| hd |

NRC Publications Archive
Archives des publications du CNRC

Structural and functional consequences of amino acid substitutions in
the second conserved loop of Escherichia coli adenylate kinase

Rose, Thierry; Glaser, Philippe; Surewicz, Witold K.; Mantsch, Henry H.;
Reinstein, Jochem; Le Blay, Karine; Gilles, Anne-Marie; Barzu, Octavian

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de I'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOl ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1016/S0021-9258(18)54334-9
The Journal of Biological Chemistry, 266, 35, pp. 23654-23659, 1991-12-15

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=e1ec5226-e1ea-40c7-b817-70c40dc13eff
https://publications-cnrc.canada.ca/fra/voir/objet/?id=e1ec5226-e1ea-40c7-b817-70c40dc13eff

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’accés a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la
premiére page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

 Ld

National Research  Conseil national de
Council Canada recherches Canada Canada



THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 1991 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 266, No. 35, Issue of December 15, pp. 23654-23659, 1991
Printed in U.S.A.

Structural and Functional Consequences of Amino Acid Substitutions
in the Second Conserved Loop of Escherichia coli Adenylate Kinase*

(Received for publication, July 15, 1991)

Thierry Rosef, Philippe Glaser§, Witold K. Surewiczi, Henry H. Mantschf, Jochem Reinstein|,
Karine Le Blay}, Anne-Marie Gilles{, and Octavian Barzu}**
From the $Unité de Biochimie des Régulations Cellulaires, § Unité de Régulation de I’Expression Génétique, Institut Pasteur,

75724 Paris Cedex 15, France, the 1National Research Council of Canada, Ottawa K1A OR6, Canada, and the || Max-Planck
Institut fir Medizinische Forschung, Abteilung Biophysik, W-6900 Heidelberg, Federal Republic of Germany

All known nucleoside monophosphate kinases con-
tain an invariant sequence Asp-Gly-Phe(Tyr)-Pro-
Arg. In order to understand better the structural and
functional role of individual amino acid residues be-
longing to the above sequence, three mutants of Esch-
erichia coli adenylate kinase (D84H, G85V, and F86L)
were produced by site-directed mutagenesis. Circular
dichroism spectra revealed that the secondary struc-
ture of all three mutant proteins is very similar to that
of the wild-type enzyme. However, each of the substi-
tutions resulted in a decreased thermodynamic stabil-
ity of the protein, as indicated by differential scanning
calorimetry measurements and equilibrium unfolding
experiments in guanidine HCIl. The destabilizing effect
was most pronounced for the G85V mutant, in which
case the denaturation temperature was decreased by
as much as 11 °C. The catalytic activity of the three
mutants represented less than 1% of that of the wild-
type enzyme. Furthermore, for the D84H-modified
form of adenylate kinase, the impaired binding of nu-
cleotide substrates was accompanied by a markedly
decreased affinity for magnesium ion. These observa-
tions support the notion that Asp®* is directly involved
in binding of nucleotide substrates and that this bind-
ing is mediated by interaction of the aspartic acid
residue with divalent cation. The two remaining resi-
dues probed in this study, Gly®® and Phe®®, belong to a
B-turn which appears to play a major role in stabilizing
the three-dimensional structure of adenylate kinase.

Adenylate kinase (AK,' ATP:AMP phosphotransferase,
E.C. 2.7.3.4) plays an essential role in recycling AMP in
energetically active cells (1). A relatively small size of the
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enzyme, together with the availability of an ever-increasing
number of mutants obtained via site-directed mutagenesis,
render adenylate kinase a suitable model for detailed studies
of structure-function relationships in proteins.

Sequence comparison of different isoforms of AK revealed
extensive homology, particularly in the N-terminal half of the
molecule (2). Thus, the sequence Gly-Xaa-Pro-Gly-Yaa-Gly-
Lys-Gly-Thr-Gln, with Xaa standing for Gly, Pro, Ala, or Leu
and Yaa standing for Ser or Ala, was found in all forms of
AK. This sequence corresponds to residues 15-24 in human,
porcine, or rabbit AK1 (3), residues 7-16 in AKe (4), or
residues 11-20 in AKy (5). Similar “glycine-rich” loops were
found, with some variations, in many other ATP-binding
proteins and were shown to be essential for binding of nucleo-
tide substrates (6).

