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Synopsis
Part One

Preparations of nucleoprotein having reproducible
characteristics were obtained from calf thymus glands by a
mild extraction procedure. A preliminary examination of the
dissociation of the complex was made and its physico-chemical
bebhaviour was investigated in relation to that of its nueleic acid
component,

The nucleoprotein was highly aggregated in solution at
low ionic strength, but at high ionic sirength a weight-average
molecular weight lower than that of nucleic acid itself provided
additional evidence for the dissociation of the nucleoprotein.

Spectrophotometric studies showed that the nucleoprotein
was denatured by heat and by alkali in a similar manner fo
nucleic acid, although denaturation by heat was slightly retarded,
The spectrophotometric tifration behaviour of the two substances
was almost identical, but their potentiometric titration curves
differed significantly.

Nucleoprotein solutions exhibited the features of nucleic
acid devolving from its unique helical structure, indicating that

this structure is retained by the nucieic acid within the complex.



Part Two

A general reaction has been discovered between amino
sugars and aldoses for which the essential requirements are a
free amino group and an aldehyde group.

Three compounds (A, B and C) were separated by ion-
exchange chromatography _from a mixture obtained by heating
D-mannose with D-glucosamine hydrochloride . Compound B was
identified as 5-hydroxymethyl furfuraldehyde (HMF) from its ultra-
viclet absorption spectrum, chromatographic behaviour, and
distribution coefficients between two different solvent systems,
and was characterised as its 2:4-dinitrophenylhydrazone. Compound
A was very unstable and was hydrolysed by cold water to mannose
(characterised as its p-~nitranilide) and glucosamine [characterised
as its carbobenzoxy derivative). On heating in aqueous solution, the
hydrolysis was accompanied by degradation to HMF (characterised
in the same way as compound B), and the formation of melanoidins .
The HMY isolated from the reaction mixture was shown to arise
from compound A and 514-HMF was cobtained when the condensation
was effected with a mixture containing Clé—mannose and glucosamine
hydrochloride, showing that the HMF originated in the mannose
moiety of compound A. From these and other experiments, the

structure N-mannosyl-glucosamine was assigned to compound A.

Compound C was stable in agqueous solution, and hydrolysis with



acid gave equimolecular quantities of mannose and glucosamine
hydrochloride, but was not accompanied by a browning reaction,
On the basis of periodate oxidation experiments, its behaviour
in the Elson-Morgan reaction, and a number of other colour
tests, compound C was provisionally assigned the structure
6 -0O-a-D-mannosyl-2-amino-2-deoxy -D-glucose,

Certain aldehydes were found to behave as bases ona
sulphonated polystyrene resin. This interesting discovery may
provide the basis of 2 new method for the separation and analysis

of aldehyde mixtures,
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PART ONE

THE NUCLEOPROTEIN OF CALF THYMUS GLANDS




GENERAL INTRODUCTION

Deoxyribonucleoproteins (DNP) are the principal
constituent of the chromosomes of all living c.ellsl and are
conseduently of great biclogical importance. The thymus
glands of calves, pancreatic tissues, fish sperm, and yeast
cells are particularly rich in DNP and these are the main
sources, though by no means the only ones, of materials
which have been studied. Chemically DNP is a complex of
deoxyribonucleic acid (DNA) and protein and it is desirable
to consider these two components briefly before discussing
DNP itself.

In recent years DNA has been the focus of much
research, although its existence has long been knownz and its
basic structure was established over twenty years agos' 4 . As
a result of cytological and genetical experiments the importance
of DNA in heredity~ and the identification of DNA with trans -
forming principlesb’ 7 is now widely recognised. The chemical
structure of DNA has bemn examined in detai18 and the application
of X-ray crystallography has allowed the formulation of theories
concerning its fime structureeg’m which are supported by other
physico-chemical evidence (loc. cit.).

These advances have been made possible by thedevelop-

m.ent of mild methods for extracting DNA with a minimum of



deformation from its original state. As long ago as 1899, Bang
obtained thymus DNP by extraction with water and precipifated

it with salt and this is still the basis of many methods currently
in use. The refinements have been mainly in speed of operation,
extraction at lower temperatures, and in using various agents to
inhibit enzymic degradation. The extraction of DNP is almost
always the preliminary stage in the preparation of DNA and
protein, and its solubility is usually markedly dependent upon
sodium chloride concentra.ﬁonlz. Mirsky and J‘F‘-a]_lisi:e-::l3 dissolved
thymus DNP in molar sodium chloride in which the protein is
largely, if not entirely, dissociated from the DNA and the protein
may then be removed in a number of ways (loc. cit.) leaving a
solution from whick the DNA is recovered by precipitation with
ethanol,

The methods of organic chemistry have shown DNA to
consist of purine and pyrimidine bases, phosphoric acid, and
2-deoxy -Q-riboseld"’ 3 . Hydrolysis of DNA {both chemical and
enzymic) has shown the stages of ita degradation to be:

DNA ———» nucleotides —2 nucleosides + phosphoric acid

sugar + purine and pyrimidine bases
The purine bases are adenine and guanine and the pyrimidine
bases are thymine and cytosine {(some DNA samples also contain
small amounts of 5-methyl cytosine or 5-hydroxy-methyl cy‘tosinels)

and the sugar is Z-deox}f-]::)—ribofuranose?’. In the nucleosides the



bases are linked B-glycosidically to 2-deoxy-D-ribofuranose

and the nucleotides are phosphate esters of the nucleosides,

The esterification is on the primary hydroxyl group of the sugar
(C 5), but the hydrolysis products of DNA include some nucleoside-

3-5 -diphosphatesl6’ 17

which indicates that the C3 atom, as well
as the GS atomn of the sugar is involved in the nucleic acid mole-
cule . On this evidence, DNA was formulated as a polynucleotide
chainls {Figure 1) and although it was originally thought.to be a
tetranucleotide3 s molecular weight measurements have shown it
to be highly polymeris edlg . At one time it was thought that all
the bases were present in equal amounts3 but more modern
chromatographic methods of analysis have been applied to DNA
samples from several sources and have disproved this conception.
In addition, these analyses have furnished the important
information that in DNA samples, irrespective of their source,
the sum of purine bases is equal to the sum of pyrimidine bases
and the molar ratio of adenine to thymine, and that of guanine to
cytosine is tmityzo .

Although physical methods were employed over thirty
years ago to study the reaction of thymus DNA with proteins
and amino acids 21, it is only during the last decade that physico-
chemical measurements made on DNA samples extracted by miid

methods have supplemented the information yielded by organic

chemistry.



Poténtiometric titrations were carried out on neutral
solutions of the sodium salts of DNA and the curves obtained
on titration to pH 2,5 and pH 12 differed {rom those ohbtained
on back titration, with alkali and acid respectively, to

neutra.lityzz’ 23,24,25

. These differences were attributed by
Gulland and co-workers to the presence of hydrogen bonds between
titratable groups of DNA {amino groups and keto groups of the
bases), the bonds being irreversibly broken by acid or a]kalizz .
The ultra-viclet absorption of DNA solutions (due to the purine
and pyrimidine components) was found to increase markedly

when the solution was titrated to pH 2.5 or pH 12 and was only
partly restored to its original value on back—titrationzé . This
permanent change in absorption, or of the spectrophotometric
titration curve can be interpreted in terms of hydrogen bond
rupture provided that this causes other structural changeszT’ 28 .
Viscosity measurements have been made on DNA solutions

19,20

and these indicate a high molecular weight Its behaviour

is non-Newtonian and the marked dependence of viscosity upon

the rate of sheer was typical of a long, fibrous type of molecu1e30,

a property which was also reflected in its streaming binefr:ingsenﬁgg .
The action of acid or alkali ox DNA caused a marked fall in
vigcosity and the disappearance of streaming birefringence31 and
these data, in conjunction with titration evidence tended to suggest

that the hydrogen bonds were inter-molecular rather than intra-



J:noltsec.ula.:r32 .

Measurements of the molecular weight of DNA samples
have been made from sedimentation and diffusion experiments
but difficulties were encountered in assessing the concentration
dependence of these properti0333 + The application of the theory

34,3
of light scattering to molecular weight determinations” ’ 5,36,317

and the parallel development of experimental metho d538’39
have provided a2 useful new technique in macromelecular studies.
From light scattering data the molecular weight of macro-
molecules can be mea sured40 and information also obtained
concerning molecular shape. Using this method, Doty and

41
Bunce obtained molecular weights of 4 x 10 and similar

33,42

values were obtained by other workers . The values

recently obtained on newer DNA preparations are around
6 x 1!:)6 = 44, although the discovery of DNA fractionation by
C.‘marg;a.f;‘.‘45 and other workers46 indicates that a spread of values
18 to be expected; and some larger molecular weights have been
reported33’ 42 .

Probably the most important physical evidence for
formulating the DNA molecule has come from X- ray crystallo-
graphic studies. Samples of DNA from a number of different

organisms all gave very similar X~ray diagramslo and on the

basis of these and similar experiments a model has been con-
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Figure 2. The DNA model of Watson and Crick

GUANINE

CYTOSINE
(or adcn{nc)

(or thyming)

Figure 3. Hydrogen bonding {indicated by the broken line)
between pairs of bases from opposite strands of the helix



structed, which hag a helical form, typical of watexr soluble
polymers, and with which the chemical evidence is consistentg’lo.
This model comprises two polynucleotide chains intertwined
helically around a common axis, but running in the opposite
sense, and the base molecules project inside the helix perpendicular
to its fibre axis: it is represented diagrammatically in Figure 2.
The rigidity of the structure is maintained by hydrogen hodds be-
tween the pairs of bases inside the helix; the phosphate groups
project out from the helix and are therefore able to bind cations.
The groups involved in the hydrogen bonds are shown in Figure 348,
and the steric requirements of the model will only permit hydrogen
bonding between 2 purine and a pyrimidine: a third hydrogen bond
between guanine and cytosine (between the amino group on Cz of
guanine and the carbonyl on Cz of cytosine) bas quite recently been
suggested by Pauling47 » An impertant and unique feature of this
structure is that if the nucleotide sequence of one of the helical
strands is fixed this auwtomatically fixes the sequence in the other
helix. The biological ramifications of this structure have been
emphasised48 for it suggests the basis for a process of seli-
replication.

The rupture of the intra-molecular hydrogen bonds would
lead to a2 collapse of the highly ordered structure, and if sufficient
hydrogen bonds in sequence are broken this does in fact cecur

giving, by andlogy with proieins, a denatured molecule. The



process of denaturation has been studied by the application of

49,50 expeviments, and viscosity and

2
ultra-violet absorption measurements’?'T’ 8, and more recently

potentiometric titration

light-scattering methods have also been utﬂisedSl. These
experiments hax:e shown that if DNA solutions are heated,
exposed to acid or alkaline pH, or irradiated with ultrasonic
waves or Y -rays, the molecule can be denatured, and the exteni

50,52 . Denaturation by dilution

of denaturation can be assessed
has also been reported53 ,

The protein moiety of the DNP complex has received
less attention than the DNA and most of the woxk has been
analytical. Although other proteins are combimed with DNA i

3554, 55, the main ones are usually either

the DNP ccvn:lplex1
histone, which is characterised by a high arginine and lysine
content, or protamine which i8 almost an extended polyarginine
molecule of quite low molecular weight56 . Protamines have
been extracted from the sperm of several species of fish57, but
the proteins associated with DNA in thymus glands are mainly
histone54 .

The protein of DNP was extracted by HammaratemZI by
precipitating with salt and ethanol from a solution of DNP. Ii

4
may also be recovered by solvent ezﬂ:!:ral.cticon5 or by acidifying a

solution of IL')N'PS8 and Butler and co-workers have compared the



sedirmentation properties of materials extracted by salt precipitation
and by acid treatment, From their results they suggested that the
greater heterogeneity of the material obtained by salt precipitation
might have arisen from degradation by cathepsins which would be
avoided in acid solution and they therefore recommended the

p reparation of histones by acid treatment.

Thymus histone has been fractionated by Crampton, Moore
and Ste.ins'9 using ion-exchange resin column chromatography and
at least five different proteins were obtained. These {ractions
were chromatographically homogeneous and complete amino-~acid
analyses were made on three of the ma jor ones {again by an ion-
exchange chromatography methodﬁo) and show them all to have 2
very high lysine content and a smaller and more variable arginine
content., It is noteworthy that about 2 half of the total histone was
irreversibly absorbed on the column and this therefore probably
represents more basic components. Many other analyses have
been reported from time to time57 and larger variations are found
than one would attribute to experimental errors, but it is unwise to
interpret these in texms of different histones of DNP when their
histories are dissimilar. None of the methods used is likely to
have been so elegant as those developed Ey Crampton and his

colleagues. On the basis of some of the other analytical figures,



. 6
molecular weights of 14-20 x 103 have been estimated 0 .

Ultracenirifugation and electrophoretic examinations of
thymus histone have been made and the material has always proved
to be heterogene0u557 « Sedimentation has given two components
and these,when examined again by prolonged electrophoresis and
ultracentrifugation,have been found to be capable of further

61,62 . Physical measurements, other than these, have

resolution
not been attempted and on so ill-defined material it is doubtful if
they would be of value.

As the source of many DNA and histone preparations, DNP
has been well known since work in this field began to intensify
about sixty years ago., Reference has already been made to Bang’s
exi::t'aLction]L1 of DNP from thymus glands with water and essentially
the same method was used later by Ham.marstenlg . Many years
later Mirsky and Po]listerlz found that DNP was insoluble in
sodium chloride solutions at concentrations between 0.02M and
0.5M. From this observation arose the main extraction methods
in current use. In one of them {Mirsky and Po]lister13} the DNP
(after washing) was dissolved in M sodium chloride solution and
precipitated by dilution to 0.14M and this process was repeated

63

several times to effect purification of the DNP. Stern and Davis

made an approach from the opposite side of the solubility minimum
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and extracted the washed tissye with water and precipitated DNP
by adding sodium chloride to a molarity of 0,14, When this
precipitate was dissolved in water a more homogeneous product
{electrophoretically) was obtained. The preliminary maceration
and washing of the tissues was carried out in 0.14M saline and, to
reduce the degradation of DNF during extgaction, the procedure
wag carried out at low temperature, usually about 2°C, Modifi-
cations of these methods involve the use of depolymerase inhibitors
such a8 arsenates and citrates in the extractants 57(p .149) « The two
general methods outlined above have both been criticised, the
former because DNP is known to dissociate in stromg salt solutions:.
s0 that the process in all probability gives an artefact, and the
latter because extensive purification may give a selection of
smaller fraction557 . Butler and his collaborators bave used an
aqueous solution of the washed tisaue but found that there was a
great tendency to gelling and ::a.ggreg:a,t:io:ms‘:'?'.54

Onc of the earliest pieces of evidence for the dissociation
of DNP im strong salt solutions was the increase in viscosity and
eventual precipitation of p;:'otein which occurred when salt was
added to agueous solutions of DNP'E’5 » This behaviour had however
been foreshadowed in the work of Miescher on mixtures of salt,

nucleic acid, and protamine, which led him to suggest a dynamic

. 66 ) .
equilibrium in this systemn . Physico-chemical studies have



subsequently been made on solutions of DNP in sodium chloride

at high ionic strengths (often 1.0M) and these have established
beyond doubt the dissociation of DNP into DNA and protein, although
the extent of dissociation appears to be variable and governed by
the concentration of sodium chleride, A DNP from rat~-liver hasg
been reported, however, which does not dissociate in strong salt
SolutionS? . The sedimentation experiments made by Stern6
showed changes in the DNA/protein ratio at different sodium
chloride concentrations and dissociation into two components wasg
observed in the ultracentrifuge by Butler and Gilbert57 . Frick
showed that the electrophoretic behaviour was complex68 and a
more precise study was made by Fleming and Jordan69 who
concluded, from the boundaries obtained at both high and low ionic
strengths, together with analyses of fractions taken from the
various boundaries, that the dissociation was usually incomplete.
Other studies of the dissociation have been made by precipitation?o
or extraction45 with organic solvents from salt solutions of varying
concentration and analysis of the fractions obtained; the results
indicate a fractional dissociation of DNP . All this work shows

that DNP prepared by methods involving the use of strong salt
solutions must be a re-formed DNA-protein complex which pro-
bably bears little relation to the native DNP and preparations at

low ionic strength are thexefore to be preferred, even though
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Crampton, Lipshitz and Chargaff45 have shown preparations of
DNP made at both high and low ionic strengths to have similar
viscosities, ultravielet absorption and analyses.

A study of the properties of DNP prepared by Stern's
method63 has been made by Steiner42 and after several dissolutions
and reprecipitations to purify the material he obtained a molecular
weight of 5.8 x 106 in water or dilute phosphate buffer which is
surprisingly low in view of the molecular weight of DNA and does
suggest that heavier particles may have sedimented out during
the high-speed centrifugation employed in the purification processST
Ultracentrifuge and viscosity measurements were also made; the
material gave a rather broad sedimentation peak and the viscosity
was much lower than that of DNA and was sheer independent. The

57,64 gave a Tapidly

preparation of DNP made by Butler et al,
s edimenting gel component which was followed by a slower boundary
moving at a similar speed to that of Steiner's material.

At present, little is known of the detailed structure of DNP .
Chemical analysis has shown some samples of DNP to comprise
approximately equal weights of DNA and 1:;1:01:@41:154 and the dissociation
behaviour of DNP implies that these two components are held together,

principally at least, by ionic linkages. It can be inferred from the

26
spectrophotometric studies of Shack and Thompsett that the helical
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structure of DNA is present in the DNP complex, as one would
anticipate. X-ray crystallography has also provided evidence
which indicates the helical form of DNA in DNP . Studies on fish
spen:nﬂ suggest that a fully -extended polyarginine chain is wound
round the shallower of the two grooves of the DNA helix, and such
a structure would have a diameter only slightly greater than that
of DNA.

The properties of DNA consequent upon its unigue helical
structure should be presenil: in the original DNP and the object of
the present studies was to establish a mild extraction method which
would vield a reproducible sample of undissociated DNP, and then
to study the meodification imposed by the presence of the protein
on the properties of DNA through a comparison of the physico-
chemical behaviour of samples of DNP and DNA obtained from an
identical source. Information of this nature could provide a useful
starting point for studies on DNA -protein interactions, which are of
interest in connection with biological replication, by indicating

properties which might profitably be employed to follow the course

of the interaction.
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Chapter I . Freparation and Characterisation of Materials

Samples of DNP, DNA, and histones were prepared from
a number of different batches of calf thymus glands and several
chemical tests and analyses were made to examine the reproduci-
bility of the samples,

The thymus glands were thoroughly washed in 2 cold saline
solution prior to the extraction of DNP by a method very similax
to that described by Butler and his collaboratorse4 . From
solutions of the DNP, DNA was obtained after precipitating the
ma jority of the protein with an anionic detergent72’ 3 and removing
final traces by solvent extraction74, and histones were prepared
by acid treatment in the way used by Stedman and Stedtna.n75

In addition to the gqualitative colorimetric tests the
properties used as criteria of reproducibilily were, for DNP,
ratio by weight of nitrogen to phosphorus, ratio by weight of
arginine to phosphorus, absorption at 259 my {extinction coefficient
per mole of phosphorus, 6 P) » and ratio of absorption at 259 my to
that at 235 mp; for DNA, ratioc by weight of nitrogen to phosphorus,
absorption at 259 my. ( EP), and ratio of absorption at 259 my to
that at 235 m}p; and for histones, arginine content, qualitative
analysis of amino acids, absorption at 275 my (extinction coefficient
per mole of nitrogen, éN), and ionophoretic behaviour over a range

of pH values .
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Experimental

a) Preliminary Tissue Washing

Calf thymus glapds, taken from the animal within thirty
minutes of its death, were transported to the laboratory in melting
ice and, after cutting away extraneous connective tissues, the
material was macerated in 2 solution of sodium chloride {0 .14M)
and sodium citrate (0.0IM) at 3°C. In the first two extractions,
about 280 g. of thymus glands (equivalent to about 64 g., dry weight)
were macerated with 500 ml. of cold sodium chloride-sodium citrate
solution (referred to as the saline solution), but in the three later
extractions the quantity used was reduced to 20 g, per 560 ml, of
saline solution and a total of 80 g. of thymus glands was used, The
homogenate was centrifuged at 2,000 r .p.m. for 20 minutes at 2°C
in a refrigerated centrifuge and the supernatant liquid was discarded:
the residue was again macerated in the cold saline solution and
centrifuged. The residue was macerated in the cold saline solution
for a third time and the slurry was strained through four thicknesses
of butter muslin and again centrifuged.,

The process of maceration and centrifugation was then
repeated thrice more, by which time the suspension sedimented
in two fairly distinct layers; a lower, matted, fibrous layer, and
an upper, thin, creamy layer. The _upper layer was separated by

lightly scraping with 2 nickel spatula and was washed, as before,
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with cold saline solution and the lower, fibrous layer was discarded.
The saline suspension of the upper layer was centrifuged and the
residue was finally rinsed very lighily {no maceration) with cold
distilled water and centrifuged: the upper aqueous layer was dis-
carded and the residue constituted the washed tissue. ‘
b) DNP Preparation

In the preparation of DNP from the first two batches of
thymus glands, half of the washed tissue was macerated in 1.£. of
cold distilled water and allowed to stand for 18 hours at 3°C before
centrifuging at 2,000 r.p.m . for 30 minutes ., The supernatant
liguid was dialysed against distilled water for 2 days at 3°C, and
freeze dried, and the lower, gel-like layer was macerated with
more cold water {1 {. )} and again centrifuged to yield two layers.
On the first baich of material this process was repeated several
times to furnish a series of supernatant solutions, and after eight
macerations the small quantity of gel-like residue which remained
on centrifuging was discarded., After application of the Dische and
Sakaguchi colour tests (loc. cit.), the supermatant solutions were
dialysed against distilled water in the cold and freeze-dried and
were designated DNP IfA to H. Aqueous solutions of selected
samples were prepared for analysis and were clarified by centrifuging
at about 2,000 r ,p.m. The second batch of material was treated in
a similar mammer except that the residual gel was discarded after

four extractions of the washed tissue with cold water, and that a
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small portion of the washed tissue was dissolved in 1.0M sodium
chloride solution and the DNP reqovered by diluting with water
and spooling of the precipitate on a glass rod in the way described
by Mirsky and Pollisterls . After repeating thig process five times,
the DNP was dissolved in cold distilled water, dialysed as were
the other preparations, and freeze~-dried. These samples were
numbered in succession DNP II/M,N,S, and T, and that prepared
by the Mirsky and Pollister method was DNP IIfP,

In the third extraction, the process was modified by using
a much smaller quantity of thymus glands and the homogenate of
the washed tissue was clarified by centrifugation at 13,000 r.p.m.
in a vacuum centrifuge for 2% hours , Only one extraction of the
washed tissue was made, but this was done in three parts giving
the samples DNP III/X,Y, and Z, and the residual gel was then
discarded.

Some of the washed tissue of extraction IV was dissolved in
water, some in 0.0007M phosphate buffer (pH 6 .8), and some in
0 .05M sodium chloride solution. All these solutions were prepared
by macerating the washed tissue in the appropriate solvent and
allowing to stand at 3°C, for 18 hours before clarifying by high
speed centrifugation (13,000 r.p.m .}« The procedure used in
preparing a solution 0of DNP V was the same as for DNP IV, but
only one solvent was employed and that was 0.00IM sodium chloride

solution .
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Solutions of DNP in 1,0M sodium chloride were obtained
either by dissolving the washed tissue directly in this stronger
electrolyte, when a clear solution was obtained and centrifugation
wa s unnecessary, or by adding the required volume of 5.0M sodium
chloride to solutions of DNP in water or in 0.001M sodium chloride.
¢} DNA Preparation

Solutions of DNP in 1.5M sodium chloride were prepared by
macerating the washed tissue in cold distilled water and adding the
required volume of 5.,0M sodium chloride solution. This solution
was allowed to reach room temperature and was then treated with
an aqueous sodium dodecyl sulphate solution to make the final
sodium dodecyl sulphate concentration 0.4% {w/ v)73 . A white
precipitate formed and after standing at roormn temperature for a
few hours and at 3°C. for about 18 hours the precipitate was centri-
fuged out. The supernatant solution gave a red colour with
Sakaguchi reagent76 and was shaken with a 10% (v/v) solution of
octan~l-ol in chloroform74, the two liquid phases being separated
by centrifugation. Solvent extraction was repeated in this way until
the aqueous phase no longer gave a faint pink colour with the
Sakaguchi reagent and a total of six to eight extractions was usually
necessary.

The de-proteinised solution was poured into twice its
volume of ethanol when DNA was precipitated as long fibres which

were collected by spooling onto a glass rod. The precipitate was
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then washed with 70% (v/v) ethanol, ethanol, and ether, and was
dissolved in distilled water, dialysed against distilled water at 3°C.
for 2 days, and finally freeze~-dried.

d) Histone Preparation

From the first batch of thymus glands, histones were
prepared by acidifying solutions of DNP in both 1.5M sodium chloride
(Histone I A) and water {Histone 1 B) to a normality of about 0.3
with hydrochloric a.cid75 . In each case a heavy white precipitate
was produced which was removed by centrifugation to leave a clear
solution, Toc these solutions of the histone hydrochloride, five
volumes of acetone were added and the precipitate was filtered
at the pump, dissolved in water, and freeze~dried after dialysis
against cold water for 2days,

Only aqueous solutions of DN were used in subequent
preparations and the solution was divided into two parts in
extraction II, one of which was acidified with hydrochloric acid,
and one with sulphuric acid. Sulphuric acid was used in all the
later extractions.

e) Analysis of Materials

Analyses of the materials from the first two extractions
were carried out on freeze-dried samples, but in later experiments
the solutions were normally analysed before freeze-drying. The
freeze-dried maierials were dissolved in water, unless a

description to the contrary is given, and the solutions were
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clarified by centrifuging at 2,000 r.p.m. for half-an-hour.

The qualitative colorimetric tests used were the Dische
rea.cti:)n?? for DNA, the Sakaguchi .‘-.'ea,cc:'r.icm—'r6 for histones, and
both of these for DNP .,

Phosphorus determinations were carried out by the method
of Jones et al .?8 » the intensity of the blue colours produced after
adding ammonium molybdate reagent being measured with a portable
colorimeter {Evans Electroselenium Limited) using a No. 626 filter.

Nitrogen was determined in all cases by the hypochlorite
titrimetric method of Kolthoff and StengerTg’ 8¢ after digestion of
the sample with a modified Kjeldahl mixtureso .

Brandl and Kassel's modificationgl of the Sakaguchi reaction
was used to measure the argininé content of DNP solutions and the
intensity of the red colours was measured with a portable colorimeter
(using 2 No. 623 filter) exactly two minutes after addition of the
reagents ,

Uli;ra.vi.olet absorption measurements were made with.a
Unicam spectirophotometer using 1 cm, silica cells . Measurements
were made on sblutions in water and in sodium chloride at various
concentrations; the absorption of the solution was always measured
against a blank of the corresponding solwent.

For amino acid apalysis, the histones were hydrolysed by
heating with 20% (w/v) hydrochloric acid at 160°C for 6 hours in

a sealed tubea2 (2 mg . of freeze-dried histone and 0.2 ml. of



hydrochloric acid), The hydrolysates were evaporated to dryness,
and the acid simultanecusly removed, in a vacuum desiccator
containing trays of phosphorus pentoxide and sodium hydroxide
pellets, and the brown residue was dissolved in water (0.2 mi.}.
A qualitative amino acid separation was effected by paper iono-
phoresis in phosphate buffer at pH 7 (10 volts per cmn., 14 hours)
(10:: . cit.) and 2 more detailed qualitative analysis was obtained
by paper chromatography on Whatman No. 1 paper83 . A one
dimensional chromatogram was developed for 40 hours with n-
butanol-ethanol-water~acetic aédd {4:132:1, completely miscible}
and was stained with ninhydrin after drying in a current of air
for several days, Aliquots of the neutral hydrolysates were used
for arginine analysis and colorimetric determinations were made
using the Rosmﬂm&zrg;g4 modification of the Sakaguchi reaction, the
intensity of the red colours being measured on a Unicam spectiro-
Photometer at a wavelength of 535 my.

Paper ionophoresis experiments on the various histone
samples were carried out on Whatman No, 3 paper using an
apparatas similar to that described by FosterSS . Dilute phosphate
buffers at pH 7, 9 and 1186 and an acetate buffer at pH 587 were used
and, usually, a potential difference of about 700 volts (a potential
gradient of about 10 volts per cm.) was applied across the length

of the paper {57 cm .} for 5 to 9 hours, In order to avoid excessive
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permanent adsorption of the protein on the paper, which resulis
if the solution is applied to the paper and dried in the customary
manner, the paper was first moistened with the buffer solution
and the histone solution applied to the base-line immediately
prior to electrolysis. After drying, the ionophoretograms were
stained with ninhydrin.

