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TERTIARY AND QUATERNARY STRUCTURE OF TOBACCO 1·10SAIC VIRUS AND PROTEIN. 

II. EMISSION, EXCITATION, POLARIZATION AND POSITION OF TNS BINDING 

J. B. GUTTENPLAN AND M. CALVIN 

Laboratorv of Chemical Biodynamics, Lawrence Berkeley Laborator.x, 

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

SUMMARY 

The emissio~, excitation and polarization spectra of tobacco mosaic 

virus protein, TNVP, were identical for the aggregated protein, Agg Pro, 

and disaggregated protein, A Pro, with the exception that the quantum yield 

of fluorescence decreased 25% on aggregation. This decrease in the absence 

of other spectral changes suggests a quenching interaction between adjacent 

subunits. The aggregation apparently produces, at most, minor conformational 

changes \'lithin subunits. The polarization offluo.r.escence is low but does 
., ; 

not decrease on aggregation, i ndi cati ng that energy migrates efficiently 

\'ti thin subunits but not oetween subunits. Intersubunit space must be 

large, 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 

TI'1VP. These results and the lm" polarization indicate that TI'WP subunits 

are rather co,rr;pact. 
. ; .·. .. ... •. . . 

2-p-Toluidinylnaphthalene-6-sulfonate, TNS, a hydrophobic probe, 

bound more strongly to Agg Pro than to A Pro. This \'Jas shmm to be 
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due to the charge change associated with the aggregation as TNS sulfona-
TNSA, 

mide,/a neutral probe, bound \•tith 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 inters ubun it surface 

is weak. 

The secondary and tertiary structure of a number of ·proteins has 

been well characterized by X-ray diffraction studies. L 2 •3 Hydr.ogen 

bonding between suitably situated peptide linkages plays a dominant 

role in determining secondary structure of proteins, whereas hydrophobic 

bonding predominates in the determination of tertiary structure. 

The nature of quaternary structure, hmtever, is less clear, as only 

limited data from X-ray diffraction studies has been brought to bear on 
.. 

the problem. In the absen'ce of such X-ray data, chemi'cal and physi ca·l 

methods of investigation have been used to obtain information about 

quaternary structure. 

Tobacco mosaic virus, THV, and .tobacco mo_saic virus protein, TrWP, 

have proved to be a useful system for such a study because the individual 

protein subunits are relatively small and have been sequenced4 ' 5 and the 

conditions leading to their aggregation and disaggregation have been well 

i nves ti gated. 7 ,a,_g ' 1 0 

It has been shown· that in solutions of TNVP in the mg/ml concentra

tion range. a.t .pH 7, 20°C, and:·;·Qnic strength f\,.·o.l, the ·trimer is the 

most stable soecies. On lo\'tering the pH to 6.5, aggregation occurs and . 
one proton per subunit is taken ~p by the protein. 8 Water is released 
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upon aggr.egation, and it is believed that the free energy decrease for 

aggregation is derived 1 arga 1y from the entropy increase associ a ted \·lith 
. 8 

this release of water. 

It .has been suggested, then, that hydrophobic bonding provides the 

major interaction between subunits. 8 Other types of bondin.g have also 

been implicated. Evidence from hydrogen exchange experiments indicates 

that a substantial portion of peptide hydrogens are involved in inter

subunit bonding in TNV andTIWP. 11 There is also evidence that .the 

tyrosyl groups play'a role in intersubunit bonding. 12 A number of studies 

have implicated electrostatic bonding. 8 '9,l 4,15 ,16 In particular, the pH 

induced aggregation of TfWP around pH 6.5 may involve the formation of an 

ionic bond between adjacent subunits. 

Both carboxy1 9 ' 15 and amino groups 16 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 neutral pH must be in an unusual 

environment. This group has been ascribed to a carboxylate anion, either 

buried in a region of 1 ow die 1 ectri c constant 15 or hydngen bonded to a 

·carboxyl group. 9 Another altcrmitive is that an ·c-amino group of lysine· 

is stabilized in its neutral state in a hyarogen bonded complex to a 

tyrosyl group. 16 

The purpose of the present work is to obtain some information about 

the quaternary structure of TI4VP and Tr-1V using fluorescence spectra? copy 

of TtW and TMVP and several of their dye conjugates . 

. ·.··· 

Materials and Methods 

Virus and protein. ~reparation of TMVP from TMV has been described 
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in the previous paper. 6 The monomer of TiWP is formed spontaneously at 

4°C ·in 0.1 mg/ml solutions of TMVP at or above pi6.s. 17 Prote~n solu

tions at pH > 7 \'lere buffered in 0.1 11 Tris/HCl/KCl and those at pH< 7 

were buffered in 0.1 J.l phosphate or acetate buffers. Protein solutions 

were stored cold at pH 7-8, filtered through 0.3 J.l millipore filters and 

diluted when needed. 

Reagents. 2-p-to 1 ui di nyl naphtha 1 ene-6-sul fonate, TNS, was previously 

described. 6 The sulfonamide of TNS, TNSA, was prepared by addition of a 

solution of·TNS sulfonyl chloride (kindly supplied by Dr. E. Holler} in 

acetone to ammonium hydroxide. TNSA was precipitated by addition of ice 

and was twice recrys ta 11 i zed from aqueous ethano 1 , rn. 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 {all 

Cyclo) and 3-methylindole (Aldrich) \'iere used as received. 

Stock solutions of 1-2.5 x 10-3 M TNS and auramine 0 were prepared 

by weight and later diluted to desired concentrations. Ultracentrifuge 

pictures of 3 mg/n~ TMVP at pH 7 in the presence or absence of 10-4 M 

TNS were iqenti.cal. TN~A \'Jas near)y insoluble in water and was therefore 

dissolved in ethanol to yield. a solution of"' 10-3 M. Aliquots of this 

solution were then diluted l/100 with a 10-2 M NaCl .solution in water. 

This sol_ution was then passed through a 0.3 J.l millipore filter and the 

resulting solution (or fine suspension) was diluted l:l Hith the pr~tein 

solution to be analyzed. Reproducible results were obtained in this man

ner and enhancement of the fluorescence of TNSA was of the order of lOX . 
• • • : .... 0 •• 

The spectrum of the mill i pore filtrate showed a very \'leak absorption at 

320 n~, indicating a concentration of TNSA,pf "'10 ... 6 fl based on c of TNS 
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Instrumental. The fluorimeter has been described tn the previous 

paper. 6 For measurements of fluorescence of Ti-lVP or TNV, the fluorescence 

intensity \'las so great relative to scattered excitation 1 ight that filters 

were not needed to absorb scattered excitation light. Narrow slit widths, 

entrance and exit slit widths < 4 nm, were employed. The fluorescence of 

TNV and TMVP decreased slowly with increasing irradiation time and the 

narrow excitation slit moderated this effect. 

