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A. ITCDUMON

The biaogjcal sondition, which led to thim m i rtngatian on the

tability of the cr p-etin ef T". natants in• -ie, is garwrized in Part I.

Tro primary ctructare of the vewtftlzv "~ detIrsiZd tby the proteif-chweac1

investigatiow of ittanmn and emorkers (1262, 19& s961 ) ad elacUrat.r.

studies, are sohm in Figur I Aloug vith dat an the in vivo robiceo (iatrt I).

B. MATERIALS AND MUHIM

I. The isolation, propagation, and recover7 of tbh virus mutanto harv been

deacribed in art I,

Il. Parifieatin of Core Proteins

In the case of the previous in vitr-o studies (Jocmszoh, 1964), alkali-

split virus was employed whose RNA was uniformly degreded by incubation .with

PNas. It was nmt, bowverr, feasible to separate the M Zragents oomplete1v

fro the protein ty dialysis. For amre exact studies, the preparation of RP-

freej native protein was nsoesiay,. The acetic acid method (Praenkel-Conrats,

l957) yielded a very manl amount of product since the protein must be rlnatured

from the acetic acid solution. :n the case of tW alkaline cleavage of the

virus, the senstive mutant protein remained completely natiwe, but the separa-

Uion of. RNA and protein by mmonium sulfate (Shramm, 1947) gave unsatisfactory

results. The eostrecphoretic separation of cleavage products (Schrm., 1947)

offered the only p.,'actical means of obtaining high yields of labile protein.

y mmos of carrier-free (?) electrophoresis ("Elphor VaP, Bander and Hobeing

.. Nnich) using the method of Banning, a large axunt of mutant protein cannbe

Abbreviations useds TkVsTobecoo Mosaic Viru H - core protein; RNA " •ibo-
moeld acidl Uses a riboumnleavel tr a tamperature-resistant; tor-
topers~e-sensitives de - deosfct 4 1f - amino aoid residue; trr-

3)
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purified in a relatively. short time (Sarkar, 1960). Nmmer, the previcusly

spec•iied caniitions (Joekusch, 1966) vere adhered to. Alk and its derivatives

(except Ni5U) split so pooxry im alkal that the yield or protein and the

purity achieved mere similar to that with vulgare ax! its derivativep. Fpr

this redson an wacetic acid protein" *as meployed in the case of AL and

Ni696. No differences cocld be &dtected betwmen the "alkali-protainS and

the wacatic acid-protein" of All. Purity -iterion: the degree of coitawdna-

tion by ERI mas deterdrid by means of the ultraviolet extinction coefficient

12&rI2 80 (correc-ted for light scattering). In the case ct the ccmplete

virus (5 % RFA), a value of 1.2 mea obtained. In the ease of Vm "A-protam

of _vdLre and ita mutants, it ,ew 0.55 to 0.*5 indicating thF.t the preparation

vas pra&&cal]&y l R-free. In the case of the A4 mutants, a miue of 0.60 to

0. vat cbtaL-wdo laive stte activityt preteims we considered to be

native if they produced clear solutlis at a0C arAd at pH 7, and if reversible -

opalescence wsa prkced at pH 5 (ewcqt 310 iddeh reversly precipitated

St PH De. Ywrearer, the proitains wer pmeserved at PH 5j, 1 (ionic srtrength).

III. Differ* EPCyed

In general, the buffer described by Miller and Golder (1950). which has

an ionic strength of 1'1-I - 0.1, was e*Wloyed for the denaturation studies.

However, at pE 8, Trio was eiployed for biffering instead of veronal. The

buffer has the following advantages: (a) the ionic strength is definite and

is not affected by the pe, (b) 80 % of the ionic strength in the result of

the NaCi present, (b) the ionic strength in equivalent to that of ptqsiological

salinm (d) the temperature coefficients of Miller-Golder bauffer containing

acetate (pH 5) and pbosphate (pH 6 and 7) ane mall enght to be disregarded,

(e) the baffers emplqed interrer with the determination of protein concentration



by the meastuement of UV absorption or by the ninhydrin tent. In this case,

pure phosphate buffer (I-0,1) of Green is used. For testing solubility,

because of its high buffering capacity as ccapared to Niller-Golder buffer,

tko acetate buffer, pH *.O, of Boyd was employed (directions are found in

hsnm, BiocteAical Handbook, let edition, 1956)j

IV. Gel Electrophoresis of Proteins

Proteins prepared according to Part B.I. were vabpended in Miller-Golder

buffer, pH 5, precipitated with methanol-ether assin Part I, section C.V.0 and

"then dissolved in 8 X ureab 20 % sucrose in Aromason-Gr&wall buffer. Since

i22042 protein cannot be separated in this marur,, it was precipitated t- the

eadition of 2 X amoniua acetate, pH 4.*. In other cases, the acetic acid protein

is obtained from the virus and, after removal of the RNA by centrifugation, the

protein is precipitated isclectrically by the eddition of-some water ard 2 N

ammiedum sulflte. The precipitate is washed with mthanol-ether and dissolved-

In urea buffer, The protein concentration is about 1 to 5 g per .1, MLeotro-

phorsis was carried out as described in Part l• Section B.IrV.%

V. Tests for Native State of Proteins

Next to the macroscopic eammnation of protein solutions (clear, opalescent,

precipitate), the following criteria were used for determining the native

statet solubility at pH 5. development of soluble particles with sedimentation

coefficients of greater than 1003, ahich appear as aggregates when obeerved under

the electron ticrocope with a diameter of about 150 0 and a central canal.

