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GENERAL INTRODUCTrON

     Small-angle X-ray scattering rnethod gives structural

inforrnation frorn the intensity distribution scattered near the

incident X-ray beam. The structural information derived from

this method is less than that derived from X-ray crystallographic

analysisr which presents the detailed information about the

structure at almost atomic Zevel. Howevert the recent

developrnents of the X-ray source such as synchrotron orbital

radiation and one- or two-dimensional counter greatiy shortened

the rneasurement of the scattering intensities enough to dynam-

ically detect the structural changes of some biological macro-

rnoiecules. It was consequentially made possible to study the

structure and function relationship of the rnacromolecule in

solution by utilization of the srnall--angle X-ray scattering

method. rn this way, the srnall-angle X-ray scattering rnethod

presents the structural information more correlative with the

biological system than that derived frorn the X.-ray crystal-

lographic analysis, and became to the rnost useful technlque in

studying the relationship between the structure of the biological

macromolecule and the function.

     Zn the present thesis, r have dealed with the enzymes

concerned to some biologically important system and investigated

the structure and its relation with the function by small--angle

X-ray scattering methOd. CHAPTER I dealed with the small-angle

X-ray scattering system that r have developed for the purpose

of shortening of measurement and some new treatrnents of the

srnall-angle X--ray scattering intensity data. In CHAPTER II
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and CHAPTER III, the structures of cytochrome aa3-type oxidase

from beef heart mitochondria and Nitrobaeter agiZis were

discussed, respectively. rn CHAPTER IV, the structures of

Taka-arnylase A and Pseudomonas isoamylase in solution and ',in

crystal,were discussed. Finally in appendix, the survey of

small-angle X-ray scattering theory used in this investigation

was introduced.
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CHAPTER I

Developments of Srnall-Angle X-Ray Scattering Systern And New

Treatrnents of Srnall-Angle X-Ray Scattering Data

i•st!!!g-lA!!gk2S:!lgz.-Ssg!!g!E2ng.SLgSg!!!maZiAniXRStt St

     The schernatic drawing of the small-angle X-ray scattering

system that Z have developed for the purpose of shortening of

measurement is shown in Fig. I-l. The X-ray source is O.l x

O.i mm spot ( foreshortened to O.1 x O.1 mm at a glancing angle

of 60 ) on the copper anode of a Regaku fine focus rotating-

anode X-ray generator ( FR-B ) operated at 50 KV, 70 rnA

(9 OOO rprn ). The nickel filtered ( iO um in thickness )

X-ray beams are reflected and focussed by a nickel-coated bent
glass miiror through two kinds of appropriate limiting siits,

the first slit used for the adjustment of the width and the

length of incident X-ray beam and the second for the removal

of the parasitic scattering frorn the edges of the first slit.

     The small.angle X-ray scattering intensities are recorded

on a position-sensitive proportional counter, PSPC (1) ( the

flowing gas is 90g argon and 10g methane, in thickness of

11 mm ). The sarnple is sucked into a thin-walled quartz

capillary settled in the sample hoZder by the injector connected

at the top of the capillary through a tigon tube. This system

needs only 10 ul of soiution per measurement and can give a

meaningful scattering intensity distribution in the range of

scattering angles, 2e = 4.0 - 76.7 mrad, corresponding to Bragg

spacings of 400 -- 20 A, with 15 - 180 min accumulation of the
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scattering intensities. The distance between the sample and

the counter is calibrated from the powder diffraction of sodium

rnyrzstate .

     The srnall-angle X-ray scattering system is controled by

a micro-computer. Small-angle X--ray scattering intensities

recorded on the PSPC are stored in process rnernory through multi-

channeZ analyzer, and are transmitted immediately to the micro-

cornputer through an interface. The scattering intensity data

thus transmitted are then saved in a flopy disk, and are processed

or analyzed with the micro-cornputer and an ACOS 700 computer,

which are connected with each other by a RS 232C circuit.

Programmes developed for the process and the analysis of the

scattering intensity data are listed in Table I-1.
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Table
sis of

1-1. Programmes developed for
 small-angle X-ray scattering

 the process and the anal-
intensity data

ProgrammeName Function

PROX

ATSS

AVERAGE

DESMEAR

GUINIER

PR

DEL-PR

VOLUME

ELLIPSOrD

SPHERE

PLOTTING

Transmission of measured small-angle X-ray
scattering intensities from PSPC to micro-
cornputer

Transmission of various kinds of data from
micro-computer to ACOS 700 computer or
from ACOS 700 computer to micro-computer

Subtraction of background intensities,
correction for the sensitivity of PSPC and
averaging of equivalent scattering inten-
sitles

Desmearing of srneared scattering intensi--
tles

Guinier plot of scattering intensities

Calculation of distance distribution
function, P(7)

Calculation of difference distance distrib-
ution function, D-•P(r)

Calculation of particle volume

Least-squares fitting between observed
scattering intensities and theoretical
scattering intensities from an ellipsoid
of revoZution

Least-squares fitting between observed
scattering intensities and theoretical
scattering intensities frorn sphere

Plotting of various kinds of data by X--Y
plotter

6



2. Data Processin of Srnall-An le X-Ra Scatterin rntensities

     Data processing procedure of small-angle X-ray scattering

intensities is sumarized in Table r-2. The scattering inten-

sities recorded on both sides of the direct X-ray beam are

corrected for the sensitivity of the PSPC, from which the back-

ground intensities are subtracted. The center of the direct

X-ray bearn ( zero angle ) is then precisely searched so as to

reaiize the best coincidence of the scattering intensities at

equivalent positions on the both sides of the zero angle.

[rhe coincidence is expressed by a reliablity factor, Rsym ;

                            ru , 1/2                            Z ( ri - li )2
                           i=l                Rsym =
                               N
                               z 7i2
                              i=1

where li and l;• are i-th equivalent scattering intensities on

both sides of the direct x-ray bearn, respectively, Ti the

                   raverage of li and fi, and N the number of the equivalent

scattering intensities. The independent scattering intensities

are then obtained by correcting for a collimation effect

( desmearing, see 3 ).

     The scattering parameters, s is defined by s = 4Tsine/X,

where 2e is the scattering angle and X the wavelength (X =
1.5418 X ).
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Table I-2.
scattering

 Data processing procedure of small-angle X-ray
zntensltles

Small-angle X--ray scattering intensities
recorded on both sides of a direct X-ray
beam

                  +

Correction for the sensitivity of PSPC

                  +
  '                          '
Subtration of background intensities

                 •

Searching of the position of the direct
X-ray beam so as to minimize a reliability
factor
                 +

Averaging of the equivalent scattering
intenszt-es

                 +

Correction for a collimation effect

                 "

rndependent scattering intensities, T(s)

3. Correctzon for Collimation Effect ( Desraearin )

     In order to obtain sufficient scattering intensity

distribution in srnall-angle X-ray scattering experiment, a

coZlimation system is normally used. Small-angle X-ray

scattering intensities obtained by the slit collimation are

those obtained by a pinhole collimation with an infinitely

                             8
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window counter but are the pinhole scattering intensities

averaged over an angular range which is defined by the geometry

of the slit coZlimation.

     The effect by the slit collimation can be split into slit

length and slit width efEects (2). The scattering intensities

( smeared scattering intensities ), r(s), which is experimentally

measured by the slit collimationt are given by the convolution

of P(t), a(x) and r(s) as (2)

    i(s) = 2 f,oodt f..:% P(t) a(x) T[(( s - x )2 + t2 )1/2] dx

                                               -. .- -----". [r-U

where P(t) and e(x) are slit length and slit width functions,

respectively, which are norrnalized so that

               2 f,OO p(t) dt = f-.co Q(x) dx

T(s) is practically required for the structural analysis by

small-angle X-ray scattering method, and is obtained by the
                 .vdeconvolution of l(s) ( desmearing ).

     Guinier and Fournet (3), and DuMond (4) solved the equa-

tion [Z-1] for the collimation system of infinitely high and

negligibly narrow sZits. Their method was modified by Kratky

et aZ. (5) for use with certain types of finite slit length

collimation. These rnethods needs to measure the intensity

distribution of incident X-rays. On the other hand, Lake (6)

has reported an iterative method for solving the equation [I-1]

without measurement of the distribution. However, the recent

development of a computer made it possible to solve the equation

                             9



[r-l] directly. The method is mentioned below.

MaTHOD

r)!tlzILz!22z2.le.Z

     The method is applied on the following three assumptions.

1. Slit width effect is taken no account, that is, negligibly

   narrow slit.

2. The focus size on the target of X-ray generator is infinitely

   srnalZ .

3. X-ray phtons incident to the position between the channel

   and the neighbor channei are distributed proportidnaily to

   depend on the position-channel and position-neighbor channel

   distances.

The coilimation geornetry appiied on this method is presented

in Fig. r-2. The intensity, dl(t,g) that the X-ray photons

incident to the sample at the height, z give to PSPC at the

heightt t can be expressed as

          d.z(t,g) = f[((t - Dg)2 + s2o)1/2] --------------[1-2]

where D is (di+d2)/di ( di : focus-to-sarnpZe distance, d2 :

sarnple-to-counter distance ) and So defined in Fig. !-2.

The intensity observed at the point separated by So from the
center of the direct X-ray beam, i(So) is given as

          i (so) = I. 2.,O J-.X,e dr (t ,z) dt dg ------- •- -- -- ----- -- [z-3]

Substituted the equation [I--21 to the equation [r-3],

                              zo
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         i(So) = J-a.O, f-l:X l[((t - Dg)2+ so2)1/2] dt dg

               = -l;-J.B::f.,`,:,e i[((t - z)2+ sg)i/2] dt dz --[i.4]

where Z = Dz
                            '                       NIn the equation [r-4], r and l are the scattering intensities

before and after correction Åíor a collimation effect, respectively
( i : smeared scattering intensity, f : desmeared scattering

intensity ).

