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Abstract

Some biological specimens have been studied using different 

techn iq ue s of neutron scattering. Small angle neutron scattering 

(SANS) mea su r em en ts  have been carried out on aqueous s ol utions of 

a neurotoxin, a cytotoxin and a cytotoxin analog isolated from 

d if ferent cobra venoms. The radii of gyration of neurotoxin and 

cytotoxin analog were found to be « 12 A. The radius of gyration 

of c yt otoxin was found to be « 1 1 . 5  A. The shapes of the toxin 

m ol ecules have been considered arbitrary and the actual shapes 

have been found from least square fits of these arbitrary shapes 

to the data. SANS data and analytical gel filtration experiments 

both indicate that the proteins exist as monomers in solution, at 

least up to 8 g/1. The gross size and shape of the neurotoxin in 

solution is compared with its structure as determined by X-ray 

diffraction from crystals.

Neutron diffraction measurements have been utilized to 

study the effe ct s of A ® - t e t r a h y d r o c a n n a b i n o l  ( zS®-THC),

A®-tetrahydrocannabi nol ( A ® - T H C ) and cholesterol i ncorporated i n 

p hospholipid me mbranes of d i p a l m i t oy lp ho sp ha t id yl ch ol in e  (OPPC). 

These cannabi noids i nduced changes in interlamellar spaci ng 

similar to those produced by cholesterol. The location and 

o ri en ta ti o n of a ®“THC and A®~THC were deduced to be similar to 

those found for cholesterol in DPPC by comparison with 

mea su re me nt s using cholesterol. The observed diffraction 

intensities suggest that the interaction of all three additives

iv
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wi th  me m branes is similar.

Inelastic neutron scattering has been used to study the low 

frequency spectra of alpha-chymotrypsi n (a l p h a - C ) , 

chymotryp si no ge n A and hemoglobin at frequencies below 3.5 THz 

(» 117 cm-''). Neutron scattering measurements for alpha-C show a 

peak in the low frequency spectrum. For alpha-C gaussian fits 

yield values of 0.93±0.05, 0.86±0.04, 0.81±0.05 and 0.87±0.06 THz 

for the peak position at wave vector transfer Q of 1.0, 1.4, 1.85 

and 3.00 A '’ respecti vely at 77 K . Mea su re me nt s  at room 

temperature (298 K) for alpha-C show a peak at about 0.6 THz for 

Q values of 1.0, 1.4, 1.S5 and 4.3 A ' ’. Measurements at 5 K and

80 K show a peak at about 0.8 THz for Q values of 2.7 and 4.3 

A “''. For chymotrypsinogen A a room temperature mea su r em en ts  were 

carried out for Q values of 1.0, 1.4 and 1.85 A""' and no well

defi ned peak was observed i n these m e a s u r e m e n t s . In the 

measurements for hemoglobin at a temperature 298 K a very weak 

peak at about 0.8 THz was observed for Q values of 1.85, 2.7, 3-6 

and 4.3 A"''. At a low temperature 5 K a weak peak at about 1 THz 

was observed for hemoglobin for Q values of 4.3 A " ’. The data are 

interpreted in terms of the allowed o s c i 11 ations of a 1arge 

globular protein treated as an elastic sphere. As suming a Raman 

active oscillation at 0.9 THz it is shown that a peak in the 

neutron scattering response at 0.6 THz may arise from rotational 

shear mo de  of the chymotrypsin molecule.

V

Dhaka University Institutional Repository



C O N T E N T S

1 INTRODUCTION

2 SMALL ANGLE NEUTRON SCATTERING 
FROM BIOLOGICAL MOLECULES

2.1 In troduct ion

2.2 Theory

2 .2 .1  Sm&ll Angle Neutron Sca t te r ing

2 .2 .2  Ana ly t ica l  Gel F i l t r a t i o n

2.3 Experimental Methods

2.3 .1  SANS Technique

2 .3 .2  Hateria.1 t o r  SANS Measurements

2 .3 .3  I s o la t i o n  o f  Toxins from Crude Venom

2.3 .4  C r i t e r i a  fo r  P u r i t y  o f  Toxins

2 .3 .5  Preperation  f o r  SANS Measurements

2 .3 .6  Experimental Procedure and Set -up  
fo r  SANS Measurements

2 .3 .7  Experimental Procedure and Se t -up  
fo r  Gel F i l t r a t i o n

2.4 Data Analys is  t o r  SANS Measurements

2.5 Resu lts  and D iscussions

3 SMALL ANGLE NEUTRON DIFFRACTION 
FROM BIOLOGICAL MATERIALS

3.1 In t roduct ion

3.2 Theory

3.2.1 Small Angle Neutron  oiffracticn

25

26 

27 

27

41

42 

42

44

45

46

46

47

47

48 

59

79

80 

81 

81

V i

Dhaka University Institutional Repository



3 .2 .2  Phase D itermination  o f  
Structure  Factors

3.3 Experimental Methods

3.3.1 Desc r ip t ion  o f  the Technique

3. 3. 2 Mater ia ls  f o r  Neutron  
D i f f r a c t i o n  Studies

3. 3. 3 Experimental S e t -u p  fo r  Neutron 
D i f f r a c t i o n  Studies

3.4 Data Analys is  fo r  Neutron  
D i f f r a c t i o n  Experiments

3.5 Resu lts  and D i s c u s s i o n s ■

94

94

96

99

101

115

91

INELASTIC NEUTRON SCATTERING 
FROM GLOBULAR PROTEINS 129

4.1 In troduct ion

4.2 Theory

4.2.1 I n e la s t i c  Neutron Sca tte r ing

4. 2. 2 Constant Q Method

4. 2. 3 Frequency Equations fo r  
V ibra t ing  Sphere

4.3 Experimental Methods

4.3.1 D esc r ip t ion  o f  the Technique

4. 3. 2 M a te r ia ls  f o r  I n e la s t i c  Neutron 
S ca t te r in g  Experiments

4. 3. 3 Experimental S e t -up  f o r  I n e la s t i c  
Neutron Sca t te r ing  Experiments

4.4 Data Analys is  f o r  I n e la s t i c  Neutron  
Sca t te r ing  Experiments

4.5 R esu lts  and D iscussions

130

133

133

140

142

149

149

152

152

154

155

5 CONCLUSIONS

REFERENCES
vii

173

178

Dhaka University Institutional Repository



T E J F £

1

Dhaka University Institutional Repository



The application of various radiations in studying condensed 

matter involves an extensive description of atomic position and 

motions. The relevant data may be obtained from analysis of 

radi ati on scatteri ng experi m e n t s . The di fferent types of 

radiations have different properties, but a common function is 

measured in all such experiments. In these ex periments a 

monochromati c beam i rradi ates a sample and radi ation scattered 

through an angle 6 is studied. This scattered radiation 

represents the properties of the sample and sometimes the 

scatt er in g process involves the transfer of m o m en tu m  between the 

radiation and sample. The scattered intensity is proportional to 

the probability S(Q,co ) that the sample takes an energy h W  from 

the radiation. The usefulness of different radiations depends on 

their wavel en gt hs  and energy. The wavelength region of greatest 

interest is around 3 A because that wavele n gt h is comparable to a 

typical spacing between the atoms of condensed matter. The 

differ en ce  in energy between the incident and scattered neutron 

should correspond to the allowed energy levels in the specimen. 

These allowed energy levels are 0.01 to 0.1 eV in typical cases. 

The neutrons meet both the a b ov e- mentioned requirements while the 

X-ray only provides a suitable wavelength range and light only 

provides a sui ta bl e energy range.

V ariation of isotopic ratios (e.g. H/D) is a powerful 

technique for isolating particular modes of motion because the
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scattering factor S(Q,OJ) alters without altering the chemical 

nature of the sample. This fact is open to neutron scattering 

because neutrons interact with the nuclei, in contrast to the 

other cases like X-ray and light where the interaction is through 

the el ec t ro ns  or electric charge. The scattering from hydrogen by 

using X-ray or electron is almost negligible while this is very 

sign if ic an t for neutron scattering. A useful technique is the 

relative enhancement of the scattering from a particular group in 

a mo le cular system. In the case of incoherent inelastic neutron 

scattering this can be done by deuterating those parts of the 

organic mo lecule which are not desirable to observe. In this 

method scattering from the remaining hydrogenous groups (e.g. 

CH3-) can be examined. This method is useful for study of 

m o l e c ul a r dynamics but not for structure work [1]. An analogous 

t ec hn iq ue  can be used in X-ray structural studies for those cases 

where a heavy element can be placed at given points in a 

mol e c u 1e . Because of the relatively 1arge scattered X-ray 

intensity from heavy elements compared to light elements the 

p os itions of such points are obtained. In such cases use of this 

technique with neutron or X-ray is complementary, one providing 

dynamical and the other structural information.

Of the many physical tecniques that have been used to study

the condensed matter, the use of thermal neutron beam has been

one that has been most successfully applied so far. Today one of

the very interesting areas in such studies is that of biological

m at erials such as proteins, membranes and many other biological 

m o l e c u l e s .
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A large variety of physical techniques are at present being 

used in studies of the structure and functions of living matter

at the m ol ecular level. Most of the techniques were devised

origi n al ly  by physicists. At some stage in their devel op m en t they 

have passed into the hands of the biophysicist, biochemist or 

m ol ecular biologist. Subsequently they have often undergone 

con si de ra bl e adaptation and refinement before becoming part of 

the impressive array of tools with which it is possible now-a- 

days to probe complex mo le cular systems.

The principle of neutron diffraction is very similar to 

t hose for X-rays, but some important differences exist which are 

due to the differences in properties of the two radiations. In

case of X-rays the scattering centres are the electrons of the

atoms and every electron has the same X-ray coherent scattering 

amplitude of the order of 0 . 2 8 X 1 0“’2 cm for 8 = 0 (9 is the

scatteri ng a n g l e ). O b vi ously the densi ty of the coherent 

scatt er in g amplitudes is proportional to the electron density of 

the structure. For neutrons the scattering centres are the nuclei 

of the atoms and each nucleus has a charac t er is ti c neutron 

coherent scattering amplitude. Due to the differencein scattering 

centres for X-ray and neutron, it is seen that there is no 

regularity of the neutron amplitudes as there is with X-ray. This 

is because neutron scattering is the result of nuclear forces and 

is dominated by process known as resonance scattering. In this 

process the incident neutron and target nucleus combine together 

momentarily as a compound nucleus. The scattering amplitudes at
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this stage are determined by the energy level of the compound

nucleus and obviously there is little regularity with Z number of 

the elements. In the absence of the resonance scattering, the 

amplitude is determined by the potential scattering which 

c or responds to the size of the nucleus and scattering amplitude 

is more regular with 2 number. In case of resonance scattering 

the scattering amplitude can be negative, as for hydrogen but

there is no negative scattering amplitude for X-ray scattering 

process.

The 1arge di fference between the c oherent scatteri ng 

amplitude of hydrogen and de ut er iu m for the case of neutron 

scattering process is particularly useful in studies of

biological materials using neutron beam. An important fact is 

that the thermal neutron scattering amplitudes do not decrease

with the scattering angle as it happens with X-ray. This is 

because the dimensions of the nuclei, i.e., the scattering 

centres, are much smaller than the wave lengths of the incident 

thermal neutrons. In case of X-rays the dimension of the electron 

clouds of the atoms and the molecules, i.e., the scattering 

centres are comparable to the X-ray wavelengths, and due to that 

reason the scattering amp!i tudes decrease wi th i ncreasing 

scatt er in g angle 0.

Two types of incoherent scattering namely, isotopic 

incoherence and spin incoherence, occur in neutron scattering 

which do not occur with X-rays. The element which 'consists of
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more than one isotope randomly distributed in the sample at the 

atomic positions of the element produces isotopic incoherence. 

The coherent scattering amplitude of the element is the average 

of amiDlitudes of each isotope, weighted by its abundance. 

A c co rding to Bacon [2] there is also an isotopic incoherent 

scattering, a^nc = 4.7t(b 2 - b 2 ), proportional to the difference 

between the average squared amplitude and squared average 

amplitude. The spin incoherence occurs due to the intrinsic 

angular m o m e nt um  (spin) of neutrons. If the target nucleus has 

intrinsic spin, then the coherent scattering amplitude has two 

values, one for spin parallel and other for spin antiparallel. In 

case of biological experiments with neutrons, the intrinsic spins 

of both the incident neutrons and target nuclei have random 

orientations, i.e., unpolarized beam and target. Therefore, the 

c oh er en t scattering amplitude is the weighted average of the two 

values. The incoherent scattering c ross-section is again 

proportional to the di ffernce between the average squared 

a m pl itude and squared average amplitude. Both isotopic and spin 

incoherent scattering are the consequences of the random 

d istribu ti on s of the different values of the atomic scattering 

a m pl itude.If there is only one isotope of each element present in 

the sample and these isotopes have no nuclear spin, then there is 

no incoherent scattering. The large incoherent scattering cross- 

section of hydrogen is particularly troublesome in diffraction 

e xp er im en t because it produces an isotropic background of 

s ca ttered neutrons upon which the coherent diffraction peaks are 

observed. The large scattering cross-section of' hydrogen is 

useful for dynamical measuremnets and it can be exploited for
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studying the molecular motions of hydrogenous materials.

Now many problems in biology have been solved by using 

small . angle neutron scattering technique. In recent years 

radiative probes are being used increasingly in biological work 

and they are transforming the discipline from a study involving 

visual observation and classification, to one of quantitative 

measurement. Among these probes we find X-ray, electron, laser 

light and even positron.

The trouble of shooting X-ray and electron at real 

biological systems is that the biological systems are usually in 

an aqueous enviro nm en t and, in fact, often incorporate 

substantial amount of water molecules into their structures. When 

ionizing radiation like X-ray or electron impinges on aqueous 

solution it creates large amounts of chemically active radical 

(OH) which attacks dissolved organic m o le cules and is 

responsible for a large fraction of the damage to any protein and 

nucleic acid which may be present.

Damage is often observed during the course of fast neutron 

scattering (diffraction) experiment. In a reactor, however, 

neutrons may be reduced in speed by successive collisions and 

they are then called thermal neutrons. When slow-moving thermal 

n eutrons having no charge impinge on atoms they cause little 

ionization unless they are absorbed by nuclei. If the atoms in 

the system have a high ratio of probability for scattering to 

p r o b a b i 1 ity for absorption for thermal n e u t r o n s , then such

7
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incident neutrons will undergo gentle collisions. We say that 

such atoms have good scattering properties. From small c h an g es  in 

the neutron m omentum associated with gentle collisions, the shape 

and spatial extent of biomolecules can be determined. For a 

particular wavel en gt h the X-ray has much higher energy than that 

of neutron. Due to that reason X-ray ionizes the biological 

m at erials more than does neutron and hence X-ray is more damaging 

to biological materials.

Neutron scattering is a relatively newcomer among 

biophysical techniques. Despite an auspicious start in 1966 with 

c r ys ta ll og r ap hi c work with vitamin B 12 at Harwell by Moore, 

Willis and Hodgkin [3] and inelastic scattering on polypeptides, 

and polymers in the USA by Boutin et a l . [4], Trevino et a l . [5], 

G u p t a  et a l . [6], it was only during the 1970s, after the

e s ta bl i s h m e n t  of research centres with high flux reactors at 

Brookhaven and Grenoble, that bio-neutron studies began to make 

an impact [7,8]. These were almost exclusively devoted to 

structural work i.e. the analysis of small angle interference 

patterns produced by coherently scattered neutrons. From a purely 

biophysical and biochemical point of veiw, all such applications 

of neutron scattering represent s tr ai ghtforward extension of 

X-ray diffraction, the principal new features being the emphasis 

on light e lements and the scattering c ontrast between hydrogen 

and deuterium. From a neutron p h y s i c i s t’s perspective, however, 

diffraction studies exploit only part of the information of the 

scattered radiation field. Any energy changes due to incoherent 

or cohe re n t scattering from thermal motions, or changes in spin

8
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states of scattered neutrons, are not analysed in conventional 

diff ra ct io n work. If one considers that experiments of this kind 

are quite expensive, w hatever the particular set-up, it seems 

worthw+iile even in the case of complex biomolecular samples to go 

beyond di ffraction and explore the full potential of neutron 

scatte ri ng  tecniques.

During the past two decades neutron scattering has

developed into an important tool for the d e termination of the 

s tr ucture of biologically important compounds. Biological neutron 

experiments fall into two categories: (1) at high resolution,

n eutrons are used to determine the placement of hydrogen atoms 

in biological molecules and (2) at lower resolution these 

e xper im en ts  exploit the difference in sensitivity of neutron 

radiation to hydrogen and to d eu terium to determine the location 

of mo lecular components in large structure. One of the more 

interesting results obtained with low-resolution experiments so 

far, is the location of protein sphere in a section of chromosome 

[9]. The properties of o rganism that identify them as living, 

such as m o t i 1 ity and reproduction, are to a large extent 

m an if es ta ti o ns  of chemical events o ccuring within them. Many 

biochemical studies have shown that these chemical events, in 

turn, reflect the properties of the ma cr omolecular components an 

o r g a n i s m  contains: its proteins, nucleic acids, lipids and

polysaccharides. The intimate involvement of ma cr om ol ec ul a r 

m a t e r ia l s in life process has made these polymeric substances the

object of intensive study for many decades.
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The three dimensional structure of biologi cal macro- 

molecules have thei r biologically important properti e s . The 

important o bj ective is to understand what these three dimensional 

structures are and how the physiological properties of these 

mo le cu le s arise from them. The earlier investigation of this kind 

has produced many substantial impacts. Among them a most striking 

case was the discovery of the structure of DNA in 1950s by J. 

Watson and F. Crick. The structure of DNA immediately suggested 

how the molecule worked as a storage devi ce for genetic
r

information and how it replicated its two key functions. The 

m o le cular biologists have explored the implications of these 

findings for the last three decades and the end is not still in 

sight.

The investigation of the structure of biological molecules 

is very important because of its extreme importance in biology. 

In the late 1960s when the current generation of high flux beam 

reactors was commissioned the study of biological materials 

became much viable for experiments and e xperimenters got access 

to beam time of the high flux reactors. It was supposed that the 

neutron beams would produce important information about the 

s tr ucture and properties of biological materials. It was also 

hoped that the new high flux reactors would produce enough 

thermal fluxes and that would make possible to do the 

expe r mi ne nt s with these weakly scattering biological materials. 

One of the most valuable instruments to the experiments is the 

small angle neutron spectrometer at the high flux reactor of the 

Institut Laue-Langevin in Grenoble, France.

10
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The ob j ective of the high-resolution studies was to meas ur e 

the crystal structure of proteins and the e xperimenters started 

biological work with neutrons at h igh-resolution in the late 

1960s.«A number of factors stimulated the high-resolution neutron 

scattering studies. The first was concerned with the e xi stence of 

hydrogen bonds which in part are responsible for the 

stabili za ti on  of three dimensional structure of proteins [10]. 

The hydrogen bonds in protein structure are not readily visible 

in X-ray scattering process. In neutron scattering this is 

clearly observable. The ability to visualize hydrogen bonds is 

very important to those intersted in the way enzymes work. The 

catalytic co n figurations of those m ol ecules commonly involve 

c o m p l e x - h yd ro g en -b on de d n e t w o r k s . Often the alterati ons i n 

proton chemistry accompany enzyme action. The second issue, 

related to the first is concerned with the solvent structure. The 

water structure around the ma c ro -molecules in detail is more 

distinctive in case of neutron scattering than that in X-ray 

scattering. Because X-ray can see only oxygen and hydrogen is 

almost invisible to it but the neutrons can see all three atoms 

in H 2 O, In study of some biological molecules containing water 

the incoherent hydrogen scattering contributes a large background 

to scattering or diffraction measurement. This problem has been 

o v e r co me  by replacing H 2 O in the solvent with D 2O.

The replacement of H 2 O with DsO produces a new interesting 

phenomenon. Many of the protons in biological molecules are 

chemically labile, and these begin exchan gi n g with de ut erium in 

the water. It is also observed at the same time that the some

11
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groups are not chemically capable of doing exchange, they are 

protected from exchange by their position in the molecule. The 

pattern of protection is more interesting than that expected from 

simple steric hindrance c onsideration based on the mo le cu le r 

s tr ucture [11]. Some groups, apparently well protected from 

solvent, do exchange; others do not. Thus the exchange pattern 

gives evidence about the dynamic properties of the mol e cu le  

because flexibility is clearly required to permit e xchange at 

interior groups. Neutron data collected in DzO clearly 

disti n gu is h exchanged from unexchanged locations and thus give 

valuable information on the long-time limit of the exchange 

process. There are some other techniques which are used to obtain 

infomation on these process. One of such techniques is the 

t r i ti um  ex change experiments. Some work has been done for years 

[12] by using this technique. The tritium exchange method can 

give good kinetic data but it is hard to discover which groups 

are exchan gi ng  by this method [13], because the infomation sought 

tends to be lost during analysis in this method. Nuclear magnetic 

resonance (NMR) can also be used for studies of this kind. For 

small m ac ro mo le cu l es  with molecular weights of less than 10,000 

NMR can identify the slowly exchanging groups and measure their 

e xchange rates [14]. The neutron method is not limited to small 

molecules, unlike the NMR technique, but at present it can not 

give any kinetic data.

In case of neutron scattering the O and N are easily 

d i s t i n g ui sh ab le  because of their reasonable difference in 

scattering lengths [15]. In case of X-ray s cattering it is very 

hard to distinguish the carbonyl side of an amide group from its
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amine side which are the compounds of the residues in proteins. 

This is because of the small difference in the scattering lengths 

for 0 and N and also the negligible scattering length of the 

attached H. Thus the neutron scattering can readily place the 

correct groups in space.

