ADVANCES IN ENZYMOLOGY

AND RELATED SUBJECTS OF
BIOCHEMISTRY

Volume V



CONTRIBUTORS TO VOLUME V

H. Brascuxo, Department of Pharmacology, Ozford University,
Ozford, England

lirwin CHARGAFF, Department of Biochemistry, College of Physicians
and Surgeons, Columbia University, New York, N. Y.

S. HustriN, Chemistry Department, Cancer Laboratories, IIebrew
University, J erusalem, Palestine

J. LuiBowirz, Chemistry Department, Cancer Laboratories, Hebrew
University, Jerusalem, Palestine

Roserr P. MuLL, CIBA Pharmaceutical Products, Inc., Summil,
N.J.

F. F. Norp, Department of Organic Chemistry, Fordham University,
New York, N. Y.

N. W. Pimig, Rothamsted Experimental Station, Harpenden, Heris.,
England

¥. Scuuenk, The M. D. Anderson Hospital for Cancer Research,
Houston, Texas

C. V. SmyTHE, Rohm and Haas Co., Philadelphia, Pa.

Ermur StoTz, N. Y. State Agricultural Experiment Station, Cornell
University, Geneva, N. Y.



ADVANCES IN ENZYMOLOGY

AND RELATED SUBJECTS OF BIOCHEMISTRY

Edited by
F. F. NorD C. H. WERKMAN

Fordham University, New York, N, Y. Towa State College, Ames, Iowa

VOLUME V

INTERSCIENCE PUBLISHERS, Inc.
NEW YORK 1945



Copyright, 1945, by
INTERSCIENCE PUBLISHERS, INC.

215 Fourth Avenue, New York 3, N. Y.

Printed in the United States of America
by the Mack Printing Company, Easton, Pa.



CONTENTS

Pace

Physical and Chemical Properties of Tomato Bushy Stunt Virug and the Strains
of Tobacco Mosaic Virus. By N. W. PIRIE, Harpenden, England.......... 1
. Introduction. .. ..o vttt e e e e i i e 1
1I. Tomato Bushy Stunt Virus, . ... oot 2
1. Physical Properties. ..........ooutiiiiiiiii e iiiencennnns 3
2. Chemical Composition........ ... ... ittt 4
B, Stability. ... . e i 5
1II. Tobacco Mosaic Virus and Related Strains.................... ... . ... 6
1. Physical Properties...... ... ... i viiiiiiiiiiiiiieenienn, 7
2. Size of the \}:rus Particle...... e e e e 12
3. Chemical Properties. .. .....c.ooooiiiieiiin i enniienn, 18
BIhlography . . ..ot ee e e e 26
The Coagulation of Blood. By ERWIN CHARGAFF, New York, N. Y......, 31
INtrodUuetion. . . ..o\ttt e e e e e 31
I1. The Controlling Factors in Blood Coagulation 32
1. Schematic Formulation........ ... ..o iiiiiiiiiiiiiiinneinnn. 32
2 CalellI. ..o e e 33
3. The Activator Systeimn. ... ..ottt iiiiiieeeenianns 34
4, Prothrombin,....... ... o i e e 41
B, Thrombin. ......c.iveet e iiee ittt tiiineeeeinnens 42
6. Fibrinogen and Fibrin. .......... ... i i 43
Other Substances with Activating or Coagulating Properties....... 45
1. The Inhibition of Blood Coagulation... .............................. 47
1. Schematic Formulation. . ....... ... ... ittt 47
2. Heparin ... ... e i e e e 49
3. Mode of Action of Heparin, Heparin Complement, Antithrombin.. 51
4, Lipide Inhibitors.........covivvinieiiiii i 54
IV. Some Remarks on the Mechanisms....................... ..o ion.. 55
Bibliography . ... ...ocovott e e 59

The Amino Acid Decarboxylases of Mammalian Tissue. By H. BLASCHKO,
Oxford, England. ...... . oot i i i 67
L Introduction...... ... ...t i i s 67
1L, In Vitro Experiments. ...t 68
1. Histidine Decarboxylase. ...................... et 69
2. Tryptophane Decarboxylase........... ..., 71
3. Tyrosine Decarboxylase...............o. ittt 71
4. Dopa Decarboxylase............ .. ..ottt i 72
5. Cysteic Acid Decarboxylase............... ..., 75
B, Conclusions. .........coviiiiiiniiir ittt 76
fif. Amine Formationinthe Body.............. ... oo i, 77
1. Formation of Histamine fromn Histidine......................... 78
2. Formation of Tyramine and Hydroxytyramine................... 79
3. FOrmMAtion of TAUTINE. ... v .o eeenneeeeeiese e iieeeiis 81
4, Conclusions......... ... i 82
Bibliography . ... oot i e 83

Alcoholic Fermentation of the Oligosaccharides. By J. LEIBOWITZ and .

S. HESTRIN, Jerusalem, Palestine. . ..............ccoooiiiviiiniiinnnn., 87
To IREEOAUCHON . « . « . o« eeeene e e 87
II. Main Historical Trends. Nomenclature.............................. 88
111, Indirect Fermentation Theory of Emil Fiseher...................... ... 90
1V. Direct Fermentation Theory of Willstatter, . ................ccvuii 91

V. Criteria Differentiating the Mechanisms of Oligosaccharide Fermentation. 94



vi CONTENTS

VI. Inadequacy of the Hydrolase-Zymase Mechanism...................... 97
Lo o Maltose.. ..ottt i e e 97

2. Lactose........................... e e e 103

B BUCTOSB. . ottt 104

4. Trehalose..... ... i i i i e 107

VII. Recent Hypotheses on the Nature of Oligosaccharide Fermentation.. . ... 107
1. Role of Glycogen... ... ...t e 108

2. Phosphorolysis, . ........ .0t e 110

VIII. Specific Catalysts and Inhibitors. .................................... 114
IX. Polymeric Degradation of Sucrose by Bacteria......................... 116
X. Role of Cell Organization............... ..o, 119

1. Oligases Active in Cell Extracts but Inactive in the Intact Cell.... 119
2. Nonhydrolytic Mechanismns of Oligosaccharide Fermentation in

Yeast Extracts.............0 ittt 121

3. Metabolic Regulation in the Living Cell......................... 123

Bibliography ...t e ., 124

Pyruvate Metabolism. By ELMER STOTZ, Geneva, N. Y.................. 129

Introduction. . ... ..ottt i 129

11. Pyruvate Anabolism........ ... ... ... .. ittt 130

Lo GlYCOlysi8. ottt i e 130

2. Inhibitors of Glyeolysis............c.ccuiriiriininnennnenn. .. 134

3. Alternative Mechanisms of Carbohydrate Oxidation.............. 136

4. Glucose~-Pyruvate-Lactate Relations........................... 139

5. Pyruvate from Glucose. ......... ... it 141

III. Pyruvate Catabolism........ ... ... ... ittt iiinnnnn 143

LooGeneral. .. ... e 143

2. Dismutation.. ... ... i e 144

3. Decarboxylation. .. ... ... it 145

4. OxIdation. ... ....cco ittt i e e 147

5. Acetate Metabolism............. ... i 149

6. Carbon Dioxide Fixation...............c.ccoiiiiiiiiinnnn. ... 150

7. Citric Acid Cyele........... it iiiitiiin s 153

IV. Relationships of Carbohydrate, Protein and Fat Metabolism............ 154

1. Conversion of Amino Aclds.........coovvviieeeniinnnnennann, 154

2. Relations with Fat Metabolism.....................ccooeas, 155

Bibliography . ... ...c.ootiiii i 159
Recent Progress in the Biochemistry of Fusaria. By F. F. NORD and ROBERT

P. MULL, New York, N. Y., and Summit, N. J............................ 165

L INUEOAUCHON . « « o e e vmeeeeeseee s 165

I1. Alcoholic Fermentation of Pentoses, Hexoses and Trehalose. . 167
III. Phosphorylation and the Phase Sequence of Carbohydrate Breakdown in

FUSAITA. ettt i e e e e 179

IV. Dehydrogenations............. ... 0o iiiii it iiiiinenn. 181

V. Role of Xanthones and Elementary Sulfur in Dehydrogenations by Fusaria 189

V1. Rubrofusarin from Fusarium graminearum Schwabe.................... 192

VII. Fat Formation in Fusart@. ............ ... uiiieiienininennnnnns 196

VIII. Technical Applications.................coo i i, 198
Fermentation of Sulfite Waste Liquors, Wheat Hydrolyzates and

Wood Hydrolyzates. . ........ ..o iiiiiiiiiininininane.s. 198

2. Decomposition of Chemical Lignin..................ccoviuen... 201

3. Nutritive Value of Fusaria............ooitiiiiiiiiiinneeeinnns 202

Bibliography . ... ..ot i 203
Enzymatic Reactions Involving Nicotinamide and Its Related Compounds. By

F. SCHLENK, Houston, TeXas. ..........covvtivrrrernrerennsnnnnnnnnns 207

L INtrodUCHION. . . ...\ \unnsss s 207

1I. Nicotinamide Nucleotide Dehydrogenases...............c.covvnvvnnn... 208

1. Nomenclature........co.oueiiiin i it eiieaan 208



CONTENTS vii

2. The Codehydrogenases. .......ovveueiiirrninerrcenenacnnannans 208
3. The Apodeiydrogenases ....................................... 211

4, The Mode of Action of Codehydrogenases I and II as Prosthetic
Groups of Dehydrogenases. . ........ccoiiiiriiiinaiiin.. 215
5. Methods for Quantitative Determinations....................... 216
6. Nicotinamide Enzyme Systems and Malignant Growth............ 218
ITI1. Enzymatic Synthesis and Decomposition of the Nicotinamide Nucleotides 222
1. Origin and Fate of Nicotinic Aeid............ ... ... o i 222
2. Enzymatic Decomposition of the Codehydrogenases.............. 227
Bibliography ... ... ..o e 232

Some Enzyme Reactions on Sulfur Compounds. By C. V. SMYTHE, Philadel-
Phia, Pa. o e e e e e e 237
Bibliography oo vi i e e 246
Author Index. . ... o i i i i e e 249
Subject Index..... ... e 261

Cumulative Index of Volumes I, I, IIL, IV and V



Advances in Enzymology and Related Areas of Molecular Biology, Volume 5
Edited by F. F. Nord, C. H. Werkman
Copyright © 1945 by Interscience Publishers, Inc.

PHYSICAL AND CHEMICAL PROPERTIES OF TOMATO
BUSHY STUNT VIRUS AND THE STRAINS OF
TOBACCO MOSAIC VIRUS

By
N. W. PIRIE
Harpenden, England

CONTENTS

I, Introduction. ... ... .....coeninutnie et 1
II. Tomato Bushy Stunt Virus............ ... ... it 2
1. Physieal Properties.............. ... ... i, 3

2. Chemical Composition.......... ... ..ot 4

B, Stability. . o s 5

III. Tobacco Mosaic Viras and Related Virus Straius. .................... 6
1. Physical Properties. ....................0nin., e 7

2. Sizeofthe Virns Particle................ ... iivivrrinni.ns 12

3.. Chemical Properties. ... i 18
BibHography . .o 26

1. Introduction

During the past ten years there has been a great increase in the amount
of work done on the purification of plant viruses and many confident
statements, of varying degrees of validity, have been made about their
physical and chemical properties. These statements have often been con-
tradictory and, although many of the earlier contradictions have been re-
solved by further and more eritical work, some of them still remain. It
is to be expected that these also will soon be resolved, for the study of
plant viruses involves no more intrinsic difficulties than the study of any
other group of proteins. Under present circumstances, however, a critical
review is bound to be colored by the reviewer’s opinions; no claim is
made that this review is impartial.

No virus preparation has yet been made that can be looked on as pure
in an ideal sense. Such a preparation has been defined (89) as containing
“particles identical in size and chemical composition and each carrying the

1



2 N. W. PIRIE

full unmodified activity of the starting material.” With no plant virus
preparation has it been possible to show that every constituent particle is
infective. The physical and chemical properties of many virus prepara-
tions, however, probably resemble those of the actual infective agents
closely. Although it is legitimate to be uncertain whether any prepara-
tion consists exclusively of infective particles, it would at this stage be
unreasonable to doubt that the properties of these preparations have a
bearing on those of the infective particles.

Preparations of many viruses besides those discussed in this review have
been made; their properties have been described in a reeent book (3), and
the amount of work that has so far been done on each is so small that the
time does not seem ripe for any further review of their properties. It
may be said, however, that all purified preparations have consisted largely
or exclusively of nucleoprotein. The viruses worked on are not, however,
a random sample from the whole group of plant viruses, for only those that
are stable for at least a few days ¢n vilro have been purified, and it may
well be that this initial selection by the research worker is the cause of the
apparent chemical uniformity of the group. The diversity in the symp-
toms caused on susceptible plants by these viruses has little bearing on this
question of initial selection by the research worker, for in no other field
of pathology is there any close conneetion between the chemical composi-
tion of the infective agent and the type of symptom caused.

