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2 3 4 § 6 7 8 9 10 11 12 13 % 15 16 17 18 19 20
Ac- Met Glu-Glu - Lys -Leu - Lys~Lys -Ser-Lys ~Ile -Ile - Phe ~Val - Val - Gly - GIy—Pro-Gly—Ser—Gly—

21 22 23 26 25 26 27 28 29 3031 32 33 34 35 36 37 38 39 40
Lys-Gly ~Thr~Gln~-Cys - Glu ~ Lys~[le~Val= Gln~Lys =Tyr =Gly ~Tyr - Thr ~ His - Leu-Ser -Thr-Gly -

41 42 43 L4 LS5 46 47 L8 49 50 51 52 53 54, 55 56 S7 58 59 60
Asp-Leu~-Leu-Arg-Ala-Glu=Val-Ser-Ser-Gly-Ser-Ala-Arg-Gly-Lys-Met- Leu-Ser-Glu~Ile-

61 62 63 64 65 66 67 68 69 70 71 72 73 % IS5 76 77 78 79 80
Met-~Glu-Lys-Gly-Gin- Leu~Val-Pro - Leu~Glu=Thr-Val - leu~Asp-Met - Leu~Arg ~Asp -Ala - Met-

81 82 83 8, 85 86 87 88 89 90 91 92 93 9, 95 96 97 98 99 100
Val ~Ala-Lys-Val~Asp-Thr-Ser—lys ~Gly ~Phe-Leu~lle~Asp~-Gly~Tyr~FPro —Arg~Glu-Vai ~Lys ~

101 102 103 106 105 106 107 108 109 110 M 112 M3 1ML 115 16 #7 118 119 120
Gln - Gly-Glu- Glu-Phe-Glu=-Arg ~Lys~Ile-Gly-Gin— Pro~Thr-Leu~Leu=Leu-Tyr~Val ~Asp -Ala~

121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 %0
Gly - Pro-Glu~Thr-Met~Thr-Lys - Arg-Leu~Leu-Lys - Arg-Gly-Glu-Thr-Ser-Gly-Arg -Val-Asp—

U1 2 U3 14 15 146 17 148 19 150 151 152 153 154 155 156 157 158 159 160
Asp-~Asn-Glu-Glu =~ Thr ~lle -Lys-Lys~Arg~ Leu=Glu~Thr~Tyr - Tyr-Lys-Ala = Thr-Glu-Pro-Vai—

161 162 163 164 165 166 167 168 169 170 71 172 173 176 175 176 177 178 179 180
lle~Ala - Phe-Tyr~Glu-Llys~Arg-Gly—ile-Val -Arg-Lys - Val-Asn -~ Ala —Glu—Gly —Ser~Val - Asp~

181 182 183 184 185 186 187 188 189 190 191 192 193 194 :
Asp -Val ~ Phe-Ser-Gin~Val—Cys-Thr~His-Leu-Asp~Thr-Leu -Lys N

Ac—Met-Glu-Glu-Lys-Leu-Lys-Lys~TLr-Lys-lll(i-lle-Phe-Val-Val-GIy-Gly-Pro-Gly-Ser-g;)ly-LysGly-
Thr-GIn-Cys-Glu-LyE-[lc-Val-gI?lmLys-Tyr-GI,v-Tyr-Thr-His—Leu—Ser-Thr-‘C‘}oly‘Asp-Leu~Leu-Arg—
Ser-Glu-Val- Ser-Scr-é)lv-Ser-Ald-Arz-Gly Lys-Lys-Leu-Ser-Glu- 161?: Met-Glu-Lys-Gly-Gln-Leu-
Val- Pro-Leu-Z?lu-Thr-Val Leu-Asp-Met-Leu-Arg-Asp-Ala- ifi)et Val-Ala-Lys-Val-Asn-Thr-Ser-Lys-
le-?’(t)lc-Leu llc-Asp—le-Tvr-Pro-Arz-Gl;x-le é?l?l-Gln-le Glu-Glu-Phe-Glu-Arg-Arg- [le-lGllg'-
Gln-Pro-Thr-Leu-Leu-Leu-Tyr-Val-Asp-/l%lg -Gly-Pro-Glu-Thr-Met-Thr-Arg-Arg-Leu- ll_i:?l—Lys-
Arg-Gly-Glu-Thr-Ser-Gly-Arg-Val- .}:s?:) -Asp-Asn-Glu- Glu-Thr-He-Lvs-Lvs-Arg—ll.,se?x-Glu-Thr-Tyr-
: "I'yr-Lys-Ala-Thr-Glu-Pro-l/ng lle-Ala-Phe-Tyr-GIu-Lys-Arg-Gly-IIc-l\Zz?LArg—Lys-Val-Asn-Ala—

