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4. IWTRODUCTION

The Mological condition, wiich led to the imvestigations on the irarmal
statdlity of the cors proteie of TNV matants in vitee, is somerised in Part I.
The primary ctructure of the Drotein, s determined Yy ids protein-chemicsl
inrestigsticne of Wittasnn and coworkers (1262, 198k, 1965) and electrophoretis
studies, are shown in Pigure 1 along ¥ith dats oo the in vive shavier (Part I).

B, MATERIALS AND METHORS

I. The ia30lation, propagation, and recovery of ths virus mutants have been

doacribed in Part I,

II. Puificatin of Core Proteins

In the case of the previous in vitre studies {(Jockusch, 196i), alkali-
split virus was employed whoes RRA was uniformly degraded by incubsiion wiih

" RNaoe. IS vas mot, however, feasidls to separete the RWA Iragments completely -
~ froem the protein by dialysis. ?or more exsct studies, the preparation of REA-
A free, native protein was necasmary. Ths acetic acid method (i"raor.:lml-cmat,
" 1957) yielded a very susll smount of product since the protein must be ronstured
. from the scetic acid solution. In the case of th: alkaline cleavage of the

virus, the senstive mutant protein remained completely native, but the separa-
4ion of RNA and protein by miord.un sulfata (Schramm, 1947) gave unsatisfactory

results, The eistircphoretic iaparntion of cleavage products (Schramm, 1947)

offered the only practicel means of obtaining high ylelds of labile protein,
By means of carrier-free (?) electrophoresis (“Elphor hl’, Bender and Hobein,
Manich) using the mocthod of Henning, a large smcunt of mutsnt protein cennbe

Abtrevistions uscds TMVsTobecco Mosaic Virus; HP = core protein; RNA s ribo-
moleic acid; RNase = ribonrucleass; tr = temperatureo-resistant; ts =
texpersture-sensitive; def = defect; AR = amino scid residue; Tris =
2-amino-2hydraxyme thyl-propandiol =(1,3).
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parified in s relatively short time (Sarkar, 1960). Moreover, ithe previocusly
specified condiisions (Jockusch, 1966) were sdhered to. Alh and its derivatives
(except XS511) split so poorly im alkali that the yield of protein and the
parity acxieved were similar to that with vulgsre and its derivatives. For
this resscn, an ®acetic zcid protein® wes smployed in the case of Al and
M676. ¥o differences cocld be drtected between the "alkali-protain® and
ths "scatic acid-protein® of Alk. Puri‘ty criterion: the dsgree of cortamina-
tion by RNA was determined by means of the ultravioclet extinction coefficient
3260,3280 (carrested for light scattaring). In the case cf the camplete
virus (5 £ RNA), a value of 1,2 war obtained. In the case of +'s TA-protein®
of vulgare and its mutants, it wes 0.55 to 0.56 indicsting th'.t the preparation
was practically RNA-free, In the csse of the Alh mutants, a vilne of 0.80 to
0.8l waz chtained. Navive state activity: prcteins wese cousidered to be
nstive 4f they produced elear solutioes st hC and at pH 7, and 12 reversitle - -
‘opahmoo weg produced ab pH S (except Wi2204 which reversibly precipitated
st pH 5)e Moreover, the pretsins were preserved at pH S, I (ionde strergth)s
0.1 at ~60C.
‘ I11. Buffers Bmployed
In general, the tufler described ty Miller and Golder (1950), which has

sn ionic strength of ['/2 « I = 0,1, was employed for the denaturation studies.
However, at pE 8, Tris was enploved for buffering instesd of veronal, The

taffer has the following sdvantages: (a) the ionic strengih is definite and

is not affected by the pH, (b) 80 £ of the ionic strength is the result of

the NaCl present, (d) the ionic strength is equivalent to that of physiological
selins, (4) the tanperatnﬁ coefficients of Hinex'-.Oolder uffers containing
acetats (pH 5) and phosphate (pH 6 and T) m small enought to be disregarded,

(s) the buffers emplayed interfer with the determination of protein concentration
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by the measurement of UV abrorption or by the ninhydrin test. In this case,
pure phosphete buffer (I=0,1) of Green is used. For testing sclubility,
bacsuse of ita high duffering capacily as compared to Miller-Golder btuffer,
the acetste tuffer, pH 5.0, of Boyd was employed {directions are found in
Raven, Bioclemical Handbook, 1st editien, 19%6).

IV. Gel Electrophorusis of Proteins

Proteirs prepared according to Part B,II. were susgended in Miller=GOolder
buffer, pH 5, precipitated with methanol-sther sasin Fart I, section C.V., and
then dissolved in 8 X urea, 20 £ sucrose in Arcnsson-Grénvall buffer. Since
E1220; protein cannot bde separsted in this marner, it was precipitated by the
addition of 2 M asmoniua scetate, pH L.8. In otber cases, the acetic acid protein
is obtained from the virus and, afiter removal of the RNA by centrifugstion, the
protein is precinitsted isoslectrically by the sddition of scms weter srd 2 M
smonize gulfats, The precipitats is washed with methanol-~ethsr and dissolved -
in urea tuffer. The protein concentration is about 1 %0 5 mg per nl. Electro~ .
phoresis was carried out as described in Part I, Section B.IV.S.

V. Tasts for Native Stats of Proteins

Next to the macroscopic exadnation of protain eolutions {clear, opalescent,
precipitsie), the following criteria were used for determining the native
state: saludtdility at pH 5, development of soluble particles with sedimentation
coefficients of grester than 1008, which appear as aggregstes when observed under
ths electron alcroscope with a diamster of about 150 § and & central canal.
L Ultracentrifugstion.

