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Chapter-1. 

General Introduction 

1.1. Characteristics of Cytochrome bCl Complex 

百le cytochrome bCl complex，加 oligomeric membrane pro也凶， is the most common 

type of pump responsible for transfer of protons across energy-transducing membranes, 

coupled wi出 electron transfer 企om quinolωc -t}']:光 cytochrome (Trumpower, 1990). 百le

proton gradient produced by this pump is utilized for A TP synthesis. This en勾rme is widely 

dis出buted among living organisms 丘om bacteriaωmammals. Analogous e回yme， b6付戸，

∞curs in photosynthetic app訂atus ， chloroplast and so on (Hauska et al., 1983). They all 

contain four redox centers, two b - ザpe and one c -ザpe cytochromes and a Rieske-type 

iron-sulfur center. However, the number of subunits is diverse; ranging 合om 由民ein 出e

Paracoccus denitrificans enzyme (Yang & Trumpower, 1986) to 11 in the mammalian one 

(Weiss, 1987). 

品位tochon合ial cytochrome bCl complex (E.C. 1.10.2.2) is an integral membrane 

pro低in located in the inner membrane, which catalyzes 出e electron 甘ansfer 仕om ubiquinol 

to cytochrome c coupling wi出 proton transl∞ation across the membrane (Hatefi, 1985). 

This enzyme constructs 出e energy coupling site II in respiratory chain. In 1960's，出e

en勾引le was isolated 企om beef heart by Hatefi et a/. (1962) for the frrst 白ne. 百le

improvement of purification_ of 出ee回yme has enabled to identify 出e enzyme compositions: 

molec叫訂 weight of a functional unit was estimalted to be ca. 250k by fluid physical 

techniques (Tzagoloff et al. , 1965; 羽Teiss & Kolb; , 1979). 百le unit consists of 11 different 

polypeptides 何Teiss ， 1987), in which 2 protohemes, 1 heme C and 1 [2Fe-2S] iron-sulfur 

cluster we児 contained as prosthetic groups (Rieske, 1976). B y determination of the amino 

acid sequences of subunits 1 and II by cDNA technique (Gencic et al., 1991) ， 出epnm紅y

structures of all subunits have been completed (Anderson et al., 1982; Wakabayashi et al., 

1982a; 1982b; 1985; Sch臠ger & von Jagow, 1983; Borchart et a/. , 1985; 1986; Sch臠ger et 



al., 1985; 1987) . 百le molecular weight of 出e functional unit estimated 合om 出e amino acid 

sequences is 230k, assuming 出at it contains one mol of each subunit. Table 1.1 summarizes 

Cぽ詑nt knowledge of the molecular mass and the topography of the subunits. 百le five large 

subunits 出-e commonω 出e mitochondorial cytochrome bCl complexes from various 

sources. Three of these subunits, iム cytochrome b, cyt∞hrome cl' and the Rieske iron-

sulfur protein, contain redox pros出etic groups and a児 essential for the en勾matic function. 

百le two largest subunits, core I and core II proteins，出-e not involved in electron transfer but 

但-e hypo出esized to be “ relics of an ancient processing peptidase". For three of the six small 

subunits of the bovine enz戸ne， functional implication has been suggested; subunit vn is 

identified as a q山none-bindingprotein; subunit VIII nr1ay facilitate the binding of cyt∞hrome 

C to cytochrome Cl; subunit IX may be involved in proton translocation. The roles of 

subunits VI, X , and XI remain to be explored. 

百le redox behavior of the purified e回戸ne， as well as membrane bound form , has 

been studied most extensively using various inhibitors 但a凶， 1985). The results obtained, 

es戸cially the 0氾dant-induced reduction of cytochrome b in 出e presence of antimycin A 

(Rieske, 1971), strongly suggest a cyclic electron transfer reaction wi白血血e en勾叩e

molecule. Several mechanisms have been proposed for the electron transfer within the 

molec叫.e， coupled with proton translocation (Croft et al. , 1983; de Vries, 1986; Wiks凶m&

Krab, 1986). Here, the Q-cycle mechanism (Mitchell, 1976) is p陀sented as one of these 

working hypotheses (Fig. 1.1). -. ~. 
, 

1.2. Structural Analysis of Cytochrome bClL Complex 

In spite of extensive func仕onal studies, reaction mechanism of 出e en勾'me has not 

been understood due to lack of detailed three-dimensional structure. S tructural information 

about cytochrome bCl complex is very limited at present. 

Subunit proteolysis and labeling with hydrolhilic reagents have revealed which 
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subunits 紅'e exposed to the surface on each side (Gonzalez-Halphen et al. , 1988; D'Souza & 

Wilson, 1982; Bell et al. , 1979). Interpretaion of hydlropathy p10ts 合om a number of species 

has 1ed to a mode1 for the cytochrome b of eight or nine transmembrane helices, with the two 

heme groups suspended between four histidines on two helices (Widger et al. , 1984; 

Sarraste, 1984; Crofts et al., 1988). Cyt∞hrome cl' 出e iron-su1fer protein, and the smaller 

subunits each contain a sing1e predicted hydlrophobic or amphipathic helix 出at could serve as 

a membrane anchor 仏ink et al., 1986). Cytochrome cl can be prep訂ed as a water-soluble 

protein 企om N eurospora crassa by a single proteolytic cleavage 出at removes 出e

hydlrophobic C-terminal domain (Li et al. , 1981a). The core 1 and core II proteins 紅巳 on the 

ma出x side，加d can be iso1ated 仕om 出e N. crassa enz戸ne as a water司so1uble dimer (Li et 

al. , 1981b). 

百le structural analysis of this enz戸ne with electron microscopy had been 

individually carried out by 2 groups. Leonard and his co-workers obtained the threeｭ

dimensional structure of 白 Neurospora bCl comp1ex and its subcomp1ex 1ac凶g 出e two 

co児 proteins and 出e Rieske protein from two-dinlensinal crystalα~on紅d et al. , 1981; 

Kar1sson et al. , 1983). Al出ough the resolution is limited (25 Á 出血e direction p紅allel to 出c

membrane and 35 ﾁ in the normal direction) , these results have provid吋 current basis for 

considering the 紅rangement of 出e subunits; the cornp1ex is dimeric; it is e10ngated across 

出e membrane projecting ,..., 70ﾁ into the ma甘ix of mitochondoria and ,...,30Á into the 

intermembrane space; 出e monomer.s ωntact each other in the membrane and 出血e matrix 

space. Akiba and his cかworkers crystal1ized the bovine heart mitochondorial bc 1 complex in 

tubular form and 陀vealed its three-dimensinal structure at 13 ﾁ resolution by helical image 

reconstruction (in preparation). This result showed not only 出e elongated shape and the 

dimeric form of the molecule observed by Leonard et al. , but also mo児 detai1ed structures; 

n紅TOW transmembrane segments and extensive density along the surface of the membrane. 
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1.3. Crystallization of Cytochrome bCl complex 

1n order to deteπnme 出e structure of 出1S en勾叩e at higher resolution by the X-ray 

crystallographic analysis, crystallization had been a口emp低d by sever乱1 groups. Ozawa et al. 

ぉported needle-shaped miCfocrystals obtained by dialysing away detergent 仕om solubilized 

preparations. Gros et al. grew needle-shaped crystals upω0.7 mm in length by va戸)f

diffusion. Recently, Y� et al. have crystallized bovine heart mitochondorial cytochrome bCl 

complex in square or octagonal plates as large as 4 x 2 x 1 mm. None of these groups 

reported X-ray dif仕action. 百1e crystal of this en勾叩e capable of giving X -ray dif仕action

spots was obtained by Kubota et al. at frrst in 1991. 1n the following year，同'0 other groups 

independently developed crystallization protocols of 出e cytochrome bCl complex 仕om

bovine heart mitochondoria (Berry et al., 1992; Yu & Yl叫 1993). 百1eαystal giving 出e

highest ab社ity to dif企act X-ray showed the dif企action spots to 3.3ﾁ resolution. As is often 

found for other large proteins, these crystals diminish the capability of X-ray dif合action by 

exposing to X-ray, thereby posing a difficult obstacle in obtai凶ng a comple也 data set. 

Because 出e crystals of 出1S en勾叩e lack isomorphismωeach other as often observed for 

other complexαystals ， merging and scaling of the data sets obtained from different crystals 

are impossible. This sﾏtuation also makes preparation of useful isomorphous heavy-atom 

derivative crystals difficult，釦d h出npers successful deterrnination of the three-dimensinal 

structure of this enzyme. 

Although the crystals of cytochrome bCl complex were obtained, there were 

problems in reprcxlucibility and quality of the crystals as well as in methcxlology of X-ray 

analysis for such large membrane complex crystals. Aiming at 出e 白1al goal of elucidating 

functional mechanism of 出1S emz戸ne， 1 tried to deterrnine its detailed three dimensional 

S汀uctぽe. In Chapter-2 is described how 1 improved d1e quality of 出eαytal and overcome a 

problem of reprcxlucibility of 出e crystallization. In Chapter-3 , prep紅ation of two heavy-
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atom derivative crystals and col1ection of the native and two heavy-atom derivativse using 

synchrotron radiation are described. Determination of 出r閃 dimensiona1 structure of 

cytochrome bc 1 complex at 8 ﾅ resolution is also de:scribed in this chapter. Chapter-4 dea1s 

w1白血e comp訂ison between 出e structure determined by X-ray crystallography and 出at

determined by electron microscopy. 
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Table 1.1. Subunits of the Bovine Cytochrome bCl Complex 

Proposed location 

in the complex2 

Molecular 

weight 1 (Da) 

Commonname Subunit 

m
-
m
 trnsmembrane 

intermembrane space 

intermembrane space 

49236 

46530 

42590 

27906 

21669/21ω9 

ロlatnx

町ansmembr加が

intermembrane space 

in termem brane space 

intermembrane space 

甘ansmembrane4

13389 

9587 
9172 

7997 

7298n326 

core 1 protein 

co児 nprotein 

cycochrome b 

cytochrome c 1 

Rieske iron-sulfer protein 

ubiquinone binding protein (?)3 

ubiquinonebinding protein 
hinge protein 

DCCD binding protein 

I
H
m
w
v
 w
n
m
m
k
 X 

6520 刃

1) According to 出e recent results by elec甘on ionization mass spectrome町y
(M凶atov， 1994) except for subunit 皿， whose molecular weight is calculated 
from the DNA sequence (Anderson, 1982). 

2) According to fi忠rre 12 in Gonz疝ez-Halphen et al. (1988). 
3) At present this function is doutful (Usui et al. , 1991). 
4) No evidence is given for the transmembrane topology (Gonz疝ez-Halphen et al. 

1988). 
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.~ 。tN g 

Fig. 1.1. The proposed protonmotive Q-cycIe of cytochrome bCl 

complex. 百le dashed 但TOWS designate specific species of ubisemiquinone 
anion, which 児act at 出e electronegative N (ma位x) side (center i) or 
electropositive P (cytosolic) side (center 0) of the inner mitochondorial 
membrane. ISP, iron-sulfer protein; deH, dehydrogenase. This figure is 仕om

(Hatefi, 1985). 
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Chapter-2. 

Crystallization and Preliminary X-ray Diffraction Studies 

2.1. Introduction 

Membrane system in the cell possesses rrlost impo口組t functions. 1n order ω 

understand biological phenomena，江 is necess紅y to clari勾， the function of each membrane 

protein embeded in the membrane and functional relationship むnong them. Although the 

three dimensional s甘uctures of the membrane proteins are essential for the analysis of 出ler

functions, there 出e only a few instances of determinations of three dimensional structures of 

membrane proteins at atomic resolution (Kühlbrandt, 1988; Weiss et al. , 1990; Deisenhofer 

& Michel, 1989). 百le reason is difficulty of crystallization of membrane proteins purified in 

detergent-protein mixed micelle，出at is entirely different 仕om soluble globular proteins with 

陀spectωthe chemical behavior. Crystallization is, however, unavoidable process for 

application of X-ray αystallography， which is the most powerful technique for 

determination of the three-dimensional structure of whole prote泊 at atomic resolution. 

