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The conforsation of the eonilk protein $-1aotog1obulin 

Is altered reversibly by changing the p11 of its solution over 

the renge from 6.0 to 8.5.  'The molecule is a diner consisting 

of two identical subunit. of K.W. 189000. Each sub-unit contains 

a single cysteins reactive to mercurial., but the rate of reaction 

changes sharply within the range of the transition, being higher on 

the bl^ p11 side. When crystals are grown by salting out with 

sumoulus sulphate, different crystal foren appear at p11 value, on 

opposite sides of thp transition. At p11 6.5 the crystal fore is 

triolinie; at PIT 7.8 there are two forms, em orthorhombic and the 

ether trigonal. Previous X-ray crystallographic studies using the 

Isomorphous replacement method have concentrated on the high pH 

forms. 

The present work in largely an X-ray analysis of the low p11 

fore, with the object of obtaining structural information about 

the conforeationsi change, in order to decide whether the change 

is a re-arrangement of the sub-units  or a refolding of the 

polypeptide chain in each .ub*uMt. 

The lack of crystallographic symmetry, together with the 

reduced reactivity of the single cysteine, us" progress more 

difficult with the trielinic fern. On the other and, knowledge 

of derivatives which had proved useful for the high pH form 

Provided so.. compensation, 
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Two dimensional projection work at low resolution was only 

partly successful in testing derivatives • In the course of these 

tests another low pH form, monoolinic, was discovered, 

and low resolution phases for the single centrosymmetrio 

projection were determined. 

Using three dimensional data to 61 resolution on the 

triclinic fore three heavy-atom derivatives were inveetited* 
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 p-ohloromercurisulphonic acid, and X2Pt (NO2)4. The 

heavy atom positions have been boated, and referred to the 

same origin. This is the first time that this has been 

achieved with a triolinic crystal form. 

The heavy-atom positions appropriate to a &tmer molecule 

have been compared between corresponding derivatives of the 

low and high pH forms. The sites from X2Kg14  and x2Pt(NO2)4  

are superposable, whereas the binding site for merouriala such 

as p-chloroinerourisulphonio acid has altered by 3.51. These 

results show the close involvement of the free cysteine in the 

conformational change, as well as providing strong evidence 

that no re-arrangement of sub-units is involved. 

A three dimensional electron density sap of the protein 

has been obtained to 61 resolution for the triolinic fore. 

The resultant structure shows the two-fold symmetry to be 

expected from the existence of a diner molecule. It is evident 

that the protein contains little a-helix, but consists of random 

chain and what is presumably 3-structure. 

A computer program which allows simultaneous refinement of 

heavy-atom positions from a number of derivatives is described 

in an Appendix. 
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ABSTRACT 

The conformation of the cow-milk protein 3-1actoglobuliri 

is altered reversibly by changing the pH of its solution over 

the range from 6.0 to 8.5. The molecule is a dimer consisting 

of two identical sub-units of M.W. 18,000. Each sub-unit contains 

a single cysteine reactive to inercurials, but the rate of reaction 

changes sharply within the range of the transition, being higher on 

the high pH side. When crystals are grown by salting out with 

ammonium sulphate, different crystal forms appear at pH values on 

opposite sides of the transition. At pH 6.5 the crystal form is 

triclinic; at pH 7.8 there are two forms, one orthorhombic and the 

other trigonal. Previous X-ray crystallographic studies using the 

isomorphous replacement method have concentrated on the high pH 

forms. 

The present work is largely an X-ray analysis of the low pH 

form, with the object of obtaining structural information about 

the conformational change, in order to decide whether the change 

is a re-arrangement of the sub-units or a refolding of the 

polypeptide chain in each sub-unit. 

The lack of crystallographic symmetry, together with the 

reduced reactivity of the single cysteine, made progress more 

difficult with the triclinic form. On the other hand, knowledge 

of derivatives which had proved useful for the high 	forms 

provided some compensation. 

Two dimensional projection work at low resolution was only 

partly successful in testing derivatives, In the course of t1e 



tests another low pH form, monoclinic, was discovered, 

and low resolution phases for the single centrosyrnmetric 

projection were determined. 

Using three dimensional data to d resolution on the 

triclinic form three heavy-atom derivatives were investigated: 

K2HgI4, p-chloromercurisulphonic acid?  and K2Pt (NO 2)4. The 

heavy atom positions have been located, and referred to the 

same origin. This is the first time that this has been 

achieved with a triclinic crystal form.. 

The heavy-atom positions appropriate to a ditner molecule 

have been compared between corresponding derivatives of the 

low and high pH forms.. The sites from K2HgI4  and K2Pt (NO2)4  

are superposable, whereas the binding site for rnercurials such 

as p-chloromereurisulphonic acid has altered by 3.51. These 

results show the close involvement of the free cysteine in the 

conformational change, as well as providing strong evidence 

that no re-arrangement of sub-units is involved.. 

A three dimensional electron density map of the protein 

has been obtained to 6R resolution for the triclinic form.. 

The resultant structure shows the two-fold symmetry to be 

expected from the existence of a dimer molecule.. It is evident 

that the protein contains little a-helix, but consists of random 

chain and what is presumably p-structure. 

A computer program which allows simultaneous refinement of 

heavy-atom positions from a number of derivatives is described 

in an Appendix. 
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,INTRUT)UCTInN 

Ii. GENERAL_INTRODUCTION TO -LACTOGLOBULIN AND TO PROTEIN 
CRYSTALLOGRAPHY 

Milk, as well as being the natural food of new born mammals, 

is also widely used by humans of all ages. This is because it has 

excellent nutritive value, and can be processed in a variety of ways 

to give a wide range of products. Since numerous problems arise 

in using, preserving, and processing milk it is not surprising that 

scientists have devoted much attention to its properties. 

The milk proteins also deserve study because of their 

physicochemical properties. The individual proteins interact with 

themselves and with one another, as well as adopting a variety of 

conformations. The study of their association-dissociation 

reactions and conformations poses many problems. 

3 -lactoglobuJ.in is the major protein constitu3nt of bovine 

milk whey, Although it has no known physiological function it occurs 

in the milk of many other species including sheep goats, pigs and 

buffaloes (IicKenzje, 1967), Changes in amino acid composition 

occur from one siocies to another, as well as within species, Thus 

the -lactoglbuJjns provide a fascinating example of biochemical 

evolution. 

Urom t phycico'- homjcal standpcint it also has many interesting 

features. The molecule is a dimer with two identical subunits which 

can dissociate; association can take place to at least one variant 

molecule containing eight monomers. It has a single sulphrydryl 

group per subunit, and the reactivity of this group towards 

mercu.rials is linked to a pH dependent conformational change in the 

protein 	Structural studies of P-lactoglobulin in solution using 
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optical rotatory dispersion indicate that at least part of its 

structure does not fit into the categories of helical or random 

chain. 

In order to fully interpret the optical rotatory dispersion 

results, as well as to answer far more detailed questions about the 

structure of the protein. X-ray analysis of P-lactoglobulin 

crystals must be carried out. 

The current approach to protein crystallography is based upon 

the method of isomorphous replacement., Perutz and his co-workers 

(Green et al., 1954) showed that atoms such as mercury and silver 

could be attached to haemoglobin without altering the structure of 

the molecules or their arrangement in the crystal. These heavy 

atoms, however, caused appreciable changes to the X-ray diffraction 

intensities. analysis of these intensity changes enabled the 

positions of the heavy atoms to be found, and subsequently the 

phases of the protein reflexions to be determined. 

Since 1954 a number of protein structures has been solved to 

near atomic resolution by this method. The complete course of the 

polypeptide chain has been followed, and the largest side-chains 

identified, so that the X-ray structure is completely consistent with 

the chemically determined amino acid sequence., Indeed in the case 

of papain (Drenth et al., 1968) the X-ray results were used to 

correct the primary structure as determined by chemical means. 

The protein structures are extremely complex, so a detailed 

description must necessarily be difficult, .An excellent survey of 

many of these structures has been given by Dickerson and. Geis (1969)., 
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All the structures to date follow the general principle of 

hydrophobic groups on the insjdo,, and hydrophilic on the outside, 

though this has been achieved in a variety of ways. Myoglobin and 

haemoglobin are composed largely of a'helix, in which the hydro-

phobic groups occur between the helices, where they pack against 

one another, Lysozyme ribonuclease chymotrypsin and papain all 

have much less a..helix. These enzymes are broadly similar in 

having the active site occurring in a deep crevice. These structures 

have two wings with one wing forming a hydrophobic core and the other 

wing more open. 	p structures occur in varying amounts together 

with "random chain" - an expression meaning only that the chain 
' 

folding is too complex for ite-b-p±gcoiiholad 	Carboxypeptidase A 

is very different, however, with an extensive p sheet in the inside 

and the a-helices on the outside. 

Detailed analysis of these structures show that the polypeptide 

chains are folded in ways largely consistent with the predictions 

of Pauling and Corey (1951) and later workers (egg. Ramachdran 

et aL,1963;  Dc Santis et a109  1965; Nemetby and Scheraga, 1965) 

but as yet it has not been possible to predict, from a lmowledgc of 

the chemically determined sequence, the detailed folding of a protein. 

Thus each protein structure must as yet be individually studied 

by X-ray analysis in order to obtain its conformation. The most 

difficult problem in the method lies in obtaining suitable heavy 

atom derivatives. In this, each protein so far studied has its 

peculiarities, though the same derivatives have been successful 

with similar proteins (e.g, chymotrypsin: Sigler et ale, 1968; 

elastase: Watson et al., 1970). 



Radial distribution of intensity for 

(-lactoglobu1in (Green ,unpublishod 

Fig. 1.1 
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Even when suitable derivatives have been obtained, because 

of the vast amount of data that must be collected - 48,000 

reflexions for myoglobin at 2 resolution - initial attempts at 

structural determination are often confined to a low resolution in 

the hope of obtaining the broad outlines of the molecule. 	A 

suitable low resolution limit is 6, because proteins show a 

distinct minimum in the radial distribution of intensities in this 

region, (see Fig i.i), thus avoiding series termination errors. 

In order to successfully interpret a map at this resolution, however, 

there must be a high proportion of a -helix. 	In myoglobin and 

haemoglobin (75% a -helix) tracing of the polypeptide chain was not 

too difficult, while in lysozyme ( (45% a-helix) even with the 

knowledge of the chemical sequence, and the positions of the 

disulphide bridges the chain could not be traced in the 6a resolution 

map, although at 2 resolution the whole structure was evident. 

Similarly with papain (1- 21% a-helix) the chain could not be followed 

at 4.5a resolution although at 2.81 resolution the chain could be 

followed in sufficient detail to correct the chemically determined 

sequence. 

Crystallographic studies on 	-lactoglobulin have been in 

progress by Green and co-workers since 1955. Difficulties in 

preparing isomorphous derivatives for a simple crystal form held up 

work until 1962, when three crystal forms were produced from ammonium 

sulphate solution. Even then the difficulties were not over. 

Although two isomorphous derivatives were obtained for two of these 

three crystal forms (Green et al., 1963), and the heavy atoms attached 

at completely different sites, the arrangement of the sites was 

pseudo-centric. This introduced a spurious centricity into the 

protein phases, only recently overcome by using a third derivative. 



TABLE Li 

Protein Constituents of Cow Nilk (from McKenzie, 1967) 

Constituents 	 Approx. conc. (g/litre) 

Caseins 	 25 

3 -Lactoglobulin 	 3 

-Lactalbuinin 	 07 

Serum albumin 	 0.3 

Inmun oglobulins 	 0.6 

Others (lactofe:crin, lactoflin, oto) 	1.3 

Fat globule protein 	 0.2 
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The main part of this thesis concerns the authors X-ray 

crystallographic work at low-resolUtiOn. on the third of these three 

crystal forms, together with a comparison of the results of Green 

and co-workers ( to he publishad, and Simmons, 1965) on the other 

two forms 

he remainder of the introduction consists of a brief survey 

of the properties of -.lactoglobu1in relevant to the present study, 

and an account of the method of isomorphous replacements.  

12. PHYSICAL A10 CITEIAICAL PROP.-E-iLTIES OF 

~g2p4ration of lactoa.lobulin from Cow Milk 

In 1934 Palmer (1934) isolated P -lactoglobulin from cow milk. 

The separation and crystallization of 	-lactoglobulin can be performed 

by the method of Aschaf.enburg and Drewry (1957a), and modifications 

to this process have boon reviewed by McKenzie (1967). -lactoglobulin 

forms about 10 of the total protein and about 50% of the whey protein 

(Table i.i) 



Genetic Variants 

Aschaffenburg and Drewry (1955) discovered by electrophoresis 

of the p -lactogiobu1in from indid.ua1 cows that some animals produced 

one type (B1) and other animals a distinct variant (B2), while others 

gave approximately equal concentrations of both types. This 

important result clarified earlier work on the heterogeneity of the 

protein (reviewed by Tilley. 1960). 

To bring the notation into line with genetic usage these 

variants were renamed A and B (Aschaffenburg and Drewry, 1957b) 

since by analysis of the pattern of inheritance it was shown that 

synthesis of the two forms is controlled by alleles of a single gene, 

Some cows are homozygous (i or BB), while others are heterozygous 

(AB). 

Bell (1962) showed that certain Jersey cows produced a third and 

relatively rare genetic variety (c), 	Although he thought initially 

that some cows produc ai all three rTariants, later work (Bell 1964) 

showed that each of the A, B, and C typos of bovine P -lactoglohulin 

occurs e.ther singly or together with either of the other two 

proteins in the milk of individual cows., 

Thus the above workers showed that the genes controlling the 

synthesis of plactcglabulin A B and C are alleles. 

Recently another genetic variant B has been found (Grosciaude 

at al. 1966)e 

Itch of the work on lactoglobulin since 1956 has been carried out 

on iactcglobulin obtained from homozygous anals., 



Molecule _Weiht 

The molecular weight at Lhe iso-electric point pH 52 

has been shown by sedimentation-diffusion (Miller and Golder, 

1952), light scattering (Haiwer ci al., 1951), osmotic pressure 

(Bull and Curric, 1946).. and X-ray crystallography (Senti and 

Warner 1948; Green ci al.,1956) to be between 35,000 - 37,000, 

Subunit St ruc tare of the LacLy  obul in Mole cub 

By using thin films of protein on ammonium sulphate solutions 

Bull (1946) demonstrated the existance of a dimer structure, since 

ho obtained a N.W. of 17000 	Copper sulphate was found to prevent 

the dissociation. Light scattering and sedimentation diffusion 

studies by Townond. and Timasheff (1957) and Townend et ci., (1960, 

1964) showed that the molecule dissociated below pH 35 in variants 

A, B and. C 	The degree of dissociation., however, is strongly 

dependent on the protein concentration (Mchonzi(.-,, 1967) 	When the 

monomers re-associate mixed dimer molecules - AB BC, AC, are never 

obtained (Townand ci al,, 1961. 1964), 

Dissociation also takes place to some extent above pH 8 

(Georges and. Guinard. 1960; Georges et al,1962) and in fact over the 

PH range 2 - 9 (McKenzie and Gawyer, 1967) 

-lactorlobuhin A has been found by Townend and Timasheff 

(1956) to aggregate into tetranors (4  x 36,000 MW.) between pH 3.,7 

and 5.1 	The aggregation of variant B is much less, and mixed 

aggregates with A can be formed, (Kunosinskl and Timasheff, 1966). 

Variant C does not aggregate at all, (Bell and McKenzie, 1964) 

Nor does variant D aggregate to any significant extent (Brignon 

ci al,, 1969). 
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TABLE 1.2.  

Amino Acid. Constituents of P -Lactgu1in 

2. and B. 	(from Frank and Braunitzer, 1968) 

Amino Acid 	Frequency of 	Occurrence 	Frequency 	of Occurrence 
in 3 - Le" A 	 inP - Lg B 

Lys 	 15 	 15 

His 	 2 	 2 

Arg 	 3 	 3 

Amp 	 16 	 15 

Thr 	 8 	 8 

3cr 	 7 	 7 

Glu 	 25 	 25 

Pro 	 8 	 8 

ly 	 3 	 4 

Ala 	 14 	 15 

Cys 	 5 	 5 

Val 	 10 	 9 

Met 	 It 	 4 

Ile 	 10 	 10 

Leu 	 22 	 22 

Tyr 	 4 	 4 

Phe 	 4 	 4 

Try 	 2 	 2 
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Fig. 1.2 

Partial primary sequence of the A variant of 

-1actog1obu1in(Frank and Braunitr,ic)67) 

Lou- Ilo-Val-Thr-Thr-Mot-Glu-Lys-Gly-Asp-Leu-Gln-Ile-Lys-(Thr,Gly, Ala, Val Trp)- 

5 	 10 	 14 

Tyr-Ser-(Ala ,Leu-Mot-Leu-(Asx,Sr,Ser,A1a,Ma ,Ilé)-Leu-(Asp,Ala)-(Sor,Gln).-(Pro, 

20 	 25 	 32 

A1a,Leu)-Arg-Va1-ou-(Va1,Leu)-(Acp, Asp, Tyr, Thr)-Lys-Lys-.(Leu,Leu,'ryr)- (GI x, 

	

40 	 50 

	

57 	 68 	70 

(Asp, Thr, Pro, Val) -(Asx, Glx,Glx) -Ala- (Glu, Leu) -Lys-Asp-Pho-Lys- (A]. a, Leu) -Lys-Al a- 

8i 	 85 	 90 

(His,Pro,ot,I1e,Leu)-Arg-Ly-Leu.'Lcu-(Asx,G1x,Ct1x,Va1,I1e)-Tyr-(G1x,G1x,Va])-ieu- 

97 	100 	 io6 	 110 

(Thr,Glx,  Pro, Pro, Gly,Leu)-Lys-Asp-Glx-(Asp,Glx,Trp)-Cys-Ala-Gln--Lys-Lys-(Oln,Ala, 

118 	 125 

Tie, Tle)-Lys-Thr-Lys-.(Pro, Ala, Vai , Ile) -Phe-Lys-Leu-Asp-(Asx,Gix,Aia , iie)-Asx-Ly- 

	

132 	 140 	 147 

(G1x,Lou-(Asn ,Sor,Gin ,Pro,Let ,Phe-Thr-Gix-Gix-Cys.Mi s-Tie. 

157 	16o 	i62 
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Amino Acid Analysis 

A number of workers have examined the composition of variants 

of p-lactoglobuiin (eg. TOVIuW by McKenzie, 1967, which also 

gives some species differences). The results of the various 

groups are generally in good agreement. The findings of the most 

recent analysis of variants A and B., by Frank and Braunitzer 

(1968), are shown in Table (I.2) The figures for half-cystifle 

have been corrected for destruction during hydrolysis. There is 

one cysteine and probably two cystines per subunit. 

Variant A differs from B by A (Asp, Val) <-.>B (Gly, Ala) 

as shown by Gordon et ai.,(1961), and Piez et al.,(1961). This 

has been confirmed by Kalan et al.,(1965) who also show that variant 

C differs from B by a (His)— B (Gin). Brignon et a1, (1969) 

show that variant D differs from B by D (G1n).> B (Glu). 

Primary Sequence 

A partial primary sequence of 3_laotoglobulifl has been reported 

by Frank and Braunitzer (1967) and their results for the A variant 

are shown in Pig.. (1.2). Certain peptides are enclosed in 

paranthesis to indicate that the order of the various residues within 

that peptide has not yet been established. 

These results show that the monomer contains 162 amino acids 9  

and confirms earlier work on the N-terminal groups (e.g. Frankel-

Conrat, 1954 and Niu and Frankel-Conrat, 1955) and the C-terminal 

group (e.g. Niu and Prankel-Corirat, 1955; Davie et al.,1959). 
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Some useful information can be deduced from this primary 

sequence. Proline is the only amino acid in which the side chain 

loops back to re-attach to the main chain. This forces a bend in 

the main chain and disrupts an •he1ix Knowing the positions of 

the proline residues places restrictions on the lengths of a-helix. 

The positions of the ha:.fcystines ana also useful. The site of the 

free syiphydryl group can be precisely located in the low resolution 

maps of Y and Z since it can be labelled with mercurials, e.g. 

monomercuri acetic acid(A), no it would be a helpful starting 

point in the analysis of these maps to know which half-cystine contains 

the reactive -SH group. The sequence as published, however, does 

not indicate which Cys this is. Kalan at al. (1965) report that 

carboxypeptidase A quickly releases lie (162) and His (161), but then 

the reaction slows down This does not necessarily imply that Cys 

(160) is involved in a disulphide bridge, however, since even a 

cysteine will stop the reaction (ROP. Ambler, private communication). 

Another interesting feature is that Cys (69) is followed by 

Cys (70). Consequently if one of these contains the reactive 

sulphydryl group then the iii"JA positions should be close to disulphide 

bridges. At low resolution, however, a disulphide bridge may not 

be one of the most prominent features in the map (Kartha, 1967). 

Thus, although there is evidence in the Y and Z maps of a high density 

region close to the i11vIA position, this need not be a disulphide bridge. 
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Conformation of (3-lactoglobulin in Solution 

Optical rotatory dispersion (0RD) as a technique to measure 

protein secondary structure has become of importance in the last 

15 years, mainly owing to improvements in instrumentation.  

Even so, up till 1966 it was only possible to carry out an 

empirical analysis assuming that there were but two structures 

present; helical and "random chain" This treatment was satisfactory 

for some milk proteins, such as the caseins 9  which are probably 

largely in random chain configuration. With 3-lactoglobulin, 

however, the analysis indicated an apparent contradiction - low helix 

content yet a highly "folded" structure (e.g. Tanford et al.,1960). 

Although 3-structure was known to occur in proteins its effect in 

the 01W was not easy to calculate, due to the difficulty of obtaining 

a water-soluble model polypeptide in this conformation. In 1966, 

however, this was done by two research groups (Davidson et al.,1966 and 

Sarker and Doty, 1966). When allowance was then made for P-structure 

in 3-lactoglobulin different workers (e.g. Townend et al.,1967, 

Pantaloni et al.,1969), using both ORD and circular dichroism, 

showed that as much as half the structure could be P-structure. 

These workers also agreed that the percentage of a-helix was low. 

Pantaloni et al. consider that the rest of the structure is of a 

regular compact nature, while Townend et al. describe it as "random-

chain". 

A little caution should be exercised, however, since Greenfield 

et al. (1967) and Fasman and Potter (1967) have compared the 01W 

curves of lysozyme with curves calculated from spectra of poly-1-lysine 

in the a-helical, (3-structured and unordered conformations in the 



nm 

pH—dependence of optical 
rotation of .8  —1actog1obuj 
(from Tanfori et al.1959). 

15 

Fig. 1.3 
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correct proportions. They conclude that such calculations tend 

to overestimate the amount ol --structure present, and to under-

estimate that of a -helix, 

i\[evurthelesu, for 	-lactoglobulin, the estimates from ORD of the 

quantities of 3 -structure and a hulix also agree with those obtained 

by measurements in the infra--rod, (Tiniasheff and Susi, 1966). 

Although the ultimate aim of the X-ray analysis of the structure 

is to obtain far more detailed inforaation than is possible from 

solution work, the above results have some relevance. In particular, 

since ease of interpretation of a low resolution map seems closely 

related to the percentage of a-helix, and all the above accounts 

estimate a low percentage, it is to be expected that the complete 

course of thu polypeptido chain will not be able to be followed at 

low resolution. 

ph - 	ndenco of the Conformations 	ct1obuiin in Solution 

A reversible change in the optical rotation (Fig0  13), and 

therefore in the conformation of mixed ib3 p -lactoglobulin at about 

PH 7.5 was shown to occur by Tanford et al (1959). a similar 

conformational change has since been obseied for the individual 

variants A and B ash for the rar:Lrat C (Timasheff ci ale, (1966) )o 

D also undergoes this conformational change (Brignon ot a10, 1969). 

The conformational change is accompanied by the appearance of two 

anomalous" carboxyl groups as the transition is approached from the 

low pH side (Tanford and Taggart 1961), and these authors suggested 

that it was the ionization of these groups, previously buried in 

the interior of the molecule, that provided the driving force for 

the conformational change, 
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The pM dependence of the specific rotation 

of 3-1tctc1ohu1j B (McKenzio,167) 

17 

Fig. 1.4 
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A further reversible conformational change at about pH 50, 

resulting in a rather smaller change in optical rotation, was not 

evident in the work of Tanford et al., owing to these workers 

using mixed A B -lactoglobulin. This change was observed by 

Timasheff et al. (1966) and by McKenzie and. Sawyer (1967).  The 

three genetic variants A,B,C all display a conformational change 

in this region, but there are differences in detail between the 

plots of optical rotation with pH. The curve corresponding to 

genetic variant B is shown in Pig. (1.4). With genetic variant 

C the two transitions overlap complicating the interpretation. 

Although the transition occurs in the A variant the effect is 

complicated by a change in conformation of the dimer, at about 

PH 4.5, in which it assumes a specific conformation which is a 
prerequisite for the formation of an octaner and to the presence 

of octamer itself (McKenzie and Sawyer,1967).  The nature of the 

groups involved in the pH 5,0 transition is not certain, but 

Timasheff et al. think that carboxyls are again involved. 

In the region pH 7.5 - 8.2 the protein conformation is 

apparently constant. Groves et al.(1951)  found a zero-rate of 

denaturation at pH 8,2 which increased as the pH was raised 

until at pH 9.5 the protein became irreversibly denatured if 

left for more than a few minutes. Rapid denaturation at pH 8.3 

has been observed by Pantaloni (1962), however, if -lactoglobulin 

is reacted with Cu+  r  Hg+ 

The reactivity of the suiphydryl groups has been shown to be 

related to the conformational change at about pH 7.5. Dunnhll(1963) 

found that below pH 7.5 reaction of the -SH groups with 
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p-ch1oromercuribenze (PCNB) occurred very slowly, Between 

pH 6.75 and pH 7.05 the reaction rate increased by a factor of 

10, and between pH 6.2 and pH 8.5 by a factor of 3000. Duimill 

proposed that the -SH group is involved in a thiazoline ring 

configuration, closed at low pH in the native form, and which 

PCF1B breaks, leaving the protein liable to denaturation. In 

this theory the conformational change at pH 7.5 involves the 

breaking of the ring followed by a limited re-arrangement of the 

protein during which the "anomalous" carboxyl groups become 

ionized. 

Dunnill found some confirmation for this when he discovered 

that the presence of NH4  ions, which would stabilize a thiazoline 

ring, inhibits both the pH 75 transition and the reaction with 

PCNB at high pH. The latter, however, could also be due to the 

formation of a stable complex between the PCMB and the 

(Sigler and Blow,1965), 

Pantaloni, however, considered that the increased reactivity 

of the -SH group at high pH was due to the dissociation of the 

dimer molecule into the component subunits. There is some 

conflicting evidence in the literature as to the extent of such 

a dissociation. Tanford et al and Timasheff et al. find no 

evidence for this dissociation, while Georges and Guinard(1960) 

and Georges et al.(1962), and McKenzie and Sawyer (1967) report 

some dissociation. In any case some other effect must be involved 

because Lyster(1964) found no significant change in the reaction 

rate before and after dissociation below pH 3,5. 
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Thus these results show that the effect of pH on P-lacto--

globulin is rather complicated. To summarise, a conformational 

change occurs at around pH 50, though in variant A aggregation 

to form the octamer complicates the interpretation. A further 

change in conformation occurs at about pH 75, and the reactivity 

of the suiphydryl group is closely associated with this change. 

Here, however, dissociation into the monomer may also take place. 

These results are important in correlating the structure of 

P-lactoglobulin in the crystal, with its structure in colution. 

The protein has been crystallized from ammonium sulphate on both 

sides of the pH 7.5 transition. The effect of the ammonium sulphate 

is not known, though the work of Dunnill (1963)  suggests that it may 

restrict the conformational change at this pH. Derivatives can 

be readily prepared by reacting the -SH group, in the high pH 

crystal forms, with mercurials. As shown in the main part of this 

thesis, the reactivity of the •-SH group in the low pH form, under 

the same conditions, is much less, Thus many of the factors 

involved in the above discussion are present in these crystal 

structures. 

Crystal Studies of 3-Lactog1obu1in, 

-Lactoglobu1in is very soluble in dilute salt (0.1M) 

solutions, but like a typical globulin its solubility is much 

less in salt-free or nearly salt-free water, especially near the 

iso-electric point, pH 5.2. In addition its solubility in dilute 

salt solutions is changed by the addition of heavy-atom compounds. 

Thus it is possible to obtain crystals by removing the salt by 

dialysis, or by adding certain heavy atom compounds. These 

methods give rise to salt-free forms. 



TiJ3LE 1,3 

Crystal  forms of J-1actogobulin (after  

Aschaffenburg ct al.,, 1965) 

Abbreviations 	3A 1.3  pure genetic variants, 	protein 
from mixed milk, 

more stable crystal form of 3B, 

crystals prepared by dialysis against 
water. 

Ac: crystals frost LLlutc acetate without 
dialysis. 

PCMS i. Chloroniorcuribenzcne suiphonic acid. 

IAM iodoacotasiido. 

Note : The hand of th 	axis has not been established. 

Cell dimensions are accurate to 0.5. 
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Compound and. Type Space 
Cell Dimensions Molecules 

(36K) 
Crystallization Medium Code Group a b C V 5  /cell/a.u. 

10 

PA+Zn,Cd.,Pb 
P21221  68.6 70,2 137.8  6.63 8 2 

P1'I NaCl p113.5 P P63  67 - 141 - 5.46 6 1 

PA9,PB* 13M 1120  p115.2 Q, P212321  693 70.7 157.5 - 7.74 8 2 

PB 1120  p115.2 R P21  36.1 127,5 360 106005' L64 2 1 

B+0d. Ac p115.2 S P21  36.4 127.6 36.4 98°12' 168 2 1 

pB+Cd* Ac p11502 T P41212 692 - 138.8 - 6,65 8 1 

PM 1120 p115.2 U P422.2 67.5 - 133.5 - 6,05 8 1 

M+WiA. (4)2504 pH6.5 V P21  35,1 56.2 72.4 1020  10 2  1.40 2 1 

PA+PCNS,IPiAN 1120  pH5.2 W P2i 36.4 68,2 72.3 92°12' 1.80 2 1 

122°45 
PA (NH 4)2SO4  

pH6.5 X P1 38,1 49,7 56,6 97°31' 0,83 1 1 
104'051  

pApB13IQr, (NH 4)2SO4 p117.6 Y B2212 557 67.2 81.7 - 306 4 * 
PA,PB9PM (NH 4)2SO4  p117.6 Z P322 54.4 - 117.0 - 2,89 3 

Buffalo 1120  pff52 9311 P2   35.9 127.7 35.9 106017' 1,63 2 1 
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Like a typical albumin, P -lactoglobulin can be precipitated 
from solution by increasing the ionic strength, that is by "salting-out", 

giving rise to high-salt crystal forms. 

