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To elucidate whether the C-terminal region in human adenylate kinase participates in
the interaction with the substrate (MgATP2" and/or AMP2"), hydrophobic residues (Val-
182, Vall86, Cysl87, Leul90, and Leul93) were substituted by site-directed mutagenesis
and the steady-state kinetics of fifteen mutants were analyzed. A change in the hydro-
phobic residues in the C-terminal domain affects the affinity for substrates (£„,), that is,
not only for MgATP2" but also for AMP2", and the catalytic efficiency (k^). The results
obtained have led to the following conclusions: (i) Val 182 may interact with both
MgATP2" and AMP2" substrates, but to a greater extent with MgATP2", and play a role
in catalysis, (ii) Vall86 appears to play a functional role in catalysis by interacting with
both MgATP2" and AMP2" to nearly the same extent (iii) Cysl87 appears to play a func-
tional role in catalysis, (iv) Leu 190 appears to interact with both MgATP2" and AMP2"
substrates but to a greater extent with AMP2", (v) Leul93 appears to interact with both
MgATP2" and AMP2" but to a greater extent with AMP2". The activity of all mutants de-
creased due to the change in substrate-affinity. The closer the residue is located to the C-
terminal end, the more its mutation affects not only MgATP2" but also AMP2" substrate
binding. The hydrophobic alterations disrupt hydrophobic interactions with substrates
and that might destabilize the conformation of the active site. The more C-terminal part
of the a-helix appears to interact with AMP, as if it has swung out and rotated to cover
the adenine moieties. The C-terminal a-helix of human adenylate kinase appears to be
essential for the interaction with adenine substrates by swinging out during catalysis.
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Adenylate kinase (AK) [EC 2.7.4.3] is a ubiquitous enzyme the adenine nucleotdde metabolism.
that catalyzes the reaction MgATP2" + AMP2" J± MgADP" The primary structures of various AK isozymes have
+ ADP3". There are two distinct nucleotide-binding sites, been determined, and the deduced tertiary structures have
one for MgATP2" or MgADP", and the other for AMP2" or been used to identify the two substrate binding sites. These
ADP3" (1). In vertebrates, three isozymes have been char- studies include X-ray crystallography of porcine AK (5, 6)
acterized (2—4): AK1, which is present in the cytosol, AK2, and yeast AK (7), NMR studies of isolated rabbit muscle
which is localized in the intermembrane space of mitochon- AK (8-10), and site-directed mutagenesis studies on chick-
dria, and AK3, which occurs in the mitochondrial matrix. en AK (11-16) and human AK (hAKl) (17,18). A compari-
The three isozymes are important for the homeostasis of son of the structures with and without substrates revealed

large domain movements during catalysis (19, 20). Predic-
1 This work was supported by a general grant and a Grant-in-Aid tdons based on the X-ray crystallographic structures sug-
(M.H 900395-29) from the Ministry of Education, Science, Sports, ^ ^at iiie j^j^p binding domain undergoes a movement

?Tb w h ^ w r r ^ n d e n c e should be addressed at the present o f 8 A u P ° n ***? binding and the ATP binding domain
address: Department of Medicine, Awakigahara Hospital, Awakdga- moves up to 30 A upon the binding of ATP (19,21).
hara, Miyazaki 880-0835, Japan. E-mail: mhamadaOpostl. However, the catalytic and substrate-binding sites have
miyazaki-med.ac.jp, Phone: +81-985-85-0873, FAX: +81-985-85- n o t heen precisely determined. The AK structural model

Abbreviations: ADP, adenosine 5'-diphosphate; AK, adenylate ki- Proposed by X-ray crystallography and NMR studies can be
nase; AMP, adenosine 5'-monophosphate; ATP adenosine 5'-triphos- used to evaluate the steady-state kinetics, test interactions
phate; EDTA, ethylenediaminetetraacetate; hAKl, human adenyl- with substrates, and modify specific amino acid residues by
ate kinase 1; NADH, nicotinamide adenine dinudeotide; NME; nu- site-directed mutagenesis. In studies of human AK, the
clear magnetic resonance; Tris, 2-amino-2-(hydroxymethyl)-l,3-pro- , . . . , , , ... . . „„ 1 O O ,
panediolfWTAK, wild-type adenylate kinase. conserved arginine residues (at positions 44, 97, 132, and

138) and lysine residues (at positions 9, 21, 27, 31, 63, 131,
© 2000 by The Japanese Biochemical Society. and 194) were mutated. The results obtained suggested
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that these residues are essential for catalytic activity (17,
18). Loss of the positively charged e-amino group of a lysine
residue the decreased catalytic efficiency, and the positively
charged lysine residues should interact with the negatively
charged y- or a-phosphates of MgATP2" and AMP" (28).
However, a detailed analysis of the MgATP2" and the
AMP2" sites in the AK structural model remains to be
done.

In the present study we evaluated the flanking C-termi-
nal domain of AK by substituting hydrophobic residues
conserved in mammalian AK that have not been examined
for their interactions with adenine nucleotide substrates.
We previously reported that Lysl94 at the C-terminus of
human AK interacts with both MgATP2" and AMP2" for
substrate binding (28), even though the C-terminal region
is located in the MgATP2" binding site (17). To elucidate
the participation of the C-terminal domain in the interac-
tion with MgATP2" and AMP2", we selected hydrophobic
residues that might affect the affinity of the adenine nucle-
otides. We mutated Vall82, Vall86, Cysl87, Leul90, and
Leul93 residues by site-directed mutagenesis and the vari-
ous mutants produced were analyzed by steady-state kinet-
ics.