Therefore，出eαys凶lization of membrane proteins has been one of the most important and 

challenging subjects for elucidation of their functional mechar山m.

Afterαystallization of bovine heart mit∞hondorial cyt∞hrome bc 1 complex was 

achieved (Ozawa et al., 1980; Gros et al. , 1988; Y� et al., 1991), extensive trials 

出lpro汎ng crys凶 quality led ωproduce 出e crystals gi吋ng X-rny dif仕action spots by 出ree

groups independently (Kubota et al., 1991; Beπy et al., 1992; Yu & Yu 1993). In my 

previous study of crystallization of this enz戸ne (Kawamoto, 1993), two different αystal 

forms were obtained; monoclinic crystals grown in Tris-HCl buffer, whose space group and 

cell dimensions we児 P2 1 and a = 196 Å, b = 179 人 c = 253 人 ß = 970 (Kubota et al., 

1991), and hexagonal one grown in potassium phosphate buffer, whose space group and 

cell dimensions 明記 P61 or P65 and a = b = 131 人 c = 727 ﾅ (Kawamoto, 1993; Kubota 

1993). 百le monoclinic crys凶s had severnl problems for X-ray crystallograhic analysis. 
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百ley tended ωbe twinned and were extreme1y f旨agi1e and dif仕action was limitedω7.5 ﾅ 

res01ution. 百le hexagonal crytals we児 more stab1e to mech也氏 shock, change of 

circumstance and X-ray irradiation 出釦 monoclinic one, and X-ray dif合action ab出ty was 

also extendedω6.5 ﾅ res01ution. There were, however, prob1ems with reproducib出ty and 

quality; X-ray dif仕action ab出ty of 出e crystal depended on 出e enz戸ne preparation (Kubota, 

1993), and crystals prepared from different purification 10ts 1acked isomorphism 

(Kawamoω， 1993). 1n order to improve reproducib出ty and quality of the hexagonal crystals 

of 出is enzyme, 1 examined further crystallization condition of the hexagonal crystal form. 

2.2. Experimental & Results 

2.2.1. Chemical 

sωium deoxych01ate was a product of Nacalai Tesque. Ch01ate was a reagent of 

Sigma Chemicals Co. S ucrosemonolaurate (> 99% rnonoester pure) was a product of 

MITSUB1SHI-KASE1 FOOD Co. Ltd. P01yethyleneglyc01 4000 (PEG 4000) used for 

en勾引le purification was a Extra Pure Reagents of '~ako Co.Ltd. PEG 4000 used as 

p児sipitant ofαystallization was a reagent of 恥伍RK Co. Ltd. for gas chromatography. 

Other reagents were of the highest grade commercially availab1e. 

2.2.2. Purification of Cytochrome bCl Complex 

百le cytochrome bc 1-compex was prep訂ed 仕om fresh bovine heart muscle by 出c

me出od of Rieske (1967) wi出 slight mωifications (Kubota et al., 1992). 百e purification 

protocol was described briefly as following. A Keilin-flartree prep紅ation (y oshikawa et al. , 

1977), starting material, was made up 仕om fresh bovine heart witl佖 four hours after 

slaughter. The Keilin-Harせee preparation was suspendled into 50 mM  Tris-HCl (pH 8.0), 

0.66 M sucrose (called 'bufferd sucrose') to 35 mg protein/ml. Extraction of membrane 

protein was carried out with sodium deoxycholate and potassium chloride. 百le 企ョction 出at
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contained succinate-cytochrome c reductase was 仕actionated with ammonium acetate in 出e

P詑sence of deoxycholate. Detergent of 出e 仕action was exchanged to cholate and following 

合actionation with ammonium sulfate was followed in order to 児move succinate 

dehydrogenase. 百le detergent, cholate, of fmal 仕action was exchanged for sucrose 

monolaurate by p児cipitation wi出 polye出ylene glycol 4000 (PEG 4000) in 出e presence of 

出e la丘町 detergent. Finally the Tris-HCl buffer in 出e prep訂ation was 陀placed wi出

potassium phosphate by dialysis. 百le yield of the fmal en勾叩e was 300 -600 mg 仕om 800 

g of minced bovine heart. 百le preparation contained all of 出e 11 subunits (data not shown) 

and had 出e same absorption spectrum (Fig. 2.1) as 出at of 出e authentic sample (Kubota et 

al. , 1991). 

2.2.3. Crystallization of Cytochrome bCl Complex 

Crystallization of 出IS en勾叩e was performed by the batch method as described 

previously (Kubota, 1993; Kawamoω， 1993). The CIγstallization solution con也led 40 to 80 

mg pro低出Iml， 0.66 M sucrose, 0.50/0 (w/v) sucrose monolaurate and 30 to 50 mM  

potassium phosphate (pH 8.0). Solid PEG 4000 was added un丘l 白 solution became 

slightly turbid, after which it was stored at 20 oC. Amorphous material appe紅ed 出血e super 

saturated solution one to two days after the addition of PEG 4α)()， and 1-2 weeks later red 

αystals of hexagonal columnar form grew in itσig.2.2). 

百lese crystals w白-e large enough (approximat:ely 0.3 x 0.3 x 1.0 mm) for X-ray 

crystallographic analysis , and more stable to X-ray and mechanical shock than the previous 

mon∞linic one (Kubota et al. , 1991). A P児limin氾γX-ray dif企action experiment showed 

出at 出e crystal system was hexagonal, space group P61 or P65 with unit-cell constants of a 

= b = 131 A and c = 720λ 百le V m value was calculated to be 3.9 A3/Da assuming 出at one 

dimer was present in an asymmetric unit. Thisαys凶 form di缶acted X -rays up to 6.5 A 

児soluiton.
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百le児W3S， however, a serious problem of reproducibli守山 crystallization. 百le

quality of the αystù depended on 出e en勾叩e praparation. For example, only polycrystals 

明記 formed， or 白 crystùs obtained did not di飴act X:-ray or diffraction was lir凶凶 to very 

low resolution. Investigatation of the crystallization condition of this en勾川le showed 出at 出e

formation of hexagonal crystals depended critically on 出e concentration of the phosphate 

buffer, and 出at 出e児 is op白num concentration wh回re large and well-OIﾙerd crystals were 

deposited (kubota, 1993). However，出e optirnum concentration is different 合ompぉparation

to P詑P訂ation and the crystals applicable for X-ray crystallographic analysis we詑 seldom

obtained. 

2.2.4. Servey of the Additives 

It is known 出at such additives as specific inhibitor, substrate and metal salt 出E

requ廿ed or effective for crystallization. 百le effect of specific inhibitors and substrate of 

cytochrome bc 1 complex on its αystallization wぉ investigated to show 出at neither the 

inhibitors (antirnycin A and myxothiazol) nor subs口~ate (horse heart cyt∞hrome c) w白色

effective for crystallization (Kubota, 1993). 百len， 1 tested the effect of metal sal岱，

particul訂ly divalent cations, on crystallization of 出is enz戸ne， because Lorusso et al. (1991) 

repo口ed 出at zinc cation inhibited this enzymatic reaction. 

Each divalent metal salt (MgC12, CaC12, ZnC12, CdC12 and HgC12) used was 

dissol ved in distilled water at 2∞ mM ﾙ)en added to 出e enzyme solution at 1 to 10 mM  prior 

to the addition of PEG 4000. All of the additives tested decreased the enzyme solubility. 

HgC12, es戸cialy， caused the immediate aggregation of the enz戸ne. N 0 apparent effect on 

出e crystallization and crystal grow出 of this enzyrne was observed by the addition of 

divalent metal salt except ZnC12. ZnC12 had a marked effect on crystallization. Addition of 1 

to 4 mM  ZnC12 to 出e enzyme solution resulted in a deαease in enzyme solub臼ity ， numerous 

hexagonal microcrystals appearing immediately at PEG 4000 consentration of 2 to 4 % 
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(w/v). The nucleation 仕equency was higher at a low concentration of potassium phosphate. 

Crysta1s with sh紅p edges grew large enough for X-ray αystallographic ana1 ysis when the 

nuc1eation frequency was moderateσig. 2.3). An addition of ZnC12 significant1y improved 

出e 詑producib出ty of 出e crystallization and the qua1ity of 出e crysta1s. Single crysta1s were 

obtained in 出e presence of ZnC12 from a1most all 出巴 en勾叩e prep訂ation examined, even 

合om 出e one 出at yielded only polycrysta1s when ZnC12 was omitted. Mα'eover， the crysta1s 

obtained had better shape and increased c凶ity. When zinc aceta也 or zinc sulfate wぉ added

into the enzyme solution in order to examine the effect of counter anion, crysta1 growth was 

a1so improved as observed when ZnC12 was added., Thus，出is effect on crystallization 

seemsωbe due to zinc cation. In出e case 出at ZnC12 was absent from crystallization 

solution，出e nucleation 仕equency and 出e shape of the crystals was depended on 出e

concentration of the enzyme and phosphate buffer (Kubota, 1993). 百1erefore，出eir optimum 

concentrations had ωbe examined in every purification lot of this en勾叩e. By the addition 

of ZnC12 to crysta11ization solution，白e optimum conoentration of en勾引le and buffer were 

ne紅ly constant ag氾nst any purification lots. Standardl conditions of crystallization of 出is

enz戸neln 出e presence of ZnC12 were summarized in Table 2.I. 

2.2.5. X-ray Diffraction Experiment 

X-ray dif企action experiments w色町 done using a screenless Weissenberg camera for 

macromolecularαys凶s (Sakabe, 1991) and synchrotron radiation at 出e BL6A beamline of 

the Photon Factory，出e N ational laboratolγfor High Energy Physics , Tsukuba, J apan. 百1e

SR-ray was focused by a cylindrical-bent asymme甘ic cut Si(l11) monochromator. 百1e

temperature was kept at 20 oC throughout the experiment.百1e X-ray wavelen♂h used was 

1.側人 and 出e collimator size was 0.1 mm. Theωsette， which attached a 200 x 4∞ m 

imaging pla低 (F吋i Photo Film Co. Ltd), had a radius of 859.5 mm. Each crystal was sea1ed 

in a quartz capill紅yjust before 出e dif合action experiment. After severa1 exposures the αystal 
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was translated to avoid deterioration of 出e dif合action pattern. 1n this mannぽ， each data set 

wぉ obtained with one crystal. 百le dif合action pattern recorded on 出e imaging plates were 

digitized at 100μm intervals on a Fujix BA-100 read-out system. 百le intensity data on 出e

imaging plates were processed with the program WEIS σ五gashi ， 1989) then merged and 

scaled with the progr出nPROTEIN (Steigemann, 1974). 

百le crystals obtained in the presence of ZnC12 dif仕actedX-ray to 6.5 ﾅ resolution as 

well as one obtained in the absence of ZnC12 (Fig. 2.4). Although the cell dimensions along 

出e a and b axes as well as 出e space group we児 unchanged by the addition of Zno2，出e

dimension along 出e c 以is increased slightly (-0.5 '%). Since the dif仕actions we詑 often

limited to rather low resolution，出e estimates of the a~ll _dimension of the cηrstals we詑 not

so accurate 出at correlation between the dimension ()f c 釦d 出e presence of ZnC12 was 

unclear. 百le result of intensity measurements for both the crystals 紅e given in Talbe 2.II, 

and the completeness and Rmerge versus 陀solution are given in Table 2.III. From these 

results it is clear 出紅白e addition of ZnC12 improved the dif仕action quality of the crystal as 

well as the reproducib出ty of crystallization. 

2.3. Discussion 

2.3.1. The Roles of Zn Cation 

百le reproducibility of crystalliz_ation and the quality of 出e crystal we毘 improved by 

the addition of ZnC12 in the crystalliation solution. What is the role of zinc cation in 

crystallization? It is assumed 出at zinc cation is bound to 出e cytochrome bCl complex. zinc 

cation react wi出 phosphate present in phosphate buffer to form zinc phosphate, which is 

insoluble in wa低r. Although 白色 crystallization solution was buffered by potassium 

phosphate, no p児cipitation was appe紅ed when the ZnC12 was added. Lorusso et al. studied 

出e interaction of zinc cation with the cytochrome bCl complex and showed 出at zinc cation 
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was bound to 出e hydrophilic subunits and inhibited the reaction of the enz戸ne (Lorusso et 

aI. , 1991). 

