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This study concerns the structure determination by X-ray 

crystallographic methods of four heterocyclic compounds and 

Pseudomonas aeruginosa cytochrome c 4  to a resolution of 3.5 R. 

5-Phenyl-2-tricloromethyl-1 , 3 ,4-oxathiazole 5- (-methoxy-

phenyl)-2-phenyl-2-trifluorornethyl-1,3,4-oxathiazole and 

5-(carboxoethyl)-3(methoxyphenyl)isothiazole crystallize in 

the monoclinic space group P2 1/c; 5-(p-methoxyphenyl)-1,3,4-

oxathiazol -2-one crystallizes in the triclinic space group 

P1. 

All these structures were solved using direct methods; 

nevertheless, for the triclinic crystal, the Patterson 

function had to be used to get preliminary information. 

Atomic parameters were refined anisotropically. 

The oxathiazole rings are nearly planar with a slight fold 

across S.. .0 and the bond lengths indicate a localised C=N 

double bond. The isothiazole ring compared with the oxathiazole 

ring shows shorter S-C and longer N-C bond lengths and the 

angle subtended at the S atom is slightly larger. 

Cytochrome c 4  crystals belong to the hexagonal space 

group P6 522. UO2 (NO 3 ) 2  and K 2 Pt(NO2 ) 4  heavy atom derivatives 

were used in this study. The three-dimensional X-ray intensity 

data for native and derivative crystals were collected on a 

Nonius CAD-4 diffractometer and on a rotation camera using 

CuK radiation a 



One electron density map was calculated to a resolution 

of 5 R using diffractometer data,and finally another map to 

a resolution of 3.5 R was calculated using both diffractometer 

and rotation camera data. The phases of the Fourier 

coefficients were determined by the isomorphous replacement 

method; anomalous dispersion measurements from native and 

derivative crystals were included in the phase calculations 

and were also used to find the location of the heavy atom 

sites. 

The probabilistic methods of Chou and Fasman were 

used to obtain preliminary information on the secondary 

structure of this molecule; they indicated that it folds 

in the same way as two small cytochromes c covalently attached 

to one another. The interpretation of the 5 R resolution 

electron density map, has clearly shown cytochrome c 4  

as a dimer molecule and the higher resolution electron 

density map was interpreted using Pseudomonas aeruginosa 

cytochrome c 551  as the basic molecular model for each half 

of the molecule. 

Cytochrome c4  is a di-haem molecule, with 181 amino 

acids. The overall shape of the molecule is roughly 

ellipsoidal with dimensions 40 x 52 x 28 R and the overall 

"cytochrome fold" has been found twice in this molecule. 
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CHAPTER  ONE 

The Crystal Structure of Some Heterocyclic Comoounds 

1. 	The 1,3,4 oxathiazoles 

The structures of 5-phenyl-2-trichloromethyl-1,3,4-

oxathiazole, - (-methoxyphenyl)-2-pheny1-2-trifluoromethyl-

1,3, 4-oxathiazole and 5- (-methoxyphenyl)-1, 3, 4-oxathiazol-

2-one were determined by X-ray analysis. 

Several thiazole compounds are already known for their 

biological activity. They possess mitodepressive , mitostatic, 

diuretic and schistosornicidal proerties 11 , 

The samples came from Dr. J. Ross and Dr. R.M. Paton 

who examined the reaction of nitrile sulphides with 

carbonyl compounds with a view to establishing a new route 

to 1,3,4-oxathiazole compounds 2 . 

- 	o= c2 	 RC 0 
CM c S 	 II 	CR2 

—S 

The nitrile sulphides were generated by the thermal 

decarboxylation of 1, 3, 4-oxathiazol-2-ones. 

0 
c_# \= 	heat 	 _+ - 
it __S/ 	-C2 > RC=-S 
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1.1 The crystal structure of 5-phenyl-2-tricloromethy)-

1,3, 4-oxathiazole (HETCL3) 

C 
- 

\.H 
It 

S 	
C0HOSCI3 

1.1. 1 Preliminary work in the determination of the 

structure. 

The sample was recrystallised by slow cooling, using 

hexane as solvent. 

The shape and reciprocal axes of the crystal are shown 

below: 

It was birefringent with extinctions oblique to the needle 

axis. 

Oscillation (c and b axes) and Weissenberg (hkO, hki, 

and hal) photographs were taken with CuK radiation showing 
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cell dimensions, crystal system and the space group. 

The reflection conditions, indicating the space group 

P2 1 /a (equivalent to P2 1 /c, no. 14) 

(hkU 	none 

(hko) 	none 

(hOl) 	h = 2n 

(Oki) 	none 

(hOO) 	(h = 2n) 

(OkO) 	k. = 2n 

(001) 	none 

The density of the crystal, dm=  1.55 g cm- 
3,  was 

measured by the flotation method, using a mixture of 

potassium iodide and water. The calculated density based 

on the molecular weight, cell dimensions and crystal 

symmetry was dc = 1.65 g cm 3 . 

Accurate cell dimensions were measured with a Stoë 

Stadi-2 circle diffractometer using graphite monochromatised 

M0K radiation. 

Crystal Data: 

Formula: 	C9H6NOSC1 3  

Molecular Weight: 	282.6 

Crystal System: 

Cell Dimensions: 

a = y = 900 
 

monoclinic 

a = 11.507 ± 0.008 

b = 9.356 ± 0.002 

c = 10.560 ± 0.009 

= 101. 460 ± 0.0060 



Space Group: Group: 	P21 /a 

Z= 4 

Density: 	 a m = L55 g  cm-33  

d 
C 
= 1,65 g  cm-3  

CuK radiation, A = 1.5418 R, .= 88.6 cm 

MoK radiation, A = 0.71069 R, j = 9.7 cm-1  

1.1.2 Data collection and intensity measurements 

For the data collection, a crystal of dimensions 

0.2 x 0.2 x 0.7 mm was used. 

The intensity data were collected on a Stadi-2 

diffractometer, which is controlled by a PDP8 computer. 

It requires as input: the unit cell dimensions of the crystal, 

its lattice type, the wavelength of the radiation to be 

used and the initial orientation of the crystal. 

The figure below shows schematically the angles 

which may be used to bring any defined plane into a 

reflecting position. 

-rr boom 

detector 

d  diffracted boom 

9
m2 	 b is 	- 

-- 	crytI 

' 

I 
I 

I 
I 

' I  

0 

0 - Bragg angle 

- crystal rotation angle 

)4. - oquj ihcljnstionangls 
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The crystal was mounted along the b axis and the 

intensities of all (hkl) reflections with positive k and 

within the range of 0 (Bragg angle) from 0 to 25 °  were 

measured. 

The scan through each peak, consisting of counting 

the diffracted radiation at intervals of 0.015 °  in U) was 

arranged so that half as many counts were made in the back- 

ground region as in the peak region of each reflection. The 

scan width was 1.50  in w and the step scanning time was 

0.8 seconds. 

The data were obtained from the diffractometer's 

teletype on paper tape and reduced using a program written 

by Dr. R.O. Gould. This program subtracts the background 

measurements from the peak, applies Lorentz and polarization 

corrections and averages measurements of symmetry equivalent 

reflections. The net intensity, I, is calculated according 

to the equation: 

(B + B 
= 	c - 	1 	2 	T 

C 

2 T  
where C is the total recorded count in the scan time T  

and B 1 , B 2  are background counts for the time TB  each. 

No absorption corrections were made. 

A total number of 3852 reflections were measured. 

From the agreement of the symmetry equivalent reflections 

((hkl)and (ikI)), an average relative error in IF! of 0.02 

was estimated. The number of unique reflections with 

I > 2o( I ) was 1794. 



1.1.3 	The solution of the structure 

The structure was solved using MULTAN 77 , which 

applies direct methods to the set of normalised structure 

amplitudes (E's). The observed F values are converted into 

observed E values according to the formula: 

E2 (h) = F2 (h)/<I> 

where <I> is the expected intensity for the reflexion h 

and in the case of randomly positioned atoms in the unit 

cell, the expression for <I> is: 

<I> = K E f 2 (j) exp(-2B sin 2 e/A 2 ) 
J 

f(j) being the scattering factor of jth atom, K a scaling 

factor and B the overall temperature factor. 

Using sixteen different starting sets of signs, and 

generating those of all others with JEJ > 1.5, the most 

consistent set was selected. An electron density map was 

computed using these signs as coefficients of E(). At this 

stage, the positions of twelve of the fifteen non-hydrogen 

atoms were found. Then, a difference Fourier was calculated 

and it showed that the positions of all the atoms, except 

hydrogens, were nearly right and the residual R = El l? 	FI I 

was 0.30. The refinement of the structure was done using 

the X-RAY 76 system 15 . Three rounds of least squares refinement 

and one round of three cycles of refinement using isotropic 

temperature factorsbrought the R factorsdown to 0.15. 

At this point, the positions of the hydrogen atoms were 

calculated, and another difference Fourier was computed 



to confirm confirm them. With the hydrogen positions and their 

thermal parameters fixed at U = 0,06 
R 2 ,another cycle of 

refinement was computed restricting refinement of hydrogen 

positions and temperature factom but allowing anisotropic 

temperature factors for all the Cl, S and C atoms. Other 

rounds of least squares refinement were computed allowing 

anisotropic temperature factors for all the atoms except 

hydrogen and giving each reflection a weight w. 

w = x . y , x = 1 if sin 0>B, else x = sine /B 

y = 1 if IF Q I < A, else y = AAFQI 

tFlis the observed structure factor amplitude; A and B are 

constants chosen to make the distribution of wIIF  HF I1 2 , 

IFI being the calculated structure factor amplitude, nearly 

constant when analysed in similar sized ranges of iF 0 I and 

sin0 /X. The values chosen for A and B were 14.0 and 

0.4 respectively. 

The residual, R, converged to 0.044 for 1588 reflections 

with I > 2o(I). 

The final positional and thermal parameters, bond 

distances and angles are given in Tables 1.1, 1.2 1,9 and 1.10. 

The numbering scheme used in this study is presented in 

Figure 1.1. 
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1.1.4 	Ana lys is of the results 

Apart from -CC13  and 11(2), the atoms lie almost in 

two planes. The carbon atoms in the phenyl ring are planar; 

the maximum deviation of the atoms from the plane being 

±0.009 , The atoms in the oxathiazole ring are planar within 

±0.08 R; atoms C(21) and 11(2) are respectively 1.42 

and 0.55 R aw.ay from this plane. The acute angle between 
the two planes is 16.80 

. 

The C-C bonds in the phenyl ring have a mean of 

1.380 R (mean standard deviation 0.007 ), The C(2)-C(21) 

bond length (1.523(6) R) agrees with the usual value 

for a single bond length (1.54 ). The C(6)-C(5) bond 

length (1.469(6) ) is shorter than the usual value for 

a single C-C bond, but agrees with the values found for a 

single bond between two sp 2  carbons 16.  The C(21)-C1 bond 

lengths have a mean value of 1,765 R (mean standard deviation 

0.004) which is similar to the values reported by G. Smith 

et al in 197814 for the -CC1 3  group. 

The geometry of the oxathiazole ring is discussed 

in section 1.4. 

The molecular packing in the crystal is illustrated in 

Figure 1.2. There are no intermolecular contacts less 

than 3.3 R involving atoms other than hydrogen. 



Figure 1.1 
	

The HETCL3 Molecule 

LI 4. 	-? 

I-I 

Figure 1.2 The molecular packing in HETCL3 



TABLE 1.1 Fractional coordinates for atoms with their 

standard deviations for HETCL3 

Atom x y Z 

0(1) 0.4381(2) 0.4107(3) 0.2978(3) 

C(2) 0.3964(3) 0.2733(4) 0.2736(4) 

S(3) 0.4888(1) 0.1488(1) 0.3400(1) 

N(4) 0.5838(3) 0.2808(4) 0.3597(4) 

 0.5454(3) 0.4018(4) 0.3344(3) 

 0,6052(3) 0.5394(4) 0.3355(3) 

CM 0.6999(3) 0.5520(5) 0.3980(4) 

 0.7609(4) 0.6777(7) 0.3920(5) 

 0.7313(5) 0,7922(7) 0.3255(5) 

 0.6382(5) 0.7828(6) 0.2632(5) 

 0.5749(4) 0.6568(5) 0.2700(4) 

C(21) 0.4024(3) 0.2550(4) 0.1300(4) 

C1(211) 0.3099(l) 0.3844(1) 0.0806(1) 

C1(212) 0.5457(1) 0.2807(1) 0.0426(1) 

C1(213) 0.3528(1) 0,0820(1) 0.1022(1) 

H(2) 0.322 	(4) 0.266 	(5) 0.311 	(4) 

 0.717 	(4) 0,477 	(5) 0.444 	(5) 

 0.815 	(4) 0.693 	(5) 0.439 	(4) 

11(9) 0.774 	(4) 0.879 	(5) 0.329 	(5) 

H(10) 0.614 	(4) 0.867 	(5) 0.218 	(4) 

11(11) 0.509 	(4) 0.643 	(5) 0.225 	(4) 



- 

TABLE 1.2 1.2 Thermal vibration parameters (/10 3 R2) for atoms 

other than hydrogen, with their standard deviations 

for HETCL3 

Atom 

0(1) 

C (2) 

S(3) 

N(4) 

 

 

 

C(8) 

 

 

 

C (21) 

Cl (211) 

C1(212) 

Cl (213) 

Ull U22 

33(1) 56(1) 

31(2) 57(2) 

58(1) 57 (1) 

47(1) 70(2) 

35(2) 65 (2) 

36(2) 61 (2) 

49(2) 78(3) 

60(2) 102(4) 

75(6) 84(3) 

81(3) 65(3) 

52(2) 64(2) 

30(2) 56 (2) 

48(1) 75 (1) 

35(1) 85(1) 

66(1) 61(1) 

U33 U12 

65(1) 2(1) 

58(2) -4(1) 

72(1) 0(1) 

57(2) 5(2) 

44(2) 6(2) 

46(2) 3(1) 

53(2) 5(2) 

68(3) -12(2) 

80(3) -21(3) 

75(3) -10(2) 

59 (2) -1(2) 

59 (2) -5(1) 

83(1) 3(1) 

63 (1) -8(1) 

79(1) -19(1) 

U13 

-19 (1) 

-8(l) 

-24(1) 

-21(2) 

-14(2) 

-11 (1) 

-22 (2) 

-27(2) 

-17(2) 

-19(2) 

-20(2) 

-13(1) 

-33 (1) 

-5 (1) 

-19 (1) 

U23 

-3(1) 

3(2) 

14(l) 

5(2) 

-1(2) 

-11(2) 

-13(2) 

-25(3) 

-20(3) 

0(2) 

-4(2) 

6(2) 

10(1) 

5(1) 

-6(l) 
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1.2 	The crystal structure of 5-(-methoxyphenyl)-2-pyl- 

2-trifluoromethy1, 3 ,4-oxathiazole (HETCF3) 

-C F3 
	 Cl6K12O2SF3 

Crystallisation from hexane gave monoclinic prisms 

showing extinctions parallel to the needle axis when 

examined with a polarizing microscope. 

Similar procedures to the ones described in Section 

1.1 were used for solving this structure. 

The space group was P2 1/a and a crystal of dimensions 

0.15 x 0.20 x 0.25 mm was used for the data collection. 

Again, the density was measured by flotation in a 

mixture of KI/H20 and it appeared to be in reasonable 

agreement with the density calculated for Z = 4. 

Crystal Data: 

Formula: 	 C16H12NO2 SF 3  

Molecular weight: 	339 

Crystal system: 	monoclinic 

Cell dimensions: 	a = 12.282 ± 0.005 

b = 7,311 ± 0.002 

c = 17.181 ± 0.007 

= y = 900 = 74.11 ± 0.03 0  

Space group: 	P2 1/a 

z= 4 
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Density: 	din = 1.45 g cm- 3 

dc = 1.52 g cm- 3 

CuK radiation, A = 1.5418 L 	= 23.0 cm- 1 
M0K radiation, A = 0.71069 , p= 2.6 cm- 1 

Because the crystals were so small, large errors were 

introduced in the measured density. 

The data was collected on a Stadi-2 diffractometer using 

MoK radiation. The u.-scan method was used with a step 

width of 1.5°  at intervals of 0,015 °  and a velocity of 

3.3 steps sec- 1. 

The structure was solved by direct methods using the 

MULTAN system 7 . The largest absolute figure of merit using 

200 normalised structure factors indicated the correct 

solution, and all non-hydrogen atoms could be located 

in the E-map. 

The refinement of the structure was done refining the 

non-hydrogen atoms with anisotropic temperature factors 

first and then the hydrogen atoms with isotropic temperature 

factors. All the reflections were given unit weights. 

The R-factor converged to 0.043 for the 1223 reflections 

with I > 2c(I). 

The positional and thermal parameters of the atoms, 

bond distances and angles are summarized in Tables 1.3, 1.4, 

1.9 and 1.10. 

Figure 1.3 shows the molecule and the numbering scheme 

used in this study. 



Li 	
ri 

2 2 

F2 

21 L t 4  

Figure 1.3 	The HETCF3 Molecule 
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The C(21)-F bond lengths have a mean value of 1.327 9. 

(mean standard deviation 0.007), which agrees with the values 

reported by 0. Didberg et al  for the -CF 3  group. 

Analysis of results for the oxathiazole ring is in 

Section 1.4. 

Figure 1.4 shows the molecular packing in the crystal. 

There are no intermolecular contacts less than 3.3 R, for 

non-hydrogen atoms. 

C 

). r;. 	cl~_,  

e  16 

i  I 
C 

Figure 1.4 The molecular packing in HETCF3 



1.2.1 Analysis of the results 

The carbon atoms in the phenyl ring bonded to C(2) 

are planar within ±0.008 R. Atom C(2) lies 0.02 R away 

from this plane. 

The maximum deviation of the carbon atoms numbered 

from C(6) to C(11) from the best plane is 0.01 A 0 . Atom 

C(5) is 0.06 R away from this plane, while 0(91) and c(911) 

are 0.02 R and 0.13 R respectively. 

The atoms in the oxathiazole ring are planar within 

±0.01 R. Atom C(6) is 0.006 	away from this plane and C(22) 

and C(21) are 1,14 R and 1.32 	respectively away from the 

plane. 

The angles between the oxathiazole plane and the two 

planes defined by the phenyl rings are 12.4 0  and 50.3 0 
, 

The C-C bonds in the C(22).. .C(225) phenyl ring have 

a mean value of 1.373 R (mean deviation 0,009); for the 

C(6)...C(11) phenyl ring these values are 1.383 R (0.007). 

The C(5)-C(6) bond length (1.458(6) ) is in agreement 

with the value found in the previous compound (1.469(6) ). 
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TABLE 1.3 Fractional coordinates for atoms with their 

standard deviations for HETCF3 

Atom x y z 

0(1) 0,7386(2) 0.3357(5) 0.7154(2) 

C(2) 0.8251(4) 0.3504(8) 0.7904(3) 

S(3) 0.9512(1) 0.4211(3) 0.7607(1) 

N(4) 0.8826(3) 0.4189(7) 0.6614(2) 

 0.7796(4) 0.3743(7) 0.6505(3) 

 0.6960(4) 0.3604(6) 0.5719(3) 

 0.7198(4) 0.4291(7) 0.5028(3) 

 0.6436(4) 0.4114(9) 0.4288(3) 

 0.5408(4) 0.3242(7) 0.4210(3) 

 0.5147(4) 0.2574(7) 0.4892(3) 

 0.5923(4) 0.2776(7) 0.5643(3) 

C(21) 0.8387(5) 0.1594(8) 0.8252(3) 

 0.7465(3) 0.0991(5) 0.8415(2) 

 0.8657(3) 0.0400(5) 0.7753(2) 

 0.9230(3) 0.1532(5) 0.8938(2) 

C(22) 0.7897(4) 0.4796(7) 0.8472(3) 

 0.8706(5) 0.5705(9) 0.9059(3) 

 0.8387(7) 0.6884(10) 0.9573(4) 

 0.7260(7) 0.7184(9) 0.9508(4) 

 0.6456(6) 0.6279(9) 0.8933(4) 

 0.6772(5) 0.5067(8) 0,8415(3) 

0(91) 0.4716(3) 0.3118(5) 0.3445(2) 

C(911) 0.3700(6) 0.2127(9) 0.3327(4) 

(contd...) 



Table 1.3 (contd.) 

Atom x y z 

}i(7) 0.788(4) 0.485(7) 0.508(3) 

H(8) 0.663(4) 0.460(3) 0.382(3) 

H(10) 0.448(4) 0.205(7) 0.485(3) 

H(ll) 0.574(4) 0.239(7) 0.614(3) 

Fi(221) 0.950(4) 0.545(7) 0.910(3) 

 0.895(4) 0.757(7) 0.966(3) 

 0.699(4) 0.808(8) 0.990(3) 

E(224) 0.564(4) 0.648(7) 0.887(3) 

H(225) 0.622(4) 0.452(7) 0.803(3) 

H(9111) 0.383(4) 0.089(8) 0.350(3) 

H(9112) 0.315(4) 0.271(7) 0.368(3) 

H(9113) 0.337(4) 0.207(8) 0.280(3) 
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MAMTV 1 A 	Th,==Al vihrtion oarameters (/10 3 
R2 ) for atoms 

other than hydrogen, with their standard deviations 

'for HETCF3 

Atom Ull U22 U33 U12 U13 U23 

0(1) 38(2) 70(3) 34(2) -5(2) 10(2) 2(2) 

C(2) 34(3) 58(4) 43(3) -6(3) 5(2) 6(3) 

S(3) 39(1) 109(1) 56(1) -19(1) 13(1) -3(1) 

N(4) 45(2) 63(3) 52(3) -3(2) 21(2) 0(2) 

 46(3) 34(3) 46(3) 2(2) 17(2) 1(2) 

 41(2) 29(3) 41(3) 1(2) 16(2) -1(2) 

 46 (3) 41(3) 48(3) 2(3) 23(3) 4(3) 

 55(3) 44(3) 43(3) 3(3) 23(2) 4(3) 

 55(3) 31(3) 43(3) 10(3) 15(2) 0(2) 

 45(3) 32(3) 53(3) -4(2) 17(3) 1(2) 

 49(3) 33(3) 35(3) 9(2) 17(2) 7(2) 

C(21) 55(3) 59(4) 48(3) .7(3) 3(3) -11(3) 

 74(2) 56(2) 82(2) -8(2) 21(2) 10(2) 

 100(3) 70(3) 80(2) 19(2) 18(2) -16(2) 

 77(2) 70(2) 63(2) 14(2) -10(2) 5(2) 

C(22) 48(3) 43(3) 35(3) -3(3) 11(2) 5(2) 

 53(3) 65(4) 53(3) -2(2) 3(3) -7(3) 

 96(5) 63(4) 56(4) -19(4) 8(4) -14(4) 

 97(5) 49 (4) 65(4) -5(4) 31(4) -12(3) 

 69(4) 60(4) 75(4) 3(4) 31(4) -2(4) 

 48(3) 60(4) 53(3) -2(3) 11(3) -5(3) 

0(91) 62(2) 55(2) 37(2) -2(2) 6(2) 5(2) 

C(911) 76(4) 46(4) 49(4) -7(3) -3(3) -1(3) 



1.3 	Structure determination of 5-(p-methoxyphenyl)-1,3,4- 

oxathiazol -2-one (HETOXY) 

oOG14 	0 
C 	\ 
II 	co 

, Cg47d03S 

A needle-like single crystal elongated along the 

axis was examined by X-ray photographic techniques, and 

shown to be triclinic. 

A crystal with dimensions 0.9 x 0.1 x 0.05 mm was 

used for the data collection. 

Crystal Data: 

Formula: 

Molecular weight: 

Crystal System: 

Cell dimensions: 

C 9H 7NO3 S 

209 

triclinic 

a = 9.856 ± 0.003 

b = 10.460 ± 0.004 

c = 4.802 ± 0.002 

cx = 90.82 ± 0.03 ° , a = 95.16 ± 0.03 0 , y = 67.16 ± 0,03°  

Space group: 	P1 (from solution of structure) 

Z = 2; dc = 1.53 g crn 3  

CuK radiation, A = 1.5418 , p = 29.3 cm- 1 

M0K radiation, A = 0.71069 , p = 3.3 cm- 1 
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The intensities of an 	hemisphere of the reciprocal 

lattice with a Bragg angle between 40  and 250  were measured 

with a Stadi-2 circle diffractometer using graphite-

monochromated M0K radiation. a 

The w-scan mode was used with a scan width of 20,  scan 

speed 0.02 °  s 	and background time of 10 s. 

The intensities were collected up the  axis and one 

standard reflection was periodically monitored; no 

significant change in its intensity was observed. 

Lorentz and polarization corrections were applied to 

1560 independent reflections. From these reflections, 1187 

had a value of I > 3a(I) and 185 reflections were classified 

as unobserved. 

The XRY system 15 was used to calculate a Patterson 

map. The location of a S-S vector turned out to be 

difficult; however, with the geometries of both the 

oxathiazole and phenyl rings known from the previous two 

compounds, a model for the molecule was built up in order to 

help with the interpretation of the map. In this way, it 

was possible to determine the orientation of a molecule 

from vectors between the S atom and all the other non-

hydrogen atoms of the same molecule. 

1 The whole molecule was input to DIRDIF system , 

assuming one S atom located at the origin and the space group 

P1. Then, a Fourier input file with all the phases and E 

values was calculated and input to the MULTAN 77 System  
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for an improved difference Fourier calculation. The other 

position of the symmetry related molecule was then clear. 

The origin was then fixed midway between the two S positions 

and space group symmetry was used to calculate a new 

Fourier map. 

All atomic coordinates of non-hydrogen atoms were 

determined and refined by full-matrix least squares methods using 

the XRAY system 15 , In the later stages of refinement, 

individual weights, w, were calculated for each reflection, 

according to the equations: 

w = (IF i/A) 2  if IF I < A, 	 else w = 1 

where IFQI  is the observed structure factor amplitude and A is 

a constant set to 9.0. The constant A was adjusted to 

make the distribution of wF0I _IFciI 2  IFcI being the 

calculated structure factor amplitude, almost constant with 

respect to similar sized groups of reflections analysed 

by ranges of 1F01  and sine A. 

All the hydrogen atoms were assigned isotropic 

2 R2.  temperature factors fixed at U = 0.06 A 

The refinement of the scale factor, the coordinates 

of all the atoms and the anisotropic temperature factors of 

all non-hydrogen atoms convergedtO R = 0.041. 

Tables 1.5, 1.6, 1.9 and 1.10 show the final positional 

and thermal parameters, bond lengths and bond angles. 

The numbering scheme used in this study is shown 

in Figure 1.5. 



1.3.1 Analysis of the results 

Apart from the hydrogen atoms in the methyl 

group, the molecule is nearly planar. The carbon atoms 

in the phenyl ring define a plane from which the maximum 

deviation is ±0.007 R ;  atoms 0(91), C(911) and C(5) lie 
respectively 0.01 R, 0.06 	and 0.01 R away from this plane. 
The atoms in the oxathiazole ring are planar within 

±0.005 ; atoms 0(21) and C(6) lie respectively 0.01 

and 0.02 R away from it. The acute angle between the two 
planes is 3.8 0 

. 

The mean value for the C-C bond lengths in the phenyl 

ring is 1.386 R (mean deviation 0.004). The C(5)-C(6) 

bond length has a value of 1.457(4) R, which is in good 

agreement with the other values found for this bond (1.458(6) 

and 1,469(6) ). The angles and bond lengths for the 

methoxyphenyl group are close to the ones found in the previous 

and similar compounds. 

The analysis of the results for the oxathiazole 

ring is in Section 1.4. 

Figure 1.6 shows the molecular packing in the crystal. 

The only intermolecular contacts involving non-hydrogen atoms 

less than 3.3 R are S. . .0 contacts. The intermolecular 
distance S(3)...0(21') is 3.038(3) R. Clearly there is no 

covalent bond between these oxygen and sulphur atoms, since 

the sum of the covalent radii of sulphur and oxygen is 1.70 R12.  

However, this contact is less than the sum of the Van der Waals 

radii 13  of sulphur and oxygen which is 3.25 R. This suggests 

that there is probably a weak electrostatic attraction 

between S(3) and 0(21'). 



