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SUMMARY
The protein siructure of tempersture-sensitivé mutants of tobacco moasic
virus isolates after treatment with nitrous acic has been determined. The
results obtained for 15 mutamts, presantad in this and the preceding peper,

are discu sed with relation to the spatisl structure cf the virus rod.

INTrODUCTION
In the preceding paper (1), the exact location of smino { sabstitutions
in spontsnecusly occurring temperature-ssnaitive mutants of the tobacco mosaic
virus {TMY) were described. In the prgsent cowmnication are describsd protein-
chamical inveatigations on such temperature-sansitive mutants of TMV which were

isclated after trestment with chamicsl mutagens,

MATERIALS AND METHTDS
— The praoteinw-chenical msthods employed in the investigsticns on mutents des-

sribed here are identical to thoes previously given .n detail {2, 3).

o RESULTS

. The mutents described here have arison either from the TMV strain yulgare
or from the spontansous mutent All, and hove Mmen isolsted after trestment of

vulgare o All with nitrous acid. 0f the numercous TMV mutonts which heve boen
L5u0l3%sd ana studied aftsr tresimeni with chomlcs) nutagans (mditveae enid
hydraxylamine, or S-flucrourscil), only those which could not multiply »t all
st temperstures sbove 3¢ to 359 and nnly slightly at temperatures of 20 to
250C were exployed in these investigations (S5). With most other mutants, virus
replicetions {s not affected g0 strongly by temp rasture. Protein.chemicel in-

vestigations on thess viruses are descrited ir other papers (6).

In the 2sse of the mutants employed here, with the exception of Ni.2516

snd Ri-2519, the avsoni or very weak virus Feplication 3% high tempersturas ia
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if one removes the RNA of the virus snd diasggregatsa the protein core into small
subunits, the A-protein will reaggregate into ruds in tha case of the vulzare
strain a7d many mutsnts. This protein reaggregstion takes place as well at
high temperaturees ss it does at low temperatures irn the case of the ulgare
strain and many mutantsa. In the case of ths temperature-sersitive mutsnts,

this renggregation does not occur st all at high temperstures (S}, Wth tha
excsption of the mutants Ni-2516 and Ni-2519, temparature sensitivity and
extensive smupprsmaion c? wirus replication at high temperatures can bs corree
Tatad with st [e5-% 174 7-*nc 2~1¢ substitution in the viruo core protein.

.}1:}_-118: This mutsnt was isolatsd after treatment of the TMV sirain 'mlgarg

with nitrous scid {2). 7The 1l:4f deformstion produced on Nicotiena tebscum var.

Samaum is less that produced by the vulgars strain. In contrast to the systemic
infection cn Nic. tabacum var. Jsva produced by the vulgare strsin, Ni-118
produced a localised infectiion on ' his host plant,

After romoval of the RNA, if t & virus protelu is .igezted with trypein,
the tryptic peptide Tl cen be precipitsted iscelectrically st pH 4.5 and the
supsrnstant placed on & Dowex-l Column. The ssparatiorn snd purification of the
tryptic peptides is carried cut in the manner 2lready described in detail.
After three precipitetions, the tryptic peptide 71 is wepareted from sssocisted
peptides by Sephadex chromategraphy, diasoclved in urea, and decampoasd with
iodoscetamida, After removel of the urea and excess iodoscstamide, chywotrypsin
digestion (L hours, 37%C, pH 7.8) 1s cerried out. The chymotryptic partial

poptids ls passed through atD-mex-l column and purified by papsr chromatogrephy.

the experimentsl dstails ars essentially the same ae those wmpioyed in previous
iovestigations (2,3).

d




Prom snalysis of the tryptio peptidas (Table 1), 1t can be seen that the
mkent Ni-li8 differg from its pa;'ont strain vulgare by ont amino acid substi-
tution, namaly praline <= isucime in the Tl peptide. This gubstitution can
be S{dentifisd with the No. 20 position by othar snslytiecsl prodadures carrisd
out on thess pepiidas (Table 1).

At Although the spontanwous mutsnt, All, is not temperature-sensitive,
it should atill) Be described here sincs from it all the following mutants that

are described in this paper have besn derived. The knowledge of its protein g

atrusture is sssential for understanding the investigations on mutants arising
from 1t.