Results and Discussion

The aqueous extracts of the washed glandular tissue all
gave positive reactions in the Dische and Sakaguchi tests, which
are used as characteristics of DNA and proteins respectively,
and were thereby classed as DNP solutions, The Dische test
depends on the formation of a blue colour when 2-deoxy-ribose
is heated with an acetic acid solution of diphenylamine in the
pPresence of a small amount of sulphuric acid, and the Sakaguchi
test utilises the development of 2 red colour by compounds con-
taining a guanidyl group with alkaline solutions of a-naphthol and
sodium hypochlorite.

When the aqueous extracts of washed tissue {i.e. agqueous
preparations of DNP) were centrifuged 2 considerable quantity of
a gel of variable consistency was deposited and the gel was partly
dissolved on re-extraction with cold water ., Since the various DNP
iractions obtained from the first two extractions had similar
analyses (Table I, p. 23 ), they would appear to be obtained as a

result of the gradual dissolution of a reasonably homogeneous DNP
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rather than the progressive extraction of differing components as

has been observed in the extraction of sea urchin DNP55 . It therefore
appeared unnecessary to continue the preparation of a large numbex
of samples from one batch of washed tissue and the process was
modified in extraction III so that a smaller quantity of the washed
tissue was prepared and its agueous extract was centrifuged at a

very high speed which resulted in the sedimentation of the residual
gel to a firm pellet, thus facilitating the decantation of the clear
supernatant solution. In this way a clear solution of DNP was quickly
and easily obtained,

Dilute electrolytes replaced water as the solvent when
solutions were required for physical measurements, Those used in
extraction IV were 0.05M sodium chloride solution and 0.0007M
potassium phosphate buffer, pH 6 .888, but the DNP solutions obtained
were too dilute for accurate measurements on them to be made.
After preliminary experiments with some other freeze-dried DNP
samples to deterinine the highest concentration of sodium chloride
which could conveniently be used, the DNP from extraction V was
dissolved in 0.00IM sodium chloride solution.

The use of sodium chloride solutions for histone preparation
wasg avoided after the first extraction (Histone 1 A) for it has been
shown that this can produce a more heterogenecous sample of histone

. 5 i
than when aqueous solutions are used 8 . Both sulphuric and hydro-

chloric acids were separately used in extraction Il for the preparation
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of histone salts . A higher yield was obtained when sulphuric acid
was used, probably because the sulphate is less hygroscopic than
the hydrochloride, and sulphuric acid was consegguently used
routinely .

The first three extractions served to establish a standard
preparative procedure for DNP and histone (that used for DNA
was already well known72) and this is summaxrised in the form of
a flow sheet in figure 4. The materials obtained from extractions
IV and V were employed for physical experiments and although
small reference samples of each substance were freeze-dried,
physical measurements and analyses were carried out on the
freshly prepared solutions .

The analytical results obtained on the various samples of
DNP, DNA, and histone are listed in Table I and they indicate that,
by these criteria, fairly reprodiucible materials were being obtained.

The ratio by weight of nitrogen to phosphorus of 3.8 t 0.1
obtained on all but the first samples of DNP is in agreement with
values quoted in several publications (e .g. refs . 26, 45, 88, 89
and 90). Although values for the EP at 259 my ( €p 259) of around
6600 have been reported for DNP samp1e591 obtained from calf

89

thymus glands by the aqueous extraction method of Crampton et al. ,

values of 7400 were obtained for DNP from avian tubercle ‘I::ra.lc:iii.].:ig0

and this is in closer agreement with values obtained {7000 to 7500)



=25~

on the later DNP preparations described here. Also Dgty and
,'Z’JJ.‘t:naLys3 guote an extinction coefficient at 259 my, for a 1% (w/v)
solution of calf thymus DNP of 106 s and conversion of this to

GP gives a value of 7350 ' 350, The ratio of the absorption at

259 my to that at 235 myu has an average value of about 1.7 and
variation from this seldom exceeds 7% . In view of the different
values of this ratioc for DNA {about 2.2) and histones {0 .3}, the
property can usefully be used as a characteristic of DNP and it
arises in consequente of the superimposition of the absorption
curve of histones with a high absorption in the region 230 to 240 mp
(see figure 10} on that of DNA which bas a much lower absorption
in this region. The absorption curves of DNP and DNA are re-
produced in figure 9 (Chapter IV). Within the very rough limits
of the method of estimation, the ratio by weight of arginine to
phosphorus of the DNP samples is consistent, but the more accurate
arginine determinations on the histone hydrolysates (loc. cit.) axe
a much better indication of the reproducibility of the samples.

The GP 259 values obtained for DNA samples Iland V

(6800 and 6650 respectively) are in good agreement with the findings

28,92,93 | 1 the data of Lawley2® afford the

of other workers
calculation of the ratio of the absorption of DNA at 260 my to that
at 230 mu. A value of 2.36 is obtained in comparison with 2.27

and 2,16 for the ratios of the absorption at 259 my to that at 235 mp
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obtained for DNA samples Il and V respectively. DNA V hada
ratio by weight of nitrogen to phosphorus of 1.8 which is the value
quoted by Lawleyzg, and very similar to that obtained {1.567) by
Shaek and Thomps ei:f;z'6 . Samples I and IV of DNA were shown by
light scattering and potentiometric titration experitnents to be de-
graded and denatured respectively, and thie is the reason for their
higher GP 259 values , Molecular weights calculated from light
sca;;tering data from DNA IV and V are 6 x 106 which is in good
agreement with the value now generally accepted43’44 )

Ultraviolet absorption measurements on several of the
histone samples showed a consistent GN 275 value of 27, but
there appear to be no similar data quoted in the literature for
compazrison, The absorption curve is shown in figure 10 (Chapter IV).
Arginine values {arginine nitrogen as the percentage of total
nitrogen) obtained on the histone hydrolysates are also consistent
and the average value of 22 .0 compares well with that of 21.5 found
by Crampton ei; al .59 and 23.3 which is calculated from the data
published by Vendrelef and his co]leaguesg3 . Paper ionophoresis
of all the histone hydrolysates showed that they contained neutral
amino acids and relatively large quantities of lysine and arginine.
The hydrolysates were also analysed by chromatography on Whatman
No .l paper, and although it is customary to make two dimensional

paper chromatograms of amino acid mixtures in order to obtain the
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best resolutinnsz, a one dimensional method was chosen in order
to make a direct comparison of all the samples on one chromatogram.
Figure 5 shows the chromatogram obtained, and controls comprising
all the amino acids found by Crampton et al, in their analysis of
histone hydrolysates by ion-exchange c:hro:r.muu::vgraph;,rs9 are
situated at either end of the row of the seven histone samples
examined, The figure shows that, although some differences do
occur, the amino acid content of the various hydrolysates is similar,
Included in figure 5 is the chromatogram obtained by Vendreley and
hig collaborator583 from the hydrolysate of calf thymus DNP (as
distinct from the separated histones) and this is very similar to
those of the higstone hydrolysates . The various amino acid spots
of histone hydrolysates were identified by developing a second
chromatogram carrying separate amino acid reference spots, but
the key which is incorporated in Vendreley'!s diagram permits a
rapid assessment of the various components from the chromatograms
jillustrated in figure 5. The ma jor constituent amino acids of the
histones are lysine, arginine, glutamic acid, alanine, valine,
and leucine, and smaller amounts of glycine, serine, tyrosine
and phenylalanine are present.

Serum proteins have been efficiently resolved by paper

94,95

ionophoresis » but the attempts made to separate the histone

samples by this means were not successful. Using buffers at
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pH 5, 7, 9, and 11, the histone samples all gave similar patterns
indicating the presence of at least three main components, two
of which are very basic and migrate towards the anode at pH 11,
but heavy streaking made further interpretation impossible. A
typical ionophoretogram is illustrated in figure 6, and the streaking
is probably due to strong adsorption on the paper of the heavily
changed histone molecules, rather than overloading of the paper
with protein. The complexity of the histonc obtained from calf
thymus glands has been emphasised by chromatographic separations
made by Crampton, Moore and Steinsg, and by Luck and c:t:n—w.vt:):rri‘ua3:99.6
Using gradient elution from ion-exchange resins, the former group
obtained three major and two minor components, but noted from
analyses before and after the experiment that about half of the total
histone was irreversibly adsorbed on theresin, By improved elution
methods; Luck and his group separated at least twelve components
on a column of ion exchange resin.

On the basis of these analyses, the extraction methods des-
cribed appeared to furnish reasonably reproducible materials on

which physico-chemical experiments could be attempted.
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Chapter II. The Dissociation of DNP

The protein of calf thymus DNP has been shown to consist
principally of histones4 which is dissociated from the DNA in
solutions of high ionic strength ! . Dilution of the dissociated
system fo a low ionic strength results in the recombination of the
histone and DNA and precipitation of the re-{formed complex. Such
behaviour has normally been regarded as an implication that the
main forces binding the protein and DNA. are electrostatic, pre-
sumably between the basic gmups of the protein and the phosphate
groups of the DNA . The state of ionisation of these basic groups
is markedly dependent on pH and thus under appropriate conditions
a particular basic group may no longer be involved in an ionic bond
with DNA . Dissociation of the DNP complex might thercfore be
dependent on pH 28 well as on ionic strength.

Electrophore51557’ 67,69 and distribution between immiscible
solvents45 have been employed in studies of the efiect of ionic
strength on the dissociation of DNP and a stepwise release of
differing protein fractions was indicated. The dissociation and
recombination of protein and DNA could conveniently be followed
by determination of a particular functional group as it is released

and re-absorbed during the process . Measurements of this sort
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would provide information concerning the recombination process
and also illustrate differences between the native complex and
recombined artefact. An attempt was made to investigate this
possibility by the determination of the guanidyl group of arginine
before and during dissociation, and after recombination. The
effect of pH on the dissociation of DNP has also been studied by
means of paper ionophoresis experiments.

Theoretical

a) Dissociation in Sodium Chloride Solutions

Suppose that?w ell defined structure involving a specific
sequence of basic gmete=in groups in linkage with DNA phosphate
groups exists in DNFP and that the whole protein moiety comprises
m particular basic groups (e.g . £~amino groups of lysine), of which
n are involved in linkage;s with DNA . Then m apnd n may, or may not,
be equal. If an analytical method is available for this basic group,
the number of such groups remaining fxree in the original DNP
{i.e . m-n) could be determined and dissociation of the protein from
the DNA by the addition of sodium chloride followed by a second
dete rmination would give the value of m, and hence n by difference.

Dilution of the dissociated complex solution {o a sodium
chloride molarity of 0 .14 would effect the recombination of protein

and DNA and precipitation of the DNP thus formed. That the

original, or native, structure will be re-formed is highly improbable;
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for the recombination is here regarded as arising from the
electrostatic attraction between DNA phosphate and protein basic
groups, and should therefore be random. The sequence of groups
bound will almost certainly change and some of the basic groups
originally bound by DNA pbospbate groups may be sterically
prevented from making such a linkage in the recombined DNA.-
protein complex, and the value of n for a particular group would
then be different in the reconstituted DNP from that in the original
DNP . A difference of this sort would be observed by measuring
again the number of the particular basic group under examination
which remained free {i.e. m-n). If a series of dissociations and
recombinations is carried out and the value of m-n measured after
each recombination, 2 random recombination process would be
reflected in a set of random values form-n.

Provided that suitable analytical methods are available,
experiments of this sort could be useful in studying the dissociation
of DNP at varying ionic strengths, and to illustrate differences bhe-
tween the original and recoinbined DNP which may not be found by
physico-chemical methods .

b) The Effect of pH on Dissociation in Solutions of Low Ionic
Strength

The dependence on pH of thie. ionisation of the various

functional groups of amino acids is illustrated in a diagram by

Springall? which is reproduced in figure 7. The de-ionisation,
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or dissociation, of the histone basic groups which would be involved
in linkage with DNA may be represented by the equation

Nt ——> -Nm, + H
and when this reaction is complete the basic group loses its
positive charge and hence its means of attraction to DNA phosphate
groups, The basic groups involved in histone-DNA ionic linkages
would be the iminazole of histidine, the a-amino of N-terminal
peptide chains, the €-amino of lysine, and the guanidyl of
arginine. These groups dissociate over the pH ranges 5 to 9,
7 to 9, 10 to 11 and 12 .6 to 14, respectively {see Figure 7).

As the pH of a DNP solulion is raised there will be a step-
wise de-ionisation of the basic groups and less basic proteins
would be dissociated before the histones. Histones containing,
inter alia, lysine but not arginine would be released from linkage
with DNA before those containing arginine. By virtue of its
negatively charged carboxyl end groups, it should be possible to
move the dissociated protein away from the DNA by the application
of an electric field, The analyses of Toennies and Bakay54 show
that the protein of DNP is not entirely histone (non-histone protein
constitutes 16% of the total protein) and the non-histone protein
might be expected to dissociate completely from the DNA above

59

pH 9. Crampton, Moore and Stein™ * have published quantitative
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amino acid analyses of their histone fractions A, B and C
obtained by ion-exchange chromatography, and from these data
the molar proportions of each amino acid in the respective fractions
can be calculated and these are listed in Table II. Although none
of these histone fractions is arginine-free, the molar ratio of
arginine to lysine is only about 1:10 in fraction A and this protein
might therefore be removable from DNA by electrolysis at pH 11
when lysine and all the less basic groups would be deionised,
whereas fraction B with the higher arginine content would almost
certainly not be separable. Only at pH values of 13 and higher
would the very basic proteins {i.e, fraction B, and those eluted
from ion-exchange resins only by concentrated guanidinium chloride
solutians96) be dissociated from the DNA.

A series of ionophoresis experiments could provide a
convenient means of investigating a dissociation of DNP in solutions
of low ionic strength as the pH of the solution is raised.

Experimental

a) Arginine Determinations on DNP Solutions

An aqueous solution of freeze-dried DNP (II N) was prepared
and clarified by centrifugation at 2,000 r.p.m. for 20 minutes . An
aliquot of the solution was diluted with water for arginine deter-
mination by the method of Brand and Kassel, as described onp. 20.

A second aliquot was similarly diluted, but with sodium chloride
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to give a molarity of 1.0, and for determinations on this solution,
sodium chloride was added to the reagents to the same molarity .
These measurements were done in triplicate and similar measure-
ments were made on four other DNP samples (ID, II M, II S and
II T) and also on a solution of DNP (II P) prepared by the Mirsky
and Pollister procedure {p. 17 }. Phosphorus determinations were
carried out on all the DNP solutions using the method described by
Jones, Lee and Peacocke {p. 20).
b} Ionophoresis Experimenis

Solutions of histones (II1) and of DNP (III X) in the
appropriate buffer solution were separately spotited onto strips
of Whatman No. 3 paper (10 cm. x 57 cm.) which had been moistened
with the same buffer solution. Phosphate buffers at pH 9 and 1186
were used and a similar experiment was prepared using 0.IN sodium
hydroxide solution (pH 13). The papers were electrolysed in the
phosphate buffers for 7 hours using a potential difference of 700 voilts
(about 10 volts/cm.), and in the sodium hydroxide solution for 12
hours using a potential difference of 300 volts {about 4 volts/cm.}.
After elecirolysis, the papers were dried, heated in an oven at
110°C for 10 to 15 minutes, and stained with bromophenol blue by
immersing in an ethanolic solution of the dye (0.1% w/v} and

mercuric chloride {10% w/v) for 10 minutes, followed by washing

in running water .
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The paper which had been electrolysed in scdium
hydroxide solutipn was stained heavily with red mercuric oxide:
this was dissolved out by gently agitating the paper in agueous
potassium bromide solution {20% w/v}. The paper was then
washed briefly in water, dried, heated as before, and again stained
with bromphenol blue.

Ionophoresis of the histone sclution in phosphate buffer
at pH ’?86 was carried out, four spots being applied fo the paper
at intervals of one inch along the base line, After electrophoresis,
the paper was dried, heated at 110°C for 15 minutes and cut into
four strips each carrying one of the spots, One of the strips was
stained with ninhydrin and the other three with bromphenol blue,
Two of the latter were gently agitated in potassium bromide
solutio;l (20% w/v), until the blue stain disappeared, and then
washed lightly with water, dried, heated as before, and stained
once again, one of them for a second time with bromphenol blue,
and the other with ninhydrin,

Solutions of histone (III) and DNP (Il X) in 0.4M sodium
chloride were separately spotted onto a strip of suitably moistened
No . 3 paper and electrolysed in phosphate buffer (at pH 7) which
was.also 0.4M in sodium chloride. The electrolysis was prolonged
for 18 hours using 2 low potential difference {150 volts, i.e. about

2 volts/cm.) and the paper was then dried, heated and stained with
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bromphencl blue.

Results and Discussion

Various analyses of histone hydrolysates {figure 5,
refs. 59 and 83) have shown lysine and arginine to be their
principal basic amino acid components, Since there is no colori-
metric analytical method for lysine (which occurs in greater
quantity than arginine) an attempt was made to determine the
number of arginine residues on solutions of DNP before and
during dissociation, and after recombination, using a quantitative
adapta.tionsl of the Sakaguchi reaction, Measurements were made
on six DNP samples (including a recombined artefact prepared by
the Mirsky and Pollister method) in water and in 1.0M sodium

Table OI

DNP Sample |ID JIIN{) [IN(2) IN@E)EIM| IS |IT  OP

Arg ./P in waten0.67] 0.46 0.63 0.54) 0.45{ 0.57(0.63]0.52

Arg /P in
1.0M NaCl 0.75 0.65 0.58 0.74} 0.62| 0.54| 0.,58| 0.60

chloride solution, and the measurements on one of the samples were
done in triplicate (II N). The results, expressed as ratio by weight
of arginine to phosphorus, are shown in table I, Based on the
analyses by Tcennies and Bakay54 of DNP and the arginine analyses

of histone hydrolysates {Table I, also refs. 59 and 83) the
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theoretical r’atio by weight of arginine to phosphorus for DNP
is 1.16, and this value should be obtained on dissociated DNP
solutions unless arginine groups are involved in inter-peptide
linka ges o

The results obtained do not indicate the differences
anticipated between solutions of DNP in water and 1.0M sodiam
chloride, and the method of analysis appears to be neitber
sensitive nor accurate when applied to these solutions of large
molecules, for the ratios of arginine to phosphorus obtained in
sodium chloride solution are only about half the theoretical value.
An insensitive analytical method would not necessarily be useless,
but the absence of significant differences between values in water
and 1,0M sodium chloride suggests that, cither the functional
group being assayed reacts even though it is linked to the DNA
phosphate group, or the apalytical reagents employed cause the
dissociation of the DNP complex. The latter event is very
probable for the reagent is highly alkaline and the ionophoretic
study of the effect of pH on disscciation at low ionic strength
{(loc. cit.) shows that the DNP complex is dissociated in 0.IN
s odium hydroxide solution.

A much milder method of determination is needed for
a functional group assay study of DNP dissociation at increasing

ionic strengths and it is possible that experiments using the
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reaction of dinitrofluorobe nzene98 with solutions of DNP in water
and in 1,0M sodium chloride could be advantageously adapted to
this problem. Hydrolysis of the N~dinitrophenyl proteins followed
by chromatographic analysis would show whether or not there was
a difference in end-amino groups of the protein in association
with, and dissociated from, the DNA.

The ionophoresis experiments, in which parallel samples
of histone and DNP were electrolysed in buffer solutions at pH 9
and 11, and in 0.1N sodium hydroxide sclution, did not exhibit a
stepwise dissociation of the protein from the DNP complex corres-
ponding with the dissociation of the basic groups of the protein.
Under conditions where all the basic groups other than the guanidyl
group of arginine would be de-ionised (i.e. at pH 11} there was no
evidence of dissociation of the DNF complex and only at a very
alkaline pH (i.e. in 0.IN sodium hydroxide solution)where the
guanidyl group would begin to dissociate {see figure 7) was a
migration of protein away from the DNA observed. This ionophoreto-
gram is illustrated in figure 8. The efficiency of ionophoresis
in demonstrating a digssociation of DNP was illustrated by the
experiment with 0.1N sodium hydroxide solution; and by an experiment
using a high ionic strength buffer, IHistone and DNP samples were
found to produce a parallel migration of protein on ionophoresis in

0,4M sodium chloride solution buffered at pH 7 with potassium

phosphate.
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From these experiments it can be concluded that
dissociation of the DNF complex does not occur in solutions
of low ionic strength unless the solution is very alkaline (i.e.

about pH 13).

{A;n interesting possibility of sarrying out two staining
tests on ome ionophoretogram arose from these experiments,
When staining the paper after ionophoresis in 0 .N sodium
hydroxide solution with bromphenol blue, a heavy precipitate of
red mercuric oxide wag formed on the paper. This could be
removed by dissolution in a concentrated aqueous salution of
potassium bromide and, after washing, drying, and re~heating,
the paper may be re-stained with bromphkenol blue, or another
reagent. Im this way it is possible to use two different staining
procedures on one ionophoretogram . A comparison of ninhydrin
and bromphenol blue stains was made on a histone ionophoretogram
(p. 35) in this manner and both gave the same pattern., The
pattern obtained by the re-staining procedure with both ninhydrin
and bromphenol blue was identical with the pattern produced by

these reagents in the usual way),
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Chapter Il Potentiometric Titrations

The anomalous potentiometric titration behaviour
2
of DNA observed by Gulland, Jordan and Taylor 2 has been
confirmed and intensively investigated by several other workers

2
3,24,25,99,100 and may be employed in quantitative studies of

50,101
» 10 s for the hysteresis of the curves decreases

denaturation
and finaly disappears as a sample of DNA is denatured. Similar
experiments on DNP have not been reported and attempts were
made to carry out potentiometric titrations on this material for
comparison with titrations of DNA.,

Solutions of DNA at a concentration of about 0.15 mg,
phosphorus per ml. in 0.05M sodium chloride are conveniently
used for small-scale potentiometric titrationsgg . When one of
the DNA samples was titrated at this concentration, with acid,
titration curves exhibiting the well known hysteresis were obtained.
Solutions of DNP in 0,05M sodium chloride are, however, ex-
tremely dilute {0.002 mg . phosphorus/ml.} and in 0.00IM sodium
chloride the concentration of DNP {0.02 mg . phosphorus/ml.) was
still very much lower than the desired level for titration experi-
ments, A solution of DNA was titrated at this low concentration

in 0,001M sodium chloride solution and, although the results were

much less accurate than previously, an hysteresis of the titration
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curves was observed. Titration curves are conventionally
plotted as the number of equivalents of acid bound by the DNA
(per 4 g. atoms of phosphorus) against pH. The amount of acid
bound is the difference between the volumes of acid required to
titrate equal volumes of the solution and solvent to a given pH.
_When dilute solutions are titrated the volume of acid bound is
small, and is obtained as the difference of two large quantities

in the region where large additions of acid produce only a small
change of pH, and cannot, therefore, be obtained with accuracy.

Attempts were then made to titrate DNP in 0.001IM

sodium chloride. A large initial uptake of acid occurred very
slowly above pH 5, probably due to the protein, and on back
titration the absorption of alkali was very slow above pH 4.5.
Because of this slow equilibration of pH, a titration of DNP

could not be compileted in less than six hours, during which time
a considerable volume of water evaporated from the sclution

and condensed on the stem of the electrode, the ""Agla' syringe,
and the bang of the vessel, thereby making true volume corrections
impossible, This slow rate of reaction together with the inherent
errors in the titration of dilute sclutions made the construction of
accurate and reproducible titration curves for DNP impossgible.
The curves obtained did, however, show an hysteresis similar

to that of the DNA solution titrated at a comparable concentration,
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and though they are unsuitable for quantitative studies they
indicate that the hydrogen bonded structure of DNA, to which
the titration hysteresis is attributed, is also a feature of DNP
solutions.,

The low solubility of DNP in d-lilute sodium chloride
solutions thus precluded accurate comparative potentiometric
titrations of DNF and DNA . Hysteresis gimilar to that of the
potentiometric titration curves of DNA has, however, been
observed in the spectrophotometric titration of DNA and DNP26.
and greater accuracy is achieved in these experiments using
very dilute solutions than with concentrated ones. A comparative

study of DNA and DNP was possible by this method and is described

in the following chapter.,
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Chapter IV « Ultraviolet Absorption Studies

The purine and pyrimidine components of DNA are
responsible for its ultraviolet absorption, but the absorptivity

of DNA, measured as the extinction coefficient per mole of

1
phosphorus { & P) OZ, is much less than the value calculated

103
by summation of the absorptivities of its ‘constituent nucleotides .

27,28,53,104,105

Several spectrophotometric studies have shown

that an irreversible increase in 6P is effected by several factors

which do not degrade the molecule, but cause permanent changes

101

31,52 . .
?7" and potentioretric titration bebaviour , thus

in viscosity
indicating an alteration of the macromolecular structure, By
analogy with protein chemistry, this change is termed "denaturation"

and its important feature is the disappearance of intramolecular

. . 106
hydrogen bonds which is illustrated by titration studies . A

variation of € P values for DNA. between 6000 and 8000 has been

1
observed 03, but more consistent values of about 6600 have been

92

obtained with fresh preparations from a number of sources” ,
and higher values are probably an indication of denaturation, if
only to a limited extent.

Permanent increases in the eP value are produced

27,28,53

when DNA solutions are heated , treated with acid or

26,27,28,105

alkali s subjected to ultrasonic irradiation27
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or irradiated with Y -ra.yssz + Plots of absorption against pH
are of particular inierest because a considerable difference
between the forward and back titration curves is observed, and
Shaek and Thompsett have shown that these data can be plotted
in 2 manner which furnishes hysteresis curves comparable with
those from potentiometric 1'.1'1;1*&1::1::::)&26 . This hysteresis is
greatly diminished when the solutions are previously heated or
treated with acid or alkali.

The absorption of DNP comprises contributions from
its DNA and protein components, but the protein absorption is
very small compared with that of DNA (Table I and ref. 103)
so that the essential features of the absorption curves of DNA
and DNP are similar, both having a maximum of 259 mp with a
minimum &€ 230 my in the case of DNA and 235 my in that of
DNP (figure 9 and refs . 26 and 90). In studies of the dissociation
of DNP, Crampton, Lipshitz and Chargaff obtained a considerable
variation of eP values, but the majority were between 6800 and

?30089 . A specimen of DNP prepared from avian tubercle bacilli

8
90; and the data of Doty and Zubay 8 for calf

had an € of 7400
thymus DNP give an €, of 7350 = 350, The €, values listed
in table I {p. 24 ) for the later preparations of DNP (7100-7500)

are in agreement with these two latter findings and thus the eP

value of DNP is 8 to 10% higher than that of DNA, which is a
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difference greater than one can attribute to experimental error,
An increase in & P of this magnitude is greater than would result
from the algebraic addition of the absorptions of DNA and histone
(using data from table I and the analyses of Toennies and Bakay54
this would be less than 1%) and would therefore appear to be a
consequence of DNA-protein interaction. The interactions of serum
proteins and lysozyme with DNA have been studied spectrophoto-

103, 107 and in these instances a depression of the absorption

metrically
is indicated.,

Treatment of DNP solutions with alkali produces a
permanent increase in absorption, and spectrophotometric titration
curves of DNP solutions are similar to these of DNA26 . These
observations suggesat that acid, heat, and irradiation will also have
a denaturing effect on DNP similar to that on DNA, but studies of
such processes have not yet been reported.

At a particular pH the dematuring action of acid and
alkali on DNA is instantaneou526, but that of heat and ¥ -rays

2’53, i.e. the duration of application

is dependent on the dosage
of the effect as well as its intensity, The protein of the DNP
complex could provide some protection againgt denaturation which
would be observed in relative studies of the denaturation of DNA
and DNP . The work described in this chapter was concermed with

the investigation of such an effect by comparative spectrophoto-
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metric titration experiments with DNA and DNP solutions, and
by measuring the relative rates of increase in absorption of
such solutions on heating. A spectrophotometric study of the

interaction of DNA with histone was also carried out.

Experimental

a} The Effect of Heat on the Absorption of DNA and DNP Solutions

Solutions of DNA and DNP in 0.00IM and in 1,0M sodium
chloride were prepared and their phosphorus content was deter-
mined colorimetrically (p. 20 ). After suitable dilution, the
ultraviolet absorption curve of each solution was obtained {p. 20 ).
Aliquots (5 ml ) of each of the four solutions were heated in
boiling water for 15 minutes in stoppered tubes; and after cooling
they were diluted as before and the absorption curves measured
once again, The absorption curves are shown in figure 9.