This was carried cut using a Spinco Model E analytical ultracentrifuge

(Beclman Instrumsnts) with an AneD rotor. In order to avoid strong shearing

forces upon injection of the smmpls, & covered csll was used into which the
sample could be pipetted. It was not, therefore, layered with buffer (with the
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exception of the urea protein), \ut was £11ed with 0,7 ml of protein sclution
in order to crsate an adequate sedimentation path, All run were carried out
at 20%, The sedimentation coefficient S was caleulsted ss follows:

Tog S = 13,1618 + LogALn r = (2Log £ + TogAt)
where S (S) .
r (cm) the radial distance of the gradient from the axis,.’
Alnr = Inr(tp) = Inx(t,) ‘
At (nin) = tp = t), the time period between photographs and o
. 4 (min‘l) the speed of rotation of the rotar
The viscosity was measured at 20°C using an Ostwald viscosimeter,

2. Electron Microscopy.

Protein aggregates were analyzed by the negative staining method of
Brennsr and Hormer (1959). A drop of the sample was wppiied with a epidiory
' to the grid, placed ;xrﬂer 8 ¥scoum and dried, The same procedure was pepested
~ with 2 % phosphotungstic acid st pH 5. The electron miorographs were kincly
prepered by Dr. Ho Frenk and Mr, Berger (Max Planck Institute for Virus Research)
" using & Siemans Electron Microscope I,

C. RESULTS
I. Electrophoretic Behavior of Proteins in 8 M Urea

| Sengbusch (1965) found that intact virus particles of scme mutants, where
protein enalyses (Wittmann, 1962) showed no differences between “hem grd the
parent strain, possessed a slight mobility in the electrical field in weakly
alkaline solutions at intermediate ionic strength, This is explained by saine

acid aubntitutiona of the type: sminodicarboxylic scid-p aminodicarboxylic acid
amide, These are not normally detected by protein anslysis. RNA-free proteins
in 8 N urea were anslysed by gel eRectrophoresis in order to exolude the
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poasibility that substitutions, in addition to those indicsted by Wittmann,
may occur, and to characterise several substitutions whéck it is not known
whether the sminodicarboxylic acid or its amide is present (Wittmann, 1962).
Figure 2 shows the bands that were obtained. Two ¢lasses of bands are
seen: some, which migrste like vulgare, and some vhich migrate like flavum,
This difference is basod upon a single charge difference (Wittmann et al., 1965).
By some dorrlngemem' during aggregation (secondary bands) or carbamidisation of
smino groups by cyanste (Cole and Mecham, 1965; in alkaline medism), the results
were in agreement with the analyses of Wittmann as well as the electrophoretic
studies of Sengbusch. Eablier, it was shown that in the case of Nil03 and
Mi696, an sspartic acid residue is substituted in position 19 of the polypeptide
* chain and thet the single aspertic acid ia in pepiide I, M09 does not

" migrate at a slower rate than vulgsre as cne would expect from the protein -
~ chemical results (Wittmarm, 1562) and the tindings of Sengbrach {1965). Thare
| are two possible explanstions for these results: (a) the protein contains an
additional substitution of aminocarboxylic acid - smincdicerboxylic acid which

is not detoctable by protein analyticsl mathods. This additional substitution
| neutralises the charge loss caused by the glutamic acid «-= glycine suostitution
4n tbo cass of vres-extracted prohin.-ﬂb) Wo are desling with nothing mers than
the originsl parent etrain. In any case, it is out of the squestion that the
protein contains no substitution different from vulgare.

I oos begine with only the results obtained with electrophoresis, the follow-

ing principle is formulsted: m proteins, which migrate more slowly than the

~ yulgere protein in clisline solvents, are ts (tempersture-sensitive). However,
not all te-proteine migrete more slowkiythan vulgare protein, The mutants,
118 and W1196, which have bath lost a proline by sutatisn, faw only weak and
&iffuse bands. In slkaline 8 N wres solutions, they exhMAt mcre cggreaghes
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then residusl protsin, In this regsrd, previous investigations with the
anelyticsl centrifugs have shown that Ni118 protein in this solvent sediments
sbout twice as fast as doos vulgars protein.

11, Pattern Tests with Nill8 and Vulgare Proteins

118 waz selected for these teste since it is & sensitive ts mutant and
ite protain exhitits no charge substitution ss compared to the yulgare protein.
This was done so that the effects that wers cbserved would not be dependent
on different isoelectric ‘points.

l. Bpeed of Denaturation.

For the following studies, the protein, which was at pH S, I=0.1, was
diaiysed for at least L8 hourw at LOC against repeated changes of btuffer.
The protein solution was then incubated in a water bath under tho actual
 experimentsl conditions. At specified times, 0.5 ml of protein solution was
withdrawn and pipsited into 1.5 ml of ice cold Boyd buffer, pH S. After .
. thorough mixing, the sample vas gllowed to set for several minutes in sn ice
bath and tekn centrifuged for L minutes at 1,300 x g (solubility test). De-
natured protein under these corditions will be found in the sediment after
centrifugation. Tho protein content of the aupcrm;ant fractions was deter-
mined efter alkaline hydrolysis using the ninlvdrin resgent according to Moors
and Stein (1954). The protein concentration for this experiment was calculated
fron the following reletionshipt 1.0 0.D.JgS e/l &5 x 1075 M (Praenkel-
Conrat, 1957). |