A)L wes obtainsd through a spontanecus mutstion from the vulgare strain
(17)e The smino scid sequence of the tryptic peptides of AL, which are dascribed
in previcus papers (2,2) was cbtainad in the sane manner as here anc differe

froa thet ci Vs vulgare strein by the substitution, isolsucine=-as threcnina,

3
5

in the tryptic peaptide T10. RFurther investigations n thsee psptides (Table 2)
bave localized the smino acid subatitution at position 129.

Mi-L581 In this case, one is desling with a mutent which was isolated after
- mitrous acid tveatment of A1l end which yproduces yellowirz on Nicotiana tabacum

.var. Ssmaum. Ths growth reterdation reasuvlting from infection and the leaf de-

fermetion, howsver, are generally less than thoss observed with anoiher yellow

autant, numely {lavum,
Anelyses of the trypitio peptides showed 8 single mino acid substituilion &s
" oompared 46 All - Lhreanine =g 1soleucine in the iryptis peptide T3. This
peptide was digested with chymotrypsin and the chymotryptic psptide was isoiated
(Tsble 3)e Through additional protein-chsaical analyses on the chymotryptic
peptidas, T3 and T, the amino ac'd sequence substitution can bs loocalined

LSBT WP s )
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at position S9 (Table 3 end Pig. 1).

NM-L821 Symptoms do not serve to cifferentiate this mutsnt wnich is de-
rived from AlL from Ni-L58 on Nic. tabacum vsr. Samsun. Mutant Ni-UL62, which
was induced with nltrous acid, can be differentisted from AlL from which it
vas derived by the presence of two amirno acid substitutions: threonine —w—
isoleucine in the tryptic puptides Tl and serine — iscleucine in the peptide
T3 (Table L)s Both peptides were split with chymotryrsin and thes chymotryptie
poptides were 1sclsted. Aa shown in Table L, in position S, AlL possasses
threonine while Ni-L&2 hae iscleucins, and in positicn 55, Wi-L62 has leucins
and AlL has serine.

Ni=-11961 Ni-1196 ia a mutant isolated from AlL after traatment with
nitrous acid end gives a yallowing an Nic. tabacum var. Samsun. It is differen-
tiated fram Al by the saino acid substitution, proline -<» serine in the
tryptic peptide TL. The substitution has been denonstratad by sequence analysis
of this popiide to occur st position 63 (Taeble S and Fig. 1).

Ni-16881 This mutant is derived from AlL (2) and exhibits on Nic. tabacum
var. Ssmsun symptoms which ars wesker &nd clesrer ga compared to th:ose of the
TMV strain. By snalyses of all of the tryptic peptides, two smino acid sub-
stitutions were found (Table 6): proline -=3» serins in peptide TL end proline «=
jeucine in peptids T12?, Ths substitution in the case of vhe TL peptide is at
position 63 and in the case of the T1? peptide, it is located a2t position 156
{Table 6),

Ki+2204 snd N1-223%: In contrast to the mutants described hitherto, the

following have heen isolated under experimentsl conditions which permit selection

" of temparature sensitive mutants (8),

iAdditiona) studiss on these mutants have ashown thst they, as expected, are
itemperaturo~sensitive, that is; tiwy replicats at an intermediate temporature

(23°C) muoh better then they do at s high tempersture (32°%C). Also, in vitro,




thay can be deacribed as temperature-sensitive mutants: after disaggregution
of the virus, the A-proteins are» reaggregated only st low and intermediate
temperatures but not st tie high tempersture. These findings sigpest that
temparatures geneitivity in the case of these mute-ty 1o related to smine acid
subetitutions in the core protein in contrest to the tempersture-resistant
&1l strein from which thay were derived.

This hypothoals was confimmed by the following protein-chemical investi-
g2tiont 1n both mutents 1t was found that the tryptic peptide T1 (Tables 7
and 8) nad the substitution serine --- leucins as compared to the corresponding
peptide of ths ps snt virus Ali. Tn the cases of both Ni-2204 snd Ni-2239,
the subgtitution oconrred at position 15 (Tsadbles 7 and 8). 1In addition to
this substitution, Ni-2204 hes #till s secona substitution, namely threcnine
~a= igoleucine which is located in the tryutic peptide T12. As shown in
Tabls 7, this substitution occurs at position 153.

