Lysine residues in human adenylate kinase are essential for interaction with
adenine nucleotides as found by site-directed random mutagenesis
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=l Established sources of members of the adenylate kinase family

= Species Source
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Human
Human
Bovine
Bovine
Bovine
Porcine
Porcine
Porcine
Rat

Rat
Rabbit

Chicken cytosol
Chicken mitochondria

Yeast
Yeast

Characte-
rization

cytosol 1972
mitochondria 1982
cytosol 1980
mitochondria 1966
mitochondria 1970
cytosol 1970
mitochondria 1960
mitochondria 1961
cytosol 1970
mitochondria 1968
cytosol 1957

1986

1982
cytosol 1967
mitochondria 1986

1973

Escherichia coli

1. X-ray crystallographic study
(Schulz et al., 1974, Pai et al., 1977, Egner et al, 1987,
Schulz et al., 1990

#H2

Established

Sequence Reference

1976
1984
1986
1986
1974

1984
1986

1986

1985

von Zabern et al.
Kuby et al.
Frank et al.

Tommasselli et al.
Heil et al.

Kuby et al.
Kishi et al.

Tomasselli et al.

Brune et al.
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2. NMR study

(Mildvan & Fry et al., 1987, Yan & Tsai, 1991)
3. Kinetic analysis of peptide fragment (Kuby et al., 1978)
4. Site-directed mutagenesis

(Kim et al., 1990, Yoneya et al., 1990, Yan & Tsai, 1991)
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Human (von Zabern et al., 1976)
Rabbit (Kuby et al., 1984)

Calf (Kuby et al., 1984)

Porcine (Heil et al., 1974)
Chicken (Kishi et al., 1986)

1) AK ATP
(K9, K21, K27, K31, K63,
K131, K194)
2)
3)
AK

=l DNA sequence of hAK1 gene
(Kim et al., 1989)

=l Construction of pMEX8-hAK1
= DNA sequence of primer

a

#3



= Lys9

Lys21
Lys27
Lys31
Lys63
Lys131

Lys194

1

5'-CGAAGATGATYXXAGTCTTCTTAAGC-3'
5'-GCACTGGGTACCYXXGCCAGAACC-3'
5'-GCACGATYXXCTCGCACTGGG -3°
5'-GTGTAGCCGTAYXXCTGCACGATTTTC-3"
5'-CCAGCTGACCYXXTTCCATGATTTC-3'
5'-GTTTCGCCGCGYXXCAGCAGGCG-3'
5'-CGAAGATGATYXXAGTCTTCTTAAGC-3'

X:A,G,C, T Y:G,C

=l Site-directed mutagenesis
= Screening of mutant pMEX8-hAK1
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. Transformation with homoduplex DNA and TG1 competent cells
Culture on LB-plate with ampicillin (50ng/ml)

. Small culture of LB medium (overnight)

. Plasmid purification (Sephaglass, alkaline method)

DNA Cycle Sequence by PCR

Reaction mixture

AmpliTaq DNA Polymerase : Taq DNA Polymerase = 9:1 (2U/2m)
double-stranded template DNA (2.8 ng)
Fluorescent isothiocyanate-labeled sequence primer (2 pmol)

Termination Mixes (ddATP, ddGTP, ddCTP, ddTTP)

PCR Condition

1 cycle 95 for 5 sec
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20 cycle 95 for 30 sec
53 for 30 sec
72 for 60 sec
20 cycle 95 for 30 sec
72 for 60 sec
DNA sequence of Lys9-mutants
DNA sequence of Lys21- and Lys63- mutants
DNA sequence of Lys27-mutants
DNA sequence of Lys31-mutants
DNA sequence of Lys131-mutants
DNA sequence of Lys194-mutants
of site-directed mutagenesis
expression and purification of wild-type and mutant AKs
Transformation with plasmid DNA and TG1 cells
Small culture of the cells in LB medium (5 ml ) overnight
Culture of the medium in 250 ml for 1 hr
Addition of isopropyl-b-D-thio-galactopyranoside (IPTG)
(a final concentration of 1 mM)
Culture the medium for 16 hr
Centrifugation of the medium (5,000 X g for 20 min)
Disruption of the pelltet of E.coli cells in standard buffer
(10ml) (Ultrasonicator, 20kHz, 20W, 3min)

. Centrifugation of the homogenate (12,000 X g for 20 min)
. Blue sepharose CL-6B column chromatography

12.5% SDS-PAGE and concentration
Gel filtration (Superose 12)
12.5% SDS-PAGE

Measurement of the concentration of protein (Lowry method)