II. Tomato Bushy Stunt Virus

Of the viruses that have been studied by several different groups of
workers, that causing tomato bushy stunt is the one upon whose proper-
ties there is now the greatest measure of unanimity. This is in part due
to the fact that only one strain of the virus has been recognized, and this
appears to exist in only one physical state.

The first purified preparations (7) were made from sap that had been
heated to remove most of the normal leaf protein, greatly simplifying the
preparation but leading to a product of reduced infectivity. Later
methods of preparation (12, 109) do not entail this partial inactivation,
and the product is as infective as the sap from which it came. This
does not necessarily mean that it has suffered no inactivation because the
other components in the sap tend to reduce infectivity. There is as yet
no means of demonstrating that the preparations are in an “ideally pure”
state. Preparations are generally made from the leaves of infected tomato
plants, but Datura stramonium and Nicotiana glutinosa have also been used.
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Virus oceurs not only in the sap but also in the fibrous leaf residue and can
be liberated by fine grinding or by enzymatic digestion (8),

1. Physical Properties

Preparations made simply by differential centrifugation appear to be
slightly contaminated with normal leaf chromoprotein for they are de-
scribed as pale green (84, 109); those made by precipitation with am-
monium sulfate (12) are colorless, and there is no reason to suspect the
presence in them of any material not closely related to the virus. The
virus, like other nucleoproteins, shows an absorption maximum at 260 mu
(7, 109).

The precipitate that separates when an excess of (NH,);S04 Na,SO,,
FeS0,, ZnS0,, MgS0,s, MnSO, or Na,S;0; is added to a virus solution at
room temperature (13) is amorphous. Slow precipitation, especially in
the cold, by any of these agents leads to the separation of rhombic dodeca-
hedra, which crystallize reliably over a wide pH range; crystals up to 1
mm. across are readily made. The insoluble complex that is formed with
clupein sulfate likewise crystallizes in rhombic dodecadedra (7), but it is
interesting to note that the complex with heparin crystallizes as isotropie
prisms (26) and that with ribonuclease has not been crystallized (71).
X-ray examination shows that the ammonium sulfate crystals have a body-
centered cubic structure, good evidence that the particle is nearly spheri-
cal (20).

The virus is soluble in water and dilute salt solutions over the whole
pH range in which it is stable. The solutions have the opalescence char-
acteristic of macromolecules and do not show anisotropy of flow under the
usual conditions of testing. The specific refractive increments at 23° C.
for light of wave lengths 366, 436 and 546 mu are 0.00178, 0.00170 and
0.00164, respectively (74). At 25° and pH 7.1, the diffusion constant is
1.15 X 10-7 (84); this value has been confirmed (75) and has also been shown
to agree with the observed spreading of the boundary during centrifuge
runs (57). This spreading can be used as a measure of the uniformity of
the particle weights in a preparation; and it is clear (57) that the standard
deviation from the mean is less than 29%,.

Several independent measurements of the sedimentation constant have
been made because of an error, due to temperature irregularity, in the
first measurement (74). There is now general agreement (56, 63, 86) that
the value 8%, is 132 X 10-'%. The value is but little affected by varia-
tions in the pH (74) or concentration (56) of the fluid that is being centri-
fuged, but the pH does affect the character of the pellet that separates (8).
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Near the isoelectric point, pH 4.1 (74), the pellet is firm. It gets less com-
pact as the pH moves away from this value. Under all conditions the
pellet is isotropic and appears to be structureless.

Density measurements on solutions lead to a partial specific volume of
0.739 (74) or 0.724 (14) for the virus. It is not possible to move directly
from this value to the density of the particles as they actually occur in
solution, for the extent of hydration is unknown. Turthermore, there
is no reason to think that it is unaffected by the nature and concentration
of the other components of the solution. It is obvious that there is some
hydration, for the most tightly packed centrifuge pellet contains about 709,
of water and only about one-third of this could be held in the interstices
between close-packed spheres. The crystal form, x-ray measurements,
diffusion measurements and absence of anisotropy of flow all suggest that
the particle is spherical, or nearly so, and hydrated; and a careful colla-
tion of these various lines of evidence leéads to the conclusion (75) that
there is 0.76 g. of water associated with each gram of dry virus in solu-
tion. These various measurements also lead to a figure for the ‘“molecu-
lar weight”’ of the particle. The inadvisability of using the phrase “ molecu-
lar weight” in connection with these large particles has already been
stressed (89), the suggestion being made at the same time that the symbol
Mh be used for a mass 1,000,000 times one-sixteenth of the mass of an

~oxygen atom. This convention has a special advantage in a case like
this, for about 439, of the mass is made up of loosely associated water.
The available evidence suggests that, in solution, the particle weighs about
18 Mh.

The diameter of the particle can be deduced from the sedimentation con-
stant and diffusion constant or, more directly, from the x-ray measurements
and from filtration data. The unit cell in a wet crystal made with am-
monium sulfate is a cube of edge 39.4 my (20). After drying, it is 31.8 my.
When tested on collodion membranes with a more or less uniform pore size,
there is a sharp filtration end point when the average pore diameter is 40
mp (102). This value agrees so well with the x-ray measurements that it
is argued (75) that the assumptions made in earlier attempts to relate
average pore diameter at the filtration end point to particle weight were
in error and that with some particles the ratio of particle diameter to av-
erage pore diameter may be nearly unity.

2. Chemical Composition

The elementary analysis of purified preparations made by fractional
precipitation with ammonium sulfate has given the following mean values
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(7, 12, 109): carbon 48.5%,; hydrogen, 7.7%; nitrogen, 16.1%; sulfur
0.6%; and phosphorus 1.5%,. Even after prolonged dialysis at the iso-
electric point, a residue is left that is not all metaphosphoric acid. It
consists largely of caleium and sodium, but traces of twelve other metals
have been found (14). The carbohydrate content of a preparation is a
useful criterion of its purity. The value varies with the method of estima-
tion used and with the standard of comparison; 6% is a usual value when
glucose is used as standard in a method based on the color developed on
heating with oreinol in strong sulfuric acid. Crude preparations, espe-
cially when made by differential centrifugation only, generally have higher
carbohydrate contents than this (109). The contaminant is generally
removed by prolonged dialysis followed by low-speed centrifugation at the
isoelectric point. The carbohydrate and phosphorus are present largely,
if not exclusively, in the form of nucleic acid; and material with the general
properties of nucleic acid has been isolated from virus preparations dis-
rupted by warm acetic acid, spreading agents or alkali (7, 109). This
nucleic acid is of the ribose type, but the actual presence of ribose in it has
not yet been demonstrated. Nothing has been published on the amino
acid composition of the protein part of the virus.

3.  Stability

There is no evidence that any modification can be brought about in the
virus that does not lead to a loss of infectivity; many treatments, on the
other hand, will make a preparation noninfective without affecting those
chemical, physical or serological properties that have so far been studied.
Within the pH range of 2 to 9, infectivity is unaffected during a few hours
at room temperature; but if the pH or temperature is raised, a crystalliz-
able and serologically active but noninfective product results (13). Simi-
larly, suitable irradiation with ultraviolet light removes infectivity without
affecting the other two qualities (7). The infectivity is reduced to about
one-third by exposure, in neutral solution, to 10° ergs per sq. cm. at 254
mg (67). The nature of the changes undergone by the virus during these
treatments is not known; but some chemical agents, if used under suitable
conditions, have a similar effect. Among these may be mentioned nitrite,
formaldehyde and hydrogen peroxide (7) and also dimethyl sulfate, methyl
iodide and iodoacetic acid (14).

The virus, in dialyzed and isoelectric solution, is inactivated and coagu-
lated by freezing. It is coagulated by freezing more readily the more
concentrated the solution (13). At neutrality, it is more stable towards
freezing than it is at the isoelectric point; and it can also be protected from
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inactivation by the presence of other solutes in the solution that is being
frozen. Under the conditions in leaf sap, the virus is therefore stable to-
wards the intensity of freezing normally used as a pretreatment of the
leaves in carrying out a virus preparation. As with the other treatments,
however, a duration of freezing that is insufficient to cause denaturation
and loss of serological activity will cause loss of infectivity. Freezing is
not therefore a wholly unobjectionable step in a preparation.

No enzymes are known to digest the virus nor has any enzymatic activ-
ity been claimed for it. Little work has been done on the products formed
when the virus is destroyed chemically, although it is known (74) that ex~
posure at pH values outside the stability range leads to the formation of
particles with smaller sedimentation constants than the virus. Several
protein-dissolving and denaturing agents (10, 11) inactivate the virus in
neutral solution with approximately simultaneous disappearance of in-
fectivity and serological activity. In general, these agents do not separate
the protein part of this virus from the nucleic acid. The concentration
needed to bring about inactivation varies greatly; the substances tested
can be arranged in the following order of increasing potency: - urea, guani-
dine, salicylate, phenol and dodecyl sulfate.

III. Tobacco Mosaic Virus and Related Virus Strains

A description of the physical and chemical properties of the group of
viruses related to tobacco mosaic virus is complicated by two factors that
do not appear to arise with bushy stunt: many virus strains exist and prepa-
rations, even when derived initially from a single lesion, generally contain
a mixture of strains; furthermore the virus can exist in a series of different
physical states.

Preparations are generally made from the leaves of infected tobacco
plants. They have also been made from tomato leaves and roots and
from the leaves of petunia, spinach and phlox. There is little or no virus
in the vacuolar sap (V7). Most of it is in the cytoplasm and comes out
when the leaf cells are damaged by rough maceration, but part remains
attached to the fiber and is liberated from it by fine grinding or enzymatic
digestion (8). Many different methods have been used for the isolation
of virus from infective sap, but no method is wholly satisfactory. It is
probable that every preparation that has so far been made is significantly
contaminated either by normal plant components and virus breakdown
products or by trypsin that has been added to get rid of these. Essentially,
the purification depends on the precipitation of the virus at its isoelectric
point or by high concentrations of neutral salts, on the sedimentation



PROPERTIES OF CERTAIN VIRUSES 7

of the virus in strong gravitational fields and on the separation of normal
leaf components from it by adsorption, heating or incubation with en-
zyme preparations. Changes, generally tending towards aggregation, go
on during these processes of purification so that the physical properties of
the purified material are not necessarily those of the main virus com-
ponent of the original sap. But the infected leaf itself appears to contain
virus particles of several different types, and the changes that go on during
purification are at least comparable to those going on normally in the in-
fected leaf. A quite unreal distinction is sometimes drawn between ‘‘ chemi-
cal” and “physical” methods of isolation and purification, and it is confi-
dently asserted that the latter are milder and less likely to alter the virus.
The available evidence suggests, however, that any process that concen-
trates the virus or that removes the last traces of contaminant from it is
likely to cause aggregation. The published data- on the properties of
virus preparations need rather careful scrutiny if any attempt is to be
made to relate the results on different preparations, for these preparations
are likely to have been aggregated to different degrees.

1. Physical Properties

True crystals, which apparently contain virus, are common in the cells of
infected plants; but there is only one (44) report of the preparation of
similar crystals ¢n wiéro and this is unconfirmed (3). In neutral solution,
there is a smooth gradation from a mobile fluid to a stiff gel as the con-
centration is increased and no appearance of the separation of a solid phase

"in equilibrium with the solution. The precipitates that separate on the
addition of agents which do not inactivate the virus are generally fibrous.
The individual fibers are often fairly regular and pointed at each end; al-
though originally described as crystals (106) they lack the full regularity
of crystals and are now generally spoken of as paracrystals (19, 20). Ma-
terial is precipitated in this state by many neutral salts (23) and by agents
as diverse as: acids, clupein (5); dodecyl sulfate (104); salicylate (24);
ribonuclease (71); guanidine, nicotine and arginine (11); heparin, hyalu-
ronic acid and gum arabic (26). There is no reason to believe that the
initial state of aggregation of the virus affects the character of this pre-
cipitation. The ammonium sulfate precipitate has no definite solubility,
but the amount of virus remaining in the fluid depends on the intensity
of centrifugation. It also depends on the method used in preparing the
virus and on the weight of solid phase present (70). From the phase rule
standpoint, therefore, the virus cannot be looked upon as a single homo-
geneous component. Consistent differences in precipitablity between
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the virus strains have not been systematically looked for, but the clupein
precipitates are more soluble in dilute salt solution when they are formed
with aucuba mosaic and cucumber viruses 3 and 4 than with the other
strains tested (6). X-ray measurements on masses of this paracrystalline
material orientated by rolling show that there is, here, a two-dimensional
regularity only (19) and also (20) that, as the isoelectric point is approached
or as the ammonium sulfate concentration is increased, the distance
between the particies from which the fibers are built up diminishes. This
approximation is also evident from the increased tightness of packing when
such materials are centrifuged in the course of a virus preparation.