In close spatial proximity to this loop (Fig. 1A) there is a
second invariant sequence, Gly-Phe-Xaah-Xaah-Asp-Gly-
XaaAr-Pro-Arg that corresponds to residues 89-97 in human,
porcine, or rabbit AK1, or residues 80-88 in AKe (Xaah stands
for the hydrophobic residues Leu, Ile, or Val, and XaaAr
stands for the aromatic residue Tyr or Phe). The segment
involving the first 4 residues in the latter sequence forms a 8-
sheet that constitutes an essential part of the large active site
cleft. The next segment Gly-XaaAr-Pro-Arg belongs to a 8-
turn (Fig. 1B) that is followed by an 8-residue long a-helix.
Previous studies suggested that the 4-residue sequence Gly-
XaaAr-Pro-Arg is involved in interactions that stabilize the
three-dimensional structure of AKe and is essential for the
nucleotide binding. Thus, the substitution of Pro® by Ser
decreased the stability of the protein markedly (7, 8), while
the substitution of Arg® by Gly resulted in a dramatic loss of
enzymatic activity (9).

To further delineate the structural and functional role of
residues involved in the “second loop” of AK, we have con-
structed AKe mutants with Asp* substituted by His, Gly*
substituted by Val, and Phe® substituted by Leu, and then
analyzed them with respect to their structural properties, their
nucleotide binding capability, and their enzymatic activity.

EXPERIMENTAL PROCEDURES

Chemicals—Adenine nucleotides, restriction enzymes, T4 DNA
ligase, and coupling enzymes were from Boehringer Mannheim. DNA
polymerase large fragment (Klenow) was from Du Pont-New England
Nuclear. TPCK-treated typsin and soybean trypsin inhibitor were
from Sigma. Blue-Sepharose, polybuffer exchanger 94, and polybuffer
74 were from Pharmacia LKB Biotechnologies Inc. Oligonucleotides
were synthesized according to the phosphoamidinate method using a
commercial DNA synthesizer (Cyclone™, Biosearch).

Bacterial Strains, Plasmids, and Growth Conditions—Uracil con-
taining single-strand DNA was produced by the ung™ dut™ Escherichia
coli strain RZ1032 (10). The E. coli strain BMH7118 (11) was used
for sequence analysis and AKe overproduction. Plasmid pEAK91
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Fi1G. 1. A, schematic drawing of the three-dimensional structure
of AKe based on the model of AK1. Shaded areas indicate the regions
of high homology involved in binding of nucleotide substrates. B,
computer graphic representation of the polypeptide backbone of
residues 84-88 of AKe (corresponding to residues 93-97 in AK1).

overexpressed the adk gene under the control of its own promoter
(12). Cultures were grown in LB medium (13) supplemented with 100
ung/ml ampicillin. Bacteria were harvested by centrifugation when
cultures reached the stationary phase.

Site-directed Mutagenesis and Sequence Analysis—The HindIII-
EcoRI restriction fragment from plasmid pEAK91 (13) encompassing
the promoter and the 109 first codons from the adk gene was subloned
in phage M13mp19 (14). Site-directed mutagenesis was performed on
the single-strand DNA of the recombinant M13 phage grown in strain
RZ1032 as described by Kunkel (15). The aspartic acid (GAC) codon
at position 84 was modified to the histidine (CAC) codon using the
oligonucleotide 5’AAGCCGTGCAACAGGAA3'. The glycine (GGC)
codon at position 85 was modified at the valine (GTC) codon using
the oligonucleotide 5'CGCGGGAAGACGTCCAACA3’. The phenyl-
alanine (TTC) codon at position 86 was modified to leucine (CTC)
coding using the oligonucleotide 5" TACGCGGGAGGCCGTCCAA3'.
The absence of any other mutation in the HindIII-EcoRI fragment
was verified by the dideoxynucleotide sequencing method (16). Fi-
nally, the original HindIII-EcoRI fragment was replaced by the mu-
tagenized one in plasmid pEAK91 in order to overproduce the modi-
fied adenylate kinase(s).