Kinetic analysis of forward reaction of AK
#5
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Blue Sepharose Chromatography

Column: Blue Sepharose CL-6B (¢ 1 X5 cm)

Standard buffer: 20mM Tris-HCIl, 1 mM EDTA,
0.1 mM dithiothreitol, pH 7.4

Gradient: O - 1 M NacCl

Velocity: 0.5 ml/min

Fraction size: 3 ml
Superose 12 Column Chromatography

= Column: Superose 12 (¢ 1 X 30 cm

= Imidazole buffer: 5mM imidazol-HCI, 1 mM EDTA,
0.1 mM dithiothreitol, pH 6.9

Velocity: 0.5 ml/min

Fraction size: 2 ml
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Results of protein purification

AK assay

=

= Forward Reaction

= <Reaction Mixture (1ml) of the ADP formation reaction>
75mM Triethanolamine HCI (pH 7.5)

= 120mM KCI, 0.2mM NADH
= 0.3mM Phosphoenolpyruvate, 2mM MgSO,
= 2mM ATP, (2, 1, 0.5, 0.33, 0.25) mM AMP
= 0.3 mg/ml Bovine serum albumine
= 15U Lactate dehydrogenase, 6U Pyruvate kinase
= AK sample
=
= AK, Mg?*
= l

#6



0 (i

1

ATP + AMP 2 ADP

Pyruvate Kinase (PK)
2 ADP + 2 Phosphoenolpyruvate (PEP) 2 ATP + 2 Pyruvate

Lactate Dehydrogenase (LDH)
2 Pyruvate + 2 NADH + 2H* 2 L-Lactate + 2 NAD"
1
= observe reduction of NADH at 340 nm
double reciprocal plot
Kinetic results
of Lys-mutants
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= Km Km
kcat/Km kcat/Km

= Residue mutant MgATP AMP
MgATP AMP

= Lys9 K9P

= K9F

= K9L

= KOT
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K194L
K194P
K194N
K194V
Km Km 1.0
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0.10 %
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20.0 Km
(1) AK cDNA
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(K9, K21, K27, K31, K63, K131, K194)
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= (3) (ATP, AMP)
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Establishedisources ofimembers ofithe adenylate kinase family

Established
Sequence

Characte-
rization

Species Source

Reference

Human
Human
Bovine
Bovine
Bovine
Porcine
Porcine
Porcine
Rat

Rat
Rabbit
Chicken
Chicken
Yeast
Yeast

cytosol
mitochondria
cytosol
mitochondria
mitochondria
cytosol
mitochondria
mitochondria
cytosol
mitochondria
cytosol
cytosol
mitochondria
cytosol
mitochondria

Escherichia coli

1972
1982
1980
1966
1970
1970
1960
1961
1970
1968
1957
1986
1982
1967
1986
1973

1976

1984
1986
1986
1974

1984
1986

1986

1985

von Zabern et al.
Kuby et al.
Frank et al.

Tommasselli et al.
Heil et al.

Kuby et al.
Kishi et al.

Tomasselli et al.

Brune et al.




1.0 X-ray crystallographic study
(Schulz et al., 1974, Pai et al., 1977, Egner et al, 1987,

Schulz et al., 1990(]

2.0 NMR study
(Mildvan & Fry et al., 1987, Yan & Tsal, 1991)

3.0 Kinetic analysis of peptide fragment (Kuby et al., 1978)

4.0] Site-directed mutagenesis
(Kim et al., 1990, Yoneya et al., 1990, Yan & Tsai, 1991)
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1) AK ATP
(K9, K21, K27, K31, K63,
K131, K194)

2)

3)
AK
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Construction of pMEX8-hAK1

pAK (Kim et al.,1989) pPMEX8
Clal
EcoR |
hAK1cDNA \ Sal |
Ptac Multi-cloning site
PMEX8

Sal |
Ampr

hAK1 cDNA ligated
into pMEX8 vector

EcoR |

hAK1 gene

Ptac

Construction PMEX8-hAK1 | Sal |
of pMEXS8- -
hAK1 helper phage

Amp'



DNA'seguence of primer

5-CGAAGATGAT AGTCTTCTTAAGC-3
5-GCACTGGGTACC GCCAGAACC-3
5-GCACGAT CTCGCACTGGG -3
5-GTGTAGCCGTA CTGCACGATTTTC-3
5-CCAGCTGACC TTCCATGATTTC-3
S-GTTTCGCCGCG CAGCAGGCG-3
5-CGAAGATGAT AGTCTTCTTAAGC-3

X¢A, G, C, T YiG, C




Annealing mutant Phosphorylated
oligonucleotide i
primer

3!