For early stage of neutron scattering from biological 

m at erials the flux of the neutron sources was low and it is not 

easy to collect neutron data from protein crystals. To study the 

protein crystal the size of the crystals were made large to 

obtain hi gh -data collection rates. The structure of my oglobin was 

determined using a crystal of volume 24 mm^ [16], In last ten 

years, substantial progress has been made in increasing the flux 

of the neutron sources, devlopment of instruments and techniques 

used for collecting neutron scattering data. This fact reduces 

the need for unusually large crystals. Now the 1 mm^ volume 

crystal can yield useful data in an acceptable length of time. At 

Brookhaven, the National Bureau of Standards and the Institut 

L aue-Langevin about six proteins have been studied [8]. A plant 

protein crambin molecule was c ry s tallized and studied [17] at 

high resolution at 1.4A.

It is to be noted that no one has developed the methods for 

solving the m ac romolecular structures using neutron data alone. 

The only protein crystals are studied by neutrons have already 

been solved using X-ray scattering: the neutron structure is

o b tained by refinement. Neutron analysis is in fact a method to 

obtain s upplementary information on a protein crystal structure
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that has been solved by X-ray methods.

In the literature of the past 15 years one can find 

experimental results which describe the use of neutrons to study 

structures at lower resolution. Many of the works during this 

period were done at higher resolution and these higher resolution 

works exploit the difference in scattering lengths between H ’ and 

H2 in one way or another. In a low-resolution exper i me nt  the 

individual atoms are not visible. In such experiments the average 

scattering properties can be characterized in terms of scattering 

length densities. There are many biological objects which consist 

of two d if ferent chemical species and in those cases the 

scatte ri ng  length density within their volumes vary 

significantly. In this low-resolution experim en t one can obtain 

the information on disposition of the two materials, for example, 

shape, size, radius of gyration, separation etc. by using 

"contrast variation method" [18]. Many e xperimenters use the 

c o n tr as t  v ar iation experiments because they are easy to implement 

b iochemically and because the data collection in this method is 

very s t r a i g h t - f o r w a r d . By using this method some successful 

studies have been done on nucleosomes [19,20]. Nucleosomes, which 

consist of DNA and protein, are the unit of structure in 

chromosomes. Bently et a l . [21] had done such a study which can

be me n tioned as an example. These and other studies done on 

n ucleo so me s in solution have led to a low-resolution model for 

this structure, which has now been c on firmed [22] 

c ry st al lo gr a ph ic al ly  at much higher resolution. The contrast 

variation method has also been used to investigate the viruses.
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At high-r es ol ut io n  study the structures of some cryst al l iz ed  

viruses [23] have been obtained. A shortcoming of the structures 

investigated is that only the viral protein coat is 

crystallizing. The nucleic acid contained in the coat is not 

ordered with respect to it, and so while the crystal structures 

are very informative about the protein coat, they inform us next 

to nothing about the placement of the nucleic acid within it. To 

investigate the placement of nucleic acid the c ontrast variation 

has been used [24] at low-resolution study. Baldwin et a l . [25]

used the c o ntrast variation method extensively for studying the 

s tructure of chromatin which consists of chromosal DMA complexed 

with histone proteins. This method was also used for studying the 

o rg an i z a t i o n  of the nucleic acid vis-a-vis the protein shell in 

viruses [26] by Jacrot. It was possible for them to determine the 

ex tent of p en etration of the protein shell into the interior of 

the virus and to deduce a low-resolution model for its structure. 

Engelman and Moore [27] studied RNA and proteins to understand 

t heir mutual arrangements by using the method of tri a ng ul at io n by 

s electing deuteration. It was possible for them to measure the 

intercomponent distances in large biomolecular assemb li es  using 

s elective deuterium labelling in SANS measurements for the first 

time. By using X-ray small angle scattering technique Ingrid Pilz 

et a l . [28] studied the molecular size and shape of the

phenyl amine specific transfer RNA in 1970. Before 1970s the 

scattering studies of sample was limited to X-ray scattering 

techni que.
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In recent years some structural meas ur e me nt s have been 

performed at Chalk River Nuclear Laboratories [29,30,31]. Small 

angle scattering has been used to investigate the physical 

c ha ra cteristics of human transferrin [29], structure of native 

and irradiated superoxide dismutase in aqueous solution [30]. 

Small angle and wide angle neutron scattering were used to study 

the self-asso ci a ti on  of nucleosides in aqueous solution [31].

Li et a l . [32] at the Institut Laue-Langevin (ILL) have

obtained strong evidence for the existence of elect ro s tr ic te d 

layer of water arround the RNA molecules by using the contrast 

v ariation method. Most of the low resolution neutron e xp eriments 

involve selective deuteration of the object under investigation. 

L ocalized deuteration experiments are low-resolution analogues 

of the isomorphous replacement experiments that are used to 

obtain m ac romolecular crystal data. In X-ray experiments, the 

analysis of isomorphous replacement of data determi ne the 

p l ac ement of a heavy atom in a crystal. In the low-resolution 

neutron experiments, the atoms whose positions are determined 

are the d eu terium atoms used as labels. A series of experiments 

have been done [33] to position lipid molecules in membrane 

bilayers in this way. Some ma cr omolecular aggregates have been 

or now being investigated by specific deuteration methods to 

determine the position of molecular subunits within these 

structures. A full study has been completed on the enzyme RNA 

[34] polymerase, a five subunit structure from Escherichia coli. 

The 30s ri bosomal subuni t from E . c o l i , contai ni ng 22 

m ac ro mo le cu l ar  components have been studied by similar method.
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It is reported that 19 of its components have been located [35]. 

The 50s subunit of the rebosome was being examined [36] in a set 

of experiments getting under way at the ILL in 1985s.

Since 1970s a considerable number of experiments have been 

performed by using neutron d if fraction technique for studying 

biological m em branes and membrane components. Instrumentation 

for s m a l 1 angle diffraction and s m a l 1 angle scattering is 

p ar ti cularly important for studying biological membranes. The 

use of long wave lengths (4 - 20 A) is required for this

purpose. Small angle diffractometers for membrane studies have 

been built at Harwell [37] and at Brookhaven [38]. The small 

angle neutron scattering facility of the Institut Max von Laue- 

Paul Langevin in Grenoble is described by Schamtz et al . [39].

Expermental instruments for neutron qu asi-elastic and inelastic 

scattering measurements are described by Stirling [40] and 

Brugger [41].

Neutron diffraction studies of bilayer of membranes have 

been c ontinuing at the PLUTO reactor, Harwell, since 1972. 

Detailed studies on structural analysis of lamellar and related 

phases of m embrane lipids have been done as pursued with X-rays 

[42,43]. Neutron diffraction measurements have been done from 

oriented bi layer samples of synthetic L-a dimyristoyl and L-a 

dipalmitoyl lecithins [44], To perform the meas u re me nt s a simple 

neutron di ff ractometer was used which selected 4.73 A neutrons 

[37]. Lameller neutron diffraction was measured from hydrated 

multi la ye rs  of a mixture of egg lecithin and cholesterol
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o riented on glass substrates [45]. In the same year neutron 

diffraction was measured from bilayers of egg lecithin at 

Harwell [46]. Structure in regions of the phase diagram 

designated C, La and LB by Tardieu et a l . [46] was studied. Many 

studies have been made of the lecithin-cholesterol-water system 

by using X-rays. These studies could not define the d is tr ibution 

of water and did not entirely agree on the position of 

cholesterol in the bilayer. We have studied the neutron 

di ffraction from cholesterol i n membrames to compare i ts 

position in the membranes with the positions of ®-THC and 

s-THC in the membranes [47]. The membrane of nerve myelin was 

the first biological membrane studied by neutron diffraction 

[48]. For mamalian nerve myelinin DzO Ringer solution, only a 

single prominent peak at an equivalent Bragg spacing of 90 A was 

observed for poor wavelength monoc hr om a ti ci ty  and poor angular 

resolution. From a rabbit sciatic nerve in D20 Ringer solution 

seven diffraction orders of a 180 A periodicity were ob tained by 

using an improved diffractometer [49,50], Phase assi gn m en ts  have 

been made to the neutron diffraction by assuming a simple model 

for the myelin membranes based upon interpretation of the 

e l ectron density profile [51], These phase assigments were used 

to calculate a neutron Fourier profile of 26 A resolution 

[52,53]. The intensities of the second and fourth order 

reflections were measured at several isotopic compositions of 

the w a te r between DzO and H 2 O [53]. Neutron diffraction 

mea su re me nt s were made at Harwell from dog sciatic nerve myelin 

in D 2 O Ringer solution [37].
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Several neutron diffraction studies have been performed 

from model membranes [54,55]. The t ra ns-membrane location of 

retinal in the purple membrane of Ha l ob a c t e r i u m  h alobium was 

measured by low-angle neutron scattering studies on aqueous 

disper s io n of the membranes C56], Neutron d if fraction 

m ea su r e m e n t s  were performed for analysis of the structure of rod 

pho to re ce pt or  membranes in intact retinas [57]. Small angle 

neutron scattering of aqueous dispersion of lipids and lipid 

mi x tu re s was carried out by using contrast variation method 

[58].

Neutron q uasi-elastic and inelastic scattering have been 

done on biological materials since 1970. Experimental 

techn iq ue s for neutron t i m e - o f - f 1 i ght spectroscopy were 

described by Stirling [40] and Brugger [41] and the principles 

of applications to problems of molecular motion in the liquid 

state are described by Powles [59], Sjolander [60] and Larsson 

[6 1 3 .

Some theoretical investigations on biological ma t erials 

were carried out during past decade. Lovesey and Schofield [62] 

have described the inelastic co herent neutron scattering by 

small particles. Theoretical calculations have been done by 

Suezaki and GC [63] on breathing mode of conformational 

fluctuations in globular proteins. Go et a l . [64] discussed the 

d ynamics of a small globular protein in terms of low frequency 

vibrational mode.
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The dynamics of interlamellar water molecule was first 

measured by neutron t i m e - o f - f 1ight spectroscopy in studies of 

layered silicate clay mi nerals [65,66]. Similar meas ur em en ts  on 

the diffusive motions of water in the amonium perfluoro- 

o ct an o a t e / w a t e r  system was made [67], Mea su re me n ts  of the 

anisotropy of water diffusion was made [67] using a MARX 

s pec tr om et er  [68] orienting the m o mentum transfer vector prallel 

and per p en di cu la r to water layers. The results indicated less 

anisotropy than was expected even for thin water layer (9 A). 

The neutron scatteri ng from the desi red component can be 

e xpected to be larger than from other components of a biological 

system. To achieve this, one is to replace the hydrogen by 

d e u t e ri u m or flourine. Using this substitution method, the 

d if fusive motion of octanol in the three component system 

a m m o ni um  perflu or o- oc t an oa te -w at e r- 10 % octanol was studied [68]. 

D evelopments of instrumentation with increasingly better energy 

resolution [69] and improvements in t i m e - o f - f 1 ight data analysis 

[70] are contributing considerably to these neutron scattering 

studies of the dynamical properties of membrane components.

In the past few years some work has been carried out 

[71,72] on inelastic neutron scattering in biological polymers. 

The data i ndi cate that the protei ns have i nelasti c mode 

cor re sp on di ng  to who le -m ol ec u le  vibrations. These low frequency 

modes of vibration have connected these measu re m en ts  and the 

theoretical area of molecular dynamics. The comparison of data 

with theory in the field of inelastic neutron scattering area 

would be extremely helpful. We looked for the large scale mode

20

Dhaka University Institutional Repository



of vi brations of globular protei ns experimental 1y and studied 

so me  vibrational spectra of such molecules [73,74],

The neutron beam has been shown to provide useful information 

about the biological materials with the following type of 

measurements:

1. Small angle neutron scattering from aqueous solution of 

biological molecules.

2. Small angle neutron diffraction from biological samples for 

structural a n a l y s i s .

3. Qua si -e l as ti c and inelastic neutron scattering me as urements 

for studying dynamical property of biological molecules^

The present Ph.D. programme has been chalked out in a way 

that it enables one to acquire skill in different techniques 

w h ic h are involved in studying the various properties of 

biological materials. It will also help one learn techniques 

assoc ia te d with data analysis using the existing computer codes 

and develop necessary c omputer programmes for analysis of data 

collected from different measurements. The study of various 

properties of different sets of biological samples will provide 

a dequate experiences. On the basis of above philosophy the Ph. 

D. programme includes (1) the study of molecular shape, size and 

volume of biological m a t e r i a l s , (2) study of structure of

biological materials, (3) study of dynamical properties of 

biological molecules.

To perform the above mentioned studies on biological 

m at er i a l s  a triple-axis specctrometer is a suitable instrument 

provided this spectrometer can be used in a double-axis mode. A
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s chematic diagram of a triple-axis spectrometer has been shown 

in Fig. 1.1. The beam of neutrons fr om  the reactor has an 

a p proximate!y M a x w e l 1 i an di stri buti on of velocity i.e. 

w a v e l e n g t h . The inoident neutron beam is col 1 imated to the 

desired angular divergence before it falls upon mo n oc hr om at or  so 

that the unwanted neutrons from reactor are kept minimum. The 

direction of the incident neutrons beam can be altered by 

altering the Bragg angle of crystal m o n o c h r o m a t o r . In this way 

the wavel e ng th  of incident beam can be altered. The resolution 

of the incident wavelength is determined by the angular spread 

of the beam and the crystal mosaic according to the relation, 

A 6 / t a n  9, where Q is the Bragg angle. The Bragg angle of 

the analyzer crystal can be varied to analyze the different 

w av el e n g t h s  of the neutrons scattered by the sample, and send it 

into detector. A data point can then be determined as a ratio of 

the detected intensity to the beam monitor intensity. An 

instrument of this type provides a measur e me nt  of intensity at a 

given point in (W-Q) space. By changing three out of four 

parameters 6h, 0 a , and ^  (two Bragg angles, angle of

s catter in g and sample orientation) another locus in (oi-Q) space 

can be achieved. In this manner a selected locus may be followed 

point by point. For this reason a triple-axis spectrometer is 

especially suitable for the study of vibrational spectra of 

m ol ec u l e s  and lattice vibrations etc. For a given vibrational 

mode there will be an intensity peak at one point of ( W  -Q) 

space o n l y . For structural analysi s scanni ng of scattered 

neutrons by the sample at different positions will give 

different peaks for different order of Bragg reflections.
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We have studied the following biological ma te rials using 

d if ferent techniques of neutron scattering.

(1) Study of the small angle neutron scattering (SANS) from 

neu rotox i n , cytotox i n and cytotox i n analog i n aqueous 

solution. This has been described in chapter 2.

(2) Study of the small angle neutron diffraction from A^-THC, 

A®-THC and cholesterol in phospholi pi d membranes descri bed

in chapter 3.

(3) Study of the vibrational spectra of globular proteins,

name 1y alpha-chymotrypsi n , chymotryps i nogen A and

hemoglobin by using inelastic neutron scattering technique. 

This study has been described in chapter 4.

The last chapter of the thesis namely chapter 5 contains 

the conclusions derived from our experiments and the possible 

future course of work in the field of neutron scattering applied 

to biological problems.
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Small angle neutron scattering (SANS) technique allows to 

study the size, shape, volume, radius of gyration and mo no meric 

or dimeric condition of macromo le cu le s  of biological materials. 

Using this technique we have studied the three types of cobra 

toxi n s .

Cobra toxins are of interest not only in t hemselves but 

also because of their potential use as probes for the study of 

m em branes and sy naptic processes. Thousands of people die by 

snake-bites in the Indian subcontinent. So the study of cobra 

toxins by using small angle neutron scattering is of particular 

interest because this study may provide valuable information 

about cobra toxins. Amongst the active biomolecules in cobra 

venoms are the cytotoxins and neurotoxins. The former render the 

cell membrane permeable, while the latter block transmission of 

nerve impulses at the neuromuscular junctions. Certain cobra 

venoms also contain cytotoxin analogs which are very similar to 

cytotoxins with respect to the aminoacid residues they contain 

and to their disulphide bridging pattern [75]. These analogs 

apparently express their toxic function in a manner different 

from both the neurotoxins and cytotoxins [76]. Due to the diverse 

effects of the three afore-mentioned venom constituents, it was 

of interest to compare the size and shape of these mo lecules in

2.1 Introduction
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aqueous solution. A few cobra toxins have been crystallized and 

their shapes are determined. The present measurements may serve 

as a point of reference for such studies since the active forms 

of toxins are those in aqueous solution. To ascertain the 

d iversity of these cobra toxins we are interested in studying 

neurotoxin 3 from Na.ia na.ia na.ia siamensis venom [77], Cytotoxin 

B from Na.ia na.ia na.ia venom [78], and cytotoxin analog 9B from 

Hemachatus haemachatus [75,79] by using sma.ll angle scattering 

technique.

In addi ti on analyti cal g e l - f i 1tration experim en t was 

carried out and data are presented indicating that the cobra 

toxins (proteins) exist as monomers in solution under conditions 

similar to those used in the SANS measurements.

2.2 Theory

2.2.1 Small Angle Neutron Scattering

Detailed theory of small angle neutron scattering (SANS) 

has been given by Guinier and Fournet [80]- Small angle 

scatt er in g refers to scattering at very small value of wave 

vector transfer Q (= An sin 0 / \  ). In this technique Q should be 

small compared to the smallest reciprocal lattice vectors in 

cryst al li ne  substances, or to the Q  value c o rresponding to the
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first maximum of S(Q) (scattering function) in n on-crystalline 

materials. The properties of the Fourier transforms show that the 

scattering at low Q values will not give structural details in 

real space over distances smaller than Dmin = 27t/Qfflax, where Qmax 

is the maximum Q value accessed in the experiment. For example 

Qmax = 0.3 A'I corresponds to Dmin ^ 20 A. Such low spatial

resolution i s i nadequate for locating i ndi vi dual atomi c 

positions. Consequently, the discrete arrangement of scattering 

centres in c on densed matter can be considered as continuous 

distribution of scattering length density averaged over a volume 

(Dm i n )3. The f 1uctations of the average scatteri ng length 

densities over distances larger than Dmin will give rise to small 

angle scattering in the wave vector transfer region Q<Q*iax. This 

fact enables the study of structural inhomogeneities with linear 

dimension of 10 - 100 A by analysis of SANS meas ur em en ts  in the 

wave vector transfer range 10"'*<Q< 0.1 A-i. The structural

inhomogeneities in condensed matter occur due to the fluctuation 

of composition and defects.

Considen'ng the nuclear scattering only, one can write the 

coherent scattering cross-section per atom at scattering vector 

Q, for locally averaged scattering length density P(r),  r being 

the continuous variable position vector as

da/df l  ~ 1/N \ j P i r )  d^r !  z ( 2 . 1 )

P { r )  may vary over distances of the order of Dmin or more, and 

it is more convenient to express it in terms of P , the average
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scattering length density of the sample over volumes much larger 

than D«iax^ = (27r/Q#iax)3* Hence, one can write

P(r) = p+ Ap( r ) ( 2 .2 )

and we get

do/dfl = 1/N I (/^+P(r)) e+<Q-»-

= 1/N I ( ( A f i r ) )  d^rl 2

V

(2.3)

where the Fourier transform of P  , being a delta function has 

been omitted. A P ( r )  = ( P ( r ) - p )  denotes the contrast in locally 

a veraged scattering length densi ty due to structural or 

compositional inhomogeneities.

Suppose a sample contai ns Np homogeneous parti cles of 

scattering length density Pf = bp/Vp, embedded in a ho mogeneous 

matrix of scattering length density bm/V* ( where bp, V p , and 

b m , Vm are the average scattering length and atomic volume in the 

particle and the matrix respectively). Then from e quation (2.1)

do/dQ = 1/N (Pp -P(ri)2| d3r| (2.4)

where, the integral extends over the volume Vt occupied by all 

particles. In general equ.(2.4) will include the spatial and 

orientational correlations between particles, the effects due to 

their size distributions etc. If the particles are non- 

homogeneous Pp will have to be replaced with Pp(r)= Pp+ ^p(r).
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where Pf(r) denotes the density fluctuations withi n the 

particles. These situations are not uncommon in polymeric and 

biological materials, where one frequently encounters a gg regation 

states of mu lt i co mp on en t systems.

For N homogeneous particles each with volume Vp, c r o s s ­

section can be re-written as

do/dQ(Q) = {V2pNp/N} (^p - ^ni)2 lFp(Q)i2 (2.5)

where Fp(Q) denotes the single particle form factor

iT

Fp(Q) = (1/Vp) d3r (2.6)

V

such that Fp(0) = 1. (2.7)

Equation (2.5) is valid for very dilute systems only, as the 

con tr ib ut io ns  from interparticle interference effects have been 

ignored. For non dilute systems, one has to include an 

i nterference term, ^ ( Q ) ,  which is a Fourier t rn asform of the

static p a i r - c o r r e 1 ation function

'vl'(Q) = (1/Np) ^'“0 i---0 j )) (2.8)

i

where roi and roj are the position vectors of the centres of 

particles i and j respectively. With combination of equations
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(2.5) and (2.8)

do/dfl(Q) = ( VpZ N p / N  ){Pp - Pn.} |Fp(Q) I 2 |1 + ' y ( Q ) | 2  (2,9)

Eqns. (2.5) and (2.9) are also valid for a s ystem of mo n od isperse 

aniso t ro pi c particles, if the particles are identically oriented. 

When the particles are randomly oriented |F(Q)|2 will have to be 

averaged over the orientational distribution.

The scattering function 4>(Qr) is defined by the square of 

single particle form factor:

4>(Qr) = |Fp(Q) I 2 (2.10)

For a system of identical spherical particles with radius 

Rs, the scattering function is given by Rayleigh formula

♦b ( Q R b ) = [3{(sin(QRs) - QRs c o s ( Q R a )} / ( Q R « )3]2 (2.11)

The function has a maximum value of 1 at QRs = 0 followed by a 

series of sinusoidal peaks at values of QRs = (n+1), with their 

peak heights diminishing in the proportion (n+l)--*. The type of 

scattering patterns are commonly observed from biological 

particles such as viruses.

For ellipsiods of revolution with axes 2a, 2a, 2av the

scattering function has the form [81]:
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/;

,7t/2

<»e(Q) = I $a [ Qa v/ (s in 2a  + v^cos^a ) ] ’ / ̂ c q s P d0 (2.12)

0

where a - arctan(v tan(3) ; and <t>s has the form defined in

e q u n .(2.11).