180 190
Glu-Gly-Ser-Val-Asp-Glu-Val-Phe-Ser-Gln-Val-Cys-Thr-His-Leu-Asp-Ala-Leu-Lys.

Fig. 1. Amino acid sequences of adenylate kinase from A,
porcine (Heil et al., 20) and B, human (von Zabern et al.,21) muscle.
Amino acid substitutions in human enzyme are indicated by bars.



i

Fig. 2 Structural cartoon of |

AK. Helices are given as
cylinders and p-pleated sheet

- strands as arrows. Active .

site, ATP and AMP are shown.

Fig. 3 Stereo drawing of polypep-
tide chain of adenyl kinase. Ce-
atom positions are marked with
circles. N and C termini as well as
some residue numbers are inserted.
In the electron density map the
chain fades out between residues
137 and 141 in an exposed region
on the surface of the molecule.
This stretch of chain, however, is
strongly connected in the 6 A map
and in an intermediate 4 A map.

(Schulz et al., 22)
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Fig. 4 Sequence of adenyl kinase
in one letter notation . Residues
involved in helical structures and
in the pleated sheet are drawn with
heavier circles. The diagram in-
dicates roughly the chain fold. The
orientation of the molecule corres-
ponds to that shown in Fig. 2.
Helix 23-30 is above the plane of
the paper and helices 100-107 and
144-164 are below.

(Schulz et al., 22)
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Fig. 5. Sephadex G-50 chromatography of CB-fragments of
adenylate kinase from porcine skeletal muscle. Whole CB-
fragments mixture (50 mg) was applied to a column (2.4 x 228 cm)
of Sephadex G-50 equilibrated with 0.1 N acetic acid. The column
was eluted with 0.1 N acetic acid at a flow rate of 17 m1/h and
fractions of 5 ml were collected.
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ABSORBANCE AT 230 nm
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Fig. 6. SP-Sephadex C-25 chromatography of CB-fragments of
adenylate kinase from porcine skeletal muscle. Whole CB-
fragments mixture (50 mg) was applied to a column (1.2 x 10 cm)
of SP-Sephadex C-25 equilibrated with 20 mM morphorinopro-
panesulfonic acid buffer, pH 6.5. The material was eluted with a
linear gradient of NaCl (0 - 0.3 M) at a flow rate of 25 ml/h.
The fractions of 5 ml were collected. —— , absorbance at
230 nm; ----- » concentration of NaCl.
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Fig. 7.  Polyacrylamide gel
fragments purified. PAGE was
(a) CBb (2-56); (b) CBb
(d) CBfC (126-194).
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Fraction number

Fig. 8. DEAE-cellulose column chromatography of CBfN fraction
from Sephadex G-50. CBfN (15 mg) was applied to a column (1.5 x
30 cm) of DEAE-cellulose equilibrated with 0.01 M Tris-HCl
buffer, pH 8.0. The material was eluted with a linear gradient
of NaCl (6 - 0.712 M) at a flow rate of 25 m1/h. Fractions of
7 ml were collected. — » absorbance at 230 nm; --=-, cOn-
centration of NaCl.



Table 1. Amino acid compositions of CB-frégments of

adenyléte kinase from porcine skeletal muscl

eq,b

Amino CBb (2-56) CBEN(81-125)  CBfC(126-194)

residue

acid Found Theoryc Found Theory® Found Theory®

1/2-Cys

Asx
Thr
Ser
Glx
Pro

POOL OO AS
2B

L] . [y . .