In order to compare the relative rates of change of
absorption of the four solutions on heating, sufficient of each stock
solution was appropriately diluted to give about 60ml. of solution,
the ahsorption of which could be conveniently measured without
further dilution. Twelve aliquots {4 ml.) of each solution were
transferred to thin-walled test tubes which were stoppered with
glass marbles and placed in a bdth of boiling water. At noted time
intervals one tube of each solution was withdrawn and cooled in an

ice bath for about a minute. When the experiment was complete
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{a period of 15 minutes heating was covered) the absorption of
each solution at 259 mjl was measured against the appropriate
solvent blank, and plots of GP against time were consiructed for
the four solutions, and are illustrated in figure 12.
b) Spectrophotometric Titrations

Solutions of DNA and DNP in both 0.00l1M and 1.0M sodium
chloride were used and the phosphorus content of each solution
was determined {p.20 ). Aliguots of these solutions were so
diluted (with the appropriate sodium chloride solution) as to have
a convenient absorption at 259 my (the phosphorus content of
such solutions was about 0.002 mg./ml .} and the solutions were
titrated with sodium kydroxide solutions (initially 0.1N, followed
by 1.0N) to pH 12,5 and then back titrated to neutrality with hydro-
chloric acid solutions (initially 1.0N, followed by 0,1N). About
30 ml, of the diluted solution, accurately measured, were used
for each titration. During the titration, aliquots of about 4 ml.
were withdrawn for measurement of the absorption {at 259 mp
only}, and were then returned to the titration vessel. A Cambridge
portable pH meter with "alkacid' glass electrode was used for pH
measurement and it was standardised before use with phthalate
and borate buffers {pH 4.00 and 9.18, respectively) and checked
with the same buffers after ecach titration. The titration to pH 12.5

and back to neutrality was repeated on each titrated solution to
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provide the corresponding data for alkali-treated materials,

A solution of DNA in 0.001M sodium chloride wag titrated
to pH 2 and back to neutrality, the titration again being followed
spectropbotometrically. The acid-treated material, which this
solution then represented, was subsequently titrated to pH 12,5
and back to neutrality, and a titration to pH 2 of an alkali-treated
solution of DNA was also carried out, the titrations again being
followed spectrophotometrically,

The spectrophotometric titration in the alkaline region
was repeated on solutions of DNA and DNP in 0.001M and 1.0M
sodium chloride after heating for 15 minutes at 100°C, the heat
treatment having been applied to the solutions before dilution for
titration., .An additional titration of a solution of DNA aiter
heating in 0 .00IM sodium chloride was done in which the solution
for titration was diluted with 1,0M (instead of 0,00IM) sodinm
chloride solution. The titration curves are reproduced in figures
13 to 17.

Two experiments were carried out in which more concen-
trated solutions of DNP were titrated and samples withdrawn at
suitable pH intervals and diluted for absorption measurements,
but this procedure proved to be far iess accurate than the titration
of diluted solutions .

c) Interaction of DNA with Histone

The concentration of solutions of DNA and bhistone in
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0 .00IM sodium chloride was determined by phosphorus analysis
(p.20 ) in the case of DNA and from the intensity of absorption

at 275 mp (figure 10) in the case of histone, An aliquot of the

DNA solution was diluted to give a directly readable absorption

at 259 mp and 5 ml. of this solution were pipetted into a test tube,
The histone solution was diluted so that its concentration by
weight was about ten times that of the diluted DNA solution; this
required a twenty-fold dilution., Aliguots of 0,05 ml. of this
diluted histone solution were successively added to the DNA
solution and the absorption of the mixture at 259 my was measured
after each addition. When 0.4 ml, of the histone solution had been
added, the mixture became slightly opalescent and the subsequent
addition of histone solution produced an increasing turbidity,

An aliquot (0.5 ml.) of the histone solution was diluted with 5 ml,
of water and its absorption at 259 mp was measured and was less
than 1% of the abseorption of the DNA solution prior to the addition
of histone, The pH of the histone solution, before dilution, was
determined with a Cambridge portable pH meter. Figure 18 shows

the change in absorption as histone is added to the DNA solution.

Results and Discussion

The effect of heat on the absorption curves of solutions of
DNA and DNP in both 0.00IM and 1.0M sodium chloride is

illustrated in figure 9 which shows that the well known increase
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in GP of DNA is observed with DNP at low ionic strength, and

the GP value after heating is virtually the same for the two
substances; 8530 for DNA and 8450 for DNF . At the higher
electrolyte concentration the behaviour is different and a relatively

small increase occurs; the final & _ values being 7160 for DNA

P
and 7590 for DNP .

Explanations of the rise in (—P of DNA on denaturation
have been advanced on the basis of the Watson and Crick sf:rv,:ctfhn:e9
A molecular model of a part of this structure has been constructed
by Wilkins et al .71 and is represented in figure 11, from which it
can be clearly seen that within the DNA helix the nucleotides are
closely stacked above each other in a continuous spiral permitting
electronic interaction between the aromatic rings of the purine
and pyrimidine bases. An interaction of this type between super-
imposed layers of aromatic rings in concentrated solutions of
certain dyes has been shown to result in a different absorption
spectrum from that of dilute solutions where the arrangement i3
probably ranﬁomloa . Overlapping of the 7 -orbitals from the
aromatic rings of partially superimposed bases could, ina
similar way, account for the absorption of DNA being lower than
that calculated from the nucleotide absorptions. Laland and his

colleagues 27 have suggested that the increase in GP which occurs

as the DNA molecule is denatured is the result of a partial break-
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down in these electronic interactions resulting from the rupture
of intramolecular hydrogen bonds and the consequent deformation
of the helix. In more mundane terms, Lawley explains the change
in E'P in terms of an increase in chromophoric area as the orderly
stacking of bases in the DNA helix is replaced by a random arrange-
ment in the denatured 1-1c1t:zulec:1n11ez8 .

The eP value of about 8500 for the heat-treated solutions of
DNA and DNP in 0.001M sodium chloride may thus be termed the GP
of the randomly disordered structure. The differeat values obtained
for solutions in 1,0M sodium chloride will be discussed later with
the spectrophotometric titration data .

Data for the relative increase in G'P of DNA and DNP on
heating are presented in figure 12 which is a plot of €'P against
time of heating at 100°G. Thomas°- has shown (spectrophotometrically)
that at 70°C denaturation of DNA in dilute sodium chloride does not
proceed at a measurable rate, at 75°C it occurs slowly, and at
77.5°C the process becomes more rapid. The curves of figure 12
show that denaturation in 0.00IM sodium chloride occurs very
rapidly 3£ 100°C’ and the final &-P value for both DNA and DNP is
8700, but only a very slow increase occurs in a strong sodium
chloride solution. Under these conditions, the pootein appears to

afford only a little protection against denaturation of the DNA within

the complex, If the proatein of the DNP is wound around the shallower



T UOTIBIIT] MDeq ‘sS9T0JI0
PS80TD PUY WOTIRIII] PABMIOY “BSTOITD US4 * ju2u1ledl) 183y I231Fe ‘) puUE
juswlea3l IrENIR Ia33e ‘g suorinos Teurdrao ‘¢ * apriolyd wnipos WO 1 Ut
ANG pue wNO jo Suonnjoes 3C 99AIMD UOTIRIIT Orarewojodoxinadg gy sanBr

-
4] O

11 &
T L{ L 1

9 L B ] o
¥ A 1

—{=
-




"UCTIBIZTY 080 ‘SOTAITO PSROTO PUB UOTIRIIT} PIBMIOY ‘88T0ato ued) *jusmeaxy
vw.w.ﬂ 18318 ‘p pus  fquemimads; TTENIR I933% *g  {SUOTINTON TRUTITIO ‘Y *9PLIOTUD WmTpOS
W100°0 UT dNC Ppu® VNQ JC SUOTIN[OS JO SaAmO uOT4BI}T} dtijemojoydoasosdg *HT eandyg

d
H
[ 4] [ ¢] 1 o™ K 1 ] L [ 4
~ - T T ~° T 1 1 I
- —t
. u rli—
.\\““u — .

l l | ] | l | l

T T T T I I T T T T 1 1 (s ulal ]
- —— —SO0OL

. Y
— r—— . - - .
] ]

1 t 1 1 L 1 i | | L J; l

1 ] | | | | T I | T T I Joooe
— e —4O00

.
- - —joooe
Y L

| - —0004

1 1 | | 1 1 1 } 1 | 1 i




-Rh72=-

groove of the DNA helix (A in figure 11} and held there by inter-
action of its basic groups with DNA phosphate groups, as has
been suggested in the case of fish-sperm DNE?I, it is probable
that it could afford only slight protection against attack of the
inter-base hydrogen bonds via the deeper groove {B in figure 11}
of the helix.

The experimental results of the spectrophotometric
titrations are swmmarised in Table IV and the titration curves
are reproduced in figures 13 to 17. Plots oi E‘P versus pH
were made in preference to those used by Shaek and Thompsett
(loc, cit,} for they afford easy and direct comparison of the
various experiments, and comparison of these data with those
reported by others.,

On titration to pH 12.5 and back to neutrality, solutions
of DNA and DNP in either 1.0M or 0,001M sodium chloride exhibit
an hysteresis (figures 13A and 14A) which is removed, or greatly
diminished, in each case by previous heating (figures 13C and 14C)
or by the action of alkali {figures 13B and 14B) . The tiration curve
of a DNA solution in dilute sodium chloride to pH 2.5 and back
to neutrality shows a similar hysteresis {figure 15A} which is
removed if the solution is first titrated to pH 12.5, as shown in
figure 15B. When the acid treated solution of DNA was titrated

with alkali to pH 12 .5 and back titrated to neutrality the hysteresis
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of the titration curve was no longer observed (figure 15A). These
titration curves are all similar in shape to plots of absorption

against pH which have been previously recorded for DNA

27’53’105, and the €_ values of solutions of both DNA

P

and DNP in dilute sodium chloride after titration are all in the

solutions

region of 8000 {Table IV), excepting those denatured by heat which
havé a somewhat higher value of 8500 , Lawleyzg has reported
< P

alkali, and heat, and the data of Laland et a1.27 give EP values

values of 8000-8500 for DNA solutions denatured by acid,

of about 8500 for DNA solutions after treatment with alkali or acid .
Two interpretations of these data can be made. The action of heat,
acid; or alkali may result in complete denaturation to a random
state of disorder having a characteristic E-P of about 8000, or
denaturation may occur only to a certain deéree giving a distorted
or deformed helix which, whilst not in a random state of disorder,
has a characteristic EP dependent upon the extent of deformation,
and the action of heat would then appear to produce a greater
degree of deformation than that of acid or alkali. The similarity
of the EP values of denmatured DNA and DNP solutions indicates
that the protein does not restrict the state of deformation of the
DNA within the DNP complex.

Shaek and Thompsett26 Presented their spectrophoto-

metric titration data 8s a plot of ¢ against pH, o being defined by



the equation o = D - Dl . Here, D is the optical density at a

given pH and Dy and Dz are the optical densities when a = 0 and 1
respectively, and are obtained from the asymptotes of the forward
and back titration curves . By this means they were able to show
that the hysteresis of the spectrophotometric titration curve was
almost identical in form with that of potentiometric titration
curves . A comparison of Shaek and Thompsett!s method and the
direct plot of € against pH is made in figure 16 using data from
the spectrophotometric titration of DNA in 0.00IM sodium chloride
solution.. The DNP solution in 0.00IM sodium chloride furnished a
titration curve very similar to that of DNA (figure 14A and ref. 26)
and it may therefore be inferred that this material would also
exhibit the anomalous potentiometric titration behaviour of DNA
{cf. chapter III) indicating the hgdrogen bonded structure. Spectro-
photometric titrations of DNP to an acid pH could not be made for
precipitation of the material occurred below pH 5.

The curves for solutions of DNA and DNP in 1.0M sodium
chloride show two points of similarity with, and two differences
from, their counterparts for sclutions in 0.00IM sodium chloride.
The similarities are the attainment of 2 maximum EP of about
8700, and the removal of the originally present hysteresis by
treatment with alkali or by heating. The differences are in the

GP value after titration, which is about 7500 compared with 8000
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for the sojutions of low ionic strength {Table IV), and the lower
pH at which the steep increasge in absorption occurs, These
properties in 1.0M sodium chloride are observed with solutions of
both DNA and DNP .

The hysteresis behaviour is analogous with that in the
dilute sodium chloride solutions, thus the presence of the hydrogen
bonded structure for both materials is again indicated. Removal
of the hysteresis from the curves by treatment with alkali or by
heating is of importance when considered in conjunction with the
relatively low éP value after titration. By amalogy with the
potentiometric titration curves, the disappearance of this
hysteresis signifies the rupture of the intramolecular hydrogen
bonds and a denatured molecule would then be expected, but the

& p Vvalue of 7500 compared with 8000 for solutions in dilute
sodium chloride is consistent with less deformation of the helix
in 1,0M sodium chloride than in 0.001M sodium chloride. It
would thus appear that in a strong electrolyte solution there is
some protection against, or inhibition of, deformation of the DNA
helix (i.e. denaturation), but not against intramolecular hydrogen
bond rupture. The explanation of this behaviour probably lies in
the gbservation by Thoma353 that DNA solutions may be denatured
by dilution to very low sodium chloride concentrations {e.g. 10“4@

for there are then insufficient cations to neutralise the DNA
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Figure 17. Spectrophotometric titration curves in

A, 0.00IM sodium chloride, and B, 1.0M sodium chloride,
of a heated solution of DNA in 0.001M sodium chloride
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phosphate groups which tmay repel each other sufficiently
strongly to cause a deformation of the helix, In a strong sodium
chloride solution the rupture of intramolecular hydrogen bonds
would permit any deformation of the helix, but this is restricted
by the presence of a high concentration of sodium ions around the
phosphate groups., The absence of such ions at more dilute
sodium chloride levels permits repulsion of DNA phosphate groups
to aid deformation of the helical structure., Experimental
evidence in support of this theory was readily obtained by heating
a solution of DNA in 0.001M sodium chloride and diluting two
aliquots for titration, one with 0.001M sodium chloride, ard one
with .0M sodium chloride. Each solution was then titrated to
PH 12 and back to neutrality and the curves plotied are illustrated
in figure 17. The spectrophotometric titration behaviour was thus
shown to be a function of the ionic strength of the solution and the
experiment further suggested that the denatured DNA molecule
is a slightly deformed helix; rather than a randomly disordered
structure, for the lowering of & p OB diluting the heat-denatured
solution with 1,0M sodium chloride solution implies deformation
to a less extent than in the solutions of low ionic strength.

As an alternative to the attribution of the lower é-P values
of denatured materiala in 1.0M sodium chloride solution to modifi-
cations of neighbouring phosphate group interactions; the difference

may be considered a consequence purely of the effect of the
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stronger electric field obtaining inthe solutions of higher ionic
strength on the 7 orbital interactions of the bases,

The shift of pH at which the steep increase in the forward
titration curve occurs on changing from 0.00IM to 1,0M sodium
chloride solution is probably caused by a change in the pK values
of the dissociable groups involved in hydrogen bonding, in the
solution of higher jonic strength. The increase in € j to values
of almost 9000 (Table IV) at the extremes of pH may be attributed
to the ionisation of the bases for this would alter the electron
distribution in the aromatic rings, and hence the absorption.

These spectrophotometric experiments show that the
DNA within the DNP complex retains its characteristics and the
presence of protein appears to make little modification to its
behaviour, for DNP solutions are denatured by heat and alkali
in a similar manner to solutions of DNA.

The ultraviolet absorption curve of a solution of histone
in 0.00IM sodium chloride is shown in figure 10 and has a peak at
275 my. At 259 myp, its absorption is very low (€ = 21) compared
with the absorption of DNA at this wave length { &p = 6650). The
addition of histone and DNA solutions produced a slight increase
in absorption at 259 mjy which was greater than would result from
the algebraic addition of the two absorptions . Figure 18 shows the
increase in absorption which occurred as a solution of histone was

gradually added to DNA in 0,001M sodium chloride . As the ratio
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by weight of histone to DNA approached unity the solution
became opalescent, and then increasingly turbid resulting in
a steeper and less uniform increase in absorption. However,
if the initial slope is extrapolated to a weight ratio of 1.0,

the E‘P value at this point is 7250 which is the value observed
in fresh DNP solutions , The pH of the histone solution was
5.6 and that of the DNA solution was 6 .8; in a similar experiment
using a bistone solution at a lower pH {3 .1} the solution became
turbid almost a5 soon as additions toe the DNP solution were
commenced, The broken line of figure 18 represents the
algebraic sum of the histone and DNA absorptions.

This experiment indicates that the higher value for the
€-P of DNP (7300 compared with 6700 for DNA) is a consequence
of interaction between protein and DNA, The modification of
electron interactions which the increase suggests probably arises
from the proximity of heavily charged protein groups rather than

deformation of the helix.
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Chapter V. Light Scattering Experiments

The more recent molecular weight determinations on
samples of DNA have been made by the use of light scattering
methods and the data obiained have also provided information
concerning the shape of the molecule,

Scattering envelopes of INA and DNP solutions at
different electrolyte concentrations were obtained both before
and after heat treatment of the solutions in a further attempt to
assess the influence of the presence of protein on the behaviour
of DNA, The light scattering method was also used to measure
the molecular weight of two of the histone preparations in order
to compare the theoretical weight average molecular weight of
dissociated DNP with that ocbserved in strong sodium chloride

8 Q‘luti on .,

Theoxetical

The general phenomenon and fundamental theory of light
scattering have been known for many years34, but the conception
of using the light scattered by large molecules in solution to
determine their molecular weight was first introduced by Putzeys
and Brosi:ea.uxm9 in 1935 and the rapid developments which have

35,36

followed arose largely from the work of Debye The

principal adwantage of the light scattering method is that it permits
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determination of a molecular weight without making previous
assumptions about the molecule’s shape, and simultaneously
provides information concerning moiecular sha.pe40 .

Rayleigh's original equation for the intensity, ie s of
light scattered at an angle 8° to an incident beam of intensity IQ
is given by

i = 87*3a%( + cos®e) )
IO )\g re

where Ao is the wave length of the light in vacuo; ° is the distance
of the scattering molecules from the observer, 7 is the number of
scattering molecules per unit volume and o is the polarisability

which can be replaced by the refractive indéx, n, using the equality
a=n -1 . Experimental data a»e usually treated in the form of the

2
reduced intensity {or Rayleigh ratio}, Ry» which is defined by

equation 2, or the turbidity, 'T:, which is a function of the reduction in

R, = i,v (2)

intensity of the incident beam, in passing through a distance { of

the system, due to scattering and is defined in equation 3, in which
= f
1=1e 3)

Iis the intensity of the transmiftted beam. It can be shown that RB

and U are related by equation 4110, and for an ideal solution of a
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_ 17T
T'l_s_’R% (4

macromelecule it can be proved that equation 5 is va]id36 . Here,
N is Avogadro's number, M the molecular weight, ¢ the concen-
tration in g ./unit volume, n_ the refractive index of the solvent,

and n the refractive index of the solution. For simplicity, egquation
2 2
B - 270 n (& - ng cM

90 N 7\7"-‘_ (5)

= KcM {(6)
5 is generally written and used in the form of equation 6. A

similar relationship to equation 5 may be obilzined for the turbidity,

T = HcM (7)
instead of reduced intensity, and this 2lso is usually written in
the abbreviated form of equation 7.
The constants, K and H, are characteristic of a given
solution, and these equations show a close &imilarity to the
van’t Hoff expression for the osmotic pressure; P, of an ideal
solution. For real solutions the van't Hoif equation, 8, is modified

to the form shown in equation 9 and in a similar way, a virial

_ CRT 8

P o= (8)

P - L, Bc+ D (9)
cRT M

coefficient may be introduced into the light scattering expressions

giving equation IOHO . It can now be seen that a plot of Kc

R?o
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+ 2Bc {10)

1
R v M

against ¢ may be extrapolated to give an intercept at zero

concentration which is the reciprocal of the molecular weight.
When the molecular dimensions become comparable

with the wave length of the light employed, the simple equations

so far used are no longer valid because interference and re-

inforcement occur amongst light scattered at various parts of

the molecule, thus causing i o to vary with 0 as a complex function

of the dimensions of the scattering molecule, A correction factor

must therefore be applied to the observed values of igs and this

is given by the reciprocal of the particle scattering function,

P(0) , which is a summation over all the scattering elements of

the particle and has a complex mathematical definition in terms

of the dimensions of various model systems35’ 36,101 . Assumptions

about the shape of the molecule can, however, be avoided in the

method used by Zimm40 which depends on the fact that the

particle scattering factors are unity when 9 is zero; the scattering

at various angles is therefore measured and an extrapolation

made to zero angle, Since P(8) is a function of gin” —g- s Zimm

bas shown that the extrapolation is best effected from a plot of

Kc against sinz-g-— + K¢, where K is an arbitrary constant so

24
c]:?osen that the data from different concentrations become suitably
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separated. A grid-like plot is then obtained {figures 21 to 24)
which may be simultaneously extrapolated along lines of constant
concentration to zero angle, and along lines of constant angle
to zero concentration. The two lines produced through these

8.

8=0

+ 2Bc {11)

2l

) - wew w

c=0
extrapolations have equations 11 and 12 respectively and they
should meet in a common intercept which is the reciprocal of
the malecular weight,
In conseguence of the integrating nature of the particle
scattering function, the ratio of the initial slope of the line at
zero concentration to its intercept affords the calculation of

the radius of gyration, @ , of the particle as defined by equation

initial slope {c=0) _ M (13)
intercept S

13 . This may then be used to evaluate the dimensions of certain
model systemsno .

Although a number-average molecular weight can be
obtained from light scattering datallz, the value obtained from
the treatment described is a weight-average value, The weight
average molecular weight, M2 of any given system is defined

by equation 14, where n; and m, are the number and weight,
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€ 2
1T,

JrIm
11 1

113
respectively of the particles of the ith species

Experimental

Solutions of DNA 1V and DNP IV in 1.0M and 0.05M sodium
chloride and 2 solution of DNA IV in 0.002M sodium chloride and
of DNP IV in 0.0007M potassiurn phosphate buffer (pH 6 .8) were
prepared and a part of each solution was heated at 100°C for 20
minutes. All the solutions were then clarified by centrifuging for
about 16 hours in a2 vacuum centrifuge at 22,000 g. The scattering
envelopes of these solutions were measured as described later.
Solutions of DNA V and DNP V in 0.00IM and 1.0M sodium chloride
were prepared and a portion of each solution was heated at 100°C
for 20 minutes . Solutions of histone I A and histone III in 0.001M
sodium chloride were prepared and all the solutions were then
clarified as before and the scattering envelopes of the DNA and
DNP solutions were measured, but in the case of the histones
the scattering at 90° only was measured.

After clarifying, all the sblutions were transferred by
means of pipettes to conical flasks, with externally ground stoppers,
for storage. All glass ware with which the clarified solutions

would come into contact was thoroughly cleaned with chromic acid,
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hot water, and distilled water, and then rinsed in a stream of
redistilled acetone and allowed to dry in an oven at about 50°C,
The light scattering cells were cleaned by washing with a
solution of *'Stergene’ in distilied water and were then rinsed
with much distilled waterxr, followed by redistilled acetone, and
were dried in the oven.

Scattering measurements were made at four different
dilutions on the DNA and DNP solutions, and at seven or eight
dilutions on the histone solutions. The appropriate solvent for
dilution of these solutions was clarified by filtering, under
pressure through a pad of 'metasil' supported on a No, 5 sintered
glaés disc, directly into the scattering cell. Aliquots of the
solution under examination were then added serizally to the
solvent and thoroughly mixed by means of 2 small magnetic
stirrer, and scattering measurements were made after each
addition of the solution. All filtration and dilution operations
were carried out in a dust-free cabinet and the exact dilutions
were determined by weighing . The dilution was normally made
by successively adding 2, 2, 5, and 5 ml, of the clarified
solution to about 25 to 30 mil, of the solvent,

A Brice-Pheonix photometer39 » calibrated against an
opal diffusing screen and checked with "Ludox' solutionsll4,

was employed for measuring scattering intensities; the wave
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length of the light used (selected by a blue filter over a

mercury lamp) was 436 my,. The scattering envelope of DNA
and DNP solutions was obtained by measuring the intensity of

the light scattered from solutions contained in a cylindrical

cell at angles from 25° to 135° to the-invident beam . The ratio
of the intensity of the light scattered at 90° to that of the trans-
mitted beam was measured and the intensity of the light scattered
at other angles relative to that of the incident beam was calculated
uzing this ratio. Similar measurements were initially made on
the solvent itself and these values were subtracted from those of
the solutions to give the scattering due to the solute. In order to
compensate for possible changes in the response of the photo-
multiplier during prolonged use, the sequence of readings was
made in a fixed order from 135° to 25° and then back in the
reverse order. Each reading was made in duplicate and readings
at 90° were observed before and after, and half way through,
each sequence, and the average of the two geis of readings at
each angle was used, Solutions of DNP in 1.0M sodium chloride
gave wide fluctuations in intensity and it was therefore necessary
to make readings at 90° at moxre frequent intervals, In the case
of the histone solutions, readings were made only at 90° and a

square scattering cell was used.



'9PLIOTYD

l. 6

WINIPOs W gg -Q ul SUOIETY j0 UOINIO8 ® 107 2 315UredE .lmmm JO 1014 61 sunSpy

A.Q Y ..v 9

Q4 &0 20 &0 %0 $-0 »Q €0 2-0 1-0 %

7T 7T T T T o
| &
_ - %

o [Illl Ol =
o o - § bl




“67-

Results and Discussion

From plots of %{{-5— against ¢, the molecular weight of
two of the histone samplgs was obtained. The graph from the
data of histone IIl is shown in figure 19 and gives a molecular
weight of 72, 000, and that obtained for histone I A was 63,000.
The constant, K, includes the refractive index increment of
the protein; and since facilities for its measurement were not
available, the average of the values listed by Doty and Edsalllls
for twelve other proteins was used (0.193). The molecular
weights obtained are comparable with those of a number of
s erum proteins115, but much lower values, in the region of
10, 000, have been calculated from sedimentation experiments
with certain fractions of histon396 .

Extensive use has now been made of the Zimm method
for plotting data fromn DNA solutions and values for M of 4 to
7x 10'6l and for Mg of 2000 to 2500 have been observed40—44’ 110, 114 .
Similar values were obtained in the present experiments, although
in the very dilute electrolytes the readings obtained at angles
below 40° were ignored for they would have led to an extrapolation
II%P- , and the data from solutions
in 1,0M sodium chloride (figure E'321) are probably more reliable,

giving a negative intercept of

for a shorter extrapolation was pessible. The results ahtained

are included in Table V.,
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None of the data obiained from DNP solutions in dilute
electrolytes {i.e. DNP IV in 0.05M sodium chloride and in
0.0007M potassium phosphate buffer, and DNP V in 0.00IM
sodium chloride) could be represented on a Zimm plot, for the
intensities at constant concentration gave a discontinuous curve.
Behaviour of this sort is indicative of very large particleslw' 16
and a diagram was counstructed showingthe relative scattered
intensity as a vector along the angle of scattering. A badly
kinked envelope, typical of large insoluble particles such as goid
or sulphur sols, was obtained which in figure 20 is shown in sharp
contrast with the smooth curve produced by the data from DNA in
the same solvent. All the data from preparations of DNP in
dilute electrolytes thus indicate aggregation of the molecules in
these solutions.