The virus is soluble in neutral solution but precipitates on the addition
of acid. In the presence of traces of salts, the pH of maximum precipita-
tion with most of the strains is 3.2 to 3.4 (21, 72), but it is 4.8 with cucumber
viruses 3 and 4 (6). In the absence of salt, the pH of maximum precipita-
tion is increased by 0.5 to 1.0 units (5, 6). Dilute solutions are coloriess
and faintly opalescent. The ultraviolet absorption spectrum shows a
maximum at 260 mg, as would be expected with a nucleoprotein, and
general absorption below 245 mu (5, 65). The partial specific volume is
0.73 (5).

In all states of aggregation the virus has the properties so far described.
Solutions also have an anomalous viscosity and show some anisotropy of
flow (double refraction of flow or flow birefringence), but the extent to
which they show these properties and others associated with the presence
of anisodimensional particles varies with the state of aggregation. Most
work has been done on largely aggregated material, which will be described
first, although it appears to be a minor component of the total virus of the
leaf. Preparations made from infective sap that has been heated before
the fractionation, or preparations that have been incubated with trypsin,
are in the fully aggregated state, a state approached by any preparation
that has been kept for a few weeks, even in the cold, after purification. In
general, therefore, preparations may be assumed to be partly or fully
aggregated if special precautions have not been taken to avoid aggregation.

Crude infective sap may show slight anisotropy of flow (112). This is
much stronger with purified preparations (5), for it is easily seen when a
0.2 g. per liter solution is aliowed to flow from end to end of a narrow tube
while being watched in polarized light. Simultaneous measurements, in a
coaxial viscometer, of the viscosity and anisotropy of flow at different
known rates of shear (94) show that, for rates of shear so low that maximum
birefringence has not been attained, 7. e., where orientation is incomplete,
the relative viscosity falls with increasing rate of shear. Quantitatively,
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these results agree well with theoretical expectations based on x-ray
measurements of virus dimensions; they have also been confirmed (66).
On the basis of these measurements (93) and of measurements of the
anomalous viscosity made in a capillary viscometer (30), the use of viscosity
measurements (e. g., 54) in making deductions about the shape and size
of virus particles has been emphatically condemned, for the theory under-
lying these deductions assumes that there is no interaction between the
particles, whereas the anomaly demonstrates that interaction exists.
The interaction between particles is also shown by the ability of dilute solu-
tions to resist small forces by elastic deformation only, 7. e., to show
rigidity, and by their discontinuous flow in a capillary (34). Stronger
solutions, e. g., 1%, are highly thixotropic (32); and it is general experi-
ence that any pattern imposed on such a solution, for example by stirring,
does not spontaneously disappear for many hours.

Viscosity and anisotropy of flow are greatly affected by the nature
of the solution in which measurements are made. This is a matter of quali-
tative experience with those who have examined preparations at various
stages in the course of the purification, but some quantitative data are also
available. In the presence of methemoglobin, anisotropy of flow is
reduced (66); and, in the presence of even M /1000 potassium chloride,
the viscosity is markedly increased (34). The effect of substances that
ultimately decompose the virus will be considered later (pages 21-22).

Dilute solutions of virus are not orientated by magnetic fields up to
5000 gauss, but they are orientated by alternating electric fields (20).
This phenomenon has been examined at 60 cycles with various potential
gradients and virus concentrations (55). Neutral solutions containing 1
to 2 g. per liter of virus show positive birefringence (i. e., similar to that
shown by virus orientated by flow) at all potential gradients; but, at pH
5 or with more concentrated solutions, low-potential gradients give a
negative birefringence that may become positive as the potential is in-
creased. The precise concentrations at which this transition occurs varies
with the strain and age of the virus preparation used and presumably de-
pends on its state of aggregation. The interpretation of these results is
by no means clear, for what is measured is an average orientation value,
whereas the individual particles are presumably changing their orientation
in phase with the current. It is probable, however, that this technique
will ultimately be of the greatest use in clarifying the still confused picture
of virus aggregation.

As the concentration of a virus solution is increased, the intensity of
interaction between the particies increases until, at a concentration that
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depends on the pH temperature, state of aggregation and presence of other
solutes, a new phase separates (5). It is only in the presence of a third
component besides water and virus that the two phases can exist in equilib-
rium with each other (89). The new phase is at first in the form of spindle-
shaped drops or tactoids, but these coalesce to form what is generally calied
“bottom layer.” The latter is spontaneously birefringent and is an
example of class RRD in Hermann’s classification of liquid crystals (20).
The surface of a tactoid is defined by forces analogous to surface tension
but, since the component rod-shaped particles are arranged parallel to the
long axis of the tactoid, this interfacial tension has different values in the
two directions; the surface is not therefore spherical but, over most of its
area, toroidal (20). The state of affairs at the pointed ends or cusps of the
tactoid is not clear, but they may be occupied by particles of impurity.
This supposition agrees well with experience in carrying through a virus
purification, for when this can be carried no further by precipitation or
differential centrifugation a layer of insoluble material will gradually
form between the top and bottom layers of an equilibrium mixture, as
would be expected to happen during the coalescence of the tactoids into
bottom layer. Preliminary attempts to interpret the concentrations of the
top and bottom layers when in equilibrium have been made (5,20) in terms
of the dimensions of the particles and the probable amount of free move-
ment possible in the two types of liquid. The conclusions will be referred
to later.

From an examination of tactoids with the polarizing microscope, it is
clear that the orientation of the virus particles in them is substantially
complete (20). The liquid crystal layer formed by their fusion can also
be orientated, by flow, etc., and, if not shaken, it keeps for a considerable
time any orientation that it may have been given. Ultimately, however,
it turns to a three-dimensional mosaic of regions arranged at random to one
another but in each of which all the particles lie approximately parallel. The
average size of these regions of parallel orientation varies inversely with
the virus concentration (5). They are clearly visible to the naked eye if a
5 or 69, solution is examined between polarizing screens. With increas-
ing concentration, the liquid crystalline material becomes more rigid and
its birefringence increases. When dried, however, there is a fall in the
birefringence, and a series of cracks arranged in a zigzag or herringbone
pattern appear. This is interpreted as evidence that the greater shrink-
age takes place along a line parallel to the short axis of the rods owing to
the loss of loosely held water from between them. During the last stages
of the drying of a gel, the refractive index rises more (1.484 to 1.532) in



PROPERTIES OF CERTAIN VIRUSES 11

this direction than it does in the direction parallel to the long axis (1.490
to 1.536); the birefringence therefore falls from 0.006 to 0.004 (20).

Further optical evidence that the particles are either anisodimensional
or anisotropic or hoth comes from the partial depolarization of polarized
light that has been scattered by virus solutions (53). The simplest
interpretation of all the optical properties of virus solutions is in terms of
the orientation of anisotropic rods, but they would also be explicable if the
rods were isotropic; in this case the anisotropy of flow should disappear in
a medium with the same refractive index as the particles. The medium
chosen should not inactivate the virus; and it should not be so anhydrous
that the birefringence attributed to the virus from a study of partly dried
gels would be reduced by further drying in the manner already described.
These conditions have not been achieved for, although the anisotropy of
flow disappears in mixtures of aniline and glycerol (53), the mixture used is
nearly anhydrous and the stability of the virus in it is disputed (11).
Furthermore, if the result were in fact due to the equalization of the re-
fractive index of the medium to the single refractive index of the virus,
anisotropy of flow should reappear if the refractive index of the medium is
inereased further; this has not been demonstrated.

It has long been known that tobacco mosaic virus will sediment on high-
speed centrifugation (17). The pellet is liquid crystalline and has been to
some extent freed from the lower molecular weight components of the
system (5). Much effort has been expended on the measurement of the
rate of sedimentation in centrifuges of the Svedberg type and in attempts
to relate these rates to the weight of the particle. Two major difficulties
are encountered in these attempts: In the first place the laws relating veloc-
ity of sedimentation to particle weight all assume that there is no inter-
action between the particles, but the anomalous viscosity of the virus shows
that such interaction exists. A particle weight derived by proper correc-
tion from the sedimentation constant would be infinite (29). In the sec-
ond place, the laws are derived from the motion of noninteracting spheres
and, although they can be corrected so as to apply to a somewhat ellip-
soidal shape, there is no adequate theoretical treatment of particles so
anisodimensional as the extreme character of the orientation phenomena
shows the virus to be. It is to be expected a priors (5), and has been ob-
served in practice with the methyl celluloses and polystyrol resins, that
increases in the length of a uniform rod will not significantly affect its
sedimentation rate.

The ultracentrifugation of a fluid with anomalous viscosity and showing
rigidity toward small shears (34) is more strictly comparable to the



12 N. W. PIRIE

expression of fluid from the interstices in a loose gel than to the independent
movement of particles through the fluid (31). This picture offers a ready
explanation of many phenomena, notably the increase in the rate of sedi-
mentation (56) and in the water content of the pellet (5) as the indtial virus
content, of the fluid that is being centrifuged is diminished, for the elastic
compressibility of a gel becomes greater as its concentration, and therefore
strength, becomes less, A few phenomena are, however, left unexplained.
Among these is the existence in some preparations of double boundaries
{114) indicative of components sedimenting at different rates. This could
only appear if the particles were to some extent independent from one
another, for it is hard to picture interpenetrating gels as being compressed
at different rates.

The values found for the sedimentation constant have varied within
the range 100 to 260 X 10— em. sec.~! dyne—!. 'This variation has been
related to such factors as the age of the plant used as host, the duration
of the infection, the time of year of harvesting, the strain of virus, the
treatments to which the preparation was exposed during purification and
the final conditions under which the centrifugation was carried out. In
view of the unsatisfactory state of the theoretical interpretation of sedimen-
tation constants with this virus and of the constant’s dependence on so
many factors, it would appear that all evidence (e. g., 58) based on sedi-
mentation constants and purporting to demonstrate the purity, homo-
geneity or general authenticity of a virus preparation is valueless. Cen-
trifugal homogeneity in a fraction made by careful differential centrifuga-
tion no doubt does credit to the technical skill of a research worker. The
argument that this homogeneity is evidence that the virus is necessarily
monodisperse does less credit to his common sense.

Measurements of the diffusion constant of tobacco mosaic virus have
been made; but these, again because of the anomalous viscosity, are likely
to be misleading. The particle weight of the virus derived by making
the conventional corrections from the diffusion constant is 0 (29). A
fully aggregated product gave the observed value 4.5 X 10— cm.? sec. ™!
(35), and a probably less fully aggregated one gave 3 X 108 (85); as would
be expected if there were interaction between the particles, the rate of
change of concentration across the boundary is not that characteristic of
independent particles.

2. Size of the Virus Particle

Breadth Measurements.—X-ray measurements on a series of orientated
preparations of three strains of tobacco mosaic virus with varying water
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content show (20) that the rods lie in a hexagonal pattern and distribute
themselves so as to fill the available space as evenly as possible. The dis-
tance between the centers of the rods varies with the water content from
100 to 15 mu. The latter figure is therefore the most probable value for
the diameter of the dry particle and, although first proposed nine years
ago (15), has not so far been seriously disputed. Two other strains, cucum-
ber viruses 3 and 4, give dry preparations with 14.6 mu between the
eenters of the rods (20), and in Holmes rib-gross strain the distance is also
15 mu (40). It is not easy to deduce from these figures the effective diam-
cters of the particles as they exist in solution. Dry preparations are
extremely hygroscopic and absorb 10-15%, of water in a moist atmosphere;
it is therefore unlikely that they do not hold at least this much water when
in solution. The x-ray measurements on virus precipitated as fibers by the
addition of acid or ammonium sulfate give distances of 18.2 and 17.3 mu
between the centers of the rods (20). These measurements were made on
rigid orientated preparations in which it is likely that the rods were touch-
ing laterally and therefore that they had these diameters. If the inerease
is due to a layer of water surrounding a eylindrical particle 15 mu in diam-
eter, layers of water with cross-sectional areas 479, and 339, of that of
the virus rod would be called for. Under these two conditions, there-
fore, each gram of virus would be associated with 0.35 or 0.24 g. of water.
These amounts of water are probably smaller than those held by the
particles in dilute salt solutions at neutrality, for it is usual to relate the
geparation of a protein from solution in visible form with a reduction in
its water-holding power. The translucent mass left after the centrifugal
separation of the water from an acid precipitate contains 509, of water
(5). The pellets ultracentrifuged from neutral virus solutions have never
had as low a water content as this (14). On the basis of these considera-
tions, it is reasonable to suppose that the virus is normally associated with
about its own weight of water; the diameter of the particle in solution
would then be about 23 mu, The same conclusion has been reached from
a consideration (75) of the diffusion and sedimentation constants. It is
argued (18, 20) that, if this water penetrates into the particles, there
would be a swelling of the protein framework and that this would result
in an increase in the short x-ray spacings due to internal structure across
the particles. No such increase on wetting a dry preparation is in fact
observed. The particles appear, therefore, to be substantially dry inside
but to be surrounded by a layer of water several molecules thick. It is
not known whether the thickness of this layer is not greatly affected by
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minor changes in the medium, for no fully satisfactory theory has so far
been proposed for the manner in which it is held on to the particle.

