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ABSTRACT

Papaya mosaic virus (PMV) is a flexuous, rod-
shaped plant virus belonging to the potato virus X group.
The in vitro reconstitution of PMV from its isolated coat
protein and nucleic acid is described and related to the
self-assembly of the coat protein into a variety of polymers,
including a nucleic acid-free tube whose surface structure
is dindistinguishable from that of the native virus. The
protein rods are formed within minutes at pH 4.0 at 25%¢.
In contrast, the virus reconstitutes best with 5% (w/w)

RNA to form infectious particles at pH 8.0 at 25°C. NaCl
inhibits virus assembly and recomnstitution is routinely
done in 0.01 M tris. Under recomnstitution conditions,

PMV coat protein exists in a dynamic equilibrium among
several polymorphic species, most notably the 145 and 2ZS
polymers. The equilibrium is sensitive to pH, ionic
strength, temperature and protein concentration. Evidence
is presented to suggest that PMV assembly is regulated pre-
dominantly by entropic forces similar to those which gov-

ern the 14S - 25S equilibrium.

PMV is assembled in two emergetically and kinetic-
ally distinct steps. There is a rapid, temperature-indepen-
dent initiation phase followed by a slower elongation phase
which proceeds best at 25°¢c. The kinetics of the elongatiom

phase can be satisfactorily described by a second~order

b ogivees
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reaction mechanism in which the rate-limiting step is
the productive collisias . of coat protein, in some form,
with the growing end of the helix. Particle formation
is complete by about 20 min in stoichiometric mixtures
(protein:RNA = 20:1). The rate of elongation may be

influenced by localized regions on the RNA.

The in vitro assembly of PMV is highly specific,

being regulated by a pH-controlled switch. PMV protein

reconstitutes specifically with its own RNA or that from
at least one other related virus at pH 8.0, but it forms
thin, extended particles with RNAs from unrelated viruses
under the same conditions. From pH 6.0 - 7.5, the coat
protein assembles with either homologous or heterologous
RNA to form particles with discontinuities along rtheir
length, resulting in a "kinked" appearance. Polyadenylic
acid and polycytidylic acid are also recognized by PHV
protein at pH 8.0, whereas polyuridylic acid and poliy-
inosinic acid are not. PMV-RNA whose cytosine residues
have been chemically transformed into uracil is no longer

recognized at pH 8.0. DNA is encapsidated at pH 6.0,

but not at pH 8.0.
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CHAPTER 1

INTRODUCTION

1.1 Self-assembly processes in biology

1.1.1 Why and how self-assembly processes are studied

Studies of self-assembling systems of macro-
molecules are important to our understanding of how bio-
logical structures at a sub—cellular level are constructed
and maintained. Enzyme complexes, microtubules and micro-
filaments, f£lagella and pili, chromosomes, ribosomes, mem-—
branes and cell wa2lls, to name a few, are all examples of
such systems. Kushner (1962) has presented a general review

of self-assembly processes.

The factors which govermn self-assembly are most
easily studied im vitro. The basic operations required are
as follows: the biological structure is isslated; it is
dissociated into its components, which are im turn separated
from each other; and the ccmponenis are re-mixed in such a
way as to produce the original biological structure with
functional integrity restored. This last step is the most

difficult to achieve and often reflects the dissociation

procedure.

Assuming the isnlated components are functionally
competent to participate in a self-assembly reaction, the

elucidation of the environmentalconditions required for




proper assembly to occur is critical. Indeed, the definition
of such conditions usually reveals the nature of the physical

fcrces which regulate the self-assembly process.

1.1.2 Driving forces behind self-assembly processes

The ability of macromclecules to self-assemble
depends on the net free energy change which the overall
system incurs upon assembly; this change must be negative
for a spontaneous self-assembly reaction to take place. The
overall system includes not only the self-assembling macro-
molecules, but also all other molecular species in the immed-
jate surroundings, including buffer and salt constituents,
and although often neglected, the solvent (usually water).
The free energy change of the system is given by

AG = AH - TAS (1).
Equation (1) simply states that the free energy change of

the system is the difference between the enthalpy (H) and

entropy (S) changes which the system incurs during the self-

assembly reaction.

The enthalpy (or heat content) component of the
free energy of biochemical reactions is generally attributed
to changes in interaction energies between components. These
changes are usually manifested in terms of alteratisns in
numbers and types of chemical bonds which characterize the
system under study. For self-assembly processes, these

are usually non-covalent. The entropy component, on




(oY)

the other hand, is concerned with changes in the relative
"randomness" of the system. These are caused by differences
in the way in which the system components are ordered, or
put together. TFor self-assembly processes, "ordering" is
usually brought about via changes in the degree of surface
exposure of macromolecules with the solvent. Lauffer (1975),
in his treatise or the importance of entropy as a driving
force for many ziological self-assembly reactions, pointed
to water (i.e. solvent molecules) as an important regulatory

factor in assembly reactions. Macromolecules must release

much of their “bound" water upon self-association. The
. . N bound
resulting change in the proportion of “free water can often

result in large entropy gaimns.

Environmental variables which can affect the therm-
odynamic components of the system free energy would be ex-
pected to exert considerable control over the self-assembly
reaction itself. Typical environmental factors which should
have in vivo relevance for biological self-assembly reactions
are pH, ionic strength, ionic composition, temperature, and
the concentrations, both absolute and relative, of the assembly
components. By studying the effects of changing the environ-
mental variables upon a self-assembly process, the physical-

chemical driving forces for the process may be revealed.

1.2 Self-assembly of plant viruses

Viruses occupy a special position among self-
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assembly systems. TFirstly, many of the basic rules of
biological self-assembly were elucidated through the study
of vizruses. Secondly, unlike other sub=cellular systems,
viruses are able to utilize the principles of self=assembly

for the purpose of replication at the expense of their 3

hosts.

The capsids of most bactexrial and animal viruses

PRI

consist of several different species of proteimns. Most

of these function as structural components of the capsid;

in the case of the more complex viruses, some of these
proteins may give rise to viral organelles such as attach-
ment fibers, or they may possess certaiun enzymatic functiomns
required by the virus for successful infection of the host.
4Additionally, many animal viruses are surrovmnded by a mem-
branous structure, much of which may be derived from the
host. Assembly studies concerning the complex bacterial

and animal viruses have been re.iewed recently by Casjens o :

and King (1975).

Most simple plant viruses are constructed from
identical protein subunits and a single piece of single-
stranded ribonucleic acid (RNA). Because of their simplicity
they are ideally suited structures for the study of basic
principles governing virus self-assembly in particular, and
protein-protein and protein-nucleic acid interactions in |

general.




1.2.1 Structural principles

The geometrical principles for the assembly of
viruses were advaiiced by Caspar and Klug (1962). Ener-
getically, the most stable structures that can be built from
identical building blocks are those in which each building
block has an equiwvalent envirorment. Spheres and regularx
helices, or tubes, (excepting the ends) best satisfy this
Yequirement. Caspa¥ and Klug supposed that these same
principles extend to virus assembly. However, since the
fundamental building block in the virus capsid, the protein
subunit, is highly asymmetric, they postulated the principle
of quasi-equivalence of inter-~subunit bonds for all viruses
containing certain restricted numbers of identical subunits
greater than 60. The utility of this principle has been
demonstrated many times for the construction of simple
viruses; indeed, the principle of quasi-equivalence can
even be seen in the construction of the more complex virus
-capsids, such és the T-bactariophage heads, and has archi-

tectural advantages as well.

1.2.2 Physical-chemical principles

.

The physical-chemical principles which govern virus
assembly are more difficult to grasp precisely; this is
partly due to the fact that different viruses assemble by
energetically different pathways, and partly because our

understanding of the physical chemistry of macromolecular




interactions is limited. This limitation is perhaps most

acutely revealed by our inability to define precisely the

causes of the effects of simple salt solutions upon virus

association and dissociation (for review, see Kaper, 1975).

Such complications notwithstanding, the simple plant viruses

are exceedingly useful subjects for the study of the physical .

chemistry of virus assembly. H

The first virus to be functionally self-assembled,

e b e v el e

or reconstituted, in vitro was tobacco mosaic virus (TMV)
(Fraenkel-Conrat and Williams, 1955). TMV is a rigid, rod-
shaped virus and consists of a helical assembly of identical
protein subunits within which a single-stranded molecule of
RNA is helically wound. TMV is the only virus whose physical
chemistry is well-defined, largely due to the efforts of -
Lauffer and co-workers (for review, see Lauffer, 1975).
Many basic theoretical concepts for TMV assembiy were pro-
phesied by Caspar (1963) far in advance of experimental
P, . - -

verification. For the most recent review of TMV assembly,

Butler and Durham (1977) should be consulted.

A particularly interesting feature of TMV assembly,
from a physical principles scandpoint, is that the TMV coat
protein spontaneously forms helical rods which are indis-
tinguishable in external structure to the native virus
(Franklin, 1955). This suggested that protein-protein

interactions are particularly important in TMV, and pro-

vided an experimental system for focusing separately on




this issue. The environméntal conditions for the assembly
of the coat protein helix and the virus helix are different,
most significantly with regard to pH. The virus assembles
at pH 7.0 - 7.5, whereas the protein helix will form ~nly
at an acidic pH. The formation of protein helices and
reconstituted virus, however, both result in the appearance
of at least two anomalously titrating carboxyl residues

in the protein with pK's near 7., This discovery led
Caspar (1963) to hypothesize that in both these structures
carboxyl residues are brought into such proximity that they
are for:ed to form carboxyl-carboxylate hydrogen bonds of

the form

o, o 0
NSNS

| |
CH, CH,

§ %

This situation results in one of the residues having an

©
S

abnormally high pK. Only in the presence of nucleic acid

can the protein form a helix at elevated pH. This hypo-

thetical control mechanism has been substantiated recently ;
with the elucidation of the atomic structure of TMV at

4.0 R resolution (Stubbs et al., 1977).

The self-assembly of simple plant viruses with




spherical, or icosahedral, symmetry was accomplished by

Bancroft and co-workexrs for the bromoviruses (for review,
see Bancroft, 1970). The coat proteins of these viruses
also form nucleic acid-free capsids spontaneously, and

again do so at pH levels lower than those required for

optimal reconstitution of these viruses. This fact,
coupled with the discovery that these native viruses
"swell”™ hydrodynamically at high pH, led Bancroft et al.
(1967) to postulate a role for carboxyl-carbozylate pairs

in contyolling the assembly of the bromoviruses.

It appears, then, that the existence of some sort
of negative switch is required for the proper regulation
of virus assembly when protein-protein interactions supply
a predominate share of the driving force. TIonizable amimno
acid residues, being sensitive to small changes in pk,
are ideally suited to serve as the components of such a

switch.

1.3 Assembly studies with rod-shaped plant viruses

Rod-shaped viruses fall into two main structural
categories, rigid and flexuous. Papaya mosaic virus (PMV), the
virus used in this thesis, falls into the lattexr category.

In this section, some important aspects of the assembly of

the rod-shaped plant viruses and their proteins are

summarized.




The spontaneous assembly of an infectious virus
from its isolated coat protein and nucleic acid was first
demonstrated over 20 years ago for TMV by Fraenkel-Conrat
and Williams (1955). Since that time relatively few
rod-shaped viruses have been successfully reconstituted,
namely one other rigid rod virus, tobacco rattle virus (TRV)
(Morris and Semancik, 1973; AbouHaidar et al., 1973), and
2 flexucus rsd virus, potato virus X (PVX) (Goodman al.,
1976). Barley stripe mosaic virus (BSMV) (Atabekov .y
1970) and potato virus Y (PVY) (McDonald and Bancroft, 1977)

can be assembled to form virus-like rods which are uninfective.

The ability of TMV protein to polymerize spontan-—
eously into nucleic acid-free rods having the same structure
as the virus has been known for over 30 years (Schramm, 1947;
Franklin, 1955). Other coat proteins from rigid rod viruses
have shown a tendency to polymerize to form virus-like cap-

sids, notably TRV protein (Morris and Semancik, 1973;

Fritsch et al., 1973b) and BSMV protein (Atabekov et al.,

1968). Despite attempts, none of the flexuous rod virus
coat proteins, except for the PMV protein (Erickson et al.,
1976), have been assembled into capsids with a viral geo-
metry. Rod-shaped structures with anomalous geometries,
however, have beer observed in preparations of PVY protein
(McDonald et al., 1976) and, occasionally, with PVX protein

Kaftanova et al.,1975; Gecodman et al., 1976), indicating

:

that proteins from flexuous viruses also tend to aggregate

to form rods.
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Out of these studies, as well as others concerned
with different classes of viruses (see Casjens and King
(1975) for review), several important questions have
arisen. One concerns the relationship between the types
of interactions (protein-protein) which predominate in
the polymerization of coat protein into virus-like structures
with those (proiein-protein and protein-nucleic acid) which
serve to stabilize the functional virus particle. Another
question deals with the specificities of *.ese interactions,
especially with respect to virus assembly. A third related
problem concerns the mecharics and contrels involved in

the assembly processes.

1.3.1 Environmental parameters

. Definition ¢f the optimal conditions for virus
reconstitution and for coat protein polymerization is im-
portant in establishing the predominant types of inter-
actions. TMV is reconstituted from purified RNA and
coat protein most efficiently near neutrality (pH 7.25) in
0.1 M phosphate buffer at 30% (Fraenkel-Conrat and Williams,
1955). BSMV also reconstitutes near pH 7 and at 30°C, but
at lower ionic strength (0.01 M Tris-HC1l buffer) (Atabekov
et al., 1970). PVX recomstitutes best under slightly acidic

conditions (pH 6.0 - 6.2) at 20°C and 0.01 M buffer (Goodman

(1]

t al., 1975). Twoc strains of TRV have been r2constituted:

the € strain assembles best at pH 7.5 - 8.0 in 0.25 M




glycine (Morris and Semancik, 1973) whereas the CAM

strain prefers acidic conditions (pH 4.7) in 0.5 M phos-

phate buffer (Abou Haidar et al., 1973). Curiously, both

strains require low temperature ( 1 - &OC) for optimal
reconstitution. The in vivo significance of this is un-
clear. Thus, while TRV reconstitution in vitro is apparent-
ly exothermic, the other rod-shaped viruses all appear to

assemble by entropy-driven mechanisms since they all regquire

heat.

Polymerization of coat protein into rod-shaped
virus-like structures occurs under conditions which differx
from those in which virus assembly occurs cptimally. TNV
coat protein polymerization is favored by moderate temper-
ature (30°C) and ionic strength (0.1 M phosphate buffer)
similar to TMV reconstitution conditions; however, as men-
tioned earlier, it requires an acidic environment, pH 6.5
or belov (see Lauffer and Stevemns, 1968). BSMV coat pro-
tein polymerizes into long rods only after prolonged stor-
age at low temperature and alkaline pH, and it has a peculiar
requirement for a divalent metal cation such as Ca2+
(Atabekov et 2l., 1968). Polymerization of TRV coat pro-
tein from the C strain is favored by high temperature (in
contrast to TRV reconstitution), alkaline pH and low ionic
strength (0.01 M phosphate buffer) (Morris and Semancik,

1973). The formation of stacked-disc rods from PVY coat

protein takes place from pH 6.0 - 9.0 in 0.01 - 0.10 M




phosphate buffer at 0 - 4%¢ {McDonald et al., 1°¢76). It

is clear that the enviromnmental requirements of virus re-
constitution and coat protein polymerization vary widely
from virus to virus. It can be assumed that the predomin-
ant types of interactions involved in these processes alsc

vary.

1.3.2 Mechanics

The mechanics of the assembly processes which
the coat proteins of rod-shaped plant viruses undergo appear
to share some general features. Coat protein poclymerization
and virus reconstitution for TMV (Durham et al., 1971; Butler
and Klug, 1971), TRV (Morris and Semancik, 1973), BSMV
CAtabekov et al., 1968) and PVY (J. G. McDonald, persomnal
communication) seem to require, at some stage of assembly,
disc-1like polymers of protein. While the number and arrange-—
ment of subunits in these discs, the functional state of
aggregation of discs (single vs. double discs, for example),
and the conditions favoring disc formation vary from one
virus to another, it seems clear that discs are required at
least for the initiation of virus assembly, and possibly
for the initiation of protein polymerizatiom as well. The
current model for the initiation of TMV assembly employs
a double layer lock-washer arrangement of protein subunits
which envelops a special recoenition sequence of over 100

nucleotides in TMV-RNA (see Butler and Durham, 1977).




1.3.3 Specificity

The specificity of the protein-protein and protein-
nucleic acid interactions involved in virus assembly is a
subject of major importance. That such specificity existc
in vivo is strongly implied by the homogeneity of RNA ex-
tracted from purified virus particles and the lack of pseudo-
virions. Viral assembly inside the cell might be grossly
inefficient were such specificities not exerted. The proper
packaging of viral nucleic acid might be aided by intracell-

ular compartmentalization, resulting in enhanced accessibility

of viral RNA to its coat protein.

Studies of BSEMV and PVX reconstitutions have shown
that the coat proteins of these viruses do not prefer homo-
logous over heterologous RNAs under the conditions used
(Atabekov et al., 1970, 1972). The coat proteins of the
spherical bromoviruses also assamble into virus-like par-
ticles in the presence of a variety of nucleic acids (RNA
and DNA), as well as with several polyanions (see Bancroft,
1970). On the other hand, the relative specificity of TMV
protein for its own RNA has beer documented many times
(see Atabekov et ilf’ (1972) for a recent review). In the
few instances where foreign nucleating agents (such as poly
A) have been encapsidated, the efficiency was low. Since
it is not unreasonable to expect that specificity should

occur, the argument has been made that TMV is the only

1)




properly reconstituted glant virus.

Tnere is another consideration to be made con-
cerning the recognition of nucleic acid by coat protein.
Such proteins are designed by nature to associate with
nucleic scid and, since the entire nucleotide sequence
of a viral RNA clearlycannot contain site-specific re-
cognition characteristics, it is not too surprising that
in vitro specificity is difficult to demonstrate. TMV
reconstitution is known to initiate on a special sequence
of nucleotides, about 1000 nucleotides in from the 3'—-end
of the TMV-RNA molecule, with the double-disc aggregate

of TMV protein (Zimmermn, 1976). The formation of double-

discs is critically dependent upon pH, ionic stremngth and
temperature. Once initiation is complete, the elongation
phase of TMV rod formation can be mediated by less highly
ordered forms of TMV protein (Okada, 1975). The above
evidence suggests that specificity of coat protein-RNA
recognition is exerted, in terms of functional significance,
i at the level of initiation, in which highly ordered protein
structures are required; whereas, elongation is a less string-
ent, and therefore probably a less specific, process. This
might serve to explain the lack of specificity found in
the reconstitution experiments for those viruses whose

protein sub-assembly intermediates have not been well-defined.

In summary, while the self-assembly processes of

viruses and their coat proteins may share certain g=neral
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- features, the details of the processes may vary with
individual viruses. As in so many other instances of
virology, different viruses appear cto attain the same end
differently. A result of this variability is that we are
provided with an immense diversity of macromolecular inter-
actions, the continued study of which should lead to the
development of fundamental rules relating these interactions
to the structure and function of viruses and other complex

biological structures.

