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TERTIARY AND QUATERNARY:STRUCTURE-OF TOBACCO MOSAIC VIRUS AND PROTEIN.
IT. EMISSION, EXCITATION, POLARIZATION AND POSITION OF TNS BINDING

J. B. GUTTENPLAN AND M. CALVIN

Laboratorv of Chemical Biodynamics; Lawrence Berkeley Laboratory,

University of California, Berkeley, California 94720 (U.S.A.)

SUMMARY

- The emission, excitation and polarization spectra of tobacco mosaic
virus protein, TMVP, were identical for the aggregated protein, Agg Pro,
and disaggregated protein,‘A Pro, with the excepfion‘that the quantum yield
of f]uorescénce decreased 25% on aggregation. This decrease in the absence
of other spectral changes suggests a quenching»ihteraction between adjacent
subunits. The aggregation apparently produces; at most, minor conformational
change§ within subunits. The polarization of'flughescence is Tow but;does
not decrease on aggregation, indicating that‘enefgy migrates efficieﬁt]y
within subunits but not Détween subunits. Intersubunit space must be
Narge, relative to intrasubunit space. . . |

Fluorescence from the tyrosine residues in TMVP‘is not observable,

and evidence from the excitation spectrum of TMVP 'is given which suggests
that tyrosine energy is efficiently transferred to the tryptophanes in
THVP. These results and the 1§w polarization indicate that TMVP subunits
are rather compact. - . o

. 2—p—Toi§fdfny1néphthaiéﬁe;é-éui%ohété,;fNS,Aa.hydropﬁogiéfbr;bé;‘ o
bound more strongly to Agg Pro than to A Pro. This was shown to be
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due to the charge change associated with the aggregation as TNS sulfona-
mide,/a neutral probe, bound with equal efficiency to A Pro and Agg Pro.

As exposure'of the intersubunit regions led to no:increase in hydrophobic

binding of TNS or TNSA, the hydrophobicity of the intersubunit surface

is weak.

The secondary and tertiary struéture,of a number of proteins has
1,2,3

* been well characterized by X-ray diffraction studies. "Hydrogen
bonding betweeh sQitab]y situated peptide linkages plays a domfnént ‘
role in determining secondary structure of proteins, whereas hydrbphobic
bonding predominates in the determination of tertiary'structure.

The naturé of quaternafy structure, howevér, is less clear, as only
limited data from X-ray‘difffaction studies has beeh'brought to bear on
‘the prob]eﬁ; In the absence of such X-ray data, chemical and physical
methods of inVeStigétion have been used to oBtain'information about
quaternary structure. | | | .

Tobacco mosaic virus, TMV, and tobécco mosaic virus protein, TMVP,
have provéd to . be a useful system for such a study because the individual

4,5

protein subunits are relatively small and have been sequenced > and the

conditions leading to their aggregation and disaggrégation have been well

investigated.7’8j9’]0‘

It has been shown that in solutions of TMVP in the mg/ml concentra-
tion range at pH 7, 20°C, and-ionic strength «.0.1, the ‘trimer is the

most stable species. On lowering the pH to 6.5, aggregation occurs and

-t .. > ’

one proton per subunit is tak nﬁup by the protein;gAluater‘is released

. . - . . . . . ~
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upon aggregation, and it is believed that the free energy decrease for
aggregation is derived largely from the entropy incréase associated with

this release of water.®

It has been suggested, then, that hydrOphobi; bonding provides the
major interaction between subum’ts.8 Other typeé of bonding have also
been imp]icafed. Evidence from hydrogen exchange experihents indicates
that a substantial portion of peptide hydrogens are involved in inter-

p 11

subunit bonding in TMV and THY ‘There is also evidence tﬁat the

tyrosyl groups play a role in intersubunit bonding.]2 A number of studies

8,9,14,15,16 'In:particular, the pH

have implicated electrostatic bonding.
- induced aggregation of TMVP around pH 6.5 may involve the formation of an
ionic bondvbetWeen adjacent subunits.

19,15

- and amino gro_ups]6

Both carboxy have been suggested as titrating
near neutral pH in TMVP. As there are no histidine groups in TMVP, an
amino acid residue which titrates near_néutra] pH must be in an unusual
environment. This group has been ascribed to a cakboxy]ate anion, either
buried in a region of low dielectric constant]5 or hydiagen bonded to a

'ca,rboxy']‘gr"oup.9 Another a]terndtfvé is that an'e—émino group of lysine
is stabilized in its neutral state in a hydrogen bonded complex to a

1:yrosy'l'g\r'oup'.]6

The‘purposebof the present work is to obtain some information about

 the quaternary s@ructure of TMVP and TMV using fluorescence spectroscopy

of TMV and TMVP and several of their dve conjugates.

Materials and Methods

. Yirus and protein. Preparation of THVP from IHV has been described

TR
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in the prerbus paper. 6 - The monomer of TiVP . 1s formed‘spontaneously at
4°C 1n 0.1 mg/m] so]ut1ons of THMVP at or above pH 6.5. 17 Prote1n so]u-
t1ons at pH. > 7 were buffered in 0.1 n Tr1s/HC1/KC1 and those at pH< 7

| were buffered in 0.1 phosphate Qr'acetate’buffers;d Protein solutions
were‘stored cd]d at pH 7-8; filtered through'0ﬂ3 u;millipore filters and
d11uted when needed . |

Reagents. 2- -p- to1u1d1nv1naphtha1ene -6~ su]fonate TNS, was previous]
described.s' The sulfonamide of TNS, TNSA, was prepared by addition of a
solution of TNS sulfonyl chloride (kindly Suppliedlby Or. E.»Holler) in
acetone ?o ammonium hydroxide. TNSA was precipitated»by addition of ice
and was twfce recrystallized from aqueous ethanol, m.p. 211-213°. Other

- reagents, auramine 0 (Allied Chemicals), N-acetyl-L-tryptophan amide,

- N-acetyl-L-tyrosine amide, N-acetyl-L-phenylalanine ethyl ester (an
Cyclo) and 3-methylindole (Aldrich) were used as received.

Stock solutions of 1-2.5 x 1075 M TNS and aufamihe 0 were prepared
by weight and later diluted to desired concentratidns. Ultracentrifuge
pictures o'fv3'_mg/m"l TMVP at pH 7 in the presence or absence of 10 M
TNS vere identita] TNSA was near\y 1nso]ub]e in water and was therefore

.dissolved in ethanol to yield a so]ut1on ofa 10" -3 M. Aliquots of this
solution were then diluted 1/100 with a 107 2y NaC]-so]ution in water.
This solution was then passed through a 0.3 mi]1ipore filter and the
resh]ting sd]ution (or fine suspension) was diluted 1:1 with the prbtein

solution to be édé]yzed. Rehroducib]e results were obtained in this man-

_, ner. and enhahcement_of the fluorescence of TNSA wes of the order of 10X.