L1 Mltraenotrifugatii.

This was carried out uswin a Spinco Model I anal•ical ultracentrifuge

(Beckman Instramaets) with an An-D rotor. In order to avoid strong shearing

forms uponn"etiou of the snqxl # a covered call was msed Into ihtch the

semm could be pipetted. It was not, therefore, layered with buffer (with the



I

" -b-"

exception of the urea protein)9 lut was fined with 0.7 .l of protein solution

In oider to create an adequate sedimentation path. All run, were carried out

at 20OC, The sedimentation coefficient S was calculated as followa.

tog S - 13,1818 + LogALn r - (2L0 f + LogAt)

where S (s)

r (cm) the radial distance of the gradient froa the ais."

Ln r = Ln r(t2) - Ln r(t 1 )

At (min). t 2 - tl, the time period between photographs and

f (nW 1 ) the speed of rotation of the rotor

The viscosity was measured at 200C using an Ostvald viscosimeter.

-2. Electron ! icroscopy.

Protein aggregates were analyzed by the negative staining method of

Brennsr and Harmer (1959). A drop of the sample was appolied viet1,a 3 a•ip1217

to the dfid, placed under a tacuam and dried. The same procedure was papeated

with 2 % phoephotungstic acid at pH 5. The electron micrographs were kincly

prepared by Dr. H. Frank and Mr. Berger (Max Planck Institute for Virus Rssear-h)

using a Siemans Electron Microscope I.

C. RESJLTS

I. Electrahoretic Bhavior of Proteins in 8 M Urea.

Sengbusch (1965) found that intact virus particles of same mutants, where

protein analyses (Wittmann, 1962) showsd no differewes between tba and the

parent strain, possessed a slight mobility in the electrical fiels in weakly

alkaline solutions at intermediate ionic strength. This is explained t' amino

acid substitutions of the types minodicarbaxylic acid* aminodioarbatylit acid

amid.. These are not normally detected by protein anlysise. RNA-fre. proteins

in 8 4 urea were analysed by gal electrophoresis in order to exclude the

S... _ I . . . . l I _ • l . . . . . . . . . . . . . . ..0



possibility that substitutions, in addition to those indicated by Wittmann,

may occur,, and to characterise several substitutions whk* it is not known

whether the aminodicarboylic acid or its smide is present (Wittmann, 1962).

Figure 2 shows the bands that vere obtained. Two classes of bands are

seen: som,, which migrate like v , and some which migrate like flavum.

This difference is based upon a single charge difference (Wittmann et al.0 1965).

1 sane derrangement during aggregation (secondary bands) or carbaidisation of

amino groups by cyanate (Cole and Mecham, 1965; in alkaline medi,), the results

were in agreement with the analyses of Wittmann as yell as the electrophoretic

studies of Sengbuech. Sak•ier, it was shown that in the case of NM103 and

Mi696.9 an sapartic acid residue is substituted, in position 19 of the polypeptide

chain and that the single asportic acid is in peptide I* Ni109 does not

migrate at a slower rate than vulgare as one would expect from the protein -

chemical results ('Attmnn, 1962) and the finain•8 o! SAngCn30h (1965). TM-.

are two possible explanations for these resultst (a) the protein containd an

additional substitution of aninecarboxylic acid uminoefiearbexylic acid which

Is not detectable by protein analytical x'hods. T'js additional substitution

neutralises the char"e loses caused by the glut=mi acid - glycine substitution

in the ease of Urea-aetracted protein. tb) If are dealing with nothing mer" Whan

tw origina l parent strain. In any ease, it Is out of the question that the

protein contans no substitution different from M .

If oew begin with only the results obtained with eleetropbareus, *he follow-

in, prLnociple is fomulateds All proteins, which d4gate more slowly than the

M protein in allmline solvents, we ts (tempersture-sonhttive). Ia•e r,

not all teo--.oei mn i a4 te more slea Tythan g protein. The mutants.

VMS m- and U960 idh have b0h lost a proaim IV wutStM, f am onl wak and

.ttse bandso. In akall s , N u a elutioa, thy ehibit mls emre t a

[



-6-

than residual protein. In bhis regard., previous investigations with the

Untlytical centrifvug have shown that NiU8 protein in this solvent sediments

about twice as fast as does nkaro protein.

II. Pattern Teats with Nifl8 and Vulgart Proteins

X,118 was selected for these taste sine, it is a sensitive to mutant and
4 4. '

its protein exhibits no charge substitution as comared to the vulgare proteine

This was done so that the effects that were observed would not be dependent

Mn different isoelectric points.

1. Speed of Denaturation_

For the following studies, the protein, which was at pH 59 I-.0s.1 was

dialyzed for at least h8 hours at h4C against repeated changes of btuffer.

The prutein solution was then incubated in a water bath under tho actual

experimental conditions. At specified times, 0.5 al of protein soluti.on was

withdrmn and pipetted into 1.5 ml of ice cold Boyd buffer, pH 5. After

thorough mixing, the sample was ellowed to set for several minutes in 3n ice

bath ami than centrifuged for 4 minutes at 1,300 x g (solubility test). De-

natured protein under tines coreitions will be found in the sediment after

centrifugation. The protein content of the supernatant fractions was deter-

mined after alkaline hydrolysus using the ninhydrin reagent according to Moore

and Stein (1954)o The protein concentration for this experiment was calculated

from the following relationships 1i10 O.V.J /u M '- 5 icr 105 (Fraenkel.

