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                    1 Introduction

             1-1 Superoxide disrnutase (SOD)

    Superoxide dismutase (SOD, EC 1.15.1.1) is the enzyme

which catalyzes the disrnutation of superoxide anion (02-)

to molecular oxygen (02) and hydrogen peroxÅ}de (H202) to

protect living organisms from oxygen toxicity. The
superoxide aniont which is the one electron reduction

product of oxygent is generated on reactions of oxidative

rnetaboltsm or light radiation in living organisrns. The

anion is naturally disproportionable with a rate constant
of lo5 M-1'sec-1 at physiological pH (pH 7.5), so the

existence for a long time is rare. But the toxicity is so

high as to Å}nduce the direct non-specific oxidation of

organisms. SOD accelerates this disproportionation
reaction with a rate constant of lo9 M'1'sec-1, which is

lo4 tirnes higher than the natural disproportionation

reactÅ}on, so is useful to vanish superoxide anions rapidly.

Although some enzymes are requested to convert 02-  into 02

and H20 as shown in Fig. 1-1, SOD working in the first step

of the pathway is the rnost significant enzyrne
physiologically.

    Since SOD inhibits the oxidation of the cell
cornponents or protects them from the oxygen toxicity, SOD

becomes to be as pharrnaceuticals. One is the medicine

which elirninates 02-  emanated by cancer radiotherapy and

the other use is anti-rheumatisrn medicine of high security;
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which is now studying. These applications of SOD to
!nedical science is very important for life science and

strongly requests the analysis of the SOD structure by the

X-ray crystal structure analysis which is a unique method

to study the protein structure at their atomic level. In

order to discuss the relation between structure and
function of SOD, it is also important. For the purpose, I

extracted and purified SOD frorn spinach leaves and
determined both the prirnary structure and tertiary
structure.

               1-2 Classification of SOD

    SOD was firstly characterized as a new metalloenzyme

that protect living organisms frorn superoxide anions by

Fridovich (1) in 1969. At the present stage, the three

different types of SODs are known to exist in !iving
organisrns: SOD containing both Cu and Zn (Cu,Zn-SOD), SOD

containing Mn (Mn-SOD) and SOD containing Fe (Fe-SOD) as

cofactor. Although the three types are similar in
functionst they are segregated into two families, Cu,Zn-SOD

and Mn/Fe-SOD, of different properties. Among these three

typest Mn-SOD is quite sirnilar to Fe-SOD, not only in

physico-chemical properties and N-terrninal sequence, but

also with regard to the three-dimensional structure (2-4).

An SOD molecule with either manganese or iron is
constructed with two or four identical subunits with

3



molecular weight of about 21,OOO. It is considered that

these two types of SOD have evolved from an ancestral

protein because of the structural similarity.

    On the other hand, CutZn-SOD, which was extracted and

purified frorn a lot of organisms, is composed of two

identical subunits of rnolecular weight 16,OOO in all
species. Cu,Zn-SOD is quite different frorn Mn!Fe-SOD in

the structure (5). Most of the Cu,Zn-SODs isolated frorn

different species can be hybridized with each other. Phis

suggests that the tertiary structures around the subunit

contact area in the dimer is similar. In an immunological

cross-reactivity, however, each Cu,Zn-SOD demonstrates its

individual nature {6). From these facts, the subunit

contact area in Cu,Zn-SOD dimer is predicted to keep
sirnilar tertiary structure though there are sorne structural

differences on the other parts.

    The distribution of the three types of SOD among
organisrns is characteristic of the evolutionary levels of

the organisms (Fig. 1-2). Cu,Zn-SOD and Fe-SOD are
essentially only in eukaryotes and in prokaryotes,

respectively. Mn-SOD is in prokaryotes and in
rnitochondria of eukaryotes.

           1-3 Structural studies on Cu,Zn-SOD

    Cornplete amino acid sequences of Cu,Zn-SOD have

been established for bovine erythrocyte (7),

so far

human
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erythrocyte <8), horse liver (9}, bakers' yeast (10)t

swordfish liver (ll), fruit fly (12), porcine (13-14},

Neurospora crassa (15) and a bacteriurn, Photobacterium

leiognathi (16). The degree of their sequence
conservation has been quite hight though not as high as

that found among the eukaryotic cytochromes c (17). A
study on the phylogenetic distribution has suggested that

the Cu,Zn-SOD of P. Ieiognathi, which is the only one
enzyme hitherto purified from a prokaryote, rnight have been

acquired by gene transfer from the host fish {18-19).

Since the evolutionary relationship of Cu,Zn-SODs has been

studied only on the basis of the aruino acid sequences of

animals and fungi, the elucidation of the primary structure

of a plant Cu,Zn-SOD is strongly requested for
investigation of the molecular evolution of this enzyrne.

The three-dirnensional structure of Cu,Zn-SOD is known only

for bovine erythrocyte (5), which is made up of eight

stranded B barrel with three loops. The structure of
active site is constructed with two rnetals supported by

four ligands respectively, one of which is held in common

to these two metal ions (5). In plant and animal type

SODs, it has been considered that they have almost the same

size and shape frorn biochemical studies except for the

immunological study (20). So it is worth analyzing the

three-dirnensional structure of the plant type Cu,Zn-SOD in

order to compare the SODs of evolutionarily distinct two

species (spinach and bovine).

6



                     2 Preparation

    Spinach SOD was extracted and purified frorn its leaves

by the modified method of Asada et al. (21). Spinach

leaves (25 kg) were homogenized with O.1 M potassium
phosphate buffer (pH 7.8} <O.78 liter solution 1 1 kg

spinach leaves) using a Waring blender at medium speed for

30 seconds. The homogenate, after being forced through

gauze, was centrifuged at 24,OOO x g by an continuous

centrifugation technique. The supernatant which
overflowed was gathered, brought to 40g saturation with
ammonium sulfate (O.243 glml>, and left overnight at 50C.

The solution was centr-tfuged (10,OOO x g) to discard the

precipitates, and amrnonium sulfate powder was added to the

resulting supernatant up to the concentration of 80g
saturation (O.285 glml}. After being kept overnight, the

precipitate was collected by centrifugation (1O,OOO x g),

dissolved in 10 rnM potassium phosphate buffer (pH 7.8), and

dialyzed against the same buffer for three days. The

subsequent purification steps were almost the same as that

described previously (21), except that DEAE-Sepharose CL-6B

and Sephacryl S-200 were used instead of DEAE-Sephadex A-50

and Sephadex G-100, respectively.

     The fractions with blue to green color, separated on a

Sephacryl S-200 colurnn, were pooled and ultrafiltered to

exchange the 10 rnM potassium phosphate buffer (pH 7.8) for

5 rnM potassium phosphate buffer (pH 6.8). The solution

thus obtained was then passed through a hydroxylapatite

7



column equilibrated with the sarne buffer to remove a trace

of contaminants. The enzyme in 10 mM potassium phosphate

buffer (pH 7.8) was crystallized by the addition of
ammoniurn sulfate up to about 55g saturation. The crystals

collected were dissolved in water, desalted by dialysis

against watert and lyophilized prior to the primary
structure analysis.

    Purification process of spinach Cu,Zn-SOD is shown in

Fig. 2-1. Absorption spectrum in the ultraviolet and
visible regions after the last stage of the purification

steps is shown in Fig. 2-2. The present preparation of

the spinach Cu,Zn-SOD showed a single band on sodium
dodecyl sulfate (SDS} polyacrylamide gel electrophoresis,

and the specific activity of the enzyme was 8,600 (enzyme

units/ mg protein). The enzyme activity is as high as

that reported previously (21).

8
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           3 Arnino acid sequence determination

                3-1 Materials and methods

3-1-1 Materials

    The following enzymes were obtained from the sources

indicated in parentheses: Staphylococcus aureus V8 protease

(Miles Laboratories), thermo)ysin (Nakarai Chemicals) and

trypsin treated with L-1-(p-tosylamino)-2-phenylethyl

chloromethyl ketone {Worthington Biochemical Co.).
Achromobacterlysylendopeptidase(Achromobacterlyticus

protease I <22)) was kindly gifted by Dr. T. Masaki of

Ibaraki University. A Baker bond wide pore butyl column

(O.46 x 25 cm, C4, 330 A, J. T. Baker Chemical) was used

for high perforrnance liquid chromatography (HPLC}. All

other chemicals were of the purest grade commercially

available.

3-1-2 Arnino acid analysis and sequence determination

    Protein and peptides were hydrolyzed in 5.7 rv! HCI at

1100C in evacuated, sealed tubes for 22 to 24 h. Cysteine

was determined as cysteic acid after performic acid
oxidation {23). The hydrolysates were analyzed with a

Hitachi 835S amino acid analyzer. The values of amino

acid analysis were not corrected for decomposition or

incomplete hydrolysis.

    [rhe N-terminal sequences of the native protein, BrCN

peptide, and peptides obtained by protease digestions were

11



determined with a 470A gas-phase automatic sequencer
(Applied Biosysterns, Inc.>.

     Phenylthiohydantoin(PTH)-amino acids were determined

by reverse-phase HPLC under the same conditions as
described previously (24). Cysteine and rnethionine
residues were identified as PTH-cysteic acid and PTH-
methionine sulfone, respectively, under the same conditions

as described {24).

3-1-3 Acetylation and subsequent BrCN cleavage

    Acetic anhydride {10 vl) was added in five portions to

the native protein (11 nmol) dissolved in 100 vl of 25X

trimethylamine solution over 30 min at roorn temperature.

After the reaction mixture had been kept for another 2 h,

the resulting acetylated protein was diluted with water and

lyophilized. To the lyophiiizate a 100-fold molar excess

of BrCN over methionine in 70g forrnic acid (100 p!> was

added and allowed to stand for 22 h at 400C. The
resulting sample was lyophilized and used for sequencing on

the automatic sequencer without further purification.

3-1-4 Enzymic digestions

     Prior to protease digestion, the native protein was

oxidized with perforrnic acid in order to cleave the intra-

subunit disulfide bond (23).

     Digestion of the oxidized protein with A. Iyticus

lysylendopeptidase (AP) was carried out in 50 mM Tris-HCI

buffer (pH 9.5) for 6 h at 3sOC at an enzyrne-to-substrate

                          12



ratio of 1:500 (wlw) and that with S. aureus V8 protease

(SP) was perforrned in 1$ (NH4)HC03 for 17 h at 350C at an

enzyrRe-to-substrate ratio of 1:100 (wlw). The lyophi!Å}zed

digests were purified by HPLC.

    Fraction AP-5 was further digested with thermolysin or

trypsin, each digestion was carried out in 1* (NH4)HC03 for

16 h at 370C at an enzyrae-to-substrate ratio of 1:100

(wlw).

3-1-5 Separation of peptides by reverse-phase HPLC

    Separation of pepttdes was perforTned by HPLC using a

C4 column on a Hitachi 655 liquid chromatograph equipped

with a 655-60 gradient processor and a Rheodyne sample

injector with a 100-vl sample loop. Except for the
rechrornatography of fraction SP-A, the elution of peptides

was carried out with a linear gradient of organic solvent

(2-propanol : acetonitrile = 7 : 3, vlv) from O to 60g

(vlv) for 1 h in O.lg trifluoroacetic acid. For the
fraction SP-A a linear gradient of acetonitrile from O to

402 (vlv} for 1 h in O.1 M arumonium forrnate was used. The

fractionated peptides were manually collected by rnonitoring

the absorbance at 215 nm or 225 nm. The flow rate was 1.0

ml/Tnin.

3-1-6 C-terrainal sequencing

     Hydrazinolysis and carboxypeptidase Y digestion were

used to deterinine the C-terminus and the C-terrninal

sequence of this protein. The native protein (10 nmol} was

                             13



dissolved in anhydrous hydrazine <100 ul) and heated at

1050c for 6 h in an evacuated, sealed tube (25>. For
carboxypeptidase Y digestion, the performic acid-oxidized

protein or SP-10 peptide was incubated in 300 vl of 50 mM

sodium phosphate buffer (pH 7.0) at 370C at an enzyme-to-

substrate ratio of 1:100 (wlw). When O, 1, 3, 6, and 24 h

had elapsed, 50 ul of the solution was withdrawn and
submitted to the amino acid analysis, respectively (Fig. 3-

1}.

3-1-7 Nomenclature

    Ail peptides are named by using letters and numbers.

Letters indicate the type of cleavage: AP, A. Iyticus

lysylendopeptidase; SP, S. aureus V8 protease; Th,
Therrnolysin; T, Trypsin. Numbers indicate the order in

the final sequence of spinach SOD.

                      3-2 Results

3-2-1 N-terrninal sequence

    The amino acid composition of the enzyme is shown in

Table 3-1. The values based on the arnino acid analysis

are in good agreernent with those deduced from the amino

acid sequence when low recovery of valine from four Va!-Val

sequences is considered.

    The N-terminal sequence was deterrnined by a gas-phase

sequencer up to the 46th residue using 10 nmol of the

                        14
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Amino acid

   Table 3-1

cornposition of spinach SOD

Amino acid residueslrnol

Aspartic acid
Asparagine
Threonine
Serine
Glutamic acid
Glutamine
Proline
Glycine            bHalf-cystine
Alanine
Valine
Methionine
Isoleucine
Leucine
Phenylalanine
Lysine
Histidine
Arglnlne

18

14
 5
11

 9
24
 2
12
16

o
 3
12

3

 7
 8
 4

.

.

.

.

.

.

.

.

.

.

.

e

.

.

.

.

9

9
3

2

7
4
1

o
2
8
9
1

2
o
o
1

(1o)a
{ 9)
(16)
( 5}
( 9)
( 2)
( 9)
(23)
( 2)
(12}
(18)
( 1)
( 4)
(12)
( 3)
( 7)
( 8)
( 4)

Total 154

a

b

Numbers in parentheses are based on the
amino acid sequence.

Half-cystine was determined as cysteic
after performic acid oxidation.

acid
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intact protein. This shows that the N-terninus of spinach

SOD is unblocked and dissimilar to those frorn animals.