It is speculated 出at zinc cation enl訂ge 出e specific interaction of the en勾叩e.

Addition of zinc cation decreased the en勾叩e solub出ty， and caused the change of cell 

dimension along only the c axis. zinc cation is also essential to 血e tubular crystallization of 

cytochrome bCl complex (Akiba et aI., in preparation). Since the solution for crystallization 

in tubular fonn yielded only proteoliposomes if ZnC12 was absent, it is assumed 出at zinc 

cation enables the specific and suitable inter-molecular contacts. 

2.3.2. Isomorphous Differences among Difterent Purified Crystals 

Several data sets 仕om cryst必s grown in 出e presence of ZnC12 have been collected. 

百le Rmerge (in 乃 of each data sets we児 9ω11 %，釦d 出e isomorphous differences were 

about 10 % (in F). In my previous studies of cryst鴿lization of cyt∞honne bc 1 complex 

ほawamoω， 1993)，出e Rmerge of data sets collec也d from crystals grown 出 the absent of 

ZnC12 we児 10ω14 % (in 乃 and 出e isomorphous differences we児 15ω20 % (出 F).It

may be concluded 企om these results 出at 出e addition of ZnC12 decreased the isomorphous 

differences 出nong 出e purification lots. Nevertheless, the isomorphous difference appe紅S

st出 t∞ high to pennit merging 出e data sets from cηstals of 出e different purification lots. 

2.3.3. Difference of Diffraction Intensities between Crystals with and 

without ZnCI2 

Dif合action intensities of the crystals grown in 出e presence of Zn C12 differed 仕om

those grown in its absence. 百le isomorphous difference between 出e data sets listed in Table 

2.ll was about 16 % (in F). Since the data sets compared in Table 2.II weぉ collected 企om

crystals of the different purification lots, so 出e possibility 出at the difference of dif仕action
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intensities wぉ caused by the difference of purification lots, and addition of ZnC1
2 
can not be 

ruled out. 
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Fig. 2.1. Absorption spectrum of purified 
cytochrome bCl complex. 百1e en宍戸ne was diluted into 

buffered sucrose (pH 8.0) containing 0.5 % (w/v) sucrose 
monolaurate. Solid lines 児present 出e purified enz戸ne and 
dished lines represent dithionite-reduced form. 
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Fig. 2. 2. Hexagonal Crystals of Cytochrome bCl 

Complex. 百le crystallizing conditions were as following: 88 mg 

protein/ml, 0.66 M sucrose, 50 mM potassium phosphate (pH 8.0) and 

0.5 % (w/v) sucrose monolaurate. PEG 4000 concentration was 8.4 % 

(w/v). 百le overall dimension of the 出-ea in tbe photograph is 1.4 x 2.1 

mm. 
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Fig. 2.3. Hexagonal crystals of cytochrome bCl complex 

grown in the presence of ZnCl2・百1e crystallization conclitions 

were the same to those listed in Table 2.1. PEG 4000 concentration was 

6.5 % (w/v). 百1e overall dimension of 伐 area 出血e hotograph is 1.4 x 

2.1mm. 

Fig. 2.4. Diffraction Patterns of the Crystal Grown 
in the Presence of ZnCl2 

Arrowhead indicates the 7.0 ﾅ resolution range. Inset is the closeｭ
up (x4) of 出is photo. 
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Table 2.1. Standard Conditions of Crystallization with ZnCl2 

Protein 

Sucrose 

Potassium phosphate 

Sucrose monolaurate 

ZnC12 

PEG 4000 

57.5 mg/ml 

(250μMC1) 

0.66M 

40 mM  (pH 8.0) 

0.5 % (w/v) 

4mM 

.5 -7 % (w/v) 

PEG40∞: polyethylene glycol 4∞o 

Table 2.11. The Conditions and The Results of Intensity 
Mesurements 

-ZnC12 + ZnC12 

Oscillation angle (0) 3.75 5.25 
Range of data collection (0) 52.75 60.25 
Exposure (s) 75 105 

Numbcrof1mgHYla回 15 12 
Resolution range (A) 30.0 -8.0 30.0 -8.0 

Mesured reflections (F > 2σF) 13,470 18,940 

Unique reflections (F> 2 σF) 5714 6459 

Completeness (0/0) 76.6 88.5 

Rmerge (%) 12.33 10.15 

Completeness = (N o. o( reflections with F > 2σ F) / (No. of total 

possible reflections). 

Rmerge = Lh Li 1I hi - くIh>1 / LhLiくら>.
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Table 2.In. Rmerge versus Resolution Range 

Resolution (入)

-13.4 
13.4 -10.8 
10.8 - 9.5 
9.5 - 8.6 
8.6 - 8.0 

Total 

Completeness (1%) Rmerge (%) 

98.1 5.9 
96.3 13.2 
93.4 17.1 
85.0 20.3 
71.8 20.4 
88.5 10.15 

Competeness = (No. of reflections with F > 2σ F) / (No. 

of total possible reflections). 

Rmerge = Lh Li IIhi - くIh>1 / LhLiくIh>.
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Chapter・3.

X-ray Crystallographic Analysis 01 Cyto1chrome bC1 Complex 

3.1. Introduction 

Structure determination of a protein is a p児requisiteωunderstanding the structure-

function relationship. Although the Q-cycle hypothesis is proposed as a reaction mechanism 

of cytochrome bc 1 complex (Mitchell, 1976)，出ere is no structural basis supporting this 

hypothesis and many experimental results inconsistent wi出 this hypothesis we児 repo口ed

(Esposti & Lenaz, 1982; De Vries, 1982; Hatefi & Yagi, 1982; Von Jagow et al., 1984; 

Kauten et al., 1987). The structural information conceming 出e arrangement of 出e four 

児dox centers, substrate-binding sites and proton channels urgen� needed. 

Although X-ray crystallography is 出e most powerful technique for determination of 

three-dimensional structure of a protein at atomic resolution. Two major barriers lie for 

application of 出is me出od; preparation of suitable crysta1s and solution of the phase 

problem. Although several groups obtained crysta1s of this en勾引le (Kubota et al. , 1991; 

Berry et al. , 1992; Yu & Yu 1993), at present none of these determined its three deminsional 

structure hampered by the phase problem. 

In 出is study, 1 triedωsolve the phase problem by the isomorphous 児placement

me出od (Green et a1. , 1954). Application of this method req凶児s the X-ray dif:合action data 

of 出e native proteinαystal and 出at of 出e isomorphous heaη-atom derivative one，出e

crysta1 m吋ified by heavy-atom reagents at spec出c sites of the molecule. When the positions 

of heavy-atom binding sites in the unit-cell 但-e known~ phase angles 訂e calculated on 出e

basis of the difference between the di任raction intensities of 出e native and derivative crystals. 

In this chaptぽ， prep紅ation of heavy-atom derivative crystals , determination and refmement 

of the heavy-atom p紅白neters ， and phase improvernent by density mωification 出芭

described. 

-20-



3.2. Experimental 

3.2.1. Preparation of heavy-atom Derivative 

Chemical - Phosphotangstic acid (PDT A) w邸 a prlωuct of S igma Chemical Co. 

Mercury(II) potassium i吋ide (TIOHG), sodium ethylmercurithiosalicylate (EMTS) and 

gold(I) potぉsium cyanide (DCNAU) , 明記 purchased 企om Nacalむ Tesque. 

Tetrakis(acetoxymercuri)methane (T AMM) was a 児agent of STREM CHEMlCALS. pｭ

(Chloromercuri)benzoic acid (PCMB) was a product of Wako Chemical Industries Ltd. 

Potassium te甘acyanoplatinate(II) 出hydrate (TCNP'わ wぉ purchased 仕om Aldrich Chem. 

Co. 2，6-Düodo-4司(2，2-dicyanovinyl)phenol (COMP A) was kindly synthesized by Tokutake 

(Tokutake, 1992). (PtC406N4HI0)2 (TMPT) and M06Cl14 (HMOCL) were kindly supplied 

by Prof. K. Miyamoto of Kitasato university (Miyarnoto, 1994) and Dr. T. Yamagata, 

Fucalty of Engineering Science of this university. Othe:r reagent w白-e of the highest grade 

commerciallyavailable. 

Preparation 01 hea\う1・atom deバvatiνe crystals --Crystals of heavy-atom derivatives 

we毘 prep訂ed by the soaking method. 百le crys凶s grown in 出e presence of ZnC12 we詑

used as 出e native crystals. They we陀 soaked into each heavy-atom solution. The screening 

of heavy-atom reagents was carried out under various conditions (see sections 3.2.2. and 

3.2.3).百le soaking solution was bufferd by 40 mM  potassium phosphate and containing 

0.66 M sucrose, 0.5 % (w/v) sucrose monolaurate, 15 to 20 % (w/v) PEG 4α氾， and adequate 

consentration of heavy-atom regents 釦d additives. Concentration of PEG 4000 used was 

higher than 出at of crystallization in order to p陀ventαystals 合om dissolving. ZnC12 was not 

contained in the soaking solution because of its insolubility in the phosphate buffer. 

COMPA and HMOCL w白-e dissolved in dimethylsulfoxide (DMSO) at ca. 20 mM  then 

added ω the soaking solution. Tetra(acetoximercuri)rnethane (TA恥骨1) was dissolved in 

wa也r at ca. 20 mM  in 出e presence of 1 M ammonium sulfate then added to the soaking 

solution. Other heavy-atom reagents we陀 dissolved in wa也r at mo陀 than 10 mM  then added 
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to 出e soはing solution. 

3.2.2. Intensity Measurement 

As native crystals 合om different p町ification 10ts w白"e sometimes non-isomorphous 

(Kawamoω， 1993), data sets of derivative crystals and native one of same purification 10t 

were collected every time. 

Intensity measurements of the native and heavy-atom derivative crystals we児 carried

out with synchrotron radiation at 出e BL6A and BL18B of the Photon Factory，出e National 

Laboratory for High Energy Physics , Tsukuba, J apan. At the both beamlines，出e SR-ray was 

focused by a cy1in合ical-bent mirror and monochromatiized by a Si(111) monocrhromator. 

百le collimator size was 0.1 mm at BL6A and 0.2 mm at BLI8B. A 200 x 400 mm imaging 

plate was a口ached to the cassette, which had a radius of 859.5 mm at BL6A and 1290 mm at 

BLI8B. The X-ray wave1enゆ used was 1.∞o 人 and 出e temperature was kept at 20 oc 

伽ough the expe出nent at both beam1ines. Each αystal was sealed in a qu紅白 capill紅y just 

before the dif仕action experiment. After several exposure 出e crystal wお仕組slated to avoid 

deterioration of 出edi缶action pattern. In出is manner, each data set was obtained with one 

crystal. The dif仕actions recorded on the imaging p1ates we児 digitized at 100μm intervals on 

a Fujix BA-l00 read-out system and Fujix BAS2∞o read-out system. 

-3.2.3. Processing of Intensity.Data 

百le indexing of dif合action spots and the collection of the integrated intensities we詑

carried out by a program WEIS σIigashi ， 1989). 百le intensities collec巴d 企om different 

imaging p1ates we児 merged and scaled into single data set by a program PROTEIN 

(Steigmann, 1974) 出血e resolution range from 30.0 ﾅ to 8.0 ﾅ and 白 structure amplitudes 

larger 出an2σ1eve1 we児 used. 百le structure amp1itudes of derivative cryatals we児 scaled to 

those of native by the Wilson p10ts, then isomorphous differences w白"e calcu1ated by a 

program CMBISO in program package PHASES (Furey et aI. , 1990). 
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to those of native by the Wilson plots, then isomorphous differences we詑 calculated by a 

program CMBISO in progr出n package PHASES (Furey et al. , 1990). 

3.2.4. Structural Analysis 

百1e structural analysis was perfonned by a program package CCP4 (CCP4; SERC 

Daresbury Laboratory, 1994) and progr出n package PHASES (Furey et al. , 1990). 

