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Abstract—A soluble isoform of adenylate kinase (AK, EC 2.7.4.3) from tobacco leaves (Nicotiana tabacum 1.)
was purified about 60-fold by a protocol using ammonium sulphate fractionation, anion exchange chromatography,
affinity chromatography and gel filtration. The purified protein was homogeneous, as judged by SDS-PAGE,
[EF-PAGE and Mono Q ion exchange chromatography, and had a specific activity of 500 nkat mg™'. Its M, was
determined as 28 000 and 30 000 by SDS-PAGE and gel filtration, respectively. It is therefore monomeric and
belongs to the long-variant-type adenylate kinases. The isoelectric point of ca 4.45, as measured by IEF-PAGE
and the elution profile of the Mono Q column, is characteristic for a chloroplast AK isoform. Like the chloroplast
AK of maize, the activity with ATP/AMP as substrates was about two times higher than with ADP and the
apparent K was about 10-times higher for ATP/AMP than for ADP. In contrast to the maize enzyme and many
other eukaryotic AKs, both substrate binding sites showed an exceptionally high specificity for all three adenylate
substrates, together with a rather low affinity, as judged by the apparent K_-values. These differences at the
substrate-binding sites are confirmed by a low sensitivity of the enzyme to the competitive AK inhibitor

diadenosine pentaphosphate, i.e. high K,-values.

INTRODUCTION
Adenylate kinase (AK, EC 2.7.4.3) catalyses a freely
reversible transphosphorylation between adenine

nucleotides (MgADP + ADP2MgATP + AMP) [1].
This reaction is essential for biosynthesis of ADP from
AMP [2] and for buffering of adenylate pools. It
maintains a defined equilibrium between the three
adenylates [3, 4] and acts as thermodynamic buffer [5].
More recently, AK was also implicated in high-energy
phosphoryl transfer [6, 7], dynamic compartmentation
of adenylates [8] and functional coupling to other
proteins, such as the adenylate carrier at the mito-
chondrial envelope [9]. The enzyme has been exten-
sively purified, characterized, sequenced and structural-
ly analysed from animal tissues, yeast and some
prokaryotes (e.g. [10, 11]). It was found to occur as a
family of generally monomeric isoforms, consisting of
short variants of M, 21-23k (cytosolic isoforms in
vertebrates) and long variants of 24-31k (mitochon-
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drial isoforms in vertebrates and yeast, bacterial en-
zZymes).

In our previous studies {12, 13] we showed that
AK isoforms in cell cultures from tobacco (Nicotiana
tabacum L. cv. Havana 425) occur in cytosol, mito-
chondria and chloroplasts. In this paper we report the
purification to homogeneity of one of these isoforms
and its catalytic properties. To date, several attempts
have been made to purify AK from higher plants
[14-16]. However, only two studies reported purifica-
tion to homogeneity, mainly of a chloroplast isoform
from the C,-plant maize [17,18]. This AK, which
has recently been sequenced [19], is 60-times more
abundant than AK of C,-plants like tobacco [20]. As
the maize enzyme has a specific function in C,-me-
tabolism and is immunologically different from chlo-
roplast AK of C,-plants [21], the tobacco enzyme is
supposed to have other molecular and catalytic prop-
erties. Furthermore, AK isoforms are considered to
play an important role in the energy metabolism of
higher plants and their activity was found to be
regulated by a number of different factors [13, 22,
23]. Therefore, we were interested in devising a puri-
fication protocol to permit structural and molecular
studies.
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RESULTS AND DISCUSSION

Purification of adenylate kinase, molecular character-
istics and subcellular localization

A soluble tobacco AK isoform was purified from
2-month old vegetative tobacco plants by a five-step
procedure, including ammonium sulphate precipitation,
three preparative and one analytical column chromato-
graphic separations. A fraction of the crude extract,
precipitated between 30 and 70% ammonium sulphate
saturation and containing the entire AK activity, was
separated by a DEAE-Sephacel anion-exchange column
into three main activity peaks (Fig. 1a). AK activity of
peak 1 was further purified by Blue Sepharose affinity
chromatography, using a specific elution with the AK
inhibitor diadenosine pentaphosphate (ApsA, Fig. 1b),
gel filtration with Sephadex G-100 (Fig. lc,d) and
FPLC-based anion-exchange chromatography with
Mono Q (Fig. le). A single activity peak was eluted
from all these columns and only trace amounts of other
proteins, probably copurified AK isoforms, were co-
eluted from Mono Q. In a representative purification
procedure (Table 1), the final preparation represented a
58-fold enrichment and had a specific activity of about
500 nkat mg~' (ATP/AMP as substrates).