EXPERIMENTAL PROCEDURES

Materials—The plasmid pMEX8-hAKl (22) was used for
random site-directed mutagenesis. The bacterial strain
JM109 was purchased from TaKaEa Shuzo (Tokyo). TGI
and a Sculptor™ in vitro Mutagenesis Kit were from Amer-
sham LIFE SCIENCE (Buckinghamshire, England). The
Blue Sepharose CL-6B column, Superose 12 (HR 10/30),
and the fast protein liquid chromatography system were
purchased from Pharmacia Biotech (Tokyo). Adenine nucle-
oside mono- and triphosphates, AMP, ATP, and nicotina-
mide adenine dinucleotide (as its reduced form, NADH)
were purchased from Oriental Yeast (Tokyo). Pyruvate ki-
nase (PK), phosphoenolpyruvate (PEP), and lactate dehy-
drogenase (LDH) were from Sigma Chemicals (St. Louis,
MO, USA). All other reagents were of analytical grade and
purchased from either Wako Pure Chemicals (Osaka) or
Nacalai Tesque (Kyoto).

Purification of Single Strand pMEX8-hAKl DNA—A sin-
gle colony of JM109/pMEX8-hAKl (JM109 transformed
with pMEX8-hAKl) was cultured in 10 ml of TYP medium
(1.6% Tryptone, 1.6% yeast extract, 0.5% NaCl, 0.25%
KjHPO., containing 50 jig/ml of ampicillin) at 37'C over-
night until the absorbance at 600 run was approximately
0.5. Helper phages (VCS-M13, Stratagene, La Jolla, CA,
USA) were added to the culture medium at a multiplicity of
infection between 10 and 20 (phage:cell ratio between 10:1
and 20:1) with 25 (jLg/ml of kanamycin. The cells were cul-
tured at 37"C with vigorous aeration overnight and centri-
fuged at 3,000 Xg for 20 min. A solution of polyethylene-
glycol 6000 and 2.5 M NaCl was added to the supernatant,
and the mixture was allowed to stand at room temperature
for 15 min. The solution was centrifuged solution at 5,000
~Xg for 5 min, and the pellet was resuspended in TE buffer
(10 mM Tris-HCl, 1 mM EDTA, pH 8.0), and the single
methyl sulfoxide stranded DNA of pMEX8-hAKl was ex-
tracted in TE-saturated phenol and chloroform according to
the manufacturer's recommendations.

Site-Directed Mutagenesis of Human Adenylate Kinase—

The antisense primers were 5'-CCTGAGAGAAYXXTTCG-
TCAAC-3' for Vall82 residue, 5'-GCAGGAGAGTGCAYXX-
CTGAGAGAATACTTC-3' for Vall86, S'-CCAGGTGAGTY;
XXTACCTGAGAG-3' for Cysl87, 5'-TCAGAGCTCYXXGT-
GAGTGCATA-3' for Leul90, and 5'-CGTCGACTATTATT-
TYXXAGCGTCCAGGTG-3' for Leul93. The primers were
synthesized with a DNA synthesizer (Applied Biosystems,
Model 394) and phosphorylated with T4 Polynucleotide Ki-
nase (WAKO, Tokyo). The underlined letters, YXX, repre-
sent the target codons for site-directed mutagenesis, where
X is either A, G, C, or T, and Y is either G or C. Site-directed
mutagenesis was carried out with a combination of the
Sculptor™ ire vitro Mutagenesis Kit using these site-spe-
cific primers annealed to the template single strand DNA
of pMEX8-hAKl. This method was based on the phospho-
rothioate technique (23-25), that is, dCTP was used instead
of dCTPaS during both the annealing and extension reac-
tion of the constructed oligonucleotide.

Screening of Mutants by DNA Sequencing—A homodu-
plex mutant DNA constructed by site-directed mutagenesis
was transformed with competent cells (TGI) prepared ac-
cording to the directions in the mutagenesis kit and spread
on an LB plate containing 50 \ig/ml of ampicillin. Single
clones were cultured overnight in 10 ml of LB medium.
Double-stranded DNA from the plasmid was purified
according to the manufacturer's instructions (Flex Prep
Purification Kit, Pharmacia Biotech, Tokyo). The mutant
plasmid DNA was sequenced by the dideoxy method (26).
Sequencing primers labeled with fluorescent isothiocyanate
were from Japan Bioservices, Tokyo. The DNA sequence of
the forward primer was 5'-TGGAATTGTGAGCGGATAAC-
3' and that of the reverse primer 5'-AAAATCTTCTCTCAT-
CCGCC-3'. The polymerase chain reaction (PCR) was per-
formed with an AmpliCycle™ Sequencing kit (Perkin
Elmer, Branchburg, NJ, USA) using a DNA Thermal Cycler
(Model PJ^tSO, Perkin Elmer Cetus) according to the fol-
lowing partially modified protocol: To enhance Taq DNA
Polymerase activity, AmpliTaq™ DNA Polymerase solution
and Taq DNA Polymerase (Promega, Madison, WI, USA)
were mixed at a ratio of 9:1 as a cycling mixture. Eight
microliters of master mixture was made by mixing 2.8 \ug
of double-stranded DNA, 1 \d of dimethylsulfoxide (Sigma
Chemical, St. Louis, MO, USA), and 2 pmol of the FTTC-
labeled sequence-primer. This mixture was incubated at
95"C for 10 min and immediately cooled on ice. Two micro-
liters of the cycling mixture and 0.2 unit of Perfect Match
Enhancer (Stratagene, La Jolla, CA, USA) were added to
the cooled master mixture. PCR conditions were: (i) initial
denaturation at 95"C for 5 min, followed by (ii) 20 cycles at
95°C for 30 s, 53'C for 30 s, and 72'C for 60 s, and (iii) 20
cycles at 95"C for 30 s and 72°C for 60 s. The PCR products
were denatured in 95% formamida Electrophoresis of the
PCR product was performed by an autosequencer (Shi-
madzu, DSQ1, Kyoto). DNA sequencing of the mutant plas-
mid was performed with forward and backward sequencing
primers to avoid undesirable mutations in the entire hAKl
gene.