Difference Patterson summation - Difference Patterson c∞fficients (IF PHI ・ IFpl)2

between the each derivative and the native w白芭 obtained by the program TOPDEL, then 

difference Patterson map was calculated with a program FSFOUR . 

Refinement of heavy-atom parameters and phase calculation by isomorphous 

replacement - Isomorphous replacement refinement wぉ carried out by 出e m鉱山1Uffi

like凶100d me出od using a program PHAS庁.1凶叫 OCClllp釦cy and temperature factor of the 

heavy-atom we毘 setω 1.0 and 50 Á2, respectively. Ibe p訂加neters we児 re白1ed as 出e

following sequence; 出e relative scaling and temperatue factor of derivative data against to 

native one, c∞rdinates and ∞cupancy of heavy-atoms and estimation of ‘ lack of closure' 

error. 百1e temperature factor of the heavy-atom wωfixedω50 Á2 出roughout 出e

refinement. Phase angles were computed at the last refmement cycle. 

Difference Fourier summation - The difference Fourier c∞fficients (F PH -F P) and 

出e phase angles we児 merged by a program MRGDF. For self-difference Fourier 

summation, the structure amplitudes of a derivative utilized in phase calculation we児 used as 

FpH, and rescaled to those of the native wi出 relative scaling and temperature factor refmed in 

the heavy-atom pru加neter refmement. For cross-difference Fourier summatiOI丸山e structure 

amplitudes of the other derivative utilized in phase calcuation we陀 used as F PH , but not 

rescaled to those of native. 百1e difference Fourier map was calculated by a program 

FSFOUR. 

Solvent flattening - Solvent flattening was calITﾌed out by 白 means of W ang' s 
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me出od 何f叩g， 1985) using a program BNDRY. 百le solvent mask was calcula也d using a 

conservative solvent content of 65.5 % (calc叫ated 合om V m value (Matthews, 1968) of 出is

crystal) and a 20 ﾅ averaging radius. U sing this mask 出e regions of protein and solvent were 

determined，加d 出e mean density in the solvent 詑gion and the maximum density 白血e

protein region was calculated. F(∞O)N was then estimated 合om these values using following 

empirical ぉlationship:

(Ipωventl + F(OOO)乃う j (Pmax + F(OOO)jV) = 0.43 

百le density in solvent region was flattened to (IPsolventl + F(OOO)パう. In protein region, the 

density was set to zero 江 it wぉ negative and to (Pmax + F(O∞)j 竹 if it was positive value. 

百le new phase angles we児 computed 企om mωified electron density map by a progr出n

MAPINV, and we児 combined ωoriginal phase angles by using the phase distribution 

function expressed as Hendrickson-Lattman coefficients. 

Searching for non-crystallographic two-fold 似is ー百le electron densiザ map was 

calculated with 出e phase angles 陀fmed with 出e solvent flattening procedure by a program 

FSFOUR. A region containing one dimer was extract凶 by a program EXTRMAP. 百le

molecular envelo{:吃 mask was defined using a prograrn MAPVIEW. 百le extracted region 

using molecul紅 envel戸光 mask was put into P 1 cell which consisted of cell leng出s as t\νice 

as 出e size of extracted region. 百le structu児 factors of 出is P 1 cell were calc叫ated by a 

program MAPINV, then self-rotation function was calculated by a progr訂n POLARRFN 

using structure factors in r駸olution qmge from 100 Åω14 ﾅ. Other p訂ameters used in this 

calculation we陀 following; integration radius was 1∞人 averaging radius was 20 ﾅ. The 

pol訂 angles (似 ψ1) obtained were refined by a program LS QR OT with 出e electron densiザ

map of P 1 cell. 

Non-crystallographic symmetηανeraging 一刀le electron density map was 

calculated with multiple isomorphous replacement (MIR) phase angles by a program 

FSFOUR. 百le molecular envelope mask which covered one dimer was de白led from solvent-
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calculated with multiple isomorphous replacement (rvUR) phase angles by a progr出n

FSFOUR. 百le molecular envelope mask which covered one dimer was de白1ed 企om

solvent-flattened MIR map using a program MAPVIEW, solvent mask was also obtained 

仕om solvent-flattened MIR map using a program BNDRY. 百le MIR map was mωified as 

following; (1) averaging the corresponding elec∞n densities related by 白 non

cηstallographic two-fold axis in the molecular envelo戸 and 児placing the density for each 

molecule with the average by a program MAPAVG , (2) leveling the density in the solvent 

region and truncating 批 negative density in 出e protein region using solvent mask by a 

program BNDRY, (3) inve口ing the modified map to obtain new phase angles by a program 

MAPINV, (4) merging 出e new phase angles to original MIR phase by a program BNDRY, 

(5) 出e electron density map was calculated and used in next averョging cycle. These 

processes were 児peated sixteen times. 百le resulting phase angles we児 used for the 

definition of new solvent mask and molecular enveloヤe mask. These new masks we陀

applied for the next averaging. 

3.3. Results & Discussion 

3.3.1. Preparation of heavy-atom Derivative Crystlas 

Soaking conditions and diffraction abiliη- 百1e heavy-atom reagents used and the 

conclitions of soaking are summarized in Table 3.3.1. Crystals were soaked for one to two 

hours because soaking for mo白血an 6 hours usually caused deterioration of 出edif仕action

pat記ms. Most derivative crystals dif仕acted X-ray to as high as 出e native crystals, but there 

we児 only a few derivatives suitable for X-ray analysis. 百le crystals soaked into 0.5 mM  

TArv岱1 solution containing 25 mM  ammonium sulfate gave limited dif企action. The cell 

climensions along the a and b of derivatives (EMTS , PC:rvlB and HMOCL) soaked under pH 

8.0 drastically changed to double of those of the native crystals. 百le dif仕action spots of 

derivative crystals 出at prep訂ed with TMPT, TIOHG or TM岱1 (pH 8.0) streaked and we陀

spliロed though crack in these crystals was not observed in microscope. Except for those 
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derivatives，出e dif:仕action pattems of derivatives we詑 suitable for X-ray analysis. It should 

be noted 出at crys凶s soaked into solution con白血g PDT A sometimes diffracted X -ray 

ne訂ly to 4 ﾅ resolution though the native crystals obtained in same purification lot showed 

出e diffraction ability only to about 6 ﾅ resolution. 

Data collectわn- 百le di飴action intensities of derivatives 出at prep紅ed with 0.05 

mM  TA!v岱1 (pH 7.2), HMOCL (pH 7.2) or PDTA and those of corresponding native 

crystals were collected. The experimental conditions and results of data pr∞essing for the 

derivative and the coπesponding native crystals were sumlmarized in Table 3.3.II. 

The derivative crystals had higher mosaicity th初出at of 出e coπesponding native 

crystals, so 出at quality of derivative data sets was slightly worse 出an 出at native sets. 百le

data sets 1 and 2 shown in Table 3.3.II 但-e of sufficient qualities for X -ray crystallographic 

analysis. 

3.3.2. Crystals Treated with PDTA 

((PDTA treatment" 一刀le PDT A derivatives had an ab出ty to diffract X-ray to 

nearly 4 ﾅ resolution, thus it was expected 出at 出edif仕action intensitiesωhigher resolution 

could be collec巴d by a “ PDT A treatment". Crystals we児 treated wi出 PDTA (soaked for 2 

hours into solution buffered wi出 40 mM  potassium phosphate at pH 7.2 and containing 0.5 

mM  PDTA, 0.66 M sucrose, and 0.5 % (w/v) sucrose monolaurate) before 出e data 

collection. 百le crystals soaked into 出e solution containing PDTA were used as native in 

crystallographic anal ysis. 

Soaking conditions and d.伊action ability - He:avy-atom derivatives were prepared 

by soaking the PDT A treated crytals into each heavy--atom solution containing 0.5 mM  

PDTA as additive. When a heavy-atom solution did not contain PDTA，出e prep訂ed

derivative crystals did not give good dif:仕actions. 百e soa.k:ing conditions are shown in Table 

3.3.IIT. A1l derivatives had ab出ty to dif:合act X-ray to more 由加 8 人 sometimes to 5 人

resolution. 百le TIOHG derivative crystal soaked into solution buffered EPPS was cracked 
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jugded from its diffraction spots. 

Data collectionー百官閃 sets of 出edぜ企action intensity of PDT A treated crystals and 

出e additionally soaked ones we毘 collected. The experimental conditions and the data 

reduction were summarized in Table 3.3.IV. 

Each ぬta set was collected with sufficient quality for X-ray analysis to 8 ﾅ 

resolution. Diffraction intensities collected 仕om 白 heavy-atom derivatives had same quality 

as 出at collec低d 合om 出e PDTA ロ-eated crystals. Although all these crystals gave 

di飴actionsωhigher than 5 ﾅ resolution，出e diffraction intensities higher than 8 ﾅ 

resolution could not be collected accurately. Each crystal treated with PDTA had high 

mosaicity (ca 0.5。 ω1.00) ， so 出at 出e estimate of of dif仕actions we陀 worse in high 

resolution range. It was found in da回 set 3 出at 出e crystal decayed during the experiment, 

and 出edi街action intensities we陀 collected 仕om only a JPart of essential region. 

Discussionfor soaking condition - Genearlly a crystal grown in phosphate buffer is 

unfavorable for preparing heavy-atom derivatives because most metal cations are hardly 

soluble in phosphate buffer. The hexagonal crystals of cytochrome bCl complex are grown 

出血e presence of potassi凶n phosphate, so 1 出ed to prepare 白e derivative crystals by 

soaking into heavy-atom solution buffered with other buffer. For the preparation of TIOHG 

d回ivative，出e crystal was soaked into 出e heavy-atOlI1l solution buffered with Tris-HCl. 

Moreover for the preparation of PDTA-treated TIOHG' derivative丸山e crystal was treated 

with PDTA solution buffered wi出 EPPS to 陀move phosphate in the crystal before soaking 

into TIOHG solution buffered with EPPS. 百1e dif合action spots of these derivatives streaked 

or were splitted although the crystals still diffracted :X-ray to about 6 ﾅ resolution. 百1e

crystal of this enz戸ne appe訂ed unstable in other buffer than phosphate. 

百1e di飴action spots of derivative crys凶s soaked under pH 8.0, same pH as in 

crystallization solution, s町eaked or splitted. HMOCL dLorivative soaked under pH 8.0 gave 

onl y streaked differaction spots, but 出at soaked under pH 7.2 was g∞dand 出eir di飴action

intensities could be collected with sufficient quality for X -ray analysis. 

-27-



1t is assumed 出at the change of 出e ch訂ge of surface residues by lowering pH prevented 

excessive binding of heavy-atom reagents. 

All heavy-atom solutions and pre-soaking solutions at low pH did not contain ZnC12・

Table 3.3.V summarized isomorphous differences among 出e native crystals not treated with 

PDTA. 百le isomorphous difference of lot 4 between pH 8.0 and 7.2 was significantly 

smaller (0.086) 出m 出at between different purification lots. The isomorphous difference of 

Lot 1 (8.0) ag氾nst Lot 4 (8.0) was 0.070, but 出at against 1.ot 4 (7.2) increased ω0.099. 

This indicates 出at 出e ch釦ge of dif仕actions on soaking the crystals into Zn-合ee silution at 

low pH (7.2) is small. As described earlier, if 出e en勾{T11e was presen t in 出e phosphate 

buffer no precipitation occured when ZnC12 was added. 百1Ïs syggests the zn cation bound 

to 出e en勾引le does not dissociate by soaking into Zn-合ee solution (see in 2.3.1). Derivative 

釦d native crys凶s soaked in Zn-仕ee solution in Table 3.3.II diffrョcted X -ray as much as 

non-soaked crystals. 百lere was, however, no experimental evidence of the binding of zn 

cation to 出een勾me.