3--2-2 N-terminal sequence of acety!ated enzyme cleaved by

BrCN

    Since the spinach SOD contained only one rnethionine

residue per subunit, it was acetylated to block the a-arnino

group, followed by BrCN cieavage and subjected to the

automated Edman degradation without separating the cleaved

products. By this method, the 30 residues following Met-

58 were deterrnined, with the exception of the residues at

the 10th and 11th cycles. These two residues were finally

identified as lysines by analyzing the sequences of AP-4

and SP-5. The failure of direct deterrnination of these

lysine residues is due to the acetylation of the e-arnino

groups before Edrnan degradation.

3-2-3 Amino acid sequences of AP peptides

    The e!ution proflle of the digest of the performic

acid-oxidized protein with A. Iyticus lysylendopeptidase

from the C4 reverse-phase column is shown in Fig. 3-2, and

the amino acid compositions of AP peptides thus obtained in

Table 3-2.

    The digest was resolved into six major and one minor

peaks by HPLC. Peak AP-1, one of the major peaks,
contained three lysines together with one each of alanine

and threonine. This fraction was eventually shown to

contain an equimolar rnixture of a tripeptide and two

                              17
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Amino acid

            Table 3-2

coTnpositions of AP peptides of oxidized SOD

Arnino acid AP-1 AP-2 AP-3 AP-4 Ap-sd AP-6 Ap-sAd

   Asp
   Thr
   Ser
   Glu
   Pro
   Gly
   Ala
112CysC
   Va1
   Met
   Ile
   Leu
   Phe
   Lys
   His
   Arg

1.

1.

2.

1(1)a

O(1)

9(3}

 -4 -4 -2 -3 -2 -52.0(2) 1

1.8(2) 4

 -11.0(1) 2

1.1(1) O

 -1

.1(4)

.6(5)

.1(2)

.2{3)

.1(2)

.3(5)

.4(1)

.3(5)e

.O(1)

.1(2)

.9(1)

.O(1)

4.7b(4)
2.8(3)
1.0{1)
1.1(1)
2.0(2)
4.4(4)

1.1{1)

 mb(1)

1.2(1)
2.8(3)
1.0{1)
3.7(4)

9.2(10)
4.8(4)
1.6(1)
5.8(6)
3.4(3)
8.2(7)
5.8(6)

6.3(8)

2.1(3)
5.1(5)

1.7(1)
3.0(3)
1j.9(2)

1.
2.
1.
1.
1.
6.
2.
1.
2.

3.

1.
1.

4(1)
8(3)
O(1)
4{1)
9(2)
8(7)
O(2)
O(1)
4(3>e

3(3)

1(1)
O(1)

7
4
1

4
2

6
4

4

2

2

1

1

.

.

.

.

.

.

.

.

.

.

.

.

3(8)
O(4)
4(1)
1(4)
7(3)
3(6)
6(5)

9(6)

2(3)
1(2)

8(2)
8<2)

Positions 1-

YieldsR)

3,

33

4,69 5-10

.O 45.9

11-42

 24.9

43-68

 15.8

70-

 39

128

.9

129-154

  45.1

70-

 17

115

.3

a

b

c

d

e

Nurnbers in parentheses are theoretical ones
based on the amino acid sequence.

Methionine sulfone was coeluted with aspartic

Determined as cysteic acid.

This peptide is still impure.

A Val-Val sequence is present in the peptide

acid.

chain .
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lysines after the cornpletion of analysis of the whole

sequence, although the analysis for the peptide in peak AP-

1 was not carried out. The tripeptide was Ala-Thr-Lys in

positions 1 to 3, and the two lysines were from positions 4

and 69. Peak AP-2 was not sequenced but from the amino

acid composition was placed reasonably at positions 5 to 10

of the intact protein. Four other peaks, AP-3 to AP-6t

were directly sequenced with the automatic sequencer. For

AP-5e which was still slightly impure, the sequence over

the 35th cycle was difficult to e!ucidate. The C-terminal

consecutive residues (Pro-153 and Val-154) were not
identified in AP-6. This peptide, lacking a lysine
residuee was finally identified as the C-terminal peptide.

    AP-5 was subfragmented with thermolysin or trypsin to

establish the complete sequence and to overcome the

problems arising frorn the irnpurities. The elution
profiles of the digests with thermolysin and trypsin on

HPLC columns and the amino acid cornpositions of the

purified peptides are shown in Figs. 3-3 and 3-4 and
Tables 3-3 and 3-4, respectively.

    Th-5 and Th-6 were sequenced and identified as Val-

112 - Ala-116 and Leu-117 - Lys-128, respectively, by

comparison with the amino acid sequences of SP-7t SP-8, and

SP-9t as described later. The other purified thermolysin

peptides were assigned to the relevant positions in the

amino acid sequence of AP-5 by their arnino acid
cornpositions.

    As expected, three tryptic peptides, T-1 to T-3t were

20
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Arnino acid

            Table

compositions of Th

3-3

peptides from peptide AP-5

Arnino acid Th-1 Th-2 Th-3 Th-4 Th-5 Th-6

Asp
Thr
Ser
Glu
Pro
Gly
Ala
Val
rle
Leu
Lys
His
Arg

1.
o.

1.
1.
1.

1.

1(1)a
9(1)

7(2)
1(1)
2(1)

1(1}

2.1{2)
1.8(2)

1.2(1)

1.4(1 )
3.0(3)
1.5(2)

2.

1.
1.

o.
1.

3(2)

4(1)
1{1)

7(1 )
5{2)

1.0{1)
O.8(1)
1.1(1)

O.9(1)
1.2(1}

O.9(1)

1.
1.
1.

1.

      2.

      2.

7(1)C 1.
2(1)
1(2)d 1.

      2.
      1.
      o.
O(1)

O(2)

2(2}

9(1)C

3(2)d

7(3)
O(1)
8(1)

Positions

Yields(g)b

70-77

 52.3

88-98

 57.0

99-105

 65.1

106-111 112-116 117-128

  67.9 33.8 28.2

a

b

C

d

Nurnbers Å}n parentheses are theoretical ones based on
the anino acid sequence.

The yields are based on the amount of AP-5 used.

Contarnination with free glycine during manipulation
is suspected.

A Val-Va! sequence is present in the peptide chain.
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           Table 3-4

Amino acid compositions of tryptic
   peptides from peptide AP-5

Arnino acid T-1 T-2 T-3

Asp
dihr

Ser
Glu
Pro
Gly
Ala
Val
Ile
Leu
Lys
His
Arg

1

o

2
1

1

1

o

o
o

.

.

.

.

.

.

.

.

.

o(1)a
9(1)

O(2)
2(1)
3(1)
O(1)
9(1)

9(1)
8(1)

6.5(7) 2.
2.7{3) -
1.5{1) -
2.1(2) 2.
2.2(2) -
5.3(5) 1.
3.9(4) 1.3.6(s)d 1.
2.1(3)d -
1.8{2) 2.
 - 1.1.0(1} O.
O.9(1) -

2(2)

2(2)

4(1)
1(1)
3(2)C

9(3)
O(1)
9(1)

Positions 70-79
yields(g)b s4.1

80-115 116-128

 35.9 52.8

a Numbers in parentheses are
  theoretical ones based on the
  amino acid sequence.

b The yields are based on the amount
  of AP-5 used.

c A Val-Val sequence is present in
  the peptide chain.

d A Val-Val and two Ile-Val
   sequences are present in the
   peptide chain.
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isolated by HPLC. The amino acid compositions of T--1 and

T-3 agreed well with those based on amino acid sequences,

but a small difference was observed in the numerical values

for three arnino acids in T-2. The low values for valine

and isoleucine are probably due to the incomplete
hydrolysis of the Val-Val and two Ile-Val bonds in this

peptide. T-2 was perhaps accompanied by the impurities of

AP-5t which seem to be responsible for the difference of

the value for serine in T-2.

    The isolation of a minor peptidet AP-5A, was
unexpected since this peptide is derived frorn unusual

cleavage of the Arg-115 - Ala-116 bond in AP-5. However,

the counterpart of AP-5A was not isolated.

3-2-4 Arnino acid sequences of SP peptides

    To obtain overlaps with AP peptides, the oxidized

protein was digested with S. aureus V8 protease. The
resulting peptides were separated by HPLC on a C4 reverse-

phase column. The elution profile and the arnino acid

compositions of the SP peptides are shown in FÅ}g. 3-5 and

in Table 3-5, respectively.

     The digest was resolved into ten rnajor peaks. From

the amino acid cornpositions, the peptides from SP-1 to SP-3

were frorn residues 1 to 16, 17 to 24, and 25 to 34,

respectively. The peptides from SP-4 to SP-9, except SP-

5, were sequenced perfectly, the complete sequence of AP-5

being determined and the connection of AP-5 to AP-6 being

established. SP-10 contained no glutarnic acid and was
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Amino acid

           Table

compositions of SP

3-5

 peptides of oxidized SOD

Arnino acid SP-1 SP-2 SP-3 SP-4 SP-5 SP-6

  Asp
  Thr
  Ser
  Glu
  Pro     f  G!y
  Ala
112cysC
  Va1
  Met
   !le
  Leu
  Phe
  Lys
  His
  Arg

1.6<1)a
1.8(2)
1.0(1)
1.2(1)

1.5(1)
2.5(3)

2.8(3)

1.0(1)

2.5(3}

2.1{2)

2.2(2)

1.4(1}

1.3(2)e

1.0(1)

3.
1.

1.
1.

1.

o.

O(3)
9{2)

1(1)
4(1)

9(2)

8(1 )

1

1

1

3
1

o
1

o
o
2

.

.

.

.

.

.

.

.

.

.

O(1)
4(1)
1(1)
3(3)
2(1)

8(1)
7(2)
9(1)
9(1)
6{3>

6
3
1

2
2
4
1

o

1

1

1

.lb(s)

.7{4}

.3{1)

.1(2)

.8(3)

.4(4)    f.5(1)

.7(1)

-b(1)

.5(2)

.7(2)

.4(2)

4
1

1

3
3

2

o
1

1

o

.

.

.

.

.

.

.

.

t

.

O(4)
1{1)

2(1}

4(3)
1{3)

5(3)

7(1)
1(1)

1(1)
9(1)

Positions

YieldB)

1-16

23.2

17-24

43.9

25-34

44.1

35-49

34.0

50-77
io.od

78-96

37.1
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Table 3-5 (continued)

Arnino acid SP-7 SP-8 SP-9 SP-1O SP-1A

   Asp
   Thr
   Ser
   Glu
   Pro   Glyf
   Ala
112CysC
   Va1
   Met
   Ile
   Leu
   Phe
   Lys
   His
   Arg

3.1(3)
2.1(2)
1.0(1)
1.1(1)
2.1(2)
2.4(2)
1.2(1)

2.2(3)e

1.6(2)
1.1(1)

1.00)

1.3(1)

1.2(1)

1.4(2)e

1.0(1)

1.1(1}

2

1

3

2

1

1

.

.

.

.

.

.

O(2)

9{2}

O(3)

O(2)

1(1)
O(1)

1.2(1)
2.9(3)
1.0(1)

2.1(2)
5.2(5)
2.1(2)
1.1(1)
2.4(3)e

3.0(3)

1.0(1)

1.1(1)
O.9(1)
O.9(1)
1.0(1)

1.2(1)
1.9(2)

2.2(3)

O.7(1}

O.9(1)

Positions 97-115 116--121 122-132 133-154

Yield(2) 41.3 49.6 49.0 31.2
5-16

g.sd

a

b

c

d

e

f

Numbers in parentheses are theoretical ones based on
the amino acid sequence.

Methionine sulfone was coeluted with aspartic acid.

Deterrnined as cysteic acid.

Uncorrected for loss of recovery due to rechromatography.

A Val-Val sequence is present in the peptide chain.

The reason for over-estimation, see text.
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deduced as the C-terminal peptide chain composed of
residues 133 to 154. Fraction SP-A contained two peptides

and was rechromatographed on the reverse-phase co!umn.

The elution profile is shown in Fig. 3-6, and the amino

acid compositions of the peptides purified (SP-5, SP-IA)

are in Table 3-5. SP-5 was sequenced completely and
placed at positions 50 to 77. The value estirnated for

alanine appears to exceed the experimental error, but the

established amino acid sequence is consistent with those

determined for AP-4t AP-5, and Ac-BrCN. Consequently the

alignment of AP-3 - AP-4 - Lys - AP-5 - AP-6 was
established unequivocally.

3-2-5 C-terminal sequence

    The C-terminal residue was identified as valine by

hydrazinolysis. Carboxypeptidase Y digestions of the
performic acid-oxidized protein and SP-10 released the same

five C-terminal amino acids, Val, Pro, ThrlLeu and Gly, in

this order, as shown in Fig. 3-1. By a comparison of the

order of release of these amino acids with the determined

sequence of the C-terminal portion of AP-6t the C-terrninal

sequence of spinach SOD was deduced to be Gly-Leu-Thr-Pro-

Val.

    The complete amino acid sequence of spinach SOD thus

established is presented in Fig. 3-7, together with
sequencing data of each isolated peptide.

29



O.64

E
c
mNN
vtu O.32
8
g
Åí

$
2

o

SP-5

SP-IAI

o 10 20
Time(min)

30 40

Fig. 3-6 Rechromatography of fraction SP-A by HPLC.
The sample was dissolved in 100 ul of O.1 M ammonium
formate and chrornatographed on a Baker bond wide pore
butyl column (O.46 x 25 cm, C4, 330 A) at a flow rate
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Fig. 3-7 Amino acid sequence of spinach SOD. Residues
aEdriaOnWeddegtrOadtahteiornigahntdab"ydctahreboixeyfptepZie'draesei'dye"dtigfeisetdiobnY,

respectively. Ac-BrCN denotes the protein treated with
BrCN after the acetylation of the amino groups. APt
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progease, therrno!ysin, and trypsin, respectively.                                               The
so lid lines denote the portions of the peptides whose
amino acid compositions were determined but sequences
were not        analyzed.
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                    3-3 Discussions

    The complete amino acid sequence of the subunit of

Cu,Zn-SOD from spinach leaves has been deterrnined on the

basis of peptides obtained by BrCN cleavage and by
proteolysis with A. Iyticus lysylendopeptidase, S. aureus

V8 protease, trypsin, and thermolysin. The subunit
consists of a total of 154 amino acid residues with an

unblocked N-terminal alanine residue and a C-terminal

valine residue. Therefore spinach SOD, composed of two

identical subunits, has a molecular weight of 31,362 except

for the two kinds of metal ions. This is the first
sequence determination of a plant Cu,Zn-SOD.