Purification of Adenylate Kinase and Activity Assays—The wild-
type enzyme from AKe-overproducting strain of E. coli was purified
as described previously (17, 18). The modified forms of D84H, G85V
and F86L of AKe were purified essentially by the same procedure
involving chromatography on blue-Sepharose and Ultrogel AcA-54.
The enzyme retained on the blue-Sepharose matrix at pH 7.4 was
eluted either with a salt gradient (between 0 and 1 M NaCl in 50 mM
Tris-HCI, pH 7.4) or with a mixture of 1 mM ATP + 1 mM AMP.
AKe expressed by the chromosomal wild-type adk gene coeluted with
G85V and F86L mutants in all types of chromatography including
chromatofocussing. The D84H form of AKe was completely separated
from the wild-type AKe by salt gradient elution of the enzymes via
blue-Sepharose chromatography (Fig. 24) or after chromatofocussing
(Fig. 2B). Adenylate kinase activity was determined by the coupled
spectrophotometric assay (18) at 334 nm and 30 °C in 0.5-ml final
volume using an Eppendorf PCP6121 photometer. The reaction me-
dium contained either 50 mM Tris-HCl (pH 7.4), 50 mM KCI, 1 mM
glucose, 0.4 mM NADP*, 2 mm MgCl,, different concentrations of
ADP, and 2 units each of hexokinase and glucose-6-phosphate dehy-
drogenase, or 50 mM Tris-HCI (pH 7.4), 100 mMm KCI, 2 mM MgCl,,
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Fi1G. 2. Separation of D84H mutant of AKe from the wild-
type enzyme by blue-Sepharose chromatography (A4) or chro-
matofocusing (B). A, the bacterial extract was loaded onto a blue-
Sepharose column (25 ml) equilibrated with 50 mM Tris-HCI, pH 7.4,
at a ratio of 20 mg of protein/ml of swollen gel. After washing with
the same buffer, proteins were eluted with a linear gradient (100 ml
in each chamber) of NaCl (up to 1 M, in the same buffer). Fractions
of 2 ml were collected at a flow rate of 12 ml/h and analyzed for
absorbance at 280 nm (@), conductivity (mS, B), and adenylate kinase
activity in the sense of ATP formation (U/ml, O, O0). Open circles
correspond to wild-type AKe, open squares correspond to D84H
mutant. B, proteins after Ultrogel AcA-54 chromatography (5 mg)
were loaded onto a polybuffer exchanger 94 column (0.5 X 15 cm). 15
ml of Tris-HCl 50 mMm (pH 7.4) were used to wash the column.
Proteins were then eluted with 35 ml of 10-fold diluted polybuffer 74
adjusted to pH 4 with 1 N HCIL. Samples of 0.5 ml were collected at a
flow rate of 4 ml/h and analyzed for absorbance at 280 nm (@),
activity (units/ml) (O), and pH (H). The first peak of activity coelut-
ing with the bulk of proteins corresponds to the D84H mutant,
whereas the second peak of activity corresponds to the wild-type AKe.

1 mM phosphoenolpyruvate, 0.1 mM NADH, different concentrations
of AMP and ATP, and 2.5 units each of pyruvate kinase and lactate
dehydrogenase. The reaction was started with 3-5 ul of adenylate
kinase diluted to 2-100 ug/ml with 50 mM Tris-HCI (pH 7.4). One
unit of enzyme activity corresponds to 1 umol of product formed in 1
min at 30 °C and pH 7.4.

Trypsin Digestion and Peptide Separation of AKe—Wild-type and
modified forms of AKe were digested for 15 h at 37 °C with TPCK-
trypsin (1% w/w). Peptides were purified by reversed-phase HPLC
on a Perkin-Elmer instrument (series 410) equipped with an LC135
diode array detector, using a Nucleosil C-18 column (5 um, 4.6 X 250
mm) and an ammonium acetate pH 6/acetonitrile elution system at
a flow rate of 1 ml/min. Fractions were identified by absorbance
recording at 230 and 280 nm. Amino acid analysis of peptides was
performed on a Beckman System 6300 high performance analyzer
after 6 N HCI hydrolysis for 22 h at 110 °C.