Ni-2516 and Ni-29193 The isolstion (8) of these mutants wes accomplished
after trestmsnt of AlL with nitrous scid and was done under conditions which
asde possible & relatively mild recogniiion of tempersture-sensitive mutants.
An All virus preparation treated with nitrous scid wss spplied to Nic., tabacum
var. Xanthij the plant was incubated st 23°C until) aprearance of a visable
infection. than st = hi=h 4onperabuiw (32%), and finally at 23%. Only those
lesions whish underwent measurabls devslopment st 23°C but not at 329C were
exciced, hamogenised, and applied to Nic. tabscum var. Samsun. In contrast to
all ths mutants previously describsd, with Ni-2515 and Ni-2519, no correlation
betwesn the dohaviar in ¥itro and thst in vivo could »e msds: whereas both
mtents replicsted much better at 236C thsn at 320C, ¢} » reaggregation of thekr
A-proteins took plece cnly st the high tempersture end not &t sll et low or
intermediate tem «rstures. I thds respect, they are different from asll the

othor teagerature~sensitive mutants described.
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The snilyses of the tryptic peptides of Ni-2516 and Ni-2519 showed no
differences in the amino acids between these mutants and the temperature=
resistant parent strain AllL (Tatis 9 end 10; regarding amides, see discussion).
Tha conclusion is thus confirmed that these mutantas form a special class of

tempersture-sansitive mutants. The basis for temperature sensitiviiy cannot

1ie in an altered core protein or in s reduced or absent capability of the

protein subunite to udergo aggregation at a high tempsrature. It is suggestad,

therefore, that in these cases, the temperature sensitivity 1s caused in the

following way: &n enzyme necessary for vire replication and directed by the

virus RNA is sltered by means cf an amino scid substitution.

DISCUSSION
In the course of cur investigations (2) on the genetic code, the core
proteins of soms 200 chemically-induced as well as spontaneously occurring

TM¢ mutanta heve been snalysed protein-chemically. A portion of these mutanus

ave temperature sansitive, and the protein stiucture cf 15 such mutonts have

been described in this and a preceding investigation (1). The results are

shown in Tables 11 snc 12. Since a8 of yet, not all of the 200 T*9 mutanis

anslyted have been tested from tempersture sensitivity, additionsl temperature=

2nts may e found in ocur meterial,

The temperature-sensitivs mutants so far described can be divided into
two groupst in the first group, which by far predominat.:s numerically, the
virus core protein, as a conszequences ¢of a chemically inducea or spontarscusly
occurring mutation of the virus RNA, differs fr'm the pro%ein cof the psrent
strsin in queation by the substitution of ono t> three amino acids. The

altered core protein can bo used for sn organised resggregati n to rods at &

v

) but not at & higher temperature (30°), as iy the cass

¥ith the paremt strein. This tempersture~depsndent instility for sggregetion
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i the case of the mutanta of che first grcup 1s verv likely the bagis for
the fact that replication st 8 high terperature (32°C), if present, is
significantly lower than that at,ﬁn intermediaste tempersture (23°C). The fact
that®. the oore protein.of these tempersture-sensitive mutants is not denatured
duriug t*e abssince of replication can be demonstratad by the fact that virus
particles replicsting et 23°C can endurs tempsraturs treatment st &0°C. The
same holds true for the A-protein and 30°C treatment, Similer resuits to
thess have teen obtained in another system, namely the TL bacterioprage (9).

In the case of the second grour of temperature-sensitive mutants to
vhich Ni-2516 and N1-2519 Leiong, the smino acid dequences of sll the trypiic
peptides are the same us those of the tempersture-resistant pare:t strain.
(When indirect amide determinstions were carried out, nc differences ia the
the chroms:.ogrsphic snd electrophoretic beshaviora of the peptidss were ascer-
tainetie; to be sure, this io not exact e cugh to exi2lude amids dif.erences . '
in large peptides such s3s Tl. If emide differences should exist, then they
have no influence on ths aggregating capsbility of the protein suburdits as
in vitro experiments have shown.) K£s expected, the disnggregated core proteins
of both mtants Ni-2516 and Ni-2519, as well ss the protein of the parent
strain All, resggregste st low and high temperstures equally well.