For thin rod like cylinders with radius r and length 2L, 

the scattering function in the region Qr< 1 << QL can be

a pproximated as

♦ cy i(Q) = (71/2QL) e-»* '•*

= (7T/2QL) e-(Q^ r\ /2 ) (2.13)

where Rc^ = r^/2, is known as the cross-sectional radius of

gyration. For the i nf i ni tesi mal 1 y thin rods <t>cyi(Q) = ^ / 2 Q L  for 

QL >> 1.

For flat disc like cylinders (r >> 1):

z
♦ cyi(Q) = {2/(Qr)2} e-(Qi-) /3 when QL << Qr. (2.14)

The small angle neutron scattering technique is used to 

know the shape and dimension of biological molecules and is a 

very popular field of research today. The theory of neutron 

scattering from biological mo lecules in aqueous solution is 

analogus to the X-ray scattering. The advantages and 

d is ad vantages of neutron scattering over X-ray scattering have 

been d es cribed in chapter 1.
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Let us consider a particle irradiated by a beam of

neutrons; the neutrons are then scattered by the all nuclei of

the particle. The scattered neutrons are all in phase, when the 

di recti on of the scattered neutron i s same as that of the 

incident neutron. When the scattering angle increases the 

difference in phase between the various scattered neutrons also 

increases. The amplitude of the resultant scattered wave then 

decreases with increasing angle because of increasing d es tructive 

i n t e r f e r e n c e . It becomes zero when there are as many waves with 

phases between 0 and n as there are between n and 2n. This will 

occur for a scattering angle of the order of 29 = A/d, where A is 

the wavelength of the incident neutron and D is the average 

dimension of the particle. This demonstrates how the study of the 

continuous central scattering offers a method for obtaining 

p a r t i c l e’s dimension.

This method is applicable only for particles whose sizes 

lie within certain limits. If D is too large the scattering is 

limited to angles so small as to be inaccessible to experiment. 

On the other hand we see that if A is larger, D can be larger but 

larger A of X-ray has a very large absorption c r oss-section with 

matter and that gives a limitation of X-ray scattering. 

C omparatively, the neutron s cattering is more useful to find out 

the dimension of large particle because of its less absorption 

c ross-section than that of X-ray. If D is too small, of the order

of several wavelengths, scattering is widely spread but too weak

to be observable. In this respect the neutron scattering is more
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advantageous over X-ray s c a t t e r i n g , b e c a u s e , the thermal neutron 

scattering amplitudes do not decrease with the scattering angle 

as the case with X-rays. This is because the dimensions of the 

nuclei, the scattering centres for neutrons are much smaller than 

the wavelengths of incident neutrons, on the other hand the 

scattering centres for X-rays are the electron clouds of the

atoms and molecules have dimension comparable to the X-ray

wavelengths and therefore the scattering amplitudes decrease with 

increasing angle. To show exactly on which factors the small

angle scattering depends, let us consider a small particle of 

scattering length density J^(x). Let us define a form factor of 

this particle, S(x), that has the value 1 when the vector lies 

within the particle and the value 0 when it lies o u t si d e the 

particle. The amplitude A(Q) of radiation which is the tr an sf or m 

of P ( x )  at the point defined by the vector Q in reciprocal space 

is given [80] by:

Ai(Q) = J ? ( x )  S(x) e - ’O J* dx (2.15)

where Q = (2n / A)( k - ko), X  is the wavelength of radiation and ko 

and k are unit vectors in the direction of the incident and 

scattered rays r e s p e c t i v e l y . The general theorem related to the 

o peration of folding in the theory of Fourier tr ansformations 

states that if A(Q) and T(Q) are respectively the transforms of 

p(x) and S(x), then;

r
A(y) T(Q-y) dy (2.16)
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where y is a variable of integration.

If the dimension of the region in which S(x) is different 

from z e r o , its transform T(Q) is f u l 1y determined and if the 

particle has dimensions of several tens or several h undreds of 

atomic diameters, T(Q) will be different from zero only for very 

s m a l 1 values of Q.

If we assume that the sample is of c o nstant scattering 

length density, f(x) = k, the transform A(Q) acts as Dirac delta 

function. It becomes zero everywhere except at Q  = 0, wh er e it is 

infinite. For the case of more homogeneous body whose neutron 

scatt er in g length density shows periodicities only on an atomic 

or mo le cular scale, the tr an sform A(Q) shows a large number of

peaks. However, all these peaks except the one for Q = 0 are

product for values of Q well outside the domain in which TCQ) has 

a n on-zero value.

Under these circumstances, since A(y) is essen ti al ly  a 

Dirac delta function about y = 0, it may be predicted that around 

the origin of the reciprocal space the amplitude Ai(Q) is 

proportional to T(Q), the function p ( x )  is not intervening [SO]. 

The Dirac delta function mentioned above has the properties as 

follows:

6 ( X ) = 0 for X ^ 0

6(x) = oc for X = 0 (2.17)

S ( x ) dx = 1
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The above discussions imply that the scattering around the 

centre is practically independent of the short range order of the 

atoms, depending on the exterior form and dimension of the 

particle. Thus the SANS has become a means of st udying the

dimensions and form of colloidal particles and this technique has

already been exploited.

The macro molecules in aqueous solution are capable of 

motion. This motion can always be described as the sum of the 

translation and rotation. A translation may be defined by a 

vector V, which introduces a m ul tiplicative factor in the

expres si on  for scattered amplitude, but this has no effect on

s ca ttered intensity [80]. The rotations intervene in the 

c al culation of an average intensity. As the molecules have the

different orientations in the aqueous solution, the scattering 

intensity calculation requires the orientational average [82,83] 

relative to their wave vector transfer Q.

The scattering profiles observed for a dilute solution of 

macro mo le cules I(Q) is given [80,84,85] by:

I(Q) = P(r) (sin(Qr)ZQr) dr (2.18)
J
0

where Q = 4ti sin0 / ?\ and P(r) is the ditribution of lengths of 

interatomic vectors within individual molecules.

The interpretation of small angle scattering data is mainly
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based on the comparison of experimental data with model function 

[83]. This comparison can be made in reciprocal space with 

smeared scattering curves or desmeared scattering curves. In any 

case one has to know the corresponding model functions. The model 

functions of a sphere can be calculated analytically, the 

scattering amplitudes of simple triaxial bodies like ellipsoids, 

pri sms and cylinders can be calculated for any special 

orientation. The spatial average for orientation has to be done 

numerically. The error of these integrations can be m in imised by 

introducing an arbitrary small limit by a sufficient d ecrease of 

the increment of integration. Such kinds of semi-analytical 

cal cu la ti on s have been performed for a large number of different 

m o d el s by Porod [86], Mittelbach and Porod [07] and Mittelbach 

[88]. But there are many molecules under investigations that can 

not be approximated by simple triaxial models. The semi- 

analytical method has been extended to models composed of some 

tri axi al bodies [89]. The number of necessary i ntegrations 

intervals for the spatial average increases rapidly for 1arger 

scattering angles if the model is elongated. The computing time 

can be order of several hours. There are some other semi- 

analytical methods but those methods need spatial averaging and 

those are very time consuming. A powerful method proposed by 

Glatter [82] is known as "sphere method". The problem of spatial 

averaging does not exist in this method because this step can be 

p erformed a n alyticaly for an aggregate of small spheres. It 

involves filling any arbitrary shape with large number of 

overlaping small spheres whose total volume is equal to the 

volume of the model and calculating the scattering by means of
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the Debye equation [90]. At wave vector transfer Q the intensity 

of the coherently scattered neutrons, I(Q), from an aggregate of 

n spheres can be computed by the Debye formula:

n n
I ( Q ) = y W i ?  S i 2(Q) + s Z Z w i  Wj S K Q )  Sj(<3) s t n ( ] i j <3} / ] ( j Q  (2.19)

where Si(Q) is the structure factor of ith sphere. is the

distance between the centres of the ith and jth spheres.

SiCQ) = 3[ sinCRiQ) -(RiQ) cos(RiQ) / (RiQ)^] (2.20)

where Ri is the radius of the small spheres and which is given by

on the basis of assumption of simple cubic packing with fraction

(Jt/6).

Ri = D/2 ( 6/71)1/3 (2.21 )

In e quation (2.21), 0 is the distance between the centres of two

neigbouring small spheres.

Wi = Pi = Pi 4n Ri3/3 (2.22)

where Pi is the neutron scattering length density of the ith

s p h e r e .

The results of most of the scattering experiments are 

affected by the resolution functi ons of the measuri ng 

instruments. Due to this unwanted instrumental effects we require
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to correct the data. A clear knowledge of resolution functions 

can help us for optimizing the instrumental parameters and 

experimental procedure. The resolution functions of a crystal 

diffraction s pecctrometer are anisotropi c and produce a 

pronounced effect at the detector position due to focussing 

effects. We have considered the effects of resolution functions 

in the horizontal and vertical directions from a point in the 

detector aperture.

There are two philosophies for analyzing SANS data, one is 

to deconvolute the experimental data with resolution functions 

and the other is to convolute the theoretical values with 

resolution functionsand compare with the experimental data [91]. 

We follow the second approach. This leads to

J(Q) = I[(Q - y)2 + z2 ]i/2 } Wh(y) Wv(z) dy dz (2.23)

where, y is the horizontal and z is the vertical coord in at e of a 

point in the detector aperture in the same units as Q; Wh and Wv 

are normalized Gaussian weighting functions that specify the 

horizontal and vertical resolution functions respectively, k is a 

scale factor. The width Wh can be determined ex pe rimentally by 

scanning the detector in 20 across the direct beam. For a neutron 

d if fr ac to me t er  Wh has been found to be very nearly gaussian. The 

Wv function is well approximated by a gaussian whose width can be 

c alcula te d from the known col 1i m a t i o n s . The gaussian 

a ppr ox im at io n  for Wh and Wv permit integration by means of a 

G aus s- He rm it e  numerical algorithm.
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J ( Q )  = J ( 0 )  exp(-Q2 R g 2  / 3 )  ( 2 . 2 4 )

where Rg is the radi us of gyration of randomly oriented 

molecules, independent of molecular shape and J(0) is the

intensity at Q = 0. This functional form can be substituted into 

equation (2.23) and a resolution-corrected J(Q) can then be

extracted, A plot of the logarithm of J(Q) versus Q2 is a

straight line at sufficiently small Q and slope of this is

related to Rg by the equation [93]

Rg = 0.4183 >s(-a) ’ / 2 (2.25)

where X  is the wave length of the incident neutron and a is the 

slope of the straight line. If the plot I(Q) versus at small Q 

is not a straight line, this indicates that the target sample is 

a mixture of different molecules of different sizes or it may be 

a mix tu re  of monomer and dimer of the same molecule.

The sphere method which has been employed to calculate 

convoluted scattering function also enable one to calculate the 

Rg for any arbitrary shape of molecule. Rg is calculated from the 

expression:

R g 2  = ^  Wi loi2 / X  Wi (2.26)

i=1 M

At small Q, Guinnier [92] has shown that J(Q) is given by:
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where loi^ = (Xo - Xi)2 + (Yo - Y O ^  + (2o -Zi)2.

The X-cordinate, X q , of the centre of scattering amplitude 

density is given by:

n VI

Xo = X  Wi (2.27)

Similar expressions are used for Yo and 2o. The coord in a te s of 

the centre of the small spheres are Xi, Y^ and Zi.

In the fitting procedure, the fitting of experimental data 

with convoluted theoretical values in sphere method, the quality 

of fit parameter is defined as:

N
X2  = X M l ( J ( Q i ) c a l - J ( Q i ) e x p ) 2 / ( N - P )  (2.28)

where J ( Q O c a i  and J ( Q O a x p  are the calculated and experimental 

values respectively at the point i, N is the number of data 

points and P is the number of parameters which are varied. The 

w ei ghting factor is Mi = ( 1 / J(Qi)exp )^. The program developed 

( COBRA ) [94] by us for analysis of SANS data is able to vary 

the all possible model parameters according to the u s e r’s choice 

to minimi ze .

2.2.2 Analytical G e l - F i 1tration

A typical experiment of Gel fitration is able to indicate 

the monomeric and dimeric conditions of the biological molecules 

in solution. The Guinnier plot of SANS function also gives the
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same information. To perform this experiment the sample is 

dissolved in sodium phosphate buffer containing sodium azide. The 

resulting solution is then applied to Sephadex G-50 or G-70 

superfine column equilibrated and eluted with the same phosphate 

azide buffer used to dissolve the sample.

When the elution volume, void column and total column 

volume are V e , Vo and Vt r e s p e c t i v e l y , the di stri bution 

coefficients Kav are then determined from the expre s si on  as 

f o l 1o w s :

Kav = ( Ve -Vo) / ( Vt - Vo ) (2.29)

The plot of Kaw versus known molecular weight of some molecules 

will supply the callibration curve. After measuring the Kaw for 

some molecules of known molecular weights and c om paring these 

with calibration curve the monomeric and dimeric condition of the 

m ol ecules are determined.

2.3 Experimental Methods

2.3.1 SANS technique

SANS technique allows one to measure the average scattering 

function of the target material. When the target material has no 

1ayered structure scatteri ng function provides the i nformati on 

about the size and shape of the target materials. The reactor-
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neutron beam is c o n i m a t e d  as desirable for the experiments. The 

small angle neutron scattering experiments can be performed by 

using a double-axis crystal diffractometer which can scan the 

scattered neutrons very preci s e l y . A m onochromator crystal 

di ffracts a particular n e utron-wavelength obeying the Bragg law. 

The neutrons of selected wavelength irradiate the sample and are 

s ca ttered elastically around the sample. The scattered neutrons 

are scanned with a neutron detector at a very small interval of 

scattering angle. Usually scattering fluctuation is a f u nction of 

Q (= 4n sine M ) i  where 2G is the scattering angle of neutrons 

scattered by the sample. The scattering function is de pe ndent on 

the nature, shape and size of target material. The m o n o en er ge ti c 

ne utrons selected by mo nochromator and neutrons scattered by the 

sample are collimated for better resolution in measurements. 

Co ns ta nt  moni to r  counts are used in this method, so that reactor 

power fluctuation does not affect the m e a s u r e m e n t s . Thi s 

technique can be applied to know the impurities in any species of 

m ol ecules by comparing the scattering function of pure and impure 

samples. It allows one to know the monomeric and dimeric state of 

the molecules in aqueous solution and the coexistence of monomer 

and dimer of the same molecules in aqueous solution.

Now the important aspect of SANS experiment is to analyze 

the data and to confirm the e xpected results. A good guess about 

the dimension of the molecules can be acheived by finding the 

radius of gyration (Rg) of the molecules through a least-square 

a nalysis data.
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The scattering function of a regular-shaped-body can be 

calculated analytically. With a variation of the different 

parameters of the regular-shaped-body and comparing the resulting 

values with experimental data through least square analysis the 

molecular shape and size of the regular-shaped-body can be found 

very easily.

Today the model calculations can be performed for arbitrary 

shape of molecules. Computer codes [82,94] are available for 

analysis of the small angle neutron scattering data from 

m ol ecules of arbitrary shape.

2.3.2 Materials for SANS Measurements:

Lyophilized crude venoms were obtained from the following 

sources; Na.ia na.ia (hooded cobra) lot 702446 from C albiochem 

(personal co rr es po n de nc e with Mr. Gene Kritchevsky, Technical 

Services Supervisor for Calbiochem, confirmed that the venom was 

from Na.ia na.ia siamensis species cobra); Na.ia na.ia na.ia ve no m 

from Bioactive Inc.; and Hemacha tu s haemachatus no. HH34SL - 5 

from Miama Se rp entarium Laboratories.

C a r b o x y m e t h y 1 cellulose (CM - 52), Sephadex G-50 and G-75 

Superfine, and Biorex-70 cation exchange resin (200 - 400 mesh) 

were of standard commercial quality.
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Alpha chymotrypsinogen A, 6X crystallized type II lot 1118 

- 8170 was from Sigma Chemical Co. as was Dextran blue no. D-5751 

lot 90F-0266; Ribonuclease no. 3433 B37E832 from Worthington. All 

other chemicals were of reagent grade.

2.3.3 Isolation of the Toxins from crude venom

Cytotoxin B was isolated from one gram of Na.ia na.ja na.ia 

venom by ion-exchange chromatography as in [95]. Final

p u ri fi ca t io n of the toxin was achieved by re chromatography on CM- 

52 using a linear gradient (2 X 2000 ml) from 50 mM to 600 mM 

a m on iu m bicarbonate. Unless otherwise stated, all c hromatograph!c 

procedures were performed at 4°C.

Neurotoxin 3 was isolated from Na.ia na.ia siamensis venom by 

the same procedure used for the isolation of cytotoxin B. Final 

purification was done by gel filtration on Sephadex G-50

superfine as in [77] This step results in removal of a minor 

"short" neurotoxin, 3C, which co-elutes with neurotoxin 3 upon 

ion exchange c h r o m a t o g r a p h y .

Cytotoxin analog 98 was isolated from Hemac ha tu s 

haemachatus venom as in [96] . The toxin was r e ch ro matographed on

B iorex-70 resin using a linear gradient (2 X 1000 ml) from 200 mM

to 7000 mM a mmonium acetate PH 7.3.

45

Dhaka University Institutional Repository



Henceforth, these venom proteins will be refered to simply 

as neurotoxin, cytotoxin and cytotoxin analog.

2.3.4 C r i t er i a for Purity of Toxins

Samples isolated from crude venom were judged to be pure on 

the basis of SDS polyacr ys ta mi de  gel electrophoresis performed as 

in [97], and comparison of their amino acid compositions 

(determined from acid hydrolysates with a Durrum D-500 amino acid 

analyzer) with the values reported in the literature.

2.3.5 Prepa ra ti on  for SANS Measurements

Specimen were shipped to Chalk River Nuclear L a b s . , Canada 

in lyphilyzed state, where they were dissolved in 100 mM 

phosphate buffer of DzO, PH 7.01. All samples were dissolved to a 

co n ce nt ra ti on  of 8 g/1 so that interference effects (small for 

this concentration) would be similar for all three samples. After 

a series of meas u re me nt s the solution was frozen at -13°C. 

Subse quently me as urements to improve counting stati st ic s were 

carried out on thawed samples and these yielded the same results 

within experimental errors.
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2.3.6 Experimental P ro cedure and Set-up for SANS Measurements.

The measurements for SANS from neurotoxin, cytotoxin and 

cytotoxi n analog were made at 2 3°C on the l3 triple-axis 

s p e c t r o m e t e r , oparated in two-axis mode (Fig.2.1) at NRU reactor, 

Chalk River Nuclear Labs., Canada. The spectrum was filtered by 

30 cm of quartz. A germanium (111) m onochromator was used to 

obtain a mo nochromatic beam with wavelength, X of 2.5 A and a 

wavelength spread A X / K  of 0.014. The mo nochromatic beam was 

analyzed by Fermi chopper and was found to contain negligible 

higher order contamination.The incident and scattered beams were 

defi ned by si its of rectangular cr oss-section whi ch yielded 

angular divergence of 1/3 deg. The sample chamber was quartz 

glass, wall thickness of 1mm and the specimen was 1.5 mm thick. 

Meas u re me nt s were made by scanning the scattering angle, 28, in 

the step of 0.1 deg. A typical scan contained 301 steps and 

required 20 hours running time. Repeat measurements indicated no 

specimen deterioration over this period.

2.3.7 Experimental Procedure and Setup for Gel Filtration

A typical exper im e nt  consisted of the following; the sample 

(8 mg) was dissolved in 1.0 ml 100 mM sodium phosphate buffer PH

7.01 containing 0.02 percent sodium azide. The resulting solution 

was then applied to a Sephadex G-50 Superfine column (1.5 X 126 

cm) e q u i 1 ibrated and eluted with the same phospate azide buffer 

used to dissolve the sample. Column elution was at 12 ml/hr at 

a mbient temperature. Elution volumes (Ve) of the proteins were 

determined by monitoring the absorbance at 280 nm of the elute.

47

Dhaka University Institutional Repository



Column calibration was performed using alpha ch ym ot ry p si no ze n A 

(MW 25000), Ribonuclease (MW 13700) and neurotoxin 3 from Na.ia 

na.ia siamensis venom (MW 7820) and which is shown in Fig. 2.1 

These three proteins are known to exist as mono me r s in so lution 

and to behave ideally upon gel filtration on Sephadex columns 

under similar conditions as those described earlier [98,77]. The 

void column (Vo) was determined using Dextran Slue. The total 

column volume (Vt) was determined by chromatog ra ph in g  1.0 ml 

column buffer containing 5M sodium chloride and m onitoring the 

elute by conductivity measurements. The molecular weights of 

neurotoxin (7820), cytotoxin (6479) and cytotoxin analog (7166) 

were determined from their amino acid composition.

2.4 Data A nalysis for SANS Measurements

The spherical modification of the Debye method proposed by 

Glatter [82] has been programmed to analyze SANS data [94] from 

three types of cobra toxins. The model shape for different 

molecules have been filled up with a large number of overlaping 

small spheres which fill the space occupied by the molecules. The 

experimental data finally obtained as follows with respect to our 

experimental s e t u p :

J(Q) =([S(Q)-C(Q)]/ta - [E(Q)-C(Q)]/t£) - 6([R(Q)-

C(Q)]/tfi - [E(Q)-C(Q)]/tE) (2.30)

where S, R and E are the observed intensities (normalized to
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Fig. 2,1 A n a l y t i c a l  g e l  f i l t r a t i o n  o f  t h e  v e n o m  p r o t e i n s  on  

S e p h a d e x  G - 5 0  s u p e r f i n e .  T h e  c o l u m n  w a s  c a l i b r a t e d  b y  u s i n g  A l p h a  

C h y m o t r y p s i n o g e n  A  (C), R i b o n u c l e a s e  (B) a n d  n e u r o t o x i n  3(A) as 

s t a n d a r d s .  T h e  b e s t  s t r a i g h t  l i n e  for t h e s e  s t a n d a r d s  w a s  

d e t e r m i n e d  b y  l i n e a r  r e g r e s s i o n .  D: c y t o t o x i n  B f r o m  Na.ia na.ia 

na.ia v e n o m ,  E: c y t o t o x i n  a n a l o g  9B f r o m  H e m a c h a t u s  h a e m a c h a t u s

v e n o m .
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c o nstant monitor) of the sample plus sample container, solvent 

plus sample container and empty sample container respectively;

to. tR and tE are the corresponding measured transmission; C is 

the observed intensity with incident beam blocked by cadmium; S 

is the volume fraction of solvent in solution. These data were 

fitted to a resolution broadened model scattering function. The 

program automatically varies selected model parameters and 

n o rmalization factors to obtain the best fit (minimum "X^) of the 

experimental data to calculated values. At each stage of the 

iterative procedure the radius of gyration is computed. The 

program itself determines the coordinates of the centres and 

radii of the small sphere s. lt  can also m inimize the boundary 

effects. The performance of the model has been tested. Using this 

method the scattering intensity for different models and its

comparison with analytical calculations are shown in Figs. 2.2, 

2.3, 2.4 and 2.5. The radii of gyration of different shapes

calculated by using the present method are compared wi th 

analytical values in Table 2.1. The program allows one to 

calculate the scattering function for mixture of two different 

m ol ecular species, a possiblity when partial dimerization occurs. 