H 

Figure 1.5 The HETOXY molecule 

Figure 1.6 The molecular packing in HETOXY 
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TABLE 1.5 	Fractional coordinates for atoms with their 

standard deviations for HETOXY 

Atom x y z 

0(1) 0.0876(2) 0.7216(2) 0.1024(4) 

C(2) 0.0580(3) 0.6317(3) 0.2725(6) 

S(3) 0.1882(1) 0.4653(1) 0.2225(2) 

N(4) 0.2728(3) 0.5209(2) -0.0086(5) 

 0.2084(3) 0.6523(3) -0.0440(5) 

 0.2527(3) 0.7364(3) -0.2264(5) 

 0.3795(3) 0.6719(3) -0.3656(6) 

 0.4235(3) 0.7467(3) -0.5430(6) 

 0.3435(3) 0,8891(3) -0.5824(5) 

 0.2178(3) 0.9547(3) -0.4450(6) 

 0.1727(3) 0.8777(3) -0.2690(6) 

0(21) -0.0412(2) 0.6712(2) 0.4188(5) 

0(91) 0,3987(2) 0.9529(2) -0.7591(4) 

C(911) 0.3234(4) 1.0997(3) -0.8012(8) 

1-1(7) 0.433 	(4) 0.576 	(3) -0.323 	(7) 

H(8) 0.509 	(4) 0.705 	(3) -0.637 	(7) 

H(10) 0.163 	(4) 1.048 	(3) -0.469 	(7) 

11(11) 0.083 	(4) 0.929 	(3) -0.179 	(7) 

1-1(9111) 0.321 	(4) 1.150 	(3) -0,628 	(8) 

H(9112) 0.379 	(4) 1.124 	(3) -0.931 	(7) 

H(9113) 0.216 	(4) 1.125 	(3) -0.891 	(7) 
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TABLE 1.6 Thermal vibration parameters (/10 3 R2) for atoms 

other than hydrogen, with their standard deviations 

Atom Ull U22 U33 U12 U13 U23 

0(1) 41(1) 37(1) 46 (2) -9(1) 11(1) -2(1) 

C(2) 44(2) 43(2) 44(2) -15(2) 8(2) -3(2) 

S(3) 49(1) 37(1) 55(1) -11(1) 13(1) 3(1) 

N(4) 44(2) 37(2) 53(2) -8(1) 10(2) 2(2) 

 34(2) 39(2) 36(2) -10(2) 2(2) -4(2) 

 35(2) 36(2) 36(2) -9(2) 2(2) -3(2) 

CM 38(2) 33(2) 44(2) -6(2) 6(2) -1(2) 

 36(2) 41(2) 49 (2) -8(2) 9(2) -4(2) 

 40(2) 39 (2) 38(2) -14(2) 2(2) -2(2) 

 40(2) 32(2) 48(2) -5(2) 3(2) -2(2) 

 37(2) 39(2) 44(2) -7(2) 11(2) -5(2) 

0(21) 60(2) 52(2) 13(2) -15(2) 32(2) -3(2) 

0(91) 41(2) 42(2) 58(2) -13(1) 14(1) 4(1) 
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1.4 	Discussion and analyses of results 

These are probably the first crystal structure 

determinations of the 1,3,4-oxathiazole ring. In this 

section, the structure of the oxathiazole ring in compounds 

HETCL3, HETCF3 and HETOXY (Figure 1.7) is compared and 

discussed. 

Comparison of the bond lengths in the oxathiazole 

ring (Figure 1.8) in the three compounds with the expected 

length of single and double bonds, suggests the bond orders 

given in the last column of Table 1.11. 

There are no significant differences in the oxathiazole 

ring between compounds HETCL3 and HETCF3. Compound HETOXY 

shows different values for the atoms bonded to C(2) 

which is now double bonded to an oxygen atom; the C(2)-0(1) 

bond length is now similar to C(5)-0(1) in all compounds 

and the S(3)-C(2) bond length (1.744(2) ) compares 

well with 1.78 R found in phenylthiazolidinedione sodium 
salt (Figure 1.9) by B.W. Matthews 8 , 

In compounds HETCL3 and HETCF3, the atom C(2) is 

pyramidal and sp 3  hybridized; the bond angles around the C 

atom have a mean value of 1090. For the HETOXY compound, 

the C(2) atom is planar and sp 2  hybridized and the angles 

00 	 0 around the carbon atom are 107.2 , 122.0 and 130.8 



Figure 1.7 	Thepheny1-2-tric1oromethy1-1,3,4-oxathiazole 

(HETCL3), 5-(o-methoxyphenyl)-2-phenyl-2-trifluoro-

methyl-1,3,4-oxathiazole (HETCF3) and 5- (p-rnethoxy-

phenyl) -1,3, 4-oxathiazole-2-ones (HETOXY) molecules 

il 	C 	 c4ETCL3 
••- cC1 

s 	
3 

C c 	 1ETCF3 
3 	, 

- S 

O \  

II 	C =0 	 HETOXY 

5 / 

Figure 1.9 	The phenyithiazolidiflediOrle sodium salt 

Mal 



Figure 1.8 	The oxathiazole nfl 

C(6) 
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0(21) 
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C (22) 

	

0 
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1. 260 A 
	

1.814A 
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1.834 

	

1.276 
	

1.744 

111.0.  
110.8 

N(4) 	110.0 
92.1°  
93.0 
93.3 

 

1. 697 A 
1.682 
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S(3) 



Table 1.11 Comparison of the observed and expected bond lengths in the 

1,3 , 4-oxathiazole ring 

Compound 
Observed 

HETCL3 

Bond Lengths 

HETCF3 	HETOXY 

Estimated Bond 

Single bond 

Lengths 

Double bond 

Approximate Bond 

HETCL3 	HETCF3 

Order 

HETOXY 

0(1)-C(5) 1.387(4) 1.374(6) 1.380(3) 
* 

1.41 1.22 1 1 1 

C(2)-0(1) 1.417(5) 1.433(5) 1.384(4) 
* 

1.41 1.22 1 1 1 

S(3)-C(2) 1.814(4) 1.834(6) 1.744(2) 1.83 1.65 1 1 1'2 

N(4)-S(3) 1.697(4) 1.682(4) 1.682(3) 1.66 1 1 1 

C(5)-N(4) 1.260(6) 1.271(6) 1.276(3) 1.47 1.28 2 2 2 

* 
Generally this bond is shorter when the C atom is double bonded to another atom. 

(J) 
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The bond lengths are consistent with a localised C=N 

double bond. 

The oxathiazole rings are nearly planar with a very 

slight fold across S ... 0. In compound HETCL3 the maximum 

deviation from the best plane of the five ring atoms is 

0.08 , in compound HETCF3 is 0.01 R and in HETOXY is 
0.005 . Figure 1.10 shows the deviations from the best 

plane of atoms 0(1), C(2), S(3), N(4) andC(5). 

Figure 1.10 Deviations of the oxathiazole ring atoms 

from the best plane. 

N (5L 
_ . ....-O(1) 

0.08' 

/ I L003 -82) 

002 \ 
M(4) • '0.06/" 

S(3) 

HETCL3 

O.004C(2) 
0.0002 (4) 

S(3) 

H E TO XV 

t
0)  (1 

-0.08\
007 \ 

-aop2) 

ETC 3 
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The phenyl ring is not coplanar with the five membered 

ring; the torsion angle C(7)-C(6)-C(5)-N(4) is 

respectively 16.7°, 12.00  and 3.3
0  for HETCL3, HETCF3 

and HETOXY. 

2. 	Structure determination of 5- (carboxoethyl)-3 (methoxy- 

phenyl) isothiazole (HETCET) 

H 
I LQOH4 	__ 

C % 
II 	 O2 C_CEt , 	

C13H1303S 
-- S 

The structure of this compound was deterILined by X-ray 

diffraction in order to know the bond lengths and orientation 

of the five membered ring. 

The crystals were obtained from Dr. J.F. Ross and 

Dr. R.M. Paton and a needle-like single crystal was 

examined by X-ray photographic techniques. 

The space group was P2 1/c and the intensity data were 

collected on a CAD-4 diffractometer with CuK radiation 

using a crystal with dimensions 1.1 x 0.2 x 0.04 mm. 

I would like to thank the Physics Department of the University 

of Edinburgh for all the facilities provided for the data 

collection. 
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Crystal Data: 

Formula: 	 C13H13NO3 S 

Molecular weight: 	263 

Crystal system: 	monoclinic 

Cell dimensions: 	a = 13.803 ± 0.005 

b = 8.156 ± 0.007 

c = 12.380 ± 0.002 

= y = 900 , a = 67.63 ± 0.002 

Space group: 	P21/c 

Z= 4 

Density: 	 dm = 1.23 g cm- 3 

dc = 1.36 g cm- 3 

CuK radiation , A = 1.5418 , p = 21.8 cm- 1 

MoK radiation, A = 0.71069 5, p = 2.5 cm 

A total number of 1178 independent reflections were 

recorded within the range 2 < 20 < 42 ° , but only 766 of 

these had I > 2a(I). The data were corrected for Lorentz 

and polarization effects but not for absorption. 

The structure was solved using the MULTAN system 7 . 

The solution of the structure was based on 250 reflections 

with the largest E-values. The E-map corresponding to the 

solution with the best figure of merit revealed all non-

hydrogen atoms. 



Figure 111 The HETCET molecule 
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The refinement of the structure was carried out using 

15 
the XRAY system . Reflections with very large structure 

factor amplitudes were weighted down and isotropic thermal 

parameters for all hydrogen atoms were fixed at U = 0.06 

while non-hydrogen atoms were allowed to vibrate anisotropically. 

The refinement converged to a final R = 0.053. 

Tables 1.7, 1.8, 1.9 and 1.10 show the final atomic 

positions, thermal parameters, bond lengths and bond angles. 

Figure 1.11 shows the molecule and the numbering 

scheme used in this study. This was chosen in order to 

permit an easy comparison with the previous crystal structures. 

2.1 Analysis and discussion of results 

The carbon atoms of the phenyl ring define a plane 

within ±0.002 R. The mean value for the C-C bond lengths in 

this ring is 1.380 R with a mean standard deviation of 
0.020 R. 

Another plane making an angle of 6.3 with the latter 

is defined by the five membered ring. Figure 1.12 shows the 

deviations of each atom from the plane; a slight bend is 

noticed through N(4).. .C(2). 

Figure 1.12 The deviations of the isothiazole ring atoms 

/ 
CM 

'-..' 8\ 

I : 0017C(2) - 

(4) 

S3 
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The bond lengths and angles in the isothiazole ring 

are presented in Figure 1.13 

Figure 1.13 	Bond lengths and angles in the isothiazole ring 

1.407(18) / 
C(1) 

1.332(14) 	

108. 	

335(14) 

5(1 o)C 
N(4)109 5(8) 

1.647(9) / )  

Table 112 gives a comparison of these bond lengths 

and the angle subtended at the sulphur atom with the values 

for the oxathiazole ring and the values reported for the 

3-hydroxy-5- (methyl-sulphonyl)-4-phenylisothiazole (A) 9  

and 4-hydroxymethylisothiazole-3-carboxylic acid (B) 6 

These two compounds are presented in Figure 1.14. 

Figure 1.14 The 3-hydroxy-5- (methyl-sulphonyl)-4-phenyl-

isothiazole (A) and 4-hydroxyrnethylisothiazole-3-carboxylic 

acid (B) molecules 

HO\ 	/CbF 

/1\ 
SH3  

S 
7 

H 

o CN 	/COH3 

H 

A 	 B 
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Table 1.12 	Bond lengths (R) and sulphur angle of the 

isothiazole ring and comparison with values 

in the oxathiazole ring 

Bond Present (A) (B) 
oxathiazole ring 

- work (mean) 

S(3)-N(4) 1.647(9) 1.661(7) 1.655(2) 1.687 

S(3)-C(2) 1.693(14) 1.715(8) 1.704(2) 1.799 

N(4)-C(5) 1.332(14) 1.316(10) 1.303(3) 1.269 

C(5)-C(l) 1.407(18) 1.397(11) 1.435(3) 

C (1)-C (2) 	1.335(14) 	1.380(11) 	1.350(3) 

[N(4)-S(3)-C(2)] 95,2(5)0 	933 0 	 955 0 	 92.7 0 

A good agreement is found between the values reported 

for the isothiazole ring system and it is noticeable a 

longer S-C bond length and a shorter N-C bond length in the 

oxathiazole ring system. 

Considerations of the ring geometry (Figure 1.13) and 

comparison of the bond lengths with the usual values for 

single and double-bond lengths (C-C 154 	C=C 1.33 

C-N 1.47 	C=N 1.28 	C-S 1.83 	C=S 1.65 R; S-N 1.66 

suggests that considerable u-electron delocalization is 

found through the ring system. 

Figure 1.15 shows the molecular packing in the crystal. 

No intermolecular distances not involving H-atoms less 

than 3.2 R were found. 



Figure 1.15 The molecular packing in HETCET 

C 
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TABLE 1.7 Fractional coordinates for atoms with their 

standard deviations for HETCET 

Atom x y z 

C(l) 0.5651(9) 0.1965(16) 0.9882(10) 

C(2) 0.6354(9) 0.1152(15) 0.8991(9) 

S(3) 0.5884(3) 0.0972(5) 0.7917(3) 

N(4) 0.4809(7) 0.2036(12) 0.8601(7) 

 0.4772(8) 0.2466(14) 0.9654(9) 

 0.3881(9) 0.3467(12) 1.0402(9) 

 0.3108(10) 0.3975(17) 1.0002(10) 

 0.2296(10) 0.4930(18) 1.069 1(9) 

 0.2176(9) 0.5328(15) 1.1816(9) 

 0.2920(10) 0.4801(15) 1.2244(10) 

 0.3744(9) 0.3840(15) 1.1537(9) 

C(21) 0.7373(8) 0.0451(15) 0.8916(11) 

0(211) 0.7696(6) 0.0519 (12) 0.9690(7) 

0(212) 0.7872(6) -0,0224(11) 0.7864(7) 

C(21A) 0.8879(10) -0.1035(20) 0,7684(12) 

C(21B) 0.9277(10) -0.1616(21) 0.6487(11) 

0(91) 0.1336(7) 0.6293(11) 1,2443(7) 

C(911) 0.1182(12) 0.6636 (23) 1,3602(12) 

H(1) 0.577(7) 0,215(12) 1.055(8) 

 0.323(7) 0.364(12) 0.921(8) 

 0.181(7) 0.511(12) 1.041(8) 

H(10) 0.278(7) 0.518(12) 1.299(8) 

11(11) 0.428(7) 0.336(11) 1.189(8) 

H(21A1) 0.923(8) 0.002 (13) 0.783(8) 

H(21A2) 0.871(7) -0,187(12) 0.847(8) 

(contd..) 
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Table 1.7 (contd..) 

Atom x y x 

H(21B1) 0.941(7) -0.067(13) 0.588(8) 

H(21B2) 1.002(8) -0.227(12) 0.620(8) 

H(21B3) 0.882(8) -0.249(12) 0.643(8) 

H(9111) 0.108(8) 0.552(13) 1.406(8) 

11(9112) 0.166(8) 0.727(13) 1.369(9) 

H(9113) 0.057(8) 0.714(12) 1.387(9) 
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R Thrma1 vibration oarameters (/10 	2 for atoms 

other than hydrogen, with their standard 

deviations for HETCET 

Atom Ull U22 U33 U12 U13 U23 

 47(11) 72(13) 41(10) -16(9) -14(9) 14(9) 

 52(10) 70(12) 43(9) 2(10) -19(8) 2(9) 

S(3) 78(4) 105(4) 43(3) 12(3) -30(2) -14(3) 

N(4) 71(9) 79(10) 52(9) .18(8) -33(8) -21(7) 

 47(9) 73(12) 38(9) -7(8) -22(7) 3(8) 

 58(9) 40(11) 46(9) -12(8) -26(7) 3(7) 

 66(11) 93(14) 43(10) -2(12) -23(10) -18(12) 

 69(12) 110(17) 42(10) -16(12) -35(10) 6(11) 

 43(10) 69(12) 55(10) 0(9) -18(9) 2(10) 

 69(12) 64(13) 40(9) -4(11) -14(10) -9(10) 

 61(11) 74(13) 32(8) 0(10) -24(8) 6(9) 

C(21) 47(11) 78(14) 54(11) -10(10) -16(9) 0(10) 

0(211) 67(7) 121(11) 61(7) 8(7) -29(6) -5(8) 

0(212) 57(7) 94(9) 58(7) -1(7) -19(6) -5(7) 

C (21A) 55(12) 86(16) 76(13) 5(13) -15(10) 4(14) 

C(21B) 47(12) 107(18) 61(12) 7(11) 6(10) -17(13) 

0(91) 78(8) 114(11) 52(7) 21(8) -26(6) -7(7) 

C(911) 69(17) 123(25) 63(15) 8(17) -13(13) -14(16) 
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TABLE 1.9 	Interatomic distances and their standard 

deviations for compounds HETCL3, HETCF3, 

HETOXY and HETCET. (In this Table, X is 

Cl in HETCL3 and F in HETCF3) 

Bond 

0(1) -C(2) 

C(l) -C(2) 

C(2)-S (3) 

S (3) -N(4) 

N(4)-C(5) 

C(5)-0(1) 

C(5)-C(1) 

C(5)-C(6) 

C(6) -C(7) 

C(7)-C(8) 

C(8)-C(9) 

C(9)-C(10) 

C(10) -C(l1) 

C (11)-C (6) 

C(2)-C(21) 

C(2) -0(21) 

C (21) -x (211) 

C(21) -X(212) 

C(21) -X(213) 

C(21) -0(211) 

C(21)-0(212) 

Bond Length/ 

HETCL3 	HETCF3 	HETOXY 

1.417(5) 	1.433(5) 	1.384(4) 

1.814(4) 1.834(6) 1.744(2) 

1.697(4) 1.682(4) 1.682 (3) 

1.260(5) 1.271(6) 1.276(3) 

1.387(4) 1.374(6) 1.380(3) 

1.469(6) 1.458(6) 1.457(4) 

1.400(6) 1.392(7) 1,395(4) 

1.369(8) 1.363(6) 1.369(5) 

1.364(9) 1.388(7) 1.395(4) 

1.380(9) 1.386(8) 1.384(4) 

1.385(7) 1.386(6) 1.388(5) 

1.383(6) 1.384(7) 1.386(3) 

1.523(6) 1.510(8) 

1.193(4) 

	

1.774 (4) 
	

1.339(6) 

	

1.759(3) 
	

1.315(7) 

	

1.762(4) 
	

1.328(7) 

HETCET 

1.335(15) 

1.693(14) 

1.648(9) 

1.332(15) 

1.408 (18) 

1.472 (14) 

1.399(20) 

1.365(17) 

1.377(17) 

1.391(20) 

1.384(16) 

1.379(16) 

1.488(18) 

1.203 (18) 

1.338(14) 
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Table 1.9 (contd..) 

HETCL3 HETCF3 HETOXY HETCET 

0(212)-C(21A) 1.478(17) 

C(21A)-C(21B) 1.449(19) 

C(2)-C(22) 1.506(8) 

C(22)-C (22 1) 1.377(7) 

C(221)-C(222) 1.366(10) 

C(222)-C(223) 1.375(12) 

c(223)-C(224) 1.362(9) 

C(224)-C(225) 1.385(10) 

C(225)-C(22) 1.373(8) 

C(9)-0(91) 1.359(5) 1.358(4) 1.371(13) 

0(91)-C(911) 1.408(8) 1,431(4) 1.396(18) 

C(1)-H(1) 0.91(11) 

C(2)-H(2) 0.88(5) 

C(7)-H(7) 0.90(5) 0.91(5) 0.95(3) 0.97 (10) 

C(8)-H(8) 0.88(5) 0.96(5) 0.94(3) 0.88(11) 

C(9)-H(9) 0.96(5) 

C(10)-H(10) 1.01(5) 0.89(5) 0.91(3) 0.92(10) 

C(11)-H(11) 1,00(5) 0.98(6) 0.97(3) 1.06(11) 

C(21A)-H(21A1) 1.04(11) 

C (2 1A) -H (2 1A2 ) 1.14(10) 

C(213)-H(21B1) 1.04(10) 

C(21B)H( 21B2 ) 1.09(10) 

C(213)-H(21B3) 0.97(11) 

C(221)-H(221) 0,98(5) 

C(222)-H(222) o.95(5) 

C(223)-H(223) 1.05(6) 

C(224)-H(224) 0.99(5) 

C(225)-H(225) 0.90(5) 

C(911)-H(911) 0.95(6) 0.98(4) 1.05(11) 

C(911)-H(9112) 1.11(6) 0.96(4) 0.87(12) 

C(911)-H(9113) 0.89(5) 1.04(4) 0.88(10) 
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TABLE  1.10 

Angle 

Bond angles between non-hydrogen atoms and their 

standard deviations for HETCL3, HETCF3, HETOXY 

and HETCET compounds (Here X is Cl in HETCL3 and 

F in HETCF3) 

Bond Angles/degrees 

HETCL3 	HETCF3 	HETOXY 	HETCET 

-0(1)-C(2) 

C(5)-C(1)-C(2) 

0(l)-C(2)-S(3) 

C(1)-C(2)--S(3) 

C(2)-S(3)-N(4) 

S(3)-N(4)-C(5) 

N(4)-C(5)-0(l) 

N(4) -C(5)-C (1) 

N(4) -c (5)-C(6) 

C(6)-c(5)--0(1) 

C(6)-C(5)-C(1) 

C(5)-C(6)-C(7) 

C(5)-C(6)-C(11) 

C(7)-C(6)-C(11) 

-C(7)-C(8) 

C (7) -C(S) -C (9) 

C (3) -C (9)-C (10) 

-C(9)-0(91) 

C (10)-C (9) -0(91) 

-C(10)-C(1l) 

-C (11) -C(6) 

0(1) -C(2)-C(21) 

0(1)-C(2)-0(21)  

110.8(3) 	111.6(3) 	111.5(2) 

112,9 (1.2) 

104.7(3) 104.3(3) 107.2(2) 

108.5(l.0) 

92.1(2) 93.0(2) 93.3(1) 95.2 (5) 

111.0(3) 110.8(4) 110.0(2) 109.5(8) 

119.5(3) 120.3(4) 118.1(3) 

113.9(9) 

127.2(3) 125.2(5) 125.3(2) 118.3(1.1) 

113.4(3) 114.6(4) 116.6(2) 

127.7(1.1) 

119.9(4) 120.3(4) 118.6(2) 

121.6(3) 120.9(4) 122.4(2) 

118.4(4) 118.8(4) 118.9(3) 117.9(1.0) 

120.0(4) 120.7(5) 120.6(2) 120.3(1.2) 

121.1(5) 120.5(5) 120.2(3) 121.3(1.4) 

120.1(5) 119.7(4) 119.9(3) 119.4(1.0) 

115.8(5) 115.2(2) 117.3(1.2) 

124.5(5) 124.9(2) 123.3(1.0) 

119.4(5) 119.4(5) 119.4(2) 118.8(1.1) 

121.0(4) 120.9(5) 120.9(2) 122.1(1.3) 

110.1(3) 105.1(4) 

122.0(2) 

C(1)-C(2)-C(21) 	 127.9 (1.2) 
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Table  1.10 (contd..) 

HETCL3 HETCF3 HETOXY 	HETCET 

0(l)-C(2)-C(22) 110.8(4) 

S(3)-C(2)-C(21) 113.8(3) 111.3(4) 123.6(8) 

S (3) -C(2)-O(21) 130.8(3) 

S(3)-C(2)-C(22) 114.7(4) 

C(21) -C(2) -0(22) 110.1(4) 

C(2)-C(21)-X(211) 108.0(2) 110.8(4) 

C(2)-C(21)-X(212) 111.4(3) 112.7(5) 

C(2)-C(21)-X(213) 108.6(3) 111.9(5) 

X(211)-C(21)-X(212) 109.0(2) 107.7(5) 

x(211)-C(21)-X(213) 109.6(2) 106.1(5) 

X(212)-C(21)-X(213) 110.2(2) 107.4(5) 

C(2)-C(21)-O(211) 124.2(1.0) 

C(2)-C(21)-0(212) 110.0(1.2) 

0(211)-C(21)-0(212) 125.8(1.1) 

C(21)-0(212)-C(21A) 115.9(1.1) 

0(212)-C(21A)-C(21B) 105.6(1.3) 

C(2)-C(22)-C(221) 119.9(5) 

C(2)-C(22)-C(225) 120, 5(4) 

C(221) -C(22)-C(225) 119. 5(5) 

C(22)-C(221)-C(222) 120.1(6) 

C(221)-C(222)-C(223) 120.6(6) 

C(222)-C(223)-C(224) 119.7(7) 

C(223)-C(224)-C(225) 120.1(6) 

C(224)-C(225)-C(22) 120.0(5) 

C(9)-0(91)-C(911) 117.9(4) 117,6(2) 	117.6(1.1) 
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CHAPTER TWO 

cyochrorne c 4  

1 	Introduction 

Cytochromes c are proteins very widely distributed 

among living organisms. They are important parts of the 

respiratory systems and several cytochromes are believed to 

pass on electrons to cytochrome oxidase in aerobic respiration 

or to cytochrome reductase in nitrate or sulphate respiration 2 . 

Respiration is a process in which an organic molecule 

is oxidized with hydrogen atoms being removed and transferred 

to an oxidant (molecular oxygen, nitrate or sulphate). In 

any case, electrons must flow and proteins must be present 

to accept the electrons and pass them along the chain 21,22,24 

Cytochromes c contain one or more haem groups covalently 

attached to the protein by thioether linkages (Figure 2.1). 

In all those whose structures have been determined, the haem 

group sits in a crevice which is lined with side chains of 

apolar amino acids. The two vinyl groups are bound to two 

cysteine residues; one charged propionate group is at the 

surface of the molecule and the other one is hydrogen bonded 

to the interior of the molecule. 
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Figure  2.1 'The haem group in Cytochromes c 
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The arrangement of the electron transport chain seen in 

mitochondria appears to be paralleled in the bacterial membrane 

14,15,20 system 	. Knowledge of the mechanism of action of 

the bacterial respiratory systems is therefore an important 

way of obtaining a better understanding of the mitochondrial 

system and furthermore, will give information about the 

evolutionary history of the organisms that contain them 19 ' 27 . 
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Considerable amino acid sequence data and crystallo-

graphic data exist showingsimilarities between the protein 

chains and suggesting that all c-type cytochromes are 

descendents of a common evolutionary ancestor 2 ' 7 ' 1° . Evidence 

for similarity between cytochromes c in different classes of 

organisms has been found if the deletion of some residues is 

assumed8 . Nevertheless, the need for assuming deletion in 

the chains without stringent criteria is doubtful, and only 

the knowledge of the tertiary structure will give complete 

and unambiguous answers 

This study is concerned with cytochrome c 4  from 

Pseudomonas aeruginosa. Cytochrome c 4  is characterized by 

two haem groups covalently attached to each sub-unit near 

its N-terminus. It is thus double the size of many 

cytochroines c. The molecular weight based on amino acid 

composition is 19,000. It has been isolated from Azotobacter 

16,23,25 	 13 vinelandii 	, Pseudomonas stutzeri , Pseudomonas aeruginosa 

and Pseudomonas mendocina 1 . 

Pseudomonas aeruginosa is a bacterium with nitrate 

respiration, so it is able to use a nitrate ion as an 

electron acceptor in the respiratory chain when cultivated under 

anaerobic conditions. 

The reduction of oxides of nitrogen is a process of 

respiration coupling the reduction of nitrogen compounds as 

terminal acceptors to the storage of energy. The different 

steps which are believed to occur in vivo in the reduction 



SIMIM 

of nitrate to molecular nitrogen and the corresponding catalysts 

are: 

reduced organic + NO 	 NO 	 - NO 

compounds 	 b-type 	 cytochrome 	c-type 
cytochrome 	oxidase 	cytochrome 

N2 0 	 - N 
c-type 	2 

cytochrome 

2N0 	+ 4H 	+ 4e 	-* 2NO 	+ 2H20 

2NO2  + 4H + 2e 	 2N0 + 2H 20 

2N0 + 2H + 2e - 	N 2  0 + H 2  0 

N 2  0 + 2H + 2e 	
+ N2 	+ H2O 

Although the exact function of c 4  is unknown, it is 

produced in significant but variable quantities together with 

c551  and azurin when Pseudomonas aeruginosa is grown 

anaerobica1ly. These observations led us to wonder if there 

is some subtle yet significant difference between the c 4  and 

c 551  structures, between the two halves and if there was 

some interaction between the two haems Both proteins are 

acidic and they have similar redox potentials. Cytochrome c 4  

has an oxidation/reduction potential of 280 my and an isoelectric 

1 point of approximately 5 
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The  study of the crystal structure of cytochrome c 4  was 

begun in order to answer the previous questions and also 

because the three dimensional structure should help in the 

search for the mechanism of electron transfer. 

2 	Amino acid sequence. Comparison with other cytochromes c. 

Most cytochromes c, with known amino acid sequence, contain 

at least once in the molecule the characteristic sequence 

cysteine-x-y-cysteine-histidine. Two bonds connect the edges 

of the haem group to sulphur in the cysteines, one bond 

connects the iron to a nitrogen of the histidine and one more 

connects the iron to a sulphur atom in a methionine much 

further along the protein chain. 

The amino acid sequence of 181 residues has been 

reported by Dr. R.P. Ambler  for Pseudomonas aeruginosa 

cytochrorne c 4 . From this sequence the protein appears to be 

two "short" 10  molecules joined end to end. 

The cytochrome c 4  from Pseudomonas aeruginosa is closely 

related to that from Azotobacter vinelandii 4 . A comparison 

of the amino acid sequences of cytochrome c 554  from the 

halotolerart bacterium Paracoccus ATCC12084 10 with each 

"half" of cytochrome c 4  shows that they are closely related, 

and there is, indeed, more homology between them than between 

the two halves of cytochrome c 4 . 

The amino acid sequences of Pseudomonas aeruginosa and 

Azotobacter vinelandii cytochromes c 4 , Haloterant Micrococcus 

c 554 , Pseudomonas aeruginosa c 551  and Tuna c are presented 

in Table 2.1. In Figure 2.2, the twenty different amino 



Table 2.1 	The amino acid sequences for four bacterial cytochromes c and for the mitochondrial 

cytochrome c of Tuna. In this Table, B means asparagine or aspartic acid and Z means 

glutamine or glutamic acid. The amino acids which are bonded to the haem group are 

in bold letters and the amino acids which have similar positions in the chain are 

underlined. 