    The direct arnino acid sequencing of the acetylated

spinach SOD followed by BrCN cleavage was successful in

this case. With this and the direct sequencing of the
intact protein, alrnost half of the arnino acids (76 of 154

residues) were identified.

    In the digestion of performic acid-oxidized spinach

SOD with A. Iyticus lysylendopeptidase, the Arg-115 - Ala-

116 bond was partly hydrolyzed in addition to the cleavage

of all of the seven lysyl bonds. Cleavage of the Arg-Ala

bond with the same protease was also reported for salivary

acÅ}dic protein-1 (SAP-1) from huraan salivary glands (26).

With S. aureus V8 protease, the quantitative cleavage of

two arginyl bonds {Arg-34 - Ile-35 and Arg-115 - Ala-116)

and the partial cleavage of a lysyl bond (Lys-4 - Ala-5)

occurred in the performic acid-oxidized protein. This
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trypsin-like activity, may be caused by either impurities of

the commercially avai!able S. aureus V8 protease or the

intrinsic nature of this protease.

    The discrepancy between the sequence and the arnino

acid cornposition in the values of valine and isoleucine for

several peptides is probably due to the incomplete
hydrolysis of Val-Val and Ile-Val bonds in their peptide

chains. In amino acid analysis, glycine in Th-5 and Th-6

and alanine in SP-5 were over-estiraated (O.5-O.9 mol). We

suspect that a trace of these amino acids has been
contaminated in the sample for analysis during manipulation

and deterrnined on analysis at picomole levels. The low

recovery of histidine in SP-5 may result from partial

degradation during perforrnic acid oxidation. Eventually

the sequences of Th-5, Th-6, and SP-5 are judged to be

valid from the sequences unambiguously deterrnined for any

related peptides (Ac-BrCN, AP-4, AP-5, SP-7 and SP-8),

which are obtained by different fragmentation.
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           4 Tertiary structure deterrnination

     4-1 Intensity data collection and data processing

4-1-1 Crystals

    Crystallized spinach SOD was dissolved in 10 mM
potassium phosphate buffer (pH 7.8) and recrystallized in

order to obtain a large crystal with good quality for

three-dimensÅ}onal structure analysis. The
recrystallization was carried out with a gradual addition

of fine ammoniurn sulfate powder to the solution up to about

55* saturation. After several weekst a faint green
rhombic crystal was grown to the size of 1.0 x O.3 x O.2
mm3 and stored in 7o* saturated ammonium sulfate solution

containing 10mM potassium phosphate buffer (pH 7.8). The

crystal belongs to space.group C2, with unit cell
dimensions a=i66.27 a, b=45.97 A, c=85.68 X, B=99.380 (27-

28). It contains two dimeric molecules (Mr=32,OOO) or
four identical subunits per asyrnmetric unit.

4-1-2 Heavy atorn derivatives

     In order to analyze the crystal structure of proteins,

it is necessary to obtain heavy atom derivative crystals

which are useful to determine the phases of structure-

factor amplitudes. Heavy atorn derivatives were prepared

by the conventional soaking rnethod. Many kinds of heavy

atora reagents were tested by varying the soaking conditions

such as the concentration and soaking time, then two useful

                        34



heavy atom derivatives (K3U02Fs, K2Pt(N02)4) were obtained.

Whether the reagent bound to the protein or not, it was

examined by cornparing their diffraction patterns of
(h O O}, (O k O) and (O O 1) zones with those of the native

crystal. The soaking conditions of the two heavy atom

derivatives are sumraarized in Table 4-1.

4-1-3 Data collection with four circle diffractometer

     Three-dimensional intensity data were co!lected at
140C on a Rigaku four circle diffractorneter equipped with a

rotating anode X-ray generator operated at 40kV-300mA,

using Ni-filtered Cu-Ka radiation. A beam colliraator and

a beam tunnel in the receiving path were evacuated to

reduce air scattering. Each crystal was mounted in a

walled glass capillary tube of diameter O.7rnrn to 1.0rnrn with

a small quantity of mother liquor for stabilization so that
                      .the crystallographic a axis was parallel to the spindle

axis. The tu-scan method was ernployed with the scan speed

of 2 Olmin to 4 Olmin, and the scan width was
(O.7+O.15tane)O to (1.0+O.15tane}O. The background

intensities were measured for 2.5 sec to 5.0 sec at each

end of the scan. These rneasurernent conditions were
variable for each crystal, respectively. Three standard

reflections were measured every 100 reflections to check

radiation damage and crystal s!ipping. Twenty-five native
                                                      ecrystals were used to get intensity data up to 2.0 A

resolution. Ten uranyl derivative crystals and six
platinum derivative crystals were used to get intensity
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Table 4-1

Soaking conditions

Reagent Conc.(mM) Buffer Time(days)

Native 1OrnM
7og

 Potassium
Saturated

 Phosphate pH 7.8
Ammonium Sulfate

K3U02Fs 30 Water
70g Saturated Ammoniurn Sulfate

3

K2Pt(N02)4 3 1OmM
70t

 Potassium
Saturated

 Phosphate pH 7.8
Ammoniurn Sulfate

3
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                                                        gdata including Bijvoet-pair reflections up to 2.8 A
resolution, respective!y. The intensity decays of the

standard reflections were about 20$ for each crystal at the

end of the measurement.

4-1-4 Data corrections and scalings

     The original intensity data co!lected must be revised

in the causes of absorption difference and radiation
darnage. The North-Phillips method (29) was applied to the

absorption correction. Radiation darnage was corrected by

Icorr=IobsexP(aN), Where Icorr is the corrected intensity,

Iobs is the observed intensity, a is the damage coefficient

calculated from the decays of standard reflections and N is

the nuraber of order of rneasurement.

     The intensity data frorn different crystals were scaled

and rnerged with each other into a single set of data.

Scaling of each data for the native, the uranyl derivative

and the platinum derivative was carried out by the method

of Sparks-Rollet (30}. The three kinds of data sets were

obtained, and the intensity data measurernents are
summarized in Table 4-2.

               4-2 Structure determination

4-2-1 Multiple isornorphous replacement {M.I.R.)

     Three-dimensional difference Patterson with
coefficient (FpH - Fp)2 between the uranyl derivative and
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Summaryof

Table

 the

 4-2

intensity data

Crystals R merg Resolution Ntotal Nindep Ncryst

Native

K3U02Fs

K2Pt(N02)4

O.048

O.043

O.029

    e2.0 A

    o2.8 A
    o2.8 A

149090

 54249

 34814

43898

30613(a)

16093

25

10

 6

R merg
Ntotal

NÅ}ndep

N cryst
(a)

ZIFi-<F>11Z<F)t for all merged reflections.

No. of total rneasured reflections.

No. of independent processed reflections.

No. of used crystals for data collection.

Including Bijvoet-related reflections.

38



                   ethe native data at 5 A resolution was calculated to locate

the heavy atom in the crystal. Apart from the origin, the

highest peak in the Harker section (Y=O} of the rnap
(48011000, OllOOO, 64011000) was thought the vector between

urany! ions. The major binding site of uranyl ion in an

asyrnmetric unit was found in thÅ}s way. However, the

difference Patterson map between the platinum derivative

and the native data at the same resolution gave too many

peaks to be interpreted uniquely in the same section.
Another uranyl bin' ding site in the U-derivative and

platinum binding sites in the Pt-derivative were obtained

by difference Fourier maps with phase angles calculated

from the major uranyl binding site, coupled with taking

care of the anornalous data. These sites were all
consistent with the peaks found in the corresponding

difference Patterson maps between each heavy atom
derivative data and the native data.

    Phase ang!es of each reflection were calculated by the

method of Blow and Crick (31) considering the anornalous-

dispersion effect of U-derivative. Heavy atom pararneters

such as atornic coordinatest occupancies and isotropic

temperature factors were refined by a least-squares
              otechnique at 5 A resolution at first. An electron density

rnap obtained at this resolution showed the rnolecular

boundary and the positions of the two kinds of metal ions
{cu2+ and zn2+) originany contained in the soD rnolecule

                                                    oclearly. The analysis was then extended to 2.8 A
resolution in the sarne way and the refinement of the heavy

                                    '
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atom parameters was continued using about 16,OOO
                    ereflections up to 2.8 A resolution until convergence. The

heavy atom parameters and the statistics for the two
derivatives at 2.8 X resolution are shown in Table 4-3,

and the arnplitudes versus their lack of closure errors are
                                                      oshown in Fig. 4-1. An electron density map at 2.8 A
resolution was calculated using the best phases with the

mean figure of merit O.67. The rnap is so clear enough to

be followed easily along the polypeptide main chain. The

basic structure of the spinach SOD was found to be B barrel

at this stage. Howevert the density around the major
binding site of uranyl ion was not interpretable because of

the residual electron density due to the uranyl ion.

4-2-2 Molecular replacement (M.R.}

     As the spinach SOD crystal had four identical subunÅ}ts

in an asyrnmetric unit, rnolecular rep!acement {M.R.) method

by averaging the electron density over the four subunits

was applicable to enhance the signal-to-noise ratio of the

protein density {32). The four subunits were conveniently

named Yellow (Y), Violet (V), Green (G} and Blue (B),

respectively. .The flow chart of this rnethod is briefly

shown in Fig. 4-2, and an example of the application of

this method was previously reported by Kusunoki (33).

     In order to refine the phase angles by this methodr Å}t

is first necessary to determine an accurate rnolecular

envelope. The initial envelope was defined from the
                  'M.I.R. map at 2.8 A resolution, after several checks of
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Heavy atom

     Table

pararneters

4-3

at 2.8 X resolution

Heavy atoms xa ya za  Gb
(e)

BC(A2)

K3U02Fs-1

K3U02Fs-2

K2Pt(N02)4-1

K2Pt(N02)4-2

K2Pt{N02)4-3

K2Pt(N02)4-4

o

o

o

o

o

o

.

.

.

.

.

.

236

227

104

500

300

367

o

o

o

o

o

o

'

.

.

.

.

.

ooo

190

040

231

400

227

o

o

o

o

o

o

.

.

.

.

.

.

321

033

401

918

900

313
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o

9

o

2

8

11

18

20
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15

19

.

.

.

.

.

.

o

3

o

o

3

8

a

b

c

Fractional coordinates along the crystallographic
a, b and c axes, respectively.

Site occupancy on an approximately absolute scale.

Isotropic temperature factor.

41



  2.0
ts=

t"'

E'

d
x.
 .1.0
L
 .
ca
 .E
 .L

10.0 5,O 4.0
   Resolution
3.5 3.0

(fi)

2.8

e

     e

e/--N.Å~
          n---s.

t/'k--'ft-h-*x

   <m>
-t X.

   t

i,(.....,.

-

exe

K3U02Fs

   K2Pt(N02)4
t'-NMr---t"-,ij

<m>

O.7

O.6

o.el O.02       O.03
(sin e!A )2

Fig. 4-1
Eh and
{sine!x}

 Variation of the ratio of
She rnean figure of merit
 .

r.m.s.
as a

Fh to r.m
function

.s.
of

42



PhaseDeterminationbyMultipleIsomorphousReplacement

DeterminationofTranslationsandRotationsamong
FourSubunitsReferringtoCu,ZnandPtPositions

AveragingElectronDensityMapoverFourSubunits

InputofSubunitEnvelope

Yes
OverlapsamongSubunits

No

ReconstructionofElectronDensity
Inside,ReplacementbyAveragedSubunits
Outside,ReplacernentbyUniformElectronDensity

InverseFourierniransform

FourierSynthesiswithMnewFobseXP(ianew)

AverageofFoursubunits

No
onvergenceofPhaseShift

Yes

InterpretationoftheElectronDensityMap

Fig. 4-2 A
replacement

schematic
method.

representation of the molecular

43



overlaps between adjacent subunit densities.

    Generally, sorne identical subunits may only differ in

orientation and position. It is therefore possible to

define an operation involving only rotation and
translation. !n the present case, cu2+, zn2+ and one of

the heavy atorn derivativesr K2Pt(N02)4 bound to the SOD

subunit with the ratio of 1:1, respectively. The
operation was obtained in such a way that these three

positions in each subunit were brought into coincidence.

The rotation and translation matrices in this operation

were refined by least-squares method and used to search

best fit positions of the electron density among the four

subunits by the scans of translation and rotation. The

translation scan was performed in steps of the grid
                                              'spacings of Fourier map (320t80*160), that is O.5 A steps,

and the rotation in 50 steps. Rotation and translation

pararneters were finally refined by the least-squares

technique to obtain the maximal correlation among the

electron densities of the four subunits. Table 4-4
summarizes these rotation and translation parameters as the

V, G and B subunits were fitted to the Y subunit. Y and V

subunits are 'found to be related by an approximate 2-foid
axis because the x angle between them is nearly 1800.

    After five cycles of refinementt the molecular
envelope was checked and improved. Further five cycles of

refinement were carried out using the diffraction data up
      eto 2.5 A resolution. The density of the solvent were set

to zero for every cycle of the refinement. The rnean phase
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Table 4-4

Rotation and translation pararneters between subunits

pararneters y-v Y-G Y-B

e 62.57 105.87 99.27
ct'

x

x

85.23

180.56

O.5238

-1 4.54

142.97

O.1 301

15.46

160.85

O.2705

y

z

O.1405

O.7430

O.1111

O.9732

O.3003

O.2275

Y, V, G and B denote Yellow, Violet, Green and Blue
subunits, respective!y. e, Åë, x are rotatÅ}on angles
in polar coordinates with the unit of degree. x, y
and z are translational shifts of fractional
coordinates.
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shift between the last two cycles was 2.30 and the
                                      .
correlation coefficient between the observed and the
calculated structure factors at the last stage was O.83.

The final R-factor was 27g. Fig. 4-3 indicates the
changes of each parameter during the refinernent of

molecular replacement. The electron density map
calculated with the refined phase angles was superior to

the initial M.I.R. map (Fig. 4-4).