a) Effect of Tenpsrature. ™igure 3 shows the denaturation of Mill8 nrotein

st 20°C and 30°C. The smmples conteined 5 x 10~5 M protein in Miller-Golder
tuffer, pH 7.0, Is0,1, 10-3 M ethylmercaptan. The capscity to form scluble
aggrogates st pH S disspyears at 30°C with & half time of t3=+1.8, At 20%,
6> 10° mimtes. The "melting point® of the tartisry strusturs of Nill#

protedn (Ksusmann, 195L) as & consequence of an amino scid substitution lies

-




2. Agpregetion during Dialysis.

- A1l of the incubation buffers contsined 102 athylmercaptan, The dialysis was

Table 1 gives the fractioas of the supsrnatant and pnoipnm snd the sedinente~
Adon coafficients of the proteins in the supernstents. Figure S shows the
sedimentation profils, whiie Figure 6 ahiows the ¢lectrun microgrephs of sggregstas
fowns ¢t pi 5. The results are (s) bty dislysic pH 7 <» § at 20° snd 300,

‘?’

bstwaen 200 and 30°C, while it is greater than 30°C in the case of the vulgare

protein. However, at 20°C, appreciable denatui._.ion occurs after 5 b—ws I
(T.ble 1)'«"

b) iffsct of Merceptan. Duplicete samples with § x 105 M Ni118 protein

ir MillereOolder tuffer, pH 7.0, I * 0,1, were incubsted at 30°C with and
without § x 10'3 M ethylmercaptan., In order to assimilate the test conditions,
the Boyd bufisr contained 10'2 M ethylmercaptan. Even witk a 100-f0ld innrease
in SHegroups over those in the protein, no differences in the speed of denaturse ’ j
tion during incubation could be found (Figure L). Nevertheless, the studies
were carried out in the presonce of mercaptan in order to avoid any troublescwe

interferences by heavy metal contamination.

If, during the investigations on the progress of denaturstion, the pH i3
lowered to 5, optimal ‘aggregation to rods 1s achieved in thiés case as well as
by dialysis. In ths following 'ltudiea, the behavior of Nillf protein and
Tulgare prote’ 1 was studied at 20° and 30°C at pH 7.0 or by dialysis at o¥ 5. L
These were carried out using 10™% sclutions of ¥il18 and yulgare protein. |

ageinst Miller-Golder tuffer at pH 5.0, The inoubaticn and dislyeis times for
o1l samples were S heurs, after which the samples were centrifuged for 10 _
dimtes at 1300 g» The relative concentrations of tho sediments and supernatants ! ]
were datermined by messureeents of the Eggy aftsr eveporation and dissolution in

10 M ures, pH 7. The supernatants were cestrifuged in ths analyticsl ultrscentri-
fuge snd the solubls fractions wers studied under the eleciron xioroscope,
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Yulgsre protein foims aggregates of greater than 100 S in which, as the

electron microscope controls show, the subunits are arrangsd in a hollow

¢tylinder form. The fraction of protein that precipitates in this case is

loss than 1 £, At pH 7 and I = 0,1, the protein remains in & clear solution

in the form of emaller aggregates of ca. 30 S. 'l'l::ls1 corresponds to a

double ring of about 2 x 17 protein subunits.(Cespar; 1963). At I = 0,02,

and after storage st 4°C, a camponent with a valus of L S was found. This

corresponde to the actuval "A protein® with three subunits per particle

{Caspar, 1963). (b) Like vulgare, Nill8 protein after dialysis pH 7 < § at

2o°c, forms sclulle aggregates of more than 100 ‘s which sppear as rods (hollow

cylinders) under the eloctron micruscope. About 99 ¥ of the protein in this |
case forms into aggregates. Hcwaver, at 30°C and I =~ 0.1, this value is 75 %.

and at T = 0,02, 98 € of the prot>in forms an insoluble precipitats. The

somewhst higher stability at higher ionic strengths can be shown to be repro- !

ducible. At pH 7 o= 5, I =0,1, the vast majority of the protein in solubion is

infthe form of rods., Hence, it has been concluded that the 30%C-denaturation of‘

Ni118 protein is an all-or-none occurrence, that is, either the protein precipie

tates or rods are formsd at pH 5. At pH 7, I = 0.1, after S hours at 20%, a

slight precipitate is formed. At 30%C, 91 £ cf the protein precipitates. At

I = 0,02, however, the solution remsins clear and particles are found with a

sedimentation coefficlent of 36 8.

1 Tho sedimentation coefficient valuse are not corrected to a constant viscosity.
Viscosity measurements were osrvied out on A proteins at pH 7, sggregates a%
pH 5, and virus perticles at pH 7. With a protein connentration of 3.0“" M, the

viscosity of the uggregates was only 6 £ higher than that of the pure solution,
It 1s aoncluded that 1t would not be important ¢¢ ccrrect for such a small change.

w.,
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(c) Tde questicn now wes if the 36 S coamponent obtained Yy incudatixg
K118 srotcin at 30°C, pH 7, T ~ 0uC2, #3411 possessed the cipacity to fom
aggcegstes A0 ar orderly faskion when cialysed agsinst pd 5 tuffar in tie
cold. It was found thet after incubetion for 30 mixtes st 30°C followed
by elalysis at hC againet MillerSolder daffer, pl 5,0, I = 01, 95 % of
the protein precipitated. Coatrsry to an earlisr assaptiocm (Joctwsed, 19&),
the protein reszining in scleticn at JOT at low iomic strength is pe layges
Dative. On the other band, vilgare proteds can be kepd wader sixilar ecndizeos

‘twnhw&mnmﬂwhdxihmwurnah&-

asggregster ot pH € in e cold.