In measu~ements where fluorescence of the protein was quenched or 
' \'/here emission from a dye was monitored, \•ti der s 1 it widths, exit annd 

entrance F 6 nm, were used, and the fluorescence light was passed through a 

suitable cutoff filter before it entered the analyzer. In cases where 

emission from a dye conjugated to a protein \'las weak, the excitation beam 

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

TMVP and TNV, using excitation light bel ovt 270 nm, interference filters 

corresponding to the exdtation wavelength were placed in the excitation 

beam as the polarizer transmitted substantially more light at longer 

wavelengths {where fluorescence was measured) than at the shorter wave

lengths of excitation·, a.nd the .exc.itation light was contaminated b.y. 

higher wavelength light. The spectra presented here are uncorrected for 

instrumental properties unless othen~ise indicated~ 

In measurements of the fluorescence spectra of TMVP and TMVP-dye 

conjugates, it was necessary to subtract a background fluorescence which 

originated from a contaminant or an unusually complexed or ionized group 

····. · ... ·:·. ·fn the protein,· T~is background \ltas weak· in int~nsity with a: maximum ..... · 

around 400 nm and a broad excitation maximum in the range 320-360 nm. All 

virus and protein preparations showed this emission, which was more 
I • 
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intense in older preparations. Dialysis or differential ultracentrifu

gation failed to substantially redu·ce the intensity of this emission. A 

curious observation was that reconstituted Tf.IV shO\'ted a weaker background 

than did a mixture of· components before reconstitution. A background from 

unbound dye was also subtracted from the spectrum of the conjugate. The 

dye background .was of the order of several percent·. 

The optical density of solutions used for binding studies or excitation 

spectra was kept belo\'t 0.05 at the excitation wavelength, either by appro

priate dilution and/or use of microcells of 1 x 3 or 3 x 3 nm pathlengthhs. 

A linear relationship bebteen intensity of fluorescence and absorbance was 

thus assured. 

Polarization of fluorescence, P, was measured with a Perkin Elmer 

polarization attachment with linearly polarized excitation light. P was 

calculated from the expression: 18 

I 
'I - HV I 

VV IHH VH 
p = 

1HV 
Ivv+ IHH IV.' 

where I ·is the observed fluorescence and the subscripts V and H indicate 

the orientation, vertical or horizontal, of the excitation an~ analyze~ 

polarizers respectively. 

The fluorescence quantum yield of TMVP was calculated relative to 

indole in ethanol, which has a corrected quantum yield of 0.42. 19 Both 

THVP and indo 1 e in ethano 1 \'Jere excited \'lith 1 i ght of 290 nm ~ where the 
. -~ .·. ,. ! 0 • -.. •• • • 4 • -

tryptophane groups in TrWP absorb "'95% of the incident radiation. Both 

solutions had identical optical densities. As the fluorescence spectra of 
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response \vas applied. The quantum yields of the THS-THVP conjugates \vere 

similarly determined, except TNS in 90% dioxane was used as a secondary 
I 

standard (see Results section}. Even at high concentrations of protein, 

i.e., 12 mg/ml, only'\., 50% of the TNS was bound, so that values of ~TNS-TIWP 

had to be extrapolated to infinite protein concentration from plots of 

1/[THVP] vs. 1/Intensity . 

In calculating the overlap integral, J , which was used to calculate 
. 'J . 

the critical distance for energy transfer beb-Jeen THVP and TNS, the absorp-

tion spectrumof TNS was replotted in terms of \vave number and the fluores

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

quanta per wave number, dQ/d . 20 It was, however, first necessary to 
v 

correct the fluorescence spectrum of TNVP for instrumental response. This 

correction was small and v1as most easily accomplished by normalization of 

the spectra of standard substances obtained on our fluorimeter, such as 

indole, 'to published corrected spectra. 19 The normalization factors \vere 

-then applied to the spectrum of TMVP measured under the same instrumental 

conditions. 

Unless othen'lise specified, all measurements were performed at 20°C 

in 0.1 \.l buffer. The presence of buffers at the concentrations employed 

in this study did not alter the fluorescence spectra. The order of addition 
I 

of reagents also had no effect on the fluorescence spectra. Measurements 

were then repeated at least once to reproducibility, as occasionally ir-re

producible effects were obtained. Old~r preparations tended to give 
. · · .... . ··.· .. :· . . .. ·. ., . 

slightly different intensities of fluorescence of HiVP, Tf.1V, and their dye 

·conjugates than did fresh plrcparations. Preparations less than one 111onth 

:. ·. ·:· ... 

.... ~ · · · >· ·· ·.'old we·re. ·used., ,. Vari-at·i ons ·in. bi nd.i-rrg constants· of dyes. :to· H1\:P. and· TtW .. , ., .. : •. , ·•.· · · 
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from different preparations were also observed, although relative values 

were fairly constant. 

Determination of concentrations of Tt1V and TIWP has been des.cribed. 6 

The fractional absorption of each of the aromatic acid residues of TrWP 

\'las estimated from the absorption spectrum of N-acetyl-L-phenylalanine 

ethyl ester, N-acetyl-L-tryptophanamide, a·nd N-acetyl-L-tyrosine amide. 

Results 

Fluorescence of THVP and TrW. The fluorescence spectra of TMV at pH 7, 

THVP at pH 7, TNVP at pH 6, and monomeric TMV are shm·m in Fig. lA. Tt1VP 

at pH 7, 20°C, is composed of mixture of monomer, trimer and a small con

tribution of higher aggregates. 8 This mixture, i~ which the trimer is 

the predominant species is generally referred to as A Protein, A Pro. Each 

protein subunit contains three tryptophane residues, four tyrosyl residues, 

and eight phenylalanine residues,8 all of which sho\~ fluorescence as the 

free amino acids. In proteins containing tryptophane, hm'lever, fluores-

·cence from phenylalanine is not observed, 21 ' 22 •23 and ·:luorescence from 

tyrosine, if ·observed·, .fs· manifested. by·~ weak short ~avele~gth emi~sio~ 
superimposed on the major emission, which originates from the tryptophane 

residues. 21 •22 ,23 •24 The wavelength of maximum intensity of the fluores

cence, ).max,p' of H1VP, 320 nm, is somewhat shorter than of most trypto-

. phane containing-proteins, 23 ,24 which generally fall in the range of 328-

342 nm. As longer \'/avelength fluorescence from tryptophane is correlated 
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interpretation is best taken only as an indication of exposure, as excep~. 

t. . k 24 10ns are no'w'tn. 

A spectrum of 3-methylindole in 2:1 v;v cyclohexane/dioxane is 

included in Fig. 1 for comparison. As it contains the same fluorophore 
' as Tl'IVP and a very similar spectrum and bandwidth, it appears that the 

fluorescence ofTt-1VP is composed mainly of emission from one tryptophane, 

although a composite of two or three tryptophanes emitting at similar 

Amax,p is also possible. 