Although it proved impossible to measure the molecular
weight of DNP in dilute electrolyte solutions, the method was
applied to solutions in 1.0M sodium chloride with a liitle more
success . The plots obtained (figure 22) were not, however, as
accurate as those for DNA solutions in the same solvent. Less
accurate valueg would perhaps be expected irom an extremely
polydisperse system such as that which would result from the
dissociation of the relatively small protein moiety of the DNP

complex, The values obtained for the mean molecular weight



Table V

Preparation| Solvent DNA DNP
MW f {05 Mw /05

Iv 0.002M NacCl 6 x 106 25830 v.large

A 0.00IM NaCl 5.9 x 106 2320 v.large
v 1.0M NaCl 4.7 x 106 2420 2.9x 106 1400
IV heated i.0M NaCi 4.3 x 106 1220 2.8x 106 2340

v 1.0M NaCl 5.7 x 106 2500

V heated 1.0M NaCl 4.5 x 106 1730 2.5 x 106 2460

Data obtained from light scattering measurements

on selutions of DNA and DNP in dilute and strong

NaC(Cl solution
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and radius of gyration of the dissociated DNP (IV) were

2.9 x 106 and 1400 respectively . Calculation of the weight
average molecular weight of dissociated DNP from eguation 14,
assuming equal weights of protein and DNA (from the analyses
of Toennies and Bakay54 and of Doty and Zuhayss) having
molecular weights of 6.7 x 104 (mean of molecular weight of
histones I A and III) and 5.7 x 10 {Table V) respectively, gives
a value of 2.7 x 106 which is in good agreement with the value
obtained experimentally. The scattering data from a similar
solution of DNP V showed extremely wide fluctuations in intensity
and areliable extrapolation could not be made. The value for

the refractive index increment used for DNA was 0 .194117 and

88

that for DNP was the value of 0.193 reported by Doty and Zubay
Measurements on solutions of DNA and DNP in 1.0M
sodium chloride after heating at 108°C for 20 minutes showed that
no significant change in molecular weight had occurred, but a
change in the molecular shape was indicated by the different radii
of gyration (figures 21,22). The fall in radius of gyration of the
DNA from 2460 to about 1500 (average of values for the two
samples) indicates a contraction or folding up the n::toleCulelw’114
as the intramolecular hydrogen bonds are broken. The change

in the reverse direction of 1400 to 2400 in the case of DNP is rather

surprising and since it is not attended by an increase in molecular
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weight, which would occur if denatured protein molecules
aggregated or associated with DNA, it can only be inferred that
an extension of the DNA molecule occurs on denaturation in the
presence of proiein,

The recently published results of Doty and Zuba.ygs for
the molecular weight of undissociated DNP are interesting. A
solution of DNP IV in the same solvent as used by Doty and
Zubay (0 ,0007M potassium phosphate buffer) gave a scattering
envelope showing aggregation of the solute, but by following
precisely the procedure described in a personal communication
from Zubay, Prestonll? was able to obtain a true solution of
DNP having a molecular weight of about 25 x 106 compared with
the value 0f19 x 106 reported by Doty and Zubay. The only
difference in the procedure used by Doty and Zubay for
preparation of the DNP solution from that described in Chapter 1
(p. 15 ) is Lhe incorpouration of "versene! {disodium ethylene-
diamine tetra-acetate) in the tissue washing solution, and the
significance of this step in preventing aggregation is discussed

in the next chapter,
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Chapter V1. Electronmicroscopy

Light scattering envelopes indicate that in solutions of
low ionic strength, DNP particles are very large {(p.68 ) and
they may therefore be visible under the electron microscope.,
Comparative samples of DNA and DNP were accordingly prepared

for examination.

Experimental

The solutions of DNA (V) and DNP (V) in 0.00IM and 1.0M
sodium chloride used were those on which light scattering
measyrements had been made, Small portions of each solution
(10—44:11.) were sprayed onto plates and vacuum dried, The specimens
were then subjected to low angle carbon shadowing.

The slides were examined in a Philips electron microscope
and a photograph was taken of the slide of DNP in 0.001M sodium
chloride, under a magnification of 70, 000, the maximum of which
the instrument is capable .

Preparation and examination of the slides was carried

out by Dr, J.R. Majer,

Results and Discussion

No significant particles were visible in either of the DNA
preparations, or in that from the solution of DNP in 1.0M sodium

chloride., The preparation from a solution of DNP in 0.001M



Figure 23, Electron micrograph of DNP from a solution in 0.001M
sodium chloride (x 70, 000)
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sodium chloride, however, showed a large number of similar
sized mods and the photograph reproduced in figure 23 shows a
pair of such particles which were sclected at random .

The observation of fibrous macromolecules with the
electron microscope requires a very clean surface and magnifications
of 100,000 or above are desirablellg, and the failure to detect DNA
may be due in parxt to uneven surfaces of the preparations and low
resolution of the instrument. The abserved particles of DNP are,
presumably, aggregates and the dimensions of particles illustrated
were: length 2000 mp, and widih 200 my, giving an axial ratio
of 10.

The aggregation of DNP in solutions of low ionic strength
which was suggested by the light scattering data is thus substantiated
by the electronmicrograph and it is interesting that the aggregates
are in the form of rods rather than spheres. Two mechanisms
may be postulated forthe aggregation of DNP molecules . Ionic
interactions of protein side chains could be responsible for the
process, or, more probably, co-ordination of protein nitrogen
atoms with bivalent metal ions, such as magnesium, could result
in a "broadside on'' aggregation represented schematically in
figure 24, Aggregation by such a chelation process appears
particularly probable when the observations of Doty and Zu]:aa;yr88

on the molecular weight of DNP are considered. The necessary



representation of the aggregation of DNP in the

A

Figure 24,

of metal ions .

pPresence
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metal jons would not be removed by the washing procedure
employed in preparing the DNP samples used here, and would
be available for chelation with the protein. Extraction of the
tissues with a2 solution containing a sequestering agent, such

as the disodium salt of cthylenediamine tetra-acetic acid, would
remove cations {other than monovalent ones) enabling 2 solution
of DNP to be obtained free fromthe ions capable of chelating with
the protein. Such 2 solution wouid have little tendency towards

aggregation, and hence its suitability for molecular weight

measurements .
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Conclysion

A reasonably reproducible preparation of DNP was
obtained from calf thymus glands by a mild extraction procedure
which did not dissociate the complex, Solutions of this material
at low electrolyte concentrations were shown by light scattering
methods to be highly aggregated and this wa;s confirmed by
electron microscopy, but the particles observed under the
electron microscope may be langer than those in solution due to
further aggregation during drying of the slide. The dissociation
of the DNP complex in 2 solution of high ifonic strength was
demonstrated by ionophoresis in 0.4M sodium chloride solution,
and by measurement of the average molecular weight in 1.0M
sodium chloride solution, when a value equal to the weight
average molecular weight for equal weights of histone and DNA
was obtained. Paper ionophoresis was also used to demonstrate
the dissociation of the complex in solutions of low ionic strength
at pH 13.

The low solubility of DNP in solutions of low ionic strength
precluded accurate potentiometric titration, but some hysteresis
characteristic of DNA was observed although the presence of the
protein of the DNP complex greatly modified the shape of the
titration curve . Spectrophotometric titration is a technique more

applicable to very dilute DNA solutions and a series of comparative
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experiments with DNA and DNP solutions was made. Shaek
and Thompsett had previously shown that such:titrations of
DNA in the alkaline region give hysteresis curves analogous
with those from potentiometric titration326 and present experi-
ments showed that spectrophotometric titration of DNA in the
acid region produced a curve similar te that obtained in the
alkaline region. The experiments with DNP solutions showed
that the hysteresis of the spectrophotometric titration curves
obtained by Shaek and Thompsett using DNP prepared by the
Mirsky and Pollister procedure was in fact a property of the
native DNP and not a reconstituted aztefact,

From the ppectrophotometric studies, it was apparent
that DNP is denatured, by heating or by treatment with alkali,
in a gsimilar manner to DNA, Parallel experiments with
soiutions of DNP in 0.00IM and 1.0M sodium chloride showed
that denaturation proceeded in & similar way to that of DNA
whether the complex was whole or dissociated, It was concluded
further from the spectrophotometric studies that at high ionic
strength {1l .0M sodium chloride) there was some restriction on the
deformation of the DNA helix, (i.e. a partial protection against
denaturation) in both DNP and DNA itself, under conditions where
the intramolecular hydrogen bonds were broken. The ultraviolet
absorption behaviour of DNP was, in fact, almost that of DNA

and it appears from an experiment with mixtures of histone and
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DNA that the slightly higher & P value of fresh DNP preparations
over that of DNA is a result of DNA-histone interaction rather
than an integration of their individual absorptivities .

Two main conclusions arise from the experiments dis-
cussed in these pages. The presence of the protein of the DNP
complex can result in a high degree of aggregation in solutions
of low ionic strength, although it has recently been shown by Doty
and Zubay that a non-aggregated solution of DNP can be obtained
if 2 special washing procedure is adopted .88 As a result of
DNA -protein complex formation, denaturation of DNP by heating
is slightly slower than that of DNA, otherwise there appears to
be little modification of the DNA. properties .

The features of DNA solutions counsequent upon its unique
helical structure are also exhibited by DNP solutions. It is
therefore to be concluded that DNA retains its unique helical
configuration within the complex, as one would anticipate, and
as is suggested by the X-ray diffraction patterns of fish-sperm

DNP_TI .



PART TWO

THE REACTION OF MANNOSE WITH GLUCCSAMINE HYDROCHLORIDE
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Introduction

Nitrogen-containing disaccharides have been synthesised
enzymically by a-galactosyl transfer to 2-acetamido-2-deoxy ~D-
glucose (N-acetyl -D-glucosamine) and 2-acetamido-2 -d‘eoxy-]g -
galactose (N-acetyl-D-galactosamine) using an extract of auto-

A 11
lysed Trichomonas foetus organisms 9. A number of galactosides

of N-acetyl-glucosamine has also been obtained by the incubation

of extracts of Lactobacillus bifidus var. pennsylvanicuslzo »

Escherischia colilzj,' and several animal tissueslzz with lactose

and N-acetyl-glucosamine . In the course of an attempt to
demonstrate the transglycosylation of D-mannose to 2-~amino-2-
deoxy -D-glucose hydrochloride (glucosamine hydrochloride) an
interesting reaction between these two sugars was observed.
The production of a disaccharide containing glucosamine
could be followed ionophoretically, for in acetate buffer at pH 5
glucosamine itself would migrate towards the anode at about
twice the speed of its disaccharide, thus effecting a rapid
separation. When such experiments were commenced and
solutions were spotted onto a strip of paper and dried with a
stream of hot air from an electric hair drier in the customary
manner, a control of D-mannose and D-glhicosamine hydrochloride

solutions was found to produce a spot on the ionophoretogram
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attributable to a disaccharide, It was soon established that the
compound responsible for this spot arose entirely from heating
this mixture on the paper, and that both an amino group and a
reducing (aldose) group were necessary for the formation of the
compound.

Similar compounds may quite possibly arise as artefacts
in the chromatographic analysis of the hydrolysates of many
natural products, particularly polysaccharides, unless heating
on the paper is avoided, and the reaction appears to be similar
to the condensation on paper of glucose and ammonia which was
observed by Bayly in the chromatographic analysis of urine

s amples from diabeticslzs’ 124

Investigation of this reaction of
mannose with glucosamine hydrochloride was undertaken and it
wasg soon apparent that an unstable compound reminiscent of the
glycosylamines produced from aliphatic .’:;mi:masl';.‘5 was formed
by a condensation process,

The condensation of reducing sugars with amines has been
known fox almost a cen.tury126 and although two isomeric products
were isolated from the reaction of D-glucose with p-phenetidine
in 1925127, it is only in relatively recent years that the complexity
of reactions between reducing sugars and amines has been fully
appreciated . Reactions analogous with the condensation of

aldehydes with amines have been demonstrated between reducing

sugars and primary and secondary aromatic and aliphatic amines,
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hydrazines, bydroxylamine, urea, guanidine, and amino acids,
peptides, and proteins, Initially, condensation occurs to form
a glycosylamine, but this may be followed by a sequence of re-
arrangements and degradation reactions leading, eventually,
to the production of complex brown polymexrs.

The first synthetic compounds were obtained as glass -like
products by Sc:l:lif:l'f]'26 on heating dry glucose with aniline or p-
toluidine, but Sorokin isolated crystalline derivatives by carrying
out the reaction in alcoholic $olution128 . Numerous modifications
of this simple reaction have permitted products to be obtained from
many different 2aldoses and a large number of aromatic amines of
varying ‘I:)a.sicit:jrlz'9 . Preparation oithe corresponding derivatives
of ketoses has, however, proved to be vexy difficult and only a
few have been obtained, and these in poor yields. The best
preparative methods for ketose derivatives appear to be those
described by Barry and I-Ioneyman130 in which the amine and
ketose are heated in anhydrous ethanol in the presence of catalytic
guantities of the amine hydrochloride, The presence of an amine
hydrochloride catalyst is also employed in the preparation of
alkylamine derivatives of glucese when the two reactants are
heated together125 . In contrast with their 2aromatic analogues,
aliphatic amines appear to condense more readily with ketoses

than with aldos=s 131
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The initial products fromthe condensation of reducing
sugars with amino compounds are best regarded as arising from
the cyclic hemi-acetal form of the sugar rather than its aldehydo
form . It is then readily apparent that the product will be a
glycosyl derivative and not a Schiff base, Although a number of
names has been applied to these condensation products, only two
may be used on a systematic ’1::;::.~.sis]'29 « The condensation com-
pound furnished by glucose and ammonia is called glucosylamine,
for it may be regarded as ammonia with one of its hydrogens
replaced by the glucosyl radical, and the products derived from
simple amines are regarded as derivatives of such glyco‘sylamines .
The derivative from glucose and aniline would thus be N-phenyl
glucosylamine, but where it is more convenient the compound may
be named as the glycosyl derivative of the amine, which in this
case would be N-glucosylaniline. The term 'glycosylamine! is
used as a general name for compounds derived by condensation of
reducing sugars with amines (and hence we may have aldosylamines
and ketosylamines) and "glucosylamine" refers to the derivative
of glucose and ammeonia .

Condensation between the imino group of glucosylamine
and a second molecule of glucose to form diglucosylamine has
been demonstrated124. S jollema obtained this compound in a

crystalline form from glucosylamine on beoiling in methanol for

several hourslsz, and it was also encountered as a by product
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from the deacetylation of glucose pentaacetate with ammonia in
ether133 . The reaction of glucose with ammonia is, however,
particularly complex, for no fewer than fifteen components have
been chromatographically separated from an aqueous reaction
mixtur3134, but a compound analogous with diglucosylamine has
been isolated from the reaction of aniline with an excess of B-
phenjrlglyceraldehydelSS . In comparison with the formation of
di:glycosylamines, condensation products have been obtained from
the reactions of glucose with cyclohexylamine125 and fructose with
octadecylarrzinel3l which contain two molecules of the amine to
one of t‘he. sugar, and similar compounds have been reported from
the reaction of aldehydo sugars with primary aromatic amines
where glycosylamine formation is impossiblené .

Although glycosylamines of aromatic amines are readily
crystallised from alcohol solutions, and indeed are widely uged in
the characterisation of sugarslzg’la'?, they can undergo & re-
arrangement (loc. cit.} and are unstable in aquecus systems even
at normal 1:(=.-:mpe1-.13.1:11/1'65138 . The glycosylamines of aliphatic
arnines are rapidly hydrolysed to the original reactants in agueous

125,139,140

solutions and, since these solutions are basic, alkaline

degradation of the sugar usually accompanies the hydrolysis
In his work on the condensation of glucose with p-phenetidine,

p-anisidine, and p-toluidine, Amadori obtained two structurally
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different isBomers which were not anomers. One of these was
much more labile than the other, particularly towards acid
hydrolysis, and this he regarded as a glycosylamine, but he
wrongly attributed a Schiffi-base structure to its isomer. Kuhn
and Dansil4z proved that the more labile isomer was in fact the
N=-substituted glycosylamine and showed that the stable isomer
was a molecular rearrangement product, but incorrectly assigned
to it & branched-chain structure, From studies of the compounds
obtained on hydrogenation, the rearrangement products were shown
by Kuhn and Weygand143 to be 1-amino-l-deoxy-2-ketoses, and
they named the rearrangement after Amadori, The rearrangement
was first observed when the glycosylamine was heatcd, but an
increased yield was cobtained in the presence of acid c:a.talystsl44,
and the intramolecular change has now been accomplished in a

number of ways‘145 . The best of these appears to be the method

used by Hodge and Rist146 of heating the glycosylamine in alcoholic
solution in the presence of a relatively large quantity of 2 compound
containing an activated methylene group {malonic acid is a good
example) and a catalytic quantity of a secondary amine. At {irst,
the rearrangement was thought to be peculiar to the derivatives

of aromatic amines, but, using the procedure devised by Hodge

and Rist, the N-substituted l1-amino-1-deoxy-2-ketose was obtained

from the glycosylamines of all classes of amines,
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Experiment shows that the Amadori rearrangement is
catalysed by acids and a number of detailed mechanisms has been
proposedl45 . Omne of these, suggested hy Isbelll47, is represented
by the sequence of changes illustrated in figure 25. The nitrogen
atom of the N-substituted aldosvylamine accepts a proton from an.
acid catalyst to form an ammonium jon which is presumed {o be
in equilibrium with the cation of the Schiff base. Movement of the
double bond is then explained on a basis of electron flow towards
the positive nitrogen atom, making G, transiently positive. The
consequent electron flow from C2 to Cl weakens the C-H bond mm‘.:2
permitting the expulsion of the hydrogen atom from Cz as a proton
to leave the enol form of the ketose. Tautomeric shift to the keto
form would be favoured by its tendency to form (;Ine of the moxe
stable ring systems. The essential features ar:/;resenae of the
proton as a catalyst and the 1-2 enolisation which occurs as the
proton is discharged., That 2-deoxy and 2-substituted aldoses do

not undergo the rearrangement ay be taken as evidence

for the 1-2 enolisation stage of the process,

Derivatives of amino acids prepared by refluxing a
methanolic solution of glucose and the amine acid150 s or by
heating a syrup of the reactants and separating the products by
ion-exchange chromatographylﬂ, were found to have similar
properties to compounds obtained from the same starting materials

by method of Hodge and Rist (loc. cit.) which furnishes the Amadori
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rearrangement product. Amn interesting reaction involving a
repetition of the rearrangement process has recently been
reported in which an excess of glucose is heated as a paste with
glycine to give a difructose derivative instead of a diglycosylaminelsz .
Proof of the structure of Amadori rearrangement products
from glucose and aromatic amines was cbtained by studying the
products obtained on hydrogenation (loc. cit.), but the rearrange-
ment product may be readily distinguished from its isomeric
glycosylamine by the application of a number of colour tests, and
by examination of the products of bydrolysislés . Hydrolysis of
glycosylamines by water or hot, dilute acids yields the corres-
Ponding amine and reducing sugar. Similar treatment of the
Amadori rearrangement compound does not, however, produce
fructose and the amine. Usually, the hydrolysis products of these
compounds comprise the amine, a furfural derivative, much
insoluble, dazk brown material, and a very small quantity of the
original aldose. The formation of furfural derivatives from
ketoses on heating is well known153 and occurs by dehydration.
Decomposition of the Amadori rearrangement compounds
with the development of brown colours and insoluble, brown,
polymeric material, which occurs on hydrolysis, can also occur
spontaneously and the importance of the Amadori rearrangement

in the browning reaction of carbonyl-amino systems has been
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. 48 .
emphasised in 2 comprehensive review by I—Ioclge1 . Conversion

of the 1-amino-l-deoxy-2-ketoses to the brown polymers is a highly
involved process which originates with dehydration and, ox fission
of the sugar chain whilst in combination with the amine. The
dehydration may produce either furfurals or reductones depending
on the conditions obtaining. When solutions of the Amadori
compounds in aqueous acid are heated, 5-hydroxymethyl-2-
furfural (HMF') is obtained from hexose derivatives, and furfural
from pentose derivatives, and the dehydration is believed to
occur whilst the sugar is in combination with the amine . The
Schiff base of the furfural is thereby formed and hydrolysis

yields the aldehyde and amine, and hence the ketose as such can
never be recovered by hydrolysis of an Amadori rearrangement
compound.

The formationof furfural derivatives requires the removal
of three molecules of water, but dehydration to reductones can
occur by the loss of two molecules of water . A crystalline reductone
was obtained when glucose was heated with an excess of piperidine
in the presence of malonic acid at 80°C and the same compound was
obtained by heating N-galactosyl piperidine or l-deoxy-1-N-
piperidino-fructose in the dry state, or on long standing of the
latter compound at room tﬁzrnperatureM:6 . An analogous compound

was obtained from the N-glucosyl derivative of monoethanolamine
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by spontaneocus dehydration in air,
Both the furfurals and reductones readily become dis~
coloured and the browning of their solutions is greatly accelerated

by the presence of amino COmﬁoundsl40’ 148

. Since the structure of
the reductones formed by sugar dehydration is not known, most
studies of model reactions have been made with ascorbic acid,

and the dehydro-~reductone appears to be an essential precursor

to the development of brown '::c::lcmrs148

. That both furfural {or HMF)
and reductones should arise from dehydration of the sugar and

e xhibit 3imilar tendencies towards colour development is less sur-
prising than may nitially appear, for the reductones may possess

a structure similar to that of furfural without ring closure.
Hydrolytic cleavage of HMF could furnish a conjugated diene-diol
analogous with qo'-dihydroxy muconic acid which has been shown

by polarographic methods to possess reductone propertie5148’154.

It is quite possible that open chain diene-diols of this soxrt may be
interm ediates in the formation of HMF and furfural,

The products of dehydration are by no means the only
precursors to colour formation and the eventual production of
insoluble, brown, polymeric materials which are often referred to
as melanoidine . Fission of the main sugar chain may accompany
the reactions already described, for in addition to the well known

fragmentation of sugars in alkaline solution, the degradation of

reducing Sugars in neutral and in slightly acid solutions with the
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formation of acetol, pyruvaldehyde, pyruvic acid, and diacetyl
has been reportedlSS . In alkaline solutions, these and many
more degradation products,; including a-B unsaturated aldehydes
and reductones, have been isolatedlés, and the separation of
pyrazines and imidazoles from the reaction of glucose with
ammonia134 furnishes additional evidence of splitiing of the
carbon chain, Dealdolisation (i.,e. reverse of the aldol condensation)
is the accepted mechanism for sugar fragmentation and the process
should therefore be catalysed by amines and their salts., Such an
effect has been demonstrated in the catalysis of the dealdolisation
of diacetone alcohol by amines, but not by general base catalysts
(ref. 14B, p. 935), and since amines are liberated from either the
glycosylamine or its rearranged form, their potential in promoting
both sugar figsion and aldol condensation of the products must be
considered as an integral part of the browning process.
Particularly in aminoe acid systems, the Strecker
degradation is another side reaction which may be important in
polymer formation, This degradation of an a~amino acid to 2
deaminated aldehyde containing one carbon atom less than the
original amino acid could be the means of a transamination
incorporating nitrogen into the melanoidins, and would be initiated
by reductones formed by dehydration or as fission products.

No visible changes in solutions result from these
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preliminary reactions, but they are accompanied by the development
of strong absorption in the ultraviclet. In the later stages of the
browning process the various intermediates polymerise to form
unsaturated, flucrescent, coloured compounds which lead eventually
to the melanocidins, The final polymerisation processes are believed
to be effected mainty through aldol condensations and aldehyde-amine
polymerisations, although the formation of reactive heterocyclic
nitrogen compounds may also be important.

The various stages outlined for the browning process in
reducing sugar-amine systems have all been proved to lead to
melanoidin formation in appropriate model systems and Hodge has
integrated them into a scheme which shows how the various
possibilities may be combined in the production of the final insoluble
polymer5148 . This is reproduced in figure 26 and it emphasises: the
complex corollaries devolving upon the simple condensation of reducing
sugars with amines . It may be mentioned that in addition to carbonyl-
aminoc systems, browning by caramelisation and oxidative processes
(both enzymic and non-enzymic) are also important in the develop-
ment of melancidins in non-amino systems, and that many of the
later stages postulated for these processes are analogous with those
in the carbonyl-amino group of reactions .

It is difficult to evaluate adequately the importance of
carbonyl-amine condensations in natural processes., The browning

reaction is only one of many complex sequences initiated by this
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simple condensation mechanism, but if affords an excellent
example of the far-reaching consequences of a single initial
reaction and illustrates how a series of simple addition, re-
arrangement, and dehydration processes may provide the basis
of the formation of an almost limitless range of materials,. The
preceding pag-es have indicated the imporiance of the reaction of
carbonyl functions with amines in the production of natural
flavouring and colouring matters (see also refs, 145 and 148);
the importance of the Amadori rearrangement in the biosynthesis
of tryptophan has been pointed out by Hanley -Masonle; the
condensation of sugars with nitrogenous bases has led to the
synthesis of nucleotidesl5? and of riboﬂavinlsg, and the acylation
of glucosamine-1:3:4:6 -tetraacetate with carbobenzoxy glycyl and
alanyl chlorides followed by deacetylation to form N-glycyl- and
159

N-alanyl-glucosamine has suggested a means for the incorporation
or conversion of carbohydrates into peptides and proteinsléo.

The reaction of mannose with glucosamine hydrochloride is
a particularly interesting case in this important group of con-
densations because it is efiected in a neutral medium, rather than
the basic medium normally prevailing when condensations occur
between a sugar and the free amine. Furthermore the amine used

here is itself a reducing sugar and the possibility of its glycosidic

group being involved in a condensation to form a disaccharide should
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not be overlooked, particularly under conditions where molecular
movement may be severely restricted. The formation of anhydro
sugars could well precede the Paroduction of glycosidically linked
sugars, for the chemical synthesis of di- and oligosaccharides
has besn accomplished using 1-2 anhydro sugarsml. Two types of
product might thus be anticipated from the reaction, though the
product of a condensation between the reducing group of mannose
and the amino group of glucosamine may be but the starting point
for another series of reactions and a multiplicity of products .,
Investigations of the conditions under which the sugars
react, the generality or scope and extent of the reaction, and
attempts at the isolation of the reaction products and observations

on their properties and structure are described in the following

pages.
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Discussion

The Production and Properties of Compound A

The new basic component detected on ionophoretograms
of D-mannose and D-glucosamine hydrochloride mixtures could
be a consequence of heating these two sugars together on paper,
or it could result from glucosamine hydrochloride itself, It
was readily demonstrated that the component, which was
designated "compound A", was oaly produced when mannose
and glucosamine hydrochloride were heated together on the paper,
Compound A was not formed when either sugar was heated
separately, or when a mixture of mannose and glucosamine hydro-
chloride was dried on the paper without the application of heat
{Expt. 2, p. 138).

The presence of compound A was first observed after
spraying with ninhydrin, which showed that it possessed a primary
or secondary amino group. Compound A also gave positive
reactions with alkaline silver nitrate, the Elson-Morgan reagent,
triphenyl tetrazolium chloride, and aniline hydrogen phthalate,
but not with naphtheresozcinol {Expt. 3, p.138). From these
tests it was deduced that compound A had a reducing group and
contained hexosamine, but did not contain a ketose component.

Its ionophoretic mobility with respect to glucosamine (MG .A.)

suggested that it was a disaccharide carrying one basic group.
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The optimum conditions of heating on paper for the
formation of compound A were investigated {Expt. 5, p 140 )
and both ionophoretograms and paper chromatograms were
prepared of the mixture heated at 100°C and 120°C for varying
periods of time . Ionophoretograms of mixtures heated at 100°C
for periods of fifteen minutes to four hours, and chromatograms
of mixtures heated at 100°C for periods of two minutes to six
hours, showed a gradual increase in the intensity of the spot due
to compound A during the first hour, but little change therecafter
(see figure 27) . Compound A had an Mg A value of 0.56 and its
movement on the paper chromatogram relative to glucosamine
hydrochloride (RG A) was 0,58, and that relative to mannose (RM)
was 0,32, Small amounts of other compounds appeared to be
formed in addition to0 compound A when the reaction was carried
out at 120°C {figure 28). At 80°C, the reaction was much slower
than at 100°C and at 125°C a series of compounds baving Ms A values
lower than that of compound A was formed. The preferred conditions
of heating were therefore periods of at least fifteen minutes at 100°C.

The Scope and Nature of the Reaction

Information concerning the functional groups involved in the
formation of compound A was obtained by heating several other
mixtures of amino sugars with reducing sugars and their derivatives
(Expt, 4, p+139 ). The combinations used are listed in Table VI

and the spots formed by compounds analogous with compound A
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2:3+di-O -methyl glucm e

3:4-di -O-methy]l glucose

2:3:% -tri ~-O -methyl glucose
2:3:4:6 ~totre -O -methyl glucose
MaNHos e

l

Table ¥!. The Combinations of Sugars Examined
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were texmed "D spots', Since D spots were not produced from
N-acetyl-glucosamine and a reducing sugar, or from glucosamine
hydrochloride and non-reducing sugars {mannitol, g-methyl-
mannoside, sorbitol; dulcitol; and a-methyl glucoside), the
formation of D spots must be a consequence of reaction between
the reducing group of a sugar and the amino group of a second com-
pound, The reaction appears to be a general one between aldoses
and amino sugars, but will not proceed with ketoses,

A necessary condition for the formation of compounds giving
a D spot appears to be that the CZ atom of the reducing sugar
should not be substituted, Steric hindrance is the imnost probable
cause of this and experiments with the various methyl ethers of
giucose {an ionophoretogram of some of these is illustrated in
figure 29) favour this explanation, for a D spot was not obtained
with 2:3-di-, 2:336-tri-, and 2:3:436 -tetra-O-methyl-D-glucose,
but was obtained with 3-, and 3:4-di~O-methyl-D-glucose, and
3:4-di-O-methyl-D-mannose. 2-O-methyl-D-glucose was not
available for examination, but the failure of N-acetylglucosamine
to react wih glucosamine hydrochkloride is another indication of
steric hindrance.