1.4 Goals of this research

FMV is a flexuous, tod-shaped virus (Purcifull and

Hiebert, 1971) and belongs to the PVX family (Harrison et al.,

1971). It is obtainable in high yields, is easily purified
and assayed, and can be disassembled by standard methods.
Further, its protein assumes a variety of polymeric structures.
; PMV is ideal for the detailed study of the self-assembly

processes of a flexuous virus and its coat protein.

The goals of this research are the following:
to characterize the polymerization of PMV coat protein;
to characterize the reconstitution of PMV from its RNA and
protein;
to characterize the specificity of the protein-nucleic acid

interactions involved in the self-assembly of PMV.




CHAPTER 2

MATERTALS AND METHODS

2.1 Virus purification

PMV was grown in and purified from Carica papava
L, Upper leaves from greenhouse-grown papaya trees, in-
fected for several months to years, were harvested in 100g
lots and either homogenized directly or stored at -20°%
prior to use. Tissue was homogenized at 4°9¢ with 2 vol
(w/v) of 0.05 M sodium phosphate buffer, pH 8.0, contain-
ing 0.01 M ethylene diamine tetraacetic acid (EDTA). In
some purifications, a 107 aqueous solution of Triton X-100
(Baker Chemicals) was blended in gradually (over about 1
minute) with the homogenized tissue to yield a final con-
centration of 17. If Triton was used, several drops of
a 1:1 mixture of butanol-chlorxoform were added at the
start of the blending to prevent excessive foaming. For
clarification, 1/2 vol (w/v) of a 1:1 butanol-chloroform
mixture was added to the blender. The emulsion was separ-—
ated by centrifugation in a GSA rotor (Sorvall) at 10,000
rpm for 10 min. The virus-containing upper aqueous phase
was decanted and centrifuged in an SS-34& rotor (Sorvall)
at 17,000 rpm for 30 min. The supernatant fluid was over-
laid onto 7 ml of a 30% (w/v) sucrose solution containing

3

5 X 100 M EDTA, pH 8.0 and was then centrifuged in a

Beckman 30 rotor at 27,000 rpm for 3 1/2 hx. The pellets

148



were suspended to about 10 mg/ml in 5 X 1673 M Tris,

pH 8.0, and several crystals of sodium azide were added
as preservative. PMV prepared in this manner was usually
free of plant pigments, had an A260/A280 ratio of about
1.4 and sedimented as a single species in the analytical
centrifuge. If further cycles of differential centrifuga-
tion were required, PMV suspensions were first diluted to
1 - 2 mg/ml. Yields without Triton were about 1.5 to 2
mg/g fresh weight tissue and with Tritom 2 to 2.5 mg/g
tissue. PMV concentrations were estimated taking E 0.1%
260 nm
2.85 (Hiebert, 1970). Protein from fresh virus prepared as
described usually gave a single band migrating at the rate

of coat protein (MW ca. 22,000) in dodecyl sulfate poly-

acrylamide gels.

2.2 Preparation of PMV coat protein

PMV coat protein was prepared by acetic acid de-
gradation (Fraemnkel=Conrat, 1957). Two vol of glacial
acetic acid were added to concentrated virus omn ice. In-
soluble RNA was removed aifter 1 hour by centrifugation in
an S5-34 rotor (Sorvall) at 10,000 rpm for 30 min. The
supernatant liquid was dialyzed overnight against 20 vol
of distilled water to a final concentration of about 3% acetic
acid and then centrifuged at 27,000 rpm for 5 hr in a Beckman
30 rotor to remove any residual virus. The supernatant solu-

tion was then dialyzed for 48 hr against several changes of




distilled water to remove the acetic acid completely. The
protein solution was ithen titrated slowly with 0.1 N NaOH
to pH 9.5 to be certain that helices, which form during the
long—term dialysis as the solution pH goes through pH 4.0,
are disassembled. The resulting preparations were devoid
of virus—1like particles as judged by electron microscopy

/A

and had typical protein spectra with A between

280 nm’ 250 nm

2.0 and 2.5. Protein concentrations were estimated assum-

. 0.1% _
ing E280 am = 1.0.

In some early protein polymerization experiments,
PMV protein was dialyzed for 48 hr against several changes

of 0.01 M glycine, pH 3.0, or 0.01 M Tris-HC1l buffer, pH 8.0.

2.3 Preparation of PMV-RNA

PMV—-RNA was prepared by the guanidine hydro-

chloride method (Reichmann and Stace-Smith, 1959). Omne vol
) ) e pr—

of 5 M guanidine HC1l containing 1 X 10 M EDTA, pH 8.0,
was added to concentrated virus in ice. The RNA precipitate
was collected by centrifugation at 5,000 rpm for 1 min and
was then dissolved in sterilized, distilled water. Several
water washings were usually required for quantitative re-
covery (about 5 mg RNA/10J mg virus). Successive washings
were pooled and the RNA was precipitated with 2 wol of
cold 95% ethanol to which a drop of 5 ¥ NaCl was added to
aid precipitation. PMV-RNA preparations gave typical nucleic

ratios of 2.0 and purified

/

acid spectra with A

260 am’ 2280 nm

| o




PMV-RNA migrated as a single band (MW ca. 2.2 X 106)

in SDS acrylamide gels. RNA concentrations were estimated

assuming Egéé‘nm 25.0.
2.4 Purifjcation of other viral RNAs .

2.4,1 Clover Yellow Mosaic Virus (CYMV) RNA

CYMV was grown in Pisum sativum L. var Little

Marvel and was purified as for PMV except that butanol~
chloxroform was not used and Triton X-100 was always added
to 0.5%Z (v/v) to the supermnatant liquid obtained after the
first low speed centrifugation. CYMV-RNA was extracted as

for PMV-RNA.

2.4,2 Tobacco Mosaic Virus {TMV) RWNA

TMV was grown in Nicotiana tabacum L. var Burley,

cilarified with butanol-chloroform and purified by different- ,
ial ultracentrifugation according to standard procedures.

TMV-RNiA was obtained by phenol extraction.

2.4.3 Brome Mosaic Virus (BMV) RNA

BMV was grown in Horxrdeum vulgare L. var Herta,

clarified at pH 4.8 and purified by differential ultra-

centrifugation according to standard procedures. BMV-RNA

was obtained by phenol extraction.




All the above viral RNAs were assumed to have

0.1% _
an E260 am 25.0.
2.5 Other nucleic acids
Salmon-sperm DNA was obtained from Sigma and an
0.1% _ o
E260 am 22.0 was used, The polynucleotides were all A
grade obtained from Calbiochem. Extinctions of Eo'lé
257 qum
0.1% _ 0.1% _ 0.1% _
29.6, E269 om 20.6, E260 am o 29.5 and E246 I 30.9

wvere used for poly A, poly C, poly U and poly I, respectively.

2.6 Cytosine modification of PMV-RNA

PMV-RNA at 5 - 6 mg/ml in water was treated with

2 M sodium sulfite, pH 5.8, for 24 hr at 25°% (Hayatsu et al.,

19705. Under these conditions, cyvtosine is changed to 5, 6-
dihvdrouracil sulfonate which is converted into uracil by
dialysis against 0.0l M borate buffer, pH 8.5 after 24 kr

at 5°C. Transformed RNA was precipitated by 2 vol of ethanol
before use. The reaction converted 50 to 75% of PMV-RNA

cytosine into uracil as measured by paper chromatography.

2.7 Protein assembly

The protein assembly experiments reported irn
Chapter 3 employed starting protein at pE 3.0 (0.01 M

glycine~HCl buffer) or pH 8.0 (0.01 M Tris-HCl buffer)

(see also section 2.3, this chapter). Assembly experiments




were performed by adjusting the ionic conditions by 48
hour dialysis at 4°c prior to analysis. Assembly products
were assayved by electron microscopy and by analytical ultra-—

centrifugation, as described below.

2.8 Analytical ultracentrifugation

Jod

A Beckman Model E analytical ultracentrifuge equipped

with Schlieren optics was employed to analyze the polymor-
phism of PMV coat protein under a variety of experimental
conditions. Sedimentation coefficients are reported in
Svedberg units S after correction to water at 20°c. At low
protein concentrations S values were sometimes determined
using UV absorption optics. In this cegse, scans of the

cell image were taken at 280 nm and the radial positions T,
of the inflection points (mid-points of the sedimenting bound-
ary) of the concentration distributions were estimated graph-

icaily. A& plot of the log r; vs time directly yields S.

2.9 Molecular weight determinations of the PMV coat

protein

2.9.1 Polyacrylamide gel electrophoresis

Molecular weight determination of the PMV coat
protein subunit was performed essentially according to the

method of Weber and Osborne (1969). Purified virus, protein

and protein standards were dissolved in dissociation medium,




0.1 M phosphate buffer, pH 7.0, ceontaining 1% 2-mercaptoe—
thanol (2-ME) and 1% sodium dodecyl sulfate (SDS), at 200-
300 ug/ml and were dissociated by heating feor one minute

in a boiling water bath. The densities of the samples were
increased for layering by the addition of 1 - 2 drops of
sterile glycerol. Usually about 25 ul of sample was
layered per gel. Gels were 7.5% acrylamide (monomer:bis
ratio = 37.1) and contained the same buffer-SDS composition

as the running buffer: 0.1 M phosphate buffer, pH 7.0,

0.1%Z SDS. Gels weré typically run at 8 mA/gel for 3 1/2

hrs (5 hrs at 5 mA/gel gave indistinguishable results). 5 ul
of 0.05% bromophenol blue, diluted 1:1 in dissociation medium,
was added to each gel along with the sample. At the end

of electrophoresis gels were removed and scanned with a
Joyce=Loebl UV densitometer, and the peak positions of the
protein bands relative to that of the marker dye were used

to calculate relative mekhilities. Alternatively, gels were
sliced at the position of the marker band, stained in 0.25%
Coomassie Brilliant Blue R (methanol:distilled water:acetic
acid = 227:227:46), destained (methanol:water:acetic acid =
50:875:75), and the positions of the stained protein bands
relative to the toctal gel length (after slicing) were used

to calculate relative mobilities. The results from both

procedures were indistinguishable.




Cytochrome ¢ (13,400 daltons), cowpea chlorotic
mottle virus coat protein (19,600 daltons) and aldolase
(37,500 daltons) were employed as protein
standards. The relative mobilities of the standards were
plotted vs log molecular weight and, using a linear least-
= squares routine to derive the slope and intercept for the
empirical plot, the molecular weight of the PMV protein

subunit was estimated from its relative mobility.

2.9.2 Sedimentation equilibrium

Molecular weight determinations of the PMV coat
protein subunit were performed by sedimentation egquilibrium
using a Model E ultracentrifuge equipped with split-beam
UV absorption scanning capabijlities. Standard procedures
for centrifugation and data handling were employed

(Chervenka, 1969). Sedimentation was performed in a model

An-F rotor equipped with double sector celis. 0.04 AZSO
units/ml of PMV protein in 0.01 M glycine-HC1l buffer,

pH 3.0, was centrifuged in one-half of a double sector cell
at 15,220 rpm, 15°C, for 48 hrs, by which time a stable
concentration distribution had formed. The other half of
the cell contained an equal volume of 0.01 M glycine-HC1

buffer and this provided an internal correction for any

é abscrbance due to the buffer system.

Once a stable distribution had formad a UV scan

of the ccll image was taken at 280 nm and was used to




determine the radial dependency of protein concentration.

Molecular weight values were calculated from the equation

. 2RT . dlnc

M = — 7 5
(1-vp)w dr

where M = molecular weight

R = gas cecnstant (8.313 X 107 ergs/deg mole)

T = absolute temperature (deg Kelvin)

v = partial specific volume (ml/gm)

£ = solution density (gm/ml)

w = angular velocity (radians/sec)

¢ = concentration (A280 units)

r = distance frem the axis of rotation (cm)

The v of PMV protein was calculated from its amino acid com-

position to be 0.727 ml/gn.

2.10 Virus reconstitution

All solutions employed for reconstitution studies
were prepared with sterile, de-ionized, glass-distilled
H20. PMV-RNA, stored in ethanol at —2000, was collected
by centrifugation at 1,500 g for 5 min in a clinical centri-
fuge and was dissolved in water and adjusted to 1 mg/ml.
PMV coat protein, stored in water at 4°C, was diluted to
the apprcpriate concentration in water and equilibrated at
the desired temperature in a water bath. The pH of the
reaction was pre-adjusted by addition, to the protein in

vater, of the appropriate 1.0 M buffer to a final concentra-

tirn of 0.01 M and raconstitution was initiated immediately

thereafter by addition of a small aliquot of RNA to the
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buffered protein solution. Protein and RNA concentrations
of 1 mg/ml and 0.05 mg/ml, respectively, in 1 ml of 0.01 M
Tris, pH 8.0 and 25°C were usually used. For the reconsti-
tutions in NaCl, the zero time salt adjustments were made
just prior to the pH adjustments by addition, to the
protein in water, of the appropriate volume of 2.0 M NaCl.
Reconstitution reactions were usually stopped after 30 min
by the addition of 4 M NaCl to a final concentration of

0.2 M prior to assay.

For the kinetics experiments reconstitution
reactions were stopped by the addition, at the desired times,

of NaCl to a final concentration of 0.2 M.

2.11 Infectivity assays

The infectivities of reconstitution mixtures,
incubated after the WaCl treatment with 1 unit ribonuclease
Tl (Calbiochem) per 50 pg RNA for 30 min at 37°¢, were

assayed on Gomphrena globosa L., a local lesion host for PMV

(Purcifulil and Hiebert, 1971). The assays were arranged SO

that 8 — 10 half-leaf comparisons were made for each treat-
ment against a suitable control. Infectivities are expressed

as percent of control infectivity.

2.12 Turbidimetxry

A Pye Unicam SP 1800 recording spectrophotometer
was emploved ro measure turbidity at 310 nm. For kinetic

studies, solution additions to the cuvettes were made in

the dark. Cuvette temperatures were controlled by means




0f a variable temperature, circulating water bath connected
to a water—jacketed cuvette block. For the temperature-—
jump kinetics, the sample temperature was measured in-
directly by a thermistor placed in a cuvetie immediately

adjacent to the sample.

The appropriate blanks are indicated in the
figure legends. For the reconstitution kinetics, the
blank was always a solution of protein, NaCl and Tris-HCl
buffer, all at the same final concentrations as contained
in the sample. PMV-RNA, at the low concentration employed

(50 pg/ml), has no measurable turbidity at 310 nm.

2.13 Electron microscopy

Reconstitution mixtures were examined for mor-
phology in the electron microscope both before and after
the addition of salt. Samples treated with NaCl were

diluted as required and pipetted onto carbon-coated Formvar

hil
N

grids and stained with 1% uranyl acetate, Untreated samples

were pipetted directly, without dilution, onto grids and
stained. The products of protein assembly were examined
in a similar manner but without prior salt addition or

dilution.
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2.14 Particle length measurements

Nucleoprotein particles, formed after various
assembly times, were stained with 1% uranyl acetate on
copper grids covered with a support £ilm of carbon—-coated
Formvar. These were examined in a Phillips 200 electron
microscope for areas with suitable particle density and
staining quality. Several times throughout the course
of photographing at a given magnification settiag, micro-
graphs of a copper diffraction grating, employed as an
external standard, were taken for calibration. Negatives
were projected, using a microfilm reader, onto plain white
paper and the particl: images were traced. The lengths
were measured individually using either a ruler, for
straight particles, or a map measuring device, for curved
ones. It was found that a magnification factor of approx-
imately 1mm/5 nm was suitable for drawing and measuring
particles from the size range observed (about 20 - 560 nm) .
The total magnification factor was determined by measuring

the projected negative image of the diffraction grating.

Particle lengths were converted from mm into nm
using the total magnification factoxr, and particle length
distributions for each time point were constructed with
the aid of a PDP10 computer and a Calcomp plotter. Particles

were grouped into 14 leagth classes, each of which spanned

40 nm. Number (¥) and weight (W) average particle lengths
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were calculated according to the formulae

X nili z nili2
N = o and W o= T ol
i i~4

where n; represents the numbexr of prrticles that fall into

the 1th length class and li is the median length for the
ith length class. The total numbers of particles measured

for each experiment are reported in the legends to the

histogram figures.

!
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CHAPTER 3

THE PMV COAT PROTEIN SUBUNIT AND
ITS FOLYMERIZATION INTO HELICAL RODS

3.1 Introduction

The coat protein from TMV can self-assemble to
form virus-like helical rods (see Chaptexr 1). Under cer-
tain conditions, however, aberrant stacked-disc structures
can also be formed (Franklin and Commoner, 1955; Durham et
al., 1971). Helical and stacked-disc rods are also made
by the coat protein of barley stripe mosaic virus (Atabekov

t al., 1968). Tobacco rattle virus protein has been

shown to form short helical aggregates of double discs as
well as more complex rod~shaped structures, but long helices
and stacked-discs have never been observed (Morxrris and

Semancik, 1973; Fritsch et al., 1973b).

In contrast to the rigid rod viruses, the coat
proteins from flexuous viruses have so far been assembled
only into the stacked-disc form of a rod (see Chapter 1)
and, in the case of narcissus mosaic virus protein, two-

start helices (Robinson et al., 1975).

The results in this chapter show that the coat
protein from PMV will self-assemble into virus—-like helices
in the absence of RNA. Some properties of these particles
were examined and some environmental parauaeters were

established. A preliminary report has been published
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(Exickson et al., 1976).

3.2 The protein subunit

Estimates of the molecular weight cof the PMV
coat protein subunit were obtained by electrophoretic and
hydrodynamic methods. PMV coat protein, either purified
or freshly dissociated in SDS, migrated as a si-yle species
in 7.5% aerylamide gels containing 0.1% SDS. The average
molecular weight of the protein was around 22,000 daltons.

Coat protein degradatiom products with molecular weights

of 13,000 - 14,000 and 15,000 - 16,000 daltons were observed
with 0ld or bacterfalliy centaminated virus and protein prepar-

ations.

Independent molecular weight estimates for the
protein subunit were also obtained by sedimentation equil-
ibrium. The aggregation of PMV Qfotein in&gwa variety of
polymers is concentration dependent, so that a monodisperse
aqueous solution of monomers can only be obtained with Eilute
protein (0.l mg/ml) at moderate jenic strength (0.1 M NaCl)
or with moderate concentrations of protein (0.5 mg/ml) com- :
bined with extremes of pH {(pH 3.0 or pi 10.0) and low ionic
strength (0.0l M salt). At 0.4 mg/ml in 0.01 M glycine-
HC1 buffer, pH 3.0, a moleculac weight of 21,600 & 3,000
daltons was obtained for the PMV protein subunit. At 0.1
mg/ml in 0.01 M MES buffer, pH 6.0, containing 0,1 M NaCl - J

a molecular weight of 20,300 p 3,000 daltons was obtained.




The values for the molecular weight of the PNV
coat protein subunit obtained by these different methods
are in good agreement with each other, and also agree
clogely with the value of 22,500 daltons determined f£rom
the amino acid composition of the subunit (Bancroft and

Rees, unpublished data).

o

At 0.3 mg/ml in 0.01 M glycine-HCl buffer, ph 3.0,

o

the PMV protein subunit sediments at 1:.9S in the analytical

ultracentrifuge as determined by UV absorption.

e, oinag  paa Ak W o

3.3 Environmental requirements for polymerization

3.3.1 pH

The effect of pH on the state of aggregation of : :f

PMV coat protein at 20°C was studied by analytical ultra-

s 4 g we o

centrifugation. Preliminary assembly experiments were
performed by adjusting ionic conditions by 48 hour dialysis
at 4°¢ prior to examination at 20°Cc. To allow for unfore- .
seen hysterecsis effects, the starting protein was eithex

at pH 3.0 (0.01 M glycine-HCL buffer) or pH 8.0 (0.01 M

tris buffer). A single species sedimenting at 2.7S probably
corresponding to a dimer was found at pH 3.0 whereas the

pH 8.0 material contained what appeared to be a series of
small aggregates sedimenting between 14 and 33S (Fig. 1A).