Spectroscopic Studies—Circular dichroism (CD) spectra were ac-
quired at room temperature on a Jasco-600 spectropolarimeter. Sam-
ples at protein concentration of approximately 0.4 mg/ml were placed
in a 0.2-mm cylindrical cuvette and, typically, eight spectra were
averaged to improve the signal-to-noise ratio. Secondary structure
estimations were obtained by processing CD curves between 180 and
250 nm using the software provided by Jasco. Protein concentrations
used to normalize the spectra were determined by amino acid analysis.
The equilibrium unfolding of AKe as a function of guanidine HCI
concentration was studied at room temperature by monitoring the
loss of ellipticity at 222 nm. Samples for these measurements were
prepared by mixing 0.04 ml of the stock protein solution (2 mg/ml)
with 0.16 ml of guanidine HCI solution at a desired concentration.
All samples were equilibrated for 12 h at 22 °C before measurements



23656

were made. The fraction of protein folded, fv, was calculated as fy =
(0 - 6,)/(Oy — 0,), where O is the observed ellipticity at 222 nm at
some point in the transition and Oy and O, are the values for the
native and unfolded forms, respectively. Values for Oy and O, in the
transition zone were determined by linear extrapolation.

Binding of ATP and ADP to AKe was investigated by determining
the fluorescence enhancement of mApsAm upon binding to enzyme
in the absence or presence of nucleoside di- and triphosphates.
Fluorescence measurements (excitation wavelength 360 nm, emission
wavelength 440 nm) were performed with an SLM “Smart” 8000
photon-counting spectrofluorimeter. The dissociation constant of the
AKe/mAp;Am complex was determined from the fluorescence titra-
tion of each particular protein with the nucleotide analog, and was
used to calculate the dissociation constant for ATP or ADP (19).

Differential Scanning Calorimetry—The thermal stability of wild-
type AKe and of the mutant proteins was studied by differential
scanning calorimetry using an ultrasensitive Microcal MC-2D instru-
ment at a scanning rate of 50 °C/h. Protein concentrations were in
the range of 1.5-2.5 mg/ml in 0.05 M HEPES, pH 7.2. Data from
DSC experiments were analyzed employing the software provided by
Microcal Inc., Northampton, Md.

RESULTS

Purification of D84H-, G85V-, and F86L-modified Forms of
AKe—The soluble extract from E. coli expressing mutated
adk genes on plasmid pEAK91 exhibited under standard assay
conditions (30 °C, pH 7.4, and 1 mM ADP as substrate) an
activity close to that of the same E. coli strain without plasmid
(about 1 unit/mg of protein). After purification, the G85V
and F86L forms of AKe (30% of the total E. coli proteins)
exhibited a specific activity of 5.1 and 8.8 units/mg of protein,
respectively. Wild-type AKe expressed by the chromosomal
gene (about 0.1% of E. coli proteins) coeluted with these
modified forms of bacterial enzyme. We assume that the
specific activity of G85V and F86L mutants is at most 0.5%
of the specific activity of wild-type AKe and that their “con-
tamination” by wild-type AKe is in the same range. Since
attempts to separate these modified forms from the wild-type
AKe failed we did not examine their kinetic properties. Pu-
rified G85V and F86L forms of AKe were suitable for struc-
tural and nucleotide binding studies. The D84H mutant on
the other hand had a higher pI than the wild-type enzyme.
The separation of this mutant could be achieved by either
salt gradient elution from blue-Sepharose step (Fig. 24) or by
chromatofocussing (Fig. 2B). The results of amino acid analy-
sis of the modified forms of AKe were in good agreement with
those expected for AKe with substitution of Asp* by His, of
Gly® by Val, and of Phe® by Leu, respectively (Table I).

Secondary Structure of Mutant Proteins—The effect of
single amino acid substitutions on the secondary structure of
AKe was studied by CD spectroscopy. As reported previously
(20), the far-UV CD spectrum of wild-type AKe is character-
ized by negative minima at approximately 222 and 208 nm,
which is indicative of a high content of a-helical structure.
The CD spectra of the three investigated mutants are very
similar to that of the wild-type enzyme (Fig. 3). Quantita-
tively, the largest difference in the spectral intensity was
found between wild-type protein and the F86L mutant. How-
ever, even for the latter protein, the estimated content of a a-
helix is only 3% below that calculated for the wild-type. Thus,
it may be concluded that none of the substitutions made
affected the secondary structure of the enzyme significantly.