The spectrum of TMVP at pH 6 corresponds to that of the aggregated 

protein,8,Agg Pro. It is about 75% as intense as that of A Prb (which is 

present at pH 7). A Pro has a quantum yield of 0.23. When the two spectra 

are normalized at 360 nm they are coincident at all wavelengths. They are 

al~o coincident 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 \'lould 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 chang·es occur he.re, we think that decreased intensity of Agg Pro 

relative to A Pro results from a quenching interaction, most likely between 

tryptophanes in adjace,nt subunits, which is made possible by aggregation. 

It is kno\'tn tha~ the aggregation of Ti<lVP leads to inaccessibility of t\'IO 

tryptophanes per subunit towat·ds N-bromosucci nimi de oxidation .12 These 

tr_vptophanes are presumably situated in regions of interaction bctvJeen 

·subunits arid might be· involved Hi·· this f,.uorescence· quenching. ·NO such 

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

with TtW. 6 The decrease in intensity, then, is probably.associated ~:Jith 
I _: • .·• ', ·•. ••,.'· ''•. :":. • •o .10, • • : '•. "·· • • :• ~·,;.,• ·~. • • ..... ~.;·· ... ~.:· •• ·: -~· ..... ~ '·."': .. ·, • ·~,_ ,:', >:: .;,• ·~ .. •'• ,• ·-~:·•\., .'· .. •, o ••• .. ~'" • •' :. • 
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The fluorescence s·pectrum of Tf4V is identical to that of Agg Pro if 

one assumes that light absorbed by Tf1V-RNA is radiationlessly degraded. 

As will be sho\'m subsequently in this paper, this assumption is justified. 

The coincide nee of the fl uoresce.nce of Tt1V and Agg Pro is consistent \IIi th 

X-ray diffraction25 a~d electron microscopic8 data that Agg Pro and TMV 

. 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, \'lhen the fluorescence spectra of Agg Pro and monomeric proteiin 

are measured under identical conditions, the two spectra are coincident 

at all wavelengths \'lhen normalized at 360 nm. The ratio of intensities 

of Agg Pro to monomeric protein is the same as that for Agg Pro to A Pro, 

indicating that the fluorescence spectrum of the monomer is identical to 

that of A Pro. 

The spectra of Tt1VP obtained with 275 and 295 n!Il excitation are also 

shown in Fig. lB. In some proteins a noticeable difference in the fluores

cence spectra is observed when the excitation wavelength is changed. 21 ,24 

. t~.i.s difference ·; s attributed ·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 

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

THVP on 275 and 295 nm excitation shm·t that the, contribution from tyrosine 

: . . : . . 

,~ .. · · ·fluorescence to that. .. of THVP· iS':'negligible. '·,Apparently v·ery··.efficietit ·. · ., · · '·· 

energy transfer from. and/or quenching of tyrosine occur5 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 acceptor, 21 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 monomer are showri in Fig. 2. Like the fluorescence spectra, these 

spectra are coincident at all \'l~velengths when normalized at one.wave

length. As the excitation spectra of TMV and Agg Pro were coincident, 

energy transfer from RNA to the protein coat in TNV does not occur, 

although the RNA absorbs a significant portion of the incident radiation. 26 

The coin~idence of all the excitation spectra again indicates conforma

tional similarity between the subunits in A Pro, Agg Pro, monomeric Pro 

and TMV. The excitation spectra of A Pro and Agg Pro for emission at 

310 and 360 nm were also coincident, further indicating that fluorescence 

of TNVP is not a composite of emissions. 

Also sho\'Jn in Fig. 2A is the excitation spectrum of 3-methylindole 

in 2:1 v/v cyclohe·xane/dioxane. The spectrum has been normalized to that 

of A Pro above 292 nm, where tyrosyl absorption in' A Pro is negligible. 

·It is seen·that A Pro. possesses a· higher fluorescence int·ensity than· 

3-methylindole, \'/hen excited in the range vJhere tyrosine absorbs signifi

cantly, <290 nm. At 275 nm, for instance, the fluorescence intensity of 

A Pro is 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 some\·Jhat more efficient than in 

most other· proteins ex ami ned~ 1 . and might,· together ,,.; th the· absence of 

tyrosin~ emission in A Pro, be taken as an indication of a relatively 

close proximity of tyrosyl and tryptophanyl groups 1·1ithin a subunit of THVP . 

.. 

. : ·.. . · .. ·" . . . . . . .. . ·... . . : .. . . . . ... . . : ·.. .. . . . . . . . . . . . . . .· . . . . . . .. ·,;. ·.... . ~- .. : ·. .. ·. · .... 
Some cautio.n in this conclusi()n is nccessi.lry, hol'tever, since th.e, ratio . .. : .. 

• t ••• ·:·~· ........ • ... · .• :··.·:· • •• ~·-. • .• _,_ •. . : •• • ... :_.;-. •: :~·:. •.••• '! ..... · ·. ·.: ••. • ·.:. :·""'· ••· •. ·· .... • :·· •. _ ....... ··.·.:" ........ '~ ..•• '·~. ·~ 
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arid number of tyrosines.and tryptophanes in a particular protein·could 

also affect its efficiency of energy transfer. 

Fluorescence polarization. The fluorescence absorption polarization 

spectra of TI.JVP is shown in Fig. 2A. The spectra of A Pro, Agg Pro and mono

meric protein were coinci~ent as was that of TMV. The polarization of TMVP 

is considerably less than that of tryptophane in aviscous medium. 22 As 

no increase in polarization of TNVP and nw was observed on transfer from 

\'later to a viscous medium, 6m~ sucrose, depolarization due to molecular 

rotation is not the cause of the low observed polarization. Energy migra

tion has peen shown to play a major role in depolarization of fluorescence. 22 

The polarization of TtWP and Tf.tV is quite low, even for proteins 22 and 

indicates a large degree of energy migration \'Jithin each subunit. With 

the exceptions of tyrosines 70 and 72, all of the possible partners in 

the energy migration chain (tyrosine+ tyrosine, tyrosine+ tryptophane, 

tryptophane + tryptophant!) are separated by at least twelve residues. 

As the critical radii for energy transfer bet\'Jeen the components are 

8-20 ~, 22 it is apparent that energy migration is possible because of 

the three-dimensional foldirig of the·protein and should be a sensitive 

i ndi cater of conformati ana 1 differences beb1een subunits in the different 

aggregates of Tt1VP and TrW. The similarity of the polarizationspectra 

of all the a~gregates is taken then as another indication that the sub

units in the different aggregates of TfWP and TNV are nearly identical in 

conformation. The identity of the polarization of TNV and TMVP indicates 

.·· .. agai_n that energy:- transfer 'from 'RNA to· coat protei n·--does. ·not occur·. :in· TNV. ·· · .. · · ·~ · ·!-.· ·-
, 

A s i gni fi cant result is that energy trans fer does not occur beb1een sub-
' 

units, as the polarization of Agg Pro or TI-1V is not less than ~hat ofA Pro. 
. . · .. ', : .. . . .. ::·: . . . .. 
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This finding might seem· at variance with the earlier discussed indication 

that quenching between tryptophane groups in adjacent subunits may occur. 