We approximated the cobra toxins as shown in Fig. 2.6. The 

overlaping of the subunits (which may be sphere, ellipsoid and 

cylinder) for approximation of a model is allowed in our 

calculations. The combination of two or three regular shaped body 

are used to approximate the model only to assign the cordinates

of the small spheres inside the model. In this method we are

careful to cover the boundary of the model with the boundaries of 

the two or three regular shaped bodies but the overlaping of the
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SCATTERING ANGLE 120) degrees

Fig. 2.2

Scattering Intensity from a sphere with a radius R 
The radius of the small spheres, R l, was 13.57 A.
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Scattering Intensity from a cylinder

53

Dhaka University Institutional Repository



10®

10-1

10
-2

\

\

10
-3

10
-t.

10-s

HOLLOW CYLINDER

NO. OF SPHERES= 537 
Rg= 66.52 
R1= 9.16

---------  SPHERE METHOD

±
1.2 2.U 3.6 6.0 7.2

SCATTERING ANGLE {20) degrees

Fig. 2.5
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a) b)

Fig. 2.6 (a)

<b)

Structure of n e u m t o x i n  as determined by X-ray diffraction 
(Ref.100) from a single crystal.

Our triple ellipsoid model approximation for neurotoxin.

55

Dhaka University Institutional Repository



two or three regular shaped bodies inside the model does not 

affect our calculations. In C l a t t e r’s method of calculations, he 

approximated the model with a large number of subunits. We did

Table 2.1

Compari son between analytical and sphere method calculat i o n s .

1 Model

1

I Model parameters | Radius of gyration | 

_ ____ 1
1

1
1

1
1

1 1

: A 1

1 1 
1 \

Analyti cal 1 

A !

1

Sphere m e t h o d [ 

A 1

I Sphere ; R = 100 I 77.46 77.45 ;

1
1

1 Ellipsoid 

1 
»

! A = 80 1 

1 B = 150 ! 

! C = 80 1

i

84.02 1

1
1

1t

83.87 1

1
1

1
1

1 Cylinder

: R = 70 :

1 2H = 100 1

1
1

57.30 1

1
1

56.93 !

! Hollow

1 cylinder

1
1

[ Ri = 80 ! 

; R2 = 30 ! 

! 2H = 100 :

1
1

66.95 ;

1
1

1
1

66.52 !

1
1
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not find any more precision in C l a t t e r’s calculations over our 

c alculations for these particular models calculations. The scope 

of overlapping of subunits (not small spheres) in our method has 

compensated for the precision of the results produced by 

C l a t t e r’s large number of subunits concept, where he had no 

provision of overlapping the subunits to approximate the 

arbitrary models.

The time involved in summing the Debye formula (eqn. 2.19) 

goes up very fast as the number of small spheres increases. In 

order to illustrate this and to provide an idea of running times 

on Cyber 175 computer, the program was used to fit scattering 

fr om  superoxide dismutase holoenzyme measured at a concentration 

of 9.84 g / 1 . The scan data comprised 301 points. The model chosen 

was an ellipsoid as suggested by recent single crystal X-ray 

diffraction measurements [99]. The least square fitted result 

wit ho ut  convolution required 355 sec for convergence with n=20 

(n= number of small spheres). For n=40 the time was 895 sec and 

for n=60, 3680 sec were required. This calculation includes the

automatic v ar iation of model parameters. By comparing the 

values for the different n ’s with a calculation using an analytic 

scattering function [96], n=40 was found to give an adequate fit. 

The calculation with analytic function required only 14.2 secs. 

When we calculate the convoluted scattering function it takes a 

time factor of 36 and 25 for n=40 and n=20 respectively. These 

results suggest that calculations should be followed without
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convolution until approximate values for model param et e rs  are 

obtained. Final values can then be obtained by setting the mode 

for calculation as convoluted. If we do not want to vary the 

parameters of the model which can affect the scattering function 

except background-scattering factor, or some other parameters 

which are associated with the fitting procedure then we can 

switch on an option which will reduce the iteration time by a 

factor 30. By doing this a series of trial and error method 

e stimates of model size can be quickly obtained.

A valuable feature of calculations using our program is the 

calculation of Rg at every iteration; this is specially desirable 

w here complicated molecular shapes are being generated.

The accuracy of the model calculations of sphere method 

increases with increasing number of small spheres inside the 

model i.e. the smaller is the distance “d ” between two small 

spheres, the better is the accuracy of calculations upto certain 

Q values. The resolution limit for the scattering curve Qmax 

depends on number of small spheres. The theoretical limitations 

of calculations of the scattering curve is as follows as 

prescribed by Glatter [82]:

Qmax < 27t/d (2.30)

This limit suggests that using smaller d one can calculate the 

scattering curve for higher Q values. We followed this limit in 

our calculations.
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The method of data analysis which has been used here is the 

sphere method d i scussed earlier [94]. Model calculations for 

neurotoxin, cytotoxin and cytotoxin analog were carried out 

assuming that those molecules are well approximated with three 

overl ap pi ng  ellipsoids as shown in Fig. 2.6. The final shapes of 

the molecules of neurotoxin, cytotoxin and cytotoxin analog'^have 

been shown in Figs. 2.7a, 2.7b, 2.7c; 2.8a, 2.8b, 2.8c and 2.9a, 

2.9b, 2.9c. In the fitting procedure we varied the different

p arameters of the three ellipsoids including the three centeroids 

of the three ellipsoids until the best values have been achieved. 

The computer program developed by us [94] convoluted the 

appropriate scattering function with spectrometer resolution in 

order to determine best values. The scattering functions for 

those ar bi trary shape of molecules have been successfully 

calculated using the sphere method. An overall scaling parameter 

was also varied in this calculations. Considering the spherical 

shape of the three toxin molecules, the results for the best 

computer fits are shown in Figs. 2.10, 2.11 and 2.12. The zero

angle of the scattering occurs at increament number 151. The 

spherical model yielded R values of 14.1±0.3, 14.1+0.3 and

13.9±0.3 A for neurotoxin, cytotoxin and cytotoxin analog 

respectively. The fits are plotted as dashed lines in Figs. 2.10,

2.11 and 2.12. The best fits from the ellipsoidal models have 

been depicted as thin solid lines; these fits are clearly better

2^5 Results and Discussions
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Fig. 2.7a Shape of the neurotoxin molecule obtained from "sphere
method" of data analysis (Y-X plot).
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Fig. 2.8a Shape of the cytotoxon molecule obtained from "sphere

method" of data analysis (Y-X plot).
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CYTOTOXIN ANALOG
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Fig. 2.9a Shape of the cytotoxon analog molecule obtained from

"sphere method" of data analysis (Y-X plot).
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SCATTERING ANGLE (20) degrees

F ig .  2.10 SANS data fo r  neurotox in .  The zero ang le  s c a t t e r in g  
occurs at angle  increment number 151. Increments in the 
s c a t t e r in g  ang le ,  26, were 0 .1 ° .  The f u l l  th ick ,  f u l l  thin and 
dashed l i n e s  represent  a computer f i t  assuming an a r b i t r a r y , 
e l l i p s o i d a l  and s p h e r i c a l  shapes fo r  the molecule r e s p e c t iv e ly .
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SCATTERING ANGLE (20) degrees

F ig .  2.11 SANS data f o r  cy to tox in .  The zero ang le  s c a t t e r in g  
occurs at  ang le  increment number 151. Increments in the
s c a t t e r in g  ang le ,  20, were 0 .1 “ . The f u l l  th ick ,  f u l l  th in  and 
dashed l in e s  represent  a computer f i t  assuming an a r b i t r a r y ,  
e l l i p s o i d a l  and sp h e r i c a l  shapes f o r  the molecule r e s p e c t i v e l y .
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-13.0 -9.0 -5.0 -1.0 1.0 5.0 9.0

SCATTERING ANGLE (20) degrees

13.0

F ig .  2.12 SANS data fo r  cy to tox in  ana log .  The zero ang le  
s c a t t e r in g  occurs at  ang le  increment number 151. Increments in  
the s c a t t e r in g  ang le ,  20, were 0 .1 ° .  The f u l l  th ick ,  f u l l  thin  
and dashed l in e s  represent  a computer f i t  assuming an a r b i t r a r y ,  
e l l i p s o i d a l  and s p h e r ic a l  shapes fo r  the molecule r e s p e c t i v e ly .
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than spherical model. The semi-axes for all three molecules are 

given in Table 2.2, where it is seen that cytotoxin and cytotoxin 

analog are essentially oblate spheroids of revolution with one 

very small semi-axis. Neurotoxin also has one very small semi­

axis, but the other two, although much larger, are not equal to 

one another. Three unequal semi-axes for neurotoxin have also 

been found from the “Richards box'* ap proximation to its 

c ry stallographic structure [100]. These values were 15, 10 and 20 

A, Our values for ellipsoidal model for neurotoxin are: 14.8+0.9,

6.810.5 and 22.5+0.8 A. It gi ves some di fferences i n the 

molecular shape. Actually the molecules have no regular shape 

like sphere or ellipsoid, but analysis shows that these are more 

ellipsoidal than spherical. The molecules of neurotoxin, 

cytotoxin and cytotoxin analog have their arbitrary shapes. It 

has been disscussed earlier that a computer program [94] has been 

developed for analysis of neutron small angle scattering for 

mo le cules of arbitrary shape. This method of analysis enabled us 

to find out the arbitrary shapes of the toxin molecules. The 

goodness of fits are better than those of spherical and 

ellipsoidal models. The fitted values for arbitrary shape of 

molecules have been depicted as thick solid lines in Figs. 2.10,

2.11 and 2.12.

A model independent analysis can be done by the Guinnier 

plots as shown in Fig. 2.13. These data were analyzed by using 

the Gu innier expression [92], where J(0) is the intensity at Q=0 

and Rg is the radius of gyration which was mentioned in section

2.2.1 in chapter 2. If the data are ploted as in Fig. 2.8 then
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(28)2  ̂ i q S (rod^)

F ig .  2.13 Guin ier  p lo t  o f  data  fo r  the neurotox in ,  cytotox in  
and cyto tox in  ana log .  The s t r a i g h t  l i n e s  rep resen t  l e a s t  squares  
f i t s .  J represents  observed in t e n s i t y .
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R 5 = 0 . 4 1 8 3 A ( -  where a is the slope of the fitted straight

line through the data [27]. From a least square an alysis for 

ellipsoidal shape, R g ’s for neurotoxin, cytotoxin and cytotoxin 

analog were found to be 12.4±0.2, 11.7±0.2 and 12.1±0.2 A

respectively (Table 2.2). From the least squares analysis for 

arbitrary shape as shown in Figs. 2.7a - 2.9c R g ’s for

neurotoxin, cytotoxin and cytotoxin analog were to be 12.1±0.2,

11.6±0.2 and 12,1±0.2 A respectively (Table 2.3). These results 

show that cobra toxin molecules are more or less ellipsoidal in 

shape but the actual shapes can only be shown through the 

analysis of sphere m e t h o d , considering that the molecules are 

arbitrary in shape. Before developing the method for analysis of 

the SANS data for molecules of arbitrary shape, the experimenters 

could only say that the toxin molecules are ellipsoidal in shape 

with different three semi-axes but the present sphere method of 

analysis enables us to obtain results much nearer to the actual 

shape of the toxin molecules as in Figs. 2.7a - 2.9c, The 

analysis shows that the cytotoxin has a significantly lower Rg in 

keeping with the fact that it is a less elongated molecule than 

the analog. It also has a smaller molecular weight. From Table

2-3 we also see that the measured R g’s agree within experimental 

error with those calculated from arbitrary shape of model.
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Table 2.2

Parameters fr om  least squares fits assuming e n i p s o i d s  having 

semi-axes a, b, c, and their resultant radii of gyration Rg/, 

c ompared with m easured values, Rg. The Rg/ values are c alculated 

from "best f i t” values for a, b, c. All dimension are in A.

M olecule a b e  Rg^ Rg

A A A A A

Neuro to xi n 14.8±0.9 6.810.5 22.4±0.B 12.4 12.2±0.2

Cytotoxin 17.8±0.7 6.7+0.5 17.9±0.7 11.7 11.6+0.2

Cytotoxin A 18.6±0.5 6.0+0.4 18.6±0.5 12.1 12.1+0.2
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Table 2.3

Parameters from least squares fits a ssuming ar bitrary shapes 

(approximated with three ellipsoids) and their resultant radii of 

gyration Rg^^, compared with measured values, Rg.

Molecules

Neurotoxin 

Cytotoxi n 

Cy totoxin A

Shape and Size

as in Figs. 2.7a - 2.7c

as in Figs, 2.8a - 2.8c

as in Figs. 2.3a - 2.9c

12.1+0.2 

11.610.2 

12.1±0.2

Rg

A

1 2 .210.2 

11 .610.2 

12.1+0.2

Volume (A3) (without c o n v o l .) {with c o n v o l .)

Neurotoxi n 

Cytotoxin 

Cytotoxin A

6917.89 

6850.65 

7387.96

0.4823

0.4612

0.4631

0.4719

0.4455

0.4478

As noted earlier,the c r ys ta l! og ra p hi c results of W al ki ns ha w 

et a l . [100] indicate that the "long" neurotoxin of Na ja  naja

siamensis may be roughly approximated by an ellipsoid with semi 

axis of 15, 10 and 20 A but our present analysis for arbitrary

shape of m o lecules allowed us to show the arbitrary shape of the 

toxin m o l e cu l es  as Figs. 2.7a - 2.3c. The radius of gy ration of
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such a body is 12 A, a value which is very close to our measured 

value of 12.2 ± 0.2 A. Using atom positions supplied by these 

authors [100] we calculated a mechanical radius of gyration of

13.4 A. This radius of gyration weighted by neutron s cattering 

lengths is found to be » 13.5 A. The sources of disc re pa nc y 

between these various R g’s are not all known. It may be that, 

peripheral atoms in the crystallog ra ph i c structures are not seen 

by the low resolution SANS measurements. In a sense "Richard b o x” 

determi n at io n (Rg = 12.0 A) is a low resolution result. A t  our 

co nc en tr at io n s ( 8 g / 1 ) interference effects due to molecular 

proximity are considered to be much too small to account for the 

differ en ce  R g ’s of 12.2 and 13.5 A.

Previous gel filtration measurements on the neurotoxin [77] 

indicated that up to 10X of the molecules could be dimerized upon 

1y o p h i 1azation of ion e xchange fractions. Earlier report of gel 

preparation studies of the cytotoxin were contradictory. Reed- 

Larsen [95] indicated that it was a dimer while Takechi and 

Hayashi [101] stated that it was monomer. However, because the 

low angle data are well fitted by a single gaussian, with Rg in 

fair a g reement with crystallographic data, we conclude that these 

three constituents of cobra venom do not associate to form dimers 

or higher order aggregates in solution. This conclusion is 

reinforced by the fact that the intensity of SANS varies as the 

square of the particle volume. Similarly analytical gel 

f iltration expe ri me nt s also indicate that the three cobra toxins 

e xist as m onomers in solution (Fig. 2.1). Kav is plotted in Fig,

2.1 as a function of mo le cular weight. The distances of D
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(cytotoxin) and E (cytotoxin analog) fro m the regression line are 

consi de re d not to be great enough to imply aggregation. This 

result is important since the small size of these m ol ec u l e s  leads 

to low intensities of SANS and hence a comparison study is best 

made at fairly higher c o ncentration (in this experiment, B g/lf).

In conclusion, it appears that ih spite of the diverse 

f un ctions of the three cobra toxins studied, their overall sizes 

and shapes are not su bstantially different. The shape of the 

three toxins are almost the same. It has been earlier mentioned 

that neurotoxin and cytotoxin analog m ol ecules are longer than 

cy totoxin molecule. Nevertheless, because the neurotoxin appears 

to have a shape di ff erent from that of other two toxins, it seems 

that a ’’lock and key" m ec hanism may be involved at some stage in 

to xi n- su bs tr a te  interactions. There are other indirect evidences 

including NMR [102], circular d ic h roism [103] and laser Raman

[104] spectra results which indicate that the secondary and 

tertiary structu r es  of the neurotoxins and cytoto xi ns  a re quite 

similar. However, slight differences in overall form could lead 

to initial identification of possible receptor sites for the 

di fferent toxins. After initial identification by form, specific 

local mod if ic at i on s probably give functional specificity in the 

manner described by Walkins h aw  et a l . [100] for acetylc ho li n e

receptor binding by the neurotoxin.
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3-1 Introduction

Small angle neutron diffraction technique is utilized to 

study the structure of biological ma te rials such as membranes 

[54,55,57] and 1ocati on of some substances i ncorporated wi th 

m em branes [45,56], We have studied the location of 

A ®- tetrahydrocannabinol (THC), £i*-THC and cholesterol e mbedded in 

m em branes [47].

There are many reports in the literature concerning the 

physiological effects of cannabis s a t i v a . Indian hemp. Some of 

the reportedly deleterious effects of these substances include 

lymphocytic transformation and mo difications in sp ermatogenesis

[105], interference with ovarian cell production of p ro ge sterone

[106], and possible changes in the psyche [107,108]. There are 

also reports of beneficial effects such as prevention of extreme 

nausea in patients undergoing cancer therapy and of intraocular 

p ressure in gl aucoma [108]. Plainly, substances which have such a 

wide variety of physiological effects must interact with a cell 

c o m p on e nt  which is common to mo st  cells. Although fatty tissue is 

known to harbor metabolites of A ^ - T H C  (the main psychoactive 

c om ponent of cannabis) for up to eight days [108] only a limited 

number of investigations [109,110] have seriously consid er ed  a 

fatty cons ti tu en t of all cells, namely their lipid membrane
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walls, as a possible repository for cannabinoids. This appears to 

be so inspite of the fact that the primary action site of "soft" 

drugs and anesthetics is general 1y thought to be the cell 

m embrane [110,111]. However, e lectron spin resonance stud ie s 

[109] have indicated that A ^ - T H C  has the ability to disorder 

liposome bilayers and meas ur e me nt s on the inhibition of the 

synaptosomal enzyme acyl transferase [110] indicate that 

c a n na bi no i ds  are lipophilic to the extent that they strongly 

affect this m em brane-bound protein.

This first report of neutron diffraction f r o m  cannabinoids 

in me mb ranes indicates that they can embed t hemselves in the 

hydro ca rb on  region of phospholipid membranes. Our conclusions are 

based in large part on a comparison study using cholesterol, 

wh os e location in membrane bilayers has been determ in e d in 

previous experi me n ts  [112,113] on m embrane systems similar to 

dipalmitoy 1 p h os phatidylcholine ( D P P C ).

3.2 Theory

3.2.1 Small Angle Neutron Diffraction

The principles of neutron diffraction are very similar to 

those for X-rays but some important differences which are due to 

the differences in properties of two types of radiations exist. 

This has been discussed earlier.
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In diffraction experiments, measu re m en t is made of the 

intensity of radiation of a particular wavelength, s ca t tered at 

an angle 20 with respect to the direction of the incident beam. 

If the scattering specimen consists of layered repeating 

struc tu re s of regular interval of spacing d, then the scattered 

radiation experiences interference which is constructive only in 

direc ti on s given by the Bragg relation:

n X  = 2d sin0 (3.1)

where n is an integer referred to as the o rd er  of the one 

dimensional diffraction.

Let us c onsider the scattering e xpected fr om  a periodic 

sample 1 ike crystal lattice or biological membranes. The 

scatt er in g potential appropriate for isotropic scatte ri n g in Born 

a pproximation is best represented by the Fermi pseudo-potential

V(r) = {2n^^/m)b s{v-R) (3.2)

where R is the position of the nucleus with neutron scattering 

length b. For an array of nuclei at Rj having scattering 

a mplitu de s bj

V(r) = (27lfi2/m) X b j  6(r-Ri) (3.3)
j

with this V(r) the master f o rm ul a  for the scattering c r o s s ­

section is
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'h^a/'^Q = k / k o ^ P A o P a o ^ l  <oA| ^ b j  exp[ i (Q.R j ) ] |0oAo> 1 2
Ao66 a )

X S(h£0+EA - E a )) (3-4)

where lAo> are the initial scatterer states with population P ao 

and (oo> are the initiaT neutron spin states with popul at io n Pao. 

For elastic scattering do/dG will be

do/dQ = ^ P a o Po o  ̂ e x p [ i O ' ( R j o  - Rj)] <OoA (b*j bjol OoAo>
Aofio io)

= ^ e x p ( {  iQ-(Rjo ' R j ) } |b*j bjoI (3.5)
3dJ

where |bj*bjo| = ^ p a o  < A o |bj*bjoi Ao> (3.6)

|bj*bjo| = b*jbjo = |b|2 for j=jo and

|bj*bjo| = (bjol2 = |bl2 for j=jo (3.7)

In general we can write

|b*jbjoI = ( b |z + 6jjo(|b|2 -I b |2) (3.8)

The expre ss i on  for do/dQ contains information about both 

the coherent and incoherent s cattering

d o / d Q = ( d o / d Q ) c o h + ( d o / d Q ) i n c o h  (3.9)
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where

( d a / d Q ) c o h  = e x p ( i Q . R j ) i 2  ( 3 . 1 0 )

and

(d o / d Q ) i n c o h = [ l b l ^ — I b | ^ ]  (3.11)

The c oherent scattering c ross-section is m a x im um  for Q=0 or Q = 

any point in reciprocal lattice i.e.