Length Measurements.—The properties considered so far are shown,
to a greater or less extent, by materials at all stages of aggregation and
are either relatively independent of the state of aggregation, or else partly
or fully aggregated material only has hitherto been used for their study.
The x-ray data and the physical changes that accompany aggregation give
us reason to think that it proceeds linearly, that is to say, initially somewhat
rod-shaped particles aggregate end to end. Some consideration of the
evidence for this aggregation forms a useful preamble to any discussion of
the length of the particle.

There is no dispute over the fact that virus preparations can exist in
different states of aggregation. The extent to which any preparation has
been separated from normal leaf components without undergoing at least
partial aggregation is, however, in dispute. No property is known that is
dependent on the length of the virus particle and that can be satisfactorily
studied in sap as it is expressed from infected leaves, because the virus
dilution is either too great or else the other components of the sap inter-
fere with the observation. Considerable difficulties arise, therefore, in
any direct and unequivocal demonstration of aggregation. Anisotropy of
flow is a valuable guide. Unfortunately no measurements of the bire-
fringence built up in unaggregated material at different known rates of
shear have been published; but it is qualitatively obvious that the amount
of light passing if a sample of sap is stirred when between polarizing screens
is increased by centrifugal sedimentation or precipitation with ammonium
sulfate (5, 9). This difference is apparently not shown when measure-
ments are made on fluid streaming through a capillary tube (62, 73); but
under these conditions of intense shear short rods are probably as com-
pletely orientated as long ones. No increase in birefringence should then
be caused by aggregation, for the total amount of orientated material in
any section of the tube has not been increased by aggregation. The treat-
ments to which sap is exposed to bring about this change do, however,
demonstrably affect other components besides the virus, for the centri-
fuge pellet or ammonium sulfate precipitate will not redissolve completely
on suspending it in either water or its own supernatant. It can be argued,
therefore, that the observed changes are due to the removal of this material
rather than to the aggregation of the virus. A similar objection can be
leveled against the demonstration (5) that purification reduces the filter-
ability of the virus. Careful comparisons of the filtration end points of
material at different stages of purification have not been made; but ma-
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terial partially purified by centrifugation is known to pass a membrane
of average pore diameter 190 myu (73). Since the filtration end point of the
virus in untreated infective sap is about 40 mu (102), this establishes an
upper limit only to the extent of the aggregation brought about by centi-
fuging. Fully aggregated material will not pass a membrane of average
pore diameter 450 mg (5). It should at first sight be possible to get evi-
dence from a comparison of the infectivities of preparations at different
stages in the purification; but the apparent infectivity of a preparation is
greatly affected by changes in the medium in which it is suspended (3); an
aggregation, if accompanied by the removal of an inhibitor, might well leave
the apparent infectivity unchanged. The interesting observation (103)
that, weight for weight, the virus from recently infected plants has only one-
fourth the infectivity of that from older plants is relevant in this connection.

There is no evidence that a preparation has yet been made in which
all the particles have the same length, nor is there evidence that the lengths
remain unaltered after the solution has been diluted or concentrated. Any
length measurement, therefore, must be looked on as applying to the
precise conditions obtaining during the measurement, and it cannot, with-
out further evidence, be generalized to cover particles derived from the
same preparation but exposed to different conditions. A wholly satis-
factory demonstration of the average particle length in a solution con-
taining 20 or 0.01 g. per liter does not necessarily tell us the average
particle length in the original sap containing 2 g. per liter. Furthermore,
since the properties used are not in general affected to an extent propor-
tional to the length of the rod, some will attach disproportionate im-
portance to those rods that are longer and others to those that are shorter
than the mode for the preparation.

The following estimates of particle length have been made on aggregated
material by methods that are, for the reasons already outlined, of doubt-
ful validity:

430 my, from viscosity measurements taken in conjunction with the sedimentation
constant (54).

532 mp, from viscosity measurements taken in conjunction with the width measured
by x-ray diffraction (75).

580 mp, from the rotational diffusion coefficient taken in conjunetion with a length~
width ratio obtained from the viscosity (79).

1350 mu, from viscosity extrapolated to zero shear taken in conjunction with x-ray
measurements of the width (93).

1400 mpu, from the critical concentration for ‘‘bottom layer” formation on the as-
sumption that at this concentration each rod has insufficient room to turn about a short
axis, and using the x-ray value for the width (5).
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1000 my, minimum, from a consideration of the sharpness of the x-ray diffraction lines
due to reflections along the length of the rods; it is assumed that the sharpness depends
on the number of times a fundamental unit is repeated inside each rod (20).

Three of these values depend on the x-ray determination of the width of
the particle and this has been taken as 15 mg; but, since all the measure-
ments were made in solution, a hydrated value for the width, e. g., 23 my, is
probably more nearly correct. There are, however, so many other un-
certainities in these measurements that it seems best simply to point out
this correction and adhere to the published values.

Photographs of the virus have now been taken in several institutes with
clectron microscopes, They are in good agreement with the general pic-
ture that has been arrived at by the other techniques, but they have not
as yet added to our unequivocal knowledge of the particle size. The sub-
ject has recently been reviewed (78) and therefore needs no detailed
description here. Before use, the preparation must be dried, and drying
is known (5) to cause inactivation of the virus as well as great loss in the
ability to show anisotropy of flow. This presumably means that the virus
has disaggregated, but it is not known whether the whole preparation
has disaggregated to some extent or whether some particles retain their
original size. 'Tobacco mosaic virus, like other proteins, is known (66)
to form a strong surface film; the more dilute the solution the larger will
be the proportion of the virus in this film, a significant factor in the making
of an electron microscope specimen, for here a tiny drop of a 0.01 g. per 1.
solution {or weaker) is allowed to evaporate on the mount. The specimen
will therefore contain a mixture of particles dried from the bulk of the fluid
and from the surface film. The photographs that have been published
show a tendency for the particles to lie side by side and to touch rather
than to overlap. This is most readily explicable on the assumption that
the photographer tends to choose parts of the surface film when looking for
4 suitable field. There is no evidence whether this factor will lead to a
selection of the longer or shorter particles in a preparation.

The resolution attainable in electron microscopy is of the order of 5
mu. Particles about 15 mu wide are not therefore suitable material for
width measurements. The lengths have been given as 150 to 300 mu
(46), 140 and 190 mu (80), and 280 mu (110) by those who have made the
photographs. The results have, however, been reinterpreted as showing,
on the one hand (33), that the rods are built up of units 37 mg long and are
all integral multiples of this length, and, on the other hand (90), that
there is a complete absence of regularity in the lengths of the rods. Such
a difference of opinion is by no means unusual in the development of our
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knowledge of this virus! It would, however, appear that our uncer-
tainty of the effects of dilution, drying, selection by the photographer and
even bombardment by the electron beam robs the controversy of some of
the significance it would otherwise have had.

In summarizing this seetion on the length of the particle a few points
may be repeated. There arc several methods whereby a figure ean be
derived from reproducible measurements on solutions of known ante-
cedents; here it is clear to what material the measurements refer, but the
steps relating these measurements to particle length are uncertain. The
electron microscope, on the other hand, can give a precise measurement of
the length of the particles that are being photographed, but the relation-~
ship between these and the average of the particles as they occur in the
original virus solution is uncertain. The lengths found range from 1400
myu in preparations that have been fractionated by liquid crystal formation
to 140 mu in preparations that have been dried. There is no evidence
that a particle at either of these extremes is still infective.

Bulk Measurements.—From measurements of the x-ray dosage needed
to inaectivate the virus and on the assumption that one x-ray quantum
can, presumably by causing local ionization, inactivate one particle, the
volume of the particle can be calculated. The number of ionizations pro-
duced by a given dose of radiation in a given volume is known. Different
samples of virus give different values for this volume; and the inactiva-
tion is greater on the acid side of the isoelectric point (76). Extreme values
are 4600 and 42,000 mu®. An independent measurement is 7500 mu® (36).
Two objections can be raised against the basic assumption underlying this
method. On the one hand, jonizations tend to occur in groups of about
three together in a volume smaller than that of the particle; it has there-
fore been suggested (67) that three quanta are normally responsible for
one inactivation and that the true volumes are three times those given.
Making this correction and using the value 23 mu for the width of the
particle in solution, lengths of 34 and 300 mu are arrived at. On the other
hand, there is also evidence that not all impacts of a guantum on a virus
particle cause total inactivation. The frequency with which normal virus
appears in cultures of the aucuba strains and vice versa is increased by
x-raying (37), and weak irradiation with x-rays is stated (45) to activate
the virus. These phenomena suggest that a proportion of the impacts
has an irreversible effect falling short of inactivation, and there seems to
be no reason to assume that the effect of all impacts is irreversible. The
magnitude of this factor, which would lead to an increase in the volume de-
duced from the measurements, is uncertain,
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3. Chemical Properties

Composition.——After considerable preliminary conflict, which is now
of only historical interest, there is substantial unanimity that the first
analyses (5, 15) to be carried out on material whose physical and chemical
properties bore any relationship to those of the virus were approximately
correct; the values now accepted lie within the ranges then given. Rea-
sonable values are: carbon, 509, hydrogen, 7%, nitrogen, 16.69, and
phosphorus, 0.539,. Differences outside the experimental error have not
been found in the percentages of these four elements in the different strains
even when these are not closely related. The sulfur content, partly per-
haps because the analytical methods that have been used are less reliable,
is variable (5, 48, 95) in the range 0.2 to 0.64%. The smaller figure is
usua! with the strains generally handled. Cucumber viruses 3 and 4,
which are only distantly related to tobacco mosaie virus, contain 0.84%,
sulfur (51). Preparations always leave a residue after combustion, but
its composition has not been investigated.

There is no evidence for the presence of any component in the virus
besides protein and nucleic acid. In the undenatured protein, 0.8%, of the
total nitrogen is present as amino nitrogen (42, 82) estimated by the Van
Slyke method with nitrous acid and by the color given with ninhydrin
(98). The undenatured protein contains no free —SH groups, but after
denaturation of the normal strain an amount is produced, estimated by
porphyrindene titration, that agrees closely with the total sulfur content
(111).

The virus strains differ little if at all in the properties so far described
in this review. By analogy with other proteins, it is to be expected that
there should be greater differences in the proportions in which the con-
stituent amino acids occur; this is in fact observed when the strains are
not closely related. The figures for amino acid content must, however,
be treated with some reserve because preparations large enough for a
determination are generally made from bulk cultures and are therefore
liable to contain mixtures of strains. KEven a preparation derived recently
from a single lesion is liable to be mixed, for new strains appear frequently
in this group of viruses. The published figures for tobacco mosaic virus
are given in Table I. The value which seems to be the best has been given,
but references to any papers tending to confirm it are set out as well. All
the figures are for the weight of amino acid that would arise from the
hydrolysis of 100 g. of dry protein. In only four cases has the configura-
tion been determined; aspartic acid, glutamic acid, leucine and tyrosine
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all belong to the normal or l-series (100). Four strains of virus with a close
serological relationship to tobacco mosaic virus contain the same per-
centage of tyrosine, tryptophan and phenylalanine (51), but there are
significant differences with three less closely related strains. Holmes rib-
grass virus contains 2.09, methionine and 0.55%, histidine (49), amino
acids that are absent from the normal virus, and contains 4.3, 3.5 and 6.49,
of phenylalanine, tyrosine and tryptophan, respectively (52). The per-
centages of these three amino acids in cucumber viruses 3 and 4 are 10.1,
1.5 and 3.9, respectively.

Tasie 1
Amino Acip CoNTENT oF ToBacco Mosaic Virus
Method employed Amino acid Content, % Reference

Colorimetric only Cystine or cysteine 0.7 38,95

s i | o
tophan .

Gravimetric only Ala,llx)ine? 2.4 97
Ammonia 1.9 97
Aspartic acid 2.6 97, 100
Glutamic acid 5.8 97, 100
Leucine 6.1 97,100
Valine 3.9

Colorimetric and

gravimetric Arginine 9.0 96, 97
Phenylalanine 6.0 52, 96, 97
Proline 4.6 X
Serine 6.4 96, 97
Tyrosine 3.9 52, 96, 97, 100
Believed to be absent Reference

Glyeine 96, 97
Histidine 96, 97
Hydroxyglutamic acid 97
Hydroxyproline 97
Lysine 96, 97
Methionine 95

All the phosphorus in the virus is satisfactorily accounted for by the
5.5 to 6.0% of nucleic acid it contains. The usual color reactions show
that the sugar in this nucleic acid is a pentose rather than a desoxy-
pentose (5, 69); it is generally assumed to be ribose, but there is no evidence
for this—there is, in fact, a suggestion to the contrary, for “uridylic acid”
isolated from the virus nucleic acid has an anomalous solubility and optical
rotation (69). Adenine, guanine and cytosine have been positively identi-
fied in nucleic acid hydrolyzates, and the presence of uracil as opposed to
thymine is probable but less certain (69). It is clear, therefore, that the
nucleic acid has affinities with yeast or ribonucleic acid but that the iden-
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tification is incomplete and the possibility that other bases are present has
by no means been excluded. The matter is worthy of further study be-
cause of the suggestion, unsupported by definite evidence, that differences
in the nucleic acids are responsible for the differences between virus strains
87).