ZX)!tS2.L!s222!L2,t:-u!sg32IL2zL[,L:-2!oZutzonofeuatn[f4]

     The integration of the equation is carried out numerically:

N division of 2Dao and M division of 2xo, that is,

                          NM         'r(So) " 2fi20 !}i'-O t .El .41 i(S) '-----"-----------[i-5]

whe re s = [(to - zo - !litfO (m .- i) + 2e2o (n .. i) )2 + sgo ]i/ 2.

If So ) Si and So < Si+1 ( Si : distance between the center '
                             '                           'of the direct beam and i-th channel of PSPC >, from the assump-

tion 3, f(So) is expressed by

         }(s,).MS S i(si)+-S SLLi(si.1)-[I-6]
                 Si+i '- Si Si+1 " Si

where }(Si) and }(Si+l) are the smeared scattering intensities

recorded at the i-th and (i+l)-th channels of PSPC, respectively•

The substitution of the equation [r--6] to the equation [!-5]

makes it possible to relate the srneared scattering zntensities
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                                            .with desmeared scattering intensities by a matrixJM

 tt

          l =Mx I -------------[i-7]

where iii and Iare one-dimensional matrixes of iii= (i(Si)r

i(S2),i(S3),------, i(Sn) ) and I= ( t(Si),r(S2),r(S3), --- --,

r(sn)), respectiveiy. use of the inverse mat' rix of M, M-1

gives the following matrix equation :

             '                                     '          I. M-lx i -------- ---- -[,-s]

In this way, the desmeared scattering intensities are obtained

directly from the equation [r-8], which are compared with the

smeared scattering intensities in Fig. r-3.

13
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CHAPTER rl

Stxuctural Studies on Cytechrorne Oxidase !solated from Beef

Heart Mitochondria And The Complex with Cytochrome e
   '

1. Introduction

     Cytochrome oxidase ( ferrocytochrome e : oxygen oxido-
                                         'reductase EC 1.9.3.1 ) is the terminal component of electron-
                                           'transfer chain in mitochondria of eukaryote and in plasma

rnembrane of prokaryote. !t catalyzes electron transfer from

ferrocytochrome c to molecular oxygen and functions as an energy

transducer which convents the energy of electron transfer to

a driving force for ATP synthesis. Cytochrorne oxidase isolated

from beef heart mitochondria has a minimal molecular weight of

about 130'  OOO and consists of three large hydrophobic and four

small hydrophilic subunits containing two heme a groups

( herne a and heme a3 ) and two copper atoms. The oxidase is

widely studied intrinsic rnembrane protein (7) and contains 20-

309. (w/w) of phospholipids (8). :n order to investigate the

structure of the oxidase by means of small--angle X-ray scattering,

it is prerequisite to remove phospholipids bound to the oxidase.

Recentiy, Ozawa et aZ. have reported a procedure for purification

of the oxidase by hydrophobic interaction chromatography with

phenyl--Sepharose (7) and affinity chrornatography with Sepharose-

bound cytoehrome e (9). By these chromatographic procedures,

it became to be possible to obtain phosphoZipid-depleted

preparation of the oxidaset which retains only 2 moles of tightly

bound cardiolipin per rnole of the oxidase (10).

                             I5



     Binding of cytochrome c to cytochrome oxidase has been

proposed to control the rate of electron transport through the

terminal segrnent of the respiratory chain in rnitochondrial inner

membrane (11). It is of great importance to determine the
   'structures in solution of the oxidase and the complex with

cytochrome e. In this chapter, the structures in solution of

cytochrorne oxidase isolated from beef heart mitochondria and

the complex with cytochrome e have been investigated with the

effect by ionic strength on the cornplex formation by means of

small-angle x-ray scattering.

2. Ex erimental

     Proteih concentration was determined by biuret method (l2)

using bovine serum albumin as a standard. In order to correct
the contr' ibution of aikaline hemochromogen of heme a to

absorbance at 540 nm, O.6g sodium potassium tartarate tetra--

hydrate solution in 3g sodium hydroxide was used in place of

biuret reagent. Heme a concentration was deterrnined from the
reduced spectrum using AE6os-63e = 16.5 rrutc-lcm-1 (13).

Phosphorus was determined by the method of Chen et aZ. (14),

and arnount of phospholipids was calculated assuming their

average molecular weight as 775.

IsoZations and purdfieations of eytochTome oxidase and
eytoehrome e

     Isolation and purification procedure of cytochrome oxidase
                          '                                                           ,is presented in Table II-l. Cytochrome oxidase was isolated

frorn beef heart mitochondria according to the rnethod of Fowler
                                                         'et aZ. (l5), and was refractionated with ammonium sulfate in

16



Table ZI-1
cytochrome

. rsolation and purification procedure of
oxidase

  Beef heart
      + Homogenized in a glass-Teflon homogenizer
      + Suspended in O.25 M sucrose solution
      + Centrifuged at i05 OOO x g for 20 min
     ppt
      + Suspended in 50 mM Tris-HCI buffer, pH 8.0, containing
        O.66 M sucrose and l rnM histidine
      " + Doe ( O.3 rng/mg protein ) '

      + + KCI ( 72 g/l ) and incubated for 15 nin
      + Centrifuged at 105 OOO x g for 30 min
Green residue
      + Washed with 2 volumes of 50 mM Tris-HCI buffer, pH 8.0,
        containing O.66 M sucrose and l mM histidine

      + Centrifuged at 105 OOO x g for 20 min
Green pellet
      " + DOC ( O.5 rng/rng protein )
      + + KCI ( 74.5 g/1 )
      + Centrifuged at 105 OOO x g for 20 min
Green sup
      + Dialyzed against 30 volumes of 10 mM Tris-HCI buffer,

        pH 8.0 for 90 min .
      " + O.l9 volume of sat. AS and incubated for 10 min
      + Centrifuged at 105 OOO x g for 20 rnin
    'sup
      + + O.04 volume of sat. AS and incubated for 10 min
      " Centrifuged at 105 OOO x g for 20 min
     ppt
      + Dissolved in 50 rnM Tris-HCI buffer, pH 8.0 and adjusted
        the protein concentration to 20 -- 30 mg/ml

      + + O.2586 volume of 20g cholate ( 3g cholate )
      + + O.4655 volume of sat. AS ( 27g sat. )
      + rncubated at 4 OC for 4 h

                            l7



Table ZI-1. ( continued )

 + Centrifuged at 78 OOO x g for 10 min
sup
 + Zncubated for 2 h at 30 Oc

 " Centrifuged at 78 OOO x g for IO min
sup ,
 + + equal volume of 50 mM Tris-HCI buffer, pH 8.0
 + + O.384 volume of sat. AS ( 37.5g sat. )
 + Incubated for 2 h
 + Centrifuged at 78 OOO x g for IO min
ppt
 + Dissolved in 50 rnM Tris-HCI buffer, pH 8.0
 + + O.5 volume of sat. AS ( 33g sat.' )
 + Centrifuged at 78 OOO x g for 20 min
ppt
 + Dissolved in O.1 M sodium bicarbonate buffer, pH 8.3,
   containing O.l M NaCl and lg DOC

 " 'Charged onto phenyl-Sepharose CL-4B column ( l x 20 cm
   equilibrated with O.1 M sodium bicarbonate buffer,
   pH 8.3, containing O.1 M NaCl and lg DOC

 Y Washed with 500 ml of the equilibrium buffer
 + Eluted with O.1 M sodium bicarbonate buffer, pH 8.3,
   containing O.1 M NaCl and lg Triton X•-100

 + Diluted ten times with 10 mM Tris-HCI buffer, pH 7.5,
   containing O.lg Triton X-IOO
                                               '
 + Charged onto cytochrorne e-Sepharose 4B ( l x 20 cm )
   equUibr'ated with IO rnM Tris-HCI buffer, pH 7.5r
   containing O.lg Triton X-IOO

 + Washed with 50 ml of the equilibrium buffer
 + Eluted with a linear gradient ( O - O.2 M ) of NaCZ
   in total volume of 100 ml of the equilibrium buffer't

 " Charged onto Sephacryl S-400 column ( 1.5 x l16 cm )
   equilibrated with O.1 M Tris-HCI buffer, pH 7.5,-
   containing O.5g cholate

                       l8
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Table rl-i. ( continued )

       + Eluted with O.1 M
         O.5g chlate
       +
Purified cytochrome oxidase

Tris-HC1 buffer r PH 7.5, containmg

sup

ppt

sat

DOC

 : supernatant

 : precipitate

. AS : IOOg saturated

 : deoxycholate

amrnonzumSulfate

19



the presence of 3g cholate by the method of Tzagoloff and

MacLennan (16). The refractionated oxidase was further

purified by phenyi-Sepharose CL-4B hydrophobic chromatography

(7) and cytochrome e-Sepharose 4B affinity chromatography (9).

The oxidase was passed through a column of Sephacryl S-400
equilibrated with O.1 M Tris-HCI buffer, pH 7.5,' containing

O.52 cholate. The specific heme a content of the puritied

oxidase was l4.2 nrnol/mg and its phospholipid content was 2.0g

(w/w). The densitometric tracing of SDS polyacrylamide gel

electrophoresis profile of the purified oxidase is shown in

     Cytochrome e ( isoZated from horse heart ), purchased from

Sigma ( Type III ) was purified by the method of Hagihara et aZ.

(17).

P?epa?ation of sampZes fo? smaZZ-angZe X-"ay seattering intensity
measurements

     Cytochrome oxidase purified by the Sephacryl S-400 gel

fiitration was dialyzed against H20, containing lg cholate.

Cytochrome e was added to the oxidase solution in heme c : heme a

ratio of 1 : 2 (1 : l mol/moi ). The mixture solution was

prepared to l20 uM Å}n heme a with various concentrations of

Tris-HCI buffer, pH 8.0, containing B cholate. The oxidase

solution and cytochrome e solution were also prepared to l20 uM

in herne a and 730 vM in heme e with various concentrations of

Tris-HCI buffer, pH 8.0, containing lg cholate, respectively.