ξtfect 01 P DT A - Crystals treated wi出 PDTA di飴acted X -ray to higher resolution, 

nearly 4 人伽 native cηs凶s obtained in same purification lot. Because PDT A has a 

propeれY to bind to 出nino groups in protein non-specific:ally, it is used as 出e precipitant of 

proteins, dyes for negative staining in elec甘on micrscopic analysis. 百lerefo児， it is likely 

出at 白e PDTA bound ω 出e protein molecules to lir氷山em in crystalla凶ce， and 出e stability 

against the change of its crrcumstance.and the ability of X:-ray di飴action were improved. 

Although the PDTA-treated crystals di飴acted X-ray to nearly 5 ﾅ resolution，出e

diffraction intensities to higher 出an 8 ﾅ resolution couldl be collected only from lot 1. Table 

3.3.V1 shows isomorphous differences among PDTA-treated crystals. As comp紅巳dwi出

Lot 1 and 4, PDTA-treated crystals lacked isomo中hism. 百lat may indicate 出at binding form 

of PDT A to the molecule differed 仕om one another. 

百le statistics of data collected from PDT A-treated crys凶s we陀 not better than those 
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of the native crystals obtained in same purification lot (s~~e Table 3.3.II). This indicates 出at

出ePDTA did not improve the quality of the crystal except for X-ray dif:丘action ability. 

3.3ふ Determination of Heavy-atom Binding Sites 

百le c∞Irdinates of the heavy-atom binding sites are necess紅y for application of 出e

isomorphous 詑placement method. The c∞rdinates 紅-e generall y deduced 合om location of 

peaks in the difference Patterson map (Perutz, 1956), which is expressed as: 

P(u ν w)=(1/ 竹 L (IFpHI ー IFpl)2 cos(2π (hu + か + lw)) 

The difference Patterson map has peaks at the end of vector between each heavy-atoms. 

When the heavy-atoms binds to equivalent sites of different molecules 児lated by a 

crystallographic s戸nme句" the end of vectors between them lie in a certain plane, so called 

‘Harker section'. In the present case of space group P61 or P6s, there 紅巳由民e Harker 

sections, W = 1/6, 1β， and 1/2. The c∞rdinates of the heavy-atoms in unit-cell can be 

determined 企om the positions of peaks on Harker sections. 

Crystal system of this en勾叩e is hexagonal and. space group is P61 or P6s ・ This

space group has no symme汀y except the direction par叫lel to 出ec 以1S. 百lerefo児， the origin 

of the unit-cell along c axis is arbitrary. In such case the origin along the c axis is chosen 

arbitrary and the z coordinates of heavy-atoms are expressed as relative distance 仕om 出e

origin. 百le relati ve z c∞rdinates of the heavy-atom sites not related by 出e crystallographic 

symmetry can not be determined 仕om 出e positions of peaks on Harker section; they can be 

determined by analyging 出e positions of ‘ cross刊ctor' 出血e difference Patterson map，出e

vectors 仕om one site to another site in 出e same molecule. If 出e phase angles are known，出e

difference Fourier map with 出e cω百icient (FpH -Fp), where FpH and Fp are 出e structure 

factors of 出e derivative and nativeαystals ， will give peaks at 出e positions of the heavyｭ

atoms. 

I 甘ied to determine the heavy-atom sites by means of difference Patterson me出od，
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searching of cross-vector peaks, and self-difference Fourier method. 

1 somorphous difference - Rderiv of 出e data sets we毘 listed in Table 3.3.VII and 

3.3. VIII.Rderiv of all derivatives not treated with PDT A were higher 出an 0.1. ThoughRderiv 

of PDT A derivative in data set 2 was nearly equal to 出at of other derivatives in 出es出ne data 

set, PDTA derivative in data set 1 particularly showed high isomprphous difference (Rderiv = 

0.227). This high Rderiv may be due to lack of isomorphism. As compared wi出 derivative

without PDTA-treatment, Rderiv of all PDT A-treated derivatives, except for COMP A and 

TM( 1, were lower 由加 0. 1.

Interpretation 01 difference Patterson map - Difference Patterson map for all 

deri vati ves were calculated. 百le maps we児 noisy and had many peaks probably due to lack 

of isomorphism and the eπor in intensity data. Determination of the heavy-atom sites was 

出ed by searching consistent peaks on 出e 由民e Harker sections of each difference Patterson 

map. For all of derivatives trea低d with PDT A, however" no consistent peak on 出e Harker 

sections could be found. For the T A.rv(1 and HMOCL derivatives not treated with PDTA, 

there w白'e some consistent peaks on 出e Harker sections; 出e TA恥⑪1 derivative gave 出r閃

consistent peaks, and the HMOCL derivative gave five consistent peaks. Harker sections (W 

= 1/6, 1/3 and 1β) and 出e positions of the consistent peaks for the T A.rv仏1 and HMOCL 

deri vative we児 shown in Fig. 3.3.1 , and the c∞rdinates of the heavy-atom sites deduced 

合om 出e positions of peaks we児 summarized in Table 3.3.IX. The consistent peaks on 出e

diference Patterson map of HMOCL derivative we児 weaker and broader 出an those of 

TM岱1 derivative, indicating low ∞cupancy or large size of the former heavy-atom reagent. 

Determination of 出e relative z c∞rdinates of the heavy-atom sites was 出ed by 

searching the cross-vectors in the difference Patterson map. 百1e maps of both HMOCL and 

TA.rv岱1 derivatives we陀 noisy and many peaks appe紅巳d 出at we児 consistent with the peaks 

in Harker sections (Table 3.3.X). Therefore it was impossible to pick up coπect sets of 出e
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c∞rdinates of the heavy-atom sites. 

Self-difference F ourier calculation for each derivative - Since the z coordinates of 

the heavy-atom sites could not be determined from difference Patterson map, they were 出ed

to be determine 企om self-difference Fourier map. Chacking each heavy-atom site using selfｭ

difference Fourier 出at 1 adopted was as following. 百1e phase angles we児 calculated from 

only one heavy atom site by single isomorphous replacement method, and the peaks in 出e

resulting difference Fourier map we児 searched along 出e z direction with x and y 

c∞rdinates being fixed at those of the other heavy-atom of 出e same derivative. 

ForTM岱1 derivative, consistent result was obtained; when the Site 1 (z = 0) was 

used for the phase calculation, the peaks coπespondng to the Site 2 was appe紅ed at z = 0.88 

m 出e resulting difference Fourier map, andνice νersa. No confident result, however, was 

obtained for the Site 3 of T A加岱1， and for all heavy-atorTI sites of HMOCL derivatives. 百1e

difference Fourier map was calculated by the single isomorphous replacement using both 

Site 1 and Site 2 of T A加岱1 and 出e peak coπesponding to Site 3 of T AMM was checked 

(Table 3.3.氾ll). 百ough the accuracy of 出e phase angles must be improved comp訂ed with 

those calculated with onl y each one site，出e peak at Site 3 still could not be observed in 出e

difference Fourier map 

Discussion - Though 出e Rderiv values of both data sets of PDTA derivatives we児

large ぐrable 3.3.Vll)，出e peaks in Harker sections of each difference Patterson map could 

not be interpreted consistently. 百1Ïs suggests non-specific binding of PDT A to 出e

molec凶es. This coincides with the prope口Y of PDTA 出at it binds to amino groups in 

pro白血s non-spec出cally. Most PDTA-treated derivatives showed low Rderiv and gave no 

consistent peaks on Harker sections of its difference Patterson map. These indicates 出at

heavy-atom 陀agent did not bind ωthe molecules with high occupancy. Although HMOCL 

derivative not treated with PDTA showed high Rderiv and the consistent peaks in its Harker 

sections, HMOCL derivatives treated wi出 PDTA showed low Rderiv and did not give 
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consistent peaks in its Harker section. It was supposed 出at PDT A binding to the molecules 

we児 obstacles for binding of other heavy-atom 児agent. The high Rderiv of COMPA and 

T AMM derivative treated with PDT A were perhaps due to lack of isomorphism. 

3.3.4. Phase Calculation by Multiple Isomorphous Replacement 

Application of isomorphous replacement for solving phase problem requires the 

information of the heavy-atoms, so called ‘ heavy-atom p紅ameters' ， which consist of their 

c∞if(:linates ， occupancies and 巴mperature factors. Th.e c∞rdinates determined by the 

difference Patterson methoo and other p紅ameters have to be refined in such a way 出at

IFpH(obs)1 and IFpH(calc)1 approach each other as close as possible. 

In 出e case of phase determination with multiple isomorphous 児placement (0児en et 

al., 1954) ， 出e positions of the heavy-atoms in all derivatives should be defmed with the 

児spect to a same origin. For the space group of the crystal of 出lS en勾叩e the origin is 

arbitrary the along c axis, and the z coordinates of heavy-atoms cannnot be determined by 

difference Patterson me出00. As described in the previous section，出e relative z c∞rdinates 

of heavy-atom sites we詑 determined for T A恥仏1 derivative by the self-difference Fourier 

method. Since the phase angles we児 available with a ce口氾n accuracy by the single 

isomorphous replacement using T AMM  derivative，出e common origin for bo由化rivatives

we児 defined by cross-difference Fourier method. 

Determination 01 commOIl ・_ origin - The cross-differenc巴 Fourier map were 

calculated with the coe任icient of (F H (HMOCL) ー Fp) exp (iαfAMM)' where FH (HMOCL) and Fp 

紅E 出e structure amplitudes of HMOCL derivative and native， αfAMM is 出e phase obtained 

with TAN岱1 derivative. Correspondance of the peaks in the cross-difference Fourier map 

and 出e positions of heavy-atoms deduced 合om difference Patterson map was checked; there 

we陀 no peaks correspondingωSi低 1 ， 2, 3 and 4 of IIMOCL derivative in Table 3.3.XI. 
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百le peak appeared at (0.26, 0.13, 0.21) wi出 height greater 由加 3σlevel and may be 

correlated to Site 5 of HMOCL derivative (Fig. 3.3.2). 

The cross-difference Fourier map was also calculated with the coefficient of 

(FHTA刷 - Fp) exp (iαHMOCL) , where FHTA附加d F p are the structure amplitudes of 

TA~岱'1 derivative and native, andαHMOCL lS 出e phase angles obtained with the heavy-atom 

p紅白neters of Site 5 of HMOCL derivative by single isomorphous replacement. This map 

had two peak 1∞ated at (0.36, 0.07，ー0.21) and (0.50, 0.07, 0.67); the former corresponded 

to heavy-atom at Si低 1 and 出e latter to Site 2 of TA恥岱'1 derivative. From these analyses of 

白 heavy-atom sites，出e common origin between T AMM and HMOCL derivatives were 

determined. 

Phase calculation with multiple isomorphous replacement - The heaηr-aωm 

p紅紅neters of Sites 1 and 2 of T Al\I岱'1 derivative and Site 5 of 出e HMOCL derivative werち

refmed by the multiple isomorphous replacement metho仁L Table 3.3.xIV shows the results 

of each heavy-atom p紅白neters and the statistics of the phase angles. One minor heaη-aωm 

site of TA~岱'1 (Si巴 3) and two minor sites of HMOCL (Site 2 and 4) we児 located in 出e

diference Fourier map calculated wi出 phase angles by the multiple isomorphous 

児placement.百lese minor sites we陀 included in the subsequent refinement. Addition of the 

minor sites improved 出e statistics of the phase angles. The fmal heavy-atom p紅白neters and 

statistical data of calculated phase apgles are shown in Table 3.3.XV. 

百le occupancy of Site 3 of TAMM was smaller than those of other sites. This may 

expl出n why 出is si也 could not be defined in 出e self-difference Fourier map based on 出e

single isomorphous replacement wi出 Sites 1 and 2 of T Atv( 1 derivative. Site 5 of HMOCL 

deriv幼児 had higher occupancy than other sites of HMOCL derivative. 百社s agrees with 出at

only the peaks appe紅巳dat 出is site in the cross-difference Fourier map of HMOCL phased 

by single isomorphous replacement using T A恥岱'1 deri vative. 
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Native F ourier sUJn11Ultion - The electron densiザ map was calculated. with the phぉe

angles obtained by the multiple isomorphous 児placement. The map is shown 泊 Fig 3.3.3. 