(do/dQ)coh = N(27t)3/VoX?(Q-h) lFH(h)|z (3.12)
h

which in fact Bragg reflection condition for h, and N is the 

number of unit cell and vo is the volume of the unit cell. Here 

FN(h) is

FN(h) = £ b j  exp(27tih.R3) (3.13)
j

where h is the reciprocal lattice vector.

The structural analysis of biological materials c onsists in 

finding a st r ucture whose diffraction spectra match the observed 

set. The s tr ucture factors are dependent on s tr ucture parameters 

of the specimen. To study the biological materials which have the 

layered structures such as membranes, we have to calculate the 

st ru cture factors F(n) for order n. The structure factors F(n) in 

d i f f er en t  relations give lot of information about the structure 

of the sample. Our aim was to know the structure of phospholipid 

me mb ranes containing a ®-THC, A ^ -T HC  and cholesterol inside the
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phospholipid membranes, A ce nt r osymmetric m embrane was assumed as 

in Fig 3.1 and the neutron scattering length density ^(x) is

given by

f(x) = F(0)/d + 2/dY.^in) cos{27inx)/d) (3.14)
ii=i

where F(n) is the structure factor of the nth peak and d is the 

repeating space. By Fourier inversion of equ.(3.t4) it follows 

that

a

f(x) cos(2Ttnx/d) dx (3.15)

O

A cc or d i n g  to Fig.3.1 d is given by

d = W + 2 H + 2 C + L  

d/2 = W/2 + H + C + L/2 (3.16)

Where W, H, C and L are the lengths for DzO, head group, 

cannabinoid and lipid region r e s p e c t i v e l y . A c c o r d i n g 1y fix) can 

be identified as

Ph .

Fc.

V.

0<x<(W/2)

CW/2)<x<(W/2+H)

(W/2+H)<x<(W/2+H+C)

( W / 2 + H + C ) < x < ( W / 2 + H + C + L / 2 )

(3.17)
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If we substi tu te  the above values for d and P(x) in equ . 3. 15  we 

get for F(n)

W/2

F(n) = 2
r

^w(x) cos(27rnx/d) dx

0

W/2+H

+ 2|^Ph (x ) cos(27inx/d) dx 

W/2

W/2+H+C

+ 2 Pc(x) cos(27tnx/d) dx
/
W/2+H

.W/2+H+C+L

+ 2 F l ( x )  cos(27tnx/d) dx
/
W/2+H+C

F(n) = 2Pw(x)

W/2
»■

cos(27 inx/d)  dx 

0

W/2+H

2P h ( x ) c o s (2 n n x /d )  dx
/

W/2

W/2+H+C

2 fc(x) cos(27inx/d) dx

W/2+H

W/2+H+C+L

+ 2fu(x)

r
cos(27rnx/d) dx

W/2+H+C

(3.18)
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The integrated intensities of the Bragg reflections 

obtained in a diffraction experiment are proportional to the 

square of the structure factor F(n). The m a gnitude of F{n) is 

determined experimental 1y from integrated intensity I (n) of the 

nth peak by relation

F(n) = [(sin 0 fi.sin2 0 n ) . I ( n ) ] (3.19)

where 2Gn is the Bragg angle of the nth order diffraction and 

( s i n 9 n .sin29n ) is the reciprocal Lorentz correction factor for 

cylindrical sample [114]. The sample A8-THC, A ^ - T H C  and 

cholesterol in membranes obviously have no preferred or ientation 

in cylindrical quartz tubes. At this stage the diffraction 

phenomenon shows a cylindrical symmetry around the incoming 

mo no en er ge ti c  beam. Each volume element in the sample diffracts 

the neutrons that are scattered by a given set of constituent 

planes of m e mb ranes on a cone, diffraction cone with semi-angle 

equal to the Bragg angle 29n. In most of the experimental 

techniques, all the intensity in the diffraction cone is not 

collected. A part of intensity is sampled and this collected part 

is related to the total di ffraction i ntensity through a 

geometrical factor which takes into account the fraction of the 

sample material that is in reflection orientation for particular 

reflection. This factor can be called as a “sample factor" and it 

is seen to be (sin9n)~^- The factor which is related to the 

sampled intensity with total cone intensity is strongly dependent 

on the method of data collection and it may be denoted as 

"detection factor". For our neutron diffraction experim en t the
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data w er e collected around the cylindrical sample parpendi cu la r 

to the incoming neutron beam, the data were proportional to a 

factor (sin20n)-^ related to the Bragg angle 26n. The complete 

reciprocal Lorentz factor for such an experi me n t thus becomes 

( s i n 0 n , s i n 2 0 n ).

The unique advantage of neutron diffraction for the 

eluc id at io n of biological structure is the large diffe re nc e in 

scattering length between hydrogen and deuterium [115]. This 

phenomenon is used to enhance the c ontrast in a biological 

membrane. The scattering density, P ,  of a mo l ecular co mponent is 

given by

(1
?  ̂  ( ^ a i b i ) / V  (3.20)

1=1

where a^ is the number of ith nuclei in the component, bi is the 

scatte r in g length of the ith nucleus, and V is the m ol e cu la r 

volume [116]. The overall enhancement in contrast, clearly favors 

the neutron diffraction experiment conducted in heavy water, D 2 O. 

O f  particu la r value is the e nhanced c ontrast between the m e m b r a n e  

mo le cular components obtained by using neutron diffraction rather 

than X-ray diffraction. For instance, the c o ntrast between DzO 

and lipid h y d r o c a r b o n , with neutron 1rradi ation, is 8-fold 

greater than w a t er -h yd ro ca r bo n contrast with X-rays. Another 

powerful t ec hnique involves contrast -m at ch in g  of particular 

m ol ecular species. Since the densities of the m embrane components 

are intermediate between those of H 2 O and of DzO, the ap propriate 

D 2 O co nc en ta r ti on  can be chosen to match the scattering density
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of one of the compon en ts  with that of the solvent.

The scattering density profiles F(x), equation (3.14) 

reflect the structure of the pure me mbrane and memb r an e 

c ontain in g A8-THC, A^-THC, and cholesterol. The differences in 

density profiles of pure m embrane and membrane containing a®-THC, 

A®-THC, and cholesterol ensure the inclusion of a ®“THC, a®-THC, 

and cholesterol inside the membrane.

One dimensional Patterson analysis may be em ployed to find 

out the diffe re nc e s in structures of the pure me mbrane and 

m e m br an e  containing A®-THC, A ® -T H C,  and c h o l e s t e r o l . One 

dimensional Patterson maps are calculated by Fourier 

t ra ns fo rm at i on  of the reflection intensities I(n)

N
P(x) = 2/d ^ l ( n )  cos(27inx/d) (3.21)

w here P(x) is the value of Patterson function at a real space 

d istance x and d is the repeat spacing.

The experimental values of structure factors have been 

c o mpared wi t h the theoretical values, obtained by using equ at io n  

(3.18). This comparison was made by using least square fitting 

p r oc edure which fits the different lengths of the con st it ue nt s  of 

membranes. This structural a nalysis shows the st ructure of pure 

m em branes and m em branes containing A®-THC, A^-THC and cholesterol 

and ensure the location of A®-THC, A 9 - t h c  and cholesterol inside 

the membranes.
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3.2.2 Ptiase Determi nation of Structure Factors

For the case of ce nt ro symmetric structure, the Fourier 

expression for the c oherent scattering amplitude density becomes 

a simple Fourier cosine series, shown in equation (3.14). A plus 

or minus sign for structure factor is used in the summation 

d epending on whether the phase of the reflection is 0 or n. It is 

very important to determine phase in o bt aining a ccurate 

structural information for membranes and lamellar structu re s of 

m e m b ra ne  c o m p o n e n t s .

There are several methods for phase d etermination of 

neutron diffraction studies of membranes [117]. One method is to 

change the w at er  content between bilayers so that the repeat 

spacing increases and the continuous Fourier t r a n s fo rm  of the 

c e nt ro sy mm e tr ic  unit cell of amplitude of the scattered radiation 

F(s), where s = 27tsin0/X

F(s) = J f ( x )  cos(27 ISx)  dx (3.22)

is sampled at d if ferent values of s. The minimum w avelength 

p ri nciple of Bragg and Peruz [1183 suggests that, the m ax im a and 

minima of F(s) are separated by a m i n im um  increment i n s  which is 

comparable to the reciprocal of the largest spacing. The sign of 

F(s) is determined in this way. In studies of lipid bilayers, the 

water content is usually varied by changing the relative humidity
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in the sample container. This method will be valid pr ovided the 

structure does not change as the water content changes. A l t h o ug h 

this requirement is not always satisfied, this method retains 

some use if the structural changes are small and gradual or 

g r a d u a l .

Another method of phase assignm en t in neutron di ffraction 

involves changing the scattering amplitude of the water in the 

structure by H 2 O - D 2 O  exchange. The structure factors of the Bragg 

reflections are linear functions of the isotopic comp os it io n of 

w a te r for a c e nt ro sy m me tr ic  structure. With simple assumptions 

about the distribution of water in the bilayers these functions 

may be interpreted in terms of phase assignments. It becomes very 

simple when the water is located only at the origin of the repeat 

unit between adjacent lamellar structures. Due to the large 

diffe re nc e between the c oherent scattering amplitudes of hydrogen 

and deuterium, the change of H 2 O to D 2 O at this position is 

similar to the X-ray procedure of introducing a heavy atom at the 

origin of ce nt r osymmetric s tr ucture [119]. The Fourier tra ns fo rm  

of this D 2O - H 2 O  “heavy atom" is a position constant which is 

additive to the structure factors of the rest of the structure. 

On the replacement of H 2 O by D 2 O  depending on whether the 

s t ructure factors are positive or negative, the diffraction 

intensities will increase or d ecrease respectively. An 

a lt er na ti v e procedure is to calculate the d ifference Patterson 

function

P(x) = ^ \ f ^ o 2o - F2o2o)n cos(27tnx/d) (3.23)
h
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which is the convolution of D Z O - H 2 O heavy atoms at the centre of 

s ymmetry with the rest of the structure. Th erefore P(x) gives the 

bilayer structure. This direct method of st ructure de te rm ination 

w as discussed by Speakman [120].

It is not always restricted that the me mbrane st ructure is 

centrosymmetri c . In that case above i deali zed analysi s is 

m odified for reasonable assumption that the s tr ucture co nsists of 

a hydro ph ol ic  region. THe difference Patterson function becomes

P{x) = ^ ( F d z o  - pHzofn cos(27inx/d) (3.24)
h

and the Patterson function is for water distribution. The
%

Patterson coefficients (Fd 2 o - F H 2 o)n are determined by 

m ea su r i n g  structure factors F(n) with three di ff erent isotopic 

com po si ti on s of water (HzO, DzO, S O X D z O - S O X H z O ) . The linearity of 

F(n) with isotopic composition determines (F 0 2 0  - F H 2 o)^n .

Cons id er in g that there is a hydropholic region which c ontains no 

water, the Patterson function can be interpreted to give an 

approximate water distribution and which in turn is used to 

determine phase assignments. 3 8 4 9 8 6

Another m e t h od  to determine the phases of the structure 

fac to rs is to use the ch em  i c a 1 k n o w 1edge of the m e m b r a n e  

structure. We have determined the phases of the s tr u cture factors 

by using the chemical knowledge of the membrane components. We 

make simple assumptions about the structure and s e le ct  phase 

combinations from 2" (n is the order of structure factor)
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poss ib li ti es  which give Fourier profiles co ns i s t e n t  with these 

assump ti on  [121]. If the chemical and the other structural 

knowledge is sufficient to propose a model for the structure, 

then the structure factors can be calcu la t ed  accordi ng to 

equation (3.18). The phases of the calculated F(n) can then be 

applied to the experimental F(n) and comparison made between the 

experimental and model profiles of the scattering amplitude 

density. A c co rding to our calculations the phases of the 

s tr ucture factors F(0), F(1) and F(2) were all found to be +.

3.3 Experimental Methods

3.3.1 Description of the Technique

technique is used for

biological m at erials like

Usually neutron diffraction 

structural analysis of crystal, 

m em branes etc. Cold and thermal neutrons are useful for this case 

for their right order of wavelengths. For structural a nalysis the 

scattered neutron energy is not required. Hence, the crystal 

spec tr om et er  is used in its double-axis mode for this technique. 

The reactor neutron beam is collimated as desired by using seller 

collimators. The background level is maintained very low using 

s uffici en t shielding around the m o nochromator and detector. The 

higher order c ontamination is avoided by using filter crystal. In 

this t ec hnique the neutrons scattered by the sample are scanned
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with a neutron detector around the sample. The angular step 

should be very small like 0.05 or 0.01 degree for precisional 

measurements. In this technique the Bragg sp ectrum of the sample 

is detected and this reveals the structure of the sample. The 

scattered neutrons are detected in the same manner as described 

in SANS t ec h nique in chapter 2. In powder diffraction technique 

the resolution should be very high. This t e chnique allows the 

c ollection of high accuracy data upto high s cattering angles. In 

powder diffraction technique usually the structures of 

polycrystals are investigated and it needs higher resolution than 

that in single crystal diffraction measurements. In this 

te chnique the de tector detects many Bragg angles and through 

proper analysis the structure factors for each peak are 

determi n e d .

To investigate the structure of the sample by using the 

neutron d if fraction technique the following stages should be done 

p r o p e r l y .

(1) Proper selection and preparation of samples.

(2) D etermination / information of unit cell and space group of 

c rystals and biological materials like membranes.

(3) A ccurate intensity data collection.

(4) Conver si on  of intensities to structure factors with proper 

application of the relevant corrections such as Lorentz 

correction, background, higher order contamin at i on  etc.

(5) Building of a model in which the arrangement of atoms / 

1ayer of atoms i s consi stent wi th the data col 1e c t e d ;
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Fourier synthesis.

(6) Least square fitting of model for refinement of structure 

along with tests for the corrections of the structure, the 

accuracy of coordinates etc.

3 . 3 . 2  M a t e r i a l s  f o r  N e u t r o n  D i f f r a c t i o n  S t u d i e s

The me mbrane structure has been shown in the Fig. 3.1, 

contains lipid, proteins and water. THe cell membranes play a 

vital role for intercellular activities. Membranes are permeable 

to water and bound the cells of the biological body.

A ® - T H C  (tetrahydrocannabinoid) and A S - T H C  are dangerous 

drugs. A growing body of evidence from both animal and human 

studies and fro m chemical obse rv at io n s attests to their 

deleterious effects on behaviour, performance and functi on in g  of 

various organ systems. The chemical structure of A ® - T H C  and 

A9-THC are shown in Fig. 3.2a and 3.2b.

Perhaps cholesterol is the most important sterol. It is 

widely distributed and has been known and studied for many years. 

Its chemical structural formula is shown in Fig. 3.2c. Since 

there are eight asymmetric carbons, th eoretically 256 

stereoi so me rs  are possible. The hydroxyl group on carbon-3 is in 

the position; therefore it is shown with a solid line bond. 

Cholesterol is probably a constituent of all animal cells. The 

corpus luteum and the adrenal cortex are particularly rich in
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^5^11

^21

T E T R A H Y D R O C A N N A B I N O L  ( /?- THC) A® T E T R A H Y D R O C A N N A B I N O L  ( T H C  )

(a) ( b )

C2 7 H 4 5 O H

C H O L E S T E R O L

Fig .  3 .2a -3 .2c  The chemical  s t ruc tu re  of  A® > ^ ® and c h o l e s t e r o l
r e s p e c t i v e l y .
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this lipid. Cholesterol is present in blood and bile and is 

usually a major cons t it ue nt  of gallstones, from which it was 

fi rs t isolated.

D i p a l m it oy lp ho sp h at id yl ch ol i ne  (DPPC) was o btained from 

Avanti Polar Lipids Inc., Birmingham, Alabama, USA, (catalog 

number 850355) and was found to have the same profile for 

differential scanning calorimetry as that reported previou sl y by 

Janiak et a l . [122]. Cholesterol (Choi) was obtained fro m Sigma

Chemical Co. of St. Louis, Missouri, USA, and i®-THC and A^-THC 

were provided by the Health Protection Branch of Health and 

W e l fa re  Canada in Ottawa. Both cannabinoids were found to be at 

least 99* pure by flame analysis spetroscopy. Various mixtures 

were prepared gravimetrically and all compositions are expressed 

as weight fractions. The method used for preparing aqueous 

dispersions was that of Janiak et a l . [122]. Known weights of

DPPC, with and without additives were dissolved in chloroform- 

methanol-ethanol solution (85:10:5) and poured into a glass tube 

with a narrow constriction at the centre. The solvent w as removed 

by drying in v ac uo  and appropriate amounts of deuterated water 

( D 2 O) added. The tube was then sealed and its contents centrifuge 

through the constriction at least 10 times at a temperature of 

app r ox im at el y 50®C. Two specimen types were prepared, one 

cotaining 50* D 2O  and the other, 67% D 2 O. The six specimens
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studied had the following composition

I

II

III

IV

V

VI

D P P C o . 4 5 ( A 9 - T H C ) o . 0 5 ( D 2 0 ) o . 5 0  

D P P C o .3 0 ( A ® - T H C ) o . o 3 ( 0 2 0 ) o . s 7  

D P P C o . 3 o ( A S - T H C ) o . 0 3 ( D z O ) o . 8 7  

D P P C o  . 4 5 ( c h o l ) o . 0 5 ( D 2 0 ) o . 5 o  

D P P C o .5 0 ( D z O ) 0 . 5  0 

D P P C o . 3  3 ( D z O ) 0 . 6 7

3.3.3 Experimental Set-up fo r  Neytron D iffraction Studies

The neutron diffraction experiments were carried out by 

using the triple-axis sp ectrometers identified as N5 and C5 at 

N.R.U. reactor (200 MW) at Chalk River Nuclear Laboratories 

(Fig. 1.1). For these measurements the analyser crystal had no 

use and the instrument was oparated in a doubl e- ax is  mode. 

C o m p ut er  s ys te m  was coupled with sp ectrometers and it was able to 

handle the spetrometer for measurements of many kinds of 

experimental set-ups. For neutron diffraction studies for above 

m e nt ioned six samples the experimental set-ups for N5 and C5 

triple-axis spectrometers were as follows:
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Table 3-1

Experimental set-ups for neutron diffraction measurements.

Spectrometer! Mono ch r om at or Filter ; Angu la r diverge nc e of J 

! soller collim at or s |

C5 Silicon(111) I B er y llium | 1/3°

Before 

sample (Ci)

After 

sample (Cz)

1/3<

N5 1 Pyrolitic 1 B er y llium | 1/3°

! g r a p h ! t e ( 0 0 2 ) { |

1 / 3 '

The monitors Mi and Mz for both the spectrometes were fission 

counters. The detectors for both the spectrom et e rs  were ^ne.

The measu re m en ts  were carried out on samples c on tained in 

sealed 1.5 mm I.D. cylindrical quartz tubes maint ai ne d at 30«C. 

The neutron wave lengths were either 3.99 or 4.08 A. T he higher 

order beam c ontamination was removed with a beryllium filter. The 

tr an sm is si on s  of the specimens were all in excess of 80*. The 

neutron diff ra ct i on  pattern was m easured as a f unction of 

scatt er in g angle 20 = 10° with a steplength in scatte ri n g angle 

of 0.05°. Two orders of reflection were obsereved, a strong first 

order peak and much weaker second order reflection. Because of 

the weak intensity of the latter, it was m easured at ten times
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the monitor value used for the first peak. In these m e as ur em en t s

we used the co nstant monitor counts. The sample was rotated at

the rate of 30 revolutions / minute to get the average counts of

the diffracted neutrons by the sample.

3.4 Data A nalysis for Neutron Diffraction Experiments

The neutron diffraction measurements were carried out on 

samples c on tained in sealed 1.5 mm I.D. cylindrical quartz tubes. 

For the cylindrical samples a Lorentz correction =

( s i n 9 n . s i n 2 9 n ) (29 is the scattering angle) was applied to all 

data. The background counts for sample container, quartz tube and 

for fast neutrons were subtracted fro m the data. A small angle 

background of the form e x p C - Q ^ T ® ) / q 2 was subtracted in the region 

of the first peak; it is depicted by the break lines in Figs. 

3.2a-3.21 This functional form (where Q=(4ti/X) .sinG and T is the 

bilayer thickness) accounts for scattering from isolated bilayers 

[123,58] wich may not have been aligned with other bilayers. 

Initial calc ul at i on s showed that the low-angle asymmetry of the 

peak was p redominantly due to resolution function effects. Two 

gaussians we r e used to de scribe the lineshape of the first order 

peak, one to represent the main peak and the second to represent 

the low-angle tail. The integrated intensities I(n) under these 

gaussians plus the small angle background discussed above were 

determ in ed  by a least squares fitting procedure. At the second 

peak position, a 1/Q^ background was assumed as prescribed [123] 

for larger angles, and data were fitted to a single gaussian. The
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F i g . 3.3a The observed first order reflection with fitted values

and fitted backgrounds from A ^ - T H C  (50% D 2O) embedded in D P P C .