Pseudononas aeruginosa c 4 , 1st half 

AGDAAAGQAKAAVCGACHGABGBASPPNFPKLAGQGERYLLKQI\ThIDIK --------- DGKRTVLEMTGLLTBLSBZDIADLAAYFASQKt4SVG?1ABPBLVZAGEA 

Azotobacter vinelandil C 4 , 1st half 

Pseudononas aeruginosa C
40 

 2nd half 

LFRGCI(IAEGnPACTGCHGSSPVGIATAGFPULGGQHATYVAKQLTDFREGTRTNDGDTKIMQSIAAKLSNKDIAAISSYIQGLH 

Azotobacter vinelandii C 4 , 2nd half 

LYRCGKLADGr1PACTCCHSPNGEGNTPAAYPRLSGQ}1AQYVAKQLTDFREGAPTNDGDN1IiRSIAAKLSNKDIAAISSYIQGLH 

Halotolerarit micrococcus C 554 
I\GDAAAGEDKIGTCVACHGTDCQGLAPIYPNLTGQSATYLESSIKAYRDGQRKGGNAALP'ITP?4AQGLSDEDIADIAAYYSSQE 

Pseudomonas aeruginosa c 551  

EDPEVLFKNKGCVACHAIDTKI\IVGPAYKDVAAKFAGQACAEAELAQPIKMGSQGVVJGPIPMPPNAVSDDEAQTLAKWVLCQK 

Tuna c 



Figure 2.2 The twenty amino acid side chains 

NON—POLAR 

I 
CH3 

I 
CH 

Hf! 

I 
CH2 

I 
H—CH3 

CH3  CH CH2  

HCCH3 
C H3 

Al anine Valine Leucine Isoleucine 

ALA V A L LEU ILE 

A V L I 

CH2 CH2 CH2 
I 	I 

H2C\  ,P1 2 

L,) 

ac  
H 

CH2 

$ 

CH2 

H CH3 

Phenylalanine Tryptophan wethionn,e Proline 

P H E T R P DAET PRO 

F w 
POLAR UNCHARGED 

I 
H 

I 
H—COH 

I 
HCOH 

I 
CH2 

H CH3 SH 

Glycine Serine Threonine Cysteine 

G L Y S E R T H R C Y S 

C $ I C 

L,  N2   CH2 L,  M2 

CH2 0 0NH2 

NH2 0 

Tyros;ne Asparagine Glutamine 

T Y R ASH GL  

Y N 0 



Figure 2.2 (contd.) 
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acid side chains areillustrated together with their respective 

3-letter and 1-letter abbreviations and their classification as 

non-polar, polar uncharged, acidic or basic groups. 

In Table 21, the four amino acids which are bonded 

to the haem group are in bold letters and the amino acids 

which have similar positions in the different chains are 

underlined 

Cytochrome c4  in Azotobacter vinelandii shows an insertion 

of nine residues in relation to the one in Pseudomonas 

aeruginosa Tuna c shows the sequence F ---- GQ---Y and the 

tyrosine amino acid sixteen residues away from the methionine 

ligand as in cytochromes c 554  and c 4 *These similarities 

in the amino acid sequences point to similarities in 

functional importance as well as regions in the three 

dimensional structure. 

The three dimensional structures of cytochrome c from 

Tuna, Pseudoinonas c 551 , Paracoccus c 550 , Chiorobium c 555  

and Rhodospirillum c 2  show that although very little structural 

similarity could be seen rom the amino acid sequence data 10 , 

all five proteins fold in the same general way and in fact the 

sequence of the small cytochrome c 551  has been aligned with 

the longer sequence of Tuna c in a structurally meaningful way. 

It is apparent that the three dimensional structure is much 

better conserved than the primary structure (Figure 2.3, 

taken from reference 10) 



Figure 23 The protein chain of four bacterial cytochromes along 

with that of Tuna, a typical mitochondrial 

cytochrome c. 
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3 	Prediction of the secondary structure from the amino 

acid sequence 

Many attempts have been made to predict protein structures 

from their primary sequence. 

The earlier prediction models classified amino acids 

11 	 19 
qualitatively as helix breakers , helix formers or helical 

and antihelical 18 . However, these models are poor since 

they are based on a small number of known three-dimensional 

protein structures. 

Here, the predictions of Chou and Fasman 5 ' 6  are applied 

to Tuna cytochrome c and the calculated structure is compared 

with the real one. Finally, the same method is applied to 

predict the secondary structure of cytochrome c 4 . 

3.1 	The right-handed alpha helix and the beta pleated sheet 

In 1951 Pauling and Corey 17  proposed two periodic 

polypeptide structures called the ct-helix and the s-pleated 

sheet. 

A polypeptide chain may be defined in terms of three 

torsion angles 0, T , and w, as shown in Figure 2.4. If these 

are regularly repeated, a helical structure results, which is 

stabilized by hydrogen bonds between peptide amide and 

carbonyl groups. In practice, w cz 1800  and variations need 

normally be considered only in 0 and V. 

Figure 2.4 Definition of 

dihedral angles in a 

polypeptide chain 



The right handed a-helix (Figure 2.5) is characterized 

by 3.6 amino acid residues per turn of the helix and each 

residue is related to the next one by a translation of 1.5 

along the helix axis and a rotation of 100 °, The carbonyl 

group of residue i is hydrogen bonded to the amide group 

of residue i + 4 (Figure 2.6). 

Figure 2.5 An a-helix with each residue represented by its 

C -atoms. 

Figure 2.6 The hydrogen bonds in a right handed a-helix 

1i1 	I 	I 	0 	1 	1 	1 	0 	I 
Ri  I 	II 	I 	I 	I 	II 	I 	I 	I 	II 0 	 Rj+i 	H 	Rj+2 0 	 1 11+3 	 H 	R+4 0 

L 	 I 
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The  ct-helix structure has been found in many proteins. 

All cytochroraes c of known three dimensional structure show 

ct-helices at the beginning and at the end of the polypeptide 

chain. 

The parallel and antiparallel s-pleated sheets as 

postulated by Pauling and Corey 17  are regular hydrogen-

bonded structures as shown in Figure 2.7. 

These extended configurations have the CO and NH groups 

pointing in directions perpendicular to that of the poly-

peptide chain; therefore, although they are not available 

for hydrogen bonding within the polypeptide chain, they form 

hydrogen bonds to neighbouring chains. 

A Ramachandran plo1 2for a po1yetide chain of L-alanines 

is shown in Figure 2.8. It is apparent from the figure that 

the s-pleated sheet and the right-handed ct-helix are both 

in allowed regions. 

3.2 	Reverse Turns 

Reverse turns 

consecutive peptide 

between C i  and C i+3  a 	a 

an ct-helix. 

are defined as an arrangement of four 

i  units (C to C i+3)  in which the distance a 	a 

is less than 7 without there being 

In reverse turns of type I and II (Figure 2.9) there is 

a hydrogen bond between 0.. and N1+3.  Reverse turns of 

type II are found almost exclusively with glycine in 

position (i+2). 



Figure 2.7 The antiparallel and parallel three-stranded s-sheets. 

The hydrogen bonds are indicated by dashed lines, 

the chain directions by arrows and the Ca  atoms are 

marked by dots. 

Figure 2.8 A RamaChandran plot for a polypeptide chain of L-alaniflea 

Continuous lines define allowed conformations and dashed lines 

define partially allowed conformations. The regions defining the 

s-pleated sheet, left and right-handed a-helix and the 3 10  and 

, helices have been indicated. 

I_ U 
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A survey of the location of reverse turns in proteins 13 

shows that they are concentrated at the surface of the 

molecule and they contain mostly hydrophilic residues. 

Figure 2.9 	Type I and II -bends 

161  

 

 

3.3 Chou and Fasman predictions 

A survey was made on fifteen proteins with known amino 

acid sequences 5 ' 6 . For each amino acid, its frequency in 

helical (f) , s-sheet (f e ) and coil 	regions together 

with its propensity P were calculated. In an helical region 

these terms may be defined thus: 
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f 	= n/n for any amino acid 

> = En  
cx 
/n for all amino acids 

P 	= f /<f 
aa 

where n is the total number of residues of a particular amino 

acid and n is the number of those residues which are in cx 

a helical region. 

The results show that Glu and Ala are found most 

frequently in helical regions; Met, Val and lie appear to 

be the amino acids with larger s-sheet propensities; Pro, 

Gly, Asn and Ser are the most frequent random coil residues 

in proteins. 

The frequency of occurrence of amino acids in positions 

± to i+3 in reverse turns of type I and II was also calculated. 

Based on this information each residue has been 

assigned with symbols H(P 	1.30), h(l.30 > P 	1.10), 

1(1.10 > P 	0.98), i(O.98 > P . 0.75), b(O.75 > P 	0.60) 

and B(0.60 > P). In Table 2,2 the twenty amino acids are 

listed with the respective classifications for helix, 

s-sheet, coil and reverse turn regions. 

The secondary structure is predicted on the basis of 

each amino acid's propensity for appearing in the different 

regions. 

Table 2.3 shows a comparison between the predicted and 

observed structures for Tuna cytochrome c. 



0 
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TABLE 2.2 	The cx-helical, s-sheet, coil and reverse turn 

propensities. 

Amino Acid Helical -sheet coil reverse turn 

ALA H I b B 

ARG I I h I 

ASN b b H H 

ASP I I I h 

CYS ± H I h 

GLN h h i B 

GLU H B ± B 

GLY B i H H 

HIS h b I b 

ILE I H i B 

LEU H h b B 

LYS I b I I 

MET h H b b 

PHE h h i i 

PRO B 	- b H H 

SER ± b h H 

THR I h I I 

TRP h h i h 

TYR b h h h 

VAL h H b B 



4 

The results of the Chou and Fasman prediction for 

secondary structure of cytochrome c 4  are tabulated in 

Table 2.4. According to this, helical regions are predicted 

near both ends of the polyoeptide chain and at the end of 

the first half and beginning of the second half of cytochrome 

c 4 . These a-helices at the beginning and end of the poly-

peptide chain are constant features in all cytochromes c whose 

structure has been determined. 

These predictions, together with the well established 

geometry about the haem group, provide an excellent 

starting point for the structural analysis of cytochrome c4. 
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TABLE 2.3 	Comparison of experimental and predicted helical 

and reverse turn regions for Tuna cytochrome c. 

Helical regions 

X-ray Predicted 

2-13 2-8 

14-18 10-18 

49 - 55 

62 - 70 62 - 74 

71 - 75 

87 - 102 82 - 103 

Reverse turn --regions 

X-ray 	Predicted 

21 - 24 	22 - 25 

- 	 29 - 32 

32 - 35 - 

35 - 38 - 

39 - 42 39 - 42 

43 - 46 - 

- 46 - 49 

- 54 - 57 

75-78 75-78 

TABLE 2.4 	Predicted secondary structure for cytochrome c 4  

Helical regions 

1 - 13 

16 - 24 

37 - 47 

54 - 61 

63 - 81 

85 - 93 

102 - 107 

137 - 146 

156 - 173 

Reverse turns 

26 - 29 

48 - 51 

98 - 101 

110 - 113 

113 - 116 

151 - 154 

174 - 177 

S-sheet 

119 - 126 
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CHAPTER THREE 

Three Dimensional Structure of Cytochrome c 4  

from Pseudomonas aeruginosa at 5 R resolution 

	

1. 	Preliminary work in the determination of the structure 

X-ray studies of this cytochrome c 4  were started by 

Dr. L. Sayer and Mr. L. Jones in Edinburgh. Space group, 

cell dimensions and 5 R intensity data sets that have been 
used in this study were previously determined by them. 

The amino acid sequence was obtained from 

Dr. R. Zmbler 1 . 

The predicted secondary structure (Table 2.4) suggests 

an appreciable amount of helix which coincides fairly well 

with the position for helices in the other small cytochromes c. 

In particular, the helices at the start and end of the 

structures appear to be the only absolutely constant 

features (Figure 2.3), the former running parallel to and 

the latter perpendicular to the plane of the haem. 

	

1,1 	The Crystals 

7 
The crystals were supplied by Dr. A.F.W. Coulson . They 

were grown by precipitating a concentrated solution of 

the protein in 80% saturated ammonium sulphate solution at 

pi 6.0 and resuspending the precipitate in a minimum 

quantity of 50 mM ammonium acetate at pH 6.0. The crystals 
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grew at a temperature of 4 0C  over a period of one to three 

days. The crystals:were then stabilised by transferring 

them to a solution of 2M ammonium sulphate and 50 mM 

ammonium acetate, pH 6, in which they are quite stable at 

temperatures from 4 to 22 °C. 

The protein crystallises as long hexagonal bipyramids. 

1.2 	Crystal mounting 

Crystals with the longest dimension about 0,4 mm 

were mounted in thin glass walled capillaries for the X-ray 

studies. 

The crystals were first introduced into the capillaries 

by drawing them up by capillary action; then the mother liquor 

was removed using thin strips of filter paper. In order to 

keep the crystal always moist, a very small quantity of mother 

liquor is left around the crystal. Using thin strips of 

filter paper, the capillary inner surface was dried and a 

few drops of mother liquor or filter paper soaked in it 

were placed at each end of the capillary which was finally sealed 

with wax. Figure 3.1 illustrates this procedure. 

Iy wax 
 

crystal bathed 	 mother liquor 

in mother liquor 

Figure 3.1 Cytochrome c 4  crystal mounting 



For the data collection, it is desirable to have the 

crystal rotating around the six-fold axis, so before sealing 

the capillary that axis was made approximately parallel to 

the tube using strips of filter paper. 

1.3 	Symmetry and pace group 

Precession photographs were taken with CuKa radiation 

(x 	= 1.5418 	). 

The intensity relationships and the reflection conditions 

indicated that the crystals have space group P6 122 or 

P6 522, (1 = 6n for 0001 reflection). 

The approximate cell dimensions were a = b = 62.4 R and 

c = 174.2 R. 

The measured crystal density is 1.22 g cm- 3 and the 

molecular weight based on amino acid composition is 19,000. 

Assuming that there are twelve molecules in the unit cell, 

in the absence of solvent the density should be 0.65 g cm- 3 

and the corresponding average crystal volume per unit 

weight is: 

V = 
volume of 	ymetric unit = 2.58 	dalton' 

molecular weight 

which is well within the usually observed range 19. Supposing 

that the solvent has a density of 1.1 g cm- 3, the fraction of 

crystal volume occupied by solvent is 52%, which is again 

within the observed range of 27-65%. 



13.1 	Space groups P6 122 and P6 522 

The intensity relationships indicating that the crystal 

belongs to the Laue group 6/ rmnm are: 

I(h'kil) = I(I k 1 1) (Friedel inversion) 

= I(i h k 1) (6-fold axis 	
c* 

* 
= I (h i k 1) (2-fold axis 	a 

and relationships derived from these, giving general 

reflections, h 	k 3d i # 0, 1 	0, a multiplicity of 24 

The reciprocal axes a
* 
 and b

* 	 0 are at 60 to each other and  

* 
perpendicular to the unique axis, c and i is defined as 

i = -(h-1-k). 

The reflection conditions indicating the space group 

P6 122 or P6 522 were: 

(h k i 1) none 

(0001) 1=6n 

In class 622, there are three independent special zones: 

(h k i 0), (h 0 E 1) and (h h 2h 1). For these zones, the 

structure factor phases are restricted to two values 0 

and r+Ø, where 0 = n/6 with n being an integer between 0 and 

12. For other reflections, phases may have any value, and 

I(h k i 1) may differ from I(h k i 1) because of anomalous 

scattering. 

The equivalent positions for the atoms in a unit cell 

with symmetry P6 1 22 or P6 522 are: 
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P6.122 	 P6522 

y, z) 	 (x, y, z) 

(, 	Y , 	½ +z) (, 	Y, 	½ +z) 

x-y, I +z) (Y-1 	x-y, 
2

+Z) 

y-x, +z) (y, 	y-x, 

(y-x, 	X, 4+z) (y-x, 	, .. 	 +z) 

(x-y, 	x, .1 +z) (x-y, 	x, 5 . 	+z) 

(y, 	x, -z) (y, 	x, 	4 -z) 

- 	- 	5 
(y, 	x, 	.. -z) 

- 	- 	1 (y, 	x, 	T.  -z) 

- 
(x, 	y-x, 

2 -. 	-z) -  
(x, 	y-x, 

1 - 	-z) 

(x, 	x-y, -z) (x, 	x-y, -z) 

(x-y, y,  z) (x-y, 	Y, z) 

(y-x, y, ½ -z) 	 (y-x, y, ½-z) 

13.2 	Patterson with symmetry P6/mrnm 

The space groups P6 122 and P6 522 lead to a Patterson map 

with symmetry P6/mmm. In this map the symmetry related vectors 

are: 
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(u, v, w) (v, U-V, w) (v-u, U, w) 

(ii, V, w) (v, v-u, w) (u-v, u, w) 

(U, V 1  w) (v, v-u, (u-v, u, 

 v, (, u-v, (v-u, ii, ) 

 u, w) (, v-u, w) (u-v 1  V, w) 

(, i, w) (u, u-v, w) (v-u, v, w) 

(V 1  ii, ) (u, u-v 1  (v-u, v, i) 

(v, u, (ii, v-u, (u-v 1  V, ) 

The Patterson vectors for a single atom in a general 

position (x, y, z) are: 

1 
(x, y, • 

(-x-y, x-2y, 

(2x, 2y, ½) 

(0, x-2y, 	-2z) 

(0, x+y, 1. +2z) 6. 

(0, y-2x, ½ +2z) 

( -y, y, 2z) 

(y-x, x-y, 	-2z) 

(-x, x, . 1 . +2z) 

(0, 0, 0) 

and symmetry related positions. All peaks have a multiplicity 

of one except the origin peak which has a multiplicity of 12. 

From the Patterson vectors, we conclude that the three 

Harker sections at z = ½, 	and give the x and y atomic 

coordinates and the interpretation of the other two Harker 

sections will give the z coordinate. 

1.4 	Data Collection 

Two derivatives with UO2 (NO 3 ) 2  and K2Pt(NO ) 4  were 

prepared by soaking native crystals in 2.OM ammonium sulphate 

solution at pH 6.0 in 1 mm solution of heavy atom for 24 hours. 



Intensity data, for native and derivative crystals, 

were collected on the NONIUS CAD-4 diffractometer in the 

Edinburgh University Physics Department, with a He-flushed 

tube fitted between the crystal and the detector. 

Accurate cell dimensions were obtained by refinement 

of the angle settings for 10 to 15 intense reflections 

distributed about reciprocal space (Table 3.1). 

Crystal 

cell 	dimenstions 

a() 	 b() 	 c() 

Native 62.39(6) 62,37(3) 174.19(7) 

UO2 (NO3 ) 2  62.31(4) 62.23(4) 174.62(5) 

K2 Pt(NO2 ) 4  62.31(7) 62.30(5) 174.63(6) 

Table 3.1 	Cell dimensions for native and derivative 

crystals. 

Lorentz polarization and absorption corrections were 

applied to the intensity data. The absorption corrections 

were done using the semi-empirical method of North et al 20 

an absorption curve was obtained from the variation in 

intensity of a strong (001) reflection as the crystal 

was rotating about the c axis at intervals of 

Figure 3.2 shows the absorption curve used for the native 

data absorption corrections. 
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Figure 3.2 Absorption curve for the native cytochrorne c 4  

crystal 
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1.5 	Resolution and the number of reflections 

Diffraction data were collected to a resolution of 

5 R for the derivative crystals and 3 R for the native 

crystal. These resolutions correspond to 0 max = 90 (5 ) 

or 150  (3 ), for copper K radiation. 

To obtain an estimate of the number of reflections to 

be measured, the volume of the sphere in reciprocal space 

corresponding to a resolution of d:m is divided by the volume 

of the reciprocal unit cell. Hence the number of reflections 

to be measured in a primitive lattice is given by 

N = 	(4/3) 7T 	(X/dm) 3  

(x 3 /v 

4 	irV 
= x 

dm = A/ 2sinO max 

N must be divided by the multiplicity factor of the general 

reflections (h k  1) to give an estimate of the number of 

unique reflections. Considering that the number of symmetry 

equivalent reflections in the hexagonal lattice is 24, 

the number of unique reflections to be measured for the 5 

data set is about 800 and 3800 for the 3 R set. This is 
an under-estimate, since it does not take into accound the lower 

multiplicities of many reflections. 

In a similar way, we can predict the number of centric 

and acentric reflections in both data sets. Table 3.2 gives 

these values. 



Table 3.2 	Calculated number of unique reflections to be 

measured in the 5 R and 3 R data sets 

Number of reflections 

centr.i.c 	acentric 	total 

5 R data set 470 	 590 	1060 

3 R data set 1470 	 3090 	4560 

The total number of reflections measured was 4141 

for 0 < h < k , 0 < 1 to a resolution of 3 R. Of these 

reflections, 1264 were centric and 2877 were acentric and 

Friedel related intensities were measured for these. A 

total of 3701 reflections had a structure factor amplitude F 

greater than its standard deviation a. For each reflection, 

F and a values were calculated according to the equations: 

F = [(F(h.kl)j/a 2 (hJcl)] 	+ 	[IF (hk1)/a 2 (h1c1)] 

	

[1 /o 2 (hkl)J 	+ 	11 /a 2 (hI)] 

a = max { aA ,  OB }  

1/at = [l/a 	 a 2 (h:Rl)] 	+ 	(1/ 2 (h:kl)] 

= { [F-IF(h4l)112/a2(hkl)} 	+ {[F-F(h1d)I] 2 /a 2 (hkl]} 

[1 /a 2 (hk1)] 	+ 	[1 /a 2 (hk1)] 

F(hkl)I is the structure factor amplitude for the 

reflection (hid). 
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The number of reflections collected for both derivative 

data sets and their total number of unique reflections with 

the structure factor amplitude greater than the standard 

deviation is tabulated in Table 3.3. 

Table 3.3 Number of reflections collected for the UO 2  (NO 3 ) 2  

and K 2 Pt(NO2 ) 4  derivative data sets 

Number of unique reflections collected 

centric acentric total total with F > 

UO2 (NO3 ) 2  829 1031 1860 1751 

K2 Pt(NO2 ) 4  829 1031 1860 1514 

In both derivative data sets there were some reflections 

with higher resolution than 5 R. 

2. 	Studies on the Structure 

2.1 Approximate absolute scale and scaling of derivatives to 

native data 

An approximate value of the absolute scale of the native 

data was derived from a Wilson plot. 

Assuming a randomly distributed structure with a large 

number of atoms, Wilson has proved that: 



in 	=-in K - 2B sin E) 

<I> intensity mean value for a Bragg angle 9 

f atomic scattering factor 

B isotropic temperature factor 

K scale factor 

E is extended to all the atoms in the unit cell 

Because we do not have a random structure, this 

equation is approximate and a plot of ln(<I>/f) versus 

sin 2 e /A 2  for the cytochrome c 4  native data shows that there 

are indeed large deviations from the predicted straight line 

Figure 33 shows the Wilson plot and the best straight line 

fitted to the experimental points. According to this, the 

overall isotropic temperature factor for the protein is 

R2  B = 7.5 A 2 
 and the scale factor K is 1.2 

The scaling of derivatives to native data was done using 

12 the program ANSC 

A scale factor of the form Kexp(B sin 2 O /A 2 ) was foundov  

by equating 

ZK Fpu2(h) exp(-B ov 	
2 .sin 0 /A 2) 

-  

E F2 (h) 
p - 

where the sums are extended to all the reflections within the 

same (sin 2 e/A 2 ) range and F -PH  (h) and F(h) represent 

respectively the structure factors of the (h) reflection for 

derivative and native data. This equation implies a trivial 

overall contribution by the heavy atoms. 

=1 
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-1. 

-1. 

SM 

1n(Fbs  

0.0275 	2 	2  0.0 0.0025 	0.0075 	0.0125 0.0175 	0.0225 	 sine/ 

Figure 3.3 	Wilson plot for cytochrome c 4  
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Figure 3.4 The scaling of the U0 2 (NO 3 ) 2  derivative data to 

the native data 
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Figure 3.5 	The scaling of the K 2Pt(NO2 ) 4  derivative data to 

the native data 
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Figures 3.4 and 3.5 show the analyses of derivative 

structure factors against native ones in ranges of h, k, 1 

and 4(sinO 	
2 /A) for both derivatives. 

It is apparent from the plots that the scale factor 

remains relatively constant for all the analyses. 

The values for K and B 	 are listed in Table 3.4.
ov  

Table 3,4 The derivative to native scale factors 

Crystal K B0 	
(2) 

Native - - 

UO2  (NO 3 ) 2  0.986(9) 1.1(1.2) 

K2Pt(NO2 ) 4  0.986(7) -2.0(0.9) 

The large errors-in Boy were to be expected considering 

the low resolution of the data set. 

-- 	HLE calculation forUO2  (NO 3 ) 2 and K2Pt(NO2 ) 4  derivatives 

Approximate values for the heavy atom contribution which 

take into account both isomorphous (iso = FPH(h) I- IF() I) 

and anomalous (1an = F(h) I - IFPH(h) I) contributions are 

13,16,18,22 
the heavy atom lower estimate FELE 
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2 	- 	2 	2 
FELE - FPH + F V 1 (Kan\2 

 2 IFI)  
2 IFI IFPHI 

with K = f H 
Pr 

f 
H 

where f H represents the real part of the heavy atom structure 

factor and f ., the imaginary one. 
H 

A file with IFI1 IF PHI' Aan and the corresponding 

standard deviations 	P' PH' Ga) was input to the FHLE 

program 25  in order to get the FHLE  values according to the 

above equation. 

The IF 1I  values had previously been calculated as the 

mean value between the Friedel pairs of reflections 

(FpH(h) I and I Fpu(h) I) and c was 

The input value for K was not the theoretical K but the 

empirical value K - 	 emp 

K 	=emp 	2<IIFPH  I 	- 	IFpII>/lIFpH(h)I 	- IFPH(h)H> 

The use of K emp HLE in the F expression gives a relative 

weighting for the combination of the anomalous and isomorphous 

differences and has been used successfully in several 

analyses 2,4,18 

Figures 3.6 and 3,7 show the plots of Kemp  against 

4sin 2 O/ A 2  for both derivatives as well as the theoretical value. 
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In both derivatives, Kemp is less than K indicating that 

the anomalous differences have been over-estimated. 

The values of K emp 	 HLE input to the F 	calculation were 

estimated from a line drawn through the averaged values. The 

reflections were used only when 

imaginary 
axis 

FHsin(xpH — 	. 	Fj 

and 	IFHLE I . 	FpHl I1'p Il jfl < IF HUE I 

(F HUE is  the heavy atom upper estimate) 

and 	IFI 	. 0,25 <IFI> 
CL 	 dAl 

PH 

Table 3.5 shows the number of reflections input and output 

from the FHLE  program, the mean value for FFLE and the 

maximum isomorphous differences for both derivatives. 

Table 3.5 Summary of the FHLE  calculation 

UO2 (NO3 ) 2  Pt(NO2 ) 

Total number of input reflections 1671 1672 

centric Number of output reflections tacentric 
328 345 

500 487 

Mean FIILEI 80 100 

Maximum 	JIF PHI - IFFLI 370 324 
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The errors in FHLE  were calculated in the following 

way: 

(IFHLE I) = 	IFHLE I + /FHLE2 + / 2 ( F 2 ) 

where a 2  (F HLE 2  11< \ 
2) 

22 (2..Aan 	a + a 
a 	a 

+ 
	

(2 	+ aPH .  I Fj - 1511 + a 2  + 

The expression used for the calculation of the standard 

deviation is similar to the one suggested by Dodson et al* 

2.3 	The heavy atom positions 

The direct methods program MULTAN was used with FHLE values 

on both derivatives.. Unfortunately this did not lead to sites 

which refined convincingly by the method of Hart 15 

The Patterson Synthesis and Difference Fourier maps 

were used to get heavy atom coordinates. 

2.3.1 	Patterson Synthesis 

Solutions for the heavy atom coordinates of the uranyl 

derivative were found using FHLE, isomorphous and anomalous 

difference Patterson maps. Although the three maps were 

calculated at the same time, the isomorphous and anomalous 

Pattersons were used just to check whether the uranium vector 

peaks were present in all of them. 
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These maps revealed one single binding site per molecule, 

close to a special position of the type (2x, x, 1/12) in P6 122 

or (2x, x, 11/12) in P6 5 22. 

Figure 3.8 shows the three Harker sections ( w = 1/6, 1/3, 

1/2) for the three difference Pattersons calculated for this 

derivative. Although all of them contain the expected heavy 

atom vector peaks, the anomalous map is much more noisy than 

the other ones. 

A comparison of the ratios of each heavy atom vector 

peak to the origin peak in the three different Patterson 

syntheses has shown that for the isomorphous and anomalous 

Pattersons, they are approximately 1.3 and 0.8 times those in 

the FHLE Patterson. 

The K 2 Pt(NO2 ) 4  derivative was interpretable in terms 

of three binding sites found from a difference Fourier map as 

described in Section 2.4. None of these sites were the same 

as the uranium site. The Figure 3.9 shows the three Harker 

sections for this derivative. In this case, the Patterson 

maps are not so clear as the uranium ones and there are some 

peaks which have not been explained. 

All the maps are to the same arbitrary scale. The height 

of the origin peak and the contour intervals are marked on 

the maps. 

The Patterson syntheses were calculated using a program 

4  written by Dr. M.M. Harding 



Figure 3.8 	Heavy atom Patterson functions for the 

derivative 

Patterson 
	 u=2/3 ;v=1/3 

Isomorphous difference Patterson  

Origin peak 	 2646 

First contour level 	100 

Interval of contours 100 

zero level 

Origin peak 	 1651 

First contour level 	100 

Interval of contours 100 

zero level 
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Anomalous difference Patterson 
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Interval of contours 20 

zero level 



Figure 3.8 (contd.) 