It has, however, been demonstrated for tryptophane that energy migration 

betv-1een tryptophanes occurs in rigid medium, but quenching occurs in more 

fluid medium. 22 The region between subunits may be large, allm·Jing some 

motion of pendant tryptophane residues in this region. 

Binding of dyes to HW and TrWP. The binding of TNS to TIW and TNVP 

has been used to monitor changes in aggregation, conformation and charge of 

TMV and TMVP. 6 The binding of dyes to proteins is believed to result 

from a combination of hydrophobic, electrostatic and hydrogen bonding 

interactions betv1een dye and protein. 27 , 28 The wavelength ~f maximum 

intensity of emission, A.max' of TNS is responsive to the polarity of its 

environment. Dyes such as TNS are weakly fluorescent in water but strongly 

fluorescent when bound to proteins. 28 The fluorescence spectra of the 

TNS-Tl1VP· and TNS.-H1V conjugates are shown in Fig. 3. The wavelength of 

maximum emission from the TNS-TMVP complexes, A a T~ were similar, 423 m x, 
for A Pro and 426 for Agg Pro, whi 1 e that for nw If/as at 437 nm. The 

dis-sociation co.nstants ·of the TN·s conjugates \·Jere determi.ned· from Benes1-·· 

Hildebrand Plots 29 and are given in Table I along with the extrapolated 

quantum yields for the conjugates. All concentrations of TMVP and TMV 

are expressed in moles/liter of subunit. At a particular pH, TNS ah--1ays 

bound more strongly to TrWP than to TrW. The stoichiometry of the tom

plexes was also deter~ined30 and in all cases v1as 1:1, indicating that 
' 

.. r\e1:1 bi'~di .. ng. s ftes. for Tf~S ~1ere ~ot ·ex-posed ori. disagg.regati o~. or ·tha:t .. ··;•· 

these sites bound TNS only weakly. The quantum yields were determined 

... 

t•:. 

.. ~~l~tiv~. to Ti~s.. i_~.,?_~5; .. ~i-~_xa~: H.J1.i~h .. ~as. ~ -~ ~.~~9 ~nd.}max,T .. =. 4.~4 ~m!:~~ ".. •· .. ·' .. · . 
•.. 
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similar to that for the TNS-H1VP and TrW complexes. 

As the pH induced aggregation of TMVP is accompanied by a net increase 

in positive charge on the p~otein, 8 1t \"las of. interest to determine 
dissociation 

whether the sma 11 er /constant of TNS to Agg Pro than to A Pra \'tas the 

result of electrostatic or hydrophobic bonding. For this purpose, an 

uncharged derivative of TNS was prepared, 2-p-toluidinyl-naphthalene-

6-sulfonamide, TNSA. TNSA showed significant fluorescence enhancement, 

"'lOX, \then added to 5 mg/ml A Pro or Agg Pro. It bound to both A Pro 

and Agg Pro \tith equal values of >.max of 433 nm and equal efficiency, 

Kd = 3 x lo-5 M. Apparently A Pro and Agg Pro are equally hydrophobic 

towards TNSA. 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 Kd for TMV-TNSA com

plexes. The fluorescence enhancement was so low, "'2X, that estimates of 

Kd \'lere not possible. Presumably the binding of TNSA to Tf.1V was weaker 

than to TNVP, as was the case with TNS. 

The binding of the positively charged dye, auramine 0, bis-(p-dimethyl

aminophenyl)-methyleneimine hydrochloride was also investigated. This dye 

sho\'ted no affinity for TiWP over nw as did TNS and TNSA, indicating per

haps that auramine 0 binds to a different site than does TNS or TNSA~ This 

site is presumably favorable to positively charged ligands. In fact, at 

pH 7, auramine 0 ·is bound more strongly to nw than to THVP; perhaps 

reflecting the greater negative charge of TMV due to its nucleic acid. 

Au rami ne 0 bound \'lith equal efficiency to A and Agg Pro, and in all 

cases with 1:1 stoichiometry. 

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

. l 
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sho1-m in Jig. 4, show a.large peak at 282 nm which is not nearly as promi

nent in the excitation spectrum of unconjugated TNS, which is also shown 

in Fig. 4; The excitation spectrum of TNS taken for comparison is that 

of TNS in 90% dioxane, which has ~m T = 434 nm, similar to that of ax, 
TNS-TMVP, indicating an environment around TNS of similar polarity in 90% 

dioxane as when bound to the protein, and probably 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 

THVP does not absorb at 325 nm. The corresponding ratio in.the excita

tion spectrum of TNS in 90% dioxane is only 0.20. In the TNS-Agg Pro 

conjugate, then, the ratio of fluorescence obtained with direct excita

t.ion of TNS at 285 nm, to that obtained by irradiation into the protein· 

ab~orption at 285 nm, is 0.20/0.82, or at 285 nm excitation, 80% of the 

fluorescence results from energy transfered 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 spectrum of TNS in 90% d{oxane is 

similar to that of TNS conjugated with TMVP. This is probably a reasonable 

assumption since the absorption spectrum of TNS is not very sensitive to 

the environment of TNs. 31 Direct measurement of the absorption spectrum 

of the TNS-TMVP complex is not possible, as the fraction of bound com

ponents is considerably belm·t unity, even at high concentrations of TiWP 

and TNS. The close corrcspondence~bet\::ee·n the fra'ctian·af light absorbed 

by TMVP and the fraction of energy transferred from TNVP to TNS could indi-

cat~ that energy transfer ~s n~arly 100% efficient in the TNS-T~VP complex, 
. . . . ' .. .: ..... 