Stability of Mutant Proteins—Excess heat capacity curves
for the wild-type AKe and the D84H, G85V, and F86L mu-
tants are shown in Fig. 4. These curves were obtained by
subtracting the base lines from raw calorimetric data using a
cubic splines interpolation procedure. Inspection of Fig. 4
reveals that the mutants studied all have a decreased thermal
stability. The destabilization effect is most pronounced for

E. coli Adenylate Kinase

TABLE 1

Amino acid composition of E. coli-modified adenylate kinases and of
the wild-type protein

Wild-type adenylate

Amino D84H G85V F86L kinase
acid mutant mutant mutant
Observed  Calculated®

Cys ND* ND® ND* ND® 1
Asx 19.3 20.1 19.8 19.9 21
Thr 9.7 9.5° 9.4¢ 9.6° 11
Ser 4.4° 4.4 4.1° 4.1° 5
Glx 25.5 25.2 24.2 25.0 26
Pro 9.8 9.8 9.6 10.3 10
Gly 19.7 18.7 19.4 19.6 20
Ala 19.0¢ 19.0¢ 19.0° 19.0¢ 19
Val 18.4 19.1 18.1 18.2 19
Met ND*® ND* ND* ND* 6
Ile 12.4 12.3 12.3 12.3 14
Leu 16.5 16.3 17.1 16.1 16
Tyr 5.9¢ 5.9° 6.0° 5.9¢ 7
Phe 5.0 49 3.8 4.8 5
His 4.2 3.3 3.1 3.1 3
Lys 174 17.3 17.0 171 18
Arg 12.7 12.6 12.8 12.6 13

¢ From the nucleotide sequence of the adk gene (4).
®ND, not determined.

¢ Uncorrected values determined after 20 h of hydrolysis.
4 Arbitrarily taken as reference value for M, = 23,500.
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FiG. 3. Circular dichroism spectra in the far UV region for
wild-type AKe (solid line), D84V (...), G85V (— -), and F86L
(- - =) mutants.
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FiG. 4. Differential scanning calorimetric traces for wild-
type AKe (A), F86L (B), D84H (C), and G85V (D) mutants.
The curves presented were obtained by smoothing raw calorimetric
data and substracting from them the base lines using a cubic inter-
polation procedure.

the G85V mutant. The unfolding of the latter protein is
essentially completed at the temperature at which the wild-
type enzyme is still in the fully native state. Each of calori-
metric curves could be approximated by a single transition.
The mean denaturation parameters derived from two to three
experiments with each protein are listed in Table II. While
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TaBLE II

Calorimetric parameters for denaturation of the wild-type and
mutant adenylate kinase

T, is the temperature at which the denaturation of the protein is
half-completed. AH., is the calorimetric enthalpy of denaturation
calculated from the area under the denaturation curve. AAG® is the
standard free energy of denaturation corrected to 7', of the wild-type
protein, calculated using the Gibbs-Helmholtz equation (25). Since
repetitive experiments gave no consistent indication of heat capacity
differences between the native and denatured proteins, the enthalpy
of denaturation used in calculating AG® was assumed to be independ-
ent of temperature.

Enzyme T AH.q AAG®
& 4] keal/M

AKe wild-type 51.8 95 0
Asp*His 44.6 63 14
Gly*Val 40.7 70 2.4
Phe*Leu 49.2 97 0.8
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FiG. 5. Dependence of the apparent fraction of folded pro-
teins fy, on the guanidine-HCI concentration for the wild-type
AKe (@), D84H (W), G85V (A), and F86L (O) mutants.

T, values were reproducible within less than 0.3 °C, the
uncertainty in determining the calorimetric enthalpy of de-
naturation is estimated to be as large as 15-20%. The rela-
tively large errors in AH,, reflect the difficulty in precise
determination of calorimetric base lines. Consistent with pre-
vious observations for wild-type AKe and its R88G mutant
(9), the ratio of van’t Hoff enthalpy to calorimetric enthalpy
was found to be significantly above 1 for all proteins studied.
This suggests the existence of intermolecular interactions,
most likely due to protein self-association (21, 22). An addi-
tional parameter derived from calorimetric data is the stand-
ard free energy of denaturation calculated at 51.8 °C, the T,
for the wild-type. The latter value (last column in Table II)
may be interpreted as a standard free energy of destabilization
of each mutant protein relative to the wild-type enzyme (23-
25).