Closer inspection showed that the pH 8.0 pattern was consist-

ent with the sedimentation patterm expected for two species,

one sedimenting at around 14S and the other at about 2538




(see Chapter 4). Both types of starting preparation gave
the same products upon further treatment. At pH 4.0

(0.01 M citrate buffer), polymers sedimenting at 14, 100 -
120 and 230 - 2505 were formed (Fig. 1B). Such prepara-
tions were birefringent and ccntained very long particles
(Fig. 2A). At pH 5.0 (D.01 M acetate buffer) and 6.0(0.01 M
2-(N-morpholino) ethanesulfonate (MES)), tke only product
made was the 148 species (Fig. 1C, 1D). This may corxre-
spond to a double ring of subunits (see Discussion). A
marked hysteresis effect was observed since protein initially
assembled at pH 4.0 contained material which sedimented at
113 and 236S after dialysis to pH 5.0 (Fig. 1lE). This
material was dissociated wupon further dialysis to pH 6.0
(Fig. 1F). 1If the assembly experiments were performed in
0.2 M NaCl, the same general pattern of results as found
at the lower ionic strength were obtained in that large
numbers of sinuous particles were found only at pH 4.0.
Howvever, these were not as long as observed in the absence
of NaCl, the sedimentation coefficient being 73S (Fig. 1G)
and the particles being clearly shorter as seen in the
electron microscope. At pH 5.0 and 6.0, the principal
species sedimented at 148 (Fig. 1lH, I), a small amount of
faster sedimenting material (101S) sometimes being found.

The polymorphism of PMV coat protein at neutral and alkaline

pH levels will be described in detail in the section on virus

assembly (Chapter 4).
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Fig. 1. Schlieren diagrams of papaya mosaic virus pro-
tein after various treatments. (&) Upper: 14 and 33S
products in 0.01 M tris buffer, pH 8.0, after 13 min at
*1,640 rpm; lower: 2.7S5 species in 0.01 M glycine-HCI

buffer, pd 3.0. (B) 14 117 and 248% products in 0.01 M

citrac =2 buffer, pH 4.0, after 5 min at 29,500 rpm. (C) 14§
product in 0.01 M acetate buffer, pH 5.0, after 31 min at
52,640 rpm. (D) 14S product in 0.01 M MES, pH 6.0, after
31 min at 52,640 rpm. (E) 113 and 236S products after
dialysis of (B) versus 0.01 M acetate buffer, pH 5.0, after
5 min at 29,500 rpm. Note the diffurence between (C) and
(E). (F) 14 and 106S products after dialysis of (E) versus
0.01 M MES pH 6.0, after 6 min at 29,500. (G) 14 and 73S
products in 0.01 M citrate buffer, pH 4.0, 0.2 M NaCl after
25 min at 29,500 rpm. Note the difference between (B) and
(G). (H) 14 and 101S products in 0.01 M acetate buffer,

pH 5.0, 0.2 M NaCl after 12 min at 29,500 rpm. The 101S
product has not been observed under the same centrifugal
conditions in the absence of NaCl. (I) 14S product in

0.01 i MES, pH 6.0, 0.2 M NaCl after 12 min at 29,500 rpm.

Protein concentration was about 2 mg/ml at various bar angles.

Sedimentation is to the rvight.







The structure of the particles made at pH 4.0
was resolved by optical diffraction. Electron micrographs
for fine structure analysis were made of samples prepared
by the method of Horne et al. (1974; 1975). Polymerized
protein and native virus are shown in Fig. 2B and C and
the corresponding optical diffraction patterns in Fig. 2D
and E. Both types of particles have a helical configura-
tion with a pitch of about 3.6 nm and a diameter of about
13.0 nm. Subsequent analyses have shown that the helix

in toth the virus and the protein rods repeats in four

turns.

3.3.2 Temperature

In the polymerization experiment§ described above,
the dialyses were done at 4°C whereas the sedimentation
analyses were carried out at 20°C. To determine whether
the temperature increase had an effect on the assembly of
protein into 14S polymers as well as helices, lov molecular
weight (3S) protein was dialyzed in the cold to pH 4.0
and pH 6.0 in the presence of 0.2 M NaCl and analyzed in
the ultracentrifuge at low temperature. At pH 6.0 a major
species sedimenting at 145 was found along with lower mole-
cular weight protein (Fig. 3A, upper). At pH 4.0, only
the 148 polymer was observed at 6.4°C in contrast to the
results at 20°C (F<g. 2A, lower). Thus the formation of

protein helices and, to a lesser extent, 1l4S polymers




Fig. 2. Electron micrographs and diffraction patterms

of papaya mosaic virus protein and virus. (A) Photograph
of material from Fig. 1 (B) (X54,000). (B) High resolution
photograph (X200,000) of the same material compared with

(C) virus (X130,000). (D) and (E) diffraction patterns of
(B) and (C), respectively. The near meridional reflections
correspond to a helical pitch of 3.6 nm and the equatorial

ones tc a center-to~center spacing of 13.0 nm.
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Fig. 3. Schlieren patterns cf PMV protein polymerized

under various conditions. (A) Protein at 2 mg/ml was

dialyzed at 5°C for 24 hr in 0.2 M NaCl at pH 6.0 (0.01 M

MES) (14S and slower sedimenting material, upper) or in 0.2
M NaCl at pH 4.0 (0.01 M citrate buffer (14S, lower). Run
conditions: 6.4°C, 35,600 rpm, photograph taken at 19 min.
(B) Protein at 1.5 mg/ml was dialyzed at 5°C for 24 hr:
upper, 14 and 725 polymers in 0.2 M NaCl at pH 3.5 (0.01 M
citrate buffer); lower, 14 and 685 polymers in 0.5 M NaCl
at pH 4.0 (0.01 M citrate buffer). Run conditions: S.SOC,
35,600 rpm, photograph taken at 12 min. (C) Protein at

2 mg/ml was dialyzed at 5°C for 24 hx in 0.2 M NaCl at

pH 4.5 (0.01 M citrate buffer) (14 and 56S polymers). Run

conditions: 20.500, 35,600 rpm, photograph taken at 12

min. Sedimentation is to the right.




VAR o B TRAT WEE R A s s
[REORENEEEIH O X Ve A




requires heat. Polymerizatisa at lower temperatures did
occur, however, when the pH wvas lowereé or the NaCl con-
centration raised. Thus, in the presence of 0.2 M NaCl

at pH 3.5 (Fig. 3B, upper) or in 0.5 M NaCl at pH 4.0
(Fig. 3B, lower) major species sedimenting at 72S and 68S,
respectively, are found. On the other hand, rod formation

is inhibited at pH 4.5 even at 26°¢ (Fig. 3C).

It is clear from the above results that the
formation of protein rods in the earvlier experiments must
have occurred during the brief warming periocd that took
place just prior to the centrifugations at ZGOC and so it
became desirable to determine if the assembly reaction was
complated in that time. PMV protein was dialyzed to pH 4.0,
0.2 M NaCl at room temperature for 3, 6, and 12 hours prior
to sedimentation analysis. The extent of polymerization
was compared with an identical protein preparation which
was dialyzed for 12 hours at 4°C and warmed just before
centrifuging. The results were the same in all cases and

demonstrated that protein rod formation was rapid and com-

o , o .
Jete within minutes at 20°C (Fig. 4).
p g

3.3.3 pH reversibility

The above experiments suggested that a rapid
equilibrium is achieved between the 14S polymers and

high molecular weight reds. This is supported by an ex-




Fig. 4. Schlieren patterns of PMV protein polymerized

for various incubation periods at pH 4.0. Protein at 2 mg/ml
in 0.01 ¥ tvis buffer, pH 8.0, was dialyzed versus 0.01 M
citrate buffer, pH 4.0, contzining 0.2 M NzCl, for 3 hr

(81S polymer, upper left), 6 hr (79S polymer, lower left),
and 12 hr (728 poiymer, upper right) at 2200 and for 12 hr at
5% (725 polymer, lower right). Run conditions: 21.50C,
29,500 rpm, photograph taken at 13 min. Sedimentation is

to the right.







PMV protein is reversible with respect to pH. Starting
protein at pH 8.0 (Fig. 5A), consisting mostly of the

258 aggregate with some 14S present, was dialyzed to pH 4.0
to form rods sedimenting at 79SS (Fig. 5B). When the rods
were back-dialyzed to pH 8.0, only the 14S and 255 polymers
were found (Fig. 5C), the rods having dissociated. The
protein concentration was reduced due to dilution from the
back-dialysis and gave rise to the smaller schlieren peaks
and also to the lower S value for the larger polymer in
Fig. 5C (see Chapter 4 for protein concentration effects

at pH 8.0). o

3.3.4 Control of the extent of polymerization

Rod formation in 0.2 M NaCl at pH 4.0 usually
resulted in a surprisingly homogeneous population of polymers
sedimenting at between 70 - 80S. To determine which factors
control the extent of rod length during polymerization,
two sets of experiments were performed in which either
cold (Fig. 6A) or warm (Fig. 6B) 14S protein was added
to freshly formed rods at pH 4.0 in an attempt to induce
further growth. If the rate of growth onto existing rods
greatly exceeds the rate of spontaneous nucleation of new
rods then, in the extreme case, added 14S protein would
polymerize onto pre-formed rods exclusively (Fig. 6, Al and
Bl). 1If, on the other hand, nucleation is relatively rapid

and the equilibrium condition at 20°C is reached quickly




pPH reversal of rod formation. PMV protein at

no J
HFLeF)

1, consisting of the 14S and 255 (31S as actually
measured) polymers at pH 8.0 (0.01 M tris buffer) (A), was
rolymerized to 73S wmaterial by 24 hr dialysis at 59C to

pH 4.0 in 0.01 M citrate buffer containing 0.2 M NaCl

(B). The polymers in (B) were then back~dialyzed for

24 hr to pH 8.0 (0.0l M tris buffer) and dissociated to

the 14S and 255 (22S as actually measured) polymers

(C). Run conditions: (A) and (C), 22.8°C, 52,640 rpm;

(B), 29,500 rpm. Photographs taken at 13 min. Sedimenta-

tion is to the right.







Fig. 6. Scheme used in the rod elongation experiments.

(A) cold protein additiomns at pH 4£.0;: {B) warm protein

addition at pH 3.0. o, 14S protein; ¥ | protein

helices. The outcomes illustrated in each experiment re-
present the extreme cases which may result from the
addition of an equal weight of protein to pre-formed rods:
either doubling the length of the rods (Al and Bl) or
doubling the number of rods with no change in length (A2

and B2).
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(see section 3.3.2) then, at constant protein concentration,
the outcome should be independent of the starting ratio

of polymerized protein/l4S protein (Fig. 6, A2 and B2).

In the first exp:riment, cold 14S protein at pH 4.0
(Fig. 7C, lower) was added to freshly formed rods (Fig. 7A).
The resulting preparation gave a sedimentation pattern

(Fig. 78) indistinguishable from that of the starting rods

(Fig. 74) (result A2 in Fig. 6). Also, if rods were cooled

o . s . .
to 4 C prior to the addition of cold protein and sedimented

at 5° the majority of the polymers were dissociated to the
14S species (Fig. 7C, upper), thus demonstrating that rod

formation is reversible with respect to temperature.

In the event that the addition of the cold pro-
tein solution induced some depolymerization of the rods in
the above experiments, a second set of experiments was per- ;
formed in which warm 14S protein at pH 3.0 (Fig. 8A, upper)
was added to polymerized protein at pH 4.0 (Fig. 8A, lower)
at 20°c. The resulting preparation again yielded a sed-
imentation pattern (Fig. 8B, upper) similar to that of the
starting rods (result B2 in Fig. 6A). A mixing control
was performed by diluting twice-concentrated rods at pH 4.0
1:1 with pH 3.0 buffer. The result (Fig. 8B, lower) in-
dicated that the rapid mixing probably did not affect the

outcome of this experiment.

The results of the above two experiments are




&Y

Fig. 7. Effect of addition of cold 14S proteéein to
protein rods. Protein at 2 mg/ml was dialyzed at 5°C for
24 hr versus 0.01 M citrate buffer, pH 4.0, containing
0.2 M MaCl and was treated in the following manner: (A)
1 mi warmed to 20°C for 30 min sedimented at 14S and 75S

at ZOOC; (B) 1/2 ml warmed to 20°C for 30 min followed

by the additicn of 1/2 ml cold (4°C) protein sedimented

at 14S and 80S at 20°C; (C) wupper, 1/2 ml warmed to 20%¢

for 30 min then cooled to 4°C for 30 min followed by the

- - - . o ) .
addition of 1/2 mi of cold (4 C) protein sedimented at 148

and 98S% at 5°C; lower, 1 ml sedimented at 14S and 1028 at

5°¢c. Run conditions: A-C, 29,500 rpm, photographs taken

at 13 min. Sedimentation is tc the right.







Fig. 8. Effect of addition of warm 148 protein to

protein rods. Protain at 2 mg/ml was dialyzed at 5%

for 24 hr versus 0.02 M citrate buffer, pH 4.0, containing

0.4 M NaCl and was poclymerized by warming to 20°C for

30 min. 14S protein was prepared by dialyzing protein

at 2 mg/ml at 5°C for 24 hr versus 0.001 M citrate buffer,

pH 3.0, and warming to 206°C for 30 min prior to use. {(A)

upper, pH 3.0 protein sedimenting at 145 at ZOOC; lower,

pPH 4.0 protein sedimenting at 828 at 20°c.  (B) upper,

1/2 ml of pH 4.0 protein to which was added 1/2 ml of

pH 3.0 protein sedimented at 7585; lower, 1/2 ml of pH 4.0

protein (4 mg/ml) plus 1/2 ml of 0.001 M citrate buffer,

pH 3.0, sedimented at 78S8; the final pH of these samples
o

was 4.0. Run conditions: 20°C, 29,500 rpm, photographs

taken at 14 min. Sedimentation is to the right.
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consistent with each other and suggest that the control of
rod length, in the presence of NaCl, can be explained most
simply as a consequence of a rapid spontaneous nucleation
S of growing helices followed by a fast approach to the equil-—

i ibrium condition.

Ionic strength

e e ek S
W
.
w
.
W

Raising the NaCl concentration from 0.2 M to

PO T p——

0.5 M, while tending to salt=out the rods, otherwise had

: little noticeable effect on their formationm at pH 4.0 (Fig.
9A). At 0.5 M NaCl the protein precipitated and gave rise
to structureées which had a rope-1like appearance in the
electron microscope and apparently consisted of two or

more intertwined helices (Fig. 9B, C).

3.3.6 Cation effects

The effects of replacing Na+ with other mono;alent
Group I and divalent Group II metal catioas om rod formation
were investigated. The natuxre of the Group I cation was
apparently unimportant since 0.2 M LiCl and CsCl gave
results indistinguishable from those obtained with NaCl
(Fig. 10A, B). On the other hand, Group ITI divalent cations

exerted an inhibitory effect on polymerization. The sedi-

mentation coefficient of the rods was reduced to around
56S in the presence of 0.1 M MgClz, CaClz, SrCl2 or BaCl2

(Fig. 10C - F). Also the yield of rods was decreased,




o ¢ 1

Fig. 9. Efiect of NaCl concentration on PMV protein polymer-
ization. (A) Schlieren patterns of PMV protein polymer-
ized in the presence of increasing NaCl levels. Protein

at 2 mg/ml was dialyzed at 5°c for 24 hr versus 0.01 M
citrate buffer, pH 4.0, containing 0.3 M NaCl_(ﬁSS,_lower)
or 0.4 M NaCl (68S, upper). Run conditions: 'i0.6°C,
29,500 rpm, photographs taken at 12 min. Sedimeqtation is
to the right. (B) and (C) High and low magnggication
electron micregraphs of PMV protein ropes. Protein at

2 mg/ml was dialyzed at 5°C for 24 hr versus 0.01 M citrate
buffer, pH 4.0, containing 0.5 M NaCl. Ropes were formed
upon warming to room temperature, immeé;;tely upon which

the protein formed a white precipitate. Bars represent

10C nm. :
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Fig. 10, Cation effects on protein rod formation. PMV
protein at 2 mg/ml was dialyzed at 5°Cc for 24 nr versus
0.01 M citrate buffer, pH 4.0, containing: (A) 0.2 M

LiCl (14S and 718); (B) 0.2 M CsCl (14S and 68S);

(cy 0.1 M Mjg(:iz (14S and 578); (D) 0.1 M CaCl, (148
and 578); (E) 0.1 M SrCl2 (14S and 568); (F) 0.1 M
BaCJ.2 (148 and 53S). Patterns (C) - (F) also contained

a trace of some high molecular weight material sedimenting
around 100S. Run conditions: 29,500 rpm. (A} and (B),
21.2°C, photograph taken at 13 min; (C) and (F), 20.0°C,

photograph taken at 13 min; (D) and (E), 20.8°C, photograph

b o B, A Y Sl 11 g G Wi P A 585 o 6]

taken at 17 min. Sedimentation is to the right.
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BaCl2 effecting the most drastic reduction.

3.4 Discussion

The coat protein of PMV has a molecular weight
of around 22,000 daltons and is similar in mass to the
PVX protein subunit, MW ca. 23,000 daltons (Goodman, 1975).
The most prevalent polymeric form of PMV proteinm inm a
variety of environmental conditions sediments at about
14S. By applying a rationale similar to that used by Caspar
(1963) in calculating the number of subunits in the 205 disc
of TMV protein, it is predicted that the 145 polymer of
PMV protein exists as a double layer ring structure consist-
ing of about 17 subunits. Hewever, no obviocus disc-type

structures, such as those seen with TMV 20S protein (Durham

t al., 1971) and TRV 36S protein (Fritsch et al., 1973b;
Morris and Semancik, 1973), have been observed for PMV

protein in the electron microscope.

Although there is some indication that the forma-
tion of the 14S polymer is temperature dependent (especially
at alkaline pH, see Chapter 4) this aggregate cenerally pre-

vails at low temperature over a wide range of pH in contrast

to the TMV protein disc (Lauffer and Stevens, 1968; Durham

and Klug, 1971). It is also stable at moderate (0.2 M)
NaCl concentration in contrast to the TRV protein disc
(Moxrris and Semancik, 1973). Thus, while disc-like structures

may be a general subassembly aggregate for coat proteins




from simple rod-shaped viruses, their stabilities, which
are reflected in the environmental requirements for their
formation, may vary widely. Fourteen S polymers have

also been observed with the coat protein of clover yellow
mosaic virus (data not shown), another member of the PVX
group, but they have not yet been reported for the PVX coat

protein, although they precbably occur.