EcoR | .
co single-stranded
DNA template (2ng)

hAK1 gene
XXY

T7 DNA polumerase
T4 DNA ligase
dNTP mix (dCTPaS)

Sal |
—_— SE—
; helper 5'
phage Extension and
double-stranded DNA (VCS-M13) ligation
of pMEX8-hAK1
XXY
Slte—dlrect_ed mutag_enesus _ Removal of
(Phosphorothioate technique by Ecstein et al.) single-stranded DNA
(T5 exonuclease)
Homoduplex T7DNAPolumerase
mutant DNA T4 DND ligase | Heteroduplex
dNTP mix mutant DNA
XXY
Exonuclease 5'
III
Transformation NC| [
mutant clones “®— as a primer o
Nicking
DNA sequence Digestion of non-mutant
non-mutant strand strand

Repolymerization of gapped DNA



Screening offmutant: pMEX8-hAK1

. Transformation with homoduplex DNA and TG1 competent cells
. Culture on LB-plate with ampicillin (50ug/ml)

. Small culture of LB medium (overnight)

. Plasmid purification (Sephaglass, alkaline method)

. DNA Cycle Sequence by PCR

Reaction mixture
AmpliTaq DNA Polymerase : Tag DNA Polymerase = 9:1 (2U/2ul)
double-stranded template DNA (2.8 ug)
Fluorescent isothiocyanate-labeled sequence primer (2 pmol)
Termination Mixes (ddATP, ddGTP, ddCTP, ddTTP)

PCR Condition

1 cycle 95[1
20 cycle 95[]
5301
72[]
20 cycle 95[]
72[]

for 5 sec
for 30 sec
for 30 sec
for 60 sec
for 30 sec
for 60 sec




Results: DNA'seqguence of LysO-mutants
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Results: DNA'sequence of Lys21- and Lys63- mutants

VWITAK K21P WITAK KGSFE
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Results: DNA'sequence ofi Lys27-mutants
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Results: DNA'sequence of Lys31-mutants
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Results: DNA'seguence of Lys131-mutants

VVITAK K131k K1S1A K131P

AGCT AGCT
- |C

=
4 cLeul30

%i
L C
P GArgl32

C




Results: DNA'seqguence of Lys194-mutants
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[iResults ofisite-directed mutagenesis

Target
Residue

Lys9 (AAG)

Lys21(AAA)
Lys27(AAA)

Lys31(AAA)

Lys63(AAA)
Lys131(AAG)

Lys194(AAA)

Mutagenesis
Efficiency

33.3% (5/15) 2

(1/10)
(4/12)

(4/15)

(1/12)
(3/10)

(8/20)

Mutants

K9P(CCG)
KOF(TTC)
KOL(CTC)x 2
K9T(ACC)
K21P(CCG)
K27L(CTC)
K27V(GTC)
K27R(CGC)
K271(ATA)
K31I(ATC)
K31S(TCG)
K31F(TTC)x 2
K63F(TTC)
K131A(GCC)
K131F(TTC)
K131P(CCC)
K194S(TCC)x 3
K194N(AAC)
K194V(GTG)
K1941(ATA)
K194P(CCC)
K194L(TTG)

a numbers in parenthesis represent ratio of the confirmed mutants/
screening number




Rroteiniexpression and purification ofiwild-type and mutant AKS

. Transformation with plasmid DNA and TG1 cells

. Small culture of the cells in LB medium (5 ml ) overnight

. Culture of the medium in 250 ml for 1 hr

. Addition of isopropyl-b-D-thio-galactopyranoside (IPTG)
(a final concentration of 1 mM)

. Culture the medium for 16 hr

. Centrifugation of the medium (5,000 X g for 20 min)

. Disruption of the pelltet of E.coli cells in standard buffer
(10ml) (Ultrasonicator, 20kHz, 20W, 3min)

. Centrifugation of the homogenate (12,000 X g for 20 min)

. Blue sepharose CL-6B column chromatography

. Gel filtration (Superose 12)
. 12.5% SDS-PAGE
. Measurement of the concentration of protein (Lowry method)

1
2
3
4
5
6
7
8
9
10. 12.5% SDS-PAGE and concentration
11
12
13
14. Kinetic analysis of forward reaction of AK




BlUue:Sepharnose Chromatography.