Expression and Purification of Wild Type AK and Mutant
AK-^JM109/pMEX8-hAKl (wild type AK) and TG17
pMEX8-mutant-hAKl were separately cultured in 10 ml of
LB medium containing 50 ng/ml of ampicillin overnight at
37°C, and transferred into 250 ml of LB medium. After 1 h
culture, isopropyl-p-D-thio-galactopyranoside (IPTG) was
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added at a final concentration of 1 mM, and growth in the
medium was continued for 16 h under the same conditions.
E. coli cells were centrifuged at 5,000 Xg for 20 min, and
the pellet was suspended in 10 ml of standard buffer [20
mM Tris-HCl, 1 mM EDTA, 0.1 mM dithiothreitol (DTT),
pH 7.4]. All chromatographic steps were carried out at 4'C
in a chromatochamber. The suspension of E. coli cells was
disrupted with an ultrasonicator (Model 250 sonifier, Bran-
son Ultrasonics, Danbury, CT, USA) at 20 kHz and 20 W for
3 min on ice. The homogenate was centrifuged at 12,000 Xg
for 20 min at 4°C. The supernatant was subjected to affinity
chromatography on Blue Sepharose CL-6B ((j> 1X5 cm),
which was equilibrated with the standard buffer and eluted
with a NaCl gradient (0 to 1 M NaCl) in standard buffer at
a flow rate of 0.5 ml/min. AK protein was detected by 12.5%
polyacrylamide gel electrophoresis in the presence of
sodium dodecylsulfate (SDS-PAGE), and the presence of a
single band was confirmed (27). The AK fraction was con-
centrated by centrifugation with a Centriplus-10 device
(Amicon, Tokyo). The concentrated AK (0.5 ml) sample was
loaded onto a Superose 12 column (4> 1 X 30 cm) and eluted
with imidazole buffer (5 mM imidazole-HCl, 1 mM EDTA,
0.1 mM DTT, pH 6.9) at a flow rate of 0.5 ml/min. The col-
lected fractions were evaluated by 12.5% SDS-PAGE and
the presence of a single band of AK protein was confirmed.
The concentration of protein was determined by the meth-
od of Lowry et al. (28).

Kinetic Analysis of the Forward Reaction of Adenylate
Kinase—Enzyme activity was assayed in the forward direc-
tion by adding various amounts of MgSO4, ATP, and AMP
to the standard reaction mixture. The initial velocity of the
forward reaction was measured by observing the absor-
bance change at 340 nm with a Cary 2290 spectrophotome-
ter (Varian, Mulgrave, Australia). We previously described
(29) the coupled enzyme assay in which NADH is the sub-
strate and pyruvate kinase and lactate dehydrogenase are
present to monitor ADP formation at 25'C.

The forward reaction mixture in a total of 1 ml contained
75 mM triethanolamine hydrochloride (pH 7.4), 120 mM
KC1, 0.2 mM NADH, 0.3 mM PEP, 0.3 mg/ml bovine serum
albumin (BSA), 10 units of LDH, 5 units of PK, and 1.0
mM MgSO4, and various concentrations of MgATP2" and
AMP2" as follows: five combinations selected from 0.05, 0.1,
0.2, 0.5, 1.0, 2.0, 3.0, 5.0 mM MgATP2" and a fixed concen-
tration of 2 mM AMP2" for the determination of the appar-
ent Michaelis constant (K^) for MgATP2". Five concentra-
tion combinations selected from 0.05, 0.1, 0.2, 0.5, 1.0, 2.0,
3.0, 5.0 mM AMP2" and a fixed concentration of 2 mM Mg-
ATP2" were used for determination of the apparent Km for
AMP2". The reaction was initiated by the addition of 10 ui
of the recombinant hAKl solution diluted to the desired
concentrations. The AK sample was diluted in buffer (5 mM
imidazole-HCl, 1 mM EDTA, 0.1 mM DTT, 1% BSA, pH
7.4). The Km and V ^ values were estimated using double-
reciprocal plots (30), and Am was calculated by dividing
^m« by the total amount of enzyme (Et) present in the reac-
tion mixture. One unit of enzyme activity is defined as the
amount of enzyme that produces 1 jutnol of ADP in one
minute. The concentrations of adenine nucleotddes and
NADH were determined spectrophotometrically using mil-
limolar extinction coefficients of 15.4 and 6.22, respectively.

RESULTS

Site-Directed Mutagenesis and Purification of Mutant
Adenylate Kinases—The results of site-directed random
mutagenesis of pMEX8-hAKl are summarized in Table I.
Nineteen mutants at five target residues were constructed
with backward and forward sequencing primers. For the
Leul93-mutant series, the TAG mutation at position 193
was confirmed, that is, the deletion of residues 193-194 pro-
duced the unique L193Stop mutant. The mutant pMEX8-
hAKl plasmids were expressed, and the various AK en-
zymes produced were purified to homogeneity by column
chromatography using Blue Sepharose and Superose 12.
These AK mutants possessed the same chromatographic
elutdon patterns as the wild type enzyme. The induced
monomer protein migrated as expected for a protein with a
molecular weight of 22,000. However, four mutants, Val-
186Asn, Leul90Pro, Leul90Thr, and Leul90Asn could not
be purified after disruption of the expressed cells due to
their insolubility in the standard buffer described in "EX-
PERIMENTAL PROCEDURES." This probably resulted from
changes in solubility due to the specific mutations in the C-
terminal domain. All other mutant enzymes migrated as
single bands with the same mobility as that of wild type
AK on 12.5% SDS-PAGE (data not shown).