A second explanation which cannot be ruled out is that com-
pound A would be expected to be a glycosylamine {since it results
from a carbonyl-amine condensation) which could undergo an

Amadori rearrangement to a l-amino-l-deoxy-2-ketose, for the
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Figure 29. Ionophoretogram of glucose and some
methyl ethers after heating on the paper with gluco-
samine hydrochloride.
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reaction is effected by beating in the presence of acid in that
the amine hydrochloride is used, This rearrangement, hovwever,
cannot ocgcur if the C, carbon atom of the sugar is substituted,
but since compound A does not appear to be a ketose; an ex-
planation atiributing the failure of the reaction to the blocking
of an Amadori rearrangement is less temble than the steric
hindrance hypothesis .

From its reactions in the colour tests and the indications
of the experiments using the different sugar combinations,
compound A would appear to be a glycosylamine and & formal

equation may be represented as shown below. The product would

$H 0B CH,OH A0
0
0E HO AHOE <+ OH 0H  —m OH To):i
RO B n
NE, HC1 NE} C1
GE,,OH
OH IO
HO

have reducing properties by virtue of the glycosidic group of
the glucosamine part of the molecule, and would react with nin-

hydrin, whereas a Schiff~-base, being a tertiary imine, wouldnot,
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Figure 30. Chromatogram of samples of mannose and
glucosamine hydrochloride heated in solution at various
pH values.
C Reference samples of mannose and glucosamine
hydrochloride.,
Aqueous solution
Formate buffer, pH 2
53 Citrate buffer, pH 4
Citrate buffer, pH 6
> Barbiturate buffer, pH 8
6 Barbiturate buffer, pH 10
The prime indicates additional heating after application to the

paper

IV =
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Preparation of Compound A

Preparation of compound A in aqueous solution was attempted
by heating mannose and glucosamine hydrochloride in buffer
solutions:covering the pH range 2 to 10. The scolutions were
heated in sealed tubes (Expt. 7, p.141) and then examined
chromatographically, but compound A was not detected on the
chromatogram . 1lf, however, these solutions were applied to
the paper and heated, the now familiar D spot (RG A 0.54 to 0.6)
was produced in each case as is illustrated in figure 30. An
interesting feature demonstrated by this chromatogram is the
effect of citrate (solutions 3 and 4 in figure 30) on the Ryg value
of glucosamine: due, in all probability, to the formation of
glucosamine citrate, the value is depressed from 0.68 to about 0.18.
The same effect was observed when a solution of glucosamine
hydrochloride containing citric acid was applied to paper without |
heating and a chromatogram developed in n-butanol-ethanol-water,
and the behaviour is similar to the formation of two spots when a
chromatogram of glucosamine hydrochloride is developed with n-
butanol-acetic acid-water . The two spots are attributed to
glucosamine hydrochloride and glucosamine acetate, and modifying
effects of this sort of solvents on the chromatographic behaviour

162

of amino sugars has been discussed by Walker
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Attermnpts to isolate compound A by the conventional
preparative chromatography and ionophoresis methods whereby
the appropriate band of the paper is simply eluted with water163
were unsuccessful, for when these eluates were freeze-dried and
re-analysed they were found to be no longer homogencous (Expts.
6 and 8, pp. 141,143 }. Ionophoretograms of the separated
material showed a streak from the D spot (MGA 0.56) to the
base-line, together with a small amount of glwosamine, and
chromatography indicated the presence of manncse, glucosamine
hydrochloride and compound A (RGA = 0.57). If compound A is
a glycosylamine, this is perhaps to be expected, for the instability
of glycosylamines in aqueous systems has been (.:I.e.::nomstra,ted]'?’8

.and the glycosylamines of aliphatic amines are particularly labile
in such .'cne-d:i.‘:-l,l25 .

Instead of eluting the bands of chromatograms and iono-
phoretograms which were indicated by the guide strips, a narrow
strip was cut from these bands and chromatographed again without
elution by sewing the strips into corresponding holes cut in the
base line of new sheets of paper., Controls of mannose and glucos-
amine {heated on the paper) were placed either side of these strips

in the same manner and the chromatogram was developed in the

usual way and stained with alkaline silver nitrate. The "re-run’
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chromatogram of a strip taken from a preparative chromatogram
is illustrated in figure 31 and a distinct band due to compound A

(R

G A about 0.63) can be seen. This experiment was repeated

using_ larger strips from a preparative chromatogram and a com-
plete sirip width {rom an ionophoretogram, andthis time the
position of the compound A bands was located by staining guide
strips; the appropriate bands were then cut out and eluted with
dry methanol, After evaporation to low volume (under reduced
pressure at room temperature) the methanol solutions were
examined by paper chromatography which showed clearly that
they were solutions of compound A, almost chromatographically
pure, Figure 32 shows the chromatogram of these solutions to-
gether with a control of mannose and glucosamine hydrochloride
heated on the paper.

Although the separation of campound A was effected in this
fashion, the method was far too tedious for the preparation of the
substance in quantity and other possibilities were examined {(Expt.
9, p.145 }.

Glycosylamines of aromatic amines were first obtained by
heating the amine and sugar togetherlzf’, and a similar experiment
was performed in which glucosamine hydrochloride was added to
molten mannose., The solution of the resulting dark brown mass

was shown by ionophoresis and chromatography to contain a sub-



-98-

stance having a M value of 0.57 and a2 R value of 0,58,

GA GA

which was doubtless compound A, but the presence of a large
number of other substances was also indicated. Less drastic
conditions of heating were employed but there was no indication
of the production of compound A when a finely ground mixture of
mannose and glucosamine hydrochloride was maintained at 110°C
for several hours, or when a stiff paste of these two sugars with
a little water {as used in the preparation of ureido sugarslﬁé) was
heated at 100°C for six hours.

An attempt to produce compound A by refluxing a methagolic
solution of mannose with glucosamine hydrochloride was unsuccess-
ful and so attention was again focussed on the reaction of the
sugars supported on cellulose.

A slurry of cellulose powder in an aqueous solution of mannose
and glucosamine hydrochloride was freeze-dried and the solid
suspension 50 obtained was heated at 100°C for ninety minutes ,
This procedure was employed because it would provide a greater
surface area than the reaction on sheets of paper and if cellulose
column chromatography could be employed, the reaction products
would be obtained in 2 form convenient for application to the
column, Chromatographic analysis of an agueous eluate from a
small portion of the heated cellulose suspension showed that
compound A was present, and a separation of the mixtyre ona

column of cellulose was attempted (Expt. 10, p. 146 ) because
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isolation of compound A had been achieved by the repeated
chromatography procedure, This, however, was unsuccessful,
for the various eluate fractions contzined mannose, glucosamine
hydrochloride, and compound A and the material was therefore
recovered by evaporation of the butanolic solution. A partial
sgparation of this mixture by means of an ion-exchange resin
(Amberlite IR 120) was tried, but again without success {(Expt. 11,

P. 147).

Attempts at Separation of the Reaction Mixture by Chromatography,

Solvent Extraction and Crystallisation

Resolution of the mixture on cellulose columns or separation
of compound A frommannose and glucosamine hydrochloride on a
column of charceal and celite165 might be facilitated by acetylation
of the amino groups. Compound A was prepared by heating mannose
and glucosamine hydrochloride on cellulose powder followed by
elution of the sugars with water and this mixture was then selectively
N-acetylated using theprocedure of Roseman and Ludowieg166
(Expt. 12, p.148 }. Chromatographic analysis of the final product
indicated, however, that only a very small amount of compound A
or its N-acetyl derivative remained, together with mannose and
N-acetylglucosamine, and a considerable quantity of a2 new, fast
moving component (RG A 2,5} which was probably an anhydro-
glucosamine, The method certainly held little promise for the

separation of the reaction mixture,
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Solvent extraction and fractional crystallisation procedures
were then considered. The reaction was carried out on cellulose
powder and the agueous eluate was freeze-dried. Portions of the
solid B0 obtained were separately extracted with 2 number of
solvents and the extracts were analysed ionophoretically (Expt. 13,
P+148 }. The solvents used were methanol, ethanol, n-butanol,
acetone, ether, dioxan, and chloroform . Of these; dioxan
appeared to extract only mannose, and chloroform removed mannose
and a little glucosamine hydrochloride ., All the alcohols extracted
mannose, glucosamine hydrochloride and compound A, although
in varying proportions, but acetone removed only-a little mannose,
and none of sugars, apparently, was soluble in ether. It appeared
from these preliminary tests that one component at least might be
removed from the reaction mixture with either dioxan or chloro-
form, and Soxhlet extraction of a reaction mixture on cellulose
was carried out with these two solvents ., After twenty-one hours
extraction, ionophoresis experiments showed that dioxan had
removed an appreciable amount of mannose, and chlorefonrm a

small amount of mannose and possibly a trace of compound A,
from the cellulose, A final attempt to employ solvent extraction
was made by allowing dioxan to pertolate slowly through a column
of the cellulose reaction mixture,. Although a considerable guantity

of mannose was removed in this way, the cellulose retained too
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much mannose, along with the glucesamine hydrochloride and
compound A, for the process to be economically useful.
Glucosamine hydrochloride may be crystallised from
aqueous acetonelﬁ? and its removal from the mixture with mannose
and compound A was attempted by this means. The aqueous
eluate from a reaction mixture on cellulose powder was freeze-
dried and dissolved in a little water . Part o{the ghicosamine
hydrochloride was removed by slow crystallisation with acetone,
and also with dioxan (Expt. 14, p. 150 ). A number of crops of
material was precipitated from the dioxan mother liquors by
increasing the dioxan concentration and this also resulted in the
precipitation of some mannose . Combination of the mother liquors
from dioxan and acetnne crystallisations resulted in the removal of
more glucosamine hydrochloride from solution, and although the
final mother ligquors still contained mannose, glucosamine hydro-
chloride and compound A, the proportion of ecach was roughly equal
so that a considerable enrichment of compound A had been effected,
Thie procedure could therefore provide the basis of a useful
preliminary treatment to some other separation process, particular-

ly if a chromatographic method was to be used.

Ion-Exchange Chromatography

The spectacular separations of complex mixtures of amino

acids by Moore and Stein168 us ing ion-exchange chromatography
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prompted investigations into the application ofthese techniques

to the fractionation of mixtures of amino sugars, and Crampton169
has successfully resolved mixtures of a large number of amino
sugars on a sulphonated polystyrene resin, Since they have very
different migration rates on ionophoresis, compound A and
ghicosamine have different basicities and they should therefore

be separable by ion-exchange chromatography.

An investigation of the possibility of resolving the reaction
mixture by this means was made using a small apalytical column,
and the separation of two distinct fractions giving a positive reaction
in the Elson-Morxgan test”o’l?l indicated that experiments on a
larger, preparative column could be profitably pursued {Expt. 15,

P. 152 ), Preparations of material for separation in these experi-
ments were made by heating the reactant sugars on cellulose
powder and dissolving the freeze-~dried eluate from the cellulose

in 0.3N hydrochloric acid. Eluate fractions from the large column
were Sscanned by means of optical rotation measurements, the Elson-
Morgan reaction17l, the development of a blue colour with finbhydrin
rea.gent”z, and the intensity of absorPtion at 284 mp. The histo-
grams constructed from.these observations are shaown in figure 33,
Optical rotation measurements show that mannose is the first

substance to be eluted from the column and is found in the eariy

fra ctions, which is the position expected of neutral and acidic
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substances. A small peak in the neighbourhood of fraction 100
wa s indicated by the Elson—-Morgan and ninhydrin tests and this
wag attributéd to compound A. From the intensity of the colours
developed in these reactions, the concentration of compound A

in the fractions was calculated as the concentration of glucosamine
hydrochloride in pg./ml., and is recorded in this way on the
histograms, The very much larger peak in the region of fractions
145 to 170, which was found by the optical rotation, Elson-Morgan,
and ninhydrin measurements, was undoubtedly glucosamine hydro-
chloride by reason of its magnitude and position, for an authentic
sample of glucosamine hydrochloride was eluted from the column
in this same fraction range.

The ultraviolet absorption found in fractions 88 to 95 was
particularly interesting and was attributed to the presence of a
compoupd B, which will be discussed shortly (p. 106 }.

Eluate fractions believed to contain compound A were bulked,
neutralised to pH 5, and freeze-dried, Imitially, the nwemtralisation
was effected with sodium bicarbonate and the ireeze-dried material
was then extracted with ethanol., lonophoretic analysis of the
yvellow ~brown solid obtained by evaporation of the ethanol solution
showed that it consisted mainly of compound A, with smaller
quantities of mannose and glucosamine hydrochioride . In oder

to avoid the alcchol extraction of the freeze-dried solid and
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evaporation of the solution, which was rather time-consuming,
the bulked fractions obtained from later separationsiwere
neutralised by extraction with a2 chloroform solution of di-n-octyl-
methylamin3173 » Gare was required in the use of this reagent

for the commercial product contained a2 number of compounds
which reacted with ninkydrin., These were removed by washing
with aqueous hydrochloric acid, followed by regeneration of the
base with agueous sodium hydroxide solution, until ionophoretic
analysis showed that the impurities were removed (Expt. 1, p.137).
About 99% of the di-n-octylmethylamine hydrochloride remained
in the chloroform phase173, but the small amount partitioned in
the agqueous phase must be removed, for when volumes of the
order of 500 mi. are freeze-dried the contamination of a required
product with this amine hydrochloride could be considerable. For
this reason, the neutralised aqueous phase was washed twice with
chloroform and then filtered before freeze-drying. The freeze-
dried material so obtained was a yellow-green hygroscopic solid
and ionophoresis showed it to be principally compound A, although
small amounts of mannose and glucosamine hydrochloride were
also present, Several batches of compound A were prepared in
this way and the material was dissolved, as required, in a small

volume of water and the solutions were usually washed with an
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equal volume of chloroform and filtered, This treatment

sexrved the threefold purpose of removing any remaining

traces of di-n-octylmethylamine hydrochloride, safeguazding
the solution against bacterial infectiony; and ensuring the absence
of compound B (loc. cit.}). The largest quantity of material
which could be conveniently separated in one batch by this
process was about 2.5 g. of amino sugar, i.e, about 5 g% of the
reaction mixture from which 50 to 100 mg ., of compound A were
usually cbiained.

The stability of compound A at rocom temperature in aqueous
and dilute hydrochloric acid solutions was examined by chromato-
graphic and ionophoretic analysis {Expt.cl6, p.155 }. Although the
acid solution remained almost unchanged during a period of two
weeks, the aqueous solution gradually decomposed with the
formation of mannose and glucosamine hydrochloride. When the
solutions were heated, degradation of compound A occurred and
the process was almost complete aiter six hours ., In each case,
the decomposition was paralleled by an increasing proportion of
glucosamine hydrochloride, but only 2 small amount of mannose
was produced. (See figure 41, p. 124).

Before proceeding with the discussion of the naltnre of com-~

pound A, it is convenient at this stage to congider briefly compound

B.
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Compound B

The conditions under which compound A is formed are
unusual, not only in their physical state, but also in that the
reaction ie contrived between the reducing sugar and the amine
hydrochloride rather than the free base which is normally employed
in glycosylamine preparation {loc . cit.). Rearrangement of
glycosylamines to substituted 1-amino-l1-deoxy-2-ketoses often
occurs on heating and in mauny cases this tendency is accentuated
by the presence of acid145 « PFurthermore, the rearrangement is
wsually accompanied by decomposition of the substituted ketose and
in hot agueous acid solutions the degradation products include,
inter alia, b-hydroxymethyl-2-furfuraldehyde {HMF) 148,150,152 .

If compound A is a glycosylamine, the conditions of the reaction
would favour this seguence of events and HMF would be expected
amongst the reaction products . The presence of HMF could readily
be detected by.its ultraviolet absorption and if it was found, this
would furnish evidence for the occurrence of the Amadori rearrange-
ment,

When the reaction mixture was separated by ion~exchange
chromatography, HMF was expected amongst the earlier eluate
fractions with neutral compounds such as mannose., The absorption
at 284 my of the earlier eluate fractions was accordingly measured,

but none was found to absorb ultraviolet light. Scanning of the
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fractions in this way was continued, however, and strong
absorption was exhibited by fractions in the region of 87 to 95.
In this way compound B was found . Its ultraviolet absorption
spectrum was measured and was almost identical with that

published by Wolfrom et al, for I—IMF174

(figure 36),

From its behaviour on the ion-exchange column, compound
B appeared to be basic and since it was obtained in the presence
of a large quantity of glucosamine hydrochloride it was possible

that the compound was a Schiff base of HMF and glucosamine as

formulated below. The appropriate eluate fractions were com-

OH
CH2 o

bined, neutralised with di-n-octylmethylamine, and freeze-dried.
After two or three batches had been treated in this manmner, a
considerable loss of material was indicated from the relative
absorptions and volumes of solutions before and after the isolation.
of compound B irom the eluates. Removal of compound B into

the chloroform phase during neutralisation and washing was
suspected, for HMF would be soluble in organic solvents, and

the distribution of the compound between chloroform and the

dilute hydrochloric acid of the eluate was measured (Expt, 20,



-108-

p.160). A value of 0.31 at 16°C was obiained for the partition
coefficient and a very similar value (0.25 at 25°C.,; at lower
temperatures a slightly higher value would be obtained) has been
reporied by Bethge175 for the partition coefficient oi HIMF between
3.8N hydrochloric acid and chloroform.

The reason for the loss of compound B could clearly be used
to advantage in its isolation, for extraction of the appropriate
elnate fractions with chloroform in a continuous extractor would
be more convenient than neutralisation of the fractions folbwed by
freeze-drying. For this purpose, however, ether is a better
solvent than chloroform because it is more easily removed at low
temperature after extraction. The partition coefficient of compound
B between 0.3N hydrochloric acid and ether was determined and the
average value was 0,26 at 16°C. Ether extraction was therefore

employed routinely for the isolation of compound B.

Hydrolysis of Compounds A and B

Studies of the behaviour on hydrolysis of compounds A and B
played a2 most important part in the elucidation of the nature of
these compounds ., Chromatographic and ionophoretic evidence for
the degradation of compound A by water, either hot or cold, and by
hot acid has already been mentioned, and from ultraviolet absorption
measurements compound B was found to be stable to hot water, but

was decomposed by hot, dilute (2N) hydrochloric acid (Expts, 18 and
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19, pp.157, 159 )

Hydrolysis of compound A by hot and cold water was followed
by Elson-Morgan determinations, optical rotation measurements,
observation of the intensity of absorption at 284 my, and chroma-
tographic and ionophoretic analysis (Expt. 18, p. 158 ) and the
hydrolys is products were separated by ion-exchange chromato-
graphy (Expt. 25, p. 164 ). The solution of compound A had
initially no optical rotation and no change was observed during
hydrolyeis in efther hot or cold solutions. It appeared from the
chromatography and ionophoresis experiments that the decom -
position of compound A was accompanied by the formation of
glucosamine hydrochloride and mannose, although the spot ona
chromatogram due tothe latter was streaked., In hot water,
glucosamine hydrochloride was formed together with a small
quantity of mannose and a trace of a compound which had RM and
RG A values of 0.77 and 1,44 respectively, which are values
obtained for glucose. There was no significant change in the
hexosamine concentration, as indicated by the Elson-Morgan
reaction, in either case. In the cold solution, no change in
absorption at 284 my. (which was very low, 0.13) was observed,
but the absorption at this wavelength gradually increased during
the hydrolysis of compound A by hot water (figure 38, p. 118 ),
Also during the hydrolysis by hot water, a gradual darkening in

colour occurred and eventually a fine, dazrk brown precipitate
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was produced.,

The hydrolysis products were separated by ion-exchange
chromatography and the f#actions scanned by means of the orcinol-
sulphuric acid reaction]'?ﬁ’ 177, the Elson-Morgan reaction, and
(in the case of the solution hydrolysed by hot water) the absorption
at 284 my. The orcinol reaction showed that a group of neutral
sugars fractions was produced from both the solutions {Al from
the solution hydrolysed by boiling and A4 from that hydrolysed
in the cold} and fractions giving a positive reaction in the Elson-
Morgan test were eluted from the column, in the same position
as glucosamine hydrochloride, from both hydrolysates . These
were designated A3 from the solution hydrolysed by boiling and
Ab from the solution hydrolysed in the cold, Ultraviolet absorbing
(284 my) fractions (A2) were obtained from solution of compound A
which had been bhoiled and were eluted from the column in the
same region as compound B .

The fractions containing neutral sugars (Al and A4) were
neutralised and freeze-dried and fractions A3 and A5, which were
probably solutions of glucosamine hydrochloride, were concentrated
to low volume in readiness for crystallisation, One of the fractions
of A2 was retained for measurement of its absorption curve and
distribution coefficients and A2 was obtained asca yellow oil by

ether extraction of the remainder., The absorption curve of A2
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was almost identical with that of HMF174 and of compound B
(figure 36, p.114 ) and its partition coefficients for the systems
0.3N hydrochloric acid and chloroform, and 0.3N hydrochloric
acid and ether were 0.28 and 0.23 respectively at 17°C. From
thes e pieces of evidence and their positions of elution from ihe
ion-exchange column it seemed that compounds B and A2 were
the same and their behaviour on hydrolysis supporied this view.

Compounds B and A2 were both unchanged on boiling in
water for ten hours, but were both hydrolysed by heating in 2N
hydrochloric acid {Expt, 19 and 26, pp 159,167 ). In neither case
was glucosamine hydrochloride found in the hydrolysate and during
hydrolysis there was a rapid fall in the intensity of absorption at
284 mu., The shape of the absorption curves was greatly changed
from the original after heating in the acid solution for threehours
and the final curves of the solutions of the two compounds were
gimilar, Other than a slight increase in intensity due to unavoidable
concentration of the solutions, there was no change in the absorption
curves of the aqueous solutions after several hours heating, and
when these solutions were applied to the preparative ion-exchange
column, the ultraviclet-absorbing substances were eluted in the
same positions as previously. The absorption curves of the aqueous
solution of compound B before and after heating and of the solution
of A2 in hydrochloric acid are shown in figure 36 (Aand B

respectivelyl.
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Identification of Compound B and the Hydrolysis Products of

Compound A

In spite of their apparent basic behaviour on the resin
column, it now seemed very probable that compounds B and A2
were in fact HMF, for these three compounds had similar ultra-
violet absorption curves and partition coefficients in the system,
chloroform-agueous hydrochloric acid. The ultraviolet absorption
curves of compound B and AZ were greatly changed by heating
with acid {figure 36 B) and it has been reported that HMF is con-
verted to laevulinic acid by heating with acid5153’178’179 . Further-
more,; if the compounds had been the previously postulated Schifi
base {p. 107 }, acid hydrolysis would have furnished the aldehyde
{although that may have been destroyed by the acid in this case)
and the amine hydrochloride, but the latter was not detected,

When compounds B and AZ (both obtained from the acid eluate
fractions by ether extraction) were examined by paper chromato-
graphy, each showed two spots absorbing ultraviolet light, In each
case the faster spot was the more intense and the Rf values of the
two spots irom each compound were 0,83 and 0,78. It has been
reported that 5-hydroxymethyl-2-furfuraldehyde may be converted
to 5 -chloromethyl-Z-furfuraldehyde by treatment with a solution of

153,180, and it is therefore quite probable

hydrogen chloride in ether
that the two components of the solutions of compounds B and A2 were

the 5-hydroxymethyl and 5-chloromethyl derivatives of furfuraldehyde.
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gaw; three spots each having an R, value of 0 .78, This photograph
is illustrated in figure 35, and identically situated spots were
obtained on staining with aniline hydrogen phthalate.

The ultraviolet absorption curve of a solution of HMF was
obtained {figure 36 C)} and was virtually identical with those of
compounds B and AZ2. The absorption curve of a solution of
laevulinic acid was measured {(Expt. 30, p. 171 } and is included
with that of the HMF solution. These two curves may be com-
pared with those of compound AZ before and after heating with ZN
hydrochloric acid {fipure 36 B) and although the curve of A2 aiter
hydrolysis is not identical with that of laevulinic acid, it does have
a similarly situated peak and is consistent with the degradation of
HMF to laevulinic acid.

A considerable amount of evidence thus indicated that com-
pounds B and A2 were HMT and this was confirmed by the
preparation of the 2:4~dinitrophenylhydrazones of the three
materials (Expt. 28, p.169). All three derivatives had similar
melting points and that of the HMF and compound B derivatives
wa s undepressed on mixing the two. It was therefore concluded
that compounds B and AZ were hoth HMF .

The identity of compound A3, obtained on hydrolysis of
compound A with hot water, was scon established as glucosamine

hydrochloride {Expt. 29, p. 170 ) and it was chromatographically
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and ionophoretically identical with A5 which was.producgd by
hydrolysis with cold water {loc. cit.). A crystalline product

was obtained from the acidic, concentrated solution of A3 by the
gradual addition of acetone following the description of Garde11167 .
This material bad an infra-red spectrum identical with that of

an auwthentic specimen of a-D-glucosamine hydrochloridelsz and
its specific rotation was +69°, The carbobenzoxy derivative of
this substance had the satne melting point as that of the corres -
ponding derivative of glucosamine hydrochloride and was not de -
pressed on admixture with the latter,

Chromatographic and ionophoretic analyses of the neutral
sugars fractions from the hydrolysis of compound A in both hot
and cold aqueous solutions (Al and A4, respectively)}, showed
that neither was homogeneous . They indicated that the majox
component in each case was mannose and the absorption curve
of the coloured solution produced in the orcinol-sulphuric acid
reaction had the form typical of mammose as is shown in figure 37
(Expt. 25, Po 164 }.

The two batches of material were separated by preparative
paper chromatography (Expt. 27, p. 168 } and two fractions were
obtained in each case. One of these {{rom each material, i,e,
Al and A4) was chromatographically identical with mannose and

the other, present in much smaller quantity, had an RM value of

0.77 which is that of glucose., Crystalline derivatives were not
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Figure 37. Absorption curves in the orcinol-

sulphuric acid reaction. A, compound A;

B, neutral sugars obtained from compound A

after hydrolysis with water; C, compound G
acid hydrolysate.
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obta ined from these slower moving caomponents, but in addition
to the chromatographic evidence, they were lonophoretically
the same as glucose. Crystallipe p-nitranilides were obtained
from the other component of both Al and A4, though in very low
vield (3 mg. from Al, and only a few crystals from A4). Both
had the same melting point as the p-nitranilide of mannos e.B
and that of the derivative obtained from Al was not depressed

on mixing with an authentic specimen.

Analysis of Compound A

The proportion by weight of mannose to glucosamine hydro-
chloride in compound A was obiained by carrying out Elson-Morgan
and orcincl-sulphuric acid determinations on a solution of compound
A directly as eluted from the resin calumn {Expt. 17, p. 155 )
and the result obtained was 95:98 . The theoretical ratio of an
equimolegular mixture of mannose and glucosamine hydrochloride
is 95:113, and the experimental result is sufficiently close to this
to infer that compound A comprises equimolecular proportions of
these two sugars. The absorption curve of the colour produced in
the Elson-Morgan reaction was measured and 2 peak was observed
at 530 my which is characteristic of glucosaminel71, and the
absorption curve of the colour developed in the orcinol-sulphuric
acid reaction suggested that mannose was present as such {sce

figure 37), rather than as the rearranged ketose form,
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Further evidence in favour of a glycosylamine structure
rather than an Amadori rearrangement product was adduced from
a number of colour tests (Expt, 31, p.172 }. Thel-amino-1-
deoxy-2-ketose produced by rearrangement of the glycosylamine
would decolourise methylene blue and 236 -dichlorophenolindo-

ohenol 48,183

; give a pink colour in the Seliwanoff test on gentle
warming, and also give a red stain with naphthoresorcinol. Com-~
pound A gave negative reactions in all of these tests.

The infra-red spectrum of compound A was also consistent
with the glycosylamine form, for it did not contain a peak due to
a carbonyl group which has been observed in the infra-red spectra

4
of certain Amadori comPOundsls”.