Because 出e accぽacy of 出e phases was p∞r，出e rnolecular boundary could not be 

determined. from the electron density map. Huge ripples appeared around the heaηr・atom

sites may be due to 出 refmement of the heavy-atom p訂almeters.

3.3.5. Phase Improvement by Density Modification 

百le electron densi ty map of 出is crystal calculated with the phase angles obtained by 

multiple isomorphous 児placement (MIR) did not have sufficient quality to determine 出e

packing of the molecules in 出e rystal lattice, molecular shape and 1∞ation of the subunits. 

百le quality of electron density map can be improved. through the refmement of the phase 

angles by 出e method of ‘density modification'. This me1thod refmes 出e phase angles on 出e

basis of the protein crystals ぉ:

1. The elec甘on density is always positive anywhe陀 in crystallattice. 

2. The electron density in the regions of protein molecules is relatively higher 出初

出at 出血e regions of solvent in the crystal lattice，加d 出e electron density in the solvent 

reglon 1S constant. 

3. When the asymmetric unit of the crystal has a number of same molecules, i.e. 

dimer or 甘imer， the elec町on densities of corresponding positions of each molecule 紅e equal. 

Because of eπors remaining in 白色匂凶 sets used for the phases calculations, these features 

described above do not practically preserved. in the electron density map calculated. with 

phase angles obtained isomorphous 児placement.百le electron density map mωified. 

訂tificially to be adapted. to 出e feat山町 described. above is considered to be closer to true 出組

曲at before modification. The density mωification method can improve 出e phase angles by 

出e combination of 出e new phase angles calculated. ftrorn mωified electron density mapω 

the original MIR phase angles. The density modification me出od utilizing features 1. and/or 
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出e original MIR phase angles. 百le density modification me出od uti1izing features 1. and/or 

2. is called ‘solvent flattening' (esI=吃cially ， using featu児 1. is called ‘negative truncation') 

内Tang， 1985), and using feature 3. is called ‘non-crystallographic s戸nmetry averaging' 

(Bricogne, 1976). 百le improvement of 出e phase angles was tried by applying the densiザ

modification method. 

Solvent flattening - Solvent flattening was applied to improve 出e accuracy of 出e

phase angles. Firstly solvent mask was computed 合om electron density map calculated with 

MIR phases. U sing this mask solvent leveling and negative density truncation were 

performed in eight cycles, at the last cycle 出e refined phase angles were served to compute 

new solvent mask. This new solvent mask wぉ used in the subsequent m叫ification in eight 

cycles. R-value, which is defined by I:E IF(obs)l-IF(calc)II /:E IF(obs)l , deαeased 仕om 0.453 

to 0.276 through these refinement cycles. The electron density map calculated 仕om 出e

refmed phase angles was shown in Fig. 3.3.4. 百le elec口・on density of the solvent flattened 

map defmed the molecular boundry. 

Searching for non-crystallographic symmetη 似is - Electron microscopic analyses 

of 白e cytochrome bCl complexes 仕om N. crassa (Leon訂d et al., 1981; Karlsson et al., 

1983) and 仕om bovine heart mi t∞hondoria (Akiba et al. , in preparation) have established 

出at 出e complex has a dimeric form. TheV m value (Matthews, 1968) of the present crystal 

suggests one dimeric complex is present in an asymmetric unit. Generally the orientation of 

出e non-crystallographic axes can be determined by 出e self-rotation function , but for the 

hexagonal crysta1s 出is method often gives inconect result (Tsuk:ihara, personal 

communication). Thus the electron densities of a whole complex (one dimer) were put into 

Pl ∞止釦d 出e phase angles we児・ calculated， and 出en det:ermination of the direction of non-

crystallographic two-fold axis was 出ed by 出e sellf-rotation function method (see 

Experimental). 

百le result is shown in Fig. 3.3.5. 百le highest peak on the section of 1( = 1800 was 
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百le ぉsult is shown in Fig. 3.3.5. 百le highest peak on the section of 1( = 1800 was 

located at (ω= 67.50， ψ= 91.70
). Using these p紅白nete:rs solvent-flattened MIR map wぉ

skewed by a program SKEW. It became clear 仕om this skewd map 出at Site 20fTAN岱1 and 

Site 5 of HMOCL were located on 出e non-crystallograohic twかfold axis. These p紅白neters

(ω， <p) were refined ω(67.90 ， 88.80
) by a progranョ LSQROT assuming 出at nonｭ

crystallographic axis passes through the position of Site 2 of T M岱1. Correlation coefficient 

between the electron densities related by the non-crystallographic twかfold axis was 0.241. 

Non-crystaIlographic symmetηανeraging and solvent flattening - Determination 

of 出e p紅白neters of 出e non-αystallographic two-fold 似is opened 出e way of phase 

improvement using non-crytallographic symmetry (NﾇS) averaging toge出er with solvent 

flattening. Firstly, the solvent mask was computed 仕om electron density map calcula也d with 

MIR phases using a 20 ﾅ averaging radius. 百le phase improvement by solvent flattening 

using this solvent mask was carried out in eight cycles. 百le electron density map was 

calculated with the resulting phase angles , and then was used for defining a molec叫訂

envelope mask. The p紅白neters of N CS twかfold 以is，出e spherical polar angles (m, (/J) 

defining direction of its 以is and 出ec∞rdinates (x, y, z) of origin of its 以is， we児詑fined by 

出e program LSQROT. Negative densiザ truncation and solvent leveling using solvent mask 

we児 carried out against 出e electron density map after NCS averaging. After repe出on of 

these procedures by sixteen cycles, a solvent mask and a molecular envelo戸 mask were 

defined again from NCS averaged ~d .solvent flattened electrn density map. 百le p訂ameters

of NCS two-fold axis we児 also refined again. New masks and p紅白neters were used for the 

next averaging cycles. Table 3.3.XVI summarizes the results of overall averaging cycles. This 

refinement decreased R -factor 企om 0.454 to 0.322 and improved 出e correlation coefficient 

of 出e electron densities between molecules related by NCS two-fold axis from 0.160 to 

0.708. 百le p紅白neters of NCS two-fold axis at the last refinement cycle w回-e (ω= 67.70 ， ψ= 

91.40
) and (1 34.4, 108.6, 274.5). 
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67.70 ， ψ= 91.40
) and (134.4, 108.6, 274.5). 

Table 3.3.1 Soaking Conditions of Heavy Atom Derivatives 

Reagent M.W. Concn. Buffer (pH) Additives Soaking time Diffraction 1 

(mM) (hours) 

E加lTS 404.8 40 mM  KPI (8.0) 1.5 

PCMB 357.2 40 mM  KPi (8.0) 2 

T乱σr 816.2 0.5 40 mM  KPi (7.0) 2 

TIOHG 822.4 5 mM  Tris-HCl (7.2) 50mMA.S. 

TA恥⑪f 1050.6 0.5 40 mM  KPi (7.2) 25 mMA.S. 

0.05 40 mM  KPi (7.2) 2.5 mMA.S. 2.5 

HMOCL 1110.0 40 mM  KPi (7.2) 5 %(v/v) DMSO 2 

PDTA 3417.2 0.5 40 mM  KPi (7.2) 2 

1) x: not dif企actedX-ray ωhigher th釦 10 Å, 0: dif仕acted X-ray ωhigher than 10 ﾅ. 
EMTS: ethylmercurithiosalicylate, PCMB: p-(chloromercuri)benzoic acid, 
TMPT: (PtC40 6N4H lOh, TIOHG: mercury(II) potassium iodide, 

ﾗ 

ﾗ 

ﾗ 

ﾗ 

ﾗ 

。

。

。

TAMM: tetrakis(acetoxymercuri)methane, HMOCL: Mo6C114 , PDTA: phosphotaugstic acid, 

KPi: potassium phospha低， A.S.: ammonium sulfate , DMSO: dimetylsulfoxide 
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Table 3.3.II Experimental Conditions and Statistics of N ative and 

Heavy-atom Derivatives 

data set 1 (Lot 1) data set 2 江.ot 4) 

Native PDTA Native PDTA TA乱岱1 HMOCL 

Oscillation angle (0 ) 5.25 6.25 4.25 4.25 6.25 6.25 

R釦ge of collection (0 ) 60.25 90.25 60.25 44.25 60.25 60.25 

Exposure (s) 105 125 85 85 125 125 

No. of IPs 12 15 15 11 10 10 

Resolution (λ) 30 -8 30 -5 30 -8 30 -8 30 -8 30 -8 

Completeness1 0.840 0.662 0.890 0.667 0.798 0.822 

Multiplicity2 2.96 3.13 3.06 2.75 3.00 3.07 

Rmerge 
3 0.120 0.131 0.090 0.077 0.110 0.107 

PDT A: phosphotaugstic acid, T AMM: te廿ak:is(acetoxymercuri)methane, HMOCL: 
恥106Cl 14 ・
1) Completeness = (No. of unique reflections with F > 2σF) / (No. of total possible 

reflections ). 

2) Multiplicity = (No. of observed reflections) / (No. ()f unique reflections). 

3)Rm句e = LhLi ~hi- くら〉同店i (Ih). 
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Table 3.3.III Soaking Conditions of Heavy Atoml Derivatives 

Reagent M.W. Concn. Buffer (pH) Additives Soaking time Di飴action 1

(mM) (hours) 

DCNAU 288.1 40 mM  KPi (7.2) 0.5 mMPDTA 2 

COMPA 421.8 40 mM  KPi (7.2) 0.5m恥1PDTA 2 
+ 5 %(v/v) DMSO 

TCNPT 431.4 40 mM  KPi (7.2) 0.5imMPDTA 2.5 

TIOHG 822.4 40 mM  KPi (7.2) 0.5mMPDTA 2 

50 mM  EPPS (7.2) 0.5mMPDTA 2 

TM岱f 1050.6 0.05 40 mM  KPi (7.2) 0.51mMPDTA 2 
+ 2.5 mMA.S. 

HMOCL 1110 40 mM  KPi (7.2) 0.51mMPDTA 2 
+ 5 %(v/v) DMSO 

1) x: not dif丘acted X-ray to higher 出an 10 Á, 0: dif:仕acted X-ray to higher 出an 10 ﾁ. 

DCNAU: gold(I) potassium cyanide, COMPA: 2，6-diiodか4・(2 ，2-dicyano札nyl)phenol ，

。

。

。

。

ﾗ 

。

。

TCNPT: potassium tetracyanoplatinate(II) 出hy合ate， TIOHCi: mercury(ll) potassium i侃ide，

TM仏1: tetrakis(acetoxymercuri)methane, HMOCL: Mo6Cl14 ' KPi: potassium pjosphate, 

EPPS: N-2・hydroxyethylpiperazine-N'-3-propanesulfonic acid, PDTA:phosphotaugstic acid, 
DMSO: dimetylsulfoxide. 
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Table 3.3.1V Experimental Conditions and Statistics of Native and 

Heavy Atom Derivatives Treated with PDT A 

data set 1α.Á)t 2) data set 2 (Lot 3) data set 3α.Á)t 4) 

Native TCNPT DCNAU Native TCNPT TIOHG CO恥1PA Native HMOCL TA~仏f

Oscillation angle (0 ) 5.25 5.25 5.25 4.25 4.25 4.25 4.25 4.25 4.25 6.25 

Range of collection (0 ) 60.25 60.25 65.25 60.25 60.25 60.25 60.25 44.25 32.25 30.25 

Exposure (s) 31.5 31.5 31.5 85.0 85.0 102.0 85.0 85.0 85.0 125.0 

No. of IPs 12 12 13 15 15 15 15 11 8 5 

Resolution (λ) 120 -10 60 -8 60 -7 40 -8 30 -8 30 -8 30 -8 30 -8 30 -8 30 -8 

Completeness 0.904 0.901 0.828 0.863 0.870 0.837 0.600 0.667 0.547 0.566 

Multiplicity 3.26 3.30 3.55 2.89 3.05 2.90 2.60 2.75 2.60 2.80 

Rmerge 0.113 0.103 0.116 0.091 0.068 0.070 0.063 0.077 0.078 0.065 

TCNPT: potassium tetracyanoplatinate(II) trihydrate, DCNAU: gold(I) potassium cyanide, TIOHG: Mercury(II) potassium 

iodide, COMPA: 2，6-diiodo-4-(2ユdicyanovinyl)phenol， HMOCL: Mo6Cl14 ' TAMM: tetrakis(acetoxymercuri)methane. 