Denaturing SDS—-PAGE of the pure enzyme revealed
a single protein band of about M, 28 k (Fig. 2, lane ¢).
Thus, chloroplast AK from tobacco belongs, like
mitochondrial AK (24-30k, [10]) and chloroplast
maize AK (24.8k, {19]), to the large AK variants.
Elution of the native enzyme from a calibrated
Sephadex G-100 column showed a M, of 30k (Fig.
1d), demonstrating the monomeric structure of the
protein. The homogeneity of the obtained AK prepara-
tion, especially the good separation from other AK
isoforms, was confirmed by the detection of only a
single AK activity band in native PAGE (results not
shown) and IEF-PAGE separations (Fig. 3). The pure
protein had a pl of about 4.45 by IEF-PAGE (Fig. 3,
lane a) and corresponded to the second of three
isoforms present in the crude leaf extract (Fig. 3, lane
b). This isoform was detected in a previous study in
extracts from highly purified chloroplasts (band 5 in
[12]). The purified isoform also elutes in Mono Q
separations at about the same salt concentration as an
isoform present in extracts of purified chloroplasts (Fig.
le).

Kinetic analysis of the purified enzyme

As observed for all nucleoside monophosphate ki-
nases [24], the enzymatic reaction of AK in both
directions was strictly dependent upon the concen-
tration of magnesium. In our standard assays, using
1.8 mM ATP/2mM AMP or 4.2mM ADP [12], no
activity was detectable without Mg>™ (in the presence
of 0.1 mM EDTA), while activity reached a maximum
at 3mM in both assays and declined at higher Mg**
concentrations, especially with ADP as substrate. Under
conditions of maximal AK activity (3 mM Mg), 98% of

U. SCHLATTNER et al.

ATP, 4% of AMP and 58% of ADP and were Mg-
bound, as calculated by the corresponding stability
constants [25]. This suggested that the true substrates of
tobacco chloroplast AK are the MgATP/AMP and
MgADP/ADP couples, as previously determined also in
more detail for the maize chloroplast AK [17, 26].

The K, -values of the purified enzyme (Table 2)
determined for the three adenylate substrates were up to
15-times higher than those reported for chloroplast AK
from maize [26), partially purified AK isoforms of
Chenopodium rubrum [16] and most other AKs [1].
Two further characteristics were very similar to maize
AK but different from many other eukaryotic AKs.
First, the K, for ATP was slightly lower than for AMP
and both K values were about 10 times higher than
that for ADP. Second, the maximal rate with ATP/AMP
as substrates (about 500 nkatmg~') was at least two
times higher than that with ADP (about 240 nkat mg ™ '-
corrected value, see Experimental). These kinetic pa-
rameters have to be considered together with intrach-
loroplastic adenylate concentrations, e.g. those mea-
sured for Avena sativa in the dark: 200 uM AMP,
600 uM ADP and 320 uM ATP [27]. Under these
conditions, the AK is only saturated with ADP
([ADP]1>K_) but not with ATP ([ATP]<K,) and
therefore not yet working at the maximal ATP/AMP-
rate, which could reach twice the rate with ADP. Upon
illumination, AK could therefore efficiently remove
ATP to keep the phosphorylation potential inside the
chloroplast at a low level compared with the cytosol
[28], thus allowing efficient photophosphorylation to
take place.

A special characteristic of the purified tobacco AK
was the high specificity for its natural substrates, the
adenylate nucelotides (Table 3). Of the numerous other
nucleotides tested, only CMP allowed a low but
significant AK activity. The high substrate specificity
may ensure compartmentation of the AK reaction
separate from other potential nucleotide substrates.
Furthermore, affinity for the competitive AK inhibitor
Ap,A was relatively low: inhibitor constants were 25
times higher than for maize AK (Table 2). This is
unexpected, as substrate specificity for adenylates is
high and Ap,A is known to mimic the natural substrate
couple ATP/AMP [29, 30]. The contradiction may be
explained by a specific steric arrangement of the two
substrate binding sites, enhancing substrate specificity
but diminishing binding of Ap,A, in which the adenine
moieties are stereochemically limited in their flexibility.