(d) Statilisstion Ny phospbats icms: The precipilatie of N3 protein
st 30 in Mllsr-Gelder affer, pE 7, T = 0.1, is nct tuxrely in icalc streagid
affect. ’£ coe incudates e protais wder sixilsr eocoxditiocos Mt iz pore
paosphats xffer, pH 7, T = G1, the sclntiom will t» iy cpalsscent snd
pot renoved ly cenirifugation at 1,300 x g. After dis’ysis st 3°C agai=st
tuffer, pE 5, I = G.1, only & fractim of the protain precipitatss. Iw
contrsat to chlorids ions, the phosphats ion has 2 staltilim g effect st it
in the case o the solatility dehavior o the Ri118 protein.

3. Fatare of the Preclrtates.

From the spectrom of the solvents which are capadls of dissalving the protsin
precipitates, ons can drew sams conclusion 2s to the nature of ths bonds inmvolved

in nolding the agiregate togeider {Summary: Jaemicke, 196). Using H1IB

) M,tﬁfmnﬁnmnnidun Alo-kllclmofutin

protein in tuffer, pf 7, T = O,1 with 1073 X cywieine, was held at 30° C Zor
kO xinmtes and than xixed wilh an equsl volume of Byd buffer, pHS, I = 0.1
(the resulting pi wes st ¥). The suspeosion was divided wp and the fracticos were
centrifoged at 1,300 x g for 10 ximtes. 21 £ of the protain was recovsred in the

supermstant frections. nom-mwnmmdm

e et st e eiie
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solvesis 33 sewa in Table 2. The proiain ecodsainaiimm i e sooersstas

ves oeterximed u the bDesis of the Faan {TIR12 2] after cexivilugstiom I

10 ximxtes at 1,X0 x g. It vas Zxod that (a) the ccheresce of the aggregsiss

23 oot tds resmit of covalect Mindismg., Nyizal excharges belueen aliphstic

side ciaims sppesr to e ide major cooktidaticn {salwMlity is solizm dodseyl- .
mifate). (1) ™ Xndizg forces dffer @alitstively from tdoae wiich Mold
the native protain agrregete togatder (Aighe= alkali resisteoce). (e) At pR S,
2t A°C a8 wmll e % 0, 2 notawordly renvtwrmiice coows. :

Js. Cogarziiv Desatoreticn Iimtics of Talgre Matxxls

1. Dmatostion s pB T.

The feur ir sireine, vulgare, A1k, WII09, X21927, sod ide five is stralns,

flsvam, reflsvescens, CPR1S, 2103, aad J1N18, ware copured at P2 7, I = A1,

30°C, with reference to the veddcity of protein detstzrstion {Mgcre 7). These
ware tagted as descrides in Section C.I0.1. With the <reptiod of reflavescens,
ﬁdh&iﬁhﬂ_ﬂ_&mdmmmmduﬂm
Mummwmzmmmmum(ﬁmmw
F109, dowever, ses Section C.J.). With regzrde to their aidlity to fam
saluble agz-egates at pE 5, in the csse of the ts-mutaia, haif-lives of 1.8

wmatas {K113) to 30 minciss (reflsvesserns) were chserved. K1927 was mare
mqh“mﬁmm”mxm:u)Lle@untuﬁehm

goesteT than that of the most stidle tswautant, The protein from Alh, howsver,
is sven mcre stabls, Aftsr 15 hours, practically nc densturstion cau te detected
using the solubility test in tis case of the vulgare protein.

2, REffect of FH 3

Maltinle ssmples were suspended in buffers of pH 8.0, 6.0, and 5.0 as
described in ection C.III.1., incubaied, and tost. PFigure 8 shows ihe

corresponding carves for pE 6.0; at pH 5.0, after 15 hours, practically oo
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- decresse in 2clntlity wes detoctad. it pH §, the proteins behaved the same as
] N PET.

The Ralf-lives odRairned in this mawnor ars summarised in Talle 3. A the

incudaticn ;38 spproachdd the isnelestric paint, the densturation velocities were
* deczessed Yy 8 facter of »100 to Y1090 (K118).

E. IV. Comparison of Several Alk Mutsnts B

In Mgure 9 is shown the Kimaties of the Joss of salubility of several Alh 1
mtsnt proteins incubsted at pE 7, I=4el, 88 described in Section C.IT.1. The
Brlif-lives fouxd were: NS - 20 mimtes; M558 = 0 minutes; Kill95 - 150
] aimetos; W2SI9 - > 2.5 x 102 ninutes.