POPLLVWYAVMHWSY
R

Gly
Ala
Val
Met
Ile
Leu
Tyr
Phe
Lys
His-
Hse
Arg
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. . . L] »
WHERD DR NDND
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3 . .
. ]
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e s e

T

AT HONN AN NP OO O
' Qy

QO HFHONWMUMINO W0 WK~
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MY
AN NRO RN OO W

NHORNNANOANUDMOWL~IH LW A

NS ONHNW
L) L] » » . » L] L]
HOQOVWO NN
NAONOWVnoe

=3

Hydrolysis was in 6 N HC1 at 110°C for 22 h under vacuum.
The humbers of amino acid residues in each fragments are
expreSsed as the relative values when the values of
phenylalanine residues of the fragments are integer
Z.e., 1 for CBb, 2 for CBfN and CBfC.

Calculated from the sequence of adenylate kinase from
porcine skeletal muscle by Heil et al. (20). .

Not determined.
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Fig. 9. Adsorption of antibody t? polyvinyl microtiterplate
well. Various concentrations of !25I-Tabelled goat antibody
solution (10,000 cpm, 30 p1) were'added to wells and incubated at
r.t. or 4°C for 0.5 - 24 h. Percentages of adsorbed radio-
activity to added were shown. Symbols:  (0,®) 0.3 ug/ml; (A,A)
4.2 pg/ml; (O 53 pg/ml; (v,w) 1.0 mg/ml. Open indicates r.t.
and close 4°C.

Table 2. Adsorption of protein to polyvinyl miérotiterp]ate well '

time(h) .
conc. N tenmp. 05 2 8 added
4°C  n.d. 5.4 (60) 6.1 (68) 6.7 (78)
0.3 pg/ml £ 4.3°(48) 5.7 (63) 5.9 (66) 7.6 (86) 9 ng
4°C  n.d. 81 (64) 88 (68) 100 (79) |
4.2 pg/ml ¥ T557(a3) 81 (64) 85 (67) 84 (67) 126 N9
4°C  n.d. 220 (14) 250 (15) 280 (16)

53 po/ml . {. 240°(15) 220 (14) 300 (19) 270 (17) -6 P9

4°C 560(1.7) 450(1.5) 630(2.0)

n.d. .
1.0 mg/ml £ 450{1.4) 650(2.2) 570(1.9) 480(1.6) 30 M9

Values are expressed in nanograms. ‘
Proportions (adsorbed/added) are in parentheses.
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Fig. 10. Titration studies of three antibodies on polyvinyl
surface. Aliquots of antibody solution were added to micro-
titerplate wells in serial dilutions (four fold). After each
Yg 1 was washed and treated with 0.2 % BSA, a fixed amount of

I-AK (10.000 cpm, 0.05 p mole) was added and incubated over-
night. Percentages of bound radioactivity to added were shown.
Symbols: (O) anti-AK antibody, purified with AK-Sepharose
column from anti-AK serum; (&) IgG fraction of anti-AK serum;
() 1gG fraction of normal serum.
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Fig. 11. Inhibition of the reaction between 125I-AK and anti-AK
by AK. A fixed amount of antibody solution was coated to
polyvinyl microtiterp]at?zswe11 and incubated with cold AK at
various concentrations. I-AK (10,000 cpm, 0.05 p mole) was
then added and incubated overnight. ~The radioactivity bound was
counted.
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Fig. 12. Gel chromatography of fragment mixture obtained by
NTCB-cleavage of AK. Fragment mixture (9 mg) was applied to a
Bio-Gel P-10 column (1.8 x 10 cm) equilibrated with 0.1 M acetic
acid. Conditions of chromatography were as follows: solvent,
0.1 M acetic acid; flow rate, 5.4 mi/h; fraction size, 3 m1/tube.
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Table..2. Amino acidcomposition of the frag-
ment 1-24 of porcine adenylate kinase from
skelctal muscle*®

1-24
Amino acid -
residue Found Theory*
Asx 0.08 0
Thr 0.92 1
Ser 1.72 2
Glx 3.14 3
Pro 1.1 1
Gly 5.00 5
Ala 0 0
Val’ 1.57 2
Met 0.97 1
Tie 1.36 2
Leu .14 |
Tyr -0 0
Phe 1.0 1
Lys 4.63 5
His 0 0
Arg 0 0
Total 22.66 24

*Hydrolysis was done in 6 M HCl at 110°C
for 22 hr under vacuum.