Measurements of smaZZ-angZe X-ray seatteMing intensities `

     The small-angle X--ray scattering intensities were measured
on the system equipped with a position--sensitive proporti6nai
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counter as described in CHAPTER r. The distance between the

sample and the counter was calibrated to be 306.4 mm from the

powder diffraction of sodium myristate. The measurement tiines

of the scattering intensities were i5 min for the oxidase and
   'the mixture with cytochrome e solutions, and 60 min for
                                      'cytochrome c solution, which could give a meaningful scattering

intensity distribution in the range of scattering anglesr 2e =
4.0 - 76.7 rnrad, corresponding to Bragg spacings of 400 - 20 A.

For the background intensity correction, the scattering

intensities frorn the sarne buffer solution as the protein was

solubilized in were also recorded under the identical experimental

conditions with the protein soiutions. All the small-angie

X--ray scattering intensity measurements were performed at

14 Å} l OC. The measured scattering intensities were processed

in accord' ance with the procedure described in CHAPTER r, in

which the reliability factors, Rsym were good ( Table rl-2 ).

Measuyement of sedimentation veZoeity

     The sedimentation velocity rneasurement was carried out at

20.0 OC on a Beckman Spinco E ultracentrifuge in conventional

way for using double sector cell. Schlieren optics was employed

to record- the position of the boundary gradient curves as the

function of time. The rotor speed was 8 OOO rpm.

3. Results

Cytoeh?ome oxidase-eytoeh?ome e mixtu?e soZutions in various
eoneent?ations of T?is-eCZ buffe". pH 8.0, containing 1% ehoZate

     The radii of gyration, Rg of cytochrome oxidase and
                                                 o 'ocytochrorne c derived from Guinier plots were 64.0 A and 19.0 A,
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Table r!-2, Reliability factorsr Rsym of the

intensities from cytochrome oxidase-cytochrome
and cytochrome e solutions

small-angle

 e mixturer

             tX.-ray scatterlng

eytochrome oxidase

Conc. of buffer*(ml!t) Rgym R2
 sym

Rgym

8

 4.5
 9.0
13.0
l7.5
25.0
35.4
44.2
52.0
68.7
84.2

O.076
O.069
O.074
O.066
O.059
O.068
O.070
O.058
e.o6s
O.061

O.102
O.071
O.096
O.091
O.081
O.081
O,059
O.083
O.071
O.068

O.Il2
O.105
O.Il7
O.109
O.101
O.094
O.096
O.IIO
O.090
O.084

*

i

2

3

Tris•-HCl

     ofR sym
     ofR sym
     ofR sym

 bufEer, pH
cytochrome
cytochrome
cytochrome

 8,O, containing lg
oxidase-cytochTome c
oxidase
e

cholate
  . mlxture



respectively. Neither the radius of gyration of the oxidase

nor that of cytochrome c were dependent on buffer concentra-

tions within an experimental error. However, the Guinier plot

of the small-angie X-ray scattering intensities of the mixture
   'solution of the oxidase and cytochrome e ( 1 : l mol/mol ) at
                                      'low buffer concentration (' 4.5 mM ) gave the radius of gyration
                          '        oas 66.0 Ar which was gradually decreased as the buffer concen-

tration was increased, and levelled off with Rg = 62.l A at the

buffer concen•tration above 50 mM as shown in Fig. II-2.

This tendency of the Rg of the mixture solutions strictly

indicates the dissociation of cytochrome oxidase-cytochrome c

compiex ( 1 : l mol/rnol ) into each component, that is,

cytochrome oxidase and cytochrome c.

     In order to characterize the dissociation of the complex

in detail' , the degree of dissociation of the complex in each

buffer concentration was calculated frorn the small-angle X-ray

scattering intensities from the mixture, the complexr the oxidase

and cytochrome e solutions with the scattering angle, 2e higher

than that used in the caiculation of the radius of gyration.

It is reasonable to assume that the scattering intensities from

the mixture solution in each buffer concentration are expressed

as the sumation of the scattering intensities from the complexr

the oxidase and cytochrome er because the mixture solution is

diluted enough to neglect the interparticle interference and

the net scattering intensities are independent on buffer concen-
                                                           stration. The observed scattering intensities from the mixture

solutionr rohs(s) is consequentially expressed as
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    rohs(s) = a reompzex(s) + b roxidase(S) + e reyt-e(S)

Where Tcompzex(s), loxidase(s) and leyt-e(s) are the seattering

intensities per lmM of protein per second frorn the complex,

the oxidase and cytochrome c solutions. The unknown coeffi-

cients of a, b and e are determined by the least-squares method

under the condition of b = c, because the mixing ratio of the

oxidase and cytochrome e in the mixture solution is unity.

    ttThe scattering intensities from the mixture solution in the
buffer concentration of 4.5 mM were used as those frorn the

complex solutiont feompzex(s) on the assumption that all of the

oxidase forms the complex with cytochrome c in the buffer con-

centration. From the values of a and b, the degree of disso-

ciation, ct was estimated with the following equation :

                              b
                       or =
                           (a+b)

which is plotted against buffer concentration ( Fig. Ir-3 ).

The figure gave the inforrnation about the dissociation of the

complex in each buffer concentration rnore precise than that of

the piotting of the radius of gyration, Fig. 11-2. It was

shown from Fig. Ir-3 that the dissociation of the complex was

increased with the increase of buffer concentration, that isr

about half of the compZex molecules was dissociated into the

oxidase and cytochrome e in the buffer concentration of l5 rnM

and aZmost all gf the cornplex molecules were levelled off in,

that of about 45 mM.
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Cytoehrome oxidase and cytoeh?ome oxidase-eytoehpmome c eompZex
soZutions

Since cytochrome oxidase-cytochrome c complex was expected to

be forrned in low buffer concentration as mentioned above, the

small-angle X-ray scattering intensities from cytochrome oxidase-

cytochrome c mixture solution in the buffer concentration of

4.5 rnM were used as those from the complex solution.

Cytochrorne oxidase solution was that in the buffer concentration

of 4.5 rnMt because the scattering intensities from the oxidase

solutions were independent on buffer concentration.

     The radii of gyration, Rg of the complex and the oxidase

                          oowere determined to be 66.0 A and 64.0 A from the Guinier plots

of the scattering intensities, respectively. The distance
distribution functions, P(r) of the complex and the oxidase ard

given in Fig. IT-4 with that of cytochrome e, from which the
                                              oornaximal dimensionsr Dmax were estimated as 250 A, 210 A and

40 X, respectively. The difference distribution function,

D-P(?) ( Fig. II-5 ) was then calculated by the Fourier trans-

formation of ( reompzex(s) - roxidase(s) ' reyt-e(s) ), where

XeompZex(S), loxadase(S) and leyt-c(s) were defined above.

The volumes of the complex and the oxidase were estimated as
g.g x lo5 X3 and s.6 x 105 X3 from the equation [A-8] ( see

appendix ), respectively. For the deterrnination of a in the

equation, the integration was carried out numericaZly up to
s = O.31 a-i ( 2e = 76.7 mrad ) and the remaining tail end of

the scattering intensity curve was integrated analytically

according to Porod (18). The molecular weight was then
                                                         'calculate'd from the equation [A-10]. The partial specific
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volume of the oxidase in the equation is calcul'ated to be

O.743 ml/mg (i9) frorn the amino acid composition (20), neg-

lecting the cholate bound to the oxidase, because the amount

of cholate bound to the oxidase was expected to be little (i9)

and the partial specific volume of cholate micelles ( O.778
                                      'ml/ g (21) in DOC rnicelles ) is comparable' with that of the

oxidase. The molecular weights of the complex and the oxidase

were•calculated as 8 x 105 and 7 x 105, respectively.

The sedimentation velocity rneasurement of the oxidase gave the

sedimentation coefficient of s2o,w = 17 S. The molecuiar

parameters of the complex and the oxidase are summarized Å}n

Table II-3.

Table II--3. Molecular pararneters of cytochrome oxidase-
cytochrome e complex and cytochrome oxidase

Parameter Complexi Oxidase2

Radius of gyration, Rg

Maximal dimensiont Dmax

Molecular volumer V

Molecular weightr Mr

Sedirnentation
      coefficientt S2o,w

        o  66.0 (A)

   250 (&)

9.9 x lb5 (A3)

  8 x lo5

        o  64.0 (A)

        o   210 (A)
8.6 x lo5 (g3)

  7 x lo5

   17 S

i cytochrome oxidase-cytochrome e complex

2 cytochrome oxidase
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4. Discussion

     The change of the radius of gyration of cytochrome oxidase

upon the cornplex formation with cytochrome e was successfully

detected by small-angle X-ray scattering method as shown in

Fig. II-2. The change of the radius of gyration was sharply

depended on the buffer concentration. The decrease in the

radius of gyration of cytochrome oxidase-cytochrome e mixture

solution according to the increase of buffer concentration can

be interpreted in the following way. Since the radius of
                               ogyration of the oxidase is 64.0 A, the radius of gyration of
     o66.0 A means that the oxidase forms the complex with cytochrome

e, that is, if not, the radius of gyration would be smaller

than that of the oxidase due to the contribution of cytochrome

c to the scattering intensities. The radius of gyration of
62.1 fi, which is 1.9 ft smaller than that of the oxidase, means

that the complex is dissociated into the oxidase and cytochrorne e.

     The degree of dissociation was directly determined from

the simulation of the scattering intensities from the mixture

solution with those frorn the complex, the oxidase and cytochrome

c soiutions. Fig. 11-3 clearly shows that the binding of

cytoehrome c to the oxidase is dependent on buffer concentration.

The association constant, KA of the oxidase and cytochrome e

could be determined from the degree of dissociation.

Fig. Z:-6 shows the relationship of KA with ionic strength of

solvent, l, which was estimated frorn the concentrations of

buffer and cholate used as a detergent. The log KA was
decreased alrnost linearly with the increase of ll12. .

The relationship of log KA with ll/2 strictly indicates from
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                                   ttthe theories established by Debye, Huckel and BrÅënsted that

the ionic interactions mainly eause the binding of cytochrome e

to the oxidase. The interactions expect that cytochrome e

binds with the oxidase on its hydrophilic surfaces.
   '
     The radii of gyration of the complex and the oxidase were
66.0 A and 64.0 X,'respectiveiy. The distance distribution

functions of the complex and the oxidase gave the maximal

                  oodimensions of 250 A and 210 A, respectively, and showed asym-

rnetrÅ}cal prof'Å}les in comparison with symmetrical one of approx-

imately spherical cytochrorne e. These asymmetrical profiles

fulfil that the shapes of the complex and the oxidase are one

of those for elongated particles deviated from a sphere (22).