1) Completeness = (No. of unique reflection with F > 2σF) / (No. of total possible reflection). 
2) Multiplicity = (No. of observed reflection) / (No. of unique reflection). 

3)R merge = LhL.i 11 hi -(1 h) 1広ぷi (1 h)' 



Table 3.3. V Isomorphous Differences among Native Crystals 
not Trated with PDT A 

Lot No. (pH) Lot 1 (8.0) Lot 4 (8.0) Lot 5 (8..0) Lot 4 (7.2) Lot 6 (7.2) 

Lot 1 (8.0) 0.070 0.119 0.099 

Lot 4 (8.0) 2739 0.118 0.086 
Lot 5 (8.0) 4791 2528 0.111 

Lot 4 (7.2) 5763 2729 4961 

Lot 6 (7.2) 5772 2718 4988 5932 

Upper-right: isomorphous difference = Lcrysωら IFh 'crys 

Lower-left: No. of common reflections. 

Table 3.3. VI Isomorphous Differences among Crystals 
Trated with PDT A 

Lot No. Lot 1 Lot2 Lot 3 

Lot 1 0.143 0.163 
Lot2 3169 0.076 

Lot 3 6015 3215 
Lot4 4653 2589 4527 

Lot4 

0.139 
0.070 

0.063 

Upper-right: isomorphous difference = Lcryst必ら IFh 町S凶一 (Fh ) I 

/エ可制ら (Fh), Lower-left: No. of commo reflections. 

Table 3.3. VII Isomorphous Differences between 

Derivatives and Corresponding Native 

data set 1 は.ot 1) data set 2 江.ot 4) 
Derivative PDTA PDTA TA~卸1 HMOCL 

Resolution (λ) 30 -.8 30 -8 30 -8 30 -8 

Rderiv -D.227 0.122 0.117 0.116 

Rderiv =丸 IFh(derivative)-Fh(native)1広h くん(native)).
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Table 3.3.VIII Isomorphous Differences of PDT A Treated Derivatives 

data set 1 包.ot 2) data set 2 (Lot 3) 
Derivative TCNPT DCNAU TCNPT TIOIIG COMPA 

Resolution (λ) 60 ・ 10 60 -10 30 -8 30 -8 30 -8 

Rderiv 0.071 0.062 0.057 0.060 0.149 

Rderiv =ら IFh(derivative) ーん(native)l/Lh (Fh(native)). 

data set 3 (Lot 4) 
TAN岱1 HMOCL 

30 -8 30 -8 
0.132 0.054 

Table 3.3.IX X and Y Coordinates of Heavy-atom Sites of T AMM and HMOCL 
Derivative Deduced from Difference Patterson Map 

TAl\(f z = 1/6 z = 1/3 z = 1/2 mean 

Site 1 (0.37, 0.08) (0.35 , 0.07) (0.36, 0.06) (0.360, 0.070) 
Site 2 (0.50, 0.08) (0.49, 0.07) (0.50, 0.06) (0.497, 0.070) 
Site 3 (0.47, 0.35) (0.46, 0.33) (0.44, 0.31) (0.457, 0.330) 

HMOCL z= 1/6 z = 1/3 z = 1/2 ロlean

Site 1 (0.48, 0.12) (0.46, 0.10) (0.46, 0.08) (0.467 , 0.1(0) 
Site 2 (0.23, 0.20) (0.21 , 0.22) (0.23 , 0.19) (0.223 , 0.203) 
Site 3 (0.31 , 0.31) (0.29, 0.29) (0.29, 0.31) (0.297 , 0.303) 
Site 4 (0.46, 0.33) (0.43, 0.31) (0.42, 0.31) (0.437, 0.317) 
Site 5 (0.27, 0.12) (0.27, 0.16) (0.23 , 0.10) (0.257, 0.127) 

The columns of z = 1/6, z = 1/3 and z = 1/2 showed the: x and y c∞rdinates of the heavyｭ
atom sites deduced 企om 出e peaks on each Harker section in 出e diffe児nce Patterson map of 
each derivatives. The column of mean showed the mean c∞rdinates of the columns of z = 

1/6, z = 1/3 and z = 1/2. 
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Table 3.3.X Z Coordinate of Peaks Located 
at the End of Cross-vector 

HMOCL (x, y) of cross-vector z coordinates of peak:s 

Site 1-Site 2 (ー0.244， 0.103): 0.05, 0.10!, 0.19, 0.27, 0.42 
Site 1-Si旬 3 (-0.170, 0.203): 0.10, 0.16, 0.21 
Site 1 - Site 4 (-0.030, 0.217): 0.08, 0.12, 0.24, 0.36 
Site 1 - Site 5 (ー0.210， 0.027): 0.02, 0.08!, 0.29, 0.37 , 0.47 
Site 2 - Site 3 (0.074, 0.100): 0.01 , 0.05 1, 0.11 , 0.21 , 0.27 
Site 2 - Site 4 (0.214, 0.114): 0.02, O.lJ, 0.18 , 0.29, 0.31, 0.47 
Site 2 - Site 5 (0.034, -0.076): 0.05, 0.22" 0.36, 0.43 
Site 3 - Site 4 (0.140, 0.014): 0.08 
Site 3 一一 Si巴 5 (-0.040，ー0.176): 0.08, 0.13, 0.28 , 0.42, 0.47 

Site 4 一一 Site 5 (-0.180, -0.190): 0.08, 0.18 1, 0.24, 0.37, 0.48 

TA恥岱1 (x, y) of cross-vector z coordinates of peak:s 

Site l-S ite 2 (0.137 , 0.000): 0.08, 0.121,0.22, 0.30, 0.41 
Site 1 - Site 3 ( 0.09ヴ， 0.260): 0.02, 0.08, 0.18 , 0.20, 0.27, 0.37 
Site 2 - Site 3 (-0.040, 0.260): 0.02, 0.13, 0.31, 0.42, 0.47 

百le (x, y) ofαoss-vectors of each row were obt:ained 合om 出e

c∞rdinates listed in Table 3 . 3.医.

Table 3.3.XI Results of Single Isomorphous Replatcement with One Site 

TA!v仏f H恥10CL

No. of reflection 5318 5474 
(centric / Acentric) (45/5273) (45/5429) 

Site 1 Site 2 Site 3 Site 1 Site 2 Site 3 Site 4 

x 0.359 0.497 0.448 0.465 0.222 0.297 0.438 
y 0.068 0.070 0.350 0.100 0.203 0.304 0.318 
Occupancy 2.291 2.428 1.970 3.989 4.350 4.302 4.111 

RCullis 0.768 0.656 0.655 0.760 0.592 0.634 0.657 

RKraut 0.173 0.175 0.169 0.163 0.167 0.169 0.166 

No. of reflections 2323 2575 1782 1931 2318 2159 2158 
(Fom> 0.2) 

MeanFom 0.268 0.291 0.272 0.263 0.274 0.270 0.268 

Phasing power 1.32 1.42 1.22 1.29 1.37 1.35 1.34 

Site 5 

0.256 
0.130 
4.349 
0.664 

0.171 

2417 

0.278 

1.37 

RCullis =ら IIFpH -Fpl ー IFHcalcllÆh IIFpHI-IFpll , where summed over cen廿ic reflection , 

RKraut =ら IIFpH -Fpl ー IFHcalc"/Lh IIFpHI-IFpll , where summed over acentric reflection, 

Fom: figure of merit cos(，1αh) ， where ，1αh is the eπor in phase 加gle for reflection h, 

phasing power is defined as (isomorphous difference)/(lack of closure). 
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Table 3.3.XII Z Coordinates of Peaks of Heavyｭ
atom Sites in Difference Fourier Map of T AMM 

Derivative 

Site (x, y) Z of peaks 

In出e map phased with Site 1 

Site 2 (0.497, 0.070): 0.03, 0.25 , 0.65 , 0.88 
Site 3 (0.457, 0.330) : 0.28 , 0.80 

In出e map phased with Site 2 

Site 1 (0.360, 0.070): 0.12, 0.70 
Site 3 (0.457 , 0.330) : 0.51 

In出e map phased with Site 3 
Si低 1 (0.360, 0.070): 0.16, 0.21 , 0.46, 0.61 , 0.75 
Si低 2 (0.497, 0.070): 0.19, 0.35, 0.48, 0.65, 0.70, 0.91 

Table 3.3.XIII Results of Single Isomorphous Replacement 

with Site 1 and 2 of T A九f恥f derivative 

No. of reflection 
(centric / Acentric) 

x 
y 

z 
伐cupancy

RCullis 

RKraut 

No. of reflections 
(Fom > 0.2) 

Mean Fom 

Phasing power 

TA恥岱f

5318 
(45/5273) 

Site 1 Site 2 

0.357 0.497 
0.068 0.069 

0.ﾜO01 0.880 
1.278 2.031 

0.700 

0.169 

2678 

0.33 
1.45 

1)百le Z C∞rdinate of Site 1 was fixed to 0.0 in 
refinement cycle. 

RCullis = Lh IIF PH -F p l ー IFH calc"/Lh IIF PH1 -

IFpll , where summed over cen町ic reflection, 

RKraut= Lh"FIPH-Fpl-IFHcalcl!Lh"F PH1-1Fpll , 

where summed over acentric reflection, 

Fom: figure of merit COS(ðαh)' where ðαh lS 

出eeπorin phase angle for reflection h, phasing 

power is defmed as (isomorphous 

difference)/(lack of closure). 
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Table 3.3.XIV The Results of Multiple Isomorphous Replaoement 

TA加岱f HMOCL 
N o. of reflection 5318 5474 1) The z coordinate of Site 1 of T AMM 

(centric / Acentric) (45/5273) (45/5429) derivative wぉf1xed to 0.000 in ref1nement 

Site 1 Site 2 Site 5 cycle. 

x 0.358 0.497 0.257 
RCullis = Lh IIFpH -Fpl-IFHcalc"/Lh IIFpHI-

y 0.068 0.069 0.134 
IFpll , where summed over centric 陀flection ，

Z 0.0001 0.881 0.210 RKraut =ら IIFpH -Fpl-IF H calc"広h IIFpH I ー

Occupancy 1.459 2.149 3.695 IF pll , where summed over acentric reflection, 
RCullis 0.719 0.693 

RKraut 0.166 0.164 
Fom: f1gure of merit, COS(ðαh)' where ðαh 

IS 出e eπor in phase angle for reflection h, 
No. of reflections 3443 3456 
(Fom> 0.3) 

phasing power is de白led as (isomorphous 

Mean Fom 0.332 0.271 difference)/(lack of closure). 

Overall mean Fom 0.411 / 6074 refs. 

Phasing power 0.332 0.271 
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Table 3.3.XV The Refined Heavy-atom Parameters and 
Statistical Data of T M岱I and 1岳10CL

TA!v岱f HMOCL 
No. of reflection 5318 5474 
(centric / Acentric) (45/5273) (45/5429) 

Site 1 Site 2 Si臼 3 Site 2 Site 4 

x 0.359 0.495 0.457 0.222 0.430 
y 0.063 0.066 0.351 0.206 0.321 

Z O.()()()l 0.881 0.199 0.189 0.581 

Occupancy 1.284 2.093 0.815 1.907 1.336 

RCullis 0.680 0.709 

RKraut 0.163 0.161 

No. of reflections 3542 3576 
(Fom > 0.3) 

MeanFom 0.332 0.298 

Overall mean Fom 0.429 / 6074 refs. 

Phぉmgpower 1.69 1.44 

Site 5 

0.258 

0.135 

0.211 

3.261 

1) 百le z coωinate of Site 1 of T A恥1M derivati ve was f1xedω0.000 in 

ref1nement cycle. 