The spectrum of the millipore filtrate showed a very weak absorption at

320 nm, indicating a concentration of TNSA.of ~10°® M based on e of TNS
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Instrumental. The fluorimeter has been described in the previous

paper.6 For measurements of fluorescence of TMVP or TMV, the fluorescence
ihtensity was so great relative to scattered excitation light that filters
were not needed to absorb scattered ex;ftation 1ighf. Narrow slit widths,
entrance aﬁd exit s]it}widths < 4 hm, were émp]oyed; The fluorescence of
TMV and TMVP decreased slowly with increasing irradiation time and the
narrow excitation slit moderated this effect.

- In measurements where fluorescence of the protein washquenched or
whefe’emiSsion from a dye was monftored, wider sTit widths, exit annd
entrance = 6 nm, were used, and the f]uoreséence light was passed through a
suitable cutoff filter before it entered the analyzer. In cases where
emission from a dye conjugatea to a protein was weak, the excitation beam

was passed through a Corning 7-54 filter. In polarization measurements of

- TMVP and TMV, using excitation light below 270 nm, interference filters

corresponding to thé excitation wavelength were placed in the excitation
beam as the polarizer transmitted substantia]]y more Tight at longer
wave]éngths (where fluorescence was measured) than at the shorter wave-
lengths of excitation, and the excitation light was contaminated by.
higher wavelength light. The speétra pfesentéd hére are uncorrected for
instrument31 broperties unless otherwise indicated. |

In measurements of the fluorescence spectra of TMVP and TMVP-dye
conjugates, ip was neceésary to subtract a background fluorescence which

originated from a contaminant or an unusually complexed or ionized group

'*-in-the-protein‘- This background was weak-in intensity-with a maximum. .. . .-

around 409 nm and a broad excitation maximum in the range 320-360 nm. A1l

virus and protein preparations showed this emission, which was more
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intense iﬁ older preparations..'Dialysis or differential uitracentrifu-"
gation failed to substantially reduce the intensity of this emission. A
curious Obsérvatioh was that reconstituted THV shbwéd a weaker background
than did a mixture of components before reconstitution. A backgrouhd from
unbound dye was also éubtracted from the spectrum of the éonjugate. The
dye backgrouhd_was of the order of several percent.
| The optical density of solutions used for bindfng studies or excitation
spectra was kept below 0.05 at the excitation wave]eﬁgth, either by appro-
pria;e di1utf0n and/or use of microcells 6f 1 x 3 or 3 x 3 nm pathlengthhs.
A linear re]ationéhip between intensify of f]uoreécence and absorbance was
thus assured. |

Polarization of fluorescence, P, was measured with a Perkin Elmer
polarization attachment with linearly polarized excitétion ]ight.: P was
18

ca]cu]ated from the express1on
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Where i'is_the observed fiﬁorescence and tﬁe sdbséf{pfé'v and H indicate
the orientétion,vvertica] or horizonta],’pf the extitaiion and éna]yzer5
vpo]ariiers respectively.

The f]qorescence quantum yield of TMVP was ca]éu]atedvrelative to
indole in ethanol, which has a corrected quantum yfe]d of 0.42.]9 Both
- THMVP and 1ndo]e in ethano] were exc1ted w1th 11ght of 290 nm, where the.
.4ftryptophane groups in TMVP absorb'»957 of the 1nc1dent rad1at10n Both

solutions had identical optical densities. As the fluore<cence spectra of

... ~the.two. so]ut1ons were very simidar, no. correction for instrumental:’
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response was applied. The quantum yields of the TNS;THVP conjugates were
similarly determined, except TNS in 90% dioxane was used as a secondary
standard'(see Results sect{on). EVen at hfgh concentrations of protein,
i.e., 12 mo/ml only~ 50% of the TNS was bound, so that values df BINS THMYP
had to be extrapo]ated to 1nf1n1te proteln concentration from plots of
'1/[TMVP] vs. 1/Intensity. | .

In ca]cuWating the overlap integta], Jv, which was used to calculate
the critical distance for energy transfer between THVP and TNS, the abddrp-
tion spectrdm:of TNS was replotted in terms of wave number and the fluores-

\

cence spectrum'of,TMVP was replotted to display the curve as relative

20 It was, however, first necessary to

quanta per wave number, dQ/dv.
correct the f]dorESCEnce spectrum of TMVP for instrumental response. This
correction was small and was most eaSi]y accomp]ishéd by normalization of
thg_spectra of standard substances obtained on our f]uorimeter,dsuch as
indo]e,'to published corrected spectrar19 The normalization factors were
- then applied to tﬁe spectrum of THVP measured under the same instrumental
cond1t1ons | _

Un]ess othen:1se Spec1f1ed, a1] maasurements were performed.at 20° C
in 0.1 u buffer. The presence of buffers at the concentrations employed
in this_study}did not a]ter{the fluorescence spectra; The order of addition
of reagents aiso had no effect on the fluorescence spectra. Measurements
were then repeated at 1east once to reproducibility, as occasionally irre-
'produc1b1e effects were obta1ned 01der preparat1ons tended to g1ve

s]lghtlj d1fferent 1ntens1t1es of f]uorescence of ThVP TMV and thexr dye

' conjugates than did fresh pkeparat1ons. Preparations less than one month

z-;o1dswerevusedq¥fVariatiohsvjn-bindjng constants:of-dyes}tOxTMVP,énd;TMVA,-.u i nean

P I P
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from different preparations were also observed, a]thoUgh relative values
wefe:fairly-constant. _ | ‘ |

~ Determination of concentrations of TMV and TMVP has been d'esbm'bed.6
The fractiona] absorption of each of the aromatic acid residues of TMVP

was estimated from the absorption spectrum of N-acetyl-L-phenylalanine

ethyl ester, N-acetyl-L-tryptophanamide, and N-acety]-L-tyrosine amide.

Results

F]uorescence of TMVP and TMV. The f]uoreséence spectra of TMV at pH 7,

THVP at pH 7, TMVP at pH 6, and monomeric TMV are shown in Fig. 1A. TMVP
at pH 7, 20°C, is composed of mixtdfe of monomer, trimer and a small con-
tribution of higher_aggregates.8 This mixture, in which the trimer is

“the predominant species is generally referred to aseA'Protein, A Pro. Each

protein subunit contains three tryptophane residues, four tyrosyl residues,

8

and eight pheny]a]an1ne residues, all of which shoﬁ-f]uorescence as the

free amino acids. ‘In proteins containing tryptophane however, fluores-

21,22,23

‘cence from pheny]aTan1ne is not observed, and “luorescence from

tyrosine, if observed, is manifested by a weak short waveléngth emission -
superimposed on the major emission, which originates from the tryptophane

21,22,23,24

residues. The wavelength of maximum intensityvof the fluores-

cence, , of TMVP, 320 nm, is somewhat shorter than of most trybto—

max,P 23,24

_phane containing -proteins, which generally fall in the range of 328-

342 nm. As longer wave]ength fluorescence from tryptophane is correlated
7 with 1ncreased po]ar1ty of the env1ronment around ‘the 1ndo]e r1ng,21 122 the

’tryptophane residues (at least those which emit) are'probab]y in a less

..........