FHLE Patterson 	 u=2/3;v=1/3 

v=O 
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Figure 3.8 (contd.) 

u=2/3; v=1/3 

Anomalous difference Patterson 
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Figure 3.9 	Heavy atom Patterson functions for the K2Pt(NO 2 ) 

FHLE Patterson 	
u=2/3; v=1/3 

Origin peak 	 3144 

First contour level 	50 

Interval of contours 50 

zero level 
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Origin peak 	 2442 

First contour level 	50 

Interval of contours 50 

zero level 

Anomalous difference Patterson 	 I 

 

Origin peak 	 1405 

First contour level 	50 

Interval of contours 50 
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Figure 3.9 (contd.) 
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Anomalous difference Patterson 



Figure 3.9 (contd.) 
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2.4 	Difference Fourier Maps 

The platinum derivative was solved by calculation of a 

difference Fourier with coefficients 23 

m(IFPh ,l - IFI) exp(icx 0 ) 

where m is the figure of merit associated with the protein 

phase, a (see section 2.6) andIFI and IFPHI  are the native 

and derivative structure factor amplitudes. 

After refining the uranium site, an estimate of the 

protein phases was obtained based on the phases for the uranyl 

derivative alone. 

Because there was an ambiguity in the space group, two 

difference Fourier syntheses were calculated. One based on 

protein phases calculated from the uranyl derivative with 

one site at (2x, x, 1/12) and phase relationships based 

on P6 122 space group; the other with protein phases based on 

one site at (2x, x, 11/12) and phase relationships from 

P6 5 22 space group. 

The P6 1 22 difference Fourier map, revealed several peaks, 

from which only the coordinates of the largest one, A (about 

2.2 e 3 ) refined well. The second highest peak (1.3 eg 3 ) 

corresponds to the uranium input position and was to be 

expected since the phases were calculated based on that site. 

All the other peaks had an electron density less than a half 

of A peak and did not refine. 
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The P6 5 22 difference Fourier map, shows four big 

peaks: 

A (equivalent to A peak 

in P6 1 22) 

B 

C 

D 

electron density 

2.7 e 0-3  

1.1 

1.2 

1.0 

Peaks A, B, C refined well; D did not refine and is 

at the uranium atom position. 

'2.5 Refinement of heavy atom parameters 

Heavy atom positions and occupancy were refined using 

all the data and minimizing the quantity M 

M = EW(JFHLEI - IF  calcl)2 

where the sum is extended to all the reflections and W 

was assigned as: 

1 

W - -  o(FLE) 

During the refinement, x, y and z coordinates were 

allowed to vary as well as the site occupancies. The 

derivative to native scale factor and the overall temperature 

factor were fixed. 

The agreement between FHLE  and  F   caic. values was 

monitored using: 
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R(F) 	
= 	{IJFHLE J - IF  calcI} 

I F 	 I 

{ W(IFH I - IF H  calcl)}2 
HLE 	= 

FLE 

The slope of %FH  caicl'2  against <IFHLEI>, where 

the mean values were calculated in different ranges of sin 2 &. 

Table 3,6 shows the parameters (i), (ii) and (iii) at the 

end of refinement. 

Table 3.6 The agreement between FHLE  and  FH caic 

Refinement index Uranium 

1 site 1 site 

Platinum 

2 sites 3 sites 

R 53.9% 58.2% 57.4% 56.5% 

WR 38.1% 44.4% 40.9% 39.1% 

slope 0.32 0.25 0.25 0.27 

Number of f 	centric 339 361 

reflections 	acentric 479 470 

These values are in good agreement with the ones used for 

other protein structure studies10 . 

The final parameters from the refinement are given in 

Table 3.7. 
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Thble 3.7 	The heavy atom sites after the FHLE  refinement 

B0 site x y Z OCCU 	B( 2 ) 
pancy 

u02 (NO3 ) 2  1.13 1 0.4797(8) 0.2248(10) -0.0771(2) 0.32(1) 15 

Pt(NO2 ) -2.0 1 0.7011(10) -0.9765 (11) 0.0217(3) 0.42(1) 15 

2 0.8069(31) 0.3379(29) 0.0367(6) 0.15(1) 15 

3 0.3833(40) 0.4889(41) 0,0272(8) 0.11(1) 15 

The uranium site was not treated as being on the two-fold axis 

and the occupancy is as for a general position (two symmetry related 

U atoms would be 2.9 g apart). 

2.6 	Phasing 

After finding the phases of the heavy-atom contribution, 

U Hr it is possible to estimate the protein phases using the 

expressions  

sin (cpH 	 FPH(h) I 	- 	IFPH(h) I 
'I 

2f 
Ii 

	

and cos(cPH - a H ) = 
-F + F 	 + 4 

21F PHI . I F.  I 



imaginary 
axis 
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Combining both expressions, (a 
PH -  a  H  ) is determined and 

the angle a 1, can be found from the vector triangle defined 

by F(h), FPH(h)  and FH(h). 

The errors in the protein phases, a, are expressed by 

the figure of merit m and by the Dickerson factor (m.r,e.). 
2 7T 

m 
= 	J 	P(a) exp(ia) da 

P(a) dcz 

where P(a) is the probability that a phase angle a for the 

protein structure is correct 6  

P((Y,) 	= exp(- E E(a)/2 E), 
J 	

J 	 J 

the sum being extended to all the derivatives 

= FPH(obs.) I - IFPH ( calcJ 

E. is the total error resulting from inaccuracies in the 

determination of F and FPH amplitudes; the errors in positional, 

occupancy and thermal parameters attributed to the heavy atoms 

as well as the lack of isomorohism. 
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This error can be estimated from a centrosymmetric 

projection by the expression  

= <(IIFPHI 	± 	IFI I - 	
2 

J 

Hence, in is the mean value of the cosine of the error in 

phase angle for a reflection. 

The Dickerson factor8  is defined as 

£2  
m.r.e. = 

2E 
J 

where the summation is for all derivatives. If E values 

were correctly estimated then <.0 2> = E 2 and m.r.e. = n 	0.5, 

where n represents the total number of derivatives. 

Phase sets based on the uranium site, on the platinum 

sites and both platinum and uranium were calculated using the 

phase relationships for the space groups P6 122 and P6 5 22. 

Mean figures of merit and Dickerson factors divided by 

the number of derivatives, for these calculations are compared 

in Table 3.8. 

Table 3.8 	The mean figures of merit and Dickerson factors 

for the native data when phased on the urany, 

platinum or both sites. 

U U Pt Pt U+Pt U+Pt 

P6 5 22 P6 1 22 P6 5 22 P6 1 22 P6 5 22 P6 1 22 

M 0.667 0.667 0.525 0.525 0.744 0.735 

r.r..e./n 0.27 0.28 0.25 0.25 0.72 0.69 



-I 

The mean figure of merit for phases calculated from both 

derivatives is slightly better in P6 522 than P6 122, although 

the difference is not significant. 

The variation of mwith the m.r.e. in a two derivative 

refinement  is shown in Table 3.9. 

Table 3.9 	The variation of the mean figure of merit with 

the Dickerson factor. 

in m.r.e./n 

E. chosen properly 0.46 0,56 

2.E. 0.26 0.14 
J 

E/2 J 	0.59 2,18 

Figure 3.10 show the variation of in withFI and 

4(sine/A) 2  for the (U+Pt) P6 5 22 phase set, indicating that the 

larger protein structure amplitudes and the smaller sine 

values tend to have a larger value of in. 

2.7 	The space group ambiguity 

In order to decide in which space group cytochrome c 4  

crystallizes, several difference Fourier maps with coefficients 

In(IFPHI - IF) exp(ia) were calculated. 

Protein phases were calculated based on each derivative 

and Fourier maps were computed for P6 122 and P6522. 
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Figure 3.10 	The mean figure of merit for the protein 

phases when the data was phased on both derivatives 

o centric reflections 

+ acentric reflections 



Apart from obtaining the uranium positions from phases 

based on the platinum sites and vice-versa, these maps gave 

a clear indication of P6 5 22 as being the correct space group. 

Table 3.10 gives a summary of the peak heights for the 

four heavy atom sites in the difference Fourier syntheses. 

Table 3.10 	The heavy atom sites in different difference 

Fouriers. 

I Difference Fourier 	 Observed peak heights 

I 	m(IFp 	- IFI) exp(ia) 	(e. 	units) 	I 
space 

FPH 	P' 	group 	U Pt1 	Pt2 	Pt 3  

1<2 	Pt(NO2 ) 4 , U, 	P6522 	- 	2.7 	1.1 	1.2 

U, 	P6122 	- 	2.2 	0.9 	0.7 

UO2 (NO3 ) 2 , 	Pt, 	P6522 	2.3 	- 	- 	- 

UO2 (NO3 ) 2 , 	Pt, 	P6122 	2.1 	- 	- 	- 

UO2 (NO3 ) 2 , 	U, 	P6522 	3.7 	- 	- 	- 

UO2 (NO3 ) 2 , 	U, 	P6 122 	3.3 	- 	- 	- 
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The 5 R electron density map 

An electron density map for the native protein in space 

group P6 5 22 was calculated using terms nhlFIex(ic).  Ten 

sections of spacing AZ = 174.2/120 	along the C axis were 

output, with an interval of 62.4/30 	along a and b. 

The map reveals a bi-lobed structure with dimensions 

about 60 x 30 x 35 R which compares well with the dimensions 
already found for other small cytochromes c - 

30 x 35 x 35 	9,17,21,24,26 

The molecular boundary is fairly clear for most of the 

molecule which is shown in Figure 3.11, 

The haem groups can be seen to the upper left and lower 

right of the molecule but, surprisingly, a third dense region 

is close by one of them. 

The haern group is flanked by rods of density, which by 

comparison with other cytochromes c are most probably helix. 

The iron positions 

Since one of the Fe positions was not clear it was 

decided to attempt to use the anomalous scattering of Fe to 

find these positions. For CuK radiation the imaginary 

component of the atomic scattering factor for iron is 

3.4 (sine/A = 0) and 3.3 (sine /X = 0,4); for sulphur these 

values are 0.6. So, it is expected that the Fe atoms will 

be the major contributors for the anomalous differences which 

were measured in the native data. 
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To measure the amount of the anomalous contribution 

in the native data set relative to experimental error, 

an R-f actor defined as 

Z Aan 

R ='' 

lF(h)l 
h 

was calculated. For the centric reflections, where Aan 

should be 0, R = 0.113 and for the acentric reflections 

R = 0.147. 

A Fourier synthesis with coefficients 

anI ext i(c 	± 90 0 ) 

was calculated, where a are the calculated protein phases 

The positive sign was applied when Lan was negative and 

vice-versa. This procedure was based on the assumption that 

the anomalous differences are significant only when the Fe 

atoms are scattering nearly 90 out of phase with the protein. 

The map had several peaks of the same height and led to no 

conclusions about the Fe positions. 

A Patterson synthesis based on the native anomalous data 

for the non-centric reflections appeared to be very noisy and 

no explanation was found for all the peaks. These results 

suggest that the native anomalous data is not sufficiently 

accurate, and no more work was done with it. 

Finally a new 5 R map was calculated with phases based 
on three K2 Pt(NO2 ) 4  sites and two instead of one UO 2 (NO 3 ) 2  

sites. The new UO2  (NO 3 ) 2  site was found using 3 	data for 
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both native and derivative. Details of data collection and 

refinement are given in Chapter 4, 

After the phase calculation, for the 851 input 

reflections, the mean figure of merit was 0.797 and there 

were 411 reflections with a figure of merit 	0.9. Table 3.11 

shows the number of reflections and the mean figure of merit 

-2 i R- 2 	 2 in ranges of 0.02 A 	n 4sin 0/A 2 
 

Table 3.11 The number of reflections and the mean figure of 

merit in ranges of 4sin 2 O/A 2 . 

Range of 

4sin 2  6,'x 2  
centric 

Reflections 

acentric total 

Fig. number Fic. 
- 	 number number merit merit merit 

0.0 	- 	0.02 0,912 	168 0,857 	150 0,886 	318 

0.02 	- 	0.04 0.814 	180 0.709 	353 0.745 	533 

Figure 3.12 shows the variation of the figure of merit 

with the structure factor amplitudelF 
P  1. As expected, 

reflections with large 151 and small sine values have larger 

figures of merit. 

The electron density map was calculated in sections 

along the ç axis showing the whole a and b axes. The 

intervals were 1aj/60 R, ft1/60  R and II/180 . 

This map was more clear than the previous one and this 

time the Fe positions could be confidently assigned to the two 

largest peaks in the map. Their positions are: 

(32.5/60; 	32.5/60; 	3/180) 

(32.5/60; 54/60; 	15/180) 
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Figure 3.12 	The variation of the figure of merit with the 

structure factor amplitude 
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CHAPTER FOUR 

The Cytochrome c 4  three-dimensional structure 

at 3.5 R resolution 

1. 	Data collection to a resolution of 3 

Derivatives of UO 2  (NO 3 ) 2  and K 2Pt(NO2 ) 4  were prepared 

for the data collection using the procedures described in 

Chapter Three. 

Native and UO2  (NO 3 ) 2
derivative data sets were recorded on 

the Enraf-Nonius rotation camera at the Department of 

Biochemistry of Bristol University. The camera was fitted 

with a graphite monochrornator and supplied by a 40 mA, 40 kV 

high intensity x-ray tube (A = 1.54182 R). 

The K2Pt (NO2 ) 4  derivative data were collected by 

Dr. L. Sawyer in the Biochemistry Department of the University 

of Alberta in Canada. The data were recorded on a Ni-filtered 

rotating anode tube run at 40 mA, 40 kV. 

Figures 4.1 and 4.2 show the geometry of the rotation 

camera. The crystal rotates about one axis normal to the 

X-ray beam in order to bring the reciprocal lattice points into 

a reflection position (Figure 4.1). The reflections which 

cut the sphere of reflection are recorded on a flat film 

(Figure 4.2). Three-dimensional data are collected by taking 

a series of oscillation photographs with small angular range 

until the whole unique volume of the reciprocal lattice is 

recorded. 



Figure 4.1 Geometry of the rotation camera. The reciprocal 

lattice points are brought into a reflecting 

position by a rotation about the rotation axis 

Rotation 

Reciprocal 

lattice 

Figure 4.2 	The reflections are recorded onto a flat film 



A graphical estimate of the rotation angle necessary to 

record one unique set of data from one crystal of class 622 

mounted along the six-fold axis is shown in Figure 4.3. 

The figure representing the (hkiO) zone shows the area of 

reciprocal space which will pass through a reflecting position 

as the Ewald sphere rotates through an angle of 210, 

Reflections (hkil) and its Friedel related (hkil) are 

recorded on the same film as shown in Figure 4.4. Then, a 

rotation of 210  is enough to record one unique set of data 

with a resolution of 3 R. 

Using equivalent constructions, the calculated rotation 

angles for different resolutions are: 

Resolution 
	Rotation angle 

5.0 R 
	

16 °  

4.O 
	

18°  

3.0 
	

21°  

The rotation angle for each film was chosen so that a 

maximum number of reflections was recorded on each film with 

a small amount of overlap. 

According to Blundell and Johnson 	and Arndt and 

Wonacott 	the maximum angle which avoids overlap is given by: 

= 	- A 
dm* 

where p' is the reciprocal lattice spacing which is likely to 

cause overlap, drn*is the maximum resolution in reciprocal 

space and A is the angular range over which a crystal diffracts 

when rotated through the Bragg position (A 	0.7 °  ). 



Figure 4.3 Projection down the six-fold axis showing the 

area of reciprocal space swept out as the crystal 

is rotated through 21 0 
 

ere Of reflection 
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/ 
/ 

If 

(hOl),(Okl),(hh2l) are mirror 

planes in the diffraction pattern 
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In our case, these values are: 

= a* = 	A 

62.4 . sin 60 °  

dm*= .1 
3 

= 3.18 - 0.7 	= 2.48 0  

All the data were collected in 3.00  intervals of the rotation 

angle on two film packs. 

The choice of a distance from crystal to film, F, was 

based on the two following criteria: 

(1) The film radius, given by F tari2emax should not be 

greater than 55 mm. Since the resolution dm and the maximum 

Bragg angle 0max 
 are related by 

dm = 
2sine max 

to obtain a resolution of at least 3 R at the edge of the film, 

emax = 15°  and F should be at most 95. mm. 

(ii) The distance between the centres of adjacent spots 

along c should be at least 0.7 mm. According to the 

equations 

	

2 sine - 	* 
lc 

A 	- 

Rf tan 20 = 

F 

where R  is the distance between one spot and the centre of the 

film, the distance F should be at least 76 mm. 



From the above results, it was decided that the crystal 

to film distances should be approximately 90 mm. The crystal 

to film distances used for the collection of the three data 

sets were as follows: 

native 	 90.3(5) mm 

K2 Pt(NO2 ) 4  derivative 	88.0(1) mm 

UO2  (NO 3 ) 2 derivative 	90.0(1) mm 

All the data sets were collected over an oscillation 

range of 21 degrees. In the UO 2  (NO 3 ) 2 derivative, as the 

crystal was accidentally mounted along an axis 300  away from 
* 

c , some data were lost and the Friedel pairs were not 

recorded on the same film, greatly increasing the errors in 

the anomalous differences. 

Figures 4.4, 4.5 and 4,6 show graphic representations 

of three rotation photographs from the native and derivative 

crystals. 

	

2, 	Data Processing 

	

2.1 	The positions of reflected spots on the film 

It is convenient to refer the reciprocal lattice axes to an 

orthogonal system (X, Y, Z), where Z is parallel to the rotation 

axis and X is parallel to the X-ray beam (Figure 4.7). 



Figure 4.4 	A graphic plot of a rotation photograph of the 

native crystal. The rotation axis c is horizontal 

and the lower region of the photograph shows part 

of the (hh2hl) zone 

ATUVE YT. 

a 



Figure 4.5 A graphic plot of a rotation photograph of 

the UO2 (N031-2  derivativecrystal 

UO2"03)2 CY7-C4  
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Figure 46 A graphic plot of a rotation photograph 

of the K 2 Pt(NO2 ) 4  derivative crystal 
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z 

Crystal 

film 

Figure 4.7 	The relationship between the film 

co-ordinate system and the orthogonal 

system in relation to which the orientation 

of the crystal is defined. 

To find the coordinates of a reflection on the film, 

an orthogonal coordinate system (Xfilml film With origin 

at the point where the main beam strikes the film is defined. 

Let us consider a reflection cutting the Ewald sphere 

at a point P (Figure 4.8). It will be recorded on a 

flat film at a distance F from the crystal, at a position 



'film 

- 92 -  

Figure 4.8 	The relationship between a reciprocal 

lattice point in a reflecting position and 

the position where this reflection is 

recorded on the film 

* * 	* 	* 
The reciprocal lattice vector d (x , y , z ) is related 

to the film coordinates (Xf l Y f ) by the expressions: 

* 
x 	= 	1-cosj 

= 	x 	sin2O R  

z 	= 	Yf sin26 
R  

where 2e 	= tan- 1 R  
F 



- 93- 

The initial orientation for the native and K 2Pt(NO2 ) 4  

derivative crystals, which is in fact the ideal orientation 

for cytochrome c4  crystals, is shown in Figure 4,9. Native 

data collection was started at this position, while the 

derivative data collection started 9Q0  away from it. 

Figure 4.9 
	The orientation of the native and K 7 Pt (NO 7 ) 4  

crystals when the rotation angle 

Zc' 

 

The orientation matrix associated with this orientation 

was: 
* 

ia 

I 	* 
A =1 a 

\a 
\Z 

	

* 	*\ 	 * 

	

b 	c \ 	 (acos6O 0 	* 	° 	o"\ -a cos60 x 	x 

	

* 	* 	 * 

	

b 	c 
* 	0 a sin60 a sin6O = 	 0 

y 	yj 

	

* 	1 

	

b 	c / 	 0 	 0 	c/ 

	

z 	z/ 

In the case of UO 2 (NO 3 ) 2  derivative, the crystal 

orientation is shown in Figure 4.10 and the respective 

orientation matrix was: 

,* 	0 a sin60 	 0 	 o 

	

* I * 	 0* 	0 	* 	0 A 	a (cos60 . cos 29.6 ) 	a cos29.6 	c sin29.6 

	

* 	 * 	 * 
(cos60 ' sin29.6 ) 	-a sin29.6 	c cos29.6 

Although the crystals are first set with still 

photographs, the orientation matrix is usually mis-set in 
* 	* 	* 

relation to the ideal (a , b , c ) positions. 
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Figure 4.10 	The orientation of the UO2 (NO3)2 derivative 

crystal when the rotation angle was 00 
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We define (, 14,1P ) as being the misorientation angles 

of the real positions of (a * , b , c ) in relation to (X, Y, Z) 

with the ones used to build up the orientation matrix 
* 	* 

(a* , b , c ) ideal. 

The values for (, 	, Y are obtained using two 

still photographs 900 apart. 

Reflections from the still photographs are indexed 

using the orientation matrix and the relation between any 

reflection and its film coordinates. Then, as all these 

reflections must lie on the Ewald sphere, the indices are 

forced to be integers. 

Refinement of (, 	, lp z ) , F, 
a*  and c was done 

minimizing the residual Res, 

N (R 
0 

- R1 c 
\2 

Res = 
i=l\ 	d 

where R1  and R' are the observed and calculated distances of 
0 	 C 

the reflection i from the Ewald sphere. 

R1 	= 	x*) 
	*2 	*2 ½ 

z. 	I 

	

l -x.) 	+ y. 	+ 	1 c 	 1 	 1 

i  R 	= 	1 + x d
* 
 (1 - m) 

0 

m being the degree of partiality of the reflection ± and x is 

the angle over which the reflection diffracts (beam 

divergence). 
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The refinement procedure was carried out over a total 

of 30, 96 and 75 reflections respectively for native, 

UO2  (NO 3 ) 2  and K2 Pt(NO2 ) 4  derivative data sets. All the 

reflections were assumed to be 50% recorded. 

In all the cases, camera constants and misorientation 

angles were refined first alone and then together with 

the cell parameters. 

Table 4,1 gives the values for Res and the r.m.s. 

deviation of observed from calculated Bragg angle at the end of 

both refinements. 

Table 4.1 The residual, Res, and the r,m.s. deviation of the 

Bragg angle for native and derivatives data sets 

Native UO2 (NO 3 ) 2  K 2 Pt (NO 2 ) 4  

Res 	 0,000162 0.000156 0.000064 

r.m.s. 	(deg.) 	0.143 0.075 0.054 

Res 	 0,000015 0.000074 0,000054 

r.m.s. 	(deg.) 	0,044 0,051 0.049 

* 	* 
Final values from refinement for a , c , 	' 

are listed in Table 4.2. 



INK00  

Table 4.2 	The reciprocal cell dimensions and the mis- 

orientation angles at the end of refinement 

I Native 	 UO2 (NO 3 ) 2 	K2Pt(NO2 ) 4  

a 	(r. 	u. 

* 
c 	(r.l.u.) 

(deg.) 

(deg.) 

(deg.) 

0.028594(95) 

0.008848(12) 

2.158(95) 

0.366(20) 

-0.978(22) 

0.028641(22) 

0.008833( 5) 

0.081(18) 

1.093(11) 

-0.207(8) 

0.028532(29) 

0.008845( 5) 

-0.582(13) 

-0.671(10) 

-0.250(9) 

With these new constants, a list of indexed film 

coordinates was generated for each film pack. 

2,2 The intensity measurements 

Native and UO2  (NO 3 ) 2
derivative films were scanned 

on an off-line OPTRQNICS scanner in the Biochemistry 

Department at Bristol University. 

The K2Pt(NO2 ) 4  derivative films were scanned and 

processed in the Laboratory of Molecular Biophysics in 

Oxford. In this case, the film intensities were measured 

using a SCNDIG 3 microdensitometer. 

In every case, the raster size was 100 i.im  and 

the optical densities were scaled to lie in the range 

0 ± 255. 
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The absolute optical density is determined by the 

ratio of transmitted (IT)  to incident (I a) light when 

white light is incident on the film. It is defined by the 

relation 

	

I 	= 	I T 

	

or D 	= -log IT 
I 

0 

Both native and UO2  (NO 3 ) 2  films were scanned on an 

optical density range of 0 -* 2 OD units, however the 

K2Pt(NO2 ) 4  films were unusually dark and had to be scanned 

on an optical density range of 0 	3 OD units. 

Using standard optical densities in the 0 	2 OD 

range, it is found that Kodirex films have an almost linear 

response, meaning that the intensity of the scattered 

X-ray beam corresponds to the observed optical densities. 

For the 0 - 3 OD units range the optical densities had to be 

corrected according to the curve shown in Figure 4.11. 

For each film, the scanner coordinates are related to 

the film coordinates by a translation along both axes and 

a tilt angle. These values are calculated and refined 

using 18 reflections from different parts of the film and 

minimizing the quantity: 

18 2 

	

(y - 
	 2 

i 

	

ui 	 i - 1) 	+ ( z 	v.) 
i=1 

where (u1 , v.) are the centres of gravity for the scanner 

observed reflections and (y.,  z.) are the calculated ones 
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Figure 4.11 	The correction of the 
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derivative films 
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for the same reflection. Then, all the reflections on the 

film are processed. 

Because of the difference in crystal alignment, different 

options for background measurement were used for the three 

data sets. Figures 4.12 and 4.13 show the spot and back-

ground areas chosen for each set of films. 

Figure 4.12 	The spot and background areas chosen for the 

native and K 2Pt(NO2 ) 4  derivative data processing 

film 	NiB 
Native K2Pt(NO2 ) 4  

N1S 	70 units 70 units 
N2B N2S 	70 90 	of c__EjJ 

P1 	70 80 

Xfi1 

P2 	30 	it 

NiB 	50 	II  

N2B 	50 	It  

40 

50 
50 	it 

N2SJ[ 

1 unit=50J&fl 
Ni 

Figure 4.13 The spot and background areas chosen for the 

UO2 (N0312 derivative data processing. 
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The films were processed on a DEC PDP 11/45 computer 

using the "PDP 11 Oxford" suite of programmes for processing 

Arndt-Wonacott oscillation camera data 19 . 

2.3 	Scaling of the films within apack, Lorentz, 

polarization, parabolic and oblique incidence corrections 

Lorentz and polarization factors were applied to the 

integrated intensities. They are of the form  

LP_ 1 = 	(sin 22O - .
2)½ 	 (1 + cos2$) 

( 2 (1-cos 2$) + cos 2 2O + cos20) 

where 	is the reciprocal lattice distance, in cylindrical 

polar coordinates, of a point on the Ewald sphere to the plane 

perpendicular to the rotation axis; 2$ is the diffraction 

angle of the (002) reflection of the graphite monochromator 

crystal (26 °  approximately) and 20 is the diffraction angle 

of the reflection. 

Because of the non-linear relationship between 

optical density and exposure time, a parabolic correction 14 

of the form: 

I = D + BD  

I = intensity 

D = optical density 

B = constant to be determined from common reflections 
in both films 

was done. 
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The oblique incidence "Cox and Shaw" factor 2'  

compensates for the change in absorption of X-ray beam by 

the film at different angles of incidence 20 

corr (20) 
- 1(20) [exp(-cz-(N-1)) - exp(-c-NB)] 
- 

exp((-cz-(N-l))sec20) - exp((-c-NB).sec20) 

1(20) = observed intensity at 20 

I corr  (20) = corrected intensity 

= 0,04 
film constants 

N = number of the film in the pack 

Tables 4.3, 4.4 and 4.5 give the scale factors for films 

within a pack, the overall agreement between both films 

and the total number of reflections on each film. 

Table 4.3 	The scale between films of the same pack for the 

native data 

Pack Number 

1 	 2 	3 	4 	5 	6 

Scale factor 

R 

refl. on 

1st film 

N0 . refl. on 

2nd film 

3.73(4) 3.33(3) 3.46(3) 3.42(3) 3.74(4) 3,47(5 

0,076 0.069 0,066 0.060 0.069 0,086 

1333 1300 1317 1268 1345 1229 

132 	126 	122 	94 	105 	96 

N 
R = E 	 - 	 N<I> 

hkl i=l 	 hkl 

N = number of common reflections with indices (hkl) 

<I> = mean intensity of common reflections 



Table 4.4 The scale between films of the same pack for the 

!L2L_2312_data  

Pack Number 
.1 2 3 4 5 

Scale factor 2.28(2) 2.43(2) 2.19(2) 2.40(2) 2.39(2) 

R 0.054 0.054 0.055 0.066 0.068 

N0 ' 

	 refl. 	on 1054 1059 488 479 384 
1st film 

N0 ' 

	 refl. 	on 120 164 161 168 152 
2nd film 

Table 4.5 	The scale between films of the same pack for the 

2Pt(NO2)-4_data 

Pack 	Number 
1 2 3 4 5 6 7 

Scale factor 6.63(10) 6.96(10) 6.54(10) 6.39(9) 6,09(9) 6.86(10) 6.46(9) 

R 0,108 0.121 0.109 0.105 0.105 0.105 0.099 

N0 ' 	refl. 	on 
1690 1502 1648 1539 1555 1630 1539 

1st film 

N0 ' 	refl. 	on 
398 571 494 499 456 527 428  

2nd film 

In the UO2  (NO 3 ) 2
derivative the second film of pack 

number six could not be used since the refinement of the 

differences between the centres of the gravity of the scanner 

observed reflections and the calculated ones did not converge. 