• . ...... ~ :. ~ ..... :· . .· .... ··• • . . .. ·. ·? ... Oo •• • • • , • • ~~ • ·~ ... 0. • 0 : ... o•,o • •• :. .. •• • ·... • • • : ·.. • • • ::-·'_o.• • :·::. : .............. . 0 : ~ • • 
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i.e., every photon absorbed by H1VP is transferred to TNS. Alternatively, 

it might be thought that a 1 ong range energy transf~r could extend over 

several subunits, with non~bound subunits contributing to the fluorescence 

of TNS. A calculation of R
0

, the distance at which the probability of 

energy transfer from H1VP to TNS equals that for spontaneous decay, indi

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

bility. R
0 

was calculated fr~m .the equati~n: 3 2', 33 

R = 
Q 

1 . 66 X 1 0-33 
X T J" 

n2 x "2 
0 

where • is decay time of donor fluorescence, v
0 

the mean of the peak 

positions in wave .numbers, of the donor emission and lowest energy 

absorption b~nds of the acceptor, J the overlap integral and n the 
\) 

( 1) 

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

is close to that obtained for other proteins with similar quantum yields. 24 

J was obtained graphically (see Experimental section), = 1 .4 x 1012 cm3 
\) 

mM-2, v
0
·= 3.13 x 104 cm-1, n v1as taken as 1.6 and R

0 
v1as calculated to 

be 38 R. This calculation is only approximate, as an orientation factor 

of.2/3 is assumed; • has not been measured and the refractive index within 

the subunit is not certain. Also useful f~r our purposes is r95%' the 

distance at ~1hich the efficien<:Y of energy transfer, E, is 95%. This 

distance vJas obtained by the equation: 32 •33 

-6 
E = r 
. r-6 + R -6 

0 

(2} 

· .. •, ... ··•.. . ··:.·· ........ . 

A consideration of a schematic model of TfWP, shm·m in Fig. 6, shO\·JS 
I 

. . '.: ..... ·.. ':. 

I 
that HIS, if suitabl.Y situated, could easily quench th.e fluorescence of more 

· th.an one· subunit~· if R . = '33 ~ and, r95,, := 24 ~. 
0 ! /J 

. ·:. ·. . ... . . ~- .. · . . . .. . .·. . : .: . ~: '· . ·.·~.: ... ··-:· .. · .. · .':~~·.::·~-:~ ~ .. -~·-: .·.":.··. .. .. · . ·"' ..... 
·. :'' .. . ·: .· .... . . , . . .. .. ·· -~ .· . : ~ • . 
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In the Ti~S-monomeri c THVP conjugate, \·Jhere there are no neighboring 

subunits, appreciable energy transfer from TNVP to TNS still occurs, 

although not as efficiently as from Agg Pro to TNS. If one normalizes 

at 325 nm (direct excitation of TNS} the excitation spectra of TNS-monorneri c 

TMVP and TNS-Agg Pro, both measured at 440 emission, and compares the ratio 

of fluorescence efficiencies at 285 nm excitation., for TNS-monomeric TMVP 

and TNS-Agg Pro, one observes a somewhat greater efficiency for the TNS-Agg 

Pro conjugate. To quantitatively 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 peak (see preceding discus

sion}. One then obtains a ratio of 1 .22, for intensity of fluorescence on 

285 excitation, of Agg Pro-TNS to monomeric TNVP-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 indicates that 14% of TNS 

excitation may originate from unbound subunits. Inherent in this type of 

calculation is the assumption that TNS is bound in a similar location of 

the subunit of Agg Pro, A Pro and monomer. The similarity of Amax,p and 

'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 shm·.Jed a lower efficiency of energy transfer to 

TNS, ~so% that of monomeric TMVP to TNS. 

It would be desirable also to have some direct quenching measurements 

of TNVP fluorescence. Ho\'lever, because of the relat.ively weak binding con-

. ~·· . ·. 

s ta·~·ts of··nwp and t}1V. t'o· r·Ns ," rather' i arge co~centrati ons· of TNS: are needed· ' . 

to quench u substantial portion of TllVP fluorescence. At these large con

centrations, i.e,, 5 x 10-4 M, corrections for screening by unbound TNS 
• .• • •• -- • • • • • # • •• :. 

. : ... ~ .. ' · .... ,, . ,f. . :- • ". ... • ....... ·: •• ••• .··~_._ .... :.·:.· .· .·.# ·:\~··~· ., .. ·< • . : .: ........ :· . ... 
: . 

. . ··• . . ... ~ . ~ . 
·~ ·. : . . . . .. ..... ~· .. 

.. ~ ... 



-.. . · ..... · .. · .... :.: .· .... · .. · . ... . ··.·: ·•. · ... .. • .·. !" .... #- •••• -~ ••• ••• ,; '/ ....... : . .. 

and T!lVP, reabsorption t.ly TNS and non-linearity of fluorescence Hith con

centration of TNS-THVP become too great to all O\'l accurate determination of 

quenching. Rough calculations made at 2.5 x 10-:5 N TNS and THVP indicated 

that binding of ~5% of the subunits led to ~a% quenching of Agg Pro 

fluorescence, and binding of ~3% of the subunits led to 4% quenching 

of A Pro fluores~ence. The agreement of the queriching val~e~ ~ith ·those· 

obtained from the excitation spectra is as good as can be expected, con

sidering the large percentage errors at such low fractions of binding and 

quenching.· 

Energy transfer from H1VP to TNS via diffusion of TNS and H1VP 

together during the ·lifetime of excited TNVP is precluded, even for a 

1 ong range energy transfer because the concentration of TNS is so 1 ow, 

2.5 x lo-5 M, that the probability of collision within the normal lifetime 

of an excited ptotein is negligible. It has been shmvn34 , 35 that concen-· 

trations. of acceptor in the 10-2 to lo-3 M range are required to effect 

substantial quenching of excited singlets which have the. same order of 

1 i fetime as that for proteins, even when R
0 

>50 ~. 

If ·TNS i's able to capture every quantum of 1 ight absorbed by the 

subunit to \'Jhich it is bound, it must do so much more rapidly than the 

time interval between light absorption and emission, since it must quench 

not only the fluorescence, but must compete with the more rapid radiation

less pathv1ays of decay \'lhich compose 4/5 of the energy degradation of 

excited HlVP. Apparen.tly the tryptophanes in TiWP sit within 24 ~ of the 

.... "·;-'t;is, ·.or., ritertryptopharie. energy :mi 9'rati.6n 'to c(pa.rti cufa·r tryptophane . . . 

occurs \•lith nearly 1005~ efficiency, and this tryptophane sits \'Jithin 

24~ of TNS. 
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On further examination of Fig. 6 it is somev1hat surpri.sing that 

TNS can so efficiently scavenge. energy from the subunit to \'thich it is 

bound, but can 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
0 

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

believed to be eilipsoid of revolution with major and minor semiaxes of 
I . 

35 and' 12.25 ~' resp.,8' 25 TNS is most likely bound in a crevice within 

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

so that overlap of the TNS qtienching sphere with adjacent subunits is 
I • 

at a minimum~ The volume-of one subunit equals 5.9 x 104 R3 and is nearly 

identical to that of the qu~nching sphere of TNS which equals 5.8 x 104 ft3• 
I 

It may also be seen that if TNS is bound near the long axis of a subunit 

its abi 1 i ty to quench adjacent subunits waul d be substantially reduced 

if the intersubunit region is sparsely packed. Alternative possibilities 

are that random orientation of TI~S and the tryptophanes is not achieved 

and.R
0 

is actually smaller than calculated, or orientation of TNS is 

unfavorab 1 e with that o1 the tryptophanes in adjacent subunits. 