PMV protein gpossesses the capacitv to self-assemble
into nucleic acid-free rods which have the same helical para-
meters as the pative virus. This indicates that protein-
protein interactions play a predominant role in the forces
that stabilize the PMV particle. The basic requirements
for rod formation, acidic pH and elevated temperature, are
similar to those for TV protein polymerization (Lauffer
and Stevens, 1968; Durham et al., 1971). Rod formation is
reversible with respect to temperature as well as pH, al-
though some hysteresis was observed over a nmarrow pH range.
Thus, the self-assembly reaction for PMV protein is probably
entropy—-driven, as it is with TMV protein (see Lauffer, 19753),
and this suggests that entropy-stabilized interactions are

of major importance to the stability of the PMV particle.

PMV protein will also assemble into rods at 4%¢

if it is dialyzed for several days at pH 4.0 in 0.035 M KCl.
Such rods are stable up to pH 7.5 (Durham and Bancroft, in
preparation). Similar stability to low temperature and

high pH is characteristic of rods which have been standing




at 20°C for several days after having first been polymerized

. o .
by warming frem 4 to 20°C in the usual manner. The ener-

getic relationship between these highly stable rods and
those which are made reversibly after short times is un-

clear.

At low ionic strength at pH 4.0, a heterogenously
sedimenting population of rods, many of which are extremely
long, was found. The polymerization of TMV protein is
favored at high ionic strength (Lauffer and Stevens, 1968).
At 0.2 M NaCl the polymerization of PMV protein yields a
shorter and more homogeneous population of rods, sediment-
ing at 70 - 80S, than found in the absence of the salt.
Because of the reproducibility and character of this
reaction, further studies on the protein polymerization

were conducted at moderate ionic strengths.

A stable length distributicn of rods was reached

rh
1t

within minutes after warming cold 148 preotein, at pH 4.0,
to ZOOC, suggesting that some equilibrium conditicn had
been satisfied. A rapid approach to equilibrium combined
with a rapid helix=nucleation step could sexrve to explain
the observations that the addition of 14S protein to pre-
formed protein rods resulted in no change in the lemngth
distribution of the latter. These observations would also

be expected if there were some physical constraints upon

rod formation in these conditions such that rod growth is

prevented beyond a length specified by the accumulation




of electrostatic free energy (Lauffer, 1975, pp. 92f£f) or

of dinteraction free energy due to the accumulation of
assembly errors (Oosawa and Asakura, 1975, pp. 106ff).
Kinetic studies of the polymerization process would be

useful in discriminating between these altermnative hypotheses.

Increasing the NaCl concentration from 0.2 M
had no noticeable effect on the size distribution of polymers
formed but it did promote aggregationm of helices to form
structures giving the appearance of ropes, especially at
0.5 M NaCl. Rope formation appeared to be the result of
a salting-out effect since these structures tended to pre-

cipitate at room temperature. Ropes were not observed at

low temperatures.

Changing the cation from Na+ to Li+ or Cs+ had
no noticeable effect on the protein polymerization; however,
the Group II metal cations reduced both the average size
and yield of rods. The cations tested may be ordered in
decreasing effectiveness with regard to promoting depolymer-

2+ 2+ 2+ + + + . L+
ization: Ba > Sr - Ca - Mgz > Cs ~ Na Li .

This ordexr generally follows the Hofmeister or
lyotropic series which approximates the order of effective-
ness of these ions as water structure~breakers and thereby
their potential asdestabilizing or dissociating agents for

structures which are stabilized by entropic unions (Hatefi

and Hanstein, 1969; Dandliker and deSaussere, 1971). This




intcrpretation is consistent with the idea that the protein-
protein interactiomns in the helix are entropy-stabilized.
However, caution must be exercised in interpreting salt=-
specific effects on macromolecular interactions, as was
pointed out with regard to the salt-induced disassembly of
PVY (McDonald and Bancroft, 1977), since the thermodynamics
of simple ionic solutions, and especially of biopclymer

solutions, is poorly understood (see Jencks, 1969).

PVX protein has not yet been shown to assemble
into nucleic acid-free helices. Attempts in our laboratory
to polymerize CYMV protein into rods also have been un-
successful. These observations may mean that protein-pro-
tein interactions are more important for virus sitability with
PMV than for other members of the PVX group. Alternatively,
they may derive from the conditions used for preparing the
proteins. PMV, unlike PVX, will not dissociate in 2 M LiCl

(Francki and McLean, 1968) or 2 M CaCl, (Novikov et al., 1972)

2
at pH 5.0 to 6.0. It will dc so at pH 8.0 but the protein

is insoluble when the CaCl2 is removed and is soluble but

incompetent for virus reconstitution when the LiCl is removed

(data not shown).

Protein from PVY forms long particles composed
of stacked rings or perhaps discs (McDonald et al., 1976)
under conditions (pH 6.0 - 9,0) which are unfavorable to
PMV protein rod formation. It seems that proteins from

different flexuous virus groups have different assembly




requirements, as do proteins from rigid rod viruses such

as TMV (Durham et al., 1971) and TRV (Morris and Semancik,

1973). One basic structural difference between a rigid

rod and a flexuous rod must lie in the radial distribution
of axial interactions between coat protein subunits. Such
geometric constraints do not necessarily rule on the
specific chemical groups involved, nor do they relegate

such groups to a virus with a particular shape. Thus,
carboxyl-carboxylate pairs are critical in the control of
assembly of protein from both TMV (Caspar, 1963) and cowpea
chlorotic mottle virus (Bancroft, 1970) which is spherical.
The pH levels required by PMV protein to make helical
structures suggest that a related mechanism involving acidic
amino acid residues may also be operative in yet another group

of viruses.




CHAPTER 4

THE SELF-ASSEMBLY OF PMV FROM ITS COAT PROTEIN AND RNA

Introduction

The polymerization of PMV coat protein to form
helical rods demonstrated that the isclated coat protein
was active in protein assembly. The next step was to re-
constitute biologically active PMV from its isolated pro-
tein and nucleic acid. This chapter describes the properties
of nucleoproteins assembled under various conditions, some
of which did promoite the assembly of infectious virus-
like particles. The coat protein was found to exist in
a complex equilibrium under conditions most suitable for
virus reconstitution (pH 8.0), and studies oun the protein

polymorphism at pH 8.0 are described.

Experimental results

4.2.1 The effect of pH

The relative infectivities of ribonuclease Tl—

treated virus reconstituted at 25°¢ from pH 6.0 to 10.0 in
0.01 M levels of suitable buffers show that the best pH
for assembly lies between pH 8.0 and 8.5 (Fig. 11). The
yield of virus at pH 8.0 to 8.25 was routinely high (>90%)

as measured by rate density~gradient analyses whereas this




Fig. 11. The effect of pH level on the reconstitution

of PMV. Relative infectivities of nucleoprotein assembled
at pH 5.0 (0.01 M sodium acetate), pH 6.0 (0.01 M 2-(N- mor-
pholino) ethanesulfonate-HCl (MES)), pH 7.5, 8.0 and 8.5

(0.01 M tris-HC1l), pH 9.0, 9.5 and 10.0 (0.01 M glycine-

NaOH) after incubation with 1 unit of RNase Tl per 50 ug RNA
for 30 minutes at 37°C. Such treatment completely inactivated
naked RNA. Assembly conditions: protein concentration, 1
mg/ml; RNA conce&tiation, 0.05 mg/ml; temperature, ZSOC;

time, 30 min. Infectivities are expressed as percentages

of that obtained at pH 8.5.
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was not always true at pH 8.5, so the lower pH levels were

used. The specific infectivity of virus made at these

pH levels was about 2% that of natural virus. { ‘

v A e s s

Nucleoprotein assembly at pH 5.0, 6.0, 7.0 and
7.5 also gave high yields but the particles were segmented,
resulting in a "kinked" appearance (Fig. 12A). The amount
of segmentation was greater at pH 5.0 to 6.0 than at
pH 7:0 and 7:5. Particles made at pH 8.0 to 8.5 were mainly L f‘
sinudus (Fig. 12B). At pH 9.0 the particles had a sinuous »

appearance but were short. No rods were visible at or above i‘

pH 9.5.

Rate density-gradient analyses showed that nucleo-
protein made at pH 6.0 sedimented marginally faster at pH 8.0
than natural virus, presumably because the discontinuities é ;‘
in the former reduced its frictional coefficiemnt. Nucleo-

protein assembled at pH 6.0 was partially degraded by RNase

Tl, probab%y due to digestion of unprotected RNA in the

"kinked" regions, whereas virus assembled at pH 8.0 was

not (Fig. 13).

Attempts were made to correlate the assembly re-

sults with the behavior of the coat protein. In water (pH 5.0

to 6.0) and in solutions buffered at either pH 5.0 or 6.0
in 0.01L M acetate buffer or 0.01 M MES buffer, respectively, H
the protein sedimented as a single species at 148§ (Fig. 144,

B, upper). At pH 7.0, the polymers were heterogeneous,

L LTI
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Fig. 12. Electron micrographs of nucleoprotein assembled
at pH 6.0 (A) and pH 8.0 (B). See Fig.1ll for experimental

conditions. The bar represents 100 nm.
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Sedimentation of PMV assembled at pH 6.0 and
Sucrose density gradient profiles of nucleo-
protein assembled a2t pH 6.0 before and after treatment with
RNase T1 (A and B) and at pH 8.0 before and after Tl treat—
ment (~ and D). Gradients were composed of 10 - 40% sucrose

containing 0.0l M sodium EDTA, pH 8.0. Preparations were

centrifuged for 1 1/4 hours at 36,000 rpm in a Beckman SW

50.1 rotor at 5°C. Sedimentation is to the right. The

arrow indicates the position of native PMV.







Fig. 14. Schlieren patterns of PMV protein at 3 mg/al

at various pH levels. (A) 14S species in 0.01 M acetate
buffer, pH 5.0; (B)  upper, 14S species in 0.01 M MES,

pH 6.0; lower, 13S and 36S species in 0.01 M MES, pH 7.0;
(C) upper, 12 and 24S species in 0.01 M tris, pH 7.5;

lower, 12 and Z7S species in 0.01 M tris, pH 8.0; (D) upper,
15 and 27S species im 0.01 M tris, pH 8.5; lower, 13 and

248 species in 0.01 M glycine, pH 9.0; (E) 3 and 8S

species in 0.01 M glycine, pH 10.0. 1In all cases, buffers
were added to the protein from the same large preparation

10 min before the cells were loaded. All rums were made

at 22 and 23°C at a speed of 52,640 xpm. Sedimentation is -

to the right.

s e

»
o
B

0
K.

\3
Y U PO P,



T " v ' o :.\.,J‘.\ IAJ, o ,44

73

e et = it S et
¥

# P




the principal components sedimenting at 13 and 36S (Fig. 14B,

lower). From pH 7.5 to 9.0 (Fig. 14C and D) the main species
had sedimentation coefficients of 24 and 27S and were in
equilibrium, as will be shown later, with slower sediment-
ing polymers, some of which had SZO,w values of 12 to 15S.
The variations within the two groups of values may reflect
experimental error although other explanations are possible;
nevertheless, the sedimentation coefficients of the slower
and faster species were taken to be about 14 and 258, as
averaged values from many rums. At phH 10.0, the 14S species
which occurs in water is dissociated into two principal
protein species sedimenting at 3 and 8S (Fig. 14E). On the
basis of the sedimentation analyses alone, it might have
been expected that the appearance and infectivity levaels of
particles made between pH 7.5 and 9.0 would be about the

same, but this was not so.

The rate at which preotein was converted from the
14S species in water at pH 5.5 to the 258 form upon addition
of pH 8.0 tris buffer to 0.01 M was measured by turbidimectry.
The reaction was complete within 30 sec, suggesting that
equilibrium was reached within that period (Fig. 15).

This means that prolonged preincubation of protein at

pH 8.0 is not required for reconstitution.

P




Fig. 15. Kinetics of 14S -~ 25S interconversion in response
to pH. 1 ml of protein at 1 mg/ml in water (pH 5.35) at

25°¢C was brought instantaneously to pH 8.0 by the addition

of 10 pl of 1.0 M tris, pH 8.0. Turbidity increase was
monitored at 310 nm. The reference cell contained an equal
weight of protein in 0.01 M tris, 0.1 M NaCl, pH 8.0. The
presence of NaCl prevents formation of the 255 species {(see
text, below). The arrow denotes time of addition of the

buffer.
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4,2.2 The effect of temperature

Virus assembly, as measured by infectivity re-~

sistant to RNase Tl, was not efficient below about 25°C

in 0.01 M tris buffer, pH 8.0 (Fig. 16A). However, partial
rod growth did occur at lower temperatures as shown by
turbidity and length measurements (TFig. 16B); Below about
lOOC, a length of about 50 nm (number average) was attained
by particles in assembly mixtures. Complets rod growth re-—
quired an elevated temperature. These facts infer that

PMV assembly is comprised of two distinct processes: an
early, temperature-dependent event followed by a cold-
sensitive phase as shown in the Arrhenius plot (Fig. 17).
These two processes, which will be described more fully 4in

the subsequent chapters, are defined as initiation and elong-

ation, respectively.

Several other temperature-dependent aspects of
elongation are of interest, Rod growth, once underway at
a permissive temperature, can be stopped simply by cooling
the assembly mixture to a non-parmissive temperature. This
led to the discovery of partially reconstitutad rods, termed
"extended particles". Such particles are characterized by
a8 long narrow structure issuing from one end of a normal
helix (Fig. 18A). Extended particles can also be detected
after short incubation periods at 25°¢ (Fig. 18B). That
extended particles are probably nucleoprotein structures was

suggested by their sensitivity to RNase A. No such structures




i

<

Fig. 16. The effect of temperature on the reconstitution
of PMV. (A) The effect of temperature om the assembly
of PMV as measured by infectivity. PMV protein and RNA

at 1.0 and 0.05 mg/ml, respectively, were reacted in 0.01 M
tris, pH 8.0 for 30 min at various temperatures prior to
treatment with RNase Tl and assay. Infectivity is expressed
relative to that obtained at 25°C. (B) The effect of temp-—
erature on the assembly of PMV as measured by rod length

and turbidity. Assembly conditions were those described

in (A). Rod growth was measured by turbidity at 310 am,
e—e, and by weight average lengths of. papfighes measured
from electron micrographs, o-o. Turbidity and weight aver-
age lengths are expressed relative to those measured at 25%¢

(0.020 OD and 280 nm, respectively).

310
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Fig. 17. Arrhenius plot of the effect of temperature
on the relative rate, k, of elongation for PMV assembly at
pH 8.0 in 0.01 M tris. Values for log k represent log
(percentage weight average rod length/30 minutes) relative
to 25°C and were calculated from the experimental data
presented in Fig. 16B. The calculated weight average rod
lengths are accurate to * 10 nm. The propagated standard
error for the individual log k values is then given by

(12.7 + W, x 1.6 x 10" %y1/2

2.303 x k

where WL represents the weight average length after 30 min

at the given temperature. This leads to a calculated standard

error of 0.08 for the log k at 1° and 5°%.
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Fig. 18. Electron nicrographs of PMV assembly products
obtained from 1 mg/ml protein and 0.05 mg/ml RNA at pH 8.0
(0.01 M tris) after various temperature treatments. (4),
10°C, 30 min; (B), 25°C for 2 min; ), 10°¢c for 30 min
followed immediately by incubation at 25°c for 30 min:
(o, 10°c for 30 min followed by storage for 17 days at
about SOC; (E), 10° for 30 min followed immediately by

RNase T, digestion, and then storage for 17 days at about

1
s°c. The bar represents 100 nm.
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have ever been obtained, in similar or other conditicns,
with PMV coat protein alone. They were normally found
only at pH levels optimal for virus assembly and were

salt-labile (see below and Figs. 26 and 27).

Assembly could be initiated at low temperature
and then brought to permissive temperature at which point:
elongation proceeded (Fig. 18C). This is not exactly
equivalent to reconstituting PMV at 250, however, since

the particles made in two stages were slightly kinked and

were only about half as infective after RNase Tl—treatment

as particles assembled entirely at 25° (unpublished data).
Rod completion occurred at low temperature over days (Fig.
18D) as judged by electron microscopy. That this was not
simply due to polymerized protein was shown by the absence

of long particles in the presence of RNase T. (Fig. 18E).

1

Finally, the effect of temperature on the polymer-
ization of vrods is pH dependent. In contrast to parti:le
formation at pH 8.0, assembly at pH 6.0 occurred immediately

at 0°C as well as at 25°C (unpublished data).

The effect of temperature on the behavior of PMV
protein under normal reconstitution conditions (1 mg/ml,
0.01 M tris buffer, pH 8.0) was monitored by analytical
ultracentrifugation. It can be seen from Table 1 and Fig.
19 that the 14S form predominates at 1 mg/ml over the

o . . . . —_—
range 5° to 20 C where reconstituticn is inefficient. At




Fig. 19. The effects of temperature and
concentration om the 148 - 255 equilibrium of PMV protein
at pH 8.0. Schlieren patterns of PMV protein at 0.25,

0.50, 1.0 and 2.0 mg/ml (upper left, lower left, upper
right, lower right, respectively) at 5% a), 10°C(B),
15°% ), 20°c (D), and 25% (E, where the inset corre-
sponds to 0.10 mg/ml) in 0.01 M tris, pH 8.0. The
sedimentation coefficients are listed in Table 1. The
protein patterns marked r correspond to those used 1in

the temperature recounstitution experiment (Fig. 16) and
that in (E) to the protein concentration reconstitution
experiment (Fig. 24). All runs were performed at 52,460
rpm. 30 mm cells were used for protein concentrations at

-

0.5 mg/ml or less. Sedimentation is to the right.
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25°C the 145 species is in equilibrium, as we will demonstrate,

with the 258 aggregate, which predominates.

The formation of the 258 aggregate as a function

of tempevracture was measured by turbidity (Fig. 20). Maxi-=

mum light scattering occurred betwezn 20° and 25% (cf. Fig.

16A, B). Although the association-dissociation cu:ves for

the 14S - 255 equilibrium displayed hysteresis with temper-

ature, the overall equilibrium was reversible. That the

turbidity measured in these studies actually was related to

the formationm of the 25S polymer is shown in Fig. 21, in
which the relative amount of 255 aggregate measured from
Schliercn patterns is plotted along with the relative tur-

bidity.

The rate of the temperature-dependent 14S to 25S
interconversion was measured by temperature—-jump light
scattering kinetics (Fig. 22). The reaction was complete
within about 1.5 minutes for both directions, association
(heating) and dissociation (cooling). The heating time
provides a measure of the period necessary to warm refrig-
erated protein for reconstitution; the cooling reaction
for stopping it (see Chapter 5). The initial rate of the
association reaction (about 2% of maximum OD310 nm/sec) vas
about twice that of dissociation (about 1% of maximum
OD310 nm/sec) again signifying different kimetics for the

association and dissociation reactions. The rate of the

o
pH~driven conversion of 14S into 255 at 25 C was about

[PV VNP SV PN




Fig. 20. Effect of temperature on the turbidity of
PMV protein. PMV protein at 2 mg/ml in 0.01 M tris,

pH 8.0, was equilibrated at 4°C and the change in turbid-
ity at 310 nm with temperature was monitored up to 2500;
The reverse procedure was used to obtain the downward
curve. The reference cell contained an equal weight of
protein in 0.01 M tris, 0.2 M NaCl, pH 8.0. Temperature
control was obtained from a thermostatically-controlled
bath conrnected to the cuvette block. Rates of heating and

. N . o .
cooling were maintained constant at about 1 C/1-1/2 min.