It is possible then by varying the conditions, to obtain a 

large number of different I orns 	Aschaffenburg, Green and Simmons 

(1965), who first preparcd and characterized most of the 1mom forms 

give details of the preparation, cell dimensions, space groups, and 

other characteristics, of all forms known up to that date. Their 

table summarizing this information (but brought up to date with regard 

to a few minor details), is reproduced in Table 1.3, A further form 

discovered by the present author in the course of this work has also 

been included, and is discussed later. 

Attempts to prepare isomorphous derivatives from low ionic 

strength solutions have not been successful. Either completely 

different crystal forms were obtained, or even with forms externally 

isomorphous with a native form, the intensity changes were small and 

have increased with increasing Bragg angle, indicating lack of 

isomorphism. 

Vthon suitable derivatives coald not be prepared from low ionic 

strength solutions, Green and his co-workers turned their attention 

to high-salt forms. This method cf preparation makes the crystal 

form less susceptible to minor mod±fications of the protein or of the 

solution, and the stability of the crystals can be improved by 

increasing the salt concentration of the mother liquor, after the 

crystals have grown. 
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S4rensen and Srensen (1939),  by salting-out milk whey with 

ammonium sulphate at pH 65, discovered the form classified, as 

type X. Green characterized this form and went on to obtain two 

other forms types Y and 4, by carrying out the same procedure, 

but with the p11 above 72. Typo X must be clearly distinguished 

from types Y and 5, however, since it is always obtained below pH 6,9, 

and Y and. Z have only been prepared above pH 7,2. It is probable 

that this distinction is related to the change in protein conformation 

at about pH 7, discovered by Toni ord at al (1958) and already 

referred to. Typos Y and. Z are thought to contain identical molecules, 

since the two forms can be grown in the same tuba under identical 

conditions. 

The three forms X, Y and Z sic all suitable for the application 

of the isomorphous replacement method, insofar as they have a small 

number of molecules per unit cell (respectively 1, 4 and 3) and a small 

asymmetric unit (containing respectively 1, -- and. 2  molecules), 

Type X, however, has no csntrosymniotric projections, making the 

application of the isomorphous replacement method more difficult, 

for the reasons discussed later, Consequently initial efforts 

(Green ot a10 1963;  Simmons,  1965)  have concentrated on typos Y and Z 

Initially two derivatives were used in protein phase 

determination for types Y and Z. These were monomorcuri acetic 

acid (MA), which is specific for the -SH group in Y and Z, and 

K2HgI
4
, which attaches at one site per subunit in Y, while in Z 

there is a minor site in addition. Although the sites for 

attachment of these two derivatives were quite different, the 

arrangement of sites per dimer was found to be pseudo-centric, in 
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both crystal forms. Despite this difficulty, which can be 

expected to produce a resultant spurious centricity in the protein 

'ouriers, the low resolution maps obtained (Simmons, 1965, Green 

unpublished), show a fair degree of continuity with a helix content 

which could be as high as 35 	More recently a third derivative, 

K2Pt(NO2)4, which has two sites of attachment per monomer in both 

crystal forms, has been used in phase determination. The three 

derivative sites no longer form a psedo—centric arrangement, and so 

should result in an improved map, A low resolution map of type Z, 

using these three derivatives, has recently been obtained by Green. 

This is still being studied, but it is already apparent that several 

unsatisfactory features in the previous Z map lave disappeared. 

The application of the isomorphous replacement method to 

type X, and a comparison of the results with the Y and Z results, 

provides the main work of this thesis. 

1.3. THE ISOMORPHOUS REPLCEJ€NT IBTHOD 

The method which up till now has proved most successful in 

solving the structures of crystalline proteins is that of isomorphous 

replacement 	The following treatment of the theory of the method 

is not intended to be complete, but is limited to these aspects 

which played an important part in this work. In particular, this 

summary concentrates on non—controsmmetric structures and refers to 

centrosymmetric projections only occasionally, and then for 

comparative purposes. 



26 

Vectorial addition of the protein 

contribution FP and the heavy-atom 

contribution FH to give 

Fig. 1.5 
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If PP is the structure factor for a reflexion for the 

native protein., and F'PH that for a heavy atom derivative - 

assumed to have the identical structure, apart from a number 

of heavy atoms and PH is the heavy atom contribution, then 

the three vectors are related by the equation 

PIH 	FP + FH 

as shown by the vector triangle of Pig, I5 

The amplitudes of PP and FPH can be measured but the 

protein phase ( cp  ) hac to be found using PH, which is 

completely determined once the positions,and other parameters, of 

the heavy atoms have been obtained. 

As will be seen later the calculation of ap requires at 

least two heavy atom derivatives. In this account different 

derivatives are distinguished by subscripts, eg0 FPH2  is the 

structure factor for heavy atom derivative 2 

The application of the isomorphous replacement method 

requires the following steps 

Crystallization of the protein in a suitable form 

Preparation of isomorphous derivatives followed by collection 

of data to the required resolution., 

Location of the heavy atoms with respect to the same origin. 

Refinement of the heavy atom parameters 

Calculation of protein phases. 

Fourier inversion to the electron density0 

Preparation and Choice of Native Crystal Form. 

The methods already summarized which were used to prepare 

a number of different crystal forms of -lactoglobulin are 

typical of the methods used to crystallize proteins. What is also 
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usual is that a number of crystalline forms is obtained, and it 

is nocossary to decide which forms are most suitable for applying 

the isomorphous replacement method. 

As far as the crystals themselves are concerned it is 

necessary that they are sufficiently large (if possible at least 

0.51-!M x  0.5mm  x  0.5mm),  and well ordered, so that the diffraction 

pattern extends to high resolution. 

To restrict the work involved the asymmetric unit should 

be as small as possible, Preferably the crystallographic 

asymmetric unit should contain only the molecular asymmetric 

unit (though non-crystallographic symmetry can give phase 

information e.g. Rossmann and Blow196 and averaging the 

electron density of non-crystallographically symmetry related 

molecules can give a clearer structure, e.g. Sigler et al.,1968) 

Probably the most important criterion is that suitable 

derivatives must be able to be prepared, and the positions of 

the heavy atoms found. The location of the heavy atom sites 

involves a number of considerations. The positions of the heavy 

atoms are determined initially by Patterson methods. If n is 

the number of heavy atoms in the unit cell the number of non-

origin peaks in the synthesis is n(n-l). Consequently the 

degree of difficulty in solving the synthesis increases rapidly 

with large n, although symmetry considerations simplify the 

interpretation. A small unit cell lowers the number of heavy 

atoms to. be found, and facilitates the determination of the 

heavy atom positions. The interpretation of the Patterson 

synthesis is also more straightforward for centrosymmetric 
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rather than non-centrosymmetric projections (see later), so the 

existence of at least one centrosymmetric projection is also very 

useful. 

Preparation of Derivatives 

Derivatives can be prepared by crystallizing the protein It 

the preE anco of the heavy atom reagent. The difficulty with this 

method is that extensive trials may be necessary to obtain the correct 

conditions for crystallization. As well as this the crystals obtained 

may not be isomorphous with the native forms, in fact they may well 

belong to a different crystal class or space-group 

Another method which can be used to obtain derivatives is 

to add the heavy-atom reagent to mother liquor containing 

previously grown crystals. Because protein crystals contain a 

large volume of unbound liquid the heavy-atoms can diffuse into the 

lattice and react. This can lead to the crystals dissolving, or 

cracking and becoming dis-orderecI 	It can also lead to a change 

in cell dimensions or spacegrour. Usually, however, this is the 

most successful method for preparing derivatives isomorphous with 

the native crystals 

In general there is no way of predicting which heavy atom re-

agents will be successful with a particular crystal form of any 

protein. 	Aside from attaching mercurials to suiphydryl groups 

(e.g. Green, Ingram and Perutz, 1954) or using labelled enzyme 

inhibitors (e.g. Tilander et al., 1965), derivatives have usually 

been found by trial-and-error, Heavy atom reagents, together with 

the proteins they have been successful with, are listed by 
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Phillips (1966). The detailed examination of the nature of the 

sites that bind heavy metal compounds in niyoglobin and lysoz3ine 

has been reviewed by Blake (1968). Dickerson at al. (1969) 

propose a method, using evolutionary criteria, for choosing a protein 

for study by isomorphous replacement methods. It is necessary to 

know the Chemical sequence of related proteins to decide whether or 

not a particular side-chain will be accessible to attack by the 

heavy atom reagent. 

Locationof ms 

The problem here is to obtain, from a knowledge of the 

observed intensity differences between derivative and native protein, 

the heavy atom contribution; and to use this to locate the heavy 

atoms. 

Scjing: 

First of all it is necessary to place the measured intensities 

from the native and derivative on the same relative scale. 

For one reflexion, from Fig. (1.5) 

PH2PI2+H!2+2IPpFHcos 	( H - P)  

Hence summing over all reflexions 

FPHI2 
	FP 

 12 +FHI2+2lPpHFHI Cos  ( c(- a 

Since initially the heavy atom positions have not been found, nor 

are the protein phases known, tbis exact equation cannot be used. 

Approximations can be used (e.g. Phi11is, 1966), but it is usually 

found sufficiently accurate to use the relatInship 

JFPHI 2  = k 

where k is put between 1.0 and 1.1, and is refined at later stage, 
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Heavy Atom Positions from Isomorphous Diffcroncoo: 

If IF = (1FpH - jFp ) then Blow (1958) showed, for a 

non—centrosymmetric projection that a Fourier synthesis using (DF)2  

as coefficients, has peaks corresponding to vectors between heavy 

atoms. 

This synthesis, or one related to it, is now usually used to 

obtain the positions of the heavy atoms. Phillips (1966) reviewed 

earlier methods for obtaining these positions, and gave an account of 

this synthesis, based on the methods of Ramachandren and his co—workers 

(cf. Ramachandran and Raman,(1959) Kartha,(1961). 

Since an understanding of this synthesis is necessary to appreciate 

its capabilities and limitations, and also because the method of 

analysing the synthesis can be applied to the other syntheses to be 

discussed later, this analysis is summarized here. 

From Fig. (1.5) 

PH1 	
1Fpj cos((xp-.ccp) +1FHJ  cos (ccH —  ccPH) 

and so 

FPH 	- Pp = - 2 PP ( sin 13/2 	+ t H f COS y 

where 13 = cc p - cc PH  and Y = °H - cc  PH 

Rewriting this we have 

DP = 	2 1 Fp i sin p/2  + 	fFj  1 cosY 	 (i) 

For centric reflexions up and a PH  are 0 or (I • Furthermore, 

if FI is small compared to iF-PH' and. iFpt , as is usual, then 

-11 

ap = ap}j, and P=O. Y is also restricted to 0 or H , and 

so we have 
IF 	=FH I 

and 	
IDPI2 =1 

FH 
!2 
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Consequently for a centrosymmetric projection the heavy atom 

contribution can be obtained in a straightforward fashion, and a 

Fourier synthesis with coefficients 1DFi is equivalent to a 

Patterson synthesis and should only contain peaks denoting the 

vectors between heavy atoms. The limitations here are that in 

projection true sites can overlap (e.g. Kretsinger, Watson and 

Kendrew,1968), as well as false detail build up to create a 

spurious peak. 

In the non-centrosymmetric case the first term in equation (i) 

will, in general, be negligible compared to the second, since P is 

in general small. The only cases when 3 is large occur when IFp1 

is small orFH\large, when again the first term is negligible. 

Thus if sufficient reflexions are included for the average 

behaviour to hold, we have 

IDFI = !FH cosY 

The main features of the DFI2  synthesis can thus be 

considered as due to the convolution of the true heavy-atom 

Patterson synthesis with the transform of cos 2Y. The transform 

of cosY has a positive peak at the origin and is generally zero 

elsewhere, so that the (DF)2  synthesis should have heavy atom 

peaks but with half the weight of those in a comparable centric 

map. 

These considerations suggest that three-dimensional syntheses 

are much more likely to be interpretable than two-dimensional 

syntheses. This is the experience of other workers, and was also 

found to be the case in this work. 



Use of Anomalous Scattering Data: 

The scattering factor of an atom can be regarded as having 

two components 	There is the real component due to the electron 

configuration, but there is also a complex component, which is only 

appreciable when the X-ray wavelongth is near an absorption edge, 

The complex component is negligible with ( K 
01 

radiation for 

atoms of low atomic number,, Consequently anomalous scattering is not 

important in the native form of those proteins which do not have 

heavy atoms incorporated in their structure. With a heavy-atom 

derivative, however, anomalous scattering effects can often be 

readily observed. These cause IPH (bkl) 	(abbreviated to 

Pp1  (+) ) to differ from IF (bkl) 	(abbreviated to VPH-PH 	I 
I ) 

Measurement of these anomalous differences can allow the positions 

of the anomalous scatterers (heavy atoms) to be found, 

The anomalous scattering factor may be written as (James, 1948) 

f = f0  + (Df t  + LDf ) 

=f + k1f 

If there are N heavy-atoms, and the nth of these atoms has 

position vector 	then for the () plane the structure factor 

of the atoms is 

= 	

exp (2h0i H 	
n1 n 
	 ) 

£ n (,) exp (2 	h,1 ) 
n=i 

=()+ 	(h) 



Vector diagram showing the relationship 

between structure factors in the prescence 

of anomalous scattering. &ttQ  

e-.e \ 

Fig. 1.6 
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For "atoms of the same type" (Rossmann, 1961) i.e. 

the ratio k = ft/f!l is constant, then 

FH  (fl) 	() 
+F11 
	() 

This situation can be depicted vectorially as in Fig (1,6). 

From this it can be shown (e 0 , Martha and Parthasarathy, 1965; 

Mathews, 1966) that if 	is small compared to P 	then 

PH () I 	Fpl-j  (.-.) 	2 sin Y = 2k 	I FIE.' I sin 

i.e. 	Dfan 	 = 2k PH' sin Y 

Thus a synthesis with coefficients (Df)2  should have peaks 

denoting the vectors between anomalous scatterers (heavy atoms), 

Combination of Isomorphous Replacement Methods and Anamalous 
Scattering Data: 

Both the (Dr  )2 synthesis and the (Df an )2  synthesis are 

approximations to the true heavy atom Patterson synthesis, 

Martha and Parthasarathy (1965)  and, independently Mathews 

(1966), showed that the two methods could be combined to give a 

better approximation to the true heavy atom Patterson, 

Martha and Parthasaruthy showed by assuming that p (Fig  I5) 

is small, that a synthesis with 

( 	(DF)2  + k2  (Df) 2/4 ) an 	
as coefficients, 

would give a good approximation to the true heavy atom Patterson. 
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Mathews derived a more rigorous expression by dropping the 

assumption that P is small, although his derivation has the 

implicit assumption that 1 :'/2. What is probably more important, 

Mathews also considered the relative accuracy of the anomalous and 

isomorphous data. If W is an estimate of the relative reliability 

of the anomalous differences compared to the isomorphous differences, 

he obtains as coefficients the expression: 

2 	12
1+ 	- 2 i? !FPH!  l-[Wk  Dfan  / 2 	2 1/2 

Mathews tested this expression on the non-oentrosymtnetric 

1-07 projection of a-chymotrypsin and found that it gave a 

better peak to background ratio than the (DF)2  synthesis, the 

(Dfan)2 synthesis or the synthesis using Kartha and Parathasarathy's 

expression. 

An exact, though rather cumbersome, expression for the true 

heavy atom Patterson in terms of isomorphous and anomalous 

differences has been derived by Singh and Rarnaseshan (1966).  The 

synthesis using this expression shows little improvement compared 

to one calculated using Mathow's expression. 
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CorrelationFunctions: 

After the heavy atom positions have been found in a number of 

different derivatives it is necessary to ensure that these positions 

are all referred to the same origin. 

If the space group contains a number of symmetry elements the 

heavy atom positions can be determined relative to these elements 

Consequently in this case the problem is comparatively straightforward. 

In cases of low symmetir, however, this cannot be done. For space—

group P23,  for example, the origin can be chosen on the two—fold screw 

axis, but its position along the axis can be arbitrarily chosen for 

each derivative. In space group P1, this problem is even more acute, 

since the origin with respect to all three axes can be arbitrarily 

chosen for each derivative. 

Phillips (1966) reviewed the methods for referring the positions 

of heavy atoms from different derivatives to the same origin, the 

most useful methods being modifications of the (DP )2  synthesis. 

Rossmann (1960) showed that a synthesis with ( pH11 - tFpH2O2  

as coefficients would give negative peaks denoting the cross—vectors 

between heavy atoms in derivatives one and two. 

In the nomenclature of Fig. (1.5) 

PPHj 	Fpjj, = 2 Pp 1 sin'  2/2 - IFH2 I cos 	2 

- 2 	F , sin  p 1/2  + 	PH1 I cos Y 1 

Making similar assumptions to those made in the (DP)2  synthesis, 

we have 

	

ITH1 -  PPd21 -T 	 cosY 1 

and 

	

(I FPHI I - F-PH21 )2 
	2 cos2Y1 

- 	FH21 	COS Y2 

2 
+ IH2 	COS 

Y2 

—2 1 1H1 1JPH21 Cosy  1 COS Y2  
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Thus this synthesis, following the argument applied to the 

(DP)2  synthesis, should show positive peaks corresponding to the 

vectors between heavy atoms in the same derivative,,and negative 

peaks corresponding to cross-vectors relating atoms in different 

derivatives. 

An alternative synthesis to correlate the positions of heavy 

atoms in different derivatives has been put forward by Steinrauf (1963) 

and Martha at al. (1 0)64). They propose using for coefficients 

( Pp 	- 	P-111 	) ( pp 	- 11 FPH2 ) 

Making the usual assumptions this is equivalent to using the 

coeffiaionts 	1,111 i FH2 	1 COS Y 2 SO it is scan that this 

synthesis gives positive peaks relating the vectors between heavy 

atoms in different derivatives, 

If these two syntheses are compared in detail however, without 

making any assumptions about the size of p , it is easily seen that 

the latter function has a much lower background than the former. 

This has been confirmed in the present work, and is also the 

experience of other workrrs. 

By incorporating anomalous dispersion datai Martha and. 

Parthasarathy (1965b), have derived a more exact expression for the 

coefficients of a synthesis which will give the cross-vectors 

The positions of heavy atoms in different derivatives can also 

be found if an estimate of the native protein phases, from any source, 

is available. Tho synthesis used is a "difference fourieru 

(discussed in more detail later). Some caution must be exercised 

in using this method, however, since if the native phases have been 

found using one or more heavy atom derivatives it is possible that the 
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Pbao determination using two 

isomorphous derivatives 
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Fig. 1.7 
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phases will be biased towards these derivatives 	The "difference 

Fourier" for a new derivative may then show some (false) occupancy 

of the sites from the other derivatives, 

Phase Determination 

when the positions of the heavy atoms have bean found and 

refined the known quantities are Pp , 	pH and H. 	The 

problem is to reconstruct the phase triangle shown in Pig. (1.5) 

from these. Harher (1956) has given a graphical method for doing 

this. The vector Pd is drawn to scale and circles of radius 

JFPJ and JFpHj are drawn with centres at each end of it. The 

circles intersect at Q and R, giving two possible solutions for the 

protein phase (Pig. 1.7). 

In the single isomorphous replacement method both solutions are 

used simultaneously in an attempt to obtained an approximation to 

the structure (e.g. Kartha, 1961 and Blow and Rossmann, 1961, 1962). 

If a second derivative is available with heavy atom contribution 

2 another two possible solutions for the protein phase are obtained, 

but one solution, should be common to both derivatives (Pig. I,?), 

Two derivatives are the minimum necessary to resolve the 

ambiguity, but because there are errors:due to lack of isomorphism, 

in the experimental data, and in the heavy atom parameters, and 

because FH will be very small for a certain proportion of 

reflexions, it is desirable to have more than the minim number. 
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Probability Distributions for Protein Phases 

Duo to the various errors mentioned above the determination of 

the protein phase is rarely as clear cut as that shown in Fig. (1.7). 

Blow and Crick (1959) give a method for determining the protein phase 

which takes into account the errors involved. They treat errors from 

all sources as residing in the magnitude of 	j and this causes 

the phase triangle of Fig. (1.5) to fail to close exactly on the FPH 

side. For a particular protein phase angle a the third side of the 

triangle 	H caic ( a ) 1, is given by 

FPHcalc ( a) I 
2 	

Fpt 2 + PH1 2 + 2 I Fp {PH  cos (c -a ) 

The lack of closure error (f (a)  ) is then 

(a) 	IFPHI - FPHai (a) 

Assuming a Gaussian distribution of errors the probability of the 

phase angle a being correct is then 

( \ 	 / 	/ 	/ 	2 

	

Pa)= Noxp 	- 	a) /2E 

where N is a normalising factor such that 

2 
P(a) '1 a = 1 

and E2  is the mean square error in 1 FpH I which, if centric data 

is available, is calculated from 

	

E2= t(pHI 	- 
where n is the number of centric reflexions. 



Phase probability distribution plotted around 

protein IFpI cirele,(after Dickerson et ai.,1q61) 

Fig. 1.8 

42 



43 

For i derivatives the total probability of a given phase 

angle a being correct is 

P(a)= Nexp. (_ 	. ( a)/2 E 2 ) 

This treatment assumes that all errors can be formally 

considered as lying in the determination of IFPHI 	Alternative 

formulations not making this assumption have been put forward 

(e.g. by Cullis ot al., 1961) but have not boon so widely used. 

The "Best" Phase 

The "most probable" phase angle a m is the value of a for 

which 	j ( a)/2 B.2  is a minimum. Blow and Crick, however, 

showed that this does not produce the Fourier with least error 

- the "best" Fourier - but that this is obtained by using the 

amplitude and phase of the centre of gravity of the probability 

distribution, plotted as a line density around the native protein 

phase circle. 

Dickerson ot al-, (1961) have expressed this result in a form 

suitable for calculation by a digital computer. The probability 

P( a1) at a phase a1 is plotted in Fig (i.a) around the native 
phase circle, which has been scaled down by 1/Pp and the line 

density has been represented by the radial distance from the phase 

circle. The centroid of the distribution C lies at the end of a 

vector a, with phase angle a B and 	is a general unit vector with 

phase a1. 

If P(ai)  is computed at suitable regular intervals of aj round 

the phase circle, and vector S, is defined as shown, then by 
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definition of the centroici 

p(a) (F 	Si) =o 

Hence 
p (FP 

(. ) Q  

or rn 	= 	P(a.) (./,P(a.) 

The coefficient to be used in the "botT' Fourier is rn F, so that 

m FP 	C0SaB =1 FpI P( a1)  cos  a i 	/ 	P (a 

BB = a Fp 	sin aB Fp 	x f 	( ai)  sin a 	/ 

m is called the "figure of merit" and will be near to unity if the 

probability distribution is sharp, but will be almost zero if the 

probability is nearly uniform round the circle. The advantage of 

weighting the observed structure amplitudes by a is that this 

automatically takes into account the reliability of each phase 

determination without a long manual search. 

The mean—square error in the electron density of the "best" 

Fourier is related to the figures of merit, and Blow and Crick (1959) 

and. Dickerson et al, (1961) show that it is given by 

(D ) 2 = (2/v2) 	6 	FP 	(hkl) (1 - a2  

Refinement of Heavy  Atom Parameters 

If centric data is available the heavy atom parameters can be 

refined using a trial—and—error least squares method (Harts  1961). 

The best heavy atom parameters are taken to be those which minimize 

E = ( 
I 	H  

+ 
I 	

- + - k PH 	
2 

where the summation is over all the centric reflexions and k is the 

scale—factor. In this method starting from trial values of the 
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parameters, ahifts of —2, —1, +1, and +2 units are tried in turn, 

the size of the unit whift being specified in advance. Error sums 

E are built up for the 20 (for 5 parameters) combination of parameter 

values plus the unshifted sot. 

To compensate for the fact that only one parameter was varied at 

a time, the original programme only applied the full shift to that 

parameter which was most influential in decreasing the error sum This 

has been found to be unnecessary, however, and in some cases to slow 

down the convergence (Blake et al., 1963), 

Rossmann (1960) suggested that the heavy atom parameters could be 

refined in three dimensions by minimizing over all refloxions 

E = 	w [( k I FI)II 	- 	
2 - jFH j  2 __7 2 

even though this only applies to centric reflexions0  

By weighting with 

w=( tPPH!FP)2 

which attaches most importance to those reflexions for which P (-g. 

(i,$) is small,satisfactovy results have been obtained. (Cullis et al. 

1961). 

better procedure is to include refinement of the heavy—atom 

parameters in an iterative process of phase determination. Dickerson et 

al.(1961) and Kraut ot al,(1962) minimize the lack of closure error in 

the phase triangle,and their method consists of a stage of full—matrix 

least squares refinement of parameters alternating with a stage of 

protein phase redetermination using the method of Blow and Crick (1959). 

A fuller discussion of this method is given by. Dickerson et al.(1968) 

and a modification of this method used in the present work is described 

later (Appendix i). 



Djfforonoo Foufioff Nothoi 

"Difference" Fouriev 

Steinrauf (1963)  has proposed the synthesis with coefficients 

( 	FPHj - F P 1) expilap 

where up is an estimate of the protein phase angle, to reveal the 

heavy atom positions in derivative j. This synthesis (or one with 

coefficients weighted by the figures of merit) is thus very useful 

for looking at a completely new derivative, when phases have already 

been found by some other means (e.g. from other derivatives). The 

sites are found relative to the previously chosen origin. 

Some caution is needed in its use, however. If the protein 

phases have been calculated by making assumptions as to sites in 

derivative j, then this synthesis will always confirm the assumed 

sites. Consequently, the appearance of a site used in phasing must 

not be taken as evidence that the site really exists - such evidence 

must be found by other means. This synthesis is thus mainly useful 

for revealing new sites. Another difficulty is that even if the 

phases are independent of the j derivative, this synthesis may show 

occupancy in the j derivative of the sites from the other derivatives 

which were used in the phase calculations. Such occupancy may be 

genuine or may not, and it is necessary to be cautious. Dickerson 

et al.(1967) discuss the reliability of this synthesis and suggest 

methods for ensuring that sites are in fact genuine. 

It is also possible to improve this synthesis by including 

anomalous scattering data (Nathews,1966). 



47 
"Double Difference" Fourier: 

It is also possible to remove the known heavy-atom contribution 

by calculating a "double difference" Fourier in which the background 

should be lower than in the "difference" Fourier. The synthesis 

used has coefficients 

(iFpHf 	IFP+FH} )exp& oc PH 

(or the sane coefficients but weighted by the figures of font). 

The experience of Blake et al. (1963), shows that such naps are 

the most generally free from false detail and the best indications of 

minor sites of heavy-atom attachment that have not been taken into 

account in the phase determination. 



W. 
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PREPARATION OF LATTICE X CRYSTALS AID TRIALS 
WITH VARIOUS DERIVATIVFS USING PROJECTION DATA 

Application of the IsOmorphousReiiacementJethod to Lattice  

If an electron density map of a protein is to be fully 

interpreted in terms of the sequen3e of amino-acid residues 

then phase determination in the X--ray diffraction pattern must 

be carried out to a resolution of 2A or better. This requires 

a great deal of data collectj.on for lattice X P-lactoglobulin 

some 709000 reflexions from the native protein and three 

derivatives would have to be measured if anomalous scattering 

effects were to be used in phase determination. Before embarking 

on such a task it is worth examining, by studies on a smaller 

scale, whether the expected result is sufficiently interesting 

and can be achieved in practical terms. 

Interest in the conformation of -lactoglobulin was 

stimulated originally by the description of the Tanford 

transition. The magnitude of the chnge in optical rotation, 

however, is not a good guide to the extent of the atomic 

rearrangement. From the point Of view of understanding how 

polypeptide chains fold up, the rotation of a single side-chain 

would be uninteresting, but a rearrangement of a substantial 

portion of the protein molecule, observable by comparing low 

resolution electron density maps of fvi X on the one hand and 

forms Y and Z on the other, would be worth studying in detail. 
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The chief practical problem in phase determination is 

preparing isomorphous heavy-atom derivatives and locating the 

sites of attachment of the heavy atoms. This had not previously 

been accomplished in a triclinic crystal form, and indeed an 

attempt with triclinic lysozymo (Dickerson et aL,1962) had 

failed. Consequently, in order to study the structure of 

triclinic -lactoglobulin (lattice x) for comparison with forms 

Y and Z. it was necessary to proceed cautiously. 

The usual strategy is to start with projection work, then 

proceed to three-dimensional work at low resolutions  before 

considering a high resolution map, 

The advantages of at least one coitrosymuietric projection 

have been described in the Introduction, but will be briefly 

restated here. The heavy-atom positions can be found initially 

from the (DF)2  syntheses for the centrosymmetric projections, 

since for centric data these syntheses are close approximations 

to true heavy-atom Pattersons, These positions can then be 

refined by Hart's method, providing a check on the interpretation, 

and protein phases for the projection calculated. Thus one 

derivative gives protein phases which can then be used to 

"screen" further derivatives by "diffrence-Fourier"methods 

The "difference-Fourier" synthesis is easier to interpret than 

the (DF)2  synthesis and also usually has a lover background. 

Consequently the most difficult stage is obtaining the first 

isomorphous derivative. 
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With lattice X, however, the problem is less straightforward. 

There are no centrosymmetric projections, so although the (DF)2  

synthesis can be used in attempts to locate the heavy-atoms, 

it is a rather worse approximation to a heavy-atom Patterson 

function, than in the centi-ic case. Even if one derivative can 

be found the parameters for this derivative can not he refined, 

since a minimum of two derivatives is necessary to determine 

general protain phases. Consequently no check is possible at 

this stage. Thus the problem is to obtain two isomorphous 

derivatives from an approximation to the heavy-atom Patterson, 

and then to calculate protein phases from these. If this is 

achieved then further derivatives can be screened by "difference- 

Fourier" methods 

This chapter describes att'mpth to obtain isomorphous 

derivatives for lattice X using projection data. Three dimensional 

testing of derivatives is described in Chapter 4. 

Preparation of Native Crystals 

-lac-toglobulin is available commercially as a mixture of 

the two genetic variants A and B. These variants crystallize 

together giving crystals which have only very small difference 

in their diffraction spectra from the crystals obtained from either 

variant alone. These intensity differences can probably be ignored 

until the resolution is extended beyond 3, and are completely 

negligible as far as a d study is concerned. The material used 

in the present study was supplied by Pentex. Inc. Kankakee, Illinois. 