The Origin of HMF, or Compound B

Although HMF can be obtained from aldohexoses by heating
in acid solutions, the reaction is very slow, but it is normally
catalysed by the addition of amino acidsl?4 » It is therefore
possible that the production of HMF from compound A on boiling
in aqueous solution could arise by interaction of the mannose and
glucosamine hydrochloride released by hydrolysis, as well as
from compound A itseli.

In order to distinguish between these two possibilities,
aqueous solutions of compound A, mannose, glucosamine hydro-
chloride, and a mixture of mannose and glucosamine hydrochloride

were prepared at similar concentrations and were refluxed for
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Figure 38. Rate of increase in absorption at 284 my
on heating solutions of: I, compound A; II, mannose
and glucosamine hydrochloride, III, glucosamine
hydrochloride; IV, mannose.
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several hours, Samples were periodically withdrawn for
measurement of the absorption at 284 my and the absorption curve
of each solution was measured at the end of the heating perxriod
(Expt. 34, p. 174 )., The extinction coefficient per mg. of
glucosamine hydrochloride {the concentration being determined
by weighing in the case of solutions containing the compound itseli,
and by the Elson-Morgan assay in the case of compound Az the
extinction coefficient per mg. mannose was used in the case of
the mannose solution) was plotted against time for each solution
and the rate of increase in the case of compound A was much
greater than that of the solution of glucosamine hydrochloride or
the mixture of mannose and glucosamine hydrochloride , The rate
of increase for the two latter solutions was, rather surprisingly,
virtually the same, and the solution containing only mannose
exhibited hardly any increase in absorption, The rate curves
of the four solutions are shown in figure 38, In addition to the
higher rate of increase in absorption at 284 m}, the absorption
curves of the heated solutions of compound A and those containing
plucosamine hydrochloride have a different form, as can be seen
from figure 39 A, that of the compound A sclution being the same
as that of HMF (figure 36 C, p. 114 ).

These data are good evidence for the production of HMF by
a degradation of compound A itself, rather than by interaction of

its primary hydrolysis products, HMF was, however, obtained
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directly from the reaction mixture on cellulose powder, as well

as from the degradation of compound A, and in the former instance
it may have been formed by the action of heat on either mannose or
glucosamine hydrochloride in the dry state.

Conirol experiments were therefore carried out in which
cellulose powder was separately slurried in solutions of mannose
and glucosamine hydrochloride, and the slurry then freeze-dried
and heated in the usual way (Expts. 32 and 33, p.173 }. The
absorption curves of the aqueous eluates from the cellulose are
shown in figure 39 B, Although the absorption of the golution of
the mannose after heating could be attributed to HMF, the quantity
was negligible when compared with that obtained from the reaction
mixture of mannose and glucosamine hydrochloride, as is shown

in Table VIL. The absorption curve of the corresponding solution

Table VII
Sugar Heated on Cellulose E
Mannose + glucosamine
hydrochloride 2.5
Mannose 0.025

Glucosamine hydrochloride 0 .96

Development of ultraviolet absorption on heating mannose

and glucosamine hydrochloride on cellulose at 100°C for

i hours., E is the extinction coefficient of t_he eluate

containing 1 mg. of glecosamine hydrochloride {or mannose)
per ml.
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of glucosamine hydrochloride, which is also shown in figure 39 B,
differs from that of HMF and has the same form as the curve

obtained from heated solution$ of glucosamine hydrochloride

(figure 39 A). Again, there is a large quantitative difference from

the absorption of solutions obtained by heating the mixture of

mannose and glucosamine hydrochioride on cellulose. Glucosamine

is known to undexgo self condensation to form substituted pyrazine 5148
and it is possible that these, or similar substances, are responsible
for the absorption observed in the solutions of glucesamine hydro-
chloride.

The HMF isolated from the reaction mixiure was thus shown
to result from the degradation of compound A rather than the de-
hydration of mannose itself during the heat treatment. In order to
ascertain whether HMF had its origin in the mannose or glucosamine
moieties of compound A, recourse was made to an experiment using
isotopic carbon {Expt. 35, p. 175 }.

The reaction was carried out in the usual way using 014-
generally labelled manmnose and compounds A and B were isolated
from the mixture; B was removed by ether extraction and A was
separated by ion-exchange chromatography. A solution of compound
A was refluxed for several hours during which the characteristic
darkening and formation of inscluble brown material occurred, and
the generation of HMF was indicated by the onset of absorption at

284 mp.. Paper chromatograms of compound B and the heated



&

Figure 40, Ultraviolet photograph (1) and autoradigraph (2) of
compound B (spots B and C) from a reaction mixture using C -
mannose. Spot A is a reference sample of HMF ,
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solution of compound A, each carrying 2 reference sample of
HMF, were developed and two spots having Rf values of 0,78
were located on each chromatogram, and were photographed
using ultraviolet light. Autoradiographs of the two chromatograms
were set up and when these were developed spots were observed
on the film corresponding exactly with the spots located by ultra-
violet photography. The autoradiograph and ultraviolet photograph
of the chromatogram of compound B are reproduced in figure 40.
The HMF obtained from both the reaction mixture and the
degradation of compound A was therefore radioactive and must
have been formed from the mannose,and not fromthe ghicosamine

part of compound A.

The Structure of Compound A

The data concerning compound A may now be summarised.
It is formed by condensation of the aldehydic group of mannose
with the amino group of glucosamine hydrochloride, for unless
these two functional groups are available the compound is not
obtained, It comprises equimolecular quantities of mannose and
glucosamine hydrochloride, and its ease of hydrolysis, and the
compounds furnished on hydrolysis with cold water {principally
mannose and glucosamine hydrochloride), are indicative of a
glycosylamine structure. Colour reactions favour a glycosylamine
rather than an Amadori rearrangement compound or a Schiff base

(the latter would not react with niphydrin or the Elson-Morgan
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reagent) . In boiling watex, the hydrolysis was accompanied by
the production of HMF and by the development of a brown colour
and eventual precipitation of melanoidins. The infra-red spectrum
showed that compound A did not contain a carbonyl group, whereas
a peak at about 1720 c¢m :1 in the spectra of some Amadori com-
pounds has been attributed to this functional grc:l;q:ils4
The only satisfactory interpretation of these data is that
compound A is a glycosylamme, Production of HMF and melancidins
from this molecule requires an Amadori rearrangement to form
l-deoxy-l-glucosamine fructose . The colour tests for this class
of compound were applied during and after the heating of compound
A, as well as initially, but no indications of the formation of an
Amadori compound, or of the presence of fructose (by chromato-
graphy and staining with naphthor esorcinol) were obtained. It
would therefore appear that the Amadori compound is dehydrated
as fast as it is formed to give the Schiff base of glucosamine and
HMF, which in turn is hydrolysed to glucosamine and HMF itself,
The mutual presence of HMF and glucosamine {either the base or
its hydrochloride)} would be expected to promote browning and
melanocidin formation which could proceed through the various
pathways already outlined {pages 84 to 88 , and figure 26},
Unequivocal proof of the structure of a substance as labile

as compound A is difficult if not virtually impossible to obtain,

for the usual approaches employing oxidation, reduction, and
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methylation cannot be used since they would be carried out

on a mixture of compound A and its hydrolysis products.
Similarly, optical rotation studies would need careful intexr-
pretation, as has been pointed out by Barclay et al .138, for

the species under examination is constantly changing., Never-
theless, the information derived from hydrolysis and degradation
is sufficient; when considered in conjunction with supplementary
information from colour reactions; to enable a structure to be
assigned with reasonable confidence.

The structure suggested for compound A is N-mannopyranosyl-
glucosamine hydrochloride, Since the compound is not a Schiff
base, the hemi-acetal form of mannose must be involved and the
pyranose form is more probable than the furanose ring. In con-
junction with'the relatively high positive specific rotation of
glucosamine hydrochloride (+69°) and the low positive value for
mannose (+14*), the negligible rotation of the glycosylamine is
indicative of the B-configuration of the glycosidic linkage.

The sequence of reactions involved in the formation and

degradation of compound A is included in figure 43.

Compound G, Its Formation and Properties

Heating of the mannose-glucosamine hydrochloride reaction
mixture at temperatures in excess of 120°C has been shown to

produce a multiplicity of products (p. 92 ), and from one preparation
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which had inadvertantly been heated at 120°C for three hours, the
fractions eluted from the ion-exchange columu in the position
normally occupied by compound A were found to comprise two com-
ponents {Expt. 36, p., 177 }. One of these was the now well-known
compound A, or N-mannosyl glucosamine, but the other moved
much more slowly on paper chromatography, having R.M and RGA
values of 0.14 and 0.28, respectively., The new compound, which
was named compound C, was not resolved from compound A by
ionophoresis unless the experiment was prolonged for almost
twice the normal length of time . Compound C was then observed
to have moved slightly faster than compound A, their respective
Me A values being 0,69 and 0.59.
When an agqueous solution confaining compounds A and C
was heated, chromatographic analysis showed the expected gradual
decomposition of compound A, but compound T appeared to be quite
stable. Thir 2t once suggested a method for the separation of the
two compounds, or rather the recovery of compound C, for if the
solution was boiled until the glycosylamine {compound A) was com-
pletely degraded, the new mixture which resulted could be resolved
by ion-exchange chromatography. The procedure outlined was
followed {Expt. 37, p.178 } and the hydrolysis of compound A was
followed ionophoretically and chromategraphically. A chromatogram
of samples removed during the first six hours is shown in figure 41,

and after twelve hours the removal of compound A was virtually
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complete. Separation of the components of:this solution on the
ion-exchange chromatography column afforded a sample of
compound C which was chromatographically and ionophoretically
pure.

The stability of compound C in aqueous solution, together
with its chromatographic and ionophoretic behaviout suggested
an O-linked disaccharide and a preliminary exarmination of the
properiies of the compound was made by treating it on paper
chromatograms with a number of spray reagents . Positive
reactions were obtained with aniline hydrogen phthalate, alkaline
silver nitrate, ninhydrin, the Elson-Morgan reagent, and alkaline
triphenyltetrazolium chloride, but not with naphtheresorcinol,
The reactions with ninhydrin and the Elson-Morgan reagent pre-
clude 2 Schiff base structure, and reaction with the Elson-
Morgan reagent also requires that the C, atom of glucosamine

i85

is unsubstituted =~ . Since it reacts with aniline hydrogen

phthalate, compound C is a reducing sugar, and reaction with

the triphenyltetrazolium chloride reagent signifies that the
hydroxyl group adjacent to the reducing group is unsubstitutedlsso
Failure to react with naphthoresorcinol rules out a keto
structure and this is supported by the absence of a peak in

the region of 1720 cm :1 in the infra ~-red Spectrum184,



8

Figure 42, Chromatogram of compound C hydrolysate. .
A, reference samples of mannose and glucosemine hydrochloride;
B, hydrolysate of compound C; C, compound C
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Although it was quite stable in boiling water, compound C
was found to be completely hydrolysed on refluxing in 2N hydro-
chloric acid for three hours{ Expt. 38, p. 330 ) and the hydrolysate
wag colourless and had negligible absorption at 284 mpy. Chroma-
tographic analysis showed that the hydrolysate contained only
mannose and glucosamine hydrochloride (figure 42) and the
proportion by weight of the former to the latter, as determined
by the orcinol-sulphuric acid and Elson-Morgan reactions was
64:72. The absorption curve of the colour developed in the Elson-
Morgan reaction had a peak at 530 my, characteristic of glucos-
amine, and that of the solution in the orcinocl-sulphuric acid reaction
was characteristic of mamnose {figure 37, p.1l6 }.

An attempt was made to measure the molecular weight of
compound C by oxidation with an alkaline solution of sodinm
hypoiodit3187 (E}q:»t . 40, p.182 ) but erroneocusly low values were
obtained when oxidations were garried out at room temperature
(two hours) and at 5°C (twenty ~four hours). These values (232"
and 208, respectively) most probably result from over-oxidation
of the amino grou, for Jeanloz and Forchit-:llils8 have shown that
salutions of glucosamine are very prone to over-oxidation in this
reaction, even at 5°C. Conditions of oxidant concentration and
tine of reaction have a great influence on the extent of the oxidation

and need careful calibration before significant results can be
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obtained, and in this case insufficient material was available
for the preparation of these data. The experiment thereifore
only indicated that compound C was a reducing sugar, and was
not 2 monosaccharide,

A granular precipitate of compound C was obtained by the
addition of acetone to an aqueous solution (Expt. 39, p. 181 ),
but the material was very hygroscopic. Elemental analysis of
the amorphous material showed: C, 36.46; H, 6.53; N, 4 .05;

and that required for C12H24010NCI is C, 37.19; H, 6.21; N, 3.62.

The Structure of Compound &

The observed ratio by weight of mannose to glucosamine
hydrochloride in the hydralysate of compound C (64:72) compares
favoura:bly with the theoretical ratio of 64:79 for a mixture
containing equimolecular proportions of the twosugars. Its
stability in water and ease of hydrolysis with acid, which iz not
accompanied by a browning reaction, indicate that compound C is
an O-glycoside and not an N-glycoside, Reaction with aniline
hydrogen phthalate and oxidation by sodium hypoiodite show that
it is a reducing sugar and it comprises eguimolecular proportions
of mannoge and glucosamine hydrochloride , Its MG A value of
0.69 and R’GA

as a disaccharide of mannose and glucosamine hydrochloride, A

value of 0.28 suppori.the formulation of compound C

higher saccharide, which would need to be at least a tetrasaccharide,
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is very improbable for this would have a molecular weight
of about 700 and over-oxidation with sodium hypoiodite does
not normally proceed to the extent of consuming more than two
moles of oxidant when carried out at low temperature3188

Seven QO-glycoside structures may be written fgr a
reducing disaccharide containing mannose and glucosamine
hydrochloride. Following the nomenclafiire recommendations
of The Chemical Societylgg, these are the hydrochlorides of 3-,
4-, apd 6-O-D-mannosyl-2-amino-2-deoxy-D-glucose, and 2-,
3-; 4-, and 6-0Q-(2-amino-2-deoxy-D-ghicosyl)-D-mannose .
Several of these possibilities were eliminated by consideration
of the reaction with the Flson-Morgan reagent. Derivatives of
glucosamine in which the glycosidic group is blocked do not give
this reaction, and substitution of the C3 hydroxyl group of
glucosamine results in a shift of the absorption peak from 530 mp
to 510 mp,lSE' . Thus, none of the four 2.—amino—2-—deoxy-[=1 -glucosyl-
P -mannose structures is permitted and this interpretation of the
Elson-Morgan reaction is supported by the ease of acid hydrolysis,
for the proximity of an amino group on GZ would greatly hinder
acidic hydrolysis of a glycosidelgo’ 191 . The absorption curve of

the coloured solution furnished by compound C in the Elson-Morgan

reaction had a peak at 530 myu, and not at 510 myu as would be the
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case with 3-O-mannosyl-2~amino-2-deoxy-glucose.
Only two of the seven structures remain and these are
the hydrochlorides of 4-, and 6-O-mannosyl-2-amino-2-deoxy-

glucogse which are formulated below as I and II, respectively.

CH 0N cﬂgoao /CHa
08 HD o 20/ Kox
50 H q
1 I1

These two structures could be differentiated by their behaviour
on oxidation with sodium metaperiodate, for I would be expected
to absorb four moles of periodate and release two moles of formic
acid per mole of the sugar, whereas II would absorb five moles
of periodate with the production of three moles of formic acid,
per mole of the sugar. Oxidation of compound C with a solu-
tion of sodium metaperiodate was carried cut at room tempera-
ture (Expt. 41, p.183) and after four hours, 4.2 moles of
periodate had been absorbed and 2.1 moles of formic acid
released. This result is closer to that expected from
structure I than to that from structure II, but the significant
point is that it is slightly greater than the theoretical value

for structure I, for Jeanloz and Fc;rf.:i:uj-el}.il"!grs have shown that
the consum ption of periodate by glucosamine and its derivatives
is a complex function of reaction conditions, and the lowering

of pH attending the release of formic acid in unbuffered solu-

tions retards the oxidation so that the experimental value would
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be expected to be somewhat lower than the theoretical. A
control experiment with glucosamine hydrochloride gave lower
values than the theoretical for hoth pericdate uptake {4.5 moles
compared with 5.0) and formic acid release {3.4 moles com-
pared with 4.0), after four hours. It therefore appeared very
probable that the expe rimental values for compound C were also
lower than the theoretical, in which case they favour structure II
rather than structure I, for the latter would have shown a
periodate uptake and formic acid release appreciably less than
4.0 and 2.0 moles, respectively, per mole of sugar.

Structare II was therefore tentatively assigned to the disacc-
haride and its specific rotation of +55° suggests the presence of an
a-glycosidic linkage, for the specific equilibriwm rotations of rnannose
and glucosamine hydrochloride are, respectively, +14° and +71°, It
may be noted that 6-Q-D-manncpyranosyl-2-amino-2-deoxy-D-
glucopyranose is a more probable product than the 4-O-D-manno-
pyrancsyl isomer if the disaccharide formation involved an anhydro
sugar intermediate in a manner analogous with that of the chemical

synthesis of oligosaccharides reported by Haq and Whelan. 161

Conclusion

Although there appears to be no reaction hetween mannose
and glucosamine hydrochloride in aqueous solution, even when
refluxed for several hours, a complex mixture of products is
obtained when the two sugars are heated togethey in the molten

state. Heat treatment in the dry state may be controlled if the
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reactant sugars are supported on cellulose, which is conveniently
done by freeze-drying 2 slurry of cellulose powder in a solution
of the sugars. When the reaction is carried out at temperatures
not exceeding 100°G, N -mamnosyl glucosamine and one of its
degradation products, HMF, are obtained, but at slightly higher
temperatures {120°C} an O-mannosyl glucosamine is obtained in
addition to the products formed at the lower temperature., A
s equence of reactions believed to be involved in these processes
is summarised 1n the scheme shown in figure 43, The yields of
the products wegvery low, that of the glycosylamine being about
2 to 3% of the theoretical {larger quantities may be formed but
decomposed during extraction) and that of the Q-mannosyl
glucosamine being about 1% of the maximum theoretical yield,
Formation of the glycosylamine is accompanied by its
degradation in a browning reaction sequence, for HMF is obtained
from the reaction produtts and the solution of products {at the same
concentration) from the reaction at 100°C is golden brown in colour
whilst that from the reaction at 120°C is a dark reddish-brown.,
The significance of the glycosylamine formation may be of little
more than academic interest in the chemistry of browning processes
in natural products, but it must be constantly borne in mind when
apalysing mixtures or hydrolysates containing amino sugars (or
other amino compounds) and reduciné sugars by paper chromato-
graphy, or ionophoresis, for unless heat treatment is avoided these

products may arise as artefacts.,
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The Behaviour of Some Aldehydes on 2 Sulphonated Polystyrene

Compound B was first obtained in the eluate from ion-
exchange chromatography and was eluted from the columnn in
the fractions immediately preceding compound A which was
known to be basic {figure 33, p. 103). The assumption that
compound B was also basix therefore seemed reasonable and
2 Schiff base of HMF and glucosamine was suspected, but the
compound was later shown to be HMF .

The rather surprising behaviour of HMF on the resin
column can be explained by either of two processes ., The com-
pound could in fact be exhibiting true basic properties in the
strong acid solution used {0.3N), possibly by the formation of
an oxopium ion,; or the retention of the HMF on the column
could be due to some other mechanism of interaction with the
resin. No evidence of basic beh'aviour was obtained from the
lonophoresis of HMF in 0,75M formate buffer at pH 2.

In order to differentiate between these two possibilities,
experiments were carried out using two other aldehydes (Expt.
24, P.164 )- A solution of furfuraldehyde in 03N hydrochloric
acid was applied to the ion-exchange chromatography column
and was retained by the column slightly longer than was HMF,

Furfuraldehyde and HMF are structurally similar and both
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could possibly behave as a weak base, but a non-heterocyclic
aromatic aldehyde could not. An aromatic aldehyde was
desirable for its ease of detection in the eluate fractions, but
the choice of a compound was governed largely by solubility

in an aqueous system . A saturated solution of salicylaldehyde
in 0.3N hydrochloric acid was found to be suitable and the
aldehyde was very firmly held by the resin, being eluted in
fractions 300 to 330. This sugpgests very strongly that the
retention of the aldehydes on the column is due to some inter-
action of the aldehyde group with the resin, rather than the
ionic linkage of a base with the anionic resin. Further support
of an aldehydo~-group - resin interaction was obtained when iono-
phoresis of the three aldehydes in 0.3N hydrochloric acid failed
to provide any evidence for their bebaviour as bases.

The formation of bisulphite addition compounds by
aldehydes is well known, and these derivatives are furnished
by furfuraldehydelgz, although they are unstable in aqueous
solution and an equilibrium mixture is established below pH 5193 .

By analogy with this reaction, the interaction with the resin

RCHO + NaHS0 ———=  RCHOHSO,ONa
3 s 2

RCHO + R'SO.OH ———>  RCHOHSO,R'
277 —— 3

could be attributed to the formation of a weak addition compound
with the sulphonic acid function of the resin. The analogy is

readily seen from the above equations.
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If this mechanism is correct, the reaction should occur
with all aldehydes, and provided that an adduct has a suitable
instability constant in the acid solution, it could be eluted from
the ion-exchange resin in a useful fraction range, Calibration
of a resin column with a number of known aldehydes would then
be possible and a very useful new method for the resolution of
mixtures of aldehydes, or of aldehydes with neutral sugars such

as are frequently obtained in carbohydrate studies, would be

available.
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Experimental

1, General Methods

A. Paper Chromatography

Unless stated to the contrary, paper chromatographic
separations were effected on Whatman No, 1 filter paper, the
chromatograms being developed, usually for about 60 hours,
with the organic phase resulting froma mixture of n-butanol,
ethanol, and water in the proportion 4:1:5, The solutions applied
to the paper were allowed to dry without the application of heat.

The following reagents were used for staining the dried
chromatograms,

i) Ninl1§r,drinlg4, for compounds containing a primary or secondary
amino group.,

ii) Elson-Morgan reagent195, for glucosamine and certain
derivatives,

iii) Aniline hydrogen phthalate196

197

» for reducing sugars.
iv) Alkaline silver nitrate™’', forrmeducing sugars and sugar
alcohels .

... 195
v} Naphthoresorcinol 7, for ketoses.,

198,197

vi) Alkaline triphenyltetrazolium chloride reagent for
various sugars.
B. Paper lonophoresis

Ionophoretic analysis was carried out on strips of Whatman
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No. 3 filter paper (usually 57 x 1l cm .,) using 0.75M formatelgg

{(pH 2), 0.2M acetate87 (PH 5), ox 0.12 M boratezoo (pH 10) buffer
solutions in an apparatus described by Foster85 . A potential
difference of about 500 to 600 volts (i.e. about 8 oxr 9 volts/cm.) was
usually applied for 4 hours. After drying, the ionophoretograms
were treated with one of the detection reagents previously listed.
Acetate buffer was used in all experiments where no statement
to the contrary is made,; and solutions applied to the paper were
usually allowed to dry without the application of heat.
C. lon-exchange Chromatography

Zeokarb 225 {200 to 400 mesh) 43% cross-linked resin
(sulphonated polystyrene) was used for chromatographic fractions
as described by C.1-111::1,19\!:011169 . A small column (43 cmm, x 1 cm .2)
was used for analytical purposes, but a large column of resin
(53 cm s x 50 cm.a, 1.8 Kg., or 41bs., of resin) was employed
for preparative separations, The resin was carefully washed before
use by twice taking through the sodium form with 2N sodium
hydroxide solution and regenerating with 2N hydrochloric acid.
Between each of these processes, the resin was washed twice with
distilled water and was finally washed thoroughly with 0,3N hydro-
chloric acid which was the solvent invariably used for elution of the
columns . Eluate fractions (pormally 1 ml, from the analytical
column and 50 ml, from the preparative column) were collected

using an automatic fraction cutting machine which worked on the
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rocking siphon-balance principle {J. W. Towers, Ltd.),

Recovery of materials from the acid eluate fractions was
effected either by ethanol extraction of the freeze-dried mixture
obtained aifter neutralising to about pH 5 with sodium bi-
carbomnate, or by neutralisation through extraction with a 10%
(v/v) solution of di-n-octylmethylamine in chloroform173 and
freeze drying. It was found necessary to remove various
amine impurities from the di-n-octylmethylamine by washing
with 2N hydrochloric acid and regenerating the free base by
shaking the chloroform solution with 2N sodium hydroxide
solution. Eqgual volumes of the two phases were used and the
chloroform solution was washed with distilled water between
each operation, Four such treatments were required before
jonophoretic.analysis showed that compounds reacting with
ninhydrin had been completely removed, The neutralised
solutions were washed twice with chloroform and filtered before
freeze-drying.

2. Production of Compound A on Ionophoretograms

Solutions of glucosamine hydrochloride (5% w/v) and of
a mixture of mannose and glucosamine hydrochloride {5% w/v
of each) were applied side by side to a strip of No. 3 filter
paper and heated for about Z rminutes in a stream of hot air
from an electric hair~drier. Two similar spots were applied

alongside the previous ones, but were not heated . After dono-



-138-

phoresis the paper was sprayed with ninhydrin reagent and
mauve stains, due to glucosamine, were produced about 15cm.
(towards the anode) from the base line in the case of each
solutioa applied to the paper. From the spot of the mixture
which had been heated, but not from the other three spots, a
second, weaher 2tain slowly appeared about halfi-way between

the glucosamine stain and the base line and hada M value

GA
of 0,56 . Stains in this position relative to glucosamine wers
generally termed "D spots™ and that obtained from mannose

and glucosamine hydrachloride was attributed to the presence

of compound A.

3. Detection of Compound A with Various Reagents

Five spots of a solution of mannose and glucosamine
hydrochloride were spaced along the base line of an ionophoreto-
gram and heated by means of a hair drier for 2 to 3 minutes.
After ionophoresis the paper was cut lengthways into five strips,
each carrying one of the original spots. The strips were
severally stained with ninhydrin, Elson-Morgan reagent,
aniline hydrogen phthalate, alkaline silver nitrate, and naphtho-
resorcinol, All the Teagents but naphthoresoreinol produced
two stains, one attributable to glucosamine, and one to compound
A . Another ionophoretogram carrying two spots of the mixture
was prepared in a similar way and cut into strips, one of which

was stained with nirhydrin to provide a control, and the other
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with alkaline triphenyltetrazolium chloride reagent and stains
attributable to both glucosamine and compound A {M GA 0.57)
were obtained on each strip.

4, Gombinations of Sugars Producing D Spots on Ionophoretograms

lonophoretic separations of several mixtures of sugars
with amino sugars were carried out after heating the mixtures
on the paper. The effect of heating on the ¥arious amino sugars
alone was determined in control experiments, Heat treatment
was effected either with a hair drier as previously described,
or in an oven at 1009C during about 20 minutes. The ionophoreto-
grams were stained with ¢ither ninhydrin or alkaline silver
nitrate and Table VI indicates the mixtures which furnished D
apots.

The amino sugars used were glucosamine hydrochloride,
3:4:6-tri-O-methyl-glucosamine hydrochloride, N-acetyl glucos-
amine; glucosaminol hydrochloride, galactosamine hydrochloride,
and Z2-amino-glycerol hydrochloride. The sugars with which they
were mixed were the following, though by no means all of the'
possible combinations were made. Mannose, a-methyl mannoside,
3:4-di-O-methyl mannose, mannitol, galactose, fructose, xylose,
ribose, 2-deoxy-ribose, sorbitol, dulcitol, glucose, 1-deoxy-
glucose {poly galitol), 3-O-methyl glucose, 2:3 -di-O~methyl

glucose, 3:4-di-OQ-methyl glucose, 2:3:6-tri-O-methyl glucose,
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2:3:4:6 -tetra —?_*methyl glucose, o -methyl glucoside, sodium
glicuronate, and maltose. Two spots of 5% W/v solutions
were applied to the paper.

An ionophoretogram, stained with alkaline silver
nitrate, of glucose and some of itg methyl ethers after heating
with glucosamine hydrochloride is shown in Figure 29 (p.94 ).