Coe firds that (a) the mutant XS94, which is differentisted frea flavmm
Yy twe wry distinet sudetitutions ia the polypeptide chain, is somewhat more
stadle tian fluvinas u&ég-mm;nmtyzoumh (b) Also, an

_ mtde substitutice cam csuse is behevior (see C.J.). The protein of Ri51l has

s shailer Kalf life to that of 7lavom, (o) The proteia of the ts mtant Ri2515
1s ss statle ss thet of Aik st 36°%. Also, no precipitation was observe during
dialmcs of al¥a)ins-eplit virus against p§ S tuffer at 359°C, In aggsement with
the protain mmaiyzes of Wlettmann-Lisbolcs et al. (1965), in both mutents, no

Mﬁﬁmmhhfoﬂd&mthumthgﬁgnudias(mﬂ,om
mst conclude that in ths case of Ni2519, it is no’ the envelope protein that is
altered but rather there is the mutstion of a secoid gene for tomperature sensi~ i
tivity. (d) Wi220h precipitstes independsntly from the 30°C influeuce slmost | ‘
completely at p 5, T « G.1. B

V. Wild Strains

In the case of ids in vivo studies (Part I), it was shown that the wild
strains, dahlemense, U2, and Holmes' Rib Grass, are tr. In the cese of the

' . . - ® e AR L e . ‘. R T T T iy Mr,www' ' e .‘ ol
LN - . . - ; A RIS o
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in vitro studies, the test conditions = for U2 and HRG in contrast to those for
Yulgars must be samewhat altered since isoelectric precipitation occurs at @
higher pd. It was diluted with Boyd buffer, pH 5.5, I = 0.1, insteand of pH 5
(see ﬁentaehlor, in preparation). Ircubstion st pH 9,0, T = 0,1, 10™3 M ethyle
nseesptany, 30°C for 4 hours, gave the following results: U2 snd HRO are
commletely stable; dshlemense protein denatures very slowiy: qmoo minutes,

VI. In Vitro Stability of Virus Particles j

From the fact that during virus recovery, heat precipitation of plent proteins
~ at 60%. for 10 minutes is utilized and that this method ailows tts recovery of
both tr and ts mtpnfa, it has been tembatively assumed that complete ts viius
particles have the same high thermal stability as the vulgare virus (Jockusch,
i96h). In making this assumption, however, it is necessary to consider the
following: (a) The conditions in the crude plant extracts are not defined, parti-
cululi with regards to the sctual initial virus concentration, which is not .‘
imown. (b) The trestment time is felltinly short as ppposed to the time of
in vivo growth (seversl days). (c) Particularly i: the case of the ts mutsnts,
one often obtains unpredictabie and often low virus ylelde which sould wll be
the cénaequence of the heat treatmunt., In the following experiment, it was
determined if incubstion of ts virus psrticles for long pericds of time at high
temperatures rendered them RNsse sensitive., Sclutions of purified virus containing
1 mg/ml of strains vulgare (tr), Alk (tr), Ni118 (ts) flavum (ts), CPL1S (ts)
were incubated in Sorenssn phosphate buffer, pH 7.0, I=0,17, at 50°C. at timas
0, 5, 15, 25, snd kO hours, semples were withdrawn, mixed with an equal volume
of cold solution comtaining 10 pg/nl RNase’ in phosphate butfer, pH 7, and then
incubated for 1 hour at 379C. After that, the samples were diluted in ice cold
phosphste tuffer (1r1000 for vulgeve, All, and M118; 1:200 for flzvum and CpllS)

2 worthingten Biochewicals, Freehold, W.J. U.S.A.

ot R
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and held in an ice bath until the test, Infectivity was tested on the M
tobacco straine Controlt untreated vulgare solutions containing 1.0, 0.2 and
0.02 pg/ml virus, Vulgare sclutions were incubated for O hours st 50°C withoat
nibnquent RNaso treatment, Vulgare RFA, 20 pg/ml, untrested as well as virus

.
» R -

solution trested with R¥sse were diluted to £ pg/ml for the test. The results

_ are ahown in Figurs 10..,

None of the strains showed a significant decresase in infectivity. As the
dilution series for the vulgere virus shows, it doesn't matter if the test was

. earried out in the ssturation rengs cf ths stunderd curve. - After tréameza‘. at

N | 50°C for LO hours, vulgare virus not trested with RNase showed no significant

_ difference in infectivity as compered to virus trested with RNess. Under the
- conditions, treatment of free RNA with RNase was- 100 £ effective in

insctividion.

D. CONCLUSIONS

I, Reletionship of In Vivo and In Vitro Behaviar
The known functions of the TMV envelope protein are (a) in the cytoplasm

- of the host ylant, they aggregate specifically with virus RNA in forming virus

rode in the pressnce of other proteins and nucleic acids. (B) During the extra-
‘«nulu' phase of the infection cycle, they provide the iuu encesediin the viable
virus rod with sdequste protection against external factors, partictarly the
‘action of RNase. (c¢) In cpiﬁ of this statdlity, they permit the release o’ RNA
during tho primery process of infection. The physicochemicel basis s known for

" for only cne of the functions. Minction (b) is not, according to Section C.VI.,

temporature sensitive in the case of ths ts-mutants. The following results
show that the aggregation of RNA-free envelope proteins at low pi is an sppropriate
model for the coaggregation of the proteins with RNA:s (a) The defective mutant,

M2, does not ferm stable virus particles in the plant under green house conditions

N i . . . . s . » . . o ~ e N A N WP St sl
s e e i e i S : ] N . o
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(Siegel, Zaitlin, and Selgal, 1962). In vitro, st low temperstures, its
proteins aggregate in such a way so as to form open helices which do not have
the conformation necessary to protsct RNA fros RNass (Zaitlin and Perris, 1964).
(b) The mutant Ni220L, ot high as well ss at low temperstures, constructs very
small amounts of stable virus - its protain precipitates also in the cold upm
dialysis against buffer, pH 5.0, I = 0,1, whereas the remsining mutants form
rod-ghaped aggregates. (c) Ts mutants of Class I, in contrast to the wild type
'ﬂx_l_gr:_aﬁdthe tr mutants, can form only very reduced arounts of virus at