Fiuores~~nce polar{zation of TNS. The fluorescence -~bsorption 

polarization spectrum of TNS-THVP shown in Fig. 4 is in agre·ement with 

that expected for a 1 arge percent energy transfer from TNVP to TNS. The 
I 

ratio df fluorescence polarization (measured at 440 nm), at 285 excita-

tion to that obtained with 325 excitation is <vO.l in TNVP-TNS compared 

with 0.60 for the corresponding ratio of TNS in gJycerol, indicating 
.;,, ,,"• .>:·1: f ~-•, •"o\ ,,·:. ·,.•' • ,i· .• 

0 
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0
_., ,• ·=~~:·,: .. ··,•, 

that <v83% of the TNS..,Tf1VP fluorescence obtained by".285 excitation orfg;..: 

nates from Tr1VP (assuming every tra·nsfer leads to .depolarization ·of 

resulting emission}. .. 
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Discussion 

Tertiary structure of TMVP subunits and some relationships to 

quaternary structure. One of the most stri~ing features of this, study is 

the great similarity of the spectra of monomeric H1VP, A Pro, Agg Pro, and 

TMV. The similarities are observed in the fluorescence, excitation, and 

polarization spectra of THV and the various allost~ric forms of the pro

tein, and also in the spectra of many of their dye conjugates. Apparently 

the conformational integrity of the subunits is quite strictly preserved 

in THVP and TrW on aggregation and disaggregation. l~hile it might be 

thought that fluorescence techniques are insensitive to conformational 

changes of proteins, numerous studies have shown that this is not the 

case, 21 ' 22 ' 23 ' 24 and our preceding paper has shm'ln that for TrWP and TMV, 

in particular, fluorescence changes parallel conformational changes~6 

One of the results \•thich emerged from that study and others8 ,l 2 ,13 was 

that extremes of pH ~tere necessary to alter the tertiary structure of 

the subunits' whereas only one group need be titrated to alter quaternary 

structure . 

. . There are other i.n.dicatio~s discus.se~ later .that the bondi.ng \'li.thin 

subunits is stronger than that bet~·1een subtJnits, and the corollary that 

a 1 teration of quaternary structure need not affect secondary and tertiary 

structure, as indicated in the first paragraph of the Discussion. 

High efficiency of energy migration within a subunit, .as indic~ted 

by the lo\·1 fluorescence·p~lar.ization of Tt·1VP arid Tf:~·V, .th~ efficient energy 

t~a~sfer.f~om. tyr~~ i ne ~o tryptophane, .an·d p~rhaps. the. fa.i.lure. to .obs~r.v~. · ... ·: · · :!, 

tyrosine emission and the highly efficient energy ~ransfer from TI1VP to 

TNS, result from proximity of groups in the energy migration chain. As 
.. 
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discussed earlier i.n this work, such proximity must result from three

di.mensional folding of the polypeptide chai.n. The lack of energy migration 

between a.djacent subunit~, as indicated by the 1 ack of further depol ari za

ti.on of fluorescence on aggregation, and the rather i neffi.cient energy 

transfer from adjacent subunits to TNS, indicates that the distance between 

the members of the energy migration chain in adjacent subunits is greater 

than that \'lithin subunits' and/or the intersubunit energy migration chain 

has ruptured link, i.e., a fluid bond at which point quenching instead of 

transfer occurs. Apparently no interchain folding occurs, and the ·inter

subunit space is very sparse in protein material. This model seems to be 

in agreement with pictures obtained by ele-ctron microscopy of the closely 

related aggregates of TNVP, double disks, and stacked double disks. 36 , 37 

The intrasubuni.t fluorescence properties of Tr1VP and TNV are revealing 

when compared tlith those of other proteins. Tt~VP monomer, A Pro, Agg Pro, 

and TNV show a re 1 ative ly short \'lave 1 ength fluorescence, i ndi eating that 

the fluorescing tryptophane(s) is quite unavailable for efficient solva

tion.21 The polarization of fluorescence of Tt1VP and Tf.lV is lower than 

most proteins in solution which have been in~estigated, 22 as is the·contri

bution of tyrosine fluorescence to the total fluorescence. 21 The contribu

tion of energy transfer from tyrosines is somewhat high. 21 All of these 

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

tightly bound internally than most proteins. As TMVP is somewhat unique 

in its ability to.rapidly aggregate and disaggregate, it.is tempting to 

... _;, 

· .. ,··.correlate thisfunctional property·of the protein with i.ts physical and 

.. 
·.: lh, ., • 

chemical properties. A compact, rela~ively inflexible subunit would 

probably represent an efficient building block in. a rapidly aggregating 

0~ .di~aggr~~ating system, as ~he fre~ energy change necessary to drive . . . 
,• •• •" o • ...... .: .··: •: :'*'•• • • .~ • -:,· •. •l :· • " ,f '• <6'o I' ', • • • • .; ,•,•:•''• • '•.' '·,• ·.:·. ':""'' • \.':. ....... •.'' ·'•';.:, • • 
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the aggregation or disaggregation caul d then be totally manifested in 

the formation and breakage of intersubuni.t bonds and not be needlessly 

expended in the formation and breakage of intrasubun.it bonds. This model 

implies that the intersubunit bonds are much weaker than the intrasubunit 

bonds, otherwise the 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 organization in the iriterior of 

the subunit . 

. Nature of intersubunitbonds. A significant result in this study 

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 succes

sive exposure of all intersubunit binding sites with no concomitant 

increase in hydrophobic binding observed. In sharp contrast to this 

behavior is the effect, on binding of TNS, of exposure of the binding 

sites which determine the tertiary structure of Tf.1VP. Hhen these sites 

are successively exposed by raising or lowering pH or heating TMVP,6 a 

sharp increase in binding of TNS is observed, corresponding to the degree 

of exposure of the hydrophobic binding sites. Similar behavior has been 

observed with other proteins. 38 ,39 Hydrophobic bonding is known to be a 

major determ-Inant of tertiary structure 1 ' 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? Does the failure to 

detect any increase in· hydrophobic binding of dyes on exposure of quater

nary binding sites indicate that hydrophobic bonding is not a major 

determinant of quaternary structure of H1VP. He think not, for the fo 1-

. .. 

• 
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if the ne'r'J binding sites have a si.milar or greater bi.nding power than 

those already present, Thus., TiiS, TNSA and aurami.ne 0 may not bind to 

. intersubunit regions because there is another region on the subunit 

surface pf greater binding power. Studies of e~~itation transfer from 

TMVP to TNS (discussed earlier} have also indicated that TNS is probably 

bound near one end of the major semiaxis of the subunit and not between 

subunits or along the sides of the subunits. 