Crude preparations of virus nucleic acid do not diffuse through mem-
branes which permit the passage of yeast nucleic acid made in the usual
ways (5). Purified preparations have likewise larger particles, for they
have lower osmotic pressures (28) and diffusion constants (68) and higher
sedimentation constants (28). The nucleic acid used for these measure-
ments was made by fission of the virus with cold alkali, strong acetic acid
or heat denaturation. There is no information on the effect of these
agents on the state of aggregation of a nucleic acid; and, although these
treatments seem milder than those to which yeast is subjected in the course
of a yeast nucleic acid preparation, it would be premature to assume that
the nucleic acid has the same size and shape as it had in the virus before
fission. Without this evidence the physical properties of the virus nucleic
acid can shed only an uncertain light on the internal structure of the virus
particle.

Stability.—In neutral or slightly acid solution, the virus is more re-
sistant than most proteins to inactivation by heating; it is most stable at
about pH 5. Short periods of heating at 65° C. rob it of infectivity with-
out causing denaturation; but at higher temperatures, in the presence of
electrolytes, there is coagulation, which proceeds more quickly the greater
the virus dilution and which follows a first-order reaction course (61).
Exposure to high pressure causes similar changes; first loss of infectivity
and then coagulation with separation of nucleic acid. The coagulation is
preceded by a disaggregation of the virus (60). The extent of the coagula-
tion increases with the pressure and the time for which the virus is ex-
posed to it; at pH 7 and 30° C. half is coagulated in 100 minutes at 7500 kg.
per cm.?

Exposure to ultraviolet light (107) or x-rays (5) reduces the infectivity
without affecting those physical, chemical or serological properties which
have been studied. As would be expected, those wave lengths in the ultra-
violet that are most strongly absorbed by the virus are most effective in
inactivating it (39). :

The virus is unstable in alkaline solution at room temperature. With
some samples, loss of infectivity is rapid at pH 8 (22) while others are
relatively stable at pH 9 (11). It is possible that this discrepancy is due
to the use of different virus strains. Material that has lost the greater
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part of its infectivity is somewhat disaggregated but suffers no other
marked physical change. More intense treatment with alkali splits off
nucleic acid; and the protein is at the same time disaggregated into frag-
ments with sedimentation constants, in alkaline solution, between 4 and
30 X 10-13 (50). Neutral solutions are unstable and quickly form ag-
gregates; these are also formed when the breakdown products from virus
strains with distinguishable amino acid composition are mixed (50).
There is as yet no evidence to show whether the virus rod is built up from
dissimilar protein pieces or by the replication of identical units.

There is an extensive range of substances which disintegrate the virus
in neutral solution. Of these, urea has been the most extensively studied
although, as has already been pointed out in a survey of the action of urea
on proteins (10}, it is by no means the most powerful. Ten effects of urea
on the virus have been studied:

(a) reduction in viscosity,

(b) decrease in infectivity,

(¢) decrease in serological activity,

(d) appearance of —SH groups,

(e) increase in diffusion constant,

(f) appearance of protein insoluble at neutrality in the absence of urea,

(¢) appearance of material with a small sedimentation constant when in
a suitable solvent,

(h) disappearance of anisotropy of flow,

() increase in the clarity of the solution and

(7) a rise in the osmotic pressure.

Kinetic measurements have not been made on all these changes; but they
can be arranged in approximate order and some of them have been related
together. There is an immediate reduction in viscosity on mixing virus
with urea (30), followed by changes bed proceeding at comparable rates
(10, 64). Changes efghi go on after this and more or less together (10, 35,
64), j being the slowest of all (64). There is no evidence that there can
be any great reduction in the average weight of the particles without a loss
of infectivity (10, 64) although the contrary has been maintained on the
hasis of viscosity measurements. Change & can, however, be caused by
lower concentrations of urea, 7. e., M instead of 4-6 M, than have been
shown to affect any of the other properties. It is probable, therefore, that
it is analogous to the reversible effects dilute urea is known to have on
proteins (¢f. 10) rather than to the deep-seated alterations involved in all
the other changes. Material of reduced infectivity can be isolated cen-
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trifugally (64) after partial inactivation, suggesting that change b precedes
Jand g. But because of the probable heterogeneity of the original virus,
this is not certain. Changes fgi follow the course of a first-order reaction
(59). Change ¢ was the most fully investigated and its rate was found to
depend on the concentration and nature of the electrolytes present and on
the initial concentration of the virus. Changes behi proceed most slowly
at about 20° C. (10, 59), in agreement with general experience on the action
of urea on proteins; the existence of this temperature minimum differenti-
ates the action of urea from that of all similar substances which have been
tested. No wholly convincing hypothesis to aceount for this anomaly has
heen proposed. The same changes proceed more rapidly as the concentra-
tion of urea or the pH is raised (10, 59). The osmotic pressure goes on ris-
ing after all the infectivity has disappeared and no further change is ap-
parent in the other properties (64), finally corresponding to a molecular
weight of 41,000. Nucleic acid is split off at an early stage; but the
kinetics of the reaction have not been followed.

Guanidine (11, 64), salicylate (11, 24) and a range of substances includ-
ing pyridine, phenol and benzoic acid (11) disintegrate the virus. They
have been investigated in less detail than urea; all of them are well known
as solvents for other proteins. The wetting and spreading agents, notably
sodium dodecyl sulfate, also act in this way and at greater dilutions. The
action proceeds more rapidly as the temperature and pH are raised, and
can be followed by the loss of anisotropy of flow, by ultracentrifugal sedi-
mentability and by the separation of nucleic acid from the protein (104).
The resulting virus protein,* like that made by alkaline fission, is unstable
and readily aggregates to an insoluble slimy mass, Such behavior is not
unusual with the protein moiety of a conjugated protein. Dodecyl sulfate
can also disintegrate the virus in acid solution (81).

Formation of Complexes.—There is no satisfactory evidence for the
enzymatic hydrolysis of tobacco mosaic virus although claims that it is
split by pepsin (105) and by an intestinal nucleophosphatase (99) have been
made; both claims have been contradicted (27, 47). Trypsin (47), ribonu-
clease (71) and papain (5) combine with the virus, but the complexes, al-
though of reduced infectivity, do not undergo the hydrolysis that generally
follows enzyme-substrate combination. These complexes are dissociated

* T have always referred to infective products as ‘“virus preparations’ or, where the
context does not demand so much eaution, as viruses, and have condemned (89) the use
of the phrase “virus protein” as either redundant or overprecise. It has the added disad-
vantage of leaving no suitable phrase to cover products such as this. The point of view
is now gaining acceptance, for other workers (50) are now using the phrase ‘“virus pro-
tein” in this, exact, sense for material free from nuecleic acid and derived from a virus.
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by dilution or by changes in pH or salt content; those with ribonuclease
and papain are insoluble only so long as the salt concentration is low.
There is a group of substances of unknown nature that reduce greatly the
infectivity of the virus but that, like the substances already mentioned,
can be removed with restoration of infectivity. Extracts from a number of
insects have this effect. The component responsible is thermolabile and
indiffusible through cellophane; it can be removed from the virus by
separating the latter on a more porous membrane or by ultracentrifuga-
tion (25). Similarly, virus solutions made noninfective by the addition of
milk or a number of bacterial and vegetable extracts can be reactivated by
diffusing the inhibitors away through agar, for the virus has a lower
mobility in this gel (41). The existence of these phenomena complicates
the interpretation of the fact (103, 108) that partly purified virus from
leaves infected for less than a week is less infective than that from leaves
infected for three weeks, for the effect may be due to variation in the
amount of such components in the leaves.

Virus preparations do not contain amylase, asparaginase, catalase,
chlorophyllase, oxidases, peroxidase or urease (92), but protease (113) and
glucosemonophosphatase (91) have been found. Details of this work are
not yet available but, since both enzymes are known to occur in the sap of
healthy plants, the possibility that the virus is coming out as a naturally
occurring, but presumably dissociable, complex must be borne in mind.
The existence of natural complexes can also be inferred from the presence
of fibers or hexagonal crystals in many of the cells of an infected plant
(16, 43). Their nature is not satisfactorily explained, but it is certain that
they contain virus and that they are insoluble under conditions in which
free virus would be soluble. Stable soluble complexes form when virus
solutions are heated with serum proteins (4); these precipitate with
antisera against either the virus or the serum protein but not with other
antisera.

Chemical Modification of the Virus.—Nothing is known about the
nature of the linkages that are affected by the substances considered in
the last two sections. In this section a group of substances is considered
which can bring about definable chemical changes in a protein. As usual,
with actions involving proteins there is no evidence that the actions that
have been followed chemically are the only ones taking place. This group
is differentiated from the agents considered under the heading of stability
largely because the members of it do not tend to disintegrate the virus, and
from those described as complex formers only because they are of known
composition. Both distinctions are clearly somewhat arbitrary.



24 N. W. PIRIE

Our knowledge is still too meager for any serious attempt at a classifica-
tion of the changes brought about by agents of known composition, al-
though some arrangement is already possible. There are three types of
change: first, those that do not affect the infectivity; second, those re-
moving infectivity without causing recognized changes in the other proper-
ties; and last, those causing a general modification of the virus. The first
type is the most interesting and can be interpreted in three different ways:
(a) The parts of the particle affected may not he essential for the process
of infection; (b) the change may be of such a character that the plant can
restore the status quo and then become infected; (c¢) there is the remote
possibility that these agents attack preferentially those particles in the
original mixture that were not infective at the beginning. Examples of
agents causing changes of this first type are: acetyl chloride, benzene-
sulfonyl chloride, benzoyl chloride, carbobenzyloxy chloride, p-chloro-
benzoyl chloride, iodine, ketene and phenylisocyanate. Clearly it is neces-
sary to establish in each case that at least the greater part of the virus has
undergone a chemical change before its continuing infectivity is significant.

Tobacco mosaic virus gives the nitroprusside reaction for —SH groups
after it has been denatured but not when in the native state; after treat-
ment with mild oxidizing agents preliminary treatment with cyanide is
necessary before the —SH reaction can be elicited. On exposure to in-
creasing concentrations of iodine (2), this reversible oxidation of the
potential —SH groups is followed by an action that is not reversed by
cyanide and later by a disappearance of the Millon reaction for tyrosine.
It is only at this last intensity of treatment that there is a pronounced fall
in the infectivity of the virus. All that is known of the nature of the action
taking place in the intermediate zone where infectivity is unaffected is that
the potential —SH is probably not being oxidized to —SO;H, for the normal
—SH content is found after hydrolysis with hydrogen iodide, and this
treatment is not known to reduce the —SO3;H group.

Treatment with ketene or phenylisocyanate (101) first removes the free
—NH, groups; later the phenol and indole groups are affected. During
the first action there is little change in the infectivity, appearance or sedi-
mentation constant of the virus, but, as would be expected when —NH,
groups are replaced by acetyl or phenylureide, there is a change in electro-
phoretic mobility. The reaction with phenol and indole groups is associ-
ated with loss of infectivity. Miktures of normal virus and virus modified
in these ways are readily detected electrophoretically (82) and there is
reason to think that, although it has not proved possible to cover all the
—NH. groups without affecting infectivity, most of the —NH; of all the
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particles has been covered rather than all the —NH,; of some of them while
others remained unaffected. Treatment with acetyl or benzoyl chlorides
(1) likewise causes disappearance of the —NH, and reduction in the
Millon reaction without loss in infectivity.

One of the most interesting phenomena so far observed with plant
viruses has appeared in the study of the carbobenzyloxy, chiorobenzoyl,
and benzenesulfony! derivatives, for here an almost complete inactivation
toward one host plant can occur after an intensity of action that has but
little effect on the infectivity on another (83). With all three agents,
Nicotiana glutinosa was infected more easily than Phaseolus vulgaris.
Ketene produces a similar but less pronounced effect.

There is no evidence with any of these virus derivatives tending to show
whether the derivative itself is infective or whether enzyme systems exist
in the plant capable of splitting off the added group and reforming the
original virus. Macerated leaves are not able to bring about this action
{83), but it is well known in other fields that many enzyme systems are
destroyed by maceration. So little is known at present of the mechanisms
by which viruses multiply or by which proteins are built up and broken
down in the cell that there is no basis for looking on one interpretation as
more probable than the other. The modifications made so far have not
affected the character of the infection produced in the host plant, and the
virus recovered from plants infected with these modified viruses has had
the normal properties (1, 82, 83); this is not at first sight surprising, but
there is every reason to expect that it will prove possible so to modify the
virus particle that the modification will prove transmissible.

