGFPKSVEELNEKYKKFRDLQDFLDYiEIGTNVLI 75

S. pombe SPBC1198.02  MSNLPIYNFIRKLIENC/=HGFVEINEECL S|gDLVFRLAKKNE TMSDDAAY TTPSTLLASYEHFGCLDDFLRYW{IAVSVLI 80

A. thaliana ADA ————- MEWIQSL{zX1 (=L EARTINES IRDSTLLELARVLEEKGV--- 1 VFADVEHV I QKND--RSLVEVFKLFDL IHKLTT 69

B. taurus ADA ———-MAQTPAFNK[zXV/=L ZVEIN AIKEETILYYGRK AE——ADTPEELQNIIGMDKPLSLPEFLAKF%YMPAIAG 74

H. sapiens ADA1 —-——MAQTPAFDKPKVEL VHL SIKGETILYYGRRREQJAM--ANTAEGLLNV IGMDKPLTLPDFLAKEDYMPAIAG 74

S. cerevisiae Aahlp SEQDFFDLEWAYFKKVHK| HABYFYD- - - —— - — ———————— QSHTSRGISIET TKGFQRACDKAFSE[FE-- 134

S. pombe SPBC1198.02  EASDFEALRYEYFSIAHS HHAEVFFD ------------------ QTHTSRGISYD VSGFSAACERANRDFG—— 139

A. thaliana ADA DHKTVTR I TRIEVVEDFALEN YLELRTTPKRSDSIGMSKRSYMEAVIQGLRSVSEVDIDF TASDSQKLHNAGDG IgRK 149

B. taurus ADA CREAVKR IEY[EFVEMKAK YV[RYRYSPHLLANS - — ———| KVEPI WNQAEGDLTPDE VSLVNQGLQEGERD[EE-- 145

H. sapiens ADA1l CREAIKRIY|ZFVEMKAK YVRYRYSPHLLANS - ————| KVEPI NQAEGDLTPDENVALVGQGLQEGERDFG—— 145

S. cerevisiae Aahlp —ITSKL LLRHIEPEECLKTIEEATP——FIKDGTISALG AEKPFPPHEEV-ECYGKAASLNKDLKLARIXEEEEP 210

S. pombe SPBC1198.02 —MSTNLH MEFLIalEI PSEAAHETFAEALKRNDFENG IJAGVG DSSEVDFPP Q-EVYKLAA--EKG I RRYJGINE ED 215

A. thaliana ADA K1YVRLLLSIDRRETTESAMETVKLALE---MRDVGYVG I DIBSGNP LVGEWST{ZLPALQYAKD-~~NDLH IJLIgIClJavPN 223

B. taurus ADA —VKVRSHLECMRHQPS—WSSEVVELCKK———YREQT AID DETIEGS PGHVKAYAEAVKSGVHRYVEIAE ﬁs 220

H. sapiens ADA1l -VKARSLLECMEEOPN-WSPKVVEL CKK---YQQQTWVA I DIAGDET IPGSIML PGHVQAY QEAVK SG I HRVgINE=ViES 220
* s

S. cerevisiae Aahlp AQFVSDALDLHQV R[ eINSQY LDEIESRDQTMLTH 'LSNVKLQVVQSVSELPLQKFLDRDVPF SBBEAYE 290

S. pombe SPBC1198.02  PSYIRSGLNESLQRID eIRLVE MKR AEENIMLTM®IZLSNLKLRCWNS I AEL PVREFLEAGVPFSINCBIEAY[E 295

A. thaliana ADA PKE IQAMLD-FKPHRI G FFKDED—JNTKLKSFRIPVEI LTSN 1VTKS 1SS 1D IHHFADLYNAKHPL I[ICTBINFGV(@ 300

B. taurus ADA WK TEL GEEYHTLEDATEYNEIBROENMHFEVORWSS Y LTGAWKPDTEHPVVRFKNDQVNYSENTRIEL I[F 300

H. sapiens ADA1l WK TERL GigleYHTLEBIQAMY NRIMROENMHFE 1 aWEIS Y LTGAWK PDT[EHAV I RLKNDQANYSJENTBIEL 1[E 300

SSs

S. cerevisiae Aahlp GGY IEDVY TQVSK DFPHWDHETWGRIAKNAIK WCDDKREINGEESRVDEVVTKYSH- - - — —— - - = — - — — 347

S. pombe SPBC1198.02  GGYTMENYFAIQMHF-NLTVKEWFIANANIN WISGKRKE SSVQKCVKEYTAE 1QQPKTLETAVEVQA 367

A. thaliana ADA S-TSESNEYALAVRSLGLSKS[ETFALARAI I DATFAEDEVMQQUNRF I FDSASPEHY —— ——————————————— 355

B. taurus ADA K-S DTDYQMT RNEMGFTEE FKRLNINAAK FLPEDE[{KHNEDL LYKAYGMPSPASAEQCL--——---—— 363

H. sapiens ADAl K-S DTDYQMT RDMGFTEE RLNINAAK FLPEDE[MRE[SEDLLYKAYGMPPSASAGQNL-—-—-—-—— 363

B

SPBC1198.02 153 PSEAAHE TFAEALKRNDFENGIVAGVGLDSSEVDFPPELFQEVYKLAAEKGIRRTGHAGE 212

PS ETFAE R FE +++GV V+F  E+F+  + +R
CRE1/WOL/AHK4 199 PSAIDQETFAEY TARTAFERPLLSGVAYAEKVVNFEREMFERQHNWY IKTMDR-———-—— 251
SPBC1198.02 213 EGDPSYIRS-----—-GLDNLS-LQRIDHG !RLVEDKELMKRVAEEN IMLTMCPLSNLKL 264
G+PS +R D++S L+ +D + ED+E + R E + P L+

CRE1/WOL/AHK4 252 -GEPSPVRDEYAPV IFSQDSVSYLESLDM-MSGEEDRENILRARETGKAVLTSPFRLLET 309

SPBC1198.02 265 RCVNSIAELPV 275
+ + PV
CREL/WOL/AHK4 310 HHLGWLTFPV 320
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