We envision the surface of each subunit, then, as being rather. 

homogenous in its hydrophobicity, \'lith the exception of the binding site 

for TNS, and rather \'leak in its hydrophobic binding power, as none of 

the sites exposed on disaggregation can compete effectively for TNS 

already bound, and the binding of TNS by H1VP is itself not strong com

pared with the binding of dyes by other proteins. 28 As proteins fold 

with their most polar,groups on the exterior, it is not surprisjng that 

hydrophobic forces at the surface of a protein are relatively weak 

compared with those on the interior, as the pH study cited above indi-

cates. 

A relatively weak and uniform hydrophobic bonding surface would 

allow each subunit to maximize other types of bonding interactions \'lith 

another subunit, while maintaining a relatively constant hydrophobic 

environment. Other types of bonding interactions might include hydrogen 

bonding, and ionic bonding. Hydrogen exchange studies of Fraenke 1-Conrat 

and Budzynski 11 have indtcated that about 30% of the peptide hydrogens of 

TMVP subunits of TMV and Agg Pro are engaged in intersubunit hydrogen 

bonding. Ionic bonding is also indicated, as the aggregation of subunits 

is dependent on pH, 8 and presumably the charge on particular groups in 
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the subunits.. Both hydrogen and ionic bonding betv1een subunits would 

be favored by a non-polar environment, so that the solvent would not com

pete for the binding sites, Such a model of intersubunit bonding is a 

cooperative one in the sense that one type of bonding cannot occur in the 

absence of another. Quaternary structure may not be dominated by any one • 

type of bonding as secondary and tertiary- structure are. Such a model 

then alloNs for recognitton of neighboring subunits, since another subunit 

in order to bind, would have to contain a complementary distribution of 

binding sites. It is of interest that TMVP subunits have been pre~ared 

with unusually large net positive charge, and such subunits would not bind 

to each other, but \'Jould copolymerize with normal TNVP subunits.· They 

would not, however, copolymerize with other basic proteins such as egg 

white lysozyme or pancreatic ribonuclease, indicating that TMVP has specific 

binding sites. If, for instance, hydrophobic bonding was the sole driving 

force for aggregation, any hydrophobic surface should have sufficed for 

aggregation. 

Identification of the group associated with the p4 induced aggregation 

of·TMVP. The dye binding studies have indicated that the cause of enhanced 

binding of TNS to Agg Pro relative to A Pro is the increase in net positive 

charge on the Agg Pro. A priori, one might 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 charged group 

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

n·egativel,y charged· group· in the ·protein·. He fe-el· that i.t i.s unlik-ely that·-. 

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 ahtays on the protein surface wh.ere th.ey may be. solvated, the 

negative charge on TNS should behaye similarly and if the negative charge 

is attracted towards ,the protein surface there must be an energetically 

favorable _ground for this attraction, i .. e., a complementary positive_ charge. 

~le therefore favor the suggestion (discussed in the introduction} of . . 

Lauffer16 that the group titrating near pH 7 is a lysine group, hydrogen 
I 

bonded to a tyrosyl hydroxyl . 

Agg Pro and Tt-1V. Although THV and P.gg Pro have identical fluorescence, 

excitation, and fluorescence polarization spectra, their dye binding 

properties are di.fferent. As the fluorescence from TNV and Agg Pro appears 
'. 

to be mainly that of the individual subunits (see earlier portion of the 

Discussion), the differences in their dye binding properties apparently 

result from differences in their quaternary structure. At a given pH, 

TMV'binds TNS or TNSA more weakly than Agg Pro does. From the longer 

wavelength of the fluorescence of TNS bound to TMV than to Agg Pro, it 

appears that TNS is in more polar environment when pound to TI~V than 

when bound to Agg Pro. These results might suggest that the subunits 
' 0 0 

are held niore tightly in H1V than in Agg Pro, thus allm'/ing greater access 

of TNS with Agg Pro than TrW. Results from titration studies 14 and hydro

gen exchange studi.es 11 show that TNV titrates less readily and exchanges 

hydrogens more slmoJly than Agg Pro. Both results support this explanation. 

How~ver, it is also possible that TNS binds to Agg Pro (and also AOPro and 

mo~omeri_c H1VP} in the crevice left vacant by RNA. TNS must then bind 
. .. ·.• . .· ... ·. . ...... ;, .... 

elsewhere to THV. This explanation would be in better agreement with the 

evidence obtained from the energy transfer studies, that TNS binds near 

··... . :· . ... · .. ·: . :.• ··. ~ : ... .•. .. . . . . . •.. ... ~. 

... ;'· ... .• 
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one of the ends of the major axis of the subunit, and not along the 

side, ; .e., in the cracks beb1een subunits. It would also explain the 

similarities in binding 6f TNS and TNSA to the various aggregates of the 
I . 

protein, and the much weaker binding to the native virus a It also implies 

that the positive charge associated with the aggregation is close enough 

to the binding site of TNS to interact with TNS, a~ TNS binds more strongly 

to Agg Pro than to A Pro. The fact that the positively charged auramine 0 

appears to bind to a different site on TNVP than TNS and TNSA do, a 1 so 

supports this suggestion. It is tempting to speculate that one function 

of T14V RNA in inducing the assembly of TMV from RNA and Tr-1VP subunits is 

to promote protonation of the (lysine) group associated \'lith the aggrega

tion by stabilization of the resulting positive charge with a phosphate 

negative charge. ·It should be noted that TMVP and RNA reconstitut~ most 

efficiently near neutral pH, 10 where the A Pro and not the Agg Pro is 

the more stable aggregate. As TIWP is negatively charged at neutral pH, 14 

interaction with the negatively charged RNA \'lould not seem to represent 

an effective mode for inducing aggregation in the abse·ce of any com-

. pensating effect. The protoniiation of lysine could be such a c·ompen

sating effect, as it has beeri shown that aggregation of TMVP will not 

occur if lysine 53 cannot attain a positive charge, 41 and nw will not 

reconstitute from HlVP and Tt1V RiM if lysine 53 is acetylated. 42 The 

suggestion· has .indeed been mad_e that lysine 53 is associated with a· 

phosphat~ negative ch~rge in TMv. 41 

·:······:· 6 ••• . . , ... . .. ··;~ ··~ : . .· . . . ~ . ·:.:-. . . .... ··." ~ .... 
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Figure Captions 

Fig. lA. Fluorescence spectra of: A Pro, Agg Pro, and TMV, 2.0 x 10-S M 

subunit at 20°C. The spectrum of monomeric Pro was taken at 0.5 M subunit 

at 4°C (see Experimental sectionr~ · Superimposed on the spectrum of A Pro 

is that of Agg Pro at higher sensitivity. The spectra of TMV and monomeric 

·Pro are also coincideht with that of A Pro when recorded at higher sensi

tivities. The dashed line indicates the spectrum of 3-methylindole in 
( 

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

all spectra. 