102

Dhaka University Institutional Repository



oo

2 9 ( DEGREE )
Fig .  3.3b The observed second order  r e f l e c t i o n  with f i t t e d  
va lues  and f i t t e d  backgrounds froin A®-THC (50% DzCi) embedded in 
DPPC.
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2 G i D E G R E E  )

Fig. 3.3c The observed first order reflection with fitted values

and fitted backgrounds from A®-THC (67% D20) embedded in DPPC.
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Fig- 3.3d The observed second order reflection with fitted

values and fitted backgrounds from (67% DzO) e mbedded in

DPPC- .
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2 0 ( DECREE )

Fig .  3.3e The observed f i r s t  order  r e f l e c t i o n  with f i t t e d  va lues  
and f i t t e d  backgrounds from (67% D 2O) embedded in DPPC.
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2 e ( D£GHEE }

Fig .  3,3g The observed f i r s t  order  r e f l e c t i o n  with f i t t e d  va lues  
and f i t t e d  backgrounds from c h o l e s t e r o l  (50% DzO) embedded in 
DPPC.
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2 0 ( OEGRCe )

Fig. 3 . 3h The observed second order reflection with fitted

values and fitted backgrounds from cholesterol (50% DzO) embedded

in DPPC.
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Fig. 3.3i The observed first order reflection with fitted values

and fitted backgrounds from pure DPPC (50% DzO).
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2 e < D E G R E E  )

Fig. 3*3j The observed second order reflection with fitted

values and fitted backgrounds from pure DPPC (50% DzO)*
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^^*^^0.33  ̂'^2®^0.67 

1st. O R D E R  PEAK 

M E A S U R E D  V A L U E S  ooooo

2 9 ( D E G R E E )

Fig. 3.3k The observed first order reflection with fitted

values and fitted backgrounds from pure DPPC (67% D 2O ) .
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Z e  ( DEGREE)

Fig. 3.31 The observed second order reflection with fitted

values and fitted backgrounds from pure DPPC (67% DzO).
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integrated intensity of the peak above this fitted background was 

then d etermined by numerical integration and used in equation 

(3.20) to determine the structure factors of neutron diffraction 

by phospholipid m e mbrane and phospholipid m embrane containing 

A®- t h c , A^-THC and cholesterol. The s tr ucture factors were also 

c alculated by using equation (3.15) and compared with the

experimental values by a least square fitting procedure where 

some of the parameters of the model for theoretical calculations 

we r e kept constant as known values. This fitting procedure enable 

us to determine the unknown parameters of the model and ensure 

the s tr ucture of the phospholipid me mb ranes containing A®-THC, 

A®-THC, and cholesterol.

The data was analyzed in terms of step function model 

[57,124] with spatial parameters as defined in Fig. 3.1. It was 

earlier mentioned that we assumed the ce n tr osymmetric membranes. 

The one dimensional Patterson maps and scattering density

profiles we re  also calculated by using equation (3.22) and (3.14) 

respectively for both pure membranes and membranes containing 

a s - t h C, A9-THC, and cholesterol to find out the location of

cannabinoids in phospholipid membranes. The differences in 

Pa tterson maps and scattering density profiles ensure that the 

cannabinoids were embedded in membranes. Our model calculations 

suggest the location of cannabinoids as in Fig. 3.1.

The phases of the structure factors were determined through 

.analysis by using the chemical knowledge of the me mbrane 

components. These calculations involve the selection of phase
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combinations from 2'̂  p ossiblities which gave Fourier profiles 

consistent with our assumptions. The phases of the calculated 

F ( n )’s have been applied to the experimental F ( n )’s and by 

co mp aring the experimental and model profiles of s cattering 

amplitudes density, we determined the phases (signs) of the 

structure factors. The structure factors were used in some of our 

calc u la ti on s for analysis of data for neutron diffraction studies 

on pure memberanes and membranes containing A®-THC, and

c h o l e s t e r o l .

The CDC Cyber 175 computer at Chalk River Nuclear Labs, and 

IBM 4341 C omputer at Atomic Energy Research E s t a b l i s h m e n t , 

B an gl a d e s h  were used for analysis of data for neutron 

diffraction experiments. The already existing computer programs 

and some programs developed by the candidate were used for data 

analysi s .

3.5 Results and Discussions

A summary of the results obtained after analysis of six 

data sets is shown in Table 3.1. The Bragg repeat spacing, d, was 

determ in ed  by the peak profile function ( P P F ) least square 

fitting procedure. It can be seen from Table 3.1 that Bragg 

repeat spacing, d, increased by similar amounts when either 

cholesterol or cannabinoids were added. The d value obtained for 

pure DPPC in DzO is in agreement with previous me as urements 

involving high solvent solute ratios [122,125].
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The ratio, R, of the structure factors F(1) and F(2) for 

the first and second order peaks is seen to increase when 

c annabinoids are added to DPPC. The increase is not as great when 

cholesterol is added because of the difference in the scattering 

a mplitude densities of the cannabinoids and cholesterol (which we 

shall indicate below). It is found that within experimental 

errors R is the same for both cannabinoids.

Table 3 . 1

Experimental results for six specimens. The interlamellar repeat 

d i s t an ce  is listed as d. F(0) is the structure factor for zero 

order peak and it is obtained from model calculation. F(1) and 

F(2) are the structure factors of the first and second order 

d iffr ac ti on  peaks. They are proportional to the square root of 

the calcul a te d PPF intensities (see text). R = F(1)/F(2).

Sample d F(0) F(1) F(2) R

I 70.2 14.61±0.14 10.1 ±0.13 1 .09+0.1 9.27±0.8

II 73.8 17.13±0.12 11.8 ±0.1 1 .19 + 0.1 10.38±0.4

III 73.2 16.69±0.11 11.7 +0.1 1 .26+0.1 9.2810.43

IV 73.3 14.29±0.11 9.87±0.1 1 .81+0.1 5.95±0.32

V 62.4 11.36+0.12 8.31±0.1 1.93+0.1 4.3 ±0.24

VI 62.5 9.41±0.11 6.86±0.11 1.44+0.1 4.76±0.25
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C al cu l a t i o n s  were carried out with the bilayer model shown 

in Fig. 3.7 to compare the intercalation sites of cann ab i no id s 

with those of cholesterol. Utilizing the assumptions discussed 

below, values for the widths, C, of the aromatic ca nnabinoid 

regions and the interbilayer water thicknesses were derived and 

are listed in Table 3.2.

Table 3.2

Di fferent parameters obtained from model calculations.

s are i n the unit of XlO-12 c m / A 3.

Sample H(A) W(A) L(A) C(A) f(H) P(W) P(L)

I 5.5 28.2 17 7 0.029 0.064 -0.003

II 5.5 31 .8 17 7 0.025 0.064 -0.003

III 5.5 31 .2 17 7 0.025 0.064 -0.003

IV 5.5 31 .3 13 9 0.022 0.064 -0.003

V 5.5 33 18.4 - 0.069 0.064 -0.003

VI 5.5 33 18.5 — 0.069 0.064 -0.003

In all, the model comprised eight parameters, seven of 

which were obtainable from pr ev iousexperiments reported in the 

literature. Four of the eight parameters are the phospholipid 

headgroup width H, the inter-bilayer water thickness W, the 

p hospholipid hydrocarbon thickness L, and the width of a mixed
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region C, in the phospholipid hydrocarbon region where the 

additives are assumed to reside; the other four param et er s are 

the c o rresponding neutron scattering a mp litude densities 

designated f(H), /^(W), f(L) and f(C). The parameter P ( H )  is

known for dry membrane, but in the presence of excess water its 

value changes because water molecules are attracted to the polar 

headgroup layer [45]. Since D 2 O has a large p, it is pa rt icularly 

suitable for monitoring changes in i^(H) due to the addition of 

water molecules.

With a headgroup thickness H of 5.5 A [126] it follows from 

the data of Lis et a l . [125] that the hydrocarbon width, L, for 

the pure phospholipid in excess water is ^ 33 A. In the presence 

of m e m b ra ne  a dd itives this latter value was taken to be ~ 31 A by 

interpolation of the data of Lis et a l . for 8:1 and 1:1 ratio of 

DPPCrchol. Our ratio is about 5:1. The thickness of the water 

strip, W, were obtaned by Lis et a l . [125] and were 28,2, 31.8, 

31.2, 31.3, 33.0 and 33.0 A for sample I to VI respectively.

These values are in good agreement with Lis et a l . [125].

The f - v a l u e s  for the W and L are 0.064 x 10“̂ ^ cm/A^ and 

-0,003 X 1 0 " ’2 c m / A 3 respectively [125,127]. In our model the 

aromatic parts of the cannabinoids are assumed to lie in the 

pho s ph ol ip id  "L" regions in the manner previ ou sl y found for the 

aromatic part of cholesterol [113]. Furthermore, the hydrocarbon 

portions of the additives are assumed to blend in with the host 

hydrocarbons so that their contributions to the scattering can be 

almost neglected. The length, C, of the aromatic portions of the
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cannabinoids and cholesterol are estimated to be ^ 7 A and ^ 9 A 

in accord with their known structures [128]. The value of P ( C )  

can then be calculated by the method of Rand and Luzzati [112], 

w here the "molecules" included in the calculation contain 

appropriate fractions of steroid or cannabinoid. By this method 

p(C) values for cholesterol and ca nn a bi no id-containing membranes 

were found to be -0.0023 x I Q - ’2 cm/A^ and -0.0016 x l O - ’ ^  cm/A® 

respect!vely.

The only parameter left was which was then determined

by minimization procedure involving all six data sets. For pure 

DPPC, f ( H )  was found to be 0.069+0.005 x l O -’z cm/A3, while for 

s pe cimens containing cannabinoids and cholesterol the value was 

0.032±0.007 x 1 0 - 1 2  cm/A3. The dry value for P(H) is = 0.011 x

1 0 " ’2 cm/A3 [127]. The implication of our results for DPPC 

membranes in ’’excess water" [125] is that the headgroup region of 

the pure phospholipid becomes permeated with water. The addition 

of cholesterol and cannabinoids expels some of this water which 

then goes i nto i nterbilayer r e g i o n , W, and i ncreases i ts 

thickness.

It should be noted that these model c a lc ulations will not 

yeild absolute values for the different P ( H )’s; the calculations 

merely serve as a means of correlating results from the six 

samples. However, even if some of the parameters such as H or L 

are given d if ferent values, the same trend is observed in the 

changes which the additives bring about in ?(H).
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The scatteri ng density profiles and one-dimensional 

Patterson maps were calculated for six samples. The neutron 

s cattering density profiles have been c alculated using the three 

orders of reflections including the zero order reflection. The 

zero order reflection was calculated from least square analysis 

for model calculations. The zero order reflection has no effect 

on the nature of the density profiles curves except for an 

additive or subtractive factor at e very point of x in real space. 

The density profiles curves for pure membranes and membranes 

containing AS-jHC, AS-thC and cholesterol are shows in Fig. 3.4a 

and 3.4b. The separation between the low density troughs 

increases from 31 A in pure DPPC to 37 A in DPPC with

cannabinoids. Cholesterol, and /^®-THC, A®-THC with DPPC have 

similar density profiles apart from that of pure DPPC. This

indicates that the a s - t h C, A»-THC and cholesterol are similarly 

located as inclusion in the membrane interior just beneath the 

p h o s ph ol i pi d headgroups. This also indicates that the W region 

increases remarkably in presence of cannabinoids as that of 

c h o l e s t e r o l .

The one dimensional Patterson maps have been shown in Fig.

3.5a and 3.5b. These show their similar nature as that of density

profile curves. These curves are o btained by using equation

(3.14) and we have used the intensities of three reflections 

including the intensity of zero order reflection. The broad 

c or relation at 62 A for pure DPPC has been shifted to longer 

distances at 74 A for DPPC containing A®-THC, A ^ - T H C  and 

c h o l e s t e r o l .
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Fig .  3.4a Sca t te r i ng  dens i ty  p r o f i l e s  in r e a l  space f o r  ®-THC 
(67% DzO),  and ch o l e s t e r o l  (50% D2O) in DPPC and f o r  pure DPPC 
(6 7% D 2O ) .
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Fig.3.6a and 3.6b show the wide angle neutron diffr ac t io n 

profiles of pure DPPC and A ^ - t h c  in DPPC, and pure DPPC and 

-THC in DPPC. For these measurements the samples we re  contained 

in cylindrical quartz chambers having inner diameters ~ 5 mm. A 

neutron wa ve-length of 1.452 A was employed and the angular range 

was 1.2 < 26 < 27° in steps of 0.1°. The profiles of pure DPPC

differs fr om  that of s-THC in DPPC and a ^-THC in DPPC at an 

angle 29 « 17®.

Above discussions imply that A®-THC, A®-THC and cholesterol 

embedded in DPPC and A®-THC and a ®-THC are similarly located as 

that of cholesterol in the m embrane i nterior just beneath 

phospholipid headgroups.

Our model is almost certainly corr e ct  in assuming a 

sign if ic an t increase in water spacing, W, when cannabinoids are 

present. By means of X-ray diffraction Lis et a l . [125] have also 

o bserved a large increase in W due to cholesterol. Cholesterol 

itself seems to be similarly located i n human er ythrocyte 

me mb ra ne s [112] and model membranes [113], such as we have 

studied here. Our analysis is seen to be consis te nt  with the 

assum p ti on  that cannabi noi ds and cholesterol are similarly 

located as inclusions in the m embrane interior just beneath the 

phospholipid headgroups.

The neutron results also suggest that A®-THC andA*-THC 

produce similar effects on membranes. This result is in accord 

with work by G re enburg et al.[110] who  found little difference in
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the m e m b r an e- e xp an di ng  capacity of A ^ - t HC and a S-THC u si ng  a 

parachoric technique. But A®-T HC  in known to be much more 

e f fective than in inhibiting synaptosomal enzyme; it is

also much more psychoactive [110]. Therefore, the ps yc hoactive 

effect of A ® - T H C  is probably due to its interaction with membrane 

associated proteins, specifically those parts of the protein 

e m bedded in the lipid bilayer.
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In recent years considerable effort has been expended in 

computer studies designed with an ultimate view to understanding 

how the dynamical motion of proteins can affect enzymatic 

activity [129,130]. It is becoming widely recognized that more 

than a static "lock and key" m ec hanism is involved in enzyme- 

substrate interactions. Conformational changes in the enzyme 

probably occur just prior to activation. Furthermore, it is 

reasonable to assume that such conformational changes are allied 

to some large-scale resonance mode of the enzyme whose amplitude 

may be small in inactive state because of damping by internal 

constraints such as interpeptide bonding, e.g. thiolic bonding, 

or external constraints such as a modified aqueous environment. 

Although Raman scattering [131,132,133,134] appears to be a very 

effective tool for studying low frequency vibrations in proteins, 

nevertheless, molecular dynamics studies might benefit greatly 

from other measurements to serve as bench marks for theoretical 

calculations. Modes of vibrations which involve large fractions 

of enzyme volume are likely to be of low frequency and therefore 

amenable to study by i nelasti c neutron scatteri n g . It is 

measu re me nt  of this kind that we wish to present here.

4.1 Introduction
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Another feature of our measurements which should be

considered, is lowering of specimen temperature to liquid helium 

t e m p e r a t u r e s . Besides reducing mult i- qu an ta  process in the 

neutron scattering data [135] the value of such measurements lies 

in the fact that they serve as a check for anharmonic effects 

which one might expect for modes of vibration in a large 

het er og en eo us  molecule. If there were a large scale os cillation

present, it could affect the frequencies of higher and more

localized vibrations if the atom separations associated with the 

higher frequency motions were changed. An example might be the 

removal of local steric hindrance. On the other hand parabolic 

and hence harmonic potentials are not unknown for large scale 

o s c i 11ations [129]. Such potentials are possible because they 

effe ct iv el y average over much faster local oscillations. As a 

result the temperature dependence of large scale and small scale

motions may be quite different.

Here we present some data from an experimental program 

designed to explore the dynamical properties of globular proteins 

by neutron scattering in the low frequency region. In particular 

the low frequency vi brati onal spectra of alphachymotrypsi n 

(alpha-C), chymotrypsinogen A and hemoglobin will be compared in 

detail. A comparison of the first two is of interest because they 

have similar amino acid compositions and one (chymotrypsinogen A) 

is a precursor (a zymogen) of the other.

It has recently been shown that neutron spe ct ro s co py  offers 

a means of a cq uiring experimental data for comparison with
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mol ecu!ar dynami cs calculations on protei ns [136]. D e t a i 1 

calculations of the low frequency motion in bovine pancreatic 

trypsin inhibitor (BPTI) indicated that several sharp peaks 

should be observed in the neutron scattering spectrum, but none 

were observed [137]. Here we present results which show a well 

defined peak for another e n z y m e , a l p h a - C , for which d e t a i 1 

c alculations have not as yet been carried out. In comparison to 

the peak of alpha-C we got much weaker peak for c h ym ot ry p si no ge n 

A and hemoglobin. We will try to explain the reasons in the 

section 4.5 of this chapter. BPTI has a molecular weight of 6,500 

and is composed of 50 amino acid residues. Even when most of the 

hydrogen atoms are not explicitly included in the calculations, 

BPTI is found to have some 300 modes of vibration below 4.5 THz 

[136]. Alpha-C has 241 residues and molecular weight of 25,000. A 

molecule of alpha-C contains over 3,000 atoms and hence more than 

9,000 modes of atomic vibration are possible. Thousand of modes 

of vibration are possible for hemoglobin molecule. There is 

evidence based on computer calculations that atomic motions of 

1arge proteins are collective [137] and i nvolve correlated 

motions of distant parts of the molecule. Such motions could be 

a ssoci at ed  with fluctuations involved in enzyme function.

Neutron spectra might be affected by the presence of a 

solvent that can contribute a large background component to the 

scattering. For this reason, we have followed previous authors 

[131] and have made measurements on dry proteins. As Peticolas 

[133] has pointed out, when large m ol e cules are in solution, the 

v iscosity of the solvent w i 11 dampen the low frequency
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osc il la ti on s of the molecules and, if there are strong random 

fluctuating forces due to Brownian motions, these low frequency 

osc il la ti on s mayacquire a stochastic character. However, damping 

is not too severe, one might expect the resultant osc il la t io ns  to 

have very nearly the same spatial displacements as their harmonic 

counterparts. Some changes in the dynamics of BPTI have been 

calculated for side-chain atoms in cotact with the solvent [138] 

but the backbone atoms appear to be much less affected. Solvent 

effects should be smaller for a large molecule like alpha-C 

because the ratio of volume to surface area i s g r e a t e r . 

Consequently, it is expected that the density of the vibrational 

states, g(̂ *i ), will not differ significantly from that in 

s o l u t i o n .

Alpha-C, chymotrypsinogen A and hemoglobin belong to a 

class of proteins which are globular in shape. The low frequency 

dynamics of alpha-C molecules has previously been interpreted 

[136] in terms of collective vibrations associated with the modes 

of deformation of spheroids.

4.2 Theory

4.2.1 Inelastic Neutron Scattering

The phenomenon of inelastic scattering of neutrons from a 

system involves exchange of neutron energy and m o mentum with the 

system. A thermal neutron can exchange a part of its energy and
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m om en t u m  with an elementary excitation in a solid and biological 

materials e t c . This fact 1mplies that if we can measure the 

energy and m omentum of the neutrons both before and after the 

scattering event, the data produced in this experi me nt  can be 

analyzed to obtain the spectrum of the excitations in our system.

The inelastic scattering cross-section is di rectiy 

proportional to the dynamical structure factor S(Q,CO) m odified by 

the scattering properties of the constituents. This S(Q,W) factor 

is a ch ar acteristic of the system. hQ and h W  are m omentum and 

energy transfer vari ables r e s p e c t i v e l y . If we ignore the 

modi f ic at io n in hc>i , at that stage the S ( Q , W  ) is the double 

Fourier transform of the space-time correlation function of the 

con st it ue nt s of the system. This includes the quanta of thermal 

(phonon) and magnetic excitations (magnon) respectively. The 

peaks in the spectrum S ( Q , W  ) usually correspond to these 

elementary excitations [139,140,141,142].

Mainly there are two kinds of excitations namely collective 

and individual excitations. The collective excitations are result 

from the cooperative motions of atoms and molecules and on the 

other hand the individual excitations result from the individual 

motions of the atoms and molecules. All of the inter-atomic and 

inter—molecular interactions are relevant to both the class of 

motions. The individual motions are viewed as the motions of 

i ndi vi dual parti cles due to an average i n f 1uence of the 

surrounding and due to the inter-molecular interactions in case 

of the internal vibrations of molecules.
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The coherent inelastic neutron scattering technique is 

employed to study the collective excitations of the molecules, on 

the other hand the incoherent neutron spectroscopy is employed to 

study the individual particle motions. The incoherent scattering 

technique is also used to sample the entire spectrum of the 

collective excitations while viewed as the spectrum of motions of

i ndi vi dual parti c l e s .

There are a variety of spectra in different systems that 

can be studied by neutron inelastic scattering. In our context, 

we are interested in vibrational spectra of biological molecules 

such as globular proteins.

Inelasti c neutron scatteri ng techni que has a uni que 

contribution to molecular spectroscopy. Neutrons are able to probe 

those excitations that can not be observed op tically due to 

specific selection rules and weak intensities due to specific 

electrical properties of the molecules. The biological molecules 

contain hydrogen atoms and neutron scattering is particularly 

suitable for these molecules sometimes partially and sometimes 

fully deuterated and that very significantly varies the coherent 

and incoherent neutron scattering cross-sections corresponding to 

excitations of some molecular groups like CHs or NHa groups in a 

large m ol ecular system.

With the help of neutron spectrometers capable of very high 

energy resolution at s m a l 1 wave-vector transfer, Q, it is 

possi ble to make useful measurements on a variety of
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ma c ro mo le cu la r  systems [142], We can explore the potential of

such exper i me nt s by calculating the Van Hove scattering function 

for c oherent scattering S(Q,Oi ), for realistic models of some 

m a c r o mo l ec ul ar  systems. Though the basic quantity to be m easured 

in an inelastic scattering experiment is the differential

scattering cross-section as a function of energy change and angle 

of scattering d^o/dQ dE, it is not always necessary or possible 

to measure this for all angles and energies. We need the quantity 

S(Q,Ca) ) where Q and CO are two variable parameters. These two 

parameters Q and follow the conservation laws of energy and 

m o m e nt um  for neutron scattering from atomic vibrations

Eo - E = f)<̂

ko - k = Q (4.1)

where h is P l a n c k’s constant, Eo and E are the incident and

scattered energy respectively, and ko and k are respectively the 

wave vector of the incident and scattered neutrons. The 

frequency, oi , was scanned at selected neutron m omentum transfers 

Q. The quantity S(Q,C^) is related to the differential cross- 

section [143] by the relation

d2o/dQ dE = A S(Q,c:)) (4.2)

The scattering function S(Q,W) is given by

S(Q,«) = 1/2JTfi dr dr exp( i (Q. r-WT) G(r,x) (4,3)
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where G C p .t ) is the space-time correlation function and A is 

given by

A = Nb2k/ko (4.4)

where N is the number of particle present and b is the scattering 

length. Equations (4.3) to (4.4) apply to a mo notonic system.