Assuming the shapes of the complex and the oxidase as an

ellipsoid of revolution with uniform electron density, the ratio

oÅí the principal axes, w were estimated to be 2.2 and 1.6 for

the complex and the oxidase, respectively, from the equation
of Rg = a [( 2 + w2)/s]112 (23), where a is the half length of

the principal axis ( a = Dmax/(2w) ).

     The molecular weights of the complex and the oxidase are

determined as 8 x i05 and 7 x 105, respectively, which is

reasonable in comparison with the sedimentation coefficient of

S2o,w = 17 S. Since Ozawa et aZ. (24) have reported that the

oxidase isolated frorn beef heart mitochondria has a minirnal

molecular weight of approx. i30 OOO, the molecular weights

indicate that, in the presence of cholate, the complex and the
                                                           'oxidase exist as a tetramer in solution.
                                                 o     The maximal dimension of the complex was 250 A, whiclp is

40 A larger than that of the oxidase. In addition, the
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difference distance distribution function, which represents
                   'the distribution of pairs different electrons separated by the

distance, r between the oxidase and cytochrome e in the complext
                                              ogave the distance distribution until " = N 260 A, which is

comparable with the maxirnal dimension of the complex ( Dmax =
                                      '250 X ). These results exhibit that cytochrome e binds on the

top of the elongated oxidase molecule upon forming the complex

with•the oxidase.

     Recently,r Henderson et aZ. (25) have reported from the

electron microscopic study on two-dimensional vesicle crystal
                             'in mitochondrial inner membrane that cytochrome oxidase has
                                           othe "Y" shape with maximal dirnension of 110 A and is incorporated

in lipid bilayer as shown in Fig. Ir-7. Summarizing the

informations from the srnall-angle X-ray seattering study and

that frorri the electron microscopic studyr the models for the

complex and the oxidase in solution were set up ( Fig. Ir-8 ).

     However, as capaldi et aZ. (l9) has reported that, in the

presence of nonionic detergents such as Triton X-iOO and Tween
seriesr the oxidase exists as a dimer, the detergent uSed greatly

influences the state of the oxidase in solution. From this

point of view, the small-angle X.ray scattering studies on the

oxidase in the presence of the nonionic detergents would have

to be done in correlation with the enzynatic activities.
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CHAPTER III

Structural Study on Cytochrome Oxidase Isolated frorn

Nitrobaeter agiZis
   '

1. Introduction

     Cytochrome aa3-type oxidase, i.e. cytochrome oxidase

( EC•l.9.3.1 ) is widely distributed not only arnong eukaryotes

but also among many prokaryotes ( 26-28 ). Although the

oxidase of eukaryote has been extensively studied by many inves-

tÅ}gators ( 28,29 ), their structural and functional relation-

ship is still obscure. The molecular level studies of bacte-

rial oxidase of the cytochrome aa3-type started a few years

ago ( 30-32 ), and little has been known about its structural

aspectt though the oxidase has been purified to some extent

from some kinds of bacteria. It has been confirmed by a few

researchers, although most of the oxidases isolated from dif-

ferent bacteria resemble the eukaryotic oxidases in some spectral

propertiest their subunit composition is very different from

that of the latter oxidases ( 33,34 ). In most of the bacte-
                                                'rial oxidases studied so far, the rnolecule is composed of two

kinds of subunits, unlike the eukaryotic oxidases which contain

6-7 kinds of subunits (35).

     Recentlyr Yamanaka et aZ. have reported that the oxidase

isolated from netrobaeter agiZis has two kinds of subunits of
40 OOO and 27 OOO daltons with two heme a groups and two copPer

atoms (36). However, it is not confirmed how many copies of

the subunit are assembled in the active form.
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     In this chapter, I have investigated the structure of the

oxidase isolated from Nat?obaeter agiZis in solution in order

to characterize its active forrn, and studied the denaturation

process of the oxidase by SDS in connection with the active

form by small-angie X-ray scattering method in combination

with analytical ultracentrifugation.

2. EXperimental

     Heme a concentration was determined from the absorbance

at ct peak after reduction with Na2S20g using millirnolar extinc-

tion coefficient of 20.7 (36). Protein concentration was

determined by the method of Lowry et aZ. (37).

fsoZation and ,purifieation of eytoehrome oxidase

     Cytochrome oxidase was isolated by Yamanaka's group from

NitTobaete? agiZi$ ( ATCC !4123 ) cultivated with the medium

described by Aleern and Alexander (38). Details of the large

scale cultivation is descrÅ}bed in Ref. 36. The isolation and

purification procedure of the oxidase is presented in Table

III-1. The specific herne a contents of the purified oxidases

were both 20.0 nmol/mg in the presence of Triton X-IOO and

Tween 20. The densitometric tracing of SDS polyacrylamide gel

electrophoresis profile of the purified oxidase is shown in

Fig. IIr-1.

PveepaTation of sampZes foor, smaZZ-angZe X-Tay seatteor7ing studies
and anaZytteaZ uZt?acentTifugations

     The purified cytochrome oxidase was dialyzed against 10 mDC

[Vris-HCI buffer, pH 8.0, containing 19o Triton X-IOO or lg Tween

20. The oxidase solutions in the absence of SDS were prepared
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Table Ir!-i
cytochrome

. Isolation and purification procedure of
oxidase

Whole cells ( about 25 g)
 + Suspended in 100 ml of deionized water
 + Treated with a sonic oscillator for 20 min
 + Treated twice with a French pressure cell at
   400 kg/cm2

 + Centrifuged at 3 OOO x g for 10 min

sup ,                               ' + Centrifuged at 60 OOO x g for 60 min
ppt
 + Suspended in 75 ml of O.1 M Tris-HCI buffer, pH 8.0,
   containing lg Triton X--100 and O.l M KCI

 + Treated with the sonic oscillator for 20 rnin
 + Centrifuged at 60 OOO x g for 60 min
sup.

 + Dialyzed overnight against 20 mM Tris-HCI buffer,
   pH 8.0, containing lg Triton X-ZOO.

 + Charged onto DEAE-cellulose colurnn ( 4 x 20 crn )
   equilibrated with 20 rnM Tris-HCI buffer, pH 8.0,
   containing R Triton X-10P.

 + Washed with 100 ml of the equilibrium buffer
 + Eluted with 20 mM Tris-HCI buffer, pH 8.0, containing
   IZ Triton X-IOO and O.1 M NaCl '
 + Dialyzed against 20 rrtM Tris-HCI buffer, pH 8.0,
   containing R Triton X-100

 " Charged onto DEAE•-cellulose colurnn ( 2 x 30 cm )
   equilibrated with 20 rnbC Tris-HCI buffer, pH 8.0,
   containing R Triton X-100
                                                     ' + Eluted with a linear gradient ( O - O.12 M ) of NaCl
   in total volume of 400 ml of 20 mh Tris--HCI buffer,
   pH 8.0, containing lg Triton X-100

                       40



Table Z!r-l. ( continued )

       + Concentrated by adsorption
         appropriate DEAE-cellulose

       + Charged onto Sephadex G-l50
         O.1 M Tris-HCI buffer, pH 8
         X-iOO or Tween 20

       + Eluted with O.l M Tris-HCI
         lg [Vriton X-IOO or lg Tween

       +

Purified cytochrome oxidase

on and elution from an
column

 column equilibrated with
.O, containing ig Tritox

buffer, pH 8.0, contaznzng
 20

sup

ppt

:

:

supernatant

preclpltate

41
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with the same buffer as used in the dialysis. The oxidase

solutions in the presence of SDS were also prepared with the

sarne buffer as used in the dialysis by the addition of sDS.

Measu?ements of smaZZ-angZe Xr?ay seatte?ing intensities

     The measurements of small-angle X-ray scattering intensities

were done on the systern equipped with a position-sensitive

proportional counter as described in CHAPTER r.

The distance between the sample and the counter was calibrated

to be 313.0 mm from the powder diffraction of sodium myristate.

The measurement times of the scattering intensities were all

30 min, which could give a meaningful scattering intensity

distribution in the range of scattering angles, 2e = 4.0 - 76.7
                                                 ornrad, corresponding to Bragg spacings of 400 - 20 A.

For the background intensity correction, the scattering inten-
sities fr' orn the sarne buffer solution as the oxidase was solu-

bilized in were also recorded under the identical experimental

conditions with the oxidase solutions. All the small-angle

X-ray scattering intensity measurements were carried out at

14 Å} 1 OC. The measured scattering intensities were processed

in accordance with the procedure described in CHAPTER r, in

which the reliability factors, Rsym were good ( Table IIr-2 ).

Measurements by anaZytieaZ uZt?acentTifugation

Both of the sedimentation velocity and the sedimentation

equilibrium measurements were carried out on a Becktnan Spinco

E ultracentrifuge equipped with a photoelectric scanning systern.

     The sedimentation velocity was measured at 20,O OC in the

conventional way by using a standard double sector cell.

The rotor speed was 52 OOO rpm with use of schlieren optics to
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record the position of the boundary gradient curves as the

function of time.

     For the sedimentation equilibrium rneasurements, the double

sector cell with a l2-mm filled Epon centerpiece was used.

The height of the solution column was adjusted to be 2.5 mm.

The rotor sipeeds and the temperatures were all 8 OOO rpm and

3.0 OC, respectively.

             '
Table Xrl-2. Reliability factors, R                                       of the small-angle                                   sym
X-ray scattering inten.sities frorn cytochrome oxidase solutions

Conc. of oxidase
    ( mg/ml )

Conc. of SDS
     (g)

R sym

 4.0
 6.0
10.0
10.0
10.0
10.0
IO.O
zo.o

o.o
o.o
o.o
O.5
i.o
2.0
3.0
4.0

O.0805
O.0779
O.0658
O.0654
O.0674
O.0675
O.0852
O.0794
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3. Results

Cytoeh?ome oxidase suZutions in the absence of SDS

     The homogeneity of cytochrome oxidase in solution was

ascertained by the sedirnentation velocity measurement.