Sketch of a type X crystal with 

the principal faces marked 

Fig. 1.1 
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Crystals were obtained by the following method which was 

developed by Dr. Green. P-lactoglobulin is dissolved in 0.1M 

1PU4  buffer at pH 7.0 and at about 4°C (where it is more 

soluble than at room temperature) to give a concentration of about 

10. It is difficult to reproduce exactly the conditions under 

which only a few nuclei will form and develop into reasonably 

good crystals. Because of this a series of tubes with 

different salt concentrations is used in the hope that conditions 

in a few of the tubes will be such that a number of good crystals 

will be obtained. The following salt-buffer system is used to 

grow crystals in 4m1. glass tubes at room temperature. 

1.8 - 2.1 ml. 	 4N (NH 4)2so4  

0. 5tnl 	 1120  

l.Ornl. 10o 3-1actoglobulin solution 

0.4inl 	 414 'PO4  at pH 7.6 

This should give a final pH of about 6.5 and a light 

precipitate of protain in each tube. Crystals are usually 

visible to the naked eye after about two weeks, and good crystals 

(approximately 2mm x 1mm x 0.5m)  take from one to three months 

to grow. The appearance of a typical crystal is sketched in 

Pig (1.1). It is seen that the crystals are needle-shaped, 

elongated along [007 with the [1.007 dimension approximately 

twice that of the [01Q7. 
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The most comprehensive approach to obtaining suitable 

derivatives would be to try out systematically various heavy-

atom reagents, starting with those listed by Phillips (1966) and 

Blake (1968). This is the way most heavy-atom derivatives have 

been found for other proteins. In lattices Y and Z ?UVIA has been 

found to react specifically with the free -SH group The 

derivative thus obtained enabled the protein phases for the 

centric projections to be determined. These phases were then 

used in "screening" trials with other derivatives, using 

"difference-Fourier" methods, These trials take a considerable 

time, but have resulted in a number of derivatives which show 

promise. Rather than attempt time-consuming trials of various 

derivatives for X, it was decided to concentrate efforts on those 

derivatives which have been successful. with types Y and Z 

Although success with other crystal forms does not guarantee that 

the same derivatives will be useful in a new form, this approach 

seemed the most promising starting place. 

Since the molecular packing, as well as the conformational 

change between the low and high pH forms would introduce unknown 

factors into the availability of sites for the heavy-atom reagents 

the derivatives were tested under a variety of conditions. It was 

hoped that by varying the conditions it would be possible to 

obtain derivatives with only one site (per 18,000 ?M), or one 

major site which could be used as a starting point in the analysis. 
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To enable extensive trials to be carried out without using 

up large quantities of protein crystals a 3M ammonium sulphate 

solution was made up, and its pH adjusted to 6.5 with 3M'PO4. 

A few lattice X crystals were txnefcrrod to this solution and 

left overnight. Precession photographs showed no intensity changes 

compared with crystals which had not been transferred apart from 

some changes in the intensity of low-order reflexions, which can 

be expected to be affected by salt. A few crystals together with 

a little mother liquors  containing protein in solutions  were then 

added to a series of tubes containing the 31.1 ammonium sulphate. 

Sufficient heavy atom reagent was then added to each tube 

to give the desired concentration of heavy-atom. Trials were 

carried out with heavy-atom concentrations of 2 milli-molar (20?I), 5mM 

and 10mM. The crystals were left for at least a week to allow 

uptake of heavy atom before chocking the result by taking 

precession photographs. The photographs were checked for obvious 

lack of isomorphism as indicated by changes in cell dimensions, 

as well as being e::amineci for intensity changes. 

Data Processing 

If significant changes in !nteniy were observed, with no 

change in cell iineneionc 9  the peak heights were then measured 

using a Joyce--Loebi microdesitemter, and then corrected for 

Lorentz and polarization factors by means of a computer program 
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written by the author. The intensities were then scaled to the 

native, using the approximate relation 

pH  1 	 (')IFp  

whore the summation is over all common reflexions in that zone. 

Resolution of the Data 

Before calculating the (DF)2  synthesis (and before taking 

and measuring the photographs, to avoid, unnecessary work) the 

resolution of the data to be used in the synthesis had to be 

considered. This involves some conflicting requirements. 

The object of the present work was to make progress towards 

a low resolution (6) study of the briclinic form of 

P-lactoglobulin. Consequently data to 	resolution should be 

sufficient. Unfortunately for non-centric projections the (DF)2  

synthesis is only an app::oximetion to the true heavy atom 

Patterson (Introduction)0 The more terms there are in the 

synthesis, the 'bottor, however, since the approximation depends 

upon averaging. It might be thought that collecting data to high 

resolution would make the interpretation easier. This should. be 

the case if the dei'ivative is isomorphous at high resolution. 

Certain derivatives however, may lack isomorphism to the extent 
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that high resolution studies are not possible,  but will not necessarily 

prevent low resolution works  Including data to high resolution might 

result in satisfactory low resolution derivatives being rejected, since 

the high order intensity differenc would be principally the result 

of changes in protein conformation between native and dorivative., 

If the heavy atom reagent itself is such that at high resolution it 

cannot be repranented as a single atom (e.g. H.I4  ), then again low 

resolution studies might be more easily interpreted.  

Previous experience by Blow (1958) with the (DF)2  synthesis for 

the non—centrosynmetric /100 J projection of horse haemoglobin 

indicated that there was no significant difference in howy atom peak 

or in background, when the synthesis included all reflexions out to 

208i, or when only the 6. data was included., Furthermore, as 

discussed later, the (.DF)2  synthesis for the K2FI4  derivative - 

which was the first (Di1)2 syntiiecis obtained - could be partially 

interpreted in two projections using data obtained from 90  precession 

photographs, Consequently it was decided to take 90  precession 

photographs in all trials, and this corresponds to a resolution of 

about 5.,5, 

Low Order Reflexions 

Low order re-flexions are very much affected by changes in the 

mean electron density of the aqueous medium. A consequence of this 

is that the observed intensity changes between native and derivative 

may be primarily ue to salt changes rather than heavy atoms for low 

order reflexions 	Including these terms in the (DF)2  synthesis 
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can result in spurious peaks. Dickerson et al., (1967) advocate 

omitting these entirely from che synthesis and this was the procedure 

followed in this wcrk 	Usually the 10 to 15 reflexions of lowest (; 

were omitted, 

:rrlterpretationof the Syntheses 

Since it was thought that a non caystallographic two-fold axis 

exisin in lattice X (since a crystallographic two-fold axis relates the 

18000 1'h 	Iaonojeora :Ln Y and z) it was hoped that this would aid the 

interpretation of the 	syntheses. 	If one site per 18000 M.bI., exists 

in X. for a particular derivative, then the asymmetric unit of the 

synthesis should contain one non-origin peak corresponding to the 

vector between the two sites, If four sites exist, two per monomer, 

(with symbols A1, &2,  B1,  32 where sites in different monomers 

are indicated by different subscripts and the same letter denotes 

sites related by the molecular two-fold axis) then six non-origin 

peaks should appear in the asymmetric unit Those should correspond 

to A1  A2, Al 31. 	A1B2, A2 B, 	1-12  B2, and. B1  B2  vectors, If the 

four sites have app:r:oniiiatciy equal occupancy the six peaks should 

have roughly the same height., If the A sites, say, have much 

greater Occupancy Than the 3 sites, then there should be one large 

peak (111  A2), four moderate peaks (111  Bi Al  B2, A2 B1 A2  B2) and 

one small peak (B1  p2)., In general if n is the number of sites 

per dimer then -i-n (n - 1) peaks should be obtained, so for large n 

interpretation would be difficult, especially if a number of spurious 

peaks occur in the synthesis t, The most favourable situation for 

interpretation would occur with two sites per dimer, followed by 

the situation where two major sites exist, A more complicated 
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floe) (DF)2  syntheses for derivatives 
in ammonium sulphate buffer. 

Pig. 1.2 
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Cooij (DF)2  synthesis for K2  H-14 derivative 
in ammonium sulphate buffer. 

Fig. 1.3 
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situation might be able to be interpreted, but the interpretation 

would almost certainly require confirmation by other methods, 

ResultsTrials 	Crystals in 	Sul-phate  

All derivatives had ccli dimensions identical to the native, 

within thc limits of  measurement of 90 precession photographs and 

all intensity changes decreased with increasing 

K0H 
- g 
I 
 4 

This derivative was prepared by dissolving HgC12 in excess K10  

The (Oki.) spectra from the 2mM trials showed moderately large 

intensity changes, and. the (Dr)2  synthesis for this projection is shown 

ing.(182a) In this and the other OF )2  synthosos in this chapter, 

unless otherwise etateci, contours are drawn at arbitrary equal intervals, 

with. alternate contours of the origin peak suppressed,,As seen from 

Pigs  (11 ,2a), one peak (apart from the origin peak) is significantly 

greater than the others and has approximate coordinates (5/30, 2/30) 

This is consistent with there being one major site per monomer, To 

check this interpretation the (hko) spectra were used in another 

(Dr)2  synthesis, shoai in Pig. (1 3). 	Again there ic a single major 

peak close to the origin, with approximate coordinates (5/30, /30) 

This synlhosis has a rather higher backrouni level than the prevous 

one, and the (Dr)2  synthesis for this projection from some crystals 

showed the minor peaks at (4/30 8/30) and.  (16/30, o) inFg0  (13) 

to be of the same height as the "major" peak at (5,130, 3/301  

Nevertheless, the common y-ccordinates for the major peak in the 

(o) and (Oki) syntheses were in good agreement, indicating an 

almost certain relationship, Also, the vector between the 

K2HgI4 - K2HI4 sites in type Y is approximately 91 with a 
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similar distance in type Z 	Since the length of the vector 

(-5/30, -3/30, 2/30)  in X is 9R, these results were consistent 

with the same sites being occupied 

Attempts were made to increase the occupency of the sites by 

increaein the concentration of K2HI4  to 5mN 	This was not 

successful, since the crystals cracked and became disordered. 

The conclusions drawn from these trials were that the K H.I 24 

derivatives in X probably had major sites corresponding to the main 

sites in Y and Z 	It was not known whether the minor peaks were 

the result of subsidiary sites, lack of isomorphism, errors in the 

data, or due to the approximations in the syntheses. Consequently 

no attempt was made to identify poosible minor sites from these 

syntheses. Instead it was decided to collect three-dimensional data 

for this dorivatie, since minor sites should be much more easily 

identified from a three-dimensional (DF)2  synthesis. 

The general conclusion was that the 2-D (DF)2  synthesis could 

give useful information at this resolution. 

Monomercuriacotic acid_() 

p-Chloromercuri benzenesuhonic acid 	) 

HgCl2 

CH3HgNO3 

The above reagents can all be used for labelling the free-SH 

group in lattice types Y and Z 	Since essentially the same site is 

occupied, however, only NNA has been thoroughly tested 	With lattice X 

however, the various trials with these reagents resulted in nly very 

small intensity changes frOm the native. This is in agreement with 

the solution studies of Dunnill (1963) that showed that the reactivity 
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of the -SH group towards murcurials is much less below the pH 7.5 
conformational change than abnvo it 	The intensity changes were 

judged too small to make calculation of the (DF)2  synthesis worthwhile. 

The general conclusion from those results was that the type X 

crystals almost certainly contdin a conformational variant from Y and. 

Z crystals, 

K2Pt (iw2)4 

The 2mM diffusion trials showed almost no intensity changes from 

the native, When the heavy atom concentration was raised to 5mM 

and 10mM, however, the crystals gradually darkened becoming straw- 

coloured 	Precession photographs then showed moderately large 

intensity changes from the native and the spectra for the 5mM and 10mM 

trials were almost identical, Thu (Oki) (DF)2  synthesis for the 10mM 

study is shown in Fig (1,2b), Although there are a number of peaks, 

there is no single peak predominant, 

In types I and. Z crystals one major site and one minor site per 

subunit occur with this derivative. 

KAu (ci.i)4 

This derivative was prepared by dissolving KAu(C1)4 in KCN, 

2mM diffusion rihie showed large intensity changes and the(DF)2  syntheals 

corresponding to the (ckl) spectra is shown in Fig, (12c), Again 

no single peak was significantly greater than the other peaks, 

In type Y and Z crystals, it is thought that two major sites 

per monomer occurs  but this derivative is still under investigation, 
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IcAu(CN)2  

The 2mM diffusion trials showed large intensity changes from 

the native and also changes from the KAu(CN)4 derivative. The 

( 	2 DF) synhosn io:. fi (Cal) spectra 15 shown in 	(1.2d). 

Once again no interpretation in tories of a single major site per 

monomer was possible, 

In types Y and Z crystals the results for this derivative are 

similar to those of KAu(CN)4, though the difference-Fouriers for the 

centric projections are rather "messier" than those with KAu(CN)4  

(i.e. sodium/potassium phosphate) 

In typos Y and Z crystals the derivative which is most 

isomorphous with the :ui±ire form is that obtained by adding MMA to 

previously grown crystals in ammonium sulphate, As already described, 

attempts to parallel this work with 1111A and other morcurials in 

Type X had not been successful. This is presumably because as solution 

studios have shown, the bow ph conformation reacts very slowly, or 

not at all with morcurials in semonium sulphate solution, A 

possible reason for this hen boon put foruard by DMUL,  ll (i963),  He 

proposes the formation of a thiazolire structure at low pH, and this 

cyclic stsicturc would be stabilized by amuonium ions 	There is no 

direct evidence for or against this, but it remains a possibility. 

For present purposes, however, the important point is that such a 

ring, if it oxisth will be stabilized by ammonium ions 	Homoving the 

crystals from the arnmoniun :3ulpilate from which they have been grown, 

to an ammonium ion free medium might weaken the cyclic structure 

sufficiently for mercurials to be able to react with the -SH group, 
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Another reason for transferring the crystals to a medium free from 

ammonium ions is that proposed by Siglor and Blow (1965). The 

ammonium ions may form an insoluble salt or a stable complex with the 

heavy atom reagent, end consuquontly slow down or prevent reaction 

occurring. Po-2 those reasons then, it was decided to transfer 

typo X crystals to :thosihate buffer. 

Types Y and Z crystals grown from ammonium sulphate are stable 

in 3M phosphate buffer at pH 75 	It was found, however, that typo X 

crystals quickly dissolved in 3M phosphate buffer at pH 6.5. 

To check that this was not duo to the ru, a series of 3M phosphate 

solutions with pHs in the range 6,0 to 7.0 was made up. Jain the 

type X crystals quickly dissolved, 	hothor these results have any 

significance with respect to Dunnill's thiazoline ring hypothesis 

is not irnown, 

irther work, however, showed that typo X crystals were stable 

in 4M phosphate buffer at pH 6,5 	Precession photographs showed 

large low—order changes in intensity, but only very small changes 

further out 

The same derivatives which had been tried with crystals in 

anioniuin sulphate were tested again using 421 phosphate. 

Results of Trials Kith Cstals in 4M 	)hqto 

Again all derivatives had cell dimensions identical to the 

native, within the limits of measurement of 90  procession photographs, 

and all intensity changes decreased with increasing 
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U003 (DF)2 syntheses for derivativos in 
sodiui/potassiuia phosphate buffer. 

Fig. 1.4 



K2HgI4 

2mN trials showed that the crystals quickly became disordered. 

There may be a parallel with the type Z work here, SIflCC the K2HgI4 

derivative in Z is unstable, and its stability is improved by 

decreasing the occupancy of the minor site (Siuions,1965). It may be 

that in the present case the same minor site is being occupied in 

phosphate (or, as described earlier, in high concentrations of K2HgI4 

in ammonium sulphate), and this may be the cause of the disordering. 

K2Pt(NO2)4 

KAu(CN)ii 

Ic.u( CN)2 

Trials showed no significant intensity changes from these 

produced by preparing these derivatives in ammonium sulphate. 

II4A 

NHS  11 

HgCl 

These four derivatives all give essentially the same result in 

lattice typos Y and Z, that is they all attach to the sulphydryl group. 

When these derivatives were tried in X in phosphate buffer, all showed 

moderately large intensity,  changes from the native. At the time, 

this was thought to be very encouraging. 

The (DF)2  synthesis corresponding to the (Ckl) spectra for the 

2mM trials for those derivatives are shown in lFig. (1,4)e 	is seen 

from this the syntheses for PCMS and MMA. are very different. 
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The 11111, HgC12 and CH3H003  syntheses have some similarity, particularly 

in the peak at (o, C/2) 	Although this is the largest non-origin 

feature in the MMA and CH3HgNO3  synthoses its position on a centre 

of symmetry could well be due to the overlap of some spurious feature 

giving a peak near to 0, /2).. 	The size of thLs peak is also very 

dependent on the loworde: terms omitted. A 0iJ (DF)2  synthesis 

for the 1'fl14A derivative was calculated, and this bad no peak close to 

Y = o 	The results of 1crossPattorson&' with the K2HI4  derivative 

(see the next section), also indicated that this feature was spurious 

Thus no interpretation in terms of a single site per monomer was 

obvious from the 2mM trials on 1111 HgC129  and CH3HgNO3. The (DF)2  

syntheses using 5mM and 10mM concentration of heavy atoms for those 

derivatives resulted in similar syntheses, with peaks in the same 

positions, but their relative heights were slightly different,  

The PCMS (Dr,  )2  synthesis (Fig, lAb), also allows no single 

site interpretation. The same synthesis, but with the low order 

terms included showed the peak at about (13/30,0) to have height half 

that of the origin, but again 'cross-Pattorsons" with K2HgI4  (next 

section) indicated that the peak was proba 	 MS bly not duo to a PC-PCM 

vcctor, Further trials using 5mM and. 10mM concentrations of PCMS 

were carried out 	Also a stoichiometric preparation with the quantity 

of PCNS calculated to give an occupancy of one PCMS molecule per 

monomer, was tried, The (DF)2  syntheses all gave similar results but 

with the relative heights of peaks alturod slightly. The above results 

were obtained after leaving the MIS to react for between one and two 

weeks in all cases. The trials were repeated ton weeks later, in case 

reaction was occurring at a slow rates  but identical results were 

obtained. 
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Attempts to Use "Cross-Pattersons" to Interpret the (DF)2  synthesas. 

As discussed in the Introduction, the Fourier synthesis with 

coefficients 

(- 	) ( 	H2 	j Pp ) 

should have peaks denoting the cross-vectors between derivatives 

one and two. 

Since a tentative single site per monomer interpretation was 

possible for the K2HgI4  derivative, it was decided to calculate 

"cross-Pattersons", using this derivative and all of the other 

derivatives, taken individually. Since the peak considered as due 

to the K 2 g 
4 	2 g 4 

H I - K H I vector is close to the origin (i.e. the 

result of a short vector), peaks in the "cross-Pattersons" should 

occur in pairs, related by the K2HI4  - K2HgI4  vector, and so 

should be easily recognised. Each pair of peaks should be the 

result of vectors from one site in the trial derivative to the pair 

of sites in the K 2 g 4 H I derivative. It was hoped that the occurrence 

of pairs of peaks in the"cross-Pattersons", together with peaks in 

the corresponding (DP) syntheses, would allow a convincing 

explanation for both types of synthesis. 

In fact it was not possible to identify in these "cross-

Pattersons" any pairs of peaks which appeared to be related by the 

KHI -K  HI vector. 2g4 2g4 

A Derivative Prepared by Solution Methods 

Another attempt was made to prepare a derivative in which 

inercurials were attached to the - group. The -SF1 group was 

reacted with 1A at high pH, then the pH was lowered, and crystals 

obtained by salting out. The crystals obtained were not of type X, 

and are discussed in more detail in Chapter 2. 



TABLE 1 . 1 

K2HgI4 derivative Lool] data. (Subscripts distinguish 
crystals used) 

h k 1 Fp IFphl lFphj lFphl IFphI JFphI (FphS jFphI 
1 2. 3 3 1 2 2 

* 2 0 0 325 402 373 438 388 381 327 340 
* 3 0 0342 334 332 352 355 351  344 342 
* 4 0 0 365 290 286 314 295 288 288 283 
* 5 0 0 53 130 128 131 134 128  123 
* 6 0 0 97 8 76 58  71 70 7 
* 7 0 0 159 146 149  168 140 144 143 13 
* 7 1 0 291 347 351 387 350 '34.8  347 
* 6 1 0 189 76 87 69 92 85 84 91 
* 5 1 0 228 281 278 300 256 249 253 252 
* 4 1 0 55 92 106 112 110 106 102 111 
* 3 1 0 270 212 217 229 210 210 21.4 212 
* 2 1 0 177 279 283 301 295 270 269 270 
*110 357 579 6t. 
*-2 1 0 100 287 239 372 351 265 243 252 
*_3 1 0 95 133 134 137 161 153 157 159 
*_4 1 0 178 137 142 132 157 141 148 
*5 1 0 152 89 95  88 76 75  76 84 
*_6 1 0 167 227 228 221 228 213 216 214 
*_7 1 0 174 164 175 167 180 175 178 173 
*_7 2 0 312 330 333 305 347 323 325 317 
*-6 2 0 263 273 275 268 285 257 260 259 
*_5 2 0 141 129 132 125 134 130 133 128 
*_4 2 0 i6o 87 84 84 95 77 86 83 
*_3 2 0 232 101 109 100 16g 16o 16 167 
*-2 2 0 188 391 393 402 403 380 380 377 
*-1 2 0 16 103 282 281 122 106  125 
* 0 2 0 168 360 240 532 471 371 300 332 
* 1 2 0 78 97 97 94 111 111 114 111 
* 2 2 0 134 141 145 140 152 134 133 134 
* 3 2 0 375 295 290 302 297 291 289 285 
* 4 2 0 256 343 354 377 353 339 349 348 
* 5 2 0 153 249 247 258 236 228 229 228 
* 6 2 0 101 56 6o 44 63 62 71 58  
* 6 3 0 175 239 253 270 255 238 244 240 
* 5 3 0 131 52 63 55 79 8z 8 

* 4 3 0 265 294 302 319 333 313 322 317 
* 3 3 0 125 215 224 230 228  215 222 220 
* 2 3 0 348 280 272 281 282 267 265 262 
* 1 3 0 149 152 148 156 165 170 163 161 
* 0 3 0 127 207 207 221 251 231 234 230 
*-1 3 0 42 217 223 220 220 211 21b 217 
*-2 3 0 458 246 235 233 227 240 235 232 
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TABLE 1.1 (cont.) 

h k 1 Pp jFphj 1Fphj }Pphl IFphI lFphI IFPM 
1 2 3 3 1 2 2 

*_3 30 341 304. 323 306 380 362 371 374 *_4 3 0 428 297 303 286 267 276 268 262 
*_5 3 0 317 326 342 319 336 314 318 
*-6 3 0 178 16o 159 151 168 163 168 161 
*_7 3 0 136 113 117 122 114 118 122 115 *_7 4 0 121 104 110 84 120 111 108 ic 
* 	4 0 123 137 144 130 133 138 141 138 
*.-5 4 0 203 240 256 224 234 224 238 237 
*_4 4 0 215 227 239 218 208 191 200 197 
*3 4 0411 255 251 238 267 279 273 271 
*2 4 63  494 490 470 469 498 488 
*-1 4 0 130 224 236 244 242 246 251 249 
* 0 4 0 219 16g 170 187 179 157 161 157 
* 1 4 0 103 116 106 113 114 112 109 
*240 113 14 10 14 10 
* 34 0 88 179 184 183 182 178 177 178 
* 44 0 114 34 16 28 29 42 49 42 
* 4 5 0 325 325 311 323 329 328 320 316 
* 3 5 0 123 207 203 207 188 180 182 189 
* 2 5 0 130 156 16 145 146 146 150 145 
*150 72111 77 77 79 
* 0 5 0 119 121 124 145 143 140 132 130 
*-1 5 0 209 250 259 259 253 257 252 
*-2 5 0 448 301 307 282 310 320 325 
*_3 5 0  194 199 199 174 137 158 155 151 
*_4 5 0 299 130 123 100 117 140 139142 
*_5 5 
*-.6 

66 143 164 131 159 154 164 164 
5 0 198 i86 196 163 197 202 202 210 

*_7 5 0  73 87 91 69 89 83 86 89 
*.7 6 0 228 234 238 230 247 238 235 
*..6 6 0 12 72 89 53 76 86 78 8i 
*_ 	6 0 i88 i08 ioq 87. 72 90 86 84 
*_4 6 0 101 189 196 165 180 191 190 191 
*_3 6 0 342 449 457 398  399  436 431 425 
* 	6 0 36 78 72 73 66 65 61 72 
*-1 6 0 41 42 33 30 35 41 32 
* 0 6 0 156 145 i6 149 156 158 160 157 
* 1 6 0 222 233 235 237 206 228 226 225 
* 2 6 0 181 175 180 184 159 151 162 162 
* 2 7 0  43 113 102 35 113 95 92 
* 1 7 0 356 320 319 315 310 326 325 3 
* 0 7 0 370 360 360 361. 34.8 368 371 371 
* 0 8 0 301 269 271 281 223 278 276 
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Use of Anomalous Scattering Data 

A further atternpt was made to see if useful information could 

be obtained from two-dimensional (DF)2  syntheses. As stated in the 

Introduction,the incorporation of anomalous scattering data should 

remove the approximations in these syntheses. The data for this 

was obtained during the course of collecting three-dimensional data 

using the linear diffractometor for the K 
2 g 4 H I derivative. Details 

of data collection are given later. 

It was found that the intensity differences between Friedel 

related reflexions were small, Expressing these differences as an 

fi-factor, where 

R=lF1l - 1F- ill 	x 100 
F 4 

( hkfl 

it was found that R = 7.0%. 

Since the corresponding R-factor obtained 
Iny repeating 

measurements on the linear diffractometer for the K 
2 g 4 H I derivative 

was 4.9% it was quite probable that only the larger differences 

between Friedel related reflexions were in fact due to anomalous 

scattering To improve the accuracy, results for the (hko) 

reflexions from three different crystals (Table 1.1), were 

averaged. This has the disadvantage that if anomalous differences 

can be measured from the same crystal systematic errors such as 

absorption can be largely eliminated. In the present case it was 

thought that averaging was justified. The best procedure would 

probably be to repeat the meats from the same crystal until 

random errors were insignificant. 
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differences for the K2HgI4  
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buffer. 

Fig. 1.5 	 Fig. 1.6 
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After averaging, all differences, no matter how small, were 

used. To check that those differences were at least partly due 

to anomalous scattering the,  (Dpan)2  synthesis was calculated, and 

is shown in Pig (15)  The contours are at arbitrary equal 

intoals, and the or±gi.n peak has been heavily shaded. The 

largest peak eoiespouds to that previously thought to be due to 

the K9HgI4  - K2HgI4  vector, but again it is noisy. This synthesis 

can be compared with the (D)2synthesis for this projection, 

i, 

The anomlous and isomorphous differences were then combined 

ucing the expression obtained by Mathews (1966). The ratio of 

ft If 91 9  that is K, was determined as a function of & using the 

method given by Mathews. It was found to be sufficiently accurate 

to keep K constant (= 802)9  over the small range of 8-under 

consideration. The relative weight W of the anomalous data compared 

to the isomorphons data was arbitrarily put equal to 0.5.  The 

synthesis obtained is 3hcrn in Pig (1,5). Again the contours are 

at arbitrary equal intervals, and the origin peak has been heavily 

shaded. As seen from this the main peak has been enhanced, 'but it 

is still not very "clean". 

Judging by the results obtained later using three-dimensional 

data it seems probable that much more accurate anomalous scattering 

data would be necessary to obtain a really convincing two- 

2 
dimensional (DF) synthesis. Also the collection of three- 

dimensional anomalous scattering data using a linear diffractometer 

and a triclinic crystal would probably not be very successful, 
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flrcnr'l 1104 n,nc, 

The K2HgI4  derivative looked moderately encouraging owing 

to the similarity between the results obtained in typo X with 

those for Y and Z. None of the other derivatives looked 

promising. In particular, with the PCNS and MA derivatives, 

in which it had been hoped the reagents would react specifically 

with the -SH group, this did not appear to have happened. It was 

thought that the derivatives showing intensity changes but giving 

uninterpretable (DF)2  synthesis were not isomorphous with the 

native. Although there was no change in cell dimensions, it was 

quite possible that the protein conformation had altered. On 

the other hand the intensity changes did not increase with 

increasing Bragg angle, a test for isomorphism proposed by Crick 

and Viagdoff (1956). 

Detailed analysis of the suspected lack of isomorphism was 

not attempted because it was considered that the limited quantity 

of data did not justify this. 

It was also possible, of course, that the syntheses were 

uninterpretable owing to the approximations inherent in the (DF)2  

syntheses, and to errors in the data. Further attempts to 

interpret the (DF)2  syntheses in projection could have been made 

by collecting evidence from more than one projection. Success 

would not be certain, however, since the number of spurious peaks 

in any one projection might be large and there would be no 

indication as to how "clean" the derivative was. 

Anomalous scattering data could also be used, but owing to 

the facilities for data collection ( a precession camera or a 
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linear diffractometer) the accuracy of this data would probably 

be insufficient to obtain a major improvement, In any case, 

as later work showed using the linear diffractometer to collect 

three-dimensional data gives a much more convincing result. 

It was decided to calculate the (DF)2  synthesis for the 

K2HgI4  derivative, using three dimensional data, necessitating 

measuring this data from the native as well as from the derivative 

crystals. Native data collection is described in Chapter 3, 

and the 3-D (DF)2  synthesis in Chapter 4 
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AN IUvtA DERIVATIVE PREPARED BY SOLUTION METHODS 

In an attempt to prepare a derivative in which JIMA was 

attached to the sulphydryl group it was decided to react 

- lactoglobulin with JIMA at high pH, and then to reduce 

the pH and attempt to obtain crystals by salting out. 

A batch preparation was set up following the usual 

method, except the salt concentration was lower. Each tube 

contained 1.5m1. of 4M ammonium sulphate, and the pH was 

adjusted with phosphate to 7.5. IA was then added to give 

a ratio of 1 MMA/SH. Immediately a heavy amorphous precipitate 

was obtained. Similar results have been obtained in attempts 

to prepare JIMA derivatives of types Y and Z by this method. 

(Green, unpublished work). These results are consistent with 

the immediate denaturing of -lactoglobulin at pH 8.3 when it 

is reacted with Hg + ions (Pantaloni,1963). No crystals have 

been obtained by Green using this method In the present work 

the solutions were left overnight, and then the pH lowered to 6.5. 
The heavy precipitate remained, but after several months crystals, 

large enough to use in X-ray work, were obtained 

Precession photographs showed that these crystals were 

monoclinic, with cell dimensions: 

a = 35.1, 	b = 56.2k, 	c = 72.4, 	P = 1020  10. 