®Values are molar ratios with respect to

~ glycine as 5.

Heil er al. (20)
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Fig. 13. Purification of antibody specific to adenylate kinase
and to CBb(2-56). A) The antibody specific to AK(anti-AK) was
purified with an AK-attached Sepharose 4B column. A 3ml aliquot
of goat antiserum containing 10 mM EDTA was applied to an AK-
Sepharose column equilibrated with PBS. Material adsorbed was
eluted with 0.1 M glycine-HC1 buffer, pH 2.5(the arrow a), and
with 10 % dioxane containing the same buffer(b). B) Anti-AK (5
mg) was applied to a CBb(2-56)-Sepharose column. Non-anti-CBb
was eluted at a void volume (the first peak), and anti-CBb was
with 0.1 M glycine-HC1 buffer, pH 2.5 (the second peak).
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Fig. 14. Titration studies of purified antibodies on polyvinyl
surface. Aliquots of antibody solution ((®) anti-AK; (O) anti-
CBb; (&) non-anti-CBb) were added to microtiterplate wells in
serial dilutions (two fold). After each gg]] was washed and
treated with 0.2 % BSA, a fixed amount of 1251_AK was added and
incubated overnight. Percentages of bound radioactivity to
added were shown.
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" Fig. 15.. Inhibition of the reaction between ]ZSI-AK and purified
antibodies on solid phase. A fixed amount of antibody [(A) anti-
AK; (B) anti-CBb; (C) non-anti-CBb] was coated to polyvinyl
microtiter plate well and incubated with each inhibitor: (O) AK;
(®) CB-fragments mixture; (&) CBb(2-56); m CBfN(81-125); (W)
CBfC(126-194) at various concentrations. I-AK was then added
and incubated overnight. The radioactivity bound was counted.
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Fig.:16. Inhibition of the reaction between 125I-AK  and anti-
CBb by fragment 1-24 and (Bb(2-56). A fixed amount of antibody
was coated to polyvinyl microtiterplate - qe]] and incubated with
each fragment at various concentrations. 125I-AK was then added
and incubated overnight. - The radioactivity bound was counted.
Inhibitors: (A) CBb(2-56); (A) 1-24.
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Fig. 17. ' Three-dimensional structure (ot-carbon) of AK(22).
Three- sequences, 2-7, 103-108 and '143-148 ‘were indicated by
arrows: - e '



102-109

142-149

Fig. 18. Stereo drawing of the sequences, 1-8, 102-109 and
142-149 in the crystalline AK molecule. The acidic and basic
amino acid side chains, which push out from molecular surface to
outside, are colored in blue and red, respectively.
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Table 3. Hydrophilicity values

Amino acid - 8,* kcal/mol  Hydrophilicity value
Arginine 3.0 3.0
Aspartic acid 25 30
Glutamic acid 25 3.0
Lysine 3.0 3.0
Serine 0.3 0.3
Asparagine 0.2 0.2
Glutamine 0.2 0.2
Glycine 0.0 0.0
Proline -14 0.0
Threonine -04 -04
Alanine -0.5 -0.5
Histidine -0.5 -0.5
Cysteine -1.0 -1.0
Methionine -13 -1.3
Valine -15 -15
Isoleucine -1.8 -1.8
Leucine -1.8 -18
Tyrosine -23 -23
Phenylalanine -2.5 -25
Tryptophan -34 -34

* Solvent parameter values assigned by Levitt (6).