Column: Blue Sepharose CL-6B (¢ 1 X 5 cm)
Standard buffer: 20mM Tris-HCI, 1 mM EDTA,

0.1 mM dithiothreitol, pH 7.4
Gradient: 0 - 1 M NaCl

Velocity: 0.5 ml/min
Fraction size: 3 ml

vw 12.5% SDS-PAGE

*

G -:‘..'; - .

VEHWEN - AK, 21.7 kDa




Stiperose 12 ColumniChromatography.

Column: Superose 12 (¢ 1 X 30 cm[]

Imidazole buffer: 5mM imidazol-HCI, 1 mM EDTA,
0.1 mM dithiothreitol, pH 6.9

Velocity: 0.5 ml/min

Fraction size: 2 ml

ww  12.5% SDS-PAGE

1 L
ame




RrResultsof proteintpurification

Target Mutagenesis Mutants Protein AK Activity
Residue Efficiency Yield (mg) (% of wild-type AK)

Lys9 (AAG) 33.3% (5/15) 2 K9P(CCG) 1.60 (23%) °® 1.2 ¢
KOF(TTC) 1.93 (28%) 0.5
KOL(CTC)x 2 0.92 (13%) 8.0
KOT(ACC) 0.31 (4%) 40.4
Lys21(AAA) 10% (1/10) K21P(CCG) 0.16 (2%)
Lys27(AAA) 33.3% (4/12) K27L(CTC) 1.60 (23%)
K27V (GTC) insoluble
K27R(CGC) 0.52 (8%)
K271(ATA) 5.44 (79%)
Lys31(AAA) 26.7% (4/15) K31I(ATC) 2.03 (29%)
K31S(TCG) 1.88 (27%)
K31F(TTC)x 2 1.69 (24%)
Lys63(AAA) 8.3% (1/12) K63F(TTC) 0.94 (14%)
Lys131(AAG) 30% (3710) K131A(GCC) 2.07 (30%)
K131F(TTC) 3.95 (57%)
K131P(CCOC) insoluble
Lys194(AAA)40% (8/20) K194S(TCC)x 3 1.04 (15%)
K194N(AAC) 0.89 (13%)
K194V (GTG) 1.85 (27%)
K194I1(ATA) 1.88 (27%)
K194P(CCC) 5.26 (76%)
K194L(TTG) 1.26 (18%)

Ny
N

r P 920 oN
POORAN (500U W
ChWNwo N

a numbers in parenthesis represent ratio of the confirmed mutants/ screening
number

b numbers in parenthesis represent % of wild-type AK; the yield of wild-type
AK was 6.90 mg.

¢ represents % of wild-type AK. Each mutant was assayed in a forward reaction
at a fixed concentration of 1mM of MgATP and AMP.




Forward Reaction
<Reaction Mixture (1ml) of the ADP formation reaction>

75mM Triethanolamine HCI (pH 7.5)
120mM KCI, 0.2mM NADH
0.3mM Phosphoenolpyruvate,

AKcassay

0.3 mg/mlil Bovine serum albumine
15U Lactate dehydrogenase, 6U Pyruvate kinase

AK sample
AK, Mg?*
ATRP. £ AMP 2. ADP

Pyruvate Kinase (PK)
2. ADPR + 2.Phosphoenolpyruvate (PEP) 2 ATP + 2'Pyruva

Lactate Dehydrogenase (LDH)
RPyruvate + 2-NADH + 2H* 2'Ll-l.actate + 2 NAD*
[]

OO00do00n
observe reduction of NADH at 340 nm

2
[]




K194P (Lineweaver-Burk Plot)

Y k+1
1.00e+0 E+S—— ES
([ATP] fixed, 2 mM) 1
8.00e-1- E+ S ES
k2
ES — E+P
6.00e-1-
>
S | o1/v
4.00e-17 V[S]
Km + [S]
N 5 00611 y = 4.0557e-2 + 0.20189x | R"2=0.993
' k-1 + k2
2.71e-20 —_— X k+1
0 1 2 3 4 5
/ 1/[S] (1/[AMP])
-1/Km 1/V=4.0557e-2 + 0.2018901 1/[S]

X0ooooo-1/Km
yoooooduwv



Kinetic results
oliLys-mutants

Residue

Lys9

mutant

K9P
K9F
K9L
KOT

K21P

K27R
K27L
K271

K31F
K31l
K31S

K63F

K131A
K131F

K194S
K194l
K194L
K194P
K194N
K194V
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