The only systematically absent reflexions were the (oko) reflexions 

when kwas odd, showing the space group to be P21. This crystal 

form was given the code V. Comparison of this form with the other 

forms reported (Aschaffenburg, Green, and Simmons, 1965), shows 
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that it has similar cell dimensions and the same space-group as 

lattice W. No similarity in the X-ray spectra of the principal 

zones was apparent, however. This new form V is very suitable 

for the application of the isomorphous replacement method since 

(by comparison with w) it contains 2 molecules per unit cell 

(1 uolecule/a.u), and has a centric projection. 

There was no native form, however, to compare these type V 

crystals with,to see if the NM/i had in fact reacted, and stayed 

attached to the protein nce the pH was lowered. To try to obtain 

such a form the above scheme was repeated using iodo-acetamide 

(UN) another suiphydryl-specific reagent (c.f. Aschaffenburg, 

Green and Sirimons,1965). This reagent should attach a light atom 

group (-CH2co.NH2 ) to the -Sa site, giving a "native" protein. 

In the present work although a batch of ten tubes was set up, no 

crystals appeared. Further trials would be necessary t see if 

it is possible to obtain crystals by varying the conditions. 

Fortunately, however, it was not in fact necessary to carry out 

such trials because a crystal preparation, following the usual 

method for obtaining type X crystals, for some unknown reason 

gave type V 

Precession photographs of the centric zone showed that these 

crystals had precisely the same cell dimensions as those obtained 

using NM/i. There were moderately large differences in intensity, 

however, and these intensity differences were used to conputo a 

difference-Patterson for the centric zone to 5.5R resolution. This 

is shown in Fig (2.1), in which the contours are drawn at arbitrary 

equal intervals, and only alternate contours are drawn for the 

origin peak. 
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TABLE 2.1 

IWEA Darameters after refinement for lattice V 

Occupancy 
mryc) x y z B S 

1 	.124 	 -.0900 	0 	.0217? 

'. 20 1.08 

2 	.154 	 -.0862 	0 	.5523) 

rames. error 	 = 7.20 

Mean residual error 	= 0.50 

R- Kraut 	 = 9,10 

Centric R-factor 	=364 

Mean figure of merit 	= 0.71 



Now, if two sites per diner occur, with coordinates in 

projection of 	 and 2' the symmetry related sites 

have coordinates ( 	' 	) 	(' 2• 	
Consequently the 

following vectors should occur, with the weights shown: 

	

2 	' 	 2 - 	
(2) 

	

'1 	' 	31 	32 	 (2) 

2 	 (i ) 

22 , 	 2 	
2 	 (i) 

That is, the difference Patterson should contain four peaks in 

the a,u., two peaks with double weight and two peaks with single weight. 

Fig (2.1) however, shows that there are three peaks 

significantly larger than the smaller peaks occurring as part of the 

generally disperse backgrounds  An explanation for this would be 

that the two single weight peaks overlap. 	The three main peaks 

would then be duo to vectors between atoms with approximate coordinates 

(.3/30, 1/30) and. (-2/30, 16/30), together with the symmetry related 

sites, 

To check this interpretation these postulated sites were refined 

using an iterative process of phase determination by means of a 

refinement program written by the author and de:cribed. in .rppendix 1. 

The final parameters and errors (R - factors etc.) are given 

in Table (2,1). 

A mercury scattering curve was used for the IIA site, and the 

occupancy shown is the fraction of a morcur atom attached to each 

site. Since the intensity data is on an arbitrary scale, no 

conclusion as to occupancy in terms of electrons can be drawn. 



TABLE 2.2 
Native and itd data for the C 01 oJ zone 
of lattice V. 

h k 1 FP FPH Protein phase 	Merit 
(MMi.) (radians) 

o 0 3 57 50 3.1416 0.549 
o 0 4 67 96 0.0000 1.000 
o 0 5 108 103 3.1416 0.925 
0 0 6 26 35 0.0000 0.515 
o 0 7 15 45 0.0000 1.000 
0 0 8 6 23 3.1416 0.902 
0 0 9 10 32 0.0000 0.940 
0 0 10 75 96 3.1416 1.000 
1 0 2 52 91 0.0000 1.000 
1 0 3 42 50 3.1416 0.370 
1 0 4 57 89 0.0000 1.000 
1 0 5 97 119 0.0000 0.997 
1 0 6 25 14 3.1416 0.999 
1 0 7 93 121 0.0000 1.000 
1 0 8 10 23 0.0000 0.730 
1 0 9 6 25 0.0001 0.012 
2 0 0 109 115 0.0000 0.965 
2 0 1 83 70 0.0000 0.930 
2 0 2 111 84 3.1416 1.000 
2 0 3 139 125 0.0000 0.980 
2 0 4 154 117 3.1416 1.000 
2 0 5 20 25 3.1416 0.239 
2 0 6 63 37 3.1416 1.000 
2 0 7 32 27 3.1416 0.665 
2 0 8 44 27 3.1416 1.000 
2 0 9 146 164 0.0000 1.000 
3 0 0 5 12 3.1416 0.414 
3 0 1 159 139 0.0000 0.972 
3 0 2 23 39 0.0000 1.000 
3 0 3 82 76 0.0000 0.896 
3 0 4 130 105 3.1416 1.000 
3 0 5 97 86 0.0000 0.977 
3 0 6 27 50 0.0000 1.000 
3 0 7 6 14 3.1416 0.469 
3 0 8 79 48 3.1416 1.000 
4 0 0 14 18 0.0000 0.586 
4 0 1 56 66 3.1416 0.523 
4 0 2 93 100 3.1416 0.613 
4 0 3 29 27 0.0000 0.400 
4 0 4 27 27 0.0004 0.002 
4 0 5 19 14 0.0000 0.889 
4 0 6 6 14 3.1416 0.377 
5 0 0 6 21 0.0000 0.734 
5 0 1 66 64 3.1416 0.002 
5 0 2 6 14 0.0000 0.480 
5 0 3 30 50 3.1416 0.992 
5 0 4 61 68 3.1416 0.622 
5 0 5 15 29 3.1416 0.999 
6 0 0 8 29 3.1416 0.436 
6 0 1 77 86 0.0000 0.443 
6 0 2 5 27 3.1416 0.340 



TABLE 2.2 (cant.) 

h k 3. Fp FPH Protein phase 	lierit 
(I.iia) (radians) 

1 0 -3 73 64 3.1416 0.939 
1 0 -4 29 32 0.0000 0.115 
1 0 -5 81 98 0.0000 1.000 
1 0 -6 16 12 0.0000 0.815 
1 0 -7 6 23 0.0000 0.207 
1 0 -8 30 23 0.0000 0.995 
1 0 -9 86 91 0.0000 0.868 
1 0 -10 35 66 3.1416 1.000 
2 0 -1 161 148 3.1416 0.443 
2 0 -2 105 91 0.0000 0.218 
2 0 -3 160 162 0.0000 0.432 
2 0 -4 42 66 3.1416 1.000 
2 0 -5 7 32 0.0000 0.977 
2 0 -6 21 50 3.1416 1.000 
2 0 -7 93 94 0.0000 0.225 
2 0 -8 145 171 3.1416 1.000 
2 0 -9 53 53 3.1409 0.001 
2 0 -10 89 111 3.1416 1.000 
3 0 -1 5 25 0.0000 0.882 
3 0 -2 128 103 0.0000 1.000 
3 0 -3 205 185 3.1416 0.999 
3 0 -4 109 125 3.1416 1.000 
3 0 -5 154 144 3.1416 0.936 
3 0 -6 77 103 3.1416 1.000 
3 0 -7 28 39 0.0001 0.013 
3 0 -8 86 62 0.0000 1.000 
3 0 -9 6 21 3.1416 0.777 
3 0 -10 6 14 3.1416 0.428 
4 0 -1 52 43 3.1416 0.602 
4 0 -2 55 91 3.1416 1.000 
4 0 -3 99 107 0.0000 0.698 
4 0 -4 162 135 0.0000 1.000 
4 0 -5 6 18 0.0004 0.002 
4 0 -6 6 23 0.0000 0.246 
4 0 -7 34 45 3.1416 0.975 
4 0 -8 29 21 0.0000 0.963 
4 0 -9 72 94 3.1416 1.000 
5 0 -1 99 107 0.0000 0.501 
5 0 -2 71 39 0.0000 1.000 
5 0 -3 21 21 3.1416 0.009 
5 0 -4 52 21 0.0000 1.000 
5 0 -5 17 14 0.0000 0.364 
5 0 -6 28 14 0.0000 0.997 
5 0 -7 69 73 3.1416 0.863 
5 0 -8 62 64 0.0001 0.006 
6 0 -1 63 66 0.0000 0.138 
6 0 -2 6 23 3.1416 0.155 
6 0 -3 72 82 3.1416 0.472 
6 0 -4 12 27 3.1416 0.996 
6 0 -5 21 18 0.0000 0.459 
6 0 -6 41 62 0.0000 0.521 
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No attempt was made to refine temperature factors. The intensity 

data, native phases and figures of merit are shown in Table (2.2). 

The derivative data has the relative scale-factor obtained by 

the refinement prograo aplied to it. (Factor = 1.08). 

Judging by the low values for the Kraut E - factor (defined 

by Kraut etai., ,1962) and centric F-factor (defined by Cullis 

et al., 1961) this refinement is satisfactory, and the postulated 

arrangement of sites is genuine. As a check on this native 

phases were calcuThted assuming occupancy of only one site, and 

a "difference" Fourier calculated. This, as well as showing 

occupancy of the assumed site, also showed that the other site 

was occupied. This procedure was repeated assuming occupany of 

the other site only and again showed occupancy of both sites, 

providing a check on the internal consistency of the heavy atom 

arrangement. 

No further work was carried out on this crystal form owing 

to developments with the type X crystals. Nevertheless type V 

is very suitable for further work. The main drawback at this 

stage is that there is no definite method for obtaining the native 

form. Nor is it possible to state with certainty which protein 

conformation the crystal form corresponds to. From the pH of 

the solution, it should represent the conformation at the low 

PH side of the pH 7.5 transition, that is, the same conformation 

as type X. Just as types Y and Z crystallize under the same 

conditions and appear to correspond to the same or similar 

protein conformatioca., so may types V and X. On the other hand 

there may be some other factor involved. Obviously this is a 

very important point. 



CHAPTER 3 

NATIVE THREE-DIMENSIONAL DATA COLLECTION AND ASSEMBLY 

Photographic Data 

Although it was intended to collect the three-dimensional 

data by diffractome-ter, data from various precession photographs, 

collected by Green and his coworkers, were assembled, This was 

done in order to check the diffractometer data and to scale 

together different diffraotometer runs. 

The photographic data was obtained by measuring peak heights 

using a Joyce-Loebi microdensitometer, then corrected for Lorentz 

and polarization factors using a computer program written by the 

author. 

A rigorous solution to the problem of determining the relative 

scale-factors, when a number of data sets have to be placed on a 

common scale, has been worked out by Hamilton, Rollett and Sparks 

(1965). Their solution uses the method of least-squares. 

In the present work, an approximate method, using a computer 

program written by Dr. Green2  was used. This process, if used with 

care, has been found to give scale-factors which agree to within 

1% with those obtained using the Hamilton, Rollett and Sparks 

method (Simmons,1965). 

UIng Green's program the amplitudes from the first data 

set are stored in the computer in a simulated 3-D array. The 

second set is scaled to it using as scale-factorF1  1/IF
2  

where the summation is taken over all common reflexions. This 

is equivalent to weighting each intensity by the factor 

a procedure especially suited to scaling photographic data, 
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since the blackening of the film for strong reflexions may not 

be linear with respect to intensity (for a full discussion of 

this point see, for example, Buorger,1960)0 The scaled data is 

then merged into the store, and the values of the amplitudes for 

the common reflexions averaged with those from the first data 

set. The number of times each reflexIon lias been measured is 

also stored, to be used in subsequent averaging. This process 

is then repeated until all data sets have been scaled and 

merged into the store. 

The success of the method depends on each data set to be 

scaled having sufficient rflexions in common with the store to 

obtain an accurate scale-factor. In the present work care was 

taken to ensure that the order of merging gave the maximum 

number of common reflexions from one stage to the next. 

The photographic set thus obtained contained about 400 of 

the approximately 000 reflexions within the 6 limit. The average 

agreement between different data sot, expressed in terms of a 

R-factor, 

H =(j !F11 - 1F2 	x 100 

where each P is on the same scale, and subscripts distinguish 

the data sets, was 9.7%. 
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Choice of Diffract ometer 

A Huger and Watts linear diffractometer ad a Huger-

Ferranti four-circle diffractometer were available, and a 

decision had to be made as to which was more suitable for 

collecting three-dimensional data from a triclinic protein crystal. 

These diffractometers have been compared by Arndt and Willis 

(1966), and a brief description of some of the features of 

each is given here. 

The Pour-Circle Diffractometer 

The crystal orientation is determined by the three 

Eulerian angles 0, 'X. and. (2, while the detector orientation is 

specified by the angle 2 9 (Pig 3.1). This sketch also illustrates 

normal-beam equatorial geometry, the setting employed by this 

instrument: the incident X-ray beam, the crystal, the diffracted 

ray and the counter all lie in the same plane Intensities are 

usually measured using the moving crystal - moving counter 

tecbnique that is, using an /2 6'-scan, and observing the diffracted 

intensity as a function of scattering angle This makes possible 

an accurate estiiation of the background and integration of 

the peak, 
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In principle this instrument is completely automatic in 

operation. A control tape is prepared giving the shaft positions, 

counting time and size of scan for each reflexion. The machine 

should then measure all reflexions on the tape without manual 

intervention, since all reflexions can be set up automatically 

with sufficient accuracy. Although the shaft settings are 

incremental, that is each successive reflexion assumes the 

previous one has been accurately set, the system allows checks 

on the settings as often as specified. 

Setting the crystal is straightforward,. The crystal can 

be set approximately on a precession camera by making the crystal 

rotate about the normal to a set of real crystal planes. This 

setting can also be used to collect data for absorption correction 

(see later). 

Great flexibility is possible with this diffractometer. The 

reflexions can be measured in any order, facilitating the 

remeasurement of particular reflexions. The reflexions (hki) 

and (bki) can be measured from the same crystal setting, one 

immediately following the other if required One or more 

standard reflexions can be measured periodically, providing a 

check on the radiation damage suffered by the crystal, and on 

the overall stability of the instrument. The scanning angle and 

counting time can be adopted to particular reflexions, though for 
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Variation of X-ray intensity with angular setting 

of the crystal (after Arndt and Willis,1966) 

Fig. 3.2 



economy a choice of scanning angle and counting time is made 

which will allow most refiexions to be measured with adequate 

accuracy.  

The output is printed out, as well as being punched 

out on paper-tape, in a form suitable for a data reduction 

program. 

The Linear Diffract ometer 

With the linear diffractometer the crystal and detector 

are set to each reflexion by means of a slide system. At the 

appropriate position the crystal is oscillated through the 

reflecting position using a special motor. The oscillation 

range 2D (Pig 32) can be adjusted between and 50  During 

the measuring cycle the three quantities n1, n2  and N, which 

are two background counts and the count obtained by scanning 

across the reflcx.on, are printed out as well as being punched 

out on paper tape. The number of measuring cycles can be 

selected by the user. After the measurement the scanning slide 

is moved by a fixed amount to tho next position and so on, until 

a limit switch is reached. The stepping slide is then used to 

move to the next parallel row s  and this row is scanned in the 

same way, but in the opposite direction. The whole sequence is 

repeated until the complete half-layer has been measured, at 

which point the other half-layer can be scanned in the same fashion. 

To change to the next level a special slide is manually operated. 

To summarize, the reciprocal lattice is scanned layer by layer to 

the required resolution, and within a layer, row by row. 
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Thus in principle a complete half layer can be measured automatically. 

In practise, reflexions lying close to the origin cannot be set up 

automatically with adequate accuracy, and intervention is 

noossary to record them. 

Compared to the four-circle the linear diffractometer is 

much less flexible, The counting time can only be altered by 

changing the oscillation motor or by choosing a different number 

of oscillation c;eles0 'riede1 related reflexions from a 

triclinic crystal cannot be measured from the same setting 

(apart from reflexions in the zero layer). Also with a 

triclinic crystal the setting required to obtain data for 

absorption correction cannot be used for general data collection, 

making two settings necessary (see later). Manual intervention 

is necessary whenever refiexione have to be repeated whether 

due to a punching or setting error, or similar malfunction, or 

to provide a chek on radiation damage. In principle the 

accuracy should be less thaai with the four-circ1e 7  since 

measurements of background, peak, and background do not allow 

such detailed analysis as an complete profile of the reflodon, 

nor is the setting accuracy as great with the linear dJ.ffractometer 

as with the four-circle. 

Taking all the reasons into consideration the obvious choice 

for collecting three-dimensional data from a triclinic crystal 

was the four-circle diffractometer. 
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Experiences with the Four-Circle Diffractometer 

Crystal Mounting 

Owing to the speed at which the shafts positioned it was 

found that the crystal would often move slightly in the capillary 

in which it was mounted. The crystal is attached to the 

capillary due to surface tension effects between crystal, a small 

quantity of mother liquor and the sides of the capillary. If the 

crystal was mounted too wet0 it would move about in the drop of 

mother liquor. L the crystal was mounted too dry, however, it 

would not stay attached to the side of the capillary. It was 

found by trial that for satisfactory results the crystal had to 

be mounted much drier than is necessary when using a precession 

camera or linear diffractometer, but not so dry that it did not 

stay attached to the capillary. The stability of the crystal at 

various settings was also tested, and best results obtained with 

the needle axis ipproximately parallel to the length of the 

capillary. 

Absorption Correction. 

The most satisfactory setting -to restrict crystal movement 

in the capillary was with the C-axis approximately parallel to 

the length of the tube. As seen from Pig (1.1) the lattice X 

crystals are not of uniform cross-section causing appreciable 

absorption effects. 

To apply the empirical absorption correction of North, 

Phillips and. Mathews (1968)  the crystal must be made to rotate 

about the normal to a set of lattice planes, that is, it must 

rotate about a reciprocal lattice row. It was convenient to make 
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the crystal rotate about the normal to the 0 T 2 planes, since 

this normal makes a small angle (90) with the C-axis. This was 

carried out approximately on the precession camera and then 

accurately on the diffractometer. Data for absorption correction 

was obtained by noting the variation in intensity of the (0 2 4) 

refloxion as the crystal was rotated through 3600 . 
Refinement of Unit Cell Parameters 

Before attempting to measure intensities using the four- 

circle diffractom€ter, the unit cell parameters were refined. 

This was carried out using the procedure advocated by Bond(1960). 

Using the moving crystal moving counter technique the value of 

LO is noted for the peak position of the refiexion, with a wide 

detector aperture. The/_,)-axis is then turned so that the beam 

enters the counter by ref'lexion from the reverse side of the hkl 

reflecting plane. The difference in the readings on the scale 

for the peak positions of hkl and. hkl is 23 obs. 

Values of 20 obs were obtained for 30 different reflexions. 

Now, 

2 	2*2 2 ° 2*2 	** 	* 4 sin 0 - h a 	kb +l c +3 2ka b oos Y 
- + 21db c cos a + 2lho a cos 

Using as starting values the published lattice X parameters 

(Aschaffenburg. Green and Simmons4965) the lattice parameters 

wore refined by the method of least squares, using a computer 

Program written by Dr. R. Gould. The original and final values 

for these parameters are given in fable (3.1). 
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Data Collection and Reduction 

Throughout the work already described using the four-circle 

diffractometor the general reliability of the shaft positioning 

was extremely poorg the shft would either set within the 

manufaotu-re-rs tolerance of o,o:L°  or else the shaft would swing 

completely out of control. Even after servicing the apparatus 

would not remain stable for more than a few days. The reliability 

of the teleprinter and tape reader was also low. This made the 

preceding work tal. a much longer than lanned, and also concealed 

a more serious fault This was that the scintillation counter 

was faulty, resulting in both short and long-term drifts. The 

fault became obvious once data collection was started in earnest, 

since it was found that the standard reflexions varied by as 

much as 30 in intensity, within a very short time interval. 

These intensity changes could not be the result of radiation 

damage, owing to the shortness of the time interval. They could 

not he the result of move;,en-t-  by the crystal, as the crystal 

setting was chocked in case this was the cause. This left the 

X-ray gcnerator and the counting circuit. Detailed analysis 

using a radioactive source with a long half-life revealed that 

the scintj1la-ton counter as at fault. 

In the light of the general unreliability of the apparatus 

it was decided to abandon data collection on the four-circle and 

to use the linear diffractometer instoari. Because of this only 

very brief details of data collection and processing follow. 

Setting ang.cs were calculated using a computer program 

written by Dr. E.R. Cowley, and the intensities were obtained 

from the observed profile, and Lorentz and polarFation corrected, 
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using a computer program written by Dr. H. Nelmes ( Nelmes,1969 ). 

The intensities were then corrected for absorption using a 

computer program writthn by the author. Owing to the instabilities 

noted above, when the 2eflexions were compared with photographic 

intensities the agreomant, in geneal was poor. For a few runs 

however, (about three hundred re±lexions) the agreement was 

satisfactory, giving an h-factor of 6.6. These measurements were 

kept and the rest of Ac data discarded. The discarded data 

showed the largest fluctuations in the standard reflexions, and 

the H-factor between the discarded data and the photographic data 

set was 17.0 . 

Data Collection Using the Linear Diffractometer. 

Setting the Crystal. 

To collect three-dimonsional data on a linear diffractometer 

the crystal must be made to rotac about the normal to planes of 

the reciprocal ittice,that is, it must rotate about a zone axis. 

To collect data to apply the empirical absorption correction of 

North, Phillips and ihews (1960), it is necessary to make the 

cryital rotate about the normal to a set of real crystal planes. 

Since no real axis coincides with a reciprocal axis in the 

triclinic system, two settings are recessary: the first to obtain 

the data for absorption correction and the second for general data 

collection. To minimize the crystal adjustment necessary to go 

from one setting to the other it was convenient to choose a 

non-principal direction in reciprocal space close to a real axis 

for the measurement of data for the absorption correction, and then 

to adjust the crystal to make it rotate about the real axis for 

data collection. 
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As with the four-circle diffractometer, it was convenient to 

make the crystal rotate about the normal to the 0 T 2 planes, since 

this normal makes a small angle 
(90)  with the C-axis. The (0 2 4) 

reflexion is the only low angle reflexion from these planGs which 

is not of low intensity and this reflexion occurs approximately in 

the middle of the 8 range under consideration, so it was decided 

to use the variation in intensity of this reflexion to correct 

for absorption. 

The first step, then, was to make the crystal rotate about the 

normal to the 0 T 2 crystal planes. This was carried out 

approximately by taking small angle precession photographs. These 

photographs were also useful in checking that the crystal was free 

from the kinds of faults which give rise to the splitting of X-ray 

reflexions. The crystal was then transferred to the diffractometer, 

and adjusted by equalizing the intensity of the (0 7 4) reflexion 

at dial positions separated by 1800.  The data to apply the 

absorption correction was then obtained by noting the intensity 

of this reflexion at 200  intervals as the crystal was rotated 

through 3600.  The intensity at positions 1800  apart was then 

averaged, and plotted to give a curve such as that in Fig. (3.3). 

The crystal was then adjusted until the C-axis, as judged 

by eye, was approximately vertical. This had to be done sufficiently 

accurately to enable the (o 2 o) and (2 0 0) reflexions to be found. 

The crystals were usually well formed, and this stage did not cause 

much trouble, but if there was any difficulty the are settings 

could be calculated knowing the settings for the aboorption curve 

and the precession photographs. By using the shutters on the 

detector the crystal was then adjusted to make the (o 2 0) and 
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(2 0 0) reflexions enter the counter centrally. Higher order 

* 	* 
reflexions along b and a were then found and again the crystal 

adjusted using the shutters on the counter. The angle between the 

slides was then set equal to Y*. (1b avoid the possibility of 

having to alter the sense of the slide angle on the diffractoineter 

when replacing one crystal by another, all crystals were mounted 

the same way up, using the external form of the crystal to achieve 

this. Each crystal was mounted such that when in position in the 

diffractometer the orientation was as in Fig. (1.1). The crystal 

was considered to be sufficiently well set when (o k o), (o o) 

(h o o) and (Tio o) reflexions, corresponding to the limits of 

the required resolution (61), were observed to enter the counter 

centrally. 

At this stage the C-axis is vertical, and the (o k o) and 

(h o o) directions in reciprocal space have been found, but it may 

be necessary, in order to obtain a right-handed set of axes, to 

rotate the crystal through 180. This transforms what up till now 

has been arbitrarily called an (h k o) reflexion into ( 

To decide if this is necessary several strong upper layer reflexions 

were searched for. No significant peak is observed if rotation 

by 1800 is necessary. 

Use of the Simulator Program. 

It was found to be useful before collecting data to simulate 

the complete &iffractometer run, using a computer program written 

by Dr. Green. This program prints out the slide positions and 

calculated angles for consecutive reflexions, starting from a 

reflexion specified by the user. This was especially useful for 
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collecting data from upper levels since with a triclinic crystal 

the "origin" of the upper level, that is for level 1 the reflexion 

(o o l),does not occur with the slide positions at zero, but is 

displaced from the zero position by an amount which increases 

with 1. 

In addition, by using the program it is possible to pick out 

those reflexions for which the machine cannot set itself 

sufficiently accurately. If EØ is the error in angle caused by 

errors of Ax and Ay in the two slide posotions, then 

LØ= 
11,  8 x + 	Ly 

L)X 

The program calculates the partial derivative 'x and y 

for each reflexion, so that when one or both of these are large, 

mis-setting by the diffractometer is likely. 

Data Collection. 

The oscillation angle used was chosen by observing some 

peak profiles on the count rate meters. Further allowance was 

then made for crystal and machine mis-settings and an angle of 20 

was found to be most useful. A proportional counter was used in 

this work, and the oscillation motor took one minute for a complete 

cycle. Two oscillation cycles were used, in order to obtain a 

check on the reproducibility of the counts. This is especially 

important since, unlike a photograph, there is no way of rechecking 

the data apart from remeasuring. Thually the difference in counts 

was of the order of 2%, but very occasionally comparison of the two 

oscillation cycles revealed a wide discrepancy of unknown origin. 
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In this case the particular reflexion was remeasured, and the 

spurious count removed from the output tape. Reflexions which were 

not set up automatically with sufficient accuracy were set by hand, 

as were reflexions which had to be repeated for any reason. 

A check on the radiation damage suffered by the crystal was 

kept by measuring a few zero layer reflexions after each layer, 

and comparing them with the values obtained initially. It was 

found that lattice X crystals could. withstand about 50 hours of 

CuC radiation from a Philips fine focus sealed X-ray tube run 

at 40kv and 20, before intensities were reduced by more than 

30 and the crystal discarded. Even at this stage relative 

intensities were not altered by amounts greater than the general 

reproducibility of the data. 

Data Processing 

A computer program written by Dr. Green, embodying many of 

the features considered desirable by North1964) was used to process 

the output from the linear diffract ometer. 

This program checks the format of each reflexion on the 

output paper tape, and rejects those reflexions which have 

punching errors. Reflexions are also rejected if mis-setting of 

the crystal is indicated by a marked inequality of the two 

background counts. Measurements are rejected if the difference 

between the two backgrounds exceeds four standard deviations. 

For intense reflexions this condition is relaxed, and the reflexion 

accepted if the difference in the background counts is less than 5% 

of the peak count, and a message is printed out drawing attention 

to the reflexion. Mis-setting at lowf values can result in,say, 



102 

one reflexion having unequal backgrounds and. subsequent (until the 

machine sets itself accurately again) reflexions being missed 

alto:ether. This can result in a number of completely erroneous 

measurements being accepted, since they have equal backgrounds, with 

possibly a small peak due to statistical fluctuations. To deal 

with this situation the following procedure was adopted: the 

first reflexion obviously revealing mis-setting caused all 

subsequent reflexions to he ignored until a reflexion was measured 

which had equal backgrounds as well as a statistically significant 

peak. Occasionally due to statistical fluctuations very weak 

reflexions had a negative value, and these were rejected by the 

program. Those reflexions accepted are corrected for Lorentz, 

polarization and absorption factors, and the corrected intensities 

stored on magnetic tape or disc,, together with their estimated 

statistical errors. 

Different diffractometer runs were scaled together by 

comparing them with the photographic data set, making 

= 

The overall agreement, expressed as an R-factor between photographic 

and linear diffractometer data,was 12.6%, and the agreement between 

linear diffractometer runs using different native crystals was 8.2%. 

The diffractometer data was then merged with the photographic data 

and all reflexions for which there was no value were then measured. 

In this process missing reflexions were first divided into layers, 

and reflexions from each layer were separately measured, together 

with about ten repeated reflexions for scaling purposes. 
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Absolute Scale. 

No comparison with a standard crystal has so far been made 

for any crystal form of P-lactolobulin The lattice g  data was 

put on an approximately absolute scale by comparison with the data 

for cx-haemoglobin, and this scale was later adjusted on the 

assumption that the occupancy of 11. at the SN group was 100, 

(Sirnmons 91965). The mean intensity of the 3-D lattice X data 

was made equal to the mean intensity of the Z data: since there 

is three times the scattering power in the unit cell of g  than 

in X, but there are three times as many reflexions, the mean 

intensities should be the same, 
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CHAPTER 4 

TI?EE_DflVfflNSI0NAL TESTING OF DERIVATIVES 

K2g4 (DF)2 Synthesis 

The two-dimensional work had shown that the K H I 2 g4  
(abbreviated later to Hgi) (DF)2  synthesis was moderately 

promising, though rather mossy: it could be partly 

interpreted in the light of knowledge about the corresponding 

sites in lattices Y and Z. Accordingly it was decided to 

collect three-dimensional data. 

A derivative preparation in which stoichiometric 

quantities of heavy atom were added to a known weight of protein 

was used. The K2HgI4  was prepared as before by adding Hg 	to 

excess Ki, where the weight of Hgü2  was calculated to give one 

Hg per 18,000 N.W. Under the conditions of the preparation this 

was equivalent to a heavy atom concentration of about 2inI, and 

as with the previous trials the heavy atom reagent was added to 

previously grown crystals. 