Conrat, 1957).

a ILffect of t ~sur,. `iure 3 show the denaturation of 91118 nrotein

at 200C and 30QC The samples contained 5 x 10"5 N protein in ilIler-Oolder

baufer, pH 7.0, 1-0.1, 10-3 M et?'Ixmereptan. The capacity to form soluble

sagrgates at pH 5 disapears at 300C with a half time of t+j4l.8. At 2A,

t o W20 aimntee. The elting point* of the tertiazr struature of Wll8

prcIul (Kaumaun, 1 %) as a oosmqnoie of an inoe aid substttution Use



between 200 and 30OC9 while it in greater than 300 C in the cass of the vulgare

protein. Hoverer, at 200C, appreciable donatu•-6ion occurs after 5 fb-ms

(Table 1).

b',;ffect of Mercaptan. Duplicate samples with 5 x 104 x Nill8 protein

in miller-Golder buffor, pH 7.0, I * 0.*1, were incubated at 300 C vith and

without 5 x 10"0 N ethy2ercaptan. In order to assimilate the test conditions,

the Boyd buffsr contained 10-2 N etIV0rsercaptan. Even with a 100-fold invrease

In 8H-groups over those In the protein, no differences in the speed of denature-

tion during incubation could be found (Figure 4). Nevertheless, the studias

were carried out in the presence of mercaptan In order to avoid arq troubilasaA

Interferences br heavy metal contuednation.

2. Agegation durint Dialyis.

If, during the investigations on the progress of denaturation, the pH is

lowered to 5, optimal aggregation to rods is achieved in this case as wll as

"1•y dialysis. In ths fofloowing studies, the behavior of ill8 protein and

z9are proteo! i-a studied at 200 and 300C at pH 7*0 or by dialyVois 0 9

These were carried out usig 10"4 solutions of M118 and vulgare protein.

Anl of the incubation buffers containod W0- 2 N otbr~ercaptan. The dialysis was

against Mi11r-Golder buffer at pH 5o0o The incubation and dialygsi time for

.11 samples were 5 hbari, after which the samples were centrifuged for 10

aLmutes at 13M00 g. The relative comnentrations of th sedlmnts and supernatants

were 6atorodwd ty mecaurmento of the 1280 after evapoation wad dissolution in

10 N wrea, pf 7. The supernatants were eedtriftugd in the analytical ultraentri-

top and the solable freotions were sudied under Ohw elect.r microscope.

Table 1 give tIhL fraotions of the eupernatant and preoipitate and the s Adntam-

MOrU ocefficients of th poteins in the supernetatan. Pica* 5 show the

sedixentatidi pflie *die Fici'. 6 amuo the ,lootr~a aiceogreph. of aregCaUs

toadt p . The sut. a" (a) tr uiavuss pff-ij at 200.MA 30%



talgare protein forms aggregates of greater than 100 S in which, as the

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

cylinder font. The fraction of protein that precipitates in this case is

less than 1 %a At pH 7 and I - 0.1, the protein remains in a clear solution

in the fonr of smaller aggregates of ca. 30 S. This corresponds to a

double ring of about 2 x 17 protein subunits.(Caspar, 1963). At I a 0.02,

and after storage at 4°C, a component with a value of 4 S was found. This

corresponds to the actual *A protein" with three subunits per particle

(Ca~per,1963). (b) Like vulgare, Ni8 protein after dialysis pH 7 *- 5 at

20 0C, io scrlte -aggregates of more than 100 S which appear as rods (hollow

cylinders) -uder the electron microscope. About 99 % of the protein in this

ease forms into aggregates. Hcwver, at 3000 and I - 0.1, this value is 75 %:

and at I - 0.02, 98 % of the protein forms an Insoluble precipitate. The

somewhat higher stability at higher ionic strengths can be shown to be repro-

ducible. At pH 7 ,. 5, I .0.1, the vast majority of the protein in solubion is

infthe form of rods. Hence, it has been concluded that the 3000.-denaturation of

11118 protein is an all-or-nre occurrence, that is, either the protein precipi-

tates or rods are foriied at pH 5. At pR 7, I - 0.1, after 5 hours at 20°Cs a

slight precipitate is formed. At 3000, 91 % ef the protein precipitates. At

I - 0.02, however, the solution remains clear and particles are found with a

sedimentation coefficient of 36 5.

1 Tho sedimentation coefficient valuse are not corrected to a constant viscosity.

Viocosity measuremente were carried out on A proteins at pH 7, aggregates at

pH 5, and virus particles at pH 7. With a protein conewntration of l0"h N, the

riscositf of the uggregates was only 6 % higher than that of the pure solution,

Tt is encoltdeg that It would not be Important to carre-t for smch a small change.

.•l ,I I I I I I • I _ J . . . . . . - • -- L . . . .

aI
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(c) The qvastiea no- was if the 36 S caqxwt obtained by Anzti* j

I118 vrotcin at 30, p1 7, I - O.C, atill posau ed he cdity to form

anivqates in ax r derly fasidom ubm d~yed ashimt pff 5 b~ffer In the

cold. It wws foud thmt after ir ti f 0 ximut3 at 300D fo•oed

t7 d1~1ywis at h*C ajaiit 1fl31r'.ol1w bmff r, A- 5*,0 1 - 0-.-, 95 % at

the protein WwApitated. Coat7r to an earller a tio (Jo&mke 19&)o

Use proten umainliig ini ftlutiom at 3Cf at low i~de rtienth Is n. laimw

nat•ve. On the other baud, vlga" pratelnm c e kpt nder 43Jl ar eo m-

for a least Zk ams at VI mitheut lInad its ez'ieity to tom sambile

wgatee at PH "' in tm eauo.