Kinetic Parameters of Mutant Adenylate Kinases—
Steady-state kinetic data for wild type AK and each mutant
in the forward reaction are shown in Table II. The Km, kcal,
and kcJKm values obtained for each mutant were compared
to the wild-type AK and expressed as the mutant/WTAK
ratio (see Table II).

(1) Properties of the Vall82 mutants: The K^ values of
Vall82Ala for MgATP2- and AMP2" were markedly in-
creased (by 11-fold and 12-fold) compared to wild-type AK
The kM value for this mutant was drastically decreased (to
0.1% of the control.) The k^JK^ ratios for the two nucle-
otide substrates were dramatically decreased (to 6.2 X 10"3

and 5.7 X 10"3% of the control, respectively.) The Km values
for Vall82Gly showed a 7.4-fold increase for MgATP2" and
a 1.9- fold increase for AMP2"; the k^ value was reduced to
0.7% of the control. The Km values for Vall82Ser were ele-

TABLE I. Results of site-directed random mutagenesis.
Target Residue

Vall82 (GTA)

Vall86 (GTA)

Cysl87 (ACG)
Leu 190 (CTG)

Leul93 (CTG)

Mutants

V182A
V182G
V182S
V186S
V186G
V186N
C187V
L190A
L190S
L190P
L19OT
L190N
L193I
L193Q
L193P
L193S
L193F
L193R
L193Stof

(GCG)
(GGG)
(AGC)
(TCC)
(GGG)
(GAC)
(GTC)
(GCG)
(TCG)
(CCC)
(ACG)
(AAC)
(ATC)
(CAG)
(CCC)
(TCG)
(TTC)
(CGC)

) (TAG)

Protein yield (mg)

14.2
2.9
9.3
1.6
0.8
insoluble

15.9
0.9
1.2
insoluble
insoluble
insoluble
5.2

10.4
5.8
1.7

12.6
8.0
7.3
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TABLE II. Summary <

Enzyme

WTAK
V182A
V182G
V182S
V186S
V186G
C187V
L190A
L190S
L193I
L193Q
L193P
L193S
L193F
L193R
L193Stop

Km

(mM)

0.27
3.01
1.99
0.53
1.90
0.34
0.17
0.74
6.99
2.11
2.50
0.73
0.42
0.11
0.27
0.43

}f kinetic parameters of wild-type
(MgATP1-)

(fold)

a.oy
(11.1)
(7.4)
(2.0)
(7.0)
(1.3)
(0.6)
(2.7)
(25.9)
(7.8)
(9.3)
(2.7)
(1.6)
(0.4)
(1.0)
(1.6)

(mM)

0.33
3.92
0.64
0.49
2.48
0.64
0.62
1.76

27.15
10.60
2.45
0.03
0.04
1.07
1.27
3.74

.(AMP2")

(fold)

(1.0)*
(11.9)
(1.9)
(1.5)
(7.5)
(1.9)
(1.9)
(5.3)
(82.3)
(32.1)
(7.4)
(0.1)
(0.1)
(3.2)
(3.8)
(11.3)

hAKl (WTAK) and muant
*,„ Relative value
(s-1)

571
0.38
4
3
5.5
7
1
9
3
4
2.5

77
36.5
12.5
9
4.5

(%)

docoy1

(0.1)
(0.7)
(0.5)
(1.0)
(1.2)
(0.2)
(1.6)
(0.5)
(0.7)
(0.4)
(13.5)
(6.4)
(2.2)
(1.6)
(0.8)

hAKl.

*JKm

2.1X10°
1.3x10*
2.0X10"
5.7X10"
2.9x10"
2.1X10*
5.9x10"
1.2x10*
4.3X102

1.9X10"
1.0X10"
1.1x10"
8.7X10*
1.1X105

3.3X10*
1.0X10*

, (MgATP1-)

(%)

(loo-oy*
(6.2X10-")
(9.5X10"2)
(0.3)
(0.1)
(1.0)
(0.3)
(0.6)
(2.0X10"2)
(9.0X10"2)
(4.8X10"2)
(5.2)
(4.1)
(5.2)
(1.6)
(0.5)

T. Ayabe et at.

1.7X106

97
6.3x10"
6.1X10"
2.2x10"
1.1X10*
1.6x10"
5.1X10"
1.1X102

3.8X10*
1.0X10"
2.6X10"
9.1X105

1.2X10*
7.1X10"
1.2X10"

(AMP1")

(%)
(100.0)b

(5.7X10"")
(0.4)
(0.4)
(0.1)
(0.6)
(9.4X10"*)
(0.3)
(6.5X10-')
(2.2X10"*)
(5.9X10"*)
(152.9)
(53.5)
(0.7)
(0.4)
(7.1X10-*)

•Numbers in parentheses for K^ values indicate the
tion of kM values, a molecular weight of 21,700 was
WTAK

relative change compared to the wild-type AK (the mutant/WTAK ratio). bFor calcula-
employed and numbers in parentheses for kx and k^ IK^ values represent percent of

vated by 2.0- and 1.5-fold for MgATP2- and AMP2', respec-
tively; the kM value was profoundly decreased (to 0.5% of
control). In general, the three V182 mutants suppressed
the interaction with both the MgATP2- and the AMP2"
binding sites, but to a lesser extent with AMP2". The cata-
lytic efficiency (kc) for each was very low (i.e., the enzymatic
activity was barely detectable.)