The linear diffractometer was used to collect the data 

under similar conditions as for the native. Instead of using a 

photographic data set to scale together the different layers 

the following scheme was adopted: a complete layer was measured 

in the one run, and this layer scaled to the native by making 

= 	
?011 , 'native 

where the summation is over all common reflexions in the two 

layers. This procedure has the advantage of being very easy 

to apply, but is less accurate than building up a complete data 
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set using enough additional data from intersecting layers to 

establish a good scale factor for each layer. It would be 

relatively easy, however, to refine the scale-factor for each 

layer at a later stage. This scaling procedure was checked by 

taking three photographs of intersecting layers of the 

reciprocal lattice, measuring the peak heights, and comparing 

these (after correction for Lorentz and polarization factors) 

with the assembled data set. In all there were 150  reflexions 

in common, and th overall agreement expressed as an fl-factor 

was 

The disadvantage of this method of assembling a data set 

is that there are no checks, by way of repeats from different 

runs, on the stability of the instrument. To overcome this 

almost the whole of the 0, 19  2, 3, 4 and 5 layers was re-

measured. The agreement as an fl-factor was 4.9%. 

Data for a complete half sphere of the reciprocal lattice, 

that with 1?0,  was collected to d resolution. Only for the 

zero layer was there a check on anomalous scattering. 

Four crystals were used to collect the data, and as with 

the native set a check on the radiation damage was kept by 

remeasuring a few zero layer reflexions at the end of each run. 

If most of the measurements had not been repeated two crystals 

would have been sufficient. 

The three-dimensional (DP)2  synthesis (Fig 4.1) was then 

calculated, using a Fourier program by Dr. N.M. Harding. 

In this and the other (DF)2  syntheses in this chapter 

contours are drawn at arbitrary equal intervals, except for the 
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origin peak where alternate contours are drawn. Regions less 

positive than the first contour level have been suppressed. 

Before discussing the synthesis in detail it should be 

noted that since the three axes are skewed, there will be points, 

on sections other than a Z =09  which are closer to the origin 

than (a, 0, z), Consequently this gives rise to an apparent 

displacement of the origin peak, clearly seen for example at 

/309 1/30 2/30) 

Apart from The origin peak there is one major peak, one 

quarter the size of the origin peak, with approximate 

coordinates (-5/30, -3/30, 2/30). The next highest peak, half 

the size of the main peak, is at (2/30, 1/30,  6/30). 

The synthesis shown has the 30 lowest order terms removed. 

Syntheses, with the 20 lowest order terms and the 50 lowest 

order terms removed, were also calculated. These were virtually 

identical with rospeet to the major and tninor peaks. Consequently 

the other syntheses discussed in this chapter all had the 30 

lowest order terms removed. 

In interpreting This synthesis the implications of the 

probable existence of a molecular two-fold axis, discussed in 

some detail in chapter one, apply here. The situation clearly 

evident was that of only two sites per dimer, or possibly two 

major sites, if the minor peaks are significant. 

The major peak was approximately 9.A from the origin. This 

clearly corresponds to the vector between the HgI - HgI sites 

related by a crytal1ographic two-fold axis in Y, and the similar 

vector in lattice 9. The minor peaks could be due to the presence 

of secondary sites of low occupancy, or they could be due to 
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imperfections in the synthesis. Although the averaging process 

is obviously much better with three-dimensional data, incorporation 

of anomalous scattering data would be necessary to remove the 

inherent approximations. Accordingly it was decided to ignore 

the possibility of the existence of minor sites at this stage. 

Choosing an erroneous minor site would hinder future phase 

determination, and might bias the phases sufficiently so that 

future Fourier syntheses might tend to confirm the existence 

of the false site, On the other hand, omission of a true minor 

site, obviously of low occupancy judging by the (DF)2  synthesis, 

would not seriously hinder future work, and the presence of this 

site ought to be revealed at a later stage by Fourier methods. 

The most striking fact about the synthesis was the contrast 

in clarity between it and the two-dimensional synthesis. This 

led to the question - Are any of the other derivatives which had 

been tried in two-dimensional work likely to 8110W promise in 

three-dimensions? As already described, a number of derivatives 

had been prepared, showing large intensity changes which did not 

increase with increasi-ng 0. The way to find out whether any of 

these were good derivatives was by trial. 

After succeeding in causing large intensity changes to the 

diffraction pattern by adding MIA or PCMS to lattice X crystals 

in 41MI phosphate it was decided to try one of these, since a 

specific reaction was hoped for. As already stated the two-

dimensional (DF)2  syntheses for these two derivatives were rather 

different. It seemed likely that the same reaction was not 

occurring with these two reagents. It was decided to try the 

FCMS derivative for two reasons. First of all, some (though not 
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all) of the NMA crystals showed signs of internal disorder, 

evidenced by a marked fall-off in the diffraction pattern. The 

other reason was that in the two-dimensional work, for a time 

it seemed that a solution to the (DP)2  synthesis for PaNS 

could be obtained. In fact, the peak thought to be due to 

POMS - MS was largely the result of low-order terms, and 

onoe this was realised the work ceased. This had, however, 

aroused a lot of interest in this derivative. 

POJDF 2 Synt he . is 

When it had been decided to collect three-dimensional 

data for the PCNS derivative, some difficulty arose in 

preparing native lattice X crystals. Whole preparations 

often gave very small crystals, unsuitable for diffractometer 

work, or large multiple crystals. It was at this time that 

one complete preparation which did give large single oryet1 

gave not lattice X crystals, but the new lattice, type V, as 

already described. There :e- e some crystals, however, which were 

much more plate-like than usual, making absorption errors extremely 

serious. A typical absorption curve for one of these crystals is 

shown in Pig. (4.2). It was extremely doubtful if even with very 

accurate data, the three-dimensional synthesis would be 

interpretable, since there was no evidence for a specific reaction. 

It was thought that the absorption errors, while reducing the 

accuracy of later native phase determination, would not prevent 

location of at least the major heavy atom sites, if any existed, so 

it was decided to collect data from these crystals. In this 

context it is perhaps worth stating that the immediate object was 

to obtain a set of 3-D native phases, sufficiently accurate to 
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enable the calculation of 3-D difference Pouriers on further 

derivatives, and so screen them. 

After transferring a complete tube of crystals (0,lg of 

protein) to 4M phosphate buffer at pH 6,5, and checking by 

X-ray photographs that these were isomorphous with the native, 

sufficient PUNS was added to give one PUNS per 18,000 M.W. 

The crystals were then left for two irceks to allow the reaction 

to go to completion. (The earlier trials had indicated that 

reaction was compiee within one week.) 

Details of data collection and assembly were the same as 

for the HgI derivative, though the checking by way of repeated 

diffractometer runs, and photographic data was not carried out. 

The (DF)2  synthesis for this derivative is shown in 

Fig. (4.3). There is one major peak at about (-2/30, -2/30, 

11/30) , of height one quarter the origin peak. The next 

highest peak is 0.7 times the height of the main peak, at 

16/30, 6/30, io/5o) 	The general background level is rather 

higher than for the Hg-I derivativeg this could well be due to 

the poorer quality of The data. Nevertheless, In contrast to 

the two-dimensional work this synthesis can be readily 

interpreted in terms of a single major site per monomer. The 

largest peak corresponds to a vector about 22 long, and the 

angle between this vector and the HgI - Hg-I vector was calculated 

to be 300, For the same reasons as with the Hg-I derivative no 

attempt was made to find minor sites, though with less justification 

since the background was higher. 

From the HgI and PUNS (DF)2  syntheses the evidence for the 

existence of single major sites per monomer was very convincing. 
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It would be even more convincing if the relationship between 

these sites could be found 9  and this was the next task 

undertaken. 

The Relationship between the_PCMS and HgI sites 

The two (rF)2  syntheses gave the lengths of the HgI - HgI 

vector and the P0145 - POiY(S vector, and the angle between these, 

but not the relative positions of the four sites. 

To refer the sites from the two derivatives to the same 

origin two correlation functions were used. The first, referred 

to as (1), due to Rossmann (1960), used as coefficients 
2 

( 	l - Fp112  ) 

where the subscripts distinguish the two derivatives. This was 

expected (see the Introduction) to have a higher background than 

the second synthesis, referred to either as (2) or as a "cross-

Patterson", proposed by Stoinrauf (1963),  with coefficients 

( i 	- 	'ii 	) ( 	i 	YIH2 

It was decided to calculate both syntheses in case the inter-

pretation of each, taken on its own, was difficult. In fact the 

interpretation of (2) was straightforward, and that of (1) much 

less so,bu± partly because this was the order in which these 

syntheses were obtained, and consequently studied, and partly 

because it provides a check that these two functions should lead 

to the same solution, the interpretation of (1) will be given 

first. 

Synthesis (1) is shown in Fig. (4,4). Solid contours 

denote positive peaks and dashed contours negative peaks. Again 

contours are drawn at arbitrary equal intervals, except for the 

origin peak, for which alternate Co cir are given. This 
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synthesis should have positive peaks corresponding to the vectors 

between heavy atoms in the same derivative, and negative peaks 

denoting the cross-vectors relating atoms in the two derivatives. 

First of all the known heavy-atom self-vectors were checked. 

It is seen that the leak corresponding to the PCNS - PCMS vector 

is about half the height of the vector due to HgI - HgI (presumably 

due to greater occupancy, in terms of electrons, of the HgI sites, 

but both peaks occur in the expected positions. In addition, there 

are : positive peaks of approximately the same size as that due to 

the known PONS - PONS vector, These could be due to as yet 

unidentified sites. Since it was expected that this synthesis 

would have a high background, no attempt was made to identify 

minor sites. Later results, using "difference" and "double-

difference" Pouriers suggest that these peaks are probably an 

indication of the background level that is, in this synthesis 

spurious peaks may well occur with about the same height as genuine 

peaks. 

The negative peaks were next examined. If there are two HgI 

sites and two PCMS sites per dimer, four cross-vectors should appear. 

If there is a molecular two-fold axis then the lengths of the cross-

vectors should not be all different, but should be identical in 

pairs. Further, since the HgI sites are relatively close together 

compared to the PCNS sites, the four negative peaks should occur in 

two pairs, each pair the result of vectors from one PCNS to both 

HgI sites. Inspections of the synthesis shows that this situation 

is apparently not present. 

Detailed analysis of the seven largest negative peaks was 

carried out, to find out whether they could be related by the HgI 
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or PCS separation Peaks ct (2/30  0,  4/30)  and  (--3/30, ..3/30 

6/30) are clearly the result of vectors from the same PCNS to both 

HgI sites, since the vector difference is (-5/30, -3/30, 2/30), 

that is, the HgI separation as found. from the HgI (DP)2  synthesis. 

No other relationship was immediately obvious. This was, however, 

a useful starting point since the relative positions of one PCdS 

and both HgI sites were now known. But the relative positions of 

the PONS sites were already known from the PCMS (DF)2  synthesis, 

so the positions of the other PCMS could be calculated. It was 

hoped that the calculated cross-vectors due to this second PCNS 

site would lie on negative regions. In fact, the calculated 

positions, (1/30,  1/30, 5/30) and (_i/30, -2/30, 7/30), did lie 

on negative regions, but only by virtue of the fact that these 

positions are close to the original positions, (2/30, 0, 4/30) 

and (-3/30, -3/30, 6/30). 

Also it i' not possible to resolve the peaks at these 

positions into doublets. This implies that the arrangement of 

heavy atom sites is ieuio-oentric, and with the present resolution 

of the data (6k) any deviations from an exactly centric arrangement 

cannot be detected by this synthesis. A further check on this 

conclusions is that the sites (2/30, 0, 4/30) and(-3/30, -3/30, 

6/30), as well as being related by the HgI - HgI vector, are also 

related by the vector (-=.1/30 -3/30, 10/30), which is approximately 

the POT.. - PCMS vector. This follows from the symmetry of the 

synthesis. The pseudo-centric arrangement of sites explains why 

the expected arrangement of four cross-vectors was not observed. 

Before discussing the implications of these heavy atom 

positions confirmation of them will be given by other methods. 



.-> y 
123 

a 

ZO  

Z =
2//3'J 	 7-3/30 

z=4/30 	 z5/3U 

Fig. 4.5 



124 

0 	40 

z7/3O 

z=9/33 

z=1O,'jJ 	 z=11,'30 

Fig. 4.5(cont.) 



Ml 

b 

z121"30 	 z=13/30 

Z- 14,'30 	 z=15/'30 

125 

Scct1.ns from the 3—D tICOSS_PatterS0ntt 

synthesis relating the PCi and EgI 
derivatives. 

Fig. 4.5(cont.) 



126 

The second synthesis, previously referred to as (2) is shown 

in Fig (45) 	LU peaks, includin that at the origin, are 

contoured at arbitrary equal intervals. This syiithosis silould 

have positive peaks denoting cross-vectors rclatiu heavy atoas in 

different derivatives, but should not contain vectors between heavy 

atous in the sane derivative. If the conclusions fro-,  synthesis (i) 

are correct there should be only two peaks;  due to vectors between 

the nain IigI and PCN sites. 	Synthesis (2) silows iain peaks at 

about (2/30, 0, 4/30) and (3/30, 03/301, 6/30) in cop1eto arecment 

With this. This synthesis, however, has a much lower background, 

iatn the next largest positive peeks at 0.5 tio the main peeks, 

This is in contrast to synthesis (i) w-Uch had spurious peaks of the 

sane size as the txiic peaks 	In the light of this, only synt1icsis(2), 

the "cross-Patterson", was calculated in later nork on other 

cicrjvjtjves. 

everthcless, the condition that the axTangonont of sites must 

satisfy both the (DF)2  synthesis anu a cross-vector synthesis, is seen 

to be a stringent one, It allowed only one possible errLmgeuont of 

main sitos to be deduced froa the noisy syntosis (1). In later 

work it is shown that even when synthesis (2) is mossy, this condition o 

can allow the relative arrangenent of sites to be found. 

A ferther check on the arrangenont of the four sites was obtained 

by StcJj.fferonccFourierII  methods. 	A synthesis can be calculated with 

cocf.L'icients ax (I PptjI — F ) expi. , where the protein phase ap 

is calculated solely free derivative 2, and za de,)onds upon the 

nearness of the two phase solutions (Introduction). Since the 

arrnonont of heavy atoms in any one derivative is centric (there 

are two sites per dimer) this must lead to the resultant Fourier 



TABLE 4.1 

pproxivato (fraction1) coordiratcc for tho 
Ioudo—cc axranoriont of tho HI and. PCIIS 

sites 

x 	 y 	 z 

	

—5/60 	—3/60 	2/60 

HgI 	 5/60 	3/60 	—2/60 

	

—2/60 	—2/60 	10/60 

PCMS 	2/60 	2/60 	—10/60 
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having a centre of symmetry. This procedure was carried out, 

with HgI as derivative one and POMS as derivative two, and the other 

way round. 	Each synthesis showed peaks in the expected positions-. 

For example, with HgI as derivative one and PCMS as derivative two, 

the synthesis gave peaks in the previously calculated HgI positions. 

The largest minor peak in both synthesos was about one-third of the 

main peak size. 

The fact that the arrangement of the sites is pseudo-centric, 

and the cross-vector peaks cannot bu resolved into doublets, means 

that without additional information only an exactly centric 

arrangement of heavy atoms can be deduced. Co-ordinates for this 

arrangement of atoms are listed in Table (4.1), referred to an origin 

chosen as the mid-point of the two vectors. 

A consequence of this is that until the small deviation from 

coplanarity is obtained by some other means these two derivatives 

alone are not sufficient to resolve the protein phase ambiguity. 

Attempts to use these without other phase information would result 

in a protein structure which also has a spurious centre of symmetry. 

A certain amount of useful information can, however, be obtained 

from these results. The fact that the relative arrangement of the 

four sites could be found is a confirmation of the interpretation of 

the two (DF)2  syntheses in terms of two major sites per mimer for 

each derivative. The relative arrangement of the four sites is 

completely compatible with a non-crystallographic two-fold axis, with 

the direction of this axis perpendicular to the plane of the four atoms. 

The arrangement of the four sites is shown in. P1 (4.6). vcectod 

down the molecular two-fold. axis. This arrangement of sites has 

many features in common with the relative arrangement of the HgI 
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and IVfMA sites in lattices Y and Z. This will be discussed in more 

detail later; for the proscat it is another confirmation of the 

arrangement. 

Using those two derivatives the phase ambiguity would be resolved in 

principle if thu deviations from an exactly centric arrangement of 

sites could be found. This is equivalent to obtaining the relative 

displacement of the two vectors along the molecular two-fold axis. 

Ono method of doing this would be to increase the resolution of the 

data. another mothod would be to use some other vector, for example 

that from a minor site - if such a site exists in either of the 

derivatives - to calculate relative PCMS and HgI positions. Or, 

if a third derivative could be obtained,the HgI and PCMS positions 

could be found relative to the sites in the now derivative, and 

so relative to each other. 	This was the method actually used. Its 

advantage is that even if the relative separation of the PCMS and HgI 

vectors along the molecular dyad is found by either of the first 

two methods, since the deviation from coplanarity is small, the 

accuracy of phase determination will be low. This way, if successful, 

in addition to obtaining the relative separation of the vectors, 

additional phase information is obtained from the new derivative. 

The difficulty with the method chosen lies in obtaining another 

good derivative. Now, the arrangement of sites in lattice X had much 

in common with the arrangement of the HgI and ?BYIA sites in lattices 

Y and Z. In these crystal forms a third derivative K2Pt(NO2)4  has 

also been successful. Although the two-dimensional work in X did 

not allow a simple interpretation, the occurrence of fairly large 

intensity changes made the collecting of three- dimensional data 

seem worthwhile. 
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K2Pt(NO2)4 	(DF)2  Synthesis 

The crystals used were similar to those used in the PCMS work, 

that is they had large absorption effects, The derivative was 

prepared by transferring some native crystals to 2.5M  ammonium 

sulphae buffer at pT-I 65,  checking by taking X—ray precession 

photographs that the crystals wore isomorphous ruth nutive crystals in 

their own mother liquor, and then making the K2Pt(N07) (abbreviated 

later to N) concentration 5mii 	(The 2D work had shown that at 

2m1K concentration any changes were small but at concentrations of 

5mM and 1001 these intensity changes were mach larger). The uptake 

of heavy atom could be crudely monitored by OOo The crystals 

slowly darkened, becoming straw coloured, and reaction, as judged 

by precession photographs, was complete after about ten days, 

Details of data collection and scaling are similar to the other 

derivatives, A breakdown in the water-.cooling system used by the 

X—ray generator proven-ted any repeats of measurements rejected on 

account of misssetting, mies—punching, or whatever,  

The (DF)2  synthesis is shorn ia fig (47) 	This synthesis, 

unlike the HgI and. ?CMS syntheses, does not contain a single main 

peak-, The two largest peaks of approximately the seine size, are at 

about (18/30, 12/30, 2/30)and. (28/30, 13/30, 12/30)2  but there are a 

number of smaller peaks, As explained earlier either one peak or 

six peaks are expected.,, if two or four sites exist per diner. This 

synthesis is obviously not interpretable in terms of two sites per 

diner 	In fact, unless additional peaks, not very mach above the 

general background level, can be shown to be significant, this 

synthesis is not interpretable,, 	If some features could be 
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TABLE 4.2 

Postulatod. Fractional Coordinates for Three Sites 
for the PTN a.crivative 

Site 	 x 	 y 	z 

1 	 0 	0 	0 

2 	 18/30 	12/30 	2/30 

3 	 28/30 	13/30 	12/30 

TABLE 4.3 

Fractional coordinates for the HgI sites and two 
N sites 

rorivativo 	Site 	x 	y 	z 

PTN 	 1 	0 	0 	0 

PTN 	 3 	28/30 13/30 12/30 

HgI 	 1 	13/30 6/30 —1/30 

HgI 	 2 	 8/30 	3/30 	1/30 
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interpretated, however, this might lead to a fuller interpretation 

at a later stage, and this was the task undertaken. 

Inspection revealed that the two main peaks, together with 

a smaller peak at (10/30, 1/30, 10/30), were consistent with three 

sites. 	Those ar-, listed in Table (42) referred to one of the sites 

as origin. 

Further confirmation of these three sites would be given if the 

position of the HgI end PCNS sites could be found relative to them. 

Use of the HgI derivative should be mach more easily interpreted 

than the PCNS derivative for two reasons: the bettor quality of the 

HgI data, and the fact that since the HgI sites are relatively close 

together, pairs of sites should be readily seen in the "cross—Patterson" 

function 

The HgI - PIN "cross—Patterson" 

The "cross—Patterson" for the HgI and PTh data is shown in 

Fig (4.8),  Contours for all peaks including that at the origin, are 

given at arbitrary equal intervals. 

It is seen that -the sections with Z=0 and 1/3c have peeks which 

display the characteristic HgI - HgI separation. Further interpretation 

of those is conelic:-tsd by the symmetry of the synthesis at Z= 0, 

and these peaks will be returned to later. 

Two other peaks, at approximately (20/30, 10/30, 11/30) and 

(15/30, 7/30, 13/30) are also clearly related by the HgI vector. 

There are no complications due to symmetry hero, so analysis of the 

"cross—Patterson" used these peaks as the starting point. These 

peaks must be related to the peaks at about Z = 0 by a PIN—FIN vector, 

and it would be self—consistent if this vector was one between the 

sites listed in Table (4.2). By inspection, the vector from the 



140 

PTN (DF)2  synthesis at (28/30, 13/30, 12/30) relates the peaks at 

(15/30, 7/30, 13/30) and (20/30, 10/30, 11/30) with the peaks at 

about Z = 0. Since these three vectors are known with relative 

accuracy the position of the cross-vector peaks at about Z = 0, can 

be found. 	These arc (13/30, 6/30, -1/30) end.8/30, 3/30, 1/30). 

While those positions are close to puck positions they do not 

coincide with them. This is partly duo to the approximate co-

ordinates used in this account, but also for a reason to be discussed 

shortly. 

To summarize, those calculations give the relative arrangement 

of the HgI sites at those Fib sites coded as (i) and (3)  in Table (4.2). 

These co-onatus are listed in Table (4.),  rolativo to PT11T (1) 

at (o,o,o). 

Since the co-ordinates of the PEI,' site coded as (2) arc irnown 

relative to the other PTN sites, the cross-vectors between it and 

the HgI sites can be calculated. These calculated cross-vectors 

should lie on positive regions in the "crosa-Pcttorson. The 

calculated cross-vectors have co-ordinates (10/30, 9/30, 1/30) and 

(5/30, 6/30, 3/30) 	It is seen that these do lie on positive regions. 

The reason why the calculated cross-vector positions do not 

coincide with the centres of the peak positions is also soon. The 

peaks at Z = 0 displaying the characteristic HgI - HgI separation 

result from the overlap of peaks from three sources: cross-vectors from 

the HgI sites to the PI'N (1) site, cross-vectors from the HgI sites 

to the P?N (2) site, and vectors related to these by the centre of 

symmotir of the synthesis at 7 = 0. 
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This relative arrangement of the three PTN sites with the HgI 

sites was checked by seeing if any two of the PTN sites wore 

related, by the molecular two-'old axis. Calculation showed that 

two of those sites, those coded (1) and (2), were dyad related. 

Checks were made to see if the dyad related site corresponding 

to PTN (3) could be found, but without success. This point will be 

returned to later. The three PTN sites found account for three major 

peaks in thu PTN (DF)2  synthesis: the two largest peaks and a smaller 

peak. There was one other peak in this synthesis, with approximate 

co:-ordinates (5/30, 5/30, 1/30), which was as large as the smaller 

peak. No attempt was made to account fox: this peak at this stage. 

It was hoped, and later found to be the case, that this peak could be 

explained as duo to a minor site, not the dyad related site to (3), 

located by differonce_Fourieru  techniques. Anticipating this result 

it is soon that the major peaks in the PTN (DF)2  synthesis can all 

be explained. 

The PONS - N "crossPatterson" 

Fig (4.9) shows the ticross_PattorsonU  for the PCMS and PTN 

derivatives. Contours for all peaks, including that at the origin, 

are given at arbitrary equal intervals. 

Assuming three PTN sites and two PCMS sites this synthesis should 

contain six peaks due to the cross-vectors between these sites. 

Inspection of this revealed no simple interpretation. Instead of 

trying to unscramble this synthesis the following method was adopted. 

The approxihiate relationship between the PONS and HgI sites was known, 

the relationship between the FI'N sites and the HgI sites was known, 

consequently the approximate relationship between the PCNS and PTN 

sites can be found. Thus assuming the arrangement of the PCNS and 
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TABLE 4,4 

Practional coordinates of the hcavy-atom 
arrançomont for HS -mid FN 

Dorivativo Site x y z 

ilgI 1 9/120 6/120 -3/120 

HgI 2 -9/120 -6/120 3/120 

pciis 1 o -8/120 21/120 

PCIIS 2 6/120 0 -21/120 

PT1'T 1 -39/120 -21/i 20 1/1 20 

PEN 2 31/i 20 29/120 7/120 

PTN 3 72/120 32/120 48/120 
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the HgI sites is exactly centric, the PCNS - PN cross-vectors 

can be calculated. 	Those calculated cross-vectors should be close 

to peaks in the "cross-Patterson", verifying the arrangement. At the 

same time the small displacements from the peak positions should 

allow the deviations from an exactly centric arrangement of HgI - P0MB 

positions to be calculated. The latter depends upon accurate 

co-ordinates being used; in practise the calculations were based 

upon rather more accurate values than those given in this account. 

The calculated cross-vector positions are marked by crosses in 

the synthesis. (The relevant sections are those at Z= 4/30, 5/30, 5/30, 

7/30, 7/30, 13/30). It is seen that all crosses lie close to peak 

positions. 

The Arrangement of sites in the 3 Derivatives 

Careful estimations of peak positions from all the syntheses 

discussed in this chapter allowed the relative arrangement of sites 

in the three derivatives to be determined with some accuracy. 

The co-ordinates of these sites, relative to an origin chosen as 

the mid-point of the HgI - HgI vector, are listed in Table (4.4). 

This arrangement will be discussed in detail later (Chapter 6). 

At this stage detailed calculations of lengths of vectors, and 

angles between the various vectors, showed that neglecting the 

FIN (3) site, the arrangement of sites was completely consistent with 

a molecular two-fold axis. Also, to be discussed in more detail 

later, the arrangement of these sites had much in common with the 

corresponding arrangement of sites in lattices Y and Z. 

Before going further it was decided to confirm the arrangement 

by "difference-Fourier" methods. 
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Confirmation of the Arrangement of Sites by TWifferenco_1?ouriortt 
Methods, 

The ucross_Pattorsons  had revealed the relative arrangement of 

sites in the three derivatives. Pairs of those derivatives were 

taken in turn, enabling protein phases ( a i1 2 to be determined, 

and "difference-Fouriers" to be calculated using the measured 

amplitudes from the third derivative. That is, the coefficients 

used in the syntheses were 

( FP' 13 I 	F 	) OX 	a i 2 

This synthesis should have peaks corresponding to the heavy 

atom positions in derivative 3. 

Results 

HgI: 

Phases were determined using the mown FIN and PCMS sites, and 

the "difference-Fourier" calculated. This synthesis showed two 

major peeks of approximately the same height, in the previously 

calculated HgI positions. 	The background was generally disperse 

with no other peaks greater than one-third of the main peaks. These 

minor peaks were not significantly above the general background level. 

PCMS: 

The HgI and PTh sites were used to determine the protein phases. 

The "difference-Fourier" revealed major peaks in the expected PCMS 

positions. The background level was similar to the HgI synthesis. 

PIN; 

The "difference-Fourier", using phases calculated from the 

MS and HgI sites, was a little more complicated than the two 

syntheses already discussed, but it was still easily interpreted. 
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The most important fact at this stage was that the largest 

peaks corresponded to the sites obtained from the (DF)2  synthesis 

and the "crossPattersons". 

The peaks corresponding to PTN sites 1 and 2 were approximately 

the same height and about twice the height of the PTN(3) peak. 

Owing to the fact that the PCMS - HgI arrangement is close 

to being centric, each of the three known sites had associated 

a smaller peak, related by a spurious centre of symmetry. These 

"ghost" peaks were about half the size of the corresponding main 

peaks. 

In addition there were small peaks at the PCMS positions, but 

of height less than the PTN(3) site, and peaks at the HgI positions, 

of the same height as the PTN(3) site. These could well be due to  

the phases used being biased towards the derivatives from which they 

were calculated. This point will be returned to later. 

In general then, these syntheses were very convincing proof 

of the correctnesc of the arrangement of sites. 

Re-appraisal of the Two-Dimensional (DIF 2  syntheses 

The HgI (DF)2  syntheses in projection snowed spurious peaks 

of about the same height as the true peak, whereas the three-

dimensional data showod no peak greater than half the size of the 

main peak. Consequently it is apparent that many features of 

two-dimensional syntheses at this resolution are spurious. The 

three-dimensional synthesis for PCMS had a rather high background. 

It is not surprising then that the synthesis in projection was 

uninterpretable. Indeed, in this case, due to overlapping of 

background peaks and to the accumulation of errors from all sources 
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the true peak is about half the height of the largest peaks in 

the synthesis (though some trials show this peak to be about the 

same height as these other peaks),, The IN synthesis is complicated 

in three-dimensions due to the general background level and the 

large number of sites,, It i'ould obviously have been virtually 

impossible to correctly interpret the two-dimensional work, though the 

two largest peaks in the 3-.D synthesis are prominent features of the 

2-D synthesis, 

This raises the interesting question as to whether any of the 

other derivatives tried in the two-dimensional work will give useful 

phase information,, Obviously the only really satisfactory way 

to find out is to collect three-dimenionsal data from them. The 

present three derivatives allow phases to be calculated (Chapter 5) 

so these derivatives can be "screened by three-dimensional "difference- 

Fouriers". 	These syntheses usually have a lower background, and 

are easier to interpret than the (DF)2  syntheses, so that even a 

derivative with many sites of attachment might be able to be used,, 

Conclusions 

The difference in clarity between the three-dimensional (DF)2  

syntheses and the corresponding two-dimensional sylthEses, shows that 

three-dimensional data is essential if reliable results are to be 

obtained from a non-centric ()2  synthesis at low resolution. 

Even in three dimensions the syntheses are still approximations 

to true heavy-atom Pattersons. Nevertheless the major peaks in 

these syntheses are significant,, 

Obtaining the relative arrangement of sites from different 

derivatives by "cross-Patterson" rather than "difference-Fourier" 
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methods prevented the possibility of error due to phases being 

used which were calculated from an erroneous choice of sites in 

other derivatives. On the other hand, the confirmation of the 

arrangement by "difference-Fourier" methods was very convincing. 

The general background level was much lower than in the (DF)2  

and "cross-Patterson" syntheses and indicates that the PCMS 

reagent in particular is much more specific than might have been 

thought. 