The reduced stability of the mutant proteins was corrobo-
rated by equilibrium unfolding experiments in guanidine HCIL.
For all proteins, the dependence of the fraction folded, fy, on
the denaturant concentration (Fig. 5) indicates a two-state
unfolding process. The relative destabilizing potency of dif-
ferent amino acid substitutions as indicated by the chemical
denaturation experiments is in general agreement with that
deduced from calorimetric measurements. The least satisfac-
tory correlation is found for the F86L. AKe. While by calori-
metric criteria this protein is more stable than all other
mutants studied (except the wild-type), its sensitivity to
chemical denaturation is very close to that of D84H AKe.
The reason for this slight discrepancy is at present unknown.

Proteolysis of AKe Mutants by Trypsin—The susceptibility
of native proteins to inactivation by proteases is a sensitive
probe of conformational changes induced by ligands by phys-
ical or chemical agents, or by amino acid substitutions via
site-directed mutagenesis. The first order rate constant of
inactivation of AKe by TPCK-trypsin at pH 7.4 and 30 °C
(0.5 X 107%/s) was in good agreement with the decrease in
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absorbtion of the AKe band scanned after sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Coomassie
Blue staining. Under identical experimental conditions the
D84H, G85V, and F86L mutants showed close sensitivity
against proteolysis by trypsin (calculated k, values were be-
tween 0.5 and 0.7 X 107%/s). It is interesting to note, however,
that at 40 °C, a temperature which corresponds to 7', of the
G85V form of AKe, the mutant enzyme was proteolyzed four
times faster (k; = 1.2 X 107?/s) than the wild-type protein (k;
= 2.9 x 107%/s) (Fig. 6).

Kinetic and Nucleotide-binding Properties of the Modified
Forms of AKe—Preliminary assays under standard conditions
(1 mM ADP or 1 mM ATP + 0.3 mM AMP) of pure D84H
form of AKe indicated that its activity is 1% of that of wild-
type protein. At 20 mM Mg®* and 5 mM nucleotide substrate
the reaction rate represented 1.5% (in the sense of ATP
formation) and 4.4% (in the sense of ADP formation) of that
of the wild-type protein. Table III shows the kinetic parame-
ters for the wild-type and D84H mutant AKe. The apparent
K,, for nucleotides was increased by a factor of 5 to 11 in the
D84H form of AKe. The most striking differences between
the wild-type and D84H-modified form of AKe was a higher
requirement of Mg®* of the latter to reach maximal activity
(Fig. 7).

The two other modified forms of AKe (G85V and F86L)
exhibited activities which represented at most 0.5% of that of

W1 G685V
——

a
b-
—————-——a_ 30°C
d-
e~

0 10 20 30 60 0 10 20 30 60

a-
b~ \

40°C
O - -——- = —
d- B —_
e- =

02 6 9 15 0 26 915

Fi1G. 6. Proteolysis of wild-type AKe and of the G85V mu-
tant by trypsin. Enzymes at 1 mg/ml in 50 mM Tris-HCI (pH 7.4)
and 50 mM KCI were incubated at 30 and 40 °C with TPCK-trypsin
(2 ug/ml). At different time intervals (indicated in minutes at the
bottom of each lane), 20-ul aliquots were withdrawn, boiled with
electrophoresis buffer, and analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (12.5%) and Coomassie Blue staining.
The molecular weight standards, from top to bottom are: a, bovine
serum albumin (67,000); b, ovalbumin (43,000); ¢, carbonic anhydrase
(30,000); d, soybean trypsin inhibitor (20,100); e, lysozyme (14,400).