Fig. 21. Extent of formation of 258 aggregate of PMV
protein as a function of temperature. e-e, absolute pro-

portion of 25S material measured from schlieren patterns

(data from Fig. 19); o-o, proportion of total turbidity

change at 310 nm between 5 and 25°C (data from Fig. 20),
normalized to 93%7 (the value as measured from the corre-
sponding schlieren pattern) at 25°C. The protein concen-—
tration was 2 mg/ml for both analyses. See Figs. 19 and

20 for further experimental details.
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Fig. 22. Kinetics of 14 —~ 255 interconversion in
response to temperature. Temperature shift-up (upward
curve): PMV protein at 2 mg/ml in 0.01 M tris, pH 8.0,

was equilibrated at 5°C and added to the sample cuvette

in a temperature block pre-warmed to 25°C and the result-
ing change in turiidity was monitored at 310 nm. Temp-
erature shift-down (downward curve): PMV protein (conditions
as above) was equilibrated at 25°C and added -to the sample
cuvette in a temperature block pre—cooled to 5%¢. In both
instances the temperature in the sample cuvette went to
within 5°C of the desired final temperature witain 15 sec,
and reached the final temperature by 2 min. The reference
cell for both experiments contained an equal weight of pro-

tein in 0.01 M tris, 0.1 M NaCl, pH 8.0.




$4

SPuUCdas
ozl 08

a0

00

wiuQl

1 0-0




4

9 5.

5 times faster than that of the temperature-driven associa~

tion at pH §.0.

4.2.3 The effect of protein concentration

Thus far, a consistent correlation was found
between the presence and absence of the 255 species of
PMV protein and the success and failure, respectively, of
PMV assembly under the various experimental conditions em~-
ployed. A tentative conclusion at this stage might be that

the 255 aggregate is necessary for PMV assembly.

A proper test of this hypothesis would be to
separate the varicus effectsof tcmperature, pH and NaCl
concentration (see next section) on the reconstituticen and
to focus mainly on the presence or absence of 25S protein
under the best assembly conditions. Attempts tro separate
and isolate 14S and 25S aggregates on sucrese rate density-
gradients proved unsuccessful because the forms equilibrate
rapidly (Fig. 23). Therefore, the concentratiom dependence
of the equilibrium was studied extensively by analytical
ultracentrifugation (see Tig. 19 and Table 1). A series
of protein polymers were obtained, whose size increased
both with protein concentration and temperature. The slow-
est sedimenting species found, 1.8S, corresponds to the
monomer. A 3S species (probably a dimer), which predominates
at 0.1 mg/ml at 25°C, was found next followed by the 148

species and then the 255 aggregate. The 18 - 218 material




Fig. 23. Fractionation of PMV protein by sedimentation in
sucrose- Sucrose density gradient profiles of unfraction-
ated and fractionated PMV protein a2t various concentrations.
(A) Sedimentation profile of PMV protein at a starting
concentration of 2.0 mg/ml in 0.01 M tris, pH 8.0. (AL}
corresponuds to the 14S species and {(A2) toc the 255 species,
both of which were collected. (B) Sedimentation patterns

of (A2) at a starvrting concentration of 0.25 mg/ml. Note

that most of the material sediments close to the 14S position.
(C) Sedimentaticn pattern of (Al) at a starting concentra-
tion of 0.15 mg/ml. Note that the 14S species has been re-
placed by material sedimenting slower, probably correspond-
ing to the slowly sedimenting protein seen in Fig. 19. Cen-—
trifugation was at 36,000 rpm for 5 hr at 25°C in 5 - 20%
sucrose containing 0.0 M tris, pH 8.0, in a SW 41 rotor.

Sedimentation is to the right.
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found under several conditions here and also at intermediate
NaCl concentrations (see Fig. 28) is probably not a true
equilibrium form for reasons discussed below (see Chapter

.

The behavior of PMV protein at pH 6.0 differed
from that at pH 8.0. The protein existed only in the 148
form from 0.1 - 8 mg/ml at 25°C and at 1 - 3 mg/ml (the 1
only concentrations tested) at 5%¢ (unpublished data). No
slower sedimenting species could be found at pH 6.C in the
absence of ¥aCi. Thus, the 145 species is more stable at

the lower pH than it is near pH 8§.0. o

The concentration dependence of the coat protein
equilibrium at pH 8.0 was exploited to test the efficacy
of PMV assembly when various polymorphic forms of the pro-
tein were present in the starting material. The effect of : 5

|
protein concentration over the range 0.1 - 2 mg/ml on re- ‘
constitution at constant pH and temperature (pH 8.0, 25°C)
is seen from Fig. 24, Virus assembly is equally efficient
from 0.25 to 2 mg/ml starting protein concentration and is
only halved at 0.1 mg/ml. This strongly suggests that the
255 aggregate is not required for virus assembly. Indeed,
the observation that decreasing the protein concentration
from 2 mg/ml down to 0.25 mg/ml had no effect on the yileld
of infective virus can best be explained by assuming that
it is the 14S species of PMV protein which is required for

assembly, since the wquilibrium is shifted towards this




Fig. 24. The effect of protein concentration on the
assembly of PMV at 25%. pMV protein at various conca2ntra-
tions was reacted with RNA st a constant protein:RNA ratic
of 20:1 in 0.01 M tris, pH 8.0, for 30 min befoxre RNzse T1
digestion. The infectivity assays from 0.253 tc 2.0 mg/ml
protein were all made at a final concentratiom of 0.25 mg/ml
(a 1/4 dilution of the 1 mg/ml mixture used as standard).

That at 0.1 mg/ml was made against virus assembled at 1 mg/

ml, diluted one-tenth.
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cspecies with decreasing protein concentration. The re-
suit at 0.1 mg/ml is difficult to interpret in this light
since only 38 protein could be detected. The conclusion
that no 14S protein is required is questionable as will

be discussed.

4.2.4 The effect of NaCl

The presence of NaCl frem 0.025 to 0.2 M dinhibited
the formation of PMV as assayed by infectivity {Figz. 25).
The same effect was -bserved even if the assembly reaction
was allowed to proceed for 2 minutes bpefore the addition of
NaCl, suggesting that both initiation and elongation were
int:ibited by this salt. These results were corroberated by
merphological observations. No initiation cemplexes (shert
rods) were observed when 0.2 M NaCl was present at the start
of assembly (Fig. 26A) and rod growth was stopped upon
addition of the salt, resulting in structures with “brushes"”
localized at one end of the particles (Fig. 26B}. These
brushes may be a result of salt-induced collapse of the

extended particles which were never found in the presence

of NacCl.

A further feature of particle assembly came from
these studies. Low temperature assembly, followed by salt
treatment, resulted in a high yield of particles contaianing
brushed ends (Fig. 27). At the end opposite the brushed

end, presumed to be at or near the initiating region, a numberx
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Fig. 25. Effect of NaCl concentration on the assembly
of PMV as measured by infectivity. PMV protein (1 mg/ml)
and RNA (0.05 mg/ml) were incubated at 25°c in 0.01 M
tris, pH 8.0, in the presence of various concentrations of
NaCl added at 0 time (e-90) and 2 min after the initiation
of assembly (0o-0). After 30 min the assembly mixtures

were digested with RNase T, and assayed for infectivity.

1

Infectivities are expressed as percentages of those ob-

tained with the samples to which no NaCl was added.
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Fig. 26. Electron micrographs showing thg effects of

NaCl on PMV assembly. (A) NaCl added to 0.2 M at O

time. (B) WNaCl added to 0.2 M after 2 min. Assembly

conditions are those described in Fig. 25. Bar represents 3

100 nom.
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Fig. 27. The effect of NaCl on assembly. PMV
assembled at 15°C for 20 min at pH 8.0 (0.01 M tris)
and stopped by the addition of WNaCl to 0.2 M. Bar re-
presents 100 nm. Insets show high magnification micro-

graphs of growing particles, stopped by NaCl, showing the

rounded ends opposite the brushed ends. Bar represents

100 nm.
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of convex-rounded ends, several of which are shown at high
magnification for detail (Fig. 27 inset) are found. This
suggests that the growing rod presents a concave surface

at the elongating site.

NaCl greatly affected the 14S - 255 equilibrium
of PMV protein. At pH 8.0 the sedimentation pattern was
stable up to 0.025 M NaCl where the 258 species predominated
(Fig. 28A, B). At higher NaCl concentrations, however, the
equilibrium was shifted increasingly towards the 14S species
as 1s shown by the decrease in sedimentation coefficient and
by the asymmetry of the Schlieren patterans (Fig. 28C - E).
At 0.2 M NaCl only 145 and some slow sedimenting material
(<3S, probably monomer) were found (Fig. 28F). These data,
corroborated and extended by turbidity studies on the NaCl-
induced disassembly of 255 protein which suggest a salting-
in effect (Fig. 29), indicate that the presence of neither
the 258, the 14S, nor any minoxr protein species ensures that
reconstitution will occur at 25°C if NaCl is present at a

concentration of 0.025 M or greater at pH 8.0.

The rate of disassembly of the 25S aggregate in the
presence of 0.2 M NaCl was rapid, the reaction being complete
within 3 sec as judged by turbidity (Fig. 30). The rapid-
ity of the reaction made it suitable for stopping assembly

in kinetic studies (see Chaptexr 5).




Fig. 28. The effect of NaCl concentration on the 145 -

258 equilibrium of PMV protein at pH 8.0. Schlieren patterns
of PHMV protein at 1 mg/ml in 0.01 M tris, pH 8.0, containing:
(A) no WNacCl; (B) 0.025 M NaCl; (C) 0.05 M NaCl; (D) 0.19
M NaCl; (E) 0.2 M NaCl. The sedimentation coefficients of
the fastest sedimenting species from (A) to (E) are 275, 255,
208, 17S and 14S, respectively. (F) is a direct comparison
of PMV protein at 3 mg/ml in 0.01 M tris, pH 8.0 in prepara-
tions containing no NaCl (upper) and 0.2 M ¥WaCl (lower). All
runs were performed at 52,460 rpm at 22 and 23°c. Sedimenta-

tion is to the right.
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Fig. 29. Effect of NaCl concentration on the turbidity
of PMV protein at pH 8.0. Protein at 2 mg/ml in water

(pH 5.0) (A) was adjusted to pH 8.0 (0.01 M tris) by the
addition of 10 ul of 1.0 M tris, pH 8.0 (arrow). The
change in turbidity at 310 nm was monitored in respounse

to incremental additions of 2.0 M NaCl to final concentra-
tions of: (B) 0.02 M; (C) 0.04 M; (D) 0.06 M; (E) 0.08
M; (F) 0.10 M; (G) 0.20 M. The reference cell was as
for (G). The inset is a semilogarithmic plot of turbidity

versus ionic stremngth (I) of NaCl. Temperature control was

maintained throughout at 25°%.
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Fig. 30. Kinetics of NaCl-induced disassembly of 258
protein at pH §.0. PMV protein at 1 mg/ml in water (pH 5.2)
was adjusted to pH 8.0 (0.01 M tris) to form 255 protein
a. After equilibration in the cuvette, NaCl (0.1 ml)

was added to 0.2 M (B) and the dissociation of 25S to 148
protein was monitored by the change in turbidity at 310 nm.
The reference cell contained protein at 1 mg/ml in 0.01 M
tris, 0.2 M NaCl at pH 8.0. Temperctivre was maintained at

25%%.
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4.2.5 Stoichiometry

In typical reconstitution experiments a protein:
RNA ratio of 20:1 was used since the RNA comprises about
5% of the weight of the native virus. That this is the
optimal stoichiometry for virus assembly was tested by
varying the incubation ratios of protein:RNA over the
range 1:1 to 50:1 before measuring the yield of infective

virus after treatment of the products with RNase T When

1
this was done under conditions of constant RNA concentration,
the infectivity of assembled preparations increased linearly
with increasing protein:RNA ratio up to 20:1 (Fig. 31). The
fact that infective virus was found at the lower ratios

(1:1 = 10:1) indicates that protein preferentially incorpor-
ated into growing particles. Alternatively, this may have
been a reflection of partially degraded input RNA in which
case only those RNA molecules that contained the coat pro-

tein binding site (AbouHaidar and Bancroft, 1978} produced

proper products.

4.3 Discussion

The in vitro reconstitution of PMV has been

described. Reconstitution proceeds best in stoichiometric
mixtures at pH 8.0 - 8.5, requires moderate temperatures
(25 - 30°C) and low ionic strength. PMV protein exists

in a complex dynamic equilibrium among several polymeric

forms under these conditions. The temperature, lonic




Fig. 31. Effect of protein:RNA ratio on PMV assembly

at pH 8.0. PMV protein at various concentrations was reacted

with RNA maintained at a constant concentration (0.04 mg/ml)

in 0.01 M tris, pH 8.0, for 30 min before RNase T, digestion. 7
Infectivities are expressed as percentages of that obtained

at a2 protein:RNA ratio of 20:1l. Temperature was 25°C.
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strength and protein concentration dependencies of the
aquilibrium were studied in an effort to determine which
protein aggregate is required for PMV assembly. The most
prevalent form under a variety of envirommental conditions
sediments at 14S and contains about 16 subunits (see Chapter
3). A larger aggregate, the 255 protein, predominated under
conditions usually employed in reconstitution and it is
striking that the temperatures and ionic strengths required
to form the 255 species were similar to those required for
reconstitution at pH 8.0. These facts might suggest that
the 255 species is a necessary subassembly form for virus
assembly and %ndeed is a measure of the suitability of pro-
tein solutions for reconstitution if the 255 polymer is re-—
garded simply as an indicatoxr. But PMV could assemble
efficiently a2t low protein concentrations where no 255 pro-—
tein could be detected. This suggests, within the limits
imposed by equilibrium mixtures, that it is not essential.
Furthermore, protein from the related clover yellow mosaic
virus (CYMV) forms only 4S and 14S polymers at 1 mg/ml at
pH 8.0 at 25°¢C and yet it can reconstitute with its RNA
(vunpublished data). Also, potato virus X (PVX), which is
related to PMV, reconstitutes in the apparent absence of
large polymer (Goodman et al., 1976). On these comparative
grounds and in terms of the present data, we believe that
the pH 8.0 14S species may be necessary for at least part
of the reconstitution process because we have not been

able to demomstrate unequivocally that reconstitution occurs




bl

in its absence. The reconstitution results at 0.1 mg/nl
protein do not preclude the presence of a small quantity

of the polymer. Initiationm and elongation are two distinct
phases in reconstitution. If, by analogy with TMV {Richards
and Williams, 1972; Ohnc et zl., 1972a; Okada and Ohno, 1972;

Butler and Finch, 1973; Ohno et al., 1977) or cucumber

green mottle virus (Ohno et al., 1972b), the 145 polymer
was necessary for initiatiomn only, it would only have to re-
present about 1/75 by weight of the protein since the virus
is 340 nm longz and its pitch is 3.6 nm (Erickson, Bancroft

& Horne, 1976). The 14S species may also be involved in
elongation, but not in an cbligatory sense, since reconstitu-
tion occurs in preparations ac a protein concentration where
only the 3S polymers can be detected as well as in prepara-
tions in which the 14S polymer is clearly present. However,
it is conceivable that the presence of nucleic acid in the

reconstitution medium may cause a rapid shift in the protein

equilibrium.

The assembly of PMV can be divided into two distinct

phases: initiation and elongation. Initiation is tempera-
. =0 -

ture independent over the range 0 - 25 C whereas elongation

requires elevated temperatures. These conclusions are

illustrated by the Arrhenius plot of the log percentage

weight average rod length/30 min versus reciprocal avsolute
o

temperature (Fig. 17). The graph is linear from 25°C down

o . . .
to around 5 C, whereupon it tends to flattem out. This iu-




dicates that there are at least two energetically and

therefore mechanistically distinct components to assembly:
a large, positive apparent activation ernergy-requiring
component which occurs from 5 to 25°C; and a minimal
activation energy-requiring component which occurs from

0 - 5°C. The latter component corresponds to the
initiation phase, whereas the former described the elonga-
tion phase. Also, the activation energy is constant from
5 - 25°C and this suggests that elongation proceeds via

the same mechanism over this temperature range. . .

The temperature requirement for elongation can best
be considered to reflect the effect of temperature on tha
stability of protein-protein interactions in the virus. The
rapid formation of helical capsids of PMV protein was found
to require elevated temperature (see Chapter 3) as does the
conversion of the 14S to 258 aggregate at pH 8.0. The latter
polymerization is endothermic and entropy driven (see Chapter
7), and rapid helix formation probably is as well. The
present results suggest that an entropy increase is required
to overcome destablizing electrostatic energies under certain
conditions. Goodman (1977) concluded from studies on B-
anilino-l-naphthalene sulfonate binding that hydrophobic
regions of PVX protein may be required for polymerization.
The above considerations predict that the elongatiomn phase

of PMV assembly is endothermic but this can only be proper-

ly shown by thermodynamic studies of the assembly process.




Alternatively, the higher temperature may be required for
an as yet undetected intermediate requisite conformational
change of the protein and/or the nucleic acid. This inter-
mediate step may be reflected by the positive apparent
activation energy requirement for elongation (Fig. 17)

in which c¢ase the temperature drive could be explained

purely on kinetic grounds.

Initiation of PMV assembiy takes place at low
high temperature. It is very rapid (see Chapter 5) and
also specific at pH 8.0 (see Chapter 6). This event is
probably mediated by a protein-—-nuclieic acid recognition
step characterized by having a very high affinity which
overcomes the unfavorable protein-protein interactions at
the lower temperatures. An interesting feature of initiation,
as defined thus far, is that the average length of rods

tiated in the cold is about 50 nm, or about 1/10 the
length of native PMV. It is unlikely that the RNA recogni-
tion site for the coat protein amounts to 10%Z of the entire
length of the RNA. This raises the question why rod growth
proceeds, once initiated in the cold, to this particular
length before stopping or becoming extremely slow. There
are several possible explanations. One is that there are
specialized nucleotide sequences for assembly within the
PMV -RNA. For instance, there may be a highly favorable

nucleotide sequence, composed of the first 600 nucleotides

on the initiating end of the RNA, which is rapidly encap-
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sidated even at low temperature. Zimmern (1977) proposed
that the sequence of TMV RNA near the protein disc binding
site contains at least three regularly repeated nucleotide
sequences which promotc dislocation and rearrangement of

the 17 subunit disc form to the 16 1/3 subunit "lock-

washer" configurationm and which is putatively required for
proper helix elongatiom to occur. These sequences are
probably distinct from those which promote disc bianding.