Unfortunately, the same happened with the first films of 

packs number seven for both native and UO2  (NO 3 ) 2  derivative; 

this meant that all the data collected in these last 3 degrees 

oscillation were lost. 
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A  surprisingly high scale factor was found between 

films of the K 2Pt(NO 2 ) 4  derivative data. This was 

probably a result of the unusual darkness on the top films. 

As these films were relatively intense, the number of 

reflections recorded on the second films is approximately 

three times as much for the K 2 Pt(NO2 ) 4  data set as for 

the other two data sets. 

In the case of the UO2  (NO 3 ) 2 derivative data set, 

the program GENERT 19  was unable in some cases to cope 

with the crystal misorientation and the generation of film 

coordinates for previously indexed reflections, mainly 

for the high angle data. 

2.4 Final scaling and average of the recorded data 

Scale and temperature factors between over-lapping 

batches of data were calculated by the method of Fox a 

Holmes 10 

Initial scale and temperature factors were determined 

from a plot of <I> against (sin 2 B/A 2 ) for each pack. 

Then, scale factors of the form: 

K(i)' 
0= C(i) exp(-2B(i) sin 2 O) 

were calculated. Pack number one was arbitrarily set to 

C(l) = 1 and B(l) = 0 and all the others are calculated 

relative to this. 

Table 4.6 shows the scale factors C(i) for native and 

derivative data sets. 
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Table 4.6 	The scale factors between overlapping batches 

of data 

Native 

Pack No. 

C  

1 

1.0 

2 

1.08 

3 

1.10 

4 

1.03 

5 

1.16 

6 

1.22 

UO2  (NO 3 ) 2  

Derivative 

Pack No. 1 2 3 4 5 6 

e(i) 1.0 0.81 0.70 0.64 0,76 0.58 

K2 Pt (NO2 ) 

Derivative 

Pack No. 1 2 3 4 5 6 	7 

C(i) 1.0 0.77 0.86 0.81 0.80 0.80 	0.91 

Finally, these scale factors were applied, partially 

recorded reflections were added together and repeated 

measurements of symmetry equivalent reflections were averaged. 

Common reflections with an intensity which deviated by 

more than three times the standard deviation from the mean 

value were rejected. 

Table 4.7 shows the total number of centric and acentric 

independent reflections together with the number of reflections 

with anomalous measurements. 

Table 4.7 The total number of reflections which have been 

centric 
with anomalous 

acentric 	I 	measurements 

Native 962 2193 	 1750 

UO2  (NO 3 ) 2  742 1520 	 865 

984 3702 	 3033 
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The  native centric data set has most of the (hhl) 

reflections since we have started the data collection at 

this zone but with data only up to 18 degrees on the 

rotation angle, many (hol) reflections were lost. 

The K 2 Pt(NO2 ) 4  data set contains reflections to a 

resolution of 2.7 R but many low resolution data were lost 

due to the extreme darkness of the films in the middle. 

The accuracy of the intensity data sets described here 

leaves much to be desired. The native films were weak, 

the platinum derivative had high background and the uranium 

derivative crystal was misset. Had equipment been available 

in or near the Department, we should have repeated all of 

these photographs in order to improve the accuracy, but this 

was unfortunately not possible at the time. 

Since most of the large crystals were used to get the 

diffractorneter data, only small crystals were left to get 

high resolution data. An application was successfully 

made to the SERC Laboratory in Daresbury to record new 

data sets using the synchrotron radiation source and the 

Arndt Wonacott camera there, 
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3. 	Coipparison of the rotation camera and diffractometer 

data sets 

3.1 The native data 

Figures 4.14 and 4.15 show a comparison of both native 

2 
data sets in terms of F 

2  and 4 sin O 
2/X for the 5 

resolution data set and for the data between 5 R and 3 

resolution. 

There are 1191 common independent reflections in the 

region 5<dm< 	and l740in the region 3<dfl<5. 

The analysis of both data sets in terms of F 2  shows 

that the rotation camera structure factor amplitudes (F RC

are higher than the diffractometer ones (FD) when the 

diffractometer value is less than 305 which is approximately 

1/3 of the largest F value . There are 470 reflections 

of this type in the region 5 R < dm < 	and 742 in the 

region 3 R < dm < 5 R. 

In general the film intensity reflections were very 

weak, giving large errors mainly for the less intense 

reflections. Because of these anomalies it was decided 

to use the diffractometer data instead of the rotation 

camera data. 



- 	Figure 4.14 	Comparison of the rotation camera and 

diffractorneter native data sets at 5 

resolution 
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Figure 4.15 	Comparison of the rotation camera and 

diffractometer native data sets at a resolution 

between 5 R and 3 

F 2  
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3.2 	The UO2 (NO 3 ) 2  derivative data 

There were 1151 common independent reflections when 

the rotation camera and diffractometer data sets were 

compared. In this case, the common reflections correspond 

mainly to the 5 R resolution data set. 

Figure 4.16 shows an analysis of both data sets in 

terms of F2  and 4sin 2 6/X 2 . Although for small F values 

the agreement is not very good, both data sets compare 

well in ranges of 4sin 2  A O/ 2 . 

As the crystal was not properly orientated when these 

intensity data were collected on the rotation camera some 

high and low e angle reflections were not recorded and a 

new data set was generated by merging both rotation camera 

and diffractometer data sets. 

Before merging the data sets, the anomalous data were 

compared, but a poor agreement was found. This was to be 

expected since most of the Friedel reflections were 

recorded on different films. In view of this, only anomalous 

differences from the diffractometer data set were included 

on the new data set. 

The structure factor amplitudes for the new data set 

were calculated in the following way when both measurements 

were available: 



Figure 4.16 	Comparison of the rotation camera and 

diffractometer UO2  (NO 3 ) 2 derivative data sets 
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(j) F RC < 
380 	(small F) 

F = F 
M 

am = 

(ii) FRC 	380 

FM = FRC/a2Rc + FD/02D 

l/cJ +  l/0 2 D 

am =  max {a A ,  aB }  

l/a = l/oc + l/a 

2 = ( RC/GRC )2  + 

+ l/c 
RC 	 D 

RC 	M 	RC 

= MD 

where the indices RC, D and M stand for rotation camera, 

diffractometer and merged data respectively. 

The merged data set gave better results when a 

Patterson maps with FHLE  values calculated from the 

diffractometer native data set and the merged or rotation 

camera UO2 (NO 3 ) 2  derivative data sets were compared. 

Also when the one site available from the 5 R data was 

refined, the R factors were significantly better for this 

new data set: 
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FHLE refinement using UO 2  (NO 3 ) 2 rotation camera 

data. 

R = 67,3% 

WR = 63.4% 

FHLE refinement using UO 2  (NO 3 ) 2  merged data 

R = 64,2% 

WR = 48.3% 

3.3 	The K2Pt(NO2 ) 4  derivative data 

There were 795 independent reflections present in 

both data sets. A comparison of the structure factor 

amplitudes for these common reflections was made in terms 

2 	 2 	2 of F and 4sin 0/A and is presented in Figure 4.17. 

The agreement in 4sin 2 O/A 2  shows that for the inner 

reflections the rotation camera structure factor amplitudes 

are less than the diffractometer ones. These reflections 

were recorded on the central part of the films which were 

very dark on the centre getting lighter towards the edge. 

So these reflections were the ones with the higher optical 

densities and bigger corrections between the observed and 

corrected optical densities. This tendency also shows when 

we plot FD/FRC  in ranges of F 2 ; for F 
2 greater than 

50 x 10 the quoflient FD/FRC has a mean value higher than the 

mean value for smaller F 2 . 

Because of low consistency, only the rotation camera 

data were used for the calculation of the new Fourier map 

for cytochrome c4. 
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Figure 4.17 	Comparison of the rotation camera and 

diffractometer K 2Pt(NO2 ) 4  derivative data sets 
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4. 	Fourier map calculation 

In this section are described the stages leading to 

the higher resolution electron density map, at approximately 

3.5 R resolution. Ideally,the same procedures should have 
been used to record intensity data for the native protein 

and derivatives; this was not possible, and consequently 

some extra problems arose in scaling the data sets together 

(4.1). FHLE  values were calculated (4.2) and the heavy 

atom positions were refined using those values (4.3), and 

then phases were calculated for the map (4.4). Finally, 

the electron density map was calculated (4.5) and 

interpreted (4.6). 

4.1 Scaling of derivative to native data sets 

The data sets used in the Fourier map calculation 

were as follows: 

Native data set collected on the diffractometer. 

K2 Pt(NO2 ) 4  derivative data set collected on 

the rotation camera. 

UO2 (NO3 ) 2  derivative data set merged in the 

way described in Section 3.2. 

The scaling procedure was done as described in 

Chapter Three. Figures 4.18 and 4.19 show the analyses 

of the quoient 	pJ/FPHI) in terms of (4 sin 2 e/X 2 ) and F 

for both derivatives. The sums are extended to all the 

rf1rfiens ihin the same (4 sin 2 O/), 2 ) ranqe in the first 

case and all the reflections within the same F 
2 range in the 

other case. 



V I/ V P 	PH 

1.2 

1.0 

0.8 

• 	l 

.4 

MRN 

- 	Figure 4.18 Scaling of UO 2  (NO 3 ) 2 derivative to native data 

sets 

IFP I/IFPH I 
1.4 

1.2 

1.0 

oS. 

0.4 

0.2 

0.0 
10 20 30 40 50 60 70 80 90 100 110 	

F104 



FJ/FI 

1.8 

w 

1.4 

1.2 

1.0 

ON. 

F1x104 
0.4 0 10 20 30 40 50 60 70 80 90 100 

0.02 	0.04 	0.06 	0.08 	0.10 2 	2 
4 sin e IA 

0.8 

0.6 
0 

IFI/lFI 
1.8 

1.6 

1.4 

1.2 

1.0 

Figure 4.19 	Scaling of K 2Pt(NO2 ) 4  derivative to native data sets 
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The scaling of UO2 (NO 3 ) 2  derivative data to native 

is particularly bad for small F values, showing large 

errors in the less intense reflections. As a result, only 

reflections with both native and derivative structure 

factor amplitudes greater than 300 electrons were 

considered for the FHLE  calculation. 

The analysis of 	 in ranges of (4 sin  0/A 2 ) 

for 1< 2Pt(NO2 ) 4  derivative points to a different scale for 

the high angle data. Apparently this derivative's 

intensities should be higher for high angle data and 

this must be a result of the very high background intensity, 

particularly at low angles,on these films. 

The new scale was calculated tracing a line through 

the points between (4 sin 2 0/A 2 ) = 0.076 -2  and 0.12 

as shown in Figure 4.19 and forcing it to be horizontal. 

Figure 4.20 shows the agreement between native and 

derivative data after the new scale has been applied. 

Table 4.8 shows the values of K and Boy  applied to 

both derivatives. 

Table 4.8 	Scale factors between derivative and native 

data sets 

K 	 Boy (_2) 

Native 	 - 	 - 

UO2  (NO 3 ) 2 1.001 ± 0.013 	0.067 ± 1.62 

K2 Pt(NO2 ) 4 	 1.001 ± 0.029 	0,062 ± 2.40 
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i 	HLE_Calculation 

An analyss of the isomorphous differences for both 

data sets shows that their mean value is between 100 and 

150 electrons and their maximum value is around 400 electrons. 

Thus, reflections were left out of the heavy atom refinement 

when LFHLEI  values were greater than 400 electrons or IFHUEI 

was less than 400 electrons. 

The reflections were also rejected when 

Kan 	> 	IF Kemp 2 	 p 

and as K emp 
 was calculated using the equation 

K emp = 
2<tisoI> 

< Lan > 

over different ranges of sin 2 O, it meant for most of the 

reflections that the FHLE  values were not calculated when 

	

isoI>IFI 	(lFpHI - 

In the uranyl nitrate derivative, the anomalous differences 

recorded on the rotation camera were included in the FHLE 

calculation when diffractometer data were not available. 

The values for the empirical K (Kerno)  were input at 

intervals of 0.016 
-2  in 4 sin 2 O/A 2  and were defined by the 

line drawn through the points (Kempi 4 sin 
26/X2)  when Kemp 

was calculated at smaller intervals of 4sin 0/X 
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Figures 4.21 and 4.22 show these plots. These curves show an 

abnormal increase of K emp at low 3 angles. It is possible 

that some of the heavy atom sites were occupied by UO 2  (NO 3 ) 2  

or K2 Pt(NO2 ) 4  and not by the ions UO 	or Pt(NO2 ); 

at low angles, those groups would contribute to the real 

part of the scattering amplitude, but not to the imaginary 

one. Furthermore, at low Bragg angles the intensities are 

highly dependent on solvent and consequently are likely to 

cause bigger errors in the isomorphous differences. The uranyl 

nitrate derivative shows an abrupt increase in the value of 

Kemp at about 4 R resolution which is expected since the 
anomalous data from this derivative are rather inaccurate from 

this resolution onwards. 

Table 4.9 shows the number of reflections input and 

output from the FHLE  program and the mean FHLE  value for both 

derivatives. 

Table 4.9 	Summary of the FHLE calculation 

UO2  (NO 3) 2 K 2 Pt (NO 2) 4 

Total number of input reflections 	 2894 	4011 

Number of output reflectionscentric 	711 	670 
acentric 	1700 	2312 

Mean IFHLEI 	 102 	 98 

Mean overall isomorphous contribution 	106 	106 

Mean anomalous contribution 	 95 	 88 
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Figure 4.21 Ana lysis of Kemp  for the UO 2jfp32  derivative data 

Figure 4.22 Analysis of K 
-111z,

for  the K 2 Pt(NO2 ) 4  derivative data 



The empirical K was again calculated for every reflection 

for which a F HLE 
 value had been calculated and Table 4.10 

compares this value with the theoretical one in different 

ranges of (4sin 2 O/X 2 ). 

Table 4.10 
	

Theoretical and empirical K averaged over 

different ranges of (4sin 2 O/X 2 ). 

UO2  (NO 3 ) 2  K 2 Pt (NO 2 ) 4  

4sin 2 O/A 2  K K 
t 

K emp K t emp 

0.000-0.016 5.1 5.5 4.8 9.3 

0.016-0.032 3.7 3.1 

0.032-0.048 2.9 5.2 3.1 8.6 

0,048-0.064 4.7 2.9 

0.064-0.080 8.0 2.5 

0.080-0.096 8.2 4.9 2,6 8,1 

0.096-0.112 7.6 2.5 

Table 4.10 shows that in the case of K 2 Pt(NO2 ) 4  cytochrome 

c 4  derivative the anomalous differences have been over-estimated 

and the isomorphous differences under-estimated. Nevertheless 

there is a decrease in the K emp 
 values at high angles. This is 

probably related to the errors in the data on anomalous 

differences since the intensities were weaker at high angles and 

as a result subject to higher errors. 



4.3 	The heavy atm positions 

Refinement of the 5 R heavy atom sites was done using 

the new FHLE  values. Their occupancies remained high showing 

that in both derivative cytochrome c 4  molecules the heavy atom 

molecules were bonded to the protein at the same positions as 

before. 

After five cycles of least squares refinement of the 

occupancy and positional parameters of the remaining uranium 

site, all the parameters converged. 

The positions and occupancies of the platinum sites 

were refined until all the parameters became nearly constant. 

Then, isotropic temperature factors were refined alternating 

three cycles of least squares refinement of the occupancies 

with three cycles of temperature factor refinement. 

A Fourier map with coefficients F HLE exp(ia) was 

calculated for each derivative. For each of them, the input 

phases were based on the previous heavy atom sites. The platinum 

map revealed several small pQssible sites, but when refined, 

their occupancy went below 0.09 so they were not considered to 

be significant heavy atom sites. The uranium Fourier map 

revealed a new site which refined well. Tables 4.11 and 4.12 

give a summary of the position, occupancy, temperature factors 

and refinement indeces at the end of the FHLE refinement. The 

refinement of the isotropic temperature factors for the two 

uranium sites was done as described for the platinum sites. 



In both both derivatives only FHLE values greater than one 

standard deviation and weighted by 1/cY 2  were used in the 

refinement. 

Table 4.11 Summary of FHLE refinement for the heavy atom sites 

Refinement index Uranium 

1 site 

Uranium 

2 sites 

Platinum 

3 sites 

R 54.9% 51% 47.0% 

WR 46.0% 45.4% 54.0% 

slope 0.13 0.19 0.13 

umber of 	J 	centric 380 380 379 

reflections 	acentric 759 759 1007 

Table 4.12 	Position, occupancy and temperature factor for 

the heavy atom sites at the end of the refinements 

site 	x 	 y 	 Z 	 occupancy B( 

UO2  (NO 3 ) 2 	1 	0.4807(8) 	0.2178(8) 	-0,0764(2) 	0,43(1) 	15 

(one site) 

302 (NO  3)2 	1 

(two sites) 2 

K2Pt(NO2 ) 4 	1 

2 

3 

0.4801(8) 0.2229(8) -0,0746(2) 0.39(1) 2(3) 

0.1544(21) -0,3015(23) 0,0630(5) 0.16(1) 2(4) 

0.7185(9) 0.0266(9) 0.0187(2) 0.35(1) 4(3) 

0.8184(20) 0.3336(19) 0.0324(4) 0.26(1) 18(5) 

0,4036(12) 0.5092(11) 0.0243(3) 0.30(1) 1(3) 
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After two uranium sites had been refined, protein phases 

were calculated based on the 5 R diffractometer K 2 Pt(NO2 ) 4  

data and UO2  (NO 3 ) 2  merged data to a resolution of 5 R. 

These phases were used for the calculation of a protein 

Fourier map with 5 R resolution. Details of this map and 

its calculation have been given in Chapter Three. 

4.4 'Phases for the higher resolution electron density map 

After refining the heavy atom parameters for both 

derivatives, protein phases were calculated according to the 

procedures described in Chapter Three. 

The mean figure of merit (m) for the 3858 reflections 

which were processed was 0.665 and the Dickerson factor (m.r.e.) 

was 0.64. Table 4.13 gives an analysis of the figure of 

2 	2 merit in ranges of (4sin /X ) and the number of reflections 

observed and theoretically predicted for each range. 

A comparison of these data with those used for the 5 

resolution map calculation shows that these data in the 5 

region are poorer than before. A Fourier map calculated with 

these phases proved to be very poor; the haem groups were not 

very clear and there were other regions with the same electron 

density as the haem groups. 

In order to improve the map, it was decided to merge the 

phases from the 5 R map with the ones which had just been 

calculated. 



Table 4.13 	The number of reflections and the mean figure of merit in ranges of 4sin 2 0/A 2  

Range of 

Centric 

Reflections 

Acentric Total 

- 

Number of Number of Number of 
2 	2 

4sin m reflections m reflections m reflections 

obs. theor. obs. theor. obs. theor. 

0.00-0.02 0.829 211 230 0.770 175 176 0.802 386 406 

0.02-0.04 0.705 231 242 0.652 406 410 0.670 637 652 

0.04-0.06 0.689 221 250 0.856 561 569 0.773 782 819 

0.06-0.08 0.671 210 238 0.702 668 692 0.686 878 930 

0.08-0.10 0.616 199 245 0.673 717 796 0.664 916 1041 

0.10-0.12 0.456 44 248 0.539 215 895 0.497 259 1143 

I-, 



 For a reflection whose phase had first been calculated 

using the 5 R resolution derivative data sets and finally the 

3 R resolution derivative data, there were two different phase 

probability distributions P(a). The probability for having 

a phase angle a for the protein structure factor is: 

P(c) 	= exp[-E((a)/2 E)] 
j 

where the sum is extended to both derivatives and 

= 	(IFpH(obs) I - IFPH ( calc )  I), 
J 

FPH(calc) I = IF + FH ( calc )  I 

2. 	 2 
E. = 	( IFHLEI_ IFH ( calc )  I) 

Hendrickson and Lattman 12 	have shown that the probability 

curve P(c) can be expressed in the form: 

P(c) = exp(K + Acosct + Bsina + Ccos2a + Dsin2a) 

For a protein reflection within the 5 R resolution sphere, 

the two phase probability distributions were expressed in the 

following way: 

P 1 (a) = exp(K 1  + A1Cosa + B 1 sina + C1cos2ct + D 1 sin2ct) 

= exp(K 2  + A2 Cosa + B 2 sina + C2 cos2a + D 2 sin2a) 

and a new phase distribution was assigned to the reflection 

as being: 

P(a) = exp[(K1+K2) + (A 1+A2 )Cosa + (B 1 +B 2 )sincx + 

+ (C 1+C 2 )cos2cx + (D1+D2)sin2ct] 
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The merging of the phases was done using the program 

MERGPHA written by Mr. N. Papiz -5 . Table 4.14 shows an 

analysis of the overall mean figure of merit before and after 

merging the phases. 

Table 4.14 Analysis of the mean •figure of merit after 

merging the phases 

Reflections 
Centric 	 Acentric 

m 	number 	m 	number 

Protein phases calculated 

from the 5 R derivative 0.871 	400 0.765 557 

data sets. 

Protein phases calculated 

from the 3 R derivative 0.771 	400 0.703 557 

data sets. 

Protein phases merged 0.930 	400 0.788 557 

The mean figure of merit for the 3858 unique reflections 

which made up the 3 R resolution native data set was then 

0.735. 

Figure 4.23 shows an analysis of the mean figure of 

merit in ranges of IFI. 
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4.5 	The Electron Density Map 

The three-dimensional electron density map of 

cytochrome c 4  was calculated using 2873 of the 3858 measured 

reflections, whose figure of merit was greater than 0.55. 

This meant that the overall mean figure of merit for the 

reflections included in the calculation was 0.90 and the 

nominal resolution is 3 R. 

Figure 4.24 shows the distribution of the mean figure 

of merit with !FPI  and Table 4.15 gives the same analysis 

together with the number of reflections in ranges of 

(4sin 2 O/X 2 ). 

A comparison of the number of reflections used in the 

electron density map calculation with the number of predicted 

reflections shows that nearly all the reflections within 

the 4 R resolution sphere have been included in the map, but 
the number of reflections within a resolution of 4,1 R to 
3.2 R is approximately 2/3 of the predicted one. 

The Fourier syntheses had coefficients 

mIFI exp(ic) 

where IFI is the protein structure factor amplitude for a 

given reflection with a phase ctr,  to which the figure of 

merit m has been associated. The Fourier program FRP65 11  

has been used. The a, b and c axes were divided into 60, 

60 and 180 intervals, respectively, giving a grid dimension 

of approximately 1 R . A contour plotting program  was 
used to display each section of the map with constant z and 

the whole of the a and b axes. The number of sections 



Table 4.15 Analysis of the mean figure of merit and the number of reflections in ranges 

of 4sin 2 O/A 2 . For each range, the corresponding resolution and the number 

of theoretically predicted reflections is given in brackets. 

2 
4sin 0/A 

(_ 2 

2 

Centric 

m 	number 

Reflections 

Acentric 

m 	number 

Total 

m number 

0.00-0.02 (co-7.1 	) 0.986 195(230) 0.785 154(176) 0.897 349(406) 

0.02-0.04 (7,1-5.0 ) 0.973 202 (242) 0.871 349(410) 0.908 551(652) 

0.04-0.06 (5.0-4.1 ) 
0.932 151(250) 0.945 484(569) 0.942 635(819) 

0.06-0.08 (4.1-3.5 ) 
0.905 143(238) 0,901 462(692) 0.902 605(930) 

0.08-0.10 (3.5-3.2 ) 0.881 123(245) 0.871 479(796) 0.873 602 (1041) 

0.10-0.12 (3.2-2,9 ) 
0.842 17(248) 0.869 115(895) 0.866 132(1143) 
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calculated was 16 (.z = 0 to z = 1/12) since all the other 

sections could be reproduced using the two-fold axes present 

at z = 0 and z = 1/12. The map was contoured at a minimum level 

of 0.3 e 3  and at 0.2 e 3  thereafter (approximate absolute 

scale). 

The electron density map is presented in Appendix 2. 

Thirty sections of constant .z are presented. Based on what 

was found at 5 R, in each section, x goes from -50/60 to 

10/60 and y from -44/60 to 16/60 in order to have one whole 

molecule included in these sections. 

4.6 	Interpretation of the electron density map 

The electron density map was plotted on transparent sheets 

at a scale of 0.5 cm 

The highest features on the map were the centres of the 

iron atoms with an electron density of 1.5 and 1.3 e 3 . These 

were at sections .z = 3/180 and z = 16/180. 

The sulphurs of residues cysteines 14, 17, 110 and 113 

and methionines 57 and 158 were identified as being the highest 

peaks around the haem groups; another peak of comparable height 

was later identified as residue 25. 

After identifying the iron and the sulphur haem-binding 

amino acid positions, two main features became apparent: 

one ce-helix in sections 9 to 15 and two strands of s-sheet in 

sections 19 to 21. 
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Given  the quality of the map, although in many regions the 

c 4  polypeptide chain could be traced unambiguously from the 

electron density map alone, there were several ambiguities 

when an attempt was made to fit the whole polypeptide chain. 

Since Pseudomonas aeruginosa cytochrome c 551  has 

approximately the same number of residues as each half of 

cytochrome c 4 , an attempt was made to fit its polypeptide chain 

to the cytochrome c 4  electron density map. 

For this purpose, the section of ct-helix was tentatively 

associated with the haem group at section 3 and the s-sheet 

with the other haem group. These were later identified as 

residues 169-180 and 48-59 respectively. 

At that stage, for one half of the molecule, the iron 

position (z = 16/180), three possible haem ligands (Cys 14, 

Cysl7, Net57) and one anti-parallel s-sheet (residues 48 to 59) 

had been identified. For the other half of the molecule, there 

were the iron position (z = 3/180), three haem ligands (CysilO, 

Cysll3, Met158) and some ct-helix (residues 169 to 180) which 

seemed to be near the carboxy-terminus, as no further continuous 

density could be traced. 

Coordinates for the iron, haem group ligands and ct-carbons 

of cytochrome c551  were taken from the Protein Data Bank 16 

and a small program was written in order to get an orientation 

matrix which would superimpose the iron positions and one 

previously defined vector for both cytochromes. The iron 

positions and vectors defining the direction of one s-sheet 

strand and the direction of the ct-helix were input to that program. 
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With these orientations of the c 551  molecules defined, the 

ct-carbon positions of cytochrome c 551  were marked onto the 

map and where there were ambiguities before, a continuous path, 

coriesponding to that found in the c 551  molecule, was found. 

If the c 551  ct-carbon positions coincided with some electron 

density on the map it was assumed that cytochrome c 4  had an 

ct-carbon at the same position; when the electron density did 

not coincide but was close by, the ct-carbon was moved into 

that region. Nevertheless, there are two regions (residue 

21 to 35 and residue 120 to 135) where the fitting of cytochrome 

c 551  to c 4  looked very poor and most of the polypeptide chain 

would be in regions with zero electron density while many 

peaks in the map would have no explanation. In these cases 

the fitting of the polypeptide chain appeared to have little 

or no relation with the cytochrome c 551  chain. 

The orientation of the cytochrome c 551  molecule which 

was related to one iron position at z = 3/180, coincides 

with one of the orientations found by Dr. L. Sawyer 18 

when the rotation function was applied to the Patterson functions 

of both cytochromes. This was encouraging although the other 

orientation was not found among the rotation function results. 
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4. *6.1 	The molecular conformation 

There were only four regions, all on the surface of the 

molecule, in which it was impossible to match the electron 

density map to the c 551  models. They consist of residues 

21 to 35, 41 to 45, 63 to 70 (a-helix near the carboxy. -terminus 

in c551 ) and 120-135. 

Connecting the first and second half of the 

molecule, there are two a-helices (corresponding to the 

beginning and end of two different c 551  molecules) connected 

by 15 residues with random coil secondary structure. 

The direction of the a-helix present at the end of 

the first half of the c 4  molecule is approximately 40 0 

away from the direction of the corresponding one in the 

c551  molecule. 

Sections 15 to 19 in the electron density map show the 

haem group of the first half of the c 4  molecule with strong 

density at the thioether cysteine 14 and 17 residues and 

the methionine 57. The first a-helix, at the amino-

terminus, is seen in sections 2 to 11 as a lumpy mass of 

density going from residues 1 to 11. 

The chain pathway from residues 21 to 35 is not very 

clear and can only be determined unambiguously with data at 

higher resolution. It resembles a loop folding up to 

residues 24 to 25 bringing Ser25 near the top of the haem 

group, then it goes underneath to pick  up the c551  folding 

again near residue 35. Phe29 is clearly seen extending to 

the inside of the crevice contributing to a hydrophobic region 

around the haem group. 
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A globular side chain extends to the inside of the 

molecule from residue Tyr39 as well as His45. Lys48 is 

seen extending to the outside of the molecule. 

The a-helix starting at residue 41 (c 4  numbering) in the 

c551  molecule is not very clear in the map and we seem to 

have only one turn of an a-helix. 

Sections 19 to 21 show clearly one anti-parallel 

s-sheet running from residues 48 to 59. The methionine ligand 

to the haem, Met57 is shown in section 17. 

After the s-sheet, the polypeptide chain goes down 

and then forms an a-helix going from residue 68 to 82 

(sections 2 to 6) and after two extended strands of poly- 

peptide chain, another a-helix is present at the beginning of 

the second half of the molecule (residues 97 to 104). 

The two cysteine 110 and 113 residues are clearly seen 

as two large masses of density near the haem group. 