The extensive inhibition of virus replication at high temperatures cannot,
therefore, be due to the interuption of the aggregstion proces: of protein
subunits by high tezperature in the csse of these mutants. Thus, the following

hypoithesis 13 offered: the cistron for the dstermination of the core preotsin

" smounts to sbout 7¢5 % of the TMV RNA 1if one sasumes a triplet code. In the

caso of irestment with chemicel mutagens, not all of the mucleotides that are
altered are involved with the virus core protein. Nicleotides may bde altersd

which, macng cther things, probaily detarmine the protein structure of eniymes

which are neosssary for virus sgymthesie. Amino soid substitutions in thess




entymes, as well as in the virus core pr-ctein, could lead to finctional damage
under certain conditio's (s.ch 8s temperature increzases) snd thereby lesd to
a partial or camplete inhibition cf virus replication .

The experiments with temperature-sensitive rmutants showsd clearly that the
substitution of s single amino acid ie enough to alter the virus protein
sufficiently ao that under the appropriate conditions, little or no virus can
be synthesised. The following mutents provide such examples: 1In these cases,
tho difference in a single aminr acid m:iween these 3nd tie temperaturea
resistant parett astrein is sufficient to provide complete or partisl inhidbition
of the sggregating capability of protein subunits at high temperstures {table 11):
Ni-2239, with the substitutior serine -= leucine in position 1S; flevum with
appartic acid = alsnine in position 193 Ni-118 with prolin. -=» leucins in
position 203 Ni-u58 with threonine —» imoleucine in position 59; Ni-1196 with
prolins ==s serine in poe’tion 633 and CP=L15 with ssparagine -5 lysine in
position 1L0. 1In this connection, it is worthy to note that in the case of one
of the TMV sutants (10} with two amino acid substitutions (11,12), the protein
subunits cf the core protein are able to aggragate into rods in an crderly
fashion at all temperatures both in vive and in vitro.

The ability of a mutant to be temperature-sensitive as vell as resisiznt
doss nol nSCesssTily depend on £ single givs amino-acid sulsiiiuilon. For
sxample, the mutants Ni-118 and Ni-1927 can be differentiated from eath other
by the fact that in the former, the substitution proline «ew teucine occure in
position 20 while 4a the lat8er, the dafect is located at position 156. One
of thase mutants (Ni-.118) is temperaturee-sensitive while the other (Ni-1927)
is tempersture-resiestant. The aame holds true for other substitutions, for
exarple, threonine =2 igcleucine in different positions of tempersture-sensi-

tive an w1l as resistant mutants,
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In thia respect, it L4 of interest to campsre the primsry etructures of

wmlgero, flavum, reflevescens, and revirescens (T-ble 12)c Jf one disregerds

position 138, which hes ne significsrce with regards to the question of

temperature-senattivity (vulgare and revirescens differ from each other only

8% thie position and both are tempersature-resistent), then the four mutants
differ from esch other ¢nly at position 194 m hes slenine; reflavescens,
valine; and yulgare and rovirescens have sspirtie acid. While i1 first two
ncants ars teaperature~gsensitive, the laat two sre tempersture-resistant.

In the case of otherviae identical aminc acid eequences, the rnature of the
anino acid at ihis pciition 44 decisive: the presence of aspartic acid at
position 19 encows ihe protein with the properiy of sggregeting corrscily

at & high texpersture. If this smino acid 4s replaced by slanine or valine,
theu the asggregating cepabvility e lost and, to be sure, in the case of alanime
BoTe atrongiy than with valine.