5. Optimum Heating Conditions for Compound A Production

Spots oi & solution of mamnose and glucosamine
hydrochloride were successfully applied along the base~lines of
a strip of ionophoresis paper and 2 sheet of chromatography
paper and the papers were heated in an oven at 100°C . for varying
periods of time after each application. In this way, heating
periods of 2 minutes to 6 hours were covered and after ionophoresis
and chromatographic development of the respective papers, they
were stained with alkaline silver nitrate. Compound A was
observed on the chromatograms as the slowest moving of three
spots, having RGA and RM values of 0 .58 and 0,32 respectively.
Both ionophoretigram and chromatogram showed.a gradual increase
in the intensity of compound A during the first hour of heating,
but little change was discernible thereafter,

The experiment was repeated using a temperature of 120°C.
and in this case small amounts of other compounds appeared to be

formed in addition to compound A, The two chromatograms are

illystrated in Figures 27 and 28 {p. 92 ).
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Comparative ionophoretograms of mixtures heated for
half-an-hour at 80°C ., 100°C., and 125°C,, showed that compound
A formation was much less rapid at 80°C, than at 100°C .; and
that at 125°C . a series of spots was produced between the spot due
to compound A, and the base-line.

6. Preparative Ionophoresis

A solution of mannose and glucosamine hydrochloride
{0.1ml., 5% W lv of each sugar) was applied as a streak across
the width of a strip of No. 3 filter paper and the paper was heated
in an oven at 100°C . for half-an-hour., After ionophoresis, guide
strips were cut from the edges and centre of the paper and were
stained with alkaline silver nitrate to locate the position of compound
A. The appropriate band was then cul from the paper and eluted
with distilled water, and the extract was filtered and freeze-dried.
The material so obtained wasg dissolved in a little water and
examined ionophoretically. Only a faint D spot was observed,
together with a small amount of glucosamine and most of the material,
apparently decomposition products, remained at the base line or
formed a streak extending between the D spot and base-line.

7. Reactions in Aqueous Solution

Mamose and glucosamine hydrochloride were dissclved ina
number of buffer solutions in the pH range 2 to 10 and these solutions
(about 1 ml., containing 5% = /v of each sugax) were heated in sealed

tubes for 13 hours at a temperature of 100° to 120°C.. The buffer
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solutions used were: OJlM formate buffer, pH 2;(199) O .M citrate
butter, pH 4 and 6;2%Y) and 0.2M barbiturate butfers, pH 8 and 10.1292)
The same procedure was followed with an aqueous unbuifered solution
of the two sugars. After heating, the solution in formate buffer
remained virtually colourless, the two solutions in citrate buffer
were only very slightly yeliow, the unbuffered solution was yellow-
brown in colpur,; the solution in barhiturate buffer at pH 8 was a
pronounced golden-brown, and that at pH 10 was dark brown in colour,
All the solutions were examined ionophoretically and
chromatographically and mnone was found to contain compound A,
Several chromatograms of the solutions were prepared and in
addiiion to the spots of the six solutions which were applied to the
paper and allowed to dry without heating, spots of cach solution were
heated on the paper. 3ix such papers were prepared and two were
developed normally {p . 135), two were developed witk the organic
phase of a mixture of n-butanol-water-acetic acid {4:5:1), and two
with the crganic phase of a mixture of n-butanol, ethanol, water, and
ammonia {s .g. 0.880) in the proportion 40310:49:1. After thorough
drying, one chromatogram from each development was stained with
ninhydrin and the other with aniline hydrogen phthalate. All six
chromatograms showed that compound A was absent from each of the
8ix solutions, but was formed in each case by heating on the paper.
The chromatograms developed with n-butanol -~ethanol-water -

ammonia showed very bad streaking of the glucosamine spota, and
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those developed in butanol-water~acetic acid produced two spots
from glucosamine, both being quite close together. In addition,

the glucosamine spot was streaked and very much retarded on

the paper (RM reduced from the normal value of 0.68 to about

0.18) in each of the citrate buffer samples (figure 30, p.95)}. A
chromatogram of solutions of glucosamine hydrochloride in cituate
buffer (pH 6) and in aqueous citric acid exhibited the same behaviour
when developed in n-butanol-ethanol-water and stained with
ninhydrin .

8. Preparative Chromatography.

A solution of mannose and glucosamine hydrochloride
(5% W}'v of each; 1ml,) was applied across the width of a sheet
of No. 3 filter paper and the paper was heated in an oven at 100°C.
for half-an-hour. After development, guide strips were cut from
the edges and from within the chromatogram and stained with
alkaline silver nitrate in order to locate compound A, The
appropriate band was then cut from the paper, eluted with distilled
water, and the aqueous solution was filtered and ireeze-dried.
The product was extracted in a small volume of water (about 0.1 mi.)
and examined by ionophoresis and paper chromatography . Three
spots were obtained in each case and could pe attributed to mannose,
glucosamine hydrochloride, and compound A.

A second chromatogram was prepared as before, but instead
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of eluting the band containing compoundA, a narrow strip, 8 mm. x
5 c¢m., was cut from this band and sewn into a hole of precisely the
same dimensions cut in the base-line of a new sheet of No, 3 filter
paper. Controls of mannose and glucosamine hydrochloride heated
on the paper were placed at either end of the strip and were cut out
and sewn back into the paper in order to be truly comparable with the
experiment. The new sheet of paper was then developed and stained
with alkaline silver nitrate and a distinct band due to compound A
(RGA about 0.63) was obtained. A photograph of the chromatogram is
reproduced in figure 31 {p. 97). A repetition of the experiment
was made using strips from an ionophoretogram and again, a distinct
band due to compound A was observed. Strips from preparative
ionophoretograms and chromatograms were examined ionophoretically
by sewing into corresponding holes cut into the base line of 2 new strip
of No. 3 filter paper. Although separation of 2 distinct band due to
compound A was observed on staining with alkaline silver nitrate,
the separation was less complete than by chromatography and larger
amounts of mannose and glucosamine hydrochloride were found.

The "double chromatography" experiment was repeated using
longer strips from a preparative chromatogram (lem.x12 cm .) and a
complete strip width from an ionophoretogram, and this time the
position of compound A on the second chromatogram was determined

by staining guide strips with alkaline silver nitraie. The appropriate
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bands were eluted with dry methancl and the two solutions were
evaporated to low volume under reduced pressure at room
temperature and examined by paper chromatography. A reference
spot of mannose and glucosamine hydrochloride heated on the
paper showed that the two samples examined were solutions of
compound A, almost pure, chromatographically, (figure 32, p. 97°).

9. Other Experiments on the Preparation of Compound A

A small amount of mannose {0.1 g.} was melted in an
ignition tube and an egqual amount of glucosamine hydrochloride was
added. The resuiting dark brown mass was allowed to cool and
then dissolved in water {2 ml.) and the solution analysed by iono-
phoresis and paper chromatography. A large number of spots,
including those due to compound A and glucosamine hydrochloride,
was produced when the papers were stained with ninhydrin.

A finely ground mixture of mannose and glucosamine
hydrochloride was maintained a2t 110°C. for several hours, and a
stiif paste of these two sugars with a little water was heated at
100°C. for 6 hours. In both cases, ionophoretic analysis showed
that only the two original sugars were present after the heat
treatment.

Glucosamine hydrochloride (0.1 g.) was added to a
methanolic solution of mannose (0.1 g. in 2 ml.) and the mixture
was refluxed for several hours. No spot due to compound A was

observed on staining ionophoretograms of the mixture sampled
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after periods of up to 12 hours, although after this time the solution
was pale yellow. Very little glucosamine hydrochloride appeared
to dissolve.

A slurry of cellulose powder {16 g.) in a solution of mannose
and glucosamine hydrochloride (0.8 g. of each in 100 ml, distilled
water) was freeze-dried and heated in an oven at 100°C, for 15 hours,
A small portion of the cellulose was eluted with water and chromato-

graphic analysis showed the eluate to contain mannose, glucosamine

hydrochloride, and compound A.

10. Separation of Compound A on a Cellulose Column

Cellulose powder (about 500 g., Whatman standarxd
chromatographic grade) was slurried in the organic phase of a
mixture of n~-butanol, ethanol and water (4:1:5), and the slurry was
packed into 2 column {57 ¢m. x 12.5 cm ."2) . A disc of filter paper
was placed on top of the column which was then drained almost free of
the accumulated head of solvent. A preparation of compound A on
cellulose powder (see above) was made into a thick slurry with the
solvent and carefully poured onto the top of the colutmn, When this
had settled down, the column was eluted with the solvent and fractions
of 50 ml. were collected automatically.

Samples from alternate fractions were spotted onto filter
paper and stained with alkaline silver nitrate, Most of the 40 fractions
examined {of 80 collected) gave weak stains, but more intense stains

were obtained from fractions 22 10 29 and 45 onwards. F¥Fractions 22
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to 29 were bulked and evaporated almost to dryness under
reduced pressure at 302C or less, and the fractions beyond
45 wexre divided into batches of 5 and similarly concentrated,
The samples so obtained were analysed ionophoretically and
all furnished spots corresponding with mannose, glucosamine
hydrochloride, and compound A, The samples were therefore
all bulked and evaporated to dryness to yield 150 mg, of

material,

11, Partial Separation with Ion-exchange Resin

Part of the material {60 mg.) eluted from the
cellulose column, as desctribed above, was dissolved in water
(2 ml1.) and mixed with moist ion-exchange resia (IR 120,
hydrogen form) {25 ml.). The resin was transferred to a
column with a little water and was then washed with distilled
water , Fractions of 5 ml., were collected {(autormatically} and
after the 12th fraction, 0.25N hydrochloric acid replaced water
a8 the eluant, The first 15 fractions were neutral, but
succeeding ones were acidic and a total of 33 fractions was
collected. The acid fractions were neutralised with silver
carbonate and all the fractions were then separately freeze-
dricd., No residue was obtained from fractions 4 to 19.
Residues from the other fractions were examined by paper
chromatography and ionophoresis and fractions 1, 2 and 3

contained mamnose and compound A, but no glucosamine hydro-
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chloride. Fractions 20 to 23 contained small quantities of
glucosamine hydrochloride and compound A (the spot due to
compound A was badly streaked), but no mannose. Later
fractions were not analysed.

12. N-Acetylation of Glucosamine Hydrochloride and Compound A

Mannosgse and glucosamine hydrochloride were heated
together on cellulose powder as described on p.146 except
that 1.5 g. of each sugar and 10 g. of cellulose were used. The
cellulose was eluted and washed with water (80 ml.) and the
solution was acetylated using the method of Roseman and Ludo-
Wn:@:ig166 . The solution was then freed of un-acetylated amino
compounds by passing down a column of cation exchange resin
(IR 120, hydrogen form , 10 ml,) and was finally freeze~dried,
A solution of some of the freeze~-dried product was analysed
by paper chromatography and on staining the chromatogram
with alkaline silver nitrate, spots attributable to mannose and
N-acetyl glucosamine were found, together with traces of com-
pound A and a large amount of 2 fast moving substance (R , 2.5)

which was found in the region usually occupied by anhydrosugars.

13, Sclvent Extraction Methods for Separation of the Reaction

Mixture
A suspension of mannose and glucosamine hydrochloride

in cellulose (p. 146) was heated at 100°C for 1 hour and eluted
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with water, The solution was freeze-dried and portions
(30 mg. each) of the product were severally slurried in one
of the following seven solvents {0.3 ml.); methanol, ethanob,
n-butanol, acetone, chloroform, dioxan, and diethyl ether,
The mixtures were thoroughly shaken, and after standing for
6 hours the supernatant liquids were examined ionophoretically,
The methanol, ethanol, and butanol extracts all contained the
three components of the mixture, though in different proportions.
The dioxan extract contained only mannose, the acetone extract
a small amount of mannose, the chloroforim extract small
quantities of mannose and glucosamine hydrochloride, and the
ether extract did not contain any of the three components, viz,
mannose, glucosamine hydrochloride, and compound A, The
dioxan extracted material was treated a second time with a
similar volurmne of dioxan and ionophoretic analysis showed that
the extract again contained only mannose, and that the remaining
s0lid coatained all three componcnts of the mixture.

A second suspension of mannose and glucogsamine hydro-
chloride in cellulose was prepared using 3 g . of each sugar
and 15 g, of cellulose. The mixture was heated at 100°C for
1 hour and two portions of 5 g . were extracted, one with dioxan
and the other with chloroform, in Soxhlet thimmbles for 21 hours.
Ionophoresis indicated that the cellulose samples after extraction

retained all three components of the mixture, and that the dioxan
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contained only mannose {though in reasonable guantity) and
the chloroform extract contained a small amount of mannose
and possibly a trace of compound A .

A third batch of the sugars on cellulose was prepared
{5 g. of each sugar and 30 g . of cellulose) and after heating
as before it was slurried in dioxan and packed into a column
fdiameter, 2.5 cm.). The column was washed with dioxan
[a.bo;xt 1 litre) by slow, downward percolation {during about
24 hours) and was then allowed to drain. After extrusion
from its container, the column of cellulose was divided into
two equal parts and each was sucked dry on a Buchner funnel,
A small sample from each part was extracted with water and
these solutions, and the dioxan eluate, were analysed by
ionophoresis. bnly mannose was found in the dioxan eluate,
but both extracts from the cellulose still contained all three
components although a reduction in the intensity of the mannose
spot was discernible.,

14, Separation by Fractional Crystallidation

Part of a freeze-dried mixture (about 3 g.) obtained
from heating mannose and glucosamine hydrochloride on
cellulose was dissolved in water {10 ml.) and the concentrated

solution was divided into two equal parts,
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a) Glucosamine hydrochloride was crystallised from the
solution by the gradual addition of acetone to the cold aqueous
solution containing methanol, exactly as described by Gardeillé? .
The crystals were filtered and washed with acetone, and

both crystals and mother liquor were examined by ianophoresis.
The glucosamine hydrochloride crystals contained only a little
mannose and the mother liquor contained all three components
of the mixture.

b) The aqueous solution was cooled to about 10°C and dioxan
at room temperature (its m.pt. is 12°C) was added until
precipitation began.to occur. After standing in the refrigerator
for 2 hours, the precipitate was filtered and washed twice
with dioxan. Ionophoresis showed that it contained nothing
other than glucosamine hydrochloride. The addition of more
dioxan to the mother liquor resulted in further precipitation
and the solid was again filtered, washed, and analysed icno-
phoretically, This procedure was repeated twice again, but
the operation was done at room temperature to avoid the
crystallisation of dioxan, The second crop of precipitate
contained glucosamine hydrochloride and a small amount of
mannose; the third crop contained glucosamine hydrochloride,
an increased quantity of mannose, and a trace of compound A;
and the fourth comprised similar quantities of all three

components .
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Cn bulking the mother liquor from the fourth dioxan
precipitation with that from the acetone crystallisation, a
further precipitate was obtained which was mainly glucosamine
hydrochloride . The final mother liquor contained all three
components of the original mixture, but probably in roughly
similar amounts .

15. Resolution of the Mixture by Ion-exchange Chromatography

A large batch of compound A was prepared as
previously described (p. j44 ) using 25 g. of mannose,
25 g, of glucosamine hydrochloride, and 200 g. of cellulose
powder . An aliguot from the aqueous eluate estimated to
contain about 2 ing. of amino sugar was applied to an
analytical column of ion-exchange resin (Zeokarb 225, p. 136 )
and the remainder was freeze-dried. The column was eluted
with 0.3N hydrochloric acid using a flow rate of 1 to 2 ml, per
hour, and 1 ml, fractions were collected, Ewvery fifth fraction
wa s examined for hexosamines {or certain derivatives) using
the Elson-Morgan reactiortl?o exactly as described by
Svennerholml?l. Intermediate fractions were also analysed
where the presence of amino sugars was indicated by the
development of a pink or red colour in the test solution,
Fractions 85 to 91 contained a small amount of material

giving a positive reaction {the total being equivalent to about
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50 pg. of glucosamine hydrochloride) and a much more
intense coloration was obtained from fractions 121 to 144,
and was attributed to the presence of glucosamine hydrochloride,
The freeze-dried reaction mixture was dissolved in
0.3N hydrochloric acid {400 ml,) and 50 ml. aliquots of the
solution were applied to the preparative ion-exchange colurmn
(p. 136 ) for separation. The columnp was eluted with 0.3N
hydrochloric acid using a flow rate of about 130 ml. per hour
and fractions of 50 ml. were collected, The fractions were
examined as before and a positive reaction was obtained from
fractions 96 to about 106 and from fractions 140 to 175 when
fraction collection was ceased: the latter group of fractions
gave a much more intense coloration than the former . The
first group of fractions (i.e. 96 to 106) was assumed to contain
compound A and the second (140to 175), glucosamine hydro-
chloride., Fractions 96 to 106 were bulked, neutralised with
either sodium bicarbonate or di-n-octylmethylamine {p.137},
and freeze-dried., Analysis of the material by ionophoresis
showed that it was mainly compound A, but small quantities
of mamnose and glucosamine hydrochloride were present.
Several batches of material were sSeparated in this way
and the amount of material applied to the column in one batch

normally contained 2 to 3 g, of amino sugar, i.e. 4 to 6 g, of
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the mixture. The yield of compound A was usually 50 to
100 mg.
The ninhydrin reaction, measuremeni of optical
rotation {using a 2 dm . tube), and measurement of ultra-
violet absorption were used in addition to the Elson-Morgan
reaction for scanning the fractions of certain batches .
Unless stated otherwise, the wavelength used in ultrayiblet
absorption measurements was 284 myu.. Ninhydrin deter-
minations were carried out by the method of Yemm and Cocking172
after almost neutralising the acid solution {1 ml.) by adding an
equal volume of 0 ,25N sodium hydroxide solution and diluting
with 1 ml. of the citrate buffer solution used in the reaction.
The optical rotation measurements enabled mannose
to be detected in the early fractions (20 to 33) and also
indicated the position of glucosamine hydrochloride but was
much less sensitive than colorimetric methods,. The nin-
hydrin reaction gave exactly the same indications {quantitatively)
as the Elson-Morgan reaction. Ultraviolet absorption measure-
ments showed the presence of a compound in fractions 87 to 95
which did not react with ninhydrin or the Elson-Morgan
reagent and had no optical activity . This absorption was
attributed to a compound B and the absorption curve {220 to

320 my}) of a suitable fraction was measured. The full range

of analyses of fractions from a typical separation is shown
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in the form of a histogram in figure 33 {p. 103 ).

16 . Stability of Compound A

Samples of compound A prepared by ion-exchange
chromatography were dissolved in water and in 2N hydro-
chloric acid. Chromatographic analysis of both solutions
was carried out at various time intervals from 10 minutes
to 10 days . The solution in hydrochloric acid (aliquots were
neutralised with silver carbonate for chromatography)
appeared to be virtually unchanged after two weeks, but
decomposition in the aqueous solution was indicated by a
gradual reduction in the intensity of the spot from compound
A and 2 corresponding increase in intensity of spots due to
mannose and glucosamine hydrochloride . Pafts of the two
solutions were refluxed at 100°C for & hours and the Beaglting
dark brown solutions were examined chromatographically.
In each case, compound A had almost completely disappeared
and a considerable amount of glucosamine hydrochloride,
but only very little mannose, was formed.,

17. Analysis of Compound A

Hexosamine and hexose determinations were made
on aliquots diluted from a fresh solution of compound A using
171 . . 77 .
the Elson-Morgan =~ and orcinol-sulphuric acid reactions
respectively. The absorption curves of the coloured solutions

were obtained in each case and those of the respective
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solutions were characteristic of glucosamine171 and mannose.
From the intensity of absorption at 530 my in the case of the
Elson-Morgan reaction and 505 mp in the case of the orcinol
reaction, the glucosamine hydrochloride and mannose con-
centrations of the aliquots were obtained by interpelatidon
from calibration curves constructed from standard solutions
of the respective sugars,

The absorption curves furnished by mannose and
compound A in the orcinol-sulphuric acid reaction are depicted
in figure 37 {p.116 ) and the calibration curve was linear over
the range 0 to 100 ug. of mannose. These data for mannose
are not reported in the literature cited which is concerned
principally with glucose and galactose. The presence of
glucosamine hydrochloride had no effect on the reaction of
mannose with the orcinol-sulphuric acid reagent, and the
Elson-Morgan reaction was unaffected by the presence of
mannose .

The glucosamine hydrochloride and mannose concen-
trations of the diluted solution of compound A were 98 pg./ml.
and 95 ug./ml. respectively. Thus the molar proportion of
glucosamine hydrochloride to mannose in compound A is
approximately unity . The infra-red absorption spectrum of

compound A (potassium chloride disc} was obtained on a sample
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of the appropriate fraction of eluate from ion-exchange
chromatography . The solution was neutralised with anhydrous
potassiumcarbonate and freeze-dried., The spectrum contained
no peak corresponding with the presence of a carbonyl group.

18. Hydrolysis of Compound A

Compound A was hydrolysed in both hot and cold water.
Four batches of the material (about 300 mg.) from ion-exchange
chromatography were bulked and dissolved in distilled water
(30 ml.). After extracting with an equal volume of chloroform,
the solution was filtered and refluxed for 12 hours and samples
were periodically withdrawn for analysis by chromatography
and ionophoresis . Optical rotation measurements were made
at frequent intervals {using a 0.5 dm ., tube) and samples were
diluted for hexosamine determinations (Elson-Morgan reaction"”l )
and for measurement of the absorption at 284 m p. The
ultraviolet absorption curve was obtained on samples before and
after heating.

The ionophoresis and chromatography experiments showed
that after 12 hours compound A was almost completely decomposed,
and glucosamine hydrochloride and a small quantity of a spot
attributable to mannose and traces of a somewhat slower moving
compound (RGA 1.44and R, 0.77, probably glucose) were formed.

There was no measurable optical activity before or after heating,
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and there was no significant change in hexosamine concentration.
A gradual increase in the intensity of absorption at 284 my.,
occurred and the rate of this increase is shown in figure 38 (p, 18),

Initially the solution was clear and pale, but during heating
it gradually darkened and became turbid with the eventual
formation of a fine, dark brown precipitate, The supernatant
solution was dark golden~brown in colour’,

The same series of tests was periodically applied to a
solution of compound A in cold distilled water. The solution
wasg prepared by dissolving the product from two separations
(2bout 150 mg.) in 20 ml, of water and extracting with an equal
volume of chloreform, and the aqueous phase was filtered, There
was no change in the ultraviolet absorption of the hexosamine
concentration during four weeks. Chromatograpbhy and ionophoresis
at intervals of 1,3,5,10,20, and 30 days showed a gradual change
from the initial solution, which contained compound A with only
small amounts of mannose and glucosamine hydrochloride, to the
final solution which contained only a very small amount of
compound A and quite large quantities of glucosamine hydrochloride
and mamnose. The spot onthe chromatograms due to the latter
was streaked, however, and extended over the regions normally
occupied by mannose and glucose (R, 1.0 to 0.75).

Duplicate chromatograms of the final solutions from the hot

and cold water hydrolysis experiments were prepared and one was
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stained with alkaline silver nitrate and one with haphthoresorcinol,
The indicatione of those stained with the former reagent have

been described and no spots were observed on either of the
chromatograms with naphthoxresorcinol. The products of the
hydrolyses were separated by ion-exchange chromatography as
described later (p. 164).

19. Hydrolysis of Compound B

A batch of compound B, separated by neutralising and
freeze-drying the appropriate fractions from ion-exchange
chromatography, was dissolved in water, and a second batch was
dissolved in 2N hydrochloric acid and the volume of solution was
about 20 ml. in each case. Aliquots of each solution were diluted
for measurement of the ultraviolet absorption curve, and hexosamine
determinations by the Elson-Morgan reactionrn were carried
out on the original solutions,. The two solutions were refluxed
for several hours and a slight increase in intensity of the initisl.
pale yellow colour was observed. Samples were removed after 30
minutes and hourly after the first hour, and were diluted for
ultraviolet absorption measurements (284 mu.). Hexosamine
determinations were made on the undiluted samples . In neither case
was the formation of hexosamine cbserved and the absorption of
the aqueous solution was practically unchanged after 10 hours heating.

The absorption of the solution in 2N hydrochloric acid was greatly
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decreased after an hour’s heating and very soon was virtually
removed ., The absorption curves and the agueous scolution after
10 hours! heating were obtained and are illustrated, with those
of the solutions before heating, in figure 36 (p. 114)., The solution
in hydrochloric acid required less dilution for absorption
measurements after heating than before heating (dilution of 40,
compared with 80),

The agqueous solution after heating was applied to the
ion-exchange chromatography column and ultraviolet absorption
was found in the same region of the fractions as previously.

20. Distribution Coefficients of Compound B

Compound B wag eluted in fractions 85 to 91 when a batch
of the reaction mixture was separated by ion~exchange chroma -~
tography {p. 152). The extinction coefficient (br optical density)
at 284 myu. (284) of fraction 86 was 1.80 and this fraction was
used for distribution experiments with ether and chloroform.

An aliquot of fraction 86 (1l ml.) was shaken with an equal
volume of chloroform and the two phases allowed to separate.
The absorption of each phase at 284 my ., was measured against the
appropriate solvent blank (solvent blanks were prepared by shaking
equal volumes of 0 .3N hydrochloric acid and chloroform and
s eparating the two phases), The aqueous phase was again extracted

absorphion
with an equal volume of chloroform and thex(284) of each phase was
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again measured. This proocedure was repeated twice more.
and the distribution or partition coefficient of compound B was
calculated as the ratio of the absorption of the two equilibrated

absorption of chloroform phase
phases, i,e., Kc = absorption of aqueous phase . The average

value obtained from four measurements {which agreed closely)
was 0.31 at 16°C.

Ether was used instead of chloroform in a repeat of the
experiment described¢ above and an average value for Ke of 0,26

at 16°C . was obtained.

21. Separation of Compound B by Ether Extraction

A large batch of the mixture obtained by heating mannose
and glucosamine hydrochloride on cellulose (p . 152) was eluted
with water and freeze-dried. The freeze-dried material was
dissolved in 0.3N hydrochloric acid (400 ml.) and the solution
extracted with ether using a continuous extraction apparatus,
After drying over anhydrous magnesium sulphate, the ether (about
400 ml.) was evaporated under reduced pressure to leave a small
amount {about 0.5 ml.) of a mobile, golden-brown liquid which
was stored in the refrigerator. In later experiments, the eluate
fractions were neutralised with sodium bicarbonate prior to ether

extraction.
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22. Jonophoretic and Chromatographic Behaviour of Compound B

Compound B prepared by ether extraction as described
above was examined by ionophoresis in acetate buffer, pH 5
and formate buffer, pH 2, using No. 1 filter paper. The
ionophoretograms were examined under ultraviolet light, but
apart from the small movement due to electroendosmosis there
was no migration of the substance in either case,

A chromatogram of compound B extracted from the acid
eluate fractions on No. 1 paper was developed for 16 hours.
Examination with ultraviolet light showed that the material was
not quite homogeneous, for two spots were found moving quite
close to the solvent front. The slower moving spot was much less
intense than the faster one and their respective R values were
0.78 and 0 .83, A photograph taken by transmitted ultravioclet
light is reproduced in Figure 34 {p .113 ) and identical spots were
produced on staining with aniline hydrogen phthalate. Samples
of compound B extracted from neutralised eluate iractions were
chromatographically homogeneous and had RF values of 0.77.

Absorption at 284 mp. in the eluate fractions furnished by
ion-exchange chromatography of compound B commenced with

fraction 86 and extended over about 20 fractions. This is the positior

of elution of compound B from the reaction mixture (see figure 33,

p' 103}v
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23, Preparation of HMF

HMF was prepared from sucrose using the method
described by Haworth and Jones .(18]“} Since the precise
conditions which they specified could not conveniently be used,
200 g . of sucrose and 1.4 g. of oxalic acid were dissolved in

600 ml. of distilled water and heated in an autoclave at 5 to 6
atmospheres and a temperature of 130°C . for 23 hours and then
allowed to cool slowly. Extraction of HMF from the filtered
reaction migture was effected in the manner used by Haworth
and Jones, and the crude, dark brown product was distilled under
vacuum., A light yellow oil (yield, 12 g.} distilled at 115°C,

and a pressure of 0.12 mm. of mercury, and a slightly darker

coloured fraction was obtained from the temperature range 118

to 122°C.

24. TJon-exchange Chromatography of HM¥F', Furfuzal, and

Salicylaldehyde

A small quantity of HMF (0.1 ml,) was dissolved in 0.3N
hydrochloric acid (10 ml.) and applied to the preparative ion-
exchange column (p, 13§). The absorption ( 6284) of eluate
fractions was measured and was first observed in fraction 85 and
began to diminish after fraction 100,

A solution of furfuraldehyde (0.2 ml.) in 0.3N hydrochloric
acid (14 ml.) was passed through the ion-exchange column and the

eluate fractions were scanned by measuring the absorption at 285 myL.
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Fractions 107 to 130 exhibited this absorpition.