After more intense treatment with the agents in the first group, the virus
loses infectivity; this loss is not reversible or not readily reversible.
Other agents, notably nitrite, hydrogen peroxide, formaldehyde and other
aldehydes, iodoacetamide, iodoacetic acid, methyl iodide and dimethyl
sulfate, have only been found to cause an inactivation of this second type;
but we may legitimately doubt whether there is need in all these cases to
assume the existence of a real distinetion. It has not been clearly shown
with these agents that the loss of infectivity and the recognizable chemical
changes proceed pari passu. With the first group of substances, chemical
changes have been looked for after an intensity of treatment that does not
lead to loss of infectivity; but with the second group, chemical changes
at this stage have not been looked for. Only the action with formalde-
hyde has been studied in any detail, and it has been found to be complex.
After extensive inactivation at pH 7, there is a 609, fall in the —NH,
value as measured by the Van Slyke (42, 98, 107) or ninhydrin (42) tech-
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niques and a similar fall in the color with the Folin phenol reagent (42, 98).
At pH 3, on the other hand, although there is loss of infectivity, these
chemical changes are not detectable or hardly detectable (42). Under
certain conditions it is stated that dialysis causes partial reactivation
(98), but this has not been confirmed (42). Treatment with hydrogen
peroxide at neutrality or with nitrite at pH 3 also reduces the —NHj; value
(98). These three agents cause no marked change in the sedimentation
constants, for those. found with inactivated materials have fallen within
the normal range (114). The general appearance of an aggregated virus
preparation is unaffected by these treatments. After inactivation with
nitrite, no alteration has been detected (5) in the serological behavior of
the virus. The action of some other aldehydes agrees qualitatively with
that of formaldehyde (98); here also reactivation has been claimed. De-
tails of the properties of these derivatives have not been published nor
have they for the derivatives with iodoacetamide (2) or for iodoacetic
acid, methyl iodide or dimethyl sulfate (14), all of which cause loss of in-
fectivity without gross physical changes.

The third group of agents, those inactivating the virus with complete
loss of all its characteristic properties, need not be discussed here because
in these actions the virus is not clearly distinguished from other proteins.
The salts of heavy metals and strong oxidizing agents, acids or alkalies be-
long to this group.

It will be clear from this survey that, although there is still some disagree-
ment, there is now as large a body of accepted knowledge about the tobacco
mosaic group of viruses as there is about any other protein with the ex-
ception of hemoglobin. The viruses have certain special advantages as
materials for the study of the chemical and physical behavior of proteins,
for they have an unusually large number of properties that are well adapted
to the quantitative study of the changes that are being brought about.

In conclusion, it may be permissible to point out that no rigid distinction
has been, or perhaps can be (88), drawn between those systems con-
veniently referred to as “living”’ and “nonliving,” and that no observation
has so far been made on plant viruses which has any bearing whatsoever on
this metaphysical or semantic problem.
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I. Introduction

“To invent without seruple a new principle to every new phenomenon,
instead of adapting it to the old; to overload our hypothesis with a variety
of this kind, are certain proofs that none of these principles is the just one,
and that we only desire, by a number of falsehoods, to cover our ignorance
of the truth,”

These words from Hume’s Treatise of Human Nalure (Book II, Part I,
Section IIT) could well serve as a motto for a discussion of the present state
of our knowledge of the mechanism of blood coagulation. It is true, the
number of theories of clotting does not greatly exceed that of the workers
in the field; but there have been many workers in the field—the vast, and
at that incomplete, compilations of the literature include 490 publications

31
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up to 1905 (157), 902 papers between 1905 and 1928 (219), about 550
papers published in the following eleven years (221)—and the intuitive
approach to the problems has, unfortunately, been only too prevalent in
the subject of this discussion. Many weird reactions have been described
and many unique findings reported; and the laws of chemistry often ap-
pear suspended for the duration of the experiments. Many commonly ac-
cepted terms seem, in the minds of some authors, freely exchangeable, so
that what is usually referred to as thromboplastin (or thrombokinase) will
sometimes be found called thrombin or even fibrinogen. Formulations in
which heparin is said to ‘“‘neutralize’’ cephalin, <. e., one acid another, are
also not infrequent.

The development of a scientific problem will, in general, be found to pass
through four stages: (1) formulation; (£) oversimplification; (3) anarchy;
(4) solution. In the field of blood coagulation we appear at present to be
in the third stage: the confused terminology, the multiplicity of hy-
potheses, the feeling of discomfort experienced by anyone approaching the
problem critically, would all seem to point to that. At the same time, con-
siderable progress has been achieved in the purification of the various
agents concerned with blood coagulation. When the chemical reactions
brought about by the interaction of these substances can be studied in
clearly defined systems, the first step toward a generally acceptable clotting
mechanism will have been made.

In this report, no attempt will be made at a historieal or comprehensive
treatment of the problem of blood clotting. The primaey objective of the
following discussion is the consideration of the chemistry of the controlling
factors. This approach, whose prime virtue lies in its limitations, will
of necessity exclude a large part of the physiology and pathology of blood
coagulation. It is amost superfluous to add that no new clotting theory
will be found in these pages; for, in the opinion of this author, more facts
are needed rather than additions to our terminology or to the arsenal of ex-
pendable hypotheses.

II. The Controlling Factors in Blood Coagulation
1. Schematic Formulation

The conception of the coagulation of blood as an enzymatic process rests,
in the main, on the fundamental researches of Alexander Schmidt. This
formulation to which, at one time or another, much excellent work has been
contributed by Denis, Buchanan, Hammarsten, Pekelharing, Morawitz,
Bordet, Howell, and many others, has successfully weathered the attacks



THE COAGULATION OF BLOOD 33

by those who attempted to explain as specific a phenomenon as the clotting
of blood by means of completely unspecific reactions. It is, however,
obvious that the widespread acceptance of this useful working hypothesis
is due not, only to the persuasiveness of truth but also to the strength of the
acclamation. The coagulation of blood or of plasma involves an ex-
tremely complicated system to which more factors may contribute than we
are able to enumerate at present, and it may safely be stated that the
problem of blood clotting will not be solved completely before the clotting
of pure fibrinogen is fully understood. This, in turn, will have to await
the clarification of the underlying catalytic system, studied with as highly
purified components as can be obtained.

What is usually called the classical theory of blood coagulation may, in its
simplest form, be formulated as follows:

Cat+, activator

Prothrombin ~—————— thrombin 1)
. thrombin .
Fibrinogen ——— fibrin 2)

In a preparatory step (first phase), the enzyme precursor prothrombin,
present in circulating blood, is assumed to be converted to the active en-
zyme thrombin. Two factors are required for this conversion, #éz., ionized
caleium and an activator (thromboplastin or thrombokinase) which is
present in the formed elements of blood, especially in the blood platelets, in
tissue cells and perhaps in plasma. In the coagulation step proper (second
phase), the soluble plasma protein fibrinogen is, under the influence of
thrombin, converted to the insoluble protein fibrin.

In this report we shall consider briefly the chemical evidence pertaining
to the several factors postulated by this working hypothesis which, al-
though it has not led to a solution of the problem, has demonstrated its
serviceability throughout a long period. Much additional evidence which
eannot be included here will be found in a number of monographs, re-
views and progress reports (67, 108, 159, 173, 175, 201, 219-221). At least
one recent review article written from a divergent point of view should also
be cited (163).

2. Calcium

The role of the substances necessary for the conversion of prothrombin
to thrombin, 7. e., calcium and the thromboplastic substances, is perhaps
the most controversial and unsatisfactory phase of the current concep-
tions. The understanding of the specific calcium effect in blood or plasma
is made difficult by the multiplicity of the proteins present which, in addi-
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tion to some of the plasma lipides, may be expected to react with this cation.
[Compare the recent review by Greenberg (94).] Much may be expected
here from a study of the effect of calcium on pure prothrombin.

The necessity of calcium for the formation of thrombin in plasma was
first shown to be probable by the discovery of the anticoagulant effect of
oxalates (3) and more clearly demonstrated by the work of Pekelharing
{167) and Hammarsten (99), which emphasized the specific action exerted
by calcium salts. The other alkaline earth elements exert a much weaker
effect in the following order of decreasing activity: strontium, barium (148).

In partially purified prothrombin concentrates, spontaneous conversion
to thrombin in the absence of caleium has been observed repeatedly (150,
152, 154). It is, however, probable that this activation was due to the
presence of contaminating substances, perhaps proteolytic enzymes.

While there exists impressive circumstantial evidence that caleium is, in
a largely unexplained manner, possibly as a catalyst (108, 138), necessary
for the first phase of blood coagulation, <. e., the formation of thrombin
under physiological conditions, the often repeated claims (e. g., 61, 139, 186)
of its essentiality for the second phase, 7. e., the action of thrombin, are
completely unconvineing. [Compare, for instance, (218).] One gains the
impression, as so often in the field discussed here, that studies carried out
with impure reagents in, for the most part, inadequate experiments lead to
the observation of a multiplicity of concurrent reactions, thus creating a
syndrome whose disentanglement can come only from investigations of
highly purified simpler systems.

The calcium factor in blood coagulation has been reviewed in detail by
Ferguson (72).

8. The Actwvator System

It has long been known that tissue cells and blood platelets contain an
agent which by its postulated activating effect on prothrombin is assumed
to initiate the process of blood coagulation. This factor or, better, these
factors, known by a multiplicity of names, have been described by their
several rediscoverers as either thermolabile and soluble in water (52, 87,
97, 228), or thermostable and soluble in aleohol and ether (189, 190). The
innumerable controversies between the adherents of these two groups were
finally resolved by the recognition that both were right, with the reserva-
tion, however, that the lability to heat of the water-soluble factor is not
pronounced in purified preparations and may be due to the presence of con-
taminating substances in the erude specimens. It will, for the time being,
be of advantage to make a clear distinction between these two groups of
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agents. The water-soluble factor will be discussed in the following section
as the thromboplastic protein, the agent soluble in lipide solvents as the
thromboplastic lipide.*

The Thromboplastic Protein.—The presence in tissue cells of water-
soluble activators of prothrombin has, from the very beginning of our
knowledge of blood coagulation, been demonstrated frequently. [Com-
pare the reviews in (157) and (219).] It is significant that Wooldridge, one
of the earliest and most effective workers in this field, already considered
this agent as a phosphatide-protein complex (228), and that, as early as
1905, Morawitz (157a) recognized it as a general constituent of protoplasm.
The distinction between this tissue activator and the prothrombin of
plasma was, however, difficult in the beginning. This led to a large num-
ber of erroneous statements and untenable theories, although the early
experiments of Fuld and Spiro (88) and of Morawitz (156} should have
sufficed to disprove the assumed identity of these two agents.

It is at present impossible to decide whether the thromboplastic protein,
1. e., the activator extracted from tissue cells by means of aqueous solvents,
is identical in different organs and different animal species. It is not un-
likely that we are dealing with an entire family of conjugated proteins
whose similarities and dissimilarities will have to be determined by de-
tailed chemical and immunological studies. There exist indications of a
species specificity as regards the thromboplastic effect of the tissue acti-
vators (87, 137, 172). ’

The isolation of a globulin fraction from normal human plasma with an
activity resembling in certain, but not all, respects that of the thrombo-
plastic factor has been reported by Patek and Taylor (166). This agent
seems to be lacking in hemophilic blood. It is difficult to assign it at pres-
ent its place in the current conceptions of blood clotting. On the other
hand, the globulin fraction first isolated from rabbit plasma (165) and
later found in other plasmas (1), which is sometimes designated “clotting
globulin,” appears to contain thrombin.

A clue to the possible function of the globulin fraction of Patek and
Taylor (166) may be derived from later experiments of Tagnon et al.
(129, 208, 209). A globulin fraction isolated from plasma, previously
treated with chloroform, was found to have the following activities: it
digested fibrinogen and fibrin, as well as other proteins; and it converted

* It would probably make for greater precision in nomenclature, if these factors were
termed thrombinoplastic, since they are assumed to contribute to the formation of
thrombin and not of the thrombus, But this review will attempt to avoid terminological
innovations.
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prothrombin to thrombin in the absence of calcium.* Comparable prepara-
tions from hemophilic plasma exhibited much lower enzymatic activity
(210).

Water-soluble tissue activators are almost ubiquitous. Similar sub-
stances have been demonstrated in blood platelets and other blood cells
[compare the comprehensive reviews of Morawitz (157) and Wohlisch
(219, 221)], in human milk (188, 204) and in saliva (80). Whether blood,
apart from its formed elements, contains this activator, is not yet quite
clear. A comparative study of the thromboplastic activity of the extracts
of various organs of the hen showed the lungs to be the richest organ
followed, in decreasing order, by striped muscle, heart, kidney, spleen,
brain and liver (80). During the past few years the thromboplastic pro-
tein of lungs has been studied in great detail, and the following discussion
will be limited to this substance, which may be considered as a representa-
tive of the water-soluble activators present in tissue cells.