Imporcant Zor the gquestlion of temperature sensitivity, thet is, ths losa
of the sbility %o aggregate correctly under given conditions, is the combinee
tion of 8 given smdnc acid with & given position 4n the protein chain. RNaxt
%c the question of the neture of ths substitutad smin’ acid (hydrophilic,
hydroghobic, scidie, bagic, or aromatic side chain), the position of the
substitution within the secondary as well as the ter ilary structure of the
protein gubunit is important) that is, does & particular aming scig 4in the
2lpha=helix 1is in the vicimity of the subunit swrfece or more towerds the
smterior) dooy the now amino acid induce an importent linkage for the three-
disensionsl structure of the protein subunit, ete.

As zoon 38 the thres diminsional structure of the protein subunits has
besn slucidsteo, the mmerous THV matants (2,4,6,13,1L) for which the wmmiro acid

| sabstituticns have beon identified, particularly the tempersture<sensitivie
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mutants, will provide , roductive grounds far the correlition c¢f investigations

on structural problems with the eggrogation snd stability of TMV protein sub-
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__ Hutant ____ Substitution Pouesition

Aavum Aap »Als . 13 !

¥

necans Phe-~ley 190 !
Ala~sVal v ;

i Ser = P'he |

1

l ' - fa vescens leu—-TPre 10 i
E revireecens lew »1'ha 10 '

| \alosAap T
! CP el AspN—=lys 140 |
NTRIL Pro-l. 20 i
y I Ald licu—Thr 120
Ni 43R Thr—lleu 5D ;
i . N1 482 . Thr—lleu 5
L Ner—eLeu 5
ol No g Pro--Ner . 63
» [}

ol N lhad Pro—eSer a1
\‘ Ivo-s Leu 150 :
i Ni 2 Ncz—jeu 15
? © The-liew 133

i Nit23e Ser ~leu i3 :

N1 258le - -
t : N1 2319 - -

S S U |

Table 11. Nature and po iticn of amino acid
substitutions of mutants des-ribed in this and
the preceding imvestigstion (1). The mutants

, difZer from the parent virus by the substitutions

indicated.
: Mutaute 5010 13 1w 20 5% A9 63 129 138 40 153 156
| SO— P - — N [ - [

R \Lognte Tue  Phe * *ar . Anp Vo Ner The  Pro dlew Ser AsuN Thr Pro
Lacum Thr Pho Ner 1 Aln I'ro Ser Thr I'ro il > AspN o Tir Pro
e ans The  Jeu  Nro Vil I'ro See Tur Pro Tau P'he  AspN  The  Pro
) ”llll'-‘l. ~ns tne rhe ~Ner LN Y] 1"rp Ner Inr 1T v oo .\l!l,\ rnr rro
‘ e ira rn The  I'he  ~ce t Asp Pro N¢ Tne Pro lwen Pive AapN  Thr  i'ro |
Cit4is T.e  Phn  Ner Asp  P'ro Ner The  Pro Heu  Nee Loww Thre  Pro i
| Novin The Ihe | Ser o Aap Leu ey The Vro iicu Ner o AspN e Pro

‘ \ e The Phe | Ner Anp Pro Nr Tur Pre Ihr ser AspN Thr Pro
Nudns The  Phe - Ner Asp Pro Ser - lew  Pro The Ner AspN  The  Pro |
I N il il Phe  Ser Asp * Pro feu | The  I'ro Tir Ser AspN Thke  P'ro
YR LY Thr  The Nt Asp  Pro Ser  Thr Nt Tur Ser AspN Thur Pro !
NiiieN Thr  Fhe Ber  Asp Pro Ner Tur See Tur Ner AspN  Thr  lou i

2204 The Fhe lav Asp  ro Ner  Thr  Iro Tir  Ner  AspN  lleu  Vro
Ny 230 Thr Phe + Leu Aep Pro Set . The P’ro Thr Ser  AepN  Thr I'ro |
1. Ni2ah Thr  Phe Ser Aep Fro Sor Thr IPro Thr Ser AspN Thr Prn l
| N 2510 Thr l'he Her ' Asp  Pro Ser Thr  Pro Thr Ser AnpN Ti - Pro |
-— ol

’ Table. 12, Primary structures of the mutants descrioed in this and the

preceding investigation (1). Other than tha positions inaicated, the
mino acid ssquences of the mutante are the sane as thst of the TMV
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