The observed single, sharp and symmetrical schlieren profile

( Fig. Irl-2 '(e) ) gave the sedimentation coefficient of

s2o,w = 4.7 S and indicated that the oxidase solution consi,sted

of a homogeneous component and no aggregation was perceived.

     The small-angle X-ray scattering intensity ;neasurements

of the oxidase solutions were performed on the oxidase concen-

trations of 10.0 mg/ml, 6.0 rng/ml and 4.0 mg/ml in IO mM Tris-

HCI buffer, pH 8.0, containing l9o Triton X-100. The Guinier

plots ( Fig. III--3 ) of the scattering intensities from the

three kinds of oxidase solutions with different concentrations

gave equal values of the radius gyration, which showed no

concentration effect ( interparticle interference effect ) on

the observed scattering intensities. Since the Triton X-IOO

fo]ms bulky complex micelles with the oxidase above CMC, the

contribution of the bound Triton X-IOO to the scattering inten--

sities can not be ignored, unlike that of the chqlate, which

forms smail and compact cornplex micelles with the oxidase, as

described in CHAPTER !, the molecular parameters derived from

the srnall-angle X-ray scattering method are not those of the

oxidase moiety but of the oxidase-Triton X-100 complex.

     The radius of gyration, Rg of the oxidase-Triton X-100
complex was deterrnined as 37.l A frorn the Guinier plot of the

scattering intensities. The distance distribution functionr
                                                         'p(?) ( Fig. !Ir-4 ) gave the rnaximal dimensionr Dmax of the

45



o
c
k•

<L.

S'T'tu,

e"

tll ''
:I '.'s' '

v.rfIeb,,.

,Tv.t 't

vyt."

  '}'Y"' lt
   .t-/t.". t

   .J. :n'
 - t''
     t
    -,E• l:••-

   :-?rei•

-•t•t

' U•.YtT." ",'

,'  pt.
 e'
wle.
 th
 ssr,

t,i'pt•S';;s..

ig; twTS
 ,ttspu •zz

#-
ag
a

A
Zr

g

't"'

'IJis,

/

({-

 :`}-",e

  'ig
't ee' waK .

,--inn-in"-Nm '

Litsw". i SMt-
ii!t''

i'

  t/L),, , ,-
 n ,s ,r

  N"''   ?
  #'t/!me',`i,X

  tl,`ljl'/"Si li"si

' rwo/s   ,s.
4

   c?
   1- .
 •Tj
'i {,"ldvv

;kes 't.
s#. •'[

 -.

`

1

    E:
'•Jves).,,i,

    t
,"k.

 rSl
't*t';'

'' tlt"'1 "i

 'tj

'tt's't'

  ;t.

ttlt;. t

.t..(t
;i k

tt : L

"
         ,tJe ' 1.
,L

 -i i,eei.IiS]l' '' t. za

 L. diX7.1• 'J.;

,-

   'pt• ' i/'  ' :`:',.r

N.lp;,, ,-

     s
  i-

"

.rftrf-

t

t-

 '
t-,;:-

"'"•A" .'1 "
j .t  ttc .

-ee•ii

- -tt tt -t:t-tptt'

     Lt: '

 Jtl
•n'

 [x ,. ,.,tlliiilk}i-1't ,

 z.",'' 'a}, :./t
'' ' ct"t-'nd""'  '-'-'' ' t''
         l. h

 ". tlitl-

 "Su.tt

.I' i?/i .t• ','ecig.,

  f"-"'U '
 " x.s,
  gnx. -•
    '':tw" '
"fAt futra"  ,r.,,,,4t'

   •,, kr.• ig

s

-.;

j'-

.

k it.i J'
  "
i '" -ntsib-

 Åël,,"

a.   "t-
. ;, Et i.-.tt)

s,

46



A<

                                         '                                    '
,il,ii'..,.'

II.IS...,i/,,e./k,,,i'l'ilkllllliil.'iill'ij'iiii' i',,.•,',,`,:tf,,,,iL,/"/i't':"illllii/lill$•i/iilill"i'liliii.i,f,:'t.,,I,//i;:il,;`i//11.11I./i-I•'/11111I"111iirllll/I.i'/i':/i'11i.t'l///:'li'iillliiii'iii'

Fig. rlZ-2. Schlieren profiles of cytochrome oxidase--Triton X-IOO complex.

Sedimentation from left to right. Photographs wete taken at (a) 14 rnint

(b) 24 min, (c> 34 min, (d) 44 min and (e) 54 min after a rotor speed of

52 OOO rpm. The protein concentration was 4.0 mg/ml in 10 rnM Tris-HCI

buffer, pH 8.0, containing lg Triton X-100.

-t

-t

t

't t

s7•
.t

-l.:trk

tst

'

-e' ,

'r

}
t4

,"

t.

!)



>•
=-

 ut
c
Åë

.---

=N
N""

"N,

n-".x"NNNN-"-.k.
                             --"'"'-".. 1
".---"-"a.         e--e.-.e---.a-.-e--.                  -----.-NNNN,
e'•-•-•-•-----.•....-.-..-..-.
                  e..e....e.-..e-.-e
                             --'e""'e---.                                    e-"3

        O.62 1.24 1.86 2.48 3.10
                                    s2 xio3

Fig. IZI-3. Guinier plots of small-angle X-ray

scattering intensities from cytochrome oxidase

soZutions. The oxidase concentrations of,the

solutions are l) IO.O mg/ml, 2) 6.0 mg/ml and

3) 4.0 rng/ml. The intensity is in arbitrary

UnitS.

48



p(r)

o

                             o                          rA

Fig. rU-4. Distance distribution

of cytochrome oxidase--Triton X-IOO

90

function r

complex

P(r)

120

49



               ocomplex as 105 A. Assuming the shape of the complex as an

ellipsoid of revolution with uniform electron density, the ratio

of the principal axes, w was estimated to be 1.4 from the
equation of Rg = a [( 2 + w2)/s]i12 (23), where a is half

length of the principal axis < a = Dmax/(2W) )•
     Th6 inolecular weight of the oxidase was estimated by using

the following equation, which is the modified one of the equa-

tion' [A-10]' for the amount of Triton X-100 bound to the oxidase.

                         ( iVA V/ve )
                  Mod =
                          (x+1)

where NA is the Avogadro's nurnber, V the volume of the oxidase-

Triton X-100 complex, ve the partial specific volume of the

complex, 'x the bound Triton X-IOO per the oxidase ( g/g ) and

Mod the rnolecular weight of the oxidase. The value of x was

estirnated as O.58 by the method of Capaldi et aZ. (l9).

ve is closely approximated by (39)

                  - ec vtx + Vod
                  Ve =
                           x+1

where vtx is the partial specific volume of Triton X-100

micelles ( vtx = O.908 ml/ g (21) ) and vod that of the oxidase

( vod = O.744 ml/ g ), which was calculated from the amino acid

composition (20) of the oxidase reported by Yamanaka et aZ.(36).
The voZume, V of the complex was estimated to be !.6 x lo5 a3

from the equation [A-8]. For the determination of Q in the

equation, the integration was carried out numerically up to
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s= O.31 g'! ( 2e = 76.7 mrad ) and remaining taU end of the

seattering intensity curve was integrated analytically aceord-

ing to Porod (l8). From these values, the molecular weight

of the oxidase was determined to be 75 OOO.

     The molecular weight of the oxidase was also determined

from the results of the sedimentation equilibtium.

The measurernents of the sedimentation equilibrium were done in

the oxidase solutions in the presence of [rriton X-100 and Tween

20 in order to investigate the influence of a detergent on

molecular weight determination. The log e vs "2 plots are

linear throughout the cell in both the detergents as shown in

Fig. rlr-5, which also means the monodispersion of the oxidase-

Triton X-100 or -Tween 20 complex. From the slopes of the

plots, the buoyant densities were calculated to be 23 OOO and

26 OOO fdr the oxidase--Triton X-iOO and -Tween 20 complexes,

respectively. The molecular weight of the oxidase, Mod and

the buoyant density are related by the following equation

( 21,39 )
      '

    Buoyant density = Mod [1- vod p+ x( 1 -- vd p)] --[Ur-l]

where p is the density of the solvent ( p = l.O03 and 1.003

mg/ml for IO rnM Tris-HCI buÅífers, pH 8.0, containing 12

Triton X-IOO and containing lt Tween 20, respectively ), vd

the partial specific volume of the detergent used, and vod

and x detined above. The buoyant density with Triton X-100

of 23 OOO gave the molecular weight of 73 OOO. Although the

buoyant density with Tween 20 was calculated to be 26 OOO,
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the molecular weight was not determined, because it was diffi-
cUlt to estimate the value of x due to the lack of quantitative

assay for Tween 20. However, assuming that x = O, the molec-

ular weight of the oxidase, Mod could be determined to be

I02 OOO from the equation [rrZ-l]. The molecular parameters

and the molecular weights determined from the small-angle X-ray

scattering method and the analytical ultracentrifugation are

summarized in [Vable III-3 and Table !r!-4, respectively.

Table III-3. Molecular parameters of cytochrome
oxidase-Triton X-100 cornplex

Radius of gyration, R                    9
Maximal dimensionr Dmax

                  rmax*

Molecular volurner 7

Sedimentation
     coeffiCientt S2o,w

        o  37.5 (A)
   105 (X)

    4s (A)

1.6 x lo5 (X3)

    4.7 S

* ? where P(?) peaks
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Table Irr-4
cytochrome

. Molecular
oxidase

weight estlmatlons of

Method in Triton X-100 in Tween 20

X--ray study

Sedirnentation
equilibrium study

SDS polyacrylarnide
gel electrophoresis
study**

Ferguson pZot**

75

73

69

84

ooo

ooo

ooo

ooo

I02 ooo*

*
   Not corrected
*.* Yamanaka et aZ

for bound
. (136)

Tween 20

Cytoehrome oxidase soZutions in the presence of SDS

     The small-angle X-ray scattering intensity measurements

of cytochrome oxidase solutions were perforrned with the SDS

concentrations of O.5g, 1.0gr 2.0gr 3.0g and 4.0g in 10 rnM

Tris-HCI buffer, pH 8.0, containing lg Triton X-100.