It was Mills (153) who revived interest in the nature of the thrombo-
plastic factor of lung tissue. He adduced evidence to confirm Wooldridge’s
conception of this substance as a lipide-protein complex (228) and showed
that it had the properties of a globulin with an isoelectric point at pH 5 to 6.
Mills (153), in his studies, emphasized the fact, repeatedly recognized (26,
29, 185, 202), that the activity of the thromboplastic protein greatly
exceeds that of the thromboplastic lipides obtained by the use of organic
solvents.

Most of the early preparations of the thromboplastic protein were con-
taminated with prothrombin. It has, however, later been possible to
demonstrate the absence of prothrombin or thrombin from carefully pre-
pared extracts of lungs (202) and brain (169).

The study of the chemical properties of the thromboplastic protein was carried out in
greater detail in the writer’s laboratory. In all experiments, beef lungs were used
as the starting material. The preparation of the thromboplastic protein by fractional
salt precipitation of saline extracts of beef lungs was investigated by Cohen and Chargaff
(48). The active principle was prepared as the fraction precipitable from saline extracts
of beef lungs at a saturation with ammonium sulfate of between 10 and 30%, or at its
isoelectric point at pH 5.1 (50). This material was far less active than the preparations
obtained by fractional high-speed centrifugation, which will be discussed presently.
The concentration in sacuo of the frozen solutions of this substance, followed by washing
with acetone, resulted in stable powders containing about 12% nitrogen, 0.8%, phos-
phorus, 0.9%, sulfur, and 189 of firmly held lipides that could be removed by extraction
with alecohol-ether, but neither with chloroform nor with ether alone. 30 v of this
material clotted 0.1 ml. of rooster plasma in 3 to 6 minutes at 30° C.

* It is not yet possible to decide whether this enzyme preparation is related to the
fibrinolysin investigated by Rosenmann in a number of studies (179-183).
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The examination of these thromboplastic protein preparations in the Tiselius appa-
ratus showed them to be 90 to 959, homogeneous with respect to their electrophoretic
behavior (50). A small, faster moving component appeared to consist of nucleic acid.
The study of the action of heparin on these compounds revealed an interesting reaction
(39). The treatment of the thromboplastie protein with heparin resulted in the dis-
placement of the lipide constituents by heparin and the formation of a heparin—protein
complex with markedly anticoagulant properties.

The protein component, after the removal of the lipides, had no thrombo-
plastic activity (48). On the other hand, it was found in immunization
experiments that rabbit antibodies toward the intact lipoprotein gave
precipitation with the lipide-free protein moiety, showing that the phos-
phatides were not essential for the capacity of the thromboplastic protein
to combine with antibodies (48). The complex between the thrombo-
plastic protein and its antibody was, interestingly enough, active in the
promotion of clotting.

TasLe I

CoMPOSITION AND PROPERTIES OF THROMBOPLASTIC PROTEIN PREPARATIONS (32)

Prepa- Centbrif- Yield Thrombo- Phosphatase activity
o | ml | meE | % | 8| W ki | Prowhe T I
2. R4 per mg. Arce
1 U 470 7.4 1.6 10.2 .. .
2 M, U 440 7.8 1.5 11.5 0.003 1.6 2.8
3 S, M 535 7.6 1.6 10.5 0.008 1.6 4.5
4 M 480 7.8 1.6 10.8 0.003 2.2 3.8

* U = Air-driven vacuum ultracentrifuge; M = International Multispeed centrifuge;
S = Sharples Laboratory Super-Centrifuge.
** Expressed as the smallest amount clotting 0.1 ml. of rooster plasma (normal clotting
time about 90 minutes) within 30 minutes.

The lipides contained in the thromboplastic protein proved to be an ex-
tremely complex mixture (49). They consisted of alcohol-soluble and
alcohol-insoluble phosphatides, both of which showed clotting activity,
and of sphingomyelin. Among the split products, palmitic, stearic, and
unsaturated acids, choline, ethanolamine and glycerophosphoric acid eould
be identified.

The thromboplastic protein preparations isolated by the methods men-
tioned above were, on examination in the ultracentrifuge, found to be in-
homogeneous with respect to particle size (50). Considerably more potent
and homogeneous preparations of the thromboplastic protein (with re-
spect to both electrophoretic and ultracentrifugal properties) were obtained
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by Chargaff, Moore and Bendich (34) by the fractional uliracentrifugation
of beef-lung saline extracts. Equally potent preparations were later isolated
by a simplified procedure in which a Sharples laboratory supercentrifuge
and an International centrifuge with Multispeed attachment were em-
ployed (32). Data on a number of such preparations are summarized in
Table I. It will be seen that these preparations exhibited, in addition to
some phosphatase activity, an extremely high thromboplastic activity
towards plasma. The action of this material on purified prothrombin will
be discussed in Section IV (page 57); but it should be pointed out here
that purified preparations of the thromboplastic protein proved remark-
ably stable to heating (32). The heat stability of crude thromboplastic
protein preparations has been frequently noted (136, 187a). Crude brain
extract appears to be somewhat more labile to heat than erude lung extract
(173a). Additional data on the stability of crude preparations of the
thromboplastic protein will be found in a paper by Marx and Dyckerhoff
(144).

The great potency of the highly purified thromboplastic protein obvi-
ously speaks against the often repeated assumption that the activation of
prothrombin is due to a completely unspecific cause, viz., the contact with
surfaces. The general barrenness of such explanations requires no ex-
tended comment. While it is true that many causes may produce the same
effect, the conception of the existence in biological systems of an anarchic
free-for-all has never yielded fruitful results. It may be of interest to pre-
sent here the assay protocol for one highly active preparation, in order to
illustrate the truly remarkable potency of these compounds, which in this
case permitted the demonstration of 3 X 10~ g. (32). The experiments
were performed at 30.6° C. by mixing 0.1 ml. of fresh rooster plasma with
0.03 ml. of the solution of the indicated amounts of the thromboplastic
protein in borate buffer of pH 8.5.

v of thromboplastic protein in experiment (32)

v 0.22 0.074 0.024 0.008 0.0027 0.0009 0.0003 0

Clotting time, min............ 3..... 5..... 9..... 15

When lung extracts are subjected to centrifugal fractionation, the highly

potent thromboplastic protein is found to sediment at 20,000 r.p.m.

(31,000 g). A coarsely particulate fraction may be separated at a much

lower speed, 8000 r.p.m. (5000 g). It is noteworthy that this material had

barely one-thousandth of the thromboplastic potency exhibited by the

active fractions (32). This finding in itself should be sufficient to dispose of

the notion of an unspecific contact effect as the cause of the thromboplastic
action.
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The thromboplastic protein preparations which are isolated by differential
centrifugation rather than by fractional salt precipitation and undergo no
chemical manipulation nor are in contaet with organic solvents in the course
of their purification, lose about one-half of their weight by exhaustive
extraction with hot alcohol-ether (32). Between 40 and 459, of the
material may be recovered as purified lipides whose composition may be
tentatively estimated as follows (in per cent of total lipides): cholesterol,
19 (almost entirely in the free state); fat, 18; phosphatides, 63 (“lecithin”
26, “cephalin” 25, ‘“sphingomyelin” 12). A small amount of acetal
phosphatides (about 1.59%,) is also present. The residue remaining from
the extraction of the lipide portion consists in the main of proteins, some
carbohydrates and a nucleic acid of the ribose nucleic acid type (about
1.89%, in the intact complex).

Physical measurements have been carried out with several highly purified preparations
of the thromboplastic protein (34). The partial specific volume was Var = 0.87, the
sedimentation constant sz = 3308, the diffusion constant Dy = 0.38 X 10-7. This
corresponds to a particle weight from rate of sedimentation of 167,000,000. Despite the
calculated frictional ratio, f/fo == 1.41, electron micrographs revealed the presence of a
large percentage of almost perfect spheres with a diameter of 80 to 120 mu. The electro-
phoretic mobility was found at 8.0 and 8.4 X 1078 gq. cm. per v. per sec. at pH 7.5 and
8.6, respectively.

The evidence available at present seems to permit the classification of the
thromboplastic protein from lungs as a lipoprotein of a very high particle
weight and probably of cytoplasmic origin.* Both the protein and the
lipide components appear necessary for the very considerable thrombo-
plastic activity of this substance., No more than passing reference can be
made here to recent experiments (31, 32) on the disintegration of this
macroprotein by freezing in the presence of ether. A review on the chemis-
try of lipoproteins (25) may also be found of interest in this conneetion.

The Thromboplastic Lipide.—It has long been known that alcoholic
or ethereal cell extracts contain a factor, called ‘‘zymoplastic substance”
by its discoverer Schmidt (189, 190), which funections as a clotting activa-
tor. This agent was recognized as being associated with the phospha-
tides (14, 105, 227, 229) and, more particularly, with what then was
called the cephalin fraction (105, 146, 147) of animal tissues. Plants,
and even microorganisms, appear to contain similar substances (29).

* In view of the very high particle weight of the thromboplastic protein, it should be
possible to ascertain its presence in plasma by studying the behavior of plasma following
centrifugation at a very high speed. Indications of the presence of a sedimentable
clotting factor in plasma have been reported briefly in the literature (141).
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Later investigations of the thromboplastic lipide (81, 93, 214, 234, 235)
confirmed their association with the crude cephalin fraction, but the signifi-
cant finding was made (234) that the active agent could be extracted from
the cephalin preparations by means of aleohol. A number of investigators
later arrived at similar conclusions (26, 29, 42, 49, 81). During an investi-
gation of the phosphatides isolated from horse-blood platelets it was
furthermore observed that the fractionation of the active cephalin fraction
by means of alcohol resulted in the aceumulation of most of the activity in
the alcoholic mother iquors (29). Essentially similar results were obtained
in a study of the phosphatides contained in preparations of the thrombo-
plastic protein from beef lungs (49). In view of the assumed role of the
thrombocytes in the initiation of blood clotting, it is significant that one
of the phosphatide fractions isolated from platelets (29) has proved the
most potent thromboplastic lipide encountered in the laboratory of this
author.

All these findings served to throw considerable doubt on the conception
that the thromboplastic lipide was identical with the phosphatide tradi-
tionally termned cephalin, viz., ethanolamine phosphory! diglyceride; and
with the discovery of the complex nature of brain cephalin (84, 85) and of
other tissue phosphatides (41), the question of the identity of the active
lipide once more became open.

The thromboplastic activity of tissue phosphatides was again investi-
gated by Chargaff (26). Numerous phosphatide fractions obtained by a
variety of methods from pig heart, beef heart and beef brain were ex-
amined for thromboplastic activity. The most potent preparations, es-
pecially those from pig heart, were vesy soluble in ethyl alcohol. Phos-
phatidyl serine fromn beef brain was conpletely inactive; brain cephalin
itself (7. e., the ethanolamine-containing phosphatide fraction) showed
some activity. But the specimens from pig heart which exhibited the high-
est activity did not resemble cephalin. It is at present not possible to
identify the thromboplastic lipide, if indeed we deal here with a lipide at
all, with any of the known phosphatides. In view of the entirely different
level of activity of the thromboplastic protein, as compared with even the
most potent lipide specimens—the difference is at least 1000-fold—no con-
clusions as to the nature of the active fraction, which inay be present in the
lipide preparations in a very small concentration only, and the mechanism
of its action appear justified. Not even the lipide nature of this compound
can be affirmed. It must, moreover, be borne in mind that any substance
that is susceptible of phosphorylation in the organism may oceur, if only in
traces, in the form of a phosphatide.
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It should be mentioned that egg-yolk phosphatides, following their conversion to lyso-
phosphatides by means of snake venom, have been found to lose their thromboplastic
activity (33). A thromboplastically active fraction, easily soluble in most organic
solvents, has been isolated from beef lungs (42). This material is stable to heat and
oxidizing agents, but its chemical nature is unknown.

This is not the place to discuss the role of the blood platelets in blood
coagulation. Their origin, properties and function have been reviewed in a
very complete monograph by Tocantins (211) and, more recently, by
Quick (173b). Itisunfortunate that the difficulty of obtaining these fragile
bodies in sufficient quantity has, for the time being, prevented attempts to
isolate the thromboplastic protein by the high-speed centrifugation of
platelet extracts. A chemical and immunological comparison between
thromboplastic protein preparations from lungs and platelets of the same
animal species should be of interest in view of the conception that the
platelets originate from the cytoplasm of lung megakaryocytes (109).
The isolation of a potent thromboplastic lipide fraction from the blood
platelets of the horse has already been mentioned.

4. Prothrombin

Recent evidence (203, 216) appears to furnish a complete confirmation of
the old conception (162) that the liver is intimately concerned with the
production of prothrombin. The evidence, which is entirely convineing, is
based on two main lines of experimentation: the effect of liver poisons and
liver injury on the prothrombin level in plasma; and the influence exerted
by vitamin K on the formation of prothrombin. It is probable that pro-
thrombin is present in most body fluids; but the evidence as regards its
distribution in tissues is unsatisfactory, since the contamination of the
examined material with blood, and therefore with traces of blood pro-
thrombin, is extremely difficult to prevent. Purified platelets apparently
contain no prothrombin (65, 73).