(2) Properties of the V186 mutants: The Km values for
Vall86Ser increased by 7.0- and 7.5-fold for MgATP2" and
AMP2", respectively; the kM value decreased to 1.0% of the
control. The K^ values for Vall86Gly were elevated by 1.3-
to 1.9-fold for MgATP2" and AMP2", respectively while the
k^ value decreased to 1.2% of control. These results strong-
ly suggest that Vall86-mutants interact with both the Mg-
ATP2- and AMP2" binding sites to nearly the same extent
and that both have a profound effect on catalytic efficiency.

(3) Properties of the Cysl87 mutant: The K^ values for
Cysl87Val were decreased slightly for MgATP2" (by 0.6-
fold) and increased slightly (by 1.9-fold) for AMP2", com-
pared to those for wild type AK. However, the k^ value was
greatly decreased (to 0.2% of control). These results strong-
ly suggest that the Cysl87Val mutant has a relatively large
effect on catalytic efficiency, but little effect on substrate
binding.

(4) Properties of the Leul90 mutants: The K^ values for
Leul90Ala were increased for both substrates, but to a
lesser extent for MgATF" than for AMP" (Le., 2.7-fold vs.
5.3-fold, respectively); the kM decreased to a value only
1.6% that of the control. The Leul90Ser mutant showed
markedly increased K^ values for both MgATP2" (26-fold)
and AMP2" (82-fold); the kM value was decreased to 0.5% of
the control and the k^JK^ ratios were decreased to 2.0 X
10-2% for MgATP2" and to 6.5 x l O " ^ for AMP2", relative
to the wild type. The Leul90Ala and Leul90Ser mutants
both affected the affinity for MgATP2- and AMP2", but the
increase in K^ was much greater for AMP2 in the case of
Leul90Ser (82-fold) than for the Leul90Ala mutant (5.3-
fold). The effects on K^ were greater for Leul90Ser for both
the AMP2" and MgATP2" binding sites. The effects of
MgATP2" on K^ were greater for Leul90Ser (26-fold) than
for Leul90Ala (2.7-fold), a pattern consistent with the re-
sults for AMP2". It appears, therefore, that residue Leul90

is essential for substrate binding.
(5) Properties of the Leul93 mutants: The K^ values for

Leul93De increased by 7.8-fold for MgATP2- and 32-fold
for AMP2"; the kM value decreased to 0.7% of the control.
Thus, the Leul93Ile mutant strongly affects the affinity for
AMP2" and to a lesser extent the affinity for MgATP2-. The
K^ values of Leul93Gln showed an increase for MgATP2-.
The Km values for Leul93Gln increased by 9.3-fold for
MgATP2- and by 7.4-fold for ATP2"; the k^ value was de-
creased to 0.4% of the control. There was a large decrease
in the kJKm ratio for both substrates (to 4.8 X lO'^o for
MgATP2- and 5.9 x lO-^o for AMP2"). The Leul93Gln
mutant affects the affinity for both substrates and de-
creases the catalytic efficiency profoundly. The K^ values
for the Leul93Pro and Leul93Ser mutants showed a small
elevation (2.7-fold and 1.6-fold for MgATP2-, respectively)
and a decrease to 0.1-fold for AMP2" for both mutants; the
k^ values were decreased to 13.5 and 6.4% of the control
for Leul93Pro and Leul93Ser, respectively. The kJK^
ratio for Leul93Pro for AMP2" was increased to 153% of
the control, while that for Leul93Ser was decreased, yield-
ing a catalytic efficiency for AMP2" of 54% of the control;
the values of k^JK^ (MgATP2-) were nearly identical (see
Table II) for both mutants. The K^ values of Leul93Phe
and Leul93Arg for MgATP2- were largely unchanged (0.4-
to 1.0-fold), while that for AMP2" was marginally increased
(3.2- to 3.8-fold); the kM values for these two mutants were
2.2 and 1.6% of the control. In the case of Leul93Stop, the
K^ value showed a moderate increase of 11-fold for AMP2-
but only a 1.6-fold increase for MgATP2-. The k^ values
decreased to 2.2 and 1.6% of control for Leul93Phe and
Leul93Ser, respectively. The deletion mutation (Leul93-
Stop), in which residues 193 and 194 are deleted from the
C-terminal domain, showed an increase in K^ that was
much greater for AMP2" than for MgATP2" (11-fold vs. 1.6-
fold, respectively). A similar result was obtained in the case
of the Leul93Ile mutant, in which the values of K^ for
AMP2" and MgATP2" were increased by 32- and 7.8-fold,
respectively (see Table II). The above results on seven Leu-
193 mutations strongly suggest that these mutants interact
with both substrate binding sites but more strongly with
AMP2" than with MgATP2-.
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DISCUSSION

In studies of human adenylate kinase (hAKl), site-directed
mutagenesis has been performed only for the arginine and
lysine residues at various locations (17, 18). In this study,
we evaluated the role of the C-terminal domain of human
AKl in enzymatic function by evaluating the interaction of
the nucleotide substrates (MgATP2- and AMP2") with this
region. We selected hydrophobic residues Vall82, Vall86,
Cysl87, Leul90, and Leul93, because these residues are
well conserved in mammalian species (32) and located in
the adenine ring of MgATP2". We performed site-directed
mutagenesis and characterized the mutants by steady-
state kinetics studies. We obtained 15 mutants that could
be analyzed further from the total of 19 mutants construct-
ed. Four mutants (Vall86Asn, Leul90Phe, Leul90Thr, and
Leul90Asn) could not be solubilized during the purification
step. These changes in solubility presumably result from
structural alterations to the native conformation of the ex-
pressed enzyme protein. By changing the side chain of the
target residue, the biological structure-activity relationship
of enzyme might be altered to some extent. The kinetic
results for the target residue being changed usually show
alterations in either K^ or k^ values relative to the native
enzyme with the side chain remaining unchanged. Steady-
state kinetic analysis has been used to explain enzymatic
function by considering changes observed in substrate-
affinity, substrate-dissociation, and catalytic efficiency rela-
tive to the wild-type enzyme. To compare the steady-state
kinetics of wild-type AK (hAKl) with those of the various
mutants obtained would provide valuable information on
structural and/or functional features of the enzyme. Results
obtained from the study of these mutants should provide
insight for more refined analyses of wild-type AK, such as
by X-ray crystallography or NMR spectroscopy.