RCullis = Lh IIFpH -Fpl ー IFHca1c"/Lh IIFpHI-IFpll , where summed ovぽ

centric reflection,RKraut =ら IIFpH-Fpl-IFHcalc"/Lh IIFpHI-IFpll , where 

summed over acentric reflection,Fom: f1gure of merit, cos(ôαh) ， where 

Aαh is the eπor in phase angle for reflection ht, phasing power is defmed 

as (isomorphous difference)/(lack of closure). 
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Table.3.3.XVI Results of Non-crystallographic Symmetry Averaging 
Refinement Cycles 

No. R-factor Cco∞rr百eliaciteiorlntlMean Fom2 No. R-factor CcooIeTfealcaideonnt lMean FOIn2 

solvent flaロening pa出 NCSA~出2
0.454 0.823 0.657 25 0.365 0.915 0.711 

2 0.363 0.906 0.793 26 0.354 0.919 0.717 
3 0.323 0.928 0.860 27 0.347 0.923 0.723 
4 0.302 0.937 0.898 28 0.342 0.925 0.728 
5 0.291 0.941 0.921 29 0.338 0.927 0.732 
6 0.283 0.944 0.936 30 0.335 0.928 0.734 
7 0.277 0.946 0.947 31 .333 0.929 0.736 
8 0.273 0.948 0.955 32 0.331 0.930 0.738 

Correlation coefficient around NCS two- 33 0.330 0.930 0.739 
fold axis 0.160 34 0.329 0.931 0.740 

35 0.328 0.931 0.741 
NCSA path1 36 0.327 0.932 0.742 

9 0.370 0.902 0.726 37 0.326 0.932 0.742 
10 0.372 0.904 0.721 38 0.325 0.932 0.743 

11 0.368 0.908 0.723 39 0.324 0.933 0.744 
12 0.363 0.911 0.725 40 0.323 0.933 0.745 

13 0.359 0.914 0.727 Correlation coefficient around NCS twか

14 0.355 0.916 0.730 fold axis 0.688 
15 0.353 0.917 0.731 
16 0.350 0.918 0.733 NCSA path3 

17 0.349 0.919 0.733 41 0.340 0.927 0.730 

18 0.347 0.920 0.735 42 0.337 0.929 0.731 

19 0.345 0.921 0.736 43 0.335 0.930 0.733 

20 0.344 0.922 0.737 44 0.332 0.931 0.735 

21 0.342 0.922 0.738 45 0.331 0.932 0.736 

22 0.341 0.923 0.738 46 0.329 0.932 0.737 

23 0.340 0.923 0.739 47 0.328 0.932 0.739 

24 0.339 0.924 0.740 48 0.327 0.933 0.739 

Correlation coefficient around NCS two- 49 0.326 0.933 0.740 

fold axis 0.679 
, 

50 0.325 0.934 0.741 咽圃， ・，.

51 0.324 0.934 0.742 
52 0.324 0.934 0.743 

53 0.323 0.934 0.743 
54 0.323 0.935 0.743 

55 0.322 0.935 0.744 

56 0.322 0.935 0.744 
Correlation coefficient around NCS two-
fold axis 0.708 

1) Correlation coefficient between observed structure amplitudes and calculated ones 
合om modified elec汀on density map. 
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Fig. 3.3.1. Three Harker Sections of Difference Patterson Map of 
T AMM and HMOCL derivatives 

These maps were contoured 仕om 1 s with stepwise by 1 s. The black 
circles represent positions coπesponded to the heavy-atom site listed 
in Table 3.3.IX. 
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Fig.3.3.4. Electron Density Map After Solvent Flattening 

This map has sections 仕omY = 0.34 to 0.40. Contour levels 訂e 1σ 加d2σ.
Region surrounded by dashed line indicates the molecular boundary containing whole dimer. 
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Fig. 3.3.5. Result of the Calculation of Self-rotation Function 

百lÏs K = 180 hasω= 00 or 900 創出e center of circle, w = 90。

around the edge, and j as marked periphery. Arrowhead indicates 

the highest peak. 
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Chapter・4.

Three Dimensional Structure 01 Cytochrome bC1 Complex 

4.1. Introduction 

百le phase angles of hexagonal αystal of cytochrome bc 1 comlex were obtained by 

出e mu1tiple isomorphous replacement and refined by combination of density m侃ification

and non-crystallographic s戸nmetry averaging procedぽes. 百le electron densiり， map 

calcu1ated wi出 these phases revealed 出e three dimensional structure of cyt∞hrome bCl 

complex at 8 ﾅ resolution. 百lÏs map cl紅白ed 出e molecul紅 shape and some characteristic 

structural features. 百le three dimensional structure of this en勾叩e was also determined by 

electron cryomicroscopy and helical image reconstruction (Akiba et al., in prep紅ation). In 

this chapter 1 describe 批 three dimensional structure in detail, and compare 出e mooel 

determined by X-ray crystallographic analysis with one determined by electron microscopic 

analysis. 

4.2. Structure of the bCl complex deterrnined by X-ray analysis and 

comparison with model determined by electron microscopic analysis 

S hape 01 molecule - Views of 出e cyct∞hrome bCl comlex dimer determined by X-

ray crystallographic analy~is (X-ray mωel) 氾e shown in Fig. 4.1. 百le size of the dimer 

was about 150 ﾅ along and 100 x 130 ﾅ pe中endicul訂 to the two-fold 以is. 百lÌs size was 

consistent with 白 model determined by 出e electron microscopic analysis (EM model). It is 

reported about the s甘ucture of cytochrome bCl complex that this enzyme elongates across the 

membrane projec白19 -70λintó the matrix side of rnitochondoria and -30 ﾅ into 出e

intermembrane space (IMS) side (Leonard et al., 1981; K:arlsson et al., 1983; Akiba et al., in 

preparation). 百le transmembrane region of X-ray model was assigned as illustrated in 
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Fig.4.1. On the basis of electron microscopic results thi:s en勾'me may be divided into three 

regions: the intermembrane space (IMS) domain , the mati.rx domain and the transmembrane 

region connecting these domains. X-rayand EM models of each domain were compared. 

Fig. 4.2 shows the X-ray model with contour stacks cut in various planes to display 企om

出e intermembrane space. 

Structure 01 intermembrane space domain - The IMS domains of bo出 X-rayand

EM models 出-e composed of 由民e portion: two bulbs (Bbl , Bb2 in Fig. 4.2.a) and a disk 

(Dk in Fig. 4.2.a). Each of 出e two bulbs is apart about 20λ 仕om twかfold axis. Two bulbs 

are rooted ω 出e disk.百1e mass of disk region of X-ray model is smaller 出組曲at of EM 

model. Though the disk mass of EM model is spread on the surface of membrane and p訂tly

buried in the surface layer of the membrane， 出at of X-ray model seems to be composed of 

five columns and not buried into the surface of membrane. The EM model has flat lobular 

structures spreading along the membrane at the depth of its hydrophilic layer. 百1e X-ray 

model also has simil訂 structure， however they 訂e not flat but like 訂m (Am in Fig. 4.2.b). 

Structure 01 transmembrane regionー百1e transmembrane region consists of a flat 

column ぐTm in Fig. 4.2.c) vertically across 出e lipid 凶ayer. 百1e transmembrane region of 

X-ray model is apart about 10 Å 丘om 出e two-fold axis. In EM model transmembrane is 

composed of two sep訂ated segments: the 1紅ge one having complex shape and the small one 

separated ,... 10 Å 仕om the large segment. These segments seem to fuse each other in 出e Xｭ

ray model. The transmembrane 児gi9n runs through the membrane 合om 出e disk of IMS 

domain ω ‘ neck' part of matrix domain (Nk in Fig. 4..2め so 出at the whole dimer twists 

clockwise about 600 around its two-fold axis in 出is region. 

Structure 01 matrix domain - The neck part of matrix domain (Nk in Fig. 4.2め is

apart about 5 Å 仕om two-fold axis, then this region is considered 出e intra-dimer contact 

region. This part in the EM model is more separated each other by about 25 ﾅ and mo児

complica低d structure spreading along the surface of lipid bilayer of matrix side. There 紅E

not these spreading structures in X-ray model.百1e whole dimer structure of matrix domain 
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of X-ray model is like shell. Inside the ma出x domains the dimer is empty in oval shape (Ep 

in Fig. 4.2.e), which has a long diameter of about 45 ﾅ and a short diameter of about 25 ﾅ 

and opens off to 出e extra-molecule (Mt1 and Mt2 in Fig. 4.2.e). In the matrix domain of 

EM model, this empty region is sep訂a低d into two cavities each of which has a diameter of 

about 25 ﾅ and has only one aperture 鉱山e correspolflding position of Mt2 of the X -ray 

model. In the X-ray model 出e cen町 of oval empty reg~on corresponds to 出e heavy -atom 

binding site of Site 2 of T M⑪t 百1e electron density map calculated with MIR phases has a 

large ripple around 出is si低， therefore it is likel y 出at the two cavities seem to be appeared as 

one oval empty re~on. 百1e matrix domain carries two bulges (Bg1 and Bg2 in Fig. 4.2.e). 

百1ese bulges 紅巳 in contact with neighboring molecules in cη'stal lattice (Fig. 4.3). Same 

structures as p児sent in 出e EM model and 出ey also connect to neighboring molecules in 

印刷叫ar crystals. Akiba et al. proposed 出at these regions we詑泊nc cation binding site by 

following reasons: (1) molecules contact to neighboring one only at these positions in 

tubularαystals ， (2) zinc cation is essential to forming the tubular crystals, (3) these 

positions we児 assigned to core 1 andlor II subunit and zinc cation was bound to those 

subunits (Lorusso et al. , 1991). The X-ray model would suppo口出eir supposition. 

百1e X-ray model is intrinsically similar ω 出e model determined by electrrn 

microscopic analysis (Akiba et al., in p児P訂ation) ， howevぽ， there 氾'e some differences 

around the surface of lipid bilayer as described above. Hydrophilic head group of 

phospholipids surrounding the transmembrane regions of membrane protein generally give 

high densities in 出e electron microscopic map. 百1erefo瓜 the differences between X-ray 

and EM model might be arised because the densities of the hydrophilic surface of lipid 

bilayer were interpreted as those of the protein in the EM model. 
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Concluslon 

Cytochrome bCl complex from bovine heart mitochondoria wasαystallized in the 

hexagonal under potassium phosphate buffer. This crystal fonn had problems in 

reproducib出ty and quality. As a result of 白e survey of divalent metal cation as additive，白e

addition of ZnC12ω 白e crystallization solution was eff~:tive for the improvement of 白e

ぉproducibility of crystallization and the quality of the crys凶s. 百le crystals grown in 血c

p陀sence of ZnC12 gave better dif:合action intensities 白an those grown in its absence. U sing 

crystals grown in 血e presence of ZnC12 p陀paration of he:avy-atom dぽivativeαystals were 

attemptlω. Two derivatives, tetrakis(acetoxymercuri)methane '(TAMM) and M06Cl14 

(HMOCL), were obtained. 百le dif:合action intensities of 悦 native and these two d釘ivative

αystals were collected with sufficient quality for X-ray crystallographic analysis to 8 ﾅ 

resolution. Phase angles w白-e calculated by 白e multiple isomorphous replacement me出od

using these derivativeαystals ， and refined by the solvent flattening and the nonｭ

crystallographic symme町， averaging. 百le electron density map calculated with 出e resultant 

phases cl訂ified the three dimensional structぽ'e of this enzyme at 8 ﾅ resolution. The three 

dimensional structure of this enz戸ne determined by the X.-ray crystallography has a size of 

about 150 x 130 x 1∞ Å and revealed some characteristic structural features: two bulbs of 

出e intermembrane space domain, narrow transmembrane region and 1訂ge hollow struc仰向

。f matrix domain. These structural features were also found in the three dimensional 

S甘uc知re determined by the elec町onmicroscopic analysis. 

At present 白e resolution of the structure of cyt，∞hrome bc 1 complex is 泊nited to 8 ﾅ 

resolutio. 1t wぉe repored 白at reαys凶lization was useful for improving the quality of the 

crystals for this enzyme (Matunaga, 1995; Kubata, in preparation). By using the 

おcrystallizedαystals data collection of higher resolution data and have more detailed 

structure of this enzyme may be expected. 
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