4-2-3 Model building and atomic coordinates
                                                    '    The electron density rnap of the spinach SOD at 2.5 A

resolution after the phase refinernent using M.R. rnethod is

good enough to trace a polypeptide main chain and to
identify sorne of the residues. Four crystallographically

independent subunits in an asymmetric unit, known to be

chernically identical, appear to have almost the same

conformations in the map. Two subunits which constructs a

molecule is related by an approximate non-crystallographic

2-fold axis. 0n the basis of the amino acid sequence
(34), a rnolecular model of the protein was built with a
scale of 2 cmlX, comparing with the electron density map at
       '2.5 X resolution using a Richards' optical comparator (35)

(Fig. 4-5). Three-dimensional atomic coordinates obtained

from the RÅ}chards' box served as the starting model for a

refinement by the method of Hendrickson and Konnert (36).
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Fig. 4-5
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 The
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Kendrew-type molecular model of the
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        4-3 Distinction between cu2+ and zn2+ ions

               by crystallographic rnethod

4-3-1 Theoretical background
               Q     In the 2.5 A electron density map, eight prominent

peaks in an asymmetric unit could be easily assigned to the
metal ions (cu2' and zn2+). The eight peaks were grouped

into four pairs, and the peaksi in each pair were apart from

                     oeach other by only 6.1 A, respectively. One of the peaks

in the pair was coordinated by four ligands with a
distorted square planar arrangement, and the other was with

a tetrahedral arrangement. From the chemical viewpoint,

this difference in the coordination geometry may suggest
that the former should be cu2+ ion and the latter zn2+ ion.

In the X-ray analysis, however, it is irnpossible to
distinguish between cu2+ and zn2+ ions from each other by

inspecting the electron density map calcu!ated with the

usual method, because the difference in the number of

electrons is only one between them, and their scattering

powers must be almost the same.

    Synchrotron radiation is being increasingly utilized

for data collection of protein crystals owing to its
brightnesst parallelisrn and tuneability. It is worthwhile

noting that anomalous--dispersion effects around specific

absorption edges of bound rnetal ions can be optirnized by

finely tuning the synchrotron X-ray wavelength. In the

case of proteins with rnore than one kind of metal cofactor,

differences in both of anomalous components f' and f" can
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be used to distinguish atoms or ions with sirnilar atomic

numbers. Such differences have already been utilized to

locate rnanganese and calcium cofactors, which have a five-

electron difference, in a pea lectin crystal (37). !n the

course of the structure ,analysis of spinach SOD, the
difference in the anomalous-dispersion coefficients of cu2+

                    2+                       {28 electrons) has been exploited(27 electrons) and Zn

in the similar way. Synchrotron radiation frorn the Photon
                                                     2+Factory vertical wiggler (38) was used to locate the Cu
and zn2+ ions unambiguously enhancing both the real

coefficients f' and the irnaginary coefficients f" of each

ion. Wavelengths for data collection were selected close

                          eoto the Cu K edge at 1.380 A and the Zn K edge at 1.283 A
(39), because f' and f" values of the cu2+ and zn2+ ions

show a pronounced change near the wavelength of their K

absorption edge. The variation of f' and f" of Cu and Zn

with wavelength is shown in Fig. 4-6.

     In the present study, the anomalous difference Fourier

maps which mainly reflect the f" effect of a specific atom

or ion are compared with each other in order to locate
metal ions and to distinguish between the Cu2+ ion and the

zn2+ ion in the soD molecule. The difference Fourier maps

of the different data sets, which reflect the f' effect,

are also examined; the results are in agreement with those

of the anornalous difference Fourier calculations.

4-3-2 Experiments

     Five sets of intensity data of Bijvoet-pair
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reflections {F+ and F') were measured up to 6 A resolution

at five different wavelengths where these data sets
represent various anomalous-scattering effects of cu2+ and

zn2+ ions, respectively. The five wavelengths were 1.000t

1.275, 1.299, 1.373 and 1.389 X, and the contributions of

f' and f" for each metal ion are summarized in Table 4-5
(40). The data set at X= 1.000 X is useful for the

calculation of the difference Fourier maps of the other

four data sets, because the f' effect at this wavelength is

rather small compared with those at the other four
wavelengths.

    All the data were collected with a four-circle
diffractometer using synchrotron radiation at the Photon

Factory. The diffractometer was located on the statton of

the beam line 14A; it has a horizontal-type setup and

utilÅ}zes the radiation from a superconducting vertical

wiggler (41). The white X-ray bearn, which has a higher

degree of polarization in the vertical directionr is
monochromatized by a Si{111) double-crystal monochromator

and then [ocused by a Pt-coated fused-quartz mirror (41).

Wavelength calibrations were made by measuring the
absorption spectra of Cu and Zn foils at their K absorption

edges. The intensity of the X-ray beam incident to the

specimen was monitored by an ion charnber for every
rneasurernent in order to correct for intensity change (41).

The raw data were corrected for Lorentz and polarization

factors. The polarizatiori factor was calculatedt assuming

that the X--ray beam incident to the monochromator was
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Anoraalous

       Table 4-5

scattering components of Cu and Zn

Data Set
Cu

f'
Zn Cu

f"
Zn

1.000

1.275

1.299

1.373

1.389

o
A
e
A
e
A

o
A
o
A

-o

-1

-2

-4

-4

.1

.7

.o

.8

.8

-O.4

-4.5

-4.1

-2.4

-- 2.3

2

3

3

3

o

.

.

.

.

.

3

4

5

9

5

2

3

o

o

o

.

.

.

.

.

6

8

5

6

6
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polarized 90g in the vertical direction. Damage and
absorption corrections were carried out by the same method

described in the section 4-1-3.
    !n the data set at X= 1.27s X, both cu2' and zn2'

ions have high f" contributions (3.4, 3.8). Anornalous-

dispersion effects due to both ions rnay be clearly observed

in this wavelength.
                                      o   The data sets, at X = 1.299 and 1.373 A, were rneasured

                                                   2+to estimate anomalous-dispersion effect of only the Cu

ion, because these wavelengths are positioned between the

Cu and Zn K absorption edges, and have high f" values (3.5,

3.g) for cu2+ ion, and low (o.s, o.6) for zn2+ ion.

    The data set, at X= 1.389 Xt reflects low f"
contributions of cu2+ and zn2+ ions (f" = o.st o.6).

These f" are comparable to those of the other light atorns

such as carbont nitrogen, or oxygen in the SOD molecule,

because this wavelength is longer than those of the K

absorption edges of both metal ions.

    The data set, at X = 1.000 X, is accompanied with

smaller anornalous-dispersion effects of f' and f" due to
                                     oboth metal ions than those of the 1.275 A data set. This

data set is useful for the calculation of difference
Fourier map to the other four data sets, because the f'
effect at X = 1.000 X is rather srnall compared with those

at the other four wavelengths. On the basis of the
difference of f' values between thern, the difference

Fourier rnap is expected to give meaningful peaks at the

rnetal-ion positions.
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4-3-3 Results

    As a first approacht an anomalous difference Fourier

calculation was carried out to distinguish the two kinds of

rnetal ions from each other. The Fourier syntheses for
                                           eofive different data sets obtained at X = 1.000 A, 1.275 A,
1.299 X, 1.373 X, and 1.389 X were calculated by the rnethod

described by Kraut {42). The phases of each reflection in

the calculation were derived frorn the M.R. rnethod described

in the section 4-2-2. The intensity differences in the

structure-factor amp!itudes between Bijvoet-pair
                                       2+                                                2+ref!ections are primarily due to both Cu                                          and Zn                                                   at
A = 1.275 X, and main!y to Cu2' at X = 1.299 a and 1.373 Sl

                           o(Table 4-5). At X = 1.389 A, the difference in the
amplitude should be negligibly small.

              e    For 1.275 A data set, the positions of the eight
prorninent peaks in the asymmetric unit were identical to

those of the two kinds of metal ions in the original native
                                                2+-Fourier rnap, though the four peaks at the possible Zn                                                  lon
sÅ}tes were slightly higher than the other four at the
possible cu2+ ion sitest as shown in Table 4-6. This is

consistent with the fact that the anornalous-dispersion
component f" of a zn2+ ion is larger than that of a cu2+

ion by O.4 as shown in Table 4-5. 0n this Fourier map,

only the anomalous scatterers can be located and in fact
only four cu2+ and four zn2+ ions in the asymmetric unit of

the SOD crystal showed anomalous-scattering effects at this

wavelength, because the eight prominent peaks can be
completely assigned to the cu2+ and zn2+ ion positÅ}ons of
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                  Table 4-6
                                           2+                              2+                                 and the ZnElectron density values at the Cu
         positions in the Fourier maps

Data Set Ye11ow
Cu Zn

Violet
Cu Zn

Green
Cu Zn

 Blue
Cu Zn

HUP

N-2.8
N-2.5
1.000
1.275
1.299
1.373
1.389
1.275
1.299
1.373
1.389

A ,b
a
AE
R
E

a
a
a
a
a
c
c
c
c

 26
 66
 30
103
1Ol
113
 20
 14
 12
 56
 30

 37
 86
 90
126
 35
  7
  9
  1
  o
  o
  o

 25 29
 6S 93
 62 59
 73 149
 63 30
134 41
 25 54
  8 34
  O 28
 32 17
 21 22

 34 29
 67 94
 90 75
 83 154
109 18
139 O
 27 17
 11 41
 17 29
 68 22
 66 27

 30
 63
 32
108
 96
124
 53
 24
  8
 61
 49

 40
 92
 74
115
 40
 18
 19
  4
  o
  o
  o

123
 70
 73
 80
 77
 86
 83
 81
 75

Yellow, violet, green and blue denote four subunits in an
asymmetric unit. N-2.8 and N-2.S indicate the originalnative Fourier inaps of 2.8 & resolution with M.I.R. phases
and 2.5 a resolution with M.R. phases. HUP is the highest
uninterpretable peak in each rnap. The value zero includes
the density below zero.

a) Anomalous difference Fourier maps.

b) This anomalous difference Fourier map was calculated to
   investigate the signal-to-noise ratio.
                                       oc) Difference Fourier maps with the 1.000 A data set.
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four subunits in the asymrnetric unit.

                   oo   For the 1.299 A and 1.373 A data sets, anomalous
difference Fourier maps showed almost the same electron

density distributions around the eight rnetal-Å}on positions.
                                                     2+They gave high electron density hurnps at four possible Cu
ion sites and almost flat density at four zn2+ ion sites

(Fig. 4-7, Table 4-6). This is consistent with the fact
that the anomalous-dispersion component f" of a cu2+ ion is

about seven times larger than that of a zn2+ ion at these

two wavelengths (Table 4-5). This result implies that the
cu2+ ion has been able to distinguish from the zn2+ ion in

the present study and that the location of two kinds of

metal ions in this analysis was identical to that expected

from the chemical coordination. Therefore, the other
position, which was expected as the zn2+ ion site on the

basis of the ch,emical coordination, was found to be really
the zn2+ ion position.

                  e     For the 1.389 A data set at which there is little f"
contribution of cu2+ and zn2+ ions, no significant electron

density humps were found in the anomalous difference

Fourier map around the previous eight positions of metal

ions. The highest peak in an asymmetric unit could not be

assigned to the metal-ion positions. The ratio of the

peak density at the possible metal-ion position to the

highest uninterpretable peak is lower than in the other

three cases (Table 4-6).

     As a second approach, the conventional difference
                                     eFourier calculation between the 1.000 A data set and each
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and the full unit cell in c along the vertical direction.
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                                           oodata set of the other four wavelengths (1.275 A, 1.                                                299 Ar
1.373 X, 1.389 A} was carried out with the sarne phase

angles used in the previous approach. The Fourier
coefficients are obtained by averaging the arnplitudes of

Bijvoet-pair reflections {F+ and F-) to take off the f"

contributions. The scaling factors between the different

data sets were calculated by Wilson's statistics (43}.

This Fourier map reflects the differences of the amplitudes

attributed to f't although anomalous difference Fourier

synthesis rnainly does those derived from f" contribution.

The results are summarized in Table 4-6. For the 1.373 A

         oand 1.389 A data sets near the Cu K absorption edge, the

difference maps gave significantly higher peaks at possible

cu2+ ion positions than those at possible zn2+ ion

positions, except for one case, the violet subunit in the
1.389 A data set (see Table 4-6}. On the other hand, for

         eethe 1.275 A and 1.299 A data sets near the Zn K absorption

edget the difference maps did not consistenly give higher
peaks at possÅ}ble zn2+ ion positions than those at possible

cu2+ ion positions. Each difference map was quite noisy

compared with the anoma!ous difference Fourier map, and the

highest peak in each map corresponds not to the position of

metal ion but to an uninterpretable peak. The quality of

the difference Fourier map rnay suffer from errors in

scaling between different data sets and in the different

absorption effect from different crystals.

     As a third approach to confirm the accuracy of the

rnetal-ion positions, an anomalous difference Patterson
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synthesis was performed for each data set. This synthesis

did not give any significant peaks which could be
interpreted as cu2+ or zn2+ ions.

                  '

4-3-4 Discussions

    Until now, distinction between two or more kinds of

metal ions with sindlar atomic numbers has been dependent

upon consideration of differences in the chemical nature of

the ions. In the present study of spinach SOD, however,
the distinction between cu2+ and zn2+ ions which have only

a one-electron difference has been achieved by using
anomalous difference Fourier techniques based on reliable

phase angles from M.I.R. and M.R. methods, and intense

tuneable synchrotron radiation. In particular, the
anomalous difference Fourier maps of the 1.275 t 1.299 and
1.373 & data sets are very useful in distinguishing the

                                             eions frorn each other. On the map of the 1.275 A data set,
both the cu2+ and zn2+ ions appeared as the higher electron

density humps, while only the Cu2+ ions were visible on the

                          omap of the 1.299 and 1.373 A data sets. The map of the
     o1.373 A data set gave a higher signal-to-noise ratio than
that of the 1.299 X data set. This is consistent with the

fact that the former has a little higher contribution of f'

and f" than the lattert as shown in Table 4-5. It should
                                                     'be mentioned that the refined phase angles of each
reflection play important roles in producing these kinds of

results. As a resultt the location of the cu2+ and the

zn2+ ions which could be speculated only on the view point
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of chernical coordinations has been exactly ascertained with

the crystallographic rnethods. In contrast to the success

of the Fourier syntheses, an anomalous difference
Patterson synthesis failed to locate the metal ions.
Patterson synthesis rnay therefore be less powerful than

anomalous difference Fourier synthesis in the case of a

protein crystallographic study, as was the case in another

report (44).