32% 1in vitro - Thaif proteins lose up to 50 § of the capability to form orderly
aggregates in pH 5 tuffer after incubetion at 30°C, pH 7, I=0.1, in 2 to 130
minutas, In contrast, the cepabilities of the tr proteins in this raspect

, remains undiminished for many haurs. Obvicusly, in this case, low pH ean

~alver the phosphate re_s:lduea of RNA durirg the aggregation process if the fine
structure of the rod-shaped sggregates ("stacked disk" form) is not in close
enough harmony with that of the virus, (Mscrohelix){Franklin and Commemer, 1955).
Considered collectively, the in vivo and in vitro investigations hshow the
unequivoéll sonclusion that temperature sensitivity of mubsnts of Class I is
dependent on the temperature sensitivity of the emvelope protein subunits,

II. The Aggregation Defect as A Consequence
e 1rreversible AXteration of Conformation

In the case of the first in vitro studies on s mutents of TMV (Jockusch,

196k), aggregation and ha‘at treastment were carried out simultsneously (dialysis
at high to low pH at 30°C). It was presumed conssquently that high temperature
during the sggregation process produced denaturation. The newer in vitro

studies (this investigation and Jockusch, 1960) showed, however, that the de-

naturation of envelope protein subunits ocours also at constant high pH and
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Shat tPe disordered aggregation during the sudsequent pH reduction is s con-
sequence of this densturstion. ’

III. Stebdliseticn by Low pil or RKA

The reason of denaturation of proteins by haat is ths thermal movement of
the pelypeptide chain componets away from the configuration characterisiic
of the asiive molscula, whizh lends to the farmation of stranger bonds of ihs
polypepiice camporents of the samc moleculs in a different mamner or with
snothe: maleculs (We, 1931). From the structure af the protein aggregste axd
e samplete virus particls, one 1s ails to coaprebend how the degress of freedom
T tharmal movement b the polypepidde chain is reduced as a result of ths
seal: distinos betueen subunits in the A-protein, Conssquantly, it is plausible
$0 sssme ¥al low pH as wel) s R¥A producs thermal stabilization af the
subunits durizg sggregetion. In this regard, it can be aleo said that the B .

'wdmmmnmwnpag7ummhmm.

IV. The Tsportance of A Sirgle Axino Aci¢ Residus
‘As  is a result of the protein-chemical sualyses of Witimarn and co-workers, it

) hmmhcmlmmgﬂvomgﬁmm«ofmmm

not only with sach other btut also with the Imown mxinc acid scbetitutiona, In
this cass, howsver, a sixple, gensralised rule cannot be establishsd (Wittsann-

" Liebold et al., 1965; Jockusch, 1966)., Por “hat reason, only a few specific
. casss oan chosen whsre aplswiblooyzlmuuncanmbsghm.

i, The Proline Residue in Positions 20, 63, snd 156

M 118 (Prolins > leucine in pesition 20) and Ri1927 (proline —> levcins
in pocition 156) constittte 2 very clsar exmmple of the effect of the position
of the substitution in the polypeptile chain an the statdlity of mutant proteins

(Jockusch, 196h; Wittmamn-Liebold et ale, 1965). F1927 is tr. The C-terminal

e e 0 _eto. — Pt e a0 AT g © S BRI, ™
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ond fposition 158) ¢~ the pelypeptide chsin lies on the surface of the virus
perticle (Harris ond Rnight, 1952+ snd, 23 a consequence, 2lsc on the surface
of each subunit. Nil18 is ts. The substdtution at position 20 is not detecte
abls serologically in the intact virus and sppears, therefore, at least from
the observations with the whols virus particle, to 1lie more tcwards the
interior (Sengbusch, 1965). Obviously, the proline st position 20 stablizes a ‘
sharp bend in the polypeptide chain which is necessary for the functioning of
the subunit (ordorly aggregation), The proline residue, however, is not ime ,
portant in tixo spontenecus production of these sharp bends at higher tempera- i
tures. In ocontrast to this, the three dimbnsionsl fixation of either of these |

wdno acid residues by the proline residue in position 156 does not sppear to

be decisive in the resggregstion and ihe bakk-folding of the proteins denatured
kdth ureas hence, it follows that ths last three aminc acids can bs generally
absent (Sengbusch and Wittmann, 1965). The temperature senoitivity of Ml196 -
{proline .5 serine in position 63) can be understood as well as that of Ni118

but it is not possible at this time to give an axplanation for the quantitstive
differences between these ts mutants. ‘

2. The Groups in Positions 19 and 20,

The group, aspartic acid - proline, which is found im\vulgare, is also
found in hemoglobin anmd csuses, in the latter case, the btreak in the alpha-
helix region (Peruts et al., 1966: Quzzo, 1966). ‘The end of the helical region
is quits generally an important prerequisite for formation of the structure of

:Shm proteins, In the group 19-20 in ths case of TMV envelope proteins,

either proline or aspartic acid can be substituted. In both cases st 20-25°%C,
" the functional tertiary structure will be improved but the disaggregated
protein will be labdle at hi.g:: tapo;am. The aspar tic acid has been
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 substituted by various smino acid residues in different mutants:

19 20
An-Pro
{ '
.;L.. ' G}ly L Val ApN 1
| 1omin %0 min (Ser 2% Phe) o Sl !
: (lk---‘l'hr) ) 80 min 20 min i

’0 min

A o e e e e et

(other amino scid substitutions are shown in parenthesis)

A1l of the substituted amino acid residues result in the pppearsnce of

L is protein, HOwever, the native state half-lives msasured at 30°C, pH 7,
‘ I = 0,1, differcas shown sbove, The fact that the substitution, smino di-

carboxylic acid —» amino dicarboxylic acid amine is aspartic acid—>
asparagine at position 19 in NiS)1 is a speculation based on physicochemical
similarities between thase proteins and those of flswum, Nil03, and Ri&96.