An outline of the theory applicable to our experi me nt  has 

been given by Smith et a l . [136]. These authors descri be

scattering in terms of the incoherent scattering function

vil> . >S 1 n c ( Q  )

S 1 nc (Q,c*i) = T b ?  ,int exp[2Wu ( Q) ] T1 exp[n fiu3/2KBT]
U-1 >=■*
X tti IQ.C l M  / {2mLt0^sinh(fiu)/2KBT)}]

3N-6
X S((0- "g^nxCO^) (4.5)

where bu.inc is the incoherent scattering length of the Lth atom, 

W l (Q) is the Debye-Waller factor for nucleus L

W l (Q) = IQ.C l ; 2 coth (fit^V2K bT ) (4.6)

where is the angular frequency of the ^th mode, K b is the

Boltzmann constant, T is the temperature and mi is the mass of 

the Lth nucleus, n is the number of energy quanta of the Ath

mode transferred to the system, Inx[ ---  ] is the n th order

modified Bessel function, C l is the normalized mass-weighted 

amplitude vector for the Lth atom along the Xth normal mode; the
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c"l are defined in a molecule fixed coordinate system and 6 is the 

function which expresses energy conservation and shows that 

energy is exchanged only in discrete amounts corresp on di n g to 

combinations of vibrational energy quanta. The superscript "vib" 

indicates that the scattering is assumed to arise from atomic 

vibrations. Q  a n d  CO , are respectively, the wave-vector transfer 

and frequency transfers. The applicability and usefulness of this 

function is based on three assumptions;

(1) The large incoherent scattering of hydrogen will dominate 

the neutron scattering response. This follows because of the 

atoms in protein are hydrogen and the incoherent cr oss-section of 

hydrogen is an order of magnitude greater than that of heavy 

atoms (principally carbon and oxygen).

(2) At low frequencies the hydrogen atoms follow the motion 

of the heavy atoms to which they are attached. This permits a 

calculation of the dynamics in terms of the "extended atom" 

a pproximation [136] in which hydrogen atoms are assumed to be 

rigidly attached to their heavy atoms neighbors.

(3) The displacements of all "extended atoms" are the same. 

For low frequency modes, all atomic displacements tend to be 

similar. This is confirmed by the calculations for 0PTI [137], 

which indeed indicate that the amplitudes of the atomic motions 

are similar at low frequencies.

If these assumptions are valid, the density of vibrational 

states, g(CO) ='^6(03 at low frequencies is proportional to

vib
s T n c ( Q , O i ) and can be obtained to a good ap proximation from 

s'ine(Q,C*i) under certain limiting conditions [136]. On the other
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h a n d , if atomic displacements vary greatly, Sinc(Q,CO ) is 

proportional to the a m plitude-weighted density of states G(CO) 

[136]

aK-6 N
G(0>) ^ ( b L 2 ,  I n c l C L l V m L )  S(CO-CiA) (4.7)

=̂̂  L-'*

Unlike the t i m e - o f - f 1 ight method used previously for 

proteins [137] the present work employed a neutron scattering 

technique which yields sY‘nc(Q,0) ) directly, This technique is 

called the constant-Q, variable incident energy method of neutron 

scattering [141]. It utilizes a triple-axis spectrometer with 

fixed analyzer energy and an incident beam monitor whose 

sensitivity is directly proporti onal to neutron w a v e l e n g t h . 

Incident and scattered neutron energies are determined from Bragg 

angles of mono ch ro ma to r  and analyzer crystals. The scattering of 

neutrons from modes of atomic vi brati ons i s governed by the 

cons er va ti on  laws of energy and momentum as shown in equation 

(4.1).

Sometimes for certain samples one needs to measure the 

quantity S ( Q , W  ) with one parameter variable and the other kept 

constant. The advantage of the triple-axis spectrometer is that 

such selective experiments can be performed while in other 

methods 1 i ke chopper or ti m e - o f - f 1 ight experiment both the 

parameters v a r y , The mechani cal desi gn of the tri ple-axi s 

s pe ctrometer makes it possible to vary the parameters like 

incident neutron energy Eo, scattered neutron energy E, the angle 

of crystal 1 ographi c orientation of the sample 'K and the
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scattering angle <t> continuously. The automation of a triple-axis 

s pectrometer which can vary the above mentioned parameters play a 

major part for enabli ng speciali zed experi ments 1 i ke the 

"constant Q" method for performing many inelastic neutron 

scattering experiments like phonon dispersion relations 

m e a s u r e m e n t s .

4.2.2 C onstant Q Method

The constant Q method was introduced by Brockhouse [144] in 

1360. In this method Q is kept constant, the energy allowed to 

vary so that, the conservation conditions may be satisfied for 

some value of the energy change. In the constant Q experiments if 

ko or k is allowed to vary over a range of energy within which 

the energy transfer equals the energy of the vibrational energy 

of lattice (phonon) or macromolecules, represented by Q  then tve 

are sure to observe a neutron group which will have the required 

wave -v ec to r q of vibrational energy (p h o n o n ) of 1attice or 

macromolecu 1e s .

The wave -v e ct or  transfer Q  may be resolved in the plane of 

the spectrometer into the two components Q1 (vertical) and Q2 

(horizontal). Then the conservation conditions [143] follow as

Q1 = -ko sinV^+ k sin(<fr+t)

Q2 = ko c o s V -  k cos(it'+'l') (4.8)
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Now it is possible to hold the given values of Q1 and Q2 constant 

by keeping fixed ko ( 2 6 m )  and computing the other three

parameters k, if and <t> or keeping fixed k ( 2 8 a )  and computing ko ,Y 

and <t>, 2 0 m  or 2 0 a  is allowed to vary in equal increments to cover 

the range within which the vibrational energy of lattice (phonon) 

or vibrational energy of molecules should occur. These typ'^s of 

experiments are possible to perform, by using the programmable 

automatic triple-axis spectrometer.

The constant Q method has many advantages. Phonons of

predetermined q can be obtained in this method with required

information by saving time. On the other hand, the changed value 

of q gives a certain extent of the observed width of the neutron 

d istribution in the earlier methods. In other words, a region in 

reciprocal space is sampled by the distribution which is 

dependent on factors like the angular collimation of the incident 

and o utgoing neutrons as well as the gradient of the ( i) ,q) 

relation at the value of q. In the constant Q method, every time 

the mom en t um  c on servation condition is satisfied the Q value is 

predetermined and as a result the phonons are usually sharper. In 

speci ali zed experi m e n t s , for example those concerni ng the 

temperature variation of phonon frequency, this method certainly 

allows to observe always the phonon for the same q and hence the 

widths are readily comparable, but in the earlier methods this is 

not possible. In general, one can fix Q at any value and obtain 

all the values of 60 to different polarizations easily, provided 

the intensity factor is sufficient [143]. All those advantages 

have made the triple-axis spectrometer very suitable for phonon
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studies even though the pulsed t i m e - o f - f 1 ight instrument has 

higher rate of data collection capacity.

4.2.3 Frequency Equations for Vibrating Sphere

When the motion of every particle of a body is simple

harmonic and the period 2n/p, the displacement is given by the

formulae [149] of the type

u = A u'' cos(pt+e)

V = A V'' cos(pt+e) (4.9)

w = A cos(pt+e)

where u^, v^ and w'' are the functions of x, y and z, and A is the

amplitude of the vibratory motion. When the body is vibrating

freely, the equations of motion and boundary conditions can be 

satisfied only if p is one of the roots of the frequency 

equations. In general the quantities u'', v'' and are treated

here as components of displacements.

The equations of small motion of the body [145] are given

by

( X + M ) ( ^ A / S x , D A / 3 y , D i / 5 z ) + M V 2 ( u , v , w )  3 2 v / 5 t 2 ,  ^ w / ^ t M

------------  (4.10)

where A =  ?!u/c>x+c)v/c!y+1)w/?>z, ? is the mass density and m is
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defined as m =?V^ (V is the velocity of waves of distortion). 

When u, V and w are proportional to cos(pt+e) then we obtain the 

equations by using formulae (4.9)

( ^+M ) ( c)A/3x , c)A/dy , ̂ ;i/3z)+M V  2 (u, V ,w)+?p2 ( u , v, w) = 0 (4.11)

Differentiating the 1 eft hand side of these equations with 

respect to x, y and z respectively and adding the results, we 

obtain an equation which is given by .

( v 2 + h 2 ) A  = 0 (4.12)

where h^ = pz P/(A+2m ) (4.13)

If we put = p ^P/m equations (4.11) become

( v 2 + k 2 ) ( u ,  V ,  w ) = (1-k2/h2)(aA/3x, ^ A / a y ,  B A / a z )  (4.14)

If we consider that a  is determined so as to satisfy equation 

(4.12), then one solution (u1, v 1 , w 1 ) of the equations (4.14) is

(u1, v1 , w1 ) = - 1 /h2 (^A/^x , / 3 y , d^/dz), more complete

solution is obtained by adding to these values for u 1 , v 1 , w 1 , 

complementary solutions (u2, v2, w2) of the system of equations

( V 2  + k2)u2 = 0, ( '^2 + kZ )v2=0, ( V 2  + k2)w2=0 (4.15)

and
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x + ^ v 2/3 y+2)w2/^ 2 = 0 (4.16)

when these functions are determined the displacement can be 

written in the form

( u ,  V ,  w )  = A(u1+u2, v1+v2, w1+w2) cos(pt+e) (4.17)

Taking X n  and ♦n*., to be any two solid harmonics of degrees 

indicated by their suffixes, we have solutions of equations

(4.15), (4.16)

U2 = ̂ ['♦̂ n( kr )( yt>OCn/d Z - Z^Xn/dy + «̂t>n ♦ i/<)x) -

( [ n + 1 ] / [ n + 2 ] )tn + z ( k r ) k 2 r 2 " * 5  x(<tn+i/r2n + 3 ) (4.18)

The correspond ing forms of v2 and w2 are obtained from here by

cyclical interchange of the letters x, y and z. In equation

(4.17) A  is represented as follows

A  = n(kr) (4.19)

where n is a spherical solid harmonic of positive degree n, the

summation refers to different values of n, n(x) is the function

determined by the equation

"̂ ,,(x) = (1/x d/dx)f’ (sin(x)/x) (4.20)
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We have to apply this analysis to the problem of the free 

vibrations of a solid sphere. In this case we need to calculate

the traction across a spherical surface with its centre at the

origin. The components Xr, Yr, Zr of this traction are expressed 

by the formulae of the type [145]

r Xr/M = ^/^x( u x + v y + w z ) + rc)u/c>r - u (4.21)

Here A  has the form given in equation (4.19) and u, v, w have 

such form

u = - 1 /h 5i/5 x + [ Mfn( k r ) (Y z-2 3 V 3 y +  ^+nn/c)x) ~(n+1)/(n+2) 

\^n+2{kr)k2 r 2 '’*s 3/^ x ( n+1/r2« + 3 ) ] (4.22)

The coordinate of the several harmonic functions , , to

the above expressions have been shown by Love [145]. Complete 

expressions for the tractions Xr, Yr, Zr can be written in 

accordance with equation (4.21) and the conditions that these 

tractions vanish at the surface of sphere r=a in forms of which 

the type is

[pn(y^3Cn/i)z - ZtiXn/dy) Eln^^n/dx + bnr^i + a 0/cl X (COn / r 2 « + 1 )

+ Cn^<fn/^X + dnr^" + 3 V^X(<tn/r2n+1)] = Q (4.23)

where p n , an, bn, c n , dn are constants. The expres sions for these

constants are shown by Love [145]. There are two other equations 

1 i ke equation (4.22) whi ch are to be obtai ned by cycli cal 

interchange of the letters x, y, z. These equations hold at the
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surface r=a. From equation (4.23) it was shown by Love that the 

vibrations fall into two classes. In the first class Oih and+n 

vanish, and frequency is given by the equation

P n  = 0 (4.24)

In the second class vanishes and the frequency is given 

by the equation

andn - b n C n  = 0 (4.25)

The normal modes of oscillations of a freely vibrating 

sphere of compressible material are given by Love [145]. For 

isotropic material where Lam6s elastic moduli are equal and 

P o i s s o n’s ratio is 1/4 the lowest three modes of vibration occur 

in the frequency ratios: 0.84 : 1.41 : 1.83. The spherical Bessel 

function orders associated with these vibrations are 2, 0 (second 

class of vibration) and 1 (first class of vibration) 

respectively. For n=2 the vibrations involve shear and sphere is 

distorted into an ellipsoid of revolution becoming alternately 

prolate and oblate according to the phase of the motion. Such a 

mode would not be Raman active. For n=0, the motion is entirely 

radial and symmetric and Raman active. For n=1 the mode involves 

a shear motion of successive shells and would not be Raman 

active,

Yukio Suezaki et a l . [63] mentioned the breathing mode of

motion of globular proteins. In this type of conformational
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fluctuation, the relative distance between various parts of a 

protein fluctuates with small amplitudes, maintaining the 

topological connectivity between them. According to them [63] for 

low frequency motions in which wavelengths are longer than the 

size of individual residues, globular proteins would behave as 

continuous bodies. The globular proteins were considered as 

homogeneous elastic bodies of spherical shape. The spectroscopy 

of earth dynamics (146] show that the angular frequency of the 

vibration of an elastic sphere is given by

CO = 2n ^  = (jr2E/Pr2 ) ’ 

and

i>= 1 / 2 ( E / F r 2 ) ’̂2 (4.26)

where E is Y o u n g’s modulus of the elastic material and, P  and r 

are the mass density and radius of the sphere respectively.

Go et al [64] described the dynamics of a small globular 

protein. According to them the dynamics of a protein molecule is 

determined by both the kinetic and potential energy functions in 

terms of dynamic variables. The potential energy was referred to 

as conformational energy for analysi s of conformati ons of 

bipolymers. It was described in a paper by Noguti et a l . [147]

that they examined the shape of the conformational energy surface 

of an isolated BPTI molecule near a minimum point corresponding 

to a X-ray crystal structure [148]. Very near to the minimum, the 

energy surface is a multi-dimensional parabola characterized by 

the second derivative matrix F at the minimum. They observed
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[147] that the energy surface was a good parabola within the 

range of thermal fluctuations along &0% of orthogonal directions 

that diagonalize the second derivative matrix F. Along the 

remaining 20% of orthogonal directions moderate anharmonicities 

of the energy surface were observed. This indicates that the 

dynamic structure of the protein molecule in terms of collective 

variables may be useful.

The conformational energy E is given by them [64]

E = 1/2 (4.27)

where 4 6 m is the deviation of the jith dihedral angle from that 

at the m i nimum point and fM»̂  is an element of matrix F. The 

coefficient matrix H = (h|i>> ) in an expression for the kinetic 

energy T,

T = 1/2 A 0 m A0P (4.28)

of the internal motions in the protein molecule is calculated by 

the authors [64]. The normal modes of vibration and their 

frequencies are obtained by solving the generalized eigen value 

equation

Fj A0i = (27T^i )2 H A0i (4.29)

where S)i is the frequency of the ith normal mode and ^6i is the 

vector whose Mth component AQi is the amplitude of variations
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in dihedral angle 6m in the ith normal mode.

4.3 Experimental Methods

4.3.1 Description of the Technique

The inelastic neutron scattering measurement technique 

involves the selection of monoenergetic neutrons and m e asu rement 

Of energy or momentum of the neutrons scattered by the sample. In 

inelastic scattering of any radiation from a system involves 

exchange of energy and momentum with the system. In our context, 

a thermal neutron can exchange part of its energy or momentum 

with an elementary excitation in a solid. It implies that if we 

can measure the energy and momentun of the neutrons both before 

and after the scattering with sample, these data can then be 

analyzed to determine the spectrum of the excitations in our 

system.

A triple-axis spectrometer is a versatile instrument which 

can measure a series of Eo, ko, E, k (incident neutron energy, 

i ncident neutron w a v e - v e c t o r , scattered neutron energy and 

scattered netron wave-vector) in such a way that all the time 

either Q(=ko-k) or 00 C=(Eo-E)/h) is held constant. Any peak in 

the neutron counts in such a scan (the series of measurements) 

would correspond to a peak in S(Q,tii ) with constant Q or 

constant . A large number of such measurements of peaks in the
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S(Q,t^) can be used, for example, to identify several points on 

the phonon dispersion relation Oi(q) (q is the reduced wave 

vector in the first Brillouin zone).

It is a matter of elementary vector algebra to obtain the

analytic algorithm for the angular settings of a spectrometer 

corresponding to the various points on the scan. This algorithms 

are the part of the control electronics of the triple-axis 

s p e c t r o m e t e r .

For any scan in a given X-Y scattering plane the unknown

parameters to be determined are co , Qx and Qy . In an inelastic

neutron scattering experiment,the variable parameters are ko, k,4 

and M'" ( incident wave v e c t o r ,scattered wave vector,scattering

angle and sample orientation respectively). In constant Q or 63 

method out of four variables one variable can be held constant 

using a triple axis spectrometer. Usually the fixed variable,for 

convenience is ko or k. For carrying out the scan in the three 

parameters -space of (Qx, Q y , CO ), the variable may only be 

i.e. constant Q  or only the m agnitude of Q in fixed and the

ditection of Q. Other type of scans are also possible. This kind 

of scan procedure is particularly suitable for the experiments on 

a triple-axis s p e c t r o m e t e r ,where one has complete freedom over 

both ko and k in the given range (for a particular spectrometer) 

for angular ranges available and the crystals used as the 

monochromator and analyser for a s p e c t r o m e t e r . In other special 

instruments there may be certain restriction. For example the 

fitler detector spectrometer uses an analyser, a crystal filter
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which transmits neutrons of below a certain fixed energy. Thus E 

is distri buted between zero and a cut-off , not as an

approximate gaussian peak at an average energy, but more like a 

triangular or a truncated gaussian curve. Inspite of the draw 

back of filter detector s p e c t r o m e t e r , it has the advantage of 

measuring larger energy phonons for the same incident Et> since E 

is now smaller than that on a conventional triple-axis 

s p e c t r o m e t e r . Moreover, the intensity on a filter detector 

spectrometer is increased, though at the cost of resolution, 

since it uses a larger spread in E. It is also mentioned that the 

measure ments would be usually prefered with the filter at room 

temperature than at low temperature [149] since that gives a 

smaller spread in E and hence a better resolution.

With the use of an analyzer based on the t i m e - o f - f 1 ight 

method, data can be collected for E over a large range of values 

for each position of the scattering angle. Such a large amount of 

data is obtained at the cost of much smaller duty-cycle for the 

incident neutrons than on a triple-axis spectrometer (on a steady 

state reactor) due to the requirement of pulsing the beam. Also, 

the large data may not be easily related to a systematic 

(constant Q or a constant type) scan for the search of desired 

phonon. It is for this reason that the t i m e - o f - f 1 ight analyzer is 

usually not used for measurem ent of phonon or magnon dispersion 

relation on a steady state reactor. But t i m e - o f - f 1 ight method is 

useful for measurement of only the entire spectrum due to the 

total density of the states.

151

Dhaka University Institutional Repository



4.3.2 Materials for Inelastic Neutron Scattering Experiments

Bovine a lpha-chymotrypsin and bovine chymotrypsinogen A are 

two protein molecules. Both of them have the sirrtTlar amino acid 

compositions and chymotrypsinogen A is a precursor of alpha- 

c h y m o t r y p s i n . Human hemoglobin is the iron content of human 

blood. These molecules are supposed to be globular proteins.

Lyophilized samples of hemoglobin(Sigma, type IV), bovine 

a 1pha-chymotrypsi n (Si g m a ,type I I ) and bovi ne chymotrypsi nogen A 

(Si g m a , type II) were used without further puri fi c a t i o n . 

Henceforth these three specimens are referred to as alpha-C, 

chymotrypsinoge n A and hemoglobin. Most of the samples were 

quickly transferred to quartz on vanadium casettes and sealed 

within minutes. Some samples were dried overnight in a dessicator 

containing phosphorus pentoxide. No changes in the scattering 

were detected as a result of this drying procedure. Typical 

samples utilized in our experiments weighed approximately one 

gram.

4.3.3 Exprimental Set-up for Inelastic Neutron Scattering 

Experiment

In this experiment we used the N5 triple-axis spectrometer, 

operated in triple-axis mode, at NRU reactor (120 MW), Chalk 

River Nuclear Labs. The experimental conditions are tabulated in 

Table 4.1. The incident and scattered beam were defined by slits
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of rectangular cross-section which yielded angular divergence of 

1/ 2 ®.

Table 4.1

Experimental conditions for 

experiment. (1 THz = 33.3 cm"'')

i nelastic neutron scatteri ng

Run Monochromator Analyser Analyser Resolution

energy (THz) (THz)

I Si 1 icon (11

II Silicon (11

III Germanium (

IV G e r m a n i u m  (

V Si 1 icon (11

)

)

1 1 )

13)

)

Si 1 icon (111) 2.5

Si 1 icon (111) 4.5

Graphite (002) 4.2

Graphite (002) 3.4

Si 1icon (111) 2.5

0.24

0.3

0.28

0.2

0.2

The incident beam was filtered by 5 cm of sapphire in order 

to suppress short wave!ength components in the incident neutron 

beam. The s p e cimen shapes in run I and II were solid cylinders 

while a cylindrical shell of protein was utilized in runs III, 

IV, and V. All measured spectra were corrected for fast neutron 

background. Elastic scattering measurements were carried out to 

check for evidence of crystal 1 inity (i.e. Bragg reflection) but 

none was found, although visual examination of individual grains 

suggested an ordered stucture. In all cases, the specimens were 

rotated in the beam at a rate of at least 20 turns per counting
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period in order to average out effects, which might arise from 

residual preferential orientation. For room temperature 

measure ments the samples were contained in fused quartz while for 

low temperature measurements a thin-walled vanadium cassette was 

used. All samples were characterized by measuring transmissions 

through their centre sections. These measurements are referred to 

in experim ent as TTC (transmission through centre) measurements.