This hypothesis was employed to explain why, under protein-
limiting conditions, the sbhortest initiation complex obtain-
ed with TMV RNA corresponds to a short rod containing three
discs and about 150 nucleotides (Zimmern and Butler, 1977).
An alternative way of looking at this is to postulate that
there is a particularly unfavorable seqguence at an appropriate
distance in from the initiating end of the RNA foxr PMV.
Unfavorable sequences have been postulated for TMV recon-
stitution (Stussi et al., 1969). A second possibility is
that initiation and formation of the 50 nm rod on the one
hand, and elongation on the other, are mediated by different
protein subassembly aggregates. This idea follows from the
observaticn that the protein at pH 8.0 exists in a particular
equilibrium among a variety of polymorphic forms. A third
explanation is based on Lauffer's hypothesis of clectrostatic
inhibition of rod polymerization (Lauffer, pp. 92ff, 1975).
Assume that an initiation complex, presumably shoxter than

the 50 nm vod, forms in the cold and catalyzes elongation,

even at the low temperatures. Rod growth, however, is a
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function of the overall charge accumuiation on the rod

resulting from the successive addition of identically

charged protein units. That is, at some critical charge

level, the electrical work ;unired to add the mnext pro-

tein unit becomes excessive and rod growth ceases unless -
the temperature is elevated. This axplanation implies

that the limited elongation found at 0 - 5°C is mechanistic-

ally equivalent to that which occurs at higher temperatures. .
This is unlikely since the Arrhenius plot is biphasie. On

the other hand, a consequence of both the favored RNA se-

quence and the different subassembly requirement hypotheses

is that initiation and elongation may proceed via energetic-—

ally distinct mechanisms. This is in accord with the biphasic
Arrhenius plot. Unfortunately, the present data as such

cannot be utilized to distinguish between the two hypotheses.

An unusual feature of PMV assembly centers around
the discovery of the extended particles. These particles,
which probably result from a non-specific affinity of PMV
protein for nucleic acid (see Chapters 5 and 6) are found
at low and high temperatures at pH 8.0 (but not pH 6.0),
are salt-labile and are sensitive to ribonuclease. More-
over, they are replaced by particles with virus—like morph-
ology either by heating or by storage for several days at
low temperature at pH 8.0. This is not due simply to
further assembly of unreacted protein and RNA since virus-

like particles can be formed from extended particles

et -
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which had been separated from unreacted assembly components
by ultracentrifugation (unpublished data). Extended par-
ticles are also found at pH 8.0 when PMV protein is

reacted with heterologous viral RNAs and DNA (see Chapter
6). Under these conditions dinitiation does not normally
take place. The extended particles need not necessarily

be assembly intermediates even if initiation has occurred

as will be discussed in Chapter 5.

One other feature of PMV assembly worth mention-=
ing is that growth seemingly occurs on a concave surface
since the ends of the initiated particles appear to be
convex. PMV assembly is initiated at or near the 5' ter-
minus of the RNA (AbouHaidar and Bancroft, 1978). On the
other hand, TMV is initiated nearer the 3' end (Zimmern,
1976). ©Nevertheless, rapid elongation, which proceeds
toward the 5' end, also occurs presumably on a concave sut-
face (Wilson et al., 1976). Such a mechanism may provide

a geometric advantage over growth on a convex surface. In-

deed, most enzyme-substrate and antibody-antigen reactions
occur in clefts, wherein the pre-formed combining site is

protected from the external emnvironment.

The assembly of PMV is inhibited by low levels
of NaCl. This effect may be related to the behavior of i
the protein in NaCl. Protein helices formed at pH 4.0
in the absence of NaCl are very long whereas they are

relatively short at the same pH but in 0.2 M NaCl (see
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Chapter 3). Similarly the formation of the 255 aggregate
at pH 8.0 is salt-sensitive. The linear dependence of the
logarithm of the extent of 258 association upon NaCl con-
centration (Fig. 29) suggests that this is a result of a
salting-in phenomenon. Typically, such phenomena are
characterized by a salving-in equation of the form loglof
—-KI where £, K and I represent the activity coefficient of
the salted—-in species, the salting-in constant of the salt,
and the ionic strength, respectively (Edsall and Wyman,

pg. 304, 1958). The effect of NaCl can be viewed as a
s0lubility enhancement of the 14S protein which, in turn,
leads to dissociaticu of the 255 aggregate, the equilibrium
having been shifted rowards the 14S species. These consider-
ations suggest that NaCl, at the concentrations employed,
destabilizes protein interactions and probably therefore
similar interactions in the virus. Extended particles can-
not form in the presence of NaCl, and are collapsed upon
addition of salt, showing that helical condensation of the
nucleoprotein cannot occur in these conditions. The salt

effect can be rationalized on thermodynamic grounds as

resulting from its effect on water loss by the protein

when it polymerizes (see Chapter 7), although there is no

direct evidence on this point. Alternative explanations
for the inhibition of PMV assembly by NaCl might involve
the effect of salt on the stability of electrostatic intex-
actions required for virus formation oxr on the secondary

structure of PMV-RNA. It is unlikely that the salt-induced
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inhibition of PMV assembly is the result of a chaotropic
effect exerted by NaCl on the protein, as suggested for
the inhdibition of PVX assenbly by salt (Goodman, 1977),
since at the low concentrations employed the effect of
Nall on water structure is minimal. PMV will not assemble
at pH 8.0 in the presence of a variety of simple salts
around the 0.1 M level but will do so in 0.2 M glycine
(unpublished data). Similar results have been found for
PVX with salts in contradistinction to 0.2 M sodium N,
N-bis (2-hydroxyethyl) glycine and 0.1 M sodium 2-(N-
morpholino) ethane sulfonate (Goodman, 1977). It is clear
that the supposed effects of large ions, particularly
zwitterions, cannot be equated with those of less com-

plicated additives, such as NaCl.

The formation of PMV nucleoproteins at pH 6.0
is characteristically different from that occurring at
pH 8.0. The former process occurs at low temperature
and takes only seconds. This can be visualized at 25°¢
as an immediate precipitation reaction which occurs upon
the addition of RNA to protein at pH 6.0. The szgmented
or kinked appearance of particles made at lower pH (up
to pH 7.5) indicates that multiple initiat-.omns occur under
these conditions. The gaps between the segments may result
from an intercalation problem, the helices being unable
to anneal properly because they are out of phase. This
probably accounts also f£ar the increased sensitivity of these

particles to ribonuclease Tl. Kinked particles have also

-y
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been observed as products of "mixed reconstitution" employ-
ing TMV protein with a mixture of TMV-RNA and RNA from the
MS2 bacteriophage (Sugivama, 1966). Such particles also were
formed at pH levels below the optimum for TMV assembly

and were susceptible to fragmentation by ribonuclease. There
are several possible explanations for the pH effect on

PMV assembly. The net charge on the protein at pH 6.0 is
lower than at pH 8.0 and this should give rise to a more
favorable enthalpy of the reconstitution reaction. Probably
more important are the overall relative affinity and for-
ward rate constants for the binding of the protein to the
nucleic acid. They must be considerably higher at the lower
pH, save for the recognition site, as is evidenced by the
very rapid formation of nucleoproteins at lower pH and also
by the increased stability of the virus in the presence of
high concentrations of salts (see Chapter 3). Thus, nucleo-
protein formation at lew pH levels is thermodynamically

“"too easy" and the stringency imposed at the higher pH levels
is lost, the nucleation barrier being broken. Also, the
specificity of the reconstitution process found at pH 8.0

is lost at pH 6.0 with heterologous RNAs from unrelated
viruses (see Chapter 6). Nucleoproteins, once formed at
lowver pH, are stable at pH 8.0 whereas the protein helices
are not. This is the same effect as found for cowpea chlor-
otic mottle virus (Bancroft, 1970), TMV (Lauffer, pg. 160,

1975) and PVY (McDonald and Bancroft, 1977). The nucleo-

protein particles are more stable than the capsids because
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of protein-nucleic acid interactions which decrease the
enthalpy of reconstitution at least for TMV (Lauffer,

1975).

The reconstitution of PMV occurs specifically
under reasonable conditions except for the low salt level
required which is troubling in view of what might be expect-~
ed for an intracellular environment. Indeed, it may current-
1y be most prudent toc regard the assembly of PMV as merely
an interesting example of ligand-nucleic acid interactions,
notwithstanding that we have so far been unable to produce
infectious particles in the presence of moderate concentra-
tions of a2 number of common salts. In this regard, we note
that not only PMV but all the flexuous viruses so far ex-
amined (potato virus Y (McDonald and Bancroft, 1977), PVX
{Goodman, 1977) aund CYMV (unpublished)) share the property
of low salt inhibition which is also found with certain
rigid tube viruses {(tobacco rattle virus {(Morris aand Semancik,
1973), and barley stripe mosaic virus (Atabekov et al., 1970)),
TMV being the exception, which may also be the only example
of "correct" reconstitution of a helical virus. Neverthe-—
less, it is not insignificant that the stabilities of nucleo-
protein complexes for many common protein—nucleic acid re-
cognition systems are reduced by several orders of magnitude
when the concentrations of common mounovalent salts, such as

NaCl, are elevated over the range 0.01 M to 0.2 M (Recoxd

t al., 1976).




CHAPTER 5

KINETICS OF PMV ASSEMBLY

5.1 Introduction

A nucleoprotein resembling papaya mosaic virus
may be assembled in vitro (Chapter 4). This chapter con-
tains a description of the kinetics cf the reconstitution
reaction which starts on a2 unique region of PMV-RNA at
or near its 5" end (AbouHaidar and Bancroft, 1978), and
it is shown that the assembly process is composed of a
rapid initiation phase and a slower elongatiown phase. The
kinetics of the elongation phase are analyzed in “erms of
a2 bimolecular reaction model which is formally described
by second-order kinetics. Additionally. detailed electron
microscopic analysis of the particle length distributions
Tesulting from the assembly experiments suggests a dependence

of the elongation rate on the local RNA structure.

5.2 Experimental results

5.2.1 Assembly kinetics in stoichiometric (20:1) conditions

The cime course of PMV assembly was studied at
pH 8.0 (0.01 M tris buffer) at 25% using approximately
stoichiometric proportiomns of coat protein and RNA (20:1,
respectively). Assembly was stopped by the addition of

NaCl to 0.2 M (see Chapter 4). This procedure halts assembly
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more rapidly than does a drop in temperature. Assembly

mixtures acquired maximal RNase Tl—resistant infectivity
after about 20 minutes; turbidity measurements showed

similar kinetics after an initial rapid vrise (Fig. 32).

The kinetics of virus formatiom was analyzed
more precisely by electron microscopy. Both number and
length-veighted distributions of nucleoprotein particle
lengths were constructed (Fig. 33). Rods in the 20-60 nm
length classes wexe formed within about 20 sec, and this
correlates well with the turbidity measurements (see Fig. 32).
There was little change in the shape of the histograms
between 10 and 20 min, signifying the complecrion of rod
growth. The large number of short rods present at all
times probably reflects the physical state of the RNA (see
below). The maximum weight average length rangcd from 210
to 370 nm in three separate experiments and averaged about
290 nm, the length of PMV being 540 nm. Butlexr and Finch
(1973) found that the weight average length of reconstituted

TMV particles was about 50% that of native TMV.

The time course of PMV assembly is most easily
visualized by plotting the number average and weight average
lengths of assembled particles versus time (Fig. 34). These
plots clearly show that the reconstitution process is bi-
phasic, consisting of an initial rapid growth phase (initia-

tion reactiom), which is finished by 20 sec,and a slowver

growth phase (elongation reaction), whose rate decreased with




Fig. 32. Kinetics of PMV assembly as measured by in-
fectivity and turbidity. PMV protein aznd RNA at 1.0 and
0.05 mg/ml, respectively were reacted in 0.01 M tris buffer,
pHE 8.0, at 25°C for the times indicated. Both turbidity

3 3 3 \] -
(A310 nm) and infectivity of RNase T,-treated samples are

expressed relative to the values obtained at 20 min.




o—o) Oty o

(
o
O o O
O 8 38 % K
r 0 | K

O

TIME (min)

L i 1
O O O O O
O ©O© T «

) ALIALLOZANI %o

]
Q
Q
—e

(@




Fig. 33. Histograms of particle length distributions
for PMV assembly products after various times. See Fig. 32
for reaction conditions. Protein:RNA ratio = 20:1. 4356
particles were measured in total for an average of 545 par-

ticles per time point.
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Fig. 34. Number and weight average rod lengths measured
during the course of the PMV self-assembly reaction. See
Fig. 32 for reaction conditions. e—-e, weight average length,
empirical curve. o0-0, number average length, theoretical
curve obtained after correcting for the time dependency

of the number of growing ends. The dashed line represents
the uncorrected theoretical curve for the number average
length. See text for further details. The inset shows the
relationship of the number average rod length with time

on an expanded time scale in order to emphasize the biphasic ..
assembly kinetics. The curves were empirically drawn and
used for the graphical rate analysis which is described

in the text.
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time until completion of the reaction by about 20 min. The
rate of the initial growth phase was difficult to measure
precisely due to its rapidity, but certainly was greater
than 10x that of the elongation phase, whose initial rate
was estimated graphically (Fig. 34, inset) at around 15

nm/min.

Comparison of the weight average plot with the
number average plot gives a relative measure of the heterogeneity
of the length distributions. It can be inferred from the
greater slope of the weight average plot that the hetero-
geneity of the length distribution of reconstituted PMV
particles increased with time. This situation probably
arose from a decrease, rather than an increase, in the
number of growing centers with time since the initiation
Phase of assembly is very rapid and complete within 20 sec.
A decrease in the number of growing centers is comnsistent
with the idea that the RNA in the reaction mixture was
broken into fragments of varying lengths. Altermnatively,
unfavorable sequences, which would represent stopping points
for the elongation reaction, may exist at intervals through-

out the RNA sequence.

5.2.2 Low temperature assembly

PMV reconstitution is also biphasic with respect
to temperature (see Chapter 4). The assembly reaction

consists of an early, temperature-independent initiation




phase and a temperature-dependent elongation phase. Tor

purposes of comparison with the present series of exper-
iments, a PMV assembly mixture was incubated for 20 min

at 4°C. The length distributions are shown in Fig. 33.

The resulting number average length was 55 nm, in good
agreement with the previously reported value of about 50 nm
(Chapter 4). The value is also close to the 73 nm number
average length of the distribution which results from a

. . (¢]
20 sec reconstitution at 25 C.

5.2.3 Assembly kinetics in protein excess (80:1)

The retardation of the elongation rate at later
times in the assembly reaction with stoichiometric mix-
tures probably resulted from the free protein concentra-
tion becoming rate~limiting, suggesting an effective second-
order reaction mechanism for the elongation phase of PMV
assembly. This being so, an increase in the Qprotein:RNA
ratio at constant RNA concentration should result in a faster
elongation rate. PMV was assembled with a protein:RNA ratio
of 80:1 (w:w), under which conditions the free protein con- -
centration is excessive throughout the entire course of
the reaction. The RNA concentration was the same as for
the 20:1 reaction. he particle length distributions
(Fig. 35) from the 80:1 reconstitution were similar to those

of the 20:1 reconstitution after short times (1 min or lessg).

Thereafter, the distribution stabilized by about 5 min, as




Fig. Histograms of particle length distributions
for PMV assembly products after various times. PMV pxctein

and RNA at 4.0 and 0.05 mg/ml, respectively, were reacted

in 0.C1 M tris buffer, pH 8.0, at 25°C for the times indic-

ated. Protein:RNA ratio = 80:1. 883 total particles were

measured for an average of 147 particles per time point.
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compared to between 10 and 20 min for the 20:1 reaction.

An interesting feature of the particle length
distributions which was particularly clear in the 80:1
experiment is that there is a tendency for assembly reactions
not to produce observable particles in the 260-300 nm length
classes. This is seen in both the 80:1 and 20:1 experiments
as a minimum around the 260-300 nm classes in the particle
length distributions (Figs. 33 and 35). Histograms from
an independent 20:1 experiment, in which the minima are

more pronounced, are shown in Fig. 36.

Graphical analysis of the number ~verage and
wveight average particle lengths for the 80:1 recomstitution
demonstrate again the biphasic character of the assembly
kinetics (Fig. 37). The excessive concentration of free
protein, however, resulted in a mnearly linear growth rate
for the elongation phase of assembly up until about 5 min,
within which time the reaction was completed. The initial
rate of elongation is about 66 nm/min, which is nearly 4x
faster than that of the elongation rate in the 20:1 assembly
experiment. This is the value predicted on the basis of
a reaction mechanism which is first-order with respect to
protein (see below), the ratio of the protein concentrations

in the two experiments also being 4:1.

The weight average length increased at a faster

rate than the number average length, again attesting to the
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Fig. 36. Histograms of particle length distributions for

PMV assembly products after various times. See Fig. 32 for

reaction conditions. Protein:RNA ratio = 20:1. 1076 total
particles were measured for an average of 359 particles per

time point.




™
[y
™

WEIGHT °b Ar...mm'.\hi

| ] .
_~ .

¥

| ! |
N |

: |

;

LENGTH CLASS (1220

1min
20min

(o S - %,
ez % HIWNN




Fig. 37. Number znd weight average rod lengths measured

during the course of the 80:1 PMV assembly reaction. See

Fig. 35 for reaction conditions: e-e, weight average length,

empirical curve;

0-0,

number average length,

empirical curve.
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increasing size heterogeneity of assembled products in

the reaction mixture.

5.3 Kinetic model of assembly: theoretical analysis

The rate of elongation, or the average rate of
rod growth, may be defined as dN/dt and must be proportional
to the rate of consumption of protein subassembly units,
- dPl/dt, and inversely proportional to the number of

ribonucleoprotein growing ends, RP, so that

i].i c d(Pll

it~ TI®RPI] T4¢ (2)s
where N is the number average particle length, and the
brackets denote molar concentration. C is a proportionality
constant, in units of nm, which represents the incremental
length increase per subassembly unit per growing end. Amn
expression for d[Pl]/dt, and thus dN/dt, can be derived

from a consideration of a simple model for assembly in

which the rate of consumption of protein is proportional to

the instantaneous concentrations of growing ends and free

protein subassembly units. Such a model may be represented
by
“g
RP_ + P; &= RP (3);
kd

where RP_ and RPn represent growing ends countaining n
n

+1

and n+l protein subassembly units, respectively, aund kg and




i4%

kd represent the rate constants for the forward and back-

ward reactions, respectively. The actual identity of Pl’

whether monomer or 14S polymer, for example, is not a
critical factor for the mathematical treatment of this

model. i 1

The rate of disappearance of Pl for the reaction :
: 4
model described by equation (3) may be given by '

d[Pl]
- 4~ kg [}?1]2 [RPn] - kd z [RPn

) (4.

Assuming that kg >> kd,and since Z[RPn]=[RH, equations (2)

and (4) may be combined to yield

an

ac - © kg[Pll (3.

Let Nmax represent the maximum number average length attain-
able (assuming that the RNA is infinitely long) in a particular
assembly reaction, so that . 1
B
N =C (6)
max [RPlo ?
wherel L designates initial molar concentration. Then, as
elongation proceeds, the instantaneous concentration of Pl

is given by .o .

(Nmax - N) (7) i
[P1]= ———*T?—"———[RP] H ,
and, by substitution into equation (5), ) J

|
\
|
|
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-— = kg[RP](Nmax - N) (8).

Integration and rearrangement of equation (8) yields
N
( max _,

In N -

= kg [RP] ¢ (9,

which is the desired relationship between the readily
measured quantities of number average length and time. Equa-
tion (9) is another form of the common exponential function

Y =Y (1 - e 2%

, where a = kg[RP]for this case. While
this function is common to kinetic descriptions of first
order-reaction mechanisms (see Moore, 1962, pg. 260), it
also appears in solutiomns to second-order processes in

the special case where the concentration of one of the

reactants remains constant throughout the reaction.