TaABLE III

Kinetic parameters of wild-type and D84H mutant
adenylate kinase of E. coli

The reaction conditions are described under “Experimental Pro-
cedures.” The concentration of Mg** was 2 mM (wild-type AKe) and
20 mM (D84H mutant), respectively. Ka’* and VaP* were determined
from plots of 1/v vs. 1/ADP? which assumes that the two molecules
of ADP bind to the enzyme with the same affinity. The apparent K,
for ATP and for AMP were determined at a single final concentration
of cosubstrate (0.3 mM AMP for wild-type AKe, 1 mm AMP for
D84H mutant, and 1 mM ATP for both forms of enzyme). The
VATPAMP was obtained by extrapolating the reaction rates for infinite
concentration of ATP and AMP and assuming that the concentration
of one nucleotide substrate does not affect the apparent K,, of the
enzyme for the second nucleotide substrate.

Enzyme K’A"DI’ Vgl)l’ K:I‘P KﬁMP V:'I'P.AMI’
umol/min/mg umol/min/mg
HM of protein HM of protein
Wild-type 92 605 51 38 1020
D84H mutant 870 8.8 270 430 45
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Fi1G. 7. Dependence of adenylate kinase activity on the con-
centration of Mg?*. The experiments were performed on wild-type
enzyme (@) in the sense of ATP formation and on the D84H mutant
both in the sense of ATP (A) or ADP formation (l). The nucleotide
concentration was held constant (1 mM ADP, 1 mM ATP and 0.3 mM
AMP, respectively).

TABLE IV

Dussociation constants of mApsAm, ATP, and ADP to wild-type and
modified form of adenylate kinase of E. coli

50 mM Tris-HCl (pH 7.5) containing 5 mM MgCl, or 2.5 mM
EDTA, 0.3 uM mApsAm, and different amounts of ATP or ADP at a
final volume of 1 ml, were titrated with increasing concentrations of
protein, using A, = 360 nm and A, = 440 nm. Calculation of Ky
values from fluorescent experiments were made according to Ref. 19.

Enzyme Mg-mApsAm EDTA-mApsAm Mg-ATP EDTA-ADP
M
Wild-type 0.3 0.16 85 4.0
G85V mutant 6.0 1.39 480 5.1
F86L mutant 5.1 1.03 78 3.7

wild-type protein. Traces of the wild-type protein expressed
by the chromosomal adk gene present in preparations of
modified AKe did not allow accurate kinetic analysis of these
enzymes. Use of a fluorescent analogue of ApsA enabled us,
however, to determine the affinity of these enzymes for the
nucleotide substrates, ATP and ADP, respectively (Table IV).
Both G85V and F86L mutants had a significantly lower
affinity for mApsAm. However binding of ATP and of ADP
was not affected in the case of the F86L mutant, whereas in
the case of the G85V mutant the affinity for ATP was de-
creased by a factor of 5.6 as compared to the wild-type protein.

DISCUSSION

A considerable effort has been made over the past few years
to elucidate structure-function relationships in adenylate ki-
nase (26-33). Particular emphasis has been placed on identi-
fication and characterization of the structural elements that
are essential for nucleotide binding and enzymatic activity of
the protein. In this study, we have focussed on the second
loop in the E. coli adenylate kinase that comprises residues
84Asp-Gly-Phe-Pro-Arg®. Crystallographic data have shown
that the last 4 of these 5 residues belong to a type VIb -turn
inserted between a (-strand and an a-helical segment (34).
As the residues in question are highly conserved in all known
isoforms of adenylate kinase (and likely also in other nucle-
oside monophosphate kinases), this sequence is anticipated
to play a crucial role in the catalytic transfer of the phosphoryl
group from the nucleotide donor to the nucleotide acceptor.

The results of this study, together with earlier data obtained
for Pro® (7, 8) and Arg®® (9) mutants of AKe, indicate that
each of the residues belonging to the Asp-Gly-Phe-Pro-Arg®
segment is critically important for maintaining the structural
integrity and/or catalytic function of the enzyme. The effects
produced by amino acid substitutions within the Asp®-Arg?®®

E. coli Adenylate Kinase

region may be categorized into two classes: (i) a decrease in
the catalytic activity (20-100-fold inactivation was found for
all mutants except the Pro®”Ser enzyme, for which the inac-
tivation was less severe), and (ii) a decrease in the thermo-
dynamic stability of the protein. The latter effect is particu-
larly pronounced for the enzymes containing substitutions at
positions Gly* or Pro®".