Once again the folding of the molecule after residue 

120 to 135 does not resemble the one found in c 551 . The chain 

goes up to the side of the molecule, folding down again and 

bringing Phe126 to the interior of the molecule. An extended 

chain goes from residues. 128 to 135, then there is an a-helix 

from residue 138 to 146. After this helix there is one two-

stranded s-sheet at the same position found in c 551  and, 

the first half of the c 4  molecule. Finally there is the 

carboxy-terminus a-helix which runs in sections 10 to 14 

(residues 169-180). 
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Approximate coordinates for the C atoms were taken 

from the electron density map. Then, a program was written 

in order to set all the distances between the Ca  atoms equal 

to 3.80 R minimizing the sum of the squares of all the 

deviations and at the same time not allowing the distance 

between each Ca  atom to any other, except its neighbours, 

to be less than 4.5 R . The maximum shifts were of 2 

for residues 12, 13, 28, 172 and 173. Table 4.16 shows the 

new coordinates in an orthogonal R system with x along a, 
* 

y along b and z along c. 

Figure 4.25 shows the folding of the c 4  molecule and 

two c551  molecules in the same orientation as each half of 

the c 4  molecule. A has x running horizontal and y vertical, 

B has y horizontal and z vertical. Figure 4.26 shows one 

ribbon drawing of the polypeptide chain in cytochrome c 4 . 

The structure determinations of Tuna cytochrome c 8 , 

Rhodospirillum rubrum bacterium cytochrome c2 17  , Pseudomonas 

denifricans c550 
20  Chlorobium thiosulfatophilium bacterium 

c555 13  and Pseudomonas aeruginosa c551 
2 
 were used by E. Adman  

to show how different c cytochromes compare with one another. 

From this comparison, it is believed that the essential parts 

are the N- and C-terminal helices, the Cys, His and Met ligands, 

the helix near residue 40 (c 551  numbering), a couple of aromatic 

residues near one another at the interface between the N- and 

C-terminal helix and enough additional protein to complete the 

wrapping of the haem group leaving one edge exposed. 

The common structural features in c 551  and both halves 

of c 4 , in addition to those for the other cytochromes, are 

the s-sheets near residue 50 (and 150 in c4). 
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Table  4:16 Coordinates for the C0  atoms of the c 4  molecule. The distances between non- 

neighbouring C 0  atoms which are less than 5 R have been indicated at the end of 
the table. 

Residue x y z Residue x y z 

Alal 10.93 59.79 1.81 Lys5l -3.77 44.02 18.67 

G1y2 14.13 61.82 2.16 Arg52 -5.02 42.28 15.53 

Asp3 12.04 63.89 4.57 Thr53 -3.90 38.80 16.56 

A1a4 8.30 63.62 3.97 Va154 -1.16 39.57 19.08 

A1a5 8.00 60.22 5.64 Leu55 1.78 41.82 19.95 

Ala6 11.32 59.34 7.25 G1u56 0.69 45.37 20.74 

G1y7 10.69 62.38 9.43 Met57 1.55 48.88 19.56 

GinS 7.20 61.33 10.50 ThrSB 1.11 52.22 21.32 

A1a9 6.93 58.81 13.33 G1y59 0.80 55.91 20.47 

LyslO 10.71 59.02 13.02 Leu60 -0.78 59.36 20.42 

Alall 10.09 62.52 14.37 Leu6l -1.47 61.95 17.73 

Ala12 11.54 62.64 17.88 Thr62 1.59 62.53 15.55 

Va113 12.72 59.03 17.76 Asn/Asp63 2.60 .58.95 16.32 

Cys14 11.52 55.53 16.91 Leu64 -0.26 58.09 13.97 

GlylS 14.95 55.22 15.32 Ser65 -0.28 59.27 10.36 

A1a16 15.56 52.72 18.11 Asn/Asp66 -2.47 56.42 9.13 

Cys17 13.31 49.73 17.46 Glu/G1n67 -1.34 53.90 6.51 

His18 11.14 49.11 14.40 AspGS 0.05 52.30 3.36 

G1y19 13.96 48.50 11.92 11e69 2.50 55.07 2.49 

Ala20 13.58 48.90 8.16 A1a70 3.72 54.79 6.08 

ASn/Asp2l 12.91 45.45 6.71 Asp71 4.97 51.23 5.63 

G1y22 10.88 44.71 9.84 Leu72 6.56 50.26 2.32 

Asn/Asp23 11.19 44.03 13.57 Ala73 7.42 53.89 1.61 

A1a24 9.71 43.11 16.95 A1a74 8.59 55.18 4.99 

Ser25 5.92 43.29 16.90 Tyr75 10.09 51.80 5.85 

Pro26 4.27 40.83 14.51 Phe76 11.79 50.63 2.66 

Pro27 6.73 42.18 11.95 A1a77 12.51 54.28 1.90 

Asn28 4.67 44.45 9.70 Ser78 14.35 56.01 4.74 

Phe29 6.68 47.00 7.72 G1n79 15.80 53.06 6.64 

Pro30 8.47 45.99 4.53 Lys80 16.71 51.63 3.25 

Lys3l 6.66 42.65 4.57 !4et8l 19.25 54.46 3.20 

Leu32 2.97 43.53 4.85 Ser82 21.52 53.82 6.18 

A1a33 2.40 40.68 7.30 Va183 23.80 52.20 3.61 

G1y34 1.34 38.87 10.47 G1y84 27.43 52.28 2.46 

G1n35 -.83 41.77 11.64 Met85 29.59 54.07 5.03 

G1y36 -2.85 41.61 8.43 A1a86 32.90 52.25 	' 4.61 

G1u37 -5.96 42.09 10.56 Asn/A5p87 32.42 49.11 2.51 

Arg38 -6.13 45.66 9.28 Pro88 33.41 45.50 3.15 

Tyr39 -5.76 45.01 5.55 Asn/Asp89 32.55 45.78 6.84 

Leu40 -3.69 48.19 5.58 Leu90 30.07 48.65 7.13 

Leu4l -6.65 50.49 6.18 Val9l 27.22 50.65 8.66 

Lys42 -7.39 53.56 8.30 Glu/G1n92 25.07 47.95 7.07 

G1n43 -9.86 52.59 11.02 A1a93 22.70 45.80 5.02 

Met44 -8.56 49.17 12.04 Gly94 20.19 48.63 5.40 

His45 -5.16 50.85 12.37 Glu95 18.60 49.38 8.77 

Asp46 -4.87 54.23 14.09 A1a96 19.18 45.76 9.79 

11e47 -4.91 57.43 16.14 Leu97 17.42 43.34 12.13 

Lys48 -4.15 55.20 19.12 Phe98 16.42 39.87 13.29 

Asp49 -3.54 51.45 19.10 Arg99 12.92 39.32 11.91 

G1y50 -3.26 47.76 18.23 GlylOO 14.12 41.27 8.87 
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Table 4.16 (contd..) 

Residue x y z Residue x y z 

Gly101 16.71 40.11 6.34 Leul4l 29.73 33.35 4.74 

Lysl02 14.42 37.14 5.73 Thr142 30.56 30.16 2.85 

11e103 11.63 39.23 4.21 Asp143 26.88 29.33 3.29 

A1a104 13.42 42.24 2.73 Phe144 24.68 32.27 2.33 

G].u105 15.66 42.72 -0.30 Arg145 26.77 35.01 0.72 

G1y106 18.53 41.28 1.73 G1u146 28.25 32.18 -1.34 

Metl07 19.55 37.83 2.95 G1y147 25.80 29.29 -1.55 

Pro108 16.50 36.77 0.96 Thr148 24.38 26.22 0.17 

A1a109 16.05 33.13 -0.04 Arg149 25.15 22.59 -0.67 

CysilO 14.60. 32.57 3•43 ThrlSO 26.01 19.42 1.24 

Thrill 10.98 33.73 3.43 AsnlSl 24.00 20.96 4.07 

Gly112 10.68 31.99 0.06 A5p152 20.20 20.89 4.05 

Cys113 12.55 28.71 0.57 G1y153 20.84 18.06 1.59 

Hisl14 11.31 28.62 4.16 Aspl54 20.05 20.82 -0.91 

GlyllS 10.10 28.60 7.76 Thr155 19.34 20.50 -4.63 

Ser116 9.48 31.01 10.64 Lys156 21.46 23.64 -4.83 

Ser117 7.82 33.22 8.05 1le157 20.24 26.60 -2.78 

Pro118 6.19 30.85 5.56 Met158 21.26 29.82 -4.50 

Va1119 6.49 28.39 2.68 G1n159 23.73 32.68 -4.93 

Giyl20 8.61 25.62 1.17 Serl60 22.29 34.94 -2.23 

Ilel2l 11.50 23.61 -0.25 11e161 22.55 38.49 -3.56 

Aia122 13.38 23.80 3.05 Ala162 23.13 39.99 -0.12 

Thr123 12.42 23.31 6.70 A1a163 25.33 42.19 2.06 

A1a124 12.92 25.05 10.04 Lys164 28.25 40.38 3.69 

G1y125 14.84 27.51 7.87 Leu165 27.14 42.39 6.71 

Phe126 18.04 27.51 5.82 Ser166 23.51 41.27 6.80 

Pro127 19.49 24.98 8.26 ASn167 25.00 37.78 6.63 

His128 19.01 21.51 9.73 Lys168 26.70 38.53 9.95 

Leu129 20.71 21.02 13.09 A5p169 23.50 39.69 11.64 

G1y130 24.36 20.01 12.73 11e170 21.01 37.63 9.64 

Gly 131 26.25 20.98 9.58 A1a171 23.45 34.89 10.66 

Leu132 29.22 23.30 10.11 A1a172 23.77 35.22 14.43 

His133 30.37 25.61 12.90 11e173 20.14 36.32 14.56 

Ala134 32.86 28.48 13.11 Ser174 18.81 33.75 12.10 

G1n135 35.30 31.04 11.74 Ser175 19.99 30.36 13.33 

Tyr136 32.66 33.10 9.94 Tyr176 18.50 31.58 16.61 

Vai137 32.44 30.16 7.55 11e177 15.67 34.07 16.06 

Ala138 29.19 29.20 9.27 G1n178 13.08 34.47 13.30 

Lys139 25.51 29.72 8.48 G1y179 14.34 33.07 10.00 

G1n140 26.69 33.02 6.99 Leul80 14.91 29.88 11.99 

Hisl8l 13.96 29.31 15.63 

Alal A1a5 4.84 Thr 123 G1y125 4.98 

G1y7 LyslO 4.29 Alall 4.98 g G1y125 Leul80 4.75 

Glri8 LyslO 4.90 Alall 4.98 R Asp143 G1y147 4.96 

Ala9 Alall 4.98 Asn151 G1y153 4.95 

A1a20 Gln79 4.96 Asp152 Asp154 4.96 g 

Asn/ASp21 Pro30 4.98 	; GlylOO 4.85 R A1a163 Leu165 4.99 

G1y22 GlylOO 4.82 Asn167 11e170 5.00 

A1a93 Ser166 4.93 Lys168 Alal7l 4.93 

G1y101 Metl07 4.97 Asp169 A1a171 4.90 

G1y115 G1y125 4.86 A1a171 Ser 174 4.99 

Ser174 G1y179 4.98 



Figure 4.25A Projections of cytochrome c 4  along the z and x 

axes. Two c 551  molecules have been shown in the 

same orientations as each half of cytochrorne c 4 . 

x is horizontal and y is vertical. 
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Figure 4.256 Projections of cytochrorne c 4  along the z and x 

axes. Two c551  molecules have been shown in the 

same orientations as each half of cytochrome c 4 . 

v is horizontal and z is vertical 
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Figure 4.26 	Ribbon diagram of the po1ypptide chain in 

ytochrome c4 
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5. 	Heavy atom binding sites and the packing of the molecule 

The uranyl ion, UO, often binds carboxylate groups 

of aspartic acid or glutamic acid and occasionally the 

hydroxyl side chains of threonine or serine 6 	The principal 

uranium-binding site occurs near residue Arg52, but Thr53 is 

nearby. 

The (Pt(NO2 ) 4 ) 2  has been reported to bind one methionine 

and one histidine 7  . In this case, however, the most heavily 

occupied platinum site occurs near A1a77 and Ser78. Another 

site is near His114 and Val 119 and the smaller site is 

near A1a4. 

All these sites occur on the outside part of the 

molecule as was expected. 

The overall shape of the molecule is roughly ellipsoidal, 

with dimensions 40 x 52 x 28 

The molecular boundary is clearly defined for most of 

the molecule and agrees with the one found for the 5 R map. 

The boundary has been indicated on the electron density map. 

Figure 4.27 shows one unit cell with a diagram of the 

c4  molecule occuring between sections z = -6/180 to z = 22/180 

and its symmetry related by the two-fold axes present at z = 0 

and z = 1/12. The part of the unit cell which has been 

presented on the electron density map is indicated. 
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Figure 4.27 	Projection of the unit cell along z showing the 

molecular packing in the unit cell between 

z= - cI/9 and z= +lcI/9. The region in 

the unit cell which has been presented on the 

electron density mass is indicated by the dashed 

lines 
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6. 	Results 

The structure determinations of Pseudomonas 

aeruginosa cytochrome c 551  and Tuna c have provided a precise 

alignment of their amino acid sequences  showing that 

although Tuna cytochrome c has 21 more residues than 

c551  the basic molecular folding is the same. 

It is apparent from the last sections that the overall 

cytochrome fold has been found twice in this di-haem 

molecule. An important aspect will be to know whether 

the structural similarity in these three molecules extends 

to more than the overall folding. 

Azotobacter vinelandii cytochrome c 4  has an insertion 

of nine residues between residues 48 and 49. This is at 

the surface of the molecule, making an insertion of some 

residues possible without major modifications on the molecular 

outline, possibly giving more turns on the a-helix near 

that position. 

6.1 Hydrophobic environment around the haem group 

Table 4.17 compares the equivalent hydrophobic side 

chains packed around the haem group in cytochromes c and 

c551 2  as well as in cytochrome c 4 , The comparison with 

cytochrome c 4  was based on the amino acid sequence similarities 

and finally on the amino acid three dimensional positions. 

It is apparent that there are many haem contacts in the 

other two cytochromes which are similar to those in cytochrome 

c4. 



H 

Table 4.17 adrophobic haem contacts. The residues in brackets correspond to Azotobacter 

vinelandii cytochrome c 4  

Tuna 

Cytochrome c 

60 Eukaryotes 

Cytochrome 

P.aeruginosa 

c 551  

6 Prokaryotes 

P.aeruginosa 
chrome c 4  

1st half 

cyto- 

2nd half 

PhelO 60Phe Phe7 5Phe, iTyr A1a9(Gly) IlelO3(Leu) 

Pro30 60Pro Pro25 6Pro Pro27(Pro) uncertain 

Leu32 60Leu Tyr27 3Phe, 2Leu, 	iTyr Phe29(Phe) Phe126(Tyr) 

Leu35 51Leu, 5I1e, 	2Val, 2Phe Va130 6Val Leu32(Leu) uncertain 

Leu64 57Leu, 2Met, iPhe Leu44 5Leu, lIle uncertain Phe144(Phe) 

Tyr67 59Tyr, iPhe no haem contact uncertain 

Leu68 60Leu 11e48 611e uncertain G1y147(Gly) 

Pro7l 60Pro G1y51 6Gly uncertain 

no haem contact Pro62 6Pro uncertain 11e157(Ile) 

Phe82 60Phe no haem contact Leu55(Leu) uncertain 

11e85 36Leu, 2411e Va166 6Val Leu64(Phe) uncertain 

Leu94 58Leu, 211e Leu74 6Leu uncertain 11e170(Ile) 

Va195 5511e, 4Val, lLeu A1a75 6A1a Tyr75(Tyr) uncertain 

Leu98 57Leu, 3Met Va178 4Val, 211e Phe76(Phe) uncertain 
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6.2 	Aromatic residues 

The aromatic side chains also show some degree of 

homology and conservatism in cytochromes c and c 551 . 

A comparison between those two cytochrornes and cytochrome c 4  

is shown in Table 4.18. 

It has been found in cytochromes c and c 551 , that 

the haein groups seem to demand the nearby presence of 

aromatic residues, though their orientation does not seem 

critical. 

From Table 4.18 it is apparent that most of the aromatic 

residues present in c 551  are present in cytochrome c 4  and y  

looking at their position, apart from Tyr176 they all have 

been assigned to the interior of the molecule. 

	

6.3 	Charged side chains 

The distribution of negatively and positively charged 

chains is very asymmetric in relation to the haem group but 

fairly similar in both halves of the molecule. 

All those residues expect Arg99 are clearly outside or 

on the molecular surface. Figure 4.28 shows their 

distribution on the molecule. Residues Asp and Glu have been 

marked with a negative sign and Lys and Arg with a positive one. 

It has been observed  that cytochromes c and c 551  have 

the exposed haem edge surrounded by a ring of lysine residues 

which are believed to be important for the electron transfer. 

Cytochrome c 4  has a total of nine lysine and four arginine 



Table 4.18 	Aromatic sidechains in cytochromes c, C551  and c 4  

cytochrome C 4  

Tuna c P.aeruginosa 

C551 	
P. 

1st 

aeruginosa 

half 

A. Vinelandii 

2nd half 

P.aeruginosa 	A. vinelandii 

Phe 10 Phe 7 - Phe98(13,14) Tyr 

Not aromatic Tyr 27 Phe29(7,8) Phe Phe126(5,6) Tyr 

Phe 36 Not aromatic - - 

Not aromatic Phe 34 Tyr39(6) Tyr Tyr136(7,8,9,10) Tyr 

Tyr 46 Deletion region - - 

Tyr 48 Deletion region - - 

Trp 59 Trp 56 - Phe144(0,1,2) Phe 

Tyr 67 Not aromatic - - 

Tyr 74 Not aromatic - - 

Phe 82 Not aromatic - 

Tyr 92 Trp 77 Tyr75(6,7) Tyr Tyr176(16) Tyr 

- 
- Phe76(3,4) Phe - 

The numbers in brackets indicate the amino acid position (section) in the electron 
density map 

I-. 
(A) 
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residues and cytochrome c551  has eight lysines and one 

arginine, of which six positive charged residues surround the 

exposed haem edge. Although the distribution of those 

residues is not the same in both molecules, cytochrome c 4  

appears to have four positively charged residues around each 

exposed haem edge: LyslO, Lys48, LysSl, Arg52 and Arg145, 

Arg149, Lys156, Lys164. 

Figure 4.28 	The distribution of charged residues in the 

molecule 
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7. 	Conclusion 

The comparison of cytochrome c 4  with c 551  and Tuna c 

shows that although c 4  is approximately twice the size of the 

others, the folding of those cytochromes has been conserved 

and c 4  is essentially two cytochrornes with the amino terminus 

of one connected to the carboxyl terminus of the other - a 

covalent dimer. It is thus likely that all cytochromes are 

a consequence of different developments from a common ancestor. 

Although cytochrome c 4  resembles c 551  in many regions, 

there are significant differences. Both halves of cytochrome 

have a haem group with its cavity open to the solvent, 

suggesting that both are functional. 

This study is not complete, but it has provided 

information which will be very helpful in the interpretation 

of a high resolution electron density map for which data to 

2,3 R resolution have just been collected at an optimised 
wavelength for the Fe anomalous scattering, using the 

synchrotron radiation and the rotation camera at the 

S.E.R.C. Laboratory in Daresbury. 
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Appendix 1 Observed and calculated structure factors for 

the heterocyclic compounds 



Observed and calculated structure factors for compound C 9 11 6N0SC1 3  

0 1 0 1 1, 0,4.L 0,8,L -10 -24 -13 1,4,L -9 83 91 1 268 299 2 735 696 

-9 145 -141 -8 103 97 2 195 -194 4 527 547 

2 337 -382 1 48 -50 1 60 64 -R 99 iøi -11 63 -63 -7 148 18 3 23 16 5 55 -50 

4 722 -773 2 P3 105 2 -17 4 -7 63 61 -10 5q, -44 -6 119 155 4 174 167 6 71 75 

5 795 -839 3 82 -99 3 28 32 -6 101 -103 - 56 -57 -5 164 169 5 44 -47 7 360 -352 

6 134 -138 4 239 273 4 29 20 -5 325 337 -8 122 -124 -4 123 132 6 47 47 8 245 -246 

7 281 -293 5 324 356 5 47 -50 -4 90 77 -6 -19 12 -3 42 -37 7 98 93 9 165 -161 

8 25 -78 6 73 75 7 33 -30 -3 85 78 -5 101 -112 -2 158 -165 8 -28 13 10 31 -296 

9 49 54 7 160 170 8 50 -41 -2 280 288 -4 30 28 -1 44 -51 11 -20 -3 

10 65 -71 8 105 109 -1 200 -192 -3 69 -72 0 146 -196 1,9,L 

9 113 -117 0,9,L 2 39 -38 -2 426 -442 1 380 -395 2,1,L 

10 73 -85 3 131 131 -1 182 -180 3 21 -19 -6 62 59 

11 58 -53 1 -15 12 4 68 -55 0 74 68 4 155 -157 -5 36 -30 -11 44 48 

2 52 -677 2 26 95 5 255 -273 1 157 -143 5 71 70 -4 92 -96 -10 173 172 

3 862-1005 0,5,L 3 47 41 6 249 -261 2 261 277 6 
7 

-22 
-24 

-1 
-23 

-3 
-2 

64 
30 

65 
30 

-9 
-8 

159 
121 

157 
126 

4 878-1830 5 44 43 7 127 -117 3 
4 

562 
121 

594 
134 9 76 -71 -1 47 -56 -7 390 403 

5 25 26 1 26 -22 6 37 -39 8 249 -251 
5 231 253 0 tOO 172 -6 -20 7 

6 
7 

148 
213 

-152 
-221 

2 
3 

374 
-16 

-405 
4 0,10,L 

9 
10 

86 
70 

-98 
72 6 198 203 1,7,L 1 122 142 -5 621 -652 

8 144 138 4 70 66 11 -29 -22 7 32 -89 2 56 56 -4 365 369 

9 62 --69 5 216 -224 1 69 84 8 -15 -8 -9 31 13 3 134 133 -3 43 30 

10 4€ -51 6 127 128 2 47 48 1,3,L 10 32 -29 -8 109 107 6 -17 7 -1 1039 1062 

11 32 29 7 115 115 3 20 -33 11 -21 2 -7 89 93 7 103 -98 0 922 932 

8 168 -171 4 -20 22 -11 -24 -21 -6 218 -217 1 606 -590 

0,2,1. 9 44 -44 -g 79 83 1,5,L -5 26 -28 1,10,L 2 342 327 

11 94 -94 1,1,L -8 47 -48 -4 41 -39 3 436 -432 

2 90 97 -7 69 -70 -10 77 -70 -3 512 -537 -3 37 36 4 506 -507 

3 470 -510 0,6,L -10 44 38 -6 136 147 -9 35 -34 -2 124 -131 -2 92 96 5 307 -301 

4 258 -279 -9 56 -59 -5 38 40 -E 38 32 -1 82 81 -1 99 127 6 seo -602 

5 135 -138 1 349 -391 -8 101 -93 -4 77 -87 -7 -21 7 0 194 -264 0 35 59 7 178 
41 

-190 
6 

6 7 -28 2 87 -94 -7 54 -48 -3 163 166 -6 99 98 1 
2 

113 
198 

124 
201 

1 
2 

-16 
36 

24 
-39 

8 
9 125 -133 

7 30 22 3 76 92 -6 -17 3 -2 92 -99 -5 
-4 

116 
23 

118 
20 3 71 -68 3 189 -102 10 -27 -27 

8 -25 -39 4 81 91 -5 182 -182 -1 300 -300 
-3 148 165 4 76 91 4 P6 -84 11 86 87 

9 
10 

155 
174 

146 
177 

5 
6 

240 
136 

249 
141 

-4 
-3 

61 
572 

69 
597 

0 
1 

77 
726 

-76 
-723 --2 195 197 5 27 -22 5 106 -102 

11 .4 29 7 47 -45 -2 428 -433 2 389 -389 -1 218 228 6 127 -129 2,2.L 

8 36 -9 -1 lii 104 3 90 90 0 179 178 7 -20 21 2,0,L 

0.3,L 10 72 -67 2 129 123 4 433 -455 1 279 273 8 -18 It -10 89 06 

3 48 46 5 33 -44 2 262 251 9 30 -19 -11 132 -114 -9 47 41 

1 390 -441 0,7,L 4 399 414 6 317 332 3 157 -155 -10 158 -142 -8 -24 -8 

2 266 -292 5 159 167 7 82 -85 4 65 -70 1,8,t -9 197 191 -7 74 71 

3 140 -169 1 2.2 311 7 164 173 9 75 73 5 
6 

31 
150 

-39 
-193 -7 126 -121 

-8 
-7 

80 
221 

72 
226 

-6 
-5 

78 
268 

-35 
-271 

4 365 -397 2 100 109 9 91 -91 9 221 230 
7 80 -79 -6 63 -72 -6 827 877 -4 251 -255 

5 99 105 3 169 182 9 152 -154 11 33 29 
9 -1? -7 -5 29 23 -5 27 -1 2  -3 293 -295 

6 342 364 4 216 220 10 81 -78 
10 -23 5 -4 253 -251 -4 134 123 -2 676 -663 

7 145 160 5 47 43 11 69 -64 
-3 64 55 -3 309 298 -1 615 -590 

2 
9 

301 
215 

320 
224 

6 
7 

69 
39 

-73 
-39 1,2,L 1,6,1. -2 217 219 -1 252 -241 0 597 -556 

10 -29 30 8 -19 -17 -1 237 -257 0 529 589 1 312 -309 

11 33 25 9 57 -50 -11 19 31 -10 -4 21 0 63 128 t 74 66 

I-. 