(d3) Stabillsatlom %7 rhompbet ioma The p. ... ii-Um a M2 18 protein

st 300C in ValmzGo ý buffer, PH 7, I - 0.1, Is act _puw2y an lac Uwqrth

affect. f'f am indme t~e prtl umkr mwlar emditime• bat An u

phoapbsta buffer, pH 7, 1 - 0.1, the ,soutitm be t• l a e•ensnt ad

-~wt moe 7W ~Ifegatio at 1 x C. After dlalyaiU at aift

buffers, p , I - 0.1, e37 a frwLIw af th Ue Prota vrW itates, In

m to chlari e, ts phophate in has a M1a•L•U effect at 1-,eit

in the came o the so:= i.7 baw1 z the 1I3B retain.

Da tum of the rrqadit*"*a

rm the wpctxu of the •aLwnta o iideh m capable of dis"lving the protein

*Cwitate, am ean draw sem cow3n tm as to the m of th bonds inmlvd

in Maodirg the aggrugate tUgshew (3mazry1 Jaernickwo IW6). 'Using 11318

protbin, the foo=lling stsl: wet carried oat: A 10" Ig Solut±m of native

proteln it u ffr, p1 7, I-0.1ui• l0"Ney iuis, -6ns ba1d at 30P C f~r

40 Aldtes and then idsed ilth an eqmeaalom of B buffer, PH 5, I - 0.1

(tbe resulting PHf wa at 90.D Tm isp~aiarnm divld~ed vp au the fracW me m

etW-ifud at 1,4 0 x g fw 10 imte.. 21 % of the r-tin wa recoyurd in the

q a frectim. fts asdiangt , mg sd In equal volnme oi vuilou

.. • . . .. . .. ....- ...



solimzeas @how in Tablef. no prytm is i tsa n~a~ta

10 aImt at 1,3w x 9. It 143 !'soi tut, (a) the cebe1Uac at the agrc~

ts not t~w zemlt af etwalsa~t b!M. ftb~l U~hMrg bstwee alipbtie

side cei l er to be Us Mzar cM~hbUCL saabl~itT is soel da~q1-

vaitate). (b) The Uat fwce difflar qaa Utaiiuly frm tbo" idc heaid

th astive pE*Wmi a!eguto te.wtbaz (btbir alknali ressta~). (e) r- pf5a

at PC as vl is art 3Ct, a wtavi-'.W ramba~rtics acw

U1. Cocastiw DOW~ttias ntizs at TuiprMe vaat

1. 2Ub-Stic at PS 7.

T%-* fewz tr szraeIna !!lge AU M.i10% X197rs an the --I" t* xtx-a2=s,

i ~ren ruf aves , M~bS. Ml03, ad 31315, rempred at pff 7, 1 - %il,

30%, with referec to the w ~t~y -.X pratein *simi (Figwo 7). Tbas

ver teste us descrbe In Smetima CnflJ.. W the ~eeptied of usflauase,

id Is dwrivW from Ilavin 1W v of the 9e strain, all of te uatwita

differ fre ugz tr cl -zi sirs] amino acid ar-btitetim (vith rognrds to

112M, bwrvar, -s Sectim C.J.). V~th regarde to their abi3it~y to fwa

solUble agrz-gates at pE 5, in the cmave ofU t&-inta~ea,, ball-lives of 1.8

zinstea MM31) to 80 uinxtes (reftenwtsen' vL-e ctaservd. p392 uras awe

strcqoT d~eaured thaz vulgar. mbose l.iaf Wie wa)2.5 x 103 uninate Wdch va

gze&U- than that oft a sea stable tewmtant. The protein friz 114, bmver,,

is emu acre stable. After 15 haws, practically no denturation cau be detected

UNiOC the ecinbility test iD the Case Of USm TU1gar, ProteiZ

2. Effect Of PS

I ti~ple samles mare aipenlee in buffes" of pff 8.0, 6.0, and 5.0 as

described In Section Cdi.1. *, incubated, adtest. Figure 8 showi the

correepon"icow. fc a' p 6.01 at pH 5.0, after 15 bms,, peactically no
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w*In anlub1Ut7 w detceted. SAt pit 63 tho prateliw behaved thesaes

at PHT.

To. alf-11vm obuld in this m - arm uamised in TaO. 3. As the

ip1 woeo i the Us lectric point, tba demztuation velocities were

do=*maed bz a factor of )100D to '>CWX (Ufl1).