. r‘po1ar env1ronment in THVP than 1n most, other prote1ns examlned L R
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| interpretation is’best-teken only as an indicatioh of exposure, as excep-
tions are known;24 | |

A spectrum of 3-methylindole in 2:1FV/V tyclohexene/dioxane is
inc]uded in Fig. 1 for comparison. As it cohtains.the same fluorophore
as‘TMVP and a very simf]ar spectrum and bandwidth,‘it;appears that the
fluorescence of THVP is cohposed mainly of emission from one tryptophane,
although a composite of two or three tryptophanes emitting et similar
Amax,p is also possible.

The spectrum of TMVP at pH 6 corresponds to that of the aggregated
protein,B‘Agg.Pro. It is about 75% as intense as that of A Pro (which is
present at pH 7). A Pro has a guantum yield of 0.23. ‘When the two spectra -
are normalized at 360 nm they are coincident at all wavelengths. .They are
also coinctdent when excited at other wavelengths. .In a polypeptide chain
with environmental sensitive fluorophores and a number of possible partici-
pants in an energy transfer chain it would not be likely that a change in
conformation of the chain, or environment of the tryptophanes, could occur
without some concomitant changes in the shape of the fluorescence spectrum.
| As.no such changes occur here, we think that decreésed'intehsity of Agg Pro
relative to A Pro results from a quenching interaction, most 1ike1y between
tryptophanes in adjacent subunits, which is made possible by aggregatign.
It is known that the aggregation of TMVP leads to 1nac¢essib11ity of two

12

- tryptophanes per subunit towards N-bromosuccinimide oxidation. = These

trvptophanes are presumably situated in regions of interaction between

- -sybunits and might be involved in this fluorescence quenching. No such =~

_decrease in intensity of fluorescence is observed in the same pH increment

W1th TNV 6 The decrease 1n 1nten31ty, then, 1s probab]y assoc1ated w1th o

': the aggregat1on of the prote1n ..-Jyl Sr e
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The fluorescence spectrum of TMV is identical to that of Agg Pro if
one assumes that light absorbed by THV-RHA is radiéfion]ess]y degraded.
As will be shown subsequently in this paper, this assumption ié jdstified.
The coincidence of the fluorescence of TMV and Agg Pro.is consistent with

25 and electron microscopic8

X-ray diffraction data'thét Agg Pro and ™V
~are very similar in structure. |
" The fluorescence spectrum of monomeric TMVP cannot be measured under
the same conditions as those given in Fig. 1 (see Experimental section).
However, when the fluorescence spectra of Agg Pro and monomeric proteiin
~are measufed unde} identical conditions, the two spectra are coincident
at all waveTengths when normalized at 360 nm. The ratio of intensities
of Agg Pro to monomeric protein is thevsame as thét for Agg Pro to A Pro,
indicating that the fluorescence spectrum of'the mohomer is identical to
that of A Pro. |
The spectra of TMVP obtained~with 275 and 295 nm excitation are also
shownbin Fig. 1B. In some proteins a notiéeab]e difference in tne fluores-
“cence speétra is observed when the excitation wavelength is changed.m’z4
,This'diffe}ehce'is atfributed to a contribution to the fluorescence spec-
trum by tyrosine, present at 275 excitation but absent at 295 nm excitation.
Using model compounds to estimate the fractional absorption of tyrosine,
we estimate that at 275 nm the tyrosine groups absorb 34% of the incident

Tight but <5% at 295 nm. The coincidence of the fluorescence spectra of

THVP on 275 and 295 nm excitation show that the contribution from tyrosine

- fluorescence to'that,of‘TMVP~is*neg]igib1e.*;Apparént]y‘véry“efficient*'-~ g

energy transfer from and/or quenching of tyrosine occurs in Agg Pro and

A Pro. As intertyrosyl and tyrosyl-tryptophane energy transfer are dependent
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on the distances between the energy donor and aéceptoraz1 it appears that
these distances are similar in A Pro and Agg Pro.

Excitation Spectra. The excitation spectra of TMV, A Pro, Agg Pro,

and moriomer are shown in Fig. 2. Like the fluorescence spectra, these
specfra are coincident at a11.wave]engths when normalized at one:wave—
length. As fhe excitation spectra of TMV and Agg Pro wére coincident,
energy transfer from RNA to the protein coat in TMV does not occur, .
although the RNA ébsorbs a significant portion of the incident raciiation.26
The coinqidence of all the excitation spectra agaih indicates conforma-
tioné] similarity between the subunité in A Pro, Agg.Pro, monomeric Pro
~and TMV. The excitation épectra of A Pro and Agg Pro for emission at
310 and 360 nm were also coincident, further indicating that fluorescence
of TMVP is not a composite of emissions. |
A]so‘shQWn in Fig. 2A is the excitation spectrum of 3-methylindole
in 2:1 v/v cyclohexane/dioxane. The spectrum has.béen normalized to that
of A Pro above 292 nm, where tyrosyl absorption in A Pro is neg]igib]e:
‘Itvis seen!that'A Pro.possesses a higher fluorescence intensity than-
3-methylindole, when excited in the range where tyrosine absorbs signifi-
cantly, <290‘hm. At 275 nm, for instance, the fluorescence intensity of
A Pro 15‘16%_higher than that of 3-methylindole. As tyrosine absorbs
~35% of the incident light at 275 nm, energy transfer from tyrosine to

tryptophane is v 50% efficient. This is somewhat more efficient than in

»most-other?proteinS'examined%1~and'might,'together with the absence of - * : .

tyrosine emission in A Pro, be taken as an indication of a re]ative]y

‘close prox1m1ty of tyrosy] and tryptophany] aroups u1th1n a subunlt of THVP '

' Some caut1on 1n th1< conc]us1on 1s necessary, howaver, 51nce the rat1o )



units, as the polarization of Aga Pro or THV is not less than that of A Pro.

D '-12— .‘-' R S .A' .- .
and number of tyrosines.and tryptophahes in a particular pfotein-cou]d
also affect its efficiency of energy transfer..