4.4 Data Analysis for Inelastic Neutron Scattering Experiment

By fitting structure factor amplitudes calculated from 

1attice dynami cal models to observe neutron scatteri ng 

intensities it is possible to account for the scattering from 

single crystals of simple biomolecules [150]. H o w e v e r , the 

protein molecules investigated here have a large number of atoms 

in them. For example in alpha-C there are 3000 atoms per molecule 

and hence the number of vibrational modes is in excess of 9000. 

Unless a molecular dynamical calculation were undertaken it would 

be difficult to produce theoretical structure factors to describe 

the scattering. Therefore, in searching for peaks in our data we 

have relied on computer analysis based on a cubic spline fitting 

procedure [151] to indicate as objectively as possible whether or 

not such peaks exist. In the computer program the number of 

splines (or third order polynomial sections) decreases 

progressively from a initial over-estimate while maintainin g the 

scatter of the data poi nts about a smooth curve at a 

statistically significant level. In our analysis all data points
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were given a weight inversely proportional to their intensity. 

This method has a tendency to ignore high frequency noise. It is 

essentially a smoothing procedure which searches out large scale 

periodicities in the data.

4.5 Results and Discussions

Figure 4.1 shows some high resolution measurements at 77 K 

for alpha-C. At all four values of Q, a peak about 0.8 THz is 

evident. From its lack of strong Q dependence we interpret this 

to be a peak in g(W) [136]. The solid lines through the data 

points in Fig. 4.1 are the results of Gaussian fits. The fits 

yielded values for the mean peak frequency of 0.93±0.05, 

0.86+0.04, 0.81±0.05 and 0.87±0.06 THz at Q values of 1.0, 1.4,

1.85 and 3.0 A " ’ respectively. The corresponding width (FWHM)

were found to be: 0.62+0.15, 0.61±0.13, 0.71±0.18 and 0.83+0.2

THz. The values for the experimental widths include a component 

due to instrumental resolution of 0.2 THz. The experimental 

conditions were those listed as run I in Table 4.1. In addition 

to the results reported above, measurements were carried out on 

alpha-C at Q = 2.3 A “̂ with one half the monitor value used in 

obtaining the other data. The mean peak frequency was found to be 

0.77±0.3 THz and the co rresponding width (FWHM) 1.4+1.2 THz. The 

large uncertainties in these results are largely attr ibutable to 

poor statistics. The experimental conditions were those listed as 

run II in Table 4.1.

If one neglects multiphonon scattering and Debye-Waller
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effects [136], the intensity of the peaks might be expected to 

increase approximately as Q 2 , the variation observed for simple 

molecular solids with p r e d o m i n a n t 1y transalational p h o n o n s . The 

peak for Q = 3.0 A " ’ would then be predicted to be about 4.6

times as intense as the peak for Q = 1.4 A-''. Th© ratio of the 

fitted intensities for the Q = 3.0 and 1.4 A " ’ peaks is found to 

be 2.111.2. The intensity of the Q = 1.0 A " ’ peak is the same as 

that of Q = 1.4 A - ’, within experimental error. It should be

noted, however, that a variation in intensity is expected to 

be a gross oversimplification for a large protein. According to 

theory [136], at small Q-values the intensity can be independent 

of Q.

A wider scan on alpha-C at coarser resolution (mentioned 

a b o v e ) is depicted in F i g . 4.2. Here a g a i n , a sol id 1 ine

indicates the region where a gaussian fit was made. This fit

indicated a centroid frequency of - 0.8 THz. There is no

indication of other peaks at higher frequency. The intensity 

merely decreases monotonically, approximately as 1/6i .

Some room temperature measurements on alpha-C are shown in 

Fig. 4.3. For all wave vectors, the data indicate the existence 

of a weak peak at ^ 0.6 THz and the overall structure is similar. 

When the spectra for Q values of 1.0, 1.4, and 1.85 A " ’ are

combined (top curve) there is a clearer indication of a peak at 

about 0.6 THz. There is a suggestion of a second peak at ^ 1.2

THz, but this may be attributable to two-phonon processes which 

increase at higher temperature [136]. The lines through the data
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points in these figures are merely guides to the eye. Room 

temperature measurements for Q ’s of 1.85 and 4.3 A"^ on alpha-C 

are shown in Fig. 4.4. A comparison of the data for the Q ’s 

suggests that there may be an increase in frequency as Q 

increases. The data for Q = 1.85 A"'' indicate a peak near 0.6 

THz. The width of the peak (FWHM) is little more than the 

resolution 0.28 THz and, therfore, compatible with the narrow 

peak width of < 0.25 THz observed by Raman scattering [131]. at a 

frequency of - 9.0 T H z . The reason for the difference in

frequencies will be discussed below. Both sets of data in Fig.

4.4 were obtained with the same incident beam monitor setting. 

The generally higher scattering intensity from the Q = 4.3 A"^

scan may be due in part to multi-phonon scattering [152] which 

can be expected to increase by a factor of at least (4 .3 / 1 .8 5 ) 2  

from its value at Q = 1.85 A " ^ . This higher general scattering 

level and possible broadening of the inelastic scattering peak 

near 1 THz make a definite frequency assignment difficult, but 

the fitting indicates a weak peak centred near 0.8 THz for Q =

4.3 A - ’. This shows a Q dependent intensity at room temperature

but which was not strong in the measurement at low temperature 77

K for Q values of 1.0, 1.4, 1.85 and 3.0 A " ’.

Room temperature measurements were also carried out on 

chymotryps inogen A, the precursor of alpha-C. The inactive

precursor is synthesized in the pancreas and is converted to 

chymotrypsin in the duodenum. Fully formed alpha-Cis indicated in 

composition to chymotrypsinogen A except for the removal of four 

amino acids (serine, arginine, threonine and asparagine) from the
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F ig .  4.4 Neutron s c a t t e r in g  at  Q = 1.85 and 4.3 A ‘ i from a lpha -C .  
The lower data were obta ined with Q = 1.85 A ‘ >. The temperature  
was 298 K.
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l a t t e r’s complement of 245, The four amino acids are removed 

during two cleavages of the precursor to form fully active and 

stable alpha-C. An illustration which is helpful in visualizing 

the structural changes can be found in paper by Mathews et a l .

[153]. It would appear from Fig. 4..5 that these cleavages can

have a profound effect on the low frequency vibrational

s t r u c t u r e .

The data labelled 0 in Fig. 4.5 are for alpha-C and are the 

same as the Fig. 4.4, but replotted on a different scale. The 

data labelled E and F represent measurements on two different

annular specimens of chymotrypsinogen A. The TTC values for E and

F were 889S and 793^ respectively as in the case of D, the data in 

E and F are each the sums of intensities for three values of Q 

(1.0, 1.4 and 1.85 A ' M .  All results in Fig. 4.5 were obtained

using the experimental conditions listed for run V in Table 4.1. 

Hints of some extra intensity near 0.6 THz appear in E and F but 

unlike the result in D, the spline fitting procedure does not 

indicate a well defined peak at this frequency. No well defined 

peak could be discerned in data for chymotryps inogen A at 

individual values of Q (i.e. any of Q = 1.0, 1.4 or 1.85 A - M .

Inelastic scattering measurements were also carried out 

from human hemoglobin at various Q values. In some cases there 

was a hint of peak near 0.8 THz but in no case there was any 

sharp intensity comparable to that observed for alpha-C. A 

comparison of the scattering from hemoglobin (TTC = 48X) and 

alpha-C (TTC = 55%) appears in Fig. 4.6. The experimental
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Fi g .  4.6 Combined neutron s c a t t e r in g  spectra  from measurements at  
Q = 1.85,  2.7,  3.6 and 4.3 fo r  hemoglobin (curve  A) and
alpha-C  (curve B ) .
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conditions were those listed as run III in Table 4.1. In order to 

improve the statistics, scans for Q ’s of 1.85, 2.7, 3.6 and 4.3

A ~ ’ were added up for each material and they are labelled as A 

(hemoglobin) B (alpha-C). As before, the solid lines represent 

cubic spline fits to the data. The presence of a shoulder is 

evident in the case of alpha-C; in contrast, hemoglobin seems to 

have a more uniform rate of increase as the frequency decreases 

below 1 THz.

In another series of measurements (run IV) hemoglobin and 

alpha-C were compared again at lower temperature and at high Q =

4.3 A'^. The counting times involved in these measurements were

five times greater than in any of the previous measurements from 

run I to V, and the specimens had high T I C’s. The weights of the 

hemoglobin and alpha-C samples were 1.1 and 0.9 gm respectively 

and their respective T T C’s were 7596 and 11%. It was, therefore, 

expected that scattering from these two samples would be similar 

in intensity provided their frequency distributions were not 

greatly different in the low frequency region studied. The upper 

panel of Fig. 4.7 represents thespectra observed at 5 K where 

multi-phonon effect should be minimal. The open circles represent 

hemoglobin and the filled circles represent alpha-C data at Q =

4.3 A - ’. It is to be noted that the scale for hemoglobin is on

the right and that it has been displaced upwards by 100 counts

from that for alpha-C. Taking account of this displacement it can

be seen that intensity levels of these two data sets are similar. 

It can also be seen that the alpha-C sp ectrum exhibits a peak 

at ~ 0.9 THz which we presume to have the same origins as the
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room temperature peak. If one excludes this peak and assumes the 

intensity variation under it given by dashed line, there is an 

indication of a broad peak in intensity centred at about 1.4 THz. 

The hemoglobin data seem to hint at a weaker peak near 1.0 THz 

but this structural feature is much less pronounced than the peak 

at 0.9 THz in alpha-C.

The lower panel of Fig. 4.7 depicts some results obtained 

on heating alpha-C from 5 K to 80 K. The same specimen was 

examined at both temperatures and at the same incident monitor 

setting. The lower data (Q = 2.7 A ' M  in this panel, and to a 

lesser extent, the upper data (Q = 4.3 A " M  are consistent with a 

low frequency peak near 0.8 THz. There is also a hint of 

additional intensity near 1.4 THz for the Q = 2.7 A " ’ data. In 

these and other measurements at or above 80 K, it has been found 

that the low frequency structure observed at high Q ’s is always 

less well resolved from the quasi-elastic scattering near zero 

frequency than it is at low Q.

A comparison of the Q = 4.3 A data for .alpha-C in the upper 

and lower panels of Fig. 4.7 shows how important the thermal 

effects can be in determining the scattering distributions at low 

frequency. A large part of the low frequency intensity increase 

observed on changing temperature from 5 K to 80 K can be 

accounted for by the Boltzmann factor associated with neutron 

loss. This factor tends to contribute heavily to the intensity as 

the frequency decreases and complicates experimental attempts to 

extract low frequency peaks when the sample temperature is high.
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Some years ago Brown et a l . [131] carried out Raman

scattering measurements on alpha-C at room temperature. These 

measurements indicated a peak at a frequency of « 0.9 THz. An

explanation of this low-lying mode was subsequently advanced by 

Suezaki and Go [63]. Their model assumes that a globular protein 

would have a breathing mode involving conformational fluctuations 

akin to the radial pulsations possible in a sphere [145]. More 

recently, molecular dynamics calculations have indicated that the 

low frequency motions in proteins "resemble the global twisting 

and bending motions expected of globular elastic bodies" [137]. 

Alpha-C and other two molecules are not perfect spheres. For 

example the alpha-C is ellipsoidal with principal axes of 45, 35, 

and 38 A [153]. It may be instructive to examine their large 

scale internal modes of vibration in terms of the normal modes of 

a freely vibrating sphere [145]. For an isotropic elastic 

material where the elastic moduli of Lame are equal and Poisson 

ratio is 1/4, the lowest four modes of vibration have the 

frequency ratio, 1.00 : 1.06 : 1.72 : 2.23. The motions

associated with these modes are labelled A, B, D and C 

respectively in Fig. 4.8.

Of the four modes depicted in Fig. 4.8, all can, in 

principle, be observed by neutron scattering, but only D is 

symmetric and Raman active. The ratio of the observed Raman and 

neutron scattering frequencies is « 1.5 at room t e m p e r a t u r e ,

similar to that of the frequencies for the D and B modes which is

1.6. The frequency of mode C is approximately twice that of A and
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S and this might account for the hint of extra intensity which 

occurs near 1.2 THz in Fig. 4.3. The results in Fig. 4.1 provide 

no additional evidence for this mode. This may be due to lack of 

proper statistics because of thermal effects. Applying Boltzmann 

statistics and assuming harmonic vibrations, the intensity level 

at « 1 THz should increase by a factor of 3 on going from 77K to 

298 K. In other measurements (not shown) the observed increase 

was 2. 2 + 0.3.

It is not clear why the D mode would not be observed by 

neutron scattering. We suggest that we have observed mode B and 

Peticolas et al. [136] have observed mode D. Our choice of mode B 

is admittedly somewhat arbitrary since mode A is sufficiently 

close in frequency to mode B that we can not rule out the 

possiblity that the peak in the neutron scattering response is 

attributable to mode A or combination of A and B. Molecular 

dynamics calculations will be necessary to adequately describe 

the atomic motions, their supposed relationship to these globular 

deformations and the shift in Sinc(Q,00) as a function of 

t e m p e r a t u r e .

An obvious objection to the globular protein model arises 

because of the difference in the scattering between alpha-C and 

chymotrypsinoge n A. These two molecules have approximately the 

same overall shape. It may be, however, that breakage of amino 

acid chain at two places in chymotrypsinogen A results in a much 

more labile molecule with a substantially reduced resistance to 

shear forces. The resultant "floppiness" of the molecule after
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cleavage would be compatible [154] with the large scale motions 

thought to be involved in biological function. A feature of the 

Lovesey and Schofield calculations (fluid in a s h e l 1 m o d e l ) [62] 

is that the intensity and peak shape of the neutron scattering is 

a very sensitive function of kinematic viscosity. In the case of 

hemoglobin the possiblity of a damped mode of slightly higher 

frequency (Fig. 4.7 data, upper panel ) would be compatible with 

the lower molecular weight 16000) of each of its two slightly 

different subunits, whose closeness might lead to a damping out 

of their motion. One should note that the spherical vibrational 

model can not be more than a rough approximation to the actual 

physics of the system. The results of more sophisticated 

theoretical calculations are needed to decide the true situation.

A ccording to our suggestion for well defined peak of alpha-

C, we can conclude that it is interesting to speculate how a mode 

like B might be helpful in enzyme function. Alpha-C is a digestive 

enzyme whose function is to cleave polypeptide chains. The 

catalytic activity of alpha-C depends on the reactivity of serine 

and histidine residues located in the cleft in the molecular 

structure. When a polypeptide enters the cleft it is held near 

the serine and histidine by multiple hydrogen bonding. If this 

cleft is located near the equatorial plane, then a mode like B 

which generates strong shear forces would aid in the cleavage of 

the confined polypeptide. The absence of well defined peaks for 

chymotrypsinoge n A (the precursor of alpha-C) in comparison to 

the alpha-C may be explained as (1) chymotrypsin ogen A has a 

di fferent composi tion wi th absence of four ami no aci ds
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(serine, arginine, theonine and asparagine) from alpha-C, and 

structural changes can be found according to Mathews et a l . 

[157]. The cleavages can have a profound effect on the low 

frequency vibrational structure; (2) alpha-C and chymotrypsinoge n 

A have a pproximately the same overall shape. It may be, however, 

that breakage of ami no aci d chai ns at two pi aces i n

chymotr ypsinogen A results in a much more labile molecule with a 

substantially reduced resistance to shear forces.

Hemoglobin is an oxygen carrier molecule. Oxygen is 

dissolved in blood due to the presence of hemoglobin and it 

oxydizes the biological cells and warm up the biological body. A 

mode like B i.e. shear forces of the hemoglobin molecules could 

be associated with conformational changes involving the transport 

of oxygen in blood e.g, the opening and closing of path ways to 

permit transport of oxygen to and from the heme groups in 

hemoglobi n .
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Applic a t i o n s  of neutron scattering to study biological 

materi als using high-flux neutron beams have si gni fi cant!y

increased. During the past decade neutron scattering technique 

has proved itself to be an important tool for the deter mination 

of the behaviour and structure of biologically important 

compounds.

Our study includes three categories of measurements using 

different techniques of neutron scattering. SANS measurements 

have been carried out on aqueous solutions of a neurotoxin, a 

cytotoxin and a cytotoxin analog from three cobra venoms. The 

overall sizes of these three toxins are not substantially 

different inspite of their diverse functions. Slight differences 

i n o v e r a l 1 shape have been found for these three toxi ns 

molecules. These differences in shapes could lead to initial 

i denti fi cati on of possi ble receptor si tes for the di fferent 

toxins. A little difference in shape of the neurotoxin from the 

other two toxins leads to an apparent conclusion that a "lock and 

key" mechanism may be involved at some stage in toxfn-substrate 

interactions. Many species of cobra exist in the world. The 

toxi ns of di fferent cobras have di fferent i nteractions wi th 

biological systems. By studying of many other toxins of cobra 

venoms other than the mentioned three toxins above might lead to 

a conclusion for actual causes of diverse functions of toxin 

molecules. Due to the different interactions of different toxins 

with biological systems, it has been found that a snake-bite 

victim takes different period of time to be cured or die. More
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investigations on cobra toxins of different species are required 

to find out their diverse functions in biological systems and it 

might help to treat the snake-bite victims to give them new 

1 i v e s .

Neutron diffraction measurements have been carried out to 

study the effects of A s- t h c  and cholesterol incorporated

in phospholipid membranes of DPPC. Our analysis shows that the 

cannabinoids and cholesterol are similarly located as inclusions 

in the membrane interior just beneath the phospholipid head 

groups. The results obtained from neutron scattering suggest that 

a b - t h C and A 3 - T H C  produce similar effects on membranes. The 

i ncrease of i n t e r 1a m e l 1ar thi ckness of DPPC i s same wi thi n 

experimental error for a b -THC, a ®-THC and cholesterol. a ^-t HC is 

known to be much more effective than A ®-THC in inhibiting 

synaptosomal enzyme; it is also much more psychoactive. Our 

suggestion is that the psychoactive effect of a s -t h c  is due to 

its interaction with membrane -associated  proteins, specifically 

those parts of the protein embedded in the lipid bilayer. In 

these measurements we got two orders of reflections only. For 

scanning the second order reflection we used ten times monitor 

value than that for first order reflection. Inclusion of higher 

order of reflections could help model calculations. We have 

calculated the scattering density profiles and Patterson maps by 

usi ng three orders of reflections i ncludi ng zero order 

ref 1e c t i o n . The zero order reflection calculated from 1 east 

square analysis for model calculations has no effect on the 

nature of the densi ty profiles except for an additive or
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subtractive factor. To get sufficient confidence on these results 

higher order reflections are required. To have third order 

reflection and so on, a very high-flux reactor of neutron-flux at 

the order of * 1 0 *® n .c m " 2 .sec"^ is required. We used the NRU 

(120 M W ) reactor at Chalk River Nuclear L a b s . for these 

measurements which has the neutron flux of the order of s: l o’-* 

n . c m - 2 . sec" , It was not feasible to carry out the measurements 

using very high monitor-value of the neutron wave length v 4 A at 

Chalk River Nuclear Labs., because to complete the measurements 

for 6 - 1 0  samples (some of our samples did not give good results 

and those results were rejected) it would take several months. 

More measurements are required using high-flux reactor to have 

higher order of reflections from above mentioned samples to 

predict a model with a higher degree of confidence.

Inelastic neutron scattering measurements have been carried 

out to investigate the low frequency vibrational modes of alpha-

C, chymotrypsi nogen A and hemoglobin. The analysis of different 

spectra of alpha-C for different Q values suggests that the well 

defined peak of alpha-C is the result of the vibrational mode B. 

The results of chymotrypsinogen A do not show any well defined 

peak like alpha-C, although it is the precursor of alpha-C. The 

reasons for this difference have been explained elsewhere in the 

present thesis. Alpha-C is a digestive enzyme. A mode like B 

might be helful in enzyme function. The digestive enzyme alpha-C 

has the function to cleave polypeptide chains. The catalytic 

activity of alpha-C depends on the reactivity of serine and 

histidine residues located in a cleft in the molecular structure.

1 7 6
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If this cleft is located near the equitoria] plane, then a mode 

like B which generates strong shear forces would aid in the 

cleavage of the confined polypeptide. Hemoglobin is an oxygen 

carrier molecule. Prom the spectra of hemoglobin we found a 

weaker peak than that of alpha-C and we suggest that this is the 

result of the vibrational mode B. A mode like B i.e. shear forces 

of the hemoglobin molecules could be associated with 

conformational changes involving the transport of oxygen in blood 

e.g. the opening and closing of path ways to permit transport of 

oxygen to and from the heme groups in hemoglobin. Another 

question which remains open in our results is that whether the

peak is due to mode B only or due to a combination of mode A and

B. The frequency of mode A is close to mode B.The resolutions of

peaks were not sufficient to rule out the possiblity that the 

peak is attributable to mode A or a combination of A and 8. In 

this regard we can suggest that molecular dynamics calc ulations 

will be necessary to sufficiently describe the atomic motions, 

thei r supposed relationship to these globular deformations and
V I  W

the shift in Sinc(Q,W) as a function of temperature.

Neutron scattering studies of biological ma terials will 

require the installation of reactors with much higher flux than 

are present 1y a v a i 1a b l e . Till today the experi menters have 

exploited a very small fraction of knowledge in this field. In 

future more experimenters will be fascinated to be engaged in

this field to add further valuable information about biological 

systems.
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