0 



2,2.L 2 435 404 6 211 219 
3 647 -652 7 41 44 

2 134 -118 4 340 -347 8 79 RO 
3 -130 73 5 78 -89 9 122 119 
4 324 321 6 420 -444 10 -19 -2 
5 142 141 7 65 -70 
6 195 187 8 103 110 2,7,L 

7 69 69 9 75 -59 
8 36 -32 10 51 47 -. 43 -43 
9 79 79 11 40 33 -7 78 -80 

10 48 47 -6 147 144 
11 45 47 2,5,L -5 117 122 

-4 56 54 
2,3,L -9 50 49 -3 249 255 

-8 183 184 -2 25 21 
-10 72 75 -7 38 38 -1 139 -144 

-8 67 -78 -5 138 143 0 125 -135 
-7 138 -143 -4 116 -119 1 200 -202 
-6 254 -264 -3 54 -53 2 103 -109 
--5 425 -456 -2 150 153 3 90 -86 
-4 490 -510 -1 40 -45 4 40 45 
-3 236 -245 0 156 144 5 132 129 
-2 200 -205 1 -17 2 6 70 73 
-1 353 339 2 433 -410 7 83 84 

0 868 947 3 174 -174 8 53 45 
1 614 603 4 165 -158 9 54 44 
2 1054 1091 5 402 -412 
3 710 722 6 62 -60 2,8,L 
4 141 -123 7 164 167 
5 48 47 8 72 -75 -6 51 47 
6 28 -28 9 69 66 -4 54 -53 
7 269 -277 10 116 113 -3 42 37 
8 76 -89 11 53 -51 -2 44 -42 
9 80 87 -1 116 -126 

10 -29 30 2,6,1, 0 33 35 
11 31 34 1 49 -58 

-9 -29 7 2 80 -77 
2,4,L -7 213 -213 3 60 59 

-6 182 -185 4 -14 2 
-9 130 -134 -5 35 -39 5 34 37 
-8 75 -78 -4 26 -18 6 91 88 
-7 -16 -13 -3 99 105 7 42 46 
•-6 129 -133 -2 225 219 8 -24 25 
-5 102 101 -1 216 216 
-4 313 324 0 77 86 2,9 1 L 
-3 167 175 1 251 -244 
-2 590 599 2 327 311 -6 33 30 
• 	1 819 857 3 92 -91 -4 27 23 

0 76 82 4 257 -265 -3 59 57 
1 406 399 9 95 -20 -2 29 -31 

-1 40 -30 3,2,L -9 55 -54 -5 69 -66 4 131 127 
0 27 -26 -8 139 -144 -4 143 145 5 75 -74 
1 82 -89 -11 81 75 -7 144 -149 -3 211 208 6 -23 16 
2 -21 -5 -10 54 48 -6 42 -37 -2 33 -34 7 -19 -9 
3 -16 15 -8 80 79 -5 98 -101 -1 91 93 8 54 -51 
4 -20 14 -7 108 115 -1 147 144 0 43 -41 
5 117 121 -6 -25 13 -3 270 266 1 206 -205 3,9,L 
6 67 63 -5 37 -33 -2 149 -139 2 180 -179 
7 -26 -10 -4 190 182 -1 409 396 3 312 -295 -5 45 48 

-3 45 45 0 165 150 4 267 -264 -4 -24 18 
2,10,L -2 229 -214 1 607 -570 5 161 -155 -3 183 178 

-1 488 -466 2 329 313 6 76 -68 -2 -21 -9 
-4 -20 24 0 426 -404 3 207 191 7 90 417 -1 79 -79 
-3 55 -47 1 50 -48 4 124 -106 9 115 112 0 49 54 
-2 -17 11 2 790 -765 5 376 377 10 -23 -11 1 46 -45 
-1 -17 -14 3 54 -58 6 241 249 2 33 -29 

0 74 -86 4 630 601 7 50 52 3,7,L 3 -14 -14 

1 26 25 5 160 -154 8 90 90 4 36 -25 

2 51 48 6 255 258 9 41 -41 -8 49 59 5 40 42 

3 -18 -18 7 358 363 10 8. -84 -7 32 28 6 -23 -18 

4 93 84 8 163 -162 11 35 -27 -6 101 -95 
9 41 -40 -5 141 135 3,10,L 

3,1,L 10 41 -40 3,5,L -4 50 57 
11 121 -118 -3 318 -309 -3 62 -57 

-11 46 -45 -9 -27 -30 -2 99 -111 -2 85 -79 
-10 65 62 3,3,L -7 04 80 -1 97 -92 -1 84 -91 

-9 44 39 -6 47 53 0 411 -410 0 -18 -15 

-8 92 -93 -10 -22 -7 -5 69 69 1 172 -174 1 47 46 
-7 145 145 -9 53 49 -4 218 213 2 44 48 2 47 45 

-6 29 -29 -7 17€ -179 -3 50 51 3 -21 -2 4 -22 17 

-5 179 -172 -5 220 -220 -1 169 159 4 150 149 

-4 392 393 -4 397 -411 0 70 77 5 150 150 4,0,1 

-3 -15 4 -3 23 -12 1 113 114 6 63 65 

-2 155 146 -2 100 -104 2 327 300 7 155 152 -11 112 -101 

-1 563 539 -1 190 -187 3 179 172 8 -25 0 -10 76 -58 

0 101 -90 0 134 136 4 45 44 9 57 -51 -8 221 -212 

1 22 0 1 174 153 5 61 53 -7 75 -64 

2 322 -296 2 46 -44 6 154 -155 3,8,L -6 497 493 

3 56 -543 3 272 272 7 228 -226 -5 519 507 

4 288 -282 5 101 -107 8 161 -161 -7 109 -100 -4 505 473 

5 -17 -18 6 198 205 9 144 -145 -6 37 -40 -3 1150 1162 

6 101 -107 7 74 -76 10 82 -75 -5 54 51 -2 779 785 
7 116 113 8 39 -47 11 39 -41 -4 130 -129 -1 102 -98 

8 298 308 9 123 126 -3 51 -59 1 819 -803 

10 33 27 30 36 -41 3,6,L -2 102 90 2 565 -526 

11 81 85 11 29 17 -1 30 -30 3 295 -278 
-9 48 46 0 00 95 4 773 -746 
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1 ,4,L 
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Observed and calculated structure factors for compound C 9H 7NO3 S 
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Observed and calculated structure factors for compound C 13H 13NO 3 S 

0,0,1 0,5,1. -1 1810 1930 7 173 -103 2,2,L -3 100 -79 6 246 -246 3 291 -306 

0 341 312 8 127 -115 -2 -86 51 7 137 -136 6 135 149 

2 520 -489 2 144 142 1 317 -379 1,6,1. -7 161 169 -1 246 229 8 173 -181 7 10 -196 

4 509 483 3 114 110 2 286 -340 -5 337 -342 0 106 -96 9 215 219 
6 -95 85 4 -86 80 3 136 156 -5 -74 -101 -4 92 -93 1 126 -101 10 143 137 3,5,1. 
8 -120 122 7 256 259 4 305 336 -3 -122 120 -3 319 314 3 134 130 

10 -113 41 8 154 147 5 -57 39 0 139 101 --1 611 -627 5 159 -163 3,2,1. -3 169 164 
6 222 -216 4 109 -56 0 1451 -1360 6 -97 71 -1 142 -151 

0,1,L 0,6,1. 7 -90 03 1 316 -331 ' -105 94 -8 125 128 1 113 104 
P 146 138 1,7,1. 2 280 -309 -7 -98 13 2 -92 102 

1 155 169 5 98 43 10 .105 -114 3 129 -149 2,6,1. -5 98 101 8 -84 -72 

2 386 421 11 -85 -85 1 -107 122 4 168 -164 -4 175 -192 9 104 -125 
3 285 -308 0,7,1. 2 -67 97 5 466 -477 -6 -96 42 -3 225 -231 
5 155 157 1,3,1. 5 -72 08 6 -89 -87 -4 140 -131 -2 -73 -56 3,6,1. 
7 229 -220 6 -112 -88 6 148 150 7 336 332 -2 123 102 -1 148 -150 
8 -82 -53 -9 200 197 8 100 -122 0 107 -104 0 198 191 -6 -89 -28 

9 274 269 1,0,1. -8 309 -298 2,0,1. 9 257 -261 5 -97 -76 1 806 824 -4 175 178 

-5 -81 70 8 151 153 2 250 261 -2 -128 -68 

0,2,1. -8 128 -117 -4 248 -253 -10 -100 -128 2,3,L 3 594 -643 1 129 -124 

-6 396 375 -3 81 -84 -8 -79 61 2,7,1. 4 138 143 2 119 117 

0 668 600 -4 371 -373 -2 -56 -64 -6 193 186 -9 117 -108 5 370 374 4 -106 -114 

1 130 130 - 2 461 432 -1 123 112 -4 -68 -27 -8 237 240 2 -80 -90 6 293 283 7 -83 37 

2 470 -502 0 868 -775 0 235 229 -2 767 -748 -7 195 -193 6 -74 -78 7 218 -227 8 135 -127 

3 324 357 2 1663-1557 3 101 -102 0 425 -424 -5 91 67 8 107 95 
4 298 323 6 1059 -961 4 129 143 2 892 859 -4 219 214 3,0,1. 10 -77 -26 3,7,1, 

5 -71 65 8 369 352 6 215 -222 4 547 -517 -3 280 -292 
6 225 -228 10 304 -301 8 220 224 6 171 173 -2 452 451 -10 -113 121 3,3,1. 3 -86 -32 
7 204 210 12 -87 -74 -1 -55 31 -8 148 -141 5 -76 7 

8 175 -177 1 1 1 1 1. 1,4,1. 0 142 -123 -6 209 206 -7 176 177 6 -92 1 

9 -93 -92 2,1,1. 1 321 -325 -4 394 35 -2 410 -408 
10 179 157 -11 139 152 -8 -102 -102 2 99 102 -2 123 -139 -1 268 266 4,0,1, 

11 173 180 -10 194 177 -5 -74 64 -10 220 -214 3 196 205 0 493 -509 0 113 123 
-9 152 -123 -3 140 -136 -9 127 117 4 18? -205 2 813 791 1 205 204 -6 186 -182 

0,3,1. -7 100 102 -1 145 140 -5 101 95 5 210 -208 4 180 175 2 21.6 -217 -4 191 186 
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3 121 117 0 191 186 3 262 294 -2 103 -107 10 181 -183 10 -114 87 7 149 160 2 1159 1116 

4 -70 -45 1 152 -171 5 121 -112 -1 172 -163 12 -111 7 8 101 -123 4 444 -391 

5 -55 64 2 442 -523 9 227 223 0 88 77 2,4,1, 9 115 -125 6 657 607 

6 90 113 3 212 210 10 134 129 1 227 229 3,1,1. 10 167 .101 9 212 -201 

8 194 -215 5 135 -150 2 490 538 -9 -102 69 11 128 114 
9 -62 -52 6 237 -244 1,5,1. 3 134 -136 -6 154 159 -10 133 164 4,1,L 

7 177 168 4 171 -180 -3 495 495 -9 200 -198 3,4,1. 
0,4,1. 8 -84 103 -7 158 -160 5 235 245 -2 559 543 -8 157 153 -8 213 -217 

11 232 -232 -6 139 155 6 93 91 -1 -00 -43 -5 14 -168 -9 -92 130 -7 119 108 

0 173 -162 -5 -166 -16 7 221 -217 0 276 -242 -4 270 266 -7 107 -94 -6 -62 -31 

1 108 134 1,2,1. -3 108 -97 8 180 167 3 120 124 -3 322 -303 -6 323 -328 -5 171 -173 

2 169 167 -2 225 214 9 163 -167 5-144 -159 -1 87 90 -5 -94 99 -4 299 -276 

3 -52 26 -9 145 127 -1 203 -199 10 106 -111 8 -91 76 0 -65 50 -4 124 136 -3 510 502 
4 -72 -50 -6 254 267 0 -90 94 11 131 131 p 174 -179 1 615 -632 -3 195 -129 -2 214 -215 

10 -76 -14 -5 -80 100 2 94 93 . 2 298 -285 -2 504 -488 -1 100 -111 

-4 -71 20 3 105 -76 2,2,1. 2,5,1, 3 369 378 -1 378 -357 0 403 -409 

-3 -72 -88 4 99 -80 4 228 228 0 313 -300 1 372 342 

-2 936 1021 5 121 106 -9 -74 -89 -6 -66 -73 5 345 -314 2 00 97 

H 
01 
-.1 



4, 1,L 0 7131 735 3 132 106 -1 139 -159 6,2,1. 7,0,1. 10 120 -133 5 -94 06 

1 96 -87 5 380 383 0 120 108 7 -104 49 

2 458 458 2 231 -234 6 274 272 1 -74 -32 -1 252 242 -6 185 -195 7,4, 1. 9 279 295 

3 222 -227 3 247 254 7 337 -308 4 -70 -62 0 349 -355 -4 212 200 

4 179 -169 4 16.6 185 8 333 -335 9 -81 -32 3 -55 41 -2 470 -446 -4 156 -179 8,2,1. 

5 190 185 5 220 237 9 153 168 4 110 102 0 -130 -111 -3 -86 73 
6 18 -190 6 152 -159 10 -126 129 5,6,L 5 324 -299 2 209 191 -1 141 -145 -5 184 184 

7 364 339 10 -105 -127 11 134 -121 6 93 4  -98 459 426 0 144 -134 -3 260 -276 

8 318 318 12 -97 32 -2 -92 113 7 168 -167 6 180 175 1 162, 156 -1 -64 64 

9 150 -142 4,5,1. -1 286 278 8 118 121 8 -127 144 2 -80 91 0 -85 -4 

10 -8? -55 5,2,1. 1 102 -93 11 258 -257 10 315 306 3 itS -102 2 304 297 

11 113 121 -1 114 100 2 125 113 7 -87 44 3 130 128 

12 -71 -52 2 -79 36 -8 -86 -82 3 145 124 6,3,L 7,1,1. 8 145 141 5 100 104 

4 -74 37 -6 1136 172 7 -90 57 9 118 -115 6 113 102 

4,2,1. 5 112 89 -3 126 117 -6 -97 95 -6 -93 -90 7 187 -101 

7 129 -131 -2 190 179 5,7,1. -5 144 166 -5 -95 -34 7,5,1. 0 176 165 

-9 135 -137 9 175 163 -1 459 -435 -2 190 198 -3 -107 -64 9 100 122 

-7 240 260 0 387 381. -2 -87 62 -1 -77 -93 -2 128 116 -2 -94 -72 

-6 161 -163 4,6,1. 1 534 522 2 135 -138 -1 -75 -74 -1 -108 81 8,3,1. 

-5 205 -209 2 450 -430 6,0,L 3 199 193 0 228 -220 0 -88 -87 

-4 -84 69 -3 233 -224 4 137 -127 4 247 262 1 202 202 2 -88 -55 -3 183 178 

-3 -46 -2 -2 139 -141 5 386 385 -8 135 142 5 91 -68 3 320 -327 3 211 195 -2 145 -126 

-2 160 -158 o -97 27 6 -66 -32 -6 -78 55 6 113? -173 4 117 -108 5 187 -178 1 -73 81 

0 370 356 2 145 -120 7 -49 -54 -2 594 559 7 209 -196 6 123 125 6 110 -99 2 288 -308 

1 143 143 6 -101 -70 8 149 -140 0 636 -613 8 177 -171 4 157 158 

2 237 229 2 403 -384 6,4,1. 9 179 -176 7,6,1. 5 -74 65 

3 133 -145 4,7,1. 5,3,1. 4 271 -238 10 -85 -39 6 145 -119 

5 1313 -150 6 175 -171 -3 -108 102 11 221 226 -2 -73 70 10 126 137 

6 143 148 -2 -74 -77 -6 -93 -70 10 179 -173 -2 116 -125 7 -65 -54 

8 -62 -47 0 -70 22 -4 91 113 12 160 146 -1 132 94 7,2,1.  

9 1713 163 -2 143 -149 1 151 -152 7,7,1. 
5,0,1. 8 197 194 6,1,1. 2 90 -90 -3 218 221 -3 174 -173 

4,3,1. 1 130 121 8 -7E -46 -2 120 -105 4 153 132 0 -65 -74 

-8 310 -283 2 242 238 -8 -68 -57 -1 196 -203 1 -79 -38 

-4 204 -281 -6 182 185 3 151 -163 -5 112 -91 6,5,1. 0 112 -112 8,8.1. 2 194 181 

58 -2 -86 -27 4 108 -126 -4 114 -108 1 157 -144 3 107 -90 

-2 147 146 0 1913 194 5 09 82 -3 132 -126 -3 160 -143 4 104 -104 -6 -110 -76 4 163 -148 

-1 215 -208 2 -72 -64 6 403 420 1 471 -440 -2 -82 55 7 177 174 -4 162 -169 5 -7 101 

0 393 -389 4 221 215 7 -92 94 2 -75 85 --1 -97 104 9 166 -161 -2 -82 65 6 199 204 

1 161 168 6 257 -250 8 142 -160 3 291 271 0 119 136 11 245 243 8 230 229 7 111 -124 

2 -73 131 8 341 -305 9 -94 46 4 186 177 5 184 178 2 138 -127 8 -118 -119 

3 111 -123 10 180 186 11 212 -207 5 565 -549 7,3,1. 6 221 -206 9 180 91 

4 121 -118 12 230 -207 6 146 -128 6,6 1 1 8 118 104 

5 -55 5 5,4,1, 7 279 297 -6 -72 -51 18 436 -424 8,5,1. 

6 170 -172 5,1,1. 9 289 -280 -3 -107 119 -5 102 -107 12 -187 28 

8 181 187 -7 -71 -33 10 -110 73 2 130 -132 -3 -63 -46 -2 -78 -33 

9 280 208 -fl 111 104 -5 -65 -68 11 -99 -89 8 -80 -14 -2 -93 -36 8,1,1. -1 -1013 -90 

10 121 -117 -5 306 295 -2 145 147 12 -89 -74 0 143 -147 . 2 124 136 

-4 256 236 1 92 03 6,7,1. 1 -82 -55 -2 -67 -66 3 262 -235 

4,4,1. -3 -75 -51 2 157 -156 6,2,1. 2 125 106 -1 124 127 9 -117 -112 

-2 220 202 9 -74 97 0 -88 -43 3 -86 92 0 218 224 

-5 119 -128 -1 289 289 -3 167 -169 3 -70 67 4 '51 -243 1 -85 97 8,6.1. 

-2 109 -99 1 214 -209 5,5 1 1. -2 89 91 5 167 -168 2 285 -205 

--1 166 187 2 81 85 6 130 117 4 145 138 1 -91 44 

I-. 
(3' 
OD 



8,6,L 9,4,t 10,4,t 12,0,L 

3 -95 -87 -1 139 132 4 121 -120 4 -98 	-42 

5 -62 0 3 104 03 5 -73 	22 6 153 	174 

7 -78 -8 6 -63 0 7 -84 	-53 
7 141 132 12,1,L 

9,0,L 10,5,L 
9,5,1, -1 -137 	58 

-4 206 219 7 -112 	lii 0 -89 	104 
- -112 1 3 121 127 2 194 	203 

8 -121 127 4 -85 -67 11,0,L 4 -106 -110 
2 -79 18 5 -76 	85 
6 319 319 10,0,L -2 -100 	71 6 134 	121 
8 126 -100 0 195 -183 7 -114 	21 

10 184 188 -2 -108 -58 2 -106 	85 8 -84 	61 
0 172 167 4 -116 -119 
2 307 -319 6 -99 	-99 12,2,L 
4 282 281 8 175 	173 

-3 136 126 6 265 -261 10 -87 	-7 2 120 	121 

--1 -99 -100 8 -100 -02 3 161 -163 
1 220 231 11,1,L 6 -66 	81 

3 133 -141 10,1,L 7 -65 	31 
4 -94 83 0 125 -128 8 -87 	75 

5 14C 147 -3 144 -149 2 -71 	-95 
7 -95 102 0 228 234 3 128 	119 12,3,L 
8 180 178 1 113 -113 5 215 -227 

11 -73 -109 3 -114 8 6 155 -151 4 123 -153 
4 -94 -42 7 -88 	94 6 -80 	47 

9.2,L 5 -106 5 
6 149 140 11,2,1. 12,4,L 

-4 124 132 7 266 -284 
-1 146 136 10 155 -122 1 -86 	-11 4 -111 	-65 

0 131 132 11 157 -177 3 155 	118 
1 244 -235 4 -65 	-13 13,0,L 
3 -92 106 10,2,L 5 -96 	-86 
4 149 -156 6 127 -105 2 152 	165 
5 269 -262 -3 133 121 7 -83 	-80 
7 -98 114 0 -93 60 8 -73 	57 13,1,L 

8 270 -257 2 141 -136 10 -74 	-96 
9 136 -139 3 -75 -4 1 127 -146 

4 180 183 It 	3,T, 2 -83 	-72 

9.3,L 5 165 178 3 135 	137 
6 124 -124 0 -76 	-3 5 -74 	-32 

-2 119 124 S -107 63 3 -113 -138 7 -90 	23 

1 223 -225 10 131 142 4 -90 	71 
2 162 160 2 13? -134 13.2,1. 

6 -86 -11 10,3,1. 
9 292 308 11.1 1 1. 5 101 	120 

10 -60 -81 2 121 -151 
3 155 166 4 174 	176 

I-,  
(-Il 
(0 
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Ap2endix  2 

The electron density map for Pseudomonas aeruginosa 

cytochrome c 4 . The sections are perpendicular to c and 

include z = -6/180 to z = 23/180. The a axis is 

horizontal, with -5/6 4 x < 1/6, and b makes an angle of 

120 °  with a, -11/15 4 y < 4/15. The molecular boundary 

is indicated by a dashed line. The Fe and C positions 

have been indicated on the map. The top page shows the 

polypeptide chain as it has been traced on the map. 
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By A. Margerida Damns. Robert 0. Gould, Marjorie M. Harding, R. Michael Paton,* and John F. Roos, 
Chemistry Department, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 

John Crosby. Imperial Chemical Industries Ltd., Organics Division, P.O. Box 42, Hexagon House, Blackley, 
Manchester M9 3DA 

Nitrile sulphides, generated by the thermal decarboxylation of 1,3,4 -onathiazol-2 -ones,  undergo 1,3-dipolar cyclo-
addition to the carbonyl group in chioral, hexachloroacetone and ,,-trifluoroacetophenono to yield 2,2,5-
trisubstituted 1,3,4-oxathiazoles (18-76%). Characterisation of the products is based on analytical and spectra-
sopic evidence, and is confirmed for 5-phenyl- 2-trichloromethyl- 1 ,3,4-oxathiazole and 5- (p-methoxyphenyl) - 
2-phenyl-2-trifluoromethyl-1,3,4-oxathiazole by X-ray crystal structure analyses. The oxathiazole rings are planar, 
with a localised CN double bond. 

THE synthesis of heterocycles via the 1,3-dipolar cyclo-
addition reactions of nitrile oxides (I) has been the sub-
ject of intensive study 2  over the last 20 years, the value 
of the method being well illustrated 3  by their reaction 
with carbonyl compounds yielding 1 ,3,4-dioxazoles (2), a 
group of compounds for which there are few preparative 
methods.4  In contrast, the corresponding nitrile sul-
phides (3) have received much less attention, their 
reported cycloadditions being restricted to alkyne, 5  
alkene, 6  and nftrile 7  dipolarophiles. We have examined 
their reaction with carbonyl compounds with a view to 
establishing a new route to 1 ,3,4-oxathiazoles (4), a rare 
class of heterocycles accessible only with difficulty by 
other means. 0  

1735-1 765 cm'; a new characteristic CN peak 
appears at 1 615-1655 cm -1 . The I ,3,4-oxathiazoles 
also have mass, 'H, and 13C n.m.r. spectra consistent 
with their structures. Comparison of the 13C n.m.r. 
chemical shifts (Table 1) with those for the corresponding 
oxathiazol-2-ones (Table 2) supports the assignment of a 

S 0 R 1 CN 

hoot_ 
R'Cf—S II 	C=O 	

O CR2 R 

N. 

(3) 	
R t C'°\ __R 

(5) 

o=cn 	
(4) 

SCHEME 

(1) A00 	 (2) NO  
(3) It= S 	 (4)S 

RESULTS AND DISCUSSION 

For this investigation the nitrile sulphides were 
generated by the thermal decarboxylation of 1,3,4-
oxathiazol-2-ones (5), while chloral, hexachioroacetone, 
and a, ,rz-trifluoroacetophenone were seleéted as dipolaro-
philes in view of the established preference 3  of nitrile 
oxides for carbonyl groups which are activated by elec-
tron-withdrawing substituents. 

The oxathiazolones were heated in xylene under 
reflux in the presence of an excess of the carbonyl 
compound [5 mol per mol of (5)] until h.p.l.c. analysis 
indicated their complete consumption. Removal of the 
solvent and excess of dipolarophile afforded the cor-
responding I ,3,4-oxathiazoles (4), (18-76%), together 
with sulphur and nitrile by-products which were sepa-
rated by distillation and/or recrystallisation. 

The identification of the products as 1,3,4-oxathiazoles 
follows from their analytical and spectroscopic data. 
The i.r. spectra are similar to those of the oxathiazolone 
precursors, but lack their carbonyl stretching band at  

1 ,3,4-oxathiazole ring structure. The peaks attribut-
able to the carbon at ring-position 5 and its substituent 
(R1) show little or no variation; on the other hand 
significant shifts are observed for the carbon at position 
2, consistent with replacement of the carbonyl group of 
(5) by CR2R  in (4). The precise position of the C-2 
absorption is also dependent on the nature of the C-2 
substituents, being 95.6-95.9 p.p.tn. for the oxathiazoles 
derived from chloral and trifuoroacetophenone, whilv 
those from hexachloroacetone lie between 1111.9 and 
112.2 p.p.m., thus reflecting the presence of the second 
trihaloalkyl group. 

The mass spectra of the oxathiazoles showed, in 
addition to the parent ion, peaks corresponding to 
R'CNS and R'CN fragments, thus suggesting a major 
fragmentation pathway involving retro-1,3-dipolar 
cycloaddition to dipolarophile and 1,3-dipole and its 
subsequent cleavage to nitrile and sulphur. Similar 
behaviour is exhibited by compound (5) and the cor-
responding, nitrile oxide derived, 1,3,4-dioxazos (2). 0  

The structures of 5-phenyl-2-trichlorometliyl-11,3,4-
oxathiazole (4A) and 5-(p-methoxyphenyl)-2-phenyl-2-
trifluoromethyl-1,3,4-osathiazole (4B) have been dieter-
mined by X-ray analysis. 



4-JWe000H3 	CC!, 	CC! 8 	112.1 	156.1 

4-Me000H3 	CF, 	Ph 	95.6 	156.0 
(Jo-o-r 33 Hz) 

4-C!C0H3 	Cd 3 	CCI3 	112.4 	155.2 

4-C!C3H3 	CF, 	Ph 	96.2 	155.2 
(Jo-c-p 33 Hz) 

Me 	CC!' 	H 	95.9 	157.3 
Me 	CC!' 	CC!' 	112.1 	156.5 

CH3(CH 3) 3 	CC!' 	CC!' 	111.9 	159.8 
CH3(CH8) 10 	CC!' 	H 	95.7 	161.0 

CH3(CH 3) 10 	CC!' 	CC!' 	112.0 	160.0 

There are no significant differences in the oxathiazole 
ring between the two compounds, and bond lengths are 
consistent with a localised C=N double bond. The 
oxathiazole rings are nearly planar, with a very slight 
fold across S' '0; in (4A) the maximum deviation 

TABLE 2 

'3C N.m.r. data (p.p.m. from Me 3Si; CDCI3  solvent) 
of 1,3,4-oxathiazol-2-ones (5). 

RI C-2 C-S C of R1  
Ph 173.7 157.4 132.6, 129.0, 127.4 

(5 Ph ring CH); 
125.8 (Ph ring C) 

4-MeOC3H3  174.1 157.3 183.3, 118.5 (Ar ring C); 
129.3, 114.5 (Ar ring CH); 
55.5 (OMe) 

4-CIC3H3  173.3 156.5 139.1, 124.3 (Ar ring C); 
129.5, 128.7 (Ar ring CH) 

Me 174.2 158.7 13.4 (CH3) 
CH(CH) 0  174.4 .3t.0 32.3, 	3.$ (c:-4 3) ;  

13.4 (CH 3) 
CH3(CH3) 38  174.0 161.7 31.6, 30.2, 29.4, 29.1, 28.9, 

20.3, 25.1, 22.4 
(10 CH); 13.8 (CH 3) 

2002 

These appear to be the first crystal-structure deter -
minations of the 1 ,3,4-oxathiazole ring. The molecular 
shapes found are illustrated in Figure 1 and important 
bond lengths and angles are compared in Figure 2. 

J.C.S. Perkin I 

attributed 7  to fragmentation (Scheme, path A) compet-
ing with cycloaddition (path B). As has been observed 
for other nitrile sulphide cycloadditions, we find that the 
balance between the two pathways, and consequently the 

TABLE 1 

'8C N.nr.r. data (p.p.m. from Me 4Si; CDC13  solvent) for 1,3,4-oxathiazoles (4) 

RI R8  R3 	C-2 C-5 	 C or R' C of R2  and R8  
Ph CC!'  H 	95.9 157.1 	131.4, 128.4, 127.9 (5 Ph ring CH); 99.7 (CC],) 

125.9 (Ph ring C) 
Ph CC!'  CC!, 	112.2 156.1 	131.8, 128.3. 128.0 (5 Ph ring CH); 100.3 (2 CC! ') 

125.5 (Ph ring C) 
4-Me000H3  CC!, H 	95.9 157.3 	162.3, 118.9 (Ar ring C); 129.9, - 100.1 (CC! 3) 

114.1 (4 Ar ring CH); 56.4 (OMe) 
162.4, 118.1 (Ar ring C); 	 100.4 (2 CC! 3) 
129.9, 114.1 (4 Ar ring CH); 
55.4 (OMe) 
182.2, 118.7 (Ar ring C); 129.7. 	134.9 (Ph ring C) 
113.9 (4 Ar ring CH); 55.2 (OMe) 	129.7, 128.6, 126.0 

(5 Ph ring CH); 123.7 
(CF,, jo-1, 284 Hz) 

138.3, 124.0 (Ar ring C); 	129.3, 100.2 (2 CC13) 
129.1 (4 Ar ring CH) 
137.9, 124.6 (Ar ring C); 	129.2, 134.6 (Ph ring C); 
128.9 (Ar ring CH) 129.9. 128.7, 126.0 

(5 Ph ring CH); 123.5 
(CF,, Jo_p  284 Hz) 

15.0 (CH,) 99.9 (CC!') 
15.0 (CH,) 100.4 (2 CC! 3) 
31.0, 19.1 (CH s); 	13.5 (CH,) 100.3 (2 CCI 3) 
31.8, 29.4, 29.3, 29.2, 29.0, 28.8, 99.8 (CC!,) 
25.7, 22.5 (10 CH,,); 	14.0 (CH3) 
31.8, 29.5, 29.3, 29.2, 29.0, 28.8, 100.4 (2 CCI 3) 
25.5, 22.6 (10 CH3); 14.0 (CH3) 

yield of the cycloadduct, is dependent on the reactivity 
of the nitrile sulphide and on the nature of the dipolaro-
phile. Electron-donating substituents in the dipole 
favour cycloaddition; thus the adduct yield rises from 
35% for R' = 4-C1C 3H4  to 57% for R1  = 4-Me005H 
for reaction with hexachioroacetone. Electron-with- 

Ph 
H 	

4-MeOC6H4 
Ph 

LS/ c,...s 	 II 	C 
Cd3 	 N...5' 	'C 

 
F3  

(4A) 	 (40) 

drawing groups in the dipolarophile also favour cyclo-
adduct formation, but the slightly greater yields obtained 
for chloral compared with hexachloroacetone, in spite of 
the presence of two eiectrori-withdrawing trihaiogeno-
alkyl groups in the latter, suggest that steric factors may 
also play an important role. 

from the best plane o the five ring atoms is 0.C3 A and 
in (4, 03 A. The aryl gops at C(S) are not cop!---- z7 
with the five-membered rings; in (4A) the torsion angie 

is -33.7° and in (43), -7.0 1
. 

[o: atom numbering see Figure 1]. Bond lengths and 
angles in other parts of the molecule are in agreement 
with those in similar compounds. There are no inter-
molecular contacts between non-hydrogen atoms less 
than 3.3 A in either compound. 

The formation of nitrile and sulphur by-products is a 
common feature of nitrile sulphide chemistry and is 

XPErU1NTAL 

Mass sect:a (70 eV ionisation potentia) were neasured 
using an AEI MS902 instrument. Varian HA 100 and 
CF-_i' 20 spectrometers were used to record £H and C n.m.r. 
spectra respectively. I.r. spectra were recorded with a 
Perkin-Elmer model 257 spectrophotometer. The re-
actions were followed and the yields of the products deter-
mined by high-performance liquid chromatography (h.p.1.c.) 
analysis, utilising a 15 x 0.5 cm alumina column (25% 
water deactivated) with 30% hexane-20% dichloromethane 
(25% water saturated) as e!uant. 