In a previous study of human AKl, the replacement of
the arginines at positions 44,97,132, and 138 with alanine
resulted in decreased catalytic efficiency (17). The loss of
the positively charged guanidinium groups of the arginine
residues inhibited catalytic efficiency, and the arginine resi-
due was suggested to be essential for catalysis by interact-
ing with the negatively charged phosphates of the two
adenine nucleotide substrates. Site-directed mutagenesis of
the lysine residues at positions 9, 21, 27, 31, 63, 131, and
194 resulted in decreased catalytic efficiency for each mu-
tant (18). The loss of the positively charged e-amino groups
of lysine residues inhibited catalytic efficiency, and these
seven lysine residues are suggested to be essential for
catalysis by interacting with the negative charges of the
phosphate groups on the two adenine nucleotide sub-
strates. However, a detailed analysis of the C-terminal do-
main of human adenylate kinase has not yet been re-
ported. In this study five residues (Vall82, Vall86, Cysl87,
Leul90, and Leul93) were targeted for mutation in the C-
terminal domain. These residues are depicted on the left
side of the wild type hAKl model (18). X-ray crystallo-
graphic studies indicate that the AK protein has ten a-heli-
ces and five ($-strands (32), and that the active center cleft
opens to some extent onto the substrate binding site (18). A
convincing detailed proposal for the nucleotide-binding
sites and reaction geometry by X-ray analyses of crystalline
complexes between the enzyme and sub-strates or sub-

strate analogs (inhibitor) [p1, p5-di(adenosine-5'-)pentaphos-
phate] has not yet been presented. In the report, the ATP
binding site was on the right side and the AMP site was on
the left side; however, this has been revised by the in vitro
mutagenesis studies of Kim et al. (17), that is, the ATP site
is on the left side, and AMP site is on the right side. The
direction of the side chains of these hydrophobic residues
has not been known by the X-ray crystallographic studies,
even though the C-terminal ot-helix has been noted on the
left side of the X-ray-deduced AK model and close to the
adenine ring of MgATP2". Adenylate kinase is predicted to
undergo large domain movements upon substrate binding
(19). The adenosine binding center is generated by a hydro-
phobic pocket consisting of a (}-sheet structure, the loop of
residues 16-22, and the a-helices between the segments of
residues 23-30 and 179-194 (5,6).

Our results for the steady-state kinetics analysis of mu-
tants for five residues in the C-terminal domain indicate
that Vall82 might be located close to the MgATP2" site,
compared to the Vall86, Cys 187, Leul90, and Leul93 resi-
dues (IS). It appears that the greater the interaction with
the C-terminal domain, the more the K^ values are in-
creased for AMP2", and to a lesser extent for MgATP2".
From the kinetic results using Vall82-mutants, Vall82Ala
increased the K^ values for both substrates and decreased
the k^ values. However, using the Vall82Ser mutant, the
change in the side chain from a methyl to a hydroxyl group
had no effect on the K^ value, but decreased the k^ value.
From these two results, the Vall82 residue appears to play
an important role in catalysis by interacting with both sub-
strates. The decreases in both hydrophobicity and catalytic
efficiency affect the substrate-binding and phosphoryltrans-
fer reaction in solution. From the kinetic results of 193-
mutants, Leul93Pro (a bending alteration at the C-termi-
nal end) and Leul93Ser (a change in the side chain from a
methyl to a hydroxyl group) affect the AMP binding site
more than the ATP site, and decrease the K^ value for
AMP2". On the other hand, the results using the Leu-
193Arg mutant show that a change from a nonpolar to a
polar group has little effect on the K^ value for either sub-
strate, but decreases the k^ values. The above two muta-
tion results show that not only a loss of hydrophobicity but
also a C-terminal structural change or positively polar
change affect both substrates. Leul93Stop, a deletion mu-
tant lacking residues 193-194, results in a shortened C-ter-
minal-domain. This mutant AK enzyme shows an 11-fold
increase in K^ for AMP2" and very little change in the K^
for MgATP2"; the k^ decreased substantially relative to the
control (Table II). The Leul93Stop mutant affects enzy-
matic activity and might affect the affinity for AMP2", as
welL Vall82, Vall86, Cysl87, Leul90, and Leul93 contrib-
ute to the hydrophobicity in the C-terminal domain. Muta-
tions in this region lead to a loss of hydrophobicity; which
leads to an increase in K^ and decreased enzyme activity
by changing the conformation of the C-terminal domain.
These alterations affect the a-helices of residues 23-30 and
residuesl31-139, which might change the K^ values for the
two substrates. The flanking C-terminal region appears to
interact with one or both substrates, as suggested by the
results of Ayabe et al. (18) who showed that C-terminal
mutations at Lysl94 affect not only the affinity for Mg-
ATP2- but for AMP2", as well. In the present study, the
steady-state kinetics results obtained using various mutant
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species of hAKl have led to the following conclusions: (i)
Vall82 likely plays a role in the substrate-binding of both
MgATP2" and AMP2", but the interaction is stronger for
MgATP2", and plays a role in catalysis; (ii) Vall86 appears
to play a functional role in catalysis by interacting with
both MgATP2" and AMP2" to nearly the same extent; (iii)
Cysl87 appears to play a functional role in catalysis; (iv)
Leul90 appears to interact with both MgATP2" and
AMP2", but to a greater extent with AMP2"; (v) Leul93
appears to interact not only with MgATP2" but also with
AMP2" but to a greater extent with AMP2". The closer the
residue is located to the C-terminal end, the more its muta-
tion affects not only MgATP2" but also AMP2" substrate
binding. In chicken AK1, the results of mutations in the C-
terminal showed that the .K^ values for Leul90 mutants
are affected to a greater extent for MgATP2" than for
AMP2" (14). Previous studies of the C-terminal region of
chicken AK (14) suggested that the Leul90 residue is not
catalytdcally indispensable, is located inside the protein and
is one of the residues in a hydrophobic region that may be'
involved in ATP binding. The kinetic data for the two
chicken AK1 mutants (L190K and a deletion mutant lack-
ing positions 190-193) are fully in accord with our results
on human AK1. The C-terminal domain may be involved in
the interaction with MgATP2- (18).