I1f the number of growing ends remains constant
(except for initiation and completion of assembly) through-

out the reaction, them [RP] equals the input RNA concentra-

N
max
N - N
max
a straight line whose slope is kg [RNA]O. Fig. 34 (dashed

tion [RNA]o and a plot of 1ln ( ) versus t should give
line) shows the theoretical curve obtained by f£itting the
experimental data to equation (9), where [RP] equals [RNA]O.
This curve approximates the observed points poorly; more-
over, the predicted initial rate of elomngation, given in

equation (8), is about 7 nm/min, only about half the observed

rate.
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5.3.1 Correcting for the time-dependent distribution
of growing ends
Comparison of the weight and number average plots
in Fig. 34 indicated that the number of growing ends de-
: creased with time (see above), so that the assumption of
, constant [RP] might easily be responsible for the observed
deviation between theory and observation. In order to
approximate the time-dependence of [RP] , the particle
' length distributions were corrected in a maumnnersomewhat
' similar to the methcd used for correcting TMV particle
s length distributions for degraded RNA (Butler and Finch,

1973).

The ultimate length-proportion distribution attain-
able for a particular experiment was determined from the
histograms at later times. In the 20:1 experiment, the
20 min histogram was assumed to represent the ultimate pro-
portion distribution of particle lengths; in the 80:1 ex-

‘ periment, the final proportion distribution was determined
N by averaging the 5, 10, 15 and 30 min histograms. Next,
the time at which the proportion of particles in a given
length class exceeded the final proportion was determined,
and from that distribution and all subsegquent ones (except-
ing the last) the final proportion was subtracted from the
' appropriate length class, and the remaindexr was taken to
represent the corrected proportion of growing ends of that

class. Tor each distribution, the corrected proportions




A
5

for each length class were summed to give the fractions

of growing centers for each time. For example, if the
final distribution of particles resulted in 200 out of 1000
in the 60 nm length class, and if there were 400 out of
1000 particles in that same class bv one minute, then of
those 400 particles only 200 may represent growing ends.
Thus, the concentration of growing centers at one minute
would be reduced by 200 out of a 1000, or 20%. 1Ia this
manner, the fractions f of growing cen.2rs at the various
times were calculated relative to zero time. The zero
time concentration of growing centers [RP]o was assumed
to equal [RNA>%. Equation (9) can then be written as

1pn — 8% _ k, £RNA] ¢ (10) .

(=4

Fig. 34 shows the theoretical curve obtained by

fitting the data of thz 20:1 experiment to equation (10).

The correlation for the £it is >0.99. This demcnstrates
L e e i veeia - e
that when time~dependence for the comcentraticn of growing
- (e . [ e

ends is taken into account, the elongation process can be
satisfactorily described by a second-order reaction mechan-

ism.

5.3.2 Kinetic parameters for elongation s

In the model described above, the rate constant,

k , for the elongation reaction should be independent of
&

=4
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rotein concentration. This can be tested by jiotting

Nnax
(

N - N
max

and 80:1 experiments. These plots are presented in Fig.

1n ) versus f[RNA]ot for the data from the 20:1

38 and, while the plot fer the 80:1 experiment contains

only two experimental points, the slopes are very similar.
. 6 6 -1 . -1

Values for kg of 1.7 x 10" and 1.9 x 10 1 mole min

for the 20:1 and 80:1 experiments, respectively, were

calculated. The linear least-squares method was employed

to obtain best-fitting equations of

In §Z§£%§3T 5 = 1.7 x lO6 1 mole_1 min-l f[RNA]ot

. + 0.087 (1)
for the 20:1 experiment, and

3375 om_ _ 6 -1 . -1 ]
In 3375 om - N 1.9 x 10" 1 mole min f[RhA]Ot

-

+ 0.012 (12)

for the 80:1 experiment. The values for Nmax were calculated
based on the starting concentrations of protein and KNA. The
non-zero intercepts resulted from the initiation phase of

assembly.

The initial rates of elongation were calculated
from equation (8) as 33 nm/min aand 158 nm/min for the 20:1
and 80:1 experiments, respectively. These rates, while
exhibiting approximately the correct ratio, are higher
than the observed rates by factors of 2 and 2.4, respective-
lLy; however, these differences can be reconciled by assuming

that the concentrations of growing ends at zero time equalled




Fig. 38. Interpretation of the data for the 20:1 and 80:1
experiments according to equation ($). It was assumed that
the values of Nmax are 844 and 3325 nom feor the 20:1 and 80:1
experiments, respectively. Lines were drawn according to a

linear least-squares fittiang routine.
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0.35x and 0.4x [RNA ], respectively. This is reasonable

o
because the corrected [ RP] for the 20 sec (20:1 experiment)
and 30 sec (80:1 experiment) length distributions were

.56x and .41 x [RNA]O, respectively.

5.4 Discussion

The kinetics of PMV reconstitution reflects the
mechanics of the assembly process. Two distinct phases,
initiation and elongation, can be distinguished. The bi-
phasic kinetics correlates with the biphasic temperature
dependence of PMV assembly (see Chapter 4). Initiation at
25°C or at 1°C is the same process; the particle lengths
in both cases are similar and encapsidation starts at orx
near the 5' end of PMV-RNA at either temperature (AbouHaidar
and Bancroft, 1978). At 25°C at 1 mg/ml of protein and
with a protein:RNA ratio of 20:1, elongation initially
proceeded at an observed rate of about 16 om/min, which
is less than 1/10 that of the observed rate of initiation.
TMV assembly also displays biphasic kinetics, having a
rapid initiation phase and a slowver elongation phase
(Butler and Klug, 1971), but, unlike the case with PMV,

both phases have the same temperature requirement.

The initiation phase of PMV assembly occurred
too rapidly for a detailed kinetic analysis. The kinetics

of the slower elongation phase is more readily measured

and can be described by a bimolecular, second-order
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reaction mechanism in which the rate-limiting step is

the productive collision of a protein sub-assembly unit
with a growing end. It is easy to show experimentally
that the diffusion rate, per se, of the reactants is not
rate-limiting since, at pH 6.0, rods are made instantan-
eously upon mixing the RNA and protein (see Chapter 4) .

A minimum estimate for the diffusion-controlled rate con-
stant for a bimolecular reaction between PMV protein (14S
polymer) and RNA can be calculated for the 20:1 reaction
by applying von Smoluchowski's treatment of collision

theory (see Hague, 1971, pg. 12); it approximates to 1012

1 mole“1 min—l. This valus is roughly 6 crders ¢f magnitude

higher than that (1.8 x 10% i more™!

min-l) calculated for
the forward rate constant for the elongation reaction and
emphasizes the relatively low productive collision probab-

ility which governs the elongation rate.

Although when the time-dependence of the concentra-
tion of the growing ends is approximated a theoretical
growth curve exhibiting an exponential time-dependence
and closely fitting the experimental points can be gener-
ated (Figs. 34 and 38), another theoretical curve can be
drawn. The latter, which also closely fits the experiment-—
al points, exhibits a Iinear time-dependence and is suggest-
ive of a rearrangement rate-limited reaction. Such a

mechanism should be characterized by a rearrangement rate

constant which is independent of protein concentration.




However, when the 20:1 and 80:1 experiments were analvzed
according to this scheme, their rate constants differed
by more than 5-fold. Therefore, it seems unlikely that

a rearrangement model is correct. This does not mean

that there is no conformational rearrangement step re-
quired in elongation, but it does mean that, if it occurs,

it is not rate-limiting.

The distinction between a rearrangement and a
productive collision rate-limiting step is important for
a consideration of a possible role fog the extended par-
ticles observed in PMV assembly experiments (see Chapter 4).
It was shown that, in the apparent absence ~. free protein,
extended particles, which are formed very rapidly, could
give rise to tubular omnes. We considered the possibility
of a rearrangement mechanism in which the rearrangement,
at the growing end, of the exteanded particle into the virus
helix would be the rate-~-limiting step. Elongation by such
a mechanism has been rejected on kinetic grounds. This
rejection can be reconciled with experimental observation
only if protein subunits in the extended particles are in
rapid equilibrium with a free protein pool. Experiments
with 35S—labelled PMV protein have shown that radioactive
protein subunits bound to the extended particles are indeed
exchanged relatively rapidly with added unlabelled subunits
indicating a dynamic equilibrium between free and extended

particle-bound protein (unpublished data). On the other
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hand, protein incorporated into virus—-like rods does not
exchange detectably. Thus, assuming the equilibrium is
rapid enough, there is no compelling need to consider
extended particles as a necessary intermediate in virus
elongation since the protein subassembly units can be
censidered to exist in a pool of free protein. It is
conceivable that extended particles serve to concentrate, 3
in the viecinity of the growing centexs, free protein thus

acting, in a sense, as catalysts for the elongation reaction.

Using the lac repressor-operator system as a model, Berg

and Blomberg (1976) have hvpothesized that non-specific ‘
site binding facilitates th2 specific site bindiné exhibited

by regulatory proteins for nucleic acids via a one-dimension-— ,
al diffusion process. Howvever, it is probably more realistic 7 |
to envisage the formation of extended particles simply as

the result of a non-specific, non-functional affinity of

PMV protein for nucleic acid under low ionic strengths.

TMV elongation has been analyzed according to

Michaelis-Menten enzyme kinetics as a two-step process: a

bimolecular productive collision event, which is first-
order with respect to protein concentration, followed by a
conformational rearrangement step which is independent of
protein concentration and which, at high protein concentra-
tion, becomes rate-limiting (Butler, 1972; 1974). Evidence

for a rearrangement step in PMV elongation has not been

found, perhaps because the protein concentrations used




in these studies were not high enough. Nevertheless, under

similar assembly conditions, ZSOC, protein:RNA ratio 80:1, 05 i
mg/ml RNA, the rates of TMV and PMV elongation are compar-—

able in magnitude. Thus, under the above conditicns, the

maximum rearrangement-limited elongation rate for THMV was 1
calculated to be between 330 and 460 protein subunits/min,
while the productive collision-limited elongation rate for
PMV was calculated from theoretical considerations to be

about 158 nm/min oxr about 420 subunits/min.

There are at least two inhomogeneities in the
particle length distributions for PMV assembly. One is 1
the 50 nm long particle formed as a result of the rapid
initiation phase. The second results in a minimum in é
particle length distributiomns around 260 - 300 nm. Con- {
ceivably, there is a nucleotide sequence about 1/2 way |
along the RNA which allows elongation to proceed at such
a rapid rate that very few parti:les are actually detected
elongating in that region. Evidence for local RNA structure
influencing elongation has been presented for TMV assembly
as well (Stussi et al., 1969; Zimmern, 1977). Thus,
kinetic models of virus assembly, while certainly being
useful for elucidating general mechanisms, temd to be over-

simplications of a basic process, the rate of which can

apparently be influenced locally by the fine structure of §

a complex molecule.




CHAPTER 6

SPECIFICITY OF PMV ASSEMBLY

6.1 Introduction

This chapter presents evidence to show that the

virus assembly reaction with PMV protein 1is specific to

PMV-RNA oxr that from at least one related virus and this
behavior is compared with that obtained with synthetic homo-

polymers. It is also demonstrated that at least two

types of non-specific rea~ttions can occur with a varierty

of nucleic acids under certain conditions.

6.2 Experimental results

6.2.1 Assembly with plant virus RNAs

The specificity of the PMV assembly process was
investigated by mixing PMV protein with PMV-RWA, CYMV-RNA,
TMV-RNA and BMV-RNA at different pH levels. At pH 6.0 the
products formed sedimented at rates not greatly different
from that of PMV (Fig. 39, Al - A4). ©Electron micrographs
of the preparations showed "kinked" particles (see Chapter
4) in all cases (Fig. 40 A - C, left) indicating that the

assembly reaction at pH 6.0 was non-specific and that the

products were faulty.
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Fig. 39. Specificity of the assembly reaction of PMV

protein with various plant virus RNAs as a function of pH:
sedimentation analysis. Density-gradient profiles of results
from assembly experiments with PMV protein incubated at:

(A) pH 6.0, with PMV-RNA (Al), CYMV-RNA (A2), TMV-RNA (A3)
and BMV-RNA (A4), the arrow denotes the position of PMV;

(B) pH 8.0, with PMV-RNA (Bl), CIMV-RNA (B2), TMV-RNA (B3)
and BMV-RNA (B4), the arrow denotes the position of PMV;

pH 7.0 (Cl1) and 7.5 (C2) with TMV-RNA, the upper arrow marks
the position of PMV and the lower one marks the position of
TMV~RNA reacted with PMV protein at pH 8.0; pH 7.0 (C3) and
7.5 (C4) with BMV-RNA, the two arrows marking the position of

BMV~-RNA reacted with PMV protein at pH 8.0. Sedimentation is

to the right.







Fig. 40. Specificity of the assembly reaction of PMV
protein with various plant virus RNAs as a function of pH:
particle morphology. Electron micrographs of: (A) CYMV-RNA;
(B) TMV-RNA; and (C) BMV-RNA reacted with PMV protein

at pH 6.0 (left) and at pH 8.0 (right). The bar represents

100 nm.
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At pH 8.0 the PMV and CYMV-RNAs, but not those
from TMV and BMV, combined with PMV protein to produce
particles sedimenting at about the rate of PMV (Fig. 39,
Bl to B4). Electron micrographs of PMV and CYMV-RNAs,
reacted with PMV protein, showed long flexuous particles
(Fig. 40A, right) (see Chapter 4). When TMV-RNA was used
most of the population was composed cf narrow extended
particles, a few rods also being present (Fig. 40B, right).
BMV-RNA reacted with PMV protein produced only the narrow
particles (Fig. 40C, right). The data thus show that tube
formation at pH 8.0 with PMV protein is largely specific

to PMV-RNA or that from a related virus.

The observations on the pH-dependent differences
in the specificity of assembly were refined by mixing PMV
protein with TMV and BMV-RNA at pH 7.0 and 7.5. At pH 7.0
both heterologous products sedimented at about the same
rate as at pH 6.0 (Fig. 39, C1 and C3). At pH 7.5 the
sedimentation rates were slower (Fig. 39, C2 and C4) than
observed at pH 70 but were still much more'rapid than after
the pH 8.0 reaction. The multiplicity of peaks found with
BMV in this and the preceding experiments probably arose

from the various size classes of BMV-RNA. Electron micro-

graphs (not presented) showed "kinked" particles similar

to those found at pH 6.0.
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These experiments show that specificity resulting

in normal particle formation is confined to a pH between

7.5 and 8.0.

6.2.2 Assembly with DNA

Salmon~sperm DNA was reacted with PMV protein at
pH 6.0 and 8.0 to determine if the results obtained with
RNA could be transposed to DNA. Fig. 41 shows the product
made at pH 6.0. Encapsidation clearly occurred, although
it is quite likely that detailed analysis will show con-
siderable structural disorder. Thin extended particles,
which were the only product observable after incubation at
pH 8.0, were also formed but in relatively small numbers
at pH 6.0 (Fig. 41). 1In general, the pH response of PMV
. protein to DNA is not dissimilar to that with heterologous

RNA.

6.2.3 Assembly with synthetic polyribonucleotides

In order to assess specificity more precisely
than is possible with naturally-occcurring RNAs, PMV pro-
tein was mixed separately with poly A, poly C, poly U and

poly T at pH 6.0 and 8.,0.

PMV protein encapsidated all the homopolymers at

PH 6.0 as determined by electron microscopy (Fig. 42, A -

D). Particles made with poly A have a less rigid appear- 7




Fig. 41. Electron micrograph of salmon-sperm DNA reacted

with PMV protein at pH 6.0. The bar represents 100 nn.
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Fig. 42, Electron micrographs of polynucleotides reacted

with PMV protein at pH 6.0 (left) and pH 8.0 (right): poly A

(4), poly C (B), poly U (C) and poly I (D). The bar re-

presents 100 nm.
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ance than those containing the other polynucleotides signify-

ing some structural difference.

Only poly A and poly C were encapsidated at
pH 8.0 to give tubular particles (Fig. 42, A and B). Poly
U and poly I gave rise to disorganized structures and

some narrow particles, but not tubes (Fig. 42, C and D).

6.2.4 Assembly with chemically modified PMV-RNA

Since poly C, but not poly U, was encapsidated
at pH 8.0, the effect of a C - U transformation in PMV-=
RNA on assembly specificity was determined. Fig. 43 shows
that transformed RNA is encapsidated at pH 6.0 and that
at pH 8.0 only thin extended particles, similar in appear-

ance to those obtained with unrelated RNAs, were formed.

6.3 Discussion

Reconstitution of PMV at pH 8.0 results in smooth
tubular particles whereas that at pH 6.0 produces particles
with numerous discontinuities, presumably resulting from
multinle initiations along the RNA (see Chapter 4) . The
multiple initiations were regarded as resulting from a
breakdown in the specificity of the recognition event which,
at pH 8.0, is near the 53’ end of the RNA (see Chapter 4;
AbouHaidar and Bancroft, 1978). The contention that speci-

ficity is lost at pH 6.0 is coxrrect otherwise TMV and BMV-




Fig. 43. Electron micrographs of € + U transformed PMV-

RNA reacted with PMV protein at pH 6.0 (A) and pH 8.0 (B).

The baxr represents 100 nm.
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RNAs would not have been encapsidated. Results similar

to those at pH 6.0 were also obtained at pH 7.5 but not

at pH 8.0, where extended particles were formed with TMV

and BMV-RNAs. It is clear that the formation of these ex-
tended particles, in contrast to initiatiou, is non-specific

at pH 8.0.

The non-gpecific encapsidation into segmented rods
Erom pH 6.0 te pH 7.5 is not simply an entrapment of RNA
by protein that would form a helix by itself. Helices are
not normally formed with PMV protein alone above pH 6.0;
those that are made at pH 6.0 occur in very low yields, are
very short and take days to assemble, unlike the situation
at pH 4.0 - 5.0 (see Chapter 3). The selectivity of TMV
protein for its own RNA is also decreased at relatively

low pH levels (Fra=nkel-Conrat and Siunger, 1964; Matthews,

1966, Sugiyama, 1966; Atabekov et al., 197G; Fritsch et al.,

1973a).

The formation of homologous and heterologous
particles may be conveniently categorized (Table 2). The
reaction of PMV protein at pH 6.0 with eithexr homologous
or heterologous RNAs is rapid and temperature independert -
there is no maturation step in stoichiometric mixtures and
the entire process may be currently regarded as one of un-

regulated initiation. At pH 8.0 thes initial reaction to

form extended particles with homologous or heterologous
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RNAs is also extremely rapid compared with normal particle
completion (about lO3 x faster) and, as argued elsewvhere
(see Chapters 4 and 5), is not an unexpected consequence

of reaction conditions. If, however, there is initiation
which is also rapid ac pH 8.0, then an elongation process
may result which follows second-order kinetics. A fast
interaccion between RNA and protein is the rule; a fast
specific interaction is not, being restricted to homologous
RNA. Elongation can only follow the latter; there are no
variants of elongation as defined and described (Chapters &

and 5) as far as we are aware.

The specificityof the protein-nucleic acid recoghi-
tion step in PMV assembly is regulated by a pH switch; speci-
ficity is turned off/on between pH 7.5 and 8.0. This is
precisely the range where homologous RNA is encapsidated
to form either "kinked" or normal particles, respectively
(see Chapter 4). The mechanism by which this switch .operates

b is not yet understood but may be related to anomalously
titrating groups on the protein (Durham and Bancroft, un-
published) which bear some resemblance to those found in
TMV. TFurther studies have shown that the precise pH where
the specificity cut-off lies may vary slightly (by a few

tenths of a pH unit) from one protein batch to another.