Fluorescence polarization. The fluorescence ‘absorption polarization

spectra of THVP is shown in Fig. 2A. The spectra of A Pro, Agg Pro and mono-

meric protein were coincident as was that of THMV. The polarization of TMVP

is considerably less than that of tryptophane in a_viscous'medium.22

- As
no increase in polarization of TMVP and TMV was observed on transfer from
water to a viscous medium, 60% sucrose, depolarization due to molecular
rotation is not the cause of the low observed po]afization. Energy migra-'
tion has been shown to play a major role in depolarization of fluorescence.

22 and

The polarization df TMVP and TMV is quite low, even for proteins
indicates a 1arge degree of energy migration within each subunit. With
the exceptions of tyrosines 70 and 72, all of the possible partners in
the energy migration chainv(tyrosine + tyrosine, tyrosine -+ tryptophane,
tryptophane = tryptophane) are separated by at least twelve residues.
As‘the critical radii fof energy transfer between.thé components are

8,22

8-20 it is apparent that energy migration is possible because of

"the three-dimensional folding of the protein and should be a sensitive

indicator 6f conformational differences betﬁeen subunits in the different

aggregates of TMVP and TMV. The similarity of the polarizationvspectra

of all the aggregates is taken then as another indication that the sub-

units in the different aggregates of TMVP and TMV are nearly identical in

conformation. The identity of the polarization of THV and THMVP indicates

.- again that energy-transfer from RNA to coat- protein-does -not occurﬂin~TMV.-”Qe-' ity

A significant result is that energy transfer doés not occur between sub-
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This finding_might seem-at variance wfth the earlier’discussed indication
that quenching betﬁeen tryptophane groups.in adjaceht subunits may occur.
It haé, however, been demonstrated for tryptophane that energy migration
between tryptophanés occurs in rigid medium, but quenching occurs in more

Fluid medium.22

The region between subunits may be large, allowing some
: motion of pendaht tryptbphane residues in this region. |

Binding of dves to TMV and THVP. The binding of TNS to THMV and THMVP

has been used to monitor changes in aggregation, conformation and charge of
TMV and TMVP.6 The binding of dyes to pkoteins is believed to result

from a combination of hydrophobic, electrostatic and hydrogen bonding

27,28

interactions between dye and protein. The wavelength of maximum

intensity of.em1ss1on, Amax

,» of TNS is responsive to the polarity of its
environment. Dyes such as TNS arevweak]y f]uoresceﬁt in water but strongly
fluorescent when bound to p.r‘c:teins.z8 The f]uoreScence spectra of the
TNS-TMVP-and TNS-TMV conjugates are shownvin-ng. 3. The wavé]ength of

maximum emission from the TNS-TMVP complexes, A , were similar, 423

max,T
for A Pro and 426 for Agg Pro, while that for TMV was at 437 nm. The
dissociation constants of the THS conjugates were determined from Benesi-’

29

Hildebrand Plots“” and are given in Table I along with the extrapolated

quantum yields for the conjdgates. A11 concentrations of THVP and TV
, are expressed in moles/liter of subunit. At a particular pH, TNS always
bound more strongly to THVP than to THMV. The stoichiometry of the com-

30

plexes was also determined®” and in all cases was 1:1, indicating that

" “Wew binding sites for TNS‘Were'ﬁbf'efpbged on disaggregation or that ~ T T

these sites bound THS only weakly. The quantum yields were determined
3]

. relative to TNS '

+
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sfmiIar to that for the TNS-TMVP and TMV complexes.

As theva induced aggregatioh of TMVP is accempahied'by a net increase
in p051t1ve charge on the protem,8 it wae of. interest to determine
| whether the sng%%§$7ég§g€2nt of TNS to Agg Pro than to A Pro was the
result of e]ectrostat1c or hydrophobic bond1ng For th1s purpose, an -

uncharged- derlvat1ve of TNS was prepared, 2- -p- to]u1d1ny1 naphthalene-
.6 su]fonam1de THSA.  TNSA showed significant fluorescence enhancement ,
10X, when added to 5 ma/ml A Pro or Agg Pro. It bound to both. A Pro
and Agg Prb_with equal values of Amax of 433 nm and‘equa] efficiency,
Kg = 3 x 10’5”M. Apparently A Pro and Agg Pro are equally hydrophobic
towards T_NSA.V The fact that TNSA binds more strongly to TMVP than TNS
does probably reflects the more unfavorable interaction of the uncharged
TNSA with water. An attempt was made to determine K “for TMV-TNSA com-
p]exes. The fluorescence enhancement was so low, ~2X, that est1mates of
Kd were not possib]e.' Presumab]y the binding of TNSA to_TMV was weaker
than to THVP, as was the case with TNS.

The binding of the positively eherged dye, auramine 0, bis4(p—dimethy]-
aminophenyl)- methy]ene1m1ne hydrochloride was also 1nvest1gated This dye
showed no affinity for TiVP over TMV as did TNS and TNSA, indicating per-
haps that auramine 0 binds to a different site than does TNS or TNSA. This
sfte'is presumably favorable to positively charged ligands. In faé;, at
pH 7, auramine 0 is bound more strongly to TMV thah to THVP, perhaps |
reflecting the greater negative charge of_TMV due to its nucleic acid.

Auramine 0 bound with equal efficiency to A and Agg.Pro, and in all

cases with 1:1 stoichiometry.

Ehergy transfer. The excitation spectra of the.TNS-TMVP conjugates,

. .
.....
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shown fn;Fig. 4, Show a.large peak at'282-nm which is not nearly as promi-
nent in the excitaﬁion,spectrum of unconjugated TNS, which is also shown
in Fig. 4. fﬁé excitation spectrum of TNS taken for comparison is that

of TNSAin 90% dioxane, which has A = 434_nm,-simi]ar to that of

max,T
TNS-TMVP, indiéating an environment around TNS of similar polarity in 90%
dioxané as When bound to the protein, and probab]y a similar absorption
spectrum to TNS‘bound to TMVP. At 285 nm excitation (where TNS has a

. minimum in its absorption spectrum) the fluorescence intensity of the

. TNS-Agg Pro complex measured at 440 nm is 1.02X that of the excitation
maximum at 325:nm, which corresponds to direct excitation of TNS since
TMVP- does not absérb at 325 nm. The corresponding ratio in the excita-
tion épectrum'of TNS'in 90% dioxane is only 0.20. In the TNS-Agg Pro
conjugate, thén, the ratio of fluorescence obtainéd with direct excita-
tion of TNS at 285 nm, to that obtained by irradiation into the protéin'
absorption at 285 nm, is 0.20/0.82, or at 285 nm excitation, 80% of the
fluorescence results ffom energy tran;fered from Agg Pro to TNS. At

285 nm, in a 1:1 TNS-TMVP complex, TMVP would absorb 71% of the incident.
radiation,.assuming the absorption spéctrum'of TNS in 90% dioxane is
similar to that of TNS conjugated with TMVP. This is probably a reasonable
assﬁmption since the absorption spectrum of TNS is not very sensitive to

the environment of TNS.B]