Salicylaldehyde (0.1 ml.} was dissolved in 0.3N hydrochloric
acid and a portion of the solution (20 ml.) was applied to the column.,
An aliquot of the solution was diluted for measurement of the
abgorption curve {dilution = 11} and a maximum was observed
at 255 mp., The absorption of eluate fractions at this wavelength
was therefore measured, but not until fraction 300 was any
absorption observed and the absorption extended over about 25
fractions. The position of elution of this compound was confirmed
to within 1% in two repeat experiments .,

The relative elution positions of these three compounds
is shown in figure 44 {p. 133), in which the absorption curve of
salicylaldebyde is inset’,

25, Separation of the Hydrolysis Products from Compound A

The aqueous solution of compound A which had been heated
for 12 hours was fractionated by ion-exchange chromatography
and the fractions were scanned by means of the orcincl-sulphuric

1
acid reaction {(which was used exactly as described by Svennerholm 77)

2
] 171 .
the Elson-Morgan reaction, and measurement of the absorption
at 284m/lL.
Compounds giving a positive reaction in the orcinol test

were observed in fractions 23 to 33 and the absorption curve of

red-brown. sclutions was obtained and is included in figure 37 (p. 116},
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Absorption at 284 my. was found in fractions 86 to 99, A very
slight red coloration was obtained in the Elson-Morgan reaction
from fractions 100 to 102, and a strong reaction was produced by
fractions 145 to 158,

Fractions 23 to 33 were bulked, neutralised with di-n-
octylmethylamine, and freeze-dried, and the material was
designated Al,

One of the ultraviolet absorbing fractions was retained for
measurement of the ultraviolet absorption curve and determination
of distribution coefficients between the solution and both chloro-
form and ether as described for compound B (p.160 ). The
rermcainder were bulked and extracted with ethex using a continuous
liguid -liquid extraction apparatus, but in repeats of the experiment,
fractions were neutralised before extraction, or the solution ex-~
tracted before separation on the column, The ether solutions were
dried over anhydrous magnesium sulphate before evaporation of the
ether to leave a mobile, pale yellow oil and this was AZ. The
distribution coefficients obtaiped for A2 between the hydrochloric
acid and chloroform or ether were 0,28 and 0.23,

The three fractions (100 to 102) which gave the weak Elson-
Morgan reaction were discarded because this was almost certainly
due to unhydrolysed compound A. Fractions 145 to 158 were bulked

and evaporated to low vdlume under reduced prcesure, water being
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frequently added in order to distil the hydrochloric acid, and
2 brown solution of A3 was obtained.

These three substances (Al, A2 and A3) were analysed
chromatographically, the chromatograms being stained with
alkaline silver nitrate. Al contained two components, one of
which had the same Rf value as mannose and the other, which
was present in very much smaller quantity, was somewhat
slower moving having RM of 0,78 which is equal to that of
glucose. AZ was chromatographically homogeneous when
extracted from a neutral solution, and moved very close to
the solvent front, The stain with silver nitrate was in the
same position as the spot observed with ultraviolet light and
its R value {0.78) is the same as that of compound B. A
specimen extracted from an acid solution contained two com-
pounds having R.j5 values of 0 .84 and 0.77. The RM value
(0.54) of A3, which was chromatographically homogeneous,
is the value obtained for glucosamine hydrochloride .

The solution of compound A which had been allowed to
hydrolyse hy standing for four weeks at room temperature was
also separated on the preparative ion-exchange column. The
fractions were scanned with the orcinol~sulphuric acid and
Elson-Morgan reactions and positive reactions were obtained

in the former from fractions 24 to 30, and in the latter from

fractions 97 to 102 {a very weak reaction) and fractions 148 to

157 .
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Fractions 24 to 30 were bulked, neutralised, and
freeze-dried and constituted A4, The fractions giving the
weak reaction with Elson-Mozrgan reagent {97 to 102) were
discarded and the fractions 148 to 157 were bulked and
evaporated as described above fo furnish A5,

Chromatographic examination of A4 and A5 showed
that the former probably contained at least two components
for a streak was obtained in the positions of mannose and
glucese (RM 1.0 to 0.75), and the latter was homogeneous
and had RM value of 0,54 which is that of glucosamine hydro-
chlovride.

26. Hydrolysis of A2

A part of A2 {(about 0,05 ml,) was dissolved in water
{20 m1l,.) and the solution divided into twoparts, One was
diluted witk an equal volume of water and the other with an
equal volume of 4N hydrochloric acid. These two solutions
were then refluxed and samples taken periodically and diluted
for measurement of the absorption at 284 mp and for Elson-
Morgan determinations {on undiluted samples). The observa-
tions were the same as those on the hydrolysis of compound B
(p.159 ) i.e. that the aqueous solution remained unchanged,
but heating with acid rapidly reduced the absorption and

changed the shape of the curve. In neither case was any pink
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coloration observed in the Elson-Morgan reaction. The
absorption curves for the acid solution before and after
hydrolysis are shown in figure 36 (p.114 ).

27. Characterisation of Al and A4

The freeze-dried materials, Al {about 40 g.) and A4
(about 25 mg.), were separately dissolved in water (2 ml.)
and each solution was examined by ionophoresis in borate
buffer, pH 10, The ionophoretograms were stained with
alkaline silver nitrate and that of Al showed the presence of
mannose (MG, 0.52), a small spot attributable to glucose
{MG 1.0) and traces of substances having M, values of 0 .68
and 0,81, That of A4 had two spots of similar intensity having
Men values of 0.55 and 1.0 and these were attributed to mannose
and glucose respectively. The results of paper chromatograms
of the materials confirm these findings {p.166 ).

The componenis of the two solutions were then separated
by paper chromatography on 4 sheets of No. 1 filter paper.
Guide strips were cut from the paper and stained with alkaline
silver nitrate, Bands corresponding with these stains (a heavy
one attributable to mannose and a weak one attributable to
glucose) were cut from the sheets and eluted by pulping in
distilled water . The extracts were filtered and the pulps
washed with water, and the filtrates and washings from the

respective materials were bulked and freeze-dried. Methanol
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extracts of the freeze-dried residues were clarified by
centrifugation and evaporated to a volume of about 0.1 ml,

The concentrated methanol extracts werc refluxed
for 30 minutes with p-nitraniline reagent {1.5 ml.} and
allowed to cool. Yellow crystals were obtained fromthe
two suspected mamnose fractions on trituration of the cold
solutions, but nothing was obtained from the other {glucose)
fractions, even after concentrating the sclutions.

The crystals were collected after centrifuging and
were recrystallised from methanol, The yield from Al was
about 3 mg ., and its m .,pt. was 208°C which was undepressed
on mixing with an authentic specimen of mannose~p-nitranilide,
An even lower yield was obtained from A4 and there was
sufficient material only for m ,pt. determination (208°C).

The p-nitraniline reagent was freshly prepared by
dissolving 0.9 g. of p-nitraniline in 20 ml. of methanol
containing 0.02 ml. of concentrated hydrochloric acid.

28 . Characterisation of A2 and Compound B

The yellow ligquids obtained by evaporation of the ether
solutions of compound B, and of A2 were dissolved in water
(5 ml. and 2 ml., respectively) and a drop of ethanol was
added to clarify the solutions . To these solutions, an equal
volume of a solution of 2:4~dinitrophenylhydrazine in 2N hydro-

chloric acid was added and an orange-red precipitate was
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produced in each case. These were centrifuged and
recrystallised from aqueous ethanol, and thecrystals were
recovered by centrifuging and were dried in a vacyum
desiccator over calcium chloride,.

In the same manner, the 2i4-dinitrophenylhydrazone
of a specimen of HMF was prepared and its m.pt. was 201°C
(see also ref. 174).

The melting points of the deriva‘t:es prepared from
compound B and A2 were determined; that of the compound B
derivative was 200 to 202°C and was undepressed on admixture
with HMF derivative, and that of the A2 derivative was 198 to
201°C,; byt there was insufficient material for a mixed melting
point determination.,

29. Characterisation of A3 and A5

An ionophoretogram carrying A3, A5, and glicosamine
hydrochloride as a reference was stained with ninhydrin and
single spots were obtained from A3 and A5 in the same
position as that from the reference compound.

The concentrated aqueous solution of A3 was cooled
to about -10°C and cold acetone was added to the solution
until a faint, permanent precipitate formedls? + The solution
was then allowed to stand overnight in the refrigerator and
more acetone was added, as before. Gradual addition of

acetone was continued in this manner during a week, until

no further crystallisation occurred. The crystals (yield,
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88 myg.) were filtered and dried and 2 sample was submitted
for infra-red analysis (potassium chloride disc), The re-
mainder was accurately weighed and dissolved in distilled
water {5 ml.} and the optical rotation of the so}ution was
measured, using a 0.5 dm . tube,; initially and at hourly
intervals until egquilibrium was established. The speciiic
rotation was initially +86° and the equilibrium value +69°
{c, 1.69, water). The infra-red spectrum was identigal
with that of a.-D-glucosamine hydrochloridelsz .

After measurement of the optical rotation, the
solution was freeze-dried and redissolved in about 0.5 ml,
of water for preparation of the N-carbobenzoxy derivative
{yield, 30 mg.) following the procedure described by Chargaff
and BovarnickZUS . The melting point of the compound, after
recrystallisation from 30% v/v methanol in water, was Zll1 to
213°C {decomp .) and this was undepressed on admixture with

an authentic specimen,

30. Ultraviolet Absorption Curve of Laevulinic Acid

A solution of laevulinic acid (0.2 g.) in 0.3N hydro-
chloric acid (30 ml.) was prepared and its ultraviolet absorption
spectrum was measured., The absorption curve is shown in

figure 36 C and there is a broad peak with a maximum at 265 myL.
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31l. Colour Tests for Amadori Rearrangement Compounds

Solutions of compound A, both of the freeze-dried
material obtained after ion-exchange chromatography and
the acid fractions from the ion-exchange resin, were made
slightly alkaline with sodium hydroxide solution and
separately treated with solutions (0.01% w/v) of methylenc
blue and 2:.'6—dichlorophenolindophenolls3 . There was no
reduction in the intens ity of the blue colour in either case,
even after standing for several hours and similarly, there
was no reduction of the colour by an alkaline solution of
glucose p-nitranilide (N-p-nitrophenyl-glucosylamine). In
a control test using a 0,1% w/v solution. of ascorbic acid
the blue colour was removed instantly from an alkaline
solution of 2:6 ~dichlorophenolindophenol,

The same two colour tests were applied to samples
withdrawn from agueous solutions of compound A after
various periods (up to several hours) of heating, but again
there was no removal of the blue colour, A solution containing
compounds A and C did decolorise either reagent before,
during, or after heating at 100°C. for 12 hours,

A solution containing compounds A and C dié;;\;‘.roduce

any colour in the cold, or on boiling for one minute, with a

204

).

solution of resorcinol in hydrochloric acid {the Seliwanoff test

A pink colour was obtained in the cold with solutions of com~
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pounds B and A2, and with a solution of compound A which
had been beiled for six hours. Control tests with solutions
of known sugars showed that mannose and glucosamine
hydrochloride gave no colour in the cold or on boiling for
one minute; 2 pink colour developed rapidly on heating with
fructose, and HMT gave a strong pink colour in the cold,

32. Heat Treatment of Mannose on Cellulose

Cellulose powder {8 g.) wa# . slurried in an aqueous
s olution of mannose (1 g. in 40 ml.} and freeze-dried. The
suspension was heated in an oven at 100°C for 13 hours and
eluted with distilled water {50 ml,}. An-almost colourless
solution was obtained and its ultraviolet absorption spectrum
was measured without dilution, and is shown in figure 39 B

{p. 119 }.

33. Heat Treatment of Glucosamine Hydrochloride on Cellulose

A suspension of cellulose powder {8 g.) in an aqueous
solution of glucosamine hydrochloride {I g. in 40 ml.) was
freeze-dried and the material so obtained wag heated in an
oven at 100°C for l% hours ., Elution of the cellulose with water
(50 m1.} gave a pale yellow solution which was dilyted with an-
equal volume of water before measurement of its ultraviolet
absorption spectrum, The absorption curve is illustrated in

figure 39 B {p. 119 ).
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34, The Effect of Heat on Solutions of Mannose and Glucosamine

Hydrochioride

Solutions of mannose (6 mg./ml.), of glucosamine
hydrochloride {6 mg./ml.), and of 2 mixture of these two sugars
(3 mg. each /ml.) were prepared in distilied water., The three
solutions {20 ml.) were ;:hen refluxed on a boiling water bath
for 16 hours and aliquots {1 ml.} of each solution were taken
initially and after periods of 3, 1, 2, 3, 4, 5, and 16 hours, and
were diluted with water {5 ml.) for measurement of the absorption
at 284 myu., The initial and final solutions were analysed by
paper chromatography, but no difference was discernable between
the corresponding solutions when chromatograms were stained
with alkaline silver nitrate,

The solution of mannose remained colourless after 16 hours
heating and no significant absorption developed during this period,
but the solutions containing glucosamine hydrochloride were
golden-brown in colour and the gradual development in absorption
at 284 my . which was observed is shown as a plot of the abgsorption
(per mg. of glucosamine hydrochloride per ml.} against time in
figure 38 (p 118 }. The absorption curve of the solution of the
mixture of mannose and glucesamine hydrochloride was identical
with that of the solution of glucosamine hydrochloride, and the

curve of the latter; measured after 5 hours heating, is shown in

figure 39 A (p.119 ).
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35. Autoradiography

. . . 14
The reaction on cellulose was carried out using C -

labelled mannose {generally labeiled). The radio-active
mannose (0.0l mC.), mannose (2 g.), and glucosamine hydrochloride
(2 g.) were dissolved in water {200 ml.} and cellulose powder
{50 g.) was added., The slurry was freeze-dried, heated in an
oven at 100°G. forl}; hours and eluted with water. A reference
sample of the eluate was stored in the refrigerator and the
remainder wasg freeze-dried., The freeze-dried material was
dissolved in water {40 ml.) and the solution was analysed by
jonophoresis and chromatography (16 hours development) before
acidifying with 2N hydrochloric acid {7 ml.) in readiness for
separation of the components by ion-exchange chromatography.
Ionophoresis showed that the solution contained compound A, a.nc}
paper chromatography indicated that compound B was also present.
Compound B was detected in the eluate fractions 86 to
95 which were bulked, carefully neutralised with sodium bicarbonate
and extracted with ether {continuous extraction}, and the ether
solution was dried over magnesium sulphate and evaporated to low
bulk {about 1 ml.) under reduced pressure. The Elson-Morgan
reaction showed compound A to be present in fractions 97 to 105
which were therefore bulked, neutralised by extraction with di-usi-

octylmethylamine {(p. 137), and freeze-dried.
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The two preparations were analysed chromatographically,
and compound A also by ionophoresis in borate buffer, The
chromatogram of compound B was developed for 16 hours and
that of compound A for 60 hours. The solution of compound A
was refluxed for 12 hours and again analysed by chromatography
and lonophoresig, but this time the chromatogram was developed
for oaly 16 hours ,

The chromatograms of the reaction mixture, compound B,
and the scolution of compound A after heating were examined and
photographed with ultra ~violet light. Those of compound B and
the solution of compound A after heating were left in the dark in
close contact with 2 broad strip of X-ray film {held firmly between
glass plates, and the positions of the film on the chromatogram
was carefully marked) for five weeks. Inthe same way, an
autoradiograph of the iomophoretogram of compound A was set up.,

When the films were developed, a dark spot appeared on
that which had been in contact with the chromatogram of compound
B. This spot coincided with that observed with ultraviolet light,
and figure 40 (p.121) shows the autoradiograph alongside an
ultraviolet light photograph, the latter carrying a reference sample
of HMF . The spots had RF values of 0.78, which is identical
with that of HMF . A similar spot, but very much weaker, was

observed on the autoradiograph of the solution of compound A which
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had been heated, and other very weak spots were observed which
had moved much more slowly on the chromatogram /(RF about

0.2 to 0.3). Spots on the autoradiograph of the ionophoretogram
of compound A corresponded with those obtained on staining the
ionophoretogram with alkaline silver nitrate, and comprised a
strong spot attributable to compound A, a much weaker spot having

Mg, value of 1.0 {(possibly glucose), and a faint, streaked spot

between the two.

36. Formation of Compound C

A preparative experiment on cellulose powder (p .152)
was inadvertantly heated at 120°C . for 3 hours. The material was
eluted in the usual way and an extremely dark, reddish-brown
solution was obtained which was {reeze-dried, dissolved in 0.3N
hydrochloric acid {400 ml.), extracted with etber for 48 hours to
remove compound B, and then separated by ion-exchange chroma -
tograpby . A number of very yellow solutions was found amongst
the earlier eluate fractions and several of the first 80 fractions
showed some absorption at 284 my),., giving three small broad
peaks in the fraction range 15 to 80, but there was virtually no
ultraviolet absorption in the fractions beyond 85. An unusnally
large amount of compound Awas indicated by the Elson-Morgan
reaction 17 in fractions 96 to 108 which were bulked. Two further
aliquots of the reaction mixture were secparated on the ion-exchange

column and their Elson-Morgan positive fractions (96 - 108} were
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combined with those from the first separation, and the solution
was neutralised (di-n-octylmethylamine, p. 137) and freeze-
dried.

The freeze-dried product was dissolved in a little water
(about 5 ml.) and examined by ionophoresis and chromatography.,
On staining with alkaline silver nitrate, the ionophoretogram
indicated that compound A, and small quantifies of glucosamine
hydrochlioride and mannose were present; the spot due to compound
A was unusually elongated, The chromatogram however, showed
that in addition to these compounds, there was a large proportion
of a new compound moving more slowly than compound A. The
R’G A and RM values of the new compound, which was namred compound
G, were 0.28 and 0.14, respectively. A second ionophoretic
separation of the mixture was effected, but instead of the normal
6Q0 volts for 4 hours, a potential difference of 700 volts was applied
for 6 hours, and the spot previously attributed to compound A was
then resolved into two spots. The slower had Mga value of 0.58,

equal to that of compound A, and the faster had M

GA of 0,69 and

was attributed te compound C.

37. Preparation and Properiies of Compound C

A small aliquot of the aqueous solution containing compounds
A and C was heated on a boiling water bath for 6 hours and then
examined by prolonged ionophoresis, There was no. change in the

intensity of the spot due to compound C, but that from compound A

had alimost disappeaved.
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The whole of the aqueous solution {see above) was then
refluxed for 12 hours and samples were periodically withdrawn
for chromatography and ionophoresis. Both chromatograms and
ionophoretograms, which are illustrated in figure 41, showed
that compound A was gradually hydrolysed whilst compound C
remained unchanged. The initial pale yellow colour of the
solution changed to a deep golden-brown and was accompanied
by 2 progressive increase in the intensity of absorption at 284 my
but no brown precipitate was formed.

After heating, the solution was separated by ion-exchange
chromatography {(p. 152 ). Fractions 95 to 103 gave a positive
Elson-Morgan recaction and werc therefore bulked, ncutraliscd
{(di-n-octylmethylamine; p.137 ), and freeze-dried., The freeze-
dried material was dissolved in water (10 ml,}, washed with
chloroform, and examined by ionophoresis and chromatography,
both of which showed the preparation of compound C to be homo-
geneous ., A small portion of the solution was used to examine
the reaction of compound C (on paper chromatograms) with a
number of sepray reagents and the remainder was freeze~dried and
weighed (yield, 120 mg.}).

Strips were cut from a paper chromatogram garrying six
separate spots of compound C and severally sprayed with ninhydrin,
Elson-Morgan reagent, alkaline silver nitrate, aniline hydrogen

phthalate, alkaline triphenyltetrazolium chloride, and naphtho-
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resorcinol. Positive reactions were obtained with all but
naphthoresorcinol, The optical rotation of an aqueous
se'ution of the freeze ~dridéd product was measured and the
spc;cific rotation was +55¢ (c, 3.56 in water). A sample of
the freeze-dried compound C was submitted for infra-red
analysis. The main features of the spectrum were a peak
due to hydrochloric acid, two or possibly three peaks due to
N-H deformations, and the absence of a peak attributable to
a carbonyl group.

38. Hydrolysis and Analysis of Compound C

Compound G (6 mg.) was dissolved in 2N hydrochloric
acid (0.35 ml.) and heated for 3 hours in a bath of boiling water.
A drop of the zsolution was then removed with a Pasteur pipette
and neutralised with silver carbonate for chromatographic
analysis: the remainder was diluted with distilled water to
about 20 ml, for colorimetric analyses.

The chromatogram, which carried reference spots
of mannose, glucosamine hydrochloride, and compound C, was
stained with alkaline silver nitrate and it showed that compound
C had been completely hydrolysed to mannose and glucosamine
hydrochloride (figure 42, p. 126).

Colorimetric determinations of mannose and glucosamine
hydrochloride were made on the diluted hydrolysate using the

17 .
orcinol -suiphuric a cid” 7 and Elson-Morgan 1 reactions,
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respectively . Similar determinations were also made on the
solution of compound C before hydrolysis. The ratio by weight
of mannose to glucosamine hydrochloride in the solution was,
for compound G before hydrolysis, 64:66, and for campound C
after hydrolysis, 64:72. The absorption curve of the colour
produced in the orcinol reaction by the hydrolysate of compound
C was measured and it had the same shape as the curve obtained
from solutions of mannose in this reaction (figure 37, p. 116 ).
The hydrolysate of compound C was colourless and
had virtually no absorption at 284 myu ( €= 0.061).

39, Crystallisation of Compound G

The freeze-dried sample of compound C (90 mg.) was
dissolved in a littlie water (0.5 ml,) and methanol (0.2 ml.)
was added, Acectone was added to this solution until a faint
permanent precipitate formed and the solution was allowed to
stand overnight in the refrigerator. Very little crystallisation
occurred during this time. A large excess of acetone {about
10 ml.,) was added to the solution, producing a white turbidity
which, on standing at 5°C for several hours; settled as a {ine,
hard, white, crystalline precipitate. This was scraped from
the sides of the vessel and the aceone suspension was centrifuged.
The residue was washed with acetone andagain centrifuged.

The two supernatant solutions were bulked and a little water was
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added to clarify the solution which was then evaporated on a
water bath to remove the acetone, and finally freeze-dried.

The crystalline, acetone-washed residue was scraped
from the centrifuge tube and was found to be very hygroscopic.
It was dried under vacuum at 60°C and then transferred to a
vacuum desiccator, and submitted for elemental analysis .
{Found; C, 36.46; H, 6.53; N, 4.05. C,H, ,0,,NCl requires
C, 37.19; H, 6.21; N, 3.62).

40. QOxidation of Compound C with Alkaline Hypoioditem?

Compound G (59 mg.) was dissolved in water {5,0 ml,).
An aliquot of the solution {1.0 ml,) was pipetted into a stoppered
flask and 0,IN iodine solution {1.0 ml.) and sodium carbonate-
sodium bicarbonate buffer solution, pH 10.6, (2.0 ml.), were
added. The stopper of the flask was moistened with 10% (w/v)
potassium iodide solution and the contenis were then allowed
to stand at room temp erature for 2 hours, A control experi-
ment was set up using only the reagents, The two solutions
were then diluted with water {20 ml.), and 2N sulphuric acid
solution {1 .5 ml.) was added. The solutions were titrated with
0 01N sodium thiosulphate solutior using '"thyodene' indicator.
The molecular weight (M}-of compound C was calculated using

the equation given below and a value of 232 was obtained.
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= 2 x weight of sugar (mg.) in aliquot
mls . 0.0lN iodine absorbed

M

A brown precipitate was formed when the iodine
solution was added to compound C, This and over-oxit:i..a,ti«:»11188
may have given a low molecular weight and the experiment
was therefore repeated in duplicate using cold solutions {(5°C,
the volumes being measured at room temperature) and the
brown precipitate was again produced on mixing the iodine and
compound C solutions , The control and experiments were
allowed to stand in the refrigerator for 24 houxs before the
addition of acid and titration of the iodine . The duplicate
experiments were in close agreement and a mdecular weight
of 208 was obtained.

41, Oxidation of Compound C with Periodate205

A solution of compound C (19.0 mg.} in 0.02M sodium
metaperiodate {100 ml.) was prepared and the uptake, or
absorption, of periodate by the compound was determined
iodometrically after periods of 30 minutes, 2 hours, and 4 hours,
Aliquots {10 ml.) of the solution were withdrawn at these intervals
and sodium bicarbonate {about 1 g.) was added, Standard
arsenious oxide solution {0.0ZM, 25 ml.) » potassium iodide
{about 0.5 g.) and more sodium bicarbonate (about 0.5 g.} were
then added, in that order; and after standing for 10 minutes; the

solution was titrated with 0 .1N iodine solution using ''thyodene’
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indicator. Control experiments using mannose {I11,7 mg. in
100 ml. 0.02M periodate solution} and glucosamine hydrochloride
(10 .0 mg . in 100 ml. 0.02M periodate solution) were carried out
simultaneously with the oxidation of compound C. The solutions
were kept in the dark throughout the experiment and coatrol
titrations were made on the sodium metaperiodate solution itself
with each titration of the sugar solutions. Titration of the
arsenious oxide solution with the iodine solution was used to
check the normality of the latter , and to facilitate calculation
of the number of moles pf periodate cnnsumed by the sugars.,
After four hours, the formic acid released in each of
the sugar solutions was determined by titration of the remaining
solution {70 ml,) with 0 .1N sodium hydroxide solution. Before
titration, ethylene glycoll ml.) was added to each solution to
decompose the excess periodate. The solutions, together with
a control of an equal volume of the periodate solution {to which
1 ml, of ethylene glycol had been added) were titrated with the
standard alkali, not less than 10 minutes after the addition of
the glycol, using methyl red as the indicator.
The solution of compound C was found to consume 4L
moles of periodate with the production of 2.} moles of formic

acid, per mole of compound C. The controls with mannose and
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glucosamine hydrochloride consumed 4.8 and 4.5 moles of
periodate with the formation of 3.8 and 3.4 moles of formic

acid; per mole of the sugar, respectively.
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Appendix

The most important single technigue employed in this
work was ion-exchange chromatography . Much tedious
apalytical work was involved, particularly in the earlier
experiments, in the scanning of eluate iractions for the
detection of the required materials. This would be greatly
reduced if an automatic recording device could be connected
to the fraction cutter to indicate the presence of fractions
containing material other than the eluant, An apparatus hased
on refractive index changes has been used for this purpos e206
but is expensive and its construction is rather complex. Two
simpler possibilities were therefore examined in collaboration
with Dr. J, R. Majer.

The first attempt was based on the fall in viscosity of
the solution permeating the column as material was eluted,
for this would result in an increase in the rate of flow through
the column and the time taken to collect fractions of a given
volume would consequently be rreduced. FProvided that a constant
head of eluant was used a2 stepwise fall in the time required to
collect fractions would then be observed as the various com-
ponents of a mixture were eluted from the column. A micro-
switch was fitted to the fraction collector and signals were

tranemitted to a moving pen galvanometer each time the siphon
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balance arm of the fraction cedlector fell causing a peak to

be described on a recording chart which was wmoving at a
uniform speed (0.5 cm’, per minute}. The distance between
peaks was measured on the charts recorded throughout sevezal
chromatographic separations of the mannose -glucosamine
hydrochloride reaction mixture, but a large random variation
was observed and no significant changes of the form sought,
were found.

More encouraging indications were obtained when a
differential refractive index method was examined, If the
column eluate was passed through a cell containing a prigm,
one face of which was covered by a very fine graticule, and a
beam of light incident upon the graticule passed through the
cell, the emergent beams would be deflected when the refractive
index of the contents of the prism changed, i.e., when the eluant
passing through the prism was replaced by an eluate fraction
containing additional {or iess) solute. The deflection, which
would be very small since dilute solutions would be involved,
could most conveniently be detected by placing a second graticule
over a photocell so that it would be exactly out of phase with the
image of the first graticule when the cell and prism both con-
tained the eluant. A movement of the image consequent upon

the changing of the eluate within the prism (the contents of the
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outer cell remaining unchanged) would then sensitise the photo-
cell and give an impulse to a recorder. In this way, the position
of useful eluate fractions could be automatically and immediately
indicated during elution of the column.

Preliminary experiments using a solution of glucosamine
hydrochloride in 0.3N hydrochloric acid, and the acid solution
itself, gave encouraging results. The hydrochloric acid solution
was placed in a cell carrying two optically flat faces set at an
angle of about 70° to each other and one of the faces was covered
by a graticule. The image of the graticule was focussed on the
cross wires of a travelling microslcope and with a path distance
from the graticule to the microscope of about 10 cm ,, 2 measurable
deflection of the irnage was observed when the acid was replaced
by the solution containing glucosamine hydrochloride. Work is
proceeding on the development of an apparatus suitable for the

routine scanning of column eluates.
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