IT. C22srIso of Several iAU igutants

'n FgUtre 9 is the kiAtica of the loss of solubility of me.rral AU

mutan probeim Inbted at pE 7, Iu!,.l, as described in Seation CoI.1 The

Mf-U.tas fowd rare: M311 - 20 minateas; 696 - 30 inumteal Will" - 100

mmtm; M2519 - -)2.5 x 02 ln•u=Ws

Cm fida that (a) the mUnt, W96, vmuch in differetiated trcm flar=

1" te mwry distimet soUett.timas In tAe Palypeptid chain, is mwhat mr'w

Stall. tkm f~m S i696 1  30 minutes; flevm t 10 minutes. (b) Alco, an

a 8ub Itylm, cm cause ta bebevior (ee C..). The protein of M511 ha,

a s9.lw ail life to that of flaarn. (a) The protei of tho to mttnt ML2519

Is an stable as that of Alk at 30C. Also, no precipitation mas observed during

dial,3-Ma of alkal ins-eplt virus xaiat p9 5 baffer at 350C. In agement with

th Watin wal"e of Vietbami.•LsbolU at al. (1965), in both uutants, no

sd*tutiom ecold be founu ad fro these and the in vivro studies (Part I), one

m=st owluds that in the cas. of Ni$19, it is no the envelope protein that Is

altered but rather thare is the mutation of a maoi.4 Cam for temperature sensi-

tiviy. (d) 11220 precipitates indepanently from the 300C inflU •M 4lmost

Comeuly at pf f, I - 0.1.

V. Wild Straii

In the case of the in vivo stdies (Part I), it was shown that the wild

St--im, dahlmnse, 2, and Hobm' Rib &as, ae tr, In te cae of the
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in vitro studies, thb test conditions F for U2 and NM in contrast to thoe for

k arest be somewhat altered since isoelectric precipitation occurs at a

highur pH. It was diluted with Boyd buffer, pH 5.5, - 0.1, insteawd of pH 5

(see Rentschler, in preparation). Ircubation at pH 7*.0 I - 0.1, i0" 3 M stbyl-

wacapta4, 300 C for 4 hours, gave the following results: U2 and MH are

ewmletely stablej dahlemense protein denatures very slowl" t*I300 minutes.

VI* In Vitro Stabiitz of Virus Particles

From the fact that-during virus recovery, heat precipitation of plant proteins

at 600 for 10 minutes Is utilized and that this method allows ths recovery of

both tr and to mutants, it has been tentatively assumed that caplete to virus

particles have the same high thermal stability as the v virus (Jockusch,

1964), In making this assumption, howevrer, it is necessary to consider the

following: (a) The conditions in the crude plant extracts are not defined, parti-

cularly with regards to the actual initial virus concentration, which is not

known. (b) The treatment time in relatively short as pppoed to the time of

in vivo growth (several days). (c) Particularly ic. the case of the ts mutants,

one often obtains unpredictable and often low virus yields which could ýmlb be

the consequence of the heat treatment. In the following experiment, it was

determined if incubation of to virus particles for long periods of time at high

temperatures rendered them RNAse sensitive. Solutions of purifisd vtru containing

I uW/Al of strains u (tr), Al4 (tr), Nill8 (1s) flariu (as), CP41l5 (ta)

were incubated in Sorenesn phosphate buffer, pH 7.0, I-.17T, at 50"C. at times

0, 5, 25, 25, and hO hours, samples were withdrawn, mixed with an equal volume

of cold solution containing 10 W/al RMaae 2 in phosphate buffer, pH 7, and then

incubated for 1 hour at 37cC. After that, the samples were diluted in ice cold

phosphate buffer (ltlOO0 for =Aiare A14, and 1M81 1W200 for fiwi and Cpl,5)

2 Worthington Diobemicals, Frelhold, N.J. U.S.A.

SIlll _ I . . . .. .. . I LJ _. !tltl ' • • I. . . I . • IL .I. I J • • '• I.... -- ,0
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and held in an ice bath until tha test. Infectivity was tested on the lanthi

tobsaro strain, Controls untreated Maare solutions containing 1.0, 0.2 and

0.02 Pgjm viru u.g t eclutiona were ineubated for h4 hours at 500C without

subsequent Mass treatment. Vulga Ru, 20 pig/•l, untreated as well as virus

solution treated with RMae were diluted to p pgml for the test. The results

are shown in IN-gur 10,,

None of the straitns showed a significant decrease in infectivity* As the

dilution series for the vilgare virus shows, it doesn't matter if the test was

carried out in the saturation range cf the standard curve. Ifter treatmeta. at

500C for 40 houra, Maws virus not treated with RNase showed no significant

difference in infectivity as compared to virus treated with RNasM. Under the

am conditions, treatment of free RA with MNan was 100 % effective in

D. CONCLUSIONS

I*. Relationship of In Vivo and In Vitro Behavior

The known intions of the Mjff envelope protein are (a) in the cytoplasm

af the host yAant, they aggregate specifically with virus RUA in forming virus

rods in the presence of other proteins and nucleic acids. (U) During the extra-

eelular, phase of the infection cycles they provide the RNA encasediin the viable

virus red with adequate protection against external factorsa particearly the

'action of asse. (a) In spite of this stability, they permit the release o.* RNA

during the prlmary process of Infection. The physicochemical basis is known for

for mly we of the functions. Nnetion (b) is not, according to Section C.VIe.

temperature sensitive In the case of the ta-mutants. The following results

show that the aggregation of RN-free enelops proteins at low py is an appropriate

model for the eeaggregation of the proteins with RX: (a) The defective mutants

10j, does not fcrn stable virus particles In the plant under Veen house conditions



.(Siegel, Zaitlin, and 5e}gal, 1962). In vitro, at low temperatures, its

proteins aggregate, in such a way so as to foem open helices whihe do not have

the conformation necessary to protect RNA frm Rases (Zaitlin and Ferris, 196).