Direct measurement of the absorption spectrum
of the TNS-THVP complex is not possib]é, as the fraction of bound com-
ponénts is considerably be]ow uhity, even at high concentrations of THUVP
and THS. The closé Correspondence between the fraction’of fight'absorbed
by TMVP and the fracfion of energy transferredvfrbm THMVP to TNSvcoy]d indi-

cate that,éngrgy transfer is nearly 100% efficient in the.THS—TMVP complex,
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1;3;,'every photon absorbad by THVP is transferred to TNS. Alternatively, -
it mignt be thought that a 1ong range energy transfer-COuld extend over
severa1 subunits, with non-bound subunits contr1but1ng to the fluorescence
of TNS. A ca]cu]at1on of R , the distance at which the probability of

energy transfer from TMVP to TNS equals that for spontaneous decay, indi-

cates energy transfer from unbound subunits to TNS is a distinct possi-

b111ty R, was calculated from the equat1on 32,33 ' . -
Roo  166x10F x 1y, ' | 0 ;
0 2 2 :
N~ X v,

where t is decay time of donor fluorescence, 5; the mean of the peak
positions in wave numbers, of the donor emission and ]owest energy
absorption bands of the acceptor, Jv the over1ep integral and n the

refractive index. A value for t of 3 nsecs was assumed, as this value

is close to that obtained for other proteins with similar quantum yie]ds 24

Jv was obtained graphically (see Experimental section), = 1.4 x 10]2

'2 = 3,13 x 104 cm ], n was taken as T.6 and Ro was ca]cu]ated to

be 38 R Th1s calculation is only approximate, as an orientation.factor
of 2/3 1s‘assumed; t has not been measured and the refractive index within
the subunit is not certain. Also useful for our purnoses is rg5g the

distance at which the efficiency of energy transfer,.E, is 95%. This ce

distance was obtained by the eq’ua\tion:32’33
-6 ' " E
E = —_—-6 r_ Z - (2) . |
r- +R,

Tgsy = 28 R,

A cons1d°rat10n of a schematlc model of ThVD, shoun in F1g 6, shows'
|
that TNS, if suitably s1tuated, cou]d ea511y quench - the fluorescence of more

‘than one’ subunity if R = 35 R and r..., = 24 R.

95
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In the'TNS—monomeEic THVP conjujéte, where there are no neighboring.
subunits;.apprecia51e energy transfer from THVP to TNS still occurs,
a]thoﬁghvnot as efficiently as from Agg Pro to TNS. ‘If one normalizes
at 325 nm (direct excitation of TNS) the excitation spectra of TNS-monomeric
TMVP and TNS;Agg Pro, both measured at 440 emission, and compares the ratio
of fluorescence efficiencies at 285 nmvexcitafion, for TNS-monomeric TMVP -
and TNS-Agg Pro, one observes a somewhat gfeater efficiency for the TNS-Agg
Pro conjugate.  To quantifative]y interpret this difference, the contribution
to the 285 excitation from direct absorption by TNS must be subtracted. This
contribution is 20% of the intensity of the 325 péak’(see preceding discus-~
sion). One then 6btains a ratio of 1.22, for intensity of fluorescence on |
285 excitation, of Agg Pro-TNS to monomeric THVP-TNS. It is possible,
then, that‘22%'of-TNS excitation in Agg Pro-TNS originates from unbound
subunits. A similar calculation for A Pro-TNS 1ndiéates that 14% of TNS
excitation may originate from unbound subunits. Inherent in this type of
calculation is the assumptibn that TNS is bound in a similar location of

the subunit'of Agg Pro, A Pro and monomer. The sfmi]arity of A nd

max,p 2
'Kd of TNS and TNSA for their respective conjugates.indicates this may be
so. TMV, on the other hand, exhibited much different binding properties

to TNS and TNSA. it also showed a lower efficiency of energy transfer to

NS, ~80% that of monomeric TMVP to TNS.

| It would be desirable also to have some direct quenching measurements
of TMVP f]uorescence. However, because of the relatively weak binding con-
* stants of THVP and THV to TNS, rather large concentrations of TNS are heeded *
to quench a substantial portion of THVP f]uoresceﬁce. At these large con-
_ cgnthgtjonsz i.e., 5 g'J0-4'M, corkectjons for screening by ynbound’TNS _

I ceters e ite et
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aﬁd TMVP, reabsorption by TNS énd non;finearity of fluorescence with con-
centratidnYOf TNS—fMVP become too great to allow accurate determination of
quencﬁing.‘ Rough ca]cu]afions-made at 2.5 x 1055 M TNS and THVP indicated
that binding of ~5% of the subunits led to 8% quenching of Agg Pro
fluorescence, and binding of &3% of the subunits 1gd to 4% quenching
of A Pro fluorescence. The agreement of the quenching_v61Ues'wifh'tHOSE'
obtained from the excitation spectra is as good'as éan be expected, con-
sidering thg-]érge percentage errors at such low fractions of bindidg and
quenching. - |

Energy transfer from TMVP to TNS via diffusion of TNS and TMVP
together during tﬁe'1ifetime of excited TMVP is prec]uded; even for a
long range energy transfer becaqse the concentration of TNS is so low,
2.5 x ]0_5 M, that the probability of collision within the normal lifetime

of an excited protein is negligible. It has been shown34’35

2 to ]0_3

trations. of acceptor in the 10~ M range are required to effect
substantial quenching of excited singlets which ha?e the same order of -
lifetime as that for proteins, even when R >50 R, _

| If TNS is able to cépturé every quéntum'of 1ight'absorbed by the
subunit to which ft is bound, it must do 56 much mofe rapid]y than the
time interval between 1ight absorption and emission, since it must quench

not only the fluorescence, but must compete with the.more rapid radiation-
less pathways of decay which compose 4/5 of the energy degradation of

excited TMVP. Apparent]y the tryptophanes in TMVP sit within 24 R of the

3 'tfﬁS.:oirfntéthyﬁtdeéhékenéﬁgy:ﬁig}ét{dn”td a particular tryptophane

occurs with nearly 100% efficiency, and this tryptophane sits within

24 R of Tns. |

that concen-
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On further examination of Fig. 6 it is somewhat surprising that