From the point of view of protein function, the most inter-
esting effect was observed upon replacement of Asp* by
histidine. In addition to significantly lowering the V,, value
and increasing K., for all nucleotide substrates, this substi-
tution resulted also in a markedly reduced affinity of the
enzyme for Mg®*. This decrease in affinity of the Asp®*His
mutant protein for divalent cations strongly indicates that
Asp® participates directly in the coordination of the metal
ion. The above picture is consistent with the x-ray data for
AK cocrystallized with ApsA (35, 36) as well as with the recent
NMR results for chicken muscle adenylate kinase (37). In the
latter case, the replacement of Asp® (the residue equivalent
to Asp® in AKe) with alanine was found to impair the binding
of Mg®* ions.

The two other residues probed in this study, Gly*® and
Phe®, are part of the 8-turn. Substitution of each individual
amino acid within the turn sequence ®**Gly-Phe-Pro-Arg®
results in thermodynamic destabilization of AKe. The degree
of this destabilization varies considerably, being most pro-
nounced for mutants Gly**Val and Pro®Ser. A large disorder-
ing effect of the Pro®” — Ser substitution has been rationalized
previously (7). In the case of Gly**Val mutant, replacement
of the hydrogen atom at C, of glycine by a more bulky side
chain of valine imposes serious steric constraints which likely
distort the 8-turn and may lead to an overall destabilization
of the protein structure. Although certain details require
further clarification, the present data allow us to postulate
that the decrease in catalytic activity of AKe upon amino acid
substitutions within the turn 85 — 88 region arises as a
consequence of an overall destabilization of the native protein
structure.

A point worth brief discussion is the comparison of struc-
tural perturbations produced by mutation G¥*V with those
reported previously for the Pro®’Ser protein. While both sub-
stitutions have comparable effects on the thermodynamic
stability of AKe (as indicated by a similar drop in the dena-
turation temperature), the susceptibility of the two mutant
proteins to proteolytic digestion by trypsin is quite different.
Thus, at 30 °C, i.e. a temperature below the denaturation
temperature of both proteins, the G*V form showed resist-
ance to proteolytic digestion similar to that of the wild-type
enzyme, whereas the Pro®’Ser mutant was proteolyzed at a
greatly increased rate. This suggests that the perturbation
introduced by the Pro — Ser substitution is more drastic and
is likely to result in a considerably altered tertiary and/or
secondary structure of the protein. Indeed, far UV circular
dichroism spectra point to a virtually unchanged secondary
structure of the G®V protein, while the Pro*”Ser mutants
shows a significantly reduced content of a-helix (7).

Phenylalanine at position 86 (or equivalent) alternates with
tyrosine in all nucleoside monophosphate kinases. The func-
tional equivalence of these 2 residues has been demonstrated
directly by the Tyr — Phe mutation in human muscle AK1.
The above two forms of adenylate kinase were found to have
similar catalytic and thermodynamic properties (38). In this
context, it is worthwhile noting that replacement of Phe®® in
E. coli adenylate kinase by another aromatic side chain, Trp,
led to an enzyme with normal thermal stability and maximal
catalytic activity, but with an altered affinity for ATP (a 3-
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fold increase in K,,) and for AMP (a 44-fold increase in K,,)
(39). On the other hand, Phe®Leu substitution resulted in an
almost completely inactive protein, as demonstrated recently
by Liang et al. (39) and corroborated in this study. Regarding
the latter enzyme, we find it somewhat surprising that the
Phe®*Leu mutation had only a modest effect on the overall
thermodynamic stability of adenylate kinase. Statistical stud-
ies with model peptides postulate the “locking effect” of the
phenyl group of Tyr or Phe side chains on the conformation
of proline (40, 41). One could thus expect the Phe — Leu
substitution to perturb the cis conformation of the nearby
Pro® in AKe, rendering a considerably less stable enzyme.
This is, however, not the case.

In summary, the results of this study, together with the
data obtained recently by other groups (37, 40), indicate that
the highly conserved DGYPR sequence situated in close prox-
imity to the enzyme-bound ATP or AMP contributes to the
formation and stabilization of the AK/AMP/ATP ternary
complex via Mg?* ion. While Asp® participates directly in the
complexation of magnesium ions, the next 4 residues are
involved in this B-turn. This turn appears to play a crucial
stabilizing role in the enzyme, contributing thus indirectly to
the catalytic step.
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