               4-4 Structure refinement

4-4-1 Method of Hendrickson and Konnert

    The stereochemically restrained least-squares
procedure of Hendrickson and Konnert (36) was used to

refine the atomic coordinates of spinach SOD.

    In this refinement, the least-squares solution
provides the shifts in the set of model parameters that

rninimize the sum of the weighted squares of differences

between the observed and calculated values for both
structure factors and stereochernical parameters. The

function which is minimized is

      Åë =",Rz.E,Fwi(Foi - Fci)2 + "B,[1/:Dwi(Doi - DIi)2

        +"rziCwi(Doi - Dii)2 + ","Ei"wi(Doi - Dip2

        +"Cn,ÅíR,"kvi{voi. - vii)2 + ",Vz.D,"wi(Doi - Di,i.)4

        +"',HE.E,R"wi(Boi . BTi)2 + "i;(Pwi );,( 1'F:it ,j - 'il)i) l)2

        +N:;iTwi );,(Bi,j - <Bi->)2
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where the first terrn is the diffraction term and is the

function usually minimized in the refinement of small

rno!ecules. The second and the third terrns rninimize the

deviation of bond distances and angle-defining distances

frorn their ideal values. The forth term minimizes the

deviation from planarity of groups of atoms expected to be

p!anar. The fifth terTn minimtzes the deviations from the

ideal chiral volumes (sign included) required for given

chiral centers, thus ensuring the proper handedness. The

sixth term prevents unreasonably short non-bonded contacts

by ruinimizÅ}ng the deviations frorn ideal contact distances;

it is applied only to those contact distances which are

deerned too short. The seventh term minirnizes the
unreasonable discrepancies between the therrna! parameters

of the neighboring atoms which are covalently bonded.
This terrn is known as a simple model of "riding motion".

The last two terms are useful for non-crystallographic

symmetry restraints. The eighth term minirnizes the

deviations frorn the average structure over the four
identical subunits in the asymrnetric unit. The last terrn

imposes the restraint of therrnal parameters for these

similar environments. All quantities subscripted with "I"

are ideal values for the parameters as determined from

crystal structures of small molecules. Quantities
subscripted with "O" refer to the current values of the

parameters in the trial model. (except for two terrns, for

the first terrn: "O" and "C" denote observed and calculated

structure factors, and for the seventh term: "O" and "T"
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denote origin and target temperature factors.) "Wi"

denotes the weighting factor. It is obvious that the
minimization of Åë with the proper weights should produce a

structure that agrees well with the observed data and is

consistent with almost everything known about protein

structural chemistry.

 4-4-2 Refinernent survey

    The refinement was done in four stages, increasing the
                                oeresolution lirnit stepwise from 3.0 A                                         A, while making                                  to                                     2.0

appropriate changes in the restraints. Metal to ligand

bonds were all restrained with the same weight as bond
                               edistanees (sigma equal to O.03 A). Cu-His ligand bond
                              olengths were restrained to 2.00 A. Zn ligand bond-length

                    eorestraints were 2.08 A                                   His                     for                         the                             three                                      ligands and 2.05 A

for ODI of Asp-83. Refinement survey were summarized in

Tab!e 4-7.

    An initia! R value of the model of 4420 atorns were
41.9g for 12,125 reflections beyond 2u between 10 & and 3 ft

spacings, after the initial cycle of a stereochemical

idealization of the starting model. After 18 cycles of

the refinement during which the weight of non-
                                                   ocrystallographic restraints were relaxed frorn O.05 A to
    eO.50 At the R va!ue became 32.3g. 2Fo-Fc electron density

map was produced using the calculated phases. The
densities were averaged over the four subunits in an

asymmetric unit, and the rnodel was corrected rnanually to

reduce discrepancies with the electron density map by using
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    Table

RefSnement

4-7

 survey

Stage

No. of cycles

No. of parameters

No. of atoms
 {solvents)
            oResolution (A)

No. of F-data

Fobs1o(Fobs)a

<Fobs-Fcalc>
<B> {&2>

R (initial) (g)

R (final) (g)

     1

     17

  13262

   4420
     {o}

6.0-3.0

  10757

     2o

   1.62

    6.4

   41.9

   32.3

5
.

    2

   31

13262

 4420
   (o)

O-2.0

14295

   7o

 1.43

  9.0

 3S.9

 30.0

5.

    3

   41

17681

 4420
   (o)

O-2.0

28682

   3u

 O.95

  9.5

 31.4

 26.0

5
.

    4

   16

18097

 4524
 (104)

O-2.0

28682

   3o

 O.91

  9.7

 26.1

 24.9

a The
   for

F-data greater
the refinernent

than the listed values were used
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a graphic display system. The corrected coordinates were

rotated and translated to fit other three subunits in an
                                                   'asyrnmetric unit using matrices.

     In the second stager the four coordinates sets were

further refined by another 31 cycles of the refinement
                                                   oduring which the resolution limit was increased from 3 A to
  o2 A. 2Fo-Fc density map was produced as the same way and

rnanual correction was done again. The corrections for

four subunits (Y, V, G, B) were carrÅ}ed out individually

this tirne. These manual corrections were applied only to

the side chain and not to the polypeptide main chain.

     In the third stage with 41 cycles, individual
ternperature factors were also refined addition to the

individual coordinates of the atoms. Fo-Fc electron
density map was calculated after that stage in order to

find water molecules. 26 water molecules were found for a

subunit using the graphic display system.

    At the last stage of the refinement, these water

molecules were included. A total of 105 cycles of the

refinement during which the deviations of bond lengths,

bond angles and the other geometrical values from ideality

were monitored during the refinement was perforrned. After

the 105 cycles of refinement, the R value was deduced to
                  o24.9g with a O.03 A root mean square {r.m.s.) deviation

from ideal bond distances for the 28,694 reflections beyond

             oe3o between 5 A and 2 A spacings. It is mentioned that

four crystallographically independent subunits were refined

independently with some weights minimizing the deviation
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frorn the average structure.

     It Å}s important to estimate the appropriate weighting

factor for each stereochemical restraint relative to that

of the structure factors (45). Correctly chosen weighting

factors can reduce the R value greatly and maintain

reasonab!e stereochenistry. The best weighting scheme was

determined adequately during the refinement. Table 4-8

shows the weighting scheme at the final stage, where the
weight of each terrn was calculated by 1.01u2. R values

for each cycle during the refinement are shown in Fig. 4-8.

       4-5 Description of the Cu,Zn-SOD structure

4-5-1 Structural identity in subunits

    There are two SOD dimeric molecules or four subunits

in the asyrn rnetric unit of the crystal independently. It

is therefore necessary to show the structural identity

among the four subunits in order to discuss the rnolecular

structure and to compare it with the other Cu,Zn-SOD.

Each subunit was superposed on other three subunits by

least-squares technique as the deviation between the
corresponding coordinates became minimum. Table 4-9 shows

the deviations among the four subunits: right upper
diagonal corresponds to the deviations only for the Ca atom

distancest left down diagonal corresponds to those for all

atoms in the protein. Independent four subunits have

almost the same structure among one another and few
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Weighting

    Table

pararneters

4--8

at the final stage

Restraints
o(a)    r.rn.s.

deviation
(b) No. of
 pararneters

Distances              o  Bond length (A)
  Angle-re}ated (&)
  Planar         (A)
  Metal coordinates.and
   disulfide bond (A)

o
o
o

o

.

.

.

.

030
040
050
030

o
o
o

o

.

.

.

.

027
044
045
078

4488
6120
1420
  36

              ePlanar groups {A) O.030 O.021 796

chiral volumes (X3) O.200 O.239 724

Non-bonded contacts
  single torsion {A).
  Multiple torsion (A)
  Possible hydrogen bond (x)

o
o
o

.

.

.

200
200
200

o
o
o

.

.

.

164
203
212

1427
1646
 278

Torsio'n angles
  Peptide plane {w)
  Staggered (601 1200)
  Ortho-normal (900)

5

15
15

.

.

.

o
o
o

 3
23
35

.

.

.

6
6
7

628
688
 44

Non-crystallog{aphic
  Positional (A)
    Yellow subunit
    Violet subunit
    Green subunit
  TheBri:giS?RS?it

    Yellow subunit
    Violet subunit
    Green subunit
    Blue subunit

symmetry

o
o
o
o

o
o
o
o

.

.

.

.

.

.

.

.

25
25
25
25

25
25
25
25

o
o
o
o

o
o
o
o

.

.

.

.

.

.

.

.

355
395
443
386

034
034
033
031

1131
11 31
11 31
11 31

11 31
11 31
11 31
11 31

is figf,Rptc,.:.:eg:a.g tas

  g:G: g:gl•: g:gge,$

  Side chain angle (a

tors
>)

>}

c
1

1

1

1

.

.

.

.

o
5
o
5

o
o
o
o

.

.

.

.

280
476
264
514

2604
3320
1956
2836

(a}

(b)

(c}

The weight for each restraint

R.m.s. deviation frorn ideality

Sirnple model of "riding motion
the restraints of the thermal
related by bonds or angles.

was 1lu2

" was applied
pararneters of

for
atoms
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Fig. 4-8 Progress of the refinement represented by a
plot of crystal!ographic residual error versus cycle
nurnber. Range of reflections used in the calculation
is indicated with the resolution and the ratio to the
sigma, respectively.
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Table 4-9

Deviation                     oarnong four subunits (A)

 e(A) Yel1ow Violet Green Blue

Yel1ow O.33 O.33 O.31

Violet O.61 O.34 O.35

Green O.70 O.68 O.33

Blue O.56 O.64 O.71

Right upper
deviations
distances,
corresponds
the protein.

diagonal corresponds to the
 only for the Ca atom
   left down diagonal
 to those for all atoms in
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structural differences between subunits Å}n the dimeric

molecules {Yellow-Violet, Green-Blue) were observed.

4-5-2 Molecular structure in crystal

    Two dimeric rnolecules in the asymrnetric unit of the

crystal are almost anti-parallel. Each of the dimers is

internally related by a fairly exact non-crystallographic

2-fold axis. Viewed down the 2-fold axis, the dirneric
                                          oomolecule is an elongated ellipsoid about 33 A widet 62 A
long and 36 A deep. The cu2+ ions of each subunit are

     o33.4 A apart in the molecule. In each subunit, the
polypeptide main chain is folded into a cylindrical barrel

cornprised of eight anti-parallel B chains with three loops.

The polypeptide main chain is followed as a single rope,

except for two regions. One is an Å}ntra-subunit disulfide

bridge and the other is a salt bridge between Arg-79 and

Asp-101. The results reported in this thesis are
concerned primarily with the structure of the SOD Yellow

subunit.

4-5-3 Overall structure of the subunit

    Each subunit of spinach SOD is cornposed primari!y of

eight anti-parallel B strandst which form a flattened

cylinder, plus three external loops {Fig. 4-9 and Fig. 4-
10}. The active site composed of two metal ions (cu2+ and

zn2+) lie 6.1 X apart at the bottom of a !ong channel

located on the external surface of the B barrel between the

two largest loops.
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Y

C

Zn

' N.

Fig. 4-9 Stereo drawing
spinach SOD subunit viewed
the Cu from the solvent.
Cct atorns.

showing Cct backbone of
down the axial direction
Solid spheres represent

the
 of
the
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Fig. 4-10 Overall folding of the
spinach SOD with tube. A blue ball
Zn.

 backbone
is Cu and

 in the
a red is
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     The eight anti-parallel B strands forrn a Greek key 3

barrel with a topology of +1, +lt +3, -1, -1, +3r +1 (46)

in which each B-strand connection is named for the nurnber

of strands it moves over in the sheet and the direction

(clockwise or counterclockwise) that it moves around the

barrel. There are no crossover connections in the SOD B

barrel. Fig. 4-11 illustrates the main-chain to rnain-

chain hydrogen-bond pattern in the B structure. Strands

are identified by a number beginning at the N-terrninus and

proceeding clockwise around the top of the B barrel as

viewed in Figs. 4-9 and 4-10, and also by a letter assigned

in order of amino acid sequence. The three long loops of

non-repetitive secondary structure are named for the B

strands that they join (see Fig. 4-11).

    The division of the structure into distinct B barrel

and loop regions is an artificial, but conceptually
valuable simplification. A definition of the B structure

is due to both Åë,e values and hydrogen-bonding pattern with

neighbouring residues. Out of 154 residues, 71 residues

are classified in B structure and 73 residues are in loops

(36 of loop-6,5, 13 of loop-4,7 and 24 of !oop-7,8). The

division of the residues is shown in Table 4-10 with their

torsion angles.