TNS can so efficiently scavenge energy from the sUbUnft to which it is

bound, but cah only capture.energy rather inefficiently from neighboring

subunits when it iS'bound to Agg Pro or A Pro. In view of the large

value of R and the size and shape of an individual subunit, which is

be11eved to be e]11pso1d of revo]utlon with maJor and minor semiaxes of

8,25

35 and 12.25 R resp., TNS is most likely bound,1n a crevice within

the subunit, near one of the ends of the major semiaxis of the ellipsoid

so that overlap of the TNS quenching sphere with adjacent subunits is

“at a minimum. The volume of one subunit equals 5.9 x 10* 83 and is nearly

identica1'io that of the quenching sphere of TNS which equals 5.8 x 104 33.
It may!a1so be seen that if TNS is bound near the iong axis of a subunit
its_abi]ity to quench adjacent subunits would be substantially reduced

if the intersUbUnit region is sparsely packed. Alternative possibi]itie§
are that random ofientation of TNS and the tryptophanes is not achieved
and R, ‘is-actually smaller than calculated, or orientation of TNS is
unfavorable with that 01 the tryptophanes in adJacent subun1ts

Fluorescence po]ar1zat1on of TNS. The f]uorescence absorpt1on ‘

po]arization spectrum of TNS-TMVP shown in Fig. 4 is in agreement with
that expected for a large percent energy transferkfrom TMVP to TNS. The
ratio Jf fluorescence polarization (measured at 440 nm), at 285 excita-
tion to that obtained with 325 excitation is ~0.1 in TMVP-TNS compared

W1th 0. 60 for the correspondlnu ratio of TNS in q]ycero], 1nd1cat1ng

| that m83A of tne TNS TMVP f]uorescence obtalned by 985 exc1tatlon 0r191_““ P

‘nates from THVP (assuming every transfer leads to depolarization of

.resultlng emission).
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Discussion : . : - .

‘Tertiary structure of THVP subunits and some relationships to -

quaternary structure. One of the most striking features of this study is
N . .

the great similarity of the spectra of monomeric TMVP, A Pro, Agg Pro, and

TMV. The simi]arities'are observed in‘the fludrescence, excitation, and
polarization spectra of TV and the various a]]oétefic fqrms of the prb-
tein, and'a]SQ in the spectra of hany of their dye conjugates. Apparently
the conformational integrity of the subunits is quite strictly preserved
in TMVP and.TMV on aggregation and disaggregation. While it might be
thought that fluorescence technidues are insensitive to conformational
changes of proteins, numerous studies have shown that this s not the

21,22,23,24

case, and our preceding papér has shown that for TMVP and TMV,

6

in particuTar,.f1uorescence changes parallel conformational changes.

One of the results which emerged from that study and others3212:13

was
that extremes of pH were necessary to alter the tertiary strucfure-of.
the subuﬁits; whereas only one group need be titrated to alter quaternary
structure; |

. .There are other indications discussed ]ater,thaf the bonding within
subunits i§ stronger than that between subunits, and the cOrollary_that
alteration of quaternary stfucture need not affect secondary and tertiany
struéture,'as indicated in the first paragraph of_the Discussion.

High efficiency of energy migration within a subunit, as indicated

by the low fluorescence polarization of TMVP and TMV, the efficient energy

. transfer from tyrosine to tryptophane, and perhaps. the. failure.to observe ... . . - :

tyrosine emission and the highly efficienf_energy transfer from THVP to

TNS, result from proximity of groups in the energy migration chain. As

. . .-e . S . . g1
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discussed earlier in this work, such proximity must result from three-

dimensional folding of the polypeptide chain. The iack.of energy migration

between adjacent subunits, as indicated by the lack of further depolariza-

‘tion of fluorescence on:aggregation, and the rather inefficient energy

transfer from adjacent subunits to TNS, indicates that the distance between
the members of the energy migration chain in adjacent subunits is gréater
thanvthat within subunits, and/or the intersubunit energy migration chain
haS'ruptufed Tink, i.e., a fluid bond at which pofnt quenching instead of
tranéfer occurs. Apparently no interchain fo]ding'ocgurs, and the inter-
subunit space is very sparse in protein materfa]. "This model seems to be
in agreement with pictures obtained by electron microscopy of the closely
related aggregates of TMVP, double disks, and stacked double disks.36>3

The intrasubunit Fluorescence properties of TMVP and TMV are revealing

when compared with those of other proteins. TMVP monomer, A Pro, Agg Pro,

‘and TMV show a relatively short wavelength fluorescence, indicating that

. the fluorescing tnyptophane(s) is quite unavai]éb]e,for efficient so]Va-

tion;21 The polarization of fluorescence of THVP and TMV is Tower than
most proteins in solution which have been-inv_estigated,z2 as is the-contri-
21

bution of tyfosine fluorescence to the total fluorescence. The contribu-

21

tion of energy transfer from tyrosines is somewhat high. A1l of these

‘results taken together suggest that TMVP subunits may be more compact and

tight1y‘bound internally than most proteins. As'TMVP is somewhat unique

in its ability to‘rapid1y aggregate and disaggregate, it is témptiné to

- .correlate this functional property- of the protein with its physical and

chemical properties. A compact, relatively inflexible subunit would

probably represent an efficient building block in_a rapidly aggregating

- or disaggregating system, as the free energy change necessary to drive n
»e Ce e R ..:.;_ :_.;- IR :-\o..‘ -, -".....1 . <L . - At -_ . DR --‘.' - _...-. _:- . . ;,
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the_aggregation or'disaggregatioh could then be toté]]y'manifested in

the formation and breakage of intefsubunit bonds.énd*not be needlessly
expended in the formation and breakage of intrasubunit bonds. This model.
implies thaf_the intersubunit bonds are much weaker than the intrasubunit
bonds, otherwisevthe.formation or breakage of bonds on the surface of the
subunit and the packing or unpacking of the subunits into a large lattice
would tend to:distort the structure and organizatidn'in the interior of
the subunit.. |

Nature of intersubunit bonds. A significant result in this sfudy

was the failure to detect any increase in hydrophobic bonding sites,
either in number or hydrophobicity, by the use of hydrophobic dye probes.
The transition from Agg Pro to A Pro to monomeric Pro results in sutcesf.-
sive exposuré of all intersubunit binding sites with no concomitant
increase in hydrophobic binding observed. In shérp contrast to this
behavior is the effect, on binding of TNS, of exposufe of the binding
sites which determine the tertiary structure of THVP. When these sites
are successively exposed by raising or ]owefing pH'or'heating TMVP,6 a
sharp increase in bindfng of TNS is observed, corkeéponding to the degree
of exposure of the hydrophobic binding sites. Similar behavior has been

38,39

observed with other proteins. Hydrophobic bonding is known to be a

major determinant of tertiary structure]’2

and-exposure of tertiary binding
sites results in the binding of hydrophobic dyes. The'question is,'then,
is the converse true for quaternary structure? vDoeé the failure to

- detect any increase in hydrophobic binding of dyes_dn exposure of quater-
nany.binding sites indicate thaf hydrophobic bondingris not a major

determinant of quaternary structure of TMVP. We think not, for the fol-

.. Jowing reason. Hydrophobic.dyes may detect new binding sites, but.only. ... . .i..
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if the new binding sites have a similar or'greater binding powér than
thosé’already present, Thus, TS, TNSA and auramine O may not bind to
‘,intersubunit regfons because there is another region on the subunit
surface of greater binding power. Studies of expifétion transfer from
TMVP to TNS_(discussedvearlier) have also indicafed ﬁhat TNS is probably
bound near one end of the major semiaxis of ihe subunit and not between
subunits or along the sides of the subunits. |

We envision the surface of each subunit, then;'aS being rather
homogenous fn'its hydrophobicity, with the exception of the binding site
for TN§; and rather weak in its hydrobhobic binding power, as none of
the sites exposed on.disaggregation can compete effective]y for TNS
alveady bound, and the binding of TNS by THVP is itself not strong com-
pared with the binding of dyes by other proteins.zg -As proteins fold
with their most polar.groups on the exterior, it is not surprisjng that
hydrophobic forces at the surface of a protein aré're1ative]y weak
compared with those on the interior, as the pH stu&y cited above indi-
cates.