(b) The mutant Ni2204,, at high as well as at low temperatures, coratract ver7

small amounts of stable virus - its protein precipitates also in the cold Upo

dialysis against buffer, pH 5.02 1 - 0.1, whereas the remaining mutants form

rod-shaped aggregates. (o) Ta mutants of Class I, in contrast to the wild type

vulgare and the tr mutants, can form only Tery reduced amounts of virus at

320 C in vitro - Their proteins lose up to 50 % of the capability to farm orderly

aggregates in pH 5 buffer after incubation at 30oC, pH 7, 1-0.1, in 2 to 1.30

minutes. In contrast, the oppabilities of the tr proteins in this respect

remains undiminished for many hours. Obviously, in this case, low pH can

alzer the phosphate residues of RNA durirg the aggregation process if the fine

structure of the rod-shaped aggregates ('stacked disk* form) is not in close

enough harmoxW with that of the virus, (Macrohelix)(Foanklin and Coeu'mer, 1955)o

Considered collectively, the in vivo and in vitro investigations hahow the

unequivocal conclusion that temperature sensitivity of mutants of Class I is

dependent on the temperature sensitivity of the envelope protein subunits.

II. The Agrgation Defect as A Consequence

of The Irreversible Aneration of Coormaton

In the case of the first in vitro studies on to mutants of TMV (Jockusch,

1964), aggregation and heat treatment were carried out simultaneously (dialysis

at high to low pH at 30 0C). It was presiwed consequently that high temperature

during the aggregation process produced denaturation. The never in vitro

studies (this investigation and Tockuseh, 1960) shoved, however, that the do-

naturation of envelope protein subunits occurs also at constant high pH and



that the disrereid aggregation during the rbsequent pff reduction is a too

@squaw of this demsturstiona

MeI SabIlUWtUin !M Low ]M aRN

The reaso of denatzratam of proteins b beat in ta thermal uromet of

the polypeptids chain q m n1 aa my from the configuratica characteries.ic

athe native molsoula, dhidh beads to the f~vmticm of traner bonds of the

polyymoi m ompamnts of the sw molec• e in a differnt manner or with

41 mtV. =9moleoa %(w, 1931). Frat tbie structure oif the protein aggregate and

stb *colte virm particle, am is able to cmcprebez how the degrees of freedam

'i' tbmul mvament br the poypeptide chain is rsduced as a result of the

inl dixtJMe between subvta in the A-protein. Consequantay, it is plausible

to low yA l as p va l to MU prodas the" atabilizatico of the

m ite duin aggrengatUo In this rvgard, it con be also said that the pH

*Wwiwm of the dainatuwetion spied at pf -> 7 is pramctically nau~et

IT.~ Ipta~eof A 8ii~l. Amino, Acid Residue

As As a resit of the protein-ebmical aualyses of Vittimarn and co--orkero, it

is possble to correlate the in vivo and in vitro behavior of wataut proteins

not only with ac other but also with the kzim mlnG acd sabetittionm, In

this case, bomver, a sd=ple, pneralied rule cannot be established (Wlttb-mn

Liebold at al., 196; Jockuvch, 1966). For 'at reason% only a few specific

ceams can chsen vere a pladwible eplanation can mo be given.

1. The Proline Residue In Positions 20, 63,9 andi 156

NI 11 (Prolix -- *lemn in pceutim 20) and U.927 (Praline -- > leucim

in poiitian 156) constiUte a very cleat example of the effect of the position

of the substitution in the polypepti Js chan cc the stability of utant, proteins

(Jockuscho 39%k1 littoexm-Lisbald at &1., 19,65)- KI92 is tr. The C-Uterenal
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end /poeition 158) C the polypeptide chain lies on the surface of the virus

particle (atrrie end Knight, 1952* and, as a oonwquenoep also on the mwfaeo

of each subunit. 1118 is ts. The substitution at position 20 is not detect-

able serologically in the intact virus and appears, therefore, at least from

the observations with the whole virus particle, to lie more tcoards the

interior (Songbuasch, 1965). Obviouily, the prolins at position 20 stablises a

sharp bend in the polypeptide chain which is necessary for the functioniM of

the subunit (ordorly aggregation)* The preline residue, hmmver, is not im-

portent in the spontaneous production of those sharp bends at higher tempera-

tares. In c trast to this, the three dinnsional fixation of either of these

mdno acid residues by the prolie residue in position 156 does not appear to

be deciive in the reggregation and the bekk-folding of the proteins denatured

ý,th ureas hence, it follows that the last three amino acids can be generally

absent (Snghbsch and Wittmann, 1965). The temperature senoitivity of iMl96

(prolins--p serime in position 63) can be understood as well as that of Nifl8

but it is not possible at this tim to give an explanation for the quantitative

differences betwen these ts mutants.

2. The Groups in Positions 19 and 20.

The group, aspar&Ac acid - proline, which is found in~nugare, is also

found in hemoglobin and causes, in the latter case, the break in the alpha-

helix region (Peruts et al., 1966: Oazzo, 1966). The end of the helical region

is quite generally an important prerequisite for formation of the structure of

globular proteins. In the group 19-20 in the case of TMV envelope proteins,

either proline or aspartic acid can be substituted. In both cases at 2-25%,

the functional tertiary utructure will be impvT rd but the disggregated

protein Mill be labIle at high taqerature. The spaitpio acid has been

obi

Si

.. -.- ..-.--
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Substituted by various amino acid residues in different mutants:

-, 19 20-.-

Asp-Pro

Isy I 1

lornin 20rmin 13 ) r

(Ile. Thr) Somn 20m m
20 min

(other amino acid substitutions are shown in parenthesis)

All of the substituted amino acid residues result in the ppposrance of

* te protein. However, the native state half-lives measured at 300Co pH 7j,

I * 0.1, dlffereas shown above. The fact that the subetitutinm, amino di-

oarbcxtlia acid -- amino dicarb~ylic acid amino to aspartic acid

asparagine at position 19 in N1511 is a speculation based on physicochemical

similarities between these proteins and those of flanan, N1103, and Ni696.