The concentrations of the oxidase were all kept to be 10.0

mg/ml. The scattering intensity curves of the oxidase solu-
                                                           'tions at each SDS concentration are presented in Fig. Irr-6,

which indicated that the interparticle interference effects

(40) were observed on the inner parts of the intensity curves
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at the SDS concentrations of O.5? and l.O06.

     [Dhe distance distribution functions, P(T) ( Fig• Ilr-7 )
                                                         'obtained by the Fourier transformation of the scattering

intensity curves were greatly changed as the SDS concentration
   'was increased. At the SDS concentration of O.5g, although
the values of of the Dmaar and "max were decreased, the peak

height of the P(r) became higher than that of the P(?) at the

SDS concentration of O.Og. However, at the SDS concentrations

of above l.og•, all the values of the peak heightt Dmax and ?max

were decreased with the increase of SDS concentration.

The radius of gyration, Rg of the oxidase-Triton X-IOO cornplex

                               oowas greatly decreased from 37.1 A to 28.6 A as the concentration

of SDS was increased from O.Og to l.02, and was then slowly

reduced with the increase of SDS concentration. The same
decreases'  as the radius of gyration, Rg were observed in the

values of Dmaxr rmax and f(O) as plotted in Fig. n!-8.

4. Discussion

It has been reported from an electrophoresis study of cytochrome

oxidase isolated from Nitrobaete? agiZis that the oxidase was

made of an assembly of the minimal unit that has two kinds of

subunits of 40 OOO and 27 OOO daltons, two heme a groups and

two copper atoms (36) : the minimal unit of the oxidase is

69 OOO daltons. However, a Ferguson plot of the two subunits

of the oxidase gave the molecular weights of 51 OOO and 31 OOO,

respectively (36) : the miniraal unit of the oxidase is 84 OOO

daitons.
                                                         '
     The small-angle X-ray scattering and the sedimentation
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equilibriurn studies showed thatt in the presence of Triton

x-iOO, the oxidase has a molecular weight of 75 OOO to 73 OOO,

which is reasonable in comparison with the sedimentation

coefficient of s2o,w = 4.7 S and is comparable with the values

obtained from the electrophoresis study. This value means

that, in the presence of Triton X-IOO, the oxidase exists as

a monomer containing two subunits, two heme a groups and two

copper atoms. This result can be compared with the fact that

the oxidase isolated from Paracoecus denitrifieans is monomeric

(41). In the presence of Tween 20, the molecular weight of

the oxidase could not be determined, because the value of x

in the equation [III-1] was not known. However, from the

equation [III-l], the value of x could be estimated as O.78

by utilizing the molecular weight of the oxidase, Mod ( Mod =

73 OOO ) 'and the partial specific volume of Tween 20 micelles,
                             'iftn ( iJ- tn = O•869 ml/ g <21) ). This value of x is not far

from that obtained in the presence of Triton X-leO.

In this way, the equation [III-1] gives the molecular weight

of the oxidase less than I02 OOO in the presence of Tween 20,

taking account of the value of x, which also implies that,

in the presence of Tween 20r the oxidase exists as the monomer.

The specific activities ( vrnol of cytochrome e oxidized / mg

protein / min ) of the oxidase have been deterrnined to be 260

with Candida krusei cytochrome e in presence of Triton X-iOO

and Tween 20 (42), which are very high unlike that of the oxidase

                                                           'from Paracoceus denitTificans. The values of the specific

activities and the estimations of the rnolecular weights sVated

above lead the conclusion that, in the nonionic detergents
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su' ch as Triton X-IOO and Tween 20, the active form of the

oxidase isolated from Mtrobaete7 agiZis is composed of two

subunits, two heme a groups and two copper atoms.

     The radius of gyration and the maximal dimension of the
   '                                                            ooxidase-Triton X-100 complex have been determined to be 37.1 A
and 105 X, respectively. Assuming the shape of the complex

as an ellipsoid of revolution with uniform electron density,

the ratio of the principal axes was estimated to be 1.4.

In addition, the distance distribution function gave a somewhat

asymmetricaZ profile, the shape of the complex from which is

expected to be one of those for elongated particles deviated

from a sphere (22); Though it is hard to describe the exact

feature of the complex, these results show that the complex

may be slightly el•ongated.

     The small-angle X-ray scattering intensity curves of the

oxidase solutions in the presence of O.5g and l.Og SDS showed

interparticle interference effect. The effect attributes to

that of the intersubunit interference between the two subunits

of the oxidase rather than that of the intermolecular inter-

ference between the oxidases, becauser in the oxidase solutions

in the absence of SDSt the intermolecular interference effect

was not perceived. When the SDS was added 1.0g to the solu-

tions, the radius of gyration of the complex was greatly de-

                  oocreased from 37.1 A to 28.6 A, and was then slowly redueed

with the increase of SDS concentration. The similar decreases
                                                           'as the radius of gyration were observed in Dmax, Tmax and f(O)r
which means that the structure of the complex wa' s drasticqlly

changed until 1.0g SDS concentration, foZlowed by the successive
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minor structural change above l.Og SDS concentration.

These tendencies on the variation of Rgr Dmax, rmax and r(O)

indicate that the denaturation process of the oxidase by SDS

consists of two kinds of structural changes. The drastic

decreases of Rg and Dmax may be directly attributed to the
breakdown of the oxÅ}dase,'  which is also supported by the fact

that the intersubunit interference effect were observed on the

oxidase soZutions in the presence of O.5g and 1.0g SDS.

From these results, it is suggested that the first step of the

denaturation process of the oxidase by SDS is splitting into

each subunit and the second is other small structural changes

in each subunit such as unfolding of the polypeptide chain in

the subunit.
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CHAPTER IV

StructuraZ Studies on Taka--Amylase A And Pseudomonas

rsoarny1ase

l. rntroduction

     Taka-amylase A is an ct-amylase ( EC 3.2.1.1, ct-1,4-glucan-

4-glucano hydrolase ) produced by AspeTgiZZus oTygae bred on

steamed rice and catalyzes the hydrolysis of the ct-1,4-glucosidic

linkage in polysaccharides as weU as the maltosidic linkages

of various ct-maltosides such as phenyl-ct-maltoside ( 43,44 ).

This enzyme is composed of a single polypeptide chain of about

460 amino acids and a carbohydrate moiety consisting of 6 mole

of mannose and 2 mole of glucosamine linked to the polypeptide

chain (45). The amino acid sequence has been already deter-

mined by Narita et aZ. (46). The crystal structure analysis

has been performed by means of X--ray diffraction at the reso-

            olution of 3 A by Kakudo et aZ. (47). The analysis showed

that the enzyne was made of two domains ( main domain and C-

terminal domain ) and has an ellipsoidal shape with approximate
                           odimensions of 35 x 45 x 80 A with a hollow which corresponds

to the active center as shown in Fig. IV-1.

     Pseudomonas isoamylase ( EC 3.2.1.9, arnylopectin 6-glucano

hydrolase ), which is discovered by Harada et aZ. (48)t is an

extracellular debranching enzyme isolated from soil bacterium,
                                                           '
Pseudomonas sp. strain SB 15 and one of enzymes hydrolyzing

ct-Z,6--glucosidic interchain linkages in polysaccharides.

Since the enzyme that acts on poZysaccharide at its branching
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point was narned isoamylase, Harada et aZ. tentatively named

the enzyme produced by Pseudomonas sp. strain SB l5 Pseudomonas

isoamylase. Pseudomonas isoamylase hydrolyzes ali ct-lt6-

glucosidic inter-chain linkages in glycogen, amylopectin and

their phosphorylase limit dextrins, but the debranching points

of'B-amylase limit dextrins were not hydrolyzed completely (49).

This enzyme is at present wideiy used in Sugar industory in

producing martose in combination with a B-amylase.

     !n this qhapter, small-angle X-ray scattering studies on

the sizes and shapes of Taka-amylase A and Pseudomonas iso-

amylase in solution were described. The molecular shape of

Taka-amylase A in solution was compared with that in crystal,

and the packing of Pseudomonas isoamylase in crystal was

discussed.

2. Experimental

rsoZations and purifieations of Taka-amylase A and Pseudomonas
isoamyZase

     Taka-amylase A was isolated from Takadiastase Sankyo,

and was purified according to the method of Akabori et aZ. (50),

followed by chromatography on a DEAE--ceZZulose coZumn.

     Pseudomonas isoamylase was isolated frorn the cuiture fluid

Pseudomona$ sp strain SB 15, and was refractionated with

arnmonium sulfate, followed by dialysis. The refractionated

enzyme was purified by DEAE- and CM-cellulose colurnn chromato-

graphies (49).

CTystaZZiaation of Pseudomonas isoamyZase

     To a 109. solution ( in 10 rnM acetate buffer, pH 3.5 ) of
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the purified enzyme, an (NH")2S04 solution was added dropwise

in the cold until the so!ution became turbid. The cloudy

solution was kept at 4 OC to grow single crystals with

appropriate size for X-ray diffraction study.

P?epa?ation of sampZes foT smaZZ-angle X-Tay seattering inten-
                                                        'saty measuTements '
     The purified Taka-amylase A solution was finally dialyzed

against 50 rnM acetate buffer, pH 4.9, containing 20 mM Ca(Ac)2r

and prepared with the sarne buffer to the protein concentrations

ranging from 5.0 -- l3.2 mg/ml.

     The purified Pseudomonas isoamylase was finally dialyzed

against 10 mbC acetate bufferr pH 3.5, and was prepared with

the same buffer to the protein concentrations ranging from

3.6 -- l4.6 mg/ml.

     The Protein concentrations were determined spectrophotome-
trically using EIOZs'onrn = 22.1 crn-i and 22.6 cm-i, for Taka-

amylase A and Pseodomonas isoarnylase, respectively.