4-5-4 Temperature factors

    Atomic temperature factors (or B values) are a!so

obtained after the refinement. The values for all 4524

atoms including water molecules are ranging from 6 to 19
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Tab1e 4-1O

Main-chain dihedral angles

Residue Group Phi Psi Residue Group Phi Psi

 1
 2
 3
 4
 5

6
7
8

 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Ala
Thr
Lys
Lys
Ala
Va1
Ala
Va1
Leu
Lys
Gly
Thr
Ser
Asn
Va1
Glu
Gly
va!
Val
Thr
Leu
Thr
Gln
Glu
Asp
Asp
Gly
Pro
Thr
Thr
Va1
Asn
Va1
Arg
Ile
Ser
Gly
Leu
Ala
Pro

B
B
B
B
B
B
B
B
B
B
B
T
T
T
B
B
B
B
B
B
B
B
B
B
T
T
T
B
B
B
B
B
B
B
B
B
B
B
B
T

  - 109
-127 153
-144 139
-127 159
-143 171
-148 147
-- 129 111
 -94 107
 -83 141
-148 146
-1 31 -1 62
-113 42
-1 4S -1 66
-103 14
 -90 118
 -94 -110
  93 162
-163 131
-133 143
-124 153
-133 126
-121 147
-153 133
-114 148
  53 -97
-165 43
-1 02 -1 54
 -72 169
-123 128
 -93 129
-123 119
-108 117
-111 142
-154 117
-126 158
-151 162
  90 -7
 -81 168
-100 128
 -37 137

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

Gly
Lys
His
GIy
Phe
His
Leu
His
G!u
Phe
Gly
Asp
Thr
Thr
Asn
Gly
Cys
Met
Ser
Thr
Gly
Pro
His
Phe
Asn
Pro
Asp
Lys
Lys
Thr
His
Gly
Ala
Pro
Glu
Asp
Glu
va!
Arg
His

B
B
B
B
B
B
B
B
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L

 117
 -92
-117
-1 54
-1 43
-1 36
 -95
 -79
 -53
 -99
 -99
  13
  96
 -64
-114
  51
 -86
 -74
 -93
 -95
  64
 -77
 -78
 -60
-148
 -73
 -86
  48
-139
 -93
 -75
-158
-1 08
 -53
 -98
-152
 -76
 -72
 -41
 -52

-163
 148
-1 63
 146
 107
 156
  96
 151
 -54
 165
 -26
-107
  -5
 -39
  70
-136
 -16
  -8
   3
   3
-1 71
-158
 142
 127
  75
 -36
   4
  91
-1 79
 170
 141
-153
 162
 -34
  64
 137
 -42
 -1 5
 152
 -92
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Table 4-10 (continued)

Residue Group Phi Psi Residue Group Phi Psi

 81
 82
 83
 84
 85
 86
 87
 88
 89
 90
 91
 92
 93
 94
 95
 96
 97
 98
 99
1OO
1Ol
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

Ala
Gly
Asp
Leu
Gly
Asn
Ile
Val
Ala
Asn
Thr
Asp
Gly
Val
Ala
Glu
Ala
Thr
Ile
Va1
Asp
Asn
Gln
Ile
Pro
Leu
Thr
Gly
Pro
Asn
Ser
Va1
Va1
Gly
Arg
Ala
Leu
Va1
Va1
His

L
L
L
L
B
B
B
B
B
B
cr'

T
T
B
B
B
B
B
B
B
B
L
L
L
L
L
L
L
L
L
L
L
L
L
B
B
B
B
B
B

 174 --49
 -85 5
 -74 129
-128 25
  62 --132
-129 142
-103 143
 -98 ,1 28
 -98 129
 -70 179
 -60 -19
-1 08 13
  54 64
-144 132
-120 137
-135 137
-149 -179
-149 97
 -94 135
-1 20 97
-108 160
-1 22 12
-111 -3
-1 20 65
 -64 170
-120 9
-137 152
  64 -148
 -72 145
  84 -4
 -47 139
-104 29
 -84 144
  71 17
-110 173
-112 150
-112 125
-121 144
-112 126
-100 162

121 G!u
122 Leu
123 Glu
124 Asp
125 Asp
126 Leu
127 G!y
128 Lys
129 Gly
130 Gly
131 His
132 Glu
133 Leu
134 Ser
135 Pro
136 Thr
137 Thr
138 Gly
139 Asn
140 Ala
141 Gly
142 Gly
143 Arg
144 Leu
145 Ala
146 Cys
147 Gly
148 Val
149 Val
150 Gly
151 Leu
152 Thr
153 Pro
154 Val

L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
B
B
B
B
B
B
B
B
B
B

 -72
 -89
 -79
 -85
 -69
  76
  77
 -79
 -68
-139
 -52
 176
 -93
 -56
 -77
-117
-116
  93
  43
 -96
  -9
 133
 --84
 -72
-179
-1 43
-1 49
 -87
 -76
-1 09
 -66
-1 42
 -38
-1 80

 -54
 172
 149
 140
 -25
  11
  18
 -39
-172
  32
 -79
 -38
   3
 -49
  -3
 -45
 -37
  23
  49
 -1 5
 120
  97
  95
 -23
 142
 163
 151
 139
 106
 147
 139
 148
-1 08

Phi, psi : Backbone dihedral
range -1800 to +1800.

B, L and T denote B structure
respectively.

angles

t loops

measured in

 and turnst

the
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fi2, and the average value is g.6 X2. They indicate the

relative degree of order in the refined coordinates. The

B values in the four subunits are almost the sarne with

correlation coefficient greater than O.99997, respectively.

The highest B values are found at solvent-exposed rnolecular

extrernities in turns joining the ends of B strands.
Especially in the turns of Thr-12 to Asn-14 between B

strands la and 2b, and of Asp-25 to Gly-27 between B
strands 2b and 3c, the B values are quite high. The other

surface regions have high ternperature factors compared with

those of interior atoins in a molecule. Interior atorns in

a molecule are well-ordered with lower B values. Val-113,

Gly-114 and Gly-150 which are important for the dirner

contact interactions have relatively low B values and are

well-ordered. Around the disulfide bond, the B values are

also relatively low. The B values of the Ca atorns in each

residue are plotted in Fig. 4-12.

4-5-5 Torsion angles

     The torsion angles {Åë,tu) of the polypeptide backbone

are listed in Table 4-10. These angles were calculated

frorT} the coordinates after the refinement. The Åërth

distribution plotted in Fig. 4-13 (47) strikingly
illustrates the strongly B-strand character of this enzyme.

Several glycine residues are outside the allowed region.

4-5-6 Disulfide bond and salt link

     The single disulfide bridge, Cys-57 to Cys-146, forms
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Fig. 4-12 Temperature factors of the Ca atoras.

79



oco
et

oov

-

co

HOaor

1

t + + +++-+ Nl.i2ttt.t':-#i:i.•":+,+;i

 + +++l ++ ++l+ - -+t l. -p'v+' ttl ++ +l        `
,l+ +t        ,, NO -t s+ N  NN s. " N-   NiC

s

:

lo
l

J

     .    s     1     '     tt' 't+i+1

L--------

  -+ Ns
-+ + + N Xc ++
  ti+ ++
  + +-

    +
    +

)

:
:

s

e

 .n
tt + l

l!
l el
l+l
ll<e oN ee sl -+  .

e

 i

1
:,

aua
l

aov

et
+

 e
 ".-.-o- -
r

+

o+
----  ' b    E

l
I

l
+

+

oe
 o

o

+c+

o

+
+

l
4

-180 -120 -60 o 60 120 180

PHI

Fig. 4-13 Phi, psi plot for the coordinates of
Yellow SOD subunit. Glycine residues are indicated
all other residues are indicated by +.

the
 o;

80



a covalent bond between loop-6,5 and the base of loop-7,8.
                                             oThe bond length between the sulfur atoms is 2.08 A which is

not'so different from the ideal value in small rnolecules.

Another confusing connectivity of the polypeptide rnain

chain found in the density map is the salt link between

Arg-79 and Asp-101. The longer the distance from the Ca

atom, the lower the B value in these two residues. This

salt linkr connected between loop-6,5 and loop-4,7r may

stabilize these two !oops. These two types of connection

which are not so popular as helix or sheet in protein

structure take irnportant parts in the stability or
stiffness of the SOD structure. The distances of these

connections are listed in Table 4-11.

4-5-7 Heavy atom binding sites

     Two dimers in an asyru rnetric unit casually construct

hydrophilic field among Glu-123, Asp-124 and Asp-125 in one

dimer and the sarne residues in the other, though they are

not related with a 2-fold axis. This field has a diameter
of about 10 a and corresponds to the major binding site of

the uranyl ion. Concerning the platinurn derivative, four

binding sites were found in the asymmetric unit (Table 4-

3). The platinum was therefore considered to bind
quantitatively to the equivalent place in a subunit,

because there were also four subunits in the asymmetric

unit of the crystal. In fact, each platinum was found to

bind to the sulfur atorn of Met-58 which is next to the

disulfide bridge, after the interpretation of the density
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Disulf

   Table

ide bond

4-11

and salt link

Residue 1 Residue 2   ed(A)

57 Cys

79 Arg

79 Arg

SG

NHI

NH2

146

1Ol

1Ol

cys

Asp

Asp

SG

OD2

ODI

2

2

2

.

.

.

08
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rnap. Heavy atom binding sites are listed in Table 4-12.

4-5-8 Water molecules

    26 water rnolecules in a subunit were identified in the

Fo-Fc rnap after the third stage of the refinement. The

positional parameters and the ternperature factors have been

refined in the 4th stage of the refinement. These
rnolecules have relatively high temperature factors ranging
from 11.5 to 19.1 &2 for Ye!low subuniL

4-5-9 Hydrogen bonds {H-bonds)

    Main-chain to main-chain, side-chain to rnain-chain and

side-chain to side-chain H-bonds are listed in Tables 4-13,

4-14 and 4-15, respectively. Main-chain to main-chain H-

bonds are also shown in Fig. 4-11 with the secondary

structure demonstration. Most of the main-chain to main-

chain H-bonds are between B strands and take part in the

barrel-structure construction. These H-bonds were defined

with the relatively narrow range of the distance between

hydrogen donor and acceptor. Some of the H-bonds take

important roles in the structural stability for both the

rnetal ligand (His-71 and Asp-124) and the dimer contact

(Asp-52, Thr-152, Gly-51, Gly-114 and Leu-151}. The H-

bonds between subunits constructing the SOD dimer are

listed in Table 4-16.

4-5-10 Active site

    The active site cu2+ and zn2' ions lie 6.1 A apart at
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Heavy

 Table 4-12

atom binding sites

Heavy atoms Subunit Residue   ed(A)

K3U02Fs-1

K2Pt(N02)4-1

K2Pt{N02)4-2

K2Pt(N02)4-3

K2Pt(N02)4-4

Yellow

Blue

Yellow

Violet

Green

Blue

121

123

 58

 58

 58

 58

Glu

Glu

Met

Met

Met

Met

N

OE2

SD

SD

SD

SD

1

2

3

2

5

4

.

.

.

.

.

.

4

5

4

8

o

o

84



Table 4-13

Main-chain hydrogen bonds

Residue 1 Residue     o2 d(A) Residue 1 Residue     o2 d(A)

 1 Ala O
 3 Lys N
 3 Lys O
 5 Ala N
 6 Va! N
 7 Ala N
 7 Ala O
 9 Leu N
18 Val N
20 Thr N
20 Thr O
22 Thr N
24 Glu O
29 Thr N
29 Thr O
31 Val N
31 val o
33 val O
35 Ile N
35 Ile O
41 Gly O
43 His O
45 Phe O
46 His N

 25
 23
 23
 21
150

19
19
17
34
32
32
30
26

1Ol
1Ol

99
99
97
95
95
89

124
 84
118

Asp
Gln
G!h
Leu
Gly
Val
Va1
Gly
Arg
Asn
Asn
Ile
Asp
Asp
Asp
Ile
Ile
Ala
Ala
Ala
Ala
Asp
Leu
Val

N
o
N
o
o
o
N
o
o
o
N
o
N
o
N
o
N
N
o
N
N
N
N
o

3.03
2.93
2.93
2.90
2.86
2.68
2.98
3.04
2.90
3.03
2.98
2.95
2.74
2.66
2.92
2.82
2.89
3.02
3.01
2.89
2.64
3.01
2.96
2.89

 46
 47
 47
 48
 49
 50
 64
 70
 71
 73
 73
 90
 90
105
114
115
117
121
122
125
125
133
133
138

His
Leu
Leu
His
Glu
Phe
Phe
Thr
His
Ala
Ala
Asn
Asn
Pro
Gly
Arg
Leu
Glu
Leu
Asp
Asp
Leu
Leu
Gly

o
o
N
N
N
N
o
o
N
o
o
N
o
o
N
o
N
N
N
N
o
o
o
o

117
 64
 82
116
 62
 60
 82
 80
135
 75
 76
 94
 93
112
149
149
147
142
140
138
128
137
138
140

Val
Phe
Gly
Ala
Pro
Thr
Gly
His
Pro
Glu
Asp
Val
Gly
Val
Val
Va1
Gly
Gly
Ala
Gly
Arg
Thr
Gly
Ala

N
N
o
o
o
o
N
N
o
N
N
o
N
N
o
N
o
o
o
o
N
N
N
N

2
2
2
2
2
3

2
2
3
3
3

2
2
2
2
2
2
2
3

2
2
2
3
2

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

85
79
92
69
91
04
98
83
04
05
Ol
92
85
88
92
59
95
70
02
88
85
70
02
94

85



Table 4-14

Side-chain to rnain-chain hydrogen bonds

Residue 1 Residue 2   ed{A)

 13
 23
 43
 48
 55
 57
 61
 65
 65
 73
 74
 79
 80
 86
 90
 97
1Ol
124
124

Ser
Gln
His
His
Asn
Cys
Gly
Asn
Asn
Ala
Pro
Arg
His
Asn
Asn
Ala
Asp
Asp
Asp

OG
OEI
o
NDI
N
o
o
ODI
ODI
N
o
NH2
N
ND2
ND2
o
ODI
ODI
OD2

 14
106
 86
 61
 59
 60
143
 68
 69
 76
 79
 81
 83
124
 94
 98
103
137
126

Asn
Leu
Asn
Gly
Ser
Thr
Arg
Lys
Lys
Asp
Arg
Ala
Asp
Asp
Va1
Thr
Gln
Thr
Leu

N
N
ND2
o
OG
OGI
NH2
N
N
ODI
NHI
o
OD2
N
o
OGI
N
o
N

2
2
2
2

3
2
2
3
2
2
2
2
2
2
3
2

2
2
2

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

82
89
62
80
oo
80
75
03
79
77
99
98
67
96
04
93
77
62
75

86



Table 4-1 5

Side-chain to side-chain hydrogen bonds

Residue 1 Residue 2 d{A)

 34
 46
 71
 71
 71
 79
125

Arg
His
His
His
His
Arg
Asp

NE
NDI
NDI
NE2
NE2
NHI
Od1

 96 Glu
 63 His
 83 Asp
124 Asp
124 Asp
101 Asp
134 Ser

OEI
NE2
ODI
ODI
OD2
OD2
OG

2.88
2.67
3.02
2.77
2.71
2.73
2.51
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Table 4-16

Hydrogen bonds in dimer contact area

Residue 1 Residue 2   ed(A)

 51
114
 52

Gly N
GIy O
Asp ODI

151 Leu
151 Leu
152 Thr

o
N
OGI

2
3
2

.

.

.