Thus the arrangement of the sites from the three deriv-

atives was established beyond reasonable doubt. This is a very 

important point. Progress with the isomor-phous replacement method 

depends upon the dc:ermination of a reasonably accurate set of 

protein phases. Hopefully, these phases will be good enough to 

reveal details of the protein structure. As a minimum they must 

be sufficiently accurate to "screen" further derivatives using 

three-dimensional data and "difference-Fouriers", and so remove 

the necessity for calculating (DF)2  syntheses and "cross-

Patters ons". 
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CHAPTER 5 

BEFflEMENTOP HEAVY-ATOM _PARAIERS, 
DETECTION OPNINOR SITES, AND TBE CORRECT ENMTTIOMORPH 

Refinement of Hy-Atom Parameters 

Refinement of the heavy atom parameters was carried out by 

means of a computer program written by the author, and discussed 

in more detail in Appendix 1. The principle of the method is an 

iterative procedure of phase determination followed by refinement 

of the heavy-atom parameters. The shifts to be applied to any 

parameter are found by a trial-and--error process, a procedure 

judged to be more likely to be successful in the present instance, 

since no centrosymtnetric projections are available to allow 

refinement of some parameters by Hart's method (Hart,1961). The 

method chosen should, in principle, allow the parameters to be 

successfully refined from further from their "true" values than 

does a full-matrix least-squares process (Bhuiya and Stanley,1963). 

Initial values for the positional parameters had been found 

from (DF)2  and "cross-Pattersn" syntheses, as already described. 

Before starting the refinement, structure factors for the heavy-

atoms of the three derivatives were calculated using the program, 

and occupancies estimated to give DF's of the right order. The 

scale-factors (K) relating the heavy-atom derivative data to that 

of the native protein, were initially put equal to unity. The K's 

are defined as the factor multiplying the derivative aplitudes to 

put them on the same scale as the native amplitudes. 

The temperature f-'ctors for the heavy atoms were not refined. 

At low resolutuioxi refinement of occupancies and temperature factors 

is unlikely to be successful: a small shift in one of these parameters 
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Derivation of f—curve for the tetrahedral Hg142  
group.The axial directions refer to a cubic cell 
and the mean has been taken accordin to the 
relative frequency of occurence of he axes,i.e. 

6 x (110), 4 x (iii), 3 x (iOO).(Green,unpublished) 

Fig. 5.1 
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in one cycle will result in a shift in the others in the next 

cycle, and so on. The temperature factors were therefore kept at 

20 - about the same as for the protein -. which agreed well with the 

observed fall off in the 

An Hg f-curve was used for the PCMS group, and a Pt f-curve 

for PIN. With the EgI group it is impossible to separate the 

atoms at 6AQ  resolution, and to a good approximation the group can 

be treated as a single atom. 	The precise nature of the group is 

- 
now known, however. 	Two possibilities are Hg13  or Hg14 2- 

The atomic arrangorriont of these groups has been determined, and 

found to be planar trigonal in the case of Hg13 , and tetrahedral 

in the case of Hg14 	(Form, 1966a,  1966b). 	Both groups have been 

found to occur in heavy-atom derivatives : Hg13  was found in 

yoglobin (Scouloucii and Prothero, 1965), while Hg142  occurs in 

rubredoxin (Hcrriott at al., 1970). If the absolute scale of the 

data is correct, and occupancy is 1001b, it might be possible to 

estimate the group present by"difference-Fourior methods, oven 

at low resolution. From the magnitude of the intensity changes, 

it was apparent that full occupancy of Hg13  or Hg142  had not 

occurred. It was estimated that the occupancies per site were 

equivalent to 0.3 of an Hg14 	or 0.4 of an Hg13 . At low 

resolution it would me little difference which group was assumed 

to bind. An f-curve calculated for the HgI 2  group by Greon(Fig 5.1) - 

averaged, over the possible orientations of the group - was in fact 

used. To 6a resolution the group can be considered as a single 

atom: the transform remains positive throughout the region and 

roaches a minimum at 6 
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TABLE 5,1 

Parameters at the start of refinement 

Derivative Site Occupancy 	x y z B S r.ra.s 
(electrons) Kraut error 

PTN 1 67.2 	-3273 -1726 .0045 '1'  

2 672 	.2620 .2453 0568 20 1.0 14.45 36.1 

3 600 	.5985 2703 .3985 

HgI 1 876 	0713 .0520 --.0295 
1.0 13.71 34.5 

2 876 	-.0833 -.0400 0.0250.-P20 

PCY13 1 80 	0 --.0666 0,1750 
20 1,0 17.07 44.3 

2 80 	000500 0 -1750) 

Mean residual error = 1.44 

Mean figure of aerit = 0.737 

+ - 

f QC Q+. 	(j 



155 

TABLE 52 

Parameters after refinement keeping the occupancies 
of arelateassL_ 

S 
Kraut error 

Derivative Site Occupancy x y z 	B 
(electrons) 

1 61.2 -,3245 -1710 .0045 

P211 2 61.2 .2744 2402 ,0527 	20 

3 42,0 ,5948 p2707 .39111/ 

1 86.5 .0691 .0543 -.0310) 
HI b  2 865 -.0833 -.0400 

20 
0,0250 

1 65.7 .0150 .0531 0.1768  ) 
PCNS 2 65.7 0,0292 0.0144 -.1804 	

20 

Mean residual error 	1.49 

Mean figure of merit 	0.753 

1.06 12.74 31.25 

1.05 12.11 30,23 

1.01 16.03 37.37 



Derivative Site Occupancy x y z B 

1 55.2 --.3248 --.1703 0038 

PTN 2 69,6 2745 .2410 0512 20 

3 440 5940 2701 .3900 ) 

1 90.8 .0684 ,0550 -0298 
HgI 2 84.7 -.0833 -0400 .0250 

20 

1 68.7 -.0144 -.0524 .1761 
PCMS 2 62.7 .0311 .0156 -.1816 

20 

Mean residual error = 1.49 

Mean figure of uerit = 0.760 

S 
	

R- 	r.ffi.s 
Kraut error 

1,07 12.31 30.65 

1.07 11.69 29.66 

1.01 	16.10 3762 

TABLE 5 r, 3 

Paraneters after all occupancies independently 
refined 

156 



157 

The initial values for the parameters, together with the 

corresponding error criteria (Kraut R-factors and root-mean-

square errors) are listed in Table (5.) 

For the first few refinement cycles, using a special routine 

in the program for this purpose occupancies of pairs of sites 

related by the molecular dyad were constrained to the same values; 

that is, although these occupancies were refined, the same shifts 

were applied to both sites. 

Convergence was very good, presumably due to the positional 

parameters having been estimated fairly accurately, and to the 

fact that more than the minimum number of two derivatives was 

available. The positional parameters of the HgI(2) site were not 

refined: one heavy-atom must be held fixed to define the origin. 

After seven cycles of refinement the shifts in the occupancies of 

all sites were less than 0.6 of an electron, the positional 

parameters had all refined to .0008 of a cell edge, and the mean 

change in phase angle had dropped to one degrees The values of all 

the parameters at this stage are given in Table (5.2).  From this 

it is seen that the Kraut R-factors and rm.s. errors have declined. 

Throughout the refinement a check on the values for the r.m.s. 

errors was provided by calculating the mean residual error 

(defined by Dickerson et a104968). It stayed close to its 

theoretical value of 1.5,  showing that the average figure of merit 

(0.75) was a meaningful quantiy. 

Three cycles of refinement were then carried out with all 

occupancies allowed to move indopondently. The parameters this 

gave are listed in Table (53). As seen from the table, this 

made little difference to the various error criteria. The 
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occupancies of dyad related sites differ, though their mean 

values are close to those previously found. 

At this stage the chaiige in phase angle from one cycle 

to the next was 2°. Refinement was terminated and the sites 

checked by calculating "difference' and "double-difference" 

Fouriers, using all three derivatives to calculate the protein 

phases. The occurrence of known peaks in these Fouriers should 

not be taken as a verification of these sites; the correctness 

of the arrangement was shown in the previous chapter. These 

Fouriers are useful mainly for detecting minor sites (c.f. 

Dickerson et al.,1967).  All Fouriers had the coefficients 

weighted by the appropriate figures of merit, to minimize errors 

due to poor phase determination. 

Detection of Minor Sites by Fourier Methods. 

The "difference-Fourier" calculated for the HgI derivative 

had major peaks, of approximately the same height, in the known 

positions, and a generally disperse background. The largest minor 

peeks, which were within the general background level, were less 

than a quarter the size of the main peak positions. 

The "double-difference" Fourier showed the two known peaks 

removed completely. The background was much lower, and no peaks 

were significantly above the background level. The largest of 

these peaks was less than one tenth of the size of the peak 

heights in the "difference-Fourier". 

Consequently it was deduced that there were no minor sites 

of any significance. 



159 
iNS 

The major peaks in the "difference-Fourier" were of 

approximately the same heigh, and occurred in the calculated 

positions. The largest minor peaks which were not significantly 

above the general background level were less than one fifth 

the size of the main peak positions. 

The known peaks were removed completely in the "double-

difference" Fourier, and there were no peaks significantly above 

the background level. The largest of these peaks was less than 

one fifth of the size of the peak heights in the "difference-

Fourier". 

Again it was considered that no additional sites were 

occupied. 

PTN 

The PTN(2) site was the largest peak in the "difference-

Fourier", of height about 1.25 times that of the PTN(l) site. 

This may be a consequence of the fact that the phases had been 

calculated with the occupancies of these sites in that ratio, 

rather than being a verification of greater occupancy of the 

N(2) site. The PTN(3) site had height of about 0.65 times 

that of the PTN(2) site. These three peaks occurred in the 

calculated positions. 

In addition peaks of height approximately one-third of 

the PTN(2) site occurred in the HgI positions. No other peaks 

significantly above the background level were found. The "double-

difference" Fourier showed the three known sites completely 

extracted, as well as having peaks in the HgI positions of about 



TABLE 5.4 

anal pareters at the end of refinement. 

Derivative Site Occupancy 	x y z B 
(electrons) 

1 5301 -3262 .0426 -,0150' 

2 72.9 2720 -0540 0110 / 
PTIT 3 45.4 5963 -1587 .0017 20 

4 26,0 .0760 2429 0440 

5 19,0 -,0973 2764 p3897 

1 96,6 ,0659 .0566 -0290 
MgI 

2 84.5 -0833 -0400 00250 20 
) 

1 699 -.0133 -.0506 .1753 
MS 

2 61.8 .0311 0163 -1823S 
20 

Mean residual error = 1.50 

Mean figure of merit = 0,772 

S 	R- 	r. El. s 
Kraut error 

1.07 10,04 2742 

1q08 11.17 31.67 

1.01 15.4 40,56 
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one-third the height of the PTN(2) site. The background was 

much lower in this synthesis than in the "differenoeFourier", 

and these peaks were certai:ily significant. It had to be 

decided, however, if these peaks were due to bias in the phases 

towards the HgI derivative, or to genuine occupancy of the HgI 

sites by PTN. 

To do this evidence for the existence of the sites had 

to be found by methods independent of the HgI derivative The 

FTN(DP)2  synthesis was first check3d, and the vectors from the 

PTN(2) site to the HgI positions calculated. The calculated 

positions were approximately (19/30,  12/30, 2/30) and (6/30, 

6/30,2/30). The first position overlaps with the vector between 

FPN(l) and PTN(2), so nothing definite could be said about it. 

The second position however, accounts for the largest peak as 

yet unaccounted for in the (DF)2  synthesis. A "difference-Fourier" 

was then calculated, using protein phases based only upon the 

PCJ'S derivative and the three previously accounted for sites of 

the PTh derivative. This showed occupancy of the HgI sites, of 

about one-quarter of the PTN(2) site. These two results were 

taken as showiig that the occupancy of the HgI sites was almost 

certainly genuine. 

These two additional sites, together with the other 

previously refined sites, were then further refined for three 

cycles. The final parameters, together with the error criteria 

for all derivatives, are shown in Table (54). 
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The Occupancies of Dyad Related Sites. 

If the molecular dyad was also a crystallographic dyad 

the occupancies of dyad re1ted sites would be the same by 

symmetry. This is not the case here. Consequently, although 

the molecule itself may have a strict two-fold axis, the packing 

of molecules may be such that the dyad related sites of attach-

ment may not be equally accessible, and consequently not equally 

occupied. The extreme case of this occurs in FTN where as yet 

no dyad related site corosponding to site (3) has been detected. 

On the other hand, imperfections in the data, and lack of iso-

morphism create errors occupancies are parameters which can be 

varied to reduce the apparent error, though not in fact reflecting 

the true situation. The result of this is that refinement may 

lead to dyad related sites not having exactly the same occupancy, 

as was in fact found. A careful analysis of the effects on the 

various error criteria of varying the occupancies would be needed 

to decide if the differences in occupancies are significant. 

Very roughly, if there are two sites per derivative, the error in 

occupancy per site is half the r .m.s, error. This gives an error 

of the order of 15 electrons, indicating that the differences 

in occupancies found for dyad related sites are probably not 

significant. In the present work the occupancies used for phasing 

were those listed in Table (54), that is, the occupancies of dyad 

related sites were not made oqual. There is no real justification 

for this. It was felt that at this resolution there would be no 

significant effect on the protein Fourier in any case, and it would 

prevent any possibility of biasing the Fourier towards what was 

expected. 
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Radial Distributions of Figures of Merit 

The final mean figure of merit over all reflexions to 6 

resolution was 0.77. 
Phases and figures of merit were also calculated taking 

the three derivatives in pairs. The radial distribution of the 

mean figure of merit for these pairs of derivatives, together 

with the corresponding curve for the three derivatives taken 

together are shown in Fig. (5.2).  All curves have an almost 

parallel fall-off with increasing resolution. It is seen that 

the PCNS derivative has the least influence on the figures of 

merit, though it raises the mean figure of merit by about 0.06. 

The Pl'N and HgI derivatives appoar,on this basis, to be almost 

equally effective for phasing. 

The Correct Enantiomorph  

The (DF)2  synthoss, "cross-Pattersons", and subsequent 

refinement showed the correctness of the heavy-atom sites. 

Nevertheless, if the mirror-image of the whole heavy atom 

arrangemenet had been used the same results would have been 

obtained (except that the calculated protein and heavy-atom 

phases would all have the opposite sign). Using the mirror-

image of the true heavy atom sites for phasing will result in 

the final protein structure also being the mirror-image of the 

true structure. 

To determine the correct enantiomorph anomalous scattering 

data must be used. Tnowing the positions of the heavy atoms 

corresponding to one enantiomorph, and the corresponding protein 
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phases, it can be predicted whether FPH(hkl) ( abbreviated to 

should be greater or less than FpH(I)  (abbreviated to 

F (-) ). By comparing the predictions with the experimentally 

observed differences the correct enantiomorph can be found. In 

principle measurements of the magnitudes of one pair of Priedel 

related reflexions is sufficient to determine the correct 

enantiomorph. In practise a number ofarients must be used, 

because there are errors in, among other factors, measurement, 

the heavy atom parameters, and the protein phases. 

The method used to determine the correct enantiomorph was 

related to that used in papain by Drenth et al.,(1968). 

As discussed in the Introduction (Pig 1.6) 

FPH(+) -F (-) = 2 )sin 

and 	F = 2(PPH 	PH(+) + PH- ) 

But 	 sin ( 	=F sin 

F PH 

2S 	= (FPN(+) - F pH- ) F PH 
sin. 

= P.2(+) - FPH2(_) 
2P sin (x - cH) 

Now 25 should be positive if the correct "band" for the 

heavy-atoms has been chosen. It is seen from this expression 

that the wrong result will be obtained if the experimentally 

measured difference between 
PH 	and F PH  (-) iE in-the 

incorrect sense. The result will be in doubt even if the measured 

difference is in the correct sense but (up  - c) is close to 00 

pr 1800. 
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TABLE,  5.5 

Parameters of the Correct Ennintiornorph of the Sites 
fros PTN , ilgI and PCMS derivatives 

Derivative Site Occups x  z 

1 53.1 .3262 -.0426 .0150 

2 72.9 -.2720 .0540 -.0110 

P2W 3 45.4 -.5963 .1587 -.0017 

4 26,0 -.0760 -.2429 -,0440 

5 19,0 .0973 -.2764 -.3897 

EgI 1 966 -0659 -,0566 .0290 

2 84.5 .0833 .0400 -.0250 

PCMS 1 69.9 +.0133 +.0506 -.1753 
2 61.8 -.0311 -.0163 .1823 
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The anomalous scattering data from the (hko) spectra of 

the figI derivative, listed in Table (1.1), wan. used. to calculate 

2,, using the calculated heavy-atom and protein phases, based on 

the arbitrarily chosen enantiomorph used up till now. Two-thirds 

of the 2's calculated were negative indicating that the wrong 

onantiomorph had been chosen. This result was checked by comparing 

the sites with those in lattices Y and 9. With these derivatives 

anomalous scattering data had been used independently to give 

the correct enantiomorph (Green, unpublished work). The present 

results agreed with the Y and 9 anantiomorph, providing confirm-

ation of the anomalous scattering result. The heavy-atom 

parameters for the correct enantiomorph are listed in Table (5.5). 
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Derivative 

Heavy-atom (fractional) coordinates in 
lattices Y and Z 

Lattice Y 
	

Lattice Z 

z 	x 	y 

	

.239 	.0385 	.260 	.854 	.371 

.0729 -.0365 .2372 .102 .448 

	

.133 	-163 	.199 	.259 	.485 

MMA 

HgI 

FrN 

z 

.093 

-.002 

.0187 
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CHAPTER 6 

COMPARISON OF THE HEAVY ATOM POSITIONS IN LATTICE X WITH 
THOSE IN Y AND : THE X PROIflT FOURIER AT &R RESOLUTION, 

AND COMPARISON WITH TT g - FOURIER: FURTIThR WORK. 

Heavy Atom Positions in Lattices X 9  Y and g. 

Type Y (space-group B 2212)  and Type 9 (P322)  crystals 

both contain only one subunit (1e,000M.w.) o -1actog1obu1in 

per asymmetric unit, and both have crystallographic dyad axes 

coinciding with the molecular two-fold axes. Three derivatives 

have been used in these crystal forms: mono-mercuri-acetic acid 

(abbreviated to IA)9H2HgI4  (abbreviated to HgI) and K2Pt(NO2)4  

(abbreviated to PTN). The heavy-atom sites have been found by 

means of difference-Patterson and cross-Patterson syntheses, 

using the centrosymmetric projections. MiA binds at one site per 

subunit (presumably the reactive cysteine) whereas the major sites 

of attachment of HgI and PTN are accompanied by binding at minor 

sites. Restricting this discussion to the main sites of attach-

ment (listed in Table 6.1), it has been found by Green and his 

* 
co-workers that a group of six heavy-atom sites, all of which 

are attached to the one molecule, are repeated in both crystal 

forms. The sites are congruent to within 1.O; there is no 

evidence here of any significant difference in structure between 

the molecules in Y and , both of which are crystallized on the 

high pH side of the transition. 

* I am indebted to Dr. G9en and his co-workers for allowing me, 

in this chapter, to use their results before publication. 
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As the previous results have shown, a group of six main 

sites has been obtained in crystal form X, from POMS, ilgI and 

PW. These sites form a reognisabiy similar group of atoms. 

Fig(6.1)shows, in projection down the molecular dyad, a 

superposition of the three binding sites for crystal forms X, 

Y and g•  Fig(6,2),drawn to the same scale and using the same 

symbols, shows the separation of the vectors along the molecular 

dyad. This view is not a projection of the sites: all vectors 

have been drawn to the same length as in Fig(6.1);its purpose 

is to illustrate the separation of the vectors along the dyad. 

Both Figs (6.1) and (6,2) use the PTN - FPN vector as a 

reference vector. 

It is seen that in X the dyad axis is maintained, and the 

PTN and HgI sites are superposable on those found from Y and g•  

The HgI sites in X are about 0.55 closer to the molecular dyad 

than in Y and 	The HgI sites from the three derivatives show 

a fair degree of spread probably a consequence of the size of 

the group, 

The binding site of mercurials has altered appreciably, 

however, the displacement of mercury atoms between the low and 

high pH crystal forms being 	This displacement involves 

a movement along the molecular dyad, shortening the distance 

between the POMS - PGMS vector and the HgI - HgI vector. It 

does not, however, alter the relative ordering of the sites in 

the three crystal forms; that is the sites occur in the order 

POMS(c'rMTA), HgI,& PTI. 
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The similarity of the arrangement is, first of all, a 

confirmation both of the work in X, and the completely independent 

work on crystal forms Y and Z, 

Further, this crystallographic evidence of a movement of the 

su1phydrylbouad Hg atoms, shcws the close involvement of the free 

cysteine residue in the pH 75 conformational change. This is 

consistent with the previous evidence for a change in the reactivity 

of the suiphydryl groups of molecules in solution (Dunnill, 1963), 

The conformational change clearly involves a refolding of part 

of the polypeptido chain rather than a rearrangement of the subunit. 

As for direct structural evidence for the conformation of the 

molecules in the low and high pH crystal forms, as judged by the 

heavy-atom sites, some caution is necessary. Pig. (62) shows that 

these six heavy-atom sites occur, to within 6, in a plane perpendicular 

to the dyad. The diameter of a molecule, on the other hand, is 

about 50 , Consequently no information is obtained on the greater 

part of the protein structure, that outside the region of the heavy- 

atom sites 

If this large region is hardly affected by the conformational 

change.. then it would appear probable that the free cysteine is that 

near the Cterminal end of the chain, that is Cys 160, The 

conformational change would then be interpreted as a movement of this 

"tail" of the molecule, On the other hand, a major change in the 

structure of the molecule in the region away from the heavy atom 

sites would prevent any conclusion as to which of the five half 

cystine residues contains the free sulphydryl group. 
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The only effective way to obtain detailed information about 

the conformational change is by detailed comparison of the protein 

Fouriers0  First of all the Fourier for lattice X to d resolution 

will be described. 

The interpretation of low-resolution protein electron density maps 

In the electron density maps of simpler structures the atoms 

are generally recognisable as individual peaks of electron density,  

In a low resolution (6) map of a protein it is hoped that the 

general arrangement of the polypeptide chain can be seen0 The 

important considerations are the contrast to be expected in such 

an image in relation to the errors. The electron density at the 

core of an a- helix at 6a resolution should be about 1.0 electrons, 3, 

while a region containing only side chains or liquid should have a 

mean electron density of about O3 c/V. 	(Bodo ci al., 1959). 

These figures are dependent, however, on the mean figure of merit. 

Thus in myoglobin (mean figure of ser:Lt 0,9)  the a - helical rods 

had core densities of 075 to LO o 	while in hacmoglobin (mean 

figure of merit 0.77) the peak core values were rarely above 08 a 27 

On the other hand, the standard error in electron density in the 

haenoglobin map was found to be 012 e 	so that a- helices can 

be expected to stand out clearly in a good lan rs olution map, 

Since myoglobin and haemoglobin consist of about 70% a-helix their 

low resolution images were readily interprutable 	The main 

difficulty in interpreting the low resolution maps that have been 

calculated for other proteins (e.g. Drenth ci al., 1967) arises 

from the fact that they contain little or no a-  helix. 



175 

The contrast between the main polypeptide chain and the side-

chains is so much reduced that no significant distinction can be made 

between them. A further complication occurs if, unlike myoglobin 

and haemogiobin,disulphiie bridges occur. 	At low resolution a 

disuiphido bridge can be coaiusoa eith a short length of a -helix, 

which hinders the unique,  idontificniioa ct either feature?  and is 

bound to make the polypeptide chain appear branched., Another 

difficulty in low resolution studios lies in deciding the boundary 

of an individual molecule 3  If the liquid in the crystal is salt-free, 

as in chymotrypsinogen (Kraut et al., 1962))  this may not present a 

serious problem. In high--salt crystal forms, however, the mean 

electron density of the liquid (e.g0  atmaonium sulphate solution) 

in the crystal is about O4 	which is closely similar to the 

moan electron density in the protein molecules, As a result of this, 

in these regions whore the molecules aru in close contact, it is 

often not possible to state with confidence whore one molecule ends 

and another begins. 

In P -lactoglobulin, the solution studies (see the Introduction) 

and the X-ray work on typos Y and Z (Green and coworkcrs, to he 

published) indicated that the a - helix content was low. Also the 

X?  I and Z crystal forms are all high-sal forms. Thus it was not 

to be expected that the low resolution map of X would allow an 

unequivocal decision about molecular boundaries or the course of the 

polypeptide chain., It was hoped, however, that a fair degree of 

continuity of chain would be apparent together with branching duo 

to side-chains, disulphide bridges, and neighbouring molecules. 
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General view of the electron density over a volume 
containing approximately four unit ce1J..s 

Fig- 64 



180 

The Lattice X Fourier to 6a Resolution 

The heavy-atom parameters used to calculate phases were those 

listed in Table 5.50 Phases :nd figures of merit were calculated 

using the author s refinement program. A)pendix 2 lists the 

native and derivative amplitudes together with the calculated phases 

and figures of merit. In this list the derivative amplitudes have 

been scaled to the native by means of the appropriate relative scale-

factor obtained from the refinement program. 

To minimize the errors in the protein electron density map the 

weighting scheme used was that of Blow and Crick (1959),and  described 

in the Introduction. 

Sections from the resultant Fourier are shown in Fig. 6,3, 

Contours have been drawn at 02 e 3  intervals, with the zero contour 

drawn as a dashed line,, Negative contours have been suppressed. 

The positive contours were then copied on to perspex sheets and stacked 

with spacers to give the correct separation between sections. A 

general view of the electron density over a volume containing 

approximately four unit cells (and consequently four molecules) is 

shown in Fig (6,4). 

F(o,o,o) was omitted from the Fourier calculation so the zero 

contour corresponds to the mean eluctron doncity of the unit 

cell 0.4 e/ 3), It was to be expected due to the present level 

of error in the Fourier that only regions with density greater than 

0,3 e /3 above the mean would hc nnhLguousiy significant and that 

the salt-water esgions would give a high finetiation in density, 

making the extrac-ion of a molecule difficult, This was indeed the 

case, In some places, where high density f Liv were separated 

by low density regions tho molecular boundary could be s,-4--tled with 
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some confidence. In many regions however, the boundary could 

not be decided: too many junctions prevented particular features 

being unambiguously attached to a specific molecule, In this 

context four unit cells were drawn out as in Fig (6.4), in the 

hope that a complete molecule would be obtained, 

Despite this, which is a fcaure in coemon with the Z map, 

and may well be principally due be the resolution rather than to 

errors in the image, the map proved to be vovy continuous 	There 

were no long rode of high density which could be identified with 

confidence as a-helix, 1'kmy short lengths of high electron density 

did occur. These were about 10a long, and with density of between 

07 and %0 e/3. 	These rods could often be unambiguously connected 

to lower density features, sometimes resulting in ?coruors . Some 

high density features were obviously not helical, but are probably 

(3 -structure, Nany other low density (02 - 0.4 e/) regions were 

continuous one such length of density could be followed without a 

junction for about 20, before it joined up with a high density 

region. 

In many of the low resolution studies so far (e rg. Kendrew et al.,, 

1961 )  the heavy-atom positions have been marked by region: of negative 

electron density, which have to be attributed to the accumulation of 

errors from all sources. Not all low resolution maps (e,g. Drenth 

et al., 1967) have this feature, ad it has been suggested (e.g. Phillips, 

1966) that this may be a sensitive test of the quality of any electron 

density map produced by the method of isomorphous replacement,  

The present map does not have the heavy-atom sites occurring in 

highly negative rogioxe. 
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Superimposed contours In the region 
of the t'o PCIIS sitcs in lattice X 

Fig. 6,5 
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The PCMS sites are close to similar high-electron density 

regions, as shown ,in Fig.. (6..5). 	These two regions correspond to 

slightly different views of the electron density in the region of the 

PCMS sites. This sketch demonstrates that despite the low 

resolution the present map has strong dyad related features.. In 

other regions this molecular symmetry is less apparent, due both to 

difficulties in comparing corresponding regions, and to errors in 

the map, 

Wien the region to the right of the PCMS sites is viewed in three 

dimensions it is seen to term part of what is probably an extensive 

3 -sheet, The high density region to the left is clue to s rod of 

length about 10. 	If the free cysteine is either Cys(69) or Cys(70) 

there should be a disulphide bridge close to the PCMS site,, This 

high density region is almost certainly not this disulphide bridge, since 

such a bridge is not expected to be a prominent feature at this 

resolution (Kartha 1967). Nevertheless this does not rule out this 

possibility, The resolution will have to be extended before definite 

conclusions can be drawn.. 

In general, the two loops of electron density in Fig, (6.5) 

form part of a high electron density region which extends between 

the two PCMS sites,, This can probably ho described as the centre' 

of the molecule, with the other regions of chain surrounding it, but 

all such conclusions mast be tentative at the present resolution. 

To sunmariso the information at this stage the molecule appears 

to contain only a small amount of a S-helix, with extensive 3 -sheet 

and extended chain. At this rosolution it is not possible to 

estimate the percentages of these components,, 
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kk- 

(6)  

Superimposed contours in the region of the 
JU1A site in lattice Z (Green,unub1ished) 

Fig. 6.6 
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Cohii)arison of tho X and Z Fouriers at 61 resolution 

The Z Fourier based on three derivatives (Niii, HgI, and FTN) 

was produced almost simultaneously with the X Fourier (Greon,to be 

published). 	It has been plottud to the seine scale as X, on porapox 

sheets and compared, in a rather crude manner, with the X Fourier. 

Preliminary inspection revealed that the two maps have many 

common. features 	For exomple, time region close to the NNA site, though 

seen froi.i a slightly different angle, is shown in Fig (6.6), 	This 

has much in common with the two regions in Fig. (6,5), 	In other 

regions the similarity is much loss obvious, making it likely that 

the conformational change between the two forms is not simply due to 

a movement of the C - terminal end. 

It was found difficult to compare those two maps in detail, 

however, plotted in their present form. Such a comparison ought to be 

valuable, and work is proceeding on methods for doing this. As 

discussed in a little more detail in the next suction, this is 

probably the most reliable way at the present resolution, to decide 

which features are significant, arid where the molecular boundaries 

occur.  

In general the X and Z Fouriers show mach more in common 

than did the Y and Z Fouriers, when these were calculated using only 

IU1A and HgI for phasing 

Further Studies 

At this stage there is much which can be done to extend the 

interpretation of the conformation of the molecule in lattice X. 