The encapsidation of the various homopolymezrs at

pH 6.0 was not unexpected. Considering the appearance of
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the particles, it seems that poly A was recognized along

its length, giving rise to the characteristic kinked par-
ticles which arise from multiple initiation events, where-
as the other polynucleotides were initiated only at their
ends. The results at pH 8.0 clearly show that poly A

and poly C, but not poly U or poly I, can be recognized

in specific reaction conditions. This recognition con-—
ceivably centers around the amino group of cytosine which

is lacking in uracil and that of adenine in position 6

which is lacking in inosine. TMV protein also recognizes
poly A (Fraenkel-Conrat and Singer, 19¢4), although less
rapidly than TMV-RNA (Butler and Klug, 1971). It also
recognizes poly I, thus seeming to prefer purines unsubsti-
tuted in the 2-position (Fraenkel-Conrat and Singer, 1964).
The natural recognition sites of PMV and TMV-RNAs are rich in
adenylic acid (AbouHaidar and Bancroft, 1978; Zimmern, 1976).
That of TMV is deficient in cytidylic acid (Zimmern, 1976)
and TMV protein does not encapsidate poly C (Fraemnkel-Conrat
and Singer, 1964). On the other hand, the results with

PMV protein and poly C, particularlyin conjunction with

those obtained with the transformed RNA, indicate that
cytidylic acid, which also appears to play a role in deter-
mining the specificity of the protein—-RNA interaction im
turnip yellow mosaic virus (Jonard et al., 1976) is important.
Thus, poly C as well as poly A may somehow mimic at least a
portion of the nucleotide sequence OT resulting structure

found in the recognition site of PMV-RNA.
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The specificity displayed by PMV protein for
its RNA, the pH controlled switch for this process and
thée varied fesponse of PMV protein toward different nucleic
acids make PMV assembly a worthwhile system for the study

of protein-=nucleic acid recognition mechanisms.
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CHAPTER 7

THE FORMATION OF 25S PMV COAT PROTEIN IS ENTROPY-DRIVEN

~J
Pt

Introduction

One of the better characterized parts of the PMV
system presently available which may yield information
about the general mechanism of protein polymerization is
the interconversion between the 14S and 255 protein polymers
(see Chapter 4). The protein is in a rapid equilibrium
between 145 and 258 polymers under optimal reconstitution
conditions (0.01 M tris buffer, pH 8.C, 25°C, 1 mg/ml pro-
tein). The formation of the 255 species from 148 protein
can be brought about by raising the temperature from 5° to
25% at pH 8.0. The conversion is complete in about 30
sec and is reversible. Overall, the protein equilibrium
exhibits the temperature and concentration dependencies
typical of entropy-driven systems. Lauffer (1975) proposed
that the mechanism of entropy—-drive for a variety of funda-
mental biological polymerization processes involving pro-
teins, including the polymerization of TMV protein, is net
water release by the protein upon polymerization. In this
chapter, thermodynamic parameters for the 145 - 258 equil-
ibrium of PMV protein are estimated and are found to be

consistent with an entropy-driven water release mechanism

for the polymerization of 14S to 258 polymer.
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7.2 Theoretical analysis
The mass reaction for the equilibrium of PMV
protein at pH 8.0 can be represented by
i x148 = y25s (13),
where x and y are defined by the stoichiometry of the
equilibrium. The law of mass action gives the apparent
equilibrium constant
Kinp = [2ss1Y = £ (14).
(ll}S] * x ¥ (x—y) wx
(y) m (1-£)
f Here, brackets represent concentration in molarity, f is
the weight~fraction of protein present in the 258 form, m
represents the molarity of total protein in texrms of the
14S polymer. The dependence of the equilibrium constant
upon temperature is given by the relationship
In K = as®°/R - (AH9R) (1/T) (15),
.
- where AS® anda aH® represent the entropy and enthalpy changes,
respectively, for the standard condition of unit activity,
R is the gas constant, T is the absolute temperature. In

this analysis the standaxd state is defined as unit molarity.
Equation (15) only holds for processes carried out at a
constant temperature. If an® is independent of temperature

fer a given process, then a plot of 1n Kanp versus 1/T should

. o .
yield a straight line whose slope is -AH /R and whose iater-
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cept is as®/r.

We assumed the stoichiometry for the reaction
is 2 14S=25S; that is, x = 2 and vy = 1. This assumption
arises from hydrcdynamic and structural studies (unpublish-=
ed) which showed that the 14S polymer is composed of about
16 subunits probably, by analogy to TMV protein (Durham
et al., 1971), in the form of a two layer disc, with a
molecular weight of approximately 350,000 daltons (see
Chapter 3). Hydrodynamic considerations, similar to those
used by Caspar (1963) to predict molecular weights from
sedimentation coefficients for TMV protein, suggested that
the 255 polymer consists cf two 14S discs. This is a minimum
estimate for the size of the larger polymer since the sedi-
mentation coefficient of the fastexr species in a rapidly

associating system is always greater than the maximum ex-—

perimentally determined value (Cann, 1970, pg. 110).

The tempera.ure and concentration dependencies
of the 145 - 255 equilibrium at pH 8.0 were analyzed by
analytical ultracentrifugation (see Chapter 4), The appar-
ent proportions of the various polymers present at several
protein concentrations aund temperatures were estimated
from these databy measuring the areas under the Schlieren
peaks (Table 3). Although not strictly correct, this
method gives a reasonable first approximation to the actual

proportions of polymers (Gilbert, 1955). The assumption

was made throughout that the extra material sedimenting
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between the 14S and 255 peaks was largely due to dissocia-

tion of the 255 protein at its sedimenting boundary. This

behavior is typical for concentration dependent equilibrium

systems whose rate constants are much larger than the i
sedimentation times. Using the data in Table 3 and 1
equation (14), values for Kapp were calculated for cthe

equilibrium at several different temperatures and concentra- “
tions and are listed in Table 4. Only five of the sedimenta=

tion runs could be included in the analysis of this parti-

cular equilibrium; houever, all the data are shown in Table

3 because they indicate clear trends for the protein to

polymerize to larger forms with both increasing protein

concentration and increasing temperature at pH 8.0.

Ln Kapp values were plotted versus 1/T for the
protein equilibrium at two concentrations, 1 mg/ml and ;
2 mg/ml, and AH® and as® vaiues were determined according to 1
equation (15) (Fig. 44 and Table 5). Both the enthalpy ]
and the entropy changes for the formation of 255 polymer ’
from 14S protein are large and positive, indicating that
the conversion is both endothermic and, more importantly, 1

entropy-driven.

7.3 Discussion

Considerations, similar to those for TMV protein
polymerization (Lauffer, pg. 130ff, 1975), suggest that

the entropy increase brought about by the 14S to 25§
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Fig. 44. Dependence of Kapp on temperature for the
equilibrium 2 14S&25S. o-e, PMV protein at 2 mg/ml;
o-0, PMV protein at 1 mg/ml. Vertical bars indicate the

estimated standard error for Kapp' Data were taken from

Table 4.
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polymerization comes from a net release of protein-bound
water. The best estimates of entropy increases brought
about by the dehydration of proteins come from Bull (1944),
who measured water uptake by dry proteins in equilibrium
with water vapor and then calculated corresponding entropy
losses. His values range for +.468 to +1.98 cal per de=
gree per mole H20 for the release of protein-bound water.
By using these values, the water released upon polymeriza-
tioﬁ of PMV protein can be estimated a2s ranging anywvhere

from 107 to 808 moles water per mole 14S$S disc, or approx-=

imately 7 to 52 moles HZO per mole protein subumnit. These
estimates take into account the variation in Buli's data

as well as the estimated variation in the calculated as®
values for the present work (see Appendix for errer analysis).
Stevens and Lauffer (1965) measured the water released upon
TMV protein polymerization as 0.027 g water/g protein or
about 26 moles water per mole TMV protein subunit. The

water release estimates for PMV protein, although specula-
tive, nevertheless are within a reasonable range of wvalues

when compared with the more accurate estimates for TMV pro-

tein.

The idea that water release drives the formation
of the 25S polymer from 14S discs suggests that the polymer-—
ization is basically a dehydration reaction. This being

so, any substance which decreases the dehydration potential

(i.e. potential water release per mole protein per ml .
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of solution) of the polymerization reaction should de-

crease the net free energy loss for the reaction and so ;
inhibit 25S formation. Simple chloride salts are very

effective as protein dehydrating agents (Bull and Breese,

1970; 1976) and NaCl decreases water binding by ovalbumin

by about 70%. Hence, in the presence of NaGCl net water

loss by PMV protein dGduring polymerization would be predict-

ably diminished (thereby decreasing AS) and this could account

for the NaCl-induced inhibition of 258 formation, and quite

possibly as well for the deleterious effect of NaCl on

PMV assembly.

The calculated enthalpy and entropy values at 1
and 2 mg/ml were not significantly different, probably owing
to the large propagated error. However, it is clear from
the data in Table 3 that the magnitude of the net free energy
change for the polymerization reaction must decrease with
decreasing protein concentration at constant temperature.
This net free energy decyease is probably due to the decrease
in total potential entropy gain at the lower protein concen-
trations, and is, in turn, most easily explained by invok-
ing the release of protein bound water as the entropy drive
for polymerization; that is, the potential entropy change ;
for the 14S to 255 polymerizatiom is proportional to the de-
hydration potential of the reaction which is dependent upon
the total protein concentration. It is not improbable that

the explanation of the properties of the 145 - 258 equilibrium

" s
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of PMV protein will be applicable to protein rod formation

and to the reconstitution reaction.




APPENDIX
ERROR PROPAGATION ANALYSIS FOR THE CALCULATION OF : ﬁ

THERMODYNAMIC PARAMETERS FOR THE 14S - 25S EQUILIBRIUM

Introduction i

Chapter 7 described a theoretical analysis of the
14S - 258 equilibrium for PMV protein which allowed estima-
tions to be made for the enthalpy AH® and entropy AS° terms

! for this reactdion. A hypothesis was advanced in which the

. release of protein—-bound water was proposed to contribute
mainly to the gain in entropy upon conversion of 14S pro-
tein into the 258 aggregate. Estimates of the amount of
water released in this reaction were made, and since these
are fairly speculative values based on the calculated en-
tropy change, it was necessary to determine the statistical
reliabilities of these estimates. This appendix describes
in detail the error propagation analysis from which was : f
derived the standaxd errors and ranges for the thermo-

-

dynamic parameters reported in Chapter 7. .-

Background

The basic approach employed for the error preo-
pagation analysis is that described by Shoemaker and Garland

(1967). The linear regression error analysis was done

following the procedure outlined by Draper and Smith (1966). g ]
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Assume that a quantity F is a function of several

experimentally measurable variables x5 - One may write

F o= £(x;, %55 200, %) .

Small changes Axi in the experimentally determined values
of Xy will produce a change AF in the calculated quantity

F that is given by the approximation

8% OF F
AT = P Aal + 3;: sz + ... + . Axn (2).

Let the Axi represent experimental errors e(xi) in the

guantities x; so that

X, (measured) - x5 {true) (37.

>4
"
1l
)
~~
"
-
m

Similarly, the resulting error e€{(F) in F
AF = e(F) = F (calculated) - F (true) &)
is given by

oF
Ix

3F

oF c
Bxl

3x
n

e(F) =

e(xl) + e(xz) + ... +

(xn) (5).

o

The e(xi) are indeterminate; however, if magnitudes for
these errors may reasonably be estimated then limits of

erYoT l(xi) may be assigned such that

—K(xi) < e(xi) s k(xi) (6).

The aim of error propagation analysis is to
calculate the limits of error A(F) of F based on the limits
of error X(xi) for the variables L that is, we want to

know the maximum value of e€(F) which is allowed from the




error limits assigned to the xi. This is found by setting

the s(xi) in equation (5) equal to their respective limits
A(xi) and giving each term in equation (5) the same alge-

braic sign. The resulting equation is

_ 13F . 3F 3F
X(F) = '3:: |A(x1) + Iax I)L(xz) + ...+ l‘”"ax RYEID (7,
1 2 n
vhere | | represents absolute value and all the A(xi) are

positive in sign. The expression for F is differentiated

with respect to each of the variables x_, in turn, and the

i
absolute magnitudes of the derivatives and the error limits
of x; are substituted back into equation (7) in order to

calculate A(F).

A refinement of the calculation of A(F) results
from the statistical likelihood thatr errors in the variables

x5 will tend to cancel onhe anothex out. The final result

is given by

)2 2

A(F) = {(g%lﬁmxl)}z + G ey’
1
2.2

3F .2 2
—_— < 8).
G T ) ) (8)
113
This treatment gives a smaller value for A(F) than is
given by equation (7) by a factor of approximately the
squarxe root of the number of variables X, - For the com-

plete derivation of equation (8) see Shoemaker and

Garland (1967).

7

4

e
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Error of K
app
The calculation of 55° and AH® values for the
148 ~ 255 equilibrium required the calculation of values
for the apparent equilibrium constant Kapp at various
temperatures. The latter was given by equation (14) in
Chapter 7:
£
Kapp ~ y (x-y) X
(x/y)°m (1-£)
where X, y, m, and £ are defined in Chapter 7. Now Kapp
is obviously a function of x, y, m, and £. To fiud the
limit of error A(K ) foxr K equation (8) is utilized
app app
to give
1
2 (9.

Kappi2 . 2 . PKipp2 2
Ak, D = LR T m) 1+ (R T
The terms for x and y drop out since X{x) and A(y) are
zerc for a given stoichiometry. 1In order to calculate a
value for A(Ka p) the partial derivative terms in equation
(9) must be solved and values for A(m) and A(f) must be

calculated.

The total protein molarity m in terms of the

148 species 1is given by m w/NM where w is the weight-

concentration of protein, M is the molecular weight of

Ligaome ¢
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monomer, and N is the number of monomers contained in the
148 polymer. From equation (8) an expression for A(m) can

be derived:

|

rm =327+ E2nar + EZnem B o).

The uncertainty of the extinction coefficient for PMV
protein can reasonably be estimated as 107 and this gives
A(w) =0.1w. The unzertainty of the molecular weight esti-—
mate for the protein monomer and of the number of subunits
(16) in the 14S polymer are both of the oxrder of 10% so
that A(M) = 0.1M and A(RB) = 0.1N. Differentiating equation

(10) and substituting the values for the error limits gives

1
2
.lw _}2

Jlw, 2
NM )

dw, 2
NM) + (

e F ¢

A(m) = {(

Since m = w/NM, thenA(m) is .17m. Thus, the error limit

for A(m) is approximately 177% of the estimated value.

The uncertainty in the estimate for the weight-
fraction £ of the 25S species derives from the errors in-
volved in measuring the Schlieren peak areas. Certain
assumptions were employed in making these measurements
(see Chapter 7), however, an error limit assignment of

10%Z is probably not unreasonable. Le+ A(f) = 0.1f.

L N

Caebe
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AR, )
app
Differentiation and rearrangement of equation
(9) yields
2
AR ) = £7 2
app {( - 7 fA(m) +
(x/y)y(y—x)m(x y+1)(l_f)x! f ]
(Y—y)fy + f(y_l) 2 2 %
: < )T A1) (11).

(/) 57V (1ogy ¥+

Assuming that the stoichiometry for the equilibrium is
2 14S£1 255 gives x = 2 and y = 1. Substituting x, vy,

A(m), and A(£) into equation (11l) results in

1
’ - 1+£,2,2
AR, D) = 01K o 1+ (5o

Values for A(K ) were calculated for each K and are
app app

listed in Table 4 of Chapter 7.

Error of AH® and 4S°

The values for A0H® and 68° were obtained from the
slopes and intercepts, respectively, of plots of anapp
versus 1/T (absolute) for different protein concentrations
(see Chapter 7). Therefore, calculating the limits of
error of these parameters is equivalent to calculating
confidence limits for the slopes and intercepts of each
plot. Typical linear least-squares analysis yields values

for slopes and intercepts along with their standard errors.

It must be stressed, however, that such errors normally xzeflezt
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the deviations of the experimental points from the analytic-

ally fitted line and do not take into account any intrinsic

At

variability of the points used in the fitting procedure.
The ignorance of such variability can lead to highly erron-—
eous confidence limits for the equation parameters. This
variability can be taken into account rather easily. How-
ever, it is not often done so because the procedure is
often considered to be complicated and its description

is difficult to find in useful form in most of the popular
statistical texts. Actually, it is no more complex than g
that used to solve for the best~fit line. The derivation
of this procedure is presented in readable form in Draperx
and Smith (1966). It is somewhat complex and only the

final result wiil be given here. The following two equa-—

tions are used in calculating error limits for the slope
and intercept of a fitted line taking into account both

experimental errors and fitting errors:

Ex?V(y.) - (2/n)2xi2xiv(yi) + (inhs%V(yi) %
A(slope) = {—= = 2 5 2 } .
g (in - (in)_/n) ;
. (12) !
1
A(intercept = {izzv(yi) + V(slope) (in)z} 2 (13).

n

In these expressious V represents the variance and can be
approximated by Az. Thus, the calculation of A(slope) and

X(intercept) is a straightforward procedure when this

approximation is applied to the above equations. :
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In the present analysis, the x; are replaced by

l/Ti and the y; are substituted by anap . In order to

solve equations (12) and (13) for the present exampie the

error limits A (1nkK ) for 1InkK must be calculated. Now
app app
r3 - v — l
k(anapp) is simply dlnI\a ( Ka ) A(Kapp) so that
dK PP
app
A(anapp) = A(Kapp)/kapp. Independent values for A(Kapp)

were calculated for each temperature and equations (12)
and (13) were solved for A(slope) and X (intercept). These
values were employed to calculate A(AHO) and A(ASO) from

the relations

A(aH®) A (slope)R (14)

and

A(a8°) = A(intercept)R (15),
Equations (14) and (15) derive from error propagation analy-
sis of the equations for AHO and AS° (see Chapter 7):

slope = -AH°/R and intercept = AS®/R .
Limits of error for AH® and AS° at the two different protein

concentrations analyzed were calculated and are listed in

Table 5 in Chapter 7.

It is worth pointing out that the major error in-
volved in this entire analvsis is that of the weight-fraction
£f of the 255 aggregate. A(Kapp) is equal to about 10% of
the calculated value of Kapp multiplied by a factor which

1+£.2

is proportional to (i:EO . This means that the error in-

creases exponentially in relation to £. This can be seen

immediately upon inspection of Table 4 in Chapter 7. In-




[SrEPW

198

creasing £ from .58 at 15° to .93 at 250, at 2 mg/ml pro-

P

tein, resulted in a relative error increase for A(Kapp)

from about .4K to over 2.5K This ultimately leads

pp app’
to relatively large values for the error estimates of

b e e

o

o . . .
AS™ and AH™ and indicates that these error estimates are

R

probably scmewhat high.

Finally, this analysis deoes not take into account : j

C e

certain assumptions regarding the class and the stoichio-
metry of the 148 - 258 equilibrium (see Chapter 7). A

2:1 minimum stoichiometry was assumed to hold for this

S AR A A AT

reaction, however, computer-modeling studies showed that

higher ratios (3:1, 4:1, etc.) would give proportionately

larger escimates for the as® term, so that the qualitative S
aspects of the analysis presented in Chapter 7 are unchanged.
The equilibrium was also assumed to be discrete, with no

intermediate polymers or polymers larger thanm the 258

R oy s o

species being present.

L L L,

L s

4
M emare w
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