A re]ative1y weak and uniform hydrophobic bonding surface would
allow each subunit to maximize other types of bonding interactions with
_ éndther‘subunit, while maintaining a relatively constant hydrophobic
environﬁent. Other types of bonding interactions might include hydrogen
bonding, and ionic bonding. Hydrecgen exchange studies of Fraenke]—tonrat.
~and Budzynskin have fndicated that about 30% of ;he_peptide hydrogens of
TMVP subunits of TMV and Agg Pro are engaged in‘intérsubunit hydrogen
bonding. fonic bonding is also indicated, as the aggregatidn of subunits

is depehdent on pH,8 and presumably the charge on particular groups in



..3.a;u;24; |
the subunits. bBoth hydrogen and ionic bonding:between subunits would.
}be favored by a non-polar environment, so that the so]yent would not com-
pete for the binding sites. Such a model of intersubunit bonding s a
cooperative ohe in the sense that one type of bondihg:cannot occur in the
absence of another. Quatefnary structure may nof be dominated by any one
type of bonding as secondary and tertiary structure aré. Such a model
then allows for recognition of neighboring subunits, since another subunit
in order to bind, would have to contain avcomp1eméntary distribution of
binding sités. It is of interest that TMVP subunits have been prepared
with unusua11y']arge net positive charge, and such subunits would not bind
to each othér, but would copolymerize with normal TMVP subunits. They
would not,‘howevér, copolymerize with other basic proteins such as egg
white‘lysozyme or pancreatic'ribonuélease,'indicating that TMVP has specific
binding sites. If, for instance, hydrophobic bonding was_the sole driving
force for éggregation, any hydrophobic surface should have sufficed for
aggregatibn;_ |

Identification of the group associated with the pH induced aggregation

of -TMVP. The dye binding studies have 1ndicated that the cause of enhanced
binding of TNS to Agg Pro relative to A Pro is the increase in net poéjtive
charge on the Agg Pro. A priori, one mignt think that the increased attrac-
~tion of the negatively charged TNS for Agg Pro could be the result of
increased electrostatic attraction between TNS and a positiVely éharged group

in the protein or a decreased electrostatic repulsion between TNS and a

‘ negatively charged group -in the protein. We feel that it is un]ike]y‘thatfﬂ'

TNS when binding to A Pro would orient itself with its negative charge near

another negative charge on the protein. As charged side chains in a protein
_ : ]
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are nearly a]ways on the pkotejn surface where they may be so]yated, the
negative charge on TNS should behaye similarly and if‘thevnegative charge
is attracted towards the protein eurface there must be an eﬁergetical]y
| favorab]e'ground'foh'this attraction, i.e., a complementary positive charge.
He therefore’favor the suggeétion (discussed in the introduction) of

Lau’ffer‘]6

1
bonded to a tyrosy] hydroxyl.

that the group titrating near pH 7 is a 1ys1ne group, hydrogen

Agg Pro and TMV. Although THMV and Agg Pro have identical fluorescence,
excitation, and flubfescence polarization spectra,_their dye binding
properties are different. As the f]uorescence from THV and Agg Pro appears
to be mainly that of the individual subunits (see earlier\portion of the
Discussion), the differences in their dye‘bindiﬁg properties apparently
result from differences in their quaternary structure. At a given pH,

TMV binds TNS-br TNSA more weakly than Agg Pro does. ' From the 1onger
wavelength of the fluorescence of TNS bound to TMV than to Agg Pro, it
appears that TNS is in more polar enVikonment when bound to TMV than

~ when bound to Agg.Pro. These results might suggest'that the subunits

are held more tightly in TMV than in Agg Efo, thus al]owing'greater aCcets

14 and hydro-

of TNS with Agg Pro than TMV. Results from titfatien studies
gen e%change studies]] show that TMV titrates ]ess‘readily and exchanges
hydrogens more s]ow]y.than Agg Pro. Both results §upport this explanation.
However, it is also possib]e that TNS binds to Agg Pro (and also A Pro and
monomer1c THVP) in the crev1ce 1eft vacant by RVA TVS must then blnd

e]sewhere to THV. This erp]anat1on wou]d be 1n better agreement w1tn the

evidence obtained from the energy transfer studies, that TNS binds near
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oﬁe of the ends of the major axis of fhe subunit, and not along the
side, i;g;,.%n the.cracks between subunits. It wouid also explain the
simi]éritjes in binding 6f TNS and TNSA to the various aggregate§ ofvthe_.
protein, and the much weaker binding to the nativeIVirus. It also implies
that the positive charge associated wifh the aggregatfon is close enough
to the binding site of TNS to interact with TNS, as TNS binds more strongly
to Agg Pro than'fo A Pro. The fact that the positively charged auramine 0
appears to pfhd to a different site on TMVP than TNS and TNSA do, also
suppOfts this suggestion. It is tempting to specu]afé that one function
of TMV RNA in inducing the assembly of TMV from RNA and THMVP subunits is
to promote protonation of the (lysine) group assocfated With the aggrega-
tion by stabilization of the'resuiting positive charge with a phosphate
'negative charge. 'It should be noted that TMVP and RNA recohstituté most

10

efficiently near neutral pH, - where the A Pro and not the Agg Pro is

the more stable aggregate. As TMVP is negatively charged at neutral pH,]4
interaction with the negatively charged RNA wou1d-hot seem to represent
an effective mode for inducing aggregation in the abse-ce of any com-

" pensating effect. The protonization of lysine c0u1d'be such a compén-
sating effect, as it has been shown that aégregation of TMVP wii] not

4 and TMV will not
42

occur if lysine 53 cannot attain a positive charge,

reconstitute from TMVP and THV RHA if lysine 53 is. acetylated. The

. suggestion~has.indeed been made that lysine 53 is associated with a
. i S . . .

i

- phosphate negative chérge in THMV.
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o Figﬁfe'Caption§: o
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Fig. 1A. Fluorescence spectra of: A Pro, Agg Pro,:and TMV, 2.0 x 1G " M e

subunit at 20°C. The spectfum of monomeric Pro was taken at 0.5 M subunit
at 4°C (sée Experimental section). Superimposed on the spectrum of A Pro
is that of Agg Pro at higher sensitiyity. The sbéctra of TMV and monoméric
‘Pro are also cbincideht with that of A Pro when recorded at higher sensi-
tivifies. The dashed line ihdicates the‘spectruh of 3-methylindole in

(

2:1 v/v, cyclohexane/dioxane. Excitation light of 285 nm was used for

all spectra.