The three heavy—atom derivatives have allowed a three—dimensional 

set of phases to be calculated, which can be used to "screen" new 
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derivatives by"difference-Fourier" methods, without the need to 

calculate (DF)2  syntheses and "cross-Pattersons". In many 

respects the initial stages of the isomorphous replacement method 

are the most difficult, but once a start has been made further 

derivatives can he found. A useful starting point in this search 

would be to collect three-dimensional data for the other derivatives 

listed in Chapter 1, which show intensity changes. The three-

dimensional work showed that two-dimensional (DF)2  syntheses for 

non-contric data at 5.5a resolution are unreliable. Consequently no 

weight should be attached to the fact that the 2-D syntheses are 

uninterpretable. 

Better phase information can be obtained by incorporating 

anomalous scattering data into phase determination (e.g. Mathews, 1966). 

For typo X crystals this would require a reliable Four-Circle 

diffractoraeter. It is hoped that this laboratory will shortly be 

equipped with such an instrument, and this would be a convenient time 

to remoasure the PGMS and FN data from crystals with smaller 

absorption effects 

Another improvement would be a more sophisticated refinement 

of the heavy-atom paraLlaters of Lattice X 	The present program 

is adequate if the paraLlaters are not restricted in any way. A 

constrained refinement might, however, be hetter, The present 

refinement program allows the occupancies of dyad related sites 

to be restricted to the same values. This is a useful first step, 

but it might be worth constraining the positional parameters to be 

accurately dyad related. The present refinement, allowing these 

parameters to move independently, shows only small, probably not 

significant, deviations from a strict two-fold axis. 
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This refinement could be coupled to a careful averaging of dyad related 

electron density (c.f Sigler et al., 1968), and also to an averaging 

of the electron density with corresponding regions in the Z map. 

Averaging the electron density in the three crystal forms X, Y and Z 

might allow the molecular boundaries to be decided at low resolution, 

since the similar molecules are packed in different ways. 

Yet another step would be to increase the resolution, using 

the present three derivatives. The diffraction pattern for X extends 

to at least a minimum spacing of 	. The present derivatives may 

well not be isomorphous to this resolution, yet as Fig (52) shows, 

the resolution can certainly be extended further, especially if anomalous 

scattering data is available to increase the overall figure of merit. 

Admittedly the HgI derivative causes some difficulty at high resolution; 

the nature of the group must be ascertained, and the atoms resolved. 

These problems are not insuperable, however, and this derivative 

has been used to 2.5a resolution in rnbredoxin (Herriott et al., 1970). 

The clarity of the present OF )2 synthesis indicates that this 

derivative may well be promising at high resolution in X. 

It is hoped that completion of the present project should be 

rearded as the beginning rather than the end of the study of the 

conformation of —lactoglobulin in lattice X. 
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APPENDIX 1 

A Computer Program to Refine Heavy Atom Parameters 

Introduction 

Once the positions of the heavy atoms have been obtained from 

the (DF)2  syntheses, and referred to the same origin by means of the 

vaxioue 	 functions 2  it is necessary to refine the heavy atom 

parameters. These include positions, occupancies (to allow for 

partial substitution), temperature factors, and the scale factor 

relating the heavy atom derivative data to that of the native protein. 

In lattice X there are no centrosymmotric projections so Hart's 

trial-and-error method (Hart, 1961) cannot be used, Instead it was 

decided to use a procedure similar to that of Dickerson et al (1961), 

in which each cycle of refinement alternates with a stage of protein 

phase redetermination. 

At the time when the problem of refinement was first considered 

suitable derivatives had not yet been obtained 	It was therefore 

thought best to use a method relatively easy to program to avoid too 

much wasted effort should derivatives not be founds  In addition, 

Dickerson's method had been applied to the relative ycoordinates 

of the heavy atoms used in the analysis of sperm-ethnic myoglobin after 

the x and z coordinates, scale and temperature factors, and 

occupancies had been refined by Harts method, using the centric hol 

data. It was not known if a general refinement of all parameters 

would be successful, In this respect Dickerson's scheme was a full-

matrix least-scjuares method, which can only refine to the correct 

structure if the initial parameters are sufficiently close to their 

values. For these reasons it was decided not to use a 



conventional least squares type of refinement. Instead the 

refinement was carried out by treating each parameter independently 

in a similar way to that proposed. by Bhuiya and Stanley (1963). 

Their method in turn has much in common with that of Hart (1961). 

Although the program was initially written to refine the heavy 

atom derivatives of lattice X, it is capable of more general application. 

Principles of Refinement 

Following Blow and Crick (1959)  the unnormalized probability that 

a given protein phase is a , for a particular ref lexion, is given by 

P ( a) = exp - 	 . ...............1 
2 E2  

all derivatives 

where t,( (x) is the 	 error for the reflexion under 

consideration and B is the root mean square (r,m.s,) error for the 

derivative. In the phase determining routine this equation is used 

to find the 'best' value of a for each roflexion. 

In the refinement routine however., the shifts to be applied to 

the parameters of any one derivative are found by minimising the residual 

R = 	W E (a) .....................2 

all reflexions 

where w is a weighting function discussed lator, and each a is kept 

fixed at its 'best; value. 

It is in this refinement stage that the present method differs 

from Dickerson et al. (1961), who use a full—matrix least—squares 

method to refine the heavy atom parameters and so reduce R. 

The present method treats all parameters as being independent, 

and first 	 and stores, for the first derivative, the 

contributions to all thu 1ravy atom structure factors of all the 

heavy atoms of that derivatvo except the one under consideration. 
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Let 	be one coordinate of the first atom to be refined.. The 

coordinate is initially sot at 	--2D1 where D./1  is the unit 

shift initially read in The contribution to all the structure 

factors is calculated and added to the stored contributions for the 

remainder of the atoms of that derivative ,to give the calculated 

structure factors of the heavy atoms for all reflexions0  The 

residual for that derivative is then calculated and. stored. The 

procedure is repeated. with 1 	DX 1 , 	±2D.1 + 2DX 2  ao well 

as for the unshifted. parameter. 	The parameter is given the value 

corresponding to the smallest residual and the ne::t parameter similarly 

treated.. The next atom of that derivative is dealt with in the same 

way, and so on until all the atoms for that derivative have been 

included. Subsequent calculations always use the corrected parameters 

of the atoms. When all atoms of the one derivative have been treated 

the scale-factor for the derivative is then refined, in the same manner, 

and then the first parameter of the first heavy atom of the next 

derivative is considorcdAfter the last derivative has been 

refined. the !best' protein phases corresponding to the refined 

parameters are calculated 9and. the corrected parameters, the residuals 

and similar quantities (c.g R-factors ) printed out. 

Initially the unit shifts (D(.) to be tried are specified 

by the user, but subsequent unit shifts are based on the shift applied 

in the previous cycle 	If twice the unit shift is applied the unit 

shift is doubled for the next cycle, if the unit shift is applied, the 

unit shift is then halved, and if no shift is needed, the unit shift 

is quartered.  
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Bhiiy 	and Stanley found that the method is insensitive to 

change in the order in which the atoms are dealt with. They 

consiclured that the method would be of most use in getting the rough 

structure into the right minimum, but that the final refinement would 

be most efficiently accomplished using thu full matrix least-squares 

method. 

Pro am Details 

The program has been written in Edinburgh University atlas Antocodo 

(IMP) to apply to spacogroups P21, P1, B2 21  2 and P32  21 but 

adaption to other space-groups is straightforward. There arc no 

restrictions on the maximum number of derivatives or number of sites 

for asymmetric unit. For each derivative the program can refine the 

derivative data scale factor the occupancy, isotropic temperature 

factor (ice. B r  whore the temperature factor is 	 , and 

coordinates of the heavy atoms. Scattering factors for the heavy 

atoms are calculated with a polyisonial in sin2 	for which the user 

specifies the coefficients., The refinement of any parameter can be 

suppressed by making the initial unit shift for that parameter zero. 

For non -centric data the phase probability is calculated at 100 

intervals. Thu weighting function used in equation (2) is a2, 

following Dickerson et al., (1961) 	Since trials with the present 

program showed that the weighting scheme had little influence on the 

speed or the result, and almost the same results could be obtained 

using unit weights, no attempt was made to adopt the weighting scheme 

of Dickerson ot ale, (1968) 	The progress of the refinement is 

followed by printing out several quantities-.for each derivative the 

true critericin of refinement, R (equation (2) ), the r 0xn.s. error, and 
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the Krat H-factor (Kran et a1 0, 1962) 	The mean change in phase 

angle from ono cycle to the neat is also printed out. The time to 

stop refinement is when this change canoes to be significant. 

At the end of refinement the data is filed on magnetic tape or 

disc in a form suitable for input to a Fourier program, to enable 

"difference and double-difference" Fouriers to b calculated. 

As an example of the operating time in space-group P1, with 

three derivatives containing a total of 9 sites, and using 450 

roflexions it took about 15 minutes per cycle. 

Application of the _ogreito Centric -and Non-Contric Data 

As already stated the program u s designed to refine heavy atom 

parameters when no centric data is availablo 	It can however, be 

n,liLaI to centric date., 	In this case, if only one derivative is 

available the program reduces to the hart typo., If more than one 

derivative is available, this method of refinement has advantages 

over single derivative refinouent 	The following discussion applies 

to centric data but is later generalized to the non-centric case. 

h'om equations (1) and (2) it is seen that the native phases and 

the lack-of-closure errors are closely related. This has important 

consequences in the refinement, end it will be shown below that it is 

advantageous to reduce the interciependancy of these quantitien. 

After one cycle of calculating protein abases and shifts, the 

lbestt native phases have altered. This is, of course, the ultimate 

object of refinement, but it has the unfortunate consequence that the 

immediate object,the refinement of the heavy, atom parameters, may be 

frustrated. This happens because the shifts, whether calculated by 

least-squares or by triai,lead to a lowering of the residual, as 
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calculated from the old. phases. Consequently when new phases are 

calculated it is possible that the size of the residual has 

increased, causing the refinement to slow down or to diverge. 

This is more likely to happen if the initial parameters are far from 

their 'true" values causing large shifts to be applied. Another 

reason for making these two stages as independent as possible is 

that, since the phases have been calculated assuming a particular set 

of parameters, there is a tendency for the refinement stage to 

confirm these parameters rather than improve them. 

Using a program of the Hart type there is no completely 

satisfactory solution to this problem, and refinement is not always 

successful. With the present method, if there is more than one 

derivative, then as seen from equation (1), the parameters for any 

one derivative have a much smaller effect on the phases. In the 

isomorphous replacement method the following situation often occurs: 

one or more derivatives have already been successfully refined, and 

it is desired to refine a new derivative. The suggested method is 

to suppress further refinement of the "old" derivatives, and only 

to refine the new derivative, but in conjunction with the phase 

information from all derivatives. Then, in calculating the protein 

phases from equation (1), because the r,m,s. error for the unrefined 

derivative will be relatively large, changing 9(,x) from one cycle 

to the next will hrvo a much talrr eff3oi on the native phases. 
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Even If E for the unrefined set is of the same magnitude as that 

from the refined sets, the fact that a summation is involved in 

which only one term is changing with refinement, ensures a much 

smaller effect on the native phase. Thus the native phases and the 

heavy atom parameters are made more independerrb g  and so refinement 

of the heavy atom parameters should be more successful. As a 

consequence of this the initial parameters can be farther from their 

"true" values and still refine. In the case of single derivative 

refinement, if the initial parameters are far from their optimum 

values many of the protein signs are wrong, and so the refinement 

is unlikely to succeed. Only when the refinement of the new 

derivative is almost complete should all derivatives be refined 

simultaneously, for a few cycles. 

Applying the same argument to non-centric data, refinement 

will be more successful if more than the minimum requirement of two 

derivatives is available. 
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PIX  2 
3-D Native and Derivative data together with "best" 
phases and figures of merit. 

h k 1 tFpt tFphl IFphl IFphI ap merit 

PCMS HgI PTh (degrees) 

0 0 2 121 145 197 -79 0.011 
0 0 3 226 203 370 447 -31 0.959 * 0 0 4 431 378 394 532 -86 0.975 * 0 0 5 214 231 30L 7 0.018 
0 0 6 259 214 268 238 134 0. 540 - 0 0 7 163 141 144 202 -62 0.544 * 0 1 2 291 315 168 228 175 0.889 
0 1 3 363 512 414 376 -96 0.889 * 0 1 4 531 434 490 456 -112 0.946 * 0 1 5 220 176 230 251 -98 0.747 
0 1 6 66 151 129 78 25 0.762 * 0 2 0 353 328 470 -42 0.898 * 0 2 1 138 88 74 174 0.815 * 0 2 2 68 116 179 -35 0,567 * 0 2 3 124 34 253 153 12 0.959 * 0 2 4 139 113 122 89 -120 0,951 
0 2 5 126 100 97 222 129 0.957 
0 3 0 127 219 198 2 0,807 
0 3 1 179 173 38 228 155 0.968 * 0 3 2 193 235 138 256 136 0.898 
0 3 3 168 118 225 131 -67 0.914 
0 3 4 117 141 177 121 -45 0.379 * 0 4 0 219 261 176 196 101 0,835 * 0 4 1 115 204 132 68 65 0,897 

*- 0 4 2 171 129 157 218 -101 0,546 * 0 4 3 222 230 163 176 138 0.929 
0 5 0 119 135 130 258 -86 0.878 * 0 5 1 271 335 278 247 47 0.789 * 0 5 2 166 160 122 201 -169 0,878 * 0 6 0 156 157 157 165 -160 0.112 * 1 0 1 350 309 599 5 0,966 * 1 0 2 352 536 383 -108 0.131 
1 0 3 77 89 257 52 -10 0.858 * 1 0 4 185 239 60 235 -170 0,947 * 1 0 6 42 89 127 112 68 0,808 * 1 1 0 357 588 554 1 0.974 * 1 1 1 190 84 125 -177 0,774 * 1 1 2 197 186 368 105 -18 0,956 * 1 1 3 230 344 9 191 -174 0,984 
1 1 4 139 100 319 82 -5 0.937 * 1 1 5 165 166 84 172 -174 0.912 * 1 2 0 78 49 93 -134 0.586 * 1 2 1 543 499 488 -158 0.387 * 1 2 2 14 29 109 62 1 0.087 
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h k 1 JFpI IFphI IFphI IFpht ap merit 

PCMS 1gI PTN (degrees) 

' 	1 2 3 348 321 402 312 62 0.835 
1 2 4 87 109 185 103 -11 0,571 
1 2 5 130 131 68 92 172 0.8'8 

* 	1 3 0 149 142 144 -120 0.160 
* 	1 3 1 337 431 340 359 47 0.821 
* 	1 3 2 160 239 212 281 -47 0,885 
* 	1 3 3 105 107 46 74 146 0.904 
* 	1 3 4 119 72 176 233 -35 0.906 
* 	1 4 0 103 116 114 61 111 0.787 

1 4 1 138 175 119 221 -51 0.844 
* 	1 4 2 259 225 253 322 -125 0.788 
* 	1 4 3 149 126 121 155 129 0.296 
* 	1 5 0 125 140 69 138 0 0.735 
* 	1 5 1 309 254 336 310 -137 0.565 
* 	2 0 0 325 372 398 5 0.776 
* 	2 0 1 591 630 427 -161 0.872 
* 	2 0 2 304 370 105 275 -173 0.974 
* 	2 0 3 149 71 243 110 0 0.820 
* 	2 0 4 217 169 375 157 -18 0.948 
* 	2 0 6 228 176 129 200 -159 0.905 
* 	2 1 0 177 309 269 -4 0.904 
* 	2 1 1 539 608 502 414 -125 0.952 
* 	2 1 2 143 78 228 173 15 0.812 
* 	2 1 3 47 114 85 71 140 0.161 
* 	2 1 4 216 180 272 298 -21 0.748 
* 	2 1 5 190 173 219 245 -71 0,874 
* 	2 2 0 134 236 137 5 0.732 
* 	2 2 1 235 372 268 427 -26 0.959 
* 	2 2 2 346 333 336 2.7 121 0.810 
* 	2 2 3 226 318 202 164 167 0.830 
* 	2 2 4 107 109 83 159 -122 0.885 
* 	2 3 0 348 397 286 340 36 0,687 
* 	2 3 1 108 222 62 104 0 0.831 
* 	2 3 2 232 229 257 227 -46 0.150 
* 	2 3 3 23 36 55 44 -10 0.366 
* 	2 4 0 113 172 13 74 1 0.892 
* 	2 4 1 98 86 154 135 -142 0.726 
* 	2 4 2 187 173 134 12 13 0,518 
* 	2 5 0 130 85 168 159 -146 0.559 
* 	3 0 0 342 405 319 -7 0.570 
* 	3 0 1 55 22 36 91 165 0.559 
* 	3 0 2 293 269 327 311 0 0.520 
* 	3 0 3 87 58 125 171 -7 0,597 
* 	3 0 4 77 72 114 109 -25 0.309 
* 	3 1 0 270 379 222 330 13 0.815 
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h It 1 IFpl 

* 3 1 1 54 
3 1 2 128 
3 1 3 152 
3 1 4 196 
3 2 0 375 

* 3 2 1 96 
* 3 2 2 434 
* 3 2 3 219 
* 3 3 0 125 
* 3 3 1 9 

3 3 2 60 
* 3 4 0 88 

4 0 0 365 
;¼ 4 0 1 137 

4 0 2 301 
* 4 0 3 217 
* 4 0 4 157 
* 4 1 0 55 

4 1 1 62 
* 4 1 2 139 
* 4 1 3 279 
* 4 2 0 256 
* 4 2 1 53 
* 4 3 0 265 
* 5 0 0 53 
* 5 0 1 85 
* 5 0 2 188 
* 5 1 0 228 
* 5 1 1 84 
* -1 1 0 71 

-i 1 1 53 
-1 1 2 183 

* -1 1 3 225 
* -1 1 4 302 
* -1 1 5 187 
* -1 1 6 91 
* -1 1 7 134 
* -1 2 0 16 

-1 2 1 149 
* -1 2 2 254 
* -1 2 3 96 

-1 2 4 258 
-1 2 5 176 

* -1 2 6 93 
-1 3 0 42 

tFphl ?FphI I Fphl 
PCLS Hg  PTN 

155 28 40 
125 95 137 
131 122 202 
202 222 197 
440 303 364 
141 146 162 
422 409 
140 152 118 
140 228 286 

53 83 91 
94 12 62 
66 188 140 

402 298 331 
202 167 127 
374 314 242 
190 173 158 
182 171 170 

59 103 125 
68 66 57 

177 213 292 
214 166 169 
228 363 339 

29 168 156 
273 309 227 
71 134 154 
49 129 136 

211 190 202 
245 289 275 
68 178 139 
69 242 

135 190 
289 169 
251 349 351 
255 348 420 
206 185 256 
78 58 32 

123 119 131 
207 227 
293 343 
273 287 
214 32 97 
264 323 345 
155 153 178 
94 70 91 

197 211 

cyp 
(derees) 

/16 
140 
-86 

5 
-22 
175 

-157 
6 

168 
179 

6 
165 

36 
-54 
110 
34 

-135 
-171 

95 
-158 

4 
-171 
-169 

120 
-129 

127 
-95 

-131 
-166 
-44 

0 
-132 

-46 
-43 
-76 
142 
151 

0 
-3 

-67 
-172 
-66 

-152 
170 

0 

merit 

0,576 
0.222 
0,784 
0,296 
0.903 
0. 489 
0,073 
0.928 
0,912 
0.302 
0.813 
0., 835 
0,852 
0.622 
0.777 
0,731 
0,064 
0,385 
0.720 
0.911 
0.939 
0.892 
0. 662 
0.854 
0.831 
0. 859 
0.049 
0.662 
0.794 
0,653 
0.684 
0.689 
0,924 
0.835 
0.884 
0.944 
0.404 
0.700 
0. 944 
0,337 
0.972 
0.941 
0.448 
0.584 
0.854 



198 

Ii k I IFpI tFph 1.  IhI IFphI merit 

PCMS 1gi PTN (dgrees) 

-1 3 1 269 220 269 177 -109 0.981 
3 2 157 174 167 214 95 0.965 

-1 3 3 360 312 383 369 73 0.888 
-1 3 4 85 61 195 205 45 0.923 

3 5 51 63 122 159 40 0.836 
-1 4 0 130 50 238 74 -84 0.924 
-1 4 1 362 364 268 42.5 133 0.975 
-1 4 2 209 216 152 255 121 0,944 
-1 4 3 198 134 227 224 34 0.797 
-1 4 4 205 165 269 261 20 0.792 
-1 5 0 209 256 262 215 -20 0.872 
--1 5 1 188 307 234 176 44 0.885 
-1 5 2 92 71 78 95 167 0,520 * -1 6 0 41 99 39 88 30 0.395 * -1 6 1 235 216 249 243 -57 0.285 
-2 1 0 100 132 252 -21 0823 
-2 1 1 342 324 481 -6 0.925 * -2 1 2 252 269 183 165 0.688 
-2 1 3 290 210 335 344 28 0.834 * -2 1 4 325 268 326 295 -63 0.669 * -2 1 5 282 258 243 313 --41 0.120 * -2 1 6 73 20 119 75 -174 0.743 * -2 1 7 170 100 161 207 37 0. 64 2 * -2 2 0 188 336 376 -4 0,950 
-2 2 1 208 135 46 172 0.969 * -2 2 2 193 217 8 172 0,977 * -2 2 3 310 215 343 361 -9 0.864 * -2 2 4 378 284 400 407 34 0.7.-37 

' -2 2 5 191 115 132 220 -159 0,956 * -2 2 6 	- 113 69 113 149 -117 0.786 * -2 3 0 458 344 231 170 0,977 
-2 3 1 349 327 171 .988
-2 

327 -169 0.980- 
-2 3 2 206 200 278 191 39 0.971 
-2 3 3 45 105 57 18 144 0.884 * -2 3 4 257 188 300 264 28 0.956 
-2 3 5 58 21 17 53 167 0.861 

- -2 4 0 693 580 510 624 171 0,971 * -2 4 1 304 155 148 309 -180 0.976 * -2 4 2 32- 265 429 326 -9 0.819 * -2 4 3 280 122 279 255 77 0,971 * -2 4 4 56 34 125 79 27 0.609 * -2 5 0 448 312 314 358 -171 0,974 * -2 5 1 186 237 253 237 27 0.915 * -2 5 2 192 232 264 168 -75 0.972 * -2 6 0 36 79 78 130 60 0,800 



199 

h k 1 IFpI irphi Fph Fph cep merit 

PCMS figI PTN (dereos) 

* 	-2 6 1 88 142 168 123 -30 0.868 
* 	-3 1 0 95 110 128 -59 0.366 
* 	-3 1 1 188 269 266 1 0.860 

-3 1 2 380 391 364 332 -59 0.776 
-3 1 3 255 252 203 308 90 0.650 
-3 1 4 195 194 173 302 72 0.884 

* 	-3 1 5 101 137 165 265 122 0.949 
* 	-3 1 6 208 84 238 76 --112 0.974 
* 	-3 1 7 54 36 133 133 114 0.868 
* 	-3 2 0 232 90 101 -177 0.963 
* 	--3 2 1 146 95 197 -49 0.598 
* 	-3 2 2 443 448 392 404 -134 0.961 
* 	-3 2 3 343 234 284 404 52 0.763 
* 	-3 2 4 231 164 191 230 -43 0,158 
* 	-3 2 5 163 90 162 125 -142 0.858 
* 	-3 2 6 66 130 49 94 6 0.536 
* 	-3 3 0 341 174 301 -131 0.976 
* 	-3 3 1 579 482 436 547 174 0.950 
' 	-3 3 2 411 387 338 461 110 0,963 
* 	-3 3 3 55 72 87 44 86 0.752 
* 	-3 3 4 92 26 90 104 40 0.444 
* 	-3 3 5 161 141 179 140 160 0.425 
* 	-3 4 0 411 277 262 461 -164 0.987 
* 	-3 4 1 344 225 194 265 161 0.970 
* 	-3 If 2 309 196 338 216 76 0,977 
* 	-3 4 3 72 129 69 139 -142 0,857 
* 	-3 4 4 62 151 33 143 -134 0,908 

-3 5 0 194 201 203 142 80 0.959 
* 	-3 5 1 240 32 80 144 169 0.980 
* 	-3 5 2 137 70 179 65 63 0,950 

-3 6 0 342 324 469 421 -8 0.947 
* 	-3 6 1 136 117 82 112 165 0,848 
* 	-4 1 0 178 158 145 217 -95 0,864 

-4 1 1 73 76 78 141 89 0.377 
* 	-4 1 2 202 130 189 171 40 0,879 

-4 1 3 129 157 193 114 163 0.865 
* 	-4 1 4 243 245 285 281 --169 0,796 
* 	-4 1 5 115 142 214 lii 134 0,883 
* 	-4 1 6 287 200 357 293 173 0.896 

-4 2 0 60 88 89 151 -180 0.925 
* 	-4 2 1 249 247 293 174 -6 0.852 

-4 2 2 28 81 13 30 -111 0.145 
* 	-4 2 3 119 123 133 87 38 0.407 
* 	--4 2 4 26 26 52 56 -118 0,113 
* 	-4 2 5 136 223 136 170 51 0,841 



h k 1 IFpt IFphI IFPhI lFphI ap merit 

PCMS Hg! PTN (degrees) 

-2 6 1 88 142 168 123 -30 0.868 
* 	-3 1 0 95 110 128 -59 0.366 

-3 1 1 188 269 266 1 0.860 
-3 1 2 380 391 364 332 -59 0,776 

* 	-3 3. 3 255 252 203 308 90 0.650 
* 	-3 1 4 195 194 173 302 72 0,884 

-3 1 5 101 137 165 265 122 0.949 
* 	-3 1 6 208 84 238 76 -112 0.974 
* 	--3 1 7 54 36 133 133 114 0.868 
* 	-3 2 0 232 90 101 -177 0.963 

-3 2 1 146 95 197 -49 0.598 
* 	-3 2 2 443 448 392 404 -134 0,961 

-3 2 3 343 234 284 404 52 0.763 
* 	-3 2 4 231. 164 191 230 -43 0.158 
* 	-3 2 5 163 90 162 125 -142 0.858 
* 	-3 2 6 66 130 49 94 6 0.536 
* 	-3 3 0 341 174 301 -131 0,976 
* 	-3 3 1 579 482 436 547 174 0.950 
* 	-3 3 2 411 387 338 461 110 0.963 
* 	-3 3 3 55 72 87 44 86 0,752 
* 	-3 3 4 92 26 90 104 40 0.444 
* 	-3 3 5 161 141 179 140 160 0.425 
* 	-3 4 0 411 277 262 461 -164 0,987 
* 	-3 4 1 344 225 194 265 161 0,970 
* 	-3 4 2 309 196 338 216 76 0.977 

-3 4 3 72 129 69 139 -142 0.857 
* 	-3 4 4 62 151 33 143 -134 0.908 
* 	-3 5 0 194 201 203 142 80 0,959 
* 	-3 5 1 240 32 80 144 169 0.980 
* 	-3 5 2 137 70 179 65 63 0.950 
* 	-3 6 0 342 324 469 421 -8 0.947 
* 	-3 6 1 136 117 82 112 165 0.848 
* 	-4 1 0 178 158 145 217 -95 0.864 

-4 1 1 73 76 78 141 -89 0.377 
-4 1 2 202 130 189 171 40 0.879 

* 	-4 1 3 129 157 193 114 163 0.865 
* 	-4 1 4 243 245 285 281 -169 0,796 
* 	-4 1 5 115 142 214 111 134 0.883 
* 	-4 1 6 287 200 357 293 173 0.896 
* 	-4 2 0 160 88 89 151 -180 0.925 
* 	-4 2 1 249 247 293 174 -6 0.852 
* 	-4 2 2 28 81 13 30 -111 0.145 
* 	-4 2 3 119 123 133 87 38 0.407 
* 	-4 2 4 26 26 52 56 -118 0.113 
* 	-4 2 5 136 223 136 170 51 0.841 



201 

k 1 hl Fph t1PhI a P 
(degrees) 

merit 

h 

* -4 2 6 49 102 121 94 118 0,796 
c _4 3 0 428 322 311 463 178 0.963 
* -4 3 1 126 150 204 147 -24 0.958 
* -4 3 2 194 145 134 158 -165 0,728 
* -4 3 3 70 107 60 18 -91 0.922 
* -4 3 4 203 198 160 324 42 0,874 
* --4 3 5 224 195 181 255 -2 0.506 
* -4 4 0 215 196 241 293 70 0,877 
* -4 4 1 229 162 159 206 162 0,897 
* -4 4 2 171 95 165 252 72 0.914 
* -4 4 3 52 76 84 98 -6 0.472 
* -4 4 4 111 70 96 189 -7 0.767 
* -4 5 0 299 120 131 231 174 0.977 
* -4 5 1 345 304 450 346 -36 0.897 
* -4 5 2 169 93 225 190 -4 0.659 
* -4 6 0 101 115 200 97 1 0.930 
* -4 6 1 268 160 310 211 -71 0.822 
* -5 1 0 152 165 95 88 -34 0,874 
* -5 1 1 161 153 129 191 37 0.871 
* -5 1 2 70 118 181 77 154 0.799 
* -5 1 3 114 43 150 114 67 0.872 
* -5 1 4 65 86 59 73 -7 0.748 
* -5 1 5 54 169 117 53 64 0.675 
* -5 2 0 141 171 136 107 61 0,644 
* -5 2 1 140 157 133 239 -73 0.857 
* -5 2 2 262 155 228 156 46 0.961 
* -5 2 3 69 94 33 99 -58 0.905 
* -5 2 4 28 48 42 94 -41 0.563 
* -5 2 5 162 218 185 89 60 0.958 
* -5 3 0 317 311 346 336 -67 0.497 

-5 3 1 154 79 146. 230 -126 0.826 
' -5 3 2 206 94 173 142 20 0.911 * -5 3 3 60 94 67 85 -125 0.416 

-5 3 4 117 148 126 152 -148 0,574 
* -5 4 0 205 209 257 201 -47 0.802 * -5 4 1 20 28 51 53 -21 0.094 * -5 4 2 298 198 280 337 56 0.690 
* -5 4 3 204 126 161 97 -113 0.504 * -5 5 0 66 106 161 114 -6 0.860 * -5 5 1 196 167 276 202 -52 0.964 
* -5 6 0 188 70 112 168 -172 0.942 
* -6 1 0 167 149 237 250 145 0,837 
* -6 1 1 38 29 44 28 -50 0.828 
* -6 1 2 37 30 77 76 -13 0.673 * -6 1 3 156 81 215 208 90 0.822 



202 

k 1 tFpI lFphI IFpht IFnhl op in,rit 
h 

rc rl s ilgi PTH (dogrees) 