Measurements of smaZl-angZe X-Tay seatteTing antensitaes

     The measurernents of smail-angle X.ray scattering inten-

sities were carried out on the system equipped with a position-

sensitive proportional counter as described in CHAPTER I.

The distanee between the sarnple and the counter was calibrated

to be 306.4 mm from the powder diffraction of sodium rnyristate.

The measurement times of the scattering intensities were from

60 min to 180 min for Taka-arnylase solutions and from 30 min

to 90 min for Pseudomonas isoamylase solutionsr which could

give significant scattering intensities in the range of scat-

tering angles, 2e = 4.0 -- 76.7 mrad, corresponding to Bragg
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spacings of 400 - 20 X. For the background intensity correc-

tion, the scattering intensities from the same buffer solution

as the protein was solubilized in were also recorded under the

identical experimental conditions with the protein solutions.

All the small-angle X-ray scattering intensity measurements

were carried out at l4 Å} l OC. The measured scattering inten-

sities were processed in accordance with the procedure described

in CHApTER I, in which the reliability factors, Rsym were good
                                       '( Table IV--1 and Table IV-2 ).

MeasuTements of X-vay diffraction patte?ns f"om Pseudomonas
isoamyZase crystal

     A well-shaped crystal of Pseudomonas isoamylase with

approximate dimensions of O.4 x O.5 x O.6 mm was sealed in a

thin-wailed glass capillary with a trace of mother liquor.

X-ray dif'fraction patterns of the h 0 Z and 0 k Z zones were

recorded with a Buerger precession carnera ( Ni-filtered CuKct

radiation, v = 11.l O ( approx. 4 A resolution ) and a crystal-

to-film distance of 100 mm ).
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Table IV-l.
small-angle
Taka-amylase

 Reliability factors, R                           of                       sym
X-ray scattering intensities
 A solutions

 the
from

Conc
   (

. of protein
mg/ml )

R sym

5

10

l3

.o

.o

.2

o

o

o

.124

.125

.I08

Table IV-2.
small-angle
Pseudomona$

 Reliability factors, R                           of                       sym
X-ray scattering intensities
isoamylase solutions

 the
from

Conc
   (

. of protein
mg/ml )

R sym

 3.6

 7.3

IO.4

l4.6

O.087

O.084

O.084

O.077
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3. Results

Taka-amyZase A

     The srnall--angle X-ray scattering intensity measurements

were performed on Taka-amyiase A solutions of the concentra-

tions of l3.2 mg/ml, 10.0 mg/ml and 5.0 mg/ml in 50 rnM acetate

buffer, pH 4.9, containing 20 mh Ca(Ac)2. Each of the Guinier

plots ( Fig. IV-2 ) of the scattering intensities at different

protein concentrations was linear within the limits of errors

and parallel with each othert which showed no concentration

effect ( interparticle interference effect ) on the observed

scattering intensities.

     The radius of gyration, Rg of Taka-arnylase A was deter-
                 omined to be 21.0 A from the slope of the Guinier plot.

The distance distribution function, P(T) ( Fig. ZV--3 ) gave
         '                                                   othe rnaximal dimension, Dmaec of Taka-amylase A as 65 A.

Assuming the shape of Taka-amylase A as an ellipsoid of revo-

lution with uniform electron density, approximate dimensions
                                                 oof the molecule were estimated to be 45 x 45 x 65 A by the

least-squares fitting between observed scattering intensities

and theoretical scattering intensities from an ellipsoid of

revolution. The volumes of the molecule were d,etermined to
be 6.s x lo4 X3 and 6.2 x IOg g3 from the dimensions of the

ellipsoidal molecule and from the small-angle X-ray scattering

intensities, using the equation [A-8], respectively. For the

determination of a in the equation, the integration was carried
out numericauy up to s= o.31 A-i ( 2e = 76.7 mrad ) and

remaining tail end of the scattering intensity curve was

integrated analytically according to Porod (i8).
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The rnolecular weights of Taka-amylase A were determined to be

59, OOO and 53 OOO frorn the volumes estimated from the dimensions

of the rnolecule and the scattering intensities, respectively,

using the equation [A-10], in which the partiai specific volume
   '
 of Taka-arnylase A was determined as O.70 mi/ g experimentally

(51). The raolecular parameters of Taka-amylase A are summa-

rized in Table !V-3.

Table rV-3. Molecular parameters of Taka-amylase A

Radius of gyration

Maximal dimension,

Molecular volume,

Molecular weightr

r

 D

 r

V

MT

Rg

max

max
6.

6.

      o21.0 (A)
      o  65 (A)

      o  28 (A)

8 x IO"
2 x log

      c)59 OOO
s3 oood)

(X3) a)

(X3) b)

a)  Estimated from
  of revolution
b)Estimated from

  xntenszties
C)Estimated frorn

d)Estirnated from

the

the

the

the

dimensions

small-angie

volume a)

volume b)

of an

 X.ray

ellipsoid

 scatterlng
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Pseudomonas isoamyZase
                                          '     The precession photographs of the h 0 Z and 0 k Z zones

( Fig. rV-4 ) showed that Pseudomonas isoamylase crystal

belongs to the orthorhombic system with unit celi dimensions
of a= 137.9 (X),b= 52.9 (X),c= l51.2 (X) and the space

groupt P2i2i2i. Assuming that the asyrnrnetric unit contains

one protein molecule, the VM and VpTot values are 2.90 X3/dalton

and O.42, respectively, and these values lie within the range

of values usuaLly found for protein crystals (52).

The crystallographic data of Pseudomonas isoamylase are

summarized in Table rV-4.

Tavle IV--4.
Pseudomonas

 Crystallographic data of
isoamylase

Crystal systern : Orthorhombic

space group : P2i2i2i
                  o   a = 137.9 (A)
                  o   b = 52.9 (A)
                   o   e = 151.2 (A)
                      o   V = l.l x lo5 (A3)
   vM = 2.go (g3/dalton)

   VpTot= O.42

   Z =4
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Fig. rV-4. Precession photographs of

the h .0 Z (a) and O k Z (b) zones of

Pseudomonas isoamylase crystal
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     The small-angle X-ray scattering intensity measurements

were carried out on four kinds of Pseudomonas isoamylase solu-

tions of the concentrations of 14.6 mg/ml, 10.4 mg/ml, 7.3 mg/ml

and 3.6 mg/ml in 10 rnM acetate buffer, pH 3.5. Each of the

Guinier plots ( Fig. rV-5 ) of the scattering intensities at

different protein concehtrations was linear within the limits

of errors and parallel with each other, which showed no con-

centration effect ( interparticle interference effect ) on the

observed scattering intensities.

     The radius of gyration, Rg of Pseudomonas isoarnylase was

                      odetermined to be 27.5 A frorn the slope of the Guinier plot.

The distance distribution function, P(r) ( Fig. TV-6 ) gave

the maximal dimension, Dmax of Pseudomonas isoamylase molecule
       oas 100 A. Assuming the shape of the rnolecule as an ellipsoid
of revolu' tion with uniforrn electron density, approximate dirnen-

sions of the molecule were estimated to be 50 x 50 x 100 X by

the least-squares fitting between observed scattering inten-

sities and theoretical scattering intensities from an ellipsoid

of revolution. The volume of the molecule were determined
to be 1.3 x lo5 a3 and l.1 x I05 X3 from the dimensions of

the ellipsoidai molecule and frorn the small-angle X-ray scat-

tering intensities, using the equation [A-8], respectively.

For the deterrnination of a in the equation, the integration
                                          o-1was carried out numerically up to s = O.31 A ( 2e = 76.7

mrad ) and rernaining tail end of the scattering intensity

curve was integrated analytically according to Porod (18).

The molecular weights of Pseudomonas isoarnylase were determined

to be' 108 OOO and 91 OOO from the volumes estimated from the
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dimensions of the molecule and the scattering intensities,

respectively, using the equation [A-IO], in which the partial

specific volurne of Pseudomonas isoamylase was assumed as O.73

ml/ g. The rnolecular pararneters of Pseudomonas isoamylase

are summarized in Table ZV-5.

Table.IV-5
isoarny1ase

. Molecular parameters of Pseudomonas

Radius of gyratzonr

Maximal dimensionr

Molecular volumet V

Molecular weightr M

 R  g
D
 maca

r max

T

l

1

       o 27.5 (A)
       o  100 (A)

       o   29 (A)

•3 x lo5
.l x lo5

       c)I08 OOO
       d) 91 OOO

(A3) a)

(X3) b)

a)Estimated from

  of revolution
b)Estimated frorn

  mtensztzes
C)Estirnated from

d)Estimat` ed from

the

the

the

the

dimensions

srnall-angle

volume a)

volume b)

of an

 X-ray

ellipsoid

 scattering
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4. Discussion

Taka-amyZase A

     The radius of gyration and the maximal dirnension of Taka-

                                      ooamylase A have been determined as 21.0 A and 65 A, respectively.

Zn addition, the molecule had approximate dimensions of 45 x
        o45' x 65 A, assuming the rnolecule as an ellipsoid. The volumes
of the molecule were estimated as 6.8 x 104 X3 and 6.2 x lo4 A3

from•the dimensions oÅí the ellipsoid and from the srnall-angie

X-ray scattering intensitiesr respectively. This agreement

in volumes rneans that the model of the molecule as the ellipsoid

is the most plausible one, though the model may not be the

unique one as that of Taka-amylase A molecule in solution.

The molecular weights of 59 OOO and 53 OOO estimated from the

volumes of the molecule were compatible with the vaZue obtained

by the coinbinated use of high pressure silica gel chromatography

and the low-angle laser light scattering method ( Mr = 51 OOO

Å} 500 (53) ) within the lirnits of errors.
 '     On the other hand, X-ray diffraction analysis of Taka-

amylase A crystal showed that the rnolecule had an ellipsoidal
                                                 oshape with approxirnate dimensions of 35 x 45 x 80 A.

From this elZipsoid, the radius of gyration and the volume of
                                                     o'the moiecule were theoretically calculated to be 22.0 A and

6.6 x 104 X3, respectively, that is, the radius of gyration

                                  oof the rnolecule in crystal is 1.0 A larger than that in solu--

tion, followed the same values in the volume of the molecule

in crystal and in solution.