In the present study, the mutation of hydrophobic resi-
dues in the C-terminal domain resulted in decreased or
unchanged affinities for the two substrates and reduced
catalytic efficiency. The loss of hydrophobicity in the C-ter-
minal domain may lead to reduced binding of MgATP2"
and AMP2", because this domain may align the phosphate
groups in the two substrates to the proper conformation
required for catalysis. C-tenninal mutations decrease the
hydrophobicity, affecting MgATP2", binding, an effect that
might have indirectly affect the AMP2" binding site.
Another possibility is that the mutation affects the region
encompassing residues, 16-23 and the ot-helix at residues,
131-139, resulting in changes in the binding of MgATP2"
and AMP2" and the phosphoryl transfer reaction. The C-
terminal ot-helix of human adenylate kinase appears to
interact not only with MgATP2" but also with AMP2", and
we propose a new model for the enzymic reaction of human
adenylate kinase in the enzyme reaction. It is a swing-out
model of the C-terminal a-helix from the left side to the
center part of the enzyme during the enzyme reaction; that
is, the helix rotates to cover the adenine moieties (MgATP2"
and AMP2" substrates) (18). We predict that movement of
the C-terminal a-helix covers and stabilizes both substrates
during the enzymatic reaction in solution. Based on the X-
ray crystallographic structures, the AMP binding domain is
predicted to undergo a movement of 8 A upon AMP binding
and the ATP binding domain moves up to 30 A upon ATP
binding (19, 21). Circular dichroism and optical rotational
dichroism studies must also be performed to understand
better the changes resulting from these mutations. In a
previous study using our human AK mutants (17), the cir-
cular dichroism spectra of several mutants (Arg44Ala,
Arg97Ala, Argl32Ala, Argl38Ala, and Argl49Ala) were
unchanged compared with that of wild-type AK, and no sec-
ondary structural changes in these mutants upon amino
acid replacement could be found. In the future, detailed
analyses of our human AK1 mutants should provide a con-
formational model that can be used to clarify the structure-

function relationships of this enzyme. The important role of
the flanking C-terminal domain of adenylate kinase in
catalysis may be further elucidated by X-ray crystallo-
graphic studies using substrate analogs and/or by NMR
spectroscopy studies in solution. Such studies should
advance our understanding of the catalytic mechanism of
this important kinase.

REFERENCES

1. Hamada, M., Pataieri, R.H., Russell, GA, and Kuby, S A
(1979) Studies of adenosine triphosphate transphosphorylase
XTV. Equilibrium binding properties of the crystalline rabbit
and calf muscle ATP-AMP transphosphorylase (adenylate ki-
nase) and derived peptide fragments. Arch. Biochem. Biophys.
195,155-177

2. Hamada, M., Takenaka, H., Sumida, M., and Kuby, SA (1991)
Chapter 17. Adenyllate kinase. (Kuby SA., ed.): A Study of
Enzymes, Vol. II, pp. 403-444, CRC Press, Boston, MA

3. Khoo, J.C. and Russel, P.J. (1972) Isoenzymes of adenylate
kinase in human tissue. Biochim. Biophys. Acta 268,98-101

4. Tomasselli, A.G., Schirmer, R.H., and Noda, L. (1979) Mitochon-
drial GTP-AMP phoaphotransferase. 1. Purification and proper-
ties. Eur. J. Biochem. 93, 257-262

5.' Pai, E.F., Sachsenheimer, W., Schirmer, R.H., and Schulz, G.E.
(1977) Substrate positions and induced-fit in crystalline adeny-
late kinase. J. Mol. Bwl. 114, 37^5

6. Dreusicke, D., Karplus, A., and Schulz, G.E. (1988) The switch
between two conformations of adenylate kinase. J. Mol. Biol.
199, 359-371

7. Egner, U, Tomasselli, A.G., and Schulz, G.E. (1987) Structure
of the complex of yeast adenylate kinase with the inhibitor P,,
p6-di(adenosine-5'-)pentaphosphate at 2.6 A resolution. J. Mol.
Biol. 195, 649-658

8. Fry, D.C., Kuby, SA, and Mildvan, A.S. (1985) NMR studies of
the MgATP binding site of adenylate kinase and of a 45-residue
peptide fragment of the enzyme. Biochemistry 24, 4680-4694

9. Fry, D.C., Kuby, SA, and Mildvan, A.S. (1987) NMR studies of
the AMP-binding site and mechanism of adenylate kinase. Bio-
chemistry 26,1645-1655

10. Fry, D.C., Byler, D.M., Susi, H., Brown, E.M., Kuby, SA, and
Mildvan, A.S. (1988) Solution structure of the 45-residue Mg-
ATP-binding peptide of adenylate kinase as examined by 2-D
NMR, FTTR, and CD spectroscopy. Biochemistry 27, 3588-3598