In must remain undecided, however, -wther the stabilizing effect of osprtic

acid Is the result of a mutual exchange with the solvent (OuusO, 1966) or the

result on an intramoleoular salt bond.

3. The Wild Strain Protein

The four wild strains , ,lgare! dahlemerm, U2 and Rolmes' Rib Grass

(ERG) are tr in vivo and ith vitro. Oblioualyg they have been selected under

natural conditions for temperature resistance. The proteins from dahlemense

(Wittmann-Liebold and Wittaann, 1963) and !T2 (Wittmann 19651 Rentschler, in

press) have been analysed for their primary structure. The protein-chendcal

basis of their temperature resistance in shown in Pigure Is Positions, where

wUstitna can lead to temperaturs sensitivity are similar to those of MAl

in the case of the other wild strains. However, those positions which do not

affect tr behavior vary widely (1116 and NL2068 belong to th stable to

muasts. The prolim resi,%bJ 1-¶ pftOlan 156 is iwrolved with Onspatic stae

balation ~ and Froenal.C~ata-, 1960))e



I. ThmLipophilicN Protein of NK2204

The protein of Ni210-0 differs from anl the othermutant proteins studied. j
in that (a) it Is reversibly precipitated at pH 5, I - 0.1, 40C. and (b) it

cannot be precipitated from an aqueous solution with methanol-eoher. Its

strong lipophilic behavior can be explained by the substitutionst serine '

leucint (poOition 15) and threonine aioleucins (position 153) if one

assumes that they lie in the vicinity of the surface of the subunit. Both

of the substitutions are of the typet polar apolar (see Figure 1).

S ARI

The proteins of several temperature sensitive 4 and temperature.

resistant (Lr) strains of THV (omp1 - 1-)-9 for which the amino acid se-

qtwnce 4s known due to the work of Wittmann et al., hre-e- separated from

the RNA in the native state and investtg•ated with respect to their thermal

stability. e .

Model experiments with the wild type (v ) and the most sensitive

mutant (NIf8) show thati

(a) Upon Vialysis from pH 7 to 5 at 300C, Nin8 protein forms a preci-

pitate and mly a small proportion of soluble aggregates, whereas NilnB

protein at 20CC and n•re protein at both temperatures form soluble

aggregates with sedimentastion coefficients of several hundmd S (Fig, 5,

Taele I).

(b) If soluble aggregates are formed, they have tht typical cylindrical

strkcture (Figure

(c) The non-covalent bonds which form the precpitate differ qualita-

tively from those which form the ordered aggregates (Table 2).

The thermal stabilitiei of 18 different proteins were compared. Upon

incubatim at pH 7, 1 0.1, 3•o0, tj-I mutantsproteina leee their ability

,,,, ... H ,- -.. .
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to form soluble aggregates at pH • in the cold with half lives of 2 to 60

minutes ýin one case 180 minutes), whereas tha proteins of tr mutants -etain

this ability for at least several hours (Figo ?, 9). Of the wild type proteinsp-

dahlemense is the mcat sensitive. In contrast to all other mutant prote,.... the

protein of the defective watant Ni220h precipitates at pH 5 even in the cold*

The protein of the te-II mutant NL2519 is stable at 30°C (Figure 9).

The rate of denaturation of ta proteins decrease& strikingly when the pH

is lowored frm 7 to 5, but between pH 7 and 8, there is onlyas lglht pH

dependence (Figure 8, Table 3). Complete virus particles of to mutants are

stable at 5OC for at least IO hours (Figure 10).

The role of certain smino acid residues in the stabilisation of the native

tertiary structure is discussed. In the case of U mutants,, al the amino acaid

resdAvs which are replaced are not receaaary for the spontaneous formation oil

S + a functional structure at low temperature.

*' It was found thatt

(a) All mutant proteins which have a lowered electrcpharetic mobility in

!e m un-& at pH 8.8 are ts, but not all to proteins have an altered electrophore-

* tio nobility.

W (b) Th prolina residues In positions 20 and 63 are necessary for the

'thermal stabilisation of disaggregated protein, but not the proline residue in

pouition 156.