91
05
70

151
1 51

152

Leu O
Leu N
Thr OGI

 51 Gly
114 Gly
 52 Asp

N
o
ODI

3
2
2

.oo

.83

.69

88



the bottom of a long channel. Although the positions of

two rnetal ions were clearly shown as spherical features of

high density in the M.I.R. electron density map, it was
difficult to distinguish between the cu2+ and zn2+ ions

only from inspection of the density map. These were
identified by using their anomalous-scattering effects

measured by synchrotron radiation (section 4-3, (48)). As
a result, the zn2+ was assigned as the highest peak and the

cu2+ was assigned as the next highest peak in the subunit

density. The identifications of these metal ions are the

sarne result as the case of bovine SOD (5). The fitness

between the rnodel and the density map was quite good around

the active site as shown in Fig. 4-14.

     The zn2+ ligands are all located in a continuous

stretch of chain, which forms the second half of loop-6,5.
Except for His-63, the Cu2' ligands are located in the B

barrel (His-46 and -48 from B strand 6d and His-120 from
strand 7g). His-63 which is the ligand to both cu2' and

zn2+ ions bridges these ions with its imidazole ring

approximately planar to both metal ions.

    The geornetry of the active site metals and their

ligands is shown in Fig. 4-15, as viewed from the so!vent.
His-63, --71 and -80 attach to the Zn2+ with NDI. The Zn

ligand geometry by these three His residues and by ODI of
Asp-83 is almost tetrahedral. The Cu2+ is liganded by NDI

of His-46, and by NE2 of His-48, -63 and -120 with an

uneven tetrahedral distortion from square planar geometry

(L63NE2-Cu-120NE2=1330; L46NDI-Cu-48NE2=1340).
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Fig. 4-14
active site

The electron density
viewed down the same

map and rnodel in
direction as Fig.

the
4--9.
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n His46

,,=`iR'

Xx

  v NcuL
         L.. tHis120

zn ]I'His7i

His48
 Nor

)

His63
Asp83

  -+)
His80

.x '5

'

Fig. 4-15 The active site of spinach SOD viewed down
the axial direction of the Cu from the solvent. The
geornetry of the Zn ligands is approxirnately
tetrahedral. The Cu ligands forrn a distorted square
plane.
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    The r.m.s. deviation from superposition of the ligand

residues (averaged for the six possible pairs of the four
                    oSOD subunits) is O.11 A. If the active sites are assumed

to be identical, then r.rn.s. deviation frorn superposition

provides an indication of the levels of error in the model.
    The cu2+-N bond lengths of the liganding His averaged

2.o7 A for all four subunits, while zn2+-N bond lengths

averaged 2.14 a. A single Zn2+-O bond length averaged

2.02 X.

    cu2+ is solvent accessible and zn2+ is somewhat buried
                             'on the view of the electron density map. Based on the
fact, the role of the zn2+ ion is considered to hold the

structure and not to take part in the enzymic reaction

directly. It is consistent with the catalytic process of

the disrnutation reaction of Cu,Zn-SOD which was
demonstrated for bovine enzyrne previously (49).

    The active site is surrounded with two rims (see

Fig. 4-16)'. One is the upper rim of Thr-136 to Arg-143

and the other is the lower rim of Met-58 to As' n-65.

Several residues or atoms which are important for'the

activity are found in the upper rim around the active site.
cu2+ which attracts superoxide anion !ies with the distance

      e5 to 6 A away from both guanidinium N of Arg-143 and Oy of

Thr-137. The guanidinium N of Arg-143 has been suggested

to function as a guide which let oxygen anions approach the
cu2+ ion (4g). These two i'onic groups are positioned in

both the extremities of the surrounding residues in the

upper rim whose sequence homology arnong nine Cu,Zn-SODs is
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Asn139
Gly141

Leu133

Gly142 Ala140 Glyl38Thr136

Met58

His120

Arg143

His46     Thr137

Cu

Ser59

His48

His63

Thr60

 Pro62
Gly61

z

Asp83

His71

His80

Asn6S

Phe64

Fig. 4-16 Surroundings of the active site is
viewed from the same direction as Fig. 4-15. The
consisting the two rims are represented with
circles.

 shown
 atoms
filled
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fairly high. Furtherrnore, Gly-141 which is conserved in

all nine Cu,Zn-SODs so far sequenced (Fig. 5-7) may be

considered to be important for the activity, because it has

no side-chain and is quite small enough not to disturb the

substrate coming. The upper rim, the end part of loop-7,8

including these residues must be important to hold the

structure around the active site.

    Aspartate in proteins is not solv'ent accessible

generally and has an ionized carboxyl group. There are

nine aspartate residues of spinach SOD, two of which are

complete!y soivent inaccessible. They are Asp-83 and Asp-
124. Asp-83 is one of the ligand to zn2+ ion and almost

buried in the molecule. Asp-124 rnakes three H-bonds with

NE2 of His-71, carbonyl oxygen of Thr-137r and rnain-chain

N-H of Leu-126 (see Tables 4-14 and 4-15). These H-bonds

also play iruportant roles in stabilizing the protein,

especially around the active site.

4-5-11 Dimer contact

     An SOD molecule is formed by two types of interactions

around the 2-fold axis between the subunits. One is the

hydrophobic interaction formed by Val-112t Val-113 and Leu-

151. These residues in one subunit and those in the other

rnake a hydrophobic field around the 2-fold axis. The

other interaction is three H-bonds as shown in Table 4-16.

These two types of interactions cause the surprising
stability of Cu,Zn-SOD rnolecule.
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     5 Comparison of the structure among Cu,Zn-SODs

     5-1 Superposition between spinach and bovine SODs

    Tertiary structure analysis of Cu,Zn-SOD was reported

only for bovine erythrocyte (5,49) so far. Therefore, the

structure comparison between spinach and bovine SODs is

possible. It may produce significant information about

the molecular evolution of the enzyrne. An amino acid

sequence of bovine SOD was also reported (7) and the

sequence homology between the spinach and bovine SODs is

55g. Comparing their sequences with each other, two
residue insertions of the spinach SOD are found. One of

them is Asp-26 in the turn region between B strands 2b and

3cr and the other is the C-terrninal residue Val-154.

    In order to compare the tertiary structures with each

other, superposition between spinach and bovine SODs is

necessary. Because a chain fold is generally well-

represented by the coordinates of the Ca atoms, the

tertiary structure can be compared with each other by

superposing one chain on the other in such a way as to

minimize the distance between corresponding Cct atoms by

least-squares technique. The r.m.s. deviation can be

taken as a sirnilarity index for the cornparison. The

coordinates of bovine SOD was obtained from Protein Data

Bank at Crystallographic Research Center, Institute for

Protein Research, Osaka University.

    Fig. 5-1 indicates the overall pictures of the two
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 5-1 Comparison of the Cct
bovine SODs. Spinach SOD
 and bovine SOD with red.

 backbone between spinach
is represented with green
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SODs. The basic structure of B barrel with three loops is

identical with each other in spite of the sequence
difference of 451 when the whole structures are roughly

compared. The overall r.m.s. deviation of the Cct atoms
                                       ebetween spinach and bovine SODs Å}s 1.52 A except for the

two inserted residues of Asp-26 and Val-154.

               5-2 Structural simi!arities

      '
5-2-1 General feature

    The general feature of spinach SOD is quite similar to

that of bovine SOD. A molecule is composed of two
identical subunits related by a non-crystallographic two-

fold axis in each case. The subunit structure of spinach

SOD is basically eight-stranded B barrel with three loops

and is topologically identical to that of bovine SOD.

Fig. 5-2 shows the distances between the corresponding Ca

atoms of spinach and bovine SODs. The overall r.m.s.
deviation between the two SODs of 1.52 & is considered to

be quite small.

5-2-2 Active site

    The active site in spinach SOD cornposed of two rnetal

Å}ons is also quite similar to that of bovine SOD. The

r.m.s. deviation of the atorns in the ligand residues and

metal ions (His-46, His-48t His-63, His-71t His-80, Asp-83r

His-12ot cu2+ and zn2+) is o.76 X, when these are
             '
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Fig. 5-2
of spinach

Distances between the
 and bovine SODs.

corresponding Cct atoms
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superposed on those of bovine SOD by least-squares
technique. The structure comparison at the active site is

shown in Fig. 5-3.

    Except for the ligand residues, functionally important

residues around the active site are also conserved on the

sequences in both SODs: Arg-143, Thr-137, Gly-141 and Asp-

124. Arg-143 is considered to be important for the SOD

activity based on the results of the modification
experirnent for bovine SOD (50-51). Asp-124 makes severa!

hydrogen bonds shown in Tables 4-14 and 4-15 to stabilize

the active site. These residues are also conserved on the

sequences not only for the spinach and bovine SODs but also

the other Cu,Zn-SODs whose sequences have been determined

so far. It can be considered that these residues are very

important for SOD activity and stability. The upper rim

composed of seven residues <Thr-137, Gly-138, Asn-139, Ala-

140, Gly-141, Gly-142 and Arg-143) has almost the satue

structure as that of bovine SOD. It is a natural result

on the point of the sequence sirailarity between two SODs at

this region except for one residue {Gly-142 is replaced

with serine in bovine SOD). The only difference of the

active site is the loss of a water molecule which was

identified for the bovine SOD.

5-2-3 Dirner contact

    A Cu,Zn-SOD molecule exists as a dirneric forrn with two

identica! subunits which are related by 2-fold axis. The

interactions between the subunits in spinach SOD molecule
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are hydrophobic and hydrogen bonding forces described in

the section 4-5-11. Three residues (Va!-112t Val-113 and

Leu-151) which take part in the hydrophobic interaction for

spinach SOD are replaced with isoleucine (Ile-110r Ile-111r

Ile-149) for bovine SOD. The properties of the
replacernent pair are almost simi!ar with each other in all

three cases. Therefore, the sarne interactions between the

subunits may be held in this case. The conformations of

the side chains of the pair are certainly sirnilar with each

other. In general, replacement with the residue of the

sirnilar property is often observed in proteins. For the

case of the dimer contact area in the SOD molecule, it is

possible to replace the residues so as to rnaintain the

hydrophobic interaction around the area.

     There are two rnain-chain to main-chain and one side-

chain to side-chain hydrogen bonds in the dimer contact

area of spinach SOD as described in the section 4-5-11.

In bovine SODt the former two H-bonds also exist, but the

latter does not exist. Thr-152 of spinach SOD is replaced

with alanine for bovine SOD and cannot make the H-bond

because amino acid alanine has no hydroxyl group to rnake H-

bonds. However, the dirner contact area of spinach SOD is

quite similar to that of bovine SOD as a whole (Fig. 5-4).
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               5-3 Structural differences

5-3-1 Definition of the structural difference

    The structure of the spinach SOD was cornpared with

that of four independent subunits of the bovine SOD
{Orange, Yellowr Blue, Green)f respectively. Residues
whose Cct atoms differ beyond 1.52 X among all four cases

were defined as the positions with structural differences.

In all the araino acid residues including cu2+ and zn2+

ions, eleven positions (Ala--1, Thr-2, Glu-24, Asp-25, Asp-

26, Val-33, Ala-97, Gly-108, Giy-130, His-131 and Glu-132)

were defined with structural differences. These residues

can segregate into four groups by the structural
neighbourhood. They are listed in Table 5-1 together with

the average distances between the corresponding Ca atoms.

5-3-2 Group I (Hydrogen bond formation)

    The first region is comprised of five residues, Ala-1,

Thr-2, Glu-24, Asp-25 and Asp-26. Bovine SOD has no
residue at the corresponding residue position of Asp-26

which is the inserted residue between Asp-25 and Gly-27 in

spinach SOD. [Pherefore the turn structure including the

residue is naturally different from that of bovine SOD.

The turn of bovÅ}ne SOD is a little shorter than that of

spinach SOD because of the lack of one residue as shown in

Fig. 5-5. 0n the other hand in spinach SOD, the hydrogen

atom of N-H in Asp-25 is hydrogen bonded with the oxygen
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Table 5-1

Structural differences between spinach and bovine SODs

No. Spinach SOD Bovine SOD d(A) a Group

1

2
3
4

5

6
7

 1
 2
24
25
26

33
97

Ala
Thr
Glu
Asp
Asp

Va1
Ala

 O Acetyl
 1 Ala
23 Lys
24 Gly

31 Gly
95 Val

8
7
3

5

2
1

.

.

.

.

3
2
7
4

.6

.8

I
I
I
I
I

I!
II

8 108 Gly 106 Gly 2.2 III

9

10
11

130
131
132

Gly
His
Glu

128 Gly
129 Asn
130 Glu

2
3

2

.

.

.

2
o
2

!v
IV
IV

a These are
   See text

 average
in detail

distances
.

over the four cases.
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Lys-23{B)

lst.I:g"gl
Lys:3Igl

\irt2,gIg l G.iin.:Slgl

kil;:iglgl
Gly-24(B)

Glu-24(S)

---t---e--

Asp-25(S}

Lli?:l:,38l

Thr-2(S)

Aln-1 (S)

Ala-1 (B)

Asp-26(S)

Fig. 5-5 Most different region comparing between
spinach and bovine SODs (Group I in text}. The thick
line is spinach SOD and the thin is bovine one. (B)
indicates bovine SOD and {S} indicates spinach SOD.
The dotted line is the hydrogen bond between the
hydrogen atorn of N-H in Asp-25 and the oxygen atorn of
C-O in Ala-1.
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atorn of C-O in Ala-1. This hydrogen bond cannot be seen

in bovine SOD. The N-terminus of spinach SOD must be
straightly followed because of this H-bond, though that of

bovine SOD bents before three residues from the N-terminus

(see Fig. 5-5). This hydrogen bond of spÅ}nach SOD
connects the turn region being long with the N-terminal

region of spinach SOD. In genera!t terminal regions and

turn regions in proteins are flexible. In the spinach

SOD, however, one of the terminus, N-terminus and one of

the turns between B-2b and B-3c are stabilized by making

the H-bond. For other CutZn-SODs, this turn region is

expected to have a different tertiary structure compared

with both bovine and spinach SODs because they have one

more residue in this region than spinach SOD. Spinach SOD

has one more residue at C-terrninus, but no structural

irnportance has been found about this insertion.