From Hopp & Woods, (2).
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< ADENYLATE RINASE

HYDROFHILICITY ANALYSIS &3
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Fig. 19. Hydrophilicity analysis of AK. The six residue
hydrophilicity average 1is Tisted opposite the last amino acid of
the group. Therefore, the hydrophilisity average at n-th residue
(i. e. from residue n-5-to n) will be given as:

n
Hydrophilisity average(p) = 1/6 x 'ZS Hi
. 1=n-
where H; represents the own hydrophilisity value of amino acid
residue given by Hopp & Woods (2).
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Fig. 20. Spatial structure of the sequence 1-24 in crystalline
AK molecule.
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Table 5. NHp-groups or COOH-groups of 1-24
before and after the chemical modification

NH2-group* COOH-group**
before after before after

5 0.0 3 0.52

* by TNBS method
** by amino acid analysis
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. t
Fig. 21. Thin layer electrophoresis of modified 1-24. Fragment
1-24 and amidated 1-24 were electrophoresed on cellulose sheet at
pH 6.0 and developed with ninhydrin reagent. Peptide spots were
monitored with a Shimadzu TLC Chromatoscanner at 600 nm. (a);l-

24, (b); 1-24 + amidated 1-24, (c); amidated 1-24. The arrow
indicates the origine.
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Fig. 22 . Inhibition of the reaction between ]ZSI-CBb and anti-
CBb by chemically modified 1-24. A fixed amount of antibody
solution was coated to polyvinyl microtiterplate w?%g and
incubated with each fragment at various concentrations. I-CBb
was then added and incubated overnight. The radioactivity bound
was counted. Inhibitors: (@) 1-24; (A) succinilated 1-24; (O)
amidated 1-24.
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Fig. 23. Thin layer electrophoresis of chymotrypsinized 1-24.
Chymotrypsinized 1-24 was electrophoresed on cellulose sheet at
pH 6.0 and developed with ninhydrin reagent. Peptide spots were
monitored with a Shimadzu TLC Chromatoscanner at 600 nm. The
arrow indicates the origine.
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1-5 F4 6-24

F3

Amino acid compositions of chymotryptic
F2 1-24 13-24

peptides of the fragment 1-24
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Values are molar ratios with respect to phenylalanine, methionine,

glycine or glutamic acid.
Values in parentheses are numbers expected from their sequences

Hydrolyses were done in 6 N HC1 at 110°C for 22 h under vacuum.
(Heil et al.
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Table 7 . Amino acid compositions of chymotryptic
peptides of the fragment 1-24

Amino 4
acid F21 1-12 F22 13-24 F23 13-24
Asp 0 (0) 0 (0) 0.13 (0)
Thr 0 (0) 0.8 (1) 0.90 (1)
Ser 0.93 (1) o0.87 (1) 0.92 (1)
Glu 2.13  (2) 1.00 (1) 1.00 (1)
Pro 0 (0) 0 (1) 0 (1)
Gly 0.27 (0) 4.44 (5) 4.49 (5)
Ala 0 (0) 0 (0) 0 (0)
Cys 0 (0) 0 (0) 0 (0)
Val 0 (0) 1.11 (2) 1.28 (2)
Met 0.84 (1) 0.03 (0) 0 {0)
Ile 1.29 (2) 0.06 (0) 0.03 (0)
Leu 1.00 (1) 0.06 (0) 0.03 (0)
Tyr 0 (0) 0 (o) 0 (0)
~ Phe 1.00 (1) 0.06 (0) 0.05 (0)
Lys 4.07 (4) 1.10 (1) 0.93 (1)
His 0.32 (0) 0 (0) 0 (0)
Arg 0.13 (0) 0 (o) . 0 (0)

Hydrolyses were done in 6 N HC1 at 110°C for
22 h under vacuum.

Values are molar ratios with respect to
phenylalanine, or glutamic acid..

Values in parentheses are numbers expected
from their sequences (Heil et al. (20?).
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Fig. 25. Inhibition of the reaction between 1251-¢Bb and anti-

CBb by chymotryptic fragments of 1-24. A fixed amount of anti-
CBb was coated to polyvinyl microtiterplate well and incubated
with each fragment and mixtures: (O 1-24; (@ 1-5; (O) 6-12;
(W) 13-24; &) 1-12; (D) 6-24; &) 1-12 + 13-24; (X)_1-5 + 6-24;
(+) 1-5 + 6-12 + 13-24 at various concentrations. 1251-CBb was
then added and incubated overnight. The radioactivity bound was

counted.
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