Most prothrombin samples used until very recently were extremely impure globulin
preparations from plasma, The experiments of Mellanby (149) led to the isolation of a
somewhat purer material, The essential step consisted in the precipitation of a protein
fraction from diluted oxalated plasma at pH 5.3, 7. e., near the point of lowest solubility of
prothrombin, followed by the selective elution of prothrombin by means of a dilute solu-~
tion of calcium bicarbonate.

The technique of Mellanby was later refined by Smith and collaborators (200), and
this in turn led to the isolation by Seegers (193, 197, 199) of highly potent prothrombin
preparations. The most active prothrombin specimens (197) were obtained by a pro-
cedure which involved the precipitation of & crude fraction from diluted plasma at pH
5.3 and the treatment of the solution of this precipitate with a suspension of magnesium
hydroxide, followed by the elution of the adsorbate. The eluate was subjected to a
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fractional precipitation with ammonium sulfate, when the activity was found to reside
in the fraction precipitable between 50 and 659, saturation with ammonium sulfate.
The final preparations contained 11,000 to 14,000 prothrombin units per mg. of tyrosine.
One prothrombin unit is defined as that amount which, when completely converted into
thrombin, will clot 1 ml. of fibrinogen solution in 15 seconds (217).

The analytical data available for less pure prothrombin preparations (193) showed
them to be nondialyzable proteins containing about 4%, of carbohydrate. The point of
minimum solubility was near pH 4.9. The substance was completely inactivated by
the heating to 60° C. of its aqueous solution or by the lowering of the pH below 4.8. A
reaction above pH 10 also markedly inactivated the material,

In the procedure for the fractionation of human plasma developed by
Cohn and collaborators (51, 70), the prothrombin is mainly found in one
fraction (Fraction ITI-2) which consists of 759, of S-globulin, 109, of a-
globulin, and 159, of y-globulin. Purified prothrombin preparations from
beef plasma, on the other hand, have an electrophoretic mobility in the
Tiselius apparatus of 6.7 X 10~ sq. cm. per v. per sec. at pH 7.0 and of 7.6
at pH 8.0 (196), which is considerably higher than the average value, viz.,
3.3, found for the g-globulin of human plasma at pH 7.8 (155).

The necessity of calcium for the conversion of prothrombin to thrombin
by the thromboplastic factor has given rise to many explanations. Quick
(171) has sought to show that prothrombin contained calcium in its mole-
cule. Other workers (108, 138) assign a purely catalytic function to this
cation. The final decision will have to await the analyses of pure pro-
thrombin. Tt is possible that experiments with radioactive calcium could
contribute to a solution of this problem.

A discussion of methods for the determination of the prothrombin level
in blood will be found in several recent monographs (16, 173).

5. Thrombin

The progress in our knowledge of the chemistry of thrombin closely
parallels the results obtained with prothrombin. This is natural, since
the only test available for prothrombin is the conversion of the inactive pre-
cursor to thrombin. The methods previously employed for the preparation
of crude thrombin (12, 104, 148, 150, 189, 190) will probably in the near
future be completely superseded by procedures in which the highly puri-
fied prothrombin preparations, discussed in the preceding section, will be
utilized. The ideal thrombin preparation, unrealized so far, would require
a system consisting of physically and chemically homogeneous prothrombin
of maximum potency and constant solubility, of calcium and of the pure
thromboplastic protein (isolated from the same animal species as the
particular prothrombin sample).
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Attempts at the isolation of pure thrombin were more recently initiated
by Smith and collaborators (195) and continued by Seegers (193, 198).
A different and, it would seem, more laborious procedure was used by Mil-
stone (154). Other recent methods (4) appear to yield thrombin of much
lower potency.

From what little is known of the chemical properties of thrombin, it may
be concluded that, like prothrombin, it is a nondialyzable carbohydrate-
containing protein (193). The point of minimum solubility of thrombin
is near pH 4.3, 1. e., lower than that of prothrombin. Thrombin is much
more soluble than prothrombin, when compared at the respective points of
lowest solubility of these two proteins. Saline solutions of thrombin are
irreversibly inactivated by acid at pH 3.5 and by temperatures higher than
60° C. Marked inactivation also takes place in alkaline solution near pH
11. Solubility curves obtained with purified thrombin samples indicate
the presence of two active components with different solubilities (198).

The stability of aqueous solutions of purified thrombin can be increased
considerably by the addition of glycerol (154) or carbohydrates, especially
glycosides (194). Prothrombin, on the other hand, is not stabilized as
readily.

It has long been known that thrombin is rapidly inactivated in serum,
but that the activity may be re-established by treatment with alkali or
acid (189, 223). This inactive modification has been designated meta-
thrombin (157b). A considerable amount of work has been carried out with
respect to the mechanism of thrombin inactivation. It appears that the
disappearance of thrombin is due to its combination with a fraction of the
serum proteins (177) that resides in the albumin portion (136, 170). More
will have to be said on this point later in connection with the discussion of
the heparin complement and antithrombin (page 511).

The enzymatic nature of thrombin has been heatedly debated by ad-
herents and opponents of the enzyme theory of blood clotting for many
years. Many of these discussions degenerated to mere exercises in termino-
logical dialectics. It is certain that the best evidence available at present
supports the assumption of an enzymatic effect (221a).

6. Fibrinogen and Fibrin

The liver is usually considered as the site of formation of fibrinogen in the
organism. The evidence is not entirely clear-cut; but it is certain that an
appreciable decrease in plasma fibrinogen takes place when the liver is ex-
cluded from the circulation or injured by poison or disease.

Our present knowledge of the chemistry of fibrinogen suffers from all the



44 ERWIN CHARGAFF

limitations and uncertainties to which our understanding of the chemistry
of proteins is still subject. In addition, the investigation of fibrinogen is
made difficult by the lack of methods for the preparation of this delicate
protein in an electrolyte-free and unaltered state. Most analyses, there-
fore, have been carried out with fibrin, thus assuming what remains to be
shown, namely, that the chemical changes involved in the conversion of
fibrinogen to fibrin are too small to affect the chemical composition of the
respective proteins noticeably. Laki (133) recently reported the crystal-
lization of hog fibrinogen. A method permitting the isolation of crystalline
fibrinogen in quantity would undoubtedly be of great importance.

Fibrinogen is easily changed by outside influences and is apparently sensi-
tive to the removal of salts by dialysis (83). Because of the lack of reliable
analyses it eannot be decided whether the products obtained by the coagu-
lation of fibrinogen by heat or other action and those obtained under the
influence of thrombin are identical. It certainly is misleading to designate
all these substances as fibrin, a term which should be reserved for the
coagulation product obtained with thrombin. In all other cases, the
designation “ coagulated fibrinogen” may be more appropriate.

The amino acid composition of cattle fibrin has been studied by Berg-
mann and Niemann (8). What appears to be the first comparative analy-
sis of the amino acid distribution in genuine and in coagulated human
fibrinogen was recently published by Brand et al. (15). The authors do not
insist on the significance of the observed differences in the contents of
cysteine, cystine, methionine and tryptophane. The conclusions that
might be drawn from the analytical findings will be on safer ground when
more analytical data on a variety of preparations become available. One
feature which may in the future acquire importance is the comparatively
high content in the hydroxyamino acids serine and threonine. The ideal
experiment evidently will eonsist in a comparison between purified fibrino-
gen preparations and the fibrin samples obtained from them under the in-
fluence of highly purified thrombin.

The average fibrinogen content of normal human plasma is about 0.25% (70, 98).
The protein is usually prepared from oxalated or citrated plasma that has been previously
freed of prothrombin by treatment with calcium phosphate, barium sulfate or the
hydroxides of aluminum or magnesium. The precipitating agent most commonly used
is sodium chloride or ammonium sulfate. Recently, large amounts of fibrinogen from
human plasma have become available as the result of the plasma fractionation project
undertaken at Harvard Medical School (51) and have found numerous interesting
applications in medicine in form of films, foams and plastics [compare (10, 76)].

The average electrophoretic mobility of fibrinogen in normal human plasma has been
found at 2.1 X 10~5sq. cm. per v. per sec. (155). It thus is intermediate between the g-
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and y-globulins. It is a highly asymmetric large molecule with dimensions of about
900 X 33 Aand an approximate particle weight of 500,000 (70). Its solutions are viscous
and exhibit double refraction of fiow. [Compare the detailed discussion of the physical
chemistry of fibrinogen by Wohlisch (221b).] In these properties fibrinogen is reminis-
cent of myosin. But it apparently does not share with the latter the important
property of causing the breakdown of adenosine triphosphate, as has been found in un-
published experiments (233). The similarities between fibrinogen and myosin were
recently discussed by Bailey (5); but, in spite of certain common features in the x-ray
diffraction patterns of fibrous proteins (6), it would, as far as a clarification of the prob-
lem of blood clotting is concerned, appear advisable not to lay much stress on these
resemblances.

The question of whether the association of fibrinogen with lipide ma-
terial is a prerequisite for the coagulability of the protein by thrombin re-
mains controversial. It was first raised in connection with observations
made following the extraction of plasma with organic solvents (185, 230);
but later experiments with purified fibrinogen (127, 225) failed to con-
tribute much to our understanding of the problem.

The existence of a soluble precursor of fibrin, recently termed profibrin
(2), which occupies a position intermediate between fibrinogen and fibrin,
has been postulated by several investigators. It is quite conceivable that
the chemical changes taking place along the fibrinogen molecule, which
lead finally to its conversion to the insoluble fibrin, could, under proper
circumstances, be arrested before the precipitation of fibrin takes place;
but a decision regarding the existence and the properties of such an inter-
mediary product will have to await further experimental work.

7. Other Substances with Activating or Coagulating Properties

In the following discussion it will be preferable to distinguish between
substances having an activating effect on prothrombin and those that are
themselves thrombin-like in action. The most interesting substance, as
far as a thromboplastic effect is concerned, probably is trypsin. That
blood, even in the presence of oxalate (100), could be clotted by this enzyme
has long been known (56). The same effect was later demonstrated for
crystalline trypsin (164). The action of trypsin was first thought to be a
proteolytic one, exerted on fibrinogen (215); but this explanation did not
remain undisputed (207), and Eagle and Harris (68) demonstrated that
the action of trypsin was exerted on prothrombin and did not require the
presence of calcium. Other workers (75) have found calcium and ‘‘cepha-
lin” to enhance the thromboplastic potency of trypsin considerably.

It is at the present time not yet possible to give a reasonable explana-
tion for the thromboplastic action of trypsin. The proposed analogy be-
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tween trypsin and the thromboplastic protein (68), in which proteolytic
enzyme activity is assigned to the latter, is made improbable by the ap-
parent absence of a trypsin-like potency from highly purified thromboplastic
protein preparations (32). Crude thromboplastic protein preparations also
were found to lack proteolytic activity (144), even when tested with pro-
thrombin as the substrate (62). Similarly, the comparison of the thrombo-
plastic action of trypsin with that of a hypothetical weakly proteolytic
‘“‘thromboplastic enzyme,” which acts by making ‘“cephalin” available for
the activation of prothrombin (74, 75), is open to objection on at least two
counts: (@) the much lower potency of the thromboplastic lipide as com-
pared with the thromboplastic protein; and (b) the absence from the latter
of proteolytic activity. Therefore, while trypsin could, in certain respects,
be regarded as a model substance for the thromboplastic protein, it should
be understood that the mechanism of its action may very well be entirely
different. The isolation of a fibrinolytic enzyme fraction from chloroform-
treated plasma (208), similar to trypsin in its action on prothrombin, has
been noted before on page 35.

The clotting properties of various snake venoms have long been known
(142, 143), although the manner in which this effect was produced re-
mained a matter of conjecture. More recently, the presence in snake
venoms of a thromboplastic agent has been demonstrated repeatedly. The
effectiveness of the much investigated Russell viper venom (Daboia) (140)
appears to be increased by the addition of various phosphatide mixtures
(69, 101, 134, 141, 212). Other proteolytically active snake venoms,
mostly of the Bothrops group, have been shown to bring about the conver-
sion of prothrombin to thrombin (66). Some snake venoms (Crotalus,
Bothrops) are, in addition, able to coagulate fibrinogen directly, 7. e., they
appear to contain thrombin or a thrombin-like substance (66).

The direct clotting of fibrinogen is also brought about by preparations of
the proteolytic enzyme, papain (68, 224). In this connection, experiments
of Dyckerhoff and Gigante (59) are of interest which indicated that the
proteolytic and the thrombin-like activities of papain preparations were
due to separate components of the enzyme mixture. This is of impor-
tance in view of the many speculations to which the assumed relationship
of fibrinogen coagulation to proteolysis has given rise.

An entirely different group of agents able to coagulate fibrinogen directly
is represented by a number of simple organic substances (30, 37). These
substances are (in the order of their activity): chloramine-T (sodium N-
chloro-p-toluenesulfonamide), potassium 1,4-naphthoquinone-2-sulfo