Figure lB. Fluorescence spectra of A Pro (more intense spectra) employing 

275 and 295 nm excitation. The intensities of the spectra have been 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 instead of the 295 nm excitation used for 

A Pro. Both A Pro and Agg Pro were 6.2 x 10-5 M subunit. 

Figure 2A. Excitation spectra recorded at 32o·nm ·of: A Pro, Agg.Pro, · 

Tl-1\1 and monomer. The conditions are the same as those given in Fig. 1. 

The dashed line shm1s the spectrum of 3-methylindole in 2:1 v/v, cycle

hexane/dioxane normalized to that of A Pro above 292 nm. Superimposed 

on the spectrum.of A Pro is that of Agg Pro as higher sensitivity. The 
• • • • • • • • •• • • • • • • •• • 0 -~ • • • .. • • : • • 0 • 

spectra of T1W and monomeric TtWP were also coincident at all \'Javelengths 

··.·with· tha=t of· A Pr.o \'lilen .. normalized··at onEt\~,a·velength; ·Th£(polatization · ,. · 

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

monomeric Tr.JVP and TrW. 
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Figure 28. Excitation spectra of 2.0 x 10-5 M subunft.A Pro recorded 

at 310 and 360 nrn, normalized .at 280 nm. The less i.ntense spectra are 

those of Agg Pro recorded at 310 arid 360 nm, normal i.zed at 280 nm. . . . . 

Figure 3A. Fluorescence spectra of 1 .0 x 1 o-4 H TNS +: 

2.5 x 10-5 M subunit ~gg Pro, pH 6.0 - upper curve 

~.5 x 10-5 M subunit A Pro, pH 7.0 - ~iddle curve 

2,5 x 10-5 r1 subunit TNV, pH 5.0- lower curve 

Excitation was at 330 nm. The spectrum of TNS-Agg Pro has been attenuated 

20% to put i~ on ~cale. 

Figure 38. 8enesi-Hildebrand Plot29 for the determination of the disso

ciation constants for conjugates of TNS with A Pro, 0, at pH 7, THV, ~, 

at pH 5, and Agg Pro, 0, at pH 5.5. The concentration of TNS was 2 x 

10-5 M and that of TMVP subunit was in the range 0.7 - 2.2 x 10-4 M. 

Kd was calculated from the expression: I = I - K I 
Q) d [THVP subunit] 

where I is the fluorescence intensity, corrected for background, at the 

. concentration [TMVP subunit], I is the extrapolated value of I at 
• • OD • • 

infinite [TlWP subunit], and Kd is the dissociation constant of the 

complex. The excitation light was 330 nM and the fluorescence was 

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

mined from the plot in the inset by the method of Job. 30 Excitation 

was· at :310 nm a-nd the fl uo·rescEmce was analyzed at 440 nm ... The. tot a 1 · 

· concentration of TNS ~nd TMVP subunit was 1 .0 x 10-4 M. 
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Figure 4A~ Excitatidn spectra of TNS-Agg Pro, 0, pH 6.0, TNS-A Pro, 

0, pH 7.0, TNS-monomeric H1VP,O, pH 7.0, TNS-:THV, i, pH 5.0, and 

TNS in 90% dioxanef\<Iater.c.. All spectra have been normalized to the 
. . 

same intensity at their maxima near 325 nm. The concentrations of 

TNVP subunit and TNS were 2.5 x 10-5 H. The concentration of TNS in 

90% dioxane/water was 10-5 M .. Fluorescence was analyzed at 440 nm. 

Figure 48. The polarization of the fluorescence of TNS: in glycerol; 

X, bound to Agg Pro,O, and bound to A Pro,O. The dashed line shows 

the percent of the polarization of TNS in glycerol for TNS-Agg Pro and 

the dotted 1 i ne shows that percent for TNS-A Pro. Fluorescence was 

analyzed at 440 nm and the concentrations of TNS and Tf,.VP subunit were 

2 1
. -5 .5 X 0 M. 

· ..•. ·. · . 

Figure 5. Absorption spectrum of 2.5 x 10-5 M TNS in 90% dioxane/water, 

and fluorescence spectrum of A Pro.The maxim11m intensity of fluores

cence has been normalized to the maximum intensity of the absorption 

spectrum_of TNS. 
.· 

Figure 6. A schematic model 7 ,B, 25 of TMVP helix and a cross section 

of a 95~~ quenching sphere, indicated by solid circles, of TNS (shm.,n in 

several arbitrary locations) in relation to it. The 50% quenching sphere 

. iS: shmm.with dott-ed .. .l ines~ .. f:or .s.i:mpl icity., ... .-16 suqunits .. p~r. _tt,~rn .of -~eli~ ... _.· .. -

are shown, although the actual number is 16.34 per turn of virus helix. 
• ':. ,• •' .:.:':·"· ·. ;,. • ··_,:;~,·."•.• ·J·.·.-·. •" ·.,,,:•'• o&. .-'.:•·' .... • ... •, ····•:'·•."•'• • • •• ",f, ... ·.:·-· ... •." .• .-·~ ... ; ~. ·:·.• ••• ·~ .' ".:•:·• :::• .•o 

The dots indicate the center of a quenching sphere.· 

.. ·· .. ... . . .·~. .. .... 
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('• 

Table I - BINDING OF DYES TO TMVP AND T~V 

** ·~max (nm) Species Dye Kd (r~). cp. f 1 n . r--:\ 
..... l.r'" 

2 x 1 o- 4 '-

Agg Pro pH 6.0 INS 0.31 .. 426; ·' 
"'"'~ 

A Pro pH 7.0 TNS 3.3 X 10-4 0:24 423. ';.-:!· 
Monomer pH 7.0 TNS * * 423:. r 

'--~-·1 

TMV pH 7.0 TNS * * * "" "'-'• 

TMV pH 5.0 TNS 5 x 1 o- 4 0.28 .. 437 . ,. 
~ 

Agg Pro pH 6.0 TNSA 3 X 10-5 - 433;.. 
~"'"-
~ ..... 

A Pro pH 7.0 TNSA 3 X 10-5 - 433' I 
l.IJ '-·· ·l.IJ . r;·;, 

TMV pH 5.0 TNSA * - * 
TJv1V pH 7.0 TNSA * - * (,·2· 

Agg Pro pH 6.0 Aur. 0 -4 500 :· ;· 

"v5 X l 0 - t;., 

A Pro pH 7.0 Aur. 0 "v5 X 10-4 - 500. 
TMV pH 5.5 Aur. 0 "v5 x 1 o."' 4 - 500 
TMV pH T. 0 Aur. 0 

. -4 
500 "v3 X l 0 -

:· 

* ·· The fluorescence was too weak to allow accurate determination. 
** Average value of several protein or virus preparations. 
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r-----------------LEGALNOTICE------------------~ 

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. 



• 
TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

'• 