Figure 18B. F]uoréécence spectra of A Pro (more intense spectra) employing
275 and 295[nm excitation. The intensities of the spectra have beén nor-
malized at 360 nm. The less intense spectra are those of Agg Pro obtained
with 275 and 292 nm excitation, normalized at 360 nm. Due to the intense
scattered excitation peak by Agg Pro, its spectrum is only recorded above
300 nm using 292 nm excitation insfead of the 295 nm excftation used for

A Pro. Both A Pro and Agg Pro were 6.2 Xx 10'5 M subunit.

Figure'ZA. Excitation spéctra reéorded at 320 nm of: A Pro, Agg Pro, - ;

TMV and monomer. The conditions are the same as those given in Fig. 1. .

The dashed line shows the spectrum of 3-methylindole in 2:1 v/v, cyclo-
hexane/dioxane normalized to that of A Pro above 292 nm. Superimbdsed <"
'.H_on the spectrum of A Pro 1s that of Agg Pro as hlgher sen51t1v1ty Thg

spectra of TV and monomeric TMVP were also coincident at a]] wavelengths

" ‘with that of A Pro when normalizedat one wavelength: The*po}ar1zat1on Tele e

of fluorescence, recorded at 340 nm, was identical for Agg Pro, A Pro,

monqmeric TMYP and THV.
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Figure-ZB; Excitation spectra of 2.0 x 10'5 M subunit A Pro recorded
-at 310 and 360 nm, normalized at 280 nm. The lesé'intense spectra are

those of Agg Pro recorded at 310 aﬁq 360.nm,.horma1ized at 280 nm.

!

4 M THs +:

Figure 3A. Fluorescence spectra of 1.0 x 10~
2.5 x 107° M subunit Agg Pro, pH G.O - upper curve

é;S x 107° M subunit A Pro, pH 7.0 - ﬁiddie cur?e’.

2.5 % 107> M subunit THV, pH 5.0 - Tower gurve o

Excitationvwag at 330 nm. .The\speCtrUm of TNS-Agg Pro has been attenuated
20% to put in on scale. | |
,Figufe 3B. Bénesi-Hi]debrand P]ot29 for the detehﬁination of the disso-
ciation constants for conjugates of TNS with A Pro, 0, at pH 7, THV, @,
at pH 5, andegg Pr6, @, at pH 5.5. The concentration of TNS was 2 x

4

1072 M and that of TMVP subunit was in the range 0.7 - 2.2 x 10~ M.

. _ I )
Kq was ca]cu]ated from the expression: [ =1 - Kq [THVP subunit]

where I is the f]uorescence intensity, corrected for background, at the
.concentration_[TMVP subunit], I, is the extrapo]ated'value of I at
infinite [THVP gubunit]; and Kd is the disgociation épngéant of theA
complex. The excitation light was 330 nm and the f}uorescence was

analyzed at 440 nm. The stoichiometry of the binding of TNS was deter-

30

mined from the plot in the inset by the method of_Jdb. Excitation

- wa§-at 370 nm and the fluorescence was analyzed at 440 nm... Thé total-

4.

‘ ;gqnceptﬁitjbn.qf‘TNS.anﬁ‘THME.§ubunjt.wgs 1.0 x 107



Flgure 4A ExcitatiOn spectra of T S Agg Pro e pd 6 0 TNS-A Pro,
0 pH 7.0, THS- nonomerlc THVP, EE pH 7.0, TNS-THV, &, pH 3.0, and |
TNS 1n S0% d1oxan°/water4: All spectra have been norma]lzed to the N
same - 1nten51ty at the1r maxima near 325 nm. The concentratrons of

TMVP subun1t and TNS were 2.5 x 10 -5 M. The concentration of TNS 1in

90% dioxane/water wés_lo-s M. .Fluorescence was analyzed at 440 nm.

Figure 4B. 'The polarization of the fluorescence of TNS: in glycerol,
X, bound to Agg Pro,8, and bound to A Pro,O0. Thevdashed line shows

the percent of the polarization of TNS in glycerol for TNS-Agg Pro and
the dottedbline shows that percent for TNS-A Pro. Fluorescence was '
ana1yzedvet 440 nm and the concentrations of TNS‘andVTMVP‘subunit were

2.5 x 107° M.

Figure 5. Absorption spectrum of 2.5 x 107 M TNS in 90% dioxane/water,
and fluorescence spectrum of A Pro.The maximum 1ntens1ty of f]uores-
cence has been normalized to the maximum 1ntens1ty of the absorption
spectrum of TNS.

7,8,25

Figure 6. A schematic model of TMVP helix and a cross section

. of a 95% qUenching sphere, indicated by solid circ1és, of TNS (shown in .
several arbitrary locations) in relation to it. The SO% quenching sphere

.is shown with dotted.lines. .. For Ssimplicity.,..16 subunits per. turn of .helix.. "..

are sh@fn a]thougn the actua] numoer is ]6 34 per turn of virus helix.

i Lve e . LIS ‘ Lo,

..'The dots 1nd1cate the center of a quenchlng sphere




Table I - BINDING OF DYES TO TMVP AND THY

L%

* . .
Average value of several protein or virus preparations.

Species Dye Kd**(M), bsnf '%max Cnm)
Agg Pro ~ BH 6.0 “TNS 2 x 107" 0.31 .. 4260
APro  pH 7.0 NS 3.3x107% 024 423
Monomer  pH 7.0 NS * * 423,
™ pH 7.0 NS x * B
™V pH 5.0 NS x 1074 0.28 437
Agg Pro  pH 6.0 TNSA x 107° - . 4337
A Pro pH 7.0 THSA - x 1072 - . 433
™ pH 5.0 TNSA x - o
™V pH 7.0 TNSA * - *
Agg Pro  pH 6.0 Aur. 0 "5 x 107 - 500°
A Pro pH 7.0 Aur. O 5 x 1074 - - 500f
™Y “pH 5.5 Aur. 0 A5 x 1074 - 500
™ pH 7.0 Aur. 0 a3 x 1078 - 500
"'*The fluorescence was too weak to allow accurate determination.

L -gg-.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
~ States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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