* -6 1 4 95 54 130 136 107 0.613 
* -6 2 0 263 164 284 242 -152 0.939 * -6 2 1 190 166 212 193 -176 0.241 * -6 2 2 169 108 98 183 1 0.960 * -6 2 3 94 31 124 76 58 0.633 * -6 3 0 178 108 165 138 159 0.535 * -6 3 1 115 80 114 91 5 0,389 * -6 3 2 180 126 141 230 -36 0.816 * -6 4 0 123 47 146 219 -144 0.875 * -6 4 1 124 53 150 99 111 0.356 * 0 -1 3 244 234 157 155 -145 0.846 * 0 -1 4 214 202 278 29 2 0,720 

0 -1 5 321 287 247 263 -161 0.794 * 0 -1 6 240 2'44 256 331 -35 0,553 * 0 -1 7 63 61 53 73 148 0,376 * 0 -1 8 211 201 244 103 0.216 * 0 -2 1 249 159 192 165 0.608 * 0 -2 2 246 288 219 -177 0.296 * 0 -2 3 33 164 116 16 -22 0.631 * 0 -2 4 188 253 244 195 16 0.719 * 0 -2 5 176 137 137 136 176 0.393 * 0 -2 6 406 427 362 392 -55 0.667 * 0 -2 7 160 279 213 170 -163 0.731 
0 -2 8 172 173 194 -171 0.325 * 0 -3 1 285 330 357 21 0.815 * 0 -3 2 214 333 232 117 0,870 * 0 -3 3 275 420 227 340 161 0.942 * 0 -3 4 182 204 215 120 4 0.794 * 0 -3 6 21 7 100 112 176 0.534 * 0 -3 7 63 99 159 136 169 0.844 * 0 -3 9 47 69 66 71 0.088 * 0 -4 1 171 137 210 187 3 0,679 
0 -4 2 348 298 298 328 -59 0.766 * 0 -4 3 619 774 613 617 150 0.723 * 0 -4 4 299 325 252 289 -7 0,670 * 0 -4 5 131 163 132 146 58 0.294 * 0 -4 6 37 48 76 40 50 0.477 * 0 -4 7 137 62 27 76 8 0.957 * 0 -4 9 76 89 35 18 0.816 * 0 -5 1 242 209 255 187 -93 0.802 * 0 -5 2 91 214 166 157 141 0.912 * 0 -5 3 135 268 184 236 123 0.949 * 0 -5 4 108 142 124 190 65 0.740 * 0 -5 5 269 294 170 313 28 0.935 * 0 -5 6 97 101 215 75 -167 0.765 



203 

h k I IFp!Fphf !Fphf !FphI merit 
PCMS RgI PTN (degrees) 

0 -5 7 71 90 81 80 43 0,608 
0 -5 8 174 171 117 256 55 0.937 * 0 -6 1 123 94 82 78 -35 0,889 * 0 -6 2 193 174 237 164 -111 0.888 
0 -6 3 103 41 207 151 -171 0.903 * 0 -6 4 294 205 273 491 88 0.979 * 0 -6 5 92 117 170 89 -134 0.737 * 0 -6 6 83 72 191 133 172 0.915 * 0 -6 7 26 68 105 65 -96 0.253 * 0 -6 8 126 167 192 173 133 0,929 * U -6 9 230 93 213 117 0.788 * 0 -7 1 140 138 114 187 -72 0,759 * 0 -7 2 123 75 168 96 --87 0.791 * 0 -7 3 192 194 143 99 58 0.936 
0 -7 4 47 23 87 43 63 0,598 * 0 -7 5 48 58 156 63 -157 0,651 * 0 -7 6 127 93 148 -63 0,337 * 0 -7 7 45 80 89 115 90 0.771 * 0 -7 8 141 113 202 123 -105 0,709 * 0 -8 1 176 144 204 216 -91 0.825 * 0 -8 4 206 109 139 120 75 0.964 * 0 -8 5 141 124 175 176 -157 0.412 * 0 -8 6 180 105 173 192 -35 0.936 * 1 -1 1 128 260 373 3 0,955 * 1 -1 2 265 253 64 -170 0.973 * 1 -1 3 181 205 79 47 169 0,963 * 1 -1 4 547 501 357 382 -172 0.979 * 1 -1 5 234 297 310 260 28 0.837 * 1 -1 6 276 315 333 322 14 0.724 * 1 -1 7 260 259 298 276 27 0.575 
1 -2 1 92 171 129 -118 0.641 * 1 -2 2 48 14 213 0 0.873 * 1 -2 4 271 225 184 188 -162 0.856 * 1 -2 5 71 52 148 233 36 0.682 
1 -2 6 208 206 239 262 18 0,474 * 1 -2 7 248 240 257 362 2 0.846 
1 -2 8 185 151 174 -4 0.455 * 1 -3 1 99 143 191 11 0.593 * 1 -3 2 249 357 243 118 0 933 * 1 -3 3 197 251 220 243 96 0.903 * 1 -3 4 269 256 339 301 14 0.780 * 1 -3 5 323 247 266 218 -146 0.956 * 1 -3 6 333 323 335 421 8 0.768 * 1 -3 7 20 15 18 53 1 0,262 * 1 -3 8 305 357 341 248 -172 0.765 



204 

h k 1 tFpI tFphl IFpht IFphI op merit 

pcts hg! Pit (degrcos) 

* 1 -4 1 390 357 419 266 91, 0.962 
* 1 -4 2 162 191 114 170 151 0.967 

1 -4 3 395 379 363 349 26 0.480 * 1 -4 4 232 211 221 211 125 0.638 * 1 -4 5 226 175 241 295 -172 0.826 
1 -4 6 336 389 285 332 -10 0.669 * 1 -4 7 191 312 254 274 -160 0,918 * 1 -4 8 84 82 113 80 -90 0.542 * 1 -5 1 142 228 130 124 146 0.756 
1 -5 2 227 300 240 164 126 0.850 * 1 -5 3 313 353 295 411 -125 0.880 * 1 -5 4 43 61 37 58 -113 0.174 * 1 -5 5 259 182 291 330 -156 0,947 

* 1 -5 6 58 88 105 98 -139 0,271 * 1 -5 7 142 228 217 174 -174 0.852 * 1 -5 8 245 224 350 320 -134 0.880 * 1 -5 9 81 156 50 25 0.682 * 1 -6 1 246 124 174 177 -58 0.913 * 1 -6 2 17 104 70 130 126 0.563 * 1 -6 3 264 256 320 227 -155 0.781. * 1 -6 4 87 157 90 -58 0,620 * 1 -6 5 110 28 183 139 143 0.947 * 1 -6 6 200 244 103 226 15 0.906 * 1 -6 7 172 271 235 226 147 0,910 * 1 -6 8 68 75 39 90 28 0.869 
* 1 -7 2 21 80 32 105 96 0.254 * 1 -7 3 61 45 121 62 -106 0.868 * 1 -7 4 133 46 216 133 179 0.931 

1 -7 5 135 92 145 231 107 0.923 * 1 -7 6 68 66 62 175 51;  0. 85 1 * 1 -7 7 76 170 162 96 171 0.880 
1 -7 8 195 193 153 281 67 0.882 
1 -8 2 101 48 148 149 -104 0.825 * 1 -8 4 120 155 64 100 5 0.887 * 1 -8 5 62 60 146 90 -161 0.703 * 1 -8 6 1 71 127 111 151 0.038 * 2 -1 1 188 188 83 -161 0.878 * 2 -1 2 249 279 267 105 0.211 * 2 -1 3 143 250 96 160 168 0.835 
2 -1 4 . 	51 91 152 138 159 0.362 * 2 -1 5 173 188 297 183 41 0.872 * 2 -1 6 200 284 296 143 11 0.875 * 2 -2 1 169 83 9 171 0,854 * 2 -2 2 104 152 172 108 0.342 * 2 -2 3 246 234 373 378 33 0.934 



205 

1 lFpt Iypht JFphI tFphl up merit 
Ii k 

PCMS Hgl PTN (degrees) 

2 -2 4 372 372 206 345 -167 0.969 

2 -2 5 265 272 378 279 38 0.801 

* 2 -2 6 167 189 77 100 -159 0.906 

* 2 -2 7 161 202 239 126 33 0.799 

2 -3 1 105 102 275 17 0,882 

2 -3 2 263 211 221 -93 0.960 

2 -3 3 519 562 619 632 64 0.961 

* 2 -3 4 399 337 302 302 -163 0.803 

* 2 -3 5 392 410 424 464 -7 0.573 

* 2 -3 6 215 180 229 228 117 0.666 

2 -3 7 181 174 150 173 -1.33 0.595 

* 2 -3 8 196 205 118 233 -97 0,804 

* 2 -4 1 212 234 73 203 -160 0,956 

* 2 -4 2 227 136 280 -26 0.888 

* 2 -4 3 453 424 485 498 --14 0.596 

* 2 -4 4 189 15 172 237 135 0,943 

* 2 -4 5 289 270 297 367 83 0,886 

* 2 -4 6 35 86 50 88 -4 0.460 

* 2 -4 7 95 75 82 176 5 0,531 

* 2 -4 8 293 367 288 261 155 0,626 

* 2 -5 1 232 247 93 197 -178 0.979 

* 2 -5 2 381 372 347 464 -106 0.945 

* 2 -5 3 428 357 440 446 -38 0.766 

' 2 -5 4 300 346 310 322 -44 0,796 

* 2 -5 5 175 133 134 147 -165 0,778 

* 
. 

2 -5 6 101 157 125 104 -30 0,238 

* 2 -5 7 178 244 213 249 159 0.812 

* 2 -5 8 130 144 147 61 -141 0.859 

* 2 -6 1 163 141 148 217 -82 0,838 

2 -6 2 133 100 132 202 -56 0,709 

2 -6 3 224 109 193 198 -4 0.205 

2 -6 4 55 74 56 143 -82 0,498 

2 -6 5 247 256 213 176 51 0.906 

2 -6 6 131 114 219 156 -155 0,861 

* 2 -6 7 70 103 117 115 -175 0,748 

2 -6 8 76 121 136 103 -174 0,680 

2 -7 2 204 206 204 231 24 0.549 

* 2 -7 3 48 39 23 34 10 0.297 

* 2 -7 4 298 318 298 307 -21 0.324 

* 2 -7 5 302 210 334 260 141 0.397 

* 2 -7 6 76 112 62 60 38 0.498 

* 2 -7 7 56 97 120 51 -168 0.696 

* 2 -8 2 106 133 146 183 145 0.757 

* 2 -8 3 121 138 85 120 17 0.712 

* 2 -8 4 211 203 232 135 -74 0.898 



206 

h k 1 IFpt IFhl JFphI lFphI ap merit 

PC1S FIgI PTN (degrees) 

2 -8 5 122 41 194 139 169 0.937 
2 -8 6 209 201 222 186 -67 0.729 

189 245 342 204 8 0.916 * 3 -1 2 35 115 159 64 -48 0.335 * 3 -1 3 61 83 168 67 16 0.741 * 3 -1 4 312 294 467 362 13 0,922 * 3 -1 5 154 102 50 150 -167 0,932 * 3 -1 6 200 116 78 144 -167 0,953 * 3 -2 1 114 113 223 21 0,794 * 3 -2 2 82 158 238 79 41 0.923 * 3 -2 3 187 244 172 278 -118 0.795 * 3 -2 4 146 113 303 88 13 0.915 * 3 -2 5 286 234 261 286 139 0.884 * 3 -2 6 245 298 327 207 8 0,787 * 3 -3 1 192 172 104 233 -144 0,928 * 3 -3 2 195 229 241 156 105 0.899 * 3 -3 3 327 308 306 185 120 0.980 * 3 -3 4 127 142 311 45 37 0.951 * 3 -3 5 294 279 321 311 -30 0.112 * 3 -3 6 275 350 343 259 -6 0.916 * 3 -3 7 162 181 204 201 106 0.478 * 3 -4 1 118 121 187 140 -63 0.210 * 3 -4 2 153 155 119 72 -110 0.977 * 3 -4 3 221 188 315 300 11 0.802 * 3 -4 4 380 349 401 353 115 0.845 * 3 -4 5 410 316 338 339 -169 0,929 * 3 -4 6 200 227 229 279 -15 0.785 * 3 -4 7 155 189 213 140 68 0.774 * 3 -5 1 343 199 197 223 -129 0,977 * 3 -5 2 270 173 316 326 -21 0,935 * 3 -5 3 270 163 328 279 -20 0,971 * 3 -5 4 365 346 396 423 90 0.570 * 3 -5 .5 216 180 186 186 -174 0.838 * 3 -5 6 71 71 63 71 -123 0,748 * 3 -5 7 79 88 86 63 -162 0,656 * 3 -6 1 165 78 156 178 -77 0,865 * 3 -6 2 81 95 77 62 -131 0,655 * 3 -6 3 67 45 49 62 -137 0.639 * 3 -6 4 211 176 214 258 113 0.818 * 3 -5 5 47 57 72 31 139 0.623 * 3 -6 6 112 99 141 128 81 0.433 * 3 -6 7 205 241 194 131 -137 0.893 * 3 -7 2 96 99 124 93 51 0,686 * 3 -7 4 173 132 159 121 117 0.802 * 3 -7 5 89 50 126 30 132 0.855 



207 

h k 1 IFpt tFphI lFphf lFphl ap merit 

PCMS HgI PIN (degrees) 

* 3 -7 6 93 85 135 157 -106 0.697 
* 3 -7 7 114 137 112 131 -163 0.348 * 3 -8 3 134 88 143 172 -5 0,560 * 3 -8 4 260 235 159 253 59 0.793 * 4 -1 1 55 147 86 120 26 0,835 * 4 -1 2 266 249 213 161 -146 0.924 * 4 -1 3 194 194 190 228 -41 0.289 
* 4 -1 4 231 243 215 189 -128 0.707 * 4 -2 1 260 313 278 268 -32 0.585 

4 -2 2 512 456 488 444 -87 0.939 * 4 -2 3 99 118 188 157 47 0.854 * 4 -2 4 228 205 281 14 0.721 * 4 -2 5 146 142 171 169 98 0.316 * 4 -3 1 152 92 138 65 126 0.961 * 4 -3 2 186 100 280 152 10 0.955 * 4 -3 3 201 121 336 160 7 0,932 * 4 -3 4 89 82 105 69 142 0.813 * 4 -3 5 199 226 222 165 -22 0.411 * 4 -3 6 238 165 109 204 -161 0,952 * 4 -4 1 170 159 230 217 -38 0.888 
' 4 -4 2 224 185 267 342 -57 0,955 * 4 -4 3 139 100 221 110 24 0.933 * 4 -4 4 203 187 154 219 -140 0.755 * 4 -4 5 155 49 50 177 -177 0,976 * 4 -4 6 34 48 59 56 -164 0.467 * 4 -5 1 357 271 495 418 25 0.906 * 4 -5 2 326 214 318 386 -51 0.967 * 4 -5 3 250 190 342 276 4 0.856 * 4 -5 4 270 204 180 258 -159 0.875 * 4 -5 5 76 88 53 27 -169 0.925 * 4 -5 6 259 200 217 244 169 0.923 
* 4 -6 1 224 111 243 160 -64 0.964 * 4 -6 2 116 124 195 228 87 0.922 * 4 -6 3 267 171 305 224 -51 0.976 

4 -6 4 124 82 77 137 176 0.886 * A -6 5 130 45 95 120 177 0.963 * 4 -6 6 208 86 103 112 -155 0.952 * 4 -7 2 58 73 23 82 -136 0.871 * 4 -7 3 67 93 51 96 178 0.828 * 4 -7 4 104 89 100 119 143 0.435 * 4 -7 5 76 67 60 122 157 0.731 * 5 -1 1 130 66 183 153 -174 0,905 * 5 -1 2 236 223 264 291 -136 0.645 * 5 -1 3 218 197 212 207 9 0.433 * 5 -2 1 181 216 201 249 44 0.830 



208 

k 1 tFpl IFphl tFphI IFphI ap merit 
h 

PCMS fig   PTh (degrees) 

* 5 - 2 216 229 200 190 -172 0,492 
5 -2 3 109 160 56 146 158 0.811 
5 -3 1 199 173 211 281 108 0.845 * 5 -3 2 167 219 113 168 174 0.937 
5 -3 3 132 96 178 129 -10 0.789 * 5 --3 4 119 61 98 168 141 0.811 * 5 -4 1 143 79 152 193 -85 0.695 * 5 -4 2 83 131 62 161 166 0.846 * 5 -4 3 126 150 208 137 48 0.855 * 5 -4 4 28 50 48 -156 0,492 * 5 -5 1 95 68 140 31 120 0,957 
5 -5 2 237 121 316 259 -6 0.956 * 5 -5 3 196 187 234 26 0.615 * 5 -5 4 38 82 133 50 83 0,780 * 5 -6 1 81 31 116 89 -39 0.185 * 5 -6 2 11 74 79 29 164 0,417 * 5 -6 3 132 31 202 172 -29 0,929 * 5 -6 4 13 94 87 97 -37 0.403 * -1 0 1 2 277 213 -4 0,228 

-1 0 2 303 313 251 167 0.396 * -1 0 3 174 228 249 197 57 0.461 * -1 0 4 329 324 383 452 4 0.901 
-1 0 5 392 184 187 222 168 0,980 * -1 0 6 150 138 121 158 -124 0.269 * -1 0 7 98 61 124 87 124 0.531 * -1 -1 1 110 369 195 -17 0,849 * -1 -1 2 106 169 121 143 0.139 * -1 -1 3 199 193 185 112 -11 0.744 * -1 -1 4 113 99 165 115 8 0.729 * -1 -1 5 289 241 297 324 145 0.796 * -1 -1 6 90 133 15 76 --4 0,765 
-1 -1 7 .180 206 225 227 137 0.858 * - -1 8 106 116 169 174 0.645 * -1 -2 1 449 465 233 -165 0.949 * -1 -2 2 137 240 122 172 0.669 
-1 -2 3 219 148 172 197 -16 0.795 
-1 -2 4 155 162 108 42 6 0.951 * -1 -2 5 162 186 92 84 -36 0.902 * -1 -2 6 38 49 45 74 18 0.146 * -1 -2 7 138 210 200 190 -150 0,788 * -1 -2 8 ]35 101 209 -162 0.544 * -1 -3 1 207 406 229 168 0.836 • -1 -3 2 158 100 93 -17 0.778 * -1 -3 3 379 462 327 370 -165 0.128 * -1 -3 4 275 200 306 215 159 0.826 
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h k 1 IFpf IFphI IFphj tFphI op merit 

PCMS 11g1 PIN (degrees) 

* -1 -3 5 71 9 206 134 176 0.926 * -1 -3 7 54 25 120 4 67 0.807 * -1 -3 8 78 97 105 -124 0.416 * -1 -3 9 88 96 88 16 0.339 
* -1 -4 1 151 30 138 149 -32 0.967 * -1 -4 2 266 344 329 136 -149 0.961 * -1 -4 3 231 197 76 279 8 0.966 * -1 -4 4 666 548 661 684 122 0.975 
* -1 -4 5 497 590 407 526 -3 0.806 * -1 -4 6 227 206 329 235 150 0.914 
* -1 -5 1 100 101 99 50 17 0.651 * -1 -5 2 123 174 226 150 -173 0.879 * -1 -5 3 137 209 85 154 37 0.790 * -1 -5 4 52 104 95 72 6 0.557 

-1 -5 5 127 159 86 149 9 0.749 
* -1 -5 6 135 154 268 104 -144 0.859 * -1 -5 7 216 229 239 120 -87 0.967 
* -1 -5 8 102 17 87 115 -29 0.875 * -1 -5 9 71 77 17 20 0.889 * -1 -6 1 87 101 44 119 -14 0,897 * -1 -6 2 225 252 323 355 -152 0.929 * -1 -6 3 75 154 116 113 -89 0.359 * -1 -6 4 171 146 68 53 39 0.971 * -1 -6 5 142 78 246 232 172 0.885 
* -1 -6 6 129 61 63 37 18 0.911 * -1 -6 7 153 190 213 234 178 0,666 * -1 -6 8 188 101 124 135 -13 0,941 * -1 -6 9 30 29 59 48 0,146 * -1. -7 1 43 82 87 77 137 0.348 * -1 -7 2 56 43 90 137 -84 0,843 * -1 -7 3 195 121 187 206 92 0.533 * -1 -7 4 216 207 175 302 -49 0.945 
* -1 -7 5 77 71 53 59 35 0.774 

-1 -7 6 28 55 121 112 -164 0.710 * -1 -7 7 192 138 99 111 26 0.953 * -1 -7 8 198 102 217 200 -67 0.864 
-2 0 1 423 454 368 -164 0.370 
-2 0 2 110 68 169 9 0.776 * -2 0 3 399 484 334 449 168 0.924 * -2 0 4 211 166 167 123 -39 0.898 * -2 0 5 279 333 279 446 95 0.957 * -2 0 6 166 278 100 153 -9 0.928 

* -2 0 7 147 117 239 251 139 0.912 * -2 -1 1 165 145 130 -166 0.303 * -2 -1 2 290 280 226 -61 0.438 
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h k 1 IFpI IFphI IFphI tFphI ap morit 

PUS H! PTh (degroo) 

-2 -1 3 378 514 386 352 -142 0.903 
-2 -1 4 394 327 301 398 -24 0.822 
-2 -1 5 296 294 311 316 168 0.179 ; -2 -1 6 89 153 118 138 78 0,902 
-2 -1 7 134 117 232 178 167 0.798 
-2 -1 8 122 101 165 1.40 0.320 
-2 -2 1 279 297 239 -66 0.163 * -2 -2 2 420 548 392 -178 0,776 
-2 -2 3 368 382 273 463 -22 0.902 * -2 -2 4 646 617 586 532 -112 0.929 
-2 -2 5 561 754 488 597 9 0.930 * -2 -2 6 211 184 335 209 -179 0.857 
-2 -2 7 30 53 148 33 171 0.555 * -2 -2 8 94 29 67 3 0.767 * -2 -3 1 33 25 78 11 -86 0,328 
-2 -3 2 198 355 321 215 165 0.964 
-2 -3 3 205 259 229 142 -165 0.651 

' -2 -3 4 126 114 234 109 -163 0.773 * -2 -3 5 178 354 99 229 -14 0.895 * -2 -3 6 350 290 437 248 148 0,933 * -2 -3 7 181 112 177 178 -43 0.620 * -2 -3 9 162 162 128 10 0.501 
-2 -4 1 153 154 138 158 -34 0.363 
-2 -4 2 31 136 138 94 169 0.349 * -2 -4 3 193 203 282 228 -176 0.74? 
-2 -4 4 158 239 98 99 1 01 819 * -2 -4 5 89 192 125 107 21 0,422 * -2 -4 6 292 285 377 266 -135 0,786 
-2 -4 7 60 203 188 107 179 0.850 
-2 -4 8 271 158 243 221 -46 0.966 * -2 -4 9 42 75 46 13 0,622 * -2 -5 1 107 120 113 118 31 0.183 
-2 -5 2 133 133 131 48 64 0.976 * -2 -5 3 253 277 241 213 2 0.453 
-2 -5 4 33 162 67 50 2 0,810 * -2 -5 5 43 116 111 139 -48 0.349 
-2 -5 6 225 294 329 309 -174 0.856 * -2 -5 7 209 144 119 87 6 0.958 
-2 -5 8 401 460 513 462 -150 0,908 * -2 -5 9 100 58 126 -177 0.537 * -2 -6 1 83 139 166 147 160 0.839 * -2 -6 2 175 184 118 205 41 0.859 * -2 -6 3 222 228 280 203 151 0,449 * -2 -6 5 162 206 149 166 -32 0,637 
-2 -6 6 140 196 231 220 -171 0.856 
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h k 1 IFpI IFphI IFphI IFphI ap mnrit 
PCMS I!gI PTN (degrees) 

* 	-2 - 7 217 150 134 17 9 0.912 
* 	-2 -6 8 279 308 338 324 -164 0,746 
* 	-3 0 1 105 122 118 70 0.095 
* 	-3 0 2 75 166 105 50 165 0.758 
* 	-3 0 3 156 238 119 269 -99 0.940 
* 	-3 0 4 200 211 200 178 -62 0.198 
* 	-3 0 5 63 156 73 56 36 0.737 
* 	-3 0 6 248 247 244 289 -177 0.111 
* 	-3 0 7 29 20 85 69 66 0.505 
* 	-3 -1 1 98 74 100 176 -44 0.702 
* 	-3 -1 2 217 438 325 178 0.949 
* 	-3 -1 3 208 222 103 326 -26 0.929 
* 	-3 -1 4 375 332 387 328 95 0,902 
* 	-3 -1 5 140 223 97 231 -26 0,833 
* 	-3 -1 6 53 46 186 103 -166 0.856 
,* 	-3 -1 7 165 106 58 202 -12 0,943 
* 	-3 -1 8 91 130 132 -171 0,342 
* 	-3 -2 1 85 24 21 89 -2 0.907 
* 	-3 -2 2 59 74 87 30 -26 0.680 
* 	-3 -2 3 333 412 405 349 160 0.865 
* 	-3 -2 4 136 152 165 162 -65 0,302 

-3 -2 5 180 58 293 193 -177 0,916 
* 	-3 -2 6 105 104 97 116 -1 0.536 
* 	-3 -2 7 40 36 113 22 57 0.509 
* 	-3 -2 8 186 175 65 2 0,914 
* 	-3 -3 1 37 38 116 171 156 0,639 
* 	-3 -3 2 96 131 148 167 -156 0.330 
* 	-3 -3 3 38 25 138 157 -175 0.218 
* 	--3 -3 4 83 153 58 61 -1 0.920 
* 	-3 -3 5 128 100 206 215 159 0.626 
* 	-3 -3 6 139 145 164 180 76 0.528 
* 	-3 -3 7 103 190 166 114 -162 0,653 
* 	-3 -3 8 79 114 107 173 0,202 
* 	-3 -4 1 173 244 323 278 -178 0.933 
* 	-3 -4 2 107 105 81 68 -2 0.679 
* 	-3 -4 3 233 272 105 152 8 0.948" 
* 	-3 -4 4 70 167 72 106 23 0.753 
* 	-3 -4 5 116 191 66 62 -5 0,850 
* 	-3 -4 6 259 311 352 372 -179 0,855 
* 	-3 -4 7 233 205 146 68 -31 0.979 
* 	-3 -4 8 259 285 338 279 -137 0.803 
* 	-3 -5 1 140 106 60 131 1 0,873 
* 	-3 -5 2 53 138 170 116 147 0,880 
* 	-3 -5 3 123 173 36 159 8 0.916 
* 	-3 -5 4 54 152 90 88 -32 0.512 
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h k 1 tFp I tFph I I Fphl IPphl cp nrif 
PCMS Hg! PIN (degroes) 

* 	-3 -5 5 118 156 179 83 --105 0,883 
-3 --5 6 26 35 123 13 176 0.517 

* 	-3 -5 7 155 73 85 41 -7 0.953 
-3 -5 8 168 177 203 130 -123 0.631 

* 	-3 -6 1 235 281 259 261 126 0.869 
* 	-3 -6 2 64 81 63 74 42 0.462 
* 	-3 -6 3 98 36 163 49 -134 0.890 
* 	-3 --6 4 112 216 73 187 6 0.857 
* 	-3 -6 5 247 163 328 193 -159 0,906 
* 	-3 -6 6 151 135 59 255 27 0,922 

-4 0 1 160 138 84 193 -18 0.851 
* 	-4 0 2 253 150 232 195 45 0.952 
* 	-4 0 3 28 107 147 14 175 0.687 
* 	-4 0 4 242 223 243 331 -89 0.961 
* 	-4 0 5 215 139 275 305 -134 0,935 
* 	-4 0 6 130 123 110 201 -66 0.937 
* 	-4 0 7 95 33 100 69 47 0.906 

-4 -1 1 81 25 51 106 12 0,899 
* 	-4 1 2 62 93 83 112 68 0,781 
* 	-4 -1 3 104 129 244 219 157 0.898 

-4 -1 4 277 281 168 212 -36 0.966 
-4 -1 5 131 154 120 153 21 0.405 

* 	-4 -1 6 242 239 232 239 27 0.387 
* 	-4 -1 7 56 40 126 94 88 0,544 
* 	-4 -2 1 89 115 160 168 -179 0.349 
* 	-4 -2 2 132 26 76 111 18 0,977 
* 	-4 -2 3 270 285 228 231 -15 0.536 
* 	-4 -2 4 35 121 103 127 -11 0.660 
* 	-4 -2 5 169 285 65 120 -9 0,968 
* 	-4 -2 6 243 239 328 329 164 0,805 
* 	-4 -2 7 104 161 147 168 175 0.723 
* 	-4 -2 8 256 252 173 1 0.754 
* 	-4 -3 1 201 248 335 213 179 0.885 
* 	-4 -3 3 85 119 87 58 -27 0.642 
* 	-4 -3 4 81 158 65 71 -4 0.704 
* 	-4 -3 5 107 207 140 149 73 0,869 
* 	-4 -3 6 118 99 148 88 -76 0,507 
* 	-4 -3 7 213 181 117 141 -5 0.925 
* 	-4 -4 1 4 65 161 78 -176 0.518 
* 	-4 -4 2 1.93 193 87 246 6 0.908 
* 	-4 -4 3 144 155 65 202 13 0.905 
* 	-4 -4 4 116 35 174 58 172 0.879 
* 	-4 -4 5 204 106 275 144 163 0.895 
* 	-4 -4 6 143 154 39 181 9 0.908 
* 	-4 -4 7 137 139 168 62 116 0.898 
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h k 1 IFpI IFPhl IFphltFphl 
PCMS HgI. PTN 

-5 0 1 175 214 161 192 
-5 0 2 199 1.61. 119 64 
-5 0 3 225 286 336 305 
-5 0 4 184 263 55 152 
-5 0 5 51 147 77 64 
-5 0 6 114 192 144 143 
-5 -3 1 214 240 337 274 
-5 -1 2 56 143 172 146 
-5 -1 3 281 295 307 242 

5 -1 4 58 142 138 145 
-5 --3. 5 102 222 120 167 
-5 -1 6 71 63 100 41 
-5 -2 1 222 259 345 222 
-5 -2 2 142 156 179 233 

* -5 --2 3 149 177 172 203 
* -5 -2 4 128 204 52 180 
* -5 -2,  5 216 260 233 140 
* -5 -2 6 200 199 159 185 
* -5 -3 1 194 175 295 189 

-5 -3 2 187 151 51 280 
* -5 -3 3 1.82 186 162 246 
* -5 -3 4 229 290 211 266 
* -5 -3 5 239 197 297 135 
* -6 0 1 145 121 162 168 
* -6 0 2 10 73 139 89 
* -6 0 3 115 97 120 110 
* -6 0 4 155 116 136 178 
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