PvepavatioB of the 1,3,4-Oxathiazol-2-ones (5) .-The 
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1C (7) c() )Jj$ 
)SM C 212) Ct(213) 

(0) 

0 C(911) 

r 	L\) 

)C(10) 	 < C(224) 

C(225)I )c( 223) c (222) 

)F(221) 

- -4, 	 V(f1 	V:7/ 
(b) 	 F(212) F(213) 

V4,_Js (3) 

FIGURE 1 One molecule of compound (4A) (a) and compound 
(4B) (b) as found in the crystals and showing the atom num-
bering used in the crystallographic tables 
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FIGURE 2 Bond lengths (in A) and angles (in degrees) in the 
1,3.4-oxathiazole ring in (4A) (above) and (4B). Estimated 
standard deviations range from 0.004 A for the N-S bond to 
0.006 A for the C-C bonds in both compounds, and from 0.3° 
for the angle at sulphur to 0.6° for angles at carbon 

following were prepared from chlorocarbonylsulphenyl 
chloride and the appropriate amide as described in the 
literature and had correct characteristics: 5-phenyl-1,3,4-
oxathiazol-2-one, 1° 5-(p-chlorophenyl)-1 ,3,4-oxathiazol-2-
one, 1° 5-methyl-1, 3,4-oxathiazol- 2-one 11 

5-(p-Methoxyphenyl) -1 3 ,4-oxat hi azol-2-ons. This com-
pound was prepared (54%) from p-methoxybenzamide and 
C1COSCI by the same route and the product recrystallised 
from ethanol; it had m.p. 112°C (Found: C, 51.4; H, 3.3; 
N, 6.5. C5H 7NO3S requires C, 51.7; H, 34; N, 6.7%); 

(Nujol) 1 750 cm' (C0); rn/s 209 (M e ), 165 (MeOC(,-
HCNS), 135 (Me000H,CO), and 133 (Me000H4CN). 
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5-Pro pyl-1,3,4-oxathiazol-2-one. This compound was 

similarly prepared in 59% yield from C1COSC1 and butan-
amide; it had b.p. 69-70 °C at 12 mmHg (Found: C, 
41.1; H, 4.8; N, 9.9. C5H7NO2S requires C, 41.4; H, 
4.9; N, 9.7%); Vm (film) 1 760 cm 1  (00); n/e 145 
(Mt), 71 (C3H7CO), and 43 (C 3H7). 

5- Undecyl- 1, 3,4-oxalhiazol-2-one. This compound was 
prepared in 75% yield from dodecanamide and C1COSC1; it 
had m.p. 37-38.5 °C (Found: C, 60.9; H, 9.2; N, 5.0. 
C13H23NO2S requires C, 60.7; H, 9.0; N, 5.4%); 
(Nujol) 1 765 cm' (C=O); in/s 257 (M), 213 (C11H55CNS), 
and 183 (C 11H23CO). 

Synthesis of 1,3,4-Oxathiazoles (4) .-The general method 
was to heat under refiux a solution of the 1,3,4-oxathiazol-2-
one and the carbonyl compound (5 mol per mol of oxathi-
azolone) in dry xylene, as described below for 5-(p-chloro-
phenyl) -2-phenyl-2-trifluoromethyl- 1 ,3,4-oxathiazole. The 
reaction was continued until h.p.l.c. analysis showed that 
all the starting material had been consumed. After 
evaporation under reduced pressure to remove the solvent 
and excess dipolarophile, the oxathiazole was separated 
from nitrile and sulphur by-products by distillation and/or 
recrystallisation. 

5-(p-Chlorophenyl-2-phenyl-2-trifluorocnethyl-1 ,3,4-oxathi-
azole. A mixture of 5-(p-chlorophenyl)-1,3,4-oxathi-
azol-2-one (2.0 g, 9.4 mmol) and a,e,rz-trifluoroaceto-
phenone (8.2 g, 47 mmol) in dry xylene (50 ml) was heated 
under reflux until h.p.l.c. analysis indicated complete 
consumption of the oxathiazolone (12.5 h). The solvent 
and excess trifluoroacetophenone were removed under 
reduced pressure to leave a yellow oil, from which 4-
chlorobenzonitrile (0.52 g, 65%) was isolated by vacuum 
distillation (80 °C, 0.003 mmHg). On dissolving the 
residue in hexane and cooling, a pale yellow solid was 
formed which, after treatment with charcoal and recrystal-
lisation from hexane, afforded 5-(p-chlorophenyl)-2-pheuyl-
2-trifluoromethyl-1,3,4-oxathiazole (0.30 g, 18%) as white 
crystals, m.p. 77 °C (Found: C, 52.4; H, 2.6; N, 4.0. 
C16HQC1F5NOS requires C, 52.4; H, 2.6; N, 4.1%); 
(Nujol) 1 625 cm' (CN); 8 (CDCI 0, MeSi) 7.84 (d, 2 H. 

J 8.5 Hz, ArH), 7.2-7.5 (m, 7 H, ArM); m/o 345 and 348 
(Mt), 276 and 274 ([M - CF0]), 171 and 160 (ClC01Hl-
CNS), 130 and 137 (ClC0HCN). 

2,2-Bis(1richiooe11yl) 75-(p-cldovope.nyl)-1,3,4-ozefLui-
azole. After a reaction period of 28 Ii thin compound 
(35%), together with 4-chlorobenzonitrile (68%), wan 
obtained as white crystals, m.p. 104.5 °C (from hexane, 
charcoal) (Found: C, 27.5; H, 0.0; N, 3.2. C SOHcC1VNOS 
requires C, 27.6; H, 0.9; N, 3.2%); v.. (Nujol) 1 025 
cm' (C=N); 8 (CDCI 3, MeSi) 7.84 (d, 2 H, J 8.5 Ha, 
ArM), and 7.40 (d, 2 H, J 8.5 Ha, ArM); es/n 438, 481, 429 
and 427 (M), 314, 312 and 310 [(M - CCl0)), and 105 
(CIC0H4CN). 

5-Pheyl-2-trichlovowaethyl-1.3,4-oxlhiaso1a. After a us-
action period of 26 h this compound was obtained (68%) an 
white crystals, m.p. 67-68 °C (from hexane, chazconl) 
(Found: C, 38.1; H, 2.1; N, 5.0. CM 0Cl0NOS requires 
C, 38.3; H, 2.1; N, 5.0%); v.. (Nujol) 1615 cm 0  (CN); 

8  (CDC13, Me5Si) 7.3-3.2 (m, S H, PhH) and 0.44 (n, 11 H, 
CHCC13); es/s 285, 283 and 281 (M), 106 and 184 ([M - 
CCl3]), 135 (PhCNS), 105 (PhCO), 103 (PhCN), and 
77 (Ph 4 ). 

2,2-Bis(t7ichlovosnethyl)-5-t,henyl-1,3,4-ozetAiczoSo. Mtnr 
a reaction period of 8 h this compound wan obtained (64%) 
as white needles, m.p. 53-54 °C (from hexane) (Found: C. 
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29.8; H, 1.2; N, 3.4: C 10H5C1ØNOS requires C, 30.0; H, 
1.3; N. 3.5%); v. (Nujol) 1 630 cm' (C=N); 8 (CDC1 3 , 

MeSi) 7.4-8.1 (m, 5 H, PhH); nile 403, 401, 399 and 397 
(M), 284, 282 and 280 ([M — CCl3]), 135 (PhCNS), 
105 (PhCO), 103 (PhCN), and 77 (Ph). 

5-(p-Meihoxyphenyl)-2-trichlovomelhyl- 1, 3,4-oxaihiazole. 
After a reaction period of 5 h this compound was obtained 
(76%) as white crystals, m.p. 82-83 °C (from hexane) 
(Found: C, 38.5; H, 2.6; N, 4.4. C 10H5C1 3NO2S requires 
C, 38.4; H, 2.6; N, 4.5%); v. (Nujol) 1 615 cnc' (CN); 
8R (CDCI 3  MeSi) 7.83 (d, 2 H, J 9 Hz, ArH), 6.88 (d, 2 H, J 
9Hz, ArH), 6.43 (s, 1 H, CHCC1 3), and 3.80 (s, 3 H, OMe); 
m/e 315, 313 and 311 (Mi), 194 ([M — CCl3]), 165 (Me000-

HCNS), 135 (Me005H4CO), and 133 (Me000HCN). 
2,2-Bis(irichloronzethyl) -5-(p-methoxyphenyl)-1 ,3,4-

oxathiazole. After a reaction period of 5 h this compound 
was obtained in 57% yield and purified by chromatography 
(silica-hexane), m.p. 87-88 °C (from hexane) (Found: C, 
31.0; H, 1.7; N, 3.2. C 11H 7 C10NO2S requires C, 30.7; 
H, 1.8; N, 3.3%); v 	(Nujol) 1 620 cm' (CN); 

8  (CDCI3, MeSi) 7.86 (d, 2 H, J 9 Hz, ArH), 6.92 (d, 2 H, 

J 9Hz, ArH), and 3.82 (s, 3 H, OMe); ,n/e 433, 431, 429 
and 427 (M), 314, 312 and 310 ([M - CCl3J), 165 (Me000-

HCNS). 135 (MeOC QHGCO), and 133 (Me00 0HCN). 
5-(p-Meihoxyphenyl)-2-phenyl-2-trifiuoroinethyl-1 , 3,4-oxa-

thiazole. After a reaction period of 4 h this compound 
(28%), together with 4-methoxybenzonitnle (59%), was 
obtained as white crystals, m.p. 86-87 °C (from hexane) 
(Found: C, 56.4; H, 3.5; N, 4.0. C 10H 12F3NO2S requires 
C, 58.6; H, 3.6; N, 4.1%); Vrlaz  (Nujol) 1 620 cm' (C=N); 

8u (CDC1 3 , MeSi) 7.89 (d, 2 H, J 9 Hz, ArH), 7.3-7.5 (m, 
5 H, PhH), 6.91 (d, 2 H, J 9 Hz, ArH), and 3.81 (s, 3 H, 
OMe); nile 339 (M), 270 ([M — CF3]), 165 (MeOC6H4-

CNS), 135 (Me00 0H4CO), and 133 (Me000H 4CN). 
5-Met hyl-2-trichloromet hyl- 1, 3,4-oxathiazole. After a re-

action period of 5 h this compound was obtained (62%) as 
white crystals, m.p. 44.5-50 °C (from hexane, charcoal) 
(Found: C, 21.5; H, 1.7; N, 6.2. CH 4CI3NOS requires 
C, 21.8; H, 1.8; N, 6.3%); (Nujol) 1 650 cm' (CN); 
811 (CDC13 , Me4Si) 6.30 (s, 1 H, CHCCI 3), and 2.12 (s, 3 H, 
Me); nile 223, 221 and 219 (M), 102 ([M - CC1 3]), 73 
(MeCNS), 43 (MeCO), and 41 (MeCN). 

2, 2-Bis(trichl oromethyl ) -5-meThyl- 1,3,4-oxathiazole. After 
a reaction period of 8 h this compound was obtained (56%) 
as white needles, m.p. 70 °C (from hexane) (Found: C, 
17.5; H, 0.9; N, 3.9. C 5H 3CI6NOS requires C, 17.8; H, 
0.9; N, 4.1%); (Nujol) 1 655 cm' (CN); 8 (CDC1 3 , 

MeSi) 2.23 (s, 3 H, Me); 341, 339, 337 and 335 (Mt), 
218 ([M — CCl 3]), 73 (MeCNS), 43 (MeO), and 41 
(MeCN). 

2,2-Bis(t7ichlovor.1etJsyi)-5-royi-i,3,4-oxathiazole. 	After 
a reaction period of 5 h this compound was obtained (44%) 
as a colourless oil, b.p. 135 °C at 0.003 mmHg (Found: C, 
22.7; H, 1.6; N. 3.7. C QH 7 CI QNOS requires C, 23.0; H, 
1.9; N, 3.8%); (film) 655 cm-1  (CN); BE (CDC1 3 , 

MeGSi) 2.43 (t, 2 H, CH 1), 1.6—i.9 (m, 2 H, CH,), and 1.03 
(t, 3 i-:, Me); m/e 339, 361, 365 and 333 (Mt), :cl (?iCXS). 

2-T7ichlorome€hyl-5-undecy1- 1 ,3,4-oxathiazole. After a re-
action period of 6.5 h this compound was obtained as a 
pale yellow oil (60%) and purified by chromatography 
(silica-hexane) (Found: nz/e 359.065 016. C 1 H1 35C13NOS 
requires M, 359.064 412); (film) 1 650 cm (CN); 

611 (CDC1 3 , MeSi) 6.28 (s, I H, CHCC13), 2.40 (t, 2 H, CH 2), 
1.6-1.8 (m, 2 H, CH 2), 1.1-1.6 (m, 16 H, CH,), and 0.87 
(t, 3 H, Me); nile  363, 361 and 359 (M), 242 ([M — CCl3]). 

An attempted distillation of the product at 175 °C/0.003 
mmHg yielded a pale yellow oil; i.r. spectroscopy indicated 
that it contained some nitrile, (film) 2 210 cm' (C=N), 
arising from the thermal fragmentation of the oxathiazole. 7  

2, 2-Bis(trichloroinethyl)-5-undecyl- 1, 3,4-oxathiazole. 
After a reaction period of 7 h this compound was obtained 
as a pale yellow oil (31%) and purified by chromatography 
(silica-hexane) (Found: m/e 474.963 078. C 2H 235C13N0S 
requires M 474.963 148); 	(film) 1 655 cnf' (C=N); 
8 (CDC13, MeSi) 2.50 (t, 2 H, CH 2), 1.9-1.6 (m, 2 H, 
CH 2), 1.1-1.5 (m, 16 H, CH.) and 0.87 (t, 3 H, Me); m/e 
481, 479, 477 and 475 (M), 362 and 360 ([M — CC1 3j). 
An attempted distillation of the product at 170-180 °C/ 
0.003 mmHg yielded a yellow oil; i.r. spectroscopy indicated 
that it contained some nitrile, Vff  (film) 2 210 cm' (C=N), 
arising from the thermal fragmentation of the oxath.iazole. 7  

X-Ray Crystal Structure Analysis of 5-Plzenyl-2-tric/zloro-
methyl-1, 3,4-oxathiazole (4A) and 5-(p-MethoxyjThenyl) -2-
p/zenyl-2-trifluoromethyl- 1, 3,4-oxathiazole (4B).—Crystal-
lisation of (4A) from hexane gave monoclinic needles, 
elongated along c, and of (413) from hexane gave monoclinic 
prisms. 

Crystal Data for (4A).—C9H0C13NOS, M = 282.6, mono-
clinic, a = 11.507(8), b = 9.356(2), c = 10.560(9) A, ç = 
78.54(1)°, U = 1114.2 A, Dm  = 1.65 g cm-3, Z = 4, D = 
1.68 g CM-3, space group P21 1c (by systematic absences), 
Mo-Km  radiation (graphite monochromatised) A = 0.710 69 
A, (Mo-K) = 9.7 cm'. Dimensions of crystal used for 
intensity data 0.2 x 0.2 x 0.7 mm. 

Crystal Data for (4B).—C 16H 12F3NO 2S, M = 339.3, 
monoclinic, a = 12.282(5), b = 7.311(2), c = 17.181(7) A, 

= 105.89(3)°, U = 1 483.8 A, Dm  = 1.52 g CM-3, Z = 4. 
= 1.52 g CM-3, space group P21 /c (by systematic 

absences), Mo-K radiation (graphite monochromatised). 
A = 0.710 69 A, s(Mo-K) = 2.6 cm'. Dimensions of 
crystal used for intensity data 0.15 x 0.20 x 0.25 mm. 

After preliminary oscillation and Weissenberg photo-
graphs each crystal was mounted on the Stadi-2 diffracto-
meter with b along the spindle; cell dimensions were refined 
and the intensity data recorded using an cu scan and = 
25°. In each case two unique sets of reflections were 
recorded and subsequently averaged after Lp correction. 

Both structures were solved by direct methods using the 
MULTAN system 12  and refined by least-squares using the 
XRAY system; 13  difference Fourier maps confirmed the 
presence of hydrogen atoms at the stereochemically 
expected positions. In the final cycles, positional para-
meters were refined for hydrogen atoms but their thermal 
parameters were fixed at U = 0.06 A; positional and 
anisotropic thermal parameters were refined for all other 
atoms. Unit weights were used in (43) and a weighting 
scheme dependent on both JF0 ,1 and sin 6 in (4A). 

The atomic scattering factors in the XRAY system were 
used. R Converged to 0.044 for 1 588 reflections with I > 
2a(I) for (4A) and 0.043 for 1 223 reflections for (4B). 

Positional parameters for atoms other than hydrogen 
are given in ?able 3. Uhe molecules (and atom numbering) 
are illustrated in Figure 1 (drawn by the programme 
?LUUO 'c),  and selected bond lengths and angles in Figure 
2. All positional and thermal parameters are deposited 
as supplementary publication No. SUP No. 23145 (28 
pages). *  

" For details of the Supplementary Publications Scheme see 
Notice to Authors No. 7, J. Chem, Soc., Perkin Trans. 1, 1980, 
Index issue. 
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TABLE 3 

Fractional co-ordinates for atoms other than hydrogen, 
with their standard deviations. 

Atom x y z 

(a) for compound (4A) 
0(1) 0.438 1(2) 0.410 7(3) 0.297 8(3) 
C(2) 0.396 4(3) 0.273 3(4) 0.273 6(4) 
S(3) 0.488 8(1) 0.148 8(1) 0.340 0(1) 
N(4) 0.583 8(3) 0.280 8(4) 0.359 7(4) 
C(5) 0.545 4(3) 0.401 8(4) 0.334 4(3) 

 0.605 2(3) 0.539 4(4) 0.335 5(3) 
C(7) 0.699 9(3) 0.552 0(5) 0.398 0(4) 
C(S) 0.760 9(4) 0.677 7(7) 0.392 0(5) 

 0.731 3(5) 0.792 2(7) 0.325 5(5) 
 0.638 2(5) 0.782 8(6) 0.263 2(5) 
 0.574 9(4) 0.656 8(5) 0.270 0(4) 

C(21) 0.402 4(3) 0.255 0(4) 0.130 0(4) 
C1(211) 0.3089(l) 0.3844(l) 0.0806(l) 
CI(212) 0.5457(l) 0.2807(l) 0.0426(l) 
Cl(213) 0.3528(l) 0.0820(l) 0.1022(l) 

(b) for compound (4B) 
0(1) 0.738 6(2) 0.335 7(5) 0.7154(2) 
C(2) 0.825 1(4) 0.3504(g) 0.790 4(3) 
S(3) 0.9512(l) 0.421 1(3) 0.7607(l) 
N(4) 0.882 6(3) 0.418 9(7) 0.661 4(2) 
C(S) 0.779 6(4) 0.374 3(7) 0.650 5(3) 
C(6) 0.698 0(4) 0.360 4(6) 0.571 9(3) 
C(7) 0.7198(4) 0.429 1(7) 0.502 8(3) 
C(S) 0.643 6(4) 0.411 4(9) 0.428 8(3) 

 0.540 8(4) 0.324 2(7) 0.421 0(3) 
 0.514 7(4) 0.257 4(7) 0.489 2(3) 
 0.592 3(4) 0.277 6(7) 0.564 3(3) 

C(21) 0.838 7(5) 0.159 4(8) 0.828 2(3) 
 0.746 8(3) 0.099 1(5) 0.841 5(2) 
 0.865 7(3) 0.040 0(5) 0.775 3(2) 
 0.923 0(3) 0.153 2(5) 0.893 8(2) 

C(22) 0.789 7(4) 0.479 6(7) 0.847 2(3) 
 0.870 6(5) 0.570 5(9) 0.908 9(3) 
 0.838 7(7) 0.688 4(10) 0.957 3(4) 
 0.726 0(7) 0.718 4(9) 0.950 8(4) 
 0.645 6(6) 0.627 9(9) 0.6933(d) 
 0.677 2(5) 0.5067(g) 0.841 5(3) 

0(91) 0.471 6(3) 0.311 8(5) 0.344 5(2) 
C(911) 0.370 0(6) 0.2127(g) 0.332 7(4) 

We are grateful to the Edinburgh Regional Computing 
Centre for their co-operation, the S.R.C. for research and 
maintenance (J. F. R.) grants, and INVOTAN, Portugal for 
a research studentship (A. M. D.). 
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Cyochrome c4  from Pseudoinonas aeruginosa 

The dihaem cytochrome c4  from Pseudomonas aeruginosa has been crystallized in 
space group P65 22 with cell dimensions a = b = 624 A, c = 1742 A, and one 
molecule per asymmetric unit. Two heavy-atom derivatives, UO 2 (NO 3 ) 2  and 
K 2Pt(NO 2 )

41 
 which substitute at one and three sites, respectively, have allowed a 

low-resolution electron density map to be obtained. This shows clearly the two 
domains of the molecule. 

Cytochromes c, proteins with a covalently bound haem prosthetic group, are found 
widely distributed in nature, are easy to isolate and, as a consequence, have been a 
prime subject for comparative investigations of both amino acid sequence and 
tertiary structure. The comparisons that have been made have provided evidence 
for the classification of the many varied cytochromes c of bacterial origin (Ambler, 
1981). and the fact that the sequence variation of eukaryotic cytochrome c from 
many organisms correlates well with the phylogeny derived from morphological 
evidence (Fitch & Margoliash, 1970) has led to the use of both sequence and three-
dimensional structural information to propose a bacterial phylogenetic tree based on 
the prokaryotic cytochromes c of class I (Dickerson, 1980). High-potential 
cytochrome c is involved in electron transport both in respiration and in 
photosynthesis but, whereas in mitochondrial respiration the electrons are used to 
reduce oxygen to water with the concomitant production of ATP, bacteria are less 
specialized and some can utilize nitrate, for example, in place of oxygen. One such 
nitrate respiring bacterium is Pseudomonas aeruginosa, which is capable of 
producing at least five distinct cytochromes c, although not all are members of 
class I (Ambler, 1981). Of these, cytochrome c 551  has had its tertiary structure 
determined (Almassy & Dickerson, 1978) and has been sequenced from many 
bacterial sources (Dayhoff, 1979). The cytochrome ed that is also known as nitrite 
reductase and cytochrome oxidase, has been crystallized and is now the subject of 
X-ray crystallographic analysis (Takano et al., 1979). Cytochronie c peroxidase has 
also been purified (Soininen et al., 1973; Coulson & Oliver, 1979), although no real 
structural information is available other than molecular weight and amino acid 
composition. A cytochrome c 5  has been partially sequenced (Ambler & Taylor, 
1973) and an X-ray analysis of the protein isolated from another denitrifying 
bacterium, Azotobacter vinelandii, is currently in progress (Stout, 1978). Whilst no 
cytochrome c' has yet been found in P. aeruginosa it occurs in A. vinelandii, which 
appears to have a similar complement of electron transport proteins; it may also be 
present in P. aeruginosa. We report here the crystallization and low-resolution 
structure of another cytochrome from P. aeruginosa. 

Cytochrome c4  is a dihaem ;  high-potential cytochrome of molecular weight 
19,000, which was characterized first by Neumann & Burns (1959) from A. 

0022-2836/81/350831-05 $020010 	
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vinelandii and by Kodama & Shidara (1969) from Pseudomonas stuizeri. Ambler 
(1981) has reported the near-complete sequence of 181 residues, from which it can 
be seen that the protein appears to be two "short" (Dickerson, 1980) molecules 
joined covalently. The cytochrome c4  is closely related to that from A. vinelandii 
(R. P. Ambler, unpublished results) and also each "half' is similar in sequence to 
that of c 554  from the halotolerant bacterium Paracoccus ATCC12084 (see 
Dickerson, 1980). There is, indeed, more homology between C554  and c4  than there is 
between the two halves of the latter protein. Although the exact function of c4  is 
unknown, it is produced in significant but variable quantities together with c 551  
and azurin when P. aeruginosa is grown anaerobically. These observations led us to 
wonder if there was some subtle yet significant difference between the c4  and c 551  
structures, between the two halves, and if there was some interaction between the 
two haems. The redox potentials of the two proteins are similar (Lemberg & 
Barrett, 1973) and, although there is a small difference in the x-band, the binding of 
the haems must be very similar. In order to seek the answer to these questions, 
together with the extra insight into the "cytochrome fold" afforded by two 
structures, which should help in limiting the search for the mechanism of electron 
transfer (Winfield, 1965; Takano et al., 1973; Salemmeetal., 1973; Salemme, 1976; 
Poulos & Kraut, 1980), we began a study of the crystal structure of cytochrome c4  
from Pseudomonas aeruginosa. 

The protein from the neotype strain of P. aeruginosa, NCTC 10332, was isolated 
from acetone-dried cells by the procedure of Ambler & Wynn (1973) as modified by 
Coulson & Oliver (1979). A solution of the cytochrome was concentrated to about 
1 mg ml ' by elution from CM-cellulose equilibrated in 50 mm-ammonium acetate 
(pH 501), with a 01 M solution of the same buffer, pH 70. This concentrated 
solution was precipitated by the addition of finely divided (NH 4 ) 2SO4  to 80% 
saturation. After spinning down the precipitate, it was resuspended in a minimum 
quantity of 50 mm-ammonium acetate (pH 60), from which suspension hexagonal 
bipyramidal crystals grew at 4°C over a period of one to three days. The crystals 
were transferred to a stock solution of 2 M-(NH 4 ) 2 SO 4 , 50 mI1-ammonium acetate 
(pH 6), in which they are quite stable at temperatures from 4 to 22°C. 

X-ray diffraction spectra recorded by precession camera revealed 6-fold 
symmetry for both hk0 and hkl zones, establishing a 6-fold rotation axis whilst the 
ON and hhl zones showed mm symmetry. Further, the 001 reflections were only 
present for 1 = 6n and, in consequence, the space group was determined as P6 1 22 
(P6522). The cell dimensions are a = b = 624(1) A, c = 1742(1) A, y = 120°. The 
molecular weight calculated from the sequence is about 19,000, and this gives a 
value of 257 A 3/dalton (Matthews. 1968) for 12 molecules per unit cell. Since this is 
well within the range found for proteins of similar size, we felt confident that there is 
one molecule per asymmetric unit. The next permissible number, 2, yields a highly 
improbable VM  value, which is not consistent with the observed density of the 
crystals of 122 gem 3 . 

Space group P6 1 22 possesses three centric zones, two of which, the ON and hhl, 
allow all three co-ordinates of an atom to be obtained from a Patterson synthesis. 
The structure of thermolvsin (Colman et al., 1972) was successfully determined in 
this way, and so a similar procedure was tried here. Crystals were soaked in heavy 
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metal complex solutions; the diffraction spectra of those showing unaltered cell 
dimensions and small intensity changes at medium resolution were scanned on an 
Optronix P-1000 scanner and syntheses with coefficients (IFPHI—IFPI)2  were 
calculated. The various vector sets obtained were never totally convincing, and all 
failed to refine satisfactorily either by the method of Hart (1961) or by least-squares 
(Lipscomb et al., 1966). Three-dimensional data for both native and the more 
promising derivatives were collected to 5 A resolution on an Enraf-Nonius CAD4 
diffractometer with a crystal to counter aperture distance of 368 mm. At this 
distance the peaks along the c-axis were adequately resolved by an co-scan. The 
crystal decay was no more than 10% during data collection, which routinely 
measured some 3500 reflections per set. After correction for Lorentz and 
polarization effects and absorption (North et al., 1968), there were about 1650 
unique reflections, of which 85% had I > 3a(I). Of the six derivative sets collected 
from crystals soaked for 24 hours in 1 mm solutions of K 2Pt(NO 2 ) 4 , KAu(CN) 2 , 

dimercury acetic acid, p-chloromercuribenzene sulphonic acid, mersalyl and 
UO 2 (NO 3 ) 2 , the UO was solved from an IFHLE I 2  synthesis (Harding, 1962: 
Blundell & Johnson, 1976) yielding a single site close to the dyad at z = ±1/12. 
Phases calculated from the refined UO + position allowed a different Fourier of the 
Pt(NO 2 ) derivative to be interpreted in terms of three sites, each consistent with 
the (FHLE ) 2  synthesis, although some peaks in the latter map remained 
unexplained. The refined sites are shown in Table 1. The cross-difference Fourier 
technique (see Blundell & Johnson, 1976) showed slightly but consistently higher 
peaks for the heavy atoms in P6 522 as compared to P6 1 22, thus indicating the 
former as the more probable space group. Figure 1 shows the electron density map 
plotted on plastic sheets perpendicular to the z-axis at a separation of 145 A. The 
zero and negative contours have been omitted, and the Figure shows clearly the 
two-domain structure of cytochrome c4  occupying a volume of about 60 A x 30 A 
x 35 A, which compares very favourably with the size expected from two 
monohaem cytochromes. The haem group in the upper lobe is shown clearly, that in 
the lower lobe (below and to the left) is less distinct. Data collection is in progress 
and a medium-resolution map should be available in the near future. 

TABLE 1 

Heavy-atom parameters for cytochrome c 4  

Derivative Site x y z Occupancy R(%)f Slopes 

UO 2 (NO 3 ) 2  1§ 0480 0225 —0077 032 539 032 
K 2Pt(NO 2 ) 4  1 0701 0977 0022 042 

2 0807 0338 0037 015 565 027 
3 0383 0489 0027 011 

The temperature factors were held constant at 15 A -2 . The overall figure of merit was in = 074. 
tThe I? factor is defined as ElIFHLEI—IFHClCII/E)FflLEI. 

The slope is the slope of [<FH°> 211f2  versus I( kIF',HI - IFDI (Dodson, 1976). 
§ The uranium site is that for an atom in a general position just off the dyad axis, and the occupancy 

refers to this general position. 
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