EXPERIMENTAL

Materials. Tobacco plants (N. tabacum L. cv.
Havana 425) were grown at a constant temperature of
22° with short days of 12 hr light (20 W m >, supplied
by white fluorescent tubes type 244332, 40W,
Sylvania). Leaves were harvested from 3-month old
plants, frozen and stored in liquid N, until use.
Enzymes and substrates for activity tests were from
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Fig. 1. Elution profiles of AK activity (bold lines) and protein (dotted lines) from columns used for AK purification: (a) DEAE
Sephacel, elution with a linear salt gradient (dashed line), fraction size 3 ml; (b) Blue Sepharose, elution with an Ap,A step
gradient and ATP (dashed lines), fraction size 3 ml; (¢) Sephadex G-100, fraction size 2 ml and the corresponding standard curve
(d) for M, determination and (¢) Mono Q, elution with a linear salt gradient (dashed line), fraction size 2 ml. Active fractions
indicated by filled circles, e.g. peak in (a), were pooled for the following chromatography step. The protein elution profile in (c)
shows the M, standards: (1) apoferritin, 443 k; (2) bovine serum albumin, 66 k; (3) carbonic anhydrase, 29 k; (4) cytochrome C,
12 k; (5) bradykinin, 1.06 k. The activity elution profile in (e, open circles) shows AK isoforms present in a purified chloroplast
preparation. Columns (a) to (c) were run with 30 mM Tris-HCl (pH 8), 5mM DTT, SmM EDTA and protease inhibitor mix,
column (e) with 20 mM ethanolamine-HC1 (pH 9.5).
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Table 1. Purification summary of chloroplast AK from tobacco leaves

Volume Specific
Protein activity activity Enrichment Yield
Fractions (mgml™") (nkat ml™") (nkat mg ") (-fold) (%)
1. Crude extract 0.52 4.2 8.8 1.0 100
2. Ammonium sulphate (30-70%) 5.80 63.1 10.9 12 110
3. DEAE-Sephacel (peak 1) 3.50 134.0 38.3 43 14
4. Blue Sepharose 0.045 17.5 389 442 8
5. Sephadex G-100 n.d. 29 nd. nd. n.d.
6. Mono Q 0.015 7.6 507 57.6 5

Data of a representative purification. Values are given for the pooled fractions, in steps 3 and 6 for concentrated pooled
fractions of the indicated purification step. Note, that in steps 3 to 6, the values for yield correspond only to peak 1 of the
DEAE-Sephacel separation. Activities were measured with ATP/AMP as substrates.

n.d., Not determined.

Boehringer Mannheim, protease inhibitors from Sigma,
all other chemicals from Fluka, and chromatographic
media and PAGE gels from Pharmacia.

Extraction and purification. The whole purification
procedure was performed at temperatures between 0
and 4°. About 50 g fr. wt was reduced to a fine powder
with mortar and pestle and extracted in 150 ml buffer
containing 250 mM Tris-HCI, pH 7.4, 8 mM MgSO,
5mM EDTA, 14mM 2-mercaptoethanol, insoluble
(PVPP, Polyclar AT) and soluble polyvinylpyrrolidone
(PVP K30), both at 10% (w/w) relative to sample wt,
and protease inhibitors (1 mM benzamide, 1 mM ben-
zamidine, 5 mM a-amino-caproic acid and 1 wgml™'
leupeptin). Purified chloroplasts were prepared and
lysed in hypo-osmotic buffer as described [12]. Crude
extract and lysed chloroplasts were centrifuged 20 min

18.4

14.2>

Fig. 2. SDS-PAGE from different AK purification steps.
Crude extract (lane b), resuspended and desalted pellet of
ammonium sulphate precipitation (lane c), pooled fraction of
peak 1 from DEAE-Sephacel separation (lane d) and pooled
fraction from the final Mono Q separation (lane ¢). The arrow
indicates the purified protein. M, standards (lane a) were:
bovine a-lactalbumin, 14.2k; bovine S-lactalbumin, 18.4k;
bovine carbonic anhydrase, 29k; porcine heart fumarase,
40.5 k; bovine serum albumin, 66 k.

at 39000 g, the supernatant prptd at 30% (NH,),SO,
saturation and centrifuged as before. After a second
prptn at 70% (NH,),SO, saturation and centrifugation,
the pellet was resuspended in 20 ml run buffer (30 mM
Tris-HCl, pH 7.4, SmM EDTA, 5SmM DTT and
protease inhibitors) and desalted using different PD-10
columns (Pharmacia, Switzerland) equilibrated with the
same buffer. The sample was then applied to a DEAE-
Sephacel column (14 X 180 mm) and eluted at a flow
rate of 0.33 ml min ' in a linear salt gradient (0-0.3 M
NaCl in run buffer, fr. size 3 ml). Three active fractions
of activity peak 1 (88 nkat) were pooled and applied to
a Blue Sepharose column (10 X 200 mm) and eluted at
a flow rate of 0.33mlmin~’ with an Ap;A step
gradient (0-40-80 uM Ap.A in run buffer, fr. size
3 ml). No significant AK activity was eluted at 80 uM
Ap,A or 4mM ATP. The five most active fractions,
eluting at 40 uM Ap,A, were each concd with

PH a b

V.V,

Fig. 3. IEF-PAGE (pH 4-5) of purified, concentrated tobacco

AK (lane a) and concentrated, desalted leaf extract (lane b).