W() In the positiono 19-20, the arrangement, Asp-Pro, most probably

stabilizes a bend in the polypeptide 3hain which is necessary for ordered

"" -. aggregation,. The subsU.t•ltia of each of the residues leads to a sensitive

' . 'd- In the cae of the defeotive protein of Ni220,+ the role of polar

(but not charged) and apolar aide chalius for the solubility properties of the

protein Molecule is evident.
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Fig. 1. The primairy structures of the envelope proteins end the in vivo
temperature behavior of li mutants of TMV, Not shown are: N1220', (def)s
serine -o. leucine in position 15, threonine -- isoleucine in position
153. * In addition to the substitutions indicated, in A14 there is
presents the substitution isoleucine -.* threonine at a position which in
itself does not lead to tempeiature sensitivity* 8 In addition to this
substitution, there is the substitution serine -',-phenylaianine at
position 138, which does not lead to temperature sensitivity according to
studies on another mutant. The protein-chemical data have been obtained
from Wittmann, 19Q6 and Wittmann-Liebold et al., 1965, for the mutants,
and from Wittmann-Liebold and Wittmann, 1963; Wittmann, 1965, and Rentsechler,
in press, for the wild strains. Localization of substitutions of NilO3
and M1i696 within peptide I boy electrophoresis - separation into tr and te
according to Jockusch, 196 4,, and this work, Part I - separation Yo amino-
acid residues as polar and apolar according to Peruts at &Ie (1965).
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Fig. 2& and 2b. 0.1 electrophporea-s of TV mutant proteins in 8 M uiea,
pn 8. (a) Vulgare derived mutants, (b) A.14 derived intants. References

tulgare protein, 200 V, hB - 30 ma, 15 hours, denustcme.ry after

amido-chwars staining.
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Pit. 3. iIII8 protein at pH 7.0, 1 ý 0.1, at 300C and 20 0C. Loss

of capacity at pH 5 to form soluble aggregates.
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•iguro D. fenaturation kinetics of Nill8 protein
A pH 7.O I 0• .1, 300C in the presence and
abseneo of othylmercaptan.

.XOC

x0"c V P.

Ni Its

Figure 5. Sedimentation profiles of v and Mi118 protein which
have been dialyzed for five hours at I--51, frm pPH 7.0 to pH %.0.
Prior to analytical 0ltracentrifugation, the precipitated protein was

legend contimed on net page
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Legend for Figure 5. €ontinmedt

temoved by centrifugation for 10 minutes at 1,300 g. Pictures tajMon
ca. 295 minutes after attaining running speed of f - 17#980 (mdn"A)
with Philpot-Svensomn optics, 600 angle.
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and Rill8. The resu lts are similar to those in 'Figure 5 exce-p- t-Wt

the solutions were hot preparatively centrifuged. Und'Jluted aggre-

gates were negatively stained with phosphatungatic acid, Apparatus

magnifications hO, O00 X1 total magnification 100,000_X. Vula.

proteins% (a) at 20oc; (b) aggregated at 30OoC Ni.118 protentc)'

at 20oC; (d) aggregated at 30oC. In (d),q in addition to cylinder.

form aggwegatea, a number of amorphous aggregates are seen- 70 - 80 %

of the protein is fpund in the amorphous aggregateso Pictures taken
by Dr, Franks, Max P~anok Institute for Virus Research.
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Figure 7. Denaturation kinetics of proteins fram e
mutants and reflavescens.
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Figure 8. 'Denwturation of proteins from vulgare •itants
at pH 6.0. Scale for the time axis differs7MnIhat in
Figure 7.
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2dafentation Characteristics of Vulgar. and Nill8 Pvoteins

!- 0.1 P1 1-6 PH,7 PH 7

i p11T PlI ?-
1, pH ? p"l'/-.

1

M 1M 4"C 328 - 3-48* -

108

200 C N9% 30 8 9,95% 51 N -- -

(2.50s)
11% Pr 0,5% Pr

3o( .0* % 1.58 26% 270 9 99% 36 8 2% 2508

91% Pr 74% Pr 1% Pr 98% Pr

40 CigV - -4.

100% 291 0.5% r4A0 8 - -

(M5 S)
0% Pr 0,5% Pr

'Ri V 100% 268 9A,5%'M - 99% {240 8
1.320 1 410

0% Pr 0.5% Pr 1% Pr

Similar studies ere shoun in Fig. 5. Oiven are the relative fractions
in % of protein with the stated sddiAentation characteristics (sedi-
mentation coefficient in Svedberg units, in jrackeos, the next com-
ponent, or "Pr" - precipitate). Determination of concentration by
measurement of the 280 in 10 X urea.

/0
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Tablo 2o Solubility o? Ni11 Precipitates

S• • ... rature Time •raction dissolved
Millor-C I r.4-A dr fr pfo r% 1 t; .1 ,0 40 C 241, <0,05
)|stllr.C•dhpr."uiIr ,H 11. 1 0.1 VS C 24 h <0,03
' 3%ll r-(:ol•r.Uutf4r p1 iOj. I -ý,.1 40C 24 It 0.16
0,02 R1 Na-Dl-nytaiI kpl! 6 1 -0 0 20mC <5 min 1,0
67%I CcetC acid 2090 <SOmc 1,0
amMA pit . -1, .. 2000 <mb min 3.0

Table 3. FTative state half-lives of tr and ts proteins as
a ftotion of the incubation pR-

pit 5,0 pig 6,O pit 7.0 pit 8.0

rulrre (Ir) >2,5" 103 >2.6-10' >2.5'l P >2.8"10'
Xil1O3 (is) >2.6-iOW 400 20 20
Xi It8 (is) >2.5. 1 P 39 2 !,5
Ni 1927 (1r) >2.5"|W >2.6-101 >2.5" 10' >2,5-10'1
CP415 (to) >2.5. 0P 20 6 2
flavInm (go) >2,1.11 H 200 10 10
A 14 (1r) >2.,6103 >2.4- 108 >2,5 10' >2.5100

Twnperature 300C, I M 01. Values given are the values of
the tj (min). The native state criterion is solubility
at pHc5.