 In wust remsin undecided, howeover; whether tha stabtilising effect of aspertic

acid is the result of & mutual exchange with the sclvent (Guss0, 1966) or the

. result on an intramolecular ssli bond,
" 3, The wild Strain Protein

The four wild strains, vulgare, dahlemenss, UZ ard Holmas' Rib Grass

- (HRG) are tr in vivo and th viiro, Olwiously, they have been selscted under

natural éotﬂitiom for temperature resistance. The proteins.from dahlemense
(vittmenn-Iiebold and Wittmann, 1963) and T2 (Wittmann, 1965 Rentschler, in
press) have been snslysed for their primary structurs. The protein-chendcel
basis of t_hair temperature resistance in shown in Figure 1: Positions, whexe

" mubations can lead to temperature sensitivity sre similar to those of vulgsre

in the case of ihe other wild strains, Howewer, those positions which do not
affect tr behavicr vary widsly (3116 and Ki2068 holong to thu mm ts
mutants. The proline reaﬁm i paeiﬂim 156 is imwotved with ansymtic sta-
tlisation {fwugits and Fraenkel-Comat, 1960)).

~
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Lo The*Lipophilic® Protein of Ni220k

The protein of Ki2204 differs from all the cthersmutant proteins studied
in that (s) it is reversibly precipitated at pE 5, I = 0,1, 4°C, and (b) it

cannot be precipitated from an aqueous golution with methanol-echer, Its

strong iipophilic behavior can be explained by the substitutions: serine —»
leucine (posgtion 15) and threonine ~—» isoleucine (position 153) if one ‘
assumes that they lie 1n‘the vicinity of the surface of the subunit. Both
of the subatitutions are of the type: poler spolar (ses Figure 1),

SUMMARY

' The proteins of seversl temperature sensitive (4%) and temperature

~ resistant (4I") strains of TV (-oaupr—mx-)-, for which the amino acid ase-

quence *s known due to the work ot Wituunn ot sl. ’ hwc—hen separated from

the RNA in the native stete and investigsted with respect to their thermal
stability. ~

Model expeiin;nts with the wild typs (vulgare) and the most sensitive
mutant (K3118) show that:

(a) Upon dia}ysis from pH 7 to 5 &t 30°C, Nill8 protein forms a preci-

. pitate snd mly a small proportion of soluble aggregstes, whereas Nill8

protein at 200C ard vulgere protain at both temperatures form soluble
sggregates with sedimentition coefficienvs of several hundeed S (Fig, 5,
Tatle I).

(b) If soluble aggregates are formed, they have the typical cylindrical
structure (Figure §). |

(¢) The non-covalent bonds which form the precipitate differ qualitae
tively from those which form the ordered aggregates (Table 2).

Tho thermal stabilities of 18 different proteins wsre compared. Upon

incubation st pH 7, I = 0.1, 300C, te-I mutantsproteins lose their ability
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to form soluble sggregates at pH 5 in the cold with half lives of 2 to 60

miautes {in one case 180 minutes), whereas tba proteins of ir mutants retain

)
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this ability for st least several hours (Pige. 7, 9}e Of the wild type proteim.

dahlemense is the mcst sensitive., In contraat to 811 other mutant prote- .., thc
protein of the defective mutant Ni220h precipitates st pH 5 even 1in the e6ld, -
The protein of the _t_g-II"mutaht, Ni2519 is stable at 39°%C (Figure 9).
The rate of denaturation of .'_t;s_ proteins decreases atrikingly when the pH
| is lowored from 7 to 5, but between p 7 end 8, there is only a slight pH
; - dependence (Figure 8, Table 3). Complete virus particlu of s mutants ;rc e
© sheble at 50°C for at lesst LO howrs (Figure 10).

S T e g

The role of certain amino acid residues in the stabilisation of the native
. - tertiary structure is diacuased. In the case of s mutants, all the amino acid
rnu\ns which are replaced are not rsceasary for the spontamoua formation of

'-_-a functional structure at. low teaperatm. . : ' . o

It was found thats
(2) A1) sutant prroteiﬁ which have a lowered olectfophmtic mobility in
f M urca at pH 8.8 aﬁ ts, tut not all i3 proteins have an sltered electrophore=-
. tie mordlity, | | |
(b) The prolins residues in po'aitions 20 and 63 are necessary for the
‘thermal stabilisation of disaggregsted protein, but not the proline residus in
pokition 156, | ' '
: ‘;.s_ ”{\. ' (e) In the poaiﬁonn 1§-20, the arrangement, Aip-?ro, most probnbly | N
RS "~ stabdlises a bend in the polapoptido shain which :l.s necessary for ordond - ' %
aggngat.ou. 'mo lnbstit.ttion of each of the reaiduoa leads to a seasitive
: ymvttino | - '

. .
) |
M > A
- ’ :
v . .