     The results derived from the small-angle X-ray scattering

methoa and the X-ray diffraction analysis indicate that Taka-
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amylase A in solution has the shape more spherical than that in

crystai, because the more spherical the molecule is, the srnaller

the radius of gyration becomes in the molecules with the sarne

volume. 'This fact is also supported by the distance distri-
   'bution function with the nearly syrnmetrical pattern. The
                                      'change in struetures in crystal ana in solution may arise from

the difference of pH values on crystaUization ( pH = 7) and

of solutions ( pH = 4.9 ) used in the small-angle X-ray scat-

tering intens•tty measurements. However, judging froin the

accuracy and the resolution in small-angle X-ray scattering

method, the structural change must be ascertained by the precise

and systematic measurements of the small-angle X--ray scattering

intensities frorn Taka--amylase A soiutions in various pH values.

Pseudomorias isoamylase

     The radius of gyration and the maximai dimension of
                                                      oPseudomonas isoamylase have been deterrnined to be 27.5 A and

ZOO A, respectively. zn addition, the molecule had approxi-

                                ornate dimensions of 50 x 50 x 100 A, assuming the moZecule as

an ellipsoid. The volumes of the molecule were estirnated to
be 1.3 x lo5 A3 and l.l x 105 X3 from the dimensions of the

                  'ellipsoid and the small-angle X-ray scattering intensities,

respectively. This agreernent in volumes irnplies that the rnodel

of the molecule as the ellipsoid is most plausible one, though

the rnodel rnay not be the unigue one as that of Pseudomonas
                                                           'isoamylase molecule -in solution. The molecular weights of

Pseudomonas isoamylase were determined to be 108 OOO and
                                                        '91 OOO from the volumes of the rnoleculet which were consistent
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with the value obtained frern Archibald's rnethod ( MT = 95 OOO,

(49) ) within the limits of errors.

     The precession photographs of the h 0 Z and 0 k Z zones

gave the unit cell dimensions as presented in Table IV-4.

on the basis of the unit cell dimensions, the ellipsoidal

Pseudomonas isoamylase molecule with apprbximate dimensions of

              o50 x 50 x IOO A is expected to be packed in the unit cell of
                                              othe crystal with the short principal axis ( 50 A ) along the

crystallographic b-axis. Taking account of the syTnmetry of

the space group, P2i2i2i, the Pseudomonas isoarnylase molecule

seerns to be located in the crystal as shown in Fig. IV-7.

The problems about the molecular shape and the packing in

crystal will be confirrned according to the progress of

crystallographic analysis in future.
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APPENDIX

Summary of Small-Angle X-Ray Scattering Theory (Explanation of

The Parameters Derived from Small--Angle X-Ray Scattering Method)

                 '
l. Radius of gyration. R                       g
The srnalZ-angle X--ray scattering intensity, f(s) from a solution

containing N particles in irradiated volurne may be given by

                                    sln srg•k        l(s) = Pr.N f J p(r"')p(rk)                                              dvg•dVk ----[A'l]
                    VV S?g'k

where s is defined by s = 4Tsine/A (2e : scattering angle,

X : wavelength), P the intensity of the incident beam, re the

scattering intensity by one eleceron at the distance, R from
                     'the particle ( re = 7.94 x 10-26/R2 ) and p the difference of

the electron density between the solute particle and the

solvent. The integral with respect to v is carried out over

the whole volume of a particle, V. The equation [A-l] is

nearly approximated by the Gaussian function in the srnall-angle

reglon :

        l(s) = r(O) exp ( - Rg2s2/3 ) -----------------•----[A-2]

where r(O) is the scattering intensity at zero angle ( l(O) =

PfeN52v2, iS is the difference of the average electron density

between solute and solvent ) and Rg the radius of gyration of

particle. The radius of gyration, Rg is derived from the slope

of the straight line of the log f(s) vs. s2 plot ( Guinier plot )
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2. Maximal dimension of particZe, Dmax

The "characteristic" function of particle, y(?) ( correlation

function ) has been introduced by Porod (18), which is defined

as the three-dirnensional convolution square of p averaged over

all directions in space, that is,
  '

        y(r) = 4i. f8TJv p(;k)p(Sk + ;) dvkdco ------------[A-3]

where tu is a solid 'angie. Tf the electron density difference,

p is constant (p= pe ), it Åíollows that

        Y(O) = 41,, f8"fvr Pc (? k) pe (il k) dvkdcL)

             = pe2v ------------•----------•----------------[A-4]

         '                                                    '
Multiplied to y(r) by "2, we can obtain the distance distri-

bution function, P(T) ( 54,55 )

        p(?) = r2 y(r)

The reiation between the distance distribution function, P(r)

and the scattering intensity, r(s) is given by (40)

        P (?) = 21T , fooo f (s) (sr) sin (sr) ds ------ -----" [A-s]

and the relation between y(r) and l(s) is ,

        y(r) . i J,co i(s) s2 sin(sr) ds ------------m"[A-6]

                2T2 sT
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The distance distribution function, P(r) multiplied by the

factor, 4T represents the number of pairs of difference

electrons separated by the distance, r in particle.

The P(?) consequentially gives the information for the maximal

dirnension of particie, Dmax, because the function can be dif-

ferent frorn zero in the range of O < T < Dma: and zero for

? ) Dmax. The rnaximal dimension of particle, Dmax is given

by the ? where the P(?) gees down to zero.

3. MoZeeuZaT voZume. V

If the electron density differencer p is constant ( p = pe ),

we can obtain the equation :

        Pe2 = 52 = f(O>/( P le 72 ) --------"--""""----"[A-7]

         '

From the equations [A-4], [A-6] and [A-7], the volume of

particle ( molecular volume ), V is followed to be

        v = 2T2 f(o)/ a ------------------------------------[A-s]

where e is the Porod's invariant (18) ( Q == fooo f(s) s2 ds )

and r(O) is the scattering intensity at zero angle, which is

deterrnined from extrapolation of s to zero in Guinier plot.

However, it is not possible to record the scattering intensity

up to s = co. [Vhe integration in the Q is therefore carried
                                                           'out numerically up to the reiatively large value of s and

rernaining tail end of the scattering intensity curve is inte-

grated analytically according to Porod (l8).
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4. MoZeeuZar weight. M?

The molecular weightt M? of particle ( solubilized macro-

molecule ) can be determined from the measurement of X(O) in

absolute scale ( 56t57 ). The molecular weight, M? is given

by the following equation :

                       l(O)
        Mr = - ---"-"'"----""" [A""9]              le IVA P(g-v po) de

where IVA is the Avogadro's numbert g the amount of electrons

( in mole ) per grarn of the solute particle, v the.partial

specific volume of the particle in ml/g, po the electron

density of the solvent, d the thickness of the sarnple and e

the concentration of the solution.

Another way to obtain the molecular weightt Mr is the use of
the volum' e of the particle, V which is estimated frorn the

equation [A-8] :

              AIA V
        M? = -- -------------•-------------------------•--[A-1O]
                v
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SUMMARY

     Small-angle X-ray scattering method was applied to inves-

tigate the structures of cytochrorne oxidases and araylases in

solution in connection with the function.

     CHAPTER r dealed with the sfuall-angle X-ray scattering
                 'system that I have developed in order to shorten the measurement

and some new treatments of the small-angle X-ray scattering
                                       'intensity d' ata. The system needed only 10 pl of sol,ution per

measurement and could give a significant scattering intensity

distribution in the range of scattering angles, 2e = 4.0 - 76.7

mradr with 15 - X80 min accumulation of the sdattering inten-

                                   'sities. The searching of the center of direct X-ray beam so
                        'as to minimize a reliability factor rnade it possible to esti-

mate the ' accuracy of the scattering intensity data. Correction

for collimation effect has been done by the use of a matrix
                 '                          'which was uniquely build up frorn a collimation geometry, the

procedure in which was much easier than that in eonventional

rnethods .

     In CHAPTER II, the structures of cytochrome oxidase

isolated from beef heart mitochondria and the complex with

cytochrorne e in solution have been studied. The investigation

of the complex formation in various concentratiQns of buffer

showed that cytochrome c was bound to the oxidase with an ionic

interaction. Zn the presence of cholate, the oxidase was

found to exist as an elongated tetrarner with the maximal dimen-

sion of 210 g, which was cornposed of fo.ur structurally minirnal

units, and bind cytochrome e at the top of the elongated one

                             87



to Eorm the complex with the maxirnal dimension of 250 A.

     In CHAPTER IIr, the structure of cytochrome oxidase

isolated from Nitrobaete? agiZis in solution has been investi-

gated in order to characterize its active form. The investi-

gation clarified thatr in the presence of nonionic detergent,
                               'the oxidase exists as a monorner composed of two subuhits and

the rnonomer is an active and functional molecule. rn addition,

it was shown that the moiecule was denaturated bY SDS, followed
          'by two kinds of structural changes. The first step of the

structural changes was splitting into each subunit and the

second was other small structural changes in 'each subunit such

as unfolding of the polypeptide chain.
                                                    '     In CHAPTER IV, the structures of Taka-amylase A and

Pseudomonas isoamylase in solution and in crystal were dis-

cussed. 'The shape of Taka-arnylase A in solution was the
                                                     oeliipsoid with approximate dirnensions of 45 x 45 x 65 A, which
                                        'was more spherical than that in crystal. The discrepancy

between the shapes in solution and in crystal was expected to

arise frorn the difference of pH values on crystallization and

of solutions used in the srnall-angle X-rqy scattering intensity

measurements. Pseudomonas isoamylase crystal belonged to

orthorhombic system with the unit cell dimensions of a =

Z37.9 A, b= 52.9 Ai e = l51.2 A and space group of P2i2i2i•

The shape of Pseudomonas isoamylase in solution'was the ellip-
                                                 osoid with approxirnate dimensions of 50 x 50 x 100 A, which was

expected to be packed in the unit cell of the crystal with the

short principal axis along the crystallographic b-axis..
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