5-3-3 Group II {Residue replacement}

    The second region is cornprised of two residues, Val-33

and Ala-97t in the B strands. Val-33 in B-3c and Ala-97

in B-4f are adjacent to each other in the tertiary
structure though they are apart on the sequence.

    Val-33 and Ala-97 in spinach SOD is replaced with

glycÅ}ne (Gly-31) and valine (Val-95) in bovine SOD,

respectively. It is interesting that the side chain of
              '
Val-33 in spinach SOD occupies the same space as that of
                         'Val-95 in bovine SOD: CB-CB distance is 1.S a, Cyl-Cyl

                eodistance is 1.0 A, Cy2-Cy2 distance is only O.5 A, if
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spinach SOD were superposed on bovine SOD. The rnolecu!ar

surface of the side chain is calculated and indicated in

Fig. 5-6 with the wire model around this region.

     By comparing the sequences of all CutZn-SODs hitherto

sequenced only about these two positions with each other

(see Fig. 5-7), an interesting result can be derived. As

either site is occupied by a bulky residuet so the opposite

site is occupied by a small residue, except for one case of

fish SOD. This space in SOD B-barrel structure must be

occupied by a bulky residue penetrated frorn either a strand

B-3c or a strand B-4f. The residue replacement discovered

in SOD structure suggests that not only the surface amino

acid residues but also the residues inside the protein can

be replaced with other residues so as to conserve the

overall structure during the evo!ution.

5-3-4 Group III

    The third region, Gly-108, is in !oop-4,7r which is

exposed to the solvent. It is not considered
catalytica!ly important because it is far from the active

site. The difference rnay occur in the cause of amino acid

replacement of Pro-109 and Asn-110 in spinach SOD with

glu'tamate (Glu-107) and tyrosine (Tyr-108) in bovine one,

respectively. In both cases, the residues of the
replacement pairs have completely differept properties.

The torsion angles of the corresponding residues are quite

different and the directions of the side chains are varied.

However, the overall foldings of the loop of both SODs are
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Fig. 5-6 Residue replacement {Group II in text). The
thick line is spinach SOD and the thin is bovine one.
Side chains of both Val-33 of spinach SOD and Val-95 of
bovine SOD are shown with their molecular surfaces.
(B} indicates bovine SOD and (S) indicates spinach SOD.
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similar to each other and the effect of the difference is

considered to be little.

5-3-5 Group IV

    The fourth region, comprised of three residuest Gly-

130, His-131 and G!u-132 is in loop-7,8, which is a!so

exposed to the solvent. One amino acid replacement of

histidine with aspargine at residue 131 occurs in this

region, though Gly-130 and Glu-132 are conserved between

these evolutionari!y distinct two species.

    The structural differences of Groups III and IV
between two SODs may not originate from that in the species

but that in the crystal fields.

      5-4 Amino acid difference in nine Cu,Zn-SODs

    The spinach SOD interacts the substrates in living

organisms as a dimer consisting of two identical subunits.

Each subunit has 154 arnino acid residues with the free N-

terminal residue of alanine. The complete arnino acid
                                        '
sequence of the spinach SOD is given in Fig. 5-7, together

with those of the eight species; the sequences were
artificially aligned to rnaximize congruence. Frorn the

comparison of the prirnary structurest it seems likely that

the blocked N-terminus rnay be restricted to rnammalian

enzymes.

    Based on this alignment, the amino acid differences
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Fig. 5-7 Cornplete amino acid sequences of Cu,Zn-SODs
from nine organisms. The numbers correspond to residue
positions in the spinach sequence. The identical amino
acids in all nine organisms are enciosed in boxes. Bov,
   Spina and Neuro show bovine, porcine, spinach andPorc,
Neurospora crassa in the testt respectively.
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(AAD) among nine CutZn-SODs can be calculated for every

position. If a position is occupied by the sarne residue

for all nine CutZn-SODs, AAD of that position is defined as

zero. The position with a great arnino acid difference is
easy to be replaced. The great vari6bility (the value of

AAD is 6 or 7) occurs at nine sites of Glu-16, Thr-20t Gly-
27t Asn-32, Arg-34, Ser-36, Asp-67, Thr-98'  and Asn-110 in

the spinach enzyme. In these sites, the hyper-variable

sites are Thr-20, Gly-27 Arg-34 and Asp-67 which have the

AAD value of seven.

     Accessible surface area (ASA) of the dimeric molecules

of spinach SOD was calculated by the method of Go et al.

(52). The residues with the great variability are quite

accessible with ASA ranging from 23 to 58g of the standard

va!ues of the residue.

     Correlation coeffÅ}cient among AAD, ASA, te[nperature

factors of Ca atoms, distances frorn the center of the

subunitr and distances between spinach and bovine Ca atoms

were calculated, respectively. The results are summarized

in Table 5-2. These five quantities have quite high

correlation to one another. Especiallyr residues
distributed on the molecular surface have high ternperature

factors and easy to be replaced during the evolution.
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Tab!e 5-2

Correlation coefficients

1 2 3 4 5

1 Arnino acid differences 1.00 O.42 O.21 O.25 O.08

2 Accessible surface areas 1.00 O.53 O.70 O.41

3 Ternperature fa' ctors 1.00 O.59 O.37

4 Distances
  center of

frorn
the

 the
subunit

1.00 O.48

5 Deviations
  and bovine

between
SODs

spinach 1.00
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           5-5 Molecu!ar evolution of CurZn-SOD

     Structural studies about Cu,Zn-SOD both on the prirnary

and the tertiary ones are useful for the study of rnolecular

evolution of this enzyme. rn order to discuss the
rnolecular evolution of Cu,Zn-SOD, the sums of amino acid

differences between each pair of nine SODs were calculated

(see Table 5-3).

     The phylogenetic tree obtained by the matrix method is

shown in Fig. 5-8. This tree shows that the divergence

of spinach, fungi, fruit fly and vertebrates from one

another must have been very ciose in tirne. This disagrees

not only with the paleontological evidence but also with

the results obtained frorn other proteins; according to the

fossil records, the divergences among rnammals, between fish

and ruammals, between insects and vertebrates and between

plants and animals may be timed about 90, 400, 600 and 1200

million years ago, respectively. Lee et al. has reported

that the rate of amino acid substitutions in Cu,Zn-SOD

grossly departs from constancy and the apparent rate of

amino acid substitutions is rnuch greater in the evolution

of mamrnals than at earlier tiraes (11). Using the four

additional data, spinach, swordfish, porcine and N. crassa,

the same resu!ts as those of Lee et al. have also been
                                           'obtained. The values in Table 5-3 show that the average

evolutionary distance between spinach and mamrnals is about

2.5 times as long as that among rnarnrnals. The time elapsed

since divergence between plants and anirnals is believed to
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Table 5-3

Number
  the

 of
 ,nlne

arnino acid
Cu,Zn-SODs

replacements between
hitherto sequenced

Porcine HumanHorse Fish Fly Yeast N.cra Spinach

Bovine 22 29 30 45 66 74 70 70

Porcine 28 36 50 66 73 71 70

Human 33 53 64 73 73 68

Horse 52 66 69 71 71

Swordfish 65 73 69 73

Fly 73 70 71

Yeast 48 67

N.crassa 71

The
and

total
each

 number
deletion

of residues
 was counted

was
 as

set to 156 for
one event.

all     ,specles,
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be more than 12 times as long as that among rnamma!s. This

discrepancy and the pattern of the phylogenetic tree may be

explained by non-uniformity of the evolutionary rate of

cu,zn-soD.

    The rate of Cu,Zn-SOD has been apparently accelerated

as evolution progresses. SOD interacts superoxide anion

{02-) and the correlation of its evolutionary rate with the

oxygen concentration cannot be ignored. As an example for

the correlation, the increase of SOD contents was reported

for a bacterium when a cultivation was carried out at

higher oxygen concentration (53). Oxygen concentration in
atmosphere was very low g x lo8 years ago (o.ool present

atTnospheric level (P.A.L.>}. The oxygen increased to O.Ol
P.A.L. at 6 x 108 years ago and to o.1 p.A.L. at 4.2 x lo8

years ago. Since that time, the oxygen concentration has

gradually increased with some oscil!ations (54). The

increase of the oxygen concentration in atmosphere is

correlative to the increase of the evo!utionary rate of

CurZn-SOD qualitatively. It is interesting whether the

rate of evolution among higher plants is as fast as that of

marnrnals or not.
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                6 Conclusion and summary

    The complete amino acid sequence of Cu,Zn-SOD from

spinach leaves has been determined on the basis of peptides

obtained by cyanogen bromide (BrCN) cleavage and by enzymic

hydrolyses with Achromobacter lyticus lysylendopeptidase,

Staphylococcus aureus V8 protease, trypsin and thermolysin.

The spinach SOD consists of a total of 154 amino acid

residues with alanine as the N-terminus and valine as the

C-terminus. The present sequence, which has been
established for the enzyme frorn a plant, is also highly

homologous to those of the enzymes from other species.

Especially, the residues essential for metal binding and

enzyme activity have been extensively conserved among all

of the Cu,Zn-SODs hitherto analyzed.

     The spinach SOD crystallizes in space group C2 with

two dimeric enzyme molecules per asymmetric unit. Based

on the complete sequence, the electron density rnap has been

successfully interpreted to obtain a Kendrew-type model of
                                                      espinach SOD. Atomic coordinates were refined at 2.0 A

resolution using the Hendrickson and Konnert program (36)

for stereochemically restrained refinernent against
structure factors, which allowed the use of non-
crystallographÅ}c symrnetry. The crystallographic residual

error for the refined model was 24.9rg with a root mean
                        esquare deviation of O.03 A from ideal bond length and an
average atomic temperature factor of g.6 A2.

     spinach SOD is comprised of two identical subunits
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which are related by a non-crystailographic 2-fold axis.

Each subunit is composed prirnarily of eight anti-parallei B

strands that form a flattened cylinderr plus three external

loops. The main-chain hydrogen bonds primari!y !ink B-

strand residues. The single disulfide bridge and the salt

bridge of ionic bond may stabilize the loop region of the
structure. The active site cu2+ and zn2+ lie 6.1 A apart

at the bottom of the long channel; the zn2+ is buried,

while the cu2+ is solvent-accessible. The irnidazole side

chain of His-63 forms a bridge between the cu2+ and zn2+.

     2+        ligands (NDI of His-46 and NE2 of His-48,-63 and -The Cu

120) show an uneven tetrahedral distortion from a square
               2+                 ligands {NDI of His-63,-71 and -80 andplane. The Zn
ODI of Asp-83) show an almost tetrahedral geometry. Both

the side chains and main chains of the metal-liganding

residues are stabilized in their orientation by a complex

network of hydrogen bonds.
     cu2+ and zn2+ ions in a single crystal of spinach soD

have been exactly distinguished by enhancing the anomalous-

dispersion effect of each ion with a wavelength near its K

absorption edge, though these metal ions were not
distinguishable in the original native Fourier rnap because
of the small electron difference between a cu2+ and a zn2+.

Synchrotron radiation is useful to distinguish them because

of its tuneability and strength. The X-ray diffraction

data were collected on a fgur-circle diffractometer for

protein crystal!ography using focused tuneable synchrotron

radiation source at the Photon Factory. Anornalous
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difference Fourier maps with the phases from the
conventional structure anaiysis were calculated with the
data sets at X = 1.373 and 1.389 a, near Cu K absorption

edge, and 1.275 and 1.299 X, near Zn K absorption edge. A

comparison among these maps made it possible to distinguish
between the cu2+ and zn2+ ions which have only one electron

                                                ttdifference. This proves that rnetals or ions, whose atomic

numbers are close to one anothert rnay be located exactly by

taking advantage of enhanced anorna!ous--dispersion data and

reliable phase angles.

    Two interesting differences between spinach and bovine

SODs have been observed, although much of the structure is

similar with each other such as active site, subunit

contact area and general feature. One is the region
comprised of the turn between B-2b and B-3c and N-terminus.

Spinach SOD has one extra residue in the turn region and

makes hydrogen bond between the region and the N-terminus

to stabilize the structure. The other is the residue
        'replacement between adjacent B strands as the space is

occupied by a quite large residue from either strand. It

is irnportant that the Cu,Zn-SODs of these evolutionarily

distinct two species have quite similar conforrnations

though there are some differences in functionary
             'unimportant places. Surprisingly loop-6,5 is quite
analogous in these two species. That loop is cornprised of

36 residues and the four zinc ligands are penetrated from

this loop. This Zn bindÅ}ng !oop is quÅ}te important to
hold zn2+ ion and to make dirneric molecule because the
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subunit contact area in one molecule is between loop-6,5 in

one subunit and C-terrninal region in the other. In
conclusion, spinach SOD has quite simi!ar three-dirnensional

structure compared with bovine one though they have about
55g homology in the prirnary structure. Especially cu2+

and zn2+ ions of importance for active appearance,

atrnosphere around thern and subunits contact area have been

conserved in these two species.

     Molecular evolution of Cu,Zn-SOD may be concluded in

this thesis based on the nine Cu,Zn-SODs sequenced so far.

Six histidine residues (His-46, -48, -63t -71, -80, and -

120) and an aspartate residue (Asp-83), al! of which are
ligands for cu2+ and zn2+ in the tertiary structure of

spinach SOD <28), are found at the same positions as those

in the eight other SODs. Other residues which are
functionally and structurally irnportant in Cu,Zn-SODs are

also conserved in the spinach enzyme. Those are an
arginine residue {Arg-143) whose modification inactivates

the enzyme (50-51), two cysteine residues (Cys-57 and -146)

which form an intra-subunit disulfide bridge, and most of

the glycine residues which can be accounted for in the B

turns at the corner of the barrel in this enzyme (28).

     Sequence hornology in terms of the number of amino acid

replacements arRong all nine Cu,Zn-SODs are surnrnarized in

Table 5-3. 0n average, the spinach enzyme varies from the

other CurZn-SODs by 70 amino acids. The fungi and fly

SODs also show the sarne degree of replacement as the

spinach one. These results suggest that Cu,Zn-SODs of
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spinach, fungi, fly, and vertebrates rnay be evolutionarily

in the same distance frorn each other. In conclusion, the

evolutionary rate of Cu,Zn-SOD has been accelerated to

evolve at the relatively high evolutionary rate as the time

progresses.
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