11. Tagaya, M., Yagami, T., Noumi, T., Futai, M., Kishi, F, Naka-
zawa, A., and Fukui, T. (1989) Site-directed mutagenesis of Pro-
17 located in the glycine-rich region of adenylate kinase. J.
Biol. Chem. 264, 990-994

12. Yan, H., Dahnke, T, Zhou, B., Nakazawa, A, and Tsai, M-D.
(1990) Mechanism of adenylate kinase. Critical evaluation of
the X-ray model and assignment of the AMP site. Biochemistry
29,10956-10964

13. Tian, G., Yan, H., Jiang, R-T, Kishi, F, Nakazawa, A, and Tsai,
M-D. (1990) Mechanism of adenylate kinase. Are the essential
lysines essential? Biochemistry 29, 4296-̂ 1304

14. Yoneya, T., Okajima, T., Tagaya, M., Tanizawa, K., and Fukui, T.
(1990) The role of Leu-190 in the function and stability of ade-
nylate kinase. J. Biol. Chem. 265, 21488-21493

15. Yan, H. and Tsai, M-D. (1991) The role of Leu-190 in the func-
tion and stability of adenylate kinase Biochemistry 30, 5539-
5546

16. Okajima, T., Tanizawa, K, Yoneya, T, and Fukui, T. (1991) Role
of leucine 66 in the asymmetric recognition of substrates in
chicken muscle adenylate kinase. J. Biol. Chem. 266, 11442-
11447

17. Kim, H.J., Nishikawa, S., Tokutomi, Y., Takenaka, H., Hamada,
M., Kuby, SA, and Uesugi, S. (1990) In vitro mutagenesis stud-
ies at the arginine residues of adenylate kinase A revised bind-
ing site for AMP in the X-ray-deduced model. Biochemistry 29,
1107-1111

18. Ayabe, T., Takenaka, H., Takenaka, O., Sumida, M., Maruyma,

J. Biochem.

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Steady-State Kinetics of Mutants of the C-Tkrminal a-Helix of Human Adenylate Kinase 187

H., Onitsuka, T., Shibata, K., Uesugi, S., and Hamada, M.
(1997) Essential lysine residues in the N-tenninal and the C-
terminal domain of human adenylate kinase interact with ade-
nine nucleotides as found by site-directed random mutagenesia
Biochemistry 36, 4027^*033

19. Schulz, G.E., Mueller, C.W., and Diederichs, K. (1990) Induced-
fit movements in adenylate kdnases. J. Mol. Biol. 213,627-630

20. Vonrheim, C, Schlaudere, G.J., and Schulz, G.E. (1995) Movie
of the structural changes during a catalytic cycle of nucleoside
monophosphate kdnases. Structure 3, 483—490

21. Gerstein, M., Schulz, G.E., and Chothia, C. (1993) Domain clo-
sure in adenylate kinase. Joints on either side of two helices
close like neighboring fingers. J. Mol. Biol. 229, 494-501

22. Ayabe, T., Takenaka, H., Takenaka, O., Takenaka, A., Naga-
hama, H., Maruyama, H., Yamamoto, A., Nagata, M., Koga, Y.,
Sumida, M., and Hamada, M. (1996) Construction of the plas-
mid pMEX8-hAKl and random site-directed mutagenesis of
human cytosohc adenylate kinase Biochem. Mol. Biol. Int. 38,
373-381

23. Taylor, J.W., Ott, J., and Eckstein, F. (1985) The rapid genera-
tion of oligonucleotide-directed mutations at high frequency
using phosphorothioate-modified DNA. Nucl. Acids Res. 13,
8764-8785

24. Nakamaye, K, and Ecstein, F. (1986) Inhibition of restriction
endonuclease Neil cleavage by phosphorothioate groups and its
application to oligonucleotide-directed mutagenesis. Nucleic
Acids Res. 14, 9679-9698

25. Sayers, J.R., Krekel, C, and Eckstein, F. (1992) Rapid high-effi-

ciency site-directed mutagenesis by the phosphorothioate ap-
proach. Biotechniques 13, 592-596

26. Sanger, F., Nicklen, S., and Coullson, A.R. (1977) DNA sequenc-
ing with chain-terminating inhibitors. Proc Natl. Acad. ScL
USA 74, 5463-5467

27. Sambrook, J., Fritech, E.F., and Maniatis, T. (1989) Molecular
Cloning- A Laboratory Manual, 2nd ed., Chapter 6, Cold Spring
Habor Laboratory Press, Plainview, NY

28. Lowry, O.H., Rosebrough, NJ., Farr, A.L., and Randall, R.J.
(1951) Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193, 265-275

29. Hamada, M. and Kuby, S.A. (1978) Studies on adenosine triph-
osphate transphosphorylases. XIII. Kinetic properties of the
crystalline rabbit muscle ATP-AMP transphosphorylase (ade-
nylate kinase) and a comparison with the crystalline calf mus-
cle and liver adenylate kinases. Arch. Biochem. Biophys. 190,
772-779

30. Lineweaver, H. and Burk, D. (1934) The determination of
enzyme dissociation constants. J. Am. Chem. Soc 56, 658-666

31. Kuby, SA, Palmiere, R.H., Frischat, A., Fischer, A.H., Wu, F.L.,
Maland, L., and Manship, M. (1984) Studies on adenosine tri-
phosphate transphosphorylases. Amino acid sequence of rabbit
muscle ATP-AMP transphosphorylase Biochemistry 23, 2393-
2399

32. Schulz, G.E., Elzinga, M.,Marx, F, and Schirmer, R.H. (1974)
Three dimensional structure of adenyl kinase Nature 250,
120-123

Vol. 128, No. 2,2000

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