Arrows indicate three AK isoforms with pI's at 4.5, 4.45 and
4.35. The first two are located in chloroplasts [12].



Table 2. Apparent kinetic constants of tobacco chloroplast AK

K, (inhibitor constant for Ap,A; uM)

K., (Michaelis constant; uM)

Chenopodium rubrum [16]

Chenopodium rubrum [16]

Maize [24]
chl.

Tobacco
chl.

Maize [24]
chl.

Tobacco

chl.

chl. mit.

chl.

chl. mit.

chl.

Substrates

0.55
nd.
nd.

0.36
nd.
nd.

0.36
nd.
nd.

0.011

620 650 n.d.
7.6
1.7

310
n.d.

760

25

954
1170

ATP/AMP (ATP varied)

0.031

150
nd.

310
n.d.

69

ATP/AMP (AMP varied)
ADP (ATP varied)

0.080

3-6

88

Chloroplast adenylate kinase from tobacco 593

Mean values of two independent experiments.

n.d., Not determined.

Localization of the isoforms: chl., chloroplasts; mit., mitochondria.

Centricon-10 tubes (Amicon) to a final vol. of 2 ml.
Pooled frs were applied to a Sephadex G-100 column
(10 X 1000 mm) and eluted at 0.07 ml min~' with run
buffer (without protease inhibitors, fr. size 2 ml). The
active frs were pooled, adjusted with NaOH to pH 9.5,
applied to a Mono Q HR 5/5 column and eluted at
1 mlmin~" with a linear salt gradient (0—0.3 M NaCl
in Q buffer: 20 mM ethanolamine-HC], pH 9.5, 14 mM
2-mercaptoethanol).

Activity assay and protein determination. The AK
forward reaction (ADP as substrate) was measured by
the reduction of NADP with a coupled hexokinase-
glucose-6-phosphate dehydrogenase system; the back-
ward reaction (ATP/AMP as substrate) was measured
by the oxidation of NADH with the coupled lactate
dehydrogenase-pyruvate kinase system, against a refer-
ence without AMP to exclude phosphatase activities
[12]. The amount of enzyme activity required to reduce
1 nmol NADP sec™' or oxidize 1 nmol NADH sec ™'
has been defined as 1 nkat. However, as two molecules
ADP are formed from one ATP/AMP couple but only
one molecule ATP from one ADP/ADP couple, activity
with ADP as substrate has to be corrected by a factor of
two. Protein was quantified according to ref. [31] using
the Bio-Rad reagent microassay.

Analysis of kinetic properties. Concs of free and
complexed adenylates were calculated by a computer
program using algorithms published in ref. [32] and
normalized stability constants suggested in ref. [25].
Apparent K, values were determined with 0.1-7 mM
ATP or AMP and 0.1-2 mM ADP as substrates under
conditions where all ATP and half of ADP were Mg-
complexed (concn ratios: [MgSO,}/[ATP] = 1.5,
[MgSO,]1/[ADP] =0.7). K, values were determined
using two different inhibitor concns (10 uM and
20 uM Ap,A). All K, and K, values were calculated
by the ENZFIT software (Elsevier [33]).

Gel electrophoresis and staining. Ready-made IEF-
PAGE plates (Pharmacia) were run and stained for AK
activity as described in ref. [12]. SDS-PAGE with
Excel gels (Pharmacia) according to the manufacturer’s

Table 3. Substrate specificity of chloroplast AK isoforms

Activities [%]

Substrate Tobacco Maize {24]
ADP 100 100
CDP 2 7
GDP 0 0
UDP 0 0
ATP + AMP 100 100
+ CMP 7 10
+ GMP 0 0
+ UMP 0 0
CTP + AMP 1 13
GTP + AMP 0 3
UTP + AMP 0 12

Activities measured in the standard assay [12]. 100%
corresponds to 3.8 nkat with ATP/AMP and 1.8 nkat with
ADP (corrected value, see Experimental).
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instruction, and gels were stained with silver stain plus
reagents (Bio-Rad, Switzerland).
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