16‘ In the cese of the dorectin protein of Wi2204, the roie of polar |
4 (ut not charged) snd spolar side chains fer the solubtility properties of the ‘
* protedn molecule is evident. | |
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Fige. i. The primary structures of the envelope proteins and the in vivo
tempsrature behavior of 1l mutants of TMV., Not shown ares Ni2204™ (Jefj:
serine = leucine in position 15, threonine —=. isoleucine in position
153, # In sddition to tho substitutions indicated, in All there is
present, the substitvtion isoleucine -m» threonine at a position which in
itsalf does not lead to tempe:ature sensitivity. & In addition to this
cubstitution, there is the substitution serine «» phenylabanine at
position 138, which does not lead to temperature sensitivity according to
ctudies on another mutant. The protein-chemical data have been obtained
Zrom Wittmann, 196} and Witimann-T.iebold et al., 1965, for the mutants,
snd from Wittmamn-Liebold and Wittmann, 19633 Wittmann, 1965, ané Rentschler,
in press, for the wild strains. Localization of substitutions of Nil03
and Hi696 within peptide I by electrophoresis - separation into tr and ts
aacording to Jockusch, 196k, and this work, Part I - separation of amino
acid residuss a8 polar end apolar accerding to Peruts et al. (1965).
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o 2. and 25. Gel eleé';;ophpreais of'mv mutsnt proteins in 8 M urea,
3{88. (a) Vulgare derived mutants, (b) Al derived mutants. Reference:
¥ulgsre protein, 200 V, LB «-- 30 ma, 15 hours, dessitcmeiry after
smido-Schwars staining. :
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Fig. 3. Ni118 protein at pH 7.0, T & 0.1, at 30°C and 20°C. Loss
of cspacity at pH S to form solulle aggregates.
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Flgure S.
have been dialyzed for five hours at 1 »
Prior to analytical altracentrifugation, the precipitated protein was
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Figure I, Dsnaturation kinetics of Ni118 protein

at pH Te0p, I = 0.1, 30°C in the presence and
absence of ethylmercaptan.
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legend contimued on next page
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Legend for Figure 5, contimed:

temoved by centrifugation for 10 mimutes at 1,300 g.

Pictures ta{;n

ca, 245 minutes after attaining running speed of £ = 17,980 (min"

with Philpot-Svensson optics, 600 angle.
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Figures 6g-d. Electron micrographs of protein aggregates of vulgare
end Ni118. The results are similar to those in Figure 5 except that
the solutions were hot preparatively centrifuged. Undiluted aggre-
gates were negatively stained with phosphotungstic acid, Apparatus
magnifications 40,000 X3 total magnification 100,000 X. Vulgare
proteins: (a) at 200C; (b) aggregated at 30°C. Ni118 proteint (c¢)'
at 200C; (d) sggregated at 30°C. In (d), in addition to cylinder-
form sggwegates, & number of amorphous aggregates are seen. 70 -80%
of the protein is £ in the smorphous aggregates. Pictures taken
by Dr. Frank, Mex Prsnok Institute for Virus Research.
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TABELE I

~ Yadimentation Characteristics of Vulgare and NillB Pooteins

: 1-01 1 ~002

i pH 7 pH T.+5 M7 PH T8

i l Nil1s eC 128 — 348" —

{ - 30 S

f 2000 89% 308§ 90,5% 008 — -

f . (250 8) i
¢ 1% Pr 0,3% I

! ! 30°C 0% 158  26% 2708 90% 368 2% 2608

; ! o1% P'r 74%  Pr 1% Pr 08% Pr

1 T eulgare 40 — —_— 48 B —

| 5 208 C 100% 208  00.5% 5608 —_ T -

i . : (250 §)

‘] ) 0% Vr 05% Pr )
! Pro——.

: e C 100% 268 M,5% 530S —_ 00% {240 8

l. (120 8) 530 8

d 0% Pr 058% Pr 1% Pr

Similer studias sra shown in Fig. 5.

Given are the relative fractions

in ¢ of protein with the stated sddimentation characteristics (sedi=
nmentation coefficient in Svedberg units, in prackeis, the next come

ponent, or "Pr® = precipitatad. Deternination of concentration by
measurement of the 3280 in 10 ¥ urea.,

.-

PEpRpE—— 0

e

o e — T
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, Table 2. Solublility o2 WillD ¥recipitates -

vulu L :

. Solvant ... Xomperature  Tims . Fraction dissolved
Milter-Galder-Bufter pH 6, 1= 0,) 0 24h <0,08 '
Msller-Goller-Puffer pH 5, 1 —0,1 _300C 24h . <0,08 .

i Miller-Golder-Buffer pH 105, 1 20,1 4¢C 24h 0.la |
0,02 M Na- l)m!wv!mﬂf kpil 6, 1=0,13 2000 <8 min 1,0 ;
7% Pmigsmottetic acid 200C <20 sec 1.0 ;

. 8M Urea pH g, 1.-0,1 , 20°C <5 min 1.0 ;

e s i e ittt -

ana S o &

Table 3« Mative state half-lives of ir and ts proteins as

e funstion of the incubation pH.

pH 8,0 ,‘

Steain PS5O pH 6O pH 70
. k. '

rulgare (tIr)  >2,5:100 >2,5-100 >2,5-100
NiID3 (ts) >2,5-10° 400 20

: N 118 (ts) >245-10 3o 2
Nil927 (tr) >25-10 S25100 >285-10°

. CPAI5 (ts) >2,6-168 200 8

i flavum (to) >2,5-10° 200 10

AM (r) >25:10" >2,5-10° >2,6-100

>2,6-108

20 |
1,5

>2,8: w-(
2

10

>2,5-10*

‘fumperature 30°C, I = Ol. Values given are the vslues of
the *'5- (nin). Tho nstive state criterion is solubility

st pH*S



